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This paper was presented at the International Conference on Chemical, Biological and Environmental Engineering, Singapore, 9 – 11 November 2009. 

DEVELoPMENT oF PoLYSuLFoNE-CARBoN MoLECuLAR 
SIEVES MIxED MATRIx MEMBRANES FoR Co2 REMoVAL 

FRoM NATuRAL GAS

Amelia Suyono Wiryoatmojo, Hilmi Mukhtar* and Zakaria Man
Universiti Teknologi PETRONAS, 31750 Tronoh, Perak Darul Ridzuan, Malaysia 
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ABSTRACT

Highly selective carbon molecular sieves (CMS) were dispersed in polysulfone (PSU) matrix with various 
loading concentration (10, 20, and 30 wt%). A thorough investigation of membrane morphology, mechanical, 
and thermal properties are discussed. Separation performance of the membranes was tested by using 
CO2 and CH4 gas, respectively, in five different feed pressures within the range of 2-10 bar. The presence of 
CMS increases the permeability of CO2 and decreases the permeability of CH4. In correspondence, the ideal 
selectivity of CO2/CH4 is enhanced.

Keywords: carbon molecular sieves, polysulfone membrane, CO2 separation, selectivity

INTRoDuCTIoN

Gas separation through selective polymeric 
membrane is one of the fastest growing branches of 
membrane technology [1]. A number of advantages 
such as low capital and operational costs, enhanced 
weight and space efficiency, ease of operation, and 
environmentally friendly are offered by membrane 
separation [2, 3]. However, polymer membranes 
seem to have reached its permeability and selectivity 
tradeoff limit, as identified by Robeson [4].

In order to exceed its permeability-selectivity 
limitation, highly selective molecular sieves were 
incorporated in the polymer matrix. Mixed matrix 
membranes (MMMs) have the potential to have 
higher permeability and selectivity due to the 
narrow pore distribution inherent in the molecular 
sieve particles, and at the same time overcome costly 
processes and fragility by its use in cost-effective 
and flexible polymers in the continuous matrix [1, 5]. 

The key success of this implementation lies on both, 
the selection of polymer matrix and molecular sieve, 
and the elimination of interfacial defects [6].

BACKGRouND

Investigation of mixed matrix membranes was 
first reported by Paul and Kemp in 1970s when 
they discovered a delayed diffusion time lag effect 
for CO2 and CH4 by adding zeolite into rubbery 
polydimethyl siloxane (PDMS) matrix [7]. Jia et al. 
[8] reported that there were a slight improvement 
in O2/N2 and CO2/CH4 selectivity when silicalite 
particles were incorporated in PDMS matrix. At their 
highest loading, 70 wt% silicalite in PDMS, the O2/
N2 selectivity increase from 2.14 to 2.94 and CO2/
CH4 selectivity increase from 3.42 to 8.86 at 30°C. 
Even though it is interesting, these results were still 
relatively low compared to the available neat glassy 
polymer membranes. Duval et al. [9] investigated the 
effect of introducing both zeolites (silicate-1, 13X and 



3 VOLUME SEVEN NUMBER TWO  JULY - DECEMBER 2009  PLATFORM

Mission-Oriented Research:  CARBON DIOXIDE MANAGEMENT

KY) and CMS having various pore sizes and surface 
properties, in several polymeric matrices (PDMS, 
EPDM, PCP, NBR 45 and 50). The results showed 
that zeolites improved the separation properties of 
poorly selective rubbery polymer towards a mixture 
of CO2/CH4. However, they found that mixed matrix 
membranes prepared from commercial CMS showed 
no improvement due to the dead-end nature of the 
material.

As described above, early works in mixed matrix 
membrane fabrication predominantly used 
rubbery polymers as the continuous phase. 
Industrial applications in gas separation tended 
to use glassy polymer because of their mechanical 
properties and better size-dependent separation 
characteristics compared to rubbery polymer [10, 
11]. When used as the continuous phase, glassy 
polymers tended to form macroscopic voids which 
led to no selectivity enhancement due to the poor 
polymer-filler adhesion. Vankelecom et al. [12] 
found that polyimide-zeolite appeared to have poor 
polymer-filler adhesion compared to PDMS-zeolite 
membrane. They postulated that the high chain 
rigidity of polyimides resulted in voids in the mixed 
matrix membranes.

In previous works, zeolites were predominantly used 
as the molecular sieve particles, the homogeneous 
pore size became one of the most interesting factor 
of zeolite usage. On the other hand, most researches 
identified poor polymer-filler adhesion which has 
become the hardest challenge in forming successful 
film formation. In the view of this situation, carbon 
molecular sieve (CMS) were viewed as an alternative 
molecular sieve material. Vu et al. [5] successfully 
formed Matrimid 5218-CMS (laboratory prepared) 
mixed matrix membranes with good polymer-filler 
adhesion. CMS particles appeared to have good 
affinity to glassy polymers with minimal preparation 
and casting modifications.

Polysulfone is a high performance engineering 
thermoplastic with resistance to degradation, good 
gas permeability and selectivity values, low cost and 
high critical pressure of plasticization [13]. To achieve 

a good polymer-filler adhesion, glassy polymers 
with relatively low chain rigidity, such as polysulfone, 
were preferred than the rigid chain polymer to act as 
the continuous phase.

In this study, commercial CMS particles were 
incorporated within the polysulfone matrix in 
various loading (10, 20, and 30 wt%).  The resulting 
membranes were characterized in terms of its 
morphology, mechanical strength, thermal, and gas 
separation properties. CO2/CH4 system was used 
to characterize the permeation properties of the 
membranes due to the importance of its commercial 
use.

ExPERIMENTAL WoRKS

Materials

Dense homogeneous and mixed matrix membranes 
were prepared from Polysulfone (PSU) Udel® P-1800, 
Solvay Advanced Polymer. Dicholoromethane (DCM, 
Merck®), with boiling point of 40°C, were used as the 
solvent. Carbon molecular sieves (CMS), Shirasagi 
MSC-3K, purchased from Japan Enviro Chemical 
(Takeda) were used as the inorganic filler.

Prior to dispersal in the polymer matrix, CMS pellets 
were crushed into fine particles using Rocklabs® 
pressure grinder and dried at 250°C for at least 12 h. 
The resulting CMS particles have size distribution of 
0.964 ± 0.588 μm as verified by Scirocco 2000 particle 
size analyzer from Malvern Instruments Ltd., with 
density 2.1664 g/cc as verified by Ultrapycnometer 
1000.

Preparation of Homogeneous Dense Membranes

A dense homogeneous polymeric membrane 
has the simplest morphology, therefore it is the 
simplest and most suitable structure to investigate 
the chemical and structure modification of the 
membranes [14]. Membranes were prepared by the 
solvent-evaporation method. Casting solution were 
prepared by dissolving 15 wt% of PSU in DCM and 
stirred for 24 h. The solution was drawn by a casting 
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knife with 400 µm thickness on a flat and dry glass 
plate. A glass cover was placed covering the glass 
plate immediately after the casting process to retard 
the rate of evaporation of the solvent. After 24 h 
of evaporation, the dry film was carefully peeled-
off from the glass surface. The membrane film was 
then dried in an oven at 110°C for 24 h to remove the 
residual solvent.

Preparation of Mixed Matrix Membranes

Mixed matrix membranes were prepared by 
introducing a desired amount of CMS into DCM. The 
mixture was sonicated (Transsonic Digital S, Elma®) 
at 20 Hz for 10 min to break the CMS aggregates 
and enhance the homogeneity of CMS dispersion 
in the solution. The CMS particles were then 
primed by adding approximately 10 wt% of total 
polymer used. It was suggested that the priming 
technique increases the compatibility of the CMS 
with the polymer by introducing a thin layer of the 
polymer onto the CMS surface, and minimizes the 
aggregation of CMS particles at high loadings [5]. 
After sizing the CMS particles, the remaining amount 
of polymer was introduced to the solution and the 
solution was stirred for 24 h. The casting process is 
similar for the formation of dense homogeneous 
membrane. The solvent was evaporated for 24 h and 
after the membranes were peeled from the glass 
surface, it was dried in an oven for 24 h at 110°C.

Characterization of Membrane Films

Membrane morphology was determined using a 
scanning electron microscope (SEM), LEO 1430 VP. 
Membrane mechanical properties were determined 
by following a standard tensile test method from 
ASTM D-882-02. The sample area is 100 mm × 7 mm, 
and a minimum of five samples were tested. The 
tests were carried using a universal testing machine 
LR 5K from Lloyd Instruments. Dynamic mechanical 
thermal analysis (DMTA) measurements were carried 
out on a Mettler-Toledo DMTA 861 in Universiti Sains 
Malaysia (USM). All experiments were performed 
with a 1 Hz frequency, 0.1% strain, and 2 K/min 
heating rate.

Gas Permeation Test

Gas permeation measurements were performed 
using gas membrane permeation unit. Pure CO2 
and CH4 were employed as tests gases. A 14.53 
cm2 circular membrane area was mounted into the 
membrane module. Before the experiment was 
started, the system was vacuumed to remove any gas 
or vapour adsorbed into the membrane. Permeation 
tests of membranes were performed by introducing 
the desired single gas at the desired pressure (2, 
4, 6, 8, and 10 bar) in ambient temperature. The 
permeation rate was measured at a steady state 
condition using a soap bubble flow meter. The 
permeability coefficient (Pi) of each gas was defined 
by the expression:

 (1)

in the unit of Barrer (1 Barrer =  10-10 cm3 (STP) cm/
cm2 s cmHg).

RESuLTS AND DISCuSSIoN

Morphology

Cross-sectional view of the resulting membranes 
is shown in Figure 1. All of the membranes formed 
a dense membrane structure due to the solvent 
evaporation casting technique employed. In mixed 
matrix membranes fabrication, it was observed that 
CMS particles were distributed homogeneously 
throughout the polysulfone matrix. However, bigger 
sized CMS particles interface gap of polymer-filler 
still appeared. The size of the gap was sufficiently 
small so that it can still act as a sieve for the gas 
molecules passing through the membranes. This 
was shown by the selectivity of the membrane 
which remained high while increasing CMS loading 
within the matrix.

Mechanical and Thermal Properties

The mechanical and thermal properties of 
membrane films were affected by the incorporation 
of CMS particles within the polymer matrix. Data 
of membrane mechanical properties are presented 
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in Table 1. Young’s modulus and maximum tensile 
stress appeared to be increase with higher CMS 
loading within the polymer matrix. In constrast, 
strains at maximum tensile stress and toughness 
showed a decreasing trend.

Young’s modulus was determined from the elastic 
region of stress-strain curve. The value of Young’s 
modulus is related to the rigidity of the material [15] 
since its value was determined from the slope of 
linear response of strain to a certain stress applied. 
Incorporation of rigid inorganic particles to the 
polymer matrix increased the rigidity of the overall 
material.  Higher loading of CMS within the polymer 
matrix resulted in a more rigid material as shown by 
increments of Young’s modulus with higher CMS 
loading.

Maximum tensile stress appeared to have the same 
behaviour as Young’s modulus, i.e. more loading 
of CMS was observed until the material broke at 
maximum tensile stress. Strain at break decreased 
for all MMM with higher CMS loading. The inherent 
brittleness of CMS added the brittle characteristic 
to the hybrid material (MMM), and at the same time 
decreased its ability to elongate when the material 
was stretched. This result is in agreement with the 
value of Young’s modulus. The introduction of CMS 
particles in the polymer matrix caused the descrease 

(a)

(b) (c)

Figure 1.  Cross-sectional micrographs of: (a) dense polysulfone 
membrane;  (b) mixed matrix membrane with 20 wt% of CMS; 
and (c) mixed matrix membrane with 30 wt% of CMS.

Table 1.  The Effect of CMS loading to Young’s modulus, tensile 
stress, strain and toughness of the membrane films.

PSU

CMS loading (wt%)

10 wt% 20 wt% 30 wt% 

Young’s modulus (MPa)

1786.3 1868.3 2258.7 2449.5

Maximum  tensile stress (MPa)

33.7 34.4 35.2 36.4

Strain at maximum tensile stress (%)

0.057 0.031 0.021 0.021

Toughness (J/m3)

0.5810 0.553 0.513 0.423

on stress and strain curve, hence the energy required 
to break the material needed is less, shown by the 
decrease of toughness value.

Glass transition temperature (Tg) of membranes were 
determined from tan δ peak, as depicted in Figure 2. 
Lower glass transition temperatures were observed 
as the CMS loading was increased. The shift to a 
lower Tg is attributed to the local heterogeneity in 
the mixed matrix membranes with well dispersed 
CMS particles. Similar results were also found by 
Kim et al. [16] in their work in SWNT-PSU system. 
They postulated that Tg shifting is possible and that 
the favourable molecular interactions between 
filler particles and the polymer molecules created 
an interfacial zone of polymer segments with 
distributions in mobility [16].

Gas Permeation Properties

Gas permeation properties of the membranes 
were evaluated by subjecting membranes to pure 
gas of CO2 and CH4, respectively, in 5 different 
feed pressures (2, 4, 6, 8, 10 bar). The results of the 
permeation studies were plotted in Figures 3 and 
4. Mixed matrix membranes showed interesting 
permeation properties. As desired, the addition 
of CMS was able to increase the fast gas (CO2) 
permeability and the CO2/CH4 selectivity, while slow 
gas (CH4) permeability showed an inverted trend. It 
was observed that there was a simultaneous increase 
of gas permeability and selectivity by the increase of 
the percentage of CMS loading within the matrix.
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The highest increment of CO2 permeability and 
CO2/CH4 ideal selectivity were observed in low 
feed pressure (2 bar) with the highest CMS loading.  

2COP
2COP

2COP were enhanced from 5.0 (pure PSU) to 
6.84 Barrer (30 wt% CMS loading), which showed an 
increment of 27%. 

4COP PCH4 PCH4 were decreased by 
117.39% from 1.49 (pure PSU) to 0.46 (30 wt% CMS 
loading) Barrer. Consequently, the ideal selectivity 
of CO2/CH4 from 3.35 (pure PSU) to 14.87 (30 wt. 
CMS loading), resulted from increment of 77.48%. 
Meanwhile in the high feed pressure (10 bar) mixed 
matrix membrane, 30 wt% addition of CMS was able 
to show ideal selectivity of CO2/CH4 by as much as 
52.5 Barrer, an increase of 32.91% compared to the 
neat PSU membrane.

CoNCLuSIoN

CMS particles were successfully incorporated 
within the polysulfone matrix. Scanning electron 
micrographs of the membranes showed a 
homogeneous distribution of CMS in the polymer 
matrix. The existence of filler particles reinforced the 
mechanical properties of the polymer membranes. 
The rigidity of the material was increased as shown 
by the increment of Young’s modulus values. Tensile 
stress showed the same trend as that of Young’s 
modulus. The inherent brittleness of CMS decreased 
the ability of the overall material to elongate when 
stretched, as shown by the decrease in strain at 
breakpoint. The energy required to break the 
material needed was less, as shown by the decrease 
in toughness values. From dynamic mechanical 
analyses, lower glass transition temperatures were 
observed as the CMS loading increased. The shift 
to lower Tg is attributed to the local heterogeneity 
in the mixed matrix membranes with well 
dispersed CMS particles. Addition of CMS particles 
demonstrated interesting permeation properties. 
The CO2 permeability was improved by as much as 
27% in 30 wt% CMS loading, while the permeability 
of CH4 was decreased by  117.39% at the same CMS 
loading. Correspondingly, CO2/CH4 ideal selectivity 
was increased by as much as 77.48% by the addition 
of 30 wt% CMS within the polysulfone matrix.

Figure  2. Tan δ graph from DMTA result of pure polymer and 
mixed matrix membranes.

(a)

(b)

Figure 3. CO 2 (a) and CH4 (b) permeability for pure polysulfone 
membrane and mixed matrix membranes with various CMS 
loadings (10, 20, 30 wt%).

Figure 4. Ideal selectivity of CO2/CH4 for pure polysulfone 
membrane and mixed matrix membranes with various CMS 
loadings (10, 20, 30 wt%).
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INTRoDuCTIoN

The Malaysia Oil and Gas (O&G) industry has 
expanded tremendously since its early days of the 
1900s. The inclusion of Shell and Esso into Malaysia 
O&G has increased Malaysia capabilities in the 
exploration and production of oil. The Petroleum 
Development Act 1974 established state owned 
PETRONAS with exclusive rights of ownership, 
exploration and production of all oil and gas inside 
the country. PETRONAS enters into Production 
Sharing Agreements with other petroleum 

companies, which explore and develop these 
resources. 

There are about 200 platforms at present operated 
by various operators in Malaysia; hence there is a 
critical need for a systematic structural integrity 
management (SIM). Figure 1 shows the time line 
in the development of Malaysian O&G Industry. 
The first Production Sharing Contract (PSC) was 
awarded to ESSO in 1976 and subsequently many 
fixed offshore structure were installed in Malaysia. 
In these discussions, only platforms belonging to 
the Petronas Carigali Sdn Bhd (PCSB) have been 

STRuCTuRAL INTEGRITY MANAGEMENT FoR FIxED 
oFFSHoRE PLATFoRMS IN MALAYSIA 

Narayanan Sambu Potty* and Mohammad Kabir Mohd Akram 
Universiti Teknologi PETRONAS, 31750 Tronoh, Perak Darul Ridzuan, Malaysia 

*narasam@petronas.com.my

ABSTRACT

Structural Integrity Management is important for the protection of offshore crew, environment, business 
assets and company and industry reputation. API RP 2A and ISO 19902 contained guidelines for assessment 
of existing platforms which do not specifically cater for Malaysia. There are about 90 platforms in Malaysia 
exceeding their design life. The Petronas Carigali Sdn Bhd uses the Asset Integrity Management System and 
the very subjective RBI Program and currently doesn’t have a standalone Technical Standard, which this study 
proposes. A case study on SMG-A platform in Sabah is also reported.  

Keywords:  platform, assessment, integrity, risk based inspection. 

This paper was presented at the International Conference on Civil and Environmental Engineering, Venice, 28 – 30 October 2009.

Figure 1.  Timeline in the development of Malaysian O&G Industry
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considered, since there are limitations in obtaining 
data from other operators because of confidentiality 
agreements. 

PCSB is currently undertaking the structural integrity 
assessment covering 175 platforms and 4 FSO/FPSO 
within Peninsular Malaysia Operation (PMO), Sabah 
Operation (SBO) and Sarawak Operation (SKO). The 
types of platforms range from drilling, wellhead, 
production, gas compression, living quarter, vent 
and riser. Many of these platforms are over 20 years 
old and 51.42% of them have exceeded their original 
design life of 25 years. Furthermore, there are 23 very 
high risk platforms based on the latest Risk Based 
Inspection (RBI) status which constitute to 13.14% of 
the 175 platforms and 4 FSO/FPSO within PMO, SBO 
and SKO. 

The main objectives of this study are:

• To develop an understanding of the SIM issues 
in Malaysia by studying Structural Integrity 
Management of platforms in Malaysia
– Recommendations for SIMS in Malaysia
– Interviews were conducted with Industry 

specialists.

• To carry out a SIM case study of an offshore 
platform in the four steps below:
– Identify the location of the platform and 

collect the platform data.
– Obtain the inspection history.
– Identify the gaps in the inspection program.
– Recommend the future program for 

inspection 

Figure 2.  Evolution of Platform Design [5]
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METHoDS AND MATERIALS

Literature Review 

Figure 2 shows the evolution of design process in 
fixed offshore platforms. The first edition of API 
RP 2A[1] which used the working stress design was 
issued in 1969 [2].  Structural design has evolved 
over the years and 22 editions of the code have 
been published. Prior to the 7th edition (1976) return 
period of the wave was not specified and both 25 
year and 100 year waves were used. After the 7th 
edition, 100 year wave became standard practice. 
The 20th edition (1993) introduced a new wave 
formulation and recommended using 100-year load 
condition. These changes with higher recommended 
drag coefficients have led to design loads that are 
2 – 4 times higher today than they were for early 
generation platforms [3]. In 1993 the first edition 
of the Load and Resistance Factor Design (LRFD) 
version of API RP 2A was issued [4]. 

The history of SIM can be traced back to 1948 when 
the first fixed offshore platform was installed in 
shallow water off the coast of Louisiana (in USA). 
Component design approach was used for its design. 
This approach has served the society well; indeed, 
experience from in-service performance suggest 
that well maintained platforms are more robust and 
damage tolerant than a component based design 
approach would indicate [5].  But most of these 
platforms have now exceeded their design life and 
are over 30 years old. 

Because of this, in the early 1970s or so, engineers 
had to develop a new approach as an alternative to 
the component based design checks to ensure that 
their platform is fit for purpose and safe for use. As 
a result, new maintenance guidelines, assessment 
procedures were developed to better exploit the full 
capacity of offshore structures. 

Assessment guidelines developed used the pseudo 
risk-based approach. This approach divided the 
platforms into risk categories (high risk, medium 
risk and low risk). Besides that, it also considers the 

‘failure consequence’ of the platform. This has three 
main components which are environmental loss, 
monetary loss and injuries/safety related loss.

During this time, the O&G industry also strongly 
increased its capabilities by developing necessary 
technologies in order to gain the required confidence 
in the reliability of assessment practice.  It led to an 
improved understanding of platform behavior in the 
harsh offshore environment and a gradual ability to 
better explain observed in-service performance [5].   

During the 1980s, which is the modern-RP2A era, 
Amoco pioneered assessment engineering for their 
Southern North Sea (SNS) platform fleet and their 
Central North Sea (CNS) platform Montrose Alpha [5]. 
The methodologies that Amoco used were derived 
from other industries such as the railway and bridge 
industries because these three industries faced the 
same problem. The problem they faced was the 
fitness for purpose of aging structures. 

For the SNS assessment, Amoco developed the 
metocean hind-cast technology. This was a major 
breakthrough because hind-cast technology was 
able to back predict the maximum wave height 
from measured environmental and climatic data.  
Also in the same period Assessment, Inspection 
and Maintenance (AIM) Joint Industry Projects (JIP) 
were conducted for a variety of operators as well 
as Minerals Management Service (MMS) [5].  The 
purpose of this project was to establish a framework 
for accessing and maintaining older platforms. 
These can be said to be the start of the SIM journey 
in the O&G industry. During the late 1980’s, MMS 
developed an inspection program and during the 
same period it was clearly evident that an API process 
was required for assessing the structural integrity 
of existing jacket platforms. It was agreed that the 
approach should be different from the design of 
new platforms and a new section was established 
which is the “API RP2A, Section 17 – Assessment 
of Existing Platforms” [6]. MMS [7] issued a Notice 
to Lessees (NTL) in August 2003, requiring GOM 
platform owners to assess their platforms to Section 
17 requirements. Many predicted that API RP2A: 
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Section 17 would solve all the assessment problems 
regarding offshore platforms. But this was not the 
case. Severe storms and hurricanes that hit the GOM 
severely tested the assessment process. In 1992 the 
hurricane Andrew occurred in the GOM (figure 2). 
After hurricane Andrew, significant findings were 
made from the application of integrity management 
and assessment engineering at that time. One of the 
findings was that all platforms that were damaged 
or failed were the early vintage platforms of pre-
1980 era. Platforms designed to RP2A standards in 
this era or to other standards (Pre-RP2A) are known 
to have certain design deficiencies’, such as low 
decks, weak joints or poor framing configurations 
[5]. Platforms that were designed to modern RP2A 
standards [1] had no extensive damage or failures. 
Among Modern RP2A platforms, the only one that 
was damaged was found to have been caused by 
construction error, and not design deficiency. 

In 2002 hurricane Lili damaged and destroyed several 
older platforms, something that had not been seen 
since Andrew. This changed again with hurricane 
Ivan (2004) and hurricanes Katrina and Rita in 2005 
[8, 9], which resulted in largest number of destroyed 
and damaged platforms in the history of GOM. 

Consequently the API subcommittee established a 
Task Group to develop a stand-alone Recommended 
Practice (RP) [6, 10] for the integrity management 
of fixed offshore structures. This new RP will 
include all the experience gained from many 
years of operational experience and technological 
developments.  The main purpose of this RP is 
to provide guidance to owners, operators and 
engineers in the implementation and delivery of the 
SIM process [6, 10].  

Studies on Structural Integrity management in UK 
was driven by many offshore installations in the 
North Sea reaching or exceeding their original 
anticipated design life and also many owners being 
relatively new and not following the recognized 
good practice [11].

Technological developments provided improved 
understanding of the strength of components 
especially the reserve strength provided by the 
redundancy and robustness of jacket structures 
[12]. System strength is not addressed in Codes 
and guidance documents. By testing and field 
observations have shown that system capacity is 
more than that indicated by the failure of the first 
component. The design of joints have changed from 
no gussets, to centerline gussets and tangential 
gussets, to overlap joints and finally to joint cans [3]. 
Conventional design assumed rigid joint behaviour. 
New software models the flexibility of joints and the 
associated load redistribution that occurs during 
platform collapse. This enables more accurate 
determination of the ultimate strength of the 
platforms. The framing configuration of the structure 
has significant influence on the operational costs 
and risk levels. Large scale testing of jacket frame 
structures has improved understanding of these 
influences [13]. Operating experience of platforms 
has shown that the number of occurrences of 
fatigue cracks is not as high as would be expected 
considering the conservatism in the fatigue design 
process and implicit conservatism in the S-N curves. 
Recent studies show that the principal cause of this 
is the flexibility of joint which can now be modeled. 
There has been a gradual change in the level of 
structural optimization due to the use computers 
and more efficient structural analysis methods. 
This means that older platform designs were more 
conservative compared to the guidelines at the time 
[3].

Reserve strength ratio (RSR) is a measure of the 
structure’s ability to withstand loads in excess of 
those determined from platform’s design. The RSR 
is defined as the ratio of the structure’s ultimate 
strength to a reference level load [14, 15, and 16]. 
The ultimate strength of an offshore platform is 
usually evaluated using non-linear finite element 
analysis of a structural model, often called pushover 
or collapse analysis. This reserve strength can be 
used to maintain the platform in service beyond 
their intended service life. Knowledge from the 
analysis can also be used to determine the criticality 



12 PLATFORM   VOLUME SEVEN NUMBER TWO  JULY - DECEMBER 2009

Mission-Oriented Research:  DEEPWATER TECHNOLOGY

of components within the structural system and also 
used to prioritize the inspection and repair schemes.

Reliability techniques can be used to optimize the 
use of resources for inspection. These methods 
complement the traditional approach and 
engineering judgment [17, 18]. They can incorporate 
past inspection knowledge to plan future 
inspections.

Structural Integrity Management in API and ISo

The SIM framework based on API and ISO [19] has 
four main aspects namely Data, Evaluation, Strategy 
and Program, discussed further in the following 
sections.  

The most crucial aspect is the Data. Data population 
study is carried out during the early phase of the SIM 
process to determine the availability of data that an 
operator has. Based on experience from the SIMS 
project of PCSB and SCIENTIGE, data is the main 
issue because most operators are not aware of what 
data they have and where the data is being kept. 
This can be overcome with better communication 
between personnel from different departments 
and streamlining their data management, ensuring 
that data is easily available when it is needed and 
all the data are complete. Furthermore, having 
a data tracking system enables a person to track 
when the data is being given, where it is being 
send to and who the recipients of the data is.  In 
the SIM framework, the data that is required from 
a platform has to be up to date. Information on the 
original design, fabrication and installation process, 
inspections, evaluations, structural assessment, 
Strengthening, Modification and Repair (SMR) works 
which all constitute parts of the SIM knowledge base 
is very important to have. 

The evaluation process which is the second part of 
the SIM framework is carried out to evaluate all the 
data received in the first part of the SIM framework. 
The evaluation process would establish the future 
strategy and programs for the platform. This is to 
ensure that the platform meets the objectives of 

SIM which is to ensure that the platform is fit for 
purpose. The evaluation process would result in an 
appropriate strategy for inspection, monitoring, and 
commissioning or decommissioning of a platform.  
The evaluation process is carried out throughout the 
life span of a platform. As long as there is new data 
that is being received by the operator, evaluation 
of the data has to be carried out using engineering 
knowledge to identify any problems on the platform 
and take appropriate actions to rectify it. Sometimes 
the availability of data is a problem for the operators. 
Most operators do not have adequate data about 
their platform. Inadequate data would impact the 
evaluation process because no data means no 
evaluation and this would result in a problem for 
operators. Without evaluation strategy and programs 
cannot be developed for the platform. Overall the 
SIM process would be affected. The evaluation 
of data is carried out using a risk matrix. The PCSB 
currently categorizes their platforms based on a RBI 
tool consisting of 149 elements or data that has to be 
completed so that a risk ranking can be identified for 
each platform operated by PCSB. 

The third part of the SIM framework is the strategy. It 
is applied when the evaluation results are available. 
The SIM strategy will be based on the answers to the 
following questions:

What type of inspection should be done?
What are the benefits of the inspection strategy?
What are the factors in determining the inspection 
strategy?
How should the inspection be done?

These strategies will ensure that the platform meets 
the objectives of SIM which is to ensure that the 
platform is fit for purpose. A SIM strategy enables 
the operators to pre-plan all the management 
aspect of an inspection. Besides that the inspection 
cost can be reduced by accommodating a number 
of platforms at the same location at the same time 
and an advanced scope of work can be prepared 
and submitted to the consultant for review which in 
return can reduce the waiting time for the consultant 
feedbacks. Lastly, by having an inspection strategy, 
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the integrity of the platform can be preserved 
because it would undergo periodic evaluation to 
check whether it meets its fitness for purpose. 

The Program represents the execution of the detailed 
scope of work and should be conducted to complete 
the activities defined in the SIM strategy.  The 
Program may include one or more of the following 
activities; routine above water inspections, baseline 
inspections, routine underwater inspections, special 
inspections and Strengthening, Modification and/or 
Repair (SMR) activities. To complete the SIM process 
all data collected during the SIM Program should be 
incorporated back into the SIM data management 
framework.  Consistency, accuracy and completeness 
of inspection records are important since these data 
form an integral part of the SIM framework. 

It can be summarized that SIM is an important tool 
for an oil and gas operator to have. Although SIM is 
used in the GOM and North Sea, it has not yet been 
used in Malaysia.

PTS [20] covers only assessment of structures using 
static analysis and non-linear analysis whereas PTS 
[21] covers parts of strategy and program, both are 
not complete. It talks about risk based assessment 
but does not give the RISK MATRIX. Also regarding 
program, it is not giving the different levels of 
inspection. It also doesn’t give the duration between 
inspections for different risks.  Furthermore, there 
is no SIM framework with respect to Malaysian 
conditions such as platform data, age, risk, types of 
facilities etc. 

Therefore it would be good if a SIM manual for 
Malaysia fixed offshore platform is developed. The 
manual should meet the objective of SIM which is 
to make sure a structure is fit-for-purpose during its 
design life and sometimes longer. This SIM manual 
for fixed offshore structure would be helpful to all 
the operators in this country.

Structural Integrity Management in Malaysia

Operators such as Shell, Exxon Mobil and Talisman 
have their own SIMS method in ensuring the 
fitness for purpose of their platforms. PCSB has a 
standalone system in managing their assets called 
the Asset Integrity Management System (AIMS). 
AIMS is an integrated management system that 
uses knowledge to manage the risk associated with 
physical assets. AIMS guide the organization into 
making and executing the decisions regarding the 
assets during each step of the asset’s life cycle.  AIMS 
is subjective because it covers a broad spectrum of 
assets like structural, topsides, equipment, and other 
non-structural assets. 

PCSB has a Risk Based Inspection (RBI) program. This 
RBI program categorizes a platform based on its risk 
of failure. It uses risk as a basis to give priority to types 
of inspection and inspection intervals. The higher the 
risk of a platform to failure, the higher is the priority 
of the platform to be inspected and assessed. This 
is because RBI gives priority to higher risk platforms 
compared to lower risk platforms when setting up 
inspection and maintenance intervals.   A risk matrix 
is developed based on the defined parameters. 
The two parameters are Likelihood of failure and 
Consequence of failure. An example of a risk matrix 
is shown in Table 1. These parameters are scored 
and have different weight factors. The consequence 
and likelihood categories are arranged such that the 
highest risk ranking is toward the upper right-hand 

Table 1  Risk Categorization Matrix used by PCSB

Li
ke
lih
oo
d

5 M H H VH VH

4 L M H H VH

3 L L M H H

2 VL  L L M H

1  VL VL  L  L   M

A B C D E
Consequence
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corner.  The lowest risk items fall into category A1 
and the highest risk items fall into category E5.  

Currently, PCSB is developing a Structural Integrity 
Management System (SIMS) for their 175 offshore 
platforms. A transparent Structural Integrity 
Management System (SIMS) is essential to manage 
the on-going existing fixed offshore structures:  

1. To manage on-going integrity over their life 
cycle.

2. To identify and re-dress any long term 
degradation.

3. To identify and prioritize the required structural 
integrity activities.

4. To optimize the activities and resources required 
to manage the structural integrity.

5. To provide a basis on the conformance 
of structural integrity with all legislative 
requirement

RESuLTS oF STuDY

Recommendations for SIM in Malaysia

To improve the SIM strategy in Malaysia, there is 
a need for an efficient way of handling data of 
each platform that PCSB operates. These can be 
done by having a document index that monitors 
the movement of data in the organization. The 
document index should include elements such as 
the platform name, the field in which it is located, its 
risk ranking, age of platform, types of facilities and 
data available about the platform. In the document 

index all the data that is available about the platform 
will be marked as available (√) and data that is not 
available will be acknowledged as not available 
(NA). The document index will also record the report 
number and the date of its publication. This is to 
ensure that all the data that is available is thoroughly 
audited and any data gaps can be identified quickly 
so that further action can be taken to address it. 
Appendix 1 shows the document index sheet.

Figure 3 shows summary of different categories 
of platforms in Malaysia. Figure 4 shows the latest 
region wise summary of age of platforms in Malaysia 
O&G industry. Figure 5 shows the latest region wise 
summary of different types of platforms in Malaysia 
O&G industry. More details are reported in [22].

Having a standalone PTS - SIM would greatly enhance 
the capabilities of PCSB in managing its offshore 
structures. This PTS-SIM would include all the data 
needed by PCSB, the RBI to evaluate the data and 
the strategy and programs that are relevant with the 

Figure 5.  Summary of Type of Platform Facilities for each region 
in Malaysia

Figure 4.  Summary of Facilities Design Life for Each Region

Figure 3.  Summary of Platform Facilties for Malaysia
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results of the evaluation.  The standalone PTS-SIM 
would provide PCSB with

1. Recommended Practice for Structural Integrity 
Management (SIM).

2. Guidance on Risk Based Inspection (RBI).
3. Guidance on risk understanding.
4. Efficient Data Management

Case Study of SIM of SMG-A

This case study was carried out on SMG-A platform 
located in the Semarang Field offshore Sabah. The 
six leg fixed Gas Compression Platform was installed 
on 1/1/1983 and is still active. It has exceeded its 
design life of 25 years. Therefore an effective SIM 
process is needed to ensure that SMG-A is still fit for 
purpose. 

Data

Generic Details Of SmG-A

SMG-A with deck weight 1361 MT and jacket height 
of 10.4 m is installed in water depth of 10.1 m. The 
air gap is 5.0 m which is above the recommended 
minimum value of 1.5 m by PTS for all its platforms.  
The deck elevation for SMG-A is 12.2 m. SMG-A uses 
K-framing for both its longitudinal and transverse 
frames. Its base length is 33.5 m and base width 18.3 
m. The details are shown in Table 2.

Operational Details Of SmG-A

SMG-A is an unmanned platform. However, it has a 
quarter’s capacity for 3 people, meant for inspection 
and maintenance staff.  SMG-A has 3 caissons, 0 

Table 3.  Operational Details of SMG-A

OPERATIONAL DETAILS 

Manned Yes

Shore distance NA

Quarters capacity 3

# of slots NA

# of caisson 3

# of conductors 0

# of Risers 7

Max cond. Dia. NA

# of decks NA

# of cranes 1

Max crane size NA

Boat landing Yes

Helipad No

CP type SA

Oil Prod NA

Gas Prod NA

Table 2.  Generic Details of SMG-A

GENERIC DETAILS

Water depth 10.1 m

Jacket Height 10.4 m

Air Gap 5.0 m

Deck Elevation 12.2 m

Long framing K

Tran framing K

# of bays 2

# of legs 6

# of piles 6

# of leg piles 6

# of skirt piles 0

Grouted Piles No

Jacket weight NA

Deck weight 1361 MT

Pile weight NA

Base length 33.5 m

Base width 18.3 m
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conductors and 7 riser guards. SMG-A has one crane 
on its platform, one boat landing and no helipad. 
Its corrosion protection is through the sacrificial 
anodes. These details are given in Table 3. 

From its commissioning in 1983, SMG-A has 
undergone 2 underwater inspections (UI), done in 
1994 and 2005. The data for UI in 1994 is not available. 
This data is essential because it can be considered as 
a baseline UI. The more favorable condition would 
be that an UI should have been carried out in 1983. 
This is because a baseline underwater inspection 
provides the as-installed platform condition which 
is a benchmark for the future SIM of the platform, 
especially if any potential damage occurred during 
installation. A baseline inspection should be 
conducted before the implementation of risk-based 
inspection (RBI) planning for the platform.

The minimum scope of work should consist of the 
following, unless the information is available from 
the design and installation records: 

• A visual survey of the platform for structural 
damage, from the mud line to top of jacket. 

• A visual survey to verify the presence and 
integrity of the sacrificial anodes.

• A visual survey to confirm of the number of 
installed appurtenances and their integrity.

• Confirmation of the as-installed platform 
orientation.

• Measurement of the as-installed platform level.

Platform Inspection Data Of SmG-A

Figure 6 shows the North view of SMG-A platform. 

The scope of work of the UI carried out in 2005 is 
explained below:

Inspection Level:  The inspection for UI 2005 is 
API Level 2. A Level 2 survey consists of general 
underwater visual inspection. It is done to detect 
the presence of any or all of the following: Excessive 
corrosion, Scour and seafloor instability etc., Design 
or construction deficiencies, Presence of debris, and 
Excessive marine growth. Detection of significant 
structural damage during a Level 2 survey is the 
basis for initiation of a Level 3 survey. The Level 3 
survey, if required, should be conducted as soon as 
conditions permit.

General Visual Inspections: The jacket comprises of 
forty three members. Six members were inspected 
and no damage, deformation or other anomaly was 
found.

Splash zone Inspection: Twenty members of the 
jacket (six jacket legs and fourteen vertical diagonal 
members (VDM)) pass through the air and water 
interface. Inspection was completed on two jacket 
legs and five vertical diagonal members. No areas of 
coating breakdown were observed on the members 
that were inspected. No anomalies were reported 
during this inspection

Base level Survey:  The gap between the underside 
of the bottom level horizontal members and 
the seabed was estimated using divers. Scour 
measurement at the base level is the vertical 
separation between each horizontal member and 
the seabed. This distance was estimated at both 
ends and at the centre of each face; which was at 
A3-B3 Face. The measurements for Face A3-A2-A1 
were taken at leg A3 and A2. Measurements for the 
other two faces were not taken. No exposed pile was 
observed during the inspection.

Figure 6.  Row 3 (A1-B3) Platform North View
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Anode inspection:  Twenty seven anodes were found 
on the Jacket Structure. Only four anodes were 
inspected and the depletion rate ranged between 
20%-60%. No anomalies were reported for this 
inspection. 

Cathodic Potential Survey: Thirty Nine contact 
Cathodic Potential measurements were obtained on 
jacket nodes, risers and riser clamps. Air divers were 
utilized to obtain the contact CP measurements. 
The measurements ranged between (-) 659 mV to (-) 
1068 mV.

Marine growth (MG) survey: A MG survey was carried 
out by air divers on Leg A3 and B3. Circumferential 
measurements were obtained from MSL to EL (-) 
10  m in 5 meters increments. On Leg A3, the MG 
was most dense at EL (-) 5  m down to EL (-) 10  m; 
measured as 84.36mm thick. Whereas on Leg B3, 
the MG was most dense at EL (-) 10 m; measured as 
100.38  mm thick. The MG consisted of barnacles, 
clams, sponges, hydroids, soft and hard corals.

Seabed Debris: Twelve items of debris were noted 
during the seabed debris survey. The twelve items 
were mostly metallic debris consisting of cut-off 
pipe section, scaffolding poles and grating.

Anomaly Summary: The following anomalies were 
found : 
1.  Low CP measurements of (-) 659  mV and (-) 

660 mV were reported on riser no. 7.
2.  The boat landing located at row 3 had missing 

gratings at lower stage of boat landing, and the 
top 3 grating steps of the stairway between the 
two stages of the boat landing.

Evaluation

Platform Risk Ranking
PCSB categorizes its platform based on the Platform 
risk ranking tool. The SIM process is associated with 
the RBI tool because the higher the risk the platform 
possesses, the higher the need for a SIM process to 
be carried out on the platform. Risk can be defined 
as [23]: 

Risk = Consequence of failure x Likelihood of failure

After a risk value has been assigned to a platform, a 
risk matrix is developed to give a clearer picture of 
the risk of the platform for people. PCSB does this by 
using a 5 by 5 risk matrix (table 1). 

The likelihood of structural collapse of a platform is 
assessed from two factors namely:
1. Platform strength or capacity.
2. Extreme loading the platform is exposed to.

The likelihood of failure categorization system 
identifies the characteristics of platforms that affects 
its structural strength and loads. The likelihood 
of failure of a platform would increase if there is 
an indication that there are factors attributing to 
the deterioration of platform strength or not up to 
current design practice. Besides that, if there are 
factors indicating that extreme platform loads may 
increase in frequency or severity, the likelihood of 
failure of the platform would also increase. 

The consequence of failure has three main 
components. They are:
1. Environmental loss
2. Business loss
3. Injuries and safety related loss

These components are calculated based on 
monetary losses to the operator. This three 
component monetary losses is summed up to come 
out with the overall result consequence.

For SMG-A, the result from the UI done in 2005 was 
applied on SIM system, and the following scores 
were obtained:

Likelihood Score: 320
Consequence Value:  32.34
RSR:  3.24
Likelihood of Failure:  3
Consequence of Failure:  B
Platform Risk:  Low (3B)
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From table 4, it is observed that SMG-A is a low risk 
platform. The characteristic of a low risk platform 
is that it has low likelihood of failure and low 
consequence of failure categories. Since SMG-A has 
low likelihood of failure; it is unlikely to fail during 
the design event.  This implies that there is sufficient 
reserve strength considering the platform’s present 
condition, including all modifications and known 
damage, against the 100-year design load. The 
platform would remain undamaged during the 
design event. SMG-A can also be described as robust 
and tolerant to damage.

Furthermore, SMG-A has a low consequence of 
failure. A platform has a low consequence of failure 
when the production can be shut-in during design 
events, the wells contain subsurface safety valves 
and oil storage is limited.  These platforms may 
support production departing from the platform 
and low volume infield pipelines. 

It is possible that some older, larger platforms 
with more wells, more production equipment and 
in deeper water that is nearing the end of their 
useful life have a similar consequence of failure 
and can be considered low consequence. It has to 
be remembered that SMG-A is an old platform that 
has been in operation since 1983 and therefore the 
findings in this study is consistent with the expected 
result. 

Strategy

For SMG-A, the next inspection to be done is 
a Risk Based Level 3 UI in the year 2015. This is 
because according to API recommended practices 
and guidelines, SMG-A is a low risk platform; the 
appropriate inspection interval is 11 years or greater 
(Table 5).

In addition to the risk based approach for arriving 
at a SIM strategy, there is another method namely 
the consequence based inspection program (Table 
6). The consequence-based inspection program 
provides a predefined in-service inspection program 
should the Owner/Operator choose not to implement 
SIM. Consequence based inspection program states 
that for Level 3 inspection, concerning low risk 
platforms, the interval is also more than 10 years.  

Table 5.  Risk Based Inspection Program

Risk Category Inspection Interval Ranges

High 3-years to 5-years

Medium 6-years to 10-years

Low 11-years or greater

Notes:  (a) The timing for the first underwater periodic inspection 
should be determined from the date of platform installation or 
when the baseline inspection was completed.  (b) Risk-based 
intervals should be adjusted to ensure uninterrupted cathodic 
protection of the platform.  This should be based on data 
evaluation from prior inspections

Table 6.  Consequence Based Inspection Program

Interval (Years)

Consequence Categorization

Low
A-3/L-3

Medium
A-2/L-2

High
A-1/L-1

10 6

Level III

Visual Corrosion
Survey X3 X3 X

Flooded Member 
Detection

X X

Weld/Joint Close
Visual

X X

Table 4. SMG-A Risk Category (Low)
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Therefore, the most appropriate time to do a Level 
3 UI for SMG-A would be in the year 2015. A Level 3 
survey consists of an underwater visual inspection of 
pre-selected areas and based on the results of the 
Level 2 survey, areas of known or suspected damage. 
Such areas should be sufficiently cleaned of marine 
growth to permit thorough inspection.  

Detection of significant structural damage during a 
Level 3 survey should become the basis for initiation 
of a Level 4 survey where visual inspection alone 
cannot determine the extent of damage.  The Level 
4 survey, if required, should be conducted as soon as 
conditions permit. 

DISCuSSIoN oF RESuLTS

The case study showed a gap in the inspection 
history of SMG-A after the installation process 
of SMG-A. After platform was installed in 1983, a 
baseline inspection should have been carried out 
in 1984. The future inspections data/results can be 
compared with this baseline inspection data. 

The absence of the baseline data for SMG-A can be 
due to the following reasons:
• The baseline inspection was carried out but the 

data was not found by PCSB
• A baseline inspection was carried out but during 

the platform operations handover the data was 
not given by the previous operators to PCSB 

• No baseline inspection was done on SMG-A. 

CoNCLuSIoN

The following conclusions are obtained from the 
study:

i. For any operator, the benefit of having a SIM 
strategy is that it would be able to protect the 
life safety of offshore personnel, protect the 
environment, protect business assets, and 
protect the company and industry reputation. 
A systematic SIM strategy would ensure the 
continued fitness-for-purpose of offshore 
structures. The SIM process has evolved over 

the last 25 years in the GOM due to hurricanes 
and extreme weather conditions. Therefore this 
SIM process is able to provide the industry a 
means to ensure the continued safe and reliable 
operation of fixed offshore platforms around the 
world and specifically in Malaysia.  

ii. The data for SMG-A platform is scattered and 
missing. Besides that, the inspection history 
of SMG-A showed that it had underwater 
inspections in 1994 and 2005. Only inspection 
data for 2005 is available therefore a comparison 
between these inspections cannot be done. A 
gap in the inspection program was found on 
SMG-A. The future program for SMG-A platform 
is that it has to undergo a level 3 underwater 
inspection in year 2015 based on API RP2A-WSD 
Section 17 recommendations.
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ABSTRACT

Municipal Solid Waste (MSW) management has been highlighted by the Malaysian government as an 
important agenda in ensuring success full development of the country. Due to the fast growing urbanization 
and industrialization of the country, a tremendous increment of solid waste generation is an unavoidable 
occurrence. With increased levels of waste production, limited area for landfilling, and increased awareness of 
environmental impact, alternative methods for treatment of solid and agricultural wastes are being sought. 
Currently these wastes load to the landfill sites and release undesired methane into the atmosphere due 
to anaerobic conversion in landfills, lagoons, or stock- piles. This will mean that renewable energy will play 
a significant role in shaping the nation’s energy sources. This study shows a typical composition of MSW 
in Malaysia comprises as high as 70 to 80% of organic waste with high moisture content, which could be 
biodegraded naturally. Anaerobic digestion of organic solid waste produces biogas, which is an excellent 
energy source used as fuel in combined heat and power units.  Methane production via anaerobic digestion 
would benefit society by providing clean fuel from renewable feedstock.  This would replace fossil fuel-
derived energy and reduce environmental impacts including global warming through CO2 emission and acid 
rain.

Keywords:  municipal solid waste, anaerobic digestion, Malaysia 

INTRoDuCTIoN

Rapid urbanisation in most developing countries 
such as Malaysia is one of the emerging challenges 
of our time.  The expansion of cities and the 
creation of urban conurbation, with growth in their 
populations, will continue and problems associated 
with such large urban centres should therefore be 
expected.  The fact that the productive activities 
tend to be concentrated in urban centres where 60% 
of the gross domestic product (GDP) is generated is 
an important point to consider [1].  In some largely 

urban countries, the urban share of GDP was as high 
as 80% in the year 2000.  According to the World 
Resources Institute (1990), the percentage of the 
world’s total population in developing regions will 
have increased from 67% in 1950 to 84% in 2025.  
Recent studies indicate that the waste generation 
rate in Malaysia has increased from 0.7 kg/capita/day 
in 1991 to about 1.0 kg/capita/day in the year 2000, 
and will further increase steadily at a rate of 2% per 
annum per capita [2].  At present, the capital city 
Kuala Lumpur alone generates approximately 2200 
tons/day of waste [3].

This paper was presented at the International Conference on Sustainable Environmental Technology and Sanitation for Tropical Region,  
Surabaya, 18 – 19 November 2008.
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The underlying threat of the inability of urban areas 
to cope with the increasingly large amounts of waste 
that will be produced and the attendant health 
problems, is what professionals engaged in waste 
management will have to contend with. The situation 
is further compounded and aggravated in the low-
income settlements due to additional problems of 
crowded dwellings, congested traffic, air pollution, 
and water contamination. For developing countries, 
these problems present serious challenge to the 
problem of solid waste management.

A typical composition of Malaysian MSW comprises 
as high as 70 to 80% of organic waste with high 
moisture content, which could be biodegraded 
naturally (Ministry of Housing and Local Government 
Malaysia, 1999). Anaerobic digestion is an application 
of biological methanogenesis, which is an anaerobic 
process responsible for the degradation of 
carbonaceous matter in natural environments where 
organic accumulation results in depletion of oxygen 
for aerobic metabolism [4].  

This project deals with anaerobic digestion of 
kitchen waste. Modifications of conventional 
reactors and extensive studies were made to 
optimize the performance of the commercial 
anaerobic digesters.  The main objectives were (a) 
to improve the methane yield production and (b) 
to modify the bioreactor configuration. The detail 
studies were lead toward the design of an optimum 
and commercially competitive anaerobic baffled 
reactor (ABR) system to produce continuous and 
high quality biogas while reducing waste disposal 
problem in Malaysia.

Justification of Anaerobic Digestion in Malaysia 

Anaerobic digestion of organic wastes is receiving 
increased attention because biomethanogenesis 
decomposes organic matter with production of 
useful energy and organic fertilizers. With increased 
levels of waste production, limited area for landfilling, 
and increased awareness of environmental impact, 
alternative methods of treatment of solid and 
agricultural wastes are being sought. Currently 

these wastes release undesired methane into the 
atmosphere due to anaerobic conversion in landfills, 
lagoons, or stock-piles.  

Anaerobic digestion is suitable for treatment of 
agricultural wastes, household waste, garden and 
park waste, sewage sludge and solid waste products 
from food that will produce beneficial end-products.  
Selection of an appropriate waste treatment method 
greatly depends on various factors.  The quantities 
of solid waste generated by each inhabitant in 
most developing countries may be less than in the 
developed world due to lower general prosperity 
and level of consumption by the population.  The 
amount of refuse produced in Europe and North 
America may be as high as 2 kg/person/day, while in 
tropical developing countries it is usually between 
0.3 to 1.0 kg/person/day (Cairncross and Feacham, 
1983).  Waste in developing countries is usually 
denser than in developed areas, and its composition 
is an indicator of the socio-economic situation of 
the population [5].  Table 1 shows a comparison of 
typical refuse compositions represented for some 
developed and developing countries. It is difficult to 
compare solid waste characteristics and composition 
of different countries due to varying methods of 
sampling and investigation [6].

The distinct differences and general trends that 
can be identified; the vegetables and ash fractions 
dominate the waste composition in developing 
countries, which is three to four times greater than in 
developed countries.  The biodegradable portion of 
waste in hot humid climatic conditions decomposes 
rapidly, and hence requires an efficient management 
system.

Organic matter makes up a large proportion of the 
waste in developing countries, and most of the 
valuable items are extracted by people to either 
be sold or re-used.  While Asian nations generate 
as much as 60% organic wastes, U.S.A. and U.K. 
generate more paper (about 30 to 40%).  Most of 
the paper is recycled efficiently by scavengers in the 
Asian nations, especially in less developed countries 
like India, Nepal and Pakistan.  Plastics, leather and 
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rubber are typically present in low quantities in 
most Asian countries, but in the developed nations 
it accounts for about 7% to 12%.  Furthermore, 
the quantity of ash and earth may be higher in 
developing nations due to the presence of surface 
drain sludge, silts and the cooking and domestic 
heating methods that use wood or charcoal.  The 
proportion of roads with engineered surfaces such 
as asphalt and concrete is generally greater in large 
cities and consequently the ash and earth content is 
less.  The density of refuse in industrialised countries 
can be as low as 100 kg/m3 while in developing 
countries it could be around 200-300 kg/m3 (Table 1). 

Because a large organic fraction with high moisture 
content is present in most developing countries 
refuse, therefore, biological process can be seen 
as a viable option for solid waste treatment whilst 
making incineration relatively unsuitable.  Although 
mechanistic processes are presently prevalent in the 
developed countries, a system with low demand 
on capital and maintenance cost is the most ideal 
technology for lower-income countries.

Cost will always be an important criterion in the 
choice of waste management methods to ensure 
satisfactory standards for the protection of health 
and the environment.  Production of renewable 

energy, improvement on environmental pollution 
in air and water, reduction of municipal and 
agricultural wastes, and utilisation of by-products as 
organic fertilisers, has increase the attractiveness of 
anaerobic digestion application.  

Energy is the lifeblood of any economy and plays a 
key role in achieving a nation’s vision.  For Malaysia, 
the national quest is to be a developed country by the 
year 2020. Therefore, the growth and development 
of the Malaysian energy sector will continue towards 
industrialisation and socio-economic welfare, and 
therefore Malaysia gives a high priority to ensuring 
greater security and sustainable of energy supply. 
Economic growth cannot happen without the 
increased use of energy. Currently combustion of 
fossil fuel such as oil, natural gas and coal is still the 
predominant means to derive energy for Malaysia.  
However, the increment appetite for energy is 
suffocating the environment.

In Malaysia, other than hydrocarbon sources, 
renewable and clean energy resources are available.  
Organic residues can be obtained from agricultural 
and food processing, municipal solid waste and 
animal manure.  Renewable energy is now endorsed 
to be the fifth fuel by the Malaysian government.  
Efforts are now geared towards the promotion of 

Table 1.  Comparison of waste characteristics and composition (% by weight)

Composition (% weight) U.S.A.1 U.K.2
Kuala Lumpur, 

Malaysia3
Jakarta, 

Indonesia 4

Organic
Paper
Metals
Glass
Textiles
Plastic / leather / Rubber
Wood
Dust/ ash/ others

22.6
37.6
8.3
6.6
3.0

12.3
6.6
3.1

19.0
29.0
9.0
8.0
3.0
7.0
2.0
21.0

45.5
30.0
5.1
3.9
2.1
11.1
na
4.3

60.0
2.0
2.0
2.0
na
2.0
na
33

Refuse density (kg/m3)
Per capita (kg/day)
Moisture content (%)

100
1.97
20

147
0.95

30 to 35

230
0.76
65

200
0.60

55 to 75

Sources: 1 EPA (U.S.A.) 1994; 2 UK Dept. of Energy, 1990;  3 Hassan et al., 1998;  4 Baldisimo et al., 1988
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renewable energy sources.  The world consumption 
of renewable energy sources is projected to grow at 
2.3 per year between 1990 to 2010 (Sulaiman, 1999). 

One of the by-products of anaerobic digestion is 
compost.  The waste in many developing countries 
is generally wet and highly organic, and can 
be recycled as compost that can replace some 
commercial fertiliser.  Economic forces also favour 
compost usage where high food production is of 
great importance, and fertiliser imports are limited 
by foreign exchange constraints.  

Many of the less developed countries are in the 
tropical or sub-tropical zones where high soil 
temperatures lead to far faster loss of organic 
matter; this immediately puts these countries at a 
disadvantage as their soils need a constant input 
of organic matter to remain productive. Compost 
application to agriculture is by far the most 
responsible technical solution for many developing 
cities, especially where the climate is arid and the 
soil is in serious need of organic supplements.  
In addition, manuring with compost instead of 
untreated organic waste products gives a more 
uniform spread of the plant nutrients, and in contrast 
to raw organic waste, the compost is not phytotoxic, 
so seedlings and plant roots will not be damaged.

Nutrients such as nitrogen, phosphorus and 
potassium (N, P, and K) which are present in the 
waste are usually in complex organic forms, difficult 
to be taken up by the crops. After composting, 
some of these nutrients would be in inorganic 
forms such as NO–3 and PO–4 that are a more 
available form for crop uptake. Compost is more 
like a slow release fertiliser because the bacteria 
slowly convert the organic nitrogen, which is tied 
up in the organic material, into an inorganic form, 
which is then appropriate for uptake by the plants. 
The application of compost as fertiliser to land will 
reduce nutrient loss through leaching because the 
inorganic nutrients are mainly in the insoluble forms, 
which are less likely to leach than the soluble forms 
of the uncomposted wastes. In addition, the soil tilth 
is improved thereby permitting better root growth 

and consequently ready accessibility to the nutrients 
[7]. The application of compost to unproductive soils 
should eventually improve the soil quality, and the 
otherwise useless land can be reclaimed.

A range of excreted pathogens which pose a high 
risk of infection and disease to humans, animals and 
plants, can be present in untreated solid waste and 
these are destroyed because of the high temperatures 
during the composting process.  Temperature 
and length of the exposure time are the two most 
important parameters responsible for pathogen die-
off during the biological process. Although there 
are some pathogenic micro-organisms that can 
survive exposure to temperatures above 100°C, the 
most dangerous of the pathogens in waste can be 
eliminated at much lower temperatures.

Principles of Anaerobic Digestion Technology 

Anaerobic digestion is a biological process in which 
biodegradable organic matters are broken down 
by bacteria into biogas, which consists of methane, 
carbon dioxide, and trace amounts of other gases.  
It is a process responsible for degradation of much 
carbonaceous matter in natural environments where 
organic accumulation results in depletion of oxygen 
for aerobic metabolism.  Oxygen-free is the primary 
requirement for anaerobic digestion to occur, 
while other important factors such as temperature, 
moisture, nutrient contents and pH are also critical 
for the success for the process. Anaerobic digestion 
can be proceed well at two ranges of temperature; 
mesophilic (30-40°C) and thermophilic (50-60°C) 
with moisture content 85% or higher.  

A generalized scheme for anaerobic digestion is 
that the feedstock is coarsely shredded and placed 
into a reactor which has an active inoculum of 
microorganisms required for methane production. 
A conventional reactor is mixed, fed once or more 
per day, heated to a temperature of 35°C, and 
operated at a hydraulic retention time of 20-30 days 
and loading rate of 1.7 kg VS (organic matter as ash-
free dry weight) m-3 d-1. Under these conditions, 
about 60% reduction in organic matter is achieved 
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corresponding to a methane yield of 0.24 m3 per kg 
VS added [8]. The composition of biogas produced is 
typically 60% methane and 40% carbon dioxide with 
traces of hydrogen sulfide and water vapour. Solid 
residues may be settled and/or dewatered by other 
means and used as compost. The product gas can be 
used directly or processed to remove carbon dioxide 
and hydrogen sulfide.  

Biomass and organic wastes may be converted into 
a variety of energy forms including heat, steam, 
methane, electricity, hydrogen, methanol, and 
ethanol.  Selection of a product for conversion is 
dependant upon a number of factors, including need 
for direct heat or steam, conversion efficiencies, 
energy transport, economies of scale, environmental 
impact of conversion process waste streams and 
product use.  Under most circumstances methane is 
an ideal fuel.  Compared to other fossil fuels, methane 
produces less atmospheric pollutants and generates 
less carbon dioxide per unit energy.  Because 
methane is comparatively a clean fuel, the trend is 
toward its increased use for appliances, vehicles, 
industrial applications, and power generation.

The conventional design of anaerobic digestion 
is being replaced by more innovative designs 
influenced primarily by feed suspended solids 
content.  The objectives of most of these advanced 
designs are to increase solids and microorganism 
retention, decrease reactor size and reduce process 
energy requirement.

RESEARCH METHoDoLoGY 

Raw Material and Substrate Preparation

The raw material constituted by organic municipal 
waste, collected and combined in approximately 
equal proportion, were mixed thoroughly in the 
laboratory, shredded and ground into a size of 
approximately 1  x  1  x  0.5  cm prior to analysis for 
chemical composition.  The substrate was mixed 
with tap water along with the inoculum to a slurry. 
The substrate concentration was expressed as 
weight of solids/total volume of solids plus water, 

assuming the density of the solids is approximately 
equal to the density of water.

Reactor Configuration and operation

An Anaerobic Baffled Reactor (ABR) was used to study 
the biogas generation from kitchen waste. Additional 
vertical baffles in a plug-flow reactor constitute 
an ABR, which enhances solids retention to allow 
better substrate accessibility to methanogens. The 
laboratory-scale unit was made with a total volume 
of 85 liters. Two tanks as influent tank and effluent 
tank were designed for feeding and removing the 
materials to and from the reactor. A gas collector was 
also provided for collection and determination of the 
amount of biogas. The dimension of the laboratory-
scale treatment unit was 75 cm length, 42 cm height 
and 27 cm depth. The down-flow chambers were 
3 cm above the reactor’s bottom to route the flow 
to the center of the up-flow chamber to achieve 
better contact and greater mixing the feedstock and 
solids. The first compartment of the four-chamber 
unit was bigger in size, which was 34 liters, while the 
following compartments were 17 liters. This physical 
modification provided longer solids retention time 
and superior performance as compared to the 
reactor with similar size compartments (Malakahmad 
et al., 2008). The larger compartment in the reactor 
acted as a natural filter and provided superior solids 
retention for the small particles. This configuration 
collected more solid materials than the reactor with 
four of the similar size chambers. The edges on 
baffles slanted on 45° to route the flow towards the 
center of the compartment and, hence, encourage 
mixing.

Analytical Methods

The characteristics of kitchen waste were initially 
determined. The waste was collected from kitchen 
refuse of a cafeteria located at university campus. 
“Part and quarterly methods” were used as standard 
procedures to prepare samples. Totally, 40 samples 
were measured and finally the average of each 
parameter was calculated. Samples were analyzed 
for moisture content, total solids, total volatile solids, 
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ash content, alkalinity, volatile fatty acids as acetic 
acid, protein, total kjeldahl nitrogen, fat, cellulose, 
hemi cellulose and lignin using analytical method 
given by USEPA. Gas samples were collected by gas 
sampling injectors and a sample of 100 μl was used 
for each run. The biogas composition (CH4+CO2) was 
determined by using a Gas Chromatograph (NUCON 
5700) equipped with a thermal conductivity detector 
and stainless steel column of length 6 ft, OD ¼ inch, 
ID 2 mm, containing Porapak Q 100 having mesh 
range 80–100. The carrier gas used was H2 and the 
analysis was carried out at a carrier gas flow rate of 
30 ml/min with the injector, column and detector 
temperatures maintained at 120, 90 and 120°C, 
respectively. Gas volume was measured using a 
water displacement method. According to the APHA 
(1992) Dichromate reflux method was selected for 
determining chemical oxygen demand (COD).  

RESuLTS AND DISCuSSIoN

Kitchen Waste Characteristics

Table 2 shows the chemical composition of kitchen 
waste. 

Table 2.  Chemical composition of kitchen waste

Parameters
Weight fraction 

(%) or ratio

Total solids 14.8

Total volatile solids 89.5

Ash 10.5

Total organic carbon 49.7

Kjeldahl nitrogen 1.3

C/N weight ratio 38.2

Fat 8.7

Protein 6.7

Cellulose 14.9

Hemi-cellulose 9.9

Lignin 8.5

Moisture contents 84.5

For the purpose of gas generation the solid content 
of feed material should be approximately 10-15 
percent [9]. Total solids were found between 10.4 to 
20.7% with the average of 14.8%. Bacteria normally 
use up carbon 25-35 times faster than they use 
nitrogen. Therefore, at this ratio of C/N (25-35/1) the 
digester was expected to operate at an optimal level 
for gas production. The C/N ratio for kitchen waste 
was found 38.2/1. 

The substrate consisted of complex organic 
polymers, which were broken down by extracellular 
enzymes produced by hydrolytic bacteria, and 
dissolved in the water. The moisture content of 
kitchen waste was found to be 84.5%. The high 
moisture content verified that kitchen waste was not 
ideal for incineration or landfill.  

Effects of organic Loading Rate on the ABR 
System 

To study the effect of organic loading rate (OLR) on 
the ABR system, different OLR were applied and COD 
removal efficiency at each OLR was determined. 
Figure 1 shows the relationship between various 
OLR and COD removal efficiency.  The best OLR for 
the ABR system was found to be 4 kg/m3 day with 
COD removal efficiency of 97.5%. At other OLRs 
tasted the COD removal efficiency was decreased. 
The result shows COD removal efficiency of 80, 85, 
80, and 70% at OLRs of 2, 8, 15, and 20 kg/m3 day 
respectively. This observation produced the similar 
results as with the other researches [10, 11, 12].
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Figure 1.  Performance efficiency against loading rate
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Identification of Best Slurry Concentration

To identify the best slurry concentration to run in 
the reactor, amounts of 5, 10, 20, 30, 40, 50 g/L of 
kitchen waste in water were examined. The hydraulic 
retention time (HRT) was 20 days. Figure 2 shows the 
gas production for each specified concentration of 
kitchen waste.  

The production of gas started after a few days of 
running the reactor. In all samples due to adaptation 
of microorganisms in a new environment, the rate 
of gas production for the first few days was low. 
But after day 20 the rate of gas generation was 
increased. The materials initially went through first 
stage of anaerobic digestion, which is liquefaction. 
The liquefaction of polymers (such as protein, fat and 
carbohydrate) to simple monomers (amino acids, 
long chain fatty acids, simple sugars) can be the 
rate-limiting step in digestion as this bacterial action 
is much slower in stage one compared to the next 
two stages, which are acid formation and methane 
formation. As illustrated in Figure 2 after day 20 the 
monomeric compounds released by the hydrolytic 
breakdown due to bacterial action in stage one were 
further converted to acetic acid (acetate), H2 and 
CO2 by the acetogenic bacteria. Volatile fatty acids 
were produced as the end products of bacterial 
metabolism of protein, fat, and carbohydrate; in 
which acetic, propionic, and lactic acids were the 
major products. Carbon dioxide and hydrogen gas 
were also liberated during carbohydrate catabolism, 
with methanol, and other simple alcohols, being 
other possible by-products of carbohydrate 

breakdown. Finally from day 35 the products of stage 
two were converted to CH4 and other end products 
by a group of bacteria called methanogens.

Gas production for the slurry with concentration of 
5 g/L started after 3 days and reached the highest 
amount (0.2 m3/kg Volatie Solids) after 35 days. For 
the next concentration (10 g/L) the production of 
gas started after 2 days and reached to the 0.24 m3/
kgVS as the highest amount after 38 days. In the third 
sample (concentration of 20 g/L) the gas generation 
started after one day and the highest production rate 
produced after 41 days, which was 0.25 m3/kgVS. In 
samples with concentrations of 30 g/L and 50 g/L the 
production of gas started immediately after running 
the reactor. The highest amounts of gas production 
for these two samples were 0.4 and 0.415 m3/kgVS 
after 39 and 42 days respectively. The maximum gas 
production was produced for the sample with slurry 
concentration of 40 g/L. At this concentration the 
gas production started immediately with reactor 
operation and the rate of gas production is reached 
to 0.59 m3/kgVS after 41 days.

In fact the gas production in these ranges of 
concentrations can be divided into three groups. 
The first group was with concentration of 5, 10, and 
20 g/L. The gas production for these three samples 
started after passing a few days and the amount of 
gas generated was low compared to others. It can 
be attributed to the inadequate organic matter 
concentration for this kind of reactor. The ABR 
system is a division of UASB and Polprasert (1996) 
reported that for an UASB reactor the concentration 
of below 20 g/L is not sufficient for the production 
of biogas. 

Samples with concentrations of 30 and 50 g/L can 
be categorized in another group. For these two 
samples the gas generation started immediately 
after running the system and the gas production 
was high as compared to lower concentrations. For 
the slurry with concentration of 30 g/L, there was an 
improvement as compared to lower concentrations 
(5, 10, and 20  g/L) but it seemed that the 
concentration was still not enough for the ABR.  For 
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Figure 2.  Effect of different concentration of kitchen waste on 
biogas production
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the sample with the concentration of 50 g/L however, 
the percentage of solid materials was higher than 
the sample with the concentration of 40 g/L but the 
gas production for the lower concentration sample 
(40 g/L) was better. This can be understood in terms 
of loading to the bioreactor. A high organic loading 
will normally result in excessive volatile fatty acid 
production in the digester (sour condition) with a 
consequent decrease in pH, and will adversely affect 
the methanogenic bacteria and cause a decrease 
in the production of biogas. Therefore, among all 
the samples, sample with the concentration of 40 
g/L was found to be the best percentage of kitchen 
waste to make the slurry. 

CoNCLuSIoN 

Malaysia is still struggling to select the most 
appropriate method to dispose municipal solid 
wastes with various available alternatives such as 
incineration, gasification, composting and landfilling. 
Biological processes such as anaerobic digestion 
could provide a vital element in an integrated solid 
waste management system for a community in a 
developing country while preserving the natural 
ecosystem within an acceptable cost.  Organic waste 
is a resource that needs to be tapped and not to be 
wasted into landfills or reduced to ashes and dust in 
incinerators.  The renewable energy produced from 
the anaerobic digestion process can be seen as a 
good reason for many communities to start recycling 
our valuable resources. 
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INTRoDuCTIoN

Large quantities of aqueous solutions of thiosulphate 
compounds are currently produced in a number of 
industrial processes [4]. The sulphur in the gaseous 
fuels is predominantly present in the form of H2S, 
SO2 and organic sulphur compounds. Thiosulphate 
ion (S2O3

2–) is used in a variety of industrial processes 
such as in natural gas processing; paper and mining 
industry and it likely becomes a part of the industrial 
waste water stream [4]. During the processing of 
natural gas obtained from offshore gas production 
installations, the sulphur present in the natural gas 
is oxidized through a caustic oxidation process, and 
the generated wastewater contains predominantly 
thiosulphate at concentrations as high as 3000 mg/L 
[2]. This wastewater is normally referred to as caustic 
spent wash, and it causes severe pollution problems 

if discharged without treatment. The presence of 
thiosulphates and other sulphur compounds in water 
is usually an unacceptable factor. The presence of 
sulphate, sulphite and thiosulphate, in waste water 
causes corrosion of the sewers, eutrophication and 
silting [12]. Regardless of the source of the aqueous 
stream containing the thiosulphate compounds, it is 
clear that there is a substantial need for a method 
of treating the thiosulphate solution in order to 
remove the thiosulphate compound and allow 
either the reuse of the resulting treated aqueous 
stream or its safe discharge into sewers and/or rivers 
and streams. Different techniques have been used 
for the oxidation of soluble sulphur-bearing species 
from waste water. Common waste water treatment 
techniques for the removal of sulphur-bearing 
species are chemical and biuological oxidation and 
precipitation. Advanced oxidation is the latest waste 
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water treatment technique [3, 8, 9, 12, 16, 18]. Pho-
oxidation has also been explored [10, 5]. Precipitation 
has also been investigated by some researchers 
for the removal of soluble sulphur-bearing species 
from waste water but the disposal of sludge is a big 
disadvantage  associated with this method [13].  

The aims of this study were to assess the ability of 
hydrogen peroxide for the oxidation of thiosulphate 
both in the presence and absence of UV light. 
The process was investigated at varying initial 
thiosulphate concentrations and varying hydrogen 
peroxide dosages both in the presence and absence 
of UV light radiation. The order of oxidation reaction 
with respect to both thiosulphate and hydrogen 
peroxide, and the rate constants for oxidation of 
thiosulphate to sulphate were calculated both in the 
presence and absence of UV light. 

ExPERIMENTAL

Analysis of thiosulphate and sulphate

Sodium thiosulphate of 60 purity was used to 
prepare the test solution. The thiosulphate ion 
was analysed by using an Ion Chromatograph.  
Sulphate formed was analysed by DR 500 UV Visible 
Spectrophotometer. For the determination of 
sulphate ion concentrations, barium chloride was 
added to form barium sulphate and the sulphate 
ion concentration was noted when the solution 
becomes turbid.

Methodology

Sodium thiosulphate is oxidized by hydrogen 
peroxide both in the presence and absence of UV 
light. The oxidation was investigated, at different 
thiosulphate concentrations and by adding different 
amounts of hydrogen peroxide. Figure 1 shows an 
experimental setup to demonstrate the process of 
removing thiosulphate ions from a solution. The 
reactor comprised a glass vessel, a UV emitting lamp, 
a pH probe and the solution placed in the reactor. 
The low pressure UV emitting lamp (wavelength = 
254 nm) was connected to a power supply. The UV 

emitting lamp used in the application was placed 
inside a tube made of quartz in order to transmit 
UV radiation from the source without absorption 
in the wall. The quartz tube used not only allowed 
UV radiation to pass through effectively, but also 
protected the UV lamp from the solution when the 
UV lamp and tube was submerged into solution 
containing thiosulphate. The experiment was 
carried out at four different initial concentrations 
of thiosulphate 400  mg/liter and 700  mg/liter, 
1000  mg/liter and 1300  mg/liter while keeping all 
other parameters constant. The treatment process 
was also investigated by adding four different 
amounts of hydrogen peroxide. All the experimental 
runs were repeated without the UV light. Effect of 
temperature was investigated for the treatment 
process both in the presence and absence of UV 
light.

RESuLTS AND DISCuSSIoN

Oxidation of sulphide and thiosulphate in an 
aqueous solution proceeds through the following 
reaction pathway [3].

      SS"  S2O3"  SO3"  SO4"  (1)

    
UV light lamp

Thermometer

pH meter

               

Figure 1.  Schematic diagram of the reactor for the photo 
oxidation of Thiosulphate
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The rate as well as the final oxidation product depend 
upon the availability of oxygen and the pH. The rate 
of sulphite oxidation to sulphate is very fast in an 
oxidizing environment.  Therefore, the formation of 
an intermediate SO3" may be ignored. The important 
parameters that determine the rate of thiosulphate 
oxidation are: (i) the thiosulphate concentration 
and (ii) H2O2 concentration. Adjustment of the pH 
to nearly neutral could be done by the addition of 
acid but this generates H2S in solution.  To avoid 
the formation of H2S that might escape from the 
solution to some extent, all the experiments were 
conducted at the prevailing pH of the solution.  
However, change of the pH occurred in the course of 
the oxidation process. As the oxidation proceeded, 
thiosulphate concentration decreased and the pH 
also decreased. Photo-oxidation of thiosulfate by 
hydrogen peroxide was found to be faster than in 
the absence of UV light. It was due to the increased 
production of • OH by UV light radiation and unstable 
nature of hydrogen peroxide [15].

H2O2 + hv  2 • OH (2)

Effect of Thiosulphate Concentration

Figure 2 shows the time evolution of thiosulphate 
concentration for four different initial values in the 
presence of 4 watts UV light radiation. All these data 
were collected with synthetic waste water samples. 
The same amount of hydrogen peroxide 0.6 ml, 30% 
solution, w/w was added to each batch of 1000 ml 
thiosulphate solution.  The initial rate of thiosulphate 
oxidation showed an appreciable dependence on 
the initial concentration.  The rate appears higher 
at a higher initial thiosulphate concentration. 
Beginning with 1000 ppm of thiosulphate solution; 
complete removal of the thiosulphate was achieved 
within 35 minutes. 

The same treatment process was repeated in the 
absence of UV light radiation. The reaction was found 
to be very slow in the absence of UV light. 1000 ppm 
of thiosulphate solution was treated for 35 minutes 
and removal of nearly 35% of the thiosulphate 
was achieved. The oxidation of thiosulphate in the 

absence of UV light at different initial thiosulphate 
concentrations is shown in Figure 3.

Effect of Hydrogen Peroxide

Figure 4 shows the effect of hydrogen peroxide 
addition on thiosulphate oxidation in the presence 
of UV light radiation. The rate of thiosulphate 
oxidation increased by increasing the amount of 
hydrogen peroxide added. In increasing hydrogen 
peroxide from 0.4 to 1 ml, the rate of thiosulphate 
oxidation increased approximately five times. In all 
cases, hydrogen peroxide was added to a constant 
concentration of sodium thiosulphate. The same 
treatment process was repeated in the absence of 
UV light radiation. The oxidation reaction was found 
to be very slow in the absence of UV light radiation. 
Treatment of 700 ppm of thiosulphate by the 
addition of 1.00 ml of hydrogen peroxide removed 

Figure 2.  Oxidation of thiosulphate to sulphate at different initial 
thiosulphate concentration in  the presence of UV light

Figure 3.  Oxidation of thiosulphate to sulphate at different initial 
thiosulphate concentration in the absence of UV light
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nearly 600 ppm of thiosulphate in 15 minutes of 
treatment time. Treatment in the absence of UV light 
at varying hydrogen peroxide dosages is shown in 
Figure 5.

Measurements of sulphate concentration in solution 
was taken from time to time. Since the oxidation of 
sulphite to sulphate in the presence of H2O2 was fast, 
the solution virtually contained thiosulphate and 
sulphate. Formation of sulphate in the treatment 
process with the addition different dosages of 
hydrogen peroxide in the presence of UV light is 
shown in Figure 6.

Kinetics of oxidation and Photo-oxidation

Rate of oxidation of sulphur-bearing species by 
dissolved oxygen has been quantified by power-law 
kinetics [14].

r = [S2O3''] a [H2O2] b (3)

where the quantities within brackets represent 
the concentrations of thiosulphate and  hydrogen 
peroxide. A plot of the initial rate of oxidation against 
thiosulphate concentration on a logarithmic scale at 
a constant concentration of H2O2 is shown in Figure 
7. 

The reaction orders with respect to H2O2 was 
similarly found by plotting the initial rate against the 
respective concentrations on a logarithmic scale for 
constant values of all other parameters and variables. 
The plot of the initial rate of reaction against the H2O2 
concentration was linear. The reaction rate constant 
was determined from the slope of the plot (Figure 8) 
of the initial reaction rate against the product of two 
concentration terms in Eq. (3).

Figure 4. Oxidation of thiosulphate to sulphate at different 
hydrogen peroxide  concentration in the presence of UV light

Figure 5. Oxidation of thiosulphate to sulphate at different 
hydrogen peroxide  concentration in the absence of UV light

Figure 7. Linear fit of rate of thiosulphate oxidation against 
different initial thiosulphate concentration on logarithmic scale 
in the presence of UV light with norms of residuals = 0.97

Figure 6. Oxidation of thiosulphate to sulphate at different 
hydrogen peroxide  concentration in the presence of UV light
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Eq. (4) shows the proposed rate equation for the 
photo-oxidation of sodium thiosulfate.

r = [S2O3'']c [H2O2]d (4)

Order of reaction with respect to hydrogen 
peroxide and thiosulphate concentration was 
found by plotting the rate of reaction against the 
initial thiosulphate concentrations and hydrogen 
peroxide dosages added. Order of reaction for 
thiosulfate concentration was found by plotting 
rate of photo-oxidation against the initial thiosulfate 
concentrations at constant variables as shown 
in Figure 9. The rate constant was calculated by 
plotting rate of reaction against the product of the 
two concentration terms in Eq. (4) as shown in Figure 
10. 

Order of reaction in the oxidation of thiosulfate 
by hydrogen peroxide with respect to thiosulfate 
concentration was of the second order while order 
of reaction with respect to hydrogen peroxide was 
of the first order.  Therefore, the overall order of 
reaction for oxidation in the absence of UV light is 
of the third order. The order of photo-oxidation 
with respect to thiosulfate concentration and 
hydrogen peroxide, which was found to be 0.34 and 
0.39 respectively, showed that the overall order of 
reaction for photo-oxidation is of the first order.  

It was concluded from the values of the rate 
constants calculated from the experimental data of 
photo-oxidation and oxidation that rate of reaction 
of photo oxidation by hydrogen peroxide is five 
times faster than oxidation by hydrogen peroxide in 
the absence of UV light.

CoNCLuSIoN

Complete removal of thiosulphate in an aqueous 
solution was achieved by oxidation in the presence 
of UV light. Analysis of the thiosulphate was done 
by using ion chromatograph. Sulfate analysis was by 
spectrophotometry. Rate equations for thiosulphate 
both in the presence and absence of catalyst were 
formulated. Rate of reaction was found higher at 

Figure 8.  Linear fit of rate of thiosulphate oxidation against the 
product of hydrogen peroxide and thiosulphate concentrations 
on logarithmic scale in the presence of UV light with norms of 
residuals = 0.65

Figure 9.  Linear fit of rate of thiosulphate oxidation against 
different initial thiosulphate concentrations on logarithmic scale 
in the absence of UV light with norms of residuals = 0.99

Figure 10.  Linear fit of rate of thiosulphate oxidation against the 
product of hydrogen peroxide and thiosulphate concentrations 
on logarithmic scale in the absence of UV light with norms of 
residuals = 0.90
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higher thiosulphate concentrations and higher 
hydrogen peroxide additions both in the presence 
and absence of UV light. The overall order of 
oxidation as a result of reaction in the absence of UV 
light was found to be nearly of the first order. The 
rate constant increased from 0.49 to 2.2 by carrying 
out the oxidation reaction in the presence of UV 
light. The results of this study would be useful for 
assessment of alternative and actual remediation of 
waste water containing thiosulphates in chemical 
and allied industries.
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INTRoDuCTIoN

Geopolymer concrete, named after the reaction 
between polymer and geological origin source 
material, was proposed to replace all cement 
portions in concrete as the main binder [3]. The 
reduction of the cement portion in concrete is 
expected to decrease the demands in Portland 
cement; hence reducing the environmental issues 
caused by cement production. 

Geopolymer concrete is commonly produced from 
alkaline liquid and source material. The alkaline liquid 
is a combination of sodium hydroxide or potassium 
hydroxide with sodium silicate or potassium silicate 
[1]. The utilization of single alkaline hydroxide 
activator will have lower rate reaction compared 
to those containing soluble silicate [6], therefore 
sodium silicate solution is added to sodium 
hydroxide solution to enhance the reaction rate 
between alkaline liquid and source material [7]. 

Combinations of fly ash and microwave incinerated 
rice husk ash (MIRHA) were used as source materials 
in this research. These low calcium materials were 
chosen because high calcium content in source 
material can obstruct the polymerization process 
[4]. Meanwhile blended composition of fly ash 
and MIRHA was intended to observe the effect of 
different silicate content in source material since 
MIRHA has higher silicate content than fly ash [5].

Numerous research have been conducted to 
produce quality geopolymer concrete that could be 
compared with OPC concrete. However the curing 
method showed some limitations of geopolymer 
concrete applications. The heat required in the 
curing process can only be supplied by electrical 
instruments; hence geopolymer concrete can only 
be applied in a precast concrete industry. Also 
needed was a solution on the issue of workability 
since alkaline liquids and source materials may not 
be suitable with some commercial admixtures.  
Therefore this research was focused on the curing 
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The compressive strength development and microstructure properties through polymerization process of 
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method to obtain geopolymer concrete that has 
better workability in the fresh state, i.e. suitable for 
cast in situ applications.

ExPERIMENTAL METHoDS

Materials

The material selection in this research was based 
on specific requirement. NaOH was supplied by 
QuickLab Sdn Bhd, Malaysia in 99% purity pellet 
form with 8 molar NaOH solutions were used for all 
mix proportions. While NaSiO2 was obtained from 
Malay-Sino Chemical Industries Sdn Bhd, Malaysia 
with proportion of Na2O: 14.73%, SiO2: 29.75%, and 
water: 55.52%.

Fly ash used in this research was taken from Manjung 
Power Plant, Malaysia with chemical compositions 
as described in Table 1. Rice husk used to produce 
MIRHA was from Bernas Milling Plant, Malaysia. Rice 
husk was first dried under direct sunlight to remove 
its moisture content to reduce excess smoke from 
its combustion. The rice husk was incinerated in a 
microwave incinerator at 400°C. MIRHA was ground 
in a ball mill for 2000 times to fineness. The chemical 
compositions of MIRHA are as described in Table 2. 
Coarse aggregates were prepared under saturated 
surface dry (SSD) condition to 20 mm maximum size. 
Since commercial water-reducing admixture was 
not suitable for mixtures in this research, sucrose 

solution was added into the mixture to delay the 
setting time during the mixing and casting process.

Experimental Setup

This research design was of several mixture 
proportions incorporating the blended source 
material to investigate their effect on the 
performance of the geopolymer concrete. The 
details for each mixture is described in Table 3. NaOH 
and NaSiO2 were constantly used in all mixtures 
and prepared 1 hour before the mixing process to 
prevent precipitation of NaOH in the solution. The 
mixing process was divided into two stages, dry 
mix and wet mix. Initially, coarse aggregate, fine 
aggregate, fly ash (and MIRHA) were mixed together 
in a rotating pan mixer for 2.5 minutes. Alkaline and 
sucrose solutions were then poured into the dry 
mixed material and continued for wet mixing for 1.5 
minutes. Fresh geopolymer concrete was then hand 
mixed to ensure homogeneity of the mixture.

Fresh concrete was then cast in 100 mm cube 
moulds and compacted using a poker vibrator. The 
curing process in this research was divided into 
three curing methods: hot gunny curing, ambient 
curing, and external exposure curing. In hot gunny 
curing, concrete samples were covered with a hot 
gunny sack for 48 hours (the hot gunny was replaced 
every 24 hours). To prevent heat from being released 
immediately, the samples were covered with a plastic 

Table 1.  Fly Ash Chemical Composition [2]

oxide Percentages (%)

SiO2 51.19 %

Al2O3 24.00 %

Fe2O3 6.60 %

CaO 5.57 %

MgO 2.40 %

SO3 0.88 %

K2O 1.14 %

Na2O 2.12 %

Table 2.  MIRHA Chemical Composition [5]

oxide Percentage (%)

SiO2 88.90 %

MgO 0.72 %

SO3 0.32 %

CaO 0.63 %

K2O 3.65 %

Al2O3 0.16 %

Fe2O3 0.45 %
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sheet. In ambient curing, concrete samples were 
placed outside the room while still protected from 
direct sunlight and rain. In external exposure curing, 
concrete samples were placed in a transparent 
chamber placed outside to allow heat radiation from 
sunlight to penetrate into the chamber while still 
protected from rainfall. 

Hardened concrete samples were tested for their 
compressive strength at 3, 7, 28, and 56 days for all 
curing regimes. Analysis of the interfacial transition 
zones (ITZ) and microstructure properties was 
conducted using scanning electron microscopy 
(SEM) on 56-day concrete samples.

RESuLTS AND DISCuSSIoN

Compressive Strength Test

The results obtained from compressive strength tests 
illustrate the polymeric reactions in geopolymer 
concrete with various curing treatments. 
Compressive strength development of geopolymer 
is described in Figures 1 to 6.

Figure 1 describes the compressive strength of the 
hot gunny curing samples. The presence of high 
humidity from the hot gunny did not improve 
concrete performance. Instead, it decreased the 
concrete strength significantly because the heat 
from the hot gunny could not be maintained for 
long durations. In comparison with OPC concrete, 
the geopolymer concrete does not utilize water in 
its polymeric reaction. It helped in the mixing and 
casting process as it increased workability of the 
fresh concrete.

Table 3.  Details of Mix Proportion

Mix Code* Fly Ash 
(kg/m3)

MIRHA
(kg/m3)

CA FA NaoH NaSio2 Water Sugar
(kg/m3)(kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3)

A1 350 0 1200 645 41 103 35 10.5

A2 339.5 10.5 1200 645 41 103 35 10.5

A3 332.5 17.5 1200 645 41 103 35 10.5

A4 325.5 24.5 1200 645 41 103 35 10.5

B1 350 0 1200 645 41 103 35 10.5

B2 339.5 10.5 1200 645 41 103 35 10.5

B3 332.5 17.5 1200 645 41 103 35 10.5

B4 325.5 24.5 1200 645 41 103 35 10.5

C1 350 0 1200 645 41 103 35 10.5

C2 339.5 10.5 1200 645 41 103 35 10.5

C3 332.5 17.5 1200 645 41 103 35 10.5

C4 325.5 24.5 1200 645 41 103 35 10.5

* A: hot gunny curing; B: ambient curing; C: external exposure curing

3 days 7 days 28 days 56 days
A1 5.00 9.00 15.00 16.96
A2 3.46 8.31 13.07 15.10
A3 7.11 11.31 19.01 22.66
A4 3.19 7.01 11.50 12.77
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Figure 1.  Compressive Strength Development of Concrete 
Sample with Hot Gunny Curing
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During the maturing process, water was expelled 
and evaporated from the hardened concrete 
sample. Spaces that were previously occupied by 
water became micropores inside the concrete. These 
pores provided microcrack paths and which led to 
the premature failure of the concrete when exposed 
to compressive loads, resulting in low compressive 
strength performance. Compared to the control 
sample that used only fly ash as the source material, 
a mixture of 95% fly ash and 5% MIRHA increased 
concrete strength up to 36%. It indicates that the 
modification of Si:Al ratio in source material could 
affect concrete performance.

In ambient curing, a mixture of 95% fly ash and 5% 
MIRHA also performed better than other ambient 
curing samples as described in Figure 2. Different 
amounts of heat involved in the first maturing period 
compared to the hot gunny curing accelerated the 
polymeric reaction, hence increased the bonding 
capacity of geopolymeric micelles. This mixture 
improved the geopolymer concrete strength up to 
24% compared to the non-blended mixture in the 
same curing regime and 64% higher if compared to 
the non-blended hot gunny curing sample.

The higher amounts of heat in the external exposure 
curing significantly increased the compressive 
strength of the geopolymer concrete as described 
in Figure 3. In comparison with previous curing 
methods, non-blended samples of the external 

exposure curing had higher compressive strength 
than blended samples. It indicates that modification 
of Si:Al ratio in the source material is significantly 
affected in humid environment but less affected 
in an elevated temperature environment. Non-
blended samples in external exposure curing had 
compressive strength 147% and 92% higher on the 
average compared to hot gunny and ambient curing 
respectively. It was also observed that the most 
critical period of geopolymer concrete development 
is within the first week from the mixing process. The 
low polymeric reactions during this period is the 
cause of the lower compressive strength.

Figure 2.  Compressive Strength Development of Concrete 
Sample with Ambient Curing

Figure 3.  Compressive Strength Development of Concrete 
Sample with External Exposure Curing

3 days 7 days 28 days 56 days
C1 34.50 42.30 48.70 50.60
C2 18.50 25.98 33.80 37.30
C3 14.98 22.13 27.58 29.80
C4 23.80 31.90 40.70 44.50
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3 days 7 days 28 days 56 days
B1 9.50 14.11 19.73 21.92
B2 9.00 11.90 17.92 19.19
B3 9.77 15.89 24.08 27.00
B4 8.55 11.00 16.75 17.03
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Figure 4.  SEM Image of Hot Gunny Curing Sample
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Scanning Electron Microscopy (SEM) Analysis

SEM analysis was carried out to observe the 
microstructure properties of geopolymer concrete, 
mainly on the characteristics of the interfacial 
transition zone (ITZ). Figure 4 shows the presence of 
10 μm width ITZ in the hot gunny curing concrete 
sample. This gap decreases concrete strength by 
providing interconnecting paths to the microcracks. 
It was estimated that these gaps occurred due to the 
low polymeric reactions during the maturing period 
of the hot gunny curing process.

Concrete sample of ambient curing had ITZ width 
smaller than that of the hot gunny curing as shown 
in Figure 5. Solid paste and micropores distribution 
in concrete will determine concrete performance, 
therefore a smaller ITZ width will prevent the concrete 
from premature failure due to interconnected 
microcracks. It explains the compressive strength 
performance of ambient curing samples which 
showed better results than hot gunny curing.

The refinement of concrete characteristics through 
ITZ was confirmed by the external exposure 
sample. Figure 6 indicates that the microcrack was 
discontinued when entering the ITZ, hence its 
higher compressive strength compared to the other 
curing method. It supports the analysis that elevated 
temperature is required to accelerate the polymeric 
reaction during early maturing period.

CoNCLuSIoN

Compressive strength development of geopolymer 
concrete is much affected by environment conditions 
during the concrete maturing period. Therefore 
a proper curing method is important to obtain 
geopolymer concrete that is suitable mainly for cast 
in situ applications; hence geopolymer concrete will 
not be limited in the precast industry only. 

Comparing the three proposed curing methods: hot 
gunny, ambient and external exposure curing, the 
last method gave the highest compressive strength 
result. There was also significant improvement if the 
blended source material is used in a high humidity 
environment. Mixture of 95% fly ash and 5% MIRHA 
showed compressive strengths of 36% and 24% 
higher than non-blended mixtures in hot gunny 
curing and ambient curing respectively. While the 
external exposure curing method could demonstrate 
compressive strengths of 147% and 92% higher than 
concrete samples in hot gunny and ambient curing 
respectively. 

Improvement in the ITZ was also achieved by 
elevated temperatures in the curing condition of 
the geopolymer concrete sample. Disconnected 
microcrack paths with ITZ could make the concrete 
sustain heavier load.

Figure 5.  SEM Image of Ambient Curing Sample Figure 6.  SEM Image of External Exposure Curing 
Sample

Geopolymer Paste

Interfacial 
Transition 

Zone

Aggregate
Geopolymer Paste

Discontinued Microcrack

Aggregate



41 VOLUME SEVEN NUMBER TWO  JULY - DECEMBER 2009  PLATFORM

Mission-Oriented Research:  GREEN TECHNOLOGY

ACKNoWLEDGEMENTS

The authors would like to acknowledge Universiti Teknologi 
PETRONAS, Malaysia for the research financial support.

REFERENCES

[1] V.F.F. Barbosa, K.J.D. MacKenzie and C. Thaumaturgo.  
“Synthesis and characterisation of materials based 
on inorganic polymers of alumina and silica: sodium 
polysialate polymers,” International Journal of Inorganic 
Materials, vol. 2(4), 2000, pp. 309-317

[2] S.C. Chin, “Performance of used engine oil in fresh & 
hardened states of normal and blended cement concretes,” 
MSc Thesis, University Teknology PETRONAS, 2007.

[3] J. Davidovits, “High alkali cements for 21st century 
concretes,” Concrete Technology: Past, Present and Future, P. 
K. Mehta, ACI, Detroit, USA, 1994, SP 144-19, pp. 383-397.

[4] J.T. Gourley, “Geopolymers: opportunities for 
environmentally friendly construction materials,” Materials 
2003 Conference: Adaptive Materials for a Modern Society, 
Sydney, Institute of Materials Engineering Australia, 2003.

[5] M.F. Nuruddin, A. Kusbiantoro and N. Shafiq, “Microwave 
incinerated rice husk ash (mirha) and its effect on concrete 
properties,” IMS International Conference, American 
University of Sharjah, 2008.

[6] A. Palomo, M.W. Grutzeck and M.T. Blanco “Alkali-activated 
fly ashes, a cement for the future,” Cement and Concrete 
Research, vol. 29(8), 1999, pp. 1323-1329.

[7] H. Xu and J.S.J. van Deventer, “The geopolymerisation of 
alumino-silicate minerals,” International Journal of Mineral 
Processing, vol. 59(3), 2000, pp. 247-266.

Associate Professor Ir Dr Muhd Fadhil 
Nuruddin has been involved with research 
related to carbonation in concrete, cement 
replacement materials, polymeric concrete 
and concrete technology for more than 20 
years now. He is the Past President and a 
Fellow Member of The Concrete Society Of 
Malaysia (FCSM), a Member of The 
Institution Of Engineers Malaysia (MIEM), 

and Board of Director of The International Association On 
Concrete Technology (IACT). To date he has published more than 
100 technical papers at international and national levels.

Andri Kusbiantoro is a Doctoral of 
Philosophy student in concrete 
technology.  He obtained his MSc from 
UTP and his main research areas related to 
concrete technology, cement replacement 
materials and polymeric concrete.

Associate Professor Dr Nasir Shafiq 
obtained his PhD from Leeds University in 
1999. All in all he has 22 years of working 
experience in Industry, academics and 
research in the area of Civil and Structural 
Engineering in UK, Singapore, Pakistan 
and Malaysia. He is a Member of American 
Society of Civil Engineers (ASCE), Chartered 
Member American Society of Structural 

Engineers, Vice-President Concrete Society of Malaysia for 2007-
2009 and Editorial member of various local and international 
journals. To date he has published more than 90 papers in 
conference proceedings, short seminars and international 
journals.

Sobia Anwar Qazi graduated in Civil 
Engineering from NED University of 
Science And Technology, Karachi, Pakistan 
in 2007. From there, she joined UTP to 
pursue her MSc. Her research topic is Mix 
design of polymeric concrete incorporating 
fly ash, rice husk ash and silica fume’.



42 PLATFORM   VOLUME SEVEN NUMBER TWO  JULY - DECEMBER 2009

Technology Platform:  SYSTEM OPTIMISATION

INTRoDuCTIoN

Investigative methods in water engineering projects 
are commonly classified into five types. (i) Field 
Investigation: This method could be employed 
independently or to supplement other methods.  In 
this method, the real life phenomenon is examined 
through site inspection, data collection, monitoring 
of the processes involved within a sufficient duration.  
Field investigation is often expensive and labour 
intensive, requires special equipment and practical 
experience, entails serious safety and health risks, 
but often leads to large accuracy of the analysis 
and calculations. (ii) Analytical Method: This method 
relies on theoretical description of the phenomenon 
that is often hard to achieve unless at the cost of 
large simplifications.  The inherent accuracy of 
analytical solutions are often impaired by inevitable 
mathematical simplification of complex processes 
as well as by the values chosen for its empirical 
coefficients and parameters. This method, when 

viable, is fast and demands little resources. (iii)  
Physical Modeling:  In this method, a scaled model 
of the phenomenon is constructed in a controlled 
laboratory environment to allow comfortable 
access, frequent trials, risk-free measurements, and 
quantification of the processes. Physical modeling 
can reproduce multi-dimensional phenomena 
that are not amenable to analytical or numerical 
solutions.  However, it requires large resources 
(space, labour, time and expertise).  Observations 
of the processes provide for invaluable qualitative 
conclusions subject to ‘scale effects’ which pose 
serious difficulties for quantitative conclusions.  
Undesirable scale effects stem from the fact that 
not all aspects of the processes can be physically 
scaled from the prototype (i.e., the phenomenon 
or structure in real life) to the model.  (iv) Numerical 
(computerized) Method: In this method, complex 
equations, often a set of partial differentials, are 
discretized mathematically over space and solved 
numerically using computer programs at successive 
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ABSTRACT

The methods used in the design of a physical model of a bed erosion in a large pond downstream of a tailrace 
outfall structure are discussed.  The model was a laboratory simulation of a free surface flow from a hydropower 
tunnel into a large pond with the aim of  reducing discharge into a downstream river.   A significant part of 
the investigation was the laboratory reproduction of a damaging erosion process below a large concrete 
apron.  Four challenges in the design and operation of the physical model were dealt with: (1) providing for 
sufficient erosion depth below the rigid bed floor, (2) choosing a proper scaling ratio for sediment grain size, 
(3) continuously accessing the study area without disturbing the flow or the bed topography, and (4) making 
quick measurements of the bed topography at the end of each test.  The methods employed and the lessons 
learned could enhance the laboratory skills of physical modelers of movable bed projects.
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time steps.  This method is inexpensive, fast, and 
user-friendly but it suffers from total dependence 
on the availability and accuracy of the data, the 
choice from many possible options for empirical 
equations, and the assumptions taken for empirical 
coefficients.  Enormous progress in the last few 
decades in computer power and the development 
of user-friendly software has made this method 
popular.  However, the convenience of numerical 
tools is still subject to the accuracy of the output 
which depends on the validity of the data, and 
empirical equations and coefficients.  (v)  Hybrid 
Model:  In the hybrid modeling, two or more of the 
methods, usually physical and numerical methods, 
are jointly used to enhance the accuracy.  If the 
methods are closely coupled to allow feedback 
(two-way communication between the models), the 
method is called an ‘integrated hybrid model.’  This 
paper utilizes the third method, namely physical 
modeling.

Physical modeling of many water-related structures/
processes in rivers, reservoirs, coastal seas, and 
hydrological catchments is associated with modeling 
of sedimentation (deposition or erosion) resulting 
from water flow that is contained in a rigid bed or a 
fixed structure.  Physical simulation and laboratory 
measurements of water and rigid structures entail 
less difficulty than those of sediment movement.  
The reason is that sediment motion, either on bed 
or in suspension, is affected by numerous complex 
inter-related factors.  The challenges in the physical 
modeling of flow carrying sediment are of three 
types.  The first relates to the design and operation 
of the model such as model construction and 

measurement techniques.  The second concerns 
the choice of the sediment material and size.  The 
third is the appropriate translation of the modeling 
results into the real-life (prototype) phenomenon.  
General texts [5, 20, 23, 24, 28] should be consulted 
for details of physical modeling of mobile bed 
flows. This paper presents discussions about some 
of these challenges related to free surface flow in 
natural rivers, artificial open channels, nearshore 
flows under waves and currents and overland flow 
(excluding pressurized (pipe) flows).  The case 
study in this paper demonstrates free surface flow 
undercurrents only (and not wave).  

CASE STuDY AND THE MoDELING CHALLENGES

The case study is an experimental investigation of 
bed erosion of a large embankment pond situated 
between a tailrace tunnel and a downstream 
river.  The pond has a volume of 1.5  ×  106 m3 and 
a plan area of 820 m × 300 m.  It temporarily stores 
the outflow of a hydropower station before it is 
released to the river.   The reservoir of the respective 
large hydropower dam receives additional water 
from several adjacent rivers.  Therefore, the usual 
discharge from the turbines during high electricity 
generation is greater than the capacity of the river, 
leading to a need to reduce the outflow by routing 
through the pond storage.   

The pond floor is made of five layers placed on 
the compacted soil with a total of 1.2 m thickness.  
Table 1 describes the layers.  A HDPE (High Density 
Polyethylene) liner covers the whole pond floor 
and extends to the top of the 16-meter-high 

Table 1.  The layers forming the pond floor (top to bottom)

No. Layer D16 (mm) D50 (mm) D90 (mm)

1 Screened rockfill, 0.3 m 6 50 100

2 Sand filter 0.2 1.5 5

3 HDPE Liner, 2 mm - - -

4 Fine sand filter, 0.3 m 0.25 2 5

5 Medium gravel filter, 0.3 m 2 13 20
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embankment and provides for impermeability of the 
pond.  The outflow from the turbines is the inflow 
to the partially full pond.  The sequence of this 
submerged flow is as follows: the flow issues from 
a 6  m tailrace tunnel, moves through a diverging 
stilling basin, rushes over a wide concrete apron with 
two series of baffle blocks, moves slowly towards the 
outlet structure on the other end of the pond as free 
surface flow, and finally joins the river through large 
culvert outlets.  The terminal part of the tailrace 
tunnel is a combination of the stilling basin and the 
concrete apron, referred here as the tailrace outfall 
structure (TOS).  

A few years after the commissioning of the pond, it 
was noticed that the pond floor at the front of the 

TOS was seriously eroded and the protecting HDPE 
liner was ruptured, endangering the pond including 
the opposite embankment.  A major study was 
conducted to find the cause and remedy for the 
damages.  A large part of the investigative method 
was the physical modeling of the erosion of the pond 
floor at the front of the TOS.  This paper reports on 
a few of the sediment related challenges using the 
investigative method applied in this major study.

Figure 1a shows the prototype TOS and its 
downstream bed floor as seen from the opposite 
embankment after the pond was drained for 
inspection.  Figure 1b shows the laboratory in which 
the model was built.  A view of the constructed 
model is illustrated in Figure 1c, showing the test 

a. Prototype TOS and bed floor (tailrace outfall structure, chute 1 
and baffle blocks)

b. The laboratory space 

d.  Model TOS and bed floor in one of the testsc.  Model pond constructed

Figure 1.   Views from the prototype TOS and the physical model
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section near TOS at the far end.  Figure  1d depicts 
part of the test section corresponding to Figure 1a.

SEDIMENT RELATED CHALLENGES

Among the numerous challenges of the physical 
modeling, four sediment-related ones are discussed 
here.  They are the ways in which: 
• the required erosion depth was allowed in the 

laboratory, 
• access was made possible to the test area 

without disturbing the flow or the bed, 
• the bed topography was measured swiftly at the 

end of each test, and 
• the sediment size in the model was chosen.

Providing for Erosion Depth in the Model

The whole pond was modeled to realistically 
represent the impact of the flow circulation in the 
reservoir on the movable bed area.  However, the 
damaged area to be tested was only in the vicinity 
and opposite of the concrete apron.  The pond floor 
and slopes was made of concrete except for this 
test area where sufficient scour had to be allowed 
below the untouched pond floor.  The laboratory 
floor was regarded as too good to be damaged for 
a temporary physical model.  Thus, it was decided 
to raise the whole pond to an appropriate height 
Dz=0.46 m.  Among the many considerations in 

deciding Dz, the maximum possible scour depth was 
a sediment-related consideration.  Other technical-
economical considerations, leading to a geometric 
scale of Lr=1:36, were described by Saiedi et al. [22].  
Figure 2 depicts the way this challenge was met.  
Figure 2a shows the edge of the concrete bed to the 
left of the test area in which the pit was later filled up 
with the sediment allowing sufficient scour depth in 
any extreme flow conditions.  Figure 2b presents this 
erosion test section after the 0.46 m-deep pit was 
filled up with sediment.   

Non-disturbing Access to the Test Area

Continuous close observation and measurement 
of the processes of mobile bed models is always 
desirable and sometimes necessary. Except for 
narrow flumes, this need is usually met with a crucial 
barrier in large river or coastal models:  disturbance 
of the flow or processes by people moving around 
in the running model or by objects such as chairs 
or platforms on which they should accomplish 
observation, photography, or measurement.  
Fortunately, the low height of the ceiling of one 
side of the laboratory provided non-disturbing 
continuous access to the testing area by the 
mounting of a simple suspended moving bridge.  
Figure 3 shows views of the hanging movable 
platform to access the flow and the test area.  This 
platform covered the whole testing area, moved 

a.  Concrete bed of the model pond near the test area

Figure 2.  The sediment pit in the test area of the model

b.  The pit in the model filled with sediment
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manually in straight lines back and forth, and was 
placed above the model, high enough not to touch 
the flow or the instruments but low enough to allow 
comfortable manual access to the whole flow depth.  
The operating mechanism of this platform was 
discussed by Saiedi et al. [22].  

Measuring Platform of the Eroded Bed

Figure 4 shows a marked sample of the bed 
topography at the end of the test which was 
made up of two stages.  First, white cotton strings 
were placed at the lows of the bed form to clearly 
visualise the pattern of erosion or deposition.  The 
topography and the change in elevation (z) of the 
bed was manually recorded.  Second, a large clear 

thin plastic sheet was put to cover the whole area.  
Square grid markings on it aided fast measurements 
of x-y coordinates.  The sheet was also used to 
measure  elevation (z) of the topography using 
pointed gauges mounted on the suspended movable 
platform.  To make measurements at the depressions 
of the bed topography, the sharp tip of the pointed 
gauge was pierced through the thin plastic sheet at 
the point.  At both stages, for visual records and for 
computerized extraction of the plan form of changes 
to the bed, photographs were taken.  When pressed 
for time, a quicker viable method to create the plan 
form of the bed topography was found as follows:  
the placement of the strings for visualization was 
disregarded, the scaled plastic sheet was first put 
onto the test area.  The plan view of the topography 

Figure 4.   Visualization and simple measurement of the plan form of the bed changes

Figure 3.  Hanging platform movable over the entire test area

a.  visualization of the bed form at the end of the test b.  Clear thin plastic sheet with grid for plan form measurement
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was manually marked (with washable markers) on 
the sheet while sitting on the hanging movable 
platform.  This marked plastic sheet was taken out 
for accurate measurements or photography while 
the test area was being prepared for the next test.  
Using this method saved a lot of time for the whole 
study.

The measurement and visualization technique 
carried out proved to be efficient for taking the 
topography of the sedimentation tests where the 
application of a convenient automatic bed profiling 
system is not feasible.  An automatic bed profiler, 
mostly for sedimentation tests in long flumes, has 
been successfully used in the last three or four 
decades.  It usually sits on the top of the flume 
and moves across and along the flume in several 
intervals.  The design and application of one such 
automatic bed profiler was reported by Saiedi [20, 
21].  Several types of high resolution ultrasonic bed 
profilers and Acoustic Doppler Velocimeter (ADV) 
have been developed and used in the last couple of 
decades. 

Sediment Scale Effects

Scale Effects

Various properties of fluid flows are expressed in 
terms of dimensionless numbers such as Reynolds 
Number (Re), Froude Number (Fr) and Weber Number 
(We).  These are measures of the relative importance 
of a fluid’s inertia compared to its viscosity, 
gravity, and surface tension, respectively. In flow 
phenomena, the similarity of one of these numbers 
is sufficient to satisfy the similitude between model 
and prototype because either viscosity or gravity or 
surface tension is the dominant force interplaying 
with the fluid’s inertia.  For such cases, equating 
the respective dimensionless number in the model 
and prototype gives the scale ratios for the other 
flow parameters in terms of the geometric scale. 
For example, Langhaar [15] devised modeling rules 
in hydraulic physical models.  In most cases, not all 
these dimensionless numbers can be the same in 
the prototype and model.  This means that some 

aspects of the reality are not fully represented in the 
model.  This is called the scale effect. 

Scaling Problems In movable Bed models

Whilst physical modeling of water related structures 
(spillways, sea walls etc.) is straightforward [15], 
the physical modeling of a movable bed involves 
sediment-related complications that are untreatable 
without considering serious compromises [10].  To 
appreciate the inevitability of serious compromises 
for similitude laws in movable bed models, consider 
the requirements of a perfect similarity.  Kamphius 
[12, 13] introduced five parameters for a full 
description of movable bed flows.  A theoretically 
perfect similitude is attained if these five non-
dimensional parameters are the same in model and 
prototype.
• Particle Reynolds number Re*=V*D/ν
• Densimetric Froude Number Fr*=rV*

2//[(γs-γ)D]
• Relative Sediment Density s=rs/r= γs/γ
• Relative Length L*=L/D
• Relative fall velocity Vw=w/V*

in which V* is the shear velocity so that bed shear 
stress t=rV*

2, D is the sediment diameter, ν is water 
kinematic viscosity, r and rs are mass densities of 
water and sediment respectively, w is the sediment 
fall velocity, γ and γs are the weight densities of water 
and sediment respectively, s=γs/γ is the sediment 
relative density, and L is a characteristic length 
(water depth for unidirectional river flow, average 
wave amplitude for short-wave models).  Dalrymple 
[2] neglected L* but added the parameter Dw=H/(wT) 
called Dean Number or fall velocity parameter (for 
both bed load and suspended load in coastal seas 
where the sediment is migrated onto dry beach) in 
which H is the wave height and T is the wave period.   
If natural sediment (sand, silt…) and water are used 
in both model and prototype, as is usually the case, 
the similarity of the third parameter s is readily 
achieved.  As most equation governing the movable 
bed flow (shear stress, fall velocity, critical shear 
stress or velocity needed to move or suspend the 
sediment…) are nonlinear functions of the variables 
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(D, L …), simultaneous satisfaction of the other four 
similarity parameters is impossible. 

In modeling movable bed flows, the most important 
problem is the proper choice of sediment scale.  The 
same geometric scale applied to prototype flow 
dimensions (length, depth, width) and structures 
(spillways etc.) cannot be applied to the prototype 
sediment for various reasons, some of which are 
described below.  

(a) Non-cohesive to Cohesive: Typical geometric 
scales are in the range of Lr= 20~100 where Lr is 
the ratio of model to prototype dimensions. With 
Lr=40, Dp=0.1 mm in the prototype becomes 
Dp=0.0025 mm in the model if the diameter 
is simply divided by Lr. The first is classified 
as very fine sand that is non-cohesive.  The 
second is coarse clay that is cohesive.  Cohesive 
sediments are composed primarily of clay-sized 
material with strong interparticle forces due 
to their surface ionic charges. As particle size 
decreases, the interparticle forces dominate the 
gravitational force, and the settling velocity is no 
longer a function of only particle size.  Therefore, 
cohesive sediment behaves differently from 
non-cohesive ones.  The chemical bond between 
particles can form large coagulants (aggregates) 

with significantly different motion properties [9, 
16].  

(b) Bed-load Dominated Flow:  If the flow is 
governed by bed load (like in gravel rivers or 
offshore of breaking zone in nearshore seas), 
the average bed shear stress, t=γRS can be the 
measure of simulation between prototype and 
model where γ (N/m3) is the weight density of 
water, R (m) is the hydraulic radius and S (-) is 
the friction slope (for uniform flow being equal 
to the bed slope). With water in both prototype 
and model, γp=γm=γ where sub-index p denotes 
prototype and sub-index m denotes model.  
Noting S is dimensionless, it follows that tr=tp/
tm=Rp/Rm=Lr.  

 Consider the famous Shields [25] diagram, used 
to estimate the critical bed shear stress, as shown 
in Figure 5a.  The following definitions are used: 
critical Shields parameter, Qcr= tb,cr/[(γs-γ)D50] 
and particle parameter, D*=D50[g(s-1)/ν2]1/3 where 
γs is sediment weight density (N/m3) , D50 is the 
average grain size (m), ν is the kinematic viscosity 
of water (about 1 × 10-6 m2/s), s=γs/γ is the relative 
density of sediment (about 2.63 for quartz).  In 
addition to the original Shields’ curve, the three 
other curves are shown related to beginning of 
suspension from other investigators.  Figure 5b 

a.  non-dimensional form b.  explicit dimensional form
Figure 5.   Shields’ diagram for incipient motion based on critical shear stress
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is the explicit form of the same Shields curve in 
which the shear stress vs. the grain size is given.   

 The resulting simple relationship tr=Lr for bed-
load dominated flows, means that bed shear 
stress can be linearly reproduced in the model. 
In examining the physical modeling application 
of this relationship, assume ν =  1  ×  10-6 and 
s=2.63.  For prototype gravel D50,p=10 mm, the 
prototype critical bed shear stress is tb,cr,p=9 N/
m2 that comes down to the model bed shear 
stress of tb,cr, m=0.18 N/m2 if the geometric ratio 
is Lr=1/50.  The proper grain size in the model can 
be found by reference to Shields curve starting 
from tb,cr=0.18 that yields D50,m=0.2 mm. This is 
straightforward.  However, the same procedure 
for D50,p=1.0 mm, leads to tb,cr,p=0.5 N/m2 that 
comes down to tb,cr,m=0.01 N/m2 for Lr=1/50.  This 
small bed shear stress leads to nowhere in the 
Shields curve as it lies outside the validity range 
of the data on which the fitted curve is based.  
In other words, the model sediment becomes 
so small that bed-load mode of motion is hardly 
imaginable under usual flows.  

(c) Various Criteria for Incipient Conditions:  Another 
source of difficulty in physical modeling of 
sediment motion is the fact that for a specific 
set of conditions, there are more than one 
guide to quantify aspects of motion such as 
incipient motion on bed, incipient suspension, 
bed load transport capacity, suspended load 
transport capacity, total load transport capacity, 
dimensions of the bed forms, resistance to flow, 
vertical concentration profile of suspended 
sediment, etc.  Nearly all these empirical guides 
are valid within particular flow conditions such 
as grain size ranges (fine or coarse, cohesive or 
non-cohesive…), river types (mild or steep slope, 
straight or meandering, prismatic or natural 
section along the channel, flume or field data…), 
unidirectional (river) or oscillatory (wave) flow, 
and the like.  The physical modeler is often left 
with a few ‘valid’ choices.  Table 3 contains the 
outcome of the search for the right sediment 
size for an example of prototype sediment with 
D50=0.37 mm and s=2.63 in both model and 
prototype.  The calculations seek the model 
sediment size under two geometric scales of 1/10 
and 1/40 for two distinct incipient motion criteria: 
critical shear stress tcr and critical velocity Vcr.  

Table 3.  D50, m when different empirical guides are tried for incipient sediment motion/suspension

The basis of 
similarity Formula τcr (N/m2)

prototype

If geometric scale is 1:10 If geometric scale is 1:40

τcr (N/m2)
model Model D (mm) τcr (N/m2)

model Model D (mm)

τcr (N/m2)

Shields’ (1936) 
Motion on bed 0.20 0.02 N/A 0.005 N/A

Van Rijn (1984) 
Motion in 

suspension
0.32 0.032 0.04 0.008 N/A

Vcr (m/s)

Assume:
· Uniform 

depth 1.5 m
· Channel 

slope 0.0005
· D90 = 1.1 D50

Vcr (m/s) 
prototype

If geometric scale is 1:10 If geometric scale is 1:40

Vcr (m/s) 
model

Model D  
(mm)

Vcr (m/s) 
model

Model D  
(mm)

Yang(1973), 
Motion on bed 0.11 0.033 0.16 0.02 0.10

Garde (1970), 
Motion on bed 0.27 0.027 N/A 0.007 N/A
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Two widely accepted guides are Shields [25] and 
Van Rijn [26] for tcr and Yang [29] and Garde [6]
for Vcr.  Examples of distinctly different results, 
including non-availability, show some of the 
challenges face by modelers.  With a scale of 
1/10, two available choices are D50,m=0.04 and 
D50,m=0.16 and with the scale of 1/40, D50,m=0.10 
is produced. 

(d) Suspended-Load Dominated Flow:  When 
the dominant mode of sediment motion is 
suspension, the fall velocity of sediment plays an 
important role.  Fall velocity depends on the grain 
size (as well as grain density and shape), turbulent 
intensity of the flow (which in turn, depends on 
factors such as bed roughness, flow velocity, 
wave period…), concentration of sediment and 
temperature.   In unidirectional flows (currents 
in rivers), a form of the Shields diagram can still 
be used to estimate the incipient of suspension.  
In Figure 5a, three such guides are presented.  It 
can be clearly seen that various values of D50,m 

will result if  the bed shear stress is taken as the 
predictor of suspension.  Like in the case of the 
bed-load dominated case, the departure point is 
the similarity of tcr resulting in the required D50,m.  
In oscillatory flows (nearshore waves), the same 
differences can be seen.  For example, Dean [4] 
argues that a fall speed parameter pw/(gT) should 
be kept the same in geometrically undistorted 
scale models while Kamphuis [11] derived and 
proposed another fall speed parameter as H/(gT) 
where w is the grain fall velocity, T is the wave 
period and H is the design wave height.  In the 
study of beach profile, Dalrymple [3] proposed a 
Profile Parameter as the basis of similitude given 
by gH2/(w3T).   To appreciate the difference in the 
results, it suffices to note that the first criterion 
does not incorporate H.  

(e) Combination of Bed and Suspended Loads:  
Most sediment transport phenomena, whether 
in rivers or in coastal seas, involve both bed-load 
and suspended-load modes resulting in further 
complications of the considerations mentioned 
above for single domination of these two cases.

(f) Geometrically Distorted Models: A modeller 
facing practical limitations such as laboratory 
space and water availability for circulation in 
the model may use different geometric scales 
for depth and length (or width).  The resulting 
model is called geometrically distorted.  These 
models have a small vertical: horizontal scale 
ratio in order to model large prototypes, whilst 
maintaining adequate model flow depth.  A 
spectacular example of a distorted geometric 
model is that of the entire Mississippi basin by 
the US Corps of Engineers at a horizontal scale 
of 1:2000 and vertical scale of 1:100, on a 100 ha 
site [18].  In distorted models, even if they are 
governed by only one dimensionless number 
such as Fr, most flow variables in the model 
involve both length and depth scales.   This 
makes the decision over the proper sediment size 
for the model even harder.  As an example of the 
guide for sediment modeling in geometrically 
distorted models, Figure  6 is presented as 
proposed by Noda [17] for his beach profile 
studies.  The figure is the graphic representation 
of NDNγ

1.85=Nz
0.55 and Nx=Nγ

-0..386 Nz
1.32 in which 

ND is the sediment size ratio equal to Dm/Dp, 
Nx and Nz are the length and depth scale ratios 
respectively, and Nγ is submerged unit weight 
ratio.  If sand is used in both the model and the 
prototype, Nγ =1.   With vertical scale of 1/10 and 
sand s=2.63 in model and prototype, a horizontal 
scale of 0.048≈1/20 and a grain ratio of ND =0.28 
will result.  Therefore, 1.0 mm prototype sand 
becomes 0.28 mm sand in the model, or 0.1 mm 
prototype sand becomes 0.03 mm (medium silt) 
in the model.  

(g) Availability of the Material:  One way to avoid 
sediment sizes that are too small for the model 
is to use grains made of materials lighter than 
the natural sediment so that the corresponding 
size becomes greater.  Specific gravity, S.G., of 
sand is about 2.63.  Some of the materials used 
by physical modelers are glass with S.G. of 2.46, 
red pumice with S.G. of 2.3, red brick with S.G. of 
1.92 to 2.14, white pumice with S.G. of 1.82, (coal) 
anthracite with S.G. of 1.49, polyvinyl chloride 
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(PVC) with S.G. of 1.33, and Plexiglas with S.G. of 
1.16.  The problems with some of these materials 
are the availability and cost.  

Caution In Interpretation Of The modeling Results

Given the challenges mentioned above, a modeler 
should interpret the results of the physical modeling 
of a movable bed phenomenon with much caution.   
Qualitative conclusions concern questions of 
whether: erosion or deposition occurs at some 
area, equilibrium is attainable after some time, the 
pattern of sediment circulation between various 
regions, and impact of structures on the overall 
bed level changes.  Much care should be practised 
in quantitative predictions for the magnitude or 
timing of the respective phenomenon.  Quantitative 
estimations should always be substantiated by other 
means such as numerical analysis, field observations, 
and observation from similar projects wherever 
possible.  The crucial caution in translation of the 
modeling results into the prototype is based on 
two fundamental facts.  One is the inevitable scale 
effects as discussed above.  The other is that despite 
much progress in the last hundred years of sediment 
transport engineering, estimation of simple aspects 
of movable bed flows such as sediment transport 
capacity or dimensions of the resulting bed forms 
is still subject to gross approximation and large 
differences between various ‘reliable’ predictors.   

Sediment Size In The Present model

Two prototype layers (D50,p=50 and 1.5 mm; see 
Table 1) on top of the HDPE liner were subjected 
to erosion and mixed as a result.  The choice of 
the representative model sediment was faced with 
additional difficulty.  The procedure mentioned 
under “bed-load dominated flow” of the section 
“scaling problems in movable bed models” was 
applied  to the representative grain sizes of the top 
layer.  The calculations are summarized in Table 4.  
The table suggests a model sediment size of about 
2 mm.  But for the reason elaborated below, a smaller 
size was sought.

Out of many flow scenarios through TOS, one (not 
the most critical) design condition for the flow 
from the concrete apron over the movable bed was 
defined by water depth h=1.1 m, average velocity 2.0 
m/s, near bed velocity 0.8 m/s and prototype Fr= V/
(gh)0.5=0.61, and Manning’s roughness coefficient 
n= 0.030.  This gives a friction slope of 0.003 yielding 
an average bed shear of tb,cr, p=32 N/m2.  Given 
25<32<45 (Table 4), this would move only about 
40% of the grains in the top layer while it was known 
from observations and calculations that weaker 
flows did in fact erode the top layer with velocities 
as low as 1~1.2  m/s.  Thus, the proper size should 
allow the movement of a greater portion of the 
top layer grains.  To avoid an arbitrary selection of 
the size, another criterion for incipient of motion, 

Figure 6.  Scaling rules suggested by Noda (1972) for distorted physical models of beach profile

Table 4.  Size of the model sediment based on shear stress criterion for incipient motion

Layer Grain Class D10(mm) D30(mm) D50 (mm) D70 (mm)

1st

Prototype Grain Size, D50,p (mm) 6 30 50 60

Prototype tcr,p (N/m2) from Shields curve 5 25 45 50

Corresponding model tcr,p (N/m2) from tr=Lr=1/36 0.14 0.70 1.25 1.40

Model sediment size from Shields curve, D50,m (mm) N/A 1.4 2 2.3

2nd

Prototype Grain Size, D50,p (mm) 0.2 0.7 1.5 2

Prototype tcr,p (N/m2) from Shields curve 0.18 0.37 0.7 1.25

Corresponding model tcr,p (N/m2) from tr=Lr=1/36 0.005 0.01 0.02 0.035

Model sediment size from Shields curve, D50,m (mm) N/A N/A N/A N/A
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namely the critical average velocity, Vcr was chosen.  
The empirical equations established in the literature 
for Vcr was sought for a few sediment samples with 
various flow depths in the range of 0.05~0.2 m.  The 
results of the calculations were closer to one of the 
available samples with D10=0.21 mm, D30=0.35 mm, 
D50=0.45, D70=0.60 mm, and D90=1.2 mm.  Table 
5 contains the results for Vcr [6, 7, 8, 27].  Sediment 
transport textbooks could be referred to these 
proposed empirical formulas.

As the velocity scale ratio in Froude similarity models 
is Vr=Lr

0.5, the prototype velocity Vp is 6 times the 
model velocity Vm.   Therefore, Vm =0.23~0.26 m/s 
corresponds to Vp =1.38~1.56 m/s.   This velocity 
range, being well below the design Vp =2.0 m/s, was 
considered satisfactory in producing the bed load 
motion and scour expected in front of the concrete 
apron.  As a main goal of the original investigation 
was to attain a non-eroding bed floor through 
redesign of the energy dissipation in TOS, the 
selected size D50=0.45 mm in the model was on the 
safe side as it was slightly smaller than that dictated 
by both incipient motion criteria. 

CoNCLuSIoN

Four design and operational challenges in the 
physical modeling of a movable bed flow project 
are discussed and the solutions presented.  The 
project concerns the investigation on erosion below 
a concrete apron of a tailrace outfall structure where 
insufficient energy dissipation led to damages to the 
floor of a large embankment pond.  The core of the 
investigation was implemented in a scaled model of 

the pond and its structures with a geometric scale 
of 1:36.  The challenges discussed and met were as 
follows.

a. The whole pond model was raised above the 
laboratory floor except for the scour area that 
was filled with the sand.  This protected the 
laboratory floor and provided for sufficient scour 
depth.

b. A movable bridge suspended from the 
laboratory ceiling was designed and operated 
manually to provide for undisturbed continuous 
access to the testing area for observation and 
measurement purposes.

c. Thin transparent plastic sheets marked with 
a grid was spread on the eroded area for 
quick measurements of the plan view of 
the topography after bed form depressions 
were indicated by placement of white cotton 
strings below the sheet and the erosion and 
sedimentation patterns were marked with 
washable markers on the plastic sheet.  Manual 
elevation measurements were aided using 
point gauges mounted on the movable bridge, 
this proved a fast solution where expensive 
automatic bed profilers are not available.

d. Sediment scaling effects were discussed and 
some related calculations as required in the case 
study were presented.  A practical compromise 
between two incipient motion criteria (bed 
shear stress and average velocity) together 
with field observations of the actual erosion 

Table 5.  Critical Velocity Vcr (m/s) as the criterion for sediment incipient motion in the model

Pond Water 
depth (m)

Goncharov 
(1964) Garde (1970)

Hjulström 
(1935)

Van Rijn 
(1984) Average Selected

0.05 0.268 0.220 0.23 0.194 0.228 0.23

0.10 0.296 0.233 0.23 0.221 0.244 0.24

0.15 0.311 0.240 0.23 0.236 0.254 0.25

0.20 0.322 0.246 0.23 0.247 0.261 0.26
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resulted in the the choice of a model sediment 
with D30,p=20, D50,p =50, D70,p =60, and D90,p 
=100  mm to represent the prototype sediment 
with D30,m =0.35, D50,m =0.45, D70,m =0.6, and 
D90,m=1.2 mm.  

These lessons and experiences can enrich the 
existing literature on practical challenges in the 
physical modeling of mobile bed flows.
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INTRoDuCTIoN

Combustion of fuel-air mixtures can be in the forms 
of gaseous as well as of suspended droplets. For 
both types of fuel-air mixtures, the behaviour of 
the resulting flames is not fully understood. For 
example, wrinkled flames which are associated to 
flame instabilities, have greater surface area than 
that of smooth flames. However, the causes for 
flame instabilities are difficult to study in engines 
or burners due to the varying and multiplicity of 
variables such as temperature, pressure, turbulence, 
and bulk motion. Hence, fundamental studies 

of combustion are vital in order to understand 
practical combustion of fuel-air mixtures. Although 
there are several techniques available to measure 
burning rates of flames, large scatter in the results of 
measurements from different methods was reported 
[1]. The reason for the discrepancies was found to 
be due to the inability of some of the experimental 
techniques to account for the effects of stretch [2]. 
A suitable measurement method that would result 
in a uniform and clearly defined flame stretch was 
reported to be by means of spherically expanding 
flames in an explosion vessel [2-4]. 

DIGITAL PoST-PRoCESSING TECHNIQuE FoR SPHERICALLY 
PRoPAGATING LAMINAR FLAMES oF FuEL-AIR MIxTuRES

Shaharin A. Sulaiman and Malcolm Lawes
Universiti Teknologi PETRONAS, 31750 Tronoh, Perak Darul Ridzuan, Malaysia

ABSTRACT

Combustion of fuel-air mixtures can be in the forms of gaseous as well as of suspended droplets. For 
both types of fuel-air mixtures, the behaviour of the resulting flames is not fully understood. For example, 
wrinkled flames which are associated to flame instabilities, have greater surface area than that of smooth 
flames. However, the causes for flame instabilities are difficult to study in engines or burners due to the 
varying and multiplicity of variables such as temperature, pressure, turbulence and bulk motion. Hence, 
fundamental studies of combustion by means of centrally ignited laminar flames in an explosion vessel have 
been conducted in order to understand practical combustion of fuel-air mixtures. With this method, schlieren 
images of the propagating flames are captured using a high-speed camera for various analyses on the flame 
properties. In past researches, the radii of the laminar flames which were assumed to be close to that of 
spheres, were determined by a technique known as the three-diameter method. Since this manual technique 
is tedious and prone to human errors, a more reliable and fast approach for the determination of the frontal 
area of flames is required. In this paper, the use of the computer to automate and obtain digitised images for 
the determination of the flame frontal area is presented. The results obtained by the two different methods 
were compared in terms of temporal variation of flame radius and flame speed. It is shown that the results are 
satisfactorily close. 
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In fundamental combustion studies, the flame speed 
can be determined by two methods. The first method 
is by computing from measured pressure-time data 
using a two-zone thermodynamic combustion model 
with a numerical method package; for example, as 
described in [5]. The second method to determine 
the flame speed is by means of high-speed schlieren 
photography. With this method, schlieren images of 
the propagating flames are captured using a high-
speed camera, typically at a rate of 1000 frames per 
second. Comparison between the two methods [6] 
are shown to be comparable with the exception of 
the initial stage of the flame development, during 
which the flame speeds computed from the pressure 
data are erroneously high due to the very small 
pressure rise. The flame visualization technique 
with schlieren imaging also allows inspection of the 
flame structure for the study of instability, which is 
often related to increase in burning rates [7]. In past 
researches (e.g. in [8]), the radii of the flames which 
were assumed to be close to that of spheres, were 
determined by a technique known as the three-
diameter method. Since this manual technique 
is tedious and also prone to human errors, a more 
reliable and faster approach for the determination of 
the flame frontal area would be required. 

The objective of this work is to study an image-
analysis method to quantify the radii of centrally 
ignited flames of fuel-air gaseous or aerosol mixtures. 
The proposed digital image analysis technique 
uses computer software to measure the frontal 
areas of flames and to determine the flame radii at 
a faster processing rate as compared to the three-
diameter method. Using the equation for the area 
of a circle, the flame radii can be determined which 
enable calculations of the properties of the flames 
such as flame speed, laminar burning velocity and 
flame thickness. The results from this digital image 
processing technique were compared with those 
obtained using the three-diameter method.  

ExPERIMENTAL SETuP

In the present work, laminar flames of droplet-
vapour-air aerosol mixtures under controlled 

conditions were studied using a schlieren imaging 
system. Spherically expanding flames in a cylindrical 
vessel of 305 mm diameter by 305 mm long 
following central ignition of globally homogeneous 
combustible fuel mixtures at near atmospheric 
pressures were studied. Iso-octane-air aerosols 
were generated by expansion of the gaseous pre-
mixture to produce a homogeneously distributed 
suspension of fuel droplets. Circular optical access 
windows of 150 mm diameter, which were provided 
on both end plates of the vessel, enabled schlieren 
cine-photography of the flame front. With this 
technique the optical inhomogeneity [9] caused by 
the density gradients found in the reaction zone of a 
flame was recorded.

Shown in Figure 1 is a schematic of the schlieren 
setting. A 50-W halogen lamp was used with the 
optical systems to provide a parallel light within 
the explosion vessel. A Phantom v4 high-speed 
digital camera received and recorded the light or 
schlieren image into a computer using Phantom 
Camera Control 7.0 software. The system generated 
monochrome 512 by 512 pixel images with 
sensitivity equivalent to 1600 ASA. At full resolution, 
it was capable of recording movies at 1000 frames 
per second. Details of the aerosol generation and 
combustion experiments were reported in [10]. 

A typical flame movie of quiescent aerosols 
consisted of a series between 30 and 80 frames of 
images when recorded at a rate of 1000 frames per 
second. Shown in Figure 2 is a typical sequence of 
flame images with time intervals of 1 ms captured 
using the schlieren technique for a quiescent aerosol 
at droplet diameter, D10, of 14 mm, temperature of 
272 K and pressure of 122 kPa. The first image on 
the upper left corner is the one just after the start 
of ignition, and the last (lower right corner) being 
the one at which the flame front was observed to 
reach the circular boundary of the access windows. 
The black horizontal rod extending from the middle 
right section of every picture in Figure 2 is the spark 
electrode. The circular background is the image of 
the circular shape of the optical window and lenses. 
In order to determine the flame speed and other 
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propagation properties, the frontal area of each 
of the flame images were first obtained via image 
post-processing. In a typical research project which 
involves more than thirty flame movies, the post-
processing tasks are tedious due the need to handle 
thousands of flame images; however in this work 
these were performed with the use of a computer.

IMAGE PoST-PRoCESSING

With the schlieren technique, images of the flame 
front were captured for the measurements of cold 
front radii defined as the isotherm of 5 K above the 
reactant temperature [11]. The direct measurement 
of flame front radius, r, enables calculations of the 
stretched laminar flame speed, Sn, given by:

 (1)
 

dt
drSn =

where t is time. In earlier researches [12-14] that 
involved visualizations of centrally ignited flames, 
image post-processing for determination of radii 
of flames was done manually by measuring the 
flame diameter at three measurement positions 
from which the average value was obtained. The 
positions for the measurements, relative to the spark 
electrode, are shown in Figure 3. These were defined 
as the longest distances at the cross-sections 
perpendicular to the electrode, and at an angle 45° 
relative to the electrode holder [15]. These three 
measurements were required of every single flame 
image, and thus the time taken to process a set of 
images from a flame movie was long besides the 
task being prone to human errors. For the purpose 
of comparison, this technique which is known as the 
three-diameter method, was also employed in the 
present work.

NOT TO SCALE 

a.  Light source: 50-W Halogen 
b.  Lens 
c.  Pinhole 
d.  Plano-convex lens, f = 1000 mm

e.  Combustion vessel 
f.  Pinhole 
g.  Camera lens, f ~ 50mm 
h.  Digital camera

a 

b 
c d d 

e 

f 
g 

Expansion Vessel

h 

Flame

Figure 1.  Schematic of the Schlieren setting.

Figure 2.  Sequence of Schlieren images of flames at 1 ms interval depicting propagation. The fuel mixture was a stoichiometric iso-
octane-air aerosol at D10 = 14 mm, T = 272 K, P = 122 kPa. 
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In the digital image processing technique, each of 
the flame images was processed digitally by using 
image-processing software to obtain the flame 
radius. The calculations for the flame radius was 
made based on a circle area that had the same frontal 
area of the flame. Shown in Figure 4 is the process 
flow for the image post-processing procedure of the 
present technique. The gray images of the photo 
had a bimodal threshold histogram, in which there 
were two peaks, one for the foreground and another 
for the background. 

The purpose of the image processing was to 
convert the original image into a simpler picture 
system, which contained only pure white (flame) 
and pure black (background) colours using Adobe® 
Photoshop® software so that the area within the 
circular shape of the flame could be quantified. 
Any other colours within the area of the flame was 
converted to white by means of a set threshold 
value, and those outside the flame was completely 
blackened. The spark electrode holder displayed as a 
horizontal object located on the right hand side of the 

Spark 
Electrode

45°

45°

D45°A

Spark 
Electrode

45°

45°

D45°B

Spark 
Electrode

DV

Figure 3.  Positions of measurements for three-diameter technique. These are identified as the longest distance at (a) perpendicular to 
the electrode holder, and (b)-(c) 45o relative to the electrode holder.
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Figure 4.  Flow chart for post-processing.
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flame was removed manually. The processed image 
was finally saved as an encapsulated postscript (eps) 
ASCII format file so that it could be recognized and 
read as input by a computer program. The numerous 
number (up to 100 pictures for each flame movie) 
of white pixels, which represented the flame frontal 
area, was counted using a FORTRAN program. The 
program was developed earlier for gaseous studies 
[15] to read the encapsulated postscript (eps) file as 
a data input and to calculate the number of white 
pixels in each image. The actual frontal area of the 
flame was calculated from a known scale, derived 
from a transparent grid of 10 mm × 10 mm attached 
to the window of the vessel. 

Using the white region of the image area, the radius 
of the flame was determined using the equation for 
area of a circle. Calculations of other flame properties 
such as the flame speed, stretch and laminar burning 
velocity was by a commercial spreadsheet software.

RESuLTS AND DISCuSSIoN

Shown in Figure 5(a) is the typical variation of flame 
radius with time from start of ignition for a laminar 
flame of a stoichiometric iso-octane-air aerosol 
with droplet diameter of 14 mm at pressure and 
temperature of 122 kPa and 272 K, respectively. 
The individual data points for the flame radii were 

obtained from the image processing procedure with 
different methods. The square () markers represent 
the results obtained using the computerised post-
processing technique, as illustrated in Figure 4. 
The cross (x) markers represent those obtained 
using the three-diameter technique. Clearly, 
Figure 5(a) indicates that the results obtained 
by the two methods are nearly identical. The 
differences between the two results (relative to the 
three-diameter method) were calculated and are 
presented in terms of percentage in Figure 5(b). The 
differences between the results are within the range 
of less than 2% with the exception of the data of 
the first five milliseconds (differences of around 3 to 
13%). In general, the flame radii measured using the 
computerised method were relatively smaller than 
those obtained by the three-diameter method. This 
possibly implies that the three-diameter method 
slightly overestimates the measurement of flame 
radii, due to the simplicity of its approach. 

Shown in Figure 6(a) is the typical variation of flame 
speed with time from start of ignition for the flame 
stated in Figure  5, with the same representations 
of symbols. The flame speeds were obtained using 
Equation (1) with the measured flame radii in Figure 
5(a). Similar to Figure 5(a), the results for the two 
methods are shown to be nearly identical in Figure 
6(a). Shown in Figure 6(b) is the time-variation of 
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percentage difference in flame speeds relative to 
those obtained with the three-diameter method. 
During the first six milliseconds, the differences 
are up to 8%. However, thereafter the difference 
is significantly low; i.e. less than 2%. In general it is 
demonstrated that despite the relatively smaller 
flame radii measured using the digital image 
processing method than that using the three-
diameter method (as shown in Figure  5(b)), the 
resulting flame speeds for both methods are nearly 
identical. 

In Figure 6(b), the higher percentages of difference 
during the first 8 ms could be contributed by the 
relatively small flame radius value as a denominator 
in the calculation. The other reason for the large 
differences during the spark-affected period is 
probably due to the nature of the flame kernel at the 
start of ignition, which is elongated in shape before 
turning into a more spherical shape as the flame 
propagates further. There were large variations in 
the individual distances for such an oblong shape 
when measured using the three-diameter method. 
Complications were also found in the computerised 
method oblong shapes because the method 
assumed that the flame is circular. In short, both 
methods cannot accurately measure the radii of the 
flame kernel during the initial stage of the flame 
development. 

It is important to note that Figure 6(a) exhibits 
regimes of flame development during the first 
8  ms similar to that reported in [16]. After the start 
of ignition, high stretch rates (2Sn/r) caused the 
flame speed to decrease rapidly when the thermal 
energy of the spark dissipated into the reactant and 
before normal flame chemistry developed. Spark 
plasma dynamics and flame stretch later assisted 
the flame propagation, which increased the flame 
speed. All flames in the present work exhibited this 
trend. However, the spark-affected period (the first 
8 to 12  ms) was not important to the present work 
since it was shown elsewhere [11] that the flame 
propagation after this period would be independent 
of the spark energy. It is evident from Figure 6(a) that 
flame was fully developed only at radii bigger than 
about 8 mm.  Thus, the relatively large differences 
during the spark-affected period (< 8 ms) shown in 
Figures 5 and 6 can be considered as of negligible 
concern except perhaps in the study of ignition.

CoNCLuSIoN

The application of digital image processing 
technique for post-processing of images of spherical 
flames is described in this paper. The technique is 
based on the assumption that the frontal area of 
the flame is approximately the same as that of a 
circle. This was compared with the three-diameter 
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technique. Comparison of the results obtained 
by the two techniques reveals that they are nearly 
identical. Although still small in percentage, the 
difference at the initial stage (first 6 milliseconds) 
of the flame propagation is not a concern since it 
occured within the spark-affected period which has 
been well accepted for exclusion in the calculation of 
burning properties. Thus, it is acceptable to compare 
results of earlier researches which employed the 
three-diameter technique with those of the digital 
processing technique. 

In addition, it is indicative that the digitized image 
processing technique is more effective than the 
three-diameter technique. This is because the 
processing time has been significantly reduced and 
human-related errors as a result of manual handling 
of the measurements have been minimized. Thus 
the technique presented here is proven useful and 
is recommended for use in future experiments 
involving gaseous or aerosol flames.

ACKNoWLEDGMENT

The authors would like to acknowledge Universiti Teknologi 
PETRONAS for its support in this work. 

REFERENCES
  
[1] G.E. Andrews and D. Bradley, “Determination of burning 

velocities, a critical review,” Combustion and Flame, vol. 18, 
1972, pp. 133-153.

[2] D. Bradley, P.H. Gaskell and X.J. Gu, “Burning Velocities, 
Markstein Lengths and Flame Quenching for Spherical 
Methane-Air Flames: A Computational Study,” Combustion 
and Flame, vol. 104, 1996, pp. 176-198.

[3] G. Dixon-Lewis, “Structure of laminar flames,” 23rd 
Symposium (International) on Combustion, 1990.

[4] D.R. Dowdy, D.B. Smith, S.C. Taylor and A. Williams, “The 
use of expanding spherical flames to determine burning 
velocities and stretch effects in hydrogen air mixtures,” 
23rd Symposium (International) on Combustion, 1990.

[5] A.S. Al-Shahrany, D. Bradley, M. Lawes and R. Woolley, 
“Measurement of unstable burning velocities of iso-
octane-air mixtures at high pressure and derivation of 
laminar burning velocities,” 30th Symposium (International) 
on Combustion, 2005.

[6] E.G. Groff, “The cellular nature of confined spherical 
propane-air flames,” Combustion and Flame, vol. 48, 1982, 
pp. 51-62.

[7] M. Lawes, S.A. Sulaiman and N. Marques, “On instabilities 
and flame structures of laminar aerosol flames,” European 
Combustion Meeting, Louvain-la-Neuve, Belgium, 2005.

[8] A. Palm-Leis and R.A. Strehlow, “On the propagation of 
turbulent flames,” Combustion and Flame, vol. 13(2), 1969, 
pp. 111-129.

[9] J. Chomiak, Combustion. A Study in Theory, Fact and 
Application, Abacus Press/Gordon and Breach Science 
Publishers, New York, 1990.

[10] S.A. Sulaiman, Burning Rates and Instabilities in the 
Combustion of Droplet and Vapour Mixtures, Department of 
Mechanical Engineering, University of Leeds, 2006.

[11] D. Bradley, P.H. Gaskell and X.J. Gu, “Burning Velocities, 
Markstein Lengths and Flame Quenching for Spherical 
Methane-Air Flames : A Computational Study,” Combustion 
and Flame, vol. 104, 1996, pp. 176.

[12] F. Atzler, M. Lawes, Y. Lee and S.A. Sulaiman, “Burning 
Velocities and Instabilities in Centrally Ignited Laminar 
Flames of Droplet-Vapor-Air Mixtures,” unpublished.

[13] A.S. Mokhtar, Fundamental Study of Ignition and Combustion 
of Two Phase Flows at Gas Turbine Conditions, School of 
Mechanical Engineering, University of Leeds, 2001.

[14] N. Marquez, Fundamental Studies of Aerosol Flames, School 
of Mechanical Engineering, University of Leeds, 2003.

[15] R. Woolley, personal communication, 2006.

[16] Y. Ali, D. Bradley, M. Lawes and E.M.J. Mushi, “Problems of 
the Measurement of Markstein Lengths with Explosion 
Flames,” The Combustion Institute, Proceedings of the British 
and German Sections, Queen’s College Cambridge, 1993.

Shaharin Anwar Sulaiman graduated in 
1993 with a BSc in Mechanical Engineering 
from Iowa State University.  He earned his 
MSc in Thermal Power and Fluids 
Engineering from UMIST in 2000, and PhD 
in Combustion from the University of Leeds 
in 2006.  During his early years as a 
graduate, he worked as Mechanical and 
Electrical (M&E) Project Engineer in Syarikat 

Pembenaan Yeoh Tiong Lay (YTL) for five years.  His research 
interests include combustion, biomass gasification, sprays and 
atomization, and air-conditioning & ventilation.  He joined UTP in 
1998 and at present he is a Senior Lecturer in the Department of 
Mechanical Engineering.  Currently is he is the leader for UTP’s 
Mission Oriented Research (MOR) group for Energy.  He was the 
Program Manager for the MSc in Asset Management and 
Maintenance program.  Certified as a Professional Engineer with 
the Board of Engineers, Malaysia, he is also a Corporate Member 
of the Institution of Engineers Malaysia.  At international level, he 
is a member of the American Society of Heating, Refrigerating 
and Air-Conditioning Engineers (ASHRAE).



62 PLATFORM   VOLUME SEVEN NUMBER TWO  JULY - DECEMBER 2009

Technology Platform:  RESERVOIR ENGINEERING

INTRoDuCTIoN

Studies on gas diffusivities have contributed 
significantly to numerous petroleum engineering 
applications. The diffusion coefficient measurement 
is important as it is one of the principle properties 
in the calculation of mass transfer rates. Interest in 

the measurement of diffusion coefficient was as 
early as 1934 [4], a study of methane and propane 
in quiescent liquid hydrocarbon systems at pressure 
and temperature ranges of 29  psia to 300 psia and 
30oC to 33oC respectively. Following this study, more 
analyses were performed involving hydrocarbon 
and petroleum systems at much higher pressures 
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ABSTRACT

Gas diffusivity is a subject of interest in oil recovery projects. Its study is imperative in understanding the 
transport properties of two different species; gas and liquid. It enables the analysis of the rate of transport 
caused by concentration gradient. Considering that different gas and liquid systems have different diffusivities, 
there is a need to determine its value to be able to incorporate the effect of mass transfer in the design and 
planning of any gas injection and enhanced oil recovery projects; for instance, miscible gas flooding and non-
thermal recovery of heavy oil by solvent injection. Diffusivity also assists in understanding methane hydrates 
formation and phase distribution process in a shut-in well. In reservoir engineering application specifically, 
diffusivity may be important when modeling a gas displacement process at extremely low flow rate or in a 
very small scale such as a micro-model.  Even though there are a number of reported diffusivity experiments 
conducted around the world, limited information is available under elevated reservoir conditions. In the the 
Malay Basin specifically, there is no evidence of diffusion coefficient experiments conducted at reservoir 
conditions for the petroleum industry applications. This might be due to the difficulty in measuring diffusivity, 
especially in multicomponent liquid systems. Even so, experiments are necessary as there is no universal 
theory to calculate diffusion coefficients from other known properties of the system. Each binary system 
is unique from one condition to another. This paper presents a review of reported experimental works on 
gas diffusivity. It compares different diffusivity measurements for different areas of oil recovery projects. 
This includes identification of laboratory apparatus and various experimental approaches and mathematical 
analyses of reported results.  It then highlights the effects of pressure, operating temperature and binary 
system selection in validating the correct diffusivity test set-up before progressing to actual test involving 
multicomponent fluid system. 
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and temperatures. However, these investigations 
were still limited to pressures much lower than 
the actual reservoir pressure due to equipment 
limitation. Moreover, there was some degree of 
difficulty in measuring diffusivity at high pressures 
for liquid system where the reported values have 
low accuracies [9]. 

For high pressure systems, empirical correlations 
were developed since theory based correlations 
failed to perform properly [6]. Some empirical 
correlations were based on reduced density and 
reduced viscosity relations. Riazi et al. [9] found that 
Sigmund’s correlation which is a reduced density-
diffusivity approach has practical application in mass 
transfer calculations as it was claimed to be suitable 
for both gas and liquid systems. However, for high 
pressure system in which gas dissolved in liquid 
hydrocarbon, the study overpredicted values. Wilke’s 
method [16] is another correlation commonly used 
in the literature for multicomponent gas mixtures. 
Even though it has been used for multicomponent 
liquid mixtures, Holmes et al. [5] found that it is not 
suitable for the measurement of multicomponent 
liquid diffusion coefficient data. Later, Riazi et al. 
[9] developed a correlation in terms of reduced 
viscosity-diffusivity approach that could predict 
both binary and multicomponent gas-liquid systems. 
It was used by Riazi [10] to compare the correlated 
results to the experimentally determined diffusion 
coefficient values by Raemer et al. [8]. It has shown 
that the best match for the diffusion coefficient was 
obtained when a correlation factor of 1.1 was used 
for the liquid phase diffusion coefficient.  

Even though empirical correlations seemed to be 
more accurate than theory based correlations, 
the current available correlations are still not 
reliable for the prediction of diffusion coefficient 
of gas in hydrocarbon liquids at high pressure and 
temperature. Studies [6, 15, 10] concluded that 
the non-reliability may be caused by insufficient 
experimental data on diffusion coefficients at high 
pressures for the multicomponent fluids. These data 
was possibly scarce due to the tedious nature of the 
diffusivity measurement. 

Many different experimental set-ups and 
mathematical models have been attempted to come 
up with the most reliable method of measuring 
diffusivity. Moreover, diffusion coefficient is a 
function of pressure, temperature and composition 
[14]. The diffusion rate of each gas differs under 
different prevailing conditions. Therefore, 
experimental tests are necessary since there 
appears no common theory to determine diffusion 
coefficients for known properties of a system. Each 
binary system is distinctive for each different test 
conditions.  However, it is necessary to determine 
the amount of gas diffusing into oil in order to know 
the rate of mass transfer contributed by molecular 
diffusion in each system.

This paper evaluates the reported experimental 
works and analyses in measuring gas diffusivities. 
These different approaches are compared in terms 
of their applications and different gas-liquid system 
under study. Some basic observations in measuring 
diffusion coefficient will also be discussed. 

DIFFuSIVITY MEASuREMENT AND ITS 
APPLICATIoNS

Diffusion coefficient measurement has considerable 
benefits in the study of fluid dynamics, in particular 
petroleum engineering applications. Laboratory 
works have been carried out to obtain gas diffusivity 
values for different areas in petroleum recovery, 
often in understanding the rate controlling 
mechanism in molecular diffusion and its relation to 
pressure, temperature and various fluids.  

Interest in gas diffusivity spreads out in many parts 
of the world. Nguyen et al. [7] measured diffusion 
coefficient of carbon dioxide and methane in heavy 
oil from Aberfeldy, Canada. The interest of the study 
was on the basic mechanism of the immiscible WAG 
process, in particular oil expansion which took place 
when carbon dioxide gas dissolved in oil, leading 
to a reduction in the oil viscosity. The test pressure 
ranged from about 130 psia to 2507 psia while the 
temperature ranged from 57oC to 93oC. Upreti et 
al. [13] also used a Canadian sample, the Athabasca 
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bitumen, to study the diffusivity of different gases 
(methane, carbon dioxide, ethane and nitrogen) 
in various pressures (580 psia and 1160 psia) and 
temperatures (from 25oC to 90oC). Zhang et al. [15] 
experimented with methane in Hamaca oil which is 
a heavy oil sample from INVETEP, Venezuela. Tests 
were conducted at a reasonably low temperature of 
21oC and at about 500 psia. The study highlighted 
some other applications which included heavy 
oil recovery process called Vapex, a non-thermal 
recovery of heavy oil by solvent injection and 
miscible gas flooding. In another area, Jamialahmadi 
et al. [6] set-up a test method to study methane in 
typical Iranian crude at temperatures from 25oC to 
50oC and pressure as high as 5000 psia. It highlighted 
other applications of gas diffusivity which included 
improving the prediction of compositional oil 
reservoir simulators, designing surface facilities 
and understanding high pressure gas/liquid mass 
transfer operations. Another interesting study [11] 
investigated diffusivity of methane in water for the 
purpose of gaining better insight in the mechanisms 
of gas hydrates formation at reservoir conditions. 

ExPERIMENTAL

Various methods have been used to measure 
diffusion coefficients in hydrocarbon systems. 
In the early years, most conventional methods 
needed periodic compositional analysis which was 
tedious and time consuming [10]. Since then, new 
experimental methods have been developed that 
involves simpler techniques and modes of analysis. 
This includes an experimental technique [10] that 
measured diffusion coefficient of dense gases in 
liquids using PVT cells without direct compositional 

measurement. This technique was simplified and 
adapted [15] to run in a test using heavy oil. Both of 
these experiments analyzed diffusion coefficients 
from the pressure-time data. Later, a new technique 
[6] analyzed diffusion coefficient from the volume-
time data. Summary of the experimental methods 
elaborated below is illustrated in Table 1.

DIFFuSIVITY oF METHANE IN SINGLE 
CoMPoNENT LIQuID

An experimental measurement by Riazi [10] 
involved methane (CH4) in normal pentane (nC5) at a 
temperature of 37.8oC (100oF) and an initial pressure 
of 1480 psia (102 bar). It can be considered as the 
first method to determine diffusion coefficients 
using a constant volume, constant temperature 
PVT cell. The experimental set-up utilized a visual 
sapphire PVT cell. The height of the cell is 21.943 
cm with diameter of 2.56 cm. The test procedure 
can be summarized as follows. Initially, the test cell 
was partially filled with pentane (35% by volume). 
High pressure methane was released slowly until the 
pressure reached the desired test pressure. Then, 
the test cell was isolated. Temperature was kept 
constant while pressure and liquid level/interface 
position were recorded as a function of time. Since 
the test involved pure methane and n-pentane, 
initial compositional measurement was not 
analyzed. However, PVT behavior of the initial pure 
components was determined using Peng-Robinson 
EOS [10]. 

The objective of this study was to develop a model 
that could predict the gas-liquid interface position 
and pressure in a constant-volume cell during a time 
period. The idea was to obtain a correct value of 

Table 1:  Summary of experimental methods

Reference Method of Analysis Gas
Liquid Temperature Test Period Diffusion coefficient

(mPa.s) (°C) (kPa) (psi) ~ (days) (m2/s)

Riazi (1996) Pressure - Time Methane n-Pentane 37.8 10,200           1,480          10.4 1.51E-08

Zhang et al. (2000) Pressure - Time Methane Solvent oil (5000) 21.0 3,510             509             5.0 8.60E-09
CO2 Solvent oil (5000) 21.0 3,471             503             20.0 4.80E-09

Jamialahmadi et al. (2006) Volume - Time Methane Dodecane 45.0 up to 35,000 up to 5000 3.8 0.80E-08 to 1.25E-08

65.0 up to 35,000 up to 5000 3.8 1.05E-08 to 1.50E-08

81.0 up to 35,000 up to 5000 3.8 1.15E-08 to 1.70E-08

Methane Iranian crude (up to 290) 25.0 up to 30,000 up to 4351 3.8 0.80E-08 to 1.36E-08

50.0 up to 30,000 up to 4351 3.8 0.98E-08 to 1.64E-08

Pressure
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diffusion coefficient from the model using measured 
pressure or interface position. This experiment is 
based on the concept that when a non-equilibrium 
gas is brought into contact with a liquid in constant 
volume, constant temperature vessel, the system 
approaches its equilibrium state. However, the 
time required for this system to reach its final 
equilibrium depends on the diffusion coefficient of 
all the components in the system [10].  The study 
assumed that (1) equilibrium exists between liquid 
and gas phase at the interface at all times, and (2) 
constant temperature is maintained throughout the 
experiment until it reached the equilibrium state. 

Pressure and liquid level data were registered up 
to approximately 250 hours (10.4 days). However, it 
was stated [10] that good estimate of the diffusion 
coefficient could already be obtained at the first 
10–15 √hr of the experiment. It is unlike conventional 
methods, which took a longer time, as it analyzed 
only a fraction of the experimental data due to 
approximations made during its formulation [3]. 

DIFFuSIVITY oF METHANE IN 
MuLTICoMPoNENT oIL (CASE 1)

Zhang et al. [15] explored the gas diffusivity of 
methane (CH4) and carbon dioxide (CO2) in heavy 
oil. The test temperature was quite low at 21oC while 
the initial pressures for each system were 503 psia 
and 509 psia respectively. The oil used was Hamaca 
oil, supplied by INVETEP of Venezuela in which the 
viscosity is 5000 cP (5 Pa.s). The cell height is 25 
cm with diameter of 2.508 cm. The experimental 
set-up was an adaptation from Riazi [10] but it was 
simplified in that it did not include measurements 
of interface position with time or any compositional 
analysis. A simple schematic of the experimental set-
up is presented in Figure 1.

Similar to Riazi [10], gas and liquid were isolated 
immediately after the test cell reached the test 
pressure and temperature which was then kept 
constant until the test completed. Diffusion 
coefficient values were then analyzed from the 
pressure-time profile. Since this study claimed 

that the position of the interface does not change 
significantly with time, the interface position was 
therefore, not monitored. Analysis by Zhang et al. 
[15] is based on the concept that the total amount of 
gas that is transferred into the liquid phase depends 
on gas solubility. However, the rate at which this gas 
is transferred to liquid is determined by the diffusion 
coefficient of the gas. 

Some assumptions were considered that includes 
(1) negligible swelling effect where initial liquid 
level remains constant during the test, (2) diffusion 
coefficient does not change significantly with 
concentration over the range of concentrations 
experienced in the test, (3) oil is non-volatile, and 
(4) gas phase is a single component gas. Other 
assumptions follow Riazi [10] as stated above.  

Tests on the CH4-oil system, was run up to 5 days 
while for the CO2-oil system test duration was longer, 
up to 20 days. Zhang et al. [15] found some errors 
associated with the CH4-oil system as the pressure 
change was small compared to CO2-oil system. This 
could be contributed by the shorter test duration.  

Figure 1.  The schematics of a constant-volume cell [15].
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DIFFuSIVITY oF METHANE IN 
MuLTICoMPoNENT oIL (CASE 2)

Jamialahmadi et al. [6] studied the diffusivity of 
methane in dodecane and methane in Iranian crude 
where the test temperatures varied were 45oC, 65oC 
and 81oC, and 25oC and 50oC respectively. The test 
pressures ran from 400 psia to as high as 5000 psia. 
The diffusion cell was a 400 cm3 cylinder. Based 
on the fluid level change, the diameter of the cell 
was estimated at 3.56 cm and height is 40 cm. The 
schematic of the test set-up is illustrated in Figure 2.

Unlike Riazi [10] and Zhang et al. [15] the diffusion 
coefficient measurement was analyzed from the 
volume-time plot rather than the pressure-time plot. 
Therefore, the test procedure was different. The 
pressure was kept constant by mercury injected to 
the bottom of the cell. The volume as a function of 
time was then determined by the movement of the 

interface and the position of the piston at the bottom 
of cell. For diffusivity analysis using volume-time 
data, Jamialahmadi et al. [6] highlighted that it is an 
essential prerequisite to have accurate knowledge 
of the physical properties and phase behaviour of 
methane-dodecane and methane-crude oil under 
various temperatures and pressures. Only then 
can the model be accurately used to measure gas 
diffusivity values. The system set-up was based on 
the notion that dissolved gases in the liquid phase 
evolved when the pressure is reduced and the 
temperature of the system is increased [6]. The test 
assumptions were much similar to Riazi [10] which 
included zero chemical reaction, zero convection 
and the gas and liquid phases at the interface are 
thermodynamically in equilibrium. 

For both gas-liquid systems, the complete volume-
time data was acquired between 2–6 days. 
However, some runs were repeated to check on the 

Figure 2. The schematics of a constant-volume cell [6].
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reproducibility of the test results and was found to 
be good. 

MATHEMATICAL ANALYSIS

The experimental approaches above were compared 
to the mathematical models employed. Correlations 
which claimed to be reliable [9] in estimating 
diffusion coefficients of dense gases and liquids for 
both binary and multicomponent systems will also 
be discussed.

EQuILIBRIuM TRANSPoRT MoDEL

Many mathematical models [10, 15, 6, 9] are based 
on the concept that when there is a concentration 
gradient in the gas and liquid phases, diffusion will 
take place in both phases. Second Fick’s Law (Eq. 
1) described this based on the schematics of the 
system shown in Figure 3.

 (1)

The second term on the left side of the equation 
is the convection term. These models studied 
molecular diffusion which is a macroscopic transport 
independent of any convection within the system 
[14]. In the experiment, zero convection could be 
achieved in a vertical cell if the density of the liquid 
phase were decreasing with gas dissolution or if 
initial density of gas were less than its final value. 
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When this happens, the velocity term would become 
zero and Eq. 1 will reduce to:

 (2)

The thermodynamic factor (Eq. 3) was introduced 
[10] to account for non-ideal mixtures or diffusion 
in dense fluids. This factor was considered in the 
measurement of diffusion coefficient to account 
for the swelling effect or liquid expansion caused 
by gas dissolution. According to Jamialahmadi et al. 
[6], ignoring this correction factor for their systems 
(methane-dodecane and methane-crude oil) led to 
an error of less than 2.5%. This is acceptable since 
their crude oil is not highly dense. Moreover, for a 
gas/liquid mixture which is very dilute, one can 
ignore the above correction factor, therefore, neglect 
the swelling effect and assume ideal solution [2]. 
Hence, it was presumed that the solution becomes 
an incompressible gas/liquid and takes a constant 
diffusion coefficient. When this happens, the 
thermodynamic correction factor 
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unity and D will be equal to Di [10].

 (3)

For the calculation of diffusion coefficient, Riazi [10] 
used Sigmund [12] correlation which is a reduced 
density-diffusivity product as a function of mixture 
reduced density to calculate the binary diffusion 
coefficient. Then, Wilke’s correlation [16] as in Eq. 
4 was used to estimate the effective diffusion 
coefficient of component i in a multicomponent 
mixture. Riazi et al. [9] correlation (Eq. 5) in terms 
of viscosity-diffusivity product was also used as a 
comparison. The diffusion coefficient value obtained 
experimentally from Raemer et al. [8] was compared 
to Sigmund [12] and Riazi et al. [9] correlations. The 
most comparable value was achieved by multiplying 
liquid diffusion coefficients from Riazi-Whitson 
method by 1.1, giving a value of 1.51 x 10-8 m2/s at 
71 bar (1030 psia). Values of diffusion coefficient 
obtained by Raemer et al. [8] (experimental) deviates 
from Riazi-Whitson method by merely 5%. 
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Figure 3. Schematics and dimensions of a constant volume test 
cell [10].
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 (4)

 (5)

where:

 

In later studies, Zhang et al. [15] developed an 
experimental method which was an adaptation from 
Riazi [10] but simplified in that it did not require 
compositional and interface level measurements. 
The mathematical model was quite different and 
used the concept of material balance to relate the 
system pressure to the diffusion process which is the 
moles of methane removed from gas phase must be 
equal to the moles of methane transferred across the 
interface. It is assumed that the gas compressibility 
factor, Zg is constant since the differential pressure 
from the diffusion process is small. However, Civan 
et al. [2] did not agree that such constant value 
as this gas compressibility factor might deviate 
significantly from unity at elevated pressures. This 
could have led to additional errors in the estimation 
of gas diffusivity. 

In the measurement of diffusion coefficient, Zhang 
et al. [15] identified two techniques of measurement 
which are (1) graphical least square method, and 
(2) numerical fitting method. In the first method, 
the experimental data were plotted on a semi-
logarithmic graph based on Eq. 6 [15] below:
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A straight line graph of [ ]eqPtP −)(ln  versus t was 
plotted and diffusion coefficient values were then 
determined from the slope, m. The limitation of 
this method is where the equilibrium pressure, Peq 
needed to be estimated from the pressure-time plot. 
Zhang et al. [15] found that this graphical technique 
is highly dependent on estimated Peq and is not 
very reliable for calculating the diffusion coefficient, 
unless the values is experimentally determined with 
minimum uncertainty. The other method is the more 
reliable numerical fitting technique which uses non-
linear regression analysis of the experimental data. 
The derived equation for this method is as per Eq. 
10 below:

 (10)

 (11)

The values of m1, m2, k1, k2 and Peq were determined 
by the non-linear regression of the experimental 
data. The advantage of this method is that it allows a 
wider range of the pressure-time data, including the 
incubation period and does not require estimation of 
Peq provided sufficient pressure history is captured 
to generate reliable values of the regression 
parameters. The diffusion coefficient can then be 
calculated using Eq. 11.

SEMI-INFINITE AND FINITE CoNSIDERATIoN

Unlike Riazi [10] and Zhang et al. [15], Jamialahmadi 
et al. [6] highlighted on a semi-infinite and finite 
moving boundary model.  These two models were 
compared in terms of the limitations in a test set-
up, data acquired and each model’s reliability in 
predicting diffusivity values.
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The semi-infinite system assumption was valid 
given that the solute does not penetrate to the 
bottom of the diffusion cell during the duration of 
the experiment. This condition is possible when the 
diffusion cell is long. By solving related equations, 
the diffusion coefficient of the solute in the liquid 
phase could be obtained from K when plotting mA 
versus √t  from Eq. 12 per below:

 (12)

where:

 (13)

The limitation of this semi-infinite model is that it 
uses only experimental data at the early stages of the 
experiment. It was a drawback for this method since 
at the early stage, experimental data was susceptible 
to convective mixing which occurred from the 
initially high mass transfer rates, especially at high 
pressure when the gas was at a high solubility in 
the liquid phase. Moreover, the effect of incubation 
period (i.e. early time) reduces with increasing 
contact time and hence, middle and late time data 
are more reliable for the estimation of diffusivity 
from experimental data. It is then proposed to 
consider the finite-domain boundary model. 

The finite systems provided more precise estimates 
of diffusion coefficients [6]. The study claimed that 
this system enabled the design of small and compact 
test apparatus which is beneficial for high pressure 
and temperature test conditions. For the finite 
system using “concentration-independent” diffusion 
coefficient approach, solving related equations gave 
the finite-domain system in the following form:

(14)

A plot of the equation on the left-side of the equation 
versus time gave a straight line and the diffusion 
coefficient was then determined from its slope.
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On the other hand, for the finite system using 
“concentration-dependent” diffusion coefficient 
determination, the following equation (Eq. 15) 
which was derived using an implicit finite-difference 
method was applied instead:

 (15)

where:

 (16)

In order to generate diffusion coefficient values, 
Jamialahmadi et al. [6] used MatLab® software to 
perform the computations for the above where 
the input were the volume-average concentration 
versus time data, the boundary conditions and the 
first estimate for the diffusion coefficient.  

oBSERVATIoNS IN DIFFuSIVITY MEASuREMENT

Observations were made in terms of the physical 
and chemical reactions that occur to ensure correct 
molecular diffusion analysis. Molecular diffusion is 
mass transfer due to random velocities of molecules 
and independent of any convection within the 
system [14]. In particular, molecular diffusivity 
measurement is applicable when there is zero 
convection within a system. Attention must be 
given to ensure that the system under study adhers 
to the zero convection concept. One such example 
is the study by Zhang et al. [15], which assumed 
that the molar average velocity is zero given that 
the oil is at rest during the experiment. Riazi [10] 
relates molecular diffusion to density in which free 
convection does not occur when the density of the 
liquid phase is decreasing with gas dissolution. The 
density of liquid was compared before and after 
each experiment. Jamialahmadi et al. [6] avoided 
taking experimental data during the incubation 
period for the result analysis as it was found that 
the data during this period was more sensitive 
to convective diffusion mechanisms rather than 
molecular diffusion. Relatively, studies on diffusivity 
for petroleum recovery have been geared more 
towards investigation of mass transfer by molecular 
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diffusion since it is more applicable to the behavior 
of gas in reservoir environment. According to Riazi 
[10], a number of investigators [12, Grogan et al. [17]; 
Renner [18] and Grogan et al., [19] discussed the 
importance of molecular diffusion in the study of 
petroleum recovery techniques.  

BINARY SYSTEM SELECTIoN

Some of the gas-liquid systems that have reactive 
tendencies are not suitable for molecular diffusion 
measurement. One such system is carbon dioxide-
water system where CO2 reacts chemically with water 
to form carbonic acid. If measured using molecular 
diffusion, diffusivity of the CO2-water system 
would be erroneous since it potentially has massive 
effect on the concentration profile. Relatively, this 
produces fluxes on the gas-liquid interface and 
distorts molecular diffusion measurements. In such a 
system, convective mass transfer is more justifiable, 
specifically, mass transfer with chemical reaction. 

Solubility is another factor to be considered for 
any diffusion coefficient tests. Solubility affects 
diffusivity and the rate of absorption. Low solubility 
means lower driving force and rate of mass transfer. 
This may contribute to a longer time in reaching 
equilibrium condition.

EQuIPMENT’S ACCuRACY

Equipment selection plays quite a major role 
in determining the quality of data in diffusivity 
measurement; often in providing good control on 
the test conditions and sufficient experimental data 
for result analysis. For example, a pressure-time 
method of diffusivity analysis requires the accuracy 
of pressure recorder/gauge to capture small pressure 
changes. This can be critical for a binary system 
which has low solubility where a reasonable number 
of data is required to produce a good pressure trend 
for further analysis. 

Temperature control is equally important. In 
particular, for a test that requires temperature to 
be constant during the course of the experiment. 

Observations by Zhang et al. [15] have shown that 
some fluctuations at room temperature resulted in 
periodic segments of increased pressure in some 
periods of the experiments. Furthermore, the test 
was conducted at about 21oC and differences in 
room temperature have somehow affected the 
pressure trend. In the worse condition, some 
test results may not be reliable if the fluctuation 
becomes larger and prolonged, leading to difficulty 
in properly identifying the equilibrium condition. It 
will also minimizes the number of quality data that 
can be used for analysis.

CoNCLuSIoN

A number of reported gas diffusivity methods 
have been evaluated and the following are some 
conclusions that can be drawn:

1. Efforts have been made by various investigators 
to devise a reliable method in deriving diffusion 
coefficients values for a gas-liquid hydrocarbon 
system.

2. Some studies have even simplified the 
experimental methods and eliminated the needs 
for compositional analysis which is tedious and 
time consuming.

3. Various mathematical models are available for 
the calculation of gas-liquid diffusion coefficient 
which includes empirical and theoretical 
correlations. However, for high pressure system, 
more studies are needed to enable reliable 
prediction of diffusivity as the interest is more 
for the reservoir environment.

4. A number of test conditions need to be observed 
when setting up and running the diffusivity 
experiments. The quality of equipment and 
experimental data used for molecular diffusion 
measurement determine the consistency of the 
generated diffusion coefficient values.
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NoMENCLATuRE

WAG  =  Water Alternate Gas
CH4 =  Methane
CO2  =  Carbon dioxide
nC5 =  N-pentane
cP =  Centipoise
mPa.s =  Millipascal-second
Coi =  Molar concentration of component i in oil 
t =  Time
z  =  Position along test cell 
zo  =  Height of oil in the test cell 
uo =  Oil velocity caused by natural convection
D  =  Diffusion coefficient (m2/s)
Di =  Activity corrected diffusion coefficient (m2/s)
DAB  =  Diffusion coefficient (m2/s)
f =  Fugacity coefficient
x =  Coordinate direction 
DA-m =  Effective diffusion coefficient of A in 

multicomponent mixture (m2/s)
DA, i =  Effective diffusion coefficient of component i in A 

in multicomponent mixture (m2/s)
yA =  mole fraction of A in gas phase
yA, i =  mole fraction of i in A in gas phase
w =  Accentric factor
P =  Pressure
Pr =  Reduced pressure
Pc =  Critical pressure
Peq =  Equilibrium pressure
xA =  Mole fraction of A
xB =  Mole fraction of B
x1, eq(P) =  Oil-gas interface molar concentration at a given 

time 
B =  A Constant defined by Eq. 8 [15]
mA =  Mass of solute
S =  Cross-section area of diffusion cell 
CAi =  Interfacial mass concentration of solute
a =  Positive parameter per Eq. 22 [6]
a1 to a7 =  Constants defined in Table 1 [6] 
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INTRoDuCTIoN

Compute Unified Device Architecture (CUDA) was 
introduced by Nvidia alongside with its supported 
graphic processor architecture for mass consumer 
graphic hardware. The programming language is 
an extended C language thus providing a lower 
learning curve for developers compared to other 
GPGPU programming language. Compiler and other 
toolkits from Nvidia also proved sufficient in order to 
implement and optimize a program on CUDA.

Serpent encryption algorithm was one of the 
finalists as Advanced Encryption Standard (AES) 
candidate.  Although Serpent was not chosen as the 
AES, its authors provided a strong case of arguments 
over the selection decision [1]. The algorithm is then 
released under General Public License. Serpent 
encryption possesses high security margin to make 

up for its high number of clock cycles and number 
of operations needed for the encryption to be 
performed.

LITERATuRE REVIEW

Initially, GPU computing is more focused on floating-
point computation and application of parallelism for 
scientific calculation. Integer operation is done using 
the mantissa of the floating-point thus resulting in 
an inferior performance compared to the CPU [2]. 
CUDA has been able to overcome the performance 
degradation and successful attempt has been made 
to efficiently implement AES cryptography using 
CUDA resulting in peak throughput performance 
of up to 8.28  Gbit/s (equivalent to 1.035 GB/s) [3]. 
Current CUDA performance gives out throughput 
for bitwise operation of eight operations per clock 
cycle [4]. 

SERPENT ENCRYPTIoN ALGoRITHM IMPLEMENTATIoN oN 
CoMPuTE uNIFIED DEVICE ARCHITECTuRE (CuDA)

Anas Mohd Nazlee1, Fawnizu Azmadi Hussin2 and Noohul Basheer Zain Ali3

Universiti Teknologi PETRONAS, 31750 Tronoh, Perak Darul Ridzuan, Malaysia 
1verachens@gmail.com, 2fawnizu@petronas.com.my, 3noohulbasheer_zainali@petronas.com.my

ABSTRACT

CUDA is a platform developed by Nvidia for general purpose computing on a Graphic Processing Unit to 
utilize the parallelism capabilities. Serpent encryption is considered to have a high security margin as its 
advantage; however it lacks in speed as its disadvantage compared to the AES encryption. This paper presents 
a methodology for the transformation of CPU-based implementation of Serpent encryption algorithm (in C 
language) on CUDA to take advantage of CUDA’s parallel processing capability. The proposed methodology 
could be used to quickly port a CPU-based algorithm for a quick gain in performance. Further tweaking, as 
described in this paper through the use of a profiler, would further increase the performance gain. Results 
based on the integration of multiple block encryption in parallel shows throughput performance of up to 
100 MB/s or more than 7X performance gain.

Keywords:  parallel computing, GPU computing, encryption, optimization 
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In C programming language, the CUDA function is 
defined as a kernel that is called by specifying the 
number of thread blocks, the number of threads per 
block and the parameters needed for the function. 
Each thread executes the function in parallel and 
can communicate with other threads in the same 
thread block. As the threads are organized into 
thread blocks, the thread blocks are controlled by 
the Streaming Multiprocessors. It is then possible 
for simultaneous block encryption as each thread 
encrypts the data in parallel. All of this is summarised 
in Figure 1.

Serpent encryption operates based on 32-round 
SP-network with four 32-bit words as an input and 
up to 256-bit key. The design of Serpent algorithm 
is presented with parallelism by bit-slicing [5]. The 
4x4 S-boxes introduced within the SP-network 
has become the focus of previous works [6, 7] to 
improve the Serpent’s number of clock cycles. 
Different approaches were taken with Gladman’s 
Serpent S-boxes [7] optimized for Intel Pentium 4 
MMX while Osvik’s Serpent [6] reduced the registers 
used by eliminating temporary variables thus fit 
in the number of registers inside x86 architecture 
processors. Both previous works provide good 
examples of reducing the number of operations and 
managing memory for CUDA implementation. 

METHoDoLoGY

The approach in this study started off with the naïve 
implementation of the Serpent encryption, that is, 
by using direct integration for the encryption to be 
performed using CUDA. The reference source code 
used was from the optimized Serpent meant for the 
NIST submission. The whole process is summarized 
into a flow chart in Figure 2.

The processes of redefining the data structures, 
execution of the parallel encryption and also profiling 
of the application are described in the following sub-
sections. 

Figure 3. Source code fragment for defined data structures.

typedef struct __align__(16) {
     unsigned long x0, x1, x2, x3;
} SER_BLOCK; 

typedef struct __align__(16) {
     unsigned long k0, k1, k2, k3;
} SUBKEY;

typedef struct {
     subkey k[33];
} SER_KEY;

typedef struct {
   uint32_t rkey[8];
} RAW_KEYS;

Figure 1.  Processing flow in CUDA

Start

Source code acquisi�on

End

Redefine Data Structure

Iden�fy compute-intensive func�on

Port compute-intensive func�on to CUDA

Execute applica�on

Benchmark and Profile applica�on

Figure 2.  Flow chart for methodology
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Data Structure

Data structures in the reference source code were 
changed to allow parallel encryption to take place in 
each thread. The original data structures consisted 
of one-dimensional arrays of four elements for the 
plain-text and cipher-text blocks (e.g. text [4]) while 
the key materials were stored in two-dimensional 
arrays of 33 x 4 elements (e.g. keys [33, 4]). Another 
dimension was added to the arrays to assign the 
thread number to the plain-text and key materials 
for each thread encryption. Instead of adding 
another dimension, data structures that consisted of 
four variables to accommodate the four 32-bit words 
in plain-text were aligned to 16-byte boundaries 
as shown in Figure 3 for CUDA to read the data in a 
single instruction [4]. A similar structure was used for 
the keys, except that the structure included an array 
of 33 elements for the four variables. The defined 
data structures were used with pointers as dynamic 
data structures to take up a variable number of 
blocks for encryption.

Parallel Encryption

Modifications were done to the encryption function 
by adding the thread number identification to the 
variable. This method could only be useful when 
using Electronic Codebook [8] as the Block Cipher 
Mode since no intermediate value was taken from 
previous or concurrent encryption. Partial source 
code of the parallel encryption is shown in Figure 
4. The variable “idx” in line 4 holds the thread 
number that is determined by calculation in which 
the data is encrypted. Each round of the encryption 
involves keying, passing through the S-Box and 
transformation as in lines 6, 7 and 8 respectively.

The threads are managed through blocks 
that are identified by the “blockIdx.x” and 
“blockDim.x” in Figure 4. CUDA limits the 
maximum number of threads to 512 for each block of 
threads. The resources used for the encryption was 
considered large, therefore the compiler had limited 
the number of threads to 256 threads per block. A 
performance study for the number of threads per 

block to find the effect of having various numbers of 
threads per block is dealt in the discussion section.

The data size relates to the total number of threads 
used for the encryption. An example of 16 KB of data 
size is shown in Figure 5. The number of threads 
used is the division of data size into 16-byte blocks 
as each encryption takes 16 bytes of input. The 
encryption also takes 32 KB of user keys for the Key 
Scheduler to convert into key materials that were 
used for the keying processes in each round. In this 

1 __global__ void cuda_encrypt(SER_BLOCK *enc_block,
2 SER_KEY *keys) {
3
4   int idx = (blockIdx.x * blockDim.x + 
threadIdx.x);
5
6  enc_block[idx] = keying(enc_
block[idx],keys[idx].k[1]);
7  enc_block[idx] = SBOX00 (enc_block[idx]);
8  enc_block[idx] = transform(enc_block[idx]);
9    …
10 enc_block[idx] = SBOX31(enc_block[idx]);
11 enc_block[idx] = keying(enc_
block[idx],keys[idx].k[32]);
11  }

Figure 4.  Fraction of source code for encryption.
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Figure 5.  Block diagram for 16KB of data size.
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implementation, the user keys were unique to each 
thread and did not share the same key.

The initial attempt was made by only considering the 
encryption function to be executed on the GPU. The 
Key Scheduler function was executed on the CPU 
and the key materials from the Key Scheduler was 
then transferred to the GPU. The size of data transfer 
of the key materials amounted up to 528  MB for 
16 MB of plain text. This became the bottleneck that 
hampered the throughput performance of the initial 
attempt which only resulted in 70% throughput 
performance gain. 

The Key Scheduler was executed in each thread 
before the encryption. Our initial attempt suffered 
a performance degradation caused by the large data 
transfer for the key materials from the host to the 
graphic card as the Key Scheduler was executed on 
the CPU before the key materials were transferred to 
the graphics card. The Key Scheduler would receive 
a user key which is smaller in size compared to key 
materials and this reduced the amount of transfer 
time significantly.

Application Profile

The CUDA Visual Profiler provided programmers 
with data of the application execution that 
included the execution time and resources used 
by the application. The performance of the CUDA 

application depended on the code efficiency. The 
time spent on computing must be bigger compared 
to memory transfer to maximize the efficiency. The 
focus was on the percentage of time usage by the 
GPU to perform certain functions. In this case, a 
comparison was made of the application with and 
without the Key Scheduler executed on the graphics 
card to examine the percentage of time used for the 
memory transfer.

The bar chart in Figure 6 shows the percentage of 
time spent on the GPU in performing the tasks. The 
majority of time spent for the application without 
a Key Scheduler executed on the GPU was on the 
memory transfer for the key materials. Memory 
transfer occupied more than 50% of the overall time 
spent thus it was very inefficient. The time taken 
for the memory transfer was then minimized by 
moving the Key Scheduler function into the GPU. 
The complete application (i.e. with Key Scheduler 
and encryption executed on GPU) had a bigger 
computation to memory transfer ratio, that is, 
around 80% time spent on computation and 20% 
time spent on total memory transfer.

RESuLTS AND DISCuSSIoNS

Based on the methodology presented, the 
performance results were collected for this research 
to study the throughput performance by varying 
other factors such as data size for the input and the 
number of threads used. The test platform hardware 
was an Intel Core 2 Duo Processor 2.2 GHz and Nvidia 

Figure 7.  Graph for throughput performance versus data sizeFigure 6.  Percentage of time used by GPU.
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Geforce GTX 260+ 896 MB. GNU C Compiler 4.4 and 
Nvidia CUDA Compiler 2.3 were used. The optimized 
reference source code was used for CPU comparison. 
It was compiled with “-O3–march=core2” compiler 
flag. The CUDA source code was compiled without 
any optimization flag.  A range of 5% accepted 
variation was set as the benchmark timing mostly 
in hundreds of millisecond and the average of three 
benchmark runs were taken.

The throughput performance result is shown in 
Figure 7. The data size was varied to study the 
scalability of the CUDA encryption in handling 
different block sizes. The maximum data size 
achieved was 16  MB, while at the same time still 
maintaining the throughput performance. As stated 
in the methodology the number of threads used was 
scaled according to the data size; thus there was no 
trend visible in the throughput performance as seen 
in Figure 7. The amount of resources used to store 
the data was large and hardly fitted into other types 
of memory, limiting the optimization that can be 
done through memory management.

The improvement achieved by minimizing the 
memory transfer was significant over previous 
implementations. The comparisons between 
complete application and initial attempt for the data 
size of 16 MB are shown in Figure 8. The throughput 
for CPU degraded on the second attempted 
comparison as the benchmark also included a key 
scheduling process for CPU. 

Figure 8.  Throughput performance comparison for minimizing 
memory transfer.

Figure 9. Graph of throughput performance for various number 
of threads per block.

Although the total number of threads was 
determined by the data size, the number of threads 
per block had to be defined to have the application 
allocate the right number of blocks for the given 
number of threads per block. The number of threads 
per block was varied to study the effect on the 
performance throughput for further optimization.

The graph in Figure 9 shows a slight variation from 
256 threads per block to 64 threads per block in the 
throughput performance. Performance degradation 
occurred as the number of threads per block was 
decreased to 32 threads. The number of threads 
per block recommended by [4] is at least 16 threads 
and decreasing the number of threads any further 
will would have only resulted in performance 
degradation.

CoNCLuSIoN 

Direct integration of source code provided 
the fastest way of implementing an algorithm 
to another architecture that used the same 
programming language. The complete application 
achieved up to 100  MB/s throughput, which was 
more than 7X speedup over the original CPU-based 
implementation. This was achieved by using the 
profiler to identify resource hogging tasks that 
limited the performance of the initial attempt. 
The experimental results presented in this paper, 
supported by another related work [3], suggest 
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that CUDA is capable of handling encryption tasks 
efficiently.

The necessary steps taken for the implementation of 
Serpent encryption on CUDA is outlined in this paper. 
Only the algorithm based on bitwise operations was 
implemented. Further interest could be in the study 
of other algorithms that are based on lookup tables 
for the Permutation and S-Boxes which utilize the 
constant memory cache for performance gain.
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