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INVESTIGATIONS OF SINGLE-STAGE AXIAL FANS*

By F. Ruden

The following investigations are connected with ex-
periments on fans carried out by the author in the
G8ttingen Aerodyramic Laboratory within the framework of
the preliminary evperiments for the new GOttingen wind-
tunnel project.

A fan rotor was developed which had very high ef-
ficiency at the design point corresponding to moderate
pressure rige and which, in addition, could operate at a
proportionately high pressure rise. To establish the de-
termining operating factors the author carried out ex-
tensive theoretical investigations in Hannover. In this
it was necessary to depart from the usual assumption of
vanishing radial velocities. The calculations were sub-
startially lightened dy the introduction of diagrams.
The first part of the report describes the theoretical
investigations; the second, the experiments carried out
at GO8ttingen.

SUMMARY

It is customary, in the theoretical treatment of
axial turbines, to set all radial velocity components
equal to zero, It is found that this assumption makes it
impossible to estimate the behavior of the fan over its
entire operating range. In particular, no sufficient
explanation can be given, on this assumption, for the
fact that fan rotors with outwardly inoreasing blade
chord maintain considerably greater throttling than ro-
tors with outwardly decreasing blade chord. For the so-
lution of the problem just outlined, formulas for the
calculation of stationary and rotating cascades are de-
rived, which are based on ‘a consideration of small radial
velocities, The method of calculation differs from the

*"Untersuchungen fiver einstufige Axialgebldse." Luftfahrt-
forschung, vol. 14, no, .7, July 20, 1937, pp. 325-346 and
no., 9, Sept., 20, 1937, pp. 458-473.
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hitherto customary one primarily in that, after the calcu-
lation of the individual cascade section characteristics,
a throughflow distribution calculation must be undertaken,
which correlates definite 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 characéteristics.

In the present report the Betz method which, in the
calculation of cascade corrections, takes account only of
the circulation of the neighboring profiles is extended
by the introduction of a thickness correction. (See sec.
V, 2.) 1In the determination of the cascade section char-
acteristvics, diagrams are introduced which substantially
lighten the task of calculation, (See sec. 1V,) These
diagrams give, in addition, a good survey of the existing
possibilities and permit oquick estimates to be made, as
illustrated by a series of examples. (See sec. VI, 1 and
2.) The throughflow digtribution calculation requires the
solution of a differential equation, which is reduced to a
simple iteration process on the corresponding difference
equation., (See sec. VII, 3Z,)

The throughflow condition allows, for instance, the
design of a rotor to change a nonuniform to a uniform
energy distribution, (See sec. 1V, 3.,) Likewise, a sim=-
ple method can be given for the determination of the blade
chord distribution which guarantees constant energy over
the whole throughflow c¢ross section, not only for the de-
sign operating point but over a wider throttling range.
Lastly, the throughflow ¢ondition permits a reliable es-
timate of the stability of the rotor flow to be made,

The comparison of the theoretical calculations for
three rotors with the experiments (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 exverimentally 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 hudb diffuser. In this connection the main difficulty
may be ascribed to the rather little-known action of the
hub diffuser. 3ut for guide vanes there is an additional
loss due to secondary flows (sec. V), which cannot yet be
included with sufficient accuracy. The secondary flows
of the boundary layers at the outside sections in rotors
are practically nonexistent, but do exist at the hud and
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in a manner equivalent in action to & boundary-layver suc-

tion. These facts explain why the {, of the hubd
max

sections may be safely exceeded. Separation of the entire
rotor flow sets in only when {, at the outer sections
max

is exceeded.

On this basis, rotors with outwardly irnereasing
blade chords are suitable for high loedings, especially
as the througnflow distribution calculation shows that
the axial throughflow velocity in the neighborhood of the
outer wall is considerably larger than the average
throughflow velocity. 7For small flows more favorable
working conditions for the outer blade parts are auto-
matically produced.

In conclusion, experimental investigations on four
rotors with adjustable blades and also experimental in-
vestigations on the influence of tip clearance on effi-
ciency and the maximum attainable throttling are given.

It is to be noted that the method of calculation de-
rived for blowers may be applied directly to axial pumps.

The application of the method to the calculation of axial
turbines should offer no difficulty,

NOTATION

Coordinates:

X coordinate of axial direction, positive in through-
flow (free-stream) direction

e distance from blower axis

8 ) angle between radius vector r and a zero plane
rassing through blower axis

ri hub radius
r, rotor radius
r
R
7%

a




Blade characterigtics:
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z numzber of blades

l profile chord

d maximum profile thickness

D mean profile thickness referred to profile chord
t = 22r cascade spacing at cylindrical section r =

constant

lz

A== section solidity
2mr

=1
>\'=>\<l+ED>\>
6

& profile angle, measured between profile chord and
x~-direction

5y = 90 - §, angle between profile chord and plane normal
to axis

a argle of attack

Absolute velocities:

Ch axial velocity
B tangential velocity
c‘u tangential velocity directly before cacscade

1
c'u tangential velocity directly behind cascade

2
(] radial velocity
V. axial disturbance velocity nroduced by
=11 . .

finite blade
. . - . ( o
i angential disturbance velocity i thickness
_
w angular velocity of rotor
Cm
» = 7 throughflow coefficient
w :

a
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B ®m, T °m,
bp = r w
rc
3 = ;
I‘aUJ
r(c'u. - ¢'y.)
AY = “— -
r,"w

Relative velocities:

W, = Cp
Ve = Cp
Wy = €y = Tw
/2 = 2
= + +
w me Wi Wy
W 7
m a
q,“ = — = @p —
rw S
‘6* = ‘.”_2.
ryw
w =W, ow r_\2
b ) ul u a
A* = - = Av (——)
Tw rw r

Tne subscrivts 1 and 2 denote cross sections far
before and far behind the cascade, respectively.

Pressures:

e static pressure

P, total pressure
o} 2 fo) 2
5(raw) =(r w)
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T e Apg
w"‘:w — e
r O
2

{{]

Forces:
A section 1lift
W section drag
il tangential force
S axial force
A . )k
gA = ———— 1ift coefficient
o 2
— w 1l
2
{ae 1ift coefficient of isolated profile

ﬁAg 1ift coefficient of profile in cascade

W

Cw ———— drag coefficient
p =2
— wol
2
Sy . .
€ = — profile glide angle
Ca
Y . A
{p = tangential force coefficient
[ wel
2
(. = $ axial force coefficient
55 5 -
- w1l
2
agng ogAe
k = cascade effect coefficient defined dy : = k
o da
AL

cos B
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M. torgue on rotor shaft
n efficiency

Auxiliary quantities:

B angle between relative stream direction and meridian
plane
r circulation along a circle r = constant
— 2
®o
Gy = = throttling coefficient
v
..cp*
e =
i
2 Ad* x
Y = — 4 = - v
x* *
¥y nd,
U
X":-:l-'-z- 1T
X op*

Y~ = L o 2497
X

The subseript o indicates guantities calculated
for zero blade thickness; a bar denotes ouantities aver-
aged by integration,

I. INTRODUCTION

It is usual, ir the theoretical treatment of axial
blowers, to set the radial velocity components equal to
zero., ©On this assumption the flow is substantially two
dimensional in character: All cylindrical surfaces co-
axial with rotor or stator axis are stream surfaces and
after development of the cylindrical surfaces the flow
can be treated in known manner as plane cascade flow,.

One sicgnificant result is that the axial velecity distri-
bution before and behind the cascade must be the same by
continuity,
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However, the assumption of wanishing radial velocity
component is not fulfilled in general., A simvle considera-
tion will illustrate this assertion: Visualize a fan in-
stallation consisting of a rotor and a set of exit guide =
vanes, with the axial entrance velocity as being constant.,!?
The same thing is to apply to the energy of the entering
fluid, The exit guide vanes are so designed that the fluid
leaves in a purely axial directiomn. The rotor imparts
energy to the fluid, If this energy change is constant
over the whole cross section, then the fluid energy per
unit volume - that is, the total head - is constant not
only before dbut also behind the exit guide vanes,.

o)
pg=p+§Cm2 (1)

The static pressure p must likewise be constant in
every plane normal to 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 velocity di-

rection in the regions far before or beihind the fan in- .
stallation. It fcllows from eocuation (1) that the axial
velocity ¢, in the exit cross section is constant and

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

It is different when the energy imparted to the
fluid by the rotor is not constant over the whole cross
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 conetant.
Again assuming that the fluid leavee the exit guide vanes
in purely axial direction, the static pressure must, as
before, be constant in every cross section behind the fan;

and it follows from equation (1) that ¢, at exit can no

longer be constant, Radial velocity components must

1This statement refers to the velocity distribution in the
throughflow cress section as well ae to the time variation

of the flow phenomena, In the following only steady

operating ¢onditiong will be treated. A
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therefore arise in the flow passing through the fan and
these cause a change in the axial velocity distridbution,?

If the total pressure and axial velocity of the en-
trance flow are constant, the blower rotor, in general,
is designed so that the energy input for the chosen oper-
ating condition is likewise constant over the whole rotor
cross section. Under these circumstances the guestion of
wnether and when a nonuniform energy vield of the rotor
arises is pertinent. To answer this qguestion it is nec-
essary to examine the nature of energy interchange more
closely: To this end consider a blade element of radial
width dr at distance r 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), the work Truw
is done on the element, where w 1is its angular velocity
about the rotor axis. For simplicity it is assumed that
all the work done on the blade element is given up to the
fluid without loss., Then energy of the amount Trw is
given up to the fluid, and for constant avial velocity
the requirement of constant energy addition is eacuivalent
to the condition T = c¢onstant/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 is to be chosen in accordance
with the assumption made previously for the operating
point of the design calculation, so that the condition
given for the force component T is fulfilled., If the
fan operates at a pressure rige other than that used in
the design, the ratio of avial to rotational velocity,
and hence the angle of attack, is different for each air-
foil element. The condition T = constant/r 1is, in
general, no longer fulfilled. It may be inferred that,
without special precautionary measures, constant energy
addition occurs only for a particular operating condition.
If other operating conditions are to be considered, the
limiting assumption of constant input energy must be re-
linguished.

®It ies sufficient in the preceding considerations to es-
tablish the change in axial velocity distrihution and the
existence of the radial velocities necessarily associated
therewith only for the region of the blades, It will be
shown later, however, that the radial velocities assume
their greatest value there and only decrease toward zero
with increasing distance from the blade region,
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Similar considerations for .adjustable blowers .also
lead to the result that the condition of constant input
energy is no longer fulfilled when the angle of attack of
the blower blades is other than that specified by the
design.

II. THE SYSTEM OF TRAILING VORTICES

“

s

BXHIND TEEZ CASCADE

A ¢vlindrical svstem of coordinates is chosen the
¥x-axis of which coincideg with the fan axis., Its voOsi-
tive direction is the flow direction. The distance of a
point from the X-axis is as usual denoted by r. The
angle 6 denotes the angular rotation of the radius
vector from a Zero direction, The direction of notation
is in the sense of a rignt-hand screw relation to the
X=aXi1s.,

The examples considered in the introduction are of
a very special nature, To achieve more general results,
the appearance of radial velocities may eaually be ex-
plained from another point of wview, The following con-
siderations are entirely analogous to those forming the
basis of the well-known vortex theory of airfoils and
propellers, (See reference 1.) The bdlades of a fixed or
rotating cascade are considered to be replaced by vortices
bound to the respective blade locations. Their vortex
strength is eaual to the circulation I'(r) around the
respective blade element. If TI'(r) 1is constant along
the blade span, the circulation at the hudb assumes the
value [ = Pi discontinuously and similarly drops dis-

continuously from I = [, to zero at the outer wall,

According to the Helmholtz vortex theorems, the blade
root and tip are each the origin of a free (trailing)
vortex of strength [I'. For variable circulation along
the blade span, a vortex sheet of strength dP/dr per
nit length in the blade trailing edge direction comes

trailing off the blade in additior to the vortices Iy

and TI',. The direction of an element of trailing vortex
coincides with that of the velocity relative t0 a co-
ordinate system fixed to the cascade.

To simplify mattere, two ascumptions are made: The
radial velocities wrnich may arise are <mall with respect




NACA TM No, 1062 11

to the throughflow velocity, so that in the calculation

of the induced velocities of the trailing vortices it
suffices to consider the trailins vortices.as distributed
on a right cylinder coaxial with the blower axis, Except
for extreme cases, tis condition is.fulfilled very well
for fans where the housing and hub are cylinders extend-
ing far upstream and downstream. Secondly, the limiting
transition to an infinite number of blades is made. This
limiting transition simplifies the flow tao the extent

that all quantities are thus made to depend only on X

and r. This transition is justified because the cascades
considered generally have a large number .of blades, Else-
where it will be shown that, under certain .assumptions to
be formulated later, the formulas derived for an infinite
number of blades hold for velocities averaged with re-
spect to the coordinate 6, To make the derivations eas-
ily apparent, however, the limiting case of an infinite
number of blades will be treated first.

If 2zI'(r) 1is the total circulation of the =z-blades,
the limiting transition ig effected so that the amount of
the total circulation of every cylindrical section is
maintained, The two-dimensionally distributed vortex
sheet becomes a system of three-dimensionally distributed
trailing vortices the vortex lines .0f which coincide with
the streamlines of the relative flow,

Consider a cylindrical surface coaxial with the
rotor, According to the preceding assumptions this is
approximately a vortex gurface, If each vortex element
of such a vorter surface is resolved into a component
parallel to the cylinder gererating lines and a component
along the tangent perpemdicular to the generating lines,
the trailing vortices of the cylindrical surface may be
considered as a system of ring vortices with the diameter
of the cylinder, and a system of straight vortices coin-
ciding with the cylinder generating lines, On the as-
sumption that the blade region is of negligible extent in
the axial direction, so that the blade spvace can be con-
tracted to a plane, both vortex systems start from the
rotor plane and extend to infinity in the positive direc-
tion. The la<t assertion assumes, of course, that two
fans, one behind the other, are sufficiently separated
s0 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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"To calculate the tangential velocities induced in
the rotor plane by the system of straight line vortices,
it 1is " noted that the velocities induced by a straight
line vortex in the plane from which it starts are half as
large as thosge corresponding to an equal vortex extending
infinitely in both directions. To compute the velocity
in the rotor plane introduced by a straight vortex of
radius r' .and thickness dr' bounded by the rotor plane,
a system of straight vortices extending from Yoth sides to
infinity is introduced. These vortices are located on
the same cylinder dbut have only half the vortex strength,
The velocity field corresponding to this vortex system
is, by symmetry, a function only of r. It follows that
all radial velocities of this field must vanish; other-
wise fluid would have to originate inside of a cylinder
coaxial with a vortex surface. No axial velocities are
generated by this: straight: line vortex system. Hence
only the tangential velocities remain to be investigated:
If r' denotes the radius of the straight line vortex
surface and dwy,(r,r') the tangential velocity at dis~

tance r from the axis due to the vortex system, the
circulation around a circle of radius r 4is 2nrdw,(r,r').
If the circle is inside the vortex'surface, the c¢circula-
tion must equal zero, since no vortex is enclosed, But if
the circle surrounds the vortex cylinder, the circulation
equals the total vortex strength of the cylinder

Y(r!)

~

2nr! dr', where 7Y(r') 4is the vortex density of

the straight vortices origidating in the rotor plane.
Eence the rotational velocity inside the vortex cylinder
is

dw.l = O
and outside
! 1
dwu.—.z_(_r__)r__drl
2 r

According to the foregoing, the total vortex strength of
a cylindrical surface is

oy Miz')

'
27 r pe il Rl Q(_r_). ar'!
2

z
2 dr! *

and hence
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g dl'(p!
dwu(r,r') = Thr') dr'! for r' < r
4mrr dr'!

for r!' > r¢

l
o

dwu(r,r')

The totality of trailing straight line vortex systems
originating in the cascade plane, including the hub and
outer vortices, induce in the rotor plane the velocity

Ta
Iy
Wa(st) = dwu(r,r') &
. 41y
Gy
T
z ar(r') 'y z
= dr! + —/—— = I'(r)
4nru/q dr'! 4dny 4mrr i
r.
i

Since the bound vortices 2dd nothing to the tangential
velocity in the cascade plane, this tangential velocity
component is the sum of the tangential velocity L in

front of the cascade and the velocity w,(gy)

2
(wu)cascade = ¥y + e I'(r) (2)

This ecuation leads to the imvortant conclusion that ex-
cept for the tangential velocity in front of the cascade
the tangential velocity in the cascade plane depends oOn
the circulation corre=ponding to the radial location
under cornsideration, rather than on the radial distribu-
tion of circulation,

As is known, the total blade circulation of a cylin-
drical section of radius r is the difference in circu-
lation before and behind the cascade. The circulation
before and behind the cascade is measured along circles

with the radius of the cylindrical section. If LT and
TP denote the mean tangential velocities before and
behind the cascade, respectively, then

zl'(r) = 21'rr(wu2 -~ wul)
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which, when substituted into eaquation (2) gives

g%

|-
=
=
L)
1
=
=
—
1}
|-
£
e
(Y]
=+
g
o]
-
O8]

(vyicascade = Lo

The radial and avial velocities induced in the cas-
cade vrlane by the trailing vortices are not independent
of tne circulation distridbution. The relation befwzen
axial velocity and circulation distridbution 1s Zi1ccussed
elsewrhere. EKowever, a proposition to be us=d "zizr will
be derived here. To this end, consider a virsex tube
having its origin in the cascade plane and mcic up of
ring vortices of radius r', Figure 2 shows sciaematically
a ring vortex of this vortex tube. The reflected ring
vortex with respect to the cascade plane is shown as a
dotted circle.®

Tris reflected ring vortex would exist if the vortex
tube externded to infinity in 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
axis far behind the cascade. In figure 2 the vortex ele-

rent ds and the image element ds' ‘are without loss of
generality taken to be the top elements of the respective
ring vortices. The distances a and a' of these ele-

ments from an arbitrary point F in the cascade plane

are eaual. According to the Biot-Savart law, each vortex
element induces velocities dv arnd dv' at F which

are equal in magnitude. Since the induced velocity is

at right angles to the vortex element, dv and d4v'

must -lie in that plane at right angles to the cascade
plane, a cross section of which is shown in figure 2. 1
is evident from figure 2 that the dotted ring vortex dou-
bles the axial velocity while causing all other components,
in partiecular the radial component, to vanish, It follows
for the vortex tube originating in the cascade plane that
the axial velocity it induces in the cascade plane is only
half as large as that far behind the cascade and that all
induced radial velocities vanish at large distances before
and behind the cascade vlane. Similarly, it follows from
this- consideration that

sBy reflection hereinafter is meant -only the image of the
gecmetric form, the sense of rotation of the vortex ele-
ment being raintained.
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(w (4)

m)cascade

We = Wy = 0 (5)

where the subscripts 1 and =2 denote regions far before
and behind the cascade, respectively.

II1, THE THROUGHFLOW CONDITION
1. The Euler Equations for Flow Through a Rotor

with Infinite Number of Blades

The relation between the axial throughflow velocity
and the circulation distribution can be derived by con-
sideration of the trailing ring vortices emanating from
the back of the rotor., It is simpler, however, to derive
this relation by direct integration of the Euler equa-
tions. The energy losses arising 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, This assumption is sufficiently valid
for fans the circumferential velocity of which remains
less than about 150 meters per second (492 ft/sec). A
rotating set of axes is uced for the rotor to obtain sta-
tionary conditions, The limiting case of an infinite
number of roteér 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 9ot consti-
tute a surface distribution but may be visualized as im-
pressed volume forces, They are functions 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, OT/ds and 03§5/3s.*?

*Forces T and S and forces A and W which appear
later are in agreement with the usual definitions of
forces on profile sections, namely, forces ver unit
length spanwise.
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The symbol ds denotes the line element traced on the
blade by the dx side of the ring., The radial component
of the force on the blade element is negligible inasnuch
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 9T dsar and the axial force -z 2S5 dsdr. Lf
ds ‘ ds
B is the angle between ds and dx then

dg = —4X
cos P
and with
— D P apal 98 $1
cos B Js cos F Os

the axial force becomes

-2 S!' dxdr

and the tangential force becomes
-z T' dxdr

These values are maintained in the limiting transition to
an infinite number of blades, so that the forces on the
volume element dxdr X rd& are

- =2~ §! dxdr X rd6
2nr

in axial direction and

Z

T' dxdr X rdf

2nr

in tangential direction.

The volume forces are, of course, zero outside of the
rotor. The Euler eaquations in cvlindrical coordinates
are, with due regard to the volume forces previously dis-
cussed:
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) oW pp oy dW 1% ey o 1 dp 1
M oox or p 2mr ox \
|
oW . Qw w,, @ 2 19 L

w + w L o B = Do = o = 2B > (6)
E T dr r i ar |
ow o ]

Wip e k. Wiy ONa e + 2ww, + 12 7o

dx or r o 2nr J

To these, is added the equation of continuity written in
the form:

o) o)
—s ( w ) ar et ( w ) = O (7)
ox e or THr

If the Euler eaquations are multiplied, respectively, by

wo = &, 4 d(zf)
LT T dt' @ dt

and then added, the result-is, after multivlication by o,
and since

_a_ (wr)e = 0
ox
D'—H‘ + 2 (s""m 4 T'Wu) = 0 (8)
dt 2y
where
H = Pl 2 3 4 s R ( )zﬁ (9)
= p + 3 me + W, w,® - (wr J <

D
The operator 3t is the particle derivative

D 3 9
—_— = — W S
dt B oox T oor

The quantity in parentheses in eouation (8) can be written
as
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w w
w (Sl _£+ TI _B.> -
w w
Then

W Ya
— = cos (x,w), .— = cos (7,w)
w w

where (x,w) and (T,w), respectively, denote the angles
formed by the avial and tangential velocities with the
relative velocity direction, Since the radial component
of the force on a blade element has been assumed zero then

w(S! cos (x,w) + T! cos (T,w)) = wW!

and

iO/

m |+

W o=

Q/
4]
o
o

a -‘IV’ |
where Ba is the force component per unit surface on the
blade element in the free-stream direction. Eguation (8)
becomes, with this change,

DE , =

W'lw = O 2
dt 2nr

If at is known a< a function s, of the distance along

the streamline, then equation (8) can be integrated along
tne streamline® to give

: 2
| N
2
liHs ~ Hy = - /W' ds (10

where the points 1 and 2 follow consecutively in the
stream direction. 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 viescosity, the flow outside of the boundary
layer can, as is known, be regarded as frictionless soO

2 dsg . ds -
The eouation w = 1t is approximated here by T
v v
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that the previous considerations retain their validity.
The integral in ecuation (10) has a positive value, how-

ever, with H, < H,. 1If the drag is set eaual to zero,
equation (10) becomes, for a fixed coordinate system
(w = 0), the well-known Bernoulli ecuation,

The integral in eauation (10) may be evaluated for
cascades with small axial projection. Since W' wvan-
ishes outside of the cascades and cos F is approximately

constant,
W W
W' ds = -———l—— %—-ds - __:___
i cos B, S cos B
1

W
2nr cos B

and hence

(11)

X W
By definition %— is the drag component per unit surface
s

on a blade of the original z-blade cascade and accordingly
Yt

W
W =_/ %j'ds is the blade profile drag per unit length
i -

spanwise.

A further important point can be made from the sec-
ond EBuler equation which can be written as follows:

2
oW Ow (w, + wr) 1 9p
w + w =l P e
B ax T dr r p Ar
Far upstream and downstream from the rotor, Wy = Q0 ac-
cording to eauation (5)., With w, + rw = c,, the fol-

lowing equation is valid for a cross section at a great
distance from the rotor;

/
£S]

(12)

L
P

(o7

} o b g

The last Euler eaquation need only be used to derive
the throughflow condition outside of the rotor, where
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=]
1]
(@]

and the eduation sinplifies to the conventional

D
— (re,) =0
dt

Integration along any streamline that dces not go through
the region of the blades yields

| r cy = constant (13)

Along every streamline outside of the rotor, therefore,
the angular momentum is constant.
2, Derivation ef the Throughflow Conditions
for Dissipationless Flow
The first problem involves the derivation of the

throvughflow conditions for viscosity-free fluid. In this
instance the force on a blade is perrendicular to the

local stream direction and hence W' = 0, If two cross )
sections far upstream .and downstream from the cascade are
denoted by subscripts 1 and =2, eaquation (10, or (11)
gives B

B (r,, 25) = H (ry,%5)

and _
or; Odr ory, Or

)

(14)

where

(r, + r3)

H
il
)=

The radii ry, and 1r,; are taken to correspond to one
stream surface. Then. r 1s the radiu: ¢f the same stream

surface in the plane of the rotor., Wa.c:zzion (4) yields,
with Adcy = cp, - Cm, and since o = ¥
Lc
m
= 4+ —
(en)easeade Cmy 3

from the definition of:a. streamline;, for example,
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rix.)
//' eplr', x) x 2nr'dr' = constant
'\ri
there follows, assuming that r; - r,, r - r;, and A4cj
are small to the first order. (See the developments

farther along.)

ATl rs Tz
1 0 1 1 _ ~ 1 1
/ cp, T'dr ~~/Pcmlr dr (rs rl)cml(rl)-/P Cp,r'dr
ri ry Ty
and hence:
. T T
1
rs - r, = Ac. X rar" » —7—= Ac,r'dr!
c_ (r m m
my 1) le(rl) ,

Analogously,

r
rn

1 ACm ' ‘

r - ry = r'dr
T

The last two relations yield directly

[N

r - ry = (ry - ry)

1)
r =3 (ry + ry)

Since ¢, vanishes at great distances from the cascade,

the introduction of absolute velocities leaves:

o0H op p 0
— = — + = — (cg® + ¢y® - 2rwey)
or or 2 dr 2 = =
2
§§ s veplaced by p Cu from equation (12) and after a
r

simple transformation:
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2
% Or v g;.(cm - 2wrey)

which becomes, from equation (14),

a ( S 2 5 1 a . ; : 1 5 . 2
— (¢ -c y= — (re, )22 - = re,)
or 1 =2 rs° dr E r,° dr v
—2w O [(rcu)2 - (rey), (15)
r L

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

(rcu)a are constant spanwise at the design operating

point. Hence él—(rcu) will be small for other operating
r

conditions, except for regions in the neighborhood of the
inner and outer walls, In these boundary regions the pre-

vious assumptions are not always valid since T— (rc)

or

can assume large values for thick bourdary layers. In
the neighborhood of the wall, however, it is r; = r = rp

on kinematical grounds. Hence, for these regions, T =
and 1r° <can be replaced by r in equation (15) with-
out appreciabdble error, For the median zone
0
A I
r /
— = Tr - ry = / I ax
2 o)
2 . Cm
X g
and a corresponding eanuation for (r2 - r) are applicable.

Tne guotient cn./cp is small, as was assumed. DMoreogver,
ince this quantity drops to zero with increasing distance
rom the rotor, Ar/2 1is likewise a small ouantity. 1t

i< eviden* fromx the preceding statements that T (rcu)

or

ig likewise emall of the first order in the middle region

1

r..<
v

o
¢o that here also 5o lrey) can be replaced by
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2
3; el (rey,) . Thus the throughflow condition for the
ol

whole region reads:

a 2 3 _ .1 5 2 _ 2‘}
T Cen e = (e - (e )7
-2w jL'[(rc ), - rec ] (16)
ar u’2 u1

It is readily proved that

2 2
2 = 1 1 1 1
(rey)s” = (rey)y, = (re'y ~re uy) *2rety (re'y - re'y,)
where c‘ul and c'ua are the absolute tangential veloc-

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

(rey)y = re'y, and (rey)s = ro'y,

The cuantity in parentheses on the left-hand side of .
equation (16) can be approximated by -2cp bcp. Equa-

tion (16) is divided by r,w® to obtain the throughflow

condition in dimensionless form. Putting

c c
n bis]
) WS P, e o+ P, - Py = Ao
r,w r w 2
rely re 'ty N
— Lk = A R, d - 8, = &
2 2
r “w r 2w
a a
and
LI ==r
Ca

gives, after a simple calculation, the throughflow condi-
tion for rotors
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_a_ (@]2 - 2)‘) _
dR = l 1 3 [ ' e}
>=___taa(aa+ 2% )J—z——m (17)
, =) 1 OR
-2 (20, 89) | £ ooR
oR 1 )
For stationary guide vanes w = 0 in eauation (16),

RBasing all guide vane velocities on the circumferential
velocity r,w of the rotor, the throughflow condition

for stationary guide vanesis obtained in the same manner
as in the foregoing equations at

i 3 -
B
%
|
i

L La -09; [Aé(Aé + 261)J (18)

2
d (s R
- 2 (2w, Acp)J

-

where the subscripts 1 and =2 denote as before cross
sections far upstream and downstream from the cascade.

3+ The Throughflow Condition including Energy Losses

The energy losses produced in the flow through a
cascade have up to 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 introduction of
absolute velocities,

k)

2 2 2 -
te g 8 7] 2wre, | = p

. P
."i::p+"2- g"pwrcu_

—

The first term on the right-hand gide is the well-known
energy pyer unit volume; pre, 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 velocity w to dbring the angular
nomentum per unit volume from zero to the given value 1s
wprc,. The difference in H Ybefore and behind the
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rotor is

H, - Hy = (pg2 - Pg,) = pwlrzey, - ricy,) (19)

1
The first parenthetical expression on the right-hand side
is 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 ecross section 2, the energy
gain eguals this energy loss and H, = Hy as assumed in
the foregoing section., For a viscous fluid H, < H; ac-
cording to equation (10) and the statements connected
therewith. From equation (19) it is concluded that in
this case the expended work per unit volume PWw(rzey,= ricy,)

- 5 If the ef-
€2 pgl

ficiency of a rotor element, included between two neigh-
boring stream surfaces is defined as

is greater than the useful output p

P =P P = 1
g £ g2 g1
n = £ 2 = : (20)

pwlrzey, - ricy,) pwlre'ly, - re'y,)

equation (19) becomes

Hy - H;, = (n - 1) pw(rc'u2 - rc‘ul) (21)

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

Pg, ~ Pg, = &P,

so that
H2 o Hl

1}

8P, (22)

Eguations (21) and (22) yield exactly as before the
throughflow condition including energy loss:

For rotors

-

1

.9 8 - oL 2
ST 7 aE LA@(Au+ 2«31)J g3 (naw) (23)

|
!
| > = =3
\
|
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For stators

EQ_ (.2 ~0,2?)

i . £ O S I .o

| \ > = 3 [Aﬁ(A8+ zal)J SE | P ( s (24)
- 2 (20300) J 5 (Tad

| oR

Eguations (17) and (18) or (23) and (24) are used later
to evaluate ®p; or AOp for given d,, Ad, ®»; and known

energy loss. The solutions obtained in this manner must
csatisfy the following conditions

=N e W
~
/ ®,2nmrdr = / Pp2mrdr

pur
()
NS

(25)

-
4., The Conversion of the Throughflow Formula to Cascades
with a Finite Number of Blades

It remains to be proved that the throughflow condi-
tion, derived on the assumption of an infinite number of
blades is actually a condition for the mean flow veloci-
ties., For this purpose it is only necessary to prove
that equations (6) and (7?) hold for the mean flow veloc-
ities.,® afgain ascuming a frictionless and incompressible

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

r = constant over the velocity components induced on
this circle by the trailing vortex surfaces: If  ,the
trailing vortex surfaces are continued by their geometric
reflections with respect to the cascade plane, the same
laws hold for the integral values as for the induced ve-
locities of the ring and straight line vortex system.
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fluid medium, the Euler equations read:
dwp dwy, N dwy 13p |
B 3x YT T e res ¥ 7 pox
dwyp dwy dwy Wy - 13
W + Wy —% + wy, —L - -~ Wr- Suw, = = 2B 3 (3
m dx T 3r LYY r 5 por
0wy dwy dwy  WpWy lop
8 ?;;_+ Yr ?;;.+ Yu 738 e e =T Pr55)
to which is to be added the eouation of continuity
-aég(rwm)-*é@-r—(rwr)"'?g@-(rwu):O (2

To arrive at average values with respect to the coordin
& only one periodic sector needs to be considered:
Stream lines originating at the front and rear stagnati
point of a blade and extending to infinity upstream and
downstream are supposed to form stream surfaces. If th
cascade has z-blades, these stagnation point stream sur
faces together with the blade surfaces divide the fluid
region into z-neriodi¢ arcs. Let the blade pressure
sides be given by the function

vem

6 = Gd(r,x) + = (v 0 to z - 1)

and the blade suction sides by

Ve

6 = 6g(x,r) + 50— (V=0 to 2z - 1)

At the connecting stagnation point stream surfaces
6.(r,x) and 864(r,x)

coincide. Here the subscripts s and 4 merely serve
to identify the {wo sides of the stream surface. Con-
gsideration may be limited to the firet pveriodic sector

27

7)

ate
on

€
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since the flow phenomena at corresponding points of the
periodic segctor are the same, This periodic sector or
"arc" as i1t 1is termed hereafter cuts an arc out of each
circle r = constant, which extends from

6= By(r,x) to 6 =10_(r,x)+ 20

z
To integrate, say the first Euler equation over a

periodic are, it is written by means of the equation of con-
tinuity in the following form:

S 2 S 2 = - dp
0x (zwg®) + or (rwywn) + ro8 (ruyvn) p Ox

and integrating over the periodic arc gives

o (o)
S (ow °y a(rg) + w0 vw ) 4lre)
ox m . or rig
er rgd |
r<es+%ﬂ>
& o}
_ r
+ (rwywp ) - (rwywpdg = - ;u/ ngd(re) (28)
red

In addition:

r<es+%§> x (Gs+%P>
9 & 2 d 2
g;d/ T a(re) =L/P = (rwp®) a(r6)

8 g

R d(r6) o 9trf)
* [rwm dx ] - [rwm dx li

S
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Corresponding transformations can be made for the other
integrals of equation (28) and the equation becomes

()

rwp?a(rg) + §L~/p rwpwy d(r@)
. N

3 N

ax
red

with (fig. 4)

Since the surface
boundary flow surface,

D(Fy)
dt

must apply.
holds for

Fs =

T
r<es+%7

ré - res(x,r) = 0

red
= »
3(re) o(rd)
+ | rw W, = W  ——— Wy ———
- ( " T oax T odr Jg
[ 3(r6) 3(r6)Y\]
- | rw W, = W, ———t - W, ==L
[ Tm ( u m e Sy Jy
(5.%)
r (9 Qs
= -3 [axf pd(r8) + ax] (29)
red
0S8 d(rbg) d(rdg)
dx ‘4 dx B 0x
Fg = r8 - rfg(x,r) =0 is a
the equation
3(rby) 3(rdy)
[-wm 0x T Vr or * "u]d =
(See Lamb, reference 2, sec. 9.) The same

Hence the bracketed expressions on the left-hand side of

equation (29) vanish, leaving:
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o) )

N3 wp®d(r6) + 2 rwwpd(r6) + r o8
0%, ; p Ox
T3 red
(or)
=2 pd (r8) (30)
p Ox
red
The mean value of wn 1s defined at:
r<es+%¥>
%f wpd(r6) = wp(r,x)
red

where L 1is the length of the periodic arec, Let w_ =

;h + Aw . Assume that Awp is small so that its second

power is negligible. Corresponding assumptions are made
for

If these expressions for

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

Wp, Wp, and p are substituted

d o) w o) — d -
IWg —— Wg + IWp —— W, n [-—-(Lrw ) + = (Lrw )J
. ox . i or . r ox . or F

(6%

S
X

(31)

e
o |+
<

I

!
o |+

To determine the value of the bracketed expression on the
left~hand side the equation of continuity is integrated
over the periodic arc and affords exactly as before
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21 ffa 2T
T (Q §+—E—,> ' r(e-s‘."? 5
- rwpd(rf) + le/P rvpd(ré)
dx. dr
er red
. Lw_u - w'm__a_%r;e_) e .a_%_g_z]

3(re) bfre)] .0

-7 W, -~ Wy — = W, T
[ u m 3x r QJr

The bPracketed expressionsi¥anish again in the same way as
before, and from' the definition .af the mean values the
equation of continuity for the mean velocities follows at

2 (Lrwy) *+ 2 (Lrwg) = 0 (32)
dx dr

Herewith equation (31) becomes

oW, ow,
e aj? v 7, B +‘l__§§'ﬁ:__3; 3(LD)

(33)

If the; bars are omitted in eqnatdpns (32) and (33) and
% isi replaced by the approximatdion 'Ef;" the equation
of continuity (7) and the first of the Euler equations
(6) are obtained, The other Buler eauations (6) are

derived in exactly the same way.

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

531 for L 1is of no importance for the throughflow con-

dition, Hence equations (17) and (18) or (23) 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 firet order, This con-
dition is fulfilled for frictionless fluids, excevt in
extreme cases., The conditions with regard to losses in
fluids with friction are decidedly more unfavorable. Tha
losses become apparent in marrowly bounded dead air re-
g€ions in the neighborhood qf the cascade, so that there
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the departure of the local total head from the mean value
can no longer be regarded as small, In this case the
neglected second order terms can cause an appreciabdble
error.

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 g
fluid medium at the prescribed initial condition op,, ¢1,

equations (23) and (24) must be supplemented by the rela-
tion between o = @i + %? and 49, The last Euler equa-

tion (6), which so far had been applied only outside of
the cascade, is used to find this relation, which, after
introduction of absolute velocities reads:

3 Lrpey) (rey)
°n 37 u+cr'§; u=-;l;'§;T' (34)

Let dsp be the length element along the meridian line
of the rotationally symmetrical stream surface of the
mean velocity field, With Cpng denoting the component

of the mean velocity along this meridian line, the fact

that the meridian line belongs to a stream surface, re-

sults in:
CmgiCpiCyp = dspidxidr

By means of these equations, equation (34) can be expressed
in the form

(rey)

: T Z ]
¢ = e )
"8 dsp P

emr

In conjunction with the developments in section III, 4,

the periodic arc L 1is substituted for ggf— . At the




direction of the meridian line is small of the same order
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same time the velocities must be replaced by the mean ve-
locities, so that:

Le

d (r’é.u) r g
ms Teo dey = = 5 Tldsy (35)

Now, the axial projeection of cascades used in fans is, in
general, small; whereas the equation of contmnulty, equa-
tion (32), shows that. the change of LT,g = Lwyg 1in the

as Ww.. Therefore LT,, can be replaced by a constant

inside the cascade in first approximation. At entrance

to the blad ton: IS 9L 3

e e re n.} = —— .

a g °ms z mo
at exit from the blade region and ‘Emo is accordingly
the mean throughflow velocity for vanishing profile thick-
ness. The quantity IS;., 4n eaquatién (35) can be re-
MY —
Cmge

larly be substituted for r and equation (35) integrated
with respect to sy, The result i§ the conventional mo-

mentum equatidn krown frem plane casgcadg theory:

The same is true

placed by A constant average value can simi-

=T = p 5 Tpley (36)

where

and

H

aT ds /P
bs cos B &8

The integral, however, in distinction to plare cascade
theory is not evhluated along a cylindrical section coax-
ial with the cascade dbut along the mean stream surface.,
But the first named path of integration can still De
chogsen, for the gsame réasons which governed the substi-
tution of a constant mean value for ILc¢,g. Quantity




34 NACA TM Yo, 1062

T(r), then, is the tangential force per umit length ra-
dially, experienced by a profile of the z-blade rotor at
the radial location 1 = constant.

2, Diagram for the Calculation of Section
Characteristics of Rotors

- Although the calculation of 'rotor chdracteriestics on
the "bagis of éodation (36) is known it is nevertheless
more<¢losely evamined, since it is t6 serve.as a bagsis
fornseveral :diagrams whlch qubstantially 51mnlify the
process of calculation, Rotor section is defined as the
section of. .a.rofor marked off by two neighboring mean
gtream surfaces.

The charagteristic of any rotor section is calcu-
latedr first as & funetion of.its. axial.. throughflow veloc~
ity.without regard to the mutual 1nf1uence of the indi-
vidual rotor sections. The ¥alues of a+vial throughflow
Y¥elocity to be: correlated to. these eharacteristics are
for:the present unknown, The -correlation is given by the
throughflow condition..

Figure 5 is familiar from plane cascade theory and
Tequires no further explanation, It is merely stated
that the mean relative velocity denoted by w is iden-
tical with that formerly indicated by w, and likewise

the angle B Dbetween W and the meridisn dire~tion
coincides with By,. The angle P is alvayse ucasured

from the positive axial direction. Its positive sense
is, as usual, counterslockwise so that in coaforuity with
the definitions of the positive directions of wy and

w, the following equations hold:
Wy

w
cos B = ;? sin B = - — (37)

To obtain ‘the usual nondimensional force coefficient,

equation (36) 4s. divided by «%pwgl, where w 1s the

mean relative velocity at the lochtion of the profile
under consideration in the absence of the profile .from
the cascade, and ! is the profile chord., Upon intro-

duction of the solidity ratio A = 5&?" division by

V4
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% pw?l and with wp = ey and Aecy = Aw, equation (36)

becomes
wn Cmo bwy
v w
m
The throughflow velocity w, = ¢, corresponding to w
reduces to Eﬁo only for vanishing profile thickness.
With

¢, w
Al = A — and 2 < cos B (38)
T
By
Ao Av. [rw
- e (39)
cos B w/rw

For very thin blades A' = A, For finite blade thickness

o

I ig calculated elsewhere, Dis-
Og

regarding the influence in quadrature of the radial com-
ponent

AtV > A, The value of

|

o

W J/ wnN\? ,wu)a
rw (rw) TWw/
where, according to eguations (3) and (4) wm"%(wm1+ Wy, ) and

Wy = Wui'kauu/%-'These-formulas also apply to very thin

bladses only, The corrections necessary for finite blade
thickness are likewise given later. Analogously to pre-
vious definitions, let

w w AW "
('p* = _El_' 131* = —E—l-, Av* = L
Tw ro rw

The asterisk indicates that the cited quantities refer to
the tangential velocity of the pertinent section rather
than to the peripheral velocity and that they are re-
ferred to the relative velocities. It is
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7
ol JETG3E)
with which equation (39) becomes
5 Q9%
_Mba o3| (41
T ey

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

{r = F fpg cos B « fy sin B (42)

The sign before gAg mast be détermined by the conditions
in the individual case (right- or left-hand wheel rota-—
tion, turbine or pump operation). In the following the
right-hand pump rotator (fig. 6) is referred to, and@ hence

Cw
after introduction of the profile glide angle € = E——
ag
At
2 / €
= A ,<1+—_—-> (43)
cos B ngg cot B

The quantities CAg and € for a given cascade are func-

tions of the angle of attack a, If & 4is the angle of
incidence of the blade profile to the axial direction,
then + a =B - 8. (See fig, 6.) If a is expressed
in terms of B in {p, A'f /cos B is a function of

B alone. In this case O < B<T. nhence cot B can be
2

chosen as independent variable instead of B. From fig-
ure 5

Yo
w TW
cot B = - — = - -
Y wul N i Awu
TW 2 rw
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w.
') »
cot B = - 1 (44)
1 + 1. 4é*
2 9,%
Let
»
X = = i
0,
. (45)
¥ = . 209
01"‘

It is evident that for pumps and fans Y has only posi-
tive values while X can change sign., In particular
0," is usually negative for rotors; hence

* - *| (46)
3,* = 61'
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 - 22%—3 Y-X=0 (47)

Every straight line of this family goes through the point
X = 0, Y = +4, and intersects the x-axis in the point

Y = 0, X = cot B. According to the preceding developments,
Aip

cos B

tion (47). By equation THL) and with due regard to equa-
tion (46) this value algo Bay be taken from the curve

is a constant, say X, on a straight line of equa-

K = — (48)

-
X2 + (1 - AN
4/

Since X occurs as a square in enuvation (48), its sign
is immaterial. The family of curves (eouation (48)) bde=-
comes, by simple transformation,
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2 r' -2
1 - K2 Y + K2 = /1 = Ki) x° |1
16 [ KB) \ 16
s 411 -2
K X 16
-J

This equation has the form of a single parametered family
of hyperbolas and ellipses .referred to their common cen-
ter, which 1s on the y-axis at

s (PP .
K2
4 (1 - —
s
For K = O there is obtained a straight line, Y = O,
for 0 «< ¥ < 4 hyperbolas, and for 4 < K < o ellipses.
For X = 4 the equation becomes the parabola

X = 2 (Y - 2)

Figure 7 illustrates the hyperbolic éllipti¢ family.
Since all velocities considered here are relative, dia-
gram I holds for both the stationary andirotating cas-
cades. Admittedly, the range of X and Y in diagram I
is sufficient for the majority of practical rotors, but
not for stators. In the case of the rotor the initial
rotation ¥,* is of the order -1; while for a guide vane

it becomes very small and may even vanish. Equation (45)
showg that X as well as Y can assume very large values
in this caese, Hence a different diagram is given for
guide vanes, which avoids these difficulties, as will be
explained elsewhere. In the following paragraph it is as-
sumed tnat diagram I applies chiefly to rotors,

To find an operating point for a given rotor from

diagram I, the solidity A or A', the angle of incidence

&, and the tang-ntial force coefficiaﬁ% {p(a)

must be known, These data give K = --— I as a function
(ns

of P according to equation (42), For K = K, Dbelonging
to the straight line for B = By and the corresponding
member of the elliptic~hyperbolic family, the point of
intersection is tre cperating point., The straight line

B = By, which passes through X =0, ¥ = 4 anic X =

cot Bg, Y = O need not be indicated in the diagvam, It
is sufficient to fix the point of intersection by means

of a straightedge..
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With this point the corresponding relative or abso-
lute tangential component of the exit velocity is readily
obtained. It is:

w = W

up + bwy

U,

and after division by rw and according to the defini-
tions of equation (45)

w
‘*a.-.a*(l»,g_@_:),ﬁl. (-1)
rw t 9, 2

i Tz L o, (1 - %) + 1 (49)

rw
The value of 1 - % is read off directly from diagram I,

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:

t o 1 =
c Us c U, - Pag plg

rw n % (rw)2

2

Putting in this equation yields

pgz oy pgl - w‘

2
P (rw)
2
and, as formerly
1 - Al 1 e
cug _culzwug wul____Aé,
W r
then .
209* = Y
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or by equation (45)

*
%~ = - b.% Y (509

To calculate the pressure coefficient VY* Dboth the ini-
tial rotation 9;%¥ and the cascade efficiency M must
be fixed, From equations (19) and (11)

- = ow {re! - ra! - —
pga P€1 P (r U2 < u1> 2ny cos B
whence, after subsgtitution in equation (20) and several

transformations, 2
e
>\§w rw

cos B 2(6}«!]!)
rw

1

Lastly, by equation (39) with,

1'\=1+'E-‘£-'1.

ET rw

To take the finite profile thickness into account, fthe
second term of the right-hand side is multiplied by
11 -

% ;T' where L is the average length between blades

along the periodic arc.

The value of QT is given by equation (42), Again
preferring a right-hand rotation fan rotor and choosing

the previous sign before LAg , the insertion of the
W
glide angle € = E— then results in
A
E‘?_.;__'rCOSB*,Sinﬁ‘I
Cw L ¢ J

which, upon substitution of equation (37), becomes
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/ Awy \
; v 4
be_ _afwmTm 2 \r_w_
gw C‘\rw rw }w

N
and by equations (40) and (45),

To calculate this expression easily with the aid of a di-
agram, it is written in the following form:

i

él*
n=l4 (51)
'€-f1+f2
where
f1= x
2 2
()
=
and
f2=

2 Ya
% “(l 4)

It is easily verified that in an X-, Y-coordinate gystem
the ordinate scale (Y) of which is four times as small as
the abscissa scale (X), the curves f, = constant are

circles of radius r = 2; and center X = r, Y = 4, and
3

r 1is measured along the x-axis. Likewise, the curves

f2 = constant are circles of radii r = 1 and center

2f,

X =0, Y = 4~-r. These circles can be used for conven-
ient calculation of the curves f, = constant, f; =

constant., If the ordinate scale is the same as the abdb-
scissa scale, the ellipse diagram II (fig. 8) ie obtained,
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The ellipses f, = constant are the solid curves and fj

= constant, tHe dashed ones. This diagram enables easy
calculation ofr the efficiency corresponding to any operat-
ing point X,Y according to equation (51),

4, Diagram for Calculating the Section Characteristics
of Stationary Guide Vanes

The absolute value of. #,* for stationary guide

vanes is, in general, small, Congequently X and Y
become 80 large that diagram I becomes useless, To ob-
tain a useful diagram for this case also, ‘it should be
noted that only the hyperbolas of the ellipse-hyperdboias
family of diagram I are used. JFor large values of X
the hyperbolas may be approximated by their asymptotes.
The slope of these asymptotes to the x-axis is specifiecd
by line Y/X. This consideration suggests the introduc-
ticn of the following coordinate system: Y* = Y/X as
ordinate and X* = 1/X as abscissa. For this purpose
equations (41) and (44) are written in the form:

K = * 1 — (52)
/ 2

/

/1+<x*-%*z*>

tan B = X* - i—y* (53)

The sigp in equation (52) does not enter when the equa-
tion is squared t0 obtain the family of curves. Hence
it is sufficient to use |X| in the application of dia-
gram III; Y* is normally negative for right-hand rota-
tion of fans 'using either entrance or exit guide vanes;
while X* 1is zero or negative.

The curves of equation (52) gre plotted in an X*-,
Y*-coordinate system in figure 9, diagram III. In this
coordinate system the straight.lines of eguation (53)
have the same slope for all B.

¥+ -,
X:F = Xo'

= 4 (54)
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They intersect the x-axis in the point X* = tan B.

To determine an operating point for a given cascade

from diagram III, A', &, and QT(G) must be known,
2,

cos B
then a known funetion of B, For B = By, let K = K,
The corresponding operating point lieg on a straight line
of equation (53), for which tan B = tan B,, and on a
curve of equation (52) corresponding to the parameter
K = Ky, To specify the point of intersection, it is not
necessary to draw in the gtraight lines of equation (53).
Simply place a straightedge at the slope of equation (54)
through the point ¥* = 0, X* = tan B,.

exactly as for rotors. With these data X =

Since the relative velocity equals the absolute ve-
locity for statianary guide vanes,

Cuy = Wu, * AWy (65)

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

cuz

4 Y
—s 9:% (1 -~ &
rw * \ 2>

- I®
d,* (1 ~ X*> (56)

This formula is applicadble only when 3;* = O, hence
mainly for exit guide vanes. These have the task of
changing the rotational kinetic energy behind the rotor
to pressure, If the change is complete, Cu, = 0 and

from equation (56)

]

1

2X* = Y*
The straight line given by this equation is shown dashed
in diagram III, If the rotation 9;* 1is only partly
removed, then

2X* > Y+

This inequality defines the region below the dashed curve
in diagram IIJ. Correspondingly it is true for the
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region above thHe dotted line that the tangential momentum
imparted to the fluid dy the cascade is too large, and
consequently produces a rotation ¢pposite to the inlet
rotation. The parenthetical expression of equation (56)
gives the remaining, or counterrotation, in fractions of
9,% It ds

which may be written
2 (1 - £;) X* = Y (57)

In this equation X* ,Y* indicates the operating point to
be found, 3But if X* and Y* are considered as vary-~

ing coordinates, ecuation (57) represents a straight line
passing through the origin of diagram III and the partic-

ular operating point, For X* = 0,5 equation (57) gives

1 - ¥* (0.5) = f,

This equation shows that

2 (58)

can be read dire¢tly from the line X* = 0,5 4if the ori-
" gin is connected to the operating point with a straight-
edge and ites intersection with the line X* = 0,5 {is
read off on the scale gaven in diagram III,

If 9:1* 1is small or eaual to zere, it is practical
to replace equation (58) by another formula. After divi=-
sion by rw, equation (55) may be written in the fol-
lowing form:

Cup _ Ay ot as®
rw * ®
. »
= 9,% + gi-y* (59)

Foraula (59) holds in general, but in practice, is some-
what more inconvenient than equation (58).

-3
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5., Diagram for the Calculation of Energy
Logsses 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 (23) and (11)

-
s RS L i <w>
T p 2 cos B \rw

- (rw)

4V

w

With cos B = =& and equations (40) and (45), a short
v

calculation gives

lAy* = - x;w(m*)a fa (60)

where

£, = [1 + (x* - I;‘L)e]%

The curves f, = constant are straight lines in the X*=-,
Y*-coordinates:

/(f4)a/3 ~1=x*-—'£4.‘.

They are plotted in diagram IV of figure 10, Correspond-
ing to any operating point X* ,Y* a value f4 can be
obtained by interpolation. Since by equation (45)
D]
¥ o X; » the energy loss for a known A;w is easily

obtained from equation (60),

The finite blade thickness may be taken into account

by using % instead of A in equation (60), Moreover,

the velocity corrections given in the next section are to
be applied. It may be remarked in conclusion that dia-
grams I and III overlap in their regions of application,
It is therefore possible to use diagram III for the



46 NACA TM No., 1062

calculation of unusual rotors and diagram I for the calcu-
lation of extreme stators. The same holds for diagrams

I1 and IV,
V. NOTE ON THE CONVERSION OF ISOLATED
WING POLARS TO CASCADE POLARS
1. The Corrections Due to Blade Circulation

In the foregding division the calcwlation of a cas~
cade was based on the profile coefficient

9 e
- 1+
c!c:-s‘B';= §Ag ( cot B>

that is, on the 1ift coefficient and the glide angle of
the profile in cascade. The lift coefficient may be ob-
tained from theoretical caltulations, which, however, fur-
nish no information as to the glide angle € oOr the max-
imum lift coefficient (LA)max’ It is therefore neces-

sary to resort to experimental data, Cascade measure-
ments would naturally be most suitable., Unfortunately,
measurements are so few that experiments on isolated
blades must be resorted to, These can only be applied
direetly, however, when the ratio of cascade spacing to
blade chord is so large that the mutual interference of
the cascade profiles ‘can be neglected. This simple con-
@¢ition -does not exist in many practical cases, .and so the
isolated wing polars must be converted to cascade polars
in a suitable manner,

The problem of applying research data for isolated
wings to profiles in cascade arrangement frequently has
been treated, It esseéntially -involves the following:
Evéry 'profile o0f a carcade finds itself in a disturbance
field of the other provfiles, which are ¢alled ne.ghdboring
profiles. This field of disturbance exists at the lbca~-
tion of the-partitular profilé.consideration by visual=
izing the latter as being removed from the cascade. The -
presence of the neighboring proflles induces & change in
the-stream velocity as well,as a curvature of the gtream=-
lines at the place of ‘the omitted profile, With regard
to the  omitted profile these streamlines are called the
"undisturbed" streamlines of the cascade. The omitted
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profile, when placed back in this curved flow, naturally
is subjected to different forces from those in the corre-
sponding straight line streamline field., If the angle of
attack of the cascade profile 1e¢ measured from the mean
stream direction, as defined previously, it is seen that
the linear relation between lift coefficient and angle of
attack is maintained, The 1lift for zero angle of attack

d
is altered, however, as is the slope —EA’ which is with

da
the usual terminology,

dgAg " dgAe

=

da da

There are two methods by which the 1ift coefficient
of an isolated wing can be converted to that of a profile
in cascade! namely, accept the isolated profile without
form change and calculate the corresponding cascade coef-
ficients, or fit the profile shape to the "updisturbed"
flow in such a manner that the coefficjients remain un-
changed. The latter procedure is more suitadble for the
application of data obtained for isclated airfoils., This
is especially true when the flow begcomes more highly
curved due to the proportionately higher blade solidity.
Practically any normal airfoil has negative curvature
relative to such a flow, and hence exhibits a very un-~
favorable form,

The adaptation of the individual airfoil to the
cascade flow 1s relatively simple by the procedure given
by Betz, (See reference 3,) If the airfoil is curved by
this procedure, the 1ift coefficient of the profile in
cascade is approximately equal to that of the isolated
profile for the angle of attack a on which the calcu-

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

d
gAg (U') = gAe (Q'J) + k —g‘%e‘ (G, - G‘J) (61)

and € = ¢ (§A). The factor k¥ 1is a function of the

zl

solidity A = and that mean stream direction B,

anr
for which the 1ift of the profile in cascade vanishes;
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k 1s given in diagrammatic form dy Weinig. - (See refer-
ence 4, p. 40.) But since B, 1is, for the present, un-

known, an approximate value must bde assumed for it S
this instance, it is expedient to use the value (

= 0gg * 8 where a,, is the zero 1ift angle of the

isolated airfoil, The value of k found from the k-
diagram with this approximation is used to calculate the

angle of attack: @ (1) for which- : g(l) = 0 in equa-

tion (61). The equation 80(2) = a, 1)'4- & 1is a second

approximation, ‘and the calculation can theén be repeated.
It is seen that two approximations’ generally are suffi-
cient for the determination of k,

2, The Cbrfect;ona for Finite Profiié Thickﬁeéé

The Betz procedure takes account only of the blade
profile circulation distribution. which, as for an iso-
lated airfoil, is determined by the profile mean line,
The results accordlngly are applicable only to very thin
profiles. In practice, however, it frequently happens
that the profile thickness in high solidity cascades 1is
no longer negligidble, To take this into account, the
profile mean line is visualized as being inflated by a
gource d;stribution. For this purpose the profile ordi-
nates are measured from the profile mean line, and the"
length s along the mean line measured from the leading
edge is chosen as abscisga., Let yg(s) and yp(s) Dve

the ordinates of the suction and pressure sides. The
sources distriduted on the profile mean line introduce
equal and opposite normal velocities v, on both sides

of the mean lire, The magnitude of theé normal velocity

follows from the kinematic boundary eondition on suction
and pressure gides!

4 AU B 1
e =2 e — =
ds Vs ds YD W
or
n ld(
— = = = (ye - ¥ )
w 2 ds S D

For w the constant average velocity can be used (by way
of a first approximation), which prevails in the position
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of the profile under consideration when the latter is vis-
ualized as being omitted from the cascade. Surrounding
the element ds with a ceontrol line affords

2v, ds = q(s) ds
where q(s) is the density of source strength, and finally

als) = w é%-(ys - ¥p) (62)

The neighboring blades can be replaced by this superposi-
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 distridbution along
the straight profile chord and to calgulate the disturbdb-
ance 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 element are (fig.11)

x!' = g' cos §, T' = vt ~ 8' gin § (63)

t = &1L and - ®< p<-1, 1 <v< e The co-
= =

ordinates of a starting point on the omitted profile
chord are

where

X =g ¢cos §, T = - s 8in § (64)

If a2 = (x' - x)° 4+ (7' - 1)® the potential of a source
element at the point x',T! 1is

The disturbance velocities of the source element are
given by differentiation with respect to x and T, re-
spectively:

2m az

Qv
-

=y a - q(s') dsl X' - 5%
dvy = - .
Vm P (do) = =
(65)
d.Vu = .&. (d(b) =0 e Q_(S') ds! 1' - TJ
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It is assumed for simplicity that s' - s 1is small com-
pared to ,vt, Then approximately

to
a? = (vt)2 <l - 2 E"""""'g"ein g)
vt

With equations (63) and (64), equation (65) becemes,
after neglecting terms of second and higher powers of

(25
vt '

d(s') ds' _

dv,_ = - 2=t (g! - g) cog §
£ 2m (vt )°
) '
dv _als') ds

(vt + (8! - 8) sin 5)

&
|

an(vt)”

The disturbance velocity at the point x,T is obtained

by integration and summation over the source elements of

all the neighboring profiles, Since the integral along
A

the entire chord J/wq(s') ds!' must vanish on grounds of
6
continuity, it simplifies to

(o o]

Ve cos EZ \/pq(s') ! dg!
[0 o}

vy = - 51n sin & }j J/q(s ) s' ds!

Substituting the approximate expression, equation (62),
for q(s) and integrating by parts results in

i
u/qq(s') g! ds! = - ng/iys - yp) ds' = - wF

(0] o}
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vhere F is the profile section area, Let ¥ = Di®?; then

1t 18 plain that D 4e the ratio of the mean profile -

thickness to the profile chord. With .
[~ -]
§j A = E:
“, va B
v=1

- ' n a3
vm"",w'cés 8 E-DK W

finally,

, (68)
vu"n M 8in § 1‘6197\3

s
-

a
Since the quentity _% DA - 48 normally small, eguations

(66) represent small velocity correetions, To inglude
them, it 1s sufficient to .change the mean velocity (mean
of entrance and exit velocity) at the omitted profile
location My the corrections given previously. Moreover,
8 = F -~ a, Since « ig usually small, § can be re-
placed by B in equation (66).7 It is svident from
the diagrams that ,

w cos 8§ ~w cos B = wp

~ wesin § -« - w gin B = Qu

and, after introduction off the diménsionleas e¢defficients,
vm L ] a2
o ?, 5 DA

(67)

/ A8 ,*\
= Bo%y 4 S0 ) ool
N 2t 2 /6

g

The subscript v for o*, 9,* and A9* 1indicates that

these quantities refer to the nncorrected velocities cor-
responding to infinitely thin blades. For rotors and

’The substitution of B for § 1is equivalent to the
assumption theat the sourses and sinks lie 6n the"undie-
turbed" cascade streamline defined in section V, 1,
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stationary guide vaneg wfth entrance rotation other than
zero, the last equation Dbecause of equation (45), ¢an be
written in the form

;&
Tu o o g%, (1 ...;2>%D7\3

This formula is impractical for cascades wikh small d,*,.
This applies in particular to guide vanes according to
section IV, 4., To obtain a useful formula for this case,
also the second of equation (67) is rewritten in the form:

Yu A@o*\ ™
—_— = | DAk o+ p* — D %2
YW ( 01 Po 2@0‘/ 5 A

*
= - 13 * 4+ cpo * oS 2

It is plain from equation (66) and figures 12 and 13 that
the direction of the disturbance velocity arising from
the finjte profile thickness is in the image direction to
the profile chord along the x-axis., Therefore, besides
the increase in throughflow velocity, there is a reduc-
tion in angle of attack in retarded flow (pﬂmp cascade,
fig, 12), and an increase in angle of attack in accel-
erated flow (turbdine cascade, fig. 13), These facts in
most cases might be the cause of the apparent discrepan-
cies in the experimental check of the theoretical conver-
sion formulas for the 1ift coefficlent,

To use the diagrams given in section IV, the correc-
tions for the throughflow velocity and for the initial
rotation are added, whence

= w =
e = 5. * (l + 5 DA >
Y m '
\ 0 A
S, [1 - (1 - r)'e‘ “a] J

) N ® * i .2
= - = 2\ . Yo
By % =B %, (1 % DA } _z_.Yov z DA

(68)

or

sntering these values in formulas (45), while neglecting
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second and higher powers of % DA2, gives

X = Xo 1+/3-.’£_°.>1D}\2>
! \ 4/ 6

or
Kl~ D}\z\_y;ﬂ D?\é
24
and (69)
Y, S
Y =
/l 0\1
S 6
Y*
Y* = g
m 2
1 + - DA J
In addition
Py *
f'm = Cp* = 1 +26'-D>\a
°ny %o
and according to equation (38)
At = A <1 + ’-g-ma> . {70)

The tangential exit velocity is calculated with egquation:
(49), (56), or (59) according to eouation (68) or (69),
respectively. However, since the tangential velocity
contribution due to the finite blade thickness decreases
rapidly outside of the cascade, this contribution must be
subtracted from the calculated value thus giving, for in-
stance, instead of eouation (49) ' :

i CUQ .
rw
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Similarly,,instead of equations (66) and (59),

cu2 (
—_—= = gy *  f — 72
W °© 1 Tos )
c *

Uy Po
—_—= = § x4+ Y * (73)
rw 253 2 9

3. General Remarks on the Applicability of Measurements
on Isolated Profiles to Profiles in Cascade

The discussion of the applicability of isolated air-
foil polars to cascade calculations is conéluded 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
cascagdes slightly smaller than those for isolated pro-
files, There is no influence practically on the gAmax_

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 GBttingen 622-25 profiles (refer-
ence 6), The operation of the thicker hub profile at a
Reynolds number based on profile chord below about 0.8

x 105 to 1 x 105 particularly should be avoided. The
measurements of ¥, Gutsche (reference 7) show that the
characteristics of the flow about the profile change very
unfavorably below this critical Reynolds number: The
profile drag increases considerably and separation of
flow ocours at a much smaller angle of attack than above
the critical Reynolds number,

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 mid:hannel, and the positive and regative
pressures are correspondingly lower at the blade tips.
The situation is schematically shown in figure 14. There
is a2 pressure drop in the direction of the arrows. This
pressure drop deflects the boundary-layer flow resulting
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in the mentioned secondary flsw, Conditions ehpuld be
similar for statiogary guide vanes., It is different, how-
ever, for roters: It appears that the superps®ssed tangen-
tial velocity of the profile sectign causes, on the one
hand, 'a much smaller drop in velpcity toward the (outer)
wall, especially whaen the characteristic o* 4{s small,
and, on the other hand,a simultaneous change in angle of
attack, In addition to this, there is the centrifugal de-
flection of the bpundary layer about which little is known,
however, All these phenomema ae¢t together in such a man-
‘ger that for the rotore described later the circulating
flows of the previously described type were in no casgse Ob~
served in the neighborhooed of the outer wall, but were very
strongly evident in the neighborhood #f the hud. To make
the boundary layer flow vigible, a blade was covered with
the sensitized paper "0Ozalid," By means of a bent
(clamped) tubde about 3 millimeters in diameter a thin am-
monia gtream with the local velocity could be introduced
into the flow before the rotor, The trace of the ammonia-
air mixture on the Ozalid covered hlade was dyed blue.
Figure 15 shows the resulting streamline picture, The de-
flection of the flow on the suction side is clearly per-
‘¢eived, Although these gtream pictures provide some
qualitative insight into the progress of the secondary
flow through the rotor, these phenomena still need further
exploration before the secondary flows observed in sta-
tionary cascades and in rotors can be correlated. These
gsecondary flows can influence considerably the pressure
changés at high blade loadings. But on the basis of the
foregoing remarks the econversion of pregsure measurements
on eascades to0 rotors must be regarded, for the presgent,
as very uncertain,

VI, APPRAISAL AND DIGSQUSSION OF CHARACTERISTIC CASES

l, General Conclusions for Roters

Subsequent to the foregoing discussion of the prin-
¢ipal data for the blower calculations, it is appropriate
to present several appraisale and in oconjunction discuss
some typical cases of bdlewer congstruction, The effect ef
the thickness correction is illustrated on a worked out
preblem, For the cases gonsidered here A' = A, Since
the glide angle ¢ is small relative to unity at normal
angles of attack, equation (43) can be approximated té
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Cne (74}

Small values of c¢ot B are naturally ruled out. This
formula and diagrams I and III afford a convenient survey
of the existing pogsidilities. By reason of

.2
, r&) " <r;>
Y* Y (*—r and o* = 0o 3

equations (50) and (45) give for a rotor

2\
> f
X s =% Za
d,% T
/
For a rotQr without entrance guide vanes, d;* = - 1., If

the total preéssure rige Apg, the tangential velocity
raw, and the throughflow velocity cj

VYV and ¢ are defined. The rotor efficiencecy is about
coénstant over the entire rotor cross section when

€ = €pijn 18 so chosen that the operating point of the
sections in diagram I lies on a concave upward parabola
(see equation (75))with vortex at the origin of the ¢o-
ordinates. That is, the X- Y-points corresponding to

the neighborhood of the hud section lie farthest from the
origin, Since cAg is restricted upward equation (74)

are given, then

gives a simple estimate of the necessary solidity A.

For a fairly high preasure coefficient W and a small
hudb dismeter, X Tecomes very large for sections near
the hub, But according to existing experimental knowl-
edge it seems advisable to avoid high solidity. Besides
an increase in angular velocity, which is limited by tech-
nical difficulties for the most part, there are essen-
tially two possibilities to keep the solidity small:

Make the hub rotor rj/r, large. This shortens the

parabola discussed previously, dbut, at the same time, it
increases the throughflow velocity and hence X for
fixed outside diameter, so that the parabola is shifted
to the right in the X-,Y-diagram, Figure 7 thus shows
that both measures reduce K and hence, from equation
(74), the necessary solidity.
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The first of formulas (75) shows a further possibility
of decreasing Y and hence, in general, K, 1In the case
of right-hand rotation,

L /Ta 2
V,% = S 1 4 9, \_. (76)
b

The subseript 1 denstes a plane before the retor
but behind the entrance guide vanes, The absolute value
of ¥;* acgordingly can be inecreased by using the en~

trance guide vanes to pre-twist the fluid wppositely to
; the rotor direction of rotation., By equation (75) this
method reduces Y efficiently. By the second formula
of (?5), X 8 reduced proportionately, the operating
point X,¥Y of diagram I lying on the straight lime con-
necting the origin and the point corresponding to
%% = -« 1, The pre-twisting decreases K moére effec~-
tively as the angle between the tangent to the curve
K = constant and this straight line is greater. This ig
the case primarily in the left part of diagram I; lense
a pre-twlsgt appeare advisable only for small throughflow
velocities,

‘ Formula (51) shows that pre~twisting (9,* < - 1)

R lqﬁers the efficiency of a reter, For the rest, the ef-
ficiency dependes largely on f, for fixed 9¥,*, since

the factor of f, 1in equation (51) becomes very large
for good glide angles, Diagram II (fig, 8) shows £, as

} a function of X and Y, For congtant Y, £, has its

‘ maximum value on the straight line ¢ot B = 1, This line
connects, according to the developments of IV,2, the ,
pointe X = 0, ¥ = 4 and Y = 0, X = 1, For good rotor
efficiency, the operating point muet be designed to fall
in the neigh®orhood of this straight line. This condi-
tion governs the choice of rate of speed, the choige of
pre-rotation, but above all, the choice of ryj/ra, since

for fixed outer diameter and given delivery volume, the
throughflow velocity and hence X 1is a function of the
hud ratio.

For vanishing throughflow velocity - that is, X = 0 =
there is f;, = O, 1In this case the efficiency 1is inde-
pendent of € according to equation (51) and is soélely a
function of ¢f, for fixed ¢,*, Since £, 1increases

with Y, useful efficiencies for very small throughflow
velocities are ebtained only with large Y.



58 NACA TM Ne¢, 1062

The factor f, 1loses its effect on the efficiency

at all but small distances from the y-axis. Tt is evi-
dent from formula (51) and diagram II (fig. 8) that for
fixed 9d,*%, there is a general tendency for the rotor
efficiency to increase with increasing Y - that id,
higher loading. The giide angle is, of course, assumed
to be independent of the loading, This is true, however,
only in a certain range, so that the maximum efficiency
of a rotor family of the same profile first increases
somewhat with the loading but then decreases. (See ref-
erence 8.)

2. General Oonclusions for Guide Vanes

Similar conclusiens for stationary guide vanes are
easily secured with the aid of diagrams ILI and IV (figs.
9 and 10). However, the following problem is pointed out:
The exit guide vanes have the task of converting the en-
ergy of the tangential velocity component into pressure.
In those cases in which the tangential exit velocity com-
ponents are not found disturbing, it is profitable to in-
sert exit guide vanes only when the surrender of the ki-
netic energy of rotation would imply a perceptidble loss.
The gquestion of the magnitude of this energy therefore
arises., The tangential component of the absolute exit
Yel;city of the rotor is by eaquations (49), (76), and

50),

n

Q
=3
V]
n
D
-
+
fe

ra
I

14V)

The subscripts 1 and =2 denote the planes before and
behind the rotor., This equation yields the ratio of the
kinetic energy corresponding to Cu, to the energy gain

through the rotor:
2 2

°u3\ / ﬂ£>
<réu) \01 T on (ré>a
' r

(77)

If a pre-rotation opposite to the direction of rotor ro-
tation is imparted to the fluid by a set of entrance
guide vanes, then 3¥; < 0 in the case of right-hand

rotation: For 4, = - g%, Cy, Vanishes 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 operating condition, The pre-rotation imparted to
the fluid by fixed entrance guide vanes is directly pro-
portional to the axial throughflow velocity (eauation
(59)), while the pressure coefficient, as shown later,
normally increases with decreasing throughflow velocity.

Since the tangential velocities behind the fan have
a disturbing effeet in wind tunnels with closed return
passage, fans without exit vanes are useful only for tun-
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
ocperation with different jet cross sections must be fitted
with exit guide vanes. These are easily constructed by
means of diagram III, so that the exit rotation vanishes
for all the operating conditions which might arise, For
instance, if a high solidity X > 1.43 1is chosen (see
reference 4, p, 42), the direction at the exit of the
guide vanes is independent of the entrance direction,
For the design of guide vanes complying with the condi-
tion of no rotation at the exit over a large oOperating
range, the procedure is as follows: Select two possibdle
operating conditions X*, Y* from the rotor exit veloc-
ities and the condition of no rotation at exit. For this
purpose only X* needsto be ascertained, and Y* 1is
chosen to lie on the dotted line in diagram III, accord-
ing to section IV, 3, Then read off the coefficient K
and tan B from diagram III for each cascade section,
Since the angle difference 4B for both operating condi-
tions is equal to the difference in angle of attack,
equations (74) and (61) yield the equation

at
AE = Ak —28 ap
da

from which Ak can be calculated, 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 &F, or Aca, must be small
enough to lie within the range of angles of attack for
which the profile flow adheres. This specification of
the solidity gives two possible operating points of the
exit guide vanes which lie on the dotted line of diagram
III. This means that the flaw at exit from the guide
vanes is free from rotation, All other operating points
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of the specified guide vanes for which the profile flow
adheres will lie on the dotted line of diagram III.
Rotation-free flow will no longer obtain when separation
of flow sets in,

Incidentally it showld be noted that it ie not al=-
ways advantageous to convert all the rotation to pressure
by means of exit guide vanes. For instance, if a diffuser
is used to convert the axial velocity into pressure, the
diffuser efficiency can be considerably increased by means
of a small rotational velocity. (See reference 9.)

3, Rotor Design

For the discussion of rotor design the throughflow
condition (equation (23)) is utilized. From eguations

(45) and (50) Ad = %g(%) which entered in, equation (23)

gives, after a short calculation:
D (.2 . 2 1 (v 2 (W), ¥ fan_ 1 e
R @2 ~® )= |"-z5 (50 %) 33 o)t R RT SE e

The discussion is, for the present, limited to rotors
without entrance guide vanes. In this case 9, = 0 and
equatinon (78) becomes

D (02 -0 2) - __;_i_.@_@ v an 9
dR (P ?y") [ﬁ B 2n} dR \n ¥ n 3R S48

In the normal working range of a good rotor n is ap-
proximately constant; hence the last term on the right-
hand side likewise vanishes., If the fan sucks the fluid
from a large reservoir in which it is practically at rest,
then ®@,; 1is constant over the c¢ross section with the use
of 2 proper entrance-duct, In the event that @z itself

is to have a uniform distridbution, either n = é; g%., or

the pressure coefficient WV must be constant over the
rotor cross section according to equation (69). The
first condition will be analyzed later. The second con~-
forms with the considerations of the introduction.

If a uniform axial velocity distribution is speci~
fied for both the operating condition of the design
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calculation and the neighboring range, a well defined
digtridbutiaon of seection solidity A must be chosen, To
fix this distridbution, the design operating point of

every rotor seation is marked in diagram I, To illustrate,
1f the throughflow coefficiente @¢j and the pressure coef-
ficients Vj are given, the design operating points are

8
defined by Xj = mJ Ta, YJ = (!) /ié> The rotor effi-
v n r

ciency must next be estimated, dbut with the aid of dia-
gram II and the first approximation for the operating
point XJ,YJ. this estimate can be improved, Fixing the

solidity ef any one gsection of radius r, enables the

entire X-—,Y~characteristic of the section to be econ-
structed with the aid of the profile polar. Then select
an opereting point X,(r;), ¥,(r;) of this characteris-

tic, which does not coincide with the design operating
point, According to equation (79) o, =, ana @pir)

= Qpr,) since o = % (p, + ml), on the assumption that

VYh and 7N, are themselves constant for this operating

condition over the rotor cross section, On this basis
the corresponding operating pointe of the other sectlons.
are directly indicated:

2
r 4 ;
X (r) = :} Xp{ry), Yplr) = \:é) ¥y (ry)

The accompanying values of K, (r) and the angle differ-
ences AB(r) = salr) = g, (r) - Bj(r) permit the calcula-

tion of the golidity exactly as for the exit guide vanes,
The result 1§ a blade chord distridution, which decreases
greatly toward the outer section,

In the event that the energy of the entering flow
exhibits considerable nonuniformities, it will be en-
deavored to fill these "energy holes" with additiomal
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 thickness of the bound-
ary layer before the blower is of the order of magnituds
of half the c¢ollecting tude radius. If the static pres—
sure in the entrance cross section is equal to zero, the

total pressure, referred to %p(raw)a. in the entrance
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cross section ig given by -®4Z. The requirement of con-

stant total pressure behind the rotor is synonymous with
V = constant - ®,2. .The constant is specified by the

energy level necessary to overcome the throttling. In
this case, tog, there is a constant efficiency over the
entire rotor cross section; hence equation (79) can be
written in the following form:

d 2 constant - @2 3 3
Lo .Y 9
3n Par) an*-gp® 3R ()

The @, distribution corresponding to a given ®, dis-

tribution can be calculated by this equation., The
throughflow velocity in the plane of the roter is then

likewise known: @ = %'(@1 +®5). Since ®(r) as well

as V(r) are then given, the design operating point in
diagram I is fixed for every section, The distribution
of solidity to give uniform total head distribution be-
hind thHe rotor for the neighboring operating points is
found the same way as in the previously discussed case.

Analogous considerations can be made for rotors with
entrance rotation. If 9;(r) = constant, the above line
of reasoning is not changed, except that equation (78)
must be chosen as starting point instead of equation (79).

4, Estimate of the Throughflow Distribution

In conclusion, a number of simple model problems are
worked out, which enable the designer to appraise the re-
sults of his measures,

For entrance guide:rvanes, 9¥; = O. On the assumption

that the distribution of the energy losses over the cross
section of the stator is uniform, equation (24) yields:

2 2
3 (0.2 _ g2y . 1 2B 1 o (Fa)
L (9,7 - 95%) = =5 & = = S (80)

oR R® QR R® 3R
This equation indicates that for 9, = constant there is

no change in the throughflow distribution through the
guide vanes.
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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 ¢ = CR,

where C 1s a constant, Introeducing this value into
equation (80) readily affords

P33 = @y2 + 2C3 1n % + constant (81)

@z accardingly increases without limit for R = O and
drops quickly with increasing radius, The throughfloew
condition is not valid@ for such a marked wariation, since
it was assumed for its deviation that &Y =Py - ®, 1is
small of the first order, At any event, eaquation (81)
indicates correctly the character of the flow: Yecause,
apart from the fact 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 (8l) wag experimentally established.

As previously stated, the deflectiodn of the flow
through entrance guide vanes is proportional to the
throughflow velocity (equation (59))., If the gui.de vanes
are designed so that 95 is constant for consteat through-

flow velocity, then ¥, = Cp, where C is a constant,
By neglecting a quadratic term in 49, 2(p,? - 923) ecan
be substituted for (p,2 - 9z®) and equation (80) bve-
comes

o)
‘BE (CPQ) ¥ -—-—']‘."-“'a‘ '3; (@12)
1+ L <§> ‘
2 \R
1 : ,
Since 3 < 1, +this equation shows that every
74
1+2(8
2 \R

"valley" in the @, distridbution i® more or less

strongly smoothed out - that is, most sgtrongly in the
neighborhood of thé hud,

The most important case for exit guide vanes is that
in which the fluid leaves the guide vanes in purely axial
direction, where 95, = 0 and Av = - ¢,, On the hypoth-

esis that the en2rgy loss Apg is counstant over the
whole crces section, equation (24) yields
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9. 2 9O (p.2) + A 2 (p.2
aR (92®) = THE ) R° 2R (527

Here also there is no change in throughflow distridbution
for Ad = - 9, = constant, If ¢, increases toward the

ou@gi@g, ®, exhibits a stronger increase toward the out-
side than ®¢,, and vice versa. The boundary layer on

the outer wall mmerits jparticular attention., Owing to the
tip sclearance, the rotatian behind the rotor decreases

toward the wall. ‘Hence g%-(élz) < 0 in the neighbor-

‘Nood of the Outer wall,} and from the preceding equation

it follows that the boundary layer of the oy distridu-
tiér is worse than ithat ‘of. the @y .distridution.

The !conditiens -at the rotor are mast difficult to
survey. -To arrive %n gome degree at - genergl formulas for
this case, .sweeping.sinplifications, which lessen the
value. of :the . appraisals. must be made.. In spite of’ this.
however, the qualltat1ve 1ns1ght provided by the formulas
is useful,

According to: flgure 6, the profile angle of attack
increases with decreacsing throughflow veloeity. So long
as the flow does not separate, the coefficient K also
increases with decreasing ®. Diagram I indicates that

the same fact applies to Y and hence o %. e
<%>., ® are the chara¢teristics serving as basis of the
J J

design, the function % (p) in the neighborhood of the

design point can te represented ty a Taylor series, of
which only the first term is retained, Worked out ex-
amples show that a gocd approximation is obtained for

W (p), except when separation of flow occurs. Thus,
Yo(p,r) =¥ (9;) + al®) [0, -
' ) ¢y ~— @]

where the coefficient af(R) is always positive, Differ-
entiation with respect to R yields

O (WY 2 (s - ) 32 o 0P
\;) P Pl oot e
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By entering these values into equation (78), the limita-

tion to ¥, = constant and N = constant with @2 - ©,°
= 2(p° - mla) leaves:
P 1 %,
el -E@E- )]
OR & R 2n OR
+CP.j____..-cp{n...]La- -——+‘3>
& R Bn
If AP is assumed small compared to @, , @, can sub-
stitute for @ 1in the preceding equation, so that
o _ Py 0P,
oR /v \7 oR
+ 2 e B
Pr Ty [n RZ \Zn 1)]
v
(@J- - @) [ﬂ = “13 /"“"+ él)]

a /ﬂL 3 oR
m’+4[n B \an >]

For a rotor design in which the solidity distribution was

v
defined for @, = constent, the curvee of () for all

sections coincide, and %% = 0, Since, at the same time,
0P,
oR

constant, in agreement with the conclusions of previous
arguments.

= 0, then ® 4itself must be constant with ®; =

: da _
The condition SE = 0 4{is, for the present, retained.

It depends solely on the choice of A digtribution,
hence is given by the blade design, If the ¢, distri-

bution has local hills or valleys, these are either ac-

ok
centuated or weakened depending on whether [n-R §L+'ﬂ;ﬂ
n

is negative or positive. The effect of this bracketed
expression 1s so much greater as @, 1is smaller. The

sign changes for:
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For fixed 9, and n, <%>- is smaller closer to the
er - o

hub. If the fluid is given a rOtatiOn opposite to the
rotor direction of rotation, then 9; < O and (%)
) S er

becomes greater.

' v v _
The fact that for: R ATy r the hills or valleys
c

of the axial velocity distribution are accentueted by the
fan may be regarded as a manifestation of instability of
the rotor flow, For -

il
o + % [n = o g%.+ 0{)] =0

the variation of the nonuniformities of the @, distridu-

tion increases without limit and has, besides, an indef-
inite sign. In fact, difficulties arise on rotors with
high pressure coefficients which seem to indicate insta-
bility of flow even for those operating conditions at
which flow separation likely has not yet occurred.. The

critical value of <¥ itself appears to be substan-
cT
tially lower than that given by the formulas if figured
with the high average efficiency of the theory. This -
discrepancy probably is due to the fact that, on the one
hand, the local efficiency may be very much smaller than
the average efficiency, and on the other, that the ‘
throughflow condition is, on principle, not suitable for
stability investigations; since stationary conditions had
been assumed in its derivation in the beginning, An ex-
tension of the theory in this direction is under way.

1.£ 3% F0.

of equation (82) also must be noted. In this term the

expression
- a_‘
+ e 6

the second term on the right-hand side
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plays the same role as previously, The following is
limited to
1 /v
- | — 9
75 \ 27 + > >0

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

da
is the sign of (@- - @1) gﬁ. As is subsequently shown,
only positive values of %E occur so that the second

term on the right of equation (82) effects, for @, < P30

a reduction of the throughflow veloecity in the neighdor-
hood of the hud and an increase at greater distances from
the hub, The opposite holds true for @, > Py

In conclusion, the influence of a nonuniform agxial
velocity on the total efficiency is driefly discussed.
I1f the entire total head iz counted for the efficiency,
the distridbution of axial exit velocity is of no impor-
tance, It is different when the exit kinetic energy is
to be recovered. In this case, @& diffuser must be used
behind the fan to convert the exit kinetic energy to pres-
sure. Let cpjn be the smallest absolute velocity in a

cross section behind the fan 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, % pcmln is recoveradble, The nonuniform axial

exit velocity distribution thus has an unavoidabdle exit
loss in consequence. On thé other hand, it is alse con-
ceivable that the diffuser efficiency can be bettered by
a velocity distridbution which increases outwardly., Ex-
reriments of this kind are unfortunately not available,
80 that the question of the influence of the axial exit
velocity distribution on the fan efficiency must, for the
present, remain unanswered,
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VII, EXPERIMENTAL AND THEORETICAL INVESTIGATION OF
THREE ROTORS AND TWO STATORS

1, Description of Test Stand, Calibrations

Figure 16 showg the layout of the test stand. It
consists of a tube 4 meters (13.1 ft) in length and 500
millimeters (19.7 in.) in diameter; its inket side is
enlarged to form a well-rounded, broadly faired entrance
cone, The streamline hud is built into the tube, its
maximum diameter being 250 millimeters (9.85 in.). The
forward part of the hub s held by three fgired struts
and is designed to carry the bearing for the rotor. The
rear part of the hub is carried by the guide vanes and at
the tip by three faired struts.

The shaft leading from motor to the head of the hubd
is faired, The motor is mounted so as to be free to
swing on both its shaft ends. It carries a scale arm by
which the torque can be measured.

Several difficulties were encountered in the deter-
mination of the scale zero, because the ball bearings,
when stationary, have comparatively great friction. 3But
after the ball bearings were washed clean, the zero point
could be determined with sufficient accuracy. The slight asymme-
tries of the rotor were eliminated by weighing in numer-
ous rotor positions.

The determination of the pure rotor torque requires
the subtraction of the bearing friction torque from the
measured torque., The usual bearing friction measurement,
which consists of an extrapolation of the torgque to zero
angular velocity, proved to be very unreliable because
the motor angular velocity could not be made small enough,
For this reason, the zero rotation torque was determined
with rotating hub and rotor bladesg removed. Check meas-
urements with rotating shaft but concurrently removed
rotor hub proved the hub bearing friction negligibly
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 & small synchronous motor, The time scale could be
adjusted very conveniently by small modifications of the
contact path,
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A diaphrdgm was attached at the end of the test etand
for throttling, the opening being variable by means of a
valve and cover plates. To inelude the region of very
small throttling, the diaphragm A was removed for several
measurements and a diffuser put in its place,

For the quantity measurement, the wall was pierced
at I, With v; denoting the velocity in the cross sec-

tion at the test station, Bernoulli's equation gives, on
the agsumption of vy = constant over the cross section:

VI =/'§' (-PI)

The throughflow volume is obtained by multiplication
'with the entrance cross section Fy. This formula is not

strictly valid because of the boundary ldygr‘formation.
and must be corrected by a pipe factor, This was deter-
mined by careful measurements of the velocity distridbu-

tion, It is
Q=£/-§(-p1)3'1

where f = 0,985

The total head difference was recorded dby means of-
the pierced wall station II, On the assumptien of con-
stant velocities in cross sections I and II

. 3
2 el ()

where Ap 1is the difference in wall pressure and Fig

the cross section of measuring plane II, Since the diam-
eter of the shaft casing tube is ou'y 35U millimeters,

Fy = Tr1: hence the last term of the previous equation
¢can bs discounted. The procedure would te mure exact

if, iasvead -of the preceding eguation, the following
average value equation is used:

Frp
F11

1 N 1 : :
Apg Hp-t ———r 3 cIladF - Fl—f ‘g' clzdF
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The two integrals for thé design.operating point were de-
fined experimentally dnd found to be sufficiently .coin-
cident; hence the formula Apg = Ap i® obtained again.

This derivation of the preceding formula includés the
small increase of exit enéergy dué to nonuniform distribu-
tion {boundary layer, hub drag) for the design-operating
point. For other operating conditions, the effect of
greater nonuniformities in increasing the exit energy, is,
for s: mplicity, disregarded so:that the formula- given
previously was regarded ‘as valid for all operating condi-~
tions.

2. Data on Rotors and Stators

The fans tested were of the single-stage, axial-flow
typé, with éxit guide vanes and without entrance guide
vanes., The common characteristics of the firstthrmaelgw—
blade totors were the following: The design operating
point was the same for all three rotors, A presgure coef-
ficient of { = 0.188 and a flow coefficient of &, = 0.45

was specified for the entire fan, including the hud dif-
fuser, The total pressure boost set up by the rotor is

naturally to be decreased by the diffuser and the guide

vane losses, The diffuser efficiency was assumed. at

No = 0,85 (see Hiitte, vol, I, 26th ed,, p. 377), the

guide vane losses being computed according to the formulas
derived in section IV, 5. [The corresponding thtingen

622 to 625 airfoil sections and those derived by inter-
polation were used in the rotor ‘blade design, and in such
a way that the thickness Yatié of ‘the profile from the

hudb outward dedreased uniformly for all the rotors. The
praofile angle 6, = 90° - § was 80 determined that the-

total pressure boost of the rotor for the desigrn operat-
ing point was constant over the entire rofor cross sec-—
tion, To be sure, this goal was not entirely achieved.
This was largely due to the fact that the corrections for
finite blade thickness were allowed for by a rough - that
is, excessive average value - since the correction 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. mentioned that: through an error, the pro-
file sections near the hub of rotor [I were curved a lit-
tle too much. :
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The three rotors of this family differed in the dis-~
trioution of their blade chords. Rotor I had a profile
"chord linearly decreasing toward the outside; roter II,
constant; and rotoer III, linearly increasing.

The exact data for the three roters are given in fig-
ures 17 to 19 and in table I, The chord distridbution was
secured on the basis of the dimensionless profile chord
with a rotor radius of 250 millimeters (9,85 in.), rather
than the solidity A, as it afforded a clear representa-
tion of the chord distribution. The profile ordinates
are given as usual in percent of the local profile chord.

The data for both stators are shown similarly in
figures 29 and 21 and table II, Stator I had nine ®lades
- 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
golidity, the 1ift coefficient chogen for these operating
conditions waes comparatively large; Consequently the
guide vane flow separated at a throttling not much greater
than the deeign throttling, The resultant lower effi-
ciency is discussed later, The design of stator I was
based on the cambered circular ar¢ profile with

% = 0,05 (reference 10, p, 96), f being the camber and
! the profile chord,

Stator Il also had nine bladeg the design of which
#as based on the cambered &Bttingen 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
gulde vane I, the operating condition of rotation-free
exit was shifted toward lower P,-values ~ that is,

greater throttling, It is to be noted that neither guide
vane quite satisfied the condition for retation~free exit
over a large throttling range postulated in section VI, 2,

3, Recalculation of Rotor and Stator

To insure an easier interpretation of the test data,
the theoretical investigation of the rotore is given first,
The individual cascades of the fan are calculated in the
order of their arrangement in the fan installation -~ that
is, proceeding in freerstream direction - so that in every
case the distyibution of free~stream velocity and of the
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inittal rotatlien can be regarded as known. The procedure
inpdicated by the foregoing derivations is driefly summa-
*ized here: TFach rotor is visualized as being divided by
mean stream surfaces into cascade sections. The mean
stream surfaces are defined as the rotationally symmetri-
cal stream surfages corresponding to the previously de-
fined mean velocities., For each of these sections, the
X-,¥-characteristic, the efficiency, and the tangential
exit velocity has been calculated by means of the diagrams
of seetdon IV without regard to their mutual influence,
but with allowance for the gorrections for the circulation
and the thickness. To illustrate the order of magnitude
of these corrections, the cascade effect coefficient k

v . T
is. shown plotted against R = T, in figure 22 for the

three rotors. The c¢orrespondence to the individual rotors
is indicated by Roman numerals. The factor DA?, neces-
sary for the prediction of the effect of finite blade
thickness, i1s shown as a dashed curve. Quantity D 1is
the ratio of mean profile thickness to chord and, because
of the relationship of the GBttingen 622 to 625 airfoil
sectidnsg, is proportional to the maximum thickness d:

D = 0.675 %

The calculation of the cascade section characteris-
tics is based on the profile polars converted to infinite
aspe¢t ratio. (See reference 6,.p. 108.) By formulas
A
cos B
tionh of B, where B, for the case of right-hand wheel
rotation, must be put equal to & + a; for the sake of
trial, K(B) was calculated for various Reynolds numbers,
It was found that KX 1is fairly independent of the
Reynolds number, This fact is evident from equation: (43)
when considering that, apart from the zone of small angles
of attack, the 1ift coefficient [, increases somewhat

(61), {43), and (70), X =

is obtained as a func-

with increasing Reynolds number; whereas the glide angle

€ becomes 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 misconceptions, it
should be ndted that, in contrast to K(B), the effi-
clency is closely related to the Reynolds number,




10L

NACA TM No. 1062 73

If K(B) is known; the methods given in section
IV, 2 can be used to determine the X-,Y~characteristic
of each fan gsection, The formulas (69) give the transi-

tion to X,,Y, where, in the factor of % DA%, Y,

can be substituted for Y without appreciable error,
For a rotor without initial rotation d,*,= - 1; and

hence, according to equations (45) and (50),

Xo = ®o*
Y o=

°© " n
From the definitione of ,* and ¢* the relations

Py = R X,

are readily 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 calculation 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 formulas,

With these approximations the dotted curves of figure 23
are obtained for four eections of rotor III., With k as
given by figure 22 but retaining D = O, the solid curves

of figure 23 are obtained., The curves %’(mo) accordingly

appear t0 be turned through a comparatively small angle
by the cascade effect coefficient k, That is, the rota-
tion is about the design operating point since, for this
point, f,. = gAg owing 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 coefficient
ig taken into account, the solid eurves of figure 24 are
obtained, ¥For the sake of clarity only the curves for
two cascade sections are shown, The effect of finite
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profile thickness manifests itself largely as a shift of
the curveg to the left,

It would seem, on comparing figures 23 and 24, as if
the thickness correction were greater than the circulation
correction, But thig is not true because the principal
portion of the circulation correction is anticipated by
the extra camber and does not dppear in figure 23,

To return to the comparison of the calculations for

the three rotors, figures 26 to 37 show the curves %’(@o)

for the four sectiong along with -the section efficiencies,
calculated from equation (51) and diagram II. The curves
% (p,) are, as previously assumed, approximately straight
"lines in their principal range, The most apparent differ-
ence among the three rotors is that the slope of the
curves to the ¢°~axisAonvrotor-I is about the same for

all sections, and hecomes so0 much greater on the other
two rotors as the corresponding sections are farther from

A da
the hubdb, If K~ = - a (R,p,), then — 1is so much
O, \n ’ oR
greater, the faster the profile chord increases toward the
outside., Complete coincidence of the cascade section
: da. -
curves %'(@o) - that is, S%" 0 - requires a still

strénger decrease of profile chord to the outside than
is the case with rotor I, '

Since the hub profile is the same for all three
rotors, the curves .V (p,) and n(®,) agree almost ex~-

actly for the cgscade nearest to the hubd. (Considerations
of the excessive camber of the profiles near the hub are
omitted in the interests of systematic analysis.) On the
other hand, the efficiency curves of the sections farthest
from the hudb show further distinctive characteristics of

the three rotors, just as the curves % (wo) did. The

efficiency depends primarily on the glide angle €,
which increases sharply at separation of flow, Increase
of glide angle means reduction in efficiency (equation
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(61)), so that the highest cascade section s#fficiencies
indicate the region in which the flow adheres, The region
of adhering flow on a given profile is defined by a cer-
tain angle of attack range bYetween wapy, and @Qp,y,

These angles of attack carrespond, for fixed blade angle
8§, to the stream angles B, i, and Bp,,, because of

a =8 - 8§, A ghange in dlade angle & is, as a result,
accompanied by a displacement of the region 5min<:a<:smax'

It follows from diagram I that larger g~values ¢Orrespond
to smaller @y-values, On the other hand, disgram I -
gives a mean etream angle Py for the preseridbed dspign
operating point, Singe ay = B4 - 85, larger b, oor-
vespond %o sdaller aj, Since, #t the eame time, the

design eperating point corresponds to a definite coeffi-
client KX = Al,(ay), & larger §; is necessarily associ-

ated with a larger A ({,(ay) vedomes smaller with smaller
aj). Summarizing, it may be stated that the region of ad-

hering flow can be shifted toward small ®Pyrvalues by in-~

creaslng the solidity A, The position of the efficieney
curves for the outer gections in figures 25 to 27 con-
firmeg thie argument.

The section chargotertatics of figures 35 to 27 were
obtained without regard to their mutual fnfluence, To
determine an operating condition that will hold simultsa-
neously for the entire rotor, the correlation of the
quantity coeffigtent ©,(R) must ve determined with the

aid of the throughflow condition. All o-,®-ralues in
the following ealculations refer %o infinitwliy thin
blades. The subscript o, whick should be uged thr¥éugh-
out, is omitted for the sake of suiuwpiicity. The through-
flow condition in the form.of equativr (79) is suitadle for
the purpose in view, Singe the rctur sucks the air out
of a large regervoir (fig, 16), ®, can be assumed oon-.
stant if the small boundary layer de¢velopment in a prop-
erly designed entrance gane ie discounted. Wrising fur-
ther ®3 = @, + Ap, ©3° may be put equal to ®,° + 26pXp,
to the order of approximation maintained eo far, Then
the. di:lorengn -squation gorresponding to the differential
gives; :
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A‘3P(B'u+1) & N?(Rv)
__I‘__f i _ 1 v : v ‘ v
T 294 k[n(R v) g(R!vfzn'(R'v)}.[ﬂ (Ryp+q) 'ﬂ,(Rv)]'
+ g (R'y) En(3v+1)v, “(Rv)]' (83) -

where R, denotes .the calculated section; R', 1is a
mean value defined by Ry < R',; < By4,. This difference

eqﬁation is easily resolved by iteration, when proceeding
from an assumed distridbution ® (B,) corresponding to

P, = %g/iv(f) amrdr

F
where F 1is the throughflow cross section., The corre-

sponding values of % (Ry) and n(Ry) are read from

figures 25 to 27, The quantities % (R',) and n(R'y)
are equalXed to

. v -
%[%’- (RU+1) + ; (Rv)} and %L“(Rv-fl) + ‘n(Rv):}

respectively. Substitution into equation (83) yields

£o$?) (Ryes) - a0t (3y)
whence

"
ACD<'1) (B +1) = S‘ [Aqo(l) (Ru+1)-—A®(1) (Rv):’*' constant
: V=1

3

The constant is determined with the aid of the conditional
equation (25). The first approximation of the ¢ distri-
bution is '

L (1)

ni
®( ) . v, + 7 by




NACA TM No, 1062 77

The calculation ies repeated with this approximation until
the (m + 1)th approximation is in sufficiently exact
agreement with the nth, The iteration method, as a rule,
converges very quickly, so that by a skillful assumption
of the resulting distribution, a single round of calcula-
tion suffices, Difficulties begin to arise in the region
of separated flow, where the efficiency curves drop very
steeply. The procedure necessarily does not converge
here. Divergence generally means flow separation in the
rotor; hence the rapidity of convergence, in a certain
sense, may be regarded as a criterion for the stability
of the rotor flow,

The solutions obtained by the foregoing procedure
are iadicated by thick cross lines in figures 25 to
27, In the region of adhering flow the y/n distri-
bution is somewhat uniformized by the displacement of
the ¢, distribution. The opposite is true when the
flow separates, On rotor I the gAmax at the outer

section is already exceeded for 50 = 0,324.

The iteration still converges; therefore the throughflew
distribution is still clearly defined. But from the
marked decrease of velocity in the neighborhood of the
wall, it may be concluded that the rotor flow is unstable
at around &, = 0,324, On rotor IJ the gAmax is like-

wise first reached at the outer sections. Instability is
to be expected for a coefficient o, of about 0,273.

Moreover, in this particular case the profiles of all the

sections operate simultaneously in the neighborhood of

fa___. Tor rotor III, on the other hand, {, occurs
max max

first at the sections near the hub - that is, at a mean
coefficient of oo = 0,301 - as a result of the strong

digsplacement of the throughflow toward the outside, Ac-
cording to the conclusions so far the rotor flow should
separate at the hubd for a throughflow coefficient some~
what below that just given.

If the distridbution is calculated for a greater num-
ber of mean throughflow coefficients, the rotor charac-

v

teristics are readily secured: The quantities ;— and n,

for a definite average throughflow coefficient, are read
off for each section; and the mean values Y and N are
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obtained dy integration over the whole rator plane, TFig-
ure 30 gh'ows the result of this mean value formation for
notor: FII,

- Sivce the valculation of the guide vanes manifests
nothing -substantially new, "the procedure is .only briefly
caos B

indicated: The function K(B) = is first defined

by mean's'™df the sedtion polars for.each 'cascade: sectionea

The * :X¥-,Y*-characteristic and the factor f,, expressing

the exit rotation in fractions of the erftrance rotation,
are found by means of diagram III and the procedure given

Ay*

in section IV, 4., The energy loss o*2 for the particu-

lar throughflow coeéfficient at any operating:point X*,¥*
of a section can be .obtained from equation (60) with the
aid of diagram IV, The calculation of “the .throughflow
distribution is similar to that of the rotor by iteration
of a difference eduation, which is easily obtained from
equation. (24) The.exit values .0f the rotor, obtained
from the rotor dlstrlbut1on calculation for any average
coeffictent - Py, - serve as entrance values .of 4w01' and |

vy, — that i1s, tn -this particular case of rotation free

entrance énto the rotor, oy = wo + A@fotor‘“and"
5. = l

o1 \“ rotor 2 T e
plane of the stator.) If the throughflow distribution
©* for a mean ‘throughflow coefflclent $o"is known,,

(Subscript -1 . refers to .the .entrance.

then the energy loss itself can be calculated from the
corresponding value of 5%?. The average energy ;oss is

again obtained by integration.

4, Comparison of Theoretical and Experimental. Results

The rotor efficiency was obtained directly by means
of total pressure measurements hefora .and berlnd the
rotor, although it was carried out along only one radial

@direction. However, since it is fairly safe to assume

rotational symmetry on the rotor, they should permit a
reliable ,calculation af the efficlency. | The total head
tube was : lnsen31tive to angle (£15°) within wide limits.
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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 rotore I and III, re-
spectively, together with the theoretical curves (dashes).
Figure 29 is limited to the experimental curve for

P, = 0,247 since the profile polars were not measured far

enough to enable a calculation for this throughflow coef-
ficient, Besides, the iteration procedure is not to dbe
expected to converge for this mean throughflow coeffi-
cient; even here it is apparent that rotor III operates
at a mean coefficient far below O, = 0.301, At this

value, according to the foregoing arguments, the maximum
lift 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-
perimental curves. The latter decrease sharply in the

neighborhood of the outer wall <f; 5 1). This is largely
a :

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

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

is that the hub profile at the cited mean throughflow co-
efficient is at an angle of attack for which the polar of
the isolated section already indicates incipient separa-
tion, The marked difference between theoretical and ex-
rerimental total pregsure distributions itself suggests
that the separation phenomena on the hub profile do not
occur in the same manner as on the isolated profile,
Another unusual fact is that at very high loadings the
increases are similar to those at the hub,

The total pressure distributions of figure 29 for
rotor III were integrated over the rotor section, assum=-
ing rotational symmetry (begides the total pressure meds-
urements of fig, 28, further measurements were made dutl
omitted here for c¢learness) The throughflow volume amf
the torque on the rotor shaft were measured simultaneous-
ly with the total pressure distribution so that the rotor
efficiency can be computed by means of the planimetered
total head increase: If M denotes the torque applied
to the rotor shaft, Q the flow per second, "N the
rotor efficiency, niw = Lp, Q, or in dimensionless
rotation,
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n=Vo,

where F 1is the cross section of the blade region. The
efflciency obtained is shown as a dotted line in figure
80. The individual test points are identified separately.
Their scatter is a measure of the certainty of the effi-
ciency determination, Figure 30 also shows the measured
total pressure curve V(@ ) and the curve

1 M

®Po _Z_ ral’: wa F

=

=

From the definition of efficiency (eauation (20)),
it follows, by reason of

dM = plrety, - rc'ul) ep 2mrdr
that

g

J/ C aM
(o]

HEYS Qv 5T Sw?

e

|

From two applications of the mean value theorem of inte-
gral calculus, it_can be concluded that © i¢ approxi-
mately equal t0o MNMyp. Likewisge:

el O -

" w2

fﬂ‘u

p
z e

Figure 30 shows very good agreement of the curves

3 1€

This prqQves that, in any case, the torgque theoretically
obtained agrees very closely with the actual. For rea=~
sons discussed previously, the theoretical curve can be
calculated only te .®g = 0,301, The comparison of the

curves n(m ), 4nd accordingly of the curves W(Eo),
proves less favorable. As already seen from figures 28
and 29, Vin > VY. The additional loss, expressed by

N < Mip, is attributable to the flow phenomena between




11L

NACA TM No, 1062 81

the blades and the outer wall, It might de supposed that
the secondary flow at the hub also contributes to this
loss., But experimental investigations, reported subse-
quently, indicate that the clearance lossg accounts for
the major part. The recalculation of rotor I and the
comparison with the experimentally determined rotor ef-
ficiency shows approximately the same difference in effi-
ciency of from 0,02 to 0,03,

To sum up, it may be stated that if the theoretisally
calculated efficiency is reduced on account of clearance
losses (tip clearance 1 mm = 0,04 in.) by 0.02 to 0,03,
the rotor efficienecy as well as the average total pressure
rise of the rotor can be accurately predicted.

The determination of the total head increase of the
entire fan requires the inclusion in the calculations of
the stator and diffuser losses in addition to the rotor
loss. Figure 31 (see also table 4 for 6, = 27,5°) shows
the results for rotor III and stator I of figure 32 (see

s
also table .5 foyr — 0.002) and for rotor III and

2rg

stator II., The differences in the individual curves are
proportional to the energy losses in the correspondingly
identified parts of the fan., The rotor loss was calcu-
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 percent of the theoretical pressure
equivalent of the axial velocity. Lastly, the tip clear-
ance losses were inserted from figure 30, OCurve n'y,

represents the total efficiency obtained by this method.
The agreement with the experimentally determined effi-
ciency, the test points of which are denoted by circles,
is better in figure 31 than in figure 32, A number of
plausible reasons can be given for the deviations: First,
the efficiency of the hudb diffuser was arbitrarily as-
sumed, It may be supvosed that its efficizncy is better
behind stator I, the thin circular arc blades of which
cause thin wakes, than behind stator II with its rela-
tively thick blade profiles, Besides, the hudb diffuser
efficiency is not necessarily constant over the whole

operating range, It may be assumed that a rotation be-
hind the stator lowers the efficiency of the "inner dif-
fuser" (contrary to reference 9). An additional loss is

further effected by the hud flow on the stator walls,
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which surely depends on the strongly varying stream direc-
tion of the stator blades. The experiments of Christiani
and Keller {references 5 and 8) on stationary cascades
indicate that this loss is greater for stator II than for
stator I, Lastly, the pressure measurements themselves
are in error, due to the residupl rotation and the non-
uniformity of the axial exit velocity, in such a way tha%
the measured total head increase is somewhat smaller than
the actual one,

An attempt might be made to apportion the difference
between n'y, and n among the possibilities indicated.
But the data available at present are few to allow a
division with any claim to reliability. Summing uvo, it
may be said, therefore, that a definite uncertainty still
remains in the calculation of the total output of a fan.

Individually, however, significant conclusions can
be drawn from the distribution of 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 losses with in-
creasing throughflow volume than of the simultaneous de-
crease of the rotor total pressure boost., Figure 31 in-
dicates a strong increase of energy losses for stator I
at @, < 0.44. The flow along stator I has separated for
these operating conditions. A comparigon with the meas-
ured efficiency curve of figure 31 shows this tendency
quite plainly in the total efficienecy. On the whole, it
is evident from figure 31 that stator I is net entirely
suitable for rotor III, since the operating range for
minimum losses occurs at too great quantities of flow,

In contrast, stator II is substantially more favorable.

Reverting to the discussion of the point at which
separation occurs, it has already been mentioned that a
decrease in throughflow coefficient is accompanied by an
increase in angle of attack. At rotors I and II the
maximum lift gAmax occurs first at the outer sections,

according to figures 25 and 26 - that is, the throughflow
distribution on rotor I can still be definitely determined
for the average 60 = 0,324, The method diverges for a
smaller average throughflow coefficient. The critical
mean coefficient for rotor II is o, = 0.273, Contrari-

wige, on rotor III is exceeded first at the hubd

gAmax
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sections. The critical mean coefficient for the distridu-
tion caleculation is @, = 0.301, The pressure~quantity

curves for the three rotors are represented in figure 33,
It is evident that for rotors I and II the flow separates
at throughflow coefficients sufficiently close to those
given previously, while for rotors III the flow adheres
down to ¥, = 0.245, The total efficiency curve (figs.
81 and 32) is, in fact, steeper for @, < 0.3 than for

60 > 0,3, but the steady increase of the curve W(;o)

proves that the flow can not properly be said to have
separated as yet, These facts lead to the conclusion
that exceeding gAmax at the hub sections does not have

the same significance as at the outer sections. It there-
fore remains to be proved whether the separation of flow
at @, = 0,245 can be correlated with exceeding (3

at the outer sections. e

For this purpose figure 27 is used again, Although,
as has bcen explained earlier, an increased solidity A
shifts the point of separation of the outer sections to-
ward lower throug®low velocities, this fact alone is not
sufficient to explain the preservation of a stable flow
condition down to ¢, = 0,245. Figure 27 shows that
lApax 1s already exceeded at ¢o = 0.29 on the outer

section. But, remembering that the throughflow velocity
on rotor III is appreciably higher near the outer wall
than the mean throughflow velocity; it can, in fact, be
proved that separation of flow alone at the outer profiles
causes separation of the entire rotor flow., Since the
iteration »nrocedure for the distridbution calculation fails
for ¢, < 0.3 because of the difficulties at the hub pro-
files, there remainsg only extrapolation with which to de-
ternine the increase of throughflow velocity near the
outer wall for the mean throughflow ¢o = 0.245. To this
end Po(R=0,96) ~ ¢, was plotted against ¢, in figure
34 for the three rotors. The experimentally determined
critical throughflow coefficients at which the rotor flow
separates are indicated by dot—dash lines parallel to the
ordinate axis. For rotors I and II the quantity
Po(R=0,96) — ®o lies on a straight line up to near the

separation point. Assuming the same for rotor III the
extranolation (dotted line) gives for Po(R=0,96)" 0.288
the value ¢, = 0,245, This coefficlent is, then, approx-
imately attained in the section near the outer wall when
rotor flow separation occurs. -As is seen from figure 27,
this is exactly the value at which the section efficiency
falls steeply.
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In point of fact, tuft observations indicated that
separation always setgin first at the outer wall, Subse-
gquent to separation the flow reverses in such a way that
comparatively quiet flow with large axial velocity pre-
vails near the hub, while the flow reverses toward the
outside. For the rest it may be noted that at rotor flow
separation all the peculiarities known from polar measurs-

ments arose above the {, ; that is to say, prolonga-
max

tion by cautious throttling, later readhesion of flow upon
reduction of throttling.

The conclusion from the foregoing considerations of
experiment and theory, the latter being valid only for
Py ~ 0.3, 4s that the outer section alone is responsible
for the breakdown of the entire rotor flow. The relia-
bility of this method is checked hereinafter by a con-
sideration of the physical processes 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 clearly evident,
This process presumably is caused by the combined action
of the centrifugal force on the boundary layer, together
with the hub flow mentioned at the close of section V.
In its net effect on the main flow it is about equivalent
to a boundary-layer suctien at the sections near the hub.
The deflection of the boundary-layer flow apparqntly is
stronger with increasing boundary-layer thickhess, and

thus effects a stabilization of flow above the CAm .
a

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 hub itself does not drop as
rapidly as figure 27 indicates. The reason for the fail-
ure of the throughflow distribution calculation also
emerges, and the extrapolation made above is in fact re-
liableo

The question now arises as to why this 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 deflection
of boundary-layer flow is naturally a minimum boundary-
layer thickness, which can only be evceeded on the suc-
tion side. But in the outer parts of the blade, centrif-
ugal force and hub flow (see sec, V) work against each
other, so that the net effect precisely cancels out.
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To prevent misconceptions the following should bde
noted: The rotor flow separation discussed here has
nothing to do with the stability condition

N~ e i %;) > O set up at the ¢lose of gsection VI,
R? \\2n

In the case in point ¢, = O, and the expression vanishes

for n = ﬁ? g%. As is easily ascertained from figure 27,

N must agsume the value 0,51. TFor such an efficiency,
however, the process of flow separation is already far
advanced,

The following may be said by way of summary: If
several rotors have been designed for the same operating
point, the one the blade chord of which increases most
strongly toward the outside will achieve the lowest
throughflow cecoefficient, It is to be supposed that the
blade chord increase of rotor 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
increasing outwardly, the greater is the deviation from the
design operating condition, 3But this igs of gsecondary im-
portance on fans designed to operate over a large throt-
tling range.

A different plot of the fan characteristic is 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 direct measure of the throt-

tling strength., Setting W = é;-woa it follows from
°

these considerations that o0y 1is inversely proportional

to the throttling, and decreases with increasing throt-
tling., TFigure 35 gives the curves ® and Ng ®e func-

tions of o0p. It is evident that the maximum attainabdle

throttling with rotor III is about twice as great as with
rotor I, It follows from the definition of the throttling

P2
coefficlent o, = % that

O0pin C8R be reduced by de-

creasing Eomin as well as by increasing Eﬁax. Figures

28 to 27 or 31 show that both measures may be used in the
rotor family I tao III.,
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-Figu;e 35 shows a small efficiency decrease of rotor
ITI as compared with rotdr I, - This is largely-due to the

~fact that the actual exit energy is greater than the meas~-

ured exit energy when the axial exit velocity is not non-
stant over the whole cross section and hae a residual ro-
tation,

VIII, FURTHER EXPERIMENTAL RESULTS

“Another rotor; in.addition to rotors I to III, was
experimentally investigated, The design of rotor III .
specified a mean throughflow coefficient ¢, = 0,45 and
a pressure coefficient VY =.2.2. The model had 13
blades with profile chvrds increasing toward the outside,
The rotor data are given in figure 36 and tabdle 3. S1nce
the blades on all Totors were adjustable, the pressure~
quantity curves could be measured for various blade
angles, The blade settlng ig defined by the bdlade angle
61(3;0 96.) of the profile at 'R = 0,96, The angle §,

used in the theory is related to the angle of incidence
6§ by & -A90 -~ 8y. Stator I was used in the tests with

the first of the three: rotors, and stator II: witb .rotor
IV, and the same stator was retalned for all the blade
angles, although still more favdrable results could have
been mchieved: by the:use of different stators, each
suited’ to a. particular blade angle. The measurements
were made at. rotgtional speeds. ranging between 1700 to
2500 rpm,: TFigures B7 to 40 give the test results in
graphic form; while table 4 contains the corresponding
numerical: values:.

The foregoing investigations (table 3) disclosed the
need for the inclusion of the clearance losses in the
rotor calculation. To obtain a somewhat more reliable
foundatiOn for it, rotor III with bdlade angle &1 (g=0,96)

= 27.5° was progressively turned down, the clearance be-
tween blade and outer wall belng correspon41ng1y enlarged,
The perfornance of rotor IIL in combination with stator

II was meatured at every wstep. Yhe measured results are
plotted against 0o in figure 41, since, according to

the previous discussions, nct only the effiiiency but also
the maximum attaiaable throgtling must depeund on the
clearance. The numerical values are given in table 5.

The reduction in efficiency is most apparent. The
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efficiency is plotted against the ratio s/2ra 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
rotor diameter (500 mm), The efficiencies are readily ex—

trapolated to zero clearance since n(;i— can be repre-—
Ta

sented sufficlently exactly by a straight line, There is
an efficiency reduction of 0,02 to 0,03 for the normally
existent clearance Eﬂn = 0,002, It is of the same order
by
a
of magnitude as that determined previously by altogether
different means, Simultaneously with the reduction in
efficiency, there is an increase of %0min with clear—

ance increase, The dotted line connecting the maximums of

the VW curves in figure 41 gives Tonin® In contrast
min

to the linear dependence of efficiency on clearance, there
is a greater change in %omin for small clearances than

for larger ones,

Translation by Wm, Mutterperl,
National Advisory Committee
for Aeronautics,
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FIGURE LEGENDS

Figure l.= Definition of the performance of a rotor blade
element,

Figure 2,~- The axial velocitles induced in the plane
x = 0 by a tzreiling riug voriex element are doubled
by geometriz reflescion in {uis plane, all other velo~
city compinents being caunceled.

Figure 3,~ A ring of cross section dxdr, which inter-
sects an zxial cascade, cuts an elewment dsdr out of
each blade, zad dx = ds cos B.

Figure 4.~ An element on the pressure side, of unit length
radially, exerts an axial forve & £4 = = Dy ;d(er)j

|
on the fluid, Since !d(red)% = - a(;e ) dx then
X

?;:'= Pa “’g—-—~ Correspondingly, for a suction-side
: X

635 b(res)
element, 3w, = ~ Hs a£- .

Figure- 5 (left).- Velocity diagram of cascade flow.

Figure 6 (right).— Resolution of forces on a section in
caccade.,

Figure 7.~ Diagrem I for the calculation of rotor section

characteristics. The family of curves [K| = A' 'gAd
/l + £ \ is given in the diagram. The stream
\ cot B/

direction at the location of the section, defined by
the angle B, 1s given by the family of straight
lines all going through the peint X = C, Y = 4, The
line for B = By. intersects the ¥-axis in the point
X = cot B, Y = 0, (For very large cot B,, the

straight lines cut the ordinate line X = 0,5, which
has the scale tan B, in the' point tan B = tan By.) -

For a given section, then, since B =8 + a, the pa-
rareter K 1is known as a fun-tion of B froa the
secticn polars. The operating point X,¥Y 4is given
as the intersection of the straight line B = B, and’
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the corresponding curve X = K(B,). - If an operating
point X,,Y, 1is given, then the corresponding values
of cot B, and KX(B,) can be taken from the diagranm.
After a choice of A!, LAg and thence the angle ?f

attack a are obtained by iteration. The scale

1l - % gives the tangential velocity relative to the
rotor as a fraction of the entrance rotation:
Wug 1 Wug g

= =1 - —

w Y9, * w . 2

Figure 8.~ Diagram II for the calculation of rotor effi-

ciency: The solid line ellipses are the curves f,
constant, the dotted ellipses are the curves fg
constant. The efficiency is

nn

9,%
n o=l + -
= f. + £
€ 1 2

Figure 9.~ Diagram III for the calculation of section
characteristics of stationary guide vanes: The dia-

gram gives the family of curves lKi = A! igAgi

(l * coi é>’ The stream angle B at the location of

the section is given by the family of parallel lines

I

of slope E—————Q— = 4, and the line for B = B,
x _ x_*
(o]

intersects the X*-axis in the point X* = tan B,,

For a given section then, since B = 6§ + a, the pa-
rameter X ig known as a function of £ from the
section polars. The operating point X*,Y* 1is the
intersection of the straight line f = B, with the
corresponding curve K = K(By). 1If an operating point
X,*,Y,* 1is given initially, then the corresponding

tan B, and KX(B,) can be taken from the diagram.
After choosing A', igAg{ and thence the angle of
|
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attack o are calculated 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 rotation in

fractions of the entrance rotation:
c 1 _w

Uz )

= =f3
w vy Y,

Figure 10,~ Diagram IV for the calculation of the energy
losses of guide vanes!

av* = Ay(e)® g,

Figure 11.- Coordinates for the calculation of the thick~
ness correction,

Figure 12.~ The profile angle of attack for pump cascades
is lowered by the disturbance velocity due to finite
blade thickness,

Figure 13.~ The profile angle of attack for turbine cas-
cades is increased by the disturbance velocity due to-
finite blade thickness.

Figure 14 (right).~ Schematic representation of the origin
of the secondary flow for stationary cascades with end
plates.

Figure 15 (btelow).- Boundary layer flow in a blower rotor,
The dotted lines denote the corresponding cylindrical
sections,

Figure 16,~ Sketch of the blower test stand.

Figure 17.- Blade of the eight-blade rotor I, (See table
I.)

Figure 18.- Blade of the eight-blade rotor II, (See
table 1,)

Figure 19,- Blade of the eight-blade rotor III, (See
table 1,)

Figure 20.- Blade of the nine-~blade stator I, (See table

2.)
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Figure 21,.,- Blade of the nine-~blade stator II, (See
table 2 .)

Figure 22 (lower right).
for riotors I, 1I; and I1II,
ness coefficient DAZ,

Cascade coefficient k
— — Finite blade thick-

Figure 23.~ Section characteristics for rotor III} —— —
for k= 1. D= 05 =—=—= fiop D=t O hut taking the
cascade coefficient k of figure 22 into account.

Figure 24.-~ Section characteristics for rotor III:— — —
takes into account the cascade coefficient of figure
22 but D = O (see fig., 23); ——— takes into account
the cascade coefficient k and the thickness correc-
tion DA2 of figure 22.

Figure 25,-~ Section characteristics for four sections of

r X
rotor I, + + 7= = 0.96; —— —5 = 0.80;
8 a
—_ - 3— = 0,64; ——— 37— = 0,52. The thick
a a -

cross lines denote the operating points of tae individ=
ual sections operating together.

Figure 26,~ Section characterigstics for four gections of

r r
rotor II: + ¥ s e 0.96;—--—"—~;~ = 0,80;
a a
r T
. S Q64 e e 0] L) The thick
a a

crogs lines denote the operating points of "the individ~
ual sections operating together.

Figure 27.- Section characteristics for four sections of

rotor IIl: + 4 — =0,96;— — —— = 0,80;
Ta Ta
r r
* o= 0,64; —— o= 0.52. The thick
a a

cross lines denote the operating voints of the individ-
ual sections operating together.



NACA TM No, 1062 a3

Figure 28.~ Distribution of total head increase for rotor

I: |64 = 3161: ———— from experiment and
e 0.96> 1
L \F J

a
—<=—-— from theory.

Figure 29,- Distribution of total head increase for rotor

III: §Bl/r \ = 27.561: ——— from experiment
= = 0, )
‘ \I‘a 96// 0
and — —-——from theory.
Figure 30 (l1ift).- Average rotor characteristics for
- i
|
rotor III 5./ \ = 27.5° — — e — — measured
| L = 0,96} i
I ohg
torgue curvvf-'_--c-—ummeasured'%otal head curve and
measured eff_clency, ——— theoretical mean curves.

Figure 31 (right).~ Blower characteristic®"for rotor III

Y = 27.5° and stator I. The experimen-
(g— = o.9e>
a

tally determined points are denoted by zero circles.
(See table 4 .)

Figure 32.,~ Blower characteristiec for rotor 'III
8§, = 28d] and stator II, The experimen-
[ x
=- = 0,96 i
\ra J
tally determined points are denoted dy zero circles.

(See tadble V for -=— = 0,002.)
zra

Figure 33.- Fressure-quantity curves for the blower in-
stallations: Rotor I, II, and III each with exit guide

vanes I. (Blade angles in accordance with figs. 17 to
18, )

Figure 34.- Extrapolation of the throughflow coefficients
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T
for the section $— = 0.96 from the mean throughflow
a

coefficients for which the tests indicate separation
of the rotor flow.

Figure 35,- Experimentally determined blower characteris-
tics for the blower unit: Rotor I, II, and III with
stator I downstream, as a function of the throttling
coefficient 0y. The rotor blade angles correspond

to figures 17 to 19. (See table 4.)

Figure 36,- Blades of the 13-blade rotor IV, (See table
Be

Figure 37. Experimental blower characteristics for rotor
I and exit stator I at variocus rotor blade angles.
(See table 4.)

Figure 38,~ Experimental blower characteristics for rotor
II and exit gtator I at various rotor blade angles.
(See table 4.)

Figure 39.- Experimental blower characteristics for rotor
III and exit stator I at various rotor blade angles.
(See table 4.)

Figure 40,- Experimental blower characteristics for rotor
IV and exit stator II at various rotor blade angles.
(See table 4.)

Figure 41 (left).- Experimental blower characteristics
for rotor III and exit stator II for various clearances
hetween rotor blade and housing.

FPigure 42 (right).- Experimentally determined reduction
in efficiency of rotor IIIl and stator II with increas-
ing tip clearance,
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Cascade plorre x=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 of cross Figure 4.~ an element on the
section dx dr; pressure side, of
unit length radially;

(A 1list of complete legends is given at end of text.)
y Au = U, ~w,

)
Af( ~ —

Figure 5.~ Velocity diagram Figure 6.- Resolution of forces
of cascade flow. on a section in .
cascade.
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rw
Fig. 13. 1

Figure 1l1.- Coordinates for
the calculation
of the thickness correction.

Figure 12.- The profile

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

Figure 13.- The profile
angle of attack

10 for turbine cas-

cades is in-

7 +— creased by the

\‘L\N&‘ disturbance ve-

4"‘~~\1~_ﬂ — locity due to
_— finite blade

thickness.

.SCC{/bﬂ A8

Fig. 12

rigure 43.- Ex-
perimentally de-
04 termined reduc-
| tion in effi-

. ciency of rotor
02 g, - 032 III and stator
—_— g, - 08 II with in-
—_— - 1# creasing tip
clearance.

i

rew A
Thrott/e volve

Figure 16.- Sketch of the blower test stand.
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Figs. 14,15,22

Figure 1l4.- Schematic representation of the origin of
the sccondary flow for stationary cascadcs

with end platcs.
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Fig.

17,Table 1

z___ .
|
i
W=
~
1
1k
g —+H
1l Figure 17.- Blade of the
! 8-bladed ro-
I[{g_ tor I (see table 1).
%I /3
|/
g v &
3 o
Ta
Table 1.
8 bladed rotor I.
L 1 g l’l-9o—I,
Ta l
0,562 78,80 0,149 49,250
0,64 72,14 0,128 41,600
0,80 63,55 0,099 35,200
0,96 54,50 0,081 30,00
Profile ordinates
X o 125250 [ 50 [ 75 100 [150 [200 [30,0 40,0 [50,0 [60,0 [700 [80,0 [90,0 950 | 100
r Y, | 470 744 | 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
=062y, | 470|279 | 205 | 1,52| 1,27| 1,31| 1,32 1,65| 2,17 2,54| 270| 3,05 1,64 1,59 | 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
T 084y, | 374| 2,41 | 1,88 | 1,33| L12| 1,12| 1,13| 1.26| 1,53| 1,66| 1,72| 1,79| 1,38 1,03 | 0,61 | 0,29 | 0
r Y, | 2,86 4,64 | 5,55 | 6,84 7,74| 8,52] 9,59|10,22 10,77 10,52 | 9,58| 8,38| 6,82| 4,87 | 2,74 | 1,89 | 0,31
7. =080y, | 2,86| 1,95 | 1,48 | 0,96| 0,65 0,63 0,61 0,63 0,87 } 0,99 | 1,09/ 0,94| 0,87 0,66 l 0,31 | 0,25 | 0
r Y, | 2,61| 397 | 4,70 | 550 635 6,83 7,46| 7,78' 8,08| 7,80| 7,34| 643 | 514 3,67 | 217 | 1,17 | 0
7= 0% v, | 2,61| 1,69 | 1,30 | 0,85| 0,59 0,37 0,18 ‘ 0 [0 o o jo |0 |o

/0

/
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Figure 18.- Blade of the
8-bladed ro-
tor II (see table 1).

Table 1 (continued)
8 bladed rotor II

i 1 a4 5, =90—0
Tu [
} 0,52 80,74 0,149 48,75°
0,64 80,20 0,130 40,00°
0,80 80,06 0,098 33,00°
0,96 79,50 0,081 28,000

Profile ordinates

X [0 [12525 50 [75 [100 150 {200 [300 [40,0 500 [60,0 70,0 80,0 90,0 [950 | 100

\ r oo Yo | 478 773 ’ 9,39 ill,ﬁQ 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
. 7052y, | 478] 294 | 238 | 203 204 228 3,00 4,22 4,88 557 582| 550 480 375[ 1,51 | 1,18 |0

r ey Yo | 364 649 775 | 0,61 /10,30 12,00 13,65 |1470 1590 | 15,65 14,60 13,10 10,951 8,10 4,08 | 2,67 | 0,64
il 3,64\I 237|206 | 150 142| 147| 181\ 2,22 286| 330| 362| 345| 297) 2,23 137 | 085 | 0

. r _ogo Yo | 287|467 | 5,63 | 7,52| 8,12 9,00 10,20 10,95 11,50 | 11,28 10,50 | 9,25| 7,75| 530 277 | 145 | 0,50
Fam b 2,87] 187 | 215 | 1,25 1,03 105 1,25| 1,40| 1,67| 187 200| 1,87| 1,60 125|065 | 0,35 | 0

r _ogg Yo | 231( 372 | 439 | 544! 616 674| 7,53| 792| 10| 7,75 692| 5.94| 474 3.40| 1,88 | 113 | 0,50
= Wy, | 2,31 1,53 | 1,16 | 0,63[ 0,38 0,20 013] 0,08 0 0 0 0 0 o [0 (o0 0
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Figure 19.- Blade of the

$ 8-bladed ro-
N tor III (see table 1).
S
|' ¥ EJ 6490
- \ 3
% 100 ® ol
*_Q’ ' T
°:—~' ! / h'ias ru
N, | - ot
| § £
bl ae CINE PP
7 T
N~
242 \\.
P
4 r7; B 4-"
=

Table 1 (continued)
8 bladed rotor 1L

2 d 5

= l ‘ ; ‘\ 3, =90 —d
0,52 80,70 0,150 | 49,050
0,64 85,40 0,129 40,250
0,80 91,00 0,098 | 32,700
0,96 97.80 | 0081 | 27.500

Profile ordinates

X 10 12 250 50 75 [100 150 (200 30,0 [400 50,0 60,0 [70,0 80,0 (90,0 |950 100
; Y, | 446 7,30 | 8,69 [10,65 1240 13,50 1510 16,20 17,20 17,00 15,70 13,80 | 11,10 | 8,19 458 | 2,60 | 0,50
7. =052y | 4461260 | 198 | 144|124 124 161, 478 223] 273| 273 273 2,35| 174 | 099 | 050 | 0
- Yo | 377 6,09 | 7,16 | 890 10,20 11,20 12,65 13,60 14,20 1390 11,70 11,25| 9,14 | 6,67 | 3,74 | 2,22 | 0,47
= = 0,64 i ' 3,77 2,11 ( 1,52 | 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 | O
r Yo | 286 4,84 [ 572 | 692 7,90 857 68 10,20 10,55 10,20| 9,50 8,35| 6,70 | 4,94 | 2,86 | 1,65 | 0,44
4’;=0.80 Yy .'2,86{ 1,65 | 1,32 | 0,88 0,66 0,59 0,65 W53 0,77‘ 0,88 0,88 0,77 0,66 | 0,55 | 0,44 | 0,22 | 0

| | |

r Y, 1 2,25 3,68 { 4,41 | 536 6,06 6,61 7,35 780 8,08| 7.78| 7,00 6,02| 4,82 3,44 | 1,97 | 1,23 | 0,44
ra 0%y, (2250 1,31 | 098 | 0,611 037 622 008 0 . 0 [0 o 10 [o o [0 [0 |o
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e ed
= Figure 20.- Blade of the th%ﬁ 2).
Asist stator I (see ta
direction =
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Table 2.
9 bladed stator 1.
N |
,’, t l | il
Tu | |
- 052 | 936 8,20
& 0,64 93,6 6,3°
x B Axiol direction 0,80 93,8 4,20
096 | 94,0 3,00
Profile ordinates
X 10 (125250 50 |75 [10,0 [150 [20,0 [30,0 [400 [500 60,0 70,0 80,0 [90,0 |950 | 100
| : :
=052 Y 0,75 - 1,10 [ 1,90 | 30 | 4,0 | 530/ 680! 9,10(10,6 }10,9 10,40 8,80| 6,50 4,10| 2,10| 0
|
=064 Y 0,64 ' L,10 | 1,90 | 2,70 | 3,30 4,90 6,20 8,30 9,40‘I 9,50 9,00 800 620| 3,30| 2,00, 0
|
=080 Y 0,64 | 0,96 | 1,60 | 2,24 | 3,00| 448| 576 7,46| 8,53 8,96| 853 7,46 5,55| 3,20| 2,03| o
=096 Y 0,64 | 096 | 1,49 | 2,24 | 3,00| 4,47| 554| 7,34 s,41i 8,52| 8,41 7,34 554| 319/ 1,70| 0
, .
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Figure 2l.- Blade of the 9-bladed 1
stator II (see table 2). . —1=
Axial directrorn
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Table 2 (continued) %

9 bladed stator II.
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L ! I §
Ta l
0
06i | 1196 | oo Nl Gt
0,80 119,6 8,20
0,96 119,6 6,90

Profile ordinates

X [0 [125250 50 | 7.5 100 150 20,0 300 40,0 [50,0 60,0 70,0 80,0 90,0 950 | 100
Ty Yo |248 620 | 835 (11,68 12,64 13,90 1595 17,50 19,00 19,00 18,00 16,05 13,21 9,35; 5,04" 265 0
=052 ¥, | 948 | 0,91 | 0,25 | 0 041/ 083 149|190 3,06| 389 430 430 3,891 306 149 0,83 0
064 Yo | 203|653 | 836 1060 1238| 13,80 1572| 17,05 1840 1840 17,20 1540 1255 920 502 276| 0
=064 y, 1293|084 | 058! 0 | 042| 075 117| 1,67 2,51| 318 351, 3,51} 318 251 1,50] 0.84| 0
T _ogo Yo | 3321670 (836 1053 1220 13621530 16,72 18,00 17,82 16,72 1490 11,88 836 4,60| 242 0
=080y, 1332 | 151 | 084 | 0,17| 0 | 0,33| 084| 1,26 1,76 2,34| 2,51| 2,59| 2,59 184 1,09| 0,59| 0
T ogg Yo | 376 660 820 10,40 11,90 13,10 14,90 16,60 17,60 17,50 |16,10| 14,20 11,30 | 7,79| 418 1,67| 0
=09 ¥, |376 | 1,67 | 034 | 033 0 | 008| 058 084| 67| 1,84| 201| 167| 167| 1,09| 059| 025 0
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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 22.
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Figure 25.~ Bection characteristics for

four sections of rotor I:
——t——T1/Ta = 0.96;—— /v = 0.80;
———r/rgq = 0.64;— r/ra = 0.53.
The thick cross lines denote the opera-
ting pointe of the iadividual sections
operating together.

Figure 26.- Section characteristios for

four sections of rotor II:
——+—r/rg = 0.96; ———r/r, = 0.80;
—— —71/ry = 0.64;———r/rg = 0,53,
The thick cross lines denote the opera-
ting points of the individual sections -
operating together.
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Figure 27.- Section characteristics for
four sections of rotor III: 05 6 47 o8 9 L 10

= 0,963 ———1fr, = 0.80;
o = 0.64; r/Tg = 0.52.
The thick cross lines denote the opera-
ting points of the individual sections
operating together.
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Figure 89.- Distribution of total head
increase for rotor III

o) = 27.597:
[ 1(r/ra = 0.96) ]
experiment and — — —from theory.
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Figure 30.- %Verissdrrg;gr gharacterietlce Figure 31.- Blower characteristic for rotor
or roto - 0
[ l(r/ra. = 0.96) 111 [Sl(r/ra - 0.96) = 87.5 ]a,nd
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mean curves.
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Y Figure 33.- Pressure-quantity curves for the blow-
er installations: rotor I,II and III,
each with exit guide vanes I. (Blade.angles in
0 m m ) = e u accordance with figures 17 to 19).
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Figure 32.- Blower characteristic
rotor II1I [Sl(r/ra )

for

96) = Figure 34.- Extrapolation of the throughflow co-
) efficients for the section r/rg =

28° ] and stator II. The experimentally 0.96 from the mean throughflow coefficients for
determined points are denoted by zero which the tests indicate separation of .ne rotor
circles (see table 5 for s/3rg=0.002). flow.
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Figure 35.- Experimentally determined blower
_ characteristics for the blower
unit: rotor I,II,and III with stator I down-
stream, as a function of the throttling co-
efficient d,. The rotor blade angles corres-

pond to figures 17 to 19 (see table 4).
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Figure 37.- Experimental blower
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istice for rotor - and exit
stator I at various rotor blade angles

(see table 4).
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q L 1o

N\ Orrectron of
-—
rofofron

Figure 36.- Blades of

Fig. 36,Table 3

the

13-bladed ro-
tor IV (see table 3).

Table 8.
13 bladed rotor IV.
':r ' i '{- J, = 90—
0,52 ' 68,10 0,149 65,10°
0,64 72,90 0,130 44,20°
0,80 ‘ 79,10 0,100 35,60°
0,96 83,20 0.080 20,40°
Profile ordinates
X o [125[250 | 50 | 7,5 [10,0 [150 200 [300 [40,0 [50,0 [60,0 [700 800 [90,0 [950 | 100
r'_ose Yo | %41 | 715 | 868 |11,00 (12,88 (14,25 | 16,20 | 17,60 18,70 18,55 17,45 | 15,80 [ 13,10 | 9,75 | 5,562 | 3,16 | 0,50
.= 082y, (441|288 | 238 | 1,94| 1,85| 1,98| 2,42 3,02| 3,82| 4,35 4,64| 4,41| 3,84 291 [ 1,73 | 0,856 |0
r o4 Yo | 402690 | 823 | 992/11,30 12,30 13,70 14,70 15,40 | 15,20 | 14,20 (12,60 | 10,28 | 7,52 | 4,00 | 2,22 | 0,30
ra OO Yy 1402|145 173 | 137) 1,23| 127 160 187 241| 283 291 269| 225 1,73 0,83 | 049 0
r o ogo Lo | 280 455|552 | 7,000 808 890 10,10 10,20 11,40 11,25 10,45 | 9,31| 7,60 5,50 | 3,14 | 1,85 | 0,32
=080y, [ 285|175 | 1,30 | 098] 0,85 0,75 0,01| 1,15 L40‘ 1,64| 1,69 1,66| 1,52| 1,15 | 0,71 | 0,41 | 0
" o9 Yo |205| 39 | 4,67 | 555 621 674| 748 782 810 795 735 6,25| 5,05 3,68 | 2,08 | 1,24 | 0,30
Ta =000y, | 2,65 1,56 | 1,056 | 0,72| 0,63 0,37 0:22| 0,10 097[ o [0 [0 [0 |0 o ‘o 0

a4
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Table 4. Blower characteristics for rotor

Table 4

I. == —0,002. Stator I.
2r,

b/, = 18° &% = 28° o, = 30° o = 38° o, = 48
(7. =0s0) ' (7. = 0.95) (7 =08) (7 = o0.0) (7 - 049)

2 v % | @ | ¥ | n P v | m % | v | n o v o
0,349 | 0,082 | 0,791 | 0,466 | 0,142 | 0,833 | 0,536 | 0,095 | 0,698 | 0,570 | 0,216 | 0,827 | 0,652 | 0,283 | 0,775
0,331 | 0,105 | 0,846 | 0.435 | 0,172 | 0,860 | 0,479 | 0,153 | 0,823 | 0,540 | 0,232 | 0,837 | 0,590 | 0,277 | 0,703
0311 | 0139 | 0,875 | 0,394 | 0,212 | 0,880 | 0445 | 0,189 | 0,863 | 0,500 | 0,253 | 0,833 | 0,505 | 0,250 | 0,558
0,288 | 0,162 | 0,882 | 0370 | 0,231 | 0,868 | 0,402 | 0,223 | 0,857 | 0,446 | 0,273 | 0,803 | 0,409 | 0,239 | 0,462
0,269 | 0,189 | 0,885 | 0354 | 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
0,221 | 0218 | 0,810 | 0,318 | 0,261 | 0,810 | 0,318 | 0,266 | 0,787 | 0,322 | 0,235 | 0,563
0,201 | 0,221 | 0,769 | 0,208 | 0,261 | 0,793 | 0,285 | 0,238 | 0,684
0,154 | 0,175 | 0,578 | 0,229 | 0,204 | 0,560 | 0,241 | 0,201 | 0,547

Blower characteristics for rotor II. éaT = 0,002. Stator I.
a
&/ = 18° l by/p = 28° Oy y =38° o =48
(-9 oo -9 =09
% | v o % v 7 % | v | u % | v o

0364 | 008 | 0714 0482 | 0,48 | 0,799 | 0501 | 0224 | 0806 | 0604 | 0320 | 0,783

0344 | 0110 | 0,79 0,466 | 0,165 | 0,827 | 0,566 | 0245 | 0833 | 0655 | 0327 | 0,79

0313 | 0159 | 0,850 0454 | 0181 | 0863 | 0523 | 0266 | 082 | 0593 | 033 | 0757

0,293 | 0,186 | 0,860 0412 | 0222 | 0846 | 0468 | 0297 | 0807 | 0472 | 0203 | 0,547

0,282 | 0200 | 0,860 0,39 | 0250 | 0857 | 0,428 | 0,308 | 0770 | 0,400 | 0270 | 0467

0,266 | 0213 | 0,837 0,350 | 0272 | 0820 | 0395 | 0307 | 0723

0250 | 0233 | 0,830 0312 | 0208 | 0783 | 03e4 | 0300 | 0,643 l

0219 | 0253 | 0,784 0,203 | 0,203 | 0746 | 0315 | 0248 | 0,525

0,192 0,235 0,710 0,283 0,299 0,740 !

0,166 | 0211 | 0,572 0,229 | 0221 | 0545

Blower characteristics for rotor 11l 5 = 0,002. Stator 1.
a
1 8 =1,5° s =175 | & = 27,5 s =315 | & =47,5
r ’ 1/r /r 4 /r ¢ Yr ”
; (r" _0,96) j (;:D,QG) (r:=o,9s) (;—-0.96) (i_'—._-o 96)

Po v % | %0 | ¥ | m Po v 7o %o | ¥ S % | ¥ 7
0,200 | 0,062 | 0,598 | 0,357 | 0,075 | 0,673 | 0,465 | 0,145 | 0770 | 0,635 | 0,139 | 0,690 | 0,653 | 0,297 | 0,758
0,189 | 0,087 | 0,683 | 0331 | 0,090 | 0,744 | 0,459 | 0,165 | 0,810 | 0,566 | 0,218 | 0,790 | 0,613 | 0,310 | 0,746
0,177 | 0,113 | 0,728 | 0,297 | 0,144 | 0,797 | 0,436 | 0,183 | 0,820 | 0,518 | 0,262 | 0,800 | 0,575 | 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 | 0,249 | 0,840 | 0,432 | 0,311 | 0,755 | 0,416 | 0,295 | 0,527
0,109 | 0,209 | 0,659 | 0,233 | 0,232 | 0,776 | 0,368 | 0,260 | 0,820 | 0,379 | 0,326 | 0,707 | 0,372 | 0,277 | 0,452
0,084 | 0,230 | 0,593 | 0,206 | 0,254 | 0,728 | 0,348 | 0,273 | 0,805 | 0,353 | 0,326 | 0,665
0,071 | 0,236 | 0,542 | 0,185 | 0,263 | 0,710 | 0,333 | 0,284 | 0,793 | 0,322 | 0,303 | 0,5%

0,055 | 0,251 | 0,448 | 0,156 | 0,261 | 0,587 | 0,303 | 0,205 | 0,770 | 0,257 | 0,232 | 0,430
; 0,300 | 0,308 | 0,758
| 0,287 | 0,308 | 0,727
0,267 | 0,314 | 0,700 ;
‘ 0,243 | 0,318 | 0,663 |
i ] 0,192 | 0,323 | 0,427 |
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Table 4.(Continued)

Blower characteristics for rotor IV.

Tables

s

0,002. Stator II.

4(cont.),5

2ra
oy ¥ =9,508,/r =19,5°0,/r =24,5%6,/ =29,5%6,/r =34,5%8, /1 =39,5°6,/r —44,50
(,=0%9) (7= o) ka0 (7. =0m) (7, =09) (7 =o00) =1 =0.9)
@ | ¥ | 0| P | ¥ T | 9o | ¥ | M | P | ¥V | M | P | ¥ N | %o | ¥ | N | @0 | ¥ J My
| p | &
0,233 0,082 0,587 0,377’ 0,092| 0,646/ 0,436/ 0,126 0,710 0,502| 0,166/ 0,744/ 0,572/ 0,213 0,754 0,628| 0.266f 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, 0,527/ 0,273/ 0,809 0,597! 0,298 0,795 0,649’l 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/ 0,566/ 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/ 0,830/ 0,391 0,326/ 0,823/ 0,458, 0,342/ 0,823 0,516/ 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 0,260 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/ 0,286/ 0,400/ 0,747| 0,348/ 0,427/ 0,765 0,394\ 0,442/ 0,760, 0,432 0,453| 0,734
0,097, 0,314 0,585 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
0,06110,352;0,_428] 0,164| 0,284 0,546/ 0,183 0.251! 0,480/ 0,185 0,256 0,410| 0,228/ 0,249 0,446 0,283? 0,282| 0,476
Table 3.Blower characteristics for rotor III. :S,( Tt = 28", Stator Il
ru =%
|
s | s s .
= 0,00z = )()0 ==\l
D 0,002 J D 0,004 D 0,006
— = = = T == — 7
Po Y ) l Po Yy | M % %o ¥ Mg | %
0,451 0,137 0,773 1,50 l 0,442 0,131 — 1,49 0,440 0,132 0,710 1 147
0,443 0,165 0,800 1,263 0,428 0,151 — 1,21 0,432 | 0,148 0,740 1,26
0,425 0,179 0,817 1,010 | 0,416 0,195 - 0,885 i 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 0,650 0,197
0,300 0,324 0,820 0,276 |
0,279 0,333 | 0,795 | 0,233 i
0,256 0,339 0,750 0,193
0,187 0,217 0,440 | 0,161 !
s § s
. D= 0,008 D 0,010 D 0,012
Po Y o | %o %o [ 7 | % %o [ Lo %o
0,439 0,129 ; 0,690 ‘y 1,49 I 0,433 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 I 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 0,456
0,310 0,283 0,780 | 0,339 0,300 0,266 0,750 0,352 0,297 0,254 0,732 0,347
0,282 0,292 ‘ 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 1 0,255 0,262 0,670 0,247 0,253 0,251 0,660 0,254
0,243 0,262 0,660 1 0,226 | 0,237 0,243 | 0,615 0,231 0,238 0,241 0,628 0,234

S
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4 (% -095) Figure 38.- Experimental blower

characteristics for

rotor II and exit stator I at

various rotor blade angles (see
table 4).

Figure 39.- Experimental blower
characteristics for

rotor III and exit stator I at

various rotor blade angles (see

table 4).
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Figure 40.- Experimental blower charac-

teristics for rotor IV and
exit stator II at various rotor blade
angles (see table 4).

Figure 41.- Experimental blower character-

istics for rotor III and zxit
stator II for various clearances between
rotor blade and housing.
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