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Abstract

:

The design of surge protection devices is a practical issue for the management of pressurized pipeline systems. Depending on the flow status, dimension, material, and fluid properties of a particular pipeline, the generation of hydraulic transients and their interactions with surge protection devices have been explored considering different conditions for various pipeline systems. The resonance between the pipeline elements and surge energy absorption function of the hydraulic structure should be adaptively considered for each pipeline system. To comprehensively address surge generation and surge alleviating process, this study introduced dimensionless equations of fluid motion and continuity, and their solutions were developed in the dimensionless frequency domain. The impact of the surge tank, pressure accumulator, and its connector were also developed in terms of dimensionless operators. The impact of distinct flow conditions and pipeline properties was successfully addressed by an integrated parameter, dimensionless resistance, which also provided a unified condition for water hammer similarity in reservoir pipeline surge tank pipeline valve (RPSPV) systems. The development of dimensionless hydraulic impedance expressions along a pipeline system and its conversion into a response function provides a normalized pressure response in the dimensionless time domain. Excellent agreement was found between transient simulations using the developed method and those obtained using existing methods. The integration of a dimensionless approach into a metaheuristic engine provides a general platform for surge tank (ST) design in the comprehensive bounds of flow and pipeline conditions.
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1. Introduction


Surge-arresting devices have frequently been used to protect structures along pipeline systems from water hammers generated by sudden valve actions or the starting or stopping of pumping stations. Rapid variations in flow velocity introduce a sudden generation of pressure waves, which propagate and bounce back along the pipelines. Both overpressure and underpressure in transient events, such as a sudden burst of pipeline elements or cavitation resulting from column separation, can damage pipeline systems. Various hydraulic devices such as surge tanks, air chambers, and pressure relief valves are usually installed close to the flow control valves or pumping stations. The method of characteristics (MOC) has been widely used to predict hydraulic transients in pipeline systems [1]. The design of surge tanks and air vessels has been focused on obtaining the optimum dimensions of the structure in the context of transient analysis [2,3,4,5,6]. Surge tank analysis, design, stability analysis, and optimization have also been explored based on several discretization platforms (i.e., the finite difference method and finite element method) [7,8,9,10]. As an alternative to discretization approaches, the impulse response method (IRM) has demonstrated the potential of the frequency domain approach as an alternative method for the design of hydraulic structures with transient analysis [11].



The surge issue in pipeline systems tends to be pronounced for a simple pipeline valve system (such as a water supply system) because the impact of surge can be critical for a system with no diverting structures, such as loops and branches, to mitigate the water hammer impact through the divergence of the pressure wave pathway. The impact of surge arrest devices on complex pipe networks has been explored using several modeling approaches [12,13]. Furthermore, the optimization of an air chamber or valve for transient protection has been performed to achieve various objective functions [14,15,16].



The design of optimum parameters for the surge tank or air chamber depends on the physical characteristics of the system (e.g., pipeline length, diameter, materials, and wall thickness) and hydraulic conditions (e.g., flow rate and surge introducing driver). However, the fundamental principles of surge generation, propagation, and mitigation processes are identical for different pipeline systems. Even though a common layout of the water supply system as a reservoir pipeline surge tank pipeline valve (RPSPV) is widely used, universal design and performance prediction for surge protection devices is difficult to achieve because each system has different flow and transient response features, which are determined by distinct system characteristics. Numerous studies have been conducted on designing the dimensions of surge protection devices by combining the solutions of the hydraulic governing equation and metaheuristic approaches [8,11,13]; however, an efficient, holistic approach can be introduced if the dimension issue of RPSPV systems is properly addressed. In other words, if the units of all physical quantities can be neutralized in motion and continuity equilibrium, then a general simulation and comparison between different systems can be achieved in a universal context.



The governing equations and their solutions were developed based on dimensionless space. The three objectives of this study were as follows:




	
Dimensionless differential equations for mass and momentum conservation were developed for pipeline systems with surge protection devices.



	
Solutions for dimensionless governing equations were developed in terms of operators such as the dimensionless hydraulic impedance and propagation constant through linearization and integration in the dimensionless frequency domain.



	
The dimensionless time-domain response functions were integrated into a widely used optimization scheme, particle swarm optimization (PSO), to delineate a comprehensive solution for surge tank design in RPSPV systems.









2. Materials and Methods


2.1. Dimensionless Equations for Hydraulic Transient in Pipeline Systems


Unsteady variations in the pressure head and flow rate in pressurized pipeline systems can be described by differential equations of continuity and momentum conservation, which can be expressed as follows [1]:


    ∂ Q   ∂ t   + g A   ∂ H   ∂ x   +   f Q  | Q |    2 D A   = 0  



(1)






     a 2    g A     ∂ Q   ∂ x   +   ∂ H   ∂ t   = 0  



(2)




where Q is the mean flow rate, H is the piezometric head, a is the wave propagation speed, g is the gravitational acceleration, x is the distance, t is the time, f is the Darcy–Weisbach friction factor, and D is the diameter.



Considering an RPSPV system shown in Figure 1, Equations (1) and (2) can be converted into the dimensionless equation, as dependent variables were transformed into dimensionless dependent variables as follows:   H = 4  a ′   Q  0 r   /  (  g π   D ′  2   )   H ^    and   Q =  Q  0 r    Q ^   , where    a ′    is the wave speed in the main pipeline,    D ′    is the diameter in the main pipeline, and    Q  0 r     is the reference steady flow rate. Independent variables can be transformed into dimensionless forms as follows:   t =  L ′  /  a ′   t ^    and   x =  L ′   x ^   , where    L ′    is the main pipeline length.



For the dimensionless variables    L r  = L /  L ′   ,    a r  = a /  a ′   , and    D r  = D /  D ′   , the dimensionless continuity and momentum equations can be expressed as follows:


    ∂  Q ^    ∂  t ^    +  D r    2    ∂  H ^    ∂  x ^    +   f  Q  0 r    |   Q  0 r    |    2 D A     L  a r     L r  a  Q  0 r     = 0  



(3)






    ∂  H ^    ∂  t ^    +    a r    2     D r    2      ∂  Q ^    ∂  x ^    = 0  



(4)







The dimensionless parameters,    D r   ,    L r   , and    a r    are one of the main parts of the RPSPV system, and Equations (3) and (4) can be expressed in a simpler form. The dimensionless flow rate and pressure head can be decomposed into their mean and perturbation components as follows:    H ^  =   H ^  ¯  +   h ^  ′    and    Q ^  =   Q ^  ¯  +   q ^  ′   , and the dimensionless perturbation equations for the main pipeline element can be expressed as follows:


    ∂   h ^  ′    ∂  x ^    +   ∂   q ^  ′    ∂  t ^    +  R ^    q ^  ′  = 0  



(5)






    ∂   h ^  ′    ∂  t ^    +   ∂   q ^  ′    ∂  x ^    = 0  



(6)




where the dimensionless resistance    R ^  = f  L ′   Q  o r   /  (  2 D  A ′   a ′   )    for the turbulent flow condition and    R ^  =  V  o r   D /  (  128 ν  a ′   )    for the laminar flow condition, where    A ′    is the cross-sectional area of the main pipeline and  ν  is the dynamic viscosity.



Combining Equations (5) and (6) into a function of     q ^  ′    can be expressed as follows:


     ∂ 2    q ^  ′    ∂   t ^  2    +  R ^    ∂   q ^  ′    ∂  t ^    =    ∂ 2    q ^  ′    ∂   x ^  2     



(7)







Further development of Equations. (5)–(7) provide expressions for     h ^  ′    as follows:


     ∂ 2    h ^  ′    ∂   t ^  2    +  R ^    ∂   h ^  ′    ∂  t ^    =    ∂ 2    h ^  ′    ∂   x ^  2     



(8)







It is assumed that the pressure head fluctuation     h ^  ′    is decomposed into a function of the dimensionless distance (   x ^  )   and dimensionless time (  t ^  ) as follows:


    h ^  ′  = X  (  x ^  )  T  (  t ^  )   



(9)







Introducing two spatial propagation characteristics and a time-marching feature for dimensionless space and time terms as follows:   X  (  x ^  )  =  A 1   e   γ ^   x ^    +  A 2   e  −  γ ^   x ^      and   T  (  t ^  )  =  A 3   e   s ^   t ^     , where   s ^   is the dimensionless frequency, and the dimensionless propagation constant   γ ^   can be expressed as follows:


   γ ^  =    s ^   (   s ^  +  R ^   )       



(10)







The dimensionless pressure head and discharge can be expressed as follows:


   H ^   ( x )  =    C 1   e   γ ^   x ^    +  C 2   e  −  γ ^   x ^     



(11)






   Q ^   ( x )  = −  1     Z c   ^     (   C 1   e   γ ^   x ^    −  C 2   e  −  γ ^   x ^     )   



(12)




where      Z c   ^  =  γ ^  /  s ^    is the dimensionless characteristic impedance and    C 1    and    C 2    are integration constants.



By evaluating constants    C 1    and    C 2    using the upstream boundary condition, the general dimensionless relationship between the upstream and downstream dimensionless pressure heads (     H U   ^   ,      H D   ^   ) and flow rates (     Q U   ^   ,      Q D   ^   ) can be expressed as follows:


     H D   ^  =    H U   ^   cos h   γ ^   x ^  −    Z c   ^     Q U   ^   sin h   γ ^   x ^   



(13)






     Q D   ^  = −      H U   ^       Z c   ^     sin h   γ ^   x ^  +    Q U   ^   cos h   γ ^   x ^   



(14)








2.2. Connecting Pipeline Element for Surge Tank


The dimensionless perturbation equations for connecting the pipeline elements of the surge tank can be expressed as follows:


    ∂   h ^  ′    ∂  t ^    +    a r    2     D r    2      ∂   q ^  ′    ∂  x ^    = 0  



(15)






   D r    2    ∂   h ^  ′    ∂  x ^    +   ∂   q ^  ′    ∂  t ^    = 0  



(16)







Combining Equations (15) and (16) into a function of the perturbation dimensionless flow rate can be expressed as follows:


     ∂ 2    q ^  ′    ∂   t ^  2    =  a r    2     ∂ 2    q ^  ′    ∂   x ^  2     



(17)







Further development of Equations (15) and (16) for     h ^  ′    can be expressed as follows:


     ∂ 2    h ^  ′    ∂   t ^  2    =  a r    2     ∂ 2    h ^  ′    ∂   x ^  2     



(18)







Introduction of Equation (9), with a similar development of the main pipeline into the connecting pipeline element, the dimensionless propagation constant for the connecting element      γ c   ^    can be expressed as follows:


     γ c   ^  =       s ^  2     a r    2         



(19)







Therefore, the dimensionless pressure head and discharge for the connecting pipeline element can be expressed as follows:


   H ^   ( x )  =   C 1  ′   e     γ c   ^   x ^    +   C 2  ′   e  −    γ c   ^   x ^     



(20)






   Q ^   ( x )  = −  1     Z  c c    ^     (    C 1  ′   e     γ c   ^   x ^    −   C 2  ′   e  −    γ c   ^   x ^     )  .    



(21)




where      Z  c c    ^  =  (     γ c   ^   a r    2   )  /  (   s ^   D r    2   )    is the dimensionless characteristic impedance, and    C 1  ′  . and     C 2  ′    are integration constants.



Based on the derived general dimensionless relationship between the upstream surge tank and downstream location  x , the dimensionless pressure heads (     H  S T    ^   ,      H x   ^   ) and flow rates (     Q  S T    ^   ,      Q x   ^   ) can be expressed as follows:


     H x   ^  =    H  S T    ^   cos h     γ c   ^   x ^  −    Z  c c    ^     Q  S T    ^   sin h     γ c   ^   x ^   



(22)






     Q x   ^  = −      H  S T    ^       Z  c c    ^     sin h   γ ^   x ^  +    Q  S T    ^   cos h     γ c   ^   x ^   



(23)








2.3. Dimensionless Hydraulic Impedance at Surge Tank


The pressure head fluctuation of the surge tank was approximated as    h ′  =  H  S T    e  i ω t     and its flowrate fluctuation was calculated as    q ′  = −  A s  d  h ′  / d t  , where    H  S T     is the pressure head at the surge tank and    A s    is the surge tank area [1].



Introducing dimensionless dependent variables as    h ′  =  (   a ′   Q  o r    )  /  (  g  A ′   )    h ^  ′    and    q ′  =  Q  0 r     q ^  ′   , where    A ′    is the cross-sectional area of the main pipeline, and the dimensionless independent variables as   t =  L ′  /  a ′   t ^    and   ω =  a ′  /  L ′   s ^   , the dimensionless head fluctuation can be expressed as follows:


    h ^  ′  =  H ^   e  i  s ^   t ^     



(24)




where    H ^  =  (  g  A ′   H  S T    )  /  (   a ′   Q  0 r    )   .



The dimensionless flow rate fluctuation can be expressed as follows:


    q ^  ′  =  Q ^   e  i  s ^   t ^     



(25)




where    Q ^  = −  A  s r    (   a ′   A ′   H  S T    )  /  (  g  L ′   Q  0 r    )  i  s ^   , where    A  s r   =  A s  /  A ′   .



Therefore, the dimensionless hydraulic impedance at the surge tank can be expressed as follows:


      Z  S T    ^  =   g  L ′  i    A  s r     a ′  2   s ^      



(26)








2.4. Dimensionless Hydraulic Impedances for RPSPV System


As shown in Figure 1, the schematic for the RPSPV system can be converted into a dimensionless system by introducing dimensionless variables as follows:      x  u p    ^  =  L  u p   /  L ′   ,      x  d w    ^  =  L  d w   /  L ′   , and      x c   ^  = L /  L ′   .



The hydraulic impedance of the main pipeline upstream of the connecting element can be approximated as follows:


    Z ^   u c    (  x ^  )  = −    Z c   ^  tanh  γ ^     x  u p    ^   



(27)




where      Z c   ^   (  x ^  )  =  γ ^  /  s ^   , and    γ ^  =    s ^   (   s ^  +  R ^   )     .



Considering the hydraulic impedance at the surge tank, the hydraulic impedance downstream of the connecting element can be expressed as follows:


    Z ^   c c    (     x c   ^   )  =      Z  S T    ^  −    Z  c c    ^  tanh    γ  c c    ^     x  c c    ^    1 −    Z  S T    ^  /    Z  c c    ^  tanh    γ  c c    ^     x  c c    ^     



(28)




where      Z  c c    ^  =  (     γ  c c    ^   a r    2   )  /  (   s ^   D r   )   , and      r  c c    ^  =     s ^  2  /  a r    2     .



If the size of the surge tank is sufficiently large, then the head variation in the surge tank can be ignored, and the hydraulic impedance downstream of the connecting element can be simplified as follows:


    Z ^   c c    (     x c   ^   )  = −    Z  c c    ^  tanh    γ  c c    ^     x  c c    ^   



(29)







The hydraulic impedance of the main pipeline downstream of the connecting element can be evaluated as follows:


     Z  d c    ^   (  x ^  )  =   −    Z c   ^  tanh  γ ^     x  u p    ^    1 −    Z c   ^  tanh  γ ^     x  u p    ^  /    Z  c c    ^  (    x c  )  ^     



(30)







Therefore, the hydraulic impedance at the downstream valve can be expressed as follows:


     Z  d v    ^   (  x ^  )  =      Z  d c    ^   (  x ^  )  −    Z c   ^  tanh  γ ^     x  d w    ^    1 −    Z  d c    ^   (  x ^  )  /    Z c   ^  tanh  γ ^     x  d w    ^     



(31)







The Fourier transformation (e.g., fast Fourier transformation) of Equation (30) provides the response function in the dimensionless time domain, which can be used to obtain the dimensionless pressure response at a designated point in the RPSPV system.




2.5. Dimensionless Lumped Inertia


Lumped inertia can be applied to low-frequency oscillations in short pipelines and short risers in surge tanks [1]. The relationship of the pressure head in the downstream and upstream flow rates can be written as follows:


   H D  =  H U  − L /  (  g A  )  i ω  Q U   



(32)







Introducing dimensionless variables as:   H =  (   a ′   Q  0 r    )  /  (  g  A ′   )   H ^   ,   L =  L ′     x c   ^   ,   ω =  a ′  /  L ′   s ^   , and   Q =  Q  0 r    Q ^   , the dimensionless lumped inertia can be expressed as follows:


     Z D   ^  =    Z U   ^  − i  s ^     x c   ^   



(33)




where      Z D   ^    and      Z U   ^    are the dimensionless hydraulic impedances downstream and upstream, respectively.




2.6. Integration of the Dimensionless Response Function with PSO


The objective function needs to be defined to determine the optimum solution for surge tank installation. In this study, two objective functions were used to address the design criteria for different safety standards. The first objective function (OB1) is the minimum pressure head variation at any designated point in the system, which can be defined as follows:


  OB 1 = M i n i m i z e  {    ∑   i = 1  n     (     h i   ^  −   h ^  r   )   2   }   



(34)




where n is the final time step,     h ^  i    is the dimensionless pressure head at time step i, and     h ^  r    is the reference dimensionless pressure head. The other objective function (OB2) considers both the maximum overpressure and minimum underpressure from the reference dimensionless pressure head for a specific point, which can be expressed as follows:


  OB 2 = M i n i m i z e  {  M a x  |     h i   ^  −   h ^  r   |   }   



(35)







In this study, the dimensionless pressure response function was integrated into the PSO scheme [17]. Considering the sensitivity of the surge tank design parameters, three optimizing parameters were selected: the location of the surge tank in the main pipeline,      x  d w    ^   ; the length of the surge tank connector,      x c   ^   ; and the ratio of the surge tank cross-sectional area to that of the main pipeline,    A  s r    .





3. Results


An RPSPV system identical to the system used in a previous study [11] was used for the validation of the proposed method (Figure 1). The length of the main pipeline was 150 m with diameters (both main pipeline and surge tank connector) of 0.02 m. The pipeline length between the downstream valve and surge tank connector was 5 m, and that of the connector was 2 m. The Darcy–Weisbach friction factor of the pipeline elements was 0.03, and the wave propagation speed was 1210.5 m/s. The diameter of the surge tank was 2 m, the steady flow rate from the upstream reservoir to the downstream reservoir was 0.9277 × 10−4 m3/s, and a water hammer was introduced by rapid closure of the downstream valve, as shown in Figure 1.



3.1. Transient Analysis


Both the developed dimensionless impedance method (DIM) and MOC were used to compute the pressure variations in the pipeline system and validate the proposed method, as shown in Figure 1. The number of grids for the MOC was 300, and its computational time step was 0.00041 s, which satisfied the Courant number of one. To apply the DIM, the maximum frequency for the boundary in the frequency domain integration was 812.28 rad/s and was converted into the maximum dimensionless frequency through the multiplication of    L ′  /  a ′   , which equaled 100 rad/unit. The number of fast Fourier transformations required to convert the response function into a dimensionless time domain was 215. Figure 2 shows well-matched normalized pressure heads at the downstream valve computed by MOC and DIM in the dimensionless time domain, which computed as the multiplication of time with    a ′  /  L ′   . Figure 2 shows the high-frequency surge interaction between the surge tank connector and the downstream end of the main pipeline.



Pressure head predictions were compared between IRM with surge tank [11] and the DIM method with surge tank (DIM_ST), as presented in Figure 3. Pressure head variations at both the downstream valve (Figure 3) showed perfect matches between the existing IRM and the developed method.



The performances of dimensionless formulations (Equations (28), (29) and (33)) such as lumper inertia as an accumulator, accurate model, and conventional reservoir model for surge tank were compared at the main pipeline connector. Figure 4 shows that differences between three distinct dimensionless formulations were negligible. This indicates that the developed dimensionless approach is a reliable method to simulate hydraulic transient for RPSPV systems.




3.2. Optimum Dimensionless Design of RPSPV Systems


The flow regime of RPSPV systems can be comprehensively addressed by the dimensionless resistance (see Equations (5) and (6)), which means that a general design of the RPSPV system can be achieved through the application of the developed method for physically meaningful bounds in   R ^  . Considering the dimensions and materials of pipelines and conventional flow rates in real-life systems, the lower and upper bounds of   R ^   were specified as 1.25 × 10−7 and 5.4 × 10−4, respectively. The three most sensitive parameters were selected for the design of the dimensionless RPSPV in a preliminary study [11]. The location of the surge tank in the RPSPV system can be expressed as      x  d w    ^   . The size of the surge tank is denoted by    A  s r    , and the length of the surge tank connector is denoted by      x c   ^   . The integrated PSO scheme provides optimum solutions for the ranges of   R ^  , which were obtained by 900 iterations for each   R ^  . The water hammer simulation was performed over 80 dimensionless times for each iteration, which is approximately 20 cycles as the theoretical period for the main pipeline element. The upper and lower search bounds for      x  d w    ^    were 0.001 and 0.9, and those for    A  s r     and      x c   ^    ranged from 1 to 20 and 0 to 0.1, respectively.



Table 1 presents optimized dimensionless parameters for the objective function OB1 (Equation (34)) at the downstream valve. The optimization results can be classified into three distinct parts; one is the low resistance part, where   R ^   is distributed between 1.25 × 10−7 and 1.25 × 10−5, showing substantially high OB1s. As illustrated in Table 1, the optimum locations of surge tanks were distributed between 0.202 and 0.284 in terms of      x  d w    ^   , and the dimensionless length of surge tank connectors was 0.08 for the range of low resistance. This means substantial resonances existed not only by the main pipeline surge tank but also by the surge tank connector. Optimized results of parameters in the intermediate range of   R ^  , between 1.25 × 10−4 and 1.69 × 10−2, showed negligible lengths both for      x  d w    ^    and      x c   ^   , which indicates no resonance in any part of the RPSPV system. The high resistance part of   R ^  , between 2.47 × 10−2 and 5.40 × 10−1, also showed negligible resonance due to small      x  d w    ^    and      x c   ^   , but the optimized    A  s r     and OB1 showed an apparent decreasing trend as   R ^   was increased. The contribution of surge tank area in minimizing OB1 seems to decrease in the higher ranges of   R ^  .



Optimized dimensionless parameters are presented in Table 2 for objective function OB2 (Equation (35)) at the downstream valve. Table 2 can be divided into two parts: one is the low   R ^   part, between 1.25 × 10−7 and 1.25 × 10−5, which shows apparent resonance both in the main pipeline as      x  d w    ^  = 0.693   and the connector as      x c   ^  = 0.03  . The other   R ^   part, between 1.25 × 10−4 and 5.40 × 10−1, shows no resonance both in the main pipeline and connector, but only the impact of    A  s r     in minimizing OB2. Both Table 1 and Table 2 show the importance of surge tank location as      x  d w    ^    for the low resistance regime, where   R ^   ranges between 1.25 × 10−7 and 1.25 × 10−5. This is because negligible pressure wave damping under a low resistance condition can introduce resonances showing high-pressure responses even in the later time step. The location of the surge tank can be critical to alleviating water hammer for minimizing the superimposition of peaky resonances both for positive and negative perspectives.



The desirable location of the surge tank in most pipeline systems appears adjacent to the control valve, indicating that      x  d w    ^    can be designated as a very small number, such as 0.001. This means that the optimization of other parameters can be performed using either OB1 or OB2 at the location of the surge tank connector with negligible      x  d w    ^   . Table 3 presents the optimization results for OB1 at the surge tank connector, which can be divided into two distinct parts. The first is the relatively low   R ^   part, between 1.25 × 10−7 and 7.16 × 10−2, which shows no impact of the surge tank connector and a decreasing trend in    A  s r     at higher   R ^  . The other higher range of   R ^  , between 1.03 × 10−1 and 5.40 × 10−7, shows some resonance in the connector because      x c   ^    were optimized between 0.03 and 0.04 with the decreasing trend in    A  s r     at higher   R ^  .



Table 4 presents dimensionless parameter optimization results using OB2 at the surge tank connector. No impact of the surge tank connector was observed (     x c   ^  = 0  ) in all ranges of resistance, and the optimized    A  s r     was changed for   R ^  . The function of    A  s r     in minimizing OB2 at the connector does not appear to be linear to   R ^  , as shown in Table 4.





4. Discussion


The design of surge tanks in pipeline systems has been explored by considering the flow status, dimensions, and fluid properties of a designated system, even though the structural layout (RPSPV) is essentially identical for different pipeline systems. The dimensionless impedance method developed in this study provides generality for modeling the transient and its relaxation impact by the surge tank. A single dimensionless parameter, dimensionless resistance, comprehensively addresses the flow properties (e.g., flow rate and viscosity) as well as the physical features of the pipeline (e.g., length, diameter, friction, and wave speed) for hydraulic transient simulation for any RPSPV system. This means that hydraulic similarity can be achieved if   R ^   between different RPSPV systems are identical. In other words, the design of a surge relief device can be tested even in a substantially downscaled pipeline system compared with that of the original system through the implementation of identical   R ^  .



The optimization results provide comprehensive surge tank design criteria for RPSPV systems in a universal context. Depending on the objective function and its target position for pressure, Table 1 and Table 2 present the impact of resonances in three distinct pipeline elements (     x  u p    ^   ,      x  d w    ^   , and      x c   ^   ) as well as the surge energy absorption into the surge tank as    A  s r     for ranges of   R ^  . The impact of high-pressure resonance between pipeline elements was important for low-range dimensionless resistance (  R ^   = 1.25 × 10−7~1.25 × 10−5). The introduction of a negligible distance between the surge tank location and the downstream valve further simplified the optimization of the dimensionless parameters, as presented in Table 3 and Table 4. The distribution of the optimum surge tank size    A  s r    . does not seem to be proportional to   R ^   (see Table 3 and Table 4), indicating that the optimum requirement of surge energy absorption also depends on the flow regime and its pressure amplitude and resonance. The optimization results of the dimensionless parameters (Table 1, Table 2, Table 3 and Table 4) can be feasibly applicable to a field pipeline system, as the parameters of the target system were changed into dimensionless terms, which provided efficient parameter identification for the optimum design of the RPSPV system.




5. Conclusions


General surge tank design in pressurized pipeline systems was explored through the development of dimensionless continuity and motion equations. Dimensionless analytical solutions were developed in the dimensionless frequency domain in terms of the general dimensionless relationship between the upstream and downstream dimensionless flow rates and the pressure heads. The flow features of the surge tank connector were implemented in the developed model in terms of the dimensionless propagation constant and characteristic impedance of the connecting pipeline element. Both the hydraulic impedance for the surge tank and lumped inertia as a general description of the accumulator were developed in terms of dimensionless formulations. A series of dimensionless hydraulic impedance formulations were developed from the upstream reservoir to the downstream control valve for the RPSPV system. The solution set of the DIM can be a general guideline for the design of different RPSPV systems, which is simply because the dimensionless solutions can be used for all real-life systems as the conversion for the corresponding system is implemented.



The proposed method was validated through comparisons with existing methods (e.g., the MOC and the IRM), which showed good agreement. Further integration between dimensionless transient modeling and a metaheuristic optimization tool (e.g., PSO) provided comprehensive design guidelines for surge tanks. Depending on the dimensionless resistance, which comprehensively addressed various conditions for hydraulic transients, the optimum design parameters were expressed as surge tank location, connector length, and area. This implies that the similarity in hydraulic transient generation and surge tank impact can be achieved through one matching condition of dimensionless resistance between different RPSPV systems.



In this study, equations and solutions were developed based on the assumption of the steady friction model, which can provide safer results for device design than those obtained from the unsteady friction model. However, the hydraulic transient in complex pipelines can be a more challenging problem because the resonances between many distinct pipeline elements can be extremely complicated. Therefore, further research should be conducted on the implementation of unsteady friction models and diverse pipeline elements (e.g., branches and loops) in the dimensionless modeling of unsteady pipeline flow.
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Figure 1. RPSPV system schematic. 






Figure 1. RPSPV system schematic.
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Figure 2. Predictions of normalized pressure head by DIM_ST and MOC at downstream valve. 
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Figure 3. Predictions of normalized pressure head by DIM_ST and the IRM with surge tank (IRM_ST) adapted with permission from Ref. [11] at downstream valve. 






Figure 3. Predictions of normalized pressure head by DIM_ST and the IRM with surge tank (IRM_ST) adapted with permission from Ref. [11] at downstream valve.
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Figure 4. Predictions of normalized pressure head by DIM_ST using Equation (28), the dimensionless lumped inertia (DIM_ST_L) using Equation (33), and the conventional pipeline scheme for the connector (DIM_ST_C) using Equation (29) at the surge tank connector in the main pipeline. 
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Table 1. Optimized dimensionless parameters for an RPSPV system using an objective function of Equation (34) at the downstream valve.
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	    R ^    
	       x  d w    ^     
	     A  s r      
	       x c   ^     
	OB1





	1.25 × 10−7
	0.202
	13.4
	0.08
	479.7



	1.25 × 10−6
	0.202
	13.4
	0.08
	479.5



	1.25 × 10−5
	0.284
	8.1
	0.08
	596.2



	1.25 × 10−4
	0.001
	18.8
	0.00
	1.4



	1.25 × 10−3
	0.001
	19.1
	0.00
	1.4



	5.16 × 10−3
	0.001
	19.1
	0.00
	1.3



	9.07 × 10−3
	0.001
	19.1
	0.00
	1.3



	1.69 × 10−2
	0.001
	18.8
	0.00
	1.3



	2.47 × 10−2
	0.001
	18.8
	0.02
	20.8



	4.03 × 10−2
	0.001
	19.0
	0.03
	17.0



	5.59 × 10−2
	0.001
	18.4
	0.03
	14.3



	7.16 × 10−2
	0.001
	19.0
	0.03
	12.3



	1.03 × 10−1
	0.001
	18.8
	0.04
	9.7



	1.34 × 10−1
	0.009
	14.7
	0.02
	6.6



	1.65 × 10−1
	0.001
	19.1
	0.05
	6.9



	2.27 × 10−1
	0.009
	9.4
	0.02
	3.9



	2.90 × 10−1
	0.009
	8.8
	0.02
	3.1



	3.53 × 10−1
	0.009
	8.1
	0.02
	2.5



	4.15 × 10−1
	0.009
	13.8
	0.02
	2.2



	4.78 × 10−1
	0.001
	8.4
	0.06
	2.7



	5.40 × 10−1
	0.001
	7.5
	0.05
	2.4
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Table 2. Optimized dimensionless parameters for an RPSPV system using an objective function of Equation (35) at the downstream valve.
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	    R ^    
	       x  d w    ^     
	     A  s r      
	       x c   ^     
	OB2





	1.25 × 10−7
	0.693
	3.5
	0.03
	1.58



	1.25 × 10−6
	0.693
	3.5
	0.03
	1.58



	1.25 × 10−5
	0.693
	3.5
	0.03
	1.58



	1.25 × 10−4
	0.001
	15.0
	0.00
	0.03



	1.25 × 10−3
	0.001
	19.2
	0.00
	0.03



	5.16 × 10−3
	0.001
	19.3
	0.00
	0.03



	9.07 × 10−3
	0.001
	19.3
	0.00
	0.03



	1.69 × 10−2
	0.001
	19.3
	0.00
	0.03



	2.47 × 10−2
	0.001
	19.3
	0.00
	0.03



	4.03 × 10−2
	0.001
	19.3
	0.00
	0.03



	5.59 × 10−2
	0.001
	19.3
	0.00
	0.03



	7.16 × 10−2
	0.001
	19.3
	0.00
	0.03



	1.03 × 10−1
	0.001
	19.3
	0.00
	0.03



	1.34 × 10−1
	0.001
	18.7
	0.00
	0.03



	1.65 × 10−1
	0.001
	18.6
	0.00
	0.03



	2.27 × 10−1
	0.001
	14.5
	0.00
	0.03



	2.90 × 10−1
	0.001
	11.4
	0.00
	0.03



	3.53 × 10−1
	0.001
	9.4
	0.00
	0.03



	4.15 × 10−1
	0.001
	9.0
	0.00
	0.03



	4.78 × 10−1
	0.001
	6.9
	0.00
	0.03



	5.40 × 10−1
	0.001
	6.1
	0.00
	0.03
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Table 3. Optimized dimensionless parameters for an RPSPV system using an objective function of Equation (34) at the surge tank connector.
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	    R ^    
	     A  s r      
	       x c   ^     
	OB1





	1.25 × 10−7
	18.8
	0.00
	0.0



	1.25 × 10−6
	18.8
	0.00
	0.0



	1.25 × 10−5
	18.8
	0.00
	0.0



	1.25 × 10−4
	18.8
	0.00
	0.0



	1.25 × 10−3
	19.2
	0.00
	0.0



	5.16 × 10−3
	19.2
	0.00
	0.0



	9.07 × 10−3
	19.2
	0.00
	0.0



	1.69 × 10−2
	19.2
	0.00
	0.0



	2.47 × 10−2
	12.2
	0.00
	0.0



	4.03 × 10−2
	6.4
	0.00
	0.0



	5.59 × 10−2
	4.2
	0.00
	0.0



	7.16 × 10−2
	3.0
	0.00
	0.0



	1.03 × 10−1
	18.6
	0.03
	6.2



	1.34 × 10−1
	18.7
	0.03
	4.9



	1.65 × 10−1
	18.3
	0.04
	4.1



	2.27 × 10−1
	17.0
	0.04
	3.1



	2.90 × 10−1
	14.1
	0.04
	2.5



	3.53 × 10−1
	11.5
	0.04
	2.0



	4.15 × 10−1
	9.8
	0.04
	1.8



	4.78 × 10−1
	8.9
	0.04
	1.6



	5.40 × 10−1
	7.7
	0.04
	1.4
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Table 4. Optimized dimensionless parameters for an RPSPV system using an objective function of Equation (35) at the surge tank connector.






Table 4. Optimized dimensionless parameters for an RPSPV system using an objective function of Equation (35) at the surge tank connector.





	    R ^    
	     A  s r      
	       x c   ^     
	OB2





	1.25 × 10−7
	18.9
	0.00
	0.0



	1.25 × 10−6
	18.9
	0.00
	0.0



	1.25 × 10−5
	18.9
	0.00
	0.0



	1.25 × 10−4
	19.0
	0.00
	0.0



	1.25 × 10−3
	19.2
	0.00
	0.0



	5.16 × 10−3
	19.2
	0.00
	0.0



	9.07 × 10−3
	19.2
	0.00
	0.0



	1.69 × 10−2
	19.2
	0.00
	0.0



	2.47 × 10−2
	11.9
	0.00
	0.0



	4.03 × 10−2
	6.3
	0.00
	0.0



	5.59 × 10−2
	4.1
	0.00
	0.0



	7.16 × 10−2
	3.0
	0.00
	0.0



	1.03 × 10−1
	1.9
	0.00
	0.0



	1.34 × 10−1
	1.7
	0.00
	0.0



	1.65 × 10−1
	1.7
	0.00
	0.0



	2.27 × 10−1
	1.7
	0.00
	0.0



	2.90 × 10−1
	1.7
	0.00
	0.0



	3.53 × 10−1
	2.9
	0.00
	0.0



	4.15 × 10−1
	3.9
	0.00
	0.0



	4.78 × 10−1
	18.4
	0.00
	0.0



	5.40 × 10−1
	17.3
	0.00
	0.0
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