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Water hammer in water-supply networks and irrigation networks may give 

rise to high pressures, due to the superposition of reflected pressure waves. 

The problem is relevant nowadays for the common use of automatic valves 

in networks regulation. When large variations in user demand happen 

often, as in distribution networks, water hammer occurs daily. In irrigation 

networks, its effect was found to concur to high rate of pipe failures, which 

these networks usually suffer. This paper investigates the effect of sudden 

variation of water demands in pipes network on transient pressures 

variations through the network. WHAMO software was used in the analysis 

which uses the implicit finite difference scheme for solving the momentum 

and continuity equations at unsteady state case. The study was applied on 

a two loops pipe network composed of eight pipes of different diameters 

and elevations. The flow is fed in the network by elevated storage tank. The 

results showed that rapidly changing the demand could significantly 

increase or decrease the pressure head in distribution system and cause 

flow reversal in a network system. In this simulation, shorter 

increasing/decreasing time of demand change causes the greater 

magnitude of transient fluctuation. Therefore, it is very obvious that the 

operations of distribution system should be done with very careful caution. 

The slower opening rates significantly reduce the impact of hydraulic 

transients. When the distribution system is designed, many different cases 

of simulation with different scenarios should be performed for the 

economical and safe design.  
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1- INTRODUCTION 

Potable water distribution system is one of the most significant hydraulic engineering 

accomplishments. Potable water can be delivered to water users through distribution 

system. However, variable water demands and water usage patterns can produce the 

significant variations of pressure in distribution system, especially when the changes 

are sudden such as main breaks occur or during fire fighting activities. These sudden 

changes of water demand can create transient flow that could make so many 

undesirable consequences such as backflow, negative pressure, or excessive high 

pressure. Therefore, it is very important for engineers to explore the various transient 
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flow effects and to develop the emergency response strategies in order to minimize the 

negative impacts (Kwon [11]). The abrupt change to the flow that causes large pressure 

fluctuations is called water hammer. The name comes from the hammering sound that 

sometimes occurs during the phenomenon (Parmakian [13]). Many researchers studied 

the water hammer phenomenon along the last decades with different viewpoints, 

among of them Abd el-Gawad [1], Ali et al. [2], Burrows and Qiu [5], Jones and 

Bosserman [9], Jönnsson [10], Richard and Svindland [15] ,  Sharp and Sharp [17], 

Stephenson [19], Yang [20] and many others. 

Al-Khomairi [3] discussed the use of the steady-state orifice equation for the 

computation of unsteady leak rates from pipe through crack or rapture. It has been 

found that the orifice equation gives a very good estimation of the unsteady leak rate 

history for normal leak openings. Fouzi and Ali [8] studied water hammer in gravity 

piping system due to sudden closure of valves, using both the most effective numerical 

methods for discretizing and solving the problem; the finite difference method using 

WHAMO program and the method of characteristics with software AFT Impulse. They 

showed that pressure fluctuations vary dangerously especially in the case of pipes has 

variable characteristics (section changes with a divergence, a convergence or a 

bifurcation). 

Mohamed [12] introduced the effect of the different parameters such as time of 

valve closure, pipe material rigidity and pipe roughness on the pressure damping. He 

indicated that pipe friction factor and the time of valve closing have a significant effect 

in pressure transient reduction and the elastic pipe such as PVC are better than the rigid 

pipes in pressure damping. However, his study is restricted to valve closing at the end 

of pipeline and this case may be differ than the case of water hammer due to pump shut 

down. 

Ramos et al. [14] carried out several simulations and experimental tests in order to 

analyze the dynamic response of single pipelines with different characteristics, such as 

pipe materials, diameters, thicknesses, lengths and transient conditions. They 

concluded that being the plastic pipe with a future increasing application, the 

viscoelastic effect must be considered, either for model calibration, leakage detection 

or in the prediction of operational conditions (e.g. start up or trip-off electromechanical 

equipment, valve closure or opening). 

Samani and Khayatzadeh [16] employed the method of characteristics to 

analyze transient flow in pipe networks. They applied various numerical tests to 

examine the accuracy of these methods and found that the method in which the implicit 

finite difference was coupled with the method of characteristics to obtain the 

discretized equations is the best compared to the others. 

According to the aforementioned studies, water hammer in pipes networks 

have been studied extensively by many investigators from different view points. 

However, every water supply network has its own special characteristics which makes 

it different from the other networks. Also, due to a lack of field measurements which 

are costly, it becomes important to use numerical models to gain an indication about 

the behavior of network under transient effect. This study aims to investigate the effect 

of sudden change of demand in pipe network on transient pressure head. Four 

operating scenarios were introduced and discussed through the following sections. 
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2- THEORETICAL CONSIDERATIONS 
 

Because of difficulty in solution of governing equations, engineers in pipelines design 

usually neglect this phenomenon. Recently, a number of numerical methods suitable 

for digital computer analyses have been reported in the literature (Chaudhry and 

Yevjevich [6]), which may be used to solve these equations. In the following, the 

governing equations were solved by one of these methods. 
 

2.1 Governing Equations 

The governing equations for unsteady flow in pipeline are derived under the following 

assumptions (1) one dimensional flow i.e. velocity and pressure are assumed to be 

constant at a cross section; (2) the pipe is full and remains full during the transient; (3) 

no column separation occurs during the transient; (4) the pipe wall and fluid behave 

linearly elastically and (5) unsteady friction loss is approximated by steady state losses. 

The unsteady flow inside the pipeline is described in terms of the unsteady mass 

balance (continuity) equation and unsteady momentum equation, which define the state 

of variables of V (velocity) and P (pressure) given as (Simpson and Wu [18]); 
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Where x=distance along the pipeline; t=time; V=velocity; P=hydraulic pressure in the 

pipe; g=acceleration due to gravity; f = Darcy-weisbach friction factor; ρ = fluid 

density; D=pipe diameter; α= pipe slope angle and A=cross sectional area of the pipe. 
Equation (1) is the continuity equation and takes into account the 

compressibility of the water and the flexibility of the material. Eq. (2) is the equation 

of motion. 
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The term  is small compared to  and it is often negligible. In terms of 

discharge, Eq. (5) becomes 
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2.2 Implicit Finite Difference Method 

The continuity and momentum equations form a pair of hyperbolic, partial differential 

for which an exact solution can not be obtained analytically. However other methods 

have been developed to solve the water hammer equations. If the equations are 

hyperbolic it means the solutions follow certain characteristic pathways. For the water 

hammer equation, the wave speed is the characteristic. The implicit finite difference 

method is a numerical method used for solving the water hammer equations. The 

implicit method replaces the partial derivatives with finite differences and provides a 

set of equations that can then be solved simultaneously. The computer program 

WHAMO uses the implicit finite-difference technique but converts its equations to a 

linear form before it solves the set of equations (Fitzgerald and Van Blaricum, [7]).  

The solution space is discretized into the x-t plane so that at any point on the 

grid (x,t) there is a certain H and Q for the that point, H(x,t) and Q(x,t) as shown in fig. 

(1). 

 
Fig. (1): Finite difference grid. 

 

The momentum equation and the continuity equation can be represented in a 

short form by introducing the following coefficients for the known values in a system. 

Using the same notation as the WHAMO program the coefficients are as follows: 
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All the parameters for the coefficient should be known from the properties of 

the pipe or the values of head and flow at the previous time step. With the coefficients 

the momentum and continuity equations of the j
th
 segment of the pipe become 

(Batterton [4]: 

Momentum:    
jjnjnjjnjn QQHH    1 1 11 1  1              (11)                                    

Continuity:       
jjnjnjjnjn QQHH     1 111 1  1               (12)                                 

Now, with equations for the all links and nodes in the system, the initial and 

boundary conditions, a matrix of the linear system of equations can be set up to solve 

for head and flow everywhere, simultaneously, for the first time step. The process is 

repeated for the next time step, and again for the next step until the specified end of the 

simulation.  
 

3- CASE STUDY 

The analysis of transient flow was performed for a small city pipe network. The sketch 

of a pipe network is shown in Fig.(2). This simple network has eight pipes, six 

junctions, and one reservoir. The demand at the Junctions #1, #2, #3 is 31.5 l/s, at the 

Junctions #4, #6 is 94.6 l/s and at Junction #5  is 63.1 l/s. Table (1) provides the 

junction report showing the demand and hydraulic grade at six junctions. Table (2) 

shows the steady state discharge in each of eight pipes. Somehow, the pipe network is 

modified by the change in demand at Junction #6. Four scenarios were studies in this 

research. In scenario 1, demand at junction #6 is linearly decreased from 94.6 l/s to 0 

l/s within three different periods, 25, 50 and 75 second respectively. In scenario 2, 

demand at junction #6 is linearly increased from 0 l/s to 94.6 l/s within three different 

periods 25, 50 and 75 seconds respectively.  In scenario 3, time of demand variation 

was kept constant at 10 s and the demand was decreased from 94.6 l/s to a ratio of 

75%, 50% and 25% respectively. In the fourth scenario, the time of demand variation 

was kept constant at 10 second and the demand was increased from 0 to 25%, 50% and 

75% of its value at steady state case. 

 

Table 1: Elevations of hydraulic grade and demands at the different junctions.   

Demand 

lit/s 

Ground 

elevation  m 

Hydraulic 

grade m 

Junction 

node 
31.5 51.8 87.6 1 

31.5 54.9 89.7 2 

31.5 50.3 88.4 3 

94.6 47.3 87.6 4 

63.1 45.7 88.2 5 

94.6 44.2 81.5 6 
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Fig. (2): Schematic sketch for the used pipes network under study. 

 

Table 2: Steady flow rates and pipe characteristics of the network. 

Pipe number 
Flow rate 

lit /S 

Length        

(m) 

Internal 

Diameter (mm) 

Friction 

factor 

A 31.1 1220 254 0.024 

B 45.3 1829 254 0.024 

C 0.00 1829 305 0.022 

D 206.7 1982 610 0.018 

E 14.2 2134 254 0.024 

F 96.3 915 457 0.020 

G 48.1 1524 254 0.024 

H 314.3 91 305 0.022 

 

4- RESULTS AND DISCUSSIONS 

To show the effect of changing in demand on transient pressure in water supply pipe 

network, the pressure variation with time at two different junctions, one is located far 

from the point of variation in demand and the other at the point of variation as 

example, is discussed in the following sections.  
 

4.1 Influence of Time of Decreasing Demand on pressure Head  

Figure.(3) shows the variation of piezometric head with time at node 1 after decreasing 

of demand at junction 6 from the steady state value to zero in three different time 

intervals, 25, 50, and 75 s respectively. It is noticeable that as the time of demand 

variation decrease, the fluctuations in pressure head increase. Also, it can be seen that 
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the pressure head arrive to constant value after 70 s for the three cases and due to 

reduction of demand the pressure head at node 1 increased to more than 3 m.  
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Fig. (3): Transient pressure fluctuation at Junction 1 due to decreasing of demand at 

junction 6 at different times. 
 

Figure (4) shows the variation of piezometric head with time at node 6 after 

decreasing of demand at junction 6 from the steady state value to zero in three different 

time intervals, 25, 50, and 75 s respectively. It is noticeable that as the time of demand 

variation decrease, the fluctuations in pressure head increase. Also, it can be seen that 

the pressure head arrive to constant value after 75 s for the three cases and due to 

reduction of demand, the pressure head at node 6 increased to more than 16 m. Due to 

changes in demand at junction 6, the flow direction at some pipes is changed into the 

opposite direction as shown in the time dependent discharge curves shown in Fig. 5. 

From Fig. 5, it is seen that the flow direction is reversed in pipe P7 after about 6 

seconds and return another to the same direction after 23 seconds before the complete 

implementation of change in demand at junction 6. However there is no change in flow 

direction in pipe P1 because it is far from the point of demand change.    
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Fig. (4): Transient pressure fluctuation at Junction 6 due to decreasing of demand at 

Junction 6 at different times. 
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Fig. (5): Transient changes of flow rate at pipe P1 and P7 due to decreasing of  demand 

at Junction 6 at time interval 25 s. 
 

4.2 Influence of Time of Increasing Demand on Pressure Head 

Figure(6) indicates the variation of piezometric head with time at node 1 after 

increasing of demand at junction 6 from zero to a value of 94.6 L/s in three different 

time intervals, 25, 50, and 75 s respectively. It is noticeable that as the time of demand 

variation decrease, the fluctuations in pressure head increase. Also, it can be seen that 

the pressure head arrive to constant value after 70 s for the three cases and due to 

increase of demand the pressure head at node 1 decreased to about 3 m.   
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Fig. (6): Transient pressure fluctuation at Junction 1 due to increasing of demand at 

junction 6 at different times. 
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Figure (7) indicates the variation of piezometric head with time at node 6 after 

increasing of demand at junction 6 from zero to a value of 94.6 L/s in three different 

time intervals, 25, 50, and 75 s respectively. It is noticeable that as the time of demand 

variation decrease, the fluctuations in pressure head increase. Also, it can be seen that 

the pressure head arrive to approximately constant value after 80 s for the three cases 

and due to increase of demand the pressure head at node 6 decreased to about 15 m. 

Also, Fig. 8 shows the transient flow rate at pipe P1 and P7 due to increasing of 

demand at junction 6. It is clear that the fluctuation in flow rate increases at pipes near 

from point of demand variation and in contrary to the pervious case there is no change 

in flow direction.   
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Fig. (7): Transient pressure fluctuation at Junction 6 due to increasing of demand at 

junction 6 at different times. 
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Fig. (8): Transient change of flow rate at pipe P1 and P7 due to increasing of demand 

at junction 6 at time interval 25 s. 
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4.3 Influence of Ratio of Demand Decreasing 

Figure(9) depicts the variations of piezometric head with time at node 1 due to 

decreasing of demand at junction 6 with different reduction ratios, 25%, 50%, and 75% 

percentage from the original case at ten seconds, respectively. It is noticeable that as 

the percentage of decreasing demand increases, the fluctuations in pressure head 

increase. Also, it can be seen that the pressure head arrive to constant value after 70 s 

for the three cases and increases to about 6  m than the original pressure for steady 

state .  
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Fig. (9): Transient pressure fluctuation at Junction 1 due to decreasing of demand at 

junction 6 with different reduction ratios. 

 

Figure (10) depicts the variations of piezometric head with time at node 6 due 

to decreasing of demand at junction 6 with different reduction ratios, 25, 50, and 75 

percentages from the original case at ten seconds, respectively. It is noticeable that as 

the percentage of decreasing demand increases, the fluctuations in pressure head 

increase. Also, it can be seen that the pressure head arrive to constant value after 70 s 

for the three cases in case of high demand reduction, a sample fluctuations was accrued 

and increases to about 28 m than the original pressure for steady state.  
 

4.4 Influence of Ratio of Demand Increasing 

Figure (11) presents the variations of piezometric head with time at node 1 due to 

increasing of demand at junction 6 with different ratios, 25, 50, and 75 percentages 

from the original case at ten seconds, respectively. It is clear that as the demand ratio 

decreases, the fluctuations in pressure head increase with high amplitude. Also, it can 

be seen that the pressure head arrive to constant value after 60 s for the three cases. 
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Fig. (10): Transient pressure fluctuation at Junction 6 due to decreasing of demand at 

junction 6 with different reduction ratios. 
 

Also, Fig. 12 presents the variation of piezometric head with time at node 6 

due to increasing of demand at junction 6 with different ratios, 25, 50, and 75 

percentages from the original case at ten seconds, respectively. It is clear that as the 

demand ratio decreases, the fluctuations in pressure head increase with high amplitude. 

Also, it can be seen that the pressure head arrive to constant value after 60 s for the 

three cases. In comparison with Fig. 9, it is obvious that the transient effect decreases 

as the location far from the change position. 
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Fig. (11): Transient pressure fluctuation at Junction 1 due to increasing of demand at 

junction 6 with different increasing ratios. 
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Fig. (12):Transient pressure fluctuation at Junction 6 due to increasing of demand at 

junction 6 with different increasing ratios. 
 

5- CONCLUSIONS 

Several cases of numerical simulation for transient flow in distribution system with 

different scenarios have been performed using WHAMO model in this study. The 

small pipe network with eight pipes, six junctions, and one reservoir has been 

simulated changing the demand at the specific junction. In this simulation, it is noticed 

that rapidly changing the demand could significantly increase or decrease the pressure 

head in the distribution system and cause flow reversal in a network system. In this 

simulation, shorter increasing/decreasing time of demand change causes the greater 

magnitude of transient fluctuation. Therefore, it is very obvious that the operations of 

distribution system should be done with very careful caution. The slower opening rates 

significantly reduce the impact of hydraulic transients. When the distribution system is 

designed, many different cases of simulation with different scenarios should be 

performed for the economical and safe design.  
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 دراسة ظاهرة اƃمطرقة اƃمائية اƈƃاتجة عن اƃتغير اƃمفاجئ في اƃمتطلبات اƃمائية 
اƃمياƉخال شبƂات   

ه  بخ ررر  ترلرراس رقلرررر س تعتبررظ هرر اظم رقة ظلررئ رقة  اررئ ةررا رقهرررراظ رق اررظ ةظ ررر   رر   رر ر        
رقهرر اظم د رر  رقترلررا رقةفرر ات ق لةبرر   ةارر Ƌ رقشررظ  رشرربت   رقررظث ه رت رر   ارر Ƌ   شرربت   ررقةختلفررئ 

تلررظ ةفر ات  رر  رقةررلرراظ هقرر ر  أررقضر  رترر قغ ت اررظ رقةت لبر   دلرر  خ ررر  رقلررظا ا ةرا لفررس ةفرر ات 
رقع ا  ةا رل  س رق ة ائ دل  خ ر  رقشبت   ه ارا  رقع ا  ةا رق ظرل   رق هظارئ  إق الاأ رقةه  لرا 

 .إاظر ه قلعربئ ا Ƌ رقه اظم رزا  م تت قاا  ق ظرلئ بعض رقعررةس رقةؤ ظم    ا Ƌ رقه اظم
قت لاررس  ظرلررئ رقت اررظ رقةفرر ات  رر  WHAMO   دلرر   ظرلررئ  هظاررئ ةلررتخ ة  بظ رر ة اقررره ارر ر رقب رر

رقةت لب   رقة  ائ خاس شبتئ ةا Ƌ شظ  ةتر ئ ةا  لقتاا ب ة  ائ خ رر  ر لر   قر   تالر  ه الرتخ ه 
 قررررئ درررر ه  رررر    رقة رررر ر م ق ررررس ةعرررر  قت  رسلررررتةظرظائ رتلرررر رث رققرررررث  لرررر رقفظر ارررر ر رقبظ رررر ة   ظاقررررئ 

 Unsteady.رسلتقظرظ
 أزة ررئأاظارر  ارر Ƌ رق ظرلررئ ب رر ر  ت اررظ ةفرر ات برر قح رقتلررظا د رر  ر رر ث  قرر   رقشرربتئ خرراس  رلرر  

 ر  ةعر س رقتلرظا د ر   فرق رق ق رئ ر  ةختلفئ رت قغ بقاه ةختلفرئ د ر  زةرا   بر  رتر قغ رق ر س رقزار  م
 ئ ا Ƌ رق  س  دل  رقت اظ    رقض   ررقتلظا د   بعض رق ق   ب قشبتئ. ظرل

رق قلر ا   ر   أر قزار  م برق ت    رقةلتخللئ ةا ا ر رقب ر  ر رƌ بر ق قح  ر  زةرا رقت ارظ  أاهت ا ةا 
لر  تترأ ظ  أاضر رقزار  م ه  أر ق   رقشبتئ از ر  رقت ارظ  ر  رقضر   ب قشربتئ لرررن ب ق قلر ا  بأ  رقتلظا 

ر رتا ارر   لررظا ا رقةارر Ƌ برر قخ ر   تااررئ قهرر Ƌ رقت اررظر   رخلرلرر  رققظابررئ ةررا  قرر   رق رر   هقرر ر لرراه 
   رسدتب ظ  رققرث رق  تائ درا ار Ƌ رقهر اظم  ر   رأخ ب ق ظح رقت ه    تش اس رقشبت   ه ةع   ارل 

 .تلةاه رقخ ر  ررلاته  ر ت قغ دةس رق ة ائ رقت  ائ ض  ا Ƌ رقه اظم
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