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ABSTRACT

The drinking water purification industry has become one of the largest industries in
Ghana. A search conducted on the National Association of Sachet and Packaged Water
Producers (NASPWAP) suggests that there are about 6,000 of such companies registered in
Ghana in the last five years. Currently a lot of water purification systems in Ghana are either
manual or semi-automated with the former in the majority. In the absence of automation, plant
operators have to physically monitor performance values of water and equipment to determine
the best settings on which to run the production equipment. Some of the automated systems in
use employ relay logic associated with large amounts of electrical wiring.
Manualization of a water purification processes exposes the process to some shortcomings or
challenges. In a water purification unit such as Everpure Ghana Limited, there are about 250
water tanks and 100 manually operated valves or units to control so monitoring is difficult and
presents many challenges.
This industrial project was aimed at designing an automated system of water tank filling
using a programmable logic controller. The design was supposed to have the advantage of
reducing human contact with the system and ensuring its efficiency. The method used in this
project describes the main components used in the system design such as liquid level sensors,
pump, and solenoid valves. The flow rate (using existing data from Everpure Ghana Limited),
operating pressure and system head were calculated to select the right components for the
system. The ladder logic for the water tank filling system was implemented by simulation using
a Programmable Logic Controller (PLC). Picosoft 6 simulation software was used to
demonstrate the automation at tank filling and tank emptying in relation to the valve opening
and closing.
To justify the benefits that can be accrued from automating the tank filling system, cost
reduction and time savings analysis were calculated. Less human contact means less cost in
terms of labour, maintenance, utility bills waste. The system provides room for improvements,
so sensors and pumps can be increased as well as enhancing the protection of the pump.
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CHAPTER 1
INTRODUCTION
Chapter 1 briefly describes the background to this industrial project report. It relates a water
processing unit such as Everpure Ghana Limited, to the aim and objectives of the industrial project
and summarises how the project report is organized.

1.1 Background and Industrial context
The drinking water purification industry has become one of the largest industries in Ghana.
A search conducted on the Association of Sachet and packaged Water Producers reveals that there
are about 6,000 of such companies registered in Ghana in the last five years.
The majority of these companies are small scale, home based, largely domestic operators.
The drinking water purification industry has also created about 4,000,000 jobs in the last five years.
Larger companies such as Everpure, Voltic, Bel-Aqua, Standard, Ice cool, Aqua-fill, Special ice
and Nero, have together created an average of 2,000 jobs along the value chain to support the
economy of Ghana.
In the drinking water purification and filtration industry, there is little or no use of
sophisticated automated water treatment or purification systems. The Larger companies employ
more sophisticated processes in their operations in terms of automation. These automated systems
use relay logic with a lot of wiring and relays and are outdated making troubleshooting difficult.
For example the purification plant may be automated but filling of tanks is done manually. Valves
on pipelines connected to the tanks are also manually operated. The manual operations bring a lot
of challenges which are multi-faceted and are as follows;


Many water tanks and valves to be controlled and monitored hence the need for
many operators.



Pumps are started and stopped manually: This may causes overheating of pumps
due to the neglect of not stopping them when they run dry without water.



Valves are opened and closed manually: This may cause Tanks to overflow leading
to water spillages and loss. The spilled water also leads to slippery floors.
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The slippery floors causes people to fall and get injured leading to high cost of
medical bills and workmen’s compensation.



Damages caused to pipelines and valves due to operators moving around to start
and stop a pump or open and close a valve. Moving around may also cause fatigue
and tiredness.



It is time consuming and waste generation is very high. The generated waste water
results from tank overflows or spillages, broken pipelines and pump damages.

To the workforce, the concept of automation brings shivers into their spines as this almost always
means cutting down labour. With management, increased profits, minimizing cost, technological
enhancement, and increased efficiency is their focus. However, automation or automatic control is
the use of a set of electronic devices to run plants/equipment in industrial set-ups. These set of
electronic devices known as control systems could automatically run plants/ equipments as bottle
filling plants, PET bottle blowing plants, auto filling of tanks and operation of valves and other
applications with little human interference in order to increase output. Automating the water tank
filling section of the plant would eliminate or reduce the following;
1.

Cost of labour since fewer operators would be needed to control and monitor the
water tank filling process.

2.

cost of repair/maintenance:
i.

Breakages and damages caused to pipelines or valves would be eliminated.
This means manual starting/stopping of pumps and manual opening/closing
of valves by operators would be stopped.

ii.

Pump damages as a result of them running dry would also be eliminated
since the pump will not start if the borehole water level is low.

3.

Cost of utility bills (water and electricity):
i.

Tanks overflows and spillages would be eliminated. The application of
sensors in the automation system would check water levels and
communicate to pumps to either start or stop a pump or close or open a
valve.
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ii.

The electronic equipment’s that would be used for the automation system
consume little amount of electricity. For example the conductivity level
sensor conducts electricity as low as 20V.

4.

Cost of medical bills and workmen’s compensation:
Since spillages of water to the floors would be controlled and monitored
automatically, the situation of floors becoming slippery is eliminated and therefore
the incidence of falls and injuries would be eliminated.

The focus of this industrial project is to design and implement by simulation an automatic
controlled water tank filling using Everpure Ghana Limited as a case study. This means that the
process of water tank filling including the operation of valves and pumps will function
automatically using PLC and HMI interaction as a basis. The operation of these tanks at the present
time remains largely manual.
A PLC is a computer based system for controlling mechanical and electrical/electronic
processes. It offers the following features as advantages:


Availability of many input and output modules or ports.



Vibration and impact resistant.



Is not affected by either electrical or electronic noise.



Accommodates large temperature ranges

A HMI is an interactive system linked to the various plant and equipments through an interface.
The HMI interface has various functions that can be regulated by putting them ON or OFF by the
user or operator.
Everpure Ghana limited is a producer of purified water and ice cubes. It was established in
Tema in the greater Accra region of Ghana in the year, 2008. The company presently has two
manufacturing plants, one in Tema and the other in Kumasi. The company has a water treatment
and purification plant with a total capacity to process 500 gallons of water per minute. The
processed water is packaged in bottles, sachet and bagged ice cubes.
The total monthly production capacity for sachet water is 2,000,000 bags and bottled water is
100,000 cartons.
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Everpure Ghana Limited, Kumasi, gets its water from two primary sources:
i.

The Ghana Water Company Limited distribution system;

ii.

Deep underground water, namely, boreholes.

The production process begins by storing water from the primary source into 25,000 litre
plastic water tanks, numbering 250 in all. The boreholes are installed with submersible pumps to
deliver underground water via Polyvinyl Chloride (PVC) pipelines into the various tanks. The
pumps are started and operated manually by workers.
The tanks are inter-connected by pipelines and water flow is controlled manually by hand
operated valves. The raw water is pumped from storage through 0.5 micron twine filters and then
sterilized by an ultraviolet light system installed on the PVC pipelines. After this the filtered and
sterilized water is stored via PVC pipelines in plastic water tanks with each having a capacity of
25,000 litres. Ultraviolet sterilization destroys virtually all micro-organisms and bacteria present
in the filtered water.

1.2 Problem statement(s)
The majority of the six thousand (6,000) drinking water purification and filtration
companies are small scale, home based and largely domestic. There is little use of sophisticated
automated water processing equipment. The larger companies such as Everpure Ghana Limited
employs more sophisticated processes in their operations in terms of automation. These automated
systems use relay logic with a lot of wiring and are outdated, making troubleshooting quite
difficult. Whiles the main purification plant is automated, filling of water tanks is done manually
with starting or stopping a pump. Valves on pipelines connected to the tanks are also manually
operated. These manual operations had been carried out since the inception of the company and
operators have become used to it. However, there are major operational bottlenecks which
automation of the water tank filling system can help to solve them. The major challenge is the
difficult and less efficient manual operations of a water tank filling system for a drinking water
purification unit. The company have multiple water tanks, pumps and valves to control and
monitor.
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An automatic water tank filling system using PLC for a drinking water purification unit would
help eliminate or reduce a lot of the problems associated with the manual operations. The
application of sensors, solenoid valves to monitor and control the water tank filling system will
drastically reduce human contact with the operations of the system.

1.3

Aim and Objectives of the Industrial Project
The goal of this project is to design and simulate a PLC based automated water tank filling
system.
The specific objectives of the project were as follows:
i.

To review existing literature and the options available for implementation.

ii.

To design and implement an automated system of water tank filling at a water processing
unit using a Programmable Logic Control (PLC) system;

iii.

To test through simulation, the automated water tank filling system using the Allen Bradley
PLC software known as picosoft 6.

1.4

Overview of Methodology
To achieve the automation of the process for tank filling, a programming software called
RX LOGIX 5000 together with other devices was used for the application. The automated system
of water tank filling has four (4) main stages:


The PLC receives signals transmitted to it by the sensors or probes about the water level.



After receiving the water level information, the PLC can then put the pump ON/OFF or
CLOSE/OPEN the valves,



The computer through a message passing interface, receives information on the present
position. That is the current position of the pump and valves.



Finally, the user or operator views and controls the entire system on an HMI.
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The following components were used for the design of the system: level sensor(s), solenoid
valve(s), relay and pump and programmable logic controller.
Level sensor(s) – the liquid level sensors used for the design of the system played a major role in
the detection, measuring, and monitoring of the water levels. The right level sensor(s) for the
automated water tank filling system were selected based on certain technical considerations which
set out the criteria.
The choice of this technique of monitoring liquid level for the automated water tank filling system
was affected by many physical and application factors. These factors include the following:
temperature, pressure, vibration, density (specific gravity) of the water, and environmental
conditions particular to the automated water tank filling system.
Solenoid valve – it is a mechanical device but operated electrically. An electric current controls
the valve via a solenoid. Control elements such as solenoid valves are used frequently in fluid
controls. For the automatic water tank filling system using PLC, the task of the solenoid valve is
to shut off or open against the flow of water into the various tanks. Solenoids are capable of
switching faster and safely, it is durable and reliable. It also has low power consumption, fast and
safe switching and compatible with the material used. Solenoid valves are chosen depending on
the valve positions and fluid ports.
Relay and pump –The operating pressure can be overcome by the pump developing immense
pressure to achieve the desired flow rate but that will be the contribution of the pump. The flow
rate of the system is dependent on the operating pressure of the system. This is affected by the
system arrangements with regards to length of pipe, pipe size and fittings, height of liquid in tank
and also the pressure on surface of water or liquid. The operating pressure of the system was
calculated to select the desired pump for the system. This was to ensure that the required flow
through the system is attained.
Water is pumped from the borehole automatically into receiving tanks. The pump that was selected
is required to transport water at a flow rate of 40.983 m³/hr.
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1.5 Organization of the Project Report
This industrial project report was structured into five chapters. The introduction, which is
the subject of Chapter 1, consists of the background and industrial context, problem statement, aim
and objectives, overview of methodology and organization of project report. Literature review is
the subject of Chapter 2 and contains a review of water purification process, shortcomings of
current control systems for water tank filling at Everpure Ghana Limited, review of concepts in
automation with emphasis on programmable logic controller, sensors, ladder logic inputs and
outputs, types of PLC programming, ladder programming, selecting a PLC, human machine
interface. Chapter 3 presents the method for the design and implementation of the water tank filling
system using PLC, system components description which includes level sensors, solenoid valves,
relay and pump motor, programmable logic controller and human machine interface etc. Chapter
4 presents the design and simulation of the system which consists of the flow chart, complete
schematic design of the water tank filling system, solenoid valve implementation, sensor
implementation, ladder programming simulation diagrams whiles the conclusions and
recommendations is presented in Chapter 5.
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CHAPTER 2
LITERATURE REVIEW
This chapter looks at water purification process and automation in industry with emphasis
on programmable logic controllers.

2.1 Water Purification Process
This is actually the removal of pollutants from unprocessed water to make it very pure and
good for drinking by humans or to be used in industry. Most drinking water is made pure for human
use but the method of purification may vary depending on the area of application. (Ecologix
Environmental Systems, 2014)
Generally, three main means of water treatment or purification processes are considered and these
are physical, biological and chemical processes. These methods are broken down as follows:


Physical treatments – water filtering, sedimentation and distillation.



Biological treatments – sand filtering, lava filtration and membrane filters.



Chemical treatments – addition of chlorine, flocculation and ultraviolet sterilization.

(HSN technologies Pvt ltd, 2016)
When the unprocessed water is purified, pollutants such as algae, virus, bacteria and toxic minerals
such as lead and copper, are removed from the water. Some of these pollutants may have come
about as result rain water falling onto contaminated surfaces (Ecologix Environmental Systems,
2014). Government regulatory agencies such as the Ghana Standards Authority (GSA) and the
Ghana Food and Drugs Authority (FDA) set standards for drinking water quality which is
consistent with international quality standards. These standards set the limits within which
concentrations of pollutants in the water will be fit for use.
A good quality water cannot be examined physically merely by the eyes. Simple and
inexpensive procedures such as boiling of the water and the use of twine filters in the home may
not be able to eliminate all the pollutants from the water. The decision to use a particular
purification technique will depend on some microbiological and chemical investigations that are
costly.
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At Everpure Ghana Limited highly sophisticated systems of water purification are used and
they are as follows:
i.

Softener (potassium ion exchange);

ii.

Activated carbon filter;

iii.

Reverse osmosis and post carbon filter;

iv.

Sedimentation filter;

v.

Ozone generator (sterilizer);

vi.

Multimedia filter.

This part of the water purification process is controlled automatically by a programmable logic
controller.

2.1.1 Water Storage
A water tank is a reservoir or container that has the capacity to store water. The need for a
storage tank or reservoir has a long history and provides storage for water and for fire fighting,
chemical processing, food processing as well as many other applications. Material types such as:
plastics (polyethylene, polypropylene), fibreglass, concrete, stone, stainless steel, are used for
manufacturing water tanks. A water tank, container or reservoir is carefully designed such that it
does not have any negative effect on the water.
Water is vulnerable to a number of undesirable elements, including bacteria, viruses, algae,
changes in pH, minerals accumulation, gas accumulation (Jazbec, 2013).
The impurities may come from multiple sources including piping, tank manufacturing materials,
faeces (from animal and birds), mineral and gas intrusion. A correctly designed water tank works
to address and mitigate these negative effects. The water tanks used at Everpure Ghana limited
(Tema /Kumasi) are of the polyethylene and polypropylene type and each has a capacity of 25,000
litres. There is a total of two hundred and fifty (250) tanks for storage of raw water, pre-treated
water and purified water.
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2.2 Automation Concepts
An automatic system or control process is used to automatically run or control processes
such as a chemical process, plants and equipment’s. The automated system or process will often
use a network to communicate with sensors, controllers, operator terminals and actuators. In
reality, automated systems or processes are usually based on open standards as compared to a
distributed control system, which is traditionally proprietary. However, Programmable Logic
Controllers (PLC) and Human Machine Interface (HMI) has gained popularity making automated
systems or process to be more associated with it. An automated system uses a computer based
technology and software engineering to aid power plants, water purification plants and industrial
set up’s that are as diverse as paper, mining and cement, to enable them operate safely and
efficiently. Currently a lot of water purification systems in Ghana are either manual or semiautomated, with the former in the majority. In the absence of automation, plant operators have to
physically monitor performance standards of water and equipment to determine the best settings
on which to run the production equipment. Owners of industrial setups want their plants and
equipment’s to deliver the highest results with minimal cost of production as possible. For
automation processes, the computer program relies on measurements to show not only how the
plant is working but to simulate different operating modes and find the optimal strategy for the
plant. The software has unique characteristics which enables it to learn, make predictions on trends
and also able to speed up the response time when conditions change. The software and controls
regulate equipment to run at the optimum speed that requires the least energy. Quality consistency
is ensured in the automation process, which means that less energy is wasted producing products
that turn out to be defective, and they forecast when maintenance is needed so less time and energy
is spent stopping and restarting equipment for routine inspections. At a water purification plant
setting (e.g. Everpure Ghana Limited), the water purification plant is semi-automated but a major
part of water tank filling is done manually. Pumps are started manually, valves are opened
manually and physical checks (using rings on water tanks) are carried out by operators to determine
whether a tank is filling, empty or is full. This is made possible by knocking the tanks with the
hands and discerning on the sound that it will make. Effects of such manual way of operations are
frequent pump malfunction due to running pump without water leading to overheating, tank
overflow and spillages, broken pipes and valves.
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Figure 2.1 shows a schematic representation of a typical water processing unit set up at Everpure
Ghana Limited.

Figure 2.1 Schematic representation of a Typical Water Purification Unit [Source: Treatment
Department of Everpure Ghana Limited, 2012]

From Figure 2.1, P1, P2, P3, P4 represent pump 1, pump 2, pump 3 and pump 4 while V1,
V2, V3 represent VALVE 1 on multimedia filter, VALVE 2 on softener vessel and VALVE 3 on
activated carbon filter vessel respectively. All these are run automatically and connected to the
PLC. X1, X2 and X3 represents pumps that are manually run and not connected to the PLC.
M1,M2,M3,M4,M5,M6,M7,M8,M9,M10,M11 represents other pumps that are also manually run
and not connected to the PLC. X1 and X2 are suction pumps meant for underground water and
town water respectively. These are connected with pipelines installed with manual valves M1, M2,
M3, M4, M5 and M6. F1 and F2 represent 0.5 micron twine filters and UV is an ultraviolet light
sterilizer. L1, L2, L3 and L4 are raw water storage tanks, L5 and L6 are pre-treated or filtered
water storage tanks. L7, L8 and L10 are purified water storage tanks. RO1, RO2, RO3, RO4, RO5,
RO6 represents reverse osmosis casings with membranes.
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There is also O3 for ozone generator, SF for sedimentation filter, F3 for after filter and X4, X5,
X6 are for pumps for sachet water production, bottled water production and 18.9 litre water
production respectively.

2.3

Programmable Logic Controller
The evolution of control engineering has spanned for years and manual means of
controlling a system (or equipment) were long associated with humans. In recent times there has
been a dramatic shift from relay based controls to other control systems such as PLC’s. Relays are
able to switch power ON /OFF automatically and is possible can be used to make decisions that
are simple and logical. Consistent research and development of simple and affordable computers
gave birth to the PLC. Many industrial controls are very comfortable with PLC’s which work
began on its creation in the 1970s.
PLCs have gained reputation in many industrial establishments and may offer some
advantages as follows:


It remains cost effective and able to control complex systems



It is flexible and easy to re-apply to control other systems quickly



Its high computational abilities can allow for more sophisticated control



Troubleshooting aids make programming easier and reduce downtime



Its components are dependable so it is expected to function for a long time.

2.3.1 Functions of a Programmable Logic Controller
A PLC has a central processing unit (CPU) that is able to accommodate an application
programme and input/output modules. Plant and equipment controls and processes are executed
by instructions stored in a PLC memory. The PLC memory stores the values of timers, relays,
sequencers, and counters. The PLC offers certain advantages such as reliability, low cost, and can
be re-programmed (Excel Automation Solutions, 2014). Figure 2.2 shows a schematic diagram of a
programmable logic controller.
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Figure 2.2 Programmable Logic Controllers (Excel Automation Solutions, 2014)

2.3.2 Inputs and Outputs (I/O)’s to the PLC
Inputs to the PLC such as switches and sensors, gives a lead regarding how the control
system works. For the output module, the switches are connected to it and links switches or sensors
to the PLC. For the Input module, the PLC circuit board is safeguarded by opto-isolators from
damage (Excel Automation Solutions, 2014). Figure 2.3 shows a schematic diagram of an optoisolator.

Figure 2.3 an Opto-Isolator
The PLC outputs such as solenoids mounted on control valves, pumps, motors, contactors
and alarms are linked via a relay to actuator controls. There are two main types of I/O modules
and these are: Discrete I/O, analogue I/O (Excel Automation Solutions, 2014):
1. Discrete I/O – AC input and DC output. This uses the AC input for field device status and
the DC output for ON/OFF state and DC output device status.
2. Analogue I/O – DC signal level can be varied regarding the input and the output is DC
variable level. The AC output controls the ON/OFF for AC output field devices.
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Relay (volt-free): The PLC signal runs a relay contained in the output module and connects a
DC electrical signal to the output port and the actuator. Figure 2.4 shows a schematic diagram
of a PLC wiring output.

Figure 2.4 PLC Wiring Output


Transistor: the transistor acts as an electronic switch. So puts the output ON. This works better
than a relay output and consumes small amount of power. (B.L.Theraja, Vol.1-4).



Triac: This electronic device regulates the flow of current in AC devices. Overload protection
is required when in operation.



Logical Sensors: these are electronic devices makes data available to the PLC in a reasonable
form for decision-making. PLC’s depends on the sensors to help them determine the state of
a process. Logical sensors recognizes a situation that is either 1 or 0. Examples of physical
phenomena that are typically detected are listed below:


Inductive proximity – this refers to whether an object is close to it.



Capacitive proximity – this refers to whether a dielectric is closer to it.



Optical presence – this refers to the presence of an object passing through a light
beam or light reflection.



Mechanical contact – this refers to whether an object is touching a switch.
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Figure 2.5 and 2.6 show schematic diagrams of the various sensors for a typical PLC system.

Figure 2.5 Categories of Sensors [Medida, 2007]

Figure 2.6 Liquid Level Sensor Circuit [Source: Anon., 2014a]

Figure 2.6 shows a liquid level sensor circuit with LED indicator. This operates as follows:


Capacitor Ct. - determines the number of oscillations for the internal oscillator.



C1- a value of 6 kHz given as the frequency.



Capacitor Cb – this applies the DC signal to the probe and couples the oscillator output to
it.



The level of liquid is detected by using the ground resistance in comparison to the internal
reference resistor (Rref). In the event that ground resistance of the probe exceeds the Rref,
the oscillator becomes conducting when the output is coupled to the base of the internal
output transistor.
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D1 (LED) - this is between pin 12 and Vcc and is driven. Since the base of the transistor is
driven using the oscillator, actually the transistor is being switched at the oscillator’s output
frequency at 50% duty cycle.

Figure 2.7 shows how a solenoid valve works. Solenoids valves are the most popular controlling
devices. A piston moves inside a wire coil but is normally held to a spring outside the coil. Current
then flows when voltage is applied to the coil, which builds up a magnetic field that attracts the
piston and pulls it into the center of the coil. The piston can be used to supply a linear force. Well
known applications of these include pneumatic valves and car door openers. Figure 2.7 shows a
schematic diagram of a solenoid valve.

Figure 2.7 Solenoid Valve [Source: Anon., 2014b]
Valve Body – 1, Inlet Port – 2, Outlet Port – 3, Coil – 4, Coil Windings – 5, Lead Wires – 6,
Plunger – 7, Spring – 8, Orifice – 9
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2.3.3 Network Protocols
The PLC connections diagram in Figure 2.8 shows a PLC connections diagram.
Also, the PLC diagram in figure 2.8, details the inputs and outputs (I/O)’s that have been connected
or hard wired directly to the Programmable Logic Controller (PLC).
The devices indicated in the diagram are ON/OFF and are digital in nature but the PLC carries an
analogue signal.
Most devices used, follow a set standard range of 4 mA to 20 mA which are the minimum and
maximum set values of an analog signal. The standard of 4-20 mA is gradually being changed to
a network or fieldbus communications (Dunga et al., 2014). Fieldbus is used for a real-time
distributed control and can connect many sensors placed to the same cable as long as they find
themselves in a particular region. Fieldbus comes in various forms and the type required is heavily
dependent on the area of application and the company being sourced from. Some of the common
names found are: Device net, Profibus, Modbus, and ASibus etc.
A more recent trend is the development of Industrial Ethernet which has the capacity to
transport large quantities of data not only for process control but also to integrate the process with
management information systems.

Figure 2.8 PLC Connections [Source: Collins, 2007]

When a process is controlled by a PLC it uses inputs from sensors to make decisions and
update outputs to drive actuators, as shown in Figure 2.9. The process is a real process that will
change over time. Actuators will drive the system to new states (or modes of operation). This
means that the controller is limited by the sensors available, if an input is not available,
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the controller will have no way to detect a condition. The control loop is a continuous cycle of the
PLC reading inputs, solving the ladder logic, and then changing the outputs (Jack, 2010). Like any
computer this does not happen instantly.
The PLC goes through an “error check” when the power is turned ON. This is to ensure that
the hardware is functioning well. Any errors detected during the error checking will stop the PLC
from running but will indicate its source. The PLC has a backup battery which will render the
memory corrupted if the battery’s power runs down. This will indicate a fault.

Figure 2.9 Programmable Logic Controller Cpm1a [Source: Dunga et al., 2014]

After the PLC has gone through the error checks, every input is read through scanning
procedure. The inputs would then be kept in memory and the ladder logic scanned or solved using
the stored values - not the present values. This will prevent logic problems should the inputs change
during the scan of the ladder logic. The outputs will be scanned when the ladder logic scan is
completed which means the output values will be changed. After this the system goes back again
to do the error checking, and the cycle continues indefinitely (Dunga et al., 2014). For PLC’s every
programme goes through a scanning procedure and this quite different from normal computers.
Cycle times are in milliseconds. Figure 2.10 shows a PLC scan cycle.
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Figure 2.10 A PLC Scan Cycle [Source: Dunga et al., 2014]

2.3.4 PLC Ladder Logic Inputs
Ladder logic is a PLC programme that regularly scrutinize all input values than the normal
cycle times. Figure 2.11 shows the schematics of ladder logic inputs. Figure 2.11(A) is a normally
open circuit, so input A will close the contact and there will be current flow.
Figure 2.11(B) is a normally closed circuit, so input B will open the contact ceasing current flow
(Anon., 2014b). (Figure 2.12) is an immediate input circuit so uses present values and not those
used previously from input scan. The IIT (Immediate InpuT) has the ability to read the inputs after
it has been scanned, besides the scanning of the ladder logic.

Figure 2.11 Symbols for Normally Open and Normally Closed Inputs (Anon., 2014b)
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Figure 2.12 Symbols for Immediate Input (Anon., 2014b)

2.3.5 PLC Ladder Logic Outputs
Various outputs associated with ladder logic are not found on all PLC’s. Figures 2.13 and
2.14 shows some PLC ladder logic output symbols. Devices that are located outside the PLC have
some of the ladder logic outputs connected to them externally. Also the use of internal memory
locations in the PLC is possible. Figure 2.13 is an instruction symbol of PLC representing a one
shot relay (OSR). The OSR will get energized initially, come ON for one scan and then be OFF
for all scans and will finally go OFF.

Figure 2.13 PLC Instruction Symbol for One Shot Relay (Zhang, 2008)
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Figure 2.14 are symbols for latch (L), unlatch (U) and immediate output (IOT) instructions and is
explained as follows:
1. L (latch) is a switch that is sticky. It turns ON when pressed-in. for it to go OFF, it must be
pulled to release it otherwise it stays as it was pressed-in. A latch depends on two
instructions, one to latch and the other to unlatch. This means only a U-output can be used
to turn the output OFF. (Zhang,2008)
2. IOT (Immediate OutpuT) is an instruction immediately updates outputs and will not wait
for the finishing point of the ladder logic scan. When power is applied (ON) the output, A
is activated for the left output, but turned for the output on the right (Zhang, 2008).
3. IIT (Immediate InpuT) is an instruction which reads the inputs immediately after the input
scan alongside the ladder logic scan. (Peng Zhang,2008)
4. For input transition ON, output A will scan once (also known as shot relay).
When the Latch coil is energized, Y will toggle ON. This remains as it is till Unlatch coil
energize. This is like a flip-flop and stays set even when the PLC is turned OFF. Some
PLCs will allow immediate outputs that do not wait for the program scan to end before
setting an output. (Zhang, 2008)

Y
L

Y
U

Y
IOT

Y
IIT

Figure 2.14 PLC Output Instruction Symbols for Latch, Unlatch and Immediate Output (Zhang,
2008).
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The PLC does various types of scans and they are as follows:
1. Input scan – the present situation of all the inputs are stored into the input memory and
updated.
2. Program scan – this happens after the input scan where the processor then begins a
program scan. This does an execution sequence and begins from the first instruction and
then to the second execution and finally the last instruction. In the cause of this sequence,
the processor updates its memory.
3. Output scan – this also happens after the program scan. With this the output modules are
not updated but are rather, there is a transfere of the entire output memory into the output
modules.

2.3.6 PLC Programming Types
Programming of a PLC was previously done with what is called relay logic. This is a wiring
technique based on logic used for automation. Relays closes a switch with one power source for
another power source and keeps them isolated. Since a lot of wiring is involved, it becomes
difficult to teach or train electricians, technicians and engineers how a computer could be
programmed. The easier choice thus fell on Ladder logic which was easy and the most popular
programming technique used for PLCs, this was developed to mimic relay logic
(Zhang, 2008)
The use of ladder logic as the main programming technique, significantly reduced the amount of
retraining needed for engineers and trades men. Relays are still used in modern automation and
control systems, but are hardly used for logic (Jack, 2010). Other programming techniques
available are; mnemonic, sequential and block diagram. Figures 2.15 and 2.16 show a simple relay
circuit. A relay is a device that behaves like a switch. It uses a magnetic field to control a switch.
When a voltage is applied to the input coil, a magnetic field is created. This will pull a metal switch
called a reed towards it and the contacts touch, making the switch close. The closed contact coil is
energized becomes normally open. When the input coil is not energized the normally closed
contacts touch. Relays are normally drawn in schematic form using a circle to represent the input
coil (Jack, 2010).
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The output contacts are shown in figure 2.15 with two parallel lines. The figure 2.15 indicates
normally open contacts as two lines. This will not allow the flow of current until voltage is applied
to input B. Normally closed contacts are also indicated in figure 2.15 with two lines but running
through them is a diagonal line. This will allow current to flow until voltage is applied to input A
(Peng Zang, 2008)

Figure 2.15 Simple Relay Circuit (Peng Zang, 2008)

Figure 2.16 A Simple Relay Controller (Peng Zang, 2008)
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Figure 2.16 shows a good representation of the PLC. This shows two push buttons as inputs. The
inputs can be imagined as triggering in the PLC, a 24 VDC relay coils.
This then activates an output relay that switches 115 VAC to put on a light. It must be noted that,
in actual PLCs inputs are not relays, but outputs can be relays. The ladder logic programme in the
PLC is actually a computer program that the user can enter and change as he deemed it fit (Peng
Zhang, 2008)
It will also be noticed in figure 2.16 that the two input push buttons are normally open, but the
ladder logic inside the PLC has one normally open contact, and one normally closed contact (Peng
Zhang, 2008)
Figure 2.17 represents a seal-In circuit, when A is pushed, output B comes ON, and the input B
also comes ON and keep B will be kept ON permanently, until power stops flowing (Peng, Zhang)

Figure 2.17 Seal in Circuit (Peng Zhang, 2008)

2.3.6 A Simple Ladder Programme
Figure 2.18 shows a second rung in the ladder programme that is more complex, and
actually presents various arrangements of inputs bringing output Y on. On the extreme left of the
rung, power can pass through the top if C is OFF and D is ON. Power would at the same time flow
through the bottom if both E and F are true. This would receive power half way through the rung,
and also if G or H is true, power will supply to output Y (Peng Zhang, 2008)
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Figure 2.18 A Simple Ladder Logic (Allen Bradley Notation)
There are various techniques of programming PLC’s. One of such techniques or methods
used in the earlier stages is known as mnemonic instructions. A Ladder logic programme allow
mnemonic instructions to be copied straight from it and placed in a PLC via a programming port.
Figure 2.19, the instructions are read from top to bottom and can be done with one line at a time.
The instructions are explained as follows:


00000 LDN for input 000001- LDN represents input load and not. This examines the PLC
input and will recall 1/true when off and will recall 0/false when on.



00001 LD (input load) – this is a statement that looks at the input. It will recall 0, if input
is OFF and 1 if input is ON.



00002 AND – the earlier two numbers recalled were recalled again. The result is 1/true for
both numbers else would be 0 if both are false.



000030 LD and 00004 LD goes through repetitions and when they are done, three numbers
will then be recalled to memory. The first number is derived from the AND instruction,
whilst the two LD instructions produces the latest numbers.



00005 AND – AND instruction of 00005 combines outcomes from the last LD instruction,
thus remembering two numbers.



00006 OR – this picks up the available two numbers and if any comes up to be 1, the result
will be 1, and otherwise it becomes 0. This also replaces the two numbers and it’s now a
single number remaining there.
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00007 ST – this instruction will look at the smallest value stored and if it is 1, the output
comes ON and if it is 0, the output goes OFF (Peng Zhang).

Figure 2.19 Example of Mnemonic Programme with Equivalent Ladder Logic [Jack, 2010]

Figure 2.20 shows a Sequential Function Chart which is used to programme complex automated
systems. The chart can be likened to a flow chart but it’s advanced. For proper reading, follow the
following steps:


START function – the start function begins from the top where it is indicated START. The
two horizontal lines indicated below the START function is an instruction given to the PLC.
The PLC has a dual function by moving along both branches on the left and right paths of the
chart and at the same time.



POWER UP and POWER DOWN function – these are two functions indicated on the left side
of the SFC chart. The power up functions works continuously until it’s time to stop and the
power down function flows suit.



FLASH function – on the right hand part of the SFC chart is the flash function which also
works continuously until it’s time for it to stop.

The representations of these functions may look complex and a small ladder programme will be in
the case of power up function. This technique is not the same as a flow chart since it does not
follow one path. Figure 2.20 represents a simple sequential chart programming technique.
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Figure 2.20 Sequential Function Chart Programme (Jack,2010)

Structured Text programming
This is a contemporary programming language and is likened to other computer languages such as
C++, Java, ruby etc. The figure 2.21 indicates the following steps:


N7:0 – is an integer representing a memory.



Step1 - N7:0:=0; - indicates that the programme value is set to 0 in the first line. A loop starts
in the next step (step 2) where it goes back to.



Step 2 of the programme picks a 0 value and place it in memory N7:0. A value of 1 adds to it
and sends to previous location.



Step3 will check for exit of the loop. If N7:0 is greater than or equal (> or =) to 10, then the
loop will quit else the computer will go back up to the statement of REPEAT and this continues.



At any time that the programme goes through REPEAT statement, loop N7:0 increases by
1until the value gets to 10.
N7: 0:= 0;
REPEAT
N7: 0:= N7:0 + 1;
UNTIL N7:0 >= 10
END_REPEAT;
Figure 2.21 A Structured Text Programme (Hugh Jack, 2010)
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2.3.7 Selecting a Programmable Logic Controller (PLC)
The decision to use the desired PLC would usually be based on certain dependent factors
such as:


Needed inputs



Needed outputs



Memory capacity – at least 1kilobyte. The size of the ladder logic determines the need.



The quantity of “custom” I/O modules needed – could be applied to special systems.



Time for cycle scan – less time for scanning is suitable for faster processes but will result
in higher cost. Scan cycle times may be 1 microsecond per simple ladder instruction



Communications – how the PLC may be able to talk to other PLC’s. Serial and
networked connections provides the avenue achieve that. The type of application
determines the need.



Available software – programming and debugging with ease depends on the how easy
tools and software can be accessed.

To design a PLC system to control a process, these must be done:

2.4



Firstly, the process to be controlled must be understood



Secondly, inputs/output requirements must be listed



Thirdly, determine how the process it to be controlled.

Human Machine Interface (HMI)
A graphical user interface, also known as HMI is a device that an operator can use to either

regulate, control or interact with an equipment or machine. There is a part of the HMI which the
user or operator can touch and see. Examples of such interactive systems are rubber Keypads and
Touchscreens. For specialized systems, the GUI is fully computerized.
Ergonomics factors are hugely considered in the design of human-machine interfaces.
Other disciplines that relate to HMI’s are human engineering (H/E), user-centered design and
cognitive economics which is part of systems engineering. Basic foundations which involves
operating systems and programming languages, are used as a basis in the interface design which
will incorporate human factors (Anon., 2012).
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Another expression used to represent HMI on computers is known as Graphical User Interface
(GUI) since mostly all of them are now using graphics. Simulation and building of prototypes are
fundamentally used in the interface design.

Figure 2.22 A Schematic Of Human Machine Interface
An HMI has a simple task of interacting with a plant or equipment. HMI’s are given varied
names such as console, graphical user interface, smart screens etc. These allow the user or operator
to use simple displays or click an icon to determine machine condition or status to enable him
make changes to settings. The most common uses are, fault alarms, machine position, allowing
user to run and monitor equipment’s. The devices have the following advantages:


Use of color codes to allow for easy identification. For example red for fault.



Display images and representations to allow for clarity;



Easy alteration of screen displays to provide access to information at different stages.
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2.4.1 General Implementation of an HMI System
The general implementation of an HMI system includes:


screen layout on computer based software



screens to the HMI unit are then downloaded



the unit is connected to a PLC



PLC memory locations are used to read and write to the HMI in other acquire inputs to
improve screen displays.



The HMI is interfaced with PLC so bit are set in memory whiles inputs are made.



Similar set bits already in memory can be used to put on or off a machine on the screen.

2.4.2 Designing a Human Machine Interface
The basic requirement is to implement a user interface which often has, the following:


Pictorial drawings;



A mouse



Colour through;



Programmes can be run concurrently with the help of multiple windows



List of options that pops up



Uses a windows platform that can be scaled and back and forth movement.

There are current demands on user interfaces and they are as follows:


Internet support



adaptive dialog/response;



User feedback.



Process interruption capabilities.



reliable modules;



Layout based on logic.



Many processes are dealt with at the same time.
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CHAPTER 3
METHODOLOGY
To achieve the automation of the process for tank filling, a programming software called
RX LOGIX 5000 together with other devices was used for the application. The water tank filling
system has four (4) main modules:


The level probe or sensor transmits the current level of water tank to the PLC.



The PLC will then make a decision whether to put the pump ON or OFF and also CLOSE
or OPEN the solenoid valves.



By a message passing interface (MPI), the position of the system is then transmitted to the
computer.



The system position is viewed and controlled remotely by the operator or user via the
human machine interface (HMI).

3.1.

System Component Description
For a water tank filling system design, the main components used is divided into five main

parts as follows:


Level Sensors.



Solenoid Valves.



Relay and Pump.



PLC



HMI
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3.1.1. Level Sensors
The liquid level sensors used for the design of the system played a major role in detecting,
measuring, and monitoring of the water tank levels. In selecting the right liquid level sensors for
the automated water tank filling system, the following technical considerations were given:


The kind of liquid to be measured. In the case of this project water was used.



The positioning of the level sensor. It will either be inserted into or outside of the water
tank.



The type or kind of level sensor required. There are two main sensing methods and these
are continuous sensing and point sensing.



The method of contact with the water. This refers to whether the sensor touches the water
or does not make contact with the water.



Water level measurement by direct or indirect means. When the sensor directly senses the
water level, it is known as direct measurement. Indirect means of measurement depends on
certain measurable elements and translate them to height or level.



When a sensor is retracted or taken off from its installed position or maintenance carried
out, it is known as process shut down but it is also acceptable.



Pricing.



Calibration or programming convenience.

The selection of the best possible level monitoring method for the automated water tank filling
system was affected by many physical and application factors. These factors include the following:
temperature, pressure, vibration, density (specific gravity) of the water, and environmental
conditions particular to the automated water tank filling system. Selection of the best possible
sensor applicable to the system designed is of much importance.
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3.1.1.1 Level Sensing Methods for liquids
In effect there are two main methods of level sensing for liquids and these are point and
continuous level sensing. Continuous level sensors have the capacity to indicate the water level
but is limited to a specific range. It may also determine how much water is found in the tank.
Point-level sensors will specify whether the level of water is higher or lower than the point of
sensing. Point level sensors can detect excessively high or low levels.
i.


Continuous Level Method of Liquid Measurement.

Magnetostrictive level sensors:

Magnetorestrictive sensors works in similar ways as in sensors of the float type. Here a magnet is
fixed in a float moving upwards and downwards a rod known as a stem. A wire is also fixed inside
the rod. This has the advantage of providing accurate readings for many different liquids at
continuous levels.
Magnetostrictive level and position sensors passes an electric current on to the
Magnetostrictive wire. Two fields are created here which is an electric field and a magnetic field.
When they cross each other, a pulse is created which heavily pushes back to the wire at top speed.
The measured distance between the sensors and the object (that is, the item being sensed) is known
as the time of flight. Considering a radar and ultrasound, it is based on the difference between the
release of a signal and returning back to the sensor, after the object reflecting it (TeraRanger ©
2016). This level sensing method is suitable for “custody transfer applications.


Resistive chain level sensors:
These sensors operates in similar ways as a float sensor. Here a magnet is permanently

fixed a float moving upwards and downwards a rod known as a stem. Switches and resistors are
also arranged in the float and tightly covered. When the switches close, there is a summation of all
resistances and the signals are converted to voltage. The voltage is however proportional to the
water level.
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The choice of materials for the float and stem is dependent largely on the liquid compatibility,
specific gravity and other factors that affect buoyancy. These sensors function very well for liquid
level measurements in chemical processing, food processing, water treatment, and in many
applications. With the proper choice of two floats, resistive chain level sensors can also be used to
monitor for the presence of an interface between two immiscible liquids whose specific gravities
are more than 0.6, but differ by as little as 0.1 units.


Magneto resistive floats level sensors:
Here a pair of magnets is permanently fixed in the arm pivot of the float. There is a

transmission of motion and location due to the upward movement of the float and is translated as
the magnetic field’s angular motion. The magnetic field’s angular motion has an accuracy of about

◦

0.02 motion. Materials chosen for the design of the magneto resistive float sensor is largely
influenced by the sensor’s compatibility with the liquid in question and other issues such as
specific gravity of water and the resilience of the float. The device is considered intrinsically safe
or explosion proof because it does not come in contact with the liquid.
There is an inbuilt microprocessor so is able to send data between the computer and peripheral
devices. It is easy to adjust, calibrate and filter the sensor signal. These sensors can be applied in
other processing industries such as water purification, food processing (Deeter, 2009).


Hydrostatic pressure level sensors:
These sensors are applied with the use of corrosive liquids. These are also known as

pressure sensors and may be positioned inside the water or fixed externally. The use of materials
that are chemically compatible is of much importance to ensure proper functionality. These sensor
can be found in ranges of 10bar to 100bar. The sensor is able to sense the depth of pressure when
it is increasing. Changes in specific gravity is due to temperature changes and these are however
translated into position of the liquid. The sensors should be designed in such a way that the
diaphragm will be free from contamination or impurities (Deeter, 2009)
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The sensor must be specially designed to seal the electronics from the liquid environment.
In tanks with a small head pressure of say less than 100 INWC, the back of the sensor gauge should
be vented prevent it from atmospheric pressure. Failure to include the vent will create large errors
that will be introduced in the sensor output signal and this may be due to normal changes in
barometric pressure. The principle behind electrical, electronic, mechanical, magnetic, and other
float level sensors is mostly to open or close a switch, by direct contact, or magnetic operation.
Continuous monitoring is possible using a float principle in applications such as Magnetostrictive
sensors.
ii.

Point Level Methods of Liquid Level Detection

The basic principle behind the operations of mechanical, magnetic and magnetic, mechanical, and
other float level sensors mostly involves the opening or closing of a switch. These mechanical
switches operates either by having a direct contact with the switch, or operating magnetically with
a reed. By applying a float principle, instances of using magnetostrictive sensors for continuous
monitoring is possible. Switching of magnetically actuated float sensors occurs, when a permanent
magnet fixed inside a float moves up or down to the actuation level. Switching of mechanically
actuated float, will occur as a result of the movement of a float against a miniature switch. Larger
floats may be used with liquids with very low specific gravities of say 0.5 while still maintaining
buoyancy (EEHerald, 2011).



Float Type Sensors
Float sensors are made to function well in different liquids including corrosives and the
float has protective shield that prevents it from getting damaged when affected by
turbulence and wave motion. With this type of sensor, it must be verified whether the
materials used for its construction is chemically compatible with the various liquids. Using
a float type sensor in liquids that a thicker must be avoided, they may get stuck to the stem
of the float it must also not be used in dusty environments or in substances that might
contaminate them (Deeter, 2009).

35

Special applications of float type sensors are:
1. In separation systems for oil/water, the interface level can be measured.
2. Can be put to dual use by installing pressure and temperature probes.
3. They are simple, durable and reliable.


Pneumatic level sensors:
These sensors are suitable in rough and hazard prone environments and also in a situation

where there is lack of electricity. It is applicable in heavy sludge or slurry substances. As the
compression of a column of air against a diaphragm is used to actuate a switch, no liquid contacts
the sensor's moving parts. The following are the advantages:
1. It can tolerate conditions that are severe.
2. It is meant for use in highly viscous liquids such as grease and corrosive liquids.
3. Reasonable cost.


Conductivity level sensors:

Conductivity level sensors are best suited for point level detection of a variety of conductive liquids
such as water, hydrochloric acid and ferric chloride could also be used in other similar liquids. In
designing of the sensor, particular attention should be paid to materials required for manufacture
of its electrodes, since some of the liquids that it may come into contact with are corrosive.
Materials such as Hastelloy, stainless steel and titanium are recommended for their
manufacture since they can withstand corrosive liquids that are also conductive. Temperature and
pressure changes may cause liquids that are corrosive to be aggressive so due cognizance ought to
be given to conditions that are extreme in choosing the right sensor. The sensor or probe must be
continuously conductive and liquid buildup on the stem may prevent it from working properly.
This requires that it be insulated from the medium or liquid. Conduction is said to be completed
when the liquid contacts both probes. The conductivity sensor consist of two probes, a shorter
(return) and an extended (common) probe (Deeter, 2009).
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A Conductivity sensor has the following advantages:
1. Low power consumption and its very safe to use.
2. This technique is intrinsically safe since it conforms to international standards for
hazardous area classifications.
3. It’s simple, easy to install and use.
3.1.1.2 Level sensing method implementation
In this project, an Allen Bradley general purpose liquid level sensor(s) was used to detect
or sense the present level of water in the tank. The conductive surface of an external magnetic field
generates eddy currents when the sensors detect a magnetic loss. An alternating current (AC)
magnetic field is created on the detection coil, and changes in the impedance resulting from eddy
currents formed on an object are detected. When the object gets into this electromagnetic field
which appears at the active face of the switch, the field gets minimized and the switch comes ON
or OFF. One sensor was also fixed on the borehole (Deeter, 2009). Figure 3.1 shows internal
circuit of a liquid level sensor or a proximity sensor.

Figure 3.1 Internal Circuit of the Proximity Sensor Used in the System
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Conductance
The technique used for this project regarding liquid level measurement is conductance and
is premised on electrical conductivity of the water. This is simple and low cost as compared to
other methods of level sensing. As discussed in sub-chapters 3.1.1, 3.1.2, the conductance method
of level sensing is a point level sensing method of measurement.
The water in the tank is able to conduct a current at a very low voltage probably less than
20 Volts (< 20). A dual tip probe was used to set up an electrical circuit for the system and that
means grounding is eliminated especially when a non-metallic tank was used. Figure 3.2 (A, B
and C) shows a schematic arrangement of a dual-tip probe that detects maximum and minimum
water levels. There is the supply pump, Figure 3.2 (A) and the dual tip sensor fixed in tank 1 of
Figure 3.2 (B). Figure 3.2 (C) shows how the pump for the system will be triggered ON and OFF.
When the water level reaches the upper probe, a switch closes to start the pump to fill the receiving
tank 1; when the water level reaches the lower probe, the switch opens to stop the pump (Chipkin
Automation Systems Inc., 2010)

Figure 3.2 Operation of the Level Sensor in Relation to the Pump
In Figure 3.3, when the water level reaches the upper probe, a switch closes to open the
valve for water to flow from the receiving tank to the other tanks; when the water level reaches the
lower probe, the switch opens to close the valve.
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Figure 3.3 Operation of Level Sensor in Relation to Valve
3.1.2 Solenoid Valve
Solenoid valves were used in the water tank filling system. These devices have two
components, a valve and a solenoid. The valve is also actuated by a solenoid. The solenoid is also
controlled by a circuit known as a cascade switched circuit. Connected to the base of a transistor
is a digital pin of the Arduino which controls the current to a normally open, SPST relay. By
energizing the relay coil, the contacts close which allows flow of current from the 12V supply
through the solenoid. By energizing the solenoid coil, the valve opens, allowing the flow of water
from one water tank to the other. The relay and transistor are powered from a 5V circuit and the
solenoid is powered by a 12V supply. Figure 3.4 shows the internal circuit of the solenoid valve
used in the water tank filling system.

Figure 3.4 Internal Circuit of the Solenoid Valve Used in the System
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Control valves are widely used to run a process; there is a saying that “valves are the handles
by which we operate a process”. There are numerous control valves. The five most noticeable ones
are as shown in table 3.1

Table 3.1 Most common applications of valves in process industry
Name

Symbol

Power

Block

Typical process application

Manually

operated These are opened or closed

(by a person)

fully. Can also be used to adjust
flow

over

short

periods

manually.
Safety relief

Self-actuated

Usually located at a point on a
closed vessel or pipe to release
high or low pressure in the
event of explosion.

ON/OFF

Motor controlled
M

Used

to

isolate

process

equipment to prevent flow.

Throttling

Pneumatic pressure The opening of the valve is

control

controlled

regulated to achieve the desired
flow rate. This id usually used
in process control

Open-close

Electric
E

actuated

and

self- These consist of a valve and a
solenoid and it is self-actuated.
It can be remotely controlled.

[Source: www.pc-education.mcmaster.ca/instrumentation/issues.htm]

40

Control Valve Selection Process
The under listed considerations were used as the criteria for selecting the suitable valve for the
system:
1. The type of liquid to be controlled. Water was used.
2. The flow rate and temperature required.
3. The type of valve required. Whether a two (2) - way or three (3) –way valve will be used
and should it be normally closed (NC) or normally open (NO).
4. Working environment. The sort of conditions under which the device is going to be used,
which may be flammable, explosive or wet.
5. The pipe specifications. This is dependent on size of piping used and its orientation.
6. Available control voltage. Whether the power is AC or DC.
7. Another important consideration was energy efficiency. Low watt valves can save
substantial energy over lifetime, making them a wise investment. They also produce little
heat build-up, which can also be important, especially if multiple valves are located within
single enclosure.
To determine the flow rate of the system, a three (3) month flow data was sourced from the water
processing unit of Everpure Ghana Limited for the calculation.

Table 3.2 Flow Data from a Water Processing Unit
JANUARY,2014
FLOW 1 FLOW 2
DAY(S)
GPM
GPM
1
126.8
26.4
2
124.6
26.7
3
90.7
20.5
4
105.9
26.8
5
125.6
26.8
6
124.4
26.1
7
120.9
29.7
8
120.3
25.8
9
125.4
25.4
10
125.9
26.7
TOTAL(S) 1190.5
260.9

FEB RUARY,2014
FLOW 1 FLOW 2
GPM
GPM
126.6
26.3
125.6
26.4
128.5
27.7
125.3
26.2
125.4
25.2
126.8
26.2
126.3
25.2
125.6
26.5
125.6
26.5
126.2
26.50
1261.9
262.7

[Source: Everpure Ghana Ltd, 2014]
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MARCH,2014
FLOW 1 FLOW 2
GPM
GPM
120.8
25.9
125.3
27.8
125.4
29.7
126.4
28.3
125.4
29.4
126.3
28.8
120.3
28.3
125.7
27.6
126.4
28.8
126.7
28.3
1248.7
282.9

From the flow data in Table 3.2
̅ (Flow) for Jan. = 145.14 GPM,
X

X (Flow) for Feb. = 152.46 GPM

̅X (Flow) for March = 153.16 GPM
̿=
X

̅) + FEB. (X
̅) + MARH (X
̅)] [145.14 + 152.46 + 153.16]
[ JAN. (X
=
3
3
450.76
=
= 150.25
3

̿
X = 150.25 GPM
̿
X ≅ 683.051 LPM
̿
X ≅ 40.983 M 3 PH

Therefore, the flow rate of the system is set at 40.983m³/hr.


Determining the service conditions.

Determining the flow rate is the most widely used technique for influencing the behavior of
chemical processes. The chemical in question here is water. Normally, a variable resistance in the
closed tube or pipe is regulated to control the rate of flow in other to achieve the desired process
settings. The variable resistance was introduced using a valve with a variable opening for flow as
the standard equipment. A two (2) way normally closed (NC) solenoid valve was selected to
prevent blockage of flow when it is energized. Important factors such as simplicity, reliability low
cost, availability and applicability to a wide range of chemical processes were also considered in
selecting of the valves. The valve used for the automated system was designed to accept signals
from the controller and is in sharp contrast to manual adjustment of the valve opening to set the
valve resistance.
Logically, the total pressure drop along the pipe after the valve is the total sum of all the
pressure drops as expressed in the equation. So, the total pressure drop relationship for pressure
downstream of the valve

𝑷𝟐 − 𝑷𝒐𝒖𝒕 + ∆𝑷𝒆 + ∑𝒊=𝟏 ∆𝑷𝑯𝒙𝒊 + ∆𝑷𝒑𝒊𝒑𝒆 + ∆𝑷𝒇𝒊𝒕

[Marlin, 2000]

Flow rate increases with the increase flow resistance. Also the pump which is the source of high
pressure, may be increased by the flow rate. The resultant effect is that the pump head will decrease
as the flow increases.
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The equation relates the pressures at both the valve inlet and valve exit and all the pressure drops
across the valve which is indicated as ∆𝑷V. A flow from 0 – 110% of the system valve was
attained by adjusting the valve opening to provide the required resistance to flow, ∆Pv.
Figure 3.5, shows a flow of 80% of design and the valve pressure drop was about 40 psi. At 110%
of design, the valve pressure drop was 60 psi.
The pressure drop is achieved by adjusting the valve opening for flow to achieve the proper value.

Pout
Tank

Tank

Pump
P1

P2

90

P1

Pressure (psi)

70
50

DPv

40
P2
30
20
10
0

20

30

40

50

60

70

80

Flow (% of design)

Figure 3.5 Pressure differential diagram (Source: Bauman, 1981)
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It must be noted that the required energy needed to raise pressure to P1 is “lost energy”.
Therefore, if the system is designed efficiently, it will minimize the valve pressure drop while
providing sufficient variable resistance for good flow regulation. Ideally the need for a control
valve may not be necessary if supply pressure in figure 3.5 could be varied.


Calculating the valve coefficient.
This was achieved by using: pressure differential or pressure drop; flow rate for the tank

filling system and Specific Gravity of water. The valve flow coefficient puts all flow restriction
effects in the valve together into one number. The valve flow coefficient represents the quantity
of water, at 68°F (20°C) and in gallons per minute (GPM) that will flow through the valve with
1psi pressure differential. Specific Gravity (SG) for liquid (water in this case) is the ratio of
the density, or specific weight of the liquid, relative to that of water. The specific gravity of
the media (water) is important in calculating the valve flow coefficient because it directly
correlates to the flow rate through the valve being used.
The CV of any valve flowing liquid media was determined by using the liquid flow formulae below;
Cv =

V
√∆P
SG

,

𝑊here;
Cv = valve flow coeffcient,
V = flow rate in GPM,
∆P = pressure differebtial(PSID)
SG = specific gravity
Pressure differebtial(PSID) at 68ºF (20ºC) = 60 psi (refer to figure 3.5)
Specific gravity of water at 68 °F (20°C) = 1.0 (refer to Appendix D for standard values)
Flow rate of pump at 68°F (20°C) = 1502.5 GPM (refer to flow rate calculations in table 3.2)
Therefore the valve flow coefficient (𝐂𝐯 ) =

𝟏𝟓𝟎𝟐.𝟓
𝟗𝟎
√
𝟏

=
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𝟏𝟓𝟎𝟐.𝟓
𝟗.𝟒𝟖

= 𝟏𝟓𝟖. 𝟓

3.1.3 Relay and pump
The work of the pump is to create enough pressure to overcome the operating pressure of
the system to transport water at the flow rate required. The operating pressure of the system has a
function to create flow through the system and may be dependent on the system arrangements with
regards to length of pipe, size of pipe, fittings and pressure on the liquid surface. The data in Table
3.1 relates flow recorded from a typical water processing unit.
The required flow through the system can be achieved by determining the operating pressure in
other to select the right pump.
Consider the arrangement of the automatic water tank filling system shown in Figure 3.6,
water is pumped from a borehole into a receiving tank. The water level in the borehole varies but
the discharge level in the receiving tank remains constant as the water is discharged from a point
above the water level. The pump is required to flow water at 40.983 m3/hr to the receiving tanks.

Figure 3.6 Pump Arrangements for the Water Tank Filling System

The determination of the operating pressure for the pumped system is in SI unit of metres (m).
This is to maintain dimensional consistency and any pressure values used within the calculations
were also converted from kpa (kilopascals) into m (metres).
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Therefore 1 kpa = 0.102 m. (as measured by water filled U-Tube manometer). For the system of
figure 3.6, the total system head (H 𝑇𝑜𝑡𝑎𝑙 ) is defined as:
HTotal = HS + HD + (PRT − PBH ) … … … … … … … … … … … … … … … … … … … . . [1]
Where,
HS = Static head (m)
HD = Dynamic head (m)
PRT = Pressure on the surface of the water in the receiving tank (m)
PBH = Pressure on the surface of the water in the borehole (m)
Since atmospheric pressure changes with height, the change in pressure occurring over the
pumping height or elevation is usually considered negligible because it is so small. This is shown
in Figure 3.6. Therefore: 𝐏𝐑𝐓 − 𝐏𝐁𝐇 ≈ 𝟎
The equation (1) then becomes; 𝐇𝐓𝐨𝐭𝐚𝐥 = 𝐇𝐒 + 𝐇𝐃 … … … … … … … … … … … … … … … … … [𝟐]

The static head (HS ) is the physical change in pumping height between the water surface
in the borehole and the delivery point into the receiving tank. As the water level in the borehole
can vary, the maximum and minimum values of the static head for the system will also vary:
HSmin = discharge level − TWL of borehole and HSmax. = discharge level − BWL of borehole

Where
TWL = Top Water Level (Borehole) and BWL = Bottom Water Level (Borehole)

From the Figure 3.6, the discharge point is at 115.5 m whiles the borehole level is between 105.2
m and 101.6 m. Therefore, since the discharge level is at a level above the Mean Sea Level (MSL)
and the borehole level also varies between 105.2 m above ordinance level (AOD) and 101.6 m
above ordinance level (AOD). It should be noted that Above Ordinance Level-AOD is also known
as mean sea level.
Due to static head variations, the maximum and minimum values for the total system head needs
to be determined as follows:
𝐇𝐒𝐦𝐢𝐧. = 𝟏𝟏𝟓. 𝟓 − 𝟏𝟎𝟓. 𝟐 = 𝟏𝟎. 𝟑 𝐦 And 𝐇𝐒𝐦𝐚𝐱. = 𝟏𝟏𝟓. 𝟓 − 𝟏𝟎𝟏. 𝟔 = 𝟏𝟑. 𝟗 𝐦
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The dynamic head(HD ) comes up due to friction within the system. The dynamic head can also be
determined with the basic Borda-Carnot equation given as;
HD =

KV 2
… … … … … … … … (3)
2g

Where,
K = loss coefficient,
V = velocity in the pipe (m/sec) and
g = acceleration due to gravity.

The velocity in the pipe can also be determined using:
V=

Q
… … … … … … … … … … … … … … . (4)
A

Where,

Q = Rate of water flow through the pipe (

𝑚3
𝑠

),

A = pipe cross sectional area (CSA)(m2 )

For purposes of this project, we used the following data sourced from Everpure Ghana Limited,
2014: Q (flow rate) = 40.983m³/hr., D (Diameter of pipe used) = 0.8 m.
To get the required velocity in the pipe, equation (4) has to get pipe cross sectional area (A).

A is given by

𝛑𝐃𝟐
𝟒

=

𝛑 𝐱 𝟎.𝟖𝟐
𝟒

= 𝟎. 𝟓𝐦𝟐 ,

Hence using the velocity equation:

𝐕=

𝟒𝟎𝟗. 𝟖𝟑𝟗 𝟏
𝐱
= 𝟎. 𝟐𝟐𝟕 𝐦/𝐬𝐞𝐜
𝟑𝟔𝟎𝟎
𝟎. 𝟓

We also have to calculate the loss coefficient (K) for the system and two components are involved:

𝐊 = 𝐊 𝐟𝐢𝐭𝐭𝐢𝐧𝐠𝐬 + 𝐊 𝐩𝐢𝐩𝐞 … … … … … … … … … … … … … … … … … … … . . (𝟓)
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K fittings Is related to the pipe fittings and connections of the water tank system that aids the pump
to draw water from the borehole into the receiving tanks.
K values (see table 3.3) were obtained from standard tables and K fittings were calculated as shown
in Table 3.4.
From Table 3.3 total K fittings for the water tank filling system = 7.85
K pipe is associated with the straight lengths of the pipe used within the system and is defined as:

𝐊 𝐩𝐢𝐩𝐞 =

𝐟𝐋
𝐃

… … … … … … … … … … … … … … … . . (𝟔)

Where, f = friction coefficient, L = pipe length (m), D = pipe diameter (m). For purposes of this
project, L (Length of pipe) = 250m (Source: Everpure Ghana Limited, 2014)

Table 3.3 Standard K-Values for Different Fittings

[Source: Emerson process management control valve handbook, fourth edition-2005]
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Table 3.4 Determination of 𝐾𝑓𝑖𝑡𝑡𝑖𝑛𝑔𝑠 for the water tank filling System

FITTING ITEMS
PIPE ENTRANCE
90° ELBOW
SOLENOID (BALL)VALVE
NON RETURN VALVE
BELLMOUTH OUTLET

QUANTITY
1
8
2
1
1

𝐊 𝐟𝐢𝐭𝐭𝐢𝐧𝐠𝐬
Value
0.05
0.75
0.3
1
0.2

TOTAL K fittings

TOTAL
ITEMS
0.05
6
0.6
1
0.2
7.85

[Source: Everpure Ghana Limited].
Table 3.4 shows how the 𝑲𝒇𝒊𝒕𝒕𝒊𝒏𝒈𝒔 are determined. It was achieved by multiplying the quantity of
pipe fittings against the K values (see table 3.4) to find the total 𝑲𝒇𝒊𝒕𝒕𝒊𝒏𝒈𝒔 .
The revised version of the Colebrook White equation was used to determine the friction coefficient
as follows:
𝐟=

𝟎. 𝟐𝟓
… … … … … … … … … … … … … … … (𝟕)
𝐤
𝟓. 𝟕𝟒
[𝐥𝐨𝐠 {𝟑. 𝟕𝐱𝐃 + 𝟎.𝟗 }]𝟐
𝐑𝐞

Where, K = Roughness factor (m) and Re = Reynolds number

The pipe roughness factor, K, is a standard value obtained from standard tables and is
related to the pipe material, pipeline’s condition (which may be good, normal or poor) and any
internal coatings. Reynolds number is related to ease of flow of fluid (in this case refers to water).
Reynolds number has no unit. The formulae for Reynolds number is given as:

Re =

Where

vD
V

… … … … … … … … … . . (8)

𝒗 = kinematic viscosity (m2 /s) of water.

Given that the total pipe length =250 m, pipe roughness factor = 0.3 mm and the kinetic viscosity
of water = 1.31x10−6 .

Re =

𝟎.𝟐𝟐𝟕 𝐱 𝟎.𝟖
𝟏.𝟑𝟏 𝐱 𝟏𝟎−𝟔

𝟎.𝟏𝟖𝟏𝟔

= 𝟏.𝟑𝟏𝐱𝟏𝟎−𝟔 = 𝟏. 𝟑𝟖𝟔 𝐱 𝟏𝟎𝟓.

*See table of Appendix A for K and 𝒗 standard values
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Putting, Re = 1.386 x 105 into equation seven (7), the coefficient of friction then becomes:

𝐟=

𝟎.𝟐𝟓

𝟎.𝟐𝟓

𝟎.𝟎𝟎𝟎𝟑
𝟓.𝟕𝟒
[𝐥𝐨𝐠{
+
}]𝟐
𝟑.𝟕𝐱𝟎.𝟖 (𝟏.𝟑𝟖𝟔𝐱𝟏𝟎𝟓)𝟎.𝟗

𝟎.𝟐𝟓

= [𝐥𝐨𝐠(𝟎.𝟎𝟎𝟎𝟏𝟎𝟏𝟑𝟓𝟏𝟑𝟓+𝟎.𝟎𝟎𝟎𝟏𝟑𝟓𝟑𝟎𝟖𝟒𝟗𝟏𝟔)]𝟐 =

𝟎.𝟐𝟓

[𝐥𝐨𝐠(𝟎.𝟎𝟎𝟎𝟐𝟑𝟔𝟔𝟓𝟗𝟖𝟒𝟏𝟔]𝟐

= 𝟏𝟑.𝟏𝟒𝟔𝟗𝟕 = 𝟎. 𝟎𝟏𝟗𝟎

Now putting the f = 0.0190 into the K pipe equation (refer to equation 6),
𝐊 𝐩𝐢𝐩𝐞 =

𝟎.𝟎𝟏𝟗𝟎 𝐱 𝟐𝟓𝟎
𝟎.𝟖

= 𝟓. 𝟗𝟒, 𝐬𝐨 𝐭𝐨 𝐠𝐞𝐭 𝐭𝐡𝐞 𝐥𝐨𝐬𝐬 𝐜𝐨𝐞𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐭, 𝐊 = 𝐊 𝐟𝐢𝐭𝐭𝐢𝐧𝐠𝐬 + 𝐊 𝐩𝐢𝐩𝐞

This gives us K= 5.94 + 7.85 = 13.79 (refer to Table 3.4 for the total K fittings)
So, the dynamic head, 𝑯𝑫 =

𝟏𝟑.𝟕𝟗 𝒙 (𝟎.𝟐𝟐𝟕)𝟐
𝟐 𝒙 𝟗.𝟖𝟏

=

𝟎.𝟕𝟏𝟎𝟓𝟖
𝟏𝟗.𝟔𝟐

=0.0362 m (refer to equation 2)

The determined flow rate for the complete system head is 40.983 m³/hr, so the value for maximum
head and the value for minimum head will be
𝐇𝐓𝐨𝐭𝐚𝐥𝐦𝐚𝐱 = 𝟏𝟑. 𝟗 + 𝟎. 𝟎𝟑𝟔𝟐 = 𝟏𝟑. 𝟗𝟑 𝐦. (Ref. to equation 5)
It was therefore concluded that, for the pump to flow water at 40.983 m³/hr from the bottom of the
borehole, system pressure of 13.9 m was overcome by the pump. The pump also used
10.3 m at the top level as the system pressure. Due to issue of either the pump flowing too much
water or too little water a variable speed pump was chosen so that the speed could be adjusted, so
the flow could be controlled to achieve 40.983 m³/hr water to the receiving tanks over the entire
head range.
The power requirement for the pump was also calculated and this is:

𝑷=

𝑸 𝒙𝑯𝒙𝒈𝒙 𝒑
𝑷𝒖𝒎𝒑 𝑬𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚

................................................. (9); assuming pump efficiency of 84%.

P = pump power in KW =?
Q = flow rate 40.983 m³/hr (0.01138 m³/s)
g = gravitational force = 9.81 m/s²
p = density of water = 1000 kg/m³ for water. (Refer to table in appendix 2 for standard values)

𝑃=

0.01138 𝑥 13.93 𝑥 9.81 𝑥 1000
0.84

= 1555 W or 1.555 KW. Hence, to overcome the required head

of 13.93 m, a variable speed pump with 1.555 KW was used.
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3.1.4 Programmable Logic Controller (PLC)
The automated system used the PLC as its main control unit and with its non-volatile
memory having the ladder logic prewritten on it. The ladder logic was written on Allen Bradley
RSLogix 5000. The RSLogix 5000 is a Programmable Logic Controller (PLC) simulator that
replicates the operation of a Logix 5000 PLC (Logix Design Inc., 2008). Unlike other PLCs, the
Logix 5000 uses tags, which are more powerful but complex method of programming PLCs. The
PLC takes its decisions based on this logic. In the project, 1756-L55 processor was used in the
system. All the Allen Bradley processors use RSLogix 5000, so any programme written could be
adapted to other 1756 processor. This will make the PLC versatile and enable space-saving and
modular configurations. A single logix 5000 if deployed in the water processing/purification
industry can accommodate a large number of tanks. A computer was used to interface the PLC by
means of an IM port (Babcock, 2009).

3.1.4.1 I/O Connections to the PLC and Ladder Programming
The PLC used for the project was designed for the following arrangements:


multiple inputs and outputs



wide temperature ranges



has immunity to electrical noise



Is cushioned against vibration and impact.

In the project, Allen Bradley RS logix 5000 was used. The water tank filling system is has three
main functions and these are, sensing (or detection), making decisions and implementation. The
status of the whole system is communicated by the PLC to the HMI. During the implementation,
three dual probe sensors were used. The function of the sensors was to detect the presence of water
in the tank whiles the RSLogix 5000 PLC uses the readings of the sensors to make the required
decision of starting or stopping the pump, and also opening or closing the solenoid valves. Finally
the decision is implemented by the PLC through a relay switch. The RSLogix 500 (PLC) provides
information on the current status of the system through the IM port to the computer which is
accessible by the HMI. Figure 3.8 shows a block diagram of the system run on PLC.
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Figure 3.7 I/O’s connections to the PLC

3.1.5 Human Machine Interface
The Human Machine Interface is the means through which an operator or user can
communicate with the system. The present status of the system is sent to the operator or user by
means of a graphical user interface (GUI). The operator or user can interact with the system by
turning ON or OFF various functions from the interface. The HMI was created using Allen Bradley
RSLogix 5000 software.
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CHAPTER 4
DESIGN AND SIMULATION OF THE SYSTEM
This chapter discusses the automated water tank filling controlled system design for the
effective management and control of tank filling and emptying processes at the Everpure Ghana
Limited, Kumasi branch. The simulation of the design has also been discussed together with its
performance.

4.1

System design and implementation
The pump in the circuit supplies water to the tanks via pipelines. The solenoid valves open

for the pump to start automatically when the water level in the water tanks reach a low level and
close when the level of water reaches high level. The pump will not run when the level sensor in
the borehole detects that the water in the borehole is at a low level or is empty. This was to ensure
that the pump does not run dry. Provision was made for a manual Start/Stop switch which totally
overrules the automated system in offline mode. Alarms such as low level alarm or empty alarm
for borehole level and Pump run time (ON/OFF delay) time exceeding 10 Minutes (If pump runs
continuously for 10 Minutes) (Das et al., 2013). The implementation is divided into four parts:


Flow chart and schematic design of the system with the pump;



Sensor implementation



Solenoid valve implementation;



Ladder programming;
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4.1.1

Flow Chart and Schematic diagram of the system operations

START

Open valves.V1&V2

Is borehole
level low?
.

YES

.
NO
NO
Start/Run
Pump
………
YES

Is Tank 3
Full?

Close Valve 2
YES
Is Tank 2
Full?
YES

NO

Is Tank 1
Full?
YES

Figure 4.1 Flow chart of the system’s operation
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Close Valve 1

The flow chart in figure 4.1 explains the process steps for the automated water tank filling
system using PLC. Figure 4.2 is a schematic diagram of the automatic water tank filling system.
Both figure 4.1 and 4.2 explains the workings of the system. The process steps were as follows:
1. Open valves (V1 & V2) when the tank 1 (T1) is at low level. This means the pump (Q) can
start/run to draw water from the borehole to fill the receiving tank 1 (T1).
2. This will also depend on whether the water in the borehole is sufficient or not. If it is not
sufficient (BH-L), the pump (Q) will not start (or run). It presupposes that there’s little or
no water in the borehole.
3. If tank 3 (T 3) is full, the valve (V2) closes otherwise it remains open till it gets full. So the
pump still runs.
4. If tank 2 (T 2) is full, the valve (V1) closes otherwise it remains open till gets full. So the
pump still runs.
5. The tank 1 (T1) is the first tank or the collecting water tank from the borehole. So tank 2
draws water from tank 1(T1) and tank 3 (T 3) draws water from tank 2 (T 2).
If tank 1 (T 1) is at high level the pump will stop running till it goes to low level.
DTP 1

DTP 2

H

H
L

(T 1)

DTP 3

H
L

V1

(T 2)

L

V2

PUM
P
(Q)

BH-L

Figure 4.2 Schematic diagram of the tank filling system

BOREHOLE
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(T3)

The system was implemented using dual tip probes. This senses the required level of water
in the tank. The dual tip sensoring devices consist of two probes that is able to sense the water
level when is high and when water level is low. In figure 4.2, the dual tip probes were represented
by DTP 1, DTP 2, and DTP 3.
Solenoid valves were also implemented in the system. These open or shut against flow of water
from one tank to the other. These valves were labeled as V 1, V 2 and V 3.

4.1.2 Ladder programming

Figure 4.3 Ladder Logic Programme for the System

The Ladder programming for the RSLogix 500 was done in RX Logix 500 micro starter lite
software. Figure 4.3 shows a ladder logic programme for controlling the water tank level which
was simulated for three (3) water tanks and a borehole. Each tank has a capacity of 25,000 litres
or 25 m³.
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4.2 Simulation of the water tank filling system
4.2.1 Filling the Tank
The pump will start when the PLC is turned on for the first time presuming all the three
Tanks are empty and there is no water flow from the borehole or municipal water. The sensors
which have normally close contact will all be closed at this time because the water in the Tank
have not reach the tips of the sensor for the contacts to open. Figure 4.5 is a ladder logic programme
for the start of the automation in filling the Tank.

Figure 4.4 Start of Automation
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The pump and the two solenoid valves will be opened whiles the alarm and the buzzer will
be off at the same time the timer starts timing the time the pump is running. The contacts of Tank
3 will open first because it takes it water from Tank 2, and Tank 2 takes it water from Tank 1. The
low sensor in Tank 1 will open its contact when the water reaches it tip but when the water get to
the tip of the high leg of the sensor it causes the solenoid valve 2 to close for the second Tank to
also start filling. Figure 4.5 shows the opening of the contact of low level in Tank 3. When the
upper sensor opens indicating that the water level is full it causes the solenoid valve to close. The
closing of the solenoid valve 2 is shown in Figure 4.6.

Figure 4.5 Contact of Low Level in Tank 3 Opens
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Low Level sensor
contact opens
Low Level sensor
contact
opens
High
Level
sensor

contact opens
Low Level sensor
contact opens

Solenoid valve 2
closed

Figure 4.6 Contact of High Level in Tank 3 Opens and Solenoid Valve 2 Closed

When water reaches the low leg of the sensor, its contact opens but the solenoid valve 1 is
close when the water level in Tank 1 is at its maximum. This initiates the filling of Tank 1. The
high leg of the sensor in Tank 1 opens when the water reaches its tip which stops the pump. These
are shown in Figures 4.7 and 4.8.
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Figure 4.7 Contact of Low Level in Tank 2 Opens

Low Level sensor
contact opens
Low Level sensor
contact
opens
High
Level
sensor

contact opens
Low Level sensor
contact opens

Solenoid valve 1
closed

Figure 4.8 Contact of High Level in Tank 2 Opens and Solenoid Valve 1 Closed
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When the Tanks are all not full but the water in the bore hole is low, in order not for the
pump to run dry the contact of the sensor in the well closes causing the pump to stop and turning
on an alarm signifying that the water level is low. The representation of the programme is shown
in Figure 4.9.

When the pump start to run, the on-delay timer starts timing and when it time to 10 minutes
it contact closes which activate the buzzer indicating that the pump has run for 10 minutes. The
programme of the buzzing indications is shown in Figure 4.10. When the water reaches the tip of
the high level sensor in Tank 1, the pump is shut down. The ladder programme when all the Tanks
are full is shown in Figure 4.11.

Borehole contact open

Alarm On

Pump Off

Figure 4.9 Borehole Level Low
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Buzzer on

Figure 4.10 Buzzer on

Figure 4.11 All Tank Full
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4.2.2 Emptying the Tank
Now all the three Tanks are full, the pump is stopped, the solenoid valves close, alarm and
buzzer off, all the sensors contact closed opened. When Tank 3 is being drained, the contact of
high level closes (that is, the normal state when there is no water) with no effect when the water
level is below it. With further usage of the water, the level will reduce and when it get to the low
level, its contact closes which opens the solenoid valve 2 allowing water from Tank 2 to enter
Tank 3. Figures 4.12 and 4.13 respectively show the programmes when the high level sensor
contact closes, and when the sensor contacts close whiles the solenoid valve 2 opens. Solenoid
valve 1 opens when the water level in Tank 2 is below the low leg of the sensor in Tank 2 allowing
water in Tank one to flow to Tank 2. These are shown in Figures 4.14 and 4.15.

Tank 3 high level contact closes

Figure 4.12 Tank 3 High Level Sensor Contact Closes
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Tank 3 Low level contact closes

Solenoid Valve 2 Open

Figure 4.13 Tank 3 Sensor Contacts Close and Solenoid Valve 2 Open

Figure 4.14 Tank 2 High level Sensor Close
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Figure 4.15 Tank 2 Sensor Contacts Close and Solenoid Valve 2 Open

When the water in Tank 1 gets to the low level sensor, the contact of the low level closes
and the pump starts; all the valves will be opened at this time. At this stage, the cycle continues
until the manual stop button is pressed to stop the entire process (Figures 4.16 and 4.17).
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Figure 4.16 Tank 1 Low Level Sensor Contacts Close

Figure 4.17 Tank 1 Sensor Contacts Close and Pump On
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4.3

Performance of the Design

As noted, the PLC system considered for the design is the RSLogix5000. This PLC software
is the most current in the Allen-Bradley series of softwares. One software package incorporates
four programming language styles which involves the following; ladder logic, sequential function
chart, structured text and function block diagram. These programming languages can be used for
controlling drives, control motion and process control. The PLC system designed has the following
advantages:
 Processors are affordable, intuitive and simple offering broad capabilities to address
applications such as assembly operations, small process control, material handling,
HVAC control, and SCADA applications
 It has advanced instruction set premised on PLC-5 mid-size processors.
 It has a large array of both analogue and digital input/output modules, including intelligent
I/O and other I/O modules from third-party vendors (Encompass™ program);
 Each SLC 5/01 processor has a DH-485 port for programming and processor-to-processor
communication initiated from the other node;
 SLC 5/02, SLC 5/03, SLC 5/04 and SLC 5/05 processors have communication ports that
can initiate communication (e.g., Ethernet, DH+, DH-485, or RS-232-C);
 It is able to create command labels through a tag-based platform which allows the user to
use a description of his/her choice for that command.
 It is IEC1131-3 interface compliant and programming is well structured by way of symbols
and arrays.


Table 5.1 shows an estimated or potential cost reduction analysis of the current system of
manual tank filling as against the recommended automated water tank filling system. The
data for calculation/assumptions were sourced from Everpure Ghana Limited, 2015.
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Table 3.5 Estimated cost reduction analysis
MANUAL TANK FILLING - A
NO. CONTENTS OF COST
1
Labour (no. of operators)
2
Repairs/Maintenance (for 12 months)
3
Electricity (for 12 months)
4
Water (for 12 months)
5
10% -Waste water (for 12 months)
TOTAL(S)

QUANTITY
12
12
12
12
12

COST/month TOTAL/year
765
9,174.24
39,008.51
468,102.15
153,313.81
1,839,765.75
99,838.19
1,198,058.31
9,983.82
119,805.83
3,634,906.28

AUTOMATIC TANK FILLING -B
CONTENTS OF BENEFITS
NO (REDUCTION)
1
Labour reduction
2
repairs/maintenance (10%)
3
electricity (1.7% )
4
water savings (10%)
TOTAL(S)

QUANTITY
6
12
12
12

COST
764.52
35,107.66
150,724.48
89,854.37

TOTAL
4,587.12
421,291.91
1,808,693.70
1,078,252.45
3,312,825.18

% REDUCTION
50%
10%
1.7%
10%
72%

[Source: Cost/month from Everpure Ghana Limited, 2015]

The table 3.5, the estimated cost reduction was calculated with the formulae:
Contents of estimated benefits = Quantity (Q) x Cost (C) (source: Yamane I, 1996)
Where all the quantities were in number of months per year or number of operators used (in the
case of labour cost).
Per the calculation in table 3.5 (A) and 3.5(B), automating the manual system will reduce cost to
about 72%. This means there would be a saving of about 28%.

X.

Estimated filling time reduction:

Using the ratio of the pump power ratings, convert 1hp = 746 watts (theraja, 2000)
The pump for the automated system is rated at 2 hp (pump rating =1555watts, refer to page 49)

ᶟ

and delivers water at 40.983m /hr.
The pump for the current manual system at Everpure Ghana Limited is rated at 1.5hp (1119W).

ᶟ

This means the manual system delivers water at 30.783 m /hr. The difference in pumping time
means that the automated system fills the tank at 25 minutes faster than the manual.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS
5.1.

Conclusions
Manualization of some parts of water purification processes exposes the process to some

shortcomings. Manually operated systems requires frequent human contact with the system so tend
to put pressure on persons working with it to be precise in all details of their work and at all times.
However, it must be noted that human’s aren’t consistent with what they do with their hands and
minds. The effective and efficient running of such manual systems is heavily dependent on
individuals and therefore management shoulder the responsibility to run training continuously for
staff to keep them motivated and to ensure they are following the correct procedures.
In water purification process or unit there are multiple number of tanks or units to control
so monitoring is difficult. Some of the problems that will be found in a manual process such as in
the water purification system are as follows:
a. Tank overflow leading to water spillages and loss;
b. Overheating of pumps due to the neglect of not stopping them when they run
dry.
In a drinking water purification unit such as that of Everpure Ghana Limited, Tema branch,
which uses a lot of underground water, it is found that the water is quite salty since it is near the
sea. This may cause crystalized salt to build up at the bottom of the tank after an extended period
of time. This normally becomes a problem since a low water level will cause the salt layer to mix
with the new water which will then cause the pipe system to be blocked by the salt.
An automated system of water tank filling at a water processing unit using a PLC system
has been designed and implemented through simulation. The simulation clearly shows that the
automation of the water tank filling will prevent or minimise the following:
i.

The incidence of tank overflow since water tank filling is automatically controlled

ii.

The incidence of pump overheating since the pump will not run dry.

iii.

The stress associated with manual operation and the human dependant of the system;

iv.

This system is applicable to food and beverage and chemical producing factories.
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5.2.

Recommendations
From the study, it is recommended that:

1. The simulated automatic water tank filling system should be prototyped and the test run.
2. The number of pumps should be increased to further reduce filling time.
3. The PLC programme should be improved to include measurements of quantity of water in the
tank and filling time.
4. The number of sensors or sensing levels should be increased as per the requirement.

APPENDICES
Appendix A Friction losses in pipe fittings resistance coefficient (K).
Appendix B Allowable liquid control valve pressure drops and percentage valve openings.
Appendix C Density and viscosity of water from 0ºC – 40ºC.
Appendix D Specific gravity and reference temperature(s) of water.
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APPENDIX A


FRICTION LOSSES IN PIPE FITTINGS RESISTANCE COEFFICIENT (K).
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[Source: www.plumbing supply.com/ed-frictionless.html]
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APPENDIX B


ALLOWABLE LIQUID CONTROL VALVE PRESSURE DROPS AND
PERCENTAGE VALVE OPENINGS
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Appe

[Source: Yu F.C, 2000]
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APPENDIX C


DENSITY AND VISCOSITY OF WATER FROM 0ºC – 40ºC.

79

[Source: www.ascelibrary.org/sedimentation engineering]
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APPENDIX D


SPECIFIC GRAVITY AND REFERENCE TEMPERATURE(S) OF WATER
Specific Gravity - SG
Temperature
ºF
ºC
32

0

Reference Temperature
39.2ºF
60ºF
(4ºC)
(15.6ºC)
1.000
1.001

35

1.7

1.000

1.001

1.002

40

4.4

1.000

1.001

1.002

50

10.0

0.999

1.001

1.002

60

15.6

0.999

1.000

1.001

70

21.1

0.998

0.999

1.000

80

26.7

0.996

0.998

0.999

90

32.2

0.995

0.996

0.997

100

37.8

0.993

0.994

0.995

120

48.9

0.989

0.990

0.991

140

60.0

0.983

0.985

0.986

160

71.1

0.977

0.979

0.979

180

82.0

0.970

0.972

0.973

200

93.3

0.963

0.964

0.966

212

100

0.958

0.959

0.960

220

104

0.955

0.956

0.957

240

116

0.947

0.948

0.949

260

127

0.938

0.939

0.940

280

138

0.928

0.929

0.930
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68ºF
(20ºC)
1.002

300

149

0.918

0.919

0.920

320

160

0.908

0.909

0.910

340

171

0.896

0.898

0.899

360

182

0.885

0.886

0.887

380

193

0.873

0.874

0.875

400

204

0.859

0.860

0.862

420

216

0.849

0.847

0.848

440

227

0.832

0.833

0.834

460

238

0.817

0.818

0.819

480

248

0.801

0.802

0.803

500

260

0.785

0.786

0.787

520

271

0.765

0.766

0.767

540

282

0.746

0.747

0.748

560

293

0.720

0.727

0.728

580

304

0.703

0.704

0.704

600

316

0.678

0.679

0.680

[Source: Hough, J.S, Briggs, 1991, pp.881]
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