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ABSTRACT
A sustainable design of a container ship from alternative options has been selected for inland shipping in Bangladesh. In this 
selection process commercial attractiveness of these vessels were compared at first by using net present values (NPV) of the 
investment as well as assessing the required freight rate (RFR) for carrying unit container. Environmental impact assessment 
(EIA), another important parameter nowadays, has also been assessed to analyse the consequences imposed by all the models on 
environment throughout the lifetime. Before making the final selection, their service qualities were also discussed. Considering 
all parameters, the ship with hatch cover has been found to be the best option for inland waterways in Bangladesh.

Keywords: Economic performance, environmental impact assessment, ship design, global warming

1.0	 INTRODUCTION
Bangladesh is going to add a new fleet of container ships in her 
inland waterways in order to enhance the mobility of containers 
from and to the country’s sea ports. It will definitely ease pressure 
on road and train transportation for delivering container. To do 
so inland container ports and the container handling facilities are 
being developed. New container ships are being owned by some 
public and private entrepreneurs.

In most of the cases commercial attractiveness of ships are 
considered for choosing the project. A design selected on the 
basis of only economic performance may not sustain for long. 
People all over the world have become more aware of their 
consumption of goods and services and their impact on the 
natural resources and quality of environment. As a result, new 
stricter regulation is coming day by day to tackle global and 
local issues like climate change, ozone layer depletion etc. Such 
regulations often increase the cost of operation. So it is always 
wise to take these possibilities into account while planning to 
launch a new project.

The main objective of this paper is to focus on selecting a 
design considering not only the commercial attractiveness but 
also the environmental burden imposed by the ships. The quality 
of service is also considered in this selection process.

Hasegawa and Iqbal [1], Iqbal and Hasegawa [2] and Iqbal 
and Shill [3] adopted methodology to compare inland water and 
road transportation systems to find the best option for carrying 
cargo and passenger. This method included comparison of 
economical benefit, environmental burden imposed and service 
quality rendered by the transportation systems. In this paper 
similar methodology was used to compare alternative design of 
container ships. Here the environmental impact assessment was 
carried more in depth using the software SimaPro [4].

2.0	 METHODOLOGY
For economic analysis net present values (NPV) of the 
investment after considering the total price of the ships and 
operating costs throughout its entire life span has been estimated 
for a number of alternative designs of container ships suitable 
for inland waterways of Bangladesh for the proposed Dhaka-
Chittagong route. The minimum freight charges required to 
carry a container (TEU) between the same route, that is, required 
freight rate (RFR) [5], are also estimated and compared to find 
the commercial attractiveness. In all the cases 12% rate of return 
(RR) on the investment was taken into account.

Environmental impact assessment (EIA) is the technical 
qualitative and quantitative characterization and assessment of 
the consequences of absorption and emission of various materials 
and substances from and to the environment. The impact analysis 
addresses ecological and human health consequences and 
resource depletion and could be divided into three sub-phases:
•	 Classification: sorting of parameters into environmental 

effect categories.
•	 Characterisation: calculation of the potential contribution of 

the environmental loading to each effect category.
•	 Valuation: assessment of the total environmental impact of 

the product life cycle.

In this study SimaPro, an EIA database software, was used 
to assess the consequences on the environment carried by the 
alternative container ships in their whole life cycle.  The effect 
categories considered here included carcinogens, respiratory 
organics/inorganics, climate change, radiation, ozone layer 
depletion, aquatic acidification/eutrophication, land use, mineral 
extraction, fossil fuel extraction, etc. These effect categories have 
impacts on resources, human health, global warming, habitat 
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alteration, biological diversity and other hazards. Assessing the 
potential contribution of the ships to all these impact types, total 
damages were assessed and compared to find which one will 
impose minimum burden to our environment.

Finally discussing the service quality available from the 
alternative ships, the best alternative was proposed for the inland 
shipping in Bangladesh.

3.0	 MODEL CONSIDERED
Four model designs of container ships were considered in 
this analysis. Although, the choice of primary parameters/hull 
form coefficients is a matter of design style and tradition, but 
due consideration must be given if there is any constraints in 
that route. In this study, a dimensional constraint on the limit 
of length, breadth, draught and air draught has been imposed 

compatible with the proposed route. For example, a constraint on 
length is set by the dimensions of regulatory body’s restriction 
considering river width, maneuverability of ship to turn in this 
narrow waterway etc. A limit on draft for the vessels is set by 
the existing availability of the depth of water in the ports as well 
as navigability of approaches throughout the season to which the 
ship is intended to trade.

The particulars of the models shown in Table 1 have 
been selected after considering all the constraints. A typical 
General Arrangement of container ship has been shown in 
Figure1. Figure 2 shows the different components of life cycle 
assessment of ships and Table 2 contains the amount of some of 
the materials and energy used in various phases of the ships’ life 
cycle. The figures shown in the tables were the major input data 
in this analysis.

Ship Type Length (M) Breadth (M) Depth (M) Speed (KN) Engine 
Power (KW)

Capacity 
(TEUs)

Closed Top Container Ship (With hatch cover) 75.5 13.15 6.2 10 1130 108

Open Top Container Ship (without hatch cover) 75.4 13.15 8.0 10 1130 108

Deckloading Container Ship 75.4 15.66 4.2 10 1140 100

Deckloading Container Ship 75.1 13.15 4.2 10 910 80

Table 1: Particulars of Selected Container Ships Considered

Ship Type

Construction and Maintenance Phase Operation Phase

Material
Energy

Diesel (kg) Lub Oil (kg)
Hull Machinery Outfitting

Low alloy Steel 
(kg)

Ferrochromium 
High Carbon Steel 

(kg)
Brass (kg) Electricity (MJ)

With hatchcover 8.33E5 6.95E4 7.5E3  1.53E6 1.47E7 2.92E5

Without 
hatchcover

 8.94E5 6.95E4 7.5E3 1.63E6  1.47E7  2.92E5

Deckloading 
(B = 15.66m)

 8.74E5 6.95E4 7.5E3 1.6E6  1.48E7  2.95E5

Deckloading
(B = 13.15m)

8.25E5 6.95E4 7.5E3 1.52E6  1.26E7 2.49E5 

Table 2: Materials and Energy Consumption during Construction, Maintenance and Operation of four selected container ships

Figure 1: Typical General Arrangement of closed top container ship for inland shipping in Bangladesh
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4.0	 ECONOMIC PERFORMANCE OF THE 
MODEL SHIPS

Considering 30 years life time, required freight rate (RFR), 
that is, minimum freight charge required to attain 12% rate of 
return on investment as first cost of ship and operating cost, was 
estimated for carrying 1 TEU container through a distance of 
307 km between Dhaka and Chittagong. Fifteen off-hire days 
per annum for maintenance was taken into account in this 
estimation. Net present value (NPV), another parameter for 
comparison of economic performance, was also estimated here 
to find economically the most attractive ship model. For this 
estimation 8000 Tk./TEU, which is the current rate charged by 
railway, was considered.

Both the parameters were calculated according to I.L. 
Buxton [5].  The Results are shown in Figure 3 and Figure 4.

The ship with hatch-cover showed the best performance, 
that is, the minimum required freight rate of Tk. 6035/TEU 
and the highest net present value of Tk. 365,149,000. All with 
12% rate of return on investment. The ship without hatch-cover 
was the next. The worst among the four was the ship with deck 
loading and 13.15m breadth. This is because the ship with hatch-
cover had the capacity of 108 TEUs and comparatively low 
construction cost. The construction costs of the deck-loading 
type ships were comparatively higher due to its heavy deck 
construction to withstand the containers’ weight.

5.0	 ENVIRONMENTAL IMPACT 
ASSESSMENT

Environmental impact assessment of the models were carried out 
using the software SimaPro. Amount of some major materials 
and energy required to construct and operate the model ships 
were used as input to the system. The percentage of the materials 
which were considered to be recycled was also used as input. 
SimaPro developed life cycle model of the ship with the inputs 
and outputs from and to the environment. The life cycle model 
of the container ship with deck-loading and 15.66m breadth is 
shown in Figure 2. Similar models were generated for other three 
ship models. Then, using SimaPro, the environmental burden 
imposed by the ships were assessed. The results were shown in 
Figure 5 as the comparison of environmental impacts for four 
different models, Figure 6 as the damage assessment and Figure 
7 as the single score of the consequences of environmental 
burden. In these results the impacts on human health, ecosystem 
quality, climate change and the use of resources are shown. The 
best option from the environmental point of view was the ship 
with deck-loading and 13.15m breadth and the worst was the ship 
with deck-loading and 15.66m breadth. The impacts imposed by 
two other ships are very close in magnitude, with only a very 
little better result for ship with hatch-cover [6].

Figure 2: Life cycle assessment of container ships
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Figure 3: Required freight rate for carrying 1 TEU between Dhaka and Chittagong by alternative container ships

Figure 4: Net present value of the cash flow for carrying containers between Dhaka and Chittagong by alternative container ships

Figure 5: Comparison of environmental impacts for four model ships
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6.0	 SERVICE QUALITY
For loading and unloading of the containers, deck-loading type 
ships will be favourable. But it deserves  special cares against 
the flooding of sea water in the hold during a coastal navigation 
in rough sea condition and hence the vessel shall need an extra 
ship’s depth to keep the freeboard. On the other hand ship with 
hatch-cover will protect the containers from adverse weather 
condition and from the hull strength point of view, it will 
enhance the longitudinal and tensional strength of ship. Among 
the models considered here the ship with and without hatch-
cover have more capacity of carrying containers, which is 108 
TEUs.

7.0	 CONCLUSION
Analysing three different criterion like economic benefit, 
environmental burden imposed and service quality, the ship 
with hatch-cover would be the best option among the models of 
the container ships considered. The following reasons were in 
support of this option:
•	 it would require minimum freight rate to attain specific rate 

of return on investment,
•	 it would ensure maximum net present value of the total cash 

flow in its life time,
•	 though the ship with deck-loading and 13.15m breadth 

showed minimum damage to the environment, the ship 
with hatch-cover got more capacity of carrying 108 TEUs 
containers.

•	 the loading – unloading facility is in favour of deck-loading 
type container ship, but the ship with hatch-cover would 
protect the containers from damage occurred by bad weather.

There are uncertainties in such analysis. One should be aware 
of these uncertainties while using such model for comparison 
of different projects. The reasons behind these uncertainties are 
usually due to:
•	 uncertain data,
•	 uncertainties on the correctness of the model,
•	 uncertainties caused by incompleteness of the model,
•	 different opinion on weights of various impact categories, 

etc. 

Figure 6: Damage assessment of four model ships’ life cycle

Figure 7: Single score of the consequences of
environmental burden of four model ships
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ABSTRACT

The development of next generation high-energy and high-power aqueous supercapacitors is vital in an era when power 
demand has peaked. In terms of engineering related issues at the micro level, the major area urgently requiring attention is the 
development of new nanocomposite materials. This article reports on nanocomposites which demonstrate superiority in terms 
of three-dimensional structure and which possess electrical conductivity equivalent to metallic conductors as a result of CNTs 
which complement the high redox-active properties of the transition metal oxides. Such combined contributions, when applied 
in supercapacitors, lead to increased charge storage capabilities and exceptional cycling stability. Two nanocomposites, 
namely, CNTs/SnO

2
 and CNTs/MnO

2
, were synthesised their physicochemical properties examined by X-ray diffraction, 

scanning electron microscopy, cyclic voltammetry and galvanostatic charge-discharge. The nanocomposites show superior 
results in terms of charge-storage mechanisms, cycle life, and electrochemical kinetics. Uniquely, in this paper, CNTs/SnO

2 

nanocomposites were also reported as an alternative negative electrode material to the commonly used activated carbon in 
asymmetrical supercapacitors.

Keywords: Energy Storage, Fabrication, Nanocomposites, Supercapacitors 

1.0	 INTRODUCTION
Energy efficient and robust power devices are key to overcoming 
the daunting challenges of climate change and the depletion of 
the earth’s fossil fuels. As a result of an extensively diversified 
and globalised energy market, electrochemical capacitors, which 
are also known as supercapacitors, are becoming one of the 
vital energy-storage devices of the 21st century. This is because 
electrochemical capacitors bridge the crucial performance 
disparity between high energy-density fuel cells or batteries 
and high power-density traditional capacitors. The necessary 
developmental advances can be achieved through innovations 
in pseudo-capacitive nanocomposites of transition metal 
oxides and carbon nanotubes (CNTs) which combine both ion 
adsorptions (interfacial capacitance) and fast redox reactions 
(pseudo-capacitance) for energy storage.

In addition to enhancing the core performance of 
supercapacitors, there is also a need to develop materials which 
offer an alternative to activated carbon as a negative electrode 
material in asymmetric aqueous electrochemical capacitors. 
There have already been many studies of probable positive 
electrode materials for supercapacitors, especially those with 
very good pseudo-capacitive properties as they are able to 
outperform the traditional electrical-double layer storage 
mechanism. The simple logic therefore is to search for a low cost 
metal oxide that is active in the negative potential range, such 
as tin oxide (SnO2) which has been examined extensively as the 
negative electrode material in lithium ion batteries [1-4]. Lithium 
ion battery research has already progressed to combining SnO2 

[5, 6] and CNTs as a promising anode candidate, owing to the 

excellent mechanical and electrical properties of CNTs [7-9], 
SnO2 has only recently been studied in supercapacitors as the 
positive electrode material [5-9].

In order to address these separate challenges, two different 
nanocomposite materials have been synthesised. In the case of 
core performance improvement, a carbon nanotube manganese 
oxide nanocomposite (denoted CNTs/MnO2) was synthesised by 
the redox deposition method[1]. In this approach KMnO4 was used 
as an oxidant which would react with the CNTs, to be reduced 
to an insoluble form of MnO2 in an aqueous solution. This 
precipitate then anchors itself onto the surface of the CNTs to 
form the CNTs/MnO2 nanocomposite [10-14].  Such composites 
were previously reported to exhibit very high electrode specific 
capacitance (≥5.0 F/cm2) in the positive potential range [10].

For the production of a new negative electrode material for 
aqueous asymmetric supercapacitors, a nanocomposite of carbon 
nanotubes and tin oxide (denoted CNTs/SnO2) was synthesised in 
which tin oxides were coated on the surface of individual CNTs. 
Good understanding of the science of materials is important for 
practicing engineers to fully comprehend the nature, capabilities, 
and ratings of energy devices that are increasingly being built 
with these advanced nanocomposite materials.

2.0	 METHODOLOGY
CNTs/MnO

2
 nanocomposite synthesis – The CNTs/MnO2 

nanocomposite was synthesised via spontaneous redox 
deposition of MnO2 on the CNTs in the KMnO4 aqueous solution 
as previously reported

[2]
. In this synthesis, one gram of KMnO4 



IR. DR NG KOK CHIANG AND DR DANIEL JEWELL

Journal - The Institution of Engineers, Malaysia (Vol. 73, No. 3, September 2012)8

(Fluka ≥99.0% (RT)) was dissolved in 50.0 mL of deionised 
water in an Erlenmeyer flask before the addition of acid-treated 
CNTs (to form a nanocomposite of CNTs/MnO2 of 4:6 w/w). 
The resulting mixture was continuously stirred for nine days in 
the covered flask until the purple colour disappeared. During 
and after the reaction, clear solutions gradually appeared with 
the product settling to the bottom of the flask. The resulting 
nanocomposite was filtered, washed and dried in the oven 
overnight at 60˚C.

CNTs/SnO
2
 nanocomposite synthesis – In the synthesis of 

the CNTs/SnO2, 1.0 g of tin (II) chloride dihydrate (Fisher 97+%) 
was dissolved in 50.0 mL of deionised H2O in an Erlenmeyer flask 
and 1.0 mL of HCl (38%) was added and stirred continuously for 
1.0 hour to dissolve the tin (II) chloride. Then, the acid-treated 
CNTs were added to the solution and stirred for 24 hours at 
room temperature to form a nanocomposite of CNTs/SnO2 of 
4:6 w/w. The resulting mixture was then filtered, washed and 
dried overnight at 60˚C in a conventional oven.

Chemical and structural characterizations – The 
nanocomposites, all in the powder form, were characterized 
by X-ray diffraction (XRD, Hiltonbrooks DG3 generator 
plus Philips PW1050/25 goniometer, CuKα radiation), an 
environmental scanning electron microscope (SEM, Philips FEI 
XL30 FEG-ESEM), a low resolution TEM (LR-TEM, JEOL 
2000FX), and a high resolution TEM (HRTEM, JEOL 2100F).

Preparation of the electrode and electrochemical analysis – 
The nanocomposite (34.2 mg) with a binder (3.0 mg, 60% w.t. 
aqueous emulsion of polytetrafluoroethylene, PTFE, Aldrich) was 
thoroughly dispersed in 4.0 mL of deionised water. The mixture 
(10.0 μL, with 0.0855 mg of the nanocomposite) was drop-cast 
onto a graphite disc working electrode (0.5 cm in diameter) 
using an electronic micropipette (EDP3 Rainin LTS, 10-100 μL, 
with wide orifice tips). Upon evaporation, the resulting thin film 
(13.44 μm on average thickness) on the electrode was dried in a 
desiccator overnight before electrochemical tests (AUTOLAB 
PGSTAT30) in a one-compartment three-electrode cell with the 
Ag/AgCl (3.0 M KCl) reference electrode and a graphite counter 
electrode at room temperature.

3.0 RESULTS AND DISCUSSIONS

Figure 1 shows the SEM images of the acid-treated CNTs 
after SnO2 (a, b) and MnO2 deposition (c, d) at two magnifications 
as indicated. The images of the CNTs/SnO2 and CNTs/MnO2 
nanocomposites show that they retained the bundle nature and 
the three-dimensional entangled structures originating from the 
as-received CNTs. This shows that the SnO2 and MnO2 deposits 
did not block the opening and the porous structure which is 
inherent to the CNTs. The porosity can be observed as the dark 
spots in Figure 1 which are also the spaces created due to the 
nature of the CNTs. Maintaining such configurations assists the 
movement of the ions into and out of the positive and negative 
electrodes of the nanocomposites as mentioned previously. 
The SEM images of the nanocomposites demonstrate that thin 
coatings of the metal oxides exist around the CNTs. The jagged 
and consistent coarse surfaces, especially for the CNTs/SnO2 

nanocomposite, illustrate the evenly distributed SnO2 on the 
surface of individual CNTs throughout the structure. The coating 
can only be further confirmed and substantiated by TEM images 
in Figure 2, 3, and 4 in the subsequence sections.

As for the SEM analysis, the TEM images of the overall 
CNTs/SnO2 60% w.t. confirmed that the nanocomposite retained 
the bundle nature of the CNTs as can be seen in Figure 2(a). It 
is noted that almost all the CNTs or CNT bundles in the sample 
are individually coated with thin and uniform layers of SnO2. 
Enlarging the image of the end of one of the nanocomposite’s 
fibrils reveals a very thin coating of nanocrystalline SnO2 of 
about 5 nm width as can be observed in Figure 2(d). This also 
demonstrates the nature of the open-ended CNT the fact that the 
nanocrystalline SnO2 is coated onto the CNT even to the very 
tip. It is also notable, as shown from the bundle in Figure 2(a), 
that separate SnO2 agglomerates (away from the CNTs) were not 
seen. Instead, the SnO2 nano-grains nucleate only on the surface 
of the CNTs. Finally, it can be observed that the CNT’s walls 
and cavities are only vaguely visible in Figure 2(a-c) which may 
be due to the interference of thicker oxide coatings that made it 
difficult to resolve the structures by TEM [10].

Figure 1: SEM images of the nanocomposites at different 
magnifications, i.e. 80,000x and 160,000x 
(a, b) CNTs/SnO2 and (c, d) CNTs/MnO2

Figure 2: TEM images of the CNTs/SnO2 60% w.t. nanocomposite; 
(a) and (b) overviews of the fully SnO2-coated CNTs, (c) and (d) 

TEM images of enlarged micrographs depicting the open-ended tube 
of a CNT coated with a nanocrystalline coating SnO2
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Figure 3(a) shows more strands of CNTs coated uniformly 
with SnO2 throughout. Figure 3(b, c) present typical TEM images 
of mid portions of SnO2 coated CNTs where the parallel and long 
fringes are from the CNT walls (the grapheme layers) are clearly 
distinguishable from those almost randomly originated from the 
nanocrystalline SnO2. It should also be noted that the structure 
of the CNTs remain intact. No corrosion was observed in the 
deposition of SnO2 onto the CNT as compared to that caused 
by the KMnO4 in the deposition of MnO2 onto the CNTs. This 
can be clearly seen in the bundled nanocomposites in Figure 
3 (a, b) and the long nanocomposite fibril in Figure 3(b) as 
well as the deposition of SnO2 at the very end of the CNT in 
Figure 3(d). Such preservation of the CNTs structure may be 
attributed to the fact that SnO2 deposition resulted from the reaction 
between the Sn2+ ion and an oxidant, such as dissolved oxygen 
gas in the synthesis solution, without attacking the CNTs [15]. 
In Figure 3(d), on the enlarged portion of one of the 
nanocomposite fibrils the observed SnO2 nanoparticles are 
rounded with diameters of about 4 nm and are distributed evenly 
on the surface of the CNT. These SnO2 nanoparticulates also 
densely populate the CNT surface and show fringes on each of 
them, confirming nanocrystallinity.

Figure 4(a) shows the overview of the well-dispersed 
CNTs/MnO2 60%w.t. nanocomposite on the carbon-holey grids 
examined under the TEM. In all the TEM images of the CNTs/
MnO2 60% w.t. nanocomposite, the surfaces of the CNTs are 
well covered with MnO2 deposits. Figure 4(c) and (d) depict 
uneven depositions of nano-layers of MnO2 on the CNTs while 
(e) and (f), enlarged views, show that the CNT walls remained 
intact even with the presence of the thick layer of MnO2 on 
the surface of the CNT. It was previously reported that the 
mechanism behind the deposition results in the formation of 
thick MnO2 coatings on the CNTs [10, 11].

In short, the growth of MnO2 continues even after the surface 
of the CNTs are fully covered with MnO2 deposit in accordance 
with the ‘MEC’ (microelectrochemical cell) principle, i.e. 
electrons are moved from the defect sites of the CNTs to other 
sites in contact with MnO4

- where the anion is reduced to MnO2 

as in any electrodeposition process. Thus, the thick coating and 
no separated precipitation from the CNT structure is observed. 

Figure 4(b) and (d) also show the broken and short-ended 
characteristics of the CNT indicating that corrosion by KMnO4 

in the reduction to the insoluble MnO2 might have taken place. 
The layered structure of the MnO2 as can be seen in the enlarged 
TEM images of (e) and (f), would be excellent for retaining the 
facile transport pathways for both protons and electrons [16] 
as in the case of ruthenium dioxide, according to the following 
reaction (1) [11, 17-20]:

The XRD patterns of the nanocomposites reveal the presence 
of cassiterite-type SnO2 (JCPDS 41-1445) in the CNTs/SnO2 

60% w.t. nanocomposite. The broad peaks are consistent with 
the nanoparticles being small (4 nm in diameter) as discussed in 

Figure 4: TEM images of the CNTs/MnO2 60% w.t. nanocomposite

Figure 5: XRD spectrum of the nanocomposites 
and the acid-treated CNTs

(1)

Figure 3: Closed-up examination of various other strands of the 
coated CNTs/SnO2 60% w.t. nanocomposite; (a) tangled SnO2 coated 
CNTs, (b) and (c) a mid-portion of the nanocomposite fibril coated 
with SnO2 and (d) densely coated with nanocrystalline particles of 

SnO2 on the surface of the CNT
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the TEM section before. The lattices are a = 4.738 Å, b = 4.738 
Å and c = 3.187 Å. The peaks corresponding to the identification 
of the cassiterite-type SnO2 are shown with the green round 
markers with their indexes. The XRD traces of the CNTs/MnO2 

60% w.t. nanocomposite show the peaks which correspond to 
monoclinic birnessite-type MnO2 (JCPDS 42-1317) with lattices 
of a = 5.150 Å, b = 2.844 Å and c = 7.159 Å. There are three 
peaks from the acid-treated CNTs as indicated by the yellow 
triangular markers. The XRD patterns of the CNTs/SnO2, CNTs/
MnO2, and acid-treated CNTs are presented in Figure 5.

MnO2 and CNTs are complementary in properties where 
the three-dimensional structure of their nanocomposite, due to 
the presence of CNT [21], provides the mesoporous cavity for 
ion movements. MnO2 is also known for its low cost and large 
pseudo-capacitance but has the disadvantage of being resistive 
[22]. Thus, a nano-layer of MnO2 on CNT would improve the 
ion conduction in the MnO2 phase [10]. The same improvement 
can be deduced for the CNTs/SnO2 60% w.t. nanocomposite 
although SnO2 is more conducting than MnO2 (102 ~ 103 S/cm 
for SnO2 vs. 10 ~ 102 S/cm for MnO2) [23-24].

Sn has two stable valences, Sn(IV) and Sn(II), which 
is the basis for the redox chemistry of solid SnO2. Thus, the 
charge storage mechanism for the transition metal oxides was 
applied to SnO2 at positive potentials in a recent study [6]. 
However, no study has reported on using SnO2 as the negative 
electrode in supercapacitors. To fill in this gap, the CNTs/SnO2 

nanocomposite was further studied by cyclic voltammetry at 
different potential ranges. The cyclic voltammogram recorded in 
a wide potential range, i.e. -0.8 to 0.9 V (vs. Ag/AgCl), is fairly 
rectangular in the overall shape, although a broad oxidation and 
reduction peak couple appears around 0.10 V. The peak currents 
varied linearly with the scan rates. These features are strong 
evidence of the same electrode reaction being responsible for the 
current flow in the tested potential range, which is in agreement 
with the behaviour of pseudo-capacitive materials.

When the potential range was narrowed to only positive or 
only negative potentials, the recorded cyclic voltammograms 
retained the respective partial features of the cyclic voltammogram 
recorded in the wide potential range. The capacitance values 
derived from the cyclic voltammograms in both positive and 
negative regions were very much the same, which again is 
evidence of the same electrode reaction being responsible for the 
pseudo-capacitance of SnO2 in the wide potential range of 1.7 
V as shown in Figure 6. It is worth pointing out that the cyclic 
voltammograms in Figure 6 suggest the possibility of using 
the CNTs/SnO2 to make a symmetrical 1.7 V supercapacitor. 
However, because the specific capacitance of CNTs/SnO2 is only 

about half of that of CNTs/MnO2, it was decided to use the latter 
as positive electrode in the asymmetric supercapacitor.

Summarising the relevant literature [5, 6] and the 
aforementioned findings from this work, the charge storage 
mechanism of the CNTs/SnO2 nanocomposite can be expressed 
as equations (2), (3), and (4) below;

Oxidation:

Reduction:

Redox:

Figure 7 shows the cyclic voltammograms of the CNTs/
SnO2 60% w.t. and its corresponding potential dependent 
normalised capacitance curves according to    . 
The cyclic voltammograms are rectangular and relatively 
symmetric in current which can be compared with an 
ideal capacitor. Besides, the increase in the currents of the 
voltammograms with insignificant changes to their rectangular 
shapes with increasing scan rate also shows the good 
electrochemical properties of the nanocomposites and a high 
rate capability of charge-discharge of the nanocomposite. Figure 
7(b) depicts the increase in the mass specific capacitance which 
is calculated using equation   with respect to the decrease 
in scan rate and is in line with the slow response of the mass 
transfer process in fast scan rates, where ions have limited time 
to move in and out of the pores of the nanocomposites. It is also 
interesting to note that the negative ends of the potential windows 
of the cyclic voltammograms of the CNTs/SnO2 nanocomposite 
at various scan rates reach a potential of -0.8 V (vs. Ag/AgCl). 
This is more negative than the current onset potential (ca. -0.5 V) 
for hydrogen evolution as observed on the cyclic voltammogram 
of a platinum electrode in the same aqueous electrolyte. This is 
indicative of overpotential for hydrogen evolution on the CNTs/
SnO2 electrodes.

Figure 6: Cyclic voltammograms of the CNTs/SnO2 in 2.0 M KCl 
recorded in different potential ranges

Figure 7: Cyclic voltammograms and mass-normalised 
capacitance vs. potential (vs. Ag/AgCl) of the CNTs/SnO2 60% w.t. 

nanocomposite at various scan rates (5, 10, 20, 50, 70 and 100 mV/s) 
in 2.0 M KCl. Arrow indicates increasing scan rates

(2)

(3)

(4)
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Figure 8 shows the cyclic voltammograms and the 
corresponding potential dependent normalised capacitance of 
the CNTs/MnO2 60% w.t. nanocomposite at different scan rates. 
The arrows in the figures indicate the direction of the current 
change with increasing scan rate. The cyclic voltammograms 
grow larger with increasing scan rate. Even at a fast scan rate of 
100 mV/s, the nanocomposite still shows a relatively rectangular 
cyclic voltammogram, indicating the high rate capability and 
high reversibility of the redox reaction of the MnO2 deposited 
on the CNTs. The charge storage mechanism of the MnO2 can be 
explained with reference to the widely accepted understanding of 
charge transfer reactions in solid transition metal oxides which 
are usually semiconductors.

The multiple valences of transition metals, e.g. Mn(IV), 
Mn(II) and Mn(II), are the thermodynamic reason for their ability 
to undergo electron transfer reactions. To maintain neutrality 
upon electron transfer into the solid oxide phase, intercalation 
and adsorption of either or both protons (H+) and alkali cations 
(Li+, Na+, or K+) from the electrolyte is necessary [11]. In the 
CNTs/MnO2 60% w.t. electrode, both protons and alkali cations 
have been found to be involved in the redox transition between 
M(IV) and Mn(III) [11, 25, 26]. During the positive and negative 
potential sweeps, reversible oxidation and reduction reactions 
take place in the MnO2 explained below in the presence of the 
K+ cations and H+ protons from the 2.0 M KCl  in equations (5), 
(6), and (7) below [11, 19, 27];
Oxidation:

Reduction:

Redox:

The variation in the mass specific capacitance of the CNTs/
MnO2 60% w.t. nanocomposite with the scan rate in the potential 
range of -0.1 to 0.9 V is shown in Figure 8(b). At the lowest scan 
rate of 5 mV/s, the largest normalised capacitance plot is evident 
as compared to all the other scan rates. The specific capacitance 
decreases gradually with the increasing scan rate as can be seen. 
The decrease in specific capacitance was due to the incomplete 
mass transport process, thus, the incomplete redox reactions, 
adsorption/desorption, and intercalation/deintercalation of 

cations or protons in the higher scan rates. The highest average 
mass specific capacitance at the scan rate of 5 mV/s can be 
calculated also, utilising the average charge accumulated in the 
positive and negative sweep of the cyclic voltammogram and is 
found to be 138.20 F/g in the defined potential range of -0.1 to 
0.9 V. A further examination of the electrochemical properties of 
the nanocomposite was carried out with the galvanostatic charge-
discharge technique, and the results are presented in Figure 9.

Figure 9(a) shows the potential-time plots from the 
galvanostatic charge-discharge test of the CNTs/SnO2 60% w.t. 
nanocomposites at different normalised currents of 0.4, 0.8, 1.6, 
3.2 and 6.4 A/g. The potential-time plot of CNTs/SnO2 60% 
w.t. is compared with that of CNTs/VO2 60% w.t. and the acid-
treated CNTs at the normalised current of 0.4 A/g. At the lowest 
normalised current applied, i.e. 0.4 A/g, a specific capacitance of 
130.19 F/g is obtained for the range of -0.8 to -0.1 V against Ag/
AgCl. Given that at the same normalised current and potential 
range, acid-treated CNTs recorded a specific capacitance of 
35.11 F/g in the negative range, the specific capacitance of 
the SnO2, CM-oxide, assuming proportional contribution can 
be found to be 193.57 F/g. The potential-time plots from the 
galvanostatic charge-discharge test of the CNTs/MnO2 60% w.t. 
nanocomposite in the Figure 9(b) show linear variation of the 
potential with respect to time in the potential range of -0.1 to 
0.9 V (vs. Ag/AgCl), indicating good capacitive behaviour for 
all the normalised currents applied, i.e. 0.4, 0.8, 1.6, 3.2 and 6.4 
A/g. Even at a higher normalised current of 6.4 A/g, a specific 
capacitance of 162.00 F/g was recorded for the CNTs/MnO2 

60% w.t. nanocomposite. At the lowest normalised current of 
0.4 A/g, the CNTs/MnO2 60% w.t. nanocomposite registered a 
capacitance of 236.62 F/g while the acid-treated CNTs recorded a 
specific capacitance of 41.21 F/g in the positive range. Assuming 
proportional contribution, the specific capacitance of the MnO2, 
CM-oxide can be determined to be 366.89 F/g.

4.0	 CONCLUSION
CNTs/SnO2 60% w.t. and CNTs/MnO2 60% w.t. have been 
successfully synthesised via hydro-oxidation deposition of SnO2 

on the CNTs and reduction of KMnO4 by CNTs i.e. redox and 
deposition, respectively. The SEM images for the CNTs/SnO2 
revealed jagged surface morphology while the TEM images 
confirmed the evenly distributed SnO2 nanoparticulates on the 
surface of the CNTs throughout the structure. TEM images 

Figure 8: Cyclic voltammograms and mass-normalised 
capacitance vs. potential (vs. Ag/AgCl) of the CNTs/MnO2 60% w.t. 

nanocomposite at various scan rates (5, 10, 20, 50, 70 and 100 mV/s) 
in 2.0 M KCl. Arrow indicates increasing scan rates. Mass of the 
CNTs/MnO2 60% w.t. nanocomposite on the electrode: 0.10 mg

Figure 9:  (a) Potential-time plots from the galvanostatic charge-
discharge test of the CNTs/SnO2 60% w.t. nanocomposites and (b) 
the CNTs/MnO2 60% w.t. nanocomposites at different normalised 

currents (0.4, 0.8, 1.6, 3.2, and 6.4 A/g) in 2.0 M KCl

(5)

(6)

(7)
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validated the existence of uneven coatings MnO2 on the surface 
of the CNTs. XRD patterns reveal the presence of SnO2 (JCPDS 
41-1445) and birnessite-MnO2 (JCPDS 42-1317) in the CNTs/
SnO2 and CNTs/MnO2 nanocomposites, respectively. CNTs/
SnO2 exhibited an overpotential for hydrogen evolution as no 
gas evolution was observed for a potential as negative as -0.8 
V (vs. Ag/AgCl) while the CNTs/MnO2 showed an oxygen 
overpotential on the positive range extending above the 
potential of the evolution of oxygen at 0.6 V (vs. Ag/AgCl).  
The maximum values of mass specific capacitance achieved by 
the CNTs/SnO2 60% w.t. and the CNTs/MnO2 60% w.t. were 
130.19 F/g and 236.62 F/g respectively at the normalised current 
of 0.4 A/g. These values correspond to the specific capacitance 
(C

M-oxide
) of (assuming proportional contribution) 193.57 and 

366.89 F/g for SnO2 and MnO2 respectively. The knowledge of 
the capacitance achievable by these nanocomposite materials 
can be utilised to build desirable supercapacitors of any sizes 
to be used in the UPS back-up system or possibly replacing 
diesel standby generators in the case of blackout. Thus, the 
results reported in this article on these nanocomposite materials 
show that they are capable of constructing the next generation 
supercapacitors which is crucial as we face the energy crisis in 
the present and in the future and when the engineering world 
needs more efficient yet environmental-friendly energy storage 
devices. 
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ABSTRACT

In the present research works, wave propagation in the open atmosphere has been investigated both numerically and 
experimentally. Two-dimensional (2D) numerical code has been developed to solve the Euler equations for the upstream and 
downstream parameters during the shock wave propagation in the open atmosphere. It is observed that due to decay of the 
shock strength, all parameters (velocity, pressure and density) in the upstream of the shock wave are decreased as increasing 
the travel time of the wave in the open atmosphere. It is seen from the numerical images that the propagation of the shock 
front in the open atmosphere is spherical in shape. An experiment has been conducted by a horizontal shock tube to generate 
subsonic wave as well as shock wave with supersonic speed by rupturing different types of diaphragms. The properties of 
diaphragm are the major factors to generate shock wave in the shock tube. It is observed that the properties of diaphragm like 
toughness and brittleness are the best properties in the present case. In the present experiment, transparent Raksin sheet and 
used X-ray film are selected as the diaphragm where used X-ray film has the better rupturing quality as compare to Raksin 
sheet. For measuring the wave speed, a time measuring technique has been developed to measure the wave travel time in the 
open atmosphere and it is simple in use and accurate in measurement as compare to other complicated technique like wave 
visualization by High Speed Video camera. During the wave propagation in the open atmosphere, the wave speed decreases 
and the decay of the wave strength is observed.

Keywords: Euler equations, Open Atmosphere, Shock wave, Wave decay, Wave visualization

1.0	 INTRODUCTION
For the study of wave propagation in the open atmosphere, 
an experiment has been conducted to measure the wave speed 
during the propagation in the open atmosphere. The measurement 
of wave speed and the determination of its location in the open 
atmosphere is one of the complex experimental works in the 
laboratory. In the present research works, a technique has been 
developed to measure the wave propagation time between two 
locations and it is very simple in use and accurate in measurement 
as compare to other existing methods. The measurement of the 
wave speed is used to investigate the decay of the wave strength 
as well as the decay of the shock wave strength in the open 
atmosphere. Both experimental and numerical investigation is 
essential to improve the understanding of the decay phenomena 
of the shock strength during interaction with objects in the open 
atmosphere. A numerical code has been developed to solve 
the Euler equations for the non-viscous flow field in the open 
atmosphere and the present code is one of the modified versions 
of the code developed by Jinnah and Takayama [1]. Many 
researchers had been used optical techniques to visualize the 
wave propagation for measuring the wave speed and the location 
of the wave. Widely used qualitative and semi-quantitative 
optical flow diagnostics are shadowgraph, schlieren, and 
interferometry but the application of some of these techniques to 
supersonic and hypersonic flows can be highly challenging due 

to the high velocity, strong gradients and restricted optical access 
generally encountered. Doig et al. [2] conducted experiment 
where direction-indicating color schlieren flow visualization 
was used to determine optically the general effectiveness of the 
methods. Multiple images were taken during a single tunnel 
run, which allowed, to some extent, confirmation of the general 
steadiness of the flow.

Laser-based techniques such as laser Doppler anemometry 
and particle image velocimetry are well established for 
investigation of supersonic flows, but as yet their use in 
hypersonic flows has been limited. Other relevant measurement 
techniques include particle tracking velocimetry, Doppler 
global velocimetry, laser-two-focus anemometry, background 
oriented schlieren and laser induced fluorescence methods, 
molecular tagging velocimetry for velocity measurement and 
thermo-graphic phosphor thermometry for surface temperature 
measurement. Laser measurement techniques are becoming 
more commonly applied to many areas of thermo-fluids and 
heat transfer. An area of their application, which presents 
highly challenging requirements, is in the measurement of 
aerospace flows. High speed camera can also be used for the 
flow visualization to analysis the structure of the wave. In the 
shock wave research laboratory, Tohoku University Japan, the 
speed of projectile was measured by Shimadzu’s HPV-1 High 
Speed Video Camera.
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In the study of metal-high explosive detonation wave 
interaction, by the pin technique, it was desirable to obtain time 
measurements to an accuracy of less than 1 microsecond (µsec) 
over a total time interval of 5 µsec. Commercial instruments 
capable of a high degree of time resolution were not available 
and a special instrument was developed for this purpose. Kobiera 
et al. [3] conducted experiment on the shock wave propagation 
through the test section and the shock wave causes a disturbance 
of the droplets; this process was visualized by a schlieren system 
and recorded by a high-speed camera. Pianthong et al. [4] 
conducted experiment with the use of the shadowgraph method, 
showing the projectile traveling inside and leaving the pressure 
relief section at a velocity of about 1100 m/s.

In the present method, a logic circuit has been developed 
to detect the metal to metal touch pulses for triggering which is 
finally used to open and close the gate to allow and stop the crystal 
frequency for counting. Using the number of pulse counted, 
the traveling time between the trigger points is calculated for 
the subsonic or supersonic objects. Normally the propagation 
time of the logic gates is not more then 20 nanoseconds, so the 
accuracy level of the measured time by the present technique 
will be less then 0.006%. The obtained experimental results 
are compared with the numerical results by solving the Euler 
equations for shock wave propagation in the open atmosphere 
and it is observed that the simulation results are satisfactory 
for the wave propagation in the open atmosphere. The present 
numerical technique can be used for designing aero-mechanism 
system such as supersonic aircraft by determining the shock 
wave interaction effects with objects and its decay phenomena 
during propagation in the open atmosphere.

2.0	 EXPERIMENTAL SETUP
Experiments are carried out in a single diaphragm horizontal 
shock tube in the Fluid Mechanics Laboratory of the Islamic 
University of Technology (IUT). Figure 1 shows a schematic 
illustration of the horizontal shock tube consisting of 150 mm 
diameter and 1.5 m long high pressure chamber made of mild 
steel. High pressure chamber is the driver section of the shock 
tube and the driven section of the shock tube is 100 mm diameter 
and 5 m long. A diaphragm is used between two flanges of 
the driver section and the driven section of the shock tube and 

tightly fastens by nut-bolt with proper gasket. The diaphragm is 
separated the high pressure chamber from atmospheric pressure. 
Inserting the air (or N2) pressure inside the high pressure 
chamber, chamber pressure gradually increases and due to high 
pressure of the chamber, the diaphragm feels tension force and 
at certain instant it starts rupture. Due to sudden rupture, the 
fluid from the high pressure chamber starts to flow with high 
velocity and when the flow velocity reaches to exceed sonic 
limit, the shock wave generates after travelling certain distance 
in the driven section. In the present experiment, the shock wave 
is allowed to propagate in the open atmosphere, even though 
it is not safe for human beings if the shock wave strength 
overcomes the moderate Mach number. After propagating the 
shock wave in the open atmosphere, the post-shocked high speed 
air delivered from the end section of the shock tube, which is 
shown in Figure 2. High pressure fluid, whose pressure is less 
than chamber pressure, drives the shock front. The rupture of 
the diaphragm in the shock tube depends on the diaphragm 
properties and it is observed that better toughness, slightly 
brittle property of the diaphragm can able to generate stronger 
shock wave. On the other hand, in smaller diameter shock tubes, 
diaphragms are ruptured relatively uniform and quickly and 
then incident shock formation distance is relatively short and its 

Figure 1: Simple shock tube photograph, constructed in Fluid 
Mechanics Lab on IUT where driver section and driven 

section are shown

Figure 2: Photograph of post-shocked high speed air delivered 
from end section of the shock tube

Figure 3: Rupturing characteristics of different diaphragms of (i) 
Thick polythene; (ii) Raksin; (iii) Used X-ray film

(i) (ii)

(iii)
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frontal shape is planar. However, in a large size shock tube under 
study, large diameter plastic diaphragm such as Mylar ones 
tend to rupture non-uniformly to generate three dimensionally 
distorted shock fronts. In the present experiment, three types 
of diaphragm are used where ductile typed thick polythene 
diaphragm is not suitable to generate shock wave. Raksin sheet 
and used X-ray film are suitable to use as a diaphragm for 
generating shock wave in the driven section of the shock tube. 
Rupturing characteristics of different diaphragms are observed 
in the experiments which are shown in Figures 3(i)-(iii). Ductile 
typed thick polythene diaphragm starts continuous deformation 
as increasing the chamber pressure and it is continuing to 
deform upto the rupturing of the diaphragm. So such types of 
diaphragm rupturing fail to create supersonic velocity suddenly 
at the driven section which finally does not generate shock 
wave. Due to toughness and brittleness of the Raksin sheet and 
used X-ray film, the deformation is not linear as increasing the 
chamber pressure and the rupturing happened suddenly making 
large ruptured area. Due to sudden diaphragm ruptured, a fluid 
column from high pressure chamber starts to move through 
driven section and creates shock wave after travelling certain 
distance in the driven section. At the same time, an expansion 
wave, known as expansion fan, moves through high pressure 
chamber, as a result, a contact surface is created which is moved 
behind the shock wave with lower velocity, as shown in Figure 4. 
Figure 4 gives an x-t diagram for a typical shock wave indicating 
the available test time in the test section of the shock tube. The 
test time is terminated by the arrival of the reflected expansion 
wave head from the driver end as indicated in Figure 4 and 
the arrival of the contact surface terminates the test time for 
the reflection of the incident shock waves from the driven end 
section if the end wall present at the end section. In the present 
case, the incident wave propagates in the open atmosphere from 
the driven end section because of the absence of the end wall.

In the present experiment, the constructed shock tube is 
used to generate shock wave at the outlet of the shock tube. 
The chamber pressure of the shock tube is taken in the range of 
3.5 – 4.5 kg/cm2 and due to sudden rupture of the diaphragm, a 
wave generates in the shock tube which travels with subsonic or 
supersonic speed depending on the pressure inside the chamber 
during rupturing. If the chamber pressure increases, a shock wave 
generates after diaphragm rupturing. A time measuring device is 

used to measure the travel time of the wave propagation in the 
open atmosphere. The logic circuit for the time measuring device 
has been developed by using two sensing points as shown in 
Figure 5. In sensing point-1, a metal wire carrying sufficient 
voltage when touches another metal wire then a voltage signal 
generates in that wire which causes to change the state of the 
AND gate to open and  allow to pass the crystal frequency 
through it. Similarly in sensing point-2, shown in Figure 5, 
a digital signal closes the AND gate not to pass the crystal 
frequency through it. In this sensing technique, a direct metal 
to metal contact sensing is more efficient as compare to other 
sensing devices, like pressure transducers, Electro-optic sensors, 
Infrared sensors, Magnetic sensors etc and here is not necessary 
to change the signal, like light, heat, magnetic signal into electric 
voltage signal. Using the number of pulse counted, the traveling 
time of the wave between two sensing points is calculated.

Two trigger points (Trigger-1 and Trigger-2) are installed 
61.5 cm apart in the shock tube to measure the incident wave 
Mach number. Similarly other four trigger points are also 
installed at different positions by the supporting rod, shown in 
Figure 6, in the open atmosphere to calculate the wave speeds 
during the propagation in the open atmosphere and the calculated 
traveling time between different triggers are recorded. Trigger-2 
is installed at the end point of the shock tube where x = 0.0 cm 
and all other trigger distances are measured from Trigger-2. 
Here the distance of the Trigger-3 from Trigger-2 is 9 cm, 
shown in Figure 6-7. Similarly from Trigger-2, the distance of 

Figure 4: A typical x-t diagram for the relative direction of the shock 
wave and expansion wave propagation after the 

rupture of diaphragm

Figure 5: Circuit layout use to construct time measuring device

Figure 6: A schematic illustration of the horizontal shock tube where 
the relative distances between different trigger points are given
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Trigger-4 is 18.5 cm, the distance of Trigger-5 is 28.5 cm and the 
distance of Trigger-6 is 38.5 cm respectively which are shown in 
Figure 6-7.

3.0	 NUMERICAL SIMULATION

3.1	 Problem Specifications
In the present simulation, the results obtained by solving two-
dimensional (2D) Euler equations are used to compare with 
experimental results. The valid 2D numerical code has been 
developed to solve the Euler equations for the shock wave 
propagation in the open atmosphere and the extended 3D code 
was used by Jinnah and Takayama [1] to compute the outcomes 
of the shock/turbulence interaction. The governing equation is, 

Here Q is the vector of conservative variables which 
contains mass, momentum and energy. All variables are 
calculated in per unit volume. ρ is taken as the mass per unit 
volume. Two momentum terms in two-dimensional Cartesian 
coordinates system are ρu, and ρv per unit volume. F and G are 
the two inviscid flux vectors in x- and y- axis respectively. Each 
flux vectors contain mass flux, momentum flux and energy flux. 
ρu is the mass flux and ρu2, ρuv  are the momentum flux and 
u(e+p) is the energy flux in the x-axis. Similarly ρv is the mass 
flux and ρuv, ρv2 are the momentum flux and v(e+p) is the energy 
flux in the y-axis. Also ρ is the fluid density and u, v are velocity 
components in each direction of Cartesian coordinates. While e 
is the total energy per unit volume, pressure p can be expressed 
by the following state equation for ideal gas

p=(γ –1)[e– ρ(u2+v2)] where γ is the ratio of specific heats.

The governing equation described above for compressible 
inviscous flow is discretised by the finite volume method. 
A second order, upwind Godunov scheme of Flux vector 
splitting method is used to discrete the inviscid flux terms where 
HLL-Reimann solver is used for shock capturing in the flow. 
Two dimensional cells with adaptive grid systems are used for 
these computations.

The initial two-dimensional grid systems are shown in 
Figure 8. The physical size of each cell before adaptation 
is equal to 13 x 13 (mm). The grid adaptation is one of the 
improved and computational time saving techniques, which is 
used in these computations. The grid adaptation is performed 
by two procedures, one is refinement procedure and another is 
coarsening procedure. The refinement and coarsening operations 
are handled separately in computation.

3.2	 Boundary Conditions
The upstream of incident shock wave is set as inflow boundary 
condition, the properties and velocities of which are calculated 
from Rankine-Hugoniot conditions with incident shock Mach 
number. The downstream inflow boundary conditions, shown in 
Figure 8, are open boundary conditions and the wall surfaces of 
the shock tube are used as solid boundary where the gradients 
normal to the surface are taken zero.

4.0	 RESULTS AND DISCUSSION
In the present research work, the investigation on wave 
propagation in the open atmosphere from the end section of 
the shock tube is focused mainly to observe the decay of the 
wave strength. Both experimentally and numerically, the decay 
of the wave strength measures during propagation and finally 
a comparison test is performed between numerical results 
and experimental results. The numerical images are used to 
visualize the density contour in the flow field during the shock 
wave propagation in the open atmosphere. It is observed from 
the density contour of the wave that the number of lines near 
shock front decreases gradually as increasing the distance of the 
shock front from the end section of the shock tube. The density 
contour behind the shock front shows that each line indicates 
the uniform density along the line and the two adjacent lines 

Figure 7: Schematic diagram of the Shock tube and the position of 
trigger points

Where

Figure 8: 2D numerical grids of the shock tube and the free 
space where solid boundaries are taken for shock tube and open 

boundaries are taken for free space
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measure the density gradient of the flow field. Here there have 
approximately 60 contour lines considered between maximum 
and minimum density in the field and the density contours step 
is 0.01 which are shown in Figure 9(i)–(viii). Similarly the 
density fringes are visualized numerically to investigate the 
wave propagation phenomena in the open atmosphere which 
are shown in Figure 10(i)–(viii). Many researchers used Double 
exposure holographic interferometry to visualize experimentally 
the density fringes for the shock wave interaction with different 
objects, like Wedge, Cone and Cylinder etc. Other researchers 
used Laser beam to take two consequent exposures on the 
same photo film within few nanoseconds. Because of double 
shot on the same photo film, the word double exposure was 
used. Numata et al. [5] conducted their experiments to observe 
the shock wave reflection from a skewed wedge by using the 
holographic interferometry. A series of experiments was carried 
out in order to investigate the initial transient flow in the nozzle 
by Saito et al. [6]. In their experiment the flow was visualized by 
using the double exposure laser holographic interferometry and 
a comparison test was conducted on density fringes of the flow 
field obtained by experimentally and numerically. In the present 
computation, the density fringes are used to explain the wave 
propagation characteristics and to get the complete idea on the 
spherical expansion of the shock front in the open atmosphere.

(i)  Near end section of the shock tube, x = 0 cm, density contours 
      step 0.01

(ii)  Shock front position at x = 9.0 cm, density contours step 
        0.01

(iii)  Shock front position at x =  13.75 cm, density contours step 
        0.01

(iv)  Shock front position at x = 18.5 mm, density contours step 
        0.01

(v)  Shock front position at x =  23.5 mm, density contours step 
       0.01

(vi)  Shock front position at x =  28.5 mm, density contours step 
        0.01

(vii)  Shock front position at x =  33.5 mm, density contour step 
         0.01

(viii)  Shock front position at x =  38.5 mm, density contour step 
          0.01

Figure 9: Numerical results of the density fringes at different 
locations of the shock front in the open Atmosphere 

for moderate shock propagation
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(i)  Near end section of the shock tube, x = 0.0 cm, density 
      fringes step 0.1

ii)  Shock front position at x = 9.0 cm, density fringes step 0.1

(iii)  Shock front position at x = 13.75 cm, density fringes step 
        0.1

(iv)  Shock front position at x = 18.5 cm, density fringes step 0.1

(v)  Shock front position at x = 23.5 cm, density fringes step 0.1

(vi) Shock front position at x = 28.5 cm, density fringes step 0.1

(vii)  Shock front position at x = 33.5 cm, density fringes step 
         0.1

(viii)  Shock front position at x = 38.5 cm, density fringes step  
          0.1

Figure 10: Numerical results of the density fringes at different 
locations of the shock front in the open Atmosphere 

for moderate shock propagation

The present time measuring technique is used successfully 
in experiment to investigate the wave propagation in the open 
atmosphere. The sensing point-1 as shown in Figure 5, is 
installed at the end section of the shock tube where at trigger-2, 
x = 0 cm, shown in Figure 7. Similarly sensing point-2, shown 
in Figure 5, is installed at a point in the free space where the 
distance from the end section of trigger-3 is x = 9 cm, shown in 
Figure 7. During the wave propagation over these triggers, the 
device is captured frequency which is directly proportional to 
the travelled time of the wave from trigger-2 to trigger-3. The 
captured frequency is converted into travelled time by dividing 
the known crystal frequency. Here the known crystal frequency 
is 3579540 Hz, that means, 1 second is equivalent to 3579540 
pulses. Similarly by installing sensing point-1 and sensing 
point-2 of the device at the points where trigger-2, x = 0 cm 
and trigger-6, x = 38.5 cm respectively, the captured frequency 
is recorded during the wave propagation between these trigger 
points and the captured frequency is then converted into travelled 
time of the wave.

Figure 11: Captured frequency recorded experimentally during the 
wave travels between different trigger points in the open Atmosphere 

(Here 1 sec = 3579540 pulses)
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Figure 11 shows captured frequencies recorded 
experimentally during the wave propagation over the points 
in the open atmosphere where the position of the trigger 
points are, x = 0 cm, x = 9 cm, x = 18.5 cm,   x = 28.5 cm and 
x = 38.5 cm, shown in Figure 7 and here Raksin sheet is used 
as a diaphragm in the shock tube. The average wave speeds 
(Uav) are determined by the ratio of the distance between two 
trigger points to the wave travelled time of this distance and 
the wave speed between any two trigger points is considered as 
the wave speed at the mid point of the two trigger points. In 
case of Raksin diaphragm, Figure 12 shows the average wave 
speed (Uav) variations from the end of the shock tube in the 
open atmosphere. Here the maximum wave speed is 326 m/s at 
position, x = 4.5 cm which is the mid point between the trigger 
points, x = 0 cm and x = 9 cm. As compare to the local sound 
velocity, the wave speed is subsonic. So it is concluded that the 
rupture of the Raksin diaphragm generates subsonic wave at the 
end point of the shock tube and as increasing the travel distance 
by the wave, the wave strength decreases during propagation in 
the open atmosphere which is shown in Figure 12.

Similarly Figure 13 shows captured frequencies recorded 
experimentally during the wave propagation over the points in 
the open atmosphere where the position of the trigger points are 
x = 0 cm, x = 9 cm, x = 18.5 cm, x = 28.5 cm and x = 38.5 
cm, shown in Figure 7 and here used X-ray film is used as a 
diaphragm in the shock tube. In case of used X-ray film, 
Figure 14 shows the average wave speed (Uav) variations from 
the end of the shock tube in the open atmosphere. Here the 
maximum wave speed is 380 m/s at position, x = 4.5 cm which 
is the mid point between the trigger points, x = 0 cm and x = 
9 cm. As compare to the local sound velocity, the wave speed 
is supersonic. So it is concluded that the rupture of the used 
X-ray film diaphragm generates shock wave at the end point 
of the shock tube and as increasing the travel distance by the 
wave, the shock wave strength decreases to subsonic wave 
during propagation in the open atmosphere which is shown in 
Figure 12.

The decay of the wave propagation is determined 
both experimentally and numerically during the wave 
propagation over the trigger points in the open atmosphere and 
Figure 15 shows the profile of the percentage of decay at different 
trigger points when Raksin sheet is used as a diaphragm in the 
shock tube. It is observed that initially the percentage of decay 
increases obtained by experiment as compare to the numerical 
results. It is observed that the percentage of the decay increases 
as increasing the distance from the end point of the shock tube. 
It is also observed that the decay obtained from experiment has 
the good agreement with the numerical results.

Figure 12: Experimental results of the average wave speed at 
different locations of the shock front in the open Atmosphere 
(Here rupture of Raksin diaphragm generates subsonic wave 

at the end of shock tube)

Figure 13: Captured frequency recorded experimentally during the 
wave travels between different trigger points in the open Atmosphere 

(Here 1 sec = 3579540 pulses)

Figure 14: Experimental results of the average wave speed at 
different locations of the shock front in the open Atmosphere 

(Here rupture of used X-ray film diaphragm generates supersonic 
wave at the end of shock tube)
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Figure 15: Comparison between Experimental results and 
Numerical results of the percentage of decay of the wave propagation 

in the open Atmosphere (Here rupture of Raksin diaphragm 
generates subsonic wave at the end of shock tube)

Figure 16 shows the profile of the percentage of decay 
at different trigger points when used X-ray film is used as 
a diaphragm in the shock tube. It is observed that initially 
the percentage of decay decreases obtained by experiment 
as compare to the numerical results. It is observed that the 
percentage of the decay increases as increasing the distance 
from the end point of the shock tube. It is also observed that 
the decay obtained from experiment has the good agreement 
with the numerical results. So it is concluded that the decay of 
subsonic wave and supersonic wave has the same nature during 
the propagation in the open atmosphere and such type of decay 
observes due to spherical expansion of the wave in the open 
atmosphere. The decay of shock wave may differ with subsonic 
wave due to rapid compression and expansion happened during 
shock wave propagation but the percentage of decay is same 
after propagating far distance in the open atmosphere.

Figure 16: Comparison between Experimental results and 
Numerical results of the percentage of decay of the wave propagation 
in the open Atmosphere. (Here rupture of used X-ray film diaphragm 

generates supersonic wave at the end of shock tube)

5.0    CONCLUSION
In the present experimental works, shock wave has been 
generated by rupturing different types of diaphragms in the shock 
tube. The rupturing properties of diaphragm are the major factors 
to generate shock wave in the shock tube. It is observed that used 
X-ray film gives the better performance as compare to Raksin 
sheet for rupturing purposes and the properties like toughness 
and brittleness are the best properties of the diaphragm.

For calculating the wave speed in the open atmosphere, the 
present time measuring technique is simple in use and accurate 
in measurement as compare to other complicated technique like 
wave visualization technique. During the wave propagation in 
the open atmosphere, the wave speed decreases as increasing 
the travel time. So decreasing the wave speed indicates that the 
decay of the wave strength is the normal phenomenon during 
propagation in the open atmosphere. In the present research, the 
decay of the wave strength obtained from experimental results 
has the good agreement with numerical results. 
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ABSTRACT

There have long been attempts to reduce the rolling of ships, prompted by a desire to increase comfort of travel, improve 
weapon control measures, extend the operation of aircraft, and so on. In many passenger and naval ships anti-rolling tanks 
are fitted in order to reduce rolling. Anti-rolling tank systems operate on the principle that a fluid, usually water, moves from 
one tank to another and generates a moment on the ship that counteracts the rolling motion. The principal aim of the present 
paper is to explain the characteristics of oscillation of fluid in anti-rolling tanks. Using the principle of conservation of energy, 
a detailed theoretical analysis is performed for the oscillation of water in two identical circular tanks connected by a narrow 
pipe. A new expression is derived for the frequency of oscillation of water as a function of the diameter of the circular tanks, the 
depth of water in the tanks, and the length and diameter of the connecting pipe. Subsequently, the expression for the frequency 
of oscillation of water is modified for the case of two identical rectangular tanks. Then it is analytically demonstrated how 
the aforesaid tank system can be used to neutralize the rolling motion of a ship. Based on the aforesaid theoretical analysis, a 
computer program is developed in FORTRAN 95 and executed on the DELL OPTIPLEX 780 computer. The computational 
results are plotted in order to show how the frequency of oscillation of water is influenced by the diameter of the tanks, the depth 
of water in the tanks, geometry of the tanks and the length-to-diameter ratio of the connecting pipe. The present theoretical 
analysis is expected to be useful in the design of anti-rolling tanks which will effectively reduce the rolling motions of a ship.

Keywords: Anti-Rolling Tank, Connecting Pipe, Depth of Water, Diameter of Tanks, Frequency of Oscillation, Identical Tanks, 
U-Tank

1.0	 INTRODUCTION
A ship moving on the surface of a sea is almost always in 
oscillatory motion. There are six fundamental forms of ship 
motions. These motions are heaving, swaying, surging, rolling, 
pitching and yawing. All six motions are oscillatory in nature. 
The first three are linear motions, heaving being the vertical 
motion of the ship, whilst swaying and surging are respectively 
the athwartship motion and the fore-and-aft motion. Rolling is 
a rotation about a longitudinal axis, while pitching is a rotation 
about a transverse axis and yawing is a rotation about a vertical 
axis.

The motions of ships and the control of these motions have 
been the focal point of extensive research over the years. A ship 
in a seaway undergoes complex motions that may reduce the 
operational range of the ship and can be uncomfortable or even 
dangerous for the crew. In certain circumstances, the captain 
may be forced to alter the course or slow the ship to reduce large 
motions and thus reduce the combat readiness of naval vessels, 
cause the loss of containers on cargo vessels, and reduce the 
operational parameters of various ships. In extreme cases, the 
ship may capsize.

If a ship could possibly roll among waves unresisted, that 
is, without being subject to any resistance from wind or water 
and having her natural period of rolling synchronizing with that 
of the waves, the effect would be that the continued impulses 
given by the synchronizing waves would eventually capsize her, 
whatever might be her stability. 

The great value of bilge keels in increasing resistance and 
reducing rolling has frequently been proved by experiments with 
models and experience with ships in service. Bilge keels produce 
good results upon large ships but the effect is equally apparent 
upon smaller craft with a short period.

Various other methods have been adopted in the past to 
reduce rolling. In some passenger and naval ships anti-rolling 
tanks were fitted and in a few a type of gyroscope has been fitted. 
Whatever method is tried, whether by external fittings such as 
bilge keels, fins, etc., or internal appliances, the principal object 
is to absorb the energy imparted to the ship by the wave motion, 
and the degree of violence of the rolling depends on the rate 
at which the resisting medium can keep pace in absorbing the 
energy which the waves are imparting to the ship.

There have been many types of internal tanks designed 
to produce counter-rolling moments, and they have been tried 
with varied degrees of success. No attempt will be made here 
to describe all these various systems. Rather, it would be more 
pertinent to single out one of the most successful of this type of 
anti-rolling device which was originally developed by Frahm in 
1911. The famous Frahm tank consists basically of a U-shaped 
tank system transversely arranged from side to side (Figure 1). 
Actually, the system is composed of two reservoirs (one on the 
port side and the other one on the starboard side) connected by a 
horizontal duct. The horizontal duct is of a smaller sectional area 
than the reservoirs. The fluctuating column of water within the 
reservoirs comprises an oscillatory system, possessing a definite 
natural period of oscillation. For the effective operation of the 
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reservoirs, it is essential that the period of oscillation of the water 
column within the reservoirs be equal to the period of rolling of 
the vessel in still water. This is attained by the proper choice 
of dimensions for the section of the connecting water canal. As 
the vessel experiences a resonant, regular sea, there arises the 
phenomenon of dual resonance between the action of the waves 
and the rocking of the vessel, and between the motions of the 
vessel and the oscillations of the water in the reservoirs. The 
oscillations of the vessel lag, in phase, the oscillations of the 
exciting force by π/2, and the oscillations of the water within 
the reservoirs lag the oscillations of the vessel by π/2. As a 
result, the lag between the phase of the oscillations of the water 
and the phase of the exciting moment comprises π, and the 
stabilizing moment created by the oscillation of the water bears 
a sign opposite to that of the exciting moment of the wave action 
(Blagoveshchensky, 1962).

The reservoirs are connected across the top by an air line 
whose dimensions are also critical in affecting the period of the 
water in the system. This air line is equipped with valves which, 
upon adjustment, can control the amount of water transferred 
between reservoirs and the phase relation between the roll of the 
ship and the transfer of the water. The phase lag is adjusted so that 
when the ship is rolling to port the water in the tank is rolling to 
starboard. This type of tank contains no mechanical apparatus at 
all, although the water passes through structural constrictions as 
it passes from side to side, and is efficient only when the quantity 
of water in motion has been carefully calculated (Walton and 
Baxter, 1970).

In recent years, there has been a significant interest in 
U-tanks in relation to their potential for reducing the likelihood 
of ship parametric roll resonance. Holden et al. (2011) presented 
two novel nonlinear models of U-shaped anti-roll tanks for 
ships, and their linearization. The models were derived using 
Lagrangian mechanics. This formulation not only simplifies 
the modeling process, but also allows one to obtain models 
that satisfy energy-related physical properties. The proposed 
nonlinear models and their linearization were validated using 
model-scale experimental data.

There are many more researchers who have made important 
contributions towards the improvement of anti-rolling tanks. 
Some of them are  Watanabe (1930), Vasta et al. (1961),  Okada 
and Takagi (1965), Watanabe et al. (1966), Webster (1967), 

Takaishi (1971), Barr and Aukudinov (1977), Cox and Lloyd 
(1977), Webster et al. (1988), Honkanen (1990), Yamaguchi and 
Shinkai (1992), Lee and Vassalos (1996), Hsueh and Lee (1997), 
Treakle (1998), Gawad et al. (2001), Tanizawa et al. (2003), 
Moaleji and Greig (2007), Umeda et al. (2008), Marzouk and 
Nayfeh (2009), Winden (2009), Holden et al. (2011),  etc.

Many researchers have studied the design of anti-rolling 
tanks. However, most of them concentrated on studying the 
performance of anti-roll tanks in damping the rolling motion 
of the ship. Little attention has been paid to the fluid motion 
inside the tank itself. Another important issue is the tank tuning. 
Proper tuning of the anti-rolling tank, to match the ship’s natural 
frequency, is very important in reducing the rolling motion. 
This paper concentrates on the most familiar type, which is the 
U-tube passive tank as a mechanical absorber of rolling motion. 
A detailed mathematical analysis of the oscillation of water in 
two identical tanks connected by a narrow duct is presented. An 
expression is derived for the frequency of oscillation of water 
as a function of the diameter of the tanks, the depth of water in 
the tanks, and the length and diameter of the connecting duct. 
The present theoretical model is expected to be useful in the 
design of anti-rolling tanks which will effectively reduce rolling 
motions of a ship.

2.0	 THEORETICAL ANALYSIS
Consider two identical circular cylindrical tanks of cross-
sectional area A. The tanks are connected at their bottom 
by a pipe of length L and cross-sectional area a, as shown in 
Figure 2. The tanks are filled with water, and depth of water in 
each tank is h.

Suppose that oscillatory motion occurs in the tanks due to 
some external disturbance. In such a case, the water level will 
fall in one tank, with a corresponding rise in the other. The head 
of water, causing flow in the pipe, will be the difference between 
the two water levels.

Let the water level in Tank 1 fall down by y. Then the 
water level in Tank 2 will rise up by y. Let x be the horizontal 
displacement of water in the pipe. The volume of water that has 
passed from Tank 1 is Ay. From constancy of volume of water, 
the volume of water can be written as Equation (1)

Figure 1:  Schematic diagram of Frahm’s tank

Figure 2: Natural oscillations of water in two identical tanks
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Thus we have a “gravity spring”, of which the spring constant by 
definition is the force per unit deflection.

                                                      
		  	             (8)
	
		  	            
Equation (6) and Eqn (8) can be combined and rewritten as:

                                                      
		  	             (9)

Differentiating  Eqn (9) with respect to time t,

		  	           (10)

The kinetic energy of the oscillating mass of water is given by

	                
        (11)

Equation (2) and Eqn (11) can be combined and rewritten as:

		  	           

	                         	         (12)

Differentiating both sides of Eqn (12) with respect to time t,

   
   
	 	
          (13)

		            

   	

			   Ay = ax			              (1)	
	                           

               (2)
             

Using the principle of conservation of energy, natural 
frequencies of oscillating systems can be conveniently 
determined. The simplest case of a free, natural oscillation is 
that of a weight suspended on a spring, as shown in Figure 3. 
When the weight is disturbed from its position of equilibrium, a 
restoring force is applied by the change in length of the spring 
and free oscillations are sustained by the elastic force in the 
spring alone. For the oscillating system, the energy is partly 
kinetic and partly potential. The kinetic energy (T) is associated 
with the velocity of the mass and the potential energy (U) is due 
to the strain energy stored in the spring. Thus,

	  	 T + U = Total energy = constant                 (3)

Therefore, the rate of change of energy is zero.
                                                                                                    
	            (4)	
		           

The kinetic energy of the mass is given by		              

			                                (5)	
		  	

The potential energy of the system is due to strain energy stored 
in the spring and is given by

			                                  (6)     

where k is the spring constant.

The expression for the potential energy of the water oscillating 
in the tanks is as shown in Equation (7). In case of oscillation, 
the water falls in one tank, with a corresponding rise in the other. 
The restoring force (F) is due to the difference between the two 
water levels. Thus, it can be written as: 

	            (7)	
	               

where ρ is the density of water.

In this problem there is no specific “spring”, but still the force of 
gravity tends to restore the water level to an equilibrium position. 

Figure 3: Simple spring-mass system
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Consider a very special case when the diameter of the connecting 
pipe is equal to the diameter of the twin tank, that is, D = d. Then 
Eqn (20) reduces to

  (21) 
  

Then consider two rectangular tanks in place of the aforesaid 
circular cylindrical tanks. The length and breadth of each tank is 
D and the depth of water is h. The two tanks are connected by a 
pipe of diameter d. Therefore, it can be written as:

          

  (22)

Combining Eqn (16) and Eqn (22), it can be shown that:

  (23)

Consider a U-tank of uniform cross-sectional area A, as 
shown in Figure 4. The tank is filled with water. Let the total 
length of the water column be L', and the density of water be 
ρ. If the water oscillates back and forth, the mass in motion is 
ρAL' . The force of gravity tends to restore the water level to an 
equilibrium position. Suppose that the water level in one arm of 

                                    

Dividing the above expression by   throughout,

        (14)
 

                                    

        (15)

where p is the natural frequency of oscillation in radian per 
second. Thus,

	           (16)
	                                        

Let D be the diameter of each tank and d the diameter of the 
connecting pipe. Therefore,

                    
	           

                                    

                   (17)	
	           

From Eqn (16) and Eqn (17), it can be written as:

    (18)

                            

    (19)

We know that        

where N is the frequency of oscillation in cycles per second.

 
(20)             

Figure 4: Natural oscillations of water in a U-tank
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The equation of motion can be written as

(28)

                   
  (29)

The Cardinal Principle of forced vibration of a linear system 
is that a harmonic force acting on a linear system produces a 
harmonic motion of the same frequency but with a phase shift. 
Since the system under consideration is undamped, the phase 
angles can be taken as constant and equal to zero. Hence, the 
solution of Eqn (28) and Eqn (29) can be written in the form

    (30)                                            

    (31)

Using Eqn (30) and Eqn (31) in Eqn (28) and Eqn (29), it can be 
shown that:

          (32)                                  

	           (33)

Defining

	           (34)

			 
		            
			 
		           

and rewriting Eqn (32) and Eqn (33) as

	          (35)

the U-tank is raised by y, then it will fall in the other arm by y. 
This gives an unbalanced weight of 2y water column. Thus the 
inertia force (Fi) and the restoring force (F) can be expressed as 
follows:

According to Newton’s law of motion,

(24)

Equation (24) is of the well-known form:
	
	  
     

where			                                           (25)

Thus the frequency of oscillation can be expressed as

	          (26)

	          (27)

It may be noted that Eqn (21) gives an expression for the 
frequency of oscillation of water in two identical circular tanks 
when the diameter of each tank is equal to that of the connecting 
pipe. Then Eqn (27) provides an expression for the frequency of 
oscillation of water in a simple U-tank. A careful observation 
reveals that there is no fundamental difference between these 
two expressions, although they are independently derived. This 
confirms the validity of the present theoretical analysis.

Let us now discuss how the aforesaid tank system can be 
used to neutralize the rolling motion of a ship. Suppose these 
two tanks are installed in a ship, one on the starboard and the 
other on the port side and are connected by a pipe. In case of 
rolling, the water will roll from side to side with a period similar 
to that of the ship but exactly opposite in phase, that is, when 
the ship is rolling to port the water in the tank will be rolling 
to starboard. In Figure 5 the main spring-mass system (k1, m1) 
is the analogue of the ship and the small spring-mass system 
(k2, m2) is the analogue of the anti-rolling tanks. A sinusoidal 
wave exciting force P sin ωt acts on the main mass m1.

Figure 5: Equivalent spring-mass system of a ship under 
rolling-motion



GAZI MD. KHALIL, MD. SHAHJADA TARAFDER AND MD. SHAHIDUL ISLAM

Journal - The Institution of Engineers, Malaysia (Vol. 73, No. 3, September 2012)28

      (36)

Solving Eqn (35) and Eqn (36),

      (37)

	           

      (38)

Assuming the reduction factor

      (39)

In Eqn (37) and Eqn (38), the magnification factors of the main 
mass ( ) and the anti-rolling tank ( ) can be written as:

      (40)	
	
	           

      (41)

Equation (40) gives us the condition for reducing the rolling 
motion of the ship to zero. If p2 is made equal to ω (that is, the 
frequency of the anti-rolling tank is made equal to the frequency 
of the wave exciting force), then a

1
 becomes zero. Thus the 

rolling motion of the ship does not exist any more.

If p2 is made equal to ω then Eqn (34) and Eqn (39) lead to:

(42)

Combining Eqn (41) and Eqn (42): 		           

      (43)

3.0	 RESULTS AND DISCUSSION
A detailed mathematical analysis of the oscillations of water in 
two identical tanks connected by a narrow pipe is presented in the 
preceding section. Based on the aforesaid theoretical analysis, a 
computer program is developed in FORTRAN 95 and executed 
on the DELL OPTIPLEX 780 computer. It may be noted that 

all computations are performed initially for a pair of identical 
circular tanks and then for a pair of identical rectangular tanks 
whose length and breadth are equal to the diameter of the circular 
tanks. The computational results are then plotted in order to 
show the characteristics of oscillation of water in circular as well 
as rectangular tanks.

Figure 6 shows the variation of the frequency of oscillation 
of water (N) with the length-to-diameter ratio (L/d) of the 
connecting pipe. The computations are performed assuming that 
the diameter of each tank (D) is 3 m and the depth of water (h) 
is 5 m. It is observed that the frequency of oscillation of water 
attains a high value (0.16 cycles/second) when the length-to-
diameter ratio of the connecting pipe is equal to unity, and then 
gradually decreases as the length-to-diameter ratio increases. 
The frequency of oscillation is 0.08 cycles/second when 
L/d is 10. The frequencies of oscillation of water in the 
rectangular tanks are always found to be lower than those in 
the circular tanks. In the case of rectangular tanks, N is equal to 
0.15 cycle/second when L/d is equal to 1 and N is equal to 
0.07 cycle/second when L/d is equal to 10. It may be noted 
that Attwood et al. (1953) have provided a very useful table 
containing the rolling periods of different types of ships namely, 
battleship, fleet aircraft carrier, cruiser, destroyer and liner. 
Typical periods of rolling are found to vary from 7.5 seconds to 
24 seconds. In other words, the frequency of rolling varies from 
0.042 to 0.133 cycle/second. Thus the frequencies of oscillation 

Figure 6: Variation of the frequency of oscillation (N) with the 
length-to-diameter ratio (L/d) of the connecting pipe when the depth 

of water (h) is 5 m and the diameter of each tank (D) is 3 m

Figure 7: Variation of the frequency of oscillation (N) with the non-
dimensional depth of water (h/D) in the tanks when the length of the 

connecting pipe (L) is 7 m and its diameter (d) is 1 m



AN ANALYTICAL STUDY OF FLUID TANK SYSTEM FOR REDUCING THE ROLLING OF A SHIP

Journal - The Institution of Engineers, Malaysia (Vol. 73, No. 3, September 2012) 29

Figure 10 shows the variation of frequency of oscillation of 
water (N) with the total length of the water column (L') in the 
U-tank. It is observed that the frequency of oscillation of water 
decreases at a sharp rate with the increase of the total length of 
the water column up to L' = 15 m. However, the frequency of 
oscillation does not remarkably change when the length of the 
water column exceeds 15 m.

Equation (40) provides the condition for the complete 
elimination of rolling motion of a ship. If the frequency of the 
anti-rolling tank (p2) is made equal to the frequency of the wave 
force (ω), then a1 becomes zero. Thus the rolling motion of the 
ship does not exist any more.

Figure 11 is plotted to show the relationship between the 
magnification factor of the anti-rolling tank (a2) and the mass 
ratio (µ) when the frequency of oscillation of the ship is equal 
to the frequency of the wave (exciting) force and the frequency 
of the anti-rolling tank. Actually, when the frequency of the 
wave (exciting) force equals the frequency of the ship, then 
resonance occurs. This is the worst case scenario and the main 
subject of interest. This figure shows the relationship between 
the magnification factor of the anti-rolling tank (a2) and the mass 
ratio (μ). From this figure it is evident that as μ increase, i.e., 
the mass of anti-rolling tank increases, a2 decreases. But a large 
mass overboard will reduce the stability. So, one must be careful 
in choosing an appropriate mass of anti-rolling tank.

of water obtained from the present theoretical analysis are found 
to be in complete agreement with the range of frequencies of 
rolling reported by Attwood et al.

Figure 7 shows the variation of the frequency of oscillation 
of water (N) with the non-dimensional depth of water (h/D) in 
the tanks. The computations are performed assuming that the 
length (L) and diameter (d) of the connecting pipe are 7 m and 
1 m respectively. It is observed that the frequency of oscillation 
of water increases almost linearly with the increase of non-
dimensional depth of water in the tanks. This observation on 
the variation of the frequency of oscillation of water holds 
good for both the circular and the rectangular tanks. However, 
the frequencies of oscillation of water in the circular tanks are 
always found to be higher than those in the rectangular tanks.

Figure 8 shows the variation of the frequency of oscillation 
of water (N) with the non-dimensional diameter (d/D) of the 
connecting pipe. The computations are performed assuming that 
the depth of water (h) is 5 m and the length of the connecting pipe 
(L) is 7 m. It is observed that the frequency of oscillation of water 
rapidly increases with the increase of non-dimensional diameter 
and attains the maximum value when d/D = 1. It is interesting to 
note that the maximum value of frequency of oscillation of water 
is obtained when the diameter of the connecting pipe is equal to 
that of the twin tank. This statement is equally true for both the 
circular and the rectangular tanks. However, the frequencies of 
oscillation of water in the circular tanks are always higher than 
those in the rectangular tanks.

Figure 9 shows the variation of the frequency of oscillation 
of water (N) with the non-dimensional length of the connecting 
pipe (L/D) when the depth of water (h) is 5 m and the diameter of 
the connecting pipe (d) is 1 m. It is observed that the frequency of 
oscillation of water decreases with increase in non-dimensional 
length of the connecting pipe. The variation is, however, not 
linear. The frequency of oscillation decreases rapidly up to 
L/D = 6 and after that the rate of reduction is quite low. The 
frequency curves for both the rectangular tanks and the circular 
tanks exhibit similar trend. However, it must be noted that the 
frequency of oscillation of water in circular tanks is always 
greater than that in rectangular tanks.

Figure 8: Variation of the frequency of oscillation (N) with the non-
dimensional diameter (d/D) of the connecting pipe when the depth of 

water (h) is 5 m and length of the pipe (L) is 7 m

Figure 9: Variation of the frequency of oscillation (N) with the non-
dimensional length of the connecting pipe (L/D) when the depth of 
water (h) is 5 m and the diameter of the connecting pipe (d) is 1 m

Figure 10: Variation of the frequency of oscillation (N) with the total 
length of water column (L') in the U-tank
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Figure 12 is plotted for the case when the frequency of the 
ship is not equal to the frequency of the exciting force and the 
frequency of the anti-rolling tank is tuned to that of the exciting 
force. It shows the relationship between the magnification factor 
of the anti-rolling tank (a2) and the frequency ratio (p1/ω) for 
different values of the mass ratio (μ).  For a given value of μ, a2 
increases with the increase of p1/ω.  For a given system p1 or ω 
can not be changed, so a2 can be controlled only by changing the 
mass ratio (μ).

Figure 11: Relationship between the magnification factor of the anti-
rolling tank (a2) and the mass ratio (μ)

Figure 12: Relationship between the magnification factor of the 
anti-rolling tank (a2) and the frequency ratio (p1/ω)

3.0	 CONCLUSION
This paper presents an analytical study of the oscillation of 
water in two identical tanks connected by a narrow pipe. It also 
analyses how this fluid tank system can be used for reducing the 
rolling of a ship. The following conclusions can be drawn from 
the present work:
(a)	 Using the principle of conservation of energy, a detailed 

theoretical analysis is performed for the oscillation of water 
in two identical circular tanks connected by a narrow pipe. 
A new expression is derived for the frequency of oscillation 
of water as a function of the diameter of the circular tanks, 
the depth of water in the tanks, and the length and diameter 
of the connecting pipe. Subsequently, the expression for the 
frequency of oscillation water is modified for the case of two 
identical rectangular tanks.

(b)	 The frequency of oscillation of water in the circular tanks is 
always found to be higher than that in equivalent rectangular 
tanks. But the frequency curves exhibit similar trend for 
both circular and rectangular tanks.

(c)	 The frequency of oscillation of water decreases with increase 
in length-to-diameter ratio (L/d) of the connecting pipe.

(d)	 It is observed that the range of frequencies of oscillation 
of water is 0.08 cycle/second to 0.16 cycle/second for 
the circular tanks whereas the range is from 0.07 to 0.15 
cycle/second for the rectangular tanks. The aforesaid range 
of frequencies is in complete agreement with the values 
of rolling frequency of ships presented by Attwood et al. 
(1953).

(e)	 The frequency of oscillation of water increases almost 
linearly with the increase in non-dimensional depth of water 
(h/D) in the tanks.

(f)	 The frequency of oscillation of water increases sharply with 
the increase of the non-dimensional diameter (d/D) of the 
connecting pipe. The twin tank system behaves like a U-tank 
when d = D.

NOMENCLATURE

A        cross sectional area of the tank

a cross sectional area of the connecting pipe

a1 amplitude of oscillation of the ship

a2 amplitude of oscillation of water in the U-tank

a1 magnification factor of the ship

a2 magnification factor of the U-tank

D        diameter of the circular tank

d         diameter of the pipe connecting the two tanks

F        restoring force

Fi         inertia force

g          acceleration due to gravity

h          depth of water in the tanks

k          spring constant

k1 spring constant of the ship

k2 spring constant of the U-tank system

L        length of the pipe connecting the two tanks

L'       total length of the water column in the U-tank

N          frequency of oscillation of water (cycles/sec)

m1 mass of the ship

m2 mass of the water in the U-tank

P exciting force

p           frequency of oscillation of water (rad/sec)

p1 frequency of oscillation of the ship

p2 frequency of oscillation of water in the U-tank

T           kinetic energy

U          potential energy

x           coordinate measured along the horizontal axis

xs ratio of the exciting force to the spring constant of the ship

y           vertical displacement of the water level

∆ reduction factor

µ ratio of the mass of water in the U-tank to the mass of the ship 
(m2/m1)

ρ                   mass density of water

ω frequency of the exciting force
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(g)	 The frequency of oscillation of water decreases at a sharp 
rate with the increase of the total length water column (L') in 
the U-tank. 

(h)	 If the frequency of the anti-rolling tank (p2) is made equal 
to the frequency of the wave force (ω), the rolling motion of 
the ship is reduced to zero.

(i)	 The amplitude of oscillation of water in the anti-rolling tank   
a2 can be controlled by changing the ratio of the mass of 
water in the tank to the mass of the ship (m2/m1).

(j)	 The present theoretical model is expected to be useful in the 
design of anti-rolling tanks which will effectively reduce 
rolling motions of a ship. 
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ABSTRACT

Estimation of runoff is very important for flood estimation. Thus, runoff is very important in designing and managing water 
resources projects involving natural hazards. Region refers to a set of sites of which is expected to have data drawn in a 
synonymous frequency distribution. In this study, a regional frequency analysis of annual runoff in Peninsular Malaysia has 
been conducted and was based on the theory of L-Moments as developed by Hosking and Wallis [1] is a very reliable method 
for assessing exceedance probabilities of extreme environmental events when data is available from more than one site. 
The General Logistics (GLO) and Generalized Extreme Value (GEV) were found to be suitable for the region in peninsular 
Malaysia [2]. The best fit distributions of annual runoff in Malaysia are determined based on L-moment ratio diagram and 
statistical tests. Numerical analysis was performed on some stations in every state in Peninsular Malaysia. Thus, the analysis 
performed are using data from homogeneous regions established using L-moments procedure. From the analysis, probability 
plots and comparison between at site and regional estimation shows that most of the station are almost the same and lies on the 
45o lines meaning that the site are fitted distribution.

Keywords: Homogeneous, L-Moment, Regionalisation, Regional Frequency Analysis  

1.0	 INTRODUCTION
Flooding occurs when a watercourse is unable to convey the 
quantity of runoff flowing downstream. The frequency with 
which this occurs is described by a return period. Regionalization 
is the procedure to find natural groups of watersheds with 
homogeneous hydrologic response, and finds applications in 
hydrologic design, planning and management of water resources 
systems [3]. The regional frequency analysis is widely used in 
flood analysis. The approach based on the theory of L-moments 
was developed by Hosking and Wallis [1] is a very reliable 
method for assessing exceedance probabilities of extreme 
environmental events when data is available from more than one 
site. The method of L-moments is analogous to the method of 
ordinary moments. The main advantage of L-moments is that, 
being a linear combination of data, they are less influenced by 
outliers.

In recent years, researchers either hydrologist or engineer 
used different procedures because of the different parameters 
used and resulting to the different results. The reliability of the 
estimate are largely depends on the quality and the length of the 
hydrological records used in the analysis. The accuracy is the 
parameter that most design engineer had problem in analyses 
that can cause errors in estimation of hydrological parameters. 
Frequency analysis method using data from single site will limit 
the prediction value and lead to a large sampling errors [4].

This paper contains the application of the methodology 
proposed by Hosking and Wallis [1] for the estimation of the 
annual runoff distribution in any Malaysian rivers by using 
hydrometric and climatic data of Malaysian gauged stations. 

The objectives of this study are to identify the homogeneous 
region and to compare between regional estimation and at-site 
estimation analysis.

2.0	 Methodology in Regional 
Frequency Analysis By using 
L-Moments

2.1	 L-Moment Definition and Terminology
L-moments are statistics used to summarize the shape of a 
probability distribution and also define as linear combination of 
Probability Weighted Moments (PWMs) [5]. They are analogous 
to conventional moments in that they are used to calculate 
quantities analogous to the mean, standard deviation, skewness 
and kurtosis of data. In the L-moment field these terms are called 
L-mean, L-scale, L-skewness and L-kurtosis to distinguish them 
from the conventional moments and standardized moments. 
Standardized L-moments are called L-moment ratios [6].

For a random variable X, the first four population L-moments 
are [7]:
λ1 =  EX
λ2 = (EX2:2 − EX1:2) / 2
λ3 = (EX3:3 − 2EX2:3 + EX1:3) / 3
λ4 = (EX4:4 − 3EX3:4 + 3EX2:4 − EX1:4) / 4,

where Xk:n denotes the kth largest value in an independent 
sample of size n from the distribution of X.

(1)
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The first two of these L-moments have conventional names:
λ1 = mean, L-mean or L-location, 
λ2 = L-scale.

A quantity similar to the coefficient of variation, but based on 
L-moments is τ defined by

which is called  the “coefficient of L-variation”, or “L-CV”.

A set of higher order scaled L-moments, or L-moment ratios, is 
defined by

and conventional names for the third and fourth order L-moment 
ratios (r =3, 4) are
τ3 = L-skewness,
τ4 = L-kurtosis.

2.2	 L-Moments Ratio Diagram (LMRD)
L-Moments ratio diagram is a graphical analysis of distribution 
fitting where several distributions can be compared in a single 
diagram. Theoretical relationship between τ3 and τ4 have been 
derived for various distribution [8]. The selection of a suitable 
parametric distribution to describe the data from several sites can 
be based on the proximity of the mean value of τ3 and τ4 for the 
region to a theoretical line or point as well as on the variability 
of the mean values.

2.3	 Index Flood Method
The T-year event XT defined as the event of exceeded on average 
once every T years [9] is given as:

P[X > XT ] = 1/T

The parameters of regional frequency distribution can b 
estimated using L-moment together with regional average 
sample L-moments ratios. Then, the T-year event at site i can be 
estimated as

XT,i  = ui ZT

Where ui is the mean annual flood (MAF) at site i, and ZT  is the 
regional growth curve.

2.4	 Regional Frequency Analysis
There are five steps of the regional frequency analysis 
methodology which :
i.	 Screening of the data

ii.	 Identification of the homogeneous region

iii.	 Choose frequency distribution

iv.	 Estimation of the chosen parameters

v.	 Compute quintile estimation

Since these procedures are presented in detail by Hosking 
and Wallis [3], only a summary is reported below.

(2)

(3)

(4)

(5)

i.	 Screening of data

	 Test the gross outliers, inconsistencies, shifts, and trends 
[10]. Then, discordance measure is used to identify sites 
from the group of a given sites that are grossly discordance 
with the group as whole. The discordance measure is single 
statistics based on difference between L-Moment ratios of 
the site and the average L-Moment ratio of the group of same 
sites. These statistics can also be used to identify erroneous 
data.

ii.	 Identifying homogeneous regions

	 Assign the sites to region. Region defined as a set of sites 
in which the frequency distributions are considered to be 
appropriately similar. Region is the fundamental unit of the 
regional frequency analysis. The sites can be divided into 
region within the homogeneity criteria. It is exactly certified 
approximate homogeneity is sufficient enough to ensure 
that the regional frequency analysis is much more accurate 
compare to at site analysis.

iii.	 Choose the Frequency distribution

	 Single frequency distribution is fitted to the data from 
several sites of homogeneous region in regional frequency 
analysis. A distribution must be chosen which provides a 
good fit to the data because the true distribution of the runoff 
is not known. The parameter distributions that can be used to 
consider the quintile estimation in this study are Generalized 
Extreme Value (GEV), the Lognormal, Logistic, and Pearson 
Type 3. To help in selection of the appropriate distribution, 
Z-statistic was used. The Z-statistic is a goodness-of-fit 
measure for those parameter distributions that measures 
how good the theoretical L-Kurtosis of fitted distribution 
matched the regional average of the observed data.

iv.	 Parameter estimation

	 L-Moment algorithm is used to estimate the chosen 
distribution parameters and obtain the quintile estimate. It 
involves fitting the chosen distribution using L-Moment 
method of the distribution to the sample L-Moment 
derived from the observed data. Furthermore, the sample of 
L-Moment ratios from each site in the homogeneous region 
is weighted according to the length and combined to give 
regional average L-Moment ratios. Then, the regional mean 
is set and regional quintile estimates are derived.

v.	 Compute quintile estimates

	 To obtain the runoff estimation at ungauged sites, the 
regional quintile estimates derived from data at gauged sites 
within the region are interpolated to all ungauged sites in 
that particular region.

2.5	 Discordancy Measures
This measure is used to identify site that are outliers with the 
group as a whole. If a single site does not appear to belong to 
the cloud of τ3 and τ4 points on the L- Moment diagram, a test 
of discordancy based on L- Moments can be used to determine 
whether it should be removed from the region. The test of 
discordancy is applied by calculating the D-statistics, defined 
terms of L-Moments.
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where ui = vector of L-moment ratios for station i,

The station i is declared to be discordant, if Di is greater than 
the critical value of the discordancy statistic given in a tabular 
form by [6].

2.6	 Identification of Homogeneous Region using  
Heterogeneity Measure

Heterogeneity measure, H compares the inter-site variations 
in sample L-moments for the group of sites with what would 
be expected of a homogeneous region. The L-moment tests for 
heterogeneity fit a four-parameter Kappa distribution [11] to the 
regional data set, generate a series of 500 equivalent region’s 
data by numerical simulation and compare the variability of the 
statistics of the actual region to those of the simulated series [1]. 
The inter-site variation of each generated region is computed 
and the mean and standard deviation of the computed inter-
site variation is determined. Hence, heterogeneity measure is 
obtained as:

H = ( V − µ v )
        σ v 

where, V = weighted standard deviation of L-coefficient of 
variation values,
µV, σV = the mean and standard deviation of number of 
simulations of V.

The criteria for deciding heterogeneity of a region is as:
H < 1, region is acceptably homogeneous, 

1 ≤ H < 2, region is possibly heterogeneous, 	  	

H ≥ 2, region is definitely heterogeneous.

2.7	 Computer Programs for Method of 
L-Moments

All of the processes have been programmed by [12] (lmoments: 
version 3.04) based on FORTRAN-77. The FORTRAN-77 
routines and subroutines are combined under a program which 
has been compiled and adapted into an executable form in this 
study [13].

3.0	 Study Area, Availability and 
Acquisition of Data

This study involves data acquisition and numerical modeling. 
The data acquisition involves acquiring the annual runoff 
data of selected location all over Malaysia from Department 
of Irrigation And Drainage, Ampang. Numerical modeling 
involved analyzing the annual runoff data to find the L-Skewness 
and L-Kurtosis from different sites of annual runoff data which 
has historical data for 20 years and above. The study area was 
divided into three homogeneous region which is southern, east 
coast and west coast region of peninsular Malaysia as shown 
in Figure 1. Figure 2 shows the flow of work done in order to 

(6)

(7)

construct the Regional Frequency Analysis of flow. The amounts 
of stations with homogenous data were 38 stations. Six (6) 
stations employed in REGION I (SOUTH), twenty three (23) 
stations employed in REGION II (WEST) and nine (9) stations 
employed in REGION III (EAST). Table 1 show the total sites 
and data involved in each state while Table 2 to Table 4 shows 
the Summary of selected Automatic Runoff Stations of R1, R2 
and R3 of Peninsular Malaysia.

Figure 1: Selected hydrological gauge stations

Figure 2: Constructing the Regional Flood Frequency Analysis 
for runoff

K = covariance matrix of ui,
-u = mean of vector ui.

Extract annual runoff data

Data Screening

Data input preparation for X-fit program

Data input preparation for X-test program

Goodness of fit test for frequency distribution

Quantile Estimation of Regional 
Frequency Distribution

Accuracy Assesment of Regional Growth 
Curve by Monte Carlo Simulation

Estimation of Design Runoff

Choice of frequency distribution using 
L-moments ratio diagram (LMRD)

Comparison between regional 
analysis and at-site analysis

Check Discordance site

Run for X-fit program analysis

Calculation of L-CV values

Run for X-test program analysis

Heterogeneity Test

Discordant Site

Development 
of Index Runoff
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4.0	 Result and Discussion
The weighted mean of L-Skewness and L-Kurtosis were plotted 
into the L- Moment Ratios Diagram. This result was obtained 
by running the X-Test and X-Fit Program using FORTRAN 
Software.

Based on Figures 2 and 3, it can be summarized that 
Generalized Logistic Distribution (GLO) is the best distribution 
for regional frequency analysis for Regions 1 and 2. 
Figure 4 show that Generalized Extreme Value (GEV) is the 
best distribution for Region 3. The Goodness of fit Test (ZDIST) 
should be less than or equal to 1.64 but if the value exceeded 
1.64 the distribution with value ZDIST close to it will be selected 
as a parent distribution. From Table 1, it is shown that for 
Region 1 and 2 represented by GLO distribution and for Region 
3 represented by GEV distribution.

No. Station 
Id.

Station Name No. of years
in Analysis

1 2527411 Muar at Buloh Kasap, Johor 44

2 2235401 Sg. Kahang at Bt.26 
Jln Kluang

32

3 1931423 Sg. Sembrong at Bt.2 
Air Hitam,Yong Peng

30

4 1836402 Sg. Sayong at JAM, Johor 
Tenggara

33

5 2322413 Sg. Melaka at 
Pantai Belimbing

50

6 3022431 Sg. Triang at Juntai, Negeri 
Sembilan

45

No. Station 
Id.

Station Name No. of years 
in Analysis

1 5621401 Sg. Sokor at Kg. Tegawan, 
Kelantan

15

2 5721442 Sg. Kelantan at JAM.
Guillemard, Kelantan

50

3 5818401 Sg. Golok at Kg. Jenob, 
Kelantan

27

4 6019411 Sg. Golok at Rantau Panjang 45

5 6022421 Sg. Kemasin at Peringat, 
Kelantan

29

6 4232452 Sg. Kemaman at Rantau 
Panjang, Terengganu

35

7 5130432 Sg. Terengganu at G.Tanggol, 
Terengganu

49

8 5229436 Sg. Nerus at Kg. Bukit, 
Terengganu

29

9 5428401 Sg. Chalok at JAM. Chalok, 
Terengganu

32

No. Station 
Id.

Station Name No. of 
years in 
Analysis

1 6502401 Sg. Jerneh at Titi Tampang, Perlis 27

2 6502432 Sg. Tasoh at Titi Baru, Perlis 20

3 6503401 Sg. Arau at Ldg. Tebu Felda, Perlis 27

4 5806414 Sg. Muda at Jeniang, Kedah 47

5 5405421 Sg. Kulim at Ara Uda, Pulau Pinang 47

6 5505412 Sg. Muda at Ldg.Victoria, Pulau Pinang 50

7 3913458 Sg. Sungkai at Sungkai, Perak 49

8 4212467 Sg. Cenderiang at Bt.32 Jln Tapah 38

9 4310401 Sg. Kinta at Weir G, Tg. Tualang 34

10 4611463 Sg. Kinta at Tg. Rambutan, Perak 49

11 5106433 Sg. Ijok at Titi Ijok, Perak 45

12 2816441 Sg. Langat at Dengkil, Selangor 50

13 2918401 Sg. Semenyih at Kg. Rinching, Selangor 36

14 2918443 Sg. Semenyih at Semenyih, Selangor 14

15 3615412 Sg. Bernam at Tanjung Malim, Selangor 50

16 3813411 Sg. Bernam at JAM.SKC, Selangor 49

17 3118445 Sg. Lui at Kg. Lui, Selangor 45

18 3116430 Sg. Klang at JAM. Sulaiman 37

19 3116432 Sg. Klang at Leboh Pasar, K. Lumpur 14

20 3116433 Gombak at Jln. Tun Razak 49

21 3519426 Sg. Bentong at JAM. Kuala Marong 41

22 4019462 Sg. Lipis at Benta, Pahang 45

23 4218416 Sg. Jelai at Kuala Medang, Pahang 29

Table 2: Summary of selected Automatic Runoff Stations 
of R1 of Peninsular Malaysia

Table 4: Summary of selected Automatic Runoff Stations 
of R3 of Peninsular Malaysia

Region 1 (R1) – Johor, Melaka, and Negeri Sembilan 
(Southern of peninsular)

Region 2 (R2) – Perlis, Kedah, Pulau Pinang, Perak, Selangor, 
Wilayah Persekutuan Kuala Lumpur and Pahang (West coast)

Region 3 (R3) – Kelantan, Terengganu and Pahang (East coast)

Figure 2: L-Moment Ratio Diagram of Region 1

Table 3: Summary of selected Automatic Runoff Stations 
of R2 of Peninsular Malaysia
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Figure 3: L-Moment Ratio Diagram of Region 2

Table 5: Goodness of fit Test (ZDIST)

Figure 4: L-Moment Ratio Diagram of Region 3

Figure 5: Comparison with regional and at-site analysis

ZDIST R1 R2 R3

Generalized Logistic 0.11a -3.63a 1.66 

Generalized 
Extreme Value

-0.59b -4.66b 0.08a 

Lognormal -1.15c -5.77c -0.30b 

Pearson Type III -.2.11d -7.65d -1.09c 

Generalized Pareto -2.48 -7.66 -3.54d 

5.0	 Conclusion
In this study, the regionalisation frequency analysis is based on 
the Index flood approach. The index flood was replaced by the 
index runoff consist of two major parts which is the establishment 
of the regional growth curves or frequency curves and the 
estimation of the value of index runoff. This study focused on 
identifying the homogeneous region. The result presented in this 
study based on Goodness of Fit Test and the Probability plots 
indicates that the Generalized Logistic (GLO) and Generalized 
Extreme Value (GEV) distribution were found to be the most 
suitable distribution in Peninsular Malaysia.

The advantages of using regional frequency analysis 
approach are evident in many studies that have been done before 
[14];[15] and [16]. The regional L-Moment algorithm has been 
successfully implemented in most of the studies on frequency 
analysis. It is because by using L-Moment, it generally reduces 
sampling error. This approach reduces at site estimates errors. It 
can also be used to generate runoff information at an ungauged 
site.
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