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OUTLINE,

Vaaes of hydraulie runsers act on the surreund;ngjfluiaziﬁ P
manner similar to the effeet of the wing of om aeropleme, Theorciical

and experimental data available abeut-fhe behaviou;;gifthe;latﬁef _

therefors may be applied to hydrauliec runners, providing thefgpgg;guf;
sions are medifled mecording to the'flaw_esnéitions;iglsgch ry#ﬁe;g;
which eertainly differ from those arsund an seroplane wing, The yrm;_
sent paper deals with these‘mcaifi&étianﬁ concerning the pressure
conditions in the twe eases, In a straight aaﬁAyarallalrflowyéaghra_”-
a3 in the case of an,aerapléne¢wiag; ;he”staﬁigvprgsgu:aaia.fr§pt-ggd.
behind & sirgle asrofoil ars @quxl,_whilg,the“aqrregppﬁdiﬁg pregsurgsv
at the imtske and the discharge sections of hydrsulis rumners of the 1
reaction type arve different, This differense must be taken into -
account for all phenomsaun, whieh depend on the sbsolute pressure or
its distribution along the vanes, Ths twe mosi important-pheﬁom¢pg

of this kind are:gavitaﬁimn and sevparstion, whieh,-thersfera,'ferm
the mein objeect of our prasent inv&étig&%iuna,

Fivst we have‘éerivsé simple, approximste expressions for the ..
"basie pressure” (defined ou pages 8 and 9} or sverags statie pressure
in & hydresulie rummer of general vharscteristies, and in pa:%iép;gi
for rumsners of the propeller type, The latter expressions arse theg
used for deriving theeoretizsal eriteria for the savitatioam limits of
runners of the prepeller iype, taking into aceount the distributipn.
of the basic pressurz, Due to the faet thal for pumps the ppiht of

lowest pressure lies near the suction edges of the blades, and

tharefore in a region of comparatively low basle prespure



and fer turbines near the other end of the vanés in a region
of high ba31c pressure, thsre exists an important difference.
in the cavitation festures between pump and turbine runne;s
(whlch, for 1nstance, has not been considered in eorrespan-.
ding recent investigations by Spannha&e). i

Furthermore we have computad the relations between the-
cavlzatzon.;¢m1ts and the specific speed for a definite**
defined ser ies of pump runners, and these relatxons final]yn_
have been breugnt into the fampliasr form of the chart
adopted by most pump manufagturera far the "Uppei 1imitg
of specifiec speeds for donblaisuctian, single‘stage.ceniii~
fugal pumps! | |

In order to realize the eifect of the ghangg of the
‘basic §re$sure'cn "ﬁeparation"'or'“atalling? of airfoilg.
or vanes,-it is important teo wveie that this form of separa-
tion is caused by a pressure ihc:ea-ae alang.the low pressure
side of the vene or airfoil, and we may sonsider the value
of this pressure rise a8 a criterium of thé commencement of
separation, In order to derive from the separation or stalling
limits of = gingle airfoll in the winé tunnel the sams 115.
mits for a corresponding vanes in a hydraulie runner, we add
(algebraically} the change in the basic pressure to the
pressurs rise on the eguivalent airfoil in a straight and
parallel flow, If the resulting pressure risereaches a
value whieh, if occurring on a single airfoil in the windf

tunnel would lead to séparation, we may assume that the same



5 .

phenomenon will take place on the vanes in the runner, Based
- on this princlple we have derived simple expressxans for .
" the secaration llmlts of hydraulla runners, For ax;al flaw
runners the rebults ‘may be sxpected to be fairly'accurata,
While for other types of runners sonsidexrably more experx—x
mental and_thearetlcgl data will have'ta be»obtaine& befgre
the given results mey be used for aﬁything bgyénd a préii;;
minary asﬁim&ﬁet. o | ' | R s
¥hile caﬁitatianﬁﬁ&ta an.upgef limit-férkthe speéific
speeds separation = with'reapegﬁ,ta.pum@rrgnné:é.léé da;
iérmines-a lowar.limit.primaiily for the gggg speed { %ﬁg")? 
which alse leads to a practical lower iimit for thé apeci—
fie sﬁeeé, Tor turbine runners such a lowey limit does not
exist according té oy apprpximatimn, This 1imit of tha»spng
cific speed is lcwe?.for_radial flow than for axial flow pump
runnefs, due to an imporitant differnce between these two |
types of runnersa %ith respeet to sepsration (339 pg:?ag)
Since ?&y standar& pump Tnn ers must be eXpected_tﬁ
show separstion with corresponding enefgy losses the guestion
arises whether these losses are large snough to warrant ﬁhe
considerable departures from étandard“designs.which would
e neecessary to avold separation under all cirsumstances,
Recent invewiigations have shown that the separstion
or stalling limits of airfoils are appreciably influenged
by Reynelds' number or the seals, Hence we may expect &

gimilar "scale influence® for hydraulic runners whenever



the rumnner vanes are Working close te-tha»aepa#ation limit;
The given fafmulae, therefore, alleﬁﬁto estimate_whethéy'
or not for a given ease of medel_testing_tha«scaleyis :

liksly_to'pléy an impertant pa:i,.'




CHAPIER I , ON THE APPLICATION OF -

AEROFOIL THXORY AND EXPERINENTS

TO HYDRAULIC RUNNERS;

Aerofoils, as used in aeronauties, and the vanes of

hydraulie runners, both serve the purpese to deflecﬁ'ﬁhéf,f;.f::’

_sﬁrrounding fluid, Theeretical aznd éxperimental;infarmatidn
obtained about the former thereforevmay_be_apylie&,t§_th¢ _-
vanes of hydrguiicvmachines. It is nat<surprising_thatum§re
exact and detailed information about the behaviour of such
deflecting surfaces has been obtained in aeronsuties than

in hydraulics, firstly, because the aeronantical engineer

is mostly dealing with but one vane insiead of a whole system
of vanes (like a runnex), so that his problem is inherently
simplexr, and, secondly, becmuse of sysiems of vanes we can
use a very simple approximatinﬁ « the Bulsrian theory;_con-j
sidering the vanes as infiniteiy elose together - which
yields fairly good overall reaﬁlts; while such an approxi;
mate theory is not availables Ffor an individual asrofoilg

from the very begimning the seronautical enginser, therefore,
was in need of a more exact theosry and mores detalled ex-
perimental results, In recent years, however, ithe develop-
ment of high spssd runners has forced the hydraulig_engineer
%o consider the vanes of hydrsulie machines rather like
individual aerofoils than as memberws of an infinitsly close

system of vanes, and it is quite natural that% the large



amount of theoretical and experimental inform££i6§; accumud 
lated in aeronautics about the behaviour of iﬁﬁi?;ﬁﬁélvaeré;
foils, is used for the vanes ofihydraulie-runnersnghg?é
exists, however, an important'diffetence,,which;gﬁstbe ;'L
considered for this application: The aerenautiégl’éﬁgigégp:uw~

‘is primarily interested in the behavieur of an aerefoil if i .

placed into a flow which, originallys is straight, parallsl; - .

and infinitely extended, and hia results are.eithat;abﬁéin?@
under these conditions or immedistely converted to it {*Wind-
tunnel corrsctions®), For the vane of a hydraulie runner,
however, the "basic flow conditions®, i,e,.thase;flawfcan~.
éitions which would exist without the Influence of the parti--
cular vane or aerofoil, which we consider, are'greatly'in;-
fiuencadvby'tha other guiding surfaces {vanes, et 2,),and-f
the "basic flow* certalinly is neot any longer straight or-
parallel ag azssumed before,

‘The chenge of the geomeirical shape of the basic flow
has been considered in a very execellent paper by Betx
{reference I‘¢'and appendix, section 1 3¢ This peper gives
é practical method to design a vane of a parallel system
so that it bas the same effect as a certain given single
aerofoll in a parallel, straight fleow, The method spplies
difeetly to the vénes of runners:of the yropellef ﬁyﬁe, and.
to stationary vanes, -

In the present paper we shall consider the change of



the "basie pressure” defined as that pressure Wﬁi¢#i§0ﬁldfn'=
exist withauﬁ the influence of_the-particular~#agé ¢Fuaetég;
Toil which we consider, The basic pressure of the flow
conditions to whieh the results of the usual aerofoil theory f
o¥ windtﬂhﬂ?&tﬁeatswgenerallyﬁa§ply%iarw9f'¢0¢?3¢aw?¢??tﬁn?~‘+~f*
(?tiaightglgarallel;5andﬁinfinitglyﬁgx@andg@;b&éic_flgw)& ;_m;}
while it clear that the besie pressure in &g:Wm';az-:’"ﬁi:l;' i?iff«:;?asé;é--—
and in & turbine it will decresse (in the dirsction of the -
main flow throngh the mschine} dus to the very nature of - ..
these two types of hydraulic machines. Afier investigeting

these changes of the basic pressure we shall try %o express

their influence on cavitation end on separation on the

vanes, i,e, we shall modify the theorstical snd experimental
information regarding these Phenomens on sn individjual vane

in a2 straight, parallel flow, so that they can be applied

e

T S W St e
to the wanss of hvdraullc runners,

- CHAPTER IXI, THE CHANGH OF THXE BASIC

PRESSURS IN HVDRAULIC KUNNERS -,

The f@llowing results abouit the change of the basie
pressure in s runner are based on the Bulerisn assumpitiow
that the vane cireulation or, in other words, the change of

the angular momznimwm, is uniformly distriouted along
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goncentrie circles around the axis of the runné;;’wﬁile*iﬁ
actually.is égncentrated,at the vanes, fhia meags; ithhe
first place, that we coasider the,"b&sie_pressurs?_gg’:;_>
being equal To the static pressure in- the runnex;_our;aggqmp;
tion will leéd.ta3quite aecaxata_rgéult;“in ar:egiﬁn;abcutag~
hal? way-bet%égn thé.@u@tién‘aﬂa th§,yraasuxgﬁsiﬁe_bff@hét;
rmanes, It_ﬁill_?e less sccurata With_reapeqﬁutp;the;éhanggl».
of thglbasic[gressu;s_aleng,thcbVQnas.in-aagfar.aglit>éssgmes
that the totai.preséura_ch@nge takeé placavinuihe regign~b§-
twean the1suctien;ané‘yrasanre-eﬁdarof‘phe vanes, while, ag-
tually,this change starts in a ceritsin disbtance (theoreticslly -
in an infinlte distanwe} in froai, and is completed only in-
a corresponding dlstance behind the rumner, In section 2 of
the appendix resulis for the total pressure change obtzinezd

by applying the above sssumption ayrs compared with the ex-

bution of serofsils srranged In a labttice {reference2), The

agreement is belter than ene may be inclined to expect frem
the eomparative srudeness of our appruxiﬁaoion, and:pnr thgp»
retical resulis srs ceriainly asccurate enough for the practi-
exl requiremenits of the hydraulie enginser,

For a stationary 3ystem of vanes we find that the basie

prassure al any point "x® in the sysiem

2 2
pi{x) = py + Vo=V 4y { 20 = 2{x) ) (1)



where the subscript o may apply te any convenlent pexntgv
of reference slong the main flow threugh the syetem |

For a rotating system we find that 3

where v is the relative velosity of the fluid in the runner,.
and w  the periphersl velocidty of the runner: a§ ﬁﬁ§ggaiH§' |
indicnted by the subserint, The derivation of éqnaﬁibn;(BI,Q
is gigen in Dauwhertja "Hydrauliz ”urblﬂea“_bage I
The differsnce in elevation {zg - z{x) }: ‘?bich.haﬁf'
the order of megnitude of the,V&rtical:@imensian§‘9f;thé-_
runney needs to considered omly for very 1arge~ru§ﬁg:§;vﬁpi;
2implify our experssions we shall omit this term in future,

ands 1f necessary, shall considsr this presessure difference-

h

in a menner, which will be discussed latsr. =
Generslly we shall ﬁsmyutaraﬁe changs 01 qu oe la
pfesaure‘with respact Lo the suseition pressure, so that
Po = Ps (seg £ & 1 4 Fur” N
With this convention and disregarding differencesy in
elevation within the runner, thes basle pressure in » hy-

dranlic runner of arbiirary shape may bes expresssd as follows:

- ¥e w2 2 2 ,
p{x) =~ pg = © 5‘; X + @ Ex~5433ﬁ | (2a)

whers the first temm on thz right mide expresses the chang e

in pressurs due to the change in crsssection of the passsges






between the vanes, and the second term the change in pressure ..

due to the centrifugal foreces, . . ‘ 6
. In the special case of purely‘éxial row»rﬁﬁnéfs,'té
which most of our folleowing considerations will apply, the

change of the basia pregsure can be expressed by be

?Tsfaf

,th§ 1ifs ccaf*icient (33} an& the spaein~ cf ﬂhe runner‘ -
bniéﬁes, which is af great adv&ntwge for the following apnllw{
 é£tion§ This relat;an fallows from the simple fact thatfbr .
eenatant axi&l vwlecity thraﬁgh the runner (flow befveen
caneentria cylinarlaal zurf@eaa) thare accura ne Ghmﬂ?@ ef‘
the =xi=zl mom ﬂtum; 80 that the ahangs in statia pressare,:‘
mast be eoual to ths axxal ﬁempanent of the pressure diffe—f
rence between zhe twe sides 9f the vanes, 0r> whlch 13 +he
same, eoual te the pressure diffarenue 1eting Qn tne axial

projeetion of the vanss as &&awn on fig, 1b , we, therafore

can write for *nv eo&een?riﬂ ring 2¢@a L

{py = E‘s}e@'- 4r = A Pay o @ o OF

or B " e, 4
- - S 1 ',‘ : o
€Pp ﬁi’g}' T APav o 5 B (3)
WVhere p_, is the average pressure difference between the

Pl
two sides of the vanes, and /s';ﬁz-ﬂfr"/ﬂ s N Dbeing the

number of vanes of the rumner,
Acgcording to the usual aerofoil theory the average

Pressure difference on the wsnes may be expressed as

follows 3



i3

AR Gy T Ty j%“

where . is the 1ift coefficient and v the “mean

L
effective ralatlve Velaclty" as defined in sectlon 1
of the appendix, (v is anproximately equal to. ani.ZQ Ya

;n;rodacxng furyhermors tna “ratio a; overlapplng” -J,<~

i s, cas(5
L2 9T T

.?w: *
§3

we find for the rise of ‘the statia pressure in an axial

flow runner, . or, genergl » 0f a sty axght parallel 1attice°

In order to Tind the rise of the static pressure (basiec
pressure) up te an intermediate point or plane given by kr
in fig., X » wa-muqt consider the distribution af the nfesaure

difference Ap- alang the vanes (in the directien of the:

relative 17'\‘!\Q ”:33 tng agme ’5-.(*3._.{.3:‘*3; an before we find
m 3
g (2
(o{x) = p,) e -—Hf ap &, ¢
s ‘ ”

%t being the éhafd of the zersfoil énd dt an ipfinitesimsl
“part of it, |

Instead of preserting the pressure distridbution of a
certain aerofeil at o given velocity v directly, it is
custema?y to plot the pressure on the vane »r serofoil

-

divided by the stagnation pressure @ v°/p scainst s chord
2
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of unit length, Putting :

Fagye) = AI’L iy _@.}E = e
W/g : - - and T B dg.

we c3n raplace the above integral ovsy the vane pressure.
by an integral of the customary pressure diagrsm as followss
~x : 2 . ,X ' =k D
!53’&“;: i By ..._[,A)sg d? A T
5 L h &
Consequently we ean write s

L4
.‘...

{ plx) ~ P‘B_) e = _‘ 4 ‘ga)‘ f ds: .
A. ov‘z o hits o .
{ P(x)' ps..)v . s f"; QH_J:“.‘;'»{;AA'- d_,s__ ] | | (6)

The iﬁfiuaﬁce'of’the finite thiékﬁess of the #anés on
the basxe—nressure will be negleched, because relst1Valy
very thin vanes are in mosh wases to be preferreﬁ for
hydraulic yunners,

Thile we have aho%gan the pre%sure on the- sucflon edge
of the vanses for a hasis of refer@nce; it is clear that the
pressure 2t any other convenient crossection through the. .
runner msy bve used, If x 1is defined correspendingly,

Cn fig. 2 we have shown the curve for_the integral in
equation'(ﬁ) for an NACA profile oﬂOp, if placed in » tur-
bine rTunner, and on fig's, 3 avd 4 the zﬁme curve for a
Zetz-Joukowsky porfile (reference © ) ond for H&CA profile

6406 if pleced in a pump runner,
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CHAPTER IIX. CAVITATION IN
HYDRAULIC RUNNERS, '

The phenomenon'of cavitation has baen>diacussédfexten;v

sively with respeet to hydraulic madhines, BO that we Shallés_fi'ﬁf

retical ocriteris forgthe eammeacement;cf cavitation';nﬁ ; _'
hydraulic runners'rit is exceedingly difficult to §o1vet~jﬂfH.
this problem thearetleally wlth respeet to radial ﬁlew and ;  : ‘f“
mixed flow runners of a general form, which are commcﬁ in 2
a region of medium and EQW‘&peaifie %peads.»Fortunataly B
there exists z sufficient supply of test da 2 on thévcaviw
tation limits of such runners, so that, te some- extent, the
problzam can be solved empirically, An outstanalng example

for such a selution is offered by the well known chart for

the "Upper limits of specific speeds for doubla;su¢tion;‘!

g ngle stage centrifugal pumps", adapﬁed by most pump»mand;
facturers, On the other hand we find that in the field of
exceedingly high speed runners, namely for those of the
propeller type., whers test data ars mot so plerntyful as yets
the theoretical solution of the problem doses not seem teo
offer appreciable diffieulties, The latest attaek on this
problem has been made in a recent paper by Spannhake (re-
fersnce < ), The present investigations, although carried

out independently, naturally had to follow similsr linesy

as those by Spannﬁ&ke; they differ, however , from the latter

in the following peints:
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1) Spannhake considers but one- very special»Vane

profile, for which the minimum preswure always cecurs zﬁ
the center of the vane, and ,‘censequentlyw the,value of
the basic pressurs had to be determined Tor thxa nolrt only,

Dud e e symmmtry of the pressure. distribution.the r»aaltsﬁéin

by Spannhske shew but little difference betwesn{yumps aud
-t&rblﬁea rezs rdiﬁg the eavwiatlgn limit In accar& ce with
»ﬁhe general tendency ef‘th@ yreseﬂt psyer—wa shall canuider
~ the 1ﬁfluence af the basia yrﬁasura in a more geﬂeral mannera.,
so ﬁhat~ﬁhe«resu1ts.may'be applie& te vane prgfiles of ar- ;w;f°
bitrary shapes, Lher%by alse & marked dﬁffe;enue between .-
' fhe»eavitation‘prepertieﬁ.inﬁquﬂ:ané;tu¥bin¢§m??ll;bacome
apparent, - | .”;1m;;@mww:4m,ru
2}-We have earried our computations $e~fa§ ;ha§.far_a
particularfexaﬁplaﬁihe_cavitationﬂlimitﬁ 5§#1ijg;shpgn_in'
their familiar relation to the speeifie speed,. _Spémhéka g
car&fully'avéidslsuch'a4sp&cia1 rspr@seﬂtationfigﬂarder not
to ereate the impression that'thare migh§Lba>b@i,ggggﬁafinite~
~relation between the specific speed and the cavitation 1limit,
while; actuslly,this welation musi depend on special choieﬁs
for the design of the runner, Although the selentifie justi-
fication of omstiing therefore such a final representation
cannot be doudbted, we believe that the value of these theo-
ratical iﬁvestigafions Wiii haxdly 5§_appreciatea;‘unless |
the results - though not quite gensral -~ ars repre-

santed in a practical, useful form, Such a definite evaluation
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seems the more permissible; as changas of the deslgninp fesn

tures within ‘Teasonnable limits Will not change the rosultz

very radizcally, 1 s o oA s
- 3} Spannhake expresses the speecific speed primarlly

by flow - charaeterist1cs, while we have used fa*m charac—;af

 “ter1stias ef the runner, The rebrfsentatlon ny flJW'charaeos._ﬂ 3

teviatlcﬁ ia sciep@ifiealjy mara co*rec » tha'rep”esentam
_,tlon by fbrm charaetaristiea, on. the othe* ha nd, eorres»qn, £+
ponds. ta the practieal preoedure of asaigning to one par-ﬁ»é
tieulaxr type of geemetrieally s;mllar runners but one .
specific speed, vhile aetually the sceclﬁie apeed will, af
- course, vagygagrtha Qperating Painﬁﬁ;s,shigte& along the
characteristie eurve, Cur sgaaifiaAapaeaﬂfﬁrmuia;fﬁﬁergfpre,..
must beIunéersteodpaa‘applying to the operating ppint fé?
which the ruﬂner'haa been desigaed,

4y In.order to aveld vnmplications we have. dlaregar;
ded friciion lousses, Yhls soems divtlllru in ép,f;r as for
iﬁstancs ihe rcsxnaanc@, which z plﬁfile would show in the
windiunnel will bardly apply to the vane of th§¢runn¢r;_>l-
where the end effects (wall friction) will play a deciding
part, In this_snnnection_it-is impertant to keep in minde
that the profile drag of the vanes in m£§4cases tends rather
to increase than to decresse the desired effect of the vanes;
while the friction on all stationary walls will always de- -
crease this effect, The influence of friection, therefore,
partly cancels out, which tends to make all calgulatiqns ‘

regarding friction in high speed rumners the more unceriain,
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5) Spannhake has carrisd out very valuable invéatiga-.,
tions on the influence of certaln changea in the flow: -wf
conditions, consldaring especially a rotation of’the fiuid
on the auation slde of the runner In order not ta dist&éct
‘attention frem,ﬁha main~object of our investigations, we
vlhave c@naidereﬁ the ﬁlm@lest flew eenditions on1y> esyeeial’y‘::

purely axial and constant fluid velocity at the suction side

of the rumner,

| Befgre yresenting the main‘part mf our investlgationﬁ
it w1ll be necessary’ta define what we mean by the “cavita-*
tion 1im1t" Theoretical inveatigatlans, naturally, can _
detec#bnly the very begxnning of aavitatian, whenvgt_thg .f_
point of absolutely lowest pressurevthe_vapor.o;'gas:preggura ,
of the liguid has»just~beenfrea¢h§&°.Cansideriﬁg:a,typ;ga; 
caviﬁatianeiest disgram of a serew pump, We may say that we
consider as “cévitation 1imit® always the point where ths
charactsristic curve starts to deviats from its normal
course; rot ﬁha»paint-af complete eavitation, where the
charaecteristie curve suddenly drops te zero, Itvis éuite»
possible that the cavitation limit, which we compute, will
lie 8till in frént of the point where the eharacteristic

curvs 3howa first indisations of a drop below its normal

course, which would mean.that loeally reatricted cavitatien
phenomensa do not appreeisbly influence the behaviour of

the maehine,
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In aecordance. with the: ususal preceéare of the theory
for runners of the propellsr type we assuma that the flaw
throudh.the ‘runuer proceeds a2long cylindrieal, eoaxlal sur-

Taces {fl : 1, Jas )} and‘W? censidar the flow eonditiorﬁ in

one of thesa stream sur?aces Fnrthermore we assum that the

- ¢hange - in angular mcmenﬁun i$ esnetant for dlfferent d;stannﬁa

from +he axis of ﬁhe runnar

As mentieﬁeé before'wa mﬁst‘in#estigate‘ééhﬁiiionéyaf
the point of qbﬁelutely’iawe°t pressvre ln the runner, and
this paint will be near to, hut not exaetly identieal with
the point of lowsst pressure on the vene or acrofoil if '
investigatedAin g_straight,ﬂpargllexguand i?fiﬁi??:?;ow;
the exactjlpsaiipn_gf‘thé yaint_gf]lqwest pressure in the -
runner wil}_bef@hhnged byxtha@ﬁﬁyiatiog_afgtheiggéig?ggzggﬁ%a*
from iis couastant value ta vhe quu;agyxbeu LiG%, Ve & hall
datermlne this chanra in the Xocatlon.ef tha point of lowest
pressures, sasuming, hawﬂver; that at the new IQW'pressure
peint ths pressure érop—belgw the %asic-@ressure is the:
same as the maximum pressure drop below the constant basie
pressure for the vane in the straighi, parallel flow, Desig-
nating this extireme pressure drop as "

@qaxtr'#,,sa:that 3

Peextr. T Ppasic ~ Pninimum M

we find with reference to the usual pressure distribution

diagram ( see fig's. 2 to &4 ) 3
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Ve are particularly interested in the ratio'béiﬁééﬁ~this~¥-
extreme 9ressure drop and the average pressuﬁe difference'

Aen the vaaes, far—wh;ch we. may‘write ;_M-~;“;'

}%mektr 1¥Tmii

It is. elear that low-values. 01 k¢'are deairzbzegw1th

res}?wt t@ the &anger of mvimtmn ';f-,on-wtha .dza'grfé

flg._ﬁ? We present k values for a numbev of HACA aero~ >:»
 ioils f ra:erence f;) taken from thearetical pressure .
_dxefrzeu»zan curves, The deoited extpna*ens 1ndlcate k
values which umey actually be\exgecued_;n_aﬂregion»wﬁere__

the theoxetieal curves shaW very great peaks for the under-

§oso

pre%xurey‘éhgi‘h‘ﬂﬁaiasﬁ pertedining te ihe lalilers bwelag
indisated by thin, solid lines, The isolated point markeds
B J 4506.8 giVes the k" value for the Benzasoukousky prafile'-
for which the prinecidl farm>¢harac»er13tics ané the theorew‘
tical pressure distridbution are given on fig, 3 » the angle
of atiack belng egual to zsrs, This position'appfoximately
yields what - in the languege of the hydraulie sngineer. --
is called tha.éonditibn of "shockless approach®, and therefors
is favorable for obiaining low values for k . It is easy to
antieipate that this condition is particunlarly important when-

aver the danger of cavitation becomes the deciding faetor,
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We have still to determine the position ofithé;boint**-f’
of the absolute pressure minimum, This means thaﬁ_ﬁgihaveuk
to find a pqint, where the eurve of the gumpaf_thgﬁdiffgren; ;
tial aerofoil pressure (curve a on fig's,2 togé)ﬂéng}thé
basic pressure (curve b) , i.e. the curve e onviigfs.vz_ﬁé %f'
‘has a horizoﬁ%almtangent.vThis poiﬁ%,:however; hés §f;Q§ﬁ?§é>:v ”
the_aamsApasiﬁion {a1ong thewae;qfail) as a poin;;;yhéx§ the
slope“qf'the_diffexgxtial_aerofqillpre$surg,¢arvé (a) haéi.::.'“
the negative value of the slope of the curve (b) of the basic
‘pressure, The latter, howsver, is, sccording to equation 6,

if written in the form s ool oioin Do
Ft A =

equal to_the tota1'differenee in pressure on the aerufoilvil
times the ratio ofnqverlapping £3)a if the eherd of_the_ag;g;
foil or vang_{t) is put egual te unity, The paint,satisfyipgﬂ
the previﬁus;requirem&nt, itherefore, can weadily be determined
by a process of iteration, starting from the point where the
normal A - curve has its minimum; generally the first step
of thés process, which has been indieageﬁ in fig's, 2 to 4,
is suffiecient, |

We ars now ready to formmlate the condition for the com;
mencement of cavitation as follows :

Deﬁoting By' Pe thét underprsssure {pressures below atmos-
pherie) at which cavitation will just begin, we ean say that

the relation 3



By

gives ug the limit regarding the_pressure.canditidns%in

the runner, at which eavitation will start,

Ascording tu,equatipnj(6),,the;basic pressuxeaismgiveg@, ;"

. %v f & ), d §

where the.peint X shauld be that of‘the absoluta praésﬁrst}
,ﬁmlnlmum as ég;ermined befor&, accordzng te fig s 2 to 4 '
_ On the suetion slde of the runner the pre”sure absve atmes;f 
pheric yvessure iavgw -,A-'“‘:; .‘f“ - Mq‘ ‘ e
Tﬁfps F W . hﬁ&y? j%ﬂg,_;
ha being the static head on the suction side of the runnerxr
(measured im feet), and - Vg the absolute veloeity of the
fluid at'tﬁs same place, Am mentiened;hefore3weishallannggh
that, f@r_au? further ea&cml&tionﬁ’i”v§ ;'“y;xigl-’li°c;'th3t
the filuid has neo rolation on the suction side of the runner,
S¢ far we have neglected the difference in elevation
from the suction side of the rumner to the point of lowest
pressure (see chapter I1), Whenever the dimensions of the
runner warranit it , this difference in elevation ean easily
be taken inte account by measuring b not_té'the suction
side of the runner but %o the point, where the absolute

pressure minimum is expected, i,e, we put 3
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hy ='d£f’erenca in elevatieﬁuﬁetween thé!

“level en *he suctlon side and the polnt'ef absolutaly

:.§j€10)*

ree watez

 1lcwest pressure in the runmer, o 3 d
'h is pesltive is-gositive, if’the'the free su. tlaﬁ leval

liea é&&ig the gaint af lawest PraaSure 1n ﬁhe runnew'““'”f"

~neglected as lang @& as thefaxial‘dxmensiona afvthetrunner

are not k] very~eonsid&rable pertlon of the tofal head )

Xf one wishes to censidar frimtlaﬁ lassas ia the ‘

- suction line, there value {in feat} Shaulﬁ b& added to h
in the casg ef “turbines, and sub?rpcted Trom in the

case efy§g$§$$gﬁ o

-Patting 9335 w ky » we oblain from equatiénh(g} 3

wh, +n) = 2Ly - 513 Jaa ag
e ‘ B 2 i s -

BN > < 4

and sfter subatituting for p the value given by the

-2xtr,

equations (7a) and (8), we find :
h, +h = LLEBERL ¥ K= — 3 JAA &
2 xd 28 2z 9]_, 2g _8 J

ar |

.5 ' x '
_ v , '
hy +h, = -ég( ,,%_.3(;1__%} e ok - .{A.& gf;:) (11)
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Since =211 pressures in the “unner are, for otherwié; similar
conditiens, propertional to the total head H eonsumed or- :a;,*:
produced by the rummer, it iz advisable to xgprgggpﬁiﬁyeﬁ¢ﬁj:}_}"
values of kg + hy in 2 dimensionless form by &iﬁi&iﬁgwijﬁ”
in 3ection 1 of the appendizm we have &erh'eé for-the total

head e&:any cylindrieal seetion through an axial flow runner

the axpr@ss4@n 3

i ro, (12)

By'meana of thxs equation and a few simple tranﬁformationa,

given in sacuiﬁn 3 of the agpsadlx; we abualn }»fii“{;"°i

e g

i "M g'jAA ag v

hg +he = ¢ s in8n k. B - |
..,a_g_..sz,... (1-31,5%:.,,')g _:z ég.@___*_, 4 % s_%... ) »(13)

This equation is fundamental for our method of compuiing ?he

eavitation 1imit, It is imporitant to note thgt.the_xigﬁt -

side qf;this”gqugtiqn_i%_@ntiﬁély'éetermined'bylths form of
the mnnaf and by the di;eétion‘: af;Athé_--‘rel,ative;,_f;ﬁvid- _vélg; :
city en-tﬁé suetign.side*af“thsirunnér;iwhighwmayﬂbe;cangi;
dered as the *initial cegditisn“; v . L . |
Analysing equation (13) we find that the first facltor
comes from using on the left side,tha EQEEZ head H instead
of the change in statlic pressure, only, 1i.e, if we woul&
repiace H by the change in static pressure, this fizrst

fsector would become equal te one, In the second factor the .

first term comas from the pressure drop due to the sxial veloeity

{which is the larger the steeper the vanes sss, i.e. the larger/3),
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the second term from the presbure difference en_the?

vanes,_and the third term from tne pr»ssure iﬁgreasa beﬁween.:

tha suetion axde of the rumner and the peint 01 IOWest

preasure. The different origians ayp?ar sompwhat cbscured

'since,»heg“Varicus terns have bebn divided: by th"tatalfhead H

SThe Iaet term 1q sxmply'ths ratia betweeﬁ the: Shaded areai'

1n fig® s 2 %a & and the total area of the pressure diagrum¢ e
It is slear frﬁm squ ation {13) that one will zry ta make this:' 
”ratia as large as QQSaibIs,_which.means phyaieally that ane
 dill i:y ta:plaae the POin of lowast p*essure aa far as

possit wle inta. & feglan of high bagic pressure Slnce 59:,;?
standard aerefbils the pressure minimum. always lies nearer,,i 
to the l“aﬁlﬁg e&ga than to the tr&iling edg», the former

being in a3 turbine‘uhe high pressure Pnd, and in a pump tna
low preasu;e.eng_pfrthe;vanas we find that it is P&ﬂj ta g
wake t?;ff%étoﬁwrm éf'éguatiam (33} @on@eratzveIV\large farv

a turbxﬁe { abov .8} while Tor m pusp it will hardly be
posﬁible‘tdAiaéréaéé“itS”valué beyan&“abautv'?/sf};ané st
generally we~m&y*havéfta‘figurejwith.vaiuea_arounﬁ" ;/5,-'

{compare Tig. 2 with fig's, 3 and 4 )}, This fzel sppears

to be the mailn difference beiween pumps and turbines regore

ding cavitation, It is partly counterbalanced by the other

fact that for vertical shaft runners the leading edges for
turbine vanes lie at a higher elevation than for pumbs {for
the same position of the runner}, tut the former‘éffect will -

+R mosSt ceses be the dominating one., ( On the other hand



iiwhivh »oncern«the runner only),this_differenae will.nct appsar

'explicitlJ"

‘_ Equatian,(13@ ma-xar epplies to all aoaxiai; eyiindriaal

‘;streaa surfaces_thraubh the rarner, and, therefore, shculd

‘he‘avdluate"ifev\é nnmber~ef such surfacas te fi:d_thnt«surfacegﬁ:

g 3 _ L -
ior whzah the aamﬂmf af cuvitatiang ibeﬁ the valua @f hs g%_g

raaches a maxiﬁnm; It is 30551ble, however; to estimats 15

\

adVanca>where thls»maajmnm Will aaear by ualng equ?tian (5)

of chapter II in the follovzng fa@m = 3

f;j.;i_;:;a..'_.b;s f_ o = .m-:-a; 7 3’_-

For.axlal flow runnera Gi hlgh Spe?ifi& apaeds { if the velo«_h--
eity on thv surtlon alﬁe is puraly axial ) fhe changa in qtatza
pressure ( pp = ps) mestly vsnatitutes the greater part Qf
the tatal'head H auds'uherefcre, g ﬁearly"aen tant acros
the whele runner, Hence §

2’-‘-\3’&7 s § == constant

- 14)
-~ | . ﬂ,pa’w~ P~ 'caﬂitén# | | o f )

The region where } is a minimum; therefors; has in Tirst

approximation the greatesi pr333ure difference on the~vanes5.

a2nd under ostherwise constant conditions theraby the greatest

danger of cavitation,
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_?urthe*_censiderations reveal that the most impartaﬁt

_deviations from our firsi a@protlmmtlon namalyitba
change in (pP - Pg)s which becomes sm»ller tswardv the

senter of the runner, and the é angs 1n the di&tributian

uf the vane: nressure, which usually is lesa uniferm_ﬁawardsagxuf

~}ﬂhe center : se that " X ineraasa% jbayawgpyg__7
and, therefarag~ zrcel each cth r t@ aem@ axtent The f*rst.
A ap;roxtmawlegs,ﬁhprefore, can be ccnsiéered aa suffiainn

ram tha foilaw1nv ferm&la ;or~the aneclfic speed 3& fﬁ,, :

‘féhall.See Ln:tfforga given.vélue fcr - the-yrodact cL«&ifQLT

B?
mu§t 1nareganﬁ0“arda the hub\@f the'runner, va always can

satisly thiéucendiuion far;a.glven'gpecifxgtspeegﬁby1inareaay

ving j tawyrds the center of ,defrunnerg'saftﬁsﬁ;ihei;;au;
avéraga wane. pressure difference and thereby the danger af :
cavitation becomes greateat at.%he»auter neriphery-af*the-

yunner, It is, therefore, sufficient to imvestlgate the

-

cavit ation Limit for the oculsy ; riphery ,_ﬁnl bacause

e
e

is al,ays ppSsih1e“fﬁ@”dﬁﬁigﬂjﬁheHrest“pf'tbefrunﬁathor'au”
given specifie speed safer with respeet to ecavitation than.

-

the outer %ips of the vanes.

As our nexi and last problem in the chapter on eavi- ,
tatior we shall compute the cavitation limits for s certain
series of axial flew pump rummers ss 2 function of their
specifle sveeds,

For the outer periphery of the impellexr the specifie

speed of axisl flow pumps can be exprsssed by the equation 3
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where C = 8160 if mg, is defined by the relation :.

. - .

EQ&?ﬁlOH.(LJ} is @erxv»d in seetion & of the appfna;x It
.‘expressaﬁ the speciflc spee& eompleﬁely by foxm.uh&raenerzm;.
tics sf the imyeller,;xf ‘35 ; &, e. the dxre~t1on of the
inltlal f1aw in irann_at tha runnar, ia'vlvan.; Oﬁ tha gther

hend we rﬂmumbtr tuat Lh& &nqrao»erlstlc 139&:@ ;or aavitat;on*

-§ §5;1;§aqf H
‘ VR ey | _
”(see eqnatian 13} alsg was. gomple?elv dezarmlne& by the form -
of the runner and by ?3 « We th@refore ea,n x'c,pr —én ?_s_%;}},z
, BB -@Wﬁg@ of the ﬁi’:.‘??li;’?fff;?z%@#w. if .W?. maﬁ'*tr*e form of

the rUﬁﬁaﬁﬂQQQﬁfiﬂiﬁ@_ﬁuﬁﬁtiﬁnABf“.ﬁépy waiﬁh, o; saurs e, is
possible enly, if ene introdu defWﬂ%te a8 s p 10ns Dut o S

the way in which “the form &harmctarlstlcs af tae ruvner gall
ehapggnwith,thagﬁpac;fze=spe§§, heeause éxffereﬁt types of
runners may have the same specifle speed, o¥, 1ln other words, .
a2 %azeuh wainen tow, Srx- i £, ana Dy/Dg, if subetituted
into equation {15) may lead to ths same value for ngo,
The most influential facior is the prodmet oy, j », and
therefore WeAhave_introduced at first definite assumpiions

about jJx ey1s and Di/Dp ss funcitions of op.}. Thess assumed

relations are given by the diagram on fig, 6
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For our com*)u’ratlons we have nut [3 F s Which seems.
pex m1381b1a, since the diffe;enee between the two ngles,,_
.<wh1ch is equal to half the deflection of the fluld pius the

angla of amtuck, is always very s13ll at the auter periphery

of serew pumn impellers,

Wfth these aaaumptious wWe an now aempute p-as 2.

Ponetivmn of ("L.- 3} for different, onstant values of {3
and on the _diag_ram_; on fig, 7 we- have plotted tne inverse
functions, namely - er.3 as a i‘unct»i_on of _,V'ns*p_- for various ..
 values of the vane fwgleéﬂ;q Iy B & |
These last curves give us for every choica —f‘ar {? defi-
nite fam characteristies as a function oi‘ ng 17’ whlch ca,n
be substituted into the right side of equa,tiqn; £13) I.eading -
finally for every value of ﬁ.;,to.ﬁefinite values of M
as a function of the speeiflc speed, Since e does.;ﬁ_ot_ féa.ch
very high ifa.';;izés; jé:e» may assume théﬁ; the angle of att;a;:}:_
will ve zeéu, ‘Which leads teo pressure distri‘ou»tiong along the
vanes similar to that shown onm Tig, 3 § we, therefore; have

ches&n for the evaluation of esquation (15) k =1 and

hg + hg
' H
also have been plotted on the diagram on fig, '/ . This

f«ﬁA dg/cL o2 » The corresponding results for

disgram represents the cavitation limits for different types
of Propeller pumps as far as the steepness of the vanes ({335
is concerned; it is, however, not by any means genérally

valid, since other form characteristies remain restricted by

the cholee represented on fTig, & . For other assumptions
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about these form characteristics the curves. on flg,j75~-.'

would be~alternd, these alteraticna, howeveralW1ll nat beeome

'_very radzcal asrlong 238 the form characterlsticahare changeé};f

within reasonﬁable, prac%ical llmlts onl;, Ihe diagram,en .

"ﬂig.l725 therefore has sonme: general sipnlflcance also./

To abtain finally the vreatest nermissible head H aq e

V_a ﬁunctsen of the ﬁnacific spea& and the sucticn.head, th@h“:

_ecrrecponéq ts the ‘eTI known cavftatiOﬁ chart doptec fs“.fflf

_,double fuctxcn,pumns, it is necegsary to make a.flnal choice5fﬁf

“regdréing ahe vane angle @tl ang. ta determine the value of
he’ the 1&tter n‘hcm"d be dona experimentully, sinhe thnre  *
,ex1sts a,multituda of influences for the detual commencement-f.
of cavita*ion, vhich can hardly ﬁe cuvered.by'theoret&eal |
Vznvasﬁigatlons The figure chosen ?ar h also ahauld in-f
cluéelamcer a11 margin of safety to account fov devzatlonS’;~
from the ¥355€ desired shope of *%9 anes, r‘>’}no nn:vas og

fige 8 ‘have been drawn for “@' 1‘2.5a and h ;_?"féeﬁ

of Water For speclfic speeds no¥” exoeedins.ﬂbout 16000

Sig, 7 sho;fs ’anat the inﬁuence of”chan:rinb (3 'between _
10% and 20° is small, so that the diagram on iz, 8 shuuld
be valid for all vaneangles of this rage, if n,p'< 16 000.
The isolated point marks the condition of the propeller pump
developed by Bfleiderer { reference # Page 319 ), which
agrees well with the statements of his text,

The reason why our diagrams have not been extented to

lower values of ngp Wwill be given in the following chapter,
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CHARTER IV, SEPARATION IN .

HYDRAULIC RUNNZRS,

By the $erm “Separation® we mean the nhenomanon thet ~ 
the stream lines of a flow along a rigid body cease tD *
_‘fallow the surfaee of this bedy, forming between them and
the body a region of highly d1$tarhad,ywh1rling fluid motzenagx.
whieh do nct show any prexerred.dlrecticn (“turbulegt_waaa“) A
Senar&txon is ebserveu chlefly unﬁer the following threa
cunditions ?}lrf;;;  s | o s ..

] In a diffusor, if the angla vetween the szdas exceeds‘
certain limits ( see i'ig 5. 9a and 2b}, In this fam the: -
phenomenon has been considsrad axta&sxvely_byihydraulia-en;

- ginsers, H

2} In the case of the flow around a sharp corner 6:“
alang a wall mhichvis surved rather abruptly iﬁjcomparison
with the size of the ecrossection of the flow (like in a
short-radius 8lbow); especially if the flow is deflected
by a =large angle,

3) On the suetion side of an aerofoil or any vane, if
the angle of attack is increased byyond certaln limits. (sée
fig's,Waand |0k ), This form of the phemomenon, ia whieh
we are chieily interested here, has been the object of many
investigations in aeronautics,vwhere it is referred to as

the "stalling"® of ameroplans wings, With respect to hydraulie
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macbines the formation of a turbulent wake on the suction
side of the vanes has been observed in the hydrahllc 1aoora;
tory of Thoma in Munieh ( reference‘B IS and ts effect on
the behaviour of the runner has been considered in a chiefly
_qualitative mannex by Pfleiderer (reference [l . page 106)

'Humerioal er:te”ia for the commencement of_aegaratlon 4n

‘hydraulic runners: however, have not yet been deriveds To .

establish such criteria, therefore, will be the mein object -
~of this chapter, o _ ;‘ :  A .

. | Yo attempt will be made te reach this aoal by an exact,

mathematxcal procedure, since ‘not even for a 31ng1e aerof011

this phenonmenon ean be described complete1y by-thepretigal :

means, Insﬁééd of entering into rigorous theoreti¢a1 investi-

gations, we shall try to cover only the most fundamental

facts by means of simple and plausible appreximations,

The following ecnaiderati&n offers 1tself as first step:
Fer an indlvidual aercfoil im a straight and parallel flow -
the limit'tb-which'this aerofolil can be used without showing
separation phenomena ("stalling®) may be expressed by the
greatest 1ift coefficient (e ), which ean be reached before
separation ocecurs, { The phenomenon of sepsration or stal}ing
is experimentally indicated by-the fact that from a certain
value of the angle of attack snd the corresponding 1ift coef-
fiecient on the latter suddenly does nod increase any more -

in many eases it even decresses - as the angle of alttack
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is further increased.,) On the otber~hand it is posaible ta 7
V.defina for the vanes of a hydraulis mach*ne a "1if coeiflclenég
;in the ssme manner as for s 51ng1e aerofoil (the cnlj dif;l;
eulty being the suitsble definition fer an average relative

ﬁyelocity~a§mthegf1ui&,} o ~He eould then say: that‘separabion Sl

owill accur)~if“therlift“coefficlenﬁ & the.vane is incxeasedn "

to 2 value, foxr vhlch separation ﬁsuld oceur on g 51vgle BETO=

a fei1 of similar hydrodynamic features, In this manner the

Vlseparation,limlt has so. far been consldered w1th respeet t0
_runners of, thepropellew type as far>as they have been 09ﬂ~
puted by means of the gerofoll theory, ¥For runners of & me*e
general shape the computaiion of a;?l;ftAsqa@;iclgnt?gfo;}: v
_the vanes. . and the ‘dstermination of a carrespenéina.separa;1

tion llmzt apparantly has not. peen attempted as yet,

'The férgéiﬁg éﬁproiimgtion isfinacmpieiebf&fm£héffollowing
yeason § | | | |

We have no ribht tn assume that.a vane as part of a whole s
system of vanes (like a rumner) will “stall” (i e. eaperienﬂe‘
_separatien} at the same lift coefficxent, fer Which a "corresm*;
ponding" aingle aerofail (zee appendix,aection l) in a stralght,-
parallel flow will stall, This possible_influenge of the
arrangemsnt'of aerofoils as vanes'in 2 sjsfem, wﬁieh wés thév
main objeet of our pr971ous investigations about eavitafion;
will again be in the forground of our present 1nvest1gatigng.
on separation, In order teo attack this problem it wil;‘be-

necessary to consider the cause of separation , because only
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1wthan we will be in the positlon to decide, which changes 1n

‘ the general flow conditions'may hava an effect an the phenan

-‘mencm of sspara.tion. L

The fundamantal ides of the present explanation for i

‘M;separa*ion ﬁﬁ aa afolls follawsigw

: ?he_flu*d par*imleﬁ near to ohe surface of a igld bedy

:wiil e reteraed %y the frzatxan en the. surraee. If thesﬂ

_;paztielea cams 1nta a region ﬁhare the~pressure aleng ﬁhﬁ wall

1f1nereases iﬁ"the direction ef‘the flow, they will, due tn—their;
xnitially'lower veleeity ba retarded bj the presqura gradiaﬂt :
#much quleker than the faster‘moving partlcles 1n a greater 3
distance frcm ths Wall The 1ayer ei the fluld nearest to the

wall, thprefore, Will eventually by braught to rest and ev»n e

accelerated in the reverqed dir@ntian, it the preﬂsur& i :erease.

is suffici 93‘91&; long and steep, while the fluid in a greater — -

cdistance Trom the wall will stiil yelaln its orginal direcition -

‘ef métiaﬁ.lgeparatign étérts”at"a peiﬁti”wher@ thé”iéyers*haaf7f“

to the’ wall have &ame te £ @tqp or have reversed *haxr motiene:‘*°

~ The cause of this form of separatlon, t&erefera, 13 2 nres nre <o

inereasse along a fixed bouadary {like on’ the suetian sld° of

an serofoil after the point ef lowgstnpressure),
It is interesting to Qbsexvaﬁthat aec0r@ing to thislthe??y -
the reason for separation in a diffusor 1s exactly the same as
for separation on an aeroioil, On the other handlit gan profl
bably be said that the separvation phnomens in the zase of |

abrupt changes in the d reetion of the fleow cannot be explained
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,in this mannar3 and are Va*y~11kely due to a eerﬁainvinstabi-

lity af the fnrce distribution in a eurved flowTWT_is fgrm gf

_separatian is not very eompletely explained as yet, 80 that

Cit dees net saem poaaible ta egnsider it thh respect ts

purely qualin o

“hhydraulic runners theeretieally: exaebt 13% 
ﬁtatxvs manaar in s@ far; aa the tendaney'far'sepor@*iOB Pr0*4*

, bab1y increasea a8 %he emrvature Qf the absalute flow threuoh

_érunnewsy howaver, the curvaﬁurp ef the flsw (6ansidar1ng as
 uauaI the éevelapmsnb gf the eyllndrlcax stream surface as
h éhawn 1n gig’s 1, Ia, and lb) is not very mnch greater as
 fov a; 31ngle aerafell in a stralght flow, and we aéé therefore
\justlfied to sssume in this ease thﬁ& the phenamenan of sapan

ratlan ia ccntrelled by the praawnrw iner&ase along the Vanas,

_:Oﬂly,

“Separation in Runners of the Proveller Tynes: -

‘We shall demonstraite our ecmputniions aboul séparationﬁf
at first on'rumers of the propeller type, where these imves.
tigations can be earried thraugh\in.arstraightéfprwardgan@
simple manner,

Ve have sesn before thal the pressure rise on the suctien
side of an aerofolil ' is responsible for the “stalling® i.e, ae-
paration, This pressure rise is considered as equal to - p~extr
as defined by equation (7). {Theoretieally one would have to

2dd %o thizs amount the stagnation pressure, but the pressure
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rize from”th$ ¥basi¢ ﬁreasure“»{iaé} ﬁhe’PrESSﬁééiég.iﬁfiﬁiiyd
for @ single serofoil in a straight and paraiieliflbﬁ,}téchef_.‘
stagnation pressure is hardly ever realized st thg“trailing;f

_edge of the serefoil.)

o Aéeordiﬁgiﬁa'thg éggatibﬁ {7éj and (8} wé ha%é:h_;'f ,¥" "

- ‘p..,axtr. w@ A).@ex‘hf- _&— k cL , (16);

Fer the further eomputatzons we introdzee »he following ME_?¥'f

_ﬂfundamenbal assumntion

- The pressure risa, ‘which detwrminﬁs the dpnyer of" SPDEI?nTV

~%tion on a vane in 3 hydrsulic runner is equal- o the nressurevg

L,rise on the'”corresponding-aerafail”(see appenalx,-aectlen 1):-

in afstraight;bgarallel, and infinite flow PLUS the toial

~ehange of the‘baaie'presgurg in the rummer, the‘latﬁer-being-

‘positive in the ease of a pump,and negative in the scase of a
By ihis assumption we, therefore, eonsidér‘ﬁ@g&»pazt‘éf
the change in basie pressure, which aseurﬁ-befaréjthe,poink
of P_extr, on the vane is reached { i.e, beﬁwééﬁ;A and G on
fig's., 2 to 4 )} as also contributing towards or against
separation in the fillowing region of inereasing vane pressure,,
This seems justified, since we are considering all the time
the same “boundary layer® { sée references ( and 8 }» whose

futurs behaviour may well dbe expected to be influenced by the

pressure changes in its very first part,
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;{; _aa'ahgll ﬁenata thﬁ uotal yraﬁuu"a ris& vn tna ?@ as;*

'wnieh uant s-aay&ratlan, by g;psep, &nd aa‘gu%,"gﬁagﬁlaé i

: to Gd? ahava aaﬁugg&ion 3 ,”'*f” : ,3

“~ﬁhér5%¥“é“ﬁé'i i?& aibw Iias te~vumga, wﬂ&'thg.ﬁbgﬁzig@ =

-sigﬁ ﬁa tar%iﬁe

Bude titmbiﬁg fuﬂ' g; - gﬁ ; ha vwiua givnn by nquai‘&ﬁ {4}

5&nh £&3 ff;a1tr;5uhat frgm tha eauatian {7&) ?ré,{a), %m fj?:ff”

:ebta&n

L (18) ,

Siﬂce S sTe ass& }&&ya %be &an&er of 5 para tion om an

aér@fai; %y ﬁhe value of ﬁhJ lilu eawzfic¢ﬂuu, we shall intro-
'duce~aﬁﬁ6ef”iaie' ef 5F§Q Auisﬁ“ sQ» wh*ﬂh has tha game Tels~ -
& sy Ton ;
tinn 3 ﬁi?sag in = ayshem af‘&uﬁeﬁ ag ?L haa,tu p~axtr;'
£or an asrofoil in & 5trai&aﬁ_gnﬁ pmralwul_flaw.‘gy-ana&agy
with aquation {18} we thersfuors defins the eoeffisisnt of

saeparatiion by‘ﬁha relation 3

OPgpy = 2% - 112}
o 2 A .
e E i OPass
oy : Sy = . T, .._._.igﬁ {IQ&}
o <



38

.wheravk' is a neW’“k value teken from the dlagram,on fi 5
ecrrespondxng %a the value of °s in the place of GL ,”]'
Substituting into squatian (19a) for £3pseb tha valueﬁf,i”

f‘given by equation (18), we ebtain i

'HSinee the houadary layer thaary as yet does nct give us

_ sufxlcient information ahout the 1nf1uenee af'the shape ole_
;the-pressure curve on sepaxaticn te decide whxch value we -
.”sh011é ch@ose fer K'g we Qhall use for our further consiu

_uderation the uimplifying assumvtioa

BY o5 tanl (20a)
whiﬁh 1eadg to t“vequa?ion 3
Ceg = oo 1oy ()

where we should;k&éy'in minde thai we have to plck our
value forﬁk‘ﬁith'some reapect“to the value'which We~expesi‘
for eg o« » B s, 2gnren g gl ,
The upper 1imit of the coefficient of separation ey 1s
in 7irst spproximation the highest 1ift coefficient, which
can be reached in the windtunnsl forsimilar aerofoils (and
for the same Reynolds number), To obtain an exact eriterium
for the commencement of separation it would be necessary

to determine the values for o, and for Xk experimentally,
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,.chhave”saen.befcrs that,£§rgthersame.vélééiﬁj.con;¥L J
ditions the hend converied in thé??@nner_ia.ghiéfiff@a?eﬁmiaad ;
by the-prodﬁct e ¢ § (searequatibn {12} iﬁ'éhaptér III;fA -
and seetion 1 of the appendix). In. order—to judge tha limits

laf this Valus thh respe&t to separailon we rewrite equatxon

T E8Y) in tne farn z.

{22)

'iWItn/reap;cf tn turbines (negqtlve 31gn} this: equat;on O¥e
<7presses the fast that for 3 = Xk the value _aLsJ & and. .
:thereby:the head»mhlcn ean be < enverted in the ruﬁner without
separation, is unlimlte& FPhysieally this maang that under :
these candltlens the érop of the basie pr@ssure always can-
cels the usuaJ pres&ure-rlse an'th@ sustlan-slde 01 the vanms
to such an axtent,that HO meparwtlon ean taxa Ula@&;r@ﬂ rdleaa
how far gv msy “be imeresssd (see fig, 2 . '(Tln“the'case-
ik eeuation {22} 10& es iie physical meaning.} - _

With respec% to nuﬁ? yunners (positiwe sign) we find
that erej rnmaivs deflnit 1y bvounded if we inevease J- ,rbi;
trerily, i.e, we find that

In the disgram on fig;ll we have plb%te& the values of

i

Cg

¢1,°J
=
5 {22a)

b I

i
J

‘as a funetion of the ratio of overlapping Jj » showing that



Fig.




\an incraase 1n 3 >-i,e, an incraasa of ﬁhb 1wngth ef thn-

Avanes comparea thh their dlstanae, eontrlnutes luss and 1eua

}%osard% an increass of the highest pcsslole QL j aaﬂ J is o

A_1nereaaed, Whlcn ia ylauﬁxble, beuause aa We.lne;ease j,wa

L e

”inerease tha rzsa—;n basis preasur#, an& therefaré'musi d@~‘?w&€fj
crease ST, in Qrder ta keep the total pressare rise on. »ﬁe
ucti n sxde cf tha Yanes: w;thln Dﬂr‘i 51510 limlts  v _.
ﬁlThaseL?QQSidB ti ns dlsa-yield def;nite lower limlts ; 
ﬁfd?iyhefspééifigxsgaa@;o;.num@3~of the propeile& typo,ﬂ -
f”Corresypnding;fo_equauxon (lﬁ);prea@nteq_;n;oha er_ili;
we can axpress the specific specd also as a Tuaction of the'
form chameégristiea at the innermost eylindrical stream’
surface of the runner, This expression also has been derivasd

in section 4 of the appendix z

ST T

3

. - Dj e /
B I e o X {CO» ; v-—:{w»«-« 4
ad ‘ - 52” - '.9 4003@3) e

where we hava to lake the angles and ather ferm,éhaxacteristlcs
from a2 cylindrieal seatian with the innexy diameter Di' ~ € ‘hes
the szme value as befores,

The only difference between equation (24) and ths'cc?reg;
ponding eguation {15} for ths outer surface is the faet, that
the value Lo/Di ~ 1 has been 3ubatituted in place of 1 = Zg/b“

Since the new wvalue is always Yaxrger than the old one, we m&st.

in order to obtain the same value for the specific speed, make
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thea value~of»'eij 5enziderably larger at.theﬁiﬁside«than_
r.at the puter periphery. Thi i3 PﬂySicalay Ver‘ edSJ‘tﬂ
' compregend, considering that nea*_the hub We haxe ta eon-vf

vort<the same total head at a eonside?ably lower va“e velo~ f'

";eity or relative velocAtY {gae nEEg equatlan (12)}' Hen&b
we fing tbat gaparatlan on the—vzne& (atallinv} isamdféf*v wj%;’
i difflcult *a aveld at the inaide nhan at the autex peflpﬂ@rf"”~

.' ef an axial flew runm@r, and ﬁhat thu lawer limzt for oh“—-'~<~

- reay the hub

In accardanc@ with the ferm cha*acteristicm giveﬁ lﬁ“
the praficus chapter for the series ef rponellnr pumps,”.ﬂ
which we asn51de“ed, we eh00%& Tor the form eharscta*zstisa
of the inner. st eamn surfaeé the ¢mllow1ng vulues : ig 409
vifnw-'_f.--'f DA,

With 61*? = 1 ws obtain aacerdln” to 2qua zioﬁ (94) fqr

the gn @axfic spees i pﬁg 8000 Slncs alyj‘;ggljzequi;es,,

o

accoxding £6 the diagram'on fig;/i ‘alreaﬁy;aixgtia qf eve;f s
lapping ef about 1.255~whieh'is rgﬁh@r_large,fogjrgﬂnepsr

of the propellex iype, we_have,forrourhpreyieusly;ég:i?gﬁ-
cavitation sharts, gonsidered 'nép = 10 000 as“p:aetieal
lower 1imit for ths speeifie speed of zuch runners,

For %urﬁimes sueh o lower limit for the specifie speed
does nor seem Lo exist (from the point of view of sapg?gﬁions
and within the Iimits of our prasent approximatioas),sinceu-.
we have seen that for such runners er.j can be inereased

indefinitely without danger of separation,
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Separation in radial flew runrers,

With respeet to redial flow {and mixed :lcv) TuRNErs
we can onlv hope te mke rather crude es*lmatES'as to- wbetuer-

we should expect separation to toke place in a certain run-

iner or-mot, -

Regarding {resction-) turbi wes of the abﬁvnxtype 1t 15
well knewnxﬁh&?,tha:relati?eﬂmvtian;ofuthglWat?rgés*aiwaygl,
S0 highly aeealeréteﬁ,vile;_aecqm@éaie&wby;a g?pia"pressure
drops- that oewarzuxon ean alwa v3=b9_avo dv.ani we: shgll,
_therefore» strzet sur fallow1ng 1nvest1gatlcna te pumg
runners: only-'
Although for radial flow runsers we do-net»ha#é~sg9§32]
a simple reiation_between YUnNeY Yanes and;a ﬁegxrgspcn§§ng”x-
aerofoll as iﬁ_the ease of axial flow ruuners,Jwe_gre y§£7~
in the ppsitién to eompute for the vaunes of sg¢hjr§§ggrgv
a& "1ifi coeffieient® dafined,in_ﬁhexsame.manng?wgg:forug_
single aeroioil, Thersby wevebtain;a(pximitivé ides veygur-~

ding the danger of separation 3for the particular vene,

In ssction 5 of the appenﬁixﬁwe5ha?a.dérivéé:theA-
following formula for ths “lift.caaff'cient@ of bh& vones
of » radisl flow runnexr under the assumption thait the
vanes are curved as logarithmic spirsls (always a§sumipg

ne retation of the fluid at the suetion side of the runner),

o R : A R
8y, = -;- ;fzp cos ;@, (25)
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'A B
5 ‘A C
lmeaaure along the outer periphary of the imgeller.;: ‘

where J§ = as defined by fig, /2 , 4B and Ac being
:'(It is interesting to note that equation (25) is identlcal
jwith the eerresponding equatien for’axial flow runners,

Lfiexaept that J end the valeeities have to ba éefined in -

a different manner.}

, Fer the inveétigatiaﬁ«abaut the imfluence of the basic .. ..

_pressure'@n the danger of sepéfatiom it is of greaﬂestfimnarnf
,}tanee te nete, th&t that pa”t of . the increaaa in ﬁhe basiu~~
_pressure, -which is due te the eentrifugal ferces, dees nat
“centrioqte.£§W&rds,separation,_Thia fact was first pointed
out by ”von"K§rﬁénh an_greum@mafvthe“parfggt.eéﬁi&g}angé
betwee#,a“fielﬁAef_:entrifugai_fércaﬁ“and a3 gravitétionai
field, simee the pressure lncrease due te gravitaﬁign'(fgr
instanee,in avvertical pipe)} does not lead ta.sépa?atipa;

A Turthexy Investigatlon i?uaﬁi“%@ ¥y revesls the fact that
the preésurggincreasa due to cenirifugsl forees eannot
contribute ﬁowar&s"the retardationrafja'¢artainjpartiale

of fluid, which we conmsider, since it_is_bala#éed:by’ - and
numerieally ldentleal te. « the centrifugal force scting on
the same partiele, Having seen already that the pressure
ehanges due te gravitation (differences in elevation) do not
have any sffect on the possiblilitiy of separation either, ws
find that according to equation (2a) (chapter II} only tha
pressure changes due to the ahanges in relative vleoecity éf
the fluid, i,e, the diffuser effect of the channel between

the vanes has to be taken into ascount,
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For the pressure inczease alang the vanea whidh has<

faa influence—on the eommeneement of separaticn we, therefore,u;.

’jmay write #¥”

ﬁ?sg;; '?' ?““‘ = k e *?u& ;
‘Where v is again the “meﬁn effeative velecity” as defined
- in seetion l of the appendix; if wa extend thls dezinitian

gf.e the aanditlens of radial flow-runners

By analagy'w1tn our previeus prceedure We compute now

‘a "coefxicient ef saparatien" as defined by equation (19),

v;leading tc the following axprﬁsqlons _

'@ L APgen 1 -
8 3 v _
Vs + ¥
and if ve assume that ¢ v . SR 3

- @
@ -
n

Substituting for e the value given by equatlon (25) we
obtaim

, GOS@_' VHP " }_ 1l - vp/vs : | (98)
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 Thi8 formula, on aecouﬁt of the deriVatlon fcr qikylgppliea

 _0&17 to runnars with wanes curved as lagarithmic spxrala. ﬁ@
v shall, hawevar, use. equation (28) in eonaeation With radial
f_flew and mixeﬁ flaw impellera of quite g neral Iorm charaate; ,ﬂ’
';ristihas eenazdering expreosion {9a} simplj aa de;initian :

;far ths it caﬂfficient -5 ‘@ af Tunaer Vanes of arbitrary

,?shapea g Foﬁ g"we=mﬂy ehcesa in this case the averag@ inalim

Vv;natten ef the vane, 1 e thﬂ inc‘inntion cf 2 lcgarluhmzw .

:;spiral érawn throubh;tha twa en&a of the vane,5, j~f =
 (Hote that eqnbtlen (98) is eouallj v 11d for éx*al flow‘n
A_runnars 1ffw3 -iarinterpretsd corr sperdingly, an& TP in.
the flrst term is replaced by v .)
Sinﬁe;in;ﬁhe_@ajority'afhpractical cases we do not~kacw
the pressure ﬁiétributioxyaiang,tha V&nea,:whibﬁ_dgtermines~:
the value germisalble for ey, this value as well as k.
shoﬁl&hﬁé‘igéﬁd by>éky@£iméntal,oﬁséfﬁétiong The determinatlion -
of eg, ig_§g:§icuiar,‘wuuidjrgquirermethods»fqrqthgyobsaxf~~>p
vation of'separatian @n’the“vmnes’for-a gi%en‘méchiﬁé*of3ge;x
neral design, Suech- methods are not &Vaglaole as yel, although
promlsing a*temyts have Dbeen mada in +his direction,
Notwithstanding this present restriction, equation (28)
permits us to estimate for a glven case, Whethex'we cCan rea-
gonnable expeet seperation, beczuse we know that the 1ift
coefficient of a single aerofoil can hardly be expected teo

exceed 1,6 very wuch, while k will probably lie betweeh

1 and 2 . Due to the eomparatively long passages enclosed



_begwaen the vanes and the sharp curvature of tha f’ov b 1
fohe case af‘lswer speclfic speeds, esmax for’iMPellers M sttty

.A;must be expected to lia somewhat below the cor*esponain« ‘g"

fcr indiVLdual aerofoils‘_,>..zﬁ

;hﬁthe a are a few general: remarks to be mvde withhrasnect

1) Efgﬁe xamine atandard centrifugal pumps 3 bullt

'5lift eaefflcients reached Wibh the bast a&rofoils, B0 that--
;eaa must eenﬂlud@ ant,aepara;zoﬁ daes actually ta{e place

_an the vanesrof snch runnera._(?hls agree% with the abserw»

:ﬁvatioﬁs made'by Thoma, . ses. reieranamEB ), Separatlon on
i;pump runnars, tharefore; gees mot. saem.tn have su 5 a,»
:radiaeal effact .25 forx lﬁﬁ‘V$dual merulol*s (see normal lift.
,co@ffirlmpt curves,afor &nutarn@ 1n refewenae 5' ), which is
;mat surpvisin g'BiﬁéL iﬂ the saze cf senarat}on Trom the - -~
_suctlon side of = partlenlar .wwo;. ‘the ‘fellawi, ng vane will
prevent the wake from becoming very wide; and the flow will

. Qat be‘aﬁieiﬁa deviaﬁe“veryAradia¢é11y frpm_i§é i§%a1_diree+
tion, Howgvar;nang\weul@dex@eat_iﬁatﬁthe formaﬁign_of any
wakevon.thg wanes must cause pome energy lossesghspﬂﬁhafl
sapa:atian‘gheuldﬁba avuidaa where very ‘high gffieignsies
ara essential,

The most influential factor in equation {28) is the . ratio )

'3{ u
» vp? ©%Peclally since an increase in j (length of the —
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esn hgrdlyﬂﬁe;expegted to effeatiéély prevent;ééﬁérﬁtioq:
due to the_#erreaponding;inc?eas¢§in,wall_friéﬁiOﬁsggﬁencer
in order to keep e, below cortain limits, we must keep
Vﬁp/ below cor*esponding limits g;With refe*enéé-fo thé

nﬂscitv diavrzm on fig, 12 we maf Put p.: approximately

enual te U= Vhy>therebj obta*ning for the ratio$ Lp/gp

tba approxémqte exprmssion

it T ‘ /vﬁp T e B a2 e

The;ratio '/V‘ s however, is pzonart%onzl to the»uqusre
ef.the.unit;speeéA;tﬁax1a?tsx,b¢;?gUﬁef;ned,aa“'

4.PI__ ‘an e
Summing,pp,ibe'pyevious»staps w33therefore,arrivg;at the . -

eonclusion that in order to keep ® - below certain limits .

fi.e, t3 avold zeparation)y ¥has uniit svsad ny omust lile

v,

-

above m eorresponding lower limit, The unit speed, however,

cannot;be'inéraaaad very'far withpnt'incrgaaing:@@g.sgeci—V
fic spered, since otherwise the impelleihwsulﬁ assume &
hydranlieally unfavorshle shape, Ones therefore, obtains
the result that, as a2 genersl rule, also the specific speed
must be kept above a sertain lower limiit in order to prevent

saparation, This conclusion is the more probably, since am

i

nerease in speeifie speed usually is accompzanied. by a dsersaze
in frietion surfzee (wider crossections), which wust be
beneficlal for preventing separation, since we have seen that

this phenomenon is eaused primarily by friction on a rigia



walll*Due*towthe laek of genexrsl nformsticﬁ, howevery~
regardlng the values %o be useﬁ for e‘ and~ k it is at
preseat.impos >ible o give def*nite figures far the - lawest
_spebifia speed at yh;rh separation ean ba avmfded, Whiﬁh \
would dbe. the more &iffienlt since Arom,eauatiaﬁ {08)‘we only
eonld d@riw* an epproximate lower 1imit for th,e;,}t;?it_.sp;e?é{ :

v 86 that-aneff nid. hmv _Q”yake additional as suﬁptions»ébenaw_,:
,ytha remaining eharaatarlvties {unit can%city), Fram the -
‘prcaant stats mf info ﬂation ane merely ean.e txmata-ﬂhatx“
..thg_,l@we_ri ;;Zimi?;.fpa.i?rm.?Pec.if% .~p$ed» 2t Wl’uch °epamtmn
ezn be aveided, muy iie in the vieinity of .;._2501?, P t.;nl,ess o8
‘ome nses specisl means for preventing ﬁaparati?#»; ,ﬁe.rre,85-'~-
ponding to *high 1ift deviees" on. acroplans ..’2’15535; orpew
haps by subdividing the impaller into Iwo or more successive
paris, Hapeelally for large pumps guah“meama_arﬁngll;gith;p

the reocsh of practiesl methods of imﬂﬂTlﬂr 0@u€tf&?ﬁi0ﬂ§ and

thelr apriicsbility should be seriously f‘d, provided - -
it ean be - snswq That tﬂe enargy losges due-to separation on
vanes of sitandard rumers of low spaeific spseds are Yarge .
enough to warrant sush departures from the convantlamal des igna.
By this remark the writer wishes to suggest thal the energy
conditions in hizh head pump runners m=y have io bs considered
in a very diffarant manner from those of the flow about 22
a28¥0f9il, 36 that the above lawer limiis for unit and speaifie..

spesd merely indl eatep the limit to whish asrofeoll soncepiions

axe applleadble to hydraulies runners,
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-3 The faet that the pressur e ineresse, which is due-
;;ta the cent*ifngal ferae, dans ﬁat eontrlbuta towards sevaufi 
: rstlon is expresse& onee mors: bj equatlan (2?3) in .80 far

89 3 ra&ial flow ruaner H T which thé scecnd term on the rzght

; _31ae of’equation (273) would vanish or beeomew;egative (@OrreSm;¢
;;ponding to: canstant ox incre&sins relative velééity) atill 2
,Aareate atic head due to the crﬁtr;fug&l fexgas. Such a
1Eeonéitian, af course, is imne sibla fer purelj‘axiwl flew
 1runners. For the eorputation of:the runner, this means that
_for. raiial er mixeé flew runnprs SO undor'cerfain.canditbnﬁw'ﬂ
cun c& tmken a8 equal oY even larger uhan By which is imw %
hycasible far‘purelv axizl flow pump. rnnners, beeause hara tn&~J7*

 d~cre&se in relative veloeiiy. 1%.Beegssa y fox any increase

in atatiec head w1thmn»tha runnex,,ao ﬁhsh the-biades~of axla1rl

jrable_prassmye;eemu;timn$»thanVa;gingl-,a&rofoil in a straigbt
~and parallsl flow, which is mot nmeeessarily the cese fox |

radiz) or mixed flow runners, W -

_jThis diffgrsagg“betweanVraﬁialvané,axiaIerpw;pump_:nnnersjw
is orne of the most fundamenial reasons why radigl;f;gw;imgals- “

lars are tg_beﬂp:eferre&”fer(pumps;ei]low specifie speeds,




The Influens»'ai beparaticn on thn >caie”Efféétz,Q 1

;;uince the turbulerce of. tpe flen in hjdrwalxe:runnera

“can be- %ssume& to e very high,‘a?ehangvzinkthﬁvseala of

r{the flows or, rore exactliys a.dhan - in R.ypalds’3 “'

amot ba ¢xnevted to have'a great eff eet 2:3 the Kanavieurf
 of ‘the B e uurﬂina@ This faet ha¢ so for Lesw,var iﬁu
'In mest. case& vﬁere the saule effact zould be mbserVﬂ4 oxaff
_perﬁmentallyy and a1l modal te%thg of hyﬂraul s_runners 13

‘genernlly. bawed.on.tniﬁ assumpd icn,hd.j;f_f”imfh

Re%eno @XP%TlMCﬂ»m; honsver, earried Uut—&t *ha C Jlxorm
_nia;zmgtituta.af cnnology’(sap~“efmren&@$ 9. amﬁ ) have
VShown ’rha+ the Iinits for sepsration on aarcfoilq Bre aypre@_.
elably influenced by the wolus of Reync*ﬂa' m m@grj(ggﬁéhé;#'
tha(ﬁe@raa;q£ ﬁurbulence), his mcqﬁs~*h«t one mey o xpgaﬁjg,

greater seole effect thon ususl in sveh casesswﬁer%'thm~imnﬁl&~

‘ler blades of 2 particular pump, Tor inmstsnce, work elose 'to

=
g

B

s
3y

E :
s
o

o]

b

u

eparation, and our previous formulae moy be
30 estimate whether or not such an‘effectjﬁbguld_be7éxg

%
pestsd in a3 glven ease,
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CHAPTER V, SUMMARY AND RESULTS,

1} We defiaa the "basic presauxe“ of a flow aaeu a Vana  §§

or aarefeil aa that pressare, whieh wculé exiaiAWithout tha

ef;eet of the_yartieular vane or aeref&il whieh Wcjeensiaar“

2}‘ﬁo$t infsrmaticn about asrof&ils pertaiﬁs‘ta ecnéitignw

: with @anataat %asie pxessur@. ihe mﬁin obgemt uf‘thxa Ea@er isgf;f

the maéifzaatian af‘sudh resulis regardinv caﬁltaﬁien and

saparatien.nn aerafoila, BO that thﬂy'may ba svplieﬁ te hy- ;mi ;i:
éraulic runnﬁrs, Where the basic preasure 1s nat 6enstan$ _
| 3} In ehapte& IT we &eriva 8imp1a fervula& for ﬁhe baaieﬁ  
- pressure. in & runner, eon%i&ering th@ bgsia,pressure B3 equa1 ~,‘ 
~ to the statie pressure in the runney as aom§uteé aesording to—
the Eulerian theory for. hydrau&ia TUPNers (imfiniﬁe zmeer ofx .
vanes),;&gikh'”_éhw__ v | o t sk

ﬁi The ch”“ga in basic pres ssuve inflm&w#eé'ths 1aWsé§‘N‘
ﬁxeasur@'ws fourd on a single aarafoil regardiﬂg_lts value as
well as its;1eeatio3jsleng the vane, Both changes are detgxfws
mined in chepter III with respeet to axial flow yummers, and
the resultg.are'uéeﬁ,for somputing eavitaticnicharts;(fig?§?'7,
and 8 } for propeller pumps, Since in pump runners the point
of lowast pressure lies in a region of low basic préssu#p};an&~
in turbine runners in a regior of high basie pressure, tharé~-.u
exists an importent difference between the aavitatian-léﬁitw

- of these two types of runners,
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!

v 5) Sinee separation on aerefbils begins if tha pressure
,:risa along the suction side of the aerofoil axceeds certain"‘,
;1imits, we assume that separation on runner: Vanes.will commeﬁse,

_if the pressure rise, which a vane with the aame-lift eaefxi-4

}Esient as’ ﬁha Tunner vane would have in.a straluht and.yarallalv;
'flows “$HS-the rzse 1n haslc pressure excea&,tha same limlus,
{The 1ifd ﬁoe?ficleﬂu for runper vanes, the*efare,_had 1o be ;f-
_derlve& for runn»ru of arbitrary shane, also ¥ In,éhanter 1V

we prnsent~fonmu1ae for the sepa;atzon limits for'pump runﬁsra 2
: af‘tha pxopeller type and of general shape, The separationfff
limits praa ieallj determine lower liuits for the unit apwe*-q
- of pump. runners. gor'turbina mnners auah separatinn llmita
mostly dosmotsexisb, noUo oo oo SRl o g

6}‘Sin¢é_the‘beginning of saparation_is-con?ide:ablyz,gv

influenéeé by,Reyﬁclés"numbary_ng formmlas allcﬁ_tp=astig§te,.
in which cases such an 1nf1uenee-must,bégexpééﬁedgfqrghydréa; >

1ic yunners {secals effeet),
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;glv_List af Notations,?;

While the naAmerican btandmrd Symbels fbr Hydrauliesﬂ,w
iiwere used whereever peossible, the. aubject requlred ths vm'i :
.lintruéuetien of o numner of speeial notatxons. Dimeﬁsians

f;are given anly if esqential in tna.plaee where the partiaugg,[:

Qlar n@ta 1ona are use&

 ;lift eaeffislent { &ppsnﬁix, page III )

_5éiamater

autar diameter of an axial flow runner = .
‘,iaaar éiamater of an axial flow runnex (diam. ef hub)a»
: ferea (tetal pressu:&) st

graviutatxanai aeeeleratiaﬁ>~

] g; tw<isj'é?f‘b 53€ ” *

total head of a runner {faat)

"suction hea&?'as,dmfiaﬁﬁ_en page 25 (feet}

,aw

head drop below ntmosoheris pressurs, at 1:#%
_savitation will Just begin (feet]

-3 ~ “gatie of overlapping®: “(pags 13}
| prﬂssure drop on zn acrofbll below nrassure at 1nf1n*ty :

"k ' aversge pressure diliersnes between Lhe two sides of The
‘vane

‘N number af,ygnes_in a rummer - .

n number of. RﬁP]Mk_,.

n - ppeeifie spesd = Eg_ﬂjéﬁ?g
Bp B g

hI unit spée& = »D :
g Pressure ( 1b5/il‘!eh2)

& pressure differense om the vanesr
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‘periphersl velocity of the sumner ifeet/m; i S
habselﬂ te fluié veleexty (fae&/aea) ot =W
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rTate af flow ;aeté/see )

ra&iuﬁ

ghord or length of sn aerafoil or vane _

5 irelative fluid.velaalty (f8°§/58@) : SRR e
{without subsmeripi: "mean effective relative valceity“ e

T enEinek dp tiw spaweitic peak L. A0

g

2 >

£ «pvm M

:_&3nsity*€waxoht yer unit of velumﬁ}

_.»ce@rdimate in the Xmal éireation ef e axial flew rumna;

&lc?atieﬁ {f@et)

angla batwsen tha relative wﬁlaaify and the perlpneral
direstion {fig, A 1 of the pppendix) . e e
{without subseript it refexrs te the "mean affe@tive h
relative velosity" as defined in the appendlx, p,azé

aagla betweea the vane and the ner¥yh§ral divewtlan
(fig. 1 b )

B,

eirculation, definsd as e&@ in& integrs 1 of the wols
elly somponant ya:w*iwa in the dlr#atioa of the clos a&
path af xﬁtegr tiom (yagu I ef‘tha appen&ix), v

vane pressurs divide by the stagnation pressure of the
"meaxs effeetxv» re¢3t1Ve valeszty“- ‘

difference beiween the pressures ox the two siées of thm
vane divided by the mame stagnation pressure as beforsz,

angle of attack » -
soordinate along the vane or aerefoil divided Yy t
ng,' (spescifie mass)

aagulay veloeity



&

Subsaripts:};

" a refers to the axial direetion ef an a31al ffow runner
{except section VI of the appendix) _ e

I _,_refars to the Rhigh pressure side of uhe‘runner

_ refers to the low vressuze sxde of fhe runner i,
{exeept in the eonneetion as which denotes the ,
coefxicient nf swpay ation) : 2 Lo g

‘-:u, w_‘in&iaa%es periphardl @emponeﬁt.ef & VBIGCItJ

R few éfﬁéftﬁotétions»aié eiﬁlaiﬁed‘in thg teif;;“:




~ Papers, Reﬁérts; st @1 ;

1)
fuIngenieurar@hzva :vul, 5 1931, ‘page 359

3)
8)

5)

7)
,Aerepaut;ea1isalenaas -  vol,1l, No,l, January 1934

8}

9)

10)
11)
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List of Referensces,

Béza - »iagramme Zuyr Berpehnuﬁg TOR Fiuegelrsihen -

Praxdtl - Beiz :” Er?“bnlﬁae der Aerodjnnmlsahen.Versuahﬂw“ﬁi;;~
srstalt zu CGostlingem o I1I, Lisferung, 16 Uniersuehungen =

“neber Dru@kverteiluﬁg an gastaffeltan Fluegelgzttera - page 132

_E&saher Uﬁterouahung &er Sursenumg in einer- Zentrlfugaln>'ﬂ

pumpe, - in D, Thoma « Mitteilungen des hydraulischen

'Instituts der te@hﬂischen Hoshsshule ﬁhezehenp Heft 4, pagéﬁv ; 7,

Spannhaka *;' Prablems of Mbdera Pumn and Turbzﬂs D#signa g e
{HYD-~56-1) Traﬁaaetlonm of the A.5,ME, Agril 1934, vol 56, N@,é,

Jaeobs « Ward - Pimkarton ',' Rep@rt 469 of tha Natlenal
Advisory bommittee for Aer anauti@ o{Neh C,ﬁw)

Betz = Verallgemelneruﬁg der Jaufoquj Prufile 'l;

'Zeitschrift fuer ﬁcterluftsahiffahrﬁ (Z,F M,) 1924

voR Karman ; Turbuleuee ang Sxia Frlatlan .m Jou*anl of

NI SRR S o s , '
Tou KaXmas e . Th%@iw» des Relbungewlderstandes «

in 3 Hy&raul;schauﬁxgﬁlﬁms'dgs_Sehiffsaﬂtriaba_baj»Hamburg”lgszs-

C,B,Millikan and AL, Kleiu ~ The Effeet of Turbulenze =
Alrura t Engzaeerlmg - Aagust 1933,

Text Bosks and Hand Books g

Daugherty =~ Hydraulie Turbimes - 3% edition

Pfleidersr ~ Die Kreisslpumpen = zndeaitioa

Thers exists, of eourse, a large number of other valus le
referernee books; we have quoted, hewever, eﬁly»thosa whieh

wers used direetly in the present paper,




APPENDIX TO TEESIS

Section 1.  Some theoretisal facts about axialffiow’runneréo

The flow is assumed to proaeed in the runner along
~eylindrieal, eoaxizl «t*pam surfaces The ehange 1n angular'f
momentum; . or the "vane circulation" 18 ?squmed to have th
same value for every one of these stream surfaces The flow
is investivated in the developmprts of the lattar, and tne _5“
~resulting flow pictures are treated s two- dimensional, so‘
that the hydraulic problam is reduced to that of an initi%lly
parallel flow through a strsight, parallel, and infinitely
long 1sttics, Tﬁe relatiws motion is irrotationél, i §' the' 
”Bernoulli constant" or total energy of the flow hés the
saIme Value for every point im the fleld {no% me*#ly along
“the same Btream ;ine). We are therefore aonsidering primarif.
1ly.the rélafive motions of the fluid, | |
The;blades of the iattiée are csomputed like asrofolls
expossd to the "mean effective velocity" ’v_, defined by
the velocity diagrams on fig®s, Al and A2, These dlagrsms
show relative velocities only.
If the fluid has no absolute rotation on the suction

side of the runner :

up us
With raference tp the sontour A BC D on fig, A1 we find

V. = |w - Vﬁg! (for pumps)and turbinss) (Al)

for the eireulation around one vane the expression:

(22)

Fe=@rd o &r(y-y,) o 2r

A8co W o



II

Fig. A 2

Fig's A4 1 and A 2 show conditions nertesining to
bump runnars, The corresponding pictures for turbine
runners are obtained by revarsing the directions of

all velocities, znd by interchsnging leading and trailing

on the wanes,



The circulation about zn aerofoil, in oeneral, has the
following relation to the "lift copfficient" e, ; -

f” %OV-}

:

. or 22 RO

(the 1ift coefficient ey 1is defined by the following  :” , s

relation 3 ' ,& .
Lift = CL & ? | e wiAds .

thﬁ "lire” being the force action vetween thc flu‘d and tke ” ?

 vane pcrpendicﬁlmr to the (relative) velocity v ;)_

From eduations.‘{AQ) and {A3) we obtain

- 2rr W 2 Yp cosp! o ad)

(sbout the definition of j see chabter 11}

The head converted in the runner (neglecting iosses ana 233U~
ming ggain that the fluid has no absolute rotztion on %ﬁe
snction side) is ex?r&&a@d by the following nomentum eéuation:m

i, J/up

He (45)

Substituting for Vﬁp the value expressed implicitly by

equation (A4) l1l=ads to the following relation:

_ Uy ' .
H= 33 ”:,;‘!‘ - (As)

In order to exprsss the "mean effective velocity" (v) and
its direction /3 as, a function of the initial flow conditions
glven by vy and /3 we derive from fig, A2 and squations

(A1) and (A4) the relation :

V —- — C‘J |4 C‘”és
}fs - §§P Co.sﬁ’g

V= = 4#4&&6



Using the approximation s sos B, = cos j}3Y, we obtasin:

For turbines one may prefer to express v as~a.funotioﬁ off‘2;

v By the same approximation as before we find:f 

pQ
| Vp
R Al

For thexdirectioﬁ of the,wmaan‘effeoiive velocii&d.%e_fiﬁar
i{n the same manner: | , S
X R I L
.;n Eswq/3 :fr_5uzﬁ& ; (7, ??4)
g g ‘ - va » "gj:
'Qy_éhn/%a (7 4,,)

Sobfér we hafe'considered tﬁc whole,vané in the syétem
as beiné exposed to » constant snd straight fiow with the .
velocity . v and the direction‘/@ o Actual;y thé ralative.
_velscfty_&%anges_ateédi]y alpng'ihe vsnaﬂvWe shall és§umﬁ o
that fcrball our computations this changé is takeh intobacv
eount by the method developed by Betz ( refarence /- )5.whiah

is based on the following ides: .

Ve start from am aerofoil which in 2 straight and parallel

-£low would have tﬁe desired 1ift coefficient, preasure dis-
tribufion, et 8, This =2erofoil is then deformed in sugh 3
manner that under the changing relstive flow conditions in
the system it will have the same distribution of the totel
forces (not éf the specific pressures) as the original szero-
foil in » straight and parallel flow, In our text we réfer

to the latter as the "corresponding a2=rofoil®,



A1l our data about the wvanes of axial flow runner3} like

the chord (t), the direction of the chord {B), the ratieﬂb

of overlapping (1) The vane pressurse (AP,AA A), Sad the

“1ift coefficient (“L) pertain to the "correayonding aarofoil"

which would have the desired hydraulic uronerties if exyosad

to a flow with constant velocitx» ¥ __and eonatant direationj?;

they do HOT pertain to tha aetusl vane shapa - i the styam'7""

after the Beta deformation has baan applied It is the “corraa»

ponding aerofoil", not the final vane 3naps, for which wa ;.
selagect standard profiles acaording to their known properfiee
Just this possibilitv, namely to carry out all consideratioas
as if the "mean effective relative ?elociuy“vWerv conatant ovsr:
the whole length of the vanes} and to apply thavn¢6e38afy f‘
corrections afterwards when designing the actuai vane, thia
appears to be the greatest prastisal and theoretical advan-
éage of the Betz eorrection method,,lt'miy be mentioged that
the Betz correctione beeomes neglizible for small values of J
(2bout 4 )5 while they are quite important for largs j valusa
( 1 or more) especislly if A' is small, | ' P
The contradiction, that we consider the change of the
"basic pressufe" along the vanes, while considering thes
relative velocity (basic velocity) as constant in the same
fange, vaniszhes, 1f the Betz gsorrsction 1s applied afterwards,
Both, the velocity and the pressure eorrestions spdsar 4 havs

zpproximately the same order of importansze
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Sastion 2, Comparizon of given premssure formulae with

sxperimexntal rssulis,

The results of equation (4) im chapter II have been 905;4
parsd with the experimantal results given in raference 21
pages 132 to 138, The 1nvestigated system corresponds to a
turbine runner (accelermted ralative motion) The givcn A,;' 
preszure diagrama ars drawn with the stagnation pressure.of..
the imitisl flow (v } mot- the "msan effective Tlow" (v) as
unit, which gemplicates the aomgarisone ‘Another diffi@ulzy
lies in the fact that the experiment had, of ccursc,.t@ be
| garried out with ggg shape far the profileA plicédbinfo dif- 
ferent positlons, while our formulae assums that the Tanas
ars sorrected by the Bdtz mathod (sasatiom 1), whish Ter 5‘ 
fixed "correaponding rerdfoil" ashape would call fér differeﬁt
actusl vane shapes in different positions ia the éystemo In o
der to minimize this effect we have eonsidered only those
results whieh wereg etislrad with the ?ﬁsspeﬁi venes [ in th
referenss s 4 = 20%, o= 4°2°}¢‘The comparisons gave the

following results 3

Teat serles ghange in basic pressure
("Vversushsraihs")
theoretical from the exparime
@L » j

I 024 .19

11 : 034 26

ITI s 044 030

1v 056 0-.)7

v 71 060

VI 076 76

Considering the uncertainty of thes somparison in itselfs

(the disgrams are so small that values taken from them oanx
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hardly be better than t 52 to 10% accurata, He direct raa-;f;f'ﬁ

dings for the leading or tralling edges being gIVen) %he- A

results are sufficiently consistent to Justify tha use of

the given formulae for practieal designing work and aimilar :;
_eomputationa If the influence of the neighbouring vanes’\'dl
would be taken into account more accurately, the resultz ﬁay
well be expested to approach, as J increaaea, grsater geﬁqeu

" racy in a more comsistent manner,

Section 3, Some tranasformationas for the savitatlion formula (13};

From equations (11) and (13) in chapter III we obtain'r

at first v
2 . x
hs vh, . v cosB' [ ¥a e 1 LB a"/
el g {;;a + K =y [or
| [ AA ayi} i 3
o ! e WL“ ﬁ( - L o

Agcording te flg, Al ia section 1 ws derive the relation

= sim/ﬁ 3

From the same diagram we find that

4!534

cos/‘)
..Zeﬁ..
_ v"'zcas
because Tug & u 1f the fluid has ne abselute rotation omn

the sugtion side of the runnserx,

et

nence @ I
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By squation (A4) in section % 3
« 2
4 2 casf’
whence 3 ' , ] : o
cosf + Ll . Y - R ¢ b [

putting cosp vmsﬁ

(Note that eLej 2lways has a low ‘value at the outer periuv,~
phery of the runnzr, to which the following equ;tlon gane~f
rally applies, ) : = '

Substituting the sbove va1uea ints equation (Alo) we obtain-

havhe oy Gf ) sin 3 - AL Af‘a’i/) (m)f

H 450528 C.L CA o

Q. 8, d,

Section 4, Speeific Speed of an axial flow runner expressed

by form characterisiics only,

REPM sz.u B
ap . _(A14)

(| ?/Q[ff/._’g] Vgp!ﬂ-, 70 axé/Z
HY% Y5 H*

Definition s o

; 2 .
where QR = &g--gf.(l'ﬂ)b = %-I’(%z—/)ﬂ,'z

4 7

and a (RPM) = ==-&

Substituting thess expressions as well as expression (As) for H

(s

nto the apeeiflc apeed formula, we ebtain (usirg the first

ana of the tws expresaions for Q ) :



| d rY
YT (2gF 202 - Y (- Z) 7120 - oS
U% y% ‘{f&j}i‘y"'
Sinaa (wo-“?-’) =U , we have to invaytigmta the fam -:
_ .r”“ la 4 |
?cé Y “ V' - sint L4)%
e gl T Yy vH Vit (
From equation (Al1l) sectiom 3 we put 3 -

U ’ CL
7 = ca,s,3+4%6

&"i@
~
3
B
¢

ngy =

using again the aimplifiaation coa/ﬁ = 005/35 1a-oré§£:to*ix

obtain an exprasaien aontaining form eharacteriatics only, fi?*

After these traﬁsformatiaﬂs we finally obtain : ’

3
Rp= C 5,?: J)cfﬁ Vi-2) (‘“63*” ) (m)[

whers : ( = 1?—5(29) w212 = 8160

Uming instead of the first ths mecomd of the abeve expresai@né'”

for @Q

<

wea finds

Afsinfs . mﬁ“";é?' T %
gy = C Y7 }//jf} ~~f gwsﬁ +frs‘mﬁ) (AlG)

| [C/w/ |
Equation (Al5) applie=z to the outar, and equation (ALG)
the inmsrmost stresm surfase of axial flow pump rumners, For
turbine zunnars ths sane formulse wil} hald with the exesp~

tion that the sonstant C will have 3 different valus,

Sectlon V@, Derization of a formula for the 1ift epeffisient

for the van=23 »f a radial flow runney gurved as logarithmie

spirals,
We 23hall net atiempt to glva s rigorous derivation,

Inztzad of suen a prosedura we shall justify the applisatiom
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of a formula, which primarily was derived for a straight,

parallel system { equation (A4),section 1 ), to a radial flow

system by means of the following simple, physical conside-

rations ¢

I} we sompare the radial flow system, with tre wanes asi

wcll as the relstive flow lines considared

a8 logs“ithmie

spirals with a system of etraiéht and yara]l 1 vanes (cozreaw

~ ponding to fig.ﬁ 1), we find s

1) That equal divisions on the pafall@l vanes corfésooﬁd 

to divisions along the spirals which ars prqporoional (1n lnngﬁ

to thelr distance from the center of tle systi “m, provid‘rv

radial lines in the radial flow syaten gorrsspond te parallel

lines normal to the general dirﬂctian of the straight sy stem,

2) The relative (pasig) velociiy, which is ecnstant in

th2 astraight, parallal system, is inversely proportional te

the distance from the center of the radial
&

Hence: The produets of the length of

wWe ¢compare, W t their respsctive relative

equal in the two systems, As the divisions

~

wards the center of the radial flow systen

velasity incrmsases aorrespondingly,

f1ow éystem,

the diwisioné, whieh
velocities are
become smallsr to-

the Beic relative

Asauming that the differences in the sectual relative vzlo-

eity on the two sides of the vanes (vortieity on the wanes)

is the same at corresponding points of tha

two syt=ms, wa find

ihat the force distribution 1s 2lso the same in the tweo systems

beeause 1t cean be proven thet the enargy eguation 3
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I

V
Yorse P af - “2

= prat- B, (py-y)

( v, and v being the relative velocities at the two SiaesA6f 

the vanes, and At one of the Aivisions of the vane) helds

-

for the relative motion in the rddi?l flow Sys+em also Heﬁeﬁt‘

5 = v = basic rela.tive #,s‘eioait'jf’t

cand vedt 23 well as v = V‘o being the " at 001’1‘03pondiz; .:_’ﬁ

y_po‘nts af the two systems, the above suatemant eboub Lhe farﬁa

'jdisfrioutior follows, _ Sl _ ‘
With the force distribution (and the vortie;tv)mloné th@':”
#mnes being th=2 same in the two systems, we also may sall T
the "lifﬁ Comifieient™ ths same for ilhe two Systtmay Whi;h X
leads %*o the spplieation of esgusition (A4),se@£ion 1 ta radial
flaw syatgms, q., e, d, The new definition for J follaws. N
from the atove ssnditlon regarding the relation beiween "ssrres-
psnding® divisions along tue vanes in the tws systems, 1f
starting the aonsideration frdm the outslde pf ths radisl fléw
runneri this is alssg the reason why v in equation (A4) has

to H2 replaged by Vp oo






