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NOTATION

chord length ' s,

drag coefficient

1ift coefficienﬁ

coefficient of induced drag

drag force per unit span lb./ft.
induced drag per unit span lb./ft.

manometric head coefficient

Hp / 33 (2 R )2
manometric head 1b./ft.2
1ift force per unit span lb./ft.
rotor speed r.p.m.

rotor speed r.p.s.

flow rate  cusecs.

flow coefficient

Q / nd°

rotor tip radius ft.
hub radius ft.
blade spacing ft.
solidity ratio

torque coefficient

= T /3 n?p®
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(iv)

NOTATION

torque ft.1b.

mean axial velocity ft./sec.

angle between flow and axial direction
camber angle

kinematic viscosity

1.59 x 10™% sq.ft./sec.

fluid density

0;002578 slug/cu.ft.

stagger angle, defined as the angle between
axial direction and the blade chord

rotor speed radians/sec.
Suffixes

upstream of the rotor, or the upstream rotor in case
of the contra-rotators
downstream of the rotor, or the downstream rotor

in case of the contra-rotators.
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Part I

Summary of the present Aerofoil and Cascade

theories.

Secondary motions that render the above

theories inadequate.
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There is no doubt that much information about the
details of motion in axial flow machines can be obtained
from the so called aerofoil theory based on the concept
of the blades of‘the machine functioning rather as
deflecting bodies than as the walls of curved passages
through which the fluid flows as in a pipe. Before
proceeding to discuss this theory, certain conventional
quantities describing the aerofoil need definition.,
Two lines, the chord and the camber line, are used as
a basis. The chord is usually defined as the line
joining the mid-points of the leading and trailing
edges. For simplicity, the tangent to the concave
surface of the profile is sometimes used in plece of,
and desceribed as the chord. The curved centre line of
the amerofoil is known as the camber line. Usually it
is of simple form, either an arc of a circle or a
parabola, though other more complicated curves are also
used and have their advantages. Measurements normal
to the camber line and on either side of it serve to
define the actual shape of the profile, and a single
set of such measurements can, if scaled up‘or down,
serve to define a family of aerofolls which are then
deécribed as all having the same "base profile".

Fig. 1.1, 1llustrates an aerofoil and defines the

following items:-



c = _chord length ,

t = maximum thickness,

b = maximum camber ,

a = distance from the leading edge to the -
point of maximum camber, |

r, = the radius of curvature at the leading
edgs ,

r, = the radius of curvature at the ‘trailing

edge,
all of which are usually expressed as a percentage of the
chord length.
' 7(,and'7(z= the angles between fhe chord and thé
tangents to the camber line at the leading
and trailing edges respectively ,
6 - the camber angle ‘
= Xt X, o
The conventional nomenclature specifying a certain
aerofoil takes the following form:- 12 R.A.F. 6 / 25 P 40,
where (12) is the maximum thickness expressed as a percent
of the chord, R.A.F.6 denotes the selected base pfofile,
(25) is the camber angle-in degrees, P denotes a parabolie
camber line, and (40) is the disténce from the leading
edge to the point of maximum camber as a pe:cent of the
chord.

The position of the aerofoil with respect to the
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direction of the flow is specified by the angle between
the flow direction and the chord. This angle is usually
called the geometrical angle of inecidence " «".

An aerofoil of an infinite span, placed in an
infinite stream moving with a uniform wvelocity "V", will
exercise a resultant force "R". This force can be '
resolved into two components, along and no:mal to the
~direction of the relative motion. The normal component
is usually known as the 1lift, while the other component
as the drag. The magnitudefor these two components can

be put in the form:

L = Zgv.ec ,
2 L
and ,
D = 4oV
= 7 9V.c. CD P)
where:
L = Lift force per unit length of span,
D =

Drag force per unit length of span,

Q
I

L Lift coefficient,

cb = Drag coefficient,

¢ = Chord Iength,

V = The undisturbed fluid velocity,
¢ = Fluid density.

The 1lift coefficient is a function of the angle of
attack "o¢". It increases with increasing values of the
angle of attack, up to a certain maximum value correspond-

ing to the usually called critical angle of incidence.
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ABéyond this value the aerofoil is stalled. For values
of "o<" below the critical value the ruhction is
approximately linear, and in most cases does not become
zero until "o¢" is considerably negative.

The Circulatory Flow Around an Aerofoil:

The force experienced by the aerofoil is due mainly
to the difference in the pressures acting over the lower
and the upper surfaces of the profile, which is accompanied
by velocity differences. It becomes apparent that there
is a certain aSymmetry in the distribution of the motion
along both sides.

In order to obtain a measure of this asymmetry, use
is made of the conception of circulation, defined as the
line integral of the velocity along a closed curve en-
circling the aerofoil, or in other words:

[ﬁ = j; V; . ds .

The same flow pattern camn be obtained in the
neighbourhood of the aerofoll, if it is replaced by a
vortex, usually known as the bound vortex, the strength
of which is the same as the circulation around the aero-
folil.

For this case of plane motion, the Kutta-Joukowski
theorem gives the mathematical relation between the

circulation around the aerofoil and the 1lifting force
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experienced by it. This theorem states that:

L = gVl ’
or substituting the 1lift in terms of the 1lift coefficient,
we get:

C.=2l/V.c .

As consequence of the theorem that vortices cannot end
or begin within a frictionless fluid, it becomes evident that
for an aserofoill with finite span, in an unlimited fluid, the
"bound vortex" must extend out into the flow to form two
trailing vortices; and that all together must form one con-
tinuous vortex ring. The traiiing vortices usually have
their axes normal to that of the bound vortex and lie inm a
direction parallel to the relative motion. Each of these
trailing vortices is of a strength equivalent to that of
the bound vortex. Eig. 1.2, illustrates diagramatically
the bound and trailing vortices in relation to the aero-
foil. F.W. Lanchester was the first to suggest the
existence of the trailing vortices.

It is necessary to mention here that the vortices
represented in Fig.l-2, correspond to an aerofil with constant
circulation all along its span. In general, when, as may
happen, the circulation varies along the span, thers will be
other trailing vortices. If, for instance, the circulation
at sections a-a and b-b of the aerofoil were [, and

K respeetively, then there would exist trailing

vortices between these two sections of a total strength
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(2 - ). If, however, the.circulation varies gradually along
the span, there will be a whole sheet of trailing vortices
extending downstream from the aerofoil. The strength of a
vortex sheet 1s measured ﬁy the circulation around a strip of
the sheet having a unit length in the direction normal to the
akis of the vortices. A vortex sheet, as that shown in Fig.
1.3, will'consist of an infinite number of vortices, uniformly
distributed across the whole width of the sheet. Hence the
strength of such a sheet will be:

¥ o= v, -

Ui‘:
where Vi, 0 and V., &re the velocities along both sides of
the sheet.

Fig. 1.4 shows a vortex sheet of a strength if, with 1ts
axes parallel to the z-axis. The fluid velocities along both
sides of this sheet are v, and v, , which~for simplicity
reasons will be assumed to lie in the plane of the sheet. It
is clear that the components of these velocities along the
Z-axis must be the same. The strength of this vortex sheet

will be equal to the vectorial difference between the two

" velocities:
-~ — —
T:U;_lf

]
Now if V is the vectorial mean of these two velocities

m
and which makes an angle 6 with the Z-direction, then the
following equations can be reached:

U'2=( +2_/r$/n9)+( Z"cos&)
U‘Z_—:(,,,_. /rsme) +( X“cosa)
Applying Bernouilli's equation the following 1is obtained:

B-p = £ ¢ (u'- &) ,



where P, and.;a are the pressures on both sides of the

sheet.

Hencs, P- P
] [}

1¢ (vio ')
= 9 ?Vm sin@ ,

The force exerted by the sheet upon the fluid, is of
the same magnitude as the pressure difference and in the
opposite direction. Hence:

f = glfl-v,,,- sin@ | (1.1)

Generally speaking the fluld motion is in a direction
normal to the axis of the vorticity, as in the case of the
bound vortex; hence the expression for the experienced
force will become:

f = < g Ve - (1L.2)

The resemblance between the above expression and
Kutta~-Joukowski theorem, is worth mentioning. 1In fact
it 1s a special form of this theorem, with the exception
that it applies only to an element of the aerofoil. For
the case of plane two dimensional motion, in summing up
the forces on all elements of the aerofoil, the terms due
to additional velocities will cancel. The resulting
expression for the 1lift force per unit span will only
include the velocity of the undisturbed stream "V". This
is due to the fact that for this case, thefe will be no
trailing vortices. The only existing vortices are the

bound vortices, which are of equal strength and have their
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axes normal to the main flow.

Regarding the effect of the trailing vortices, Fig.
1.5, these will cause additional downward velocities down-
stream of the aerofoil. Hence, according to equation (1.2),
there will be an additional force acting from the aerofoil
upon the fluid, and against the relative motion. This
force evidently, must be the reaction of that resisﬁance,‘
experienced by the aerofoil, usually referred to as the
induced drag. If it is assumed that this downward
velocity "ﬁﬁ is uniform along the span, the expression
for.this additional resistance per unit span will be:

E% = ¢ Fw’.

The following expression for the induced drag 1s due
to a reasoning given by Prandtl. - Instead of considering
velocities in the\wake of the aerofoil, it will be assumed
that the action of the aerofoil upon the fluid is con-
fined to an area "A", which is normal to the directiom of
the relative motion.

In passing thrbugh this area the fluid experiences
the reaction of the 1lift force, hence a downward momentum
will be communicated to it. Hence the lift force will be

equivalent to this acquired downward momentum, and can be

expressed thus:

L 9 AVw’,

or

wi= LAV,
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the kinetic energy imparted to the fluid will be:

E = .!.?‘/AMI"'l
2

and the work expended in generating this kinetic energy
will be:
D,.V,
hence the expression for the induced drag will be:
D, = E/V = L'/29V'A .
This equation does not give a definite value for the
induced drag, unless the wvalue of the area "A" 1s known.
It is ?ound that a good approiimation for the value
of this area, is given by the area of the circle described
by the span of the aerofoil. 1In which case the expression

for the induced drag will be:

D, = Lz/zq vip b?,
where,

2b = the span of the aerofoil.

It is feasible to regard half this downward velocity
as being imparted to the fluid before reaching the aefo-
foil, the other half being generated after passing the
aerofoil. Hence at the asesrofoil there will exist a down-
ward velocity "wn,

w o= w/e = L/ Q'V'n B

When this velocity "w" is combined with the original
fluid velocity "V", it will give a new resultant velocity:

(v¥4w?), meking an angle "@g" with the velocity V, where
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tang =w’/2V ,
which can be put approximately as:
g = wijav .,
The fact that 1ift is necessarily accompanied by
the induced drag, was first pointed out by F.W. Lanchester.
Denoting the profile drag by D, , the following
expression for total drag can be obtained:
D= D, 4+ D,

or in the coefficient form,

=' + N
CD CD C&

o t

It can be shown that the coefficient of induced drag

has the form:

¢, = (Cf /mHs/(zp)" ),
where,
S = The projected area of the aerofoil,
and ,
X = Aspect ratio = (2b)2 /S .
Hence,
= ¢ /mh . (1.4)

[}

If the angle of attack is corrected to take into
account this downward inclination "g", the system of
trailing vortices can be assumed not to exist. Hence an
effective angle of attack "i", 1is given by:

i=°<f¢=o<-CL/Tr>\ . (1.5)

The corrected angle of attack, is shown diagramatically

in Fig. 1l.6.



Assuming that the aerofoil can be replaced by a
"loaded line" of a length equal to the span, i.e. "2b",
and lying along the Y-axis, Fig. 1.7, then the loading
of this line per unit length will bve:

A = ¢ vr . ‘

If the circulation varies along the span, there will
be, as previously mentioned, other trailing vortices other
than the two corresponding to the constant circulation
case.‘ The strength of these secondary vortices will be
equivalent to:

Y, =& V) x (da/dy)
which can be put in the form,
v, = dl/ay

Before proceeding to discuss cascades of aerofoils,
it is convenient to consider thin plate aerofoils of
simple geometrical forms. Though such aerofoils are of no
practical importance, yet their aerodynamical character-
istics are of great use. These characteristics apply
with good approximation to cases of actual profiles.

First the cese of thin flat plate, Fig. 1.8, will
be discussed. For this case the mathematical solution,
for instance by confofmal transformation, gives the
following relqtion between the angle of attack "«", and
the 1ift coefficient:

C;_ = 2T S$ine« 5

which for small values of "o" becomes:
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CL = 2f sine¢ = 2 o
It is evident that for this case the lift-angle of
attack relation is linear, and has a slope "2YVI".
For the case of c¢ircular arc profile, Fig. 1.9, the
theoretical solution gives:
CL' = 21 sin (o 4 9/1»)/605 8/ >
where ,
@ = the camber angle.
For small values of camber, the above relation becomes,
CL = 2m sin(=x4 8/3) = 2mw sin (e ¢ 2f/c) s
as it can be easily proved that:
B = 8f/c .

Also, it is apparent that 1ift vanishes at an angle of
attack :

x, = -6/4 = - 267& .

The flow direction corresponding to this angle, is
usually referred to as the line of zero lift. Hence this
line can be obtained by Jjoining the trailing edge and the
point of maximum camber. Practical evidence shows that this
rule holds with good approximation in the case of actual
profiles.

Birnbaum, introduced a general method for calculating
the aerodynamic characteristics of any given profile. This
method is based on assuming that the profile can be replaced
by the camber line, which in effect, represents the mean for

the upper and lower surfaces of the profile. TFurther by
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assuming that the vorticity is located on the chord, it can
be shown that the 1lift coefficient takes the following form:
C, = 2m (x + €),
where Go,.can be evaluated once the geometrical form of
the camber line is known.
Theoretical solution for a family of Joukowski

aerofoils gives the following expression for the 1lift

coefficient,

c, = 2rrsin« (140.77 t/c),
where,

t = maximum thickness,

c chord.

This means that with increasing thickness, steeper
lift-angle of attack curves can be obtained; which is not
the actual case. The divergence between theory and
practice is due to neglecting viscous action near the surface
in the theoretical approach.

An explanation due to Penkerton aftributes this divergence
to the unequal growth of the boundary layers on both sides of
the profile. Hence the "effective profile" about which the
non-viscous theoretical flow would realise, is changed by
changing the angle of attack. Thus one could say that the
actual 1ift curve is a composite of a great number of

theoretical aerofoils each developlng the theoretical 1lift

curve slope, but having decreasing camber.
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In the previous discussion little attention was paid
to forces of an adverse nature, which are ususlly referred -
to ds drag. One form of it was.previously mentioned as the
induced drag, which as a matter of fact, is an unavoidable
bye-product of the lift. As mentioned before the coefficient
for the 1nduced drag takes the form-«

Cu;, = k.Cf_ _ (1.6)
where "k" is a constant depending on the geometrical
particulars of the aerofoil used. Apart from the induced
drag, there are two other forms of drag; one due to skin
friction, and the other is what is usually known as "form",
or “shape" drag. 1t 1is rather difficult to express the
latter two explicitly, and hence their combined effect is
usually summed up, and referred to simply by the "drag".

It i1s possible to evaluate the drag experienced by the

aserofoil 1f the velocity along 1ts surtaces outside the
boundary layer zones, were known. The method for such

evaluation will be discussed briefly hereafter.

The expression for the drag can be put in the
following form:

D =CD"z'l'U2‘c
?ij(U_u)dy s

\

where,
u = velocity in the wake,
U = velocity of the main stream.

'The integration is to be taken in the wake at a point
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sufficiently far downstream to Justify the assumption that
the static pressure in the wake, at that section, is the
same as that of the main stream. Hence the coefficient

of drag will bve:
Cp = Zﬁj T‘j—(’-—:j—;) dy

J . °
= ZSM/C s

S"x__: J'Q“Du:(|_ﬁ) d.y

= the momentum thickness,

where,

and , U, = the stream velocity outside the wake.

It is assumed that the momentum thickness of the wake,
is equal to that of the boundafy'layers of the upper and
lower surfaces of the aerofoil. For a laminar boundary
layer Karman's solution can be used. This gives the skin
friction at any point on the surface as:

T o=psufby =p(\ar)U/fs 8,
and the coefficient for skin friction as

¢, =2 T U = (N.+2) VUL

f
where,
U = velocity at the edge of the boundary layer,
5 = bouﬁdary layer thickness ,'
N = Syv R
U, = velocity outside the wake.

Howarth gave the following expression for the momentum
thickness in the case of laminar boundary layer, based on

Karman-Pohlhausen's method:
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$78 = (5328-48N- 5\ )/45360.

By this method it is possible to evaluate the drag,
provided that the boundary layer remained laminar all
along the aerofoil surfaées. Experimental evidence,
however, shows that the laminar boundary layer changes
over to a turbulent one shortly downstream the leading
edge, after passing a transition point not far from the
leading edge. Therefére, Pohlhausen's method can only
apply over the short region between the leading edge and
the transition’point. Beyond this point equations for
the turbulent boundary léyers should be applied. At tﬁe
transition point it can be assumed that the momentum
thickness is coq}inuous'and that the skin friction under-
goes a rapid increase over a short region near the
transition point.

' Kdrman's momentum equation for boundary layers, can
be put in the form:
T, = am/ax +¢8vav/ax

where

Moo= 5"812 §”

8 = [(1-w/ujay

y = ‘histance measured normal to the surface.
Putting,

B = 8/4%

the equation of momentum becomes:
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L/ eU = asTax +(U /u)(me2)sT . (1.7)

R Young showed that by assum;ng that Karman's solution
for turbulent boundary layer along flat plates, serves

as an approximation for the existing case, and making

use of the results of Nikuradse and Buri's tests on .
diverging and converging channels, which indicate that it
is sufficiently accurate to assume a constant value of
(1.4), for "H", equation (1l.7) cen be written as:

dZ/dx + 6.13 U /U = U/N.F( L) >

where, |

F(§) = 10.411 % & %3944
and Zz= gUz/‘Z;

For solving this equation, it is necessary to know
the value of "U" as a funcfloq of "xv and "g" at the
transition point. For obtaining the momentum thickness
at any point, the relation for turbulent boundary layer
along flat plate can be used. This relation is as follows:

U8 = 0.2454 %3944
At a traverse in the wake, equation (1l.7) becomes,

a8/ ax + Uy - (HR2) 8= 0, |
where "x" ié measured downstream, along the centre line
of the wake. This equation can be put in the folléwing
form: | |

d/ax (log, §7) = -(8+2) 4/dx(log, U/U, ). (1.8)

Integrating equation (1.8), from the trailing edge



<19~

to infinity, and making suitable assumptions, Young gave

the followiﬁg expression for the drag:

XX .2
¢, =28 /v, /v, | | (1.9)
where,
3 9
3, = the momsntum thickness of the wake at the

trailing edge, which is assumed to be equal
to the sum of the momentum thickness of the
two boundary layers corresponding to both

surfaées of the aerofoil at the trailing

edge.
U, = velocity at the trailing edge,
U, = velocity of the main stream at infinity.

Young gave a comparison between the values of drag
coefficients, as obtained byAthe above method and by
experimental measurements. This showed close agreement
between both. One point worth mentioning, is that the
value of the drag coefficient thus computed, depends to
a great extent on where the transition point is assumed
to be. In axial flow machines, however, it is expected
that the boundary layer is more likely to become turbulent
at a point much closer to the leading edge, than in the
case of an aserofoil in a non-turbulent stream. Hence a
transition point within 10% of the chord from the
leading edge can be assumed feasable. With a transition

point within such a percentage, Young showed that the



computed drag coefficient becomes less sensitive to where
the transition point 1s assumed to be.

Recently the flow problem through blade cascades
was the subject for intensive study by several investi-
gators, both from the practical and theoretical points
of view.

Generally speaking, a cascade can be formed of thin
flat plates, thin circular arcs, or aerofoils. Cascades
formed of thin plates are of no practical 1mportance;
nevertheless, they serve as an approximation for
Simplifying the theoretical approach.

Fig. (1.10){a, b, and ¢), illustrates cascades
formed of thin flat plates, circular arcs, and aerofoils,
and define the following items:

Suffixes 1 and 2 denote the inlet and outlet sides
of the cascade.

S = blade spacing or piteh,

o« = the anéle between the flow and axial directions,

& = the stagger, defined as the angle between the

axial direction and the blade chord, )
€ = the turning angle, defined as the angle through
which the fluid is turned
= 64 -,

1 = the angle of incidence, defined as the angle

between the flow direction at inlet, and the

tangent to the camber line at the leading edge
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of the'blade,

v = the resultant fluid velocity,

= thé "whirl", or the tangential component of

the fluid velocity,

= the axial flow component,

S = the deviation, defined as the anmgle between
the flow direction at outlet, and the tangent
to the camber line at the trailing edge of the
aerofoil,

e = the camber angle, which is the angle between

the tangents to the camber line at the trailing

and leading edges, |

solidity ratio, defined as the ratio between

/]
S~
Q
]

the blade spacing and the chord.

Thé flow through a cascade of thin flat pletes, was
theoretically solved by F. Weinig. His solution gives a
correction factor for the theoretical value of the lift
coefficient for a single flat plate. The expression
for the corrected 1ift coefficient is:

ch = f .21 sin («, - o)

where,

f = the correction factor,

x, = the angle between the vectorial mean of the inlet

and outlet velocities, and the axial direction,
or in other words,

1
tane = 2 ( tan o+ tan «, )



A. Collar gave the value for this correction factor as:
f = sina/ (l-sin® a . sinec )‘f {cos,a- sink’ (tan a.cos®)
+ 8ineg sin’'(sin a sine )} ,
where "a" ié a function of solidity ratio, and the stagger,
and is gijen as: |

sfe = /2 .{cosa‘sinti" (cosotan a ) +

+sine sin’ (sine sin a)}.

Several investigators solved the flow problem through
cascades of arbitrary aerofoils by successive trans-
formation. These methods being too elaborate and laborious,
beside the three-dimensional nature of the flow, limits
the usefulness of such methods to their academic value.

The following discussion is based on the assumption
that two dimensional flow prevails, and that the com-
plications due to the existing viscous forces camn be dis-
regarded for the time being.

Fig. 1.11 illustrates a cascade of aerofoils and the
corresponding inlet and outlet velocity disgrams. TFor
simplicity, the aerofoils are replaced by their chords
and camber lines. |

It is obvious that the circulation along a closed
contour encircling any of the aerofoils is:

r =fvs-ds = (w, =-w, ). S

= Ow. .S (1.10)

The tangential force experienced by the aerofoil can
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be evaluated by applying Euler's equation, thus giving:

£, =9Us(w,,l\'-w,z )
=QUTr ,
where,
ft = the tangential force per unit depth of span.

The forceAexperienced in the axial direction will be
only due to the static pressure rise, as it is assumed that
the momentum along that direction does not change. Hence
for ideal fluid this force will be:

f, = S(% - D )

= S/ (w' - A )

g (W,' + W,.z ) /2 .T

= 9- ‘W;. . P ’ (1’12)
where,
W, = the arithmetical mean for the tangential com-

ponents upstream and downstream of the cascade.

The resemblance between the above equations and the
Kutta-Joukowski theorem is obvious. The expression for
the resultant force experienced by the aerofoil can be
put in the form:

F =¢.Vm .l (1.13)
where,

V, = the veétorial mean flow velocity.

The angle between this velocity and the axial direction
will be:

< = tan" _V;’.r/U (1-14)
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The experienced force can be put in terms of a

corrected 1ift coefficient, by using the following relation:

ke V¢
Hence substituting in equation (1.13), we get the following

¢ = =2 ) | (1.15)

expression:
A | | 6
F ? 2 Coch : (lnl )
where, ‘

ch= the 1ift coefficient corrected for cascade '’
effect.

The above outlines the simple two dimensional theory
for ideal flow through cascades. It shows that a cascade
of aerofoils can be replaced by one single aerofoil, in a
hypothetical infinite and uniform stéeam, moving with a
velocity equivalent to the vectorial mean of actual upstream
and downstream velocitibs.

For a real fluid flow, however, it is necessary to
make some adjustments to take into account viscosity effects.
For a single aerofoil, viscosity manifests its existencs
by the losses usually referred to as drag. In the case of
a cascade of blades, which in effect is a cascade of
diffusers, the losses will teke the form of a drop in total
energy. Though the losses in both cases are akin, yet they
are of a more complicated nature in the later.

Denoting the mean drop in total head through the

—

cascade by: 6 F , equation (1.12) will become:
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s {tg -») - SR}
S {Q/zvz(talfoc,- tan' < ) - S—l?_} . Cra7)

fa

The expression for the tangential component will
remain unaltered. Resolving these two components along,
and normal to the vectorial mean flow velocity, fig. (1l.11),
the following expressions for the hypothetical 1lift and
drag will be obtained:

L = c.9/4V2.C
= f, cosox, + fa sine, , (1.18)
and,
D = ¢ .Qfp Va + Cp
= ft . 81110(,“ - fa. COS ok, . : (lolg)

Hence, it can be shown that:

Cp 2. JCS_ (tan o¢, = tan ot) cos o4, +

+ C, tam o<m (1.20)
and
3 <3
- S , _CoSXm_, SP
T A v (1-21)

For the case of axial flow machines, a change in
axial velocity is usually encountered. Tests on two
dimensional cascades with varying axilal veloclity, are not
easy to carry out, which beside the absence of Coriolis
forces, will reduce their practical value for studying
the flow through a rotgting cascade, where under such

operating condition, these forces will exist.



Nevertheless, it is usually assumed that the vectorial
mean flow method can be applied for such cases as an
approximation. = The error due to this assumption 1is.
however, less serious 1h'case of two dimensional cascades,
and axial rotors with large hub to outer diameter ratio,
and relatively small blade height in comparison with the
outer diameter, e.g. axial flow dompressors.

Fig. 1.11, illustrates velocity diagrams for constant
as well as varying axial flow velocity. For varying axial
velocity, the experienced tangentiél force can be put as:

o= s, Mgl (wo-w),
while the axial force will be partly due to the static
pressure rise, and partly to the change in the axial

momentum, hence,

fa = S(B, =B )+ 1 g-U} .S.q (U, - 1)
= S.(H, - H,),
‘where,
H = +the total energy.

It can be shown that the corresponding 1ift and drag
coefficients will be: |

= € S
C 2. g € . code, + 2 C, . sine, (1.22)
where,
E = ED_.__':.!’..":’
u
and,
Cy = the coefficient of the change in the total

energy
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- H,';Hg
i3 Vm
and,
C, = 2 ‘-;i . €. cof’x, . Sine, —
- § . CH « CoSs o, 9 (1123)
c
- putting:
CT = coefficient for the tangential force
= .zg.g.coszcxm,
and,
Cs; = coefficient for the axial force
= i. CH b

c

equations (1.22) and (1.23) can be reduced to:

CL = Cp coSey, + Cs sine, , : (1.24)

(@]
it

C, 5in otm - Cg COS oqm - (1.25)

In the previous‘discussion, two dimensional flow was
assumed to prevail. This, to say the least, represents
nothing but a rough approximeation to what is actually taking
place. Deviation from this simplified flow picture is due
to secondary motions brought about by the existing viécous
forces. |

As mentioned before, a cascade of aerofoils, can be
looked upon as a series of curved channels. Hence, it is

justified to expect a secondary flow similar to that known



to take place in curved conduits, fig. 1.12. The

explanation for this type of secondary motion is based on

the need for a certain adjustmenf in the flow pattern to
attain a balance between centrifugal forces and the pre-
.vailing pressure gradients. White and Adler, both found

this secondary motion experimentally for laminar flow.

The former observed that it was by no méans as evident once
the flow became turbulent. This, he ascribed to the fact

that in turbulent flow the velocity distribution is much

more nearly uniform than in laminar flow, and correspondingly
- the pressure gradients producing the secondary motion are
less. However for the case of cascades, where curvature

is usually small, aﬁd the flow is more likely to be turbulent,
such type of secondary motion will not exist, or at least

not in an appreciable strength.

Another type of secondary motion is that caused by
trailing vortices shed downstream of the cascads, fig.l.13(a).
Though the circulation " ", is assumed to be constant
along the aerofoil span, yet it is inevitable that at the
boundary walls circulation must become zero. Hence, within
the boundary layers its magnitude will gradually changs
from its normal value "' " down to the zero, value at the
walls, 1.13(b). Consequently, within the boundary layers,

a large number of trailing vortices will be developed, the

strength of which can be put in the form:

F-ar. sy,
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these being of an unstable nature, will finally roll up
in two main trailing vortices, each of a total strength
r. Experimental evidence by several investigators
emphasised the existence of such vortices.
Replacing the cascade by these trailing vortices,
and solving for the induced velocities, darfer and Cohen
deduced the following expression for the cbefficient of

induced drag:

2 ’ ’ .
= MaC h
G = Skkp"r)é , (1.26)
where, »
2h = +the épan of the blades,

2h = the distance between the cores of the
tfailing vortices, which by méasurement
is found to be slightly less than 2h .,
The resemblance between this equation and equation (l.4)
is worth noting.
Howell gave the following empirical rule for the

induced drag:

C%

Furthermore, &as the circulation 1is closely related

= 0.018 C (1.27)

to the velocity upstream of the cascade, it becomes
obvious that any irregularity in the approach velocity
will give rise to further secondary losses, as a con-

sequence of the resulting non uniformity in the dis-
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tribution of circulation. Moreover, it is plausible to
expect that the upstream velocity will give a qualitative
representation for the distribution of circulation.

As previously mentioned, the effect of these secondary
losses is takén account of, by using a modified drag

coefficient, as given by the following expression:

CD = Cno + Cnt + (:n6 9
where,
Cn = the effective drag coefficient,
Cb = +the drag coefficient corresponding to one

isolated asrofoil of an infinite span,

CD = coefficient of induced drag, o
i ¢
q, = the drag coefficient giving the equivalent

(* 3

loss due to skin friction along the boundary
walls. The effect of the adverse pressure
gradient must be taken into account as it

is apt to increase the skin friction.

Now the axial flow propeller will be considered. Any
imaginary coaxial cylindrical surface will intersect the
blades in what will form, when developed, a c;scade of
profiles, as that shown in Fig. 1.10. If the flow is
assumed to be of a two dimensional nature, i.e. proceeding

along coaxial and cylindrical stream surfaces, it becomes

obvious that the flow pattern in one case can be transformed

-
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to the other. In other words, assuming two dimensional
flow, it is possible to say that the flow characteristics
in one case can be used as a basis for predicting those
of the other.

Though this, as shown experimentally (fig.l.20), is
often far from being the case, yet it will help in forming
an approximation to reality.

Before proceeding further, the general equations of
motion will be discussed. The cylindrical polar coordinatés
are chosen as they match better the fluid field in this
case. Fig. 1.14 shows these coordinates in relation to
the rotor axis, which is chosen as the z-axis. ‘The
Cartesian coordinates will thus have the following

relations:
p.4 = r.cosg,

and,

y Tres8ing,

The axial, radial and tangential velocity components
will be denoted by w, u, and v respectively.

The three dimensional equations for steady flow will
be:

(a) - Equation of Continuity:

L3
r ar

(I‘U} + T". %% o+ sa{ = O (1.26)
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(b) - Vorticity Bquations:

£ . L w _ 2w (radial) |
Y 2z |
= U _ 3w, tangential 1.27
u o 2 (vangential) p (1.27)
- 3 I du

b A T F B
ugg+_g%r ' w% r ¥ L(l.za)
==_é} 79;%?.* )’(V2U'4.%% %% _ _%g )
where,

If non viscous and axially symmetrical flow is assumed,
equations 1.26, 1.27 and 1.28 can be reduced to:

(a) - Equation of Continuity:

u

L2 (r )
rooar (ra) o =

Sw 0 1.29
= ( )



(b) - Vorticity equations:

L = - g—;’ (radial)
2 = 3u _ 3w (tangential) L (1.30)
2z ar
Z = 1 9 (rv) (axial)
roor ,
(e¢) - Equations of motion:
wdu . wdu _ w1 1
Y 2z r g ar
‘ 1.31
u?.‘.’ + Wﬂ + uY = (0] } ( )
ar 3z r
udw . waw - -1 2P
or ?Z B § 9z

If now as an approximation, it is assumed that
Bernouilli's equation can be applied, or in other words
at any point in the given fluid field the following relation

is valid as it is when the three vortices (1.30) are zero,

H = p + -g.( o4 v s W)
2
- ?
_Ib .|._2_V
Q 2
p. = H _ 3V
.where,
H = the total energy at that point,
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it

o] the static pressure,

v

]

the resultant fluid velocity.
Then by eliminating the pressure gradients in equations
(1.31), and substituting from equations (1.30), equation

(1.31) can be put.in terms of vorticity thus:

; 3H )
ua?{ f v. 4 = - .% T
\Me, - U.Z = 0 ) L (1.32)
and
: - I dH .
vE - 4y = -7 52 )

For two dimensional irrotational flow, where the
stream surfaces are moving with uniform axial velocity
along coaxial cylindrical surfaces, thé following relations

can be obtained from equations 1.30, 1.31 and 1l.32:

v _ o 1 9 =0 ﬁg-l.éf and,
9z ? ?5?“” G Yo

-Q.E =._a—. - _B_'-j =O .

?Z or 2Z

Theée imply the following facts relating to such flow:

a - Angular ﬁomentum, and consequently the circulation
are constant alﬁng any radius, and are
independent of the 2z value.

b - The total energy is also constant slong &any

radius irrespective of 2z .



¢ - the centrifugal forces are balanced by a radial

pressure gradient, which is expressed by:

This type of flow is usually referred to as the free-vortex
regime.

The design requirements for a propeller to yield this
two dimensional flow will be discussed next. As mentioned
before, such a propeller will consist of a large number of
cascades, having the profiles of their blades lying on
surfaces of coaxial cylihders. The geometrical particulars
for'each of these cascades, will be dictated by both the
desired type of flow, as well as the learned facts from
two dimensional cascade testing. The following notationu
will be used throughout the coming discussion, as well

as those mentioned before for cascades:

R, = tip radius,

n = impellef rotational speed in radians per
second,

r = +the ratio between the hub radius to the

rH

tip radius,

T, = the radius ratio at any point, expressed
as the ratio of the radius r at that
point, to that of the tip R, ,

U = mean axial velocity,
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u = axial velocity at any point of a radius
ratio r. , -

v = tangential or ‘whirl: velocity,

Z = number of rotor blades.

Suffixes 1 and 2 will be used to designate points
upstream and downstream of the impeller respectively.

Fig. 1.15 illustrates the blade element at radial
station r and the corresponding velocity diagrams.
The tangential and axial forces per unit depth per blade
can be found by applying either Kutta-Joukowski theorem
or Euler's and Bernouilli's equations. The expression

for these will be

f, = 9. g_z_L'.xr.U (1.35]
= ¢. U. r ’
and,
fa = §. 2. 0. (ar - g) . (1.34)
where,

f, , and f; : are the tangential and axial forces
per blade per unit depth.
The condition for constant circulation can be used
to help in selecting the profiles for the blade and their
geometrical setting. The following relation can be used

for that purpose:
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rr— c¢.¥Ym . C_. (1.35)

However, such a two dimensional flow cannot be realized
precisely; not even under the most favodrable wérking
conditions.

Viscosity as well as the existence of trailing vortices
cause the actual pattern to differ from that ideal one.

Furthermore, even if such a flow pattern could be
realised, then it will be only for one specific flow rate,
usually referred to as the deéign or normal flow. Once the
flow is shifted éither beyond or below the design point,
the balance between centrifugal forces, and the radial
pressure gradient will be upset, thus giving rise to further
secondary flow, that will restore the balance again. This
type of secondary flow will be discussed next. For
simplicity the one dimensional flow theory will be assumed.
This implies that tﬁe relative outlet velocity will have,
at all rates of flow, a constant inclination, corresponding
to that of the outlet blade angle. In other words, the
flow will behave as if it were guided by an infinite number
of blades. Fig. 1.16 illustrates a blade element of such
an lmaginary cascade and the corresponding velecity diagrams
for part, normal and over loads. ITf such a rotor is designed
to give a free vortex régime at design point, then the -

tangential velocity at any radiﬁs will be given by:

v = K/r,
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where,
K = constant.

Furthermore this tangential velocity can be expressed as:

v - aQr ~ U cot oy ’
where,
Coto(z - Uﬂ ?
aQr - K/r

U, designates the axial flow velocity corresponding
to normal or design condition.

Putting A as the ratio between any specific flow
rate to that corresponding to design point, the following

expression for the whirl velocity can be obtained:
v = (1 -dA)ar . ,\J'; (1.36)

Assuming a 100% hydraulic efficiency, then Euler's
equation will give the rise in total energy at any radius

r as:

E, ? .U, ar ’
and the correspgnding pressure rise as:
2
= E. - $v
R r 2 ’

substituting from equation (1.36) this can be written as:

2 2, 2
f,)- =_2?_52’r2(l_)\) + ?Qkf'-%i—( (1.37)
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The inward radial pressure acting upon the annulus enclosed
between the two coaxial cylindrical surfaces of radii r,
and r, , will be:

2 1 & .2 2 2
R-p = _g.n(t_}\)('éz—'.’z) + ?ék ( "}";2"' . (1.38)

This inward radi;l pressure will be counteracted by
the centrifugal forces set up by the tangential velocities,
The difference between these pressures will be the factor
deciding the nature and strength of the résulting secondary
.flow.

The  centrifugal forces acting upon the annulus can

be expressed thus:

J; s
(E-,F)Cent. = . df? = g . Uz/f' dr ’
which when evaluated will give:
2 2 2 2 2 2
(B"f,’)cent. = g_n?(;_e\) (."Lé‘..’f) .,.?)\K(J_‘-z_%g‘;_

s29 0 KA(I_N) fog &, (1.39)

Subtraecting equation (1.38) from (1.39) the following
expression for the unbalanced pressure force can be

obtained:
P = gA(:-A)[nz(;f-:;‘) ,,znkfoge%] (1.40)

This pressure force will give rise to secondary flow

which will be some function of it. The important conclusion
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that can be drawn from equation (1.40) is that for overloads,
the resulting secondary flow will be radially inward, yhile
.for reduced loading, the reverse will take place.

The above calculation was made on the assumption that
the secondary adjusting flow does not teke place till the
fluid has acquired its total energy and has passed downstream
through the rotor, and that till then the fluid has been .
moving with a uniform axial velocity. This as will be shown
later, is not the case; on the contrary it is bvelileved
that this adjusting flow comes into action well before the
£1uid has left the rotor. Nevertheless, it is more likely
that this will not affect the conclusion reached about the
direction of the secondary flow.

The unavoidable existence of secondary flows makes
the two dimensional theory, not to mention the one dimensional
approach, inadequate. It needs some adjustments before it
can be claimed to predict the performance of a certain
propeller, Hence it is Jhstified to'expect that such
adjustment will yield better results if it were based on
an accurate knowledge about the texture of these secondary
flows. Therefore, the next step will be to present some
experimental evidence that is hoped to throw light upon
the nature of the secondary flows encountered in axial flow
propellers. Before doing so, however, a brief description |

of the apparatus used for the present investigation will
[ 4
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be given.

Plates (1 and 2) show front and inlet side views of
the apparatus. Fig. 4.1, is a diegrammatic sketch showing
the inlet bell mouth, the cylindrical casing and the outlet
control gate. This apparatus.was designed to provide fpr
testing one, as well as two contrarotating impellers. For
that purpose two D.C. motors were incorporated to drive
each rotor independently, in thé later case. Both motors
were carried in ball bearings and equipped with balance
arms for torque measurements. The downstream motor was
fitted with a "Newton — Derby" mﬂke and break speed governor.
It was mounted to the motor frams to avoid its losses being
included in torque measurements. Furthermore, special
deflectors were fitted to direct the motor's cooling air
in an axial direction, thus safeguarding against the
possibility of unequal cooling air stream reactions affecting
torque readings. Reohstats and potentiometers were included
in each motort's circuit, thus providing for independent
speed control over a range from 300 to 2600 r.p.m.

The casing surrounding the rotors was made of Perspex,
convenient for visusl observation. A stroboscope was
used for speed measurement, as well as an aid for maintaining
it constant.

Commercial propellers were used, as specially designed

rotos were difficult to make. Nevertheless, it may be
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Plate 2

View of the apparatus from the inlet side.

-

Plate 2
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remarked that suitable plastic materials of Bakelite type
are now available, and if a simple way can be found to
construct a mould cheaply, the process of casting presents
no further difficulty. A mould made of plaster of Paris
was used to cast .one circular back untwisted blade. The
result was very satisfactory with regard to surface finish
and the sharp leading and trailing edges.

The first type of secondary flow to be discussed is
that due to operating at reduced or over loads. The
experimental data, given hereafter, were obtained from
the following tests:

(a) - A singlerrotor operating at a constant speed
of 2200 R.P.M., and at véryihg flow rates. The layout of
" the testing rig is as shown in fig. 4.1 . Veloecity
traverses were taken upstream and downstream of the rotor
at varying discharées.

(b) - A single rotor, followed 28 inches further
downstream by a boosting propeller, fig. 4.1 . Similar
velocity traverses were taken upstream and downstream of
the first rotor at varying flow rates and at speeds
ranging from 800 up to 2000 R.P.M.

The obvious criterion for secondary flow of this type
is the ratio between the axial velocities upstream and
downstream of the rotor. Taking this ratio & = UL/U

as a factor expressing the strength of the secondary flow,

>
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and plotting 1t at various upstream flow coefficients:

19,' = U,/!Zr

where,

£l = the rotor's speed expressed in radians per
second,
and,
r = the radius_at the point considered,

the curves shown in Figs. 1.17, 1.18 and 1l.19 were obtained

for the radii:

‘rﬁ, = 0.76, 0.50 and 0.37.

The one dimensional theqry,'as previously shown,
lead to the conclusion that at any radial station, the

secondary flow factor can be expressed as:

. - flrxa-nm]
- where,
}\ = %ﬁ % l.o ’

which would yield a continuous function over the whole
operating range, including over and part loads.

The noticable asymmetry of this funetion at part
and over load, as experimentally found, figs. 1.17, 1.18,
and 1.19, can, however, be explained by the fact that at
these loads the blade setting in relation to the flow
distinctly differs from each other. A symmetrical profile
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with no camber, will probably give a secondary flow relation
nearer to that reached by assuming the one dimensional
theory.

The radial secondary flow at any radius r, can be

put as:

7

[T (u-w).emrdr ,
Fu

where,

H
Il

the hudb radius,
the radius at which the secondary flow is

to be evaluated.

This can be expressed as a ratio to the upstream flow

in the following way:

g - f,,,(u;-q,) . rdr
9« j:rU'.I'. dr

using this expression, the following tables were obtained,

(1.41)

where the radial secondary flow is given as a percentage

of the upstream flow, at different radial stations.

TABIE I
One single rotor operating at 2200 r.p.m.

9=%p*| o0.64 | 0.61 | 0.55 | 0.45 | 0.43| 0.35

/R, % of upstream flow
0.50 10.1 17.0 25.6 49.5 58.5 84.5
0.63 3.4 9.0 13.7 29.5 367 50.0
0.76 0.9 3.2 5.6 12.3 17.7 22.6
0.89 |- 2.9 1.2 2.4 3.4 4,0 6.1

#_ Back flow
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TABLE II
One rotor followed 28 inches further downstream

by a boosting propeller

Nr.p.m.| 800 1000 1200]| 1300 | 2000 2000

7= 7| 1.28| 1.05| 0.93| 0.83| 0.54| 0.43

r/R, % of upstream flow

0.37 | 1.9 |-4.1 |-6.8 | -4.4 |38.8 | 84.7
0.50 | 5.1 | 0.4 |-1.3 | -0.6 |29.7 |s52.5
0.63 | 8.6 | 5.3 | 1.8 |-0.5 |15.9 |31.4
0.76 | 9.3 | 6.9 | 2.9 | 0.2 | 5.7 |13.5
0.89 | 5.0 | 3.9 | 2.3 | 0.0 | 1.6 | 3.2

Note: The negative sign deéignates inward radial flow.

Fig. 1.20 shows these values plotted against the
flow coefficient.

If it is agsumed the design point éorfesponding to
the best working conditions is that accompanied by the
minimum secondary flow, then accordingly, the design flow
coefficient for fhis rotor would be somewhere near: |
3% = 0.8, Though it must be mentioned that this is not
necessarily the point of peak efficiency. The parabolic
nature of these curves at reduced rates of flow, as well
as their changed characteristics beyond that point is
noticeable. Obviously the previous explanation given in
connection with figs. 1.17, 1.18 and 1.19 will also apply

here.
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For radii nearer to the outer radius, however, a
clearer picture of the nature of the secondary flow near
the outer wall is obtained by taking the limits for the
integrals in equation (1.41) as the tip radius and that
corresponding to the point at which the secondary flow is

boosting propeller

to be evaluated. The following tables give the
secondary flow thus calculated:
TABLE TIII
One single rotor operating at 2200 R.P.M.
9. - Y%p| o0.64 | 0.61| 0.55| 0.45| 0.43| 0.35
r/Rq % of upstream flow
0.95 |21.4 |[-8.9 |-16.5 | -9.8 |-22.0 |-43.4
0.89 11.1 -4,4 |-8.8 -3.8 |=15.2 |-25.2
0.82 4,7 =3.5 |=7.0 -13.3 |-18.4 |[-26.2
TABLE IV
One rotor followed 28 inches further downstream by a

Note:

N rp.m. 800 1000 1200 1300 2000 2000

9=%0| 1.28| 1.05| 0.93| 0.83| 0.54| 0.43

r/Rq % of upstiream low

0.95 -20 -25 |-24.8 -1l.5 |-=11.2 |-20.5

0.89 -20 |-14.7 -8.6 0.1 -5.8 | -12.4

0.82 |-14.8(-11.3 -5.0 0.0 -6.6 | ~-13.4
The negative sign indicates outward radial

flow.
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Fig. 1.21 shows these values plotted for varying flow
coefficients.
"The total percentage of useful flow which undergoes

secondary motions can be put as:

=9 . o lu-Ulrar | 0 (1.42)
Q I: y. rdr
where,

W & I, : are the radil corresponding to the hub
and the outer casing.

Using equation (1.42), the following tables were

prepared:
TABLE V
One single rotor operating at 2200 R.P.M.
c;c=;@5, 0.64 | 0.61] 0.55| 0.45 | 0.43 | 0.35

zefl% 4.1 6.7 | 10.1 |21.0 |33.2 | 36.6

e

TABLE VI
One rotor followed 28 inches further downstream by a

boosting propeller

N r.p.m.| 2000 2000 1800 1500 1500 1500
% 0.43 0.54 0.67 0.71 0.74 0.80

= 9. g |22.4 | 11.7 4,9 2.2 2.2 3.6
Q

(continued)
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TABLE VI (Continued)

N.r.p.m. | 1300 | 1300 | 1200 | 1000 { 800
QL 0.83 | 0.86 | 0,93 | 1.05 | 1.28
T qe/Q % | 1.5 3.0 4.6 8.2 10.4

Fig. 1l.22 shows. the percentage of useful flow undergoing ‘
secondary motions, due to operating at loads other than those
corresponding to design conditions., As the flow 1s reduced
further a stage will he reached, when back flow starts down-
stream of the rotor, close to the hub. These back flow
currents will increase in radial depth by further throttling.
In this type of back flow, which incidentally is distinct

from that due to separation or to eddy formation, it starts
when the secondary or "radial pumping" at a particular radius
becomes of such strength that it consumes all the incoming
flow and a region of low pressure develops downstream of the
rotor in the neighbourhood of the hub, with the result that

the already pumped fluid flows backwards into the rotor, and

is discharged again at a greater radius. On further reduction
of flow, this secondary pumping ultimately exceeds the

useful flow, with the result that part of.the secondary flow is
discharged upstream of the rotor close to the outer casing, and
against the main flow direction. 1In one experiment with
extreme over-throttling, the back flow was observed to

pass well into the inlet bell mouth. This back flow current
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will envelope the fresh inflowing stream and by trans-
Terring angular mémentum to it, considerable pre-rotation
is thus acquired by the latter. -

Fig. 1.23 shows the depth of back flow upstream and
downstream of the rotor at varying flow coefficients. It
is noticed that back flow downstream of the rotor starts
at a flow rate corresponding to 46% of the design rate,
while it starts upstream of the rotor at 32% of the normal
flow and downstream back flow is then occupying about 20%
of the total flow depth.

Fig. 1.24 shows the pre-rotation, deviation from the
axial direction, and the depth of the back flow stream at
a distance of 3% inches upstream of the rotor for flow
rate corresponding to 22.5% of the normal rating.

Another type of secondary flow to be discussed, is
that associated with the boundary layers close to the
blade. For the flow close to the blade, the equations of
motion, equations (1l.28), although apparently neglecting

viscosity, can be rewritten as:

udu L, wau _ r - _L 3 , (a)
r 2z g 2r
(1.43)
%’ = -29rQu , (b)

in which the viscous action has to some extent been
included by taking the tangential velocity close to the

blade to be the same as that of the blade, and also QQ'= 0,
| -]
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so that this tangential component does not vary within a
fluid depth of the same order as the boundary layer thick-
ness, and that .§$-== %% = 0, so implying that the axial
velocity is independent on r and ¢ .

These~assumptions, however, are far from being true,
therefore equation (1.43) can hardly be relied upon
quantitatively, though it is of interest in giving some
idea of the Coriolis forces resulting from the radial motion.
As shown later, Plate 3, these radial secondary flows, and
no doubt the resulting forces also, attain their maximum
close to the trailing edgé.

Equation 1.43(b) shows clearly that this local radial
flow creates a pressure drop across the B.L., which counter-
acts the adverse pressuré gradient arising from the main
stream. This obviously will help in keeping down the
boundary layer thickness, and may delay separation. The
resulting pressure distribution along the low pressure side
of the amerofoil is diagramatically sketched in fig. 1.25.
This, however, does not mean that the pressure distribution
in the main stream has also assumed this modified pressure
curve. Outside the boundary layer zones this secondary
flow will die out, and the pressure distribution curve will
be of the normal shape, shown by the solid line in fig. 1.25.

Though this type of secondary flow sounds advantageous,

it must be remembered, however, that it is maintained at the



cost of an increase in the applied torque, as can be easily
seen from equation 1.43(b) and fig. 1.25.

A bétter approximation can bse reached by assuming
that the tangential velocity is a function of the angular
position "@g", i.e.:

v = f(g) |

with the following boundary conditions:

%o = Rl’ >
where,

@4 = the angular position corresponding to the

point on the blade surfacé,

and ,
, Ys = Wro
wherse,
#; = the angular position corresponding to the
edge of the boundary layer,
and,
w, = the tangential velocity component of the main

stream,

hence the equations of motion can be put as:
2
udu , wdy _ 2 - _L 2P
?r r-x 4 r

s
udf@® , (&) fle) , uftg = -LL
r r , r ? r

(1.44)

mlol -
o1iv



Weske by assuming that,

oP _ 3u _
T oz =%

maenaged to get an expression for the radial secondary
velocity. These assumptions, however, are not Justified,
since the radial pressure gradient is considerably sas
determined by the vortex regime in the main stream. As for
the second part of the assumption this will not be so
except at a point close to the trailing edge, where the
radial velocity has attained its maximum.

It would seem that from the moment the fluid particle
enters the zone of the boundary layer at the leading edge,
it is acted upon by centrifugal force which gradually
increases its radial velocity as it proceeds along the
blade. Furthermore, its axial velocity is retarded by the
adverse pressure forces. A point will be reached where
the radial velocity becomes so prominent that the resultant
relative velocity becomes almost radial. It is obvious that
the centrifugal accelerating forces are increasing all ths
time as the particie moves along the blade.

Plate 3 shows ammonial traces on the low pressure side
of the aerofoil. These traces show clearly the secondary
motions within the boundary layer. These were obtained by
sticking "0zalid" paper on to the low pressure side of the
blade, and injecting enhydrous Ammonia gas about two chords

upstream of the rotor. The injector was made of a hypodermic



| A

Plate 3 - Ammonia traces on the low pressure side of the
rotor's blade, at radii r/R, A: 0.29, 0.6, 0.89
and B: 0.44, 0.6, 0.80.

¢ e381d
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stainless steel tube, bent in the manner of a Prandtl’'s
static pressure tube, thus enabling the gas to be released
in the same direction as that of the main stream. Traceé
obtained for the high pressure side of the aerofoil did not
show any radial displacement. Unfortunately, the difficulty
of sticking the "0zalid" paper on to the high pressure side
of the blade, made the samples obtained for that side
unsatisfactory. |

Plate 3, also shows clearly that part of the Ammonia
gas entrained in the wake, was pumped back and left its
traces near the trailing edge. It is plausibls to think
that such a secondary motion as that sketched in fig. 1.26
takes place close to the trailing edge of each blade.

Hence 1t may be concluded that part of the fluid in
the wake travelling with each blade, is pumped radially
'outwards near the trailing edge of the blade, and is
discharged again into the wake at the blade tip. Part of
its energy is transferred to the boundary layer at the tip
clearance and the rest is disgipated'during:ns downward
Journey in the wake, at the end of which the cycle repeats
itself. |

A point worth mentioning is that after long testing
periods, faint traces of dust, on lines similar to those

shown in Plate 3, were noticed. Hence an attempt was made

to accelerate this process by injecting through the inlet
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bell mouth french chalk By using an ordinary powder puff.
The results of these tests were unsuccessful, regarding the
original aim for which they were carried out. Probably

this is due to the relatively larger size of the powdeé
particles, in comparison with that of the dust particles.
However, they gave results véry much in agreement with those
published by Davidson in connection with axial flow éom-
pressor blade fouling. The explanation he gave was based on
the fact that these solid particles shoot through the
boundary layer, and rest on the blade surface wﬁ;re there are
no forces suffidiently large to move them. The sketch shown
in fig. 1.27 was reproduced from his paper, showing the

fouling regions on a compressor blade.



PART 1II

A Simplified Three-Dimensional Approach
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In the previous section, the two dimensional theory for
axial flow propellers was presented, and secondary motions
that make such theory inadequate, were discussed. Generally
speaking, these secondary flows can be put under two main
categories: - |

(1) Radial secondary flow: this is of an adjusting

nature, and is mainly brought about to establish
a balanced state of affairs between the different
forces acting within the fluid.

(ii) Secondary motions associated with boundary layers.

The first type of secondary motion, occurs in the case
of rotors designed for a free vortex régime when operating
under conditions other than those corresponding to the design
point, as well as in the case of rotors designed for a vortex
régime other than fhe irrotational type. This, however, is
not wholly detrimental, for it combines the motions of radial
and axial pumping and produces in effect a sort of mixed flow
rotor. Rotors designeﬁ for a vortex régime other than the
free vortex gave efficiences comparable with those designzd
for irrotationai flow.

The free vortex is clearly the ideal when the load does
not vary, but further experiments are needed to find whether
or not other régimes are more flexible.

The present experiments confirm that all three components

of the motion may be large, and the theoretical approach can
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hardly proceed far except on a three dimensional basis,
though many terms in the equations may be dropped, or
simplified without unduly invalidating the results.

Eefore considering three dimensional flow in axial
machines however, it is interesting to study first the
less complicated case of an aerofoil with finite span.

As previously mentioned, pp. 5 to 12, the forces experienced
by such an aerofoil will be associated with bound and
trailiné vortices, hence the inevitable result that in some
parts of the fluid field rotational motion will exist.
Therefore, the influence of such rotational motion on the
equations of hydrodynamics in general.and on the application
of Bernouilli's equation in particular, will be considered.
The following is based on an explanation given by Th. von
Kerman and J.M. Burgers.

Assuming an aerofoil of a finite span, in an infinite
fluid moving with a constant velocity V parallel to the
x-axis, and that the disturbances caused by the action of
the forces are relatively small, the equations of hydro-

dynamics can be put as:

Vawe . _ 1 3H . K« )
9x 9 ax 3
vyﬁ =__l__3_H ﬁ 2.1
Y3 ¥ 39 % ( (2.1)
Vﬂ.‘. _—_-..-‘_..a_‘:'..’-kl
dx § 9z § J
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where,

W, W, W, : denote ‘the components of additional velocity,

H is defined by:

H=P+E'.?w"_,:‘>, _. (2.2)
where,

W = W&: + M; . Wi s

B = the constant pressure at infinity,
and,

Kx: fx < 91,
Ky = & + j@ ,
AL A

where,

f f, f, :are the actual external forces,

x s 4y y 2

g = ¢(mE - w¥)

35 = ? ( wz‘x; —_ wx x;) .

92 = ? ( Wi x; - 'Wy r;) 9
¥: , ¥, , Y, :are the components of the vorticity vector ¥,

Equations(2.1) are the exact equations of fluid motion,
provided the values of Ki, K; & K are put in. 4s a
first approximation, howeQer, the forces of the second order,
i.ee. 9 19 &.9 can be neglected. Moreover, these forces

X Y z

are zero in every part of the fluid where the vorticity is .

28I 0.
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This approximation is equivalent to the assumption that
the proper motion of the vortices under their mutual influence
can be negiected in comparison with the general velocity V.

Next, integrating with respect to x the first equation

of (2.1), the following can be obtained:

x
?VW; = ~-H 4 I-oo Kx_d.x > .

The constant of integration can be omitted, as both wyx and

H vanish for large negative values of X .

Putting :
Kx:!‘_", VQ;:V-Q-W_:, Vy = W and
Sx J J
vz = wz »

and substituting from equation (2.2), the following can be

obtained:

2 2 2)

z
p + %%( Ux + Uy + Uz = P+ -g\/ + Qx
o

The value of Qx can differ from zero, only within a definite
region of the fluid, where the external forces»éxist, as well
as in the wake of the profile. Hence, wherever Qx is zero,
Bernouill;'s equation holds, otherwise a definite quantity has
to be included, which can only be dropped as an approximation
‘when the external forces are relatively small.

Considering now the case of an axial flow machine, then



with the notations of fig. 1l.14, the complete equations of

motion are:-

Ll..aL‘ +_v'__3_g + Wi‘: _.iz ]
r r 2¢ 2z r
=_-F L2 v(viu _u _2 2u
r ?'B—F+ ( r? rz2 ¢)’
u v v v w oV uv
a T T3t Tzt
= _Fy L3 |, V(s 2u_u),
® T9ras s T T Ty (2.3)
udw , U ow w W
ar Y T3 * sz
=-F - _LEE VVZW’
o z T 32 +
where,
2 2 2 2
v = 9 19 L, 19 , 9 ,
=ae T T Yyt 37 J
w = axial velocity component,
v = tangential velocity component,
u = radial velocity component,

F. , Fg and F, are the components of extraneous forces
in the radial, tangential and axisl directions.

In thé case of axial flow propellers the fluid field:
can conveniently be divided into three zones:-

a - upstream of the rotor,

b - within the rotor,

¢ - downstream of the rotor.

The extraneous forces only exist within zone "b", where

they are the forces exerted by the rotor blades on the fluid.
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Therefore, it will be easier to consider first the fluid

field upstream and downstream of the rotor. If as an

approximation, Bernouilli's equation is assumed to hold
downstream of the rotor, and that the motion is steady and

axially symmetrical, ‘“hen as previously shown, the equation

of continuity can be reduced to:

L2 (ruy W . 0 2.4
L2y . v ; (2.4)
Defining the three vorticity components by:
& = _ v : redial (a)
¥4
- du _ 2w 2.
7 2y v tangentigl (b)7(2.5)
Z = 1 (rv) > axial (c)
r al'
the equations of motion can be put as:
¥ J(o? 1
Y. —- } dH (7] !
wi-ug = O (b) [ (2.6)
w9y
- | oH c
Vg, - u? it vw (e)
where,
2 2 2
v _ 9 ) )
= s"—'z + -F--a-? + 3—;" )
H = total energy.
» which is

% except for a small correcting term, SH
sufficiently small not seriously to invalidate the use of

Bernouilli's equation for computing pressure difference
from changes in velocity (pp. 57).



Furthermore, it will be assumed that any necessary
ad justing radial secondary flow, takes place within the
rotor, well before the fluid being discharged. Consequently
it is feasible to expect for a particular blade speed,
that the tangential velocity component will be solely a
function of the outlet flow velocity, and of the blade oﬁtlet
angle, irrespective of the strength and direction of the
secondary flow. As will be shown later by experimental
evidence,pp.74, both assumptions are Justified.

With the above assumptions, equations (2.4, 2.5 and

2.6) simplify to:

a = Equation of Continuity:
ow/az = 0 s (2.7)
b ~ Equation of motion:
I 9 *
wg —vy = .__?_a_tl , (2.8)
where,

-

r
axial vorticities, the third vorticity component i7="§i

= ow - L9
7 and ¥ = F (ro) the tangential and

being zero.

The differential equation (2.8) gives the relation

between axial velocity, angular momentum, and total energy

X See page 57 and footnote page 61 .
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at any point within the fluid field down-stream of the
rotor. Both the angular momentum and the total head can
be put as functions of the shape of the rotor blade and its
speed, thus making it possible to reduce equation (2.8) to
a linear differential equation of the first order, which can
then, for particular‘cases, be solved for the axial flow
velocity, w .

For thatvpurpose an arbitrary propeller of the following

dimensions will be assumed:

Ry = radius of the rotor hub,

R, = radius of the blade tip,

r = radius at any particular section,

n = propeller rotational speed in radians per second,

U = mean axial flow velocity,

u; = the angle between axial direction, and the
tangent to the blade camber line at the trailing
edge,

$* = the deviation defined as the angle between the

Tlow at outlet, and the tangent to the camber
line at the trailing edge.

For simplicity, let:

% *
S = 0.26 0[5/ (2.9)
where,
§* = deviation at design conditions,

Dt o e = G TR em G G EP W . ED D T T R S S W W Gm P A AL G L Ge WD G > G6 we G A0 e MR G ED WS wm Sm W e G e 5 G OB Gh EE G W e W A G W

¥ An empirical rule derived by H. Constant, based on two
dimensional cascades,



© = camber angle,
S = blade spacing ,
¢ = blade chord., (see fig. 1.10)

As a further simplification, let the deviation angle
remain constant for working conditions near the design point.
Then the angle between the axial and the relative flow
directions at outlet will be a function of the radiué r, and

of the form of the blade which itself is a function of r, so:
tan (o 4 8) = $(r) . (2.10)

The tangential velocity component, or "whirl" at any
point downstream of the propeller, and at a radius r , can

thus be written as:
P
v = Qr _ wtan(,4+8) . (2.11)

From Euler's equation the total energy at the selected
point, measured from a datum corresponding to the total

energy upstream of the rotor, is:

H

?. . nr .1Z
g 9. ar [nr - wtan(el 4+ 8)] , (2.12)
H .

i

- where,

7

the hydraulic efficiency at the particular
radial station considered.

= 1.0,



hence the expressions for the radial total energy gradient,

and the axial vorticity component can be written as:

I3 _ 2ra’_ awd _ Qrddw _ nrwd:', (2.13)
$ or or
and,
Y -2 - wd _ wd _ & ow (2.14)
r or

Substituting these expressions in equation (2.8), the

following differential equation can be obtained:

dw + 108 . 299 .1
ar Tw[%T?—)]' T S ee10)
putting: |
Fin - F+re¢ (2.16)
r(1+9*)
and,
G(r) . 208 , | (2.17)
1+ §*

the differential'equation (2.15) can be written as:

§~\r~/ + w.F(n = G(p . (2.18)

Equation (2.18) is a linear differential equation of the
first order which when solved gives the following expression
for the axial velocity component at any radial station

downstream of the arbitrary'propeller:
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G(r) dr

'f F(r) dr IF(n dr
e ; Ie

é‘IF(r) dr (2.19)

+
the constant ¢ 1is determined by the equation of con-

tinuity, which can be written as:-

- r"zw.rdr = Lo (2.20)
U(R,-Ry) n
Once the axial velocity distribution is determined,
the tangential velocity, total energy, and any other entity
can be evaluated by substituting in the appropriate equation.
F. Marble, by assuming that vorticity components
travel with the corresponding fluid velocity component,
reduced the equations of ﬁotion to a similar form to that
expressed by equations (2.6). Then by making a series of
further assumptions, he solved the resulting linearised
differential equations. His assumptions, however, were
based solely on mathematical grounds, which made his
solution more complicated than the one given above. He
gave expressions for the local radial secondary velocities,
under different operating conditions. But his solution
was based oh assuming a rotor of infinite number of blades

of zero chords, i.e. his rotor was an infinitesimally thin

disc at which the fluid underwent a discontinuity; an
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unrealistic assumption not very helpful in comnnection with
the design of the rotor blades.

A. Kahane introduced an iterative solution for rotors
designed for three dimensional flow. This solution was
based on the assumption that the tangential velocity dis-~
tribution is known.

J. Bowen, R. Sabersky, and W. Rannie by making similar
assumptions to those used in connection with the present
solution, as well as further simplifications, deduced an
expression for the axial velocity distribution. Their’
expression, however, is not in a direct form.

Returning to the present solution 2.8 and 2.19, the
interesting question is whether it confirms with experiments.
As previously mentioned, the propeller was a six bladed,
commercial, 12-inch rotor made by Messrs. Vent-Axia. Its

nominal dimensions according to the working drawing are:-

R, = Outer radius = Sgg.in.,
R, = Hub radius = 1.75 in.,
Hub axial length = 1% in.

The blades are detachable. The working drawing gives
the particulars of the blade profiles at five radial stations.
These profiles, however, represent the intersections of a
series of planes parallel to the rotor axis, and passingvby
the leading and trailing edges of the corresponding radial

station. This is diagramatically presented in fig. 2.1,



which is reproduced from the working drawing. Table I of
the appendix gives the nominal meaéurements as obtained
or.estimated from the working drawing.

To supplement the above nominal dimensions, certain
direct measurements of the blade profiles, at different
radial stations, were carried ouﬁ for a right-hand, as well
as for a left-hand propeller. For measufement, the propeller'
was mounted on the dividing head of a universal milling
machine. A 5/16 in. thick steel strip was locked against
the propeller hub, and served as a datum from which measure-
ments were taken. A dial gauge, reading up to 0.0001" was
supported from the tool holder, with its axis parallel to
that of the propeller, fig.2.2.(a). The spherical end of the
dial gauge spindle was replaced by a sharp pointed needls,
and the spindle was also modified so that the needle could
be set to a particular reading. This was necessary to avoid
pressure between needle and bladé with possible deflection
of the blade. These modifications are shown diagramatically
in fig. 2.2(b). It was noticed that the pressure of the
needle could cause an error at the blade tip of the order of
0.015". The contact between needle and blade was checked
visually with the aid of a concentrated light. With this
arrangement, it was possible quickly to measure the profile
at the various radial stations. The profile so obtained was

the intersection of the blade with a fictitious cylindrical
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surface concentric with the propeller.
With the aid of the dividing head the readings werse
taken in steps of one or two degrees except near the '

leading and trailing edges, where the intervals were ten

4

minutes.

The profiles were then drawn to the following enlarged

scales:

1l inch to the degree ,

1 inch to 0.100 inch,
from which the data given in Table II of the appendix were
obtained. Using this table, figs. 2.3(a, b, ¢ and d) were
prepared. These show the different angles measured from
the axial direction, defining the shape of the blade profiles
at the different radial stations.

The Experiments:

In connection with formulae (2.8 and 2.19) experiments
were made under the following conditions:-

(a) with one rotor operating at a constant speed of
2200 R.P.M. The layout of the apparatus for thsse
tests was as shown in fig. 3.1.,

(b) with the boosting arrangement. The boosting rotor
was 28 in. downstream of the tested prOpeiler.
These tests were carried out under varying speed.
The layout for these tests is as shown by the

chain dotted lines, fig. 3.1.,
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(c) with the contra-rotating set ub. The two rotors
were 2% in. apart in this case - see Plates 1
and 2,

(d) with one rotor having an altered hub of 8" diameter
operating at 2000 R.P.M.

Regarding series (d) with the large hub, the rotor and
the upstream and downstream hub continuations, are shown in
fig. 2.4 and Plate 4. While the original and modified
rotors are compared in Plate 5. The stationary parts of
the hub-fairing, upstream and downstream of the rotor were
turned out of a specially hardened paraffin wax. As for
the rotor, two aluminium discs were bolted to the propeller.
The space in between them, was filled with Alabastine, which
after setting was scraped off to form the new 8" hub surface.
"Durofix" diluted with acetone was used to apply a plastic
coat enveloping the alabastine, thus prevénting flaking-off.

This modified propeller allowed an annulus of the rotor
to be tested to find how the secondary flow influenced the
main flow, including the effect on the distribution down-
stream. In comparing the annulus, i.e., the fan with the 8
inch hub, with the complete fan, 3.5 inch hub, there are
geometrical differences incidental to the change in the hub
diamter. For example, the spacing of the blades with the
large hub is neariy twice the average spacing of the whole

fan, and, being near the tip, the blades are flatter. Also
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the flow coefficient defined as:

!

ck
where,

R =

n =

D =

e
nD’

the flow through the propeller in cusecs.,
the rotor speed in radians per second,

Rotor outer diameter,

is no longer a suitable basis for comparison between the two.

Some new definition is necessary and the simplest seems to be:

U =
D =

[

(2.21)

3
o

the mean flow velocity through the rotor,

the propeller outer diameter,

Two sets of results are given in figs. 2.5 and 2.6.

Figs. 2.5 (a, b, ¢, d and e), for the original rotor give

the velocity distribution downstream and upstream of the

rotor for flow coefficients ranging from about 0.15 up to

0.35 (new basis). Traverses shown in fig. 2.5 (a, b, ¢ and

d) were obtained from tests at 2200 R.P.M., while those in

fig. 2.5 (e) were obtained with the boosting arrangement at

a speed of 1500 R.P.M. Figs. 2.6(a, b, c, d and e) for the

rotor with 8 inch hub show velocity traverses from tests

at 2000 R.P.M. for a flow coefficient varying from 0.16 to

0.30 approximately.
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In all these traverses, the downstream curve crosses
- the upstream curves. In the original rotor the downstream
curve is rising steeply, and so the radial part of the
secondary flow is clearly strong and outwards, except in
fig. 2.5(e) where the secondary hardly exists; with the
large hub, the reverse is the case, the radiel is inwards,
and is so over the whole operating-range tested.

The change in the direction df radial secondary flow,
throws light on the location of the secondary motion, and
on whether it has any direct influence on the flow direction
downstream of the propeller. To clarify this question,
convenient variables are the tangential or "whirl" component,
and the direction of the flow relative to the rotor blade,
both downstream of ths rotor. It should be mentioned that
upstream of the propeller the flow was axial and uniform.

¥
Also the following coefficients are convenient:-

9

the local flow coefficient

— w
ar

Eo = the factor expressing the strength of the

b

radial secondary flow

- W
w'~ )
o = tan' R2r-u

w,
= +the angle between the axial direction and the

flow relative to the blade ,

R - - G T G G . e D D S G G S G D G M SR D ST P G S e T YR G G e Y GMD A M S S T G e W e D G S e G D G W W S R G e

> As previously, subscripts 1 and 2, denote conditions
upstream and downstream of the rotor, respectively.
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E - wv/w
where,
w = the axial flow velocity at a particular radius r,
U = the tangential or "whirl" component at that
radius,
Qr = peripheral speed of the rotor at radius r.

Successive attempts to plot the tangential velocity

| component, as well as the angular dseviation of the relative
flow as functions of rotor peripheral speed and the flow
coefficient upstream of the rotor, showed great scatter of

the points. Clearly these variables are not directly related,
or at least there is no simple connection between them.

However, when referred to the axial flow velocity downstream

of the rotor, all'the experimental points for large and for
small hub, for single and for contra-rotating propellers
followed one single curve.

Fig. 2.7(a) shows the secondary flow factor é, plotted
against the downstream flow coefficient ﬁg both for tests
on the original rotor, as well as for those with the 8 inch
hub, at radius r = 0.69 R, . It should be mentioned that
the secondary flow with the original rotor was radially
outward, except for a narrow range corresponding to 9 = 0.5
at this radial station. On the other hand, with the 8 inch

hub, the secondary flow was invariably radially inward.
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Figs. 2.7 (b and c), show values of € and cot «;, plotted
against the downstream floﬁ coefficient &% , at the same
radial station r = 0.69 Ro « Further results, though for
differeht radii, are given in figs. 2.8 to 2.10. The
relevant numerical data are given 1n'Table ITII of the appendix.
The wide variety in the shapes of the curves seen in
figs. 2,7 to 2.10 clearly show that the tangential velocity,
as well as the direction of the flow relative to the blade
downstream of the propeller, when operating with uniform
axial upstream velocity, are functions of the axial velocity
on the downstream side of the rbtor, and obviously of the
blade shape at the radial station considered. This was so
whether the secondary motion was weak or strong, and whether
it was outward as with the 3%" hub, or inward as with the
8" hub. In other words, neither the strength nor the
‘direction of the secondary motion affects in a direct way,
the whirl component or the flow direction downstream of the
rotor. .These secondary motions, however, do alter the axial
velocity downstream of the propeller, which will have definite
flow direction and tangential veloeity'components. 'This
also leads to the conclusion that the secondary flow takes
place within the rotor disc, well before the fluid is dis-
charged. It 1s interesting to note also that this was true

at radiel station: r = 0.95 R, , in spite of the fact that



the blade at that radius in the case of the original rotor,
was operating well within the boundary layer.
Algebraically, the relations are not clear, except that

®,» W,, and @, are connected, i.e.:

Cotﬂ( = W2 - » t n : 2022
2 ar- o 7 f( 144 a O‘z) ’ ( )
where,
éxz = the angle between the axial direction, and the

flow relative to the rotor,

the axigsl flow velocity downstream of the rotor,

Vo

o< the angle between axial direction and the tangent

i

to the camber line at the trailing edge.

Regarding the nature of the relation (2.22.) the preceding
results together with those given in Table IV of the &ppendix,
cover the following range of:-

r/R,: 0.32, 0.43, 0.50, 0.69, 0.89 and 0.95,
and the following conditions:
(1) tests with one single rotor,
(11) tests with the boosting .arrangement,

(1ii) tests with the contra-rotators. TFor this

case the data relate to the upstream rotor..

The relevant results are shown in Figs. 2.11 (a to. g),
where the angle between relative flow and the axial direction,

and also the secondary flow factor, both plotted against

downstream flow coefficients. It is interesting to note how
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much the experimental results deviate from the one dimensional

theory, which requires that coto, should remain constant,

fig. 2.11(a), where the experimental curve is seen to be

anything but a horizontal line at cot™ 30.8 as required by the

one dimensional theory, in which the fluid would move with

the blade when the axial velocity is zero. |
For comparing the tested propeller with the equivalent

two dimensional cascade, Constant's rule (2.9) was used to

estimate the relative flow directions shown by the chain |

dotted lines drawn parallel to ﬁ%—axis, figs. 2.11 (a to g).

The relevant numerical values are given in Table V. It is

interesting to note that these lines intersect the

curves at points where the secondary motion is weak, or in

other words when two dimensional flow prevails,

TABLE V
S*'deg. o, deg. Flow direction
T/R, | Nominal Camber line angle D.S. of the cascade.
Deviation. | at trailing edge. oy = %, 4 ¥ Cot oty
0.32 10.2 30.8 41.0 1.15
0.43 10.4 40.8 5l.2 0.80
0.50 10.4 45.0 55.4 0.69
0.69 10.3 53.0 63.5 0.50
0.89 10.5 56.0 66.5 0.43
0.95 10.5 57.4 67.9 0.41

N.B. All angles are measured from the axial direction.
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Limiting the present discussion to the useful operating
range of flow coefficient, it becomes obvious that the
relative angular deviation of the fluid downstream of the
propeller is very much in agreement witp that corresponding
to two dimensional cascades, provided that the radial
secondary motion in the former is weak. With appréciable
secondary motion, however, the cot«, - "95 relation deviates
from that corresponding to the two dimensional values, and
approaches the origin as the secondary motion becomes stronger.

The above experimental evidence clearly shows that the
flow direction relative to the blade on the discharge side,
is by no means independent of the loading. This fact limits
the applicability of the solution given by equation (2.19),
to a narrow range of the "working part" where the angular
deviation of the flow relative to the blade can be assumed to
remain constant.

This, however, does not invalidate equation (2.8).

This equation is:

W.7_ ()‘.Z ﬁ_.l?-g_': ,
where,
w = the axial velocity component,
v = the tangential velocity component,
H = the total energy at the radial station considered,
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7 = -
or .
= the tangential vorticity component ,
=._'_.a— r.v
& r ar( )

the axial vorticity component,

and each of these terms can be ohtained from experimentally
measured quantities. Readings in steps of aTr = 0.065 R,

were taken. An approximation wasAused for computing vorticities
and the radial gradient’of energy as follows:

denoting by (a), the radial station to which the computation
refers, then:

the radius corresponding to this radial station = r, ,

2dr ' = O0.06§5 ft. 5
7 = - 9w . Waedr = W - dr )
or 2 dr
Z = L. o(rv) _ I(U"r),a., dr| - I(U.r),._drl
and ra Bl' - Zdr
—I-.éﬂ - _'_ H'::.'fdr - H,a_dr
¥ or § 2dr

Hence the left hand side of equation (2.8) can be compared
directly with the radial gradient of total energy. The
difference between the two quantitieé, i.e. the vorticity term
and the radial gradient of total energy, as will be shown later,
is s0 small that it may be neglected altogether.

The data for the computation were chosen from tests with
one rotor, operating both alone and with the boosting

arrangement. The numerical values are given in Table VI of
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the appendix, which clearly shows that apart from few points,
the agreement between the gradient of total energy computed
by equation (2.8) and that obtained by direct measurement 1is
fairly good. Even under extreme operating conditions, e.g.
at q¢ = 1.05 and 0.35, the agreement was still satisfactory.
As previously shown,pp. 64 , the differential equation
(2.8), was linearised by assuming a 100% hydraulic efficiency
for the whole operating range. Obviously such an assumption
cannot be realiéed in practice, as is apparent in Table VII
of the appendix giving the actual hydraulic efficiency for
the radius r = 0.69 R, . Fig. 2.12 shows these values plotted
together with the corresponding efficiency values based on
actual static pressure rise for the same radial station.
Before concluding this part, the aerodynamical character=
istics computed for the propeller,\as obtained>by the method
described in Part I, p.24 will be compared with those relating
to a 10% circular back aerofoil as given in the paper R. & M.
2301, p.16, and Table VIII of the appendix. This circular
back aerofoil was'found to be the nearest available profile
to that of the rotor blade. However, as the mean operating
Reynold's number for the present propeller was about 65,000,
as compared with 280,000 at which the 10% circular back
aerofoil was tested, no conclusive deductions based on such
comparison should be made.

The 1ift coefficient and the percentage of radial
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secondary flow, plotted against the effective angle of attack,

measured from the line of zero 1lift, for the rotor's profile

at r = 0.63 R, , are shown in figs. 2.13 and 2.14. The dis-
continuity of the 1lift curve, fig. 2.14, at an angle of attack

-2.5°9, caﬁ be explained by the fact that once radial secondary

flow started, fig. 2.13, more energy is added by the associated

Coriolis forces, hence the apparent increase in the value of

the calculated 1ift coefficient. These forces are by no means

accounted for in the aerofoil theory.

The numerical values used for plotting the two curves
shown in figs. 2.13 and'z.lé, are gilven in Table IX of the
appendix.

The conclusions reached in the previous discussion are
summarised hereafter:- |
1. With no appreciable secondary flow, the fluid

direction downstream of the rotor can be determined

with good approximation either by Constant's rule,
or by knowledge learned from two dimensional cascade
tests.

2. Over a wide range of operating conditions, even with
back flow established downstream of the rotor, the
simplified equation of motion gilven by equation (2.8)
holds.

3. A radial secondary flow corresponding to about 45%

change in axial velocity, has no direct influence
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on the flow direction downstream of the propeller.

The direction of the flow downstream of the

pfopeller, at loadings other than the two dimensional
design conditions is a function of the flow coefficient
downstream of the rotor, the shape of the blade,

and the corresponding peripheral speed. Algebraic-

ally, the relations are not clear, except that o3, o,

and f% are connected, i.e.

cote, = f('t% , O )

where,
o<, = the angle between axial direction and
the flow direction relative to the blade,
192' = 24
ar
= the flow coefficient downstream of the
rotor,
oé = the angle between axial direction and the

tangent to the camber line at tﬁe trailing
edge.
The conventional method used for applying the aero-
foil theory in the case of a propeller operating
at conditions, other than two dimensional flow,
by replacing the actual fluid field by an imaginary
flow moving with a velocity equivalent to the

vectorial mean of both upstream and downstream
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velocities, is by no means more than a rough
approximation. The stronger the radial secondary
motions, the larger the error caused by such an
approximation, as there is nothing in the aerofoil
theory to account for the Coridlis forces associated
with radial secondary motion. This error, however,
need not be 8o serious in the case of axial flow
compressors, where larger hub to outer diameter
ratio, and smaller blade height in comparison with

rotor diameter, are more likely to be used.



PART III

THE CONTRA-ROTATORS
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For efficient pumping the whirl veiocity cannot be
changed by more tlan a fraction of blade speed without
abrupt changes in direction, and these necessarily cause
much dissipation; to restrict lossss it is therefore
‘necessary to rastrict the changes in whirl and so to restriet
the work done per stage.

When however two adjacent rotors are rotated in opposite
directions the difference in their speeds is twice their
individual speeds, and apparently four times thé work could
.be done by the combination, while averting  the need for
,fixed*guiaefblédesa

Such a principle was long ago successfully used in the
Ljungstrom contr-rotation radial flow steam turbine, in |
severél fields of aeronautical and marine engineering, and
within recent years in fans, e.g. Woods of Colchester, and
also in certain ﬁumps for paper mills.

The drive for contraroteting propellers presents.
certain mechanical difficulties, though advances in electriecal
motor designs seem likely to overcome these, for example by
rotating both stator and rotor of the motor as has been done
by the De Bothezat Fans Division of American Machine and
Metals, Inc.

Ir guid9 vanes are to be avoided, the two propellers
must be of different form, or alternatively must rotate at

different speeds. That this is so is apparent when the
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symmetrical case is considered, for then by symmetry the
fluid between the two propellérs would rotate neither
clockwise nor anticlockwise, and the fluid both before
and after would: have to be whirling. Thus guides before
and after would be necessary.

The practicai alternatives seem to be:-

a. Two propellers rotating at equal but opposite
speeds, the second propeller being differently
designed to operate in the whirl generated by
the first, and so requiring greater torque to
drive it, but of the same pitch as the first.

b. Two propellers rotating at different speeds
but exerting equal torques. The pitch of the
second should be greater and its camber less.

The present experiments, due to practical difficulties,
relate to case (b) in which different speeds are used,
though both propellers have the same pitch, and therefore
neither could operate perfectly. The layout of the apparatus
is shown in fig. 3.1 and plates 1 and 2. TFor the purpose
of testing the unit with different axial spacing between
the rotors, the housing for the shaft bearing was so designed
to allow for changing the axial gap between the limits 5/16
and 2% inches. ¥Fig. 3.2 shows diagramatically the arrange-
ment used for that purpose. With the 2% inches axial gap,

a 2% in. long cylindrical spinner, turned out of perspex was



fitted to the upstream rotor's hub, to form a continuation
of the hub surface. The tests fall into two groups:-

(1) a measurement of the overall performance of the
pair of propellers at various speeds and with
various discharges without regard to the inside
story of the flow within the machine.

(1i1i) A more detailed study of the motion upstream

and downstream of the rotors, as well as in
between them.

In measuring the performance as a whole the speed of
the propellers ranged from 800 R.P.M. to 2400 R.P.M., in
various combinations in Which the speed of the second
propeller ranged from 0.4 to 2.0 times the speed of the
first. The flow was measured by regarding Section A, fig.
4. 1, és the throat of a venturimeter, the necessary pressuré
holes being drilled through the wall, and serving also to
record the pressure at inlet to the fan. ‘As for the'delivery
head, a pressure tapping was made - in the cylindrical casing
downstream of the rotors. As this reading, when the flow is
‘spinning, by no means represents the mean delivery pressure,
it is recorded as the "nominal™ delivery head.

The speed of both rotorg was varied and adjusted by
suitably connected reohstats and potentiometers. For speed
measurements, a mechanical tachometer as well as a variable

frequency stroboscope were used. In order to keep the two
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motors Sperating at the selected speeds, the frequency
of stroboscopic light was so chosen to serve both rotors
simultaneously. This was done by choosing the frequency
to be equal to or a multiple of the common factor between
the two rotational speeds multiplied by thevnumber of the
blades.

The torques were measured by sliding weights on arms
attached to the frames of the two motors both of which were
slung in ball bearings. The torques were corrected for shaft
friction as measured with the propellers removed, and it
wés assumed the friction would not increase appreciably when
the propellers in operation exerted their thrust on the
shafts. |

For examining the details of the flow in the second group
of tests, the uhit was operated at four rotational speed
ratios: 0.75, 1;0, 1.25, and 1.5. Velocity and static
pressure surveys were made upstream and downstream of each
rotor by using the pilot cylinder and Prandtl's static tube.
These tests were restricted to the case in which the rotors
were 2% inches apart.

Preliminary experiments with the rotors 5/16 in. apart,
were made to confirm that the contra-rotating system was
insensitive to scale effect , in regard %o oversall
performance.

These tests were carried out with the rotors operating
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at equal speeds, i.e. at N /N, = 1.0, where N, and Nziare
the rotational speeds of the upstream and downstream rotors
respectively. Tests were carried out at speeds ranging
from 800 R.P.M. up to 2400 R.P.M. At speeds such as 400
R.P. M. fhe measured quantities became so small that the
mégnitude of the possible experimental error were
prohibitive. The characteristic curves obtained by these
tests were reduced to a speed of 1000 R.P.M. on the usual
simple similitude basis. Then for four specific discharges,
the corresponding specific torque and manometric head were
measured off the different characteristic eurves (Table I)f
If the laws of similitude hold, then these measured values
should be independent of the speed at which the test was
carried out. ' h
Fig. 3.3 (a, b and c¢) shows the values for the reduced
head, total torque and torque ratios plotted against the
actual test speed, and it is seen the test points do tend
to drift away somewhat from the mean values to which they
should adhere were scale effects entirely absent. However,
experimental error at low speeds could account for the whole
of the differences, and on the whole the results may be
regarded as satisfactory evidence that interpolat ion can
safely be done on the'simple similarity basis. |
Proceeding to the main series of performance tests

the unit, with the rotors 24 in. apart, was run at different

* See appendix



rotational speed ratios ranging from N, /N, = 0.5 up to
3.0, and the results are given in Table II of the appendix.
It should be noted that the mechanical efficiencies in the
Table are uncorrected for spin at exit which reduces the
mean pressure at exit to a value somewhat less than that
measured at the wall of the casing, and a correction as
given in pp.92,1s necessary. ‘

Figs. 3, 4, 5, 6 and 7 show the head coefficient,
- forque ratio, torque cosfficient and mechanical efficiency .
plotted egainst flow coefficient. From the efficiency
curves, the optimum rotational speed is in the neighbourhood
of N/ N, = 1.5. It also shows that there is no point in
operating the unit at speed ratios beyond N, /N, = 2.0., as
it will only result in a drop in the peek efficiency
obtainable. |

The curves of head against discharge seen in Fig. 3.4
form a regular and simple family, which by logarithmic
plotting or by trail can be shown when N, > N; to |

reduce to:

H/n o N o s laszey o ny®

where,
N, and N, : are the rotational speeds of the upstream
énd downstream rotors respectively,

while when N, > N, , a single curve as seen in fig. 3.8 is
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obtained by using the arithmetical mean of the two speeds.
Simjilarly, regarding efficiency, this tends to reach its
maximum when the discharge per unit area is a particular
fraction of the arithmetical mean of the two blade speeds,
though as seen in fig. 3.9, the ratio of the two speeds is
not without a residual influence.

Regarding the influence of the axial spacing between
the two rotors, tests carried out with the rotors 5/16 in.
and 2% inches apart when compared, as in figs. 3.10 (a, b,
‘c and d) show remarkably little difference, except perhaps
a rather irregular influence on the efficiency noticable
in fig. 3.10(d).

The efficiency as may be seen in Table III of the
appendix differs by + 4% as the.spacing betwesn the
propellers is increased from 5/16" to 21", improving when
N, is twice, but deteriorating when N, equals N, .
Intermediately when N, = 1.50 N, , there was also improve-
ment, the efficiency being 79% with 5/16" spacing and 82%
with 24" spacing. When N, was less than N, , there was no
measurable difference.

Why this should be is a little puzzling, though perhaps
it may be explained in terms of the velocity of whirl in the
space between the rotors. The values of the whirl reached

at r = 0.63 R, , were:—



-9]~

N, /N, 1.50 A 1.00 0.75
Whirl _ uv3 | 0.35 to 0.60 | 0.21 to 0.36 | 0.09 to 0.28
Axial vel. w;

Two factors seem involved, (a) friction between casing and
whirling fluid, (b) interference between the two propellers.
The first seems to increase with the spacing, while the
second decreases. However, when N, /N, is small there is
little circulation about the first set of blades and
presumably the wakes would be correspondingly narrow. When
N, /N, 1is large, the first rotor has to operate with an
excessively large angle of attack, the wakes are large and
also the distortion of the pattern, so space between the
rotors is needed to reduce interference.

This view is supported by the absence of noise when the
two rotors were 241" apart, for they were then apparently
no more noisy than a single rotor, whereas with 5/16" spacing
they emitted a loud noise,especially when run at 2400 R.P.M.

Regarding the magnitude of the correction needed to
convert the exit pressure from its casing value, as measured,
to the true mean across the section, the latter, duly
"weighed" for the different discharge in the different parts
is:

R,

P _ RNg.mhzwrdr
dm Q
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where,

B, = the mean or "weighed" static pressure,

Py = the local statiec pressuré at any radius r ,
in the chosen traverse downstream of the
rotor,

w = the local axial veloclity mt the same radial
station,

Q = the flow rate at the particular loading, at

which the mean delivery pressure is to be
computed.

The following table gives the ratio of the static
pressure at radial station r/R,= 0.89 to that at r/R,=
0.37, for rotational speed ratios N,/N,= 1.5, 1.0 and 0.75,
when operating at different flow coefficients, the ratio
of axial velocity at the outer radial station to that nearer

to the hub is also included.

TABLE IV

N, / N, qc Per Wr N, / N Qe D We.

1.50 | 0.575 | 1.048 | 1.09 1.00 | 0.603 | 1.07 | 1.34
1.50 | 0.543 | 1.032 | 1.25 || 1.00 | 0.532 | 1.11 | 3.64
1.50 | 0.513 | 1.038 | 1.56 || 0.75 | 0.767 | 1.40 | 1.34
1.50 | 0.490 | 1.044 | 2.41 || 0.75 | 0.730 | 1.30 | 1.45
1.50 | 0.455 | 1.089 | 2.41 || 0.75 | 0.685 | 1.22 | 1.76
1.00 | 0.645 | 1.018 | 1.11 || 0.75 | 0.657 | 1.23 | 2.06
1.00 | 0.630 | 1.043 | 1.19 || 0.75 | 0.625 | 1.24 | 5.15




where,
N, and N, : rotational speeds of the upstream and

downstream rotors respectively

L= £

Ps, = ratio of the static pressure at radial station
r/R, = 0.89, to that atr/R= 0.37,

w, = ratio of the axial veiocity component at radial

station r/R,= 0.89 to that at r/R, = 0.37.

' The above table shows that "Static pressure variations,
are more pronounced when the unit is operating at rotational
speed ratio N, /N, = 0.75. Therefoie, the error resulting
from taking the static pressure at the outer wall, in place
of the true mean value, will be computed for this speed
ratio as it is liable to give the maximum value for such
error.

The above equation giving p,. Wwas used for cal-
culating the true mean value for the static pressure. The
following table gilves the local pressure at radial
station r/R, = 0.37, and 0.89 expressed ag a ratio to the
mean or "weighed" static pressure:

TABLE V
N,/N; = 0.75

3
q.=60 @ / N,D 0.767 | 0.730 | 0.685 | 0.657 | 0.625
(B /Binesn, - 037 0.740 | 0.799 | 0.840 | 0.835 | 0,823
(%/E’im)rlno Coeo 1.038 | 1.034 | 1.027 | 1.028 | 1.020
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This table clearly shows that with pressure variations
across the flow secfion of the order 40%, the error resulting
from taking the pressure at the outer wall, in place of
the true mean or weighed value, will not be more fhan 4%,
in the worst case. This result can be easily explained by
the fact that generally sﬁeaking, sfatic pressure variations
. across the flow section is associated with axial flow
velocity changes, which when combined with the larger flow
areas available at outer radial étationg, will mske the
pressure values at these stations have more Weight in
deciding the value of mean static pressure.

A further poinf of importance concerns the kinetic
energy of the fluid downstream of the rotors. Generally
speaking, where energy 1s added by dynamic forces due to
velocity changes, the process involves two main steps:

a) imparting the energy by augment ing the kinetic‘

energy, |

b) recuperating or converting the major part of

this added kinetic energy into useful pressure
energy. For efficient pumping, the fluid has
to leave with the least possible kinetic energy.

Therefore 1t is interesting to estimate the excess
kinetic energy downstream of the contra-rotating unit.
Two cases are considered, one With‘N,/Nz = 1,50,

approximating to the optimum value, and another with
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N,/Na = 0.75, representing an extreme condition with
appreciable excess kinetic energy downstream of the rotors.
The excess kinetic energy, exﬁressed as a percentage of

the total energy rise across the contra-rotating unit was

computed by using the following equation:

_2
: Re 3(W'_U
Excess kinetic energy = doo j Z( —. ).ZTTI‘.wdr,
Q Ry -I; - T
where,
w = the absolute velocity at a radius r, in the

selected traverse downstream of the rotors,
U = fhe mean flow velocity,
w = the local axial flow velocity at the radisl
station considersad,
Ty- T, = +the rise in total energy across the two rotors,
-at the same radial station,
Q = the flow rate at which the excess kinetic

energy is to be evaluated.

The following table gives the excess kinetic energy as
a pércpnt of the total energy imparted to fluid, together
with observed efficiencies, at different flow coefficients,
for rotational speed ratios N, /N, = 1.5 and 0.75. Also,
a modified efficiency value based on the assumption that
all the excess kinetic energy has been successfully con-

verted into useful pressure energy is included.
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TABLE VI_

a-N /N, = 1.50

qc =60 Q / N,D'| 0.575 | 0.543 | 0.513 | 0.490| 0.455
Excess K.E.% 2.0 2.5 1.8 2.6 4.1
Nominal Effy.% |68.5 78.5 82.5 82.5 79.9
Modified Effy.% [70.0 80.5 84.0 84.8 |83.4
b-N /N, =0.75
qc = 60 Q / N,D°| 0.767 | 0.730| 0.685 | 0.657 | 0.625
Excess K.E.% 11.8 9.6 9.3 9.2 13.5
Nominal Effy.% |68.0 73.0 76 .0 77.0 75.5
Modified Effy.% |77.0 80.9 84.0 85.0 87.3

Fig. 3.11(a and b) shows excess kinetic energy as a
percentage of total energy imparted, nominal and modified
efficiencies plotted against flow coefficie_nt for both
rotational speed ratios: N, /N, = 1.50 and 0.75.

It is interesting to note that though the variations
of the axial flow velocity acroés the flow section down-
stream of the rotors, for the rotational speed ratio:

N, /N, = 1.50 was appreciable, e.g. W. which is the ratio
of axial velocity component at r/R°= 0.89 to that at r/R°=
0.37, was about 1l.56 at a flow coefficient o(c = 0.513

(Table IV ), yet the excess kinetic energy as a percentage
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of the total energy imparted to the fluid was only 1.8% and
never exceeded 54 for the range of flow coefficients embraced
by the experiments. Before concluding this section which is
more or less dealing with the.overall performance of the
contra-rotating unit, it is convenient to consider some

axial velocity traverses taken downstream of the rotors.

They concern the speed ratio: N, /N, = 1.50, and flow
coefficients ¢, = 0.575, 0.513 and 0.455. The following
table and fig. 3.12 give the axial flow velocity expressed

as a ratio to the mean flow velocity:

TABLE VII
w__ local axial vel.
U = Mean flow vel,
r/R,
| %:0.575 q,c=0.513 qc=0.455
0.32 0.85 0.58 0.38
0.37 0.93 0.68 0.51
0.43 1.00 0.86 0.62
0.56 1.07 1.09 1.08
0.69 .04 | 1.2 1.32
0476 1.05 C1.11 1.30
0.89 1.01 1.07 1.22
0.99 |  0.74 |  0.72 0.88
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It is noticable that the axial velocity distribution
downstream of the rotors is far from being uniform, even
when the efficiency is a maximum as it is when qc==0.513,
there is great inequality. However, the values in the table
perhaps over-emphasise this, since when expressed as a
percentage of the total energy imparted, the excess K.E. is
actually not more than 2%4. Nevertheless, the velocity
distribution does suggest that a conical hub as in fig. 3.13,
would be an advantage for such contra-rotating units.

It is interesting to compare the overall results with
those for a single rotor fitted with an imaginary 100%
efficient recuperator or guide vanes, but first a few words
will be éaid about torque measurements. As previously
mentioned, torque for both rotors was mechanically measured.
It is possible also to compute torques by evaluating the
total chahge‘in angular momentum from the veloclty measuire-

ments upstream and downstream of the rotor, and this has

"been done for the case N, = N,. The total change in
angular momentum was calculated from:
R, Ro
Torque T= o 2mr, w. v, odr £ 9 2mrrw.vdr |
' ) Ry Ry

where the positive and negative signs are used when the
angular momentum upstream and downstream of the rotor are
in the opposite or the same directions respectively. The

above equation can be reduced to the following form:



Torque

where,

w
v

w

(=4

The following table gives the resulting values of

and Tz

L

1l

the

]
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= the
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g {(LR° r’w sin 2« d.r)D.s

+ (‘r" r? W2 Sin 2.« d.\')U'S}

Ry

axial velocity component,

tangential velocity component,

absolute ¥elocity,

angle between the axial and flow directions.

[

T »

» which denote the computed torques applied to the

upstream and downstream rotors respectively, together with

the mechanically measured velues T, and T, .

Table VIII
N, =0N, = 2000 R.P.M.
Mechanically measured computed
) ! ’

qc,-_- f’_on% Tl ft.1b. TZ ft.1lb. Qe= IGVOD3 T' ft.1lb. Tz ft.lb.
0.592 0.155 0.228 0.594 0.151 0.222
0.618 0.138 0.211 0.624 0.139 0.226
0.642 0.125 0.193 0.635 0.127 0.207
0.666 0.114 0.175 0.680 0.109 0.158
0.680 0.110 . 0.163

0.690 0.108 0.154

0.700 0.107 0.143

0.712 0.106 0.133
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Fig. 3.14 (a and b) shows the torques obtained by
both methods plotted against flow coefficients, and ths
agreement 1is very good.

To compare the performance of the contra-rotators
with that of a single propeller and guide vanes, it is
necessary to know the performance of the guide vanes,
and as that is an indefinite quantity, it is assumed for
Bimplicity that.they are perfect, that they converf all
excess.K.E., whether spin or radial inequality, into useful
pressure. The efficiencies and manometric head so obtained
are 1ldeal values, which by no means can be realised in

practice. The corresponding delivery pressure is computed

from:
p = L '[:: (T - ;Uz)Zﬂr.wzdr,
where,

B, = the theoretical mean static pressure down-
stream of the rotor, when provided with a
perfect recuperator,

Q = the rate of flow at which the static pressure
is computed,

T = the total energy at any radial station r ,
downstream of the rotor,

II = the mean axial flow velocity,

and Ww; = the local axial velocity at the radial

station considered.
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Then using the computed mean static pressure-rise, the
ideal manometric head is obtained. Such computations were
carried out for one rotor operating alone,for one rotor
operating with the boosting set-up as wéll as for when it
was operating in tandem with a contra-rotating propeller,
2% inches downstream of it.

The following tables give values of the manometric
head coefficients at the different flow coefficients for

the three conditions:

TABLE IX

Single rotor Single rotor with boosting

N = 2200 R.P.M. arrangement

60 Q Hp L ' .

= = ————| R.P.M. h

%™ ¥ [P FTemry| A0 ¢
0.609 0. 109 1500 - 0800 -0.031
0.553 0.145 1500 0.710 0.032
0.450 0.180 2000 0.667 0.058
0.425  0.188 2000 | 0.535 0.149
0.352 0.210 |
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TABLE X
The upstream propeller of two contra-rotators,
spaced at 24 inches apart A
N, /N, Ny R.PM. | Ny RPM. | g "'%96?‘ hC“'.;?%xm‘»fF
1.0 2000 2000 0.685 0.050
1.0 2000 2000 0.635 0.067
1.0 2000 2000 0.594 0.095
1.0 2000 2000 0.590 0.139
1.5 2100 1400 0.543 0.137
1.5 2100 1400 0.513 0.145
1.5 2100 1400 0.490 0.153
1.5 2100 1400 0.455 0.164

Fig. 3.15 shows thgse head coefficients blotted
against varying flow coefficients, fof thé three tésting
arrangements assuming aperfect diffuser has been added.

The plotted points’are seen to lie on a single curve and so
confirm the conclusion reached in Part II,pp. 73, that the
performence of the upstream rotor, is completely independent
on whether it is operating alone or in tandem with another
propellér downstream of it. |

The following table gives the torque coefficients as

obtained for one rotor when operating at 2200 R.P.M.
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TABLEXI
c=%%g' Tc=?ﬁ%#ﬂﬁﬁ B Tc
0.705 0.0338 0.611 | 0.0522
0.690 0.0374 0.591 | 0.0550
0.675 0.0406 0.575 | 0.0577
0.660 0.0435 0.556 | 0.0605
0.644 0.0465 0.537 | 0.0626
0.627 0.0492 0.518 | 0.0650

Fig. 3.16 shows torque coefficients plotted against
flow coefficient. Using Tables IX and X a theoretical
value for the efficiency can be obtained from the following

expression:

- ”.hc.?c /Oo Z
= Taw

Fig. 3.17 shows the resulting efficiency and relates
to a single rotor followed by a perfect recuperator. The
corresponding efficiency curves for the contra-rotators unit,
at various rotational speed ratios, are also included from
which it may seem the contra-rotating unit has lower
effiéiency, though this perhaps is misleading since the
single rotor is assumed to have a perféct recuperator.‘

Actually with an inefficient recuperator the single

fan would be inferior. Both would have equal peak efficiency;
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when the recuperator was 80 per cent efficient; At best,
the single fan, even with 90% recovery, would show no more
"than 5 per cent advantage over the contra-rotators. The
latter, however, by varying the speed ratio, would be better
able to copé with a wide range of flows.

A further comparison is shown in fig. 3.18 (a and b)
where the torque and head coefficients are plotted against
flow coefficients for the contra-rotators when operating
at speed ratio, N, /N, = 1.0, as well as those corresponding
to an equivalent two stage set, each of which comprises one
propeller fitted with a perfect recuperator.

It is noticeable that the head coéfficient for the
contra-rotators, as obtained by direct measurements is on
the average 7% higher than that for two single fans in
series each with perfect recuperators. This can be explained
since the second fan of the contra-rotators meets air already
rotating in the opposite sense and so the velocities relative
to the downstream rotor blades are greater, and generally
speaking, will be associated with larger "1ift" forces and
larger torques.

Regarding the interaction of the two propellers, it
was shown 1in Part II, that when the upstream flowwas axial
and uniform, the direction of the flow relative to the
blade on the downstream side, is a function of both the

geometrical form of the blade, and of the downstream
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velocity of flow. Furthermore, it was confirmed experiment-
ally that the flow pattern within the propeller is,
generally speaking, independent of the conditions prevailiné
immediately downstream, except for their effect on the rate
of discharge. In other words, with the contra-rotating

~ arrangement the downstream rbtor has no direct influence on
the flow picture through the upstream propeller.

On the other hand, the flow pattern through the
downstream rotor is greatly influenced by the upstream
propeller. Not only is the flow rotating as it reaches the
second rotor but the axial component will general%y be far
from uniform. Further, the field as a whole will deviate
considerabl& from the ideal potential flow upstream of the
first rotor.

Therefore it is interesting to study the performance
of the second rotor, and to compare it with a single rotor.
For this comparison the downstream flow direction relative
to the blade, at two radial stations: r/R, = 0.43 and
0.69 are convenient . The cotangent of the angle formed
by the axial and the relative flow direction, and the
downstream flow céefficient are given in Table XII. The
spin upstream of the rotor, expressed as a ratio to the
blade peripheral speed at the radial station considered is

also included. The table gives these values at both radial

stations, and shows their variation with change of speed ratio.



a. - Radial station r/R.=0.43

TABLE _XII

N,/N,| N, % cotx,| u /ar N, /N, | Np | & |cotop| vi/ar
1.5 | 1400 | 0.945 ] 0.788 | -0.396 1.25 | 1600 | 0.836 | 0.806 | ~0.316
1.5 | 1400 | 0.864 | 0.759 | -0.498 1.25 | 1600 | 0.833 | 0,833 | -0.379
1.5 | 1400 | 0.825| 0.730 | -0.549 1.25 | 1600 [ 0.732 | 0.765 { ~0.412
1.5 | 1400 | 0.664 | 0.633 | -0.527 1.25 | 1600 | 0.622 | 0.688 | ~<0.447
1.5 | 1400 | 0.510 | 0.527 | -0.556 1.25 | 1600 |0.522 | 0.607 | -0.472
1.0 | 2000 ) 0.730 ] 0.803 | -0.180 0.75 | 2000 | 0.596 | ©0.787 | =0.040"
1.0 | 2000 | 0.693 | 0.798 | -0.222 0.75 | 2000 | 0,543 | 0.762 | -0.099
1.0 | 2000 [ 0.655] 0.772 | -0.244 0.75 | 2000 |0.486 | 0.678 | -0.123
1.0 | 2000 | 0.576 | 0.691 | -0.280 0.75 | 2000 | 0.398 | 0.569 | ~0.169

0.75 | 2000 [0.389 | 0.565 | -0.187

(goT *dd)IIX atael



TABLE XII (Continued)

b. Radial station r/Ro=C.69

N, /Mo | M 9 | coto | y/ar N, /N, | N, % | cote,| u/ar
1.5 | 1400 | 0.595 | 0.505 | -0.208| | 1.25 | 1600 | 0.520 | 0.481 | -0.146
1.5 | 1400 | 0.565| 0.481 | -0.245| | 1.25 | 1600 | 0.503 | 0.471 | -0.175
1.5 | 1400 | 0.554 | 0.475 | -0.257| | 1.25 | 1600 | 0.489 | 0.464 | -0.209
1.5 | 1400 | 0.541 | 0.472 | -0.308| | 1.25 | 1600 0.486 | 0.462 | -0.232
1.5 | 1400 | 0.545| 0.476 | -0.320| | 0.75 | 2000 | 0.435 | 0.486 | -0.086
1.0 | 2000 |0.463|0.470 | -0.095| | 0.75 | 2000 | 0.419 | 0.480 | -0.157
1.0 | 2000 | 0.450 | 0.467 | -0.125]| | 0.75 | 2000 | 0.404| 0.458 | -0.185

.0 | 2000 | 0,442 | 0.459 | -0.130 | | 0.75 | 2000 | 0.395 | 0.454 | -0.234
1.0 | 2000 {0.423 | 0.442 | -0.137| | 0.75 | 2000 | 0.388 | 0.448 | -0.279

(¢ot1 *dd)IIX 919®Bl
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Where,
3, = the flow coefficient downstream of the second
propellef
= W |,
ar _
colex, = the cotangent of the angle formed between the
axial and the relative flow direction
- —Wa_
ar_g
£2r = the peripheral speed of the rotor blade at the
same radial station,
U, = the tangential velocity component upstream of

the second rotor at the radial station con-

sidered.

In Fig. 3.19 (a and b) cote, 1is shown plotted against
the downstream flow coefficient for both stations:r/R,= 0.43,
and 0.69. The corresponding values for a single propeller
with potential flow upstream, i.e. uniform and axial, is
also included. The curves are remarkably similar in appear-
ance and the effect of the whirl and other irregularities
on the second rotor is to diminish cot «,, and the effect
is progressively more pronounced as the ratio of the
rotational speeds increases. However, cot o, is primarily
a function of the magnitude of the relative pre-spin rather

than of the speed ratio, and one may write:

COtO‘z: f(u;, 195 "x) s



Y,

-107~

the angle between the axial and flow direction
re‘;ative to the blade,

the angle between the tangent to the trailing
edge of the camber line, and the axial direction,
the dowﬁstream Tlow coefficient,

the relative upstream pre-spin

v /ar ,

the tangeﬁtial velocity component upstream of

the rotor.

However, the contra-rotators were tested only over a

limited range of flow coefficients, in the region of the

optimum loading and the experimental data are hardly

sufficient to fully establish the function, particularly

as they do not include the ranges in which either of the

rotors is excessively stalled, nor when back flow develops

downstream of the second propeller. Nevertheless, there

is enough information on the effect of pre-spin on the

second rotor to give a general idea.

d
According to the results obtainiat station r/R°= 0.43,

the value of the function at one particular downstream

flow coefficient ‘5§=:0.50, depends on the relative pre-spin,

in the manner shown in the following table:-
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TABLE XIII
N,/Ng cot @g X =M ccowg-_-%‘:‘_i).;o
1.50 0.51 -0.57 0.68
1.25 0.58 | -~0.48 0.77
1.00 10.63 ~0.33 0.84
0.75 0.70 - -0.12 | 0.94
single rotor "0.75 0.00 1.00

The negative sign for the relative pre-sSpin indicates
that the direction of the pre-spin was in a direction
opposite to the propeller rotation. Fig. 3.20 gives the

factor C -X plotted against the corresponding values

cot «;
of the relative pre-spin.

Unfortunately, with the present contra-rotators, it was
not possible to investigate the effect of pre-spin of the

same direction as that of the propeller rotation. - However,

cot d;
skew-symmetrical form, as shown in Fig. 3.20 by extrapolated

the C - X ' relation can be‘expected to assume a
dotted line.

The remaining item to be considered is the application
of the equation of motion pp.62 , to the fluid downstream

of the second propeller. This equation is:

- - L ®H
vv.7 - Lf.Z' s =
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where

the tangential vorticity component,

N
i

= - 9w
or
Z’ = the axial vorticity component

2

- 1 3(rv)
roar

When the axial vortiecity component is much smaller than
the tangential vorticity component, there is no need to
verify this equation; +the term u:z is negligible and
the result is simply Bernouilli's equation expressed in
differential form.

With the contra-rotators, however, over the whole
range'of loading there were few tests in which the axial
§6riticity downstream of the secoﬁd rotor was relatively large
compared with the tangential component of vorticity.

The procedure, pp.77 , originally used for verifying
the equation of motion downstream of the single propeller,
was again followed on preparing Table XTIV in which the
radial total energy gradient as obtained both by using thé
simplified equatioh of motion and by direct measurements,
is given for the radial station r/R,= 0.43.

According to Table XT¥,it is clear from columns 7 and
3,'that the simplified equation of motion holds fbr the
fluid on the downstream side of second propeller, despite

the considerable upstream vorticity seen in column 4.



TABLE XJV

Radial éradient of total energy

Difference
N, /N, N % (.%T g_’:)u‘s wy | vt Mfsggeq Qa-lzu;;ted* %
$ or ¢ ar
1.25 | 1600 | 0.522 | 2440 -2378 | -330 2120 2048 3.4
1.112 | 1800 | 0.509 | 2340 | -3440 | -296 3185 3144 1.3
0.75 | 2000 | 0.596 | -255 | -1410 | 333 1785 1743 2.4
0.75 | 2000 |0.543| 127 | -1770 | 454 2230 2224 0.3
0.75 | 2000 | 0.486 615 | -1770 | 386 2280 2156 5.5

* Calculated from the simplified equation of motion

(601°dd) AIX °1QBL
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Summary of findings regarding Contra-rotators

1)

2)

3)

For any particular rotational speed ratio, the
experiments confirmed the following relations:
Q x N
H o N°

T o Nz 3 ooocoetc-,

where,
Q = the rate of flow ,
H = the menometric head,
T = the applied torque.

Thus the simple laws of similarity are confirmed.
For two identical rotors, the efficiency reached
its maximum in the neighbourhood N, /N, = 1l.5.
Beyond N, /N, = 2.0, the efficiency diminished
appreciably. '

With constant specific upstream rotor speed, the
head~discharge characteristic can be deduced from
that at N, /N, = 1.0, by the following approximate
relations:

0.50 (1 +1/4.) ,

/@ =
and

H/He  =0.25(1+1/3)°
where,

x : denotes values relating to any arbitrary

. speed ratio Ny, ; and (1) denotes values



4)

5)

7)
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corresponding to Nr = 1.0
Regarding the axial spacing of the rotors, curves
were substantially the same at axial spacings 0.18
and 1.3 chords. However, when N, /N, = 1.5 and
2.0, the efficiency was slightly lower with the
smaller axial spacing, for the reasons given on
PP 91. The unit was noisy with the small axial
gap, but as quiet as a single fan, when operating
with the larger axialspacing, thus showing how
rapidly the disturbances from the first rotor
fade away. .
The pressure at the outer wall was found to be a
reliable estimate 6f the mean exit pressure. The
error under the extreme operating conditions at
N, /N; = 0.75, was no more than 4%.
The excess kinetic energy downstream of the contra-
rotators, as a percentage of the total energy
imparted to fluid weas afout 2.0% on the average,
and never exceeded 5%, for the optimum loading at
N, /N, = 1.50.
The behaviour of the upstream rotor of a contra-
rotating unit is uninfluenced by the downstream rotor
and 1s-identical with that of a éingle rotor operating

alone.



8)

9)

10)

.ll)

12)

-112-~

A contra—rotatér unit yields an efficiency within
5-10% of that possible with a single rotor fitted
with a perfect recuperator, and equal to oné with
80% recovery. |

The contra-rotating unit was more flexible from the
point of view of maintaining high efficiency over a
wider range of flow coefficients.

The manometric head generated by a contra-rotating
unit operating at N3/ Ngp=1.0 1is about equal to
that with a two stages of single rotors each with

a perfect recupserator.

The flow direction relative to the blade downstream
of the second rotor, is a function of the relative
pre-spin, as well as of the downstream flow
coefficlent and of the geometrical féatures of the
Elade.

The simplified equation of motion holds for the

fluld downstream of the second rotor.



PART IV

Boundary Layers and Pre-rotation

in the Inlet Bellmouth
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The inlet to the fan, designed to avoid irregularities
in the stream as it approached the rotor, took the form of
the bellmouth seen in fig. 4.1., and plate 6. It also
served the subsidiary purpose of metering the flow, which
was done by regarding section A , as the throat of a nozzle.
There were three pressure tappings drilled through the outer
wall, and spaced at 900.' They were l% in. upstream of the
cylindrical cesing, and were manifolded to a single pressure
lead.

Earlier, a definite though slight pre-rotation had been
found in fluid as it approached the rotor, and curiously this
pre-rotatién was always anti-clockwise, that is it was
rotating always with the rotor, which raises the question
as to whether it could not have been caused by recirculation
of still-spinning air which from the downstream exit might
have found its way back to the inlet. Accordingly certain
of the traverses were re-examined regarding the spin at exit.
They included a wide range of conditions, and may conveniéntly
be grouped as follows:-

A. A single rotor discharging through a lateral

gate, as shown in fig. 4.1.

B. A pair of contra-rotators, spaced 2% in. apart,
discharging through the lateral gate as in A.
Cases with clodkwise and anticlockwise spin in the
discharge and also some with no spin are included

in this group.



The inlet bellmouth,
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C. A single rotor, followed 28 inches further down-
stream by a booster fan rotating ip'the opposite

sense, and discharging axially as shown by the

chain dot lines in fig. 4.1. Some of the experiments

in this group include upstream velocity traverses
at section T, , fig. 4.1.
The following are the particulars for the throat

section A, fig. 4.1:

Internal diameter of the outer wall ZFROA = 1l2.18"
External diameter of the hub‘ 2R, = 3.64"
Cross sectional area of throat = 0.736 sq.ft.
Wetted perimeter o - =  4.14 %,
Hydraulic mean depth m - 0.178 ft.
Equivalent hydraulic diameter d = 0.712 ft.
Reynold's number for throat section A:
R, = gﬂv-_"_‘ = 0.448 x 10* Uy ,
where,
U% = the mean flow velocity through the throgt area,
Y = the kinematic viscosity for air = 1.59 x lo_éftz/se

The coefficient of discharge will be:
Ca = Uh//rE"(E’—‘F)/g ’

where:.

the air density = 0.002378 slug/cu.ft.,

)
i

the pressure outside the bell mouth inlet, where
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the fluid velocity is‘ﬁractically Zero, ‘

P = the. mean pressure at the throat section in 1b. /£t
Assuming for the moment the traverses are exact, then their
integrated dishcarge inserted in the nozzle formula above,
gives the discharge coefficient C4 « The resulting values
are tabulated below together with the spin at section T;
downstream of the rotor, fig.4.l., as measured by the tangent
6f the angle included between the flow and the axiai |
direction at r = 0.63 R,. The positive sign indicates a
clockwise spin, when looking axially downstream the

cylindrical casing, thus:

w = tan @ = U‘z/wz ,
where:
6 = the aﬁgle the fluid makes with the axial direction.
V2 = the tangential velocity component,
w, = the axial velocity 6omponent.
Table IV
Py - P vt I
Group 1b. /42 Rp Sea T, Mea;.
A - single rotor Min. 0.640(1.01 x 105/-0.695 | 0.971
Max. 1.280{1.43 x 107|-0.308
B - contra-rotators | Min. 0.575/0.96 x 102 -0.287 | 0.975
Max. 1.180|1.36 x 107|+0.392
C - booster (contra-|wmin. 0.587[0.97 x 103| - 0.974
rotating) Max. 0.998|1.28 x 10°| -
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Details will be found in Tables I, IT and III of the
appendix. |

The slightly smaller values of discharge coefficient
for group A, may be due to a wooden cube, six inches high,
used inthose early tests to support the inlet. Iater it
was found to be unhecessary and was removed. Nq doubt the
cube by creating eddies could haie reduced the discharge
coefficient by 0.4% as observed. |

Clearly the discharge coefficient is independent of the
discﬁarge conditions, which is not surprising since the spin
in the pre-rotation never exceeded the Yalue: tan @ = .ﬁ; =
0.09, and on the average ranged from tan® = -0.03 to -0.05,
and these variations could hardly alter the nozzle-coefficient.

Therefore some other quantity'to serve as a meaéuré,
more sensitive to changes in the‘préQrotation is needed.
Considering a balanced vortex regime:

and the radial drop in the static pressure is seen to be-

Just that needed criterion. It is given in Table V of the
appendix, as the pressure difference between two different
radii, r = 0.89 R; and 0.37 R, at section T, , fig. 4.1,
where the dimensions, differing only very slightly from those |

previously given in pp.1l15 for section A, are now:
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Outer diameter 2R,
Hub diameter 2Rg
Flow area

Wetter perimeter
Hydraulliec mean depth

Equivalent hydraulic diameter

12.078"
3. 453"

00751 Sq-ft.

4.07 £t.

0.180 ft.

0.72 ft.

Corresponding Reynold's number = 0.453 x 104'E§, s

where i%? is the mean flow velocity at section T, .

Judged from the pressure difference (.{% - 1) the

[}

pre-rotation seemed not to vary in any systematic way. The
average values inthe three groups of experiments were:-
Table VI
Equivalent
Group - Ry £ _ 1 |vortieity
‘ R rad./sec.
A - single rotor Min. 1.05 x 102 |0.050 | 6.9
Max. 1l.46 x 10
B - contra-rotators | Min. 1.08 x 107 | 0.038 6.0
Max. 1.39 x 10
C - booster (contra- | Min. 0.976x 109 0.041 6.3
rotating) | Max. 1.24 x 10°

# These correspond to r = 0,89 R, .

ft./sec. mean flow velocity were assumed.

Free vortex, and 30

p and p : are the static pressures at r =.0.89 R, and

0.37 R, ,respectively.
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At first sight these values seem consistent with the
idea that pre-rotation did originate downstream, yet the
following experiments in which traverses were taken both

at inlet and outlet show conclusively it is not so.

TABLE VII

Comparison of whirl at inlet and outlet

Condition B (Contra-rotators).

N /Ng = 1.00 Q = 17.63 cusecs. and Ry = 1.09 x 10°
r/Ro Upstream of rotors ‘ Downstream of rotors
0 degs. |tan 6,=+% |06, degs. |tan 6=-2
0.37 + 4.0 + 0.070 =51.5 -1.26
0.50 + 2.5 + 0.040 -24.5 ~0.45
0.63 + 1.3 + 0.020 -11.3 -0.20
0.76 + 2.0 + 0.035 -4.0 -0.07
0.89 + 1.9 + 0,033 -3.0 -0.05

Furthermore, a comparision of the torque obtained by
mechanical measurements with that by angular @omentum com=
putations provides another method for estimating the pre-
spin, and the relevant data are given in Table VIII , for

the upst:eam rotor operating as follows:-
N, /N; = 1.0, N, = N, = 2000 R.P.M.

the axial gap between the rotors = 2% in.
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Table VIII

Flow Torque by Flow Torque by Angular Momentum
Q ‘| mechanical Q

cusecs. | measurements|| cusecs. | Downstream U.S. and D.S.

ft.1lb. ft.1b. ft.1lb,

19.70 0.155 1| 17.63 0.208 , 0.195
20.60 0.138 19.80 0.163 ~ 0.151
21.40 0.125 20.80 0.161 0.139
22.40 0.114 21.15 0.150 | 0.127
22.70 0.110 22.78 0.128 0.109
23.00 0.108

23.30 0.107

23.78 0.106

and it is seen; both from Table VIII, and from fig. 4.2
‘prepared from the data of the Table, that the two methods of
measurement are mutually consistent. Were the pre-spin
ignored as if it was due to faulty measirement, then a
discrepancy of 10 per cent would have to be accounted for.
Such an error is most unlikely, and the existancé of the
secondary upstream spin, as well as its sense of rotation,
" seems confirmed. |
From the above analysis the following conclusions are
reached: -
1. There is a small, but quite marked secondary spin

or pre-rotation upstream of the rotor, in the same
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rotational direction as the propeller.

2. This pre-rotation was found under a variety of
operating conditions.

3. The spin‘of the discharged stream had no apparent
influence on this seconﬁary spin. Cases with no
spin on the discharge side, as well as with strong
reversed spin confirmed this. |

How 1t could possibly arise from the fotor, or from
some inheren£ feature of the inlet bell mouth, is difficult
to conceive. Certainly the axial velocity is greater near
the hub as if the low pressure near the centre of the rotor
were exerting an influencs upstreém, but that would be in
the nature of the presence upstream of the weak outer parts
of the blade vortices, fluctuating plus and minus about their
mean and so reducing the pressure, but not transmitting
spin to the fluid. Actually the speed in the pre-rotation
was small, no more than 2 ft. per second, so perhaps for
the time being it is best attributed to thermal movements
of the air within the laboratory.

Next the boundary layers along the curved boundary walls
will be considered. As the boundéry layer computations are
based on Blasius's and Karman's solutions, a summary for
both will be given.

If y denotes distance measured normally to the surfacse

considered, x distance measured along curves orthogonal to the



-122~

normals, and measured from the stagnation point, fig. 4.3.,

then the boundary layer equations are:

2
wd4 , odu - _ L3 ydu . (41)
dx QY § Dox Y
o= _ 1L 3P (4.2)
5 9%
and the equation of continuity is:
2w, B _ o (4.3)
ox ay
where

u and v are the velocity components along the x and y

directions,
® = fluid density,
y = fluid kinematic viscosity,

If U denotes the velocity of the main stream at the edge
of the boundary layer, then Bernouilli's equation gives:

_?P_ + _é_ U - const, , (4.4)
hence:

A dr _ _udy, (4.5)

P dx dx .

Blasius's Method:

Let the velocity at the edge of the boundary layer be

expressed by the polynomial:~

U =uUyx + u3x3 + u5xs S y (4.6)
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where, u, , Uy ¢+.......are functions of y.

Bernouilli's equation gives:

. 2 5
%%: Wx 4+ 4uu;x® 4 (6u u, 4 3U3) X ... (4.7)
To satisfy the equation of continuity, there must be a

stream function ¢ for the flow in the boundary layer where,

o Qv - _ 9
11—-373& U'—é—;g ’

Blasius's method is based on the assumption that this
stream function for the fluid in the boundary layer can be

expressed in the form:

P = Fyx + FaxO+ FeXO+ .o.v (4.8)

whers,

Fi1s Fas eceeve..... ete, are functions of Ve

This gives:
u = Fix + F'3x3+ FISx5+ soae ) (4.9)
- = 2 4 .
v Fi+ 3 Fax%+ 5 Fgx+ oo . (4.10)

Substituting these values in theequation of motion (4.1)

and equating coefficients of each'power of x, the following

can be obtained:

2 _ ? 2 4.11

- 37 F. - F.T. _4du.u_+ VE. , (4.12)

4F F5 13 13 13 K]
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7 U4 /7
6F F - 5F. F - F_F =
15

15 15 , :

+ 3= 3(F=aFPF)+VyF (413

6u u + Bu - 3(F- FF,) 5 * (4.13)
T Y Y X etc.

All the dashes denote differentiation with respect to y.
‘Now, coansidering equation (4.11),

put 7 = oy where o Ais to be determined.

then: P (y) = Afy(n)

hence,

4

2.2(62 _ ¢ ¢” 2 3
ASa(f] - £,f,) = uy + YA a™f,

equating the three factors: Aad , uand Aca ,

A and o« can be put as:
A =7y & « =Yu/y ,

therefore putting,

7 .—.'_;._'J . and F;(j)=lyul fl(?)
reduces equation (4.11) to the following form:

£2 - ff7=1+1] . (4.14)

In a similar way, it can be shown that by putting:
%
F3 =4f3u3( V/ ul) ]

3 '_Lg),

F5=6u5(9/ uy) (gg + Tu g

reduces equations (4.12) and (4.13) into the following form:
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/o, L4 & L4
af fh= B, - £105 =1+ £y , (4.15)

. L4 v d 4
6f1g5- 5f1g5 - f1g5==1 + &85 ’ (4.16)

eesesessttce. v
Here dashes denote differentiation with respect to q .
Next assuming a power series for each of the above

functions, i.e.:

A 2 A3 3
£4(n) = A +Aln+2,n o0t

where the boundary conditions for 1N = 0, can be satisfied by
putting: A, = Ay = 0,

hence
Aj

3'n3+ eee

fl-Azn + F Azn®+ ...,
2
fl=A2+.A.3n+‘2! n+ LI ] ]

fl_.A3 + Aan + g? N2+ vees
These values are then substituted in the corresponding
differential equation, i.e. equation (4.14) for this case,
and rearranged in poﬁers of n. The differential equation has
a solution only if the coefficients of every power of 1

vanishes by itself; since in this case the differential

equation is satisfied for all values of n . Hence the
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following- can be obtained:
2
u=uf x+ 4u 35 X+ 6(u g+ 2ng) x +
’ U3 Us ud :

+ 8(u7g7 ‘T’ h. + !k )x + oooz y (4017)

-V o {_g[u, f, + 12 u,fyx*+ 30(ugg,+ %‘:hs) N
' U u ud 5 :
+ 56(11787‘.' 3 Sh7 u; k-,) X + oo ’ (4.18)

2
¥ 24 U330) g
%_;n=@[u, fix + 4 u,fy x>+ 6lusds+ o B X+ ... ('4.19)

Howarth in his paper gives the value for, f, , f,’ ,f./’,f_-, ’
f:; ,f:,..etc., as functions of 7 =y (u/Y )Lz.‘ In this
particular case of the inlet bell mouth, the flow being
accelerated, there will be no danger of separation. Never-
theless, the error due to neglecting terms of higher order,
becomes considerable with large values of x. Calculation
of this error as suggested by Howarth, is done by estimating
the value of the neglected seventh power term, which is:
8(_!:7‘5 h’, + _ i )x provided u; = 0; this can be
done .‘:f it is assumed that h5> hr7 and using the tables
provided in his paper. The value of this error will show
how far along the boundary wall Blasius's method cean be used
without serious error.

Karman's Method:

Integrating the equation of motion for the flow in the
boundary layer, between the limits y = 0 and y = ) , where

S = the boundary thickness, the following is obtained:-

§ )
J'uaxdy+./'v a;dy---g-'-./; gzdy+ vj“dy, (4.20)
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Integrating by parts the second term on the left hand
side of equation (4.20) gives:
L v2dy = Ly du._ [uvl L u av _.U(v)yﬂs J; qaydy ,
where, ‘
U= U = the main stream velocity at y =9,

The equétion of continuity, equation (4.3), gives:

Uy _ _ 2u ’
d?y 9x
hence,
3 au
('V)s's = - .of ﬁdy . (4.21)

The left hand side of equation (4.20) can now be written
in the form:

&  du : S‘au Sn2ugy. 2 2200y - U2 P
J;us;dnyJ;-a-;dy+J;u§;dY— zhudy - U2 Lu dy .

o

Since the extra terms arising from the variability.of ®

with x cancel out, then equation (4.20) will teke the form:

1)
5 5 : 2P S u
g-xj; uldy - UL u dy = --;-sff, dy + )’[ 3]° (4.22)
Bernouilli's equation gives:
-12P _y ,
9 ox ox
hence, ,
> SPay - U2y dy - U MBay - v [T -
ﬁoudy 9% Yo 5 Ix’e = [ayo ’
or,
s > u
-;—J-:J;(uz-%Uz)dy-Uf;./;u‘dY=V(§_y')=° , (4.23)
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su _ o
Y

Equation.(4.25) represents Karman's theorem of momentum

3 at Y= )

for the flow in the boundary layer. At Karman's suggestion,
Pohlhausen took a polynomial of the fourth degree as an
approximation to the velocity profile in the boundary laye:.
If u is the velocity at a distance y normal to the
boundary wall, and x from the stagnation point, where y<§

then:

2 3

U= ay + by® + cy"“ + dy4, (4.24)

where a, b, ¢ and 4 are functions of Xx.

Equation (4.1) gives for y = 0,

(3u) _ L3 __Ubdu __ayy’. (4.25)
3yt/y=0 A ax y ?% ]
The boundary conditions are:
2
u= U, g—(—‘l=0, ?.E;.—O at y:S, &
9 2y (4.26)
u= 0, }’%‘=_UU' at y= 0 . |
,CcR
Pohlhausen introduced the parameter A= %} -, and

obtained the values of the coefficients of the above poly-

nomial,
= g 12+}) I |
a U cs | b 11252 (4.27)
(4->) (6-)\) :
= o] ——r d =
¢ Y350 by
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then, using these values to get the integrals of equation
(4.23), he obtained the differential equation

” ’ . '2
4z _ 0.9 L0072 1670 40" 2-( 47 a0 a 800" ) 2* -0 (0" 400" )29

dx - U(-213.12+5.760 24U 27)
.o .o ee . ve (4.28)
where, '
- 2
)N S ’ % .
Z = U = 3 and U , U are the first and second

derivatives w.r.t.x, of the main stream velocity at the edge

of houndary laysr.

Equation (4.28) can be put in the following simplified

form:

4z/dx = £{N) /U + 220 g(\) . (4.29)

This differential equation can be solved numerically,

or graphically.

Using equation (4.27) the velocity distribution in the .

boundary layer can be put in the form:

3 4 ’
O

or

uw/U= FF) + 2o : - (4.31)

Howarth, gave in his paper tables for £ (A ), and g \.)’
Using these tables, curves of (dz/dx) = constant, can be

drawn in the Z-x plane. Marking the direction of the integral
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curves on those of constant slopes, will help in drawing the
required curve giving the solution for the particular
problem. For the stagnation point, both the Z-value_and the
slope, can be‘determined in the following manner:

At x = 0, dZ/dx, becomes equal to infinity except for
those values of A\ , for which the numerator of equation (4.28)
vanishes. This will give three possible valueé'for A,, but
it can be shown that A, must be positive and less than'lz,
whiéh is the corresponding value at the separation ﬁoint.

Hence,
Ne= U Z = 7.052 (4.32)

From equation (4.29) the slope of the required curve at x = 0

i ., ,
® (42/dx)y. o = Lim. _ £(N/U = X7 o £(A)

= (\). (U2 + 02) /U,
which when computed gives:

| .
(dZ/dx)._, = = 5.39L U/ U" (4.33)

Thus equations (4.32) and (4.33) define the value of Z, at
x = 0, as well as the slope of the required curve at that
point.

Boundary Layer Calculations:

The static pressure along the curved boundaries of the

inlet bell mouth, was measured by a flexible "Polythylene"
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tube 2.5 mms. outside diameter, in the manner shown 1n‘Plate 6.
Fig. 4.4, gives the velocity along the curved boundary of the
bell mouth, till it joins the 5% in. diametser hub, at x = 32".
The peculiar shape of the yelocity curve between x = 0 and 7
in., seems to be caused by separation of the main flow froh the
boundéry wall, due to the manufacturingAfault seen in fig. 4.5(b
There the two arcs, the 2" R. and the 30" R., forming the
curved boundary wall, instead of making a continuous smooth
curve, actually intersect rather abruptly.

The following polynomial expresses the chain dotted curve
fig; 4.4., which as an approximation, is assumed to express
the velocity Just odtside'the boundary layer of the hub

curved boundary:

U = 3.580 x + 2.05 x° - 0.1186.x° , (4.34)

n ={u, A .y =150.2 v
where: B
U = the velocity in ft./sec. Just outside the boundary
layer, and at a distance x ft. measured from the
stagnation point,
u, = 3.589,

Y = the kinematie viscosity = 1.59 x 154' sq.ft./sec.

¥y = the distance in feet measured normally to the
boundary wall.

The first and.second derivatives of the velocity at

the edge of the boundary layer, and along the hub curved
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boundary, are shown in fig. 4.6,

Blasius's method, was used for computing the velocity
profile within the boundary layer, at x = 0.5', 0.95' and
1.0', which are given in Table IX of the appendix. The
error due to neglecting the seventh power term of equation
(4.17) was within 2% for both x = 0.5' and 0.95'. This
error, however, became of the order 13% at x = 1l.0'. This
clearly shows that for this bell mouth, Blagius's method .
fails to give satisfactory results beyond x = 1.0'. Hence
Karman's method was used for the curved boundary walls of
the inlet bellmouth. Again the polynomial, given by
equation 4.34, is assumed to express the velocity outside
thé boundary layer of the curved boundary wall of the hub,
and that the corresponding values along the outer curved

boundary wall are expressed by:

2

U= 15.155 x +1.057x3 + 0.408 x° (4.35)

where,

(o]
i

the velocity in ft./sec. at the edge of the
boundary layer, and at a distance x ft.,
measured from the stagnation point.
The actual veldcity along the outer curved boundary
is shown by the full line, fig. 4.7, while the chain dotted

line represents the approximate velocity distribution as
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given by equation 4.35. Here again the peculiar shape of
the actual velocity curve between x = 3" and 6", 1s due to
a fault in manufacture. This fault is the comparitively
sharp edge formed by the intersection of the 2"R , and the
16"R arcs of the outer boundary well, as 1is diagramatically
shown in fig. 4.5(a). The first and second derivatives

of the approximate veloeity distribution, equation 4.35,

are shown in figs. 4.8 (a and b).

The graphical solutions of the differential equation
4.29, for both curved boundary walls of the inlet bell mouth
are shown in fig. 4.9 (a and b), and the relevant numerical
values are given in Table X of the appendix. The solution
although extending further than Blasius's, ceases to be of
much value for distances beyond x = 2.5 ft. along the hub
wall, and =x = 1.5 ft. along the outer wall, where the
actual velocities depart from~those expressed by equations
4.34 and 4.35, as shown in figs. 4.4 and 4.7.

The velocity profile within the Boundary layer, at any
particular point along the curved boundaries, can be obtained
by using equation 4.31 and Table XI of the appendix. Velocity
profiles were thus computed at = = 0.5, 0.95 and 2.5 ft. along
the curved boundary of the hub, and at x = 1.5 ft. along the
outer curved wall, and the corresponding numerical values
are given in Table‘XII.

For comparison between the more accurate Blasius's



TABLE XTI

Inner Wall (hub) Outer Wall

x = 0.5 Pt, x=0.95 ft, x".2.5 ft. XL 1.5 ft.

y u y y u y U
inches | ft./sec.| inches ft./sec, | inches Us inches U
0.0190 0.605 0.0155 1.50 0.0092 0.284 0.0084 0,320
0.0286 0.855 0.0232 2,14 . 0.0139 0.402 0.0126 0.448
0.0381 1.080 0.0310 2.70 0.0185 0.511 0.0168 0,562
0.0572 1.425 ©.0465 3.54 0.02786 0.678 0.0252 0,729
00,7620 1.660 0.0620 4.11 0.0370 - 0,799 0.0336 0.842
0.1142 1,940 0,0930 4,76 0.0555 0.943 0.0505 0.960
0.1522 2,025 0.,1240 4,96 0.0740 0,993 0.0670 0.995
0,1910 2.047 0.1550 4,99 0.0924 1.000 0.0840 1.000

1%2: Here the velocity is expresqed as a ratio to the velocity outside the

boundary layer, as this is more convenient for comparing with certain measured

values obtained 4 inches further downstream at section T, , fig. 4.1.

(1) :+ This traverse lies 2.0 inches upstream of the cylindrical casing,

(2) : This traverse lies 4.0 inches upstream of the cylindrical casing.

ITX* ¥ 9Tq®BL
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solutiony and Karmans's approximate method; the velocity
profiles corresponding to the distances x= 0.5, and

0.95 ft. along the curved boundary of the hub, as

obtained by both methods, are shown in figs. 4.10(a and b).

Additional velocity measurements were taken by
the pitot cylinder, at traverse To y fig. 4.1, close
to the hub and outer wall boundaries. These velocities
are given in Table XIII of the'appendix as a ratio to
that of the main stream U, , at a point where it
ceased to increase appreciably by moving any further
from the boundary walls.

Figs. 4.11 (a and b) Qhow the calculated and
measured velocit& profiles close to the hub and the outer
curved walls. Velocities calculated by Karman's method
relate to the points:

x = 2,5 ft., 43 inch upstream of traverse T,
and,

x = 1.5 ft., 63 inch upstream of traverse

Ty, fig. 4.1,
the distances being'measured along the hub and the outer
walls of the inlet Eone respectively.

Fig.4.5(c) shows a manufacturing defect, causing
a step-down at the section where the hub-gide wall of the

bell mouth joins the rotor hub. This, no doubt, is one of
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the causes of the greater discrepancy between measurement
and computation in fig. 4.11l(a) as compared with fig.4.11(b).

Thg factors causing the deviation between the velocity
profiles obtained by direct measurement and by Karman's
method could be summarised in the following:-

1. The velocity profiles obtained by the two methods

do not relate to the same section, and between
the two sections the boundary layer experiences
a retarding pressure gradient.

2. The surface discontinuity caused by the manufacturing
fault especially at the hub wall, where it is more
pronounced, fig.4.5(c)e.

3. Karman's boundary layer calculation does not take
into account the existing secondary mofion, This
secondary motion 1s influencisl in shaping the
velocity profiles at traverses in the cylindrical

Vcasing.

4. The manufacturing faults shown diagramatically in
figs. 4.5 (a, and b).

The manner in which the static pressure varies with
the distance along the curved boundaries of the inlst cone
is seen from the tables below. The pressure, measured by
the method described inpp.130, is expressed as a ratio to
the mean velocity head'as reckoned at section T, , fig. 4.1.

The distance x , which is the curved-distance, is negative
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as it 1s measured in a direction opposite to the flow, the

origin arbitrarily being at the downstream flange of the cons.

TABLE XIV

Quter Wall Inner Wall (hub side)
xin 2 -2 | xiyn, | R " P || xyp, | R =P

43U, 43U~ 43U
0 1.112 0 1.224 -22 0.015
-2 0.995 -2 0.867 -24 0.006
-4 0.870 -4 0.665 -26 0.004
-6 0.612 -6 0.546 -28 0.002
-8 0.418 -8 0.410 -30 0.0014
-10 0.278 -10 | o.284 -32 0.0028
-12 0.178 -1z | 0.191
-14 0.110 -14 | 0.131
-16 0.067 -16 | 0.089
-18 0.056 -18 | 0.050
-19 0.061 -20 | 0.031

According to a traverse, further downstream, across

section T,, (x = 2.375"), the pressure close to hub, at

—2 —
radius r = 0.32 R, , was =1.004 (43 Uy, ), and -0.992 (4 ¢ Ty )
at radius r = 0.99 R,
a considerable adverse gradient between x = 0 and x = +2.375",

These data are presented graphically in figs. 4.12 and 4.13,

¢ lose to outer wall, go thers is
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in which the peaks noticeable at x = 0, denote separation
of the main flow from the boundary walls, due to the manu-
facturing feults, previously mentioned pp. 130.
They also explain why the boundary layers at section T,
are apparently thicker than the calculated values, which
had to be based on the smooth curves shown by chain dotted
lines in Figs. 4.4 and 4.7.

Before bringing this discussion to an end the effect
of the secondary motion on the fluid velocity patterns,
as it proceeds through the inlet cone into the cylindrigal
casing, will be considered. From the pressure survey along
the curved boundaries, ;t can be noticed that at a section
two inches upstream of the inlet to the cylindrical casing,
(x =-2 in.), the velocity at the outer wall was 31.5 ft./sec.,
while it was 29.4 ft./sec. at the corresponding point on the
hub wall. In‘other words the ratio between the velocities
at the outer wall to that at the hub wall was 1l.11l. This
shows that at this section the difference is that created
di:sctly by the curvature of the inlet boundary walls.

A study of the velocity traverses further downstream
at sections T, and T, as given in Table XV, and fig. 4.14
indicates- that there the fluid is under the influence of

a secondary vortex having the same axis as the rotor.
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TABLE XV

U

Traverse Ty (fig.4.1)

Traverse T, (fig.4.1)

r/R,

Group A: Single rotor, | Group C: Booster

Q = 22.3 cusecs. and Q = 21.00 cusecs.

R, = 1.37 x 10°. = R, = 1.28 x 10°.
0.32 0.990 0.940
0.37 1.038 1.010
0.50 1.034 1.023
0.63 1.032 1.032
0.76 1.029 1.032
0.89 1.020 1.024
0.99 0.760 0.774




APPENDIX
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Instruments:

For velocity meaéurement, a pitot cylinder* was useﬁ.
Calibration against a standard pitot tubé, in the 8 in. wind
tunnel, showed that though the instrument was satisfactorily
accuraté for determining flow direction and total energy,
yet it was not accurate enough for measuring static pressure.
Hence a Prandtl's static tube was used for measuring the
latter.

The variable inclination manometers, shown in Plate 7,

were used after being calibrated statically against a

Chattock micromanometer.

» See references: 1, 5, 23 and 44.
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Table 2.1

TABILE I - Nominal Dimensions

Radial Station: rn 5.75 4.50 3.50 2.50 1.75
Chord: C inches 1.70 1.68 1.66 1.65 1.67
Solidity ratio: S/c 3.55 2.80 2.21 1.58 1.10
Maximum thickness

% of chord 8.30 8.40 8.40 8.60 8.90
Maximum camber , |

% of chord 6.0 7.0 7.6 7.8 8.9

o deg¥ 74.00 | 68.50 | 63.00 | 54.50 | 43.75
tan o 3.487 | 2.539| 1.963 | 1.402| 0.957
a} deg. 80.5 77.0 74.5 64.5 | 55.5
tan a} '5.976 | 4.33 | B.61 | 2.10 | 1.46
a«p deg. 63.0 |56.0 | 52.0 |[40.5 | 29.0
tan g 1.96 | 1.48 | 1.28 | 0.85 | 0.55
o +Go deg. 67.0 62.0 55.0 45.5 34,0
tan o + @, 2.36 l.88 1.43 1.02 0.67

where:

O = the stagger angle,

for the other angles see fig. 1.10

3 In the working drawing the chord was given as the line

tangential to the concave surface of the aerofoil.




TABLE IT - Actual Dimeqsions

r/R 0.95|0.91|0.83|0.75|0.66 | 0.58 |0.50 | 0.41 | 0.33
r in. 5.75 | 5.50 | 5.00 | 4.50 | 4.00 | 3.50 | 3.00 | 2.50 | 2.00
c in. 1.71 1.7 ) 1.70]1.70|1.68|1.69|1.66|1.68]|1.71
S/c 3.52 | 3.38 | 3.06 | 2,77 | 2.49 [ 2.16 | 1.89 | 1.56 | L.22
o’ 72.3 | 71.8 | 70.4| 67.5| 66.8 [ 62.5 | 58.5 | 54.5 | 48.9
tano | 3.13]|3.04|2.81]|2.41]2.23)1,92[1.63]|1.40]1.15

2% 74.1 | 73.0| 71.7 | 69.4| 66.9 | 63.8 | 59.6 | 55.1 | 49.4
tano® | 3.51 | .27 | 3.04| 2.66 | 2.34 | 2,03 | 1.70 | 1.43 ] 1.17
o 79,0 | 79.0| 78.3| 78.2 | 77.1| 75.6 | 74.4| 71.2| 67.4
tano’ | 5.14|5.14| 4.83| 4,79 | 4,37 | 3.90 | 3.58| 2.04| 2.40
o 57.4| 58.0 | 55.9| 63.0| 52.7 | 49.1 | 42.9| 40.0| 32.5
tanog | 1.56 | 1.50 | 1.48| 1.33| 1.31|1.15]|0.93|0.84| 0.64
6-olog| 21.6 | 21.0| 22,4 25.2| 24.4| 26.5 | 31.5| 31.2 | 34.9
o<y ~6.4| -6,2| -8.0| -8.0| -8.3| -8.5| -9.3| -9.5[ -8.5
o 4o, | 65.9|66.2|62.4| 59.5| 57.5| 54.0 | 49.2 | 45.0 | 40.4

(II - 2) °1qeL



TABLE T1I

c: Chord in inches,

S/c: Solidity ratio,

o : Stagger angle,

o : Stagger angle based on nominal chord,
defined as the tangent to the concave
surface of the aerofoil. This is given
only for comparison with values in
Table I, from the working drawing.

For the other angles see figure 1.10.

Table (2 - II)



Table 2.III

TABIE III
Radial Station r = 0.69 R
Group N.R.P‘.MC 192= L E = !3 COtU- W, é—,:—wa.
. ar W tar-u; Wi
0,459 0.281 0.527 1.11
0.404 0.435 0.490 - 1.12
~
. P 0.237 0.773 0.386 1.30
()] ~
® o 0.302 0.702 0.383 | 1.15
5 S (1)
0 o 0.287 0.810 0.374 1.32
1l
- 0.218 1.090 0.285 -
0.121( ) 1.840 0.156 -
2 _
0-053 4.520 Oo 700 -
1000 0.597 -0.096 0.564 0.87
1200 0.560 -0.004 0.558 0.92
§ 1300 0.525 0.054 0.540 0.97
% 1300 0.544 | 0.033 0.554 0.96
B 1500 0.524 0.056 0.540 1.00
§ 1500 0.485 0.150 0.523 1.00
m .
£ 1500 0.472 0194 0.518 1.02
Q
32 2000 0.392 0.488 0.485 1.13
2000 0.347 0.623 0.443 1.24




TABLE III (cont.)

Radial Station r = 0.76 Ro

Table 2.III

Group N.R.P.M. 79?: e cot @, e,
0.398 0.268 0.446 1.05
0.382 0.330 0.438 1.07
B 0.367 0.412 0.433 1.12
)3 § 0.336 0.559 0.414 1.25
,S,) R o.soe(l) 04630 0.379 1.27
ﬁ § 0.282 0.773 0.360 1.35
” 0.276 0.778 0.351 1.39
! 0.240 0.914 0.308 -
= 0.187 1.150 0.238 -
0.114(2) 1.960 0.146 -
800 0.732 -0.04 0.748 0.872
1000 0.589 0.00 0.590 0.940
2 1200 0.525 0.021 0.532 0.950
i 1300 0.510 0.037 0.520 0.990
§ 1500 0.492 0.079 0.510 1.020
2 1300 0.480 0.080 0.500 0.970
8 1500 0.451 0.141 0.481 1.030
g 1500 0.421 0.215 0.462 1.000
2000 0.361 0.445 0.431 1.140
2000 0.330 0.600 0.411 1.290




Table 2.I1I

TABIE III (cont.)
Radial Station r = 0.89 Ro

Group N.R.P.M. % € cot @y e
0.335 0.277 0.369 1.05
. % 0.314 0.337 0.352 1.04
3 2. 0.296 0.392 0.335 1.07
g § 0.241 0.625 0.283 1.07
E? o 0.223 0.729 0. 266 1.11
” " 0.209 | 0.894 | 0.257 | 1.21
= 0.217(1) 0.960 0.273 1.30

0.080'3)| 4,010 0.120 -
1000 0.535 0.050 0.550 1.01
B 1200 0.450 | 0.060 0.462 . | 0,96
i 1300 0.421 0.090 0.436 0.96
§ 1300 0.407 0.105 0.424 0.97
i 1500 0.405 0.090 0.420 1.01
§ 1500 0.375 0.158 0.398 1.00
g 1500 0.363 0,177 0.376 1.02
2000 0.281 0.467 0.334 1.08
2000 0.245 0.690 0.296 1.14




Table 2 - I1l

TABIE III (cont.)
Radisl station r = 0.95 Ro

Group NeT.p.m. Y% € cot a, é_,
0.276 0.420 | 0.313 | 1l.0L
. 0.256 0.445 | 0.289 0.99
s 3‘ 0.253 0.516 0.291 | 1.07
o 5 0.208 0.745 | 0.246 | 1.09
3 N 0.187 0,932 | 0.225 | 1.09
g b 0.175 1.134 | 0.218 | 1.20

@ 2 (1) -

0.183 1.115 | 0.231 | 1.47

0.130 2,560 | 0.188 -
1000 0.490 0.035 | 0.500 | 1.10
1200 0.407 0.107 | 0.425 | 1.03
s 1300 0.364 0.132 | 0.382 1.00
% 1500 0.345 0.109 | 0.358 | 1.04
§ 1300 0.335 | 0,119 | 0.349 | 0.93
g 1500 0.292 0.194 | 0.310 | 0.92
§ 1500 0.256 0.268 | 0.276 | 0.85
g 1800 0.240 0.325 | 0.260 | 0.87
2000 0.236 0.672 | 0.280 | 1.05
2000 0.202 0.839. | 0.243 1.14



TABIE 1III (cont.)

Table 2,III

Contra Rotators - Radial Station r = 0.69 Ro

Ny /Ng r.:gim.. % € cot ay
0.75 1500 0,510 0.092 0.535
0.75 1600 0.472 0.185 0.518
0.75 1500 0.472 ' 0.210 0.524
0.75 1500 0.446 0.276 0.508
0.75 1500 0.441 0.305 0.515
1.112 | 2000 0,442 0.284 0.505
1l.112 2000 0,432 0.290 0.508
1.112 2000 0.413 0.403 0.495
1.112 2000 0.388 0.468 0.473
1.25 2000 0.452 0.259 0.512
1.25 2000 0.427 0.306 0.497
1.25 2000 0.416 0.403 - 0.499
1.25 2000 0.398 0.467 0.489
1.50 2100 0.428 0.324 0.497
1.50 2100 0.404 0.403 0.483
1.50 2100 0.394 0.435 0.475
1.50 2100 0.370 0.556 0.466
where:
I\I:L = upstream rotor's speed,

downstream rotor's speed.



Contra-Rotators

TABIE III (cont.)

Table 2.1IT,

Radlal Station r = 0.76 R,

N, /N, r.ﬁ%m. L € cot @
0.75 1500 0.468 0.107 - 0.485
0.75 1500 04435 0.148 0.464
0.75 1500 0.420 0.212 0.461
0.75 1500 0.410 0.278 0.462
1.112 2000 0.403 0.259 0.456
1.112 2000 0.394 0.306 0.447
1.112 2000 0.388 0.366 0.452
1.112 2000 0.357 0.446 0.425
1.250 2000 0.414 0.249 0.461
1.250 2000 0.388 0.304 0.441
1.250 2000 0.374 0.385 0.437
1.250 2000 0.366 0.424 0.434
1.500 2100 0.394 0.296 0.445
1.500 2100 0.366 0.365 0.423
1.500 2100 0.355 0.405 0.415
1.500 2100 0.334 0.533 0.407
1.500 2100 0.321 0.550 0.391




Contraéﬁotators' -

TABIE III (Cont.)

Table 2.III

Radlial station r = 0.89 Ro

M2 | rpie. % € oot =2
0. 750 1500 o.séa 0.107 0.417.
0.750 1500 0.369 0.139 10.389
0.750 1500 0.364 0.193 0.392
0.750 1500 0.344 0.270 0.379
1.112 2000 0.337 | 0.259 0.370
1.112 2000 0.322 0.287 0.355
1.112 2000 0.316 0.327 0.353
1.112 2000 0.303 0.420 0.348
1. 250 2000 0.344 0.249 0.376
1.250 2000 0.325 0.306 0.361
1.250 2000 0.310 0.401 0.354
1.250 2000 0.298 0. 470 0.347
1.500 | * 2100 0.320 0.296 0.354
1.500 2100 0.310 0.365 0.350
1.500 2100 0.292 0.467 0.338
1.500 2100 0.272 0.5862 0.324
1.500 2100 0.274 0.550 0.306




Table 2.III

TABLE 1III (Cont.)

Contra Rotators - Radial station r = 0.95R,
N, /N, " % € cot &g
1" 2 T oPoene
0.750 1500 - 04330 0.143 . 0.346
04750 1500 0.314 0.177 0.333
0.750 1500 0.280 0.255 0.302
0.750 1500 0.247 0.313 .| 0.268
0.750 1500 0.226 0.456 0,252
1.112 2000 0.251 0.384 - 0.278
1.112 2000 0.231 0.484 0. 260
1.112 | 2000 0.181 0.755 0.209
1.112 2000 0.183 | 0.895 | o0.218
1.250 2000 0.252 |  0.405 0. 280
1.250 2000 0.202 0.629 0.232
1.250 2000 0.176 0.885 0.212
1.250 2000 0.172 1.000 0.207
1.500 2100 0.218 0.535 0.247
1.500 2100 0.181 0.783 0.211
1.500 2100 0.170 1.000 0.204
1.500 2100 0.155 1.188 0.189

(l} : Badk flow downstream of the propeller.

(2) : Back flow both upstream and downstream

of the propeller,



8"-Hub Propeller operating at 2000 r.p.m.

Table III (Cont.)

Table 2 - III

Radial Srtation 19é € cot g é"
0.418 0.222 0.461 1.08
0.405 0.286 0.458 1.09
0.388 0.325 0.444 1.13
o2 04354 0.446 0.420 1.09
N 0.333 0.508 0.401 1.07
S 0.290 0.635 0.355 1,11
0.279 0.687 0.345 1.24
0.467 0.264 0.534 1.07
0.455 0.307 0.528 1.08
0.435 0.384 0.523 1.07
o 0.420 0.424 0.512 1.10
o 0.392 | 0.557 | 0.502 | 1.10
° 0.337 0.673 0.437 0.99
0.311 0.726 0.402 1.01
0,305 0.812 0.403 1.07




 8"-Hub Propeiler operating at 2000 r.p.me.

TABLE TIIT (cont.) .

Table 2.,III

Radial Station .
r S g cot <, &
0.273 0249 00293 0.870
0.270 0.268 0.292 0.880
0.252 0.335 0.276 Q.870
0 0.234 0.456 0.261 0.864
3 0.216 0.724 0.254 0.887
°© 0.212 0.650 | 0.245 |. 0.845
0.201 0.855 0242 0.926
0.187 0.985 0.229 0.910
0.141 1.600 0.182 0.810
0.344 0.194 0.369 1.04
0.326 0.262 0.356 1.03
0.312 0.315 0.346 1.07
o 0.291 0.414 0.330 1.07
i 0.282 0.454 0.324 1.07
2 0.251 0.602 0.295 1.06
0.222 0.780 0.269 1.00
0.176 1.190 0.222 0.93




TABLE V

Radial station r = 0.32 Ro

Table.2 - V

Group N revelis f% cot Co &H
g 0,70 1.0l 0,79
o [T
g 0 0458 0,88 0.70
. 3 0.U5 0.75 0.59
Q [aY]
~ a
% ) 0.10 0.19 0.17
oy
2 = 0,02 0,03 0.03
800 164 1437 0.98
1000 143 1.14 1.01
1200 1,24 1.10 1.01
FL}
g 1300 1,20 1.17 1,07
§ 1300 1o1Y 1,17 1.0l
[ +]
a 1500 1,10 1,16 1.05
T 1500 1.00 1421 1,06
(]
§ 1500 0.92 1.17 1400
Q
m 1800 0.82 1,12 0.92
2000 Oelly 0.74 0.61
2000 0,10 0.16 0.18




TABLE V (cont.)

Radial station r = 043 R,

Table 2,V

Group N Popalie % cot ap g,

0.65 0.86 0.98

. 0457 0.78 0491

3 g, 0.47 0.68 0.81

o - 0.28 0.47 0.57

,a § 0.22 033 0451

A . 0,09 0«1l 0.25
3] =

0+0U 0,06 0.10

800 1.23 1.07 0.93

1000 1.07 0.89 0.97

1200 0,94 0.85 0.96

1300 0489 0.85 0.98

& 1300 083 0.82 0.95

§ 1500 0.83 0.85 0.98

g 1500 0.77 0.86 0.99

E 1500 0.73 0.85 0,97

% 1800 0470 0.84 1,00

§ 2000 0.42 0,62 075

2000 0.27 0«45 0459




TABLE V (cont.)

Radial station r = 0.50 R,

Table 2.V

Group

N r.p.m. 9 cot @y ¢

: 0.59 0475 1,02

. 0454 0.70 0.97

; Z | 0.46 0.62 0.91

§ g 0.32 0.47 0,76

© N 0425 0.38 0,68

,.? g 0419 0.30 0.60

0 =

0.12 0417 0038

800 1.03 0.93 0089

1000 0.89 0474 0.91

1200 0.80 Oe74 0.9

. 1300 074 0.72 0.94

g 1300 0.71 0.71 0.95
g ,

& 1500 0.73 0,75 0499

g 1500 0.67 0.75 0.99

& 1500 0.63 0.72 0.97

|2 1800 0462 0.7k 1,02

@ 2000 0.47 0.64 0.96

2000 0.30 0.1 0.77




Contra Rotators - Radial station r = 0.43 Ro

TABLE V (Cont)

N, /N, ok 5 cot a5

: TePoll.
0475 1500 0.80 0.85
0.75 1500 0.77 0.89
0475 1500 0472 0.86
0475 1500 0.69 0.88
1.112 2000 0.71 0,90
1.112 2000 0463 . 0,87
14112 2000 0.56 0.80
1.112 2000 0.54 0.82
1,25 2000 0.70 0.93
1.25 2000 0.62 0.89
1.25 2060 0.60 0.89
1.25 2000 0e53 0.83
1.50 2000 0465 0.88
1.50 2000 056 0.86
1.50 2000 0.53 0.8Y4
1,50 | 2000 0.46 0.71

Table 2,V



Contra Rotators - ;Radial st‘ation r = 0,50 Ro

TABLE V (Cont.)

1\71/N2 N, r.p.m. Y cot ap
0.75 1500 0.68 0.73
Ce75 1500 0.67 0.75
0.75 1500 0,63 O.74
0.75 1500 0.60 0.74
1,112 2000 0.60 0.74
1,112 2000 C.57 0.75
1,112 2000 0.53 0.71
1.112 2000 .48 5,66
1.25 2000 0.62 0.78
1.25 2000 0.56 0.75
1.25 2000 0.54 0.75
1.25 2000 0.49 0.71
1.50 2100 0.58 0.76
1.50 2100 0.52 0.71
1.50 2100 0.48 0.67
1.50 2100 0.42 0.60

Table 2.V



Table 2.VI

Table VI.
Radi N 3 |+ & o
adius W V. § or ¢ or 0
de n Z’ obtained | from g
T = __6%(3 r .p oMo from observed éN
w.7 - V.] hea.d. S
1.05 1000 657 87 -570 -552 3.3
0.80 1500 -253 5 258 212 22.0
0.67 1800 -600 261 861 892 3.5
0..43 Ro 0.61 2200 | -2385 855 3240 3130 3.5
0.55 2200 | =2320 940 3260 3240 0.6
0.45 2200 | -2070 1097 3167 3080 2.8
0.35 2200 -796 3200 3996 3820 4,6
1.05 1000 =741 -97 644 636 1.0
0.80 1500 -441 18 459 467 1.7
Q.67 1800 804 74 ~730 ~560 30 .0
0.69 R° 0.61 2200 320 93 -227 -247 8.1
0.55 2200 - 609 238 847 876 3.3
0.45 2200 | -1832 561 2393 2340 2.3
0.35 2200 ( -1158 1050 2208 2260 2.3
1.05 000 77 -7 -84 340 %
0.80 1500 1380 41 -1339 1271 5.4
0.67 1800 2985 87 -2898 -2820 2.8
0.89 RO 0.61 | 2200 2535 637 ~-1898 ~1960 3.2
0.55 2200 1560 767 -793 ~-783 1.3
0.45 2200 1885 880 -1005 -1132 11.2
0.35 2200 2000 2060 -60 -65 8.3




Table 2.VII

TABIE VII
Blade Element at r = 0.69 R,

79"":% M %=?A.,:Zr*‘°° Mst . % = g 190
0.49 19.0 : 13.9

0.47 44,2 35.2

0.46 66.5 - 54.0

0.43 89.7 71.5

0.40 91.6 73.4

0.35 94,8 73.6

0.30 89.8 70.5

where,

Wy = the flow velocity downstream of the propeller,
AoH = +the rise in total energy at the radial

station considered,
APy = the rise in static pressure at the same
fadial station,
v = +the tangential or whirl component downstream

of the rotor.



Table 2.VIII

TABLE VIII
10% circular-back aerofoil. (R. & M. No. 2301)
Rn = 0.28 x lO6 (no lower value available)
a ( degs. ) c - a, ( degs. ) Cy,
-9.2 -2.9 -0.164
-7.9 -1l.6 -0.100
-6.6 ~0.3 -0.018
-5.93 1.0 0.077
-4.1 2.2 0.168
-2.8‘ 3.0 0.253
-1.6 4.7 0.341
-0,3 6.0 0.428
2el 8.4 0.599
34 9.7 0.625
4.8 10.9 0.674
5.9 12.2 0.725
@ - «¢5 : the effective .angle of attack measured

from the line of zero 1lift.




Table 2,IX

Table IX
Radial station r =0.63 Ro

qc=-§%ﬁq-' a (degs.) | ap/qn % Cy,
04350 8.1 5040 1.400
0.450 4.8 , 29.5 1.280
0.535 1.5 - 1.020
0.550 1.1 13.7 0.990
0.610 ~0.7 9.0 0.800
0.640 -1.9 3.4 0.664
0.670 ~2.0 - 0.170 .
0.710 -3.3 - 0.146
0.740 -3.9 - 0.100
0.800 -5.2 - 0.020
0.830 -4.8 ~0.5 -0.010

The angle of attack " &" is measured between the chdrd line
and the mean flow direction.

The secondery flow is expressed as a percentage of the total
axial flow passing through the annular area enclosed between
the hub, and the coaxial cylindrical surface passing by ,t'his

radial station.



TABIE I

Table 3=-1.

Q5=9 cusecs.

Qs=lo cusecs.

Actual | Reduced to Ng=1000 r.v.m.| Reduced to Ng=1000 r.p.m.
r.meQ
10786 | 1b.ft 1/t | lo.rts
2200 0.94 0.098 0.72 | 0.78 0.091 C.64
2000 C.94 0.099 0.68 | 0.76 0.090 0.64
1800 0.93 0.099 0.69 | 0.78 0.093 0.68
1500 0.95 0.098 0.68 | 0.77 0.091 0.64
1200 1.01 0.093 0.72 | 0.77 0.092 0.60
1100 0.92 0.095 0.7L | 0.79 0.090 0.71
1000 1.00 0.098 0.72 | 0.83 0,091 0.69
900 0.97 0.095 0.68 | 0.81 0.092 0.68
800 0.97 0.09X 0.67 | 0.81 0.086 0.67
Mean | C.96 | 0.097. 0.70 | 0.79 0.091 | 0.66
Qs= 10 cusecs. Q¢= 11.8 cusecs.
Actual | Reduced to Ng=1000 r.p.m. | Reduced to Ng=1000 r.p.m.
r.p.m.
Hms_ 2 (T, + Tz )S TI /TZ Hms 2 (Tl 4+ TZ ) Tl /T?.
1b/f¢ 1b.ft 1b/ft 1b.ft
2400 0.51 0.074 0.60 | 0.32 0.060 0.68
2200 0.54 0.075 0.61 | 0.32 0.059 0.65
2000 0.53 0.074 0.60 | 0.28 0.057 0.68
1800 0.52 0.074 0.64 | G.30 0.058 0.74
1500 0.50 0.070 0.58 | c.37 0.062 0.69
1200 0.54 0.074 0.66 | 0.30 0.068 0.71
1100 0.52 0.073 0.68 | 0.35 0.055 0.71
1000 0.56 0.073 0.72 | 0.34 0.056 0.72
900 0.57 0.074 0.73 | 0.29 0.047 0.78
800 0.60 0.071 0.68 | 0,40 0,053 0.69
‘Mean 0.54 0,073 0665 | 0433 0.058 0.71




Table 3.1

where, : 2 5
1000 1000 1000
=qx———, H =Hp | =—— Te =T[|—x=
Qs =R N, | me m[nl ] » Tg [Nl ]

and Q, H sy T and T are the flow rate, manometric head
e.rid torque values corresponding to the rotational speed

N at which the unit was tested. The rotors were

‘5/16’ in. apart.



TABLE

I1
N; =2400 r.p.m. N,=2200 r.p.m.
N, /N,=2.5 "N, /N, =2

- N3 =960 r.p.m, . N,=1100 r.p.m.
qc he T T, /T, In B ac he T /T, |9, %
0.560 | 0.064 | 0.056 -5.65 | 50.0 0.566 | 0.068 | 0.053 -86.55 | 57.0
0.544 | 0.082 | 0,061 '-8.21 57;2 0.552 | 0,085 | 0.056 | -10.,02 | 64.4
0.524 ] 0.095 | 0.062 | -13.72 | 62.9 0.537 | 0.100}| 0.062 | -24,6 68.0
] 0,513 | 0.109 | 0.066 39.20 | 66.2 0.525]1 0,115} 0.064 | 31.6 74.5
0.504 | 0.117 | 0.067 18.00 | 69.5 0.517 | 0.124 | 0.067 23,5 75.8
0.496 | 0.127 | 0.070 | 13.10 | 71.0 0.508 | 0.134 0.668 9,95 | 78.3
0.485 | 0.137 1 0.071 9.10 | 73.2 0.496 | 0,144 .0.071 7.70 | 78,7
0.470 | 0.147 | 0.072 6.80 | 75.2 0.483 | 0.156 | 0.073 6.10 | 80.6
0.455 | 0.158 | 0.073 9.23 | 77.2 0.466 | 0.168 | 0.076 4.29 | 80.9
0.433 | 0.169 0.075 4.61 |76.3 0.445 | 0.178 | 0.076 . 5.96 | 81.9
0.406 | 0.176 | 0.076 4,10 | 76.3 0.415 | 0.185 | 0.075 3.95| 80.4

(11 -~ ¢) 81qBsl



TABLE II (Continued)

NI =24OO r.p I 11

N. =N2=8000 IspPelle

N, /N,;=1.5 N, /N,=1
N,=1600 r.p.m,

Qe he Te T, /T, 7. % Qe h. Te /T | I ®
0.599 | 0.077 | 0.063 | 5,00 | 57.2 0.708 | 0.099( 0.091 | 0.799 | 60.0
0.588 | 0.095 | 0.066 | 3.54 | 66.4 0.695 [ 0.106 | 0.095 | 0.746 | 81.0
0.574 | 0.113 | 0.074 | 3.08 | 68,5 0.685 | 0.114] 0.099 | 0.702 | 61.7
0.560 | 0.130 | 0.077 | 2.58 | 74.0 0.676 | 0.127 | 0.103 | 0,674 | 65.6
0.554 | 0.141 | 0.080 | 2.15 | 76.4 0.661 [ 0.148 | 0.110 |0.652 | 70.0
0.549 | 0.153 | 0.084 | 2.24 | v8.2 0.638 [0.182 | 0.121 | 0.645 | 75.4
0.535 | 0.164 | 0.086 | 1.96 | 79.8 0.612 | 0.212 | 0.132 [0.655 | 77.2
0.519 |0.177 | 0.089 | 1.83 | 80.9 0.587 | 0.244 | 0.145 |0.682 | 75.8
0.504 | 0.191 | 0.092 | 1.71 |82.2 0.570 | 0.259 | 0.151 [0.685 | 77.0
0.480 [0.203 | 0.093 | 1.74 | 81.9 0.542 | 0,280 | 0,155 [0.711 [ 77.0
0.450 [0.210 |0.094 | 1.74 | 78.7 0.531 | 0.286 | 0,154 (0,736 {77.5

(IT - ¢) a1qel



TABLE II (Continued)

N' =1800 I'.p.m.

N' =1500 I‘.p.m.

N, /N,=0.75 N, /N,=0.625
N, =2400 r.p.m. N, =2400 r.p.m.,

dc he Te [T/ | 2, % a, he T |T/T |2 %
0.800 [ 0.147 | 0.152 | 0.071 | 60.2 0.889 [ 0.182 | 0.229 | -0.098 | 55.1
0.780 | 0.178 | 0.169 | 0.106 | 64,7 0.879 ] 0.211 | 0.246 | -0.062 | 58.8
0.764 | 0.213 | 0.185 | 0.149 | 69.2 0.856 | 0.248 | 0.263 | -0.030 | 63.4
0.740 | 0.246 | 0.199 | 0.182 | 72.2 0.840 | 0.286 | 0.270 | -0.021 | 68.8
0.726 | 0.265| 0.210 | 0.202 | 72.2 0.819|0.302]|0.272 | . 0.019 | 71.2
0.723 | 0.262 | 0,201 | 0.200 | 74.6 0.808 | 0.330 | 0.285 | 0.022 | 69.2
0.706 | 0.282 | 0.209 | 0.206 | 74.9 0.796 | 0.355 | 0.295 | 0.062 | 74.8
0.690 [ 0.308 | 0.214 [ 0.258 | 77.9 0.770 | 0.378 | 0.305 | 0.850 [ 74.5
0.669 [ 0,334 | 0.230 | 0.298 | 76.1 0.740 | 0.407 | 0.310 | 0.106 | 76.5
0.645 [ 0.357 | 0.239 | 0.304 | 75.6 0.715 ] 0.441 | 0.324 | 0.140 | 76.4
0.609 [ 0.383 | 0,237 | 0.326 | 77.4 0.684 | 0,478 | 0.331 | 0,190 | 77.4

(II - ¢) atqel



Table (3 - II)

N' =1200 J’.'.p .

N, /M, =0.50
N, =2400 r.p.m.

% hc Te T / T?.* Mm%
1,03 |0.254 | 0.503 - 42,8
1,014 | 0.288 | 0.477 - 47.3
0.990 | 0,334 | 0.485 - 51.0
0.966 | 0.378 |' 0.510 - 54.9
0.954 [0.407 | 0.522 | - 57.1
0.932 | 0.435 | 0.535 - 59.6
0.916 | 0.470 | 0.547 - 61.7
0.894 | 0.509 | 0.551 - 64.5 .
0.864 | 0.550 | 0.559 | -0.018 | 65.9
0.83 |0.595 | 0.563 | 0.008 | 68.9
0.79 |0.643 | 0.594-| 0.023 | 68,5

* Measurements of the upstream rotor
torque was not possible for flow
coefficients between 1.03 and 0.894.
For efficiency and torque coefficient
calculatioﬁs within that range, the

upstream rotor torque was neglected.



Table (3 - II)

Table II (Continued)

g, = Flow coefficient
=60 Q / NlD3 ,
h, :ﬁNominal manometric head coefficient referred to the
upstream rotor
= Hy, / ¥3(aR,)? |
T, = Toatal torque coefficient referred to the
upstream rotor : _
= 3600 (Ty+ NoTo/ Ny) / qﬁstl ’
N, = Nominal mechanical efficiency
= QH, /(2" / €) * (NyT;+ NoTp) ’
where,
Q@ = The through flow in cusecs.
. H, = Nominal manometric pressure head 1b./ft%
;yRo = Upstream rotor's tip speed ft./sec.
Tl = Torque applied to the upstream rotor.
To = Torque applied to the downstfeam rotor.

Nl & Ng are the upstream and downstream rotor
speeds respectively.

rotors were 2.25 in. apart.



TABLE TIII

N,=1500 r.p.m.

N, /N,=.75 N, /N,=1.0 N,=N,=2000 r,p.m.
N,=2000 r.p.m.

A he Te |T/T2|7,% % | he T |TW/% |7, %
0.596 | 0.407 | 0.260 | 0.421 | 73.3 | | 0.525 | 0.300'| 0.152 [ 0.687 | 81.3
0.632 |0.372 | 0.243 [ 0.360 | 76.0 | | 0.547 | 0.282 | 0.149| 0.670 | 81.4
0.666 | 0.332 | 0.228 | 0.310 | 76.9 | | 0.570| 0.264| 0.144] 0.856 | B1.9
0.700 | 0.291 | 0,211 | 0.269 | 76.1 | | 0.591 | 0.243 | 0.139 | 0.645 | 81.1
0.731 | 0.249 | 0.193 | 0.224 | 73.5 | | 0.612| 0.222]| 0.132 | 0.634 | 81,0
0.760 | 0.206 | 0.178 | 0.176 | 69.2 | | 0.632 | 0.200 | 0.124| 0.625 | 79.8
0.775 | 0.184 | 0.169 | 0.068 | 66.3 | | 0.651] 0.176 | 0.116 | 0.610 | 77.5
0.788 | 0.163 | 0.159 | 0.117 | 63.8 | | 0.670 | 0.147 | 0.106 | 0.603 | 72.8
0.809 |0.130 | 0.142 | 0.063 | 59.4 | | 0.690 | 0.118| 0.097 | 0.625 | 66.2

0.709 | 0.087 | 0.086 | 0.678 | 56.2

'III - ¢) eTqel



TABLE III (Continued)

N;=2100 r.p.m,

N' -"—'2000 I‘.p.m.

N, /N, =1.50 N, /N;=2.0
N;=1400 r.p.m, N, =1000 r.p.m.
qc he Te T /Ty ?,,, % Q¢ he Te T, /T, 7,“ %
0.445 | 0.221 | 0.102 | 1.60 76.8 0.418| 0.188 | 0.080 | 2.86 77.0
0.463 | 0.212 | 0.099 | 1.68 78.3 ’0.433 0.183}0.081 | 3.08 77 .2
0.475 | 0.207 | 0.980| 1.73 79.0 0.447 | 0.178 | 0.080 .3°33 78.0
0.503 | 0,190 | 0.095 | 1.87 79.3 0.461 | 0.171 ]| 0,079 | 3.69 78.3
0.531 | 0.168 | 0.090 | 2.04 78,0 0.474 | 0.164 | 0.078 4;18 77.8
0.557 [ 0.143 | 0.084 | 2,33 75.1 0.487 | 0.155 | 0.077 | 4.79 77.0
0.572 [ 0.127 | 0.078 | 2.83 73.3 0.500 |1 0.146 | 0.075 | 5.8 75.7
0.582 | 0.116 | 0.076 | 2.82 | 69.7 0.512 | 0.135 | 0.073 | 7.32 74.4
0.591 | 0.104 0.072 3.11 67.1 0.525 1 0.123 | 0.070 | 10.38 | 71.9
0.605 {0,087 | 0.067 | 3.98 62.0 0.535 | 0.110 {0,087 | 18.21 | 68.5
0.620 |0.069 | 0.060 | 6.05 56.2 0.547 | 0.096 | 0.064 | 88,7 64.4
0.559 | 0.082 | 0.062 - 5866‘
0.570 | 0.067 | 0,060 - .50.5

‘aT1qBl

(III - ¢)



Tables-(4~I, & II)

TABLE I

Single rotor

P, -P Q - W=tan @ c
1b/£t%| cuseos % at r/R,=0.63 | ©
1.280 | 23.48 |1.43x10° -0.308 0.972
1.152 | 22.30 |1.35x10° -0.374 0.972
0.960 | 20.25 |1.23x10° ~0.477 0.966
0.640 | 16.68 |1.01x10P -0.695 0.973
TABLE I

Group B - dontra-rotators
p.-D Q W=tan ©
l:/ftz cusecs " N'/Nz' at r/R,=0.63 %a
|1.160 | 22.40 |1.36x10°|1.112 | +0.086 0.973
0.925 | 20.00 |1.22x0|1.500 | -0.287 0.972
0.012 | 19.00 |1.21x1d°|1.112 | -0.003 0.974
0.846 | 19.30 |1.17x10°|1.250 | -0.096 0.982
0.722 | 17.63 |1.07x10°|1.000 | +0.200 0.975
0.702 | 17.41 |1.06x1c®|1.250 | -0.114 0.972
0.627 | 16.51 |1.01x10°|0.750 | +0.364 0.975
0.590 | 16.00 |0.97x10°|1.500 | -0.213 0.973
0.575 | 15.85 |0.96x10°| 0.750 | +0.392 0.980




TABLE 11X

‘Table (4 - III)

Group C - Booster arrangement

Po-P Q

lb/?t%. cusecs % ‘a
0.919 | 20.00 | 1.22x10° | 0.975
0.801 | 18.69 | 1.14x10% | 0.975
0.751 | 18.04 1.1000% | 0.975
0.670 | 17.10 | 1.04x105 | 0.976
0.663 | 17.00 | 1.03x10% | 0.976
0.098 | 21.00 | 1.28x10% | 0.980*
0.885 | 19.55 | 1.19x10% | 0.971*
0.715 | 17.60 | 1.07x10° | 0.972*
0.587 | 15.94 | 0.97x105 | 0.970*

* These values are based on velocity

traverses taken at section To .



Table (4 -~ V)

TABLE _V
Q W=tan 6 *
Rn N £ -1
cusecs at r/R,=0.63 N; R
23.48 | 1.46x10° -0.308 ; 0.049
22.30 | 1.37x10° ~0.374 5 0.048
20.25 | 1.26x10° -0.477 8 0.052
16.68 | 1.03x10° -0.695 2 | 0.053
o
25.40 | 1.39x10° +0.086 1.112 | o0.033
20.00 1.24x10° -0.287 1.500 | 0.044
19.90 | 1.23x10° -0.003 1.112 | o.032
19.30 | 1.20x10° -0.096 1.250 | 0.034
17.63 | 1.09x10° +0.200 1.00 | 0.050
. 5
17.41 | 1.08x10 ~0.114 1.250 | 0.036
16.51 | 1.02x10° +0.364 0.750 | 0.037
16.00 | 0.985x10° -0.213 1.500 | 0.038
15.85 | 0.976x10° 10.392 0.750 | 0.038
5 |
20.00 | 1.24x10 f 0.057
16.69 | 1.16x10° 1 § § 0.048
5 ]
18.04 | 1.12x10 2 9 0.028
5 L0 (o]
17.10 1.06x10 °© - 0.048
F) —
5 o} ol
17.00 1.,05x10 Z o 0.038

* 0On the down stream side



TABLE IX

Inner Wall(Hub).

x=0.5 It x=0.95 ¢

y u y u
inches ft/sec inches | ft/sec
0.016 0.8535 0.008 0.902
0.032 0.960 0.016 1.646
0.048 1.286 0.024 2,354
0.064 1.529 0.032 2,865
0.080 1.707 0.048 3.698
0.112 1.908 0.064 4,208
0.128 . 1.960 0.080 4,550
0.143 2,000 0.112 4,830
0.160 2,016 0.144 4.900
0.176 2.030 0.160 4,950

The velocities at the edge of the

Table (4 - IX)

boundary layer were 2.05 and 4.99 ft/sec.,

at x=0.5 and 0.95 ft. respectively,



Table (4 - X)

TABLE X
Graphical solution of equation 4 .29, for the

curved boundary walls of the inlet bell mouth.

Inner wall(hub) Outer wall

x £t | Z=5/ x ft. | 2= 8/
0.00 1.970 0.00 0.466
0.10 1.948 0.10 0.465
0.20 1.890 0.20 0.463
0.50 1.582 0.60 0.445
0.95 1.050 0.80 0.424
1.00 0.994 1.00 0.398
1.50 0.609 1.20 0.365
2.00 0.440 1.50 0.309
2,50 0.373 1.80 0.237
2,75 0.370

3.00 0.397

Where, x= the distance in ft. measured from
the stagnation point.
$ -A parameter of the nature of the
boundary layer thickness, though

it has no physical meaning.



Table XI

Table

Values of the functions F(y/s), & G(y/8) of

the equation w0 . F(y/s) + \a(y/s)

/5 F(y/s) G(y/s) /5 F(y/s) G(y/s)
0.10 | 0.1981 | 0.0122 || 0.60 | 0.8976 | 0.00640
0.15 | 0.2938 | 0.0154 || 0.70 | 0.9541 | 0.00315
0.20 | 0.3910 | 0.0171 || 0.80 | 0.9856 | 0.00106
40.30 0.5577 | 0.0172 || 0.80 | 0.9981 | 0.00015
0.40 | 0.6976 | ©.0144 || 1.00 | 1.000 0.00000
0.50 | 0.8125 | 0.0104

(4 - X1)



Table 4.XIII

Table XII1

Inner wall (hub) Outer wall

y in. ﬁ/Uo vy in. u/‘lJo y in. U/UO
0.18 0.935 0.06 9.794‘ 0«26 ¢.980
0.31 0.960 0.10 0.905 0450 0.985
0.51 0.975_ O.14 0.940 0.71 0.988
0.90 0.994 0.18 04957 1.05 1.000
1.11 1.000 04965

0.22




\n

<

F'i.g. 41

1

SKETCH OF AN AEROFOIL , SHOWING
THE CONVENTIONAL MEASUREMENTS

c

i
|

1-1 *bag



ch. 1-2&3

EASY,

. pr

g N .
s

Fig. 1-2 VORTICES ASSOCIATED WITH A
FINITE SPAN AEROFOIL

yl

F-’Lg. 1-3 A VORTEX SHEET



Ff.g. 14 &5

F—‘u’.g. 1-4 A VORTEX SHEET WITH FLOW
ON BOTH ITS SIDES

FLg.1-5 BOUND AND TRAILING VORTICES,
AND THE INDUCED VELOCITIES
FOR A FINITE SPAN AEROFOIL.



th. 1.6 &7

F‘Lg. 16 THE EFFECTIVE ANGLE OF ATTACK
FOR A FINITE AEROFOILL

N

P

r
7
C

Fi,g. 1-7 LOADED LINE WITH BOUND AND
TRAILING VORTICES, REPLACING
A FINITE AEROFOIL



F—‘Lg. 18 & 9

Fi.g. 1-8 A FLAT PLATE AS AN AEROFOIL

Fig.1-9 THIN PLATE, CIRCULAR ARC
AEROFOIL .



F-'Lg. 1-10 (a,b&c)

ﬂv% '
i

le— 5 —

(a) ““'
e !
AN P
Vs,
_ —f
(b) ~

(c) X2

th. 1-10 (a,b&aC) CASCADE OF BLADES

/'



F(,g. 1-11  FORCES AND MEAN FLOW VELOCITY FOR A
CASCEDE OF AEROFOILS.



Fig. 112 & 13

OUTER WALL INNER WALL

FLQ. 1-12 SECONDARY FLOW IN A PIPE BEND

th. 113 CIRCULATION AND TRAILING VORTICES
FOR A FINITE AEROFOIL.
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Fi.g. {-14 SKETCH SHOWING THE CARTESIAN AND POLAR
AXES IN RELATION TO THE ROTOR AXIS.
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Fi.g. 1-15 & 16
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r—‘l'.g. 1-15 VELOCITY DIAGRAMS FOR A BLADE
ELEMENT AT RADIUS 7.
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Vs \\
/ ]

FLg., 1-16 VELOCITY DIAGRAMS FOR PART,
NORMAL AND OVERLOADS, ACCORDING
TO THE ONE DIMENSIONAL THEORY.




F"i.g. 117

%’ré X : ONE SINGLE ROTOR
]
®© : ONE ROTOR OPERATING
1-3 WITH THE BOOSTING
ARRANGEMENT.
X
1.2 \
®
\
X o)
o)
10 XNy © 5 -
09
03 0-4 05
19] = “’2/11.1

Fl',g. 1-17

SECONDARY FLOW FACTOR AT
VARYING U.S. FLOW COEFFICIENTS

FOR RADIAL STATION Y5, = 076 .



F'(.g. 1-18

g=2
Wi
10 e
Z o T~
08
?4
06 y
/ X : ONE SINGLE ROTOR
0 : ONE ROTOR OPERATING
o4 , WITH BOOSTING
ARRANGEMENT.
o2
0-4 06 08 1.0 12
G - Wi/avy

FiLg.1-18  SECONDARY FLOW FACTOR AT
VARYING FLOW COEFFICIENT FOR
RADIAL STATION Vg =050 .



Fig.1-19

7

.
At
08

06
/ X : ONE SINGLE ROTOR
/ o : ONE ROTOR OPERATING
0.4 WITH BOOSTING
; ARRANGEMENT.

oe2}l—~L

06 08 1-0 12
_u
- 19:" Ty
r-'t.g. 1-19 SECONDARY FLOW FACTOR AT

VARYING FLOW COEFFICIENT
FOR RADIAL STATION V/g,=0-37 .



RADIAL FLOW AS A PERCENT OF AXIAL FLOW.

Y . B | I
~~ =)
Ro 037 X ¢ ONE SINGLE ROTOR
* : ONE ROTOR OPERATING
100 - WITH BOOSTING —
ARRANGEMENT.

Y -
2=0-50
Ro \

x

80 L\

\
co L\

.\x

\_

FLg.!-ZO

w: \ﬂ
Y =089 % I\
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€ nD3

r-’t'.g. 1-20 SECONDARY FLOW AS A PERCENTAGE
OF AXIAL FLOW FOR DIFFERENT RADIAL
STATIONS, AT VARYING FLOW RATES.



RADIAL FLOW AS A PERCENT OF AXIAL FLOW (INTEGRATED FROM THE OUTER WALL)

n
(o]

o
o

!
n
o

n
o

o
o)

'
2]
o

n
o

@
=)

!
3

F'Lg. 1-21

X/ 2\
v [ X : ONE SINGLE ROTOR.
Re=0'95 © : ONE ROTOR OPERATING
/ \ WITH BOOSTING
ARRANGEMENT.
X /o x
X
9/ o | o
V4
/
X \ "/R = 0-89
o/ °
X/ X
Q/ x
,X . \o\
)
x/
/
Y, _
/RO... 0-82
X \\K‘
\G\
,X
X/ .
/ | -ue sIGN INDICATES OUTWARD RADIAL FLOW.
I I I l
) . -
| o4 0-6 o8 10 12 955
FLg. 1:21 SECONDARY FLOW AS A PERCENT OF

AXIAL FLOW, BOTH INTEGRATED FROM
THE OUTER WALL..



Fiqg. t-22

N [
=%do |k
Q o X : ONE SINGLE
X ROTOR
‘30 © : ONE ROTOR OPERATING
\ WITH BOOSTING
\ ARRANGEMENT
%
20 \
10 <3><\ o
X
\
x(oo\o\_/
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04 0-6 0-8 10 12 .= &
nD3
Fig. 1-22 TOTAL RADIAL FLOW AS A PERCENT
OF AXIAL FLOW, AT VARYING RATES
OF FLOW.
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OUTER| WALL
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‘w/
ZONE OF BACK FLOW UPSTREAM /O”/
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Fig.1-23 DEPTH OF BACKFLOW STREAMS UPSTREAM AND DOWNSTREAM OF THE

PROPELLER, AT THROTTLED FLOW RATES.
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Fi.g.1~24

U I [ |
tan@= l% W = AXIAL VELOCITY l
8

[~ VU = TANGENTIAL VELOCITY

U = AXIAL MEAN FLOW VELOCITY

tan B

cllg
b"\‘-

"MAINSTREAM g/ » BACK

o :;//@/ FLOW

I
o2 HUB 04

) X v

| 06 os T,

Fi.g. 1-24 PRE-ROTATION CAUSED BY BACK
FLOW UPSTREAM OF THE PROPELLER

AT FLOW COEFFICIENT q'c =0'18.



Ft’.g. 1-25

REGION OF RADIAL
SECONDARY FLOW

P-R

25 v

F-‘Lg. 1.25 PROBABLE MODIFICATION TO THE
PRESSURE DISTRIBUTION ON THE
LOW PRESSURE SIDE OF THE BLADE
CAUSED BY THE RADIAL SECONDARY
FLOW WITHIN THE BOUNDARY LAVYER.



Fl;g. 1-26

FLg. 1-26 SECONDARY FLOW WITHIN
THE BOUNDARY LAYER OF
LOW-PRESSURE SIDE OF
THE ROTOR BLADE



th. 1-27

th. 1-27 FOULING REGIONS ON A COMPRESSOR
BLADE. (REPRODUCED FROM A
PAPER BY DAVIDSON)



DIAGRAMATIC SKETCH OF THE ROTOR BLADE

Fig.2-|

|-2-b14
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ROTOR DIAL GAUGE
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MILLING M/C Eﬂj

TABLE\

DIAGRAMATIC SKETCH SHOWING THE METHOD USED

Fl'.g. 2.2(@)
FOR BLADE PROFILE MEASUREMENT.
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Fi,g. 2-2 (b)
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Fig. 2-2(b) DIAGRAMATIC SKETCH OF THE
MODIFIED DIAL GAUGE USED
FOR BLADE MEASUREMENT.



Fig. 23 (asb)
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Fig.2:3(Q) ANGLE BETWEEN THE TANGENT TO
THE LEADING EDGE OF THE CAMBER
LINE, AND AXIAL DIRECTION,
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Fig. 2:3(b) ANGLE BETWEEN THE TANGENT TO
THE TRAILING EDGE OF THE CAMBER
LINE AND AXIAL DIRECTION.(TABLE II)
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Flg. 2-3(C) CHORD ANGLE MEASURED FROM
AXIAL DIRECTION.
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Fig.2-3(d)BLADE CAMBER ANGLE AT DIFFERENT
RADIAL STATIONS. (TABLE II).
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Fig.2-5 (a&b)
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Fig. 2-5(a) UPSTREAM AND DOWNSTREAM AXIAL
VELOCITY DISTRIBUTION AT
Uc=0-15 (q,c =0-35)

w us. ‘
E ; |

1-0 /

oL

J

cl
° &

|
I
02 Hub 04 06 08 YRo
Fig.2-5(b) UPSTREAM AND DOWNSTREAM AXIAL

VELOCITY DISTRIBUTION AT
Uc =017 (%=°'43)




Fig.2-5(c &d)
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Fig.2:5(C) UPSTREAM AND DOWNSTREAM AXIAL
VELOCITY DISTRIBUTION AT
Uc = 0-20 (CLc= 0:45)
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Fig. 2-5 (d) UPSTREAM AND DOWNSTREAM AXIAL
VELOCITY DISTRIBUTION AT
Uc=0-24(q,=055)



Fig 2:5(€),& 26 (@)
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Fig.2:5(€) UPSTREAM AND DOWNSTREAM VELOCITY -
DISTRIBUTION AT Uc=0-35 (q,c= 0-80)

1-5
w”
ﬁU.S.
1.0 [ —o——O0—
O-5
I

X . .8 9 T
06 HubO-7 0-8 s Y.

Fig.2-6(a) UPSTREAM AND DOWNSTREAM VELOCITY
DISTRIBUTION FOR THE 8-HUB PROPELLER
AT Uc=0°165
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Fig.2-6(b&c)
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Fig.2-6(b) UPSTREAM AND DOWNSTREAM VELOCITY
DISTRIBUTION FOR THE 8"-HUB
MODIFIED PROPELLER AT Uc =0-238.
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U.S., & D.S. VELOCITY DISTRIBUTION

FOR THE 8"-HUB MODIFIED
PROPELLER AT Uc =0-256.



Fig. 26 (d &e)
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Ftg 2-6 (d) U.S., & D.S. VELOCITY DISTRIBUTION
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Filg2-6 (€) US., & D.S. VELOCITY DISTRIBUTION
FOR THE 8"HUB PROPELLER AT

Uc=0-296



ch. 2-7 (a)

R I |

F—Ja | @ : ONE 3-5" HUB ROTOR
_ OPERATING ALONE AND
1.4 WITH BOOSTING SET-UP

X ! THE 8" HUB MODIFIED

\ ROTOR

13
0]
-2 A
®
14 Yo &
X / \:xx
/ A
. X |
1.0 ’,x : o
OO
09
. \c»
AN
03 04 05 06 e

FlLg.2-7 (@ SECONDARY FLOW FACTOR VS.D.S.
FLOW COEFFICIENT FOR RADIAL
STATION Y,= 0:69
SECONDARY FLOW WAS RADIALLY
OUTWARDS FOR THE 3/2-HUB ROTOR,
AND INWARDS FOR THE 8“-HuUB
PROPELLER (TABLE TIT)
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Fig 2-7 (b)

I | I

@: ONE 3%-HUB ROTOR OPERATING
" ALONE, AND WITH BOOSTING
SET-UP.

X ¢ THE 8"-HUB MODIFIED ROTOR.

~ THE U.5.ROTOR OF TWO
® . CONTRA-ROTORS, 24 APART.

o2

03 0-4 05 06 o7 %

Fig.2-7 (b) TANGENTIAL VELOCITY COMPONENT, AS

A RATIO TO AXIAL VELOCITY, DOWNSTREAM
OF THE PROPELLER, V.S. D.S. FLOW
COEFFICIENT, FOR RADIAL STATION T/Ro= 0-69

(TABLE IIT)



Flg.2-7 (C)
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© : ONE 3%'-HUB ROTOR
/ OPERATING ALONE, AND
o2 WITH BOOSTING SET-UP.
X : THE 8"-HUB MODIFIED
| ROTOR.
/ ¢ ¢ THE U.5. ROTOR OF TWO
o-1 CONTRA-ROTORS,
: 2%4" APART.
| | |
01 02 03 0-4 05 %

Fig. 2:7 (C) DOWNSTREAM FLOW DIRECTION RELATIVE
TO THE ROTOR BLADE, V.S. D.S. FLOW
COEFFICIENT, FOR Y/, = 0-69.(TABLE III)
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Fig.2-8 (a)

o : ONE 3%"-HUB ROTOR
OPERATING ALONE, AND
\ WITH BOOSTING SET-UP

X : THE 8"-HUB MODIFIED
' ROTOR

]
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\&_

o2 03 04 05 06

Fig. 2-8(a) SECONDARY FLOW FACTOR VS. D.S. FLOW

COEFFICIENT FOR RADIAL STATION Y4 =076
SECONDARY FLOW WAS RADIALLY OUTWARDS
FOR THE 32" HUB ROTOR AND INWARDS FOR
THE 8"-HUB PROPELLER. (TABLE II)



Fig. 28 (b)

| l |
©: ONE 3%"-HUB ROTOR
\ OPERATING ALONE, AND
1.2 ~ WITH BOOSTING SET-UP
R R X : THE 8™-HUB MODIFIED ROTOR
wz L e . THE UPSTREAM ROTOR OF
1.0 TWO CONTRA-ROTORS,
2%" APART
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Flg. 2-8(b) TANGENTIAL VELOCITY COMPONENT AS A
‘ RATIO TO AXIAL VELOCITY D.5.0F THE
PROPELLER,VS. D.S.FLOW COEFFICIENT,
FOR RADIAL STATION Vg = 076
(TABLE III)



Fig. 2-8 (C)
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/ o : ONE 3%'-HUB ROTOR

OPERATING ALONE, AND

o2 WITH BOOSTING' SET-UP.
X * THE 8"-HUB MODIFIED ROTOR
e I THE UPSTREAM ROTOR
/ OF TWO CONTRA-ROTORS,
o1 2%"APART |
0-1 o2 0-3 0-4 o5 Vp

FiLg.2-8 (C) DOWNSTREAM FLOW DIRECTION RELATIVE
TO THE ROTOR BLADE VS. D.S. FLOW
COEFFICIENT, FOR RADIAL STATION
Vro = 076 (TABLE III)
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Fig.2-9 (a)

o : ONE 3%2"-HUB ROTOR
OPERATING ALONE, AND
WITH BOOSTING SET-UP
X ! THE 8"-HUB MODIFIED
ROTOR.
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Ox/)oo-x‘x
o) \x .
O©
/x =2
X
o2 03 04 05 06

Flg.2'9 (0) SECONDARY FLOW FACTOR VS.D.S. FLOW

COEFFICIENT FOR RADIAL STATION Yj,=0-89.
SECONDARY FLOW WAS RADIALLY OUTWARDS
FOR THE 3Y2"HUB ROTOR AND INWARDS FOR
THE 8"- HUB PROPELLER (TABLE III)



Fig. 2:9 (b)

e : ONE 3%"-HUB ROTOR
\ OPERATING ALONE, AND

12 WITH BOOSTING SET-UP.
0 X : THE 8"- HUB MODIFIED
E=;;_,— ROTOR
e e : THE UPSTREAM ROTOR
1-0 \ OF TWO CONTRA-ROTORS,
\° 2% APART.
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FLg. 2:9 (b) TANGENTIAL VELOCITY COMPONENT AS A

RATIO TO AXIAL VELOCITY D.S.OF THE
PROPELLER, VS. D.5. FLOW COEFFICIENT,
FOR RADIAL STATION, Vo, =0'89.
(TABLE II)



Fig.2'9 (c)

l l 1 l i

0: ONE 3%'-HUB ROTOR OPERATING
ALONE, AND WITH BOOSTING SET-UP.

0.6 | X: THE 8"HUB MODIFIED ROTOR.
o : THE UPSTREAM ROTOR OF TWO

col xa

CONTRA-ROTORS, 24 APART. /
O'5 _ Y.
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S
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O'a //
4
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Fig. e 9 (C) DOWNSTREAM FLOW DIRECTION
RELATIVE TO THE ROTOR BLADE, VS. D. S.
FLOW COEFFICIENT, FOR RADIAL
STATION Y = 0-89. (TABLE IIL)
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Fig. 2-10(a)

®© s ONE 3%"- HUB ROTOR
OPERATING ALONE, AND

WITH BOOSTING SET-UP.
X ¢ THE 8"-HUB MODIFIED ROTOR
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o \\_/G/
X (O]
X ©
X
x %
X
o2 03 0-4 05 06 Jp

FLg. 2-10(a) SECONDARY FLOW FACTOR VS. D.S.

FLOW COEFFICIENT FOR RADIAL STATION
VR = 0°95. .

SECONDARY FLOW WAS RADIALLY OUTWARDS
FOR THE 32" HUB ROTOR AND INWARDS
FOR THE 8"-HUB PROPELLER.(TABLE IIT)
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Fig.2:10 (b)

l | 1

@ : ONE 3%"- HUB ROTOR
OPERATING ALONE, AND

WITH BOOSTING SET-UP
X ¢ THE 8"-HUB MODIFIED ROTOR
e . THE UPSTREAM ROTOR
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FLg.2-10(b) TANGENTIAL VELOCITY COMPONENT AS A

RATIO TO AXIAL VELOCITY D.S. OF THE
PROPELLER, VS. D.S. FLOW COEFFICIENT,
FOR RADIAL STATION Y =0-95 (TABLE IIT)



Fig.2:10 (c)
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ol o © : ONE 3% -HUB ROTOR OPERATING ALONE,
e AND WITH BOOSTING SET-UP. ]
06— x:THE 8"-HUB MODIFIED ROTOR.
e : THE UPSTREAM ROTOR OF TWO
CONTRA-ROTORS,24APART ,
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FLg. 2:10(C) DOWNSTREAM FLOW DIRECTION RELATIVE
' TO THE ROTOR BLADE VS.D.S. FLOW
COEFFICIENT, FOR RADIAL STATION
VRo =095 (TABLE III)
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Fig. 2-11 (q) DOWNSTREAM FLOW DIRECTION

RELATIVE TO THE ROTOR BLADE
AND THE SECONDARY FLOW FACTOR
V5. D.S. FLOW COEFFICIENT FOR

RADIAL STATION VR, =0-32
(TABLE M)



Fig. 2-11 (b)
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Fig.2-11(b) DOWNSTREAM FLOW DIRECTION

RELATIVE TO THE ROTOR BLADE
AND THE SECONDARY FLOW FACTOR
VS. DS. FLOW COEFFICIENT FOR
RADIAL STATION V5 =043
(TABLE Y1)
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ch. 2:11(C) D.S.FLOW DIRECTION RELATIVE TO THE
ROTOR BLADE, AND SECONDARY FLOW
FACTOR VS. D.S. FLOW COEFFICIENT FOR
RADIAL STATION Y, =0-50 (TABLE ¥T)



10

05

Fig.-2-11 d)

06

o2 o4 06 %

col xo

04
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Fig.2:11(d) D.S. FLOW DIRECTION RELATIVE

TO THE ROTOR BLADE, AND
SECONDARY FLOW FACTOR

V5. D:S. FLOW COEFFICIENT FOR
RADIAL STATION YR, = 069
(TABLE TI)
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FLg.2-11 (&) D.S. FLOW DIRECTION RELATIVE TO THE

ROTOR BLADE, AND SECONDARY FLOW
FACTOR VS.D.S. FLOW COEFFICIENT FOR
RADIAL STATION Y4 =0-89. (TABLE II)



Fig. 2-11 (f)
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Fig. 2:11( f) D.S. FLOW DIRECTION RELATIVE
TO THE ROTOR BLADE , AND
SECONDARY FLOW FACTOR
VS. D.S. FLOW COEFFICIENT FOR
RADIAL STATION Vo, = 0-95
(TABLE 1T )



F(.g. 2-11 (g)
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Fi,g. 2-11 (g) D.S. FLOW DIRECTION RELATIVE TO THE

ROTOR BLADE, VS. FLOW COEFFICIENT
FOR RADIAL STATIONS T4, = O:32,
050, AND 0-95.



Fig. 2-12
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FLg. 2-12 HYDRAULIC EFFICIENCIES, BASED ON THE
RISE IN TOTAL ENERGY AS WELL AS
STATIC PRESSURE, FOR RADIAL STATION
Tho= 069 (TABLE MII)
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Fig. 2-13

o S5 I0 DEGREES

TOTAL RADIAL SECONDARY FLOW AT
RADIAL STATION YRe = 0-63, PLOTTED
AGAINST THE CORRESPONDING ANGLE
OF ATTACK. (TABLE IX)



Ft’.g. 2-14

14 — X : VALUES CORRESPONDING TO

© ¢! VALUES CORRESPONDING TO
THE ROTOR PROFILE.

THE 10% CIRCULAR BACK

CL PROFILE (R &M. 230I)
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— g
SECONDARY FLOW
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o
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)(/X/
-5 o 5 10 DEGREES

Ff.g. 214 LIFT COEFFICIENTS VS. EFFECTIVE ANGLES OF

ATTACK FOR THE ROTOR PROFILE AT Vp,= 0:63,
AND THE 10% CIRCULAR BACK PROFILE -
(R.&M.230!) (TABLES VIIT & IX)



0:34" AXIAL GAP BETWEEN ROTORS
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T, T2 & T3 : VELOCITY TRAVERSES

th. 31

PROPELLER HUB WIDTH = 1%¢

SET UP FOR TESTING TWO CONTRA-PROPELLERS SPACED

AT 2'%4"& She"

1-¢ ‘b1
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Fig.3:2 LAYOUT OF ROTOR SHAFT BEARINGS,

ARRANGED FOR AXIAL GAP VARIATION.
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Fig. 3-3 (a&b)
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Fig.3'3 (A) SPECIFIC MANOMETRIC HEAD
VS. ROTOR SPEED AT SPECIFIC
FLOWS: 9,10,11 & 11-8 CUSECS.
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Filg. 3-3(b) TOTAL SPECIFIC TORQUE VS.
ROTOR SPEED AT SPECIFIC
FLOWS: 9,11 & 11-8 CUSECS.



Fig. 3-3 (C)
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Fig.3:3 (C) TORQUE RATIOS V5. ROTOR SPEED
AT SPECIFIC FLOWS: 9,104 11-:8 CUSECS.
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Fig. 3:4 FLOW-HEAD CURVES FOR DIFFERENT
ROTATIONAL SPEED RATIOS. (TABLE II).
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N,/N, =25

/T2

Nj/Na:’— 1-5

Ni/Ng =10
T0 O
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o °o

o-4 0'S 06 0-7 08 qc

FLg.3-5 TORQUE RATIO VS. FLOW COEFFICIENT FOR
DIFFERENT ROTATIONAL SPEED RATIOS. (TABLET
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N| /Na = Q-
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0‘5 x
0-4
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00
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25 — 00 °°°°°°°
° N,/Nz=1-5
0-4 05 06 o7 o8 09 G
F'i.g. 36 TOTAL TORQUE COEFFICIENT, REFERRED TO THE U.S.

ROTOR, VS. FLOW COEFFICIENT FOR DIFFERENT
ROTATIONAL SPEED RATI0S. (TABLE IT).
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FLg 37 MECHANICAL EFFICIENCY Vs. FLOW COEFFICIENT FOR

DIFFERENT ROTATIONAL SPEED RATIOS. (TABLE II).
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Ft’.g. 3-8

8Hm I
S RG(N+N,)? . I N,/Nz=1-00
x N|/Na= 0'75
4,'/4/ A . N,/Nz= 050
04
03
02
O-1

- 05 0-6 o7 0-8 3
Q /(NH- Nz) D
2

Ff.g. 3-8 MANOMETRIC HEAD AND DISCHARGE
COEFFICIENTS IN TERMS OF MEAN
ROTATIONAL SPEED, FOR CONTRA-ROTATORS
OPERATING AT DIFFERENT ROTATIONAL

SPEED RATIOS.
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AT VARIOUS ROTATIONAL SPEED RATIOS.
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Fig. 3-10(a)
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Fig.3- lo(a) FLOW- HEAD CHARACTERISTIC CURVES
WITH 24°& %¢" AXIAL SPACING BETWEEN
THE ROTORS, FOR DIFFERENT ROTATIONAL
SPEED RATIOS. (TABLES II, & IIT).



Fig. 3-10(b)
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Fig. 3-10(b) TORQUE - RATIO VS. FLOW COEFFICIENT WITH
2%72 %" AXIAL SPACING BETWEEN THE ROTORS,
FOR DIFFERENT ROTATIONAL SPEED RATIOS.
(TABLES IT, & II).
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Flg.3-10(C) TORQUE COEFFICIENT V5. FLOW
COEFFICIENT WITH2%2 %" AXIAL SPACING
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Fig. 3-10(d) EFFICIENCY-FLOW COEFFICIENT CURVES
WITH2%. & 7e AXIAL SPACING. (TABLES IT,& TIL.)
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Fig. 3-10(d) EFFICIENCY-FLOW COEFFICIENT
CURVES WITH2%4"& % AXIAL SPACING.
(TABLES II, & IOT).



Fig. 3-11(Q)
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Fig. 3:11(a) EXCESS K.E., AS A PERCENT OF TOTAL
, ENERGY IMPARTED, FOR VARY ING FLOW
COEFFICIENTS AT N, /N2 =1:50
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Fig.3-11(b) ACTUAL AND MODIFIED MECHANICAL
EFFICIENCIES FOR N;/Np=0-75
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FLg.3-12 AXIAL VELOCITY DISTRIBUTION DOWNSTREAM
OF THE 2NP ROTOR OF A CONTRA ROTATING

UNIT OPERATING AT N,/Nz=1-50



Fig..3~13

F'Cg. 313 PROPOSED ARRANGEMENT FOR
A CONTRA ROTATING UNIT.
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FLg.3-14(a) UPSTREAM ROTOR TORQUE
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FLg.3:16 TORQUE COEFFICIENT AT VARYING FLOW
COEFFICIENTS FOR A SINGLE ROTOR.
(MECHANICALLY MEASURED)
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Fig. 3:18 (a&b)
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FLg 318 (A) HEAD- FLOW COEFFICIENTS FOR A
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Ft'.g. 3.19 (a) RELATIVE FLOW DIRECTION DOWNSTREAM

OF THE 2NP ROTOR OF A CONTRA-ROTATING
UNIT, OPERATING AT DIFFERENT ROTATIONAL
SPEED RATIOS, AS WELL AS THAT '
CORRESPONDING TO A SINGLE PROPELLER,
FOR RADIAL STATION Vo =0-43.
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Fﬁg.3-19(b) RELATIVE FLOW DIRECTION DOWNSTREAM
OF THE 2NP ROTOR OF A CONTRA-ROTATING

UNIT, OPERATING AT DIFFERENT ROTATIONAL
SPEED RATIOS, AS WELL AS THAT CORRESPONDING
TO A SINGLE PROPELLER, FOR RADIAL
STATION Vg, = 0-69
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Fig.4-4
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Fig.4-4 VELOCITY ALONG THE HUB BOUNDARY
WALL OF THE INLET CONE, AS COMPUTED
FROM STATIC PRESSURE MEASUREMENTS.
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FLg 4-9(a) SOLUTION REACHED BY KARMANS
METHOD FOR THE OUTER WALL

BOUNDARY LAYER OF THE INLET CONE.
(TABLE X0).
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FLg.4-9(b) SOLUTION REACHED BY KARMANS
METHOD FOR THE HUB WALL
BOUNDARY LAYER OF THE INLET
CONE. (TABLE X).
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Fig.4-10 (b) VELOCITY PROFILE WITHIN THE HUB WALL

BOUNDARY LAYER AT X=0-95§., AS
COMPUTED BY BLASIUS’S AND KARMANS
METHODS. (TABLES IX, & XII.)
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F(g.4-11(Q) VELOCITY PROFILE WITHIN THE
BOUNDARY LAYER OF THE INLET CONE
HUB WALL, AS COMPUTED BY KARMANS

METHOD AND EXPERIMENTALLY
MEASURED.
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AS COMPUTED BY KARMANS METHOD AND
EXPERIMENTALLY MEASURED.
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