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Abstract. A methodology to identify the partial blockages in a simple pipeline using genetic algorithms for
non-harmonic flows is presented in this paper. A sinusoidal flow generated by the periodic on-and-off operation
of a valve at the outlet is investigated in the time domain and it is observed that pressure variation at the valve is
influenced by the opening size of blockage and its location. In this technique, the unsteady (steady oscillatory)
pressure time series at only one location is required to identify two blockages. In the proposed methodology, the
solution of the governing hyperbolic PDEs of pipe flow is obtained using the method of characteristics. For any
piping system similar to the hypothetical pipe system used in the simulations, generalized best amplitude and
best frequency of the valve operation are determined, which give maximum deviation in pressure responses for a
specific blockage at different locations for a given constant-head reservoir. The generalized best amplitude and
best frequency of the valve operation are also obtained for two blockages. Accuracy of the proposed method-
ology in identifying blockages in a hypothetical simple pipe system with increased noise in the simulated
measurements is studied. A non-dimensional variable is proposed to determine whether the proposed
methodology is applicable to isolate partial blockages in a piping system. Finally, the proposed methodology is
experimentally validated on a laboratory piping system for a single blockage and two blockages.

Keywords.

1. Introduction

Partial blockages commonly occur in pipelines due to many
reasons such as silting, corrosion, tubercles, incorrect pipe
fittings, jamming of valves and partial opening of non-re-
turn valve. The problems associated with blockages are
excessive head loss, increase in energy consumption, severe
transients, delivering low-head and low discharge, and wear
and tear of pumps. It is almost impossible to avoid block-
ages and therefore it is very important to identify the
blockages to take corrective actions at the earliest.

In the past, a number of algorithms were developed to
identify blockages in a series pipeline using an unsteady
flow response of the system. A technique was developed to
determine opening size of a blockage and its location in the
pipeline by studying Eigen frequency shifts and impedance
at the resonance frequency [1]. Later, blockage detection
methods were developed based on mass balance; however,
these methods are not suitable to locate the blockages
[2, 3]. Numerical experiments were carried out to study
unsteady pressure responses of various types of blockages
in natural gas pipelines [4]. An analytical method based on
solution of pressures and discharges in the Fourier domain
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Blockage detection; MOC; GA; pipe flows; steady oscillatory flow; harmonic flows.

was developed; however, this method identifies multiple
possible blockage locations [5]. Recently, a portable pres-
sure wave maker was demonstrated to create pressure
waves in a pipeline that is under investigation for detection
of partial blockages and leaks based on singularities in
reflected pressure waves measured at a few locations [6].

Lately, frequency response methods have become pop-
ular to detect blockages and leaks in simple pipe systems.
The frequency response method analyses the response of a
pipeline by relating input, output phases and amplitudes at
each frequency. Amplification and attenuation of a trans-
mitted signal were found at resonant frequency and at
another frequency (anti-resonant frequency), respectively
[7]. The frequency response of a pipeline depends on its
input and output boundary conditions, wave speed, pipe
frictional resistance, blockages and leaks. Frequency
response of a pipeline can be obtained either by frequency
sweeping technique developed or using a single excitation
with a wide band input random binary frequency as pro-
posed [8, 9]. Although, the frequency response methods
[10, 11] are able to locate leaks and blockages, these
methods are very sensitive to singularities in the pipeline
system and may give rise to wrong results.

Analysis of pressure series in the time domain is a less
complicated method to detect blockages in a pipeline. It
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was found that the presence of a blockage damps the
pressure oscillation at the odd harmonics. On the contrary,
presence of a blockage increases the amplitude of pressure
oscillation at the even harmonics. The damping of pressure
at odd harmonics was utilized to detect blockages in a
single pipeline [12]. The relative pressure amplitude
decrease at the odd harmonics was used to detect the leaks
in simple pipelines [7, 11, 13, 14]. This method was further
explored using the change in amplitude of pressure oscil-
lation at odd harmonics to detect leaks in a branched
pipeline [15]. A relative change in the water hammer
pressure due to sudden closure of a terminal valve was used
to detect leaks in simple pipelines [16]. An inverse leak
detection method for water distribution networks was
developed [17] and this particular method was extended
using the Levenberg—Marquardt method [18]. However
inverse leak detection methods have serious limitations
such as requirement of huge search space and sensitivity to
the initial guess. Alternative to these inverse matrix meth-
ods is the use of genetic algorithms (GAs). The GA method
is found to search more widely in the solution domain and
is quite robust in reaching the global optimum. At present,
GA-based optimization methods are widely used in a
variety of hydraulic engineering applications such as
hydropower turbine blade shape optimization in order to
increase power output [19] and calibration of water distri-
bution networks [20], which are a few among its many
applications. Inverse transient method and GAs were
combined to calibrate the water distribution networks and,
in addition, to find leaks at finite-difference (FD) nodes
[20]. The proposed research is different from the methods
proposed by Vitkovsy et al [20] and Liggett and Chen [18].
The main difference is that the present method is used for
blockage detection, whereas the other methods developed
are for leak detection and friction factor calibration. Pre-
vious methods have been restricted to calculating just the
leak magnitudes at the given leak locations. In the proposed
method, blockages are determined along the pipeline and
not just at the junction nodes. In addition, the proposed
method is an exact solution method and no extra mea-
surements are needed. In this method, large matrices are not
inverted at every time instant as used in the previous
methods, but equations are solved explicitly to minimize
computational cost. The proposed method uses only one
pressure measurement to isolate up to two blockages.
Another important novelty is that the proposed method
employs steady oscillatory flow to minimize the damages in
pipe system. The proposed method can be easily extended
to the pipe networks.

In this paper, GAs are used with the method of charac-
teristics (MOC) in the time domain to identify blockage
location and to estimate blockage opening size. The chosen
pipeline system has a constant pressure at the inlet and an
oscillating valve at the outlet discharging water into the
atmosphere. Valve operation with a particular amplitude
and frequency is used to generate sinusoidal flow in the
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pipeline and the pressure response is obtained at the
downstream valve. GA guesses blockage location and
blockage opening size such that the computed pressure
profile matches with the measured pressure profile.

The organization of the paper is as follows. Methodology
of numerical simulations, including description of GAs, is
presented first. It is followed by results and discussion, in
which, the studies to detect a single blockage and two
blockages, including obtaining the best amplitude and best
frequency of steady oscillatory flow, are presented; later the
limitations of the proposed methodology are introduced.
The final part of the results and discussion demonstrates
successful validation of the proposed methodology on a
laboratory experimental set-up. Lastly, important conclu-
sions are presented at the end.

2. Methodology

2.1 Governing equations

Rapidly varying flow variables (water hammer) in the
conduit flows are functions of space (x) and time (#) coor-
dinates. The spatial and temporal variations in pressure and
velocity are calculated by solving the following continuity
and momentum equations [8]:

=0 (1)

10p oV ov

Ea_§+§+ Vo +gsin 0+2f—DV\V| —0 (2
where p is pressure, V is velocity in x-direction, g is
acceleration due to gravity, p is density, f is friction coef-
ficient, D is inside diameter of the pipe, 0 is angle of the
conduit with respect to the horizontal, ¢ is the sound wave
velocity, x is the co-ordinate along the pipeline and 7 is the
time.

Unsteady flow is modelled by either explicit or implicit
FD solution of the governing PDEs; however, the MOC
solution has been extensively used for this purpose [8] and
the same is utilized in the present study.

22 MoC

In the MOC, hyperbolic PDEs describing the transient flow
are transformed into ODEs. Derivatives in ODEs are
approximated numerically on the characteristic grid. For
the solution of 1-D single-phase transient flow situations,
especially if the speed of the sound wave is constant, the
MOC has proven to be very efficient and easily pro-
grammable. Solving the governing equations by the MOC
leads to the following ordinary differential equations. The
MOC is stable for all mesh sizes Ax as long as Ar < Ax/c is
satisfied.
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Equations (3) and (4) are valid only along lines given by
Eq. (5). The slope lines given by Eq. (5) are called the
MOC lines and unsteady disturbances propagate along
these lines. Using the first-order approximation of friction
losses in Egs. (3) and (4), and integrating them along the
characteristic lines, the following characteristic equations
are derived [8]:

Q" = Cp — CH,™ (6)
Q£,+At — Cn + CaH;JrAI (7)
and
gA
Ca - 7 . (8)

Equations (6) and (7) are simultaneously solved to cal-
culate Q and H at ¢ + At at interior points along the pipe-
line. The discretized interior points are referred to as FD
nodes in the rest of the paper.

At the boundaries, Egs. (6) and (7) are required to be
solved with additional equations to compute the unknown
variables at time 7 + At.

2.3 Equation for upstream reservoir

In this study, upstream boundary condition is specified as
a reservoir. During transient conditions in the pipe, small
oscillations in the water level are neglected. The head
and discharge at the upstream boundary are obtained
using the following equation, which includes an entrance
loss:

2
H1+At =H,— (1 k QP 9
1 (1K) 3m )
Q1+At — -1+ \/1 + 4k (Cn + CuHo) (10)
! 2k,
where k is the coefficient of entrance loss, k| = G40 and

2gA?
H, is the height of the reservoir water surface above the
datum.

2.4 Equation for valve at downstream end (MOC)

An unsteady flow through a downstream valve using the
MOC may be written as [8]
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where Q14" is discharge at time ¢ + At at the valve node,

Hfjﬁ’ is head at time r -+ At at the valve node; n is the

number of reaches in pipe upstream of the valve.

G = (TQZH)z/(CaH;ZH) (13)
=0+ S raglo)  (19)
C. %,R — f/2DA (15)

where 7 is relative valve opening = (C4A,)/(C4A,),, A, is
valve opening area, Oy is steady-state discharge at the
valve node, Hj,, is steady-state head at the valve node, g is
acceleration due to gravity, A is cross-sectional area of the
pipe upstream of the valve, D is diameter of the pipe
upstream of the valve, ¢ is pressure wave velocity, O/, is
discharge at time ¢ at node ‘n’ of upstream pipe of the valve
and H] is head at time ¢ at node ‘n’ of upstream pipe of the
valve.

2.5 Equation for simulating blockage

A partial blockage can be simulated as an in-line valve
(orifice) with a specific opening based on the blockage size
[21]. The relation between head loss across a blockage and
flow velocity in steady flow condition is given as

I

AH, = — 1
b ngM ( 6)
C.C,)°
Kzi( ) 3 (17)
el
nD?
Ap :Tb’ (18)
nD?
A, =—2 1
: (19)

where AH,, is head loss across blockage, u is velocity
through blockage, g is acceleration due to gravity, D, is the
diameter of the blockage opening, D, is diameter of the
pipe, A, is pipe area at the blockage location or constricted
pipe area, A, is area of the pipe, C. is coefficient of the
contraction and is assumed to be 0.62 in the simulations and
C, is the velocity coefficient, which is taken as 0.99.

In unsteady flows, a partial blockage is modelled as an
inline valve (orifice) located at the junction of two pipes (i’
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pipe and ‘i 4+ 1’ pipe). In this case, the valve head loss
equation must be solved simultaneously, where the end
conditions arise from each of the pipes, with the continuity
equation. In addition, the valve internal boundary must
allow positive and negative flows. By solving the afore-
mentioned equations, the flow rate through the blockage
can be obtained as follows [21]:

A =-G+yG-CGra) )

ot = -ya-a+a) e
2

Co = (201 ) /(CulhHy). (22)

Understanding Eqgs. (20) and (21) reveals that a negative
flow rate is possible only if C, + C, <0. Hence, Eqgs. (20)
and (21) are used for C,+C,>0 and C,+ C,<0,
respectively. After computing the discharge, Egs. (6) and
(7) are used to calculate the head on the either side of the
blockage.

3. GAs

The GA is a robust and proved optimization method to
compute exact solutions to complex engineering problems.
This method works with constrained and unconstrained
optimizations problems based on a natural selection similar
to natural genetics. It is found that the algorithm repeatedly
improves a population of individual candidates, after each
generation [22]. At each generation, GA randomly chooses
individuals from current lot and uses them as parents to
produce the offspring for subsequent generation. Survival
of better individual in successive iterations is achieved with
the genetic operators such as inheritance, mutation, selec-
tion and crossover based on evolutionary biology. GA
works with population of individuals at each iteration
whereas the classical optimization method works with a
single solution. GA chooses next population based on
random number generation whereas classical methods use
deterministic computation.

A computer program simulates GAs in which population
of individual solutions are evolved towards an optimal
solution. GA starts from an initial population of individual
candidates. Individual candidates are represented in double
vector or binary strings of Os and 1 s; however, other
encodings are also available. At each step (generation), the
fitness function of each individual candidate is evaluated
and the individual candidates with better fitness are selected
stochastically, and these individual candidates are recom-
bined using crossover and randomly mutated to form a new
population (children). The children are then used in the next
step of the algorithm and the same procedure is repeated in
successive generations. Finally, GA stops, provided, it
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either reaches the maximum iterations or achieves a tar-
geted fitness level for the iteration. Full details of the
functioning of GAs and the basis of selecting parameters
such as mutation and crossover values can be found in the
literature [23]. In this study, the following GA options are
chosen in the MATLAB optimization toolbox to perform
simulations to identify blockages [24].

Population type: ‘doubleVector’.

Size of the population: 20.

Crossover fraction: 0.8.

Migration interval (migration takes place every 20 gener-
ations): 20.

Fitness limit (GA stops if the best fitness value is less than
or equal to the value of fitness limit): 0.05.

The proposed inverse transient method using GA
involves the fitting of a numerically modelled pressure to a
measured pressure at the downstream end by minimizing
the mismatch between them. As described, the objective of
the GA is usually programmed to minimize the fitness
values of a string, which may be obtained by the following
equation:

i=N

fitness = Z(Hl* - H,-)2

i=1

(23)

where N is the total number of data points and i is time
level; H and H; are measured and simulated pressures,
respectively, at time level i.

4. Results and discussion

The main objective of the proposed research is to demon-
strate the capability of the GAs to identify up to two
blockages in a pipeline. Numerical simulations are carried to
identify a single blockage as well as two blockages in a
hypothetical pipeline. Finally, the proposed methodology is
also validated experimentally on a laboratory piping system.

4.1 Single blockage

4.1a Case study of a hypothetical example: Applicability
of the proposed method for detecting a single blockage with
a good accuracy is evaluated using simulations on a
hypothetical pipeline system [15] as shown in figure 1. This
example of a pipeline system consists of a single pipe
element and two nodes. The pipeline is supplied with water
from a constant-head reservoir at the inlet. The transient in
the pipe system is initiated by operating a valve at the
outlet. The valve is operated such that steady oscillatory
flow is developed in the pipe system. A forward transient
analysis is carried out for each case and the pressure history
obtained at the downstream end is used in inverse format to
identify the blockage location and its opening size.
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Figure 1. Single blockage in piping system.

For the simulations considered in the proposed research,
the pipe system has been chosen with the following
parameters: length L = 1600 m; diameter of the pipe
D, = 0.3 m; constant reservoir head H, = 50, 40 and
20 m; wave speed ¢ = 1200 m/s; Q, = 0.1 m>/s; friction
parameter f = 0.01; X is distance of the blockage from the
upstream reservoir and L is length of the pipe (figure 1).
The blockage opening size (Dp;) and the location of the
blockage (X/L) are varied in the simulations.

A blockage may be characterized by its non-dimensional
size Z = Dy/D,, and its location X/L. Thus, Z = 0.6
represents either a 60% opening at the blockage location or
a 40% blockage. In this paper, Z value is varied from 0.6 to
0.33. As described earlier, the size of the blockage opening
and the corresponding energy loss can be correlated using
Egs. (16)—(19) for the given flow conditions.

The transient flow in a piping system is affected by the
location of a partial blockage and its size. This is investi-
gated with respect to the steady oscillatory flow in the
pipeline. It is observed that the pressure profile at the valve
in a sinusoidal flow is distinctly different and follows a
specific pattern for a given size of blockage and its location.
The resulting pressure profiles due to the difference in both
the blockage sizes and the locations in a steady oscillatory
flow are presented in figures 2—4. Different blockage open-
ing sizes Dp; = 0.12 and 0.10 m are modelled at locations
300, 900 and 1500 m with an upstream constant reservoir
head of 50 m. The resulting pressure profiles at the down-
stream end are shown in figure 2a—c. It is observed that the
peak pressure decreases with the decrease of opening (Dy;) at
the blockage. Similarly, pressure profiles are obtained for
constant head reservoir = 20 m and are presented in fig-
ure 3a—c. The maximum and minimum pressures at the
valve after the development of steady oscillatory flow in the
pipeline for a single blockage opening of sizes Dy = 0.12
and 0.10 m at various locations for the constant reservoir
head H, = 50 m are shown in figure 2. For a blockage
opening size of 0.12 m, the peak pressure at the valve is
95.48 m and it occurs for a blockage location at 1500 m
from the reservoir, whereas the peak pressure is 93.41 m for
the same blockage (Dp; = 0.12 m) located at 300 m, which
shows that the peak pressure decreases as the blockage
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Figure 2. Pressure profile for different blockage sizes when
H, =50 m: (a) X = 300 m, (b) X = 900 m and (¢) X = 1500 m.

location moves nearer to the reservoir. However, it is
observed that the minimum pressure pattern is contrary to
that of the maximum pressure. For the blockage opening size
Dy = 0.12 m, the minimum pressure is 2.64 m and it occurs
at the blockage location of 1500 m from the reservoir
whereas the minimum pressure is 2.97 m for the same
blockage opening size but at another location nearer to the
reservoir, i.e., at the location X = 300 m. Therefore, it can
be concluded that as the blockage shifts nearer to the
reservoir, the minimum pressure increases. The afore-men-
tioned pattern of the maximum and minimum pressure is
consistent for the blockage opening sizes 0.12 and 0.10 m.
The effects of blockage size and its location on the peak
pressures are more than those on the minimum pressures.
Therefore, in the proposed methodology to identify the
blockage, the difference in the peak pressures for different
blockage locations is adopted as the main criterion. In
addition, the pattern of the pressure profile with respect to
the opening size of blockage and its location is the key to the
identification of the blockage size and its location.

The minimum pressure difference between the peak
pressures due to a single blockage with opening size Dy =
0.12and 0.10m for a constant reservoir head, either
H, = 20 or 50m, is more than 3.0 m, which is adequate to
estimate the blockage opening size. The peak pressures at
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Figure 3. Pressure profile for different blockage sizes when
H, =20 m: (a) X = 300 m, (b) X = 900 m and (¢) X = 1500 m.

the valve for a given reservoir head of 50.0 m, for various
blockage locations and with single-blockage opening sizes
of 0.10 and 0.12 m, are plotted in figure 4a and b, respec-
tively. It is observed that the minimum difference between
the peak pressures for a given blockage size at any two
blockage locations is more than 0.25 m, which is adequate
to identify the blockage location.

For the inverse problem, the measurements required for
blockage detection simulations are generated by the MOC.
The piping system has a constant-level reservoir at the inlet
and a valve at the outlet. The t value, as a function of valve
opening, varies with time and is specified by the following
equation. Steady oscillatory flow is started from the valve
half-opening of the valve and is oscillated between 10%
and 90% of the full opening of valve.

(f) =1, + acsinTﬁt (24)

P
where (7) is relative valve opening at time ¢; 7, is relative
valve opening at the beginning, i.e., it is 0.5; « is valve
amplitude, Tp is theoretical natural time period of pipe
system = 4L/a, [ is non-dimensional valve fre-
quency = w/w,, o is valve frequency = flw, and ¢ is time
in seconds. This is considered as a forward problem. The
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Figure 4. Peak pressures developed at the d/s end of the pipeline
due to (a) Dy; = 0.10 m and (b) Dp; = 0.12 m placed at different
locations (X) from the upstream reservoir, H, = 50 m.

forward problem generates the pressure measurement at the
downstream end of the pipe system. The proposed
methodology for the blockage identification is then used in
an inverse format. In the inverse problem, the simulated
downstream pressure and the constant upstream head,
except the blockage location and the blockage opening size,
are given as input. The blockage identification is solved
using optimization in the inverse problem.

The blockage size and the blockage location are decision
variables in this optimization problem. Blockage size and
blockage location are considered as continuous variables in
GA. Blockage location is rounded to the nearest FD node
because it is simulated only at FD nodes along the pipeline.
Blockage size is rounded off to second decimal place. The
initial population of vectors consisting of unknown block-
age location and blockage size in the GA process is pro-
duced randomly using continuous values between the given
lower and upper limits of the variables. Subsequent to a
guess in the blockage location and its size, at any FD node
by the GA, the pipe system is divided into two segments:
the first pipe segment is represented between the upstream
reservoir and the blockage, and the second pipe segment is
represented between the blockage and the valve. The MOC
is applied to the pipe system to simulate steady oscillatory
flow at the valve to obtain fitness function of the assumed
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blockage parameters. To apply MOC, the hypothetical
pipeline is divided into 32 reaches with reach length equal
to 50.0 m; thus, At computed as 0.0416 s from the CFL
criterion. The lower and upper limits for the blockage sizes
are considered as 0.1 m (blockage opening size is equal to
1/3 of pipe diameter) and 0.3 m, respectively. Similarly, the
lower and upper limits for the blockage locations are con-
sidered as 50.0 m (immediate downstream node of the
constant head reservoir) and 1550.0 m (distance of imme-
diate upstream node of the valve), respectively. Some
changes are required in this methodology to extend it for
the isolation of two blockages. Important changes in addi-
tion to the existing methodology are presented in the fol-
lowing paragraph.

To isolate two blockages, four continuous variables in
GA are used to represent two blockage locations and two
blockage sizes. In this algorithm two blockages are
assumed along the pipeline. Now the pipeline is divided
into three pipes: first pipe represents the segment
between constant head reservoir and the first blockage,
second pipe represents the pipe segment between the first
blockage and the second blockage and the third pipe
represents pipe segment between the second blockage
and the downstream valve. The entire piping system is
modelled using the MOC. Similar to the single blockage
isolation, computed and measured pressure histories are
compared at the valve to compute fitness function. In the
next iteration, GA chooses another set of blockage
locations and sizes. The procedure continues until GA
reaches its stopping criteria. The set of blockage
parameters (sizes and location of two blockages) corre-
sponding to the minimum objective function attained is
the final solution.

4.1b Determination of best amplitude and frequency: It is
observed that for a given constant reservoir head, dis-
charge and piping system, the effect of blockage location
on the transient pressure response at the valve is the
maximum during oscillatory flow for a specific valve
amplitude and frequency. In this paper, these specific
values of valve amplitude and frequency are termed as
the best amplitude and frequency. The best amplitude
and frequency of valve oscillation are obtained using GA
optimization. The problem formulation for obtaining the
best amplitude and best frequency is as follows. For the
given constant head reservoirs of 50.0, 40.0, 30.0 and
20.0 m, the blockage sizes of 0.15, 0.12 and 0.10 m are
simulated at blockage locations of 300.0, 600.0, 900.0,
1200.0 and 1500.0 m and the corresponding pressure
histories at the downstream end are obtained. These
pressures are referred to as P3gp, Peoo,Pooo, Pi200 and
Pisoo. The first pressure peak was discarded to avoid
numerical oscillations if any in the pressure signal. It is
also found that the steady oscillatory flow is developing
only after the first peak. The maximum and minimum
pressures in each pressure signal for various blockage
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locations are obtained. They are represented as Py,
P36, Peco> Peoor Pooo» Psoo» Pisoor Piaco and Pisto, Piso.
Optimum values of « and f in Eq. (15) are determined so
as to maximize the minimum difference among Py,
PEses Posos Plsgp and P, The minimum difference
should be more than 0.25 m because the measurement
noise is inherent in the field applications. The available
pressure transducers accuracy in the field is 0.05% of its
range. Suppose that the range of pressure transducer is
0-200 m; then the maximum noise in the measurement is
0.1 m, and therefore 0.25 m is selected, which is on the
safer side. The constraints of this optimization problem
are as follows: all the maximum pressures should be less
than or equal to 185.0 m and all the minimum pressures
should be more than or equal to 0.3 to prevent pipe
bursting and buckling. The constraints are as follows:

P <185.0 m and P"" >0.3m fori
= 300,600,900, 1200 and 1500 m.

The upper limit of the pressure is selected based on the
following facts: (i) pre-stressed concrete pipes are ideally
suited for water supply mains where operating pressures are
between 6 and 20 kg/cm? and (ii) C.I. and steel pipes are
used where higher pressures around 24 kg/cm? are possible.
The minimum pressure limit is selected as the diameter of
the pipeline to avoid negative pressures. Finally obtained
best amplitudes and frequencies for different reservoir
levels are given in following equation. These expressions
are non-dimensional and applicable to any simple piping
system similar to the hypothetical pipe system shown in
figure 1.

0.16H,
f=2m0= { foro <0.35 (25)

AH
0.35

In Eq. (25), H, is reservoir constant head; AH = steady-
state total head loss, which includes entrance loss, frictional
loss and head loss across the blockage for a downstream
valve in a fully open condition. Total head loss (AH) is
obtained by subtracting the head available at the valve from
the constant reservoir head. It is observed that for a single
blockage, the o value varies from 0.25 to 0.35.

4.1c Detection of single blockage: Many simulations are
carried out for the identification of blockage by varying the
opening sizes of blockage at various locations in the
hypothetical piping system for upstream reservoir heads
50.0, 40.0, 30.0 and 20.0 m. The simulated blockage
opening sizes are 0.18, 0.15 and 0.12 m and the blockage
locations considered are 300, 600, 900, 1200 and 1500 m. It
is observed that the proposed methodology is very accurate
without any error in identifying the blockage location and
size of the blockage. The average time taken by GA to
reach the optimum solution is 900 s. The MOC takes 0.76 s
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Table 1. Blockage detection numerical simulations with increasing noise in the measurements.

S1. Blockage size, Dp;  Blockage location,

Upstream reservoir head,

Noise in pressure Minimum fitness

no. (m) X(m) H, (m) measurement (%) function
6 0.12 900 40 0.2 537.54
7 0.12 900 40 0.4 2546.24
8 0.12 900 40 0.6 4429.15
9 0.12 900 40 0.8 8550.90
10 0.12 900 40 1.0 13105.77
11 0.12, 0.10 300, 600 50 1.0 13642.24
12 0.12, 0.10 300, 900 50 1.0 13859.69
13 0.10, 0.12 900, 1500 50 1.0 13625.40
14 0.12, 0.12 300, 600 40 1.0 13859.98
15 0.12, 0.12 300, 900 40 1.0 13757.84
16 0.12, 0.10 900, 1500 40 1.0 13776.10
to determine the fitness value after the GA guesses the
blockage location. GA takes around 1200 generations to —
reach the minimum objective function. N

A number of GA runs are used to investigate the effect of Ho Osclletng vave
length of the pressure record on the accuracy of blockage Blockege Blockage T
identification. These runs include 100, 200, 300, 400 and TV — ‘
500 s long pressure data. Since there is no noise in the s L ID"
measurements, the GA has produced identical results in all L “

< »

the above cases. The GA run time is found to be directly
proportional to the length of the pressure record used for the
blockage identification. It is ideal to use a short pressure
record. However, measurement noise is unavoidable in the
field applications; therefore, the requirement of the length
of pressure measurement varies proportionally with the
measurement noise. It was observed that the increase in the
length of measured pressure data decreases the average
error in predicting the friction factors and lumped leak
coefficients [20]. Simulations are carried out with an
increasing noise in the measurements to test the adequacy
of the 500 s pressure data. Noise in the measurements is
increased gradually from 0% to 1% of the full range of the
pressure transducer (0—185 m). From the results presented
in table 1, it is obvious that 500 s long pressure data can be
used up to 1% noise in the measurements without any
appreciable error. Performance of GAs with noise is as
robust as with no noise since the estimation of blockage
location and blockage size is not affected by the increasing
fitness function.

4.2 Two blockages: The pipeline system consisting of
two blockages is shown in figure 5. The pressure profiles
developed at the valve of the pipeline in a sinusoidal flow
affected by two equal blockages at different locations are
presented in figure 6a and b. Two blockages of equal
opening sizes Dy = 0.12 m are modelled at a combina-
tion of locations with a constant reservoir head 50 m and
the resulting pressure profiles at the downstream end are
shown in figure 6a. It is observed that when the locations
are nearer to the downstream end the peak pressure
increases, and when the locations are away from the

< X2 >

« L »>

Figure 5. Schematic of two blockages in piping system.

downstream end the peak pressure decreases. The pressure
response is similar also for two equal blockages,
Dy = 0.12 m modelled at a combination of two different
locations for given constant head reservoir = 40.0 m. The
pressure responses are shown in figure 6b. For the two
blockages with an equal opening size Dy; = 0.12 m, and a
constant reservoir head H, = 50 m, the developed steady
oscillatory peak pressure is 86.80 m, which occurs at the
blockage locations of 600 and 1500 m from the reservoir
as shown in figure 6a. The peak pressure is 84.85 m for
the blockages located at 300 and 600 m. It is observed
that the peak pressure decreases as the blockage location
shifts nearer to the reservoir. For the two equal blockage
opening sizes of 0.12 m, the minimum pressure is 6.24 m,
which occurs at the blockage locations of 600 and 1500 m
from the reservoir. For the two equal blockage opening
sizes of 0.12 m at the locations 300 and 600 m, the
minimum pressure is 6.78 m. It is observed that as the
blockages are moved nearer to the reservoir, the minimum
pressure increases. The afore-mentioned maximum and
minimum pressure pattern is consistent for the two
blockages with equal opening D;; = 0.12 m for a given
reservoir head of 40.0 m.

4.2a Determination of best amplitude and frequency for two
blockages: The methodology to obtain the best amplitude
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and frequency of a valve oscillation to detect the two
blockages using GA optimization is presented here. The
problem formulation for obtaining the best amplitude and
best frequency is as follows. For the given constant reser-
voir heads 50.0 and 40.0 m, the blockage opening sizes
0.15, 0.12 and 0.1 m are simulated at a combination of any
two blockage locations among 300.0, 600.0, 900.0, 1200.0
and 1500.0 m, and the corresponding pressure histories at
the downstream end are obtained. To limit the number of
combinations, two equal blockages are considered. The
combinations of blockage locations considered are (300,
600), (300, 900), (300, 1200), (300, 1500), (600, 900), (600,
1200), (600, 1500), (900, 1200), (900, 1500) and (1200,
1500 m). The pressure histories at these combination
blockage location are referred to as Psgoe00, P300,900
P300,1200, P300,1500, P600,900, P600,1200, P600,1500, P900,1200,
Pooo,1500 and Piag0,1500.- The maximum and minimum pres-
sures after the first peak in each pressure signal are
obtained. Optimum values of o and f in Eq. (24) are
obtained so as to maximize the minimum difference among
P3i6.6000 P300.0000 P300,12000 P300,15000 F600.900> F600,12000
Pt 15000 Pa00.12000 Po00.1500 and P3G 1s00- The minimum
difference should be more than 0.25 m. The constraints of
this optimization problem are as follows: all the maximum
pressures should be less than or equal to 185.0 m and all the
minimum pressures should be more than or equal to 0.3 m,
ie.

P < 185.0 m and P"" >0.3 m for i
= (300,600). . .and (1200, 1500) m.

It is observed that for a head H, = 50.0 m and two equal
blockages with opening Dy = 0.15 m the maximum dif-
ference between the peak pressures is only 0.15 m. Simi-
larly, for 40.0 m head and two equal blockages of
Dy = 0.15 m the difference between the peak pressures is
0.15 m. Therefore, these blockages are difficult to be
detected. For the head H, = 50.0 and 40.0 m, two block-
ages of size Dp; = 0.12 m give the difference between the
peak pressures to be more than 0.25 m. Finally obtained
best amplitudes and frequencies for different reservoir
levels are given in the following equation. These expres-
sions are non-dimensional and applicable to any simple
piping system similar to the hypothetical pipe system
shown in figure 5.

0.14H, "
p=2m0= AH ora
0.3

<0.3 (26)

In Eq. (26), H, is constant reservoir head; AH is steady-
state total head loss in piping system, which includes
entrance loss, frictional loss and head loss across the
blockages for downstream valve fully open condition. Total
head loss (AH) is obtained by subtracting the head
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Figure 6. Peak pressures developed at the d/s end of the pipeline
due to blockages placed at two locations: (a) Dy = 0.12 m,
H, = 50 m and (b) Dp; = 0.12 m, H, = 40.

available at the valve from the constant reservoir head. It is
observed that for two blockages, the « value varies from 0.2
to 0.3. It is noted that the required valve frequency of
steady oscillatory flow is constant and does not change with
the number of blockages in the pipe system.

4.2b Detection of two blockages: The GA optimization
problem is constrained by x, — x; > 0.5 m, where x; and x,
are blockage locations in the upstream constant head
reservoir. The reach length between the two FD nodes is
0.5 m. The lower and upper bounds for the blockage size
are Dy = 0.1 m and Dy = 0.3 m, respectively. In this
problem, the population size of GA is taken as 50. For a
better convergence the final population is set to an initial
population and the GA function is called four times to
avoid converging into a local minimum.

A number of simulations are carried out to identify two
blockages by varying the blockage opening sizes at various
locations for upstream reservoir heads 50.0 and 40.0 m.
The simulated blockage opening sizes are 0.15, 0.12 and
0.10 m and the blockage locations considered are a com-
bination of 300, 600, 900, 1200 and 1500 m. It is observed
that the proposed methodology is very accurate and there is
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no error in identifying the locations and the sizes of the two
blockages. The average time taken by GA for converging to
the optimum solution is around 2500 s. GA takes around
3000 generations to reach the minimum objective function.
Two blockages detection simulations are carried out with
up to 1% noise in the measurements. Results are presented
in table 1.

4.2 Identifiable size of blockages

In order to apply the proposed method and to identify either

a single blockage or two blockages, the non-dimensional

variable (AH”)(H#AH) should be sufficiently high. In the non-

o

dimensional term, AH,, is summation of head losses caused
by all partial blockages in the piping system, AH is the total
head losses including entrance loss, frictional loss and head
loss across the blockages in the piping system. Value of
(H, — AH) gives the head available at downstream valve in
a steady-state condition. The non-dimensional term
explains that for the identification of a blockage, the head
loss caused by the blockage should be dominant as com-
pared with the frictional head losses in the piping system.
Further study is required to determine the generalized
threshold value of the non-dimensional term, which
depends on the accuracy of pressure measurement as well
as the numerical modelling.

4.3 Limitations of the methodology

The proposed methodology cannot be applicable to the
harmonic flows in the pipelines. Nodes and antinodes
are formed along the pipeline during the harmonic
flows. Pipe flow oscillating in a certain harmonic fre-
quency decides the location of the nodes and antinodes
along the pipeline. In harmonic flows, the blockage
located at any node gives the same pressure response as
that of the blockage located at any other nodes; simi-
larly, blockage located at any antinode gives the same
pressure response as that of the blockage located at any
other antinodes. If the proposed methodology is applied
for the blockage detection in a harmonic flow, it gives a
false location of blockage at any node or antinode
depending on the actual blockage located at either the
node or antinode.

Analysis of the pressure time series in harmonic flows is
studied for blockage identification. The length of the
pipeline and the wave speed considered are 1000 m and
1000 m/s, respectively. The wave speed and the pipe
lengths are assumed such that the nodes and antinodes are
formed at even fractions of the pipeline. The blockages are
studied at distances of 100, 200, 250, 300, 400, 500, 600,
700, 750, 800 and 900 m from the upstream reservoir.
Theoretical time period of the piping system is 4 s. Pressure
responses are obtained at the downstream end of the piping
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system for the afore-mentioned blockage locations for the
second, fourth and eight harmonics. The following obser-
vations are noted.

a. For the eighth harmonic (T = 0.5s), there is no
difference in the pressure response due to the location
of the blockage at nodes 250, 500 and 750 m. The same
is true when the blockage is located at 125, 375, 625 and
875 m as well. It was also found that the pressure
responses due to blockage at 300 and 800 m are exactly
the same. This applies to the blockage at 200 and 700 m
also. The blockage located at 200 and 300 m gives the
same pressure peaks but the phase is different.

b. For the fourth harmonic (7 = 1.0 s), there is no

difference in the pressure response between the blockage
located at antinodes 250 and 750 m but the pressure
response due to the blockage at node 500 m is
completely different and with a higher peak.

c. For the second harmonic (7 = 2.0 s), there is no
difference in the pressure peaks between the blockage
located at 250 and 750 m but the phase of the
oscillations is different. However, the pressure response
due to blockage at antinode 500 m is completely
different and with a lower peak.

It is known from the afore-mentioned observations that
the proposed methodology may give wrong location for the
blockage detection in harmonic flows.

4.4 Laboratory validation

The laboratory set-up to validate the proposed methodology
for identification of partial blockages is explained in this
section. The laboratory experiments are carried out in the
water resources engineering laboratory of the University of
South Carolina, Columbia, USA. The experimental set-up
consists of a 160-m-long copper pipe with an external
diameter of 28 mm and with a wall thickness of 1.3 mm as
shown in figure 7. The pipeline is fixed to the wall and runs
at different elevations with vertical curves of radius 1.5 m.
The large vertical radius is chosen to avoid secondary
currents and bend losses.

An upstream supply reservoir with a constant water level
open to the atmosphere is used. Water flows from overhead
tank to the constant-head reservoir (shown in figure 7),
which in turn feeds the water to the experimental pipeline.
The inflow to the constant-head reservoir is regulated by a
float valve to maintain the constant water level. There are
negligibly small oscillations in the water level in the con-
stant-head reservoir and hence are not considered. The
water level in the reservoir is 7.15 m above the delivery end
of the pipeline. A ball valve located at the downstream end
of the pipeline is used to control the flow rate and to create
steady oscillatory flow. The valve is operated by a DC step
motor to avoid cumulative position error and to reduce
inertial effects during the starting and stopping of the valve,
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Figure 7. (a) Layout of experimental set-up and (b) schematic
with dimensions.

therefore giving a highly accurate valve operation. During a
steady oscillatory flow generation, predetermined valve
motion is programmed. Knowing the valve angle with
respect to time, the valve opening area is determined with
time.

Two pressure transducers are installed on the pipeline:
first transducer at mid-length and second transducer at the
valve. The pressure transmitters are of strain gauge type
with an operating range of 0-70 m of water head. The
accuracy of the pressure transmitter is 0.1% of the complete
range. The response time of pressure transmitter is 0.22 ms.
An advanced data acquisition system with two-way com-
munication (analogue to digital and digital to analogue) is
used to control the valve as well as to acquire the pressure
data from two transmitters. The data acquisition system has
two digital timers and triggers to accurately control the
valve operation. Pressure data from two transmitters are
used to calibrate the friction factor in the pipeline but
pressure data measured at the valve only are used in
blockage identification runs. Equivalent roughness height is
calibrated first using the Haaland and Darcy—Weisbach
equations by knowing head loss for various Reynolds
numbers. For the blockage detection runs, calibrated
equivalent roughness height and the initial steady-state
Reynolds number are used to compute the friction factor. It
is assumed that the friction factor is constant during the
steady oscillatory flow. Using sudden valve closure
experiments, the wave travel timings between the reservoir
and the valve are measured. The calculated wave speed is
found to be in the range of 1080-1220 m/s. The variation is
attributed to the experimental error.

4.5a Valve characteristics of the experimental set-up:
Since the valve motion is controlled by a stepper motor,
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which in turn is controlled by a precise control software, the
time history of the valve angle can be easily obtained
knowing that the motion is linear between two consecutive
motor steps and the pattern of stepping is predetermined for
the motor. The stepping angle for the valve is calibrated
using a protractor with a reading difference in angles up to
0.25°. The equation used for valve operation in the control
program is presented as follows:

0() = 0,sin (?: t)

where 0, is the maximum closing angle, T, is time period
(time taken for one complete cycle of the valve operation)
in seconds and 7 is time in seconds. Angle 0° corresponds to
the fully opened position and angle 82° corresponds to the
fully closed condition. Although valve angle range is 0—
90°, T becomes effectively zero only at the valve angle 82°.
In the blockage identification runs, valve angle (6(¢)) was
varied between 0° and 65°.

(27)

Prior to the transient or steady oscillatory experiments, a
steady-state calibration is carefully done to obtain the valve
head loss coefficient for different closing angles. Head loss
at the valve is measured using a transducer located at the
valve. The head loss coefficient is given by

2g
Rz

where V is the average steady velocity and 4, is the head loss
through the valve during an initial steady state. The valve
characteristics during a transient or a steady-oscillatory event
are modelled using a non-dimensional parameter known as
the effective valve opening 7, defined as [8] follows:

Ky =n, (28)

\=do (29)

where C, is coefficient of discharge of the valve and A is
valve opening; ‘o’ refers to initial steady state and ‘¢’ refers
to the time level 7. The energy loss coefficient can be
converted into an effective valve opening using the fol-
lowing relation:

(30)

In Eq. (30), K, is the loss coefficient for the steady-state
conditions corresponding to the fully open valve. A
regression equation (Eq. (31)) was developed between 0(r)
and 7 by determining the head loss values (K) for 0(r)
between 0° and 82°. Therefore, by knowing the valve angle
position with time, the t value can be determined:

7= -2.56e190"" + 1.19¢ 130° — 2.37e " 116® 4 2.67¢ %0’
—1.84¢776° + 8.00e %0 — 2.14e7*6* + 0.0036°

—0.0276% + 0.0740 + 1.00. (31)
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Table 2. Details of experimental blockage detection runs.

Time Error in
SL Blockage Blockage Upstream reservoir ~ Discharge, =~ Amplitude, period, 7, Error in magnitude
no. size, Dy (m) location, X (m) head, H, (m) 0 (m’/s) 0, (deg) (s) location (%) (%)
1 0.015 84.0 7.12 0.000496 60.0 82.83 0 0
2 0.015 84.0 7.12 0.000496 60.0 122.40 0 0
3 0.01 84.0 7.16 0.000405 60.0 62.86 0 10
4 0.01 84.0 7.16 0.000405 60.0 82.50 0 10
5 0.015, 0.01 84.0, 116.0 7.18 0.000396 60.0 8.65 0 10
6 0.015, 0.01 84.0, 116.0 7.18 0.000396 71.1 8.65 0 10
7 0.015, 0.01 84.0, 116.0 7.18 0.000396 71.1 10.85 0 10
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Figure 8. Experimental and simulated pressures for two block-
age values: (a) Dy = 15 mm for 0, = 60° and 7, = 122.40 s and
(b) Dp; = 10 mm for 0, = 60° and 7, = 82.5 s.

For field pipelines, area of the valve opening can be
easily determined from valve opening angle (6(z)). Later,
C,; value can be determined from the calibration curve
supplied by the manufacturer and therefore 7 value can be
determined using Eq. (29).

4.5b Laboratory experiments: Steady-state calibration
tests are conducted to determine the C, values for blockage
opening sizes 0.01 and 0.015 m. The C, values are found to
be 0.718 and 0.894, correspondingly. Based on the steady-
state measurements, the friction factor of the pipe is esti-
mated as 0.025 (for discharges of 0.000284, 0.000496 and
0.000405 m*/s). The wave speed considered in this study is

Pressure head (m)
()]

Time (s)

(]

Figure 9. Experimental and simulated pressures for two block-
ages of 15 and 10 mm for (a) 0, = 60°, T, = 8.645s, (b)
0, =71.1°, T, = 8.6485 s and (¢) 0, = 71.5°, T, = 10.8465 s.

1200 m/s. The valve characteristic 7, = 0.8 at the full
opening and the valve either progressively closes or opens
with each movement equivalent to step (Az,) = 0.04.

Four experiments are carried out for single blockages.
Two experiments are carried out for blockage opening size
Dy = 0.01 m and other two experiments are carried out for
blockage opening size Dy = 0.015 m. Details of these
experiments are presented in table 2. Figure 8a and b
compares the experimental pressure profile at the



Identification of partial blockages in pipelines

downstream end to the computed pressure simulated using
MOC. The proposed methodology precisely estimated
blockage locations, and the blockage opening sizes are
estimated as 0.015 and 0.011 m, respectively, for the actual
blockage opening sizes of 0.015 and 0.010 m.

Three experiments are carried out with two blockages in
the pipeline. In these experiments, blockage opening sizes
of 0.015 and 0.01 m are placed at 84.0 and 116.0 m,
respectively. The C, values are used as 0.718 and 0.894,
respectively, for the blockages 0.015 and 0.010 m. Details
of the experiments are presented in table 2. Figure 9a—c
compares the experimental pressure profile at the down-
stream end to the computed pressure profile. The proposed
methodology accurately estimates the blockage location,
whereas the blockage opening sizes are estimated as 0.016
and 0.011 m for the blockage opening sizes of 0.015 and
0.010 m, respectively.

5. Conclusions

The pressure response of a pipeline due to the steady
oscillatory valve is influenced by the size and location of a
blockage. In this paper, MOC is used in inverse setting with
GA. The identification of the partial blockage size and the
location by the proposed approach is very accurate with
almost no error; however, the accuracy of the proposed
method strongly depends on the accuracy of the mathe-
matical modelling of the field pipe system. Also, this
methodology works only for the non-harmonic flows.

It is observed that the deviation in pressure responses at
the downstream valve due to a given blockage opening at
different blockage locations is maximum for a specific
amplitude and frequency of the steady oscillatory valve
operation. For the piping system used in the simulations,
generalized expressions for best amplitude and best fre-
quencies are determined with respect to the constant
reservoir heads for the single blockage and two blockages.
To determine the applicability of the proposed method for
the isolation of partial blockages, a non-dimensional vari-
able is proposed, which should be greater than a threshold
value. The proposed methodology is validated for both the
single blockage and two blockages on a hypothetical simple
pipeline system. Simulations are carried out for the detec-
tion of single blockage and two blockages with and without
noise in the measurements. It is found that the proposed
methodology can be used for up to 1% noise in the mea-
surements without any error in estimating the partial
blockage locations and sizes.

This new technique needs pressure monitoring at only
one location in the piping system and has the advantage of
not requiring the information on the transients in the
pipeline prior to the formation of the blockage. The pro-
posed methodology is also validated using the experiments
on a laboratory pipeline for detection of single blockage
and two blockages. The experimental results demonstrate
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that the location of the partial blockage and blockage
opening size can be obtained with almost no error. Addi-
tional work is required for isolating more than two block-
ages in pipeline networks.
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