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ABSTRACT
Due to the penetration of stochastic low-carbon sources of production, requirements for 
flexible generation increase. The flexibility of pumped storage hydropower plants in pump 
mode can be improved by implementing hydraulic short circuit modes, which consists in 
operating the turbine(s) and the pump(s) in parallel. This new operating mode can be 
investigated by computational fluid dynamics to determine the head losses and to investigate 
the flow topology. Nine geometries of the Grand’Maison and Forces Motrices Hongrin-Léman 
(FMHL/FMHL+) plants are considered. Due to the lack of measurements, simulations are 
performed using different turbulence models and meshes to assess the uncertainty of the 
results. A statistical analysis of the results shows that low values of the head loss coefficients are 
obtained for geometries that limit the impingement of the flow on the walls and the devel
opment of a swirling flow downstream. Such geometries have the benefit of also limiting the 
wall pressure fluctuations and wall shear stresses, i.e. the risk of cavitation and the abrasion of 
the pipe walls due to sediment transport. These new results for the hydropower community are 
valuable for owners in implementing hydraulic short circuit mode in existing power plants or in 
designing new suitable junctions.

KEYWORDS 
CFD; RANS; hydraulic short- 
circuit; Ansys® Fluent®;  
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1. Introduction

The electric power sector has been undergoing a great 
change for the last two decades due to the penetration 
of new renewable energies such as solar panels and 
wind turbines but also due to a higher demand in 
flexibility (Martinot, 2016). Hydropower is a low- 
carbon renewable energy that was used for decades 
as a flexible method for power generation and storage 
of electricity (Guittet et al., 2016). However, the flex
ibility of hydropower can still be enhanced, mainly for 
pumped storage power plants (Pérez-Díaz, Cavazzini 
et al., 2014), for instance by implementing the hydrau
lic short circuit (HSC) operating mode (Pérez-Díaz, 
Sarasúa et al., 2014), which consists in operating 
pump(s) and turbine(s) in parallel. Usually, the 
pumps operate at a fixed operating point, i.e. their 
energy consumption is fixed. While most turbines, 
such as Pelton or Francis turbines, are regulated in 
power, thanks to needles or guides vanes, in HSC 
operating mode, the discharge through the turbine(s) 
can be adjusted in such a way that the energy con
sumed by the power plant regarding to the grid is no 
longer fixed, which provides new flexibility to the 
electrical network. The HSC operating mode has 
already been implemented in some power plants 
such as Forces Motrices Hongrin-Léman (FMHL+) 
in Switzerland (Micoulet et al., 2016) or Kops II in 

Austria (Meusburger, 2009) and is in progress at the 
Grand’Maison power plant (France’s Grand Maison 
plant testing HSC technology, 2022) in the framework 
of the XFLEX-HYDRO H2020 project.

The implementation of HSC mode requires 
upstream studies to verify the possibility of operating 
this mode without risks. Among them, one- 
dimensional transient analyses are of the greatest 
importance (Landry et al., 2022; Nicolet et al., 2019). 
Investigating the flows in the junctions by means of 
experiments or computational fluid dynamics (CFD) 
to determine the head losses, to study the flow topol
ogy and the structural load, is also necessary (Decaix 
et al., 2021; Decaix, Drommi et al., 2022; Huber et al.,  
2005; Khalfaoui et al., 2022; Morabito et al., 2022). 
Since the topic is rather new for the hydraulic com
munity, the relevant literature is still sparse. A recent 
paper discussing the hydrodynamic processes in angu
lar fitting connections shows that the use of 
an equivalent length is not accurate enough compared 
to CFD results, which suggest that CFD calculations 
are necessary to assess head losses in complex pipe 
systems (Karpenko et al., 2023).

The present paper aims at describing the methodol
ogy used for the CFD calculations, mainly to validate 
and quantify the uncertainties regarding the predic
tions of the head loss coefficients, the flow topology, 
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the wall pressure and the wall shear stress. Overall, 
nine geometries are considered, including T-junctions 
for which analytical formulas are available and two 
and three junctions from the Grand’Maison and 
FMHL/FMHL+ power plants, respectively. For each 
geometry, several discharge ratios are computed using 
different meshes, turbulence models and solvers.

The paper is structured as follows: firstly, the meth
odology is described; secondly, a validation of the 
simulation set-up is carried out by considering three 
T-junctions and a Y-junction to quantify the uncer
tainty between different numerical set-ups and analy
tical formulae (only for the T-junctions); then, the 
results obtained for five “real” bifurcations are dis
cussed and compared in detail; finally, the paper 
ends with a general conclusion.

2. Methodology

2.1. Simulation strategy

Because there are few references available in the litera
ture regarding the fluid simulations of the HSC mode, 
and since no measurements are available for the test 
cases of the Grand’Maison and FMH/FMHL+ power 
plants, a simulation strategy has been designed. This 
strategy consists in performing several steady-state 
simulation of the same geometry and operating point 
using different turbulence models, meshes and soft
ware. Then a statistical analysis of the results is per
formed by computing the average and the standard 
deviation (eventually the minimum and maximum) of 
the head loss coefficients. If the standard deviation is 
small, it means that all the simulations predict the same 
flow. Therefore, the results can be considered with 
a certain level of confidence. Otherwise, the uncertainty 
is higher, which may be due to the development of flow 
unsteadiness. In that case, unsteady-state simulations of 
the operating can be performed to check whether the 
result discrepancy decreases. This operating point can 
also be selected for a detailed on-site investigation.

2.2. Numerical set-up

The flow is modelled by the incompressible Reynolds- 
averaged Navier-Stokes equations, for which the 
Reynolds stresses are computed either using 
Boussinesq’s assumption, which requires the compu
tation of an eddy viscosity (Durbin, 2011), or an expli
cit algebraic relation (Wallin & Johansson, 2000). The 
eddy viscosity is computed by solving two additional 
transport equations that depend on the turbulence 
model chosen. For this study, three turbulence models 
are considered: the Renormalisation Group (RNG) k-ε 
(Yakhot et al., 1992), the realisable k-ε (Shih et al.,  
1994) and the SST (Menter, 2009) models. 
Simulations have been performed using different 

meshes that differ in element shape (hexahedrons, 
tetrahedrons, polygons . . .). However, all meshes are 
generated following standard guidelines (Menter et al.,  
2021), mainly regarding the addition of prism layers 
close to the wall to accurately capture the boundary 
layer, as discussed later in the text. The y+ values range 
from 80 to 300, which agrees with the use of a wall 
function to model the boundary layer. The flow is 
simulated with one of three software programs: 
Ansys® Fluent®, Ansys® CFX® and OpenFOAM. 
Regardless of the software used, the convective fluxes 
are discretised with a high-order scheme. The set of 
equations is solved either with the segregated Semi- 
Implicit Method for Pressure-Linked Equations 
(SIMPLE) algorithm for the OpenFOAM and Ansys® 
Fluent® simulations or a coupled algorithm for the 
Ansys® CFX® simulations.

2.3. Definition of the partial head loss coefficient

The loss coefficients Kij in a bifurcation are defined by 
Equation (1). 

Kij ¼
Δptot
1
2 ρC2

1
(1) 

Where i and j are indices referring to the pipes con
sidered (see Figure 1(a)); Δptot is the difference of the 
surface average total pressure between two cross sec
tions located in pipe i and pipe j, respectively; ρ is the 
fluid density; and C1 is the discharge velocity in pipe 1. 
In cases where the sections i and j are far from the 
bifurcation, the linear head losses are subtracted to 
obtain only the loss coefficient associated with the 
bifurcation.

Equation (1) is derived using the demonstration 
hereafter based on the book of Comolet (2006). The 
overall power losses ΔP in the junction are defined by 
Equation (2). 

ΔP ¼ P1 � P2 þ P3ð Þ (2) 

where Pi denotes the power of fluid in section 
i defined by: 

Pi ¼

ðð

pþ ρgz þ
1
2

ρc2
� �

c � n dSi (3) 

Where p is the pressure; g is the acceleration of gravity; 
z is the altitude; c is the fluid velocity, c is the velocity 
vector; and n is the unit normal vector to section Si.

Then, by defining: 

p� ¼ pþ ρgz (4) 

p� ¼

ðð

p�c � n dS
ðð

c � n dS
(5) 
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�c ¼
1
S

ðð

c � n dS ¼
Qv

S
(6) 

c2 ¼

ðð
c2

�c3S
c � n dS

� �

�c2 ¼ α�c2 (7) 

ptot ¼ p� þ
1
2

ρα�c2 (8) 

where Qv is the volumetric flow rate and α is 
a coefficient close to 1 for a turbulent flow, Equation 
(2) can be rearranged as follows: 

ΔP ¼ Δptotð Þ12 Qv;2 þ Δptotð Þ13 Qv;3 (9) 

where Δptotð Þij ¼ ptot i � ptot j can be interpreted as 
a partial loss if the difference is positive.

By introducing the coefficients Kij defined by Equation 
(1) and the ratio γ = Qv,2/Qv,1, Equation (9) becomes: 

ΔP ¼
1
2

ρc2
1Qv;1 K12γþ K13 1 � γð Þð Þ (10) 

where (K12 γ) and (K13 (1 − γ)) are partial head 
loss coefficients if they are positive. However, to 
compare different geometries, it is interesting to 
consider only the coefficients Kij, since for a given 
discharge ratio γ, the higher Kij is, higher are the 
losses. In the rest of the document, Kij is referred 
to as a head loss coefficient.

3. Validation

3.1. T-junction

The first step in the validation of the numerical set-up 
and the methodology is performed by computing the 
flow in three T-junctions (Figure 1(a)), which differ by 
the angle θ between pipes 1 and 3. The diameter of each 
pipe is set to 3 m. The flow from pipe 1 is divided into 
pipe 2 and pipe 3. Pipe 1 extends over nine diameters 
upstream of the bifurcation, whereas pipes 2 and 3 

extend 12 diameters downstream of the bifurcation. 
For these geometries and flow configurations, analytical 
formulae for the head loss coefficients derived from 
experiments are available in the literature (Gardel,  
1957a, 1957b; Rennels, 2012; Ward-Smith, 1980).

The simulations are performed on two different 
meshes: a tetrahedral mesh generated using the Ansys 
ICEM CFD™ software with 1.3 × 106 cells and four prism 
layers attached to the wall (average y+ ≈ 270); a Cartesian 
mesh generated using the SnappyHexMesh tools with 
1.5 × 106 cells and three prism layers attached to the 
wall (average y+ ≈ 290). Steady-state simulations of the 
flow are carried out with the SIMPLE algorithm and two 
software programs: Ansys® Fluent® 2019 R2 with the 
tetrahedral mesh and OpenFOAM 5 with the Cartesian 
mesh. For four sets of simulations, an arbitrary total 
pressure is set at the inlet of pipe 1 and the discharge is 
set at the outlet of pipes 2 and 3 to obtain the targeting 
discharge ratio. For the last set of simulations, 
a developed velocity profile is set at the inlet of pipe 1, 
an arbitrary pressure is set at the outlet of pipe 2 and the 
discharge is set at the outlet of pipe 3. The different 
configurations and set-ups are summarised in Table 1. 
Overall, 28 configurations have been simulated. For all 
the simulations, the Reynolds number in pipe 1 is around 
6.8 × 106 for a pipe diameter of 3 m and a discharge of 
16 m3 s−1 and varies from 0.7 × 106 to 6.8 × 106 in pipes 2 
and 3 according to the discharge ratio.

Figure 2(a) compares the head loss coefficients K12 and 
K13 predicted by the different simulations with three ana
lytical formulae. For the head loss coefficient K13, the 
simulations agree with the analytical formulae regardless 
of the inlet boundary condition in pipe 1. In contrast, for 
the head loss coefficient K12, only the simulations for 
which a developed velocity profile is imposed at the inlet 
of pipe 1 match the analytical formulae for a discharge 
ratio lower than 0.5. At a larger discharge ratio, the simula
tions provide a better agreement with the data, even if for 
some set-ups an underestimation at discharge ratios higher 

Figure 1. Geometries of the computational domain: (a) for the T-junction at 90 degrees, (b) for the Y-junction at 80 degrees. The 
arrows indicate the flow direction in each pipe.
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than 0.9 is observed, without a clear explanation. 
Figure 2(b) provides, for each discharge ratio, the average, 
standard deviation, maximum and minimum values of the 
head loss coefficients predicted by the 28 simulations. 
Overall, the discrepancy between the CFD results is around 
15%, which is of the same order of magnitude as the 
differences between the analytical formulae. There is no 
clear influence on the CFD results of the turbulence model 
or of the mesh. For the head loss coefficient K12, the 
dispersion of the results increases with the discharge ratio 
mainly for ratios of 0.9 and 1, perhaps due to the develop
ment of a large dead zone in pipe 2 that can influence the 
value of the total pressure.

Figure 3 compares the head loss coefficients for 
T-junctions at 100 and 80 degrees between the CFD 
results and the analytical formula available in the 
literature (Gardel, 1957a). The comparison follows 
the conclusion drawn for the T-junction at 90 degrees. 
The CFD results agree with the analytical formula, 
except for the values of the coefficient K12 for dis
charge ratios below 0.25 due to the imposed uniform 
velocity profile at the inlet section of pipe 1. The 
dispersion between the simulations increases with 
the increase in the discharge ratio. It seems that the 
Cartesian mesh often predicts a lower head loss coeffi
cient for discharge ratio of 0.9 and 1, but this is 

Figure 2. (a) Comparison of the head loss coefficients K12 and K13 predicted by CFD with various analytical formulae (the y-axis is 
deliberately clipped). (b) Statistical values of the head loss coefficients K12 and K13 predicted by CFD. The error bar denotes the 
standard deviation. T-junction at 90 degrees. OpenFoam (OF).

Figure 3. Comparison of the head loss coefficients K12 and K13 predicted by CFD with an analytical formula for (a) a T-junction at 
100 degrees and (b) a T-junction at 80 degrees. The y-axis is deliberately clipped. OpenFoam (OF).

Table 1. Configurations and set-up of the 90 degree T-junction simulations.
Software Mesh Inlet boundary condition Discharge ratio Turbulence model

Ansys® Fluent® Tetrahedral Uniform velocity 0.0; 0.1; 0.25; 0.5; 0.75; 0.9; 1.0 SST
realisable k-ε
RNG k-εOpenFOAM Cartesian

Developed velocity profile 0.0; 0.1; 0.27; 0.83 RNG k-ε

4 J. DECAIX ET AL.



sometimes the case for some Fluent® simulations with 
the tetrahedral mesh.

3.2. Y-junction

A Y-junction is also considered for the validation of the 
CFD approach (Figure 1(b)). The diameter of pipes 1 and 3 
is set to 2.25 m and the diameter of pipe 2 is set to 3 m, 
which are the diameters of the bifurcation CF2 considered 
in the next section. All three pipes have a length around 10 
times the pipe diameter. The Reynolds number in pipe 1 is 
9 × 106. For such a flow configuration, no analytical for
mula of the head loss coefficients has been found in the 
literature. Therefore, the development of the flow in pipe 1 
has been compared with analytical formulae available for 
circular pipe flows to verify the accuracy of the simulation 
set-up. Figure 4(a) compares the dimensionless wall velo
city u+, defined as the velocity divided by the friction 
velocity (Bailly & Comte-Bellot, 2015), predicted by four 
different simulations and extracted nine diameters down
stream of the inlet of pipe 1 with the theoretical logarithmic 
profile. Whatever the mesh (Cartesian, hexahedral or poly
hedral) or turbulence model (SST or realisable k-ε), 
a logarithmic profile is followed by the simulations until 
y+ values beyond 1000 and only small differences are 
observed between the simulations. However, due to the 
imposed uniform velocity profile at the inlet of pipe 1, the 
velocity profile is not fully developed and the correspond
ing von Kármán constant is lower than expected, with 
values around 0.32 instead of 0.41. The velocity profile at 
the wall is of primary importance in accurately computing 
the friction coefficient and, therefore, the streamwise pres
sure gradient. The pressure profile in the centre line of the 
pipe can be calculated analytically using Equations (11) 
and (12) (Mckeon et al., 2004). 

p ¼ � 2ρCf C2 x
D
þ B (11) 

1
ffiffiffiffiffi
Cf

p ¼ 3:86log10 ReD
ffiffiffiffiffi
Cf

p� �
� 0:088 (12) 

Where Cf is the friction coefficient; C is the discharge 
velocity; x/D is the dimensionless pipe length; B is an 
arbitrary constant; and ReD is the Reynolds number 
based on the pipe diameter. Figure 4(b) compares the 
simulated and analytical streamwise pressure profiles, 
for which the slopes differ by less than 4%.

In total, 79 simulations were performed to investi
gate the influence of the mesh, the turbulence model, 
the boundary conditions and the solver. Figure 5 
shows the average, standard deviation, minimum and 
maximum values of the head loss coefficients K12 and 
K13 for a discharge ratio range between 0 and 1. Both 
head loss coefficients follow almost a linear relation
ship regarding the discharge ratio, which is different 
from the T-junction (see Table 2). For the head loss 
coefficient K12, the dispersion between the simulations 
increases with the discharge ratio as for the 
T-junctions. The standard deviation reaches 25% of 
the average value for a discharge ratio of 1, i.e. when 
there is no flow in pipe 2, instead of 15% for a lower 
discharge ratio. Regarding the head loss coefficient 
K13, the dispersion between the simulations is low 
for low discharge ratios (0 and 0.25) but increases for 
higher discharge ratios and reaches its maximum for 

Figure 4. (a) Velocity profile in wall scale nine diameters downstream the inlet of pipe 1. (b) Streamwise pressure gradient along 
pipe 1 (OpenFOAM simulation with the realisable k-ε turbulence model). Y-junction at 80 degrees.

Figure 5. Statistical values of the head loss coefficients K12 and 
K13 predicted by CFD. The error bar denotes the standard 
deviation. Y-junction at 80 degrees.

LHB: HYDROSCIENCE JOURNAL 5



a discharge ratio of 0.75. For this ratio, the CFD results 
range from 0.7 to 1.5 with an average value of 1.1.

Figure 6 compares the average value of the head loss 
coefficient K13 depending on the turbulence model or the 
mesh used. The mesh does not have a strong influence 
on the predicted average value, whereas it is noticeable 
that the RNG k-ε turbulence model predicts an average 
value larger than the one predicted by the SST or the 

realisable k-ε turbulence models. Consequently, the main 
explanation for the large dispersion of the results for 
a discharge ratio of 0.75 is due to the turbulence model.

Figures 7 and 8 display the streamlines and an iso- 
surface of the Q-criterion (value of 10s−2) coloured by 
the velocity for the discharge ratio of 0.75 predicted by 
the simulation performed with the Ansys® Fluent® soft
ware on the hexahedral mesh. The realisable k-ε 

Table 2. Ranking of the bifurcations from the largest to the smallest value of the head loss coefficient K13 for a discharge 
ratio around 0.7, with the trend of the head loss coefficient K13 as a function of the discharge ratio. The quantity cK13 

denotes the average value of the head loss coefficient K13 over all the discharge ratios computed. θ is the angle between 
pipes 1 and 3, whereas β is the angle between pipes 1 and 2.

Bifurcation θ (°) β (°) K13 at Q3/Q1 ≈ 0.7 cK13 Trend R2

Intra-group (FMHL) 77 103 1.36 1.47 Constant
Inter-house V2 to V1 (FMHL) 34 34 1.28 1.09 Linear 0.99
T-junction 80 0 1.13 1.06 Quadratic 1.00
Y-junction 80 40 1.11 0.93 Linear 0.95
Inter-house V1 to V2 (FMHL) 34 0 1.05 0.91 Quadratic 0.88
Inter-group G5 to G6 (FMHL) 44 44 1.04 0.89 Linear 0.93
T-junction 90 0 0.94 0.93 Quadratic 1.00
CF2 (Grand’Maison) 80 22 0.91 0.81 Quadratic 0.96
T-junction 100 0 0.82 0.84 Quadratic 0.97
Inter-group G6 to G5 (FMHL) 44 0 0.49 0.56 Quadratic 0.93

Figure 6. Average value of the head loss coefficient K13: (a) for three different turbulence models, (b) for three different meshes.

Figure 7. Streamlines coloured by the velocity magnitude. (a) Realisable k-ε turbulence model; (b) RNG k-ε turbulence model. 
Discharge ratio of 0.75. Simulations performed with the Ansys® Fluent® software with the mesh ICEM CFD™ Hexa1. Y-junction at 80 
degrees.
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turbulence model predicts a solution with a weak roll-up 
of the streamlines and small vortical structures compared 
to the RNG k-ε turbulence model. This kind of 
“unsteady” solution predicted by the latter model is the 
explanation for the highest head loss coefficients 
observed. This explanation is enforced by the fact that 
carrying out an unsteady-state simulation with the realis
able k-ε turbulence model leads to an increase in the K13 
value from 0.7 to 0.95, whereas the K13 value is still 
around 1.2 with the RNG k-ε turbulence model (the K12 
keeps its steady value with both models). However, since 
this feature is not observed for the T-junction and no 
experimental data are available, it is not possible to deter
mine which turbulence model provides better results.

4. Application to the investigation of HSC 
operating modes in two power plants

4.1. Description of the test cases

The main objective behind the simulations of the flow in 
junctions is to investigate the possibility to implement or 

to extend the HSC operating mode at the power plants of 
Grand’Maison (Decaix et al., 2021; Decaix, Drommi et al.,  
2022) and FMHL/FMHL+ (Decaix, Mettille et al., 2022).

The Grand’Maison power plant, located in the French 
Alps and owned by Electricité de France (EDF), is the 
largest pump-storage power plant in Europe, featuring 
four Pelton turbines in a powerhouse at ground level and 
eight pump-turbines in an underground powerhouse 
(Figure 9(a)), for a maximum capacity of 1240 MW in 
pump mode and 1800 MW in turbine mode. The HSC 
mode can be implemented following two different 
routes: the short route, i.e. the pumped flow is diverted 
to the Pelton turbine(s) that is/are fed by the same pen
stock (CF1, CF2 or CF3 in Figure 9(a)); or the long route, 
i.e. the pumped flow is diverted to the Pelton turbine(s) 
that is/are fed by another penstock. Only the short route 
is considered in this paper. For the long route, the reader 
is referred to a previous publication (Decaix, Drommi 
et al., 2022).

The FMHL/FMHL+ power plant is characterised by 
two powerhouses (Figure 9(b)): Veytaux 1, featuring 

Figure 8. Iso-surface of the Q-criterion (value of 10s−2) coloured by the velocity magnitude. (a) Realisable k-ε turbulence model; 
(b) RNG k-ε turbulence model. Discharge ratio of 0.75. Simulations performed with the Ansys® Fluent® software with the mesh 
ICEM CFD™ Hexa1. Y-junction at 80 degrees.

Figure 9. (a) Layout of the Grand’Maison power plant with the two different routes for the HSC mode. (b) Layout of the FMHL/ 
FMHL+ power plant with the three different possible HSC modes: intra-group, inter-group and inter-house.
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four horizontal ternary groups of 60 MW each con
sisting of two two-jet Pelton turbines and a five-stage 
centrifugal pump, in operation since 1971; Veytaux 2, 
featuring two vertical ternary groups (groups 5 and 6) 
of 120 MW each consisting of a five-jet Pelton turbine 
and a five-stage centrifugal pump, in operation since 
2016. The HSC mode is already in operation at 
Veytaux 2 between the pump and the turbine of 
a same group (group 5 or 6), and it is referred to as 
intra-group HSC mode in this paper. Two other HSC 
configurations are possible but not permitted: the 
inter-group HSC mode between the pump of group 5 
(group 6) and the turbine of group 6 (group 5); and the 
inter-house HSC mode between the two powerhouses 
of Veytaux 1 and Veytaux 2.

Overall, five bifurcations (Figure 10) are considered 
for the CFD investigation: two for the Grand’Maison 
power plant (due to the symmetry of penstocks 1 
and 3) and three for the FMHL/FMHL+ power plant. 
The two bifurcations of Grand’Maison are rather of 
the Y-junction type but with pipes 1 and 2 aligned for 
the bifurcation CF1 and slightly misaligned for the 
bifurcation CF2 (the green part in Figure 10(b) is the 
same geometry as the green part in Figure 1(b)). In 
HSC mode, the bifurcation in the penstock CF1 links 
three pump-turbines with one Pelton turbine, whereas 
the bifurcation in the penstock CF2 links two pump- 
turbines with two Pelton turbines.

The FMHL/FMHL+ power plant features three 
bifurcations: the intra-group bifurcation (Figure 10 
(c)) is a T-junction at 77 degrees; the inter-group 
and inter-house bifurcations are rather of Y-junction 
type with the particularity that the flow in pipes 1 

and 3 can be in either direction depending on which 
group or powerhouse is in pumping mode (in 
Figure 10(d,e), the pipe numbering is adjusted to 
always have an inflow in pipe 1 and an outflow in 
pipe 3). For this test case, the reader can refer to 
a recent paper for more details, mainly regarding the 
influence of the curvature correction term (Decaix, 
Mettille et al., 2022).

For the whole set of simulations, the Reynolds num
ber ranges from 2 × 106 to 30 × 106 and the number of 
simulations per junction ranges from 40 to 64.

4.2. Head loss coefficients

Figure 11 provides the average and standard deviation 
of the head loss coefficients K12 and K13 for a discharge 
ratio range between 0 and 1 and for each bifurcation 
considered in the present paper. For the inter-group 
and inter-house HSC modes at the FMHL/FMHL+ 
power plant, the distinction is made depending on 
the flow direction going from group 5 (group 6) to 
group 6 (group 5) or from Veytaux 1 (Veytaux 2) to 
Veytaux 2 (Veytaux 1).

Regarding the head loss coefficient K12 (i.e. between 
the pump and the reservoir), the maximum average 
values, at least twice larger than for the other config
urations, are obtained for the intra-group bifurcation. 
This result is expected since this is the configuration 
with the largest angle β between pipes 1 and 2 (see 
Table 2). Furthermore, it is the configuration for 
which the standard deviation is the highest, around 
25% of the average value. It is also interesting to notice 
that the average values for the inter-group and inter- 

Figure 10. (a, b) Geometries of the bifurcations at the Grand’Maison power plant on the penstocks CF1 and CF2, respectively. 
(c–e) Geometries of the intra-group, inter-group and inter-house bifurcations, respectively, at the FMHL/FMHL+ power plant. 
The arrows indicate the flow direction in each pipe. Pipe 1 is always the pipe linked to the pump(s), pipe 2 the one linked to 
the upper reservoir and 3 the one linked to the turbine(s). For (d) and (e), the pipe numbering is adapted depending on the 
flow direction.
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house bifurcations have significant differences 
depending on the flow direction. For the inter-group 
bifurcation, the value of the coefficient K12 is multi
plied by 4 for the flow direction from group 5 to group 
6 compared to the opposite direction, which is also in 
relation with the value of the angle β. The larger the 
angle β, the larger the head loss coefficient K12.

Regarding the head loss coefficient K13 (i.e. between 
the pump(s) and the turbine(s)), the shape of the curve 
for the bifurcation CF1 needs to be clarified. For this 
bifurcation, the HSC mode can be operated with three 
pump-turbines in pump mode and one Pelton turbine 
(Figure 9(a)). By consequence, the maximum pumped 
discharge corresponds to a discharge ratio around 
0.35, for which the head loss coefficient K13 reaches 
its maximum value close to 2. Furthermore, this is the 
only bifurcation with a contraction of the pipe dia
meters, with a diameter of pipe 3 equal to 60% of the 
diameter of pipe 1, which increases the head losses. 
Apart from this configuration, the values range from 
0.5 to 1.5, which means that the geometrical shape of 
the bifurcation has a non-negligible influence on the 
head loss coefficients. As for the K12 coefficient, the 
maximum average values are once again observed for 
the intra-group bifurcation, followed closely for dis
charge ratios above 0.6 by the inter-house bifurcation 

with the flow from Veytaux 2 to Veytaux 1. The 
direction of the flow in the bifurcation also influences 
the head loss coefficient, with, for instance, a value that 
can double for the inter-group bifurcation depending 
on the flow direction. The standard deviation is also 
maximum for the intra-group bifurcation with values 
around 20% of the average values that is at least twice 
higher than those for the other configurations, except 
the Y-junction at 80 degrees and discharge ratios 
between 0.5 and 0.8.

Table 2 ranks the different bifurcations, except 
bifurcation CF1, from the largest to the smallest 
value of the head loss coefficient K13 for 
a discharge ratio around 0.7. This ranking is close 
to the one that would be based on the average value 
cK13 computed over all the discharge ratios (shown 
also in Table 2). In addition, Table 2 provides the 
values of the angles θ and β and the trend of the 
relationship between K13 and the discharge ratio, 
with the value of the coefficient of determination 
(R2). It is noticeable that the highest values of K13 

are related to a constant or a linear trend rather 
than a quadratic relationship. For the inter-group 
and inter-house bifurcations, the change in the flow 
direction is linked to a change in the angle β: the 

Figure 11. (a, b) average value and (c, d) standard deviation of the head loss coefficients K12 and K13, respectively. Each line 
corresponds to one geometry and one flow direction. G5 and G6 refer to groups 5 and 6 of the FMHL/FMHL+ power plant. V1 and 
V2 refer to the powerhouses Veytaux 1 and Veytaux 2 of the FMHL/FMHL+ power plant.
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higher the angle β, the higher the coefficient K13. 
This is also verified by comparing the Y-junction 
and the bifurcation CF2, which have the same geo
metry for the bifurcation but with a slightly differ
ent angle β. The influence of the angle θ is less 
evident. For the T-junctions: the higher the θ 
angle, the lower the K13 coefficient. This is also 
the case when comparing the inter-group and the 
inter-house bifurcations for an angle β = 0. 
However, the inter-group bifurcation with an angle 
θ of 44 degrees has a lower K13 value than the 
T-junction at 100 degrees even if in both cases the 
angle β is null.

4.3. Flow topology

The flow topology is investigated by focusing on the 
streamlines and the iso-surface of the Q-criterion 
coloured by the magnitude of the velocity field.

Figures 12 and 13 compare the flow topology between 
the bifurcations CF1 and CF2 of the Grand’Maison 
power plant for a discharge ratio of 0.75 computed 
using either the realisable k-ε or the RNG k-ε turbulence 
model. For both bifurcations, the RNG k-ε turbulence 
model predicts a more “unstable” flow than the realisable 
k-ε turbulence model, as observed for the Y-junction at 80 

degrees. This point is particularly emphasised by the iso- 
surface of the Q-criterion that shows the development of 
several small vortices in pipe 3 downstream of the bifur
cation for the RNG k-ε turbulence model. The number of 
vortices is smaller for the bifurcation CF1 than for CF2 
due to the lower diameter of pipe 3 compared to pipe 1 
for this geometry. Consequently, the flow converges and 
the re-circulation zone just downstream of the bifurca
tion is smaller, as is clearly visible when comparing the 
streamlines obtained with the realisable k-ε turbulence 
model (Figure 12(a, b)). This point also explained the 
larger standard deviation observed for the bifurcation 
CF2 regarding the head loss coefficient K13 (Figure 11 
(b)). Another interesting feature is the quick damping of 
the vortical structures since only a few vortices are still 
present in the outlet section of pipe 3, which means that 
the flow realigned more quickly with the pipe direction 
than in turbine mode (see Figure 5 in Decaix et al., 2021).

Figure 14 displays the streamlines and the iso- 
surface of the Q-criterion in the intra-group bifurca
tion of the FMHL/FMHL+ power plant for a discharge 
ratio of 0.66. Due to the large values of both angles θ 
and β, the flow splits at the junction and rolls up in 
pipes 2 and 3, leading to the development of a swirling 
flow that could deteriorate the quality of the flow at the 
inlet of the turbines. This feature is the reason that 

Figure 12. Streamlines coloured by the velocity magnitude (the scale is the same for (a) and (c) and for (b) and (d)). (a, c) Bifurcation 
CF1; (b, d) bifurcation CF2. (a, b) Simulations with the realisable k-ε turbulence model; (c, d) simulations with the RNG k-ε turbulence 
model. Discharge ratio of 0.75. The arrows indicate the flow direction.
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prevents the operation of the machines in HSC mode 
beyond a discharge ratio of 0.66.

Figures 15 and 16 compare the streamlines and the 
iso-surface of the Q-criterion in the inter-group and 
inter-house bifurcations of the FMHL/FMHL+ power 
plant according to the flow direction in the bifurcation. 
As noticed in the previous sub-section, the value of the 
head loss coefficient K13 depends on the flow direction in 
the bifurcation (Figure 11(b)). By looking at the iso- 
surface of the Q-criterion, it appears that the develop
ment of long streamwise vortices in pipe 3 (Figures 15(d) 
and 16(c)) is correlated with a lower head loss coefficient. 
This seems counterintuitive. However, the streamlines 

show that high values of the coefficient K13 are related to 
a stronger “impingement” of the flow on the opposite 
wall to pipe 1 due to an angle β larger than 0. 
Consequently, for the HSC configurations between the 
groups 5 and 6 (Figure 15(a)) and the houses Veytaux 2 
and Veytaux 1 (Figure 16(b)), the flow from pipe 1 
impinges on the opposite wall, inducing rapid changes 
in both the fluid velocity and the fluid direction. These 
two phenomena are less pronounced, or even absent, 
when the flow is in the opposite direction (Figures 15(b) 
and 16(a)) due to the alignment of pipes 1 and 2 (β = 0). 
It appears that the smaller the “impinging” flow, the 
lower the coefficient K13.

Figure 13. Iso-surface of the Q-criterion, value of 10s−2, coloured by the velocity magnitude (the scale is the same for (a) and 
(c) and for (b) and (d)). (a, c) Bifurcation CF1; (b, d) bifurcation CF2. (a, b) Simulations with the realisable k-ε turbulence 
model; (c, d) simulations with the RNG k-ε turbulence model. Discharge ratio of 0.75. The arrows indicate the flow direction.

Figure 14. (a) Streamlines and (b) iso-surface of the Q-criterion (value of 20s−2) coloured by the velocity magnitude. Intra-group 
bifurcation of the FMHL/FMHL+ power plant. Simulations with the SST turbulence model. Discharge ratio of 0.66. The arrows 
indicate the flow direction.
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Figure 15. (a, b) Streamlines and (c, d) iso-surface of the Q-criterion, value of 2 s−2, coloured by the velocity magnitude. Inter- 
group bifurcation of the FMHL/FMHL+ power plant. (a, c) HSC mode between groups 5 and 6; (b, d) HSC mode between groups 6 
and 5. Simulations with the SST turbulence model. Discharge ratio of 0.66.

Figure 16. (a, b) Streamlines and (c, d) iso-surface of the Q-criterion (value of 1 s−2) coloured by the velocity magnitude. Inter- 
house bifurcation of the FMHL/FMHL+ power plant. (a, c) HSC mode between Veytaux 1 and Veytaux 2; (b, d) HSC mode between 
Veytaux 2 and Veytaux 1. Simulations with the SST turbulence model. Discharge ratio of 0.66.
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4.4. Wall quantities

The wall shear stress and the wall pressure are also 
interesting quantities to verify whether the pipe walls 
undergo stress changes or if a risk of cavitation can occur.

Figure 17 compares the wall shear stress for the 
bifurcation CF2 between the turbine mode and the 
HSC mode for a discharge ratio of 0.75. The simula
tions are carried out with the realisable k-ε turbulence 
model in steady mode. It is obvious that the wall shear 
stress increases in HSC mode by a factor of around 6, 
with a maximum value located on the splitter between 
the two pipes. In the case of sediments transported, 
attention should be paid to avoid an accelerated abra
sion of the coating.

Figure 18 shows, for the bifurcation CF2, the time- 
average and root Mean square error (RMSE) of the 
wall pressure computed with the RNG k-ε turbulence 
model in unsteady mode; 80s are simulated and the 
statistics are computed over the latest 20s, which 
represents 5 times the time it takes for a flow particle 
to flow from the inlet of pipe 1 to the outlet of pipe 3. 
The pressure fluctuations are highest in the recircula
tion area just downstream the bifurcation. The max
imum value of the RMSE is around 30,000 Pa. By 
assuming a Gaussian distribution for the wall pressure, 
the maximum pressure fluctuations would be around 
90,000 Pa, i.e. less than 2% of the gross head and 5 
times lower than the static pressure variation due to 

the change in the water level in the upper reservoir. 
Therefore, no risk to the structure is expected. This 
point is also confirmed by the numerical work of 
Khalafaoui et al. (2022), who shows that the average 
and oscillating stress levels in HSC mode are compar
able with the ones in turbine mode and well below the 
fatigue limit.

5. Conclusion

A CFD investigation of the flow in nine bifurcations was 
carried out with the objectives of validating the numer
ical set-up and improving knowledge of the flow in HSC 
mode, mainly regarding the head losses, the flow topol
ogy, the wall pressure and the wall shear stress.

First, the formula used to define the losses in 
a bifurcation is derived to avoid misunderstandings 
regarding the interpretation of the head loss coefficient 
Kij considered in this paper. Following the present 
development, the coefficient Kij is useful to compare 
different geometries at a given discharge ratio.

Regarding the validation of the numerical set-up, 
simulations of three T-junctions, for which analytical 
formulae of the head loss coefficients derived from 
experimental studies are available in literature, have 
been computed. The results show that the head loss 
coefficients are in good agreement with the analytical 
formulae, even if for the coefficient K12 it is necessary to 

Figure 17. Wall shear stress on the wall of bifurcation CF2: (a) turbine mode and (b) HSC mode at a discharge ratio of 0.75. 
Simulations with the realisable k-ε turbulence model. The pipe numbering, 1 and 3, is added on the picture.

Figure 18. (a) Time-average pressure. (b) RMSE (Root Mean Squared Error) of the pressure on the wall of bifurcation CF2. 
Simulations with the RNG k-ε turbulence model. The pipe numbering, 1 and 3, is added on the picture.
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set a developed velocity profile at the inlet of pipe 1. For 
the Reynolds number considered (above 5 × 106), a y+ 

value around 200 is sufficient regardless of what mesh 
elements are considered (tetrahedral, polyhedral, hex
ahedral), and the turbulence model has almost no 
influence on the prediction of the head loss coefficients. 
A Y-junction has also been investigated despite the lack 
of experimental data. As for the T-junction, the mesh 
has no influence regarding the prediction of the head 
loss coefficients if the standard requirements are fol
lowed. However, an influence of the turbulence model 
is noticed for a discharge ratio around 0.75 since the 
realisable k-ε and the SST turbulence models predict 
a head loss coefficient K13 lower than the RNG k-ε 
turbulence model. No clear explanation for this has 
been found. However, the latest model predicts 
a more “unsteady” flow characterised by the presence 
of small vortices downstream of the bifurcation, which 
seems to be responsible for the higher losses. Carrying 
out unsteady-state simulations reduce the discrepancies 
between the turbulence models.

Application to five existing bifurcations of the 
Grand’Maison and FMHL/FMHL+ power plants 
was investigated using different software programs, 
meshes and turbulence models. The comparison of 
the head loss coefficients and the analysis of the 
flow topology show that the highest values of the 
head loss coefficients are related to the higher 
“impingement” of the flow to the opposite wall, 
which is driven by a combination of the values of 
the angles θ and β. For a given angle θ, the higher 
the β, the higher the K13. A low value of the angle 
θ is a good choice for the turbine mode but can 
limit the operating range in HSC mode, and vice 
versa. However, a small angle θ coupled with 
a geometry that mimics the shape of a bend 
between pipes 1 and 3 with no sharp edges and 
sudden changes in the flow direction – such as the 
CF2 bifurcation – seems to be a good choice to 
limit the losses and the development of a swirling 
flow in HSC mode. Consequently, T-junctions are 
not recommended for new power plants designed 
to operate in HSC mode and can limit the operat
ing range of existing power plants (as is the case at 
FMHL/FMHL+). In contrast, Y-junctions with an 
angle θ below 80 degrees, an angle β below 50 
degrees and no pipe diameter changes should be 
a good compromise to provide good performance 
in pump, turbine and HSC modes.

The wall pressure fluctuations and the wall shear 
stresses increase in HSC mode compared to pump and 
turbine modes. Special attention should be paid to 
these two quantities, mainly in the case of low-head 
power plants and sediment transport due to the risk of 
cavitation and accelerated erosion.

Steady-state Reynolds-Averaged Navier-Stokes 
(RANS) simulations seem to be sufficient to 

investigate the flow in HSC mode for most of the 
interesting quantities (head loss coefficients, flow 
topology, wall quantities) with an accuracy of 
around 15% for the head losses, for instance, in 
the range of the discrepancy between the empirical 
formulae. Unsteady-state RANS simulations are 
required only in the case of large discrepancies 
between the different turbulence models or if wall 
pressure fluctuations are needed for specific 
investigations.

These new results for the hydropower community 
can be used as guidelines to investigate whether exist
ing power plants are suitable for implementing HSC 
operating modes and can be used in designing new 
power plants with junctions suitable for being oper
ated in HSC mode.

Nomenclature

C Discharge velocity in m s-1

Cf Friction coefficient
D Pipe diameter in m
g Gravitational acceleration in m s-2

k Turbulent kinetic energy in m2 s-2

Ki,j Head loss coefficient
p Pressure in Pa
ptot Surface average total pressure in Pa
P Power in W
Qv Volumetric flow rate in m3 s-1

ReD Reynolds number based on the pipe diameter
S Surface section in m2

u+ Dimensionless wall velocity
y+ Dimensionless wall distance
z Piezometric head in m
c Velocity vector
n Surface normal unit vector
β Angle between pipe 1 and pipe 2
ε Turbulent energy dissipation rate in m2 s-3

γ Discharge ratio
ρ Fluid density in kg m-3

θ Angle between pipe 1 and pipe 3
CFD Computational fluid dynamics
HSC Hydraulic short circuit
RANS Reynolds-averaged Navier-Stokes
RNG Renormalisation group
SST Shear-stress transport
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