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Abstract


Hydraulic short-circuit (HSC) has gained widespread attention as a novel approach to enhancing the flexibility of pumped-storage power plants (PSPPs). This paper investigates the flow and structural characteristics of bifurcated pipes in PSPPs, conducting numerical simulations under multiple operating conditions under pumping, generating, and HSC modes. Computational fluid dynamics (CFD) simulations indicate that the flow pattern deteriorates significantly under the HSC mode, with energy loss increasing notably as the flow split ratio (FSR) rises, though peaking at only 1.2% of total energy. Driven by secondary flow, a pair of counter-rotating Dean vortices develops from the upstream main pipe to the generating branch as the FSR increases. The entropy production rate reveals the energy dissipation mechanisms in the main flow region, namely, the shear interaction between high-velocity outflow and low-velocity vortex flow, along with the viscous dissipation within the Dean vortices. Furthermore, fluid–structure interaction (FSI) simulation results confirm that the structural reliability of the bifurcated pipe is ensured under the HSC mode, as the dominant load stems from the high static pressure of the upstream reservoir, with fluid impact loads playing a relatively insignificant role. This study provides a theoretical foundation for the practical operation of hydraulic short-circuit with respect to the performance and safety of a bifurcated pipe.
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1. Introduction


In response to global warming and the issue of fossil fuel consumption, renewable energy sources such as wind power and photovoltaic power generation have seen substantial development in recent years [1,2]. However, the high penetration of renewable energy in the power grid inevitably affects power quality and grid stability [3,4].



Pumped storage is widely used around the world due to its large energy storage capacity, mature technology, and long operational lifespan [5]. While this technology plays a significant role in integrating renewable energy and enhancing the operational characteristics of power systems [6,7], its regulatory capabilities still require improvement in response speed, frequency and phase regulation, and wide-load operation. Conducting research on the flexibility enhancement of pumped storage can not only effectively improve the support capabilities of existing units for the power system but also avoid the siting constraints and economic pressures associated with the continuous construction of new plants.



The flexibility enhancement of PSPPs primarily involves technologies such as wide-load operation [8], variable speed technology [9], and hydraulic short-circuit (HSC) [10]. In particular, HSC represents a distinct operating mode from conventional pumping or generating: the pump operates at a fixed operating point, while the turbine flexibly adjusts guide vane opening to control power variations, thereby enabling adjustable total input power within the hydraulic system [11]. This approach enhances the flexibility of PSPPs without requiring large-scale investment, attracting widespread attention within the industry in recent years [12,13,14,15]. Currently, HSC has been implemented at power plants including Kops II [16], Grand’Maison [17], and FMHL+ [18].



A high-pressure bifurcated pipe, a critical water conveyance structure in PSPPs, exhibits significantly altered internal flow characteristics under the HSC mode, making it the focus of research. Huber et al. [19] investigated various operating modes of the T-shaped bifurcation at the Kops II power station using a combined approach of model experiments and CFD, demonstrating the reliability of the CFD method and the relatively low head loss under HSC operation. Decaix et al. [17] investigated the bifurcation and trifurcation at the Grand’Maison power station, demonstrating that despite an increase under HSC operation, the head loss remained below 1% of the total head for all configurations. While no significant flow instabilities were observed in the bifurcation, local low-frequency pressure oscillations may arise in the trifurcation. He [11] further conducted a comparative analysis of the flow characteristics in various bifurcations under the HSC mode at the Grand’Maison and FMHL/FMHL+ power plants. The study revealed that a Y-junction, when featuring a smaller bifurcation angle and no pipe diameter changes, can effectively reduce local head loss and suppress vortex development. In contrast, due to significant flow impact, the T-junction is unsuitable for the HSC mode. Khalfaoui et al. [20] conducted a fatigue analysis of the bifurcation structure using FSI under three operating modes: HSC, pumping, and generating. The results indicated that both the pressure and stress fluctuation amplitudes in the bifurcation are relatively low, with no risk of resonance. The HSC mode does not induce additional fatigue damage, confirming its sufficient operational safety. Morabito et al. [21] conducted CFD research on the trifurcation, revealing that the relative head loss in this region reached up to 1.78%. The inflow angle at the turbine inlet deviates from the axial direction by approximately 2° to 8°, and the resulting swirl flow leads to a reduction in the turbine efficiency of about 0.22% to 0.55%. Moreover, due to the high baseline pressure at the trifurcation, there is no risk of cavitation.



While these studies provide valuable insights, the understanding of the complex flow evolution and structural safety of a bifurcated pipe under the HSC mode remains insufficient. This research focuses on a Y-shaped crescent-rib steel bifurcated pipe, widely used in “one-pipe–two-unit” hydropower systems. Through CFD simulations combined with entropy production analysis, the vortex evolution mechanisms and energy loss characteristics inside the bifurcated pipe are revealed for multiple operational modes (pumping, generating, and HSC). Furthermore, FSI calculations are performed to obtain the flow-induced structural response of the bifurcation under different operating modes to assess the reliability of the steel structure under the HSC mode. Finally, prospects for further research and practical applications of such a bifurcated pipe are presented.




2. Numerical Model and Methodology


2.1. Description of Model and Boundaries


The high-pressure pipeline primarily consists of a main pipe (MP), two branch pipes (BP1 and BP2), a bifurcation, and a crescent rib. The main pipe has a diameter of 5.2 m, while both branch pipes measure 3.6 m in diameter. The bifurcation is designed with a common-tangent sphere, having a sphere diameter of approximately 6.2 m and a wall thickness of 62 mm. The inner profile of the crescent rib is defined by a parabolic equation, and the outer profile is controlled by an elliptical equation, with a plate thickness of 125 mm. The material properties used in the simulations are as follows: for water, density ρ = 998.2 kg/m3 and dynamic viscosity μ = 1.003 × 10−3 Pa·s; for the structural steel, density ρs = 7850 kg/m3, Young’s modulus E = 2 × 1011 Pa, and Poisson’s ratio ν = 0.3.



The bifurcated pipe model is illustrated in Figure 1, where the arrows in three different colors indicate the flow directions under the respective operating modes.



The three-dimensional flow field calculation used boundary conditions corresponding to the actual operating modes: a fixed pressure of 4.250 MPa at the main pipe cross-section and specified velocities at both branch pipe cross-sections (see Table 1). A no-slip wall boundary condition was adopted for all pipe walls.




2.2. Theory and Methods


2.2.1. Governing Equations and Turbulence Model


The flow inside the bifurcated pipe can be considered incompressible. The governing equations for mass and momentum conservation described by the Reynolds-averaged equations are as follows:


     ∂     u   i    ¯    ∂   x   i        =   0  



(1)






  ρ    ∂     u   i    ¯    ∂ t    + ρ     u   j    ¯     ∂     u   i    ¯    ∂   x   j      =    −     ∂   p  ¯    ∂   x   i      +    ∂   ∂   x   j       ( μ     ∂     u   i    ¯    ∂   x   j      − ρ     u   i   ′     u   j   ′    ¯  )  



(2)







This study employed the commercial CFD software ANSYS Fluent (Version 2022R1) to solve incompressible turbulent flow in pipes. The turbulence resolution was achieved using the SST k-ω model, which closes the Reynolds-averaged Navier–Stokes (RANS) equations by incorporating a blending function that combines the strengths of the k-ω and k-ε models [22]. Compared with the standard k-ω model, the SST k-ω model is capable of capturing complex flow features, including rotating shear flows, boundary layer flows with significant adverse pressure gradients, and secondary flows [23]. The model consists of the k and ω equations, which are given as follows [24]:


     ∂   ∂ t    ( ρ k  ) +     ∂   ∂   x   j      ( ρ k   u   j   )   =      ∂   ∂   x   j      [   μ +   σ   k     μ   t        ∂ k   ∂   x   j       ] +    P   k   −   β   *   ρ  ω k   



(3)






      ∂   ∂ t      ρ ω   +    ∂   ∂   x   j        ρ ω   u   j     =    ∂   ∂   x   j      [   μ +   σ   ω     μ   t        ∂ ω   ∂   x   j       ] +      ρ γ      μ   t        P   k   − β ρ   ω   2       + 2    1 −   F   1        ρ   σ    ω 2      ω       ∂ k   ∂   x   j         ∂ ω   ∂   x   j        



(4)




where   ρ   is the fluid density,   k   is the turbulence kinetic energy per unit mass,   ω   is the specific kinetic energy dissipation rate,   t   is time,     x   j     (  j   = 1, 2, 3) is the coordinate component,     u   j     (  j   = 1, 2, 3) is the fluid velocity component,   μ   is the dynamic viscosity, and     μ   t     is the eddy viscosity coefficient.     P   k     is the turbulent kinetic energy production term, defined as     P   k      =    min       μ   t     S     2   ,    10    β   *    ρ k ω       , which prevents the over-prediction of turbulence in stagnation regions;     F   1     is a blending function, used to achieve a smooth transition between the near-wall region (k-ω model) and the far-field region (k-ε model); and the remaining parameters are model constants.




2.2.2. Entropy Production Theory


According to the second law of thermodynamics, irreversible thermodynamic processes are invariably accompanied by an increase in entropy. In the present study, given the high specific heat capacity of water, the temperature change within the bifurcated pipe was negligible. Consequently, entropy production due to heat transfer was not considered.



Following Reynolds averaging, the entropy production rates attributable to direct dissipation (EPDD), turbulent dissipation (EPTD), and wall shear stress (EPWS) can be described by a set of mathematical expressions [25,26,27]:


      S  ˙      D  ¯    ‴     =       2 μ    T             ∂     u  ¯    1     ∂   x   1          2   +        ∂     u  ¯    2     ∂   x   2          2   +        ∂     u  ¯    3     ∂   x   3          2     +    μ   T             ∂     u  ¯    1     ∂   x   2      +    ∂     u  ¯    2     ∂   x   1          2   +        ∂     u  ¯    1     ∂   x   3      +    ∂     u  ¯    3     ∂   x   1          2   +        ∂     u  ¯    2     ∂   x   3      +    ∂     u  ¯    3     ∂   x   2          2      



(5)






      S  ˙      D   ′     ‴    =       2   μ   eff     T             ∂   u   1   ′     ∂   x   1          2   +        ∂   u   2   ′     ∂   x   2          2   +        ∂   u   3   ′     ∂   x   3          2     +      μ   eff     T             ∂   u   1   ′     ∂   x   2      +    ∂   u   2   ′     ∂   x   1          2   +        ∂   u   1   ′     ∂   x   3      +    ∂   u   3   ′     ∂   x   1          2   +        ∂   u   2   ′     ∂   x   3      +    ∂   u   3   ′     ∂   x   2          2      



(6)






      S  ˙    w   ″   =      τ  →  ·   v  →    T     



(7)




where       S  ˙      D  ¯    ‴     denotes the EPDD,       S  ˙      D   ′     ‴     denotes the EPTD,       S  ˙    w   ″     denotes the EPWS,   T   is the temperature, 298.15 K,     μ   e f f     is the effective dynamic viscosity of the fluid, which combines the turbulent viscosity     μ   t     and dynamic viscosity   μ  , and     τ  →    and     v  →    dictate the shear stress and velocity near the wall, respectively. For the SST k-ω model, the turbulent dissipation is calculated by   k   and   ω  . The formula can be approximated as (with    β     =   0.09   ) [28]


      S  ˙      D   ′       ‴   = β     ρ ω k    T     



(8)







The total entropy production (TEP) can be expressed as


   T E P  =   ∫  V        S  ˙      D  ¯    ‴     d V +   ∫  V        S  ˙      D   ′     ‴     d V   ∫  A        S  ˙    w   ″     d A  



(9)








2.2.3. Fluid–Structure Interaction Theory


In the FSI simulation, a one-way coupling approach was adopted. Given the actual dimensions and high stiffness of the pipe wall, its deformation was negligible, and thus, its feedback to the flow field was ignored. Consequently, only the fluid pressure was mapped from the flow field to the structural field at the interface.



The force exerted by the fluid on the structure can be expressed as the pressure integration over the fluid–structure interaction interface:


    F   f s     t     =  ∫  p   t       n  ^    d S  



(10)







The finite element form of the structural dynamics equation under fluid–structure interaction can be expressed as


      M   s     {   u  ¨  } +     C   s     {   u  ˙  } +     K   s     { u } = {   F   e   } + {   F   f s   }  



(11)




where       M   s       is the structural mass matrix,       C   s       is the structural damping matrix,       K   s       is the structural stiffness matrix, and   { u }   is the nodal displacement vector.   {   F   e   }   represents the external loads acting on the structure, and   {   F   f s   }   denotes the fluid-induced loads.



The stress analyzed in this study was von Mises stress, which can be calculated using the fourth strength theory (also known as the distortion energy theory):


  σ   =     1   2            σ   1   −   σ   2       2   +       σ   2   −   σ   3       2   +       σ   3   −   σ   1       2       



(12)








2.2.4. Energy Loss Rate


In this study, the energy loss of the pipeline system was defined based on the concept of flow work, where the energy at a given cross-section is represented by the product of the total pressure and flow rate. Accordingly, the corresponding dimensionless energy loss rate was defined as


  E L R =      ∑  i  = 1    m          P   in     Q   in       i     −   ∑  j  = 1    n          P   out     Q   out       j         ∑  i  = 1    m          P   in     Q   in       i         



(13)




where the energy loss rate (ELR) represents the ratio of energy lost to the total input energy,     ∑  i  = 1    m          P   in     Q   in       i       denotes the total energy input, and     ∑  j  = 1    n          P   out     Q   out       j       denotes the total energy output. The specific calculation is adjusted according to the operating modes.




2.2.5. Flow Split Ratio and Net Pumping Ratio


Under the HSC operation mode, BP1 serves as the pumping branch connected to the pump, while BP2 serves as the generating branch connected to the turbine. The MP is directly connected to the upper reservoir. Two key parameters are defined to quantify the flow distribution in the pipeline:




	
The flow split ratio (FSR): The ratio of the flow rate in the generating branch (BP2) to that in the pumping branch (BP1);



	
The net pumping ratio (NPR): The ratio of the flow rate entering the upper reservoir (MP) to that in the pumping branch (BP1).








Both parameters range from 0 to 1 and satisfy the relationship FSR + NPR = 1.





2.3. Validation of Grid


A consistent meshing strategy was applied to both the fluid and solid domains. The MP and the two BPs were discretized with structured meshes, whereas the bifurcation region was filled with an unstructured mesh. The crescent rib, treated as part of the solid domain, also received a structured mesh. Boundary-layer refinement was implemented along all fluid–solid interfaces. Additionally, local refinement was applied to both the fluid and solid domains in the bifurcation region. The resulting computational mesh is presented in Figure 2a.



For the flow simulation, the energy loss rate of the bifurcated pipe system was adopted as the verification target; for the structural simulation, the stress at the flow impact point on the bifurcation inner wall was used. Both verifications were performed under the HSC mode (at a typical FSR of about 0.5). Figure 2b,c present the corresponding mesh independence results, respectively. After balancing numerical accuracy against computational cost, the final mesh sizes were determined as follows: approximately 2.38 × 106 elements for the fluid domain and 2.54 × 105 elements for the solid domain. The arrows in Figure 2b,c point to the final mesh counts. In the fluid domain, the element size in the main flow region of the bifurcation was 0.14 m, while in the MP and BPs, it was 0.20 m. In the solid domain, the element size on the bifurcation wall and the crescent rib was 0.10 m. For the pipe walls, 36 equal divisions were applied in the circumferential direction. The axial element size was 0.40 m for the MP and 0.30 m for the two BPs.





3. Results and Discussion


3.1. Comparison Between Pumping and Generating Modes


First, a comparative analysis was conducted between the pumping and generating modes, which operated at the same flow rate but with opposite flow directions. Figure 3 compares the flow patterns and EPTD distribution for both modes. This served as the basis for the subsequent comparison with the HSC mode.



Under the pumping mode, the flow within the BPs is fully developed, exhibiting parallel and uniform streamlines. Upon entering the bend section, the fluid generates a radial pressure gradient under the influence of inertial forces, which induces a secondary flow perpendicular to the main flow direction, known as a Dean vortex [29,30]. Given the relatively small curvature of the bend section in this study, a localized spiral flow appears only along the inner wall of the pipe. The fluids from the two BPs converge into the MP and impinge upon each other, resulting in the formation of more complex vortex structures.



Under the generating mode, the flow in the MP remains uniform. However, flow separation occurs on both the inner and outer sides of the bifurcation due to the disturbance from the crescent rib and the inertia of the water. As the flow enters the bend section, the two separation vortices undergo entrainment and mixing under the influence of secondary flow, resulting in further deterioration of the flow pattern.



EPTD contours show distinct distributions under different operating modes. During pumping, high-dissipation regions are concentrated in the section from the bifurcation to the MP. In contrast, during generation, high-dissipation regions are more limited, primarily distributed along the inner and outer walls near the bifurcation within the BPs and their downstream extensions. This spatial pattern further validates the accuracy of entropy production in characterizing flow loss. Turbulent dissipation mainly originates from viscous shear in vortex-dominated regions. As the flow develops, vortex structures gradually decay through momentum exchange with the surrounding fluid, leading to a reduced turbulence intensity and a corresponding decrease in energy loss.



In terms of loss composition, the EPTD term accounts for 55.51% of the total under the pumping mode, with EPWS contributing 43.79%. In comparison, the corresponding proportions under the generating mode are 46.73% and 52.44%, respectively. These values indicate that the flow pattern deteriorates more severely during the pumping operation.




3.2. Analysis of HSC Mode


Figure 4 and Figure 5 illustrate the flow characteristics and EPTD distribution within the bifurcated pipe under the HSC mode. As the FSR increases, the flow velocity rises in BP2 while decreasing in the MP. Consequently, the dominant flow structures and the core regions of energy dissipation shift from the MP toward BP2. Based on the observed flow patterns, the operating conditions can be classified into three FSR ranges: low, medium, and high. In the following sections, typical conditions from each range are selected for detailed analysis.



To systematically describe the flow patterns under various HSC conditions, the typical flow structures in the MP and BP2 are categorized and defined. The fluid in both the MP and BP2 can be broadly divided into high-speed outflow and low-speed vortex flow, denoted as Fm,h/Fm,l and Fb,h/Fb,l, respectively (see Figure 6). Their specific flow characteristics vary with the FSR.



3.2.1. Low Flow Split Ratio Operating Conditions (FSR = 0–0.3)


Within this operating range, the majority of the incoming flow from BP1 is directed to the MP, while only a small portion enters the turbine via BP2. Theoretically, this condition allows for a smooth extension of the operating range downward from the rated pumping condition, with relatively high overall hydraulic system efficiency. However, prolonged operation of the turbine at loads significantly below 50% of its rated value may lead to increased vibration, fatigue, or other operational instabilities. Therefore, it is more suitable for evaluating potential operational states after the turbine’s working range has been expanded through modifications. Here, the condition with an FSR of 0.12 is selected for analysis.



As the fluid passes through the bend of BP1, the influence of secondary flow causes the inner streamlines to become slightly curved. Upon reaching the bifurcation, the increase in the cross-sectional area leads to a decrease in the flow velocity. Fluid from the inner side of BP1 impinges on the main pipe wall, forming a pair of symmetric, counter-rotating Dean vortices (Fm,l, identified using the Q-criterion in Figure 7). Meanwhile, fluid from the outer side attaches to the upper wall and enters the MP as a high-speed outflow (Fm,h). Figure 8a clearly illustrates the differences in flow pattern and velocity between Fm,l and Fm,h on the MP reference surface. The flow in BP2 is not considered due to its relatively low flow rate.



EPTD contours reveal the energy dissipation mechanisms associated with the flow patterns. High-dissipation regions are concentrated in the connection section between the bifurcation and the MP (see Figure 5b). The EPTD contour on the MP reference surface further shows that an arc-shaped band of high dissipation in this region closely matches the shape of the Dean vortices Fm,l (see Figure 8b). Analysis indicates that the energy loss originates mainly from two mechanisms: (i) viscous dissipation within Fm,l, primarily concentrated near the interface between the two vortices; (ii) intense shear induced by the high velocity gradient between Fm,l and Fm,h. Based on the magnitude reflected in the EPTD contour, dissipation due to the latter mechanism is stronger, representing the dominant source of energy loss under this operating condition.




3.2.2. Medium Flow Split Ratio Operating Conditions (FSR = 0.3–0.7)


Within this operating range, the flow rates through BP2 and the MP are approximately equal. This condition not only satisfies the current safety requirements for turbine operation but also maintains acceptable overall hydraulic efficiency, making it the most practical scenario for the HSC mode. Here, the typical condition with an FSR of close to 0.50 is selected for analysis.



Upon entering the bifurcation from BP1, the incoming flow splits into two parts depending on their destination (see Figure 9):




	
MP: The fluid on the outer side of BP1, driven predominantly by inertia, merges directly into the MP and attaches to the lower wall, forming a high-speed outflow (Fm,h; see Figure 4e). In contrast, within the bulk of the MP volume, streamlines are sparse, and the velocity approaches zero, indicating the presence of a large, nearly stagnant region (Fm,l).



	
BP2: The fluid on the inner side of BP1 bypasses the crescent rib and enters BP2, where it separates into two distinct flow structures, a high-speed outflow (Fb,h) that emerges along the outer wall after impinging on the bifurcation wall, and a low-speed vortex flow (Fb,l) that forms within the pipe cavity near the entrance of BP2.








The streamlines on three reference surfaces of BP2 (Figure 10a) show that Fb,l exhibits a clear Dean vortex structure. At reference surface 1, a symmetric, well-defined vortex pair occupies most of the pipe cross-section. As the flow develops downstream, this vortex pair rotates about its contact axis as a whole, gradually developing a spatial asymmetry in which the upper vortex becomes notably larger than the lower one. In contrast, Fb,h originates from fluid that has just impinged on the wall; its streamlines remain relatively straight upstream and then gradually evolve into a well-formed symmetric vortex pattern under the continuing influence of Fb,l.



The EPTD contours of the pipeline system show that high-dissipation regions in the MP appear as a distinct band along the wall where flow impingement occurs (Figure 5e), which is attributed to the shear between the high-speed outflow Fm,h and the adjacent low-velocity stagnant region Fm,l. In BP2, high-dissipation regions are primarily concentrated in the inlet section downstream of the flow turning (Figure 5e). The EPTD contours on the series of reference surfaces in BP2 (Figure 10b) further indicate that (i) dissipation within Fm,l is not prominent, owing to the rapid distortion and merging of the Dean vortices; (ii) a concentrated high-dissipation band persists at the interface between the two vortex flows corresponding to Fb,h and Fb,l. In this FSR range, the dominant energy loss in the pipeline system shifts from the MP to BP2.




3.2.3. High Flow Split Ratio Operating Conditions (FSR = 0.7–1)


Within this operating range, the majority of the incoming flow from BP1 passes through BP2 toward the turbine, with only a small portion entering the upstream reservoir via the MP. While this condition can ensure safe turbine operation, it is characterized by a relatively low net power input as well as reduced overall efficiency. It represents an HSC condition with potential application value. Here, the condition with an FSR of 0.85 is selected for analysis.



The flow structures in this operating condition exhibit certain similarities to those of the medium FSR condition. Similarly, based on the final destination of the incoming flow from BP1, it splits into two parts (see Figure 11):




	
MP: A wall-attached high-speed outflow (Fm,h) and a nearly stagnant region (Fm,l);



	
BP2: Most of the fluid participates in forming the low-speed vortex flow in the inner cavity (Fb,l), while a small portion forms the high-speed outflow along the outer wall (Fb,h).








Streamlines on the series of reference surfaces for BP2 (Figure 12a) illustrate the evolution of the two vortex flows. The scale of Fb,h is markedly reduced, confined to a region near the outer wall. Fb,l maintains a well-defined structure and rotates about its own axis. In this process, the lower vortex continues to enlarge, while the upper vortex merges with Fb,h downstream.



The EPTD contours of the pipeline system (Figure 5h) indicate that high-dissipation regions remain concentrated along the near-wall side of the MP and in the inlet section of BP2. Compared with the condition at FSR ≈ 0.5, the reduced flow in the MP results in a more spatially concentrated Fm,h, which shifts the overall high-dissipation region closer to the pipe wall. Conversely, the substantial additional flow into BP2 significantly enhances both the magnitude and spatial extent of the high-dissipation region near its inlet (see Figure 12b). Consequently, the dominant dissipation mechanism shifts: (i) viscous dissipation within Fb,l becomes dominant, driven by the sharply increased flow velocity; (ii) in contrast, shear between Fb,l and Fb,h contributes relatively little, as the structure of Fb,h is significantly compressed. Upon entering the high FSR range, BP2 becomes the dominant source of loss in the pipeline system.



In summary, Table 2 presents the main flow characteristics, energy loss mechanisms across the operating ranges of the HSC mode, and an assessment of their engineering value. Among them, engineering value is a comprehensive concept that encompasses the operating range of existing units in turbine mode, the regulation capability under HSC operation, and the pipeline system loss. The low FSR range is limited by the decisive factor of the current turbine operating range, resulting in low engineering value. The high FSR range can meet the turbine operating requirements, but its narrow operating window and high proportion of system losses lead to a medium engineering value. The medium FSR range combines the advantages of all three, achieving the highest engineering value.




3.2.4. Energy Loss Behavior Under HSC Mode


This section will analyze the variation in energy loss with the FSR while also discussing the changes in the proportion of entropy production components under different operating conditions.



Selecting the energy loss rate (ELR) and total entropy production (TEP) as evaluation metrics, their variation curves with respect to the FSR are plotted as shown in Figure 13a. When the FSR is below approximately 0.3, the energy loss remains at a low level with gradual changes. Once the FSR exceeds 0.3, the energy loss increases significantly with the rise in the FSR. At the far right of the curve (FSR = 1), the energy loss is about 3.4 times that at the far left (FSR = 0), demonstrating that the flow distribution has a substantial impact on the energy loss of the pipeline system. However, even under the highest-energy-loss condition, the ELR remains at only 1.2%, indicating that the energy loss in the bifurcated pipe does not represent a critical factor for the overall system loss. For the engineering-critical FSR range surrounding 0.5, the ELR remains at a very low level of 0.47%.



Figure 13b illustrates the variation in the proportion of each entropy production component with the FSR under the HSC mode. The EPDD component consistently accounts for less than 1%, making its contribution negligible to the total energy loss. The proportion of the EPWS component remains below 30%, with a higher proportion at a low FSR (25–28%) than at a high FSR (21–23%). This is primarily caused by the enhanced secondary flow within BP2 at high FSRs. While EPTD contributes a significantly higher proportion than EPWS during HSC operation, the two components are comparable under pumping and generating modes, especially with EPWS exceeding EPTD during generation. This contrast indicates that HSC operation intensifies flow disorder within the pipeline system, thus altering the dominant energy loss mechanism. Consequently, turbulence dissipation resulting from the deteriorated flow pattern becomes the primary contributor to the total loss.





3.3. Mechanical Response of the Bifurcation and Rib


A one-way coupling was adopted, in which fluid loads were applied to the inner pipe wall and the crescent rib. The bearing effect of the surrounding rock was neglected, as this study focuses on relative comparisons of the stress differences across operating modes rather than on absolute stress values. The inlet and outlet cross-sections of the pipeline were set as fixed supports. To evaluate structural reliability for HSC operation, this section compares the responses of the bifurcation and rib under various operating modes.



Since the stress distributions under different operating modes do not vary significantly, the condition with an FSR of about 0.5 was selected to illustrate the structural stress state (see Figure 14a). It can be observed that the high-stress regions of the bifurcation are primarily located on the outer wall side of the transition segment between the MP and the bifurcation (S1), as well as in the central area of the crescent rib (S3).



Furthermore, Figure 14b compares the stress variation in three high-stress regions under different operating modes. Compared with conventional pumping and generating modes, HSC operation does not induce significant changes in structural stress. The maximum stress variations in regions S1 and S2 are 1.16% and 1.26%, respectively. In the central area of the crescent rib (S3), the peak stress actually decreases, with a maximum reduction approaching 5.10% at the operating point with FSR = 0.85.



Given that the high-stress regions S1 and S2 are directly related to the structural safety of the pipeline, focused analysis of these regions is necessary. The stress distributions on the outer and inner rings of the transition segment are shown in Figure 15a,b. High-stress regions on the outer wall are concentrated at the top and bottom, whereas those on the inner wall lie mainly on the horizontal sides. Starting from the top point of the circumference and proceeding counterclockwise, the circumferential stress distributions on both rings of the pipe wall are plotted in Figure 15c.



Due to the relatively lower stiffness at the top and bottom of the common-tangent sphere, these areas undergo considerable radial expansion under internal water pressure, which places the outer wall in tension along the vertical direction. Consequently, higher stresses appear at the 0° and 180° locations. To satisfy deformation compatibility, this vertical stretching induces compressive deformation on the horizontal sides of the inner wall. As a result, tensile stress concentrations develop at the 90° and 270° locations on the inner wall, forming the observed peak-stress regions.



Under the HSC mode, the inner wall side of the transition segment (S2) is directly impacted by the water flow. Figure 16 illustrates the stress variations on the strongly impacted side (90°) and weakly impacted side (270°) of the inner wall with FSR, as well as the relative difference between them. For reference, the stress under static pressure alone (without any flow) is also included as a horizontal line in Figure 16. As the FSR increases, the stress on the strongly impacted side generally shows an initial rise followed by a decline. In contrast, the stress on the weakly impacted side follows a nearly continuous decreasing trend, except at FSR = 1. This trend occurs because the flow impact zone gradually shifts from the MP toward the bifurcation as the FSR rises. Within the FSR range of 0.3–0.7, the transition segment is directly subjected to flow impingement, resulting in relatively high stress levels. At FSR = 0.37, the peak stress reaches 296.03 MPa, which is about 0.76% higher than the 293.8 MPa observed at FSR = 0.12. The stress variation on the weakly impacted side is influenced jointly by structural stress concentration and changes in fluid loading. Since the stress level in this region is relatively low and not governed by a single dominant factor, it is not discussed in detail. The largest stress difference between the two sides occurs at FSR = 0.85, yet the corresponding relative difference remains as low as 0.87%. For the case with static pressure only, this difference is 0.15%, which may be attributed to numerical errors; theoretically, it should be zero.



The analysis above indicates that the loading on the bifurcation is dominated by the high static pressure from the upper reservoir, while the fluid impact load introduced by HSC operation makes only a minor contribution. Consequently, the stress response of the steel structure shows no significant variation, and the existing bifurcation design retains sufficient safety.





4. Conclusions


This study employed the Reynolds-averaged equations to numerically simulate the internal flow in a Y-shaped crescent-rib bifurcated pipe, which is widely applied in “one-pipe–two-unit” PSPP configurations. The investigation focused on the complex flow mechanisms within the pipeline system under the HSC mode and their evolution with the FSR. The energy loss distribution was evaluated using entropy production theory. Concurrently, FSI calculations were performed to analyze the response of key steel components, such as the bifurcation wall and the crescent rib, to the fluid-induced loads. The main conclusions are as follows:




	
Under the HSC mode, the flow pattern in the bifurcated pipe deteriorates significantly, and the energy loss increases with the FSR, peaking at only 1.2% of the total energy. The fluid impinges and turns in the generating branch, forming a pair of symmetric, counter-rotating Dean vortices. As the FSR increases, these vortices gradually shift from the main pipe toward the generating branch, eventually combining with the high-speed wall-attached outflow to form the dominant flow structure under the HSC mode.



	
Energy loss within the bifurcated pipe originates from wall friction and turbulent dissipation, with the latter becoming dominant under the HSC mode. Intense shear between high- and low-velocity fluids generates considerable energy dissipation, while significant viscous dissipation occurs between the Dean vortices. These two mechanisms collectively account for the primary sources of the flow loss.



	
The FSI calculation results indicate that under the HSC mode, the stress levels in key areas such as the transition segment and the crescent rib show no significant change. This stability occurs as the load is dominated by the high static pressure from the upstream reservoir, and the stress non-uniformity induced by asymmetric flow impact is limited, with a difference of less than 1% between the strongly and weakly impacted sides. Consequently, the original bifurcation design retains its safety margin.








In conclusion, the present results confirm the findings of previous studies on HSC operation in bifurcated pipes, while adding new quantitative insights into the underlying loss mechanisms. Future research should focus on flow optimization and control, e.g., suppressing vortex intensity to extend the efficient HSC range while maintaining structural safety.
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Figure 1. Y-shaped crescent-rib bifurcated pipe model. 
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Figure 2. (a) Mesh of the crescent-rib bifurcated pipe; (b) mesh independence verification for the fluid domain; and (c) mesh independence verification for the solid domain. 
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Figure 3. Comparison of flow patterns and EPTD between pumping and generating modes. 
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Figure 4. Distribution of velocity in bifurcated pipe under HSC mode. (a–i) correspond to an increase in the flow split ratio (0/0.12/0.24/0.37/0.49/0.61/0.73/0.85/1). 






Figure 4. Distribution of velocity in bifurcated pipe under HSC mode. (a–i) correspond to an increase in the flow split ratio (0/0.12/0.24/0.37/0.49/0.61/0.73/0.85/1).



[image: Water 18 01304 g004]







[image: Water 18 01304 g005] 





Figure 5. Distribution of EPTD in bifurcated pipe under HSC mode. (a–i) correspond to an increase in the flow split ratio (0/0.12/0.24/0.37/0.49/0.61/0.73/0.85/1). 
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Figure 6. Typical flow pattern in bifurcated pipe under HSC mode. 
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Figure 7. Velocity–helicity distribution and vortex structures identified by the Q-criterion (HSC, FSR = 0.12; Q = 0.033). 
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Figure 8. Velocity/EPTD distribution on MP reference surface. 
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Figure 9. Velocity–helicity distribution (HSC, FSR = 0.49). 
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Figure 10. Velocity/EPTD distribution on BP2 reference surfaces. 
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Figure 11. Velocity–helicity distribution (HSC, FSR = 0.85). 
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Figure 12. Velocity/EPTD distribution on reference surfaces. 
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Figure 13. (a) Variation in ELR and TEP with FSR/NPR in bifurcated pipe; (b) proportion of each entropy production component under HSC mode. 
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Figure 14. (a) Von Mises stresses in the bifurcation and crescent rib under HSC mode (FSR = 0.49); (b) stress variation curves of S1–S3 under various operating modes. 
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Figure 15. Stress comparison between outer and inner rings of transition segment. 
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Figure 16. Stress comparison between strong and weak impact sides of transition segment. 
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Table 1. Boundary conditions of the bifurcated pipe under various operating modes.






Table 1. Boundary conditions of the bifurcated pipe under various operating modes.





	Mode
	Main Pipe

(Total Pressure MPa)
	Branch Pipe 1

(Velocity m/s)
	Branch Pipe 2

(Velocity m/s)





	Pumping
	4.25
	8.06
	8.06



	Generating
	4.25
	−8.06
	−8.06



	HSC-1
	4.25
	8.06
	−8.06



	HSC-0.85
	4.25
	8.06
	−6.88



	HSC-0.73
	4.25
	8.06
	−5.89



	HSC-0.61
	4.25
	8.06
	−4.91



	HSC-0.49
	4.25
	8.06
	−3.93



	HSC-0.37
	4.25
	8.06
	−2.95



	HSC-0.24
	4.25
	8.06
	−1.96



	HSC-0.12
	4.25
	8.06
	−0.98



	HSC-0
	4.25
	8.06
	0










 





Table 2. Analysis and evaluation of HSC operation results.
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	FSR Range
	Low

(0~0.3)
	Medium

(0.3~0.7)
	High

(0.7~1)





	Primary dissipation component
	Main pipe
	Main pipe

Branch pipe 2
	Branch pipe 2



	Specific dissipation region
	Between the Dean vortices and the high-speed outflow

Between the Dean vortices
	Between the high-speed outflow and the stagnant region (MP)

Between the Dean vortices and the high-speed outflow (BP2)
	Between the Dean vortices



	Loss mechanism (i):

Dean vortices–viscous dissipation
	Weak
	Weak
	Strong



	Loss mechanism (ii):

Shear between high- and low-velocity fluids
	Strong
	Strong
	Weak



	Engineering

value
	Low
	High
	Medium
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