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WATER HAMMERS INTO PIPELINE SYSTEMS BECAUSE  

OF OSCILLATORY INSTABILITY 
В.І. Скалозубов, М. Алалі, М.В. Білоус, Т.В. Габлая, В.Ю. Кочнева, Д.С. Пірковський, O.O. Чулкин. Гідродинамічні удари у 

трубопровідних системах внаслідок коливальної нестійкості. У статті представлений аналіз відомих досліджень в області 
визначення причин та умов виникнення гідроударів в трубопровідних системах різних енергоустановок. Виникнення 
гідродинамічних ударів супроводжується імпульсним високоамплітудним динамічним впливом на енергетичне обладнання і 
елементи трубопровідних систем. При гідродинамічних ударах відбувається перехід кінетичної енергії гальмування потоку в 
енергію імпульсу тиску гідродинамічного удару. Гідродинамічні удари можуть істотно впливати на надійність і працездатність 
енергетичного обладнання і елементів трубопровідних систем. Встановлено, що найменш вивченими причинами та умовами 
виникнення гідроударів в трубопровідних системах енергоустановок є ефекти коливальної гідродинамічної нестійкості. Розглянуто 
метод визначення умов виникнення гідроударів в замкнутих контурах примусової циркуляції енергетичних систем. Метод 
заснований на умовах виникнення коливальної гідродинамічної нестійкості внаслідок інерційності напірно-витратної 
характеристики насосів. Інерційність визначається «запізненням» у часі реакції напірно-витратної характеристики насосу на зміну 
гідродинамічних параметрів потоку. Представлена верифікація розглянутого методу визначення умов виникнення гідродинамічних 
ударів на прикладі відомих результатів експериментальних досліджень. Для верифікації розглянутого методу використані 
експериментальні дані професора О.В. Королева, отримані на замкнутому циркуляційному експериментальному стенді з 
поршневими насосами. Узгодження розрахунків і експериментів цілком задовільне. Зі узгодження розрахункових обґрунтувань і 
експериментальних даних виняток становить тільки один режим, який також не корелює з іншими експериментальними даними. 

Ключові слова: Гідродинамічні удари, верифікація, енергетичне обладнання, трубопровідні системи, інерційність, 
коливальна гідродинамічна нестійкість, напірно-витратна характеристика насосів 

V. Skalozubov, M. Alali, N. Bilous, T. Gablaya, V. Kochneva, D. Pirkovsky, O. Chulkin. Water hammers into pipeline systems 
because of oscillatory instability. The paper presents an analysis of well-known research on determining of the causes and conditions for 
water hammers into pipeline systems of different power facilities. Pulse high-amplitude dynamic impact on power equipment and pipeline 
system elements accompanies water hammers. When water hammers, the kinetic energy of the flow stagnation turns into the energy of the 
water hammer pulse. Water hammers can significantly affect reliability and operability of power equipment and pipeline system elements. It 
was revealed that oscillatory hydrodynamic instability effects are the least studied causes and conditions for water hammers into pipeline 
systems of power facilities. The method to determine the conditions for water hammers in closed forced circulation circuits of energy 
systems is considered. The method is based on the conditions for oscillatory hydrodynamic instability because of the inertia of the pump 
head-flow characteristic. The “time delay” of response of the pump head-flow characteristic to changing the flow hydrodynamic parameters 
defines the inertia. Verification of the considered method to specify conditions for water hammers is provided by the example of known 
results of experimental research. Professor Korolev’s experimental data obtained at the closed circulating experimental stand with piston 
pumps are used to verify the considered method. Calculations and experiments agree quite satisfactorily with the exception of a single mode, 
which also does not correlate, with other experimental data. 

Keywords: water hammer, verification, power equipment, pipeline system, inertia, oscillatory hydrodynamic instability, pump head-
flow characteristic 

 
Introduction. This work is devoted to the development of an original verified method for deter-

mining the conditions for the occurrence of water hammer due to the inertia of pump head flow charac-
teristic, leading to oscillatory hydrodynamic instability in closed pipeline systems of power equipment. 

Analysis of literature data and problem statement. In the pipeline systems of various power 
plants, water hummers (WH) were recorded, accompanied by a pulse high-amplitude increase in pres-
sure on local hydraulic resistances [1 – 8]. The occurrence of WH significantly affects the reliability 
and service life of power equipment. 
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Much research has been devoted to the study of the causes and effects of WH in pipeline systems. 
For single-phase flows / environments, the main causes of WH may be: 
– accelerated valve closure, accompanied by abrupt deceleration of the flow [9 – 13]; 
– transient modes with significant inertia; pressure-flow characteristics of pumps (PFC) [14 – 16]; 
– resonance effects when the frequency of the medium’s pumping coincides with the natural fre-

quency of the pipeline system [17]; 
– the occurrence of oscillatory hydrodynamic instability, accompanied by high amplitude fluctua-

tions in pressure and flow velocity [18 – 20]. 
A review of these studies is presented, for example, in the monograph [21]. In these works, water 

hummers were mainly investigated because of a sharp decrease in the flow area of pipeline systems. 
The issues of hydrodynamic impacts due to oscillatory instabilities in single-phase flows are studied 
very insufficiently. 

The least studied causes and conditions for the occurrence of WH in pipeline systems are the ef-
fects of hydrodynamic instability. A significant contribution to the study of various types of thermo-
hydrodynamic instability was made by the scientific school of Professor V.A. Gerliga ([11, 12] and 
others). The following types of thermohydrodynamic instability can be classified: 

– aperiodic instability accompanied by a “jump-like” change of parameters; 
– high-frequency oscillatory instability in condensable streams; 
– low-frequency oscillatory instability in two-phase flows of heated channels. 
However, the problems of oscillatory instability in single-phase flows due to the inertia of PFC 

pumps have not been studied sufficiently. The proposed work is devoted to the development of an 
original verified method for determining the conditions for the occurrence of water hammer due to the 
inertia of PFC, leading to oscillatory hydrodynamic instability in closed pipeline systems of power 
equipment. This situation determines the relevance and objectives of the proposed work. 

The main goal of the work is to develop and verify a method for determining the conditions for 
the occurrence of a WH due to vibrational hydrodynamic instability in closed pipeline systems with 
pumping equipment. 

The main provisions of the method for determining the conditions for the occurrence of a 
WH due to oscillatory instability. The physical model of the conditions for the occurrence of WH is 
based on the effect of the inertia of the PFC pressure pump pressure (ΔРp), depending on the back 
pressure P and the average flow rate ν: 

 ( , )pd P P vI
dt

∆
= ,      (1) 

where t is the process time. 
Let, for example, at the initial time t=0, an impulse of increasing backpressure δР appears at the 

pump output, which initiates the impulse of decreasing the flow velocity δν. Increasing the back pres-
sure and reducing the flow rate initiates an increase in the pump head δΔРp. 

The increase in pump head initiates with a “lag” caused by the inertia of PFC, after a certain pe-
riod of time Δt an increase in flow rate and a corresponding decrease in backpressure. 

An increase in the flow rate and a decrease in back pressure initiates a decrease in the head δΔРp. 
However, due to the same inertia of the PFC pump, the reduction in pressure does not occur instanta-
neously, but with a “delay” for a certain period of time Δt. Thus, due to the inertia of the PFC pump re-
sponse to changes in hydrodynamic parameters, an oscillatory process develops in the system (Fig. 1). 

In a format of relatively small (with respect to steady-state values) pressure fluctuations and flow 
rates, the hydrodynamic equations have the following form: 

 ( )g
D

dV d P F v v
dP dt

δ
−ρ = ρ δ − δ ,     (2) 
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where ρ is the flux density;  
 Vg – the volume of gas in the damping device (DD);  
 F is the flow area of the pipeline;  
 ξ1, ξ2 is the total coefficient of hydraulic re-
sistance in the area L1 and L2, respectively;  
 vD – flow rate at the outlet of the damping de-
vice (DD). 

 
0  at  ,                      

( )
  at  .

t
I t I Iv P t

v P

τ ≤ ∆
δ ∆ = ∂ ∂

δ + δ τ > ∆ ∂ ∂

  (6) 

For high frequency oscillation harmonics: 
 / st L a∆ ≈ ,   (7) 
where аs – the speed of sound in the environment. 

For low frequency oscillation harmonics: 
 /t L v∆ ≈ .  (8) 

In the general case, the system of equations (2) – (8) can be solved by numerical methods. The 
calculations took into account only low-frequency harmonics of oscillations of hydrodynamic parame-
ters with the highest energy and amplitude. 

For a concrete example, the results obtained on the experimental bench of A.V. Queen [17, 18] – Fig. 2. 
The experimental stand was a closed circulation loop with a single-linear piston pump 2НСГ-

0.063/20 or a three-linear piston pump 2НСГ-0.42/15. During the test, pressure fluctuations were rec-
orded with low-inertia sensors at three points of the 
discharge line: at the pump outlet; before DD; af-
ter DD. 

The experiments were carried out for three levels 
of working pressure P0 5.0; 10.0 and 15.0 MPa and 
pump frequencies of 1000 and 1500 rpm. Two modes 
of operation of pumps on liquefied gas were experi-
mentally investigated: conditions for normal operation; 
artificial “disruption” of the pump operation by a spin-
ning device from the seat of the suction valve. The veri-
fication results are presented in Fig. 3. 

Taking into account the uncertainties of indi-
vidual source data, the results of computational mod-
eling are in satisfactory agreement with experimental 
data on pressure fluctuations in the operating modes 
of piston pumps. An exception is the operating mode 
and the mode of breakdown at a pressure of 5.0 MPa 
and the frequency of the pump motors of 1500 revo-
lutions/min. However, these experimental data do not 
agree with the other experimental results. 
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Fig. 1. The generalized model of the  

development of oscillatory hydrodynamic  
instability, determined by the inertia of PFC  

pump I: 1 – I1; 2 – I2 < I1 
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Fig. 2. Computational model of the  

experimental stand [17, 18]:  
1 – hydro capacitance; 2 – pump;  

3 – damping device (DD); 4 – fittings;  
M1, M2, M3 – sensors for measuring  

pressure pulsations 
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Fig. 3. Verification of computational methods with experimental data [17, 18]:  

1 – norm, 1500 rpm, staff DD; 2 – stall, 1500 rpm, staffing DD; 3 – norm, 1000 rpm, 
 full-time remote control; 4 – stall, 1000 rpm, staffing DD; 5 – norm, 1500 rpm, modernized DD;  

6 – stall, 1500 rpm, upgraded DD; 7 – norm, 1000 rpm, modernized DD;  
8 – stall, 1000 rpm, modernized DD; 9 – area of account 

Research results. The main result of the work is an original verified method for determining the 
conditions for the occurrence of water hammer due to the inertia of PFC, leading to oscillatory hydro-
dynamic instability in closed pipeline systems of power equipment. 

Conclusion. The method of determining the conditions for the occurrence of water hammer in 
the closed circuits of the forced circulation of energy systems is considered. The method is based on 
the conditions of occurrence of oscillatory hydrodynamic instability due to the inertia of the pressure-
flow characteristics of the pumps. The inertia is determined by the “delay” in the reaction time of the 
pressure-flow characteristics of the pump to a change in the hydrodynamic parameters of the flow. 

The verification of the considered method for determining the conditions for the occurrence of 
water hammer using the example of the known results of experimental studies is presented. Coordina-
tion of calculations and experiments is quite satisfactory. 
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