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ABSTRACT

The integration of the governing equations of transients in the frequency domain has the appeal in that spatial
discretization is not required, but the linearization of the equations is needed for the steady-friction term in turbulent
flows. In this paper, to investigate the effects of such a linearization, a transient generated by a complete closure in a
simple reservoir-pipe-valve system is considered, to exclude other linearization effects in the boundary conditions. A
new approach is proposed to evaluate the linearized friction term, not only taking into account the flow dependency
of the friction factor, but also changing the operating point where the friction term is evaluated. By means of
this analysis significant improvements are gained in the frequency domain model performances for both elastic and
viscoelastic pipes, in terms of their equivalence to the time domain models, which are not affected by the linearization
error.

Keywords: Fluid transients, Frequency domain analysis, Time domain analysis, Viscoelasticity, Linear mod-
eling, Steady-Friction, Linearization error

1 Introduction

Modeling pressure transients within pipeline systems has assumed a considerable importance in
the last decades, since it allows the analysis of the pressure surge behavior in the system (Lee
et al., 2013a; Zecchin et al., 2009) and to detect anomalies, like leaks (Brunone, 1999; Ferrante
et al., 2009; Duan et al., 2010b; Gong et al., 2013, 2014; Zecchin et al., 2010), partial blockages
(Lee et al., 2008; Meniconi et al., 2012b, 2013), illegal branches (Meniconi et al., 2011), and pipe

wall deterioration (Stephens et al., 2013; Gong et al., 2015a).
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When a transient is simulated, the governing equations (Wylie and Streeter, 1993; Chaudhry,
2014) can be solved in the time domain (e.g. with the Method of Characteristics, MOC), or,
after being linearized, in the frequency domain. The main approaches used to model transients
in the frequency domain for simple systems are the impedance method (IM) (Wylie, 1965) and
the transfer matrix method (Chaudhry, 1970), while the impedance matrix method (Kim, 2007)
and the admittance matrix method (Zecchin et al., 2009, 2010) are used to model more complex
systems. Frequency-domain models can produce time-domain simulations by an inverse transform
process, such as the inverse-Fourier transform (Ferrante and Brunone, 2003; Chaudhry, 1970; Suo
and Wylie, 1989), or the inverse Laplace transform (Zecchin et al., 2012).

For a relatively simple system, the time domain modeling, by means of the MOC, is very accurate
and provides a robust solution within a reasonable computational time, taking into account non-
linearities such as friction. However, this model requires a fixed time-space grid that often implies
approximations in the simulation of a transient, and, when the system becomes more complex, it
takes a significant time for computation. The frequency domain models don’t need a time-space
grid so they can simulate precisely the arrival times of the reflected waves at a chosen measurement
section (Suo and Wylie, 1989; Covas et al., 2005a). The solution of the Fourier transform of the
linearized governing equations can be then evaluated in the time domain, so that these models
map the system behavior from frequency to time and continuously in space. Moreover frequency
domain models take less time for computation and are characterized by an easier code writing
with respect to the MOC, especially when an increasingly complex system is considered (Zecchin
et al., 2009, 2010). The efficiency of these models have been shown in a number of studies and
applications (Ferrante and Brunone, 2003; Lee et al., 2006; Kim, 2007; Zecchin et al., 2011, 2013).
Nevertheless, nonlinearities, like steady-friction, cannot be implemented in these models, as the
use of the Fourier transform necessitates that the underlying equations be linear (Lee et al., 2005).

For the frequency-domain solution of the water hammer equations the transient signal is generally
described as a perturbation about a mean state and then the Fourier transform is applied to
the perturbed governing equations. Therefore, as outlined in detail in Wylie and Streeter (1993),
the friction term is linearized about an operating point, that is the initial state of the system,
so that the linearized term takes into account just the initial value of the flow in determining
the linear resistance coefficient of the pipe. This, in case of a closure maneuver, can imply an

overestimation of the friction term and therefore of the head losses, so that the damping of the
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pressure signal in the frequency domain models is faster than the true solution to the nonlinear
equations. The linearization error of the frequency domain modeling with respect to the MOC
have been investigated by Lee (2013) from an energy point of view and a comparison of the energy
phase diagrams from the MOC and the frequency domain model has been provided for different
transient events. Lee and Vitkovsky (2010) have also quantified the linearization error occurring in
frequency domain modeling due to the linearized steady-friction term and also to the linearization
of the orifice equation, since the transients considered have been generated by a partial closure of
the maneuver valve. When the closure is partial, the frequency domain model is expected to have
a lower error with respect to the case of a complete closure, because the perturbation magnitude
is smaller, as a percentage of the initial flow, and the part neglected in the linearization of the
friction term is lower.

Viscoelasticity is an important effect that can be easily noticed when dealing with transients in
polymeric pipes, such as polyvinyl chloride (PVC) and high density polyethylene (HDPE) pipes.
When a viscoelastic pipe is considered, one of the most used ways to simulate the viscoelasticity
is a generic Kelvin-Voigt model (Pezzinga et al., 2014). It can be implemented in both time and
frequency domain models, without any linearization needed as the integro-differential operator that
describes the viscoelastic effect is linear. The effects of the viscoelasticity have been studied and
shown in both the domains by several authors (Gong et al., 2015b; Lee et al., 2013a; Duan et al.,
2012; Covas et al., 2004, 2005b; Meniconi et al., 2012a). The viscoelastic effect produces a large
attenuation of the transient signal, a significant smoothing, as well as a change in the oscillation
period. It has been also shown that the viscoelasticity has a dominant effect with respect to the
linearization error so that such error is less evident, giving place to a better reliability of the
frequency domain model with respect to the elastic case.

This paper investigates the effect of the linearization of the friction term when transients are
generated by a fast and complete closure of the downstream maneuver valve in a simple system
(reservoir-pipe-valve), in both elastic and viscoelastic pipe cases. The fast complete closure in-
creases the perturbation magnitude because it introduces the maximum disturbance that can be
operated with respect to the mean state, so it can be considered the limiting worst case scenario for
the frequency domain modeling: the higher such magnitude the higher the neglected term in the
linearization. A non-linear boundary condition at the downstream end valve was not considered,

as the focus of this work is to analyze the error due to the linearized friction term separately from
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other sources of error (e.g., a partial or a slow closure). The frequency domain model used in this
analysis is based on the definition of the impedance and in the following is denoted as Impedance
Methd model or IM (Ferrante and Brunone, 2003; Chaudhry, 1970; Suo and Wylie, 1989). In this
paper is also introduced a linearization for the steady-friction term that takes into account the flow
dependency of the friction factor, so that such linearization can be evaluated differently depending
on the flow regime and the pipe relative roughness. In this work the attention has been focused on
the smooth pipes. Furthermore, a correction factor is proposed to compensate the overestimation
of the head losses and so to improve the performances of the frequency domain modeling. A strat-
egy to find the best value for such correction factor is also presented, together with application
examples that confirm the improvement in the equivalence between time and frequency domains

model performance gained with this study.

2 Background

2.1  The Impedance Method

The 1-D water hammer continuity and momentum equations are (Wylie and Streeter, 1993;

Chaudhry, 2014):

OH a® 0Q B
B g*Aaf-l-kVE(H) =0 (1)
OH 1 0Q -

o tgag TQ=0 @

where H is the piezometric head, @ is the flow, x is the axial coordinate, t is the time, a is the wave
speed, A is the pipe cross sectional area, g is the acceleration of gravity, ky g is the viscoelasticity
term and J is the term that takes into account the distributed head losses.

Egs. (1) and (2) can be solved in time domain e.g. along a time-space grid with the MOC, or,
after being linearized, they can be solved in the frequency domain by means of different methods.
The approach outlined in Wylie and Streeter (1993) is presented here.

If the dependent variables in Eqgs. (1) and (2) are considered as the sum of two components, e.g.



March 11, 2022

105

106

107

108

109

110
111
112
113
114
115
116

117

118

1

=

9

Journal of Hydraulic Research

Linearization’error

H=H+h and Q = Q + ¢, so that the same equations hold for the mean values H and Q, the

equation in the perturbations A’ and ¢’ can be considered:

Taking the Fourier transform of Egs. (3) and (4) yields:

on'  a? 9¢

ot Tgdos Ve

oh’ 1 0¢ . B
%ngiAajLJ(q’Q)_o

. a? dq _
iwh + JA Dx + kv E(iw)h
oh  iw

Jdr gA

+ g+ J'(iw,Q)g =0

(6)

where h and ¢ are the Fourier transforms of the transient components h’ and ¢, and ky g(iw)

and J'(iw, Q) are the Fourier transform of the operators ky z(-) and J'(-, Q), respectively. The use

of the impedance Z(iw) = h(iw)/q(iw) allows analytic solutions of Egs. (5) and (6) as shown in

(Wylie, 1965) for a simple pipe system (R-P-V) or for more complex systems. The impedance , Z

characterizes the resistance of the pipe during transients and its variation across each element of

the system is described by upstream to downstream functions that relate transformed head and

flow at different nodes (Suo and Wylie, 1989). As a consequence, the information pertaining the

behavior of the system are contained all in one frequency dependent transfer function:

h(iw) = Z(iw)q(iw)

(7)

In time domain, the relationship between input and output signals is given by the convolutional

integral:
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+oo
B (t) = /0 J DIt —)di (8)

where [ is the impulse response function of the system (the inverse Fourier transform of the

impedance Z) and contains the information about its behavior.

2.2 Numerical system under consideration

To assess the effect of the linearization error that occurs in frequency domain modeling, in this
paper a reservoir-pipe-valve (R-P-V) system is considered and the IM results are compared to
the MOC results. For different flow regimes the MOC solution is considered as a “true” solution,
irrespective of MOC capabilities in representing the actual physical phenomenon, and this is the
reason the differences between IM and MOC are also referred to as errors.

To reduce other errors due to the numerical integration and to henance the comparison, the dis-
cretization step of the MOC, At, is directly related to the discretization step in the frequency
domain, Aw, with At = (NAw) 1. The used value of the the number of samples of the discretized
signal, N = 220 allows to neglect the discretization errors (Lee et al., 2013b).

To give a more general character to this analysis, the following dimensionless quantities are used:

H — Hy t
h = ——— ; "= — 9
. )
where H is the piezometric head at the measurement section (i.e. immediately upstream the valve),
Hj is the initial value of H and has been fixed at the same value for all the simulations, AH is the

Allievi-Joukowsky overpressure and 7' is the characteristic time of the pipe, respectively evaluated

as:

with L being the length of the pipe, and () is the initial value of the flow.
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The steady-friction term of Eq. (2) is evaluated as:

Q@
29D A2

J=1Q) (11)
where D is the pipe diameter and f is the Darcy-Weisbach friction factor and is evaluated with
different formulas. For laminar flows, J(@Q) is linear and hence the time and frequency domain
models coincide. For turbulent flows, f(Q) can depend on the relative roughness of the pipe and
the flow regime, i.e. the Reynolds number, Re. As highlighted in the introduction, the MOC is able
to update at each point of the time-space grid the values of the flow, ) and so of J. Since the IM is
not able to do this, it needs to linearize the friction term about an operating point, that is usually
the initial state.

When the perturbation ¢’ around the mean value @ >> ¢ is introduced, the term |Q + ¢'|(Q + ¢')

can be rewritten as (Q + ¢’)? and J can be expanded by means of a Taylor series:

M@y M Doy (12)

where the number of dots over the letter indicates the order of the derivative with respect to Q.
Within the conventional IM, the linearization of J is operated considering f constant and equal
to its initial value fo = f(Qo), so that the conventional linearized friction term for turbulent flows,

hereafter referred as Ry, is:

_ foQ
- gDA?

Ry (13)

In Fig. 1 the MOC result is shown for the R-P-V system in comparison with different IM ap-
proaches to show the IM performance affected by the linearization error. For the sake of clarity, in
Fig. 1 are shown simulations in the case of elastic pipes, i.e. the viscoelasticity term, ky g, in Eq.
(1) is zero. The approach analyzed in this section, i.e. the IM using R;, produces an unsatisfactory

performance, since the differences with respect to the MOC solution are high. In the left side it
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can be observed that the linearization error causes differences between the two models that evolve
with time, producing a different damping than the MOC. Within a short period analysis the error
of the IM is small, but when an increasingly duration is considered, the differences with respect to
the MOC increase. The remainder of this paper will investigate the linearization error, and present

strategies to determine the optimal linear model to minimize this error.

3 Proposed linear approximation

In this section two approaches for determining linear resistance functions are introduced, aiming
to improve the equivalence of the linearized model to the MOC. Firstly, a different linearization
for the steady-friction term is proposed, considering the flow dependency of the friction factor.
Secondly a correction factor is introduced to change the operating point where the friction term is
linearized, in order to gain a better performance. Within this section, the proposed improvement
strategies are outlined. Within the following section, these strategies are explored with a detailed

computational strategy.

3.1 Linearization of the steady-friction term including the friction factor derivative

In order to introduce a more accurate linearized steady-friction term, from an analytical and a
physical point of view, in this paper the linearization is derived considering that the friction factor,
f, depends on () and is not constant during the transient event.

Therefore, the series of Eq. (12) is the product of the two Taylor series, one for the friction factor,

and one for the velocity head term:

JQ+d)=
)P * . 20 , 14
FQ + —d + 5 + [2gDA2+QgDA2q+2gDA2q2+”}
By multiplying the terms, Eq. (14) becomes:
S, @ S 20 flQ) @ |,
H@+d) = @i ia + [F Qg + T s | €+ - (15)
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177 Considering that the first term on the right hand is constant and it relates to the steady-state
178 frictional losses that have been removed from the perturbation equations, and neglecting the terms
179 of order > 2 in the perturbation, the general form of the linearized steady-friction term, R’, is

180 given by the sum of the two terms in the brackets:

(16)

181 For fully turbulent flow, since f does not depend on flow, f (Q) = 0 and again R’ = Ry if Q = Qo.
182 In general, it can be noted that, if f is considered constant, as in the conventional use of the IM,
13 the second term in Eq. (16) becomes zero and R; is obtained. In the method presented in this
18¢ paper, such term is no longer neglected and the proposed linearized steady-friction term is given
185 by the sum of the two terms.

186 The evaluation of the linearized friction term depends on the formula used for f. In this paper
187 the attention has been focused on the category of the smooth pipes in the case of turbulent flow,

188 for which f is evaluated by means of the Blasius formula:

D\ 025
f(Q) =0.316Re™%?° = 0.316 <Q> (17)

VA
189 where v is the kinematic viscosity. Substituting Eq. (17) in Eq. (16), the proposed linearized

10 friction term, Rs is obtained:

191

—0.25 A —0.25 =9
Ry = 0.316 <QD> 29 10316 (D> (—0.25Q~1%%) gQ -

vA 29D A2 vA 29D A2

D\** 1 50.75
= 0.316 (VA> 2gDA21.75Q = (18)
= 0.875 f(Q)g g Yo 0.875R; (19)

192

103 From an analytical point of view, the evaluation of Ro is more correct since it considers the
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perturbation of the flow also within f and it does not neglect the second term of Eq. (16), while
from a physical point of view, Rs carries a coefficient that decreases the overestimation of the head
losses with respect to R;. It is worth of noting that such coefficient is less than 1, when the second
term of Eq. (16) is no longer neglected. In Fig. 1 it is possible to observe that the signal simulated
with the IM using Ry presents a better performance than the one simulated using R; because the
head losses are less overestimated, the damping is slower and so the differences with respect to the

MOC are lower.

1.2+ = = =MoC i
1 | _IMusingR1
Il.' 1k : _IMusingR2 i
0.8 ’ l ”” - 8 IM using R,
| l“" 08 |
0.6 0 P H —1 = i -
T
06— L 1
0.4 1 1 A =3
=L
| 0.4}
0.2
?e: |
2t
0 0
-0.2 of
-0.2
04
W
~0.6 JER ” ~0.4} |
. n "y
\ ””” I H BB E
038 “]” , 1 o6} 1
!..l L - —s ) —
-1 = i i i -0.8 i i i i
0 10 20 30 40 30 32 34 36 38 40

t>'r<
Figure 1 Dimensionless pressure signals obtained in a simple pipe system for ky g = 0 by means of the MOC (dashed line)

and three IM approaches (solid lines), using R1, Rz and R3, where R3 is evaluated with the correction factor F' = 0.5. The
MOC line and the IM line using R3 are almost indistinguishable.

The improvement gained with the use of Ry appears to be not enough to compensate the overes-
timation of the head losses with respect to the MOC. In fact, although a more equivalent form for
the linearization has been developed, there is still a considerable overestimation of the head losses
because the linearized friction term is still evaluated using the initial value of the flow Q = Qg as

the operating point.

3.2 Correction factor

Since during a transient generated by a full closure maneuver the flow at the valve varies from the

initial value, Qp, to 0, it can be presumed that a better improvement of the IM could be obtained

10



March 11, 2022 Journal of Hydraulic Research Linearization'error

200 using an average value of the flow to evaluate the linearized steady-friction term of Eq. (19). That

210 s, the term J should in fact decrease with the flow, as maintaining it at a constant value based on

=

211 the initial flow yields an overestimation of the frictional losses. Such average value is given by:

[t

Q(t) = Ci-Qo (20)

22 where C' € [0,1] is a coefficient that can assume different values depending on the duration of

213 the simulation considered and that multiplies the initial value of the flow, (Qg. Introducing this

-

214 expression in Eq. (19):

Ry = C{: Ralg_q, (21)

215 For simplicity, the correction factor F' = C27 € [0,1] is used hereafter to further decrease the

a6 effect of the linearization error. For the sake of clarity, the linearized friction term evaluated with

=

217 I is referred as:

Ry =FR, (22)

218 In Fig. 1 a simulation carried out with the IM using R3 with F' = 0.5 is shown. It can be observed

210 that the performance of this simulation is clearly better than the ones carried out using Ry or Ra.

=

20 Therefore, although it is not possible to update the value of the flow during the simulation, it is

2

N

1 possible to evaluate a constant value of the friction term shifting the operating point by using not

22 the initial value of the flow, that corresponds to F' = 1, but a fraction of it. The issue of which is

N

2!

N

3 the optimal value of F' to be used to gain the best performance in terms of the equivalence of the

24 IM to MOC, depending on the transient conditions, is investigated in the next sections.

N

11
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4 Numerical study of Ry

In order to have an indication of which range of F' improves at best the performances of the IM, a
numerical study is conducted for elastic and viscoelastic smooth pipes, considering that the optimal
value (indicated with the superscript “*”) of F' depends on the flow regime, i.e. the initial Reynolds

number, Regy, and the duration of the simulation, t*:

F* = f(Reg, t*) (23)

Signals are simulated for different values of )y in order to have a set of tests within a range of
Reg from 6.82 €03 to 1.36 e05. The flow regime, in fact, plays an important role in the assessment
of the linearization error when a complete closure maneuver is operated, because the larger the
Qo, the larger the perturbation magnitude, the larger the error caused by the linearization of the
steady-friction term. This is confirmed by Fig. 2 and Fig. 3, where simulations for elastic and
viscoelastic pipes, respectively, are shown, comparing the MOC results with the signals carried out
with the IM using Rs (i.e. F' = 1). So that, F'* is expected to be higher for the lowest values of Re
and lower as Reg increases. Comparing Fig. 2 and Fig. 3 the effect of viscoelasticity on the pressure
signal and its effect on the analysis of the linearization error can be noted. The viscoelasticity term,
kve, of Eq. (1) is represented by the linear Kelvin-Voigt (K-V) model (Pezzinga and Scandura,
1995) and is introduced in the frequency domain model as shown in Duan et al. (2012). The same
ranges of Reg of the elastic case are used, but a shorter period is considered for the simulations,
since the damping is faster when the viscoelasticity is introduced. It can be observed that the
introduction of the viscoelasticity implies not only a faster damping and a smoothing effect, as
already shown by Lee et al. (2013a), but also a reduction of the differences between the MOC and
the IM signals. Viscoelasticity, in fact, for polymeric pipes, is a dominant effect with respect to the
steady-friction and so the linearization error appears to be reduced, so that a better performance of
the IM is expected in general. Nevertheless, in this paper, the introduction of the linearized friction
term, Rg, is analyzed also for the viscoelastic pipes to improve the IM performance also in this
case. Moreover, Duan et al. (2010a) have also shown that viscoelasticity is dominant with respect
to unsteady friction when the quantity P = (2DAa)/(fQoL) is greater than 1 (Ghidaoui et al.,

2002). For the transients analyzed in this paper P ranges from a minimum of 17 to a maximum of

12
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22 99 and so it allows to neglect the effect of the unsteady friction.

Re0 =6.82¢03 Re0 =1.36¢04
1 1
Afbber ) HFMHHHWF THH\
Il W””‘W\“fn\”ﬁ‘ | ‘““\WHWH””m .
0.5 ot 0.5 Iyl 1 H‘H:H({(\N
0 0
(L
=05 IIERS -0.5 i \\u“l’m‘”‘!\‘““”‘t
Hn AT i, CUEEPIRIS
LHJHHLJLH“JJ“ e NNl R
-1 - L L L -1 L L H
0 20 40 60 80 0 20 40 60 80
= Re = 6.82 e04 Re = 1.36 €05
1 ] 1
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0.5 SIERES 0.5 (K v 1
e KA ERR ! e
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T S OISR
0.5 e ] 0.5 (i’ — — -MoC
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-1 - - - -1 - - -
0 20 40 60 80 0 20 40 60 80

t*

Figure 2 Comparison between dimensionless pressure signals obtained by means of the MOC and the IM approach using Ra
for 4 values of Regp in the case of elastic pipe.

253 The duration of the simulation influences the choice of F'* because the overestimation of the
24 head losses evolves in time. So that, if only the first characteristic time lengths are considered, the
255 linearization error is not so weighty and a relatively high F™* is expected. On the other hand, when
256 an increasingly number of periods in considered, F'* has to compensate a higher overestimation
257 of the head losses and so it is expected to be decreasing with the increase of the duration of the
28 simulation.

250 When the differences between the IM and the MOC results are compared, the Nash-Sutcliffe
20 coefficient, NS, is used as a goodness-of-fit index (Nash and Sutcliffe, 1970):

N (1% _ h* 2

Z( MOC h‘MOC’)
261 in which h};5 is the dimensionless pressure signal resulted from the MOC, fL}‘V[OC is its mean
22 value, h7,, is the dimensionless pressure signal resulted from the IM, and n is the sample size. The
263 NS coeflicient can range from —oo to 1 and the closer the index is to 1, the more accurate the

264 model is.
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Figure 3 Comparison between dimensionless pressure signals obtained by means of the MOC and the IM approach using Ra
for 4 values of Regp in the case of viscoelastic pipe.

5 Optimal correction factor

5.1 Parameter analysis: elastic pipes

For different flow regimes (i.e. Reg) and for different values of the duration, t* € [0, 80], simulations
are carried out using Rg, varying the value of the correction factor, F', and evaluating the NS
coefficient to assess the goodness of the performance of the frequency domain model with respect
to the MOC. In order to have a clear view of the trend of such performance, surface plots of N.S
(F, t*) are given (Figs. 4 and 5). Since, the lighter the color of the surface, the higher the value
of NS, it can be observed that for a short duration of the simulation (¢* ~ 4), high values of NS
are obtained for a large range of F', and this is true for all the flow regimes, so that F' does not
influences significantly the IM performance within approximately the first 4 characteristic times.
When an increasing number of periods is considered, V.S considerably decreases for the highest
values of F', so it can be deduced that the conventional practice of using the 100 % of the linearized
friction term (i.e. F' = 1) will lead to a sub-optimal performance. This trend is more significant
when Req increases (Fig. 5).

To have a detailed view of the trend of NS when F' is varied, slices of the 3D plots of Figs. 4 and

5 for t* = 4, 20, 40 and 80 are given in Fig. 6. Such detailed view confirms that for ¢* = 4 (Fig. 6a)

14
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Figure 4 Surface plots for Rep= 6.82 €03 and 1.36 €04, where NS is plotted against F' and t*, in the case of elastic pipe.
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Figure 5 Surface plots for Rep= 6.82 €04 and 1.36 €05, where NS is plotted against F' and t*, in the case of elastic pipe.

the influence of Reg is not significant, as each value of F provides a high NS. When an increasingly
longer period is considered (Fig. 6b,c,d), it is more clear the effect of the overestimation of the
head losses and the benefits gained using the correction factor. Particularly for the high values

of Rey, for which it is evident that the usual practice of taking into account the 100 % of the
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linearized friction term (i.e. F' = 1) is disadvantageous, it is clear that a value of F' between 0.4
and 0.6 provides a better performance. When the highest values of Rey are considered, the use
of the correction factor becomes more important. In fact, if a higher value of F' is used, the NS
decreases dramatically and this is as true as it increases the period. For such values of Reg the
optimal value of F' is around 0.5, but it can decrease up to 0.4 if t* becomes 40 or more. It can be
also observed that even if a high value of Reg and t* is considered, the optimal value of F' is not

smaller than 0.4.

a)tt=4 b) t* =20
1
F 2N B B B BN B ¥ * ® * § 2 2 & 9
095 : 1 095) P R
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09 1 0.94 ¥
+
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Figure 6 Variation of NS in function of F', for 4 values of Reg and for 4 values of t*, for the case of elastic pipe.

To synthesize these observations in order to have a general indication of which is the optimal
value of F' to be used depending on the transient conditions, the diagram of Fig. 7 is shown. This
figure shows which is the optimal value, F*, to be used to obtain the highest NS depending on
t+ and on the value of the initial Reynolds number. Therefore, when transients in elastic smooth
pipes are modeled in the frequency domain, the linearized friction term, R3, can be used. It can be
evaluated using a value of F' deduced from Fig. 7 that improves at best the model performance.
This figure can be used as a “lookup” chart for F' depending on the R-P-V system properties of
interest.

To show the effects of this study in time domain, simulations for ¢t* = 20 and 80 using the found

optimal values F* are shown in Figs. 8, and 9. It is clear that the use of the optimal values of
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Figure 7 Diagram of the best values of the correction factor, F'*, to be chosen depending on Rep and t* in order to have the
maximum NS, for the case of elastic pipe.

F highly improves the IM performances and drastically reduce the linearization error occurring
in frequency domain modeling. Comparing Fig. 9 with Fig. 2, that show the signals for the same
duration (¢* = 80), it can be better noted that using the proposed linearized friction term, Rs, with
the optimal value of F' the IM provides a damping of the signal more similar to the one simulated

with the MOC.

5.2 Parameter analysis: viscoelastic pipes

As in section 5.1, simulations are carried out using Rgs, varying the value of the correction factor,
F', and evaluating the NS coefficient for different flow regimes (i.e. Rep) and for different values of
the duration, t* € [0,40]. Similarly to Figs. 4 and 5, the surfaces of Figs. 10 and 11 are obtained.
Comparing the values of NS it can be noted that in general its values for the viscoelastic case are
higher than the elastic one, as expected. For the lowest values of Reqy (Fig. 10), NS has very high
values and undergoes few changes, regardless of the value of the correction factor used, but from
a numerical point of view it has been found that the optimal values of F' for this flow conditions
are around 0.65 for the shortest durations and can decrease to 0.35 for the longest ones. For the
highest values of Req considered (Fig. 11), the surfaces trend is very similar to Fig. 5, although

NS varies in a narrower range and assumes higher values.
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Figure 8 Comparison between dimensionless pressure signals for the case of elastic pipe, obtained by means of the MOC
(dashed line) and by means of the IM approach using Rs3 (solid line) with the best values F* found in Fig. 7, for 4 values of
Reg and for the duration t* = 20.

At four values of t* the surfaces of Figs. 10 and 11 are sliced in order to have a detailed view of
the NS trend when F' is varied (Fig. 12). Such trend is very similar to the elastic case (Fig. 6): the
higher the Reg the more significant is the variation of NS with F'.

To have a general indication of which is the optimal value F* to be used depending on the
transient conditions for the case of viscoelastic smooth pipes, the diagram of Fig. 13 is shown.
Comparing this diagram with the one related to the elastic case (Fig. 7), it can be observed that
the surface shape is different compared to the elastic case. In the viscoelastic case, in fact, the choice
of the optimal F loses the strong dependance on Reg, while the dependance on t* is strengthened.
From the color bar at the right side of Fig. 13 it can be observed that the F* values are in the
range 0.41 to 0.65, which is narrower than in the elastic case (0.38 to 0.98).

For one value of Rey and for two values of ¢*, the optimal value F* found with this analysis are
used in the IM approach to carry out the two simulations for viscoelastic pipes that are presented
in Fig. 14. Comparing these results with the simulation of Fig. 3 with Reg = 6.82e04, it can be
noted that using the linearized friction term proposed in this paper, with the optimal value of F'
found by means of this analysis, a good improvement in the IM performance can be gained not

only for the elastic pipes, but also for the viscoelastic ones. In fact, the value of NS increases when

18



March 11, 2022

334

335

336
337
338
339
340
341
342
343
344
345
346
347

348

Journal of Hydraulic Research Linearization'error
Re0 =6.82¢e03; F*=0.53 ReO =1.36e04; F*=0.49
1 1hn
0.5 0.5
0 0
-0.5 -0.5
Uu u
-1 -15=
0 20 40 60 80 0 20 40 60 80
* Reo =6.82 e04; F*=0.39 ReO =1.36 e05; F*=0.35
1 1
0.5 0.5
ihdne [Imi NN
0 0 L
-0.5 -0.5
-1 ; : . -1 ; . .
0 20 40 60 80 0 20 40 60 80

t*
Figure 9 Comparison between dimensionless pressure signals for the case of elastic pipe, obtained by means of the MOC

(dashed line) and by means of the IM approach using Rs3 (solid line) with the best values F* found in Fig. 7, for 4 values of
Reg and for the duration ¢t* = 80.

the optimal F' is used and the IM simulation is almost equivalent to the MOC one.

6 Conclusions

In this paper a R-P-V system subjected to transients generated by complete closure maneuvers has
been considered in order to study the linearized steady-friction term separately from other sources
of linearization error. Further studies are needed to study the linearization error effects in complex
systems. Even if unsteady friction can be described using a linear model so that no linearization is
needed in the frequency domain, for simplicity, it is not considered in this numerical study, but can
be examined in further development of the method proposed in this paper. A more correct form
for the linearized friction term has been proposed in order to involve the flow dependency of the
friction factor in the linearization. Despite such new form, the linearization error has still produced
a significant overestimation of the head losses during the transient event, because the operating
point at which the linearized friction term is usually evaluated is the initial state, that corresponds
to the maximum flow value that can be registered in transients generated by this type of maneuver.
Given this, a correction factor has been introduced to change the operating point about which the

linear resistance function is computed and so to use a fraction of the flow in the evaluation of

19



March 11, 2022

349

350

351

352

Journal of Hydraulic Research Linearization'error

ReO =6.82¢e03 ReO =1.36 e04

0.99
0.98
0.97

0.96

NS

0.95
0.94 0.94

0.93 0.93

0.92. . 0.92.
0.2 0.2

0.%4 40 0.304 40

D 30 -0.50 ) 30
20 - 20
0.

10

o t* F 1 0 I*

Figure 10 Surface plots for two low values of Reg, where NS is plotted against F' and t*, in the case of viscoelastic pipe.
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Figure 11 Surface plots for two high values of Rep, where NS is plotted against F' and t*, in the case of viscoelastic pipe.
the linearized friction term to reduce the overestimation of the head losses with respect to the
MOC results. Focusing the attention on the category of the smooth pipes, for both elastic and

viscoelastic cases, and using the impedance method to present the frequency modeling results, a

parameter analysis has been conducted to study the dependency of the correction factor on the
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Figure 12 Variation of NS in function of F', for 4 values of Reg and for 4 values of t*, for the case of viscoelastic pipe.

x 10*
—0.65

5 10 15 20 25 30
t*

Figure 13 Diagram of the best values of the correction factor, F'*, to be chosen depending on Reg and t* in order to have the
maximum NS, for the case of viscoelastic pipe.

353 flow conditions and the duration of the simulation. Diagrams for elastic and viscoelastic cases have
3¢ been produced to bring out the optimal values of the correction factor to be used depending on
355 the system properties of interest. When the optimal value of F' is used, the performance of the

356 frequency domain modeling improves, in the sense that is almost equivalent to the MOC simulation,
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Figure 14 Comparison between dimensionless pressure signals for the case of elastic pipe, obtained by means of the MOC and
by means of the IM approach using R3 with the best values F* found in Fig. 7, for 1 value of Reg and for the durations t* =
6 (left side) and ¢* = 20 (right side).

as shown in this paper for some transient conditions. These diagrams can be used in the practice as
design charts to pick the optimal value for the correction factor in order to obtain a IM simulation

as similar as possible to the MOC one.
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