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Abstract Rapid urbanization is increasing the demand for public transport in 
Switzerland’s major cities. The new m3 metro line in Lausanne is planned to circu-
late by 2030. Its construction will require a modification of the underground flow 
section of the Flon River vaulting at the Flon metro station. The Flon River drains a 
natural watershed, as well as the combined sewage network of the city of Lausanne. 
Two prior modifications of the vaulting geometry at the Flon station were carried 
out to accommodate the infrastructure of the m2 and LEB metro lines. The research 
aim was to assess the proposed vaulting geometry underneath the m3 by means of a 
hybrid hydraulic modelling approach combining a numerical and physical model in 
order to evaluate the new capacity limit of the system. A design discharge of 90 m3/s 
was defined, corresponding to a 100-year return period. A 3D numerical model at 
prototype scale was developed in the commercial software packages ANSYS Fluent
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and Flow-3D to simulate a multiphase flow. The physical model was built at a reduced 
scale of 1:20 based on Froude similarity. Taking into account the precission of the 
measurements on the physical model and the accuracy of the numerical results, they 
are all within the assumed limitations. Regarding the engineering project, the results 
indicate that the design discharge cannot be maintained under free surface flow condi-
tions with the proposed vaulting geometry. The main limitation for the validation of 
the results is the lack of in-situ stage-discharge data. 

Keywords ANSYS fluent · Flow-3D · Numerical modelling · Physical 
modelling · Urban underground flow 

61.1 Introduction 

As urban areas are growing rapidly, the demand for public transport in Switzerland’s 
major cities is increasing [1–3]. As part of the expansion of the public transport 
network in the agglomeration of Lausanne, a third metro line (hereafter referred to 
as “m3”) will be put in place by 2030. One of the stops will be the Flon metro station, 
which already hosts the m1, m2 and LEB metro lines. The expansion of the Flon 
metro station for the new m3 will require a modification of the historical vaulting 
through which the Flon River flows [4]. This will lead to a change in the underground 
hydraulic section of the Flon River. Several geometries have been proposed for the 
modified stretch of the m3 station. In the context of the m3 engineering works, 
this research aims to assess the proposed vaulting geometry by means of a hybrid 
hydraulic modelling approach in order evaluate the new capacity limit of the system. 

Traditionally, two distinct methods for studying and analyzing hydraulic 
phenomena existed: numerical and physical models [5]. With the rapid develop-
ment of numerical methods, the use of physical models has declined, given the costs 
of such installations [5]. The use of CFD tools for numerical modelling have shown 
to add value to the design and analysis of urban drainage systems, especially in the 
case of combined sewer overflows [6]. Despite numerical methods becoming more 
frequently used for hydraulic problems, a physical model allows to maintain a phys-
ical reality of the studied phenomenon, better observation of the flow and improved 
visualization for communicating results [5]. 

A hybrid modelling approach, combining CFD tools and a physical model, 
has been less commonly used. Nevertheless, some studies of hydraulic problems, 
including in the context of urban drainage engineering, exist. Rubinato et al. [7] 
compared water levels between a 2D numerical model and a physical model to deter-
mine the capacity of a circular sewer inlet under steady state hydraulic conditions. 
Lopes et al. [8] used a full-scale (1:1) physical model to validate a 3D numerical 
OpenFOAM model of a gully to improve urban drainage efficiency during flood 
events. Similarly, Djordjevic et al. [9] used a comparison between a full-scale phys-
ical model and a 3D numerical model to study the interaction between gullies and 
below ground drainage systems. However, most research has compared a numerical
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model to a full-scale experimental set-up and has been focused on smaller features 
of sewer systems, such as manholes and gullies [10]. A hybrid approach combining a 
3D numerical model and a reduced scale physical model for the study of large-scale 
features in an urban drainage network, such as a river vaulting, has not been found 
in the literature. Furthermore, making use of such a hybrid approach to facilitate the 
decision-making process also provides a research gap that will be addressed in this 
study. 

61.2 Background 

61.2.1 Study Location 

The study is carried out on the vaulting of the Flon River at the Flon metro station 
in the city of Lausanne, Switzerland. The Flon River drains a watershed of 23 km2, 
which is natural in the upstream portion and drains the combined sewage network 
of the city on the inferior portion. Before flowing through the vaulting as part of the 
sewage network, part of the Flon River discharge is diverted into the neighbouring 
Vuachère River, with the goal of reducing clear water discharge to the wastewater 
treatment plant. The Flon River eventually reaches the Vidy wastewater treatment 
plant, after which the water is released into Lake Geneva. The landcover of the 
catchment is dominated by urban area. The total length of the river from its source 
to Lake Geneva is 11.5 km and the mean annual discharge is 1 m3/s [11]. 

Historically, the Flon River played an important role in allowing the expansion 
of human settlements since the Middle Age, and later on, promoting the economic 
development of the city of Lausanne [11]. The river was not only used to harness its 
energy through the water mills, but it was also important for evacuating solid and 
liquid waste from the city [11]. However, strong development of industrial activities 
on the riverbanks and rapid urbanization led to several consequences, including 
pandemic outbreaks caused by the wastewater and disastrous flood events [12]. 
Between the nineteenth and twentieth century, the City of Lausanne decided to under-
take construction works to fill the Flon valley and place the river underground in a 
vaulting [11]. 

The Flon vaulting has been subject to several modifications due to historical 
engineering works for the construction of the LEB and m2 metro lines. These works 
took place at the Flon metro station and have changed the hydraulic section of the 
river. Most importantly, these works have led to many transition zones of the vaulting 
geometry, which have created complex flow conditions of the Flon River. In addition, 
the study site is located at a bend, which creates further complexities. The planned 
construction works for the m3 will take place immediately upstream of the m2 stretch 
(Fig. 61.1). 

A 1D analysis of the Flon River vaulting in the context of the m3 engineering 
works was carried out by Bourqui [4]. Several potential geometries were tested for
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Fig. 61.1 Modifications of the Flon River vaulting at the Flon station. The historical works included 
modifications for the LEB and m2 metro lines, which are downstream of the planned m3. The 
historical vaulting remains upstream of the m3 and downstream of the LEB. The planned m3 tracks 
and the m3 Flon station (red lines) and the flow direction (blue arrow) are shown. Taken from 
Bourqui [4] 

the m3 stretch, characterized by a reduced ceiling height and an enlargement of the 
cross-section width (Fig. 61.2). A maximum ceiling height was defined at an altitude 
of 471.3 m a.s.l. (corresponding to a maximum cross-sectional height of 2.5 m) and 
the most favourable geometry is characterized by a maximum width of 8.16 m [4]. 
This geometry will be tested in the numerical and physical models to ensure that 
the capacity is maintained for the design discharge of 90 m3/s, corresponding to a 
100-year return period. Specifically, the following three hydraulic criteria must be 
attained: 

1. The free surface filling ratio must not exceed 85% of available maximum height 
2. A minimum safety margin (freeboard) of 60 cm must be maintained in case of 

floating debris 
3. The flow must not touch the ceiling locally
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Fig. 61.2 Photograph of the inside of the Flon River vaulting looking downstream. The photo was 
taken at the location where the historical vaulting (characterized by the rounded ceiling, locally 
reconstructed with precast concrete elements as transition from the original brick section) will be 
replaced for the new m3. The reduced ceiling height in the background represents the modified 
section for the existing m2. Picture Pierre Bourqui 

61.2.2 Theoretical Background 

61.2.2.1 Flow Classification 

Open channel flow, also known as free surface flow, is characterized by having a free 
water surface exposed to the ambient atmosphere, in contrast to closed conduit or 
pressurized flow [13, 14]. Open channel flow is classed as steady if flow parameters 
(e.g. mean cross-sectional depth, velocity, discharge, surface roughness, slope) do not 
change with time, in contrast to unsteady flow [13–15]. Uniform flow occurs when 
the flow parameters remain constant in the flow direction and thus do not change over 
space [14, 15]. This requires a uniform bed slope, roughness and channel geometry 
(cross-section) in streamwise direction [15, 16]. Thus, the slope of the water level 
(hydraulic grade line), the friction slope (energy grade line) and the physical slope 
of the channel bottom are parallel [13, 14]. The Manning–Strickler equation, most 
commonly used to solve open channel flow problems [17], is given by: 

V = 
1 

n 
R2/3 J 1/2 (61.1) 

with V the mean flow velocity, n Manning’s coefficient, R the hydraulic radius and 
J the energy slope. Given that open channel flow is characterized by a free surface,
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the driving force is gravity [15]. Therefore, the most important force ratio for open 
channel flow is the dimensionless Froude number: 

Fr =
(

intertial  f  orce  

gravi tational  f  orce

) 1 
2 

= 
V 

gL  
√ (61.2) 

with g the gravitational acceleration and L the characteristic length scale, commonly 
given by the mean water depth [15]. When Fr = 1 the flow is termed critical and is 
characterized by unstable flow conditions creating undular waves, when Fr > 1 the 
flow is supercritical with high velocities and small water depths and when Fr < 1 the 
flow is subcritical with low velocities and high water depths [16]. 

The concept of specific energy relative to the channel bottom was first introduced 
by Bakhmeteff et al. [18] and can be used to define critical water depth. It is given 
by the sum of the velocity and pressure heads: 

E = 
V 2 

2g 
+ y = 

Q2 

2gA2 
+ y (61.3) 

with Q the discharge and A the cross-sectional area. The specific energy diagram 
provides the variation in specific energy with water depth for a constant discharge [15, 
16]. The diagram indicates that a given discharge can be passed through the channel 
at two different flow depths, while having the same specific energy. These two depths 
are termed alternate depths and represent subcritical (upper limb) or supercritical flow 
(lower limb) [14, 16]. When the specific energy reaches its minimum, the critical 
flow condition is attained (Fr = 1), known as the critical depth (hcrit). 

61.2.2.2 Physical Modelling Scale Effects 

Scale effects refer to differences in physical behaviour occurring between a real-
world prototype and its down-scaled physical model, potentially causing misleading 
predictions [19]. Scale effects are caused by non-identical force ratios between a 
physical hydraulic model and the prototype observations, which results in deviations 
between the two [20]. The only scale at which all factors are consistent and there are 
no scale effects is 1:1 (λ = 1) [20]. As λ increases, the modelled force ratios diverge 
from the prototype ratios and thus, the scale effects become larger [20]. 

Model-prototype similarities include geometric, kinematic and dynamic similari-
ties [20–22]. These three conditions must be met in order to have complete mechan-
ical similarity between a prototype and its model, and therefore no scale effects. 
Geometric similarity (length-scale equivalence) means the length dimensions can be 
scaled by a constant scale factor [23]. Kinematic similarity (time-scale equivalence) 
refers to the similarity in the motion of model and prototype particles, requiring
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constant ratios of acceleration, discharge, time and velocity in the model and proto-
type [20, 22]. Dynamic similarity (force-scale equivalence) refers to constant force 
ratios and it is the most restrictive similarity condition [20]. 

Since it is impossible to maintain all relevant force ratios constant, the force ratio 
that dominates the physical phenomenon being investigated should be selected. For 
most hydraulic studies involving free surface flows, Froude similarity is used [24]. 
However, scale effects may arise due to the Reynolds number. A sufficiently large 
Reynolds number (Re > 105) implies that scale effects on the flow will be minimal 
[21, 22] 

61.3 Methods 

61.3.1 Numerical Method 

61.3.1.1 Fluent 

A 3D numerical model at prototype scale was created in ANSYS 2019 R1. The 
research methodology is presented in Fig. 61.3. The geometry was imported into 
ANSYS SpaceClaim from an Inventor drawing and covers a total length of 152.7 m 
with a slope of 1.03%. After simplification of the faces, a tetrahedral mesh was 
created using the ANSYS meshing tool, with a refinement in the form of an inflation 
along all walls. A sensitivity analysis was conducted with four mesh configurations

Fig. 61.3 Research methodology flow chart showing the pre-processing (blue and turquoise), 
processing (orange) and post-processing (red) steps
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Fig. 61.4 Selected mesh with a maximum element size 0.4 m. The historical vault (left) and 
rectangular LEB cross-section (right) are shown 

of varying element sizes (0.2, 0.3, 0.4 and 0.5 m) to obtain representative results. 
Following this analysis, the mesh with an element size of 0.4 m was selected, which 
contains 518,964 elements and 188,330 nodes (Fig. 61.4).

The mesh was imported into ANSYS Fluent, which solves the Navier–Stokes 
equations using the finite volume method. For the boundary conditions, the inlet was 
set as a velocity inlet with a velocity of zero for the air phase and a transient velocity 
input with a uniform velocity distribution across the cross-section for the water 
phase. The transient velocity input allowed for a progressive increase in velocity, 
resp. discharge during the simulation. Specifically, three velocities were defined: the 
mean annual discharge of the Flon River (1 m3/s), the velocity corresponding to 
half the simulated discharge and the velocity corresponding to the discharge being 
simulated. For each velocity, the corresponding water level was defined based on a 
theoretical Strickler analysis. The outlet was defined as a pressure outlet with a gauge 
pressure representing atmospheric pressure. The backflow of water at the outlet was 
prevented by selecting the volume fraction specification to backflow volume fraction 
with a value of zero. Walls were assigned a no-slip shear condition. An equivalent 
sand-grain roughness, representing only the roughness of the surface, was defined 
according to the type of construction material of the vaulting (ks = 5 mm for  the  
historical vaulting and the base of the entire geometry; ks = 1 mm for the newer 
geometries: m2, m3 and LEB stretches). Hybrid initialization was computed from 
the velocity inlet. 

A pressure-based transient solver was used. To simulate multiphase flow, the 
volume of fluid (VOF) method, first developed by Hirt and Nichols [25], was selected 
for modelling the interface between the liquid (water) and gas (air) phases. For this, 
the volume fraction α is computed for each cell (α = 1 indicates the cell is filled 
entirely with water, α = 0 indicates the cell is filled with air and 0 < α < 1 indicates the 
presence of a liquid–air interface) [26]. The RNG k-ε turbulence model was selected. 
The RNG option, first developed by Yakhot and Orszag [27], is more accurate than 
the standard k-ε model and allows application to a wider range of flows [28]. A 
summary of the numerical model setup is given in Table 61.1. The simulation time 
was set to 180 s to achieve steady state conditions. A variable time stepping method
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Table 61.1 Numerical setup 
of the 3D Fluent model 

Property Setting 

Solver Pressure-based transient 

Viscous model k-ε (RNG option) 
Pressure–velocity coupling 
scheme 

Simple 

Spatial discretization: Gradient Least squares cell based 

Spatial discretization: Pressure Body force weighted 

Spatial discretization: Momentum Second order upwind 

Spatial discretization: Volume 
fraction 

Compressive 

Spatial discretization: Turbulent 
Kinetic Energy 

Second order upwind 

Spatial discretization: Turbulent 
Dissipation Rate 

Second order upwind 

Transient formulation First order implicit 

was defined, with a global Courant number of 1, a minimum time step size of 0.05 s 
and a maximum time step size of 10 s. Convergence was monitored through basic 
convergence criteria. 

Seven discharge scenarios were tested: Q = 20, 30, 40, 60, 70, 80 and 90 m3/s. The 
latter is the design discharge, corresponding to a return period of 100 years. Twelve 
measurement locations were defined, representing changes in hydraulic section 
(Fig. 61.5). The model was validated at measurement location 2 by comparison 
to a theoretical Strickler analysis and 1D HEC-RAS model. In addition, a compar-
ison to the experimental data from the physical model was carried out, as done by 
[29]. Visualization was done in ParaView 5.8.0. 

Fig. 61.5 Positioning of the 12 measurement locations representing changes in hydraulic section
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Fig. 61.6 Visualisation of the Flow-3D mesh with rectangular elements 

61.3.1.2 Flow-3D 

A second 3D numerical model was set up in Flow-3D, which takes into account 
the gravity and turbulence physics models. The water was modelled at 20° C with a 
density of 1000 kg/m3 and a dynamic viscosity of 0.001 kg/m/s. The gravity acceler-
ation was defined to be 9.8 m/s2. The k-ε model was chosen as the turbulence model 
in the Reynolds Averaged Navier Stokes (RANS) equations. Flow-3D numerically 
solves the continuity and momentum equations using finite-volume approximation. 

The flow region was subdivided into a mesh of fixed rectangular cells (30 cm in x 
and y, 10 cm in  z; Fig.  61.6). With each cell there are associated local average values 
of all dependent variables. All variables are located at the centers of the cells except 
for velocities, which are located at cell faces (staggered grid arrangement). Curved 
obstacles, wall boundaries and other geometric features are embedded in the mesh by 
defining the fractional face areas and fractional volumes of the cells that are open to 
flow. The Fractional Area-Volume Obstacle Representation (FAVOR) method used 
exclusively in Flow-3D eliminates the stair step effect that might otherwise occur 
with a simple Cartesian grid system by smoothly blocking out fractional portions of 
grid cell faces and volumes. 

A no-slip condition was considered on the solid walls. In the current study and 
for a sufficiently small ks (equivalent sand roughness coefficient) compared to the 
much larger grid size, this will lead to a wall being treated as a smooth surface. 

61.3.2 Physical Model 

A reduced-scale physical model was built according to Froude similarity with λ 
= 20. The construction material primarily consisted of PVC (Fig. 61.7). The slope
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Fig. 61.7 View of the physical model with the measurement railings on the side looking down-
stream (left). Measurements of water level were done on the left and right sides by reading off scale 
bars and in the center with a needle gauge (right) 

was fitted by regularly spaced adjustable legs. Flow to the model is supplied by the 
internal hydraulic circuit of the laboratory. The measurement locations were the same 
as for the numerical model. Measurement location 2 (refer to Fig. 61.5) was used 
for the roughness calibration. Only one discharge scenario could be fully tested (Q 
= 40 m3/s) due to higher water levels than expected. Discharges ranging from Q = 
2 m3/s to Q = 67 m3/s were tested to establish the rating curve. An electric resistance 
needle gauge was used to measure the time averaged water surface elevation at the 
center of the sections even with slightly wavy flow conditions. 

61.4 Results 

61.4.1 Model Validation 

Figure 61.8 presents the results of the numerical model validation, which was carried 
out at measurement location 2. For all discharges, the 1D HEC-RAS water surface 
profile is lower than the 3D results, with the difference increasing as discharge 
increases. The theoretical Strickler analysis predicts a slightly higher normal water 
depth than the 3D water surface profile for the design discharge, with a difference 
of 0.12 m (4%). A comparison to the physical model for Q = 40 m3/s shows that a 
higher water level is measured on the physical model compared to the 1D and 3D 
models, roughly 0.3 m higher. 

The rating curves obtained from the 3D Fluent, Flow-3D and 1D HEC-RAS 
models, as well as experimental data from the physical model and the normal height 
from the theoretical Strickler analysis are presented in Fig. 61.9. The 1D results 
indicate slightly lower water levels compared to the physical model and the 3D 
models. The 1D HEC-RAS simulation of the water line takes into account cross-
sectional average minor loss due to the presence of a bend. At low discharges, the
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Fig. 61.8 Validation of the 3D Fluent numerical model for cross-section 2 by comparing to the 
1D HEC-RAS results for varying discharges. The design discharge predicted by the 1D model far 
exceeds the cross-section height, as pressurized flow occurs. In this case, the strickler analysis is 
provided instead. Comparison to the physical model was only possible for discharge values below 
some 70 m3/s 

physical model coincides with the Strickler analysis, while as discharge increases, so 
does the deviation from the Strickler analysis. The 3D Fluent results follow closely 
the theoretical Strickler analysis, while the Flow-3D model estimates a slightly higher 
water level. The 3D Fluent model predicts a Froude number close to 1 for all discharge 
scenarios, while the theoretical Strickler analysis and 1D HEC-RAS models predict 
supercritical flow conditions all along. 

It is hypothesized that the water surface elevation prediction from the 3D numer-
ical model has an accuracy of ± half the vertical mesh cell size. Flow-3D and Fluent 
both use the VOF technique, which is based on the idea that in each grid cell the 
fractional portion F of the cell volume that is occupied by the fluid is given. The 
fractional volume F has a value between 0.0 and 1.0 and the free surface is located 
in any cell element having an F value lying between these limits. Thus, the upper 
limits of the free surface predicted by the two 3D numerical models follow closely 
the lower limit of the physical model measurements. 

61.4.2 Water Surface Profiles 

The cross-sectional water surface profiles are shown in Fig. 61.10 for cross-section 4. 
For Q = 70, 80 and 90 m3/s, the water level touches the ceiling locally at cross-
sections 4, 5, 7 and 9. At cross-section 7, the design discharge fills the entire hydraulic
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Fig. 61.9 Rating curves for the theoretical strickler analysis (green, continuous line), 1D HEC-
RAS model (orange), 3D Fluent model (red), Flow-3D model (light blue) and physical model (dark 
blue). The hypothetical water surface elevation accuracy of the two 3D numerical models is given 
by the error bars and represents half the maximum mesh element size in the z direction (0.2 m 
for Fluent and 0.05 m for Flow-3D). The Flow-3D model predicts pressurized flow above a value 
between 70 and 80 m3/s, as there is no wall inflation layer close to the ceiling, while the flow in the 
Fluent model remains at free surface 

section. This is also the case at cross-section8 for Q ≥ 60 m3/s. Therefore, the 
hydraulic criterion requiring that the water level does not touch the ceiling locally is 
only fulfilled at cross-section1, 2, 3, 6, 10 and 12 for the design discharge. 

The effect of the bend in the geometry is evidenced by the non-horizontal water 
surface profiles, seen by an inclination towards the outer left. The safety margin and 
free surface filling ratio hydraulic criteria are only fulfilled for the design discharge at 
cross-section 1 and 3. At cross-sections 7 and 8, corresponding to the m2 stretch, none 
of the simulated discharges fulfils these two hydraulic criteria. These results identify 
the most problematic cross-sections to be along the m2 stretch (cross-sections 7 and 
8). The problematic region is not only limited to the m2 stretch, as the pressurized 
flow taking place at cross-section 8 is likely to explain the high water levels at the 
next downstream cross-section 9, as this cross-section presents a greater hydraulic 
section. 

The longitudinal profiles of the water surface along the center line of the geom-
etry for five discharge scenarios are given in Fig. 61.11. The five scenarios show 
similar patterns, with a decrease in water level underneath the m3 stretch due to the 
local widening of the section. Following this, the water level for Q = 40 and 60
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Fig. 61.10 Water surface profiles from Fluent for cross-section 4 (m3 stretch, view in flow direction) 
for Q = 40 m3/s (orange), Q = 60 m3/s (green), Q = 70 m3/s (red), Q = 80 m3/s (turquoise) and 
the design discharge Q = 90 m3/s (purple). The effect of the non-horizontal water surface due to 
the bend is clearly visible 

Fig. 61.11 Longitudinal water surface profile from the Fluent model along the center line of the 
geometry for five discharge scenarios. The horizontal axis refers to the distance from downstream 
of the 1D HEC-RAS model, in order to facilitate comparison
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m3/s increases slowly towards the m2 stretch, with the water level for Q = 60 m3/s 
reaching the ceiling of the m2 stretch. In contrast, for Q = 70, 80 and 90 m3/s, the 
decrease in water level underneath the m3 stretch is followed by a sharp increase at 
the transition between the m3 and m2. This is likely to be a hydraulic jump, which 
was also evidenced in the 1D HEC-RAS model. Following the m2 stretch, which is 
characterized by the most limiting ceiling height, the water level increases again for 
all discharges due to an increase in cross-section height, before slowly levelling off 
throughout the LEB stretch. Finally, following the transition from the LEB stretch 
to the historical vaulting, which coincides with a narrowing of the hydraulic section, 
the water level increases again. The water surface profiles extend well beyond the 
two hydraulic criteria presented in Fig. 61.10 and the only discharge at which the 
ceiling is not touched locally is Q = 40 m3/s.

The longitudinal water surface profile for the left and right banks based on the 3D 
numerical model and experimental data from the physical model is given for Q = 40 
m3/s (Fig. 61.12). The greatest differences in water level between the left and right 
banks, as well as between the numerical and physical models, are seen underneath 
the m3 stretch. The numerical and physical models coincide closely for the LEB 
stretch. Overall, the physical model predicts higher water levels than the numerical 
model. 

Measurements on the physical model all along the model were only possible for Q 
≤ 40 m3/s, except at measurement location 2. The experimental data were added to the

Fig. 61.12 Longitudinal water surface profiles from the Fluent model for the left and right banks 
for Q = 40 m3/s based on the numerical model (red) and physical model (blue)
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Fig. 61.13 Hydraulic phenomena on the physical model at Q = 17.9 m3/s (10 l/s on the model). A 
shockwave (red outline) on the m3 stretch was formed from left to right (left). The wave is caused 
by the sharp edge, which corresponds to the bend in the geometry. A hydraulic jump immediately 
upstream of the lowered m2 stretch was also seen (right)

previous figures for comparison to the numerical model. Photographs of the hydraulic 
conditions in the physical model are shown in Figs. 61.13 and 61.15. Two hydraulic 
phenomena were evidenced: a shockwave and hydraulic jump, as the flow is mainly 
supercritical. A shockwave on the m3 stretch was already visible at low discharges 
as soon as the flow extended beyond the invert capacity. This was also visible on 
the 3D numerical model (example from Flow-3D, Fig. 61.14). This shockwave can 
be explained by the abrupt geometrical transition between two differing hydraulic 
sections. Specifically, this is caused by the sharp change in flow direction. This 
shockwave remained present at higher discharges, but at a higher water level and 
an observed increase in speed of propagation. At low discharges, a hydraulic jump 
was present immediately upstream of the m2 stretch. This hydraulic jump can be 
explained by a local change in flow regime from supercritical to subcritical, caused by 
a reduction in hydraulic section underneath the m2 stretch. Increasing the discharge 
led to a displacement of the hydraulic jump upstream of the m3 stretch. At Q = 
28 m3/s, water already began to touch the m2 ceiling locally at the left outer edge, 
and by 40 m3/s, the entire hydraulic section of the lowest m2 stretch was filled with 
water. This causes the water level to rise upstream and downstream of the lowered 
section as well.
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Fig. 61.14 Shockwave visible on the Flow-3D model (circled in red) 

Fig. 61.15 Hydraulic phenomena on the physical model for Q = 40 m3/s (22.4 l/s on the model), 
with the flow direction indicated by the white arrows. The top view of the m2 stretch, with red 
arrows indicating the extent over which the flow fills the entire hydraulic section (left). Side view 
of the m2 stretch (right). The red lines indicate the water level upstream and downstream of the 
lowered stretch. The flow fills the entire hydraulic section of the lowered section, causing the water 
level to rise upstream and downstream 

61.5 Discussion 

61.5.1 Assessment of the Capacity Limit of the System 

The 3D numerical and physical models revealed that the design discharge exceeds 
the free surface capacity limit of the system. Specifically, at the two cross-sections of 
the m2 stretch, the design discharge completely fills the hydraulic section, indicating 
pressurized flow conditions. Even at lower discharges, these two cross-sections do not
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allow a locally sufficient freeboard below the ceiling. Specifically, pressurized flow is 
likely to occur at cross-section 8 for Q≥ 60 m3/s and already at Q= 40 m3/s, the water 
level is very close to the ceiling. Results from the 3D Fluent model predict Froude 
numbers close to 1. Transitional flow behaviour occurs for Froude numbers between 
0.7 and 1.5, for which free surface waves, including undular (weak) hydraulic jumps 
are commonly observed [30]. Model validation revealed that the physical model 
presents higher water levels for all discharges than both the numerical models. This 
was also the case for the longitudinal profile, for which the water level reaches the 
ceiling underneath the m2 stretch. This may suggest that the 3D numerical model 
underestimates the water level (or that the physical model overestimates is); however, 
no clear quantifiable indication on the real capacity limit of the system could be given. 
Another explanation could be a higher roughness of the physical model, but in this 
case study, the model walls were built with very smooth transparent PVC elements 
and only the bottom and invert have an artificial roughness according the Froude 
scaling similitude. However, as the measured and simulated water levels more or less 
coincide for the lowest tested discharge, this argument can potentially be dismissed. 

The three pre-defined hydraulic criteria cannot be met for all measured cross-
sections for higher simulated discharges. This suggests that the capacity limit of the 
system is inferior to 40 m3/s. This low capacity limit may lead to pressurized flow 
conditions, causing the flow to rise up to the surface through manholes and gullies 
in a phenomenon known as geysering [10]. Not only would this be a threat to public 
safety, but also to the electrical installations of the metro lines at the Flon station. 

61.5.2 Accuracy 

The accuracy of the numerical model is influenced by errors and uncertainties. Errors 
are primarily caused by numerical approximations, which cannot be eliminated. This 
is because the Navier–Stokes equations that are solved remain approximations and 
that convergences criteria requires some limitations. These errors are likely to be 
insignificant. Uncertainties refer to deficiencies in the model caused by a lack of 
knowledge [31]. This may be due to uncertainties in the geometry, mesh or boundary 
conditions. Furthermore, the physics selected to represent the flow may be incorrect 
or insufficient, such as the turbulence model. The greatest source of uncertainty in 
this research is likely to be due to the boundary conditions, which would require 
in-situ data for better parameterization as well as a sensitivity analysis. 

The accuracy of the physical model may be influenced due to scale effects, causing 
differences in behavior between the prototype and model. Given that Froude simi-
larity was applied, scale effects may arise due to Weber (surface tension effects) 
and Reynolds (viscous effects) numbers. A further source of inaccuracy may origi-
nate from the accuracy of the scale bars and the measurements that were taken. The 
accuracy of the discharge is smaller than 0.36 m3/s (prototype), and the accuracy 
of the height is 1 mm (model). Some local waves also occurred, which can affect 
the local height of the flow. Finally, the roughness may differ from the prototype,
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despite attention that was given to reproduce similar roughness according to Froude 
similarity. 

61.5.3 Limitations 

The lack of on-site data is considered as the most significant limitation, as no in-situ 
measurements were available. Therefore, several assumptions had to be made in both 
the numerical model (e.g. boundary conditions, α value) and physical model (e.g. 
surface roughness). 

61.5.4 Outlook 

The proposed next steps for the m3 engineering project include repeating the hybrid 
modeling approach on the current vaulting geometry to determine if the current 
capacity limit meets the requirements of the design discharge. As a next step, the 
geometry of the m3 stretch should be reviewed. 

Future research should aim at obtaining in-situ data to better parameterize the 
boundary conditions and to calibrate the surface roughness. The influence of the 
scale effects on the accuracy of the physical model could also be studied. 

61.6 Conclusions 

The aim of this project was to investigate the choice of the Flon River vaulting 
reserved space for the construction of the m3 metro line by means of a hybrid 
approach combining two 3D numerical models and a physical model for a design 
discharge of 90 m3/s. The numerical and physical models revealed that the design 
discharge exceeds the capacity limit of the system, which is also likely to be the 
case in the current situation without the planned m3. The modelled capacity limit of 
the system was evaluated to be below 40 m3/s if pressurized flow is to be avoided. 
Therefore, the proposed geometry for the new m3 metro line cannot be confirmed. 
The current capacity limit of the system should be evaluated to guide the next steps 
of the engineering project. Finally, there is great scope for future research to study 
the limitations and inaccuracies that were identified in this study. 
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