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Summary
;

A series of experiments have been performed with a rotating
i

cascade wind tunnel to determine the effect of a rotational flow
on the behaviour of the blades in a turbomachine.

A two-bladed

rotor has been tested as a stationary annular cascade- and also when
It is

rotating synchronously with a solid body rotational flow.

then possible to make a direct comparison between the behaviour of
the same blade in irrotational and rotational flows.

It is shown

that if the level of turbulence is greater than some critical value,
then there is no significant difference in the unstalled performance
of the blades in the stationary and rotating cascades.

However,

even at a relatively high level of turbulence, there is a marked
difference in the manner in which the blade stalls for the
stationary and rotating cascades.

* Replaces A.RC.29 175
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1.0 Introduction
^_

A series of experiments have been carried out with stationary and rotating cascades to determine the effect of a low speed
rotational flow on the behaviour of the blades in a turbomachine.
A simple two-bladed rotor with uncambered aerofoils has been
tested over a range of stagger angles as a stationary annular
cascade and also when rotating synchronously with a solid body
rotational flow (constant axial velocity and circumferential
velocity proportional to radius).

By measuring the pressure

distribution around the aerofoil, it is then possible to compare
the behaviour of the same blade in both stationary and rotating
cascades.

The two-bladed rotor can be regarded as a

ducted

propeller or a simple annular cascade which rotates.
The experimental programme was originally based on the theory
developed by Hawthorne (1) for the effect of a rotational flow on
the lift of an aerofoil of infinite span.

Hawthorne

considered

the flow past an infinite aerofoil which rotates synchronously
with an unbounded solid body rotational flow.

The analysis indi-

cated that when compared with a stationary cascade, there would
be a substantial reduction of lift on the blades in the solid
body rotation flow.

The experiments were designed to check this

theory and it was estimated that the blades in the rotating
cascade would produce 17% less lift than in the stationary
cascade.

This reduction in lift on the rotating blades could be

detected by measuring the pressure distribution around a blade at
5

the mid-span position.
In addition to checking the analysis for a rotational flow

.

past an aerofoil, these experiments have a more fundamental
interest for the design engineer in that it has been possible to
make a direct comparison of the behaviour of the same blade in
both a stationary and a rotating cascade.

The performance of a

section of a rotor blade is usually compared with the performance
of the same blade section in a stationary linear
approach which neglects the influence of

cascsde, an

neighbouring blade sec-

tions,in particular the blade twist and the ,variation of lift
along the span of the blade.

A direct comparison of the perfor-

mance of the blade in stationary and rotating cascades is difficult to obtain and in these experiments, this was achieved by the
i

use of a solid body rotation flow.

The same blades have been used

in both the stationary and the rotating cascades and relative to
the blade row, the inlet flow conditions are identical.

It is

therefore possible to make a direct comparison of the behaviour
of the two cascades.
2.0 The Theoretical Basis for the Experiments
The theory for the flow of a rotating fluid over a rotating
aerofoil of infinite span has been given by Hawthorne

(1) and

this theory has been extended by Denton (2) to the flow of a
rotating fluid past a rotating cascade in an

annulus.

The work

of Hawthorne and Denton forms the basis for these experiments and
a review of their analysis may help to explain certain unusual
features in the design of the apparatus.
The equation of motion for the fluid in a co-ordinate system
which rotates with the cascade is
+; t (W.V)W t 25 x tj t n x (-ij x r, = - i VP

(1)

- 5 where u is the relative velocity vector and z the angular velocity
vector of the cascade.

For an incompressible flow which is steady

relative to the co-ordinary system, this equation reduces to
p:,
I7 x (v x iTt2ii) = v$--)

(2)

where
P:',E - $ Q2r2 t 2Jw. v
P

P

The pressure p;

is the stagnation pressure in the presence of the

radial force field of the rotating co-ordinate system.

From

equation (2), it follows that

body rotaLion flow, (% ) is uniform far upstream,
constant throughout the entire flow.

Equation (2 ) then becomes

ITX (isx wt 23 = 0
which has the solution
VxWt2R

-

(3)

AIT

where x is a scalar function.

By taking the divergence of this

equation and applying the equation of continuity, V.l? = 0,
Hawthorne has .&-i&n
,;:- I_, that 1 remains constant along the streamlines.
It follows tha(
;---;f6-r the solid body rotation flow, A can be evaluated far u$stre% where V x w= 0,

where U is theLLu&orm axial velocity of the flow approaching the
5

cascade.

If the-rotating cascade produces a velocity perturbation

w-where
FT= iU + W
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then equation (3) can be written as
v*w

+

x2;

q

0

(5)

The equation governing the flow through a cascade which rotates
synchronously with a solid body rotation flow therefore differs
from that which governs the flow through a stationary cascade,
a)

6;s

:

0

b)

v*< t A*; = 0 rotating cascade.

stationary cascade

The difference between the flow in the two cascades is governed
by the parameter A, or in a non-dimensional form Xc, where c is
the blade chord.
In Hawthorne's original paper it was assumed that the

aero-

i

foil was of infinite span and that the flow did not vary along
the span of the blade.

It was then possible to obtain an approxi-

'

mate solution for the flow past a flat plate aerofoil and it was
shown that the blades in the rotating two-bladed cascade would
produce less lift than in the stationary cascade. The experiments were intended to test this theory and for the chosen value
of Xc, 0.36, the reduction in lift on the rotating blades was
estimated to be about 17%.
Denton (2) has extended the basic theory to the flow of a
rotating fluid past a rotating cascade.

By restricting the flow

along the span of the blade, the annulus walls reduce the effect
of rotation on the lift of the aerofoil.

Whereas the original

theory indicated that standing waves would occur in the flow past
an aerofoil of infinite span for all values of A C, the theory for
flow in an annulus shows that these standing waves will not be

.
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dependent on the hub to tip ratio of the annulus.

The apparatus

i
used in these experiments has a hub to tip ratio of 0.4 and for
hc = 0.36, Denton's analysis predicts that standing waves will
not occur and that the lift at the mid-span section of the rotating blades will be only 2% less than that in the stationary
cascade.

The experiments should therefore lead to almost iden-

tical pressure distributions around the blade for the rotating
and stationary cascades.

The theory predicts that the effect of

rotation should be very small for

AC = 0.36, but this effect will

increase as hc is increased and standing waves will occur when
AC

-1.1.

‘
3.0 Apparatus - The Rotating Cascade Wind Tunnel
The main apparatus used in these experiments was the rotating
cascade wind tunnel at the Department of Engineering, Cambridge
University.

A detailed description of this wind tunnel is given

in reference (3).

The overall design of the tunnel is shown in

Figures 1 and 2 for the rotating and stationary cascade tests
respectively.

A fibre-glass inlet of large diameter leads to

the tunnel working section which is of 2 ft. inner diameter and
5 ft. outer diameter, a hub to tip ratio of 0.4.

The apparatus

has two independent rotors; only the research rotor is shown in
Figures 1 and 2, but far downstream, there is the auxiliary fan
with variable pitch blading.

This design gives the apparatus

great flexibility, since the flow conditions can be varied inde?

pendently of the research rotor.

The same tunnel can be used

for experiments with stationary and rotating cascades.

The

research rotor and the auxiliary fan are each driven by a 65 h.p.

-8-

variable speed electric motor and the speed of the rotors can be
maintained constant to within * 0.2%, provided that there are no
gross fluctuations in the supply voltage.
Within the tunnel working section, there are a total of ten
positions in three axial planes for mounting a probe traversing
mechanism.

No provision was made in these experiments for circum-

ferential traversing of the probes and only radial traverses
could be made at these ten positions.

The probes used in the

tests were a three-hole cantilevered cylinder to measure the
stagnation pressure and angle of yaw and a separate probe for
measuring the static pressure.

These two instruments were cali-

brated by comparison with an N.P.L.

standard round-nosed pitot-

static probe and a reversible claw type of yawmeter in a new
instrument calibration duct (3).
In order to determine the angular velocity of the solid body
rotation flow, it was necessary to obtain an accurate circumferential average for the angular velocity.

Since the tunnel was not

equipped for circumferential traversing, the average value of the
angular velocity was measured by mounting a cantilevered cylinder
type of yawmeter on the research rotor and rotating this probe.
When the rotating yawmeter was balanced, then the rotational speed
of the rotor was equal to the mean angular velocity of the solid
body rotation flow.

This probe measures the average angular velo-

city of the solid body rotation flow as seen by an observer on the
rotating cascade.

It is then possible to set the angular velocity

of the rotor such that the inlet flow relative to the rotating
blades is purely axial.

.
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The aerofoil chosen for these experiments was an uncambered
section of 12% thickness to chord ratio and a chord of
profile being NACA 0012.

6 in., the
18

The research rotor had two blades of

inches span manufactured from light alloy and these blades could
be set at staggeranglesin the range 0' to 17'10', as shown in
Figure 3.

In the stationary cascade, the blades have an inlet

flow which is axial and they produce a swirl in the outlet flow,
there being a reduction in pressure across the cascade.

The

blades in the rotating cascade are therefore set to operate as
turbine blades, so that there is again a

decrease of pressure

across the blade row.
a
In one blade there were 28 hypodermic tubes each leading to
a 0.020 in. diameter static pressure hole drilled at the mid-span
section of the blade.

The pressure distribution around the blade

was measured by transmitting the pressures through a rotating
pressure transfer unit to a stationary multi-tube manometer.

The

pressure transfer device was constructed from standard sealed
ball journal bearings, there being two sealing elements between
adjacent pressure channels.

The pressure transfer device con-

tained only sixteen channels; of these,two channels were connected
to the rotating yawmeter and the other fourteen could be connected
to measure the pressure distribution either on the suction surface or on the pressure surface of the blade by means of a
doubling unit,
i

The apparatus was designed to produce a solid body rotation
flow with an axial velocity of 32.7 ft/sec., the corresponding
Reynolds number for the research blade being

103,000,based on the
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blade chord.

The critical Reynolds number for the NACA 0012

profile is estimated to be about 800,000 in a low turbulence
flow.

A transition device consisting of a strip of thickness

0.014 in. with protuberances 0.014 in. high by 0.015 in. wide
and 0.187 in. pitch was therefore placed on each blade surface
at 12.5% of the chord from the leading edge.

It was found

that this device was effective in promoting transition at
Reynolds numbers above 64,000.
The experiments with the rotating cascade require the production of an accurate solid body rotation flow.

This was

achieved by the use of radially varying gauzes and a row of inlet
guide vanes, as shown in Figure 1.

The guide vanes were manu-

factured from epoxy resin with fibre-glass reinforcement and the
radially varying gauzes were constructed by superposition.

The

flow in the tunnel is initially axial and it then passes through
the gauzes and guide vanes which produce a solid body rotation
flow in radial equilibrium.

It was thought that the flow might

separate from the hub, as reported by Bammert and Klaeukens

(41,

and to prevent this, a complementary set of radially varying
gauzes was positioned downstream to reduce the swirl and remove
the radial variation of stagnation pressure.

No separation of

the flow from the hub was observed in the experiments.
For the tests with the stationary cascade, the two sets of
gauzes and the inlet guide vanes were removed and the research
rotor held stationary, as shown in Figure 2.

It was found that

there was a small difference between the pressure distributions
measured in the rotating and stationary cascades.

It was thought

.
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that this might be the effect of either rotation or the different
levels of turbulence in the two experiments.

Two further series

of experiments were therefore carried out with the stationary
cascade at increasing levels of turbulence.

The higher levels

of turbulence were obtained by inserting a gauze and a perforated
plate.18 in. upstream of the research blades.
3.1 The Effect of Leaks in the Pressure Transfer Device
The pressure transfer device was constructed from sealed ball
journal bearings having a synthetic rubber seal reinforced with
5

a steel pressing.

In the development of this unit, it was found

that the leakage rate was less than 0.1 cc per hour at differential pressures 0 to 14 inches of water and rotational speeds
to 800 r.p.m.

60

Further tests were developed to show the effect

of leakage on the pressures measured on the rotating blades.
To determine the effect of leakage on the accuracy of pressure measurement, the system of pressure transmission is considered to be a length of hypodermic tubing connecting to a relatively large volume representing the pressure transfer unit and
a relatively large bore tube which transmits the pressure back
to the multi-tube manometer.

The leak is represented by a narrow

bore tube leading from the transfer unit, as shown in Figure

4.

It is assumed'that all flows are laminar and that the temperature
of the air ii-thin the system remains constant.
.

The volume of

air within the complete pressure line is
V = V. + A(p - pa)
where A is a constant determined by the manometer,
variations of pressure, p

q

For small

pa + pl, the mass flow rate into the

- 12 -

system is
V. + Apa dpl
TEe(
RT
)K
dm

But for isothermal laminar flow, the mass flow rate is proportional
to the pressure difference, so that if a pressure

pa t p, is

applied to the end of the pressure line and if the transfer device
leaks to the ambient pressure
dm
SE

=

pa, then

4P, - PI) - BP1

or
dpl
dt=

QPo - Pl) - UP1

where h and II are constants determined by the hypodermic tubing
and leak respectively.

The pressure indicated on the manometer

is then
Pl =

IPO

htu

+

8e-(“+u)t

where B is a constant.
The constant u was measured by sealing the end of the hypodermic tube, applying a small pressure and measuring the time constant as this pressure decayed due to leakage.

The combined con-

stant (At d was determined by sealing the end of the hypodermic
tube, applying a small pressure, opening the end of the tube and
measuring the time constant as the pressure decayed.

These two

tests were carried out over the same range of applied pressure
and with the same manometer inclination, so that the constant
remained unchanged.

'A'

It was found that when operating under the

conditions used in these experiments, the applied pressure decayed
exponentially and time constants were

- 13 -

1
-*
A+ u

10sec.

1

* 7000 sec. (worst line)
!J
so that pl =
The steady state error introduced by leakage in the pressure
transfer device, or anywhere in the pressure line, is therefore
less than 0.15%, this being the value for the worst line. For
most channels, the steady state error in pressure is less than
It is interesting to note that this is an error of 0.15%

0.1%.

of the pressure measured; the percentage error is independent of
the pressure measured.

The effect of leakage on the pressure

measured is therefore negligible and it is possible to measure the
pressure distribution around the blade to the same order of
accuracy in both stationary and rotating cascades.
4.0 The Solid Body Rotation Flow
A solid body rotation flow has a constant axial velocity
and a tangential velocity which is proportional to the radius,
vx = u
and V,

= nr

n being the angular velocity of the flow in the
ate system.

r, a, x co-ordin-

If this flow is in radial equilibrium, then the

radial variations of static and stagnation pressure in a stationary co-ordinate system are
p = A )"; pn2r2
.

and
PO

= A t cn2r2 t $ pu2

where A is a constant.

If the gauzes are arranged so that there

- lil -

is no loss of stagnation pressure at the outer radius,

't' then

the radial variation of the gauze loss coefficient is
P ot - PO
3 PU2

= 2Q2
7 (r: - r2)

= iL!?.f (r: -r2)
2c2
and at the hub, with c = 6 in., r t = 30 in. and r = 12 in.,

Pot - PO
$ PU2

=

10.5

(Ad2

The stagnation pressure loss across the upstream and downstream
gauzes is therefore
APO

1
c

= 3.0.5

(xc)2

7 PU2

at all radii, the two gauzes being complementary.

The stagnation

pressure loss is clearly very high at high values of the parameter Xc and the value chosen for these experiments was

AC

q

0.36.

The radial variation of loss coefficient was obtained by superposition of seven gauzes which were then mounted immediately upstream of the inlet guide vanes.

The guide vanes had C4 profiles

of 10% thickness to chord ratio on a parabolic arc camber line,
P40, with a chord of 6 in., the blades being designed to produce
an air exit angle corresponding to a solid body rotation flow.
The construction of the gauzes proved to be extremely difficult and several modifications were necessary before
factory solid body rotation flow was obtained.
stagnation pressures and yaw

a satis-

The static and

angle were measured at a distance

6 in. behind the trailing edge of the guide vanes, the probes

- 15 being positioned so that they did not traverse through the wakes
of the guide vanes,

These radial traverses were taken at a

Reynolds number of 103,000 based on the axial velocity at the
mid-span position, this being the Reynolds number for the whole
series of experiments.

Due to the method of constructing the

gauzes, there were some local discontinuities in the gradient of
stagnation pressure, but the experiments suggest that it is the
overall gradient which is important rather than the local value.
It is possible that the local variations in the gradient of
stagnation pressure decay with distance downstream, while the
overall gradient is retained.
Figures 5 and 6 show the axial and tangential velocities as
functions of the radius and it is clear that over the central
region of the annulus, the flow is a good approximation to a
solid body rotation flow with

u = 32.7 ft./set.
n

q

11.9 rad./sec.

This value for n is based on a radial traverse which does not
pass through the wake of a blade, whereas the rotating cascade
passes-through the'wakes of the guide vanes and therefore
observes a sliglitfy different value for 0.
The angular velo".
city observed from the rotbr can be determined by using the rotating yawmeter.with' no blades on the rotor.

It was found that the

yawmeter was" ba%ia&eh when the rotational speed was 110.4 r.p.m.,
-$.a?& 8 / ,
corresponding %&ni 11.6 rad./sec. at the standard test conditions
.t,,j.-,4y.?..
of 29.92 ini..Hg++&%&60 OF. The main tests with the rotating
cascade were performed at a rotational speed of 110.4 r.p.m., but

- 16 c

additional results were also obtained at a speed corresponding
to the yawmeter being nulled.
5.0 Experiments with the Rotating Cascade
The two-bladed rotor was rotated synchronously with the
solid body rotation flow while a constant Reynolds number of
103,000 was maintained, this being based on the axial velocity
and the blade chord.

The variation of viscosity with temperature.

is given by Sutherland's formula,
TZ
u aTtA

where A is a constant.

It follows that the axial velocity and

the angular velocity must be varied such that,
u,na; -5

a

Ta2
(T,+A)p a

where pa and T a are the ambient pressure and temperature.

The

variations of ambient pressure and temperature are such that the
tunnel operating condition and the rotor speed must be continually
adjusted to maintain the correct Reynolds number and inlet flow
angle relative to the rotating blades.

The rotational speed of

the rotor could be maintained constant to within

* 0.2 r.p.m.,

this corresponding to a variation of f 4 minutes in the air inlet angle.

The blade stagger angle was set to an accuracy of

* 2 minutes, using an inclinometer on a machined face, so that
the overall accuracy in incidence due to speed and stagger was
about * 0.1'.
The pressure distribution around the blade at the mid-span

- 17 -

position

.

was measured at stagger angles from 0' to 17'10' and

after correcting for, the effect of rotation on the air in the
rotating pressure line, the pressure coefficient was calculated,

where p1 is the static pressure measured at the mid-span position
6 in. upstream of the rotor blade leading edge.

The variation

of the pressure coefficient,with position along the chord is
shown in Figures 7 and 8.

For clarity, the pressure profile at

zero stagger is not shown, but it was found to be almost identical for the two surfaces and the slight difference was probably
caused by small errors in the blade profile close to the leading
edge.

The pressure distributions have been integrated to obtain

the lift coefficient, Cl,,measured normal to the chord line, there
being no measure of the drag coefficient so that it was not
possible to calculate the lift along the cascade.

Figure 9 shows

the variation of lift coefficient with stagger angle.

There is

a gradual change from unstalled to stalled operation as the
stagger angle is increased beyond l2OjO'; a region of separated
flow develops from close to the leading edge and the point of
re-attachment moves back along the blade as the stagger angle is
increased.

It is doubtful whether a steady re-attachment occurs

at stagger angles greater than

15', but there is still a

sub-

stantial rise in pressure along the suction surface fort = 17'10'.
This is the thin-aerofoil type of stall described by Crabtree (6)
.

in which a 'long bubble' forms and grows with increasing incidence
until eventually, the separated layer fails to re-attach to the

.

aerofoil surface.

- 18 A hot wire anemometer was used to determine the longitudinal component of the main stream turbulence at a position 6 in.
upstream of the rotor blade leading edge and it was found that
at the mid-span position, the turbulence 1eveltT.L. in the
diagrams) was 1.75%.

This is the turbulence level for the main

stream flow outside of the wakes of the inlet guide vanes.

The

effective turbulence level for the rotor will be higher than
1.75% because of the rotor passing through the wakes of the inlet guide vanes.
5.1 The Behaviour of the Rotating Yawmeter
The main purpose of the rotating yawmeter was to determine
the average angular velocity of the solid body rotation flow without the blades mounted on the rotor.

However, it had been

suggested that this yawmeter could be used with the blades mounted on the rotor in order to determine the synchronous speed and
thereby set the inlet air angle for the rotating cascade. A
few preliminary tests showed that the speed required to balance
the yawmeter was dependent on the stagger angle of the blades.
Furthermore,

even with the blades set at zero stagger, the speed

to null the yawmeter, 111.4 r.p.m., was not the same as that
obtained when there were no blades on the rotor, 110.4 r.p.m.
There was therefore some doubt concerning the correct rotational
sFeed for the experiments and it was essential to find the
reason for this unusual behaviour.
In order to estimate the effect of blade stagger on the
behaviour of the rotating yawmeter, the two blades spanning the
annulus are considered as part of an infinite flat plate propeller

- 19 -

The math-

and the effect of flow along the span is neglected.

matical model is shown in Figure 10, the angle of attack of the
flat plate being Efor r >O and - cfor r ~0. The rotating yawmeter is assumed to lie in the same axial plane as the bound
vorticity of the blades.

The propeller forms a flat plate aero-

foil with a step change in the angle of attack at

r

q

0 and the

circulation around the aerofoil at any radius r can be expressed
as

r(r) = 2II

ncuc

so that the

Sin (wr) dw
w(1 t y,

I
0
trailing vorticity

is

m

1

ncuc

dr

2

Cos (wr) dw
(1t+q

xi- q ;

0
The induced tangential velocity at the probe head P is then
I

ve

R2
dr dr
25
k2 t r2
I
' OR
= _ ?vg ,= Ei(- g,
TT
1
=T;;

eet
fXT dtThis integral has been tabulated by Jahnke and

where - Ei(-x) =

Emde(5) and for

R = 21 in., c = 6 in.the induced flow angle is

vsT

= 0.125

To balance the rotating yawmeter, it is necessary to reduce the
rotational speed below that of the solid body rotation flow
AN = - 0.375
.
.

r.p.m.

where cis measured in degrees.
This simple theory explains why the speed to balance the yaw-
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meter is dependent on the blade stagger angle, but it does not
explain the increase in speed required to balance the
when the stagger angle is zero.

yawmeter

However, at the inner and outer

walls of the annulus, there are boundary layers and the flow is
no longer a good approximation to a solid body rotation flow.
At the hub and tip sections of the blades, there is a large
negative incidence and this produces an induced flow at the probe
which is in the opposite direction to that caused by the blade
stagger.

The effect of the boundary layers is that an increase

of speed, 6, is required in order to balance the yawmeter.

The

magnitude of this increase in rotational speed cannot be estimated without more detailed information about the performance of
the blades at high negative incidence in a shear flow.
From these arguments, it follows that the rotational speed
to null the yawmeter is
N null = 110.4 t 6 - 0.37.5 r.p.m.
and the experiments showed that

6 was 1.0 r.p.m.

The speed to

balance the yawmeter is compared with the theoretical value in
Figure 11.

There is close agreement with the theory for stagger

angles less than loo, but for higher stagger angles, there is
little change in the speed at which the

yawmeter is balanced.

This is probably the result of regions of stall at the blade hub
and tip extending towards the mid-span position as the stagger
angle is increased.
The lifting line model for the flat plate propeller at a
small stagger angle can also be used to estimate the lift on the
blades at the mid-span section.

The equation for the radial vari-

ation of circulation can be integrated to give

- 21 .

.

r(r) _
*cus-

1 + $

ICOS

(2) LSi ($) - ; 1 - Sin (2) Ci ($)I

J

where

dt
= + - m Sint
t
Y

Si(y)
and
Ci(y)

=

-- cost
dt .
t
s
Y

These integrals have also been tabulated by Jahnke and Emde

(5).

At the mid-span section, the circulation is
r

q

0.868

ncu

5

so that the lift at this section is 13.2% less than the
.

ponding value for an isolated flat plate.

corres-

There is seen to be a

substantial reduction in lift caused by placing the blades in an
annular cascade, even when the cascade contains only two blades.
From this model with flat plates of zero thickness, the lift coefficient is estimated to be
cL = 0.0955
where E is measured in degrees.

The experimental value for the

blades with 12% thickness to chord ratio is
cL = 0.0885
which is in fair agreement with the lifting line model.
6.0 Experiments with the Stationary Cascade
Before testing the blades as a stationary cascade, the circumferential uniformity of the tunnel flow was checked by radial
traverses at four circumferential positions.
.
.

It was found that

outside of the boundary layers, the axial velocity variation was
* 0.5% and the flow did not deviate from the axial direction by
more than 15 minutes.

At the mid-span position, the flow angle
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was 9 minutes in a direction to increase the incidence onto the
blade.
The pressure distribution around the blade was measured at
a Reynolds number of 103,000 for stagger angles in the range
to 17'10'

0'

and the corresponding pressure coefficients are shown

in Figures 12 and 13.

The variation of the lift coefficient with

stagger angle is compared with that for the rotating cascade in
Figure 14.

There is a small difference between the pressure dis-

tributions for an unstalled blade in the two cascades, the lift
coefficient for the stationary cascade being about 10% greater
than that for the rotating cascade for stagger angles less that
8'45'.

At E= 8'45',

a small region of separated flow forms close

to the leading edge and as the stagger angle is increased, the
point of re-attachment moves back along the blade.
stagger angle is increased beyond about 13'05',

When the

then the flow can

no longer re-attach itself and the blade stalls with the flow
separating from a point near to the leading edge.
to the leading edge stall described by

This is similar

Crabtree (6) in which a

'short bubble' forms close to the leading edge and when the incidence is increased, this bubble bursts leading to a well-separated
flow and a sudden loss of lift.

Crabtree (6) defines a 'short

bubble' as a region of separation which has little effect on the
pressure distribution, while a 'long bubble' has a marked effeot
on the pressure distribution.

With this simple physical criterion

the experiments show that at c= 13'05',
present on the blade.

there is a 'long bubble'

The experiments suggest that the blade has

a 'short bubble' which becomes a 'long bubble'

at+l3' and this

.

-
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.

‘long bubble’ grows very rapidly with increasing incidence, so
that there is a rapid reduction in lift.
It was thought that the difference in the unstalled performance might be experimental error, but tests showed that the
experimental results were repeatable and no error could be found
in the instrumentation or apparatus.

This led to the conclusion

that the experiments showed either the effect of rotation or the
difference in turbulence levels for the two cascades.

The longi-

tudinal component of turbulence was found to be O.Z!5%, whereas
the corresponding value for the rotating cascade was estimated to
.

be greater than 1.75%.

To distinguish between the effects of

rotation and turbulence level, it was decided to test the station.

ary cascade at higher levels of turbulence,
An open gauze was placed 18 in. upstream of the blade leading
edge to raise the level of turbulence.

The

radial

traverses

were

repeated to check the uniformity of the flor and it was found
that outside of the boundary layer, the axial velocity was constant to within

*l% and at the mid-span position, the flow

deviated from the axial direction by only 5 minutes, the incidence
being increased by this error.

The

longitudinal

component

of

turbulence was measured at the mid-span position 6 in. before the
research blade leading edge and it was found to be 1.35%.
Figures 15 and 16 show the pressure coefficients measured at
this higher level of turbulence.
stalled
.

It was found that for the un-

blade, the pressure distributions for the rotating and

stationary blades were almost identical.

The variation of lift-
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coefficient with stagger angle is shown in Figure 17, where i.t is
compared with that for the tests at a low level of turbulence and
that for the rotating cascade.

For the unstalled blade, there is

little difference between the performance of the rotating and
stationary cascades and this is in agreement with the theory
developed by Denton (2) for a solid body rotation flow.

The

experimental results show that if the turbulence level is above
some critical value in the range of 0.25% to
hub to tip ratio of 0.4 and )ic

q

1.35%, then for a

0.36, there is no significant

difference in the unstalled performance of the aerofoil in the
rotating and stationary cascades.
The pressure distributions measured in the stationary cascade
show that with the increased level of turbulence, the formation
of a separation 'bubble' close to the leading edge is delayed
until the stagger angle reaches 10'.

Again there is a 'short

bubble' on the blade which becomes a 'long bubble' at

P=l3'30'

and this 'long bubble' grows very rapidly with increasing incidence.

However, it is clear that there is still a marked differ-

ence in the manner in which the blades stall in the stationary
and rotating cascades.

It was therefore decided to repeat the

experiments with the stationary cascade at a higher level of turbulence to try to determine whether this difference in the stalling characteristic was caused by the rotation or the different
levels of turbulence.
For the third series of tests with the stationary cascade,
a perforated metal plate with square holes of side

0.375 in. and

pitch 0.563 in. was placed 18 in. upstream of the research blade
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leading edge.

The stagnation pressure loss across this plate

.
was extremely high and the experiment was just within the range
of tunnel operating conditions.

The longitudinal component of

turbulence was measured at the mid-span position 6 in. ahead of
the blades and the turbulence 1eveJ was found to be 3.3%. A
radial traverse at the same position showed that outside of the
boundary layers, the axial velocity varied by

*5% and the apparent

flow angle varied from the axial direction by as much as t

2'.

The yawmeter may not read correctly in this type of flow and it
was thought that the true flow direction was almost axial.

There

was a periodicity in the traverse readings corresponding to the
,
.

perforations in the plate; the h%gh turbulence level had been
achieved, but only at the expense of a non-uniformity in the flow.
With these local variations of flow, it was not possible to obtain
accurate pressure distributions around the blade, since the manometer readings varied with the positioning of the blade relative
to the grid.

The experiments were therefore limited to a study

of the mode of stall in this highly turbulent flow.
Typical pressure distributions are shown in Figure 18 and
these can be compared with the results obtained at lower levels
of turbulence and also in the rotating cascade.

There is good

agreement between the pressure distribution at this high

levelof

turbulence and ?hat for the rotating cascade at a stagger angle
of

.

12’3of.

As*the stagger angle is increased to 13'45*, the blade

stalls gradually as the region of separated flow develops close
to the leading edge.

.

A further increase in the stagger angle to

14'20' leads to a substantial reduction in lift on the blade.
pressure distribution for

The

5= 15' shows that separation occurs very
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close to the lead ing edge and that this is fol lowed by a rise in
pressure along the suction surface.

Figures 13 and 16 show that~

this increase in pressure along the suction surface did not

occur

at the lower levels of turbulence, but Figure 8 shows that a
greater increase of pressure was observed in the

rotating cascade.

0

The pressure distributions for

= 13O45',

Figure 19, show that

increasing the level of turbulence produces a behaviour at stall
which is in closer agreement with that of the rotating cascade.
These experiments suggest that when the 'long bubble' forms on
the stationary blades, the rate of growth of the bubble with
stagger angle is reduced at the higher levels of turbulence.
Figure 20 shows the variation of lift coefficient with stagger
angle for the complete series of experiments and it can be seen
that as the turbulence level is increased, there is close agreement between the lift coefficients of the stationary and rotating
cascades over a wider range of stagger angles.

The results

obtained at the high level of turbulence are far less accurate
than those of the earlier tests.
It is difficult to provide a complete explanation for the
different behaviour of the two cascades at high stagger angles,
but this is probably influenced by the flow along the span of the
blade and the structure of the turbulence.

Hawthorne (1) has

shown that one of the features of the flow past a rotating

aero-

foil in a solid body rotation flow is the generation of a velocity
along the span of the blade.

It is possible that the separation

and re-attachment of the flow close to the leading edge is influenced by this flow along the span.

With regard to turbulence, the
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important, but it is also possible that the stalling characteristic of the cascades may be influenced by the structure and
energy spectrum of the turbulence.

In the stationary cascade,

the turbulence may be almost isotropic with a characteristic
length, or scale, and a certain energy spectrum.

In the rotating

cascade, the research blade passes through the wakes of the inlet
guide vanes so that relative to the rotating blades, the turbulence is no longer isotropic, the characteristic length may
differ from that of the stationary cascade and the energy spectrum
will have a large peak at a frequency which corresponds to passing
through the wakes of the inlet guide vanes.
r
.

In these experiments

it has not been possible to make a detailed study of the effect
of turbulence on the performance of a cascade, but the results
suggest that the effective turbulence level for the rotating
cascade is very high and that the performance of the blades at
high stagger angles is dependent on the turbulence level and may
be influenced by the structure of this turbulence.
7.0 Conclusions
Experiments with the same blade at the same Reynolds number
in the rotating and stationary cascades have shown that provided
that the level of turbulence is above a critical value, then there
is no significant difference in the unstalled performance of the
two cascades.

This is in agreement with the theory developed by

Denton (2) for flow past a rotating cascade of finite span. It
has been found that there is close agreement in the pressure distributions measured in the two cascades over a wider range of
.

stagger angles as the turbulence level is increased.

The stagger
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angle at which the stationary cascade stalls increases as the
turbulence level increases and the stall becomes more gradual.
However, even at the highest level of turbulence,

3.38, the

manner in which the stationary blades stalled was not the same
as that for the rotating cascade .

This difference in the

behaviour of the blade at high stagger angles may be caused by
flow along the span of the blade,

the high effective turbulence

level for the rotating cascade or the structure of the turbulence
as seen by the stationary and rotating cascades.
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10. Notation
C

blade chord,

cL
C
P

lift coefficient measured normal to the chord,

P

static pressure,

P'

static pressure measured at the mid-span position
6 in. upstream of the research blades,

PO

local pressure coefficient,

stagnation pressure,

6

stagnation pressure in the rotating co-ordinate
system,

r

radius,

R

radius of the rotating yawmeter,

t

time,

T.L.

turbulence level,
axial velocity,
velocity vector,
relative velocity perturbation,
relative velocity vector,
viscosity,
density,
stagger angle,
angular velocity.
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