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Abstract: Urban water distribution systems (WDSs) are often skeletonized to enable
efficient system analysis and management. While different methods are available to
account for transient dynamics within the skeletonization processes, they often ignore
the potential impacts induced by nodal demand allocations. This paper proposes a
transient-based method to skeletonize pipes in series with internal demands, where the
optimal demand allocation strategy is determined by a minimization approach
associated with a probabilistic evaluation method. In addition, this paper makes the
first attempt to investigate the impacts of different nodal demand allocation strategies
on reproducing transient dynamics within the skeletonization process. The proposed
method is demonstrated for a hypothetic transmission system and a realistic WDS.
Results show that (i) the impact of demand allocations on transient dynamics is
positively correlated with demand values; and (ii) the proposed skeletonization
method overall outperforms the traditional methods in capturing the transient

dynamics of the original WDS, especially for nodes with relatively large demands.

Authors’ Keywords: water distribution systems (WDSs); skeletonization; transient;

pipes in series; nodal demand.
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Introduction

Water distribution system (WDS) models have been widely used by water utilities for
a range of purposes including system planning, operation and management (e.g.,
Walski 1984; Kapelan et al. 2007; Zheng et al. 2016; Zheng et al.2017; Zhang et al.
2018). To develop such WDS models, geographic information systems (GISs) have
been often employed to provide network topology and physical attributes of the
hydraulic components (e.g., pipes, junctions and valves) (Walski et al. 2004; Jung et
al. 2007). While being able to exhibit comprehensive information of the system, WDS
models taken from GIS are often very complex in structure and topology, with
pipes/nodes up to hundreds of thousands (Deuerlein 2008). This may result in
significant challenges/difficulties for system simulation, management and operation.
Consequently, WDS models abstracted from GISs or other data sources are often
skeletonized to reduce their scales/complexities, aimed to enable efficient system

modeling and analysis (Walski et al. 2003; Hellbach et al. 2011).

In the literature, many methods are available to skeletonize WDS models, including
branch trimming, node aggregations, merging of pipes and removals of non-essential
components (Walski et al. 2003; Jung et al. 2007). These skeletonization methods are
mainly developed based on steady-state hydraulic equivalence (mass and energy
conservations), i.e., the head losses through the skeletonized pipes/nodes should be
overall similar to those of the original system (Walski et al. 2003; Saldarriaga et al.
2008). These resultant WDS models can reproduce similar steady-state hydraulic
performance with the original systems, enabling wider up-take of skeletonized models

for practical applications (Perelman and Ostfeld 2011).
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While the methods mentioned above have made significant progress and contributions
in skeletonizing WDS models, they mostly consider the model skeletonization under
steady-state hydraulic conditions. This implies that the performance of the
skeletonized models in capturing transient dynamics of the original systems remains
unknown (Gad and Mohammed 2014) as these steady-stated based methods typically
ignore the interaction and attenuation of transient pressure waves within the
skeletonization process (Duan and Lee 2015; Meniconi et al. 2015). To address this
issue, attempts have been made to assess the performance of the skeletonized models
in reproducing the transient behaviour of the original system (Martin 2000). The
results showed that the skeletonized models based on steady-state hydraulic
conditions may introduce substantial errors for the transient response of WDSs (Jung
et al. 2007; Meniconi et al. 2018; AWWA 2019), especially when the nodes with
larger water demands or high elevations are skeletonized (Walski et al. 2004). This
may lead to large potential risk when using these skeletonized WDS models to
manage extreme events induced by transients (e.g., pipe bursts) or design
transient-defensed hydraulic infrastructures (Boulos et al. 2005; Ebacher et al. 2011;

Rathnayaka et al. 2016).

While large transient dynamic deviations between the skeletonized WDS models
produced by the steady-state based methods and the original systems are
acknowledged, there have been surprisingly few efforts made to develop
skeletonization methods with transient dynamics explicitly considered. A recent study
conducted by Huang et al. (2019) introduced a transient-based method for the
skeletonization of series pipes with no internal demands, aimed to deal with the
dummy nodes (i.e. nodes with no demands) of the WDSs that are often used to

represent joints between different pipe diameters/configurations and connections
4
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between different hydraulic elements. The results from Huang et al. (2019) showed
that their method significantly outperforms the traditional steady-state based method
in reproducing the transient behavior of the original systems. However, their proposed
method cannot be applied to pipes with internal demands. This limitation has
significantly hampered the wide up-take of their method (Huang et al., 2019) for
many practical applications as plenty of pipes are associated with demand nodes

(representing water consumptions by the users) in the WDS.

To our best knowledge, there is so far no method available that can be used to
skeletonize the pipes in series with internal demands (denoted as PSIDs for simplicity
in this study, i.e., pipes in series with intermediate demand nodes). In addition, there is
a lack of understanding for the impacts of different demand allocations within the
skeletonization process on mimicking the transient dynamics of the WDS models.
More specifically, it is unknown to what extent the different nodal demand allocation
strategies can affect the transient dynamics of the WDS models; how these impacts
are influenced by the amounts of nodal demands; and how important of the transient
impacts induced by nodal demand allocations relative to those caused by the

adjustments of pipe attributes within the skeletonization process.

To address the gaps outlined above, this paper aims to: (i) develop a generic
transient-based skeletonization approach that is able to handle PSIDs for the WDS
models; and (ii) provide investigation and analysis on the transient behaviors induced
by demand allocations within the skeletonization process of WDSs. It is anticipated
that this paper not only provides a transient-based method to optimally allocate nodal
demands within the pipe skeletonization process, but also builds knowledge regarding
the underlying properties of the resultant transient dynamics caused by demand

5
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allocations.

Methodology

A generic transient-based method is firstly developed to skeletonize the pipes in series
with internal demands (PSIDs). This is followed by intensive numerical experiments
designed to investigate the impacts of nodal demand allocations on transient dynamics
within the skeletonization process. Three traditional skeletonization approaches are
also used to compare with the proposed method in reproducing the transient dynamics
of the original systems. Two assessment metrics are defined to quantitatively evaluate

the performance of the skeletonized systems.

Generic transient-based skeletonization method for PSIDs

For transient-based skeletonization, two accuracy control criteria (i.e., the phase
criterion and the amplitude criterion) are often used to ensure the travelling time and
amplitude of pressure waves through the skeletonized systems as close as those in the
original WDS (Huang et al. 2019). These two criteria are also considered as principles
of the proposed method in this paper. Within the proposed method, a two-step
skeletonization procedure is combined with a probabilistic method to quantify nodal
demand effects on transient dynamics. In addition, two optimization objectives are
proposed to minimize the skeletonization errors induced by the internal demand
allocation and the merging of pipes in series respectively. More specifically, the
internal nodal demand of a PSID is allocated to two end nodes with an optimal
allocation coefficient with the aid of the proposed probabilistic approach in Step 1.
This is followed by merging these pipes in series into one simple pipeline with

optimal equivalent attributes (i.e., the length, wave speed, diameter and friction factor
6
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of the pipe) in Step 2.

Fig. 1(a) shows a typical system of pipes in series, which is used to illustrate the
proposed method. This simple system consists of four pipes (Pi1, P2, P3, P4), two end
nodes (N1, N2), and an internal node N3, where all these three nodes Ni, N> and N3
have demands (Qi, 2 and gz in Fig. 1a). For Step 1, the demand of N3 is optimally
allocated to the two end nodes Ni and N> with an allocation coefficient r (i.e.,
weighting factor) by minimizing the skeletonization error induced by the internal

demand allocation, so that the demands of N; and N increase to Q, +rq, and

a, +(1—r)q3 respectively (Fig. 1b). In Step 2, pipes P1 and P2 are merged into an

equivalent pipe P. (Fig. 1c), with maintaining the steady-state equivalence and
minimizing the skeletonization error induced by the merging of series pipes. Details
of the proposed two-step skeletonization method and the adopted probabilistic

evaluation approach are elaborated as follows.

Step 1: Nodal demand allocation for WDS skeletonization

Within Step 1 of the proposed method, demands of N3 are optimally allocated to N
and N>, in order to minimize the transient modeling errors introduced by
skeletonization following the amplitude criterion. That is, the pressure wave
transformations at two end nodes N; and N2 in the skeletonized system (Fig. 1b)
should be as close as those in the original system (Fig. 1a). Assuming a pressure wave
with amplitude Ah traveling from P3 through N in the original system (Fig. 1a), the
pressure change (or the amplitude of the transmitted wave) can be calculated based on
the wave transformation equation at the node boundary (Huang et al. 2017; Wood et al.

2005), as
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ARPM =Ah§3%N' _AthgaN, =(1—‘PP3HN‘ )Ah;’}eN, (1)

where AhZ~M =T"7MAh represents the transient pressure change due to the

transformation of the incident wave travelling from P3 through N; without considering

the nodal demand impact, which is defined herein as the pseudo pressure change;
TN =(2/B, )/ Z:\::l(l/ B, ) is the transmission coefficient for the incident wave

traveling from P3 through N; (Chaudhry 2014), in which M is the total number of
connected pipes at N;, B=a/ (gA) is the characteristic impedance of the pipe (Gong
et al. 2018) with a as the wave speed, A as the pipe cross-sectional area, and ¢ as the
. . . M
gravitational acceleration; Ah, =Ag / Zm:l (1/ Bm) represents the pressure change
resulting from the change of the nodal demand, which is defined as the nodal demand
disturbance; AQ denotes the change of the nodal demand due to the change of the
transient pressure head during the wave transformation at the node; ¥ =Ah, /Ah  is

the ratio of the nodal demand disturbance to the pseudo pressure change, which is

used to represent the nodal demand eftect.

The relation between nodal demand and transient pressure head is generally taken as

(Jung et al. 2007; Ebacher et al. 2011)

q:CqH“ )

where q is the nodal demand; H is the pressure head representing the total head minus
the nodal elevation; Cq is the equivalent orifice emitter coefficient of nodal demand
and o is an exponential index (a=0.5 is usually used). The coefficient Cq is

determined from the initial steady-state condition, i.e., C, =, /H¢ where go and Ho

8
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are the initial nodal demand and pressure head respectively. Substituting this

pressure-driven demand into Eq. (1), the nodal demand effect can be defined as

(H™ - AR — (RN Y

lI,P3—>N, — SN, —
Ahp3 1

€)

where S™ :CqN‘ / Z::I:l (1/B,) represents the integrated term associated with the

initial steady-state condition and the pipe attributes at N1, which are all static relative

to the dynamic transient status, thus it is defined as the static attribute; H"' is the
transient pressure head at N; before the transformation of the incident wave, thus is
defined as the previous pressure. Eq. (3) shows that the nodal demand effects on
transient dynamics (i.e., V) are time- and event-dependent during transient processes
as the two relevant parameters (i.e., the previous pressure H and the pseudo pressure

change Ah,) are highly dynamic in time evolutions and transient events, thus it

cannot be explicitly quantified prior to a specific transient analysis. To address this
issue, a probabilistic approach based on Monte-Carlo simulation (MCS) is proposed
to explicitly evaluate the effects of nodal demands on transient dynamics from the

probability perspective.

The proposed probability approach is achieved by utilizing the MCS method for the

nodal demand effect (¥ ) regarding the two dynamic parameters, i.e., the pseudo

pressure change Ah_ and the previous pressure H. A total of 100,000 MCS runs are

conducted for each of different static attributes (S) to obtain sufficient results for
statistical analysis (Duan et al. 2011). For demonstration, Fig. 2(a) plots the
probability density functions (PDFs) of nodal demand eftect (¥ ) for three different

static attributes (S = 20, 50 and 100 m®®). It is observed that the distribution of ¥ is
9
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concentrated in a relatively limited range, with overall larger values of ¥ associated

with greater values of static attribute. This suggests that the two dynamic parameters

(H and Ah,) have limited impacts on ¥, which agrees well with the findings

reported in Huang et al. (2017). Fig. 2(b) presents the maximum probability and
expectation of the PDFs across different static attributes (S). Monotonically increasing
functions between the statistical parameters and the static attribute of the node can be
observed from this figure. Results in Fig. 2 imply that the degree of the nodal demand
effect (W) can be approximately estimated using derived relationships between ¥

and nodal static attributes as shown in Fig. 2(b). Accordingly, a probability-based

parameter (‘FN') relevant to the static attribute (S™') at N is used to represent the

dynamic nodal demand effect (¥™~"") in Eq. (3).

With this probabilistic approach, taking again the case in Fig. 1 for example, the wave
transformations at the two end nodes N; and N> can be analyzed by following the
amplitude criterion. Assuming that a pressure wave with amplitude Ah travels from
Pipe P3 to Pipe P4, the wave transformations at two end nodes Ni and N> resulted
from the first impinging of the pressure wave on the two nodes can be estimated

respectively, as follows

(a) The wave transformation before the demand allocation (Fig. 1a),
ARPN (1= TN AR 4)

Py >N, P; >N, P, —>Nj P,—>N,
ARP =N~ ARP N ARR N AR

- ~ - ()
~ (1 _ ‘PON‘ Xl _ lP()N; Xl _ \PONZ )-I-OP3—>N1TOP1—>N3TOP2—>N2Ah
(b) The wave transformation after the demand allocation (Fig. 1b),
Ah;z‘)Nl ~ (1 _ lT]le )‘l’sz"NlAh (6)

10
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where the subscripts 0 and d indicate the transient status of the original system and the

skeletonized system after the demand allocation, respectively. As the characteristic

impedances of pipes after demand allocation are not changed (i.e., By =B,), the
transmission coefficients at all nodes are identical to those in the original system, i.e.,

T, =T, for each node. The approximate signs in these equations is due to (i) the

probabilistic evaluation of nodal demand effects and (ii) other factors influencing the
propagation of pressure waves, such as the effects of friction, viscoelasticity and
vibration of the pipeline, which are generally considered to be insignificant for pipes
with relatively small length that are mainly considered for skeletonization in practice

(Walski et al. 2003).

Similarly, for a pressure wave travels from P4 to P3 (i.e., the opposite direction), the
wave transformations at two end nodes N; and N2 can also be derived in similar forms.
Therefore, a weighted least squares optimization problem is formed to implement the
minimization approach for the amplitude criterion. That is, the differences of the wave
transformations at two end nodes between the original and skeletonized systems (i.e.,

Fig. 1a and b) from both traveling directions are simultaneously minimized to enable

global optima, which can be expressed as follows by eliminating Ah,
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(®)

where Eg is the sum of weighted squared residuals, and a smaller value of Eq (i.e.,
approaching to zero) indicates less differences of the wave transformations between
the original and skeletonized systems, thus it is considered as the indicator of the
skeletonization error introduced by the internal demand allocation in this paper. The
first term on the right-hand side represents the weighted sum of the differences of the

pressure changes at Ni between the original and skeletonized systems; the second

term represents such a difference at No. The weights W, =(L, /A )/(L,/A +L,/A)

and W, =1-W, representing the relative difference in the initial fluid inertia between

two series pipes are used to indicate the relative importance of the squared differences
at two end nodes (Huang et al. 2019). Therefore, the solution of Eq. (8) yields the

optimized r and the corresponding skeletonization error Eq for the demand allocation.
Step 2: Series pipes merging for WDS skeletonization

Using the above-mentioned demand allocation strategy, the internal demand of node
N3 has been moved to the end nodes (i.e., no internal demand for N; in Fig. 1b).
Consequently, the transient-based method proposed by Huang et al. (2019) for the
skeletonization of series pipes with no internal demand can be applied. That is, for
step 2 of merging pipes in series (Fig. 1c), the two accuracy control criteria (i.e.,

transient phase criterion and the amplitude criterion) and the traditional hydraulic
12
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equivalence theory are followed to enable the skeletonization. The following

equations are used for this purpose.

S=e2 ©)

Min: E, Wll(-r“pg_mI _TSPWN')Z ]

PNy Py >Ny PN, T PoN, Pe—>N1)z
+(T0 TO TO Ts Ts

(10)
(T PNy _T P4AN2)Z
W, °
Py >N, P,>N;1 P, >N, Py >N, P. >N,
(TN AT RN T RN RN ¥
LeQ;.SSZ B L1Q11.852 s LzQ;.852 (11)

1.852~4.87 ~ (185248 1.852~4.87
Ce De ’ Cl Dl ! CZ DZ

where L, a, D, C and Q are the length, wave speed, diameter, Hazen—Williams (H-W)
coefficient and flow rate of the pipe respectively; subscripts 1, 2 and e represent pipes
P1, P2 and Pe respectively; In Eq. (10), Es is the sum of weighted squared residuals
based on the defined weighted least squares approximation, thus it is considered as the
indicator of the skeletonization error introduced by the merging of two series pipes;
the subscript s indicates the transient status of the skeletonized system after the series
pipe merging; the first term on the right-hand side represents the weighted sum of the
differences of the pressure changes at Ni between the skeletonized systems after the
demand allocation and the series pipe merging; the second term represents such a

difference at N».

Typically, the total length of the original pipes in series is taken as the equivalent

length of the skeletonized pipeline (i.e., L, =L, +L,, Walski et al. 2003). Hence the

wave speed of the equivalent pipe (i.e., ae) can be solved from Eq. (9). The unknown

PN PN .
T,°7™ and T.*7", which are

variables in Eq. (10) are the transmission coefficients T,

13
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all related the characteristic impedance of the equivalent pipe (i.e., B, =a,/ (gAe)).

Therefore, the optimized Be can be obtained by solving Eq. (10), then the diameter of
the equivalent pipe (i.e., De) can be calculated from Be and the previously obtained ae
in Eq. (9). Following the continuity of fluid transportation, the flow rate through the

equivalent pipe can be calculated as Q, =Q, —rq, =Q, +(1-r)g,. As a result, the

H-W coefficient (i.e., Ce) can be obtained from Eq. (11).

Consequently, the two-step transient-based skeletonization of series pipes with
internal demands can be determined by solving Eq. (8) through Eq. (11) to obtain the
demand allocation coefficient (i.e., ) and the attributes of the equivalent pipe (i.e., Le,
ae, De and Ce). Particularly, the proposed method is also applicable to the case of pipes
with no internal demand by setting gz = 0 (i.e., Qe = Q1 = Q2). Moreover, the
steady-state equivalence has been simultaneously implemented during this proposed
skeletonization method through the uses of weighting factor r (for mass balance) in
Step 1 and the Ce in Eq. (11) (for energy conservation) in Step 2. From this
perspective, the proposed method is generic for the skeletonization of pipes in series

accounting for transient dynamics.
Implementation of the generic transient-based skeletonization method

Within the proposed two-step skeletonization method, both the demand allocation and
the series pipe merging would introduce skeletonization errors, which are represented
by the indicators Eq and Es in Eqgs. (8) and (10) respectively. For practical applications,
the indicator of the skeletonization errors by the proposed method can be specified to

an acceptable range, that is

14
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E =max(E,, E,)<Ey (12)

where E indicates the maximum error induced by skeletonization; E is the specific
maximum tolerable error specified by users. Referring to the definitions of Eq and Es
as the sum of weighted squared residuals in Egs. (8) and (10), a smaller value of Etol
approaching to zero would result a more accurate skeletonized system. In other words,
the accuracy of model skeletonization can be effectively controlled in advance based
on the specific requirements of WDS modeling and analysis (i.e., the skeletonization
level is determined by Etol). As a result, Eto is taken as the accuracy control metric for
the transient-based skeletonization. It is noted the actual skeletonization error can be
larger than the value of the Eto indicator due to complicated transient mechanism
including the superposition, diversion and dissipation of transient pressure waves at
nodes and through pipelines. However, this indicator can be a meaningful surrogate to
indirectly represent the underlying skeletonization errors that are very difficult to be
characterized so far. Application procedures of the proposed method are shown in Fig.

3.

Investigating different demand allocations on transient dynamics

To investigate the impacts of different demand allocations on transient dynamics
within the skeletonization of PSIDs, four skeletonization methods with different
demand allocation strategies are implemented to enable a performance comparison.
These are: (i) the proposed generic transient-based method (TBM) in this study; (ii)
the steady-state based method with the internal demands equally allocated (SBM-EA);
(ii1) the steady-state based method with the internal demand proportionally allocated

based on pipe lengths (SBM-PA); and (iv) the transient-based method with equal

15



329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

demand allocation (TBM-EA). Among these methods, the SBM-EA and SBM-PA
have been typically used in the steady-state approaches without the consideration of

transient dynamics (e.g., Cesario 1995; Walski et al. 2003).

For the SBM-EA, the internal demand is equally allocated and the diameter of the
skeletonized pipe (De) is set to be the larger diameter of the two series pipes. This is
followed by that the length of the skeletonized pipe (Le) is taken as the sum of series
pipes, with wave speed of the skeletonized pipe (ae) determined following Eq. (9).
Finally, the H-W coefficient of the equivalent pipe (Ce) is determined based on Eq.
(10). The implementation of the SBM-PA is similar to the SBM-EA, except that the
internal demand is proportionally allocated based on pipe lengths in the SBM-PA. For
the TBM-EA, the internal demand is equally allocated to both end nodes (r = 0.5), and

the other implementation procedures are identical to the proposed TBM.

Extensive numerical experiments regarding different internal demand values and
different demand allocation strategies for the skeletonization of PSIDs are designed to
explore the impacts of demand allocation strategies on transient dynamics.
Specifically, a large number of different demand scenarios increased from small
values (e.g., 2 L/s) to large values (e.g., 20 L/s) are considered. For each demand
scenario, different demand allocation strategies with r ranging from 0 to 1 are used to
investigate the transient impacts induced by different demand allocation strategies,
conditioned on the fixed pipe attributes. Additionally, for a fixed r, a range of different
values of pipe attributes are used to investigate transient impacts induced by the

adjustments of pipe attributes within the skeletonization process.
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Accuracy assessment metrics for the skeletonized systems

To assess the performance of the skeletonized systems produced by the different
skeletonization methods, two accuracy assessment metrics are proposed in this paper.
The first metric is the relative average difference in the transient pressure trajectories

with time evolution for a node (i.e., €rmean), defined as

2 -0

mean N . AH

x100% (13)

fluc

where Ho(t) and Hs(t) are the transient pressure at any given simulation time t

resulted from the original and skeletonized systems, respectively; t; and t; are the
instants that the transient status starts to change and terminates to the final
steady-state status, respectively, with N being the total number of instants between t;

and t. AH . =max(H,)-min(H,) represents the maximum pressure fluctuation

fluc

during the transient process in the original system, therefore is used as the reference

of the relative assessment metrics.

Additionally, it is generally more concerned about the performance of the
skeletonized system in reproducing the extreme conditions, as such conditions often
pose serious threats to the safety of WDSs. To address this concern, another metric to
assess the relative difference in the extreme pressures during the transient process for

a node (i.e., errext), is proposed as follows

AH
err,, = ——2-x100% (14)

fluc
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where  AH,, = max|Jmax (H, )—max(H, ), [min (H,)—min (H,}] is the absolute

difference in the extreme transient pressures, which is taken as the greater value of the
two following sources: (i) the difference of the maximum transient pressures between
the original and skeletonized systems; and (i) the difference of the minimum transient

pressures between the two models.

Case studies

Description of two case studies

Two cases of a transmission pipeline system and a realistic WDS are used to
demonstrate the feasibility of the proposed transient-based skeletonization method
and investigate the impacts of nodal demand allocations on transient dynamics within
the skeletonization process. Case 1 (Fig. 4a) is composed of two reservoirs, two
control valves, pipes in series and nodes with demands. The series pipes [2], [3] and
[4] are to be skeletonized with the internal demands at nodes 2 and 3 allocated to end
nodes. Two different subcases are considered for Case 1, with identical and different
characteristic impedances of the series pipes respectively (i.e., B, B3 and B for pipes
[2], [3] and [4] as shown in Table 1). Other information for Case 1 is also listed in
Table 1. Case 2 (Fig. 4b) is retrieved from a realistic benchmark WDS of the Modena
network (MOD) (Bragalli et al. 2012), which consists of 4 reservoirs, 317 pipes and
268 nodes. 182 pipes in series can be identified to be skeletonized in this model. In
Case 2, a typical wave speed of 1000 m/s for metal pipes is assigned for all pipes in

the model.

Regarding the transient simulations for two cases, the classical one-dimensional water
hammer model is adopted, with the method of characteristics (MOC) coupled with the
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discrete vapor cavity model (DVCM) as transient solvers. The details of transient
models and methods can be referred to many classic references (e.g., Chaudhry 2014;
Zhu et al. 2018). The computational time steps for transient simulations of the two
cases are set to be sufficiently small (i.e., 0.1 s for case 1 and 0.01 s for case 2). This
is followed by the use of wave speed adjustments for pipe discretization, in order to
satisfy the Courant condition with Cy = 1. In addition, the wave speed adjustments
used in this study are trivial (no wave speed adjustment is used for case 1 and the
average adjustment is less than 2.5% for case 2), and hence the resultant influence on

transient analysis can be negligible.

Numerical Applications

Four skeletonization methods (i.e., TBM-Max, SBM-EA, SBM-PA and TBM-EA) are
applied for both studied cases. It is noted that the proposed TBM using the maximum
probability (TBM-Max) and that using the expectation in Fig. 2(b) exhibit similar
performance, implying that the results are not significantly affected by the use of the
maximum probability or expectation. For both subcases in Case 1, 10 transient events
of different intensities (Table 2) are used to analyze the performances of the
skeletonized systems produced by the four different methods. Different demand
scenarios, with demands at nodes 2 and 3 identically ranging from 2 L/s to 10 L/s
with an interval of 2 L/s, are considered for analysis. In addition, statistical analysis of
the accuracy assessment metrics €lfmean and €rrex, including the rankings of metric
values from small to large and the distributions of cumulative probability function
(CDF), are performed for different skeletonized systems resulted from different

methods.

19



416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

For this simple case, extensive simulation experiments are designed to explore the
potential impacts of different demand allocation strategies on transient dynamics of
the skeletonized system. For both subcases, 10 different demand scenarios are
considered to investigate the impacts of different demand allocation strategies on
transient dynamics, with demands at nodes 2 and 3 identically increasing from 2 L/s
to 20 L/s with an interval of 2 L/s (Fig. 4a). Three experiments (i.e., E1, E2 and E3)
are designed for each demand scenario, with details given in Table 3. For each
experiment (E1, E2 and E3), all the transient events in Table 2 are applied to the

original and skeletonized systems. Three assessment metrics including €rfmean, €FText

and AH,, (see Egs. 13 and 14) are used to compute the skeletonization errors, and

boxplots of the maximum and mean values of the resultant assessment metrics for all

the simulations are used to enable the performance analysis.

For Case 2, different values of the tolerable error Ew (e.g., 0.001, 0.01 and 1.00
respectively) are adopted for the proposed method to produce skeletonized systems
with different skeletonization levels. To systematically compare the performances of
these skeletonized systems, a total of 61 different transient events are produced by
placing and operating the valve on each of 61 pipes that are not removed within the
entire skeletonization process (i.e., each transient event is mimicked by fully closing a
valve in 10 s with the initial velocity through the valve ranging from 0.01 m/s to 1.99
m/s among the 61 transient events). The statistical analysis of the accuracy assessment
metric values, including the rankings and the CDFs for errmean and €rrex, are also

performed in this case.
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Results and discussions

Results and analysis for Case 1

For the SBM-EA and TBM-EA applied to Case 1, ri=r, = 0.5 are consistently used.
For SBM-PA, ri1= 0.58, r, = 0.80 are used for Subcase 1 and r;= 0.38, ro = 0.53 are
used for Subcase 2, which are determined based on the pipe length. In the proposed
TBM-Max, these demand allocation coefficients are optimized by Eq. (8) for each
demand scenario, with results presented in Table 4. By inspection, the optimal
demand allocation coefficients of the proposed TBM-Max vary as a function of nodal
demand values, which are all quite different with the pre-determined values of the

traditional methods (e.g., ri1=r2=0.5).

Results of accuracy assessment metrics based on Eq. (13) and Eq. (14) are obtained
for the four methods, with the rankings (i.e., the ranking values from 1 to 4 indicate
the metric values from smallest to largest, which represents the accuracy decreasing in
transient results) and CFDs of the metric values given in Figs. 5 and 6 respectively.
Noting that the results of SBM-EA and TBM-EA are exactly identical for Subcase 1
since the pre-determined allocation coefficients (r) are the same for these two
methods (i.e., demands are equally assigned to the end nodes) as well as that the
diameters of series pipes (i.e., the characteristic impedances of series pipes) are
identical. Fig. 5 and Fig. 6 clearly show that the proposed TBM-Max exhibit the
overall best performances in reproducing the transient dynamics of the original full
system. This is followed by TBM-EA, and then SBM-EA and finally SBM-PA. More
specifically, as shown in Fig. 5(a) and Fig. 6(a), the probabilities of the first rankings
are higher than 95% and 75% for the proposed TBM-Max applied to two subcases of

Case 1 respectively, while these values are lower than 5% and 25% for the TBM-EA.
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The superior performance of the proposed TBM-Max relative to the three traditional
skeletonization approaches can be also demonstrated by the error CDF profiles in Fig.

5(c, d) and Fig. 6(c, d).

Regarding the two transient-based methods (TBM-Max and TBM-EA), the proposed
TBM-Max are observed to exhibit better performance based on the results in Figs. 5
and 6. This is because that the TBM-Max considers the minimization of both
skeletonization errors induced by the allocation of internal demands and the merging
of series pipes with different attributes, while the TBM-EA only considers the latter.
This shows that different demand allocation strategies can significantly affect the
transient performance of the skeletonized system. Therefore, it is important and

necessary to account for the demand allocations within the skeletonization process.

Figures 7 and 8 show the statistical results of the maximum and mean errors of the
assessment metric values obtained from the simulation experiments given in Table 3.
Fig. 7(a-c) and Fig. 8(a-c) give the results of the experiment E1, Fig. 7(d-f) and Fig.
8(d-f) present results of E2, and Fig. 7(g-1) and Fig. 8(g-1) show results of E3. The
difference between the minimum and maximum values for each box in the figures
represents the variation range of the assessment metric due to different demand

allocation strategies or different characteristic impedances of the equivalent pipe.

It can be observed from Fig. 7(a-f) and Fig. 8(a-f) that, as nodal demands increase, the
variation ranges of the erfmean, €rrext and AH,_, due to different demand allocation
strategies generally increase in both experiments E1 and E2 where diameters of series
pipes are identical or different. For instance, the variation range of the maximum

AH,, in Fig. 7(c) is only about 1.5 m for the nodal demand of 2 L/s, but it increases
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up to about 8.7 m for 12 L/s. This indicates that the extent of the transient impacts
induced by demand allocation strategies varies as a function of demand values, with
larger nodal demand values showing larger influence. Results also suggest that the
demand allocation during the skeletonization process can be significant in affecting
transient dynamics especially when the demand values are moderate-large (Huang et

al. 2017).

Fig. 7(d-1) and Fig. 8 (d-1) demonstrate the relative importance between the transient
impacts induced by different demand allocations and that caused by the variation of
pipe characteristic impedances for different demand scenarios. As shown in these
figures, when the nodal demands are relatively small (e.g., 2 L/s), the variation of

three assessment metric values (€fmean, €ffext and AH_, ) caused by different demand

ext
allocations are overall limited. However, if the internal demands are moderate or
reasonably large, the extent of the transient impacts induced by the demand
allocations can be comparable to or even greater than those caused by the variation of

pipe characteristic impedances. For example, for the demand scenario with 10 L/s, the

variation range of errexe and AH,_, induced by different demand allocation strategies

in Fig. 8(e, f) are 8.3% and 2.2 m, which are similar to those caused by pipe attributes
(Fig. 8(h, 1)). When the internal demands of nodes 2 and 3 increase to a large value
with 16 L/s, the variation ranges of the three assessment metric values in Fig. 8(d, e, f)
are greater than those in Fig. 8(g, h, 1). These findings indicate that both the strategies
of the internal demand allocation and the merging of series pipes with different
attributes should be thoroughly considered during the transient-based skeletonization

process of WDSs, especially when the demand values are moderate-large.
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Results and analysis for Case 2

For Case 2, three different values of the tolerable error Eio (i.€., 0.001, 0.01 and 1.00)
are tested to regulate the skeletonization process using the proposed TBM-Max, with
the resultant skeletonized systems shown in Fig. 9. To enable a fair comparison,
skeletonized systems are also produced using the other three methods (SBM-EA,
SBM-PA and TBM-EA). Fig. 9 shows that a larger value of Ei would produce a
skeletonized system with a higher skeletonization level (i.e., Level 1, Level 2 and
Level 3 corresponding to Ewr = 0.001, 0.01 and 1.00 respectively), where the
skeletonization level refers to the number proportion of nodes that has been removed
within the original model by the skeletonization process. Note that the series pipes
skeletonized within Level 1 are assigned with identical characteristic impedances, and
hence the skeletonization error is mainly induced by demand allocations. For Levels 2
and 3, both the demand allocation and series pipes merging strategies are involved in
the skeletonization process. Particularly, 182 out of the 317 pipes in this studied

system have been skeletonized within Level 3.

Fig. 10 shows the overall distribution of the demand allocation coefficients (i.e., 182
optimized r values) for the skeletonization using TBM-Max with Ew =1.0 (Level 3).
The resultant demand allocation coefficients exhibited a nonuniform distribution in
the entire variation domain (i.e., 0~1), which is significantly different from the
commonly-used equal demand allocation in traditional approaches (i.e., r = 0.5). This
finding, together with that obtained in Case 1 (Table 4), demonstrates again that
different demand allocation strategies can significantly affect the transent dynamics of
the WDSs within the skeletonization proces, and r = 0.5 is not necessary the optimal
allocation strategy.
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As indicated previously, 61 transient events have been planned and applied for Case 2
to enable an overall performance comparison between the skeletonized systems
resulted from different methods. The ranking and CDF results of the two proposed
assessment metrics for different skeletonization methods and different levels of the
skeletonized systems are presented in Figures 11 and 12, respectively. From these
results, it can be seen that TBM-Max consistently exhibits the best performance,
followed by TBM-EA, SBM-EA and SBM-PA. For example, as shown in Fig. 11(a, c,
e), the probabilities of the first rankings based on the errmean for the three
skeletonization levels are about 80%, 60% and 55% respectively for the proposed
TBM-Max. These values are consistently significantly higher than those for the
TBM-EA, SBM-EA and SBM-PA. Similar findings can be also observed in Fig. 12 as
the CDF profiles of TBM-Max are higher than those of the other three traditional
methods. Fig. 11 also shows that the probabilities of the first rankings for the
TBM-Max increase when the skeletonization level decrease (e.g., from Level 3 to
Level 1). This implies that the superiority of the TBM-Max become more prominent
when demand allocations are only involved within the skeletonization process, which

is often the case when the series pipes have identical attributes (e.g., diameters).

Investigation of transient pressure traces in different skeletonized systems

Transient results of pressure traces at nodes from the original systems and different
skeletonized systems produced by different methods are taken from the two studied
cases for further investigation, with results shown in Fig. 13. The proposed method
(TBM-Max) and one of the traditional methods (i.e., SBM-EA) are selected for
comparison. Figs. 13(a) and (b) present the results of transient pressure traces with
occurrences of vapor capacities to investigate the performances of the skeletonized
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systems in modeling extreme transient events that are generally concerned by
modelers and practitioners (e.g., cavitation phenomenon). More specifically, Fig. 13(a)
indicates the transient results at the downstream of valve 1 in the subcase 1 of case 1
(Fig. 4a) for the skeletonized systems resulted from the demand scenarios of 10 L/s.
Fig. 13(b) presents the transient results of Node 1 in case 2 (Fig. 4b) for the
skeletonized systems of Level 3. In addition, Figs. 13(c) and (d) show the transient
results at the same node selected in case 2 (i.e., Node 2 in Fig. 4b) from the
skeletonized systems of Levels 1 and 3 respectively, to demonstrate the different

transient responses in skeletonized systems with different skeletonization levels.

As shown in Fig. 13, it can be generally observed that the proposed TBM-Max
exhibits a better performance than the traditional SBM-EA in capturing the overall
transient dynamics of the original system. Specifically, 13(a) and (b) shows that the
TBM-Max significantly outperforms the SBM-EA in terms of both the transient
amplitudes and phases, especially in modeling the formation and collapse of cavities.
Nevertheless, it should be acknowledged that the proposed transient-based method
still cannot accurately capture the entire transient dynamics during the transient
evolution (e.g., the timing and amplitude of the cavity collapse), which should be
aware by practitioners. The comparison between Figs. 13(c) and (d) indicates that the
superiority of the TBM-Max becomes more prominent for a higher skeletonization
level where the allocations of moderate-large demands (e.g., 4~10 L/s as investigated
in case 1) and the merging of series pipes with different attributes are both involved.
However, for the case that the skeletonization only involves the allocations of
relatively small demands (e.g., Fig. 13c¢), the skeletonized systems from the proposed
and traditional methods can overall match the original system in transient dynamics.

Similar observations can be made for transient traces at other nodes as well as other
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transient events for both cases.

Summary and conclusions

This paper proposes a generic transient-based method with transient dynamics
explicitly considered to skeletonize pipes in series with internal demands and makes
the first attempt to investigate the impacts of nodal demand allocations on transient
dynamics within the skeletonization process. A two-step skeletonization procedure has
been proposed in this study — the internal nodal demand allocation and the series pipes
merging. Two optimization approaches are accordingly developed to minimize the
skeletonization errors induced by the two operations with coupling the accuracy
control criteria for both steady-state and transient responses in WDS (i.e., the phase
criterion and the amplitude criterion). A probabilistic approach based on Monte-Carlo
simulations (MCS) for evaluating the nodal demand effect on transient dynamics is
also incorporated within the procedure for the internal demand allocation. Two
accuracy assessment metrics are defined to quantitatively evaluate the performance of

the skeletonized systems.

The utility of the proposed method is demonstrated using two cases studies, where
one case is a transmission pipeline system and the other case is a realistic benchmark
WDS. Meanwhile, the transient impacts induced by nodal demand allocation
strategies are investigated for different demand scenarios (i.e., 2~20 L/s in the studied
cases). The application and investigation results generally indicate that the extent of
the impacts of nodal demand allocations on transient dynamics is positively correlated
with the nodal demands. In addition, the proposed transient-based method (TBM)

outperforms the traditional steady-state based methods (SBM-EA and SBM-PA) in
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capturing the transient dynamics of the original systems with different degrees under
different demand conditions. More specifically, when the nodal demands are
relatively small (e.g., below 2 L/s for the studied cases), the transient impacts of nodal
demand allocations are trivial and the proposed method only outperforms the
traditional methods marginally. This implies that the traditional methods are usually
sufficient in accurately capturing the transient dynamics of the original systems in
such cases. However, when the nodal demands are moderate-large (e.g., greater than 2
L/s), the transient impacts of nodal demand allocations can be relatively large (these
impacts can be comparable to or even greater than those caused by the merging of
series pipes with different attributes), and in such cases the advantage of the proposed
method becomes more significant than the traditional approaches. Therefore, the
proposed method is practically meaningful as it can identify skeletonized systems that
have better ability to represent the transient dynamics of the original WDS than the

traditional methods, especially for WDS nodes with relatively large demands.

To generalize the finding of the current study for practical implementations, a metric
that represents the ratio of the nodal demands relative to the pipe flows through this
node can be considered. In addition, the initial velocity of the pipe flows should be
also accounted for within the skeletonization process. This is because the impact
extent of nodal demand allocations on transient dynamics can be also affected by
other factors, such as the pipe flows through the demand nodes, the initial velocity
and the variation of the nodal demands during the operation of the system. Therefore,
an important future study should be undertaken to further explore these factors,
thereby offering an important and simple guideline for practical applications. It is also
noted that the users with large demands and nodes with relatively high elevations

should be carefully treated during the skeletonization process and in many cases such
28
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nodes are not eliminated from the system.

It is acknowledged that there exist a few limitations of the current study that need to
be addressed in future studies. The first and important limitation is that the relative
computational efficiency between the original and skeletonized systems has not been
examined as the focus of the current study is to improve the transient precision within
the skeletonization process. While the skeletonized systems can allow a larger time
step for simulation, the increased time step can induce many discretization errors in
addition to those caused by wave speed changes and boundary approximations.
Therefore, it is very important to comprehensively investigate this issue in future as
the computational benefit associated with the skeletonized systems is practically
meaningful. The second limitation of this paper is that the skeletonized system may
vary as a function of changing demand distributions of the WDS over different time
periods, leading to a challenge for the practical implementation of the proposed
skeletonization method. An ad-hoc way to address this problem is to identify the
skeletonized system of the original WDS using nodal demands at the high demand
period. This is because transient dynamics at the high demand period (pipe velocities
are overall high during the high demand period) are often larger than those during the
low demand period. The third limitation is that many transient events considered in
this study have limited impacts to the system. Therefore, to further generalize the
findings of this study, transient events that can have a global impact on the system
should be considered in future. Finally, it is noted that the proposed approach should
be considered as a stage within the WDS analysis (rather than an end point) as the
selection of the skeletonization techniques may depend on the purpose of the WDS

models.
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782 Table 1 Pipe information for Case 1

. H-W Wave Subcase 1 Subcase 2
Pipe coefficient speed Length Diameter Impedance  Length Diameter Impedance
(m/s)  (m) (mm)  (s/m’) (m) (mm)  (s/m’)
[1 115 1000 900 300 1442.1 900 300 1442.1
[2] 123 1000 700 250 2076.6 300 300 1442.1
[3] 113 1000 500 250 2076.6 500 250 2076.6
[4] 110 1000 300 250 2076.6 700 200 3244.7
[5] 117 1000 1000 200 3244.7 1000 200 3244.7
Note: the column “Impedance” indicates the characteristic impedances of pipes.
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Table 2 Planned transient events for Case 1

Transient event

Transient exciter

Event description

O 00 1 N L K~ W N —

—
(=]

Valve 1
Valve 1
Valve 2
Valve 2
Valve 2
Valve 2
Valve 1
Valve 1
Valve 2
Valve 2

Close 80% in 5 s and then close the other 20% in 15 s
Close 80% in 5 s and then close the other 20% in 30 s
Fully close in 15 s

Fully close in 30 s

Close 80% in 5 s and then close the other 20% in 15 s
Close 80% in 5 s and then close the other 20% in 30 s
Close 90% in 5 s and then fully openin 5 s

Close 90% in 30 s and then fully openin 5 s

Close 90% in 5 s and then fully openin 5 s

Close 90% in 30 s and then fully openin 5 s
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Table 3 Experiment design for Case 1

Eﬁl};irlment Details of the experiment design Objectives of the experiment
For each demand scenario in Subcase To investigate the transient impacts

E1l 1, Be = 2076.6 s/m? (determined by Eq.  induced by different demand allocation
9), r ranges from 0 to 1 with an interval strategies when the values of B for series
of 0.1 for nodes 2 and 3. pipes are identical.
For each demand scenario in Subcase To investigate the transient impacts

B2 2, Be = 2645.4 s/m? (determined by Eq.  induced by different demand allocation
9), r ranges from 0 to 1 with an interval strategies when the values of B for series
of 0.1 for nodes 2 and 3. pipes are different.
For each demand scenario in Subcase TO mnvestigate the.transwnt impacts

- induced by the adjustments of pipe

2,1 =0.5 for nodes 2 and 3, Be ranges attributes, as well as to explore the

E3 from 3244.7 to 1442.1 s/m?, : P

corresponding to De ranging from 200
to 300 mm with an internal of 10 mm.

relative importance of the transient
impacts induced by demand allocations
and pipe attributes.
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791 Table 4 Optimized demand allocation coefficients (1) of the proposed TBM-Max

792 for different demand scenarios of the two subcases of Case 1
Demands at Nodes Subcase 1 Subcase 2
2and 3
(L/s) I I I I
2 0.47 0.18 0.78 0.69
4 0.46 0.18 0.78 0.71
6 0.44 0.17 0.78 0.72
8 0.42 0.16 0.77 0.72
10 0.40 0.15 0.76 0.73

Note: r; and r» represent the two optimized demand allocation coefficients in sequence for the
skeletonization of series pipes [2], [3] and [4].
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Figure Caption List

Fig. 1 Illustrative example of series pipes with internal demands for the two-step
skeletonization: (a) the original system; (b) Step 1: the internal demand

allocation; and (c) Step 2: merging pipes in series

Fig. 2 Probabilistic evaluation of nodal demand effect: (a) probability density
functions (PDFs) for different static attributes (S = 20, 50 and 100 m"%); (b)
statistical parameter mapping of maximum probability and expectation for

nodal demand effect (V') with respect to the static attributes (S)

Fig. 3 Flowchart for the implementation procedure of transient-based

skeletonization method in WDS models

Fig. 4 Network layouts of two studied cases: (a) a simple transmission pipeline

system; (b) the realistic network in MOD

Fig. 5 Ranking and CDF results of different skeletonization methods for subcase

1 with (a, ¢) for errmean and (b, d) for errex:

Fig. 6 Ranking and CDF results of different skeletonization methods for subcase

2 with (a, ¢) for errmean and (b, d) for errex

Fig. 7 Boxplots of the maxium errors of the assessment metric values for
different demand scenarios. Results of (a-c), (d-f) and (g-i) refers to E1, E2 and

E3 in Table 3 respecitively. Red line is the median value.

Fig. 8 Boxplots of the mean errors of assessment metric values for different
demand scenarios. Results of (a-c), (d-f) and (g-i) refers to E1, E2 and E3 in

Table 3 respecitively. Red line is the median value.



Fig. 9 Layouts of the skeletonized systems produced by the proposed TBM-Max
for Case 2. (a) Ewl = 0.001, skeletonization level is 39.9% (Level 1); (b) Ewi=0.01,
skeletonization level is 62.3% (Level 2); and (¢) Ewl = 1.0, skeletonization level is

67.9% (Level 3)

Fig. 10 Histplot of the demand allocation coefficients for the skeletonized system

using TBM-Max with Ei= 1.0 (Level 3)

Fig. 11 Ranking results of the metrics €rrmean (a, ¢, €) and errex (b, d, f) for
different skeletonization methods. (a, b), (¢, d) and (e, f) are related to the

skeletonized systems of Levels 1, 2 and 3, respectively.

Fig. 12 CDF results of the metrics errmean (a, ¢, €) and errex (b, d, f) for different
skeletonization methods. (a, b), (¢, d) and (e, f) are related to the skeletonized

systems of Levels 1, 2 and 3, respectively.

Fig. 13 Results of transient pressure traces at different nodes (refer to Fig. 4) in

different cases





