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Water hammer is a serious problem in fluid transport systems that results from abrupt 
changes in flow velocity or direction, usually triggered by fast valve closure or pump 
shutdown. Such pressure spikes can lead to pipe failure, damage to equipment, severe 
vibration and instability of operation. The purpose of this paper is to give a complete 
evaluation of the causes, modelling methodologies and protective strategies of water 
hammer in pipeline systems. A review and analysis of relevant works was conducted in 
terms of numerical methods, e.g. Method of Characteristics (MOC), Finite Difference 
Method (FDM), Mac Cormack Method and simulation tools, e.g. MATLAB, HAMMER, 
WANDA, FORTRAN codes. The literature examined demonstrates that in general these 
numerical methods accurately anticipate transient pressure behavior and are in 
excellent agreement with experimental findings. It was also concluded that the best 
mitigating solutions include surge tanks, hydro pneumatic hydro pneumatic tanks, slow 
valve closing strategies and bypass systems. Recent improvements in numerical 
simulation and surge protection technology have greatly enhanced the understanding 
and control of water hammer events, leading to safer and more dependable pipeline 
operation. 
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1. Introduction 
 

Water transmission lines, which include pumping stations, supply and storage tanks, and 
pipelines, are used to supply, transmit, treat, and distribute sanitary drinking water to both urban 
and rural consumers. Given the high cost of operating transmission lines, protection and risk 
mitigation are crucial, and one of the biggest threats is the water hammer phenomenon [1], which 
has always posed a serious risk to long-distance water transfer pipeline systems, with the potential 
to induce structural failures or pipeline collapse [2]. 

If there is a sudden change in the chosen parameter describing flow velocity or pressure, 
characterizing the transitory state becomes necessary. The "water hammer phenomenon," in 
which the valve at the pipe's far end abruptly closes, is the most hazardous scenario of potential 
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pressure pulsations. This phenomenon should be thoroughly investigated to accurately forecast 
and be able to safeguard systems in the future against excessive pressure rise, which could harm 
pipeline components [3] all across the hydraulic system. The resulting pressure changes are 
negligible and do not jeopardize the pipeline's integrity if the conditions change slowly enough. 
On the other hand, if conditions change quickly, a lot of destructive pressure may be produced, 
sometimes to the point that pipes rupture or other equipment is harmed. Dangerous high- and 
low-pressure waves in water supply systems can be caused by several factors, including pump 
power failure, abrupt valve movements, rapid hydrant use, poorly managed line filling, abrupt air 
release or compression, and the functioning of automatic control systems. Water distribution 
systems can be made less susceptible to surge events by managing or suppressing transients using 
various techniques [4] as shown in Fig .1. Water Hammer Phenomenon Due to Sudden Valve 
Closure [5]. 

 
Fig.1. Water Hammer Phenomenon due to sudden valve closure 

 
Transient pipe flow can be studied using a variety of numerical techniques, including finite 

difference methods (FDM), finite volume methods (FVM), graphical approaches, and analytical 
methods. The features technique is the most widely used one-dimensional strategy. The 1-D 
finite volume technique represents conservative algebraic forms of partial differential equations 
[6]. 

Surge Protection Strategy Selection Transients in water distribution systems can be controlled 
utilizing a variety of approaches. Some strategies merely consider operational and design factors, 
whilst others incorporate additional surge protection devices. Maximum pressures are routinely 
regulated using devices such as pump bypass lines, surge (air) vessels, surge tanks, pressure relief 
valves, or any combination of these. Increasing pump inertia, installing surge vessels, surge tanks, 
air-release/vacuum valves, pump bypass lines, or any combination of these components can all 
aid to regulate minimum pressures. The major purpose is to reduce the rate of flow change [7]. 

Water hammer has been extensively investigated using analytical, numerical, and 
experimental approaches. Previous research can be categorized into four main areas: protection 
and mitigation strategies, numerical modeling techniques, computational fluid dynamics (CFD) 
approaches, and experimental investigations: 
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1.1 Protection and Mitigation Strategies  

      Hydraulic transients or water hammer can cause excessive pressure surges and threaten the 
integrity of pipelines, equipment safety and system dependability. As a result, pipeline design 
and operation have increasingly utilized protection and mitigation techniques. These techniques 
are designed to reduce pressure variation by avoiding sudden flow changes and by dissipating 
the transient energy within the system. Mechanical protection devices and operational 
procedures are commonly used to reduce the effects of water hammer and to maintain the 
pipeline in a stable and safe condition. 

1.1.1 Surge tanks 

At its most basic, a surge tank is an extra reservoir in a pipe system that is subjected to 
changing flow rates. Surge tanks are used to protect turbine and pipelines from pressure waves 
generated by sudden fall of flow rate. Surge tanks are most often used in hydroelectric power 
facilities with large pipelines at quite high flow rates. But they may be utilized in a lot of various 
pipe systems including waste water management, manufacturing water supply and even in the 
car sector. Water flow management surge tanks vary widely, ranging from 40-gallon pressurized 
units to atmospheric reservoirs containing thousands of gallons. Surge tanks have been around 
for a long time but are still a. Although surge tanks have been around for a long time, the issue is 
always being researched and improvements are routinely being proposed [8]. where the design 
elements of sloping ceiling tail race tunnels and surge tanks might reflect water hammer waves. 
Fig.2 depicts the standard configuration of a hydroelectric plant with a surge tank [9]. 

 

 
 

Fig. 2.  A typical hydro power station configuration including a surge tank 
 

Water hammer is a transient hydraulic phenomenon that can cause significant damage to 
water transmission lines, such as pipe bursts or damage in this study using the irrigation pipeline 
system of the proposed Taq-Taq dam in northeastern Iraq. The transmission line, which controls 
the water level in two major reservoirs at both ends, is susceptible to a potential water hammer. 
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Bentley HAMMER, a software program, adopted the hydraulic simulation model used in the 
design and analysis of hydraulic and transverse behavior (water hammer) through two scenarios 
(with and without control device). It was suggested that a surge tank implement an operational 
control method to reduce the likelihood of a water hammer incident occurring and to safeguard 
the dam from this issue. The results showed that the use of a balancing tank effectively protects 
the pipe network from the effects of water hammer [10].  

A theoretical analysis based on certain surge tank design concerns. The effects of different 
parameters such as the friction losses coefficient and the surge tank cross-sectional area on the 
water surface oscillations tank and the total discharge are investigated. System of non-linear 
ordinary differential equations are numerically solved and manipulated. According to the results, 
the surge tank level and discharge rates decrease as the cross-sectional area and friction losses 
coefficient increase. Additionally, the water hammer will cause the pressure waves and 
fluctuations to be lower and more stable in height. This analysis indicates that the surge tank 
[11].  

This study of the Basra Water Project of water pumping stations in Iraq essential hydraulic 
parameters of water pumping stations under transient flow situations shutdowns, and surge tank 
installations on pressure stability and system flexibility using hydraulic modeling with HAMMER 
V8i. The results demonstrate significant variations in pressure over short periods of time. Pipes 
L1 and L2 experienced hydraulic transient effects after an abrupt shutdown without surge tank 
protection, which led to minimum pressures of 12.5 m. Under typical conditions, the maximum 
pipe pressure was 17.5 m (L3). The analysis finds that L1 is the most dangerous pipeline due to 
its exposure to low-pressure events. The study demonstrated that installing surge tanks—
especially three tanks significantly reduce pressure fluctuations and water hammer effects, 
thereby improving system stability, durability, and operational efficiency [12] as shown in Fig .3. 
Surge Tank Response to Transient Flow [10]. 

 
 

 
 

Fig. 3. Surge tank response to transient flow 
 
The author applied the method of characteristics (MOC) to statistically investigate the 

performance of a surge tank in pressured pipelines, emphasizing the influence of the connection 
and discharge capacity. An intelligent self-controlled surge tank (IST) was proposed for varying 
discharge capacity under varied situations. The results showed that the performance of the surge 
tank is improved and the pressure fluctuations are reduced by modifying the discharge capacity 
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of the connection. The suggested IST was better than traditional surge tanks in pressure control 
and application [13]. 

The author developed a one-way surge tank model, including the check valve activity, by 
means of the characteristics approach and evaluated the effects of the valve operation and 
position of the installation on a real water supply system. The results showed that including check 
valve behavior resulted in lower expected pressures and slower water replenishment than typical 
models, indicating potential safety hazards if the valve action is neglected. It was also observed 
that the slower the valve opening, the lower the minimum pressure, and negative pressure can 
occur. The optimum configuration is to place surge tanks near the pump and at high points [14]. 

A numerical model based on the method of characteristics (MOC) has been developed for 
assessing the efficiency of surge tanks in water hammer control in pressurized pipelines. The 
model was validated using experimental data and was then used to analyze different 
combinations of the surge tank diameter and intake diameter of the hydroelectric system under 
different boundary conditions. The surge tank’s geometric characteristics are shown to have a 
great influence on its performance. The optimal design (D = 6 m, d = 3.4 m) might avoid the head 
pressure changes in the upstream pipeline, but the water hammer effects would be more likely 
to happen in the starting part of the pipeline [15]. 
 
1.1.2 Hydro pneumatic tanks 
 

One of the best tools for preventing water hammer in long-distance transmission pipe 
systems and water distribution systems is the dipping tube hydro pneumatic tank. Although 
dipping tube hydro pneumatic tanks have numerous necessary benefits due to its low cost and 
simple maintenance features, it can be challenging to calculate the ideal size and gas volume for 
practical engineering applications. A solid approach to resolving the issues from theory and 
application is presented in this study. In order to prevent water hammer, this work derives the 
equations for modeling dipping tube hydro pneumatic tanks in water distribution systems using 
the Method of Characteristics (MOC) equations. MOC, the differential orifice head loss equation, 
the gas law, IBM’s SSP package was used to solve the equations and integrate them into the 
HAMMER software. A case study is presented to determine the tank's size and compare it with 
other protection methods [16]. 

The authors analyzed water hammer effects in the SMD water supply pipeline using Bentley 
HAMMER to evaluate transient pressures and surge protection measures under different 
operating scenarios. Results revealed that preventive measures, including 2000-L hydro tanks, 
made pressure changes far less likely, lowered the danger of cavitation, made pipelines safer and 
more reliable, and cut down on maintenance expenses [17].  

The authors examined pressure surges induced by the quick activation of high-response 
hydraulic control valves in transmission lines. We built a lumped-parameter math model that 
took into account the effects of resistance, inertia, and capacitance to see how well oleo-
pneumatic accumulators might guard against surges. We then used existing experimental data 
to test the model. The research developed an analytical formula to ascertain the necessary 
accumulator dimensions for safeguarding against pressure surges. The results indicated that the 
installation of a correctly sized hydraulic accumulator markedly decreased both the amplitude 
and duration of transient pressure oscillations, hence enhancing system safety [18]. 
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The author assessed the efficacy of hydro-pneumatic tanks (HPTs) in alleviating water 
hammer by employing rigid and elastic water column models inside the ALLIEVI simulation 
environment, then validated through a case study. The results showed that the rigid model was 
good at doing calculations quickly, but the elastic model was better at making predictions (up to 
100% accurate). The study confirmed the capability of these models to predict pipeline failure 
and improve decision-making in transient flow analysis [19]. 

1.1.3 Air vessels 

Air vessels, also known as air chambers, are placed behind tank valves in locations where 
water hammer occurs often. They are filled with air and have the shape of a thin, inverted bottle 
with a tiny hole attached to the pipe Fig. 4. In order to protect the fitting and pipes and absorb 
the shock, the air is compressed. Another name for an air vessel is a pneumatic tank, pressurized 
surge tank, or air chamber. The air tank's operation is determined by its water and air volumes 
[20]. 

 

Fig. 4. The pipeline's installed air vessel 
 

 The authors analyzed surge protection in the Omar Al-Mokhtar reservoir pipeline system 
using the WANDA simulation program based on the method of characteristics to evaluate surge 
control devices. Results showed that an air tank capacity of 1500 m³ successfully controlled 
transient pressures, while 1000 m³ was inadequate, and proper installation of upstream air valves 
was necessary for safe system operation [7]. 

The authors investigated water hammer effects in an irrigation pipeline system located in the 
Al-Salihiya agricultural area by conducting field measurements of flow and pressure during 
normal operation and power failure conditions. The study analyzed transient behavior and 
evaluated protection devices using AFT Impulse simulation. Results showed that sudden pump 
shutdown and valve closure generated severe pressure fluctuations causing potential pipeline 
damage. The installation of protection devices such as water–air tanks, overflow tanks, and safety 
valves as shown in Fig.5. effectively mitigated water hammer effects and improved the safety of 
the irrigation system [21]. 
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Fig.5. Common places to find a water hammer control device 
 

The author developed a mathematical model based on the unsteady one-dimensional 
momentum and continuity equations, solved using the method of characteristics, to analyze the 
performance of a pressurized air vessel in controlling water hammer. We wrote the model in 
FORTRAN and tested it with a test rig that had a rapid-closing valve and pressure sensors. The 
results demonstrated that the pressurized air vessel does a good job of lowering water hammer 
pressure. Researchers observed that the orifice width has the most effect on the water hammer 
head, the air pressure within the vessel, and the water level. The throttling action has a big effect 
on the size of the vessel that is needed [22].  

The author studied water hammer pressure transients that happen when pumps stop 
suddenly, such as when water columns separate and overpressures happen. We looked at many 
ways to safeguard the system, such surge tanks, discharge tanks, in-line valves, pump bypass 
valves, air vessels, and release valves. We also looked at how pump inertia affects these 
strategies. The results showed how to choose the right protective devices for different system 
circumstances. For example, air vessels like the one in Fig.6. and release valves work best for 
high-head systems, while other approaches work better for low-head systems. The research also 
provided design charts and equations to help with the right design and use of these safety 
measures [23]. 
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Fig. 6.  Air vessel arrangement 

1.2 Experimental and Numerical of Water Hammer 

The current research comprises a series of experiments on various cases of water hammer, a 
phenomenon occurring in pressurized water pipes, reviewing key previous studies and methods 
for mitigating the phenomenon. Several pipe fittings were tested to find simple alternatives to 
imported brakes used in domestic plumbing. The results showed that some easily implemented, 
locally manufactured solutions were effective in reducing the impact of water hammer. The study 
also offers a set of conclusions and recommendations supporting these findings [24]. 

The authors developed a numerical model based on MacCormack’s method to analyze water 
hammer caused by valve closure under fast and slow operating conditions. We looked at how 
well linear and quadratic valve closure rules worked for controlling pressure by comparing them. 
The quadratic closure rule was better at lowering excess pressure, with a maximum drop of 0.05 
bar. The best value for the valve closure exponent m was between 1.117 and 1.599 for reducing 
over pressure and between 0.95 and 1.419 for preventing under pressure. The range got smaller 
as the closure duration got longer [25]. 

The authors examined hydraulic transients in straight pipes by integrated experimental and 
computational analysis. A mathematical model based on partial differential equations was 
transformed using the Method of Characteristics and a predictor–corrector approach. Laboratory 
experiments on a single steel pipe showed strong agreement between measured and predicted 
pressure oscillations. The model was further applied to a complex pipe network consisting of 17 
loops, 48 pipes, and 33 nodes, successfully simulating water hammer induced by valve closure 
[26]. 

In this work, the Method of Characteristics was used to analyze the hydraulic flow variation 
in a simple pipeline system consisting of a tank, pipe and valve. We have developed and validated 
a numerical program, dubbed WH (Water Hammer), against comparison with other existing 
models. The effects of valve-closing time, pressure variation and spatial-temporal discretionary 
on the transient behavior were studied. The results indicated the influence of velocity of 
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interruption and characteristics of the operation on the behaviour of pressure waves in water 
hammer phenomena [27]. 

The authors have studied the hydraulic transients that occur during the closing and stopping 
of the pumps by use of numerical models in FORTRAN and graphs. We studied a variety of 
different operating scenarios, both with and without pumps to determine their response to 
transients. The results revealed that both the stepwise shutting of the valve and an increased 
inertia of the pump are good solutions to reduce the transient pressures. It was proven that the 
transient flow behavior is influenced by two significant parameters, namely water speed and the 
coefficient of friction. The graphical and computational solutions [28] were in good agreement. 

In this work we study the conditions of the occurrence of the water hammer effect in a 
pipeline. Water hammer can burst the pipe if the pressure is strong enough. In order to avoid the 
water hammer effect occurring, the experiment will be set-up to explore the water hammer 
effect. The prevention of water hammer effect will be suggested and the preventive approach 
will be proved to be successful in reducing the water hammer effect. The preventive precaution 
adopted is the installation of a bypass pipe with a non-return valve. The vibration signal of the 
experiment is recorded by the accelerometer and data gathering equipment. The valve snaps 
shut and gets the pressure signal. Then the signal is analyzed and turned into wave velocity. The 
phenomena of water hammer are separated and contrasted with different pipe materials, 
lengths, diameters of intake pipe and pressures in pipeline. The result of experiment indicates 
that the longer pipes, smaller intake diameter pipes and lower strength material pipes would be 
able to endure higher water hammer impact. Also, the water hammer phenomenon may be 
eliminated successfully by installing a pass pipe with non-return valve which decreases pressure 
by 33.33 % [29].  

Water hammer phenomenon is a short flow in pipes due to sudden variations in velocity of 
the pipeline. This might happen due to high positive or negative pressures in water pipes. In short, 
water hammer is caused when valves close suddenly, when pumps are stopped or re-started. In 
this work, the momentum (Euler) equation and continuity equation of a water hammer are 
simulated numerically by MATLAB software. Sensitivity analysis has been explored using variety 
of elements such as pipe diameter, wave velocity and friction factor. The work was done using 
the Method of Characteristics (MOC). The data shows that the maximum pressure head reduced 
by 31.5 % with a 1.2 m diameter pipe and by 47.7 % with a 1.4 m diameter pipe, when compared 
to the use of a 1 m diameter pipe. It is shown that changing the friction factor values leads to 
decreasing the maximum pressure head by 0.86% when the friction factor value (0.008) is used 
instead of (0.007) and by 0.81% when the friction factor value (0.009) is used instead of (0.007). 
The study on the influence of wave velocity on pressure head showed that the maximum pressure 
head rose by 10.6% with the wave's velocity (300 m/sec) instead of (250 m/sec), 19.13% with 
(350 m/sec) instead of (250 m/sec) and 26.1% with (400 m/sec) instead of (250 m/sec). It 
discovered serious water hammer in the end pipe [30]. 

This study investigates combined pump-pressurized and gravity water delivery systems; 
nevertheless, the transient control tactics for these integrated arrangements are still not well 
covered. This article outlines the functional arrangement of each hydraulic section and includes 
an examination into the system's water hammer protection methods. The pump-valve 
relationship is analyzed using a theoretical framework operation has proven the efficacy of the 
suggested preventative measures. The water replenishment volume formula calculates 
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replenishment volumes for the high-level surge tank and the findings indicate that simultaneous 
valve closure effectively reduces water level fluctuations, and the derived formulas agree with 
numerical simulation results. The research provides a practical basis for designing reliable 
protection strategies while reducing a computational effort in transient analysis [31]. 

Based on certain surge tank design factors, a theoretical analysis is conducted. Investigations 
are conducted into how various parameters, such as the friction losses coefficient and the cross-
sectional area of the surge tank, affect the water surface oscillations tank and overall discharge. 
A system of non-linear ordinary differential equations is controlled and solved numerically. The 
results indicate that the surge tank level and discharge rates decrease as the cross-sectional area 
and friction losses coefficient increase. Additionally, the water hammer-induced pressure waves 
and oscillations will be lower in height and more stable [32]. 

This study investigates the effect of the valve switching valve has an impact on the amplitude, 
waveform, and periodicity of the water hammer pressure pulsation under the continuous on/off 
of the valve n the digital hydraulic system is affected by the frequency of the valve switching 
valve, which is greatly deviated from the prediction and evaluation results of the traditional water 
hammer model. Therefore, to improve the prediction accuracy of the pressure pulsation (water 
hammer) model in continuous switching digital hydraulic systems is created by taking into 
account the fluid's compressibility and the elasticity of the pipe walls. Experimental validation 
confirmed high accuracy, with prediction error less than 5% [33]. Researchers are now 
concentrating on the variance of water hammer characteristics in the viscoelastic pipeline due to 
the growing popularity of long-distance water supply projects and advancements in materials 
technology. An experiment was set up to investigate the direct water hammer produced by the 
quick closure of the downstream valve in the poly methyl meth acrylate (PMMA) pipe, with six 
flow velocities in nearly 70 tests, in order to determine the mechanism of water hammer in the 
viscoelastic pipe of both elastic and viscous properties. The experimental findings demonstrated 
that, for all flow velocities, the maximum water hammer pressure produced in the relativistic 
pipe was at most 20% higher than the conventional value of Joukow sky's formula. The water 
hammer pressure increased as the valve closed more quickly. the difference in water hammer 
pressure generated between the fastest and the slowest closing time of the valve was 14–17% at 
each flow velocity. The explanation for why the water hammer characteristic in the viscoelastic 
pipeline deviated from the conventional value was provided by the relationship between the 
stress and strain of the pipe wall. A reference on the mechanism of transient flow in viscoelastic 
pipes is provided by the study as shown in Fig. 7 [34] as shown in the Fig 7. Effect of Valve Closure 
Time on Pressure Surge [35]. 
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Fig. 7.  Effect of valve closure time on pressure surge 
 

1.3 CFD (Computational Fluid Dynamics) 
 

Water hammer studied in water distribution networks using experimental and numerical 
models in two different setups, with and without a riser pipe. The measured data for different 
discharges and times were compared with the results of computational fluid dynamics (CFD) after 
selecting appropriate network and turbulence models, with a simulated sudden flow interruption 
using Fluent software. The results maximum and minimum pressure calculated values, with the 
accuracy range from 0.12% to 2.64%, confirming the accuracy and efficiency of numerical 
modeling in representing the phenomenon and predicting transient pressure behavior [36]. 

We compared quasi-2D, axisymmetric CFD and complete 3D CFD models for water hammer 
simulation and showed that the amplitude, phase and attenuation of the transient are almost 
comparable when calculated by the quasi-2D water hammer model and the axisymmetric CFD 
model. The results presented also indicate the computational efficiency of the quasi-2D model, 
using a grid density one order of magnitude lower than that required for the full 3D CFD model 
and giving pretty good results with respect to the full 3D CFD model results [37].  

The author developed a three dimensional CFD model to study water hammer based on the 
Navier–Stokes equations. In this model, the SIMPLE approach was utilized for the weakly 
compressible flow, to account for the flexibility of the pipes and water. The model was validated 
by comparing its output to empirical data. The results showed that the model could successfully 
simulate the water hammer dynamics and assess the main factors influencing the behavior, 
including unsteady friction, valve closure law, and wave velocity, providing a sound basis for the 
analysis of the transient flow in hydropower pipeline systems [38]. 

The research was conducted using the computational fluid dynamics (CFD) modeling program 
FLUENT to investigate the flow and heat transmission in a pipeline network that underwent a 
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water hammer collapse in the thermal power plant, and to assess an upgraded network design. 
The results indicated that the buildup of liquid caused the steam to flow at rates of around 50 
m/s, causing large variations in pressure at the elbows of the pipes and finally leading to the 
rupture. the study also demonstrated the improved design helped make the pressure, 
temperature and speed more consistent, making it safer and better for a wider range of purposes 
[39]. 

Researchers used three-dimensional CFD simulation to look at how transient flow affects the 
water hammer effect in a high-pressure injection system. the results shown that the model can 
precisely depict pressure and velocity behavior in comparison to experimental data. the research 
also showed that 3D simulation gives a more complete picture of how flow is distributed than 
other approaches [40]. 

Research Gap Comprehensive review studies are uncommon but a large number of 
publications on water hammer phenomena, numerical modeling, and traditional surge 
prevention technologies are available. The available research has not yet explored recent 
advances in numerical simulation and new protective solutions such as the Dipping Tube Tank 
(DTT). Thus, an updated assessment is required to describe current progress and compare 
conventional and innovative surge protection approaches. Significance of the Study This paper 
includes a complete examination on water hammer phenomena, numerical modeling 
methodologies, and surge prevention measures in pipeline systems. It also emphasizes current 
development of the Dipping Tube Tank (DTT) technology and makes comparison with the 
standard protective measures. The results are likely to help researchers and engineers choose 
appropriate surge protection methods and suggest future research topics.This review is intended 
to critically assess the available literature relating to water hammer in pipeline systems. This 
review, in particular, aims to summarize the causes and consequences of water hammer, review 
the commonly used numerical simulation methods, compare the performance of conventional 
and emerging surge protection techniques, and identify the current research gaps and future 
research opportunities in water hammer mitigation. 

2. Methodology 
 
      This review research was performed by a comprehensive search of the scholarly literature on 
water hammer phenomena and mitigation strategies in pressurized pipeline systems. Relevant 
papers were retrieved from major scientific databases, including Google Scholar, Science Direct, 
Springer Link, Wiley Online Library, and Scopus.  
      The search was performed using the terms "Water Hammer", "Hydraulic Transients", "Surge 
Protection Devices", "Hydro pneumatic Tank", "Air Vessel", "Surge Tank" and "Dipping Tube 
Tank". We evaluated peer-reviewed journal publications, conference papers and technical 
reports published between 2010 and 2026.  
      The gathered research was selected for relevance to the mechanics of water hammer 
formation, transient pressure analysis and protection strategies. Special emphasis was devoted 
to current studies on Dipping Tube Tank technology and its hydraulic performance. The collected 
material was grouped into numerous areas such as basics of water hammer, causes of hydraulic 
transients, conventional protective systems, hydro pneumatic tanks and Dipping Tube Tanks. 
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Then a comparison study was made to analyze the research trends, limits of the existing studies 
and possible future research areas. 
 
3. Result 

The reviewed research show that water hammer is still one of the primary hydraulic concerns 
in terms of safety and reliability of pipeline systems. Most researches agreed that the main causes 
of significant pressure transients are quick valve closure and abrupt pump shut down, which may 
result in pipeline collapse, excessive vibration, cavitation, and equipment damage [2-4]. 
      From the literature studied in the numerical analysis, the most used approach is the Method 
of Characteristics (MOC) because of its computational accuracy and capacity to forecast the 
transient pressure behavior. Other numerical methods like FDM, Mac Cormack Method and 
Computational Fluid Dynamics (CFD) have also provided credible findings and are in excellent 
agreement with the actual observations [25,30,36,40]. 
      The evaluated research also show that surge protection systems can greatly lower the 
amplitude of pressure surges. In lengthy transmission pipes, surge tanks were seen to be very 
successful and hydro-pneumatic tanks and air vessels increased pressure stability and reduced 
danger of cavitation. Recent research have indicated that Dipping Tube Tank (DTT) technology 
has promising hydraulic performance, compact design and cheaper installation costs compared 
to traditional protective systems. Yet there is little study on DTT [10,16,23]. 
 
4. Discussion  

 
      The literature evaluation shows a strong progress in the investigation of water hammer during 
the previous decade. Previous studies were mostly based on analytical and one-dimensional 
numerical models. However, new studies are using sophisticated CFD simulations and combined 
numerical–experimental methodologies for better prediction accuracy. The comparison of prior 
studies reveals that there is no surge protection device suited for all operational situations . The 
pipeline features, operational circumstances and economics determine the selection of a suitable 
protective system instead [17,19,25,40]. 
      In addition, while traditional surge tanks and hydro-pneumatic tanks have been widely 
studied, emergent technologies such as the Dipping Tube Tank have been relatively neglected. 
This conclusion confirms the research gap indicated in this study and indicates the necessity for 
further computational and experimental investigations to improve design parameters of DTT and 
assess its performance under varied hydraulic situations [16,31,32]. 

5.  Conclusions and Recommendations 
5.1 Conclusions  
 
1. Water hammer happens when the valve position  change quickly or when pumps are shut 

off. 
2. High pressures can destroy pipes. 
3. The Method of Characteristics is the most efficient and widely used method in numerical 

analysis. 
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4. Air valves alone are not sufficient for protection in long pipelines. 
5. Surge tanks and air vessels are among the most common protection methods. 
6. Gradual valve closure reduces risk 
7. The factors affecting the water hammer phenomenon include wave speed, friction 

coefficient, and valve closing time. 
 
5.2 Recommendations 
 
1. don’t close the valve suddenly 
2. Use multiple protection methods combined, such as a surge tank and air valves. 
3. Conduct a transient analysis before implementing a water project. 
4. Study the effect of pipe material during design, especially for flexible and elastic pipes. 
5. Install surge tanks at critical locations such as near pumps and at high points. 
6. Perform periodic maintenance for valves and protection devices. 
7. Use software such as MATLAB, HAMMER, and WANDA. 
 
Acknowledgment 
The authors would like to express their sincere appreciation to the Department of Mechanical 
Engineering, College of Engineering, University of Mosul, Iraq, for providing academic support 
throughout this study. The authors also acknowledge the valuable contributions of the 
researchers whose published works formed the basis of this review. This research was not funded 
by any grant. 
 

 References 
 
[1]     Arefi, Mohammad Hossein, Mahnaz Ghaeini-Hessaroeyeh, and Rasoul Memarzadeh. "Numerical modeling of 

water hammer in long water transmission pipeline." Applied Water Science 11, no. 8 (2021): 140. 
https://doi.org/10.1007/s13201-021-01471-9 

[2]     Wan, Wuyi, Yuhang Wang, Xiaoyi Chen, Hang Zhan, Tiao Wang, and Boran Zhang. "Investigation of partially 
expanded surge tank with self-adaptive auxiliary system controlling water hammer in pipelines." Engineering 
Science and Technology, an International Journal 40 (2023): 101379. 
https://doi.org/10.1016/j.jestch.2023.101379 

[3]      Urbanowicz, Kamil, Anton Bergant, Michał Stosiak, and Krzysztof Towarnicki. "Analytical solutions of water 
hammer in metal pipes. Part II—Comparative study." In Fatigue and Fracture of Materials and Structures: 
Contributions from ICMFM XX and KKMP2021, pp. 69-83. Cham: Springer International Publishing, 2022. 
https://doi.org/10.1007/978-3-030-97822-8_8 

[4]      Jung, Bong Seog, and Bryan W. Karney. "Pressure surge control strategies revised." AWWA Water Science 2, 
no. 1 (2020): e1169. https://doi.org/10.1002/aws2.1169 

[5]     Sotoodeh, Karan. "The mathematical analysis and review of water hammering in check valves in offshore 
industry." Journal of The Institution of Engineers (India): Series C 104, no. 4 (2023): 879-885. 
https://doi.org/10.1007/s40032-023-00965-6 

[6]     Kumar, MR Ajith, Jaan H. Pu, Prashanth R. Hanmaiahgari, and Martin F. Lambert. "Insights into CFD modelling 
of water hammer." Water 15, no. 22 (2023): 3988. https://doi.org/10.3390/w15223988 

[7]      Jalut, Qassem H., and Anas Ali Ikheneifer. "Mathematical simulation for transient flow in pipe under potential 
water hammer." Diyala Journal of Engineering Science 22, no. 23 (2010): 222-236. 

[8]      Mahanna, Loeb, and Magalhaes. Water Hammer and Surge Tanks (CIVE 401 Course Report). November 19, 
2014. 

https://doi.org/10.1007/s13201-021-01471-9
https://doi.org/10.1016/j.jestch.2023.101379
https://doi.org/10.1007/978-3-030-97822-8_8
https://doi.org/10.1002/aws2.1169
https://doi.org/10.1007/s40032-023-00965-6
https://doi.org/10.3390/w15223988


Journal of Advanced Research in Applied Sciences and Engineering Technology 62, Issue 5 (2026) 99-114 
 

 113 

[9]     Guo, Wencheng, Yang Liu, Fangle Qu, and Xinyu Xu. "A review of critical stable sectional areas for the surge 
tanks of hydropower stations." Energies 13, no. 23 (2020): 6466. https://doi.org/10.3390/en13236466 

[10]   Karim, I. R., S. A. Sahib, H. H. Abdullah, and R. R. Aziz. "Water Hammer Analysis in the main pipe-line for the 
proposed Taq-Taq Dam irrigation project in Iraq." In IOP Conference Series: Materials Science and Engineering, 
vol. 737, no. 1, p. 012154. IOP Publishing, 2020. https://doi.org/10.1088/1757-899X/737/1/012154 

[11]     Yu, Xiaodong, Jian Zhang, and Ling Zhou. "Hydraulic transients in the long diversion-type hydropower station 
with a complex differential surge tank." The Scientific World Journal 2014, no. 1 (2014): 241868. 
https://doi.org/10.1155/2014/241868 

[12]   Abdulameer, Layth, Khalid Shemal, Najah ML Al-Maimuri, Mahmoud Saleh Al-Khafaji, Ahmed N. Al-Dujaili, and 
Farhan Lafta Rashid. "Enhancing Operating Rules for Water Pumping Stations Under Transient Flow Conditions 
by Using Surge Tanks." Civil Engineering Journal 11, no. 07 (2025). https://doi.org/10.28991/CEJ-2025-011-07-
015 

[13]   Wan, Wuyi, and Boran Zhang. "Investigation of water hammer protection in water supply pipeline systems 
using an intelligent self-controlled surge tank." Energies 11, no. 6 (2018): 1450. 
https://doi.org/10.3390/en11061450 

[14]   Li, Pengyu, Xiaodong Yu, Sheng Chen, Nan Chen, and Yujie Huang. "Water hammer protection of one-way surge 
tanks considering the effect of check valve." Water Supply 24, no. 10 (2024): 3467-3478. 
https://doi.org/10.2166/ws.2024.211 

[15]  Mahmoudi-Rad, Mohammad, and Mohammad Najafzadeh. "Effects of surge tank geometry on the water 
hammer phenomenon: Numerical investigation." Sustainability 15, no. 3 (2023): 2312. 
https://doi.org/10.3390/su15032312 

[16]   Wang, Rong He, Zhi Xun Wang, Feng Zhang, Ji Long Sun, Xiao Xue Wang, Jing Luo, and Hai Bo Yang. "Hydraulic 
transient prevention with dipping tube hydropneumatic tank." Applied Mechanics and Materials 316 (2013): 
762-765.https://doi.org/10.4028/www.scientific.net/AMM.316.762 

[17]   Suwalih, Seid Mohammed, and Kinfe Kassa. "Investigation of Water Hammer Effect on the Transmission Main 
Pipeline of Su’ula-Manda Water Supply Schemes, Afar, Ethiopia." (2024). 
https://doi.org/10.20944/preprints202409.1213.v1 

[18] Rabie, M. Galal. "On the application of oleo-pneumatic accumulators for the protection of hydraulic 
transmission lines against water hammer—a theoretical study." International Journal of Fluid Power 8, no. 1 
(2007): 39-49. https://doi.org/10.1080/14399776.2007.10781266 

[19]   Burgos-Méndez, Óscar J., Oscar E. Coronado-Hernández, Helena M. Ramos, Alfonso Arrieta-Pastrana, and 
Modesto Pérez-Sánchez. "Water Hammer Mitigation Using Hydro-Pneumatic Tanks: A Multi-Criteria 
Evaluation of Simulation Tools and Machine Learning Modelling." Water 17, no. 13 (2025): 1883. 
https://doi.org/10.3390/w17131883 

[20]   Hamad, Mohamed Wael, Abdul Rahman Hassan, and Abdul Salam Alrowaished Abdullah. "Water hammer 
analysis in water pipelines and methods for protection." Malaysian Journal of Applied Sciences 8, no. 1 (2023): 
95-108. https://doi.org/10.37231/myjas.2023.8.1.355 

 [21]  El-Zahaby, A. M., E. El-Agouz, M. Amr, and B. A. El-Rahman. "Water hammer phenomenon: analysis and 
solutions." Eng Res J 2 (2019): 263-9. 

[22]  Hamed, A. M., and A. M. Abdulaziz. "Experimental and numerical optimization of pressurized air vessel 
performance for water hammer mitigation." Scientific Reports 15, no. 1 (2025): 39575. 
https://doi.org/10.1038/s41598-025-23962-4 

[23] Stephenson, David. "Water hammer protection of pumping lines." Civil Engineering= Siviele 
Ingenieurswese 1972, no. 12 (1972): 381-390. 

[24]   Britton, Laurence G., and Ronald J. Willey. "Avoiding water hammer and other hydraulic transients." Process 
Safety Progress 43, no. 1 (2024): 101-112.https://doi.org/10.1002/prs.12517 

[25]  Toumi, Abdelouaheb, Fateh Sekiou, and Fateh Afoufou. "Numerical modeling and simulation of water hammer 
phenomena using the MacCormack method." Water Practice & Technology 19, no. 6 (2024): 2333-2351. 
https://doi.org/10.2166/wpt.2024.138 

[26]  Wichowski, Roman. "Hydraulic transients analysis in pipe networks by the method of characteristics 
(MOC)." Archives of Hydro-Engineering and Environmental Mechanics 53, no. 3 (2006): 267-291. 

[27]  Vataj, Gjelosh, and Xhevat Berisha. "Modeling of transient fluid flow in the simple pipeline system." ARPN 
Journal of Engineering and Applied Sciences 13, no. 13 (2018): 4160-4166. 

https://doi.org/10.3390/en13236466
https://doi.org/10.1088/1757-899X/737/1/012154
https://doi.org/10.1155/2014/241868
https://doi.org/10.28991/CEJ-2025-011-07-015
https://doi.org/10.28991/CEJ-2025-011-07-015
https://doi.org/10.3390/en11061450
https://doi.org/10.2166/ws.2024.211
https://doi.org/10.3390/su15032312
https://doi.org/10.4028/www.scientific.net/AMM.316.762
https://doi.org/10.20944/preprints202409.1213.v1
https://doi.org/10.1080/14399776.2007.10781266
https://doi.org/10.3390/w17131883
https://doi.org/10.37231/myjas.2023.8.1.355
https://doi.org/10.1038/s41598-025-23962-4
https://doi.org/10.1002/prs.12517
https://doi.org/10.2166/wpt.2024.138


Journal of Advanced Research in Applied Sciences and Engineering Technology 62, Issue 5 (2026) 99-114 
 

 114 

[28]   Elbashir, Mosab, and Samuel Amoah. "Hydraulic transient in a pipeline (using computer model to calculate and 
simulate transient)." (2007). 

[29]   Choon, Tan Wee, Lim Kheng Aik, Lim Eng Aik, and Teoh Thean Hin. "Investigation of water hammer effect 
through pipeline system." International Journal on Advanced Science, Engineering and Information 
Technology 2, no. 3 (2012): 246-251. 

[30]  Rasheed, Nisreen J. "Mathematical modeling for water hammer in pipe flow." Journal of Engineering and 
Sustainable Development 22, no. 1 (2018): 95-108. 

[31]   Chen, Xuyun, Jian Zhang, and Xiaodong Yu. "Water hammer protection and pump-valve linkage optimization 
for combined pump-pressurized and gravity flow water delivery systems." Engineering Applications of 
Computational Fluid Mechanics 19, no. 1 (2025): 2545887. https://doi.org/10.1080/19942060.2025.2545887 

[32] Ramadan, Abdulghani. "Surge tank design considerations for controlling water hammer effects at hydro-electric 
power plants." (2013). 

[33]   Chen, Fulong, Yuzheng Li, Fuqi Li, Heng Du, Hui Huang, and Kaiyi Xie. "Research on water hammer model and 
pressure pulsation of digital hydraulic valve control system." Advances in Mechanical Engineering 17, no. 9 
(2025): 16878132251372788. https://doi.org/10.1177/16878132251372788 

[34]   Zhang, Xiaoying, Sheng Chen, Tingyu Xu, and Jian Zhang. "Experimental study on pressure characteristics of 
direct water hammer in the viscoelastic pipeline." AQUA—Water Infrastructure, Ecosystems and Society 71, 
no. 4 (2022): 563-576. https://doi.org/10.2166/aqua.2022.005 

[35]  Mondal, Somnath. "Pressure transients in wellbores: Water hammer effects and implications for fracture 
diagnostics." (2010). 

[36]   Nikpour, M. R., A. H. Nazemi, A. Hosseinzadeh Dalir, F. Shoja, and P. Varjavand. "Experimental and numerical 
simulation of water hammer." Arabian Journal for Science and Engineering 39, no. 4 (2014): 2669-2675. 
https://doi.org/10.1007/s13369-013-0942-1 

[37]  Martin, N. M. C., and E. M. Wahba. "On the hierarchy of models for pipe transients: from quasi-two-dimensional 
water hammer models to full three-dimensional computational fluid dynamics models." Journal of Pressure 
Vessel Technology 144, no. 2 (2022): 021402. https://doi.org/10.1115/1.4051930 

[38]   Li, Jinping, Peng Wu, and Jiandong Yang. "CFD numerical simulation of water hammer in pipeline based on the 
Navier-Stokes equation." In Fifth European Conference on Computational Fluid Dynamics. 2010. 

[39]   Sun, Zhongyuan, Dongfang Liu, Huaxiang Yuan, Zhiqiang Sun, Wanjun Pan, Zhenlei Zhang, Bingkun Ma, and 
Zhang Jiang. "The water hammer in the long-distance steam supply pipeline: A computational fluid dynamics 
simulation." Cogent Engineering 9, no. 1 (2022): 2127472. https://doi.org/10.1080/23311916.2022.2127472 

[40]  VSu, Hai-feng, Ying-zhe Luo, Li-na Qu, and Guo-sheng Feng. "3D CFD Simulation of Water Hammer in High 
Pressure Common Rail System of Diesel Engine." CSCBD 2019 (2019). 
https://doi.org/10.12783/dtcse/cscbd2019/30069 

 

https://doi.org/10.1080/19942060.2025.2545887
https://doi.org/10.1177/16878132251372788
https://doi.org/10.2166/aqua.2022.005
https://doi.org/10.1007/s13369-013-0942-1
https://doi.org/10.1115/1.4051930
https://doi.org/10.1080/23311916.2022.2127472
https://doi.org/10.12783/dtcse/cscbd2019/30069

