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ABgTRACT

gince the last World War, more than 300 uﬂdorgmnd
hydro-electric stations have besn constructed by different
countries in the World, An equal mumber 18 under advanced
stage of planning. A review of the literature indicate that
most of these stations are located underground on economic
reasons aﬁde& with many other inherent advantazes. Undergromnd
construction resilts in as much as 30 to 35% savings in cost
thin an overzround construction all other conditions remain-
ing more or less comparable, Neither the head nor the flow
1init the cholee of underground location of the pover Station.

Economy in underground constrmoction can de effected
only if the rock strata in vhich the ctation to be located s
suitable for larze stable opsnings. If the rock mass in wvhich
& station 18 located 18 80 poor; that it must be considered |
a lbad rather than a building material no economy is posscible
by selecting an underground type. The layout should de
approached with the full assurance that rock 48 avallable as
a safe structural material., Geologic investizations and
rock mechanic investizations are thus important in the layout
of underground stations, Based on the fa\xrréou geolozical date,
only tentative layocuts can be mede and such layouts before
finalisation have to de confimed dy exploration tunnels or
adits. Considerable savinis can be effected if rock mechanic
investizations are correctly interpreted. with proper inter-
pretation, a major portion of the water presmure in a steel
1lined pressmire shaft can be tranmmitted to the rock vhile
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sStesl lining need only act as a Water sealing membrane. This
will consideradbly reduce the project costs.

gelection of generating machinery and auxiliary
squipment deserve serious consideration in an underground lay-
out. In a layout, the largest cavern ia for housing the
goneratinz machinery., The span of ma power house cavity shald
be a8 small as possidle to reduce the construction hasgards,
The basic parameter in the machinery 1is the diameter of runner
and for this to be a minimum the highest possidble Spged for
the runner 1s to be adopted. Generators are of different
type. Use of the umbrélla typs zenerator roduces the size of
the underiround cavity. Whether it 18 preferable to locate
the transfomers underground or overzround is a controver-
sisl problem. If underground, whether tho transformers ar'e to
'60 in the maizi pover houSe cavarn or in a Separate cavern is
deoided basSed on economic Studles, .

An underground layout can be finslised only after
studying thé varions alternatives. Whether a scheme 18 to be
desizned a8 a ‘head! development or 'tail’ development or
tintermediata'development 18 a matter to be decided by econo-
mic studlies, Merits and demerits of each alternative have
to be independently analysed., In the alignment of pressure
conduits, rock cover should be minimmm to reduce the const-
raction costs. | Larze spans for underground cavities should
a8 far as possible dbe avoided. Undersround pover stations
require additional facilities like access, ventilation, cable
duots etc. ThesSs are provided by means of tunnels and shafts,
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Multiple u3e of these thafts and tunnels would reduce the
condstruction coste.

The Idikki Power gtatlion as origsinglly planned cone
gisted of three dem® and an overground power station. Further
invedtizations and Studies indiecated that underground lo-
oation of the station 18 cheaper. Consideration that led to
iha cholice of underground location has been mainly for reasons
of economy, the main factor beinz a SubStantial reduction to
the quantity of steol for the pansStocks ad a recult of the
participation of the rock to withstand the hydrostatic
prescure, Another major coneideration was that underground
location will preclude damaze f‘m landolides,

The rock conditions at the power houde site and
appurtenances are genorally found Satisfactory and bated on
thete data tentative layout was prepared, Initially inde~
pendent cavernt are Suggested for turbine valves, powsr houfe
aachinery and transformers, DBefore finalising this layout
the malin access tunnel to the power station was driven and
basod on the actual data at Site it was considered better
to accomuodats all the facilitie® in one single cavern. Bassd
on detalled geology at site the power station was shifted dy
109, Rock in the prescure shaft area wad excellent as revealdd
by 4riving an intermediate adit. To reduce the length of
the presiurs shaft, the two shafts will oross before they
reach the power station, Cable shaft ha® been used for venw
tilation also, §ix machines each of 130 MW (375 RPM) are
proposed to be installed in the power station. The adove
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proposals are that of the Xerala gtate Electricity Board.

The suthor has sugzedted some alterations in the
layout. Machines having a speed of 428 RPM have deen suigest-
ed to be used. This will reduce the Bize of the ocavity,

Th; cable shaft is suggested to bs enlarged and nsed for
taking cables, providing ventilation, and access., The cost
of the underground layout can be reduced by sbout 20% if the
above alterations are incorporated.

e nODO000 0 wme
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1.1 : CAL D ’

A large number of underzground hydro-slectric
plants had been successfully completed prior to World
War II, tut most of these were located in Burope. 8ince
the War, development of Underground gtations has been |
noticeable in Burope, U,K., Australia, Philipines, Canada,
Japan, U.g.Asy U.5.5.R., and recently in Indie. In all,
there are about 300 Underground hydro-elsctric stations
in service or under construction in variocus countries, with
a total installed capacity of 31 Million kw., An equal
mmber of stations with an installed capacity of approxi~
mately 30 Million kw is under planning 8stace.

Increased attention towards the construction of
undersround pover stations all over the World is indicated
by the fact that only 40 plants existed before 1946, The
basig reafon for adopting underground plants has besn
econonics, Many underzround plants have cott less than the
alternative surface layouts or with credit for the additional
effective head, they produce Power at the lowvest cost,
Others are considered economic when due credit ia given
to scenic benefits, freedom from Slides, avalanches or
freezing or other semi-~tangible benefits. Althouch major
underground plants were btuiilt as late as the years

irmediately preceding wWorld War II, similar projects wvere
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planned considerably earlier, This indicates that the idea
of locating powver Stations underzround was not suzgested by
thejintention of protecting them against air raids, tut by
technical and econoamical considerations,
The followingz tabulation gives ant approximate
d¢stritution of the Underzround plants in various couniries:-

Algeria - 2 Italy - 72
Australia - 9 Japan - 5
Austria : - a Mexico - 4
Brazil - 4 Norway - 83
Canade - 3 Peru ot 1
Chins (Formosa)~ 3 Phillipines ~ ) 3
Cuba « 1 Portugal - 5
Ezypt - 1 FRhodesia - 2
El salvador - p A gecottland - 5
Finland - e spain 2 e
France - 83 gweden - 44
Germany - 3 gwitzeriand ~ 28
Guinea - 2 United gtates 4
Iceland - 1 U.s.8.R. - 4
India - 5 Yugoslavia - 12

Italy leads the World in mumber of Underground
plants despite poor gzeclogical formations of sedimentary
and metamorphic rocks with heavy seepaze problems, By
contrast wvith Italy, geological formations are generally

contd...
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good in Norway and Sweden., The total underground station
capacity in Italy would be S Million kw (30% of the total),
about 4 Million kw in gweden (50X of the total) and 3 Million
kv in Norwvay and 2.5 Million kv in Canada and nearly a
Million kv in gwitzerland,

Underground layocut of hydrostations is morevpopular
in Buropean countries perhapt due to the advancement made
in tunmnel work and economical excavation processes. Under-
ground layouts require more labour and less material.
Labour 18 relatively more important co8t item in the United
gtates, However advances in underground excavation techni-
ques, squipment and knowledge are tending to increase the
sconomic ute of underzround excavation in that country too.

1.2 ELEM

The principal electrical machinery éuch as
turbines and cenerators, transfomers and sSwitching equip-
ment and aneillary equipment station Service and operating
machinery are all the same whether the propoSed station is
underzround or on the surface, Underzground plants compride
all the elements found in the ordinary types of developments
with power houses on the surface. ThesSs clements ares

1) storace and diversion facility: This 18 obtained

by the constraction of dam8 or velrs or barrages.

contde..
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11) Intake Workss In low to medium head
development s, mostly the intake 18 combined with the main
dam constituting the 4iversion and storade works and ordi-
narily the conoentiation of head in the reach of river
developed., In hich head Schemes, the intake works are
normally Ssparate from the main dam, Intake works ordinarily
consist of trasp racks and control gates together with
operating facilities,

111) condugtor svstem: In low head plants, the
présnuro conduit will be rulétively short, clopinz or vertical
and thess may be lined or unlined as dictated by rock
conditions, In hich heoad developments, the pressure conduit
may be a combination of a pressure tunnel and a Bloping or
vertical penstock amﬁedded in rock with concrete. In Some
cases,y bSurge tanks would be necesscary at the commencement of
the pressure ﬂﬁaft or tailrace tunnel or at both the
locations,

iv) Power HousSe Cavity: The cavity accommodating
the generating units 1is Qxcavgted in the rock. gometimes
provision 1s made for housing the step~-~up transformers
adjacent to the generators in part of the 8ame chamber or in
& Separate chamberi otherwise the transformers are placed
on the surface. Control valves in the branches of the pen~-
stock may either be located within the power house cavity
or in a Separate chamdber adjacent to the power house cavity

with its own drainaze éonnsction to the tailrace tunnel,

P eS|
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v) Tailrace Tunnels The discharze from the water
vheels 15 handled throuch & pressure or free flow tunnel,
For stable hydraulic operation, a Surge chamber adjacent to
the power house would be required if the tailraea is desingned

a® a presgure tunnel.

1.3 FACTORg FAVOURIN ERYROU. NG s

Considerations for underground design can be Summari.
8ad under feur catecories:
1) Economical aspectss
11) Operation aspects;
111) Nature conservation and land protectionj and
iv) Defence requirements,
These are discussed in detall belows
1.3.1 Economis conSideration,t An analysis of the
copts of underzround Stations shows that costs are 30 to 40%
less than for conventional overground stations. Of course,
this may not be true in all cases. However, in nearly every
case, the main reason for the decision to construct an
undergraunq station has been that it was more an economic
proposSition than one abovesround. The economics can be divi-
ded up a8 follows:~
1) If the steep canyon profile at the site of a
high dam 18 deep and narrow with steeply rising =ides, there
- may not be enough épac. for locating the Station overzround
at the foot of the dam. (Fig.66) Deep cutting for locating
the station overzround may affect the sStability of th; slope.

In such cases underground location may prove to be
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oconcnicnl cinco thore i moro froeden in positionin~ tho
gtation. In lov ¢o modorato hoad plantdy Undorgroand arrmonno-
ment moy pormit o moro effoctive concentration of hond and
thuo tho utilication of larger tonerating unito wvith lowor
Opoeific coote,

11) In nany cafagd, tho cost of OCtxucturos may bo
almoot ogual ¢o the turfoco inctallotion. EBnt tho roal
oavinid cccur in tho reduction in £ractionnl lotoon, duo %o

thortor wntor conductor Gybtca (EBxomplos Idtkki)

441) vith tuitablo topographical and goolozical
conditions tho conduit for water conveyanco botwvoon tha
headuvorks and tho underground otation vwill bo much thortor thor
| the headraco tunncl and oxpoled ponsdtock in an ovorpground
dovolopment . ‘Thio will rofloet in tho coot of underiround
layout. Costly anchors can bo oﬁ&ttod in undorground
ponotock shaftso, Capacitiot of pipo linod can bo inercascd
vhich will be woll noich inpootibloy boecoudc of unfavournblo
0lopod and bad ground in tho calo of oxXpoescd poattocks,

4v) Tannolo &n roek moy bo 14nod or unlinord
dcopending upon tho quality of rock. Rock of nood quolity
con b2 rolicd uvon to enrky full or part of tho internnl
PROCCUFO. Tho contctruotion of an undorground conduit inctcoad
of on oponcd ponstoc: nay thoroforo roonlt im cavin:o
in CUcol 1linint, In 7ood quolity roch uniincd coadudts hovo
boen conotructcd ovea for o hydrootatic protturc a0 hish ao

3001. In csno earoty tho oteol 1ining 40 onittcd cativoly

cont@oaen
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and a thin concroto iayor 10 provided to provont Oocpano

looo0s gnd roduco friction,

v) Yhon tho conditiond arc cuch o8 rockfill dan
ic tho mott foasiblec and cooncmical type, tho bott overall
golution 18 froguently that in vhich roclk romoved froam the
other elcaents of tho povor voxo devolopmont fuch as tho
povey houdo chombery, 10 ubod for the construction of tho dam.
Thio will entall ceonomy in overnll construction éost of tho
Underground devolopunent 1f tho power houlo 16 cloto to tho
4em.

vi) If the dam otxuecturo aerooss tho wator course 40
an earth dam or earth and rockfill otracturc, diversion of
rivor water durins construction of dam will bBe throuch tunnolo
congtruectad in the abuttinzs hills. ThesSe tunnolt may porhapd
bo utiliced ast tailraco of an undorzround pover sStation with
advantagze of incidental oconcuy. Tho availadble head may con~
pidorably bo ineroncod for tho dovolopaont, nay be vwith a
0light inereaso in the lentth of tho tailraco tunnel,

vii) Hith soduced lonsth of prossure conduit, canllor

curge tank dinonsiont areo found cufficient in Undorsground

dovolopaontsoe.

viii) Tho ratio of prosrarc conduit to tho tadlraco
tunnol 10 of gront uigﬁificancoo Ovorall coota of tho conduit
sycton are tho louvori tho ~pcator ¢tho rolativo ionzth of tho
tailraeo tunnol oinco tho iattor can bo left unlincd oFr nro-
vided vith ¢ nlain conerote lining to rodueo Ceiection o080,

contd,..
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In the case of Underground layouts the power station can be
located cloSe to the intake and having long tailwater tunnel.
such arrangemiont may prove to be economical than the surface

alternative in overall costs,

ix) Compared to the nenstock of the sguivalent surface
~ arrangement, the 1ength‘or the pressure shaft of Undersround
station would be very short and Sometimes the synchronous
relief valves can be omitted without affecting the zoverning
conditions,

x) Foundttinn.dirficultiea ean be overcome, for
example many swiss valleys and lHimalayan valleyS have steep
8idos and are filled to a con@iderable depth with glsaeial
drift. A station in the open valley therefore requires deep
and cosStly foundations,

x1) The underground excavation works can bs carried
out round the year without being hampered by Sessonal varie-
tione a8 the work 15 free from the effect of wind, &now gnd
rain, This helps in great deal in achleving the objeot
earlier, than it would have been, had it been a murface statio
Thus, not only 1s the overall period of construction reduced,
but the project begins to yield positive returns earlier,
Further, the constmecetion of the dam and the power station
works 4o not overlap as they constitute two absolutely
independent units,

xi4) An underground povar station can be moSt econo-
mically conStructed wvhen the =ite provides sound rock,

contd.ss
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Hodosn ﬁunnolling tochniquo moy mako rfuch o £olution quito oo
oconomic ag a curfaco type powor Station, dopondine on tito
topozraphieal and gooslogical foatures.

ni44) Proporty to be pequired for undorground plants

ic far losc,

ziv) Underground arrandement poSsosses groator £rocdon
than a conventional one from damage in an arca tubjocet to
£froquont and hoavy earthquake thockS since intonoity of chakin

boloy ground 18 lest Sovere than on the surfaco.

Underground arrsnrement 18 not without nozativo

Traits ao far as copoto aro concernsd, These considerations
are =ivon oo undors

4) For housing tho goneratinz machinory and othoy
equipmentso, cavitios are to be constructed undersround vhich
are expeniive, Howvever, in many casoOy only & part of thio
cost can be aecdunted aed inercment over the uutiay necesduary
for oquivalent curfaco arranscmaont oince tho foundation cobtp
of overground Stations located in poor quality rock becomo
oxconoive, Coots of the intorlor structuro of tho machino hall
aro makericlly lewer than thoSo of the cuporstsucturc of n

curfaec plant of oinilar dinonoionO.
42) Por accoos to tho Undorsround stations, tunnolo

or chaftd arg noeocsary. Theto nay ineroafto congtsuction

cooto of undorground layoutss

eontaooe
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111) Cost of separate cavity excavated for housing
inlet valves and transformers may have to be regarded as
excesd cost,

iv) Extra expenditure will have to be incurred for
ventilation and air conditioning and cable galleries,

v) In some underground layouts a surge tank would be
required downstream of the station which would also increase
the cost of the underground layout.

vi) It 18 neceEsary to protect the generators against
the damage by water discharged from rmptured penstock locate
underground. Arrangements for pumping the flood waters or
construction of a Separate tunnel to lead the waters to the
tallrace tunnel would become necesSsary. This increases the
cost of Underground layouts,

1.3.2 OPERATIONAL ASPECTAS

Operational assets of the Underground layouts could
be mammarised belowt~

1) shorter conduit length results in smaller head
lo8ses, The amcunt of enerzy thus regained anmally can dbe
considered an astet over the comparative Surface arrangement

141) Maintenance and repair costs are lesser for Under
‘ground stations, The anmal cost 18 smaller in Ungerground
arrangenent, Hardly any paintinz or other maintenance is
necessary for the pressure shaft and the life of the station
i8 almoet infinite. Therefors a much lower depreciation
(0.5% in gweden) can be taken. If the capital cost of the

two types of stations are the same, the reduced anmal costs
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make the underground Station s more economical proposition.
Operational 1liabilities in a Station located

below ground are (1) inoremental cost of lighting (11) Comt

of ventilation and sir conditioning and (1i1) disposal of

Seepase water,

In areas vhere there 18 wish to retain the npatuml
unspoilt beauty of the country-side, an underzround station
has the advantaze of being entirely out of sight. Aesthe~
tical, recreational and tourist interest alike require the
conmrvation_ of the original landscape features and the pre-
tection of thess azaindt spoiling by expoSed penstocks, pawel
houses ete, In West mmpnn countries, preservation of
Scenery 18 a major consideration and technical reports on
wa_tqr power developments include a detailed account on the
meafures envisazed for landscape psotection bdesides technical
considerations and economical estimates in support of the
project.

1.3.4 DEFENCE RRQUIREMENTS:

The mo3t obvious advantagc of an undariround
station 18 1ts fmsunity from air attack, Though greater
Sscurity is achieved against alr attack, the resl reascen for
locating the station underground has dbeen economiocs, Virtu-
ally all of the approximately 31 Hillion kv installed capaci
ty in the variocus underground hydro-electric projects of the
World have been developed purely on economic and techniocal
grounds, In sweden, vhich 18 militarily exposed, undergrean
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stations are duilt on economic grounde® with added advantage.
of wartime safety.

AS in any project, a very careful evaluation of the
various alternstive solutions 18 necessary if the full scmo-
mics inherent in an underground design are to be realised,
1.4 P UNDERGROU OHgs

Underground power plants may be storage or mn-of -~
the~river type depending upon the topography. gome plants are
designed to operate as bate load Otations while &one are pesak
load stations. A Selected fow are pumped Storaze dchemes.
TheSe have been constructed in all types of peological foma-
tion compricing igneous, metamorphic and sedimentary rocks,
Most of the stations in gveden are tuilt in hard rocks such
as granite requiring practically no support at all. A few
have been construoted in badly fissured @a disintegrated rock
strata (in Brazil, Pera and Australia) for which contimuous
ro0f Support was regquired,

" Where the underzround Plant necessitates geological
and economic requirements, neither topography nor climate
affect their use, Plants have boen conttructed in Arctic
region, exsmples being Porjut and Harspranget developments
in sweden and the Niva development in Rus8is. Plants have
been constructed in Algeria, Braril, Permu, El galvador, vhich
are hot countries.
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Economic consideration of Underground plants vary
depending on the hydraulic head, capacity of ths plant,
load factor and availability of water., Hydraulic head in
Underground plants vary from 36 ft. (Norrfors in gweden) to
4822' (Forges in France). Design flov ranges from as lov as
15 cusecs at ¥orce Ponale in Italy to a maximum of 14200 cus~
scs at Harspranget in gweden. The number of generating units
muns from two in several plants to an nltimate 16 in Kemano,
Unit capacity varies from 3%kw to 188/W (Mont cenis plant,
France). A low load factor of even 20f has been adopted in
certain statione, From the above it may be Ssen that neither
head nor flow nor size of generating unit limit development
of water pover rescurces by meansS of underground planté.

The conStruction of underground power Stations 18
gov;med all over the World primarily dy consideration of
sconomices, First costsg of the development may in many casies
be reduced materially by the underground location of the
power house., TheSe considerations are justified in 'roeent 4
times by the rapid improvement in tunnelling technigues and
methods and one can conclude that Underzround development
will prove to be more and more economical in the years

to come.

=000 ==,



Among the various layouts ndqptcd for hydro-electric
projects with an underground powerhouse, three are the typical
ones to which others can be referred. (49, 83), The location
of the power station may be virtually at any point on the
pover water way (tunnels, penstocks, tailrace) and this marks
the type of development with underground powerhouse, With the
site of headworks established, the underground pover station
can be a;tedt

&) near the intake and sSuch a development i1s pomlarly
known a8 "head development'y

D) near the roturn point and Puch a type 48 known as
*tall development'; and '

¢) midway detween intake and return point and this type
known a8 "intermediate® development,

24121 HEAD DEVELOPMENT: (Fig.2a)

In a "head" development, the power station is located
close to the headworks and vater 18 directly fed from the head
pond into the power sStation and discharged threugh a long taile
vater tunnel, Besing close to the head pond, upitrgn surge
tank in the power wvater way may be eliminated. Howaver a
collection chamber or surge chamber might be required just
downstream of the poverstation to accommodate the discharze
at full load. In‘head" developments, though the length of
the pressure conduits is minimised, access to the station and
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long electrical cbmcctiona"prumt problems for heads in
excess of tﬁr« or fony hundrod feoﬁ. If the underground
station il located udaumt to th§ reservolr as 18 the case
vith 'head' development, Seepage can be expected during
conStruction and maintensance, if the rock strata is not
impsrvious,

'Head' development 18 often referred to as the
"swedish type"” as this arrangement 1s frequently adopted for
the typical low head - high flow projects of that country.
8.1,2 TAIL DEVELOPMERT: (Fiz.2b)

In a ;tail' development, the power station i3 located
near the return point. The length of the tailrace tumnel will
be much shorter than the headrace tunnel. High head plants
are usually 'tail' developments, This type 48 glmost similar
to the conventional hydro~power development with overzround
station. When comparing the two possible alternatives with
nm‘iorgmnnd or Surface power houSe, in favour of the former,
there will be chiefly the savings obtainadble in penstock
while in favour of the latter t!iaro 18 the unquestionably
lower cost of the machine hall and access, The cholce of the
altermative 10 determined only on sconomic considerations,
(Pig.20)

The Pover station is located halfvay bttwm the
intake and return point along the pover water way. BSurge tarks

at upstream and downstream of the power station might be
required in the power water way,
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In a scheme layout the choice between a *head’
development or 'tail’ development or 'intemmediates'! develop-
ment 18 dependant on topography, geology and economics. In
fueut) (Australia) Project, (Fig.24) both ‘head' development
(Alternative~3) and tall development {(Alternatives 2 & 4) wvere
examined in detail (4Sa). ‘'Head'development involved
1000 ft. desp access ghafts which would have incurrsd hich
co8ts and a long conStrction period and investigations then
concentrated on the adopted layout tAltemativM) with vertisal
pressure shafts, the station 1000 £t, underground and
headvater and tailwater tunnels of 8200 ft. and 4800 ft.
length respectively. Detailed invesStications8 confimmed the
suitability of the layout as per slternative-4 and the Same
vas adopled.

2.2 HIDRODYNAMICAL CLASSIFICATIONt (Fig.2e)

Underground powsr otations can be classified based on
- the hydrodynamic characteristics of different developments,
especially vith regard to governing conditions. There are
five categories (31) in this classificationt

1) The tailrace tunnel is dilignod a8 a free flow
tunnsl without a Burge tank downstweam (HUINCO STATION-Fig.Om)
11) The tailrace 18 desicned a8 a pressture tunnel with
a conventional Surge tank located just downstream of the
pover station and there will be no murge tank on the
upstresm of the station (GLENMORISTON STATIOK -« Pig,.6¢)

contd...
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111) The vhole waterwvay 18 under pressure with surge
tanks at upstream and downstream of the power station.
(Ex.CHUTEDES - PAsSES gTATION - pig,6f).

1v) The tailrace tunnel acts as a fres flow tunnel
durinz normal steady conditiong and pressure flow exists
during major disturbance in ths flow conditions.

_ v) The whole pover watervay 18 very short without
any surge tanks,

The above cafes are dealt in detail belows

CATEGORYwls Free level tailrace tunnel without
downstyean surge tanks

~ This type of arrangsment 13 adopted usually for high
head plants. However, meny examples with reaction turbines
can also be mantioned., In this type of layout, an upstream
surge tank 18 uoually provided in the power waterway which
however does not interfere with the flow in the tailrace tunnel
The tailrace tunnel will be large and steep senough to conduct
any discharge from the power station without putting the
tunnel under pressure, both for steady and unsteady flow

conditions.

An example of this type with Pelton turbincnv is the
Inmmertkirchen pever statién. The gross head 1is 672.5a. length
of pressure tunnel being 10,000m and tafilrace tunnel
1400m with 0.25¢ slope. When Pelton turbines are used, the
caloulation of the water lavel juat downstream of the turbines

eontdece
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18 4ifficult. A theory anslogus to the theory of lateral
spilivay is developed for this purpose and the Same 13 used
for Innertkirchen., geveral fchemes have beon developed on

the same lines as Innertkirchen,

Krangede Powver station with 8 Francis turbdbines
(60 m head) 18 of the tame type. Downstream of the power
station there 10 an alr shaft, but this alr shaft does not
work as a surze sthaft, the flow in the tunnel remaining free
flov, |

The dimensions and levels of the power station and
tallwater tunnel under category 1, are to be suitadbly fixed
80 ad to avold any posolble flooding of the generator floor
by a penstock burst or a turbine valve rupture. The flood
water due to a penstock or valve rupture 15 calculated in
two ways (1) by assuming correct closing of the penstock valve
located at the bottom of the Burge tank in the pover water
way and water draining into the station from the penStock
belov the penstock valve; (1) by assuming that the pen~
stock valve and turbine valve in the pover waterway 4o not
function in an emerzency cafe, cauding the entire flow from

the intake draining into the power ctation,

It 18 considered quite necessary to make exten-
sive studles and calculations on all normmal and abnormal
operatinzg condition® and possidble fallures to avoid any
accident similar to the flooding of the Lac Noir Power
station in the Vosges (FPrance) where several engineers were

drowned in the power station after a penstock rupture and
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Vorlting Dovnotroam surno Tankt

In this eade thore io no rurgo tank upstroan of
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to dooign the tailreeo tunmol ab o £roo flov tunnol without
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tunnolo,
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Gsuctina ototion 4m Italy.
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Dovmnotreon curazo tanlzs
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A “"Partial working” surge tank with a tailrace
tunnel would prove to be chaaper when there 13 wide fluctu~-
ations in the tailrace channel, Alternative to thic would
de to construct either (1) s surge tank large snouzh to meet
the requirements of the Thoma fomula or (ii) a free level
tunnel able to absorb any translatory wave. These arran-ge-
ment'8 may not be cheaper than the alternative with "Partial
vorking" surge tank, In thie alternative, the tunnel 1is
constracted large enough to allow steady flow of the maximum
turbine discharge durinz high water conditions at exit end
of tailrace, but unséteady flow conditions produced by the
opening of the turbines would put the tunnel under prescure
by the fomation of positive waves, To meet these unsteady
flow conditions, a surge tank 16 introduced in which the
water could rise and aftervards fall. By the fall of the
water level in the surge tank, back to Steady level, the
tunnel becomes a free level tunnel acain and the surze tank
48 put out of operation, the water no longer rieing., Under
such conditions it 1s obvious that the condition of Thoma
does not apply to a "Partial working” surge tank. To avoid
any damage to the generators, the water in the Surze tank
must never rise enough to reach the zenerator floor, so
giving a clear limiting condition for the problem.

In some caSed the tunnels have to operate momen-
tarily fully under pressure, if flood conditions are ruling

at downstream end, In those cases the area of the surge

tank has to be somevhat larger than limiting value given by
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Thoma,

CATETORY-V ~ gystems fully under pressure with
no surge tanks:

This alternative 18 conSidered for desizns with
very Short pressure pipes and zalleries, the example being a
underground power station by pascinzg a dam. Thiso arrangement
having no surge tanks, there are no surges and no surge in-
stability. Unsteady flow conditions will c¢ausSe pre&sure
waves of the elastic type or water hammer to be produced in
the pipes. The problem will be to estimate the pressure rise
and the pressure drop caused by water hammer, and to check
the condition® for turbine desisn and turbine regulation,

The sdvantages or dlsadvantagzes of any Solution
have to be discusSed in relation to the Scheme under consi-
deration. The decsimer has to choose detween, reaction or
impulse vheel, vertical or horizontal shaft and economic

gtudies have to be conducted before deciding on.thq type of

lay out.
CHAPTER-II
OROLOGICAL FACTORg TN CHOOSING UNDERVROUND gITEg FOR POWER
STATIONS ARD TUNNELS
3.1 QENERALs

The previous Section has dealt with tho’gcneral
arrangement of underzround developments as affected by topo-
graphic and hydraulic considerations. In underzround hydro-
electric projects shafts and tunnels which form access and

watervay® and large cavities in rock for housing zenerating
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machinery and other equipments are prominent features. For
the location of the gtation and appﬁrtenancqu underground,
a suitable geological conformation 18 an obvious necessity.
Actual location of the conduits and the dimensions of the
machine hall are greatly influenced by the £0il characteris-
tics, rock types, their condition and behaviour as well as
ground water conditions of the Site. Therefore it is of
paramount importance to carry out &1l sxploratory work and
geological information adbout the physical characters, stru-.
ctural features and in-situ bdbehaviour of the rocks as wvell
ap ground water conditions before construction cOmmences.
The importance of a detailed geological map of an underground
layout cannot be overemphasised, guch a map not only should
show the geclogic structures and rocks encountered, but it
also Should serve a8 & lasting record to indicate the loca-
tion of bad acc;iona, which may require attention many years
after the work 1is completed, The wisdom of undertaking a
comprehensive geological study was proven (44) at the
Chute~des-passes Project (Canada) where information obtained
from seological investization Showed that it would be nece-
ssary to chandge the orientation and position of the Power
house and draft tube manifold quite radically from the posi-
tion and orientation Selected for preliminary studies of the
development (Fig.3a)
3.2 gClassification of Rocks

Rocks can be classified as (1) Consolidated rock
and (2) unconsolidated rock, The physical characteristics
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are déncribed belows

S.8.1 Coneolidated Rockss

Consolidated rocks are those in which the conaoti-~
tuent partiocles or fragments are bound togother strongly to
produce an aggrezate with moderate to consideradble strength,
gome condolidated rocks are massive or isotropic and the
phy#ical characteristics of these are Same in all diyectiona
within the rock, There 18 no preferred orientation of the
mineral particles and the ease of tumnelling in such rock is
the same irrespective of the direction of the conduit. Ig-
neous rocke such as certaln types of granite, Gedimentary
rocks sach ap certain limestones, and metamorphic rocks such

a8 cortain marbles and quartzites come under this category.

Most rocks podsess directlonal struoturesc ac a
result of the parallel to sud parallel orientation of many
or most of the mineral particles. guch rocks are anisotropic
and show digtinot variations in physlieal properties in d4if-
ferent directions., Consideration of the nature of the ani-
sotrophy of rocks i important in tunnellinz ae it has a
direct bearing on the cost of driving the tunnel.

In izneous rocks layered or linear stmectures are
commonly present, (Fig.3b) If the rock contains "platy"
minerals puch as tabular feldspar or mica, there 18 a
tendency for these minerals to rotate into parallel or sud
parallel positions during the intrusion and erystallisation
of the rock, The raaulting formation 18 called "flov layering"
or "platy struocture®”, Rocks having minerals of prismatic
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or needle like habit tend to develop a unidirectional
formation wvhich 18 described as "linear structure® or "flow
Xxyxeringixa lineation®, It 418 not uncommon to f£ind both
platy and linear structures in the same rock. Where flow
lineation and flow layering are steeply inclined, lineation
is of slight practical importance in the tunnel oporatian.‘
However, the direction of the tunnel with respect to the
flow layering merits careful consideration., For a tunnel
driven across the flow layering, the face will advance re-
latively rapidly becaufSe in the blasting operation the rocks
will break oleanly and ea8ily away from the planes of weak-
ness parallelling the flow layerinz. The walls, floor and
roof tend to be rough and bloecky. If the tunnel 18 parallel
to the Strike of steaply Aipping flow layering the forward
progress of the tunnel will be S5lowed because the tunnel is
parallel to a direction of maximum strength and toughness
in the rock. The walls of the tunnel will de relatively

emoothy the floor and roof more or less irresular,
Y

Layering in metamorphic rocks i3 called "foliation™
and 1t 18 well developed in gneisses and schists., PFolia-
ted metamorphic rocks tend to split most easily along planes
of parallel to the foliation. In foliated rocke the effect
on the progress of tunnelling operation is more pronounced
than the effect of layering in igneous rocks., A tunnel at
right anzles to the strike of the foliation in general is
constructed much more rapidly than 1c ons following the
foliation, although the tunnel is likely to de much more
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bloeky and irrecular. A tunnel following the strike of stesp-
ly dipping foliated rocks tends to cavein from the roof.
The tendency of the walls to cave increases as the dip of

the foliation decreasaes,

Typical conditions are illustrated in Fig,.3c
vhich shows one tunnel cutting across Steeply dipping fo-
liated rocks, and another following the foliation of Steep-
ly inclined layers. The latter condition should be avoided
if possible.

If a tunnel 48 driven through inclined layered
rocks at right angles to their strike an additional factor
thould be considered 1.e., the direction in which the tunnel
18 driven relative to the dip of the layers. The tunnel
should be driven so that the layers will d4ip away from the
heading 8o that blasting operations can be expedited because
the oleavage in the rocks tends to produce an overhanging
face rather than one wvhich 18 slopinz back toward the already
completed Section of the tunnel.

3.2.2 Unconsglidated rocikes

The range of composition, texture and stmcture in
unconsolidated rocks 4s extreme, Texturally these rocks
grade from the finest muds to coarse azzregate such as are
found in the rock slides and bouldery glacial deposite,
Unconsolidated rocks are characterised by the lack of in-
terlocking contacts between adjacent grains or by the lack
of a strong, binding cement or matrix. Some rocks, eg.

some sandstones, have been converted into loose aggregates
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of mineral grains throuzh the removal of the cement by

44ssolution.

In tunnel operations unconsolidated rocks gene~
rally are encountered at the portals, wvhere the bed rock
18 blanketed with rock waste and alluvium. The difficulty
of tunnelling throuzh unconsolidated rocks consisting part-
1y or largely of very fine grained or clayey materials in-
creases in direct proportion to the amount of water present,
Dry or slightly moist clayey aggrezates stand fairly well
in portal areasy and desSpite a Slumpines tendency, the walls
and roof gsnerally will stand long encuzh to permit support
and lining to be set before caving &starts,

3.3 FOLDR, JOINTS & FAULTg:

Defects in rocks such as folding, joining,
faulting ste., tend to control the pattern of breakacze, reduce
- 8tebility of rocks and safety in tunnel excavation.

Rocks may dbe folded as tightly as pleats on a
closSed accordian or gently as waves on a balmy bay. The
type of folding influences the excavation method (Fiz.3s).
Foldinz in stratified rocks require corrsct interpretation
in order to predict the attitude of layers in different
sectionf of the tunnel.

A tunnel through a bedded or Bchistose rock should
be oriented in the direction providing maximum sStability,
ie., with the long axis at an obtuse or 90° angle to the
strike of beds (Fig.3f). The same oriterion can be used
in orienting with respect to joint or fissure Systems,
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The degree of foldinz also 1n£1uipcca the stress distri-
bution in tunnel walls,

Host rocks are characterised by incipient fra-
ctures and cleavages due to compressive stresses. Fracture
in rocks along which there has heen some differential move-
ment 18 calldd a fault (Pig.32), Faults are the common
trouble and a major cause of bad caving in tunnels, If
fault zones are unavoidable in the aligmment and if they
are predicted prior to the design, the condult should be
located at right angles or nearly so to the fault plane to
ninimise the amount of dAifficult operation.

Joints® are natural divisional planes in rocks of
all kinds in which thera ha® not besn any appreciable move-
nent., Joint syStem® cut up rocks into blocks or ghests of
various sires., A tunnel in jointed rock £hould as far as
possible be located so that ;ta direction is at right angles
to the moot prominent, most Steeply inclined joint systenm.
This course should be chosen because in drilling and blast-
ing the case of breakine the rock in the heading away from
joints 45 advantazeous. Kk tunnel vh;oh follows a major joint
system will have the danger of over head caving-in constant-
ly presant (Figz.34).

Othof factors Such as alteration, permeability
etc. are also important. Alteration 13 responsible to hizh
temperatures, air slaking, and &welling and also noxious
gases in tunnels, CQarae'grainod rocks alter more rapidly
on hydration and swelling results. In such cases the tunnel
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aross ssction {3 reduced by the plastic flow. The plasti-
eity increases with water content. Ko rock 18 completely
inpormendle. The effectivé remedy to control water Sespage
-and‘ to relieve pressure is of zreat importance in under~

ground works.

3.4

It 13 simple to construct a confuit throuzh massive,
hard and isotropio rocks as thafsr can be oxcavated with
1imited overbreak without support. Common rocks belonging
to this table are the granite rocks, basalt, marble and
quartsite as well as msbzvo beds of énndstouc and limestone,
Although granite 18 homogensous the orientation of biotite
mioca flakes in case of biotite~granits produces structural
patterns and thio leads to irregularly roofed excavation.

" There 15 generally no presoure acting on the tunnel sides or
on the roof in granite and other igotropis izneous rocks,

Basalt is quite £it for tunnelling and loocating
large cavities. Marbles and quartsites may be mascive or
bedded. Marble 18 sasy to excavate., Although quartzite 1s
isotropic, 1t is bdrittle and 4drilling causes Shattering
vhich refults much overdbreak and popping. Mastcive beds or.
sandstons and Limestones can be penetrated with some advan~
tage as granite or basalt,

gstratified formations are extremely anisotropic.
The chief rock formations smoneg stratified rock are Lime-
stons, Dolomite and gandstone through which tunnelling is
practicable, The excavation and stability of the stratified



«1 308 =

rocks are hishly influenced by the trend and dip of the

beds. When the beds are traversed with joints Spaced far-
ther apart than the width of the tumnel, the harda horizontal
bedt acet as 80114 beams subject only to bending movement and
this 4is less in hard Lime sStones, gsandstones and greater in
Mudstones and Marl, If bending moment is less than the
flexural strength of the rock, the roof 18 stable, or olse
the roof requires immediate support. Hornblends and Chlorite
gchists are consdiderably harder and stable whereas Talo,
Miea and altered gchists are very soft and earthy and tend

to cave-in from the roof, If the tunnel 18 driven across
the foliation in schistose rocks, the roof requires immediate
support ap the bondinz moment 18 greater than the flemural
strength,

3.5 PLANNING FACTORg TO CHOICE OF SITES!

The important elemants of an underground powver
house layout are shafts and tunnels for conveying water mnd
for access and ventilation and cavities for houting gensarate
ing machinery and accesSories. The layout of the appurte~
nant works and conduit systom essentially depends upon the
location and alizment of the power houtie cavity with respect
to the topographical and geological formation of the area,
The largest span in the underground vworks will be for the
power house cavity and it should be oriented in that
direction which utilises to the zreatest extent the rock's
arching action. This occurs wvhen the strike of foliations
and the bedding planes 13 perpendjcular to the power houss
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axis. If the power house 1§ 8o located, there is a tendency
to insure that inferior rock is confined to the shortest
dimension of the Power house. It 16 important to investi-
gate the condition® of rock around the pressure shaft and
tunnels in a layout. Pressure cghafts normally enter the
pover house at risht anzles and if the powerhouce 18 30
located that strike of the rock foliations i8 perpendicular
to 1t axis, the strike 15 necesscarily parallel to the

" pressure shaft axis. In these clrcumstances, it 15 to be
expected that overbreak will exceed that which would have
ocourred had the penstocks have been driven nomally to the
strike.

Depth of rock cover 18 an important aspect in the
layout. A thumb rule for the overburden (rock cover) above
a power housSe excavation 18 that it should be twice the width
of the sxcavation, with a minimum of 30 to 35 Ft. It is
easy to Specify hundreds of feet of rock cover. However care
should be taken to verify that the rock 18 competent to
sustain the increased crushing stress induced by excavation.
This aspect has been dealt in detail under Chapter IV,

In the caBe of steel lined sloping pressure
shafts, the participation of the rocks depends upon the rock
cover provided and upon the characteristics of rocks. A
minimum rock m cover of S0f of the design head 18 usually
provided and thie may be lovered depending upon the results
of rock mechanic investigations, By goinz deeper, the
desizn of the liner will be governed by the external ground
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water presoure especially in the upper section of the
prescure shaft, From Geological considerations and cover
requirements, the most economical layout dictates the

keeping of the underground penttocks a® closSe to the rock
sarface

w0000 ™=
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GHAPIER IV
K cg IN ON_OF UNDE D _CAVIT KD
| TUNNELS
A,1 GENERAL:

Underground rock, af a result of nature is under
stress and the oxcavatfon of an opening causes a redistri-
bution of stress and displacement of rock which tends to-
wards a new conditlon of equilibriuun (67, 16, 14, 28).
Displacement of rock may involve sliding on planes of weak-
ness, fracture or fiow. To prevent dlisplacement and to
achieve permanent Btability, artificial Supports misht be
required, From considerations of economy, the primary ob-
Jective ghould be to make the rock Suvport by itself in a
safe manner. The maznitude and direction of principsl stress
often dietatu the orientation and shape of underground cav;ty.
The shape best suited to the functional requirements and the
natural ctress conditions at site and the measures required
to attain permmanent stability have to be atudiid prior to
£ingl depign of the cavity. These sStudics will produce

conpiderable savings in cost during construction.

4.2 gIREgGE] IN A ROCKMASHS
Pressures due to the weizht of superincumbent

strata produce 3trosses in rock macsses, ConsSiderinz ideal
conditions~rock 18 homogeneous, isotropic, perfectly elastic -
and novhere 4o the Stresses exceed the elastic limit -~

the vertical stress in the rock prior to the excavation of

a cavity is exclusively due to gravity (67) given by O, :W,Z
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where Wy 18 the density of rock and *'z' is the depth. If
the rock vere free to expand laterally, ©, would be the
only stress aesting in the rock. I the lateral expansion
had been prevented while the stress C, had been applied and
the rock had remained elastic throuchout that time, then
horizontal stresses would be set up (67, 16). Fenner
(1938) zives the Solution for the horigontal stresses re-
sulting from vertical loading in an elastic body as

G hy = %hg = A G v where © hy and © hg are the
horizontal atroa;;;:* beinz PosSson's ratio. At greater
depth, hydrostatic condition can be assumed (Heim's Theory)
8o that A4 = 0,5 and &nd the horizontal stresses would be
samo a8 the vertical stresses, Rock material has generally
been aderibed a Poisson'sc ratio of 0.2 to 0,3 which indi-
cates horizontal stresces between 0.25 to 0,43 times the
vertical stresses (50),

By virtue of the nature of rock masses, however,
the application of a value for Poisaonis ratio 18 inappro~
priate and the theoretical ratio of horigontal to vertical
stress cannot apply and thereforg the above relationship for
computinz streSses has 1little practical siznificance.

' Terzaghl (67) has introduced an equation N = _*

1=
in which the assunptions are (i) the stratum under conside~

ration has never carried any temporary load such as the
vweight of a sheet of ice or other deposits and subsequently
reuoved by erosion and (14) the temperature of the layers
of the Stratum has not changed, The dimensionless factor
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N depends on the gzeological history of the mass of rock
and 1ts value varies with depth and it may even have a
different value, in different horizontal directions, If a
geologically undisturbed stratum of ecdimentaiy rock has
temnorarily carried a heavy overburden, its N value, according
to Terzaghi, may rance between “i“éeﬂ? and values clobe
to unity., In folded and faulted metamorphic rocks, at
great depth N may have any value compatidle with the strength
of the material, On account of the uncertainties, involved
in the estimate of N value, it 18 always deSirable to devise
maethods for computing N value on the basis of physical data.
According to the data contained in the Final
Report on the Boulder Canyon Project (76), the initial hori-
gontal 'strese in the rock furrounding the tunnel (located
at a depth of about 150 Ft. below the bottom of canyon) 418
" almost equal to three times the o&erburdan prescure, This
1o attributed to the steep rise of the rock Slopes on both
sides of the canyon floor to a heitht of more than 1000 Ft.
MOYE (48) in his investigations in the Eucumbene~-Tumt tunnel
through granite (fig.4a) has computed the natural compressive
stress in the horizontal direction to be 2.6 times the stress
in the vertical direction and vertical stress about 0.8 of
the stress due to the welght of overlaying rock. The
reason for the high horizontal pressure 48 attributed to the
tectonic forces active in the reszion. The natural values of
stresses at Tl and T2 Power stations (located in CGranite
Fig.4a) computed by Moye also showed similar features. The
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ecompression in the vertical direotion was greater than that
due to the weight of rock vertically above the power stations
sites, It i considored that these abnomally high values
are perhaps due to the V-notch effect of the vallsy causing
transfer of part of the stresses que to the weight of the
steeply rising ground to the rock dbelow adjacent lower ground,
Tests on V-notch model ér the vali-y demonstrated qualitati~
vely that such stresc concentrationt are possidle. Endersboe
(16) in his investizationt relating to Poatina Underzround
station site (located SO0 ft. under ground and area compri-
sinz bedded x sand Stones, $1lt gones and shales) has com-
puted that the vertical stresc fleld is greater than 1.6
times the walsht of rock directly above the cite., He
sungesto that there 15 cheary transfer from the adjoining
hish ground which partly encircles the site. The horizontal
stress computed has a value 3 to 4 times the overburden
pressure and twvice the measured vertical stress, The in~
vestizations of the U.5.B.R, in the Jeorze Power Houss
penstock tunnel (located at a depth of 200 ft.) belov a
gentle ridcze consistinz granitic gneiss) led to the conelu-
sion that the initial horizontal pressure was consSiderably
smaller than the initial vertical pressure.

The adove results demonstrate that in order to
obtain the state of itrQSI in rock at depth it 18 necessary
to make actual measurements, The proximity of deseply cut
valleys results in increased stress in adjacent lower ground,
In addition it is evident that the past tectonic history
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in the region and the present state of tectonic activity
also may influence on the state of Ctress in a manner wvhich
eannot be reliadly predicted. The initial state of stress
has a major and pervading influence on the behaviour of the
rock around underground op-niﬁgn. It 18 therefore consider~
ed that actual measurements of the natural Stats of stress,
even though the results may be used with caution, owing to
the errors inherent in such meaSurements, 18 a prime essential
for the intellizent design and construction of underground
works,

‘ The actual state of stress following excavation

of openinz depends not only on the initial state of stress
condition in the rock, but alsc on the thape of the openins,
the dimensions of the opsnineg and the geological conditions
actually encountered. Many investizatore, Tersaghil (67, 68),
Mindlin (45) have investiiated stress concentratione for
circular and elliptical tunnels and spherical cavities. These
results are useful as a suide for normal tunnel work but
wust be used with considerable judgement in the case of a
large irrezular opening such as a povey Station. Rabcewies
(60) dcaeribeavthat the stress re~arrangement 15 mechanicsal
or progressive and generally occurs in three otages (Fiz.4q)
thus making an opening with elliptical shape. This curve
would represent the upper limit of the potential rock fall
into the openinz. It would therefore be ideal if we can
confine the equipment layout within this ellipse. Usually

such an ellipse 18 drawn with a ratio of major to minor
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axis as 312, Assuming a Poisson's ratio of 0.25 for the
rock, the stress 4distribution at the crown of the sSllipse is
+ gero (65). This® condition .at the crown of the ellipse will
alter only i1f the maximum shear stress exceceds the shear
strength of the rock. If a conerete arch 15 placed within
this ellipse, it need be desicned only to carry the weizht

of rock between the areh and the elliptieal opening (83).

4.3 ON_CON ATIONg O ROROUND CAVITIESS

Rock surrounding an underzround opening will fail
if the stress in the rock exceed the ultimate strensth of
rock, Fallure oriterion 1s based on maximum Stress theory
ie. rock fails in tencion when the tencile strens exceeds
the tensile strengzth of rock, If the tensile Strength is
small, the rock will fail in shear at a value of compressive
Stress equal to the comprescive strength of rock., The
strensth and elastic properties vary widely from place to
place and these should be determined by adoptin-: good Sampling
procedures. Due to the uncertaintlies involved, large safety
factors thould be employed in the design work,

Rocks are classiflied into two zroups vis. massive.
rock and horizontally bedded rock. Masslve rock (ex.granite,
diorite, basalt, quartsite etc.) are assumed to be elastic,
homogenecus and isotropic, Horizontally bedded rocks include
most of the sedimentary rocks and Some metamorphic rocks,

Thwee types of static stress fields ars usually
considered vhen deligning'undorground openings (14) as
1llustrated in Fig.44. The state of stress represented
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by type A would be expected to occur at thallow depths,

neay vertically free Surfaces, Type B (vhen Boiscon's ratio
0.25 18 aamied ~ Termaghi 67) wvould occur in geologically
undisturbed rock over wide ranges of depth, Type ¢ state of
stress would occur at great depth in geogically disturbed
rock vhere tectonic forces are active, In analysing the
stress dletridution, twe dirsctional strestc field 18 only
considered while the Stress distribtution along the length of
the opening &5 aspumed to bc‘ anf'orm,

For an applied stress field of type A, the oriti-
¢al compressive stress coneentration for varions shaped
oneninzs as a fuanction of width-to heisht ratio of the
opening 16 given in Fig.de. Ovalolds and rectangles with
rounded corners are proforred crons soction shapes if the
wvidthwto«heiht ratioc 18 greater than 1 and elliptical sefition
18 preferred 1f the width~to-heiocht ratio 48 less than 1,
Por type B applied stress field (Fig 4f) also ovaloidal or
rectangular crofs sectiond are preferred if the widtheto-
heizht ratio 18 greater than 1 and elliptical oross section
preferred i1f the vidtheto~height ratio is lese than 1, For
type C avplisd stress field (Fig..dg) eircle or ovaloid 1s
the preferred crocc section rezardless of widthe-to-height
ratio, The adbove conclusions are of Duvall (14),

Another problem 18 to consider the effect of having
two or more openinzs underszround vhich are parallel to each
other and Separated by a wall of rock. The stress fielas
around tvo or more parallel openings add tozether to give
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incereased stress concentrations Af the wall between the
openings 18 less than one dimmeter of the openins, Fig.4h
1l1lustrates the ceaBe of equal Sige, equally spaced circﬁlar
openings in which as the number of openings increases the
maximun Stress concentration increases rapidly at first aﬂd
approaches an-nppef limit. The conclusion 18 that in desicn~
inz undersround oponinzis, the Spacing of rooms sShould bo
such that the pillar width 18 equal to or greater than the
voom width, For the Tl Powver station photoelastic studies
showed high sStress concentrations when the transformer

hall was located parallel to the machine chamber Beparated
by a narrow pillar. To limit these stress concentrations,
the transformer hall was finally located at‘right anzled
(Fig.61) to the machine Chamber (48), At gerre-Poncon (18)
the rock forming a wall between the machine chamber and
ttansformer'hall was brougzht under compression by providing
tie rods of 120 Tons and thuo increased safety was ensured
(Fig.6a)

The stress concentration thgt occurs when two or
more openings intersect should also be considered., Inter-
section at right angles 18 conodidered better than oblique
ones for minimising stress concentrations.

In bedded formations, the boundary betwveen d4ifferent
beds 18 an inherent plane of weakness and bed Separation can
ocour. Therefore it is to be considered the additlonal st~
resses that would set up in the roof rock as a result of

having a zravity~loaded sSlab of rock over a span equal to
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the room width, Fig. 41 thows the relation bstween slab

—

ggggknggptjgggtgfgﬁgg_gggﬁgggggggg,ga ziven by bemm theory
{(14). From these curves it ocan be £ald that un~-supported
underground openini® in thinly bedded formations are not too
saticfactory, If a power Station 18 to be located in bedded
formations underground, slaborats investigations have to be
made to determine the Bize and shape of cavitiss. Poatina
station 18 an example which 18 locsted in bedded formations
consisting of cand stones and Mudstones. Investigations led
to the conclusion that a semi-draular or semi-elliptical roof
for the machine cavity would fall by shearing alonz bedding
planes that intersected the surface near the ecrown. A rect~
ansular shaped opening was disregarded since the roof stress
near. the walle exceeded the comprescive strength of the rock
and shear on the beddinz planes at the corner exceeded the
shear otrensth, A trapezoidal shape (unconventional) was
considered bett and the same was adopted (Fiz.4d) PEven for
this. chape the boundary compression in the roof near the
haunches exceeded the compressive strength and the ghear on
the bedding planes near the haunch crown inter-section was
greater than the shear strength. TheSe hizh strosses were
brought down to desired limits by cbkress relleving slots
(Fig.4b),
4.4 CK_gTABILITY AROUND PREgeU NELg!

A pressure tunnel with a diameter 2R located at a
depth H under horizontal rock surface would be perfectly safe
without any liningz if the water presmire P inside the tunnel
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is lasi than the pressure Pl produced by the rock's own
weight. The hydrodynamic prsosure incide the tunnel can
thus be written as P = N H where N 48 a factor and W =
Specific density of water and PA and H are in feet or in
metres, An accopted rule of thumb assumes PA = #H or

A = 4. This rale of thumb 18 based on the idea that the
weizht of a 8lice of rock with a width B = 2R, a heicht H
and a length 1 should be squal to or larser than the vertical
depth on the same area 2R x 1 and with this condition a
factor of safety of 5 18 obtained, When rock density 1is
astumed a8 2,5 times the density of water than the limit value
for A would be ¥, Such a rule according to Jaegar (30) 18
too erude. He has further analysed this problem and Showed
that the rock cover over pre3sure tunnels mainly deﬁqnded
on the ratio of H/R of overburden H to tunnel radius R. Jaeger
has also establivhed that the minimum overdurden required
over a pressurs tunnel 15 far greater in fissured rock than
in sound rock,

According to Fig.43 at a depth (H - x),

Sy m Wr (H - x) = P and horizontal stress 3 = K Wp(H = x),
For hydroStatic stress distributiofi, K should be taken as
unity vhen O = Bk, ™ PL. Again at a aistance 'x' from
the centre of the tunnel, filled with water at a presscure P,
the circumferentiasl tentile stress (70) is given by the
equations

Tt = P(R/Xy)2 =o; ‘:é;ea radisl compression.

The balance of pressure at a depth (H -~ x1) can be assumed



(neglecting roeck's pamissible tensile strensth © 3) so
that = °t < °h or

P(R/x)2 < & Wp (H = 2p)eeeieoiennanasl(l)
By writing xy = H/n and P = AWH, then

A& (HRZk (WrAw) (ne1)/n3iiiiaaeeai(a)

OrN€ (H/RZ B irvvvriinsnsnssencsansss(d)

The above squation 18 valid provided the rock 18 nowvhere
fiscured. The conditicn that at a depth H « x4, no 1ifting
of rock should oceur yields.

P (R/X)2 £ Wy (Hex), a condition less severe
than equation (1).
For tunnels in fissured rock (Fig.4k), the relationship is

Ag < x(WrM) (A/R) (n = 1)/nf =  ©3/n WR.....(4)

aamm:!.ng that at a helcht %o = H/n above the tunnel centre
line ficsures caufed by teansile circumferentinl stresses
should not ocenr or P(R/xp) ® N2 nWR £ Wir (H-xp)+ 5
When a tunnel 18 steel lined, the pressure to be considered
which 15 calenlated from known methods (30).
Limit values of A P for the tunnels located in plastic rock
(Fig.41) can also be established after derivins internal
presture equation based on elastic equations.

AStuming that n = 3, Wr/W = 2,5 and k = 0,70,
values of N, A, , 7‘? are calculated for varying values
H/R given as®s undert

H/R A >‘z >\P

] 3.2 1.05 1.88

10 13 3.0 3.4

- smam LY VW N s (= Y ) 3
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This table clearly shows the paramount importance of the rock
quality and rock #strensth when detormining the regquired
overburden for protection of a presscure tunnel. Plastic rock
is substantially lest safe than fiosured rock which in tum
15 less safe than Solid mascive rock.

When a pressurs tunnel 15 located near an inclined
#lope (Fig. 4m), Cv =W and “h =k 1 6v, The
constant k} will be substantially less than k, the value
aspumed when the rock surface 18 horiszontal. With the above
values, the net compression Stress <Sa in a direction

4 which should show that Gt < Ca, gtresses at point
M vertically above tha turmmel centré mist be checked as they
may be less favourable thén the stresces at point N,

Jaeger has also shown that in ficsured rock wvhen
infiltration occurs A, =~ k WrA and for values of 2
greater than that siven by equation (4), the rock will be
fissured, 1In 8such casSes, if the linine 18 not waterticht
for that wator pressure, water will penetrate into rock and
psrcolate throuzh it,

4.5 PERFORMARCE ROCK ABOUT CAVITIEQS

| During the excavation of a cavity, a state of strees
is reached around the cavity (Para 4.,2) coipatible with the
strength of the rock, If failure occurs, the roof commonly
assumes the shape of an arch. This fact indicates that the
stress conditions in the rock above an arched roof are less
injurions to the roof material than thoSe above roofs of any
other cshape. Intact, isotropic rock may fail by "Popping"



LI OF 1005 EMNG. ,«,44///5// 4oy CREYED.
8y BoLrivg

g ’ '_\\ " \ / / N
T
/ "‘\\ /\’ P

< Y \
s é
s

L. irHgw OF osF coot’s.
z - LENGTH éf&dy B OELTH O POFEIMED MILIAILAS LS EAAG

//,r/f,e CABEFHET - £FF .59 )

/—'/Z c 20

EEFLE] PF COEL B2%] PN DELTH OF JHeE STRENG HLNED TaHE Fo® 4 22 77 ;/4///4454

8 eprct 5&1/”.5 8 J-"/..
LoNs SPcFD 4 BT
BLESLUTE NIIF ZOVE 25 SHFoeuy

tpﬁﬂel.65/&///4/'tlfﬂ SeEd).

Fee: 4(0)

CEF: AP oo ...

& v Bosys B2
LONE sSatsry &7

CESUYE N2 /4//;;44/'/4//-

AF4(9)

& Cooe 80455 8 Ly
LONG SRICED 5L

CLENTE VI CRMN T F OF
IANIAEN, NP5 5 10W (HAeA 0 AR

F/Z.‘ 4 ( p)



{detachment of slab~like fraguents from roof or wall) while
jointed rolMk fails along joints and this process 48 called
Ystopping®, Both thete processes are associated with an
increase of the ratio between height and the 8pan of the
cavity and change in the state of strest in the rock, The
process of "gtoppinag® or "Poppinz® 1S prevented by temporary
supports subSequently replaced or Supplemented by a permanent
lining, Modern method 15 to <¢ive support by rock bolts which
provides a positive force on the rock and provides a stressed
membrane distinguisches it from steel‘or timber cupport. When
wed in appropriate patterns, the bolts create a principal
comprescive Stress normal t0o the frees surface of the excava~
tion and this, in -tum, creates a zone of rock which acts as
a structural membrane capable of providing its own sapport
(see Fig.4n, o, p, q) 'Popping' or 'stoping' can be prevented
1f the boltinz 48 Gone immediately after the excavation.
Rock bolts may be usted for temporary Support and permanent
support, When 1f is employed for permanent sunport, sgrouted
bolte are preferred. Modern trend 18 to usSe grouted bolts
for the roofs of power house cavities. In certain stations,
(Ex,Tumut 2 station located in Granite) in addition to
grouted rock bolts, a reinforced concrete aréh roof is also
provided to prevent loosening of the closely jointed rock
and possible minor rock falls®. The method of rock bolting
(54, 69, 34, 79) has been perfected in recent years and
designers are now bold enough to locate underground cavities

even in loosened and fractured rocks,
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4.6 URE _CORDUITgs

Pressure conduits may be unlined or lined with
concrete or lined with concrete and steel, The need or other-
wise of a concrete lining is often detemmined by economic
rather than otructural considerations in that a concrete
lining reduces hydraulic losces. In come special cases, how-
ever, a concrete lining may be e@fentlial when the cenerese
ratio of the initial horizontal to vertical stress is low,
tension can casily occur at the foffit in an unliined tunnel
when water precture 18 applied. gince rock at the Soffit
of a tunnel 13 often cfhattered Aurinz excavation, rock falls
from roof can occur when the internal pressure i applié&.
To prevent this, conerete lining 1s'somet1mea provided. When
a lining with concrete is employed, it it to be deisgned for
external water presSsure on dewatering the tumnel. Also
. additional stresses can bs developed due to plastic flow in
the surrounding roeck (Tunnels in limestones, sandstones and
shales), Methods of calculating these stresses has been
dealt by several authoritieo (45, 56). .

gteel lined shafts take into account the relative
elasticity of steel lining, the concrete and the rock and
participation of rock and Steel in taking the internal water
pressure. Among the Several factors which can influence the
decision a8 to vhether a steel lininz 4o required in any
section, the mosSt important beins the need to prevent exce~
asive leakaze from the conduit at points where the rock cover

might be insufficient to prevent rock heavse.
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The thickness of R a steel lining 45 amall in
relation to the dismetor of the pressure conduit and the
desizn 15 very often determined by external water pressure on
the lining wvhen the conduit 1o dewatered rather than by
internal water pressure. This 18 especlally true for con~
duitaksubject to maximnm internal pressure heads less than
1000 Ft. (53). External water prescsure can bdbe reduced by
various methods and thete have been discusSsSed in Chapter VI.
Amonz the various methods employed in increasing the critical
buckling sStrecses of the steel liner, the best known method
10 to provide longitudinal ribs on the external face of the
pipe as at Vianden {3) ULLMAKNN (74) has demonstrated that the
above arrangement offers more Security than that provided by
Amstuts's method, Ih.the dosBlgn of liner the maximum external
prescure head that can exist outside the steel lining will
not exceed the deéth of cover over the Steel lining,

Amstutz (2) and Vaughan (77) both hévo produced
curves and formula for the design of stesel liner for extérnul
water pressure. One of the asocumptions made in using the
Vaughan and Amstutz formulae 18 the thickness of the sap
between the &teel liner and the surrounding cqncrote. The
size of the gap depends on site conditions and the constru-~
ction techniques employad.

Formulae to determine the portion of the total load
vhich will be taken by the surroundine rock and by a Steel
liner subject to internal pressure have been proposed by
Jaeger (20) Vaughan (77), Bleifuss (4). It can be calculated
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if the modull of elasticity of steel and of the rock are
known, the clastic deformation of the liner in the radial
direction beinz equated to the radial deformation of rock.
The principal difficulty in thic ealculation i8 to assume the
real value of the modulus of elastiecity of the rock formation
traversed by the pressure conduit,

Important factors to be confidered in the desipgn
of steel liner are (1) gap between the Steel liner and con-
crete (11) Quality of rock and (111) Rock cover. With suitable
construction techniques the zap between the steel liner and
concrote should be kapt minimom possible. Rock cover can be
calculated based on the assumptions contained in para 4.4.
Due to the uncertainty vwhich exists with regard to the rock
properties it 415 generally assumed that rock cover over a
pressure conduit (not steel 1ined) should never be 2es than
50% of the maximum internal pressure head, With this assum-
ption, sracks in the rock above the soffit of the tummel will
not occur (53) 4f the ratio of the initial horizontal strees
to the initial vertical otreBs is greater than 0.46. If this
ratio 18 less than 0.46, eracks and conSequent leakacze can
occur. But rock with a unit weizht egual to 2.5 times the
welzht of water there still exists a factor of safety of
1,25 against heavine of the full depth of overlying rock.

In steel lined shafts, if the zap between the
liner snd concrete and the concrete and rock 15 gzero, the
rock cover can be reduced to fairly low values before s

material increase in the Stress occurinz 1in the steel liner.
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However, vhen the vertical cover 18 less than four times

the dlameter of the pressure conduit or wvhen thé prescure
eonduit approache# a rock face, ag for example 13 the case
at the upstream wall of ah underground power house, it 18
desirable to design for a greater factor of safety than might
be required for other Gections of steel lined pressure con=
auit (53, 67). It haopens that very few quantithtive values
for rock properties and in partiocular for the value of N for
rock in a given locality are available, 4t 18 usually ne-
cessary to deoclde a minimum cover required over any given
pressure conduit from experience in similar rock formations
and from a study of the geologienl history associated with

the rock formation in question,

w3000 we



As in overzround stations, all the types of ture

bines - Pelton, Francl® and Kaplan - have deen employed in
underground stations. Deriasx type has been installed as at
Culligran U,0, gtation (63). The selsction of turbine is
mainly soverned by the head. Howvever, increased importance
18 siven in the pelection of hydrmulic and electrical squip-
ment for underground stations to minimise sonstruction cost
and maintenance cost., Contiderations in the sSeleation of
equipment are given as under,

5,2  TURBINES:

Romarkable results have been achieved in hydraulie
turbine research and there is increass in sige of the three
main types® and also permissidle head that might be applied to
each one of them, The increase in size had resulted in a
reduction in the Specific covt of manufacture and also an
1mp§ovement in efficlency. In gweden, the cost of turbine
had remained unchanged oince 1950, inspite of a genersl
increate of 70% in costs (75). In other words, turbines have
been made to Supply more electricity than ever before in
relation to the amount of materisl used in their constrection,
5.2.1 Increasgs in Outoutit The development achieved today
enables a Single rumner Pelton turbine to be constructed for
250,000 H,P, (Mont Cenis Plant, France)., Infiernillo U.G.
gtation is equinped with 235,000 H.P. Francls turbines,
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Francis Units producing 350,000 H.P. have been built in
Russia and there 1c Some talk of Russian and American pro-
jects for 4000,000 H.P, §00,000H.P, and even 500,000 kw (57)
Freneh desizners have in view to profuce 800,000 H,P.
Francis turbines, How much further this development can go
depend on runner casting, tooling and transport capacity
problems, Individual Kaplan turbinevunits have now reached
and passed the 100,000 H,P, mark., There are proposals to
producs Kaplan unite for 15,000 H.P, and 210,000 H,P.

Pelton turbines are installed under very hizh heads
whereas Francis turbines ecan be relied upon to utilisze heads
in the lower range of hish heads. The range of application
of the Francls turbine hap been extendins towards the hisher
head range (1800 Ft) durinz the last few yearg, which was
formerly the 8Sols preServe of the Pelton turbine. Kaplan
and Francis turbines asre competing in the SO m to 80m
head rande much in the same way a8 Francis and Pelton turbine
at the other end of the head 8cale.

There are certain limitations in selecting large
capacity units for underzround power statione. Depending upon
the type of rock strata, the span of the Power House cavity is
invariably limited and hence the unit cize, Besides, this,
transport limitations also impose restrictions in the
selection of larze unit sirge.,

Before deciding upon the type to be installed (in
the head range 1200 to 1800 Ft) Francis and Pelton turbines

should be compared from Several points Such as cost of in-
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stallation, operationsal considerations and nspects of repair
and maintenance, Francis turbines are more economical

becautse of the hiszher Speed &t which they can be run, In-
erease in opeed reduces the dimensions of the unit and there-
fore leso space requirement, Deep setting i85 poscsible in the =
case of Francis turbinen, whereas the setting height of the
Pelton wheel 1e, 0.60 to 3 metres is lost (49).

Beonomical studies have to be conducted to decide
whether turbine setting (Francis or Pelton) in Under=zround
stations should be horigzontal or vertical. Horizontal settinass
has bsen adopted in mumber of U,G.stations in Italy. For U.G.
pumped storase Schemes, horizontal units are considered
better. Horiszontal shaft setting (reaction turbines) involves
noteworthy advantages (49, 15). The width as woll ag the
heizht of the machine hall can be reduced ag compared with
vertical cettinz, without the necessity of increasing the
spacing of units, The volume of conecrete required for the
substructure 18 considerably less. - Time of construction can
be abbreviated as it 18 ponsidble simultaneous installation of
the generator and turbine, Besides a shorter conttruction
period results also from the reduced volume of rock excavation
and conerete work, Hydraulic loSses are minimised since
straizsht, axis conical type draft tube can be employed instead
of the elbow type used with vertical setting (Fig.5a)
Horigontal setting 18 not without drawbacks which can dbe
summarised as below:

1) The overhead travellinz crane in the machine



hall cannot be used for mountin- the turbines and therefore
Geparate 1liftin’ device 18 required, Therefore this arrange~
ment 18 hardly suited for very larze machinessg

11) Horirontel setting i5 not favourable to treqdent
uge of the zensrating units as synchronous condensers for
improvinz power factor and voltaze regulation. These dis-
advantazes were gZreatly outweiched by the advantazes of
horigontal shaft settinz at Ambuklao Project where 3 Francis
unito each of 25 B MW have been installed (15)

For hich head developments, horigontal impulse tur-
bines have been widely used in PBurope. However, horizontal
getting 18 not adopted when large units ars to be installed,
For the Haas Project (10) vertical shaft multi-nogzzle Pelton
turbine (92000 H,P., units, oix nozzle, 400 rpm. and 2444 Ft
head) was selected over horizontal shaft unit for s number of
reasonds higher effiociency, fewer units, nozzles may be tet
closer to tailwater, higher speed ahd therefore smaller turbims
and senerator, effective energy dissipation into wheel pit walks
and less watsr hammer hazard to the penstock from a single
faulty nogzzle operation because each nozzle controls a &mall
part of the flow. Nicolaou (102 has drawn Some Specific
conclusions by relating type of installation to volume of un-
derzround power station excavation. These are-.

1) For Pelton turbines, horizontal installations
require from 15% to 40% 1e5s volume for power station excava-
tion than the vertical installations

11) For Francis turbines, horizontal installations

require slizhtly less volume for power Station excavation



than the vertical installationss

111) For heads between 1000«1500 FI, Francis turbine
installations require from 30% to 80f% less volume for Power
 station excavation than the Pelton turbine installation.

iv) The range bdeotwsen 1000-1500 FT, has& usually been
considered as the provinecs of Pelton turbine. However, with
modern turbine desicn and with the savinzis in underground
excavation at high heads, there has been a trend towards the
adoption of Franeis units for heads upto 1700 FT.

Prom the above, it 18 clear that éélection of ture
bines and their setting in Underzround stations deterve spe~
clal consideration, |
4.2.28 Rotational and s&pecific
spesds are both steadily on the increass. By providing a

larce number of nozzles around a vertical Pelton runner,
saaller nozzles can be used for a ziven ocutput and head than
in horizontal scheft machines which are restricted to two no-
zzles for each runner. Use of high quality material, improved
hydraulic desisns, better mountinss, efficient btucket tips
and edges ~ gll these led to nroduce Smaller and lighter
buckets vhich can be sst on a much sSmaller mean diameter,

with the result that hiczher running Epeeds can now be achieved.
In 1953, a tvin-nosgle Pelton running at 428 rpm was re-
quired to develop 62000 HP undery 700 Metre head. Today

the solution for this would be a vertical single-noszle
turbine runnine at 600 rpm, In the case of runner desisn,

a P4 bucket runner designed for a ziven Specific speed in
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1947 would only have 18 buckets today (57).

By increasinz the specific spesd of the units not
only will there be an economy in the cost of the generating
plant but also in the sige of the powerhouse cavity (66).
Howsver, it will be necessary to m Set the distributor centre
line lower in order to avoid excess cavitation., Inoreass in
speed will also result in lower WRZ of the unit which, in
turn will affect the sSpeed riSe of the machine and also the
stability of the governing system. The lower Setting of
units remlts in soms extra expenditurs d.uc to greater depth
of excavation, but in underground installation where the
entire excavation is already below the ground, there will not
be any extra expenditure on this sccount. There will how-
ever be extra expenditure due to increased lengthse of appro-
ach tunnel, tailrace tunnel and penstocks due to deeper
setting of power house. TheSe asSpects have to be examined
to study vhether it would bhe desirable to increase the sSpeed
of the units from economiec and operational considerations.
4,2,3 Diamantling Methode: Three methods have been
adopted for dismantling the runner. TheSe depend on the #Size
of the power Unit. In the early days, dismantling was done
from intermediate floor 1e., between the turbdbine and alter~
nator but later on prefersnce was given to dismantling from
belov than to dimmantling through the alternator. Por 4is-
mantline from intermediate floor, a very long turbine shaft is
required and this increases the vertical height of the cavity.
Aldandawila etation (6 x 170,000 HP Francis Units) is



designed along these lines (17). This arrangement 18

adopted for high head machines nowadayS, for as the high sp-
eedo at which they Tun require comparatively small alter-
nator rotors, the alternator casings are too small to allow
the turbine parts to be withdrawn through the stator asssmbly.
Diamantling from underneath the unit may not also be possible
a8 the runner exit dlameter 18 much Smaller than the inlet
digmeter, Current practice in France is to disSmantle the
runner from undernsath the unit as this method required much
lest time than by other methods, Difmantling through the
alternator involves removal of the rotor and this method 1s
not popular nowadayS. Amongz the three methods mentioned
adbove, dismantling from intemmediate floor and from undernsath
the unit are prefered in underzround layouts.

Be2,4 Turbine Valves: Two types of valves are in common
usSe viz., Butterfly valves and spherical valves. The advan-
tages claimed for Butteorfly valve® are a ninimum of pover-
house Space required for appliecation, low mechaniceal frietion,
relisble operation and low cost, FThesSe-points-easily-over-
ridoy-reitadie-oporation-and-tow-eost, ThoSe points easily
override the disadvantazes and leakaze and head 1o8s and have
made it by far the most popualar under low and medium head,
Compared to the Butterfly Valve, the objections to the gphe-
rical valve are the co3t and complications of control necess-
arily associated with the moving seat. The advantagzes are
compact mounting dimension, very low head 1loss and low
mechaniocal friction. It hae Jdefinite supsriority in freedom
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from leakage and this makes gpherical valves more favourite
for medium and high head application (49, 5). Beyond 300 ft.
head, a gpherical valve 18 mopt suited for inttallation a8 a
turbine shut off valves
5.2.8 gservomotoXs Proper selection of gervomotor reduces
gpace requirement., The internally mounted sServomotor for the
Jete in place of the udual extornally situated servomotor is
proving quite successful for Impulss turbines of medium and
hish output on account of the saviny in space and the better
hydraunlice condition® created for the jet,
5.3 GENERATORS

Desicning large=secale generators of the horizontal
shaft entall difficulties due t0 the deflection of the shaft
because of the rotor'!s weight and to the large deformation of
the stator frame because of the weight of the stator cone,
However, if the vartical chaft type 18 constructed, thess
problems are eliminagted and it 18 possible to sdopt a split
stator construction in viev of the transport limitations
(49, 21).

. Vortical type water turbine generater i3 eguipped
with pguide bearinze and a thrust bearing, Figure Sb & ¢
‘shows typical models (a) is the standard model (b) 18 the
sezl-umbrella type in vhich the thrust bearing is located
bensath the rotor, (c)is the umbrells type and (4) 18 the
type in which the thrust dearing is located on the head cover
of turbine which 18 a desirsble location for Kaplan turbine.
Type (8) i3 umdrella type of (d) model and almost all Kaplan
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turbines bolong to tho (@) cnd {o) ¢types. %ZTypo (£) 40 the
cono=bloclk typo in vhich thore 10 no lover guido bearinge.
Thio ¢yp> 10 nootly ndoptod in vorticanl chaft Pelton turbino
gonorators (£0). I$ 10 quito clear from tho figuro that
Unbrella typo f;onorat;orb aro quito advantageoud in loworing
tho heisht of tho power houto and minimigine building cooto,
Unbrollo type goneratort aro absut 15 ¢o B0J lighter than
thooo of the convontional type. Tho orone eapacity con aloo o
- rofiuccd vhon Unbrolla typo 40 utSed. Tho sotors of Umbrolla
typo digfor 11¢tlo from Sthobo of‘- tha conventional typo. Thoro
10 no neccd o oxtond the shnft obove tho rotor bosauso thoro
are no Chriaot bearings and muido boarinsd abovo tho potor.
Only the spidor 10 attached at tho top of tho thoaft. ‘t.‘.on-
pogquontly tho chaft length 18 gyeatly reduced and thmo tho
hofght of tho powarhocufo 48 roduced. ginco the thruot boare
ing 40 locatod b<nooth the rotor in ordor to Simplify dino
aoocnbling of tho gonoratory, a conotruction 40 adoptcd in
vhich tho rato? can be takon cut without dicnantlinz the
boaringd, ginco thrust boaring 40 bolov the rotory inlpog-
tion of tho boarint 40 utoally Groublocoms comparcsd vith the
ealo of tho convontionnl dosign im vhieh it 10 plaoend

above tho volor. gnoeinl provicion eon howovor bo nado for
inOnaction vithent reoovini tho rotor, Tho rodorn trond 12 o
uoo unbivlla typo 2cnognbord CSpoeinlly in undorijround
ctatlonc. Dueoplod aso (L) Hoap ctation cguipped with

75,000 kvn gonoratoro (10)g (41) Olmtadend gtoatfon with

150 I gonoratoro (83).
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5.3,1 Generator Voltaze? A normal voltage rating of
11 K.V, for the generators 18 adopted in most of the sta-

tions8., Voltaze rating of even 18 KV has been adopted in
certain Stations, When large capacity generators are in-
stalled increase in voltage rating to 14 KV or 15 XV may
lead to more balanced and reliable desicn for the windings
and reduoction in cost of the hsavy current connections between
the generator and the step-up transformer (25). In modern
‘plants, a voltage rating of 13 to 15 KV for generator is
usually seen,
5.4  Irsnsformerss

Transtormers may be located adove ground or under~
ground, in a saeparate cavity or within the main power house
oavity, Fconomic conSiderations have been discussed in
Chapter VI, Transformers may be Single phasSs or three phase.
Three phase units will be larzer in s8ize and heavy to handle.
Underground stations are mostly eguipped with single phase
transforaers due to transport limitations. In Some recent
underground stations heavy three phase transformers have
been used, At cranchan {(81), 275 KVA three phase transformers
have boen located in an underground cavity, In order to
comply with a gross weiczht limit of 80 Tons on vehicles
approaching the gtation and in view of the loading zauge
limitations imposed by the access tunnel, each transformer
after assemdly and test in the works was dismantled and re-
erected in its chamber. The nroblemsd involved in such a
procedure are (1) to rebuild the core to ensurs its
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characteristics and (11) to regain the specified inm lation
strenzth,

When the trmsfdmers are located within the main
powerhoute cavity, transformer nolse 18 apt to bde excessive.
To reducs the noise to s predetermined value, some precaution
is to be taken in the transformer construction and erection
in addition to providing sound proofing coating for the walls,
At Okutadami station (83), the precautions taken weres
(1) Flux density was reinced about 10f belovw standard valnes
(11) tank side plates vere reinforced to mppress vibration
of the tanks (141) TransSformer proper was placed on a Spring
device with vibration=proof rubber inserted between tank and
base and (iv) the air zap detween each phase was filled with
a maffler and applied with a blind cover to eliminate the
sound produced from that part.

gelection of transformers 18 done with utmost care
g0 that the dimenaions and weizht can be reduced. Wuterf-
cooled transformers ars preferred for underground location
80 that the dimensions and weight are reduced. By providing
cable connections both on the H,T, and L,T.side without
bushings (external), the heisht is reduced, For the trans-
formers at Okutadami U.G.station, a Special type of bushing
called Elephant bushing 48 used for transformers (33). It is
of the indirect type in vhich the cable head 18 not connected
directly to the transformer winding but & connection box 1is
provided to ssparate it from the transformer by means of a
wall dushing in oil., In this indirect system, all bushings
are azZain in oil and size i3 zreatly reduced and reliability
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18 {ncreased as co-parod with largo bushing and cable head
exposed 111 air,
5.8 CABLEg: .

The various methods for taking power cables to tﬁo
Swvitchyard located outside have been aismsséd in Chapter VI.
gelection of cables and their erection assume importance
wvhen the station 18 located deep underground, For ccnnoction;
to the H,T.control equipment, pressulre oil-~filled or gas
filled cables are used with proper gradients and pressure
rtgulators.. When cadles are 1aid In steep gradients it 1s
likely that high internal pressures may be btuilt up at the
bottom causing 1ongitﬁdim1 exbénsion of the sheathinz. It
would therefors be necessary to provide trantverses and longi-
tudinal reinforcement for the cables, At Crauchan (81) the
transformers are connected to .tho switchyard by oil filled
cables passing throuzh a combined ventilation and cadble
shaft which rises 1080 Ft. vertically, The singie core oil-
£i1led cable (275 KVA) used has® a reinforced lead sheath
designed to withstand an internal pressure 45 ‘lblleq.lnch.
Additional Strongth 18 imparted by Aluminium wire amouring
and the entire cable 18 encased in PVC sheath. 8gpecial
installation technique has been adopted vhen joint was made.

we 00000~
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CHAPTER = VI
DESTON CRITERIA AND PBACTICES,

6.1 QENERAL

With the site of dam established, the scheme can
be developed aither ags ‘head' devolopment or 'té&l' develop~
ment or ‘'intermediate! development, In every case, the powver
water may would play the moSt important part in the Selection
of the power house Site, As a result of the advancement made
in equipment arrangement, handling facilities, ccnstmct;on
techniques and excavation methods, a wide variety of economical
plant layouts have been developed and it is axiomatic today to
say that the adoption of the shortest feasible waterway will
along develop into the most economical project layout,
Therefore the selection of sites can well be done with the
thousht that the power plant can be economically adopted to
almost any feasible vaterway. The greatest economy with the
studies 18 achieved by the usSe of one of thoSe five watervays
given under the hydrodynamic classification of underzround
station layouts, |
6.2 u OF UNDERGROUND LAYOUTH

Undercground plants compricse all the elements found
in the ordinary types of developments with the power plant on
the surface. The intakes, the pressure tunnel, the under-
ground surge tank and the sudbterranean valve chamber are
structures to de frequently sncountered at surface stations
68 vell, On the other hand, the slopings or vertical under~
ground pressSure shaft conveying water to the turbines, the
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underground cavity haualhg the generatinz machinery and
suxiliary equipment and tailwater tunnel « occassionslly with
downstream mirge chamber - are essentially characteristic

of undergzround dsvelopments, Befides these, underzround
projects present certain problems assvclated with the trans-
miccion of power, ventlilation and access and cuitable provie
sion has to be made in the layocut. The desizn of the under~
ground layout, prior to effecting entrance to the working area,
16 made in prineiple only. The 5eneral doesinsn criteria and pm-
ctices followed for ths Selection of various cites are discuss-
ed below:

6.3  IRIAKR: .

Fundamentally the;a 18 no difference bdtween the
intake works for the classical type of power projocts and the
underground type. AS in surface plants, intakes of under=
ground plants can be losated either within the body of the
dam or upstream of the dam. The hasic desSign requiresent
for an intake 18 to have a stream 1ined intake tube which
will acoelerate the water fyom the tragh racks to the junction
of the intake with the Duvply tunnel or pressure shaft,
keeping the hydraullc los8sSes t0o a minimum. This requires
properly dqsigned trangition. 1If the intake i8s located a
1ittle upotrean of the dam to suit the topographical and
geological conditions, intake shafts or intake tovers are
generally adopted, In ths caSe of shaft intakes, the entrance
of shaft 18 located adove the hichest storaze level of the
refervoir, The pressure tunnel intersects the shafts by



VA THL LI OTLITINE? GHALP TTOLINT THL 0 WPIL 27 TOMTRLNOT(0)9 i 21

R O S L
\ \/ DO TED LF ATTTID 2NN T [
A TTIXG

k\\\%}b 72

|
AR ¢ |

nIREAYY |
b LA = h N,
. ) ————— — e ey ST s B
. 1 v l._ Yl LQ.RR.N 3 e R W
TV Tkt =i b o2l
TOISITN N ,
—_— e ———— 4 -
Gidddd W B
N
' ~
. 599 ' / R e =l
| =i N oo AU
’ . , : / sHOsL Oz j
FXVL A XLy ECE 2" 4% g f
GIROII2TN? ; T i —SrEET 3
’ .\\« TTGHIP2 7704 e | L : _
_ (LR _W e gz |

TIEH TP WLV FFS SFW Ty g hraa

A"






=iGdle

means of a closed pipe Section incorporating the inlet valve.
The shaft can be eliminated Aif the fluctuations in the re-
servoir 18 mmall and the contuilt valve, together with the
appurtenances, 18 located in a chamdber directly accec#idle
from the surface. In the case of intake towsrs, flow into
the tower is zenerally controlled by a number of small zates
instead of a single zage in intake shafts, High intake
tovers in earthquake recions are however not desiradle, PFor
the Ambukla underzround project located in an earthquake
rezion in Phillipines, a 380 ft.hizh intake tower reaching
above the maximum reServoir level was initially planned,
However, to zaregﬁard the tower from posSsible earthguake
shocks, the heizht of the tawnr'Jhi limited to 184 ft. below
the full reservoir leveal thereby sacrificing intake accedssi-
bility end eliminating intake cloBure gzates but achieving a
econgiderable saving in project cost. In gerrs~Poncon Under-
ground development, the very larce section of the intake
(Fig.6a) %allery enadled the engineers to dispense with the
employment of a Surge chamber. For effecting minimum hydrau-
lic losges it 18 desirable to align the pressure shafts (if
geology permits) perpendicular to both the intake and the
power plant centre line. An example being the intakes of
Aldeadavila project (spain) located in a vertical plane
parallel to the centre line of the underzround station (Fig.6b)
gtability of the hill Slope near the intake area 15 a major xek
oonsideration. Levels of intake Should be fixed in such a
way that under minimm drav down conditions air is not
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aliovcd to paco thsoucgh tho tunnol.
6.4  EOWER TUNNERL:

" Povor tunnelo aro nommally roquived for 'tail!
dovolopaento and ‘*intornodiato! Qovelopments. HMHoconyi (49)
olanoifion Povor tunnolso into thivae eatosorioos (L) Lov
proscurc tunnolo vith H lovor than S motras (14) Medium
prasturo tunnols with H fron 5 motyo Lo 100 motros and (344)
High proosuro tunnols with H highor than 100 notros.

Donisn of povor tunnol coapricod (1) dotemination
of tummol disnotor and gsadoy (44) Aoposrtiaent of roek loadsn
likoly to occar due to roof yiold and provicion of andoquato
1inings {141) docign of tunnol lining to vwithotond intoraal
procoure and (iv) provision for drainnzo arrangcment to ro-
lieve externcl hydro otatic pressurot and olinination of
Ooopazo in tho vieinity of important Dtiueturos,

Tho tunncl diamotor 10 primarily doecidod on tho baois
of ocononict and 10 o problem of baloneing botvoon rovomo
looo duo to tunnol £rictiony intorect chargoet on capital coot
of tunngl, annual maintonance cost and capitalised obatoment.
The tun of all thoto cocto ot bo o nindmnm foF tho nodt
ocononieal oigo of tunnol diemoter. Othor consideorations for
£ininz 4ignotor are (i) Opoco roquircnmeato for oquipmont to bo
udcg én tunnolling, (1i) ¢timo faetor condidoring difficultioo
that moy bo onesuntored in oneovation of rock and (244) availo-
DALty of conftruction rachimory. Accordinz to Hooonyd,
niniran oigo of eirculor tummol 20 at cboul L.82 vhilo rFoe

gtonqular orol0 Ooetions Should not bo £20llop than 8 ¢ 1.80
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Power tunnel upto 70 ft. diameter have besen constructed in
Granite in Norway. Velocity allowable 12 alfo a major con-
sideration, Limit velocitics Zuzgested by H.Press ares

Very rough rock surface 1 to 2 m/sec.

Trimmed ﬂck surface 1.5t 3 ﬂ/“co
Concrete Surface. 2 to 4 n/sec.
gtoel lined 2.5 to 7 n/sec.

From hydraulic considerations it 1is better to
provide cireular or horse-shoe thaped ssctions for pover
tunnels. The grade of the tunnel may be fixed after taking
into consideration the minimum water level requirement in
the Surge chamber and afier ensuring minimum rock cover in its
aliznment if possidle,

Normally from point of view of minimum power loss,
one tunnel 18 always to be praferred over two or more tunnels
a8 1t will cive least friction losBes for the tame equivalent
area of crots section. Where, however the magnitude of d4is-
chargze to be handled requires an excessive value of tunnel
diameter for the partiocular types of rock strata, it may de
advicable to provide two or more tunnels and sizes of these
can be determined from economic Studies as mentioned earlier,

The decision as to whether the tunnel should bde
lined or unlined is purely a matter of oaonouiba. gomes recent
tunnels ez. Upper Vinstra of Norway and Glen moriston of
geottland (Pig. 6¢) are mainly unlined., Only about 30% of
the Kemano tunnel of Canada is lined, The higher coefficient
of friction with an unlined tunnel may dictate a substantial
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inerease in effective dlametsr which must be welizhod against
the oost of linine a smaller tunnel. Low presture tunnels can
be left unlined except for vis&bleziasﬁrea vhich may have to
be tealed suitably, Lining might bs a necessity if the tunnel
18 througzh fractured rock. A water tizht lining 16 nomally
provided for tunnele operatine under medium and hich heads,
With the operatini heads exceeding a certain limit, all voids
between the rock and the lining should carefully be eliminated
and if this is not achieved, lining will dbe subjected to
internal presscure and the required pressure thersof would be
shomous, If the tunnel 16 lined or unlined or if the lining
serves only for water sealing purposSes, the pemmissible in~-
ternal pressure 18 determined by the depth of over burden
and by the quality of rock strata, Tunnel lining may be of
concrete or with steel, Jhen the tunnel 45 not subjected to
a very larze hydrestatic pressure (in the order of 10 atmos-
pheres) reinforced concrete pipes, eithar prestressed or not,
may be adopted, The alternative with gteel piping 18 always
favouradle, especially in view of the higher safety of opera-
tion (41). If lining 15 designed to take only part of the
internal pressure, the annular space between the lining and th
roek i8¢ to be filled with concrete and grouted, In order to
relieve external pressure éxortcd by Seapage water vhen the
tunnel 18 emptied =suddenly, suitable drainage 15 to be
provided,

A theoretically ideal tunnel hasg sstisfactory hydrau
{0 characteristics under all working conditions, such as
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the hydraulic gradient sust be sufficient to give the re~
quired 4lscharge without causipg excessive velocities or
excesvive looses and 18 looated on the shortest straight line.
The tunnel should be under cufficient rock cover ~ a rile of
thumb 18 0% of static head of water, Consideration should
aleo be ziven to the 1oeation of intake and exit portalc and
aﬁailability of intermediate access points for oonétfuction
activity,

6.5  PEESSURE cHAFT:

In 'head' developments, mostly, the power plant will
be located in abutments. For such location, tsparate pro=- |
ssure conduits for each turbine are ordinarily used (37, 83,
49). This arranzement would prove sconomical since manifolds
and guard valves can be eliminated (83), On the other hand,
 the high head or tall developwments and intermedide develop~
ments normally have one or more pressure conduits from the
upStream Surge chamber to the pover station and thess conduits
branching off to the individual turbines just upétrnam of the
pover station chamber.

Pressure thafts can be either vertical or sloping.
Vertical shafts offer the chortest route for conveying water to
the turbines, Although the tailrace tunnel become® longer, a
saving in cost is still attainable since Specific costs of
the tailrace tunnel are comparatively lower than the pressurs
conduit 4f the latter must be lined. An economic analysis sh-
culd then obtain the minkwum total cost of th. twvo opposing
elements viz, the length of the pressurs shaft on one side and

&
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the length of the tailrace, access and other conduits to
pover housSe on the other, guch an analysis will be the basis
for determining the value of th; penstock slope (41)., Other
benefits with shorter conduits aret (i) the more favourable
turbine remulation (11) the omission of relief valves as at
Glen Moriston and Ceennacroc statianav(ez) and even the upper
surge tank (Ex.Poatina gtation). (111) the construction of
very Steep shafts 18 more cumbersome than that of vertical
ones, gharts, unless of excessive depth, should preferably
be conStructed vertically (49) if the above mentioned advan-~
tages can be attained. - Vertieal shafts have been constructed
tos (1) 255n shafts (steel lined) at Hanabanilla Project,
Cuba (39)3 (11) 660 m deep R.C.lined shaft at the gan Gila~
como Power station, Italy (114) 410 m deep shaft with freely
supported penstock at the Villa ganta Maria Power gtation
(Italy). When horizontal Setting 18 adopted for turbines
vertical shafts would be more economical in the cass of low
head stationt as at Ogayabo Power Station in South America.
AB much no limit can thersfore be ziven and each x cnse has
to be investizated independently.

In the case of sloping sthafts, the economical angle
18 detemmined theoretically from considerations sach as (1)
Quality of the rock and ¢eology of the terrain (11) Ares of the
eonduit and (111) Censtruction method and (iv) slope of
terrain. Removal of muck throuzh shafts inclined at less

.than 350 44 considered expensive vhile in shafts steeper than
QFP the additional coSt of protection azainst damages infli-
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oted by the Spoil emerging from the portal would be high

(49). Pressure shafts at the Mazzia System, Italy, are con-
structed to a oSlope of 67 to 70f correspondins to an angle of
34 to 35°, A slope steeper than this, sloping at 85%, le.
‘almoSt 40,5° 18 adopted at santa Masseuza Power gtation for
reasons of convenient removal of 8poil. For economic reasons,
the slope of the prescure shaft Section of Haas Project 1is
kept at 65° (10), In Norway, generally slopes vary between
36° and 39° yet even 45 to 46° shafts have been consStricted
{49). ‘In Italy, the slope generally adopted has a value from
70 to 85% {41). A Slopo ag flat as 32° was adopted for the
Vianden Prescure thaft in luzembourg for economie reasons
though there was come excavation problems (73). For the Clachar
gtation, a slope of 39° 15 adopted for a variety of reasons
vig., (1) the inclination was just a little in excess of the
natural anzle of repose of rock 8poil 8o that the spoil was
more eafily removed (1i) the inclination was almost nommal to
the planes of cleavagze in rock so that overbreak is less
durinz excavation and (111) Along the pressurs shaft, the
wveicht of over burden measured vertically above the shaft

vas sufficient to balance the water presSsure at any point

(29 - 41scussion by Mr.J.A.Banks), Sometimes construction
adits provided for pressure shaft excavation are subsequently
used as permanent drainage galleries., With this orovision,
the assumed diazram of external water pressure can be interrup-
ted at the elevation of the drainace sallery and from this

point downward the prescure sStarts to build up azain from
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sero and taking this aspect in the desians, savings can be
effected in the cost of lining. Economical consBtruction adits
can be provided only if the sloping shaft 18 pushed towards the
slope of the hill., The above method of relieving external
precsure was Successfully applied in the design for the 48°
Kemano pregsure shafts (36, 49) and 4£° Koyna Pressure ghaft
(40).

The choice between vertical chaft and inclined shaft
is purely based on the overall economics of the project. For
exanple in Gando Power Project, & study was made of plans for
vertical and inclined shafts. Results of comparissn 414 not
show much difference in conﬂtlmcuon coste. However inolined
ghaft was adopted for the reason that the 470 m vertical shafrt
would take about 4 to 5 months more time than the 745 m
inclined type (64).

HAFTg: ,

In determining the numdber of shafts, economical con-
siderations require, in zeneral, the smallest posscible number of
ghafts, The sxcessive diameter and thickness of the steel
1ining required in case of large demands for turbines and high
heads, however, impoSe restrictions upon the size of the ‘
shafts, conSequently necessitating the increase of their
rnumber. Degree of weldability 18 an important factor in this
resSpect. gince the thickness of the steel lining depends, unde
identical rock conditione, on the diameter and the head, the
maxizum practicadle Size of the pressure shaft can be chara-
cterised by a £iven value of its Power capacity (49). The
pover capacity obtauinable by a Single pressure shaft is
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rated as per today at some 600,000 H.P., (Kemano).
DIAMETER OF SHAFTS

There 18 no zeneral rule 15 determining the effective
eross Section of the shaft. Pemisstible velocities in ex-
posed penstocks 3 m to 8 m will apply to prescure chafts also,
The clean diameter of shaft 18 detemmined individually for
each caSe by economic analysis., Increasing the section 1nvoi~
ves higher construction costs. For computing economical dia-
meter of Steel lined vertical shafts at depths from 30 m to 80m
G. IcakkoSon gives the followinz relationship 4 a‘Q°’4°(n)
whege Q 1s the maximum discharze in cumecs, According to
Mosgnyi, the above formula can only be applied to preliminary
estimates and to conditions similar to thoSe encountered in
gveden (49). The economical Shaft diameter decreases with
increasing heads, With increasing wall thicknecses the dia-
metor of the Steel lining 18 preferably reduced in onsor two
occasionally threo stazes.

E5IN_CONGIDERATIONGS

Pressure Shafts can be lined or unlined, The grit-
eria in omitting lining aret

1) The rock should be able to resist cxpocto§ pre~
soure;

11) rock through which the shaft passes should be
sound in order to eliminate Sespaze;

111) The weight of rock cover should be considerably

in excess of the hydrostatic pressure.

Regarding point (111) experimental Adata after



R. Hegestad recarding pressure shafts in Norway = 11 out of
12 presscure unlined chafts, the weight of rock cover 18 1,7.
times the value of hydrostatic presture. For the 300 metre
pressure unlined shaft of Tafjord III gtation the rock cover
exerts a 2.8 fold counter pressure. SometimesS pressture chafts
of 1ow head and medium head Statlon are lined for no other
roason than to prevent Sespage. In poor quality rocks, even
low and modium prescures thall be borne entirely by the 1iining
which can be reinforced concrete or ateel'lining. For high
prescure thafts reinforcod concrete or steel lining embedded
in concrete or prestrecs concrete lining are provideds The
Freneh claim that prestressed concrete liners for pressure
chafts are better than Stesl liners because prestress concrete
linerc are stiffer (Water Power 1950).

ﬁlacing of steel penstocks in the tunnel may be
carried out in two ways; (1) the penstoek pipe 18 laid on
ﬁuppurting gaddles inside the tunnel and (11) the interspace
between the penstock and the rock 15 fllled with concrete.

A combination of penStock laid on the mountain 5lope and Steel
1ined pressure shaft 15 somotimes adopted ac in Haas Project
(10) end Huinco station (Gl) Refer.Fig.Gm.

Though the length of conduit can be reduced, the free
penhtock in an inclined or verticsl shaft 48 a less frequent-
1y applied solution a8 the pensStock 12 to be desicned for the
entire hydrostatic pressure including water hammer. DiSposal
of seevaze §nt-r 18 also g major problem, Some examples of

penStocks laid in tunnels are: ganta Gastna (41) Gando Project
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(64) Fia,.6t salfane Station (head 1474 m) and Villa santa
Maria in Italy. The 2.1 m dia. 410m penstock of Villa santa
Maria station 18 surrounded by a 3.55 m dlameter concrete

lined service thaft with a winding stalr in the anmlar Space
leading down to bottom and the chaft 18 made acceSible by
horizontal adits, With the interspace fillled with concrete,

it 18 poooidble to transfer to the rock part of the load acting
inside the penstock, By proper attention to design, taking
full advantaze of the strength of the surrounding rock,
salection of optimum grouting pressure and of the economic form
of 1lining, the overall coSt can be minimised. ASSuming low
pressure grouting 18 fully effactiive in £1lling all gaps between
steel liner and the concrete encasSement and between the en-
casement and the rock, the ¥ of internal hydrostatic pressure
in the penstock which will be carried by the rock can be cal~
culated aceording to theories of VAUGHAN (77); Jaeger 29)%
Blietus (4); Amstuts (2),

In rock of poor quality, only a small, in some cafes,
practically nezlizible part of the internal pressure can be tr-
ansmitted to the rock by a zrouted steel lining. Consequente
ly the 8aving in Steel attainable thereby would be insignifi-
cant, In rock of 200d quality, a major portion or even the
entire intqmal pressure can be transmitted to the rock when
the steel lining aots only 28 a water #esling membrane,
According to R.Hezzstad in Sound rocke characterisfed by defor-
mation modulus batween 80,000 to 130,000 kg/sq.cm. 65 to 755 of
the internal pressure can be transmitted to rock provided all
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gaps are carefully grounted.

In the desisn of steel liners, both external and °
internal pressures must be coneidered (18, 13, 364 77y 4, 43
and 2). External prescures ocour either during grouting opera=-
tion or on devatering after a prolonged period of use, 0Qften
it 15 the external rather than the internal pressure that
determines the thicknese of the liner. The decision between
2 lining of adequate otrength and a thinner one Supported
fteely in a tunnel 1% governed by the relative economics of
the two solutions, The problem of ebtimation of maximum
probable external presSture 16 a most delicate one in the
desicn of pressure conduitso,

In the case of vertical pressure Phafts the zround
water pressure csn be almost as high as the hydrostatic value
corresponding to the head water level (49), However, with
the alisnment of the inclined pres8sure shaft situated below a
sloping terrain, the external pressure for any point along the
. ghaft can obviously be not hicher than the water column co-
rresponding to the local rock cover. Actual ground water
pressure remain in general well below the theoretical upper
1imit mentioned adove. Coneequently, pressure thafts located
almost parallel to the 8loping terrain are not likely to bdbe
expoSed to excessive outside water loads and the pressure is
not likely to increase downward along the shaft (49), Amstuts
has proposed an adequate method for calculuting permisgible
external pressure upon embedded Steel lining (2),

The maximam probable water pressure will be perhaps
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with the assumption of complete Saturation of rock cover upto
terrain level, No theoretical method of general validity can
be given for computation of external water load. The degree
to which the theoretical upper limit characterifed by the depth
of rock overburden Should be reduced 18 to be detormined for
each individual canse with a thorough Xnowledze of the tectomic
and stratizraphic formation of the mountain as well as of st~
renzth properties of the rock and this aspect has already heen
discussed in Chanter IV,

The design oalculation for the Steel plate linings
depend on the form of the anchorage, if any. Theories of
Iasemnn=Pilarski (vhich are generalisation of the theory of
- Alldievi for pipes) and the formula of Von Mises, Foppl and
Amstutez (2) have been used. A detalled account of these the-
ories 18 beyond the Scope of this dlssaertation,

A method of protection against external water pressure
is8 to impart gweater stiffness to the liningor to have it an-
chored into the rock (49)., Reinforeing hoopsg or ribs were ado=-
pted at Isere-Arc and elsevhere. Electricite-desrFrance had
introduced "hedze hog Spine” anchoraze which consoists of studs
welded to the place and this type 418 used at Rossens (72), It
is found that the welght of 8teel being added to the steel
plates for the hedgehoz Spine anchorage is very small (29),

To relieve external water pressure some authorities prefer
drainaze pipe# mnning parallel to the penstock (Bitto gtation
in Italy), Others provide an inspeoction zallery adjacent to
the penstock as at %erlos in Austria. Intermediate drainaze
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adit has been provided at Kemano and XKoyna. The defect in
providine drainage pipes running parallel to slopinz shafts

18 that these pipes cet clozzes sometimes or becomes Sealed when
pressure grouting i applied. When these are larse, the stréaa
distribution on the lining 18 no longer symmetrical (29).

To increase the Stability of the oteel lining against
buckling, grouting is quite popular. According to Amstutz and
Jullarﬂg the prestress induced in the Steel lining by grouting
tends to increase the safety azainst buckling., There i
difference of opinion among authorities regarding grcutiné
presesurs to dbe adopted, gwiss and Italian Engineers sieem to
agree with high pressure zroutins at P: = 1.5 P (Pt is
'grOuting pressure and P i# internal water pressure). Geman
Engineers propose 91 = 2 P,

Filling the interspace betweon the Bteel liner and
rock with concrete is a major problem, According to Guthrie
Brown, one of the best means of dealing with the deposition
of concrete around Steel pipes wad to modify the cross section
of the rock to da excavated around steel pipes from circular
to pear shaped 50 that better access 18 obtained for placing.
concrete, |

It 18 clear from the foregoing discussions that
there 18 difference in opinion among various authorities in
the methods adopted for the design and construction of lined
and unlined pressure shafts, Though marked advances have been
made in this field during the last century the detommination of
the distribtution of load betwaen the liner and the rock mass



has not been satisfactorily solved, The prime reason for this,
may be insufficient fundamental knowled-e avallable about the
elementt involved,.
PECIAL CONSYDERATIONg IN THE LAYOUT OF PREGSURE gsHAFTH

If one or two shafts with thelr manifolds and suard
valves prove more economical for a multiunit plant located in
the abutment, it will be better to locate the manifold and
guard valves as high as posoible on the waterway (salaménde
station), With this arrangement, rednctioﬁ in cost follows
from the Smaller operatinez head for which the vaives and manie
fold must be desizned (83), _

gpecial consideration 16 siven in the layout of
conduit adjacent to an undereround plant for reducing tunnell-
ing costs, The prescure cthaft of a multiunit Station thould
preferably de parallel to the longitudinal axis of the machine
hall (41, 49), It is usually economical to terminate this
shaft in a manifold, the shaft of a rmultiunit station forming
branches from this manifold., (Fiz.64). According to Marcello
(41), the most advisable arrangement 18 to place the distri-
buting confuit to each turbine at such an angle in the sSpace
80 a8 to reach the machines with flatter ansles and shorter
length of piping. smaller anzles lead to longer connecting
pipes in some casce to larger Caverns (for instance when the
meerzency valves are located in the machine hall itself,) There-
fore the anzle of the manifold bdranches affects the overall
construction costs, From structural considerations it would

bs preferable to alizn the distributing pipe at right anzles
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to the powerhouse cavern. In the case of horizontal axis
units, risght angle becomes a necessity for example, Villa
ganta Maria station in Italy and gtalden station (Fi=z.6¢)
and others, Whensver the orientation of the machine hall
fixed by other considdrations happens to be within 300 to 80°
to the direction of the penstocks (in many cases) it 18 evi-
dent that the connecting pipes will come at right angle with
take off from the main shaft at 30° to 48° (Fig.64 & 6£).

The hydraulic losSes greatly depend on the take off
angle, With reference to the extensive loboratory work by
Profestor Thoma in Munich, loSSes increase with the angle,
slowly upto 60° and much faster up. Take off angle zenerally
varies from 45° to 90°, From veloeclty considerations, two
'arrangemehts may be used, One 18 that thée veloecity 18 the same
everyvhere, the diameter of pipes varying with the flow and
the other with the main feeder having a constant section. The
use of a constant manifold dismeter reduces tunnelling costs
and the Stendard transition from manifold minises cost of fom
work. The cholce of the optismum layout depends on economical
ptudies takine into aecount of head lo8Se8 and the civil costs
and bafiked up by practical considerations,
6.6 SURGE CHAMBER

The pressure tunnel upstream of the Surge tank is
not ufually desismed to withstand hish pressure. A furge tank
located at the head of the pressure shaft will be the best prote-
ction against water hammer penetrating the tunnel. A surge

tank located as close as podsible to the power Btation makes
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to the powerhouse cavern, In the case of horizontal axis
units, richt angle becomes a necessity for example, Villa
ganta Maria station in Italy and gtalden gtation (Fi=z,.6¢)

and others, Whensver the orientation of the machine hall
fixed by othor considérations happents to be within 300 to 90°
to the diraétian of the penstocks (in many cases) it 18 evi~-
dent that the connecting pipesf will come at right angle with
take off from the main chaft at 30° to 48° (Fig.6d & 6f).

\ The hydraulic looBSes greatly depend on the take off
angle, With reference to the extensive loboratory work by
Profector Thoma in Munich, losSses increass with the angle,
slowly upto 60° and much faster up. Take off angle zenerally
varies from 45° to 20°, From veloclty consgiderations, two
‘arrangementd may be uSed, One 15 that the velocity 13 the same
everywhere, the diameter of pipef varying with the flow and
the other with the main feeder having a constant section., The
use of a constant monifold diemeter reduces tunnelling costs
and the stendard transition from manifold minises cost of form
work. The choice of the optimum layout depends on economical
ptudles taking into aeocount of head 1086e8 and the civil costs
and bafked up by practical considerations,

6.6 SUROE CHAMBER

The pressure tunnel upstream of the Surge tank is
not usually desisned to withstand hizh pressure. A surge tank
located at the head of the pressure shaft will be the best prote-~
ction againot wvater hammeyr penetrating the tunnel. A surge

tank located as close as pofiesible to the power Btation makes
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popoidio o rofucgtion in tho icagth and thiclnoos of tho
co08ly high prorfiuro thaft and ollo posadto otadblo mogulation
of tho turbino vhich may bocomc inporsible with a longor pipo
1inc (87)+ gurzo tonke aro ufunlly aseoclatod with convon-
tional hydsooloetrie Govoleopmontsd incofporating turfaco povor
houtad, Undorground povor otation alco roquire furgo tanks,
and thodo qonorally 7zive rico to now and diffisult hydrodynae
nice problemd of their owm,

gurza cheaborg in tho proscure conduito aro not
ordinarily roquired with lov to ncdiun undorzround dcvolop~
pents (37), Tmo, tho 80 callod *head' dovolopmonts 4o not
involve Gurszo chamberd on tho preboiuro conduitss Tho long
proocure tunnols and pendtocks adsosiated with high hond oF Co
called *tail’ undorsround plants normmally involve ourge chanbogo
on tho prodoure lino. In the eato of 'interedlate' Qovolop~
mont, curzo tanke will be roquircd both at upoteoom and govn-
ptrcor of tho p&wor ttation,

In poo indiancos tho tallrace tunneol will bo a £roc
£flo:r tunnol vith tho poooibility of tho tranolatery wavos boing
forinod on tho turface of tho freo floving vataor in rolpondo
to varintiono of the ditcharzo adrcquired by the chanzo0 of
olosctrienl lond, Thoro 40 Cicn no doparture fraa tho convon-
tioanl hydrodynanic CySica ag in abovo sground condition, In
csao inotoneat ¢ho tumol dowmotroon of tho turbino may O
under protcuro vholly or intormdittontliy or pastially; Doy
bo tho tunnol 40 alveg0 undop PRAGCUro £or condit¢ions of
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the tailrace tunnel may be normally a free flow one and works
under prescure when the downstresm level rises (flood) or when
the discharge in the tunnel varies rapidly. In most of theSe
instances a proper Surge chamber has to be incorporated on the
downstream side of the turbine so as to minimice the water hamme:
and pressure variation and to make the turbine governing pra-
oticable.

In underground developmentt and overground dsvelop~
menttS, dasizn aspects of the upstream Surge tank are identical.
Downstream surge tanks can also be inveptisated in a manner
similar to that followed in the case of upttseanm ones, gystems
with downstream and upsStream surge tanks are applied in
connection with reaction turbines (Franeis turbines, lecs
frequently propeller turbines), reaction turbines being only
followed by a conduit discharging under presSurs and hydrodyna-
mic condition of such a system will be Aifferent. The design
of a surge tank 18 a Bubject by 1itself and therefore only
eonsideration with regerd to type, shaps, location and arran-
gélgnt with the surge tank related to underground development
18 discuosed below:

An analysis shovs that combined systems of Surszge
chambers with two or more shafts, havinge restricted orifices,
expan&ion chamders, overflows and reservoir chambers have
been constructed for upstream location of tanks (27), In all
cafes the main aim 18 to reduce the volume of excavation while
assuring stable governing conditions. According to Jeagar,

a throttled surge tank with lateral orifice is a better
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arrangement than providing a surge tank with restriction just
above the preésuro tunnel, as in Randens U.G.pover house of
Isere-Arc. This arrangement have definite advantazes, the chief
being that the constrction of the tank does not interfere with
the construction of the main tunnel, Moreover, the water levels
in the tank are allowed to fall lower than with a more con-
ventional desisn of tank with a restricted orifice. Thouszh

it 16 1deal to keep the surge tank as close to the power house
a8 poscible, 1t might be necessary to locate the surge tank
far upstream of the penttock head due to economical reasons,
The surge tank of Chute-des-passes (42) located 2800 ft.
upstream of the psndtock manifold is perticularly illustra~
tive (Fiz.6f). In the above station the draft tube manifold
which acts as & surge tank for the discharge tunnel is
approximately 7 times of Thoma srea. Similar arrangement 18
adopted for the Besimis (Fiz.6d4) station also (1). Draft tube
gates can be suitadly arranged in the downsStrecam chambers as
in Chute~daos~Passes and Bersimis gtations, The necessity of a
downstream surgze tank can, of course, be eliminated (49) by
ensuring free flow conditions in the tailrace tunnel (Ex.
gstonorrfors and Ceannacroc arrangements - figures 6z and 6h.
This may prove expensive if long distances are involved, The
tunnel should accormodate the high surce waves following zate
opening. The section required would be excessively larze 8o
that 1t may be found more economical to construct, in case of
long distances, a pressurs tunnel with a surc¢e tank just down-

strean of the power station (62) as at Glenmoriston, Tumut X
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and II gtation (Fics, 6e & 61 & 63)) and others, The down~
stream surge chamber may be desSiined ardbitrarily as far as
the ghave 18 concernsd. It may be shaft like or a bdbasin of
aﬁple dimension, The chambey connected to several units should
be designed as a soherent cavern 1£(a sincle tailwster tunnel is
constrmcted, The surze chamber 108 in.8uch cases a long zallery
extendine before the draft tube ports and sichargihg into s
pingle tallwater tunnel as at Verbano station. A ﬂhoit entrance
section of the tallwater tunnel blasted to a Ssignifiecantly
enlarzed diameter has also been used to act as surge chamber
(Isre-Arc~Fig.6u). In case of two or more tailwater tuﬁnels,
the number of independent sursge chambers mst be increased
correspondinglys each of the sSurge chambers comprices the ports
of all the draft tudbes Berved by & common tailwater tunnel
(49). For the Aldeadavila (Fiz.6b) immediately downstream of
the machine hall are four furge chambers connacﬁcd'in,paira.
each pair communicating with the draft tubes of three machines
and for each pair of surge chambers a separate tallrace tunnel
retufha the discharge to the river (80). With this arrance~-
ment the station 12 divided hydrauliecally into two halves each
comprising three machines so that 1t is possible to dewater
either half of the station including tallrace tunnel whiia
other half econtinues in operation (gee Fig.6b & 6k). A Eingle
or at the most two tailwater tunnels 18 used in zeneral
practice (49).

From the hydraulic aspect, the downStream surge tank
may be desizned as a simple shaft with expansion galleries at

top and bottom a8 at Glenmoriston station (Fig.6¢) or as a
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gimple shaft as at Tumut 2 (£12.6J) or ghaft having restricted
orifices, gimple chambors are used in most cades, yet for
increatied dampening of pscillatlono redtricted-orifice chambers
are applied (Pionnay station, Switzerland),

pometimes surse chambers are arranged within the
fame excavation as that for the transfommer hall (Serre~Poncon
gtation and Aldeadavila Ref. Figures 6a & 6k), With this arran-
gement, the mmber of underzround cavities can be limited.

gurge chambers should be provided with amply dimen-
sioned air vento. The alir duet may be combined for reasons
of esconomy (49) with one of the aervi&a tunnels frequently
vith the main access shaft or tunnel (gee Figure o8 61).

647 NSTOCK VALVE URBINE VALVEg:

Valves are ubually installed at two places in the
penstock, One 18 at the upstream end of the penstock called
control valve or penstock valve immediately after the surze
tank, while the second is at the downstream end of the shaft
or at the unit penstock, immediately shead of the turbine
called inlet valve or turdbine valve. Dewatering of penstocks
12 ensured by the ovenstock valve vhich serves at the same time
as the energency valve in case of penstock mpture. The ture
bine valve 18 to clofe the penstock when the turbine is not
operated. In installations where one penstock sServes two or
more turbine units, individual valve for each turbine i®
invariably provided for facilitating maintenance work on one
unit. Provision of a control valve for each turbine is

therefors absolutely necessary (49). Penstock valves



L

are sometimes replaced by gates located in the Ssurge shaft,
Both these devices can be push buttom controlled for remote
operation from the control room, In-the case of penstock
valves, however, the provision of a Separate Set of stop logs
18 essSential for the maintenance of valves itself. When gates
are installed, stop 1oz can be avoided as maintenance can be
done even during operation. However during maintenance of
gates, there will be no Safezuard against a penstock mpture,
As sugh Stop logs would also bs required, Provision of zate
and 5top log in the surge chaft are diffudult and may present
probleme in the design of surge tank. It therefore appears,
desirable to provide valves in a Separate valve housSe and only
one Bet of gates or stop loge ac standby arrangement in the
surge tank. The cholice betwesn gates and stop lozs 15 depen~
ded on economics and saSe of operation, Gates are jenerally
proferred as stop loz8 have %o be provided for the entire height,
In the case of lowe-to-medium head developments, control of
flow throuzh the pressure conduit 18 provided by various types
of intake zates but severanl types of valves are Sometimes
utilicsed. In the case of hizh head developments a valve is
ordinarily loocated at the upsStream end of the precsure sShaft as
at Kemano (38) and Haas (10). sometimes pensmtock valves are
eliminated completely and reliance is placed on sutomatic
closing devices at the tunnel intake as at Fionnay and Aldeada-
vila (80)., Ample provision for automatic air inlet must be
made just downstream from Sich valves or closing devices to

avoid collapsing of the penstock liners due to vacuum, Valves
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at the penstock head are generally located in a separate
gallery. Removal of thete valves i3 done usually by oranes,

A hook anchored in the rock and a pulley block 48 used for the
removal of £ valves at Randens gtation.

Unit valves are ordinarily installed on the branch
connections to the individual turbines, There may be single or
duplicate valves a8 at Innertkirchen,

The valves may be located in a Beparate cavern as
at Jor gtation (12) Fig.61 and gtalden station (838) Pig.6e and
Huinco gtation (61) Figz.6m and others; in a passage between the
penstock tunnel and the powerhousej or in the power house proper
as at Mckay craék station. PFiz.6n Bersimis } (1) Fiz.6d and
elsavhere, Actual location 46 zoverned to a substantial extent
by the nature of the rock fomation, Placement of the valves -
in a separate chamber reduces the necessary width of the chamber
required for the generating units but does necessitate a Ee~
parate crane and access passaze., In the case of hish head and
mediunm head developments, where serious consideration must be
given to the possibility of a ruptured presscure Shaft, the
valve chamber 18 ordinarily provided with its own discharze
tunnel oonnecting with the tail race as in Jor Pover station
(Fiz. 61) and others, In the event of a full closure of an
underzround station located in the upper reaches of a river,
by-pass arrangement would be required to ensure supply of water
for down stream requirements. Bypass valves-cume-energy
dissipators can be installed on individual units so that they

automatically open by the movement of Servomotor pistons as
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the guide vane closes. guch an arrangement 18 very costly,
In Gando Project a needle valve 18 provided at the lowest
portion of the penstock to diccharge irrization water by dise
sipating the high prescure snerzy of 400 n in the event of
fallure of turbines (64).

wo00Q00we



6.8 WER HOU PURTENAKRCEgGS
6.8,1 QENERAL:

The dimensions of the underground cavity for housing
the generating machinery greatliy depend on the size and
number of zenerating tets and otation arrangement. As 4in
the case of surface station, the turbines may be Pelton or
Franeis and of vertical or horizontal type (see Chapter IV).
For low hsads Kaplan turbines are employed. The basis upon
which rests the choice between the 4ifferent types of turbines
»la oscentially the pame as for ordinary aboveground stations,
but increased importanee is attached to the volume of rock
exoavation, The tendency towards a more economical utilisa-
tion of Space 18 even mors pronounced than at the surface arre
angement, Having fixed the type a9 well as the shaft setting,
the section of tho Power House cavity can be designed on a
tentative basi® and the Same may have to be modified when more
particulars about the generating machinery are gzot from the
suppliers. For the underground location of the station,
communication galleries, thafts and tunnels for (1) sccess and
transporkationy (i1) ventilationy (411) accommodating cables
and buses and (iv) disposal of flood water have to be con-
structed between the power housSe and the surface as vell as
between individual caverns. To reduce the construction costs,
these passazes Should be united as far as poesidle. The de~
8ign oriteria and principles followed to meet the above require~
nents are discussed belows

6,8.2  UNDERJROUND POWER HOUSES
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18 constructed to accommodate the turbines, generators and
ancillary equipment, gometimes the turbine valves and trans-
formers are also accommodated within the power house cavity or
in independent cavities., gsometimes the entire power station
squipment and substation equipment are located underzround as |
at Tafjord IXI gtation in Norway Kurobecawa No.4 Station, Japan
(Ref:32 Fi2.6p). The decision to accommodate the substation
squipment also in underground cavernt was taken to prevent da«
mage from snov piles during the extremely inclement weather in
winter vhen the mercury drops to as lov as ~20°, Depending
upon the geclogy and types of rock at site, the span of the
underground cavity 1s 1imited and in such cases independent
- eavens are constracted for houBing turbine valves, zenerating
machinery and transformers ag at Jor gtation (F4g.61) Xoyna,
the Serre Poneon (Fipz.6a) and others. When a cavity with a
large €pan can be conftruoted, the oross seotion 1s divided into
thres parts, the machine hall in the middle flanked on either
#$ide by a hydraulic (valves) and electric section (transe
formers) as at Huinco gtation (Reft 61 Fig.6m) and Peccia
(Pig.6r) and others., In some Btations, the valves are located
inside the main cavern and transformers are located (1) over-
ground a8 at Mackay Creek station (Ref.22 FPig.6n), Bersimis
and Chmte~des~Passes and others or (11) in an extension of the
station as at Morrow Point Power Plant (Fig.6v). Another
arrangensnt 138 to accommodate the valves in a Separate cavity
and to houss the transformers within the power house cavity as

at gtalden station (Fig.6e) Innertkirchen (Fig.6r) and others.
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6.8.2  JUEBINE VALYER--LOCATION:

AB discussed earlier, the valves upstream of the

turbine can be located inside the main cavity or in a saparate
cavity upstream of the Power gtation, The latter arrangement
is8 moStly retained for hich head Schemes, IncreasSed pafety
agalnst flooding 18 ensured by the construction of a Separate
gallery for valves, 8ince only the 1a£ter become flooded in
case of occaclional valve failure. The complete filling of the
‘valve gallery 18 prevented by means of a by-pass zallery to the
sarface or to the tailrace as at Jor gtation (Figz.61). When
both the supply conduit and discharge conduit are arranged at
the same 8lde of the power house as at Stalden gtation and
Huinco gtation (Figures 6e & 6m) the valve gallery 1s directly
connected to the tallrace tunnel and thus the By-pass tunnel
io omitted entirely. According to Mosonyi (49), this arran-
gement 18 espocially advantadeous in case of a free penstock
located in a service tunnel, For medium head stations with
Francis installation, increased attention 18 to be paid for the
1ocatioh of the bypass tunnels from valve cavity to the tail-
race tunnel as this will invariadly be a pressure tunnel. In
gsuch installations the valves are located atabout generator
floor level or at a hicher level in a cavity in the pressure
ghaft to facilitate connection of the by=-pass to the tallrace
pressure tunnel (salamonde station). When access to the valve
cavity located at generator floor level ic provided from the
power house cavity, a water tight separation &oor protects the
power station azainst floodingz in the event of damaze to the
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valves or penstocks,

When the turbine valves of high head installations
are located inside the powser house cavern connection galleries
are provided for discharginz the flood water into the free
flow tailrace tunnel, The tailrace in such installation is
aligned along the longitudinal axis of the station as in Poatim
and the Huingo gtationse (gee figures 6o & ém). In Poatina
ptation, emergency drains have been provided from valve pits to
the tailrace, which is under the turbines and on the long axis
of the station, thus making a subsidiary excavation unnecsssary
{(47). With Franeis turbine installations, hovever, zpecial
" problems are involved when valves are also loecated within the
main cavity. The valve pit is Separated from the generating
machinery by a concrete wall and flood protection 18 provided
by sublmersible drainaze pumps brought into operation by water
level relays., WwWith such arrangement as in Tumt II, the
whole power plant 1S to be shut down in the event of the water
level contimuing ’ta rise. |

Prom the above discussion, it 18 clear that the valves
may be logated in a separate chamber or in the power house
proper. Actual location i8 gaverned;to a subptantial extent
by the nature of the rock formation., In the cass of separate
cavity, it will be necessSary to instal a separate crane for
'handling the valves and additional callery or shatrt for access,
On the other hand, a sSeparate cavity sometimes afford additional
access for pressure sShaft excavation. The present day trend

in undersround pover station layouts 18 to install the valves
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in the nain cavity itself, as it becomes possible to economise
on the total undersround sxcavations and it 15 al8o possible
t0 use the power house crane for its erection and subsequent
maintenance,
8.8.3 T CAL CONNECTION W OUTgIDE:
In underzround stations, the main transformers are
variously located; (a) inside the main underzround cavity
either in an extension of the cavity as at gtalden sfation or
opnosite the generators as in Huineo gtation, Innertkirchen,
ganta Massensa, Morrow point gtation and others; (b) in se-
parate cavemns a8 in Tumat I and Tumut II stations (Figz.61 &
63), Jor gtation and others; (e) outside above zround as in
- Mackey creek, Chute~des~PassBes, Bersimis I and others. Thers
18 an inoreasding tendency to place the transofmers underiround
(37). The cholce of the location depends largely on the dla-
tance betwsen the machines and the hicgh voltaze line take-off,
If this 18 about 200 yards or more the underzround location is
preforred both as regards capital cost and losses (19). A
8imple rale of thumb used by Italian Enginesrs 18 that, 1f the
length of the low~tension tranSmission cables 18 more than
250 to 300 metres, the arranzements with underzround transformess
i3 cheaper. The advantage of one alternative with respect to
the other should be studied case by case with reference to
the capacity and number of the machines besides the lencth of -
the connection detween the machines and the transformers,
Comparative study shonld be made between ocutdoor and indoor

installation costs, besides the cost of connections and their
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losses, making also allowance for the less effective operation
of a generator with increased overall reactance in the gene~
rator bus bar system and the effect on the static and dynamic
stability of the net work., Whether the transformers are under-
ground or overground, dissacsembly of the transformers has to be
carried ocut in a room Separate from the machine hall, Cone
sideration shonuld be given to higher coft of underground d4is-
aS8embly room and relevant fire protection installations which
are more sxpensive for underground than for surface plants (41).
gome amthorities prefer to loecate the transformers at zround
level to avoid harard asScociated with large volumoss of
transformer oll loacted within or directly adjacent to the
power station cavity. This arrangement results in long, low
tension leads. In the Bersimis and Chute-des~Pastes develop~
ments, thesSe leads are 400 to 500 Ft, lonz and Studies indi-
ocated that long low voltare leads are economic soclution when
thc excavation for underground transformers 1S taken into |
account (44).

The span of the cavity 18 not increased vhen the
transfomers are located in an extension of the poworhauae
cavity, Added advantage i85 that the powerhouss Crane can be
utilised for the erection and maintenance of the transfomers.
The tranfformers can be placed on rock and thersfore cost of
foundation will be reduced., The transformers are arranged
in separate compartments and fire protection doors are pro-
-vided. 041 spilling from the transformers in case of explo~
sion can suitably de dealt by constructing dralnage pits and
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collact;on chambers.

When the transformers are looated opposite to the
units, the width of the cavity 1is 1nbroaaqd beyond that required
for the zenerating units and this arrangement noeceseitates a
divider wall to minimize the fire hazard, Though the powker
house grane can be utsd for erection and subsequent handling
of the transformers, the deck on which the transfomers are
to be placed will be costly, Besides, drainase arrangement
for the oil &pilling from the transformers will be 4ifficalt
and costly.

When the width of the powerhoulle cavity 18 limiﬁed
by roek conditions, conStruction of an additional éavarn
for the transformers may be preferable inspite of the excess
cost of excavation, Their separation may be beneficilal as far
a8 Safety regquirements are concerned.

The underground location of 200KV or even higher
voltaze tranarormers'in extremoly expensive yet popular now-
a~days, The 300 XV transformers at Kemano i8 accommodated
'withih the pover houBe cavern. Single phase transformers of
380 KV at Harspranget and three phase transformers of 275XV at
Cramchan (Fig.68) both located in Separate caverns are par-
timlarly interesting features,

Conngction betwesn the zenerators and their transfor-
mers can be either bus or cable depending on the economic
solution in the particular case, When Separate covarn 18
constructed for transformers, a cable or bus gzallery (Fig.6k)
should be excavated between the machine hall and transformer
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ghamber for the lov voltage electrical connection., Ilow
voltage connection 18 sometime# taken throuch the interspace
between the false cellinz and the power house roof. ThesSe
arrangements are often offget by the probleme of providing
hish voltage connection between thp transformers and the open
gwitchyard. Depending upon the overzround location of the
svitchyard, the high tenfion cables are taken through shafts of
slopinz tunnels or through the access tunnel or tallrace tunnel.
With special installation techniques employed, the 275 KVA
oil filled cables have been taken through a 18‘ diagmeter ver~
tical shaft of }0B0O Ft. at Crauchen, (81 ~ gee Fig.6s).
similar arrangement 45 Seen at Mckay Creek gtation (22) and
at Aldeadavila station havinz a 1040 Ft. cable shaft (17 -~ gee
Fig., 6k) end others. In all the above caSes these shafts are
put to multipurpose use tuch as for accommodating Power and
control cables, 14ft arrangement, stair way & ventilation ducts,
gometimes a passaze 18 left for lovering the machine parts to
the pover house cavity,

gometimes power and control cabler are taken through
the access tunnel as at Jor gtation (11). At Huinco gtation
(61) the 220 KV oil filled cables are laid on asbestos-cenent
trays in a duct ramning along the 800 metre long main access
tunnel, In certain stations, cables have been taken through
fres flow tailrace tunnels, sloping tunnels have been
constructed (3 and 82) solely for the purpose of taking cables
to the switchyard at Morrowpoint plant (230 KV cables through
a 10! x 10* and 190 ft. long tunnel) and stalden station (S.om®
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in section and 470 metres long) and in many other stations. 1In
some Swodish and other stations sloping tunnels have been
constructed for ventilation which serve as ctblmj for out~
going power cables, For periodical inspection and maintenance
vork tloping tunnels for cables are conStructed with mild slope,
Cable tunnels through Sound rock are invariadbly unlined.

The choice Detween a tunnel or thaft 18 purely n sed
on economic studles,
648.4 W USE INTERNAL LAYOUYs

Palo and Marks (51) and Doland (13) have established
basic principles for plant layout in oversround stations,
Though these cbncepta are generally followed, a more inteXli~
gent approach 18 aimed for equipment layout in underground
ptations to reduce excavation.

A in overiround plants, the unit bay layout, the most
expensive feature, 18 predicted on five primary items consider-
ed in the following order (83)

1) The plant water vay (turbine, draft tube and
penstock constructions

11) The generator;
411) The main power transformers

4v) The overhead cranes or equipment needed for ine
stallation and saintenancej and

¥) The maximum tallwater,

The firot four items only is considered in alloting
space within a unit bay for maximum economy. The last item
48 important only in thecase of gchemes with Pelton installa-~
tion.
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The size of the unit varies with the area of the
required watervay since, for a given plant capacity, the head
and discharge remain the same (83); For example, a 300,000 kw
plant with four 75,000 kw units will require less overall
length than one with six 50,000 kv units. Though the width
and height vwill de slightly larser for the four unit 75,000kw
plant, the plant cost will b6 normally less. Plant size,
therefore, chould de }.a;rgalt feasidble after considering limi.
tations in transport and penstock sires,

As discussed in Chapter V, vertical setting of tur~
bines 15 preferred vhen larce sise plants are employed. With
vertical cetting, %he plant waterway and the limits of sub-
structure can be easily Sketched (Figz.4c¢). The desired access
to the turbine pit and suoport for the generntor establish the
genorator elevation, At this stage, the generator yotor and
thaft are located in a position that would pemit moving it to
and from the Service area for installation and maintenance, the
overhead crane 18 loecated, Variations in the senerator
(Umbrella or suspended), the transformer (single phase or three
phase) vhether tntide or cutside, turbine valves, whether
inside or outside are then considered and the sketch modified
suitably. According to Wolf (83), the Unit bay arrived at
thus would never require & revision to accommodate the auxili-
ary squipment vhen the Space requirements of the first four
itens are met, With the Section rogghed out, an ellipse of
no stress 18 dravn ocutlining the proposed excavation, Assuming
that the rock has no appreciable tensile strength this curve
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would represent the uppxer 1iimit of the potential rock fall
into the opsnin:, The concrete arch for the roof is then drawn
to pemit operation of the overhead crane, Rouchly the arch
is desioned to carry the waizht of rock betweon the arch and
the alliptical opening which may require revision after model
studies. |

The adopt:iqn of & vertical vlant makes possible Se-
vgrai alternative power station layouts, and there appears to
be no universal trend in this respect. Many authorities favour
the doudble floor desisn, wvhere the top floor 10 at generator
level and above which the exciters only (Aldeadavila, Bersimis,
Poatina stations) and sometimes both the generators and
exciters project (Morrowpoint plant and others), In this case
modt of the auxiliary plant 1o placed on the lowver turbine
floor from vhich acce8s 48 gained to the turbine pits. Instra~-
ments and control panels are senerally preferred on the upper
floors The weight of the generator and the hydrauiic thrmust
of 1ts turbine can be taken throuch the turbine fixed stay
vanes to the foundations, Altematively it can dbe taken
throuzh concrete or steel columns around the outside of the
turdbine casing, The latter arrangement permits better access
to the turdbine moving parts for maintenance but may be res-
trioted to medium and high head machines (19). The upper
flooTr can, if desired be completely (Gando Power Project «-
§00.F12,6t) or partly (gerve-Poncon gtation ~ FPig 6a) elimi-
nated., If however only the floor at the turbine level is
provided, th§ dinensions of the cavity usually have to be
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greater (28).

wWith horigontal setting, the station requires only
one floor upon which the auxiliaries are mounted snd from
which all the oporation and maintenance work is carried out.
With such setting, the machine amerge in general almost en-
tirely above the machine hall floor. Thus, at the side opposits
to the tailrace tunnel, there genorally remains sufficlent room
for cable gallexy in the mub-structure (Huineco station -
Fig.6m, Room 18 similarly availadble under the floor between
individual machine units, The auxiliary equipment 18 housSed
1n. the machine hall or elsSekhere. When the Span of the cavity
18 to be limited,; auxiliary equipment can be arranged in cells
excavated in the rock between and beyond the lezs of the
frames Supporting the crane rail. '

Conventional straight line layout 18 generally
adopted for the power housSe cavity. geveral alternative plant
arrancements are possible a® the plant 48 located undsrground,
A curved underground layout haf been adbpted for the Ambuklao
(15) power station 4ue to geologic reasons, In curved lay~
outs, the crane arranzements would be more costly, tut may
vell de offset by reduced costs £rom ghorter penstocks,

The longitudinal length of the station 18 declded
upon after providing space for service and control bays,
Before allotting Space for this, consideration should be given
for the expansion-contraction jointe, In a conventional
surface plant unit bay, expansion~contraction joints are
provided at each side of the unit framing system vhile in
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underground stations this can be omitted (Fig.6v). When
provided in multiunit layouts these need not be kepi in a
straizht line, but may be oftuf if desired. PFurther, the
eross walls will not ‘be needed to resist taill race water loads
and 80, they can be omitted. FElimination of one of the cross
walls will give Bavinz in length of 3 to 5Pt. for every palr of
units. The adove provisiont will permit a cloSer unit &pacing
and shorter the length of the station as compared with its
surface comnterpart (83),

Having fixed the unit x bay layout, the remaining
layout features and their lacation are subject to a variety of
sconomical arrancgements The Service or ersction dbay 48 utually
loocated at ong end of the unit bay in a maltiunit plant, Wwhen
two stage constmction 45 desired, two Service baya'a,t sither
snds are sometimes provided with provicion to convert one
ara\ong these as control room., Alternatively a layout with a
central erection bay flanked by unit bays 18 preferred for two
gtage construction. In all cases the width of the sexrvice
bay should necessarily be identical with the unit days to pere
mit movement of the powerhouSe cranes over the erection area.
According to an old rule of thumb, the length of the Service
bay 48 twice the length of the unit day. In modern plants,
the Service bay 18 only 1,25 times the unit bay length., In
final desizns, the service area fixed thus 18 checked against
the area required for rotor assemdbling or storing upper guide
’bnriﬁg bracket and access for truck-trailer unit needed for
delivering the component parts of the zenerating machinery,



»$1018 =

The control bay or control room 18 usually arranged
as & Separate feature of s multiunit layout. It may be locat~-
ed overground close to the transformers and the high voltace
switching yard in low and medium stations (for Ex.Al&oaduvila
at one end of the unit bays) in a separate cavity near the
gentres of the unit bays or on the roof over unit bays. The
central location with respect to the units is preferred by some
suthorities, The sBige 6! the control bay is dictated by the
space required for the main control boards and access to them,

gome fpecial techniques are employed for redueing
the height and width of the cavity. Installation anﬁ removal
of the rotor desorve more serious consideration than customary.
The lesscer space requirements for handling the Umbrella e~
nerator (gee Chapter V) in lien of a suSpended type are parti-
cularly important. Even with suspended type, meaZures are
taken to reduce the height of the eavity. In Bersimis Plant,
the top of the generator housing to the top of the crane rail
was held to about 16 Ft. as contrasted to surface plant ine-
stallations where it varies between 30 to 40 Ft. for units
of commensurate size (1,580,000 H.») This 4o achieved by
1i1ftins the rotor from its spider rather than by the shaft,
This method 18 employed at stornorrfors and Harspranzet and
in many other stations.

Reduction of power housSe heizht above the ecrane rail
is possible if proper check i3 made in the selection of
overhead cranes, In most of the Stations, two cranes with

1ifting beanm 18 employed instead of a s8inzle larger crane.
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The cost of two cranes themtelves may be greater than the cost
of a Bingle larger orane (10). However, two cranes with
equalising beam permit the top of the rotor shaft extended

up between the cranes and the reduction of distance above cranse
rail to house the trolley reduces the pover house'hoight. In
stations with small and medium Sized units a single crane is
provided vhereas two cranes are mostly applied for handling
heavy parts of large machines. Recent power houdes in gweden
and other countries are equiped with overhead travelling
craned to which turbine shaft governing the heigzht of the
machine hall could be attached by special yokes for 1ifting
at an intermediate point below the flanze at the end of the
shaft. Compared to the conventional method of attachment a
saving of 3 to & Mefras could be attained in the height of
the machine hall (49). In Some gwios stations a gantry or
portal crane 18 useéd oliminating crane beams and columns, The
present day thought 18 to eliminate the high capacity Itatian
eranes, used during erection and very aeldam'thcreafter, by
the provision of tuilt-in jacking facilitles® whereby the
generator stator can be lirtéd to permit access and removal
of rotor (37).

Ordinarily the power houtie cranes in underground
stations are carried on beams supported on free standing columns
(Jor station, Morrowpoint and others) independent of the rock
walls. These column are desizned only for sSupoorting the crane
beamS, In some stations, columns are placed in recesses in

the vertical walle as at Koyna station. When good rock is
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available the rail bdbesm can be suspended from the roof arch as
at salamonde, Picote stations and several stations in Portugal,
In Such cases the roof arch 18 abutted into recesses in the rod-
walls thu@ throwing the load into the walls and reducing the
stresses in the vertical faces of the rock. Lateral otability
problems oxist when the columng are attached to the walls. Plex-
ibility offered by columns 18 that they need not be losated
directly opposite one another in the machine hall and this
arrangement affords a bettsr utilisation of floor space,
Handling of the stop loz gage in the tailracs also
deserve due consideration. At the Formo and other develop-
monts, the main crang dridge extends downstream over the dfart~
tube Stop loge o that the gages can be operated by the main
erane. Another arrangement is to provide a ayccial'gallnry,
within the powerhouse cavily as in Ceanna eroc station
{Fizure 6h) 80 ap to use the powerhoufie crane, gaparate.
cavity downsStresam of the station with 1ifting arrancement is
provided at santa Ghhetina gtonorforrs and Korsselbranns
gtations (Figures 6u, 6g & 6v). Handling of the draft tube
gates can be done from downstreanm surge chambers also as ab
Aldeadavila, Chnte~des~Passes (Fizures 6k & 6j) and in many
other stations. Economical studies have to be conducted for the
choice of the best alternative,
The roof arch is drawvn to permit operation of the
overhead crane and it 18 to be a desizned to carry the weight
of roek batween the arch and the sllipteal opening (83). The

shape of the power house roof may be semicircular (Chute-des-
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passes and many other stations) or elliptcal speréne (santa
fx G4ustina) or gpecial shape a8 in Poatina (Fiz.4b) station,
The chape is primarily determined from stress considerations
(ses Chapter IV)., Due ocontideration should dbe given for the
shajm vhen ventilation ducts and cables are to be taken through
the cpace above the crane, In ganta Massenza station (Fig.
6r), an asymmetrical roof 18 provided for reducing excavation.

In Sound rock, the roof arch i8 desizned for only
& part, in some cases as low ad 25f of the estimated rock load,
In the case of relatively weak rock strmctures, the roof arch
i8 designed to carry the full load, In most of the stations the
roof arch 18 monolithic concrete placed against the yock and
grouted, Below the roof arch, a Second arch is Sometimes
provided with a waterproof membrans on top as at Innertkirchen.
In some stations, instead of a concrete arch, the roof is
strengthened by ungrouted or grouted rock bolts and the rock
surface 15 covered with wire netting and zunited. In such
cades belov main roof falves roof 18 often provided which will
prevent any Seopage water from the roof entering into the
machine hall, At Krangede station, inverted reinforced Tvbeams
are used in the roof arch, so that an interspace between the
rock and cefling resulted, which picks up any infiltration of
ground water. Norwegian engineers favour desizns with cone
ocrete arched roof and the same located at Some distancs from
the roof rock.

The roof loads ars carried on thick walls of rock

which are continuous sxcept for penstock turnels on the
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upstream side and the tailrace, cadle and access tunnels on
the dovnsStream side (in most of the U,.3,layouts), Some light
invard deflection 16 to bo expected as a result of redictrie
bution of stress dut most of this adjustment will take place
soon after execavation, and any cubSequent dimensional change
should de too small to affaut crane-rail spacing or machine
setting., For these ard other reasons, the walls of the power
house are archod in the horizontal direction and comprise seg-
nents of cylinders with vertical axes (Lumiei station). To
deal with hisher rock pressures an pluptical (santa Guistina)
or egg~thaped cross Section 18 adopted. A parabolic shape 18
adopted at Peccla (F1g.6r) while at Hulnco, it 15 sSemicircular
to withotand the rock pressure, In most of the stations, the
walls are vertical, Onlinartly thesa walls need no support.
Properly cleaned and Sesled, granitic rock walls constitute a
very attractive feature of many underground plants (Hojum in
gwedsn), Walls are sometimes lined with concrete. In many
plants a second wall 18 conftructed with an interspace between
the rock and the wall through which air i3 circulated for removhk-
ng lccumiatiénl of moisture. guch a solution 18 adopted at
Brommat and Krangede and others., Norwegian encgineers prefer
to leave a Space of from 1/2 to 1 metre between the rock and
walls, The above technique 18 quite common in Norwey and
gveden and switserland,
6.8.5  ACCESg TO THE POWER GTATION:

An important element associated with underground
pover developments 418 means of access and exit, Traffic
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of the personnel for opsration and maintenance and transe
portation of machine parts and other equimment should de ensured
through tunnels or shafts, The Sestlon of the tml or shaft
15 mainly governed by the largest machine parts to be transported
a8 a4 unit and the transport vehicle. gome atuthorities prefer
two acqess tunnels Or one &ccess tunnel and one shaft, located
practically st the tuvo onds of the machine hall, from the péy-
chological view point. However, these are not slways provided,
for one, u8 cable duots and othorl features can be used as
saergency oexit. The maln access funnel or ghaft mhould be
extended to erection bay in the station co that handling of
the machine parts brought to the atation can dDe accomplished
by the Powerhouve crane (See Figure 6l).

AcceBt tunnels may be steoplyinclined (1 in 6.86 at
Jor gtation), Initially such tunnels can be used as con-
struction gallery as at dando Project (ns.et:.). In most of
the statione the main sccest 18 through tunnels with a slope
r,nging from 1 1n 7 to 1 in 15 (The tunnel will be shorter vhen
steep Slope 18 adopted) and emergency exit through cable tunnels
or cable shaft® (in Aldeadavila and Crauchan the depth of such
shaft 18 1040 Ft. and 1200 Ft. redpectively and these ure parti-
tioned for accommodating cables, ventilation ducts, stairwvay and
14ft). Access tunnels ares uMually preferrsd when large units
are to be installed in the power station. In Miranda station
(52 MW units, 3 Nos) main sccess ip through a vertical shaft,
9 metres diameter and 63.8 m high coapartmented to accommodate
a Stairvay, a lift, buW¥bars, cables and Space for levering
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machine parts (79). For reducing conBtraction costs

in Korselbranna development (Fiz.6v) a 8insle excavation
accomodates two penstock shafts and an open shaft accomsodating
a 11ft, staircase, dusbar shafts and cadles. In galene deve~
lopment, a common tunnel 18 constructed for access ani taile
vater 4isposal. In this case two conditions exist (1) free
flow conditions should exist in the tailrace tunnel and (11)
the difference betwesn the elevations of the tallwater level
and the machine hall floor should not be excessive, otherwise
the economiocal combination of the two passazes in a single
tunnel would not be feasidle. An interesting feature ig Seen
at Haa#® Project (92 MW-Impulse units) in which the permanent
‘acceps 18 throuch a vertical chaft 389 f£t. deep and 18 ft, dis.
accommodating 11ft, cables ete., Whils the smergency exit is
throusgh a walkway in a Gothic arch tailrace tunnel. The
tallrace tunnel 16 used for permanent heavy maintenance access,
The multiple usSe of the tailrace tunnel requires that the
plant be st down vhen loads zreater g?an 24 tone (shaft
elevator capacity) must dbe handled, The capital cost saving
in using th; tailrace tunnel as the access tunnel is consie-
dered to greatly ocutweigh the possibdle but imnrodable impatr-
ment of operation (10).

FProm the above diScussion, it 18 concluded that two
independent means of access for personnel is oconsidered nece~-
ssary in underszround stations, Vertical or steep shafts are
provided to render the power houss accessible in 'head' deve-

lopments vhereas horisontal or midlly sloping tunnels appear
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preferable for 'tail' developments,

D! gections are usually adopted for access tunnels,
Thege may be lined or unlined de'penaing upon rock conditions, ¥
When g00d rock strata ig available, only the invert portion of
ghe tunnel 1% paved with concrets for heavy traffic. The sides
and roof are strencthened by rock bolts.

Mostly chafte are circular in section. Rectangular
or square ssctione have also been adopted. The 8ection of the
shaft or tunnel is decided after alloting Space for the various
requirements,

6.8.6 YENTILATIONS

A pomanent vnntilhtion SysStem &8 required for under
ground power station&, guch a system should (1) maintain «
dust free stmosphere (1i) provide freth air {111) maintain a
tenmperature to ensure confort bi‘ psroonnel and safe functioning
of equimment, (iv) prevent condensation and keep exposed sir-
faces dry and (v) prevent objsctionadble or dancercus concen=~
trations of air contaminants in accessible Spaces.

The general design criteria adopted 52 are (1) rate
of supply of outside alr of 0 cn..ft/lin/pornon, (11) Tempe~-
rature limits of 80°F and 6fFF in control roome and 90°F ana
A5°F in other spacesy (111) provide good ventilation in
battery rooms (15~20 air exchanges per hour at times of maxizum
gas emission), and toilets (5 to 10 changes per hour),

The data required for calculating the loads on the
ventilation system are meteorological data, occupancy,

internal heat loads and cavity sizes. In ealculating heat
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trantaitsion losses and gainst rock temperatures must be
taken into account, which increagses with increasing depth

at a rate between extremes of 1°F per 70 ft. and 1°F per

100 Pt)s (In the gnowy Mountains the rate taken is 1°F per
100ft). Rock temperatures around the station are usually high
enough t0 avoid any nosd to heat the station and for this

- reason it 18 not necessary to make provision on the genera=
tors for louvres vhich allow heated alr into the station, as
i8 common for ourface stations located in cold places, The
temperature of air supply should be at lowv temperaturs to
absord the heat lostes from equipment without air temporatures
rising above acceptable limits. To reduce the temperature of
the incoming air, cooling equipment misght be necesssry, The
naximim alr quantity detormines the size of the maln supply
fans, filters, air passazes and other equipments,

A basic festure to be kept in mind in all times
during the design of the ventilation system 15 the cost of
space., Consideration must be ziven to the multiple use of
Space., In praectice, ventilation passages between the station
and the Zurface sthould not regquire extra excavation., Separate
space will de required for ventilation plant rooms, tut
cpace used for air passages will ususlly be used for other
purposes alse, |

Air 1s normally drawvn from the surface through mul-
tipurpose shaft as 4n the Ave Project (6) and Xiewa Project
(22) or through a separate ventilation tunnel as in Morrow
plant (3) or through the main access tunnel as in Jor gtation
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(11) and cimte-des-Passes (42) or through the fres flov
tailrace tumnel as in galanfe development. sStale alr may be
discharged throuzh shafts or access tunnel or tailrace tunnel
or cable tunnel., gome authorities prefer to diccharge air
through the access tunnels to carry exhautt fumes from the
vehicles avay from the gtation, In Jor gtation, the existence
of a diesel engine exhausting to the tailrace determined the
direction of ventilation a& down the access tunnel and out
through the tailrace, If intake of air ig through ths access
tumnel a ventilation duct in the top Section of the tunnel is
to be provided. The tunnel 18 such cases are required t0 be
enlarged to accommodate thi# duct also, |
64847 HTING A UND_PROOFINGS

With no natural lisht avalladble, artificial 1llumi-
nation should mest (1) sufficlent 1izht intesity for inspection
of machinery (11)Illumination should de uniformj {(1ii) the
1izht rays emitted by sources should contain the ulgraviolet
range of the spectrum in a proportion sufficient to replacs,
atleast partly, the demm killing effect of sun shine (49) and
(1v) the ceiling, the walls, the floor and the machines should
be painted a pleasing colour. For the oyﬁmm 1llumination,
M. Mainardis sugzests (1) in the machine hall % lux and in
the control room 100 lux. with scattered light reflected
by the ceiling and the side valls uniform illumination can be
attained, Biologloal effeets of 1llumination ‘s ensured by
the use of meroury vapour lamps, Large windows ares installed
at the interior walls and lamps mounted in the space detween
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the rock and the sXide walls, oreate the impression of sun-
shile and such a solution is adopted in many Italian and gwedish
pover stations,

In underground stations, sound aboorbding capacity
of the wall is inadequate and the transformer noise 1is apt to
be excessive (when transformers are also within the main cavity).
Limit noise that could be tolerated 48 about 80 Phons. To
reduce the noice to such s level various methods are adopted.
In Some ocases, the Side walls are finished with sound proofing
. materials & special provision 1s made in the design of trans-
formers (gee chapter V) so that the noige level can be minimised.
6,8.8

A water tank chould de provided within the station
for supplying water for cooling purpoSes, The tank should
preferably be located at an elevation pemitting gravitationsl
Supply. At high head stations pumping may prove more econow
mical becauts the powver réquired t'or' pumping into the elevator
tank will be less than the onsigfr lo8s caused by drawing off
the cooling wvater from the pressure shaft. At low and medium
head stations, 1t 15 more economical to draw off the cooling
water from the pressure shaft,

gsince the specific resistance of rock 18 much greater
than than of 30118 clote to the surface, earthing at undergrount
stations constitute an intricate problem especially when the
transformers are also in the cavern. The earthing should be
derizned in such a way 80 that the voltage gradient does not
exceed the permissible limit along the undsrground passages
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and caverns (49).

Water infiltrating through the rock wall or drippincs
from the roof should be collected by gutters and discharged by
meand of a drainaze gallery into the tailrace,

Auxiliary power Supply to the mtation 1s given by
taking an independent circuit from other stations, At Montpesst
underzround development suxiliary Supply 18 obtained by in-
stalling a mnall Pelton wheel and connected electrical equipmert .

When the power housSe 18 located deep underground worke-
shop equipment should preferadbly be located within the main
cavity., Such an arrangement will prove economical when the
station access is throush long tunnels,

6.8,0  IAILRACR TUNNELs

The tailrace tunnel i8 one of the moot important
elements of an underground power Scheme in its dearing on the
overall economy. This 18 particnlarly true in the case of low~
to~medium head plants where the cost of the tailrace tunnel may
represent a substantial part of the overall investment, Tail-
race tunnels with & gradient of 0,01 to 0,025 are usually con-
structed as unlined crade tunnels desizned for a velocity of 8
to 8 ft/ses, The usual cross section 18 either horse~shoe shap~
ed or ezg~chaped or circular 'D' shaped or triancular section
or rectangle with gothi.c arch may be adopted in poor rock.

Tailrace tunnel handles a fluotuating flow depending
on load variations and hydraulically it can de designed in thres
wvays as (1) to act as a free flow tunnel at all times (11) free
flow during steady ﬂdw and full flow by the surge vaves
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(114) pressurs flov during steady and uncteady flow, According
to Lawton (37), tailrace tunnel upto 1500 or 2000ft. in

length, the economical choice appears to be the first one. As
the length increases a horizontal ourge chunb&r in the fom of
an anlargement reduces the average size of the tunnel sSsction and
18 economical for tunnel lenzths of 7000 to SOOOtt. For longeyx
tunnels, ourge chafts are more economical.

The type of turbine to be installed 18 alsco of
1hportaneeq A free surface must be maintained under sll ope~
rating conditions in the taillwater pit for Pelton wheel in-
stallations, and these pits are mostly connected to free flow
tunnels. According to Modonyi, th@ru 15 no objecstion acainst
linking the pit or a fres flow inftial sallery vith a duct vhidh
discharges under pressures into the receipient, Both free flow
and clossd conduit tunnels are suitable in connection with
reaction turbines,

Tatlrace tunnels may be lined or unlined. Complste
1ining 18 not required unless the rock 18 of very bad quality.
The question whether or not to prbvidt 8 iining can be deter~
mined from economic #tudies. gection should also be based on
considerations of economics, When remction turbines are insta-
1led in a station, water seal adove the draft tube during low
stages of the river 1s achieved by constructing a suitable weir
at the exit of the tailwater tunnel. This will alSo prevent de-
position of sediments in the tailrace tunnel.

«=00000ww



CHAPTER - VII
IDIKX ~BLECTRIC P

7.1 OGENERAL

Taikiki hydro-electrie Project 16 the largest power
project taken up for execution by the state of Kerala. The
project aims at utilising the yield available from 250 sq.miles
of Poriyar Catchment, the largest Tiver basin in the gtate of
Kerala, for pover zeneration and 1rrigati§n. With a contima~-
ous pover Qraft of 1440 cusSecs over a head of 2185 Ft, the
pover output of the station would dbe about 213 MW at 1008 Load
factor. In the inteorest of long term planning, which envisages
a supag grid for the vhole of India beginning initially with
gouthern Orid {(which 15 in operation now), the gtation is
deBigned for ultimate operation at 30% load factor for purposes
of functioning a® a peaking station. |

The hills and mountains in the resion form part of
the western Ghat system. The general directioﬁ of the ranges
18 roughly north west-south east (figure 7a). The western lioy.e
of the chats are steeper and Gheet rock exposSed at many places
19 ovideﬁtly due to heavier rainfall and better drainacze.

The eastern slopes are comparatively gentler. The strike of
the foliations almost coincides with the pattern of drainaze.
Karrov intemittent ridges® running short distances of 2 to 3
miles 18 a common feature of the tépography.

A great part of the Periyar catchment is covered by

rocks of the Archean Complex representing pre~cambrian forma-
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tions, of which gneisses, schists and charnockites are predomi-
nant. Oneissic rocks consist of a very heterogenous mixture
of different types of granites intruded into schistose rocks
after the latter were folded, crumbled and metamorphosed. The
other fmportant formstions generally met with 18 laterite vhich
18 a porous pitted clay-like rock with mottled colours depend~
in3s upon compoSition,

The region being a part of Peninsilar India 18 one of
high stability, the mountain building movements having ceased
to be active lonz ago. Very rarely feshle sarthquake shocks
are felt, the reagon probably bdeing the fault along the Western
Coast has not completely attalned equilibrium.

1.3 PROJECT PROPOEALs IN BRIEP: |

The project as originally contemplated by Central
Water and Power Commission, Government of India envisaged
conttruction of three dam# vis, an arch dam 540 ft, height at
Iaikki across Periyar river, a straicht gravity masonry dam
420 £t. heicht across Cherathoni river and an earthen dam 245 ft.
height across Kilfvallithodu at Kulaaavu, to form a combined
reservoir having an effective capacity of 35600 Million Cft.
at F.R,L.2388 ft. The dead storaze provided was 24280 !l.éft.
below the minimum drav down level fixed at 2300 ft, With
these three dams, the yield from the combined catchment of
250.7 sq.miles estimated at 48045 M,.Cft, would be controlled.
The power waterway consisted of a tunnel 8646 f£t, long with
its intake located on the Kilivallithodu., The tunnel ends in a
surge shaft vherefrom the water 18 led to a valve house threugh
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four pressure tunnels. From the valve house eight penstocks
each 5575 ft, long then carry the water through a drop of 2000ft.
into a Surface powsr houte where 8 turbines each of 100 Mw
capacity were to be installed with nozzle level at 175 ft.

The tailwaters were pronoced to be led throuzh a tailrace channel
into one Stream Nachar, which 18 a sub~tributary of Muvattupuzia
river.

Though the project was Sanctioned for execution, Some
wajor changes in the project featurerc weres thought of by the
Kerala gtate Electricity Board during the pre-comnstruction
stagze. A very sicnificant change from the C.W, & P,C.'s8
report was the decision to locate the power station underground.
gtudies als&o indicated some economy in the ute of larger
units and it was proposed to install six unite each of IEOHW
in the underground power houSe, Further studies indicated that
the eﬂactiva Btorage c?apaclty of the refervoir could be
increased to enable a higher dezres of utilication of the
water power potentislities of the Pefiyar basin, It was con-
ssquently -propoud to raise the full reservolr level upto
alevation +2403 and to lower the minimum roServolr level down
to elevation +2280, time increasing the 1ive storage to
54000 M.Cft. This further necessitated an increase in the
capacity of the zenerating units to 130 MW. The desigzn maximum
flow for the above units would be 495) cusecs and the probable
load factor ranging between 0,29 and 0,30. Thus the preli-
minary proposals of the Kerala gtate Electricity Board involved

(Pig.7a) oreation of a refervolir by constrmicting three dams visz,




(1) an arch dam 50 ft. height across Periyar at Idikkis (11)

a straicht gravity concrete dam 445 ft. height across Cheruthonl
river and (141) a masonry gravity dam, 250ft. heizht acroli
Kilivallithodu at Kulamavu, The power tunnel with its intake mn
the Kilivallithodu 18 6500 ft. long and 22ft.diameter. It i3
1ined with concrete and horse-shoe thaped, The tunnel ends in
a surge shaft from where the pressure shaft system take off a®
a single conduit upto a valve houss located about 300 ft.awvay
from ﬁhc surge shaft, Just upstream of the valve house, the
single conduit bdifurcates into two pressure shafts each 12.5¢t.
Qiameter and these shafts aligned at an anzle -of 45°‘t§ hori-
zgontal. Two underground cavernc were proposed, one to sccommo-
date the turbine valves and the other to accommodate the tur-
bings,. generators, transformert, repair bay, control room and
other econnected equipments., Baéh the chambers were loocated
deop undergzround accesslible by a tunnel adbout 2500ft. long

The machine hall proposSed was 520 ft. long, BOffY, wide and
115 ft. hish and the valve housSe about 350 ft. léng, 80 rt.
vide and 25ft. high, The tailwvaters were proposed to bs led
through a 31ft, diameter horse shoe unliined tunnel of 4300 ft.
lonz into Nachar.

7.4 CONOMICg O HOUND '

The decision to 2o underzround was based mainly on the
economical conelderations of such a schemes, the main factor
being sudbstantial reduction in the quantity of steel for the
penstocks as a result of the participation of the rock to with-
stand the hydrostatic pressure. The underzround layout outlined
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above was proved to be chesaper by about RS.3.5 orores dus to
(1) reduced length of the prassure conduit (1i) reduced length
of the high pressure conduit system deyond the surge shaft,
tends to result in lover overpresture due to water hammer and
refults in simplified governineg conditions, Refuction in
lensth of conduit brousht down the total quantity of steel re-
quired for the high pressure conduit from 16200 tons to 4500
Tons. A major factor contributed to the reduction in quantity
of steol required is by replacing three turface penstocks by
one single prefsure shaft, (114%) Costly and Aifficult anchors
are avoided, (iv) construction work at underground ltation'caa
contimie without interraption even under the Severest wsather
conditions, (v) Property to be acquired in the casSe of under=
ground station was far less, Apart from the above, operational
Savings could be achieved due to smaller head losses on account
of the following factores

1) Reduced length of Power tunnelj

11) Reduced leneth of pressire shaftiy

111) Replacement of three surface penstocks by a
single pressure shaft,

As againet the above sconomical advantages, the additional
expendes involved in the underground layout weret-
1) Increased coSt of the power houSeg
11) Cost of cable tunnels, ventilation tunnelj
111) Cobt of construction of part of the tailrace tunnel
and
iv) Cost of access tunnel,

A statement showing the comparative costs of surface and
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underground system for the project isgiven belows

No. ITEM, SURFACE gYgTEM UNDERGROUND SYSTHM
RS,lakhs, Re,Lakhs
1, Head race tunnel 156 118
2. gurge shaft 0 35 e2
3. Valve house 2 | 6
4. Penstocks/Pressure shafts. 480 170
8. Power station, 75 148
6. Tﬁllraco tunnel - 82
7« Approach tunnel - 25
8., Cable tunnsls, | - 6
9. Ventilation tunnel - 3
10. River training worke - 20

11. Capitalised coot over
5 years of revemue
loss due to friction

in Pover tunnel., 33 25

12, +do- in Penstock/Pres~
gare chafts. 260 72
Totals~ 1041 601

WRARRXVRI T RRRIABTRERN B ARNN

savingo for underground layout....R8.35 lakhs,
Besides gconomic considerations, it:wnl considered better to
locate the water conductor System and the power sctation under-
ground o that danger due to land slip from steep Slopes is
avoided. Pending detailed investizations, it was tentatively
declded t0 locate the power station underground,

The % various proposals for underground station
layout are discussed in Chapter VII and the details given

therein are mostly based on the rccdmmcndations of the
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Conmltants Messrs.gurveyer, Nenniger and Chenevert Inc.,

Montreal, Canada.
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8.1 0R YOUT CONGIDE Ngs

The general arranzement of the pover waterway (Fig.8a)
wvat tentatively Selected as the thortest route le., an aligrmert
close to a straizht line from the intake located in Kulamavu
pool (which was an oblizatory point) to the portal of the tail
race tunnel near the Nachar stream. Keeping in view of the
project requirements, ceveral proposSals were considered, In
the initiasl stage itself few limitationd wers imposed on the
rannte of alternatives, A ‘head'! development necessitated lo-
cating the power station close to the Vadake Puzha., A 'head!
or 'intermediate' development was ruled out on the ground of
economical or technical considerations (length of tunnel system
and height of hish voltate cablep, liner orection problems,
external presScure design requirements). Investigations wers
therefors concentrated on 'tail' development. Alternatives were
contidered in 'tail' development, also, One was to have the
power station right below the surge tank so that the penstock
shafts will be vertical., Thio alternative was also ruled out
dus to the long length and height of the high voltage cables
and liner erection problems. Besides these considerations, sa~
vings 15 cost of pressure shaft was overcome by increasSes in the
cost of adits, access road and tailrace tunnel. In considera-
tion of these aspects, the most sconomical layout dictated
the keeping of the underground penstocks as clofe to the rock

surrace a8 allowed by zeological conditions and cover
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requirementc, A 'tail' development was thsrefore chossn with
sloping pressure shafts. (Fi«,9a & 8b). Various studies con-
ducted for finalising the layout for Idikki gtation are dis-
cussed below,
8.2  LAYOUT PROPOSALS

- Having fixed the intake point, a suitable site was
gelected for locating the surge shaft entirely underground with
adit facilities. From the curge tank point, a tentative aligne
mentfor the pressure Shaft was adopted assuming a minimum rock
cover of 0% of desizn static head ( & conservative value) at
any point, To insure gelf mucking and to facilitate liner
erection, the pressure shaft was aligned at an angle of S°
to the hortzontal, The power houSe was$ aleo located tentatie
vely risht at the foot of the pensStocks rather than to have
an extended horisontal penttock section intervening. 1In so
doing, additional costs of the downStream access or tunnels
were more than comoentated for by the corresponding savings on
penstoocks,
8,3 8 GICAL EQt

studies indicated that the entire area from the
intake throush pressure shafts, power tStation until the tallrace
outlet, the rock type consisted of gneisses containing
occcasional intrusions of granite.

The kind of rock 18 granite in zeneral, consisting
mainly of two types: (a) Paragneiss; (b) granite gneiss, The
paragneiss consists of alternating light and dark bands or
layers and has a thickness from 6" to more than 10ft. The



dark bands of layers are rich in mica and other ferromagnesian
minerals and.vhen thick or wet become susceptiable to altera
tion and often repregssent weak 2zones which require treatment in
the tunnel, In contrast, the light bands which are rich in
feldspar and.quartz and lack mica, ars strong not susceptidble to
alteration and behave almoot like granite.

The granite gneiss 15 pink in c¢olour, massive, sliight-
ly follated and lebs jointed and Stronger than the paracgneiss,
This rock formation appears in larte bands or sections, more
than 100ft. in length in tunnels. It 18 structurally sound,
reprefents minor weaknesses and requires no Support in general,

The most striking featurss are the abrupt chain of
mountainsg and 1ta'olirr at the surge tank location and the huge
charnockite chain of mountains at the Idikks dam Bite. TheSe
features show a NW pattern.

Based on sarface geology, tentative locations for
the headrace tunnel, surge shaft, pendStock and powerhouss were
gelocted (fic.8a). But for a short dictance noar the intake
apd Vadake Pugha depression, the tunnel ali-nment provided
aceentable and sufficient cover both horizontally and verti-
cally. The expoBed granite gneiss at the edge of the rock
clire near the proposed location of shaft was considered exce~
llent. In the pressure shaft alignment, _he direction of the
foliation of the granite zneisses strikes at risht angles
and dips 45°-60° to NE or towards the hi}l. The %0 degree
angle proposed is therefore considered ideal for tunnelling,

Rock in the powerhouse area 18 aranite zneiss frequently
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disturbed by the alternating mafic and feldspathic zones and
degree of foliation or gneissosity. No faulting 15 snticipaﬁed
in the area but = jointinz and foliation 1P a major concern
and its strike N30°W follows the rock ridge and dips 50° to
60°E towards it. Jointing 46 quite common in the area and 1ts
strike crosses the foliation vlanes and rock ridge and dips to
the north from 45 degrees to 80 desrees anzle, The major joint-
ing Byétem strikes N 25 decrees and dips 80 degrees to the
south or North. The power Station is thus oriented based on
furface zeology S0 that its longitudinal axis 18 at richt
angles to the foliation planes or the jointing planes, Any
change required in the aligmment 18 suzgested to be done after
reaching the proposed power house &lte throuch the access tunnel
and after driving an adit in‘the.poﬁ'r housSe area., The major
tends of otructural weakness in the rock as obtained from sta-
tistical analysis of the lineations in the access tunnel ares

1, §N 39°%W Dip 6%ONE (Foliation) 100%

2, N 45% Dip 528NE (Joints) 408

3. §N 19°8 Dip 67°NE (Jointe) 27%
4. R 43°E  Dip 36%W (Joints) oad
5. N 45°W Dip 66°W (Joints) 24%

The above mentioned lineations which are the NW foliations or
bedding planes, the NW jointing system, and the local geologi~
cal mapping helped to determine the positions and orientation of
the power houte chamder. The geological information odbtained
from the construetion of the access tunnel leading to the

power house indigated that the rock types and structure on
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surface are identical to the underground features.

The access tunnel leading to the power station has
most of 1t8 lensth throush Paragsneiss, intmded from time to
time by large Sections of granitic gneiss. Two zones in the
aliznment was badly deteriorated by alteration with close
jointins and fracturing. Ba#sed on theSe investigations, the
axis vas thifted by 10 degrees (Fig.8¢) So as to make the long
axis of the power houSe at richt angles to the foliations or the
bedding planes. The foliations or beddins plane diroctions are
not only advantaceous to the pawérhouse‘itaelr, but are also atg
risht ansles to the two penstock. ‘

The excavation of the access tunnel proved that the
rock conditions were excellent and this allowed to take some
radical changes in the power houde desisn, Instead of more
than one cavern a8 in Alternative~I and Altemnative«II (Piz,

81 & 8)) a vingle cavern to contain the Spherical valves,

transformers and generating machinery was structurally found

feasible.
8.4 ECONOMIC STUDIESS
8,4.1, POWER TUNNEL: The power tunnel from the

intake to the surze chamber for the £irst half of the distance
from the intake 15 under nominal rock cover requiring lining to
carry s larze portion of the internal vnressure. The downstream
portion of the tunnel could be left unlined as its alizgmment

s throush good rock, However, economic studies indicated that
the enlarzement of the tunnel to comnensate for roughness was

less attractive, Therefore a lined tunnel 23 ft. diameter
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horse=~shos shape was adopted.

8.4.28 RURGE gHAFTt The gurge ghaft £8 located right at the
head of the pensStocks. Economic studies were conducted taking
different types of surze systemsy vig. (1) gurge sthaft with lowver
and upper expansion zalleries; (ii) Differential surge shaftj
(111) Restricted orifice surge thaft with or without expansion
galleries, Comparison 18 done on economical and operational
advantagesy limitation of the up and down surgeds, efficlent
damping, otability and effective protection of the headrace
tunnel. The dimension® of the shaft has been fixed from the
Thoma's minimum Sectional area for inciplent stability usinz a
safety factor of 1.6 to the crooe ssctional area. The dlameter
required 1¢ found to be 27.5 £t. and the dimension of expansion
gallery io fixed to 23 f£t. The differential fype is found to-bo
too expensive. X restricted orifice shaft with upper amd lover
expansion chambers gave best results. With the propocted loca-~
tioq of turge chaft, an adit at top could be provided which
would ultimately be converted as the top expansion chamber. In
the final layout, in order to get good rock throushout the depth
of the thaft, a lateral shift of the shafﬁ (Fiz,94) was found
necessary,

8.4,3 PRESGURE gHAFTs Beonomical studies taking into aceount
of civil works costs, capitalised revenue loSses due to head
lo8ses and capitalisation have led to two 12'G" diameter sloping
shafts which compared favourably with the largest high head
power shafts in the World. A single shaft would have to be in
the range of 18 Ft. dlameter and welding with the required



. ooéj

7

A
N\
D
AX
|1
X\\
-
N
N
N
N
M
N
>N il
Eenpp ot A B LS.
el
BUE St
B erpes
‘ PONLEL oty
p \
¢ —~~—o
el o
s

17 8(d) toomerer min sioniry erispmy o srotts o B S sy
JRNE, APNEE Joaes 442 /f/t@/ﬂ;/aé .




V-

correspondinz thicknosses necessitated very elaborate technie
ques and therefore abandoned. In additiong considering the
development in two stazes, a single pgnatook required large
invesStment alsSo,., The two shafts were tentatively alizned so
as to get a minimum rock cover of 50f of design head at any
point. These ohafté were also slisned parallel in plan upto
the power station,

From the gurge shaft upto the upper manifold, 20Ft.
diamater‘would theoretically represent the most economical
diameter, But concidering the short length of the Section and
the fact that it will have to be excavated anyway to the head
race tunnel section, 23! diameter has been maintained, This
will save on conecrete backfilliﬁg and avold a transition from
23 Ft, to 20Ft, The liner in thiso fection 18 to be destigned
for the external pressure on the basis of Amstutsz theory. From
the bifurcation to tome 700 Ft. downstream, external pressure
was otill the governing factor. Below this upto the manifold,
the liner was to be designed for internal pressure. The mani-
fold and a Bhort length of the penstocks was to be desizned for
internal pressure considering no rock participation.

In the arrangement of feeder pipes near the powver
house end, two alternatives were considereds

1) The usual arrancement with each penstock feoeding
three turdbines throuzh a three bdbranch manifold,

11) A more elaborate arrancement whare the penstocks
diverge near the power house and feed the machines from either

side of the power station., In this case each turbine would
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have three jets supplicd by one penstock and three dy the oth;r
one.

While alternative (1%) has the advantasze of lending
1tself to more efficient operation at half load by feseding
three jets only from one penstock, sSuch a Scheme has not been
used in practice. Electricite de France 1o contemplating the
use of this gcheme for their Mont Cenis plant but it is still
only in the design stage. This proposal did not offer any
appreciable economy particularly when the project i1s proposed
to be developed in two gtages. Alternative (1) on the other
hand offered bdetter flexidbility in operation and simplification
in construction and therefore the same was Selected for further
study.

In the alignment of preseure chaft, it is of obvious
interest to g0 deep enough undérground to insure minimam rock
cover required., By going desper the liner would still have to
be designed to the yileld stress in considering internal press~
ures, By going deeper, the requirements of external ground watez
presture will govern the design, especially in the upper
sections of the penstocks, Initially (Alternative-I) the
design wvas made with 50% design head as rock cover (Figz.8a &
8b). Before finalicing the design, an access adit at about
middle of the shaft was driven for detailed investigzation and
later to be used for penstock installation., It was found
that the type of rock and joint pattermns were similar to those
described in the case of access tunnel to the powaer house.

From these studies, it was found possidble to make a change
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in the alizment of pendtocks, The inclined part was shifted
downstream and it was relocated as close as possible to the
manifolds in order to reduce the length of the lower horizontal
part. With this arrangement (Alternative III) the penstocks
will oross each other as thown in Figure 8% 8¢ & 8f) and the
same 5t hisher elevation will approach the ground surface #o
that thereduction of external pressufa will reduce the thick-
ness of steel. The Baving dus to reduction of external
pressure and the elinmination of the lower horizontél portion

of penstock worked out as 104 of the total coot of the penstocks.
Steel used in the dosign 16 of three types: (1) Mild steel
30,000 p2i yield ctrecs (11) Intormediate gteel 50,000 psi
vield sStress and (141) High tensile steol 90,000 psi yield
Stress, In the design, the internal preSsure at the turbine
nogzzles was taken accordines to maximum ntatic head plus 10¢
increate dque to water hammer effect. Dedign external pressure
due to water percolation and infiltration in the rock was
assumed corresponding to a water head equsal to the vertical
distance betwoen zround Surface and penstock axis, Whenever the
rock participation can be taken into account, the required
bhicknpss wag calculated allowing the steel to work upto the
yield stress without rock participation which means a minimum
safety factor of 2 to the yleld stress, since the rock parti-
cipation is found to be atleast 50%. Wherever the rock cover
18 less than 30f of the internal head 1e. near the power house
cavern, the required thickness was calculated using a 2,4 safety
factor on the yield stress without rock participation. A
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transition section between thickness calculated with and with-
out rock participation was established, with thickness varying
linearly between values at the ends of it., The thickness varyiyp:
required to prevent buckling of the Steel liner was calculated
according to the Amstutz curve using a nominal 1.1 safety
factor on critical thickness, An increase of } " was given
to the design thickness a8 corrosion allowance]:6

In the case of penstock manifold layout, studies
indicated that 60° take off and straicht connecting pipes re-
presented the best arrangement. From economic studles it was
found that 48° and 60° take off are equivalent while 90° take
off lead to over R3,10 lakhs additional actualised cost, There
fore 60° take off was Selected on economical and practical
considerations,

Basad on the desizn prineiples discussed above,
three alternatives were considered: |

i) Two pressure shafts runninz parallel and these
end in a valve chamber located parallel to the power house
chamber 2Fig.8a).

11) The two prescure shafts oross near about the powver
station with the location of surge shaft at gy (Fig.8d4). |

111) The pressure thafts cross near the power station

with the location of the gurge shaft downstream of gl (Fig.S8e).

Comparinz the cost of Alternative I .with Alterna-
tive~Ill there was decrease in coét for Alternative-~II, even-
though there Qaa increase in the length of headrace tunnel.

Alternative II was found to be cheaper by about 10% than
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Alternative~I and therefors Alternative II wac adopted.
8.4.4 POWER STATJONs

Generally, an agrangement with penstocks and tailrace
alined parallel to the power house axis would be most economiml
However, in moSt cases, zeolozical considerations control the
aliznment of the underzround caverns, Before peaching the power
house site by adits in consideration of the zeneral pattern of
faults, joints and foliation in the power housSe area, two alter-
natives are considered. Alternative I (Fig.ég & 84) provides
three independent caverns one each for accommodating turbine
valves, gensrating machinery and transformers., In alternative
11 (Fig.8h & 8§) there are only two cavernty one for turblne
valves and the other for accommodating the generating machinery
and transformers., In doth the caBes the turbine valves which
are of tpherfecal type 72" diamoter are located in a Separate
cavern for reasont stated belows |

4) The overall width of the poverhouse 18 moStly
foverned by the turbine manifold dimensicns. To locate the
shut off valves in the main cavern would increase its width
cdnniderabl.y for the whole width,

11) In case of bursting of one of the pipes, flooding
of the pover house can be avoided by providing an emergency
outlet from the valve hall to the tallrace,

111) Driving of the penstock shaft being a coritical
item in the construction programme, the valve hall can be uSed
a8 a fast access to this part of the jodb without interference

with the powerhouss excavation works, ’
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84445 IRANSFORMERg
gince the switchyard could be located only at adbout

1500 Pt. from the station, location of the transformers close to
the station 18 found to be more attractive both from point of
view of capital coft and snersy losc, Therefores, the trans-
formers are located underzround and it 48 proposed to use oil
filled cables from the underground transformers to the outside
Bwitehyard. Becaute of shipping limitations on sige and whight,
single phase tUransformers 48 MVA ratinz are decided to be in-
stalled. |

In order ¢o reduce the length of low voltaze bus bars
with corresponding savings in equipment and enerzy loss it is
preferable to locate tho trancformers at closSs as possible to
the zenerators. In Altermnative-I the transfomers are in a
separate cavern while in Alternative II the transformers are
on the downstream £ide of the machine hall inside concrste cells
vhichvaro designed for high gas pressures in case of transformer
fatlure, The front part of the cel) tozether with a section
of the cover are removadble to allow transformer displacement
with the help of the station cranes, In Alternative II, how~
ever, the structural requirements to accommodate the transfor-
mers are aopreciable due tO the necessity of providing heavy
floor members and the span of the cavern i8 increased, DBesides
this, with single phass transfomers locatéd inside the cavern,
the Spacing of the units 1s inoreased thereby increasing the
overall length of the main cavern. Advantazes claimed in the

case of Alternative~I are (i) Handling of the transformers
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are simplified; (11) Erection and construction probleme are
greatly simplified asc the electrical equipment 18 the last ¢to
be mstalled in the pover house, The Pegregation allows the
vork on the transformers and high voltaze cables to proceed
without conflict with the activities viz. (i) the disposal of
hot transfomer oilj (11) the problem of fire hasard. Thete
considerations led to the cholce of Alternative~I,

844.6 LEC OF GEN N3 MACHINERY:

The Idikki. project as concerned will have an estimated
fim output of 213,000 kw at 100% Load factor. The power sta-
tion is proposed to be insStalled with enough plant capacity
to opsrate at nearly 30% load factor in the ultimate stage in
vhich case the inotalled capacity 15 to be detween 7850,000kw
and 800,000kv.

Incieaaing the size of individual unit and its speed
1,_eads to reduction in the cost per kw of the installation.
However, in pushing up the oigze, a staze 18 reached when the
ganeratbr or the turbine sete the limit for the output of the
unit. The bigser the generatini unit, the more severs can de
the disturbance to the pover nyat;om‘. vhen there 18 an outage
of the unit. In an interconnected system, the minimum sige |
of the generating unit ic usually limited to about 20% of the
syStem capability. When Idikki Project 18 commisSioned, it
vill togethor with other projects in operation will provide a
system capadbility of about 760 MW at 70%f Load factor. Thus a
rating of about 15 MW can be adopted for the generator at
Idikki gtation. It 18 proposed to instal Six units each of
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130 MW capacity. gix pelton turbines, 185,000 H.P. rated
capacity with six jets and running at 375 RPM are provided, A
turbine with a speed of 428 RPM would have reduced the size

of the unit and consequently thé overall dimensions of the
cavern. It 48 considered that the reduction in dimensions may
induge interference of the jets and the falling back water in
such a restricted Space with corresponding loutes of‘ efficiency
a:id for this reason units having a speed of 375 RPM are Sele~
oted, The adoption of Six jets for the turbine makes the
vertical arranzement the obvious cholice for the station ag the
maximum mmber of jets that can be mccommodated fn a horison-
tal srrangement 12 only Four, The vertical chaft multinozsle

is selected over a horizontal Shaft unit for a mnubezf;of
reagons, higher efficiency, fewer units, nozzles may be Set
closer to tallwater, hicher Speed and therefors anaug\r turbine
and gencrator, effective energy dissipation into wheel pit
wallo, 1686 hazard due to wheel or bucket failure a.'nd ‘\less
vater hammer hazard %o penstock from a single raultér i}ozs.‘lo
operation because each nozzle controls a small part q(l the
flows The vertical arrangement of the generating un:lt& vith
tvo quide bearings instead of the conventional three b&rmﬁ
type 18 proposed in order to reduce the height of thie M -\Kd
consequently in & savinz of about 8 Ft, of the powor ho&euﬁ \
heicsht, Internally mounted needle servomotor fo{ eh. ju’q \m
place of the usual externally situated sorvcmotor 18 prop ﬁd
on acecount of Saving in Epace and detter hydrauuc cond:ltﬁ\dnl
created for the jet, The dismmantling of the wheels is
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propossd to bs done completely in the turbine pit without the
uds of the poverhouse crane. Economic studies indicated that
two cranes in the station would be cheaper than providing a
single crane of larger capacity.

The two layouts for the power station are prepared
based on tentative dimensions of the squipment to be erected.
These layouts ars shown in Fig.B8g, 8h, 81, 8), Bconomic studies
indicated that altemmative«I with three caverns is cheaper, as

may be Seen from the statement ziven below:

OMPA OF u .
M EE_ ATIVEa X g ;;
Exeavation Concrete Excavation Concrete

1000 Cu.Pt 1000 Cu.ft, 1000 Cu.Pt 1000 Cu.Ft.

1) Valve Chamber 527 100 8§78 110
2) Machine Hall-Valve
Chamder Gallery 8 1 5 1
3) Penstock Branches 28 17 28 17
4) Vheel Pastages 28 6.5 es 6.5
5) Machins Hall 2269 561.8 3208 653.5
6) Bus Galleries 58 10 - | -
7) Transforaer hall 428 85 - -
8) Tailrace connection 78 13 - -
9) Tailrace 324 27 - -
Totalt 3743 ™1 344 73

In the station arrangement of Alternative-I, it

vas orieinally proposed to have the access tunnel and the



=31363 -

sraction bay in the power house at the level of the main
£loor or the exciter floor, Economic otudies revealed that
by lowering the access tunnel and erection bay to the level
of the gonerator floor, there would be Some reduction in the
height of the powerhouSe cavern and conSequent sconomy in rock
excavation to the extent of sbout 5000 cu,yds. In thia arran=-
gement the mmner can be drought to the wvalve house for re-
palirs through galleries provided.

Pending detailed geological data the dimensions of
the underground cavities for Alternative~l are fixed only
tentatively. The geological conditions and rock behaviour
are well defined by the excavation of the main access tunnel
and exploratory tunnels (fiz. 8k). In an underground cavern,
the behaviour of the roof arch and the tide walls are most
important and the rock behaviour influence the arch Span a;d the
longitudinal axis orientation of the cavern with respect to
joint patterns. At the site, three pattems of joints are
Seseng one 48 parallel to the foliation or bedding planes and
constitutes the msjor lbrnotural‘wnaknoas of the rock, In the
two other patterns the joints appear to be rare and with wide
gpacing, sometimes more than 100 ft, apart. Based on o detailed
analysis, the oriontation‘of the cavern is changed by 10°
80 that the longitudinal axis 18 at right angles to foliations
and bdedding planes, It was also estadlished that the span of
the cavern can dbe increased upto as much as H0Ft, as the rock
conditions vere excellent, This made to think a single cavern

layout instead of the thres cavern layout as per Alternative~I.
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The genorating machinery de@ailn wers malfo available by then
and therefore a detailed study was made. It was found that with
proper allocation of space, the pemanent equipments such a#
turbines, valves, generators ani transformers can be saccommoda~
ted in a single cavern 62'6" vide. (Alternative III - Fig.8l).
In this arrangement the turbine valves (64" dia.) are located
a8 clofe as possidble to the turbines within the cavern thus
eliminatings sepamte valve chamber with its separate crane

and the corresponding access galleries. To take care of the
pBychological odjection of placing the valves in the main
cavern, one vater passage connecting each valve area directly
to the turbine pit 18 provided. If one valve or one penstock
should dburst, the six wvater pastSages will take the full flow
of Such an unlikely occurrence without the water level reach-
ing the elsctrical floor,

. The transfommers are located in indepandent cubicles
in the main floor, These can be pulled out on rails and lifted
and transported by the main orane, BEach transformsr has its
own fire protection. The tailrace passes throuzh the turdine
pits., It is "W" type in plan to provikde means for removing
the turbine vheel.

A comparative statement giving the gquantities (rock
excavation and concrete) involved for Alternative III and
Alternative~I 18 given belowv. Alternative IV in figure 3m
provides a ninor change in the tailrace arrangement and 1t

i3 proved to be costlisr than Alternative-IIX,
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COMPARATIVE STATEMENT

LTERNATIVE e LTERNA -

ITEM ‘Quantity in 10000£.ft. Quantity in 1000 Cu.ft,
- ROCK CORCRETE ROCK CONCRETR
1) Access to Penstocks,
Valve chamber and .
Tmafomer m;.q 206.8 - - -
2) Penstocks from Valve
Chmbﬁrb 29,7 16.52 - b
3) Tailrage tunnel, Mani-
fold branches and
gollector 390,40 88,00 - : -
4) Manifold and Penstocks | |
8) Cavern/Caverns 30,0 £10.00 2337.0 388,85
Totals 4526.5 1146.53 2480.6  438.6

Differsnce in rock excavationt gay 25 lakhs Cft.

Difference in concrete! say 7.1 lakhs Cft,

The reduction in volume of excavation and concrete
results in savinzs of 55% in cost,

Alternative~-III resulte in a saving of about 55% in
¢o8t wvhich 18 due to the fact that all the equipment is combi-
ned in one cavern, Paradoxically the useful volumes at the
electrical and mechanical f1cors have besn increased., The
additional advantages of Altemative-III arej

1) Reduction of time required for the excavation,
goncreting and constructiony |

11) Possible reduction of quantity of constrction’



equipment,
In Alternative~III, the power station roof concrete

18 eliminated. From rock mechanic investigations and geologisal
investigations it was found that the rock in the arch portion
can mpport by itself and therefore only rock dolting and gunie
ting 13 provided for. The above conSiderations lsd to the
choice of Alternative IXI. Other features of the power station
layout are diScussed belows
8.4.7  GWITCHYARD: |

The loeation of switchyard presented a major problem
a$ suitadle site (700" x 100') waﬁ not available within a
reasSonable distance from the power &tation. The pressurs hesd
on the 220 kv oll filled c¢ables to be taken to the sSyitchyard
wa® desired to be limited to 50Ft. In ordom; to satisfy this
condition, a suitable site could be located only on the slppe
of the steep hill in which the power station m' located. The
site on the sSlope was proposed to be built up in part cutting
and part filling by the muck rmnond from the power station &
cable tunnel.

geveral alternatives were considersd for taking
cables from the power station to the switchyard. Initially two
cable tunnels (10' x 10') having a slope of 1:3 were Suzzested.
These tunnels were also thought to be used for ventilation.
A vertical ghaft 15ft. diameter from the power station conneect~
ed by a horizontal tunnel from the Switchyard was also
considered (Fiz.8b), This alternative proved to be economipal
than the Bloping tunnele., The shaft extends upto the surface
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with reduction in dlameter (10') for ventilation purposes. The
shaft will be usSed for smergency exit also, -
7+4,8  TAILRACE TUNNELs

The tailrace tunnel has to acecommodate a maximum flsw
of 495 ocusecs. A combination of tunnel and channel had to
be considered to lead the tallwaters to Nachar stream, Im~
provaments to Rachar was also considered necessary to accommo-
date the larze discharge. | gseveral alternatives were considered
to get an economical aliznment consisting of a tunnel portion
and a channel portion and a section of Nachar foi‘ which impro-
vemonts have to be made. The selected alternative involve
construction oft (1) 4015ft, of tunnel, (i1) 840Ft, of channel
and (111) Improvements of Nachar stream for a length of about
1 miles.

. A0 regards pection of the tunnel, Several alterna-
tives were considered. The tunnel 18 to be deSigned for free
flov conditions and therefore a circular Section was out of
question, Economic studies indicated that triangular section
with curved roof would be the cheapest. However, on practical
cqnaidemtions a rectangular section 26;‘ x 16! samounted by
an arch having a rise of 8' is adopted. The flow area in the
tunnel 18 propoted to be lined with conerete while only rock
bolting and guniting are proposed for th&mr.

~eg0000=w
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SHAPTER -~ IX
CORCLUSIORS

gufficient thought has been bestowed in finalising
the layout of Idikiki underground stations as given in Alter-
native - III. According to the author's opinion, however, a
few refinements in the layout are possible and these will fur-
ther reduce the coat of the layout by about 20%.

9.1  THE POWER WATERWAY:

The power waterway (Power Tunnel, surge Tank and
teilrace tummel) gelected for Alternative~IIX 48 the shortest
poosible aliznment and geology pemits constmetion of the va«
rious structures in the aligmment, Therefore no modifications
in the aligrment 38 considered necessary., A minor modification
in the dqaign of the turge tank 138 Buggested according to
which the vertical shaft of the furge tank 18 connected by a
small tunnel with restriction at the entrance., The muall
section of the tunnel will be at right anzles to the powver
tunnel., With this arrangement, the construction of the surge
tank 15 simplified. |
9.2  OENERATING MACHINERY:

Acoording to Alternative~IXI, Bix units are proposel
to be installed in the power sStation., For an output of 130MW
at 0.9 psver factor at the generator terminals, a turbine of
185,000 HP having six jets and a runner Speed of 375 RPM
has been selected, According to the author's opinion a higher
speed can be adopted 8o that the cost of the machinery and the

cost of the power station excavation can be reduced.
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The weizht énd approximately the price of a generater
varies in inverse proportion to the square root of the Speed.
Presant development in Pelton wheel desian would permit a spe-
oific Speed as high as 5,2 per jet. The Bpecific sSpeed per
jet for a 6 noggle Single runner Pelton turbine of 185,000 HP
and 200,000 HP under a net head of 2100 FT. for synchronous
speeds of 300,88 333, 375 and 428 are given below:

gynchronous Appmﬁnato spe~

£33 Lebt

i 300 3,72

i 333 4.14

185,000 H,P, I 375 4.68

I a28 £.20

£00,000 H.P, I 300 3.77
{f 333 . 4.2

= 878 4.74

428 8.4

_ It may thus be Seen that for s turbine with a rating
of 185,000 H.Ps a synchronous sSpeed a8 hish as 428 RFM can
be 'adopud. The impact per mimﬁe on the mhnar foy this sSpeed
wérks out to only 2568 which 18 a Teasonable value for a gross
hend of about 2200 Ft, Advancement of runner construction
and materisls used for runner enadle peiton vheels to be
marmifactured to withstand impact of 3600/minute. To run-a-way
Speed ratio of a Pelton vhesl being about 1.8 to 1.9, the
maximum periphersl speed of the rotor of 144 MVA (130 MW at
0.9 PF) generator of normal construction may, howsver, reach
the limit of nearly 3000/Minute for materials nowv generally
~ uged for motor rims and poles®, A generator 144 MVA etpncit}
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having a speed of 428 RPM for coupling to a Pelton turbine cman
be conftructed and therefore thers i8 decided economic advan-
tage in going in for a unit of thie size and tpeed. Increasek
in speed reduces the sigze of the uhit and therefore the space
requirement 4n the powver station 46 reduced. If unito of

428 RPM are choSen, the overall length can be reduced by about
18 Ft. vhile the width of the powerstation cavity ean be reduced
by 3 Ft, Suah a layout will result in a saving of about 10%

in cost on account of reduction in the volume of excavation

and cost of machinery. -

A nommal voltege rating of 11 XV for the génazacora
15 adopted for Alternative III. In view of the very large size
for the Idikki generator, an increass in the voltagtfrating
to 14 to 15 KV may 1lsad to more balanced and reliable design
for the windinss and reduction in codt of the heavy current
connection between the generator and the step up transgormers,
8.3  POMER STATION:

A basic desizn eriterion was to put all facilities,
valves, units, control room, transformers atc., in one exca-
vation, It wvas jwoved that this would sive lowest cost plant
and the safest excavation. The heicht, crane rail to the top
of the stater, for installation of rotor has deen kept minimum
that required. Factors that made this dimension minisum are
(1) use of two cranes with squalizing beamj (1i1) 1ifting thrust
ring on shaft to be as far down on shaft a® possibles (111)
flance betwesn zenerator shaft and turdine shaft to be as close

to rotor as possidle, An excavation width €2' 6" was pro-
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vided after earmarking Space £0r all facilities, Crane access
to turbine valves 15 not concidered a requircment in determinéng
power house width, Bince it seldom if ever, 18 necessary after
installation. For the units of 375 RPM the Space provided
for the various feoatures within the cavity 18 juot the minimun.
The underzround potiar house cavity 15 approximately
1200 Pt. vertically below the surface., From ctress measurements
i1t ic generally found that the horizontal Stress in the power
house area 18 three or four times the vertical stress., It may
be due to the proximity of deeply cut valleys. In th& pover
house area, excellent hard rock 15 avallable ab rﬂvedlad by
the adit driven from the accesc tunnel. Excavation of the ea-
vity will result rock maoses to decompress and move into
newly created openinss. Decomprefsion in hard rock material
results in Spalling of the material into olabo of about an
inch in thickness extendinz back into the walls for several
feet. In 1tc moot extreme forms decomprestion occurs as dbumbe
ing ground or as rock bursts., According £0 Rabcewiez (60)
r1gld rock madsa containing few strnctural discontinuities are
pors likely to exhidit serious decomprescion than well jointed
rock magses, vhere the very existence of the joints to some
extent may indicate that decompression has already ocourred
and additionally these joint zones provide Space 1nto‘wh1ch
decompressing material may move. According to the author's
opinion the effect of thele Ctresses 'n the power houéo site
vwill be considerable e3pacially since cavity has vertical .

walls and therefore, outward curved walle are mxggoﬁ\tod.
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It 418 Datter that the shape of the cavity ic determined after
conducting model ctudies,

In Alternative~III the side walls are covered with
concrete, It 1o considered better that concrete walls are
constucted 3% avay from the rock face £0 that air drying of
the rook walls 1o nossidble and the characteristics of rock
can be improved. Further, any leakaze from the walls can be
properly dealt,

9.4 Egs 10 POWER _gTATION: |

Alternative III provides a 24 ft. x 20 ft. tunnel
for permanent acceSt to the underground power station, Ace-
ording %o the author's opinion this tunnel could have been
completely eliminated from the layout, This 18 poscible by
making use of the 26 Ft, wide tailrace turmel for permanent
heavy maintenance access and all other acceds requirements
throucgh a chaft which will be 22 ft, diameter accommodating a
11ft, a statrwvay, cables and ventilation ducts. The Shaft as
in Alternative III 418 15' 4ia, and this can be increased to
22 Pt. dla, to accommodate all the facilitios. The multiple
ute of the tailrace tunnel requires that the plant dbe shut down
vhen loads greater than the shaft elevator capacity must be
handled. When the access tunnel 15 completely eliminated,
emerzency exit provision £8 to be made, 7This can suitadly
be provided by constmucting a walkway located above the maxie
mum vater level in the tailrace tunnel, For accosmodating
the wvalkway alfo, a Gothic arch roof i® suzgested to be con-
structed for the tailrace tunnel. The capital cost saving
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in using the tailrace tunnel as the access tunnel, is2 consi-
dered to greatly outweizh the poscible tut improdadble impair-
ment of operation.
9.5 DIgPOSALS

The tailwaters of the pover ctation are led through
a tunnel 40185 ft. lonz and channel 840 Ft. to the Rachar stream.
Nachar 18 a small Stream havinc a maximum flood discharge of
about 6000 cusecs, The maximum discharge from the povwer sta~
tion 48 about 5000 cusecs. Thus the Nachar stream below the
channel exit has to dbe suitadbly widened and trained to acco-
modate a maximum flow of about 11000 cusecs. The elevation
at the exit of the channel (when constructed) will be about
+ 144,00 vhereat® the nominal bed level of FNachar stream at the
confluence point 18 + 176.00. This nececsitates deepening of
thes stream by adbout 32 Ft. at thes confluence point.

since the stream has only a very mild slope, dee-
pening and training workes will have to be done for sbout
8000 Ft. from the confluence of the taillrace channel for cone
veyins a maximum flow of 11000 cusecs. For the improvements
of the stream, a larze arca has to be acquired for vhich very
heavy compensation will have to be paid. Altogether the above
proposal appears to be very costly. Besides, the problems
that will be encountered in the acquisition of cultivated land
are numerous. Perhaps commissioning of the pover station will
also be affected due to the probable delay in the completion
of improvement works in Nachar streanm,

Based on the studies conducted by the author,
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the follovwing proposal appears to be cheaper and therefore it
deserves serious consideration.

It 13 sucggedted that the capacity of the river
channel need be only 6000 cusecs. With this capacity the flodd
flow together with the maxismum discharge from the station
should not dbe allowed to pacs through the channel. This 18
pogsible dy shuttinz down the power station for a couple of
hours durine the peak flood period. such a contingency of a
complete shut down of power station may arise perhaps only
ones in 100 years and it may be permitted, The savinzs
attained by constyucting a channel of leSser capacity will

more than offset the cost on account of power lo8s,

9.6  CONCLUSIONs

The cost of alternative III can be reduced dy about
20% if ths modifications sugzested by the suthor are incore
porated in the Idikki underzround powerhouse layout,
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