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..The ~ql?-~wing, j.nvest$gatioqs.,qy~ coppyqt@~.Wit~ ex-
pediments. ori..fan’s.qarr$ed;out’b~,.:ti?~qut~~r.,>n “the .
G~%t$ng6n’ A%ra~ytiakic..,&a%Orat?rY ~ith$n,:hg-fx~mewo~k’of’

‘,tlienew G8ttingenwind-the preliminary ~&*~qr!men* 8fO: ,, ,,
tunnel p~?j&@t.~~,r ‘,. ,:.. .:. ., , ..’.- , ,

.... . ,.
Afan”’rotoT:’Wa.S.de*el”bied w~~ch,h~d ~e+y~iih 6$0

.ficiency at the’ desi~n pb$nt ’’coriebjon$in”g”tp .mode:ate ;
pressure .ri~e and’which, in additiOn, ,eouldoperate. at a
proportionately highpressure, rise, TO estab~!sh the de-
..termining operating factors the,author carried out ex+
tensive. theoretical investigatiop$ in, Hannover8 I’n this
it was necessary, to de.p?:~tf~om the usual as’sum~tion “of
vanishing radial velocities. !i’hecale,u~ati.ons were. su”o-
stantially lightened by the introi!uction’ Of diagrams.
The, first,part.of the.report ,descr$bes. the theoretical
investigations; tkiesectind, th?, experiments carr!~d out
at Gtlttingen,. . , ., - . . ...
.:
,.,

,,.,. SUYIM,AR~. .,‘ -. . ,.
,.,. ,. . ,,. . .,,, ,., , .,,.

,.
!,

,l%”is”,~u9tornary., ‘in the.the’or~tical. ”~??eatment of”
axi~i iu”rbines, to’’set till r’aditil”veloc”ity”’componen%; “’

,,,

equal t.o zero?..’l$is ~ound, ~hat, this as,sunption makes it
impossible.to, e’$tinal’$’tie.beh,ayi,or”’ofthe fan’ over its
enti’re O.p”erat“i‘rig,~“a,~g+~?!fn iarti~ul:r,~ po; suffic’i’”e~t’ ‘
.exp.lana.tio’n..canbe g,}ve.ri,o,n:“this ass”um,pt+on~for’,”thk :
fact” .that ‘f’an.rbto,rs,wi’t~”’outwardly i,$;c,,reasing”tilade “““
chord rn.ai’nt.a,in”eqnsiderabl,y greater .tb,ro’tt+.i?kt~?n” r~-:””:
.tors.wlt.h”o.u.twak”dlydeo?eksi,nk.’%Iaae “&h”ord. “%oi, the ~orn’
“lution” of” the. p.roblem’,jw,q”toutl”$nei,-,forrn,u’las.for.the ,’

,.,. apl cula.ti,on.,of 8$a$$;o,&&y~.+tns.r.o$.a~”%,?.gcas ca.+j$,a?.e ,$e.~
iived; whigh, are,basei J o’n”a consider,ation--b’f sm’all”~a’dial
velocit,ie’5’0”‘Th,~rn$thoa @’f”c’al:culat,j.on ‘differs ?~r.omthe’ ~., . .... ,,.,,

,.
‘?l~lJn”t@r”~U~fi&g~i~“be~ti””’”&in76t’u~f4i@~’~xta~lg.e~.l”~’se,,f’”

‘4

,:~ft~ah.rt- ,,’
fo,rs.a’hurig:?.-v’ol”;~~Lqa .nQ~’.’7”’”d?~~ 2?7 1937-,’pp. ~25-”346 and ,)

...
no, 9., fi$e~t..20, l’.g?7:~,~’l~p.,W8W4?3P, ,“,;; ,; /,. .:. .,. .. -,,’
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hitherto customary one primarily ‘in that, alter the calcu-
lation of the individual cascade section characteristics,
a throughflow d.is.t.ributioncalculation must he .u.n.dertaken,
which correlate’s’ d’efinite operating cond3”tio”ns of the in- ‘
dividual cascade sections, (See secsp II and III.) The
usual cascade corrections are to be applied in the calcu-
lation of the section characteristics.

In the present report the 13etz method Which, in the
calculation of cascade’ cor.rectionk, takes ’account only Of
the. ci’rculationof< the neighboring profiles is extended
by the introduction” of a thickness correction. ($ee sec.
v, 2.) In the determination of the cascade sec’tion char-
acteristics, diagrams,pre introduced which substantially
lighten the task of.calculationq (See sec. XV. ) These
diagrams give, in addition, a good survey of the existing
pessib.$lities and permit quick estimates *O be made, as’
il-lustrated by a series of examples. (See sec. VI, 1 and
2, ) The throughflow distribution calculation requires’ the
solution of a differential eq~ation; which iS reduced %0 a

simple iterationprpcess, on the &or’responding difference
equation, (See see, VII, ,3..)

The thr.oughflow eonaition allows, for instance, the:
design of a rotor to change a nonuniform to a uniform ‘
energy distribution, (See sec. Iy, 3+) Likewise, a sim-
yle method can be given for the determination of the blade
chord distribution which guarantees constant energy over
the whole throughflow cross’ section, not only for the de-
sign operating point but over a wider throttling range.
Lastly, the throughflow condition permits p reliable es-
timate of the stability of the rotor flow td,’bemad~+

!!he.co&parisQn of the theoretical ca+ctilat-ions for
three rotors with the. experiments (sec.” VII) show that
the torque on the !rotor shaft ean be calculated with
great”est certainty.. The efficiency can also he predicted
with sufficient ac’cuiacy, if the experimentally determined
clearance losses (sec. VI.11) are included,q Greater un-
certainties arise tn the calculation of the efficiency ‘of
the total %low”er installation inoluding exit guide vanes
,and hub diffuser+ In t,his connection the main difficulty
may be,ascribed t,o”the. rather,,”little-known action of the
hub d.i.ff.u”ser.,But fo’iguide vanes” tbe.re $s’ an’ add.itiona”~

lQS o, secqn,dary flows (see, V),. which. cannot, yet b@
inc ith sufficient accuracy, , The secondary flowe
of ndary layers at tbe o+$e$”dp ‘sectIons in rotor’s
are clally nonexi’steht$ %u’t do’ exist’ at the hub a’rid

‘%,.
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. in- a manner -equivalent in action to a b,oundar,y,~.l,ay.er.sue+
tier+. These facts exp~ain why the [Amax .:of-the hub ‘-

sections may be safely exceeded? Separation of:the enti’re
rotior fl,ow sets in only when [A a,t.t,~.~op}re,,~.,sections

max .,
Is exceeded?

,,,.,..’.,..,.;, .:,.... ...,.,....

OF this %as$s, rotors With outwardly increasing
blade~hords:are sUi~”a~’le’f~~”h~.gh’~o~d~ngs’’,:::&sp’~@t&lly
as the throughflQw distribution calculation shows. that
the axi,al ~h~.oughflow. y,e~pq$,ty.in the nei,g~~,or,h:@od:dfthe
Quter wall” iS cons’idettibly-larg”er than’ thea’jr+rhge -
throughflow velQcity, I’or small flows m.o,r,ef,avo~able
working conditions for the outer blade parts are autom-
atically producedq

t“’’”’”.!’ ‘.?’’.’,”,.’.”.
In conclusion experimental investigations On” four

rotors with adjustable blades and a~s~ exper$rnentalin-
vestigations on the +nfluenqe of tip .glear’a’nc~on-,~ffi-’
ciency and the r,axirnumattai.nahle throttling are givenr

I’~ *“S”t:~ bb””~~ted’’thkt the method of,’~a~ctilation de-
rived fon %lowers may be applied directly to akial pumps?
The application ~f..the meth~,d.tq the calqulatiQn., ??, a~ia;
turbineg”’shoul’d offe~’ no” difficqlty~ .,’”

NOTATION
,, .,

.
,!, ,,

Coordinates: .. .3 ,.
,.,

x coordinate of axial d,irectiOnj yesit$ve in th,r.ough- ..
flow (free-stneam) direction

.’

,..’ ,. .,, ,.,,,,,....
r dist’ince”’’f;om~l’ower a’~~”$ :“” ‘“ ‘. L,,. ::,:

.. . . . . . . .
7,: .: ,. ,.

e
..,.,,.,. >.,.,,.,,,.

~ngl’”e‘~’’~t”we~’n‘~adi~~’“~’e~t’~~“’:=’““and ~ ~’~~o’+lan~ ;. “’

passing through blower axis .- ;:,,. -, , ,:.,. .,,.

R=~. .’,..”” !,”’ :,..,.. .....
‘a

.,
.-, .., “,. ,., :.. , .
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Blade chara’d””terustics:” , ~~ ~ .

z

2’

d

D

t =

A=

,, :.

numb.er of blade S ‘, ,, ,,,

profile chord ~~
. . ..

maximum profile “thickness”
.,, ,,

,.

mean ~’”rofil$sthickness referred to. profile chord
...... . ., ...:,,.

~. ...,
qascatie spacing at, cylind”~ic”~l~s,e~tio~ r =

%’”’.
constaht ‘.. .

,, .,

2Z

z
section solidity

..

,,
.,. ,,.

,’ ,.

~ profile .angle,,measured between profile, chgrd and’,.”....,
x-’direct,ion”

,. ,1 .. .:.. ..-

81 “- 90 +“8,”-‘ang”l’e‘oetween p’refile chor~ and” plane normal,.
to axis

al angle of attack .,

Absolute velocities:

cm

Cu”

c’ U1

c’U2

Cr

‘m

‘u

u.)

axial velocity .

tangential +elocitY ‘,- “ . .,.“

tangential velocity. directly,~,e,fore cascade

tangential velocity directly behind cascade

radial velocity “

axial disturbance velocity ‘~ P’rodu&ed ‘by

1

finite blade

tangential disturbance veloc$ty thickness

angular velocity of rotor

cm

w== thrmzghflow coefficient
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Cma .-_,Cm

r~w

x’Cu

ra2w

r(ctua - C’ul)

ra%

-R ......’p...p.. ,.,..
. ,.. .,..’

,.
.,, ..> ,, ’”’

,.,.

; : :. >.,“’.‘.’;::,

p.~,,.. :} .. .. . ,.:,,.,

.,... .~,- .-....,,. .: :...

,.. .L. L >/, , ,., , . .

ltelative velocities:
.,..

,;.,,,., .,,.

.Wm
= cm

#,,, . ., .:
‘r e Cr .“.”,’. :.

,.

..
w= ‘“2 ‘.”- ‘ ‘:

‘In 2 + WV2 ‘+- w
$’

,-., .,.” ‘,.

,,,. :.’,:..:.!-- .,... -;. ,:, “.
., .,. ,,

... :,
,,

. . . .

Wu 2 - Wul 4WU
,~~~ =

~a”z” .“,. ,:”. ,,
=

rw
—’A+
rw ()‘T

. ., ., . . .. .,, ,,.,r ,,.$,,. .,

The subscripts “1’ “’an~ “2“’denote ‘c’roai sect”ion8” #&
before arid far behind the cashade, respectively? T “,

$ressures: . .. ,..,, .. .
.,..... ,,, .“,, ......

P static pressure
,...‘.,.

‘t32
Apg

‘%= ,, ... ..

E.(rdw)2 E(raw)a
:.

-.-,~
2 2

,,.,,........

1111II II ■m 11 111111 1 111111
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ii section lift” :,, .,.
.....’... . ... ....,

t~ section drag !,r,:.;

T tangential force

s axial force

.

kA=& lift coefficient

2 .

,..:!

,.:.

... -.

l~e lift coefficient of isolated p$ofiJ1’ii :. .‘,,..:.. ,,, ,,. ,,.

.& lift coefficient of profi~e in cascade

.$.,

. . .

gw ~i’ drag coefficient
..:

~wz~
2

,.
.:,.;:

(1
SW

E — profile glide angle - ~~. := (A
,:

. .,.. .,

LT=L .: .,, ,. .... ,tangential force coefficient.. p:i32 “,:: r
—w
2’,” “’” ““’’’’” ‘“” “< ““” “;

.,,.,

.,..

.’..

.!,’

,.

.,,

...

.; !,,,

i.’

/.,.

,.
r-Q---

... ..
s=

axial force coefficient

Cwal .-...,, ~ ‘,,,.’,,
2

bc~e,.. ‘Ug *’k au,.,
k= cascade effect coefficient defined ”by’ —=au

~f[T
.,.

K=—
Cos $

,., -..”’
. ., ..>..

., ,’.,”. .,...
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. . M..-c,i$.,i$qrqu:p..;o,~.:F O,t~,~..,sh~f’-t*., .,:~~........... ., ....:,,.=....
...,-,,. ..,’. .: ,,,’ ,,“ ,.... ,....

~ ,,:effi.cien,@y,,. .... “, , ,: ,,,. ... ..“.. .,. .
,..:”.,,... .. .,.

...
,. ’.!:., ..’.... ... ... . ,. ‘,;,,.

:Auxi Z$ary:qua.qt,*ti.es $;6,.,<:<,...,:.:...~ ,., ,.,:::: , ;..+,,, ..
.4’.,,-’,,

,’.:.;-:.... . .::,-. . . . .... . ,,, . . ..
@ .“’‘angle betye~n, ”~e~~t~ve””stre,ah,’’d.$re$tion and :rnerid}an’,(

.p,Jjan@., ::.; ... “:,,;,+.,,:.,,,,,.,:.,’:, .,,,..~, (,..:..
,,., .. :.:,.:.,..,.’.,,
,,’1.,..’.,’..~.. ,.. :..,,...-..,.,.:.,., ,,.7,

r. cirq<lati,c)n :a%.ong[:a,:’~’irel~W:c:bn$takt..,, ,“.“..’.,: ‘
.,.,,., ,.,.,‘.:.,,.,..,: ., .,,:,..

,,..,:.,,,:,...,,.,.’,,..’,., +. .,...,: .,
Foa ‘.’.’”.”.:””’.“.”;”.” ‘? ~~;“”. .. “::”;, ,,” ‘<; :::

‘o = — throttling coefficient
F. ...

.,,.’... .’, . ,
,,

,:,.
.! ... ..’,

..: ,..,. i, ~:,

The pub ,sor$,p,t o indicates, qu~ntities .caleulate$
for ,ze,r.oblade -t-h.ickn,e$s~, ,,,, ,. ..... :, ,,~, ;a“>a~ deno+es” ”’’q~u”amtit’iesaver-
aged, ,,by’,i.ntegr,a...tio,n,. ,,,:::~, ,,,, ‘“’, .,., !

,:.,,.
.,’ ,, .. ... .,, .,., .,. ,... ,,,,, ..
,, ,, .. ;..,,

,,...:.:.-. .,. ... ...,., . . . . .. I. ItiTRo$UCTI~N’” : ““’‘ ‘ ‘“ “’“ “ “:’,,.,.:..“’. ,... ...... ....’,..:;,,.,.,:.. ,:,- . . . .,,,.,..
,’;.:”’”, ......,, ,., , . ,“....,.’:,.-,,‘,... ‘,,,,.

,...,,
,:,,“.J..t.i!:,U5U al ,

,.. :‘., .
,+’nthe, t“h~~,oret‘ic,al“t~“e’atm’e’nt-‘o,f&xi al ~ “’

blower+ , tO set the’ radial ‘velocity “co’mpo”tie”nts”equal ‘t:o~~“
zero. ‘W” this”a’ssum.ptio-n-the f1Qw i.s sutw,tant ially tw.o
dimens:ionat in,.ch:a~a:cter s. ;41.1.cyl+n~r$ca$ ,,~urf,acpsco-........ .
ax:ial .w+:th:...r.o?ior.o;rs,t:a,t.,o,.raxi,s.are .s~,,r.ea,m,surfac.e.s, and ..
,kft,e”rd,e,..el-opmen’t:‘“of“-the.“cy$$fi,dri,Ca,l’sutifaqe.s,t””h’e,,“f1ow ““
can be -treated in k~c?wn lma”n’neras plan’e cascade ,,f~~w.”

,.

~ne signl.f+ca’nt result. is t,hat the a.~ial’‘y”e~-eclt.~“dis}tri-
buti~n hefqre and lehind ‘the cascad+ must “be the $’atieby
continuity.
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However , the assumption of van$shiri~<’.radia>::?hlhcity:”’”
component is not. fulfilled in general. A. simple qoEsideha-
tion will illustrate this’ assertion: ~i~ualize.a:.ya~ in~””

stallation consisting of e rotor knd a set of exit gpide
vanes, with the .qxial entrance velo~tty’’as ’being &onstan%il
The,.s~rneth$~g t“s,~o apply to the energy of the entering
fluid. Theqxi% &id.e’van’&s~ar4+ sb”de”si~n~”d’t~at::the flu$d
leaves in a purely axial direction, The rotor::lrn~arts
energy to the, fluid? If this energy change is constant
over the whole crti$’s”’sec’tiq’n’~’’th’en: the: f’luid enet’gy~per -
unit volume - that i$, the total head Y is Constan:$ not
only %efore but also behind-the exit, guide vanes~ ,“

.. .. .‘“, ” .,. ” “’,””,”.,“..!J:....
,....

. .. ,.,, (1)

, :,’

The statiq pressure p must likewise he constant ii
every plane normal to the axis far befo’re or %ei$$.ndthe
fan, since any pressure drop w$thin such. a plane would
cause radial or tangential’ accelerations’ of the flow con-
trary to the assumption of pure axial f~ow velocity di-
rection in *he regions tar before or behind ‘the fan ~in-
stallatlonq It follows from equation (1) that ’the akial’
velooity en in the extt cross section is constant and

by continuity must equal the axial entrance” velocity for ,
fixed cross section. ~ In this particular’ ca_se, than,; the
condition mentioned at the start is ful-ftlled,” at least
in its total effect.

It ‘i,:~.if~e~en’t’,i~h~ptie ene~,gy ’,,$rnp.artedto. the
fluid by the rotor is not constant over, the wh,02e ‘cross ~ ‘
sectiong If the assumptions for the tintr’a”nceflow are
retained, the energy pea unit volume, (namelyt’the total
pressure in therexit cr~ss s~~t$on)isno longer cbnstants
Again assuming that the fluid leaves:the exi,t’guide vanes
in purely .axial directioti, the static pressure must, as
befo.ret Oe, c.onst.aqt in every c,to.sssection. behind ~,he fan;
and it ,follaws::..f.rom.equa.t,$o,:.(”.1).,..$hat.,Gm at “exit can ,nO,

longer Iititio’nst:an’ib‘-Rad~al‘vel’ocit:yo.ornp.@nentsmist ;: :
. ,. .. 1. : .: ,,: .,.. :,. . . . ,.,. ,,..

. ,,. .. :.. ,’.”.-

‘Th”is st:a’te,rnent‘@~e~fers‘t’oifi,~“:y~ldtif’~y“di:s~r”i~~u,,t\;On~n “~~e “
throughfl,ow cr’qs6””s,ectiiQn,”’as“we~$ ‘as,,tothe” time Var$a”ti:on
of tlie flQw $$en8Qaen”ab “,Iq ~he.:fo,llow$ng’-~~ly ?,t’e?”dy’ ‘.
operat.,lng c“on~$”’$i<~ns,w’il’~be t:ti.e~ted.. ,. ,’

., ., .’..,, ,.,., ,.,... \

.:,
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,. ,..tIJeXe:fore,..a.ri.s,ein,,,thef18X,.&assin~,,t<hr,:ugh,the fan , and
these ,caqse,,’.achange “in ‘the ,axial vel”oci,ty d’ist,-rib’d+t.ionqa.

..
,,. , ,..
If ,tlie..totil :preis<re’ and ~xia~ “veloc$ty ‘of the en.- ““

trance flow ‘“arec6nstant8 the blower’ rotor, ‘in genera$, .,
is designed so that the energy Input for the chosen 6pe;-
ating conditi~n is likewise constant over the whole rotor
cross sectionti. Under.~he3eci .rcumstances the a-uestion of
whet~er and when ~ non~miform “energy yie”~d of “the rotor
arises is pertinent. To .answer .this,question it is nec-
essary %0 exam;ne” the ‘nature’””ofenergy inter~hange more
alosely: To this,en@ consider a %lade element of radial
width ,.ar at, distance,. T fT9m the, rotor axis? ~$..the
resultarit ”forced?n t:he h“~ade element ,Iias,”a,component T
in the” plane normal tQ the axt”s:,(fig~ 1), t~l$~work ‘rry,..
is dqne on the element, where w is its angui(ar velocity
about “the rotor ,axis. For sirnp$ic,ity it.is &ssumed that
all the work done on the %lade elemen,t “is given VP to the
fluid ,without” 10SS. Then ‘en~rgy of’.the amou@t.’ Tr@ i~
given up to the fluid, and”’fo+ ti~nstant ayial tieloclt~
the requirement of constant energy addition is eauiv~lent”
to the c~nditian T = const%nt/r, The rpsulting force on
theblad.e”element for a given section, “arigul.aivelocity
and axial tihroughf~ow veloc$.ty IS a function of the sec-
tion ang~e of attack, which is to %e chosen in accordance
with the assumption made previously for the ~~erating
point of.thq design calcula~$Qn, so that the eondit.ion
given. for the fQrce component ,T is fulfillud, If the
fan operates at a pressure rise other than that used lg.
the design’ the ratio.of axial to rotational veloq$ty,
and hence the’ angle”6f attack.$ is d~fferent f,pr each a%?-
foil’ elOmq~t. ?he condition., ~’= conSt~nt/r is,. in j
general, no ‘longer, fulfilled.,, It may be,infe?red” that,,
without, s~eci~~ .p~e~aUt$Qnar”y m&a6qres.t ~onstant energy
addition ocdu’is ‘“Qnly”for a particular operating -condition~
Jf Qther”operaiing”” &ond$tlon& are to be considered;the :
limitiqga ssurnpt%an ofconstant igput.’energy must be. re-.
linq~$shed., .,., .. :. :, ,,, ~~~ .,

,.,.,
2~t 1’s”,suff”ici~n~:in”t~e precedin&’consideration’e to”es-
tablish.$.hey~~afig<e,,~~ea~$,a+,:ye$ti~it~,.~istyibut$qn ‘sad. the

,.

existence of, the vadia”l velocit’iei”n~~~%~k?lly””ass’ociated
the%’ewit’h”’only”’’~oi”the r’egi?n”o”f”the blades. It will be
shown Za”ter, ho”weveri that the kadialvel~,~ities” assume” “
their greatest vaIuethei-6 “and only ~ecre&s& toward zero
with -increasing distance fapm the blade region.

...,,.. ... .,....,.
,, .,..,:,: ,’.,, .,.,.. ..



energy i:sno l,orng,e.rfuJfilled, ,when t,he angle of at ~,ack of
ttie‘.blowei“blade: ‘~s ~~~$~,than tihat~~fie~-ff~?d“$~it~,~ .
~eti~gn~”: ‘ “:,, : “~ ,, .;,,2 ,, ,~..,.. ,8,:::.,,,‘““: ~t.,’.’.’Y-
,r....... r...: ,’.,,- ..,,.. ‘...,,. .:. .- ...!.:. ,...: .’

,..,.:>.-, ., .........,,,. ..... ..’’-’. “..,!,.. ., .-. .
~:$:..!,,:.$“:ll/”;’T~X:’SYS~EIV~:’O?TR~~~~NG “VORTIGZS’ -:”’’-:”“f”-”;”:z..:..’,,, ....,,:.,,.... . ..:----,:;+.-”,..$.’,,.,+.. r.,,...’.”..... ..:+...- ..-:.....
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‘A”:~yltridrical ‘~~s~e’~ of””eoord$riat6s5s chosei ~~e ~~,.
x-axis’ of which’’cQ$”nci-d”es>ti~tli’the fan .axis~”<”’~$s’jOsi-’”
t,$v~,d~$ection is’ t,he““’flov~’’d~re$t”,$o$~ Tfiedi,$tiance ‘Qf a’:,
pointL “from the x-~xis “i::,as,,,usual”,denbted’’’by’ r. Th~-, “
a~.gl~,,~ denotes the ttngtila?,~otationi,of the’ra~ius” ,,:
+e”dtor ,,f$oma zero Ci<,r’e{tiorib‘-The’direction ,of’fiotatiod,,’
is”in:i,he s,enk~,’of.”a“right”-$an~ .$tifew Pela?ion’$<othe’” ‘<. . .,...-.’,,
x-axis,;’”

. ..,.:
.,. .. .... ..... ..,,,:’-’, :...:, .....,,’..,,.,

According’to th6’HelhHoI% z5tio5texth&oi%ms , the’bkade~-~ ~
root and tip are each the origin of a free (tra$ling)’ ‘;~’
vortex. of.st.rength.....~s ...I?.c:r:..,,.v.ari,.ab.le,c.ir..cul.ationalong ....

dr/dr, per,the blade,,spqn.,,?.,v?r,~e~.?~:le~t?f. str?ngth
ug+~ leng~b’in t~~ blad~:,tia”ili’ng edge directio~ ‘com~s ‘
‘t?aiZ:ing o?f;the blade in’’+dditiQ~’tQ”t~e”~ortices f’i’-:.:... .,.- .!, ,.. .4,,
and ~a. :~he. d’irecti.on.-of,,a~%el.ement Of: t~ail$ng”’.v.or~$i~
co,in,ci.des-:y+ththat Of:$h@ v.e~oci?y ~F&at$Y,@’~o:@.CoY.:.::-
o;r-d,iaat+sy~tem figed t~:the~qascade. ..,.:,T ~.: . .1:..,: ,,

....... ...... . .,. >:.. ... ,.~w., ~..’, ,,. ,.,’:,... :.,:,, .’,.,,

TQ siiplify matters,’ two assum~t$Qps are mi~i~’ ~he”
radial velocities which may arise are small with respect



“’$1

.-, to-.-tihe -~h.r.ou.gh,f.l-ow,..v@l,O@i.t.~.~a%........0,tha&;&i.n::the,~q.alculation
of the.induced, ve:l,ocitf,es of the :trailing vort,jc.e,’sj.”it,,
suffi?es to con.q:ider:.the trailing, y.or.t.~cesas ..d.+st.ribute@
on a ,r.ight.cyl,i.naer cqax$ql with, t.hq,blawer ax~sj, ~xc,~pt
for ,e,xt.rem.~.c,asesr,tl.lis ,condition $!s.ful,fil~ed very we~l,’
fOr fans,whe~e $~ehousjng,a qd;hub.-a~e ‘qylinders e~$end~.
ing ,far.upstrearn.an@, down%treqrn+. Secondly, the limiting.

, .transit$ont:o an t,nfj.,r@tenumber .o~:%z~~e,s..is ma@e$:..,?his
limit Zngtran,si tion, .simpl:i.f~es~h~ flqw,:t,o,the extept
that all quantities are thus made ,t,o,depqni$on?y on x
end r.. ~b$sctr~nsi~$.on, $s justi~ied. beeause ,the cas’cades
consider,ed..qe~~r~lly have,’”a;,.l.~rge .nu,rnher.,@fb+ad,es, Elst?-
where it ,wi~l -he s~ow~-.th~t,i”Uqdq~.,c.er$ai~.,.a~suqpti Ons,tO
be “formulated Z-at:X,,.?h9forrnWas iei; vej.”~cira’g:i,n$in+te

*

number ,Qf blade s,.~old fq~ v~locit$ es,.averaggd with.,re-
spect to, the coordinate 6; “T,oT.Vakq. $~~.~erivati~ns eas-
ily apparent , however, the limiting case of an inf$nite
number, of bzades’’,will be. treated firstP

J., ,.

;.tk ?$~,(~,)~.~”~he $otal c$r6ulati,on of the”. z~.blades,
the .linliti”ngtrans~tt~,on is e$fectpd’ so that the ~mount of
the “t,ot,a.l,,ci’k.dulation of every cyXin&rical Sectioq is
waintaineil+ “The”two-~i”m9nsiotially distr$but~a VOrtex
sheet b~comes a“sy~t”e’m‘of:three-dimeniiQpally distributed
$railing’ vortices:the vd~tek lines of.wh”~dh eoinbide with
the Streamlinesbf’the re~a$i+e flotvc “: ‘,,,, .. ,..

consider a cy~indri.ca~ sqrface coaxial wi~h.:the
rotQr’q. “Aceordirig-~o ths preceding assu~ptibhs ‘“t~’i’$is
approximately a vortex gurfaoe~ $f each vortex element
Of Suc-lla vortex’ shrface ii resolv~d’int’0~ compon~nt
pai”allbl:”to’ t~ti ~“ylinder ~eneratifig l“$ti~’s’and’a“compon’ent
along the tangent perp~ndiqular to tbk generating l$nes~
the trailing vortices Qf the cyl$ndric.al surface may be
considered as a system Q$ ~fng:vortices w$th the qiameter
of the cylinder, and a system of straight vo~ti:eeS..$oin-
ciding with the cylinder generating lines. On ‘the’”as”:
sumption that the bladq: re~io~. i..sof fiegligible extent in
the axial direction, ‘s0‘thati””-tlieblade space can be con-
tracted to a plane, both %o~tek systems start from the
rotor plane and extend t~ inf$nj.ty in the positive direc-
t{iOtij’-”’wTE6&JlaQ*t;~&’&keA~f-iOn+a~6su.rnes,,tiof.bmzp.+etthat. tw~ .
fans , one behind the otberf are stiff.tqie.ntly‘separated
so as not tQ have any mutual influence.? It is evident
that the fir~tvortex .sye.teminduces axial and radial
velocit~es in t~e” ro,tO’rpJaqet the se~on’d’~tangential
Velocities.



I

,.fl .. ‘!l?p“@&lcuXate,~%he. tari&m~ial v’e.~oc~,tf%s iriauced “in’
the, xotor :~lane by;tlii’;yete~of strd~g~t’line’”~ortices.
‘if~s’’noted’’ ~ha$,”th~”ve~oeiti~:i” induced”’~by:’~tifraight “

“l:ifie”yorteti“in~t~e ‘@.~ane’f~o’m‘whtck’i~ “’tt%~tits‘tire‘half as
large “as~thQse”’correspond+ri~: to”””’ane~ualf ff’brtez”extending
itif,tnitely ia both ilirec”tions.” TO qorn~u$+’t~e””veloc$ty
in, the rotqr ,Plane: iv’$iY?&P64’’@Y”a str~ieh~’’~~ptex of
~adi~s’. ~,t ‘,and‘th~”~~fie68‘dr”~.botinded%y~the’ rotb~ plane,
a system- Of ’?tr,aigjht--vorticek extend in~”’frbm’’both sides to
infinity is;’intbhtlu,ce$, Thes~ vortip’~s’-are ldc’a~e’~ ‘on
the Sgam’ciGylib~@r”’buftiave”” only hdlf ’-%fie:vof$~x ”st?engths
The velocity fiel@””’c6”rres$ond3.ng’””to”th$$’’:tior%:ex Sydteh’
ii, ’hy. synixuetryi-a’:funeti~n on~y”of” r. ~t’:,fo~lows that
all r“a,dial~elodit”ies of this’”fie$’d mti$t,’+ariis~~““other-
Wisd”:fluid would have”to @r$ginate $ns~,de’6f’a’ cylirider””
coaxial ‘wiih”a’vorte% surface; No “axial ‘+eloc’i’tie”sar’~ ,
gener”ate~ %y tliii’$tr”a}ght line vortex system.” Hende -
only the tangential “tieloeities remain ‘ta”%e inveti”ti~atedg
If rt ,denotes the radius of the straight line vortex
su,rface ‘and . dwu(&, it) ,,““the tangential “+el~city, ”at,dis-

tanqe”” ‘“+’’<r.oin.~he axi~ due ~p the V@tt-ex’.~X’stehl”’”t~.e.,‘
circulation “around a.c?rblq .o$,radi~s .*,.$s””“~tirdwu(r,”r~ )... . . .
If th.~:.~~r~le,,i~ ins$de,the. ~?~teX~.6U~f~?~t t.6~@i”?Gu~a-
tion pust e~ual z.er?; since- no vortex iq ~enc.lo~ede .Eu~ if
the circle surround? the yoatex cylinder, “the .c,irculatzon
equals the tOtal vortex strength of the cylinder

2vr!
y(~t) ‘;here
~drt;, , Y(rl) $s the vortex deisityof

2 ,... . .. ,,

the s’t.r’a$ghtvortices or$ginatir+g in the. rot-or Tlan.eo
Henc6 the rotational vqloc~tyi.nsid,e. the Vpfitex cYlin?er

.,
and ‘:outsiae”, ‘“ “, ,

,,. . . .. . .. ,’... ,
.... ,.

., “Y(&t) rf f“.. ,-” :
dwu = — -dr~ ,:, ..,, ?

2 ,,r . .. ‘,:.,.,.. ..’.”
,., ,.. .,. ,. .,, :.

Accordirig to. %l+e forego~ng, $,he total vortex strength+of
a cylindrical “stirface iS . ,, ,.. ... : .

\,..’:.
,.,.. ., ..

..’ ;Wrj ‘yrq ,arf ;,.i,dy(?’”) ‘“’ : “dr~’. ,:, ,. .,,..,..
2 2 ‘“drt . .

and hence



,. z’ ‘dr,(rf) .,
d,!fu.(.r.,.+‘,) _,= ~., ~ dr,r

.“.
‘*Or r.,l,.< x.,.. ...,..,

.,..
‘dwu(r, r:f)’=’o” ‘““ ‘“; ~or’ ~~ ,, ,,,,,,.

rf>r
:,.,. , . .:.::,.,. .: ’.,. ., . . .. . ... ,, ,.. . ,.,, .’, .’

The totali~y “of’tra~l~ng”’ s?~alght .~inevo~tex, systems. .. ........... . :, ,. .,’
,,i.origi.natfngin “;t~e cascade “~l,ane~,:including..thehub and::

outer vorfic’est induce in ~he~r~~.br’’plane,.the vqlOcity. I.:J
.,,,’ ,. ., ~ .,,., .,.,.. ,,.

.,, ,ra !:’- ‘ ‘-” ‘-”~~ .’-’ ...’ “: :. L“.,,.,:,.-.,,,.,.,.,

T’”’”.””

:..:,..... ....”. .,.,.,,,,. .,
., .’,’,’ ...,

‘w;: :,?,; “,, ,,.. ,,, ,. ; ;.
“:wu(it),:,,Y”,,‘,,d!?u($’;r:) +,~,,,,. .

“4*X ‘, ‘“:,.’, ,...:”, ;: ,... ....
‘ri .

,., ,,.., .. .., .
r

,,
‘z

,Jf

all’(r)),,d~~,,’~‘I’i. ~.Z,. .: ,,,,.,. =~, .,,
dr r -’= ~l’(r). . .:-:,~nr.

:,, , ,,’. ... . :;, ,, :.
,. r~ :. ,. :,. (.,Sinq e ,th,e:h’oupd vort,,ices add n,O,~~i”~.g,,t~ the ,t’an.g:efiti.al.“

v.el’ocity.in the cascad”e.plane,
this ‘tangenVia.1:ve~o~ity.

co,lll~oe~e;n,t i.s the SU~ Of the tangential .,vel:ocity,,wul
in

,.,’ ,.’fr-qnt’’:,dfthe cagqad,e and t’he‘,vel,oci~y ~u:(St”’)-.”,” .:

... ,... ,(k,). , ‘+-A
.. ., U casca(de .=‘U1.: .4nr..r(.i)’”‘ ; -: “ (2)“.,,

. ,..’ ,’.:,..
This equat$Qn leads tg the important ~on:clu~~~tith’’a:t~x-
Cept .f’o.r‘tk’e:*a~ge:fi,ti’al+ elo,c,~lty in *~;~nt of. tMg. C,as,cade~
th’k taigefitial vel O-@$ty in the’ cas,~a~e pl~ane’~ep.ends ,on”
the circulation” corre~p’$nd.~ng ‘:~:~’the “rad,i&~l~Qcay$,o,@ “
Undep” ~on,si&e’r’&”tiQ~,

‘athkr’ ‘h:an”:‘Q~’;‘t’~~‘r.aditil””‘dis“.t.~iliu-:,‘tion ‘(ifcirculati~n~ ., .. ~~ ‘:“, ‘ . ; - . ;-,.;.::;.,
./,,..:,:... ........ ,.. . ..... . .... .!-. .’,,. :L .:,:.:.:..-!-y---- ... :

A’$ is .~rio~~fi’i‘-*h& to”$a,lhla~”&’“&~rC<l~’tfO~-’”Q”f~’“Cy”l,i’n-
drical ~ec”ti’on:of!’r~dius r

i s th’e: ,dif,f,er’eh,qein’ Circu-” ‘“lation ‘~’e’f’”ore&.nd‘~~hin&..~he ~ascaae ,,,.Thb ~j,rculat.ion ,,
before “and”b’ehind the cascade ‘is mess’u~ed ‘al+~;,cjr:c,’~e,s
with the radius of the cyl$ndr~~az se,cti?nr ‘.‘“UI

and’
‘u.a ~e~Qte ‘he” m~{ri’”’ja%ge~t~al Velo.cit,tes .3efQr.e..and. -...
behind tie iqsqade$; r.espept,ivelyi then,.,.,,.,,, :,,,: ., , ~~

,,,.” ,, ,,. ,,,,. . ,,. ! .,, ,..’

.



which, when sq%stituted into.,equ’ation (2):jg,ivres,
~.s.~.< :~!..i:,....... .....:.*..,:-:,,,, .,...,. *. ‘..I”;”,t,.

;.,.,‘:, ...-.: ,.)

~ (WU2 - Wul) =,~ (WU2 + WUJ “(3)(WUl~ascadeA= ‘U1.+ 2
,,:- ..,::.-,!..7.::,..7,.~,.,‘,. ‘,.

The radial and axial velocities induced in the cas-
cade plane by thq trailing vortices ..are.,no$i?~ependen$.
of the:ci$cu,littion” ~v3~rfbu+~Qn~ :9he:r61at~0n ,~etween~.,
ax~al vel~city:an”d;cf,rcti$~~~dh ,d~ktf$bution:%s d!ecussed,:
~l~ew~ere:.. Hotiever~::ak@bp&si~iori to be used’’later will
be derived here. To this end, consideq.a vortex tube
having its origin in the ,cascade plane and @de up of

Figure,2 shows schematicallyring vortices of radius ~kly ;.:.<
a ring vortex of this v@’rWex-tu%e; “The ~eflected ring
vdrtex with respect to the cascade plane..,is shown as a
dotted circle,3

This ref~ected} ’iing vortex would exist”if the vortex
tule extetiie~,~~,o.i~’~-t-ii;tysi;n”.bo:~ti’dir..eci~.i”oris.The veloc-
ities induced”in tlie’’plane x =’ O Ijy;Such a vortex tube
correspond to the velocity field in a ‘plane normal to the
axis :fa?,ib.,#@nd,~;t:”he.% asckid%$.~L:;I.E fiF@ re”2 the ‘*’o@t-e:x,‘:-el’e-
me r+~”-‘.2?-,s,i.a%& j.tcllej“kma“g& “!el”emen:tid S,!.’.’.,are;wit hout ‘~.o.~~”~f.

gene ra+$~ty ;pa’;k@IE.+.a b.,e”.WM?.;%o~.ieMrnent S“of” the r e’k-je”’et’.itie””
ring vortices? ~?.e W!.~?C.es a a.% a ‘-.,.o.f.k~.e?.9;t?:?Y ~

“’’~-’in the’’casoade’”planements from an”~dtibi””tra”~y”:”pdzn”t
,a~e equal. Acco?d~,ng. tg,t:he B,,iotvSavart la?, each vortex
ele”ment induces v’eloei:ties .dv’ ““and,,<d,vf at P which
are equal in magnitude. $ince the induced velocity is
at ..ri”g,htangxl;p.,s,t+:..t.@e,.v,xrt.e,x:element , dy ~ and dV t!
mus’~,..1’i6..’\,$~~a$~plap,e”ap,e”at-,r~ighit:,ang~es.to,.the casc,ade,
-pl’ari~e’,-;aj:,,c~o S,S:i~p::g$”ito.q.of-.~~,h,~.chi:s s,,h.o,w,n$:? figwr e 2.-. It
is &“vi,$:,en~$<.,jfrgm,j~:ig~r:e,~,2;th-pt,.t:he~~dot::ed::rin.g,v..o,T,.$eF d OU-.
b1es.,J?.,e;aii +. ,y,e,~’b:city,,.,yh~,e,:Cau<s$n-g ,aL,l.!.0.$her: C Ow p.wem ts,
in’”pa”rt”i-cula”’r‘the radial component, >0, .r:a,n@3*.... J:t,2.?11o.ws
for the vortex tube originating in the cascade plane that
t~:e.:aziq!.yel,pc.$,ty,W.@4u:ge.s, in. the ,ca,sc,a,@e.pian”e is onlY
ha~~.,ji’k‘lar~e.a~s.,tpai..f,ar-~~,ehin~d the,;c,ag,cad e!.a~d ihat all
in“iiu:c.eii:$a&<i:aL,v.eZO.C$t,i.eli...v.a?ishi.a{t:$a~ge d.istanc e$ be f.or.e
and,.%eh in’d ‘the”ca s,p,a,d,e’”.plan.e...... .Siqi..la:~l-y:,,$:tr.f-ol1Qws from

“..th$s””cbn”~’idg;r-titi,,o,p..~tatat.“ ~.’.i~,i;,::..,.. .+..:.. ~ “: .,..
,.

,,. ..,.. .. 4..,,, , ,’. .’:..,,;,’’....,,:.:’..,-,:’.‘:! .:.:...,..-.,.......,~.,’:.... .:,.

3BY reflection hereifi:a.f-tei:ik~’rn~ant: 6(nl-y”&he:~$~rnage:’’of:tti6
geometric form, the eense of rotation of the vortex ele-
ment being maintained. .,,..,;.,..,,.“,-..:,,,;,’.,-,:.-. ,.,.,.

,,.
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where the subscripts” 1 ada’ a “denote’regiotis farbefore
and %ehind the casGade, respecti~ely. “ ‘,,,,. ..,..,... , ;“”

ill+. TIiIlTHROiJGHFL!)W7CONDITION
,.:,

1. The Euler Equations for Flow l!hrough a Rotor

with Infinite Number-of Bladee

.,

The relation between the axial throughflow velocity
and the circulation distribution ean.’be~deriv~d by con-
sideration of the trailing ring vortices emanating from
the back of the rotor. It ‘is simpler, however, to derive
this relation by direct integration of the Euler equa-
tions. The energy. losses ~ii~ing f“rom the flow through
the rotor are then eas$ly takeq, into account %y a slight
extension of the argument. The fluid medium is taken to
be incompressible. This assumption is sufficiently valid
for fans the, circumferential velotiity of which remains
less than about 150 meters per second (492 ft/sec)i A’
rotating set of axes iS used for the” rot’or t’o ‘obtain sta-
tionary conditions! The limiting case of an infinite
number of rotor blades which is dealt with first repre-
sents a simplification,” as mentione~ previously because
of the rotational symmetry which prevails~ The forces
exerted by the rotor blades on the fluid do not Consti-
tute a surface distribution but may be ”visuali’z’ed as im-
pressed volume forces. They are funetione only of r
and x. Their magni~ud,e is defined by the type of limit-
ing transit$~n of finding a rotor””with inf~nite number of
blades to substitute for a given rotor with z-hades. TO
this end a ring of cross section .dxdr is placed through
the rotor. (See fig. 3.) This ring cuts out on every
b~ade an element Qn ~hich the tangential and -axial forces
per unit area are-, r.espectfvely; aT/aS ; and as/k*

4Forces -T and S and forces A and Y which appear
later are in agreement w~~h the us~al definit~~ns Of
fQrqes on profile sections, namely, forces per unit
length spanwise.
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..The symbol ds denotes the- 1’.in~element traced on the
blade by the dx ‘“~’~de (jf’the.ringo ‘“’:The’radial component
of the force on the blade element is negligitile inasmuch
as the normal to the blade surface is sufficiently exactly
perpendicular tQ the railfizl.dfrection. The z-blades in
the entire ring act on the fluid with the tangential

force. “-a..~dsdr”-an~?th~ axjal rorce -z ~ ds’dr..~~f,,..
as ,,,as .“, ,,’,,?.,,,. ,..,

P is the angle betwee”n ds “and dx ‘“then

..,,,
“l.”” ~T ;“”T;.“an”a’: ‘J bs=~f—.

Cos P as Cos F bs

,, ,. . .: ... .,
an’~’t~~ ~t&g&n’t~al $’orce ,bec?rnes .. ~ ;, .. ,

. ..
,.;.. ! ,, ‘ ,’ . .,., ‘.. ,. ,..

-z ‘Tt::.’dxdr’,,, ..,..,.::”. ...’..,.:;,,”,’.’ ., . . . ..
. ,,. . ,. ..

T~esfi,.val’ues..a~e, maintained ‘in the limit’ing,transit~on to,-
an’ lnfihi$e ;n”um’b”er.o$~blades,’ so,.that the’forc,es o,n ,the
v,o”lume.,.elqme~nt-,,.dx dq, X rdb..

,.
are ~ .. . , ,.,,.,.

.. ..,,, .,,.,,,...:; ..- .:, i,, ,’., 8..’..,.

,: ,,. ,.-. ..’, ,. . .

in’‘~x’’f&~ilirec’,titin aid ‘‘,,,,,- -.-..,; ,, ..1..,,,,<,.“. . :...,. .“ >.’ .,
$., . . ,. . .

.’. , “.. . ;..... ,.. , . ...,..
.,. ‘~ T!. ~~’dr-.x,rde ‘. “ ~’ “’. .. ,./--:

,Z?nr., . ..,.’,, ,,. ..,..,.:
.:!; ,.,. ..,. ,,,.., ;. ‘,’..:. ,. ,,

in %’angent’Lal d“irecti”on. “}’. “.-.., “. .
...... .. . .“., ,’

The’ voluma forces ‘are,.’~f,.co.urse, zero’ o.titside of the
rotor. The .Etiler.e~Mti.on-4 ‘in”’.cylindrical coordinates’
are, with due regard-to the .vol-umeforces previously dis-
C.usse’d;.“ - ‘ , ,.- : ,..

... . ... :“ ‘..... ,.. .;.,” .
,.. :, ...L,,-’ ...’”” .,..’.. ,.. . ,,

., .,4
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,.-,... . .. ... ,, . . . ,,, .,,.,,. , .;. ... ; :’: .,. ,:,:.,.::: .,,..:... . .. {“..:::,;‘“”’J ~~ ..””:
.,”.,.’’.:.’.:.’!:’...’,..,,’.’.:.....:y. :..,:,,:.’ ... ,...?... ..:;..,‘“’.: ;4,..~/’,..-.... ........ . ...

TO these 3s added the equation if contifiui”~y written in
the form:’ f; ,:,: ,:;,...:; ..,:.?.< ,’.,l ‘~,,,,,,-,,.f;‘:.“~..,... ...

L (rwm) + L (Fwr) =0
ax ,.,.,,a+ ,:,..

(?)

.:. ,.

If the IJuler equations are multiplied, respectively, by
.;,., .,,,....,..,.. .,, ‘..:..’.’. ,,’’”... “’

.. ,:, ,
4 , ... .

.dx, ,. ~.r.., d(rCl ) ; ,,::, ..:. .
win.”=’”’-, Wr = ‘—, ” ‘ —

dt dt .R=.,: ~~::y :::, ~ :..

,,
and then added, the r~s~lt “is,,~:a:fter,,.multiplication by p,
and since ..:

IMI+Z (Sfwm + Tfwu) = Oz ~“, ..- ~“. . . . .
where

(8)

~ 1“,H,=..
[ 1

p+ & W:mz + ,Wr% ,+ tiu~,,-,(wr)~ ,,,.,, (,9 ). ,’ ..
,:. .. . . ., ’,, ,. ..’:,, ’., .. . ,’ .. . .. ’$-’ ““”’

D. .. ~
The op”e’rato”r.Z is,:the,pqzt.<cl.e’’d,e~~y.ative ‘...,. ,:,, .. . ,.. .......’’...- .,::.’..,,,.,,,,,,,,,... :,...;.,..,,. ..... ... . ..,”..,...:,... . .,.” ,.

... ... ... .,. ..:< .,.,.:.,.,,! .. . . . . . . . . . .
. . . :

., .,.<
,..

.,:, .,!, .,

The quinttty i“npirenthe~es’ “in:”~oua~iori (8)’”:&an”’~ewritten
as
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Then ,, ,,..{,.4 ,::’,,...,
.. “.~rn’~”““”

,:~,ti.. .....:,. :’.’’,:.,’-”,“, ,, ,, “
.,, .,—:,= C’os (;:”W); — = c~s. (T *“W”)‘....,

w w

.,::

where (x,y)~ and ~.(? ~~-.]~, ““”r’”-’“.,..’r:edpdct’i$.elj;-&enof e:th,e~:‘angle,s

formed By the a~i~larid tarigential-;velocities ‘ith ‘he
relative,, velocfty direction, Since the radial component
of the force on a blade element ~.as,,b,,eqn~ssu.med ‘.er.o;*;hen.‘~.;::”.;,.1.-...>..;‘“.,,.::;..:::.::.,,.,.,..+.,:, .:..,’.,..’.,. ,,, ..,.,.:.,* .} ,..!.: .-...,.‘:.’;, ,...
:.. .:. ..-,

W(sf cos (x,w) + Tt cos(T, w)) = wwt ‘ “ ““
,.

,.,.atnd .. . ,,..4: ,.;...: ..- ....,:.,.... .,:.
.,’ ~~ ~“””‘ ,{,:

wl=”..— —
as Cos @

/
where 2:’.’,.”:.,..,::””:,;.,,:,”:,.;”.,, ,“.,,;,..;,’::’”..”:.,.,,:;.,:~~

.... ..
.,.,,.....,,. ,

iS the force component per unit surface on ‘he

blade element ~$..~’’’~~ke,<er..sVreaa:dir@~~s”i?n~””n~””Equation (8)
becomes, with th-i% cna’rige, ~ ‘

If W f is known a~ a function s~“”,.of the distance along

the streamline, then equation (8) &an be integrated along
the streamlines to give

..!’.:.. .,. ....

I
2..:. .:’:~,,.-, .“

J’

.?,..
%

I

H2 -H%= litds (1.0)
- %. !..

1

.. .,

“where the poin~s 1 and””2’”follow cons,ecut’ively ‘in the
stream dire~tion. The integral on the right-hand side is

proportional to the ,work(,done by the drag-along the ~ :; .,
streamline. For vis’cdsity-fr’ee fluid w 1.= 0: In the

case of small viscosity, the flow outside of the boundarY

layer can, as is known, be regarded as frictionles.s sO..,,,‘r,”.,.: ,,..“. -,
d$o. ., .,

~,, ,1s approximated ,,~e~~.~Y; 3* ‘,.‘The eqUat~On W, ‘,, ,, , ..-.:;’. ,,,,,, ,,
,,,,> ...,. “.’:, ,,
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:that the prev.$ous .co.ns:id;e~a.$:ions-,zet,+i:~,$h.ei,rvalidi ty;
The integral in eoUation (10) has a positive value, how-
ever, with H2<H1. If the @ragis set equal to zero,
equation (10) become s~fo$:, afixe$ coordinate system
(W= o), the well-known Bernoul’l”i equation.

‘ The.fltnt’egr”a~“i”’n’’ea~”at~”On”(l~)~~’aY b~ @V”al<U~t-@d’for.....-”..

cascade s’with small axi~lp”r’djecti.’o:n”.’“’Sinfie‘l~t’“’van-”
ishes outside of the ,cascades and Cos 13 is approximately,“f..
‘Constant, ..,.. !,,;.,..:.,... ‘.,’.

and hence ~~ “““.” ““ : ... “, .....,,. ‘,”,.,.,,.,,...:.......*

,!
L

“:w, ‘?‘H~ - H“l =’”; ‘-= ””=-’-+ (11)
2772?Cos P

,.

By defi~n~t.ign
,;V:...:... “-,-: ; ““”..;,,;.’”‘“, ,:

‘i’sthe d,~,,ag,compo”n.e,qt.-perunit’ surface
. ‘G ,:,.:,. ,.. ..:: .-. ,,’, :,. :, ,, ,,.,

on a ‘b~ade of thd original z~blade.,casea,rte,-‘and,accordingly

!

.
~:ds”” “

,, ;,,,., , .’,.;. !:’. .
w=

as
is the blade profile drag per un”it leng~h

.

spa;wi se. .’
*

A further important point can be made from the. sec-
ond Euler equation’’w.hich &an tie wri”$ten as follows:.

. . . ..“. .4

bwr + ~ bwr (wu + wr)2 1 ?P ., . ),

‘m x r=”
=-- —

! r p dr.,, .‘,
..”’.’

Far upstream and downstream from the rotor, wr = O ~-
cording to’.ea.fiatton (5”). ‘With Wu + rw = @u, i the. fO~+

...., lowin’g’equatibn’””is”valid” fbr Q“’cross ‘section at a gr”eat
“distance from tlie rotor: .: ‘“”’ ““- ““: “

,’. ‘...:, .!, ?-.,,’ ,“”....

1-
2

Cu =lbP’
-—:......

.’.,, y ,,. ,P,?r .,,,

{12) ‘

‘l?helast lZuler eg-~ation need only be used to derive
the throughfle w,.condition outside ,of,thei:r’otor,,,where:
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.

I:n.j,e”g&ation al:an:gd~qy.:,s~%b am> ine..t,hat ~o,k~s.:not go tlirough
the :r@gioti of<:t;h&hl&id:eS’.yields.;,-;,:. i.j!,,,:s~~~~.
.........’.,,...,.,..,:..:.”., ... .,,,:\ .~ri.,,,. ,.,,’,!;<:.:-,.,’-,,:,,’.,,,-, ..>’.:,...... ...... :..,,... ..:. .“..’

I ; Cu””= constant (+>3]
....

Along every streamline outside .of the roto~”i,therefore
the angular mo~entum’is~’c;o’~qsta:~t~~~~~‘“ t~ . ‘,,r.,.: ,“., ,, -.,:‘:,.

2, Derivation of the Throughflow Conditions .- .:,~

f~~....g’s:.s..$i..~ati.~n~eg? .3’1o:y.... ..:.,-+~...;.,,: ,’

The first problero involves the derivation of the
through flow con,dit,ion~ fo~ viscosi?y-~re.e:. flui~~: JG this
‘in~~ance t~~ ‘~’’orc.e Q’fi’:~”&;3~a’d’~’:Ss-perp~nd~cu~af”’to” the’

local stream direction and, henc~ W1 = O. If two cross
~ secti,o’h!sflf.&t’u@, %~k:arn’’Jand’.d.owiis.t~earn:from’ the::ca’scade’are
denoted by subscripts I and 2., equation (10) ,or (11) ,
gi~.~s‘..?~ ~k,>.:;‘{’+.’:<<c”,’:,C.‘.<~’~{..,,’””; ,::,~:;.~‘<..’: ~ .. .,, ::,...... . -:,

H (ra, X2) = H (rl,xl) .:.,.,...:”......’
.

“’.,. ...:. ,... ),:; ,..., ,.. ,,.where ...’... .,,,.. .. :-,,,:..-..,.. ..-,, .:-”,:. .
,.. “,

r = ~(rl + ~aj’ ~ “-:

,. ,.. ... .; ,..a,,:,., .,!., !.’, .. . ... ;,”,.,. ,. J-. .’
The radii r,l ‘-and :rs - are’ tak,en.to correspond to ,one,:t

stream. surface.. Then- ~r ! is the radius of. the .same.ist.r..e.am
surface in the plane of the rotoykt Equat ion. (4) yields,
with ACm = Cma - Cmlj and since cm = Wm:

1.,, ;.
.... ..

“m)ca~’~a~e ‘= Cml:-~ ‘~
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,,,..,.,:;.,,:‘,<...,..
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= Const”zint:
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2’2

:%”.,.

.,.,,, .
.,., -2UJ ~

[
(rcuF~.~ (rcu)l

1

,(1,~)

?. ? ., -,.b r~{~,:.,,.~. :.:,---- -( ..:.... ,.&!.- ?W...!,.,“- . :,.::3:-.S*. . -,”-’.}”: .. . ......,. ~.-:’,“’ . ~..,,, 1.i.
Now,

$.%
as was:”discussed in the introduction rotor and gu,ide .

vanes are generally designed so that (rou); as well as

(rcu)s are constant epanwise at the design ope:r.,a!l?.,n~,lJ

point. H e’~’ce ~ (rcu) will be s&ll for.:other operating
I..’:“$.! , .i&r.,:.... ,: +.7;:.,,,, ;:; ‘,,, >:“.... ....:’,. :, ........,4-.-...

+..:?.-
conditi onsj.~xc’e”~”~”‘for regions in th,~,~n<eigi%o;rhoodof the
inner and outer walls. In these boundary regiovs the{,P,:e-

,.~:.?.-.:.:.

vious assumptions are no?, always valid since & (rcu)
,.“:.

‘.:..”,........ ....,...........,,,.0..*
can assume large “values fo,,~‘t”hi,pk.~oundsarylayers. In
the neighborhood of the wall,’ however, it is rl = r x ra
on kinematical grounds. ‘Hence , for these regions., rla

and r22 can be repl&ea’ ‘by ‘;r’z~
in” e{qua~iJofl’~~ ~ ).,:Wifi-,fi:-t

out appreciable error. I?or the median zone
,,,,,.,.: “, ,...i ‘.’ ‘. >’.,.
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AL (rcu)2* .Thus the throughflow co:ndit$on for the
,, ,.ra..dr. ..q,.....L ,.;.. ,.&,,,..:....,i., ~ ,. ~

.:” ....,”:,”,! ...>.-.7,.
whole region reads: ...,. ,,.

. ... ‘..
J_ 2 2)=LL

[ 1,

. .. .

br ‘C
ml -c ma r2 ~r (rcu)22 T (rCul)2 ;

,,
., . ,,, ,,, ,..’..,.. ,..,.,,.;;, ..<.. ......,.,. .. .. .. .,:,.:fi...

..[

.,,. :

1
,.,...............-,...(.,.,,.;,,+<::,(r;u)2””’e‘;:,,rc~, @6)

:J?$ , . .,.. ., ,..: ;.,.’,.!,.,,$,., :’”:.”.“,:
,., . . .

It is readily proved that
i:..!:.’~’.’, ,,:“,,

(rcu)aay(rcu)12= (rC!ua YrC’ul)2+:.~rC 1u”l(*C1~u2’-rc’ul )
,., ----..- ...’.., ,., .

where C1
.

u~ and ~ ‘U2 are tbe abiol,qte tangential veloc-
.,

ities $mmed~ately before and behind the roto’rt for which
acco~ding to equation (13)

.<.,,.. ... . ,. ,,,. ....... ...... ‘,,..,,
;..::

‘“(Jr’cu)’l”= rC ‘U1’““and (’i’cu’)2“’‘“ ‘‘“1““’ ;= ‘rc~u2

Th’e’’~~a~ti’~y’~~n “P”&r&$t~.e&eF$ ~fi: ~~e l’eft’~~a:fi~:~~d,e,’’’.ofq:,
equatj+,on.(1,6),j~an be approximated by -2C m~bc-m~ ~aua-l .,.. .,. .:, ..,.,.,,,..
tiOti (’36).,%s:’d$v&ded.,~y:~~aw2’” ,,to.obt?Ln “’thethr~,ughflow

~ond~tion”in d’frnenslcjn~ess.formp: Putting , ~,.. ,,., , , ,., .,:.” . .!,,,‘“f,,,.. ,,,.”:., ....’,..:..,“.....” ,,,,,.,. ,,.,:”..,’ ,.. ‘., ,, .,’.
Cml CW2 .,., ,.

rau)
=~1, ~ =~a’ 92 -%”=’*+’” ‘“

‘aw,,.,.,, ,.,. .. ,:, .. .‘., .,,; ... . .“- -,:”’ :.

rclul
d rc!ua ~

-= 1* —= d2-41~A4,.,... . .r =W. ,., : 2s
r2~:, . ... : ,, ..... .,,.,, ,,,

a .a.
,/. . . .,..,,., . ... . ....,. ,.,“.,
and ,., .; ..,,<:,,.,,: . .... ,. .,, ,,.

.,, ,.,,.,,..:.,.; r’. -...” ,,-~’.,,,... ., — =R” “ .“ ““ ‘ ‘,.’.. ..:.,.. ,,, .. ..... ..~a : ..;. :.,,’; .
...., ;..,.... . ,., ,, ,, ,.,:,”- ,,,.

“give”sj””after”-”a:sim@le i2a16tilationt the” thr.oughfloti condi-,,.
t$Qn for,’ro~<ors~ ‘ ‘ “’”- :’.”.””...:“’.” ! :.”‘..~ . “’ r.’,.

....”..-.,“:..”,.,..’.’’..-‘.’ .,. ..:::... ,“’... .“.”:....’ .,
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. . . . .-

For stationary guide vanes w = O in equation (16).
Ba,.sing.all guide vane velocities on the circumferential
‘%elocity ra”w -of .the.ro’tor’t”:the throughflow condition

for stationary guide vanes is obtained in the same manner
as in-the foregoing equations at ,,.~.’.:”::,’.:,..-,” ~.j,.,,,, .,.. :.

$#P1~,7.@~ .,.! ... :,.....::”: .,:,...: . .,. .. . .
.,

J.= 1 b-

J. [bd(Ad + 2$1)
1

(18)
~,,,~

_Lw(~2~i A@) ~ .,.. ~~~ ,r.~, ,.,,.b ‘
bR,,....’,...,.,.. .... . .,”,,,,.>,. .. ... ,<..~,.,,,:.’!J,. .....,:.,. . . ....,:7’.. ,., .,.”.. ..-,./,..:::,......... . ..,’,;....,,,..

where the subscripts I and a denote as be f”ore c“ros”s
sections far.~vp,strea~,,,a,nd downstream, from the cascade..,..’.. ,,,.. ,. .“ .:..-. ‘.’.

. .. . . “.:,,’,’., ,., , ,.,.,,,.,.,., .. . ..,, -,. ,.
The-energy losses produced “in’the:”flow’ through a’:-

“C~SC~d~ “have’up td now-been, d~sfegard~d 1~.“They:’Ctinbf?.i.
taken into account;”$n a siqple:.ma~n?r.~h~wever ~,,,?~ this
end, the physical significance of H for a rotor 1s
first defined. From equation 9 after introduction of
absolute velocities,

,,,. :..,.:’ .,,,... ...,,., ., ’,-, ,, , / .,,,...’..
.: >,,.

P ‘“
H= p+~

1 ‘1
(cm2 + cr2 + CU2) - 2wrcu = pg’- pwbrcu

.,’ ,.! ‘: ,’, ., ;$

The first term on ~he right-han4 ‘side’iS the ~Jell-knOwn
energy per unit volume; prcu is the angular momentum per

unit volume. If this angular momentum is visualized as
being ~roduced by the ro.tor,,:then a torque corresponding
to this production of angular momentum acts on the rotor.
Accordingly the work that must be expended on the rotor
rotating’:w~th.afigula.r ,yslo:~ity w, to.bring,the, angular
momentum per unit volume from zero to the. given,~yalue$s
wprcu. The difference in ~ %efore and behind the

.
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Ha -Hl= (Pg2 - Pgl ) - pW(r2cu2 - rlcul) (19)
,,

The first parenthetical expression on the right-hand’ side
;$is’~tb.eenerg~’;gain per, u’nit”vol.urne,the second the 20SS
per uni,t Vo,l,unie:of rotor, If the fluid flows without
10ss “fro’hcroas;qectionl to cP6ss sec?i,crn 2, the energy
gain eqtials $h”iq energy loss and HI =“””Hz as, assumed in
the foregoing section? Fqr a V$SCOUS fluid ‘H2”< HI”’“ac-
cording to. equation (10) and.ihe’-statements: connected ‘ ““
therewith.. Yr9m. equat+on (19)-:-~t“is concluded’that in
this.c.ase, the expend,~d,work.pe.r:,ppitjvoi.u.mePQ.J,’(ra%2~rl%z)

is greater thqn the usefql’.otitpqt
.... .

~~a ‘:?gl*, .If the’ ef-,. .
ficiency of a rotor element, ,inp~~ded between two ngi~h-.
boring stream surfaces is defined as

pg~ .=, pg~ .
,,,, =

,’,

pw(r2cu2 - rlcul)’.

,,.

Pg~ ‘-Pg~
4 (20)
pw(rc

eq’uation (19) beeomes ,.,. .. . .

JJ’orstationary cascades, no external
but ther’iiis an energy Joss.i’n total

. .,” ,. .. .,
,., ..,’.

‘gz
. Apg

-~g;

~o, that.;:.,:,.: ,., ‘ :,: ;.’.’.,.~..

,; .’. ,,. . ‘I!I~“7 ‘Iq =“ Ap%
.,../, :?.’. ., .:.,,.,,,,;., ,,’.,

,..

f
U2 - rc’ul )

r=l
u~ ) (21)

energy is supplied,
‘pressure; for example,

,,.. ,,

..,. ,... :7

‘, ‘(22),... ....: ,,.
... ,.,, ,. .. , i,, .,,,:” ‘.,,.:,,”. ,.,

.,,
,,. ,

r. . .‘.
Equations. (2T:) an’d ~(q2)y~pla.exactly” a$ h~fore the’ .’.
.thbOtigb.flOW; qonditionincltuling “ener%ylos,ss ..’ “,

.,.. ... ‘,..,,...., ,,’
,,. .. .,,. .,

For, r’~t’or~,,:‘ :,, ~ >,.”,,.”...’...’,, ,,.,. ,, .,,, ,,. ... . .

“‘1

,“, ,.... ..... :.., “., ,.’”,.“. .,,,. ,’
& (qi~%&?j..,’.”, $:,.. ‘“;,:.”’.,-..:;,,,,.,,a ,, .,~~~,:

... ”.,’ .,
,.....q

.,y. A .$ ‘,~’ .“’
-1’”.,.,”. ,“. , ,.

.J

““.ji?ni,[
@fa .+z+~..)

1

-.2= {~A,&,),“: d2’3).’ .,, . . . ,,

-;!& (2&@)..” :.”’.,,,l::.”- ““’:.);::.;...““:,;,,’.,..,. ,,,.,.,”,;,,’’,:,,“ ..,’:’:”
.,.,,,, . ?. .. ..’ .’, ..,”,:”” :..’’::,.,.,,, .::.!’., .,,,,, .,.:...’.’,,,...’.

.“. ... . ,..,
!, ,,, .

... .. ,, ,.’,.
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Equations (1?): aB.d.:.11.8)vo:r;4:(2&)..and~(2.4)a~.e.us.ed later’ :::
to evajl.~<ate:.’~..2;.:,.@r:,.4.P$fo@&@ven. d.%, A~,cPl .:and’known

..,energy:lo:s’s.’:’.~.he:’so~tit’ion’$”b~t’aine~’ i’n”this’man”ner>must’;
“Xa+is.fy

,,,.: ,.:

the”

...:

,.,
., .

,,
. .

,. ...,.,

,.

r~

,, [ ~~~

,,..,...,,.,. ....’ ,.~,:

Np2nrdy = o.. ...,. :. .?.,.’ p~. .,!,,.. :
Pi ‘“’ “’ : ““

.’.;i

,.,,,.

!’ .’,

(25)

..,,’. .’?

J
,,. ... .... .... ~ .....‘.,’>.. ; ,,,-,, .. :, !’,, : . . .. . .. .. .

with a Finite Num%er of Blades
,,..,., ..~: “’ ...~-”.:.

It remains’ to be proved”’that the throughflow, c:ondi-v
.t:,i:,on,derived on the a,;:s.iunpt~:o”nof ,.,aninfinite num%er of
%la’des is actually a condition for the mean flow veloci-
ties. For this purpose it is only necessary to prove
that equations:: and:(V),,)hQJ&jfo~T~the!m,ea~!.f~ow:wb.l.o:cj+”.
ities..e ~gaina.ssuqing-:a fri.ctionle’ss;and:<i,ncompr’es”s~b’~~’

GThe validity of equations (3), (4), and (5) foJdtow,s i.:’~:
easily hy simple integration along a closed circle
r = constant over the velocity cornFonents: ind.ug:eilO? ~
this circle by the t~ailing vortqx surfaces’: ‘If the” :.<!,

.s...

!t’:g;aji,lingy,;p.rt”,em~sur.fa:c~:s!;.a.r:e:;p.,p~tiriuet~b-y‘their geometri?
reflections w“~~h:’respect to the pa’’scad%Fl,an:e:.?t,~?,s&~ :
laws hold for the integral values as for the’ itiduced-;’ve+l
Iocities of the ring and straight line vor%’ex system”;” ~
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.. -,, . -..-.....’;. ., . . . . . . ...”,...,. .’,:., ,...,. ....-:...: .’.:...;.. . . . .,

,awm f awm a~m . ‘;”-.:~””.L ‘;’

-1

lap ~~~~~

‘~-+wr~+’wu
,.,,

m“”’” ‘“” “:”’” ‘-P~x

: .,,

awr bWr +’W” awr WU2’”’
;:”’

—+wr —___ war - 2ww~= “ * ‘[
‘m ax br

(26)
‘m -y-.

(
par ,,, ,, ..

,, ,, .1.
.,: ..

awu aWu aw~ WrWu *
‘m=+ wrlF+wlJ

—+ — + wwr =.-
ra9 r:, ..,,., J.,.

to which is to be added the eouat~on of continuity

a (rw=)+ & (rwu) = O& (rwm) + ~ (2’7)

To arrive at average values with respect to the coordinate
6 only one periodic sector needs to be considered:
Stream lines originating at the front and rear stagnation
point of a blade and extending to infinity upstream and
downstream are supyQsed to form stream surfaces. If the
cascade ha’s z-blades, these stagnation point stream sur-
faces together with the blade surfaces divide the fluid
region into z-neriodic arcs. Let the blade,pressure
sides be given by the function’

,,

e = Gd(r,x) + ~(u= Onto z-1)

and the blade suction sides by

6 + (v == 6s(x,r) + o to z - 1)...,,

At the Connecting stagnation point stream surfaces

.,, ,, ...., .,, . ,.,’, ,., ~, 1 ,.. ...

es(r,x) and @d(r,x)

coincide? Here the subscripts s ‘and d merely serve
to identify’ the two sides of the stream surface, Con-
sideration may be limited to the first per$odic sector



since the flow phen.omens-,aticorrespondin gtil?oinfi.s..of“.the.l
periodic sector are the same. This periodic sector or

11arc Itas.it.is termed hereafter ,?uts an aro~out of each
circle ~,:k; constant , which extends fYorn’‘j: ““’J “ .... ~~.: ...

e = ed(r,x) to, e = et~(r,x) +,%
.,. !.: .,’..

.:,.,, ‘,..: .,...,’. .;,” .,~,, . .... . ., ,, ,.

To integrate, say the “first‘Euler equation over ‘a

periodic are, iti~ writtm “by means of the equation of con-

tinuity in the following form:., ,,.
/.,- :..,., .,. ...,, . .. . . . ..,.. :>,. .:jj \;wulrm) k - 0.1.’

X (rwm2) + ~ (rWrWm]’”+
ax rb6 p dx

,.
and integrating oveh the ~kriod’~c ar~”:’gives’

‘;++*) ‘r@*+’””””
n

“/”

a (rw...”’.’ :._

J
m2).~~ro)’+” n,ax:,.. , ;,’

,. rue.;@,:’,, d
, d. ,,,.:..

.’
,,, .,

a -(rw-tv..) L (.re)
s: r F .:

,:.,.,., ,..,.. . .

‘:++4 ‘
r“r . :.~~=-— d(r6)

PPJ ax’
r6d

.,.., ,.,. ,’: .“

In addition:
,.. .. .,.,,,..,....’.:.,“,. ,,’. ,.

‘(~s+*)‘ ‘““(6s+4“’‘‘ ‘“‘‘“’

red

,,.
.. .

,., ,,.

(’28)
.,,

,..:, ,,

,,



I

X+ioi+ !cfi F 0.$’:.1..,06.2: 29.,.

corresponding transforq’a~ lton.i..can %e made {’for t,ye,,other...;,
integrals of equation (,28) ‘“andthe eq.uati6.p.~be’:d’bmes

,.
.,. .: ;,, .’ .,”.,‘.. , :: ... ... : : f.; . .. . . . . .,.. - ,.. , .,.‘(e”.:.)

.,;;i:, ,...“... ,.
r(’ ) “ ,..,,,

an ! .,

6.S+*— . .. .
. ..> ..

a

!
(w:~% $w + +

z. f
rwrwmd(re)

,
~ r~d‘cd: -,,,,,... ““’,,,,,: ,,,...: ..?,.,..

[“(

,,‘..’
+ a(re) Wr d(re,)

rwmwu-wm —-
ilx )]ar s

; ..,.:,.,..:., ,. .,, ,.. ,....,..”..,”.”,,’.:,,..

[ ( a(r6) ,,w b(r6)
.4 rwmwu-wm —- — )]ak r ar ~

.’r(e~+~) ““;,,
: ..;

[/
b_

1

bs’
=- P%(?e) : ~,; .. , .., “j:- .:..: P’:~x. ...‘.” .

r.6d..,,,,..:,..,:.’:...,: ., ... ..,”.. .,..,.,.,-,...,..,

with -(ft~. 4) :,”’!” : ;+..”,, ;: :.. ,....’. ,.:

as a(.rf)d) d(re~).,,.
‘x

‘-:pd,~”- p){,. ax,..?.. .!/.-

,,, ,. . . . ..’, ... ..,,...,.,

Since the surface .~;= r&- Ted.(Xtr,)}=.O is,a

boundary flow surface ,’~theequation s “ I ~~
,,

D(l?~) ‘“-w “’a(r8d)

“[

a(r9d) ~ w ~

dt = m ~’ 1‘~’r “Ud=

,.. ,-

(29),.

,., I4

:,

,.,“.
.,

.

. ..7

must apply. $Se: Lamb, reference 2, sec. 9. ) The same
holds for ~~: --,-~ ‘ ,: ,.’’”-’

1?.$,=, re;;:.:r0:6(x,~)= o,,...’:..” ., .,..”+’,.:“:.”:!,.”, ,.
,.,. . . ,,~. .,. .;., ,..,, ,;. .,.

~’ence :thehiaeketed~jekpr~,ss~i”on.q” qn.’t~e~”~e?~~;$~qd side Of
equation (29) vanish, leaving;
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a

J
rwm2d(re) + ~

... [

r as

z. ar. ,.
rwrwmd(re) + — —

P ax
red r Qd

.,.,
‘“(’.+*) “,..

ra=.. —
I

pd(re) (30)
P ax.. ,, !.,.,,. ,red., ,.

The mean value of Wm is defined at:

,, ‘(’-)”‘
1

EJ wmd(rb), = ~m(r ,x)

red “ .

,..

where L is the length of the periodic arc. Let wm =
—

+ Awm. Assume that Awm‘m
is small so that its second

power is negligible. Corresponding assumptions are made

for

Awr = Wr - ~r,, AWU = wu- FUf Ap = y -F

If these expressions for ‘m , ‘r! and p are substituted

into equation (30.’).andif the terms of at least the second

order are neglected: :

,’ +las= _ 1 i3(Lj).— —— (31)
P ax P ax

To determine the value of the bracketed ’exp~ession on the
left-hand side, the equation of continuity is integrated
over the periodi+ arc and affo’rds exactly as before
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‘(t) “~c$b$s)’::~~:,r;,,0 ;+,&:::’:;,.. :“””’‘“:“”,. ,..,..:, ...,,.

!
,..,,.

f
,.,.... ..,

a “ ‘“” ‘“’”$ ““’ ““’”” “
Xi.

$wmd(r(j) + ~ rwrd(r~)
●

r6d ‘6d, . , ,: ,::.,..,.. ,. . ,,...

[

:,,, .,.,..-

-1-r d(re) “wr d(re)Wu - Wm.+---- -
.-t’:. . .. .,:.,.+

1
~k..:“ ,.‘.~r. ,,

s
.,

,..
, ..,’..,..”,,.

““[
“ ~(re)

a(~O)
-r ‘u - ‘m d%

‘1- ‘r “’?r ~

33.

,..
.

,,
,,,.

., .,.

=tl

, .. ., ,. u,.’ ,,-.

The brac~et&&”” kxpr”es’si’bn~vanish’’”again in the qatie’way as
,,

before, and from’ the ~ef$niti.onaf “th’e’mean values the
equation of cpntinui,ty for the mean velocities follows at.

.

a (Lr,~r) =0& (“LriTm)’~,~
ax

.,,: .. ’., . . . . ,,

I Herewith equation (31) becomes

(32)

(33)

If the bars are omitted in equations (32) and (33) and
~ is replaced by the approximation z
L

— ‘the equation’:
2-fir”’

of continuity (7) ‘and the fir”st of ‘the’Euler equations
.,

(6)’are obtained. ‘The other~uler ea.uati”o’ns“(6) are”
derived in exactl~ the Same wayt ~~ .

,,

In retracing the derivation of the throughflow con-
dition, it becomes” evidqnt that the’’~~bs’titution of
&& for L is of no importance for the throughflow con-
Z , . .. ..... .,.. ,:

ditionf Hen’~e equations (~7) ’and (18) or (23) and (24)
are valid also for the mean velocities by a finite num%er”
of blades, provided thalj the departures from the mean
~alue,s are small of q.t:..lp.a~.t.the.’~ir,~:t,order. This COQ-
‘“dition’’i”s”fulfilled’ f,orfrict”ionless f:luids, except in
extreme cases. The conditions with regard to losses In
fluids with fr,i.ction are ,d,ec,ide.d~y,m,Q.reunfay.or,a:ble.,,The
lo$ses’”become apparent in nar’rowly bounded d“e”ada’ir re- -
gions, .in the neigh~.,orho.~dof $.he,,,,cascade,,,s,o,t~at,.there ..,.,. .



. ..— .. .

.------- 4 ---

—- -. —--

. . .

4the departure of the~ local %o}al head from th .jmean value.,,.,
cap; no longer he regarded a6’’smalJ~ In this ease:’-tha

neglected. second order terms can cause an apprec”i’ablti ‘“’ ““

error.
i.. ,..,‘;.,.,.:.,,,,..,. ‘,‘.,.,..’,...’.’. .

,,,“ .,! !..,

IV. DIAGR-41tisFoR PrediCting THE CASCADE CHARAGTERISTIC”S.. .,,’, ,. .,,, , .,,.. .
1. Integration of “the Third Euler lEquation

in,the,Blade Region”
,.

,.. ...,,
.. “ ... ,.

,.,.
In order to calculate the action of a cascade on a

flui,,~mqd~um..at the pres.cr:ibqd,:init.i.a,l,co,ndi~l.On.cpli O1;:

equations: (23) and (2.~)}must :be:s+pip.lemented by the rela-
.(“

tion’’~e’tween’”V =
,.

‘Vi’+ ‘$:’ and ‘Aaf The las~ Euler equa-

tion (6), which so far,.h~a~b.e:e.na~p:lied only outside of
the cascade, iS used to find’this re~atio”ri, ‘hich? after.
introduction of’ absolute velocities reads:

..,.!,..,-.’. ...,., ,. .,,..‘.,., ...

~ (rcu,) ‘“”,,~ (T%+) _, L?’TI,. cm‘x-” + Cr’z - -’”F 2V
(34)

Let &sm be the length el’emeti} ‘aZorig“the rn@ri-di’a”l’ine ‘“,-..—..—
Qf %lie”.rotatio’nally symmetrical st.r~am.‘surface’ of the -

,de”noting.the..c.orn.p.o,:e~:,t..mean ve,locity,,f,ie,ld, ,With .,cms . .,
‘.

Qf the,.,~ean.vel,ocity. alon,g:this .m.eridi”an‘~~ine, t,he,,facti~

that the meridian line tel.ongs.t-o.a“streai? surfacer ,re- ~
suits in: . . .

,, ..,.. .,,., ..,,.,,,’ .,, :’,,.”’ ‘, .,.
By means of these equations, equation (34) can ‘be expressed

in fh’~ form .“”.“
.. . ... ...; ,...’

,,,. ,. ‘..’., .“,,,, ., :’,:,....,“. .“
,.,,. .. ,, ,“, ,

. .,,.. ‘A(rcu):””= “’-r.:z’T,’ : :..—
cms~sm ,,,,.,’, ,,. ‘-p2vr .: “ “’” ‘“,“ ,,,.,, .,,,,,.$.,

.“’. ,.,. !“’. .;’, ,,
fri‘conjunct’ion’”wi”th‘the “~{”yelo,p~en~s in “,seeti.On”’lll~,.““4;“’<

.1. ,’..:, ,.,..... ..

the’’p’eriodic ~;C
“: Znr; At ‘“t’he”’,~

L’ ‘ig::sub’stituted ‘fOf’ ~ .
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.: ... ,, .,,.,,.
same time-the yel,oc,i~~e$:rnUSt,~b+ replaced, by the ,rnean v,e-.— ““”-lqcft,~es ,so that ;- ,‘..y-.~”~,-o;,;..;.Y ~.~.,y: “,~...:!s.......... . .

+ :“.,, -.

(35)

,’

Now, the axial pro.j”ec””tion‘oft~c”a$’c’ad,esused in fans is ,.in
general ~srnall.;...whereasthe equation of continuity, equa-
tiQn (32)* $h.ows‘thqt ‘the.,qha~ge, of,:,~~ms:= Lfim~.~in the.
direct;ionof the raeridian’lipe ~ti”,’smal~of’ thp same ‘order
as Wr~ ,~Th6,r’?fore. ~~..’ can’:ljei,re~l~qe,d”by a constant.,ms,., .
.Z,gsiq? the c~scade in i%ist{ ap”prox’~rnati’on.. ,At.entrant’e’,., ,,. .,, .

at exit from theblade region and is acc~rdi,ngly~m Q ,,..
‘the’rnea’~,.’thr”oughflow’velo~ity, for vani”kh~ng profile thick-
nes s., The ,quaiit-i”ty‘ J5m~ ii’ equat*,O’n (.~5),,can’be re -~mr .._ .,i.
pl-aced-%y ~ A cons~fmt’ avevag”tira~ue carf“simi=’Clnu?. .

‘~ail,y‘tieshhsti”t’u~~d for TF. ,and;”~~u~t~on (35) integrated
with rsspeqt to smi ‘The result ‘“ist~,~,,con~entio~al mo-
mentum equat,ion,k,n,own~rom plane casq’ade’theory :.,.. . ,.. $
:,,’., ,. .:.,,.. .. ,. !...’,.“..’, .

,,: ““ 2+fr,”_.. .~..,
. “-i=”p~ pn&4:9v,’, ,., .,’:., ,,

(36)
,, .,, ,.,, ., .,: ,,, . .

wher:e .”” : ., :, , ;,, : ‘,
.,

:~Agu G ~
, ,,,,.,’.

-5 ““’ .’.
u~. up,,..’.:.. ”.’ . . .,.. . ,.

. . “t, ., .,,ari+ ‘ . ‘.. , ., ””-” , ,.<.,, ,: :,
. ... .. .... ,., .‘f’ ...... ::..,’. .,. ,.,

1’. . . .,.,. .. ,. :2 ,, a .,

‘J

,.,’.

f -

.,!..

~>=: i.mas ,’ ~~ ,.Z?=
.: as COS 13 . i3s

,,1..
‘-. ,, ,,7../’,!..,, .,,,. .,

‘. .... .,
!.

,..

: Th e .inte& a-l, however’,, in dt”itinct$op to’ pla’ne Ctiicade
the,o’ry’‘5s “not ‘i?ti&luat~4..al,ong’a,qy.liny$:r.$c.?~.S;ec~,~:QL?+COax-,.
*al With” the gasc.ade but along the mean stream surf ace,.
But.“t~e f-i.r~t,.qa~&~‘p~~~ ,:of “in”te~r!~t,~,on.c,an‘sti1,~:be, .
ch;dstin,.fo’r the s,arne(iq.ea~OZJ$.“w,liichg“ov”e~ned;,the,,:su.bs.t,.i-’”
tution” of a“ constant mean .yal’ve‘fo,r~,i77m9~..-.@ant.,~t$’.‘,
.,,., . ..

., . . .
,.., : ,, ,,,,.. ,,. , . .

:..’
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,,,. ,. ... .... ,: \ ..”$ .,..-. .“,

. .

;. :,”, ..-. ..-
29 Diag~am for the Calculation:of Section

+
S.e.c.l.+o,nfof,.?:..r:otor ma!.$eW’.~f,;~i= $Wo,:nei~hb Oriw meap,..,,.,:..:,.,... ,,:,,...
st’ie’amsurface s’;”’ ‘“’.;:’” ‘- .:’;“’

.,.!.,...,,,., :,,

Figure 5 is familiar fr,om plane cascade theory and
~ requires no further ,.,.e.xpl~an~atio,~..,.‘It is merely stated
that the mean relat’ive velocity denoted by w is iden-
tical with that formerly indicated by Wm and likewise.,.
the angle @ between w

‘,-.
an%. t-he.,meridian direction

coincides with @m. ~h”e angle (i”“’is always measured

fram the posittve axial direction, Zts positive sen~~::.:
is, as usual, counterclockwise so that % conformity with
the definitions of th}, positive dir”kctiQns of v~ and

,,,,,.. ?0 .,obt.ain, th,e.-ys~.al,po.gd i mens i:?nal f.orce c.,??.f.$:iC:,entt,’,.... ,. . . .,.. ....,.:..’-4. .,.,,..~..,;?z;,:whe~e “

~:~~a~:i.:O.n(,,36.~,....s.“~~.~’i”’de.d.~y.,.2PW , , ,“,,,.,...,:.“W ,
..i:$‘;~$e.>:,’:,

. .,.,. ...,.

-T-
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“iecones
,,.

“$-~w-a”’~and “w%th w: =:~m’ an-d A Cu = Awu equation {36) ;
,, .,,,.,. .,.

...,. ,!. ,. ,..
,. “am* “~~u
.. :- Ag$ ? :3.~” “*.”- . ,,.,

cm w ““ ““’

The $hro~ghflow velop$-ty “wm = ~m corres.pond$.ngj,,to,..w,,
,,:.

,Peduces to
,;

%Q,, ,o~ly,,fd!rvanishing prbfile thickness...... . ,................ .
wit~ ‘,, ,: , ‘.’” ,,.,

.’ ,!,~.‘;. . ..
..,..’,,.,,,, Fm’-.’,:m’ ..:’
Ai=A —, and -= COS$ “ (.38)-. mmo ! w

,,.. .,, <... ,.... . ,.,,.”‘,::,.,,..:,. ., .,.” .,.;
-. ,, ,,., ,....:

(39)

.. . .

A! “~ h,. The value of: a ;$s,~alcula ted,,e~sewhere. Dis-
,....,,... ~.,,.;$,,’Fmo,. ,: ‘ ,,: “ .:.

regarding the influency,’in ‘quadrature” of the radial COm -
pa”hent ,.

.......

., r

,.“s=[(25’+{2$”‘,...,..:, ..
.’ ..,. .)ij i.:.- , :7, .,,., ,.. . ,.

L(Wwhere,, agc”brdifig’~to &q~a”t’iOn”s,(3) ‘and ~’4) w~’% a ml + wma) and
,, ,,, .,. . .,,........ !, ..

Wu k w~’;””+@## ~h:
‘. ,”.,.,........ .,,, ,: ese ‘formulas al~o kpply ’’ko.very. thin,.. ,: .....’. .’ ,,

3l.tid”b”s::.util.y.;“:.The .C~rr,eyg~i.o~’:s”.nec es@ary ~~for, ftni,te ,bl“ade
th,ick.aye;s:sar:e Ii,kewise.g,i~en:I,ater,t Analogously \ 0 .pr.e-
vi”ou:$~zef:i:titt$o.qs,”:$et”’. .:”’,- ‘“.. . . ,;” .,‘“
*.-,.~a..,..%e”..,..,. + Z,___,,. , :., . “.. ,. .
...,~,., ,-, ‘, .,..,, ,,,.. . :!.,Wm ; .“41*= %@,= -_T

!.~wkw’””.>. ~~ .
.A**..=.- ,.,

..’,.., ,; .;,,. ~’ rw”’..... .. .,,.. .

The asterisk $@ic.a$i.&..t~.atthe “Cited quantities refer to
the tangential ,velbbity, of the pertinent section rather
than to the periph.e.’ra3“velocity and that they are re-
ferred to the.relat$%i$ v~lo-oit~ee. Ita is

...-. .. ...,.. ,
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, ,-,..,

This equatton deduced from the momentum theorem is con=
.!,!

trasted with another derived from the disposition of
forces on the profile. FrOIP $igur~, 6

.,,..’:,.,.”....> ... :..,. ., .’
‘. ...,

(42)

(43)
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C.Q+ $ = ‘-
~+&Adw

2 V””

Let

““l,.’1’
..,....

Q*
“x’=”-- — .’. ”

+l*. -,,,

Y w - WV’ ..
+x*

It $S e’vident that fox: pUIUTS and fan-s Y

,. ..’. “

(44)

,,.. . . .
.. . .

(45)

has Qnly posi=
tive values wh$le X ‘:@an change signp In particular
*X* is usually negative for rotore; hence ~

(46)

In a.courdtnate system with or~inate Y and abscissa X,
the curves cot p,= constant are, according to equatton
(44), the straight Ji,nes

{47)
,,

Xvery straight line of this family goes through the point
x =0,Y=+4$,. and intergectq the x-axts,in the po$nt
Y = o, X.+’cot e’, AqqQrdZpg to the’ “preceding developments,
A’cl.f ‘ !,.:,..

is-a constant, say ..K, on~a st~’a%glltline Of.”equa-
GX-F

tion (47),. By equati~n (41)””:tindwith due r,egard to equa-
.,

tion (46) this value also ‘may %e tak?n from the C“UfV6 ““ .
,.’

,.:.,,

.,,.

,..,., :-.....,.>:. ~..~.
,=,,,:=j~z+-;~:~”‘::’:,,,,(:).-... ,..*

Sinqe: X occurs as a s~;are,in .ea.uti;i~n?~~”l,its sign.
is’ immaterial. x~.e,~amity et-curves (eouation 1(.4~))be-
comes, %y s+wple ’t~ansformfttion, , ,’

,, :-
., ,. .

,.

i~1 ~-mmmllm— -, ,,”,, ..,,,,, ,.,, ,-,,. , , , , ,,, ,,,,.,,.,....—.-—-..—. .,,, ...- .,,. .. —-
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1-$Y

K

* 2
>:

+
. Lfp”

.(” d.,+u”g, ,;
. .,~.,..*. ., “36,
., ..,. . .. J

- (:,-.9X2=‘1,..
.,.,

equation has the forq of a single parametered family>
of hyperbolas and ellipse.s”;”re.ferredt:o their common ten.
ter, which is on the y-ax’is at
.- .*

. ,,.

y= “-(“a*
,,..;,,,,+..

-f3...tjhererej,s.::$b~aine~a.,:gtraight’line,..,:y,:.+. ,~, ,..yl~.$,,~,,_

for O’<:K< 4 ,hypevbolas, and for 4 < K--<~...elip,spes.es.
For K = 4 the equat~om, becomes the para%~o.la ,:; ~

,. X2 = L“ (.y,..
‘2

- 2)””
,. .,.

.“, .

‘Figure’7 i’I’I’ustr&es ~~,he”.h~y’pe’ti~&lit’.e’llipt:i’c’ftinl’%ky:.: ~-
$in’c”eall velobtttes eansi.iie~ed ~er’e are relative,,.diag-
ram I holds for %oth the statioziar”y and rot:ating cas-
cades. Admittedly, the range of X and Y in diagram I

,,<issufficient for the’.majo~ity .of p~aet ical rot Ors, but
nbt for stators. In’the case”of the ro%or the initial
rotation dlx is of the order -1; while for a guide vane

it becomes very small and may even vanish. Equation (45)
s.b!ws,that .,x as i,vel~.a~ ,Y ;.can.,assumjeverY, %,a.~,gF,,,va~Ues
in.this ease? ,He”riqea “d’if’f~ere.ntdiagram is .gi,v”enfor”
..guir$evaue”s, which av,ot~ds’th:e”se,’difffcu,l:tf’i~, as’;wi,ll h“e
“exp~a’i’nedelsewhere’, In’’the following “paragraph it i“$.’as-
sum~d that dia.gr.am I a~.plies cli5efly to,.:rotors~,. . ..

.
. ...>... 1 ,,!I!o fin@.”an operating ,pbipt for a giveq rotor f~,orn
di’agr,ag I,the ,sol,idity ‘A ,’o.r At’, the ang.le,”of incidence
6,. and the tangential foroe ‘coefficient

Al~~
c~(a}

must be known. These data give K = -— as a function
Cos B

of P according t~,“~quation (42). For K = K. belonging

to; the straight line for ~ = @o and the corresponding-,
rn”bm%e’tu;f,the‘el.i~iti”c”-.iyp,e”rbolicfamily,’ th@ PQi~t”Of
intersection’ is the”b~+:rat~ng yQ~nt. The straight.line
$ =@o, which passes thrdu& x=O? T-y= 4“ and ~.,= ;

qot PO, T = O need not he ~pdi$ated in the diagyam. It

is sufficient to fix the point ot intersection by means
of a qtra~ghtedgey.
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With this poih,t
lute tangential tiomp
obtained. It is:

th
one

e corresp
nt bf the
., .’ ,

ond.in
exit
.,,,,

‘u 1 +

,.,,,
.a~d :

,,,.,,,.,,.

AWu
. .. . . ..

and after division
tions .of:equation

.,..4 ,.

according

.,. .,,..

tothe”

,,.

,.
def~ni-

Wu ~
-
,my (.‘-1,,, (1 ~ )2..,,+,

:.., .,

.

%2
T

.,,. ., ..t,

= .,,$l+
,,..

,,
y’)
Z/J

,,,

. :.

,<
,..,

., .,..
: ““ (:4’9)1+

,.

is,. ‘offThe value tlirectiyof 1 ad from di agram I,

3, Diagram for,.Calculation of

Rotor Section Efficiencies

TO obtain
rotor’ from the
(20), This .eq

the en
x-, Y-

ua,tion,

ergy giv
diagram,
can, b,e w

en o
Tee

ritt

ff
OUT
en

on the fluid by the
se is had to equation
in the .foll’owing form:

,.

ting

,,

this

.;,

C’U2 - C’ul
2 =

w
.. ..

yi:eld

,,

Pag - Plg

~ ~ (r~j2”
:,

,..,,,: ,.,

,,.

,,

.,
, J ‘ .’

,,
,.

,.

,,,

,,

:,

,.

equ.at~onPut 6

Pga : *g’
.,,,

$ (rlu}a

and, as

.,.

then

for

/,
= ‘Ad+

.}..,.,....

~t .Wtuu;-.. 1

,’
..

Tw
..,. ,’ ,

.gE264)*
T

‘,



,,. ... ,

( ‘)
_,& ;W ‘.

= p,w ,rc’u2 +,’:;cIU1. : ‘
-

‘fh - % 277r co’s $

whence, after sub
transformations,

,., ..,, f .....”

stitut

n,= ,1,

ion in. equation ,(
.,,, $.;;.,. ~,’.

()
,.,

~tw’ “$

.-. ~
Cos ‘b ‘ /$w*()2—

rw

20) and several

Lastly, %y equa’tion’ (39) ‘witht--.”}
,., ,

,. ~,d,w ~~ .
n“’=i”+— —

$* rw,,, ,.$,(..:. ,,

$0, tak-e”’ fhe, “finite @r”tifile thickness in,tO’accountt the
“ ~’econd”~e’rm of the right -~aria ~ide is .mUltipli@d %y

11
—Y where ~ *S the average length between blades

:~! : .. ,,,. ,.

along the periodtc arc.
...,.
\,4..

The value Of CT ‘is given by equation (42). Again

preferring a right-hand rotati”on fan- rotor ‘&n;d choosing

the yrevious sign before ~Ag , the insertion of the
~w ~~~ ,,

.
~iide angle C = — then-results in

CA ,.‘.‘“’ .,..

CT

[
1

....
Cos ~ + sin, f3

,.3 ‘:7” 6 :,:’ ..... ‘:-J ,, ‘

,,,,.

which, upon substitution of eq~~tion (37)? becomes ~~
. ,,,.,..-.‘..,,..



m-e...~. /+ .-,. --, : ,+,LAWJ....+ . ..%.

C* ~ /wm [u, ~,,,, —=. .
\

,,~:~-c ‘)“- ~w” ,“”, ”.r~ ;.., ..

and %y equations (40) &d (~5:~,
.!.... ,.., ....,. .,,,.. . ...,‘...’. .

: ,.’“d~*F$2“(1-m
V=I+E 4

.. .... ,,,... ..

.,. . i?:.k-’i:;’. ‘~:“”~~““
.

TO calculate ”this expreqsio~ easi$y with the: aid of a di-
agram ~ it is writtenin the following form; ..

. . ,.,” ‘ *1* ,.

., Q=~+— (51)
.,.$$l+ ’$3 ., ,,

.,

where

.:

and

.

fl 7:’52+’;-9 ,-
‘.

1: .-

,,.. ,. .,., ,. ,’ ,,
It is, easily”,vex$fied .t~at.i~a~ XT; Y-,~qor~~nate kyste~.
the ordihateseale. (Y) ofwhic.h”is,four timesassg all as
thea%s,ctssascaze (X),- tbe..cu&ve8 fl =: constan~,are: ,.

&-cirbles-.’of~ratiius ~~n.= ., and center X.=~i Y’”=’4, and
a.fl,:.,:,,., ., , ,. . .

r is measured along the x-axis. Likewise, the ourves

constant , If the Qrdina~e sca~p $b\”the same as the a%-
sciisa scale, the ~~l$pse ‘~i&grarn’2,$ (fig, 8) is obtained..,..
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The ellipses fl = constant are the solid curves and fa...., . ,,.
= constant, th’e:.:dashe,dones’; !l?hiq,rdiagramqwiables easy
calculation of”the effi”c$eiicy’:corres.~ond”ing,?o any operat-
ing point X,Y ac~o~ding”to equatioti (51).

.,.:,,,.,,” ,<-”f”......‘......,::,’,,>., ..,,....,.‘i’..r. .
4, Diagram fbr Calculating the Sqction Cbaracteristtcs

,. ..,.~
o~ ‘S%;atiO&,ary;’@iCe “Vanes
,:.......,... ... .. ... . . ,,“ ,’...

The absolute ya}ue of .,,4>.* for ’-stationary guide..,:
vanes ist in genera’%; szua’ll; Gon.seq,uently 3% and Y
become so large that diagram I becomes useless+ To ob-
tain auseftil’diagrarn f-o”?.thiscase:.al.sot.}it’ should; be ;.”1.
noted that only..the hy.~”erb.oltiso.f the elltp.se-tiyper~o.la:
family of diagram I are used, For large values of X “
the hyperbolas may be approximated by their asymptotes.
The slope of these asy~pfb”t”e’s”tothe x-axis is specified
by line Y/X. This cotistde,i.a~,ionsuggests the introduc-
tion of the follewing coordinate- sy’stem: Y* = Y/X as
~rdinate and X* = l/x as &?.?BCiS8~, I?or this purpose. .,
eqwtiovs (42) and (44) are;::written in the forms

.... ...,.,.,.,;,.,...,.... ... ,’.:
.,

.’ -.
,.

K=‘1=’’:%7~ (52)

,:.,.,

.. . .

.. ... .&...y* ,:,‘,:ta”ri~:$&’’”x* - (53)
,,~.d..

,,:

The sign in equation, (52) does not enter when the equa -
t$b~ is sq%dr~d”;tb ‘obt~in.’’%he~fa~ily of’’.:durve~g- ‘~Hence “b
it is suffi Ci’dn$ .td ‘tis’e”IK1’in’”’%iieap~lication~of dia-:-

is normall$ n~gative”.for.right-ha’nd iota- ;gram’-’’I~:j.:.y*
ition..of fans’using eithe~ entrance or’exz.t gl~~de VQQPS; ~~~~
while X* %s zero or negative. ‘;’”

,,....,.,.;... .,..-.,,,.,.*..,,, .,...,,,.... “. ,.. ..,,.,. ..,’ ‘.’-..
The Curves< of equati; n (,52) are plotted in an X*- S..

y*’~’~OO”~&in~{e“$$$t’~m’:in f~&r& 9’;‘di’ag$ah’1~1.’ Ii, ‘this ‘.
coordinate. sysj~rn,,the st~aight ~~n@s o.f equat?on 153)
hav:e’’,jt~$,;;same 6Wpe~foi”: ~1},~ B: :’‘:’“.”j: 2,”, ~~ ~~“ ~

.. .. .-. .,’,.,...”,. ..;4’,”.”:..’..+’,.:”:.,.’” .. ..“,’:”~.. .
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-,,. -. They interseot the x-axis. in .t.h.epc.int,.X*..;=,tan,E,.. .
,.- ,. !,,..

To .de$ermine an operating point for a given cascade
from diagram 117, h:; &, and “~T(.~) :must,”be known,,

A!gq ,
e.xaotly “as ‘fOr rotors? “ With “the~e”~ata “k”= - ~5. .,

CQS”B
then a known functton of, 6Y For p = Po, let K = Ko.’
The corresponding operating ”pbint “~:ieson a Straight line
of e~uation (53), for whi~h tan @ = tan @n, and on a

Gurve of equation (52) cor~esponding ’%o ‘t’~~pa’~agiite”~:””
,K=EO< TO specify the pq$nt gf $~te$sectioq, $t is not

“necessary tQ draw in thi str~~ght lines of equation (53).
Simply place a.straig~te~gg at.th~, s~ope of eqqat~on (54)
through the ,point x+ fi,o,‘X*= tan@o=: ... ,:,::.,,

,’.,. ~:
Since the relative velocityequal..s th’e.ab.s,oluteve-

locity $or stiati~nary.,guide vanes, . : - ,:.: ,, ‘

“&ua =’WU + LJwu
&

(55)

and after divisiQn by rUJ whiie ‘a:$Xowing for “equation
(45) .

%2 .
— . ~1*
rw ,($-: )

..

,. .,‘...” ,’ .”, “’; ,.. - ..,’ ... ‘..

‘This formulais applicable-dn~y when .$l* ‘Y”.”C),henc6 “
mainly foi’ &*it:.gtiidevtine9”W @~esehatie the task of’ “
changing the rotat~onal kiqetic enexgy hehtnd ‘the &otbr-
tQ pressure. If the change is complete, ‘%2 w O and

,,,
from equation (56) ‘

“2X* = f* “’,

..,. .The straight, l,ine.give,n,.~,y,.thJ”sH,.,equat~on, ~.s shown dashed
in diagram TII. If the-rotat%op 01* is only partly
removed, then

.. ,.,.: 2$*>,y* ””” ~~ .’ .:,.’
,.:. .,. .. ...

Th,i,$inequality defines the region below the dashed curve
in diagram 1~3+ Cayres~on~ingly it is true for the
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regi on”‘?abdtiethd “ddt%e~ l$~e “~fh~t“’the t&igetitia:l ““rnchn’~.ntum
imparted to the fluid by the cascade is too large,, and

....c.o.tiseqtien%.lyp’rodlices :zi:v’’otia”ffo’ti;fijpcr~ite::tio tl(e inlet
ratat’$”dmg”:,’The”paYehttie~ical- :@xpresd Son of -equati’o”n“~56)
gives ,i.hQ.‘rernai:niq:g,:~?,r.;~O:Unterrot&ti.O?t.$,nfract..i,on.s,of.
41*: Tt:is

.,. ,.. ,
‘.:... ‘“’~~i “::‘ ““”’ “:’”” ““ .“”’
.,,... ..,,,.,; .,-.-; .~~ =.,>l.-.,Y-. . ..,.-.,.-;;,,..,.”., ..., ~.. . .. . ,. .,~,x* ““’ “’”;,”’>,’ ;:,,.

... ,.,.,,..: ,.... . . .-
w.hi~h,.may..b,e.W~,L,t~,~n. ..~ ., .. . . ;....,;J . ,::.,,

.--,.,.,.! . .,.
....... ..,, ..4,. ,,,:,,.-.’:.:,.!.-.,:’,‘j.,’’,’.

~ (1 ‘=‘“”3“ ‘-,:
f j ~*”= Y* ‘ : ‘ “ “ “(”~~)

... .,-...:.,!’,-.,.;.:-;,:’,,‘,, ,. ... ,.” . .:,,’”.’,‘. .”.. ‘.. .,, ”.... ... ,,,,:.

( ;~,n ;t’hf5 .ed~a{ion ‘‘X~,Y’* ‘“ftidida~e”stie ~’operat”~ng‘~Q.~nt”~0
be found. But ‘if“X* “’’and ““Y* afe ~’on&i~&~’e& -is~ary-’}

ing coordinates, equation (57) represents a straight line
pa#sitig ‘tihnaugh%&& .o”rigi”n..of‘dtag’rzidITI”“an~ the jjartic-
ular operating po$nt. .For “:X*.= 0.5 equ’atton :(57”),’fjives

,,,
1 -,-y* ““.(0,.5)-= f3., 1,, .

,.. ... ;...’

,.,

(58)

can be read directly “from fhe line X* = 0.5 if the ori-
gin is connected to the operating point with a straight-
edge and its inter qe.ct.ion ~.i’~hthe line X* = ‘-5 is
‘$&ad off on the s.,c?le:,g~ven,fn”,diagrarn III.

,. ,’:

,.,, :., , ,,,, ,, .,, ,,,. ..,, .. ,’:, .’, ..’ ,.
cU.2 cp*A4*
— = +x.*+,T-J7-’-
r~

,’

. . . ..

Fokimula (59) holds in genera l.,’~ut in Practice, is some-
what more inconvenient than equation (58),
...... ..:, . . ... ...,.’.... . ..’. ., ..<.,-.. .,, ,, ...’,..,....’ ,. ,..

..... ,,,,. ,, ,.:., ..,.



.5..~i.agr~rnfor, the, Ga:l,culation .,ofEn,ergy, . ,, ...,.,.+.,’.””.”.,:..... ,.,.,—..,,,.-,,._,,,. ,,, ..... ... .
!,.,., $.... ,,.,-,,..,.

Loss,es in S’t~%i’’b’ti~ry’”Guide vari~~ ,,,.. ‘, ‘“?,
,.

,,
Since the stator does not impart energy to the fluid

mediumt it is ,ex~e~ient f,qr,t-he ,present<purpose, .*O calcu-
late the ener”gy losses of tbe flow ‘through the gui$e
vanes direct rather, than in the $o..r,rnqf an ,e.fficiency,
According to equ~tioni “’(2?)and (1.1)”

.,, , ,.,,:, ... ...”. ,,, ,, -., ,., ,,

‘Pg .
““’“&. ““:’: “’“’

( )Aigv w
6** *

,L ,77————” Cos $ q:,; ..: ~~.,.,,#’LP)2, :“, ~~ .; .:,

‘In .’With COS ~ = ~ a.~d”eouati”ons (40). and (45), a short
,.

calculation gives
,.,..”:1’,.

“ {A**=- ““
.. .

%bP*12” f4. , .,’,., , 160).
wkier”e ., ., .,,.’

,.,
‘,

,.,

.:

[(
!.

f~ =“ 1 ‘+ ‘x*,. ,, ..
.,

The curves ~ f4 = constant are
y*-cd’Ordin~tesJ”

,.’ ,,’

2 W.a
y+)1

.,.-—
““4 “ “’ “’

straight ‘lin’esin’ the ‘X*~”~
,..

.4.. . .

. . . -,
,, 4 ““” :’ ..’ ‘“”

,“. ,,. ,., :., ,, . .. . . .!, , ...”.-’!.

~hbY are ~ldkte~ in ‘dia~r&m’IV’of figure J.OY cories”p:ond-’
ing to any operating point ~*, y*, a .V&Xue’” f~ ca”n‘be “’s
O%tained by interpolation. Since by equation (45)

“$1* ‘“”’ ““: ““ ‘ .:’” ‘. “ .:’.”:.’”’”
9*=- ~,t”. the ‘energy ~:o,e$fon a known A~”w ‘is easily.

o~t,a~n,qdfrom ‘,eq-~&i,$’o,n:(.&O)”.,
, ,,,.,,.. . ...

.: . .,,, :‘., . .,: ‘..:.. . . ,,



.. ,
:.. , . .... :..”,,... ..’4 ., . . .

..,.,
‘“”“W3N&@’OLj$&:T@ ‘6AsG@,E:gOJ+~~ ‘“: ‘“:’;‘~“ ‘“’‘“:

:r..:.’%:.’:
.;. :.... ..:,;.:.!.. . ...,,:., .,.’,,,:,,,.~,.,.................. .... ....”!.....,-,, ~“,..,,’

1. The Co~r~c”tion-s’”Que to Blade” Circulation
..., ...” .;.. .,.,,,. ..:,,.,.,

. . . . . . . . ,’,-..,, ,.-,.- .
.’.:72if the (f-Zz+e&&i& ,&ivi:i.io,at’~e,,~ztlcu}:~tion, of a cas-

cade was based on the” profile ‘coeffYc’&ent,j’r ‘“ ‘“”: ‘I
.,.,.,-.’.

( )

.,......’..., .-:‘,:
~‘CT ~.,22: JAi ~~,y + .;.:,:;;, “:,,-~~: ,.:~~~~,,..’;:.

... ..,..,.,-‘; ,,.,,; ,,, ,,

Gos $“ :.,.,,..,,:,,,...,.,f.’:.‘,!:<

that. is, on the J.i’f,t:,:co,efficien.? and the glide angle of
t~e profile in cas~ade. - ~he.”lfif~“coefficient may he ob-
tained from theoretic al.’ ca%cula$ion s;’which , however, .,.fw,-..
nish no information as ‘to the glide angle c or the max -

‘{-g~)max,+: ., . .imun l,ift:qo.e$,f~~i’~,~~... ~t.’is therefore neces-
,..”.

sary to resort to exper.iznental .dataw. Gascaae measure-’ “
ments would naturally be most suitable. Unf ortunat@ly ,’
measurements. are SO’ ,f.ew-that ex,pe:~iments on isolated ,.,, :
bl’ades must he resorted to. These can’-’only,,%e applied.,
.iii.rectlyt however, when the rati@ of cascade spacing tO
blade’ c“hord -is so l@’r.ge,.t~at,,t,:he.mu’’t,u,~,l“’t,nterference Of
the crascade profiles’ can””be neglected.. Yh!i,s‘siti~te&o’n-
ditton does not exist’ in many ,pr~ct.i~al,,cases ,.’:an$~:,o.’$he
.La.ol.a:t,qd:.w.$<.ng ,p01ar-:s,.rnust,be, c o,pver”~qd $.o:Ca~o %4 e P,Q~a%:”
‘“in ‘q.,:sq$~able,maq~er;~ ,“,.:-...,.,,-!,; ; ~~ ,. .. ,,, ~

,:,. .,, ,..,. .,, ... .. ,.,...
The p~oblern ‘of’apply”i’ng’’’research’ data fbr isolated ~“

~~~wiiigs-.% o profi Ies: in’,cas:cat$;earrangement .fk’ea.uen~lY has -
been treated. It essenti~lly ’invoJv.es,?J,KP,.foll,owing~.

‘“E+”&rj’“jrofile of a: c:ms.oadeyfinds itse’l”-f‘Sn a.iii”stu”rbance’
fs.,eld,.of ..t.b,eotke.r.p,rofiles,, Yh,i:chare..cal l,s.dne.ighb<o~ing

-.prv.fii:e”s..T’h&s field of ftistur%ance A’x”i’stsat the’“loca-
ti,’c@,.O:f....t,h~~.a.r,t-\:c@a~j.p,r:d,~>le,,e:on.sideiat~i.on~y. .v~s.~q.~-..,:

. ‘iz’ifig,’t..he.~~.1a:tter! as ..:b~e”in:~:;~r:em O.V”ed fr’o’ti”t,~.ec.aa:c~’d,e;..‘The

F.r:eq~~.oe:,‘:.o,f..,:.~~,e..p+~l~,,bbo~i~.P,ti~~:yo,f.i“~.’~’s’~.,n,~~,c,?.ti,‘?.,+.%$?:q,?.,i.?.,
the “Strearnv“e“l,o:ei~,y;,,~~”“w,e2’1 a’s,‘;~“c:u%ti;ii%uwe”~df:‘J%h;e‘:~s.tieam’-:
1ines “~at‘f,he‘,~1,’ace“.d,fthe” d’rn”itt’&d @r’bfi:i~d.,‘lfit’h””“r~gar’d ‘
td “’the Oini’tt’6d‘y,rdf~xe t,hese str;eam.li~~s “a?@ caZ”l,e~t;fi.e”“:... .
“undis tti’rbe“d

,..
1~strea’~l~rie-~o“~ the c’”ascade. The “’;pf%tici ~



,. .“
; .,

If+ ,qf ?!h3*b,,.lo6z
.,

4?..’. .,
,: .,,

,.. %“j” w~i Ch ~~~-& ::w$~h3S 41 b“~re’d,“hOtifbe &i’ ai ~ ‘i>~ j’.khe .WBl;~O’pe!’:’

,4$ W;, ~.. ,<, -. ‘.- ,: ,,,,.., .. .. . .,...~. “,.
the”“u’s”u&’Xter”rni’rio,l,~’~$ ,,., , “’ ~~.,.,. ., ...”.’:””,”

.-, ,, .,,.,,.,. ....... . .~.,‘, , ...,!.....“:..,,. , .. ,..:,(,.,-:.’-.,,:.J ““.:{.:’,;..”.:J -.,”.,.‘:

lation was based. For other angle; of a~.taek:t~e, ~~f.t:
coefficient is given,, by

.. ,,,,

d~~i (a - aj )
... ..,.,., . . ,.

g~g (a) * ‘~Aa ‘U;) + k da’ (61)
.....

,,, .,.:~... . .. . .. . . . . ..’.

,,

~he. fact,or .Ik ‘i,,g:qfunction of theand c’= ~ (~A)? , ,;,,’:4,,,, .,

Sol+ai%y A G L “’and that rn6’an”stream direction $*
.,,?,:..,....,,.,.,..2??. ,.4..:,.,..;.,.:.,.,,:., .,.. :. .... J ,,: ,,,,.,.,..

“fQr,’w.h~ch~’~th.e,~i~f:t,~~~,::~h.~l.p,,F.Qfi.lE@ ..c;ss,C,’@Q,-va:p%y+h~~~:j~,
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o,f,,thepro”file:under considerate $on when the, ljpt:$er is, vi,s,,-,,
ua~ized as bein~ omi,tted ::fromthe ces ~ad+’$;.””‘S,iir.roundi”n~
the element ds with a control l~ne, affords

where q(s) is the density of Source strpngth,, and finally
,“’” ... ,., ,,., :..

a.[+= W.* (ys - y~) ‘“.: {62)

The neighboring blades can be replaced by th$e “superp.asi=
tion of sources an”d c$rculat$qn of Betz~. It can”’be shown
that the disturbances introdu~ed by t~e.,s.ources are
smaller than. the vortex disturbances,. ~or .tb$s reason,
it is suffi~ient to assume the source. ;distai~ution along
the straight pr~fi~e chord a~~ to ca~cu~ate the disturb-
ance velocities arising t~e~ef~om at the prof$le chord
lQcation of the omitted,prof$le. If the:origin .of the
coordinates $S fixed at thti ~ea~ing”edge “of the Omitted
profile, the ~oorctinates of a sour~e “el’ewent are (figY.ll)

‘.x? ~
s’ cost,, T! *1’,.s*n 6 :,. = Vt - ,, {63),..

2TTrwhere t = ~, anq -m<v&s, 1 < v~mr “The Go-
2

ordinates of a starting point on the orn$ttecl.profile
chord are

x= s Cos 8, T = - s sin6 , (64)

~f a2 = (xt’T X)2 + (T! -T)a the potential 0$ a source
element at the po;%nt ~I,Tt “is ‘:”

do =
q(st) dst

2W
in a

!.

The disturbance velocities ,of,the stiurce eleqent are
given by differentiation with respect to x and T, re-

,. 6pect.ively: ..$ .... . . .

(S1) ds!.’x~,- X, ‘. ,:,’,ij...(a@).= ,= q ;n.
dvm: = —

ax a2

1

., (65)
,.

& (d@) =’”; ‘(g~:ds’ .-d’vu’=
a2



. .:.,..,.. .,:..,.:..:, .-, . ...... . .. ... .. . ‘.
,. ,.:_ , : ... , .s’,~,i.:.f;;;::’:t.::”;:’’..:.:~;fi.._.,i,~.., ,,.:..,..,.....”....’”’.:. -“.,...,.!.. .. . ...->.... .: >-,.. <!,:. . . . .. ., ‘.,:. . ,.

With equations (63) ,and (64:),,equation (65) 3ecomes,
aft~er neglect ing te~r.rn%.-of;’’s”$cq;h&.’fid:dtiigherher powers Of

,.
rj’~e‘di~~ur~anc e:.”:+&i~.&~t”y-tat-’~he po~~.$’i;:”~~‘r.-”’f&” o~tained..

hy integration and’ summation over the source elements of

all,~,th~,~:~neig.h.b.:o.r.ingpro files... ,Since th~ int.%gr?l ,a~;;g ,,..>, ,., ,..=,.:.,..,,-,’,,.... ... ...... ,.,.,,,,’ ,:.. ..............

J ,, ,.::, ,:...,;. .
o

.,.-,.... .,., :..,..,; . , . ,,., ‘:..t;,~ .. ....!’..” .:.. ,:.;,..,,.,,....’.;:,- ,.,, ,,. ,,,. ,,,, :. ,.. .. .. . ,:. .crl
Cos 6 ..:1’ :-1[;.—..

‘m=- 2
q“(s’)’’sf’:d’s’””’‘“”” “’ ‘“”

l-rt v2t
V=l. . ,0

,,.. . . . . . . ..., . .
m. >L

1 1.sin~ml
..., VU ‘:;.- .~.+e.. @3!) S1 dst

(.’ ....= ,: ...:.:.... ... . .. ,”,, ‘. ...:,...-
. .. .

...
,. ...., ... . ... :, ...,,..:..‘i&l. “’ , ,.;-,:.:,. ,:.: , .. ,.. . . ~!:.’0. “.-,....:.,..

Substituting the, ap~.roxi.mate,expre~si on, equa.ti”on‘(&Z’)’;”
:.

for q (s) ‘an&”’}nt+e~rat~in”g”..By..pa:r%s{y esuits in; ;.,.,~,,.’ ,,,,...”,,...,.,,:-. 7/......,

f“
q{‘~1’)...ST :&’s”~.,:~.,.;J,.,

!
ti: (y:~,..-.JYjy:)@ ‘..‘,:- ‘F......,..........,..........,!.:.,.,.’.. .- :,

o ‘,,.. “ ‘
..,..,, 0 ..
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where F is -the.profile section, areas, Zet .F.= D.Z2; then
it” is plain- ,t.hat:D Is the,‘ra~$o .G,fthe mein’”’yrofile,.
thickness to the profile chord? With ,

Cn

“z,. 1 =g.,.—.
~z! ‘6

V=l
,final ly,,, .. :. , “,.:. ,..

.’.

‘In ‘1.=w,Go~”@@ :, ‘“,, ~ , .:.
,,, ,. ,i’ ”””

.[

‘(66)

vu =wsin6 “: D,A2

/

Since the quantity ,% DA2, is normally small$ equations
,..

(66) represent small velocity corrections? To include
them, it is Su$ficien, t to change the mean velocity (ae,an
of entrance and exit ~eloc$ty), at tbq om~’tted”prof$le
location by the corrections -given ‘previously. lloreover,
6 = $ - a. Since m is us”ua’1’ly”,sm~ll,“8
placed by @ in equation (66)Y7

can be ‘r”e-
It is.evideqt,from

the diag~”ams that .
,. ...

. .

W’cos ‘5 ,7 W COS p = wm

- y sin ~ - -.w sin @ = wu ‘“”

and t afte’r introduction ~of the, dimefisionless ~oefficients,
., ,..,,’.

‘m
—=PO *:~?F -
?YIJ 1

..

these quantitiesrefer to the tincorrected
responding to infinitely ?htn blades. For rotors and

) (67)

indicates that

velocities cor-

77he substitution of 1? ,for 6 i~’equivalent to the
assumpttQn that th&”s@rce& afid’s$n&s $ie on t“helpund~s-
turbedfr ~ascade str~a~~j.ne d.~fine~ $n section T, 1. -



●

This formula is impractical for cascades with Small: $“OT*;l.
This applies in partlcu.lar ,to”guide vanes according to
section Ivl 4. To obtairi’a’us’eftilformula for this case,
als,,othe second of equation (67) is rewritten in ‘the form:

vu (
.’.,..’ .; ‘

—=- *O*T ‘+ (qo*
r(JJ )fi~o* *“

— glw
2cpo*

.)
Yoi :.+~“hz’ ‘“ ..’,“ ., ,<.

.“..,,,. .i. ’.”
.. .. . .,,.,- .. . . . . . .. .. . . .,, ‘..,- ,,.’. ‘,. .-

1t i,s,~l”asi’nfr.o,meq:,at,i’o.n’(66] and $i gur,es ,12 and .l~ that
the.dir ei.t’~on of. the .ii~.tu.~b~ri.i~v.”?~Q-$it“Y:a~ising “f:r‘??~
th ~ ::f:init e.p rofi1e .-th-t”qk”n.ess,,~.9”in. the $ma&’e direc,t%on ‘to
the’’p,~ofil,e:,:~oyd RI ong’ t~~’.,x-a~.!.s~’T~erefore, besi,’es
the increase in throughflo~r velociiy, “ti@e’r-e~ls a“.r,eduC-
tion in angle of attack in retarded flow (’pump-casdiide,
fig. 12) , and an in~reas@ in angle of attack i~ accel-
erated flOw (turbine cascade ~..fig” 13 ).. The.~e facts in

most cases might be the cause of the apparent discrepan-

cies in the experimental. qh@c~ ?,f.th@ th,@O.retical conver-
sion formulas for the ‘“l,ift.Coeffi Ci@n.t*

. ‘:’To-”usethe “diagrams given :i.n,.sectionIV, tihe correc-
tions for the throughflow velocity and for the initial
rotation are added, whence

.
..>. .:, .,, .. . ... .

P*
(

= ‘T.* 1 + ~DA2
)“

\
(68)

“’*O*; [1-(1 : ;]; :.i2J’” ,~1* =

or, .,:..:.., . ,.,.,-.,.
● ’-””

... ..,,

, .(.. )

,’.,&l*’T ~o*i ‘l”-’”’~D’hz’ L ~ ~~+ ~:~~a” ,, ,,:
...,.,,’, 6 ~~~ ‘4 : . . .

,., . ...... .,. .. . ..-.’---.,.
.. ,.’..*,::,:. ,,. .’,!’

Ente~ing’: these -valv@.s,$n formulaq ~45~~ ‘bile ‘e~l@eting
,... -,! . .,-., ,,’:’”,“- .’:’,. .

,: -.#.

. . . ,.
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Or

,.,,

and

..:

,,..

1[Y....=.,.: ,.,~:,f:,.y?., .,4,.,,...,,,..:,

1-1
p>%,, ‘~.pha

... .. :..~, ‘k) 6
,’.:.‘“..’..”.,,;:: . .. ,’.’:..:. :. ’.:’..,

.1

,..,.,., . . .. Y,’,*. ,. . .. . l“.,. .. ..,, -O . ... . .
. y:?:,.~., ?.,, .. . ,“.. .,, ,., :,

.. ::,,. ., L., ,*; ~:; .$&):.:. .:, .’.~.,..,

‘,

I
YO?;3-.,IIA2

.,,.,.,24,
I

I
\

.,. .. ......;. ..:.,., .,’ !’‘
i.,...,:.;,, :..,,.:’..,,’,.,

(69)

. .

,> ,,
.. ..

an’d”‘a’&Ording to e~ua~f~n” (38 ) . : ~:’ ..’ .,.. ;-’::’..,“,.:.’”’ .. . .. .
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’64 mAq”A .y.$1.lye..,;.-IJ2.6Z!

%& .,.
‘-. = &o*’&~ ., ,:” . , ,“,~ . . -,,,..,.,:

..:.
I
1“

%2, ,,. ~~w&-’* .,., - “...-= ~o*~,+
ru) ... . ~.$1

(72)

.,. .: .,

(73)

●

3. General Remarks on t~e’.App~i.c,&bilit”y “of“M~’asurements
.

on Isolated Profiles to Profiles in Cascade

The discussion of the applioalii~~ty of isolated air-
foil polars to cascade calculati,on?-is-concluiled with the
observation that according to the experimental investiga-
tions by Christian (reference 5) the glide angles for,
pump cascades are slightly higher and those fOti‘tu”rblne’
cascades slightly smaller than those for isolated pro-
files, There is noinflu.ence ~,ractiG@lly on the gAmaX-..
values, for the case in question, for example, pump cas-
cades. In contrast, the dependence.. Qn Reynvlds nurn%.,er.Z,s
no longer n~gligible according ‘to‘the measurements roade
by O. Walchner on the G8ttingen 622-25 profiles (refer-
ence 6). The operation,of the thicker hub profile at a
Reynolds number haseq on profile chord below about 0.8
x 105 to 1 X 105 particularly should be avoi~ed. The
measurements of F.. Guts,che (reference 7) s.ho~that the.
cbaracterist%ce of the ,fl:owa30ut the ,psofi:le,c,h.an>ge,very
unfav”:or.ably??.elowth-i:s.criti~al Reynolds nurnbe.r;-,The .
p.,rofi.le..dragin,c,reases,.co”nsiderably and.sgparatf,,ono,$ ..::
flow..occurs.a:t a much sm:al,l,erangle of ..att,ac$ than ;a~?ve:
th:ei.cri’tics.lReynolds number.” , . ... ;, :, ~~.“

,’., .,, ;:,, .“., ‘.
Another important fact j.spointed outs In the ex-

perimental investigations on profiles .in cas~a?p. for
which a plane flOw between two parallel svalls.is. ~sed,
secondary flows ari~e, which are.well known froii curved
flow inv~$tigations? They are due t? the fact that the
stream veloctty in the ne’i’ghbo-rhoodof the wall i’s
smaller khan at .midgliarinel, and the p.osit$ve and negative
pressures are corres,pcmdingly lower at the blade tips.
The situation. is schematically s-hqwn $n figure 14* There
is a pressure drop in the direct$on of tbe arrows; This
pressure drop deflects the boun~ary-lay~r flow resulting

,.
.,.-



,. ,.$R. the rnenti~ned secon,dary ifl’~w...Gon~$tions rjhpuld be
similar for statio$~ry gqidp” van~s~ It ii diffe”r’ent, how-
ever, for rotqrs: ~t ~~pears that the superposed tangen-
tial: V6”10qit~: Of~..%.h’@P.ro.fi;le.se’~~iqn”cau”$eg, on.tfle”.oqe’”.~
hand , ‘k miich’.’s”tia~~e~~~b”p~,~$u’tiel.~ptt~toward; th’e’’:”(cm.k~ef)”:
wall s especially W“hefi:-thti””cha.ra@t6i~k.&”ig”@: “.~6:~ma~:$~ “:.-
and, on the other hand, a slmultaneoy~ change in apgle Of
attack. In addi.&~b”~ to this, there .$s”the centrifugal de-
flection of the ‘~”ihifidar’~laysr’’ab~~t :whi@li’l~%tle is known$
however. All these phenor;e~a atit together in such a many
?er thai for the ~+o.~,~r.pdesc,~ibed Jater ,th,ecircUlaF&.g&
$Lows of the previously $.escribeh’ $y”pq’were “J’”ti’ho’ case “o’tiL
Qerved in the neig~%oyho Qd of the outer wall, but were very
stro~g:ly &#ident in t@e n’ei’ghbo.n.hoodHf the hub . To make
the boundary layer $1OW vi~i~lef ‘ab~’ade was covered with
the’ sensitized paper ‘ltOza3fd+11 By means of a bent
(clamped) tube about “3 mill? rnete.~sin diameter a thin @m- .
mOnia stream with the lo~al velocity cou~d be introduced
into the flow before the rotd~~ The trac~ of the am.monia-
a$r mtxtur,e on the. O?qJ.i,d.cQveyed .~$adq.was dyed, @,lue.
vigu,r”e1,5.S30WS the, r,esul~ing stpearn~ine pjcture”~’ The de?
flection. of” the fl?w on the s’uqt~on side is clearly per?
ceived. &l”th@ugh.”t~e’se st.reiampictwnps prO,v$$.Q $’oqe’
qualttatzve Lnsight into. the progre,qs. o?, the secondary
flow through the go,tor.,.these phen.op,ena st+~l need furthe,r
exploration before the secondary flow,a observed iq sta -
tioqary,,~asca~.es and, i,,nr,otors qan, be. qorre$ated.~ ~hes,e
sec,onda”r’y,f:l:ow~.“~ao’i,n~$lu~enc,.eqo,n;s””i,~,e~r,+blgt~,e pre~s Ur,e ““.:
chang~ej.i“at,~h,,i,d.h“.~,la,~,,e”loadlwgs. zut on th,e,,basis Of the’,
f,pT,.eg.ti~im~‘ti~rnaxlfsthe cQn”v,ersYoti of pre,s.su~e rn.ea’suremeq$~; .
oti,ca”sq”a,de(eto ‘roto~rs.tiust,.}g regardect~ for %h$, Prese9~ 9”.
as’‘very ‘unce’?tai’q’.

..,,”, .,..:, .:,
.,, .,, .,:. . . . ,.. :,..’. ., .,
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Srn&l.;lv&tue,s.’of-;“’.c-otflp’,~~a,~je:natv”ra13y r:uJ’e:~‘out:. Thi;s
fo.rnula.and di:ag”~fa~d$’”.!;‘~ti.d,III’ afford a ;gpny:en.ient’ sur.Pey
of “~~e”exi~tin~ ~“os,qi,~$:~iibs.;By- reason of:. j.:,,...,,, ,, a ;.

,,,. ..,.., .,,..
... .

“’()
‘$*.::=;*.,->

“,()

‘a’”’ “’~ “ :..., .: and.’”@* ~ cp ~: .... .:,,. ,., ,,, .. . .... . .. ...., .,

.
! ,- ..,, ./.

For .a‘roto.rwi thcw~. -,en’tpan.cb,gtij,@e,v,~nes,~ 01,* =’ - l’.:’“Zf
the tOtall p,res”ktireri#e .~.fi~.$th:e“tahgen:ti,&’1.v.e,l~cit.~ ,... .-... .
raw , and the: tb~,dugh.flow:”,veloc$.ty cm ‘“are.giy.’en, :tpen..;

W and,-q) ;:’ared’efin~~; ‘ Tjie”rotor ‘effi’cte~cy’is.”a~oizt ~;
Eonsta,nt, over the” en’ttre:::rbtor.~cros:g:.’”s-e”c.tion.when .’. ‘”
c = C,min’ is” so c“h”ose’iithat the .opera’ting’’poikt” if the ;”,..,
sec.$”ions in diagram. 1’I,i.ei on a,c“oncav”e.u$”wa’rd,yaraBO1’a
(see equation (75)) wif,h ~or%ex a~,”the ir.igiri”Of the’ cU-
or,di,nates. Tb~t” is,,,the X.-’,Y-p~i,nt”s cor”r”e~ponding to ““
the nei’ghhorhood of (the..hu},“section lie ,fart,~,estfrom thb.
origin.’ Since & “’‘is r“esitri’cted upward, e~qqaf”~’o~(74)””

.,, ..’: .
gives a simple estimate of the necessary solidity A,
For a fairly high pressure coefficient W. and a small

hub diamet er , A ,@.ecoa~s’.Ve,ry;,:lar.ge:,for..3ectigns near ..
the hub. But &&&ordifig to exist in”g experimental l.cnow2-
edge it seems a:ivis~?le, to,..qvoid,high solidity. Besides
an increase in angdlar ve$locity,which i“s limited by tech-
nical difficulties for the most part$ there are essen-
tially two poss$bilit,i-gs .to keep the soli.dity ’small ;,
Make” the hub rotor r,i./I’.a.,lqrige., ~his shortens the T:

para%ola discussed pretiidusly, b.u~,,.at the same “time;”it’
iri.cr.eases the throughflow vel qci”ty “.an”d..he’nce ‘X ..:.for
fixed outside ~dibmeten; : “S,O that the parab(?la -is shifted. “.

.,,,,Y-d$agram.to “:the’right in ‘the’X- Yigure. 7 this ihO~s. ,:
that’.both measures redude-. K and hence, f~onl equa-tiOn
(74’).,the..necessary solid.ity~ ~~~,: ,:,,. . “::.’ :
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‘.~hp f.’irU.t:~.f .tQrmul& (?~5) shows a further p 5ss ib31 ity,..,
0’*:.dq,creas:i.ng:Y.,,:..an,d”’heric~~o.%“P general $ .x. ..-J:n.the .cak.e
0$ “t,i.g:htwh:and.. ~ota.tion ,.,,,-.. . : ~ .,-~~

...:,.: ...’.$,,. ...... ..... . ‘..’...’,.,,....’.
.,...,. ,..,. :.,”

$’~*’?,;’,,~’,”;+;”+. {Y,r~ “?:
.,.. .... ;“,,. ... .,

. . ....
J .\~~,,,.

,.,,, ,.,,; ...,.,.~. ,.,.,., $,, ,,“.”‘..:,’..:..,,.
....,,,.. t!he. su%Seri*t’ ‘i”‘:rlenti’t-e$& pila”hk.,

.,. . ... .. ... . . . . . . .
., f. ..,,.,.’.’.’..

; .:.. . .. . .. . .
(~.6).,”.

..’. . ,,

before’ the ‘Pet,Or:
but .be,hi’nd‘the ent,rdni~ @ide van’es’~ The abs”o”ltitevalue .~-~ ..*l.*

ac’Co$@ingiy” Qafi be increa’s~d ‘by using the en-
trance guide ,Vanes .to ,pre-twi,s.t..,the.$lqid.’$.ppo~ite$~’%“@”:
the roter direation of rotatio~.g “By e“qu”ation’(75} thts
method redu~es Y effiqient,ly.. By, the se,qan$.formula
‘@f (75), X ~ +8 Te*uced propo~i’$ ontitiely’,;the. Operating
point X,Y qf diagram I lying .””onthe ,y?r.pight like eon-
neqting the origin and the yoint c“$pre”sp~ndin”g‘to
*1* = . .~e The preTtwisting’” decreases K “mbre’.effec~
ti”vely as the ang~e between “the tangent to, the Ourve
K s Constatit and this “strai,g~t .Jine is greater; Th$s $’s
““the Q&se pr$&ari Xy ~q th6 left part of d$~g~am 1; lien?e
a ‘P?:@W~WIS~”apje”a~s advisable onW for, Fmal$ tbrdtighflw
“velbc?,ities, ..’,,

... . ..,.. . ,,, ,
..

~o~mqla” (5$) &h?ws t’h~t ~r+twi.,~tiig “’(~1* <“- 1 )
,,

l.owkr~ the efficiency” of “i ~at’pr. For ‘ti.@e“rest, the efs
fic$.ency ~epend$ largely on fl for f$x9~ .4%*, since

the factor ~f $1 i~,:eq”u%tion (51} be”eomes very Large
fo’r good glide angles~ ,J3$agFam.IT (fig. 8) shows fl as

a $unction of X and Yy,. For constant Y, fl has its

maximum’”v’a~ueoti the ~tnaight 3$ne cot “@ = 1P ~hi~ lin,e
connect s,,.qccovd$ng tti the:itevelqjments .bf TV,&?, the” ~
pOilits ...3”>’=~; Y = 4, ...~nd”Y:.= 63 XP’~ .,’ ~or”goe~ roter .
efficiezioyq tl$?”opeia’t$ng point mu~~ %e4esigned, to. $all ~
in the neighborhood Qf this stTaight line. This Gondt.w
tion ‘governs the cho~”ce,of rate of speed, the. cho$q~ Of,

but above .alul, the choice 6$pre-rotation, Pifi?a, since

for fixed outer d~a~,ete.r’.&n& gi.%.eq..delivery VQIU~e* the
thraughflow ,veloct.ty,anii hefice X is “a fu~ction Gf the
hub ratio,
,...’”’’.,,:”..., ‘.....,~,>....,;,,,,. ,$...,’“. ..: .,,.,’:.

~or.’vanishinti..through$:l~w ;&loc,ity -’,t,liat1s, X.=~0 s
there’ $.s $; =. (3+,.I,n..this .,o.q$e,,th,e effie.ie.nqy,~s ..indew
peinden% of ,c” aci.ording t’o”equation (51) q~d $s.,s.~.lely.’a
function Qf .“$% $or”fixed ,“41*,...:$inc A.” f2 inc’rea”sea’
,Witb ,x, use?ul efficiencies for very small’ t~roughflow
velocities are ~bta’$ned only w$t~ ‘large T*



,’ ”.. ..””The fact qr.,,“:fa-.J25s es ..i;ts.e%fe,e}t. ~on’,%lye?@ff ici,,ency
at “a~l’~ut s~a.1~ &f &’&afices~f~:~””.m”..’th’e.:~-a~i”~● ..,.’I,t:ig.:e~i-“.

dent from formula (51) and diagram ‘~F’’(fZ:g’.:8)8)t%at,.’for’-
fixed d~*, there i.,s,:~,,general tendency for the rotor
efficiency to increaq,,~..:.y”ithincrea~..ing y - that is ~
higher loading. Thq.:g>i,de‘“angle is, ‘Of course, assumed
to be independent of the loading. This is true, however,
on:l~.:ina ,ce.r:%i<n.~r:a~,ge,+so ,.t:ha,t,,the maxi,mum efficiency
o.f.a ‘ro.t~Qrj,f.ani,%~:of.:t.~e...sam,e Tr.,ofile.,..first,increa”ses.,
‘som,q.wha.t.”’wi.th ..th~s.lqaA.i:n”g..~~t..t.h.en”,’decrel~~e:.~y,.:” (See ,,tef-
qgen.~.~‘8..):,‘e”:;~, -.~;-,::.~ ,~,...),,. ,, ..,,.‘,.:.,:,....... , ., ~~.“’,.. . . i..,

,... .. :,., .,.,.,,,.,,,, , .,..::!.,,.,?.-,...”:.,. ... . .? *.’,.’.: .,..,-/
,.>,.!..... .., .,,..,

,Y..4~1~~n{~~*,!~O@C~Us$~tis .fo.~.,%uide:.:~a~{,s’”.,, ..,,
,.. .

,.
,, .,,, ,. .. ’,,..” . . . ... .. .. . . . . . . . .: .,.. :., ., ..

iiii:la’r’<gon.q,l.us~ons.~a~ ‘stat,io,nary .,guide~vanes’;~+.+
easily: .secmred with the ~i.t Of diagrams IIT aqa. 1? {,,figs,~
9 andl.0). ..However, the ,.f~ll-o,v.i.ngpro.b,Lernis point ed out :
.The :e~it &,i.&e .,vanes have the ,task, of:!conv.erti.ng the en-,
e,~gy of t~he tang”ent,ial.-v,@LQc~~y q.?mp?n ??.t,..<i~t.? Pr.es~,uT~*
.,In‘thos.e.;cas’es ~inwhich jt.hetangential ,exit ,ve”~QCZt,~\,.Com-
pon”ents are not found d’istur.bing, it is prOfi.~,a,p~q,t? ~i?l-
sert exit guide vanes only when the surrender of the ki-
netic. enqrg~ of .,:,ro$,qt,%.qn-:y~u,l.~,,i~p~y. ●a Perce?.~,i}~eloss.
~he que.st~.on of’’.the magnitude of-this ‘energy therefore
ar’ises. zThe tan’gep{’i”al’’’&o~#onent “o”f:the‘a$sol”tifeexi’~’
v“e’ioc”ity‘of the rotor ‘is ‘oy eci_ua-6ion6(49); (’76), and.””’
(50); “. ‘. ‘.: ‘..”” “ : ~~~~

...

...... . ‘ -“’,$’=6=+);?’““‘“’‘“~‘ . “(,’,. ,...,-, ,,’. .,,: :,, J, .. . , ,,

~he’’su%scr~pts ,x “and 2 -denot.e.the pl~ne$ be$oreag~
behind the’’rotor. ‘T3iis,equati on,yields the’ rat,io~f the
kinetid e’nergy corresponding tO’cui ‘to ,~he “energY.’ga3n

,,.,,.,., ... . ,.
through t.he,roto~:, ,“,” “,.,”~ ; ,.:,’. ,-”.,,..,

.,
,.

,.,., . ...,.

(%+)! (;l.+,*y./ra)i-:.:. .,,...
w= bIJT,;..:,........ . ....-,,,:.,.,.. , ... .. . .. ..,. >: ”.,.

(77)

,,.
If a pr”e-rd~ati:n “o~posite *’o theidirec’tion of rotor”’”ro-
tation is’irnparted” ~o”th~,,rfluid ~y a“.sek ‘of-entrance “,.

then’ J.l< .0’gui’de vanes, in the””ca’se of righ+-hanil”,,.,. .,:,.
“JJ ‘& , ,,

$bkaiioli: I?or o.~.,=- .2.’!,.:
vauis.hes so’ that’ no’ “exit



.NAC’A TM Noc 1062 59

guide vanes are necessary, ~~With ‘fixed entrance guide
vanesj “however, “this condition is fulfilled only for a
single o.perati.,ngcondition?. The yre-ro%ation imyarted to
the fluid by fixed e~tranc.e guide vanes is directly pro-
portional to the. axia2 throughflow velocity (equation
(59)), while the pressure coefficient, as shown ‘later,
no,rmally ’i.ncreases with decreasing throughfl-.ow velog$ty~

Sincethe tangential velocities behind the fan have
a disturbing effect in wind tunnels with closed return
passage, fans without’ exit vanes are useful. oqly. for tan=
nels with a single jet cross section. The minor changes
in fan-operating condition introduced by the variable
model drag a?e negligib~e, wind-tu~nel fans designed for
operation with differeat jet cross sections must be fitted
with ex~t gqide vanesg . These are easily constructed %y
means of diagram ZII, so that the exit rotation van$she$
for all the operating conditions which might arisey For
instance, if a high solidity A > 1,43 is chosen (see
referenqe 4, P? 42), the direction at the exit of the
guide vanes $s independent of the entrance direct$on~
I?or the design Of guide vanes qomplying with the condi-
tion Qf no ~Qtation at the exit over a large operating
range, the procedure is as follows: Select two possible
operating oond$tions xv, y* from the rotor exit veloc-
ities and the condition of no rotation at exit. For this
purpose only X* needsto be aficertained, and 7* is
chosen to lie on the dottedline in diagram III, accord-
ing to section IV, 3, Then read off the coefficient K
and tan 13 from diagram IIT for each cascade section,
Since the angle difference AB for both operating condi-
tions is equal to the diffe~ppae in angle of attack,
equations (74) and (62) yield the equation

.frornwhich’ Ak” can be calculated. The corr~spon’ding” A
is then easily’ obtained by means of a d“iagram ‘show$ng the
cascade ‘factor “k as a function of l~h,
4.)..,

(See reference
T,he,’angle difference AP,, or Ocr,, must be small

enough “to lie wi%fii”n t’he’”rafige of”an~le’s o“f attack for
which’”the profile flow adheres. This specification “of
the solidity gives two possible operating points of the
exit guida vanes which lie on the do’tt~d line of diagram
III. ?!his means that the, ,f~qw at exz$ $’yom the. guide
vanes i-s free from rotation”, All Other operating points



of the ;$pe cWY5WV gu idki%ari’e:s‘for ‘wlriclt -*he.‘pro fi’-le f~ofw T.
adh@f’&.~’:wj,~~ ~“~e’ :On:‘.:~.~~ “&ott~d~‘I’.$-ne “;0f; ‘~.fag~~m’ .II~.I,,, ‘. ‘.

R okt:i:o,qr-”f%ee flow ‘t@i~Z1.no -longer o%$.tiin wh’e>ns.e~arat i.o:ti:
of “fjlow””&et’s:;i’n.’~“f.-:;‘.”’”-“:’.”’ ::4:: ‘:~J~‘,‘:...:.- :....>.‘..’ :,...,....J

;.,.,.,... ,.,.,.4..-:......... . .,,.. ..... . . . ,..1..“ ... ,.. ....”
,~ I’nc’i”ddfitAIXY it slioux& We .’not”ed‘that i t fis”..:n0$ al- ~

ways ddvaii%’:g”dwis”43’0‘c’bzive”~t“:a’11 .“ttie @utat ion ~.to”p“ressur:e
by means of ,exit, guide vanes. For instance, if a diffuser
is ‘Yi.s.eil:%0 ,eonv ex+,t;t’he .:a”x’MlTel eci”ty ‘i’nt”opr’esstzre j the
di f’fti’”se”r“~efffdien~~ ‘“cati% @ ‘6o’nsida”rdbly ~~in6&eased ‘by means

.(:$@e’”referenc:e”-g .) ,...of ‘d“6ti&ll .r”otd:tiotial,‘v.’eYoc>lty...-.,...,,~....,...:.,:...,.-. !..>.”..,...,.’,“.”.””’.”,:’.::!2’;-.-,.‘...” :“. . .
.,. ,; ,/,.. ... . .. ....., ;,,,. .:’ “. .......,.,... ........... . “,:.’.’”.,”“.’’..’.’”!....:. .,’..,

,,.,....” ‘“’:.’.........’:,-.: .’3~:.~Rotor Des2gn ~‘.1“..:.,”... -. - .’
.,! .... . .:,..;.,...:.. ,....,. .“:. ,,, :t.,’:.,,.,,....,’..: :-,: .;!.’... . .... . . .. ;,;

,.,...l’or:tliedZScus Si’tin of rot-o~ “d&sign the “throzi&hfloW
corsdition (equat30n; (:23))’is. utiilized; F.rQm equations.

... . . ,,, .,... ..... :::;<.‘;..!.
(45) &d- (50)’ A;

.()”
=;*, ::. Whi,Cheriter~d,,in!tj@uatiOn$(23)

,’

.. . “:.. .:,.... .
gives ;;-af%t$r a Short’ calculate orif““‘ . .. ‘..~; .-.’::.’

... .... . ,,,. ‘,.’,. ,..,,. .
~.(”a-

bR ‘T2
=! .-~”~%.t$:)]:;(i).:.:. i;-R2’:]:

,&..,:*‘;4:1,Ian, & ail (7.8)
~~’2‘ ::.?;;Rz

,., .,,,.. ..... ,..,,...... ..,:. .. ..’ .,:. .... ..~,,r ,.:. ... ... . . ,.
r.. !;.!. ,.. . .

The discu~si~~ is.,,.foy:the .pres~qti~~~yi~e{ to rotors
..;

without ~ntranoe,. guide vanes. .,In~k+is case ’41 = O,, and
equati?n (’78).becorries. . ,. . :. .-., . .:,

,.

. :...,. . i, .. :: ..

In the norma~ working range of a godd rotor ~ is ap-

proximately constant; hen.c.ethe ,last term on the right-...
hand side likewise vanish e,s. If” th’e;fan sucks the fluid
from a large reservoir in which it is practically at rest,
then CpI. is. c.,on.stant over the cross section w~.th the use
of a proper. ept.rant’e duct. ” In the, even’$”th’at,,,~2 itielf

‘1” wis to have a unif~rm distribution, either’- ?l.%..- ‘t or
.,. R2 “2’q’.. .

the’.yre.s,sure, C.oef”f.icieqt ~“ must ti~’con”st,an% otier”the’ .
rotor cross. section according to eq.u.a~jon..(~:?j...The . .
first c.o.n~iti,on Will be analyzed later ...~The seco.n.dcon-.
f,orrns.wlth the ,considerations of ~h.e.intro~uc.!i~n= ..

.. . ‘. .,.,... . ,.
If a unifor~m ax,ia,lyelocity d.ist’ribu.ti’on~is .s’peci- “.

fiend for both the operating condition .of the design
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calculation and the neighborlhg range.~ a well defined ,-
.diptribution of s-eqtio,nsolid$ty > must.%e chosen, To
fix” this, dfstribution,J the design operatigk @ofn$’ of.
every rotor” sect$,on is “~”arkedin d’iagrtitiIY To illustrate,
if the throqgliflaw ‘coefficients
ficients Vj’,are giv?n,

cpjand the prs8surecoef-
the dpsign,aperating po$nts are

,,.“

de~ined by .x$ = ‘&j ~,
~ ,y!’=’$)j:(+~~ ;he ~“’oje’fi-

c$ency mtist next be estim’a~ed, but”witp, ~he’”a$’dof, ,dia- ‘
gram I? ~nd.the. first approximation for thk o~erat,in’g

this estimate can be impr,oved~ ~“.xing t“h~Toint Xjjyj’t, ,,., ,,. ,: ,

80Ji~i~y of any one sect$o”n of r~diu~ rl.,.,, ena~les the

entire X--,Y-cha~acteristi9” of the ‘se&tion tg be con-
struGte.d with the aid Of the prof$le polarp Then se?.eet
an operating poin+ ““Xh(r~)J ~h(rl) 0,$ thts character5s-

t$c, ‘which does not .Coinci.de w$th the design operat~ng
poirltq” A’ocording to equtition (7?) CPa = C#l and ~h”(r)

- cp~(.rl.) since ~ = * (CPa++1”), on the assurnpt$on that

w~ a~~ qh are themselves qbnsta’nt for.th$s ‘operat$pg

cond$,tion over the rotor .qyos$ seq$ion. On this bas$s
the co,rre~pondiqg o~erating’poznts Qf the other sections
are d$rectly indicated$

The accompanying values Of ih(r), “’and the angle differ-

ences A$(r) = Am(T) ‘=“Bh(r) ‘M @ (r) perrnitthe calcula-,,. ,. J ~~~
t$on ~f the solid$ty exactly as. for ‘the,exit guidp vanks.
The result iS a h~ad~ qh~rd distribution, which decreases
greatly toward the cmtersect$on~

In’’the”event that the en~rg,y of th~”en’tering flow
exhi%its .gon’si~er~%le tioriunifo~mit$es”; it w$ll p~ en.- : “
ieavored to fill these ‘~energy holesw”with additional
energy from the rotor. ~’typ$cal’~e~resent~tive of this
case is the Open+jet wind tunnelwith.fan situated close

‘“”“’ti”~hindt$e ~Qll”6-Cti’~gcone, “-The thicknes$ of the bound-
&ry layer %efore the blow.e~ is of the a~der of n+gnitudp
of half the ’collecting tube padiys~ I$”the, static prese
sure in the entrance crQss section iS equ~~ to zero, the

tQ~al p~esqure, ~efe~red to $P(raW)2, in the entrance
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‘.-.+qal’o,~ou$~’coli’si&e<a%’i:$ni” c.& “’%e;”iiaiie’:f 6+ ~roii;or’:s,”:tiiit%
enti~apc e’’~.r.ot~t~i.ok”.,:.i’f‘“~”~(’r) ‘=‘.&&&ij~&,tJ .~{:&&’’~~~”6V’+,,,:~~titi.’

,of ,.Te.as;o:.ni,~g.i:s.n,ot ;.g,hara.ged , except.’-that”: ejdua+i’05’ (L?8)’‘:’~
mti’ithe chosen as starting point inst’ead of equation (’79).

.:-..‘ ., ..’“...“. ;.?”..”’.”.‘: . ‘ ‘ :‘,.. .,-;., :, ...,
.. $..... . . . .. .,,,,

,.., .. ,.. . . ..
4 ‘Estimate. ~o”f:$h;e’“i~r’.ou’ghflOW. Di:-s’~~r,:~~.u~i.0~~:,,,-, :...:..,.,* ,.. . ,.,~:. .,.’ ..... ,,..,.,,.. ;. -,..,,,.:,’ ‘“.’:“+;”.::“’ ,&~~

In.,cgnclus.iov,t a:num.~er @ simple ““m’oQel p’rob~”em”’sa~+e
w“orked out , which’ eva%le” the designer to :appraise the rq-...... ..,,.,,,:“,,. .., ,..,.,,,.. ;..,,... ..!.!’,’.:,’,:.,,.’,’. ..4.~u,lts’of”,h’zs measur~’S- .’ ‘ .,,,. ..:. .,..,.:...-,.’..,-,.,,.. ..... .‘..-, . . .. .. ... ...;,...

For entrance g,ui,de ,~”kne.i;..$1”~“ ‘O, On. thq ‘as’+.umpit’ibn..... .,, ..,”,,.’:......:”..,
that ,$’~e,~i~st,r~buti on ~,-of’.jt~:e.ie.n,ergy~,1OSSes ,ov:e${:At.he:,,c.ro.ss
sectidn of the~.s’tq”tor’. $s’;+p?.?’orm~ equ,a%i p? (24-)“y’iel,d,s:;~+-.’........ . ..,,:.~..,...: ,.. $,’,, ,..... :..:,” ... . ‘..,.,,...,;.;’.:,..,...,.,.,,..
7.:...;,..,.:;~: ~~i,2:: ,.vj,..-,;”f”f.....-.: a (A$,)z.;,;,,‘ ~,.~“,:..&#J:.)’::..:... -: :‘:

~,<...($O,)p22) =:.%$ .= - “.””= “~-aR:’: :,;n”::(’-“.. ,
.bR. :’ . . , ,,,:, ,,, .: -:, ,,,, ; ..,. -., ,,’,,

., .,.., “.. ..., . .

‘hfS~ ~ej$$j’i~ti’ +~d”~}~t~e~, ij~a’4j ‘f~ r. ‘

,,, .. .

,: ,,,.,,; j,. ;,, :, ,.#!::.: ,,,. . !;;:=: .,+$:~ :i$ri t : ‘w”’f%~ :3$.,’ “....J..,. .

no c~h~”~’g&.in“,”the,,{th% o:ug,~.,f}o~,~.i:~tri,butik,n;.‘j~@~0vk4h .’?h e ;j’
gu!ide .y,+.ne%.

.“....
,.. > .:.,. ....:,,:.,’.,t, .,: ..::-” ..:”Z...., ,. ... .. .

:};:.V2‘.!:( ,-.. ‘.,.:..,,. . .. !.,.~, ,1.5,,.:.:,“;.: ~ .,.:y:,
,.

!., ,1 , :+..,,: .. ..... .t.... ....... ..,S!lh , ,.,*. .. .. .. . ,..
. ..~...“!’.”..... “’. .. :’~:. ....... . .- ,’. ....

-; .!..-.:*..,.,.,.: .... ,!,. ~,. . .. .. . ...... .“. *:““.,:. .. ...... . . ..... .. ..
. 1,. .,. ., . ,, ...,. .’ ..,.. .:
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An attempt .was made to have gui,de,,vanes.impart tO
the air a rot’at3.o”nincreasing linearly with “the distance
from the axis (reference 9), in which case $2 = GR,

where G is a CQQstan~~ Introducing this value into ;
equation (80) readily aff”or.d.is ,“ . .,,
., .,,,

!. V23 = cpz~ + 20~. in ~ + .cQnstant
R

~, ““”(8& )

..

V2 accordingly increases without ~imit, tor’”:.R = O.’~a~”d,

drops quickly with increasing radius? The thrcmghflew
Conditiofi’ is not val$d” for suqli a xnarke? .wariation,: since
it was assumea for its deviation that &~, .=pa - ~1 $s
small of the ~i’t’”sto~”der. At any eventt e~uat$.o”n [8j’);
indicateb correctly the charac~’er of’the f’1’ow:%e&ause,
apart from the fact’ that the’ des$red tafig~ntial velocity
in the attempt cited previously was not completely a$-
‘tained, a strong displacement of the axial flow in the
kense of equation (81) was experimentally est~blished,

As previously stated, the deflection of the flew
throtigh entrance guide vanes $s ~roportitmal to the
throughflow velocity (equat$on (59)), If the guide vanes
are designed so that 02 is constant for constant through-
flow velocity, then $2 = Gv, where C is a constant.p
By neglecting a ‘quadratic term in &p, z(ql~ - Cp=) can

be subst$%ut’ed for (q~~ - CP22) and equation (80) be-

comes

,..,,

Since
1 ‘+ : ‘~g)’

<1,’ th:is ecjuat~on sbow”s that every”
.’

?(R ‘“
‘tval.ley”in. the V1 ‘ distribution is more or less
strongly smoothed out.- that is, most strongly in the
neighborhood of the huh, ,

The most $rnportant case, for exit ,gu$,de vanes is that
in which the flu$d lesv.es the guide ‘vanes in purely axial
direct>on~ where +2 = O “and Ad = - *I. On the hypoth-,,
esi$ that the enprgy 10SS 4P.g is constant over the

who%e cross section, equation (24) yields
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,

outside. V2 exhibits a stronger increase toward the out-i ... . ,.
‘s”id’”ethan ql,’:ari”d’~i~”~”~e’rsa. The boU~dary laYer ‘n
the,,out,,erWall rneri,tsparticular attention. Owing to the
tlp;:Clear”an”ce,~’~the rbtat~~’n”.%.~hin.d”’.”th-~ rot.dr ‘ti’’c.r:e.as:es.,‘j

!;.+,..:”::,,. .. “*’,.’ ..: .:.:”’$‘.:”:;“.””:”‘“ “.’.” <‘... ,:,..},,:
:Hemce :~(.$ia)< ~’.,;in\:t-hq,ne~:ghb.oy~-::%otiaT& t“ha :Wal’l&

,.. ,.,. ..”.’-:-..:..:.,.,. .,-.:-........”{ ,....
ho~~:.o~f””,~.he’.,ou,t,er’wall..,.,a,pa’,$rom ,~~e~,,Pr,,e~C..e~,~rii,,’~~+.at~,6P’.:
it ‘fallowsthat.t~e’bhun.dar.y.l.ay’er. O,f th:e:,~.;%”’,dis$,~i.b~.-... ,. .........
t$~oiv:tis:wo’rs:e-.tihan.thati$Pf, the ‘CP;l:“distrib~ti on.’‘. :’- :. . .,’.(. ,, ., ,., ;:.,,)... .,.:.... .,”:’ . ,,. ,:

,, :The,cun.tit.’io.ns:“at ..tlie~’”-r.ator ,ar:e,‘mos:t-di ff’iCU1’$,t9..::
survey. ~..To arriv’”e’‘in?so:me<degree at ,gene.r”al,formulas fOJ?
this case, sweeping simplif’icationst which lessen the
valu’& ‘ofthe “a’pp~di%:a-lk-$:must b,e:made,. ..I%s’pi..te, of. this *
how even, %“h~ ~qual$t:at.i:ve;ims ight- pr.~’v..i.ded.,:by the formulas
‘i’s’u’se’fu:l~ ~ . ~ ‘ ‘ AJ~.“-:‘I. “.”?’~’:~”‘ ~~~~‘“” ,.~

..’. ,,’.;- .’, , ,..;.:..,~,..,...:, 8..,.:, .. ...“,.,. ,. ..;,”” ..:,
:Acc.opding. ,:to .figu-rq ,6, ,,the..~~o~fil-qa~gle<~of:‘“at.tac.k~,

i:n;reqses ,yi.t.hdecreasing, thrpughflg.w, ~e.~Q.c’i~,Y.+,..~o ,1..ong
as the flow does no:t separ.at’e, t’”heco”eff”iC~erit’ ‘“K also”
increase s’witli “decreasing CP. i)iagr’amI “’indib&te”sthat

the same fact applies to Y and hence to ,#. If

()

w
.... ., .-- ~..

*V
T’j j

are the characteristics serving .as basis of the

design, the function ~ (~) in the neighborhood of the

de s,~g~,p o$n$: c.a,v,b-,e.y.e.p.resent @d..%Y~a,TaX1.o.r ser.i.e.s, .,,of,
which only the first term is retained. ‘M’brkq:dout ex-
amples show that a good approximation is .qb.tain’edfor

: (w), except wh’en seyarati on’ of.“flow occurs. ; Thus ~ ‘

,.... ... . ... ~:.. . ,.’ :: . . . . . . ,,. .

w.h:e.rpthe:,,<’c:oeffi,cj.ent
~.e,n~tia:?~on wi~h r.@.s’pe.c$.

,. “ ., ...,.:. -J, ,”
a (R) i.s a“’lwayjs.~,o.s.i,t.ive.“,‘Dif.f.er-
t’o R yi”e-i-<s‘“~ .’”,. ::..- ,,..,,,: ..

‘,
,.,
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By entering these values into equation,”,, the limita-
tion to $1 = constant ‘and n = constant with ~aa - cp12

= 2(cp2 - Cpla) leaves:

.:

If ‘AV is assumed small’ cQmpar,ed to VI ., ~1 can sub-

stitute for ~ in the preceding, equation,, RO that

?xp ‘TX’ “ ?)qJ ,,—=, .
all

“ +$[~-“H+o aR “‘ ‘“

,, ,,. .,.
For a rotor des$gn in which the solidity distribution was

de findd for Q1 = constant, the curves of + (W) for all
..-

sectioqs eQinc$de, and , Since, .~ ,= 0, at the same timet
&p~ 0

w=: ‘
‘then cp ‘it.selfmust be conktjant’with Cpl=

,.
constakt, in agreement with the concius$ tins“of previous
arguments. ,’:~ .,..

.,,. .,, . ,. ,.,,. .,,-.
The condition

Qa
— = O isi for the present, retained.
bR “ .’ . ,.,

It depends solely on the’.choice of ~ distributton~
hence is given by the blade design. If the cpl distr%- .

.bu,tion,has loc,al,,hillg or val~ey.s, these are either ac - ‘.,,.,, .,.,.., .,,~~~rq-;~$’+~g] .

c’entuated or weakened depending on whether.

is negative or positive”. ‘:The effect of this bracketed
expression is so tiuch greater as, VI is smaller. The

sign changes fQr S



.

‘“’‘“66 LNACA TM “No..Z(?62
. .

,*> . . . .

-..’ .,,. -. ,:

d) .:,..-. :.. ,-
=“2(.R2:n = J ‘“;:’:’: ‘“,, “,:.-.,........ ,,.,.::.,?.l~~,’~”r:,: .. , - - ‘.”’ ,,..

.“ “,’ .,. L. ,“,..” .,,.!4

s)

..’

For fixed ~1 9.and:...’.nr is s,ma”lljercloser to”,th,e
~: Cr .,,“..... “;..,,-:. ,, ;......

hub ● If the fluid:’:~s‘~i.ivenb rotat”i~n ‘@Posite “t” $.’he.”
. “(~.
rotor direction. of r?tat$.o~~,,,then 61 < 0 and
,, ,:.

()~ cr
... .. “.,.,. ‘.....

%ecbmes greater. .
,

()WV
The fact that Yor ~.~.~ ~r the ..~ills QT valleYs

of the’’a’xial veloc~ty disf$i%ut ioriard:ac’cen$u~ted’”%y ‘the
fan may %e regarded as a manifest ation.”of instability ,of
the rotor flow. )?or .. ,. ,. .:.,: ,,.. . ,

,, :.,.... . ....
the variati. ?n”’”of ~,.h~~onun’iforinit ie’/of the CPl distribu-

,,’,

tion inc~eas;es wztli~ut.”“l”i’E’it”%ndhasf””b~sides, an indef-
,,........

inite sign. ; In’’’fac~;.di.-fficul%-~esatitse bn rotors with
high pressure ”’’coeff~cien$s which seem to indicate insta-
bility of flow even for those opera}ing conditions at
-which ‘-flow.separation likely has.not yet-occurred. .The

,.

)[’J “ ‘
./ ,“

crit’ica~.+alue:Of:
(t cr’

itself -appears,,to he suh’stan-
. . ...,,

“““~i~lly lower tk,an”~hat given “by the: fOAhiiis if figu$etl
with the high av~r,qgg ef”ficien.GY.Pf the t~:o?Y*””:This. ‘.
discrepancy’ @rO~ahlY,. is due to. ~he. fact ‘h~t’~ ‘n”the”one
ban@., %he, lbcal..pffidiency maYhe.YerY.. Pu?h.Smaller ‘ban
the average etfic”ie,ncy, and On the .Othert tha~:}he-
throughflow condition is, on pfiinciple, not suztable for
stability .inv.estigat$onsi. since st’ationa~Y. ?o?d.i~ions “had

“ ~een &s”&umed in iii derivation in the @gilnni,~g. An ex-

tensionof’ the.thebry’,in this:direction(.t$ Under waY.. .
,:. :..”

~,j ‘~. .
,.., a?.,,

of..e~qat.ion
~.. ex~.reksioll

. . .. .. .
.. . ..,..:”.. ,.?

,’
., ... ” ‘> ’’... “;. :’,.. :, :., ,.

+ 0, th~’ s’eCO”nd term on..the,.right -hand .s.ide

(82) @.so~.,gus.t be, notedo ,.i~ ?hi?t?.rrn ?he.
. 1!

,.’

~ .2(,. .*.; ,.\l. ..; , - .:
y’” +,.:: - + .x ?.:%).j ,. , “

.“ ,,-.“,



plays the same role ,as pr,eviously. - The following i+s
limited to

.

~-”+(%+d+o., .:,,.,,.. ,,.,.,
a condition wh’ich$ a~cording to the preceding developments
probably ,is,,a necessary premise ,for practical,, rotor design.
In this ease,, the ,$igjnof the ieco.hd terrn’of equation (82)

>,:, ., . :. ,.

ita
only positive values ,,Of~ ,occ@ so tb’at the second~”’

. :. .’” ..

term Qn the right of equa,tiori (82) effects, for ~~~ ~j$
.,

a reduction of the throughflow ve,loc~ty:in,the, n.eighbo.t-’
hood of the hub and an increase at gr.e,ater’distances. from
the huby The oppos~te holds t?u~ for V“l ~ ~j.

In gono:lqsion, the in:fluenqe .of.,a”qonuniform .ax.ial
velocity .onthe total eff~cie.pcy is briefly ‘discussed.
Zf the entire total head is...qount,eforot~e,eefficien~yp~yp
the distribution 0$ axial exit vploclty $s of no impor-
tance. It is diffe.rqnt .when..the,,exi,t:kinetic.energy is
to b.e recovered. In th.iq ,case,,a d$f,fu.s.ermust be used
behind the fan to ~~nver~. tfhe exi$..kirietic e,~ergy ,t@ pres”-
sure q Let Cmin be. thq,.,small.est absolute ~el,6,city in a

cross section behind the fan but bef’orethe~~f.fuser , in
which , moreover, the :static pressure has..become constant.
Then, as is easily evident from Bernoul,li!s !equation, at

the,:rnost., J%a.p?.:i.i>..is TeQovereble. :,The nonu~if~rmaxial

. .

.. ,. ,.~ ,.,
.,.,. ,. . ...

,. . .,. ..
,.. ,.,. .,..

‘f. ,.,. . .“
.,..



... ,. ,,.,

THREE ROTO~S AND “3HT0.STATORS
...“&”....!.-“ .-:.’.;.... .. ‘“~.... ..... .....) .

1. Description of Test Stand, Calibrations

,.. .,.:... ,....:. ., . :.;.,.,,, - ...,.!.:,.,:....+,,..,.. . .. . . . . . . . . . . . . .,, /, . . ,., ,,, ;, :,,. “.,,.. . -... :,, . :. ,

.,, . . .-, ,, . . “...

.- .’}’ .:~?i<i”i’:’,>i”~;s?;o?:i’:!:\:e&iY 6$%. ‘“q’ ‘$X ~.. t’e S.t;St.&na.y”..1$. -.’...,:..,

consists of a tu%e 4 meter; (13”.1 $t)-”’i’nIeng’il”and’””500 ‘;

The motor speed was measured by a revolution counter
operating for 1 minute. The revolution counter was in-
serted electromagnetically 3Y means of slip rings driven
by a small synchronous motor. The time scale could be
adjusted very convenient~y by small modifications of the
contact yath.
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A diaphragm was attached at the end, of the test stand
. --- ro?’throttl%ngi the Op.entng::b.e.$ng:rariable :3x means of a

valve andcove~”:plates. “TQ itislude the ,regionof very
smali” throttlingt:the diaph~agm A was removeq for several
measurements and a.d$f$user put in,its place,

.. . .
“:,. ,,

For the quantity measu~ement, the wall was ‘pierced
at It With VI’ denq~ing the velec$~y ~n, the C~OSs sec-

‘~ion at’ the’ test statibn; BernmGlits equationgiyes,,on
the ’a’sgumption of “VT =+ dobgtant’over thq cross sect$on;

,.., ..,,,.
;- .:, .. . . .

V, =/$ (-PI) .

The thraughflo’w v’olume’i’~ ‘o$t’ai’ke’dby’ multiplication
wi.,th.the ent~a.nce cross section ~1 ● This formula $s not,. ..
stri,ctly valid .be,?ause,of the’ boundary J“aYe~.:for~a’tiont
and must be oorreoted “By a p$p,e fa$tor, This was deter-
mined .by careful measurement’s of the veloclty di,stribu-,
tionq It.ig ,“. ... ,,: ... ., : ;,,,.

,..
Q~f

J
“: (-p~) “Fx

,. .

where f ~ 0,985,
..

.“.”

The total head differe~ee’”’was r.ecorded.’$”y.&e’ana Of
the pierced wall station II, On the ass”u~p~$Ori Pf cOn-
stant .veloc$ties in Grobs sections T an$ II

,,

.,
Apg “=~ ~ .qgy-; ].‘AP + ~ ~1,.,

..; ,
.

. ...” ,. .,. ... . ,..

where &p i’s the d$fferefice ’in vail prtisure and F1l

“*he” cross sect$on of’meastiring plane Jt$ $tqc? the d%am-
eter bf the” sha’ftCastng.tul)e is obly ,50.m$l$imeters”,
~1 % F~~; henqe the’lastteim;of the previo~s eqwation

qan be ~},s~bunted~ : ~h~’$*’be*4ur6wou14 beluore exact
if, inst~ado,f. the prec:eding’’”equatlon,’”thb following.
average” value “equati’bn’$’siis:e’d;” .,”.‘,’, .. ....

..’, .
,...... .-, ‘,

. Wa<w,.=-..e ..e.,-m....(; a. . .‘,’
..* .**.A.-,.“.:*%... .,.. .,.,.,

,,.

, f

,1 “ P “’:’~ ‘ “1
“:;,tip~*,A’p + ‘- .- e{,{,,@ -““-

J

i “ ‘:”
‘II

~,cIadF..-,,,+ : ,.~1,<
,, ..,,

F1”l’ ‘T -
% ,,



,;;.

;;-.:.,?,,,, , .ij’Dat$r-~iRO.t QrS and. s~.~~W:f$;j :’,.,,,,. S.. .0, , i
,.,. ., .,.,.,,. -. -.

,., >,., . ;:,.;: ,:., + t ,
The,,f,ah~-ties,t~~~~‘~]ere,~~ .~he si’ngl,eJ7s..ta&e,“@Z.l-flOl~

type,, with exit ‘gui~d;v’anes’and .wit,ho,,u,t.-~etitra~ce~guide
vanes. The.’corntib”n‘c:l/arac~&ri s~tics of. t~+~{i is“%three eight-
blade rotors ‘were the following:’ Thti de~t~”ti’”’operating

i
point was the same , o~rall three rotors,
ficient of

A;’pres”surecoef-
0.1 8j@d,,’=a’’fiow coefficient of @o = 0.45v= ,

was specified for. the entire fant including the hub dif - -
fuser. The total -pressure boost set l~pr,by- the rotor is
naturally to b,e decreased by the diffub%ti’lm””d‘tlie.gqid.e.
vane losses. ,,Th”eL‘d~ffusJer~~ff.~cienc.ywas ,assumed at
To= 0.85 ‘(se~~Hti~t”4,vol. I t “26th ‘.ed;;,;4~’’377).,the

guide vane loss~s.~.b~ing computed”accorcl~~~~~’$ ~t:”heformulas
derived in sectidfi:Iw,’ 5* The corresponding’”G6tt2ngen
622 to 625 air.fot~-,,secti”ons “and those derived bY inter=
polation were: used; in the, rotor blade dbsign, and in such
a way that the thickness ratio of the profile from the
hub outward tlecrea+~.d uni.for,m.1~,for all the rotors. The

: pfofil”e &n.gl& .6s,,.=.,{90°- 6, was so ,de’t@Tmined, that ,th?

total -pr&s’”sureb“o”ost’of.t~e.‘rotor ,for the design: operat-
ing point was -constant Over the. efit$tie tiotor cross sec-
tion. To %e sure} this: goal’ was not. entirely achieved.
Tnis was- largely due to the .$act that th,e~,corrections, ,fOr
finite blade thickness were a+pwed for ~Y,.a rough, $ that
is, excessive average valu~,:- sia.%e the .,correctio% formu-
las in section V, 2 were at the time not yet in’%xistenee.
Likewise, the dependence of the polars on Reynolds number
could not. le considered. The ,,:polarm,easurenents then ex-
isting had, been secured. at,. .cm.l.yone Re~nolds number. It...
should also be mentioned that through “an error, the Pro-
file sections near the huh of.rkt or. 11 were curved a lit-
tle too mu~h.
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. . .
“’qhe t“hre’erot’ors of thi:s fa”mily diff”ered “in the dis -

t,ri”but.io.n of ““theirbide chords. -Rotor I “had a profile
‘chord linearly decreasing “toward t’he’outside; rotor 11 ~’
constant; ‘and rotor IIIj linearly ’’inczreasing. .’

... .; ,,, . ,., ,:. .,

The exact data for” the three rotors are given in fig-
ures ,~7 “to ,19 and in ‘tall& J. The,clio$d’distrf%ution was
s;cured on the basis of thi ~imensj.onless ~&g file &hord
with a rotor ‘radius of 25d iillirnefreri (9;85’in,). ‘rather
than ‘the sol~,dify h; AS “it “affc)ide@”&clear re~reSen~&-
“tion of,ljhe “chord distribution; Th.e”pfofile ‘ordinates
are g~~en as ubua’i in”~erCent’o,f the local”profile ‘chord,

.,.’ ::’,” ..’!
The data for.both stators are,shown. similarly in

f$gures 29 and 21’&nd”ta~3e 11, ‘Sttitor I’ha& riind %lades
shaped from 2 millimeter (OP0787 in. ) thick, s@eetP T.h,e:
guidevanes w-ere designed to remove all the ,T”otat$on at,
the” design ope’rating”po$nt~ In order to avo$d.exces~isre
solidity, the ~ift. coefficient chosen f.or,these qperat,ing
conditions wascompa~atively large; Consequently the
guid’e’vane $Zow separated at a throttling not much greater
thaa the design throttling, The re$ul%ant lower, effi.-
Qiency is discussed later. The design of stator I was
based on the ca4bered c.irc,ular arc profile with
f– = 0,05 (reference 10, P? 96),
i

f being the camber and

1 the profile 6bordQ . .

Stator ‘1$ also. had ,nine hlqdes the design of,which
was based on the cambered Gbttingen 624 airfoil Section.
~t was hoped th-.at.bythe use of the, profl,led blades the
flOw would adhere over a la~g’e throttling range especially
,.since, acoording to the experimental re,sq:ltsgaine.,dwi,t,h
guide vane 1, the operating cond$.tton. of ro,tati,o.n’-$,reti
exit was.,shifted toward Z,ower. ~o-value.~ - that:,’ist .,.
gre~ter th?ot’tl’lpg. “~”tis’to be” noted “that neit%er gui”de
vane quite ,sa”ti;sfied’“the cond$t$on for md~.a-tion+%ree exit

;,,
over ‘a‘large th’iottl’i”ngrange postulated in .sect-.i”onVI, 2... ..,. .. .. .. ... ,.... . . ..

,,. .. . . ,,.’.,

,.

,..,.

3.. Recal~ulat$on. of Rotor and. St.qtor.:.:. ‘“. . .. .,.~:’ .
To insure-”an~easier $nte~pretation”of t,he.~esf data,

the t.hq.or,et$ca$i,nveq~igation of the r.otOrs:“is given :fi,rst.
The i.n,div~dqal cqscad~s of t~e, fan are calc,u~,ated”in’the
order of t~~ir arra~gememt \n th”e fan installation ,- that
%$, pro~ee~$ng in $req-stream direction -so that in every
ca$e the distpibu~io~” of free-st~ea~ yelop~ty and of the



. .

,- ,. .,,, . . . ...-.. . . “. “. . .. . .. :.. . .“. ,, .,
. . . . . .

.!.,, ..,, .. ::,,., ;; . . . .. .. .
. .. . . . .“. . . .

. . . . . .
i.. . ... . .. :! :...*.. i:.:, ,....:..; . ..... ... . ::. .....

;. ..*.:)....: . . . .. ..

.72
..,.... .......... .,, .,,.. .

‘WLCA TM’NO* ’.1O6Z
.: .’. ..,..,:.-.,:.....{ .,:,..:. .. ,.’....,.. ”.-.,.. . . ..... . ,,,..!........ . .,,.- .,,,

in~tial r,ot”ation..ca,p.:$e~..~.eg~ttie~~~s:,~.pow~. ‘.The P? ?~edurb
indi cqt+e.d.by ,.:t:h,e~fo:~.eg~b’i”ng~.~d>yi~v~~zon s“i:s,hiiefly .summa-
“~i.zed-her.e,:-~~p.~ ,To~t.o&‘.>l~.~~”~&ual.\+.ed,.,aS .,}”,eing d~~ ided ~,Y
mean s%r.eaw s.ur:f~.+e.s*m* 0 c.aslc”ad:e..sect ioq.ks The mean
=s’tream surf ae es ~,r.e,”d’ef~in.e~d’~a..~””.the r“o~tationtiily symmetri -
cal stream surf,aces co.rr~spqnd<ing’to ‘theyr’eyiouslY de-
.f,inedmean ve.lo.ci-t.ie.s.,.......OT.OT.,,eac~,.of.t,hese.sections, t~~
XT ,Y-J”chzractgr.isti.q,:.t:k+e~,ffic,ie.n,cy.t .a~(l.,the’”’tangential
qxit veloc.i.ty.h,qs.jbee~ :cql.~u,~%”t””edby mea’ns of the dia&ams
.Of sectiqn IZy ,yit~o,ut ~.e,g:ar.d.~,io,,.t”h.eir.mutual ~nfluen’c&F
but with ,allqwanqe .for.,t,he~corue.ct:,:o~s,-”forthe circulation
,an.d the thickneqqi .,T~::,illusti&t4 ;~he qrdj~ ~of magqitude...
of these. cQrrect$ons, ,t+~:,.castiade,effect coe~ficiqnt ‘k... .,. ,.. ‘.;
‘is show fi”plotted :agaiiit”; R“= $ ‘in ‘figure 22..for’ the,, .;:,-’

thr”ee rott)rsi: The corr.e~p,qnde~.~~~~~:t~e individua$ rotors
The, factoj DX2, neces -is inditiatieti”hyRoman numera%s.: .,

.satiy.for.,the”predictio~ of.,the effect” of’,‘finite blade
thickness, is sho”wn as’ a ‘dashkd tiurve. ‘Quan’tity D i~..

the, ratio of “mean profile thickness to chord. and; because
of the Yelation’ship of. the G8.ttinge”n~@22 t“b.625 airfoil
sections, is propoiti,o:nal to th.e.m.axirnurnkhickn,ess d:. ..
. ..s’. ( “’,.’’.:.,.’ .,,,.’:,,. ‘...;;...:...,

,, ....” ,.,’
... ;,D & 0“:675 ~T ‘. ““i “ /“’”,. .. :,, .’:-: . . . ,.”.,.., 2 ..:.:.,.,..,,., ..,,..”.. ‘ .“. ..,
J“ The cal’cula”tion of .’the casoade:secti On’ characteris-

tics “is based ofi the profile polar s,..converted to infinite
:aspect ratio. : (See reference $t p. 1“08.) By formul~s ‘

.:. ... Ai~T,””’ “ ;; . . ,
.:,.(G~,)’,(43”), ti&70i ,“ K =“~” ... , ,,,,,,,is’ o%”tained’as a func-

,., . .... .“.,. ... . .. ...

ti,on ,o’f’:8, ‘where B, ‘f~r the case “of:right-hand whee~
rot’at%“o’n,’m“ust be put e,~ua.l-tq. 6 + a; for the ‘sake,‘of:
trial,”: .X(~) was cal~ul’ated ‘“forv“a”rious’Reynolds numbbrs.
It’,was f,oypd $.ha,t,,K . is .,fai.rly indepe.nd~ent ,of the

Ti,is. fact. is.‘.eviden.tfrom’ equa”t’ion (43):~..R.&.yn.ol&,s..nuabe.r: ,.

‘wlien .c:on,si.tter.3ngthat.,,.ap.art“<r.o.rnthe, zan.e.of small angles
b,f‘at.tabk$.,the .lif,tco.effi cien’t ‘lA increases somewhat

.. 4,, ,..

‘~ ~i”t,fi”“incre’a,s,,i~,ngReynolds’ numb’er ; whe:reas the glide’ angle
c“ becoties s’daller. Obvt o.zis~.ythis holds only for average
values o:fcot B. If cot @ is very small, K(P) decreases
with increasirig ,Reynold% number; t’heopposite holds true,.
for l“arge,valu.e”s of 9. To pre’vent ‘mi”sconceptiotiss it
should be no’t”edthat , in contrast ‘to K(P)* the ‘e’ffi-,.
ciency is C1OS61Y r“elat”edto the Reyndlds nu’mher.’

,.
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,.,.
If”’ K(I3) ‘“Sskbown~ the methods given in section

.. . .,,IV, 2. can ye used to determine the X-,y-characteristic
of each fan section. The formulas (69) give the transi-

. . .,,, ,..,

tion. to,, .,,‘Xo,lo Where’j”in.the factor, of ~,D~2, Y.

can be. substituted for,. Y without appreciable error,
For a rotor without ~nitia~ iQtatiOti “,do*l=, -,1; and

hence, .aqcprdingto equat$ons (45) and (50),
,,

,, X. T Cpo+

. . wyQ =, ~ ,. ,.’ .
,’

,,. ,,

From the definitions of ,,qo* W*and the rela~iQns

.’ CPf)=330

.“
.,,

,.
are” rea”dily derived?

The ensuing” sample calculation.illustrates the sig-
nificance of k and, D. Rqtor III’, for which the cor-
rection terms are, highest according to figure a2, is to
serve for this purpose. The qal’culation is carried out
at first with cascade effect of the finite blade thickness
as well as the ‘tneighhoring circtilationl’ neglected - that
is, D*O and k,= l,are usedin all the fQrqulasf
With thqse ~pprox$m~tio~~ the d~~te~ c~ryes of figure 23
are obtained for fQur sect$ons’of”rotdr I$IP with ‘k ~S
given 3Y figure 2?,.but,retaining .P = 0, the soli~ curves

u (ip$) accordinglyt of figure 23” are o,btai~ed,,, The CU~VeS ~

appear to’%e tunned through a c~mparative~y srna,llang,~e
by the cascade effeqt goeffig$ent k. That”,ts, the rota-
tion is. aboutfthe de,s$gn.ope~ating. -point‘since, fQr, this
point , “lie = cAg owing to the adiiitional prof$.le camber.

,,......
Tbe dotte’d”.curves;in fi&zre 24 agpee withthe solid

curves of figure 23..- ~,~,the thickness cor~,q.ction,.D
from figure 22 a’~ well as the d~sc~qe effect ”coefficient
is taken into ac”coupt~ the solid $urv~s offigure. 24 are
o’bta5.nedQl: F’07 tbe s:a~e of.,~lp~ity onty the curyes for
two ca~G&d~ “s’eCtio~’sa~:~ ~.~”ow~,o.?he effect of fin$te,
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pro”fi% “t”hi:.ciknes”si~,mari$.f:es.t.si.t.self,~q:rge~y .as a s~~f’t Of
tlie‘dti@vdgi’..tothe’:ldft.- .....,37.,,,. , ,..,_,”- , .;,:

..’, ,..’.. .. .‘L<,.:;.::.;..,~’.., ,’.’“.”““’’”.-:.,:.::,’”,,,!,!:: .,.,,:.‘,’....-4
It would S&”e”rn’~on comparing figUrei”~3 and ~’i”~’““as ‘f; ‘

the th~ck@&~-s~”;.corr,ee.t~Q.B”:we?? g~~ater than the. ciyc~.la~i ‘n
c.or$e,~’$$c)p::,~ut this, is not true’ ~acause”the” principal
poi~~oti’’>oftti-e:,cir~$l~t?:~’h~&or$’ectitbh is anticipated hY
the ‘6Xtr A’ camb:er””and” ~~es;;’%bt~:k~~~ar iri”figure .23...........”...;..........’,,.,.?,,..:$.,,,.,:$.... ..,.:’ ....... .,~”-

To return to the comparison of the calcu’lation~ for
.:..:.

q. . “... - ..}.,
: (To)the three rotors, figures’ 25 tO 27 show the curves

.,,:
for “the four sections al~fi:g’ti%t”~the section efficiencie~~
calculated from equation (51) and diagram II. The curves

.... .....- ....:2.,...... ..

# ‘qQ)’ are, “(=

...
a5’ pr &i O{S:lY a:ssum:$~$“&?p’r”~”’xi”@ate,ly”st~aight

-lines in their principal r“an’’~e;’”:.$h’emost apparent differ-

ence among the three qotors is t~.a.tthe sloPe of the
curves to the $0 -ax~{s’cin=rot.cLr I...isabout the same for

all sections, and hecoues so much” greater on the other
two rotors as the correspon.+ing sectiqns are farther from.. .

,.. ..., .,. . .. ...,,
ro%o”rs9

..-.:?,f$o)‘.thecurves
“ant’”””‘-q:(~o )>;7a’&r’:e’.alrnOs’: ‘ex-

m,. . ,1

‘~$:bt~llt ‘f 0’$ the ~:ca’ii c,ti&e‘“%e’a~e.s.ij’:hti~the.!hw%..:~,,(Considerations
‘.cjft“he excess”fve ‘cam%er of ‘th’e‘.prof~le.s;.near the hub ,are
“’ohi,t,ted’’in”’r$he-inte?estis ‘:of sy~tetiatic .“analYs~s. ) On the

.-,,.,.
o{h”e,r“hand., the “effici eticy”curves of. t~e-.sections: farthest

!.“fyomthe hub, sb.ow further distinctive ‘character~,sties of.’ .....”.. . ..,,.,..-,,-,..,.,...!: ,:.
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..(.51))$SQ that the,,highe.st casc~de se,ction.,efficlemcies
indicate the regiQn in wh”ich the flow adheres”.” T’he ‘region
of adhering flow on a given prof$le is defined by a cer-

tain angle of attack raqge between amin and’ :a~’ax.

These angles of attack correspond, for fixed blade angle
~, to the etream angles @rein and @max, because of
a= $ - 47 ~,~hange in ,b~hde,angle 6 is,, as a result,
ac’oompanied by a,dispzacemeht’ of”t’he region ‘min5P~Bmax*

Sinqeoperating po$ntq . ,aJ ~.~j -,~~, larger, fJ cor-
~es~ond %0 6maller ajt Stn’optat $he.san,e time, .the

design Opevating po$.nt cor.resppnds to a definite coeffi-
cient” If ~ ~KA(aj), a lar~e~ ~j $s nece~sarily associ-

ated with a larger ~ (~A[aj) Bec:mes. smaller with smaller

aJ)c Summarizings it Day be stated that the regiqn of ad-

hering flow gan be shifted $Qward Srnal.l qo?values by in-

creasing the solidity A. ‘/%e posit%on of the efficiency
curves fQr the outer sections in tigures 25 to 27 con-
firms th.$s argument+ -

The see%~on charactje$~s$i~s of figures 25 tp 27’ were
obta$ned without regard to their mutual influence? To
determine an operating ~Qnditicln thqt w$ll hold 4imulta’-
neously for the entire rotor$ the correlatl.on of the -
quantity coeffielen% %3(?) must be ’dpte~mined with the,.,
.ai@ of the throughflow qond$tionq All cp~,~-values in
th9 fQJlowing ~aloulat~ons refer’to infinitely thin,
blades?. The 6ubs0T$pt ““O; whj.qh should be use”d through-
out, is omitted for the s~ke Qf simpliP~ty, The through-
flow condition tn.tlie.fo~,tieqq~tioq ‘(79)”$s eu$table for
the purpose in view? S3n”ae the ~otgr sucks tbe air out
of a large reservoir (fig. 16). CPJ Pan be assumed Con-
stant if the small %oundary layer development in a prop-
erly designed e~trance’ Gone, iq”disooiznted. Wr$ting. fur-
,t,her ~,a = ql + iXp, cpa2 may be put equalto qlz~+ 24@cp&!.. ,.
to the order of ap~rox$mation” ’’maiqta$n-ed so fa-r.‘“Theri
t~,,e,di”$feren~~ E!qU@t$On CQ~respQn~iqg .$o the differential
equat’$on (79) gives.: ,,

,.
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where” ~’RfiT’den..bt,e&.::,tA.e -,.calcultited se~ti.oxi;“:-,~’u ‘.:~%.a’. ‘
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Thei c“on”s’tantis &et.&-rn~n”eg:’w;i<%’’:’’kg;aid,d”’”of ,’t~e’’c,~ndi,,t$,ok~l

equation (25). ‘I’hefirst approxirnatio~’ of” the”” q dlst~~:



di splat ement of the througli:flr’o’w”‘to~ird ~’he “9uf$i’de”i-ACY
cording to the conclusj. ons so far the rotor $1OW should
separat e .at~t:h.e,pub: ,,f,or..a’ t,hro.ughfJ?w.,,coeffic$:e~t sorne~-,!’,.. ,,What’’”below’”+hat’ ju8t,’@+en~ . ; ~~ .“ .,.:4” .,;:Y:,.::j,...~i,



.:. ,. ., ...,.:,,:,., .. .... . . ........ . ,,. .-. : ..:~.!”gT>:,,;,.’, ~ .-,.., .’:”””,;
iqdics&,d:.. The .func~”~,an~‘k(P) = ,- .,-.,Jsfirqt ~e:.i.ri,e.d

.,,..,.. :..,”,,.,, ., ’..:’,, .... -.) - -. ,,,.,,.,,.,...... .
hy ineafis.of the sect-ion .pOlays fq~.,.eqch ~cqs.Ga*,q;sect”i,’P~n$

,,.

The.. JL*-,Y*-cha~a,cte~ri.s.t$G,aU@ the: f,~ol.%~,v,..f~,t.,eXPr::ssi,Pg

the exit rotation in fractions of the e’fi~r}axieffrbtati.on,
are found by means of diagram 11.1 and the pro~edure given

. 4 .A$*
in seqtion .TV, 4,.. The energy 1:0ss — for the particu-

,,. : V*2

lar throughflow coefficient “at any operating point X*,Y*
of a section. can be Qbtain~d f?.om equation (5,Q)with t.~e
aid of diagram IV. Tlie calcu$ati~n of the through flow ‘.
distribution is similar to that of the rotor by iteration
of a differ en”oe equation, which is easily obtained from.

e.q~atioa (.24), The ~x$t values, of,,th,e rotor, o~tain@
frem, ,the,,r,otoy di st.ribution “.c,a,lc,u~at.io,n ‘f Qy” an’Y,a~~rag”~
c?~ffic..ient’ ~o’s: se“rv,’e:qs, eritriince v~,l”ues’of ‘@.~, “$:d””

+O1;’-’”‘that “is, in .th’i.spartj:~,..ila”f+a’~,e,~f ,,r?,~+,ti.on-free.“ L,- ,,
entrance i.nto the rotor-+:.--~dl’r.,.=,..CPo + ..AC.Pr6t~r;

(

and,:”

1 ~,\
(@?scri~t,. 1 , ,.,‘~ol’~:=:~ “~’~~o,tor:’ : refers to the entrance

.
planre ‘of’’ihe stator~ )“ I’~’t~e”’“’~hr~ughfl’Ow df”stri%ut$”Ori’
p+ f or” “a‘mea-n th’roughflow ~oe”ff’icient ‘@o’ ‘is known , .. ,

,. .’.,

theq the “energy” 10”s.si’.t.se’lf’’’,ti”be”be‘calc,tiyaked.$rQm ‘the
,.:

.. . ....
A*

corresp~’nding ~alue of + * .*”The average energy loss -ip.,, : ,., .. ...* . .,. .
-again pbta.tne.dby integration..,. .’

,,
!.’. .’ .,.. ,. .,

4.* .Cornparison of T’heoreti~al’ and,.Experimental’ Results. .

,~h,e.rotor efficiency was ob,t,ai.neddirectly by means,
of t.ot.al pies sure measvr’dmeq~~s ,,be fork’ and ‘behind the
rot ori ‘al”thoUgh it was “ca~ri’ed‘out “al”o’ngonly one radial’

...‘direction, However, since it ,i5 fairly safe to assume
rotational symmetry on the r’otor$’they’ s’h:ouldperm$t ‘a
reliable ~alcul.ation ,~f th,?.@ff,iciencyr The total head
.t,ubewas insensitt.ve to an~le’ (~15P} wlth%n ‘Wide “Jim$t$*
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Nevertheless, the greatest possible care was taken to
head the tube in the, s~rea~ direk~~on; Figures 28 and
29 show the dist~ibutiOn of total head increase for ~e~.
eral throughflow Coefficients on rotors I and 117, re-
spectively, ,together with the th,eoretica~ curves (dashes,/.
Fi@re””29 i“s, limited”to the experimental Curv,e’”f?r,
@o,’=”0~2.47 ~.ince.the piofile polars, weie.ndt’.pe~s~red fa$,. .,
enough tO’.enable’ a”.calcvlat$on for this. throughflow c.oef~
ficient, Besides”t the~te$ation pyoc@dtire is not’:to be.
expected to converge for this m,eap’:throughflow coeff$-.
cient; even here it is apR,arent that rotor III operates
at a mean cQefflcient ?ar,f@qJ,Ow ,~o.~,,~.fio$p At *his

value, according tq th~’ fqr~go$ng’’.apg~gents . the maximum
lift coeffict~nt of the hub seotion is already exceeded.

Apart from the neighborhood of hub and outer Y’al$,
there is good agreement between the theoretical andex-
pe~imental curves. The latter decrease sharply in the

‘ (2“‘)’neigl%%orhaod of the outer wall This $s largely

due to the Q4earance lQsses. The increases occurring in
the neighborhood of the ~u% are probably caused by the
secondary flows xentioned, at the end of sedtion 7, 3.
The th,eQretical curve of rqtQp 111 shows’ a sharp decrease

near the hub for To = ~.316~ (See fig. 29. ) The reason

is that, the hub profile at the cited mean $hroughflow co-
efficient is at an angl,e of at~a{;k for’ which the p91ar “of
the” isolated section already’ ~.?t~;~i>;at~ts’ j:l~:~y~.eut separ.a~-
tlonq The marked. d?.~fert~~i:.,b’bt~’~t~:3en .ihe<j:;t~[:.:’.2J.and; ex-
perimental total pre~~;.}re distri’~utioils iteel,f suggests
that t~e sepa~a$io~ ph’6norn~na on” the hu’h pr~,fi,~.~do not
OCCU~ ,in the same qanmer a~’’’b~’tbe ’’”’i,so%atedprofi}ep
Another unusual fact is thit ‘at v.ery,high loadings the
tqcreases are similar tq those at the hub?
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Their sca”it-er isarneasure .ofithe certain ty+of:.the e.ffi-,
ciency””d@termi na.ti.on::}-.F~gure::50als0.- shows:$he. rn~asured,
total ~nessur6’.’’curveW:.W.(9g) and the curve “; - ... .. .,~.,..,-:,;,.-,.,,::.y .,.--.l,,... ......... ...,,..,,+ ,..,

?’;,;.;,,:,~,_”,”:~;,;;’’;::;,!,M;;.:;”:,;,”::,.,,“:..,:, ,:,.,,,,:;.:.‘,“i.7.“ “
,,<.,.,;,.“;:’“ ~,-.:.4.’‘:!::.T;<. -?%.-,g:gr.. r.ti2:iF,;F,;. ,. ~.. .. .. .. .“.”),

.,.,, ., ....,., ,..
;., . . .&...,<,.,.. .-. / ,+r: ., .. /. . ....-,.. ,. ,.:’’2L2% ’.’” :. “.’.”” ‘:”i:”; l:.~’ ,’::””:’’””:

;’, .,,

,..’dorno$lle$lledefifiition .&f:efficiency.(equa%ion:(2.0 )),

it”fol-lowsl::%~”:ti’~~a’son of: ::’)~ ‘ , ‘ <. ‘“~ .’ 1 ~‘,:
.,,.,.,,.:. . . .... ... .... -,:-. ..,, .“:.’:”.”” ., ..::.’,:,-.’,,:’..’: “..’”.,”.

dM ) cm 2mrdr~c’ul,,= P@cty2 ”\--,,.:, ,.;.::.~ , ‘..,- -:,1,:.!“ ,,,..:,,.:,,:.,:.’ .;,:,:.,+ :., ., ‘.,

;. .. !j (..,..... . . . . . ,., ,. .,. .“
.. .$ ,., . . . . . ... ,

‘l?~agn;..t~w~‘ap”pl’ica”t~’onso.f’~he”’rnean.~a~ue>h’:~re~Of in~p~
g-ral: $alculus , it can %e concluded th,at, ~ is. appr.oxz,v,.,

ma% ,el.y~,.<equ a1 t o Tt~. Likewise: ~~ ,, :..”. ...’.
,.....,,,,,., :....:,. ,.. . . ...., . .. .,.

.:,.,.”<,;,..

“1

: 1“ ~~ M’ “:.Jx”{lJ.: ::.:~.’”: : “:”“’ .::

In” t<; :“ ,“:, “ : “’”,:”“,.:,.,:,
,,.,, ..=.:. ..... . ,:,.t..i,,...’.::. .,..’

..’ .~”.o~ .r”-3’~2””,<,,,,:, ,:;.. ..... ...,.-.,!:,.,,
,.,.,;.2;;,.”a.. ;;.;,,,. ,. ?.”.””:-.:”., ,, ., , .,,, ,. ,...

v
Fi gwr,e jKl sh,ow,s:very gop&: a.gre.e.rn~ntof: the curves, ~~~”

.. .. .. .. .. .,

.T’~i8 p r.o’v~”s”th a~$~ ~in j+n,Y,cF@~?>Y,..
Y

t~ii’e‘%”.0rqu,e:,th’eo~ e“?iC,a~i’j”~

objta:in.ed.pgrees .V,e:~y,,c1.o.s~~y ~?.t’h.-,the ac~ya.l:+.. ‘or. r es,-,
suo.nsd,iscuss.e.d,.Srevi,ov,sly-i‘the Iheoret %c3.1 cUr+e can ~:e~

=“.0 3.,0,1”.““The co’rnp{’ison of the’ ,,~~icUl$t,~6_0~L$’,tO ?0 .

‘:c’ur’ves v (CPo), and accor’d~ng-l; O> the cu’r~’e,s‘.~j;o’)t.

pr’ove’s”1e~ fav~r”’ab’le. AS already seen from..figure.s 28: ~
afi:~29, vt~ > +. Tlie add~t,.ionall,OSS, expres~~ed bY-

,,,.. ... ..u
;.{:- ...... .’.’

~ <,~~h,- is .“at:ttii%uta%le...to ,.the:-flow‘ph.e.mmna Detwe.en.
. .
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th~ blades and the o.ut,erwal,l’, It might %e supposed that
the secondary~.floy.'",at-tihe"Kub'':aL`9@-.co"nt@i3utes to.this
10 SS*’:But ex~er.im”ental inve,$tigati qns~” reported subse -
‘quent%y; indica~e, that the c~earafice 16s6 a~counts for’
the major part: The ,,recalculat~’bn of.-’rotor I and the”
Comparison ’witli.tlie e~per’imentei~ly determin’ed ’rotior ef-~
‘ficiency shows apprdxirnately ”t’hes~me,,dt’fference in effi-
ciesicy of from 0,02 to 0:03: “’ - “ :’ ..”:.

,.,.,...
TO sum up, it may be Stated that if the theoretically

calculated-efficiency is “r~duce~’oti ~~botint”of-clearance
losses (tip’,clearahcp 1 @m” =, ~-0+ in.)::by 0.02’to 0.03;
the rotor effiet’sncy as’,well asthb~av’erage~:total pressure
rise of the rotor can be accurately: pr”ed$~ted.

.“, .,,,

The determination.of the total head increase of.the
entire fan re,quires the inclusion in the calculations Of
the stator:ahd ,d’if~user losses in addit$’on to.theQrotor
10ss0 l?igure 31; (see a~S@ ta%>e 4 for 81 = 27’~5.) shows
th,e results’ for rotor 11$ and stat”or T of fi-gur,e 32 (see

I
! . . , ,,,

. . . . . ,.
s“

also table’5f or” - .= 0.o.02) and for rotor” IZI and,
27a, .’,,...’ ,,

stato~ II.. The differences in the’ :in’dividual curves are
proportional tQ ‘the energy $osses” ‘in the correspondingly
identified parts of the fan. The. rotor :$OSS was calcu-
lated by means of th~ formulas of:section TV,without re-
gard to the” additional clearaxice or hub”losses, The same
holds for t,he stator. T~@ diffu’ser 1’OSS .w.asassumed in
both cases at 45 p;~cent pf’t’he ‘theoretical ~ressure
equivalent of’ the axial tielocityi .’La&t%y~ the$t’$p clear-
ance losses. vere inserted fr~mf.i~ure 39* .@arve ~tth;

~e”pre~qe,n’isthe’ ‘t’ot”a’$‘ef~”~,ciency’”~~~~~ne:d,b; this method.

The a~reerneit with the experimentally determined effi-
ciency”, th,e test ,~,oi.,ntsof.wbich,ar.e, denoted by circies,
.is ~ett,e,r”.i.fi,‘figtire,~.3’l,tha_jn,.$n,;f.igu,T”e3.,2P. .A number of
plauei.b,l’e,’,’r,eas.p%s“can;.b,e.::g-”iv:en,.f,o,r,:t~e,detiiati’on?; First ~
the .e,ffici.encyof,~th.eh“qb diffu:s.er’,,wa<arbitrarily’ as-;
sumed.” ?t may .be “supposed ‘th.a~its’ efficiency is” better
behind stat,or,?, ,the thincir’dular ar,q.-blades of which
cause ’thin”wake’s, than .b”eh,indstator, II :wit.hits r.elk~
.tiv.el~.thick..hl,ale ,pxQf$l,es’q,.,.Bg.s$,4.q.s..yb!,he,qu~.diff.user.“.-,
efficiency is not me~oe,s.sarilyconstant over, the whole
operating ra’nge..!‘TtHmay ,b,eassumed ,t.hat.a ro:tatl~n be-
“:hindthe stiator Lowers $he~ff$cienc,y, qf “the,‘Ji,n?er4if-
fuser II(contrqry tore$e~eace 9)? “An-additional ~OSS is
further e$f4cted”by”th@ ‘hub f~QW...cinthe Stqtor w~llsi ~~
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which surely .depend”s,-.on.the ,strongl”y.vany$ng stream ,rl<.rec -
tion.,of,the stat:or blades. ‘~t~he “experi.rnents.of.:;Christiani
and:qeller..(.re$erences .,5:and,~8) on st,atiqmary cas~qdes
indicate that, this.loss :is.,greate~.,foys$a$?r Ix ~han,.for
sta%or; $. Lastly+~the:pr@sspre,(.rne~surernq~$s ,tlii~selv~s

.are.in,error, due :$0 t,he.rp”si.dualrotati9n and.t.he.nOn-
uniforrnity of”~he axial exit,:velocity, in such away that
the measured total head incr~ase is so;me.what,,.small~rthan
the”actual one-

. ..... ,,

. ,, ., ... .,., .,,., ,.,.-.
.,. ..-An.;.:attemp3t.mj~htbe @,ade.to apporti.onthe di.fferen’ce
betw~en m.lt~. :andu .tg.among the p~.ssibilities indicated.
But the;,da$aavailahleat presentare few:to alJ.ow a ~
division w.ith--apy:claim,to reliability,, Summing un, it
may %e said, therefore, that a de~tnite uncertainty sti~l
remains iti;t.hecalculation of. the-total” output of a fan.. . ....”. “.,,...: ,..-. ,.... ,,.,. ,..“
,....,‘.~mdividually; however, significant conclusions can

%e drawn. from the-distribution of the” lasses of figures
32 ‘ti”nd3’2, The predominating e?fect’of th”@ diffuser
losses at large throughflow coefficients is surprising.
This ‘oomp&ratively ‘large share of th,e di:ffuser lo.ssesis
less ,a result of the increase of diffuser losses with in-
cress.ing:”t.hroughf’lowvolume than of ‘t.h~simu2taneous.de-
cre.ase-ofth:~:.rotortotaL-. preqsure boost:! . Z’%gRre 33 @.-
dicat’es a str:ong:.inorea.si’eo~ energy losses. for stato,r ~
“at ‘F. ~ ~v4~0 The flow along.stator I has separated for
these opqrat:ing .c.on.ditions.:A.comparison with the meas-
ured effi.ci.ency curve of. figure- 31.show,s.this tenden,cy
quite @Lainly -in:the .total”ef:i~c.ieticy. ..Onthe whole, it
iS evident” fr.om.f;igure 31 -that..stato.r$ is noJe~tir@.~Y
s,u.itablefcir rd%’or:I.11.,.since ,the,operating r.ang,efot’”
minimum 10.ssss ,9c.cur,sat too ,gr.eat quantities of flo~.; ~
In contrast,,,“stato”r’”1.I.issu~,,stan,ti,allyrno?e favorable’.,.;. ,.., .,,

,.’
.Rev’e.rting.~to:”the d“~scuky$”on’o.f“’thep,’o”intat which.:

.’”’~t~”has,+l.rea:dy ,bee’n mentioned that, aseparation occ’u.rs,,
dec,re,as.e,<inthr,ou.gli,flow” cb.e,ffi,cient,is ,&’e’companied:by an
itic.’r..esesein an.~l.e.”.of,,.a.ttqek,’ At r’o,t:ors,”I ~“and II’ the:
maximum lift tA~aX. occurs f“ir,s”t at the outer sections,.:...,,..... . ..”...“. .,

,ac’-cordin’gto f’igures““25’’’,and’26‘-“that5s, the thr-o~kh.f-low
distribut~’on‘O;n-mQ’t’Or‘? can si$~l-”ke defX’ni,t”@Wdetermined
f,o,r‘the“aye$&’&e~. ‘=’0/32+7 ““Tlie’’metliocidi%erges for a
“5rna~ler,’ave’r~:g?,tlikotig’liflow“coefficient i The -critical
.me:an d$,qfficient ~df’ 50+6$ II’$s ‘‘“$..=“ ~v$v~i Gontrar”i-

.,-:..{.,. .
wi,se, .onrotor 1~1” ~~ma~ $s. exeeedqd ,l~i~st’”atthg’,}~b
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cur.v,es’ for”~’th& “three ~o~qrs,:”ati~ repre,s$nted in figure 33.
It ts’e~,\~ent”;that””for,’ti@tord:’f’&.nd I~,~he” slow separates
,a$”throug~fl ow’~coe’f,fibi~ntg, ‘“$uf-f$c%ently clo~e -to ‘those “
given $re+i’oti,s%y”,,w,h<le::”<”$~.,fotqr{ 1~1 thq’’’flow ,adheres ‘

O’;245’: “‘@ie”tQt~l “eff’yc~enc~ ‘c’urVe(figs. -“dq~?,.t~.‘@o.,”=.,.....
31 and 32)” i’s”,““infac{~ ‘steeper fo~ “@o <’”0”p3than for.....-.
CPO S ‘0.3, bu$” ?he;s’teiidy Jncfs:ase”’of.,:the curve ~(~o) ‘ ,~

p~oves that the flow Gan not properly bh””’’said$-o‘have ‘ ‘
separat~d, ~.q,Y~%,~.,~hese,,fact.~le~d t9 ,the conclusion
tha.~ exceeding ,.!{Amax”’““”’,.,~t,”the ‘huh’s”ect~qn$ does not have,.’.,., ,> ......... . .,,..’,.’...k, J:..’,’,
-th~ same signi$$canc e.a.%’,,it”+~.tb.e, qu,tbr sections? 1} th6,re-
fore.remains.,t,o,!be.prov.e~ ,Vheth.er the separation of. flow
at 50 = 0~24.5.can. be corre$~te,d,.w$th exceeding .~Arnax ~~
at” the- oute T.seet ions, ,: ,,..:.’.. ,.

,. .,’
.... . ,..,. .’.:’,....,,, .:, . ... ..;“’ ..., .,” .“
Jlor’ tliis:purp~sef,ig.ure 27 .i~.wsed ‘again,. Although ,

0as.”:has‘be&’n’explained earlier , an! increased,. solidity. A
slrift-’s-:”thepoint Qf separation of ‘the. outer sections t,o-~
wa”r”{’Ioiret ‘throughflo~ ‘velQcitie P’,”.this fact alone ‘is not
suffici’en%”t’o explainthO preservation” of:,a stable flow
~gnditi”on -”d-o~fi’to. .“~o..=. ~G245~ Fj.gure27 S$lQWS that ,

‘~Am~x; ,i~,,~i~~~~~~’~xc~ed~~’ at “~0:’= ~“~?~. ~n the oUter
section. ~“~t,,~rern,e~ier’”$n~~~a’t,”t,k$ thy?ughf ’low velbc ity:
on roto”r 111 :*s ~~pr~ciahl’y~high,er near the ‘cnitkrwall
than ifib mean ‘throughflo~i vel~city: it”’”can,“in’’fa’ct, be
proved’.tJiat ‘Se~aration ‘0$ f.lo.w}&lone at..the. outer profiles
causes ‘seyarat.ion. of theenht.re rot Qr flow. $,ince ,the,
ite,iat ion~~”p~ocedure:for the di.stri%ution calculation fa{ls
for ‘~o,.:~~~3~. because of the difficul$i, e~ at the. hub .pro-

files’,’t$here ~etiains only @xtra@olat’ibn with wh$ch .to de-
ter~in@ the .“increase @f’.t’hrotighfloti.+~”locity near the
“outeriv~:ll f& the’”mean th~’oughflow .Vo-.+” 0,.245. , 10 this

end ~O(R=CJt96) - 70 was plotted against q. in.figure
34..?Qr$ he- th?ee Tot Qrs, The experimentally determined
crit:ictil ,~>r’ou,ghflow,”coeffi’cient~”‘at which the rotor flow

separa%eq “are,,indicat~d, %y” dot-dhs~ lines parallel to t“he...
or.,~$nategixis. ~:ok:tot.oms-s~nd 11 t~e quantity ‘,,
lfo’(~:=~,,.g~) -“.~Q:’ lie~k ~~.a; $.?~?!g~$ ,Yi?~,~p .t~.~eaT. ~:h~
,separat ion pojg.t”.,,..As.$u@ng the sa’me,,~~or.”,rotor ITI t.hb,”“

,.-ext.rai~olat.ion (~otted: ,linq.).:g,ives for ~o (3t=’~096j=0:,288
the ~a 1-W5”.:yo =’:0?24$., :This c’oefficie~.t is ,,t’hem;,appr,ox–
imattily attained in .t’hesect~o”~ near the outer wall when
rotor flow se~aration ~~cur$~ As is seen from figure 27,
this is exactly the value at wh$ch the section efficiency
falls steeply,
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.!, ,“, .. ,, In pciint:.of.fact, tuft ob.serv~ti Qns i:n.dicate.dt@,at: .
. sdpa~ation’ ~always. set’Bin ..firs$ atj%he ..oute? wall.” ?ubse-
.,queqt..to separat,,~,on,$,he.CI O.W.,~e~e~ses i?, Suc,h.,GV~Y ,t,h~t
cornpar,atively .quiet flow with .:l~rg,~.~kiq~~8,10’ci.typre-”
yails vear~~~,:.huti,.while” the ,~~,ow’.”revb~sbs.t’oward,the
outside. ,,For .,th,e‘re~t %$ ,may,’,lje‘“not,@ t,,hat,,at,,,,rotor, ,flow
separat ion ‘all’.the’~p.e~.u$ia~i,ties.;know~ from ‘poXaP”.,rfieasure-
megts .ar,ose?b”ove,.the ~Amax i,‘h~~ .i?‘to “~kyv pbO,lOllga-

tion hy cautious.. thrott.ling.b.lat,,e.,r.readhesipn of ,flow ppon
reduction of .th?ott.l,i~g~..

.’
,..;.,.;.,,. ,. ..: ...,

,,

ThG’’’&flonclu~i,or,fko$o$.ih~”:fq~egiing ;~orssiderations “ofSC.’
ex~er~ment and ‘theory; the ‘latter be,$ng valid only for”
.~a’~ 0.3j~ 59 “;that”the.oute$’ Section’-a.l.otie.3s ‘responsib~,e
for t~e breakdown of the .ept$,re.rotor flow, :The,r,elia-
bili..fiyof “t~i% ““mettiddis checked herein afte’k%y a ,con-
siderat ion of the physical processes of the experiment:
The %ound,ary-layer flow on a ,rotor blade is illustrated
in figu’re 2.5~. The, strb.ng de flec%$o.n of -the..houndary
layer on the suctt.~n;.’sidenear the hub is clearlye~ident+
This process !presumably is..ca,usqd by ,the,.c?mbined ~ctiqn
~f the .ctintr-if’tigaZ force ontbe b~vndary l.a~er.~ t~gethe.r
w.itiithehu:b flow mentioned at the close-of se”ctiqn V,
In its ‘net ef f&dt ,,on,the main,,flow it $s about equ4,v”a,lent
to a ‘bound-ary-lay~r suctiion...at the.,sect,ion$ near the h@t
The deflection of the %ouniiary-~ayer flow apparent ltiis
stronger with increasing hou?dary-layer +hicknesst ‘and
thus’”,effects a stabilization of f~ow’ ab?+e the {A

‘. max
value of the isolated section. . At the .smme time~ th@:
glide angle .C ‘does n~t increase as much as .oq.the iso-
lated section~ ~A’direct. consequence .$s:*ha* *be effi~i -
ency of the sections near the hu%. its.elf does not “drop,,as
rapidly ’as figure “37 in$%ca,$es? The rea~.on...forthe fail-
ure of-the throughflow d.ietri~uti”o~~alculat$.on also.,.
emerges~ :ahd’ the extrap?$ati~nmade a?ov@” 1$’ in fact “re-
liable.’ ..... .! ., .,, ,

,, ,.,,
The que”stion,now arises.as ~.owhy. thisstabil”ization

of flow does not “showup at the’outer”sectl,ons,and whY a
substantial outward de flpctic?n of fl,~w..for “these sections
coul~, not be, observed a“% ali. “The,””~asis for”a deflection
of houn.dary-layer flow’ is’naturally, a minimum bo,undary -
layer’ ‘thickness:, which can o’nly be”’exc.eedeii on the’ sUc -
ti’on ‘side,’But in the bute.rpiirts:’of.”’tht?blade, cent.rif-
‘ugal force an’d hub flow. .(’see see,. Y)’ewor:k against. eaoh
other ~ SO’that the net @f f’eqtpre?isely, cane.el.s Qut? ‘,,,..,,, .,, .,”, ., .,,, , .’..”. ,.. , ,,,

*’, .



“. TO pdevent misconceptions the following should be”
n“oted: “Th~’iO.~6~” f~oti ‘$”e”par~tio’~’’&i-$~~~ s~~.-h~r~_~ae’. .’

- nothing to do with, the ~ta,bilitycondit$on : . ~~~

~ q -’i%(w): “’ “ “:’:~~
,...

>:0 setup; it $he close of s’ecti;n Vi?

In the case in point dl = O, and the expression vanishes

1...+,.for V = —~ ....
82 ~fi: hs”;%s”.’,bastl~,.a.seertaine~$iom fi,gure 27,

q must assume the value 0.5LY For such an efficiency,
however, theprdc~~4’6$~flow $ep@atio n:$s-already.far,.,..adv~ficedo” ~, ,’.,.,,:,,:,’, ,,.. , ., .,..
,, ,.,.,, ,. ,,

~hefollowing.mey be:sai4 by way of” SUmm&~Y; ~f
,seVeral rotops have been.designed f~r the same operating
.pOint, the one the.%lade chord of whi,ch.in~re.a,ses most
strongly toward the qutside wi~l achieve ,the lowest,
throughfZQw .ooeffiqien$~. ~t, $s $0 he supposed that the
%lade.,choVd increase ~f,rotqr IIJ @oes not as yet r~pr,e-
sent the best ‘in,this respect. Naturally, $hetotal bea~
bo~st, becomes rnqre nonun;fo~m for rotors w~th blade chord
,increasing outwardiy, th~ greater is the deviation from the
design operating dondi~ion. But this is’’of’’secondary im--
pbrtance onfans desigtied to b~,erate over a large throt-
tling range.

,, ,, ., .,.

A different plot of “the fan nharaoteristi,c is chosen
to bring out the greater throttling achieved by rotor III
as compared with rotors $ and:~Z. The flow resistanpe”s
to be otiercQme by agiren fan’ are proportitiilal to the ~~
square Qf the throughfl.ow velo~ity. l’he mag~ttude of’ the
proportionality factor is a dire~t measure. df.the throt-

tling ~trengthi. Setting..~ = ,$ QQ2 ~~. !QllQws’::rom...
these cons”ider~tion~th’a$“ O.. is inver”9+ly.jj~,Opor,tloi.ai,,
to the throttling iand +ecrea~es. yith increasing t~rok-~
tlingj ,’Figure 35 gives tpe curve? @ and as func-~g, ;
tion$”of ,~o: Jt” is evid&n~ thi~ .th~ ma~imum .att~in’able
throttling with ’rotor 111: is; ~bout%wioe as :great as.w’ith

,. .rotor.-Is..$$~fo3Lows fbQm. the~de$i.git$on ,QfA$.Q$,~4,,&,~~&$*l.jVg

;. p’o?., ,.p,, ,,,..,-,.,.,,
coefficient go-= _ ,,,tiomin. . ‘W ’’’tha!

can,,be $educed.hy a4-,..’
c:~asing. ~~min;,

,: .’
as”’wel~ as $y” in~reasing ~ma~. “Figures... .,,

25 to 2Y:or,.3~ ShQW thaij bot~ measq~’es,~~y ~g;~.pe.d”$n,.~~e
rQtor family Z t.Q IIZq



;-~:l?fgur:e35; stioWs’’;.a:-sma22-;@ffi.ci:ency,:&ecr$eas”.e of. rotor
III as’compafed.wt~k’ r.otod’:1...,This :.isI.a”rgely.;due~tlothe
fact that the awttial exit ‘en’”@rgy:is. gre”tit’eti.tihan-the “’rneas-
ure,d e~i,~ en~,rgy, w,%,enthe ,a~~al, exit ve,lOcit:y t!s’.?~:.cqn-
‘stant ‘;we~ ‘the whole cross :seet i’on a’n’d’.has ‘a‘“r”e{s’idu-alrO’-
tati on,

:.,.. .. ..
...’...,:--.:..~:......,..,,.,,’ ;: ,,. ,,,

.. ......;

.....,, ..,, .. .. . . . . .,,. .’, ..,. .i” “.. ”.. .:. . . ... .. . .,; . ,-.

s:.’.Another ,TO.$OZ; in-.adtii.ti.cIQt:Q,,,r.qt,o.rs.:l~o 1~.I; was,.
experimentally investigated. The design of rot.or’~~? ,..,
specified a mean throughflow coefficient @-. = 0.45 and

..-
a ,press”~ti.b’’eoeff~cie. nt”’ “v+’.2i:2&‘:‘.,TM.6.:.,rn’0&el; .h&d.l’g
blades ‘with “piof~’~e “cho~ds’ inerea+’ing ‘%dttar~”~he ‘“outsi.de~
Th&’ rotor -data -:are::given-in fi-gutieJ36 and table 3. ~ ““Since
the blad6& ‘on all “rotors -were,tid$is’~ahle, ‘“ttie’pressu,refi,
qu~ntiti $:curve{””.”couldbe ,@easured,:for vafiotis’blade .”’
~tigl.ege“;”’The’’”31a@e&’ett’ing‘is:~defined by’””tliebladb angle
{6”1(R=oDg6~’;Q,f t~e pti~filetif,j;Rc= o~g~. ‘The ~n~~e ~;’:,

... ,, ... ..,.,.,. .:’.:” ~~.; ! ,:”..‘.: ..,, .,.-,,,
.,>,‘us,e,&.in’+he “.t.heoryis ,rela~ed tq.t,he”’aggle.,o~i.,:,$:,de?w?,.’

Stat,or I ,y~~ ,Itis’kd‘in~~.he tes.i~ wi:t.h6“,,,by..,,,6‘-.?OO -.,61., : ,.,

the f.tr.st ~.of the. three.’rq.tors ~
...,....’. ,,.

“and.&tato”r 11 w,it$ -rotor
IV, and the same stator was retained for all .the,blade ‘
angles, although still more favorable results cou2d have
..bee.n achieved ~by the u-se of different ,stators,. each
.:Suited %.o a par%iculay bla.de.angle. ~~The measurem?qt. s :
were. made .at rotatiotial speeds ~anging .between.17.00 .!0.”;
2500 “.rpmi ..’_l?igures37 to 40 giv~, the test results “in ‘

graphic. form,.while table 4.conta4ns ,t.heoorrespond$ng -
nune.itcal ,v”~lues~ . . : :’ ‘ “. “. . ,.’.- .’

‘ ~~,e”fb~egoirig in,,v~s”t~gat~on~:(~a~~e 3) ‘tii’&closed’the

qeed,, @r. the incl,qs$on of the clearance 109ses in, the,
ti”otor.calculationg ‘To bbta~ri a somewhat tiore rel%able ““

found atio~ $or it, rotor 1“11 with %Iade’ angle’ 81( Q=o, g~).,,-...... .,, .
= “2?’05~,.wRk progressively tur~ed down, ttie clearan~@ %?<
.tween blade and “outer wall being correspondingly enlarged.
“Tti& per fbrhance of ’’kotor”IZI in””cornbi.nation ;with stator ‘

; ‘ll’w”a’s.”’rnea#tiredat “e~ery step. The rn~astired results are
plotted against U. in figure 41, since, according to

‘$&e’~r;&io U~’:di~cUssio~si’ riot’-b”h~y the if f-iciency but ““also
,!, .

~the. rnaxirnum.attaipa)le uthro%tling must, depen$on the .:>
clearance: ‘ The-numerical value s’are givefi”in ta%le”5.

-Th&re,dti6t%i6n in efficiencytis “most apparent. ” The ““
... ,:..
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efficiency is, plotted, ag$.i’ni~the” ratio s/2r8 in figure
“42 for the throttling coefficients U. = .0t32,, 0.64, and
1.1+, ,yhere s is the,,clearancej and. 2z’a is. the” original
rot’dr diameteti ‘(’’500’:nim}~:‘The’ ef’fi’cien,ci’esar@ “readily e’x-;..;: ,,..$.,:.’...........,,, ,.T,,.:’ .,. ,,.:,.,,. ...:. , . ~~ ,, .

trapolated to zero,,clearance, since
()

? v~- c~n, be reyre-..... ,. .,,,:,.,.,.,<,. ,,,,.,
........ .,. .. .,.: ,.. ..:.,.,’:,,;’...$,....’.:”,“:,“;2,r&“’““, ‘ ‘,,

sented suf ficiently:.e~~~~~’$ “’by”‘~ str’~”ight.~~ne’.” There is
an efficiency reduction of 0R,0,2to O.03 for, the norq,ally....:.,’..,.:,.’,” .....T...’,. ... ,:...,,,,, ,,..,.,’, .

exisient clearance::>
;~

.&.::~.@2:; ),.lt i$’ Of “the “sa~e” order
2ra

...,,: ,,. ......,,,..,,,<” ,.,’... ,,,:., ,.. .,”.
of m&&iiit”ude as” ~fia.tde~:errnine~:”pr’eviiusly~y”“a’lto,get,her
different me&”sq “’fi’imul’t’tineously ‘w$th ‘the’“re”iuction in
effic%eg:cya there’ .$s,.,an ,i.ncrease,of -cromin.,with .g~~ar- .,., .,.,:., ..

., ..,,, ..,. ,,..,“ .

Transltit;ion by ~{m~ ~utter”perl~, “
National Advisory ‘Committee ‘ ‘
for Aeroq.autics, -,

. . “! ,..,,,
... ,,,,, . . .:

,., . ,

,.,... ,’, ,“, . ,., . . . .:,. ’,,

. . . .,. ,8.’..””; ,.-,
.,

.....

sm,all clearanc. e”s than

.,,

.:.’

,,

,,
.,

.,. .

.

.

. . .

,,. .

.,.’.

:.. . . . . ..’.

,.. .

:,, ,,, ,,,, ,.

. . . . ‘,

!,’’.,. ,“’-”

,,, . ,,
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,,: ;!,,
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*

.“’”, “,,
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,. ..,, c. ... .,, ...

Tigtire “1;= llef~n%tion” of ~’he per fo~mance “of a’r’otor, ~lade
eleme~~~’f”. ‘ :“ .’‘. ,, ‘. ., . .. , ,,

.. . . .,,, . ,,, ,., . . . . .. . .,. , . .
F$gure’’”2.s The”’”qx~al’v6~ocit$es induced in the plane

~.=,,.~ :.by.a, trail}ng~ing yqs~~x element are dou~led,.,.
by geometric reflection in this planet a$l other velo~
city cQaponents b~ing.capoe$edc .,,. ..... ,. .,, .... ,,

Figure 39Y A ring 0$ cross section dxdrp whlqh $nter-
sects an axial o,as~adpt cuts a? “el~yent dsilr out of

each blade, and dx = ds CQS P.

Figure 4*W An element on the pressure side, ~f unit le~gth
raclial~y, exerts an axial force d s~ =. ~pd.[d(r~d)l,.

asd a(~6d)
—=Pd—* Correspondingly,
ax ax

for a suction-eide
,’, ,.,

ass ., ~(rg~)
element ,

%= ~Ps’ a~” “
..::.,$, ,., ,...!, ,, ,! ,,.,..,,,., ... .

Figure .@,.(le~t).,-~Veio”c.ity..diagia~. of, cascade. flow?
,.,. :,,

l?igure 6 ~r.ight),- ,Reso2ntion ‘of fotice”s Onaseiztion in
cascade.’
,..’. . ,’, .:.” ... .. . ,.,..

Figure 7.- .Piagrarn I for the ca~culation of”rotb~ sec~ion
oh~racteri.st$c~v ?~e.$arn$l,y ofcurves. IK} = A’”.”,&

( )
1+ *“” isg.iveri.’$nthe. diagram.

cot @
The stream”

II
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- the corresponding cu.rv”:~:.li.=.K(.@o”~. - If an operating

point XO, YO is given, then the corresponding values

can, be. take.n,,;frOmthe diagram.,,:. of co$,.p.o . ay~ .:.K(?O )

After a ‘choice”of A’, “~Ag””and thence the”t.angle of ““

attack a are :obtained by .iteTatiOn,. The scale,.:,.. .. .., ... . ,..,.. !.,. ,.’ ... .
‘“,Y.:. - “.’” ‘“

,z..,.,..~iv:ek~~%h.i tangefitial “’velocityrelativ; to the,’,l,’’,--- ,,,,-,,, . ,. : .,, .:.., . , ‘-:~~
...

rotor as a fraction of the “entrance rotation:
,... .,

.. : , .? ,,.. . . . .. ”,,.
: ,.,

. ., ,, , .,.”,,,-’ “-

Figufe 8, -Jlia~?a&”XJ for”the ‘calculation of,rotor effi-

ciency: The, so’lid line ellipses are the curves fl
= constiant’;-,’tltedotted ellipses are thecurties “f~

= constant. the efficiency is

Figure 9.-.,Diagram III for the calculation of section
characteristics of statioriary guide vafies: The dia~

“gram~gives the family .of curves ,.lKl=~i ~~Ag~ ..

.( .),.
1+~ The stream angle $ at the l’~cation of

G?%..@’. ...<.::,,,..,.. . ,. ... ,-;. .:,... .

~he”sect~on is””gi.tidn~tiy”’the; family of:parall~l .J~nes

y* - yo*
Of;slope :.” ,F,-4.b and’.theline for @ =, @o

X* -’xo* .,..:

~or “a’give”n,secti”on.~then”,’ q$~~;e 8 ;,&.$a, -the pa-

ramete.r,,”’K:“is ,know’n.as a.funct$f?n of @ from tihe”
Th& opera”ting’ ’poi.n.t~ X*,Y* ‘ is ‘thesection po,Iar8...,

intersec’ti”oi o~””t~e Straight l~n~ ,,”PJ”= PO’ ~Wi.th”the. ,,., !.
cbrr.e’s~dndiq g,cur}re”’,K’,Y..K(@o’)..~I~~,anope’rat:.ingpbint,.
j&y”o*’” is gi”ven init$a”lly:, th:bri~h&”:corresp”onding

‘tan@. .’and: ‘“K(’@”o),.~’ca~’:.be’:ta~e,~ ,f~ro;rn.“’the ‘diag,~arn.

‘ ?Afller.@ho’os.i’ng~?”,. ..~~Ag~..qnd-:the,rice.khe angle, Of
,...... .,”. .. ...,, .- 4..’...:’.‘ .,....,’!1:‘... -..i.:- .. ...:,:,.,: ~~ ~..,. ..
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-. at@.@%’ q.:..are:.qalqq~.at.pd.,.byiteration. .,~,he,d.otted, .;
line denote’sthe operating points with nO ~ottit~on,,’at’
exit. If a straight line *S drawn through the Qperat-
i.~gpoin~and,. ~h.e.arigdn.,$heint.~rsect$on:oft,h$s., ,
.Ii?leWi$h;.th.e.scale.f~. g~ves t,he e,~i$+~o.t,a$i.on,in

fractions of the entrance rotation: . >, . “ .,

... .

Figure 11. - Coordinates for the calculation of the thick?
ziess cob~ection~

,, ... ..,“ ., .,. ..

~i&Ui?~ i2. ri’The prQfile ang~.e ‘of atta~k for pump cascades
is lowered by the di.stu~banc~ velocity due t~ f$n$te
blade ,tbickness,.“. . ... .

Figure 134- The profile angle of attack for turbine cas-
. .cades is increased by the disturbance veloi?ity due to

finite blade thickness~ . . ‘ ~ :.

3’%”gure:,14:(r$ght )’+- .Scheaatic.,represebtat$on Of..$he o~ig$n
of the .,secondary flow for stationary cascades with end

i’.platesf ,. , .:,’ , ,,,.
,... .,

Figure 15 (below)a- J3.oundarylayer flow ip a %lower rotor,
‘The dotted Jines :d$n”ot”et“he~~orre+ponding oylifidrictd
sections?

.,.

~iguri 18;- Blade;of~th~”~ig~t-~~ade” rotor 1~~’ “(See.,, .,,.,,
table ’l;) ~~ ~~ . ,.. .. .,-
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Figure :‘21.-“~ladeof the nine -blade stator II. (See
“tab~e:~:.o)’ .;: ....,. .>,... . ;,

.. . ........,, ,.. .. . .:,. .. .. :... .:. ,, .”,

I?iguTe 22; tlower’ right). - ~asca”de ‘coeffic’ient,,’fl‘k
f.(jrr.o”t”or&””I , II , a’nd ~11, — — —’Finite blade tlifck-

ness coefficient: 31A20 : “: .. . :,, ~ .. ~~ “ ‘:”.”

3?igure 23. -, Section characteristics for rotor 111; —--—————
fork =1, D=O; —— fop ..~ = .0, but taking the
cascade coefficient k of fi’’gure 22 into account .

JJ’igure”24i’- S:ect’ion”ch&T”&cter~sties’ -for” ‘rotor,”It$”:— ‘– ‘“
takes int Q acc,ount the cascadk c“o’e’fficietitof figure
22 hut D = O (see fig,:,23); —- takes into account
the cascade coefficient k
tion

and” the “thickness correc -
J)~2 of figu?e 22.

........ ,,. ,, .. ....
‘Figure 25. -” Section characteristics for “four se”ctiQ,ns of

r
rotor 10 - ,+ -..= 0,96;.——--:=+~ 0.80;.,,,. :,. .

,%..,,, ,. ~~,,,, .. ,,. a’
..... ..
r r.—. ● ———— , — = 0.64; —— =“o*~2* ‘ ‘The thick
‘a ra

,.. , ,,. ,... . .. ., :.’.’”..,...
cross lines ‘denot.e’tihe.operating points of tlie individ-
ual sections operating together ... , .

Jj’~&u~ez~,-,:sectic)~ ,characteristics fOr. fOUr sections of:
... ..,,. i..,., .Y.

rotor 11: -———— + —-------l-— = 0,96’;—”——~ = 0.80;
‘a a

..,. ” !..#, ..,. ‘:”r- ‘r”””””,- ,,.—= .Q*.64;w— .=,-, .,, 0s,52,. .The”,tliick,’.
‘a” ‘a”’ ,. .:..,

cross lines denote the operating p“oin,~s o,fthe .indivi.d-
.ual sections” ‘“op’era~$ri$‘“to’~”ethe”r. “ “’‘

Figtiti”e.27.”- S&otia’n ‘clitir’ac’te”ristic”s“for four sec’tf”onsof

rotor 11X: —— + -—— + ~= 0e96; ———~c 0?80;.,: ,,..,~ r.a .:, -,ra.... . . ...-,,. ‘.
,,.

-— . ~,~ 0,64; —
r—. — = 0,52. The thick
Ta. ... ,.,.. . -,,.,-,,.*.),-,’..~.” ,.

cross lines denote the operating points of “the “individ -
ual..section~s .op,era.ting,to,gether.. .. : :,...: ...,-.., ,,

.. .. . ,.
,.
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F$~ui6:.26i’-.Di”itributiio~ofof to”tal’.head incre:as’efor’rotor

“:”’lye=0=:$‘“’311:’-’fFornex”pe
~,:::,.,....... ,,
,, ,...”,’, .,, .,., :.. !,:-,, ,.. , ..’, ,.’, ,. ..,: “., ;:.’.; . .’’::..;’., -.,...:”””. ‘: ;.,

.n.--..$kom. theq.ry, ;,. .. .,.,:-.......Y. ,.,:: ,- .-
:.., .. . ,..,. ...’ :,;.,’. ‘,.

Fi&re .39,-u.:DISt~..i~p”~i,onof ‘tQt.al head ,.,tncreasefq.r ~.o.tor

r1X1; &l r “’‘“’”’

[ (

. ,27;50 : + ; ““’from~xperirntirit

-=
)1

Q*.,96 ,: ,, ,.,.-, r.a ..;, ,<-,.:.,. , : ~ ‘..,~.,.;“.,!,,..,.:.7,.,..,,,
,,

and— ——-from theory.
.. -., .,..,,,, .:...,.,:,....,:, ,,. .. . . .“

~igltr,e, ,3.0 (.l~ft ) .,-, ~verage rotor .,chi~acteristiee’for,

[( 1

,.
rotor 111 81 r ~ = 2?,5° — -“. - —“ measured

... ., ....,,
)“’’q.=. 0“”96 :’ / ,.. ,’... ., “ “, .’.

torque.,our.ve~_i+ o — -m,easured.t~tal -“head..curve.,’and
measured efficiency, — theoretical mean curved.

I’,igure 31 (ri fglyt,).-. Blower characteristic -for noto$ III -

,.... .’,.. “.,

tally determined points are denoted by.,~erqcirc:l,e-s.
,,’ ...,.

(See table 4 .)

.~1[&=o*g6)=28~\da~or’ll’‘hee+Perimem-... . . . “’. ’., -,: .:., .. -’-. ::,

tally determined points are denote”d;

. . ,,
.. ..

by ’”ke?o’”ci?cles.

(See table V for * e 0.002, )
a

Figure 33s- Pressure-quantity curves for the blower in-
stallations 2 Rotor I, 11, and $X1 each with exit guide
vane~ I. (Blade ang2ee $n accordance with figs. 17 to
19.>

Figure 34.- Ilxtrapolation of the throughflow coefficients

.,
. .
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, fo:r,t,lre:s,~,e.t:~,op..%::=,,.~. .,. ..... . ..0 96. from t,he m.eax th..rou’gh.f:low

c:oef.fici.ents.for ,.which.the, tests indicate separation
‘Of the’rQtor’ “flow”- .,.’.. ,...!

. . ....... :,1 ,,.

Figure 35..- Experimentally determined” blower &har’acteri’s-
tics for the blower unit; Rotor 1,11-, and ZJ$ “with
stator I downstream, as a function of the throttling
“cQ’ef.fi”’ci“ent” }~,o...’“.The:ro’t,o~blade” .’a,n’gl’es’.:cbr”r,e.sjoxid. ‘.

t,of,igurq:,s17 to ,19. ,(:Se,,e,..table.4. ).. ...’‘, ...,, ... ,; .,,,.. ..

Figure 36.- Blades of the 13-blade r’otd& ‘IV.~.,(See table
3.) ,..:.,.. ~,+: ..,:....;... ... ......

Figure 37. Experimental blower characteristics .,for rotor
~ a.n”&~xi t St”at.’or“~1“&~ “v~aPious r’O’+@r b~ &&e a’ng~:es ~. ~
(See table 4.) ~ ,, . ,,,..,,.’: . .. ~

,..,, ...:.,. ~, .,-, ,,; ,
Figure 38. - Experimenial blower’ c’haiac~e,,ri,stics for rotor

II ‘~n.&,e~i.~.St at~or. I;.a’.tv’ar~i,ous .roto ~ b,lad& :atigle”~,~

(See t’a%le’4. ) “ ,
.. ..:.,-,::,,,,, ,. ,’,,,. .. .. .,,

I?ig;utie“39’.-.Exp%r.im-sn:tal.’%2Qwe.’r Cb%ra”cter i:sties; for r~t 0~”
111 and exit stator I at variou,s rotor blade angles,

(Se’e”ta%le4. ) , ~ ‘r ~ : .< ,“
....”:. ‘:.

Figure 40. - Experimental blower characteristics fir rotor
IV and exit stator I: at various rotor blade anglesf
..(seetayl.e qo]:t : , ““ : , “ .:. ,: :.:

...

Figure 41 (.l,eft),- Expe,rimental blower characteristics
for rot or~I ~’~’‘an”&‘~~it“:st“atoP ‘~I “fo’f‘vafi~~s “~~:e~Z””~riCes

“’,::.

between roto,r bl;a,deand housing+.,, .... . . .,.,.”.,,,. ;:,,.,..“..,.: .,’, .,
Figure 42 (right ).~ IIxperimentally determine~”’ rued.u~!iqn

in efficiency of rotor III and stator “11 with increas-
ing tip:.cl:e,a.ran?e.q.~.,..,,:;,, ;:... ,. ~ :: ,... ,:.

,:
:~:, ..”. ., ...’ “’. -,,,.,. .. “,:, .
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.. ., -. ,.

Table4.B~owercharacteristicsforrotor I. ~ =“2 r.
0,0~2.9tator 1.

d’(:=0,,,)= 3s0 6’(:-,,96) ’480d’(:=o,,$=’~o“-
F , % 1:(5=7)-=2’”:(;4,’)=300

—.

T
i==

0,W6 0,065 0,698
0,479 ‘0,163,0,823
0,446 0,189 0,863
0,402 0,223 0,857
0,362 0,261 0,844
0,342 0,260 0,823
0,318 0,266 0,787
0,285 0,238 0,684
0,241 0,201 0,547

——
9.

0,833
0,860
0,880
0,868
0,860
0,840
0,810
0,793
0,560

fle

0,775
0,703
0,5L58
0,462

~,

0,349
0,331
.0,311
0J%8
0,269
0,240
0,221
,o,mi
0,164

0,791
0,840.
0,875
0,882
0,885
0,855
0,810
0,769
0,578

0,466 0,142
0,435 0,172
0,364 0,212
0,370 0,231
0,354 0,243
0,336 oJk54
0,318 0,261
0,298 0,261
0,229 0,204

0,570 0,216
0,540 0232
O,m Q253
-0,446 0,273
0,393 0,204
0,364 0,261
0,322 0,295

0,827 0,652 0,283
0,837 0,660 0,277
0,833 0,505 0,250
0,803 0,409 0,239
0,688
0,628
0,563

I
I.Blowerduracter.isticsforrotor II.z; = 0,00z.9t&a.

“(;+)=48”7~=0,96)= 180 “(;+’)=280 “(: =,,,’) ’380
~

0,364
0,344
01313
0,293
0,282
0,266
0,250
0,219
0,192
0,160

I.,

Va-
.0,714
0,760
0,860
0,860
0,860
0,837
0,830
0,784
0,710
0,572

G
0,482
0,466
0,464
0,412
0390
0,350
0,312
0,293
0,283
0,229

——
F

0,148
0,166
0,181
0,222
0,260
0,272
0,296
0,293
0,266
0,221

K
0,591
0,560
0,523
0,468
0,428
0,395
$3:
,

+

0,224
0,246
0,266
0,297
0,308
0,307
0,300
0,246

%
0,694
0,655
0,593
0,472
0,400

v
0,329
0,327
0,335
0,293
0,270

%
0,783
0,760
0,757
0,647
0,4fi7

T
0,083
0,110
0,169

,0,186
0,200
0213
0,233
0,253
0235
0,211

%

0,700
0,827
0,863

:%
0,820
0,783
0,746
0,740
0,646

%
0.806
0,833
0,820
0,307
0,770
0,723
0,643
0,525

I
Blower characteristicsfor rotor 111. ~ = 0,002.stator I.

81(:=0,,6)=%5” J’(;=O,,’)=-47)5”

—.—.
vt-%--

0,200
0,189
(),177
0,158
0,134
0,109
0,084
0,071

,,10,055

p>_

F’ ! q.
0,002 0,598
0,087 0,683
0,113 0,728
0,151 3740
0,180..0,717
0,209 0,659
0,230 0A93
0,236 0,542
o&l 0,448.

-
v-

C&n&

0:144
0,171
$20;
,

2%
0,261

... .

v.

0,770
0,810
0,820
0,848
0,340
0,820
0,806
0,793
0,770
0,766
0,727
0,700
0,663,
0,427———

.
G
0,653
0,613
0,576
0,492
0,416
0,372

%’9

0,600
0,760
0,800
0,782
0,765
0,707
0,665
0,600
0,430

0,357
0$331
0,297
0,283
0,268
0233
0,206
0,186
0,156

.. .

0,67$
0,744
0,797
0,820
0,800
0,776
0,72S
0,710
0,587

0,139
0,218
0,262
0,200
0,311
0$26
&326
0,303
0,232

...

0,297
0,310
0,324
0,338

.0,295
0,277

0,758
0,746
0,737
0,678
0,527
0,452

. . . . =..- ‘+ ~,.

.-.
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Table4.CContinued)Blower characteristicsfor-rotor IV. +== 0,002.Stator 11,

—- — .
Fil T % To F vi z .Tlqa z v %. w F q, Z{TI% Zlv q,

--1 _i._!....
0,2330,0820,5870,3770,0920,6460,4360,1260,7100,’5020,1660,7440,5720,2130,7540,6280,2660,7800,6820,3120,76(3
0,22010,1310,7230,3510,1280,7250,4150,1680,7800,47(50,2210,7980,5270,2730,8090,5970,298(),795o,6490,350(),798
0,2100,1560,7730,3340,1810,7970,3950,2110,8100,4380,2700,8250,4830,3190,8150,5660,3250,8000,6130,3770,798
0,1970,1920,778o,~970,2550,8420,3570,2700,8300,3910,3260,8230,4(580,3420,8230,5160,3710,8100,5550,4170,797
0,1780,2300,7800,2780,2720,8280,3280,3010,8200,3570,3610,8220,4180,3780,8050,489“0,3860,8000,6170,4330,791
0,1680,2600,7430,2500,3170,8000,3130,3260,8200,3300,3780,7960,3790,4110,7970,4410,4170,7600,4630,4410,753
0,132,0,29d0,7080,2200,3410,7600,2760,3580,7900,2860,4000,7470,3480,4270,7650,3940,4420,7600,4320,4530,734

___
0,0970,31+0,6850,2060,3470,7230,2350,3770,7200,2660,4130,7110317 0,4280,7330,3800,4390,7500,3360,3160,511
0,0610,352~0,?28.0,1640,2840,6460,1830,2510,4800,1860,2560,4100,228ot24906 0,2830,2820,476/

P

Table fi.Blowercharacteristic.sforrotor III.(~,,,
(,.,,L=o,9G) = 280” stato~ IL

; = 0,002 ; = 0,006

E
0,451
0,443
0,426
0,401
0,380
0,368
0,351
0,340
0,322
0,308
0,300
0,279
0,256“
0,187

@

0,137
0,165
0,179
0,211
0,240
0J254
0,273
0,288
0,304
0,317
0,324
0,333
0,339
0,217

7L7

0,773
0,800
0,817
0,840
0,840
0,846
0,845
0,842
0,830
0.824

-J- El
0,442
0,428
0,416
0,388
0,372
0,343
0,313
0,260
0,267
0,214

go

1,49
1,21
0,885
0,721
0,59s
0,403
0,335
0,271
0,226
0,193

fJO

1,51
1,05
0,739
0,(22
0,444
0,352
0,264
0;247
0,231

?10

—

—

0,~27
0,813
0,820
0,798
0,784
0,744
0,560

1,50
1,263
1,010
0,760
0,602
0,531
0,454
0,402
0.338

0,131
0,151
0,195
0,208
0,231
0,291
0,292
0,309
0,315
0,237

0,440
0,432
0,415
0;)88
0,374
0,347
0,317
0,289
0,258
0,212

El

0,423
0,397
0,:)71
0,360
0,326
0,207
0,205
0,253
0,238

0,132
0,148
0,170
0,207
0,229
0,262
0,293
0,304
0,300
0,228

0,710 1,47
0,740 1,26
0,770 1,01
0,700 0,725
0,800 0,612
0,810 0459
0,790 0;342
0,780 0,274
0,720 0,221
0,550 0,1970;299

0,276
0,233
0,193
0,161

0;820
0,795
0,750
0,449 I

~ = 0,008
D

; = 0,010 ; = 0,012.,*

To 79-—
0,678
0,737
0,773
0,777
0,763
0,750
0,700
0,670
0,615

T
0;121
0,156
0,185
0,212
0,23:1
0,254
0;256
0,251
0,241

00
,
1,485
1,018
0,744
0,612
0,456
0,347
0;340
0,254
0,234

7.
0,129
0,166
0,203
0,222
0,255
0,283
0,292
0,271
0,262

0,439
0,409
0,386
0;166
0,338
0,310
0,282
0,258
0,243

0,690
0,747
0,780
0,788
0,786
0,780
0,744
0,686
0,6ti0

1,49
1,01
0,730
0,602
0,448
0;339
0,272
0,245
0,226

0,433
0,412
0,:~83
0;;67
0,331
Oy)o
0,268
0,255
0,237

0,124
0,161
0,199
0,216
0,247
0,266
0,268
0,262
0,243

0,674
0,714
0,7:H
0,763
0,744
0,7:12
0,7:10
0,660
0,628



NACA Technical Memorandum No. 1062 Figs. l,2,3,4j5,6

!

t

Figure l.- Definitionof the
performmce of a

rotor blade element.

Figure 2.- The axial velocities
induced in the

plane x = O;

Figure 3.- .A ring Of ’cross
section dx dr;

(A liSt Of complete legends

Figure 4.- fi element on the
pressure side, of

unit length radially;

is given at end of text.)

Figure s.- Velocity diagram Figure 6.- Resolution of forces
.ofcascde flow. on a section in

cascade.



NACA Technical Memorandum No.1o6z
Fig. 7
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qf-

4z-

4J-

q4 -

0/s -

#6 -

0,7-

40-
..r,b,.

v -

to?

Figure 7.- Diagram I for the calculation of rotor
section characteristics; ‘

1
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“ N,ACATechnical Memorandum No.1,06z Fig. 8

~r-- r , , , ,0 q2
,QO 0s a to u it f6 u 24 Z2

‘%$”—” “x--

igure 8.- Diagram IZ for the calculation of rotor efficiency;



.1

40 k-
ZI

/
=

I I J I
I I I I

I/K1

..9’*—
-~=$’ (f9.#g)

Figure 9.- Diagram III for the calculation of
section characteristics of station-

ary guide vanes;

Figure 10.-
..

DiagrtunIV for the cal~~lation of .@
the energy losses of guide vanes; ~
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4-
V.+

/
, . ,,. .. .

i !

9.-7 A

/T
A t.p

I A

Figs. 11,12,13,16,42

b

r~~
F~.Iz t Pig. ’13.

r 1
‘v-f Figure 11.-T-re Coordinates for

the calculation
of the thickness correction.

t-z

p

Figure 12.- The profile
‘angle of attack

fOr pump casc~es is lowered
\ by the disturbmce velocity

J
due to finite blade thick-

1’ ness.
F%. tl.

I Figure 13.- The profile
=gl~ of attack
for turbine cas-
cades is in-
creased by the
disturbmce ve-
locity due to
finite bl~e
thickness.

Figure 42.- Ex-
perimentally de-
termined.reduc-
tion in effi-
ciency of rotor
III and stator
11 With in-
Cr.e.asingtip ., .-
Clearance.

8

.,, ,
,#j

—.< .._

I

I

I
j

I

I

i

I
I
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---1!?..-4+ ++++4 +
.,. .,,,

J-”--i
L.....2J Figure 14.- Schcrnatic representation of the origin of
.,.——

4

i+++++*
“P- -“3 the secondary flc)lj~ for stationary cascades

L.J
with end plates.

--------*++++++
J -1

l?ig~~re15,- Boundary layer flo”,lin a
blower rotor. The dottod

lines denote th~ corresponding cylin-
drical sections.
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Direction of1

‘1
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i
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Hub Suction

sido

lligure 22.-

——— cascado ,coef-
ficient k for rotors I,
II,JII.
.-.__ _ finita blade
thickness coefficient,
Q~2.

.
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. -,

the
ro-

Figure 17.- Blade of
8-bladed

tor I (see table 1).

“/
./’

$==s5..—
‘:.

\,
\

Table 1.
-.. . ,-. .
6 bladed rotor 1.

-r_
r,, b’ I : I“’-90-”
0,62 ‘1 78,80
0,64 72,14
0,80 63,56
0,96 54#3

0,149 49,260
0,128 41,600

35,200
W% 30X!00

Pr(
IT—-
!3,45
1,31

!1,50
1,12

8,52
0,63

6,83
0,37

orciim&.es

Zz7pqzF

15,6817,08~16,70
1,65‘2;17~-2,L?4

m- F——
13,80
3,05

11,42
1,79

8,38
0,64

6,43”
0

70,0 80,0 90,0195,0

lI,W.,8,.?(L.4,572,52
1,64 1,59 0,89 0,39

T- 100
—
0,45
0

0,42
0

9,00
2$)5

736
aJ48

5?55
1,48,

4,70
1,30

10J221230
1,52 1$27

9W 10,42
1,33 1,12

6,84 7,74
0,96 0,65

5,50 636
0,85 0.59

4,70
4,70

3,74
3,74

2,86
2,86

2,61
2,61

7,44
2,7!Y

6,10
2,41

4,64
1,95

3,97
1,69

[3,78
“1,32

[2,86
1,13

9,59
0,61

7,46
0,18

:5,68
+,70

!2,8S
1,72

9,58
1,06

7,34
0

13,7oi14,3514,o3
1,26~ 1,53 1,66

9,25I6,71 3,76
1,38I1,03/0,61

6,82~4,87 2,74
0,87 0,66.0,31

5,14 3,67 2,17
0 0 jO

2,08
0,29

10,22~10,7710,52
0,63,; 0,87 0,66

1,89
0,25

0,31
0

7,7’8/ $08 7,80
0, 0

!.

1,17
0

0
0
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‘., ., .,-~ .,,,

X=.-.—.——

b
—.
,%,.+o.sd. Figure

tor II

18.-

(see

Blade of
8-bladed
table 1)

the
ro-
.

“

Table lfcon+inued)

8 ‘bladed rotor11.

0v52 80,74 I &4:
80,20

1% 80,06 0,098
0,96 7%50 0,081

48,750
40,600
33,000
28,000

I

im-
Profi 1

7,5110,0O ]1,25

4,78 7,73
4,78 2,94

3,64~6,49
3,64 2,37

2,87 4;67
2,87 1,87

2,31 3;72
$),311,~:]

—
5,0 XT G

19,70
4,88

16,k
2,86

11,50
1,67

8,10
0

xii G
3,40
1,18

2,67
0,85

1,45
0,35

1,13
0

40,0

19,70
5,67

15,66
3;39

11,28
1,87

7,75
0

3!?lw!-
18,7016,85
,5182 5,ro

14,6013,10
3,62 3,45

10,50 9,25
2,00 1,87

6,92 5,94
0 0

16,91
3,00

13,65
1,81

10,20
1,25

7,53
013

.9,39
2;18

7;75
,2,05

5,63
2,15

4$39
1,16

11,62
2,03

9;01
1,50

7,52
1,25

5,44
0,63

13,5014,85
2,04 2,28

18,30
4,22
.,.,.

14,70
2,22

10,95
1,40

7,92
0,08

14,21
4,80

10,96
2,97

7,75
1,60

4,74
0

10,65
.3,75

S,io
2,23

5,30
1,25

3,40
0

6,08
1,51

4,06
1,37

2,7’7
0,65

1,88
0

0,59
0

0,64
0

0,50
0

0,50
0

[0,3012;00
1,42 1,47

8,12 9,00
1,03 1,05

6,16 6,74
0,38 0,20

. . . ..—
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Fig. 19,(Table1 cont.)

.. ..

Figure19.- Blade of the
8-bladedro-

tor III (seetable 1).

Tab2e 1 (continued)
8b1aded rotor 111.

0,52 80,70 0,160 49,05Q
85,40 0,129 40,250

:% 91,00 0,068
0,96

32,700
97,80 0,081 27,50@

Pmofile ordinates

X IO I1,25I2,.50;5,0 7,5I1O,O115,0120,0)0,0140,0!50;0

4,46I7,.308,6910,6512,40~1:),50~15,10~16,20
=0$5??U 4,462,601,118, ,!

3,77:6,0i“7,16
1~~ 1,241,1241,1>611!7s

=0,64 :“ WO 10,20,11,20i12,6513,60
u 3,772,111,52 0,940,700,70!0,20O,:lx

=o,~ ;,” 2,86/4,84 5,72 6,92
u ‘~,86’i1,65 1,32 0,88

..
2,25 3;68 4,41

‘o~~ ;“; ?,25 1,31
5,j6

0,98 0,(31
i’,

7,90
0,66
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T1“ --L_..——.——-—.——Figure 20. - Blade of the 9-bladed
&z#o/ stator I (see table a)
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Figure 21.- Blade of the 9-bladed
stator II (see table El).

Table 2 (co~t,inued)
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Figure 23.- Election characteristics for
rotor lll:———for k = 1,

D O;= for D = O, but taking the
CaSCade coefficient, k, of figure 22
into account.
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Figure 24.- Section characteristicsfor
rotor 111:———takes i,nto

account the cascwle coefficient of fi&
ure 22 but D = O (see figure 23);
—takes into account the cascade
coefficient k and the thickness correc-
tion D~2 of figure 22.

.

Figure 25.- Section characteristicsfor Figqre 26.- Section characterist~oefor
four sections of rotor I: four sections of rotor II:

—+—r/ra = 0.96;———ra=a= 0.80; “_-+-p/ra . 0.$)6;-—-ra=a= O.BO;
‘-—r/ra = 0.64; r/ra = 0.52. ‘“—r/r& = 0.64; r/ra = 0.52.
The thick cross lines denote ttieopera- ‘Thethick cross lines denote the opera-
ting points of the individual Bectiona ting point? of the individual seotione
operating together. operating together. ,,



Fi@re 27~- Section characteristi’c~xfo-r
four sectionsof rotor III:

—+— r/ra = 0.96;———r/ra = O.EIO;
—.—

rl?a = 0.64; r/ra = 0.52.
The thick.crosslines denote,the opera-
ting points of the individualsections
operatingtogether.

H-+-ii--t-i-n-- i——— —-----

1 I [ I I I I I \
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Figure 28.- Di,sljri-
bution

of total head in-
crease for rotor I

61
b r ra = 0.96) =
316]: from
experimentand
—— — from theory.

Figure 29. - Distribution of total head
incre:s;v~; :otor IJI

[ 61(r/ra = 0.96) 1
.— from

experimentand—— —from theory.
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Tigure 3Q. - Averaged TOtOr characteristics FiWre 31c -
Xor rotor IZI ‘Lbl Blower charaderistic “for rotor ~

(r/ra= 0.96~ 111 [61( rlra = ,27. 5°] and %
= .0.96)’ ~ ,

= 27.50]:--- .--measured torque curve,
stator I. The experimentallydetermined oints m.- -0--qeasured total head curve and

measured,efficiency, theoretical 7are denoted by zero circle8 (8ee tabl< 4 . ~~

mean curves. a
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Figure w.- Pressure-gumtity curves for the blo
er installations: rotor 1,11 and III

each with exit guide vanes 1. (Blade angles in
accordance with figures 17 to 19).
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Figure 32.- 5
Blower characteristic for

-0,06

[ (r/ra~”()~6~= Figure 3~.-

.
rotor III 51

Extrapolationof the throhghflowCO- #

28°] and stator II. The experimentally efficj.entsfor the section r/~a = WM
0.96 from the mean throughflowcoefficientsfordetermined.pointsare denoted by zero
which the tests indicate separationof .he rotor “~circles (see table 5 for s/2ra=0.002)0 ‘
flow. +
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(see

Fig. 36,Table 3

Blades of
13-bladed
table 3).

the
ro-

‘-lm-ble ~.
13hladed rotor lV.
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1-
0 characteristics for
~ rotor II and exit stator I at$“___

various rotor bMle angles ( see
%= table 4).

Figure 39. -

1
“~Experiment al blower ~,YJ.

characteristics for ,27~-
rotor III ~ exit stator I at ,37”J~-
various rotor blade angles (see “ -~
table 4). z5~.
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Figure 40.- Experimental-blower charac-

teristics for rotor IV aad
exit stator II at various, iotor blade
~~gles -(see table 4).

i 111,n I Figure 42 is on pageI \
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Experiment~ blowex character-
istics for rotor III and sxit

stator II for various clearances between
rotot blade and housing.
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