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Abstract—Fluid transient analysis is one of the more challenging 

and complicated flow problems in the design and the operation of 

water pipeline systems (wps). When transient conditions "water 

hammer" exists, the life expectancy of the wps can be adversely 

impacted, resulting in pump and valve failures and catastrophic pipe 

ruptures. Transient control has become an essential requirement for 

ensuring safe operation of wps. An accurate analysis and suitable 

protection devices should be used to protect wps. This paper presents 

the problem of modeling and simulation of transient phenomena in 

wps based on the characteristics method. Also, it provides the 

influence of using the protection devices to control the adverse 

effects due to excessive and low pressure occur in the transient. The 

developed model applied for main wps: pump combined with closed 

surge tank connected to a reservoir. The results obtained provide that 

the model is an efficient tool for water hammer analysis. Moreover; 

using the closed surge tank reduces the unfavorable effects of 

transients. 
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I. INTRODUCTION 

N a wps, the flow control is an integrated part of the 

operation, for instance, opening and closing the valves, 

starting and stopping the pumps. When these operations very 

quickly performed, they shall cause the hydraulic transient 

phenomena. 

Transients can introduce large pressure forces and rapid 

fluid accelerations into a wps. These disturbances may result 

in pump and device failures…etc. 

Several methods have been introduced and used to analyze 

water hammer problem like the energy [1], arithmetic [2], 

graphical, characteristics, algebraic, implicit and linear 

analyzing [3]-[5], Euler and Lagrangian based method [6], and 

decoupled hybrid methods [7]. Karney used the characteristics 

with some modification to obtain more efficient calculations 

of transient in simple pipe system [8], while Tezkan  used this 

method to analyze the transient in complex pipe systems [9]. 

Kodura and Weinerowska, Karney and Mclnnis , Sirvole  and 
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Jung compared between the results obtained for both simple 

and complex pipe systems by using the method of 

characteristics, and the results are more accurate in the simple 

systems [1], [10]-[12].  

The characteristics method has been used to study the oil 

pipe systems [13] and cooling networks in nuclear plants [3], 

[14]. 

Recently Nabi used this method to analyze real pipe 

systems in Pakistan; also they studied the effect of installing 

the protection devices on the pipeline systems [15]. 

To reduce the dangerous effects of water hammer; the surge 

devices have been added to the pipeline systems. Most of 

these protection equipments aim to protect against unfavorable 

large pressure fluctuations tend to maintain the pressure at a 

nearly constant value at some fixed places, or tend to keep the 

pressure from exceeding a predetermined value [3], [16], [17]. 

Several criteria can be adopted to determine which surge 

devices are to be used such as the effectiveness, dependability, 

evaluation of cost character and frequency of maintenance 

requirement over an exceeded period [5]. 

Air chamber is a relatively small pressurized reservoir that 

contains water and air. Generally, it is connected to the main 

pipe just at the discharge point of the pumps. Its primary 

purpose is to prevent the negative pressures and the column 

separation downstream the pumps [18], [19]. After the energy 

failure, the liquid drains from the air chamber to the pipe and 

the air volume inside the chamber expands causing a pressure 

drop.  

The magnitude of such pressure drop is dependant of the 

initial air volume as well as the air thermodynamic process 

[19], [20]. When the pump power fails, the flow begins to 

advance in reverse and the retention valve instantly closes to 

protect the pump. After that, the liquid come into the air 

chamber [3]. The system oscillates and ultimately comes to 

rest. The period of the oscillation and the associated head 

fluctuation depends on the size of both the air chamber and the 

system. It is important that the tank be large enough that it 

never empties and allows the air to flow into the pipe [20]. 

The air chamber has many advantages of use [3]: 

• Air volume necessary to keep the maximum and 

minimum pressures is relatively small. 

• Air chamber can be installed to level ground. This fact 

reduces the foundation costs and it brings a greater 

resistance against wind forces and earthquakes. 

• Air chamber can be installed very close to the pump. 
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• To prevent the freezing, is cheaper to heat the liquid 

inside the chamber due to its minor size and proximity to 

the pump. 

The use of digital computers for analyze hydraulic 

transients has been used tenths of years ago [17] and increased 

considerably in recent years, also sophisticated numerical 

methods has been introduced for such analyses [3], [4].  

The computer simulation allow using computer in 

controlling the pipe system devices [21].The proper simulation 

and design for the pipe systems aims to achieve two main 

goals: the first goal is to reduce the total cost of the system; for 

example one can compromise between the price and the useful 

life of the conduit. The other goal is to protect the pipe 

systems from damaging due to the gain pressure in the 

unsteady state which also reduce the cost of maintenance [3], 

[20]. 

In this article computer software had been developed in 

order to simulate and design hydraulic transients in pipeline 

systems. 

II. MATERIALS AND METHODS 

Note: Most of the formulations shown in this document are 

taken from [20], [22]: 

The simplified equations that govern unsteady flow in 

pipelines are motion and continuity equations which solved 

together ((1) and (2)), since the two equations provide two 

unknowns H and V. The method of characteristics used to 

transform the partial differential equations into total 

differential equations. 
 

                      ��
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where H is the piezometric head, V is the flow velocity, x is 

the distance along the pipe, t is time, � is the acceleration of 

gravity, f is the pipe friction factor (assumed constant), D is 

the pipe diameter, and a is the celerity of a pressure wave in 

the pipeline. 

By multiplying (2) by unknown constant �, adding it to (1), 

and by rearranging and taking the total derivative to obtain the 

compatibility ((3) and (5)): 
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Solution of (3) and (5) is done by using finite differences 

solution. Fig. 1 illustrates a simple pump - reservoir system, 

the pipeline is divided to N equal sections of length &'. The 

calculations were made at node i. 

 

 

Fig. 1 Pump at upstream end 

 

A transient is generated at time ( by pump failure; solution 

of the equations governing the transient phenomena consists 

of finding the values of head and flow at each node as the 

transient progresses, calculations were made at each &( time 

interval which calculated by (7). The nodes are equally spaced 

at a distance &' and the wave speed is assumed to be constant. 

  

 Δ* � +
�,     (7) 

 

In general, to calculate the head and flow at a given node - 

at time *. � ∆*, the head and flow at the nodes 0 $ 1 and 0 � 1 

at instant time (2 are assumed to be known before any 

generated transient.    
The unknown head and flow at the nodes - at time *. � ∆* 

are labeled 34-, and 54- can be calculated by integrating (3) 

and (5), the known head and flow at the previous time step are 

3- and 5-, before the integration, both equations multiplied 

by adt/8, 9 changed to 5, and :( replaced by ;< � =;*. For 

the  >� equation, the integration was made from node ?0 $ 1@ 

to node ?0@; therefore (8) is obtained: 
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       BLM � GHLM � >L       >�NOP=*0QR  (9) 
 

The same procedure was made for the >%compatibility 

equation, by integrating from node ?0 � 1@ to node ?0@; (10) is 

obtained: 

 

         BLM $ GHLM � >S     >%NOP=*0QR   (10) 
 

 In which 

 

            >L � BM%� � GHM%� $ JHM%�|HM%�|   (11) 

 

           >S � BM�� $ GHM�� � JHM��|HM��|   (12) 
 

where 3-%T, 5-%T, 3-�T and 5-�T, are the heads and flows 

respectively at the nodes 0 $ 1 and 0 � 1 at instant time (2. 
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With  G � =
8W  and  J � X∆<

28ZW� 

 

The solutions are (13) and (14): 

 

 BLM � �
� ?>L � >S@    (13) 

              HLM � ?[\%C\D@
]      (14) 

 

In the above section the equations used for calculating head 

and flow at intermediate nodes were derived, while the 

equations needed to calculate head and flow at the boundaries 

are derived in the following section.  

A. Closed Surge Tank at Pump Downstream 

1.  Instantaneous Pump Stopping 

The unknown variables in the flowing equations 

are 54^, 54_, 34T, 94, XLPB and P. 
 

BL� � >S � GHL
      (15) 
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�cd

   (16) 

 

BL� � `aL] � e]HL]|HL]| � L � Y�   (17) 
  

gL � g $ �
� ?HL] � H]@∆*    (18) 
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HL
 � $HL]    (20) 

 

with k� � l� $ Bm 

Where 54^ is the exchanged discharge between the pipe 

and the air chamber, 54_ is the downstream discharge, 34T 

is the piezometric head at node 1, 94 is the air volume inside 

the air chamber, XLPB is the water level inside the air 

chamber, n is the exponent of the polytropic equation and P is 

the gas pressure. These six equations combined to obtain a 

single nonlinear equation in 54^.  

 

o>� $ ?HL] �  H]@ ∆b
�cd

$ GHL] $ e]HL]|HL]|p q � j*N  (21) 

 

with 

q � og $ �
� ?HL] � H]@∆*p

i
and >� � >S $ `a] $ k� 

2. Slow Pump Shutdown 

The flow delivered by the pump does not vanish instantly, 

so the first five equations previously established remain valid 

with the exception of the continuity equation to be written as:    

HLM � HL
 � HL] 

Moreover, the equations that define the flow and head as a 

function of the pump rotational speed must be used. 

 

BL� � Brsb � l� $ e[tuHLM|HLM|     (22) 
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,y
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where  3~�( is the pump head, ���� is the check valve 

singular loss coefficient, � is the rotational speed, � is the 

power consumption, �2 *Q �� and �2*Q �� are the coefficients 

of the pump characteristics. 

III. SIMULATION RESULTS 

In order to demonstrate the use of the characteristics 

method for transient, a pump feeds a reservoir at upstream end 

is considered. The foregoing case study illustrates the typical 

concepts to consider when analyzing hydraulic transients.  

Case study: A pump feeds a reservoir as shown in Fig. 3, 

where the water level elevation HR = 60m, through a conduit 

having the following characteristics, L = 1000m, D = 0.15m, λ 

= 0.024, and a = 1000 m/s. At a given moment the pump is 

stopped after a power failure In order to simulate transients for 

this case, three different pump stopping options had been 

chosen. Instantaneous stopping and stopping with 2 and 8 

kg.m
2
 moment of inertia. The pump characteristics are shown 

in Fig. 2. 

A closed surge tank installed immediately downstream of 

the pumping station, the surge tank has 0.5 m
2
 cross-sectional 

area and 0.1 m entrance diameter. The simulation results are 

presented through the following figures for each case: 

 

 

Fig. 2 Pump characteristics 
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Fig. 3 Simple pump - reservoir system 

A. Instantaneous Pump Stopping 

Fig. 4 shows that the maximum and the minimum pressure 

envelopes for the unprotected pipeline along the entire pipe 

length are 177m and -66.44m respectively, and the pressure 

head amplitude become weaker from one cycle to another till 

it is vanish due to head losses. 

 

 

Fig. 4 Transients in a pumping system (a) Head change versus time at 

the pomp and (b) Hydraulic grade lines (without  Protection) 

B. Pump Stopping with 2 kg.m
2
 Moment of Inertia 

A pump's motor exerts a torque on a shaft that delivers 

energy to the pump's impeller, forcing it to rotate and add 

energy to the fluid as it passes from the suction to the 

discharge side of the pump volute. Whenever power fails, the 

pump slows or stops and a sudden drop in pressure propagates 

downstream (a rise in pressure also propagates upstream in the 

suction system). Pump inertia is the resistance of the pump to 

acceleration or deceleration. Pump inertia is constant for a 

particular pump and motor combination. The higher the inertia 

of a pump is, the longer it takes for the pump to stop spinning 

following its shutoff and vice versa. Larger pumps have more 

inertia because they have more rotating mass. Pumps with 

higher inertias can help to control transients because they 

continue to move water through the pump for a longer time as 

they slowly decelerate. 

The simulation results for this case are represented in Fig.  

5, it’s obvious that the maximum and the minimum pressure 

envelopes are reduced to104.98m and 13.21m respectively 

when the moment of inertia is equal to 2kg.m
2
. 

 

 

Fig. 5 Transients in a pumping system (a) Head change versus time at 

the pomp and (b) Hydraulic grade lines (with 2 kg.m2 moment of 

inertia) (c) Head variation of at each node Vs time (with 2 kg.m2 

moment of inertia) 

C. Pump Stopping with 8 kg.m
2 
Moment of Inertia 

The simulation results for this case are represented through 

Fig. 6, it is obvious that the maximum and the minimum 

pressure envelopes are reduced to 87.73m and 30.67m 

respectively when the moment of inertia is equal to 8kg.m
2
, 

and It is clear that the pressure envelope when the moment of 

inertia is equal 8kg.m
2 

is less than the pressure envelope when 

the moment of inertia is equal 2kg. m
2
. 

 

 

Fig. 6 Transients in a pumping system (a) Head change versus time at 

the pomp and (b) Hydraulic grade lines (with 8 kg.m2 moment of 

inertia) (c) Head variation of at each node Vs time (with 8 kg.m2 

moment of inertia) 
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D. Pump Stopping with a Closed Surge Tank Included 

 

Fig. 7 Transients in a pumping system (a) Head change versus time at 

the pomp and (b) Hydraulic grade lines (with    including the closed  

surge tank) (c) Variation of  head at each node Vs time (with 

including the closed surge tank) 

 

The simulation results for this case are represented in Fig. 7 

show that the maximum and the minimum pressure envelopes 

are reduced to73.22m and 47.10m respectively when the air 

chamber is used, and the pressure head amplitude become 

weaker from one cycle to another till it is vanish due energy 

dissipation. 

IV. CONCLUSIONS 

Transients can introduce large pressure forces and rapid 

fluid accelerations into a piping system. These disturbances 

may result in pump and device failures…etc. The ability to 

model transient water column separation is therefore essential 

to ensure proper system protection and performance. 

Due to the devastating effects that a hydraulic transient can 

cause, its analysis is very important in determining the values 

of transient pressures that can result from flow control 

operations and to establish the design criteria for system 

equipment and devices so as to provide an acceptable level of 

protection against system failure due to pipe collapse or 

bursting. 

Clearly, flow control actions can be extremely important 

and these actions have implications not only for the design of 

the hydraulic system, but also for other aspects of system 

operation and protection. 

Surge analysis is essential to good design and operation of 

piping systems. Surge modeling provides the most effective 

and viable means of predicting potentially negative impacts of 

hydraulic transients under a number of worst-case scenarios, 

identifying weak spots, and evaluating how they may possibly 

be avoided and controlled. 

By a simple increase in the pump moment of inertia, 

overpressure and low pressure can be reduced; also using the 

closed surge tank ensures adequate protection for the pipeline 

system against overpressure and low pressure. 

Numerical simulation model is a helpful tool for the 

engineers in charge to decide among different technical and 

economic solutions regarding water hammer protection. 

REFERENCES 

[1] B. W. Karney, "Energy relations in transient closed-conduit 
flow."Hydraulic Engineering, 116:10, 1180-1196, 1990.W.-K. Chen, 
Linear Networks and Systems (Book style). Belmont, CA: Wadsworth, 

1993, pp. 123–135. 

[2] Z. Zarzycki and S. Kudzma, "Simulation of transient flows in a 
hydraulic system with a long liquid line."Theoetical and applied 

mechanics, 45:4, 853-871, 2007.B. Smith, “An approach to graphs of 

linear forms (Unpublished work style),” unpublished. 
[3] M. H. Chaudhry, Applied hydraulic transient, Second edition Ed., Van 

Nostrand Reinhold Company Inc, New York, 1987. 
[4] M. S. Ghidaoui, M. Zhao, D. A. Mcinnis and Axworthy, D. "A review of 

water hammer theory and practice  "ASME, 58(1), 49-76, 2005. C. J. 

Kaufman, Rocky Mountain Research Lab., Boulder, CO, private 
communication, May 1995. 

[5] E. B. Wylie and V. L. Streeter, Fluid transients Corrected edition Ed., 

Thomson-Shore, Dexter, MI, United States of America, 1983. 
[6] D. J. Wood, S. Lingireddy, B. W. Karney, P. F. Boulos, and D. L. 

Mcpherson, "Numerical methods for modeling transient flow."American 

Water Works Association (AWWA), 97:7, 104-114, 2005. 
[7] J. A. Twyman, Decoupled Hybrid methods for unsteady flow analysis in 

pipe netwoks, Lo Arcaya, Santiago de Chile, 2004.   

[8] B. W. Karney and D. Mclnnis, "Efficient calculation of transient flow in 
simple pipe networks."Hydraulic Engineering, 118:7, 1014-1030, 1992. 

[9] T. Tezkan, U. Gokkus and G. Sinir, "Analysis of unsteady flow in 

complex pipe system by the method of characteristics. "Mechanical and 
computational applications, 3:1, 27-35, 1998. 

[10] A.Kodura and K. Weinerowska, "Some aspects of physical and 

numerical modeling of water hammer in pipelines." In: International 
Symposuim on Water Management and Hydraulic Enginering, 

Ottenstein-Austria 125-133, 2005. 

[11] K. Sirvole, "Transient analysis in piping networks," Virginia Polytehnic 
Institute and State University, Blacksborg, Virginia. 2007. 

[12] B. S. Jung, B. W. Karney,  P. F. Boulos and D. J. Wood, "The need for 

comprehensive transient analysis of distribution systems."American 
Water Works Association (AWWA), 99:1, 112-123, 2007. 

[13] S. H. Aljanabi, "Numerical modeling of transient flow in long oil 

pipeline system."Engineering & Technology, 28:16, 5346-5357, 2010. 
[14] M. H. Chaudhry, Applied hydraulic transient, First edition Ed., Van 

Nostrand Reinhold Company Inc, New York, 1979. 

[15] G. Nabi, Habib-ur-Rehman, M. Kashif and M. Tareq,"Hydraulic 
transient analysis of surge tanks: case study of Satpara and GolenGol 

Hydropower projects in Pakistan " Pak. J. Engg.& Apple Sci, 8, 34-48, 

2011. 
[16] B. E. Larock, R. W. Jeppson and G. Z. Watters, Hydraulics of pipeline 

systems, one Ed., CRC Press LLC, Unites States of America, 2000. 

[17] V. L. Streeter and E. B. Wylie, "Waterhammer and surge control." 
Annual review fluid mechanics, 1974:6, 57-73, 1973. 

[18] J. Parmakian, Waterhammer analysis. Dover Publications, Inc. 

(NewYork), 1963. 
[19] G.Z. Watters, Analysis and   control of unsteady flow in pipelines. 2nd 

Edition, Butterworths, Boston, 1984. 

[20] J. P. Tullis, Hydraulic of pipelines: pumps, valves, cavitation, transients, 
one Ed., John Wiley & Sons, Inc., New York, 1989. 

[21] K. A. Naik, , P. Sriknath and A. K. Chandel, "Stability enhancement of 

surge tank fed hydro power plant using PID-derevativecontroller 
"International Journal of Contemporary Research in Engg. And Tech., 

1:1, 87-95, 2011. 

[22] A. Oulhaj, Ecoulements transitoires dans les conduites en charge, 
Institute of Agronomy and Veterinary Hassan II, Rabat, Morocco, 1998. 


