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ABSTRACT

In penstock pipes, upstream of hydropower stations, a safety valve is located at the top in order to cut
the flow rate before the downward slope if necessary. During its closing, the pressure downstream
reduces whereas the upstream one remains constant. To avoid low pressures in the penstock pipe, air-
venting valves are present and open when the pressure inside the pipe is lower than outside. Once
opened, the air from the atmosphere flows into the penstock pipe and counters the pressure decrease.
The correct design of air entry systems is of primary interest for hydraulic engineering. The present
work is focused on the numerical simulation with neptune_cfd of air entry in a penstock pipe during
the safety valve closing. To close or open valves, the CFD model uses a discrete forcing method
(Immersed Boundary) to allow solid motion without any need for dynamic re-meshing. For the air-
venting valve, its motion depends directly on the pressure forces on its two sides (the atmosphere
outside, the penstock pressure inside). The two-phase air-water flow is modeled with an Eulerian-
Eulerian approach with a multi-regime model solving large gas structures and modeling bubbles. A
dedicated reduced-scale closed-loop experiment is used to characterize the flow in terms of pattern
and to record pressure evolution in the pipe. The numerical model is validated for different flow rates
and for different number of air-venting valves (1 to 3 with different diameters). Moreover, operating
condition data are used to validate the model at full-scale. The numerical model is in a satisfactory
agreement with measurements and show its ability to increase our knowledge on the phenomenon of
air entry in such configuration.

1. INTRODUCTION

Ensuring safe operation of hydropower is of primary interest for hydraulic engineering. In penstock
pipes (see Figure 1), upstream of hydropower stations, a safety valve is located at the top in order to
cut the flow rate if necessary (in the valve house in Figure 2).
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Figure 1 Picture of penstock pipes.

Due to the high flow rates, its design must comply high civil engineering loads. Moreover, during its
closing, the pressure downstream reduces whereas the upstream one remains almost constant, related
to theamount of water in the reservoir. To avoid low pressures in the penstock pipe, air-venting valves
are present downstream the safety valve and open when the pressure inside the pipe is lower than the
atmospheric pressure outside. Once opened, the air from the atmosphere flows into the penstock pipe
and counters the pressure decrease. Therefore, the correct design of air entry systems is of primary
interest for hydraulic engineering [1,2]. The dynamic of the two-phase flow during safety valve
closing is complex and requires to be studied in order to increase our knowledge for the design of air
venting systems. In fact, it is necessary to have a connection between air outside and inside the
penstock pipe, thus the air intake has to be sufficient to create a inside/outside air connection to
counter pressure decrease. However, having larger air venting valves is not always possible since it
might affect the integrity of the pipe.
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Figure 2 Schematic Arrangement of a Hydro Electric Power Plant

The present work is focused on the numerical simulation of air entry in a penstock pipe during the
safety valve closing. To close or open valves, the CFD model uses a discrete forcing method
(Immersed Boundary) to allow solid motion without any need for dynamic re-meshing. The motion
of the safety valve is imposed by the user. For the air-venting valve, its motion dependsdirectly on
the pressure forces on its two sides (the atmosphere outside, the penstock pressure inside). An on/off
approach is used, meaning there are two possible positions “open” or “closed”. The two-phase air-


https://www.researchgate.net/figure/Schematic-Arrangement-of-a-Hydro-Electric-Power-Plant_fig1_308887222
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water flow is modeled with an Eulerian-Eulerian approach with a multi-regime model solving large
gas structures and modeling dispersed bubbles. A single gas field is used and depending on the
gas/liquid fractions and from their gradient, transition laws are able to choose the right (dispersed or
Large Interface) interfacial momentum transfer term.

In order to validate the present numerical model, a dedicated reduced-scale closed-loop experiment
is used to characterize the flow’s pattern and pressure evolution in the pipe.

The numerical model is validated for different flow rates and for different number of air-venting
valves (1 to 3 with different diameters). Moreover, operating condition data are used to validate the
model at full-scale with gravitational entrainment of water in the penstock pipe (which was not
present in the experiment).

First, the numerical model is described from the two-phase flow modeling to the modeling strategy.
Then, the reduced scale experiment is described, and the associated numerical validation is presented.
Finally, some results based on full-scale operating condition are presented.

2. NUMERICAL MODELING

To simulate the air intake in a penstock pipe, a two-phase numerical solver and a way to represent
valve closing/opening are necessary and described below. Then, the numerical setup is presented.

2.1 Two-phase flow numerical modeling

neptune_cfd is a code dedicated to multiphase flows and based on the two-fluid approach [3]. Itisa
finite-volume code with a collocated arrangement for all variables. The data structure is totally face-
based, which allows for the use of cells of arbitrary shape when building the mesh. Using a pressure
correction approach [4], it simulates multiphase flows by solving a set of three balance equations for
each field (i.e., mass, momentum, and energy balance equations). These balance equations are
deduced from the volumetric averaging of local instantaneous balance equations where the k-phase
volumetric fraction is written as ax € [0, 1]. In multiphase flows, one property of the k-phase

volumetric fractions is:
N
Z o = 1 (1)

k=1

with N being the number of fluid phases included in the fluid domain. Fields can represent different
kinds of multiphase flows. The present work is focused on liquid-gas flows only and restricted to
adiabatic cases, simplifying the system to the mass and momentum balance equations for each phase
k:

o(opr) = —
—;tpk + V- (apiUy) = 0 @)
N N
o(opUx) = —— = L = = —
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where ok, pk, Uy, Ty, P, 8, and Mpﬁk are the volume fraction, the density, the velocity vector and
Reynolds-stress tensor of phase k (including also the contribution as a result of fluid viscosity, even
in the laminar case), the pressure, the acceleration of gravity, and the momentum transfer from phase
p to the phase k, respectively. Note that for air-water flows, the energy transfers between phases can
be neglected and the energy balance conservation equation will not be discussed here.
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Depending on the two-phase flow structures—that is, large and deformed or small and spherical
bubbles or free surface—a dedicated model was used to predict accurately the interfacial momentum
transfers of each phase, through the term Mqu in Eq. 3. For free-surface flows, the large interface
model (LI1M) is used [5]. A dedicated interfacial friction is consequently applied to both phases with
the term ﬁpﬁk. Whereas for dispersed flow, dedicated dispersed bubble interfacial momentum
transfer terms are used for drag, lift or added-mass. In the present work, when large gas structures,
free surface or dispersed bubbles are present, an innovative hybrid model is used for the air phase
[6,7]. With a single gas field, it is possible to take into account whether dispersed bubbly flow or free
surface based on transition law (depending on void gradient) between the dispersed approach and the
LIM.

The present algorithm is compressible to allow variation of density (as a function of pressure based
on a perfect gas assumption). The compressibility is only applied to the air phase.

2.2 An Immersed Boundary Method to track valve motion

To represent the valves and their motions, a kind of immersed boundary method is used. The aim of
discrete forcing methods is to represent solids with a dedicated phase and to strictly ensure the con-
servation laws at the close vicinity of the fluid-structure interface. The idea is to reshape the cells
crossed by the fluid-solid interface and to build specific schemes inside them to discreetly rebuild
walls. A recognition function is therefore required to determine the solid location on the cells. The
main advantage of these methods lies in the non-explicit representation of the structure, so that, it is
possible to perform calculations on complex solid geometries using cartesian or hexahedral meshes.
The major challenge of these methods is to reconstruct the interface properties. Inthe present method,
the whole domain is considered in the framework of a porous medium approach, where a time and
space dependent fraction, called porosity, is 0 in the solid and 1 in the fluid. The fluid-structure inter-
face is consequently represented with a porosity between 0 and 1; thus Eq 1 becomes:

N

zak —¢ @)

k=1
with ¢ the time and space dependent porosity. There is no mass transfer between solid and fluids.
Here, the solid motion is tracked thanks to the porosity evolution in a Lagrangian framework. To take
into account the solid motion and the presence of an interface in cut-cells, the porosity has to be
convected and the momentum balance equations are formulated differently. Based on dedicated geo-
metric parameters, the wall is reconstructed based on interpolations. For low values of porosity, clip-
pings are used to avoid numerical issues. Then, the different two-phase flow numerical models are
consequently adapted. This fluid-structure interface tracking method is called time and space-depen-
dent porosity method, further details can be found in [8].

2.3 Numerical strategy

The numerical strategy for the present application is:
- To represent with a discrete forcing method (see Figure 1) (i) the safety valve closing based
on an imposed rotated motion, (ii) the air venting valves opening based on the fluid forces, i.e
if pressure resulting force is upward oriented,, the position is set to “closed”, if force is
downward oriented, it is set to “open” (consequently the possible oscillations are not taken
into account);
- To model the complex two-phase flow including free surface, large gas structures or dispersed
bubbles with the Generalized Large Interface model from [6,7].
Note that cavitation is neglected by imposing a minimal pressure to 1kPa in the domain and no phase-
change.
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Figure 3 Example of a calculation domain with 2 air-venting valves after the safety valve. Here,
valves are represented with the Time and Space Dependent Porosity method.

Prior to the closing valve, a pressure condition is applied in order to have the right pressure in the
pipe. The penstock pipe must be long enough to take in account potential air back flows. At the outlet
of the pipe, the flow rate is imposed. Outside air-intake valves, an atmospheric pressure condition is
applied. A 29 order URANS model is used for the liquid phase: Rij-SSG and the air phase is
considered compressible with a perfect gas assumption.

The time step is adaptative and limited by a maximum CFL condition of 4 for each phase.

A validation from reduced scale to full-scale is proposed. The reduced-scale model description is
below.

3. REDUCED-SCALE EXPERIMENT

The aim of these reduced-scale models is to qualitatively reproduce the phenomena which are
suspected at the industrial power plant and to provide validation datafor the present numerical model.
First, the similarity between the full-scale and the reduced-scale experiment for air-water flows is
reminded. The geometry and the measured quantities are then described. The selected operating
conditions are given and some typical results are presented. Finally, the numerical simulations
representing the reduced-scale experiment are discussed.

3.1 Similarity for the air-venting phenomena, choice of a geometric scale and test loop
selection

Tests on a scale model are aimed to reproduce the flow around the safety valve during its closing
movement and the operation of the vent (opening and air intake). The flow is therefore an air-water
two-phase flow.

3.1.1 Similarity and dimensionless numbers

In order to reproduce a similar flow at two different geometric scales, the first condition to fulfill is
geometric similarity. The scale factor A = Lmodel js jntroduced. The main dimensional numbers for

nature

air-water flows, which do not experience any phase change, are (L is a characteristic length, V a
characteristic fluid velocity et P is pressure):

Vv
- the Froude number, Fr = ﬁ comparing inertia to gravity forces,
g

VL S o
- the Reynolds number, Re = —, comparing inertia to viscosity forces,
14
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P
- the Euler number, Eu = —efrence 1o account for pressure effects (such as the pressure

reference

balance between the atmosphere and the pipe inside),

2
- the Weber number, We = pVEL , comparing inertia to surface tension effects.
o

These numbers depend on some quantities proportional to the geometric scale, to the operating
conditions (velocities and pressures), and on the liquid/gas physical properties (density, viscosity, and
surface tension for examples). Note that since in France many hydropower stations are located in
mountains, low temperature occurs, and therefore water temperature is assumed around 4°C for the
present case. Thus, the vapor pressure is low and vaporization (cavitation) is not expected here, at
least during the start of the transient. The vaporization initiated by the pressure decrease is therefore
neglected.

Inorder to reproduce a similar flow at two different scales, we choose to fulfill the Froude similarity.
Using the same fluid at both scales, the Reynolds and Weber similarities cannot be fulfilled. The
following table gives the corresponding values for a scale ratio around 20 with a penstock diameter
of 0.1 m and an inlet velocity of about 1 m/s for the reduced-scale model.

Operating conditions | Reduced-scale
Froude (-) 1,07 1,07
Reynolds (-) 6 980 399 93148
Weber (-) 725128 1529

Table 1: Dimensionless numbers calculation
3.1.2 Discussion about partial similarity

The Reynolds number is still high enough to ensure turbulent flow at the reduced-scale model. The
Weber value is also higher than the critical value of 240 as recommended by the ANSI standard [9]
to neglect the surface tension effects. However, the scale ratio around 20, is considered too small to
provide enough confidence about quantitative data transposition to real penstock pipes. Therefore,
the experimental results are only used to validate CFD results at the reduced scale.

3.1.3 Test loop selection

An already existing test loop is used for the tests, which imposes the range of reachable geometric
scales. The MODULAB test loop, located at the EDF Lab Chatou was originally designed as a
cavitation test loop, providing an independent control of the flow-rate (through the rotation speed of
the circulation pump) and of the pressure level (through the “pressurizer” device, fed by compressed
air or by void pump). The following figure gives a sketch and an overall view of the test loop.

Pressurizer

Test section o
"} Honeycomb O™ -l

tranquilizer

Lo High
p"‘:"e pressure
vessel
vessel

Figure 4 Sketch and overall view of the MODULAB test loop in Chatou
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3.1.4 Test section

A dedicated test section was built and inserted between the two reservoirs of thetest loop. It represents
at reduced-scale the inlet safety valve, the downstream pipe and the vents for the two studied
configurations:

- Configuration 1: a single air intake valve right after the safety valve.

- Configuration 2: two air intake valves in the horizontal part, and one larger in the inclined

part.

Note that a third configuration, with all vents obstructed, was also tested. The inlet safety valve
closure duration is controlled by the operator. The spring stiffness can be varied.

/Eéiﬁ_ 100

2]

Figure 5 Detailed drawings (left) and view of the test section (right).

Figure 7 Detailed view of the “configuration 2” air-venting valves
3.2 Instrumentation and tests conditions

The reduced-scale experiment is built transparent, in order to visualize the air-water flow through the
vents and inside the pipe, which is the main advantage compared to the nature flow. Videos both of
the vent rods (holding the air intake valves) and of the penstock pipe were recorded in a synchronous
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way. Moreover, the time evolution of the upstream liquid flow-rate and of several pressures (closed
downstream of the safety valve and far downstream) are measured. Note that no air flow-rate has
been measured, in order to avoid introducing detrimental head losses for the air entry.

The operating conditions are different flow-rate values for both configurations. Influence of closure
duration and of downstream pressure were also tested.

3.3 Experimental results

The reduced-scale experiment succeeded to reproduce the expected phenomena, such as the outflow
of water out of the venting valve at the beginning of the inlet safety valve closure, then the air inflow
before the inlet safety valve gets fully closed, for the configuration 1. The following figure shows
such a flow, with different air structure sizes.

- / T35

Figure 8 Picture of two-phase air-water flow on the small-scale experiment

The time evolution of the water flow-rate and of the pressure close to the vent are given on the
following figure, where the four vertical lines indicate respectively the beginning of the inlet valve
closure, the beginning of the vent-rod downward movement (that is its opening), the air entry inside
the pipe and the upward movement of the vent-rod.

"Configuration 1" - Flow-rate 100%

11 1 | a0
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Mot
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—+P_atmosphere (bar abs) —+=Inlet Valve Closing
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——Lpward Rod Movement Water flow-rate (m3/h)

Figure 9 Plot of two-phase air-water flow on the small-scale experiment including pressure evolution,
rod motions and water flow rate for configuration 1.
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Note that the decreasing water level inside the downstream penstock pipe could not be reproduced at
reduced scale, because a closed loop is used which does not allow to empty the downstream reservoir.
But this does not qualitatively affect the vent time evolution for the very beginning of the safety valve
closure.

The experimental results provided a visual and quantitative behavior of the air vents during the inlet
valve closing. The comparative tests confirm lower depressurization of the penstock pipe in
configuration 2 compared to configuration 1. They provide qualitative and quantitative data to be
used for the code validation at reduced scale.

3.4 Validation of the numerical model

The numerical domain is presented below in Figure 10. It is composed of 3 million hexahedron cells
with non-conformal joining for the 4 air-entry pipes.
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Figure 10 Calculation domain with the different air entries (left) and view of the mesh (right).

Both configurations presented in the experiment description are simulated. Instead of having a
pressure condition at the top of the unused air-entry pipes, it is a wall like in the experiment.

With configuration 1 (see Figure 11), the air is going in the reduced-scale penstock pipe from a single
air-entry. The air flows through the two first unused pipes (from configuration 2) and some dispersed
bubbles are mixing to the main flow whereas larger gas pockets flow at the top of the penstock pipe.
With the reduction of the flow rate, large gas structures aggregates until the formation of a free surface
connecting the outside and the inside of the reduced-scale penstock pipe.

In configuration 2 (see Figure 12 and 13), there are 3 air-entries, 2 in the horizontal part and 1 in the
inclined part. The 2 first ones open quasi simultaneously, the first one ensures a connection between
the air outside and inside the pipe, the second one being therefore able to flow a larger amount of air
in the existing gas pocket.

The connection between outside and inside is present during the whole scenario after the opening,
this free surface counters the pressure decrease inside de penstock pipe. Larger gas structures are
present in the second configuration.



SimHydro 2023: New modelling paradigms for water issues?
8-10 November 2023, Chatou — W. Benguigui, A.Archer, H. Pichon, From reduced- to full-scale validation of a numerical model of
air entry in a penstock pipe during valve closing

m—

|

=}

S
vol_f_Field2

2z

2 & 7 &%
Figure 11 Snapshots of the air-entry in configuration 1 (single air valve). The closing safety valve is
in grey. First, air fills the two closed air-pipes of configuration 2. Large gas structures are dropped

but there is no free surface created until the reduction of the flow rate due to the closed loop.
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Figure 12 Zoom on the air entry of configuration 2. The closing safety valve is in grey. First, the first
air valve opens a large gas structure, then the second air injection is fulfilling the large gas structure.

Regarding the pressure in the vicinity of the closing valve, a satisfactory agreement is found for both
configurations on different flow rates (Figure 14 for inlet velocity of 0.75 m/s with configuration 1
and 2). The dynamic of decrease and increase of the pressure is well reproduced as well as the
minimum of pressure. A slight discrepancy is noticed in the beginning of the decrease with both
configurations, this is due to the not fully constant velocity closing of the valve in the experiment,
which is taken constant in the simulation. Regarding the small variations which are present, it depends
on the presence of air near the monitoring points which is responsible of these slight variations.



SimHydro 2023: New modelling paradigms for water issues?
8-10 November 2023, Chatou — W. Benguigui, A.Archer, H. Pichon, From reduced- to full-scale validation of a numerical model of

air entry in a penstock pipe during valve closing

1]
|
o
o
vol_f_Field2
|
C o
o
voLfAFie‘{

= N - iy
Figure 13 Snapshots of the air-entry in configuration 2 (3 air valves). The closing safety valve is in

grey. Large gas structures are present, and there is an air connection between outside/inside the
penstock pipe. This large gas structure increases with the decrease of the flow rate.
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Figure 14 Evolution of pressure in the vicinity of the closing safety valve along time for configuration
1 and 2 in the experiment and from the simulation.
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4. AIR ENTRY IN A FULL-SCALE PENSTOCK PIPE

The main discrepancy between the reduced-scale model and real penstock pipes under operating
condition remains the water gravitational fall along the length of the penstock pipe which results in a
quasi-constant flow-rate along the scenario when measured at the end of the penstock pipe. Thus,
when the safety valve is closed, the flow-rate comes from the air intake.

Consequently, the required numerical model to account for gravitational fall has a larger spatial
extension since the entrained air might accumulate in the inclined part of the penstock pipe and come
back through the horizontal part at the end of the scenario. In order to avoid air loss in the numerical
model, a longer inclined part is considered based on an extrusion of the model. A single air venting
valve is present in the vicinity of the safety valve. The present calculation domain is composed of 5.7
million of hexahedron cells.

For the present case, model is validated against data coming from operating condition measurements.
The safety valve closure is imposed based on real operating conditions, as well as the inlet pressure
or the flow rate at the end of the penstock pipe.

Void fraction

Figure 15 Numerical predictions of air venting inside the penstock pipe for different instants of the
scenario.

Force

Pressure
Inlet Flow Rate

Data. Op. Cond.
neptune.fd ——

Time Time Time
Figure 16 Numerical results on the pressure after the safety valve compared to measurements, inlet
flow rate and force acting on the safety valve compared to safety valve manufacturer data.

Figure 15, it is possible to see similar behavior with the reduced-scale simulations; however, in
comparison the bubble diameter being smaller regarding the penstock pipe diameter, there is air in
the whole domain with a very small diameter and some large gas structures following the air intake
valve and in the inclined part (this is due to the non-respect of Weber similarity in the reduced-scale
model).

Figure 16, the pressure is well predicted by the numerical model compared to the measurements at
full-scale. The decrease of the pressure and its evolution during the air intake are in satisfactory
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agreement. Moreover, numerically, the air intake valve opens precisely when the force acting on it
flips like in the scenario (at the same time). The slight pressure underestimation in the venting part is
probably due a to slight overestimation of the inlet flow rate (which is a result of simulation since a
pressure conditionis imposed at the inlet). Nevertheless, the prediction of the force acting at the valve
is also in good agreement with the prediction from the manufacturer. The present results show the
ability of the numerical model to predict such scenario with a satisfactory agreement.

5. CONCLUSIONS

A two-phase numerical model able to take into account the motion of safety valve and air venting
valve is presented. It is based on a Eulerian-Eulerian CFD code, called neptune_cfd, with a multi-
regime approach (combining dispersed and continuous gas phase models), and on a discrete forcing
method, called Time and Space Dependent Porosity method, to track structure motions.

A reduced-scale experiment is presented in order to validate the CFD model. A Froude similarity is
used to define the characteristics of the model. Two configurations are possible, one with a single air
venting valve, and another with three venting valves. Pressures, vane motion and the flow rate (in the
closed loop) are recorded along time for different scenarii.

The numerical model is then validated on reduced-scale and full-scale based on pressure evolution.
A satisfactory agreement is observed for the two scales meaning that the numerical model is able to
predict the air intake correctly and its effect on pressure evolution inside the penstock pipe.

This kind of tool, based on CFD, presents real advantages to design air intake systems in penstock
pipes or to evaluate existing ones. It needs a complete validation, and a phase change model to tackle
the worst scenario when it might occur.
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