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Abstract

Under large water level fluctuations, emergency pump shutdown in floating pump sta-
tions tends to induce severe water hammer oscillations, with consequences including ex-
cessive negative pressure, potential cavitation and water-column-separation risk, and un-
controlled pump reverse rotation; this seriously threatens the operational safety of water
intake systems. We seek to develop an economical and effective water hammer protection
strategy. Therefore, we study a long-distance water conveyance project with a floating
pump station, establish a numerical model of hydraulic transient processes, and carry out
a numerical simulation of a pump-trip water hammer, enacting a combined protection
strategy that integrates rules on pump outlet valve closure and air vessels. Meanwhile, we
analyze the regulation effects of key parameters, including air vessel volume, connecting
pipe diameter, and water—air ratio (the ratio of initial water volume to initial air volume
inside the air vessel), on the pipeline pressure and pump rotational speed. Overall, with
the simultaneous shutdown of three pumps at the minimum operating water level, nega-
tive pressure seriously exceeds its limits in the absence of protective measures. In opti-
mizing the valve closure rule alone, we can effectively suppress reverse pump rotation,
but this fails to effectively address the issue of negative pipeline pressure. After introduc-
ing air vessels to form a combined protection system, the indicative negative-pressure se-
verity in the pipeline significantly improves due to the synergistic effect of valve closure
(suppressing reverse rotation) and air vessels (regulating the pressure). On this basis, we
identify the best-performing option among the investigated cases, on the premise that a
larger volume is economically unjustified, via multi-parameter comparative analysis. This
consists of a two-stage valve closure rule (a 5 s fast closure duration + 80% fast closure
angle + 35 s slow closure duration) alongside an air vessel with a 15 m?® volume, a 0.3 m
connecting pipe diameter, and a 1:1 water—air ratio, and a terminal air valve with a 300
mm air intake diameter. This scheme balances hydraulic safety and engineering economy;
the maximum pipeline pressure, minimum pipeline pressure, and maximum pump re-
verse speed all meet specification requirements, enabling risk control for the investigated
pump-trip water-hammer conditions. These research findings provide a theoretical basis

Water 2026, 18, 2496

https://doi.org/10.3390/w18202496



Water 2026, 18, 2496

2 of 28

and technical support for the design of water hammer protection schemes in similar water
conveyance projects at floating pump stations.

Keywords: floating pump station; water hammer protection; valve closure rule; air vessel;
combined protection strategy

1. Introduction

China has experienced rapid economic and social development, with a resulting in-
creased prominence of unevenly distributed water resources, both temporally and spa-
tially. As a result, long-distance high-lift water conveyance projects have become critical
infrastructure, alleviating regional water shortages, ensuring secure urban and rural wa-
ter supply, and promoting sustainable economic and social development. Such projects
generally involve long conveyance distances, complex terrain, high lift, and a large system
scale, and their safe and stable operation is directly related to the national economy and
the livelihood of the population. However, the water hammer effect threatens pipeline
safety during the operation of long-distance high-lift water conveyance systems. The su-
perimposed effect of complex terrain and high lift further aggravates the risk of water
hammer accidents, especially in pressurized pumping conveyance systems. To avoid or
reduce the hazards caused by water hammer, scholars worldwide have sought protection
against it, the primary purpose being to reduce the intensity and duration of water ham-
mer pressure oscillations, ensuring safe pipeline operation within the allowable pressure
range. Therefore, controlling the extreme transient pressure induced by water hammer is
a key research topic in the field of hydraulics.

For high-lift pumping stations, rapid valve closure can significantly change the flow
momentum in channels, trigger obvious pressure fluctuations, and potentially lead to wa-
ter hammer damage. Optimizing valve closure mechanisms is an effective technical ap-
proach to mitigate pressure shocks in the system, and valve regulation strategies have
thus become a key research direction in water hammer protection. Ouyang et al. [1] pro-
posed a water hammer protection scheme with gates installed at the upstream end for
ultra-long pressurized diversion tunnels. After water hammer occurs in the upstream and
downstream sections during water conveyance, delaying the gate opening time by 40 min
and adopting a uniform slow-opening control mode can constrain the pressure and flow
fluctuations inside the tunnel within a safe range. This method effectively suppresses ad-
verse flow patterns, such as gas-liquid mixing, large bubble formation, and water column
separation, and improves the efficiency of water conveyance while reducing water ham-
mer pressure. Gate operation strategies such as this, with precise timing and rate regula-
tion capability, can also be applied to control transient pressure fluctuations in pipelines
induced by pump shutdown. Lohrasbi and Attarnejad [2] found that valve opening and
closure cause flow fluctuations in water conveyance pipelines, and numerical calculations
confirmed that shortening the valve closure time generates enormous water hammer pres-
sure, necessitating an extension of the valve closure duration. Xue et al. [3] conducted
numerical analysis via the Flowmaster simulation platform, showing that a staged gate
closure strategy, starting fast and later slowing down, can effectively weaken the pressure
peak and severe oscillations caused by water hammer. The fast closure stage accounts for
two-thirds of the total stroke, corresponding to an opening adjustment range of 0.6-0.3,
with an optimal opening threshold of 0.4. This optimized scheme can effectively guaran-
tee the operational safety and steady-state performance of the pipeline system. Lescovich
[4] revealed the correlation between the length of the water conveyance pipeline and the
gate closure duration: the longer the pipeline, the more prominent the pressure wave
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effect caused by water inertia during rapid gate closure; accordingly, the gate closure time
needs to be extended. Wang and Liu [5] also verified this conclusion; they investigated
multiple gate control schemes in a bidirectional-flow-passage pumping station, including
single-side gate opening and simultaneous opening of both sides. The flow velocity dis-
tribution in the inlet area of the flow passage was the most uniform when keeping the
inlet-side gate fully open and regulating flow only through the outlet-side gate opening.
Romuald et al. [6] studied valve closure rules and proved that staged valve closure can
reduce the impact of water hammer compared with linear closure rules. Liu et al. [7] in-
vestigated a two-stage valve closure rule for minimizing pump-trip water hammer; with
the same total valve closure duration, balancing between a fast closure time and the angle
was conducive to improving the safety of pump pipeline systems. In complex pump-valve
systems, the operation time interval has a significant impact on the hydraulic transient
process of switching operating states; appropriate delay can not only reduce the transient
pressure during startup but also prevent reverse rotation of the pump [8,9]. Han et al. [10]
used computational fluid dynamics to numerically simulate ball valves with different clo-
sure times and rules; they found that a faster valve closure speed in the early stage led to
greater water hammer pressure, whereas extending valve closure time could effectively
reduce its maximum. This rule also confirms the research conclusions of the aforemen-
tioned scholars, explaining the interaction between valves and water hammer, which pro-
vides theoretical guidance for optimizing valve operation. Toumi and Sekiou [11] showed
that the optimal valve closure law depends on the ratio of slow-closure time to pipeline
reflection period; above 0.50, the optimal exponent becomes a damped periodic function
and its range narrows with longer closure, aiding dynamic selection of closure laws.
Nevertheless, in long-distance water conveyance projects, valve regulation alone is
often insufficient to achieve full-line water hammer control, and it must usually be com-
bined with other protection devices such as air vessels, surge tanks, and air valves. As an
emergency water supply source, air vessels [12,13] perform vital functions in protecting
against water hammer. When pumps stop operating, the gas in the air vessel expands
rapidly to replenish necessary water and limits the negative pressure inside the pipeline.
When the pipeline pressure rises and forces water to flow into the air vessel, the gas inside
the vessel is compressed, thereby preventing an increase in the pipeline pressure. Thus,
air vessels are an effective means to prevent both positive and negative water hammer.
Their effect is particularly prominent in high-lift water diversion projects with low flow
rates, significantly reducing the impact of water hammer on pipelines. Air valves [14] can
effectively remove accumulated air masses in the system and eliminate flow shocks, pre-
venting positive pressure from damaging the water conveyance system. Meanwhile,
when the pipeline pressure drops sharply, air valves can suck air in quickly to cut off the
water hammer propagation path, thus avoiding pipeline damage caused by water column
separation. Surge tanks [15] utilize the free water surface in a nearby tower to absorb pres-
sure waves generated by pipeline transients and convert them into surge fluctuations.
Pressure relief valves open automatically to discharge part of the flow when the water
pressure in the pipeline exceeds the maximum allowable value, rapidly reducing the pos-
itive pressure behind the valve to ensure pipeline safety. Bettaieb and Taieb [16] con-
ducted a transient analysis using a MATLAB 2014b program based on the linear integral
method of characteristics; they showed that combining check valves with an optimized
closure rate and non-return valves can effectively control transient pressure. Ali et al. [17]
simulated water hammer in water supply networks using the WHAMO software and ver-
ified the protective effect of open buffer tanks paired with check valves. Khokhlov et al.
[18] innovatively proposed a combined scheme of bypass devices and proportional con-
trol butterfly valves to protect hydraulic equipment. Himr et al. [19] numerically simu-
lated a hydraulic model to reveal a better-than-expected protective effect of air vessels
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against pump-trip water hammer. Lyu et al. [20] proposed a combined protection scheme
involving air vessels and safety valves, which significantly reduced the air vessel volume.
Chen et al. [21] verified the superiority of combining air vessels with air valves through
numerical simulation. In addition, the authors studied opening and closure rules of over-
pressure relief valves; they should be opened quickly to achieve rapid discharge and sup-
press maximum pressure rise but closed as slowly as possible to avoid large pressure
waves. Hamed and Abdulaziz [22] experimentally and numerically optimized air vessel
performance, identifying orifice diameter as the most critical parameter affecting water
hammer head and vessel size, thus providing a reference for balancing safety and econ-
omy. Ili¢ et al. [23] analyzed the hydraulic transient process of water conveyance systems
with air vessels, proposing a combined protection measure that involved installing an air
vessel behind the pump and arranging an air valve at the end of the pipeline. Compared
with using air valves or vessels alone, this measure can greatly eliminate water hammer
pressure and effectively reduce the air vessel volume.

In summary, existing studies have accumulated abundant achievements —optimiz-
ing valve opening and closure rules, conducting performance analyses of various water
hammer protection devices, and enacting multi-measure combined protection—laying a
solid theoretical and technical foundation for risk prevention and control of water ham-
mer in long-distance water conveyance projects. However, most of these studies focus on
conventional onshore pumping stations and fixed pipelines, with less attention paid to
water-lifting projects at floating pump stations. There is a lack of in-depth analysis of the
synergistic regulation mechanisms of valve closure rules and air vessels, as well as their
overall protective effect on floating pump stations. Therefore, in this paper, we study a
water-lifting project at a floating pump station to propose a combined protection strategy
involving valve closure rules and air vessels whilst considering actual engineering condi-
tions. Different from previous studies focusing on conventional onshore pumping sta-
tions, this paper targets the unique characteristics of floating pump stations with large
water level fluctuations, including variable working head and rocker-arm pipeline layout.
Based on the method of characteristics, we establish a refined numerical model of hydrau-
lic transient processes for floating intake systems, and integrate two-stage valve closure,
air vessels and terminal air valves to form a multi-level combined protection system. On
this basis, we conduct multi-criteria hydraulic optimization covering three core indicators:
maximum pipeline pressure head, minimum pipeline pressure head and maximum pump
reverse speed, while taking engineering economy into account by reducing the volume of
air vessels to cut down construction and operation costs. We systematically analyze the
control effect of our combined protection scheme on water hammer pressure along the
line, and demonstrate the necessity and feasibility of the scheme. Finally, we formulate
the best-performing hydraulic safety regulation strategy among the investigated cases.
The results of this research may provide a reference for the design and optimization of
water hammer protection in similar water-lifting projects at floating pump stations.

2. Methods
2.1. Mobile Water Intake

Floating water intake technology [24] features a long development history, wide-
spread application, and a mature technical system. Compared with other methods of wa-
ter intake, mobile intake pumping stations have the following advantages:

(1) Wide applicability: Suitable for rivers and lakes; the floating vessel automatically
rises and falls with the water level, keeping the suction port 1-2 m below the water
surface, thereby reducing sediment concentration and debris entrainment in the in-
take water.
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(2) Few construction restrictions: They can be arranged regardless of whether the water
intake meets navigation conditions.

(38) Good structural stability: They comply with unsinkable design principles for three-
compartment intake pumping stations.

(4) Significant cost and construction period advantages: Compared with conventional
civil pump houses, no cofferdam construction, complex underwater works, or large-
scale earthwork operations are needed; the construction period is short, the project
cost is low, the construction process is simple and safe, and disturbance to the sur-
rounding environment is minimal.

(5) Outstanding operation and maintenance convenience: They avoid the problems of
fixed pumping stations buried at the bottom of water bodies, whose water inlet pipes
are prone to blockage and difficult to clean and maintain.

(6) Reliable safety guarantee: Complete and reliable supporting facilities are provided,
and special lifting devices are installed to facilitate equipment maintenance and daily
upkeep.

Under large water level fluctuations, the differences between floating and conven-
tional fixed pumping stations are especially pronounced. In a fixed station, the intake el-
evation is fixed. When the water level varies over a wide range, the suction conditions
deteriorate, the operating head changes substantially, and the pump units may operate
far from their high-efficiency region; moreover, the intake pipes and structures are more
likely to suffer from sedimentation and clogging. In contrast, a floating station equipped
with a rocker-arm pipeline system can continuously follow the water level. The pump
vessel is connected to the rocker-arm pipes through rotary sleeves, and the pipes are
hinged to an onshore fixed buttress via rotary supports. As the water level fluctuates, the
change in hull buoyancy drives the rocker arm to swing around the support shaft, so that
the relative position between the pumps and the suction port remains essentially un-
changed. This arrangement narrows the operating head range, improves pumping effi-
ciency, and avoids frequent adjustment of intake structures.

A floating water intake structure generally consists of a hull, pumps, and a rocker-
arm water pipe system connecting the pump vessel to the onshore water conveyance pipe-
line. Figure 1 shows the plane layout of the mobile intake pump vessel under study, and
Figure 2 shows cross sections of the pumping station at the highest and lowest water levels.

Floating Pumping Station

Rocker Arm

P

Figure 1. Plane layout of the floating pumping station.
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Floating Pumping Station

Maximum Water Level
0

= Rocker Arm

Floating Pumping Station

Minimum Water Level
Av4

Figure 2. Cross-section of the floating pumping station.

2.2. Characteristic Compatibility Equations for Water Hammer Calculation

The basic equations describing the flow motion state in any pipeline are [2,25]:
QoH aH+a2 Q Q Q
Adx 0Jt gAox A sinf =
oH Qa(Q/A) 0(Q/A)  fRlq|
4= = 2
I9xtaax "o Tzpa° @

where H is the piezometric head, m; Q is the flow rate, m3/s; D is the pipeline diameter,
m; A is the pipeline’s cross-sectional area, m?; t is a time variable, s; a is the water hammer
wave velocity, m/s; g is gravitational acceleration, m/s? f is the friction coefficient; f is the
angle between the pipe axis and the horizontal plane, °.

Equations (1) and (2) can be simplified into standard hyperbolic partial differential
equations by neglecting the convective acceleration terms (VZ—Z and VZ—I:), as the water

hammer wave velocity a is significantly larger than the flow velocity V. These are then
transformed into equivalent characteristic compatibility equations for calculating pipeline
water hammer using the method of characteristics.

For a discretized pipe segment A-B with length AL, the following characteristic com-
patibility equations can be established for the transient head (Ha(t), H(t)) and transient
flow rate (Qa(t), Qs(t)) at adjacent nodes A and B at time ¢ [2,25]:

C*:Hg(t) = Cp — RpQp(t) 3)

CT:Hy(t) = Cy + RyQa(t) (4)
where Cp = H,(t — At) + ;LAQA(t —At) ; Rp= ;LA + R|Qu(t — At)|; Cy = Hp(t — At) —
;LA Qp(t — At); Ry = i + R|Qp(t — At)[; At is the calculation time step; AL is the pipe seg-
ment length of the characteristic line grid, AL = aAt (Courant condition); the pipeline of
length L is discretized into k segments, k = L/AL; R is the head loss coefficient, R = Ah/Q%
and other symbols have the same meanings as above.

Hydraulic transient calculation generally starts from the initial stable operation state,
i.e, t=0.0 at this time. Therefore, when (¢t — At) <0 in the equation, we let (t - At) =0 (i.e.,
take the initial value). Equations (3) and (4) each have only two unknowns. By solving
them jointly with the boundary conditions of nodes A and B, respectively, the transient
parameters of nodes A and B can be obtained.

To ensure numerical accuracy and Courant compatibility, the pipeline system is dis-
cretized using the method of characteristics (MOC). The wave speed in all pipe sections is
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assumed to be a = 1200 m/s. A uniform time step of At = 0.001 s is selected, yielding a
spatial step of Ax = aAt = 1.2 m. Consequently, the number of computational reaches for
each pipe section is calculated as N; = L;/Ax. The shortest pipe section (5 m) is divided
into 4 reaches, while the longest (1400 m) is divided into 1167 reaches. The total simulation
duration is set to 200 s to ensure the transient oscillations fully decay. The convergence
tolerance for the iterative boundary equations is set to 10~°. The Darcy-Weisbach friction
formulation is adopted. Branch junctions are treated using the standard equal-head and
flow-conservation boundary conditions (Hy, = Haown, 2 Qin = X Qout)- A £10% variation
in wave speed results in a maximum pressure deviation of less than 5%, which remains
within the safety margin.

2.3. Control Equations for Pump Nodes
2.3.1. Processing of Complete Characteristic Curves

The complete characteristic curves of the pump are transformed as follows [9,25]:

Wy(x,y) = IR D) ©)
Wyty) = Y ©

%(y) = arctan (%) thoh (@=0) @)
x(y) = 7 + arctan (g) +hoh (@< 0) @®)

where h, B, a, and g are the dimensionless values of head, torque, rotational speed and
flow rate, respectively; y represents guide vane opening; M1r' is the unit’s torque under
the rated working condition, kN-m; k1 and k2 are coefficients, taken as k1=1.1 and k2= 0.5.

To accurately simulate the transient behavior of the pump under extreme conditions
(including zero-flow, reverse-flow, and reverse-rotation), the complete four-quadrant
characteristic curves are adopted. The characteristic curves are transformed into continu-
ous Suter curves using Equations (5)—(8). For the interpolation of WH(x,y) and
WM(x,y), piecewise linear interpolation with a sufficiently small step size is employed to
ensure numerical stability.

It should be noted that the Suter transformation introduces mathematical singulari-
ties when q - 0 or @ — 0. To prevent numerical divergence during the iteration of the
method of characteristics (MOC), a small perturbation (e.g., € = 107*) is applied to the
denominator, or a linear extrapolation based on the nearest boundary points is activated
within this region.

Regarding the dimensionless torque g, the sign convention is defined as follows:
B > 0 corresponds to normal pumping (forward rotation, forward flow); f < 0 corre-
sponds to energy dissipation (forward rotation, reverse flow, or reverse rotation, reverse
flow). This convention ensures the rotational moment balance equation correctly captures
the deceleration and reverse acceleration processes during a pump trip.

2.3.2. Runner Boundary Head Balance Equation

Let the node numbers of the upper and lower boundaries of the runner be 1 and 2.
According to Equations (3) and (4), the equation for runner boundary head balance can
be obtained as [9,25]:

:(CPI - CM2)+q(qu +RM2)Q,
H H

r r

h ©)
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where Hr and Qr are the working head and flow rate of the runner under rated working
conditions; other symbols have the same meanings as above.

2.3.3. Unit Rotational Moment Balance Equation

The equation for runner boundary head balance can be obtained as [9,25]:
+ (ﬁ - Bo + ﬁg - ﬁgO)At

2T,
where T, is the unit inertia time constant. In standard SI units, T, = lw,/M,, where [ is

(10)

a = xy

the rotational moment of inertia (I = GD?/4g, with g = 9.81 m/s?), and w, is the rated
angular velocity. The empirical coefficient 374.7 in the original formula corresponds to a
non-SI unit system (GD? in kgf- m?, n, in r/min, and M, in kgf- m). To ensure dimen-
sional consistency in this study, all parameters are converted to SI units, and the coeffi-
cient is accordingly adjusted to 38.2 (i.e., T, = GD? | n, |/38.2M,); GD? is the flywheel ef-
fect of the unit; n, and M, are the rated rotational speed and rated dynamic torque of
the unit, respectively; the dimensionless torque £ follows a strict sign convention: § > 0
represents normal pumping (forward rotation, forward flow), while f <0 represents
braking or turbine modes (reverse flow or reverse rotation), ensuring Equation (10) cor-
rectly captures the reverse acceleration during pump trip; f, is the dimensionless value
of the unit’s rotational resistance torque; a,, fo and S, are the values of @, 8, and B,
at the previous calculation time step, respectively; other symbols have the same meanings
as above.

By solving Equations (5)—(10) jointly and combining them with the given closure rule
y = y(t), we can obtain the transient parameters #, 5, @, and q of the pump-turbine node
under various working conditions.

2.4. Control Equations for Pump Outlet Valve Nodes

In general, the flow equation of the outlet valve is [7,25]:

Qp = 1C, A 2gAHp (11)

where 7 is the flow coefficient, which is a nonlinear function of valve opening and is gen-
erally expressed as discrete data or curves. Considering that the flow direction may
change during the hydraulic transient process, combining this with Equations (3) and (4)
gives [7,25]:

_ Cp-Cu

B 2

Rp+ Ry + AH,|0,|/(0,7)

Equation (12) can be solved iteratively to obtain the flow rate Qr at the next time step.

o, (12)

2.5. Control Equations for Air Vessel Nodes

Assume that the air in a closed air vessel satisfies the ideal gas-state equation. Since
the transient process is rapid but still permits minor heat exchange with the environment,
air expansion or compression is treated as a polytropic process rather than purely adia-
batic.

The main equations are as follows [21]:

H,/V'=C (13)

Hy;=Hp — kO,|0,| — Z+Hj (14)
az 1

T A_CQS (15)

0,=0, -0, (16)
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C+ Hp=Cp — BpQ,, 17)
C-:Hp=C,,+By0, (18)

where Ha is the absolute pressure of gas in the air vessel; Hs is the local atmospheric pres-
sure, related to local elevation; V is the gas volume in the air vessel; n is the gas-state
equation exponent representing this polytropic process; 1 <n < 1.4, and 1.2 is com-
monly used in design [26,27]; C is a constant related to the initial state of gas in the air
vessel; Hr is the pressure at the connection node between the air vessel and the pipeline,
i.e., gauge pressure; Qs is the flow rate into the air vessel; k is the hydraulic loss coefficient
at the connection node between the air vessel and the pipeline, which takes different val-
ues for inflow and outflow according to the sign of Qs; Z is the water level in the air vessel;
Ac is the cross-sectional area of the air vessel; Qu is the flow rate at the upstream node of
the air vessel; Qb is the flow rate at the downstream node of the air vessel; other symbols
have the same meanings as above.

Equations (13)—(18) are used to solve the pressure head and flow rate of the air vessel
node, and the variations in gas volume, pressure, and water level in the air vessel can be
obtained.

2.6. Control Equations for Air Valve Nodes

Air valves mitigate pressure surges by admitting air when the pipeline pressure
drops below atmospheric pressure and exhausting air when the pressure rises. In this pa-
per, the hydraulic transient calculation is based on one-dimensional flow theory, and the
air valve model mainly focuses on the influence of intake/exhaust orifice diameter on air
flow rate, while simplifying detailed dynamic characteristics such as valve disk open-
ing/closing time and flow state evolution. This simplified model is suitable for compara-
tive analysis of engineering protection schemes. The air flow rate through the air valve
depends on the differential pressure across the valve, modeled by subcritical or critical
(choked) flow equations [21]:

(1) Inflow Stage (p; < Parm):

When the pipeline internal pressure p; drops below ambient atmospheric pressure
Patm, air enters the pipeline. The air mass flow rate m;, is expressed as:

7 D 1.428 pi 1.714 pi
tin = CinA; = - 53 < : it 19
Min = CinAinPatm RT, [(patm) <patm) ] for 0.53 < — < 1.0 (Subcritical) (19)
2 r+1
y-1 ;
i = ConAs Dot %(m) for P < 0.53 (Choked) (20)
atm

(2) Outflow Stage (p; > Patm):

When the air pocket is compressed and exhausted through the valve, the exhaust air
mass flow rate m,,, is given by:

7 Patm\ " *28 Patm\""** Patm
Mout = CoutAoutPi R_TO (p—) - <p—) for 0.53 < P; < 1.0 (Subcritical) (21)
i i i
2 v+l
y—-1
Mour = CourAoutPi _R);o (y_+ 1) for pat_m < 0.53 (Choked) (22)
i

where C;, and C,,; are the inflow and outflow discharge coefficients, respectively; A;,
and A4,,; are the effective air intake and exhaust orifice areas; T is absolute ambient tem-
perature; R is the gas constant for air; and y = 1.4 is the specific heat ratio.
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The air pocket volume V, inside the pipe at the valve location is updated by integrat-
ing the volumetric flow rate Q, = m/p, over time, coupled with boundary compatibility
Equations (3) and (4) to update node head Hf.

In this study, the air valve model simplifies several dynamic processes to ensure com-
putational efficiency within the 1D-MOC framework. The specific assumptions are as fol-
lows:

(1) Intake and exhaust coefficients: The inflow and outflow discharge coefficients are set
to C; = Cyyr = 0.6, which is the standard engineering value recommended by related
commercial software (typical values are around 0.6) and adopted in the comprehen-
sive sensitivity analysis conducted by Tasca et al. [28]. Their study modeled the air
flow through the air valve using the isentropic air flow model, considering discharge
coefficients of 0.6 for both admission and expulsion.

(2) Valve response time and orifice evolution: The valve disk opening/closing time is
neglected (t,esponse = 0), assuming the effective orifice area reaches its maximum
value instantaneously once the pressure differential triggers the valve.

(3) Thermodynamic assumptions: The air inflow/outflow through the valve is treated as
an isothermal process (n = 1.0).

(4) Initial air state: The initial air pocket volume at the valve location is assumed to be
zero, with the air pocket initialized at standard atmospheric pressure.

The sensitivity of air valve parameters has been investigated by Tasca et al. [28]. Their
comprehensive sensitivity analysis demonstrated that the transient magnitude is non-lin-
early related to the air valve outflow capacity, and that the air valve location significantly
influences the transient magnitude and the timing of air pocket collapse. These findings
confirm that the discharge coefficients and valve location are the dominant parameters
affecting the negative-pressure envelope, while the simplified instantaneous response and
isothermal assumptions provide a conservative and reliable prediction for the down-
stream negative pressure control.

2.7. Numerical Model Validation

The numerical model established in this study incorporates all relevant boundary
conditions, including upstream and downstream reservoirs, pumps, valves, air vessels,
and air valves, and also accounts for frictional resistance and other influencing factors in
the water supply pipeline. To verify the accuracy of the model, the experimental parame-
ters of pump-trip water hammer from the physical model test conducted by Zhai [29] were
adopted as a benchmark, and numerical simulations were carried out using the proposed
model. The experimental system comprises a pump with a rated flow rate of 100 m3/h, a
head of 20 m, a rated power of 3 kW, and a rated speed of 2900 r/min, a pipeline of 410 m
in length and 0.1 m in inner diameter (DN100, galvanized steel pipe), a Manning rough-
ness coefficient of 0.012, and a water hammer wave velocity of 1000 m/s. The air vessel
has a bottom area of 0.5 m?, a height of 2 m, a center pipe length of 1.2 m, and a bottom
connecting pipe diameter of 0.05 m. The pump outlet valve is set to close linearly over a
period of 8 s. A comparison between the experimental and simulation results is presented
in Figure 3.
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Figure 3. Comparison of simulated and experimental results: (a) water level in the air vessel; (b)

pressure at the pump outlet.

As shown in Figure 3, the simulation results of the proposed numerical model exhibit
good agreement with the physical model test results of Zhai et al. in terms of overall wave-
forms and extreme value characteristics. Specifically, the relative errors for the maximum
and minimum water levels in the air vessel are 0.11% and 0.33%, respectively, while those
for the maximum and minimum pressures at the pump outlet are 0.50% and 2.88%, re-
spectively. Although the relative error of the minimum pump outlet pressure (2.88%) is
slightly higher than the others, it remains well within acceptable engineering limits, which
can be attributed to the highly nonlinear characteristics of pressure fluctuations during
water hammer events and systematic errors in experimental measurements. The overall
small relative errors of these key characteristic parameters fully validate the high accuracy
and reliability of the proposed model, demonstrating its capability to accurately capture
the transient response of the system during pump-trip events. Therefore, the model can
be reliably applied to subsequent hydraulic transient simulations.

3. Case Study
3.1. Project Overview

Our research object is the first-stage pumping station system of a long-distance emer-
gency water supply project in Yunnan Province. The water supply system consists of an
intake sump, pipelines, a high-level water tank, and a pumping station, as shown in Fig-
ure 4. The maximum operating water level of the intake sump is 1787 m, and the minimum
is 1766 m. The water tank lies at the pump station outlet. The pressure steel pipe facilitates
submerged discharge into the water tank, with the centerline elevation of the outlet pipe
at 1785 m. The operating water level of the water tank is 1951.64 m, and the designed
water supply flow rate is 0.927 m3/s. Given that the intake sump’s water level variation
reaches 21 m, a floating water intake scheme is adopted; i.e., the pumping station is float-
ing. Four horizontal single-stage double-suction centrifugal pumps (three in operation
and one on standby) are installed in the pump house. The characteristic curves and pa-
rameters of a single pump are shown in Figure 5 and Table 1. The parameters of pipelines
and key nodes are shown in Tables 2 and 3. The pump’s water inlet adopts a single-pipe
arrangement for each unit, and the outlet adopts the same arrangement for four units. The
length of the outlet’s branch pipe is about 30 m, with a diameter of DN400; the diameter
of the outlet’s main pipe is DN800. The latter pipe is connected to the shore via a rocker
arm joint, with a length of about 610 m.

https://doi.org/10.3390/w18202496



Water 2026, 18, 2496 12 of 28

#l =>

I : |
| I I
= S Do : = = =
! / =
G }Li D>< D><]
[} |
IR
} i

Suction Sump - Outlet Sump
Floating Pumping Station

Figure 4. Schematic diagram of the water supply system.
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Figure 5. Pump performance curve.

Table 1. Pump parameters.

Design Head Range (m) Rated Discharge (m?3/s) Rated Speed (r/min) Moment of Inertia (kg-m?)
170.15-210 0.309 1480 190

Note: The flywheel effect is denoted as GD? (unit: kgf-m? or N-m?). The rotational moment of

inertia I (unit: kg- m?) is related to GD? by I = GD?/4g, where g is the gravitational accelera-

tion (9.81 m/s?). In this study, all parameters are converted to standard SI units.

Table 2. Pipeline segmentation and parameters.

Pipe Section Length (m) Diameter (m) Pipe Material Wave(:r’:l;esl)oaty Friction Factor
1 5 0.5 Steel 1200 0.0226
2 5 0.5 Steel 1200 0.0226
3 5 0.4 Steel 1200 0.0243
4 30 0.4 Steel 1200 0.0243
5 610 0.8 Steel 1200 0.0193
6 815 0.8 Steel 1200 0.0193
7 650 0.8 Steel 1200 0.0193
8 755 0.8 Steel 1200 0.0193
9 140 0.8 Steel 1200 0.0193
10 135 0.8 Steel 1200 0.0193
11 110 0.8 Steel 1200 0.0193
12 100 0.8 Steel 1200 0.0193
13 240 0.8 Steel 1200 0.0193
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14 105 0.8 Steel 1200 0.0193
15 5 0.8 Steel 1200 0.0193
16 5 0.8 Steel 1200 0.0193
Note: The pipeline sections are numbered sequentially starting from the suction sump. Section 1 is
adjacent to the suction sump, and Section 16 is adjacent to the water outlet. Sections 1-4 belong to
the branch pipeline of a single pump; there are 3 parallel pump branches in operation with identical
parameters. Sections 5-16 form the combined main pipeline after confluence.
Table 3. Elevations and chainages of key nodes in the water conveyance system.
Node Elevation (m) Chainage (m)
Water Inlet (Min. Water Level) 1764.00 0+ 000
Water Inlet (Max. Water Level) 1787.00 0+ 000
Upstream Pump Valve (Min. Water Level) 1768.49 0+005
Upstream Pump Valve (Max. Water Level) 1789.49 0+ 005
Pump (Min. Water Level) 1768.49 0+010
Pump (Max. Water Level) 1789.49 0+010
Downstream Pump Valve (Min. Water Level) 1768.49 0+015
Downstream Pump Valve (Max. Water Level) 1789.49 0+015
Terminal Valve 1950.00 3+710
Water Outlet 1951.00 3+715

Note: Min. = Minimum, Max. = Maximum. All water levels in the table refer to the operating water

level of the suction sump.

3.2. Calculation Control Conditions

According to relevant national standards and specifications, such as “Standard for
pumping station design” (GB 50265-2022) [30] and “Standard for Design of Outdoor Wa-
ter Supply Engineering” (GB 50013-2018) [31], combined with the layout and operational
characteristics of the pumping station’s water conveyance system, the following control
conditions for water hammer calculation are determined as the basis for formulating our
protection measures:

(1) At various water levels, the pump outlet’s working valve closes when power is lost
to the pump-motor units under various unfavorable conditions. The maximum re-
verse speed of the pump motor shall not exceed 1.2 times the rated speed, i.e., 1776
r/min, and the duration of exceeding the rated speed shall not exceed 2 min.

(2) The instantaneous maximum pressure in the pipeline system shall not be greater than
1.3-1.5 times the working pressure. Considering the pipeline layout and pipe mate-
rial requirements of this project, the maximum pressure is controlled at no more than
1.3 times the working pressure, i.e., 263.66 m.

(3) The minimum pressure of the water conveyance system should be set according to
the importance of the pumping station and annual operation time, and the minimum
value should not be lower than -4 m in general.

It should be noted that the pressure limits adopted herein are derived from the design
code and the actual working pressure of the system. They serve as hydraulic design con-
straints for protection scheme optimization. While a dedicated structural verification (e.g.,
wall thickness, corrosion allowance, fatigue) is recommended at the detailed design stage
of a specific project, such verification is outside the scope of this hydraulic transient study.

3.3. Calculation Working Conditions

This project adopts a floating water intake scheme. Affected by the 21 m water level
variation in the intake sump, the actual working head of the pumping station changes
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significantly with the change in the intake water level. We take the high-level water tank’s
operating water level of 1951.64 m as the fixed boundary on the outlet side, combined
with the extreme operating water levels of the intake sump; thus, two typical head condi-
tions are defined: when the intake sump is at the maximum operating water level of 1787
m, the total water conveyance head of the system is the smallest, i.e., the minimum head
condition; when the intake sump is at the minimum operating water level of 1766 m, the
total water conveyance head of the system is the largest, i.e., the maximum head condi-
tion.

Among the investigated conditions, the maximum-head condition is the most severe
for pump power failure, according to engineering experience in water hammer analysis
of existing floating pump stations. Under this condition, the initial flow velocity and work-
ing pressure in the pipeline are both high. After sudden power failure, the flow velocity
in the pump pipeline changes sharply, with an intense fluctuation in the pressure transient
caused by flow inertia. Meanwhile, the reverse rotation is higher, driving the potential
energy of the pump unit, making it more prone to adverse phenomena such as excessive
reverse speed, excessive pipeline positive pressure, and excessively low negative pressure
along the line. The hazard level here is significantly higher than that of the minimum head
condition, making it the key research condition for analyzing water hammer protection
schemes in this project. Four groups of calculation conditions are determined as shown in
Table 4.

Table 4. Calculation working conditions.

Condition

Suction Sump Water Outlet Sump Water Number of Operating Number of Shutdown

Level (m) Level (m) Pumps Pumps
Case 1.1 1766 1951.64 3 3
Case 1.2 1787 1951.64 3 3
Case 1.3 1766 1951.64 3 1
Case 1.4 1766 1951.64 3 2

4. Results and Discussion
4.1. Analysis of Steady-State Operation Calculation

To analyze in detail the flow capacity and pipeline working pressure of the system
under study, we carry out steady-state operation calculation and analysis for two typical
conditions, i.e., maximum head and minimum head, with three pumps operating simul-
taneously. The results are shown in Figure 6.

2050
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- - - - Piezometric head under maximum-head operating condition
2000 | Elevation under minimum-head operating condition
- - -- Piezometric head under minimum-head operating condition
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Figure 6. Piezometric head lines for steady-state operation of three pumps.
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According to the steady-state calculation results, under the maximum and minimum
head conditions, the water conveyance flow rates of the line are 0.926 m3/s and 0.927 m?/s,
respectively, meeting the water supply requirements of the conveyance system. No nega-
tive pressure occurs in the system under both conditions, satisfying the requirements for
safe pipeline operation.

4.2. Analysis of Hydraulic Transient Process Under Accidental Pump Shutdown Without
Pressure Regulation Measures

We will analyze in detail the impact of pressure and flow fluctuations caused by ac-
cidental pump shutdown on the operational safety of the water supply system; to this end,
we perform hydraulic transient calculation and analysis for the conditions mentioned in
Section 3.3 without pressure regulation measures. The results are shown in Figures 7-9.

300 Case 1.1 Maximum pressure Case 1.2 Maximum pressure
===~ Case 1.1 Minimum pressure - --- Case 1.2 Minimum pressure
250 - Case 1.3 Maximum pressure Case 1.4 Maximum pressure
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Figure 7. Variation in water pressure in the pipeline under different operating conditions.
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Figure 8. Variation in outlet pressure of faulty pump under different operating conditions.
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Figure 9. Variation in faulty pump speed under different operating conditions.

As shown in Figure 7, the maximum pressures of the four conditions are all lower
than the positive-pressure control upper limit of 263.66 m, and all positive-pressure indi-
cators meet the specification requirements; however, the negative-pressure levels differ
significantly. All pressure values in this paper refer to gauge pressure head in meters. For
Case 1.1, the maximum pressure along the water conveyance system is 225.13 m, and the
minimum is as low as —18.66 m, far below the lower limit of -4 m. This negative-pressure
severity is the most prominent among the investigated cases and extends over a long mid-
dle section of the pipeline, indicating a potential cavitation and water-column-separation
risk. Theoretically, water may vaporize when the local pressure head falls below about
-10 m gauge; therefore, the calculated minimum pressure heads in this paper should be
interpreted as an indication of negative-pressure severity rather than a direct quantitative
prediction of cavitation. This assessment is qualitative and based only on the calculated
pressure level. The present model does not include a specialized cavitation or water-col-
umn-separation model and cannot resolve phase change, cavity growth or collapse, en-
trained air, or column rejoining. Accordingly, the water-column-separation discussion is
a preliminary qualitative judgment based on pressure—the minimum pressure plummets
to —72.77 m, with the negative pressure level seriously exceeding the standard heads be-
low the vaporization pressure head. For Case 1.2, the maximum system pressure is 204.28
m and the minimum is —4.74 m, slightly lower than the control limit, meaning that it also
fails to meet safety requirements. For Cases 1.3 and 1.4, the maximum system pressures
are 203.14 m and 202.82 m, respectively, and the minimum pressures are —0.10 m and 0.29
m, respectively; both meet the control requirements, and the negative-pressure risk is es-
sentially eliminated.

As shown in Figures 8 and 9, all four groups of conditions present typical transient
characteristics of pump-trip water hammer, but the fluctuation amplitude shows obvious
differences in the different conditions. After an accidental power failure, the pump loses
power input, the outlet head decays rapidly, and the pressure drops to its lowest point
within a few seconds; it then peaks under the reciprocating superposition of water ham-
mer waves and gradually converges to a stable point after multiple rounds of oscillation.
Correspondingly, the pump speed undergoes forward rotation deceleration, zero-cross-
ing reverse rotation, and reverse acceleration to stabilization. Numerically, Case 1.1 has
the largest pressure fluctuation amplitude and the steepest drop in pump outlet pressure,
with the corresponding maximum reverse speed reaching 115.20% of the rated speed, the
highest among the four groups. The pressure fluctuation and reverse speed of Case 1.2
are both reduced, with a maximum reverse speed of 106.55%. Due to the small number of
shutdown pumps in Case 1.3 and Case 1.4, the flow attenuation process in the pipeline is
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more gentle; there is no obvious steep drop in pump outlet pressure, and the overall tran-
sition to a steady state is smooth. The maximum reverse speeds are 105.98% and 107.88%,
respectively. These speeds in the four groups do not exceed the control limit of 1.2 times
the rated speed. However, after accidental pump shutdown, the pump will enter a long-
term continuous reverse rotation state, which will aggravate the wear of mechanical com-
ponents and have potential adverse effects on the equipment’s structure and service life;
a higher reverse speed makes such adverse effects more significant.

In Case 1.1, the simultaneous power failure of multiple parallel pumps triggers the
most drastic system-wide changes in flow and pressure among the investigated cases, re-
sulting in extreme pressure drops followed by severe pressure spikes. Because the system
operates at maximum head, the fluid must overcome the largest elevation difference, lead-
ing to the most intense kinetic-energy conversion during reverse flow and the impact of the
water column. Consequently, this condition exhibits the most severe negative pipeline pres-
sure, the highest amplitude of pressure oscillation downstream of the pump, and the fastest
pump reverse speed among the four investigated conditions. These compounding factors
make its hydraulic transient process significantly more hazardous than that of the other
three investigated conditions. It is therefore identified as the most severe among the inves-
tigated cases and adopted as the primary baseline for protection design; it requires focused
control to achieve water-hammer protection. If the relevant protection measures can simul-
taneously meet the control requirements for positive pressure, negative pressure, and re-
verse speed under this extreme condition, the other investigated scenarios are expected to
meet safe-operation standards, subject to confirmation by a full envelope analysis. There-
fore, the parameter design, effect verification, and comparative analysis of subsequent wa-
ter-hammer protection schemes use Case 1.1 as the benchmark calculation condition. This
ensures applicability and reliability for the investigated operating conditions, but it does not
replace a full envelope analysis of all possible off-design and fault combinations.

4.3. Analysis of Hydraulic Transient Process Under Accidental Pump Shutdown Using
Different Pump Outlet Valve Closure Rules

When an accidental pump shutdown occurs, simple non-return valves close pas-
sively and rapidly upon flow reversal, which tends to induce severe secondary positive
water hammer pressures. Additionally, adjustable valves are preferred in actual engineer-
ing projects to achieve more flexible and active flow regulation. Therefore, controlled clo-
sure strategies (linear and two-stage rules) are utilized. The variation in valve flow re-
sistance coefficient with opening and the time-varying valve opening curves under differ-
ent closure rules are shown in Figure 10 and Figure 11, respectively.
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Figure 10. Variation in valve flow resistance coefficient with valve opening angle.
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Figure 11. Variation in valve opening angle with time under different working conditions.

In this study, the pump outlet valve is a hydraulically actuated butterfly valve in-
stalled on the outlet branch of each pump unit. Its resistance characteristic is defined by
the resistance coefficient C as a function of the relative opening y (y =1 for fully open and
y = 0 for fully closed), as listed in Table X and illustrated in Figure 10. The flow coefficient
tin Equations (11) and (12) is related to the resistance coefficient by:

1
JT+ o) )
and the corresponding effective flow area is CdA(y) = 1(y)A, where A is the cross-sectional
area of the branch pipe, md.

The two-stage valve closure process depicted in Figure 11 is mathematically defined
by a piecewise continuous function y(t). Although a slight mechanical response lag exists
in real actuators between signal reception and physical movement, this delay (typically
0.1-0.5 s) is negligible compared to the total closure time. Therefore, the action delay is
neglected in the numerical model (tgeiq, = 0), which simplifies the boundary conditions
and provides a slightly conservative scenario for hydraulic transient analysis. The relative
opening y(t) is expressed as:

() =

1.0 -
1,0 — —Yrast 0 <t < trgs
tfast 4
y(©) = o 24)
Yfast - (t - tfast)' tfast <t< ttotal

tslow

where yrq is the relative opening at the end of the fast closure stage, ts, is the fast
closure duration, tg,, is the slow closure duration, and the total closure time t;,¢q =
trast T tsiow- Continuity is strictly enforced at t = t¢4, to avoid sudden flow area jumps
in numerical iterations.

Hydraulic transient calculation and analysis are carried out for different pump outlet
valve closure rules based on the most unfavorable condition, Case 1.1, with eight groups
of conditions. These cover two valve closure strategies—linear closure and two-stage clo-
sure—to compare their effects on water hammer pressure protection. The calculation con-
ditions are shown in Table 5, and the results are shown in Figures 12-14.
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Table 5. Working conditions and calculation results for different pump outlet valve closure rules.

Fast Closure Fast Closure Slow Closure Maximum Pres- Minimum Pres- Maximum Re-

Condition Time (s) Angle (%) Time (s) sure (m) sure (m) verse Speed (%)
Case 2.1 5 80 35 239.42 -20.92 -99.35
Case 2.2 10 80 30 247.64 -19.52 -101.61
Case 2.3 15 80 25 257.52 -19.44 -105.51
Case 24 5 60 35 283.83 -19.95 -106.37
Case 2.5 5 40 35 303.98 -19.52 -111.10
Case 2.6 40 s linear closure 304.38 -19.35 -144.35
Case 2.7 80 s linear closure 289.20 -19.34 -115.13
Case 2.8 120 s linear closure 260.37 -19.33 -115.29

Note: The negative sign of the maximum reverse speed indicates reverse rotation direction; the per-
centage value represents the ratio of the absolute value of rotational speed to the rated rotational
speed.
330 Case 2.1 Case 2.3 60 Case 2.1 Case 2.3
Case 2.2 Case 2.4 50 Case 2.2 Case 2.4
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Figure 12. Variation in water pressure in the pipeline under different valve closure rules: (a) maxi-

mum pressure; (b) minimum pressure.
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Figure 13. Variation in faulty pump outlet pressure under different valve closure rules.

https://doi.org/10.3390/w18202496



Water 2026, 18, 2496

20 of 28

150
Case 2.1 Case 2.3
Case 2.2 Case 2.4
100 | Case 2.5 Case 2.7
Case 2.6 Case 2.8
50
S
3 0
(=9
7]
=50
-100
~150 . 1 . 1 . 1 .
0 50 100 150 200

Time/s

Figure 14. Variation in faulty pump speed under different valve closure rules.

As shown in Table 5 and Figure 12, the two-stage valve closure groups all adopt com-
bined fast closure + slow closure, and different closure processes are formed by adjusting
the fast closure time and angle. When the latter remains unchanged at 80%, as the fast
closure time extends from 5 s to 15 s, the maximum system pressure gradually increases
from 239.42 m to 257.52 m, the absolute value of the maximum reverse speed increases
from 99.35% to 105.51%, and the minimum pipeline pressure rises slightly from -20.92 m
to —19.44 m. When the time remains unchanged by 5 s, as the angle decreases from 80% to
40%, the maximum system pressure increases significantly from 239.42 m to 303.98 m, the
absolute value of the maximum reverse speed increases from 99.35% to 111.10%, and the
minimum pipeline pressure rises from -20.92 m to —19.52 m. Considering the pressure
distribution law along the line, the pressure variation trends of all two-stage valve closure
conditions are consistent: the maximum pressure is concentrated at the start of the pipe-
line, and the minimum pressure occurs in the middle. Considering the speed variation, a
higher proportion and rate of fast closure lead to a faster drop in the pump speed and a
lower reverse rotation peak, indicating a stronger inhibitory effect on pump reverse rota-
tion. On the whole, the fast closure stage of two-stage valve closure can quickly cut off
most of the flow area and inhibit water backflow. Therefore, within a certain range, the
shorter the fast closure time and the larger the fast closure angle, the more significant the
inhibition effect on pump reverse rotation and the lower the maximum system pressure;
however, this will aggravate the pipeline negative pressure to a certain extent. The reason
for this phenomenon is that rapid fast-stage closure sharply interrupts water replenish-
ment from the pump side to the downstream pipeline. Driven by water column inertia in
the long-distance pipeline, downstream flow continues towards the downstream high-
level outlet sump at the initial velocity, creating a flow deficit in the middle and rear sec-
tions and triggering a rapid local pressure drop, which further exacerbates negative pres-
sure.

The three groups involving linear valve closure adopt a uniform closure mode, with
total durations of 40 s, 80 s and 120 s respectively. Increasing the total valve closure dura-
tion decreases the maximum system pressure gradually from 304.38 m to 260.37 m, and
the absolute value of the maximum reverse speed first drops rapidly from 144.35% to
115.13%, and then remains stable with further extension of the valve closure time. The
minimum pipeline pressure is only slightly affected by the closure duration, maintained
at about -19.3 min all groups, similar to the negative pressure level under two-stage valve
closure. Among these, the maximum reverse speed of the 40 s linear closure condition far
exceeds the control limit of 120% rated speed, failing equipment safety requirements. Af-
ter the duration is extended to more than 80 s, the reverse speed meets the standard, but

https://doi.org/10.3390/w18202496



Water 2026, 18, 2496

21 of 28

the valve closure process takes significantly longer, meaning it cannot quickly block water
backflow in the early stages of an accident, making its timeliness weaker than that of two-
stage valve closure.

An overall comparison of the valve closure strategies shows the superior comprehen-
sive protection effect of two-stage valve closure. With similar total valve closure dura-
tions, the maximum pressure and reverse speed of two-stage valve closure are signifi-
cantly lower than those of linear valve closure. Moreover, the fast closure stage can cut off
most of the valve’s opening in a short amount of time, quickly inhibiting the continuous
reverse rotation of the pump and water backflow in the pipeline, and has stronger emer-
gency response capability. Overall, Case 2.1 is the best-performing among the investi-
gated valve-closure cases: the absolute value of the maximum reverse speed is 99.35%, the
lowest among the eight groups, which can effectively prevent the pump from experienc-
ing reverse rotation for a long time. However, compared with the unprotected condition,
after adopting this two-stage valve closure scheme, the maximum system pressure in-
creases from 225.13 m to 239.42 m, and the minimum pipeline pressure decreases from
-18.66 m to -20.92 m. This indicates that although optimizing pump outlet valve closure
alone solves the problem of long-term pump reverse rotation, it will slightly increase the
amplitude of rising pressure under water hammer in the pipeline and aggravate the pipe-
line’s negative pressure; it thus still cannot meet the control requirement of a minimum
pressure no lower than —4 m. Therefore, it is necessary to further combine other water
hammer protection measures to jointly suppress pipeline negative pressure and reduce
the level at which water hammer causes pressure to rise in order to meet the control stand-
ards of the water conveyance system.

Regarding the engineering feasibility of synchronizing the three pump outlet valves,
the synchronization error is constrained by the centralized PLC system and electro-hy-
draulic actuators to within tens of milliseconds (e.g., <50 ms), accounting for less than 1%
of the 5 s fast-closure stage. During this stage, the transient response is dominated by the
substantial rotational inertia of the pump-motor units, making the influence of such mi-
nor timing deviations negligible, while the subsequent 35 s slow-closure stage is suffi-
ciently gentle for the long-distance pipeline to act as a natural low-pass filter, attenuating
high-frequency disturbances and preventing water hammer superposition. Crucially, the
numerical model assumes perfectly synchronized closure (t4e1q, = 0), which represents
the most conservative bounding scenario by maximizing wave superposition potential. In
actual engineering, minor synchronization discrepancies inherently introduce a staggered
effect that disperses flow cut-off and marginally reduces extreme pressure peaks. Conse-
quently, the current perfectly synchronized model provides a safe and conservative up-
per-bound envelope for engineering design.

4.4. Analysis of Hydraulic Transient Process Under Accidental Pump Shutdown with Combined
Protection of Valve Closure Strategy and Air Vessel

To develop an effective water hammer protection strategy, the specific protective ef-
fects of the valve, air vessel, and air valve within the combined system were first quanti-
tatively analyzed. The pump outlet valve adopts a two-stage closure rule involving a 5 s
fast closure time, an 80% fast closure angle, a 35 s slow closure time, and a 40 s total dura-
tion. The air vessel is installed at pipeline stake 1 + 470 m (elevation 1805.00 m), and the
terminal air valve is arranged at stake 3 + 705 m (elevation 1951.2 m, air intake diameter
300 mm). Based on this setup, a quantitative attribution analysis was conducted by com-
paring the hydraulic transient characteristics of four combinations: valve-only, valve + air
vessel, valve + air valve, and the complete combined system. The comparison results are
presented in Table 6.
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Table 6. Comparative analysis of hydraulic transient characteristics under different protection com-

binations.

Protection Scheme

Maximum Pressure Minimum Pressure Location of Min Maximum Reverse

(m) (m) Pressure Speed (%)
Valve 239.42 -20.92 1+460 -99.35
Valve + Air Vessel 244.56 -4.78 3+695 -93.67
Valve + Air Valve 243.30 -20.92 1+ 460 -99.73
Valve + Air Vessel + Air Valve 245.924 -2.48 0+015 -93.86

As shown in Table 7, when valve-only control is applied, although the maximum
reverse speed is effectively suppressed to —-99.35%, an extreme negative pressure of -20.92
m occurs at the mid-pipeline (stake 1 + 460), indicating a significant potential cavitation
risk. With the valve + air vessel scheme, the mid-section negative pressure is significantly
mitigated (minimum pressure rises to —4.78 m). However, due to the lack of terminal pro-
tection, the negative pressure risk remains. When the valve + air valve scheme is adopted,
its mid-section negative pressure (-20.92 m) is identical to that of the valve-only case, and
the suppression of reverse speed is the weakest (-99.73%), demonstrating the highly lo-
calized nature of the air valve, which fails to simultaneously address mid-section negative
pressure and rotational speed control.

In contrast, the complete combined system (valve + air vessel + air valve) exhibits
significant synergistic advantages. This scheme not only completely eliminates potential
cavitation risks across the entire pipeline (minimum pressure of —2.48 m) but also controls
the maximum reverse speed within a safe range (-93.86%). The above attribution analysis
indicates that single or partial combinations possess inherent limitations in simultane-
ously ensuring full-line safety, thereby validating the effectiveness and necessity of this
multi-measure synergistic protection system.

Given the demonstrated superiority of this complete combined strategy among the
investigated schemes, further hydraulic transient calculations were performed to opti-
mize the air vessel parameters. Seven comparison conditions are established by adjusting
the air vessel’s total volume, connecting pipe diameter, and water-air ratio (the ratio of
initial water volume to initial air volume), with the initial gas pressure set to standard at-
mospheric pressure [32,33]. The calculation results are shown in Table 7 and Figures 15-18.

Table 7. Working conditions and calculation results for different air vessel parameters.

. Total Volume .Conn.ectmg . . Maximum Pres- Minimum Pres- Maximum Re-
Condition Pipe Diameter Water—Air Ratio
(m3) (m) sure (m) sure (m) verse Speed (%)
Case 3.1 15 0.5 1:1 24498 -28.16 -97.57
Case 3.2 15 0.3 1:1 245.92 -2.48 -93.86
Case 3.3 15 0.1 1:1 234.48 -5.41 -94.92
Case 3.4 10 0.3 1:1 269.13 -28.25 -97.61
Case 3.5 20 0.3 1:1 24498 -2.48 -88.41
Case 3.6 15 0.3 2:3 235.66 ~72.77 -94.43
Case 3.7 15 0.3 3:2 251.39 -2.48 -98.80
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Figure 15. Variation in water pressure in pipeline under different air vessel parameters: (a) maxi-

mum pressure; (b) minimum pressure.
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Figure 16. Variation in faulty pump outlet pressure under different air vessel parameters.

Figure 17. Variation in faulty pump speed under different air vessel parameters.
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Figure 18. Variation in water level in the air vessel under different air vessel parameters.

As shown in Table 7 and Figure 15, air vessel parameters have significant effects on
both maximum and minimum pressures, and the regulation effects of different parame-
ters are notably different. With a tank volume of 15 m? and a water—air ratio of 1:1, as the
connecting pipe diameter decreases from 0.5 m to 0.3 m, the maximum pressure of the
water conveyance system increases slightly from 244.98 m to 245.92 m, while the mini-
mum pipeline pressure rises significantly from —28.16 m to -2.48 m, with a significantly
improved effect of suppressing negative pressure. When the connecting pipe diameter
further decreases to 0.1 m, the maximum pressure of the water conveyance system drops
to 234.48 m, but the minimum pressure falls back to -5.41 m, with a weakened effect of
negative pressure control. The above phenomenon is determined by the flow resistance
and water replenishment capacity of the connecting pipe: an excessively large pipe diam-
eter results in low flow resistance, causing the stored water in the air vessel to discharge
rapidly at the initial stage of pump shutdown and even leading to tank emptying, which
makes the vessel lose continuous pressure regulation capacity; an excessively small pipe
diameter brings large throttling resistance, limiting the water replenishment rate to the
pipeline and weakening the negative pressure suppression effect. Among the three ana-
lyzed diameters, 0.3 m achieves the best comprehensive control effect. With a connecting
pipe diameter of 0.3 m and a water—air ratio of 1:1, as the tank volume increases from 10
m? to 20 m%, the maximum pressure of the water conveyance system gradually decreases
from 269.13 m to 244.98 m, and the minimum pressure rises from —28.25 m to —2.48 m.
This indicates that within the analyzed volume range, increasing the tank volume helps
improve the suppression effect on both positive and negative pressure heads, but the im-
provement marginal benefit gradually decreases as the volume increases. With a tank vol-
ume of 15 m? and a connecting pipe diameter of 0.3 m, when the water-air ratio is adjusted
from 1:1 to 2:3, the proportion of air in the tank increases, the maximum pressure of the
water conveyance system drops to 235.66 m, and the minimum pressure reaches —72.77
m. This indicates severe indicative negative-pressure severity and potential cavitation risk.
When the water—air ratio is adjusted to 3:2, the maximum pressure of the water convey-
ance system rises to 251.39 m, and the minimum pressure remains at —2.48 m, with the
negative pressure control effect consistent with that of the 1:1 water—air ratio. It can be
seen from the pressure envelope along the line that the air vessel has the most prominent
suppression effect on pressure fluctuations near its installation position, and the terminal
air valve effectively improves the negative pressure level in the rear section of the pipe-
line. Their cooperation realizes pressure regulation of the whole pipeline.
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The combined protection scheme has a significant inhibitory effect on pump reverse
rotation, and the water level change in the air vessel can intuitively reflect its working
process of water replenishment and pressure regulation. The maximum reverse speeds
under all conditions are lower than 100% of the rated speed, far better than the control
limit of 120%. Among these conditions, increasing the tank volume can effectively reduce
the peak reverse speed; the maximum reverse speed of Case 3.5 is only 88.41%, the lowest
among all conditions. Deviation of the connecting pipe diameter from the reasonable
range and increasing the water—air ratio will both lead to a slight increase in reverse speed
and weaken the inhibitory effect on pump reverse rotation. It can be seen from the time-
history curve of the air vessel’s water level that the pressure in the pipeline drops rapidly
in the initial stage of accidental pump shutdown, and the water in the air vessel flows into
the main pipeline quickly to replenish flow, causing the water level in the vessel to drop
rapidly in a short time. Among the conditions studied here, the water levels in the vessels
of Case 3.1, Case 3.4 and Case 3.6 dropped directly to 0 m in the initial stage of the acci-
dent, showing tank emptying. The main reasons for this phenomenon are as follows: for
Case 3.1, the connecting pipe diameter is 0.5 m, the resistance of water inflow and outflow
is too small, and a large amount of water in the vessel flows out in a short time; for Case
3.4, the tank volume is only 10 m?3, the effective water storage is insufficient, and it is
quickly exhausted after rapid water replenishment; for Case 3.6, the water—air ratio is 2:3,
the initial water proportion in the vessel is low, and the available water for replenishment
is limited. After the tank is emptied, the air vessel loses its capacity for continuous water
replenishment and pressure regulation, and the pipeline negative pressure of the corre-
sponding conditions deteriorates significantly, with a greatly reduced protection effect.
The air vessels under other conditions do not show emptying. After the water level drops
to the bottom, it presents periodic oscillation attenuation under the reciprocating action of
positive and negative water hammer waves. The smaller the connecting pipe diameter,
the greater the resistance of water flowing into and out of the vessel, and the lower the
frequency and amplitude of water level oscillation. The larger the tank volume, the more
sufficient the water storage in the vessel, the gentler the water level fluctuation process,
and the stronger the continuous water replenishment capacity. In practical engineering
operation, the air vessel should not be completely emptied; otherwise, air may enter the
main pipeline and affect the normal operation of the water conveyance system. Therefore,
Case 3.1, Case 3.4 and Case 3.6 are not feasible in engineering practice and are excluded
from the comparison of recommended schemes.

Case 3.2 is selected as the best-performing among the seven investigated options, on
the premise that a larger tank volume is economically unjustified. Admittedly, Case 3.5
(20 m3 volume) provides superior hydraulic parameters across the three main criteria: it
yields a maximum pressure of 244.98 m, a minimum pressure of —2.48 m, and a maximum
reverse speed of 88.41%, compared to 245.92 m, —2.48 m, and 93.86% for Case 3.2, respec-
tively. However, the 15 m? tank in Case 3.2 still ensures that all three core control indica-
tors fully meet their respective safety standards. Its maximum system pressure remains
well below the positive control limit of 263.66 m, its minimum pressure satisfies the neg-
ative pressure requirement, and its reverse speed complies with safe equipment operation
limits. Therefore, it is selected as the best-performing among the investigated cases to bal-
ance hydraulic safety without incurring the presumed, albeit uncalculated, additional
costs of a larger tank. Furthermore, the 15 m? volume and 0.3 m connecting pipe diameter
fall within a reasonable engineering range, ensuring controllable water level oscillations
and long-term operational stability. Ultimately, this scheme forms a robust multi-level
water hammer protection system —using a valve closure strategy to suppress pump re-
verse rotation, an air vessel to mitigate middle-section pressure fluctuations, and an air
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valve to alleviate terminal negative pressure —providing reliable safety guarantees for ac-
tual engineering operations.

5. Conclusions

In this paper, we aimed to address the prominent water hammer risk of accidental
pump shutdown in water conveyance projects involving floating pump stations experi-
encing large water level fluctuations, as well as the difficulty of establishing a single pro-
tection measure, taking into account multi-dimensional management and control. Toward
this aim, we established a numerical model of hydraulic transient processes based on the
method of characteristics and systematically studied the mechanisms of water hammer
regulation, as well as performed parameter optimization, to create a combined protection
strategy consisting of valve closure rules and air vessels. The main conclusions are as fol-
lows:

(1) Among the investigated cases, the simultaneous shutdown of three pumps at the
minimum operating water level is the most severe condition. Without protection, the
minimum pressure in the middle of the pipeline is as low as -18.66 m, far below the
safety limit. This indicates pronounced negative-pressure severity and a potential
cavitation/water-column-separation risk. The maximum reverse speed of the pump
reaches 115.20% of the rated speed. Although this meets the control requirements,
long-term continuous reverse rotation will aggravate equipment wear.

(2) Optimizing valve closure rules can effectively suppress pump reverse rotation and
positive pressure rise, and the comprehensive protective effect of two-stage valve
closure is significantly better than that of linear valve closure. With the scheme in-
volving a 5 s fast closure time + 80% fast closure angle + 35 s slow closure time, the
maximum reverse speed can be reduced to 99.35% of the rated speed, but it will sim-
ultaneously aggravate pipeline negative pressure. Single valve regulation cannot
meet the negative pressure safety requirements.

(3) The combined protection provided by valve closure rules, air vessels, and air valves
has a significant synergistic effect. Two-stage valve closure effectively suppresses the
risks of water backflow and pump reverse rotation, and air vessels improve positive
and negative pressure fluctuations through bidirectional regulation. Comparative
analysis of multiple parameters reveals that while a 20 m? air vessel yields superior
hydraulic performance, the scheme utilizing an air vessel with a volume of 15 m3, a
connecting pipe diameter of 0.3 m and a water—air ratio of 1:1, matched with the
above two-stage valve closure and a terminal air valve, is the best-performing among
the investigated cases, assuming that a larger volume is economically unjustified. In
this case, the maximum pipeline pressure is 245.92 m, the minimum pressure is -2.48
m, and the maximum reverse speed is 93.86% of the rated speed. All three indicators
meet the specification requirements.

This best-performing scheme among the investigated cases relies on the specific con-
ditions of this project (a 21 m water level fluctuation, simultaneous shutdown of three
pumps, and a specific pipeline layout); therefore, its parameters should be verified before
itis applied to other projects. In similar engineering projects, the connecting pipe diameter
of the air vessel should not be excessively large; otherwise, the rapid discharge of water
during the initial stage of pump shutdown may empty the tank, eliminating its pressure-
regulation capacity and severely worsening negative pressure in the pipeline. Addition-
ally, the air vessel volume and water—air ratio must be matched to the pipe diameter to
balance hydraulic safety and economy. Furthermore, meeting numerical criteria does not
by itself guarantee the operational safety of the actual water conveyance system. The cur-
rent model simplifies practical complexities, omitting pipeline strength, real valve and air
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tank characteristics, electromechanical pump dynamics, and parameter uncertainties.
Therefore, while these research findings can provide valuable technical support for simi-
lar floating water intake systems, future engineering implementations must thoroughly
evaluate these potential real-world uncertainties so that system safety is assessed as com-
prehensively as practicable. Regarding cavitation, the related conclusions are limited by
the single-phase model. The calculated negative pressures indicate negative-pressure se-
verity and potential cavitation risk only; they do not quantify vapor-cavity growth, col-
lapse, entrained air, or column rejoining. Future studies should therefore implement a
suitable cavitation or gas-cavity model to verify these qualitative indications.
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