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Power Waterway
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Transfer of power water from reservoir to powerhouse and into
the downstream reservoir/river

Main parts of power waterway (upstream of the PH):

Intake structure with trash rack

Gates (shaft, cavern, intake building, etc.)
Headrace tunnel

Surge tank

Penstock

Auxiliary parts (sand trap, manifold, adits, inspection and safety
equipment)

Main parts of power waterway (downstream of the PH):
— Turbine outlet gates

Open channel or outlet tunnel
Auxiliary parts (outlet gates, manifold, etc.)



Power Waterway — Layout

Horizontal alignment:

Topography
— Geology

Hydrogeology
— Constraint points (intake, powerhouse, adit,

etc.)

Power waterway size

etc,)

’

Construction method (TBM, NATM

Vertical alignment

rubber vehicles, etc)

Inclination for the traffic in the tunnel (rails,

Drainage during construction
— Drainage of power water for inspection/maintenance

— Aeration and de-aeration during empting and filling
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Power Waterway — Schemes

Main scheme types (downstream PH situated on surface)

Reservoir Intake &

gate shaft

y

Headrace tunnel

i

I

: _ Vertical

i Inclined penstock !
Vertical : headrace tunnel shaft !
penstock | !
shaft : :

! |

T — e mm o e am o Em e e e Ee e E e Ew E e e

Low headrace tunnel

* Vertical and inclined headrace tunnel need high surge shaft = compressed air surge camber
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Power Waterway — Schemes

Main scheme types (downstream PH situated in cavern)

Reservoir Intake &

/ gate shaft

Headrace tunnel

I

[

: _ Vertical

I Inclined penstock
Vertical : headrace tunnel shaft
penstock |
shaft :

[

Low headrace tunnel

Cavern
powerhouse

* Vertical and inclined headrace tunnel need high surge shaft > compressed air surge camber

M. Marence: Power Waterways
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Power Waterway — Schemes

Main scheme types (upstream cavern powerhouse)

Intake!&
gate sli\aft

Reservoir

Vertical

penstock

shaft E
Cavern Outlet tunnel .
powerhouse

B
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Power Waterway — Loading

Static water pressure
* defined by reservoir level by still stand
reduced in case of stationary flow water — looses Energy line

Pressure line

Static head, Full reservoir \

Reservoir

KJ Headracetunnel \ \ T

Inclined
penstock

Net H-ead

---1+7-----------
1
d
1]
1
1
’
1
1

Powerhouse

M. Marence: Power Waterways




Power Waterway — Loading

Dynamic water pressure — caused by changing of the flow
condition (opening or closing the turbine valves

e Surge tank oscillations
 Water hammer

Surge EI Water hammer
tank :
Max. O.L \ EI Max. upsurge
Qin:l// ______________________________________________________________________________ \‘ """""""""" 14 Max. downsurge
Headracetunnel ~ \ e i[Water hammer
Reservoir i
Static head, Full reservoir Inclined
penstock
Powerhouse
“[”" I M. Marence: Power Waterways
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Power Waterway — Loading

Groundwater level — hydrogeology
* Minimal water level — if known — reduces design internal pressure

 Maximal water level — crucial for empty power waterway

Reservoir
== \
/ Viinimal water ievel .
K_/ \\
Headrace tunnel s
Vertical | ‘s,
\
shaft Y
I I'N~~
Powerhouse

“ [S I:I] : I M. Marence: Power Waterways
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Design — Optimal size

¢ Investment (construction,

contingencies, interests...
Costs ting )
¢ Maintenance

\/Hosls (e}
ik
==\ ]

Loss of energy (E)
TC=C+E

e

Construction costs (C)

* Power
e Energy

Hydraulic
Losses

Optimization Diameter PWW HP

Practical velocities in PWW: o d
Concrete lined tunnels: 3-4 m/s (max. 6 m/s) o —>;§ v
Concrete shafts: 5-6 m/s (max. 6 m/s) 2,500,000 ggi :
Steel lined tunnels: 5-6 m/s (max. 10 m/s) 3 2000w 1
Steel lined shafts: 6-7 m/s (max. 10 m/s) %mm
Tailwater tunnels: 1-3 m/s (max. 5 m/s)
Bottom outlet tunnels : max. 10 m/s o
Diversion tunnels: 10 m/s (max. 20 m/s) 2R
Valves and entrance to turbines: 15-20 m/s O A
e chometer (]
—_—
I M. Marence: Power waterway
L DELFT -



Hydraulic design — Head losses

Head loses in the PWW:

* Local losses: trash rack, shape and size change,
gates, curves, bifurcations
h, f— 3

e Continuous losses —linearalong =~ -
constant geometry of PWW section

Surge Tank

Begin Pressure Shaft ——— >

» Total losses Z h =a0’ \
1%

e

Height [m a.s.1]

Valve

2000
0 000 2000 3000 4000 500 GO0 7000 8000 9000 10000 11000 12000 13000 14000 15000 16000

Length PWW [m]

Transient flow:

Transient flow is a fluid flow where the velocity and pressure changes over tlme
Transient flow usually occurs during: e

e starting or stopping of a pump or turbine,

e changing in discharge during operation

* opening or closing of a tank, or

* simple changes in tank levels.

Transient flow usually refers to surge or water hammer.
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Reduction of surge effect

The surge effect can be reduced if requirements for opening/closing
(start/stop) of machine are decreased. In case when such decrease is not

possible (operation) the by-pass valve (Francis turbine) or deflector system
(Pelton turbine) can be installed.

&

Water jet fully deflected
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Tunnel flow problems — Presence of air in PWW

Presence of air in tunnel under pressure can be source for grave nuisance. Air may enter and accumulate in the
tunnel by following aspects:

*  During filling air may be trapped along the crown at highest points or at changes in cross-sectional size or
shape

 Air may be entered at intake either by vortex action or by means of hydraulic jump associated with a partial
gate opening

 Air dissolved in the flowing water may come out of solution as a result of decreasing in pressure along the
tunnel - cavitation

Prevention measures:

 Shallow intakes are likely to induce air being sucked in. Vortices should be avoided, if avoiding is impossible
they should be suppressed by floating baffles, hoods or similar devices

The water velocity along tunnel should either remain constant or increase towards the outlet end.
. No point along the tunnel alignment with negative pressure should develop

*  Partial gate openings that can result in hydraulic jumps should be avoided

*  Traps or pockets along the crown have to be avoided

e
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Tunnel flow problems — High water pressures

Internal water pressure:

Problem: Fast opening and closing of the valve causes high dynamic pressures in the
system

Run-off the Francis turbine with sudden flow clogging
Solution: Design of a surge tank in the power waterway system

Longer opening and closing time of the valves
By-pass valve before turbine

Groundwater (external) pressure:

Problem: By empty power waterway external
water (groundwater) pressure can destroy the
lining (buckling of steel penstock, but also
failure of concrete lining)

STAHLPANZERUNG

Solution: Installation of the pressure relive valves
in the lining. The valves open by certain
external pressure and allow water flow in the

tunnel releasing the pressure behind the
lining

HINTERFOLLBETON
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Geology

Excavation and support:
e Rock mass strength
e Joint systems

| Geology | I Laboratory tests | | Site Investigation ‘
T J
1 [ g
| GROUND TYPE DEFINITION I
Stress level,

groundwater and

Material Parameters
Failure Mechanism

Excavation Method

excavation geometry

e Water inflow — [ ———

: 1. « B | GROUND BEHAVIOUR DEFINITION |
Final lining design: |
e Rock mass stiffness o 00

ope and Support System
e Permeability - | ’
e Min. and max. groundwater level Tt
! e Safety Definition
e Minimal primary stress Risk A\mt
DEFINITION OF EXCAVATION
METHOD AND SUPPORT SYSTEM
[ ] slope wash Triassic Limestone = Q‘At;’lg?g%g'&gﬁ‘eesmne [ 2 | Flysch sheared
[l Nadire Limestone Creteceous Limeston g Fiysch Quartzdiorite

1000 EXPECTED GROUNDWATER LEVEL

900 INTAKE

800 : POWER

700 7

600

500

400

M. Marence: Power waterway
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Final lining design — decision flow chart

[ PWW Design

Confinement
criterion
P<o,

min

Walch's
border

P<psw

No tightening needed Tightening needed

NO

Rock mass YES
resistant on .
X Concrete lining
erosion and
slaking
. Plane concrete .
No lining or Reinforced

lining with high

2 concrete lining
pressure grouting

shotcrete lining

- M. Marence: Power waterway
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NO

Tight element needed

Thin steel lining or
plastic foil with
concrete lining

Thick steel lining
{penstock)




Structural design — Confinement criterion

Water leaked out of tunnel can cause opening of the existing joints in the surrounding rock mass, especially in
case of low normal stress on the joints. Result: more leakage and possible instabilities of the rock mass
caused my leaked water and pore pressures on joint

Different criteria

e Vertical criterion, Snowy Mountain, Norwegian, Schleiss ...
e Assumptions and limits

e Suggested criterion

DS: 9731 Zeit: 00:32:26.20

SF == min,rock 2=
O-max (pz)

_yhk, 1.3k,

k,=0.5,7.=26kN /m3 *
7/th 0=0.5,7,=26kN /m h

w

Primary stress determination

e Flat jack, over-coring methods

¢ Hydro-fracturing/hydro-jacking

P - Test Frac 1. Refrac 2. Refrac 3. Refiac Slow Pump/Step-Rate - Test

- M. Marence: Power waterway
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Structural design — Confinement criterion

Stress mapping method
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Structural design — Walch’s border

Walch’s criteria: Pew > P; tight tunnel lining is not necessary, no loosing of
power water by leaking out in operation
Gry,
B \Uld"'/a
ey
.................... e nSTALIC internal pressure p,
N
~
O @
== ~
Layout 1 Layout 2 o
Walch’s criteria Confinement criteria™
~

~
~

PWW layout deeper in the mountain with higher groundwater level can be more

economical (regardless possible longer alignment and adit an more problems by
excavation) because no or less intense grouting around the tunnel is needed

m
r
m
-
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M. Marence: Power waterway
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Rock mass resistance — Erosion and slaking

Surrounding rock mass has to be
resistant on erosion, slaking and
washing out of the rock joints.

Erosion a mechanical process of
destroying the rock surface by linear
or areal removal of the surface rock
particles.

Slaking is the process in which earth
materials disintegrate and crumble
when exposed to moisture.

In case of joints and discontinuities
filled with claylike or sandy material
these can be washed out.
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FIG. 1 Critical Dimensions of Slake Durability Equipment

Virtually unchanged sample after test

M. Marence: Power waterway

Exclusively small fragments retained
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Unlined and shotcrete lined tunnels

* Rock mass must be resistant on slaking and erosion, no joint filling that can be washed out
* Lining is not tight — water can leak in and out of tunnel
* Rough tunnel surface — need bigger tunnel size

Al Ay=(M, I M )7

Concrete lined TBM excavated Conventional excavated
tunnel unlined tunnel unlined tunnel

A tunnel area
M Manning’s number

i
M AR
D; = 6m D=1T72m
kg = 0.6mm kg = 10+ 15mm kg = 300mm

Fy Fy = 13155 Fy = 2.04Fp Tunnel surface Manning’s number

IVIINOr: vwasserpau, Leitungen,

>0 Unlined rock (drill and blast) 25-40
Shotcrete lining 45-55
Concrete lining 62-83
Steel lining 71-100
“HI:I] I M. Marence: Power waterway
_— DELFT -



Unlined and shotcrete lined tunnels — Fast dewatering

£

M. Marence: Power waterway
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Unlined and shotcrete lined tunnels — Numerical modelling

Coupled stress — transient seepage analysis, Software DIANA FEA

Shear capacity of rock element (234) with different rock mass
11 parameter

g T
1.05;\'— —GS1 26
1| "~ —GS1 35
5095 ~GS140
T 09 GSI 50
5085‘ —GSI 90
508~
“0.75
0.7
0.65
0.6
N N W W a0 en s — W W 0.815
22 d2IFRIYFIEERARRITERS
I Y
OO 8 2 20 20 2 2 20 20 2 2 2 2y 2 2 22y By o2y o2 0.81
Dﬂmmmﬁﬁﬁﬁ&s&m&ﬁﬁﬂﬂﬂ}.
ARAARAAAAAAARAAAAAARE
Times ( days )

0.805

Shear Capacity for different permeability of rock i E
~—Loose rock(Kr/KI=0.01) =Base (Kr/KI=0.1) | oieng inl day
~——Dewatering in 2 days
0.82 = Tight (Kr/Kl=1) Tighter (Kr/KI=10) ©w Dewatering in 3 days
Dewatering in 4 days
p::'”_.'.‘:;wh N 0.78

——Dewatering in 5 days

0.775 ~—Dewatering in 10 days
: W o S o = oy - 2 — o . ow o o ow v v —Dewatering in 20 days
8RR EECEREREEEEEEEE ; :
5% 3 om o2 om o3 o3 3 o3 o2 3 s o2 o= om o~ — ——Nonlinear dewatering
| T T 5 8 F 8 8 =8 5 3 8 ¥ 8 F 8 = =
| i il i S I s S
[ =}
Time (days)
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NN STTTT NN oY O

R R T B B R B R S S

S @ 8 @ @ @ @ € € ©€ © €@ € € @ @S @ © € F F @ 2o

o 2 ey v e e e e 0 e e 2 e Dy b e

Time (Day) an

— §
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Unlined and shotcrete lined tunnels — Numerical modelling

Phased Analysk

Phase 1, Startstep 1, Load-factor 1.0000
Frame 1/120

Pore pressure PR

rmin: -0.023N/mm? mae: 1.177N/mme

M. Marence: Power waterway

PR
(N/mrr?)
2,000
1913
1827
1.740
1,654
' 1567
1.481
1.394
1.308
1.221
1135
1,048
0962
0875
0.789
0.702
00616
0529
0.443
0.356
0270
0183
0097
0010
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Concrete lined tunnels

Less head loss — smooth lining (steel formwork)

Technically tight — water leaking out = lost energy
— practical criteria: 1-2 I/s/km/bar (Schleiss, Laufer)

Lining thickness — approximately 5% of internal diameter (minimal 25 cm)

Pressure tunnel shape: |
WITHOUT FOIL WITH FOIL

L 400 JL 215 I,
A A A

7}4 o020 ! (i 215

TBM - tunnel NATM (drill & blast) - tunnel

“[S” : I M. Marence: Power waterway
———— D
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Plane concrete lined tunnels

B

u_

m
r
m
-

Bearing capacity of concrete lining

After concreting shrinkage occurs
causing gap opening between lining and
surrounding rock mass - contact

a)

shane of

grouting reduce this gap

During first filling lining will be cooled

and temperature change caused

additional shrinkage and gap .
development again ——

System (a) with limited bearing capacity cancrete rock
(tensile strength of concrete) is a result

Possible solutions:

Not allow a gap to develop (b)

Not allow tensile stress to develop (c) °

residual
prestress
=

Reinforced concrete lining

Combination of above _Er

gap pressure grouted

M. Marence: Power waterway
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Plane concrete lining — Analytical solution (Seeber)

l

loss of loss of
presuse prestress  lemp e max Py
grout pressure g by | p i
of the pump v
foulugmo A™ / i
7
. L 7/ P qi' \(‘P)
/ X w
/7 / & *“/’i\
/ / & f}
p X & e 7
/ residual 4
4 presiress 7/
=& Ve ' d 450
- ! -—
Oa deformation deformation N
of rock of lining N
o ~
Q% pressure groyted N Y 6‘
N o
A I S h
f N
~
= ~N
B-pe[ed 1
z! & 0 [Fd “ag) Oveste N
-py 28
> QEIF'"I? Gorefp
i"’ 1 Seeber: Design and construction
1 vf ‘ Eb‘ .b'p' a.d of power conduits (1984)
—_— E
: . Marence: Power waterwa
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Plane concrete lined tunnels

Analytical solution - Seeber Prigifey nfng

— T

Primary Iiﬁing

Borehole

CONCRETE LINING DESIGN

-

Injecti-()-r:l_

- #:00
Injection pressure
on pump
Y

: grout\
—_ 3:00 X "oz '.I
E \ \ Borehole R i
E N\ / ; -
60

Z Creep looses| L
[ \ / A
3 — +-6 Max design |.......] Linin
a Temperature i internal : 9 .
&: looses  [T—— | pressure ) _ segment  Source: PSyry Energy

A
-1.4-03 -8.6-04 6.6-04 -4.8-04 2.6-04 0.E4-00 2 E-04 4.E04

N

00

Strain[-]
——Concrete ring characteristic line —— System characteristic line
——Rock mass characteristic line ® Designpoints

“[”ﬂ I M. Marence: Power waterway
E—— 8 peLrT




Reinforced concrete lined tunnels

Analytical solution - Schleiss

pressure tunnel

f'_ under internal  p———

water pressure

rock mechanics rock hydraulics

change of

permeability

deformation of seepage flow in
lining and rock lining and rock

seepage forces

Assumption: full contact between surrounding rock mass
and lining concrete after shrinkage and temperature
change by first filling with cold water

—_—

Il““: IHE M. Marence: Power waterway
=S pecLrT Il
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Concrete lining with seal

In case where the tightness of the concrete lining cannot be achieved by high pressure injections or
reinforcement a tightening element has to be installed. The tightening element is normally (thick lined)

steel penstock. As a transition between concrete lining and steel penstock a concrete lining with seal
element is used. As a seal element:

e thin steel lining,
* plasticfoil, or
* Fiberglas pipe is used.

These solutions are often called “sandwich” linings, because of their composition. Tightening element is

not stiff enough to take external loadings and a concrete ring inside the sealing element gives additional
necessary stiffness.
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Concrete lined tunnels with seal — thin steel lining

Tightening is achieved by thin (5 —10 mm
thick) steel lining. Steel seal is designed
to takes et least a part of internal water
pressure.
Such thin steel pipe is often not stabile
during transport and assembling.
Additionally, thin steel has very limited
buckling stiffness against external water
pressure. Therefore during fabrication a
thin (10-15 cm) concrete lining is cast in
the pipe. The concrete lining takes
external water pressure and protect steel |
against buckling. After putting on place |,
and welding the connection part inside
the pipe and backfilling with concrete is
necessary.
After installation through prepared
grouting holes consolidation grouting
(with pre-stressing effect) is performed.

—
M. Marence: Power waterway

1A II:)ELFT-
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Concrete lined tunnels with seal — plastic foil
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An alternative to thin steel lining. The foil is thin (2-3 mm) plastic (PE, LPO)
membrane that is very flexible. (PVC foil because its environmental impact
and changing characteristics during time — getting brittle, not suitable). The
foil can be installed (fixed) directly on the primary support by TBM tunnels or
an fine shotcrete layer is spread, smoothening the underground. Usually, the
foil have on rock side a fleece (500-1000 g/m?). Fleece protects the foil from
irregularities in the shotcrete lining. Fleece is often protected with thin plastic
foil that mechanically protects it, but also during grouting protects fleece

from the grout penetration. Instead of fleece also plastic grid could be
installed.

The foil can take a part of internal water pressure, but is not resistant on
external water pressure. Therefore, final lining is installed.

Consolidation grouting (with pre-stressing effect) through prepared grouting
holes (steel pipes glued with the foil) is necessary to achieve force transfer.

Design is performed similar as for thin steel lining that for internal pressure
the concrete inner ring could get cracked and is not taking internal forces.
External water pressure is taken by the inner concrete ring.



Concrete lined tunnels with seal — plastic foil

Polyvinyl Chloride

Thermoplastics
(PVC)

Polyolefins

PVC-Unplasticized | PVC-Plasticized

Polyethylene (PE)

Polypropylene (PP)

PE-High Density . .
(HDPE) PE-Low Density flexible PP

PE-Linear Low Density | PE-Very Low Density
(LLDPE) (VLDPE)

M. Marence: Power waterway
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Concrete lined tunnels with seal — plastic foil

During loading by internal water pressure the foil must also be able to over
bridge the tensile cracks that can occur in the rock mass behind the foil.

“Rule-of thumb” proven by the test: the
foil thickness “s” must be bigger than
double crack width “2u”. Under
assumption that only 2 diametrical
cracks will occur perpendicular to the
weakest rock plane the crack width

yields to:

oy 2r=V)p,
%

where:
Vv deformation modulus and Poisson

number of surrounding rock
p; internal pressure

“[S” : I M. Marence: Power waterway
———— D




Concrete lined tunnels with seal — plastic foil

B

I M. Marence: Power waterway
D
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Concrete lined tunnels with seal — plastic foil

M. Marence: Power waterway
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Concrete lined tunnels with seal — Fiberglas plastic pipe

During last years Fiberglas plastic pipes becomes accepted, especially in the
range of the relatively low internal pressure (up to 30 bar). Production is not
limited by diameter or by the pipe thickness. The pipes up to 3.0 m diameter
are produced in the factories and transported in 6m lengths directly on site.
Bigger diameters (>3.0 m) have to be fabricated on site. Fabrication needs a
production hall on site with constant temperature and humidity. Pipes are
connected by muffs.

Bending, changing of diameter and manifolds needs a lot of hand work by
production and are mostly omitted by using steel parts (simpler connection).

Pipe diameters less than
3.0 m, relatively low
internal pressure (30 bar),
cheap material (~3.000
UsS/m) , and simple
assembling  makes the
Fiberglas very interesting
specially for small hydro.

= M. Marence: Power waterway
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Concrete lined tunnels with seal — Fiberglas plastic pipe

_AMITECH® Pipe sys

“ “ ” !’ M. Marence: Power waterway
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Steel lined tunnels (penstocks)

Steel lined penstocks cannot mostly be avoid if:

* internal pressure is to high

* by poor rock mass quality or to shallow overburden
* the lining must be absolutely tight

Design:

Internal pressure:

Full internal pressure is taken by the steel — simple calculation by pipe formula — pipe must be fully imbedded in
the surrounding rock mass or fully free

Internal pressure is taken by steel and surrounding rock mass — based on their stiffness — full safety (1.67) to the
composed system and additionally reduced safety for the steel lining alone (1.10)

External pressure:

Pipe can buckle if external pressure too high. Buckling pressure function of the pipe geometry and the gap
between steel lining and backfill concrete (temperature, shrinkage, irregularities, etc)
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Steel penstock - design
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M. Marence: Power waterway
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Steel lined tunnels (penstocks)

M. Marence: Power waterway
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Power waterway — lining types

Concrete

lining

Concrete
with seal

Steel lining

¢ Unlined tunnels
¢ Shotcrete lined tunnels

J

. )
¢ Plane concrete lining

¢ Plane concrete lining with high pressure consolidation
grouting

¢ Reinforced concrete lining )

¢ Concrete with thin steel lining
* Concrete with plastic seal
¢ Concrete with GFP

* Open penstocks

e Burred penstocks

¢ Penstock pipes in tunnels

¢ Penstocks in tunnels embedded in concrete lining

M. Marence: Power waterway




