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Abstract: In the last two decades, energy dissipation in unsteady-state pressurized pipe flow
has been examined by various authors, where the instantaneous wall shear stress is split into a
quasi-steady and an unsteady shear stress component. The focus of most past studies is on
formulating expressions for the unsteady wall shear stress, but there has been less work on
the key parameters governing the dominance of unsteady friction in transient flows. This
paper derives an expression for the head envelope damping for turbulent flows in smooth
and rough pipes and provides new and carefully measured field data for the initial (i.e. pre-
transient) Reynolds number, Rey, that ranges from 97000 to 380000. The analytical solutions
is derived on the basis of one-dimensional (1-D) waterhammer equations in which the
unsteady component is represented by existing convolutional unsteady friction formulas for
both smooth and rough turbulent sub-regimes. The analytical solution is used to formulate
general, encompassing and theoretically-based dimensionless parameters to assess the
importance of unsteady friction in comparison to the quasi-steady component. In addition, the
analytical solution furnishes the similitude relations that allowed the damping behavior from
existing laboratory tests, the field tests conducted as part of this research and the weighting
function-based (WFB) models to be investigated and compared in a coherent manner in a
single graph. The analysis confirms that the magnitude of Rey has a significant impact on the
damping for transients generated by flow stoppage. In addition, the results show that
convolutional unsteady friction model that uses the frozen eddy viscosity hypothesis and Reg

has accuracy that decreases with time. An improvement for this shortcoming is proposed and
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verified and involves the use of the instantaneous Reynolds number in lieu of the pre-
transient Reynolds number in the evaluation of the WFB models. The result is a modified
unsteady friction model that provides improved matches for both laboratory and field data
compared with the original model.

Authors Keywords: pressurized pipeline, turbulent flow, transients, unsteady friction, initial

conditions, smooth pipe, rough pipe

Introduction

Various authors in the past two decades have examined energy dissiptation in unsteady-state
pressurized pipe (waterhammer) flows. The convention in the waterhammer literature is to
split the instantaneous wall shear stress, z,, into a sum of two components as follows,

: (1)

T =7 +7T
w Ws wu

_ VIV
8

instantaneous mean flow velocity, fluid density and friction factor, respectively; and zy =

where 7, is the quasi-steady component with V, p and f being the

unsteady component. The formulation of z,, has been the topic of intense study and new
innovative approaches are continually being proposed in the literature (He and Jackson, 2000;
Axworthy et al. 2000, Zhao et al. 2007; He and Jackson, 2011; Storli and Nielsen, 2011a and
2011b, and Mitosek and Szymkiewicz, 2012). The proposed models can be broadly classified
into instantaneous acceleration-based (IAB) models (Brunone et al. 1991, 1995, 2004,
Bergant et al. 2001, Brunone and Golia 2008, and Pezzinga 2009) and weighting function-
based (WFB) models (Zielke 1968, Trikha 1975, Vardy and Brown 1995, 1996, 2003, 2004,
2010, Vitkovskyet al. 2006, and Zarzycki, 2000). An indepth review of these models is
given in Ghidaoui et al. (2005).

A promising and popular type of physically-based unsteady friction model is based on
the WFB relations derived in Vardy and Brown (1995, 1996, 2003) for smooth-pipe flows
and in Vardy and Brown (2004) for rough pipe flows. These models involve the following
limiting assumptions: (i) the eddy viscosity is frozen to an idealized radial distribution whose
parameters are determined from the pre-transient flow conditions and (ii) the derivation of the
weighting function assumes that the fluid is incompressible. Therefore, it is important to
address the following questions: What is the range of validity of these models? How can they
be improved? When are these models required? Such questions have not received the

attention they deserve and only limited progress has been made towards answering them. For
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example, Ghidaoui et al. (2002), and Duan et al. (2010, 2012) used a heuristic approach to
identify some key parameters that can determine the conditions under which unsteady
friction in transient flows is important. However, the approach used to arrive at the flow
parameters is heuristic and cannot distinguish between smooth and rough pipe turbulence.
The validity of WFB models is judged on the basis of comparison between measured and
computed head traces (e.g., Bergant et al. 2001, Ghidaoui and Mansour 2002, Stephens et al.
2005). However, the lack of theoretically derived similitude relations prevented (i) the
investigation of transient damping from different experiments and how this damping
compares with WFB in a general and consistent manner and (ii) the generation of knowledge
needed to propose improvement to existing WFB models.

This paper theoretically derives an expression for the head envelope damping for
turbulent flow in smooth and rough pipes and provides new and carefully measured field data.
The analytical solution provides general, encompassing and theoretically-based
dimensionless parameters, instead of the heuristically-based parameters in Ghidaoui et al.
(2002) and Duan et al. (2012), which can be used to assess the importance of unsteady
friction in comparison to the quasi-steady component. In addition, the analytical solution
furnishes the similitude relations that allow the damping behavior from existing laboratory
tests, the field tests conducted as part of this research and the WFB models to be investigated
and compared in a coherent manner in a single graph. As a result of this investigation, an
improvement to existing WFB models is proposed and tested.

Further experiments on the role of Initial Reynolds Number

Description of Laboratory and Field Experiments

Experimental results were obtained from two separate sources to provide a rigorous test of
the unsteady friction damping across a wide range of Reynolds numbers. The laboratory
results are retrieved from Adamkowski and Lewandowski (2006) where the testing pipe
system is a single copper pipe with pipe length L = 98.11 m, D = 16.0 mm, and wall thickness
e = 1.0 mm. The Reynolds number of initial steady-state (Reo, with Re = VD/v = Reynolds
number, D = pipe diameter, v = fluid kinematic viscosity, L = pipe length, and the subscript O
indicating the initial conditions) varies from 5.7x10° to 1.6<10* and the wavespeed, a, is
1298.4 m/s. Three tests from Adamkowski and Lewandowski (2006) are used for this study
and the parameters of these tests are shown in Table 1 as test cases no. 1 through 3, with the
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measured pressure head, H, time-history — hereafter referred to as pressure signal — plotted
in Figs. 1 though 3, where t indicates time since valve closure. The initial steady-state
conditions of these three tests are smooth pipe flows.

Field tests were executed in the steel rising main connecting the Vallememoria well-
field and the SAB reservoir in Recanati, Italy, managed by ASTEA spa. The steel pipe has D
= 260 mm, L = 4170 m, and a = 1210 m/s and is supplied by three pumps installed in
parallel. The static head, Hs, is 260 m and a check valve is installed immediately downstream
of the pumping group. Note that all surge protection devices on the pipeline were deactivated.
The parameters of the field tests are shown in Table 1 as test cases no. 4 through 7. The tests
with the higher value of Rey, were previously presented in Brunone et al. (2001, 2002).
Steady-state flow tests provided an estimate of the roughness height as & = 2.2 mm. The
initial steady-state flow conditions of all the field tests in Table 1 are in the fully rough pipe
flow regime.

The pressure signal was measured immediately downstream of the check valve by a
strain gauge pressure transducer with a recording range up to 400 m, an accuracy of £2 m
and response time of 50 ms. The steady-state discharge was measured by a magnetic
flowmeter just upstream of the check valve. The transient signals from a pump trip and the
subsequent slamming of the check valve are shown in Figs. 4 through 7.

[add Table 1 & Figure 1 at this place]

Analysis of the induced damping of pressure oscillations
The crucial role of the Reynolds number for characterising uniform pipe flow emerged more
than a century ago between laminar and turbulent regimes. The laminar regime, which exists
for small values of Re, is analytically tractable and governed by the well-known Hagen-
Poiseouille relationship = in which the uniform wall shear stress, z,, is a function of V. On the
contrary, the turbulent regime is ungovernable by any analytical model and then friction is
evaluated by a myriad of empirical friction formulas where 7, is a function of V", with
1.75<n <2 according to the turbulent subregime.

For the case of highly unsteady pipe flow, the first work that investigated the role of
Rey, is by Holmboe and Rouleau (1967). They considered the case of unsteady pipe flow
induced by a complete and fast closure of a valve placed at the downstream end of a single

pipe (i.e., constant diameter and supply head). They reported that when the initial flow was
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unquestionably laminar, a noticeable distortion and damping of the pressure, H, occurred
after the first half transient cycle. On the contrary, for larger values of Reg, the experimental
pressure signals were quite similar to those given by the frictionless Allievi-Joukowsky
theory. In Vardy and Brown (2003, 2004) the influence of Reg on the value of the unsteady
friction coefficient has been pointed out for both smooth and rough pipe flow. Recently,
Duan et al. (2012) has examined this problem more systematically by means of a simplified
analytical model for smooth pipe, but their results have only been validated in a limited range
of Rey by the experimental data from the literature.

In this section, numerical simulation is first applied to all the test cases to investigate
the importance of unsteady friction as a function of Re, to further verify the results obtained
in Duan et al. (2012) in a larger number of flow conditions. A 1-D method of characteristics
model is used where only the effect of quasi-steady friction is considered (Ghidaoui et al.
2005). The differences between the experiments and the model provide an indicative
magnitude of the omitted unsteady friction effect in the experiments. The time traces between
the numerical model and the experiments are compared in Figs. 1, 2, and 3 for the laboratory
tests and in Figs. 4, 5, 6, and 7 for the field tests. In these figures the results from the
numerical model is labeled as “H,” and experimental data is labelled as “H.”. It is also worth
noting that the transient head for laboratory test cases no. 1 through 3 is defined by the
difference between the total pressure head at the valve and the steady-state head at the
upstream reservoir (constant head), so that after normalization the initially transient head
response in Figs. 1 to 3 is smaller than 1. This definition of the transient head is consistent
with the original publication by Adamkowski and Lewandowski (2006). The results show
that the match between the model and the experiments improves with increasing Reg, which
indicates that the importance of unsteady friction is decreasing with Reynolds number. This
result is confirmed by the values of the determination coefficient, R®, which denotes the
strength of the linear association between the experimental head response and the predicted

head response from the quasi-steady 1-D model. The determination coefficient is defined as,
2
Z()’.e - Yin)
SSerr =1— i — (2)
S Y-y

R2=1-—

where SSerr = sum of squares of residuals, and SS;; = total sum of squares (proportional to the
sample variance), y; = experimental value (with the overbar indicating the mean value), and

yi" = numerical model value. A R? value closer to unity represents a more accurate model
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prediction. The results of R? for all test cases in Table 1 are shown in Fig. 8. The trend of the
determination coefficient in Fig. 8 is consistent with the results in Duan et al. (2012), which

conclude that the importance of unsteady friction decreases with system scale and Rey.

[add Figures 1 ~ 8 at this place]

Further insight into the behavior of the unsteady friction model can be found by
deriving the envelope of the downstream pressure head and velocity oscillations for a single
pipe where the downstream boundary valve is suddenly shut. The head and flow envelopes

are given as follows (see derivation in Appendix 1):

AV kot AV ket ks AV ket
A o
and
,K,DTL 7K,50T— —KmOTL ’Krso(]fl}ir OJTL
Vamp (t) :Voe ) :VOe "e " :Voe ’ (4)

where subscript “amp” denotes amplitude, g = gravitational acceleration, K, = damping rate

due to unsteady friction, Ko = damping rate due to steady friction, K.o=K,+Ks = total
damping rate, and T,, = L/a is wave timescale. The expressions of Ky, Ky, and Ky for
smooth pipe flow have been derived using the unsteady friction weighting functions of Vardy
and Brown (1995, 1996, and 2003) in Duan et al. (2012). The parameters for fully rough pipe
flow are derived using the unsteady friction model of VVardy and Brown (2004) in the present
study (see Eqgs. A22 and A23 in Appendix I).

According to Egs. (3) and (4), the ratio K o/Krso provides a measure for the relative
importance of unsteady friction to steady friction. In particular, it is clear from the analytical
solution that unsteady friction is not important when K;,o/Ksp<<1 and important otherwise.
The expression for this ratio is given as below,

(i) for smooth pipe flow case:

—Zﬁ T if ReoT—W<<1 —2\/5 b if ML<<1
K., fRe, \| T, T, fMRe, VL D , (5)
Ky 0066 (T, ) . 0.066 DY .
] otherwise —————| — otherwise
f(Re,) \T, f(Re,) ML

(i) for rough pipe flow case:
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where Tq, = D%/ vis viscous diffusion timescale.

It is clear from Egs. (5) and (6) that the relative importance of the unsteady and quasi-
steady components depends on (i) the pre-transient Reynolds number Rep, timescale ratio
Tw/Tgav, Mach number M and L/D for smooth turbulent flows and (ii) Reo, Tw/Tqv, M, L/D and
relative roughness &/D for rough turbulent flows. Both Egs. (5) and (6) support the finding of
the last section in that K,o/Krsp<<1 as Reg gets larger.

Table 1 provides the relevant parameters for the different test cases. The K yo/Krso
column shows that the condition K,o/Krsp<<1 is indeed valid for the test rigs for which the
unsteady component is deemed irrelevant and K,o/Ks is of order 1 for the test rigs for which
the unsteady component is deemed important. For example, K,0/Kyso = 1.19 for case 1 which
implies that the quasi-steady and unsteady component are of the similar importance and
explains why the model which neglects the unsteady friction component provides poor
agreement with the data as reported in Figure 1. In addition, both the analytical solution and
Table 1 clearly show that the importance of unsteady friction diminishes with Rey. Moreover,
the table also indicates the consistency between the values of the Ky,o/Kso column and the
parameter | column, where | = fRegT\/Tq4, = fML/D as presented in Duan et al. (2012), where
unsteady friction is deemed unimportant as | gets larger.

Validity of Frozen Turbulence Hypothesis and Proposed Improvement to Existing WFB
Models
The fact that the analytical solution of the pressure head damping presented in the previous
section is only a function of Rep and not a time-dependent Reynolds number is largely an
artifact of the frozen turbulence hypothesis used in the derivation of the friction model in
Vardy and Brown (1995, 1996, 2003 and 2004). The ramifications of the frozen turbulence
hypothesis are investigated below.

The damping from unsteady friction can be more elegantly represented by rewriting

the pressure head envelope (Hamp) equation in Eq. (3) as follows:

H, (t
1 In g amp( ) :i’ (7)
-K, av. T

w

which shows that the pressure head envelope of all transient events, provided that the WFB

unsteady friction model is valid, should collapse onto one single line. To test the validity of
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equation and by implication the validity of the frozen turbulence hypothesis, the variations of
rescaled pressure envelope with respect to time for all seven cases are plotted in Fig. 9. The
peak magnitude within each period of oscillation is used as Hamp in the figures. Furthermore,
the scaled pressure envelopes predicted by the Vardy and Brown (1995, 1996 and 2003) for
smooth pipe turbulent flow and Vardy and Brown (2004) for rough pipe turbulent flows for
each test are also shown on the graphs. It is clear from the figure that in the early stages of the
transient: (i) the scaled peak pressure envelope from the experiments varies linearly with time
and (ii) the seven scenarios neatly collapse into a single line. This result indicates that the
damping model is valid within the early stages of the transient. This conclusion is consistent
with the previous results in Table 1 where the comparative plots of numerical and
experimental data showed the prediction of the damping envelope decreases in accuracy with
simulation time for current Rey based unsteady friction models—which encompasses the IAB
model by Brunone et al. (1991, 1995) and the WFB models by Vardy and Brown (1996, 2003)
and Zarzyki (2000). In other words, the frozen turbulence assumption based on the Reg
condition adopted in these unsteady friction models is most valid in the early stage of the
transient and becomes progressively poor as time advances.

[add Figure 9 at this place]

The result in Fig. 9 shows that while the scaled pressure envelopes converge into a
single line in the early stages of the transient, they diverge and become non-linear as the
transient proceeds. Such a departure from linearity and the loss of self similarity for large
time indicates that the predicted damping from the WFB unsteady friction model, which is
based on the assumption of frozen initial turbulence, begins to lose its accuracy at the later
stages of the transient. For a valve closure event, the mean flow velocity and turbulent
structure are expected to decay with time as the system oscillates towards a new mean state
(He and Jackson 2000, Ghidaoui et al. 2002). During the transient event, the turbulent
viscosity distribution and the thickness of the shear layer will change and the flow will
progressively lose dependence on Rey. While the frozen turbulent flow hypothesis is valid for
the early stages of the transient event (Ghidaoui et al. 2002), this assumption becomes
progressively violated at later stages.

Experimental investigation of turbulence behavior in transient flows in pipes (e.g., He
and Jackson 2000, He et al. 2011, and Vardy and Brown 2010) reported that the
instantaneous and not the pre-transient Reynolds number is the appropriate parameter that

8



249
250
251

252

253
254
255

256

257

258

259

260

261
262
263
264
265
266
267
268

collapses turbulent fluctuations and wall shear stress from different experiments into single
curves. Using the instantaneous velocity amplitude instead of V, to define the local Reynolds

number, Re;, as follows:

t
ro—

Ve TW)D .
Re = Va 1) _ ( —Ree ™ (8)

t 0

14 14

and re-defining the total damping rate in terms of the local Reynolds number by inserting Re;
in place of Reg in Eqgs. (A23) and (A22) respectively, gives:
(i) for smooth pipe flow case:

ET—W+ 2T—W if ReOT—W<<1
2 Tdv Tdv Tdv
K, (t) ~
fRe T 1 T .
L T otherwise
2 T, 3033(Re)" T,
it ; ©)
TRee "L, L if Re, = <<1
2 Tdv Tdv Tdv
T fRee T 1 T .
°2 T—W+ o T—“ otherwise
“ 30.33(Re0e j
(i) for rough pipe flow case:
K () ~ fR—eT— 10024 £] |Re 1=
2 T, D ‘T,
(10)

_ fReoe " T 40 024 KO*
2 TV

d

To judge the appropriateness of the proposed re-scaling, the re-scaled amplitude

1 9w ® versus time and with K(t) given by Eq. (9) or (10) is plotted in Fig. 10.
- K, (t) av,

The data from all seven cases now neatly collapses into a single linear curve. This collapse
provides strong support for the fact that turbulent conditions within real transient flows are
not frozen but change with the transient duration and that a relaxation of this assumption
allows better match with the model at all times. As a consequence, it is proposed that the
instantaneous, rather than the initial, Reynolds number is used in convolution integrals
unsteady friction formulas for turbulent flows. The Vardy and Brown convolutional unsteady
friction model is modified accordingly and then implemented into a 1-D waterhammer model.

The modified and original model are then applied and compared to the laboratory (case no. 3
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in Table 1) and field data (case no. 6 in Table 1) and the results are shown in Figs. 11 and 12,
respectively. These cases are chosen because they are the ones for which the frozen

turbulence hypothesis is the least valid.

[add Figures 10~12 at this place]

Figures 11 and 12 clearly show the gradual departure of the pressure head envelope (peaks)
by the original model from the experimental data. On the other hand, the results of modified
model are in better agreement with the experimental data throughout the entire simulation
time. Moreover, greater improvement resulted for the larger Rey case which represents a

practical field system application.

Conclusions

Many papers in recent years have focused on methods for estimating the unsteady shear stress
in transient flows and a popular type of physically-based unsteady friction model uses the
WEFB relations derived in Vardy and Brown (1995, 1996, 2003) for smooth-pipe flows and in
Vardy and Brown (2004) for rough pipe flows. Despite the number of studies in this area, no
rigorous similitude analysis has been conducted on the model to (i) allow meaningful
comparisons of unsteady friction damping on transient responses of different pipeline
systems (ii) provide insight into the key parameters driving the damping of the head envelope
and (iii) identify limitations in the current model.

This paper theoretically derives an expression for the head envelope damping for
turbulent flow in smooth and rough pipes and provides general, encompassing and
theoretically-based dimensionless parameters, instead of the heuristically-based parameters in
Ghidaoui et al (2002) and Duan et al. (2012), that can be used to assess the importance of
unsteady friction in comparison to the quasi-steady component. The dimensionless
parameters allows the damping behavior from existing laboratory tests, the field tests
conducted as part of this research and the WFB models to be investigated and compared in a
coherent manner in a single graph. The key findings are as follows:

(1) The general trend that the importance of unsteady friction in rapidly decelerating
flows diminishes with Rey has been extended and validated for a larger number of initial
conditions.

(2) The accuracy of existing convolutional unsteady friction model, which are based
on the frozen eddy viscosity hypothesis such that the resulting convolution integrals are a

10
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function of the pre-transient and not a time dependent Reynolds number, decreases with
simulation time of wave propagation.

(3) An improvement for the shortcoming in (2) is proposed and verified. It involves
the use of the instantaneous Reynolds number (Re;) in lieu of the pre-transient Reynolds
number (Rep) in the evaluation of the convolution integral models. The result indicates that
the modified unsteady friction model agrees better with data than the original model. The use
of Re is inspired by previous experimental investigation of turbulence behavior in transient
flows in pipes which show that the instantaneous and not the pre-transient Reynolds number

is the appropriate parameter for scaling turbulent fluctuations and wall shear stress.
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Appendix I: Analytical Solution of Transient Oscillating Envelope
The 1-D waterhammer equations in the dimensionless form used for this study are (Ghidaoui
et al. 2005, Duan et al. 2012):

H,3Q X _, (A1)
ot gAH, ox

aQ*+gAHOaH fLQ
ot aQ, ox ab

°Q [w E;(Sdt =0 . (A2)

where Q = flow discharge; x = the distance along pipeline; and ¢’ is a dummy time variable;

other symbols have been defined in the previous text; superscript “” is representing
dimensionless form, and the following dimensionless quantities are considered:

. H . .ot . X

H :H_O;Q :Q%;t:T—W;andx=E. (A3)

As indicated in Eq. (1) in the text, the total shear stress (z) in transients has been

separated into two parts to isolate the impacts of quasi-steady and unsteady friction

components in Eqg. (A2) above: a quasi-steady part (zs) and an unsteady part (z.). Moreover,

the quasi-steady part relating to the average velocity is represented by the classic Darcy-

Weisbach equation (Ghidaoui et al. 2005), and for the possibility of analytical derivation, it

has been linearized for relatively small transient flow as (Duan et al. 2012):

) A,
= A aa QA= (Ad)

where q is the oscillation of unsteady flow in pipeline relative to steady-state (pre-transient

state), and g = Q — Qo. Theoretically Eq. (A4) is derived for g<<Qo, however it has also been
validated in Duan et al. (2012) by using 2-D numerical simulations that Eq. (A4) is also valid
for the transients caused by the full closure of end valve.

On the other hand, the unsteady part is related to the fluid acceleration by the
convolution integral relations (i.e., WFB models) such as the one in Zielke (1968) for laminar
flows and Vardy and Brown (1995, 1996, 2003, and 2004) for turbulent flows. The general
form of this WFB model is:
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T, = DAjow(t t') b dt’, (A5)

For laminar flow regime, the weighting function can be expressed by exponential relations
and details refer to Zielke (1968) or Ghidaoui et al. (2005). While for the turbulent case, an
approximated expression of the weighting function in a dimensionless form has been derived
by Vardy and Brown (1995, 1996, 2003, and 2004):
e

T

where o', f are coefficients relating to transient evens and the pipeline system under

W(t)=a (A6)

investigation. Specifically, for smooth pipe flows (Vardy and Brown 1995, 1996),

1 [T T
-~ |, and B'=05% -, AT
CTINT s T (A7)

w dv

where T,, =L/a is longitudinal wave timescale, T4, =D% v is radial viscous diffusion timescale,

and k., =(Re,) o eer+) is initial Reynolds number based coefficient.

For fully rough pipe flows (Vardy and Brown 2003, 2004), the coefficients are,

a':0.00913£j ReOT‘”,and £=1.408 < RgL, (A8)
D T D T

w dv

To investigate the effect of different parameters of pipeline system and transient
events on the friction (steady and unsteady) induced damping of the transient envelope,
similar analytical analysis process can be conducted with the aid of applying Fourier
transform to system Eqs. (Al) and (A2). The obtained results are,

i+ 22 Qg (A9)
gAH, ox

ia)*A*+gAH°aH N fLQOQ*+4m/L o'

aQ, ox  abDA aA |f+ieo

where H'(x, @), Q(x, ') are the amplitudes of head and discharge in the frequency

Q =0, (A10)

domain, e is angular frequency of transient signals.
By combining Egs. (A9) and (A10), the resultant equations for pressure head and

discharge are,

OH  cH—0and 29 L cé o, (A1)

ax) axy

where C’is a lumped parameter for wave propagation, and,
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N N TR v R AL
¢ (w)(l "aDAw | aA \/ﬁ‘+ia)*J (A12)

It is easy to obtain the form of the solution to Eg. (A11) given by (Duan et al. 2012),
H'(x,0)=He" , and Q(x @ )=Qe ™", (A13)
where I:I;, C}; relate to the initial values (head and discharge); and K, = K  +iK_ with Ky

and Kijo the parameters of the wave envelope decay and phase shift, respectively, and,

‘ J (Ql)z+(292)2—Ql; ‘ J (Ql)2+(ZQZ)Z+Ql, (AL4)

where,

_1+47vaa' «f(ﬁ')z‘F(a)*)Z"‘ﬂ'_ 0O -

i Lo, | 4rvla’ J(BY +(@) =B

T e ()] e A | 2(() (o))

(A15)
Consequently, it is now clear from Egs. (A13) through (A15) that the transient oscillation
responses for pressure head and discharge are damping exponentially in the frequency
domain. Meanwhile, in the single pipe the wave propagation period T,,~ L/a is corresponding
to the distance of wave propagating cycles along the pipeline, i.e., X' ~1 in the dimensionless

form. Therefore the damping factor of the transient envelope for each wave period is

approximated by €. As a result for the n™ period (or n™ envelope location), the damped

transient envelope becomes,

H (n):Hampoe’”Km ,and Q,_(n)=Q, ™", (A16)

amp

where subscript “amp” denotes amplitude, n is number of wave period, H_ , Q, =

s . - . . av,
quantities relating to initial (pre-transient) state conditions, and H_ =—=, Q, =Q, for
g

the transients caused by sudden valve closure and pump failure considered in this study. In

terms of wave time, the result becomes,

Kro t

aV ~Frop —Kro—
H, ()= g”e " ,and Q. (1)=Qe ™, (A17)

The validity of the approximate form of Eq. (A17) is validated in the paper through the field
tests of this study as well as other data from the literature.
As in Eqg. (A2), the decay parameter K,y is divided into two parts to describe the

individual contribution of steady and unsteady friction to the transient envelope damping, as,
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K,=K,+K,. (A18)
Meanwhile, to better understand the impacts of system parameters and flow conditions on the
importance of friction damping, the decay parameter Ky, in Eq. (Al4) can be further

simplified as conducted in Duan et al. (2012),

KrO = KrsO + KruO ~ f_M£+ ap ﬂh = fReO L+8C(w T_W 1 (Alg)
2 D Re, D 2 T, T

dv

where C,z is coefficient relating to ¢ and £ in Eq. (A7) for smooth case and Eq. (A8) for
rough case, and applying @ ~1 for the case of fast valve closure or sudden pump stoppage,
C -a \/“(7')2:/’ . (A20)

’ 2L+ (8
Specifically, for the rough cases of the given single pipe in this study, it can be approximately
obtained that,

C,~026183)"", (A21)
with a fitness of this approximation to original Eq. (A20), R? = 0.95. As a result, for fully
rough pipe flow case (e.g., the field tests of this study):

K =K. +K. ~ML o00a[2) [mL] —R&L o042 [Re ]| .
07 BT R TTTD D D 2 T D T

dv dv

(A22)
Furthermore for clarity and completeness, the results for smooth pipe flow case summarized

from Duan et al. (2012) are also shown here as,

fM L L M
—_— 12—
2 D \ DRe,

|_ ( Reo )o.oea D 1 )
—+ ——  otherwise
D 3033 LM . (A23)

fRe°T—W+ 2T—w if ReoT—W<<1
2 T, T, T,

dv dv

fRe, T 1 T .
¢ v 4 - otherwise
2 T, 3033(Re,) T

w

if M£<<1
D

fM
2

It is necessary to note that Egs. (A22) and (A23) are simplified for specific conditions

such as the timescale ratio I—W <<1 (Duan et al. 2012), and for obtaining general conclutions

dv

the original full version of Egs. (A14) and (A15) should be used.
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516 Table 1: Main characteristics of experimental tests
517
. Test Flo
Test pipe system no. L/D f M Reg regir\;\Ve I Kruo /Krso
Laboratory system 1 6132 | 0.036 | 0.00026 | 5731 Smooth | 0.06 1.192
(from Adamkowski 2 6132 | 0.030 | 0.00049 | 10634 | Smooth | 0.09 0.431
and Le;’}’)%%(;OWSk" 3 | 6132 | 0.027 | 0.00072 | 15843 | Smooth | 0.12 | 0.221
Field svstem tested b 4 | 16038 | 0.037 | 0.00031 | 97584 | Rough | 0.18 0.124
the ainhors of this | 5| 16038 | 0.087 | 0.00043 | 136139 | Rough | 0.26 | 0.081
stud 6 | 16038 | 0.037 | 0.00076 | 239957 | Rough | 0.45 0.036
y 7 116038 | 0.037 | 0.00124 | 386379 | Rough | 0.72 0.018
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Figure 1: Experimental and numerical pressure signals for laboratory test with Rey = 5731
(test no. 1 in Table 1; H, is numerical result based on 1-D model, and H, is experimental data
retrieved from Adamkowski and Lewandowski, 2006)
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Figure 2: Experimental and numerical pressure signals for laboratory test with Rey = 10634
(test no. 2 in Table 1; H, is numerical result based on 1-D model, and H, is experimental data
retrieved from Adamkowski and Lewandowski, 2006)
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561 Figure 4: Experimental and numerical pressure signals for field test due to pump shutdown

562  with Rep = 97584 (test no. 4 in Table 1; H, is numerical result based on 1-D model, and He is
563 experimental data)
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569 Figure 5: Experimental and numerical pressure signals for field test due to pump shutdown

570 with Rep = 136139 (test no. 5 in Table 1; Hy is numerical result based on 1-D model, and He
571 is experimental data)
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573 Figure 6: Experimental and numerical pressure signals for field test due to pump shutdown

574  with Rey = 239957 (test no. 6 in Table 1; H, is numerical result based on 1-D model, and He
575 is experimental data)
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582 Figure 7: Experimental and numerical pressure signals for field test due to pump shutdown

583 with Rep = 386379 (test no. 7 in Table 1; Hy is numerical result based on 1-D model, and He

584 is experimental data)
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Figure 11: Experimental data and numerical results of pressure head traces based on
different models for laboratory test case no. 3 in Table 1 (Rey=15843)
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Figure 12: Experimental data and numerical results of pressure head traces based on
different models for field test case no. 6 in Table 1 (Re;=239957)

25





