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ABSTRACT

At early stage of a hydroelectric project, 1D tramg simulations are performed to determine thadksyout of power
plant. In this phase, the design of surge tankdeisisive to achieve good dynamic performancesefptwer plant,
with respect to water hammer and mass oscillatioisiced by the hydraulic machines for normal, etoepl and
accidental operation. As the head losses betweeigdliery and the surge tank have strong influemicghe transient
behaviour of the hydraulic system they are usugftymized by means of 1D transient simulation toidow pressure
in gallery or surge tank overflow. An asymmetriaahiragm is often placed at the surge tank inleathieve the
optimum inlet and outlet head losses. Thus, thégdesf such diaphragm is a challenging task usuakgrformed
through an iterative process on reduced scale mddehis context, 3D CFD simulations can signifidlg improve the
design process to select the appropriate geomdttiie@diaphragm. In this paper, head losses caeffis of a surge

tank scale model are derived from CFD simulatioresfgrmed with ANSYS CFX. Results are compared with

measurements on reduced scale physical model aalytaal approach. The good agreement of CFD comfiorns
with measurements demonstrates that a design @atiioin with 3D flow simulations can be performedlipninary to
scale model tests in order to reduce the numbgeometries to be tested to achieve the expectatiibsses.
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1. INTRODUCTION

The design process of a hydroelectric powerplapbut includes 1D transient simulations aiming to
avoid undesirable fluid transients during spectjuerational procedures. Many methods for contigllin
transients are available and the appropriate stoggol devices are deduced from the transient Isitions.

For long pipeline systems, surge tanks are usuatggrated in order to protect the headrace tufmoeh
water hammer induced by exceptional or accidenparations of the hydraulic machines. However, mass
oscillations between surge tank and reservoir apergenced. Since the head losses between thedoeadr
tunnel and the surge tank drives the transient \beba of this mass oscillation [1], they are usyall
optimized by adding a singular loss through a diagin at the entrance of the surge tank.

The design of such diaphragm is a challenging teslally performed through an iterative process on
reduced scale model. In this context, 3D CFD sitimia can significantly improve the design process
select the appropriate geometry. Such numericasiiyations have been performed previously by H{fjer
and Klasinc et al[3] where they computed head losses coefficents diaphragm located in a T shape
junction. Richter et alj4] focused on the velocity field induced by the intng jet into the surge tank and
compared to PIV measurements. Regarding the opatiiaiz process of the diaphragm geometry, Gabl.et al
[5] used CFD simulations and showed that theoretipploach gives different results. Similar invedtmzs
on geometries without diaphragm such as simplen€tjan [6] or trifurcation [7], have been carried out to
compute head losses coefficients.

This paper presents the design process of a tamgaliaphragm to be integrated into a pumped-g&ora
power plant. First of all, the required head logsfficients determined by 1D transient simulatiforssafety
operating conditions are given. Then, physical meeksts of the optimized geometry is presented Wwith
head loss coefficients measurements. Finally, coisgra with CFD simulations is performed in order to
assess if 3D flow simulations can be used prelimirta scale model tests to reduce the number of
geometries to be tested.

2. SURGE TANK DESIGN BY 1D TRANSIENT SIMULATIONS

The design of the surge tank of a pumped storageipplant is carried out by 1D transient simuliagio
of the entire power plant as shown in Figure 1.sTtptimization procedure aims to find the surgektan
geometry with the minimum volume and complying witie safety requirements of the waterways for
normal, exceptional and accidental load cases.thisrpurpose, the optmisation of the head lossdheat
surge tank inflow and outflow could significantlpritribute to minimize the size, and thus the cdghe
surge tank, see [8]. Figure 2 shows simulationlte®f the transient behavior of the pumped st®ngwer
plant of Figure 1 obtained with the EPFL simulatisoftware SIMSEN, see [9] for turbine and pump
emergency shutdown which are usually one of thet gritical cases to be considered in the desigrs@hia
could be noticed that optimum head losses coeffisiare achieved when maximum and mimum head, H, in
the head race tunnel at the surge insertion, quorets to the maximum and minimum water level, Hahe
surge tank, see Stucky [1]. The final surge tarsigieshould at least, ensure (i) to avoid empytirggsurge
tank and related risk of entrapped air the the matgs, (ii) prevent from water column separatiorthe
gallery and top of the penstock, (iii) prevent freavitation in the surge tank diaphragm if any) énsure
sufficient mass oscillation damping, (v) complylwihe turbine governor stability, see Thoma, [18} é&vi)
prevent from overflow, if not permitted. Finallyha 1D transient simulation performed for the pumped
storage of interest lead to an optimal inlet antdedsurge tank loss coefficient respectively eqoaK;,=5
and K=2.5.
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Figure 1: SIMSEN model of typical pumped storage power plgitlh upstream surge tank.
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Figure 2: Simulation results of emergency shutdown of pungiedage in generating mode (top) and pumping mode
(down) and transient behavior of the pump-turbieé)(and of the surge tank (right).

3. SURGE TANK DIAPHRAGM DESIGN BY PHYSICAL MODEL TE STS

3.1 Reduced Scale Model Geometry

After optimization of a pumped storage power plsutge tank by 1D transient analysis, experiments
have been conducted at the Hydraulic LaboratoryHmwfroinstitut, Ljubljana, to define the diaphragm
geometry enabling to reach the specified surge leakd losses. Figure 3 shows the optimized georoétry
the reduced scale model of the surge tank conemglerlength scale df=1:13.2.
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Figure 3: 3D reduced scale model geometry (left), drawinthefprototype diaphragm geometry (center) and
experimental apparatus (right).

The pipe between the headrace tunnel and the tamgdeatures three singularities: a 90° T-junctia
change of direction and a diaphragm inducing suddesnge of cross section. All these singularities
contribute to the global head losses of the suag& tombined with the friction losses on the waller
convenience, the headrace tunnel, the surge tahtharpenstock are numbered respectively by 1d23an
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3.2 Investigated Operating Conditions

In this paper, four cases are investigated. Thases correspond to different operating conditieimish
differ according to the flow configurations in thgstem. Table 1 summarizes the investigated cases.

Case #1 #2 #3 #4
e 3 e 3 1 - 3 1 » P 3
Scheme
2 2 2 2

Symbol 1>2 2>1 1>2,3 2,3>1
a,1=Q1/Qtot 1 1 1 1
a,2=Q2/Qtot 1 1 0.5 0.25
a,3=Q3/Qtot 0 0 0.5 0.75

Table 1: Investigated Operating Conditions.

Moreover, the distribution of the flow rates inchabranch is mentionned by the flow rate ratip
which is defined by the ratio between the flow retehe considered branchand the total flow rate. The
flow configurations described in Table 1 corresptmthe following cases:

case #1: the flow is going from the headrace tutméhe surge tankagl=a,2=1) and the flow rate
in the penstock is equal to zera,8=0); this flow configuration is experienced duritfee mass
oscillations between head race tunnel and surdecamsecutive to a turbine emergency shutdown;

case #2: the flow is going from the surge tankh®headrace tunnehf2=a,1=1) and the flow rate
in the penstock is equal to zera,8=0); this flow configuration is experienced duritfee mass
oscillations between surge tank and head race lt@onsecutive to a pump emergency shutdown;

case #3: the flow coming from the head race tuimmetjually divided into the penstock and into the
surge tank §,2=a,3=0.5); this flow configuration is experienced urkiine mode just after an
emergency shutdown;

case #4: the flows coming from the surge tank andchfthe penstock are going to the headrace
tunnel; for this case, most of the incoming flowmas from the penstocla2=0.25,a,3=0.5); this
flow configuration is experienced in pump mode aisér an emergency shutdown.

Respecting the Froude similitude with a length esaafl the model , the scale factor for the Reynolds
number transposition to prototype is equal ¥6=48. The involved Reynolds numbers are set in gedn
ensure experimental head losses coefficients repiasve to the prototype conditions.

3.3 Experimental Setup

The reduced scale model of the surge tank is naatwied with clear PVC material. The headrace
tunnel and the penstock in the vicinity of the Tigtion are included in the reduced scale model gégm
The experimental setup is shown in Figure 4.

The model was equipped with electromagnetic floterseezand measurements of piezometric heads were
performed in 25 cross sections: 8 in the headttawael (Pz11-Pz18), 8 in the penstock (Pz31-Pz38)%ain
the connecting pipe and the surge tank (Pz21-PZ20¢ompute the head losses coefficients, refererass
sections, located far from flow disturbances, @lected: Pz15 in the headrace tunnel, Pz35 inehstpck,
Pz28 in the surge tank for inflow conditions, Pa2éhe surge tank for outflow conditions.
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Figure 4: Experimental setup with top view (left) and sidew (right) of the surge tank and related pressaips.
3.4 Loss Coefficients

Head losses between sections i and j include frattion and singular losses. Hence, to derive the
contribution of the singular part, the friction $es dH must be substracted to the total head

ij _friction

differenceDH; =H, - H, , see GarddlL1]. The resulting singular head loss coefficiendédined by:
Kii :(Hi - Hj - aHij_friction )/(QzZ/ZQAefZ) (1)

With Q, the reference flow rate amgl; the reference cross section area correspondirfgetodnnecting pipe
between the surge tank and the headrace tunnelfri€tien losses are estimated with the Darcy-Wetb
friction factorf as follows:

2
dHij_friction = f%% (2)

Preliminary measurements to derive the frictiortdaof the different pipe components are perfornide
methodology consists in measuring the total hedffédrdnce in a straight part of the considered ggre
several flow rates. Assuming a constant frictiootda in the turbulent regime, a fitting functionthvithe
square of the flow rate is found to derive the tioeints. The friction factor§are given in Table 2.

Pipe 1-Headrace tunnel 2-Connecting pipe 3-Penstock
f 0.015 0.014 0.017

Table 2: Experimental Darcy-Weisbach friction factor

Finally, to derive the singular head losses cokffits, the same methodology as for the computatiaghe
friction factors is used. Total head differences mreasured for several flow rates and a fittingcfiom is
derived from raw data. The head losses coefficiarggjiven in Table 3 for all the investigated sase

Case Symbol K Koy
#1 1>2 5.047 -
#3 1>2,3 5.274 -
#2 2>1 - 2.543
#4  2,3>1 - 1.370

Table 3: Experimental singular head losses coefficiéhtshtained by physical model tests

4. CFD COMPUTATIONS OF DIAPHRAGM HEAD LOSSES COEFFI CIENTS

4.1 Numerical Setup

For the present application, ANSYS-CFX 14.0 vers® used for the flow computation in the surge
tank reduced scale model. Steady Reynolds Averdiader-Stokes equations are solved and the set of















