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Abstract

In recent years, the application of viscoelastic pipelines in water supply engineering has become increasingly common.
In pipes with viscoelasticity, the viscoelasticity of the pipe wall will attenuate the pressure wave as it propagates. Elastic
materials have a different relationship between stress and strain than elastic materials. Whether the direct water hammer is
generated by rapidly closing the valve under different valve initial opening degree from the transient elastic flow theory needs
to be investigated in depth, as the deformation comprises instantaneous and delayed deformation components. A series of
experiments is conducted in this paper to study the direct water hammer pressure generated in the polymethyl methacrylate
(PMMA) pipeline when the valve initial opening degree is 100 and 30% at different flow velocities and obtains the effect
of valve initial opening degree on the change in the direct water hammer pressure in the viscoelastic pipeline. The three-
dimensional numerical simulation of the flow field near the valve was performed by using ANSYS-FLUENT. The results
show that the value of the direct pressure of the water hammer in PMMA pipes is larger than that in Joukowsky formula,
and all exceed the theoretical pressure value at the first wave peak. The variation in the valve closing time and the initial
opening degree has an effect on the magnitude of the direct water hammer pressure in PMMA pipelines. Under the condition
of 6 different flow rates with the same valve closure time, the direct pressure of the water hammer generated by 30% valve
initial opening is larger than that generated by 100% valve initial opening with fast valve closure, and the pressure difference
is between 5.62 and 10.48%. The obtained results via numerical simulation show the turbulent flow pattern near the valve
and the large average flow velocity under a small valve opening degree. This phenomenon leads to the generation of a large
direct water hammer pressure via the sudden closing of the valve.

Keywords Viscoelastic pipeline - Direct water hammer - Valve opening degree - Experimental study - Numerical
simulation

1 Introduction long-distance pipeline transportation projects is flourishing.
In the context of the great development of marine resources,

Nowadays, with the development of economy and the  pipeline transportation is widely used in ocean engineering,
accelerating process of globalization, the construction of  which can provide a relatively economical and safe trans-
portation method for liquid resources such as oil and fresh
water. With the development of material science, pipelines
5 Chuan Wang comprising organic polymer materials have been gradu-
wangchuan198710@126.com ally applied to domestic and foreign engineering practice
due to their advantages of low cost, light weight, and cor-
rosion resistance. For example, PVC, PE, and HDPE are
currently widely used in pipeline materials. Statistics indi-
cate that 30% of pipelines in the USA comprise viscoelastic
materials; approximately 35% of the metal piping has been
replaced with plastic piping in water transmission lines [1].
Improper operation in long-distance pressurized water
pipelines can induce substantial water hammer pressure,
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which can seriously harm the entire pipeline system [2-6].
The frequent occurrence of water hammer accidents in vis-
coelastic pipelines is also a new issue that must be urgently
solved. In the field of transient flow, scholars have conducted
a considerable amount of research on the water hammer
problem, which mainly established the mathematical model
of the pressurized water pipeline to simulate the hydraulic
transition process and investigated effective water hammer
protection measures to ensure the safe operation of projects.
Tran [7] studied the pressure transient caused by the closing
of the air valve in the filling pipeline and proposed a filling
rate method considering different factors of pipeline safety.
Besharat et al. [8] conducted several experiments on the
compressed air container, obtained the absorption effect of
the device on the water hammer pressure, and analyzed the
effects of the airbag size on the water hammer pressure.
Miao et al. [9] proposed that the combined protection of the
air tank and the downstream valve can effectively reduce the
water hammer pressure and the air tank volume. Yang et al.
[10] introduced a new formula and continuity equation for
the calculation of water hammer wave velocity, which solved
the unsatisfied constant flow condition problem by the con-
tinuity equation. Fu et al. [11] improved the calculation
model of the two-fluid gas-liquid two-phase flow and suc-
cessfully predicted the liquid column separation phenome-
non in pipeline gas—liquid two-phase flow. Wang et al. [12]
established the mathematical model of the air valve in the
process of filling an empty pipeline with water and obtained
the optimal air valve model. Chen et al. [13] used experi-
mental method and numerical calculation to analyze the
influence of the closing valve speed on the impact waveform
of the water hammer. Roberts et al. [14] presented an experi-
mental study involving a small-scale model device driving
a piston crank mechanism to demonstrate that the operating
principles behind hydraulic rams can also be adapted to pro-
vide renewable energy. Wang et al. [15] established a math-
ematical model of the transition process of the entire system,
including the water pump, pipeline, and water hammer pro-
tection measures, by substituting the pressurized water deliv-
ery system for an energy conversion mechanism. Li et al.
[16] proposed a pump-stop water hammer protection
scheme, in which the air tank and the overpressure relief
valve are jointly established. For the OAA load-shedding
conditions of PSS, Wei et al. [17] revealed the mechanism
for the extreme WHP in the TST through theoretical analy-
ses, numerical simulations, and model experiments. Wang
et al. [18] used MATLAB programming to simulate the
water hammer and calculated and studied the water hammer
pressure generated at the moment of valve closing. Zhang
et al. [19] introduced the friction of long diversion tunnels
into the traditional water hammer analytical method and
derived a new series of analytical formulas for water ham-
mer considering the friction of long diversion tunnels, a
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formula for calculating the critical opening, and a formula
for limiting the closure law based on the extreme value of
water hammer at small openings. Li et al. [20] performed
numerical simulations on water hammer protection of vari-
ous types of air valves in pressurized pipelines. The research
on water hammers is not limited to the above water pipe-
lines, and the water hammer is crucial in the field of jet flow
[21, 22] and pump [23, 24]. Therefore, the study of water
hammers is of considerable importance. For the study of the
hydraulic characteristics of viscoelastic pipelines, Triki A
et al. [25, 26] investigated an in-line design strategy using
short pipe sections with polymeric wall materials (HDPE
and LDPE) to replace transient sensing zones in steel pipe.
They found that the newly proposed technique can effec-
tively reduce the water hammer pressure and circumferential
stresses through experimental comparison, showing that the
technique can effectively mitigate the severe impacts of the
water hammer on pipes and provide novel ideas for the safe
design of water distribution systems. Wang et al. [27]
focused on analyzing the pressure variation trend of the vis-
coelastic pipelines in the electrical circuit model, deduced
the calculation formula for the propagation velocity of pres-
sure waves, and obtained several methods of the actual
propagation velocity through the experimental curve. Zhang
et al. [28] focused on the tank—pipeline—valve system and
studied the water hammer characteristics of elastic and vis-
coelastic pipelines and found that the pulsating pressure
head of viscoelastic pipelines rapidly decays with time. Ber-
gant et al. [29] investigated the effect of pipe wall viscoelas-
ticity on water hammer pressure by performing water ham-
mer tests in a tank pipe valve system consisting of a
polyvinyl chloride (PVC) main pipe and two short steel
pipes, and the results have shown that pipes with viscoelastic
materials have an attenuating effect on the pressure of the
water hammer, in addition to the flow—solid coupling, the
nonlinear viscoelastic effects of the pipe wall vibration, and
other factors that may affect the water hammer pressure of
the viscoelastic pipes. Gally et al. [30] proposed the intro-
duction of viscoelastic terms in the continuity equation to
describe the delayed strain in viscoelastic pipelines. Covas
et al. [31, 32] experimentally measured the creep function
of the viscoelastic pipe to investigate the effect of wall shear
stress on the transient flow in this pipeline and proved that
stress conditions to which the pipeline is subjected vary
depending on the wall constraint. Soares et al. [33] per-
formed experiments on PVC pipes through experiment and
simulation. Under transient flow conditions, the viscoelastic
behavior of PVC pipes has a significant effect on hydraulic
transients. Therefore, the viscoelastic properties of pipe
walls must be considered when designing and analyzing
transient hydraulic processes. Ghidaoui et al. [34] calculated
the effects of pipeline viscoelasticity on the attenuation of
transient flow pressure fluctuations according to the
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acceleration weighting function. They found the large effect
of viscoelasticity on pressure fluctuations as the fluctuation
time extended. Keramat et al. [35, 36] investigated the Pois-
son’s ratio of viscoelastic pipelines with time and obtained
the factors affecting the problem of axial vibration response
characteristics of viscoelastic pipelines. Keramat et al. [37]
studied the effect of fluid—structure coupling on the water
hammer pressure in PE pipes through water hammer testing
in viscoelastic pipes with a multi-axial bearing. Results have
shown that the stiffness and location of the support structure
affect the pressure distribution profile. However, structural
boundary features affect the transient pressure spectrum, and
the results of the tests have important implications for piping
system design and fault detection. A viscoelastic Joukowsky
formulation was proposed by Keramat A et al. [38], and the
applicability of the proposed formulation was tested using
two polyethylene pipe cases, and the results have shown that
the method is highly effective for sufficiently long pipes with
complete creep during the one-half cycle of transient flow
and is more efficient and easier to implement than the clas-
sical technique of inverse transient analysis. The effect of
fast valve closure was studied by Meniconi et al. [39], vis-
coelasticity and unsteady friction on the transient behavior
of pressurized pipelines as shown in Fig. 4 of the paper, and
assessed the effect of the initial Reynolds number and the
local loss coefficient on the water hammer pressure through
numerical simulations and physical model tests. Jeno et al.
[40] conducted numerical simulations of a butterfly valve to
elucidate the relationship between the flow field structure
and the flow characteristics inside the valve. Zhang Y et al.
[41] investigated the effect of a water hammer in pipelines
caused by switching pumps and closing valves and explored
the effect of the air chamber capacity on the water hammer
pressure using the VOF model, suggesting that the air must
be efficiently vented prior to pump and valve operation. The
effect of different ballvalve closure times on water hammer
pressure variation was investigated by the CFD software by
Han Y et al. [42], and numerical simulation results have
shown that the length of the valve closure time affects the
vortex core motion and pressure vibration, and prolonging
the closing time of the valve can effectively reduce the maxi-
mum pressure of the water hammer, which can be used as a
reference for water hammer protection during ball valve clo-
sure in pipeline systems.

In recent years, most researchers have obtained more
abundant results on transient flow problems in elastic pipes,
and for plastic pipes PE, PVC, PP, PMMA, and other vis-
coelastic pipes of this type, if we continue to use classical
transient flow theory for numerical simulation studies, the
results will have some deviation [35, 43]. Numerical and
experimental investigations have been carried out for vis-
coelastic responses in either plastic or polymeric pipelines
[26, 44, 45]. The experimental results showed that the strain

rate of the viscoelastic pipe was much higher than that of
the elastic pipe, and the viscoelastic conduit may be able
to withstand a more severe pressure rise than the elastic
conduit.

They also introduced many solutions that have been
applied to practical engineering to reduce water hammer
pressure. However, the viscoelastic effect of the pipeline is
rarely considered in the design scheme for the safe opera-
tion of the currently used viscoelastic pipeline water supply
projects, such as PE. PVC. PMMA and PPR. This effect
is only considered in the calculation of the wave speed and
the lateral and axial strains of the pipe wall. The water ham-
mer pressure still uses the transient flow theory of elastic
pipelines as the basis for the design of water supply projects,
and the calculation of the direct water hammer pressure is
still performed using the Joukowsky formula. The viscoe-
lasticity of viscoelastic pipes significantly influences the
pressure responses and results in the classical Joukowsky
pressure head not being valid for the entire half-period of the
water hammer. Despite the fact that many researchers have
introduced the Kelvin—Vogt model into the mathematical
model of viscoelasticity and have considered a term in the
continuity equation based on it, in addition, special mechani-
cal tests have been carried out to measure the viscoelastic
properties of the pipe wall material. In the aforementioned
studies, only the material properties of the pipe were inves-
tigated. Covas, Pezzinga, Brunone et al. [31, 32, 46] have
carried out extensive research on viscoelastic pipes, which
provided the research basis for our paper. They mention that
the main property of viscoelastic materials is that the strain
response lags behind the applied stress. This behavior affects
the pressure response during transient events by attenuating
pressure fluctuations and increasing the dispersion of the
pressure wavefront. Keramat, Tijsseling, Bergant et al. [38,
47] conducted many researches on the viscoelastic Jouk-
owsky head (VJH) formula, which contributes to the study
of water hammer in viscoelastic pipes. The objective of this
paper was to measure the pressure of the direct water ham-
mer generated inside a viscoelastic pipe such as PMMA and
provide valuable experimental data which can be used to
check the accuracy of the viscoelastic model.

If the elastic pipeline characteristics are used as the theo-
retical basis in the simulation research of the hydraulic tran-
sition process of the viscoelastic pipeline, then the possible
accurate application of the results to the actual engineering
must be further studied. If the research on the hydraulic
transition process in the viscoelastic pipeline is insufficient
and the actual project fails to meet the requirements of
design and operation, then serious water hammer accidents
will occur, resulting in major personal safety hazards and
economic losses. With the development of pipeline technol-
ogy, the impact factors taken into account during testing
have become increasingly complex, and the transient flow
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model requirements for viscoelastic pipelines have become
increasingly stringent; there is a need for more accurate
testing of the hydraulic transition process for viscoelastic
pipelines in order to reflect real pipeline pressure fluctua-
tions and thus accurately modify the model. In the theory
of water hammer, the magnitude of direct water hammer
is independent of the initial opening of the valve, i.e., the
maximum value of direct water hammer pressure is fixed
regardless of the initial opening of the valve; therefore, it is
the culmination of this paper to explore whether the mag-
nitude of the direct water hammer pressure generated by
different valve apertures in PMMA pipelines is the same.
Therefore, conducting in-depth experimental research on
the variation law of water hammer pressure in viscoelastic
pipelines and understanding the dynamic characteristics of
viscoelastic pipeline materials for its practical application
is of considerable importance.

2 Experimental device and measurement
method

Figure 1a shows the device system, which comprises an
upstream water tank, PMMA pipes, a midline butterfly
valve, a flow regulating valve, and a downstream water tank.
The actual layout of the pipeline is shown in Fig. 1b, in
which the length of the experimental pipe is 44.37 m, the
inner diameter of the pipe is 5 cm, and the wall thickness of
the pipe is 1 cm. For PMMA pipe, its mechanical proper-
ties are similar to those of polyethylene plastic, with typi-
cal viscoelastic behavior [31, 32, 44], this paper will focus
on PMMA pipe as a research object in addition to its own
features of viscoelastic pipe, the primary reason for this is
that PMMA piping has the characteristics of transparency,
transparent PMMA can observe the flow conditions of the
fluid in the pipe, easy to observe the water hammer gener-
ated in the process of the pipe if the state of separation of
the liquid column, by observing if the pipe is producing gas,
and the range of changes in flow rate is determined to avoid
the flow of water into the pipe to produce a water hammer
bridging the break. A midline butterfly valve is set at the
end of the pipeline, which is 42.37 and 2.0 m away from the
upstream and downstream water tanks, respectively. Direct
water hammer is generated in the pipeline by manually clos-
ing the valve. Figure 1c shows the installed high-frequency
dynamic pressure sensors 0.5 m away from the end of the
pipeline and 2 m away from the front of the midline butterfly
valve to measure water hammer pressure. An overflow plate
is set in the upstream water tank to maintain the upstream
water level, and a 90° triangular sharp-crested weir is set
in the downstream tank to measure the flow in the pipe-
line. Buttresses are set at intervals of 1 m near the end valve
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and 2-3 m in the first half of the pipeline. This experiment
mainly studies the water hammer caused by the rapid closing
of the valve under different flow velocities.

The flow velocity in the pipe is between 0.11 and 0.29 m/s
after calculation to ensure the turbulent water flow in the
pipe. This experiment uses a 90° triangular sharp-crested
weir, ultrasonic flowmeter, and weighing method to meas-
ure the flow simultaneously to ensure the accuracy of flow
measurement. The flow errors measured by the three meth-
ods are within +5%. The pressure sensor (GYG1405F) is a
high-frequency high-precision dynamic pressure sensor with
an accuracy level of 0.5% F.S and a frequency response of
20 kHz. The pressure of the water hammer was collected
using the CrAs data monitoring and acquisition system
shown in Fig. 1d. The water temperature tested before the
experiment ranged from 13 to 15 °C. The experiments were
conducted under the conditions of six flow velocities with
the midline butterfly valve at 100 and 30% openings, as
shown in Fig. 2. In addition, Fig. 3 illustrates the flow of
this experimental study. The basic theory of the water ham-
mer states that the direct water hammer phenomenon will
occur in the pipeline when T, which is the closing time of
the valve, is not more than 2L/a. The direct water hammer is
generated in the pipeline after calculation when 7, <120 ms.
Therefore, the closing time of the valve is set to be less than
120 ms under all working conditions in this experiment.
At least 10 experiments of rapid closing of the valve are
performed under each flow velocity condition: the first five
valve closing operations are conducted at a high speed to
verify that the experiment meets the repeatability of the test,
and the last five valve closing operations are conducted at
a slightly slower speed. These conditions meet the require-
ments of a direct water hammer to determine the effects of
different valve closing times on the direct water hammer
pressure.

3 Calculation model and boundary
conditions

FLUENT is used to simulate numerically the steady flow
of the midline butterfly valve with 30 and 100% open-
ings. The analysis of the internal flow field distribution
of the valve with different openings under various flow
velocities further explained the effect of the bottom flow
pattern on the direct water hammer pressure under dif-
ferent valve openings. The basic equations of computa-
tional fluid dynamics include mass and momentum con-
servation equations. The length of 4 m before and after
the midline butterfly valve is selected in the calculation
model. Figure 4 shows the 3D model of the butterfly
valve with 100 and 30% openings. GAMBIT is used to
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(a) Schematic of experimental test rig

(d) Data acquisition interface of CrAs system

Fig.1 Test device layout and acquisition equipment
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Fig.2 Butterfly valves with dif-
ferent opening degrees

(a) Butterfly valve at 30% opening

I Fill and vent the pipelines I

\ 4

I Calibrate measuring instruments I

I Adjust to target flow |

I Close valve quickly |

y

I Collect and process date |

Fig.3 Experimental procedures

establish the geometric model and mesh the butterfly
valve, in which the X-axis direction and the origin are
set as the flow direction of the fluid and the valve core,
respectively. The SIMPLEC algorithm is also utilized
in the calculation to solve the pressure and velocity: the
inlet of the pipeline adopts a velocity boundary whose
magnitudes are similar to the six velocity magnitudes in
the experiment, and the outlet of the pipeline adopts a
free outflow boundary. The mesh division adopts highly
adaptive unstructured tetrahedral meshes, and the mesh
number of the DN50 butterfly valve under different open-
ings is 190,083 ~210,524.

Fig.4 Three-dimensional
model of the butterfly valve at
different openings

() Butterfly valve at 30% opening

@ Springer

(b) Butterfly valve at 100% opening

4 Results and discussion

4.1 Effects of valve closing time on direct water
hammer pressure

Figures 5 and 6, respectively, compare the experimental
results of the direct water hammer pressure with those cal-
culated by Eq. 1, which is the theoretical formula of transient
flow. Three groups were randomly selected from the five
groups of experimental data obtained under the same work-
ing conditions to illustrate the variation diagram of direct
water hammer pressure under the condition of 100% valve
opening, as shown in Fig. 5. This figure reveals that the three
extracted groups of experimental data are consistent, thus
demonstrating that the experiment meets the repeatability
requirements.

a
AH p AV, (1)
where AH is the increase in the water hammer pressure in
m, a is the wave velocity in m/s, and AV is the variation in
flow velocity in m/s.

Figure 5 shows that the measured value of direct water
hammer pressure at each flow velocity is larger than the
theoretical value of water hammer pressure calculated by
Eq. 1. The maximum pressure generated by the closing valve
in groups 1 to 3 and the initial head of the upstream tank is
12.64, 12.73, 12.73, and 4.16 m when V, which is the flow

b) Butterfly valve at 100% openin
( y pening
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Fig.5 Variation in direct water hammer pressure at 100% valve opening at different flow velocities

velocity, is equal to 0.11 m/s. Therefore, AH, which is the
boost value of the water hammer, can be calculated. The
boost values of the water hammer obtained from the three
valve closing experiments are 8.48, 8.57, and 8.57 m. The
theoretical boost value is 7.14 m, which is calculated by
Eq. 1 and is 1.43 m lower than the measured value, which
is approximately 20.03% low. The theoretical boost value is
equal to 16.04 m and the measured boost values are 18.48,
18.39, and 18.41 m when V=0.247 m/s. By contrast, the
maximum boost value obtained by the three experiments is
2.44 m larger than the theoretical value, which is approxi-
mately 15.21% large, when V=0.247 m/s.

Figure 6 shows the change in the measured direct water
hammer pressure at different flow velocities when the ini-
tial valve opening is 30%. The figure reveals that the meas-
ured direct water hammer pressure at each flow velocity
is also larger than the theoretical value, which is the same
conclusion as when the initial opening is 100%. Figure 6a
shows that one of the measured pressure boost values is
equal to 11.80 m and the theoretical boost value is equal
to 9.55 m when V=0.147 m/s; thus, the measured boost is
larger than the theoretical value of 2.25 m, which is approxi-
mately 23.61% large. The three other measured boost val-
ues exceeded the theoretical values by 23.61, 24.06, and

24.11%. Figure 6b shows that the three measured boost
values exceeded the theoretical values (14.03 m) by 25.49,
26.68, and 24.49% when V=0.216 m/s.

The relative values of closing times at different flow
velocities at 100 and 30% openings are plotted against the
increased percentage of direct water hammer pressure in
Fig. 7 to analyze the effect of different closing times on
the variation in direct water hammer pressure in viscoelas-
tic pipes. Figure 7a reveals that the direct water hammer
pressures at different flow velocities all exceed the theo-
retical values calculated by Eq. 1 when the valve opening
is 100%. When V=0.147 m/s, the variation range of T/T,
is 0.38-0.31 (the valve closing time is reduced from 46 to
37 ms) and the percentage exceeding (H,— H_)/H,, which is
the traditional value, increases from 11.62 to 21.04%. When
V=0.183 m/s, the range of T/T . is 0.54-0.35 (the valve clos-
ing time is reduced from 65 to 42 ms) and (H,— H_)/H, is
increased from 10.69% to 18.86%. When V=0.284 m/s,
the range of T,/T, is 0.65-0.35 (the valve closing time is
reduced from 78 to 42 ms) and (H,— H_)/H, is increased
from 2.49 to 17.19%. Figure 7b shows that the direct water
hammer pressures at different flow velocities also exceed
the theoretically calculated values when the valve open-
ing is 30%. When V=0.11 m/s, the variation range of
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Fig.6 Variation in direct water hammer pressure at 30% valve opening at different flow velocities

T/T,is 0.41-0.33 (the valve closing time is reduced from
49 to 40 ms) and (H,— H_.)/H, increases from 22.69 to
30.53%. When V=0.183 m/s, the variation range of T,/T,
is 0.45-0.33 (the valve closing time is reduced from 54 to
39 ms) and (H,— H_)/H, increases from 18.43 to 31.90%.
When V=0.216 m/s, the variation range of 7/T is 0.43-0.33
(the valve closing time is reduced from 52 to 40 ms) and
(H,—H_)/ H_ increases from 17.89 to 32.07%.

The above results show that the closing time of the valve
has a substantial influence on the increase in the water ham-
mer pressure in the viscoelastic pipeline, and the water ham-
mer pressure rises with the decrease in the closing time of
the valve. The above phenomenon is attributed to the viscous
and elastic deformation mechanisms of the viscoelastic pipe.
The viscoelastic pipe is relatively “soft,” and the deflection
of the pipe wall is large. Under the action of stress, the vis-
coelastic pipe will not only produce instantaneous strain
similar to viscoelastic pipes but also generate some strain
that lags behind the stress. The elastic modulus, wave veloc-
ity, and the direct water hammer pressure are all large when
other variables are maintained.

Figure 8 shows the water hammer pressure generated by
rapidly closing the valve at a certain flow velocity. The figure
reveals that the pressure gradually increases at the beginning

@ Springer

of the valve closing and reaches the maximum value when
the valve is completely closed. The elastic after-effects of
viscoelastic pipes after valve closing induce stress from the
PMMA pipeline without producing a corresponding strain,
which results in a relatively large rigidity of the pipe and
elastic modulus at this time. Thus, the wave velocity and the
increase in water hammer pressure are large. Therefore, the
actual measured direct water hammer pressure is larger than
the theoretical value, which is calculated in Eq. 1. After the
valve is closed for a period, a large strain occurs in the pipe-
line, the pressure wave begins to decay, the elastic modulus
decreases relatively, and the wave velocity reduces, which
eventually result in pressure reduction. The water hammer
pressure does not change after recovering from a relatively
large value to the theoretically calculated value when the
strain reaches the maximum. Therefore, the wave of water
hammer pressure first increases and then decreases rapidly
and finally flattens. The pipeline does not react immediately
due to the rapid closing of the valve. The “rigidity” of the
pipe is relatively large under constant stress and small strain.
As the elastic modulus increases, the wave velocity rises and
the measured water hammer pressure also increases.

The above experimental results indicate that under 100 or
30% valve opening, the increase in water hammer pressure
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Fig.8 Water hammer pressure generated by rapidly closing valve at a
certain flow velocity

due to the rapid closing of the valve at each flow velocity
far exceeds its theoretically calculated value. The increase
in water hammer pressure generated at 100 and 30% valve
openings, respectively, exceeded their corresponding theo-
retical values by 21.08 and 32.88%. The traditional theory
of water hammer indicates that the increase in direct water
hammer pressure is only related to the wave velocity in the
pipe, the change in the flow velocity, and the acceleration of
gravity; this phenomenon is unaffected by the closing time
of the valve. However, the experiment found that a short
valve closing time induces a high direct water hammer pres-
sure. This finding further demonstrated that the formula of
the direct water hammer did not match the measured direct
water hammer pressure in the PMMA pipe, while that of
direct water hammer pressure no longer applies to the cal-
culation of direct water hammer pressure in elastic—viscoe-
lastic pipes.

where T, is the valve closing time measured in the exper-
iment and 7, is the maximum time that the valve can be
closed to ensure the occurrence of direct water hammer (its
value is 120 ms). H, is the water hammer pressure measured
in the experiment, and H_ is the water hammer pressure cal-
culated by Eq. 1.

4.2 Effects of initial valve opening on direct water
hammer pressure

The direct water hammer pressure generated by valve closure
when the initial valve opening is 100 and 30% under six dif-
ferent flow velocities was compared to analyze the influence
of the initial valve opening on the direct water hammer pres-
sure in the viscoelastic pipeline. Two experimental results
with the same valve closing time were selected at each flow
velocity for comparison, and the comparison results are
shown in Fig. 9. Figure 9a reveals that when V=0.11 m/s,
the theoretically calculated pressure is 11.29 m, and the
maximum pressure at 100% valve opening is 12.42 m, which
exceeds the theoretical value by 10.0%. The maximum pres-
sure at 30% valve opening is 13.12 m, which exceeds the the-
oretical value by 16.14 and is 8.38% higher than that at 100%
valve opening. Figure 9b shows that when V=0.147 m/s,
the maximum pressures at 100% and 30% valve openings
are, respectively, 15.61 and 16.81 m, which correspondingly
exceed the theoretical value at 13.68 m by 10.0 and 22.94%
(10.4% higher than that at 100% valve opening). Figure 9¢
demonstrates that when V=0.183 m/s, the maximum pres-
sure at 30% valve opening is 5.62% higher than that at 100%
valve opening. Figure 9d shows that when V=0.216 m/s, the
maximum pressure at 30% valve opening is 10.48% higher
than that at 100% valve opening. Figure 9e reveals that when
V=0.247 m/s, the maximum pressure at 30% valve opening
is 8.84% higher than that at 100% valve opening. Figure 9f
indicates that when V=0.284 m/s, the maximum pressure at
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Fig.9 Comparison of pressures generated by different initial valve opening valves at various flow velocities

30% valve opening is 9.52% higher than that at 100% valve
opening. The above comparison results show that the pres-
sure at 30% valve opening is larger than that at 100% valve
opening while that at 100% valve opening is larger than the

@ Springer

theoretically calculated pressure under similar valve closing
times. In the traditional theory of direct water hammer, the
water hammer pressure does not affect the initial opening
of the valve and the direct water hammer pressure remains
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the same regardless of the initial valve opening. However,
the experimental results reveal that the direct water hammer
pressure generated in viscoelastic pipes, such as PMMA,
is related to the initial opening of the valve. A small initial
opening of the valve leads to a high direct water hammer
pressure.

4.3 Results and analysis of numerical simulation

A three-dimensional numerical simulation of the bottom
flow pattern of the valve under different openings was con-
ducted to analyze the reasons for different valve openings
due to various increments in water hammer pressure. The
flow velocities of the inlet are set similarly to those in the
experiment, and the three-dimensional numerical simulation
calculation is conducted for the butterfly valve DN50 under
the two conditions of 100 and 30% openings. Figure 10
shows the velocity vector distribution at 0.2 m before and
after the pipeline when the valve opening is 100 and 30% at
different flow velocities. This figure demonstrates that the
water flowing through the butterfly valve is obstructed by its
central axis plate when the valve is opened at 100%. There-
fore, the overflow area of the water body is smaller than
that of the pipeline, increasing the flow velocity at the flow
passage. The bottom flow velocity of the valve is 0.26 m/s,
which is approximately twice the flow velocity of the inlet,
under V=0.11 m/s and 100% valve opening. Meanwhile,
when V=0.183 m/s and the valve opening is 100%, the bot-
tom flow velocity of the valve is 0.46 m/s, which is approxi-
mately 2.56 times the flow velocity of the inlet. When the
initial opening of the valve is 30%, the opening of the plate
is substantially small at this time and the flow area near the
valve is seriously reduced, which leads to the narrowing of
the flow passages at both ends of the valve. Consequently,
the flow velocity around the flow channel and near the par-
tial area of the pipe wall at the front and rear ends of the
valve plate increases and a certain flow velocity gradient is
formed, inducing the extremely turbulent internal flow field
at the valve plate core. The fluid at the front of the butterfly
plate core moves in the direction of the flowing water, while
that behind the core moves in the opposite direction to the
flowing water and creates a vortex at the top. The flow veloc-
ity of the water on the side moving against the direction of
the flowing water is larger than that of the water moving in
the direction of the flowing water at the bottom of the valve.
The areas with the largest flow velocity and the most con-
centrated streamlines are also most severely impacted by the
water flow. The bottom flow velocity of the valve is 0.79 m/s
when V=0.11 m/s, and the valve opening is 30%: the bottom
flow velocity of the valve is 1.14 m/s, which is 6.23 times
the flow velocity of the inlet, under V=0.183 m/s and 30%
valve opening. A small valve opening induces a turbulent

flow pattern at the valve and a large flow velocity at the top
and bottom of the valve.

The average flow velocities obtained at 100 and 30%
valve openings are plotted in Fig. 11. The figure shows that
under the six different inlet flow velocities, the average flow
velocity of the pipeline at 30% valve opening is larger than
that at 100% valve opening, and the average flow velocity
at 100% valve opening is slightly larger than the inlet flow
velocity. For example, when V=0.183 m/s, the flow veloc-
ity of inlet is 0.183 m/s, the average flow velocity at 100%
valve opening is 0.191 m/s, and the average flow velocity at
30% valve opening is 0.221 m/s; when V=0.284 m/s, the
inlet flow velocity is 0.284 m/s, the average flow velocity
at 100% valve opening is 0.292 m/s, and the average flow
velocity at 30% valve opening is 0.325 m/s. The experi-
mental results reveal that the direct water hammer pressure
generated by the rapid closing of the valve at various valve
openings is different. The direct water hammer pressure gen-
erated by closing the valve at 30% valve opening exceeds
the pressure generated by that at 100% valve opening, and
the excess value can reach a maximum of 10%. The above
results obtained from a three-dimensional numerical simula-
tion of the flow pattern near the valve at different openings
demonstrate that the large water hammer pressure under a
small valve opening is due to the turbulent flow pattern at the
bottom of the valve. Under six different inlet flow velocities,
the maximum flow velocity at the bottom of the valve with
30% opening is approximately three times that with 100%
opening, and the average flow velocity at 30% valve opening
exceeds that at 100% valve opening by approximately 13%.
Therefore, the flow velocity at the bottom of the valve with
30% opening is larger than that at 100% opening. The theory
of direct water hammer indicates that the increase in water
hammer pressure is related to the change in flow velocity;
thus, a considerable change in flow velocity induces a large
direct water hammer pressure. The variation in the average
flow velocity at 30% valve opening is larger than that at
100% opening by 10%. Therefore, the measured direct water
hammer pressure generated by rapidly closing the valve at
30% valve opening is relatively large.

5 Discussion

In this paper, we mainly compare all the results of the exper-
iments with the classical Joukowsky formula. For the viscoe-
lastic Joukowsky head (VJH) formula, during the creep cali-
bration procedure, the creep coefficient of a viscoelastic pipe
was determined based on the results collected from transient
tests. At the moment, we cannot conduct tests of the creep
function to compare the measured results with the VIH for-
mula. In later studies, we will also focus on the applicabil-
ity of the VJH formula to direct water hammer pressures
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Fig. 10 Vector distribution of
flow velocity when the valve
opening is 100 and 30% at
different flow velocities (30
and 100% valve openings are,
respectively, shown above and
below)
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Fig. 11 Comparison of average flow velocities obtained from numeri-
cal simulation at different valve openings

generated in different viscoelastic pipes. We believe that all
the experimental data in this paper can be used to validate
and predict the mathematical model and response of the
viscoelastic pipe mechanism. The variation in direct water
hammer pressure in PMMA pipes was analyzed. Therefore,
the applicability of our findings to other viscoelastic pipes
(PVC, PE, HDPE) and how to determine the creep function
of PMMA pipes will continue to be studied experimentally.
In the numerical simulation on the pipe, we focused on the
flow field distribution of constant flow with different ini-
tial opening of the valve, without applying the Joukowsky
formula to the modeling of viscoelastic pipes, and how the
properties of the material and the valve action are correctly
applied in the mathematical model is the focus of the next
stage of the authors’ research.

6 Conclusions

A series of experiments is conducted in this paper on the
direct water hammer pressure generated by different valve
openings, and the variation law of the direct water hammer
pressure in the PMMA pipeline is studied. The conclusions
are as follows.

(1) At different flow rates and initial valve openings, the
direct water hammer pressure generated by a rapidly
closing valve is much greater than the calculated value
of the Joukowsky formula, which is due to the time-
dependent nature of viscoelastic pipes, i.e., the defor-
mation of the pipe is affected by time, resulting in the
inapplicability of the Joukowsky formula for calculat-
ing the direct water hammer pressure of viscoelastic
pipes. The test results show that the direct water ham-
mer pressure is also related to the valve closing time,

and the shorter valve closing time will lead to a signifi-
cant increase in direct water hammer pressure.

(2) Under certain flow velocity, the direct water hammer
pressure generated by closing the valve at 30% opening
exceeds that at 100% opening by a maximum of 10%
compared with that generated by closing the valve at
100% and 30% valve openings. Therefore, the direct
water hammer pressure in the viscoelastic pipeline
is related to the initial opening of the valve. A small
valve opening induces a substantial direct water ham-
mer pressure.

(3) The simulation results of the flow field show that the
flow pattern of the water body is relatively smooth and
the average flow velocity is small under 100% valve
opening. Meanwhile, the water flow velocity at both
ends of the valve plate is relatively large under 30%
valve opening. Thus, the impulse on the wall is strong
and the average flow rate is large. A small valve open-
ing induces large flow velocity at the bottom water and
high direct water hammer pressure.
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