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- ABSTRACT
This study investigated the use of pattern recognition techniques in intelligent diagnosis of roiating
machinery. Existing literature on machine fault diagnosis suggested many approaches to machine

- diagnosis: notable among them are pattern recognition technique, data mining and Hidden
Markov Modelling. A method using MLP neural network classifier for pattern recognition of fault
in a centrifugal pump-rig has been developed. The study was primarily experimenial and involved
the simulation of six types of faults on a centrifugal pump, one at a time. These were bearing fail-
ure, seal-ring wear, misalignment, unbalance on impeller, cavitation, and unbalance on coupling.
Data were collected using a portable data acquisition system: SKF Microlog. Daia were coliected
when the pump was in no-fault condition. Each fault was trained on a separate neural network,
giving a total of six types of networks with different number of inputs and only one output. The
results obtained from the simulation work confirmed previous studies that pafiern recoyniiioi
technique is effective in recognising and classifying machine faunlts. Using the seal-ring wegy as an
example, the distribution of weight vectors showed low weight values distributed around zere, lis
is a sign of a healthy network. The distribution was also slightly skewed to the lefi, indica
presence of large weight values, and subsequently, the network may have slightly ever-jiif
data. The error associated with a decision made by the network was evaluated. After 240 epochs
an average error of 0.004070 was obtained. The validation set error obtained was 0.0%.

Keywords: /nrelligent Diagnosis, Neural Network,
Condition Monitoring, Pattern recognition, Fault
Diagnosis

trifugal pump test rig. Detection, location and
analysis of faults play a vital role in the field of
rotating machinery because of the requircment
. INTRODUCTION of high reliability imposed on these systems, a! d

B ; the need to operate for longer periods (Edwards,
Th d g
is study seeks to develop a neural network et al., 2005).

that has the ability to recognise faults in a cen-
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The application of neural computing technique
in machine condition monitoring has been of
interest to many scientists and engineers since
the 1980s; neural computing techniques are very
good at pattern recognition, manipulating noisy
data and generalising. These properties are ideal
in the field of machine condition monitoring
(Harris, 1996).

Edwards, ef al (2005) presented a very compre-
hensible review of the state of the art techniques
in rotating machinery fault diagnosis, citing fault
detection and isolation (FDI) techniques: vibra-
tion condition monitoring; fuzzy logic and neu-
ral networks, as some of the current techniques.
Fault detection and isolation using fuzzy logic
and neural networks are becoming more popular,
because of the complexity of modern rotating
machinery. This complexity hampers the opera-
tor’s ability to diagnose and eliminate equipment
failures before their occurrence (Chen and Mo,
2004).

Other researchers have also used other methods
to automate machine fault diagnosis. Jiang, er
al., (2002) investigated the use of data mining
technique to machine fault diagnosis; Sun, ef a/.,
(2004) carried out a study using pattern recogni-
tion ability of neural network in machine fault
diagnosis; Ocak and Lopora (2005) developed a
new bearing fauit detection and diagnosis
scheme that was based on the Hidden Markov
Modelling (HMM) of vibrational signals.

Using experimental method, this study devel-
oped an intelligent diagnostic system based on
pattern recognition that used data from vibration
signals, flow leakage, and cavitation on a cen-
trifugal pump-rig.

MATERIALS AND METHODS

The Experimental Set-up

The experimental pump-rig consists of a cen-
trifugal pump designed for a pressure increase of
6.6 bars at flow-rate of 90 m’/h with the pump
operating-at a speed of 3000 rpm. The drive unit
is a three phase induction motor with power out-

put of 26 kw. The pump-rig is mounted on rigid
foundation and housed in a relatively noise-free
environment. It is designed to lift and circulate
water. The experimental pump-rig is shown in
Figure 1. Both the motor and the pump are
equipped with ball bearings.

Fig. 1: Experimental Set-up as seen from above

Water reservoir.

1.

2. Suction valve.

3. Pressure gauge.

4. Pressure valve.

5. 3-way valve.

6. Venturi-meter with differential pressure
meter.

7. 3-way valve.

8. Centrifugal pump with electric motor.

9. Control unit, containing speed controller,
start button, current, voltage and frequency
meters etc.

10. Measuring bridge.

I'1. Pressure gauge, suction side.
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Keyphasor mark

Fig. 2: Vibration measurement point

The various types of vibration measurements
that were taken on the test-rig are shown in Ta-
ble 1. Vibration measurements were taken in the
axial direction at the free-ends of both the motor
and the pump. Measurements were also taken at
the vertical and the horizontal directions on the
bearing housing at both the pump-drive and —
free ends; the motor-drive and —free ends. Along
the vertical direction on the pump casing, an-
other measurement was taken close to the impel-
ler. These measurement points are shown in Fig-
ure 2,

An optical Keyphasor™ was used to measure
the speed of rotation and to give the reference
for vibration measurement. Situated on the high
pressure side of the circuit, pressure valve 4 was
used to regulate the pump’s capacity. The capac-
ity was read using the measuring-bridge. The
pressure difference over the venturi at full range
corresponds to 1 bar. The delivery capacity,
which is a function of the pressure difference,
was estimated from the characteristic curve of
the pump. The inlet and outlet pressures were
estimated using pressure gauges 3 and 11, re-
spectively.

Sixteen operational points were defined for the
test-rig, and measurements were taken at these
points for each fault. Four different speeds i.e.

9
h 4

about 1880, 2200, 2700 and 3000 rpm were cho-
sen. These were then matched with four different
volume flows i.e. about 0, 30, 61 and 74 m’/h.
These combinations created 16 different opera-
tional points. Measurements were also taken at
7x7 operational points from 1880 to 3000 rpm
and from 0 to 74 m'/h. These operational points
were taken without any faults, to give the refer-
ence points.

Each fault was simulated one at a time. Each
operational point was set by regulating the flow
valve 4 and the speed controller 9. For each op-
erational point thus set, the Microlog data acqui-
sition instrument was used to take vibration
measurements at the 11 physical locations that
were situated on the pump-rig as shown in Fig-
ure 2. The rotational speed was automatically
keyed in, using the optical keyphasor™ refer-
ence mark, which is the fifth physical location.
Using the dial gauges located on the test-ring,
suction and outlet pressures were read and
manually keyed in. Data that were collected by
the Microlog were transferred to a dedicated
computer and analysed using PRISM4 software.
Prism4 provides a variety of pre-defined applica-
tion functions, and stores equipment logging and
test information in an embedded database within
the software (Plant Maintenance Resource Cen-
tre, 2005).
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Measurement Procedure

On the Pump-rig, the following faults were
simulated:

» leakage from worn wearing-ring

o unbalance on impeller

o unbalance on coupling

o misalignment between motor

»  pump, bearing damage and cavitation faults.

Wearing-ring fauli: This fault was imple-
mented by exchanging one of the two rings with
another that had a clearance of 1.0 mm, instead
of the recommended 0.25 mm. clearance is
measured as the maximum distance between the
inner side of the ring and the impeller in the ra-
dial direction.

Unbalanee on impeller fault: This was imple-
mented by exchanging the impeller with another
which has a steel weight of 0.114 kg mounted on
the suction side, at a radius of 100 mm.. The
shape of the weight was designed to give mini-
mum disturbance to the flow around the impel-
ler.

Unbalance on coupling fault: This fault was
simulated by mounting a weight of 0.102 kg on
the periphery of the coupling at a radius of 80
mm.

Misalignment fault: This fault was simulated
by moving the motor in both vertical and hori-
zontal directions. This movement created a com-
bination of parallel and angular misalignment.

Bearing damage fault: This fault was imple-
mented by exchanging the ball bearing at the
pump’s free-end with another bearing which has
a small cavity on the inner ring.

Cavitation fault: This is unfavourable opera-
tional state because of pressure losses at the suc-
tion side at high flow rates. Valve 2 was used to
regulate flow on the suction side to a pressure
below the pump’s net positive suction head
(NPSH).

Selection of Features for Each Fault Category
A fault category is described by a set of features,
which were selected according to a chart'in Saw-
yer’s Turbo-machinery (Sawyer and Hallberg,

Table 1: Measuring points and their corresponding vibration types

Foguipment Measuring Points Type of Vibration Measurements
Pump Free-end axial (1) _
Free-end horizontal (2) Low Frequency Spectrum
Drive-end horizontal (4)
Free-end vertical (3) High Frequency Domain
Low Frequency Spectrum
Free-end vertical (5) High Frequency Spectrum
Pump Casing (6) High Frequency Domain
High Frequency Spectrum
Motor Drive-end horizontal (7)

Free-end horizontal (10)
Free-end axial (11)

Drive-end vertical (8)

Free-end vertical (9)

Low Frequency Spectrum

High Frequency Domain
Low Frequency Spectrum
High Frequency Spectrum
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1980). Features that were selected to describe
the faults under investigation are shown in Table
2, and are related to vibration symptoms and
distress manifestations. These features were se-
{ected because they offer high predictive power
in the diagnosis of centrifugal pump condition.

For seal ring wear fault, the set of features that
readily diagnosed this condition were decreased
pump head at the corresponding flow rate and
speed.

DESIGNING THE NEURAL NETWORK

A Multi-tayered Perception (MLP) neural net-
work was chosen. MLP uses back error propaga-
tion training algorithm. This classifier was se-
lected because it is a powerful tool for condition
monitoring: it is good at pattern recognition in
noisy data and generalisation; it has the ability to
correctly classify inputs not seen during the
training process; it has other desirable properties
such as speed and compactness (Roa, 1996).

Training Procedure

Two training modes, normal training and cross-
validation, were used. In normal training mode,
the number of hidden fayers was initialised to
the smallest number possible and for each trial,
number of hidden neurons weights were initial-
ised to small random numbers. The network was
trained until further improvement was negligi-
ble. If the training set error was not acceptable,
the number of hidden layer was increased by one
and the network trained again. If the training
error was acceptable, the network was validated,
using a validation set. If the validation error was
not acceptable, the weights were initialised to

Fig. 3: Classifier Configuration

another set of small random numbers and train-
ing carried out again.

In the cross-validation mode, two separate and
independent sets of training data were used. One
was used to train the network in the normal way.
and the other set was used at regular intervals to
investigate the generalisation ability of the net-
work.

Proposed Solution

In the MLP architecture chosen, each fault was
assigned to a dedicated network. This is there-
fore a binary decision, i.e. a choice between two
classes - a fault or no-fault condition, and there-
fore only one neuron was specified for each net-
work as shown in Figure 3. An arbitrary activa-
tion level of 0.5 was selected. This means that,
an activation of less than 0.5 is interpreted to
mean no-fault condition, and an activation level
of equal or greater than 0.5 implies the presence
of a fault.

A classifier of configuration 6:3:1, implies 6
nodes in the input layer, 3 nodes in the hidden
fayer and 1 node in the output layer. Each fault
classifier was trained using the appropriate set of
features for that fault. Except for speed and flow
rate, all the input data were given as decibels
above their respective reference of no-fault con-
dition value. These were scaled to an approxi-
mate range of 0 to 1.

Four training sets were built, each with different
25% of the data removed, which was used as the
validation set. For each fault, four networks
were built, trained and validated. The network
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Table 2: Selection of Features

Feature Predominant Frequencies

Direction and Location of Predominant Amplitude

Misalignment 1, Rotor frequency (speed)
2. Ix. 2x and higher multiples
3. High irequency spectra
4. Other data include flat shape orbit
and a phase angle of 180° between the
two bearings.
Bearing fault 1. Rotor frequency (speed)
2. Ix and 2x frequencies
3. High frequency spectra
4. High frequency domain
Cavitation 1, Rotor frequency (speed)

. Ix. 2x and higher muitiples

w N

. High frequency spectra

. High frequency domain

W e

. Sub-synchronous orders
Unbalance 1, Rotor frequency (speed)

2. 1x. 2x and higher multiples

3. High frequency specetra

Other data include:

1. High current consumption at high
rpm and flow

2. Low cfficiency

3. A phase difference of about 90°
between the 1x vibration in the
vertical and in the horizontal
directions; and 0° between the 1x
vibration at the pump’s free- and drive-
end bearings.

These frequency amplitudes are located at the vertical,
axial and horizontal directions on the pump and motor's
free- and drive-ends. These frequencies arce also tound
on the pump's casing.

These are located at the vertical, axial and horizontal
directions at the pump and motor free- and drive-cnds.
The pump's casing is also of interest.

The high frequency spectra and the HED. that are of
interest are located at the pump's casing. Others are at
the vertical, axial and horizontal directions on the
pump's free and drive-ends.

‘The tocations of interest are the vertical. axial and
horizontal dircctions on the pump and motor free- and
drive-ends bearings.

that worked equivalently on both the train- and
validation-data was selected.

RESULTS AND DISCUSSION

Bearing fault

The networks for the bearing fault were trained
using the cross-validation mode. Each of the
four nets performed equally well at their respec-
tive validation set. The configuration which

gives the best result is 22:5:1. The simulation
results are shown in Table 3.

Seal-ring fault

The networks for the seal-ring fault were trained
using the cross-validation mode. There were
some variations in performance of the various

154 journal of science and technology, volume 26 no. 3, December, 2006




Monitaring of rotating machinery Akangal and Wang

~ Table 3: Bearing fault simulation results

Netwaork No.ofEpochs Average Error  Validation Error Remarks

~ Bearl.ncs 330 0.045544 0.0%

. Bear2 ncs 110 0.030427 0.0% Any of the nets
Bear3.ncs 1830 6.035357 0.0% can be selected
Beard . ncs 1040 0.02991(4 0.0%

nets on their respective validation set. The configuration that gives the best result was 22:4:1. The
simulation results are shown in Table 4.

Table 4: Seal-ring fault simulation results

Network No. of Epochs Average Error  Validation Error Remarks
Srwearl.ncs 1050 0.182047 6.45%
Srwear2.ncs 610 0.153230 6.45% Net no. 4 was
Srwear3.ncs 420 0.303390 16.13% chosen
Srweard.ncs 1004 0.355809 3.13%

Cavitation fault
These were trained using the normal training procedure. There were some variations in the results

obtained. The configuration that gave the best result was 22:4:1. The simulation resuits are shown in
~ Table 5.

Table 5: Cavitation fault simulation results

Network No. of Epochs Average Error Validation Error Remarks
Cavitl.ncs 251 0.027196 13.00%

Cavit2.ncs 37 0.087640 9.70% Cavit3.ncs was
Cavit3.ncs 45 0.090112 6.45% sclected
Cavitd.ncs 49 0.090689 9.70%

Impeiler fauit

The nets were trained using the normal training procedure. There were significant variations in the
results obtained. The simulation results are shown in Table 6.

Table 6: Impeller fault simulation results

_ Network No. ot Epochs Average Error  Validation Error Remarks

- Impelll.ncs 13 0.099701 0.00%
Impeli2.nes 281 0.020357 3.60% Phe first net

- ) ) . showed the best
Impell3.ncs 290 0.035221 100.00% results
Impelld.ncs 18 0.092731 13.33%
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Misalignment fault

The first net was trained using the cross-validation method, whiles the remaining three were trained
using normal training method. Both results compare very favourably. The configuration obtained was

22:4:1. The results are shown in Table 7.

Table 7: Misalignment fanlt simulation results

Network No. of Epochs Average Errors Validation Error Remarks
Misalig .ncs 280 0.107763 0.00% The first nct which
was trained using
Misalig 2.ncs 960 0.255470 3.33% cross validation.
gave the best result
Misalig 3.ncs 9 0.093412

16.13%

Coupling fault

This was trained using the normal training method. The results obtained vary significantly. The con-
figuration that gave the best result is 27:5:1. The results are shown in Table 8.

Table 8: Coupling fault simulation results

Network No. of Epochs  Average Error _ Validation Error Remarks
Couplg!.ncs 293 0.023210 0.00% The first two
Couplg2.nc 291 0.023771 0.00% et

Plg=-nes ' e comparable and
Couplg3.ncs 912 0.009627 43.33% either could be
Couplgd.ncs 540 0.009782 14.81% chosen

Measuring the Health Index of the Network
As an example, the seal-ring wear network was
analysed. This can easily be extended to other
networks.

The ability of a network to generalise can be
determined from the distribution of its weight
vectors. The weights connecting the input to the
hidden layer were examined.

A weight histogram was built by calculating the
range over which the weights in the network
vary. This range was split into arbitrary number
of 10 sub-ranges. A histogram with weight size
along the bottom axis, with the vertical axis

showing the frequencies of the weights of each
size was developed as shown in Figure 4.

The results revealed low weight values that were
distributed around zero. These are some of the
attributes of a healthy network. The distribution
was also slightly skewed to the left, indicating
the presence of large weight values, and subse-
quently, the network may have slightly over-
fitted the data.

Network Output and Error Analysis

The error associated with a decision made by the
network was evaluated. A single error over the
32 output units, taken from the validation. set,
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e residual chiorine at the sources (Owabi and
Barekese), initial residual chlorine concentration
in the network, and the chlorine decay coeffi-
cients. .

The residual chlorine concentration of the
treated water from the treatment works was de-
termined by the ortho-tolidine method. The chlo-
rine residual of the water entering the network,
just after the treatment process at Owabi was
found to be 0.4 mg/l on the average, whilst that
of the Barikese headwork was 0.3mg/l. After
post chlorination in the reservoirs at the Suame
distribution centre the residual chlorine concen-
tration for the water leaving the ground water
reservoirs was 0.2mg/l. On the average the resid-
ual chiorine concentration within the network
was less than 0.1 mg/l.

For the simulation, the residual chlorine concen-
tration throughout the network except the
- sources at Barikese, Owabi and the ground reser-
- voirs were set at 0.1 mg/l at the start of the simu-
lation.

The decay rate in the bulk water was determined
by the bottle point analysis and was found to be
0.85 day™ (Figure 5). Pipe wall decay coefficient
“K, for the transmission mains and distribution
mains could not be measured during the field-
work because of the lack of equipment.

08 1
07
06
0.5
0.4
03
02
0.1

wroxiduul chiurine (mgfl)

Time (days}

Fig. 5: Chlorine Demand curve

.5

Tables 2 and 3 summarise the decay coefficients
from the work of other authors. Therefore, pipe
wall decay coefficient was initially estimated
based on previous work by others (Clark, 1994;
Clatk et al., 1994) after which the values were
adjusted until the field measurement and model
results converged.

Table 2: Summary of decay coefficients from the

Saltonstall study
Decay coefficient
Area (day 4)
“Off main™ locations 5.01
Reservoir 0.60
Reservoir line 4.7

Source: Clark, 1994

Table 3: Decay coefficient for chlorine demand
from the Fort Monmouth study

Type of Diameter Length Flow rate  Decay coef.
pipe (em) (m) (m’fs) (day™)
Unlined
cast iron 15.3 537 0.0015 7.78
Unlined
cast iron 30.6 1080 0.0090 5.76
PVC 30.6 5314 0.0060 4.89

Source: Clark, 1994

The values of “K,,” were adjusted till the pre-
dicted value of the residual chlorine was the
same as the measured. The-pipe wall decay coef-
ficients used in the network varied between 1.4
and 6 day”’ depending on size and age of the

pipe.

RESULTS AND DISCUSSION
The water quality model was used for the fol-
lowing:

« Extended simulation of residual chlorine
concentrations was performed for different
operating conditions in the system. Four
nodes were selected for studying the water
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guality variation in the network. Two nodes,
namely, Kejetia and Georgia were selected
from the low-level zone while Yenyawoso
and Prempeh were selected from the high
level zone. These were selected because of
the following reasons: the nodes cover both
pressure zones, easily accessible for sam-
pling and are designated sampling points for
Ghana Water Company Limited and as a
result past records on water quality are
available.

» Simulation of water age, which is the time
spent by a parcel of water in the network
was performed. The water age concept is
based on the principle that new water enter-
ing the network from the source nodes en-
ters with age of zero.

The water quality parameters used for the study,
residual chlorine concentration and water age,
were analysed for two different scenarios. Figure
6 depicts the variation of residual chlorine con-
centration with time for the existing situation
and the two options proposed. It is interesting to
note that at the four nodes considered in this
case, the two scenarios give reasonable results.

Residual Chlorine
As mentioned already, the existing situation of
residual chlorine concentration of 0.3mg/! at

Kejetia (Node 10)

o
~

©
w

o
»

i
" —@—eoxisting —4—optionA ~&— option B

Residuat Chiorine fmgil)

V2345678 91001112 131415161718 192021 22232428

Time (hours)

Barikese, 0.4mg/l at Owabi and 0.2mg/l at the
Suame distribution centre produced undesirable
residual chlorine concentration predominantly
less than 0.1 mg/l in the network: few show trace
or detectable residual chlorine whilst most were
nil. Generally the acceptable residual chlorine
levels in the distribution networks vary from
country to country. In the United States, it is
required that post chlorination should have a
minimum of 0.2 mg/! entering the network and
that a detectable residual must be maintained
throughout the system (Grayman er al, 2000).
The Ghana Standards Board requirement for
residual chlorine concentration should be in the
range of 0.2mg/l — 0.5 mg/l within the network
(GSB, 1998). Given the poor state of residual
chlorine levels in the network, two scenarios that
improve residual chiorination concentration in
the network were considered and are discussed.
The minimum residual chiorine concentration
within the network considered to be satisfactory
was 0.1mg/l for this study.

Scenario A was considered as the case where the
water entering the network (from both sources)
have residual chlorine concentration of 1.0mg/l
and post chlorination done to achieve a residual
chlorine concentration of 0.5 mg/l at the Suame
distribution centre. This scenario looks at in-
creasing the dosage of disinfectant because the

Georgia (Node 67)
0.25

o
N

0.15

©
A

0.05 ‘

—o— existing —— option A —&— option B
0!

Residual chlorine (mg/l)

13 65 7 9 11131517 19 21 23 25

Time (hours)

Fig. 6: Residual Chlorine variation at four selected nodes

166 journal of science and technology, volume 26 no. 3, December, 2006




Water distribution system modelling ...

Nyarko et. al.

existing situation is inadequate and utilises the
available or existing facilities to improve the
sitvation, The results depicted in Figure 6 show
that the residual chlorine concentrations gener-
ally vary within the range of 0.1-0.4 mg/l in the
network, which implies that this scenario could
be an acceptable option.

A second option considered, Scenario B, where
the water entering the network (from both
sources) will have residual chiorine of 0.6 mg/I
and chlorination is further boosted in the reser-
voirs at the distribution centre in Suame to
achieve residual chlorine concentration of 0.4
mg/] for water leaving the distribution centre to
the low pressure zone. In addition the chlorine
concentration at node 22 (Suame round about)
near the distribution centre at Suame is also
boosted to 0.4 mg/l to feed the high-pressure
zone.

This option calls for additional investment for a
booster chlorine station. In this case the results
are also acceptable with residual chlorine levels
primarily between 0.1-0.3 mg/l in the network.
Both scenarios give acceptable results. However,
option “B” reveals the following advantages:
« Optimising the quantity of chemicals used
for the disinfection '
o  The reduction of the primary chlorine dose
prevents consumers close to the source tak-
ing excessive amounts of chemicals (dis-
infectants)

« The introduction of the booster chlorinator
at node 22 (Suame roundabout) near the
distribution centre improves residual chlo-
rine levels in the high-pressure zone. This is
useful for the present situation and for fu-
ture extension of the network.

The residual chlorine map such as Fig. 7 depicts
residual chlorine levels throughout the network
in the form of contour map for the scenario B
condition at the minimum consumption hour at
02:00 hrs. This kind of model is useful for pro-
viding information to help in the planning to

ensure acceptable residual chlorine in the net-
work. As indicated on the contour map, the few
areas most susceptible to water quality deteriora-
tion is found in areas around Santasi and east of
the Airport (Yenyewaso) with residual chlorine
levels less than 0.1mg/l. These areas should be
sampled more frequently and water quality im-
provement measures such as flushing should be
done more frequently.

Water Age

Water age is the time spent by a parcel of water
in the network. New water entering the network
from the source nodes enters with age of zero.
Water age provides a simple, non-specific meas-
ure of the overall quality of delivered drinking
water. When the model is run under constant
hydraulic conditions, the age of water at any
node in the network can also be interpreted as
the time of travel to the node.

Fig. 8 shows the results for water age for the
same set of operation conditions as the residual
chlorine concentration presented in Figure 7 for
option B. The results show that the water age
ranges from 0 to 20 hours as depicted in Figure
8. The water in the southern part of the network
is generally older (age 10-15 hours) than the
other areas. This confirms that the southern part
of the network is within the low-pressure zone
and receives water from the ground reservoirs.
The areas with water age ranging from 5-10
hours are predominantly the high-level zones
and low-level zones closer to the ground reser-
voirs. Specifically, the areas such as stadium,
Ahinsan, Georgia and Mangodown were found
to have water ages above 16 hours. As such,
these areas with high water ages of more than 16
hours should be monitored and flushed more
frequently than the other areas. Areas like San-
tasi, Bantama, and Yenyewoso had water ages
within the range of 8 ~ 12 hours.

The four nodes selected had two in the high-
pressure zone and two in the low-pressure zone.
Simulation revealed that, using scenario B im-
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proved the residual chlorine concentration at
Prempeh and the corresponding water age also
within acceptable range. The situation at Kejetia
was also within acceptable range. At Georgia,
although the water age was above 16 hours, the
residual chlorine concentration was within ac-
ceptable range and hence water supply from this
node will not pose any hygienic threat to users.
The only node with unacceptable condition is
the Yenyanwaso node where although the water
age is between 8 and 12 hours the residual chlo-
rine concentration was below 0.1 mg/l. As such
areas around this node should be flushed more
frequently.

CONCLUSION

An EPANET-based mode! capable of predicting
residual chlorine concentrations and water age in
a distribution system has been developed. The
model was successfully used to creafe water
quality zones of the Kumasi distribution net-
work. Based on the zoning, effective monitoring
and flushing programs can be carried out to im-
prove management of water quality in the sys-
tem. The critical area identified by the model is
the area around Yenyawoso with residual chio-
rine less than 0.1 mg/l. This area should have a
higher water quality monitoring frequency. The
pipes located in these areas should be flushed
frequently, at least once in three months. The
model is good and may be a useful tool for
monitoring and evaluating water quality pro-
grams.
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