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Frequency-dependent friction in pipelines*
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A comprehensive study of modeling the frequency-dependent friction in a pipeline during pressure transients follow-
ing a sudden cut-off of the flow is presented. A new method using genetic algorithms (GAs) for parameter identification
of the weighting function coefficients of the frequency-dependent friction model is described. The number of weighting
terms required in the friction model is obtained. Comparisons between simulation results and experimental data of tran-
sient pressure pulsations close to the valve in horizontal upstream and downstream pipelines are carried out respectively.
The validity of the parameter identification method for weighting function coefficients and the calculation method for the

number of weighting terms in the friction model is confirmed.
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1. Introduction

During pressure transients with high viscosity fluid in a
pipeline, the frictional shear force is relevant to the fluid pul-
sation frequency. When a mathematical model of transient
pressure pulsations is based solely on the steady state fric-
tion, which is calculated by the Darcy—Weisbach equation, the
simulation results of the pressure pulsations cannot agree well
with the experimental results. For an accurate assessment of
performance and as an aid to the design of hydraulic pipelines
and systems, it is significant to study the mathematical model
accompanying steady state and dynamic frictional force items.

In the case of laminar flow, Zielke!!! acquired the
frequency-dependent friction item, which is described as a
weighting function by using the Laplace transform and solv-
ing the Bessel equation. However, the applied mathemat-
ical integration requires a large amount of computer mem-
ory, which greatly affects the solution speed. Hirose!”! made
progress in developing a relationship for the turbulent flow
with frequency-dependent friction. Suzukil®' and Schohl!!
proposed an improved method for simulating the frequency-
dependent friction in a transient laminar flow. Vardy and
Brown>~"! extended the model derived by Zielke to turbulent
smooth pipeline flows with low and high Reynolds numbers,
respectively. Moreover, the transient turbulent friction in fully-
rough pipe flows was studied. Johnston!®! presented the idea
that the friction item should be concentrated and calculated on
the top end of each pipeline to improve the calculation effi-
ciency. Vitkovsky!®! discussed the numerical errors that occur
when using the weighting function for the simulation of un-
steady friction in pipe transients. Herrmann!!'?! used a three-
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dimensional (3D) finite element model to simulate the tran-
sient pipeline pulsation in which the frequency-dependent fric-
tion item includes friction effects near the pipe wall. Ferrari!'!]
studied the dynamic friction item accompanying cavitation in
a pipeline.

Cail'?! from Zhejiang University applied the method to
solve the minimal value of nonlinear square integration and
used the approximate function of the first-order inertia item
in the frequency domain to obtain an approximate model of
the friction item. In the analysis of vibrations caused by the
fluid-structure interaction in a pipeline system, Jiao'3! from
Beihang University took the effect of the frequency-dependent
frictional item into consideration, which leads to an improve-
ment in simulation accuracy. Until now, the modeling of fric-
tion in pipelines has been studied by a number of authors but
still presents a significant challenge. The lack of appropriate
coefficients and number of weighting terms in the weighting
function of the frequency-dependent frictional item adds to the
difficulty.

In order to predict the friction effect on pulsations in
pipeline pressure transients, an analytical function and an ap-
proximate weighting function of the frequency-dependent fric-
tion are obtained. The analysis of the amplitude-frequency and
phase-frequency characteristics of three weighting terms for
Trikha, ten weighting terms for Kagama, and four weighting
terms for Taylor is given. In this paper, by using genetic al-
gorithms to identify the parameter of the weighting function
in the frictional item, the calculation method of the number
of weighting terms in the weighting function is presented. The
proposed method is suitable not only for studying the dynamic
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friction item in the case of an oil-hydraulic pipeline, but also
for the study of the frictional shear force with other high vis-
cosity fluids in pipelines.

2. Mathematical models
2.1. Basic equations of transient pipeline flow

The study is conducted to predict the fluid transients in a
system comprised of a horizontally-mounted pipe of constant
cross-sectional area, in which a fluid is initially flowing at a
constant velocity. One tested pipe is taken to be connected to
an upstream tank and a downstream tank, and a shut-off valve
is mounted in the middle of the pipeline, as shown in Fig. 1.

A mathematical model for pressure and flow transients
following a rapid closure of the valve (as illustrated in Fig. 1)
is presented, in which models of the friction item are incor-
porated. Based on the principle of fluid dynamics, the ba-

downstream tank

valve

downstream pipeline

sic equations applied to simulate the transient pipeline flow
can be obtained from the continuity equation and the motion

equation.!'*13] The continuity equation is
10 d
7l %ﬁ -0 1)
¢t dt  mr?dx
The motion equation is
p dqg Jdp .
——=+=—+F 6o =0. 2
2 ot + ox + (q)+pg51n 0 )

Here, ¢ is the acoustic velocity of the liquid medium; p and
q are the transient pressure and flow rate at some point along
the pipeline, respectively; ¢ is the time variable; x is the space
variable; p is the density of the fluid; r is the inner radius of
the pipeline; F(q) is the friction item; g is the gravitational
acceleration; and 0 is the angle between the pipeline and the
horizon.

upstream tank

upstream pipeline

Fig. 1. Tank—pipeline—valve system.

2.2. Model of friction item

In Eq. (2), the friction item F(g) can be described as the
sum of steady state friction item Fy and frequency-dependent
unsteady friction item F% ,

F(q)=F+F. 3)

By using the Fourier transform, the friction item F(g) can be
written as
212 u
Flq) =~ - - X ——q,
9= GanGn R -2 7

“)

where u is the dynamic viscosity of the fluid; Jo and J; are the
zero-order and the first-order Bessel functions, respectively;

=2 = Vi, 5)

with v being the kinematic viscosity of the fluid, @ the angular

and A is given by

frequency, and 7y a dimensionless frequency, which is given as

y="—. ©)

In the case of laminar flow, the steady friction item Fj in
Eq. (3) can be calculated as

_ 8ugq

Fp=—-.
0= oA

(7

The frequency-dependent friction item F; can be described as

F=H(s) 5 ®)

where H (s) is the analytical model of the frequency-dependent

friction item

212 B
(A)Jo(GA) /T1(GA) =2

H(s) = 8. )

The analytical model of the frequency-dependent friction
item contains Bessel functions, which leads to complex calcu-
lations and inconvenience in operation.!'?! In order to simulate
the pressure transients accompanying the friction in pipelines,
a model is presented here which attempts to capture the key
features but without being unduly complex. The approximate
model Hypp(s) can be described as the sum of a list of weight-
ing terms,

2
mi—s

k .
Hypp(s) =4), ", (10)
i=1 ms—i—l

where n; and m; are coefficients of the weighting function; and

k is the number of weighting terms.
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3. Coefficients of the weighting function
3.1. Three weighting terms for Trikha

Trikha proposed three exponent weighting items to ap-
proximate the frequency-dependent friction items.['®! The co-
efficients of the three weighting terms are listed in Table 1.
The amplitude-frequency and phase-frequency characteristics
of each weighting term are illustrated in Fig. 2. The x coordi-
nate is dimensionless frequency 7. It can be seen from Fig. 2
that each weighting function of the frequency-dependent fric-
tion item is similar to a first-order high-pass filter.

Table 1. Coefficients of three weighting terms for Trikha.

i n; m;
1 26.4 1.0
2 200.0 8.1
3 8000.0 40.0
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Fig. 2. (color online) Frequency characteristics of each weighting term
for Trikha: (a) amplitude, (b) phase.
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Fig. 3. (color online) Comparisons of frequency characteristics between
H(s) and Hypp (s) from Trikha’s model: (a) amplitude, (b) phase.

Comparisons of the frequency characteristics between
approximate model Hypp(s) (the dashed line) and analytical
model H (s) (the solid line) are shown in Fig. 3. Here the y
coordinate is the absolute value | Hypp(s)| and [H(s)|. It can
be obtained from Fig. 3 that the analytical model of the dy-
namic friction item, H(s), varies with the slope 410 dB/dec,

and in the higher frequency section, the phase angle is approxi-
mately 45°. The approximate model agrees with the analytical
model H (s) in the low-frequency section when the dimension-
less frequency 7y is below 50; while the difference between
H,pp(s) and H (s) is obvious as the dimensionless frequency y
increases.

The biggest advantage of this method lies in that only the
calculation result of the previous moment is stored without all
integral results, which can greatly reduce the computer mem-
ory required and the calculation time. However, the iterative
algorithm with an explicit increment of the flow rate at the
moment still requires a large amount of computation time.

3.2. Ten weighting terms for Kagama

Kagama tried to reduce the error caused by using Trikha’s
model and used an approximate model with ten weighting

Table 2. Coefficients of ten weighting terms for Kagama.

i n; m;
1 26.3744 1.0
2 72.8033 1.16725
3 187.424 2.20064
4 536.626 3.92861
5 1570.60 6.78788
6 4618.13 11.6761
7 13601.1 20.0612
8 40082.5 34.4541
9 118153 59.1642
10 348316 101.590
104
—i=1 (a)
——— =2
10% ¢ =3
1=4
o —i=5
Y 102} --- i=6
= i=7
§ =8
S 10t — =9
< ——- =1
100}
,/
/.
10-1 A, .
100 102 104 106
v
100
80
. i=1
< 60f ---1=2
5 i=3
3 i=4
= 40} 1=>5
- R
=17
| 1 =8
20 iz o
———i=1
O 1
100 106

Fig. 4. (color online) Frequency characteristics of each weighting term
for Kagama: (a) amplitude, (b) phase.
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terms instead.!!”] The coefficients of the ten weighting terms
are listed in Table 2. Figure 4 shows the frequency charac-
teristics of individual weighting terms. Comparisons of fre-
quency characteristics between approximate model Happ(s)
(the dashed line) and analytical model H(s) (the solid line)
are shown in Fig. 5. It can be seen from Fig. 5 that the ap-
proximate model agrees with the analytical model H (s) in the
low-frequency section when the dimensionless frequency 7 is
below 2000; while the difference between Hypp(s) and H(s) is
still obvious in the high-frequency section.
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Fig. 5. (color online) Comparisons of frequency characteristics between
H(s) and Hypp(s) from Kagama’s model: (a) amplitude, (b) phase.

The approximate model proposed by Kagama has some
improvements over Trikha’s model. It has the characteristics
of rapid solving speed and high accuracy. However, owing to
a large number of items and a relatively close interval between
the weighting functions in Kagama’s approximate model, it is

inconvenient for applications.!?!

3.3. Four weighting terms for Taylor

Taylor optimized the coefficients of Trikha’s model and
proposed an approximate model with four exponent weight-
ing terms. '8! The coefficients are listed in Table 3. Frequency
characteristics of individual weighting terms for Taylor are il-
lustrated in Fig. 6. Comparisons of frequency characteristics
between approximate model Hypp () (the dashed line) and an-
alytical model H (s) (the solid line) are shown in Fig. 7. It can
be seen from Fig. 7 that the approximate model agrees with the
analytical model H (s) in the low-frequency section when the
dimensionless frequency 7 is below 5000; while the difference
between Hypp(s) and H(s) is obvious in the higher frequency

section.

Table 3. Coefficients of four weighting terms for Taylor.

i n; m;

1 39.479 2.0141
2 298.2962 5.3946
3 2227.95 16.2591
4 88782.1 320.4853
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Fig. 6. (color online) Frequency characteristics of each weighting term
for Taylor: (a) amplitude, (b) phase.
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Fig. 7. (color online) Comparisons of frequency characteristics between
H(s) and Hypp (s) from Taylor’s model: (a) amplitude, (b) phase.

3.4. Parameter identification of coefficients of weighting
function using GAs
From those preliminary studies, it can be observed that
coefficients of each weighting function have the relationship
of geometric series,

mi =o' 'my, (11)
nj =B ny. (12)

In order to predict more accurately the effect of the fric-
tion item on pressure transients inside pipelines, a new method
using genetic algorithms (GAs) for parameter identification
is described. Moreover, Lil!%2% has used GAs in parame-
ter identification for a gas bubble model of low pressure oil-
hydraulic pipelines.

Here four parameters of the approximate model of the
frequency-dependent friction item need to be identified, in-
cluding o, 8, my, and n;. For the optimization procedure,
it is assumed that o, 8, n; € [1,100], m; € [0.1,10] according
to the weighting function coefficients obtained from the above
three models. Each parameter is binary encoded, and the se-
lection method of the best fit parameter is based on roulette.

The fitness function f of genetic algorithms is de-
scribed as the sum of the least-square errors of amplitude-
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frequency and phase-frequency characteristics between ap-
proximate model Hypp (s) and analytical model H (s),

1

f= 5 ; (13)
\/Z (ﬁ +s2) x 1076
where
s1= |[H(s)| — [Happ(s)I], (14)
§2 = |ZH(s) — LHapp(s)|. (15)

In the genetic algorithms, the number of generations is
1000 and the population size of each generation is 100 in this
paper. The crossover probability is 0.4 and the mutation prob-
ability is 0.005. Here the number of weighting terms k is set
to be 7. The sensitivity of the predictions to the number of
weighting terms selected will be considered later.

The aim is to perform a global search to obtain optimal
parameters suitable for friction modeling. The identified re-
sults of four parameters are listed in Table 4.

Table 4. Identified parameters of the model.

Identified parameter a B m ny
Value 35812 119733 22429  37.8463

The comparison between analytical model H (s) (the solid
line) and approximate model Hyp,(s) after identifying (the
dashed line) is shown in Fig. 8. As can be seen, there is a good
agreement between the two models in amplitude-frequency
and phase-frequency characteristics, especially in the high fre-
quency section.
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Fig. 8. (color online) Frequency characteristics of H(s) and Happ(s)
with identified parameters (k = 7): (a) amplitude, (b) phase.

4. Number of weighting terms

The number of weighting terms k is determined by simu-
lation time step Az. The time constant of this first-order high-
pass filter, 7;, in Eq. (10) is larger than the simulation time
step,

(16)

By utilizing Eq. (12), equation (16) may be written as

2
— > A1 17
BTy > A7)
Taking the logarithm on both sides of Eq. (17) yields
2lgr—Ilg(nv)— (k—1)1gp > IgAs. (18)

Thus, the number of weighting terms can be expressed as

21gr—1g(nvAr)

k<
lgfB

+1, (k isa positive integer). (19)

5. Transient pressure pulsations in pipelines

The aim is to predict transient pressure pulsations with
steady state and frequency-dependent friction, following the
instantaneous closure of the valve in upstream and down-
stream pipelines, respectively.

5.1. Transient pressure pulsations in downstream pipeline

The parameters of the tested downstream pipeline ob-
tained from Ref. [21] are listed in Table 5 and oil is the work-
ing fluid.

Table 5. Parameters of the tested downstream pipeline.

Parameter Symbol  Value

Inner radius of pipeline r 4x1073 m

Length of pipeline L 20 m

Density of hydraulic oil p 871 kg/m?
Acoustic velocity inside the fluid co 1392 m/s
Kinematic viscosity v 50.518x 1076 m?/s

The number of weighting terms is determined by Eq. (19).
The downstream of the pipeline is divided into N elements of
equal length (N is 200), the simulation time step can be calcu-
lated from

L

At =
NXC()

(20)

=7.1839 x 1073 (s).

By utilizing Eq. (16), the time constants of the first-order high-
pass filter can be presented as

71 = 0.0084 > Ar, Q1)
T =6.9893 x 107% > Az, (22)
73 =5.8374 x 107 < Ar. (23)

In the same way, the number of weighting terms can be ac-
quired via Eq. (19) as

k <2.57. 24)

Hence, for the parameters of the downstream section of the

pipeline, the number of weighting terms k is equal to 2.
Based on the mathematical model of transient pressure

pulsations (shown in Egs. (1) and (2)), the relevant simulation
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study on transient pressure pulsations in the downstream sec-
tion of the pipeline is carried out using the finite difference
method and the Matlab/Simulink platform. The flow rate and
pressure in NV elements along the pipeline are presented as vec-
tors. According to the boundary condition, the flow rate in the
element close to the valve is set to zero and the pressure in
the element close to the tank is constant. See more technical
details in Ref. [22].

The simulation parameters are also given in Table 5. The
initial pressure close to the valve is 3 MPa and the pressure
in the downstream tank is 2 MPa. The initial flow rate in the
tested pipeline is 120 cm’/s. In order to investigate the influ-
ence of the number of weighting terms k, simulation runs are
undertaken assuming initial numbers of weighting terms of 1,
2, and 7. A comparison of the simulation results of transient
pressure pulsations close to the valve in the horizontal down-
stream pipeline is shown in Fig. 9.

4
3.

[}

ol

5 aof

~

g

2 1}

[

o, X
0\

-1 N N N N N

0 0.1 0.2 0.3

Time/s

Fig. 9. (color online) Simulation results of transient pressure pulsations
close to the valve in the horizontal downstream pipeline with different .

From Fig. 9, it is notable that in the downstream pipeline,
the pressure at the vicinity of the valve is reduced under a neg-
ative pressure when the valve is rapidly closed. At the same
time, the negative pressure wave propagates to the downstream
tank. The positive pressure wave is then reflected from the
downstream tank and travels back to the valve, causing the
first positive pressure peak. This process may be repeated sev-
eral times before the fluid energy is dissipated because of the
steady state and dynamic frictional force.

It is clear that the greater difference lies between the pre-
dicted transients with numbers of weighting terms of 1 and 2
as opposed to with numbers of weighting terms of 2 and 7,
especially in terms of high frequency oscillations of the first
pressure peak and the timing of the subsequent peaks.

5.2. Transient pressure pulsations in upstream pipeline

In the case of transient pressure pulsation close to the
valve in the horizontal upstream pipeline, the parameters of
the tested pipeline from Ref. [1] are listed in Table 6.

Table 6. Parameters of the tested upstream pipeline.

Parameter Symbol Value

Inner radius of pipeline r 1.27x1072 m
Length of pipeline L 36.088 m
Density of hydraulic oil p 870 kg/m>
Acoustic velocity inside the fluid  ¢p 1324 m/s

Kinematic viscosity v 39.67x 1076 m?/s

In the same way, the upstream part of the pipeline is
evenly divided into N elements of equal length (N is 300). The
simulation time step is calculated as

L
_NXC()

At =9.0832x 1073 (s). (25)

The time constants of the first-order filter are listed in Table 7.
By utilizing Eq. (16), the number of weighting terms £ is cal-
culated to be 3.

Table 7. Time constants of the corresponding weighting function.

Parameter T T T3 T4
0.1074  0.009 7.4937x10~4 6.2586x107

Value

The number of weighting terms k in the upstream pipeline
should satisfy Eq. (19), which leads to

k <3.57. (26)

By comparing the parameters in Tables 5 and 6, it is found that
the number of weighting terms k varies with different pipeline
transient pressure pulsations.

The corresponding experimental parameters from Ref. [1]
are listed in Table 6. The initial pressure close to the valve was
2.175 bar and the pressure in the upstream tank was 2.251 bar.
The initial flow rate in the tested copper pipeline was equal to
60.8 cm’/s. The pipeline was embedded in concrete to reduce
vibration. Thus, the acoustic velocity in hydraulic oil ¢g was
assumed to be constant.

The simulation of pressure pulsations in the upstream
pipeline is carried out with new flow rate and pressure vec-
tors determined by the corresponding boundary condition and
initial condition in the upstream pipeline.

The simulation and experimental results of transient pres-
sure pulsations close to the valve are shown in Fig. 10. The
corresponding experimental results in the upstream pipeline
are obtained from Ref. [1]. Compared with pressure pulsa-
tions in the downstream pipeline, due to a sudden valve clo-
sure, the column of fluid is brought to rest, firstly causing a
high pressure peak at the valve.

For comparison, the simulation results reproduced from
Trikhal'®! are also illustrated as the dotted line in Fig. 10. The
simulation results with identified parameters of the frequency-
dependent friction model are presented. Here the number of
weighting terms is selected to be 1 and 3, respectively.
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Pressure/10° Pa
2

!+ experimental results from Ref. [1]
1 o simulation results from Ref. [16] |
— —.simulation results with k=1

In this article, the calculation method of the number of
weighting terms is proposed compared with three weighting
terms for Trikha, ten weighting terms for Kagama, and four
weighting terms for Taylor. The proposed method does not set
the number of weighting terms as a constant, while the number
of weighting terms is determined by the condition that the time
constant of the first-order high-pass filter, 7;, must be greater
than the simulation time step. Overall, the pressure transient
model with optimal parameters of frequency-dependent fric-
tion provides an effective prediction of pipeline pressure pul-

— simulation results with k=3
L L

0 1 1
0 0.1 0.2 0.3 0.4 0.5
Time/s

Fig. 10. (color online) Simulation and experimental results of transient
pressure pulsations close to the valve in the upstream pipeline.

It can be obtained from Fig. 10 that a high frequency
oscillation occurs in the simulation of pressure pulsations
when the number of weighting terms k is 1.
with the simulation results by the method of Trikha from

Compared

Ref. [16], clearly, the simulation using the identified parame-
ters of the frequency-dependent friction model and the number
of weighting terms k£ = 3 provides better accuracy, including
the magnitudes of the pressure peaks and the duration between
the peaks. Therefore, the validity of the parameter identifica-
tion method for weighting function coefficients and the calcu-
lation method for the number of weighting terms in the friction
model is confirmed.

6. Conclusion

A study has been undertaken to model the frequency-
dependent dynamic friction item and to identify the val-
ues of weighting function coefficient for use in the model-
ing of pressure transients inside upstream and downstream
pipelines. Parameter identification is carried out by means of
genetic algorithms whose objective function is the sum of the
least-square errors between amplitude—frequency and phase—
frequency characteristics.

sations.
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