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INVESTIGATIONS OF SINGLE STAGE AXIAL FANS*"

o By P Ruden SR

L

-The following. investlgations are connegted with ex-
perlments on,. fans carried out by. the author in- the
tht;ngen Aerodynamic Laboratory wlthln ‘the’ framework of -
the prellmlnary experlments for the new Gﬁttingen W1nd—”-
tunnel prQJect, ) " : L

A fan rotor was develoPed Wthh ‘had very high ef-
ficiency at the deslgn point” c0rrespond1ng to moderate .
pressure .rise and which, in addition, could: operate at a
proportionately high pressure rise, ’ To establish the de-
.termining operating factors the author earried out ex=
.tensive. theoretical investigations in Hannover, In this
it was necessary to depart from the usual agsumption of
vanishing radial velocities. The calculations were. sub~
stantially lightened by the introduction of diagrams.

The first part of the .report describes the theoretical
investigatzons. the. second the experiments. carrled out
.at GBttlngen.

-

SUMMARY.

X It is customary, in the theoretical treatment of
axial turbines, to set all radial velocity 'componentsg
equal to zero,. It is found that this assumption makes it
imposs1ble to estimate the. behavior of " the fan over its
entire 0perating range, In partlcular. no’ sufflclent :
explanation.can be given,‘cn this assumption, for the °
fact that fan rétors with outWardly increasing blade
chord maintain’ con31derably greater throttling than ro»”f
tors. W1th outwardly decreasing blade chord. “For the BO=
lution of the. probdlem. Just outlined, formulas for’ the .-

~-ocaleéulation of atatiopary angd rotat1rg cascades are dew

rived ~which are based on a consmderation ot small radial
velocities. The method of calculation duffers from the

"Untersuchungen fiber einstufige Axialgeblése Luftfahrt—
forschung, vol,, 14 'nq..b July 20, }937 pp. 525 346 and
no, 9 Sept 20, 1987 pp.,458f475,f
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hitherto customary ohe primarily in that, after the calcu-
lation of the individual cascade section characteristics,
a throughflow distribution calculation must be undertaken,
which correlates définite operating conditions of the in-
dividual cascade sections, (See secs, II and III.) The
usual cascade corrections are to be applied in the calcu~
lation of the section characteristics.

In the present report the Betz method which, in the
caleculation of cascade corrections, takes’ account only of
the. circulation. . of .the neighboring proflles is extended
by the introduction of a thickness correétion. (See sec.
V, 2.) In the determination of the cascade section char-
acteristics, diagrams are introduced which substantially
lighten the task of calculation, (See sec. IV.,) These
diagrams give, in addition, a good survey of the ex1st1ng
pessibilities and permit quick estimates to be made, as
illustrated by a series of exampleés. (See sec, VI, 1 and
2,) The throughflow distridbution caleculation requlres the

’ sclut1on of a differential equation; which is reduced to a
simple iteration process on the correspond1 g difference
equatlon. (See sec. VII 3.)

The throughflow conditiqn allows, for instance, the:
design of a rotor to change a nonuniform to a unlform'
energy distribution, (See sec. IV, 3,) Likewise, a sim-
ple method can be given for the determlnation 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 a reliable es-
timate of the stablllty of the rotor flow to be" made.

‘The compar1s0n of the theoretlcal calculations for -
three rotors with the. experlments (sec. VII) show that '
the torque . on the rotor shaft can be calculated with
greatest: certainty., The efficiency can also be predicted
with sufficient accuracy if the experimentally determined
clearance losses (sec., VIII) are included, Greater un-
certainties arise in the calculation of the efficiency of
the total blower installation including exit guide vanes
and hub- diffuser, In this connection the main difficulty
may be ascribed to the. rather little- known action of the
hud dlffuser., But for guide vanes there is an’ additional
loss due to secondary flows (sec, V), which cannot yet be
with sufflclent aceuracy, . The secondary flows
undary layers at the outside sections in rotors
~*ically nonexlstent, but do . exist at the hub and
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~“in-a manner -equivalent in action to a boundary~layer. suc-

tion. These facts explain why the [, Tof the hub
max .

sections may be gafely exceeded, Separation of the entlre
rotor flow sets in only when gAmax at the onter sections

is exceeded, .

On this basis, rotors w1th outwardly increaszng
blade ehords are suitable: for: high loadings, ‘especially
as the throughflow distribution calculation shows.that
the axial throughflow veloeity. in the neighborhood.'of the
cuter wall is consideradly’ larger than the average - .

throughflow velocity. For small flows more- favorable
working conditions for the outer blade parts are aut0+
matically produced, .

In conclusion, experimental 1nvest1gations on four
rotors with adjustable blades and also experimental in-
vestigations on the influenge of tip clearance on- effi~
ciency and the maximum attainable throettling are given.

It is to be noted that the metnod of calculatlon de-
rived for blowers may be applied directly to axial pumps,

The application of, the method to the calculation of ax1al
turbines should offer no dlfflculty.

NOTATION

Coordinates:

x coordinate of axial direction,. positive in through—:\
flow (free-stream) direction

r distance from blower axis B

0 angle between radius veotor ¥ and a4 zero blane i
passing through blower axis :

r, rotor radims .. ..
r

R = —
Ta
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Blade charadteristics:

z numfgr.of:blades

1 profile éhbrd

d . maximum profile thi¢kness

D 'mean profile thlckness referred to profile chord

t = zzr:i§é$¢édg gpacingtat'éyliﬁdéicélfs@ﬁtioh r o=
| constant |

A= te section solidity

A =yh<i:4:%,ﬁﬂg>

8 . proflle angle.Ameasured between proflle chord and
AR - x dlrectlon o
51‘ 90 -’ 6,‘ang1e between profile chord and’ plane normal
to axis
a angle of attack

Absolute velocities:

Ch axial velocity
ey “tangential belocity::
c'ul tangential veloegity di:ectly”hefo:e_cascade
c'ua tangential velocity directly behind cascade
Cn radial velocity
v axial disturbance velocity ) produced by
m . s

finite blade
2 tangential disturbance velocity thickness
w angular velocity of rotor

Cm

Y = a throughflow coefficient

a
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Relative velocities:

.wm = cm
Wy = Cp
Wu = cu - W
2 2 2
= +

v v/wm towy Yr
r'* = .v.’..n_l. = @ —r—?'p-

rw r
13* = Y—E

rw

i

‘W - - T
o= 22 T Tuy SMu (EQDZ S

rw ryw

The subseripts ‘1 'and 2 denote cross sééfioné‘f&r
before and far behind the cascade, respectively, &

Pressures:

P static pressure
total*firessure :




s _
T, Apg
xu*=w(——-> =
T

p 2
z(np?
Forces?
A section 1ift
W section drag
T tangential force
S axial force
A . -
€\ = : 1ift coefficient
P =2
— w1
3
{4 L1ift coefficient of isolated profile
{ag 1ift coefficient of profile in cascade

Ew

il

i

w .
; drag coefficient
[id we 1
Ey
~— profile glide angle
£a T
T . . .
— tangential force coefficient
lp_z, R ‘;\..‘ . . o
~w 1
2
§ axial force coefficient
£ wol
2
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M- am~oorque on.rotor. shaft B
n ;{ efficiency L

;Auxiliary quantities.-.ﬂiwﬁzn

'B'ﬂf angle between relative stream direetion and mer1d1ang'
plane -ﬁnjot' Y e e
r ﬂ;oiroulatiOn along a elrole ,f;%;obﬁé%éot}f-
Ofg = ~=~ throttling coefficient
s .
X = =
ﬁl,a |
S o ARE *®
v a;‘:__:zzms s v
L P
ORI AU E b
x L9t
Y x =_¥_._._2At‘5*
. x . cp.*

The subscript © indicates quantlties calculated
for zero blade thlckness. a bar denotes ouantlties aver«
aged by 1ntegrat10n. )

':??“'1f;‘ifi%'!:ﬁrﬁdﬁvcrroNti;Jif,,f"

e It 13 usual in the’ theoretical treatment of axial-
blowers. ta set the radial ‘velocity components equal to - "
zero, On thi's wssumption . the flow is substantially two
dimensional in.character: -All cylindrical surfaces co-
axial with-rotor or stator axis are streanm surfaces, and .
after . development of the cvllndrical surfaces the flow =
can be - treated in. anWn manner -as plane cascade flow. )
One significant result is that the axial velocity ‘distri-
bution before and behind the cascade must be thé sape by
continuisty,



8 | - NAGL -TM*Npi 102"

However, the assumption of ﬁaﬁiéhiﬁgffadial“Vélécityﬁ'
component is not fulfilled in general. ‘A simple ¢ongidera~
tion will illustrate this assertion: Visualize a-fah in-"

" stallation consisting of a rotor and a set of exit guide
vanes, with the axial entrance velocity as being £0nstanti?
The . same thing is to apply to the energy of the entering
fluid., ‘The ' exit guide vaneés'are so designed that the fluid
leaves in a purely axial directiom, The rotor imbarts
energy to the fluid.. If this energy ¢hange is constant
over the whole cross” séction,” then the’ fluid energy: per
unit volume - that is, the total head - 1s ¢onstant not
only before dut also benznd the exit guzde vanes, o

The static pressure p must likewise be constant in
every plane normal %o the axis far before or behind the
fan, since any pressure drop within such a plane would
cause radial or tangential accelerations of the flow con-
trary to the assumption of pure axial flow velo¢1ty di~-
rection in the regions far before or behind the fan in-
stallation, It follows from equation (1) that the axial -
velocity ¢ in the exit crogss section is constant and

by continuity must equal the axial entrance veloc1ty for
fixed crose section.. In this particular case, thea, the
condition mentioned at the start is fulfilled, at least
in its total effect,

It is dlfferent when the energy mearted to the o
fiuid By the rotor is not constant over the whole c¢ross
section, If the assumptions for the entrance flow are
retained, the energy per unit volume. (namely, the total
pressure in the.exit cross section)is no longer constant,
Again assuming that the fluid leaves:thé exit guide vanes
in purely axial direction, the static pressure must, as
before, be constant in every cross section behind ﬁhe fan;
and it follows.from equatiton (1) that ¢, at exit can no

longer he-oonstant. Rad1a1 velocxty compOnents nust -

1Thls statement refers to the velocity ‘distridbution in the
throughflow eross sect;on as well as to the tlme variation
of the flow phenome K In the following only steady T
operatxng conditions will be treated e
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If the total presqure and axial velocity of the en~-
trance flow are constant, the blower rétor, in general.?m
is designed so that the energy input for the ghosen oper-
ating conditlion is likewise constant over the whole rotor
cross section. . Under-these circumstances the gquestion of
whether and when a nonuniform energy yield of the rotor
arises is pertinent. -To-arswer this question 4t is nec~-
essary %o examine- the nature of energy interchenge more
clogely: To this end consider a blade element of radial
width. dr at distance. from the rotor axis, If.the
resultant force on the blade element has. a component T
in the plane normal to the axis (fig. 1), thw work Torw.
is done on the element, where w is its angular ve1001ty
about the rotor .axis, For simpliclty it is wssumed that
all the work done on the blade element is g¢ven up to .the
fluid without loss. Then energy of the amouat Tro is
given up to the fluid, and for constant avial velocity ‘
the requirement of constant energy addition is equivalent
to the condition T = constant/r, The resulting force on
the blade element for a given section, angular velocity
and axial throughflow velocity is a function of the sec~-
tion angle of attack, which ig t0 be chosen in accordance
with the assumption made previously for the operating
point of the design calculation, so that the condition
glven,for the force component T is fulfilled. If the
fan operates at a pressure rise other than that used in-
the design, the ratio of axial to rotational velogity,
and hence the angle of attack, is different fer each air-
foil element. The condition. T = constant/r is, in
general, no longer fulfilled.Q It may be inferred that,
without speclal precautiqnary measures, GOnstant energy A
addition occurs only for. a particular operating condition,
If other operating conditions are to be gcorisidered, the
limiting assumption of . constant input energy must be re-
linquished. SN B . o .

g g " T o ———p >

zlt 1e sufficient in the preceding considerations to es-
tablish. the.change.in, axial. velozity distribution and. the .
existence of the radial ve10cities necessarily associated
therewith’ only for the regien of the blades., It will be
shown later," however, that the radial velocities assume’
their greatest value-there anhd only decrease toward zero
with increasing distance fwem the blade region,
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‘ Simllar con91deraticns for adJustable bIawers also
lead “to ‘the result “that the condition of constant’ 1n§ut
energy is.no 10nger fylfilled when the angle of attack of
the ‘blower" blades 1s ether than that specified by the
deszgn.‘nf o

R

. AN 4 S . ! e "
P . . . LA . . i - v wo. I N .

-

RS LT 2 SYSTEM or- TRAILfNG VORTICES

TR R iE j;_ BLHIND THE BASGADE

¢ . - ; »{;‘., TR A

A CVlindrlcal systenm 6f° coordlnates 1s cthen the
x-axif of which coincides with the fan axigs ‘Tts posi-"’
tive direction is the flow direction, Thé diétance of a’
poznt ‘from the xwaxls 'is gs dsual &enoted by r. The -
anglé 6 denotes the dhgulay rotation of the "radius =~ .~
ve¢tor fram a zero direction, ‘The diréction of’ notatlonf
i§7in; the sense of a rignt*hand screw relation to the
x~ax1s. -

The examples conaidéred in the 1ntroduct10n are of °
a very speC1al natufe. To atheve more general reeults,.
the~ appearance of radial’ velocities may’ equally be ex-"
plained from- another p01ﬁt of view, The follwang con4:
siderations are entlrely analogous to thogse formlng the
basis of thé wells kifown vortéx théory cf airfoils and o
propellers, (See reference 1:) The dlades of a fixed or
rotating cascade are considered fo ve’ replaced by vortlces
bouhnd to the respectzve blade locations, Their vortex:
strength is ‘6qual to the c1rculat10n F(r) around ‘the
respeciive blade element If P(r) is constant: aléng"
the blade span the clrculatiOn at the hubd a$sumes” the _
value o= Pi discontlnuously and s1m11ar1y drops dis- )

cont1nuously from *F éffaﬂ t0 zero at the cuter wall

Adcording to thé Helmholtz vortex’ theorems, the- blade
root and tip are each the origin of a free (traillng)
yortex. of . strength ..I',. For.variable. circulation along
the blade span, a vortex SAeet of strength dP/dr per-
unit length in the blade tralllng edge dlrection comes ‘_
tralllng off the blade in addition to the vortices Fi -

and Tae The derectlon of an%element of. tralling vortex;
coincides-with that of the velocity relative to.a cor. . ..
ordinate- system fixed to the cascade.uﬁiﬁ, e
- . A ; . oAy
Te s1mplify matters, two assumptiOns are made: The
radial velocities which may arise are small with respect
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to-the ~throughflow .velocity, .80 that in. the- calculation
of the:-induced velocities of the. tralllng vortices it
suffices to conqider the traillng wortices as: distrlbuted
on a right cylinder coaxial with the blower axis, Except
for extreme ‘cases, this condition is. fulfilled very well;
for fans. where the housing and hub.are. ‘cylinders. extend—~
ing far upstrean and: downstream., Secondly, the limitlng

. .transitjon.to an infinite number of-blades is made., Thisg
limiting transition. -simplifies - the flow to . the extent
that all ‘quantities are thus made to0.depend.only on. x
end .ry. This.transition is Justified ‘because the cascades
considered generally have a:large number. of blades, Else-
where it -will ‘be shown- that under. certaln -assumptions to
be formulated later, the: formulas derived. for an . inflnite
number of blades hold for velocities averaged with- re-- .
spect to the coordinate - &,. To.make the. .derivations eas-
ily apparent, ‘however, the limiting ¢ case of an xnfinlte
number of blades will: be treated . f1rst. - : o

If zP(v/- 18 thée total circulation of the: vblades,
the llmitlng trans;tiOn is effected so that the amount of
.the total. clroulation of every éylindrical seetion is
maintalned, The two- dlmensionally distributed vortex
sheet hecomes a’ system of - three«dlmen51onally dlstrlbuted
'traillng vortices-the vortex lines of whloh coincide with
the streamlines of the relative flow.»“‘

Consider a cyllndrlcal surface coaxial w1th the
rotor,- According to the preceding assumptions thls is
approximately a vertex gurface, If each vortex element
of such a vortex surface is resolved- into-a component
parallel to the &ylinder generating linés’and a- compouent
along the tangent perpendigular to the generating lines,
the trailing vortices of the cylindrical surface may bde
considered as a system of ring-vortices with the diameter
of the cylinder, and a system of gtraight vorticesg. ¢oin-
ciding with the cylinder generating lines. On the as-
sumption that the blade region. is of negligible extent in
the axial direction, so0 that "'tle blade space can be con-
tracted to a plane, both ¥ortex systems start from the
rotor plane and extend to infinity in the positive direc-
tioni"THeé*lawtiassertionvassumes;~0f course, that two
fans, one behind the other, are sufficiently separated

- 80 as not to have any mutual influence, It is evident
that the first vortex system induces axial and radial -
velocities in the rotor plane. the second, ‘tangential
velocities. '
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Ta calculate “the tangential velocitidés. induced in:
_the rotor plane vy the system of straight line vortices,
1t s ‘noted’ that the- velocities inddiced by & straight -
‘line vortex in- ‘the plane from’ whioh it-e#tarts &dre half as
large a8 ‘those” corresponding toan equal: vOrtex extending
inflnitely in both directions.” To compute the velocity
in the rotor plane’ introduced Ey a straight vortex of
radius - ¥! 'and-thickness dr? “Younded by the rotor plane,
a system’ of ! stralght ‘vortices extending from both sides to
infinity is. introduced,; These vortices'-are 16¢ated ‘on
the same- oyllnder but have only half the: vortex- strength.
The veloclty field corresponding to’ thls vortex system
“is, by symmetry; a function only of " r, It follows that
all radial velocities of this 'field must vanish, -Gthér-"
wiseé ' fluid would ‘have t0 originate inside ofa cylinder:-
"doaxial ‘with & vortex surface. No axial ‘velocities are-
generated by this’ straight line vortex system. Hence
only the tangential velocities remain to be investigated:
If r' Jdenotes the radius of the straight line vortex
surface and  dwy(s,r') " the tangential 'veloclty ‘at dis-

tance {‘ from the axis due to the vbrtex system. the
circulatlon around a.cirele .of radlus T, znrdwu(r rt).
"If the. clrcle is. 1nside the vortex eurface, the circula~
tion must - equal zZero, since no. vortex is . enclosed. But - if
the circle surrounds the vortex cylinder the c1rcu1atlon
equals the total vortex strength of the cylinder

anr! Y(; ) dr"l whére Y(r') 1s the vbrtexrdensity.of.
the straight vortlces origlnating in the rotor plane."
‘Hence the. rotational veloczty -inside the vortex cylinder
is . P R AT - I R SR R . . .

and outside L :
. s .. . " A K R S
& r

According to the foregozng. the total vortex strength of
a cyllndrical eﬁrfaca 1s o . , .

. o
zﬂr' Zii_l dr"* 3~¢r(?.? ar'-
2 d4r!

and hence
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- . . . . . z N » d r‘ , ) . ... . . - .. . ) . L
_@Vuﬂl.?d)ﬂ=_4_fﬂmwd(: ) drf for r'!' < »r.
< = "

'aﬁu(r,r‘)'=?o - ‘1 " for r!' > g

The'tOtalifyM?fﬁtréixigéTétgafgﬁt.iiﬁéivbftek_syétéﬁs--éL

'°riginaﬁiﬁgfiﬁTﬁhe,QQSCadé'plaﬁé;ﬁinq;ugingytheAhub and -

outér vortices, induce in,thgﬁféﬁ§f:p;ggeﬁthg~vg10¢ity.ﬁg
< veg s .

R

o Pj_ S .
CAwlr,rt) b T
: I 4mr

L Vu(st) =
. : vy
r r »
- L y dl‘(r') ,-':.-‘ i B ,‘-z.'~'s T
3 4"rg/é Ty T ey T
I ] ri._ S oont T - o
Since the bound vortices add npthingin‘the”tanggnqialf"*
velocity in the cascadepplane,~this'tangeﬁfialﬂveIOCity}
component is the gum of~the.tangential=Vg;ncit&’AWﬁ;"ih@
ff@nt;éf*thg cascade and the(velbcity_ ﬁuXStji.i.f'. o

. Sw VTG (g

4o

. . 3 ’
(Wu)cascade : u, 4oy -

As is known' ‘the total Ulgdé”birbnlgt;dnfpf»é”¢Yli@~
drical ‘section’of radius o 1is tﬁéfﬁift@géhgé3injci;gﬁFf"
lation before and*ﬁbhin&ﬂthe’Eascaae,“ﬁThé”circulatiph

before ‘and behind the cascade s megsﬁ?é””aléhg,circleS;

with thg.radius_pf.ﬁyg_cx;}pdripa;hséptipp, ’If “wy. . and

oTrT o me radius of the .
Yu denote the mean tangential velocities before. a d ..
behind the cascade, respectively, then... .. . 4. - . - -

2’ (r) = Zwr(wua - wui)
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‘which, whenWSubstitgted_inﬁqgeqﬁatiqp_(?)wgﬁvgs_w

T - CE T A R . Ve R

(vuloascade = Wu, * 5 (Wu, = wy,) = 5 (v, fﬁwul) (3)

The radial and axial velocities induced in the cas-
cade plane by the tra111ng vortices .are not independent ..
of the cireulation dlstrlbution.: The relation between .
axial velocity dnd- 01rculation dfstributiOn is discussed
elséwheére;  However; ia’ pr0position to be used later will
be derived here. To this end, consider.a vortex tube
having its origin in the cascade plane and made up of
ring vortices of radius i?r', Figure 2 shows schematically
a ring vortex aof this vortex tuve. “Phe reflected ring
vortex with reqpect to the cascade plane. ie shown as a
dotted circle,®

This reflected: ring vortex would exist if the vortex
tube extended - to infinity “im” both directions. The veloc-
ities induced 'in the plane «x 0 by . such a vortex tube
correspond to the velocity field in a plane normal to the
axig  far behind the . Cascade.wiln figure ‘2 the vortex ‘ele-
ment: : .ds - .and, the -image. ‘element . dgtb Lare without Toss of
generali&y Jaken ~50 b the tod- elements of “the respective
ring vortices, The dlstances & and ‘a'_ of these ele-
ments from an aArbitrary Péint P in the ‘cascade’ plane
~are eaual, According to. the Blot»SaVart law, each vortex
¢lement induces velocities .4v and’ "dv' at ¥ which
are egqual in magnitude. Since the induced velocity is
at-right angles to the vortex element, dv : and dv?t.
must lie inm. that plane at- r;ghx angles to the cascade _
plane,,,, ross. section. of. whlch is shown in figure 2.. It
is’ ev1dent frnm.figure 2, that the, dotted ring vortex dou~
bles. the axial. veloczty whlle caus;ng all ofther: components,
in particular’ the radial comnonent to wvanish. . Lt follows
for the vortex tube originating in the cascade plane that
- the :axial yelpcity it; induces in. the cascade. plane is only
half as large’ as, that far. behind the cascade and . that all:
inducea radlal velocltieq vanishgat large distances before
and behind the caacade plane. Slmilarly, it-folloews from
'uthls'conslderation that. . IR -

®By reflection hereinafter: is’ meant: Oﬁly“thE’Tﬁagétof'tHe
geometric form, the sense of rotation of the vortex ele-
ment being malntained
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e b m)cascage = 5 (Wmy * Wa,) (4)
1wri,f3w?2h;.qq. , e e (B)
where. the subseripts 1 -afd’ 2 ‘dencte’ reglons far before

and behlnd the cascade, respectlvely.g_,

III,.  THE THROUGHFLOW CONDITION
1, The Euler Equationsg for Flow Through a Rotor

with Infinite Number of Blades

The relation between the axial throughflow velocity
and the circulation distribution ¢an be ‘derivédd 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 1ntegration of the Euler equa~
tions, The energy. losses drising from the flow thrOugh
the rotor are then easily taken into account by a slight
extension of the argument., The fluid medium is taken to
be incompressible, Thisg assumption is sufficiently valid
for fans the circumferential velocity of which remains
less than about 150 meters per second (493 ft/sec). A
rotating set of axes is used for the rotor to obtain sta-~
tionary conditionas, The limiting case of an infinite
number of rotor blades which is dealt with first repre-~

sents a simplification, as mentioned previously, because
of the rotational symmetry which prevails, The forces
exerted by the rotor blades on the fluid do not ¢onsti-
tute a surface distribution but may be visualized as im~
pressed volume forces. They are funetions only of r
and x, Their magnitude is:defined by the type of limit-
ing transition of finding a rotor with infinite number of
blades to substitute for a given rotor with z-blades. To
this end a ring of cross section .dxdr is placed through
the rotor, (See fig. 3.) This ring cuts out on every

~ blade an element on which the: tangential and ‘axial forces

per unit area are, respectively, 037/ds: and 038§/ds.*

“Forces T and S and forces A and W which appear
later are in agreement with the usyal definitions of
forces on profile sections, namely, forces per unit
length spanwise,.
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~The symbol ds denotes the: line element traced on the
blade by the d4x 'gide of-the- ring: ~'The radial component
of the force on the blade element is negligible inasmuch
‘as the normal to the blade surface is sufficiently exactly
.perpendicular to the radial direction, The z-blades in
the entire ring act on the fluid with the tangential

.force- ‘=z gT dsdr. and: the axial force, *Z.§§~d$dr.trlfx
s . .,.08 R
B is the angle between ds and dx then

" d.s - QX,‘;._" ‘ ) .
cog F
and with ° o

;;;*E as cos F 0s
the axial foﬁrce becOmes L N
| L T erestiaxar
aﬁ@j?ﬁé?téégéggiéi;force.becoﬁés.'
s ~Z T' dxdr

Co E.‘.‘ :l.

"Thesz valueq are malntalned 1p the llmltlng trans1t1on to
an.inflnlte:number blades, 80 . that the forces .on the .
volume .element dxdr x rd&. are

[ R : RN PUEI

vu,f?fﬁ§l'@x&rf¥urdé
216 oM e :

in axial directidn aﬁd _ _

IR 3 T dxdrxrde
2Ty . .

Jin tangentLal dlrectlon T R PR

uThe‘volumeuforces dre, of course, zero outside of the
rotor, The Euler edUatlons ‘in “eylindrical coordinates:
are, -with due regard -0 the volume forces prev1ously dls-
Cussed‘-' : . A .
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(6)

To these is added the ecuation of contlnulty wrltten in
the form: .., ., . I P S B

2 (rwp) + E;_(rwr) = 0 (7)
dx o L :

_..Qr
If the Euler equations are multiplied, respectively, by

wo e AX e _dre 0 d(rf)
n ’ v at' oW gy

and then added, the result 'is, after .multiplication by p,
and since o o
.. . "._ o .: ‘ .4 . | A. A. i . (w r‘) a ‘;‘-i ,0. ‘. .

S TR D LoER Ly

DE
at 2wr

Wi + Tlwy) = O (8)

where

..‘-__(u)r),?J_ (e

feet

']

g
T+

The operator Ir is the particle derivative

The quantity in parentheses in eouation (8) can be written
as
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N ot Mo W e
: i ¥ u DA
ST Ty (S!-;; + T T) L

Then

. ;;] :“ N‘.“ . "'..':;v,‘ o ':W . e .'."': .. .\
112;= cos (x,w), AT cos (T,w?;
w

w

where (x,%) andm;JT}ﬁjfa:eépéctiﬁgly,“ﬁgﬁOEe;théfanéles'
formed By the avial ‘and tangential“velocities with' the
relative velocity direction. Since the radial component
of the force on a blade element hasAQeen_gssume¢ zero .then

Ay oy TSN U Vs .
T ¥

w(sS! cos (x,w) + P! cos (T,w)) = wW!

. \a’.nd »‘ - '.. Lo N E . ."“0“ : :
SN

) ds cos B ‘

where 5s is the force component per unit surface on the
blade element iﬁfﬁhewfyge-stream.direéﬁigu,” Equation (8)
becomes, with this chahge, - - SN

If W' is known as a function sg. of the distance along

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

lH..'a -~ Hy = ~ B:rr/"wl ds ; f»(.l-O)

1

‘where the points 1 and 2 follow consecutively in the
stream diredtion. The integral on the right-hand side is
proportional to the work done by the drag along the - .
streamline. For viscosity-free fluid W' = 0.° In the
case of small viscosity, the fluw outside of the boundary
layer can, as is known, be regarded as frictionless soO

s : dsy " .
The equation w = 33— is approx;mgped_herg,by;

ds
&t



‘that the-previous: -gconsiderations retain their validity.
"The integral in ecuation (10) has a positive value, how-
ever, with Hp; < Hy. 1If the drag is set equal to zero,

equation (10) becomes, for.a. fixed coordinate system
(w=0), the well-known Bernoulli equation,

ST The integral in ‘eaquation (10): ‘way beé evaluated for
cascades with small axial prdjection, ~ Sincde W' 'van<

.~ Aishes outside of the caqcades and cos B is approximately
-‘donstant, CLn e

. . » K 3 e I
P ST e el '1‘ Lo ‘ R R -w .o . ’ B ‘ t| STt oL,
W' Qg = S frros Al S [
. cos cos P
1 .
and he'nc'é A ST T L R,
Hp - Hy =5 2 (11)

Bﬁr cosuB

By definition %ﬂ is the drag comDOnent per unit surface
A s . .

on a blade of the orlglnal Z+blade ca%cade and accordlngly
f/ﬂ~—-ds is the blade proflle drag per unit length
spanwise.

A further important point can be made from the sec-
.ond Buler equation'which ¢an %e written as follows:

dwr dwy  (wy + wr)?® 1
w P w - St 2= e e
T oox Tar, T P

o/

»
r

i

[o%

Far upstream and downstream from the rotor, w, = 0 ae-

cording to .équation (5). ‘With  w, + rw = ¢,,  the:fol~

*low1ng equation is valid foér a” cross %ection at a great
distance from the rotor.t*‘" - -

P

5 2
N Su_ . : EE (12)
SR NS

The last Euler eéuation need only be used to derive
the throughflow condition. outside of the:rotor,, where:.
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Integration along! any: streamline-that: dobs not go thrOugh
the regioh ofstheiblades yields'QﬁV‘a Losae o . .

b o~ [N
- i B

el T s
b - S

| r Cy = constant - R 1(15&

Along every streamline outside of the rotof“ therefore,
the angular momentum is GOnstant I T

1

2, Derivation of the Throughflow Conditions v ..»"

for Dlssipatlonless Flow‘
The first problem involves the derivation of the
_,throughflow conditions for ¥iscosity-free: fluid,, In this
‘instance the force” on™a blade is perpendicular to the
local stream direction and hence W' = O. If two cross
. sections’ far upstreamrand downgtream’ from the’ cascade are

denoted by subscripts 1 and 2, equatlon (10) or (11)

glves ! J ? '.; IR SR A ‘..:l"' L I IUE RS -
H (re, XQ) = H (rl.Xl) PRI f'."f.,'.'_»
and- B S Sk 4 T T NLIT SRS AP S S SR S SR -
cor it o QHpt g OHy SOrgs (14)
orz Or dr, o@r
where A S SO PR

ro= §(r1 + ro)
The radii ry ~and :ry- are taken to correspOnd to one L
stream. surface. --Then .r , is the radius of the same.stream

surface in the plane of the rotory. Eguation (4) yields,
with Acp = ¢y, = Cp,, and since cp = Wpi

) . be
Py i - m
(epleastade ® Cn, ¥ 3
L 4 e vt R _., o 'f Iy

from' the defTinitibn’ of¥aistreanline,  Tor exanple, ’
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ep(r', x) X'2nrtdr! = consbant
there fallews, assuming that rz - ry, r - r;, and Acy

~are small to  the. first order. ~(See:the developments..:
farther along,) EETE s T IR

Y . . r‘

/ ey, rlar' = c:m1 'dr‘-v(rg--rl)cml(rl) / Cmyrldrt

Ty L S =T

and hencei ™ ™

N E r
. . o ) 'H“fl . . L on
Fo = ¥y, = Ao, x r'dr' ~ - Sy Ac, r'dr’
2 1 z 5 m ¥ em (r) m
o T £ VR o

'.Analogously,

ST Ac Tt
To- IIl ,d.I"
’ : (rl )

The. last two relations yleld dmrectly

S T TR BN
P (rz - 1"1)

it

r - T,
1
redratny)

.Since- ey, vanishes at great distances from the cascade,
the: introduction of absolute velocities leaves.¢

L e,

_,._-.._,4-&‘
. or or 2

l”j,_j

v, ( c-me‘+ .éuz --v_ ; 2m) Cu.Q Lot

ap‘k' - | ¢u2

gt replaced by.:p.sTw from, e%}%?t;}°‘?;,(1? ) and after a

‘simplé transformationi
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QH _ R.[E; : (rcu)a + §L‘(°m2 - 2@rc§3]

. Sy T o CN - k3
S T S A SR N ¥

o 2 [lee e (o] a9
Voo Sy . wd ey el e .-»4.‘."»"“61-‘- v it & kT ‘ .

: o n kvt : - L s ,
: R R E R A S

Now, as wasydiscussed in the introduction:‘rotor and guide
vanes are generally designed so that (rcu)l as well as

(rey)s are constant spanwise at the design operatineg ..,

R

i

point. Heﬁca g?-(rcu) will be small for other operatlng
r

i - .\... - e - + [
vl N ._~ - T r &

3 Gt At athas seat -
K "

conditions, @xcept for regions in the\neighborhood of the
inner and outer walls. In these boundary regions the pre-

Sl
or

¢an assume large values for th;ck boundary Jayers. In
the neighborhood of the wall ’however, it 48 rq, & r = rp
on kinematical grounds. Hence, for these regions, 1r;°
and rs? can be replaced by "r® in eguation (15) with<
out appreciable error. TFor the median zone

3 ;
vious assumptions are noﬁ always valid since —T— (rcu)

and a correspondlng equatiqn for' (f2”35¥7“3¥éAaﬁ§lfﬁé®fé.
The quotient:" Gf/cm Higrdnial L)} ed wias Sas sumed i Moreovel,
since this quantity drops to zero. with 1ncrea31ng distance
from the rotgr. ..&r/2: js. 11kew1se a small quantlty. It

9 3
is evident from the precedlng statements that ™ (rcu)
e L ~ '

ylS likewise small of the flrst Order ifitde smifddle region

so that here also s (rey) gan Jbe .replaced by s
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s .
Eg-fL (rcu) . Thus the throughflow condition for the
A of b o . . " ‘ . .o ;- = L

'whole region reads-

3 2 1 2 2 a7
T (om meng ) = T [(rews” - ey )7

S P A B {uzcﬁ'), L rey ] (16)
It is readily proved that

-

2 2 . " ]
(reyl)s® = (rey), = (rely, - rq'ul)'+;2rc'ui(rc§u2f re'y,)

where e'y =~ and c¢'y are the ébgoluge tangential veloc-

ities immediately before and behind the rotor, for which
according to equation (13)

(reg)y = re'y, and  (¥ey)s ='ro'y,

The quantlty in parenthesed onh the left-hand:.side’of,
equation (16) can be apprOxlmated by —Zcm Seg. Equa-:
tion (16) isc d1v1ded by .T wa“ to obtaLn the throughflow
COndltiOn 1n almen51on1ess form.' Puttlng o ’

P

c c L
! b2 At
T T% o T % Pe @l
Ty T
re'y re'y '
‘1='81, 2:‘!3, 3 —-’8 =A‘§
.ra A. . ; FatW ey -
and . o
. X =R
r@,'

givés,'after al simple Calculation, the throighfilow condi-
“tion for rotors o L L AR
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5_ M(Aa + 28, )] 2 5g o8 (17)
R 3R R IR
(ch1 Acp) |

For stationary guide vanes w = O in equation (16).
Basing all gulde vane velocities on the circumferential
“yelocity LTy W - of the.rotor, the throughflow condition

for stationary guide vanes is obtained in the same manner
as in-~the foregoing equations at

Coa R,

o a2 _ 2y .
SE-P T
Ve A8 [Aﬁ(Az‘) * 21‘}1)] (18)
5 6 \.(’:2 A ) N R ‘a.R P [
ox 7 T R T
where the subscripts 1 and é%‘deﬁéfeHaé befdgégéééég

[

sections far ,upstream and downstream from the cascade.

The Throughflow Gondltlon includlng Energy Losses -

, The energy 10sses produced in the flow through a’
‘cascade have up t0 now been disregarded.: They:can be: -
taken into account:in a simple.manner, however.: To this
end, the physical significance of H for a rotor is
first defined. From equation 9 after 1ntroduction of -
absolute velocltles,, B -

Yoy e ‘'

P

" 2

=

- ' ‘ B '
p + L(cmz + cn® + oey®) - zwrcu] = py - pWrey

The first term on the right-hand gide i¢ the well-known
energy per unit volume; prc, 1is the angular momentum per
unit volume. If this angular momentum is visualized as
being produced by the rotor, :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 with.angular velouwity . w to. bring.the angular
momentum per unit volume from zero to the. given value. is
WPTCy o The difference in H before and behind the
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ro -b 01‘ is . She

He - Hy = (pg, - Dg,) - pwlrae,, - rlcu1) (19)

The first parenthetical expression on the rlght—hand side
i 18y the.energy ‘gain per unit volume, the second the loss
per unit. volume of rotor, If the fluid flows without

loss from cross- section 1 to cross section 2, the energ&j

- gain equals this energy loss and’ H1 = "Hy as assumed in’
the foreg01ng section, For a viscous fluid "Hz'< H, 'ac-
cording to.equation (10) and: the  statements connected
therewith. - From eguation (19) 1t is conecluded that in
this. case the expended work per unlt volume pw(rgouewxjcul)

ig greater than the . useful output pg = Pg If the ef-~

ficiency of a rotor element, included between two nelgh—,
boring stream surfaces is defined as

P - P B P .'“-P
. &2 . . 82 . Y83
Nom o2 8 o _ (20)
pwlrgey, ~ rycy, ) pw(rc’uz - rely,)

equation (19) becomes

Hy -~ H, = (n - l) pw(rc ug " rc‘ul) (21)

For stationary cascades, no external energy is supplied,
but there is an energy loss in total pressure; for example,

so. that o s o S
R R AR Lo )

Equatlons (21) and (22) yield exactly as before bhe
.thkoughflow condition 1ncluding energy 1oss- .

For. rotors 3 ﬁ" f?' C ﬁf“i'ﬂ. o u,:-'l.; S

" i . : I P B
Lo TR [é”ﬁ‘(é‘ﬁ‘f; 2{33.‘;--)'}-;'_2-513 (ria®) - (28)
g%'(2®1hw;-j R T T S
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For S£at6rs ‘ - o - SRR

Equatlons (17) and (18) or: (23) and (24) are- used later
to evaluate: @p.-0r., Ap :for given: -4y, Ad, P, .and" known
..energy-loss.’ Thé solutions: obtazned in: thls manner must
satisfy the’ following conditions: R A

Ta L Ta
J/q @12wrdr ==J/h Pglrmrdr
I‘l :." s . I'..i ~ -
o by : (25)
Ta
J/n Apgnrdr = 0
. I‘ i P .. - -

‘ué; fhéACoﬁvéfsioﬁlof thé#ﬁhrbughfﬁ6w Formu1é to Cascadss:

with a Flnlte Number of Blades
It remains to be proved that the throughflow condiss:
tion, derived on the assumptidn of an infinite number of
blades is actually a condition for the mean flow veloci-
tiegs, For this purpose it is only necessary to prove
that eqguations: (6) and (7 hold! forithe meah! Flow:veloes:
ities.® Again- assumingxa frictionless: and‘ancompreSSJblev

6The validity of equations (3), (4), and (5) follows.
easily by simple integration along a e¢losed circle

r = constant over the velocity components induced on .
this circle by the trailing vortex surfaces- “If the T4,
drailing vortex surfacag are:n boptlnue& by -their geometrlc
reflections with respect to th'e gcascade plang, the same
laws hold for the integral values as for the“lnduced vew'
locities of the ring and straight line vortex system. ‘
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' fluid medium,; the Euler eguations: read<s:- .

Cag bk LT Y
wm "5;— Wr "a'—;— . Wy ;—6-6 e SRy = - pax .
dwy | dwy o OW 4 Quax a 13
w + w oWy e+ 2%y~ Buw, = - 2B Y (28)
®%x . T ar “ree r 7% par |
Wy Awy 3wy Jﬁrwu . o 19p
"R TUr ey T Memet T T MMr 7T prod
to which is to be added the eonuation of pontinuity
d 3 ) -
55 (rwp) + 5 (rwp) + Y (rwy,) = O (27)

To arrive at average values with respect to the coordinate
& 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
downgtream are supposed to form stream surfaces. If the
cascade has z-blades, these stagnation point stream sur-
faces together with the blade surfaces divide the fluid
region into z-periodic arcs. Let the blade pressure

sgides be given by the function

6 = 84(r,x) + BSE (v

]

0 "to =z - 1)

and the blade suction sides by

v3
6 = 64(x,r) + f;E_(v

R

O to =% -, l)

At the connecting stagnation pbinp stream surfaces
Bs(r,x) ana 84(r,x) .

coincide, Hefe the subseripts s and d merely serve
to identify the two sides of the stream surface, Con-
sideration may be limited to the first periodic sector
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since the flow phenﬂmenagatécorrespondingﬁpoinﬁs;of-bhef?_
periodic sector. are the same. This periodic sector or
tarc" ‘as. it .1is termed hereafter guts an arciout of each
circle - =-constant, which extends from: = - «W T L

6 = 84(r,x) togpg = ?ﬁf?.X) +‘%3

To infegrate, say the first Euler eqﬁation over ‘a
periodic are, it is written by means of the eguation of con-
tinuity in the following form:

(rwp®) + v (rwyvwp) -

(rwpwp) + >

2 2
ox or

and intégrétiﬁg over thé periodic arc gives

m
o e ater s | Z Gavieg) e 9)
ed . ‘ B Lot

or

"o

' o r<es+i“

+ ( TW

red

In addition: e
e (e st -
I‘<es+—%— r (es+',—1—“>
m

S;U/ \/n 5o (rwy®) a(r6)

[ rie 2d(x6) =
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Corresponding transformati
integrals of equation (28)

Fp

visu?;A

Hence the bracketed expres
equation (29) vanish, leav

. (g. e

29

ons can be made /for the other
and the equatlon becomes

r<§s+%;
J/“ &wmad(re) + —~ rw,w, d(rf)
C 3(rd) 3(re)\]
+ | rv (w - W el e
I N o oax Toar /g
~ -
' d(rb) d(r6)
-~ lrw_ (w w or\rv/
o (s v ST v )|
r(6g45)
r|o éiﬁ
Lo == p,[axh/é pd(re) + ax] ] J(zgx
e e T e : . ) _,r:,ed. . N D -
with (fig, 4)
ds  3(r8g)  alr8g)
I TR T T BT
Since the surface 'Fa = rB - red(x r) = O is a
boundary flow surface, the equation :
D(Fg) [ ¢ alre 3(rog) 7
d = '-'-Wm ~——~————-—-—-—r d) -~ Wr'-——-——-————d +uwu = 0
at 0x or a
must apply. (See Lamb, reference 2, sec. 9.) The same
_AhOla‘s for ..“;.,.'-3":,,. A R .
F r9__-«r6 _(X,I') =

sions on the left hand s1de of

ing:s
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r(es+%;. r<es4%§
d > oD | r dS
o 8 9 r os
3z Wy d(r ) t;a?c wrwrwmd(re) +-p ox
84 rfg - |
(o)
= - E-le/P pd(r@)  (30)
e o0x,
AT
The mean value of Wi is defined at:
r<98]2ﬂ>'
%/ wpd (r6), = wp(r,x)
ry

-where L is the ieﬁgth of the periédic arc. Let W F
W, + Owy. Assume that Awyp is small so that its second

power is negligible, Corresponding assumptions are made-
for

- P

e
o
o
o>
3
i
Lo]

If these expressions for wp, Wp, and p are substituted

into equation (30).and if the terms of at -least the second
order are neglected:

Ly 2= Wy + Lwp 2 g + 4B [.9. (Lrwg) + < (Lrarr)]
dx . or r LOX . or
+ 5 §§ = - i.giéil (31)
p Ox o 0Ox :

To determine the value of the bracketed expression on the
left~hand side, the equation of continuity is integrated
over the periodi¢ arc and affords exactly as before

_
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é "

- Twpd(rg) + =- Crwpd(ro) .
dx. Ore
rég . rhy L
S +r [w - '3(r6)_:’ iy a(re)]
N ax" = dr

Cyire) a(re)] =0

-r |w, - w - W
[ u m 3x r 9Jr

The bracketed ‘expressions vanish ‘again-in the same way as’
before, and from the definition of the mean values the
equation of continuity for the mean velocities follows at

2 (W) + 2 (Lrwy) = O . (32)
©o.0r - T : . :

ox

Herewith equation (31) becomes

ow. oW, . AT
R T e (s3)

' dx%

If the bars are omitted in equations (32) and (33) and .
1 Z

I is replaced by the appr0x1mat10n

of continuity (7) and the flrst of the' Euler equations
(6) ‘are obtalned. “The other Buler eauatlons (6) are
derived in exactly the same way.

~the equation:

In retracing the derivation of the throughflow con-
dition, it becomes evident that the substitution of

Sor for L is of no 1mportance for the throughflow con-

dition, Hence equations (17) and (18) or (28) and (24)
are valid also for the mean velocities by a finite number'
of blades, provided that the departures from the mean
values are small of at least the firsgt order. This con-
“dition is fulfilled for frictionlesq fluids, except in
extreme casgesg The conditions with regard to losses in
fluids with frictlon are decidedly more unfavorable., .The
losses become apparent in narrowly bounded dead air re-
gions .in the neighborhood of the cascade, .50 that there
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‘the departure of the local total head from théémean ‘value
can: no longer be regarded as “gmall.,. In this casé “the
neglected second order terms can Cause an appreclable
error. T L R N IR

IV, DIAGRAMS FOR PREDICTING THE CASCADE CHARACTERISTICS
1. Integration of the Third Euler Equation

in.the Blade Region

In order to calculate the action of a cascade on a
fluid medium.at the prescribed .initial condition .y, S1y

equatlons (23): and (24) ‘must :be: supplemented by the rela-~
tion ‘Between’ ”@ @1 + JQ and Aﬁ The last Buler equa-

tion (6), which so far, had ‘be'en -applied only outside of
the cascade is used to find " thls relation, whlch after
introduction of absolute velocltiee reads.

]

a“(rcu-‘) ‘ ) (rc ) 1. . A
°n 3% ey 3T ¢ ;'~~3—§%’T' - (34)

Let dsp Dbe the length ‘elemert along the meridian line
of the: rotatiOnally symmetrical stream surface of -the -
mean velocity field. ‘Wlth, c denoting the componentll

ms.
of the. mean velocitv along . this meridian llne, the fact ‘
that the meridian line belongs. to a’ stream surface re-
sults in: .

‘~'¢m§f°w‘°r.= dsm=dxadr

By means of_these equatlons, equatlon (34) can be expressed
in the form."' - : . : 3

__.,.,.c (rCu) _I_'_ z - T"
_,__.-,ms dsm L p 2Trr Coe

fn congunetlon with the developments 1n sectlon 111,

the‘perio&ic afe L ie'substltuted~fcr %%E LAt the.’
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same time the veloclt;eg nust be replaced by the .mean ve-
”'locities, ‘sothat }f#pu¢5: U

dsy = - — T'dsy | (35)
B - T
Now, the axial projection of caScades used in fans is, in

general,small; .whereas the equation of continuity, equa-
“tion (32), shows ‘that the change. of LTyq. = Iwgs. . in the

direction of the meridian line is small of the same order
as’  Wi.e wTherafore Ley, can’ be replaced by a.constant

inside the c@scade in flrst approximation.t At entrance

Tz Gl The same 1is true
. 0 i

at exit from the blade reglion and GTp, is accordingly
. Mo

_the meah throughflow’velocity for vanishing profile thick-
ness. The quantity Iene in equatiou (85) can ve re~

placed- by 32£ 336% A constant avevage value can simis

to the blade regiOn.‘ LcmS =

vflarly be sibstituted for :r.  and’ equation (38) 1ntegrated
with respect to spi - The result is the conventzonal mo-

mentum equation known from plane cascade theory:

o _'” 2nr S o

- TEe G cmOAGu o (36)
where . o ' ' S
”°°u(= 9“2,* F“1
and o L |

- AA'h."_-: ' - .:;" "."- ": . “‘-4‘2

JT _dsm oL
T J/é ~ds
Ty Bs cos B

‘The 1ntegral ‘however, in distinction to plane cascade
“theory -is not evaluated .along .a. lezndrxcal section coax-
ial with the- cascade but along the’ mean stream surface,.
But the ‘first named path .of integration can still. be. ..
chosen, for the same ,easons which govermed ithe . substi—
tution of a constant mean value for LTy, Quantity

i
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P Endn, 1§ tHe: ianéehﬁiél'forcé*ﬁer‘uhlt'Iengfh raes
dially, experlenced by a profile of the’ z~b1ade rofd¥ at
the radial location r =»constant

2, Diagram for the Calculation of Seection

“i Characteristics of Rotors

~ T ,; s PR o e e

'n'

Although the~ calculatiOn of roﬁor characteristlcs on
<the-basis of-equation-(B6)zis;known, it is.nevertheless,
morerelosely-eéxamined - singe.. 1t igs to serve as-a basls
for. several dlagrams wh;qh qubstantlallv 31mplify the ;
process of caleculatioh, Rotor’ sectiOn 418" defined %' the
sectlon of a rotor marked off bv two nelghborlng mear ,
stream suFfaces.” "o : : o
e g EST S o ; o . b B : R R
. The characterlstlc of any rotor section is ¢ lcu—.}
lated flrst as:.a; funcniOn of its ax1a1 throughflow veloc~
ity W1thout regard to the mutual’ 1nfluence of the thai=
vidhal rotor setctions, ' THe valubds: ofr ax1al thrioughflow:
- velogcdity to..be correlated to .these characteristlcs are .
for the present, unknown.s Thercorrelation is. glven by the
throughflew conditlon\
Figure 5 is familiar from plane cascade theory and
. requires no further. gxplanation.. "It is merely stated
that the mean relative velocity denoted dy w ig iden-
tical with that formerly indicated by w, and likewise,

the angle 8 Ybetween w . and thevmerldian direction
coincides with By, The angle P “is always measured

from the positive axial direction, Its positive senge:-
is, as usual, counterclockwise so that imconformity with
the definitions of the positive directions of w, and

wy the following ehlations ‘Holdil'
u

y . B
m .
cos B = e gin B = =~ - (37)

. To.obtain the usual nondimensiponal. force coefficient,

‘equatlon (36) is lelded by épw 1, fwhere rw is the;?

mean"* relatlve veloecity at. the locationrof the profile .
under con91deration in the’ adbsence ©f the profile -from =
the cascade, and [ is the profile chord,:» Upon intro-

ductlon of the solidity ratio A 5 —— , division by
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'

'%”;Jff”.ana"with Wy =Cp-and Aty = Awy equation (36)

‘becomes

The throughflow veloc&ty fwm = Eh correspOnding Yo.. w
;reduces to qmoﬂ_only fOr vanishing profilﬁ thickness.,

it -
W
m

“E-"cos B C(38)
W

At = A —— and
N ) E@o o

"Akgé o z"Awu/ﬁwN

‘gos B . | w/rw

-

(39)

"Far véry thin blades AV '% Ay For . finite blade thickness

—

At > k : The value of éﬁh. is calculated elsewhere.“ Dls—
' . L Cmo . y .

.regarding the 1nfluenée in Quadrature of the radlal com-

ponent
e rw ) (

‘where, according to equations (8) and (4) wﬁ€=%(wmi4-wm ) and

wuxf‘wu;*“ﬁﬂule These formulas algo apply to very thin

blegdes: only.. The corrections necessary for. flnlte blade
thickness: are likewisge. glven later, naIOgously to pre~
’vious definitions. let & L .

e T o e ., e

R v RETRpCy
qp*' = m 1’ 131* = A ’ AY¥ = -——1—2——
SR, 0 T e W

The asterisk indicates that the cited quantities refer to
the tangential velocity of the pertlnent section rather
than to the peripheral velocity and that they are re-
ferred to the relative velocities, It. is
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with which equation (39) beeomes 2i A e

Yo s . , - __é_@_:_:,‘ T aw et

cos B "13:.,:4(4,1_»5)
/( ) (1+_1_,A,:‘;’,"_>

This equation deduced from the momentum theorem is con-
trasted with another derived from the disposition of
forces on the profile. From figure 6

RS

tp = 7 lgg-608 B % Lyisin B (42)

:The-sign before: ‘gAg” nust be determined by .the conditidns
in the individual case (right- ar left-hand wheel rota~
“fion; turbide “or “pump oneration). In thécsfolléwing the:

rlght hand pump rotator (flg. 5) is referred to, anﬂ nence

G ¥ L L . Aom s ;W
after 1ntroduct10n of the proflle glide angle € = E
. A_g_ e e e

A'gf“ €
- e A' — s
cos B . gAg <l * cot B (43)

The quantities gAg ang. € for a given cascade are func-

"“tions of the angle of attack “alTIf T8 Tis' the angle’ of
inpeidence.of the blade . profile to the axial dizection, .
then + a' = B = 6. (See fig, 6,) If "atié expressed

in‘terms: 0f" Bj iny QT %' T/vos g ilsva function of:
B alone.” In this case’ 0SB < gﬁg hence Tcos B, Can;be
chosen as 1ndependent varlable instead of B, From fign
ure S I I w oy, 8 .
. Nty W & 4o rw s i

LTI e e bomeas Ty v

: LT TR T .q-—‘i , '
v VRPN
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)
f

cot B (44)

-(45)

It 45 evident that for pumps and fans Y has only posi-
tive values while X -wcan change sign, In particular
61* is usually negative for yotors; hence :

- I (46
d,* = By % )

In a .coordinate system with ordinate Y and abscissa X,
the curves cot B constant are, according to equation
(44), the straight lines

cot B - 93%—3 Y~-X=0 (a7)
Every' traight line of this family goes through the p01nt
X = 0, Y = +4,  and intersee¢ts the x-axis in the point
Y = 0, X = cot B, Agcording to the preceding develonments.
AT E ) '
COITB is‘a constant, say .K, on'a strdaight line of equa-
s

tion (47), By equation (41) ‘and with due regard to equa~
tion (46) this value also ‘may bb faken from the curve'

b

X S (48)

- v/ (1 _.*D._

PEETIES VI, OO S . S

Since: X occurs ag a square in equation (48) its sign
is immaterisl. YhLe family of curves (eouation (48)) be~

- comes, by simpleftranSformatipn,;

I
I
1 I




T o yi6a Wt o, Toez

. s 2
2 ——
1 - K2 Y + “?§3~ -{1 - Ki) x° = 1.
16 4(1‘(2) PR QP X |
o J .

This equation has the form of a single parametered familyi
of hyperbolas and ellipses] referred to their common cen-
ter, which is on the y-axis at :

B

SRR <2t
. B Kz
(-5
For '~ K.= 0.~ there isxﬁbéained:a:xtréight‘1ine,g&Xy?-P,_n
for 0« K 4 -hyperbolas, and for "4 < KXK'« o -ellipses.
For K = 4 the equation becomes the paradbdola . ..  «

x* = 2 (Y - 2)

- Figure ? 1llustrates the hynerbolzc elliptic family.a-:
Since all velocities tonsidered hHere are relative, dia-
gram I holds for both the stationmary and rotating cas-
cades, Admittedly, the range of X and Y in diagram I
s is sufficient for the: magority of praetical rotors, but
"not for stators. - In the case of the rotor the initial
rotation d4* is of the order -1; while for a guide vane

it becomes very small and may even vanish. ZEquation (45)
shows that X .as well as Y -.can assume very large values
in. this oase. Hence a different diagram is given for '
.guide vanes, which avoidsg these difflcultiea, as will be

- explained elsewhere. In the following paragraph it 1s ‘as-
- sumed that dlagram I applies ch;efly ‘to.rotors, .

. To find an .operating pomnt for -a given rotor from

dlagram I, the solidity A ‘or AY, the angle of incidence

§,. and the tangential force coefflcierlC {m (o)

nust be known, These data glve K= - Ié as a function
cos ‘

of B according to equation (42) For X = K, belonging

tor the stralght line for B = By, and the corresponding
member of the elliptic~hyperbol1c family, the point-of
“intersection is the opgrating p01nt. The straight line
B = Bp, which passes through ‘X-=-0, Y= 4. and X

got By, Y = O need not bve lndlcated in the diag?am. It
ijg gsufficient to fix the point of intersection by means
of a straightedge..
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With this poiht the corresponding“relativé ‘of abgo="
lute tangential component o6f the exit velocity is readily
vobtalned. It is: . . ca S

¢

"W = W

Ug »+ Awu

U,
and after division by .rw. and according o the defini- |
‘tions.of.equation (45) ., " ‘ : '

W'\lg . Aﬁ*) Y
—= = Yok {11 =4, ¥ - T
W -.}-*73'1 <l Ty f1 <1 2?.)

°u2 Tt _:.',‘v".’;/? N Y\ ”,'%..'_; L :
- * ! - ___ ST T (49
- ,:yly U )+l (49)

E.

The value of 1 - is fEad'pff direétiy from diagram I,

o

3, Diagram for .Calculation of
Rotor Section Efficiencies

To obtain the energy given off on the fluid dy the
rotor from the X-, Y-diagram, recourse is had to equation

(20), This equation can be written in the following form;’

c'ue - c,ul - pag - plg

2 R 2
™ n % (rw)

Putting;injthis;equatioh yteldsw.,"g

Eé—ﬁ:bggl Y
i (rw)
2
and, as formerly .
el 1 T
¢ Ug ‘c Uy = w ugvx’ v Uy - AD*
Vl#ﬂ TWw ’

then
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or vy equatﬂi en . (45 ) T Ty ’
* e
.. o,* ¥ 4 (50)
n. P T . o

To calculate the pressure coefficient V¥ both the ini--
tial rotation ~9;* -and the cascade efficiency . M  must-
be fixed, From equations (19) and (11) o Lo

A - N »‘ . '.A~A B ) . . z ) v‘ W
- = wfre! R o R \ L. R
Pea T Fea P ( vz " u1> 2nr cos B

whence, after substitution in equation (20) and several
transformations, R T P Y
()

m.=1 -

cos B PN
2(T)
rw
Lastly, by equation (39) with, "

Cw - W

n = 1 it
by 7w

7q take the finite profile thickness into account, the
‘ second term ‘of the right-hand side is ‘multiplied by .
i1 -

f.;j, where L 1ls the average length between blades

along the periodig arc.

The value of {p is given by equation (42). Again

preferring a right~hand rotation fan rotor and choosing
the previous sign before QAg , the insertion of the

e : "y W . . - -
Zlide angle €& = 3— then results in-

Cq
QT cos B .

which, upon substitution of equation (37), becomes

-
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PR A e g et /’wv‘ cmreowm L + Wu \
_g_?.r;-';l,/l’a-is N _&-'
W. € \rw _.f oW

and by equations (40) and (45)
s S ,_é  e
n =r1+ € . Pt ‘
T Ll g
Xw+ E,(ll ‘4>":‘

To calculate thzs eXpression easily wlth the aid of a d1-
agram, it is written in the folloW1ng form;

131*
n =1+ T : (51)
where’ .
2 2
L.+ (1..-.' g—)
4
and
-
fg =

Xé : (1" 4)

It is easily verified that 1n an X-, Y coordxnate system
the ordinate:geale (Y) of which is. four . times-as small as
the abseissa-sgale (X); the.curves £, = constant:are.

circles” of radius’ v:= 5%*? and center X = r. YT- 4, ahd

T is measured along the x—axis.' Likewise, the curves

cf g constantmareA@&rcles ofﬁradiiumrm &%?w'wand center

N . 2 B .
X = O Y = 4~ T. These clrcles can be used for conven—'
ient calculation of the curves f, = eonstant, fp =

constant, If the ordinate scale i%.: the same as the adb-
scissa scale, the ellipse diagram Il (flg. 8) is obtained.
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The ellipses - f, = cons ant are the solild curves and fg

= gonstant, the. dashed ones. Thig-diaggram enables easy
calculation of the efficiency correspond1ng to any operat-
ing point X,Y accordlng to equation (51). -

oo

4, Diagram for Galculating the SectiOn Characteristics
of Statlonary Gulde Vanes

The absolute value of ﬂ *‘ for statlonary guide

vanes ig, in general small. Consequently X and Y
become s6 large that diagram I becomes useless, To ob-
tain.a useful diagram for. "thig cage alkso,.’it" should be
noted that only."the hyyperbolas of the 'ellipse-=hyperbola ..
family of diagram I are used, For large values of X
the hyperbolas may be approximated by their asymptotes.
The -slope of these asymptotes  'to the x-axis is specified
by line Y/X. This coiffsideration suggests the introduc-
tion of the following coordindte system: Y=* = Y/X as
ordinate and X* = 1/X as abscissa. For this purpose:-. -
equations (41) and (44) are.written in the form:

1 2
+ * . 2 Yx
VAR GRS £

bar BR xn e Loy o (53)

The sign in equation (52) does not enter when the equa-
tion 18 squared to obtain-the "family rof eurves. ~Hence

it is- suffxclent ‘to uge | K| in“the applicationiof dia--ir
gram” III; - Y* is normally négative for right-hand rota<:
tion. of fans-using either entrance or-exit gnide vanes; -
whlle X* is zero or negative. o

The curves of equatlon (52) are plotted in an X*-
Y*lzoordinate system in figure 9% ‘diagram-III,  In this
coordinate system the stralght llnes of equatlon (53)
have’ the same 510pe for all no

.Yj T”xbffe

1 e

EC
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fThey ‘intergect the x-axis  in- the point X?,- tan ]

To determine an operatlng p01nt for -a g1ven cascade
from diagram III, X', &, and: §T(m) ‘must . be known,
exactly as for rotors, With thése data X = ~f—ﬂ% is’

: cds - L
then a known function of B, For B = By, let X = Ko,
The corresponding Operatlng point Jies on a straight line
of equation (53), for whiéh tan B = tan BO, and on a

curve of equation (52) corresponding to ‘the parameter
K = K;o. To specify the point of }ntersectxon it is not

necessary to draw in the straight lines of equation (53).
Simply place .a straightedge at . the slope . of equatiOn (54)
through the point Y* = 0, X* = tan By,

Slnce the relative velocity equals the absolute ve—
locity for staticnary .guide. vanes, T i -

By, =Wy, tAwy (55)

and)after division by rw while allowing for equation
(45

|

e /y _ L
w - G 2>

RECEES ) o (56)
2 ; :

"This formula is applicable only when ﬁ e # 0, hence

nainly for &xit guide vanes. These - have the task of -

changing the rotational kinetie energy behind the rotor
to pressure. If the change is comnlete, = 0 and

from equation (56)

1t

"il"‘

’ 2X* A= T

...The straight line given by this equation is shown dashed
‘in diagram III. If the rotation 9;*% 1is only partly
removed, then ' '

2x* > ynce

This 1nequa11+y deflnes the region below the dashed curve
in diagram III. Correspondingly it is true for the
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regionﬂabﬁﬁe“tﬁé'ddﬁﬁé&'lﬁﬁeﬁﬁhaﬁ*the~téﬁgénti&l*mdMéntﬁm
imparted to the fluid by the cascade is too large, and

.- donsequiently prodiudes d rotation ‘dpposite to the inlet
rotation, ‘The parenthetical ‘expression.of equation (56)
gizes,jhe]remainigg”qrJqqunter:qtapiqnh;n-fractipns,of;J
3,%, It:is : : R

ere f TR Nt

e
*

;Qpim
Al

' 'In ‘4hfs €qwation TX*,Y* ' {iidicates thé Operating point %o
be found. But ‘if-:X* " and Y* -afe considered as vary-"
ing coordinates, equation (57) represents a straight line
pagsing through ‘thé.origin_of diagram III "and the partic-
ular operating peint. .For =X* = 0.5 equation (57) 'gives

et 1 T.,“.?Y-* (0,5) -z fS

This ;equation shows -that o .

(58)

can be read directly from the line X* = 0,5 4if the ori-
gin is connected to the operating point with a straight«
edge and its intersection wiih the line X* = 0.5 is
‘féad off on the scale:givén in-d¥agram III.

If 91* is small or equal to zero, it is practical
to replace equation (58) by.another :formula. . After divi-
sion by rw, - equation (58) may be written .in the fol-
lowing forms .- T T o . . Co ,
* *
’31.* + gp__éé
o 1 e

Gua

1l

O R )

Foraula (59) holds in general,-but in practice, is some-
what more inconvenient than equation (58),
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5 Diagram for the Galculation of Energy
o L0sses in Stationary Guide Vanes'

Since the stator does not impart energy to the fluid
medium, it is expedient for the present purpose to calcu-
late the energy losses of the flow through the guide
vanes direct rather than in the form of an efficiency,
According to equatiOns (22) and (ll)

W* = Apg - -—)}-g-.w-—;- ——w-—>
’ cos B

g (nu)

Ym
With cos B = poull and equations (40) and (45), a short

calculatiOn g:ves'

RIS S e
o AW* = Alo*) £fa. .. (80)
where Lo = S . ” .
f, =-[1 + <x* - Zl) ] |
. . . - w 0" ..4 .
The curves - £, = cOnstant are straight 11nes in the Xxey

Y*-coordlnates~

/(f4 ” 1 - x* ; %‘

They are plotted in diagram IV of figure 10 GorrespondJ
ing to any operating point X*,¥Y*, a - -value  f3  can be -
obtalned by interpolation. Since by equatlon (45)

. B, * :
@* = - X; A the energy 1oss for a known Agw is easilyi
obtalned from eauation (60) ”

The finite blade thickness may be taken into aocounf

ey using ; instead of X-=imweouati0n“ﬁ60)v‘°M0reoveTf‘_

the velocity corrections given in. the next section are tq
be applied. It .may .be remarked in conclusion that dia~,}
grams I and . III ove:lap in their regions of applioation.f
It 4ig therefore possible to0 use diagram III for the ;
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v, NOTE ON THE comr:aasron 03' xsomwnb e
wwe PoLA.as TO CASGADE .FOLARS™ f‘~'fj'-jf

7y o

1. The Corrections Due to Blade Girculation

I the, faregoing_d1vision the calculation of a cas-
cade was based on the profile coefflcient :

that is, on the lift coefficient and the glide angle of
the profile in cascada. The 11f} édoefficient may be ob-
tained from theoretical calculations,which, however, fur-
nish no 1nformat10n as ‘to the glide angle ¢ or the max-
imum 1ift eoefficient (§A max'. It is therefore neces-

sary to resort to experlmental_data,w Cascade measure-
ments would naturally be most suitable. Unfortunately,
measurements are so few that experlments on isolated |
blades must be resorted to, These can’only be applled
.@irectly, however, when the ratio of cascade spacing to0
blade chord -is so large. that the mutual interference of
the cascade profiles: can be neglected Thls simple ¢on-~
dition does not exist in many practical cases,. “and ‘g0 -'the
;1eolated wing polars must -be converted %0 cascade nolars;
Cina- suatable manner..-,*;zwﬁ. T .

The problem of applylng research data for isolated

“iyings to profiles: in cascade arrangement frequently has

been treated. It essentially’ involves the following:
* Byvery’ proflle of 'a: cascade: finds itself in a. disturbance
field .of the other profiles, which are called ne;ghborlng
‘prnflles “This field of disturbance éxists at the loca-
tion .of.. the particular profile econsideration by wvisumal-. .
+ izing ‘the-.latter. as bezng removed from the cascade. The’
presence; 0f .t¥he nelghboring profiles in&uces ‘e ghange in
the stream velocity ag 'well 'as & curvature i theustream-
1ings ‘at the place of the omitted profile._.With regard
tJ the omitted profile these streamlines are called the ™
"undisturbed" streamlines of the cascade. The ‘omitted
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profi;e* when placed bgck in this eurved flow naturally
-~ 18 subjected to. different Fforces FTrom those 1n the corre-
sponding straight line streamline field, ‘If "the angle of
attack of ‘the" caséade ‘profile 1o measured from the: ‘méan
stream'direction, as defined previoualy 1% ‘13 seen that
the linear relatiqn between 1ift coefficient and angle of
attack is maintained The lift for ‘zero angle of attack

is altered however. ‘as’ is the ulope -%éﬁ?f'which 18 with
Y - (- T o
the usual terminology,‘”]ﬁ; o s e

. dgAe .

dt
. ‘Ag g Ae
o da RERRREEINY . U AN

There are two ‘methods by which the lift coefficient
of an isolated wing can Be 'sonverted %o that of a profile
in cascade: namely, acceyt the {solated profile without
férm ‘change and ‘calculate tHé ‘¢orrespondihg cascade coef-
fielents, or fit the’ profile shape to the Tundisturved” .
flow in such a’ manner that the coefficiants regain un~-
changed. The latter procedure 1s more guitadble -for ‘the
application of dats - obtazned for isolated airfoils. This
is especially trie when the £16w bepgomes more nighly -
curved due to¢ the" proportionately higher blade soliditys
?ractically any hormal airfoil has negative curvature
‘relatiVe ¥o such a flow and hence exhibits a very un~‘”
favorable form. v

The adaptation of the' 1ndiv1dua1 airfoil 16 the ,
cascdde flow 48 relativelynsimple by the: procedure. given
by Beétzy .(See reference 3y).: Ifithe girfoilsisicurved. hy
this prodedure, the 14ft .coefficient of the profile in. .
cascade_-is approximately equal to that of. the. isolated
_prqfile for..the angle. of attack aj .on which the calcu—

lation was based. For other angles of attack- the 1ift
coefficient is . given by )

g (@) - ;A& (ag) + x ke

and € = ¢ (§A) The factor jk is a function of the

solidity A= 2 and that nean’ stream direction 'ﬁo

- S emE. L. e
.er which the 1ift,.of the profile in cascade vanxshes»
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isoiétéd élrfoil;;‘The value of k found from‘the k-
Adagram with. thia apprXimation is,uged to..calculate the

angle of attack ’ Eo(il“ for which 4 g(l)Pi 0. in equa-

tion (61) . The equa*ion ( ) mo,fz + .6 is-a second

»

¥

enerally are: suff1—

iy Lile

2

"nates a¢e measured from.the prof;,lf= ‘méan, line Rk
1ength "along the.mean line measured. from ﬁhexleading
e&gelms ¢hosen;as 2bseisedsyshats ¥gled. \and‘jyn(')
thexordinéteswof sthe puction:and presdure. didess
cgoursedsdrstEibitéd on ithe profllg«mean Zinas mntne et
equal add coppogité normal velocities vy . en.Boths sldes
of - the deaniline. e magnitude of "tHé ‘normal vefoclty

i*fellowsafrom the kinematic’ boundary cond1ticn ‘on §uctien
and "pressurensidest: zoi-.s 3o : : :

iat

PN ™ d _ _(_1__ ) 17_;1_ 5%
T Pl dS @.S: yAD, T W - L
L BT oLt :
P P N T S LI R
3 V':'.-“ R S O Z_I}_ = ,J_-_ —d—'- (y R 'y ) cl r\ Iy o= 5 T
w 2 d S D .v' )

LA ot " o o o o

For w the canstant average veloeity can- be used (by Way
Cof & Fifst appréximation)| which prévails inrthe position
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of the profile under consideration when the latter is vig-
ualized as belng omitted :from the cascade, Surrounding
the element ds with a control line, affords

2vn ds-é qfs) ds
where qls) 1is the denslty of source strength, and flnally

(5) (ys - yD) :uf -ﬁ: (62)

The neighboring blades can be replaced by thisg: superp031—
tion of sources and circulation of Betz,. It can be shown
that the disturbances introduced by the- sources are
smaller than the vortex disturbances, ~For.this reason,
it is sufficient to assume the source. distribhution along
the straight profile chord and t6 calculate the disturb~
anpce velocities arising therefrom at the profile chord
location of the omitted profile, If the origin of the
coordinates is fixed at the leading edge of the omitted.
profile, the coordinates of a source e¢lement are (flg.ll)

x' = 8! cos §, T' = vt - g'.sin 5. . (63)

where % = 27L sn4 =~ o< P <-1, 1 < v < ® The go-
. =

ordinates of a starting point on the omitted profile
chord are

X = g cos §, T = - s sin & oL (64)

If a2 = (x' = x)% + (7' - 7)® the potential of a source
celement at the point x',7! ds =

q(s!) as?

idp = o in a

The disturbance velogcities of the source element are
given by differentiation with respec¢t to x and T, re-
vspectively.ﬂu, - ‘ .

VELs(d¢)~;.f 9(#’);d$‘fxf-‘i?,

dv.. = -
Ym Ox 2n a”
e (65)
el Ty o glat) das! Tt e T
dv = —a— (d = - g ,(S ) - -
v o7 2) - 2m a?
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| o |
a? = (vt)3*€1¥;52 §~;$~%“éin {)

.».u_._f_ ‘__’s,‘.,i_.‘. PR SR R R I 'R

With equations (63) and (64) .equation (65) becomes,
after neglecting termé of secoﬁd and. higher powers of

fhe disturbance VELodity "4t the point t'x,T “fe¢ obtained
by integration and summation over the source elements of
all.the -neighboring profiles.. . Slnce the intagral along .
- .o . "z [ e v ) . ..' *
the éﬁﬁﬁfé:chﬁf&%ij[i@@sL)idéﬁx must :vanish-on grounds . Qf

ebrtinuity, it simplifies to

<
o]
!
wm
3|+
g
o
fec)
>
:Q\\\ o
0
<~
w
-
w
ey
w

[

Substituting the approximate expression, equa¥i%h (s52),
for qfls) and™ 1ntegrat1ng by parts'results in:

vg.7 p) dsl.= - wE
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where ¥ is the profile sectiOn area, Let F = D1®; then
it is plaim that D 4is the ratio of the mean profxle
thickness to the profile chord With

,l.,.-.lri..
L.

finally, . - } .
Vg ® W GOs Swg Dh.f},;
fo A (86)
. vu = W sin & rrs‘ D )\2 !} . )

e
b=
Since the quantity. %~Dh s normally small, equations

(66) represent small velocity corrections, To inglude
them, it is sufficient to change the mean velocity (mean
of entrance and exit velocity) at the omjtted profile
locatlon by the corrections given prev10usly. Noreover,

8 = B -~ a. Since. o is usually small, 5 can be re-
placed by - B in equation (66),7 It is evident from
the diagrams that ) ‘ o ke .

w'cos 8 ~ w co0s B = wpy

- wsin § ~ - w sin B = L

and,‘aftar introduction ‘of the. dimensionless coefficients,

m ® T 2
7w - Yo B DA
. o ' (67)
Yo o (8on 83e%) e
“The subsCfijt”' “for %, 93*, " "apd Ad*  indicates that

these guantities refer to the ancorrected velocities cor-
responding to 1nfin1tely thin blades. For rotors and

?The substltutlon of B fcr 5 is equivalent to the
assumption that the sources and einks lie on the'undis-.
turbed" cascade streamline defined in section V, 1.
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'“stationary guide vanes with entrance rotation other ‘than”
zerc, the last equation,” because of equation (45) can be
;wrltten in the. form f'“ ;~; . " '

Tu - . ao*‘; (1 _..».“ff %‘m\a . C

This formula is impractical for cascades with small 5%,
This applies in particular to guide vanes according %o

section IV, 4. To obtain a useful formula for this case,
also the second of equation (67) is rewritten in ‘the form:
(g e )T
— = = DAk O+ * 2
W (O 1 CPQ cho 6 D?\

]

S <?o i Po* Yo*>“% sae

-

It is. plaln fromﬁeauation (66) and flgures 12 and 13 that
the direction of the. d1~turbance velogity arlslng from'
the .finite. proflle thicknesg is in the image dlrectlon to
the proflle chord along thé x-axis. Therefore,. besides .
the increase in throughflow ‘velocity, tnere is a reduc~
tion in angle of attack in retarded flow (putip cascide,
fig. 12), and an increase in angle of atfack in accel-
erated flow (turbine cascade, fig. 13).. These facts in
most cases might be the cause of the anparent discrepan-
cies in the experlmental check of the theoretical conver-
sion formulas for the 'lift. coefficient,

‘To"use the. diagrams .£iven -in.segtion IV, the correc-
tzons for the throughflow velocity and for the initial
rotation are added, whence

= 4 ™ opae)
= om0 G- '4"')‘5 22| J
| l } . V . R R
w1 - DAY = Po™ yuw mipgnd

Enteringwthéseﬂﬁéiuésyin'fprmuiag-(45),'thle‘hégié¢tiﬁg

PRI

(68)

~or

.
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~second and higher:, powers of. B L DA%, gives .

X=Xo |1+ (.:;'.-,-,f..‘ia“u DAZ]
4/ & ]
LT D w0

o

ar

and (69)

In addition. ., ..%:

and accordzng to equatlon (38)

A= N <1 + m?) S Ll (7o)
The’ tangentlal exit'Velocmty is caiculated With eauatien
(49), (86) or 159) atobrding to'equation: (68) or’ (69),
respectively. HQWever, sinmge ‘'the tangential veloeity: -
contrlbution dde o the finite blade thic¢kheds decreaﬁes
rapidly ‘outside’ of ‘the’ cascade, this contribution must de
‘subtracted from the caleulated value thus glVlng, for:dn-
stance, 1nstead of equatlon (49)

o - i 4 i ot - a ...-*'s @ kl' {wx_;n-aj/-llxﬁrji;‘rwugo’ B AR NE
' S L NG e

.,.-L

(#1)
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Similarly, instéad‘bf:é@dhtionSH(55)”andw0590,

(72)

~_.,5'§6§;_+ (73)

.

3. General Remarks on-théiAppILéibilif& @f'ﬁéisurements

on Isolated Profiles to Profiles in Cascade

The discussion of the applicability of isolated air-
foil polars to cascade calculations is concluded with the
observation that according to the experimental investiga-
tions by Christiani (reference 5) the glide angles for,
pump cascades are slightly higher and those for turbine
cascades slightly smaller than those for isolated pro-
filesy, There is no influence practically on the

values for the case in gquestion, for example, pump cas~-’
cades. In contrast, the dependence on Reynolds number is
no longer negligible according to the measurements ‘made
by O, Walchner on the G8ttingen 622~25 profiles (refer-
ence 6), The operation of the thicker hudb profile at a
Reynolds number based on profile chord below about 0.8

x 105 to 1 x 10% particularly should be avoided. The
mezsurements of ¥, Gutsche (reference 7.) show that the
characteristics of the flow about the profile change very
unfavoradbly below this critical Reynolds numberi - The
profile drag increases considerably and separation of.
flow -0ccurs at a much smaller angle of attack than above
the - crltical Reynolds number. . Ce s

Am ax

Another important fact is pointed out. In the ex-
perimental investigations on profiles .in cascade for
which a plane flow between two parallel walls is used,
secondary flows arise, which are well known from curved
flow investigations, They are due to the fact that the
stream velocity in the neighborhood of the wall is
smaller than at .midzhannel, and the positive and negative

pressureg are
The situation:
is a pressure
.pressure drop

correspondingly lower at the bdlade tivps.

is schematically shown in figure 14. There
drop in the direction of the arrows. This
deflects the boundary-layer flow resulting
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. in the mentioned secondary flaw,. Gonditions sheuld be
similar for statio;ary guide vanes, It is different, how-
ever, for roters: It appears that thé superpoesed tangen*
tial‘veloclty of: the profile: seetign cauges, on-the. ope-
hand, & muchshaller Qrop in'velogity toward! the” {outer)
wall, especially whien:thé charactéeristic o* "ieg small; °
and, on the other hand,a simultanzons change in angle of
at*ack. In addition to this, there 4s the centrifugal de-
flection of the baindary laynr ‘about whigh 1little is known,
however, All these phenomesa act together in such a manr
per that for the rotorg described later the c1rculat1ng
flows of the prevlouslj described” type were in ho case obé
served in the neighbvorhopd of the outer wall, but were very
strongly efident in the ne1ghborhoad sf the hubv. To make
the boundary layer flow vlsible, a blade was covered with
the sensitized paper "Ozalid, By means of a bent
(¢lamped) tube about 3 millimeters in diameter a thin am-
monia stream with the loecal velocity could be introduced
into the flow before the rotor, ' The trace of the ammonia-
air mixture on the Ozalid covered blade was dyed Ddlue.
Figure 15 shows the resulting streamline piecturel,’ The de-
flegtion of the flow on the suction side is c¢learly per-
ceived, Although: tnese stream pictures provide sonme
qualitetive. insight into, the progress of the secondary
flow through the znotor, these phenomena still need further
exploration before the secondary flows observed in sta-
tionary ,cascades and in rotors ¢an, be. ¢orrelated. These
secondary flows ‘ean 1nfluence consiqerablv the preSsure'f
changes at high blade loadings. . But on ‘the basis of the
foregomng Temarks the conversion of pressure measurement’s,
on ‘cascades t0 rotors must be regarded for the present,
as very uncertalp.

-

’4"1,_q APPRAISAL AND EISQUSSION oF GHARA”TERISTIG GASES

General Conclusions for Rotors

subsequent”ﬁowﬁgé~foneg@iﬁg-diﬁcuséibn“of the prin- -
cipal data for the blower‘caloulationg, “it is appropriate
.topresent gseveral apprailsals.and . in- conJunction discuss
some typical cases of blower comstruction,/ The effect 6f
the thickness:éorrection -is. illustrated .on a. werksd ont ;.
problem, For the: casas considered here . Al = AN, -Singe
the :glide angle™ ~is . small nela*1ve to: unity at nermal
angles of attack, equatian (43) 'can be. ‘appreximated te
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x %!Ag e mentrare @74

Small ﬁéiués(df' cot B are naturally ruled out This
formula and dlagrams I and III' afford a convenient survey
of the ex1st1ng possibilities. By reason of:

W ‘> : and @* # P (f%) ~ 

cof i

eauatzons (50) and (45) glve for a rotor

. g T ; .

For a rotor W1thout entrance guide vgnes 61 :1-'1. Tf
the tOtal pressure- rige Apg.' the tangentlal veIOclty

Qu, and the! throughflow veloclty ¢y “are- given. then'é

) and wf ‘are defined, ~ The rotor'efficiency is’ about
constant over the entire’rotor cross- ‘gsection-when'
€ = €pjn 1¢ so chosen that the operat1ng p01nt of the

sectlons in diagram I 11es_on a toncave. uPWard parabola
(see equation (75))with vortex at the origin of the co=
ordinates. That is, the X- ,Y-points correspondlng to

the neighborhood of ‘the hub section lie farthest from the
origin. Since gAg* {¢ restricted’ upward equation (74)

gives a simple estimate of the negessary solidity A,

For a fairly high pressure coefficient V., and a small
hubd diameter, A ~hecomes: very.large for sections near
the hub. But atcording to existing €xperimental knowl-
edge 1t seems advisable to0 avoid ‘high solidity, Besides
an ingcrease in angﬁlar veloc1ty,wh1ch is limited by tech-
nical difficulties for the most part, there are essen-
tially two possibilities.to keep the. golidity ‘small;

Make the hub rotor rj;/ra -large. This shortens the :,
parabola discussed previously, but, at the.same time, it
increases the throughflow wvelqelity and hence "X . :for
fixed outside- dlameter, ‘g0 :that the parabqla -is shifted.
to the right in ‘the X-, ~diagram. Figure. 7 thus shovs.
that both measures reduce ‘K . and hence, from equation
(74), thé necessary solidity. Lo L ,
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The first Of farmulas(vs) shovs a further pbssibility
Of decreasing Y. and hence. in general K.+ In the .case
of rlghtvhand rotation. L A

DY

B ;,m” o S r ?; _;f;3N, L
' v : 13 * = 1 + 61 / a LT ('76)
_:...,: SR \,,/ SR
The subscript f; denOtee a plane betore the rotor‘

“but . behznd the entrance ‘gulde vanes,  The absoliite value

of "¥;* aceordingly ean be increased by yeing the -én-
trance guide vanes 0 pre-twist. the fluid- Appositely e
the rotor direotion of rotation, By equation (75) this
method reduces Y efficiently.. By the gevond. formula
of (75), X. ig reduced proportionatiely, the bperating
point X,Y of diagram I lying ‘on the straight lire con-
neqtlng the origin and the point carresponding ‘te

¥y% = =1, The pre~twisting decreases 'K ‘moére. effecr
tively as the angle between the tangent to the ourve

K = céonstant and this straight .liné is greater, Thie is

‘the case primarily in the left part of disgram I; hense

a preéwtwist’ appears advisable onlv for small throughflow
velocxties.'j

'Formula (51) shawg that pre~twist1ng (61* < - 1)

1owers the efficiency of a rotpr. For ‘the rest, the ef~
ficlency depends largely on f, for fixed By* since

the factor of £, in equation (51) becomes very large
for good glide angles, Diagram 11 (fig. 8) shows f, as

a function of X and Y, For comstant ¥, £, has its

maximim value on the atraight line 'cot B =1, This line
connects, according to the: deVelopments -6f - IV,2, the
polints &K e O, ¥ = 4 and~"¥Y.= 0, X:% 1. For good roter
efficiency, the Operating po;nt must be .designed to fall
in the neighborhood of :this straight line. This condim
tion governs the choice of rate of speed, the choige of
pre-rotation, but above all, the choice of r3/ra, since

for fixed outer diaﬁétéf'and given delivery volume, the
througnhflow velocity and hence X is 'a furzction of the

Eor vanishing throughflaw velocitv - that is,‘”X.="0 -
there is fy =0, .In this cage. the efficien¢y is inde-
pendent of _C_‘according to equation (51) and. is solely a
function of 'fo° for: fixed 9% Since  f, ‘increases

cwith ¥, useful efficieneies for very small throughflow
velocities are obtained only with large Y.
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. . The factor ,  fs- Loses its effect on.theefficiency
‘2t "all but small -digtances from the fF~axis. It isevi-
dent from formula (51) and diagram II (fig.i8) that for -
fixed Y% there is. a general tendency for the rotor
efficiency to increase W1th 1ncreasmng Y - that is,
higher loading. The.glide ‘angle is,’ 6% course, assumed
to be independent of the loading, This is true, however,
only.in a certain . range, so .that the maximun eff1c1ency
"of a rotor famlly of _the.same proflle Lirst increases .
'somewhat w1th the 1oad1ng but then decreases.f (See ref~
grence 8 ) , o o

_»'. 0 A .J." .

2. General CanlusiOns for Guide Vanes
Simllar conclus;ons for statlonary gulde vanes are

easily: secured with the ald of diagrams IIT and IV (flgs.
9 and -10). . However, tke fallowing problem is p01nted out :
.The-exit gulde vanes have,the dask of.convertlng the en—
enay. of the. tangential veLocity component 1nto pressure.
5In those cases in.which .the tangentlal exit veloc;ty com-
ponents are not found dlsturblng, it is profltable to in~
sert exit guide vanes only when the surrender of the ki-
netic. enqrgy of .rotation .would inply .a perceptlble loss,.
The questlon of the magnltude of this energy therefore
arises. ¢ The tangentlar component ‘of "the absolute ex1t
vélocity ‘of the rotor is by equatlons (49) (76) and -

(50), . e S
TG N 1- oo en T S e L

'The"subscfipts..r .end' 2 vdenofestﬁe pienee'ﬁeﬁereuendf
behind the “rotor.,  "This equation yieldS'the‘ratio:Gf:the
klnetlc energy correspondlng to 'cuz to\the‘energngain
_through the rotor.Jff ' T EE EEERREE

<r w> k v 'zn r a
(f)

_;,.:«} P

(77)

If a pre rotatiOn opnosite to the direatzon of rotor ro-
tation is’ 1mparted to the fluid by a set of “entrance
gulde vanes,.then §, <0 in the: case of rlght hand

Fotation: For 81,;_— JL ,'e#gf vanlshes so that no exit
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guide vanes are necessary,  With fixed entrance guide
vanes, However, ‘this condition is fulfilled only for a
single aperating condition,. The pre-rotation imparted to
the fluid by fixed entrance guide vanes is directly pro-
portional to the axial throughflow veleocity (equation
(69)), while ‘the pressure coefficient, as shown later,
_normally'increases with ddcreasing throughflow velocity,

Since -the tangential velocities behind the fan have
a disturbing effect in wind tunnels with closed return -
prassage, fans without exit vanes are useful only for tan-
nels with a single jet cross section. The minor changes
in fan-operating condition introduced by the variable
model drag are negligible, Wind-tunnel fans designed for
operation with different jet cross sections must be fitted
with exit guide vanes,. These are eagsily constructed by
means of diagram III, so that the exit rotation vanishes
for all the Operatlng conditions which might arise, For
instance, if a high solidity A » 1,43 1is chosen (see
reference 4, p, 42), the direction at the exit of the
guide vanes 1s independent of the entrance direction,
For the design of guide vanes ¢omplying with the condi-
tion of no rotation at the exit over a large operating
range, the procedure is as follows: Selegt two possible
operating conditionsg X*, Y*¥ from the rotor exit veloc-
ities and the condition of no rotation at exit. For this
purpoge only X* needsto be ascertained, and Y* is
chosen to lie on the dotted line in diagram I1II, accord-
ing to section IV, &, Then read off the coefficient K
and tan B from diagram II] for each cascade section,.
Since the angle difference AB for both operating condi-
tions is egqual to the difference in angle of attack,
equations (74) and (61) yield the equation

"from which Ak ¢an be caleulated, The correspOnding A
is then easily obtained by means of a diagram showing the
cascade factor "k as a function of 1/A, (See reference
4,) The angle difference AP, or 4@, must be small
enough $0 lie within the range of angles of attack for
which the profile flow adheres. This specification of
the solidity gives two p0531ble 0perating points of the
exit guids vanes which lie on the dntted line of diagram
III. This means that the flow at exit from the. guide
vanes is free from rotation. All other operating points



50 j | ‘NACA TM. No, 1062

of tHeﬁspeciffeﬁ”guiﬁéﬂhaﬁgélfontwhichfwhexprofiie‘fldw:_
adheres will lie ‘ontHe dotted 'LIine of dfagram "ITTI.
Rotation-free’ flow Will no- 1onger obtaln when separatlon
of flow sets 1n.~ EEE L i Tl - s
Inc1denta11y Lt should be noted that 1t g not al—»-
ways ddvaitageous €6 ‘convert “all the ‘rotation ‘tio pressure
by means of exit guide vanes. For instance, if a diffuser
ig¢ Uded $0 convert the ‘axial velocity into pressuré, the
diffiser ‘effidiency car be considerdbly ificreased by ‘means
Of‘aﬁgmall:fbtéﬁiﬁﬁal“VEPOGity;‘iCSeefreferenGe‘Q.) '

3‘ Rotor Deslgnff:'w,~;Qvﬂfﬁ

For the discussion of rotor d331gn the throughflow
conditlon (equatlon t23))-1s: ut111zed From equations

(45) and (50) AS éi%m(%}j whlch entered in equation (23)

glves, after a short.calculation'"iﬂ “.".vtm::' f,.;;
‘; 2 Caf, Y an__g;3asl (s

bR (ma : )':[ R® ( )J ( \  R® aR.J‘78)

The dlscu§s1on 1s, for the present llmlted to rotors

without entrance- guide vanes.. In thls case 61 =a0lvan§'

equatlon (78) .becomes - : :
B (g2 - g2 - -l-l-"-] () o (g9
,aR P RERE: L aR ' .

In the normal working range of a good rotor N is ap~
proximately constant; hence-the last term on the right-
hand side likewise vanlshes. If the fan sucks the fluid
from a large reservoir in which it is practically at rest,
then @, 1is constant over the cross section with the use
of a proper.entrance duct., In the evenb that @g itself

-is to have a unaform dlstrlbution either n» ﬁ; g% or
the pressure coefflclent W‘ must be constant over the
rotor cross: section according to egquation (69). The .

first condition will be analyzed later.. The second con~'
forms with the considerations of- the. introduction,

If a- unlform ax1a1 velocity dlstrlbution is speci~
fied for both the operating condition .of the de51gn
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calculation and the neighdoring range, a well defined
;distridbution of seqtion solidity A must be chosen, To
fix this distribution, the design 0perating point of

every rotor section is marked in diagram I, To illustrate,
if the throughflow ‘coefficients @5 and the pressiure coef~
ficients Vi are given, the design cperating points are

defined hy KJ = @j ra <¢> /r{) s The rotor effi~

ciency must next be. estxmated but with the aid of dia-‘
gram II and the. first approximation for the operat1ng
point’ XJ, i th;s estlmate can be improved. Fixnng the

solidity of any. one section of radius Ty enables the

entire 1w1Y~characteristic of the section to be con~
structed with the aid of the profile polar, Then select
an operating point "X, {(ry), ¥y(r,) of this characteris-

tic, which does not coincide with the design operatlng
point,’ According to equation (79) o, = @, and oulr)

= wﬁ(rif’_51nce l (@2 + @1) on the assumption that

Yp and 7"y are themselves ¢onstant for this: operating

condition over the rotor cross section, On this basis
the corresponding operating points of the other sections
are directly indicated:

Xh(l’) = EI.'}— Xh(rl)’ Yh(l') (1'1) Yh(l‘],

The accompanying values of Kh(r) and the angle differ-
ences AB(r) = Am(r) = Bh(r) - Bj(r) permit- the calcula-

tion of the solidity exactly as for ‘the exit guide vanes,
The result is a blade chord distribution, which decreases
greatly toward the outer section,

In"the event that the energy of the’ entering flow
exhibits cohnsiderable nonuniformities, it will be en- -
deavored to fill these "energy holes" with additional
energy from the rotor, A’ typical representative of this
case is the open-jet wind tunnel with fan situated close
" behind the collecting cone, The thiekness of the bound-
ary layer before the blower is of the order of magnitude
of half the c¢ollecting tube radius, If the static pres~
sure in the entrance crgss section ig equal to zero, the

total pressure, referred to %p(raw)z, in the entrance
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cross section is given: by @1 THe requlrément 6f con~"

stant’ total pressure behlnd the rotOr 1s synonymous Wlth‘
;gﬂ: constant-— @1 . The constant is’, speoifled by ﬁhe ’
. energy. level necessary to overcome the throttllng. In -
thig.case;: too, there -ig-a- constant efflclency over. ;the:
entire retor crogs,seetionit hence equatzon SR can be n
written 1n~the folLow¢ngiform.u_ ﬁ;¢;~:n.ﬁ.., e T

QPI_ di:?:..
The Co

g S

¢(r) are “tren- g1ven4ﬁthe des1gn operating p01nt 1n'
diagram Iuds fixed for ‘every sechion.. - The distribution: .
of solld;ty t0 give uniform.total head dlstrlbutlon be—"
hlnd the rotOr for the nelghborlng Operatlng p01nts is te
fouﬁd the same way ‘ag. 1n_the prev1ously discussed Case.

Ana&ogous conslﬁeTa%iéns cén & wade “£Er T otors Wi
entrance rotation. . IT "97 i(r) = coﬂstant,_the above~1ine
oforeasonlng is not, changed except that equation’ 178)"
must be chosen as startzng point 1nstead of equation (79).
4 Estlmate of the ;hroughflow Dlstributloni;, _
4 In conclu310n, a: number of: s1mple model problems are
worked out thlCh enable the des1gner to appralse the re-

sults of hls measures.; ;¢f~

_For entrance guide Vanes,.'ﬁé'éﬂo. On the ‘agsumption

that the dlstrlbut1on of the gnergy-lLosses. over the cross
sectlon of the stator isg: unlform, equation (24) ylelds.

W ve A
» ,.4,2

P ity (w02 a(i‘)e)

55'(w? f ma ) ﬁg BE T Rz R

.—.-.— e .-..——

This equation indmCatee that for r#ﬁ

guade vanes. » L R _qf'a

R . . e Te s geE
: .
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An attempt was made to have guide vanes impart to
the air a rotation increasing linearly with the distance
from the axis (reference 9), in which case 95 = CR,
where C 4is a constant, IntrOduclng this wvalue into
equatlon (80) readily affOrds " : L e

0,3 = m;e + aca 1n % + constant . (81)
¢é.-accqrdingly increases w1thout limit f°r~nR‘=VQ caﬁd 
drops quickly with increasing radius, The throughflew

condition is not valid for sugh a marked Varlation, -gince
it was asgsumed for its deviation that 4P =@ - @; is

small of the first order. At any event, ‘equation (81
indicates correetly the character“of'the flow: bepgause,
apart from the facet that the'desired tangential velocity
in the attempt cited previously was not completely at-~-

‘tained, a strong displacement of the axial flew in the

sense of equation (81) was experimentally established.

As previously stated, the deflection of the flow
through entrance guide vanes is proportional to the
throughflow veloecity (equation (638)), If the guide vanes
are designed so that 9, is constant for constant through-

flow velocity, then ¥, = Op, where ¢ is a constant,
By neglecting a quadratic term in A®, 2(p,? - 92) can
be substituted for (®,7 - ©,3) and equation (80) bve-
gomes

3

2 2,
'—B‘E-(cp)“l* () 3R (P, 7)

1 . .
- < 1, this equation shows that every

2

1+
3@

"valley" in- the ", " distribution is more or less

strongly smoothed out.- that is. mosgt strongly in the
neighborhood of the hub, . . . .

Since

The most important case for exit guide vanes is that
in which the fluid leaves the guide vanes in purely axial
direction, where ¥, = 0 and AY = = ¢¥3. On the hypoth-

esis that the energy loss Apg is constant over the
whole cross section, equation (24) yields
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Here® also: there is no change An thrOughfrow dlstrlbution
for Ad = - ¥, = constant. 'If.- 9, increases ‘toward the.
outslde, 2 exhib1ts a stronger increase toward the out-
‘side than @1, “and ‘vicde versa,  The bouhdary layer on

the outer wall merits particular attention, Owing to the
tlp clearance, the rotation: behind the—rotor ‘decreases .

OR

hoqd of the outer wall .and from the precedlng ecuatlon:
1t follows that. the. boundary layer of the 2 | distrzbu—

tion s worse than that of the @1 dlstrlbutlon. S

-toward the Wall. Hence;—E}—m(13 2) < O -1n the nemghbor—;

- .
]
o v

The conditions at the rotor are m0st dlfflcult to Lo
gurvey. ..To arrive -in some: degree at .general formulas for
this case, sweeping simplifications, which lessen the
valuwe® ‘of -the appraisals’,: must be made.  In - spite of this,
however,  the qualatatlve 1n31ght provided by the formulas
Is useful; R S Eoae N S i b o

Accond1ng to flgure 6 the proflle angle of attack
increases with ‘decreasing throughflow veloclty,,ASo long
as the flow does not separate, the coeff1c1ent K also
inéreases with decreasing @. Diagram I ‘indicates that

the same fact applies to Y and hence to. %. if
(%)_. ® are the eharacterisﬁiee sefving;ae basis of the
J J . L
\U Cen '
design, the function —-(m) in the neighborhood of the

design point: can-.be represented by a Taylor. series, .of
which only the first term is retained, Worked .out ex -
amples show that a good approximation is. obtalned for

-~ (), except when separatlon of flow occurs. . Thus, . -
| W ( R) Yo -) + (R)" "3‘

;where the coefflclent a(R) is always poSitive.,?Differ—
centiation with respect to R ylelds‘;. R

5
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By entering these values into equation (78), the linita-
tion to ﬁl = constant and N =’constant with Pa® - ©3°

2(p° - P, ®) 1leaves:

dp + a { ) 1: 9 L ) 0Py
— ——- - — .6 = ——

3R [m‘, Rz zn m, dR -

CP_.L__..{ S ..‘iL a).@_i
33 2n /[ aRm

i

If AP is assumed small companed to ®y., ‘®; eédn sudb-
stitute for @ 1n‘th¢ preoeding_equation.,go that -

P_Ee ' Py . L 0y

3% 2 SR
A
o+ [0 - 3 *"1),] |

(CPJ"'CP;)_ [ﬂ*‘L """"lé)] .
o

+ & - 2 JL.+ é
ACE [n,‘ R \ 2n >] '

For a rotor design in which the soiidity distribution wasg

: v
defineéd for @, = constant, the curves of ;‘(W) for all

sections coincide, . and g; = 0,"Since,.at the same time,

bml

: aa | )
constant, in agreemént,with the conclusiops?of previous
_arguments. co e ‘ . : L .

= 0, “then ® itselfumust'be canétagt‘With Py, =

-3 o .
The cond1tion ‘sg = 0_ is, for the present.'retained.

It depends solely on- the: choice of “A. diatrzbution,.
hence is given by the blade design. If the o, distri-

_bution has local -hills or valleys, these are either ac-
centuated or veakened dépending'on whether. [ ~—<f—4-6 ]

is negatlve or positive.- The effect of this bracketed
expression is ga much greater as ®,; 1is smaller. The

sign changes for:
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ﬂ) z(R 'n-.é)
Cr’ ; _

For fixed 9, and n, <y> is smalrer closer to the
er . -
hubv. If the fluld is given a rotation Opp051te to the
rotor dirvection of rotation, them #; < 0 and
| \“ ex
becbmés gréétef;
"
The fact that for. ~*’> < i the hills or valleys
c

of the axial velocity dlstrlbutlon’are accentuated by the
fan may be regarded as a manlfestatlon ‘of 1nstabillty of
the rotor flow, For .

fP*'-Z-[n —; -—--+ §>J

the varlatlon of the nonunlformities of the @, distridbu-

‘tlon 1ncreases W1th6ut 1imit &hd has,” besides, an indef-
inite sign. In fact,; difficulties arise don rotors with
high pressure™ coeff1c1enus which seem to indicate insta-
bility of flow even for those operating conditions at
‘which:flow- separation likely has-.not yet oecurred.. The

critical value of " \(ﬂ> fltself»appears t0 be substan~
. cr _

tially 10wer than that given by the formulas 1f figured
with the high average efficiengy of the theory, “This
discrepancy probably ig due to the fact that, on’ the one
hand, the, local. efficiency may "he. very much smaller than
the average efficiency, and on’ the other, that the
throughflow conditidon is, on prlnclple, not sul*able for
_mstablllty 1nvest1gat10ns,“31nce stationary. condltlons had
been agsumed in its derivation in the beg1nn1ng An ex-
ten510n of the theory in thls d1rec+10n 1s under way.“m

~If T— % 0, the seeond term on. the rlght hand szde

f.iof equatlon (82) also must be noted. m}p;th;g'yerm the.
- expregsion o . ’

FER- S
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Plays the same role as previously. - The following is

limited to .
'.'”1 v N
_ “ Ra 2'n 1) 0

‘a condition which, accordlng to the preced1ng developments,
probably is a necessary premise for practical rotor design.
In this case, the sign of the second term of equation (82)

is the sign of (9; « @1) 1‘45'18-su?sequentlyqsh°wn»

only positive values of 5%% occuf5so~thet'the seéoni”ﬂ-v

term on the right of equation (82) effects, for ®y - < Pyi-

a reduection of the throughflow velocity in the neighbor-
hood of the hub and an increase at greater distances from
the hub, The opposite holds true for ©; > ma

In gonclusion, the 1nf1uen¢e of a nouuniform axial.
velocity on.the total efficiency is brlefly digcussed.
If the entire total head is.counted .for .the efficiency,
the distribution of axial exit velocity is of no impor~
tance. It is different.when.the exit kinetic energy is
to be recovered. In this case, a diffuser must be used
behind the fan to convert the exit .kinetic energy to pres—
sure, Let c¢p3pn Ybe. the. -smallest absolute velocity in a

cross section behind the Ffan but before the diffuser, in
which, moreover, ‘the static pressure has-become constant.
Then, as is easily evident from Bernoulli's:'equation, at -

the-most, % pe? ies recoverable, . The noauniform-axial

min’
exit velocity distribution thus has an unavoidable exit
loss 'in consequence. On the other hand it 1s ‘alse cons-
celvable that the" diffuser eff1ciency qan be bettered By
a velocity distribution which increases outwardly.' -Bx=
'periments of th;s kind are unfortunately ‘not available,
so that the question of the influence of the axial exit
veloeity dlstribution on tlhe fan efficiency must, ‘fér the
presént, ‘remain unanswered. -
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VII EXPEﬁIMENTAL AND- THEORETICAL INVESTIGATI@N OF

THREE ROTORS AND TWO STATORS

A‘,u

1. Descrxptlon of Test Stand Calibrations

uFlgure\ 1e;sh,ow,s‘ the J,.ayout. of the test stand. , It ,
con31sts of a tube 4 meters (13,1 £t) in Tength and 500
millineters (19.7:in.) in diaméter; its.inlet side is.
enlarged To form a well- roundéd, broadly faired” entrancu‘
conei-:The shtreamline.hub. is. bdﬁlt dinto the tube, its ..
maximum diameter being 250 millimeters (9.85 in,). “Theé
forward part of ;thevhub is held by .three faired struts,
' Qe51gned‘pp ca,ry thn bearlng for the rotor." Tne'

_The shaft leadlng from motor to the head of the hub
“"'The mptor 1s meunted so as to He free to

KR

ulties wére encauntered in the deter~'

: -zeTo0,; because’ thHe ball: Ybearings,
'When statidn ; comparatively great friction.. But
aftér the Ell Yearifigs weme washed ‘elean, the zero point
eouldbe détérmived with sufficient  aceuracy., The slight asymme-
triegof:the votor-were ellmlnated by welghlng 1n nymers.:
ous rotor poesitiong e et : P

CThe determination-of ‘the pure rétor térque reguires”
the: subtract;pn 0f. the bearing frigtion. toraue from the
measurgd torque. The usnal. bearing frigtion measuremenﬁ
which, cons;sts of an extrapolatlon of | the ﬁorque to zero,
angular veloc1ty, proved to be. very. unreliable because.'ﬁ
the motor angular .velocity’ could, not’ be ‘made ‘small enough,
For:thig, .reason, the_zero. rotatiou torque Waq determlned
Wlth rotatzng huh anﬁ rotor blades rempved, Check™ meae~.
urements with rotatlng shaft but concu;rently removed o
rotor hub proved the hud bearing friction negligivly
small .

The motor speed was measured by a revolution counter
operating for 1 minute. The revolution counter was in-
serted electromagnetically by means of slip rings driven
by a small synchronous motor, The time scale could be
ad justed very conveniently by small moedifications of the
contact path.



NACA TM No, 1062 | 69

A diaphragm was attashed at the end of the ¥est stand

fow throttling, the 0pening ‘being variable by means of a

valve and cover: ‘plates, 'To ineluds the region of very
spall throttling, the diaphregm A was removed for several
measurements and A ditfueer put in ite place,

_ ror the quantity measurement, the wall was pierced
at I, With vy denoting the velocity in the croas ‘sec-

“tion at the test station; -Bernoulli's equation: gives, on
_the assumptiOn of VI = conetent over the cross section;-

vI 8/-3' (*PI)

The throughflow volume is obtained by multiplication

with the entrance cross section Fy., This formula is not

strictly vallid because: of the boundary layer formation,
and must be corrected by a pipe faector, This was deter-
mined by careful measurements of the velocity distribu-

tion, _It is
Q= iy /§ (23 y

where f = 0,985

- The total head differenceueee recorded by means of
the pierced wall station II, On the assumption of con-
stant velocities in cross sections I and II

-_Ap;f%ép:f o [< D - ]

where &p 1s the- difference in wall preeeure and FII

“"the cross seétion of measuring plane II, -Since the diam-

éter of the shaft casing tube is only 50 millimeters,
Fr = TII- hence the last tefm-0f the previous equation

~¢an be ais¢ounted. The- procedure ‘would be:more exact.

if, instead of the preceding equation. the following

. average value equaticn 1e usedi

ke R N (T E -

ZI _L.: L L T Y

.‘ S o N T P a. . 1 ' g e
s eee e [ e f § ortar
L FII_ v o
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The two 1ntegrarqvfar the design operatnng poznt were de-
fined experlmentallgﬂand ?Qqnd to: ‘be suﬁfkgxently c01ﬁ
‘cident; hence the. fenmula, Apg = Ap is,gh?alned agalﬁ.,

This deriyation of the precedlng fofmulabincludes. the.
small 1ncrease of éxit, énergy due to. nonunlform distribu~
tion (boundaty layebichdd drag) for- yhe’@esign- operating
point. TFor other-oyegatlng conditiOns, the efifeect ,of
greater nonuniformitigs dn- 1ncrea31ng-thenex1t energy 1s,
for siZmpliecity,- dlsregarded 86 that -thésformula. given '
previously was regaraed as. valld for all 0perat1ng condi=-
tions. . v .

2. .Datezﬁn Rbtors and, Stators; ;. .
The fans tested were of the 31ng1e~stage, ‘axial-flow
type, w:th ex1t gum&e vanes and w1thout.entrance ‘guide -
vanes. The common’ *eWaracteristics of ﬁhe“flrSUthreeeﬁght-
blade rotors were the following: Theé desigi-operating
point was the same ,or all three rotors. L pressure -coef~
ficient of ¢ = 0.1 8\and a flow coefficient of o, = 0.45

wag specified for the entlre fan, includlng the hub dif=-
fuser., The total pressure bhoost set up, by the rotor is
naturally to be decreased by the diffu¥er and the guide
vane losses, . The‘dfffueer.eifhclency was assumed at
No.= 0,85 (seg” Hutte, vol. T, 26th ea.,ﬁﬁ”'377) ‘the

guide vane losses belng computed accordxqg to ‘the formulas
‘derived in sectioh IV, 5. The corresponding G¥ttingen

622 to 625 alrf011*sect10ns ‘and those derived by inter-
polation were used:in the rotor blade d#sigh, and in such
a way that the thickness ratio of the profile from the

hub outward decreased unlformly for all the rotors., The
profile angle SL}:.9O - 8§ . was so determined that the

total préssure boost vof ‘the. ‘rotor. for the- de51gn operat-
ing point was constant over the. entlre ¥otor cross sec~
tion. To be sure, this:goal was not. entlrely achieved.
This was-largely due to. the fact that the: corrections for
finite blade thickness were allowed for by a rough « that
is, excegsive average value . sinte the correctldn formu-—
las in section V, 2 were at the time not yet in existence.
Likewise, the dependence of the polars on Reynolds number
could not be considered. The polar measurements then ex-
isting had. been secured at. only one Reynolds number. It
should also be mentloned that tnroagh an error, the pro-
file sections near the hub of. rotor II were curved a lit~-
tle too much.
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‘The three rotors of this family differed in the dis-
tribution of theéeir blade chords. Rotor I had a- profile
chord linearly decreasing ‘toward the’ outside. ‘rotor II

..constant, ‘and rotor: III linearly increasing.i _

. The exact - data for the three ‘rogtors are given in flg—
ures 17 to 19 and in ‘table I, "The- chord distribution was
sectired on the basis of the dimensionless profile thord
with a rotor radius of 250 millimeters (9 ‘85 'in, ), rather
than the solidity A, ‘as it afforded’ ar clear representa—

‘tion of the chord dlstribution, ‘The ‘profile: ordinates

are given as usual in percent of the lccal profile chord

- The data for. both stators are qhown similarly in
figures 29 and 21 and table II, ‘Stator I had nine blades
shaped from 2 millimeter (0,0787 in.) thick sheet, The:
guide vanes were designed to remove all the rotation at
the design operating point,  In order to avoid. excessive
solidity, the 1lift. coefficient chosen for these ¢perating

‘conditions was comparatively large. Gonsequently the

guide vane flow separated at a throttling not much greater
than the design throttling. The resultant lower effi- .
¢iency 1s discussed later, The design of stator I was
based on the cambered circular arc profile with

% = 0,05 (reference 10, p, 96), £ being the camber and

! the profile chord.

Stator II also had nine blades the design of which
was based on the cambered GBttingen 624 airfoil section,
It was hoped that by the use of the profiled blades the
flow would adhere over a large throttling range especially

since, according to the experimental results gained with

guide vane I, the operating condition, of rotatiou free
exit was. shifted toward lower o, -values -~ that is,

greater throttling. It is to beé noted ‘that neither guide

. vane quite satisfied the condition for roetation-free exit
. over & large throttling range pcstulated in section VI 2.

53, Recalculation of Rotor and Stator

To insure ‘an - easier interpretation of the test data

the theoretical investigation of the rotors is glven flrst.
‘The individuyal cascades of the fan are calculated in the

order of their arrangement in the fan installation - that
is, proceeding in free-stream direction - so that in every
case the distribution of free-stream veloecity and of the
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initlal rotation can be regarded as known. " The procedure
ndlcated by . the foregoing derlvamlons is briefly summa-
rized- ‘herel - Eeph Fotor. is. v15uallzed as belng divided by
mean stream surfaces Anto caspade sectiOns.' The mean =~
Sstream surfaces -gre deflned a8 the rotatlonally symmetri-~
cal stream surfaces . corresponding to ‘the previously de-
fined mean. velocities.k JFor each of. these sections, the
X~ chharacterlstlc, the efficlency. and the tangent1a1
-gxit velocity-has been calculated by means of the dlagrams
.of section IV w1thout regard ‘{0 .their mutual 1nfluence,;
but .with aklowange -for.the-corréctions’ ‘for the circulation
,and .the thlckneee,l Taq. illustrate the order ‘of magnitude
of these. corrections,_the cascade effect coeff:clent k

e N
:1s showu plotted agalnst B =';;: 1n flgure 22 for the

three rotors:: The- correspondence to ‘the - 1nd1v1dual rotors
is indicated by Roman numerals.: The factor DAZ, neces-
sary- for,theé: predlctlon of. the effect of finite. blade
“thickness,: i's shown as a dashed curve. Quantlty D is-
the ratio of ‘mean profile thickness to chord and, because
of the relationship of the GBttingen 622 tho 625 alrfOll
sections, i%& pr0portlpna1_to_the maximum thickness a:
L. LB 01675“%f

" The calculation of :the. cascade sectlon characterls—
tics-is based on the profike polars. converted to infinite
‘aspect ratio. (See reference 6, p. 108 ) By formulas'
Al ’
cos B .
tion df"B,t where B. for the case ‘of r1ght~hand wheel
rotat1on,'must be put equal  to & + a; for the sake of :
trial,’ "X(B) was calculated for various Reynolds numbars.
. Itgwasvfound that . K. is fairly 1ndependent of the
" Reynoldis numbers, . This fact. is evident. from ‘equation (43)

‘Wheh considering that apart from the zone of small angles
" of attack,. the 1ify coefficlent QA ~increases somewhat

(61) (43) and (70) K = 1s obtalned as a func«

"iWIth 1ncreas1ng Reynolds number. whereas the glide angle

¢ Ybedomes smaller. Obviously this holds only for average
values of cot B. If cot B is very small, K(B) decreases
‘with increasing Reynolds number; the- OPPOSite holds true
for large values of B, To prevent mlsconceptions, it
‘should be noted that, in contrast to - K(B), the effi-
ciency is clOSely related to the Reynolds number. ‘
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If K(B) is known, the methods given in section
IV, 2 can be used .to determine the X~,Y-characteristic:
of each fan- section., The formulas (69) give the transi-

tion to. X, Y where,’ in the factor of . Dka Yo

can be substituted for Y. without appreciable error,
For a rotor without 1nit1al rotation Bo*y= -, 1' and

henQE. according to equations (45) and (50),

Xo = Po*
' *
¥y = %"

From the definitions of ,* and y* the relations

Po = R Xo

are'reaﬂiiy derived,

The ensuing sample calculation .illustrates the sig-
nificance of k and D, Rotor III, for which the cor~
rection terms are highest according to figure 22, is to
serve for this purpose. The c¢alculation is carried out
at first with cascade effect of the finite blade thickness
as well as the "neighboring circulation" neglected - that
is, D %0 and k.= 1 -are used.in all the formgulas,

With these approximations the dotted curves of figu;e 23
are obtained for four sections of rotdr III, With k as
given by figure 22 dbut retaining .D =.0, the solid curves

- of figure 2% are obtainedQA The curves ia(mé),accordingly

appear t0 be turned through a comparatively small angle
by the cascade effe¢t coeffielent k. . That is, the rota-~
‘tion is. about-the design.operating. point since, for this
point, gAe gAg ow1ng to the additional. profile camber.

, The dotted curves in figure 24 agree with. the solid
'curves of figure 23..- If the thickness correction D
from figure 22 as well ‘as the cascade effect coefficlent
is taken 1nto account,’ the solid curves of figure 24 are
- obtained, * For the sake of. clarity only the curves for
two cascade sections are shown. The effect of f;nite
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prafmle ‘thickness manifests itself largely as .a shift of
'the curves to the. left.-. . : ,

Con

i-a

It would seem, on c0mpar1ng figures 23 and 24 ‘as if
the thlckness -correction-were- greater than. the clrculatlon
correctlon., But this is not true because - the principal
porfion”of” the” clrculatlen correction is anticipated by
the extra’ camber and ioes Hot" appear in fzgure 23,

To return to the comparlson‘of the calculations for

LIENEE

the three rotors, Flgures 25 £6 27 show the curves —'(¢ )

for the four sections alOng “with the section eff1C1encles,
alculated from equatlon (51) and diagram II, The curves

% (mo)' are, as prev10usly assumed aPPr0x1mately'stfaight
“lines in their principal rangs. -~The most apparent differ-
ence among the three rotors is that the slope of the

curves t0 the go-axis on:ratay I.is about the same for

all sections, and bhecomes so much greater on the other
two rotors as the corresponiding sectlons are farther from

.the hub ,If 9 \y LT LB (R me) then 9a ig so much
I A acpo N - . .OR

>greatsr, the faster the proflle chord increases toward the
“outside.».Complete coancldence of‘the Cascade sectlon

o IR e : - da
:curves -"(@o);" that is, 3E

;sttronger deorease of pro 11e chord~to the outside than

Slnce the hub proflle 'is “thg- same\far all three

‘ioﬁdfé,:ﬁhé’éuivééuiy f@g)' and™ P, ) sragriee almost: ex-
7

l‘actly for the- cascade ‘frearest bovthe-hub.s, (Considerations
. of ‘the excess1ve ‘camber oOf the-profiles:near the hub .are

‘omitted in ‘the interésts of systematic-analysis. ) On the
" othér hand, the éfficiérncy curves of the-sections, farthest

"Jfrom the hub show further dlstlnctlve characterlstics of

,ithe three rotOrs, Just as the curves .¥ (w ) dld. . The

.ufeffic1ency depends primarily by the gllde angle fér

“whlch increases” sharply At Beparation:of . flow... Increase
of glide angle mebns reductiomrdn efficdeney. (equation
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{B1)), so that the highest cascade section .efficiencies
indicate the region in which the flow adheres, The Tegion
of adhering flow on a given profile is defined by a cer-
tain angle of attack range between - apg, andi:aﬁax.'

These angles of attack correspond, for fixed blade angle
§, to the stream angles By3, and Bp,,, dbecause of

@ =P -~ 8, A change in blade angle & 1is, as a result,
accompanied by a displacement of ‘the region PninS B< Ppax-

It follows from diagram I that larger. B-values correspond
to smaller ggo~values,  On the other hapd, diagram I

gives a mean stream angle By .for the prescrided design

operating point, Singe  aj #=:B5 -84, larger §; ocor-

respond to smaller aj, Since, 2t the.same time, the
design operating point corresponds to a definite coeffi~
cient X = AgA(ad), a larger &; 1is necegsarily associ-

ated with a larger A (§A(m3)_bgc9mesusmaller with smaller
oj). Summarizing, it may be stateéd that the region of ad-

.hering flow can be shifted toward small ®Py-values by in~-

creasing the "solidity A. -The position of the efficiency
eurves for the outer sections in figures 25 to 27 con-
firms this argument, :

The section characteristics of figures 235 to 27 were
obtained without regard to their mutual influence, To
determine an operating gondition that will hold simulta-
neously for the entire rotor, the correlation of the-
quantity coefficient ©y(R) muet be determined with the

aid of the throughflow gondition, 4ll o-,8-values in
the following calculations refer to infinitely thin
bPlades. The subseript ©; which should be used through-
out, is omitted for the sake of simplicity, The through-
flow condition in thé form.of equation (79) is suitable for
the purpose in view. Since the rotor sucks the air out
of a large reservoir (fig. 16), ®, can be assumed con-
stent if the small boundary layer. development in a prop-
erly designéd entrance’ coue ig- discounted. Writing fur--
ther @5 = 9, + 49, ¢a may be put equal to w, + 200Xy
to the order of approximation maintained so far, Then

the difference equation correspending to the differential
equation (79) givess. .
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where;*Rﬁ“”denbtes”theﬂcalcuiated*seption;ﬁggﬁv tisian
mean value deflned by Ry < R <° RU+1.‘“ThTs difference’’

equatlon is ea31ly resolved by iteration, when™ proceedlng
from an\assumed daetrlbutionﬁﬂJ(R ) corresponding to. -

DA

lis the throughflew eroes section.~ The corre

:.:' o :\ s

where T
*r . . \p_ o . i :
spondlng values of “'(RU) and ﬂ(Rv) Jare read frbm

flgures 25°to- 27 The quant1ties E (R’v) ‘and "m{RIy)

are: equaled to

--.;_1,
2. ?¢

! . iroae A

whenceuuﬁmwam M ﬁ@t L
gy L SRR B RN .

The constant is determined Withthe” ald'of the conditional
equation (25). The first approximation of ‘the @ distris
bution is

ll
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‘”The ca&culation is repeated with this. approximgtion until'
the (m® ¥41 Yth . appruximatioh Ax.in sufficiently: exact. '
agreement with the nth, The iteration method,. 2% a rule,
converges very quickly, so that by a sklllful assumption
of the” “Tegulting distribu%ion. ‘& #ingle: round of:.calculaw
tioh suffices:” Difficulties begin to arise in“the region
of separated flow, ‘whHére the efficiency curves drop very

steeply., - The. procedure neceesarily ‘Foes not’ converge
here, Divergence generally means flow separatiom in the
_’rotor, hente ‘the rapidity of ‘gonvergence, ‘1h a-certain 4
“'denme’,” may.be regarded asa efitebidn for the sxability
of the rotOr flow. ﬁqg,w;.ﬁ,h_,rgi. i - ,

N

The solutions obtained by the foreg01ng procedur
“are "Indidated By ‘thick crioss Tines. ‘in’ figures 256 :to-

- 27. In the region of adhering flow the y/n distri-—
_butlon isigsomewhat uniformized: by the displacement of:
the @y dlstrlbutlon. .‘The -opposite is true when the i~
vflou sebarates. On rotor I bhe QAm ax at the outer;m?

section ls already exceeded for Wo = O 324

The iteration still sonverges. therefore the throughfinw
distribution, is 85411 elearly defined. But ‘from the
marked . decrease. of veldeity in the’ neighborhood” of the
wall, it may be concluded "that the rotop flow is unstable
at around 4 = .0, 324.‘ On zotor Il the §A ok s 1ike~

Wise first reached’ at the outer seetions. Instability is
to. be expected for 8 coefficient @o Aof abdut 0 278

Moneover, 4n this particular case the profiles of all the
sections operate simultaneously in the neighborhood of
Amax "For roter “ITT, on the other Yeand, gAm ‘ecéurs

firsti at the:sections nedr the huh -~ that.ls, at a mean
coefficlent of g = 0,301 - ag a result of the strong

digplacement of the throughflow ‘towarad the-autside.~~Acw
cording to the conclusions so far the rotor flow should

separate at the hubd gfor. a throughflow coefficient some~
what beldw that Just given. T . Ak

If the distribution is calculated for & greater num-~

ber. of mean'throughilow .80 jfioients, the rotor charac—

teristics are readily secured: The quantities %- and -,

for a definite average thf@ughflow coeffiqient _are read
off for each section.-and th'e ‘mean valyes "W and’ T “dre
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'obtafned by 1ntegration Qv ern the whole rotor plane, Fig—

) r,otor III. S

- Slnce the calculation o_ $eiguade vanes manifests .
nothlng subsbantially new the procedure ; is Only briefly

}\’;Tz ,.‘.";' d .
co S ~¥8 first deflne

by means of the sectlon polars for each caseade section,-
The . X*-,Y*-characteristic and thehﬁactgg_lfa “expressing

the exit rotation in fractions of the entrance rotation,
are found by means of diagram I1I and the procedure given
AW*-
¥
lar throughflow c0eff1cient at any Operatlng point X* x*
of a section can be obtained from equation (60) with the
_aid of .diagram IV, Thie calculation of the throughflow .
distribution is similar to that of the rotor by iteration
of a difference equation, which is easily obtained from
equation (24), The exit values of the rotor, obtained
from the rotor distridution calculation for any average
coefficient . P,,. serve. as entrance values of @y, and

,‘01. that is,*in thle part;cular caee “of rotationnfree

entrance into the- rotor“. Pyt _5b_+ Awrotorv and .
L 2 /. . (Sﬁbscript..;, refers to the entrance
N/ xotor’ T
plane ‘of the stator,) If the throughflow distridution
P* for a mean throughflow COefflcient md 'iS'known,”_

then. . the energy lOss itself can be calculated from ‘the

1ndicated. The functicn K(B)

in seetion IV 4, The energy 1053; .for the partieu-

corresnondlng value of $me The average energy loss is

"agaln obtamned by 1ntegration.,e_,_

‘4;v00ﬁp;r150ﬁ of Théofetieallénd Experimental‘Reeults

The rotor efficiency was obtained dlrectly by means
of total pressure measurements before and ‘behind the
rotor, although it was carried’ oyt - along only one radial
., direction, However, s1nce it is fairly safe to assume

rotational symmetry on the rotor, they should permit a
‘reliable calculation of the efficiency, The total head
.tube was insensitive to angle (£15°) withln wide llmits.
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Nevertheless,‘the greatest possible care was taken to
head the tube in the stream direction. Figures 28 and

29 show the distribution of total head increase for sev-
eral throughflow coefficients on rotors I and III, re-
speotively, together with the theoretical curves (dashes)
Figure 29 is. limited to the experimental curve for

Py = 0, 247 since. the profile polars were hnot’ measured far

enough to enable” a.caleulation for thie. throughfIOW coef»
ficient., Begides, the iteration procedure is not: to be -
expected t0 converze for this mesn throughflow coeffi-.
ctient; even here it is apparent that rotor III operates
at a mean coefficient far helow o = 0,301, At this

value, according to the’ foregoing arguments. the maximum
1ift coefficient of the hud section is already exceeded.

Apart from the neighborhood of hud and outer wall,
there is good agreement between the theoretical and ex-
rerimental curves. The latter decrease sharply in the

neighborhaod of the outer wall (f; z‘i>, This is largely
a .

due to the clearance losses. The increases occurring in
the neighborhood of the hub are probably caused by the
gecondary flows mentioned at -the end of section V, 3.

The theoretical curve of rotor III shows a sharp decrease
near the hudb for @, = 0,316. (See fig., 29.) The reason

ig that the hudb profile at the cited mean throughflow co-
efficient is at an angle of attack for which the polar ‘of
the isolated section a1recdy infticaths 14;Lpfjut separar.
tion, The marked diifseren.2 bertwsen theoreti-al and’ ex—
perimental total pressure distridubions itbv.f suggests
that the separation phénomena on the hub prufils do not
cccur .in the same manner as on the isolated profile,
Another unusual fact is that at very high loadlngs the
increases are s1milar to thoge at the hub,

The total pressure distributions of figure 29 for
rotor III were integlated over the rotor section, assum-
ing rotational symmstry {besides the total pressure: meas=
urements of fig, 98, rarther measurements were made but
omitted here for- c;eazness) ~The" throughflow volume and’
the torque on the rotav snaft were measgured s*mv)taneous-
ly with the total Lr-ssdre distribusiion so tuab the rotor
" efficlency ‘can be acmpused by means of the .pl sainetered
total head inurease! If M- denotes the tergus spnlied
ta the rotor shaft, ' ‘the flow per second, % the
rotor” eff1cienay, - MHW = ApgAQ, ar in dimensionless
rotation, :
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‘where F is the cross section of" the blade reglon.“ The”
efflclency obtained is shOWn as ‘a. dotted line in. flgu”e
30, The” 1nd1v1dua1 ‘fedt’ points are ‘idéentified senarately.
Their scatter . is./a measure of:thé certainty-of-the effi-.
ciency-déterminations:: -Figure: 30-also: shows the measured
total pressnre curve. W(wo) and the curve - -

“From>the defidition of efficlency (equation (20))
1t follows,~bv reason of CE e 3f<~w . Sl

dw p(rc wp'\ = T _1?_?&,2f?§rﬁ,

that . ...

SICEFERIIE S AR
o EE

Ffémﬁt&énéﬁﬁiicafibns of the mean value theorem of 1nte~
gral-cadculus, it _can be concluded that fnl ig. approx1~ﬁ
mately ﬁaual to Mghe Likewise:

IR :ffE; "“ d)

,E
2.

PN

V.

Flgure 30 shows: very good agreement of. the curves.

3ﬁ€f_h:h;;

.Thls pnoves that .an any case, the torque theo;etlcally :
obtalned agrees Very closely w1th the acﬁual . For rea= .
sons dlscussed prev1ously.»the theoretzcal curve can bEj
calculated only to ®, # 0. 301., The comparlson of the

curves n(@o)- and accordlngly of the curves W(md)

proves 1ess faVOrable. Ag already seen .from.figures 2& 
and 29, Wth > W The addltional loss, expressed by

n <,ﬁ}h,_ is . atmr;bu+able to the flow phenomena between
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the bBlades and the outer wall, It might be supposed that
“the secondary sflow at - bhe -hub -also-- contrlbutes to-thisg-
losgs.,  ‘But exnermmental investigations, ‘reported subse- '
“quently, indicate that the clearance lo0ss accounts for
the major part. The recalculation of .rotor I and the-
¢omparison with-the- evperimentally determined rotor ef-.
‘ficiency shows approximately the same difference in . effi-
‘ciency of from 0,02 to 0,03, - R :

To sum up, it may be gtated that if the theoretically
calculated. 'efficiency is - reduced od agecount - 6f -glearance
losses (tip clearance 1l npm = 0504 in,):by 0.02 to 0,03,
the rotor efficiency ‘as well as the ‘averager total pressure
rise of the rotor can be accurately predicted.

The determlnation of the total head increaee of " the
entire fan requires the inclusion in the calculations of
the stator and diffuser losses in addition to.the rotor
loss., TFigure 31l (see alsd table 4 for &, = 27, 5%) -shows
the results for rotor I1I and stator 1 of flgure 32 (see

Aa

also table~5 for: 28.,= 0. ooz) and for rotor 111 and
_ , - e ra A

stator II. The differences in- the indlvidual ‘eurves are
prOportiOnal to the energy losses in the é&orrespondingly
identified parts of the fan. The rotor loss was calecu-~’
lated by means of the formulas of section IV. without re-
gard to the additional clearance or hub losses, The same
holds for the stator., The diffuser loss was assumed in
both cases at 15 pércent of the theoretical pressure
equivalent of the ‘axial velocity., Lastly, the 'tip clear—
ance losses were inserted from figure 30, QCurve n'iu

represents the total efficiency obta;ned by this method.
The agreement with the experlmentally ‘determined effi-
ciency, the test points of. which are denoted by circles,
is better in figure 31 than in figure 32, A number of
plaus1ble reasons can’ be given for . the deviatlons' First,
the efficlency of .the hub diffuser was arbitrarily as-—

) sumed. It may be supposed that its efflciency is better
. behind stator,I the thin circular arc -blades of which
cause “thin wakes, than behind stator II with its rela-
tively thick.hlade profiles, . ZBee:ldes.L the hub diffuser
.efficiency is not necessarily -constant over the whole
.operating range, It may be. assumed that g rotation be~
‘hind . the stator leers the efficiency of the "1nner dif-
fuser".(contrary to reference 8), An: additional loss 1is
further effectéd by thée hud flow. on the stdtor walls, .
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+-which surely: depends on-the strongly varying stream direc-—
tion.of the stator bdlades. .The. experiments of .Chrigtiani
and ¢ Keller (references 8 and 8) on stationary . cascades
indigate. that thig. loss :is greater. for stator II. than for
stator:’ I. Lastly,‘the pressure meesurements themselves
.are in.error, due -4o the residual . rotation .and. the non=
uniformity of:the axial exit: velocity, in such a.way that
the measured total head increase is somewhat smaller than
the actual one,

4 An attempt nght be made to apportion the dlfference
between Ny, cand. oM ‘among the péssibilities indicated.
But the-data available at present are few:to allow a
division with-any-claim t0 reliability,. Summing uv, 1t
may be said, therefore, that a definite uncertainty still
fremalns in: the calculation of the total output of a fan,

Ind1V1dually, however 31gnificant coneclusions can
be d;awn from the. dlstribution cof the losses of figures
31 and 32, The predominating effect:of the diffuser
losses at large throughflow coefficients is surprising..
This comparatively large share of the diffuser losses:is
less a result of the increase of diffuser losgses with in-
ereasing throughflow volume than of the simultaneous de-
crease of the:rotor $0tal- pressure boost, . Figure 31 in-
dicates a strong:dinorease of energy losses. for stator I
at ®y < 0,44,  The flow along.stator I has separated for
these'operabing conditions.. . A comparison with the meas-
ured efficlency curve of figure 31 shows this tendency
quite plainly in’ the total" efficiency. - On the whole, it
is evident from figure 31 that .stator I is not. entlrely
suitable- for rotor IIl, .since the operatlng range for
_minimum losses ocgcurs at too great quantities of flow,
'In contrast stator II is substantially more favorable.

Reverting to the dlscussion of tbe p01nt at which:
separatlon occﬁrs. it has already been mentioned that a

" decrease in throughflow coefficient is acccmpanled by an

~increase in angle’ of attack, At rotors I and II the-
maximum 1ift, §A . .oceurs, flrst et the outer sectiois,

”accordlng to figures 25 “and. 26 - ‘that ie, the throughflow
dlstrlbutaon on rotor T can st;ll be definitely determined
for the average @o,* 0,324, ‘The ‘method diverges for a -
‘smaller average throughflow coefficient. The -eritical
mean coefficient for rotor II is '@o = 0 273 Contrari*

wise,ron rotor III 1s exceeded first at the hub

gAmaxﬁ
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secﬁiéns.~'The criticalHmeanncOefficienh fof:the.distribu-
“stion- caloukation -0 @6 ~=-0;301, .:The. .pressurerquantity

'curves for the three totors are represented in figure 33.
It is ev1dent that for rotors 1 'and II the flow separates
_at’ throughflow coefflcients sufficiently c10se -to-'those
given previously, while for rotors III the  flow adheres
down to P, = Q,245, “The total- efficfency -curve (figs.
Bl and ‘32) i's), in fact, ‘steeper for @, <“0,3 than for

‘mo > 0.3, but the'steddy incredse of.- ‘the curve. W(mo)

proves that the flow can not properly ‘begaid to have
separated as. yet, These, facts lead to the conclusion
‘that exceeding gAmai gt the hub sections does not have

‘theé same-significance as- &t the. outer sections,' It there-
fotre: remalns toibe proved: whether the separation of. flow
at @, = 0,245 can be correlated with exceedlng Ea: -
at the outer sections.- . . S ‘ ~‘.maxh

For tnls purnose flgure 27 15 used again,_ Although,
cas” has boen  explained earlier, .an” increased. solidity A
shift's"the point. of separation of “the. outer sections to—
ward lowe¥ ‘throughflow velacities, this fact alone is not
sufficisnt t6 explaln the preservation of & stable flow
conditlon dowa t6 . @y.-= 0,245, PFigure 27 shows that
gAmax' 1s already exceeded at ¢°‘* 0¢29. on.the outer

section. "But, rememoering that the throughflow ve1001ty
on rotor ITI 1s appreciably’ higher near ‘the outer wall
than the mnean throughflow velocity; it "can, in fTact, be
proved. that separation of flow:alone at.the outer profiles
causes senaratlon of the entire rotor flow, -Since the
1teratlon nrocedure for. the distridution calculatlon falls
~for- @o“< 0,3 because of the difficulties at the hub.pro-
files, there remaing enly extrapolation with which.to de—
termlne the ‘increase of throughflow- Veloclty near the
outer-‘wall Ffor the médn throughflow Qo= 0u245,  To this
end Po(R=0,98) ~ Po was plotted against ¢, in figure
34 for. the_ three rotors, The experimentally determined
crltlcal throughflow coefficlents ‘at which the rotor flow
separates are 1ndicated by dot*dash lines parallel to the
.ordinate axis. For rotors ‘I 'and Il the" gquantity

¢o(3 0,96) — ¢° lies’ on. a’ stralght llne vp..t0. near the

separation point., Assuming the same, for rotor III the
:extrapolation (dotted line).gives for ¢o(n 0.96)= 0.288

the valus’. TPy =: 04245, ¢ This coefficient 1s,then approx-—
imately attained 1n the section.near the outer wall wvhen
rotor flow separation occcurs, As is seen from figure 27,
this is exactly the value at which the section efflclency
falls steeply.
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. In point of ~fact, tuft observations indicated ‘that |
sepafation ‘always, setsin first -at the .outer walkl, . Subse-
.quent to separation the flow reverses. in such a, .way that
,comparatively quiet f10w with large axial velocity pre—'
vails near the, hub while’ the flow reverses "toward the’
outside. .. For the reet it may, be noted that at rotor flow
separatiOn all the. pecullarities known from polar meagure~
ments arose above .the. f, '~ . i that 13 to say, prolonga~
max -
tion by cautious.throttling, later readhesion of flow npon
reduction of . throttling,. ... ..
. Ths conclusion from the foregoing considerations of
experiment and theory. the lattér being valid only for
Pg 2 0.3, is that the outer gection alone 4is responsible
“for the breakdown of “the .entire rotor-flow, -The.relia-
bility of tHis method is chécked -hereinafter.by a con-.
sideration of the physical processges of the- experiment:
The boundary-layer flow on a rotor blade is illustrated
in figure 15, . The strong deflection of the boundary
layer on the suction.side near the hud is eclearly evident,
This process presumably is . c¢aused by the combined agtion
of the centrifiugal force on-the boundary layer, together
with the hub .flow mentioned at .the close of section V,
In its net effé&dé¢t .on the main flow it is about equivalent
t0 a boundary-layer suction. at the. sections: near the hub.,
The deflection of the boundary- layer flow apparently is
stronger with increasing boundary~layer-thickness, and -

thus effects a stabilization of flow above the Amax

value of the isolated section.: At the same time, the.
glide angle .€ "does not increase as much as on the iso—
lated section, A direct consequence is.that the effici-
ency of the- sections near the hud itself does not ‘drop, as
i rapidly as figure 27 indicates, -The reason . for the fail—
ure of the throughflow distridbution calculation also =
emerges, . and the extrapolation -made above ig in fact re-
liable., Ny

The question now arises. as to why th:s stabilization
of flow does not show up at the outer sections, and why a
substantial outward deflection of flow.for these sections
could not be observed at all. "The basis for a deflectioen
of boundary-layer flow is naturally a minimum boundary-
layer thlckness‘ whieh can only be exceeded on ‘the suc-
ti'on side., -But in the outer parts of the dlade, centrif-
‘ugal force and hudb flow .(see sec,. V) work against. each
other, so that the net effect prepisely cancels out,
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o To- prevent misconceptions the following should be
noted:  The rotor flow separation discussed- here~has -
- nothing to do with, the stablllty condition : e

.~ —-<——n+ é >,> 0. set up ‘at the 310se of sectlon VI

In the case in point Oy = 0, and the express;on vanishes

for 0 = g; g% <. Asis éadily. ascertalned from figure 27,
n must assume the value 0,51, For such an efflclency,
however, the process of flow separatlon is’ already far
advanced . S

The following may be said by way of summaryv If _
. several rotors have been designed for the .same operatlng
- .point, the one the blade chord of which. increases mos?t
strongly toward the outside will achieve the lowest
throughflow coefficient,; . It is t0 be supposed that the.
“blade.chord increase of rotcr III does not as yet repre-
sent the best in this respect, Naturally, the total head
boost becomes more nonuniform for rotors with blade chOrd
,1ncrea31ng outwardly; the greater is the deviation from the
design operating condition, But this is of secondary im-
portance on fans designed to onerate over a large throt*
tling range. . Ce

A different plot of the fan characterzstic ig chOSen
to bring out the greater throttling achieved by rotor III
as compared with rotors I and II.  The flow resistances
to be overcome by a given fan are prOportional to.the
square Of the throughflow velocity, “"The magnitude of the
proportionality factor is a direcvt measure. of the throt-
tling strength; Setting w 5; ¢°§ it follows, from

e T

these G0n51derations that dd& is 1nverse1y proportlenal
“to the throttling, and deereases with increasing. throt~g
tling, Figure 35 gives the curves . P and "N, as func-

tions of O, It is ev1dent that the max1mum attainable
throttling with rotor III:is: about- twice as great as. with

'";rotor T It follows from. tha@dafinition of .the ghrottllng,_

b8 S S ademt B LN o

%3

Do o t

creasing @o 5‘ -as well as by 1ncre351ng :Wmax'; Figures

25 to 2% or. 3l show that both measures may be- used in. the
rotor famlly I to III,

coefflclent 0:#- can be reduced by de—
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Figure 35 shows ta sgmal k- effmciency -decrease of rotor
III as compareéed -with rotor:I. - This: is largely -due:to ‘the
fact that the actual exit - eﬂergy ig. greatery.than the meas-
ured exit energy when the axlal exlt velocity 15 nbt con—
tathn.

.VIII. PURTHER BXPERIMENTAL RESULTS " -

| ."Another rotor, in-addition to. rgtors.I to III, was.
experimentally investigated. The design of rotor sITI ..
specified a mean throughflow coefficient Po = 0.45 and

a pressure ‘coeffidient W =:2:2¢¢ The.model hdd 13
blades W1th proflle chords 1ncrea51ng ‘toward “the outside.
The rotor “data’are- given- 1n flgure 36 and table 3. Slnce
the blades on all Totors ‘wete adgustable, ‘the- pressure~%
quantlty gurves . ¢ould be measu¢ed ‘for variows blade. -
_angles. The ‘plade’ settlng ‘is7defined’ by the blade angle
?51(3 O 96) of- the proflle at R“& 0.96.. -The ‘angle 63°

)-iused in the theory is related to the angle of 1n01dence;

5, by..§ -.90° - 81.. Stator I.wag used in the ‘tests with

the- flrst of the three rotovs, and stator II with rotor‘
IV, and the same stator was retained for all the blade
angles although still more favorable results could have
.been achieved :by the use of different stators, each

. suited to a particular blade angle.- The measurements -
were made-at rotational speeds ranging-between.. 1700 to..-
2500 rpmy . Figures 37 to 40 give the test results in %
sgraphic: form while table 4. con*alns the correspondlng
numegrical valuess: e C :

- Phe foregoing investigations (table 3) disclosed the
need for the inclusion of the clearance logses in the
rotor calculation. To 6btain a somewhat more reliable
foundation for it, rotor III with blade’ angle’ 81(3_0 96)

= 27, 5° was progresslvelv turned ‘down, the clearance be—

,tween blade and - outer wall belng correspondlngly enlarged
“The nerfbrmance of rotor I1T1 in combinationiwith stator’

;11 ' waé medadured at every step. - The measured results are

plotted agalnst Oy in flgure 41, since, according to

'the prev1ous dzscus31ons, ‘rot only the efflciency “but also
-the max1mum attainable. throttling must depend on the
clearance, The numerical values are givern'in table 5.
“The ' reduction in efficiency-is mést apparent," The
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efficiency is plotted against.the ratio s/2rap in figure
42 for the throttling coefficients o, = . 0,32, 0,64, and
1,14, where s 1is the clearance and 2r,  1s the original
roton dlameter (500 mm) The efficiencies are readllJ X

trapolated to zero. clearance since n(z >_ can. be Tepre—

sented sufficiently exactly by ‘a stralght ‘1ine, There is
an efficlency reductlon of 0 02 to 0 03 for the normally

exlstent clearance §§~w=*0’002 It is of ‘the ‘same order
Ta

of mmgnitude as that determined prev1ously by altogether

different means, Slmultaneously with ‘the reduction in

efficiency, here is an increase of o, min _with clear— -

ance iancrease, " The dotted line connectlng the maximums of

the ¥V -curves in figure 4} gives o in® In contrast
m

.bo the linear dependence of efficiency on .clearance, there
is a greater change in '°°mi for small clearances than

for larger ones,'

Translation by Wm, Nutterperl
National Adv1sory ‘Committee °
for Aeronautics,
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Flgure l.~ Deflnltion of the performance of a rotor blade
element.>~~ .

Figure 2 - The axial velocities induced in the plane
-0 by a trailing ring vortex element are doubled
by geometrlc reflection in this plane. all other velow.
city components being. canceled. . .

Figure 3.~ A ring of cross section @xdr, which inter-
sects an axial cascade, cuts an element dsdr out of
each blade, and dx = ds cos B,

Figure 4.~ An element on the pressure side, of unit length
radially, exerts an axial force & Sy = -.pg |da(rB4)|.

b(red)

on the fiuid{ Since id(red)! £ - 3 dx - then
. , x ) X
5z P4 T3y - Correspondingly, for a suction-side
x . R
38g . d(re. )
element, "é;‘" = r Pg -—-—a-;—*—-— .

Figurei5?(ieft).;ﬂVeiobity“diag}éﬁ.Sf cascade. flow, .

Figure 6 (right ).~ Resolutlon of forces on a-segtion in
cascade._

Flgure 7w Diagram I for the calculation of rotor section
. characteristics, The family of curves |k} = A'uigAﬁ

: <1_+ coz é) ‘isugivenfin'the.diagfaﬁ.h The stream’ -

direction at the location of. the se¢tion,.defined by
the angle B, 1is given by the. famlly of straightn
lines all going ‘thromngh the point X =.0, Y = 4, The
line for. 555 By -intersects the x-axis in the. point
X = ¢o%, B X = Q.ML(For very large. cot Bo,‘ the.
stralght lines cut the ordinate line X = 0,5, which
‘has_ the séale” tan’ B,; in the point tan B = tan B, ) -

For a given'section, then,‘since B = 6 + O, the pa—
rameter K is khown as a function dbf B from the
section-polars. The:oPerating point . X,¥: is given
as the interseoction of the straight line B 5 By and
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the corresponding curve. . K. = K(Bg). ~ If an operating
point X,,Y, is given, then the corresponding values
of cob B, . and _K(B,) can be taken from the diagram. .
After a choice of A' gAg " and thence the angle of A

atpqgk_ o agﬁwobta;ned by iteration, The scale
‘ﬁiﬂ;j%imgiﬁeévfﬁé'tangéﬁtiaIﬁV829qify‘{e;atiye to the

rotor as a fraction of the entrance rotation:

) 'ﬁj Wul -

Figure 8.-.Diagram Il for the caléulation of .rotor effi-
cliency: The solid line ellipses are the curves T4
= constant, the dotted ellipses are the-curves 'fp
= constant. The efficiency is

Figure 9.~ Diagram III for the calculatlon of section
cnaracterlstlcs of stationary guide vaheS. The dia~

‘Pgramfgives:the family of curves _JK}-= Al igAg‘
(l + —;%—é) The stream angle B at the lécatioh of

the Section is: glven by the'famlly of parallel llnes
Y*_Y*
fefee = -4, . and 'the-line for B = B,
X* - X * Wi e

of . slopeé

'1ntersects the X*—aX1s in thé. p01nt X* = tan B,

For a given section then ‘31hce B,E 8 + a, the pa-
rameter K''is known ‘as’ a function of B from the-
section’ polars.n The operatlng n01nt X®,Y* ig the
1ntersect10n of the stralght llne 'E'= BO’ With the

"corresandlng curve K= K(Bg). I? an Operatlng ‘point
X * Y “* ‘1s glven 1n1t1ally. then the correspondlng

'tan Bo ~and. K(B,) ..gan be taken frOm ‘the dlagram.
~:After choosmng h’ tﬁAg : and thence the angle of
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- attaek’ @  are. caleulated.by iteration. ~The dotted -
line denotes the operating points with no’ rotation at
exit, If a straight line is drawn through the operat-
ing point . and the origin, the intersection. of-this.

~line with.the. scale. f, gives the exit rotatzon in

fractions of the entrance rotation.

°u2» 1 ;:': Yup L

Figure lO.w.Diagram IV _for the calculation of the energy. .
1osses of guide vanes: ‘ . e e

A\U* = Agw(q}*)a

Flgure 1l.~ Coordinates for the calculatlon of the thick-
ness correctlon.

Flgure 12,~ The profile angle of attack for pump cascades
is lowered by the disturbdance velccity due %0 finite
blade thickness,

Figure 134~ The profile angle of attaclk for turbine cas~
.cades is increased by the disturbance velocity due- to
finite blade thickness. Co

. Figure 14:(right).~ Schematic representation of.the or:gin
of the secondary flow for stationary cascades with end
plates. . . : . ,

Figure 15 (velow).~ Boundary layer flow in a blower rotor,
The dotted lines denote the’ corraspOnding cylindrical
sectiong,

'Flgure 16,» Sketch of the blower test stand.

F@gur§w17,7,3;ade of the eight-blade rotor. I, (See table
I‘.. . . AR S V. L . . - A

‘Pigire 18,- Blade of 'the eight-blade roter II. (See

Figure 19,- Biade of the eight-biade wotor III,. (See
table l ) L .

Flgure)ZO.n Blade of the 'nine-blade atator I, (5ee table
39'
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Flgure 21,-"Blade- of the nlne—blade stator II '(Seé“
table 2 ) e e

Flgure 22 (lower right) Gascade coefficlent 'k
for ‘rotors I, II, and III:, —~—*-—-F1n1te blade thlck—

ness coefficient;aDAg,g.q

Figure 23,- Section characteristics for rotor III; — ——
for k=1, D= 0; —————=for D =.0, but taking the
cascade coefficient k -of figure 22 into account.

Figire 24,- Section characteristic¢s for rotor III:—  — —
takes into account the cascadé cosfficient of figure
22 but D = 0 (see fig. 23); ——— takes into account
the cascade coefficient  k and the thickness correc-
tion DA2 of figure 22.

Figure 25,- Section chéiécteriétics'fbp“fﬁﬁr sections of

r T

. rotor I. e -+ == 0,98 —— — = 0.80;.
ERRAR e TR e o T

. ol 0.64;-—~——;-= 0,52, ‘The thick

a
cross llnes denote the operatlng DOlnts of the 1nd1v1d~
unal sections operating together. . :

~F1gure 26 ~?Sect10n characterlstlcs for four sections of :

: ‘ ‘y . r
rotor II. + + o= O 96 *—~—~—~;~ = O 80;
a a
e .- - H r - . . - L 11’ P “ e Lo, B . .

a a .-

cross lines denote the operating points of the individ-
uwal sectioms operating togethér. ~ - T o

Figire 27.- Section characteristics for four séctions of

rotor III: + o+ = = 0,96;— — ——— = 0,80;
o L L '.‘:“,V‘_r . -e I‘.a . - .,)Ia . ‘.

r r s o
CTTTT ¥R % Oh84i—— 7 = 0,52, The thick

crogss lines denote the operating points of the individ-
- ual sections operating together. .. . .. . . : ;
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Fféﬁiéozﬁi%.Diétribufioﬁ*of total 'head increase for rotor
(-—" - o 96 : . PEEAR R . ..

‘:“"~?—~from thaOry,

Figure 39.~ Distribution of total head increase for rotor

III Bl( | > ‘27, Si} wé;———from experiment
= 0 96 et AR

and——--~*from theory.
Figure 80 (lift)=~»Average rotor characterzstics for

C.96

torque curve,-~--o-n~measured total head curve and
measured efficiency, theoretical mean curves.

rotor II1 %1< ~ N\ = 27 5°-—‘~— ¢ — — measured
a

Figure 31 (right) --Blower characteristic for rotor 111 -
i N = 27 5° and stator I, The experimen~
(«—-— 0. 96)

tally determined p01nts are denoted hy zero circlas.
(See table 4 .

_Figure 32.- Blower characterxctic for rotor III

{8, = 28°] and stator If. The experimen-
tally determined points are denoted by zero circles.

(See tadle V for +32— = 0,002.)
zra

Figure 33;~ Pressure~quantity curves for the dlower in-
stallations: Roter I, II, and III each with exit guide
vanes I (Blade anglea in accordance with figs, 17 to
19,

Figure 34.~ Extrapolation of the throughflow coefficients
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) r
for -the segtion ,;Tu=-0.96;'from the mean throughflomf
T a

,coefflclents for whlch the tests 1nd1cate separation
'6f the rotor flow.

Figure 35.,~ Experimentally determined blower characterls-
tics for the blower unit: Rotor I, IIy and III with
stator I downstream, as a function of the throttllng
coefficient  Og. - The-rotor blade ‘angles correspond.

to flgures 17 to 19, (See table 4,)

Flgure 36.,~ Blades of the 13~b1ade rotor IV (See table
3 .

Figure 37, Experimental blower characterlstlcs for rotor
I gnd exit ‘stator “I''st various rétoér blade angles.~
(See tadble 4.) : :

Flgure 38.- Experlmental blower characterlstlcs for rotor
IT and exXit . stator I" at varlous rotor blade angles.
(See tadled.) =~ s7u T

Figure 39.~: Experimental blower characteristics: for rotor:
III and exit stator I at various rotor blade angles.
- {(See tabdle 4.) - A o

Figure 40,.~ Experimental blower characteristics for rotor
IV and exit stator II at various rotor blade angles.
‘(See table %.)" . R A

Figure 41 (left),- Experimental blower characterlstlcs .
for rotor IIT and exit’ stator II for various clearance's
between rotor blade and hou31ng.

Figure 42 (rlght).v Experlmentally determ¢ned reductlon
in efficienecy of rotor III and stator 1] with increas-
ing tip. clearance.. .. -

]




Table 4

Table 4. Blower characteristics for rotor I. é——%— = 0,002, Stator 1.
. . . a
=180 8 =28° s =300 4 =38 3 ;=48
Yr _ . fr r Al r i/ r
(Fe=049) I (-008) (72 = 09) (7 = 08) (72 = 0:6)

Pe 0 g % | ¥ g Fo v | w Fo v | m % | 7 | .m
0,340 | 0,082 | 0,791 | 0,466 | 0,142 | 0,893 | 0,536 | 0,005 | 0,698 | 0,670 | 0,216 | 0,827 | 0,662 | 0,283 | 0,775
0,331 | 0,105 | o, 0,435 |- 0172 | 0.8 0.479 | 0,153 | 0,823 | 0,540 | 0,232 | 0,837 | 0,580 | 0,277 | 0,703
0,311 | 0,139 | 0,875 | 0,394 0,212 | 0,880 | 0,445 | 0,189 | 0,863 | 0,500 | 0,263 | 0,833 | 0,505 | 0,250 | 0,558
0,288 | 0,162 | 0,882 | 0,370 | 0,231 | 0,868 | 0,402 | 0,223 | 0,857 | 0,448 | 0,273 | 0,803 | 0,409 | 0,239 | 0,462
0,260 | 0,189 | 0,885 | 0,354 | 0,243 | 0,860 | 0,362 | 0,251 | 0,844 | 0,393 | 0,264 | 0,688
0,240 | 0,213 | 0,855 | 0,336 | 0,254 | 0,840 | 0,342 | 0,260 | 0,823 | 0,364 | 0,261 | 0,628
0201 | 021 | 078 | 0'avs | ool | 9309 | 0a%n | aon | Gasa | M| %8| 0088
'0,154 | 0,175.| 0,578 | 0,220.| 0,204 | 0,560 | 0,241 | 0,201 | 0,547 ‘

Blower characteristics for rotor II. QST = 0,002. Stator 1.
. a v
YA =18 | b/, = 280 b1/, = 380 . = 48"
: (r—“ - 0,90) (; - 0,96) (; = 0,96) (ﬁ - 0,96)
| Fo v e - P v Mg Po l ¥y Mo %o v N

0364 | 0083 | 0714 0482 | o048 | 0799 | o591 | o022¢ | 0806 | 0694 | o032 | o783

0344 | 0110 | 0,790 0,466 | 0165 | 0827 | 0,566 | 0245 | 0833 | 0655 | 0327 | 0790

0313 .| 0159 | 0850° | 045¢ | 0181 | 0863 | 0523 | 0266 | 0820 | 059 | 033 | 0757

0,293 | 0,186 | 0,860 0412 | 0222 ; 0468 | 0297 | 0807 | 0472 | 0203 | 0,547

0282 | 0,200 | 0,860 039 | 0250 | 0.857-| 0428 | 0308 | 0770 | 0,400 | 0270 | 0467

0266 | 0213 | 0,837 0350 | 0272 | 0820 | 0395 | 0307 | 0723

0250 | 0,233 | 0,830 0312 | 0296 | 0783 | 0384 | 0300 | 0643

AR IR AN IR AR AR

0166 | 0211 | 0572 | 0229 | 0221 | 0,545

Blower characteristics for rotor Il 2it = 0,002. Stator I.
. . a,

8y - =T15 Sy/p =175° .| &, = 27,50 LI =376 | &, = 47,5

o) Ge=os) (Fo=0se) (o=oan) ™| P(m0es)

Po v ol Po v  |. % |. ¥ Ny P v . | e ¥ |
0,200 | 0,062 | 0,598 | 0,357 | 0,075 | 0,673 | 0,465 | 0,145 | 0,770 | 0,635 | 0,039 | 0,600 | 0,653 |- 0,207 | 0,758
0,189 | 0,087 | 0,683 |.0.331 | 0,099 | 0,744 | 0,459 | 0,265 | 0,810 | 0,586 | 0,218 | 0,790 | 0,613 | 0,310 | 0,746
0,177 | 0,113 | 0,728 | 0,297 | 0,144 | 0,797 | 0,436 | 0,083 | 0,820 | 0,518 | 0,262 | 0,800 | 0,576 | 0,324 | 0,737
0,158 | 0,151 |. 0,746 | 0,283 | 0,171 | 0,820 | 0,412 | 0,227 | 0,848 | 0,467 | 0,200 | 0,782 | 0,492 | 0,338 | 0,678
0,134 | 0,180.] 0,717 | 0,258 | 0,202 | 0,800 | 0,390 | 0,240 | 0,840° | 0,432 | 0,311 | 0,755 | 0,416 |.0,295 | 0,527
0,109 | 0,200 | 0,659 | 0,233 | 0,232 | 0,776 | 0,368 | 0,260 | 0,820 | 0,379 | 0,326 | 0,707 | 0,372 | 0,277 | 0452
10,084 0,230 -| 0,593 | 0,206 | 0.25¢ | 0,728 | 0,348 | 0,273 | 0,805 | 0,353 | 0,326 | 0,865 -
0,071 | 0,236 | 0,542 | 0,185 | 0,263 | 0,710 | 0,333 | 0,284 | 0,793 | 0,322 | 0,303 | 0,590
0,055 | 0,251 | 0,448 | 0,156 | 0,261 | 0,687 | 0,303 | 0,295 | 0,770 | 0,257 | 0,232 | 0430

: , 0,300 | 0,306 | 0,756 |
: 1k . . 0,287 | 0,308 [ 0,727 | ... | . ...
[0 B L s C RS TELY e 0,267 | 0,314 | 0,700
0, 0,318 | 0,863
) _l o B 1 0,192 | 0,323 | 0427 | 1
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Tables 4(cont.),5

Table 4.(Continued) Blower characteristics for rotor IV. 2—3;.— = 0,002. Stator II.

a
8y =9,5%3,/r =19,5%6,/ |\ =24,6%68,/r =29,6%6,/r =34,5%0,/r =239,6%0,/r =44,5°
A= 0ee) T N7~ 000) (F=~0s0) (7 ~os0) (f=0s0) (72 =0m0) ‘(7o)

P | ¥ Ng Po y e Po- | ¥ | N Do} ¥ Ng. | Po y g Po k4 Ng Po ¥ Mg
0,233, 0,082 0,587| 0,377 0,092/ 0,646/ 0,436/ 0,126/ 0,710/ 0,602/ 0,166/ 0,744| 0,572| 0,213 0,754 0,628| 0,266/ 0,780| 0,682| 0,312 0,766
0,220, 0,131 0,723 0,351/ 0,128 0,725/ 0,415| 0,168 0,780 0,475| 0,221 0,798/ 0,627| 0,273/ 0,809] 0,597 0,298/ 0,795/ 0,649 0,350/ 0,798
0,210; 0,156 0,773 0,334; 0,181 0,797 0,395} 0,211, 0,810, 0,438) 0,270 0,825} 0,483) 0,319| 0,815| 0,666/ 0,325] 0,800/ 0,613 0,377| 0,798
0,197/ 0,192/ 0,778/ 0,297| 0,255 0,842/ 0,357| 0,270( 0,8301 0,391/ 0,326( 0,823 0,458| 0,342| 0,823/ 0,616 0,371/ 0,810! 0,555{ 0,417] 0,797
0,178!0,230| 0,780 0,278| 0,272 0,828| 0,328 0,301/ 0,820| 0,357, 0,361/ 0,822 0,418| 0,378| 0,805| 0,489| 0,386/ 0,800| 0,517 0,433| 0,791
0,158 0,260t 0,743| 0,250/ 0,317} 0,800| 0,313/ 0,326/ 0,820/ 0,330| 0,378 0,796] 0,379| 0,411} 0,797} 0,441( 0,417| 0,790{ 0,453 0,441{ 0,753
0,132, 0,290, 0,708 0,220| 0,341] 0,760| 0,276} 0,358 0,790| 0,288 0,400/ 0,747| 0,348/ 0,427| 0,765/ 0,394 0,442/ 0,760) 0,432 0,453} 0,734
0,097 0,314i 0,685| 0,206/ 0,347 0,723( 0,235/ 0,377 0,720/ 0,256 0,413 0,711 0,317 0,428| 0,733| 0,380| 0,439/ 0,750| 0,336/ 0,316( 0,511
0,061]0,352]0,428| 0,164) 0,284 0,54@ 0,183] 0,251 0,480| 0,185( 0,256 0,410| 0,228} 0,249] 0,446 0,283 0,262| 0,476

Table b6.Blower characteristics for rotor I1I. (S,( ' ) = 289, Stator IIL.
Ta )
s s - s
D 0,002 : D 0,004 D 0,006
Po Y Ng ) Po Y g Oo Po . Y Ng 0o

0,451 0,137 0,773 1,50 0,442 0,131 — 1,49 0,440 l 0,132 0,710 1,47
0,443 0,165 0,800 1,263 0,428 0,151 — 1,21 0,432 | 0,148 0,740 1,26
0,426 0,179 0,817 1,010 0,416 0,195 —_ 0,885 0,415 0,170 0,770 1,01
0,401 0,211 0,840 0,760 0,388 0,208 0,827 0,721 0,388 0,207 0,790 0,725
0,380 0,240 0,840 0,602 0,372 0,231 0,813 0,598 0,374 0,229 0,800 0,612
0,368 0,254 0,846 0,531 0,343 0,291 0,820 0,403 0,347 0,262 0,810 0,459
0,351 0,273 0,845 0,454 0,313 0,292 0,798 0,335 0,317 0,293 0,790 0,342
0,340 0,288 0,842 0,402 0,290 0,309 0,784 0,271 0,289 0,304 0,780 0,274
0,322 0,304 0,830 0,338 0,267 0,315 0,744 0,226 0,258 0,300 0,720 0,221
0,308 0,317 0,824 0,299 0,214 0,237 0,560. |. 0,193 0,212 0,228 0,550 0,197
0,300 0,324 0,820 0,276 .
0,279 0,333 0,795 0,233
0,256 ‘| 0,339 0,750 0,193
0,187 0,217 0,449 0,161

s s . s

. D 0,008 D 0,010 D= 0,012
Po k4 Mg i) Po Y. g ) Po L4 Ng 0p
i . ’

0,439 0,129 0,690 1,49 0433 [ 0,124 0,678 1,51 0,423 0,121 0,674 1,485
0,409 0,166 0,747 |- 1,01 0,412 0,161 0,737 1,05 0,397 0,156 0,714 1,018
0,386 0,203 0,780 0,730 0,383 0,199 0,773 0,739 | 0,371 0,185 0,733 0,744
0,366 . 0,222 0,788 0,602 0,367 0,216 0,777 0,622 0,360 0,212 0,763 0,612
0,338 . 0,255 0,786 0,448 0,331 0,247 0,763 0,444 0,326 0,233 0,744 0,436
0,310 0,283 Q4,780 0,339 0,300 0,266 0,750 0,352 0,297 0,254 0,732 0,347
0,282 + 0,202 0,744 0,272 0,268 0,268 0,700 0,264 0,295 0,256 0,730 - 0,340
0,258 0,271 0,686 0,245 0,255 0,262 0,670 0,247 0,253 0,251 0,660 0,254
0,243 0,262 0,660 0,226 0,237 0,243 0,615 0,231 0,238 0,241 0,628 0,234
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|

Cascade plarre =0

Figure 1.- Definition of the Figure 2.- The axial velocities

performance of a induced in the
rotor blade element. plane x = O;

Figure 3.~ A ring 6f'cross Figure 4.~ An element on the
' section dx dr; pressure side, of
, unit length radially;

(A list of complete legends ie given at end of text.)

g . W*i“t T
o .
0\

§§{ ket b e o
Gyl §$; %?;L% :

Figure 5.~ Velocity diagram Figure 6.~ Resolution of forces
-0f cascade flow. on a section in

cascade.
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Flgure 7.- Diagram I for the calculation of rotor
section characteristics ’
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igure 8.~ Diagram II for the calculation of rotor eff'icienoy;
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Figure 10.- Diagram IV for the calrulation of

Figure 9.- Diagram III for the ¢

the energy losses of guide vanes;

alculation of
istics of station-

section character

ary guide vanes;
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Section A-8

Fig. 12 Fig. 13.

Figure 11.- Coordinates for
the calculation
of the thickness correction.

Figure 12.- The profile

" angle of attack
for pump cascades is lowered
by the disturbance veloecity
due to finite blade thick-
ness. :

Figure 13.- The profile
angle of attack
w0 for turbine cas-
. cades is in-
7 creased by the
“*&\,g‘ disturbance ve-
: locity due to
finite blade
thickness.
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Figure 43.- Ex-
perimentally de-
termined. reduc~
tion in effi-

- clency of rotor

0% III and stator

064 II with in-

*.[] cTreasing tip . . .
clearance.

]

rew 4
77 rotitle volve

Figure 16.~ Sketch of the blower test stand.
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Figure 15.-~ Boundary layer flow in a
blower rotor. The dotted
lincs denote tho corrcsponding éyline

drical sections.
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Fig. 17,Table 1

Drrection.of
rotfatiar?
\

Figure 17.- Blade of the
8-~bladed ro-
tor I (see table 1).

o°

Table 1.
8 b laded rotor I
r ; d
= i T gy =90—4d
0,562 78,80 0,140 49,25°
0,64 72,14 0,128 41,60°
0;80. 63,556 0,099 35,20°
0,96 54,50 0,081 30,000

‘Profile ordinates
X [0 [126({250] 50 | 756|100 |150 {200 |30,0 |40,0 [50,0 [60,0 [70,0 80,0 [90,0 {950 | 100

r Y, | 470] 7,44 | 9,00 | 10,22 |12,30 | 13,45 | 13,78 | 15,58 | 17,08 | 16,70 | 15,58 | 13,80 [ 11,30 | 8,20 | 4,57 | 2,52 | 0,45 .
=082y, | 470):2,79 | 2,05 | 1,52 1,27| 1,31|"1,32| 1,65 2,17 2,64 2,70| 3,05) 1,64| 1,60 | 0,89 | 0,39 | 0

r Y, | 3,74 6,10 | 7,35 | 9,20|10,42|11,50 12,80 {13,70 | 14,35 | 14,03 | 12,88 | 11,42 | 9,25] 6,71 | 3,76 | 2,08 | 0,42
=00y, 1374) 241 | 1,88 | 1,33| Li2| Li2| 1,13} 1,26 1,53| 1,66| 1,72| 1,79{ 1,38] 1,03 | 0,61 | 0,20 | 0
r_ Y, | 2.86| 4,64 | 5,55 | 6,84| 7,74| 852! 0,50(10,22:10,77(10,562| 9,58) 8,38] 6,82 4,87 | 2,74 | 1,89 | 0,31
7 =080y, | 286|195 | 148 | 096| 0,65| 0,63| 0,61/ 0,63 0,87| 0,99 1,09| 0,04 0,87| 0,66, 0,31 | 0,25 | 0
r _ogs Yo | 261|397 | 470 | 550| 635 683| 746| 778! 808| 7,80 7.34| 843 514| 3,67 | 217 | 117 | 0
=096 y, | 261169 1,90 085| 059/ 037/ 018/ 0 [0 [0 [0 [0 [0 |0 0 [0 o
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Fig. 18,(Table 1 cont.)

Figure 18.- Blade of the

8-~bladed ro-

tor II (see table 1). -
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Table 1 (continued)
8 bladed rotor IL
r d .
';: T_ , 0y =90—9
0,52 80,74 0,149 48,75° !
0,64 80,20 0,130 40,500
0,80 80,06 0,098 33,000
0,96 79,50 0,081 28,000
Profile ordinates
0 L2525 {50 |76 |100 [150 |20,0 [30,0 |40,0 50,0 [60,0 [70,0 ;80,0 :90,0 |950 | 100
4,78) 7,73 | 9,39 11,62 | 13,50 | 14,85 | 16,91 | 18,30 | 19,70 | 19,70 | 18,70 | 16,85 | 14,21 | 10,65 | 6,08 3,40 | 0,59
478( 2,04 | 2,38 | 2,03| 2,04| 228| 3,00| 4,22| 4,88) 557| 582| 550 4,80| 3,75| 1,51 | 1,18 | 0 -
3,64/-6,49 | 7,75 | 9,61 | 10,30 | 12,00 | 13,65 | 14,70 | 15,90 | 15,65 | 14,60 | 13,10 { 10,95 | 8,10 | 4.06 | 2,67 | 0,54
3,64| 237 1 2,06 | 1,60| 1.42) 1,47} 1,81) 2,22| 2,86; 339 3,62| 3,45] 2,97| 2,28] 1,37 | 0.85 | 0
2,87 4,67 | 563 | 7,62| 8,12 9,00(10,20{10,95(11,50{11,28|10,50 9,25 7,75 5,30] 2,77 | 1,45 | 0,50
2,87| 1,87 ) 215 | 1,25| 1,03 1,05 1,25/ 1,40( 1,67 1,87| 2,00] 1,87| 1,60| 1,25| 0,65 | 0,35 | 0
231372 | 439 | 544| 6,16| 6,741 7,63| 7,92] 810| 7,75| 6,92 594| 4,74 3.40| 1,88 | 1,13 0,50
231 1,53 | 1,16 | 0,63 038! 0,20 013( 0,08] 0 0 0 0 0 0 |o 0 0
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A

Figure 19.~ Blade of the
8-bladed ro-
tor III (see table 1).
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Table 1 (continued)

8 bladed rotor 11l

¥ f d _ .

T l 1 T 5, =90—49
0,52 80,70 0,150 49,05¢
0,64 85,40 0,129 40,250
0,80 91,00 0,098 32,700
0,96 97,80 0,081 27,500

Profile ordinates

Fig. 19,(Table 1 cont.)

2,50 |

7,5 |10,0 [150 [200 {300 [40,0 (50,0 60,0 [70,0 80,0 |90,0 |95,0 |

X o 1,2 50 100
o | 446 7,30 | 8,69 [10,65 12,40 13,50 | 15,10 16,20 17,20 | 17,00 '45,70{13,80 11,10 8,19 | 4,58 | 2,60 | 0,50
=082y, | a6 (260 | 198 | 1441 124) 1,24 161 178| 2.23| 2,73 273] 273| 235|174 099050 |0
o Y, 18711 6,00 | 7,06 | 8,90]10,20111,20 | 12,65 | 13,60 | 14,20 | 13.90 11,70} 11,25| 9,14( 6,67 | 3,74 | 2,22 | 0,47
=064y 377211 | 152 | 0.94| 0.70 0,70{ 0,20| 0,33 1,30] 1,50 1,60] 1,60 1,40 1,20 | 0,70 | 0,35 | 0
Y, | 2,86, 4,84 | 572 | 692/ 7,00 857| 9,6810,20,10,55|10,20| 9,50| 8,35] 6,70 | 4,94 | 2,86 | 1,65 | 0,44
=080y, |-2,86 1,65 | 1,32 0,881 0,661 0.59| 0,55 0,55( 0,77 0,88! 0,88( 0,77| 0,68] 0,55 | 0,44 | 0,22 | 0
¥, | 225| 3681441 536| 606! 661 7,35 7,80' 8,08( 778! 7.00| 6,02 4,82] 344 | 1,97 | 1,23 | 0,44
=096 y | 9295(1,31 {098 | 0,61] 0.37) 0.22) 008 0 0 0 ) o o 0 0 0
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‘ I —— Figure 30.- Blade of the 91; bﬁ 2) °
' . : Aeiot stator I (see ta . ®
| dir'er.:f_l'o—rr———-,> : B
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\}_?__III _\‘7 =3
1 E
3 E
s o
|13 2
41 Table 2. 5
9 bladed stator I. %
L ; 13 )

- Tu f \,\

- e 0,52 93,6 8,20

£ T foz'ﬁL., 0,64 93,6 6,3°

; W 0/ divection 0,80 93,8 4,20

09 | 940 3,00

Profile ordinates
X | 0 | 125|250 |50 |75 [100 |150 [20,0 |30,0 |40,0 |50.0 { 60,0 !70,0 ]80,0 90,0 (95,0 | 100

=052 Y | 0 | 0751110 |19 30 | 40 | 530| 680 910|106 | i09 1040| 8,80| 6,50 410 2,10 o
L =084 0 | 064100 1,9 | 270 | 330 490 620] 830| 9,401 950| 9,00| 800] 620 330| 200| o

rL=O,80 Y 0 | 064|096 1,60 | 2,24 | 3,09| 4,48| 576 7,46, 853! 8,96 853| 746{ 555| 3,20| 2,03| 0

o 91qBL‘02 °*3Td

rL=0;96 Y 0 [ 064096149 | 224 | 3,09| 447| 55¢] 7,34 841 | 8,52 841 7,34! 554( 3,19 L70| o



i § | .
Figure 2l.- Blade of the 9-bladed 1‘ T ' ' —
§

—t -

stator II (see table 2).

Axial directron

&

Table 2 (continued)

9 bladed stator II.

¢90T° ON UMPUBIOWSN TBOTUUIS] VOVN

X i 5
Ta .
o N . .
8:(532 ﬁ{l):g 13:20 Axid! direction
0,80 119,6 8,20
0,96 119,6 6,9°

Profile ordinates

=y
fus
0g
' 2
X |0 |15 [250]| 50 | 75 100 {150 [20,0 {300 [40,0 [500 60,0 [70,0 800 90,0 |950 | 100 -
T o2 Yo | 248620 | 8,35 |11,68 12,64 113,90 15,95 17,50 | 19,00 19,00 (18,00 16,05 | 13,21 | 9,35] 504] 2.65] 0 1
T 092y, 12481091 |025| 0 | 041| 083 1,49 1,90] 3.06] 3,89| 430| 430| 3.89| 306| 149| 0.83] "0 o
T o06a Yo | 293 | 6,53 | 836 110,60 12,38 | 13,80 | 15,72 17,05 | 18,40 | 18,40 [ 17,20 15,40 | 12,55| 9,20 | 5,02| 2,76| 0 e
g*» Yu 203|084 058 0 | 042, 075 1,17| L,67| 2,51| 3,18] 3511 3,51 318} 2,61| 1,50| 0,84] 0 o
0.80 Lo | 3821 6,70 | 8,36 10,53 12,20 113,62 15,30 | 16,72 | 18,00 | 17,82 16,72 | 14,90 | 11,88 | 8,36| 460 242! 0 o

7o =080 Y, 1332 151 | 084 | 017| 0 | 033| 0.84| 1.26| 1,76| 2,34| 25| 259 | 2559| 1'84|-108| 0.58| o
" o0 Yo | 376 6,60 | 820 |1040|11,90 13,10 | 14,90 | 16,60 | 17,60 | 17,50 | 16,10 | 14,20 | 11,30 | 7,79| 4,18] 1,67 0 b
e 0 Yy )376)167|084) 033 0 | 008] 0,58 084 1,67] 1,84] 2,01( 1,67| L,67] 1,09] 0,59 0.25] 0 ]
N
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Figure 23,- Section characteristics for

rotor III:———for k = 1,
D= 0; for D = 0, but taking the
cascade coefficient, k, of figure 22
into account.

Figs. 23,24,25,26
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Figure 24.- Section characteristics for
rotor III:— — — takes into
account the cascade coefficient of fig-
ure 22 but D = 0 (see figure 23);
takes into account the cascade .
coefficient k and the thickness correc-
tion DA® of figure 223.

o5 -
y NN \
’ Dl |
/23 = Wt = 7\ ‘!w/t
s H : : St
M 7 . &\
Y NG%%, AN
s N o VARV
™ U . ,
N NN .
74 ~ a2 %5
X
. P N Y .
ar \\\'%-WP o A\ A Ak
\?f'\\.\ ’ \% y
\\ (\ -
] ar 02 43 06 - 05 % ¢ g7 0 ar a2 03 o a3 %o a7
0 | ' » —
’ Vol s ’ /:ZA'L' S
“ Wi ' “T 7V NNNE
b \\ u i j\‘\‘ \‘_ .
] A Ml \
o8 /’ , o — -
]
a7 it ] a7 _
Y AR N G A R A A o e e @ % e a

Figure 25.~ Bection characteristics for

four sections of rotor I:
—+—r/rg = 0.96;— — —7r/ry = 0.80;
———r/7g 0.64; r/T2 = 0.52,
The thick cross lines denote the opera~-
ting points of the individual sections
operating together. -

C—+—rf/ry = 0.96; ———r/rg

Figure 26.- Section characteristiocs for.
four sections of rotor II:
= 0,803
a = 0.64; _“—‘r/ra = 0.52.
The thick cross lines denote the opera-
ting points of the individual sections

- ——r/x

roperating together.




The thick cross lines denote the opera-
ting points of the individual sections
operating itogether.

6 increasg fog rotor III

= 87,507 - f
[ Y(r/rq = 0.96) ] Tom
experiment and—— — —from theory.
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7\ \ 9 A\ i 1 crease for rotor I
a3 N 5 = =TT <" 3] . =
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Figure 87.- Section characteristics for
- four sections of rotor III: o5 % 47 98 9 L 1
- —+—rzr/r, = 0.96;—*'—1'/1'& = 0.80; z
— —7r/r, = 0.64;———r/rg = 0.52, Figure 39.- Distribution of total head
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Figure 35,- Experimentally determined blower
SR characterisfics for the blower
unlt: rotor I,II,and IIT with stator I down~
' #tTream, ‘as a function of the throttling co-
~ #ffieient d,.. The rotor blade angles corres-
-pond- to figures 17.to0 19 (see tabile 4).

15 . :
—_ ) P~y /v"—".——
7 S
2 T | -
’2 e ] “\\\ AN
' N
. N N
¢ 47 08 23 44 45 g5 7 a7
. == y . .
o K// 74 f ) -
a6 // / iy
f t 7
4 %
%
2
¢ 4 P 7 A 7 45}2.46 % 47
9% -095)

Figure 37.- Experimental blower .aracter-
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stator I at various rotor blade angles
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" —o—
23' a0 e
o ——o0—
Jot  ——a—
M ——

. 2901 *ON WMpUBIOWSK TeOTUUOS ] VIOVN

:42‘92_’8311

4



NACA Technical Memorandum No. 1062

Fig. 36,Table 3

Figure 36.- Blades of the

13-bladed ro-

0,30

5] tor IV (see table 3).
Y )
g
'§ &, = 5540
~
-3
~y ¥ LY
o”
59 '
4 é_a
— .
AN
” & b
L
Ta
_ Table 3
13 bladed rotor IV.
r . 3 —
T 1, il &, = 90—3
0,52 68,10 0,149 55,10°
10,64 72,90 0,130 44,20
0,80 79,10 0,100 35,500
0,96 83,20 0,080 29,40°
Profile ordinates
X lo 125|250 50 | 7.5 [10,0 |15,0 |20,0 {30,0 |40,0 |50,0 [60,0 70,0 |80,0 |90,0 |950 | 100
441 | 7,15 | 8,68 [11,00(12,88 [ 14,25 16,20 | 17,60 | 18,70| 18,55 | 17,45 1 15,80 | 13,10} 9,75 | 5,52 | 3,16 |.0,60
441|288 | 2,38 [ 1,04 1,85{ 1,98 242 3,02 3,82| 4,35 4,64 441] 3,84] 2,91 [ 1,73 | 0,85 | 0
4,02 6,90 | 8,23 | 9,92|11,30 12,30 | 13,70 | 14,70 | 15,40} 15,20 | 14,20 | 12,50 | 10,28 | 7,52 | 4,06 | 2,22
4,02 | 145 [ 1,73 | 1,37 1,23| 1,27| 1,60| 1,87/ 2,41) 2,83} 2,91| 2,69 -2,25/'1,73'| 0,93 | 0,49 | 0
12,85 | 4,55 | 5:52 |-7,00| 780877 8,00 10,10 | 10,20 | 11,40| 11,25 | 1045 9,31| 7,60| 5,50 | 3,14 | 1,85 | 0,32
2,85 (1,75 1,30 | 0,98 0,85 0,75| 0,91 L15| 1,40 1,64| 1,69| 1,86 1,52{ 1,15 | 0,71 | 0,41 | O
2,55|-3,96 | 467 | 555| 621| 6,74 748| 7,82| 8,10| 7.95| 7,35] 6,35 505) 3,68 | 2,08 | 1,24 | 0,30
2,55 | 1,56 | 1,05 | 0,72{ 0,53| 0,37/ 0,22]| 0,10( 007 0 (0 .| 0 O |0 o lo |o
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table 4).

various rotor blade angles (see

table 4),
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_ rotor II and exit stator I at rotor III and exit stator I at | ~— -
various rotor blade angles (see SLLC SR
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r : - ¥ h\\. wi%g figures 11, 1ga
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Figure 40,.- Experimental blower charac- Figure 41.- Experimental blower character-

' teristics for rotor IV and ~ istlcs for rotor III and cxit
exit stator II at ‘'various rotor blade stator II for various clearances between
angles (see table 4). ~ rotor blade and housing,
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