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Abstract

     A numerical model using approximate method of characteristics has been presented for solution of the transient flow situations of water hammer and application on a main pipeline joining the intake and water treatment plant for the residents in Bakhma Dam. This case study demonstrates the capability to simulate the water hammer effect by simulating the sudden closure of a valve at the outlet of a long pipe in which water is flowing. The case study includes three pipelines (reaches) of the same diameter and different length and static pressures. The objective of the simulation is to investigate the pressure variation at different positions along the length of the pipe due to the water hammer effect resulting from the sudden closure of the outlet of the pipe.
Keywords: Water hammer, analysis of water hammer, pipeline of treatment plants.
الخلاصة

أعد نموذج عددي باستخدام طريقة المميز(characteristics) لحل حالات الجريان المتذبذب نتيجة حصول الطرق المائي وتطبيق ذلك على الخط الأنبوبي الرئيسي الذي يربط المأخذ مع محطة المعالجة لسكان سد بخمة. هذه الدراسة توضح قابلية تأثير الطرق المائي نتيجة الغلق المفاجئ لصمام الانبوب الواقع في مؤخره أثناء الجريان. أجريت الدراسة على ثلاثة مقاطع أنبوبية لها نفس القطر ومختلفة الأطوال والضغوط الساكنة. وغاية الدراسة لمعرفة تغير الضغط في تلك المواقع الثلاث على طول الانبوب نتيجة تأثير الطرق المائي بسبب حصول الغلق المفاجئ.

الكلمات الدالة: الطرق المائي , تحليل الطرق المائي , خط الانبوبي لمحطات المعالجة. 
Introduction

Transient flow is the transition from one steady state to another steady state in a fluid flow system. Transient flow occurs in all fluids, confined and unconfined. A transition is caused by a disturbance to the flow. In a confined system, such as a water pipeline, an abrupt change to the flow that causes large pressure fluctuations is called water hammer. The name comes from the hammering sound the sometimes occurs during the phenomenon. (Parmakian, 1963.)
The problems of unsteady flow are frequently encountered in hydraulic power plant having a long conduit without the provision of surge tank due to sudden closing of the turbine valve. The velocity in water hammer situation fluctuates within the pipe from significantly high to an extremely low value with change in its direction after some interval of time.
The water hammer phenomenon is also an important consideration in design in many hydraulic structures due to extreme variations in pressure it causes. For example, the dramatic pressure rise can cause pipes to rupture. Accompanying the high pressure wave, there is a negative wave, which is often overlooked, can cause very low pressures leading to the possibility of contaminant intrusion. Water hammer is a common but serious problem in residential plumbing systems. It puts potentially damaging extra stress and strain on pipes, joints, and fixtures. The noise associated with water hammer can be a nuisance as well.

In order to model the water hammer phenomenon in conduits it is required to solve a set of momentum and continuity equations. The momentum and continuity equations form a set of non-linear, hyperbolic, partial differential equations which cannot be solved by hand. A numerical method with an initial condition and two boundary conditions are needed. For a water distribution system, there are many more parameters needed for solving the water hammer problem. In a water distribution system, every branch of the system requires an additional boundary condition. External boundary conditions take on the form of a driving head, or a flow leaving the system. Internal boundary conditions arise in the form of nodal continuity, energy loss between points, head across valves, pumps, and more. The complexity of the problem requires the use of modeling software. The United States Army Corp of Engineers has developed a program to analyze hydraulic transients in systems such as hydropower plants and pumping stations. When modeling the problem of water hammer in a complex system, an understanding of the mathematics of the fundamental equations, the numerical method, and the computer model is needed. Wiggert and Sundquist (1977) solved the pipeline transients using fixed grids projecting the characteristics from outside the fundamental grid size. Their analysis shows the effects of interpolation, spacing, and grid size on numerical attenuation and dispersion. Shimada and Okushima (1984) solved the second order equation of water hammer by a series solution method and a Newton Raphson method. They calculated only maximum water hammer pressure with constant friction factor. Pezzinga (2000) worked to evaluate the unsteady flow resistance by method of characteristics. He used Darcy-Weisback formula for friction and solved for head oscillations up to 4 seconds only. Zielke(1968) and Brunone  et al. (1991) into method of characteristics water hammer analysis. The numerical results obtained for pressure heads, at valve section and in the mid section up to 1 sec, from the quasi-steady friction model. A numerical model using approximate method of characteristics has been presented her for solution of the transient flow situations of water hammer  and application on a main pipe joining the intake and water treatment plant for the residents in Bakhma Dam. 
Approximate Method of Characteristics

     At present the most general and exact technique for solving the Euler and Continuity equations of unsteady flow in pipe systems is the method of characteristics(Sharp, 1981). These equations are :
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The method proceeds by presuming that the pair of equations 1 and 2 may be replaced by some linear combination of themselves. Using 
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 as a linear scale factor, one combination is
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Regrouping terms,
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Note that
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Equating the expression for (ds/dt) in each case, we find 
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So both equations are satisfied if 
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 = ± a. Arbitrarily picking 
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=+a permits us to rewrite Equation 4 as
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 Dividing through by wave speed gives
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   Choosing 
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=-a as the other scale factor permits writing Equation 4 as
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Remember , Equation 5 is good only when
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   The result of these manipulations is that we have replaced two partial differential equations with two ordinary differential equations provided we follow certain rules which relate the independent variables s and t in each case. If, in addition, we replace p with 
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, then we can visualize better the propagation of the pressure waves because H is the height of the energy line above the datum. This substitution gives
                           
[image: image24.wmf][

[

0

2

=

+

+

V

V

D

f

dt

dH

a

g

dt

dV

 only when 
[image: image25.wmf]a

dt

ds

=

  ……..7

While      

                          
[image: image26.wmf][

[

0

2

=

+

-

V

V

D

f

dt

dH

a

g

dt

dV

  only when  
[image: image27.wmf]a

dt

ds

-

=

   ……8

  The fact that the relation between s and t in Equation 7 must satisfy (ds/dt)=a, has caused the equation (ds/dt)=a to be called the characteristic of Equation 7. A similar line of reasoning suggests that (ds/dt)=-a is the characteristic of Equation 8.

     Because equation 7 and 8 apply only along the appropriate characteristics, it is customary to view the situation graphically. This is done by drawing the s-t coordinate system (known also as the s-t plane), determining the plot of the characteristics on this plane, and thereby deciding how to solve Equations 7 and 8.

   If friction is negligible, Equation 8 gives
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along the C- characteristics. This equation is identical to the
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equation derived earlier. Basically it means the change in H between two points on the C- characteristic can be computed from the change in velocity between the same two points. 
    To see how the marching process occurs, examine Fig. 1, which the s-t plane for some unknown problem. At any point on the s-t plane, say point p, the value of H and V is unique (i.e. the H and V values are independent of which characteristic they were approached from). Two ordinary differential equations which apply along the C+ and C- characteristics through the point p. Equation 7 becomes 
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and Equation 8 becomes
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In the preceding equations, tp – 0 in general is 
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and

                C- :   
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Each of characteristic equations can be integrated to show that 
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Divide the pipe into N sections, then each section will be 
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 can be calculated. It is now possible to construct a grid of characteristics as shown in Fig. 2.
   Grid points along the s-axis represent points spaced 
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s apart along the pipe and the values of V and H at these points on the s-axis represent initial conditions. Initial conditions are generally some steady state flow situation in the pipe. Picking a point P2 in the pipe on the s-t plane, writing equations 11 and 12 for the known VLc,  VRi, HLc , HRi , f and D, it is clear the equations each have two unknowns. The two equations can be solved easily for HP2 and Vp2 . This procedure can be continued for other points until the values of H and V at points P2 through PN are calculated. 
Boundary Conditions
  The H and V values at the ends of the pipe were determined by using boundary conditions. These conditions are
Reservoir boundary condition

   Where the pipe exists from a reservoir, the H-value remains constant for all time. This form as

                                                 HP1= Ho        ………14
  This equation is solved simultaneously with the C- Equation 12 to yield an expression for velocity
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Velocity boundary condition

    If the velocity were known at the downstream end of a pipe, an expression for H could be found. For example, suppose a valve were closed in a manner which caused the velocity to decrease linearly from Vo to zero in Tc seconds. The equation for VP would be 
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The equation for HP would be ( from equation 11)

            
[image: image45.wmf]N

N

N

P

N

P

V

V

D

t

f

g

a

N

V

g

a

H

H

N

N

2

)

(

1

1

D

-

-

-

=

+

+

      …….  17

For any value of VPN+1  including zero.

Constant speed Pump

     Form equation 12 

                                          VP1 =C1 + C2HP1     ………  18
Where 
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The equations for interior values of VP and HP( Equations 11 and 12) are written
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Computer Program
   The program reads in the basic information, generates steady state H and V values at the grid intersection points along the pipe and then begins the unsteady flow calculations. The interior grid intersection points are first calculated using Equations 19 and 20. The upstream and downstream boundary conditions are used to get values of HP and VP at each end of the pipe. The whole process begins again using the just computed values of HP and VP as the known values. The process continues to loop until the time has reached the end of time. Before execution is terminated, values of H are printed for each node. Flow chart shown in Fig. 3 explained these procedures.
Case Study
It is required to design a main pipe joining the intake and water treatment plant for the residents in Bakhma Dam. The total distance between the intake and water treatment plant is 4465m. While, the difference in the level between these two points is about 328m (Fig. 4) or the raw water should be lifted to this amount. Accordingly, the distance is divided into three stages which include intake structure with a pump and two another booster pumps. The following notes and information have been taken into consideration:

1 The total pipe length between the intake and the first pumping station is 923.5m (see figure 5).

2 The length of pipe between the first pumping station and the second is 2237.5m (see figure 6).

3 The total length of the pipe between the second pump station and the water treatment plant is 1304m (see figure 7).

4 The proposed pipe diameter is 0.15m (6 inches).

5  The static head between the intake and the first pumping station is 91.41m.

6 The static head between the first pumping station and the second one is 106.24m.

7  The static head between the second pumping station and the third one is 130.47m.

8 The design discharge for this pipeline is 50m3/hr.

Design Calculations
    According to the given discharge which is 50m3/hr or 0.0139m3/s, a velocity in this pipe is calculated from the equation:

                                     Q = V * A                 ……  21
Where Q = the discharge,

            V = average velocity, and,

            A = cross sectional area.

From which the velocity has been found to be equal 0.786m/s.  This velocity is shown to be reasonable and almost equal to the recommended velocity for the given discharge since the raw water will be discharged from a sedimentation reservoir and a strainer will be installed at the beginning of the intake pipe to avoid any probable of sedimentation in the pipe.  


By using Darcy-Weisbach formula,  

                                    hL = f (L / D) (V2 / 2g)         ……..  22
where hL = head loss,

           f = friction factor = 0.03 for iron pipe,

           L = length of the pipe in each stage,

           D = pipe diameter,

           V = average velocity of water in the pipe, and,

           g = acceleration due to gravity.

the head loss for each stage can be estimated and it is found as follows:

1. For stage 1 (between the intake and first pumping station) = 6m.

2. For stage 2 (between the first pumping station and the second) = 14m.

3. For stage 3 (between the second pumping station and the third) = 8.2m.

From this analysis, it is shown that the required head of the pumps as follows:

1. For pump at the intake the head, H = 110m.

2. For booster pump at station 1 the head, H = 150m.

3. For booster pump at station 1 the head, H = 150m.

The previous heads of pumps have been taken into consideration the minor losses in the pipe due to fittings and bends in addition to reasonable factor of safety. 

Water Hammer Calculations
Water hammer is a common but serious problem in plumbing work system. It puts potentially damaging extra stress and strain on pipes, joints and fixtures due to cavitations. The noise associated with water hammer can be a nuisance as well. Water hammer is a momentary pressure produced by the sudden stoppage of a mass of moving water at high velocity in a closed conduit or pipe, and is usually much in access of, may be anything up to 15-20 times, the original hydrostatic pressure.  


In order to model the water hammer phenomena in conduits it is required to solve a set of momentum and continuity equations. 

A numerical analysis using characteristics method with an initial condition and two boundary conditions are needed for solving the water hammer problem. 

    Using computer program and different values of time (12 seconds)  after a sudden shutdown of the pump, results of pressure (in Feet System) at different locations on the pipe are shown below and for each stage of the main pipeline. Figs. 8 , 9 and 10 showing the head variation with time at stages 1, 2 and 3 . From the results it can be seen the following maximum and minimum head at  the three stages (pipes):

Stage            Max. Head above pipe (ft)          Min. Head (ft)
   1                               501.5                                    -242.0
   2                                550.0                                   -162.1
   3                                524.7                                   -208.8
Treatment of Water Hammer Phenomena

     Surge tank is usually used to treat the water hammer phenomena. The surge tank is installed in the downstream of each pump and after the non return valve to treat the negative and high positive pressures or cavitations problems. Accordingly, this tank must be installed after each pump station. (See Fig. 11 & Fig. 12). In long pipelines, surge can be relieved with a tank of water directly connected to the pipeline. When surge is encountered, the tank will act to relieve the pressure, and can store excess liquid, giving the flow alternative storage better than that provided by expansion of the pipe wall and compression of the fluid. Surge tanks can serve for both positive and negative pressure fluctuations. These surge tanks can also be designed to supply fluid to the system during a down-surge, thereby preventing or minimizing vapor column separation. 
Conclusions
     A case study is used to simulate the water hammer effect by simulating the sudden closure of a valve at the outlet or sudden shut down of the system along the pipeline in which water is flowing. This simulation is achieved by numerical analysis using characteristics method with an initial condition and two boundary conditions are needed for solving the water hammer problem. The results of the computer program illustrate the maximum and minimum head occurs in a definite location is in the pipe due to sudden shutdown of the pump in the system. By using 4 seconds time interval, the final results of the three stages (pipe) are as follows:

              Stage                   Max. Head (ft)                   Min. Head (ft)
                1                                501.5                              -242.0
                2                                550                                 -162.1
                3                                524.7                              - 208.8
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Fig. 1 The s-t Plane of Characteristics Method
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Fig. 2  The Characteristics Grid for a Typical Pipe
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Fig. 8  Water hammer simulation results for stage 1
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Fig.9 Water hammer simulation results for stage 2
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Fig.10  Water hammer simulation results for stage 3  
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Unsteady Flow
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