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Abstract: Partial blockages are commonly formed in water supply pipelines due to many
factors such as deposition, biofilm and corrosion in natural water supply process as well as valve
throttle in artificial construction and operation process, which may cause additional energy losses
and serious water supply accidents in the system. Recently a transient-based frequency domain
method (TBFDM) has been developed for extended partial blockage detection by the author and
it was found to be efficient, non-intrusive, and inexpensive to apply. While this method has been
validated and applied for numerical and laboratory experiments in previous studies for a variety
of blockage and hydraulic conditions, the application results revealed that the accuracy of the
TBFDM may be easily affected by uncertainties in experimental process. This paper investigates
the sensitivity of the developed TBFDM to different uncertainty factors that commonly exist in
water pipeline systems, with perspective to better understand and use this efficient and economic
method in practice. The methods of first-order second-moment analysis and Monte-Carlo
simulation are adopted in this paper for the investigation. The obtained results are discussed for
the validity range and limitations of current TBFDM for practical applications.

Author keywords: Water pipelines; Uncertainty; Sensitivity analysis; Transients; Extended

blockage detection; Transient-based frequency domain method (TBFDM)
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Introduction

Pipe faults such as leakage and blockage commonly exist in water supply pipelines due to many
natural and/or artificial factors such as pipe-wall corrosion, sediment decomposition, biofilm
build-up and device operations, which can cause various and serious problems in the water
conveyance process (Stephens 2008). Therefore, identification and detection of such pipe faults
become important and urgent to improve and enhance the water supply capacity as well as to
conserve water and energy resources in urban water piping systems. While there are many
different methods developed and applied for pipe faults detection, e.g., physical inspection,
acoustic method, steady-state hydraulic analysis and devices based method (Lee 2005), the
current severe situation of over 30% of water and associated energy losses in urban water supply
systems worldwide indicates the inadequacy of the use and development of these detection
methods (Colombo et al. 2009; Lee et al. 2015).

Recently, transient analysis has been used for pipe condition assessment for its efficient,
non-intrusive, and inexpensive applications (Lee et al. 2013). For this purpose, transient-based
methods have been developed for detecting leaks and blockages in pipeline systems of different
topologies (e.g., Brunone 1999; Ferrante and Brunone 2003; Wang et al. 2002, 2005; Covas et al.
2005; Mohapatra et al. 2006; Lee et al. 2006, 2008, 2013; Sattar et al. 2008; Stephens 2008;
Vitkovsky et al. 2000; Meniconi et al. 2011a, 2012a, 2013; Duan et al. 2011, 2012, 2013, 2014;
Duan and Lee 2015). Particularly for the pipe blockage detection, previous numerical and
experimental studies have shown that the extended blockage in the system could cause the
additional damping and the phase/frequency shift of transient responses (Brunone et al. 2008;
Duan et al. 2011, 2012, 2014). This characteristic of transient-blockage interaction was thereafter

used in the literature for developing the transient-based methods for the extended blockage
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detection in both time and frequency domains (Duan et al. 2012, 2013; Meniconi et al. 2013).

Compared to the time domain analysis, the frequency domain method for blockage
detection uses the similar information of transient reflection and damping, but it has additional
advantages of increased tolerance to random noises and unidentified factors such as turbulence
and flow stabilities during transient processes (Lee et al. 2006, 2013; Zhao et al. 2007; Meniconi
et al. 2012b, 2013). The principle of the transient-based frequency domain method (TBFDM) for
pipe blockage detection is to inject a customized and controlled pressure wave into the pipeline
and conduct the spectral analysis of the responses measured at certain accessible location(s)
along the pipeline, and then to determine inversely the potential fault information (size and
location) in the system (Duan et al. 2012; Lee et al. 2013).

The TBFDM has been successfully applied and validated for single and multiple
extended blockage detection in numerical and laboratory experimental test systems (Duan et al.
2013; Meniconi et al. 2013; Lee et al. 2015). But the application results from these studies
revealed that the developed TBFDM was much more accurate in the ideal numerical tests than
the realistic experimental cases, which was explained by possible experimental test uncertainties
and model inaccuracy in these studies. Consequently, it is necessary to systematically investigate
the influences of different uncertainty factors in the pipe system to the applicability and accuracy
of this developed method that was thought to be efficient and non-intrusive in the literature,
which is the scope of this study. Two different analysis methods — First-Order Second-Moment
(FOSM) and Monte-Carlo Simulation (MCS) — are adopted in this paper to study the sensitivity
of the TBFDM for the blockage detection by considering different uncertainty factors that
commonly exist in water pipeline systems. A simple numerical test system with single extended

blockage is used for this investigation. Results discussion and implications of the current
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TBFDM applications are conducted in the end of this paper.

Investigation Methods

The main methods and expressions used for the investigation are described briefly in this section.

Transient-Based Frequency Domain Method (TBFDM)

The TBFDM and solution procedures developed in Duan et al. (2012) are used in this study for
pipe blockage detection. A simple pipeline system with single extended blockage is considered
for the analysis in this paper. The pipeline system is bounded at the upstream boundary by a
constant head reservoir, and a valve at the downstream boundary. The analytical expression of
resonance condition for a pipeline system with a single extended blockage was derived in Duan

et al. (2012) and mathematically given by,

Yo+ Y )(Yb +Yq )COS[(AU + A+ 44 )a)rf ]
+(Y, _Yb)(_Yb — Yy )COS[(/QU — A=A )a)rf]
-, +Y, )(Yb Yy )COS[(iu + A — A )a)rf ]

u

- (Yu —Y )(_ Yo + Yy )COS[(% — A + A4 )a)rf ]

=0, (1)

. I . .
where, art =axi(n) is frequency for the n'™ resonant peak; 1=C,— is wave propagation operator;
a
| is pipe length; a is wave speed; C, = /1_iﬂ is friction influence coefficient; Y = —C, iA is
® g

fQ,
gDA’

transient impedance coefficient; A is pipe cross-sectional area; i is imaginary unit; R = is

friction damping factor; f is friction factor; Qs is initial steady state flowrate; D is pipe internal
diameter; g is gravitational acceleration; and subscripts “u, b, d” represent pipe section at

upstream of the blockage, the pipe section with the blockage and the pipe section at downstream
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of the blockage respectively. For single extended blockage cases, Yu = Yq = Yo in Eq. (1) with
subscript “0” representing the quantity of original intact (blockage-free) pipeline. The total
friction effect (steady and unsteady components) contained in the damping factor R is
determined by the formulations in Vitkovsky et al. (2003).

In the application of this blockage detection method, the resonant frequencies (axf) are
firstly obtained from measurement; and the blockage properties (e.g., Yp for size, Ay for length,
and Aq for location) can then be inversely determined by solving Eq. (1). The genetic algorithm
(GA) based optimization was proposed for solving the implicit Eq. (1) in Duan et al. (2012), and
the applicability and accuracy of this method has been validated through numerical and
experimental applications in Duan et al. (2013) and Meniconi et al. (2013). Thereafter, to
simplify the solution process and understand directly the blockage-wave interaction, a first-order
approximation of Eq. (1) is derived in Duan et al. (2013), as expressed by,

£

oy = —%sin [(Z’d — )a)rfo]Sin [ﬂ'ba)rfo]: (2)

where Sa; is the difference in the resonant frequencies between the intact (blockage-free) and
blocked pipeline systems for a particular harmonic, normalized by the theoretical resonant
frequency of the intact system (@, ); @y, = a)rfo(n) is n' resonant frequency of intact pipeline
system; and & =1—A /A, is constriction severity percentage of the blockage section. Eq. (2)

can be solved more easily and efficiently than the original form of Eq. (1) and was successfully

used in Duan et al. (2013) to provide initial estimations for the GA-based solution of Eq. (1).

Sensitivity Analysis Methods

Two different methods are adopted in this study for the sensitivity analysis, with the First-Order
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Second-Moment (FOSM) method used for analytical analysis of the approximate and efficient
Eq. (2) and the Monte-Carlo Simulation (MCS) method for quantitative (numerical) analysis of

the original and complete expression in Eq. (1).

First-Order Second-Moment (FOSM) analysis

As preliminary understanding and analysis, it is convenient to start the investigation from the
simplified Eq. (2), where an analytical analysis can be applied for this purpose. In this study, the
FOSM method, which is based on the first-order and linearization assumptions, is adopted for
this analytical analysis (Ang and Tang 1975; Tung et al. 2006; Duan et al. 2010a, 2010b). Firstly,
Eq. (2) describes the relationship between the system properties (e.g., system parameters,
operation conditions and measurement) and the extended blockage information to be detected

(size, length and location), which can be generally expressed as multi-variable functions:

Fp = Fg,zb,zd :Gp(é‘a):f 7Qs9 I—oa Doaaoa"'):Gp(Xla Xza Xsa"'xk)a 3)
where Fp is the information of extended blockage to be detected (size &, length Ay, and location
Ad); Gp() is function; subscript p is indicating each parameter of the blockage; Xi to Xk are
uncertainty factors considered in the system; k is the number of uncertainty factors. The
stochastic characteristics of each function in Eq. (3) can be approximated by the FOSM analysis

as (Ang and Tang 1975; Tung et al. 2006) (with subscript p neglected here for simplicity):

He zG(/uX]a/uxz’;uX}’”';uXk)ﬂ (4)

2 L Kk k )
OF = Ag + ZZ(]/i-CiCjO'iO'j , ®))

,ué j=1 i=1
in which 4 = mean value of variable X; or the function G(); ¢ = coefficient of variation (COV);

Ac = bias of the model formula; ¢j= 0G/0Xj is sensitivity coefficient evaluated at (uu1, 1o, 15,... 1K)



134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

based on Eq. (2) in this study; i = #id representing the standard deviation of variable Xi; yj =
correlation coefficient between Xj and Xj; I, ] = counting number. Since the main objective in this
study is to inspect the influence of the different input uncertainties on the system responses and

the TBFDM, the bias of the transient model is not considered in this FOSM analysis here.

Therefore, it is assumed that A; = 0and y; ~0 forV(i * j) in Eq. (5), the contribution of each

input uncertainty variable Xj to the total variability of the response function (i.e., dimensionless

resonant frequency shift) is given by (Tung et al. 2006),

2

Cy, O

ny (%)~ =21 | %100, (6)
: He O

in which 7 is representing the individual contribution coefficient of each factor (Xj) to the total

variability of the response, and other symbols refer to the definitions above.

Monte-Carlo Simulation (MCS)

While the simplified Eq. (2) and the FOSM is convenient and useful to obtain the uncertainty
and sensitivity analysis results, a more comprehensive method is necessary for analyzing the
original and complete form of Eq. (1) used for the TBFDM in order to understand the exact
influences of each uncertainty factor and also to quantify the accuracy of that simplified method.
In this study, the rigorous tool of the MCS is used to provide numerical estimations for the
uncertainty response and sensitivity analysis of the TBFDM for extended blockage detection.
The flowchart and general procedures of the MCS applied for this purpose is shown in Fig. 1.
Based on the pre-calibration results for the test cases of interest in this study, the maximum runs
of MCS for the analysis is set at 5000 in this paper to obtain enough results for statistical analysis

(Tung et al. 2006; Duan et al. 2010a, 2010b; Duan 2015). The uncertainty characteristics of
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different inputs and parameters considered for sensitivity analysis in this study are analyzed and

presented later in this paper.

Numerical Application System and Uncertainty Factors

As preliminary investigation of sensitivity analysis of the TBFDM, a simple pipeline system with
single extended blockage shown in Fig. 2 is used in this study for illustration, which was
commonly adopted in previous studies for the development and validation of the TBFDM (e.g.,
Duan et al. 2012, 2013; Meniconi et al. 2013). The pipeline (including all sections) is assumed to
be smooth with constant friction factor fo = 0.02 and its total length Lo = 1000 m in all the test
cases. The parameter settings for this numerical test system are also given in Fig. 2. The
transients in this system are generated by the discharge valve operation at downstream end (i.e.,
fast closure from initial open state); and the transient response (pressure head) is collected at the
same location for analysis if necessary.

In practical transient pipe flow systems, it has been evidenced that many factors including
pipe system parameters and operation conditions as well as the data measurement system are
usually subject to uncertainties (e.g., Wiggert 1999; Rougier and Goldstein 2001; Duan et al.
2010a, 2010b; Zhang et al. 2011; and Duan 2015). In this study, the following uncertainty factors
(Xj) with the assumed probabilistic distribution functions (PDFs) are considered for investigation,

(1) Total pipeline length (Lo): with lognormal distribution;

(2) Intact pipe diameter (Do =Dy = Dg): with uniform distribution;

(3) Pipe friction factor (fo): with uniform distribution;

(4) Initial flowrate (Qs): with uniform distribution;

(5) Intact pipe wave speed (a0 =au = ad): with lognormal distribution;
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(6) Measured peak frequency (axf): with uniform distribution.

For sensitivity analysis in this study, the mean values of these uncertainty factors are
adopted as the deterministic case (shown in Fig. 2), and their COVs (Jxj) are assumed to be 0.1
for a numerical and comparative study. The sensitivity results of the blockage detection (&, Ab,
and Aq) by the TBFDM can then be examined to each uncertainty factor by the two methods

described above in this study.

Application Results and Analysis
Under the conditions of the system information in Fig. 2 and different uncertainty factors (1) to
(6) given in the above section, the sensitivity analysis of extended blockage detection results by

TBFDM is conducted using two different analysis methods in this section.

FOSM Based Analysis
To apply the FOSM method in Eq. (3) through Eq. (6), Eq. (2) for blockage detection is firstly

rewritten in terms of different blockage information as follows:

oz S, (7)
& 2 Sml_(ﬂd _ﬂ“u )a)rfojsm[ﬂbwrmj,
e
sz _sm[ﬂba)rfo]_ Qe Sl'n|_(/1d —ﬂu)a)rfoJ’ N
St
F, =sin [(/Id -4 )a)rfo]:_i . v

2¢ sin[A,m,, |

The analytical results of the FOSM analysis can then be obtained by applying the implicit

derivative rules to each of above equations in terms of different uncertainty factors considered in
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this study. Under the system condition depicted in Fig. 2, the results of sensitivity coefficient (Cj)
and contribution coefficient (7;) for different uncertainty factors are calculated and listed in
Table 1. Meanwhile, the total coefficient of variation (COV) of the detection results under the

uncertainty conditions can be obtained as follows:
6,=0.4679; 6, =0.3658 ; 5, =0.2573. (10)

The result of Eq. (10) shows the blockage size is the most sensitive parameter of the
potential blockage for detection, followed by the blockage length and location. It is also worthy
of noting that the COVs of all these three detection results are over 25% under the conditions of
the assumed 10% variations of the six uncertainty factors based on the FOSM analysis. From this
perspective, the application result of TBFDM is very sensitive to these uncertainty factors
considered herein which are commonly encountered in practical situations (e.g., laboratory
experiments and field tests). Furthermore, the results of Table 1 demonstrate clearly that the
wave speed (ao) and the resonant frequency measurement (axf) are relatively more important than
other factors to affect the variability of the blockage detection results by the TBFDM. For
example, from Table 1, these two factors contributed over 99.9% of the variability of these
blockage detection results. Meanwhile, in the detection of blockage size and length, these two
factors are almost in similar importance (i.e., each provides about 50% contribution), while in
that of blockage location, the frequency data measurement (axf) with 88.8% contribution behaves
much more important than all others including the wave speed (@o). It is also shown in Table 1
that the factors of total pipeline length (Lo) and pipe diameter (Do) become more important for
the detection of blockage location than for that of blockage size and length, although their
contributions are still smaller enough compared to the former factors of wave speed (ao) and

resonant frequency measurement (axf). Finally, the results in Table 1 also reveal that the initial

10
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hydraulic conditions, e.g., friction factor (fo) and initial flowrate (Qs) here, have little impact to
the variability of the detection results by using the TBFDM, which is actually consistent with the
findings of previous studies (e.g., Duan et al. 2012, 2013; Meniconi et al. 2013). More

discussions on the results and implications of this FOSM analysis are presented later in this

paper.

MCS Based Analysis

Compared to FOSM, more complicated simulations are required to achieve MCS analysis based
on the flowchart given in Fig. 1. For simplicity, it is again assumed that the input uncertainty
factors are independent in order to examine and highlight the individual contribution of these
factors in this study. With the 5000 MCS runs conducted for the blockage detection by the
TBFDM, the statistical results of the variability of the blockage detection (i.e., COVs) can be

obtained as follows:
o0, =0.7341; 5/1b =0.3868 ; 5% =0.2566 . (11)

By the comparison of Eq. (10) and Eq. (11), it is clear to show that the variability range of the
blockage size detection (&) by the MCS analysis is much higher than that by the FOSM analysis;
while that of blockage length and location detection results (A and Aq ) are comparable for the
two methods. Specifically, the FOSM has underestimated the variability of blockage size
detection under the given uncertainty conditions, which indicates that the nonlinear relationships
of different parameters and variables in the TBFDM may have great influences and thus cannot
be neglected to the blockage size detection. Meanwhile, both the results of Eq. (10) and Eq. (11)
imply a higher sensitivity of the TBFDM for the detection of blockage size than other blockage

information (length and location), which was also widely observed in previous studies of

11
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experimental tests (e.g., Duan et al. 2013; Meniconi et al. 2013).

To quantify the influence and contribution of each uncertainty factor in the MCS results,
following expression is assumed and used in this study to represent the sensitivity of blockage
detection results:

5= LS5 (o f (12)

1 = iMi) oo

where subscript or superscript F = quantity for different blockage detection information (&, Ab,
Ad); superscript ej= exponential index of each factor; Sj = the equivalent sensitivity coefficient by
MCS analysis; and other symbols are same as previous definitions in this study. Based on the
statistical results of the MCS analysis, the equivalent sensitivity coefficient (Sj) and exponential
index (€j) can be obtained by a non-linear regression process (Tung et al. 2006) and the results
are shown in Table 2. It is necessary to note that the results of MCS in Table 2 are mainly based
on the assumed expression of Eq. (12), and therefore the equivalent sensitivity coefficient (Sj)
here may be different from the definition of sensitivity coefficient (cj) in Eq. (5) for the FOSM
analysis. Similarly, the individual contribution coefficient (7;) based on Eq. (6) is also calculated
from the MCS results and listed in Table 2 for the comparison with the FOSM analysis results.
Meanwhile, for clarity and convenience, the individual contribution percentages of different
uncertainty factors are plotted in Fig. 3.

The MCS based analysis results in Table 2 and Fig. 3 show a similar trend of the
uncertainty responses as in Table 1 from the FOSM analysis. For example, both results reveal
that the wave speed and resonant frequency measurement are the two dominant factors affecting
the detection results and the friction factor and initial flowrate are the less important ones among

these six factors, which confirm further the results reported in previous studies (e.g., Meniconi et

12
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al. 2011b). However, the influence extents of these uncertainty factors are different in the two
analysis results. For example, the results of MCS analysis indicate the initial pipe length may
have significant impacts on the detection of blockage length and location, which has been
underestimated by the FOSM results. Moreover, the results of the exponential index (gj) in Table
2 from the MCS analysis demonstrate that the complicated transient-based flow simulations and
blockage detection process cannot be well represented by the first-order second-moment
assumptions used in Egs. (4) and (5) in the FOSM method (i.e., €j # 1), which in fact results in
the main difference of the uncertainty and sensitivity analysis results in Tables 1 and 2. This
similar difference between these two methods of FOSM and MCS has also been observed and
analyzed in previous studies of pipe fluid transients (e.g., Duan et al. 2010a, 2010b).
Consequently, all these results imply that the two factors of wave speed and data measurement
and their non-linear behaviors in the blockage detection equations (1) and (2) are critical to the
applications of the TBFDM. More detailed analysis and discussion on the influences of different

uncertainty factors to the transient modelling and analysis are conducted later in this study.

Results Discussion and Practical Implications

To understand the influences of uncertainty factors to the variability of transient analysis results,
it is necessary to investigate the transient behaviors of the system under these uncertainty
conditions. For the test case in this study, the transient pressure head traces with uncertainties
(i.e., with standard deviations) at the downstream valve end in Fig. 2 are obtained by the two
different analysis methods and plotted in Fig. 4. In the figure, the vertical amplitude of transient
pressure head is normalized by the initial transient head at downstream valve (i.e., Joukowsky

head), and the axial time is normalized by the wave period of intact pipeline system (i.e., 42l/a).

13
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The results of Fig. 4 show clearly the relatively large variation range of the transient responses
with regard to the deterministic results in the studied time domain, where the maximum positive
and minimum negative transient pressure heads are much larger than the original deterministic
results and may be out of the design range of the pipe strength. This result could cause the failure
of system strength and function (e.g., Duan et al. 2010a, 2010b), and also the inaccuracy of
transient analysis and utilization such as extended blockage detection in this study.

Furthermore, the uncertainty propagation of the transient responses with time from the
two different analysis methods are shown in Fig. 5, in which the uncertainty (i.e., the standard
deviation of transient pressure head, on) is also normalized by the Joukowsky head for the
comparison. This result again indicates the amplified uncertainty and propagation with time in
the transient responses. However, compared to the FOSM result in Fig. 5, clear oscillations are
observed in the result of MCS analysis. Statistically, such oscillations and propagation of system
response uncertainties during the transient process could cause additional amplitude and phase
changes in the time domain and resonance frequency shifts in the frequency domain, which has
important implications to the use of transient-based method for pipe faults detection. Specifically,
the caused phase and amplitude changes may result in the inaccuracy of the blockage detection
results by the transient-based time domain method (e.g., Stephens 2008; Meniconi et al. 201 1a,
2013); and the induced resonant frequency shifts can affect the applicability and accuracy of the
TBFDM for blockage detection as presented in this study.

To further explain and confirm this uncertainty influence to the TBFDM in this study, the
frequency domain results of both the deterministic transient response in Fig. 4(b) and the MCS-
based uncertainty response in Fig. 5 are plotted in Fig. 6, with the vertical amplitude coordinate

(Ho") normalized by the maximum value of the frequency domain responses, and the axial

14
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frequency coordinate (@) normalized by the theoretical frequency of intact pipeline system (i.e.,
Ya/4l). The comparative results reveal obvious difference of the resonant frequencies (i.e., peak
locations in the figure) between these two responses, and consequently, the superposition of
these two results could cause additional resonant frequency shifts from the original deterministic
case, in addition to the frequency shifts by potential extended blockages. Based on this result, it
is therefore understandable for the previously obtained importance orders of different uncertainty
factors contributing to the variability of the blockage detection results as shown in Tables 1 and 2.
Specifically, the determination of the three factors in pipeline systems, the wave speed (ao),
resonant frequency measurement (axf), and pipe length (Lo), become especially important to the
use of TBFDM because of their high relevance and potential contribution to the system resonant
frequencies (e.g., axfo ~ a/4Lo).

The results and findings of this study can also be used for analyzing and explaining the
error observations in many experimental applications of transient-based pipe blockage detection
methods such as in Duan et al. (2013) and Meniconi et al. (2011a, 2013). Firstly, in these
experimental applications (laboratory and field), uncertainties commonly exist in the estimation
of acoustic wavespeed for each pipe section, which was usually based on the averaged values of
many measured transient amplitudes and/or phase periods at certain locations of pipe sections in
the studied system (Suo and Wylie 1990; Duan et al. 2010a; Ebacher et al. 2011). Furthermore,
in practice, the accuracy of data measurement system highly depends on the precision of the used
devices, which often becomes less accurate for the high frequency flows in systems of relatively
small scale pipes and/or complicated pipe connections. Consequently, in practical applications,
the pipe wavespeed and data measurement are the two dominant factors that affect significantly

the applicability and accuracy of the transient-based methods for pipe blockage detection in both

15
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time and frequency domains.

Conclusions and Recommendations

The transient-based frequency domain method (TBFDM) has been previously developed and
used for the pipe blockage detection in water pipelines, which was found to be an efficient, non-
intrusive and economic method in this field. But the applications of the TBFDM are usually
challenged from many practical factors such as the system uncertainties and data measurement
errors. This paper investigates systematically the sensitivity of this developed TBFDM to
different uncertainty factors that commonly exist in practical pipe systems. A simple pipeline
system with single extended blockage has been adopted in this study for the analysis. Six
uncertainty factors including the system parameters and hydraulic conditions as well as data
measurement are investigated in this study. Two analysis methods of the First-Order Second-
Moment (FOSM) and Monte-Carlo Simulation (MCS) are applied to study the different
expression forms of the developed TBFDM respectively.

Both results of FOSM and MCS demonstrate that a large variability range of the blockage
detection results by the TBFDM (e.g., oF > 25% in this study) can be resulted from the input
uncertainty factors (e.g., with &j = 10% for the test case). Moreover, it is shown from the
analysis results that the wave speed and the resonant frequency measurement are the two
dominant factors that can significantly affect the applicability and accuracy of the TBFDM. The
results of MCS also indicate that the uncertainty of total pipeline length can have potential
influences to the variability of the detection results for blockage length and location, which has
been underestimated in the FOSM results. Furthermore, the result analysis and discussion of this

study implies the applicability and accuracy of the TBFDM will highly depend on the
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determination of the three important factors (i.e., wave speed, pipe length, and resonant
frequency measurement) in practical applications.

Finally, it is necessary to point out that the sensitivity analysis results of this study are
mainly based on the assumed uncertainty characteristics (PDF and COV) of different inputs and

parameters, which may need further quantitative investigations in the future work.
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474

475

476 Table 1 Sensitivity coefficient (Cj) an individual contribution coefficient (7) of different factors

477 to the uncertainty of blockage detection results by the FOSM analysis
Response e Lo Do fo Qs 0 o
blockage Cj 3.49E-05 | 0.0640 | -0.0137 | -0.0027 | -0.0015 | 0.9246
size (&) 1 (%) 0.0428 0.0361 | 2.65E-08 | 2.65E-08 | 50.4742 | 49.4469
blockage Cj 3.75E-06 | -0.0098 | -0.0021 | -0.0004 | -0.0002 | 0.1412
length (Ab) | 7 (%) | 0.0214 | 0.0364 |2.67E-06 | 2.67E-06 | 50.0524 | 49.8898
blockage Cj -5.9E-05 | 0.1501 0.0171 0.0034 0.0004 | -0.7806
location (Ad) | 75 (%) 0.3088 0.4999 | 1.03E-05 | 1.03E-05 | 10.4145 | 88.7768

478

479

480  Table 2 Statistical results of MCS analysis for the uncertainty of blockage detection results

Fact
actor Lo Do fo Qs ao 0%
Response
Sj 2.34E-04 | 0.0081 0.0001 0.0001 -0.0034 1.7581
blockage
. €j 0.9946 1.1231 1.04521 1.0111 0.7365 1.4625
size (&)
7 (%) 0.4371 0.0001 | 3.19E-11 | 7.98E-10 | 59.0642 | 40.4986
Sj 2.18E-04 | -0.0125 | -0.0011 | -0.0003 | -0.0003 0.2864
blockage
€j 0.6399 0.7436 0.0026 0.0002 0.636 1.1625
length (Ab)
nj (%) | 19.7466 | 0.0163 | 2.02E-07 | 3.76E-07 | 24.0435 | 56.1936
Sj -9.3E-04 | 0.1501 0.0027 0.0001 0.0013 -1.3806
blockage
. €j 0.5714 0.7436 0.0543 0.0221 0.5683 1.6625
location (Aq)
nj (%) | 17.0243 | 0.1109 | 5.74E-08 | 1.97E-09 | 21.2897 | 61.5751

481

22



Figure 1

Inputs (Initial and
Boundary Conditions)

v

n=10; N=Max’ runs

B

>

A 4

Extended Blockage
Detection Results

No

v

n=n-+l

Yes

Analysis and Outputs

Click here to download Figure Figure1.pdf

Solver & Toolbox
(Duan et al. 2012)

Random Number
Generator

v

Transient Modeling i

and Data Analysis

v

GA-Based Optimal
Solution to Eq. (1)

Fig. 1 Flowchart of MCS for transient analysis

*



Figure 2

Click here to download Figure Figure2.pdf

H = 30 m 3
. = Measurement
e— Q‘ ........ O lm/i u H;=25m
Upstream D,=0.5m; D,=0.4m; D;=0.5m; =
Tank 1,= 600 m; Iy="70 m; ;=330 m; Down
a,= 800 m/s a,= 1000 m/s ay;= 800 m/s Tank
Blockage Valve

Fig. 2 Sketch and settings of numerical test system (Notations: H, and H; = available heads of
upstream and downstream tanks; Q; = initial steady flowrate with the arrow showing its direction)

*



Figure 3

Click here to download Figure Figure3.pdf =

3 (1) pipe length (Lo): (2) pipe diameter (Dy); (3) pipe friction factor (fp):
0% ((;}2 (4) initial flowrate (Q;): (5) wave speed (ao): (6) data measurement ( &)
(2)
0%

3)
0%

)
0%

)
%

(a) Blockage Size (b) Blockage Length (c) Blockage Location

Fig. 3 Individual contribution of different uncertainty factors to the uncertainty of blockage

detection results



Figure 4 Click here to download Figure Figure4.pdf =

Hy Uyt oy
2
1
*
= o0
]
1
2
(a)
-3 T T
0 1 2 3 4 5 6
I*
3
Hy 1yt oy
2
1
*
= 0
-
-1
2
(b)
3 r -
0 1 2 3 4 5 6
t *

Fig. 4 Transient responses with uncertainty at downstream valve end by: (a) FOSM; (b) MCS



Figure 5 Click here to download Figure Figure5.pdf =

1.2
—FOSM —MCS

09 -
£
ti‘ 06 -

W

0 T T T T T
0 2 4 6 g 10 12

Fig. 5 Propagation of uncertainty of transient responses with time at downstream valve end



Figure 6 Click here to download Figure Figure6.pdf *

1.0E+01 —
----- Deterministic Response
—— Uncertainty Response
1.0E+00 - |
; I 1
*a N I i i N H
e 1.OE-01 von I I I
') 1 1]
A AR AL ! '
] {1
\ ; ‘\_p"t PR H H i i Mo W i
R A VA S AT N O S N L S
o Y X | Y [ 1 "oy
1.0E-02 - NI ',"/‘ 'Il '.' \“’,' t‘\ 7 ‘.I ! '... IIIII !
T R VANAY
i N
y -
1.0E-03 T T | T T
0 02 04 0.6 0.8 1
m*

Fig. 6 Frequency domain results of the deterministic transient response and the uncertainty

response by MCS analysis in the test system



Figure Caption List

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Figure Caption List
Flowchart of MCS for transient analysis
Sketch and settings of numerical test system (Notations: Hy and Hg = available heads of
upstream and downstream tanks; Qs = initial steady flowrate with the arrow showing its
direction)
Individual contribution of different uncertainty factors to the uncertainty of blockage
detection results
Transient responses with uncertainty at downstream valve end by: (a) FOSM; (b) MCS
Propagation of uncertainty of transient responses with time at downstream valve end
Frequency domain results of the deterministic transient response and the uncertainty

response by MCS analysis in the test system





