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Le but de ce rapport est de recueillir les renseignements n&cessaires
3 une étude d'opximisafion économique d'une conduite forcée telle qu'ufia

lisée dans un projet hydro-électrique. | .

Ce rapport traite d'abord de f‘ana]yse tHéoriqyé'de 1{aspe6t hyd;au-
lique d'une conduite. Il en aborde ensuite 1'analyse et le design struc-
tural., Ces deux facteurs sont-ensuite combin&s en tenant compte des colts

,de‘l'invest?ssément, tels ]es“coﬂ?s de perte dq charge et les coOts de
construction (matériaux et main-d'éeuvre). ‘ -

Cette &tude considéff;pussi 1'influence de’ 1a nature du roc ainsi
que de sa consolidation. | )

De plus, ce rapport contient un organigramme montrant les &tapes

. suivre pour une optimisation manuelle ou par ordinateur.
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* UNDERGROUND EMBEDDED PENSTOCKS
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The intent of this report is to act as a.guide in the optimization

and design of underground embedded penstocks of hydroelectric projects.

" The ﬁeport presents hydraulic background %f the penstock and treats
the structural design of the wall of the penstock, known as the penstock
liner. . :

These hxdrau]ic and structural design factors are inter-reiated by

their common influence on' the total cost of the project.

" The optimization considers among other things the cost of construc-
tion which includes excavation, concreting and consolidation of rock sur-
rounding the penstocké. The price of energy is also reflected in the

optimization through the hydraulic head fggges.

4 : ' .
Finally a flow chart is presented to enable the engineer to optimize

L}
the design of a penstock either manually or by the use of a computer.
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' LIST OF SYMBOLS
. : , , Sl

¢ . Symbols are defined where they first appear in the text. Those sym-

+ . bols which appear‘bften in the text are defined below.

A, =area of cross section of weld

D = diameter of the penstock

d = root openingforweldingﬁ )
E = Young's modulus \ i}
e .= joint efficiency
f = friction factor . S
fé ‘= strength of concrete )
fy = yield stfength of steel .
= gravitational acceleration , . ' .

9
H. = piezometric head over the steel line@
H. = thickness of rock cover
h = hydrostatic head
- ~h, = head loss due to bend o
"\\\\\‘\ hw ‘= head loss due to contraction
he = head loss due to friction

o

h. = rock thickness above.the penstock .

kb = experimental loss coefficient for bend . . g

k =‘% in bﬁck]ing formulas for the steel liner

“ L = length of the 0il coated section
. 1 = length of the conduit
M = bending monent

P = external hydrostatic pressure

' Pcr = collapse pressure

(viii)

L]

e



’ A g
4 - . ~ . ' f;’f]g’;"
- \ K " - o8 “..
. N - - -y " g.g".}'."
" 9 ) ) ~'. . ) 3 . “;’:9::‘11
N . 13 o ’ - ¥ :
R = {nternal radius of the liner o ‘ . v
' ‘ R, = radius of curvaturé of an elbow )
" Ry = Reynold's number - . 1
+ § = circumferential design stress ’ P S .
Sp = tensile ‘stress due to temperature change' T Ta
St = tensile stress due to Poisson's effect -
. T = total rise of a steep slope of rock ‘
T ) e T
) y t = thickness of the liner ‘L
U = indent in the steel Tiner - . . . -
\ v - = average velocity of flow in the penstock ‘
: w :
Yo - = initial gap between the steel liner and the surrounding concrete
"o = angle of convergence . /7
. < . R (50
B = correction factor for experimental bend cogfflcngnts ¢
i - G AN |
. . ‘ oo . : ifil""
¥ = specific weight of water ! ’ G
AT = difference in temperature- : . ' %fg
. . . ] N . ) ' . [y ,& 3
. . & = elongation ‘ L §§3
: . , , o s
“ € = rugosity ’ : B . §~§
[ 3 . 'i"
el = thermal expansion ¢ ) _ %f:
) ‘ o ; 43
T 8 = angle of inclination _ . _ 2
, ' ’ ‘ :‘\.‘!
A = average value of friction factor ih a reducer ' ’, 32
N L. . : N - . ’ ,-".:
v = poisson's ratio . . -:ﬁi'
. v - kinematic viscosity - ' ‘5
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" INTRODUCTION NI T
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1.1 General

In a hydroelectnc pro,]ect one of the a'ims of the des1gn 1s to “

S .

~
convey water from the reservmr to the turbines as. efficiently as pos-
“.S‘I‘Me.' This is/done by- 'qh“e usehof conduits called pehstocks.

. « K"
. s . ' , . N4 . . 3
o . ‘ 1,
‘ 0
) - e
P
. s b
' .
.

The purpose -of this report is to give gu1dé]‘|nes to, de51gn safe,

.
'

hydrau'hca'l]y efficient and: econom1ca'lly feasﬂﬂe undergmembedded
_ o penstocks ' ‘ A o L S
\}~ ' o ) N 4
| The importance of the study of a penstock is mamfested by its cost

L 4

T which could be;s* high as 20% of the tota] 1nvestment of the structures
. in a hydroelectric pﬁ]ect (excfudmg cost of the dams and &ykes)

K

Optimiiation inc]udes the engineering study (struct'ur

LR ——

E geotechmcal) of the penstock d1ameter', its ’Iocatmn and its path of

ﬂow‘, combmed mth an assessment’ of its cost-as part of the total mone-

' . ° tary investment in the proJeqt. L t : :
s 1.2 Types of Penstocks : . / 3
; . . The types of penstocks are charactemzed by Xhexr pos1t1on mth

- Undergmund embedded penstocks are those that are excavated in rock

and’ then are lined e1ther with concrete or with’ stee] These types of

A




a

where terrain is rugged with:§tgep depressions, provided that an adequate

rock cover and ro qua]%ty are available. F]gxib?]ity of routing the

. benstocks in the-case of undérground penstocks ié advantageous compared

. to surface penstocks where geometry is constrained by surface topography.
In contrasf' where&rockv1s not sound and fau]t zones are encountered
embedded penstocks can be very expens1ve.to build?> Thus it necessary
conduct a co]lecﬁjve overall study of the cost of the itéﬁs of one type

of penstock and compare it with the cost of the other type to determlne

J
’ {

. the most economical des1gn ‘ .

»

1.3. Parts of a Common: Type of Penstock
£

A peﬁstbck can have many parts, depending on type of dam, location
of the intake structure, the outlet wdrks and powerhouse. . Figure 1 i1lus-
trates a profile-of a common type of underground embedded penstock for
an earthfill dam with a'surface powerhouse. In the figure the penstock
has five sections; they are the dpper and the lower elbows, the inclined
sectionjgthe horizontal section anqzthe reducer. The upper elbow is
attached to the iransition as shown in figure 2. Tﬁe tranéition which
is a part of the water intake structure funnels water from the reservoir’
to the upper elbow of the penstock. The downstream end of the penstock

is fitted to the scroll case by a make-up piece as shown in figure 3.

The scroll case is a spiral tube that diminishes in size while feeding \\J/,,///h

the blades of the tuabinE'with water through multiple openings. .

4 t

4
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; y ' 1.4 Organization of the Report . _ !

-

P

o The report presents thg hydrau]ié and structural background“required
}br the design of a penstock. ‘Tt also deals with possible geotechnical
probiems_associated with the rock surroundihg the benstock and discusses
remedial measures for such prob;:ms. Further, the repoft explains the
important ro]e‘of thé ang]e‘of inclination in the total ‘economy of the i

, penstock. [pe optimization process for the angle of inclination and

penstock diameter is discussed using a flowchart as an i]]ust:;:i}e

guideline. Finally, a numerical example is solved to illustrate/the
, f - - important factors discussed.
! . . 1
1
f —— { - - .
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CHAPTER 11
" MYDRAULIC ANALYSIS OF A PENSTOCK

2.1 Introduction

With the rapid escalatign of the cost of energy hydraulic losses

!

are of paramount importanca in the opt1m1zat10n Df a penstock. A proper

Tt Al GV

assessment of these losses @nables the designer to establish an optimum ' ‘(

diameter of a penstock from the hydraulic point of view.

Penstocks are analysed as closed pipes f]owing full. Data from
“laborator} tests are often nqt épp]icab]e since these tests are conducted
on 5&51] pipes which are not necessarily representative of the penstocks
which may possess very large diameters. However, studies such as those
of United States Bureau of Rec]amafion (USBR) (1,.2, 3) which are based i

. on observations of actual hydroplants can be safely used.

’ 2 2 Hydraulic Losses in a Penstock

. The hydraulic design of a penstock is aimed mainly at the reduct1on

of losses over the 11fetof a project and affects the overall economy of

the project.

There are two ‘types of losses. Frfctfbn losses which are the result
of the wall .roughness of the penstock and secondary losses which are caused
v by trashracks*, slots for the water intaké structure gates, the shape of

‘the water entrance, bends in the penstock ‘and reduction in.size of the ..

P
R

*

» A trashrack is a metal grid installed at the mouth of the water
intake structure to prevent debris from entering a penstock.

e

;
i
£
i
L
£

Gty T v 7 .
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\ penstock /(contraction). Of the secondary losses only those due to bends

A , VA -
and contractigns will be discussed. The other losses are usually associatgg\

o ‘ with the design of the water intake structure. )
b 1 .
2.2.1 Friction Losses ‘ . S S

' ~

Friction losses which account for most of the head losses in a pen-

stocK are calculated by the Dancy\gpd Weisbach :formula (4, 5, 6)
_ | l . ,

m e il

f -
“« _ l__ ;
~ he = T2 (2.1) '
) A ﬁhere: hf = drop in hydraulic grade line or friction ]osé;'. , ' ‘ﬁ’
’ ! f = friction factor;. . , '
1 = length of the conduit;
. D = diameter of the conduit; -
t . vV = mean velocify of flow;
g = gravitational acceleration. ‘ S
The frictjon factor, f, is a function of Reynolds number, Re, . J
, . - .. i
which is given by: ¢ ~_/ :
: A 1
; | Re = Dy | ' (2.2)

Yk
Where: vk = kinematic:viscosity ' 3

! Al

.
-

Values of Yy which is a function of the water temperature -are given -

in ¢hart 1 in appendix A. ‘ . . ‘ , '

- \
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i Where: € = rugosity.

The friction factor is also a'function of the surface roughness of

the wall of the pénstock. ]Qf wall roughness isiqailed rugosity which ¥

is usually expressed as relative rugosity:

Relative rugosity =-% (2.3)

-

!
Rugosity for different surfaces compiled by Brater and King (6) are

tabulated in table 1 in appendix A. \ -

2.1.1.1T Reynolds Number and Types of FlLow

1.3

The state of flow in a penStock is determined by its Reynolds
number. The magnitude of Reynoﬁds number characterizes flow to be lami-

nar, turbulent or in a zone in between called #ransitional flow.

The flow is laminar if the Reynolds number of the-flow is Tess than
2 000 . The relationship between the Reynolds number and the(f?iction

factor for a laminar flow is given by:

ot

(2.4) '

e

64
Re

Turbulent flow has a\Reynq1ds’number larger than 4 000. Withe
Reynolds number within the range of 2 000 to 4 000 the flow could be
either laminar or turgulent. Because of this uncertainty it is the
practice to assume turbulent flow iq this zone. This leads to a
diameter larger than that assuming‘]aﬁinar flow, thus ensuring the
efficiency of the systen, - | .- | |

'Héving the kinematic viscosity and thé ve]ocity}of a penstock a set
of'tria1 diameters are entered info equation 2.2 which gives corresponding

™

Reynolds numbers. With these Reynolds numbers friction factors of each
, ) ' L

-6- /
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A "
diameter can be found from Moo&y's diagram. ( chart 2 in ap;endix A)
Usinéleqﬁ;tion 2.1, losses_can be determined with thg friction fqétors.
As an example the relationship between diameter and head loss due to fric-
tion is studied for a discharge of 240 m/sec, viscosity of water at 35°C,
rugosity of concrete wall 0.6 mm.“The results of the studies conducted
on‘5 diameters of.5.0, 5.5, 6.0, 6.5 and 7.0 m penstocks are plotted in
figure 4. It is eviﬂent that the largér the «diameter the less is the

head -1oss due to friction.
s ) : ' .

2.2.2 Secondary Losses

The percentage of minor losses compared to the overall losses could

J

be small din long penstocks. However,for short penstocks;the term secondary .

losses could be misleading since their magnitude could match or exceed
that of the friction losses in which case the secondary losses .could be

d@ major determinant factor in the optimization process. Bends and

contractions are the most common sources of secondary losses in penstocks.

a) Bends ) - . T

! , Bends or elbows dissipate part of the kinetic energy of water.
“ . . l
Losses are given by: , - o

2 ’ .
hb = kb—%g— . ' ! (2-5) ‘

[
" Where: h, = head loss due to bend;

ky = experimental loss coefficient.

N -

,
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* Values for k provided by many authars (1,2) are shown in chart 3
in éppendix A. These k values are results of experiments performed'qn
pipes having diameters rangjng‘frém 3 cm to 20 cmn. Therefore,these
'values can only @e confidently applied to small diameter conduits and
it could be erroneous to use them for 1érge pénstocks. Rel{ab1e k values
are given by Levin (5) in chart 4 in appendix A. Levin's values for
\kb are given as functions of = (re]at1ve rugos1ty), angle of curvature ‘

of the: bend and rad1us of curvature,Rb Although chart 4 is 1imited -

' tx*penstocks with 3h =10 and Re > 2 x 10 s kp values for ratios other'
than _1[-10 ‘can be found by applying a correction factor B to ki values.

oD
In chart 5, appendix‘A correction factor B can-be found which is a

funct1on of ﬁh and Reynolds number. ki found in chart 4, appendix A
far r&t1os of —hf-lo, is then multiplied by the‘factor B.

b) Contractions

\ 1

Conf}actions or feducers'are those po;tions of a penstock over which
the diametér is reduceé as shown in figure 5. Tﬁe change in diameter is
recommended where 1ininglmateria1 is changed from concrete to steel.
Since a steef\]iner has a smoother wall surface the head loss in thg
steel Tined séktion is considerably less than that of the concrete. This
permits the reJuEtion of the diameter without affecting the head loss.
Contraction 1055%; are given by (5):

\ .o e

c"8sina 8¢ 79
\ 2

“Where: A = average Va]ue of the friction factor for the large and

: A
the small sections;

A=



L) " heny
i
N
;
v
v
a
-
’
[
o
\
3
i
¥
:
;
0
H
H
*
P
v
2
e
*

a -*aﬁ'gle of convergence of the cone which is a function of, the

6 = S'z' ratio of the 1arge to the small section, (figure 5)
V; = average ve]ocn:y in the smaller section.
Pk |
Where it is economical the reducer can be incorporated with the lower

3

~elbow. Figure 6 shows a horizontal reducer-and one incorpor‘%‘ted with the -

lower elbow.

T

length L over which the contraction, takes place; | "'j

v

e e U amane




‘ CHAPTER III
7 STRUCTURAL AND GEOTECHNICAL ANALYSIS OF A PENSTOCK

3.1 Genéra] .

Although rock ardund a penstock can be cqnso]idated by grout%n
some hairline cracks which arerdifficult to seal will remain. High
pressure water which 1nf11trates into these cracks in the surrounding r //

rock from the penstocks might cause hydraulic jacking and create tensile

‘o

~cracks in the solid rock surrounding a penstock. These tensile cracks

. could impair ihe stability of the rock above the penstock. Hydraulic

Jacking or fracturing occurs when the confining pressure in rock is qver-

come by interstitial water pressure such that:
. ] S
Yh' > 03
Where: o3 = confining pressure;
’ h = head of water, méasured between the reservoir level and N
the elevation offthe penstock;
v = specific weight of watep. \

4 N\
Confining pressure exerted by the weight of rock is low where

rock Eover above a penstock is shallow. It is alsc low in fractured N

’ roék that exists éither in that state or is damaged by blasting in the

vicinity. .

-«
-

.
Dependingfoh the ratio of confining pressure to water pressure, rock

stabiliﬁy could be assured either by 1ining the penstock with steel and

filling the space between the rock and the steel liner with concrete

or by a concrete 1%n1ng.

A%
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Design of the penstock liner includes the choice of .1ining material
-7

(steel or-cogcrete), the determining of its thickness and establishing

, ’ Co v
the length of the steel liner where steel linigg is essential. ~The design
also considers the necessity for ‘consolidating the rock surrounding the

penstock.

3.2 Loads on the Penstock Liner

1

a

The tw9 principal loadings on a peftstock liner are the internél and
external water pressure. T;E case of simultaneous occurence of the two
pressures is ignored siﬁge it will havé negligible effect on the liner.

" Both pressures are taken as the Hégd due. to the difference in elevation
between the maximum reservoir level and the elevation of the lowest part
of the penstock. Figure 7 shows two penstock sections one with internal

.pressure and the other with external pressure.

o

The internal pressure is constant thfoughoht the horizontal section
of the penstock. Its magnitude is augmented by a factor in order to
account for the water hammer effect (7). This factor which is a function
of the time of ‘the closure of the gates at thg turbine, "the léngth and

-diameter of the penstock, the static head and the velocity of flow is
/

determined by an independent analysis.
s

( o - The external pressure on the other hand diminishes towards the down-
streah end of the liner. There,water is exposed to atmospheric pressuéef
The extgrna] pressure is developed on the liner of an empty penstock )
when water séeps from adjacent pressurize&.penstéck or from the réservoir

through fissures in the rock mass.

. . ; . [

EREER i =3



i3 sign¢of a Concrete Line}

A \load sharing exists between the concrete and the surrounding rock
under internal pressure. Tests have shown that 30% of the presgure is
carried‘by‘ he liner and the rest by the rock (8). Thu;, the extéfnal ;
presshre is hefdominating Toad in the determination of thé thickness i
of the concrete liner. '

J//ﬂ\\;_lheJ4;;10wing formulae describe the resistance of liner concrete f

N

against the circumferencial or hoop compressive stress due to external '
- ]
{ - .
pressuré: ; ,
) f e ' -
P (R+ tqu) } .85.f', (tmin p) (3.2)
and ]
P(R+ tav.) = .85 f'¢ (tav. - p) (3.3)
: ' 1.25
Where: t . =~ = minimum desigﬁ'thickness, no overbreak or rock is
considered, cm;
, \tmax = tmin + 25, 25 is the overbreak in cm;
ay, = average thickness of the liner: tmin + 12, cm;
o R. _ = finternal radius of the liner, cm;

f'c = specified compressive strength of concrete, MPa;

1.25 = safety factor;
-4 P = external hydrostatic pressure, MPa;
B ‘ M ' - ‘
o) = tolerence for minimum and average thickness of the liner, cm.

Both forﬁu]ae are based on the ultimate resistance of concrete in

-compression. Equation 3.2 does not carry a 16ad factor because the exter-

- 12 -
\ B *

e
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nal pressure is well defined, i.e. the level of water in the reservoir

cannot be higher than :the maximum, since any excess will flow out of the

‘reservoir by the spiliway. The presentation of the thickness in the for-

mula is such that any possible variation in the overbreak can only result

in a more conservative value of the thickness. But in equation 3.3 a Joad

factor of 1.25 is introduced in order to account for the unfavourable va-

riation in the average thickness.

LY

Because the concrete linér,i§ a]mo§t always designed for external
pressure, i.e. for coﬁpression Toads, it is not reinforced by .steel except
at the interface between the concrete lined section and the steel 1ined
section and that is done only to control shrinkage and to distribute an-

chorage stresses. Figure 8 shows a section through a typical concrete

lined penstock. ‘ : 1
. . .

. 3.4 Design of a Steel Liner »

An annular space between the stee]_liner and the embedmeﬁf concrete

. might form because of difference in temperature between the concrete and.
the water in the penstock. Temperature drop of water will shrink the Tiner

'and open a gap. This gap could be increased by creep in rock. IHat is,

rock could creep with time under the internal pressure from the penstock
and when the penstock is emptied the steel liner whiph is stil% in elas- -
tic Qtaie wi]] retain its original shape whi]é rock and concrete will re-
méiﬁ as they were. Because of existence of this gap, rock around the steel

Tined sectioh”is not relied upon to share loads with the steel section.

_Therefore, under internal pressure the thickness of the liner is

!

‘controlled by hoop stress:

- \]3“_ ) | . N |
-
N ,

L
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unit Stress, MPa; "

=
~a
1)
-}
m
Q
]

o
=
[

internal pressure, MPa; T ey ' '

internal diaméter, cm;

[~
L]

\
joint efficiency taken as 95% (.95)3

"o
"

t

3

wall thickness of the steel, liner, cm.

]

o’

For the external pressure Timoshenko's theory of elastic buckling
cannot be employed since it does not consider any confinement around the N
Tiner (9). Under external pressure, failure could occur when the hoap

stress reaches the yield stress of ‘the steel (fy). This relation is

° "
—

1 ‘given by:

Pep . 2Ty" | (3.5)

. D
Where: #cr = critical external pressure or collapse pressure.

vy

. '
However, the liner might collapse due to e]asticlinstabi1ity before

<
Yield stress is reached. This phenomenon is studied by Vaughan (10),

JBorot (11), Montel (12) and Amstutz {13). o —;///7

Vaughan and Boréi assume that failure of fhe steel liner will ;é

occur 5y buckling in an even number of waves,around the cirFﬁmference B :

as shown #n figure 9. The collapse pressure P¢p according to, this‘ ( :

assumption is given by the following relation: - v 3

« . | . /J//’ .
2 Cfk af, 2 -

e P v ey - - (-0 -0 (3.6) ;

o

)
Where:" y =- initial gap between the liner and the concrete, om;

R = ‘internal radius of the liner, cm;

L]
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E = young's modulus, MPa;

.V = poisson's ratio;
. '
k =D/t " o ¢

4-

"Montel anajyses liners with initial imperfections, i.e. Tiners

© with some f!atness which d‘p occur either during)transportation or .

during handling and assemblage. Figure 10 shows this imperfectioh
~on the Tircumference of;theﬂ]%nera The semi-empirical formula that

. takes into account thesé imperfections (indents) is given by:

’

14.14 u |
PC‘” ) (k)3/l {1 AR zm . B

Where: U = initial imperfection cm.

Montel recommends the use of his formula in the range of

. ‘ , ,

An6tﬁer‘appko;ch is taken by Amstut§ Qhéée in{hi§.¥eséarch he
assumes that butk]ingfwill occur fbrminb*one single Tobe rather than mu{-
tiple waves as considered by'Vauéhgn and Bdkot- figure 11 illustrates
this assumpt1on showing the/”hw mean rad1qs generating a mean curye about

.wh1ch ‘two outward and one inward half waves are formed. This behaviour

ts expressed by the following two equations:

372 | -
IR k= f f - f k(f' - f)
i ( ‘ﬁ[] +‘—} - 1.68 4 [l -~—1ﬁ——9—-] (3.8)
A é ’F o ' and , , )
' / o, ‘ o d .
; ' (- R —m'——) 0175 F (£ - £,) (3.9)
@ f '\H
¥, ____.l.,__..... ¢ .l .,
Hh?re: f& =~ [T . : i ?
fn T theoretical compressive stress, MPa;
% : ) '
~15~
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L o Upop solving equations 3.8 and 3.9 simultaneously; f, and Pcr can be ‘.
‘ determined. . ' . . oo o \
To assess which of the foregoing hypotheses is closest to reality . .

"Société des Forges et Ateliers du Creusot” (14)° conducted tests on

T . behalf of Electricité dﬁ France on, liners with 4 000 mm diameter and thig&- Lo %

- 5
-~

yas nesses ranging from 12 mm to 24 mm. ‘The results of these’ tests are plotted
. on a graph as coﬂabse pressure, P..,against the ratio‘s k = % (figure 12). Q‘\ '
On the same dia?ram, results obtained from equations of Vaugiwan - Borot, . |
Montel as well as Amstutz using similar values as the test are p]ofted.

. : Amstutz's curve estimates collapse pressure lower than the critical pres-

sure from the tests and therefore is conservative.

However, in 6rder to include the effect of initial impenfections as
studied by Montel, Amstutz's curve instead of being independent of the
values of indents may be drawn parallel to Montel's curve as shown in

figure 13.

T

Apért from the.internal and externa} pr"esg,ures there are other loads .

i

',on the penstocks that can cause important longitudinal stresses. on the
; . ‘ ’ .
‘.Hner.' These stresses are caused by:

-

a) Temperature changes

@

Rock temperature remains constant while seasons change. However
water temperature in ‘the reservoir changes. The difference in tempera-
ture between the steel liner and the surrounding rock results in the

following stress:

S, =i E «eT « AT : (3.10) T

-16- LN




usually restrained against mbvement by stiffener rings, the change in

- ¢) Stresses in the Steel Liner due to Shrinkage of Weld

" penstock, the outside surface of liner should be coated with 011 before .

I

Y

Where: ”St tensile stress due to temperature changé, MPay”

E = modulus of elasticity, MPa;
. _ } ’
el = coefficient of expansion; ' ’ S
. . {
AT = difference in temperature,,oF. . 1 \
b) Poisson's effect : ’
. - : —

Internal pressure that expands the 1ingr radiglly will shrink it
. - (’; 2

longitudinally. The opposite effect is true in case of the app]iéaéion of

1

external pressure. This is called Poisson's effect. ~Since the liner is
circumference of the liner will cause compressive stresses in case of thi‘
external pressure and tensile strésses in case of the internal pressure.

These stresses can be evaluated by using Poisson's ratio as follows:

-

5, <035 B (3.11)

Where: Sp = stress due to Pbisson's effect, MPa; ‘ ’ N
0.3 = Poisson's ratio for steel;
S = allowable circumferential design stress, MPa. '

| . -

Welding will not add any longitudinal stresses if the steel liner

R - i S L

is nét restrained against movement. Therefore it is recommended to have

a . . e '
“all the weldings performed before embedding the “liner. If this is not

possible as in the case of the transition between the scroll case and' the

concreting. Shrinkafe of a butt-weld can be evaluated by :(15)

©

-17-
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. - 1.
§=0.2 65¢) + .05d 1(3.12)
t .

Where: & = trarsverse weld shrinkage, cm; °

Aw = area of cross section of weld, cmz;'

,t = thickness of steel liner, cm;

" d = root opening, cm.

Long1tud1na1 stresses in the steel 11ner can be ca]cu]ated from
-
- the strain caused by the shrinkage of the we]d $.
" d) Bending at Coated Section
¢, { .
Absence of cohesion between an o0il coated steel liner and embedment
concrete could cause the steel Tiner to bend Tongitudinally under partial
Toading as shown in figure 14. The bending moment at the centre of the
coated section which augments longitudinal stresses in the liner ié
derived _from the\Bending theory of axisymmetrically loaded cy1indricai
shells-.(16), (appendix B) - .
F o . ~(BL/2
. Mo 282 e~ (BL/2) sin (sLs2) (3.3
: 4 ' ,
Where: B.= 1 -V
Ret
~B~ . L = length of the’coated ;ection-

? 3,5 Length of the Steel Liner

R | . | ‘

To locate where o3 > vh, i.e. where the liner is no longer needed?

1
finite element analysis ‘could be used. But for all practical purposes

the empirical formu]ae derived by Terzaghi (17) and Olsen (18) are
~simpler to use.

L,
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rzaghi suggests that any penstock with gentle sloping rock cover

n in figure 15 having rock thickness less than half the hydrostatic .
A ' o .

head should™ke steel lined, -i.e.: - :

h .
a -z- > hr . . - (3‘14)

. Where: h, = rock thickness above the penstock cm. " .

S 2 3.6 Grouting '
[ . . '

©

Olsen on the other hand, upon studying steeper 5lopes concludes that

a steel Tiner should be providéd up to where:

2 v e ‘
H Ho™ + 50 . (3.15)
r> 5T . . '

O

Where: H. = thickness 6f_rock perpendicular to the average slope of the

surface of rock cm;

-

T = total rise of‘the steep slope cni; o '

-

Ho = piezometric head over the steel liner cm..
. . &

g‘ Grouting is the process of pumping a mixture of water and cement or

a mixture of water, cement and sand into fiséures in the rock mass or in
voids left between the concrete and rock during blacement of conctete‘oﬁ.
due to subsequent shrinkaée. The grout is Pumped through injection"holes
that intersect the assumed pattern of rock jéints.J §§

The cost of grouting around a penstock is a parameter in the opti-
mization of the penstock. The cost of grouting is diéect]y broportionai

to the length of the penstock.

-19-
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There'are man& types of,gﬁouting each serving a specific purpose,
)

"The following typé; of grouting could be involved in the constrUCiion of

a penstock: e

a) Void Grouting ' ' T
The purpose of void'grouting 4s to fill voids.created by entrapped
air during placement of concrete either in the concrete 1ined section or:

in the encasement concrete in the steel lined section. Voids could also

3

. be left due to impossibility-of p]acing'concrgte, particularly at the

crown.

!

b) Consolidation Grouting

This type of grouting is performed to consolidate damaged rock around’

the penstock due to excavation b]asfing. Consolidation grouting can be

carried deep into the rock to inject fissures created by relaxed rock or

‘other natura]ﬁy occuring joints and fissures. Consolidation improves the

deformation modulus of the concrete liner. It also reduces the possibi-

- lity of cracking of the ‘rock when the penstock'is pressurized.

¢) Embedment Grouting
" Enbedment grouting is performed to seal the gap between the steel

Tiner and the surrounding encasement concrete. The gap is formed by

Q ‘

shrinkage of “the concrete and by the shrinkage of the steel liner due
to the temperature difference between the rock mass and the flowing

water in the penstock.
tow {
~
) - /
This process is similar to embedment grouting but'the gap to seal

.d) Contact Grouting

in this case is between the concrete and the surrounding rock. The

R -20-
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contact grouting pressure should not exceed the design coilabse pressure

1\

for the steel liner. |
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4.1 ‘General

" with the required fil1l material for construction of the dams and dykésﬁ

. for the(penstock between them within the practical construction limita- -

- ST T T T TR

- CHAPTER'I

.“ ‘ \ " LENGTH OF THE PENSTOCK

The positions of the water intak cture and the powerhouse apart

i ni vl R

from their dependence on the positif the dam are influenced by the

Y

tgpography of the terrain. Their positions are also controlled by the 2

ba]anéing,of the excavated material from construction of the powerhouse

ﬂowever; tﬁé’félafive position of the powerhouse with respect to position ‘

of the water intéke structure is a function’of the length of the penstock ;
between them. A long penstogk is disadvantageous because of its costln ‘

construction and bécaﬁse in some cases where penstocks exceed a certain

length the use of surge tanks is .unavoidable (19). The limiting value

for the 1en§th o%.penstocké,suéh that no surge tank is requ%red, is a

function of the time of c]osur; of the wicket gates of the turbines and

the subsequent water hgmmEr in the‘pénstoék. Current practice shows that .

4

for pémstOCks shorter than 400 m sque tanks are rarely needed.

. After the positions of the intake structure and pawerhouse have

been finalized, it is economically important to find the optimum path ‘ (

tions. The aim of this study is to optimize the path of the penstock

‘between the water intake structure and the powerhouse. ,

. : e
4.2 Optimization of the Path of the Penstocks

The path of the penstock is a function of the positions-of.the'yatpr

intake:structure and the powerhouse. The intent of the optjmizatToh

| 1
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ig to keep the overall cost as‘low as possible. This can be achieved
by providing the shortest possible penstock with restrictions imposed

by economical construction procedures.

Although the shortest path gives the minimum volume gf excavation

and coricrete, for the use of practical and economical construction pro-

cédures‘the ang]e'of the inclined section of the penstock should not be
Tgss than 45° to the horizontal. An inclination angle greater than the
m;nimum, provjdes a slope that facilitates the disposal of‘the excavated
" ‘material by se]f;mucking, i.e. the excavated material would flow freely
down the slope to be Eo]]ected danstream, thus avoiding costly mechani-
cal removai of the excavated material. Steep inclination angles result
“in 1ohger penstocks with 16nger bends, with EonsequenF higher friction
losses and higher bend 10§ses. Therefore, it is recommepded to'keep the,
a?gle ofdinclination of a penstock b;tween 45° ané 60° provided that the
distance and difference in elevation between the powefhggge and the in-

take structure can accommodate such angles.

4.3 O0Other Considerations

A distance of 4 to 5 diameters is needed between the end of the
lower elbow and the entrance of the scroll case to permit the water to

attain uniform flow conditions prior to its entrance into the scroll .

case.

For maintenance a penstock may need complete dewatering. To avoid

o

ponding in the horizontal section a slope of 0.5% is provided to drain
, L ’
water in a sump downstream.

-23- -
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CHAPTER V

OPTIMIZATION PROCEDURE
5.1 General '
I

v

/ Hhe'process of optimization blends the hydrau]ic,'strﬁcfura1 and

- geotechnical data by virtue of the fact that they ‘all havé effectIOn the

total cost of construction of a penstock.

The 'economic study of the current market prices of each item is essen-

tial to the optimization of a penstock. The prices of items caonsidered are:

price of excavation per unit volume, price of concrete per unit volume,
price of energy expressed as cost per unit length of head los$ and price

of grouting per unit length of penstock.
. |

5.2 Process of Optimization

The aim of the optimization is to select the angle of inclination and ;

the diameters of the concrete and steel Tined sections which will give the ‘-

most economical arrangement of the penstock.

The fixed parameters in the optimization are the head of water in the
reservoir, the discharge, the horizonta1bprojected length of. the pehstock
and the physical properties of the construction materials. The rest ofl
the parameters are variable and are functions of inclination angle or the

diameters Dy and Dy, the diameters of the concrete and steel lined sections

. respectively, as discussed in the hydraulic and structural studies.

, To optimize the.angle of the inclination two diameters are assigned

for the concrete ahd the steel lined sections. Since, the inclination

angle is not sensitive to the diameter, a preliminary caleulation using

-2 - 3
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;he hydraulic data can pravide two diameters sufficient fo? the purpose
of optimization of the angle of.jnc]jnation. The process of iteration
consfsts of varying the angle of inclination over the range 45 to 90
degrees keeping the diameters constant. The proce;s involves the calcu-
lation of the thicknesses of both the concrete and steel liners by -
equations 3.2, 3.3, 3.8 and 3.9 with tﬁe length of éhe steel limer '
obtained from an independent geotechnical study. The quantities of
excavation and construc{ion materials such as steel and conc;ete as well
as grouting quantities Aré calculated for each cycle of the iteratioq.
Concurrent with each cycle of iteration the energy losses in terms of -
heaé loss due to friction, bends and contractjons are calculated. For
each cycle, the above quantities are calculated in termi of monetary

investment. The total cost of the‘penstockskis calculated for each cycle

after whicH the optimum slope is chosen.

The'optimizétion of the diameters D] and Dzlfollows, keeping the
optimum angle obtained above constant. The iteration process varies them
by the method of steepest descent. For each variation, i.e. for ezch
assigned value for Dy and D, the thicknesses of both the steel and con-
crete sectioﬁs are calculated. This is followed by the calculations of
their quantities and the losses QUe to friction, bends and'contractions.
fﬁe total cost for each cycle is then calculated. The iferation stop§
when thg least costing pénstock is found. The steps of the opfinizat%bn

i

are shown in the f]owcharf in figure 17.

.= 25 -
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" based on a study of the 1980.market prices.(20). The physical broperties

5.3 Numerical Example CT

For {]lustration a numerical example is solved. The values used are

are as fo]]gws:

- Di§charge . 300 m3/sec

- Installed capacity o | , , 300 MW

- Total head ‘ 120 m , !

- Horizontal projectgd length of liner ° ‘ - 280 m : i

- Length of steel iiner . 30 m j

- Internal pressure with 25% rise due to Qater,hammer 1.5 MPa

- Rugosity ) | |
- concrete ‘ _ - 8.6 x 102 m . ‘ ! - f
- ‘'steel - ‘ v . 6.1 x ;0’4 m ;

- Steel used - | 'G40.21 300 W o

- Concrete fé ] 30 MPa {

Costs of items are as follows: ' ,

Upper elbow ‘
- excavation A ' M 3 40/m3 E e Z?

- concreting : - - | $355/m3 ‘- 3

" Inclined sectipn (55° to 70°)

{ .
- excavati : $115/m5\\\
- concreting $400/m3

13

Vertical section (90°)
- excavation ' ‘ $105/m3

- P

- concreting - $365/m° ,/QM

~26-
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" Lower elbow (55° to 70°)

-

- excavation

- concreting

Lower elbow (90°)
- excavation

- concreting

[}

Horizontal section (concrete liner)

- excavation

- “concreting .

Horizontal section (steel Viner) -

- excavation
- concreting

- steel lining

I

Reducer

excavation

concreting

1

H s
, .
if concrete 1ined

if steel lined

steel lining

$ 85/m°
$565/m3 .

~$ 9o/m’
$665/m>

$ 65/m>
$350/m®

f'GS/m3
$50/m3
$2.4/kg

$ 65/m>

$470/m3
$150/m°
$3.3/kg

Cost of energy expreﬁsed as\$ per unit head loss $13.é'x 1Q6/m

Cost of grout1ng expressed as dolIars per un1t
length of the penstock

27~
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‘w1th1these values the optiQO angle of 1nc11n§tion can be chosen.

" The re1ation‘beiween the angle of inclination to total cost iﬁeplottea
in‘figure 18. The guantit{es of ekcavation.and'coné}ete are plot;ed in
* figure; 19 and 20 respectively; The headlfbsses ?or Dy andlD2 are plot-
ted’in figu}e 21. whe; the cogﬁs of all these 3tems are summed; D,

aﬁd 02 are expressed as funétians of the total cost of construction.

The matrix on figure‘22 fd?ﬁsfﬁggoncave upward surface with'the.optimum

combination of D] and D2 forming the point of stationary having the
least costing penstock of 5.95 million dojlars for D, = 7.00m and
D,= 7.90m. ‘ =

o -

-
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Hh11e some papers and textbooks treat some” parts of the sybaect of

- des1gn of penstocks, specific detailed design 1nforma;1on cover1ng all

o~

the elements qf 2 pens;ock is not ava11ab1e . .
¢ - P « / ° ’ -

T N .
The gim of the,report was to.assemble the theoretical information
required for the opgimization of the design of a penstock. The inf]ueﬁce
‘and application of'tﬁe following faetors’invq1vedliﬁfthe optimization '

process weré discussed in detail:

b

= Hydraulic losses caused by friction, begdé and contractions; /f
J - - ) . . 1 4

A I
L)

- Structura] theor1es and formu]as for ca]cu]atlon of the th]cknesses of

the wa]l of the penstock to w1thstand the exerted pressures,

, ‘ . ‘; .. ’
-s Treatment of shattered rock around a penstotk; { ‘

&

. LN C L ~ .
- Construction factors which 1n§]yence the routing arrangement;

- Investment in terms of construction and energy.

€8 - . - N [

The optimization'procedyre presented shows how this{information'cdn

| be used in a §ystehatic fashion to design a penstocg which. will have the

3

minimum total cost while satisfying all of the constraints.imposed by .

‘the project. -

. The method of optimization was i1lustrated by a solved example using

-
%

an actual design of a penstock with discussions of the solution and results.
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INITIATE DIAMETERS D,,D

~MODIFY D]&D2 BY METHOD
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OPTIMIZATION

~JERMINATED
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PRINT RESULTS:
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OPTIMIZED

~QUANTITIES

-COST _
~PRICE RANGE IN METRIX _
FORM OF COMBINATION °
OF DIAMETERS D, & D,

AROUND THE OPTIMUM

OPTIMIZATION OF THE ANGLE OF
INCLINATION WITH PRELIMINARY
VALUES OF D, & D,

¥

f CALCULATE THICKNESS OF THE

STEEL LINER FOR INTERNAL AND
EXTERNAL PRESSURES ‘
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FIGURE 17.- Flowchart of the optimization procedure - {
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costs of diameters D] and D2

A

]

Dy | - 7.32 7.47. 7.62 7.77 8.07 8.2'3 .8.38 8.53
0y

7.62 6.23«6.15 6.10 6.06 6.04 6.03 6.04 6.06 6.0
7.47 . 6,19 6.12 6.06 6.02 6.00 6.00 6.01 6.03 6.07
7.32 6.16 6.08 6.03 5.99 5.97 597 599 6.02 6.07
7.6 6.13 .6.06 6.00 5.97 5.95 596 598 6.02 6.07
7.01 6.10 6.03 5.98 5.9 5.95 596 5.99 6.04 6.10
6.86 6.09 6.02 5.98 5.9 . 5.96 '5‘.98 6.02 6.08 6.15
6.71 6.09 6.02 5.9 5.98 5.99 6.02 6.07 614 6.23
6.55 6.0 6.04 6.02. 6.02 6.04 6.09 6.6 6.24 6.34
6.40 6.13 6.09 6.08 6.09 6.13 6.20 '6.28 6.38 6.50
| 6.25 ' 6.19.6.17 6.17 6.20 6.26 6.3 6.45 6.57 6.7
6.10 6.20 6.28 6.3 6.3 6.44 6.67 6.82 6.99
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- .. TABLE 1 - Rugosity for Large Penstocks -
Material T Condition Size (g) 10'2,mm
: .
. Concrete’ Unusually rough; poor alignment
' : . . . at joints ] 90 - 60
“ Rough; visible form marks spalling 60 - 35 {
Wood-floated or brushed surface.
in good condition; good joints 35 - 20
" ) . Centrifugally cast; new; smooth; 4
steel forms ' 20 - 15

) * Average workmanship; smooth
, . Jjoints; new; very smooth;

v steel forms 18 - 6
First-class workmanship; smooth
joints 6 -2
Butt-kelded Severe tuberculation and
steel incrustation - 610 - 245
' . 1 General tuberculation 245 - 95
Heavy brush-coated enamels ( :
and tars ’ 95 - 35
‘ Light rust , 35 - 15
, o ' " Hot-asphalt-dipped ' 15-6
' New smooth pipe; centrifugally
applied enamels 6 -0.9
) Corrugated Depth of corrugation 12 nm
metal Spacing of corrugations 75 mm 4570 - 5485
" Rock Unlined 61000
: ‘ i
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Bending of an fkisymmetrically Loaded CylindricalShell .

1
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Solution for deflection of a pipe under ring°load P.is found to be (16):

v

y(x) = P—¢(8x)
882D

(81)
co . X . .
Where: ¢ = e'Bx(cos Bx + sin Bx) '; T .
‘ (
- 2 o
. 3(1 -V ) .
r2g2
i Et?
D= .
12(1-v?)

Integrating Bl in case of distributed load fqr' P = p.dx over the
length, L :

;y(x) = -—p———[Z-e(B(L-x))-e(Bx)] (82)
88*D :

he
and

. \ - M(x)':L[p(a(L-x))+p(sx)] (%)
| 4g? ‘ -
" Where: 0(z) =e P tos Bz 3

p(z) =e"® sin B2

»
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For maximum bending moment H x=L/2' T o |

.

. .

e

r ! '
¥ ' _ . = P -BL/2 :
| e Moax = 2 & .sin gL/2 | (B4)
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