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Abstract
The drinking water company PDAMTirtawening has two pipelines that supply rawwater to the treatment
plant. The pipelines stretch out for 31 kilometers from Chikalong(small nearby town) to the treatment
plant in Badaksinga in Bandung. For one of those pipelines the current flow to the treatment plant is
well below the design flow. The original design flow of the pipeline is 850 liters per second, currently
the pipeline transports roughly 580-650 liters per second.

This is not a critical problem at the moment because the treatment plant does not have the capacity
to treat and distribute more water, but in the nearby future PDAM Tirtawening wants to increase its
capacity and supply more water to the people of Bandung. This means that the supply of raw water to
the treatment plant also needs to be increased.

From the study it can be concluded that the flow drop was caused by human decisions to throttle the
flow, based on the fact that there was severe burst (“explosion”) of the pipeline somewhere in the year
2005.

The burst was caused by a water hammer incident, occurring during maintenance. During this main-
tenance period the water flow was stopped and a water body was standing stagnant in the lower end
of the pipeline. When the operators opened valve again at the intake point, to start up the flow in
the pipeline, the water mass accelerated downwards towards the stagnant water body below. The air
trapped between these two water bodies could not escape in time thereby being compressed causing
peak pressures. These pressures where of a much higher magnitude than the pressure which the
pipeline was designed for, causing the “explosion” of the pipe. The reason why the trapped air could
not escape through the air valves is because they are sealed to reduce the chance of locals stealing
water.

To avoid air entrapment and thereby reducing the risk on water hammer the following three throttling
locations along the pipeline where investigated.

• keep regulating the inflow at the intake point at Chikalong.

• regulate inflow at the first intersection (OVS1) 3 kilometres downstream of Chikalong.

• regulate inflow downstream at Badaksinga at the outflow point of the pipeline.

From these three options throttling at OVS1 is preferred. The peak pressures along the pipeline stay
well below the design pressure. However, throttling at preset at Chikalong has gone ’sufficient’ looking
at PDAM’s standards for more than 25 years already. Regulating at Badaksinga (throttling and closing)
is not feasible. Very high pressures and problems with cavitation of the intake valve will increase the
chance on pipe bursts and damage to the valve.

Also, it is recommended to PDAM to slowly open the valve at the intake point after maintenance in
order to slowly increase the volume of the flow. This action will insure that the pipeline will slowly fill up
with water thereby giving the trapped air the chance to escape, this will decrease the chance on peak
pressures and “explosions” in the future.
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Introduction
This study was initiated within the context of a partnership between the Civil Engineering faculty at TU
Delft, PDAM Tirtawening(PDAM) and the Institute Technology of Bandung(ITB). Within this partnership,
the TU Delft and ITB contribute to PDAM by sharing their knowledge on water treatment and water
distribution. Simultaneously, PDAM provides an environment for the TU Delft and ITB where they can
increase and validate their knowledge on the basis of actual case studies in real life situations.

Bandung is the capital of West-Java and the 3th largest city in Indonesia. The population of Bandung is
growing each year and the city will shortly be home of more than 2.5 million people. This rapid growth
and urbanization are the cause of many new challenges for Bandung and its people. One of these
problems is the extensive pressure put on PDAM to generate and distribute enough clean water to the
growing demand of the ever-growing population of Bandung.

Because of the growing demand for clean water, and the fact that many people do not yet have access
to clean water, PDAM has decided to increase its capacity. This means PDAMwill increase the capacity
of the treatment plant as well as the capacity of its distribution network.

PDAM uses raw water from a small town nearby Bandung called Chikalong for its production of clean
water. PDAM uses two pipelines which both roughly follow the same path to transport this raw water to
the treatment plant. One of these pipelines does not operate on its design capacity, thereby transporting
less water to the treatment plant as intended. Currently this is not a problem, because the capacity of
the supplying pipelines matches the treatment plant clean water production. However, PDAM wants
to increase its production in the nearby future and the current water supply of the pipelines will be
insufficient to meet this future demand. The easiest way to ensure enough raw water is supplied to the
treatment plant is by increasing the capacity of the investigated pipeline. the purpose of this study is
to determine why the pipeline does not meet its design capacity. Subsequently, recommendations will
be formulated to find a cost effective solution for this problem.
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research questions
The following research questions have been formulated to achieve the purpose of this study.

• The first research question: What is the reason/problem why the supplying pipeline does not meet
the design capacity?

• The second research question: Which effective measures can be taking to increase the capacity
of the supplying pipeline?

In order to answer these research questions multiple fieldwork activities where performed in order
to collect data. This data consists of pressure measurements (collected at various points along the
pipeline), visual inspections at the intake point and the end point of the pipeline and interviews with
personnel of the PDAM organization.

The pressure measurement data were used as a benchmark for an Epanet model. With this model
the pressure along the length of the pipeline were simulated and compared with the actual pressure
measured in the field. The results of this comparison were analyzed in the results and conclusion
section of this study, Subsequently the findings were used to answer the research questions.

The visual inspection, performed at the intake point and at the end point of the pipeline were used to
determine if there are problems regarding the intake and outflow point of the raw water.

Interviews with personnel, performed with a pre-written questionnaire were used to validate the visual
inspection and the pressure measurements. The interviews where also used to fill possible knowledge
gaps that could not be answered with the other information sources.

Any problems or irregularities discovered were also analyzed in the results and conclusion section of
this research rapport.
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Background Pipeline
In this chapter the pipeline and its most important characteristics will be discussed.

3.1. History
The pipeline was constructed more than 50 years ago and many changes were made to the position
throughout the years. A few parts of the pipeline are newly constructed from concrete. The exact
location of these pieces are hard indicate because of the many changes in operational staff during the
years. The capacity of the pipeline was met until 10 years ago, somewhere around the year 2005.
After the year 2005 the capacity decreased to 60 percent and that is still the capacity to date.

Somewhere in the recent past the pipeline bursted (“exploded”) a few kilometres downstream of the
intake point at Chikalong. People who were present at that event mentioned that there was a loud
“bang” and water was “shooting” more than 20 meters in the air. Whether this information is correct or
not, the occurrence of water hammer seems likely. More information on this incident can be found in
the results part and a summary of the interviews with the people present can be found in appendix A

3.2. Outline pipeline
The transmission pipeline is approximately 31 km long and has a diameter of 850 mm. The pipeline
extends from Chikalong to Badaksinga through an urban area. The water is transported by gravity to
the water treatment plant, therefore no pumps are located in this pipeline system see figure 3.1 and
figure 3.2. Both figures are a scan copy made from the original blue prints which were made when
the pipeline was constructed. The highest point of the pipeline is 852 meters above sea level and is
located at the intake point at Chikalong. This is, also the start of the pipeline, the lowest point of the
pipeline is 8 kilometers down stream of Chikalong and 660 meters above sea level.

Figure 3.1: overview picture of pipeline
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6 3. Background Pipeline

The pipeline ends at Badaksinga which is 752 meters above sea level. The water flows “freely” to
the treatment plant. This means that the pressure drops to atmospheric level right after it leaves the
pipeline. The pipeline has 35 air valves where the pressure in the pipeline can be measured. It also
contains 30 washouts to clear the pipeline of debris. One of the problems PDAM is facing is that many
of these air valves and washouts do not work properly or cannot be reached because of traffic.

Figure 3.2: cut trough picture of pipeline

Because of the lay-out of the pipeline it is full of water for the largest part when it is not in use. The
pipeline under study is connected to a second supply line at a location called OVS1, as shown in
figure 3.2. This location is a few kilometers downstream the intake point. This connection point was
constructed for the purpose of security, if one of the pipelines breaks the other one could partly take over
the the raw water supply. This connection point is currently not in use because of lack of maintenance.
figure 3.2 also shows where the lowest point along the length of the pipeline and the location of intake
point.

At this moment the water intake of the pipeline is regulated at the intake point of the pipeline at Chikalong
by a valve that is controlled by an operator.

Figure 3.3a shows the hydraulic gradient presented for the design flow and the current flow. In figure
3.3b the hydraulic gradient is presented when the pipeline is closed. The pipeline is closed several
times a year for maintenance and inspection. Because the water intake is regulated at the top of the
pipeline at Chikalong, stagnant water cannot be removed as shown in figure 3.3b.
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(a) pipeline gradient for 800/s and 645 l/s (b) Gradient when pipeline is closed

Figure 3.3: overview figures of gradient pipeline





Theoretical Background, materials
and methods

In this chapter the theoretical background of different aspects concerning this study will be discussed.
These aspects include possible flow obstructions and how and why different calculations are made.

4.1. Water Hammer
When investigating a pipeline, water hammer should be taken into account. A water hammer phe-
nomenon occurs when a sudden fluctuation in velocity triggers a fluctuation in pressure. The fluctuation
in flow velocity is possibly created by closing or opening the regulating valve at Badaksinga. When this
regulating valve as illustrated in figure3.2 is opened or closed relatively a pressure wave in the water
flow interacts with the pipe wall. This reaction inducts axial bending and torsional stress waves within
the pipe wall of the investigated pipeline.[Baliño et al., 2001, Brosi et al., 1995] This Water Hammer
phenomenon expresses the relationship between kinetic and pressure energy.[Ghidaoui et al., 2005].

Also, these induced pressure fluctuations can cause local low pressure situations where the fluid va-
porizes. This phenomena is called cavitation, which will be discussed in the next section[Geng et al.,
2017].

Figure 4.1: water hammer principle and air valve
mitigating measure
Ghidaoui et al. [2005]

Kinetic and pressure energy caused by water hammer phe-
nomenon’s have to be kept within limits described by the
design load of the investigated pipeline. This have to be
done by adequate rules on control and operation. Applying
control devices or redesigning a pipeline layout when wa-
ter hammer occurs can be necessary for the investigated
supply pipeline[Yazdi, 2019].

A rupture may occur if the pressure induced by water ham-
mer equals or exceeds the maximum design pressure. To-
day the designer is compelled to introduce a safety margin
in his/her design. The safety margin applied to the investi-
gated supply line is unknown, therefore in this study calcu-
lations will be done as if there is no safety margin.

Water hammer can cause ruptures or other forms of irreg-
ularities that can influence the flow[Stone, 2006]. Special
attention when it comes to the water hammer phenomenon
will be allocated to maintenance work that occurred in the
recent years. During maintenance the investigated pipeline
is closed off in order to perform cleaning and inspection. When this action takes place there is a high
possibility of water hammer taking place. If water hammer indeed is a problem that is part of the problem
then maintenance moments are well worth investigating.

figure 4.1 an illustration is presented on how water hammer occurrence can be mitigated and even
prevented. However, one has to keep in mind that in this situation most air valves do not work properly
thereby increasing the chance on water hammer.

In this study, first the possibility of water hammer causing the problem will be investigated. If there is
indeed a chance that water hammer is a factor for the problem than further calculations will be performed
on this matter.
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10 4. Theoretical Background, materials and methods

4.1.1. mitigation measures

Water hammer phenomena can be reduced in several ways.[Triki, 2016], [Kerr, 1951]

• Reduce the pressure of the water supply to the building by fitting a regulator.

Water pressure reducing regulators can be installed along the length of the pipeline. A reducing reg-
ulator can be in the form of a spring-loaded diagram, this diagram reduces the water pressure within
the valve body. Water will thereby by constricted when it comes into the valve and then released at
desired reduced pressure.

• Lower fluid velocities.

By lowering the fluid velocities the impact and likelihood of water hammer can reduced. Fluid velocity
can be reduced in several way. For the studied situation the fluid velocity can be reduced by reducing
the inflow or by constricting the flow along the length of the pipeline by decreasing the flow trough
possibilities by narrowing the pipeline.

• Fit slowly closing or opening valves.

Slowly closing or opening valves increase or decrease the flow at a slower rate. By lowering the flow
flux water hammer impact can be mitigated because the energy transition is dispersed over a longer
period of time. peak energy transition is thereby mitigated reducing the impact of the consequences.

• Accumulators or expansion tanks

An expansion tank or expansion vessel is a open or closed tank used to protect closed pipeline sys-
tems from excessive pressure. Peak pressures during a water hammer event are mitigated by forcing
additional fluid into the tank thereby reducing pressure. Figure 4.1 illustrate a situation where a fluid is
forced into a tank thereby relieving the pipeline system of excessive pressure.

• Specify vacuum relief valves.

A relief valve is a device that reliefs the pressure by inlet static pressure. They opening increases
proportional to the inlet pressure of the valve. It may be provided with an bonnet, that acts like a spring
housing. The opening pressure can be adjusted to the desired maximum pressure needed in a pipeline
system.

4.2. Cavitation
Cavitation is the process by which, in this situation, gas or vapour bubbles nucleate, grow, and then
collapse inside the pipeline. Cavitation happens in a turbulent liquid when the local pressure becomes
lower than the vapour pressure. In atmospheric pressure water turns into gas at 100 degrees Cel-
sius, but when the pressure becomes lower so does the temperature where a this phenomenon takes
places.[Shu, 2003]

The initial process by which bubbles are formed is called nucleation, it occurs in a homogeneous or
heterogeneous manner. Homogeneous nucleation refers to the spontaneous formation of bubbles in
the water, whereas heterogeneous nucleation occurs by growth of pre-existing gas present on particles
suspended in the bulk solution and in cracks on solid surfaces, which in this case would be the wall of
the pipeline.[Wilkinson and Vitek, 1983]

For water between 10 to 40 degrees Celsius the vapor pressure ranges from 0.012 to 0.073 atmo-
spheres. The total dissolved gas pressure in normal conditions ranges between 0.8 and 1.2 atmo-
spheres. When the pressure is decreased below the total dissolved gas pressure, gas bubbles will
tend to grow at locations referred as nucleation’s sites. Scardina et al. [2006]

The formations of bubbles caused by cavitation are easily observed when opening a pressurized car-
bonated beverage. Figure 4.2 gives a schematic overview of cavitation occurrence.[Ganz and Gutier-
rez, 2012]
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Figure 4.2: cavitation principle
Kalkwijk and Kranenburg [1971]

The pipeline under investigation has many irregulari-
ties such as bends and constrictions. Within these ir-
regularities the flow of water can be disrupted making
cavitation likely to occur. Cavitation can cause dam-
age to the inner wall of the pipeline. This damage will
increase the roughness which results into a decrease
of the overall performance of the pipeline. This can
contribute to the flow drop which is currently under in-
vestigation.

The safety margin regarding to cavitation applied to
the investigated supply line is unknown, therefore in
this study calculations will be done as if there is no
safety margin.

Cavitation on it’s own should not be responsibly for the flow drop in the supply line. However, it’s
important to take the effects of cavitation into account. Cavitation is likely to occur in the investigated
situation because of the turbulent flow in the supply line. Cavitation just like water hammer can for
example cause ruptures or other forms of irregularities that can influence the flow.

4.2.1. mitigation measures

Cavitation is mitigated by reducing the pressure fluctuations along the length of the pipeline. This can
be obtained by installing pumping stations and decreasing the impact of obstructing factors such as
bends or sudden altitude drops. As mentioned before, decreasing the chance and impact of water
hammer will also decrease cavitation impact.[Geng et al., 2017], [Shen, 1987]

Devices like an air vessel or surge tank can be used to decrease the impact of cavitation when neces-
sary. The presence of these devices decreases the pressure waves considerably. However, installing
such a device will be costly to construct and maintain.[Kalkwijk and Kranenburg, 1971]

4.3. Epanet

Epanet is a software program, which is capable of performing hydraulic simulations within pressurized
systems. With these simulations data is produced which engineers can use to understand and improve
pressurized systems such as in this case study. With the help of Epanet a model can be produced of the
pipeline. Results form this model can be compared and validated with data acquired by pressure mea-
surements taken from the actual pipeline. Irregularities between the two datasets show the differences
between our real life case study and the hypothetical ’optimal’ situation as modelled in Epanet.

The pipeline is simulated in EPANET with the help of figure 3.1 and figure 3.2. The coordinates of
the pipeline in vertical and horizontal direction can be found in these figures. The diameter as already
mentioned is 0.85 meter and the roughness coefficient will be slightly higher than average because of
the old age. Along the length of the pipeline multiple disruptive elements can be found that influence
the results of the simulation. These disruptive elements consist of sharp bends, concrete sections and
sections used for maintenance. These elements have influence on the flow, energy level and other
results. These elements have been simulated as much as possible, but an error margin caused by this
has to be accepted. What also has to be kept into mind is the fact that Epanet can only be used to
model pressurized systems. If a system has parts that are not pressurized, additional measures have
to be taken in order to model these parts. The pressure dataset obtained from the field measurements
will be compared with the data obtained from the Epanet model. This comparison will be used to
determine possible flow interrupting obstacles. These obstacles include sediment build-up, air pockets
and corrosion which where previously discusse in this chapter.



12 4. Theoretical Background, materials and methods

4.4. Field Measurements
The pipeline has 35 air valves along the entire length of the pipeline. On those air valves pressure
meters were installed to obtain additional data data which will be used to validate the modelling data. A
device called mano-meter was installed on an air valve to measure the pressure on that exact location.
The pressure was measured in 𝑘𝑔/𝑚𝑐 . This way of measuring is relatively accurate but still some
errors can occur because two reasons.

• The air valve opening could be not completely clean and therefore measuring a pressure that is
too low.

• Before a day of field measurements activities, all of the mano-meters where calibrated. however,
during the day it could be possible that the mano-meters obtained an off-set because of the poor
quality and old age.

(a) pressure check (b) pressure check

Figure 4.3: In field measured pressured over total length pipeline

Figure 4.3 shows how the measurements in the field were performed. Every complete set of measure-
ments consisted of 36 pressure checks performed at air valves that are located along the total length
of the pipeline. These measurement sets have been performed four times to obtain data strings that
give an accurate understanding of what the pressure is under varying conditions. Each set of mea-
surements was performed under different flow levels. The data strings can be consulted in appendix
B.

4.5. Sediment Build-up
The Bernoulli Equation expresses an phenomenon known as the ”Bernoulli effect”. This effect is best
described as the conservation of energy appropriate for flowing fluids such as water. The fluid pressure
inside a system is lowered at locations where the flow velocity is increased. This increase in flow velocity
is increased, caused by constriction, this causes for the kinetic energy to be increased at the expense
of the hydraulic pressure energy. The Bernoullie principle is illustrated in figure 4.4.

Figure 4.4: Bernoulli principle

Sediment build-up within distribution pipelines is a
common problem. Undissolved sediments are trans-
ported with the raw water and can settle at several lo-
cations along the pipeline. Sediment build-up happens
when the velocity of the water does not reach above
the required 0.3 m/s on a regular basis.[Burns et al.,
2012]

Sediment build up is also caused by elements that dis-
rupt the flow within the pipeline. In this study, it is diffi-
cult to check for sediment build-up within the pipeline.
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Because of old age and sealed of air-valves there are
no methods to check the inside of the pipeline. If irreg-
ularities are discovered in obtained pipe-pressure data
that corresponds to certain sections of the pipeline ac-
tions can be taken to check if this is linked to sediment build-up. These actions can range from various
ways of looking inside the pipeline with a camera or climbing inside. When taking these actions the
water supply needs to be closed off, of course.

Sediment build-up in a pipeline effects the flow in a negative way. Therefore it is important to mitigate
sediment build-up and flush a supplying system when necessary. In this particular situation it is likely
that there is sediment build-up within the pipeline. This is mainly because of the questionable quality of
the pipeline because of its old age and absence of maintenance. This causes flow drops in the pipeline
which causes sediment build-up. The raw water that is transported through the pipeline also contributes
to the sediment build-up because it contains the sediment. The amount of sediment within the water is
difficult to determine. However, it is clear that the raw water is not filtered before entering the pipeline
and by visual inspection it is clear that there is a significant amount of sediment in the water. This can
be seen in figure 5.1

There are several points along the pipeline where the altitudes increases ’the pipeline goes up’. These
points are extra vulnerable for sediment build-up.

4.5.1. mitigation measures
Sediment build-up is mitigated by flushing points shown in figure 4.3. These washout points are cleaned
once amonth and are located at the same locations as the air valves. However, many of these washouts
are not reachable or do not perform up to standards, caused by lack of maintenance. In this particular
situation sediment build up is a likely cause for the pipeline not meeting its design flow.

4.6. Corrosion
When the inside surface of a pipeline is corroded the roughness coefficient will increase thereby de-
creasing the flow. Corrosion of the inside of a pipeline is difficult to spot, creating a potential off set
between the Epanet model and measured pressure data. Corrosion can also affect the quality of the
water and cause potential health risks.

In order to locate corrosion within the pipeline a visual inspection needs to take place. As mentioned
before this is a difficult task and have to be performed when the pipeline is not used.

4.7. Air Pockets
Air pockets can be formed inside a pipeline when air intake takes place. These air pockets will most
likely form at locations where the pipeline is at an altitude peak and can considerably disrupt the flow,
thereby lowering the final outflow. The formation of air pockets within this pipeline is a likely occur-
rence.[Malekpour et al., 2018]

Because hydrostatic pressure variation are negligible in a gas, a uniform pressure will form in the thin
stream of water flowing below the air pocket. The water loses potential energy(height) along the course
of a gravity pipeline and will not increase in pressure at the end of the air pocket, because the pressure
remains the same in the stream below the air pocket. Therefore, the kinetic energy is the same at the
beginning and at the and of an air pocket.

This makes the pressure loss the difference in elevation of the beginning and the end of an air pocket.
This pressure drop can be measured with the help of the field work measurements and the Epanet
model, thereby locating potential air pockets.[Bucur and E.C., 2008]

The formation of air pockets is mitigated with air valves that are installed along the length of the pipeline
as shown in figure 4.3. Approximately 30 air valves are installed at the same location as the wash-out
points used for sediment build up. This results in easier maintenance but reduces the effect because
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the air valves are not located at local altitude peaks along the length of the pipeline. However, it is ques-
tionable how much of those air valves work properly because of poor maintenance. Most of these air
valves are closed down by PDAM because local people were stealing water from these locations.[Zhou
and Liu, 2013]



Results

5.1. Qualitative data, visual inspection

Figure 5.1a illustrates that the intake point of the pipeline is not completely submerged during the visual
inspection, thereby letting in air into the pipeline. Figure 5.1b illustrates the total intake system which
consist out of two open water basins both supplying the pipelines of raw water. These open water
basins are fed with rain water from the catchment area upstream. Figure 5.1c illustrates a release
valve located just a few meters below the intake point. This valve releases much air, which is a clear
indication of air trapped inside the pipeline. Consequences of this trapped air are risk on cavitation,
corrosion and air pockets.

(a) air intake pipeline

(b) open water basin intake point

(c) air release valve

Figure 5.1: overview pictures of intake point
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Figure 5.2: Assumptive pressure lines for the first section, 800 l/s - 645 l/s - 452 l/s

5.2. quantitative data, pressure measurement
Four in field pressure measurements where performed with the use of mano-meters. A team of pro-
fessionals conducted these measurements during field trips as shown in figure 4.3. The data collected
with these field measurements are presented in appendix B. In figure 5.3 the pressure is illustrated
along the pipeline with different debit levels.

What becomes clear is that the first part of the pipeline acts like an open channel and the pressure is
not high enough to completely fill the pipeline. When analyzing the first part of the pipeline figure 5.2
can be constructed with the resulting gradients for a debit of 452 l/s, 645 l/s and 800 l/s for the first part
of the pipe line.

The first pressure measurement from down stream to upstream where the pressure was zero indicated
the point where the pipeline non-pressurized zone starts. This non-pressurized zone goes all the way
upstream to the intake point at Chikalong. This non pressurized part acts like an open channel and the
transported raw water is in free fall. The hydraulic gradient for a debit of 800l/s was not constructed with
pressure measurement data but with theoretical knowledge and is merely for additional understanding
of the hydraulic gradient of the pipeline.



5.3. Qualitative data, interviews 17

(a) 452 l/s , 14-02-2016 (b) 550 l/s , 14-01-2016

(c) 532 l/s , 14-03-2016 (d) 560 l/s - 02-10-2016

Figure 5.3: In field measured pressured over total length pipeline

5.3. Qualitative data, interviews
interviews have been conducted with mister Makmur, misses Dine, mister Rusnandi, Mister Tin Tin and
several persons that live along the length of the pipeline.

The following results can be concluded from the interviews conducted. A resume of all interviews can
be found in Appendix A

• The debit through the pipeline during fieldwork was 532 l/s at 21-03-2016, 550 l/s at 18-01-2016,
530 l/s at 14-10-2016 and 545 l/s at 10-02-2016.

• The design flow is 800 l/s when the pipeline was constructed in its original form.

• The route and components of several parts of the pipeline have been altered during its life time.
The material shifted from steel to concrete, which most likely increased its roughness coefficient.
The exact locations of these alterations cannot be validated accurately.

• There is air intake at the intake point of the pipeline. This is also concluded with the help of the
results obtained by visual inspection. The cause of this is the water intake throttling by PDAM at
the intake point.

• Several air valves and wash out points do not functions for different reasons. Reasons for this is
the likelihood of theft and poor maintenance.

• If a change is made towards the location of the intake valve then it should be relocated to the
outtake point at Badanksinga or the OVS1 location. These are the only locations where it is
practically possible to construct a new intake valve.

• Local residents state that there is a significant adversity towards the pipeline because it runs
through several neighborhoods impacting peoples personal lives. The occurrence of theft is also
expressed by local residence. Furthermore, several local residence claim that they witnessed or
at least heard about several large explosions somewhere during the last 10 years. One of these
explosions has such an impact that it killed several people and did significant financial damage.
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• Several air valves are shut off or broken. Which air valves are non-function is unknown.

• The maximum design pressure of the pipeline was 23.5 bar.

The interviews where conducted in a semi-informal setting. All of the interviewees have been submitted
to a certain amount of pre-determined questions.

5.4. quantitative data, Epanet model
The pipeline was divided into sections and from every section characteristic locations were selected
and processed into Epanet. The roughness coefficient was set on 0.85 for regular parts of the pipeline.
Subsections where irregularities occur, such as location OVS1, old or concrete sections, the roughness
coefficient was set to a higher value. Because the pipeline runs through the city for 30 kilometers it is
impossible to model all of these regularities, thereby accepting a margin of error.

(a) 532 l/s , 21-10-2016 (b) 550 l/s , 18-10-2016

(c) 532 l/s , 14-10-2016 (d) 545 l/s - 10-10-2016

Figure 5.4: Modelled pressured over total length pipeline

In figure 5.4 a graphical overview of the four modelled pressure lines along the length of the pipeline
are presented. The debit flow used in the model is equal to the debit flow measured in the field. These
graphs will be compared with the pressure data obtained from field measurements.

5.5. Additional points for water inlet regulation
With the use of Epanet an estimation of the pressure and the hydraulic gradient along the pipeline is
also calculated for two extra water intake regulating locations. The choice for checking the parameters
of the system is based on data that states that these two locations are the only places where a regulating
point can be constructed and could potentially improve the hydraulic properties of the pipeline, thereby
making them worthwhile to investigate. The hydraulic properties of the system will be different for
these two extra options and could thereby be beneficial for the final recommendation. The three in total
possibilities are as followed.
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• keep regulating the inflow at the intake point at Chikalong.

• regulate inflow at the first intersection (OVS1) 3 kilometres downstream of Chikalong.

• regulate inflow downstream at Badaksinga at the outflow point of the pipeline.

In figures 5.5a, 5.5b the pressure along the pipeline during operation and during downtime are illustrated
for all three options. In figures 5.5c, 5.5d the hydraulic gradients for the three options are illustrated.

Keeping the status-quo also referred to as solution one is the cheapest and ’easiest’ to apply in the
current situation. As the inflow is increased to 850 L/s the pressure along the pipeline increases with
it. The pipeline is strong enough to withstand these pressures. The risk that comes with this solution is
that with a sudden increase of the inflow after for example an maintenance service water hammer can
occur.

Second alternative: regulated inflow at the first intersection (OVS1) 3 kilometres downstream of Chika-
long. The pressure in the first part of the pipeline will be increased compared to regulating the inflow at
Chikalong but well below the design pressure of the pipeline. The chance of air coming into the pipeline
is low. However, this will be a costly solution because the water inflow has to be regulated from OVS1.
This point is in an urban area and far away from any PDAM’s infrastructure. It is also difficult to install
a regulator at this point because the intersection is old and does not work properly.

Third alternative: regulating inflow downstream at Badaksinga at the end of the pipeline. At first sight
this seems like a good solution. The changes of air coming into the pipeline are diminished. However, it
became clear that the pressure along the pipeline becomes significantly higher compared to the current
situation. This is because in this situation the whole pipeline is always completely pressurized. This
increase in pressure is significant and can lead up to a 10 bar increase in pressure as shown in table
6.1. This large increase in pressure is caused by the significant height difference along the length of the
pipeline. If a pipeline with this amount of height difference is always filled with water higher pressures
along the length of the pipeline can be expected. If you take into account the fact that the pipeline is
more than 50 years old than this might create some extra potential risks. Also, after the outflow point
the pressure will drop to zero because the water flow will end in a free fall. So if PDAM wants to throttle
the water flow at Badaksinga, air can flow into the pipeline at the outlet point which can causes several
problems. The specifications of the pipeline say that the maximum design pressure is 23.5 bar so in
theory this solution is possible.

The estimated pressures along the pipeline for the three solutions were modelled by Epanet. It was
clear that the pressure is the highest when throttling the inflow at Badaksinga.

Table 5.1: maximum pressure for every possible solution

Regulate at: While operating While closed
1. At intake 13.2 bar at 8 km 9.2 bar at 8 km
2. Badaksinga 18 bar at 9 km 20 bar at 18 km
3. OVS1 13 bar at 8 km 11 bar at 5 km

Table 5.1 shows the maximum pressure (bar) for the three options. Appendix C contains calculations
performed on collected data presented in appendix B. Also, the data in table 5.1 referrers to the data
in appendix C.
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(a) pressures in pipeline during operation (b) pressures in pipeline when closed

(c) hydraulic gradient in pipeline during operation (d) hydraulic gradient in pipeline when closed

Figure 5.5: Hydraulic gradient and pressure levels

5.6. Validation and data comparison
The in field collected data indicate that the first few kilometers of the pipeline where not pressurized at
that time. This observation is supported by the visual inspection which also clearly indicates that there
is intake and presence of air inside the pipeline, thereby validating this statement.

The modelled data and the data collected in the field are both compared and validated with with the
measured pressure data obtained at 14-01-2016. The reason for choosing this data set as reference
is because it is most likely to have the lowest error margin. At this date the team performing the
measurements where using newmano-meters and the pressure measurements where performed twice
at every air valve. The Epanet and field measurements both show good correlation to each other,
possible causes for pressure drops such as air pockets, corroded locations and sediment build-up
should be significant towards the offset between the data strings.



Conclusion
In this part both research questions will be answered and findings on different aspects of the case study
will be answered.

6.1. research question 1
The first research question: What is the reason/problem why the supplying pipeline does not meet the
design capacity?

After analyzing and comparing the measured data with the modelled data it can be concluded that the
pipeline is still in good condition. The likelihood of entrapped air pockets, cavitation issues or corrosion
inside the pipeline causing the drop in flow is thereby unlikely.

After studying the other gathered data it became clear that a water hammer inflicted a burst somewhere
along the length of the pipeline. After this incident the operator decided to throttle the flow intake at
Chikalong in order to prevent recurrence. Based on the data from the interviews and the story of the
operator the burst caused by the water hammer happened as followed.

The water hammer incident occurred during a maintenance situation. During this time the water flow
was closed off and water was stagnant at the lower end of the pipeline. When the operator decided to
open valve at the intake point to start up the flow, the water mass accelerated downwards towards the
standing water below. The air trapped between these two water bodies could not escape in time thereby
being compressed causing peak pressures. These pressures where of a much higher magnitude than
the pressure which the pipeline is designed for. The exact magnitude of this peak pressure is hard to
define. What is known from consulted literature is that pressures caused by a phenomena like these
can be as 20 times as high as normal water pressures.

Thus the reason that PDAM throttles the inflow of the water upstream at Chikalong was a burst in the
pipeline. The explosion happened somewhere 10 years ago. After the explosion the pipeline was
rebuild and taken back into operation with a lowered debit flow.

6.2. research question 2
To answer of the second research question: Which measures can be taking to increase the capacity
of the supplying pipeline, three alternatives have been formulated. These alternatives describe the
possible locations of the regulating flow intake valve as mentioned in the results section of this study.

- 1: keep regulating the inflow at the intake point at Chikalong.

Pro’s:

• Lowered pressure along the pipeline

• Low financial costs.

• Quick and easy implementation.

• Keeping the use of existing infrastructure.

Con’s:

• High risk on water hammer occurrence.

• Vulnerable for human error.

• Air intake into the pipeline at Chikalong.
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- 2: Regulate inflow at the first intersection (OVS1) 3 kilometres downstream of Chikalong.

Pro’s:

• Lowered pressure along the length of the pipeline.

• Lowered chance on air intake at Chikalong.

Con’s:

• High operational cost.

• Investment needed for new infrastructure.

- 3: Regulate inflow downstream at Badaksinga at the outflow point of the pipeline.

Pro’s:

• Water intake is regulated at the water treatment plant, which add to the convenience and possible
reduces the chance on human error.

• Low chance on air intake at Chikalong.

Con’s:

• Investment needed for new infrastructure.

• High pressures along the length of the pipeline.

• High chance on air intake at outlet point at Badaksinga.

All of these alternatives have benefits and drawbacks on both engineering and economical level. In
the recommendation section of this rapport the optimal solution will be stated.



Recommendation
To avoid air entrapment, throttling at OVS1 is preferred. The peak pressures along the pipeline stay
well below the design pressure. However, throttling at the preset has been up to PDAM’s standards for
more than 25 years already. Regulating at Badaksinga (throttling and closing) is not feasible. Very high
pressures and problems with cavitation caused by air intake will increase the chance on pipe bursts
and damage to the valve.

If PDAM starts throttling at OVS1 several upgrades to PDAM’s infrastructure will have to be made.
Accessibility and communication will have to be improved and the possibility for employees to spent
the night at OVS1 will have to be realized as well. Also, the pipeline section at OVS1 will have to be
adjusted to fit the regulating valve. PDAM can also decide to keep regulating the debit at preset at
Chikalong. In order to do this safely PDAM will have to develop a protocol, which every employee
will have to know and follow. A contractor will design and build a device, called a ‘delaying box’. This
delaying box is a so called red button that can be integrated in the process of opening or closing the
flow regulating valve upstream at Chikalong. If the decision is made to change the flow through the
pipeline than this button has to be pressed. This action will set a progress in motion where a motorized
machine will open or close the valve for you. This machine will open the regulating valve with a pre-set
speed that ensures a save situation. This box will ensure that it will technically not possible to suddenly
increase the inflow of water. The installation of this box is recommended because it’s always uncertain
how individual employees will follow standard procedure.

In any case it is recommended to PDAM to slowly open the intake valve wherever it may be located after
maintenance in order to slowly increase the volume of the flow. This action will insure that the pipeline
will slowly fill up with water thereby giving the trapped air the chance to escape, this will decrease the
chance on peak pressures and “explosions” in the future, also being able to increase the flow in the
pipeline.

Before increasing the inflow of the pipeline at Chikalong it is recommended to ensure that the entire
pipeline is in good condition. The pressure in the pipeline was very low at some parts for many years.
Therefore it is unknown if these parts can withstand the added pressure. To make sure that even these
parts of the pipeline can withstand the extra pressure because of the extra inflow an extra pressure
strength test is needed. To do this a contractor needs to be hired and research the pressure strength
of the pipeline at these various points.
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Discussion
In this chapter the assumptions and results of the modelling will be discussed.

First of all, I would like to comment on my time with PDAM Tirtawening in Indonesia. Living in Bandung
was a challenging experience during the first weeks, but after a while I got used to the busy traffic and
streets. I made a lot of friends and experienced numerous new exiting things. All of these made my
time enlightening on educational and personal level.

The field pressure measurement data where acquired with the help of professional personnel working
at PDAM Tirtawening. The data also showed consistency though out the measurements. These two
factors make this data reliable and therefore usable. Certain parts of the pipeline where not reachable
from time to time therefore making the pressure measurement data incomplete for some data sets.
This incompleteness had some influence on the results but the data over whole was still very much
usable.

The Epanet model is based on visual data acquired in field and x and y coordinates acquired from
the blue prints drawn up when the pipeline was build. These blue prints do not represent the actual
situation completely but are still highly accurate. Figure 5.4 shows similarities with the data acquired
from the field but inconsistencies are visible. In a situation like these, one could ask himself if the model
was usable if the flow drop was indeed caused by irregularities within the pipeline. The pressure drop
within the pipeline caused by these irregularities has to be larger than the ’noise’ created by the offset
between the measured and the modelled data. In this case study there was no irregularity that caused
a lowered flow and thereby lowered pressure. Therefore, the usability of the created model could not
be validated in this way. In the future the usability for the methodology used in this case study can still
be explored with other case studies.

The visual data gave a general overview on the current state of the pipeline. The data was mostly used
as an additional source for making the Epanet model. The first part of the pipeline is not pressurized
thereby making the pressure measurements not usable. The visual data filled a lot of knowledge gaps
thereby making it very usable. The Interviews conducted with personnel of PDAM Tirtawening is miss-
ing a lot of information but is consistent throughout. These interviews filled a key role in discovering
what was causing the investigated problem and helped answering the first research question of the
conclusion.

The final conclusion was of course not what was expected. The fact that the flow drop was caused by a
human decision and not by a technical problem is very much interesting. Looking at the conclusion and
the recommendation it becomes clear that not a technical problem was solved but a communication
problem. If the executive staff better communicated with its working personnel this situation likely would
not have occurred. Why this communication problem came to existing and how it can be solved can be
researched in the future. It would be interesting to investigate how the Indonesian culture plays part in
this communication problem.

25





Bibliography
Jorge L. Baliño, Axel E. Larreteguy, Alicia C. Lorenzo, Alberto Gallardo Padilla, and Fernando R.
de Andrade Lima. The differential perturbative method applied to the sensitivity analysis for wa-
terhammer problems in hydraulic networks. Applied Mathematical Modelling, 25(12):1117 – 1138,
2001. ISSN 0307-904X. doi: https://doi.org/10.1016/S0307-904X(01)00036-1. URL http:
//www.sciencedirect.com/science/article/pii/S0307904X01000361.

Stefan Brosi, Markus Niffenegger, Rudolf Rösel, Eike Kobes, and Dieter Schrammel. Precracked
pipe under waterhammer action. Nuclear Engineering and Design, 158(2):177 – 189, 1995.
ISSN 0029-5493. doi: https://doi.org/10.1016/0029-5493(95)01027-F. URL http://www.
sciencedirect.com/science/article/pii/002954939501027F.

Diana Bucur and Isbasoiu E.C. Air pockets in pipeline systems. UPB Scientific Bulletin, Series D:
Mechanical Engineering, 70:35–44, 05 2008.

Matthew J. Burns, Tim D. Fletcher, Christopher J. Walsh, Anthony R. Ladson, and Belinda E. Hatt.
Hydrologic shortcomings of conventional urban stormwater management and opportunities for re-
form. Landscape and Urban Planning, 105(3):230 – 240, 2012. ISSN 0169-2046. doi: https:
//doi.org/10.1016/j.landurbplan.2011.12.012. URL http://www.sciencedirect.com/
science/article/pii/S016920461100363X.

Stephen Ganz and Ernesto Gutierrez. Cavitation: Causes, effects, mitigation and application, 2012.

Jie Geng, Xiu le Yuan, Dong Li, and Guang sheng Du. Simulation of cavitation induced by wa-
ter hammer. Journal of Hydrodynamics, Ser. B, 29(6):972 – 978, 2017. ISSN 1001-6058. doi:
https://doi.org/10.1016/S1001-6058(16)60811-9. URL http://www.sciencedirect.
com/science/article/pii/S1001605816608119.

MohamedSGhidaoui, Ming Zhao, Duncan AMcInnis, andDavid HAxworthy. A review of water hammer
theory and practice. Applied Mechanics Reviews, 58(1):49–76, 2005.

J.P.T. Kalkwijk and C Kranenburg. Cavitation in horizontal pipelines due to water hammer. Communi-
cations on hydraulics, 1971-03, 97, 10 1971.

Kerr. Water hammer control. 43:985–999, 1951. URL http://www.jstor.org/stable/
41235682.

A Malekpour, Yuntong She, and P Eng. Air pocket detection in water and wastewater conveyance
pipelines using inverse transient analysis. 07 2018.

Paulo Scardina, Raymond D. Letterman, and Marc Edwards. Particle count and on-line turbidity in-
terference from bubble formation. Journal American Water Works Association - J AMER WATER
WORK ASSN, 98:97–109, 07 2006. doi: 10.1002/j.1551-8833.2006.tb07714.x.

Hanshi Shen. Method and apparatus for eliminating cavitation in hydraulic systems, September 29
1987. US Patent 4,696,684.

Jian-Jun Shu. Modelling vaporous cavitation on fluid transients. International Journal of Pres-
sure Vessels and Piping, 80(3):187 – 195, 2003. ISSN 0308-0161. doi: https://doi.
org/10.1016/S0308-0161(03)00025-5. URL http://www.sciencedirect.com/science/
article/pii/S0308016103000255.

Geoffrey D Stone. Contractual and physical risks from waterhammer. World Pumps, 2006(473):34
– 38, 2006. ISSN 0262-1762. doi: https://doi.org/10.1016/S0262-1762(06)70913-0. URL
http://www.sciencedirect.com/science/article/pii/S0262176206709130.

27



28 Bibliography

Ali Triki. Water-hammer control in pressurized-pipe flow using an in-line polymeric short-section. Acta
Mechanica, 227(3):777–793, Mar 2016. ISSN 1619-6937. doi: 10.1007/s00707-015-1493-1.
URL https://doi.org/10.1007/s00707-015-1493-1.

D.S. Wilkinson and V. Vitek. Overview 24 - the propagation of cracks by cavitation: A gen-
eral theory. In M.F. ASHBY and L.M. BROWN, editors, Perspectives in Creep Fracture,
pages 161 – 170. Pergamon, 1983. ISBN 978-0-08-030541-7. doi: https://doi.org/10.
1016/B978-0-08-030541-7.50013-8. URL http://www.sciencedirect.com/science/
article/pii/B9780080305417500138.

Ali Jalili Ghazizadeh Mohammad Reza Yazdi, Jafar. Optimal size and placement of water hammer
protective devices in water conveyance pipelines. Water Resources Management, 33:569–590, 01
2019.

Ling Zhou and Deyou Liu. Experimental investigation of entrapped air pocket in a partially full water
pipe. Journal of Hydraulic Research, 51(4):469–474, 2013.



Appendix
A.1. interviews
This appendix contains summaries of interviews that were conducted with employees of the PDAM
Tirtawening BANDUNG. Employees where selected from different levels of the organization, all of them
have responsibilities of different aspects of the pipeline in question.

Miss Dine, manager of the water treatment plant.

The pipeline in question is old and has gone trough several chances during its lifespan. Two sections
of the pipeline have been under maintenance because of leakage problems. These two sections are
located 16 kilometers upstreams of the outlet point in Badaksinga. The route of one section of the
pipeline has been altered because of the construction of new real estate such as roads and housing.
The exact sections that have been altered is not known to the interviewee because it happened before
here time at the company. The most likely cause of the lowered debit is the increased roughness of
the inner wall of the pipeline. Other reasons could be sediment build-up or trapped air pockets. The
interviewee explains that air pockets air almost certainly present inside the pipeline because of non
functioning air valves.

Mister Makmur, Operational manager at the intake point of the pipeline at Chikalong.

Mister Makmur states that the intake point of the pipeline consist out of two basins, one inlet point and
two outlet points. Both outlet points are connected to both the old and new pipeline. The basins are in
turnarounds cleaned and have a long retention time to let sediment settle. At the intake point the valve
that controls the flow is not completely opened because Mister Makmur and his team think that the
amount of water flowing trough the pipeline should not be to high. The exact flow amount favourable
by the team remains unclear, the reason why the intake valve cannot be completely opened and let the
maximum amount of water through remain also unclear. Mister Makmur underlines the fact that air is
sucked into the pipeline and that the air valves at several locations are inactive. Mister Makmur was
able to show on a map which air valves where non functioning, reasons for this is the likelihood on theft
and poor maintenance.

Mister Tin Tin, Operational manager, responsible of hydraulic operations of the pipeline at Badaksinga.

Mister Tin Tin states that regulating the flow at the intake point causes problems such as air intake
and thereby arising air pockets. The pipeline is also old and has gone through a lot of changes,
these changes could also add to the lowered flow through the pipeline. Changing the intake point to
Badaksinga could be a solution to several problems but also increase the pressure along the pipeline.
Taking OVS1 as the point where the intake is regulated could be an option that is from a hydraulic
perspective favourable. however, several construction and implementation challenges will have to be
dealt with. Difficulties with communication between the ’upstream’ crew at Chikalong and the ’down-
stream’ crew at Badaksinga creates from time to time an offset between the debit through the pipeline
and the needed debit at the water treatment plant. Mister Tin Tin was also able to validate the debit
flow through the pipeline when pressure checks where performed. He was also able to validate the
fact that 800 L/s is indeed the original design flow through the pipeline. The maximum design pressure
of the pipeline was 23.5 bar.

Local people along the length of the pipeline. Most people where interviewed at the OVS1 location.

The interviews with local people describes a situation where criminals steal water from the pipeline at
several locations. Most attempts are made at air valves, but holes created in the outside wall of the
pipeline are also common. A lot of local people have a negative view on the pipeline because it runs
through there community thereby pushing people out of there homes. Several people remembered
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several bursts in the last 10 years along the length of the pipeline. One of these bursts was so powerful
that several people died because of it.

Dr. Ir. Rusnandi, professor at ITB(Bandung Institute of Technology).

The pipeline is old and sections of its course has been shifted many times. Several sections of the
steel pipeline have been reconstructed with concrete like material. It is my understanding that several
air valves and washout points are not functioning. The build-up of sediment and air pockets inside the
pipeline is likely the cause of the lower debit through the pipeline. If a decision is made on changing the
location of the intake valve mister Rusnandi advises to take the outlet point and OVS1 in consideration.
These locations are easily accessible and have the potential to improve the hydraulic properties of the
pipeline.



Appendix
B.1. air valves/pressure measurement points

Table B.1: Add caption

Measured pressure (m)

Min flow Max flow
452/s 645/s 550 l/s 532 l/d

0 feb-14 0 oct-14 0 jan-14 0 mrt-14
2,549 5 2,549 7 2,549 5 2,549 5
2,817 13 2,817 15 2,817 15 2,817 15
3,132 20 3,132 20 3,132 22 3,132 22
3,482 20 3,482 21 3,482 22 3,482 25
3,807 30 3,807 46 3,807 35 3,807 31
4,273 38 4,273 47 4,273 48 4,273 40
4,373 35 4,373 50 4,373 47 4,373 45
5,78 81 5,78 97 5,78 90 5,78 84
6,26 101 6,26 115 6,26 108 6,26 107

7,347 113 7,347 130 7,347 123 7,347 120
7,753 108 7,753 130 7,753 122 7,753 115

8,2 106 8,2 125 8,2 120 8,2 113
8,521 108 8,521 125 8,521 120 8,521 111
9,287 108 9,287 124 9,287 119 9,287 111
9,448 108 9,448 123 9,448 118 9,448 111

10,574 107 10,574 125 10,574 116 10,574 113
12,13 118 12,13 128 12,13 122 12,13 120

14,558 116 14,558 126 14,558 122 14,558 118
15,958 117 15,958 125 15,958 120 15,958 120
16,871 116 16,871 122 16,871 120 16,871 120
16,947 116 16,947 122 16,947 120 16,947 120
17,716 117 17,716 121 17,716 119 17,716 121

18 110 18 122 18 118 18 113
19,934 107 19,934 115 19,934 112 19,934 110
21,748 98 21,748 102 21,748 102 21,748 101
23,885 95 23,885 96 23,885 96 23,885 93
25,118 85 25,118 93 25,118 87 25,118 88
25,437 82 25,437 89 25,437 85 25,437 86

26 81 26 87 26 80 26 84
27,967 62 27,967 67 27,967 65 27,967 67
28,767 42 28,767 52 28,767 46 28,767 46
31,16 0 31,16 0 31,16 0 31,16 0
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C.1. Data used for pressure calculations in the discussion sec-
tion, three possibilities

Figure C.1: pressure calculations pipeline
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Figure C.2: pressure calculations pipeline
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