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Abstract: Hydropower is an important source of renewable energy. Due to ageing infrastructure,
more and more existing hydropower plants have to be refurbished and modernised. This includes a
complete review of the design parameters as well as the change of specific parts. Investments should
be targeted to improve the overall performance of hydropower plants and ensure a long lasting life
extension. This paper presents the concept of the submerged wall as a local high point in the headrace
tunnel, which can—in combination with the intake gates—replace existing penstock shutoff valves.
Such a replacement was conducted for the hydropower plant Schneiderau in Austria, which also
allowed us to prove the concept based on measurements including a simulated break of the penstock.
The presented solution can help to reduce investment costs and also minimise maintenance efforts
and therefore is an attractive option for classic penstock shutoff valves for comparable projects.

Keywords: retrofitting; simulated break; ANSYS-CFX; WANDA; nature measurement

1. Introduction

In 2019, hydropower generated 4.305 TWh of electrical energy worldwide according
to the 2020 status report of the International Hydropower Association [1]. The reported
15.6 GW increase of installed capacity was achieved in 2019 due to projects mainly located
in East Asia and Pacific and South America. Key topics in Europe are the expansion
of the pumped storage capacity and the modernisation of existing hydropower plants
(HPPs) [1]. The bigger variability of other renewable energy sources in the electrical grid
can be compensated with hydropower (including pump storage), which needs flexible
operation under constantly changing conditions. Those challenges can be met by improved
control strategies, innovative solutions for the generator design, including variable speed
due to power electronic converters, and the availability of a digital twin covering the
complete system [2]. Rahi and Chandel [3] provide an excellent overview of the main
areas of potential refurbishment of HPPs including a focus on the turbine and especially
the runner, which has to withstand more changes in operation [4,5] and is a key part of
achieving optimal electricity production.

Existing HPPs and their reservoirs face further significant challenges caused by cli-
mate change [6,7] and the incoming sediment [8–10]. Nature measurements of velocities in
reservoirs [11,12] are a key part of improving the numerical models and find the ideal solu-
tions of sediment management [13]. Strategies should target the reduction of the incoming
amount of sediment and can include the installation of a sediment bypass tunnel [14].
In the worst case scenario, the adaptation of the intake structure is a temporary solution
to maintain the HPP in operation [15–17]. Ongoing modernisation efforts also allow the
reduction of the environmental impact of HPP, which also includes the development of
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new fish protection concepts [18–20]. Additional changes of the core hydraulic structures
are also needed. An example of such a needed modification is the update of the throttle to
ensure the functionality of the surge tank [21–23]. The prevention and risk reduction of
potential disaster situations are also receiving more and more attention.

In addition to those general challenges, specific aspects have to be considered for
high-head power plants, which include longer pressurised conduits. A headrace tunnel
with a lower pressure rating can cover a longer horizontal distance between the upper
reservoir and the turbines and is typically connected upstream of the penstock at the
surge tank. The penstock is the part of the hydropower plant in which the geodetic height
(potential energy) is reduced and the available pressure in the conduit increases. The peak
pressure load is further increased due to water hammer effects caused by any change of the
discharge. Increased numbers of changes in the operation of the HPP can lead to additional
fatigue of the penstock [24,25] and under specific conditions can also lead to a failure of
the penstock [26]. A specific risk is the corrosion of steel pipes [27] and the complexity of
the complete system, especially for a penstock constructed through a dam [28]. The risk
management includes a detailed design of the measurement instrumentation to detect a
potential problem [29], as well as regular inspection and maintenance of all critical parts of
the penstock [30]. New methods have a high potential to increase the speed and accuracy
of inspection [31] and therewith help to reduce the costs without compromising the quality.
In addition to regular maintenance, a reliable monitoring of the penstock is essential,
especially for aboveground systems, which are less protected than underground pipes.
Consequently, the installation of rupture valves or penstock shutoff valves (PSV) [32] is a
vital part of the limitation of the potential risk caused by a catastrophic case.

In recent projects [33–35], a local high point was installed to separate the penstock
from the headrace tunnel after closing the inlet gates at the upstream reservoirs instead of
a PSV. Section 2.3 describes this concept in detail, which was adapted to be integrated in
the refurbishment of an existing hydropower plant. The chosen methodological approach
for the design of the adaptation is summarised in Section 2, which also highlights the
uncertainties in the numerical modelling of such an extreme case. Section 3 presents the
unique measurements conducted at the refurbished hydropower plant, which are used as
a check for the numerical simulations as well as the overall concept of the local high point
The observation also included a simulated break of the penstock, proving the functionality
of the presented solution. Both parts, namely the numerical simulations and measurements
at the hydrpopower plant, are discussed in Section 4. The methodological approach, as
well as the principal solution, can be adapted for future projects and the found research
gaps are a starting point for further work considering the more realistic modelling of
penstock failures.

2. Materials and Methods
2.1. Overview

This paper can be split into two different parts: (a) methodological approach of
the design process and (b) the results of the measurements proving the functionality of
the implemented solution. In a first step, Section 2.2 introduces the hydro power plant
(HPP) project specific boundary conditions. The concept of the submerged wall as a
local high point is introduced in Section 2.3. A detailed overview of the different stages
of the design process of the wall can be found in Section 2.4. Therefore, a combination
of 1D- and 3D-numerical simulations were used. After the implementation of the wall
in the HPP, a series of measurements were conducted to validate the numerical results
(Section 2.5). The results of those unique nature measurements are summarised in Section 3
and discussed in Section 4.

2.2. Project-Related Background

The hydropower plant (HPP) Schneiderau is part of the power plant group Stubachtal
(Salzburg, Austria), owned by the Austrian Federal Railways (ÖBB). Originally built



Water 2021, 13, 2247 3 of 17

between 1936 and 1944, a second penstock was added in 1965. A total discharge of
10.8 m3/s with a total gross head of 420 m powers four Pelton turbines. Both penstocks
have an initial nominal diameter of 1.6 m, which is reduced to 1.2 m with increasing
pressure level. The original concept allowed the separation of the two penstocks from
the headrace tunnel based on rupture valves or penstock shutoff valves (PSV) [32]. For
redundancy, two butterfly valves for each penstock were installed. They are located in
a protected cavern in the main flow direction after the surge tank and upstream of the
aboveground penstocks. Figure 1 provides an overview of the conducted modifications as
part of the refurbishment in 2014.

Figure 1. Main components of the new protection concept—intake gates (a) with additional ventilation (b); the new wall at
the bottom of the surge tank (c,d) and division of the two penstocks including the valves (e)—blue arrows indicate the main
flow direction under normal operation—M1 indicates the filling pipe which was used as an upstream measurement point
and M2 marks the downstream measurement point.

The installed PSV has two main uses, which include (a) the reduction of water loss
while maintaining of the penstock and (b) limiting the potential discharge due to a catas-
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trophic event causing a damage at the penstock (emergency case). Closing the valves allows
the emptying of and access to each penstock while keeping the headrace tunnel (diameter
over 2.2 m and length of 1.5 km) flooded. Furthermore, the valves also close automatically
in case a discharge is measured that is 20% bigger than the maximum operational discharge.
This measurement is conducted independently close to the valves at the beginning of the
penstock and could automatically trigger the valves. This advantage of this autonomous
system also has its challenges. If damage to or a leakage of the penstock occurs when the
HPP is not working or not all turbines are operating, the water loss is only detected after
reaching the chosen threshold [36]. Consequently, this situation was improved as part of
the modernisation of the HPP Schneiderau. Now, two independent measurements of the
discharge on both sides of the penstock are available to calculate the discharge difference.
Based on this concept, a maximum absolute and/or relative difference can be chosen to
trigger the emergency response. The accuracy of those discharge measurements are typi-
cally 0.25% for laboratory applications [37] and is in the range of 1% for very big penstocks,
like that of the Three Gorges Power Station with a penstock diameter of 12.4 m [38]. It also
depends on the correct location and design of the instrumentation [39–41], which is critical
for a correct measurement.

The full closing process of the PSV of the HPP Schneiderau was extended to 270 s,
which ensured that the caused pressure wave and the needed air volume [42–46] do not
exceed the capabilities of the hydraulic system. Those valves were safety-relevant and had
to be maintained, moved and checked regularly by a specially trained group. The acces-
sibility of the valves is challenging especially in the winter months due to the danger of
avalanches on the access roads. All four valves were close to the end of their operational
life and would have to be replaced in the short to medium-term. Those circumstances
started the planning process to find an alternative solution, which was found with the
installation of the submerged wall in the surge tank (Section 2.3). Comparable installation
can be found in hydraulic systems to ensure that pressurised pipes keep filled under all
steady circumstances [47]. The project was realised in 2014 and has been successfully in
use since then. Detailed aspects of the concept were further investigated both numerically
and experimentally [48–50]. The presented project triggered an ongoing research interest in
the refurbishment of existing hydraulic infrastructure as well as catastrophic cases, which
have to be included in the design process and the evaluation of HPP.

2.3. Concept of the Submerged Wall

Aboveground penstocks are more commonly used as part of older hydropower plants
(HPPs). Current projects mainly use a complete underground system, which—in addition
to other advantages—fully protect the steel liner of the penstock. In the case of such a new
HPP, those additional valves, which are located at the connection point of headrace tunnel
and the penstock, help to reduce the water loss for maintenance tasks.

The recently built new pump storage hydropower plants, Limberg II and Reißeck II
(both Austria), can achieve such a separation without a mechanical valve by including a
local high point close to the surge tank. This change in the slope of the headrace tunnel was
integrated in the lower chamber of the surge tank, which is an expanded cross section of
the headrace tunnel [33–35]. The maximum direction change of the tunnel boring machine
was, in this case, the limitation and allowed an integration with very small losses of the
available gross head. Under normal operation conditions, this section is fully filled and the
water flows over the local high point. After closing the intake gates, the water upstream of
the local high point levels out and allows it to be stored there while emptying the penstock.
As shown in Figure 2, the presented concept with the submerged wall utilises the same
fundamental concept but reduces the needed change in the hydraulic structure to adapt
existing water ways. The downside is increased losses, which have to be compared with a
significant reduction of the investment cost as well as the construction time. Such a solution
is obviously more likely to be chosen for existing HPPs.

Figure 2 provides a sketch comparing the original concept with the new approach and
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summarises the main components of the hydraulic system. The PSV is the main component
in the original system (Figure 1c). The valves close automatically, as well as the intake
gates, after the detection of potential damage. This proceeding separates the upstream
reservoir and holds back the water upstream of the PSV. The new protection concept does
not need the PSV and mainly uses the intake gates. Those two replaced gates located at
the upper reservoir close to 100 s after triggering an emergency proceeding (Figure 1a).
The closing time is a result of an optimisation process considering the limitation of the
gate as well as the needed ventilation behind the gate, which required additional pipes
(Figure 1b). Similar to the previous concept, the upper reservoir is separated from the
downstream hydraulic structure. The water level in the headrace tunnel decreases down
to the top of the newly included wall (Figure 1d,e), which allows storage of the water
volume independently of what happens with the penstock. A bypass pipe provides the
opportunity to fill the penstock slowly, which is also used for the presented measurements
in Section 3. This can only be done with personnel on-site, which is deliberate, ensuring
that the complete downstream waterway has been checked previously. The advantages
and disadvantages of the concept are further discussed in Section 4.

Figure 2. Sketch of upper part of a power plant comparing the original (right side) and adapted version, which only uses
the intake gates—the additional needed excavation is indicated by a grey dashed line—horizontal dashed lines indicated
water levels.

2.4. Design Process Based on Numerical Simulations

The first aim of this paper is to provide an overview of the methodological approach to
achieving the final geometry that was implemented. Figure 3 visualises the different steps
from the initial feasibility study to the final measurements after the refurbishment of the
HPP. Two different numerical approaches were used: 1D-numerical simulations covering
big parts of the hydraulic system and local refinements with 3D-numerical simulations.

Figure 3. Methodological overview, from the initial feasibility study to the final validation and usage
of the 1D and 3D-numerical approach.

The starting point of the project was a feasibility study conducted mainly with the
1D-numerical software WANDA [51–53]. This commercial product has the capability of
combining pressurised pipes as well as free surface flow inside a conduit. Consequently,
the software is capable of covering the original system as well as the new approach with
the wall. The main findings of the 1D-numerical simulations were:

• The needed height of the wall is close to 6 m (Figure 4), which allows us to achieve a
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similar total outflow volume at the modelled break outflow condition to that under
the original version with the PSV;

• The water level behind the wall remained very close to the top of the wall;
• The closing time of the intake gate at the inlet of the upper reservoir could be optimised

and the needed ventilation estimated;
• The adaptation does not have a negative influence on the surge tank oscillation;
• No new operational limitations had to be introduced and it could be ensured that,

even in the case of a low water level in the upper reservoir, enough water flows over
the wall.

Figure 4. Comparison of the original geometry of the surge tank in green (a,b) with the new approach including the wall
and extra excavation (c,d)—normal flow direction under steady operation marked with blue arrows—M1 indicates the
filling pipe which was used as an upstream measurement point and M2 marks the downstream measurement point.

For the design of the needed height of the wall, a worst case scenario was assumed
by removing both penstocks at the same time at the first anchor block after the surge
tank. Kröner et al. [36] investigated the influence of the location of the damage based
on a generalised HPP with a single penstock. Therefore, three different options, namely
at the top, middle and bottom of the penstock, were compared. A location closer to
the turbine and with a lower geodetic height results in an increasing available pressure
at the break. The potential acceleration of the flow in the penstock due to the damage
is larger. Consequently, the initially chosen approach potentially underestimated the
flow. In reality, occurring cavitation will limit the total discharge [54–56]. The initial
1D-numerical simulations deliberately ignored the potential reduction to be on the safe
side and focused on the relative comparison between both systems, namely the original
PSV and the new concept based on the submerged wall. WANDA includes a cavitation
model and in Kröner et al. [36], a specific model adaptation was presented, which allows
the control of the outlet pressure at the modelled damage so that no cavitation occurs in
the system. This will only allow an expanded simplification and there is a big potential for
further research to improve such simulations of extreme cases.

The 1D-numerical simulation indicated that the water level behind the wall remained
very precisely at the height of the top of the wall. This was later also shown in a simplified
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experimental set-up as part of the dissertation of Seibl [48] and an initial version was
presented in Seibl et al. [50]. Furthermore, the wall limits the potential increase of flow
speed in the headrace tunnel due to a massive leak, hence the water always has to flow over
the wall and the headrace tunnel stays filled. A variation of the closing speed of the intake
gate was conducted based on the numerical simulation to find that the improvements after
a certain value was not significant anymore. The chosen 100 s are a compromise of speed
and implementation at the intake of the HPP Schneiderau. Two additional pipelines were
installed to provide enough ventilation behind the gates (Figure 1b). The optimisation
process focused on the global system using the initial 1D-numerical simulations, which
also included a detailed investigation of the flow around the additional submerged wall.
This was done with the help of 3D-numerical simulations with the software ANSYS-CFX.
The main aim for this optimisation was to reduce the needed additional excavation as
well as the additional local head loss due to the change. Therefore, the original geometry,
including all the (lower) chambers, was simulated to quantify the original losses, which
occurred due the the connection of the surge tank and the sand traps. Different concepts
were investigated to change the shape of the additional excavation or the potential inclusion
of structures to guide the water. It could be shown that a vertical wall is a comparably
good solution but it has to be ensured that enough space is around it and that a further
expansion has no influence on the total head loss. The split of the removable wall section
and a concrete wedge were introduced based on static reasons, to guide the water better
over the wall and also to allow improvement of the accessibility of the headrace tunnel for
future maintenance work. Each segment was light enough so that it could be removed and
so that nothing obstructed the access of the headrace tunnel through the lower chamber
of the surge tank. The 3D-numerical simulation presented in Section 3.3 was conducted
after the project’s end and the original geometry was compared with the final version of
the wall to provide an insight into the change of the flow conditions caused by this change.

2.5. Measurement

The conducted refurbishing work included a new intake trash rack made of stainless
steel, reinforcements in the headrace tunnel and the installation of the wall. It was decided
that the existing, and now no longer needed, four PSVs (two for each penstock) would
stay there and not be replaced with pipe segments. As part of future refurbishment of the
penstock, the additional losses caused by the PSVs could be reclaimed for the production
by replacing the PSVs with pipe segments. After the completion of the work, the HPP
Schneiderau was made available for specific measurements to investigate the new concept.
Therefore, the normal measurement system parameters of the HPP were used, as well as
two additional pressure measurements recorded. The accessibility of the site for an instal-
lation of measurement was limited but, nevertheless, two very interesting measurement
points M1 and M2 could be monitored. A specific label indicates the location in Figure 1c,d.
At both locations, a WIKA relative pressure sensor Model CPT2500 was installed. Both
identical instruments were connected with a USB adapter and were configured to adjust the
measuring range to expected measurement values. This kept the measurement accuracy
smaller than 0.2 % of the chosen measuring range [57]. The instruments recorded the
pressure values with a frequency of 10 Hz.

The first point M1 represents a location upstream of the newly included submerged
wall by probing the bypass, which allows the slow filling of the penstock. This measure-
ment point was also observed during the first flooding of the headrace tunnel after the
modification. During this slow process, the overtopping of the wall with the top edge at a
height of 1453 m (above sea level) could be clearly identified and referenced with a pressure
of 1.53 bar at point M1. For the second measurement point M2, an existing measurement
point at the penstock shutoff valve was used. This one represents the section downstream
of the surge tank.
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3. Results
3.1. Overview

The presentation of the results is split into four sections. A zero measurement provided
an initial levelling of all pressure measurements and the integration of the temporally
added instruments (Section 3.2). Those added measurement points allow us to assess
the local loss under steady conditions, which was used as an input for the 3D-numerical
simulation conducted for the final geometry. Section 3.3 presents the detailed investigation
and Section 3.4 focuses on the comparison of the measured pressure at the surge tank with
the 1D-numerical simulation. The core part was the simulation of the break by closing
the intake gates under flow conditions and capturing the changes of the pressure at both
measurement points. The results of this simulated break are presented in Section 3.5.

3.2. Zero Measurement

At the beginning of the measurement campaign, a zero measurement was conducted,
which allowed us to reference the additional pressure transducer at M1 and M2 with
the pressure measurement close to the turbines as well as the water level in the upper
reservoir. Therefore, all turbines were stopped and the remaining mass oscillation had
to be averaged out. An approximately 15 min long measurement series was cut out and
used for the evaluation. Measured pressure values in [bar] are converted to pWL [m]
based on Equation (1) assuming a constant gravity acceleration g of 9.81 [m/s2] and water
density ρwater of 998 [kg/m3] as well as a constant vertical offset zre f [m] specific for each
instrument.

pWL[m] =
p[bar] · 105[Pa/bar]

g · ρwater
+ zre f [m]. (1)

The results of those steady state measurements are summarised in Table 1. A very
similar difference between the minimum and maximum of the pressure measurement could
be observed by the pressure transducer at the two points M1 and M2 (0.03 bar = 31 cm)
and a bigger one for the permanent installed pressure transducer at the bottom of both
penstocks close to the turbines (PP1 and PP2; 0.08 bar = 82 cm). The recorded water level
(WL) in the upper reservoir varies in the range of 12 cm (maximum minus minimum),
which can be caused by the measurement accuracy of the recording and more likely by
small waves in the reservoir. The measured values at the bottom of the penstocks clearly
overestimate the water level but it has to be set in relation to the accuracy of the instrument
of, typically, 0.5% of the maximum measurement span. Both instruments cover up to 80 bar,
which results in a typical accuracy of 4.1 m. A correction of a constant offset would be
possible results of the conducted measurement but these points are not critical for the
presented investigation. An important finding was that the relation for M1 with 1.53 bar
representing 1453 m (height of the top of the installed wall) from the initial filling could be
reproduced with an acceptable reference (difference is smaller than the observed variation
over the time period of the zero measurement). Furthermore, the decision was made to
use the calculated height of M1 to calculate zre f for M2, which is the measurement point
downstream of the wall. In this context, it has to be highlighted that both measurement
transducers were installed close to each other but due to the available attachment points,
M1 was located significantly lower than M2.

Table 1. Analysis of the zero measurement at the two added points M1 and M2, existing pressure
measurements at both penstocks PP1 and PP2 and the water level (WL) in the upper reservoir (WLR).

min max mean max−min pW L [m] pW L-W LR [m]

M1 [bar] 2.42 2.45 2.44 0.03 1462.26 −0.18
M2 [bar] 2.35 2.38 2.37 0.03 - -
PP1 [bar] 41.68 41.76 41.75 0.08 1470.10 7.66
PP2 [bar] 41.92 42.00 41.97 0.08 1472.36 9.92
WLR [m] 1462.38 1462.50 1462.44 0.12 1462.44 0.00
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3.3. Local Head Losses

The detailed implementation of the submerged wall was investigated and optimised
based on 3D-numerical simulations with the software ANSYS-CFX. This supporting simu-
lation allowed an improvement of the 1D-numerical approach of the whole system and
included various geometry variations but also an extensive verification process (test of the
chosen boundary conditions, mesh independence, two phase flow). In this paper, only the
comparison between the original geometry and the final realised version is presented in
Figure 5.

Figure 5. Numerical results for a constant discharge of 7.079 m3/s—comparison of the original geometry of the surge tank
(left column) with the new approach including the wall and extra excavation (right)—streamlines (upper row) and cross
section at the xz-plane (lower row).

For those simulations, the discharge at the inlet was fixed with the observed 7.079 m3/s
of the measurement and a constant static pressure at the outlet of 2.5 bar—which ensures
that the whole fluid domain is pressurised—was set. As part of the verification process,
a full two phase model with a free surface in the surge tank was simulated and compared to
a single phase simulation with a boundary condition replacing the free surface. The water
level in the surge tank is, in all operation cases, far enough away from the investigated
geometry changes to have no significant influence on the result. Therefore, a free slip
boundary condition was used to limit the shaft of the surge tank at the height of the free
surface (Figure 5). The fluid domain was meshed with a maximum size of 0.5 m for the
chambers and 0.12 m for the conduits and included a further refinement around the wall
of 0.07 m. Furthermore, an inflation layer with a first layer height of 0.005 mm, 20 layers
in total and a growth rate of 1.5 was defined to ensure an acceptable y+-value close to
1 [-] for all walls. Those settings resulted in a total number of elements in the range of
4.5 Million. The RANS model used the SST turbulence model, which is well validated and
includes both the k-ε and k-ω models with a blending factor. Both geometries could be
simulated with the stationary solver; nevertheless, the flow over the wall edge showed a
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higher transient variation of the velocity distribution. This had no significant influence on
the evaluation of the local head loss.

The numerical simulation could be validated in general for a similar but simplified
geometry with a laboratory experiment [48,49] based on a range of different cross sections
and differential pressure measurements averaged over the full cross section. For nature
measurements, the accessibility is very often a limiting factor and the probing of the
upstream section with the bypass is not ideal, hence the velocity component cannot be
fully quantified. The measured pressure difference between the measurement points M1
and M2 was 50.5 cm for the constant discharge of 7.079 m3/s with a variation of 20 cm for
M1 and 30 cm for M2. Placing pressure evaluation points in the specific location of the
numerical model resulted in a pressure difference of close to 30 cm. This does not represent
the actual loss of the structure, which has to be based on a full cross section, which is
conducted in the next step. Nevertheless, the measurements at least allow us to prove that
the numerical simulation is in a good range. An inclusion of the bypass and the location of
the pressure transducer at the instrument location would have brought an improvement as
well as the usage of an additional differential pressure measurement with higher accuracy.
Both will be included in comparable future measurements.

A local coordinate system is used with the z-axis aligned with the centre of the circular
shaft of the surge tank and the x-axis pointing in the main flow direction for normal
operating conditions. The upstream cross section for the calculation of the local head loss
height hL was chosen 30 m upstream of the origin of the local coordinate system in the
headrace tunnel and was fixed for all further comparisons. Different evaluation cross
sections for the downstream cross section were investigated and are presented in Table 2.
This table also includes the local head loss coefficient ζHRT , which is calculated based on
the reference cross section at the headrace tunnel (HRT) upstream of the wall. A cross
section downstream of the local loss is typically chosen [37,58]. In this particular case,
the area downstream includes a big variation of the cross sections and a better comparability
can be achieved with this constant inlet section. Table 2 includes the kinetic energy flux
coefficient α, which provides an evaluation of the velocity distribution of the actual flow in
the form of real kinetic energy divided by the theoretical kinetic energy [59]. Each cross
section is oriented vertically and defined by a single distance x2 from the origin of the
local coordinate system and the shapes are identical for the investigated cases. At x2 equal
2 m, the cross section is close to rectangular and changes to a round shape at x2 equal
7 m. The higher α value for the original geometry is caused by the concentrated flow
coming from the upstream headrace tunnel. The expansion of the surge tank does not have
a significant effect on the flow, and the velocities in the lower chambers are very small.
A slight increase of the speed could be found for the adapted geometry, but only in the
front facing lower chamber. All α values after the reduction are very similar and close
to perfect flow conditions, which are caused by the continuous increase of the velocity
up to the penstock throttle. This part ends at approximately x2 equal 18 m and a further
cross section at x2 equal 30 m was added to show that the difference of the local head
loss hL between the two investigated options is consistently slightly bigger than 12 cm
(representing an increased local head loss coefficient ζHRT in the range of approximately
0.76; Table 2). This value was accepted especially since the new geometry included a sharp
flow direction change over the wall (Figure 5). Removing the PSV and replacing them
with a pipe segment could help to compensate for the added local head loss due to the
submerged structure.
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Table 2. Evaluation of the local head loss hL, local head loss coefficient ζHR with a reference velocity defined at the upstream
connecting headrace tunnel (HRT) and the kinetic energy flux coefficient α of the downstream cross section depending on
the distance x2 for the original geometry in comparison with the submerged wall—constant discharge of 7.079 m3/s.

x2 = 2 m x2 = 7 m x2 = 18 m x2 = 30 m

hL [cm] ζHRT [-] α [-] hL [cm] ζHRT [-] α [-] hL [cm] ζHRT [-] α [-] hL [cm] ζHRT [-] α [-]

original 3.84 0.24 2.081 3.91 0.25 1.009 6.42 0.41 1.079 7.22 0.46 1.055
wall 15.30 0.97 1.637 15.92 1.01 1.016 18.77 1.19 1.041 19.31 1.22 1.056
difference 11.46 0.72 12.01 0.76 12.35 0.78 12.09 0.76

3.4. Surge Tank Oscillation

The conducted measurement program included different transient cases with a varia-
tion of closing times. Figure 6 shows the measurement of a time series, including the start
of the turbines, in 60 s, and a constant operation with 7.079 m3/s followed by a shut-down
of all turbines simultaneously in 20 s. The initial conditions were not ideal hence the
previous oscillation was still in the range of ±2 m. Nevertheless, this test was chosen to be
presented in this paper as it was conducted with the shortest closing time and resulted in
the maximum observed oscillation in the surge tank.

Figure 6. Comparison of the measurement of a starting and closing transient operation case compared with two exemplary
1D-numerical simulations with two different roughness value in the headrace tunnel.

It was assumed that the measurement point M1 represents the pressure in the surge
tank. This could be shown by comparing M1 with M2 (upstream and downstream of the
new wall/surge tank). Both locations provided very similar pressure values after the stop
of the turbines. The water level change in the surge tank is, after the closing of the turbines,
mainly dominated by the mass oscillation between the upstream reservoir and the surge
tank. In relation to M1, M2 showed a far higher pressure variation, which was still caused
by the water hammer/pressure wave in the penstock. The measurement frequency was
not high enough to fully capture this effect and resulted in a very noisy signal. Based on
this, M2 was not included in the presented Figure 6, which is focused on the comparison
of the 1D-numerical simulation with the measurement.
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The newly built wall structure was simplified in the 1D-numerical simulation as an
additional throttle upstream of the connection of the surge tank. Separate 3D-numerical
simulations were conducted to quantify the local head loss coefficient. The aim of the
comparison with the measurements was to validate this assumption as well as the used
roughness for the headrace tunnel. The latter is a critical value for the overall simulation
and it is known that the roughness of the unlined tunnel can vary significantly [60,61].
All initial 1D-numerical simulations are based on a roughness of 6.5 mm in the headrace
tunnel. These values were chosen based on previous measurements with the original
geometry. With the installation of the submerged wall, significant efforts were made to
improve the worst section of the tunnel and consequently a substantial reduction of the
representative roughness could be achieved. The measured pressure at the surge tank
and 1D-numerical simulation with the reduced roughness agreed very well as shown in
Figure 6. Furthermore, it could be shown that the installation of the wall, as well as the
improvement of the roughness, does not have a significant negative effect on the surge tank
oscillation. The main finding was the successful validation of the 1D-numerical model.

3.5. Field Measurements during Simulated Break

The aim of the last part of the measurement program was to simulate a break of
the penstock as accurately as possible without endangering the HPP. Different options
were discussed, which included overlaying a mass oscillation with different changes of
the turbine discharges. This requires very precise timing, which potentially could not be
achieved. Hence the complexity was reduced, which led to the following proceeding: The
HPP was running at a constant discharge of about 4 m3/s to ensure that stable conditions
were reached. This discharge was maintained while triggering a closing of the two intake
gates similar to the reaction of a detected leakage. Therewith, the headrace tunnel was
disconnected from the upstream reservoir.

Figure 7 shows the pressures at the two points, M1, upstream of, and M2, downstream
of, the wall. The water level in the surge tank is approximately 7.5 m higher than the top
edge of the newly installed wall at 1453 m. Due to the constant discharge, the offset between
the two measurement points stays the same with the falling water level, hence they are
caused by the local loss and velocity difference. This went on until the water level reached
the height of the top edge of the inserted wall. The value stayed there with a difference
of approximately 10 cm shown by the difference M1-1453 m graph in Figure 7, which is
an excellent result in relation to the accuracy of the instrument. Pressure at M2 further
decreased down to 0 bar. The ventilation of both penstocks could be clearly heard and felt
at the location of the measurements close to downstream of the surge tank. At this point,
the discharge through the turbines was stopped to reduce the water loss as well as the time
needed to fill the system again. There was sadly no time to access the surge tank to check
the water level behind the wall, because the HPP had to be brought back into operation
as soon as possible. Nevertheless, the simulation of a break of the penstock showed the
expected results and proved the concept of the submerged wall.



Water 2021, 13, 2247 13 of 17

Figure 7. Time series of the measured values for the measurement points M1 and M2 for the simulated break of the
penstock—the second y-axis at the right shows the differences of M1 to the top height of the wall (1453 m) as well as the
second measurement M2.

4. Discussion

The discussion part focuses first on the general concept of the submerged wall as a
replacement for a penstock shutoff valve (PSV). In a second step, the lessons learned are
summarised for the conducted measurement campaign at the HPP Schneiderau.

The concept of the submerged wall instead of a PSV is presented in Section 2.3. Such
an additional structure increases the local head loss under operating conditions, which
could be compensated for by replacing the two valves with pipe segments (Section 5). In the
specific case, the investment of four or at least two new PSV had to be assessed against
the construction costs of the wall, as well as the significant reduction of the maintenance
costs. Such economic considerations are very project specific and depend on the costs of the
investment as well as on the future operation mode. Hence, such a consideration cannot be
generalised and has to be decided case by case.

An obvious additional disadvantage of this system can be found in the case of small
damages of the penstocks. After the detection, the intake gates close but the complete
water volume, which cannot be held back by the wall, has to flow downstream. The PSV
would close while the surge tank is not emptied and holds back more water. Nevertheless,
in such a case most of the water can be bypassed safely through the turbines. Based on
this, a small leak triggering a massive failure of the penstock can hopefully be prevented.
Nevertheless, the new concept brings significant advantages based on a global risk analysis.
The individual risk for the personnel, who have to maintain the PSV even in the winter
months, is significantly reduced, as only the inlet gate has to be checked. The full ventilation
is now provided through the surge tank for all conditions and no separate ventilation
openings behind the PSV have to be maintained. Those also hold a potential risk of a
malfunction by either not opening and causing potential damage to the penstock or not
closing, resulting in a leakage. In general, all movable parts have a higher potential risk
to fail in relation to a fixed structure. For the HPP Schneiderau, the advantages of the
submerged wall are significant and the last years of operation prove the reliability and the
low maintenance effort of this solution.

The preparation and conduction of this measurement campaign showed that the
waiting time between flow changes can reduce the available time significantly. Long lasting
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mass oscillation between the surge tank and the upper reservoir can influence a clean zero
measurement of all instruments. Nevertheless, this is a key task, along with the exact
synchronisation of the different data streams. In future measurement campaigns, a long
installation with a suitable data logger will be considered. This would allow the capture of
a potential long time period without operation of the HPP and also different water levels
in the upper reservoir. The accessibility to measure pressure or other values is limited and
consequently compromises have to be accepted. Permanently installed instrumentation
is needed for the safe operation of the HPP that has to cover a wide measurement span.
This has an impact on the accuracy of those instruments, which makes it very hard to use
them as part of a validation experiment. This is a common issue with measurements at
comparable infrastructures. A higher measurement frequency would have enabled the
capture of water hammer effects and a measurement of the differential pressure would
have significantly improved the accuracy of the head loss measurement. All mentioned
aspects will potentially be part of future measurements.

5. Conclusions

This paper presents the concept of the submerged wall, which introduces a local
high point in the headrace tunnel. It allows the holding back of a significant volume of
water after decoupling the headrace tunnel with the gate at the inlet structure. Such a
modification replaces the conventional penstock shutoff valves, which are commonly used
to protect aboveground penstocks. The presented design and optimisation process of
the new hyrdaulic structure included 1D- and 3D-numerical simulations to combine the
advantage of each approach. A successful modernisation project was conducted at the
ÖBB hydropower plant (HPP) Schneiderau (Austria), which made it possible to prove the
concept with nature measurements and validate the numerical design process.

The conducted measurement campaign include a constant operation to provide the
boundary conditions for the local head loss simulation. An additional head loss of ap-
proximate 12 cm (discharge of 7.079 m3/s) could be found based on the comparison of the
original with the new geometry, with the help of a detailed 3D-numerical simulation. Differ-
ent transient load cases and the caused surge tank oscillation allowed us to further validate
the 1D-numerical simulation and quantify the improved roughness due to the refurbish-
ment work in the headrace tunnel. The break of the penstock was simulated by keeping the
turbines running and closing the gates at the inlet of the upper reservoir. It could be proven
that the water level behind the wall remains very close to the top edge of the normally sub-
merged structure. This testing campaign validated the numerical simulations and proved
the effectiveness of the concept for replacing the valves. The reduced maintenance effort is
a significant benefit of this concept and makes it a very interesting solution as part of the
modernisation of existing HPPs. In addition to the successful methodological approach
based on numerical simulations, the research project could identify specific research gaps
such as the realistic modelling of the breaking boundary condition. Future research should
address such catastrophic cases to quantify and reduce the overall potential risk.
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