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Waternys Experiment Staticn
In practicul mohine oonstruation water and a.ir ar
| turo antirely dirferent working mdiuma.- The im:anpressi bility af‘
;w&ter permittud a, apecial theoratioal hand:ting cf»ﬁ' '
loms ufferod by wntnr turbinen and punps, whne i'n the'
"“‘"~,o£‘ steam &nd gaa turbima sad. eompreasors, .tho c:ompres*sibility u'f' he-
t{‘__'.mdium n..mt be oens:lderad a., -1 deciding faator.l According-y hydro-

dmmiea and mradynam,cs have developad into bwo large‘

,rasearch i’ields whion lmre Jitt:le in "amcn from tho *viempoiut 'm‘.‘ tha\

” ten'mieian. Uz:til recently hydrnulia and haat angineers appli 4 ‘gern

. orally d:t’t'f’emmt mthods in the caloulation, eonstruation, arzd axpari :

_lmemhal reaaarah relative to thely maohims.
Ilndar aupe:“ficml conside*ation an easential“

_.to exiut bn‘bﬁeem T quuid and zy gaami.th fini*’ce,aang:mwihil




yiold to change - of shnpe.
Littla gppluntion haa reany boan'-&da of thia knawladga or

’cain expar‘lmnts were started o fer yeara ngo in. tho use of t.ir L3

uxpertmntal medinm insmsd 01‘ water m‘ praasura masummnba “on
1ndividua1 pnrts of mchinas, pipe lines, ‘draft; tubea ei' water 'mr- '

thrnttle val'ns, etc.l In the numarcus hyﬂmuiie'hham

i Wyas ﬁrm. in whioh it is pcssil‘b}ez using h- as woxjking ,r 1

-Q-l -QQ-#* n-INn Qm-s‘qﬁ*ww--'uq




ance caf numerioally accurdte experixmnts wi'l:h modol turbims ,such
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- densities (p= %/E) Of the: Sasea and thair variatiansf‘i {‘W4

minative. In contrast to water. p 1s nere not consta.nt rvf?dire::é"'h-'
meesure. for the. comprassibility is the . relationv” A; the

change in: deneity p of 8- g_as t:o ‘ra- corresponding; preuura Qhang; i
Ap, Far relatively small pressure cha.ngas, which are assumad in

Ease under conglderation, we assume‘gs3eq9;vﬁ;entﬁpha‘reciproaullvnluo]:‘

of this relation 4%%5. iThe-axpréssion!forxiﬁeivﬁléc _of.sound iu=‘y

& 'Wv ~*%§—-,-And iﬁusmouf chﬁf#ctetisttoimﬁ;snrﬁﬂf&#qu@pﬁ@ﬁk%ﬁiiiﬁ?tzf-

is on'fir:thgpﬁroachfsimplyl |

AP .

Wé can. axpfass thvwvreﬂsure ch&ncﬂ cdps a8 correaponding to the dy-'h"

nandc pressure plc /Zﬁﬁatnasﬁs;ocity cg‘3Itﬁf911§qubyﬁinsetti§5‘  e

in (1) thet

“(M = Maoh number - ratio of - flcw velooity to sound velocity)

- At an air velocitj of c.= 100 m./sac. (M --0 29) thﬁ density"
cheange with reanect to still air is: 4.2# Fig..l shawsxthe approx-fﬁj?r
rate. percentage of density change a8 the vaiocity ia inﬂreased_.

The- peneral equation of continuity for ateady flaw,

3 (PU) . 8 (pvl L8 {g!)

is expanded:to




(x, Vo = space coordinates- o -vvelocity:compouenf.s 1n‘_x,‘ y,
X directions) The continuity eqution f’cr J.iquids (p - constant)

: thus rbecom s'

I

For szmble unidimnsional flow (v -0,
equation far. the varinble bvdraulic cross-sectian . is‘

CpLe now const.. or

i*u - const when p @ const

Exr gy g, .88 foroa compone ts per unit maas at x, y, and z.

w ax v
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P oan also be rega.rded as constant with little error, as in liquidu.
SFor a: streamline irrotational motion. thxs resolves 1nto the energy
theﬁrum (equation -of Bernoulli) Pt ; cz2 4 pg z-m, const.

'rhe 1nf1uence of the \.ompressibility oi‘ the air on’ tha_ px'asau‘

-oi‘ the pressure vnth groat velocit ent ia

n--_‘s——q—-nnu---—-— -Q———‘-‘---—-—q—-‘---~ -1

Prandtl-'rietjuns; gydro- und ! Aeromachnnik




.Fig. 2 shows as a Tantion of the air valocity thﬂ amnunt of errorL
net 83 for an incnmpreasihle fluid.‘

it‘isﬁaround‘ﬁé.‘ Thus 1f 8. pressure cf 600 mm.'water, for examplq,

Y

g00 = 100 . /snc., but x% smaller, or: °9 m./sac. Since the

C.06
'troduced is prac irally neglzglble for our uurvoseq.v 5ﬁ;'Mi
- If Lhe hydraullc model nauhlne is operated With air; the yower
:actlon on the wvenecs is n01 nacessarllv roticeablv;lnfiuenced by tha
comoreesiblllty. ‘Tﬁls problom is treated in an. lnteregtlnc theoret-
:ical *nvestivation by ﬂckeretl, one of the f@v existing';orks on nrob“
llems 1nvolving great: veloclties. In uLlS study 13‘#stimated the caef
ficient of 1ifi ¢, of & surfncé, Tor instunoe a bl&de profila{

-compressible flow, It is dﬁmonstr&ted therain bhat with Each coef~

:ficie1ts up ta relatzvely 1ar~e valnps, <; O 8,

(compra) - c (inuomvr ) — i  '_'.‘,(épbrbkinnfe}y)_;???

----—Iq-q-qnmua-—--—g—--z—~—--p--s—-—-n---4--------.—.---——---q—-----—m-----nu N

Je ﬁckeret.“*Air Pcwer at - Jbr" Greﬁt Vélaclties Particul&rl-”‘~

.

-'witr Steadj Fluw. n hﬁlvatica Fhvslca feta 1?28, ‘Do 301.‘45'
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‘Referring agéin~to our expsrimental.

sir veloolty of. 100 m /éec. the .c0: ressiLilltv hﬂs B 4 a” iﬁcreaaaif i

in 11:(‘1:1:1L effaot *t.smaller velocltlas thls influanca rapldly de-;L Tfi
creaces, as in. the densit and pressure calﬂul&tionﬁ.'3:t 70 nh/sec.r
“the cOmnrassibilitf produces only 2% varlation irOﬂ thv liquidvcase

From these considerations it seema possiblef1ﬂnt with extrazehJ
.Vﬂlocitiﬂs (relative: to the bladau) of perhnns 100 tn luO m.,ﬂec,,
+the action with air Bhould not show an esaential fuantitat ve dlifar

‘rence'from thﬂ:aotionxwrth“watsr. The mractical air vvlocitins naces-lj

\,
Ca

'-;sary for- exneriments are. becoming smaller, ﬁs we shall see later on. A
flthough the Lirst: oonsidared foundations of aerndynamucs were known;
to our knowledge no. one has investlgated t%e p0381b111tv of conduct-

“Ang compl#te kydraulic exparlnents aerodynamlcully. o8 sucx " plant

plent-ﬂ s an. examplo.

‘Fizvress4vand35?illu=trate
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braka
inlat
,ferant noints is schematloally shuwn in Fig;”{iil
axists in the entire sys‘l’em and t;he plant must t}.erefora be_peri‘ tly
;irti«-ht in ordar tnat cnly t}m a:.r flovrinr— thrcumh thq gu"
" and ‘the runmer be actually measured., With the small vaouum ’-us
(about 100 1, water gage) the necessar_,r den.-:ltj is easily abtai _.ed,.
T}‘e air can also be forced through the er't‘ra plant ns i .¥ca-se-:>
g, fia.. E. In tlus onge a fe.n (1) discharges e.ir 1rto the":turbino .
inlet {3), from whence it “lcrrr" hrouc,h the turbine (4(, then throur-h
the draft tube intc the et';L.ahzinf" 'éhamber (.,,}, and J._1.iallv 'I;c the
measuring c-rifica (6). ‘-Ie now havé 8 small prossure. above ‘ratmospm-ric”
1n the ontire system. exant i‘or 8 smll vacuum 1*1 tpelﬁe.;ghnerh(‘md;u i
-cf tne run.ner. |
Besirla tbese 't‘.VO ﬁmdamentall ) 'diffnrrent soln ‘J.‘omrs,/‘
for thr- "iven conditio'ls can be ta;cen ini';é consldebratlon. For
“tha -‘;..easurxn& omi‘ice car be ‘nlaoed any!rhef-e ,m the:lnlet ccorflli'qr_,
fta thn requlresne'us._ ﬂ.lso, the draft tube can lead dlrec*t’.l-_-,f'lnto

the atmoe 1mre. It is al":ags ﬂase'ﬂ:ial thag. c.hc ‘..odal turbine ror-';-f

‘resnond to Jxe protmt-mn as olosely as "mSSi -Jlf‘ and tha.t the mnsur-
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'equallzino chambﬂn '

not ornly J
fnpparatus, draft tube, etc.

' tne Re:.rnolds 'mmbers Re for mode 'and full«scale mciﬂne ‘be ‘very'

enqarly.:equ'nl. In the average Dresent-d&_{ a:q:emmant plant onemted

' witH m‘bar. th:..s requirement is never

?'i;‘;‘be:rs ara obtainsd in alr emefiments as in exparimen, s‘

‘m‘-ﬁbvﬁolds numbers bear the mlation
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Ry (we.‘car)

where 'f'vu‘-viperipherﬁ}. velocity and 1J = xinemtic‘v..soomty.
16%.¢, 1 atm., A"’ 15 16’8
With a valve of u, or about 130 m./sec. _amd}.a'r uw

m./ s8¢, (the lattar value corresponds to averaga norml conditions

PRy
‘R

o
Cow

in hydraulic experimm nts)’ "we have B

-for .our: purposes is clos

An- aerodynamic turbine experiment plant ;.s there!‘ore no‘ murg
a1 se.dnntageous in mgnrd €0 ra’lia#_.i@ ‘Reys 4% mumbers than exist
‘ing water exp&riment plants. _‘,‘ |

It shall now be estimted wfmt power 1:0 -e.:meut w;th air a- work-
“ing Tluid, with the known limit valuesu of '
and with average model . dlamabers..hr

With e dlscharcre of Q Anc m. /sec';. and“::a."‘l-u‘avaé.iaf“q

the ONAT . or a wator turbine is '

__1'_@.3‘.3—(7{9)

The correaponding pcwer of: nn' "_5.r’:i;urbine_‘_yf.’u;h Q in ';:.n;i'
Vﬂr‘and an: avai lable preasure dif.{‘erence Ap(mm. -,*."la"b:ie:" -kg.,r’m.
améunﬁ;to B e ' |
._.._.R.'.’L. (H P )

In ordey to be a‘:le to compare simlar pefmts of ‘bsemtion of -

‘ wa’mr and alr’ (with similar w-locity planes) tha reduced velooi,tien

n




a

: Theélnxiai-'velodi‘tf J'g« throu:"l.the runnex"s'crozxs-sectlomli




DRSS N

The i‘ollowing ralltion eziats bei:ween tha apeoifio spead n" nf‘

& water turbino and- tha apcuific spaed n.‘ of an air turbine. An -
,,.A. B W e

speed 1t has the 'seme- 'rolum of Ilar._ '-Tha'_-utialiud,heg;dn“ @v‘_:pmpoffa
tional to the speoif.‘io grnitiea. B
Pron f:ha deﬂnition,

a _Tw—

It t‘ollwu that

n. el UQVZ - 75"1/2 .

‘:%45»@“" a;;‘" ‘

For elr

The ratio of the speoifis s;;eeasu-tii;gﬂ_fh_
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mm t-15 €, and wb-736m.Hg.,:,

. 29 1 n
‘v"ff’w . %

Furthermare. in xorking with: air, 1t my ”be a_vantageous “to-use i
the usus.l coefficientg in ”th° fa“ daﬂign; tho proasure fcoei"‘iaient
—"E‘z—' “and the flow oueffiu:.ent ﬁ -  ’ "‘5""*1,"1;}*?5 “t:ha
. .‘E : g - jas P

rﬁ.thsl_‘ tha.n :n :.‘ Tha follcwing relations holﬁ:‘l

f_n_--s'rsa ; 1 -—gﬁ--T__. .p ’R"""
K E

~;‘ “*K,,

o = xu..(;t (1 v ))1/2

f=

‘T'he ' power of.‘ a: mdel erner driven by ah'. far insta oe o:‘.‘* e
_ modern propeller turbine, can nm be simply esti:m.‘bed. The modol

rumner diameber. shall be D - 500 =m, , the hub - ratio Vo ds 'u‘ R
0.4, and F = T (nz-- & ) - 0. 165, w5 11: shal]. be given I‘urthar

that K -= 146, K, - 0 5. : N:Lth ‘u - IDO m.fsec.. eqmtian (15)
_ 'n
' 10t.. 0.1 12 2 R
Zives 4p @ -‘—.-2—-_-—2—’—56—- - 235 kg,./m. ‘- _z'ss.mm. ~v_mter.." ‘From equation

(17) o_ = 45,9 m,/sec. .’Alqo, Q= Fc - 7 58 m. /sec. "‘.fhua.;ié';‘do-‘.;‘.""
“m - . T : G

rive 'i:he ‘theore‘i_:icdl air turbine pcwer.' .N -—Q‘—%E— = ‘25.13 H.P.. Tha

spead S .is_.-i:; = 3800 ramlu’cicﬁa per ﬁinuho. 0= 1.14; li0., >

n_ .= 608 when 1 = 0.85.
8y -

‘- u—ua-w--u---—ﬂqqq---ab

* g, Kellar: 'tAxial Flo¥«{rom-the S‘ba'xdvoint ‘af ‘the’ Wing .
‘Theory.® Dissertation x:.. T. E., 1934, pege 29 and: “olla.ring mga .




zation cinmber. Photogrnph 1 1s a viaw of the plant from ths inlet
slde, The turbine shatt -nd the. dmft “ube axis. as: well ap the en
pipo syutem are armnged in s horizontal plane ovar theﬂflnor."_ .
contrast to plo.n'!:s uaing wu'oer, wharo the mchine axia :nust be‘ver-i_‘_‘. -
tioal 0 utilize the mtm'al hud, any convenient arrangamnt ean '
.be und for an’ nir phnt.‘ Ready aasemblage of 1‘16171(1\1&1 units :.s
| permitted by tha horizontal lay-out. _ ‘l'hn froe aoceaaibility to’ " 11
‘point- :ln the turbina plmt is a. gmut o.avantage; in h jdraul' 2
periment plnnta tha entd.m plnnt is 1nacoeasib1a under water. Tha
mw air oxporimnt nlent can ‘be oasily adnptsd {;o any loeations. As
| the photographs shcw it is mountad on ligh'b and eas.ily movad i‘r-am-
'work; 80 'bhat differont hurbine nrrnngemnts ean be exgerimmted 1h

after: alterations that can 'be quiekly mde. : Sinoe cmly uir

as. mtivo powsr, mny plant parta can t:e made of arood "_"hiah ;ls ligh'bwj

end ohenper. o T
I’ydraulic experimun‘c plants require long 1nlot nnd disan&rge-‘

masuring ohmmels for 5tabilhation. This is not tha cau in th ‘
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;aarodjmamio plant and tharafore 11:8 flaor space requiremant '"are son.

*(built for .8ams . model sizea) are oompa:y'ed}in the aame
In photogranh 1 ig seen in the
the turbine housing, ang the adjoining' drnft tuba in }tha' ‘ras:
ther back ig the. oquali:ation chs.mhar., The suba‘quent mnauring‘
ohannel is.given three x-ight-anglad bands to aa're : "
fan is contaimd in the laat horizontal pdrt.to tha.lei‘t L
drivea the air 'I:hrough a verticnl I‘lue intn tha a‘hncq;:hare.‘. o
~hydmulic brake ‘g@en in ‘the : middle foroground ia couplad to ’.the:‘?’
,._;:narbine shaft, | - | SR
‘Photograph 2 ’n:-_é‘_ view '}of 't'h.’e‘ a.irplantfromt}n an s ’
the left 48 the - equnlization chamber with the adjoining manurtng‘i:
orifice, and the fan is in tha pine turning a{: ri.ght angloa tn ths.
-‘Enoﬁa, ?h.u ia a 'twm-stage uial fan with adjustable blados f‘or ‘tha-‘ L
rogulntion of: the comreyed vmlume Q and ‘the. hea.d B (or ' :
fln is operated by a bolt drive from a controll&bla elec‘hric mot’ .
I’he ad,justmsnt 01‘ the spead of the turbine e.n... fan. tha volw.ﬁo regu
1ation by throttling lpp&mtua. t}a hydraulio 'brakve Qpemuon as
_ wen as: tba rsad.ing of &11 _hroquired praasums. by mns of ur uansitiva;
| mnonrtar. can be handled I'rom A central point. | On aooount e
ease or ndjustmnt i;o a stable_;'-condiﬂhm.‘ meanuremantu can baiéom""

fomd mmh quiskar thnn with wnur opsration; - "en the un
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are nvoided. : ‘Tﬁé rvdiisé}“i-‘n'ffg’:fa :alt a.nymomntis &saért ,

"time with both wamr and air to check the validity of the thnoratica..l
-results.
“Flg. T shcﬂs compnrative efﬁciency bests ‘on ths same runnor

with simi lar geomatric construction and dimctly-gmasurad vo.lues ucm

‘new _aii- plant-. , The model wheel was . four-hladed Kaplan runner“‘

an n_n' ‘of approximtely 650 “The »ourves snow the eﬁ‘iciency 43 .
Sw . - s L N

»I‘or : w&ter -ﬁnlue-‘z .

to de-tai‘ls. 'I'he flettaning at the orest and in particular tha ver
' _'-high speeda, are accurately reproduced in both cases. e
-Fig. 8 comparss measured valuas of the discharge Ql Tha amll
dii‘ference in ‘the disch&nge is oaused by sve.11 vo.nationa of the guide

‘wheel opening w?uc‘* coulvd not. be very. accuretely repradueed by the

n—---I--m-----—-------n-—---u——-n-n-n-n-nn—-——-—n-———-n———--qﬁhﬁh

Seer MThe Hy&raulic Experiment Plants of —the Eschar ’h" ,.as

;T‘:'.i'?i,:‘ Specie’ B Edition Eﬂ—-mmls., 1934,
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| ',',;great pr-easures exer'bed by tha wn'be'

'-acourate -remlts. On the other ‘_hand ths maouary masummnts 'cf

' ".especially in aerodynamica, beloug“to't}a ordiiﬂnary roblems am!‘of-
\ for no ﬁmda.mn‘bul difficulties. ' . :

Thia fact encouraged us to 5 aroh'mm‘-e carei‘ully to uaaz"i:'f_:vn
..masurement oi‘ the static pressurerrsr on ~the rotating»runnar blade
'mig;ht be poasible.' .n.f the presaﬁre dis‘bribu tiou-‘ on'the runmr :fia :
| known. the pwer effect_on the fl-blades ean be accu __ _V.'Ly‘ "3ollawed in -

-detail, '«hicl- naturally ;is nn 1mporunt ‘i‘orward _step con@a,red to pre.-_vﬂ
. l“,vious obsemtion mat‘zods.‘ “For- *bhe purpoaé of‘ such "msuremts |

"-oi‘ the pressure upon the »runmr blade of‘ 8- lean turbine masuring;




vfsection is; giwn abov'e. The ru.nga of' pressure ai tribuﬁon on‘each”. :

blade surface in .normal worhtng ﬁelda I{

"_leff‘ect .of neighboring vanes., In ths oase oI‘
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_ feota. In the cuatomary hydraulic HD mndel axperﬁ.mnt plm




L
(B - Barometric height,

draf‘t tuba efficienoy

“"‘1;‘: an& A uan in our’ ease ‘be dimctly oalculﬂzed"fd the -a.xill

('5'2 - maan static preasum on the
-preasure in the egualiza’cion cihamber, Pmin

blade aurf&ce. wa - relativo emersion velocit;

------—-dta‘---.a--q--—.-w_- -\"'-'-P'!—"“-.

Ackerrt: ‘“The thimum P z'mirasible ‘Tar-* ‘

""'i"

: ;mrbines *




0.122. fUait\.gi:“’fEhi‘s da'ha :..c,.*‘ i.s evalued from_equation : 27 )

i to ‘be expactad. It is. seen that the valu:
s ,e‘aaurei. By ’cne reduct‘f

from'cavita.tion., "‘he air experiment mhes i‘t possible tol direetly'

nitude and direction. By reang of owlmdz-i” 1 Pito;
-llﬂﬂﬂ ‘--Ilhﬂﬂlﬂ---—-----------l---l----\--b—-lhﬂ "Q-q--n-,!--'-'.--ﬂ‘lﬂ--“

For oylindrical Pitot t:u'be see'-"c Kel’ler: x.ew Exper-

imntal Devices and Studies far'Turbo-comre.,sors."_--: T e Wysas-

;‘E&tte“llungan vol.,‘YIII. 1935, p.
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of prgvious
time ago in

in f.ig".(:i;n.
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