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VENTILATION ANALYSIS OF UNDERGROUND
ÍTYDROELECTRIC PO\4IER STATIONS

S.Doi, T.Sugiyama and K.Hoshino
Cbubu Electric Power Co., Inc.

Nagoya Japan

SUMMARY

Since thermal environment in the power house of hydroelectric
power station is influenced by fluctuation of outdoor air,
radiation of heat and moisture from rock surface and heat strage
of surrounding bedrock, it is rrifficult to design the ventilation
and air-conditioning system adequately.

Then Inng-term field measrrements were taken to gain a precise
measure for the ventilation design of the power ho¡¡se.
Futbermore, a ventilation prog¡am which is in consideration of
above conditions was developed for the aim of producing design
guidance for the powü house.

Bas€d on observed results, a simulation was performed for the
pos'er station from which obsenrations had been taken. The trends
in temperature and humidity at each point have been acauately
followed, and good agrcement with observations was achieved.
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VENTILATION ANALYSIS OF UNDERGROUND
HYDROELECTRIC PO}VER STATIONS

S.Doi, T.Sugiyama and K.Hoshino
Chubu Electric Power Co., Inc.

Nagoya Japan

INTRODUCTION

Recently, ¡lmost all large scale hydroelectric Po$'er stations
built in Japan have been of the pumped-strage ty?e. In this type,
the power house is constructed in a cavern s,ith a volume of tens
of thousand cubic metres excavated within mountain bed¡ock.

Generally, the humidity in the power house is higb, hence in
order to protect electrical equipments, tho prediction of
humidity level becomes a vital part of ventilation design'
However, in conventional ventilation design fo¡ pos'er stations,
the main aim has been the removal of heat generated by
equipments, and there has been hardly any consideration of
humidity. In addition, various problems have occured due to the
effects on the humidity level from such factors as changes in
external climate, heat storage in bed¡ock and heat or moisture
release from the rock surface.

This paper presents the result of measurements taken of present
condition in an existing underground power station and that of a

predictive analysis to r¡se the sinulation program u,ith
consideration of the non-linear thermal propaties.

OUTLINE OF VENTILATION SYSTEM
AND CURRENT PROBLEM AREAS

The general arrangement of an
station together with ventilation

undergtound hydroelectric
facilities are shown in

powef
figures
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1 and 2 respectively

SeepaSe. .r- ii

-,; l¡.lr;i í' ,!:

Various ,sçpsors and ,

thç -, 'measurement
of the thermal

r:, ì'!

The aocess tunnel, which has a length of several hundred metres,
serves not only as a route for int¡oduction ', and , removal of
equipments, but also as a vent for the supply of outside air. Air
introduced via the ac.eess tunnel passes through air, .conditioning
equipments (cooling, de-humidity, , rer-heating) located at thã
tunnelend;,and,is then fed to each floor of the power house. ,:., r.

Hgwever, ;being located underground, the design f-or ventila-tion , in
thq' powe¡,. house are very sover€. ,The most "important problem is r

the humidity level. ; In underground structures; ine ,temþerature of
the¡ ; i. sußolnding rock, ,remains. congtant thrOr¡ghout the , .,.year. ,In
summer, the air from putside is cooled by thg rosk, surface,
causing condensation, and,. .,increasing the lpvel : of,, relative
humidity. Futhermore, there is soçpage of springr,:wate¡,from the
surrognding , ,'rock,; again ;increasipg ,þumiflify, And ," having ,â
worrying influençe en equipments, in the power house. In , addition,
with regard, .to the temperature in,:,the; .power house, since heat is
absorbed and released by the rock,rr heat ,, storage effect is
involved, and must be adequately taken into - account in
ventilation dpsign.

TERM
' I rt1 ,.. : i

OBSERVATIONS OF.ô.N, UNDERGROTJND
I{YDROELECIRIC POWER STATION ;ii ,i¡r.,.

t l, \r' , : [r ]:

In order to gain a precise measure of the problem .area$ relatingto ventilation design. fo¡., the: undçrground power station, ,ã.,
program , of long-term .:.observatiotrg, .,rrQ[s cafriéd,. ,out over ,one,.
surnmer and one winter....".

,' ì

(1) Obfefya-tion Method,, r:.,¡ ,:ì r _:. .rr ., .rr , í;rr
'l'1: :..ri-i "l !,.'ri i,, ::.,. ,:) .1.!t .':i- .1 !l .

Mgasurements, $rere t¡ken oVof ;â],.S1[trmor"; tnd , winte¡ periOd; Juty -¡
August :.1988 and Feb-ruary, ' - ; March 1989. All measu¡ements u¡ere
taken gt, the,." M",,. poÌ\¡pl,, station. An .,outlinér
poryer., station is.given in table :1 . .It was kn
survey ;that this power station suffered ¿fro

The measurement items. are shoyp
¡gc6¡ding
period,

devices $,ere installed
in rrtable 2
:. throughgut

aod reprasentative measurements
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environment were taken at 15 minutes intervals.

, "111

(2) Results.of obsewations ' 'iir ; r

(a) Temperatureìiand humidity levels r: ' ¡: '):

Table 3 shows Ì results for r t te monthly average i values ' of 
'

temperature antl : hrrmidity, together with the 'daily '.-ra,nge' of
change. Looking firstly at the situation within the aocess

tunnel, the: ai¡ flow was cooled by the rock surfacÞ i[ I súmmer; to
that ãt tho ,end. of the tunnel .the relative humtdity ,teached about
l00Vo ãDd¡r' condensed r r on the 'wâll'"ì sürface. l¡; wintei¡':tßseþage
occured along* thê:t'bbttoûi surfaee of l the rrtunDgl, causingr"¿t large
insrease,'in i:the abbolute humidity of the''afu flow. At the' end of
the tunnel; I absolûte inê¡eses :iû :irhrmiillty of:'':rf'.81 '{kg' wer6'''
recorded:' :rAdditionally; the variation l¡l:, tempetatuie at' ; the'
tunnel"end'was 'ionly found to "be 'âbout 0i'5 degrees,,rThis stabillty.',
in . teúperature lÍndicatedl the ',,heat ',ìabsorptión 'effect¡i of ' the
surrounding,,rock. 'It was'.'clear :that this'ieffect would haì'e 'to be

included'when carr,yint ooarl:t r"-",1"1.r: :ì' ;

Within the power house itself, increase in humidity wêre' obServed i

during the summer period for locations of basement level and
below, but because 6f ds-þrrmidifnng and re-heating action by ail
conditioning equipments, and generation of heat by eqlrlpment,
the relativé' 'numiãity iwas abotri 607o.í'lTherè 'wèie alsòl inciéase of
absolute humidity in' the rr,iñtCr perioàiitat'each'"' floor,' but in this
case the relative humidi¡y was between 30 and 70Vo.

(b) Materiet',characteristics ' ' r' ¿rí' . r'' rì t"' i:

From the; observed d¿1¿,'rç¿lo¡lãtion5t weiê mâde' :to 'evaluate the
surface cooductance of thè.'."rock;''Itþg i:'generated ' heat valúo' íby.

equipments for each floor, and the coefficient of úôisti¡re '

transfer. These results a¡e shown in table 4 .

The surfacc conductance was established by usinþ 'the 'lradióirti'iof
relationship between changes in the heat energy flow, and the

.., air= and lir.ot1" 
",ed héat \ralue .by''

using the, stéPs :rin

the ' y coordin¿1s. r'Th. ivalues obtained for sti'rface cohductancþ
w@re as ''follo\*g : adcèss tunnel. 3.Ol(KcaVmz '" h .oC), u'ithin 'the '

po\ver house 3.01(KcaVn2 ' h.oC¡ for 81-83 which a¡e isolated frcim
iU" surrounding ìock by a cavity wall, and 6.45(KcaVm' ' h''C)-
and 7.74(Kcal/m2 . h."C) for 84 and'rB5 floors''wheie:'thëre is a
sinple"oonctete wâll'in placé'rofltte cavity'Wall. tr' ) t I '::i '''' t\ -) r-

;: ,.,1 ; ::.:,-, ,! , '; ;t, 'ir 'lii -í1' l;t, 1
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The generated heat value was compeared $rith quantities of
caluculated from actual machine specification and the net working
rate of the power station. For all floors, the observed heat
value was onJy 30 : 40 Vo of the calculated value. It is thought
that -the remainde¡ was absorveri directly from the , basements of
the equipments, or carried awa¡r , in seepage water. This. result
suggests . that. it is likely to over-.estimate the , ârtroüDt o.f
generated heat value in design. Although this may. lead to, a safe ,

design f¡om the temparature viewpoint, it could on the ,other hand
cause . an under-estimate of the level of relative hrrmidity,
resulting in an unsafe design overall. : ,

The coefficient of moisture transfer tvas evaluated from the
change of moisture content in the air flow, and the diffe¡ence in
wate¡ vapour density saturated at the wall surface temperature
and, the water vapour , density of the flow (Figur^e 4). In the
acoess tunnel,. the values obtained !\rere 1"75 x 10-r(m,/s) ;for the
summe¡ perio.d (s'ith condensation), and 5.30 x 10-4 (m,/s) for the ,

winter period. . (with humidifying), ,indicating ,a strong seasonal :

dependencæ. For the power house, values were between 4.00 x 10-4
- 3.00 x lq-'(nnls) varving both with,season and floor level.

(C) Heat balance
In order to ge¡n an understanding of the heat -balance among the
tunnel, air conditioning, ,, equipmnts, and house,. interior, ,a
quantitative . evaluation of the heat transfer was made from ,, the
changes of entropy in the flowing ak. This heat transfer is
shqwn , in figures . 5 ancl, 6 fo¡ the sumrrs¡ (July) and winte¡
(February)periods. ¡ , :.:ì

For " M" power station in the srunmer period, ,1" ,"-åu¡ 
"theat load produced by ventilation and bedrock, occured not

through,,þpat.,absorption by,.thçr"tunnql wall, but also by the
of, þe de-h.umidify.ing equipment in. large.pa,rt. However,
sensible heat load from the re-heater included in
de-h¡rmidifier was increased. In the winte¡ period, a balance
maintained between the radiated heat from the tunnel rock

latent
only

work
the
the
\yas
and

and heat lost. through
rock. Moisture produced

p the largerr;.,part of the
i:r
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DEVELOPMENT OF A VENTILATION SIMULATION'.PROGRAM
I j 

'..:, :.'. i -i ,ì ., i - 
ij

" i 't"' ; 1::

Fo¡ the alm of producitig a: desigin guidarice for the 'trnderground'
power, station constructíon o¡ ithe projects to' impfcive .th€ thermali
environment, of ; ' existing facilities, a ' )i 'ventilation, :t'r simulation
program' was déveloped' which would allów predictiohs r: of same
aocuracy to be ,.mailê in advance. The progrâm was,-assðiúbled.bn h
personal,:coimputer, and employed, a geatly simplified :idÖdel ,to,

enable,,.'the results to be obtained rapidlJ. ' It can bè; easily
operated by the designer. i i i

)

(1) Modeting.:

Figure 7 shows ;-thê model used for the'. simulation of . the powei
station. The 'model is divided 'into ,the " elements he,i
aocess tunnel,r. ai¡ .conditioning ' equipiíeit, and the df
the po\\,er house. For each 1' part,t basid , equations ed
describing ' :heat' trahsfer, water vápour and materíal tranSfèr,
properties, and predictive calculations wère maile for temperature
and humidity using differential methods. 

,. r,, i
In orderi:to 'simplify the "model es,fh¡ ias possible, the,'accesS
tunnel was taken as a'ri'cvlindrical coordinate and divided . intô''
elements,,along its axis (flguie 8).
element was, used, fot each floor, with
being half-spheres,' and;''jintermediate
form. It was assumed that there tvas
floors. Material characteristics were
resultsdesüived abovê.r ,j ¡ :l

',r ,':t r l' ,) .:

In this wây, it wds possible to
1þs :: þowêr station :tVhich allowed
heat flow. r' , : '

r '-1. i

i ; ' '1;"r' :. r'.i

(2) Equations for ánalysis"'
_ r : '' i. i ''

The basic'+rêquâtiõhs'used
sinulation are shown below.

' power 'house,it ' 6,1"r
and bdttoin floors
beihg tircular ¡r' iñ''
exchange betwèen
the observation

. | ': .i., l'

'ir,.' 1-

¡ forúulate a ' ventilationì modêl''of ;

a oûe-dirhensional solutitin of rthe':
"-':

. ¡' ,,, ì:r:ì: ii.'TlitTll.l ;'- l

FoF the
thi top

floo¡s
no heat
used to

i¡: the .rtemperatrl¡s/trrmidity' prediction
, -l , i i1 -iíi ilr:

(tunnel elements)

tunnel interior atmospheric heat balance

dêa dOaA. Ca . T a. (-+Ua-) :S. ø. (€s-0a)
dtdx
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tunnel interior \ilater vapour mass balance

dXa dXa.4. (-+Ua-) =S.É. (Xs-Xa)
dtdx

tun¡rel wall surface heat balance tunnel

d0 c

-lc'(-) -a'(0 s-da) *He'Ê'(f s-f a)

surrounding rock heat ba lance

d9c d2 0c 1.C c; 7 ,1, c,. (___+_
'. ,:d.t ,., d r 2 r

d0 c

dr

(power house elements)

pollrer house interior atmospheric heat balance

d0a
Va'C â..7 s-=F.,a.
. ..q,,! 1.

(ds-da) +C a. 7 a.b'twi : (6 ai-aa) ) +e
'l't

power hall interio rwater vapour mass balance

dXa
V" l---=F. Ê. (Xs-Xa) +b,(wi . (Xa i -Xa) )d t , !-r-,

power house wall surface heat balance

( f s - f a)
)'

J:ì'¡ ,ì'

y2

Whefe,, I tGñDal
¡lon8 t

ol a t r
rocL

9O
¡h c

a ¡o
3rh¡¡
b.d
¡o
dua

d . T abD a ¡ a t u r a
U :Alr ralocltt
¡ :lharo¡l conduct
V .VotuDc ot Doù.tS rAlr cb¡nt. ratr
X rAb.olur. huD¡dl
I :Mol¡tula contan
t :R.dlu.
1 .1¡0.

/a l ah
utn¡c I

nl
¡¡¡a

(h¡ )
(ñ)
(Kc¡ l,/Ks.l)
(h)

. (K..1,/Ka)
lr.¡¡.1 .¡ (d,zhJ

(Kc.t,/h)
' (Y\t'/Ãt)

(nf'.: 'ñ) .
' (Ã./¡i,

(Kc¡¡,/n't.h)
(h' )
(m' ,/ h)

¡:Alr
c:Conctcta

b.da

ta l
o'l

aat
a tl.t

a

ùo.la1uta
talù!
tí
I lunnal

<l< s,/K c '
aX c,/ø' )
(n)
(h)

No c

lrltt

lrlDllo¡
ot
ocl
ta
atr

boù¡a
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t r¡ta o: O! t I ¡ o?

a :g¡ I I
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(3) Design conditions

A sinulation was performed for the power station " M" frorir which
observations had been taken. Values such as the length and area
of the tunnel, and stn¡ctural conditions, were calculated from
the drawings. The ventilation flow ,rate and surface. conductance
were taken as the values obtained from the observations. A value
for the rock density was taken from reference.

(4) Results of the simulation

The calculation results of temperature and humidiiy are shown in
figures 9 and 10. The results are taken as values obtained after
a running period of 24 days, a time span thought sufficient to
achieve steady-state conditions. 

. r¡. .

The erlors between observed and calculated values are a maximum
of 2.2 "C for temperature and L.6g/kg' ,,for iabsolute humidity. r

However, taking the power station as a whole, the trends in
temperature , and humidity environment at each point have been
accurately followed, and good agreement with observations t\ras
achieved.

.r. --1.:l '.1" ' :Ì

CONCLUDING REMARKS

An investigation rr,as carried out into conditions of an. 
"*ir,iof 

t'

powei station, and an understanding of the thermal po$,er station,
and an understanding of the thermal environment $,as gained.
Results from the investigation enabled the physical data
neoessary for an ventilation ; r simulation to ,^, be evaluated. '.,,A
significant difference s,as shown in relation to the use or
non-use of a cavity wall, and a study is now in progress into the
possible adaption of future power stations in the light of these
results.

Heat generated from equipment within the power hall only ems¡¡1gcl"'
to about 3OVo of the. vâlue calculated from consideration of the
net working rate of the equipments. It is thought that this is
due to heat being tradsmitted directly, tb tþe ; rgck, or being
absorbed and carried auraf by seepage water.; This effect needs to
be considered in the design process. t .
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Figure-2 Venti lation mechanism
of power house

Table-l Outline
for the

specification
power station

Generating Capacity 288, 000 (kïv)

Access
Tunne I

Powe r
House

458 (m)

23. 6 (m' )

5 stories below

31,900 (m',/h)

Rocl(ll€rt StrrSe)

Coll

Length
Section Area
Scale
Vo I ume

Air Change Rate 35,000 (m'/h)
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Table-2 Measurements items

Powe-r Hou s e

5
F

Table-3 Results for the monthly average
- varue of. temperature and humidi

A.bsolute

Ai r o n d i t i or¡ e ¡

Powe r

lall Tenperature

,{ir Yelocity

Access
Tunne, I

Âccess Tunnel

Powe r

House

o
o
o
o

Humidi ty
G,/f{')

February

9+0. I
7t0. 7

3. 9t0

v!

6

Table-4 Results of material characteristics

1t0. 7

6. 2È0. 6

5. 8r0. 6

5. 2r0. 5

?.010.4

Coefficient of
Ioisture Transfer

(x10 -3)

February

0. 53

0

0. 39

0. 40

0. 96

Access Tunnel
0
m

50

m
125
m

250
m

450
m

1

F
t
F

3
F

4
F

Tenperatuere o o olo o o o o o.- o
Relative Hunidity olo o o o o o o (J o

o \J o o \J o o o
o o o o o o o

Temperature
(t)

July February July
Inlet 2t. 9t2.7 4.3r4.0 13. 0r1. 1

Ou t I e t I 8. lr0. 5 8. 4r0.. ? '1 1. 610. 4-

2 3. 8r1. ? 12. 0È0. 6 9. ?i0. 4

1F 24. 2r0. 6 I 6. 8r1. 4 :.1 9. 2+o: 2

2F 24. 3r0. 4 15. 7r0. 5 Il 0. 0t0
3F 22. 6t0. 4 16.2r0.7 11. 0r0. 3

4F 2t.2t0. 3 15. 4r0. 4 ' 9. 9t0. 2

5F 19. 4È0. 5 14. 1r0. I 10. 1+0. 3

Surface
Conductance

([cal /n2 ,l.h)

Generated
Heat Value

Gcal/h) July
3.'01 0 1.75
3.'35 13840 0

2F 2. 58 6360 0. 2L

3F 3.. 35 5250 0. 54

4F 6. 45 24L0 0. 16

5F 7'4 0 0.29 2. 96
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