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USE OF LIR IN TE21'iNC !~fD]t~ULIC~C~II~.~S 

~j C. Keller 

'!'r__a~slated from LeCenie Civil, April 30, IgZS, ~mges 371 -.374 

~y D. J. Rebert 

q"d u .~ ra lic turbi~es have toda U, att~incd s~ich a de~ree of 
perfection ~hat imnortant advai~ces s~s:~ " :' "~ difl'~cu2t to realize. This 
progress ia~ beeu :lue T,~'i~:clpally to ~he tendcnc.v tn~,~nrd higher 
speeds v:l~Ich s~uon~ other advanta-~es leads to more coi~,:r~act coustract- 
io.~. '- 

. In the modest hig]1 speed turbines the correct sha.me of the 
parts that are in contact ~.~ith flowln~:. '~:~ter an~. ~he finish, of ~ the 
surfaces play n considerably lar,~er role If?~an in ~ slev:er-spe~d 
wheel a:~d the import,.tnce .~of this role cannot ~:e c.ve'~:ecti~.~:atcd, The 
m:.'de, rn v~'les have become ve.~,' sensitive to inaccuracies of fcr~ ~-~nd 
~.muufacture which i;::ooses on the ongiueer the necessit.v of .~aki .... 
fu'~%~er studies oI' the particulars of f].o~.: and .Justifies a ri-L'orous 
study of all the details. 

The ~:ost recent procress in the desi~:n of ~hydraulic 
n~.~,~e~ has been obtained by utilizin~ t'..~e l~test rosu?;ts of 
ex.~orir:~e~tal hydrodynaralcs. The co~,ceptiou of a "mean flow" which 
constitutes t},e basis for hydraulic calcul~,Wions is ~ist sufficient 
for explaining the more delicate uarticul~trs of flo~.: such as the 
influence of the bounda~: layer and seoaration, the iH,.p.ortance of 
which has been demonstrated by exwerience. : 

In n'mkin Z a detaiSed st,td:, of flow phenomena t,Le 
engineer prefers the procedure of model testing. Up to the 
present time the use of ~'later for systematic research on the 
e!e~i~.~,ts of' on the assembly of hydraulic ;~cbine~, was the usual 
tP.i,n:, because ~,atsr is the fluid ,:JhicV~. ~resents itself to the mind 
of ~.~-.~ b.~:drau]ic eu:~i~teor ~nd little u~:e !~as bee~ z~de of the know- 
led~:e t~.-:t liquids and gases act in an ana!orous mauuer under many 
co~ditions. ~ 

'iowever, the possibi].it;,~ of utilizin~ C~,s p~rticul'arly 
air, as ~,hq experl,uental fluid, offers many advanta.~eJs over the 
purely -bydl~ulie i~ethod. 

A new aerodyna~ulc division for .~tudyinc hydraulic 
turbines L~ms been instal.led in the laboratories of the Escher 
Wyss Come,any at Zurich for the nurn,ose of ii:.~estic,.~tln~: the 
possibility of replacin~!: ~ter by air and detein:.~inlng the •limits 
within which this procedure is denendable. '.F!:Is n~w t,~pe of 
installation per~Lits both a _'_ ative ~n'.'~ a quantitative meas- 
ure..,~ent of tb.e co~.j,S.e<.e characteri~tlcs of hydlmullc -~'.~chine~ 
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Just as well as a hyd~'aullc laboratory. The results of comp].eted 
studies with air and witL water on the same working models agree 
perfectly. 

Comlmred with l~'jdrauiic studies this new zethod of "test- 
ing has tLe advantage of faeilitatin~ the measurem.ent, at every 
point, of the installation of the clmracteristic values of the 
machine; heads, pressures, velocities, and velocity distributions, 
The accuracy of measure~uent is at least as good as that obtalncd 
with water and even better~,,~hen the steady state can establish 
it~e].f instanteously and when it can be maintained easily, 

In hydraulic studies, the entire installation and in 
particular the model where measuronen~s are desired, is situated 
below the water surface and this ~.~.kes it difficult, for ~he direct 
observation of flow which is ve~?/ instructive. This is not the 
case for installations usin~: air. .-~esides the ope~tlon with air 
is much ].ess cu~bersc~e than with water and this Inc]:eases the 
rapidity of moasure~ents. 

q 

Aerod~rnamic ~ta~ion for Hydraulic Turbine Testing 

In this type cf se~-?~p a blower forces air to flow 
through the..mac],.ine beiug tested or throu(gl a model ~.:hich exactly 
reprod~s it. T},. quantity of air flowing is .~,~easur~d ~.~,reclsely 
v:itl, a stsndal~ measuring nozzle. The hydraulicimu will have 
difficulty in z:akin~: use of air in place of wster in a test set- 
up beca~se be cannot overco.~,~e the idea of air as an easily compress- 
ii,le fluid, whereas in the const~iction of hydraulic l,~.chlnes 
liquids are considered inconpresslble. On ~irst thcu~ht air seems 
to him to be the fluid least indicated for replacing water" 
Ho'.;ever, if one approaches the problem from ~he viewpoint of the 
physicist or the aerodynamician, one can see that in the region 
conside~.ed in practice, the differences are quite s~m!l and that 
ther., is a precise nume~-ical relationship for pressures and 
velocities bet',;een a liquid an(1 ~' gas. In setting u~ the limits 
it is observed that the compressibility of air does not enter 
the nhenomenon in a troublesome manner, that is to say. on 
dete~inin~ the point up .to which air can be treated as a liquid. 
it is sufficient to use the ~enera] equation for th~ dynasties of 
gases. 

T'.,~is .~roblem has been ~reat~d iu de~ail in the 
"S~h~'ieiz~rische ~auzeitunE" of October 17~ l$3? unde.r tL'e title 
"Aerodyn~JLic Stations for Testing Hydraulic Turbines", ?Ji.thout 
reproducin(~ ~bis artic!~ here, we wi!~l indicate briefl~, the 
resalI;s and ~,he essential applications for the research engineer. 
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As we have stated, air in 1fl~c re~.iion which interesZs 
us ~mder£oos only.: insignificant w..riations in density d~rin~ the 
course of' its ~assa~;e ~,o:~:I~ the .',"~chine. 

in 3ernoulli's equation: 

WV2 
P + ~  +W Z ~ constant 

2g 

the density W/g of air varies but fortunately not enour~h to u.~set 
calculations. Figure 2 ~hows the vari,Jtion in demslty of sir in 
T~Jotion com~.;are8 to air at rest. for different velmclt~es. ArounS 
100 meters nor second (~28 feet per second) this correction is 
only ~'bout 4 ~ercent, Thus it is ~ossible when velocities are 
much less than this value to assume constant demsity as in the case 
of water in the continuity and energy! equations. T~,:; computations 
show that the influence cf compressibility of air in the for~:~.ule 
for velocity head is even less than for t~,e equation of continuity. 
This can be seen on fi¢'ure S which ;':ires the correction to be 
ao.~_ied to velocity head for dlffe~nt velocities. ,~ccordin.q to 
the computation ~he velocity head of a coL'.pressible g~-s at 100 
meters p:~.r second (~28 feet per second) differs only by ~ percent 
fron~ that in a liquid. Fro~ other theoretical consi~eratlons it 
can be seen that the influence of the eomDresslbility of ~ir on 
the value of ].if~ coefficient C a of a blade profi].e ~s likewise 
very s~all. '.,This coefficient is a w~ry imD.ortunt cbait.cteri~tlc 
in the desii-n of modern, turbines and Ouar.,s. 

Thus the :.list,=st professed by the h~draul!ci~ toward 
usin, air i'or quantitative measurements is far f~om bein;~ J,,:.st~1'ied. 
The mecLa~ical ~ro.~ertles of this fluid for ,~urposes of replacement 
re~mi~ w}~at ~;m:y be considered constant in the :'et'ion of o~erution 
and oven un to a velocity about lO0 meters per second (3e8 feet war 
second). Is there, +~h~n, any reason ~j to ezrect t~.at the t!~i:~ C ::]'ich 
varies so little has a decisive eff.9ct on the flow phenomena, on 
the en.erg:,, ezch~_uge, azc'~ on the perforz~nce of' the ,'~acbine? 

T~:i:: conclusion has been entire]:~, cozfi~.~od by aerod.vn~mlcs 
studies co~.~p]eted ~urin,~ th~. last few vears in t~e Escher :yss 
!aboratorics. The sama ','~heels oDorati~t~ w~th air and t?.e~ ~:ith 
water have showz a perfect ideutity of char~_cteristics ~.s sbo~:m on 
figure 5. 

1~userod~.~ra$c st~tlon can be set up in t~,~o diffe~mnt 
~Tays. In the first, repre.,-,ented sche~tlcally on fi~'ure 6, air is 
dra;~n into a closed system and finally disclmr~ed i~:t0 the 
atmospl:ere. In the secon.d, air is forced under pressure: through 
the turbiue model being tested and then throudh the measuri~l C 
nozzle as sho~n in ficuI'e 7, In the set-up called variation A 
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(figure 6) blower (I) sucks air thro~g2 the inst~llatlon and 
discl-srges it into the stratosphere./ .~ir enters by o~eninG (S) 
and is ~elivered by the d'istributbr to turbine (4) and then 
flov:s into the stabilizing chamber (5). From there it passes 
throu~:h the measuring nozzle '(6) and through blower (1). The 
power developed by the turbine is me.-.~sured by a hydraulic or 
electric brake. The elements from (a) to (c) figure 6 are. 
properly speakin&~, parts.of the turbine :.nd the variation of 
pressure ic sho~:m scbenutically from (a) to .(g) on the g~ph 
below. 

In vL~ri~tio. ~, .'.2. (fi~:,ure 7) ie p~.~e.~ by blower (I)' into 
the volute (3) of the turbine ' , t .en ~asses into stabJlizlng 
e"amb~r (5) so that discharje can be mee.s~red by nozzle (6). The 
letters have the ssne slgnifica~ce as on ficure 7 an~ t}~e ,~rnph of 
pre.~sure i~ prese~'ed i~ the se.me ma:u~r. 

In all cases it is necessar- to insure t!,at the approach 
of air to the t~rbine model be ver~, st~bSe. ~lso disturbances in 
the jet ap~roachin=, the uozz!e should be avoided because this mokes 
for errors in measure:neut. ~he nature of the studies t~ be under- 
taken will detezTnine the ~.h(~ice of variabion to be used. The set- 
11 ID. W . . . .  " " ~ " '~ p . ,":ch air ie dzav~ z.~aro.~gh the Lustallation has th~ acva~- 
ta~e of entirely sepa~ating the apnroach of air to the mode] so 
that there is no d~u~er of disturbance at this point. FiGure 1 
shows a view ':f the Eel, her Wyss testin~!; statior~ set-up on this 
priuclple. 

The entire construction zml be of !ig}~ ahe.et iron or 
~vez~ ":.~ood. The suction pipe and the turbine support are readily 
disasse:~b!ed. Fi~ua'e 9 shows another view of t"..~e installation ~;'ith 
the ele,,:~ents of the t:u'bine designated by the d~rkened portions. 
The difference from fi:~ure i is tb~t the ~urbine in this case is 
preceded by a scroll case. ~'~ir is dravn~ in ~.e:~ward i~o the s~i'~al 
casing under the action of a blov~er ]ocate,.~ on the left i~'~ figure 1. 

V:ith a drop in pressure of ~Ibout i00 millir.,ete'~'s (3.28 
feet) of v~atez-, the turbine model ~':ith air :vill ?:ave ~., 1~ich hi.L~her 
peripheral ~peed than ~ hydraulic m,)del ,.uld this allows ~,~,e~nolds 
ntm-~bers of the s~Lno order of mag~.'~itude ,~s ~.n i,he usual hyc1~ulic 
testluC station, s. The hydrau!ician accus~oln~d to ~orkinc ,::ith 
heads of sevez'al meters at least must natura.i S y have to l~ke 
definite effort tc adapt himself to u~orkiuc, ":'ith or~ly ~.~or~-i 
c:~nti~:,eters. Here the ~rototyoe.head o~ a t~rhiue is re~]aced by 
a ,~iffcre:ce of T,ressure between the entrance to i;he turbine (in 
figure B~ the surrounding atmosT,hez~) and the pressure in the 
stabilizi:~ ch~2ber. For the usual ~ode] scale the ~:utput is lO 
to 20 ch ( ) and even :,~o~'e. ~/~hst iz.!:c su~: the pov~er can 
be easily measured with L,i/,j~ <~recision. "The ,easure:~ent of very 
small pressure v~riatio~s does not offer any ~'ifficulty in 
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principle; these are the 7,roblems of testiz~ that aerodynamic 
.technique ha.~ ~,~]n'eady solved. 

In addition to the measurement of Dower and performance 
which ca~ he aecomplis~,ed ~ust a~ in a hydraulic testing station 
aerod~nqa~ic testin G allo~'~s an easy and precise ~.~easurezwnt of 'the 
pressure variation a't any ~}oint in th~ installation. This porto.its 
the separate detenninatlon of losses in each e~Is:~ent of the ~'~achlne; 
scroll case, runner, suclion line, etc. It has even been nosslb].e 
tc nmasure accu~'ately th~ distribution of pressu~')e alon~ the Llades 
of a Kaplan r~uu~er.during o,neration. Such measur~.~-~.ents enrich our 
knowledge of the Tlow around the blades and uual~e it possible to 
se.e what is ha-)~.~eni.u~, when the turbine is 0!~ratiu~. i~ is possible 
in all cases to directly ob~,erve the flow in all its pa~tic[~].ars, 
its disturbance.s and local singularities and this observation 
affords a nuz~ber of ~Ivamta,~es. Figure 8 gives the results of 
~ue~.suro:,.onts on a cylindrical section through the zriLl of a Eaplan 
propeller in motion.. The distribution of pressures is shovm and 
the effect of the grill can be deduced. 

:.!i 

f~. ~uow!edr~e of the pressure distribution on the surface 
of the blade for all co~tditions ,of bperation ~rnishes a new means 
for ~redicting cavitation under certain heads, it is possible 
fro~,~ the ~ro~ul'es measured at an aerod~ic station to compute 
the pressure~ which will be pl~duced in the prototype functioning 
with water. In the computation it is necessa~f to consider the 
speed of rotation, the model scale, and the specific cr~vlty of 
the fluid. It is understood that ael'odyn~ic tests will never 
cmnpletely supplant water in cavit~tion studies because with 
water the occurrence of cavitation modifies the distribution of 
pzessu~.e on the blade. These curve~ of ~Bssure distribution 
neve~.heloss, -ire the onG, inoer u wry clear picture of the f~_.cw 
around ~he profile and pe~m~it hi~ to suppress the undesirable 
points of low press~re by proper desigr~. 

Another advanta~:e of aerodynamic studies is that through 
t)Le u~J of Pitot cylinders and spheres ~ which give ~n exact 

Fo~ il'ot cylinders see: O. Keller "Nouvel!es installations d' 
es~ais et travatux de rocherches recents dan le domaiue des turbo- 

. ~ t! -- comn.esseurs. Bullet,n, Escher Wyss, 1935, p. 156. 

measureuent Of the air velocities 'in 2,~a~.;nitude and di~'ection, it is 
easily possible to show the w~.locities at the entrar, ce and exit of 
the runrLer or at any other poi:~t in the turbine, The £ormation 
of "it bubbles and the forc¢,s exerted ou ~he ~.us~ruments by the 
flowing water render the use of Pitot tub~s dlft'icu]t ~nd uncertain 
in hydraulic ~:t~dies. i~ll these i~Iconv~nlences are done army with 
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by using air in 1;ho ztudi~s. As for the measuring inszruments 
the~j have be-zn de,:eloped, for ez~,~rimental ae~'od,vnamlcs sad 
indlcatc without difficu'Ity pr.~ssures as ]:ow a£~s few centimeters 
of water. 

The satisfac:0ory exT,oriments nu~de in the ae.rod.vTmw,,ic 
station on turbi~es lmve onco~Iraged us to exte-.Jd this method to 
studies of hydraulic pm-,!ps ..... ~.The ~he,~.~etic~l b;~sis fer these 
studies is the sa~:e as for studies ~'s~iacin~ wdt~r by air in 
turbir.es. Tho set-~uw in a closed circuit (Ti.qure 10) has been 
suggested b~,. YTOf. Ackeret of the ~olytechnic ~chool .~t Zurich e ndi~[ 
was inspired b v the variable density tu_uns!s used in sviStlon. ~Qi> 
fhe p~np model (~) driven by me%or (1) circulntez air in~,te~d ~" 
of water in a closed circuit. The air discharged by the mur:p 
is measured by means of nozzle (6). The ~,l~ld and the c.haracte~- 
i~tics of the test run,let are determ~ined by the increase of 
pres:~ure through the nt~up impeller and b~ the tower nbsorhe6. 
The heat developed in the circuit is dissipated by a radiator 
(4). The pre~sttre in the circuit can be established aZ any 
value up to several atmospheres. I~ is •also possible because 
of the closed set-up ~o use gases other than air and .,i~h a 
different viscosity. This wrovides a means for var%~ing 
Rey~olds' n~uaber, which l~lays a decisive role in high speeiflc 
speed wheels, betv~een extended li~..~its zn~ ~a~u~ishes precise 
figures for ext~mpol~tion formulas by which calculation of 
prototype nerformnnce can ~,e made Tro:' ~. model heats. The use 
of higher nressures reduces the rel;~tlve import:race of inevit- 
able losses f~'o~., turbu].ence •induced by tb~ ~e~esta].s and thus 
increases the ~ecur~cy of zeasure;~e~t. ~ " 

~:!I t~nese per.C'ectl.ons lead us to forqs, ee ~he ritz e:'ous 
applications of serody~!nmic statlo.us fo!' te~iu,, 7 h,$drau~_Ic 
~,,~c}:ines where studies and observations of f]_o~.; d~enomena 
under divo~'s~ eeuditions of operation al'e sin-;u]ar~:/ ~aci~iua~ed. 
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