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Abstract

:

Air pockets generated during emptying operations in pressurized hydraulic systems cause significant pressure drops inside pipes. To avoid these sudden pressure changes, one of the most widely used methods involves the installation of air valves along the pipeline route. These elements allow air exchange between the exterior and the interior of the pipe, which alleviates the pressure drops produced and thus prevents possible breaks or failures in the structure of the installation. This study uses a mathematical model previously validated by the authors in smaller installations to simulate all hydraulic variables involved in emptying processes over time. The purpose of these simulations is the validation of the mathematical model in real large-scale installations, and to do this, the results obtained with the mathematical model are compared with actual measurements made by the partner company. The hydraulic system selected for the study is a pipeline with a nominal diameter of 400 mm and a total length of 1020 m. The results obtained from the mathematical model show great similarity with the experimental measurements, thus validating the model for emptying large pipes.






Keywords:


hydraulic transients; pipelines emptying; trapped air; air valves; mathematical model; large-scale installations












1. Introduction


During the emptying processes of pressurized systems, air trapped inside the pipeline causes pressure drops [1,2,3] that sometimes cause serious structural damages. When the pipeline empties, the air pocket expands and generates a vacuum that causes a pressure drop [4]. The presence of two fluids (water and air) introduces greater complexity in the analysis of transient phenomena that occur during emptying processes [4], since it is necessary to use a hydraulic (water column) and thermodynamic (trapped air pocket) approach [5,6,7,8].



It is highly recommended to place air valves throughout the installation to manage the filling and emptying of pipelines and to prevent undesired variation in pressure [9,10,11]. These elements are responsible for allowing outside air to enter the pipes when emptying occurs and pressure drops are generated. In this manner, as water leaves the pipeline, air is introduced at the same time through the air valves to control the pressure and to avoid major problems [12].



The authors have developed a robust mathematical model that successfully predicts the behaviour of the main variables involved in the drainage process (removing of water from pipes) in pressurized systems [2,3,12]. The mathematical model is based on the rigid column equation [2,13], the piston flow hypothesis [14,15], the polytropic evolution of air pockets [16,17], the characteristic equation of the air valve [18,19] and the continuity equation of the air pocket. The mathematical model is validated through laboratory tests with various air pockets in simple (a pipe with constant slope) and irregular profile pipes (several pipes with different slopes), both with and without air valves. More specifically, the authors validated the mathematical model in two laboratory facilities under limited conditions and with very small pipe sizes. These previous tests were carried out in two different laboratories. In the Universitat Politècnica de València (Spain), the mathematical model was applied to a methacrylate pipeline with an internal diameter of 42 mm and a length of 4.36 m [2]. In the University of Lisbon (Portugal), the experimental facility consisted of a set of transparent Polyvinyl Chloride (PVC) pipes with a nominal diameter of 63 mm and a length of 7.3 m [12]. In both tests, it was proven that the proposed mathematical model is able to simulate the behaviour of the hydraulic and thermodynamic variables (absolute pressure of the air pocket, water velocity, water column variation, air density and air flow) considering different drainage manoeuvre scenarios [20,21,22,23,24,25]. A reliable mathematical model for predicting transient flow with trapped air is crucial to ensure the pipeline safety [26]; indeed, several experiments have been conducted by many researchers [27,28,29,30].



However, the proposed mathematical model has not been validated in real large-scale pipelines. This study presents the application of the model for the prediction of the hydraulic and thermodynamic behaviour during emptying processes in real large-scale pipelines. For this purpose, Empresa Mixta Metropolitana S.A. (EMIMET, Valencia, Spain) took measurements of the drainage process of a 1020 m-long cast iron pipeline with a nominal diameter of 400 mm located between Museros and Massamagrell, province of Valencia (Spain).




2. Study Development


To validate the mathematical model, a comparison of the results of the model with the results of field tests must be possible. It is important to accurately know the characteristics of the installation to be analysed and all its elements, as well as the initial conditions of each variable.



This study will analyse the behaviour of the hydraulic variables during an emptying manoeuvre in an installation whose characteristics are defined further below. This process will be carried out in a water supply network of the partner company. The response of the water column in a single section (P2–P4) is analysed.



The network studied is located between the municipalities of Museros and Massamagrell, in the province of Valencia (Spain). It is a cast iron pipeline with a nominal diameter DN400. The length of the installation is very large, more than 3 km long, but this study analyses a specific section that is 1020 m long, in which the emptying manoeuvre was performed. The section studied spans from the abscissa K0 + 563.329 (point P2) to K1 + 583.373 (point P4).



Figure 1 shows the exact location of the DN400 distribution network. The pipeline is shown in blue and is adjacent to the two municipalities. The figure shows the most representative points of the pipeline.



The following are the main characteristics of all the elements that make up the P2–P4 section. Throughout the entire route, there are three different types of valves: air valves (for air inlet); butterfly valves (for regulation); and a gate valve (for discharge). The latter, together with several elements, conforms the outlet through which the water inside the pipe is discharged.



First, the elements responsible for the intake of outside air into the inside of the pipeline (air valves) is described. Throughout the entire route there are two DN50 air valves installed at specific points to allow air to enter and leave the pipeline. The first is found at abscissa K1 + 052.458 (point P3), at the end of a section with a very gentle slope. The second air valve is located at the highest end of the installation (point P4) to allow air intake at the beginning of the emptying process and thus avoid significant pressure drops.



The gate valve installed in the section studied has a nominal diameter of DN100 and is responsible for allowing the complete emptying of the pipeline. This valve has a discharge coefficient (Kv) of 3300 s2/m5. This value refers to a valve opening degree of 55%, data obtained in previous analyses by the collaborating company. This valve is located at the point with the lowest topographical elevation (point P2), for the purpose of completely discharging the water during the emptying manoeuvre.



Finally, the last elements of the installation are the butterfly valves. These elements are the same size as the pipe (nominal diameter DN400). The main function of the butterfly valves is to allow the flow of water or to isolate the entire section from the rest of the network, depending on its opening degree. There are three butterfly valves installed at points P2, P3 and P4. For the present test, the valve located at point P3 is always fully open and allows the flow of water, while the other two valves located at the ends remain closed throughout the emptying process.



Figure 2 shows a detailed diagram of the installation analysed to study the emptying process. It shows the position of the different valves and the profile of the pipeline with the slope of each of its sections.



To finish the description of the selected installation, Table 1 shows the characteristic values of all the points and routes that make up section P2–P4. The abscissae of each point is shown with the length and longitudinal slope of each section.



With all the characteristics of the installation under study shown above, the set of equations that make up the mathematical model must be defined in order to analyse the emptying process and to determine the evolution of the variables of the problem.



2.1. Mathematical Model


During the emptying (drainage) process, while the water column leaves the pipeline, the air enters through the air valve and the size of the air pocket increases inside the pipeline. The set of equations that model this process can be divided into two groups: those that define the behaviour of the water column and those that model the behaviour of the air pocket.



First, the velocity and position equations for the water column are presented, followed by the two equations that represent the pressure and density of the air pocket. Last, the equation that defines the air velocity or air flow that enters through the air valve is shown.



WATER COLUMN




	
Equation of the rigid model that characterizes the movement of the emptying column:


    d v   d t   =    p 1 *  −  p  a t m  *     ρ w   L e    + g  (    ∆ z    L e     )  − f   v ∣ v ∣   2 D   −    R v    g    A 2    v ∣ v ∣    L e     



(1)







	
Emptying column position:


    d  L e    d t   = − v   o r    L e  =  L 0  −   ∫  0 t  v   d t  



(2)




where v is the velocity of the emptying column,    p 1 *    is the absolute pressure of the air pocket,    p  a t m  *    is the atmospheric pressure,    L e    is the length of emptying column,    ρ w    is the water density, D is the pipe diameter, g is the gravitational acceleration,   ∆ z  /   L e    corresponds to the gravity term, f is the friction factor,    R v    is the resistance coefficient of the discharge valve and A is the cross-section area of the pipe.








AIR POCKET




	
Evolution of the air pocket:


    d  p 1 *    d t   =    p 1 *    k    (   L T  −  L e   )     (     ρ  a C N      v  a C N        A  a d m     A    ρ a      − v  )   



(3)







	
Continuity equation for the air pocket:


    d  ρ a    d t   =    ρ  a C N      v  a C N        A  a d m   − v   A    ρ a       (   L T  −  L e   )    A    



(4)







	
Characteristic equation for the air valve during the emptying process:


    v  a C N   =  C  a d m     7    p  a t m  *     ρ  a t m    [     (     p 1 *     p  a t m  *       )    1.4286   −    (     p 1 *     p  a t m  *       )    1.714    ]       o r          Q a  =  v  a C N      A  a d m     



(5)




where k is the polytropic coefficient,    ρ  a C N     is the air density in normal conditions,    L T    is the total length of the installation,    A  a d m     is the cross-sectional area of the air valve,    ρ a    is the density of the air pocket,    C  a d m     is the inflow discharge coefficient of the air valves and    Q a    is the air flow admitted by the air valve.








The gravity term can be seen in equation (1). This term relates to the position of each section to its respective slope, which means that the value of the gravitational term will change throughout the emptying process and depending on the position of the water column. The following equations describe the behaviour of the gravitational term:



If    L T     ≥    L e     >    L 1     +    L 2     +    L 3     +    L 4     + ··· +    L  i − 1   ,   then:


     ∆ z    L e    =      L 1  sin  θ 1  +  L 2  sin  θ 2  +  L 3  sin  θ 3  +  L 4  sin  θ 4  +   · · ·   +    L  i − 1   sin  θ  i − 1      L e       +    (  1 −    L 1  +  L 2  +  L 3  +  L 4  +   · · ·   +    L  i − 1      L e       )  sin  θ i    



(6)







If    L 1    +    L 2    +    L 3    +    L 4    +    L 5     ≥    L e     >    L 1     +    L 2     +    L 3     +    L 4  ,   then:


     ∆ z    L e    =    L 1  sin  θ 1  +  L 2  sin  θ 2  +  L 3  sin  θ 3  +  L 4  sin  θ 4     L e       +  (  1 −    L 1  +  L 2  +  L 3  +  L 4     L e       )  sin  θ 5    



(7)







If    L 1    +    L 2    +    L 3    +    L 4     ≥    L e     >    L 1     +    L 2     +    L 3  ,   then:


    ∆ z    L e    =      L 1  sin  θ 1  +  L 2  sin  θ 2  +  L 3  sin  θ 3     L e    +  (  1 −    L 1  +  L 2  +  L 3     L e       )  sin  θ 4   



(8)







If    L 1    +    L 2    +    L 3     ≥    L e     >    L 1     +    L 2     CC:


    ∆ z    L e    =      L 1  sin  θ 1  +  L 2  sin  θ 2     L e    +  (  1 −    L 1  +  L 2     L e       )  sin  θ 3   



(9)







If    L 1    +    L 2     ≥    L e     >    L 1  ,    then:


    ∆ z    L e    =      L 1  sin  θ 1     L e    +  (  1 −    L 1     L e       )  sin  θ 2   



(10)







Finally, if    L 1     ≥    L e     >   0 ,    then:


    ∆ z    L e    = sin  θ 1   



(11)




where i is the total number of sections that make up the installation,    L j    is the length of section j and    θ j    is the longitudinal slope of section j.




2.2. Flow Rate Curves of the Air Valves


The parameters that characterize the behaviour of air valves are the discharge coefficients. In the case of emptying processes, the coefficient required to carry out the simulations is the inflow coefficient (Cadm).



A comparison analysis was carried out to obtain the corresponding coefficient. First, the flow rate curve for the inflow phase provided by the manufacturer in their catalogue is represented and, second, the equation is adjusted to characterize the behaviour of the air valves [11]:


   Q  a d m   =    A  a d m    C  a d m     7    p  a t m  *     ρ  a t m    [     (     p 1 *     p  a t m  *       )    1.4286   −    (     p 1 *     p  a t m  *       )    1.714    ]     



(12)







Figure 3 shows the results obtained and the great similarity between the catalogue curve and the curve adjusted using Equation (12) can be seen. An inflow coefficient (Cadm) of 0.75 is obtained in the inflow phase for the DN50 air valve.




2.3. Initial and Boundary Conditions


To study the emptying process of section P2–P4, the initial conditions of the different variables of the analysed problem need to be defined:   v  ( 0 )     = 0;    L e     ( 0 )     = 1019 m;    p 1 *     ( 0 )     = 313,195 Pa;    ρ a   ( 0 )     = 3.724 kg/m3;    v  a C N      ( 0 )     = 0;    Q  a      ( 0 )     = 0.



In addition, other important data are the friction factor to calculate conduction losses (f = 0.0257) and the value of the polytropic coefficient that models the behaviour of the air pocket (k = 1.1).





3. Application of the Mathematical Model to a Large-Scale Installation


The proposed system of equations is solved using the MATLAB software to obtain the evolution over time of the variables described in the mathematical model. The solution of the mathematical model enables us to obtain the evolution of the different variables (water flow, air pressure, air density, water speed, etc.)



In addition, experimental water flow and air pressure measurements are available throughout the emptying process. Thus, for these two variables, the comparison between the results of the mathematical model and the experimental measurements can be established. The analysis of this comparison will allow validation of the proposed mathematical model in large pipes.



The results obtained in the emptying process of the DN400 network (section P2–P4) are shown below. All the curves provided by the mathematical model are represented, but only the outlet flow and the absolute pressure inside the pipe are compared with the experimental measurement, since these are the only variables recorded during the measurements.



3.1. Water Flow Evolution


In an emptying process, all the water inside the pipe is discharged through the only drain of the section. Figure 4 shows the evolution over time of the water that flows out through the drain during the entire emptying process.



Due to the large size of the installation (total length = 1020 m), the duration of the emptying manoeuvre is lengthy (4260 s). Certainly, as the process progresses, the outflow decreases from a maximum value of 46 L/s (velocity = 0.37 m/s) at the start of the manoeuvre.



In both the results of the mathematical model and the experimental measurements, the changes in the water flow can be seen when the slope of the pipeline changes.




3.2. Air Pocket Pressure Evolution


The other variable that can be compared with the mathematical model is the absolute pressure inside the pipe. Figure 5 details the behaviour of the pressure during the 4260 s required to complete the emptying manoeuvre.



During the first 3 s of the transient, the pressure suddenly varies and changes from the initial pressure inside the pipe to a pressure close to atmospheric pressure. After these first seconds, the pressure remains practically constant (very close to atmospheric pressure) throughout the entire emptying process. It is observed how the pressure obtained by the experimental measurement takes 2 s more to stabilize and to reach the value of atmospheric pressure than the same value of the mathematical model.



This is during the first moments of the manoeuvre, when the air valve opens quickly and allows outside air to enter. This causes the sudden decrease in pressure. Once the air valve is open, the pressure in the pipeline is practically atmospheric pressure.




3.3. Length and Velocity Evolution of the Water Column


The water flow and air pressure are the two variables that can be compared with the values obtained from the measurements, but the mathematical model provides the evolution of all the variables of the analysed problem. Figure 6 shows the evolution of the length and velocity of the water column throughout the emptying process.



Naturally, since the cross section of the pipe is constant, the evolution of both the flow rate and the velocity are very similar.




3.4. Evolution of the Air Flow that Enters the Air Valves


Last, the air flow that enters through each of the two air valves installed in the section studied is analysed (Figure 7).



Figure 7 shows the operation of each air valve. The air valve located at the highest point of the section (point P4) operates from the outset, while the air valve located at the intermediate point (point P3) does not start operating until the water column reaches this point.



When the air valve located in the intermediate point opens and begins to introduce outside air, there is a sudden decrease in the air flow admitted by the air valve at the end. From this moment forward, the air intake in the pipeline is divided between the two air valves installed in the section studied.





4. Discussion on the Comparison between Mathematical Model and Experimental Measures


The results shown in the previous section establish the effectiveness of the proposed mathematical model. The model is able to predict the behaviour of the hydraulic and thermodynamic variables involved in the emptying processes in real large-scale installations. To do this, comparative analyses have been carried out between model results and experimental measurements of the evolution over the time of the water flow through the drain and of the absolute pressure of the air pocket inside the pipes.



With this it is confirmed that the mathematical model can be used to simulate these emptying processes in pressure systems, not only in experimental small installations, but also in real large-scale pipelines. There is a very good similarity between the flow rate curve provided by the mathematical model and the curve from the experimental results (see Figure 4). For the evolution of the pressure in the air pocket, the agreement between both curves is also very significant (see Figure 5). Thus, the validation of the model for large-scale installations is justified.



Additionally, the evolution of all the variables of the emptying processes can be determined with the model. Thus, since the model has been validated, it can be used to study in detail the transient phenomena that occur during emptying manoeuvres.




5. Conclusions


Air pockets inside pipelines may occur due to various causes: maintenance work, start-up operations, filling and emptying manoeuvres, etc. During these processes, significant overpressures and pressure drops that exceed the admissible values for the installations can be generated and can thus cause serious problems. Therefore, the correct location and dimensioning of air valves is extremely important.



The main objective of this study is to validate the mathematical model that simulates the emptying processes in real large-scale installations, since it has previously been validated with laboratory facilities.



As the results presented here show, the validation was successful. The mathematical model, consisting of numerous differential equations that simulate the operation of the actual system, is able to predict the behaviour of hydraulic variables throughout the entire process.



However, for the model to be valid, special attention must be given to the characterization of the different elements of the system. All valves must be properly characterized for reliable model results. Furthermore, it is very important to know with some precision the initial and boundary conditions that define the problem studied.



This study represents an important step forward in learning the behaviour of real installations during emptying processes. The model presented and validated can be very useful for water distribution companies when planning emptying operations. It would be possible to know in advance of possible sudden changes in pressure and in this way, it is possible to avoid failures in the structure of the pipeline; in turn it would also be possible to know precisely the emptying time of an installation before carrying it out. In addition, the model is a contribution of great interest towards advancing the knowledge of hydraulic transients with trapped air.
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Abbreviations


The following abbreviations are used in this article:



	
 A 

	
Cross-sectional area of the pipe (m2)




	
   A  a d m    

	
Cross-sectional area of the air valve (m2)




	
   C  a d m    

	
Discharge coefficient of the air valve (-)




	
 D 

	
Internal pipe diameter (m)




	
   D  v e n t    

	
Internal diameter of the air valve (m)




	
 f 

	
Friction factor (-)




	
 g 

	
Gravity acceleration (m/s2)




	
   L e   

	
Length of the emptying column (m)




	
   L T   

	
Total length of the pipe (m)




	
   L i   

	
Length of section i (m)




	
 k 

	
Polytropic coefficient (-)




	
   p 1 *   

	
Absolute pressure of the air pocket (Pa)




	
   p  a t m  *   

	
Atmospheric pressure (Pa)




	
   Q a   

	
Air flow (m3/s)




	
   Q w   

	
Water flow (m3/s)




	
   R v   

	
Discharge coefficient of the valve (s2/m5)




	
 t 

	
Time (s)




	
 v 

	
Water velocity (m/s)




	
   v  a C N    

	
Air velocity (m/s)




	
 z 

	
Elevation (m)




	
  ∆ z  

	
Elevation difference (m)




	
   ρ w   

	
Water density (kg/m3)




	
   ρ a   

	
Air density (kg/m3)




	
   θ i   

	
Longitudinal slope (%)




	
Superscript




	
 ∗ 

	
Absolute values




	
Subscript




	
 a 

	
Refers to air




	
 i 

	
Refers to the pipe section




	
  n c  

	
Refers to normal conditions




	
 w 

	
Refers to water




	
 0 

	
Refers to initial conditions
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Figure 1. Geographic location of the DN400 pipeline. 
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Figure 2. Diagram of the P2–P4 installation. 
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Figure 3. Characteristic curve of the DN50 air valve in the inflow phase. 
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Figure 4. Evolution over time of water flow during the emptying process in section P2–P4. Comparison between the mathematical model and the experimental measurements. 
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Figure 5. Evolution over time of the pressure inside the pipe during the emptying process in section P2–P4. 
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Figure 6. Evolution over time of the position and velocity of the water column during the emptying process in section P2–P4. 
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Figure 7. Evolution over time of the airflow entering the two air valves during the emptying process in section P2–P4. 
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Table 1. Geometric characteristics of the P2–P4 installation.
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Section No.

	
Abscissa

	
Pipeline Shaft Height (m.a.s.l.)

	
Length (m)

	
Longitudinal Slope (%)




	
From

	
To

	
From

	
To






	
1

	
K0 + 563.329 (P2)

	
K0 + 646.017

	
104.23

	
105.8

	
82.688

	
1.898




	
2

	
K0 + 646.017

	
K0 + 667.767

	
105.8

	
107.12

	
21.75

	
6.065




	
3

	
K0 + 667.767

	
K1 + 052.458 (P3)

	
107.12

	
107.44

	
384.691

	
0.083




	
4

	
K1 + 052.458 (P3)

	
K1 + 301.062

	
107.44

	
108.94

	
248.604

	
0.603




	
5

	
K1 + 301.062

	
K1 + 434.515

	
108.94

	
111.05

	
133.453

	
1.58




	
6

	
K1 + 434.515

	
K1 + 583.373 (P4)

	
111.05

	
111.82

	
148.858

	
0.517
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