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Abstract 

Hydraulic transient occurs whenever there is a sudden change in the flow velocity resulting 

in variation of pressure and flow in a water conductor system. Experiments have been conducted 

in a straight pipeline having material of Mild Steel (MS) and Glass Fibre Reinforced Plastic 

(GRP) pipelines and their combined configurations. From experiments, it has been observed that 

there is a smooth and strong damping of pressure waves in the pipeline system. Experimental 

results were compared with results obtained for classical water hammer equations solved in 

MATLAB and analyzed that there are several dissipative factors, other than fluid viscosity, 

responsible for strong damping of pressure wave amplitude. Further, an improvement in the 

governing equation of water hammer in a closed conduit was proposed by incorporating a 

different wave damping coefficient (α). The modified governing equations have been solved for 

each water hammer cycle using MATLAB. The numerical simulation results show that proposed 

approach gives better agreements between the experimental and computational results for all 

investigated cases.  

mailto:rahulgargmech@gmail.com


Keywords: water hammer, wave damping coefficient, water conductor system, method of 

characteristic (MOC), MS and GRP pipelines 

1. Introduction 

Hydraulic transient or water hammer occur whenever there is a sudden alteration in the flow 

velocity resulting in variation of pressure and discharge in a water conductor system for 

hydropower and water supply plants [1,2]. It is very important to keep hydraulic transient with in 

safe limits in a water conductor system for a viewpoint of hydropower system safety, effective 

operation and to increase its life span. Uncontrolled transient events may cause serious impact on 

both civil and mechanical infrastructure of the plants [3–5]. It is difficult for power and water 

utilities to reduce water hammer formation in water conductor system due to the variation in 

demand. The analysis of hydraulic transient is essential for the selection of penstock material, its 

pressure class and the specifications of surge protection devices. Formation of hydraulic transient 

in penstock is greatly influenced by its material [6,7]. More rigid material means higher transient 

formation and elastic materials forms lower transient waves. The viscoelastic pipes suppress 

water hammer pressure effectively because of its low characteristics impedance and fast damping 

compared with metallic pipes [8,9]. 

The general simplified continuity and momentum equations used for transient flow analysis  

in a closed conduits consist of two hyperbolic partial differential equations shown as Eq. (1) and 

(2) respectively [10,11] which does not provide direct solution by any numerical method for 

given boundary conditions. The water hammer wave velocity (celerity) for an elastic pipeline 

with circular cross section can be estimated with Eq. (3) [12,13].  
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where, =A cross section flow area, =g gravitational constant, =R pipeline resistance 

coefficient, a  = wave velocity (celerity), ( )txH , = pressure head; and =),( txQ flow through the 

pipeline. =x distance along the pipeline; =t time, =ρ fluid density, =K bulk modulus of fluid, 

=D pipeline inside diameter, =E young modulus of pipe wall material and T = pipeline 

thickness. 

Researchers across the globe have studied the water hammer impact on penstock material 

experimentally or analytically. Mitosek et al. [14] conducted experiments for water hammer 

analysis in two different material pipelines and proposed some modification in governing 

equation of the water hammer for smooth damping of pressure waves. Adamkowski et al. [15] 

conducted the experiments to study the damping effect of the pressure waves in the pipeline and 

concluded that the classical water hammer theory cannot predict the damping effect properly. 

Gong et al. [8] proposed a surge suppression technique by using metallic-viscoelastic-metallic 

configuration in water distribution system. Larson et al. [9] studied transient effect in water and 

sewage pipes by measuring pressure and strain in pipes made by different materials and 

concluded that the response of pipes during transient events can be analyzed by using linear 

elastic theory with related modulus of the elasticity. Duan et al. [16] highlighted the effect of 

unsteady friction in viscoelastic pipes by implementing quasi 2D numerical method and 

concluded that the water hammer equations were not capable to exhibits the damping behavior 

during water hammer events.  



Several researchers  had studied the effect of the shear stress in  wave damping and 

smoothing of the unsteady flow [14,17,18].  It was further identified that apart from shear stress, 

there are some other factors which influences the damping and smoothing of pressure waves in 

the water hammer phenomenon. The friction force only influences the amplitude of celerity, 

whereas, there are some dissipative effect which affect the wave damping. There are various 

sources of energy dissipation in water hammer events. In this paper, the effect of material 

elasticity, one of dissipative effect is discussed and its effect is incorporated in the water hammer 

equations. This source is related with both fluid and pipe wall material elasticity which can be 

taken into account by introducing variable wave pressure velocity in the continuity equation of 

water hammer. The water hammer experiments were carried out for metallic (MS) and 

viscoelastic (GRP) pipeline and results obtained using improved MOC codes were validated.     

2. Experimental Set up  

The experimental set up for hydraulic transient test was designed and fabricated in the 

Department of Hydro and Renewable Energy at Indian Institute of Technology Roorkee. The 

experimental set up consist of two straight pipelines with different materials, a butterfly valve (7) 

mounted on the downside of the pipeline, an air vessel (5) and pressure sensors (10). The water 

hammer experiments were carried out for metallic (MS) and viscoelastic (GRP) pipeline. The 

detail characteristics of the pipe materials are given in Table 1.  

The pipes were fixed to the floor with supports. The water supply was given to the 

experimental setup from the reservoir (8) by a centrifugal pump (1). The butterfly valve (7) was 

operated by pneumatic actuator. The valve closure time Ct , was calculated as 0.06 s. The pressure 

was measured with the help of five pressure sensors connected with a DAQ system (10), located 



at equi-distance on the test section of the pipe. The schematic diagram of water hammer 

experimental setup shown in Fig. 1.  

The flow rate, 0Q , was measured with a ultrasonic flow meter with an accuracy of 0.5 % and 

controlled by gate valves located at various locations on the experimental set up, The initial tests 

were conducted for three different velocities and data acquired from sensors have been analyzed. 

The water hammer effect was created in the test section with the help of fast closing butterfly 

valve. A gate valve, installed at downstream of the butterfly valve is used to maintain the 

required head and discharge in the test section. The different pipe line material and their 

combined configuration in the experimental setup are shown as Fig. 2 

3. MATHMATICAL FORMULATION OF ELASTIC ENERGY EFFECT IN 

MODIFIED WATER HAMMER EQUATION 

The water hammer events can be considered as a 1D phenomenon in which both the bulk 

modulus of elasticity and fluid density change less within a large range of pressure values 

[19,20]. The celerity or pressure wave velocity is usually considered to be constant throughout in 

the numerical simulation. As per the result which is obtained from Eq. (3), for a given pipeline 

diameter and fluid the celerity remains unchanged. However, the time period parameters (Ti, Tii, 

Tiii and Tiv) can alter the celerity (Fig. 3) where function ( )tH  is asymmetrical. In each step of

( )tH , there are four segments having specific curvatures. This variation can be related with the 

pressure wave phase. There are four time intervals with different lengths in one wave cycle. The 

Fig. 3 shows the enlarged view of graph of transient head oscillation in one water hammer cycle 

in MS pipeline. 



It can be analyzed and observed that the time of pressure increase is shorter than the time of 

pressure decrease. This difference is related with the pressure wave amplitude, because as the 

amplitude decreases, it disappears with time. As these time intervals have different lengths, their 

sum, being the total wave period is constant with time. The asymmetry observed in ( )tH  must be 

related with the celerity. Therefore, instead of =a  constant, ( )txaa ,=  should be assumed in 

simulation process [14,21]. By taking the accounts of varying gradients of function ( )txH , , in 

phase of compression, when the fluid flow slow down, the wave travels at a speed less than 

constant celerity ( ) ( )[ ]., contatxa < , otherwise in the phase of decompression, when the flow 

accelerates, the wave travels at a speed greater than the average ( ) ( )[ ]., contatxa > . During the 

compression phase of the fluid in the pipeline, a fraction of energy, denoted as dissE , is lost 

because of dissipation. The principal of energy conservation can also be written as Eq. (4) [22].     

dissmfkin EEEE ++=                                                                                                              (4)  

During compression wave damping coefficient (α1) may be defined as per Eq. (5) 
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and =pA cross section area of the pipeline, =∆x pipeline sections, =∆p pressure increment and 

=∆H  increment in pressure head.       

The modified pressure increment p∆  during compression may be expressed as per Eq. (6) 
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In the phase of decompression, where an increment in the flow velocity occurs ( )00 >dtdV , 

the store energy due to the elasticity and pipe material is returned as the kinetic energy of the 

following water. However, due to dissipation, only small fraction of the stored energy is return 

back. Thus, the energy balance and change in pressure due to water hammer events can be 

expressed as Eqs. (7) and (8) respectively. 

dissmfkin EEEE −+=                                                                                                             (7) 
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where, 
21 α−

=
a

ad  , =2α  wave damping coefficient during decompression phase.                                                                         

The relationship between pressure wave velocities ca  and da defines the standard wave velocity 

as Eq. (9). 
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The Eq. (9) provides the standard wave velocity a  = constant in the water hammer pressure 

phenomenon.  

For small values of 1α and 2α ( )1.0, 21 <αα , it can be assumed that ααα =≅ 21 . If 1α < 0.1 it 

implies that the value of 2α  satisfying the relation in Eq. (8) must differ from the value of 1α  by 



less than 1 %. The important point in the proposed approach is to develop a suitable formula for 

the space and time variation of the pressure waves. To modify the pressure wave celerity, the 

correction process is carried out in the following steps [14]:     
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4.  TRANSIENT ANALYSIS OF DIFFERENT PIPELINE MATERIALS 

CONFIGURATIONS USING WAVE DAMPING COEFFICIENT ( )α   

Transient analysis has been carried out for pipeline with different material and their two 

different combination configurations at three different flow velocities. It is evaluated that a 

sequential variation in the pressure wave velocity has damped transient pressure amplitude 

rapidly in the pipeline. The computer programmes based on MOC method are modified by 



incorporating different values of wave damping coefficients (α) and water hammer equation was 

solved using modified MOC approach and these numerical results are further validated with 

experimental results. The numerical transient analysis has been performed by adopting the four 

different values of wave damping coefficient ( )α  corresponding to each twelve experimental 

conditions at valve location as per Table 2.   

Numerical Results obtained for all material pipelines at flow velocity equal to 0.5 m/s are 

plotted along with experimental results as shown in Fig. 4. It may be seen that, high damping in 

amplitude of pressure wave was observed for higher value of wave damping coefficient. 

Similarly, for each pipe configuration and flow velocity condition the results obtained from 

modified MOC method using four different wave damping coefficient were compared with 

experimental results.  

5. EXPERIMENTAL VALIDATION 

      Experiments have been performed at three different flow velocities for different materials 

and their combined configurations and pressure data has been recorded at all five pressure 

sensors locations shown in Fig. 2. Further numerical transient analysis has been carried out 

similar to experiments by conventional MOC approach using MATLAB programme. 

Comparison of results obtained from each numerical case has been performed with 

corresponding experimental case. Fig. 5 shows the comparison of transient values obtained from 

numerical analysis with experiments for all pipeline material at downstream side under flow 

condition =0V  0.5 m/s.   

It was observed from Fig. 5 that conventional MOC approach predicts very low damping 

effect compared with experimental results for all pipeline material and configurations. Similar 

trend was also observed for other two flow velocities (0.8 and 1.0 m/s) and also for different 



locations. The peaks of transient pressure obtained from numerical analysis were further 

compared with experimental values and found out nearly equal in magnitude. The deviation in 

the damping pattern of transient pressure between the experimental and numerical simulation 

showed that there are some other parameters especially dissipative effect and losses occurring 

inside pipelines, are responsible for damping characteristics in the system. Thus, it may be 

concluded that the conventional water hammer equations are not precise to predict water hammer 

behavior in pipelines. For validation, parameters related to dissipative effect and losses should be 

incorporated in numerical analysis and conventional water hammer equations need to be 

modified. 

6. DETERMINATION OF OPTIMUM WAVE DAMPING COEFFICIENT ( )α AND    

ESTIMATION OF QUANTIFICATION ERROR 

 For validation of improved numerical MOC method with experimental results, deviation 

from experimental values to corresponding values in numerical method for all four wave 

damping coefficient ( )α were quantified at different time instant (peak and valley of the wave 

pattern) as shown in Fig. 6. The error between the experimental and numerical graphs (for four 

different α) has been evaluated at selected locations as shown in Fig. 6 and standard procedure 

has been adopted to quantify the error between them. Error 1β , 2β , 3β , 4β  have been estimated 

using the software and deviation between experimental and numerical values for each selected 

locations. Further, sum square error ( )SSE  has been calculated for each wave damping 

coefficient by adding the square error for different locations as per Eq. 10. 
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where x  = 1,2,3,4 corresponding to each four wave damping coefficient ( )α  

To estimate the optimum value of ( )α  for each case, sum square error is plotted against four 

different ( )α  values. The Fig. 7 shows the root sum square error vs α for each numerical case 

and minimum root sum square error along with optimum α have been obtained from the graph 

which is tabulated in Table 2. It may be seen that for all configurations of pipeline the proposed 

approach ensures better agreement between the experimental and modified numerical approach. 

By taking into account the variable pressure wave velocity as well as the dissipative effect at the 

wave front, the attenuation of the amplitude of the head oscillations are better reproduced for all 

simulation cases. From Fig. 8, It has been observed that dissipative losses in GRP pipeline is 

more compared with other pipeline configuration as optimum value of wave damping coefficient 

αoptimum for GRP pipeline, found out as maximum for all three flow conditions ( =0V 0.5, 0.8 and 

1.0 m/s).  

It is further observed that wave damping coefficient for MS pipeline is minimum compared 

with others configuration for all flow condition. Its means that wave damping in MS pipeline are 

less and wave damping effect is very slow compared with another pipeline configuration. 

Optimum value of α for GRP+MS pipeline configuration at all three flow condition, are found as 

very close to values obtained for GRP pipeline configuration 

 



7. Conclusions 

 There are several sources of energy dissipation in pipeline during water hammer events. The 

introduction and development of wave damping coefficient ( )α  in the water hammer equation 

significantly damped celerity in the pipeline and improved the wave damping by using water 

hammer equations to be in line with the experimental observations. The computer programmes 

for MOC method are improved with wave damping coefficient and results are experimentally 

validated. It is observed that the magnitude of α  is 0.020 for MS pipeline material and 0.075 in 

GRP pipeline material and for combination configuration it is 0.015, 0.065 for MS+GRP and 

GRP+MS pipeline respectively for fluid velocity 0.5 m/s. For the fluid velocity 0.8 m/s, the 

value of α is observed as 0.015, 0.085 for MS and GRP pipeline material and 0.015, 0.065 for 

MS+GRP and GRP+MS pipeline respectively. For wave velocity 1 m/s, the value of α  observed 

as 0.025 and 0.075 for MS and GRP pipeline and 0.020, 0.070 for GRP+MS, MS+GRP material 

pipeline respectively.  

The smaller value of α  is observed in metallic pipeline and higher in viscoelastic material. 

The wave damping coefficient is evaluated for all experimental cases. It can be concluded that 

the proposed approach by considering variable wave velocity in the analysis of water hammer 

gives better agreement between experimental and numerical results.  
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Notation 

=pA  Cross- sectional pipe area 

=a  Standard pressure wave velocity (celerity) 

=ca  Pressure wave velocity under compression 

=da  Pressure wave velocity under decompression 

=D  Inside diameter of the pipeline 

=E  Young modulus of elasticity of pipeline material 

=T  Thickness of pipeline wall 

=kinE  Kinetic energy of the fluid 

=fE  Elastic energy of the fluid 

=mE  Elastic energy of the material 

=g  Gravitational constant 

=H  Piezometric head 

=∆H  Change in pressure head 

=0H  Initial pressure head 

=K  Bulk modulus of the water 

=L  Length of the pipeline 

=∆p  Change in pressure 

=Q  Flow discharge 

=R  Pipeline resistance coefficient 

=T  Pipe thickness 



=Ct  Valve closure time 

=∆t  Time step 

0V  Mean flow velocity of the fluid 

=∆x  Spatial step 

=ε  Roughness height of the pipeline material 

=α  Coefficient of dissipation 

=1α  Coefficient of dissipation in compression phase 

=2α  
Coefficient of dissipation in decompression phase 

 

Abbreviation 

1D One dimensional abbreviation 

2D Two dimensional abbreviation 

DAQ Data Acquisition System 

Eq. Equation  

GRP Glass Reinforcement Fibre Plastic 

HPP Hydropower Plant 

MOC Method of Characteristics 

MS Mild Steel 

MATLAB Matrix Laboratory 



SSE Sum Square Error 
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Table 1: Characteristics of pipelines used 

parameter MS Pipeline GRP Pipeline 

pipeline length (m) 39 39 

inside diameter of pipe D  (m) 0.08 0.08 

pipeline wall thickness T (m) 0.006 0.01 

roughness ε  (m) 0.00006 0.000003 

pressure head 0H  (m) 80 80 

flow velocities 0V  (ms-1) 0.5,0.8,1 0.5,0.8,1 

pressure wave velocity a  (ms-1) 1350 900 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 2: Numerical cases with corresponding wave damping coefficient  

Pipe configuration 
Flow velocity 

(m/s) 

Wave damping coefficient 

1α  2α  3α  
4α  

MS Pipeline 

0.5 0.010 0.015 0.020 0.025 

0.8 0.010 0.015 0.020 0.025 

1 0.005 0.010 0.015 0.020 

GRP Pipeline 

0.5 0.070 0.075 0.080 0.085 

0.8 0.075 0.080 0.085 0.090 

1 0.070 0.075 0.080 0.085 

MS+GRP Pipeline 

0.5 0.010 0.015 0.020 0.025 

0.8 0.010 0.015 0.020 0.025 

1 0.010 0.015 0.020 0.025 

GRP+MS Pipeline 

0.5 0.060 0.065 0.070 0.075 

0.8 0.060 0.065 0.070 0.075 

1 0.065 0.070 0.075 0.080 

 

 



Figures

Figure 1

Schematic diagram of water hammer experimental setup



Figure 2

Experimental set up with different pipe material and combination in series



Figure 3

Head oscillation at valve of the MS pipeline



Figure 4

Effect of different wave damping coe�cient on amplitude of pressure wave



Figure 5

Comparison of transient pressure for all different material con�gurations at Vo = 0.5 m/s



Figure 6

Quanti�cation of deviation from experimental results



Figure 7

Optimum value of α for each numerical case



Figure 8

Values of optimum α obtained from each numerical case
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