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water resources development is planned within the river basin,
alterations to the physical aspect of the watershed characteristics
are expected. For example, if a watershed is to be used as a
source for raw water supply to a treatment plant, a dam has to be
built to store the surface water. Similarly, if agricultural crop has to
be grown inside the watershed area, drainage canals along the
flood plain or waterlogged area have to be built to enable crop to
be grown and to avoid flooding [5]. Agricultural drainage, for
instance, would change the ecosystem or the physical and
chemical behaviors of the soil to some extent. For example, the
pre-matured or young alluvium soils like those found along the
riverbanks are generally sensitive to the changes in their horizon
development [11].

Though the general environmental impact of land use changes
on the overall river regime is clearly understood [12; 2] little is
known on the effect of the changes in soil ecosystem on the
quality of the receiving river, under the tropical Malaysian
conditions. Understanding the impact of soil drainage on the
stream water quality is important particularly if the river is to be
used for domestic purposes. This is especially true where most of
Malaysian River systems being used for domestic raw water
supply flow through agricultural areas where soil drainage
activities are taking place. 

The purpose of this study was to investigate the impact of
agricultural soil drainage taking place along the riverbanks on the
receiving water quality. More specifically, this study looked into
the effects of soil oxidation processes occurring during drainage
canalization works on the acidity of the surface water. The study
was accomplished through water quality survey at the certain
reaches of the river. 

The study of the effect of agricultural drainage on the 
receiving water quality was conducted based on the following
hypotheses;

• The naturally acidic soil in the catchment was the main
contributing factor to the high acidity of the Bekok River.

• The land development along the river system through the
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INTRODUCTION
Stream water contamination from non-point source pollution

has been a current issue in river system management of
agricultural country [10]. This is particularly true when part of the
river reach has to flow through an agricultural area where intensive
farming activities are located. Literature had shown that the use of
various type of agricultural chemicals [3] and the modification of
the riverbank lands through the construction of intensive drainage
infrastructure contributed to the degradation of surface water
quality in the adjacent streams. The acidity level in the stream as
collectively indicated by the pH values would provide a general
scenario of these phenomena.

The acidic level in a river system is of paramount important if
the river is to be used as source of public water supply. For
instance, according to the World Health Organization [14] and the
Malaysian Water Association [7] water supply guidelines standard
(Table 1), the highly acidic water of pH less than 3 would incur a
tremendous treatment cost in terms of neutralizing agent (liming
materials) before the water could publicly be used [4]. A further
reduction in pH value would cause the operation of the treatment
plant to be delayed because the raw water may become toxic and
unsuitable for drinking purposes. 

Under natural conditions, rivers convey surface and sub-
surface water from the higher point to the lower part of the
watershed and eventually reaches the sea. The river system would
include the riverbanks or flood plain of the catchment area that is
hydrological and hydraulically important. When an integrated

Parameter Raw Water Quality Drinking Water Quality

Total coliform 5000 count/l 0

Turbidity 1000 NTU 5

Color 300 Hazen 15

pH 5.5-9.0 6.5-9.0

(Sources: Twort et al. 1985; MWA, 1994)

Table 1 : Recommended/Acceptable physical water quality criteria

ABSTRACT
The acidic level of the freshwater is a major concern to water treatment plant operators. Extremely acidic freshwater could affect the
operation of the treatment plant in many ways. The cost to neutralisation the water would increase and treatment scheduling would
be more complicated. This paper reports the influence of agricultural drainage on river water quality in Bekok river system in Johor,
Malaysia. The river is the sole source of freshwater supply to two water treatment plants located at the downstream reach of the river.
Three water quality parameters, i.e. pH, Iron and Ammonia-N, were used as an indication parameter. Water samples collected from
16 different river reaches along the 20-km river were analysed. A significant decrease in pH was found near the water intake point,
where most of the drained areas are located. The study also found that in general, the quality of the river water was better during low
flow condition (non-rainy days) compared to high flow (rainy days). Multiple regression analysis showed that pH was significantly
related to Iron and Ammonia contents.

Keywords : Agricultural drainage, water quality, river, watershed
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construction of an intensive field drainage system for
agricultural purposes has accelerated the acidification
process of the soil.

MATERIALS AND METHODS

The Study Site
This study was carried out in Bekok River System in Johor,

Malaysia (103° 00’ 00” E, 2° 05’ 00” N). The river is one of the
major fresh water sources to the domestic water supply in Batu
Pahat. The river basin covers more than 100km2 with the major
river flowing down all the way from the upstream to the
downstream portion where intensive multiple crops (vegetables,
banana and oil palm) farming is practiced along the flood plain.
Water treatment plants are located at the downstream reach of the
river. These treatment plants depend solely on the raw water
supply from the Bekok River. Thus the river quality will directly
impact the performance of these water treatment plants. 

Figure 1 is the study site showing the watershed and the river
system, the agricultural drainage and the location of the water
treatment plants. Figure 2(a) is the topographic map of the study
catchment showing the general landform of the watershed. A
significant portion of the area belongs to low lying areas (area of
less than 4m from mean sea level). The area along the riverbanks
was generally flat with shallow water table and flood prone in
nature. From the conservation point of views, these areas can be
considered as part of buffer zone or flood plain of the river system.

Figure 2(b) shows the landuse pattern of the study
catchment. Intensive farming activities are taking place in these

areas because of easy and direct access to the water supply. A
mixed agriculture (seasonal crops such as corn and vegetables
and perennial crops such as palm oil and bananas) is being
practised in almost all parts of the area. Because of the low-lying
areas, open drainage canals of 1.2 meter deep at 400 meters
interval were constructed up to field level to avoid crops from
flooding. The soil types of these areas are considered as young
river-alluvial and potentially acidic with substantial percentage
belong to peat soil. 

Water Sampling Points
A series of water quality sampling was conducted during

relatively low flow (dry condition) and high flow (wet condition).
Water samples were taken six times within seven months. The
rainfall data prior to the survey was used to indicate relatively dry
or wet days. In addition, antecedent rainfall values usually indicate
the soil moisture status, thus the leaching potential of the
groundwater runoff.

The selection of the sampling stations was according to the
distant from the water treatment plants, along the main river as
well as at the discharge points of the drainage canals. Sixteen
sampling stations of about 0.5-0.75km apart were identified
(Figure 2 (c)). Fifteen water quality parameters were measured
and analyzed. However only three of them i.e. pH, NH3-N and
ferrous are detailed in this paper. pH was also measured in one of
the drainage block (so called suspected point source area) to
determine the acid level of that particular drained field area. As
shown in Figure 2(d), the chosen drainage block was provided
with proper drainage facilities, up to the field level.  

RESULTS AND DISCUSSION 

Soil and Water Acidification Processes
Soil acidification process can possibly occur through three

different mechanisms. The first is through soil weathering process
[12], the second, through the process of the oxidation of pyrite
substances in soil, and third through the accumulation residual of
agricultural fertilizers [6]. While the soil weathering is a natural
process and is beyond human control, the other two mechanisms
are simply man-made. 

Soil weathering is a natural soil formation process. The
interaction between mineral (mica) element contained in the soil
particles and the H+ of the rain water could cause the soil to be
more acidic. The mechanism is difficult to control unless a non-
acidic rain is warranted. The polluted rain water caused by
industrial urban activities are generally the main contributing
factors for acidic rain.

The second mechanism is closely related to man-made
activities. The oxidation of FeS2 in the soil was due to the
decomposition of pyrite material or sulfate of the soil. The
oxidation process would cause a serious soil acidification
particularly when the pyrite exposed to oxygen (air). Eventually,
such process would produce ferric ion and ferric hydroxide and
the soil became more and more acidic [9]. In relation to this, the
construction of agricultural drainage system in low-lying areas of
the river basin would lower the water table of these areas.

AYOB KATIMON, AZRAAI KASISIM et al.

Figure 1 : The study location showing the river system and the
water treatment plant
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Consequently, more soil surface of the basin would be exposed to
the air and this will accelerate the soil oxidation process. As
illustrated in Figure 3, with the help of rainfall, the oxidized pyrite
element will infiltrate and accumulate into the soil profile
(particularly at horizon A of the soil), before it being leached to the
river mouth through the subsurface flow processes. 

The Soil Acidity
Many tropical soils especially those located along the river

belong to potentially acidic soils. These soils are considered as

AGRICULTURE DRAINAGE AFFECTS RIVER WATER QUALITY

young soils where weathering and formation process are still
occurring. To verify the acidity level, the soil pH was determined.
The result of the test is given in Table 2. The average pH is below
4.0 which can be categorized as acidic soil. 

WATER QUALITY OF THE BEKOK RIVER

pH 
The pH of surface water could indicate the general pattern of

the acid level of the river. In a more scientific form pH represents

Figure 2 : (a) Topographic feature (b) Agricultural land-use (c) Water quality sampling points (d) Drainage system at block level
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the hydrogen ion (H+) contents in water. Figure 4(a) shows the
mean pH of the Bekok River during relatively dry and wet days. 

During the wet condition with relatively high flow, the surface
water was generally more acidic compared to that of during dry
period. During the rainy days the soil is wet and may be saturated.
Under such soil conditions the leaching process is likely to
happen more rapidly. Thus the transfer of the soluble ion through
subsurface drainage from the soil profile into the drainage canals
and subsequently into the river system is more obvious [4]. On the
other hand, during dry days where the soil profile is relatively dry,
the leaching process occurs at minimum rate. 

The pH value of water can be significantly affected by its
temperature. However, under the running water condition, a direct
relationship between pH and surface water temperature is not
obvious. The observed surface water temperature during the wet
days was generally lower compared to that of dry period. The
average measured stream water temperature was between
27-29°C and 29-31°C for wet and dry days respectively. This is to
be expected because during wet days the river flow is higher.
Thus the surface water temperature tended to decrease as the
water became more aerated. Under such situation the tendency of
the hydrogen ion to be neutralized is tended to be higher resulting
in higher pH values.

NH3-N and Fe2+ 
Concentration of NH3-N and ferrous (Fe2+) of the Bekok River

under different weather conditions are depicted in Figures 4(b)
and (c). While the acid level in the surface water is collectively
indicated by their pH values, the ammonia and ferrous levels
would give some indication on the amount of the residual
agricultural materials transported into the river. The N content, for

instance, would indicate the amount of nitrogen fertilizer leakage
into the surface water [13] while the Fe2+ would represent other
toxic elements in the soil profile. As for hydrogen ions, these toxic
ions are potentially get leached into the river system along with
subsurface runoff. 

Comparatively, the observed N values are within an
acceptable guidelines [7] for raw water supply of 0.5 mg/l or lower.
However the Fe content of the surface water was found higher
than that proposed in the guidelines. The recommended
acceptable value for Fe for raw water supply is 1.0 mg/l or lower.
To explain these N and Fe contents in the Bekok River, it can be
proposed that the Bekok River is still free from N contamination
but not Fe. The high level of Fe in the surface water is expected
as a result of soil acidification process through soil drainage
activities in the area.

Other water quality parameters
The present level of other water quality parameter of the river

system under study are as follow; BOD<1.0 mg/l, COD<50 mg/l,
Phosphorous<0.5 mg/l, Manganese<0.2 mg/l, Suspended
Solids<3.0 mg/l and Total Coliform <3.0 count/100 ml. The results
obtained suggest that the river under study is still free of heavy
metal contamination. This is expected as the entire river basin is
categorized as an agricultural watershed with fully vegetated.

Sampling Soil depth pH
Point (cm) 1 2 3 Average

A 0-15 3.58 3.60 3.60 3.59
15-30 3.82 3.92 3.84 3.86
30-45 3.45 3.50 3.47 3.47

B 0-15 3.75 3.57 3.53 3.62
15-30 3.51 3.57 3.48 3.62
30-45 2.92 2.90 2.90 2.91

Table 2. The soil pH in the Bekok Catchment

Figure 3. The mechanism of Fe3+ transport from the ground surface
and soil profile to the drainage canal

Figure 4 : Means of (a) ph (b) Fe (c) NH3-N, along Bekok River
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Water quality during low and high flow
Figure 4(a) shows the mean pH values of the Bekok River

during low and high flows. Overall, it is observed that during the
high flow, the pH value was lower than that during low flow. In
other words, the river was more polluted during high flow. This
finding is in accordance to the basic principle of non-point
sources pollution problem in surface water. In a large agricultural
catchment, pollution from nonpoint sources by phosphorus,
agricultural organics and some heavy metals is detrimental to the
river system. Unlike in urban rivers of point sources problem, the
most severe impact for nonpoint sources problem occurred
during or following a storm event [9]. Naturally, during the rainy
days the soil is wet and may reach near saturated level. The
accumulation of the free hydrogen ions in the drained agricultural
areas can be explained as follow. The construction of drainage
canals in an area of potentially acidic soil will expose more soil
surface area. This would further expose the pyrite layer to the air
and enhance oxidation process. Consequently, this will increase
the amount of hydrogen ion in the soil layer. As illustrated in the
chemical reaction in Figure 5, further oxidation of Fe3+ and FeS2

through various stages of redox reaction in the soil [1] would end-
up with a low soil pH. The ions present in the soil profile are then
transported into the drainage canal through surface runoff and
leaching process as rainwater percolates through the soil profile.
In addition, under the gravity flow drainage, surface water in the
drains carrying acidic element will eventually flow into the river
system. The accumulated H ions from various parts of the
catchment areas into the river system will eventually decrease the
pH level of the surface water.

Nevertheless, it would depend on various factors such as
sampling timing and techniques as well as the hydro-geographical
characteristics of the catchment. 

Water quality variation along the river reach 
A further analysis was made to examine the variation in the

water quality at different river reach. Using the same data, the
water quality parameter was regressed against the distance from
the intake point, and the results are tabulated in Table 3. 

From the table, during the low flow only pH values was
significantly correlated to the distant from the water intake. The
coefficient of determination, r2 of more than 48 percent indicated

a moderately strong relationship between pH values and the
distance from the intake point. A similar trend was found during
the high flow but at a lower initial (intercept) value. 

In both cases, the regressions also show that the pH values
decreased directly with the distance, L. In other words, the river is
more acidic toward the lower reaches of the river, close to the
water treatment plant intake. This finding is expected as more
drained areas be found in the lower part of the catchment.
Shallow rooted crops such as vegetables are grown in the locality
and these crops require an extensive and efficient drainage
system. Unlike in the lower part, the upstream parts of the
catchment remain undrained and covered by secondary forest
and tree crops. 

The correlation analysis between Fe and the distance from the
water intake, L, also gave a good relationship during the high flow.
The correlation coefficient of more than 71 percent indicated a
strong relationship between iron-Fe content and the distance from
the intake point. This finding provides a further support to the
hypothesis that the hydrogen ion accumulated in the soil profile is
more rapidly leached into the river during the high flow. 

A multiple regression analysis between pH as the dependent
variable against NH3-N and Fe as independent shows a good
relationship. The best fitted model was pH = 4.669 + 0.959 Fe -
1.851 NH3-N. The p-values in the ANOVA table is less than 0.01
indicating that there is a statistically significant relation between
variables at the 99% confidence level. The physical meaning to
this analysis could be that Fe and NH3-N contents in the surface
water contributed significantly to the pH value. Table 4 presents
the statistical output from cross-correlation analysis between
those three water quality parameters. It is clear that pH is highly
dependent on its Fe and NH3-N level, while NH3-N and Fe are not
significantly correlated.

Water quality in the suspected point source area
To investigate further the effect of agricultural drainage on the

receiving surface water, a more detail field investigation was
carried out in one of the drained areas. This area was chosen as
the authors suspected that it was the pollution point source of the
Bekok River. As shown in Figure 2(d), eight sampling points within
the area representing different level of drained water were
selected. Table 5 summarized the results of the observation. 

The results show that the pH level of the surface water
increase, as it gets closer to the river. In general, the acidity level
of the surface water was in the following order; pH at field drain
(pH 3.3) < at tertiary drain (pH 3.5-3.7) < at the secondary drain
(pH> 4.0). For instance the pH values at points inside the field
drain i.e. points G and H, were extremely acidic as compared to
those at points near the drainage outlets of points C and F. This
phenomenon could be explained using the principle of dilution or
decaying factor of the dissolved chemicals in the running surface
water system. It seems that the pH values is positively correlated
with the distance from the pollution point source. 

Field observations found that areas along 0.5 to 1.0 km from
the riverbank were naturally flooded. Owing to the direct contact
with the running water (river), these areas are considered the flood
plain or riparian zones of the river system. The riparian or flood

FeS2(s) + 7/2 O2 + H2O → Fe2+ + 2 SO4
2- + 2H+

Fe2+ + 1/2 O2 + 2 H+ → Fe3+ + H20

Fe3+ + 3 H2O → Fe (OH)3 + 3H+

Fe S2 (s) + 14 Fe3+ + 8 H2O → 15 Fe2+ + 2SO4
2-

+ 16 H+

Figure 5. Acidification process of soil by oxidation of pyrite causing
the release of free H+ [1]

Pyrite
in
soil

FeS2 (s)
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plain of a river system is an important part of the physical and
biological structure of a healthy river [10]; [13]. Therefore,
conservation of these areas is necessary toward a healthier river.
The physical structure of these areas is particularly important in
agricultural areas where riparian zones can act as nutrient filters
between fields and surface waters.   

CONCLUSIONS AND RECOMMENDATION 
In agricultural watersheds the surface waters generally receive

a substantial amount of drainage water from the soil horizon. Field
studies have been conducted to investigate the agricultural
drainage-surface water interaction. The following conclusion and
recommendation could be drawn. The acidity of the river under
investigation was generally quite low. The pH values at certain

reach of the river were somewhat affected by the soil drainage
activities. The oxidation process associated with the drainage
activities could have been taken place along the riverbank. The
high Fe contents in the surface water could be taken as another
evidence. Soluble ion in the soil profile resulted from the soil
oxidation process could have been transported into the river
system thus it caused the surface water to be more acidic. The
NH3-N content is relatively small. 

This study was simply based on spot water quality samplings
and was not according to a proper dynamic modeling design.
Therefore, further research is needed to further verify the soil
drainage-surface water quality relationship in the study basin. A
long-term monitoring of stream water chemistry in relation to the
land use change, particularly at the flood plain area of the

AYOB KATIMON, AZRAAI KASISIM et al.

Flow Parameter Regression equation r2 P

Low flow
Fe Fe = 1.5713 - 0.0205 L 16.01 P >0.1 *
NH3-N NH3-N = 0.5243 - 0.0113 L 10.01 P >0.1 *

High flow pH pH = 3.0876 + 0.094 1 L 41.16 P <0.01 **
Fe Fe = 1.0756 - 0.0486 L 71.51 P <0.01 **
NH3-N NH3-N = 0.6417 - 0.0068 L 2.07 P >0.10 *

L = distance from the intake point in Km; ** significant , * not significant

Table 3 : Summary of the simple linear regression analysis

pH Fe NH3-N

pH Pearson Correlation 1.000 .391* -.439*
. .027 .012

N 32 32 32
Fe Pearson Correlation .391* 1.000 .097

.027 . .599
N 32 32 32

NH3-N Pearson Correlation -.439* .097 1.000
.012 .599 .

N 32 32 32

* Correlation is significant at P ≤ 0.05

Table 4 : Correlations analysis of the pH, Fe and NH3-N

Table 5 : Observed pH values in one of the suspected point source area 

Sampling point * pH Specific location

A 4.7 At the intersection point between secondary drain and main river
B 4.4 At the intersection point between secondary drain and tertiary drain
C 3.5 At the tertiary drainage outlet box
D 4.7 Same as point B
E 3.5 Same as point C
F 3.7 At the inner site of the tertiary drain
G 3.3 In the field drain
H 3.3 In the field drain

* Referring to Figure 2(d) 

Note: – The secondary drain is one of the straightened natural Bekok River tributaries 
– The drainage block is provided with an intensive drainage network and covered with mixed crop, mainly banana and Oil palm 
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catchment is essential. It would provide useful information towards
an integrated river basin management in the long run. To be more
specific, knowing the changes in soil chemistry of the flood plain
area over time would be able to predict the long-term effects of soil
chemical changes on important water quality parameters of the
receiving water. Such research work is more urgent in catchment
areas where their river systems are being utilized for freshwater
supply to the domestic water treatment plant.

The findings of the study clearly show that the stream water
quality had been affected by land drainage activities of the
catchment. Several recommendations are made as part of stream
water quality protection program.

• Establishing riprarian zone of the catchment: the riprarian
zone is an important interface between the surroundings
agricultural land and the stream ecosystem. The riprarian zone
controls the interaction between the stream and the
surroundings. Besides functioning as nutrient filters and buffer
zones between surface waters and agricultural land these
zones are important areas for floras and faunas.

• Establishing cropping zone: Crop zoning or right selection of
crop to be grown at the stream terrestrials would be able to
minimize the acidification processes of agricultural land. If only
flood tolerant crop such as aquatic-type of crops are grown,
no intensive drainage system is required. As a result, the water
table drawdown and soil surface exposure could be minimized
and eventually the release of the hydrogen ions in the soil
profile can be reduced. 

• Soil liming: liming the drained agricultural areas could be
another immediate measure to reduce acidity level of the soil,
thus the river. Though it would give immediate effect, it
requires higher cost and it should be considered as an
emergency correcting measure.
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2. To fully utilise the concrete strength, there is a need for
adequate reinforcement in the beam elements.

Saheb and Desayi [3] realised the need for more detailed
information on panels with openings. The authors carried out test
on twelve panels; six were supported at the top and bottom only
and the others were supported on all four sides. Each panel was
provided with a window or a wall opening in different regions. The
size of the panels was 600mm high x 900mm long and 50mm
thick. The test panels were subjected to in-plain vertical loads
applied at an eccentricity. The test panels had identical vertical
and horizontal reinforcement ratios, i.e., either r = 0.173 or 0.236,
and the concrete strength was set at 28 N/mm2. The slenderness
ratio i.e. the height to thickness ratio was constant at 12, the
thickness ratio at 18, and the aspect ratio at 0.67. To prevent
premature failure due to cracking at corners, reinforcement was
placed at 45 degrees in these areas. The conclusions to these
tests were:
1. The failure of the concrete panels appeared to be due to

buckling influenced by bending of slender column strips
adjacent to the openings. 

2. Empirical equations were developed for panels with openings
for both one-way and two-way panels by modifying the ACI
formula and the introduction of a reduction parameter that
allowed for the geometry of the openings. 

3. The panels supported on four sides appeared to be slightly
stronger than the one-way panels. The cracking load was
marginally greater for panels under two-way action. But more
importantly, the ultimate load was found to be nearly equal. 

In studies on the design of beams (as opposed to walls) with
openings, an important consideration is the stress concentration

Ultimate Strength of Precast Concrete Sandwich
Panel with Opening Under Axial Load

Farah Nora Aznieta Abdul Aziz, Abang Abdullah Abang Ali, Mohd Saleh Jaafar,
Abdul Aziz Abdul Samad and D.N. Trikha

Department of Civil Engineering, Universiti Putra Malaysia,
43400 UPM Serdang, Selangor.

INTRODUCTION
Precast concrete components have been widely used in the

building sector. The rapid growth of the building industry plus the
increasing demand for quality buildings necessitates the building
industry to continuously seek improvement, leading to
industrialisation in the building industry. The advent of industrial
methods had shown that mass production of precast concrete
components had increased the quality as well as reduced the cost
of construction. Cost reduction is achieved through lesser
construction time and amount of labour [1].

Precast concrete is defined as concrete which is cast in some
location other than its position in the finished structure. One
possible building elements in a precast building system is precast
concrete sandwich wall panel. The difference between precast
concrete wall panel and precast concrete sandwich wall panel is
the presence of an intervening layer of insulation. An opening
refers to a void area in the wall. In practice, it can be a door or a
window. This paper presents the results of an experimental
investigation comparing between the experimental and theoretical
ultimate loads of precast concrete sandwich panel with opening
under static loading.

Very little information is available on the behaviour of concrete
panels with openings. Seddon [2] studied wall panel supported at
the top and bottom with a symmetrical opening. His conclusions
were as follows:
1. Openings cause beam element behaviour above and below

the opening. Portions adjacent to openings in the 
direction of the load exhibited column element action. It was
found that panels ultimately failed through one of the column
elements due to the cracks extending to the corners of
openings.

ABSTRACT
A precast sandwich panel which is being developed as a building system consists of a single layer of insulation sandwiched between
two layers of reinforced concrete. At present, an equation to predict the ultimate strength of precast concrete sandwich wall panel
with opening, to the best of authors’ knowledge, is not available. This paper reports a research effort to determine the suitability of
the load equations developed by earlier researchers for thin reinforced concrete solid wall with opening when used to estimate the
ultimate load of precast concrete sandwich wall panel with opening. Nine sandwich panels with different window and door opening
combination were prepared and tested under uniformly distributed load. The load was applied and increased in stages till failure. At
each stage of the load, deflection gauges and strain gauges reading were recorded. The development of cracks was also monitored.
The experimental ultimate loads of precast concrete sandwich wall panels with opening tested in the laboratory were compared with
and found close to the theoretical values derived from the equation proposed by Saheb and Desayi for ordinary precast concrete wall
panels with opening. 

Keywords : Precast Concrete, Sandwich Panel, Ultimate Load, Concrete Design
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H, L = height, length of wall panel
t = thickness of the wall

The influence of size and location of the opening(s) was taken
into account through the parameter a, where

a = –––– + ––– (2)

Where

Ao = Lot
A = Lt
a = [ (L /2) – -a]
-a = ––––––––––––––

Lo = length of panel opening
ao = distances of the centres of gravity of the opening

from the left edge of the panel
-a = distances of the centres of gravity of the panel

without opening from the left edge of the panel
a = distance between centres of gravity of panels with

and without opening

METHODOLOGY 
Test Specimen 

In this study, three types of precast concrete sandwich panels
were designed and classified as: -
• Precast concrete sandwich panel with door opening;
• Precast concrete sandwich panel with window opening; and
• Precast concrete sandwich panel with door and window

opening.

A total of nine test specimens were prepared; three specimens
each for the three types. The panels were named as OA, OB and
OC for panels with door opening, panels with window opening
and panels with both door and window openings, respectively.
Number 1, 2 and 3 were designated to the three specimens in

that occurs due to a sudden reduction in beam cross section.
Inadequate reinforcement or improper detailing may lead to wide
cracking and even premature failure of the beam. To deal with this
stress concentration, Nasser et al. [4] suggested the use of
diagonal bars at each corner of the opening and recommended
that a sufficient quantity be provided to carry twice the amount of
external shear. However, Lorenston [5] and Barney et al. [6]
suggested the use of stirrups in the solid section adjacent to each
side of the opening. These stirrups should be designed to carry
the entire shear force, but without any magnification. 

The PCI Committee [1] report on Precast Concrete Sandwich
Panel defined the openings as being completely contained within
the panel or as blockouts in the panel sides, top or bottom. Panel
openings should have re-entrant corners reinforced with diagonal
bars in both layer to limit the width of corner cracks. Punched
opening located near one edge of the panel are very susceptible
to cracking and it is advisable to eliminate the insulation in this
area and reinforce the side with additional reinforcement.  

Previous research work on panel with opening was very
limited. Only Saheb and Desayi [3] had suggested an equation to
calculate the ultimate load of reinforced concrete wall panel with
opening. In order to compare the experimental ultimate load with
the theoretical value, the Saheb and Desayi [3] equation for panels
with opening was used to estimate the theoretical load as follows:

P c
uoc = (k1 – k2α)Pcu

c (1)

where, P c
uc is the theoretical ultimate load for panel without

opening, which is given by:

Pc
uc = 0.55φ [Ag fc′ + (fy–fc′)Asv]

[1–(H/32t)2][1.2–H/10L] (1b)

and k1 and k2 = constant
Ag = gross area of the wall panel section 
Asv = area of vertical steel in wall section
fc′ = cylinder strength of concrete 
fy = yield strength of steel 

FARAH NORA AZNIETA ABDUL AZIZ, et al.

Ao

A

a
L

Table 1: Test Specimen Details

Type of Specimen No. Size of panel Size of opening No. of Shear Column size
specimen (h x w x t) (h x w) mm (h x w x t) Connector (h x w x t)

mm mm
Door Window

With door OA1 900 x 1000 4@ 200mm 900 x 100
opening OA2 x 120 700 x 300 - c/c x 120

OA3

With OB1 900 x 1000 5@ 200mm
window OB2 x 120 - 460 x 400 c/c -
opening OB3

With door OC1 900 x 1000 6@ 200 mm 900 x 100
and window OC2 x 120 700 x 300 360 x 400 c/c x 120

opening OC3

(L2t / 2 – Lo tao)
Lt – Lo t
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openings. Diagonal bars were placed at every corner of the
openings in both concrete layers. Similar to the panel with door
opening, in order to prevent failure, the small area of concrete near
the door opening was designed as a column. Figure 2(c) shows
the details of this panel.

Materials
A ready mix concrete with a mix ratio of 1: 2.22: 2.46 and a

water-cement ratio of 0.57 by weight was used. The maximum
size of aggregate was 10mm. The concrete was designed for 28-
day cube strength of 30 N/mm2. Concrete compression test was
carried out on 150mm cubes at concrete age of 28-days to obtain
the concrete compression strength. 

6mm diameter mild steel bars were used for vertical and
horizontal reinforcements. The percentages of vertical and
horizontal reinforcements used were 0.12 and 0.2 percent of gross
concrete area respectively. This was based on ACI 318-83 Section
14.3.2 and 14.3.3 (minimum vertical and horizontal reinforcement
in reinforced concrete wall); applied to steel bar diameter less than
16mm with the specified yield strength not less than 413.7
N/mm2. The maximum allowable spacing of reinforcement in wall
according to Section 14.3.5 for vertical and horizontal
reinforcement was three times the wall thickness or 457mm
whichever was less. BRC bars with 200 x 200mm opening were

each type. The specimen size was 900mm x 1000mm by 120mm
thick. Table 1 shows the details of the specimens. The thickness
of the sandwich panel was made of two 40mm layers of concrete
and a layer of insulation material in between. The two concrete
layers were connected through the insulation layer by continuous
shear truss connector along the length of the panel (Figure 1). The
shear truss connectors were located at every 200mm centre to
centre across the width of the panel.

The precast concrete sandwich panel with door opening (OA)
was prepared with a door opening of 700 x 300mm. Figure 2(a)
shows the door position as well as the locations of steel
reinforcement. The small area of concrete next to the door
opening was designed as a column to prevent failure at that area.
Four 6mm diameter bars were used as reinforcement. At the edge
of the opening, two diagonal bars were placed at both concrete
layers. The diagonal bars were placed at 45° to the opening edge. 

The precast concrete sandwich panel with window opening
(OB) had an opening 270mm from the bottom of the panel. The
opening was designed at the centre of the panel. The size of the
window opening was 460 x 400mm. The diagonal bars were
placed at the four corners of the opening in both concrete layers.
The detailed drawing of the panel is as shown in Figure 2(b). 

The precast concrete sandwich panel with door and window
opening (OC) have 700 x 300mm door and 360 x 400mm window

ULTIMATE STRENGTH OF PRECAST CONCRETE SANDWICH PANEL WITH OPENING UNDER AXIAL LOAD

Figure 1 : Sandwich Panel Layers

Figure 2(a) : Panel with Door Opening (OA)

Figure 2(b) : Panel With Window Opening (OB)

Figure 2(c) : Panel with Door and Window Openings (OC)
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used as reinforcement mesh in both concrete layers. 
For continuous shear truss connectors, the 6mm mild steel

bar was bent to an angle of 60° (against horizontal plane) with a
height of 90mm. The continuous shear truss connectors were
placed at 200mm centre to centre along the width of the panels.
Premature failure may occur at two critical areas; the corners of
the opening and the small width adjacent to the door opening. In
order to prevent this, the corners of the opening were reinforced
with 6mm diameter bars placed diagonally at 45° to the corners
and a concrete column with four 6mm diameter bars provided at
the small width next to the door opening. 

In this investigation, polystyrene was used as insulation
material because it has good thermal resistance, economical and
easy to acquire from the local market. The insulation material
chosen depends upon the thermal properties of the material, the
design temperature of the structure and the desired thermal
resistance of the panel. 

Test Setup
For the experimental test, the panels were placed vertically

and simply supported at the top and bottom as shown in Figure 3.
This allows for the rotation at the support, but restrains horizontal
and/or vertical displacement. The horizontal movement was
restrained by the top support. The panels were subjected to
uniformly distributed load, applied through a spreader beam. The
horizontal levels of the panel and spreader beam were checked
prior to loading. Two hydraulic jacks with 100-tonne capacities
each applied the load in stages up to failure. The hydraulic
pressure recorded on the pump meter controlled the load applied
to the panel. The calibration factor of the pump was 0.85. At every
53.3kN increment, the load was kept constant for a while to allow
the panel to stabilise before the strain gauges and deflection dial
gauges readings were recorded. The ultimate loads and the crack
patterns were also recorded.

RESULTS AND DISCUSSION
Material

The average compressive strength (fcu) of the concrete cubes
recorded from the compression tests was 35.2N/mm2. The
equivalent compressive strength of concrete cylinder (fc′) was
taken as 0.85fcu or 29.9N/mm2. 

As for the steel, the tensile test was carried out on three
samples of 6mm diameter BRC bars and three samples of 6mm
diameter mild steel bars as the shear connector. The average yield
strength (fy) of the BRC bars and the shear connector was
572.9N/mm2 and 546.8N/mm2 respectively.  

Ultimate Load Analysis
In the ultimate load calculation, the thickness of an insulation

layer was not taken into consideration. The total effective
thickness of the panel was taken as 80mm. Loads at first crack
were about 28% to 74% of the ultimate loads. Panels with door
opening had the first crack at 54% to 74% of ultimate loads.
Panels with window opening had its first crack at 30% of ultimate
load. The first crack for panels with door and window opening
occurred as early as 28% of its ultimate load. This showed that,
the panels with door and window opening had the earliest crack
when compared to the other types of panel. The strain gauges
and dial gauges readings were also recorded during the
experiments but not presented in this paper. The ultimate loads
and the crack patterns were also recorded.

Table 2 tabulated the values of α and experimental ultimate
load of panels with opening to theoretical ultimate load of panel
without opening (Pe

uo / P c
uc). The theoretical ultimate load of panel

without opening (P c
u c) was taken as 1363kN. This value was

calculated using Saheb and Desayi for panel without opening
equation. The strength reduction factor (f) is taken as 1 in order to
compare with the actual ultimate load.

Values of parameter α and Pe
uo / P c

uc c from Table 2 were plotted
as in Figure 4. The values of k1 and k2 are 1.0027 and 0.779
respectively, were calculated from the best-fit linear line of graph
in Figure 4. By using equation 1, the theoretical ultimate loads
were compared to the experimental values.    

FARAH NORA AZNIETA ABDUL AZIZ, et al.

Figure 3 : Schematic View of the Test Frame (back view)

Table 2: Analysis of Panel With Opening

Type of No. α P e
uo P e

uo / P c
uc

panel of –––– –––– (kN)  
panel

With 1 951.3 0.70

door 2 0.3 0.116 0.416 996.6 0.73

opening 3 860.7 0.63

With 1 724.8 0.53

window 2 0.4 0 0.400 1177.8 0.86

opening 3 906.0 0.66

With door 1 634.2 0.47

and 2 0.7 0.026 0.726 634.2 0.47

window 3 498.3 0.37

opening

Ao

A

a

L



Journal - The Institution of Engineers, Malaysia  (Vol. 65, No. 1/2, March/June 2004)12

experimental to theoretical ultimate loads for sandwich panels
were found to vary between 0.99 and 1.01. This shows that the
ultimate load equation for ordinary reinforced concrete wall with
opening proposed by [3] can be used to estimate the ultimate
load of precast concrete sandwich wall panels with opening.  
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Figure 4 : P e
uo / P

c 
uc verses α

Table 3 : Theoretical and Experimental Ultimate Loads for Panels With Opening

Panel No. Experimental Average experimental Theoretical ultimate Experimental/ Average experimental/
ultimate load ultimate load load theoreticald theoretical ultimate load

P e
uo P e

uo (ave) P c
uo ultimate load P e

uo (ave) / P c
u o

P e
uo / P c

uo

OA1 951.28 1.03

OA2 996.59 936.19 924.98 1.08 1.01

OA3 860.69 0.93

OB1 724.79 0.77

OB2 1177.79 936.19 941.97 1.25 0.99

OB3 905.99 0.96

OC1 634.19 1.06

OC2 634.19 588.89 595.83 1.06 0.99

OC3 498.29 0.84

Table 3 shows the ratio of experimental to theoretical ultimate
loads of panel with opening varied from 0.77 to 1.25. The panels
with door opening (OA) showed one panel having a 7% lower
experimental value compared to the theoretical value. For panel
with window opening (OB), two panels had lower values (23% and
4%) than the theoretical while for panels with door and window
openings (OC) only one panel showed a lower value of 16%.

The average ratio of experimental ultimate loads to the
corresponding theoretical values varies from 0.99 to 1.01 for the
three types of panel with opening. This showed that the
theoretical equation by Saheb and Desayi [3] for ordinary
reinforced concrete wall with opening could be used to estimate
the ultimate load for sandwich panels with opening.

CONCLUSIONS
The theoretical ultimate loads were calculated using Saheb

and Desayi [3] equation for ordinary reinforced concrete wall with
opening. The calculations were made with an assumption that the
total thickness of the sandwich panel is equal to the total
thickness of the two reinforced concrete layers only. After
analysing the experimental data, the average ratios of
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thermal management. Consequently, the power budget for these
tasks could be suppressed. 

This article is organized in the following manner: First, the
miniaturisation design principle is viewed generally to verify the
possibilities of down scaling the conventional flywheels for
CEACS. Second, in section 3, the CEACS power/attitude
architecture is presented along with the required transfer
functions. Its performance is analysed through numerical
treatments and is presented in section 4. In section 5, the CATCS
is introduced together with its governing equations. The principal
investigation in determining the capability of this system as an
attitude actuator is by the determination of its response time.
Thus, in section 6, the transient analysis is formulated. The
performance analysis follows for the CATCS in section 7. In the
final section, the conclusion for this study is drawn. 

MINIATURISATION DESIGN PRINCIPLE 
Generally, the conventional reaction or momentum wheels for
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INTRODUCTION
Synergisms for spacecraft describe the linking or merging of

different subsystems in order to achieve a better overall
performance, e.g. in reliability, mass saving or even for enabling a
certain mission. In coming years, the projected power
requirements for space missions will be increasing. With the
current energy densities (5-20 Wh/kg), the conventional energy
storage system (electrochemical battery) could most probably be
insufficient to handle this task [1]. Therefore, having reasonably
high energy densities (60 Wh/kg), the flywheels are proposed as
the alternative energy storage device for the future spacecraft.
These flywheels can also simultaneously serve as attitude
actuators in the spacecraft, forming a “Combined Energy and
Attitude Control System” (CEACS). Additionally, mass savings
could also be achieved by such systems [2]. This concept has
been proposed for bigger platforms in recent years, e.g. the
International Space Station (ISS) [3]. In the present article, the idea
is investigated for the small satellites. Generally, the CEACS
should consist of a double counter rotating flywheel assembly,
magnetic bearings, motor/generator units, and control electronics
for the energy/attitude management.

Another possible synergistic effect for future spacecraft
could be generated by the coupling of the thermal and attitude
control systems, eventually having a “Combined Attitude and
Thermal Control System” (CATCS). In a spacecraft that requires an
active thermal control, an electric conducting fluid system could
be used for the thermal and attitude control. Such a system would
make use of the thermoelectric effects generated by the available
onboard temperature gradient, and the magnetic fields from the
permanent magnets for its operation. Thus, an excess onboard
heat could be used by the CATCS for the spacecraft attitude and

Table 1 : Satellite Dimension

Satellite Mass [kg] Satellite Dimension [m]

*German Patent Rights DE 10230349. A1, German Patent Rights DE 10230350.
A1, and German Patent Pending (2003)

ABSTRACT
The synergistic system design could be an attractive approach for future spacecraft to cope with their demands. The idea of
combining the Attitude Control System and the conventional Electrical Power System is presented here. In this article, the Combined
Energy and Attitude Control System (CEACS), a double counter rotating flywheel assembly in the pitch axis, is investigated for small
satellites. The performance of CEACS is demonstrated for a selected configuration and mission. Another idea of incorporating the
Attitude Control System into the Thermal Control System is also investigated. The Combined Attitude and Thermal Control System
(CATCS)* consisting of a “fluid wheel” and permanent magnets, couples an existing onboard temperature gradient with the magneto-
hydrodynamic (MHD) effects for its operation. The performance of CATCS is demonstrated for a reference configuration and mission.
The CEACS and CATCS are potential synergistic systems for the future spacecraft.

Keywords : Flywheel/fluid wheel/spacecraft attitude control
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bigger satellites could be miniaturised for the small satellite
applications. However, the CEACS’s flywheel dimension is
governed by the power requirement, mass and volume of a
satellite. An overview on the relationship is envisaged based on
the assumptions in Table 1. 

The maximum requested flywheel speed Ωmax becomes the
crucial parameter for CEACS. Figure 1 shows the quested
relationship for different satellites. It can be seen that the flywheel
speed increases drastically with the decrease in its size. This
indicates that miniaturising the conventional flywheels for CEACS
would result into very high rotational speeds. Therefore, the
CEACS’s flywheel dimension for small satellites should be
increased to achieve higher inertia. Eventually, the operating
flywheel speed could be suppressed between 40 000 rpm and
60 000 rpm. Moreover, this speed range is achievable with the
currently available technology and is sufficient for the small
satellite missions [4].

Composite rotors are mandatory for CEACS as they are very
much stronger than metal rotors at high speeds. The design of
such rotors can be implemented according to Kirk and Sung [5, 6].
Both investigators have focused mainly on the stress analysis for
composite rotors. The dynamic analysis (rotor natural frequency)
was not described in their investigations. For the small satellites
(e.g. <120 kg), single layer composite rotors are found to be able
to sustain the stresses (longitudinal and transverse), and to satisfy
the energy requirements at about 50 000 rpm. The strength of
these rotors can be further increased by using multi-layer
configurations [5, 6]. As a result, the rotors can be operated at
higher speeds so that their mass budgets could be further
reduced. It has been found that even though the strength of the
rotors can be increased, their dynamic behavior (eigenvalues)
remains to be critical in the high-speed regimes [7]. The performed
numerical treatments with a finite element software (ANSYSTM)
also revealed that the first natural frequency still appears around
50 000 rpm even with the multi-layer rotors. This is due to the thin
structure/dimension of the rotors. This dimension could not be
drastically altered as it is optimized corresponding to the mass
allocation of the rotors. Therefore, the use of a single layer rotor is
retained, and it is found to be sufficient for the small satellites.

CEACS CONTROL ARCHITECTURE
The CEACS control design can be implemented either based

on the speed controlled mode or the torque controlled mode. The
speed controlled mode is selected herein to minimise the steady
state sensitivity of possible torque gain errors, especially coming
from the differences in the flywheels’ inertias and motor/generator
constants. 

Figure 2 shows the speed control loop of a single flywheel
system. From Figure 2, the transfer functions for the resulting
speed Ωw and the exerted torque Tw on a satellite are

(1)

and                                             . (2)

The transfer function for the output power Pw corresponding
to the input speed command Ωcmd is 

(3)

In Figure 2 the flywheel friction term is neglected as the
magnetic bearing is used for supporting the rotor. Nevertheless,
some other energy losses (e.g. iron losses: eddy-current,
hysteresis, etc.) will be macroscopically included in the global
charge/discharge efficiency of the system. Additionally, the
vacuum compartment for CEACS omits the presence of air
drag/friction on the flywheel. 

In this investigation, the time constant chosen for the speed
control loop is τw = 2 s, and for the motor/generator constant,
which gives a proportional relation between the control current
and resulting torque, km = 1 is assumed. As the torque Tw is
exerted on the satellite body, an identical counter-rotating partner
must be employed to compensate for the torque produced during
the charging and discharging phases. The architecture for a
double flywheel is presented in Figure 3.

From Figure 3, the transfer function for the total system power
Psystem with respect to the torque energy command Tenergy.cmd is

(4) 

RENUGANTH VARATHARAJOO, et al.

Figure 1: Requested speeds for each flywheel.

Figure 2: A single flywheel speed control loop

Figure 3 : A double flywheel power loop
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CEACS PERFORMANCE
To facilitate the evaluation procedure, a reference mission is

chosen as below:
• Mission duration: 5 years.
• Circular orbit at 500 km with an inclination of 53°.
• Period: 95 minutes with 36 minutes of eclipse.
• Satellite mass: 100 kg for 1 m3 of volume. 
• Attitude accuracy: Pitch (Y) < 0.2°. 
• Maximum external disturbance torque

TD.pitch = 6.15 × 10-5 Nm.
• Power requirement: 98 W.

The optimised rotor inertia Iw for this mission is about 0.0155
kgm2, which corresponds to the inner and outer radii of 0.1137 m
and 0.1430 m, respectively. On the other hand, the selected
proportional and derivative attitude control gains are KP = 0.0252
Nm/rad and KD = 0.9489 Nms/rad, respectively. The closed loop
poles are in the left side of the imaginary axis; hence, the system
is stable. In addition to that, this particular mission is assumed to
be a bias momentum stabilised type. Therefore, the CEACS is also
requested to provide about 6 Nms of bias momentum or a
minimum bias speed of about 400 rad/s along the pitch axis. The
evaluation starts for an ideal CEACS considering only the external
disturbance torques acting on the satellite. The initial speed for
one of the flywheels was set to 1000 rad/s in the numerical
simulation using MatlabTM. The charge/discharge efficiency for
the flywheels was kept to about 80% [4]. And, a depth of
discharge (DoD) of about 90% was maintained for the operational
reasons. In Figures 6 (a) and (b), the flywheels’ speeds increase
during charging and decrease during discharging operations as
expected. These results justify that the flywheel speed range
posited in section 2 is hence suitable (below 50 000 rpm). Figure
6 (d) shows that the energy demanded (≈ 60 Wh) during the
eclipse phase is fulfilled by the system. Additionally, the attitude
accuracy and the bias momentum remain within their budgets,
see Figures 6 (e) and (c), respectively. 

The second test case is for a non-ideal CEACS. The identified
internal gain errors, which disturbance the system, are from the
relative differences in motor/generator constants and flywheels’
inertias. On the other hand, the relative misalignment (e.g. 0.1°)
has an impact on the transverse axes of the flywheels’ rotational
axis; however, this can be overcome with the recent technology
advances in the magnetic bearings [4]. Therefore, the system
was tested for a relative motor/generator constant difference of
0.5% and a relative difference in flywheels’ inertias of 0.2% [2].
Figure 6 (f) shows the impact of these errors, which causes
the attitude accuracy to exceed its pointing budget. However,
the attitude improved after the control loop stiffness was
tightened accordingly, see Figure 6 (g). The CEACS shows good
performance for the reference mission. 

THE CATCS
The basic idea to combine the thermal control system and the

attitude control system is by utilizing an electrical conductive fluid,
which circulates in a closed loop to serve as a “heat conductor”
and a “momentum generator”. Thus, the conventional heat pipes

where, for an ideal system, Iw1 = Iw2 = Iw, τw1 = tw2 = tw, and
K1 = K2 = K. Further, the integrators’ gains in this analysis are set
to one, thus 2KIw = 1.

The CEACS can be integrated on the satellite bus as shown in
Figure 4. This design offers a tightly regulated bus voltage.
Moreover, a bus voltage regulator KVR can be used to determine
the charging and discharging phases without an additional
switching equipment. As soon as the bus voltage Ubus gets higher
than the bus reference voltage Uref, a positive torque command by
the regulator will result into a charging operation. In the case that
Ubus drops below Uref, a negative torque command will discharge
the flywheels. In this investigation, the nominal bus reference
voltage is assumed to Uref = 28 V. 

On the other hand, the attitude control loop can be
implemented as shown in Figure 5. By introducing a filter F(s) in
Figure 5, the transfer functions developed are valid for the single
(angle θsat) and double (including angle rate ωsat) attitude
feedbacks. As shown in Figure 3, the desired attitude control
torque is achieved by slowing-down one flywheel and speeding-
up its counter rotating member. The attitude controller selected for
this application is a Proportional-Derivative (PD) type, which
shows good agreements with the stability aspects. Setting the
integrators’ gains equal to one in Figure 3, and assuming that the
flywheels are identical, the dynamics for this attitude actuator is

(5)

As a result, the transfer function for the satellite’s dynamics in
Figure 5 yields 

(6) 

where

SYNERGISTIC SYSTEMS FOR SPACECRAFT ATTITUDE CONTROL

Figure 4: Power management by CEACS

Figure 5: Attitude Control Architecture
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could be replaced by a duct system in which the fluid with a
reasonable heat transfer coefficient circulates, and simultaneously
generates reaction torques for the attitude control. The fluid motion
could be influenced by a variation of the external and internal effects,
e.g. electric and magnetic fields, and temperature gradients. The
concept makes use of the existing temperature gradient in satellites
to create a flow through the coupling of the thermoelectric and
magnetic fields. The thermoelectric current can be generated by the
temperature gradient between metal pairs. Hence, when a magnetic
field is introduced near the generated electric current, a fluid flow is
induced. 

Two configurations are proposed for CATCS, see Figures 7 (a)
and (b). The former benefits from the internal heat sources
(payloads) and the latter benefits from an external heat source
(Sun). These configurations allow an active heat dissipation to the
neighboring satellite walls, which will eventually avoid thermal
stresses on the satellites. Additionally, this method is independent
from the natural convection phenomena, and enhances the heat
transport activity. In both configurations, the fluid velocity is
controlled by varying the distance between the permanent
magnets and fluid housing. This task can be executed by
engaging the linear motors to position the magnets [8]. The
system details are given in Figure 7 (c). The working fluid selected
is gallium, which has a melting point at 303 K. In fact, this value
can be easily dropped by adding the indium (24%) and tin (16%)
compounds [9]. The thermoelectric generator selected as an
example is cobalt with an absolute thermoelectric power ∆S of
about -35 µV/K. Since the liquid-metal gallium is active towards
cobalt, the stainless steel is chosen for the fluid housing. Both the

materials, gallium and stainless steel, have no absolute
thermoelectric powers, but they are reasonable electric and heat
conductors. And, the permanent magnets chosen for the setup
are Neodymium-Iron-Boron (Nd2Fe14B) type [10].

The crucial parameter to be estimated first is the maximum
fluid velocity Vmax. The working principle of this system is that the
pressure drop due to the duct friction ∆ploss must be balanced by
the total pressure of the MHD pumps n∆ppump. Therefore, the
Bernoulli’s equation for this closed fluid system yields

(7)

The equivalent pressure provided by a MHD pump is induced
by the Lorentz force (FL = b i B) over a cross section (A = h b).

(8)

Another required parameter to be calculated is the generated
thermoelectric current ilocal, which can be estimated with the
following equation, 

(9)

where the cross section Ae is: the mean circumference of duct
lf times height h. It is assumed that a MHD compartment has a
particular length lf ≈ 0.05 m. Subsequently, the estimated current
is about 80 A corresponding to an assumed system temperature
gradient ∆T of 50 K. For the magnetic flux density B = 0.5 T, eq.
(7) yields for the maximum fluid velocity Vmax = 1.07 m/s. As a
result, the corresponding angular momentum is about 0.95 Nms.
Since the CATCS will be used as “fluid reaction wheel”, the quest
for its response time will be the prime analysis as reflected in the
next section.

TRANSIENT RESPONSE
The CATCS consists of the MHD and classical fluid flows (see

Figure 6), which will be characterised respectively in the following.
For the reference case, the Hartmann number Ha >>1. Thus, the
Hartmann flow and MHD Couette flow solutions show the velocity
and current variations are localised in a very thin layer (close to the
wall), whose thickness is of the order of h/Ha [11]. Hence, the
system’s time response is dominated by the evolution of the core
velocity Vθ in the core region. Taking into account the Hartmann
properties and the current density in the core region for parallel
flows, the Navier-Stokes equation can be solved for the core
velocity. In seeking an analytical solution to the transient
response, the convection, pressure, viscosity and gravity terms
are neglected. The solution for the core velocity in Laplace
form yields.

(10) 

Figure 6: CEACS Performance
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The core velocity has an exponential function with a response
time τmhd of h2/ν Ha. For the reference configuration, the
estimated time constant is τmhd = 0.68 s. In order to determine the
response time of the complete system, this transient analysis is
continued for the classical fluid flow.

The final pressure of the MHD pumps pfinal must balance the
friction pressure drop in order to achieve the intended fluid
velocity Vfinal. Therefore, the transient flow can be expressed in
the following

(11)

where Vins is the mean instantaneous fluid velocity. Applying
the boundary conditions, Vins = 0 at t = 0, and noting that the
exponential velocity profile attains 99% of the Vfinal in a finite time,
this equation yields for the quested response time.

(12)

The response time solves to τcls = 1.2 s. Thus, the total
response time for CATCS is: τf = τmhd + τcls = 1.88 s. With this
remarkable response time, the CATCS attitude control
architecture can be envisaged.

CATCS PERFORMANCE
Before embarking on the performance evaluation, the CATCS

attitude control architecture has to be implemented first. The
attitude control design in Figure 5 is radically similar for CATCS.

SYNERGISTIC SYSTEMS FOR SPACECRAFT ATTITUDE CONTROL

Only the dynamics of this actuator need to be established, see
Figure 8. 

From Figure 8, the displacement d, induced magnetic flux
density B and resulting torque Tf are the physical constants
describing the drivers. Their dependencies are given by the linear
motor constant kL, induced flux density constant kB, and resulting
torque constant kT, respectively. The system gains are: KC = 1/n,
and the drivers’ constants are held as below for an ideal system 

kL1 = kL2 = kL3 = kL4 = kL,
kB1 = kB2 = kB3 = kB4 = kB, 

and kT1 = kT2 = kT3 = kT4 = kT. 

The product of these constants is defined as: kL × kB × kT = kG.
And, the ε in Figure 8 represents the system torque accuracy: ε =
1 ± εT, where εT is the internal torque gain errors. For an ideal
system, εT would be equal to zero so that ε = 1. The attitude
controller selected is a Proportional-Integral (PI) type, which fulfils
the stability aspects as well. Thus, the transfer function for the
satellite’s dynamics is

(13)

where

With these equations, the control architecture is amenable for
the numerical treatment using MatlabTM. The reference mission

Figure 7 : CATCS Configuration. Setup details: Radius R = 0.5 m, height η = 5 mm, width b = 20 mm, mass µ = 1.86 kg, number of MHD pumps
η = 4, fluid inertia If = 0.46 kgm2, and heat flow q
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defined in section 4 is retained for the CATCS performance analysis.
The chosen attitude control gains are KP = 0.8 Nm/rad, Ki = 0.011
Nm/s, and kG is regarded as unity so that the desired and exerted
torque commands are directly proportional. The system’s response
time τf was set to 2 s. The linear motors’ delays (e.g. 50 ms) were
also considered in the simulation. The ideal CATCS simulation
results are depicted in Figures 9 (a) and (b). The satellite’s attitude is
within the pointing budget (θsat < 0.2°), see Figure 9 (a). In Figure 9
(b), the fluid velocity attains the maximum velocity after about 5
operational orbit periods. To reset this velocity, the available
standard desaturating methods can be engaged [12].

The second test case is for a non-ideal CATCS. Three torque
gain errors are identified for this analysis, e.g. from the linear motors,
permanent magnets, and the temperature instability in
the MHD compartments. For the motors, about 4% are assumed for
the torque constants’ differences. On the other hand, the
temperature surrounding the magnets influences their magnetic flux
densities B acting on the MHD compartments. For the Nd2Fe14B
magnets, this temperature dependency is about 0.15% / °C [10].
Additionally, the vacuum environment is assumed to have a
maximum gradient/margin of 10°C [13]. Therefore, this would induce
1.5% difference in the resulting control torque. Finally, the
temperature variation in the MHD compartments is held about ± 2 K
with respect to the system’s temperature gradient of 50 K [14]. This

would account for about 4% of difference in the generated
thermoelectricity, and is proportional to the system’s torque gain
error. So, macroscopically, the total system torque gain errors εT

would account for about 9%. For this non-ideal test case, all the
system gains were retained as in the ideal simulation. Despite the
gain errors, the results pertaining to the non-ideal analysis show that
the attitude accuracy and the fluid velocity are still within their
nominal limits, see Figures 9 (c) and (d), respectively. Nevertheless, if
desired, the attitude accuracy can be increased by tightening the
stiffness of the attitude control loop.

So far only the attitude control performance for CATCS is
discussed. It is also necessary to view its heat transport aspects. For
example, having a temperature gradient of 5 K (hot and cold satellite
walls) together with the estimated mass flow (e.g. 0.3 kg/s), the
system can transport about 560 W of heat from an exposed area of
0.01 m2. Thus, the CATCS has a reasonable heat transport
capability. On the other hand, the conventional heat pipes have good
heat transport capabilities as well. However, in some cases their
mass could reach up to 1 kg or more depending on the types [15,
16]. As a result, the total mass budget for the conventional heat
pipes and a reaction wheel (e.g. 0.4 Nms) could reach up to 2.7 kg
[15, 16, 17]. This indeed has a significant impact on the overall
spacecraft mass budget. Instead, the entire CATCS mass budget
would account for about 2.5 kg. Moreover, through the effects of
synergism, additional mass savings could be obtained. For example,
the CATCS requires only small amount of electrical power for the
motors (e.g. 6.4 W for 4 units) so that the performance of the solar
panels and batteries could be reduced in terms of their masses. 

It is evident that the CATCS is susceptible to the temperature
variations, especially in the MHD compartments. To alleviate this
problem and to arrest such situations, the use of electrical heaters
(e.g. thermofoils) becomes desirable. These heaters are extremely
lightweight, and consume about 1 W corresponding to the
temperature per-heated mass, e.g. 15°C/kg can be achieved in half
an hour for cobalt [18]. Moreover, these thermofoils could be used
to partially dump the excess solar power during the begin-of-life
(BOL), which could eventually increase the system’s thermoelectric
generation capability. This coupling can be classified as an
additional advantage of the CATCS. Further, to achieve even higher
thermoelectricity, the use of better thermoelectric generators (e.g.
bismuth) instead of cobalt can be envisaged. In fact, this could be
also an approach for the satellites with lower on-board temperature
gradients to employ the CATCS. In this investigation, it has to be
noted that the magnetic flux densities used are only half of the
theoretical value for the reference configuration. Hence, with only
two Nd2Fe14B magnets (e.g. 1 T), the similar performance
presented in this article can be achieved. As a result, the power and
mass budgets for CATCS can be reduced accordingly. 

CONCLUSION AND OUTLOOKS
The CEACS attitude and power management for a small

satellite has been demonstrated in this article. The ideal and non-
ideal CEACS performances coincide with the reference mission
requirements. The CEACS is a promising alternative compared to
the separate conventional attitude and power systems, especially
for increasing the life of the LEO satellites. The second system,

Figure 8: CATCS Actuator Compartment

Figure 9: CATCS Performance
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CATCS, has also its own potentials. This system is suitable for the
satellites that require an active thermal control to handle the excess
on-board heat. The performances shown by the ideal and non-ideal
CATCS also comply with the mission requirements. Moreover, the
usage of the unwanted on-board heat for its operation brings the
additional benefits for the satellites. Both systems, CEACS and
CATCS, demand a stringent design procurement. However, with the
current available technologies such systems are judiciously
feasible. In order to achieve their formal operational statuses,
further research will be concentrated on designing the prototypes.
This would also allow the systems’ gains or parameters to be
characterised profoundly. Finally, this investigation demonstrates
the potential synergisms for the attitude control system, and offers
a novel approach for designing the future spacecraft.
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NOMENCLATURE
A cross section
b width
B magnetic flux density
D hydraulic diameter
φ friction coefficient = 0.32 Re-0.25

FL Lorentz force
h height

Ha Hartmann number =   –––– B h

ibus, isolar, ilocal currents
Iw, If, Isat inertias
km motor torque constant
Ki attitude integral constant
Kd attitude derivative constant
Kp attitude proportional constant
Kw flywheel proportional constant
lθ, lf longitudinal length
ν number of pumps
P power

Re Reynolds number = ––––

t time
T torque command
TD external disturbance torques
TS torque exerted on the satellite body
U voltage
V velocity

∆ploss friction pressure = f ––––– ––– V2

∆S thermoelectric power
∆T temperature gradient
θref, θsat reference and true satellite attitudes
υ = Tattitude.cmd proportional torque command
ν kinematic viscosity

(ν= 3.49 × 10-7 m2 s-1)
ρ density ( ρ = 5907 kgm-3)
σec electrical conductivity

(σec = 3.7 × 106 Ohm-1m-1)
Ω flywheel speed

2πR
D

ρ
2

σec
ρν√

VD
ν
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Venant partial differential equations for continuity and momentum
respectively, are the governing equations for one-dimensional,
unsteady flow in an open channel. Based on these equations, the
simplest distributed or hydraulic routing model is the kinematics
wave model, which assumes that the friction and gravity forces
balance each other, and the flow condition is steady and water
surface profiles are uniform. Direct numerical methods for solving
partial differential equations can either follow the finite difference
approach, or the finite element method. 

Judah used the Galerkin’s residual method in the formulation of
a flood routing model and obtained satisfactory results [10]. The
Galerkin’s residual method of the finite element method was also
used by Al-Mashidani and Taylor [1] solve the non-dimensional form
of the shallow water equations for surface runoff. Cooley and Moin
[3] also applied Galerkin’s residual method to a finite element
solution of open channel flow and obtained good results. Taylor et al.
developed a numerical finite element for the analysis of watershed
direct runoff problem [12]. White had demonstrated the application
of the FEM in watershed analysis [14]. Jayawardena and White
presented an analytical basis for the formulation of a distributed
catchments model within the flexible framework of the finite element
method (FEM) [9]. In this model, the solutions in the space and time
domain, is carried out by using the finite element and the finite-
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INTRODUCTION
A hydrologic system model is an approximation of the 

actual system, in which its inputs and outputs are measurable
hydrologic variables and are linked by a set of equations. The flow
of water through the soil plane and stream channels of a
watershed, however, is a distributed process, since the flow 
rate, velocity, and depths usually show temporal and spatial
variation throughout the watershed. Therefore, by using a
distributed hydraulic model, flow rates can be computed 
as a function of space and time. Most of the hydraulic 
models require a large number of input data and might 
produce a large set of output data. A complex, large-area, 
multi-basin drainage study requires significant effort in terms 
of data organization, development of models, and presentation 
of results. To overcome these problems and difficulties, 
a GIS system can be used to organize, store, and display 
spatial (maps) and non-spatial (characteristic) data for 
the study. 

In the actual flow process, the velocity of flow in a river varies
along the river, across it and differs from the water surface to the
riverbed. However, the first two spatial variations can be ignored.
The flow process is assumed varying in only one space dimension
that is along the flow channel or in the direction of flow. The Saint

ABSTRACT
A deterministic model to simulate rainfall runoff from pervious and impervious surfaces is presented. The surface runoff model is
based on an established one-dimensional, variable width, kinematics wave approximation to the Saint Venant equations and Manning
equation, to mathematically route overland and channel flow, using the finite element method. The Galerkin’s residual finite element
formulation utilizing linear and quadratic one-dimensional Lagrangian elements is presented for the spatial delimitation of the
nonlinear kinematics runoff equations. The system of nonlinear equations was solved using successive substitutions employing
Thomas algorithm and Gaussian elimination. The whole formulation was set up using the MapBasic and MapInfo Geographical
Information System. A laboratory rainfall runoff physical model was set up to test the numerical model. Parameters considered
include, surface roughness, plane slope, constant or changing rainfall intensities. Linear element simulation was found to give results
as accurate as the quadratic element simulation. Increasing the number of elements to simulate runoff from a homogenous surface
did not give any added advantage. Whilst the Courant Criterion gives maximum time step increment for computation, it is however
recommended that as small a time increment be used to eliminate any oscillatory instability. Time increment for channel flow routing
was found to be always smaller when compared to lateral overland flow. Thus, the chosen time step increment for channel flow
routing must be a common factor of that of lateral overland flow in order to satisfy the linear interpolation of overland outflow
hydrograph as input into the channel. For laboratory scale catchments, smaller upstream plane and larger downstream plane
roughness, 0.033 for bare soil surface upstream and 0.300 for grass surface downstream, respectively, can result in small oscillatory
disturbances at the rising limb. Such discrepancy does not occur when upstream roughness is larger then downstream roughness.
Differences in elemental interface slope can be catered for rather well in the model. A hypothetical watershed and imaginary tropical
rainstorm was also studied to verify the stability of the model in larger runoff catchments. Channels, which are initially dry or with
existing flows can be simulated incorporating additional rainfall. Large catchments with large physical elemental roughness and slope
differences can be well simulated, without oscillations that are evident in laboratory scale tests.

Keywords : Rainfall runoff, finite element, kinematics-wave modeling, overland flow, geographical information system
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difference method, respectively. A finite element storm hydrograph
model (FESHM) has been developed as a distributed parameter
model to simulate flow on ungauged watersheds [11].

Blandford and Meadows presented a Galerkin finite element
formulation, utilizing linear, quadratic, and cubic one-dimensional
Lagrangian elements, for the spatial delimitation of the nonlinear
kinematics runoff equations [2]. A method to estimate a suitable
computation time-step size based on the Courant condition is
also presented. However, using a time increment approximately
equal to the presented Courant time increment may not produce
accurate results with both explicit and implicit schemes. Viessman
et al. stated that for the explicit time integration scheme, the best
results are obtained with a time increment of 20% off of that
defined by the Courant condition [13]. Giammarco et al. 
(1995) developed a conservative finite elements approach to
overland flow, known as the control volume finite element 
(CVFE) method [5]. This CVFE method is said to be extremely
useful and flexible not only for overland flow studies but also for
flood plain modeling. 

The objective of this study is to develop a deterministic GIS
based finite element model to simulate the rainfall runoff process.
A laboratory scale model with various surface conditions and
uniform rainfall simulation will be used to verify the model’s
computation stability, accuracy and differences between the linear
and quadratic element based models used. The model is then to
be checked for its stability when applied to fictitious real world
catchments, albeit only in its computation stability, so that it can
be used later for real life simulations.

METHODOLOGY
Several assumptions were made: 

(i) evaporation and evapotranspiration are assumed to be zero
for the purpose of this study in order to reduce the complexity
of the model. This is an event driven model and this
assumption can be valid for the duration of rainfall runoff
process; 

(ii) excess rainfall is the only inflow onto the overland; 
(iii) the net inflow into the channel is contributed from the direct

rainfall onto the channel as well as from lateral overland flow;
and 

(iv) assuming that the kinematics overland and channel flows
have only a forward characteristic with no backwater effects.
The Saint-Venant (1871) equations of continuity and
momentum form the basis for the solution. The kinematics
wave based model neglects the local accelerations,
convective acceleration, and pressure terms in the momentum
equation, and thus assumes that the friction and gravity forces
balance each other, that is, So = Sf. and is approximated using
the Manning equation. 

FINITE ELEMENT FORMULATION 
The finite element method is especially adaptable to the

problem of evaluating the impact of land-use changes on flood
flows since a watershed and channel can be divided into a finite
number of sub-areas or elements. The hydrologic properties of
one or all of the elements can then be altered to simulate the

effect upon the hydrologic response of the entire watershed
system. The results from the overland flow are considered as input
for the subsequent channel flow computation, ignoring direct
rainfall into the channel. The same finite element formulation can
be applied for the both stages. 

The derivation of the finite element equation involves the
development of algebraic equations from a governing set of
differential equations. Galerkin’s residual method was used to
derive the individual element equations because it has been
demonstrated to be a good formulation procedure for surface flow
problems. For the finite element grid consisting of more than one
element, it must be arranged in a form, which embodies the 
total number of elements. The direct stiffness method is 
used to obtain the assembled matrices. The algebraic equations
must be solved as a set of simultaneous equations to 
obtain the primary unknowns, area of flow A, at the nodes. Here,
the Thomas algorithm and the Gaussian elimination are used 
to obtain the solution. The solutions of the system equations 
are next used to calculate the secondary unknowns, discharge Q,
at the nodes.

DETERMINING STEP TIME INCREMENT
Selection of a proper time increment to be used for flow

routing process in the model is essential for an efficient and
accurate solution. A large value of time increment may produce an
inaccurate result or an instability problem. On the other hand, a
time increment that is too small requires larger number of
computations. In the finite element model, a time step is chosen
to satisfy the Courant condition. Courant condition time increment
is the time taken by the kinematics wave to travel from node to
node (element length). The equation to estimate the maximum
Courant condition time increment (Blandford and Meadows,
1990), applicable in the model is given by: 

(1)

In cases where more than one value of n and S is applied, the
smallest n and biggest S should be selected. The calculated time
increment approximates the maximum time increment that should
be used in the model. In the case of channel flows, using this
calculated time increment for flow routing, produced inaccurate
results. Here, the value of maximum rainfall intensity should be
replaced by the maximum lateral inflow value from the lateral strip
of the channel. This is because, the lateral inflow into the channel
is very high compared to the direct rainfall falling on to the
channel. Thus, depending on the rainfall duration, a suitable value
of the time increment, which must be at least equal to or less than
the Courant condition time increment, should be chosen for both
the overland and channel flows routing. 

TEMPORAL EXCESS RAINFALL
DELIMITATION 

Typically, excess rainfall event data are reported and displayed at
regular time interval, say, every 1 min, 5 min, or at breakpoint intervals.
Such a discontinuous loading function would cause convergence
problems. To eliminate the abrupt discontinuities in the excess rainfall, a
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continuously from a constant-head tank. According to Yoon et al.
and Hall et al. [16; 7], droplet size and droplet velocity were
reported to have a negligible effect to the flow mechanics of the
plane compared to the rainfall intensity.

The dimensions of the basin are 2.9 meters in length and
2.2 meters in width. The soil used consisted of mining sand and
clayey loam soil, each of equal volume, with the clayey loam
soil on top. The total thickness of the plane was 30 cm and the
surface was lightly compacted. The runoff surface plane of the
basin when required was formed by changing to the appropriate
type of materials; namely, bare clayey loam soil, Taiwanese Grass,
a combination of bare clayey loam soil surface and grassed
surface, and plywood. In addition, different values of plane slope
were also set in the runoff basin for the overland flow and overland
with channel flow cases. For overland with channel flow, the runoff
basin was divided symmetrically into two equivalent sections
along the longitudinal axis of basin, with the channel placed right
in the middle of the basin, as shown in Plate 1. 

RANGE OF EXPERIMENTAL CONDITIONS
In runoff hydrograph measurements for overland flow planes,

two different slopes, 5% or/and 10%, were set for each of the
surface condition. The surface conditions are bare clayey loam
soil (Plate 2), Taiwanese grass (Plate 3), bare clayey loam soil and
Taiwanese grass interface (Plate 4), and plywood (dimension:
1.125m × 2.400m). In addition, a clayey loam soil overland flow

linear transition over two time steps is used. The transition scheme
adopted here is such that it conserves the excess rainfall volume. This
transition strategy will result in less oscillatory results in runoff simulation. 

MODEL
A model based upon the mathematical equations delineated

was programmed using the MapBasic Language and run
concurrently with the desktop MapInfo Geographical Information
System. The simple rectangular laboratory set up is used as an
example to illustrate some of the geographical information system
functions in running the model and are as shown in Figures 1 - 5.

SIMULATION OF THE DISTRIBUTED RAINFALL-RUNOFF PROCESS

LABORATORY TESTS
The laboratory apparatus consist of a rainfall simulator, runoff

basin, runoff collection drain (discharge measurement), and
infiltration-percolation collecting tray. The rainfall simulator was
made such that the raindrops are formed by a large number of
sprinklers spaced at 30 cm apart, and inserted into seven equal
lengths of 32 mm diameter PVC pipes. The pipes were placed
parallel to each other at a spacing of 30 cm. The sprinklers were
set in a 30 cm × 30 cm (one-square-foot) rectangular grid with one
sprinkler at each corner. The simulator was suspended at 45 cm
above the runoff basin. Water is supplied through a gate valve
controlled water pump, which pumped water uniformly and

Figure 4: MapInfo Menu for MaBasic program execution for a 2-
element channel

Figure 5: MapInfo Dialog Query Box for number of elements to
be used

Figure 1: Example of the digitized map of the Laboratory Setting
with corresponding MapInfo data table 

Figure 2: MapInfo Data Input Table for a 2-element overland
flow strip

Figure 3: Excess rainfall data and time increment
MapInfo Input Table
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plane with a combination of two different slopes (5% and 10%)
was used. For the overland with channel flow experiments, the
only surface condition used was clay soil, and the side slopes
were set to either 5% or 10% slope. The longitudinal flow channel
of the plane was also built up using clay soil and fixed at 5%
slope for all experiments (Plate 1).

The duration of all constant rainfall events was 20 minutes,
except for the plywood surface, which was set to 5 minutes. The
duration for all the experiments with increasing or decreasing
rainfall intensity was set at 10 minutes per rainfall intensity, making
a total of 30 minutes for an experiment run over three different
intensity. Similarly, 5 minutes duration (a total of 15 minutes for the
experiment) were set for the experiments on plywood surface.

RESULTS AND DISCUSSIONS EFFECTIVE
RAINFALL

In the laboratory set up, the only infiltration rate that can be
determined is the maximum infiltration rate, which occurred when
the measured infiltration rate become constant. This is the time after
which all the soil in the model is well wetted and absorbs no more
water. The excess rainfall that is calculated during this period can
be considered as the maximum excess rainfall for that rainfall event.
Since the laboratory model is very small, it can be assumed that the
excess rainfall rate will be constant when the measured runoff-
discharge volume first becomes constant, as long as the rainfall
intensity is constant. Figure 6 shows the discharge hydrograph
of the laboratory test which was set at 5% bare soil slope for
overland flow with 4.76 × 10-3 m2/min excess rainfall, 2.2m width,
2 equal 1.45m length elements; using linear element.

An excess rainfall hyetograph and discharge hydrograph for
a changing rainfall intensity event is illustrated in Figure 7
(Laboratory Test: 5% bare soil slope for overland flow with 4.76 ×

Plate 1: Runoff basin for overland with channel  flow simulation

Plate 2: Runoff basin with bare clayey loam soil surface

Plate 3: Runoff basin with Taiwanese grass surface

Plate 4: Runoff basin with bare clayey loam soil (upstream) 
and Taiwanese grass (downstream).

Figure 6 : Excess Rainfall Hyetograph and corresponding Discharge
Hydrograph for 5% slope bare soil (n = 0.033) overland flow.

Rainfall intensity 2.67 x 10-3 m/min
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SIMULATION OF THE DISTRIBUTED RAINFALL-RUNOFF PROCESS

10-3, 3.93 × 10-3, and 2.48 × 10-3 m2/min excess rainfall, 2.2m
width, 2 equal 1.45m length elements; using linear element
simulation model

TIME INCREMENT SELECTION
It was observed that the value of time increment depends on

the length of element used, the surface roughness, slope,
maximum rainfall intensity, and the length of the whole system.
Hence, time increment must be chosen so that the Courant
condition for that particular case is always satisfied to avoid
kinematics shocks that produce instability. In addition, the selected
time increment must be a common factor of the rainfall duration
also (required for the purpose of interpolation in excess rainfall
between two adjacent time period). If a smaller time increment
were to be used, it will give a more stable and accurate result. 

Figures 8, 9 and 10 show the results of using different time
increment values for a laboratory test (2 elements, linear element
simulation), where ∆t > ∆tc, ∆t = ∆tc, and ∆t < ∆tc respectively.

In this case, the time increment that should be used according
to Courant condition is about 0.54 minute. However, this value is not
a common factor of the rainfall duration (20 minutes). The biggest
common factor that is less than 0.54 is 0.50, which is about 7.4% off
the Courant condition time increment. Thus, the recommended
values of time increment that can be used in simulation include 0.50,
0.40, 0.20, 0.10, 0.05, or other values, as long as it is a common
factor of the rainfall duration and less than 0.54. 

However, in channel flows routing process, the time increment
is calculated according to the peak overland flow runoff discharge
volume into the channel from lateral strips. It is recommended that
the time increment used in channel flow routing be as small as
possible. This is because the maximum rainfall intensity in the
equation to determine time increment is now replaced by the

maximum lateral inflow from the overland strips from both sides.
A large volume of lateral inflow will result in a very small Courant
condition time increment value.

The dissipative mechanism can be quickly dampened by the
judicious choice of the time increment. Although it is said that the
maximum time of computational time increment is the Courant
Criterion, it can be concluded that the time increment selected
should be as small as possible. It is not true that satisfying the
Courant criterion will result in solutions that are inherently stable.
With increased iterations, flow behavior is more precisely
simulated than that of using a single time leap for the wave to
travel to the element node. This linear time discrete is thus an
important consideration in the solution of the algorithm. 

SELECTION OF SURFACE ROUGHNESS 
The Manning roughness coefficients for the bare soil and

Figure 7: Excess Rainfall Hyetograph and corresponding Discharge
Hydrograph for 5% slope bare soil (n = 0.033) overland flow.

Consecutive rainfall intensities 2.67 x 10-3, 2.25 x 10-3,
1.44 x 10-3 m/min

Figure 8: Discharge Hydrograph for 10% slope grass (n = 0.300)
overland flow. Rainfall intensity 2.25 × 10-3 m/min, ∆t > ∆tc

Figure 9: Discharge Hydrograph for 10% slope grass (n = 0.300)
overland flow. Rainfall intensity 2.25 × 10-3 m/min, ∆t > ∆tc

Figure 10: Discharge Hydrograph for 10% slope grass (n = 0.300)
overland flow. Rainfall intensity 2.25 x 10-3 m/min, ∆t > ∆tc
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grass were selected using values recommended by Engman [4]
for overland flow. The recommended values for bare clay-loam
(eroded) ranges from 0.012 – 0.033, and 0.170 – 0.300 for dense
grass. In all the laboratory tests, the value of roughness coefficient
chosen for bare soil is 0.033, and 0.300 for dense grass
(Taiwanese grass). The Manning roughness coefficient for the
plywood surface is estimated as 0.015 using the value
recommended by Schwab al. [15], which ranges from 0.010 to
0.015 for planed wood. The highest value of roughness coefficient
from the ranges is always selected for all cases. This is because
the laboratory model is very small relatively, and will need a very
small time increment value to produce results without undue
divergence, especially when the rainfall intensity used is high, or
the number of element used is large.

NUMBER OF ELEMENTS AND ELEMENT
LENGTH 

According to the Courant condition time increment equation,
the time increment value used in a system mainly depends on the
element length of the system. The shorter the element length, the
smaller is the time increment needed for the model simulation.
The criteria of element length selection and the number of element
used in a system mainly depend on the topography condition of
the simulation area, such as surface roughness and slope. Areas
with the same roughness coefficient and slope should be selected
as an element, instead of dividing it into two or more elements.
Two simulations had been carried out to prove that the number of
elements used to assess a homogenous surface did not affect the
simulated results: (1) using different number of elements for a
homogeneous overland flow routing system; (2) using different
number of elements for a homogeneous overland flow with
channel flow routing system. In both cases, the results were not
significantly different in terms of absolute values. On the other
hand, in situations where the use of shorter element length and
bigger number of element cannot be avoided, for example, in a
natural catchments due to the various types of surface physical
properties, selection of a smaller time increment value is still
needed and cannot be avoided. 

LINEAR VERSUS QUADRATIC
INTERPOLATION FUNCTION MODELS 

From simulations performed it was found that simulated
results obtained through using either the linear or quadratic
function models were similar. However, it is noted that quadratic
element simulation model need a smaller time increment value
than that predicted by the Courant condition time increment
because it has a bigger matrix iteration for the same number of
element compared to the linear element simulation model. 

ACCURACY, STABILITY, AND
CONVERGENCE

Various sets of test (not shown here) with different physical
and rainfall conditions have been carried out for this purpose.
From all the plots, it can be concluded that almost all the
simulated result matched quite closely with the measured results.
However, some of the peak discharge and the volume of runoff for

certain events have been either over-predicted or under-predicted
although the deviations are not large. The inconsistency can be
due to the assumption of overall homogeneity of infiltration,
roughness, rainfall intensity, slope, and uniform pumping pressure
in all the laboratory experiments. But in reality, this is virtually
impossible to achieve all at once for each individual experiment. 

Almost in all the events, the rising curves have been
underestimated by model. This discrepancy may be caused by
the assumption of linear transition of the simulation of the excess
rainfall, from zero to the maximum constant rate. In the recession
curve of all the hydrographs, the simulated results always show
faster recession and underestimation due the residual effect of
remaining water in the pipes as explained earlier.

A laboratory test using bare soil surface with two different
slopes, 5% (upstream side) and 10% (downstream side), divided
into two equal length elements, was also set to check the ability of
finite element method in simulating runoff discharge for an area
with different slopes. Generally, the results simulated by the model
for both constant rainfall intensity, and changing rainfall intensity
events are close to the measured results. Further evaluation
included a laboratory test using a bare soil (upstream) and grass
(downstream) interface as runoff surface, divided equally into two
elements (each with 1.45m of length), to check the ability of finite
element in simulating runoff discharge from an area with different
roughness coefficients. The simulated discharge hydrograph
compared to the measured discharge hydrograph is shown in
Figure 11. The rising curve in the simulated hydrograph has shown
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Figure 11: Discharge Hydrograph for 5% slope bare soil
(upstream, n = 0.033) and grass (downstream, n = 0.300) interface

overland flow. Rainfall intensity 2.25 x 10-3 m/min

Figure 12: Discharge Hydrograph for 5% slope bare soil
(upstream, n = 0.033) and grass (downstream, n = 0.300) interface

overland flow. Rainfall intensity 2.25 x 10-3 m/min, two sets of
different roughness
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small oscillations. The roughness coefficient values used in the
model is 0.033 for bare soil surface, and 0.300 for grass surface, a
factor of 10 difference. This may be the main factor that affects the
rising curve simulated by the model. This is where the kinematics-
wave theory may fail due to dam effect at the interface.

When two closest values of roughness coefficient for bare soil
and grass are used, 0.033 for bare soil and 0.170 for grass, and
compared to the case where two as-far-apart-as-possible
roughness coefficient values for these two surfaces is used, 0.012
and 0.300 for bare soil and grass surfaces respectively, the
simulated rising curves have shown that the former case would
produced less oscillatory result, as shown in Figure 12. Thus,
when the two values of roughness coefficient used in simulation
differs by a large margin, there will be more instability. The
spurious oscillatory behavior can be suppressed when the
difference between adjacent values of roughness (and perhaps
slope) is made very much smaller. On the contrary, if the upstream
elemental roughness has a bigger value compared to the
downstream end, the resulting simulated hydrograph would be
normal. However, this is only a conclusion made from the
laboratory condition, where the catchments model is very small. If
the same situation is applied in bigger catchments, this oscillatory
may not occur. The scale factor of the physical model may be
contributory impedance in model simulation. 

hour rainfall duration is applied to the model. The result simulated
from the catchments is shown in Figure 16. 

The peak flow runoff discharge volume of 6,500.0 m3/min
(or, 108.33 m3/sec) of the catchments simulated by the model
is reasonable when compared to a catchments used as an
example in DID [6], with the approximate size of area
and rainfall intensity. Similarly, a constant rainfall intensity, i =
100mm/hr (1.667 × 10-3 m/min) is also applied in the model
with the same catchments to check the stability of the model
in simulating with different rainfall intensities (Figure 14). 

In addition, an overland component (strip) in the catchments
was tested with different rainfall durations of these rainfall
intensities values and, was found that the model work as well.
Also, with this overland component, different rainfall intensities
amongst the elements in the system was applied to test the
stability of the model in simulating a condition where the
catchments system has different rainfall intensities, or some parts
totally without rainfall.

SIMULATION OF THE DISTRIBUTED RAINFALL-RUNOFF PROCESS

VARYING CATCHMENTS TOPOGRAPHY
In order to verify the capability of model to simulate rainfall-

runoff events for different types of topography condition, the
overland component from the catchments was also tested with
different sets of physical conditions. As mentioned previously,
when different values of roughness coefficient are used in the
small-scale physical model for overland flow simulation, the results
were oscillatory. However, when the same conditions were applied
to this big overland component (divided into two equal 1,250 m

NATURAL CATCHMENTS
The parameters of a hypothetical larger natural catchments

and imaginary rainstorms, was used to verify the stability of the
model in simulation in large real catchments. A catchments area
about 25km2 (5 × 5 km) is considered for this purpose. The
catchments is a square area with a channel flows in the middle of
the catchments, as shown in Figure 13.

The overland components in the both sides of the channel are
divided into five equal strips, each with 1 km width and 2.5 km
long. The surface of the overland area (strips) has a 10% slope,
and covered by a material with a coefficient of roughness, 0.20.
Similarly, the channel has a 2% slope with 0.02 of roughness
coefficient. Each strip is delimitated into five equal length
elements (0.5 km each). Similarly, the channel is also delimitated
into five equal 1 km length elements with 30 m width. A constant
excess rainfall intensity, i = 50 mm/hr (8.333 × 10-4 m/min) with 1-

Figure 13: Schematics of a fictitious large natural catchments with
5 strips each side of overland flow and 5 element for channel flow

Figure 14: Comparison of fictitious large natural catchments runoff
hydrographs for two rainfall intensities

Figure 15: Oscillatory effects not evident in fictitious large natural
overland component with different roughness coefficient values

amongst the elements in the overland system
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length with upstream roughness 0.033 and downstream roughness
0.300), the results are as illustrated in the following Figure 15. 

The finite element method can work well in large-scale
catchments, with different roughness coefficient values amongst
the elements in the system. In addition, the same condition as
used in the previous case, but with different values of plane
slopes, was also simulated, and the results shown were
reasonable, as in Figure 16.

It was also applied to the same whole catchments system
(with channel) used previously, where the roughness coefficients
and slopes used in the channel system are set with different
values. The results shown in Figure 17 indicated that the model
could be used to simulate a channel flow routing system with
different physical conditions accurately. 

CHANNELS WITH EXISTING FLOWS
All the theoretical cases discussed before were without

existing flows in the channel. The model was also tested with the
consideration of an existing flow in the channel. For this purpose,
a volume of discharge, Q = 989 m3/min (or, 16.48 m3/sec), is
assumed to exist uniformly in the channel. The hydrograph
produced by the model for this is shown in Figure 18. This plot
indicated that the existing flow would continue to discharge in
combination with rainfall and lateral flows input into the channel.
A similar condition was also applied to the system where a larger
volume of existing flow is assumed, and where Q = 5,742 m3/min
(or, 95.70 m3/sec). The hydrograph is illustrated in Figure 19.

It can be noted that the sum total runoff discharge volume
below the hydrograph (without existing flow) and the hydrograph
(with existing flow only), is always equal to the runoff discharge
volume of the catchments hydrograph (with existing flow, Q =
5,742 m3/min). The outflow discharge hydrograph for the
combination of existing flow with rainfall and lateral flows input,
initially is contributed mainly by the existing flow in the channel.
The rainfall and lateral inflows into the channel initially did not
show any obvious contributions. It is illustrated that, after about
twenty-one minutes, the rainfall and lateral inflows started to
contribute to the channel runoff discharge. This situation would be
continued until about the forty-ninth minute, whereby thereafter,
the channel runoff discharge is almost only contributed by the
rainfall and lateral inflows (assuming the whole volume of existing
flow has been routed out). Thus the model could be used to
simulate runoff discharge of a catchments system with an existing
flow in the channel. For the case of a perpetual uniform existing
flow, then the superimposition principle holds.
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Figure 16: Oscillatory effects not evident in fictitious large natural
overland component with different roughness coefficient values and

slopes amongst the elements in the overland system

Figure 17: Oscillatory effects not evident in fictitious large natural
catchments with different roughness coefficient values and slopes

amongst the elements in the channel system

CONCLUSIONS
The following conclusions were drawn from this study: (i) it is

confirmed that the kinematics wave equation solved by the finite
element standard Galerkin’s residual method is able to simulate
the runoff for overland plane and channel accurately; (ii) the
spurious oscillatory behavior for the overland flow and channel
flow can be suppressed by using a smaller time increment value
(the smaller the better), governed by the Courant criterion; (iii) the
temporal excess rainfall discrete scheme adopted has shown
good results with less oscillatory disturbance at the point where
discontinuous excess rainfall data are prescribed; (iv) spatial
variations in geometry, hydrologic properties, and precipitation
can be easily incorporated using geographical information

Figure 18: Simulation of fictitious large natural catchments
discharge for channel without/with existing flows (lower volume)

Figure 19: Simulation of fictitious large natural catchments
discharge for channel without/with existing flows (higher volume)
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systems; (v) number of elements used in runoff simulation did not
significantly affect the simulated results. The consideration of
number of element to be used in the model mainly depends on the
topography, and/or climatic properties of the catchments. The
linear and quadratic element simulation methods gave similar
predictions of peak runoff volume, and the rising and receding
curves pattern; (vi) simulation with differential elemental
roughness whereby the upstream roughness is smaller than
downstream roughness, have indicated inconsistent result in the
upper end of the rising limb. However, when upstream roughness
is larger than the downstream roughness, this discrepancy did not
appear. Scale effects and/or storage detention at the interface by
the rougher surface downstream, seems to be the reason for this
phenomenon. However, all this does not appear in larger
catchments and; (vii) in the recession curve of all the hydrographs,
the simulated results always show faster recession and
underestimation. This is due to the problem in the laboratory
setting in that water through the spray nozzles could be not
stopped instantaneously, upon closure of the control valve. The
residual water in the pipes would contribute quite a big volume of
water onto the small-scale lab runoff basin. This being in contrast
to the mathematical model that assumes instantaneous cutoff.
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NOTATION
Q discharge overland or in channel

A wetted Area, channel flow area

R hydraulic radius 

L element length

V flow velocity

q lateral inflow

n roughness coefficient

∆x smallest element length 

∆t time increment

∆tc Courant time increment

imax maximum rainfall intensity

x horizontal distance

y depth of water surface

t flowing time

g gravity

Sf friction slope

S plane slope, bed slope

m coefficient

SIMULATION OF THE DISTRIBUTED RAINFALL-RUNOFF PROCESS
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effectiveness of OPC treatment for heavy metal-contaminated soil
which was subjected to Malaysian weather and establish the most
appropriate C/Sd ratio for the treatment based on the treated
material’s ultimate purpose or destination. 

MATERIALS AND METHODS
Site and Soil Sample Description

An operational scrap metal yard located within the outskirts
of Kuala Lumpur was selected as the study area (Figure 1). The
scrap metal yard has been in operation for more than a decade
and manages a variety of scrap metals ranging from construction
steel bars to metal components of household appliances.
Contaminated soil samples were collected at depths of 20 cm
from the surface by using a stainless steel shovel and stored 
in cylindrical plastic containers. Based on visual inspection, the
soil was dark in colour and contained fragmented metal pieces. 
All labware and sampling apparatus were pre-soaked in 5% 
nitric acid solution followed by distilled water for a day prior 
to sampling to remove trace concentrations of metals. Large 
plant debris and metal pieces were manually discarded from 
the contaminated soil samples before subjected to screening by
using a 2-mm sieve.

Characterization of Contaminated Soil
Physical characteristics that include moisture content, soil

particle density (specific gravity), soil pH, loss-on-ignition and
particle size distribution were determined by using the British
Standard Methods for Test for Soils for Civil Engineering Purposes
[4]. The soil was acid digested by using Method 3050B: Acid
Digestion of Sediments, Sludges and Soils [5] prior to chemical

Remediation of Heavy Metal Contaminated Soil 
by Using Chemical Stabilization

Yin Chun Yang, Md Ghazaly Shaaban and Hilmi Mahmud
Department of Civil Engineering, Faculty of Engineering, University of Malaya, 50603 Kuala Lumpur

INTRODUCTION
Chemical stabilization or chemical immobilization techniques

which are more extensively utilized in the treatment of hazardous
wastes, are increasingly finding applications in remediation of
contaminated soil especially in developed countries such as the
United States [1] and European Union [2]. Applications of
established technologies for land remediation are scarce and still
in its infancy in Malaysia due to the lack of specific contaminated
land legislations that obligate land polluters to bear the clean up
costs. Consequently, the disinclination of land polluters (mostly
small and medium industries) to shell out exorbitant land
remediation clean up fees had diluted specific pertinent
stakeholders’ effort in ensuring that remediation of numerous
contaminated land are aptly carried out. Comprehensive
researches on chemical stabilization technologies in Malaysia are
only limited to treatment of industrial wastes prior to land
disposal, most of which are undertaken at local academic
institutions. Hence, there is a need to research novel remediation
techniques or customize established ones for local applications in
Malaysia in order to address the increasing exigency in
remediating contaminated land to protect the public health as well
as the environment. 

Chemical stabilization is generally defined as a chemical
alteration technique of reducing the mobility and solubility of
contaminants present in waste or soil in order to convert that
particular waste or soil into chemically innocuous form which may
or may not include production of a monolithic matrix [3]. Chemical
stabilization of contaminated soil may produce an end product of
high strength which can be reused as construction-base
materials. The objectives of this study were to evaluate the

ABSTRACT
The effectiveness of ordinary portland cement (OPC) in the immobilization of heavy-metal contaminated soil was investigated in this
study. Heavy metal contaminated soil was collected from a scrap metal yard within the outskirts of Kuala Lumpur, Malaysia. Metal
composition analysis indicated that the predominant heavy metals present in the soil were iron and aluminium with some composition
of zinc and lead and little composition of copper and chromium. The contaminated soil was treated with OPC using cement-to-dry soil
(C/Sd) ratios of 0.5, 1, 2, 4 and 8. The effectiveness of the treatment was evaluated by performing unconfined compressive strength (UCS)
test and crushed block leaching on the treated soil. Crushed block leaching tests were performed in accordance with standard protocols
of Method 1311: Toxicity Precipitation Leaching Procedure (TCLP) and Method 1312: Synthetic Precipitation Leaching Procedure (SPLP)
of the United States Environmental Protection Agency (USEPA). The treatment results were compared to the solidified waste acceptance
criteria which were compiled based on the regulatory waste disposal limit at a disposal site in the United Kingdom (UK) and the maximum
concentration of contaminants for toxicity characteristic of solid wastes from USEPA. The UCS values of the solidified samples at 28
days under air drying for C/Sd ratios of 0.5 – 8.0, far exceeded the minimum landfill disposal limit of 0.34 N/mm2 at a disposal site in the
UK. Subsequent to leaching of the treated soils by three different leaching solutions (acetic acid, deionized water and nitric/sulfuric acid),
metals in the leachates were either undetectable or appreciably below the proposed leachability limits. 

Keywords : Land remediation, chemical stabilization, ordinary portland cement (OPC), heavy metal contaminated soil, unconfined
compressive strength (UCS), leachability
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analysis by using the OPTIMA 3000 Perkin-Elmer Inductively
Coupled Plasma-Optical Emission Spectrometry (ICP-OES).

Production of Solidified Samples
Type 1 OPC obtained from Associated Pan Malaysian Cement

was used throughout the study. The OPC was selected as binder
in this study due to its relatively inexpensive cost and easy
availability in Malaysia which may prove crucial should the
technology be locally commercialized. The technical justification
for its selection was due to the fact that composition of OPC was
much more consistent, thus eliminating some of the many
variables in studying chemical stabilization processes [6]. OPC
was added to the contaminated soil at C/Sd ratios of 0.5, 1, 2, 4,
and 8. Mixing of these materials was done in a 25-L SPAR type
mixer. The sieved contaminated soil and cement were added into
the mixer and homogenized for 15 minutes prior to the addition of
ASTM Type II deionized water. It was ensured that the addition of
water to the cement and soil was adequate to produce a mixture
with a flow of 10% by using a K-slump tester specified in the
standard test procedure given in ASTM Standard Method C 1362-
97 [7]. The mixture was then cast into 50 mm × 50 mm × 50 mm
cubic steel molds, 25.4 mm × 25.4 mm × 25.4 mm cubic perspex
molds and 0.5-litre high-density polyethylene (HDPE) cylinder in
three layers, with each layer compacted by using a vibrating table
to yield good packing of the solidified samples. Solidified cubic
samples for all the tests were prepared in triplicates. After the
initial mixing, one day was allowed for setting before the solidified
samples were demolded. A total of 27 days were allowed for air
drying of the solidified samples in a cabinet at a controlled
condition (temperature = 25 ± 2°C, humidity > 80%). 

Unconfined Compressive Strength
The unconfined compressive strength (UCS) test measures the

compressive strength of a material without lateral confinement [8]. This
test was conducted on the solidified samples to indicate whether the
treated material had adequate strength to support any overburden
pressure. The 50 mm × 50 mm × 50 mm solidified cubic samples were
subjected to the UCS test [9] at 1, 3, 7, 21 and 28 days.

Leaching Tests
Crushed block leaching tests were performed according to the

standard US Environmental Protection Agency protocols of
Method 1311: Toxicity Precipitation Leaching Procedure (TCLP)

[10] and Method 1312: Synthetic Precipitation Leaching
Procedure (SPLP) [11]. The TCLP leaching solution was designed
to simulate the worst-case leaching conditions on disintegrated
landfill wastes due to prolonged aging effects while SPLP used a
leaching solution that simulated acid rain. Although the TCLP test
is principally used to determine hazardous characteristics, it is
occasionally utilized to determine the impact of a waste on
groundwater even when the waste is stored or disposed in non-
landfill conditions [12]. 

For the TCLP test, 50 g of crushed samples (dry-cured for 28
days) which passed through a 9.5 mm sieve were placed in low-
density polyethylene (LDPE) containers prior to addition of 1 litre
of 0.1 M nitric acid (solution pH = 2.88) to provide a ratio of 20:1
mass ratio of leachant to solidified samples. The containers were
then agitated using a rotating extractor at 30 rpm for 18 hours.
Leachate pH was measured at the end of the extraction period
prior to vacuum filtration (using 0.45-micron membrane filter)
since the level and control of pH were extremely crucial factors in
evaluating leachability of OPC-stabilized wastes, especially for
metals [6]. The filtrate was then acidified with nitric acid to pH<2
and stored under refrigeration (<4°C) prior to heavy metal analysis
by using the ICP-OES. The SPLP test was slightly different from
the TCLP as it required a leaching solution of diluted
nitric/sulphuric acid (solution pH = 4.20) while other features
remained the same. All TCLP and SPLP analysis were performed
on sample triplicates and average values were used. A third
leaching solution, deionized water (pH = 6.80) was used to
examine the impact of a non-aggressive solution.

Table 1 : Soil physical characterization 

Characteristic Value

Particle Size Gravel = 22.68
Distribution (%) Sand = 72.91

Silt & Clay = 4.41
Moisture Content (%) 14.48
Soil Particle Density 2.616
Soil pH 7.11
Loss-on-ignition (%) 7.63

RESULTS AND DISCUSSION

Characterization of Contaminated Soil
Results of contaminated soil physical characterization are

shown in Table 1. The contaminated soil comprised of 22.68wt %
of gravel, 72.91wt % of sand and 4.41wt % of silt and clay prior
to sieving. The soil was classified as “gravelly sand” based on the
British Soil Classification System [13]. The soil moisture content
and particle density were 14.48% and 2.616 respectively while pH
of the soil was determined to be slightly alkaline at 7.11. The soil
consisted of 7.63% of organic content as determined by the loss-
on-ignition (LOI) test [4].

Table 2 shows the result of the heavy metal analysis. High
concentration of iron (108,290 mg/kg of soil) in the samples was
observed because construction steel bars were the predominant
type of scrap metal stored at the site. Zinc, lead and aluminium

YIN CHUN YANG, et al.

Figure 1: Scrap metal yard
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disposal limit of 0.34 N/mm2 at a disposal site in the UK. It was
observed that all solidified samples possessed UCS above 0.34
N/mm2 even at the age of one day. This result indicates that by
doubling the C/Sd ratio, the UCS of solidified samples had
averagely increased by approximately 6 N/mm2 from the
preceding ratio at the age of 28 days. This effect was attributed to
the fact that by increasing the C/Sd ratio, the amount of tricalcium
silicate and dicalcium silicate (predominant elements in cement)
increased in the stabilized soil enabling more production of
tobermorite gel or calcium-silicate-hydrate (CSH) [16]. This, in
turn, provided more strength to the solidified samples. The
reactions of both tricalcium silicate and dicalcium silicate with
water to produce CSH are shown in Equations (1) and (2). 

2(3CaO.SiO2) + 6H2O → 3CaO.2SiO2.3H2O + 3Ca(OH)2 (1)
Tricalcium silicate           CSH gel

2(2CaO.SiO2) + 4H2O → 3CaO.2SiO2.3H2O + Ca(OH)2 (2)
Dicalcium silicate           CSH gel

Overall, higher UCS values were obtained when higher
amount of OPC was used for the solidification process. It was
observed that the high concentrations of heavy metals as well as
organic content in the soil did not have a significant retardation
effect on the hydration and initial strength development of the
treated material, as indicated by the rapid strength development
during the first three days of curing. A minimum C/Sd ratio of 2
was required to achieve the UK’s typical UCS mortar limit of 20
N/mm2, in which solidified contaminated soils had tremendous
potential in construction material applications such as engineering
fills, pavement blocks, bricks etc. 

Table 4: UCS of solidified samples throughout 28 days of
air drying

C/Sd

Unconfined Compressive Strength (N/mm2)

1 day 3 days 7 days 14 days 28 days

0.5 1.2 5.8 9.4 9.3 9.4
1 6.0 12.6 13.8 16.3 15.4
2 11.8 16.4 19.5 23.7 21.0
4 13.5 25.2 25.9 32.1 29.2
8 19.4 34.0 31.4 32.8 34.7

Crushed Block Leaching
Figure 4 indicates the leachate pH of the three leaching

solutions, deionised water, acetic acid and nitric/sulphuric acid
subsequent to filtration. Figures 5 and 6 show the metal
concentrations of TCLP leachates by using acetic acid and
deionized water as leachants at various C/Sd ratios while Figure 7
indicates the metal concentrations of SPLP leachates at various
C/Sd ratios. It was determined that the leachate pH of the three
leaching solutions subsequent to leaching were essentially
alkaline ranging from 12.34 to 12.49 (TCLP-deionised water),
11.41 to 11.94 (TCLP-acetic acid) and 12.37 to 12.53 (SPLP-
nitric/sulphuric acid). 

were also present in the samples in excess of 1000 mg/kg of soil
while copper and chromium were detected at concentrations of
less than 1000 mg/kg. 

Table 2: Heavy metal concentrations in contaminated soil

Heavy Metal Concentration (mg/kg)

Fe 108,290
Cr 275
Cd ND
Zn 2,315
Pb 1,005
Cu 559
Al 5,967

ND denotes “below detection limits”

Solidified Waste Acceptance Criteria
Table 3 lists the solidified waste acceptance criteria which

were used to evaluate the effectiveness of the treatment. These
criteria were compiled and used for evaluation purposes of the
chemical stabilization treatment due to unavailability of soil and
groundwater standards as well as solidified waste treatability
criteria in Malaysia. The two characteristics selected for
assessment of the treated soils were UCS and leachability since
the two were the predominant criteria assessed for the
effectiveness of solidification/stabilization treatment in the United
States [14]. The regulatory UCS and leachability levels were
extracted from two sources; regulatory waste disposal limit at a
disposal site in the United Kingdom (UK) [15] and the maximum
concentration of contaminants for toxicity characteristic of solid
wastes from US Environmental Protection Agency [10,11].

Table 3: Solidified waste acceptance criteria

Characteristic Regulatory (Acceptance) Level

Compressive Landfill disposal limit† :0.34 
strength at Comparative mortar limit† :20
day-28
(N/mm2)
Leachability Cadmium* :1.0
(mg/L) Chromium* :5.0

Lead* :5.0
Copper† :5.0
Zinc† :10.0

†Regulatory waste disposal limit at a disposal site in the UK (Sollars & Perry, 1989) 
*U S EPA maximum concentration of contaminants for toxicity characteristic
(SW-846)

Strength Development of Solidified Samples
Table 4 shows the UCS data of solidified samples throughout

28 days of air drying. Figure 2 shows the UCS development of
solidified samples throughout 28 days of air drying while the
correlation between UCS, C/Sd and curing age is depicted in
Figure 3 as contour and surface profile which was created by
utilizing Surfer 7.0. The UCS values of the solidified samples at 28
days of dry curing were in the range of 9.4 – 34.7 N/mm2 for C/Sd

ratio of 0.5 – 8.0, which far exceeded the minimum landfill

REMEDIATION OF HEAVY METAL CONTAMINATED SOIL BY USING CHEMICAL STABILIZATION
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The results of TCLP and SPLP tests conducted on the
solidified samples indicated that all analyzed metals in the three
different leachates were either undetectable or appreciably below
the proposed leachability limits as a direct effect of chemical
stabilization by OPC. The only evident metal present in the three
different leachates were aluminium with concentrations ranging
from 1.27 to 0.107 mg/L. The high treatment efficiency may be
attributed to the high pH value (>11) of the treated soils as

Figure 2: UCS development of solidified samples throughout
28 days

Figure 3: Development of UCS of solidified samples throughout 28
days corresponding to various C/Sd ratios

indicated by the pH of the leachates. It was postulated that the
principal mechanism responsible for the effective treatment was
hydroxide precipitation. Mass production of hydroxide ion due to
hydration of OPC at the initial stage of treatment had facilitated

Figure 4: Comparison of leachate pH of the three leaching solutions
subsequent to filtration

Figure 5: Metal concentrations of TCLP leachate (acetic acid as
leaching solution) at various C/Sd ratios

Figure 6: Metal concentrations of leachate (deionized water as
leaching solution) at various C/Sd ratios

Figure 7: Metal concentrations of SPLP leachate (nitric/sulfuric acid
as leaching solution) at various C/Sd ratios

the precipitation of insoluble metal hydroxide. As a result of the
high pH of the treated soils, the metals were retained in the 
form of insoluble hydroxide within the solidified matrix [1,6].
Equation (3) shows the generic reaction between metal in the
contaminated soil with the free hydroxide ion when water is added
into the mixture.

Metal + free hydroxide ion → Insoluble metal hydroxide (3)
(Precipitation) 

It was observed that there was no substantial effect of type of
leaching solution used on the leachability of the metals with the
exception that trace concentrations of aluminium were
determined in each of the C/Sd ratio of which acetic acid was
used as the leaching solution. In addition, it was noticed that
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increases in the C/Sd ratios were accompanied by meagre
reduction of detectable metal concentrations except for the case
of the deionized water and the nitric/sulfuric acid leaching
solutions where no metals were detected at C/Sd ratios of 4 and
8. The results indicated that increasing the C/Sd ratios reduced
the leachability of metals from the solidified samples. 

Ultimate Purpose or Destination of Treated Contaminated
Soils

Analysis of UCS development as well as leachability of
solidified samples in this study indicated that the amount of OPC
used to treat contaminated soils should be dictated by the
ultimate purpose or destination of the treated soils; landfill
disposal or construction material applications. If landfill is the
ultimate destination of the OPC-treated soils, then treatment
should be carried out by using the lowest C/Sd ratio of 0.5 in order
to minimize treatment costs by which the treated product would
adequately comply with the proposed UCS and leachability
criteria. Alternatively, if the treated products are to be used as
engineering fills or construction materials, then it is recommended
that the treatment be carried out using the C/Sd ratio of 2 in order
to comply with the comparative mortar limit of 20 N/mm2.

CONCLUSIONS
Chemical stabilization is an effective land remediation method

for heavy metal contaminated soils based on the compliance of
the UCS and leachability of the treated material with the compiled
solidified waste acceptance criteria. The strength development
and heavy metal leaching from OPC treated contaminated soil
had been evaluated and the following conclusions can be drawn:

(1) Increasing the C/Sd ratio increased the strength of treated
soils.

(2) All solidified samples exhibited UCS above the minimum
requirement for landfill disposal limit of 0.34 N/mm2 even at
the age of one day. A minimum C/Sd ratio of 2 is required to
achieve the minimum UCS mortar limit of 20 N/mm2

subsequent to 28 days of air drying.
(3) Leachability tests conducted on the solidified samples

indicated that all analyzed metals in the leachates as a result
of leaching by using three solutions (deionized water, acetic
acid and sulphuric/nitric acid) were either undetectable or
appreciably below the proposed leachability limits.

(4) There was no substantial effect of type of leaching solution
used on the leachability of the metals.

(5) The amount of OPC used to treat contaminated soils should
be dictated by the ultimate purpose or destination of the
treated soils: 
- landfill disposal (C/Sd ratio of 0.5) 
-construction material applications (C/Sd = 2).
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over time. It was found in some previous studies that the long-
term-behaviour of the residual pressure drop depended on the
compressibility of the dust cake on the filter medium. Therefore,
the adhesion force and the effective distance of separation
between the particles were also studied.

SIMULATION OF DUST CAKE BUILD-UP
ON THE FILTER MEDIUM

This section describes a physical model for cake and pressure
build-up on candle filters. The model was aimed at investigating
filtration operation and reverse pulse cleaning of the filter. It is
useful to calculate the filter cake thickness and pressure drop
along the filter candle. Figure 1 shows the schematic diagram of
filter cake build-up on the filter surface.

Numerical Simulation of Dust Cake Build-up and
Detachment on Rigid Ceramic Filters for High

Temperature Gas Cleaning
1T.G. Chuah, 2J.P.K.Seville

1Department of Chemical and Environmental Engineering, Faculty of Engineering, Universiti Putra Malaysia,
43400 UPM Serdang, Selangor.
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INTRODUCTION
Periodically regenerable cake-forming filters are used to

separate particles from gases with high dust concentrations,
whereby the separation arises as the dust-gas mixture passes
through the filter medium and the particles are retained. During the
build-up of the filter cake the pressure drop over the filter
increases, making a regeneration of the filter medium
indispensable. The regeneration is performed at a defined
maximum pressure drop across the filter and after regeneration
the next filtration-cycle starts and a new dust filter cake is built-up
on the cleaned filter medium. 

The residual pressure drop is a measure of the dust remaining
in the depth of the filter medium. Unfortunately, it quite often
happens that the residual pressure drop does not reach a
constant value after several filtration cycles, but increases 
steadily due to the fact that not all the filter cake is removed 
by cleaning. This so-called `patchy cleaning' [1, 2] affects both 
the residual pressure drop and the rate of pressure increase in 
the following filtration cycle that may lead to a breakdown of a
stable operation. 

The objective of this paper is to develop a mathematical
model that is capable of simulating the long term build-up of dust
filter cakes, on the surface of filter, including the calculation of the
corresponding pressure drop along the axis of the filter during
filtration. The model should also simulate of the regeneration of
the filter medium and predict the residual pressure drop after
regeneration. As a first step the authors concentrated on the first
basic mechanism of regeneration, the forming of the dust filter
cake. This enables the simulation of several cycles of filtration and
regeneration to investigate the long-term-behaviour of a dust filter. 

The model should also clarify the mechanism which causes
the steady increase of the residual pressure drop of a dust filter

Figure 1: Schematic diagram of filter cake build-up 
on the filter surface

ABSTRACT
Rigid ceramic filters have proved themselves as highly efficient gas filtration devices. However, the filter cleaning mechanisms

by which deposited cake is removed from the filter surface are still not fully understood. A mathematical model that is capable
of simulating the time-dependent build-up of dust filter cakes, on the surface of filter, including the calculation of the
corresponding pressure drop and the thickness of filter cake which formed during the filtration is proposed. The model also
simulates the regeneration of the filter medium and predicts the residual pressure drop after regeneration. This paper focuses
on the first basic mechanism of regeneration, the forming and the detachment of the dust filter cake. This enables the simulation
of several cycles of filtration and regeneration to investigate the long-term-behaviour of a dust filter.

Keywords : Rigid ceramic filters, dust cakes, filtration cycles, residual pressure drop, incompressibility



35Journal - The Institution of Engineers, Malaysia  (Vol. 65, No. 1/2, March/June 2004)

Assumptions
The model used here has to omit several factors that may

affect the filtration operation and is considerably “idealised”.
However, this model is targeted to describe the most important
physics of filtration before its secondary effects are taken into
consideration. 
The model derivation makes the following assumptions:
i) All particles entering the filter housing are deposited on the

surface of the filter.
ii) The filter cake and the filter medium obey Darcy's law.
iii) The gas is incompressible.
iv) To simplify the model, the small area at the bottom of the filter

(closed end, about 1% of the total filter surface), for which the
gas flow rate differs significantly from the rest of the filter, is
ignored in the subsequent analysis.
Filter ‘conditioning’ or ‘blinding’, the penetration of fine

particles into the filter pores may sometimes occur and increase
the pressure drop across the filter. The effect of penetration of
finer particles deeper into the filter cake has recently been
modelled [3]. However, it is not considered in this analysis. 

Flow Through Thick Filter 
[4] suggested a numerical expression to define the pressure

drop through a thick-walled rigid filter. Consider a flow at face
velocity, Uo, through a thick-walled cylindrical filter of outside
diameter, Do and internal diameter, Di. The volumetric gas inflow
per unit length of the filter candle is π Do Uo. Neglecting any
changes in gas density as it passes through the porous medium,
the superficial velocity at any intermediate radius r is 

U = Uo Do / 2r (1)

Assuming the radial flow is a viscous flow (i.e. Re is small),
then Darcy's law can be applied here:

––– = −k1µU = −––––––––– (2)

Therefore, the total pressure drop across the filter candle wall
is given by:

∆Pf = ∫ –––––––––– dr (3a)

= –––––––– ∫ –––

= ––––––––– 1n [–––] (3b)

Figure 2 shows a schematic diagram of flow through a thick
filter candle wall. The calculation will be extended into the filter
cake build-up model and will be discussed in next section.

Because of the cylindrical geometry of the filter and filter
cakes, Darcy's law needs to be solved in polar coordinates.
Neglecting any changes in gas density as it passes through the
porous dust medium, the superficial velocity at any intermediate
radius rc as before is given by;

Uc = Uo –––– = Uo –––– (4)

Hence, the pressure drop across the filter cake between the
filter medium and dust cake is:

∆Pc = ––––––– 1n[–––] (5)

where, k2 is the cake resistance, Dc is the outer diameter of
filter cake and Uc is the superficial velocity through the outer
radius of cake (Figure 3).

The constant gas flow rate into the filter vessel, Q (volumetric
flow rate per unit length), can be written as:

Q = πDcUc = πDoUo = πDiUi (6)

Then, Uc can be rewritten as:

Uc = (––––) Uo (7)

The thickening rate of the cake formed on the surface of the
filter can be determined by a dust volume balance:

–––– = ––––––– (8)

∆x = ∫ –––––––– dt (9)

where w is the dust concentration (kg/m3) in the gas flow,
which has been taken to be constant, ρc is the cake density and
∆t is the time interval from t=0 to time t. Cake density is defined
as:
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Figure 2: Schematic diagram of flow through thick filter candle.

Figure 3: Schematic diagram of flow through a filter candle and filter
cake.
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And the resistance of flow is

R = ––––––––– = ––––––––– (24)

where Uo(z) denotes the face velocity (i.e. at the outer
diameter of the medium) at position z along the axis (Figure 4). The
model now can be written as equation (25) to calculate the
pressure difference along the z-axis:

[––––––] –––– = − Q(πDcUc,z) − –––––– (25)

The cake thickness at position z is;

∆x = –––– ∫ ––––––––– dt (26)

where L is the length of the candle.

Calculation of Cake Resistance
Cake resistance can be calculated by using the Carman-

Kozeny equation, together with some assumptions. Assuming
that the cake is incompressible and that the particles are spheres
that barely touch, then So = 6/dp [5-7]. Taking the porosity of the
cake as 0.85, as Schmidt [8] found that the porosity of the dust
cake was constant at this value from a distance of 50µm from the
surface of the filter medium upwards. The porosity can also be
obtained experimentally. 

Cake Porosity
The porosity of the filter cake is a very important parameter, as

well as the pressure drop in the filter and the necessary force for
the removal of the deposited dust layer depend on it. However,
due to the high fragility of the dust cake, it is very difficult to
measure experimentally. However, Aguiar and Coury [9] presented
an experimental technique for measuring the porosity by adapting
the work of Schmidt and Löffler [10]. Their comparisons between
experimental work and theoretical equations, led them to

ρc = ρp (1-εc) (10)

where ρp is the particle density and εc is filter cake porosity.
The outer diameter of the filter cake over ∆ t is then calculated as:

Dc(t) = Do + ∆x (11)

The total pressure drop across the filter medium and dust cake
is:

∆PT = ∆Pf + ∆Pc (12)

When t = 0, no cake is formed, the pressure difference is equal
to the pressure difference across the clean filter.

∆PT = ∆Pf (13)

When t = t1, dust starts to accumulate on the filter surface,
then 

∆xt1
= ∫ ––––––– dt (14)

Dc,t1
= Do + ∆xt1

(15)

Dc,t1
= Do ∫ ––––––– dt (16)

The pressure difference between the filter medium and dust
cake when t = t1 is

∆Pc,t1
= ––––––––––––––––––– 1n [–––––] (17)

and

Uc (t1) = (––––––) Uo (18)

Rearranging equation (17);

∆Pc,tn
= ––––––––––– 1n [1 + ––––––] (19)

As the dust accumulates, and the changes of face velocity do
not affect the structure of the dust cake, t = tn,:

Dc,tn
= Do + ––– [∫ Uc (t) dt + ∫ Uc (t) dt + … ∫ Uc (t) dt (20)

∆Pc,tn
= ––––––––––––––– 1n [––––––] (21)

Equation (21) can be rewritten as :

∆Pc,tn
= ––––––––––– 1n [1 + ––––– ] (22)

Total pressure is then rewritten as:

∆Ptotal = ∆Pf + ∆Pc,tn
(23)
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conclude that the Ergun correlation can be used for estimating the
medium porosity with reasonable accuracy. It is then used here to
estimate the cake porosity. For a dust layer of thickness, L,
composed of particles with mean diameter, dp; 

–––– = 150 –––––––– –––– + 1.75 –––––– ––––– (27)

The mass of particles deposited on the filter is:

M =  ·mt = LAρp (1-ε) (28)

where ·m is the mass flow rate of particles of density, ρp, A is
the filtration area and t is the filtration time. Therefore:

L = ––––––––––– (29)

By substituting equation (29) into the Ergun equation (27), it
becomes:

–––– = 150 ––––––– –––––––– + 1.75 –––––– –––––– (30)

Equation (30) can then be used for estimating the cake
porosity from a graph of ∆P vs. t. 

Cake Detachment and Pressure Drop Analysis
Several analyses of the problem of cake detachment have

been presented, e.g. Koch et al. [2]. The dust cake is assumed to
be detached from the filter medium when it experiences a tensile
stress sufficient to overcome either the strength of the adhesive
bond between the cake and the medium (or a residual dust layer).
In theory, as soon as the strength is exceeded, the cake will be
detached simultaneously from the filter surface. However, in
practice, the adhesive strength and the applied stress is not
entirely uniform across the filter surface resulting in “patchy”
cleaning.

In a rigid ceramic filter, the cleaning mechanism is different
from that of the fabric filter. There is no displacement on cleaning,

therefore, the tensile stress is entirely the result of the pressure
drop imposed across the cake due to the reverse flow of cleaning
gas. Koch et al. [11] determined the range of tensile stresses over
which the cake detaches from the filter medium using a small flat
“coupon” of filter medium. Results from the coupon test were
plotted in the form of “percentage cake remaining” versus
“applied stress”, where the applied stress is the appropriate value
of the pressure drop across the cake. The curve provided the
information needed for selection of a cleaning pressure. Figure 5
shows an example of such curve that might be used in practice.
On the left-hand side is a set of cake detachment curves, on the
right an imaginary axial distribution of cleaning pressure. If the
measured cake detachment stress curve is ‘a’, then most of the
cake will be removed by the pulse; if it is ‘c’, then very little will.
Aguiar and Coury [12], working on detachment of phosphate rock
dust from a polyester fabric, showed a good prediction of the
cake detachment stress by this approach. The expression σ was
then modified by Aguiar and Coury [9] as:

σ = ncFad (31)

where Fad is the force of adhesion between two particles and
nc is the average number of particle-particle contacts per unit
area:

nc = 1.1(1-ε)ε-1dp
-2 (32)

In the case of dry and inert agglomerates, without the
presence of binders or electrostatic charges, the forces of
adhesion between the particles are usually due to Van der Waals
interactions. For two spheres of the same diameter, dp, the force
can be described as:

Fad = –––––––– (33)

where H is the Hamaker constant, which depends on the
particle composition (and has a value around 8 x 10-20 J, for most
materials of interest [5] and a is the distance of separation
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between the surfaces of the particles. The cake removal stress
can then be written as:

σ = 0.046 –––––––– –––– (34)

RESULTS OF SAMPLE CALCULATIONS
A large number of sample calculations were made to ensure

that procedures outlined above were valid and workable. The
calculation is done by Fortran 90 programming. Some of the
results obtained are presented in the following sections. In Table
1, the conditions used for the calculations are outlined. The
physical dimensions used here were taken from the previous work
of pilot plant study. The carrier gas, air, was taken to be
incompressible over the pressure range of interest. 

As discussed previously, the method developed
enables one to calculate the total pressure across the
filter medium and filter cake. The thickness of the filter
cake forming on the surface of the medium for a given
face velocity with a constant particle concentration can
also be calculated. The concentration w is directly
proportional to the total amount of particles to which
the filter media are exposed and is the independent
variable.

Relationship of Dust Concentration and Face
Velocity

The properties of the dust cake formed during
filtration depend mainly on the filter face velocity, the

NUMERICAL SIMULATION OF DUST CAKE BUILD-UP AND DETACHMENT ON RIGID CERAMIC FILTERS FOR HIGH TEMPERATURE GAS CLEANING

Figure 6: Relationship between the pressure drop increasing rate
and the dust concentration under ambient conditions.

Figure 7: Relationship between the pressure drop increasing rate
and the face velocity under ambient conditions.

Length of filter, L 1  Resistance to flow, 22290 (open end)
(m) R (Ns/m4)

43120 (closed end)

Inner diameter, DI 0.042m Particle density, 2500
(m) Limestone, ρp

(kgm-3)

External diameter Do 0.062 Dust concentration, 0.01026
(m) w (kgm-3)

Gas viscosity µ 1.7894 x10-5 Cake porosity, ε 0.85
(kgm-1s-1)

Gas density, ρg 1.225 Time interval , ∆t 300
(kgm-3) (s)  

Table 1: Parameters used in simulations.

filter medium, gas temperature and in particular, the particle
properties. An essential feature is the pressure drop in connection
with the permeation of the dust cake.

The pressure drop across the cake, ∆Pc depends on the dust
concentration and the face velocity. As ∆Pc increases with time, it
is more appropriate to use the rate of increase of the pressure
drop, d∆Pc/dt, to express the influence of these factors. By solving
those equations described in the section before, which enable the
calculation of the pressure drop across the filter cake for the
whole filter (i.e. for z = 0 to L), the relationships between the rate
of increase of the pressure drop and the dust concentration and
the face velocity are plotted respectively. 

Figure 6, which shows the relationship between the rate of
increase of the pressure drop (from the simulation) and the dust
concentration under ambient condition, confirming, as expected,
that d∆Pc/dt is proportional to the dust concentration.

Figure 7 shows the relationship between d∆Pc/dt and the face
velocity. d∆Pc/dt (from the simulation) is proportional to the second
power of the face velocity, which follow directly from the Carman-
Kozeny equation, which can be rewritten as:

–––– = ––––––––––– µu (31)

Therefore, for constant dust concentration,

–––––– = –––––––––––– µu (32)

EFFECT OF THE FACE VELOCITY ON THE
CAKE THICKNESS

The cake thickness distribution along the filter surface for
different face velocities after an hour of filtration is shown in Figure
7. For those discrete “steps” as seen, corresponding to the five
sections of resistance into which the filter was divided for the
purpose of the calculation. Each section has a different resistance
value. Due to the influence of different local face velocities in the
sections along the filter axis this lead to different cake deposition
rates at the filter surface.

At higher face velocity, the cake thickness increased
dramatically. However, the distribution of the cake thickness was
not uniform at any face velocity. The variation in the thickness at
different positions on the filter was caused by the non-uniform

∆P
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velocity distribution. At a face velocity of 4 cm/s, deposition of
dust was more uniform throughout the filter medium than at higher
velocities. Dust layers were found to be less than 100µm thick at
less than 60cm from the closed end, but much thicker close to the
open end. As for the face velocity of 10 cm/s, the dust cake
accumulated rapidly at the open end of the filter due to the higher
velocity there. 

Effect of Filtration Time on the Cake Thickness
The distribution of dust cake thickness with time is shown in

Figure 9. As expected, with increasing time the accumulation of
dust on the filter surface also increased. Deposition of the dust
cake became less uniform on the filter as time increased.

Figure 10 shows the relationship of dimensionless cake
thickness, h/

-
h, along the filter with time (

-
h is the average cake

thickness). During the early stages of filtration, the cake thickness
increment was non-uniform (t = 1200s). But at the longest filtration

time, more uniform increments in thickness were seen (t = 3600s).
The accumulation of the dust over the filter surface was low at the
closed end and was higher close to the open end. Figure 11
illustrates a schematic diagram of cake build up on the surface
over time. At the beginning of the filtration (t = 0), no dust cake
was formed. When t = t1, the dust deposited on the filter surface
and formed a cake layer at the open end of the filter. At t = tn, the

Figure 10: Dimensionless thickness vs. time.

Figure 11:  Schematic diagram of cake build-up. The distribution
over time is shown by the varied patterns.

Figure 8: Relationship between the filter cake thickness and the
face velocity  (t=1 hr) under ambient conditions.

Figure 9: Effect of filtration time on the cake thickness (u = 4 cm/s).

dust layer covers the whole surface of the filter and the previous
dust layer becomes thicker as more particles deposit on it. In
other words, the cake grows from the open end towards the
closed end with more particles deposited at the open end due to
the higher velocities, hence giving a thicker cake. 

Relationship between Cake Velocity Distribution and
Cake Thickness

Figure 12 shows the relationship between dust cake
deposition and velocity distribution. A non-uniform velocity profile
along the filter was observed at t=900s which mirrors the non-
uniform local velocity distribution. 

Effect of Friction Factors
Figure 13 shows the effect of the friction factor on the total

pressure difference. The friction factor makes little contribution to
the pressure difference for f =0.05 and 0.1 up to a distance of 60
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cm from the closed end. The effect on the pressure difference
increased close to the open end, because of the high velocities in
this region. (As noted earlier, the frictional pressure drop is roughly
proportional to the square of velocity). At this distance the
pressure drop caused by friction had been increased. Due to the
higher volumetric flowrate with the increasing distance, the
momentum of gas flow was also increased. The frictional term will
then dominate. At a higher friction factor, the effect on the
pressure difference was more significant.

Cake Detachment Simulations
The assumption made in this simulation was that when the

pressure difference across the cake exceeds the "detachment
stress", detachment of the cake occurred. The detachment stress
depends on various factors, including the particle size distribution
in the cake, the chemical composition of the particles and
temperature. The bonding forces that may occur between the filter
medium and the dust cake may increase with time due to the
possibility of deformation and sintering of particles [13]. To
simplify the model, assumptions of constant cake detachment
stress and an incompressible cake were applied. 

When the removal stress was applied to the filter, some areas
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Figure 14: Cake detachment after reverse flow cleaning with a face
velocity of 4cm/s.

Figure 15: Cake detachment after reverse flow cleaning with a face
velocity of 6 cm/s.

Figure 12: Relationship between the velocity distribution and dust
cake thickness at t = 900s (u = 4cm/s).

Figure 13: Effect of friction factors on total pressure difference
(u=4cm/s).

of the filter cake may not be detached as they possess a higher
detachment stress. The older cake layers remaining on the
surface will then be covered by the new dust layers as time
proceeds. Hence, thicker cake layers will be formed. The
detachment stress for the dust cake was determined accrording
to equation (34). By applying the reverse flow model described by
Stephen [14] and Clift et al. [15], the applied cleaning stresses on
the filter was calculated at various reverse flow volumetric
flowrates.

EFFECT OF REVERSE FLOW VOLUMETRIC
FLOW RATE

The distribution of dust cake thickness with different reverse
volumetric flowrates, are shown in Figure 14 (face velocities 4
cm/s) and Figure 15 (face velocities 6 cm/s). As can be seen in
the figures, the dust cake remained in the area near the open
end, because the applied stress was lower than the detachment
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ceramic filter comparable to the previous findings [16, 17]. The
non linear curve indicates that non-homogeneous cake cleaning
was occurring throughout the filtration. However, there was not
much difference between successive filtration cycles. 

CONCLUSIONS
A model has been developed for the combined processes of

filtration and cake detachment, incorporating non-uniformity of
cake thickness in the axial direction. Results from the cake build-
up and detachment model gave an idea of the conditioning
process and the development of patchy cleaning on the filter
surface. 

This model can also be further modified to study the pressure
distribution for the compressible dust cake. The detachment
stress of the cake depends on various factors, such as particle
size distribution in the cake, the chemical composition of the
particles, temperature, etc. They should also be considered in the
improvement of the model. Experiments should also be carried
out in order to improve the model under more realistic operation
parameters.
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NOMENCLATURES
a distance of separation between the surfaces m

of the particles

Di filter inner diameter m

Do filter outside diameter m

dp particle diameter m

F total shear force N

Fad adhesion force N

f Fanning friction factor -

H Hamaker constant J

h Cake thickness m

k1 first Ergun equation constants kg-1m-1

k2 second Ergun equation constant m-1

L length of the filter section m

M total massretained in the filter system. kg

˙ m mass flowrate kg/s

nc average number of particle-particle contacts m-2

per unit area

P pressure N m-2

DPf pressure dropover filter medium N m-2

DPc pressure drop over cake N m-2

DPT pressure drop over cake plus medium N m-2

Q actual volumetric flow rate m3 s-1

R specific resistance m-1

r radius m

So specific surface area m-1

∆t time interval between (t-1) and t -

U superficial gas velocity m s-1

u gas velocity m s-1

w areal cake loading kg m-2

∆x cake thickness m

∆z incremental distance m

GREEK
ε porosity -

εc cake porosity -

µ fluid viscosity kgm-1s-1

ρ fluid density kg m-3

ρc cake density kg m-3

ρg gas density kg m-3

ρp solid (particle) density kg m-3

σ cake removal stress N m-2
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explosion to the community in the Faculty of Engineering,
Universiti Putra Malaysia (UPM) is studied. The Faculty of
Engineering of Universiti Putra Malaysia is located at the Serdang
Campus, some 22 kilometres to the south of Kuala Lumpur,
currently as one of the largest faculties at UPM with student
enrolment of 3000. The LPG storage tank is to be installed 
as part of the second phase development project of faculty
facilities. The storage tank is in cylindrical shape, with capacity 
of 120 tones. The dimensions of the vessel are 30 m in length and
4 m in height.

Geographical Information System (GIS) is used as a tool to
provide geographical information of the potential affected areas in
order to evaluate the consequences or impact of the disaster. The
functionality of GIS enables the integrated model to handle the
data management, computational aspects and the integrated
needs as emphasised in the hazards approach. The role of the
GIS, therefore, is to allow a modeller to visualize development
changes to the landscape and to produce resultant input values
for the individual models and create a map of a target source. The
affected area in vicinity of the LPG storage tank in UPM was
identified by using ArcView 8.3 software. ArcView 8.3 can be use
easily to create maps and to add the data to them. Using ArcView
software’s powerful visualization tools, one can access records
from existing databases and display them on maps.

RISK ANALYSIS IN LPG INSTALLATION
The scope of this paper is to evaluate the physical effects of

the release of hazardous substances or energy following the
possible accidental events. The evaluation of each release is
represented using cause-consequence diagrams, Event Tree, that
starting from the initial accident event eventually build all the
plausible scenarios. Figure 1 shows the event tree for LPG
released and the probabilities for the various possible of the
events [3]. This paper focuses on the final events that are: vapour
cloud explosion (VCE), boiling liquid expanding vapour explosion
(BLEVE) and fire. 

Hazards Analysis of LPG Storage Installation in
Universiti Putra Malaysia: A Preliminary Study

INTRODUCTION
The rapid growth in the use of hazardous chemicals in the

industry has brought significant increase of risk to a number of
people, both workers and public, whose life could be endangered
at any one time by accident involving these chemicals [1]. Risk
analysis is a discipline, which has constantly been gaining interest
almost three decades among the process industry community.
Especially concerning to the major industrial accidents that
occurred during the years, such as Flixborough (1974), Seveso
(1976), Mexico City (1984), Texas (1989), Kuwait (2000),
Lincolnshire (2001) and Shandong, (2003), contributed to that
interest. Malaysia also had experience in some major accidents,
such as the explosion and fire of at the firecracker plant (Bright
Sparkle), the explosion of ship-tanker loaded with hydrocarbon at
Port Klang Shell Depot and recently the explosion of fertilizer’s
warehouse at Port Klang, Malaysia [2].

Storage and transportation of dangerous substances have
defined the set of risk sources, which are located on territory, called
impact area. Release of chemical due to accident could be severe
and poses an immediate effect to workers on-site and communities
off-site as well as the potential to adversely affect the environment.
Liquefied petroleum gas (LPG) is a very important fuel and chemical
feed stock. However, it also causes major fires and explosions. For
bulk storage and bottling of liquefied petroleum gas (LPG), there are
11 major hazards installations (MHI) and 150 non-major hazard
installations (NMHI) as categorized under Control of Industrial Major
Accident Hazards (Amendment) Regulations, 1990 (CIMAH) [2].
These incidents can be unconfined vapour cloud explosions,
confined explosions, boiling liquid expanding vapour explosions
and fires. The causes of these losses have involved chemical
accidents, overfilling of containers, and loading and sampling
operations. Several physical models can be used to calculate and
to predict the physical effects of explosion and fire from LPG
accidents. Furthermore, the area affected can also able be
predicted.

A preliminary risk analysis on the impact of LPG storage
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ABSTRACT
A preliminary risk analysis on the impact of LPG storage explosion to the community in the Faculty of Engineering, Universiti Putra
Malaysia (UPM) is studied. This paper is aimed to evaluate the physical effects of the release of hazardous substances or energy
following various possible accidental events. This paper focuses on the final events that are: confined explosion fireball/ boiling liquid
expanding vapour explosion (BLEVE), jet-fire and pool-fire. Several physical models including Trinitrotoluene (TNT) model are used to
evaluate each possible accident and the calculated results of the affected area and distance are also shown.
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Explosion Hazards
The main hazard from explosion is the blast wave. A blast wave is

the result of an explosion in air that accompanied by a very rapid rise
in pressure. Pressure effects are usually limited in magnitude and are
thus of interest mainly for prediction of domino effects on adjacent
vessels and equipment rather than for harm to neighbouring
communities. The blast effects can be estimated from the TNT
equivalence method. Table A1 presents criteria for assessing the
likelihood of eardrum rupture occurring as a result of exposure to blast
wave overpressures [4]. The pressure effects on humans due to blast
waves [5] are presented in Table A2. Pressure effects are usually
limited to a small area and the effect of pressure on the environment is
therefore seldom discussed. However, the same discussion as for
humans is also valid, for both the general environment and animals;
namely any adverse effects or injuries are more dependent on them
being hit by a flying object. Table A3 describes the types of damage
that may occur to various construction types as a result of exposure
to various levels of peak side-on overpressure. As illustrated,
significant damage is expected for even small overpressure [5].

A confined explosion occurs in a confined space, such as a

vessel or a building. A confined explosion is a result of a rapid

chemical reaction, which is constrained within vessels and buildings.

Dust explosions and vapour explosions within low strength

containers are one major category of confined explosion [3]. A basic

distinction between confined explosions and unconfined explosions

is confined explosions are those which occur within some sort of

containment. Often the explosion is in a vessel or piping, but

explosions in buildings also come within this category. Explosions,

which occur in the open air, are unconfined explosions.
The calculation models of peak overpressure are primarily based

on broad approaches. The simplest model is the TNT equivalence
method. TNT model is based on the assumption of equivalence
between the flammable material and TNT, factored by an explosion
yield term [6]. TNT model is based on the assumption of equivalence
between the flammable material and TNT. An equivalence mass of
TNT is calculated using the following equation [7]:

mTNT = ηM ∆Hc / ETNT (1)

The distance to a given overpressure is calculated from the
equation [8]:

r = 0.367 x m 1/3
TNT

exp

[3.531 – 0.7241 1n(po) + 0.0398(1npo)2] (2)

The TNT equivalence predicts peak overpressure with
distance. It should be noted that the pressure depends strongly
on the distance between the place of the explosion and the
structure. The consequence is that explosion of the same
explosive charge can cause very different overpressures
depending on the location of the explosive charge. 

Boiling Liquid Expanding Vapour Explosion (BLEVE)
Boiling Liquid Expanding Vapour Explosion (BLEVE) occurs

when there is a sudden loss of containment of a pressure vessel
containing a superheated liquid or liquefied gas. A BLEVE is a
sudden release of a large mass of pressurized superheated liquid
to the atmosphere. Formulas to estimate the BLEVE physical
parameters are as follow [6]: 

Dmax = 6.48M0.325 (3)

tBLEVE = 0.825M0.26 (4)

HBLEVE = 0.75 Dmax (5)

Dinitial = 1.3 Dmax (6)

EL-HARBAWI M, SA’ARI M, et al.

Table 1: Peak overpressure vs. distance for blast wave 
from an explosion

r(m) po(kPa)

100 94.22
200 27.61
300 14.64
400 9.60
500 7.01

Table 2: The resuts of BLEVE physical parameters

Dmax(m) tBLEVE(s) HBLEVE(m) Dinitial(m)

289.94 17.26 217.46 376.92

A fireball is assumed to be spherical and resting on the
ground. The radius is given by equation (3). The model is
described in detail on the work of Roberts [9] and Fay J. and Lewis
D.  [10]. One of the simplest practical models for evaluating fireball
hazards is the point source model. This has been used to estimate
the intensity of thermal radiation from the resulting fireball. This
model estimates the emissive power as a function of the
combustion mass [11]. Fireball composition occurs when volatile
hydrocarbons are released and rapidly ignited. In calculating the
quantity of LPG participating in the fireball the complete content
of the tank is generally taken into account. The radiation received
by a target (for the duration of the BLEVE incident) is given by [9]:

Qt arg et = τ E F21 (7)

Thermal radiation is absorbed and scattered by the
atmospheric. Pieterson and Huerta [12], recommend a correlation
formula that account for humidity:

τ = 2.02 (Pwl)-0.09 (8)

The path length, distance from flam surface to target is:
l = [H2

BLEVE + r2]0.5 – [0.5Dmax] (9) 

Thermal radiation is usually calculated using surface emitted
flux, E:
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Frad M ∆Hc
E = –––––––––––––––– (10) 

π(Dmax)2 tBELVE

The radiation fraction,  F21 was given by Roberts [9] in the
range of 0.25-0.4. As the effects of a BLEVE mainly relate to
human injury, a geometric view factor for a sphere to the surface
normal to the sphere (not the horizontal or vertical components)
should be used:

D2
maxF21 = ––––––– (11)

4r2

BLEVE hazards are not dependent on wind speed, wind
direction, or atmospheric stability [13].

Pool Fires and Jet Fires
Pool fires and jet fires are common fire types resulting from

fires over pools of liquid or from pressurised release of gas and/or
liquid. Pool fires are the result of spillage or leakage from tanks,
pipelines, or valves. The total heat release rate of the fire can be
calculated as following [14]: 

Qr = ζ m ∆ Hc Ap (14)

m = M∞ [1 – exp (–kD)] (15)

The mass burning rate per unit area for an infinite pool, m∞ is
taken as 0.099 and it is dependent on the diameter of the pool.
The pool diameter is calculated as following: Around the rupture
location the LPG spreads out and forms a pool 2cm high [15].

Ap = V/0.02           (16)

D = √––– x Ap (17)

HAZARDS ANALYSIS OF LPG STORAGE INSTALLATION IN UNIVERSITI PUTRA MALAYSIA: A PRELIMINARY STUDY

Figure 1: Typical Event Tree (ET) for a flashing liquid continuous release [3]

Figure 2: Logic diagram for the estimating LPG hazards by using GIS

The flam high can be estimated from:

–––– = 42 ( –––––– )0.61
(18)

The heat that is radiated from the pool fire is a fraction of the
total amount release:

QR = κQT (19]

where κ is the fraction of total heat emitted as radiation.
4
π

Lf

D

m

ρa√gD
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BUILDING THE GIS DATABASE 
A substantial portion of the GIS database came from map source documents, while

many other sources, such as aerial photos, tabular files, and other digital data can also
be used. The map representation is only part of the GIS database, in addition, a GIS can
hold scanned images (drawings, plans, photos), references to other objects, names and
places and derived views from the data. Building a database consists of three major
steps: identifying the geographic features, attributes, and required data layers; defining
the storage parameters for each attribute; and ensuring co-ordinate registration. The
collection of cartographic data can be achieved by any of these alternative procedures:
extant maps through digitizing or scanning, photogrammetric procedures or terrestrial
surveying measurements. AutoCAD is used as a tool in map drawing  for LPG tank
location and the vicinity and the scale is 1: 6,000. The procedures of estimating the
hazard buffer zones are shown in Figure 2.

RESULTS AND DISCUSSION
This study aims to estimate the impacts

due to installation of a LPG tank, at Faculty of
Engineering, UPM. Expected consequences
and the actions proposed to be taken in order
to evaluate the probable effects to human
and environment in the surrounding area also
will be discussed. From the TNT modelling, it
can be noted that the pressure depends
strongly on the distance between the place
of the explosion and the structure. The
consequence is that the explosion of the
same explosive charge can cause very
different overpressures depending on the
location of the explosive charge. Pressure
dependsalso on the location of the explosive
charge above the ground. Table 1 shows the
peak overpressure results for different
distances for material release. The areas
affected include laboratories, classes, offices,
roads, students’ hostels and areas in the
vicinity of Serdang Town. The resulting
damage to the surrounding area is cased by a
blast wave generated by an explosion event.
The major effect of the hazards will be
investigated in the area with radius of 500 m
of LPG tank. The results in Table 1 are then
referred to the Tables A1, A2 and A3 to
estimate the overpressure effect on human. It
is clearly seen that the major effect of
overpressure generated by blast wave will
affect a human being in area with radius of
200 m. It is estimated more than 10%
likelihood of eardrum rupture and  man may
receive several fatal not only from direct
exposure to the blast wave, but hit by the
falling objects from the demolished
structures. 

Geographical data and results of hazards
estimation of LPG tank of the Faculty of
Engineering, UPM, are analyzed via the
program of ArcView 8.3, a GIS and mapping
software, in order to provide data
visualization, query and analysis on the
hazard of LPG tank. Figure 3 shows the peak
overpressure buffer zones using ArcView 8.3
software. The buffer zones have been
drowning for different peak overpressure
values. It can easy classify the map to
different zones depend on the pressure
effects.

The major effect of thermal effect resulted
from BLEVE. Thermal radiation from BLEVE
can cause severe harm and damage to human
and construction. The results for fireball
characteristics are summarized in Table 2.

Figure 3: Peak overpressdure buffer zones

Figure 4: BLEVE/Fireball radius
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Figure 5: Radiation received buffer zones around LPG tank

Figure 6: Thermal radiation from as function of pool fire diameter

Most of the heat radiation will appear in the
fireball radius. Within this radius, there will be
severe damage to buildings and able to bring
harm to humans. The intensity of thermal
radiation from resulting fireball has been
estimated from point source model. The
modelling results are summarized in Table 3.
In order to calculate the quantity of LPG
participating in the fireball, the complete
content of the tank is generally taken into
account. The calculated results show that the
maximum diameter of the fireball is equal to
289.94 m, indicates that all circled areas that
have diameter within 289.94 m around the
tank will be damaged by fireball. The
maximum diameter for fireball is illustrated in
Figure 4.

According to Table A4, a person who
exposes to excessive radiation heat from the
fires may receive fatal burns. Combustible
structures maybe ignited by exposure to a
radiant heatflux of 31.5 kW/m2 or more.
Therefore, it conservatively assumes that all men
within the 31.5 kW/m2 isopleths will experience
high possibility of fatalities. Unprotected skin
maybe severely burned if exposed to a radiant
flux of5.0 kW/m2 for 30 second or more. In the
area between 31.5 kW/m2 and 5.0 kW/m2

isopleths, a person who is inside the building will
be protected by the structure, but one who is
outside the building and unable to reach the
shelter quick enough may receive fatal burns.
Figure 5 shows the radiation received by target
buffer zones around LPG tank.

To estimate thermal radiation damage to
both people and structures at a distance,
from the pool fire, the radiation at that
distance is required. Table 4 shows estimated
fire pool size and the thermal radiation. The
thermal radiation buffer zone from pool fire
hazard is also visually presented in Figure 6 .

CONCLUSIONS
This paper presented preliminary studies on

the potential of BLEVE hazard. Theoretical
investigations of various methods for calculating
the physical effects of explosions and fires of
vessels containing liquefied petroleum gases
(LPG) in Faculty of Engineering, UPM, have been
carried out with several physical models. Zones
of high fatality and damage on construction have
been classified on the location map. Mapping
the visual display of information, has shown its
capability as a useful tool in hazard analysis and
risk management. GIS can be used to analyze
and predict the BLEVE events with the aid of the
mapping tools and models on the potential risk
area. 

Table 3: The radiation-received by a target

r(m) l (N/m2) F21 τ Qtarget (kW/m2)

100 94.38 2.10 0.66 58.43
200 150.48 0.53 0.63 14.01
300 225.56 0.23 0.61 6.00
400 310.32 0.13 0.59 3.28
500 400.27 0.08 0.58 2.05

Table 4: Estimate the fire pool size and the thermal radiation

M(kg) Ap(m2) D(m) m Lf (m) QR (kW/m2)

40,000 3642.99 68.12 0.099 85.92 1.10*106

60,000 5464.48 88.43 0.099 98.92 1.65*106

80,000 7285.97 96.34 0.099 109.32 2.20*106

100,000 9107.47 107.713 0.099 118.14 2.75*106

120,000 10928.96 117.99 0.099 125.86 3.30*106
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Table A1: Eardrum Rupture Criteria for Exposure to Blast Overpressures

Likelihood of Eardrum Rupture Peak Overpressure (kPa)

90% 84.12
50% 43.43
10% 22.06
1% 13.10

Table A2: Pressure effects on humans

Pressure (kPa) Effect

35 Limit for eardrum rupture
70 Limit for lung damage
180 1% mortality
210 10% mortality
260 50% mortality
300 90% mortality
350 99% mortality

Table A3: Damage Estimates for Common Structures Based on Overpressure
(These values are approximations)*

Pressure Damage
(kPa)

0.21 Occasional breaking of large glass windows already under strain
0.69 Breakage of small windows under strain
1.03 Typical pressure for glass breakage
2.07 “Safe distance” (probability 0.95 of no serious damage below this value);

projectile limit; some damage to house ceilings; 10% windoe glass broken
2.76 Limited minor structural damage
3.4-6.9 Large and small windows usually shatter; occasional damage to window

frames
4.8 Minor damage to house structures
6.9 Partial demolition of houses, made uninhabitable
6.9-13.8 Corrugated asbestos shatters; corrugated steel or aluminium panels,

fastenings fail, followed by buckling; wood panels (standard housing),
fastenings fail, panels blow in

13.8 Partial collapse of walls ans roofs of houses
13.8-20.7 Concrete or cinder block walls, not reinforced, shatter
17.2 50% destruction of brickwork of houses
20.7-27.6 Frameless, self-framing steel panel buildings demolished; rupture of oil

storage tanks
27.6 Cladding of light industrial buildings ruptures
34.5 Wooden utility poles snap; tall hydraulic presses (40,000 Ib) in buildings

slightly damage
34.5-48.2 Nearly complete destruction of houses
68.9 Probable total destruction of buildings; heavy machine tools (7000 Ib)

moved and badly damaged, very heavy machine tools (12,000 Ib) survive

*V.J. Clancey, “Diagnostic Features of Explosion Damage,” paper presented at the Sixth International Meeting of
Forensic Sciences (Edinburgh, 1972)
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NOMENCLATURES

Ap Pool area m2

D Pool diameter m

Dinitial Initial ground level hemisphere diameter m

Dmax Peak fireball diameter m

E Surface emitted flux

kW/m2

ETNT Energy of explosion of TNT

KJ/kg

Frad Radiation fraction, typically (0.25-0.4) -

F21 View factor -

g Acceleration of gravity m/s2

HBLEVE Centre height of fireball m

Hw Jet flame conical half-width at flame tip m

k Constant specific for each fuel m-1

l Path length, distance from flame surface to target m

Lf Flame height m

M Initial mass of flammable liquid kg

m Mass burning rate per unit area

Kg.m2.s

m∞ Mass burning rate per unite area for an infinite pool

Kg.m2.s

mTNT Equivalent mass of TNT kg

Pw Water partial pressure N/m2

P0 Peak overpressure kPa

QR Heat radiation by fire kW

Qt arg et Radiation received by a black body target

kW/m2

QT Total rate of heat release kW

r Distance from the ground-zero point of the explosion m

tBLEVE Fireball duration s

Greek Symbols

η Empirical explosion efficiency, 0.95 -

∆Hc Heat of combustion

KJ/kg

τ Atmospheric transmissivity -

κ Fraction of total heat emitted as radiation -

ζ Efficiency of combustion, (it can be assumed 95%) -

ρa Ambient air density

Kg/m3
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Rankine sources. Lee [11] improves the solution efficiency 

over Yasukawa’s work by choosing the Green function to be 

the sum of the Rankine source and its image with respect to

bottom surface.

Kim et al. [8] analyze the free surface potential flow around

ships in shallow water with linear and nonlinear free surface

boundary conditions and simulated the shallow water effect by

applying a symmetry condition on the bottom surface. The linear

method is developed on the basis of double body approximation

and thus the free surface condition is linearized with respect to the

flow with an undisturbed free surface. In the nonlinear method the

exact free surface conditions are approached in an iterative

process, where in each iteration a condition linearized about the

previous solution, is satisfied on the previously calculated wavy

surface. The process starts with the free surface as a rigid lid and

stops when the change in wave height between two iterations is

below a given value.  
Xinmin and Xiuheng [22] have applied Rankine source method

to the computation of hydrodynamic forces and wave patterns of
ship hulls moving in restricted water. Parabolic curved panels are
adopted to model the hull surface and a body fitted grid is chosen
to divide the local free surface. The other researchers who have
made important contributions in the hydrodynamic characteristics
of ships in shallow water are Monacella [15], Tuck and Taylor [21],
Maruo and Tachibana [13] and Pettersen [17]. 

The aim of the present work is to investigate the influence of
finite depth on the wave making characteristics of ships using a
potential based panel method. The free surface conditions are
linearized about the mean water surface by means of Taylor series
expansion. A computer program PAFS (Panel Method Applied to
Free Surface) is originally developed in the department of Naval
Architecture and Ocean Engineering in Yokohama National
University (Japan) for calculating the wave making resistance of
ship in deep water. This program has been further extended by the

Application of Boundary Element Method for the
Analysis of Potential Flow Field and Wave

Resistance in Finite Depth of Water
Md. Shahjada Tarafder and Gazi Md. Khalil

Department of Naval Architecture and Marine Engineering,
Bangladesh University of Engineering and Technology, Dhaka-1000, Bangladesh, India

INTRODUCTION
The resistance of a ship is quite sensitive to the effects of

shallow water. In the first place, there is an appreciable change in
potential flow around the hull. If the ship is considered as being at
rest in a flowing stream of restricted depth, but unrestricted width,
the water passing below it must speed up more than in deep
water, with a consequent greater reduction in pressure and
increased sinkage, trim and resistance. If the water is restricted
laterally as in a river or canal, these effects are further
exaggerated. The sinkage and trim in very shallow water may set
an upper limit to the speed at which ships can operate without
touching the bottom. 

A second effect is the changes in the wave pattern which
occur in passing from deep to shallow water. These changes have
been studied by Havelock [4] for a pressure point impulse
travelling over a free water surface. He has also proposed different
approaches to obtain an appropriate formula for the ship
resistance in shallow water in 1922 [5].

Kinoshita and Inui [9] extend Havelock’s theory to satisfy 
the bottom boundary condition more exactly and Inui [7] 
further develops the theory to solve the channel problem. Kirsch
[10] uses linearized wave theory to calculate the wave making
resistance for simplified hull form in various water depths and
channel widths. Muller [16] has carried out extensive experiments
and theoretical calculations based on linearized wave theory to
investigate the effect of shallow water on wave resistance. The
wave resistance is determined by Guilloton’s method and
Havelock’s integral. 

More recently the Rankine source panel method based on

linear wave theory has been applied to compute the wave

resistance of ships in shallow water. Yasukawa [23] has developed

a first order panel method based on Dawson’s approach for 

the linear free surface condition. The shallow water effect is 

taken into consideration by replacing the bottom surface with

ABSTRACT
A boundary element method is presented for solving a nonlinear free surface flow problem for a ship moving with a uniform speed in
shallow water. The free surface boundary condition is linearized by the systematic method of perturbation in terms of a small
parameter. The surfaces are discretized into flat quadrilateral elements and the influence coefficients are calculated by Morino’s
analytical formula. Dawson’s upstream finite difference operator is used in order to satisfy the radiation condition. A verification of the
numerical modelling is made using the Wigley hull. The peak of the wave resistance curve and the wave pattern at the critical speed
demonstrate the validity of the computer scheme.

Keywords : Boundary element method, free surface, perturbation method, shallow water effect and wave making resistance
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perturbation method. The free surface boundary condition for
first and second order approximation can be written as (see
Maruo, 1966) [12]; 

ε : φ1xx + K0φ1z = 0 at z = 0

ε2 : φ2xx + K0φ2z = f (φ1) (4)

f(φ1) = - –––– –––– (φ 2
1x + φ 2

1y + φ 2
1z) – ζ1 –––– (φ1xx + K0φ1z)

(c) Sea bottom condition: The first and second order vertical
velocity component on the sea bottom can be expressed as  

ε : ∇φ1.n = 0

ε2 : ∇φ2.n = 0 at z = -h (5) 

(d) Radiation condition: It is necessary to impose a condition to
ensure that the free surface waves vanish upstream of the
disturbance.

THE BOUNDARY ELEMENT METHOD
Applying Green’s second identity Laplace’s equation can 

be transformed into an integral equation as (see Curle & Davis,
1968) ;

4πEφ(p) = ∑ ∫ φ(q) –––– dS – ∑ ∫ –––––– GdS

+  ∑ ∫ φ(q) –––– dS – ∑ ∫ φ(q) –––––– GdS (6)

where, E = 1/2 on SH, SB

1 on SF

The Green’s function G satisfies the Laplace equation and can
be approximated (see Faltinsen, 1993) as [3];

G = ––––––– + ––––––––

where R is the position vector between the field point p and

the point of singularity q on the surface and R´ is its image. The

surface S∞ is a control surface at a large distance from the body

and is chosen as the surface of a circular cylinder of large radius.

So the integral over the surface S∞ must be zero as the radius of

cylinder increases infinitely.
The integral over the element in equation (6) is calculated by

Morino’s analytical expression (see Suciu and Marino, 1976) [19]
based on the assumption of quadrilateral hyperboloid element.
After satisfying the boundary conditions as stated in equations (3)
to (5), the integral equation (6) can be written into a matrix form as:

[A]x = [B]. 

where [A] and [B] are the matrices built up by the Green’s
function and its derivatives, and x is the column matrix formed by the
strength of the sources and dipoles respectively. The second
derivatives of velocity potentials in the left side of free surface

author to take into account the effect of finite depth on wave
making resistance. The interested reader may find the details for
the computer program in Tarafder [20]. The validity of the
computer program is examined with the Wigley hull. 

MATHEMATICAL MODELLING OF THE
PROBLEM

Consider a ship moving in a finite depth of water h with a
constant speed U in the direction of the positive x-axis, as shown
in Figure 1. The z-axis is vertically upwards and the y-axis extends
to starboards. The origin of the co-ordinate system is located in
an undisturbed free surface at a midship, so that the undisturbed
incident flow appears to be a streaming flow in the positive-x
direction. It is assumed that the fluid is incompressible and
inviscid and the flow irrotational. The total velocity potential
function Φ can be expressed as

Φ = Ux + φ

= Ux + ∑ εn φn (1)

where, ε is a perturbation parameter and φ is the perturbation
velocity potential due to the existence of the body. The
disturbance velocity potential satisfies the Lapace equation  ∇2φ
= 0 in the fluid domain V (2)

The fluid domain V is bounded by the hull syrface SH, free
surface SF, sea bottom SB and the surface at infinity S∞. Now the
problem can be constructed by specifying the following boundary
conditions as follows:

(a) Hull boundary condition: The hull boundary condition simply
expresses the fact that the flow must be tangential to the hull
surface i.e. the normal component of the velocity must be
zero. 

ε : ∇φ1.n = –Unx

ε2 : ∇φ2.n = 0 (3)

in which denotes the unit normal vector on the surface and is
positive into the fluid.

(b) Free surface condition: The free surface condition is nonlinear
in nature and should be satisfied on the true surface, which is
unknown and can be linearized as a part of the solution using
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Figure 1: Definition sketch of the co-ordinate system
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in the downstream direction. The method employs a clustering of
panels on the free surface and sea bottom respectively.

Figure 3 presents a comparison of the wave profiles based on
second order approximations with fixed sinkage and trim
(abbreviated as 2nd, Fixed) in deep and shallow water at various
ship speeds. The shallow water effect on the profiles becomes
evident when the Froude number Fn, based on the length L of the
model, reaches 0.332 and the differences between the wave
profiles in deep and shallow water are mainly located at the
middle and stern. 

The calculated wave profiles at various water depth-to-draft
ratios (h/T = 2.4, 2.8 & ∞) are also plotted in Figure 4 for a particular
speed Fn = 0.289. The Froude number based on water depth is
obtained from the relation, Fh = Fn√ (L/h). The two shallow water,
h/T = 2.4 and 2.8 are subcritical depths (Fh < 1.0) with respect to
the speed Fn = 0.289. The differences among the wave profiles in
deep and shallow water become larger as the depth of the water
decreases. The expected steeper bow waves are generated. This
indicates that the second order nonlinear effect seems to be very
significant for shallow water although the hull is quite slender. 

Figure 5 shows a comparison of wave making resistance
based on first and second order approximation with fixed sinkage
and trim in deep and shallow water. The general effect of shallow
water is to cause an increase in resistance at the lower speeds
compared with the deep-water value but a reduction in resistance
at the higher speeds as might be expected from the previous work
of Millward and Bevan [14]. Since the four shallow water curves
correspond to different water depth/draft (h/T) ratios it can be also
seen that the shallow water effect becomes more pronounced as
the depth-to-draft ratio decreases, that is, as the water becomes
shallower, although in the supercritical region the difference
among the four depths of water is small.

condition (4) are computed by Dawson’s upstream finite difference
operator (see Dawson, 1977) [2] in order to satisfy the radiation
condition.

The derivatives of the velocity potentials (φx, φy) in right side of
equation (4) are evaluated by fitting a second-degree polynomial
function passing through the potentials at the centroid of three
adjacent panels on the surfaces. The derivative of velocity potential
along the z-direction is obtained after calculating the velocity
potentials at three points on the normal vector. The matrix of linear
system of equations is solved by LU decomposition method as
described by Press et al. [18]. The advantage of using LU
technique is that the authors only need to partition LU in one time
for first order problem and subsequently, the authors shall apply it
for higher order problems. Therefore, the CPU time can be saved.

CALCULATION OF WAVE PROFILE AND
RESISTANCE

The linearized equation of wave profile for first and second
order approximation can be obtained as 

ζ1 = – ––– φ1x (7)

ζ2 = – ––– φ2x – ––– ζ1φ1xz – ––– (φ 2
1x

+ φ 2
1y + φ 2

1z) (8)

The wave resistance can be calculated by integration of
pressure over the area of the hull up to the mean water level. After
including the water line integral the wave making resistance can
be obtained as below: 

Rw = – ––– ∫ [ρ (U2 – ∇Φ.∇Φ) – ρgz] dS – ––– ρg ∫o ζ2nxdl (9)

RESULTS AND DISCUSSION
To investigate the shallow water effect on wave resistance and

wave pattern around the ship-like body, the method has been
tested for the Wigley hull. The equation of this type of hull surface
(see Hofman and Kozarski, 2000) is 

y(x,z) = ––– S(z) (1– –––––) (10)

where B and T are the vessel width and draft respectively and
S(z) is a function defining the shape of the cross-sections. For
rectangular (wall sided) cross-section S(z) = 1, for triangular cross-
section S(z) = 1+z/T, for parabolic cross-sections S(z) = 1-(z/T)2,
etc. The symmetric parabolic ship section and parabolic
waterlines are used in the present numerical treatment of the
problem. The principal particulars of this model are shown in 
Table 1. 

Since the body is symmetric, one-half of the computational
domain is used for numerical treatment. The panels from 1.0 ship
length upstream to 2.5 ship length downstream cover the free
surface domain. The transverse extension of the free surface is
about 1.6 ship length. The extent of the sea bottom is -3 ≤ x ≤ 5,
2 ≤ y ≤0. The number of panels on the hull, free surface and sea
bottom are taken 40x7, 70x15 and 40x10 respectively as shown in
Figure 2. A three-point upstream difference operator is used in
both longitudinal and transverse directions to advent disturbances

APPLICATION OF BOUNDARY ELEMENT METHOD FOR THE ANALYSIS OF POTENTIAL FLOW FIELD AND WAVE RESISTANCE IN FINITE DEPTH OF WATER

Table 1: Principal particulars of the Wigley hull

Free surface

bottom surface

Figure 2: Panel arrangements for the Wigley model
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Parameter Magnitude

B / L 0.10

T / L 0.0625

CB, Block coefficient 0.444

CM, Mid ship coefficient 0.667

Body surface
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The wave making resistance of the Wigley hull based on first
and second order approximation at h/T = 2.8 are also plotted in
Figure 6. The first order solution predicts the maximum wave
making resistance not at the critical speed but at a slightly faster
speed, Fh = 1.004 while the second order solution predicts the
maximum resistance at Fh = 0.98.

CONCLUSIONS
The present paper deals with the computation of free surface

flow around a ship in shallow water using a potential based panel
method. An attempt has been made to predict numerically the
hydrodynamic characteristics of the Wigley hull in shallow water.
The following conclusions can be drawn from the present
numerical analysis:
a) The wave making resistance in shallow water begins to

increase appreciably as the critical speed (Fh = 1.0) is
approached and then decreases. 

b) The first order solution predicts the maximum resistance not at
the critical speed but at a slightly higher speed (Fh = 1.004)
while the second order solution predicts the maximum wave
making resistance at a slightly lower speed (Fh = 0.98).

c) The second order solution significantly improves the wave
profiles particularly at the bow and the first trough but after
that the difference between the first and second order results
seems to be insignificant. 

d) In lower water depths the water surface in the midship region
is remarkably displaced downward for all velocities. 
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(a) Wave profile at Fn = 0.26

(b) Wave profile at Fn = 0.289

(c) Wave profile at Fn = 0.332

(d) Wave profile at Fn = 0.369

Figure 3: Wave profiles (2nd, Fixed) of the Wigley hull in deep
and at h/T = 2.8

(a) First order approximation

(b) Second order approximation

Figure 4: Comparison of calculated wave profiles in deep and
subcritical depths for the Wigley hull at Fn = 0.289

(a) First order approximation

(b) Second order approximation

Figure 5: Comparison of computed wave making resistance of the
Wigley hull in deep and shallow water
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Figure 6: Wave making resistance of the Wigley hull at h/T = 2.8
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NOMENCLATURE

B breadth of the ship model

Cw wave making co-efficient

Fh depth based Froude number 

Fn length based Froude number

g acceleration due to gravity

G Green’s function 

h depth of water

K0 wave number

L length of the ship model

NH number of panels on the hull surface

NF number of panels on the free surface 

NB number of panels on the bottom surface

SH hull surface 

SF free surface 

SB bottom surface 
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S∞ surface at infinity

T draft of the ship model

U uniform velocity in the positive-x direction

Φ total velocity potential 

φ perturbation velocity potential due to presence of the body

φx velocity of the fluid in the x-direction

φy velocity of the fluid in the y-direction

φz velocity of the fluid in the z-direction

φ1 first order perturbation velocity potential

φ2 second order contributory part for perturbation velocity

potential

ζ wave elevation

ζ1 first order wave elevation

ζ2 second order contributory part for wave elevation
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The improvement of aircraft performance compared to the
current technology is expected to come from the application of
new technology (i.e. : HLFC and VCW).

Initial Sizing
Using a simple method, the main parameters of initial sizing of

the three versions are as follow :

ATRA-80 ATRA-100 ATRA-130

MTOW (kg) 45,538 56,260 69,576

Thrust/Weight (T/W) 0.291 0.291 0.291

Weight/wing area (W/S), (kg/m2) 413.2 510.5 631.3

General Arrangement
Designing an aircraft can be an overwhelming task for a new

configurator. The configurator must determine where the wing
goes, how big to make the fuselage, and how to put all the pieces
together.

Based on an existing aircraft there are two main types of
general arrangement for a regional passenger jet transport
aircrafts, i.e. :

1. Boeing, Airbus, Indonesian Aerospace (IAe) type : low-wing,
low/fuselage-tail, engine mounted on the wing and tricycle
landing gear attached on the wing and stowage on the wing-
fuselage fairing.

2. Douglas, Fokker, Canadair type : low-wing, T-tail, engine
mounted on the rear fuselage and tricycle landing gear
attached on the wing and stowage on the wing-fuselage
fairing.

There are several advantages and disadvantages between the
above two types of general arrangement, as shown in Table 1.

Aerodynamic Design and Aircraft Family Concept
for an Advanced Technology Regional Aircraft

(ATRA)
Prasetyo Edi, Prithvi Raj Arora and Mohammad Saleem

Faculty of Engineering, Universiti Putra Malaysia, 43400 UPM Serdang, Selangor

INTRODUCTION
For commercial transport aircraft, one of the basic

aerodynamic performance objectives is to achieve the highest
value of (Mach number)(Lift/Drag), M(L/D)max, at the cruise Mach
number. Climb and descent performance, especially for short-
range missions, is also important and may suggest the “cruise”
design conditions to be compromised.

Variable camber (VC) offers an opportunity to achieve
considerable improvements in operational flexibility, buffet
boundaries and performance (increasing lift/drag ratio in cruise
and climb, due to cruise and climb always at optimum lift
coefficient) [2].

It is believed that the application of a Hybrid Laminar Flow
Control (HLFC) and Variable Camber (VC) as a flow control on the
wing would assist in achieving such a goal, but must be shown to
be cost-effective [3; 4].

This paper describes the exploration of the above concept
and technologies to the initial design of Advanced Technology
Regional Aircraft family (ATRA, twin turbofan with 83 - 133
passengers).

ATRA INITIAL BASELINE DESIGN 
The following section is a brief design methodology for

conceptual sizing of aircraft based on the author’s experience as
an aircraft configurator at IAe (Indonesian Aerospace)

Design Requirements (R) and Objectives (O), DR&O 
As a successor of the regional jet, the baseline (ATRA-100) will

offer 108 seats in two class layouts, while the stretched (ATRA-
130) and shortened (ATRA-80) versions can accommodate for 133
seats in two class layouts and 83 seats in two class layouts
respectively (R). The cruise cost-economic speed was set at Mach
(M) = 0.8 (O) at a range of 2,250 nautical miles (nm) (ATRA-100),
2,000 nm (ATRA-80) and 2,500 nm (ATRA-130). For all versions the
maximum approach speed will be 127 knots (O).

ABSTRACT
The aim of this work is to make a feasibility study of the application of combined Hybrid Laminar Flow Control (HLFC) - Variable
Camber Wing (VCW) to the ATRA aircraft family. The VCW can be used as a lift control during cruise and climb to find the best lift/drag
ratio. The prediction of ATRA’s performance used computational fluid dynamic and empirical methods. During cruise, compared to
the turbulent version, the lift/drag improvement was achieved due to the application of the combined HLFC-VCW. This improvement
leads to the reduction of maximum take-off weight (MTOW) for constant design requirements and objectives (DR&O) and to the
increased of range performance for constant MTOW.

Keywords : Aerodynamic design, aircraft family concept, Hybrid Laminar Flow Control, Variable Camber Wing
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Table 1: Advantages and disadvantage of two types of
arrangement

Consideration Type 1 Type 2

a. aero. cleanliness wings bad good

b. bending relief yes no

c. cabin noise levels better bad

d. aircraft c.g. management easy difficult

e. one engine out trim difficult easy

f. engine rotor burst critical good

g. engine ground clearance critical good

h. engine accessibility good difficult

i. fuel system lighter heavier

The engine mounted on the wing configuration is typical
transport aircraft and the most common for most airliners. For this
study, general arrangement type number 1 is selected for the
ATRA-100 baseline configuration, ATRA-80 and ATRA-130, as
shown in Figure 1.

AIRCRAFT FAMILY CONCEPT
Many Aircraft manufacturers , i.e. : Airbus, Boeing, McDonnell

Douglas, Fokker, British Aerospace, IAe, etc., develop their aircraft

family based on one wing and one fuselage cross section to
reduce development costs. For one fuselage cross section aircraft
family, alternatives for Regional Airliner family are :
1. Fixed wing geometry on mid-size, then Direct Operating Cost

(DOC) penalties for off-optimum.
2. Fixed wing geometry on mid-size, modification of wing

extension/reduction, then development costs
3. Variable Camber Wing (VCW) which could be optimum for all

family, but will have increased development costs

The ATRA family will use the third of the above concepts.
Figure 2 shows the ATRA Family concept. The Variable Camber
Wing concept is described in the following section.

Because of wing fuel tank limitations, the payload-range for
ATRA-130 cannot be achieved. There are several options to solve
this problem, namely : (1) increase the wing area and/or thickness,
(2) reduce the ATRA-130 range performance, (3) add fuel on
empennage or fuselage tanks, (4) investigate the use of winglets
to reduce induced drag and therefore fuel burn.

There are several options to design the low speed
performances of the ATRA-130, namely : (1) use the same wing
and high lift devices as the ATRA-100 but with increase in take-off
and landing field distance, (2) increase the wing area, (3) improve
the high lift devices performance.

The ATRA-100 has maximum design commonality with the
ATRA-80 and ATRA-130. The level of commonality between the

PRASETYO EDI, et al.

Figure 1: ATRA-100, with additional side views of ATRA-130 (centre) and ATRA-80 (below)



58 Journal - The Institution of Engineers, Malaysia  (Vol. 65, No. 1/2, March/June 2004)

and may suggest the “cruise” design conditions be compromised.
The improvement of M(L/D) compared to the current

technology is expected to come from the application of new
technology (i.e. : HLFC and VCW). 

Wing area, planform and airfoil design
With MTOW of ATRA-100 = 56,260kg and W/S = 510.5

(kg/m2), wing area for ATRA-100 (S) = 110.21m2. 
Wing planform selection is based on a combination of criteria

that require constant review during the design phase. Planform
span, aspect ratio, sweep, and taper will be revised based on the
trades taking place during the design. As sweep increases, the
MTOW, operating empty weight (OEW), mission fuel and engine
size increase for a constant aspect ratio and wing loading. As
aspect ratio increases, OEW and MTOW increase while engine
size and fuel burn decrease.

A detailed trade off study of planform parameters is outside
the scope of this work. For ATRA-100 Baseline, sweep and taper
ratio are taken from comparison with existing aircraft data, i.e. :

• A quarter chord sweep (^c/4) = 25 deg.

• Taper ratio (λ) = 0.274

• Aspect ratio (AR) = 9.5

The wing planform for ATRA-100 Baseline is illustrated in
Figure 3.

Selection/design of the outboard wing sweep and outboard
aerofoil section are made at the same time. Usually for most
swept wings, the outboard aerofoil section defines the wing Mach
number capability. This is a result of the higher outboard wing
section loading compared to the inboard wing. The lower inboard
wing lift is due to wing taper and the lower lift curve slopes near
the side of fuselage. The outboard wing aerofoil is
selected/designed based not only on the design Mach number
but also on the aerofoil off-design characteristics. Good low Mach
number lift capability is required for climb performance and for
aircraft gross weight growth capability. High Mach number
characteristics should exhibit low drag creep below cruise Mach
number and still maintain gentle stall buffet characteristics. Shock
position should remain fairly stable with small changes in Mach
number or angle of attack to maintain good ride quality and
handling characteristics.

Typically transonic HLFC aerofoil sections have been
designed with pressure distributions having a small peak close to
the leading edge, followed by a region of increasing pressure (an
adverse pressure gradient) over the suction region, after which
the ‘roof-top’ has a mildly favorable pressure gradient . Such a
pressure distribution has been found to maximize the extent of
laminar flow.

For this study, three airfoils were designed, i.e. airfoil for root,
inboard and outboard, as shown in Figure 4.

THE APPLICATION OF COMBINED 
HLFC-VCW

Practical use of HLFC requires that laminar flow be maintained
through a range of cruise lift coefficients and Mach numbers.

members of the ATRA standard-body aircraft family is such that
the ATRA-80, ATRA-100 and ATRA-130 can essentially be
operated as one aircraft type with positive effects on crew
training, maintenance and aircraft scheduling. In addition, a mixed
fleet of ATRA-100 aircraft combined with other aircraft in the ATRA
family will allow airlines to better match capacity to demand whilst
reducing operating costs, increasing crew productivity and
simplifying ground handling.

Being the reduced/increased size development of the ATRA-
100 the ATRA-80/ATRA-130 key changes are primarily related to
size and capacity as all aircraft share similar systems and the
same flight deck. Key changes include : derated/uprated engines,
adapted systems and two fuselage plugs removed/added.

AERODYNAMIC DESIGN CONCEPTS FOR
ATRA

The main issue in the application of new technologies in
transport aircraft is the ability to employ them at low cost without
reduction of their benefits. This cost is reflected in the following
shares of DOC : fuel, ownership and maintenance. Laminar flow-
variable camber technology will only produce acceptable DOC if
the penalties due to additional weight and the complexity of the
system do not exceed those of the fuel savings.

Hence the most important objective in realizing advanced
laminar flow-variable camber technology is to reduce their
additional system costs, weight and minimize maintainability and
reliability costs.

Initial Wing Design
This section describes the initial design of wing for ATRA-100

baseline configuration. This wing design is unique, because it
incorporates hybrid laminar flow control and variable camber wing
technology.

A detailed examination of the very complex wing design is
outside the scope of this work, but it is considered appropriate to
mention some of the measures that may be taken, although not all
of them are required for each design.

Performance Objectives
For a typical jet aircraft, the equation for cruise range (R) can

be expressed as :

R = (––––––) (––––) 1n (––––––) (1)

where : a0 = speed of sound
Θ = temperature ratio, T/T0

The above equation states that if the thrust specific fuel
consumption (TSFC) is considered to be nearly constant (which it
usually is in the cruise region), a jet aircraft will get the most range
for the fuel burned between weights Winitial and Wfinal by making
the quantity M(L/D), a maximum. The basic aerodynamic
performance objective is, therefore, to achieve the highest value
of M(L/D)max at the cruise Mach number. Climb and descent
performance, especially for short range mission, is also important

AERODYNAMIC DESIGN AND AIRCRAFT FAMILY CONCEPT FOR AN ADVANCED TECHNOLOGY REGIONAL AIRCRAFT (ATRA)

a0 √Θ
TSFC D Wfinal

ML Winitial
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Payload-range concept
System concept

trio regional airliner adapted systems

Fuselage concept
two fuselage plugs removed/added

Variable camber wing concept Powerplant concept

optimum cruise/climb management
constant altitude cruise management

derated/uprated engines

Figure 2: The ATRA Family concept
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Variations in lift coefficient and Mach number will change the wing
pressure distributions from the optimum and may result in some
loss of laminar flow. Therefore, it was decided to investigate a
HLFC wing together VC-flap. Deflection of the VC-flap permits
controlling the pressure distribution over the forward part of the
airfoil, keeping it similar to the design pressure distribution, even
when the lift coefficient and Mach number differ considerably from
the design values. With careful design of VC-flap, it can be used
to reduce the wave drag penalty, and to sustain attached flow in
turbulent mode.

Candidate laminar flow – variable camber section
Figure 5 shows the section views of two wing configurations

considered in this study. Configuration I has both upper and lower
surface suction, from the front spar forward with leading edge
systems as proposed by Lockheed [6]. Because it has no leading-
edge device, it requires double-slotted fowler flaps to achieve
maximum lift coefficient ( CLmax) requirements. Configuration II
replaces the lower surface suction with full-span Krueger flaps,
which, combined with single-slotted fowler flaps, provide
equivalent high lift capability. The Krueger flaps also shield the
fixed leading edge from insect accumulation and provide a
mounting for the anti icing system. Only the upper surface,
however, has suction panels. The leading edge system used on
configuration II is similar to leading edge systems as proposed by
Douglas [6]. A summary of the advantages, risks, and
disadvantages are :

• Configuration I : the advantages are (1) a simple system with 
no leading edge device and (2) upper and lower surface 
laminar flow for least drag. The disadvantages and risks are (1)
more potential for insect contamination on the suction device
which may cause boundary-layer transition, (2) high approach
speeds and landing field lengths and/or a more complex
trailing-edge high lift system, (3) longer take-off field lengths,
particularly for hot, high-altitude conditions, and (4) a 
trim penalty due to higher rear loading (when the flaps 
are deployed).

AERODYNAMIC DESIGN AND AIRCRAFT FAMILY CONCEPT FOR AN ADVANCED TECHNOLOGY REGIONAL AIRCRAFT (ATRA)

• Configuration II : the advantages are (1)
less potential insect contamination on
the suction device, hence laminar
boundary layer will be more stable, (2)
simpler trailing-edge high lift devices, (3)
lower approach speeds and shorter
take-off and landing field lengths, and (4)
less a trim penalty (when the flaps are
deployed). The disadvantages and risks
are (1) less drag reduction due to laminar
flow only on the upper surface and (2) a
more complex leading-edge system.

Preliminary estimates [4] indicated cruise
drag reductions of about 11% for HLFC
having laminar flow on the upper and lower
surface, while the reduction for HLFC havingFigure 3: ATRA wing concept

laminar flow only on the upper surface was only 7%. The
deficiencies noted for configuration I are related to low speed
performance and insect contamination problems. The potential
exists for high lift performance improvements if wings were
specifically designed for the HLFC task. Although it has 
an inherently lower drag reduction, configuration II is more likely 
to provide a stable laminar boundary-layer due to a lower
likelihood of being contaminated by insects. Taking into 
account the above considerations, configuration II was selected,
for this study.

Hybrid laminar flow – variable camber section baseline
configuration

The Hybrid Laminar Flow Control - Variable Camber Wing
(HLFC-VCW) section baseline configuration for use on the ATRA-
100’s wing is shown in Figure 6.

Ideally the change in section profile craft of the rear spar
should not cause separation of airflow, which would otherwise
give rise to higher profile drag. To overcome the problem of
separation, the radii of local curvature must be greater than half
the chord, but not too high, as the section will have a higher
pitching moment, and hence higher trim drag, which then will
reduce the benefit of variable camber itself. The radii should be
optimized between these two constraints. The radius is inherent to
the trailing-edge upper surface of the aerofoil, so when the
aerofoil is used for a VC concept, the aerofoil should be designed
with taking into account the above considerations from the
beginning.

The concept of variable camber used for the ATRA-100’s wing is
quite similar to traditional high lift devices. The camber variation is
achieved by small rotation motions (in two directions for positive and
negative deflections). In VC-operation the flap body slides between
the spoiler trailing edge and the deflector door. The radius of flap
rotation is picked-up from the radius of curvature of the aerofoil
trailing edge upper surface at about 90% chord. Camber variation is
therefore performed with continuity in surface curvature at all
camber settings. During this process the spoiler position is
unchanged.
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AIRCRAFT PERFORMANCE
The computational design analysis and revision of the ATRA-

100 aircraft due to lift/drag improvement from the application of
HLFC on the ATRA-100 aircraft compared to the turbulent version
will be described in the following section.

Computational design analysis for ATRA-100 wing
Figures 7 and 8 show the contours of static pressure and

Figure 4: Airfoil for ATRA wing (root, inboard and outboard)

Figure 5: Cross sections of candidate combine HLFC-VCW configurations

Mach number in fully turbulent flow for variable-camber flap
deflected respectively, for detailed flow analysis see Reference [3].

The lift coefficient versus angle of attack (alpha) for turbulent
and laminar flow (HLFC-VCW) as featured in Figure 9.

Revision of the ATRA-100 aircraft
Technically, the application of the combined HLFC-VCW to the

civil transport aircraft appears to provide significant performance
gains in terms of fuel consumption and payload range
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performance. However, in order to justify the implementation of
the technology economically, it is necessary to consider the
associated costs throughout the entire program.

It was judged that the most appropriate method of examining
the cost implications of the combined HLFC-VCW would be to
examine it’s effects on the direct operating costs (DOC) of the
aircraft. Due to lack of time, for the purposes of this research,
aircraft weight reductions and increased range performance due
to the application of the combine HLFC-VCW would be examine
rather than DOC, with the assumption if the aircraft weight is
reduced DOC would also reduce..

The aircraft lift/drag improvement at cruise (Mach 0.8, 35,000
ft and RN = 6.28e6/m) was 7.675 % of total cruise drag [3].

Some of the advantages and disadvantages of the application
of the combined HLFC-VCW to civil transport aircraft compared to
the turbulent version are [3] :

AERODYNAMIC DESIGN AND AIRCRAFT FAMILY CONCEPT FOR AN ADVANCED TECHNOLOGY REGIONAL AIRCRAFT (ATRA)

Figure 6: HLFC-VCW section baseline configuration

Figure 7: Configuration II: contours of static pressure, Pascal (fully
turbulent flow)

Figure 8: Configuration II: contours of March number (fully turbulent
flow)

• HLFC systems weight = 0.373 % MTOW,

• VCW systems weight = 0.5 % wing weight,

• Lift/drag increment due to VCW application = 2.5 %,

• The increment in fuel flow to maintain the specified net thrust
due to power off-take of HLFC suction systems = 0.2 %,

• Assumption : the reduction of wing sections t/c due to the
application of the HLFC is eliminated by the application of
VCW and wing sweep is unchanged.
The above values are from aircraft that does not closely match

of the ATRA aircraft types included in this study, preventing any
direct comparisons. However, the benefits and/or drawbacks
associated with the various HLFC and/or VCW applications are
provided. In the absence of a detailed investigation, it was
decided to use the above values.

With the above predictions and assumptions and simple sizing
method, the benefits of the combine HLFC-VCW to the ATRA-100
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aircraft compared to the turbulent version are : (1) for constant
DR&O : MTOW reduction = 4.25 % and (2) for constant MTOW :
range performance increased by 7.63 %.

CONCLUSIONS
The aircraft family concept using variable camber wing

technology to manage the lift requirement is feasible from
technical point of view.

During cruise (Mach 0.8, 35,000 ft and RN = 6.28e6/m),
compared to the turbulent version, the lift/drag improvement due
to the application of the combine HLFC-VCW to the ATRA aircraft
was 7.675 % of total cruise drag; and for constant DR&O : MTOW
reduction = 4.25 % while for constant MTOW : range performance
increased by 7.63 %. The VCW can be used as a lift control during
cruise and climb to find the best lift/drag ratio.

The application of combined HLFC–VCW concept to reduce
the aircraft drag is feasible for a transport aircraft from
aerodynamic point of view, but must be shown to be cost
effective.
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