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ABSTRACT .

This thesis describes an experimental investi-
gation of the flow past a rotating circular cylinder
placed in & wind stream. The cylinder was rotated
about a diameter in its mid-plene, with the axis
of rotation parallel to the wind strean, The
Reynolds numbers at the different cross-sections
were such as to have laminar separation of the flow
from the cylinder surface,

The investigation consisted of measuring the
pressures and examining the streamlines at the
cylinder surface.

The object of the investigation was to obtain
an understanding of the flow past a partiecular
rotating body with a view to laying the framework
for a better upderstanding of the flows past fans
and propellers,

The investigation revealed that the pressure
profiles, at all sections, were asymmebrical about
the stagnation point and that the peak suction
pressure coefficients obtained at sections near

the axis of rotation were much larger than those



obtained on the stationary cylinder, It was olso

found that the radial component of velocity at the

cylinder surface in the recion of attached flow

was small at all sections,  Further, the pressure

in the separated rezgion was not uniform around
the circuiiference, It is argued that the changes
observed in the pressure profile, on rotating the
cylinder, are due to secondury effects in the
wake arisin: from the fluid bein; centrifuced
towards the ends of the cylinder,
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1.0 INTRODUCTION.

The design of airscrews, ships! propellers,
axial blowers and other similar rotodynamic
machines is usually based on the assumption that
the flow past the blades may be simulated by a
two-.dinensional cascade 6f aerofoils. This
approach to the desizn has been due, in part at
least, to the difficulties of makin:; experimental
investigations of the flow past rotating
components. For example, the first experimental
investization had to await the development of
suitable rotating seals that would enable the
surface pressurcs to be measured by a stationary
manometer., A further reason is the re;ative
simplicity of thc two dimensional model,

The two-dimensional model has been found to be
reliable for blades operating at low section
anzles of attack. The two-dimensional model
cannot, however, predict the peak section lift
coefficient or the anzle of incidence at which
a section stalls.

Himmelskamp (1945) reported an experimental

investigation of the flow past a rotating

impeller. He found that psak 1lift coefficients
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at sections near the hub were much higher than
those on the eguivalent cascade and hg also
stated that stalling had been delayed. He
sugrested that the boundary layer ih regions of
adverse pressure gradient was thinner than that
in t wo~dimensional flow, as a result of radial
velocities in the boundary layer, He proceeded
to argue that thinner boundary layers are less
likely to separate and, therefore, there must be
a delay in the onset of stall.

H;mmelskamp succeeded in establishing two
points, First, that it was possible to make '
experinental investigations on rotating blades.
Second, that it was possible to design turbo-
machines to operate at larger angles of attack
than had previously been thought.possible on‘the
basis of  two-dinensional studies, His work,
however, had two weak points, Thé'first was that,
though he had succeeded in developing a technique
to measure pressures, his technique was not con-
pletely reliable, This proved to be a drawback
in so far as he was only able to make a qualitative

analysis of his painstaking boundary layer total
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head traverses, The second was that his use of
wool tufts for flow visualization neant that there
was no reliable indicction of surface flow patterns
in regions of possible separation., This was
because the equilibrium position of a tuft is
governed by the shear forces on it and the_
centrifuzal forces arising from the motion,
In regions of low velocity, that is in regions
inmnediately upstream of a separation point and in
the separated region itself, the tuft is likely
to settle along a blade generator under the
domingnt influence of the centrifugal accelera=-
tions. Thus on a rotating body a tuft is not
a reliable indicator of the onset of flow
separation, An attempt is made later in this
thesis to argue that in Himmelskamp's work there
was, at the highest rate of advance; flow breakaway
frorm the surface of the impeller blade which
Himmelskamp had not detected and an alternative
interpre@ation of Himmelskamp's results is
proposed,

Harvey (1960) developed a pressure pick-up that
was suitable for use on rotatinz bodies, It had

the advantage that it did not use rotating seals
- 16 ~



to transmit pressures to a stationary manometer,
The pressure pick-up consisted of a transducer
situated within the rotating system, linked to
stationary measuring equigment through a system

of brushes and slip-rings, This scheme of trans-
nmitting an electrical signal to an outside measur-
ing system has proved to be both reliable and
accurate,

The development of a flow visualization
technique suitable for use on rotating bodies is
described in Part I of this thesis. This method
shows up the limiting stream-lines in regions of
attached flow and consequently the position of
flow separation. It does not suffer from the
limitations of a tuft in that it is insensitive
to centfifugal accelerations,

With the aid of these newer techniques for
the measurement of surface pressures and the
visualization of surface flow patterns, an
experiment was designed to bring out the changes
in the flow structure caused by rotation, This

experiment is described in Part II of this thesis,

- 17 -



PART

I.

- 18 -



1, INTRODUCT ION.

Pictures of flow patterns at the surface of
rotating blades would beluseful in the design of
fan and propeller blades, Conventional flow
visualization techniques using smokel or wool
tufting2 have been used to obtain such pictures,
These techniques, however; are not very convenient
to use because of the difficulty of illuminating
regions of interest satisfactorily, Further,
their indications are not easy to interpret because
the photographs used to record them must show
views oblique to at least some parts of the blade
surface. Lastly, wool tufts cannot be used to
trace out limiting streamlines. There is then,
a need for a technique that is reliable in its
indications of laminar flow, turbulent flow and
separation and is also convenient to use,

A technique has been developed in which
acidified air fed into the boundary layer is
made to trace its path over a specially prepared
coating on the body surface, A laminar boundary
layer gives a trace different from a turbulent_

boundary layer and separation is clearly shown,
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This technique is, however, not confined to rotating
blades and could be used in any boundary layer

investigation,

2, DETAILS OF THE STAIN TECHNIQUE,

A sheet of blue lltmus paper is wrapped around
the body and punctured at points of interest to
allow the escape of air carrying_moist hydrogen
chloride into the boundary layer. The subsequent
motion of the air is then recorded as a salmon pink
stain on an azure background.

The litmus paper is prepared by air-drying a
sheet of chromatography paper dipped into a
saturated aqueous solution of litmus, The paper
is then attached along its edges to the body by
means of sellotape, To prevent the flow of acidi-
fied air between the paper and the body surface a
strip of double coated_bonding tape is placed between
the paper and the body.

The acidified.air is produced by bubbling air
through a 32% w./w. solution of hydrochloric acid.
The apparatus used is shown in fig.l. A coarse
adjustment to the rate of bubbling is obtained by

adjusting the height of the two water bottles
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relative to one another and a finer adjustment by
means of the screw clip. The rate of bubbling
should be kept at a low steady level in order that
fine well-developed streaks may be obtained,

The stain technique is most suitable for bodies
fitted out for pressure plotting because the net-
work of pressure tubes and holes can then be used
to inject the acidified air.

3. PRELIMINARY TRIALS WITH THE STAIN TECHNIQUE.

The stain technique was used on two bodies,
one a stationary yawed wing and the other a
rotating circular cylinder., The yawed wing was
chosen because it provided a means of comparing
the indications of the stain technique with those
of the conventional techniques, The rotating
cylinder was chosen to show up any limitations of
the technique on rotating bodies and because the
flqw past a rotating body is of some interest per
S€. All the tests were made in the 3! x 2' wind
tunnel at Imperial College.
3.1 The Yawed Wing,

The yawed wing has a 9,75in, chord and spans

the working section of the wind tunnel, The
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chordwise profile of the wing is as shown in fig,.3.
The streamwise incidence of the wing can be varied
between %£10°. The angle of sweepback of the
leading edge; i.,e. the angle which the leading edge
makes with a plane normal to the axis of thg working
section when the leading edge is horizontal, 1is 300.
The wing has a set of pressure tappings lying on a
chordwise line in the position shown in fig.Z2.

Two incidences +5%O and —5%0 and a wind speed
of 84 ft/sec. were used. Experimental pressure
distribgtions for these two incldences are given
in figs.6a and 6b. The Reynolds number based on
the chord was 4,25 x 105. The positive incildence
gave a large extent of attached turbulent flow and
the negative incidence a large extent of attaghed
laminar flow on the upper surface of the wing.
Figs.ha and 5a show photographs of the flow
patterns obtained by using the Stain Technique,
at -5%O and +5%° respectively., Figs.4b and 5b
show for purposes of comparison photographs of the
flow patterns, under the same conditions as figs.
ha and 5a respectively, obtained by painting the

wing surface with a suspension of Dayglo in Paraffin.
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In obtaining figs.fa and 5a it was feund that
a rate of injection of acidified air of 0,16 in’/min.
i.e. a bubble every 3 seconds, maintained over a
period of 11 to -2 minutes gave satisfactory streaks,
A slower rate of injection caused the streaks to
be too fine, a faster rate too wide, Lastly, it
was found that the time between commencement of
staining and the formation of a complete streak was
only 15 secs., the balance of the time being
requiyed for driving the air out of the connecting
leads, Thus the amount of acidified air ac@ually
3

injected into the boundary layer was about 0,04 ins.

3.2 The Rotating Cylinder.

The cylinder gsed in this experiment was a
wooden bar 163 ins, long x 22 ins, diameter,
It was made to windmill about an axis through a
diameter in its mid-plane by screwing a spoiler to
one end as ;n_fig.7. The steady rotationa} speed
was 400 r.p.m. at a wind speed of 84 ft/sec.

The cylinder was screwed to the forward end of
a hollow shaft mounted in bearings. The bearings
were held in a housing fixed rigidly in the centre .

of the working section of the tunnel by four struts,

- 23 -



The acidified air was fed through a tube runping
loosely in the after-end of the hollow shaft.

The air passed from the forward end of the hollow
shaft through a tube embedded in the surface of the
cylinder and out into the boundary layer at a point
6 ins, from the axi§ of rotation and very close to
the stagnation line., A strip of litmus paper bear-
ing a stain obtained in this way forms fig.8.*

Lo DISCUSSION,

Inspection of fig,5b reveals that three regions
of flow could be differentiated in the pictu?e;
viz, a small region of attached laminar flow,
followed by a region covered by a separation
bubb%e-and last a region of_attached turbulent
flow. Comparison with fig.5a reveals that all
three points of injection of acidified air have
been in the turbulent region and that the streaks .
widened as they travelled aft as is to be expected,
Further, if the geometric centre lines of the
streaks are considered these lines are seen to
reproduce the direction and the curvature of the
limiting streamlines as faithfully as the Dayglo

technique, The validity of this last statement

% Not given here in view of Figs.20 - 26 in Part II
of this thesis.
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can be amply confirmed by superposing a trace of
the shortest streak in fig.5a on fig.5b whereupon
a surprisingly good measure of agreement can be
noted, _

Inspection of fig.4b reveals two regions of
flow, viz. a large region of attached laminar flow
followed by a region of separated flow, The
inference of attached laminar flow preceding
separation is Jjustified because the existence of
attached turbulent flow must be accompanied either
by separation bubble or by a transition of the flat
plate type. Inspection of fig.ib reveals that
there was no separation bubble, Inspection of
fig.6a reveals a favourable pressure gradient which
together with the fact that the Reynolds number for
transition on a flat plate is 5x105 must be takgn
to imply that the_transition again was unlikely.
Inspection of fig.4a, in the light of these obser-
vations, reveals that all points of injection are
in the region of attached laminar flow and that
the width of the three shorter streaks in particular
remain unchanged along their length, Further,

the stained band running in a spanwise direction,
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near the trailing edge in fig.ka, corrgsponds to

the region of separated flow in fig.4b. The for-
ward edge of the stained band corresponds to the
line of sgparation indicated by the Dayglo technique
in fig.4b, The formation of the stained band must
be attributed to the spanwise component of'flow

and the turbulence in the separated region.

The formation of the stained band is a rela-
tively slow process compared to the formation of
the streak itself and if sufficient time is not
given separation is indicated by the termination
of the streak and not by the formation of the
stained band, Separation in 2-d boundary layers
was found to be indicated by the termination of
the streak, ‘

The stain technique is, therefore, capable of
differentiating between regions of laminar flow
and turbulent flow and alsq of indicating the
commencement of separation,

If a technique such as the stain technique is
to be used on rotating bodies it is essential
that errors due to the difference in density

between air and the acidified air used be small,
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Some confidence on this score may be derived from
two observations on the wing, viz. (1) the reason-
ably faithful reproduction of the curvature and
the direction of the limiting streamlines and

() the fact that the molecular weight of hydrogen
chloride is 36.5 and that of water vapour is 18,
vhereby the molecular weight'of the mixture must be
quite near that of air, viz. 28,

In the case of the rotating cylinder the
ngnolds number at the point of injection was
l.2x105. The Reynolds number for this purpose was
based on the relative_velocity far upstream and
the cylinder diameter, The lower critical Reynolds
number for a circular cylinder placed in the tunnel
is 2x10° and a value of 1.2x10° would be in the high
drag range. Inspection of fig.8*reveals that
laminar separation occurred 79° aft of the stagna-
tion line and that in the attached laminar boundary
layer the radial component of velocity was small
compared to the chordwise component, Phese
observations agree with Graham's theoretical work
as reported by SearsB. However, injection at a

point 2" from the axis of rotation where the Reynolds

* Not given here in view of Fizs,R0 - 26 in Part II
of this thesis.
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nunber was substantially unchanged reveals separa-
tion 712 aft of the stagnation line and even smaller
retios of radial to chordwise components of velocity
in the attached laninar boundary layer. This
would suzgest that it would be difficult to use
Himensz' cross-flow potential in the boundary
layer calculations, as Graham did, in regions near
the axis of rotation. The observations based on
the stain technique are in accord with those of
Himmelskamp2 who found the effect of rotation more
pronounced in rezions nearer the hub than in regions
nearer the tips of his airscrew. It nmust be
emphasized, however, that too much reliance should
not be placed on these preliminary observations of
the stain technique because this experinent was not
set up with a view to obtainin® a detailed picture.
4 careful study of the flow past rotating circular
cylinders will shortly be cormenced,

It is found that flow patterns obtained
by using the stain technique are capable of being
preserved and, therefore, eliminates the need of
photographing the indications either with a view
to recording or with a view to preservinz the

indications.,
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The stain technique is in fact a modification
of the smoke filament technique, However, the
stain technique does not suffer from limitations
either on the score of photography or on the score
of clogging of the pipework with tarry deposits,
Further, the smoke filament technique is found to
be unsuitable for boundary layers wherg the free
stream velocity exceeds 150-200 ft/sec. The stain
technique has been testeq on such a boundary layer _
at a speed of 200 ft/sec. and was found satisfactory,
CONCLUSION,

The stain technique has been tested on a
stationary yawed wing and on a rotating cylinder
and found to be a satisfactory method of flow
visualization, The stain technique is capable of
differentiating between laminar and turbulent
boundary layers and of alsq indicating the
cormencement of separation, The amounts of
hydrogen chloride actually released are very small

and no ill effects have been observed,
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APPENDIX,

It has bgen brought to the attention of the
author; by Mr, D.F. Pilkington; of the possibility
of developing a variant of the stain technique
usiﬁg the colour-foam-kit supplied by M/S Johnsons
of Hendon, In this variant, the litmus paper is
replaced by a sheet of 'fogged! pbotographic paper
developed in the blue dye-coupler., This gives
a very good contrast since bright yellow streaks
are obtained against a deep blue background.

The surface of the photographic paper being smoother
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than that of the litmgs paper is an added
attraction, However, the method suffers a
serious drawback in that very long exposures

to acid vapours are required for the stain tobe
produced and to date a complete streak has not

been produced at all,
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FIG.3: CHORDWISE PROFILE OF YAWED WING
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1.0 ILITRODUCTION.,

The experiment described in this part of the

thesis consisted of & series of observations of

the surfage flow, using the technique described

in Part I, and of the pressure distributions,

using Harvey's pressure pick-up,.on a circular
cylinder 16 ins, long and 2% ins. diameter rota-
ting like a propeller in the 3 ft. x 2 ft. low
speed wind tunnel at Imperial College. Sone of
the tests were repeated in the 5 ft. x 4 ft. tunnel
to give an indication of whether there were serious
interference effects, The reasons for selecting
this particular model were as follows:-

1, A two-bladed impeller, was preferable to a
multi-bladed fan becagse it minimised the effects
of blade interference, The trivial case of a
single bladed impeller having a counterweight on
the far side of the axis of rotation was considered
unsuitable for a preliminary study because the

flow in rezions near the axis of rotation would

be influenced by the presence of the free end.

2., With circular cylindrical blades, the blade

root or hub design no longer influences the
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flow since the generators c§n be continuous
across the axis of rotation, the impeller being
mounted on, and driven by, a slender shaft lying
in the wake.

3. The flow past any station of a blade with
an aerofoil section would depend on - (a) thick-
ness, (b) camber and (c¢) incidence of the section.
The effective incidence would vary from section
to section depending on the peripheral velocity
of the section and on the induced flow. It is,
in general, difficult to estimate accurately the
effective incidence of a section. If the
rotating blade were a circular cylinder then the
parameters (a) and (b) would be the same at all
sections and, furtheréore, changes of incidence
will not in themselves produce changes of pressure
distribution. Changes in the flow past a
circular cylindrical blade must, therefore,
arise from centrifugal ~nd €foriolis forces
whereas for an aerofoil section it would be
difficult to distinguish between changes caused
by changes in incidence per se and changes

caused by the centrifugal and Coriolis forces.
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L. Provious studies (Himmelskamp (1945))
indicated that boundary layer separation pheno-
nena were of particular interest on rotating
bodies, Working with a2 circular cylinder and
keepinsg the section Reynolds number always in
the laninar senaration range has the advantage
that the basic two-dimensional flow has been

the subject of extensive investigations,
experinental and theoretical, in the rezion of
attached flow and after separation.

5. Uith a circular cylinder it is possible to
obtain as detailed a survey of the surface pres-
surc distribution as is required over any part
of the periphery by having only a few pressure
tappings and arranging forrthe cylinder to be
rotated about its own axis,

6. Two observations made in Part I of this
thesis indicate that an experiment on a circular
cylinder would be fruitful, First, it was
observed that a circular cylinder could be nade
to auto rotate. This meant that the pressure
distribution was not symmetrical about a stagna-
tion noint. The second was that the surface

flow patterns on the cylinder did not reveal ldrge

radial velocities in the boundary layer.
Y



2. APPARATUS.
2.4 ?_‘_fl_’, Model .

“he model consisted of a circular cylinder,
16 ins. lonz % 2% ins, o/d. x 2% ins, i/d,
fitted with £lat end pieces, (Fig.3). It was
possible to dismentle the cylinder into three
separate cylindrical pieces. The centre piece
will be referred to as thc hub and the two outer
nicces as the blades, One of these blades was
fitted with 108 pressure tapping points and will
be referred to as the measurin; blade. L hollow
shaft was used to attach the hub to the forward
end of the rotatin: apparatus.

.27 pressure tubes were laid, as shown in
figs._Z an¢ 3, alony generators of the measuring
blade. 4 pressurc tappings, each 0,020 ins.
dia, were locatec alonz each tube to permit the
scanning of the pressure distribution at four
cross-scctions, distant 2 ins, A4 ins. 6 ins. and
7% ins, from the axis of rotation, A transparent
plastic ('Fablon') sheet was wrepped around the

entire nodel and the tappings selected for

measurcnent were exposed by puncturing the 'Fablon'!.
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This schene of providing the model with a replace-
able outer skin ensured that a smooth unscratched
surface with no edges.or ridges was prescnted to
the flow at all times.

Finally, it was possibls to rotate the
neasurin~s blade about its axis relative to the
hub and secure it at any desired position.
The nosition of the measuringz blade was deter-
nined with the aid of vernier scales engraved
on the mating edzes of the blade and hub,

(vide Fi=,2).

2.2 The Model mountinc and the Drivinz Motor.,

The drive used in this investigation has
been described by Harvey (1960). It consisted
essentially of a gearbox nounted in the tunnel
and a synchronous riotor mounted outside the tunnel.
The gearbox had a streamlined casing and
was he}d_in the tunnel working section as shown
in fiz.1, The supnorts were desizned (a) to
cause a rinimun of interference to the flow
downstrean of the nmodel and (k) to enable the

axis of rotation to be correctly aligned to the
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tunnel windstrean direction, To achieve the
first objective one of the four supports was
built as a space frame having three longitudinal
1embers cross braced with tubes., Each of the
other three supnorts consisted of two longitgd-
inal members held together by end fastenings.

The rotor uscl was a three phase, % H.P.,
synchronous rnotor with a speed of 1500 r,p.nm.
The speed of this motor was independant of the
load within the power ratinz.

The notor was coupled to the streamlined
gear box throuch an infinitely variable
hydraulic gear box.,  The output speed of this
sear box could_be set at any value between
0 and 1500 r.p.1, The fluctuation in specd
about the mean value did not exceed 1% at the
maximum speed of 1500 r,p.n, Further, there
was no observable drifting of the mean specd
when the tunnel speed was changed (thus changing
the load on the motor) nor during thce warning up

period when the viscosity of the oil was changing,
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2.3 The Pressure Pick-Up.

The pressure pick-up used was developed
by Earvey (1960). It consists of a pressure
switch, diaphrazm and inductive displacerient
pick-up built into a single unit atta~hed to
the after end of the output shaftof the stream-
lined gzear box, The ancillary measuring
equipnent necded to meter the output of the
displacenent pick-up is situated outside the
tunnel and is linked to the displacement pick-
up by brushes and slip-rings,

The pressure to bz neasured acts on one
face of the diaphragm and a known pressure
on the other. The resulting deformation of
the diaphragm is detected by the displacement
pick-up an@ measurecd as a chanze of mutual

inductance.

2.3.1., The Pressure Switch.

Twenty 'Schrader? car tyre valves mounted
with their axes normal to the axis of rotation
are used in this switch., The valves are opened

one at a time by a rotating cam. The actuator
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rnechanism for the cam is controlled from outside
the rotating systen and is linked to the control
gear by brushes and slip-rings. A telephone dial
was exmloyed in the control gear because it
enabled the con to be advanced by more than one
step at a time by the dialling of the appronriate
nunber, The position of the can, and, there-
fore, the identity of the valve currently held
open, was displayed on an eleqtromagnetic counter
situated on the control panel. Finally, the
disposition of the valves was such as to (a) cause
no unbalanced centrifugal forces and (b) use the

centrifuzal forces to heln keep the valves closed.

2.3.2. The Transducer.

A 2 in, dia. diaphrazm was cenented on to
the end of a pressure-~tight cell enclcesing the
pressure switch. The displacement pick-up was
mounted alony the axis of rotation in contact
with a hardened pad soldered to the centre of
the diaphrazm,.,  The pick-up was enclosed in a
sealed corpartnent naintained at a standard
reference pressure supnlied through rotating
seals, Thus one face of the diaphragn was
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exposed to a known pressure and the other to the
pressure at the valve currently held open.

The diaphrazm used was of crinkled, 0,005 ins.
thick, Berylium-Copper.

The displacenent pick-up used the principle
that displacenents could be neasured as changes
in rutual inductance. The pick-up consisted
esscntially of a primary_coil, two secondary
coils and ¢ novable core, The core consists of
a 'Feroxcube'! attached to a sprins loaded shaft
in contact with the hardened pad on the diaphragn.
Thus, the deflection of the diaphragm was
detected as a chanze in the mutual inductance
of the secondary coils, This change in(the
matual inductance was measured on an A.C,
bridge. The pick-up and neasuring bridze
used were nanufactured by M/s. Philips Ltd.,
(types P.R.9310 and 9312).

Finally silver graphite brushes and
silver slip rings were used to link the pick-up
to the measuring bridge, These were chosen
on account_of their constant electrical

nroperties.
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2.4 Mcasurenent of the Speed of Rotation.

It was necessary to reproduce the speed of
rotation of the rnodel accurately for the
different runs and consequently it.was necessary
to neasure this speed accurately.

It was measured by#two independant instruments.
A tachornieter was used to set the speed approxi-
matbely to the desired value; in addition, an
electronic device was capable of timing a
sinzle revolution of the rnodel, This timer
consisted of a ten toothed capacitative pick-up
placed around the output shaft of the hydreulic
gear box, An integrating circuit was linked
to the capacitative pick-up and transnitted one
sinrle pulse to a microsecond chronorneter for
every tgn pulses received from the capacitative
pick-up. Successive pulses started and stopped
the chronometer.thereby giving the time for a

Single rotation,

2.5 Flow Visualization.
Acidified air, from the apparatus described
in Part I of this thesis, was introduced into the

rotating cylinder via a hypodernic tube, rotating
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eals, atsached to the after end of the

e

n

Q

streanlined mear box. The air was transnitted
along & pressure tube and released into the
boundary layer throush a pressure tapplng.

This procedure had the disadvanteaze that it was
hecessary to dismantle the pressure neasuring
equipnent and therefore, no sirnultaneous
rressure measurenents could be made; also a
picture of the overall flow pattern on the
riodel had to be built up from a series of traces
obtained by injection at different points.

It was advisable to keep the injection rate for
the acidified air low in order that no
localized.disturbances should be set up by the
inJjection, In 9on-equence, it took about 3
ninutes tec obtain each trace.

In this particular investigation, two
holes were punctured on each strip of litrus
paper., Both the holes lay on the sane cross-
section and acicified ailr was injected out of
only one of then. The other hole was sone
distance away and served to provide a line of

reference for observing the spanwise displacenent

- L9 -

-



of the liniting streamnline, This enabled a
corposite picture of the flow pattern to be built
by copying the traces obtained on to a sheet of
transparent paper.

It was decided that the width, viz, 3 ins,
of the strips of litmus paper used was adequate
because the spanwise flow appeared to be quite
enell, and, therefore, unlikely to have been
affected by the presence of the paper on the

surface of the nodel,
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3,0 EXPERTMENTAL PROGRAMME,

The sequence of tests was as follows:-
(2) The pressure distribution at the station
2 ins, from the axis of rotation was obtained in
the 3 ft. x 2 ft. tunnel at wind speeds of 60,
79 and 96 ft.sec, for each of the model speeds
of rotation of 0, 983 and 1190 r.p.a,
{b) The above procedure was repeated for the
stations 4, 6 and 7} ins, fron the axis of
rotation,
(¢) The stain technique was used to obtain the
linitiny streamnlines on either side of the
'stagnation! line for the speeds listed in (a).
(d) Sorie of the pressure nieasurenents were

raxpeated in the 5 ft, x 4 ft. wind tunnel,

- 51 -



L.0 RESULTS.

The results obtained in the 3 ft, x 2 ft,
tunnel are presented in Figs. 4 ; 26, The
results obtained in the 5 ft. x 4 ft. tunnel
agree closely with those obtZined in the
3 fv. x 2 ft. tunnel, except at the station
2 ins, from the axis of rotation, and have,
therefore, not been presented., The differences
observed_at the station 2 ins. froq the axis of
rotation ?ngiscussed in Secction.5.3.

The experimental points are not shown in
Pirs.4 - 13, The pressures in the wetted
rezion had very little scatter, The experi-
nental pressures in the separated repgion where
there was some scatter, are given separately

in Fig. 14 - 19,
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5.0 DISCUSSICH,.

5.1 ALccuracy of the pressure measurcients,

Harvey (1960) reports that the pressure
pick-up wos calibrated in the speed range
¢ - 1000 r.p.rn, and the variation in calibra-

tion with r.p.n. found to fit the empirical

law: -
observed _ true
pressure PIESSUre _ ¢ o 1o‘lh X (r.p.n )ZP

observed presscure
wherc the observed pressure was obtained from
the calibration at zero r.p.n. Thig shows
that at 1200 r.p.r. the correction would be
127 of the observation.

It wos decided, in these circumstances, to
calibrate the pressure pick-up at each of the
speeds 0, 500, 100C and 1200 r.p.r. This was
done as follows.

The calibrations were perforried when 21l
the apparatus hnd been nounted into the wind
tunnel, The pressure to be measured was fed
to the pick-up via a hypodernic tube, rotating
in seals, attn?'.ed to the forward end of the

hollow shaft which was subsequently used to
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hold the model, This pressure was neasured with
the 2id of o Betz manoneter graduated to 0.1 mnm
water pressure, before it was fed into the
hypodermnic tube, The best straisht line
approximations were drawn to the calibration
curves, These straizht lines 21l passed through
the orizin. The accuracy of calibration was
estimated as + 34.

A troublesorie feature of the apparatus was
the zero«drift which took place with changes of
terperature, This was overcone by feeding the
reference pressure to two of the tappings on the
pressure switch enablingz, thereby, frequent
corrections to be macde for the zero drift.

The possibility of there Leinz & change in
the calibrotion durins the experinment is
comnented on in Section 5.3.

It wos necessary to nake a correction to
the pressure readinzs, to allow for thecentri-
petal pressure gradients in the pressure tubes,
linking the surface tappings on the rodel to the
pressure switch, This was made by the method

shown in Appendix I.
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5.,2. Galibration of the 3 ft. x 2 ft. wind tunnel,

It was observed that the static pressure in
the working section upstrean of the model was
sreanter than atmospheric pressure for the two
cases of nodel staticnary ond riodel rotating,
The tunnel was, therefore, calibrated with the
nodel rotatin~ at speeds of 0, 5C0, 100C and
1200 r,p.u. at tunnel fan-speeds of 800, 1000
and 1500 r.p.n,

For ench of the twelve cases considered
pitot static traverses were rade in planes normal
to the tunnel axis, upstream of the model,

It wos observed that over planes distant more
than 10 ins. upstream of the cylinder axis,
there was no si-nificant variation in static
pressure or total head, Thus the static
nressure for purnoses of calculatinz the surface
pressurc coefficient was taken to be that
obtaininz ot the plane 10 ins., upstream of

the nodel.

The fact that the static pressure in the
free stream was greater than the atmospheric

pressure was held to be due to the lar;e draz
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off th. 0lling apnaratus and nodel. The static
pressure was found to be greater than atmos-

pheric pressure even in the 5 ft. x 4 ft. tunnel.

5.3. Pressure Distribution on the Stationary
Cylinder.

The length/diameter ratio of the cylinder

16 ins.

22 ins.’ i.e. approximately 5.8.
v L]

tested was
Pressure distributions at sections 25¢%, 509,

75¢ and 93,75% of the half length of the nodel
out from the axis of rotation (i.e., 2 ins.,

4 ins., 6 ins., and 7.5 ins., from the mid-span
of the model) are plotted in Figs.ll -~ 13 at
Reynolds numbers of 0,77, 1.00 and 1,21 x 105
respectively, ialso plotted are the two-
dimensional pressure distributions obtained

with 2 6 ins, diameter circular cylinder com-
nletely spanning the sane wind-tunnel and opera-
tin; at the same Reynolds numbers, £11 the
pressure distributions on the finite span
cylinder deviate from the two-dimensional
results, in particular; the wake suction is much
less with finite spans. The maxinum pressure

and the wake pressure both showimg 2 tendency to
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fall towards the tins as shown in Table I.
L

TABLE T,

R; T Vea -

o 1.0 x 10° 1.2 x 10°
0,77 x 10
Cp Cp Cp Cn Cp Cp
moax. woke LY, walie nax., wake.

2 -d (1,00 -1.05 ;1,00 -1.02 ' 1,00 -0.97

- —— ——

y = Jl.os5 |%0.61|™1.02 |%0.65 | 1,00 | Z0.72
2 ins.; _ | | _
y = | -

L, ins. 1.00 ~-0.,72 | 0.97 ! -0.,72 0.94 | =0.65
vy o= i ' '

6 ins. 1400 |-0.75 | 0.97 | -0.8k | 1.00 | -0.92

Y = ! _ <
745 ing 0495 [-0.70 | -0.91 | -0.72 0.94 | -C.83

—— i c—

The results are consistent with other published
data. For example, Sykes (1962), testinz rela-
tively long cantilever cylinders at a fixed
Reynolds No. of 8.6 x 104, found that the
prezsurc in the wake was alnost constant along
the lenzgth and around the circumference and also
that thesc values were hizher than the two-
dinensional wakec pressurc, In the attached-flow

* These values are approxinately 5¢ too larze due
to & fault in the instrumentation. Sce below.
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i.,e. forward facing, rezion the pressures fell
of f within o distance of two cylinder diameters
from the free end, which in Table I would corres-
pond roughly to the sections from y = 2.4 ins.

)

to y = & ins, This falling off in pressure is
duec to the velocity cormonent along the forward
face of the cylinder, directed towards the free
end, which is induced by the end itself, The
decrease of maxinun preésurc with inercase of
Reynolds number is consistent with the sinul-
taneous decrease in wake pressure, which would
be exnected to couse an increase in this span-
wise velocity component, This decrease in wake
pressure with increasing Reynolds nuniber does not
occur in two-dimecnsional flow, as shown in
Table I,

The anomolous pressure coefficients in
excess of unity in Tabls I are duc to a shift
in the cnlibration of the pressure pick-up
chruscd by o deposition of oil and dust on the
slin-rings. Once this error had been noticed
and, with some difficulty, its source identified,

great care was taken to keep the slip-rings clean.

- 58 -



The magnitude of the error, about +5%, was found
by making o Tfew check tests. This error
affects the row of observations marked with an
asterisk in Table I and also the observations at
the sane station on the rotating cylinder.

It is unlikely to be present in the remiinder

of the tests, Even if there wers errors of
this order, they are sm2ll enough compared with
the pressure changes brousht about by rotation
not to affect the subscquent discussions and

conclusions.

5.4. Pressure Distribution on the rotating
cylinder.

5.4.1. The position of the maximum-pressure

point .,

Pressure distributions about the rotating
cylinder for various rotational and forword
specds are nlotted in figs, 4 to 10 inclusive,
In all these fizures, the co-ordinate © denotes
the peripheral ansular position in a plane
pernendicular to the cylinder axis measured fronm
the point of maximun pressurc. It mizht be

ex;. ~~ted that the locus of the nmaximum pressure
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points could be accurately estimated from a
simple consideration of the relative velocities,
On this basis the maximun pressure point would
be displaccd from the zero-rotation position
throuth an anzle K'= tan“l.§%£ where V is
the tunnel speed, {) the rotational speed and

r the perpendicular distance from a point on the
periphery to the axis of rotatiocn. Round a
scction normal to the cylinder axis the distance
r varies from o nininum at the ends of a diameter
parallel with thc axis of rotation to a maximum

a

the ends of a perpendicular diameter and hence

ct

/

&' varies, In fact for values of X more than

about 10 degrees, the experimcntal shift in
meximurn pressure point lies below the minimum
value of &’ predicted on this sirple basis,
Sone of these results are illustrated in figcs.
20 to 26 inclusive onl 2 few are ziven in

Table II.
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TABLL IT,

v Lstinated rove- |
=1 ment of naximum
ft .sec. pressurc point ﬁgsgﬁgig
J ﬂdegrees). (decrees)
pper Lower
_ Limit, | Linit,
0.752 96. 33.5. 32.8, | 32.0.
Trom
axis ' :
= 79. 38.8. 38.1. 35.0,
1190 | . :
oD Wil ‘ T
o 60. | 4Gk, | k5.8, [
0.9375=2 95, LO 4. 39.8. 38,0,
from -
axis ' T
= 79' 1"’5'60 14'5.00 LI'BIO.
1190
r.D.o, '
600 53-2. 52.60 50000

iAlthourh only snall, this discrepancy of a
‘degree or two is nonectheless significant. It
is important because it is in the sense that
correspends to a éirculation about the cylinder
which would give rise to a cross-wind force
with a component in the direction of rotation,
a component required for the :utqrotation

observed in Part I of this thesis.
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5.4.2, The location of the separation points.

The separation points were taken to be
indicated by the termination of the streaks
rroduced by the flow visualization nethod (see
Part I). Some of the streak patterns are
reproduced in Fizs.20 to 26 inclusive.

In the cases exanined, the separation
points are narked with the letter S on the
pressure Qistribution graphs, Figs.4 to 13
inclusive. In almost every coase exaniined,
the resion of adverse pressure gradient con-
tinues well beyond the separation point on the
rotating cylinder, contrastins with separation
point positions obtained by the some method
in the same tunnel shown in figs. 11 to 13
for the stationary cylinder. In the latter
case the region of adverse pressure gradient
terminates at the scparation point and is
followed by a constant pressure platcau.

This difference is of interest because it
shows that while a separated region is shown up
as & constant pressurc plateau in linear motion,

there is no similar indication of the presence
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of o separated rezion on a rotating body.

The assertion made above about the pressure
distribution in separated resions on the rotating
cylinder rests on the reliability of the flow
visualization technique used. Since no
boundary layer traverses were nade it is
necessary to use indirect nweans to check on
the reliability of the flow visualization
technique. when used on the rotating cylinder.
The followinz points may be noted,

(2) The critical Reynolds number for a _
circular cylinder placed in the 3 ft. x 2 ft,.
tun-el is 2 X 105. The Reynolds numbers used
in this investication lay in the ranse

0.77 X lO5 to 1.2 x 105; In these circun-
stances turbulent reattachment would apnear

to be unlikely.

All the stretnks obtained had an appear-
cnece suzsesting that there was a laminar
boundory layer everywhere,

(b) The flow visualization technique is capable
of showin; up flow reattachment and no evidence
of reattachment was observed on the rotating

cylinder,
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(c) Separation points always lay at or down-
stream of the pressure minima, i.e. they lay
either at the upstrean end of or inside the
rezior of unfavourable pressure gradient.

(d) The pressure, on tie basis of the fluctua-
tions of the meter needle, was unsteady in the
rciion downstreair of the separation points,
whereas there was no observable unsteadiness
elsewherc, It is unlikely that a rezion of
attached flow could have unsteady surface
pressurcs, The pressure fluctuations observed
were ol small amplitude and relatively low
frequency viz. 1 - 10 c.sec. T,

(e) The oressures in the re-ion between the
naxirum pressurc point and a point just upstrean
of the obscerved senaration point were repeatable.
The prassures downstream of this point were not
exactly repeatable,

These arpguments support the view that the
flow visuclization technique gave a reliable
indication of the separation point,

In the case of the station 7% ins., from the

axis of rotation the streeks obtained were alriost
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parallel to the cylinder generators. This
showed that the flow past this particular station
was doninated by the presence of the free-end,
The streak-patterns obtained at this station are
not reproduced in this report.

The reliability of the flow visualization
technique, discussed in this section, is important
because the flow patterns could be used to deter-
mine the structurc of the flow past the rotating
cylinder, It is, therefore, useful to summarize
the conclusions that could be drawn about the
structure of the flow:-

The structure of the flow past the rotating
cylinder is sinilar to that of the two-dimensional
flow past a circular cylinder in the hish-drag
ranze of Reynolds numbers, The boundary layer
is laminar in the rezion betwecn the maximum
pressure points und the separation points, i.e,
in the attached flow rezion. Shear layers
snpring from the separation lines, i.e, the
lines Joininz the scparation points, on each face.
These shear layers arc probably unstable and

disintegrate into eddies and vortices.,
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5.4..3., Extent of the attached flow rezion.

Fig .29 shows |0s|, the angular spacing between

the maximun pressure point and the point of flow

separation, plotted aszinst the advance ratio
. )

Drggag.”’
play too ruch scatter to permit any conclusions

A (= The experimental points dis-

to be drawn from Fiz.29. The values of [@s are
also ziven in Appendix VI, Table III shows both

the averase value and the greatest observed depar-
ture from this value for different combinations

of tunncl wind speed V and sneed of rotation N.
P T

TiBLE TIT.

Vv = 60 ft;sec."l V = 79 ft.sec._f. V = 96 ft.sec.
Osyw | %SLw %% | %[99, | ®SLw
e N e I FC I I B G G
5 o | 75 |roathiE 0 gig | 72T austieordid
A e I A
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It is seen that there is a trend for
increasin: rotational speed to decrease the
extent of the attached flow region on both
faces. The observed trend on the leeward face
conflicts with the observation made on Himmels-
kampts irnpeller where rotation was found to

delay flow separation,

5.k, The pressure distribution and flow

pvattern in the attached region.

The experimental ninirum pressure point
locations and the mininum pressure coefficients
are shown plottad azainst A in Fig,28.

The angular spacing between the maximun
ond nininum pressure points does not change

rmach alons the span, this angle, © tends

p-s’
to be larger on the windward face than on the
lecward face, The value of Gp_s is 64° on the

stationary cylinder which i1s less thon almost_

all the observaidons on the rotating cylinder,
Cormared with the stationary cylinder the

faveurable pressure gradients tend to be steeper

on the rotating cylinder, The gradients on the
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windward face tend to be steeper than those on
the lecward face ond are stecper at the hub than
at the tips. These trends can be scen in
Fizs.h ~ 13, The minirmun pressure on the lee-
ward face is less strongly dependant on the
advance ratio than arc those on the windward
face, where the ninimun pressure decreases as

A increases, In some cases the changes are
large; for example at the station 2 ins. from
the axis of rotation with o tunnecl speed of
60 ft.sec.'l,'the ratio of the ninimum pressure
at 1198 r.p.m. to the corresponding value at
zero r.p.n. is 3,0 on the windward face and
1.6 on the leeward face,

The surface flow patterns (Fig.20 - 26)

show littlc evidence of spanwise flow except in

the rezion ncar the tin,

5.40.5, Attached flow : comparison with Woods!

e s & i B

Woods (1955) riodified the classical Helrholtsz
theory by prescribing a pressure variation along

the 'free-strcamline' and calculated, as an
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3

example, the two~dimensional flow of an ideal
fluid past a circular cylindesr. He us:zd as data
the experimental values of the sub-critical
(laminor) separation point position and of the
surface pressure in the separated region.
Agreenent betwecn the colculated and experi-
nental pressure distribution is very good as

can bc seen in Fiz.27a (reproduced from fig.b

of Woods' pancr). a complete theory would, of
course, set out to predict separation and to pre-
dict the wakc pressure, but it was not Woods!
intention (nor is it the present author's) to

attermnt this much nore difficult problemn,

If Woods' method is used to obtain the
pressure distribution for a rotating cylinder
the observed asymmetry of the pressure distribu-
tion and the progressive chanje in pressure in
the separated recion raises a difficulty. If
the experinental separction position and the
pressurc at separation are used then Woods' theory
gives a poor fit, arisinsg essentially from the
shape of the experimental pressure distribution

aft of the minirum pressure point being markedly
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different from that which is ziven by Woods!
nethod. L good fit is, however, obtained as far
as the ninimum pressure point by choosing one of
Wlocds' fanily of curves to have its minimun
pressure, rather than separation pressure, at

the »nlace and of the mei;nitude observed in the
exnerinents.

It appecrs, therefore, that a method exists
for constructins; the pressurce distribution between
the moaximum pressure point and the minimum
pressure points, Sorie comparison between
experinent and calculations made on this basis
are given in Fig,27. The calculation being
lengthy, not every set of observations has been
checked against Woods! theory but the only serious
difficulty appears to be ncar the tips where the
three-dinensicnal nature of the flow cannot be

iznored, and where, for instance, Cpmax<'l'o’

5.5 The pressure distribution and flow pattern
in the separated remion on the rotating

cylinder.

It is evident that rotation decrecases the

préssure in the separated region at the stations
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2 ins,, 4 ins, and O ins,., from the axis of rota-
tion, This is scen by comparing Figs 4, 7 and
11, or 5, & and 12, or 6, 9 and 13,

The nressure in the separated region on a
rotating cylinder is not constant as in the case
of two-dinensional flow or of the stationary
cylinler of finite span. At any station, the
pressure is lower at the separation point on the
vindwar? face then at the separation point on the
leeward face., Tris ajzain, is best seen from
Fim. b - 11,

The surface pressure (in m,m, HZO’ rieasured
from the static pressure far upstrean) in the
serarated region is replotted against an angular
co-ordinate ¢ in Fizgs.lhk - 19, The angle ¢
(vide Fig.32) is neasurecd from the generator on
the windward face and 90° away from the leading
zenerator, The curves drawn in these figures
were obtained by calculation; The rethod for
calculatint the surface pressures in the
separated resion will be discussed in Sce-

tion 5.6.

- 71 -



Trom Figs.ih - 19, it is evident that there
is o local pressure nmaxinum near @ = 280°. This
is of consequence because in the event of there
being finite spanwise velocities in the wake, the
resolved part of the attendant Coriolis pressure-
pradient would be zero at the point ¢ = 180°
This is discussed further in Section 5.6.

BExamnples of the surface flow patterns in
the senarated resions are sesen in Figs.23 and 24.
These show that the predoninant c01ponent of
velocity, at the points exanined, is the spanwise
cornhonent, It was not possible in the time
available to obtain more of these flow patterns,
but the evidence suzsrests that the wall shear
in the separcted resion is small and that the

-1

ghanwise velocities are of order 10 ft.sec
L ]

i.c. of order one tenth of the free stream speed.

5.6. Calculation of the pressure distribution in
the separated rezion of tne rotating cylinder.

In seeking a theoretical model of the flow,
we can at the outset dismiss the possibility that
the flow is two-dimensional, with the two-

dimensional pressure coefficient, at each section,
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since this would imply & wake pressure which
decreased with increasins distance from the axis
of rotation whilst the equation of motion requires
the pressure to increase (vide Appendix III).
Consider therefore how the two-dimensional
flow paﬁtern behind and in the inmediate vicinity
of a stationary cylinder, such as depicted in
Fiz,32.d, nizht distort when the cylinder is
rotated. It seens hizbly likely from the

experimental results that the symmetry is not

In order to give results consistent with the
experinental results, it appears to the author
that the pattern should be distorted in the sense
of Fiz.32.c, the region D swinging towards the
windward face rather than the leeward face of
the cylinder, If also as seens likely from the
experiments there 1s a substantial spanwise flow
in the wake, the resultinz flow would be as
sketched in Fin.32.b. Alternatively, if we
first postulate the snanwise flow then, as
argued in Appendix IV, there nust be secondary

flow from D to C in Fig.32.c. The spanwise
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velocity component would by symnetry be zero on
thc axis of rotation.

In order to render the flow pattern amenable
to simple analysis, supposc that the region D is
very close to the windward separation line
(SW-W in Fiz.32.c.) so that the major part of the
flow near the surface may be thought of as
spirallinzg out along the surface from the windward
separation line to the leeward separation line,
This assumption is likely to become less rood for
relatively low rotational s»necds. Suppose also
that the flow is steady and inviscid, this last

assumption is equivalent to assuning that vis-
cous effects are confined to a thin "boundary-
layer' at the back of the cylinder through which
pressures are transmnitted unaltered from an
essentially inviscid external flow., Finally,
suppose that the velocity components (u,v,w) in
the (x,y,z.) directions (the co-ordinate systen
shown in Fig.32.a) are all linear functions of

position, and of the form

u = -k0z(g+p) ;
v = +kQy g (1)
w o= +kQ.X(¢+P) )

-7 -



These expressions represent a flow of the type
nostulated, ant zlso satisfy the equation of con-
tinuity ~nd the condition % =f% i.c. there is

no connonent velocity perpendicular to the cylinder
surfacc. Essentially, the constants k and @
define the ma-nitude z2nd extent of the secondary
flow near the cylinder in the senarated rezion.
The proposed model of the flow over-simplifies,
indeedl ignores, the actual flow in ths neirh-
bourhood of the windwar! separation line

(SW—W in Fiz,32.¢) sc in the ensuin; analysis;@
has been chosen equal to -¢°L4W’ naking

u =w = 0 at the lecward separation line

(SL-W in Fi~.32.¢c). Substitutin~ from (1)

into the equation of motion and intesrating to
find the pressurc distribution on the surface of
the cylinder in a plaine y = constant (vide Appen-

*

dix V), the followin. expression is obtained.

& p =] b
_E;52§%:E = k2(¢+@ )2 -Aké cos @ + cosg¢ +H ... (2)

vhers p is the sauje pressure and the ponstant of -
intesration H is a function of y, V and 02 ,
In the ensuin: comperisons of the experimental

results with this equation, the values of k and H
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for each value of y have been found by meking

(2) fit the experimental pressure distributidn

at the point @ = 180° and one other arbitrazily
chosen point well removed fron both separation
points, The point @ = 180° wes chosen in nre-
ference to tho leeward scparation noint beccuse
it was likely that the streanlines in the inmedi-
atec vicinity of the latter point would have small
radii of curvature =and consequently the circun-
ferential pressure pradients in this resion would
be different from thoses obtainins elsewhere in
the woake. The values of k obtoined in this
investircation are plotted asainst the rate of
advance, A , in Fis.29, It will be seen that,
except for hi~h rates of advance, i.e., high
valucs of A (= 7ZYT§tav)’ k can be taken as
constant with a value of about 0.6, The values
of H are plotted ar~inst V2/f12a2 in Fi;.31,

A strai~ht line has reen drawn throuzh 11 of

the 15 points, usin~ the nethod of least squares,
The feur pHoints omitted correspond tc hizh values
of ?\(:V/fLrstag) and the correspondins values

of kX too are larszer than 0.6.
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The equation of the line is

H = -0.60 -fl;?—-z ~32.1,
a

In Appendix V, it was shown that H could be

expressed as follows: -

2 .
H=C_ . V + A () _V_ 4+ A (%)
Pw Tz bl gm0 ee

[

pr is a function of (y/a) and 7+ The ranze
of variation pr in Table 1 is small when com-
narec to the ronze of variation observed on the
rotating cylinder, If, thercfore a simple

expression for H was beinc souzht, it would be
reasonzble to take Cp as being constunt The

W

mean valuc of pr in Table 1 is -0.73, and is
¥ower than the value of -0,60 obtained from
Fi~ .31, Further AO(%) and Al(g) turn out to
be -32.4 and O respectively. Inspection of
Fir.31 shows that three curves cculd be drawn,
one for each value of y,. These curves would
nerie into the straisht line drawn there at
hich values of Vg/flgaz. This linc of thouzht
was not pursued because the straicht line is a
7001 enoush approximation at low rates of
advance A (= V/2Tstax).
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The pressure distributions calculated fron
equation (2) are coripared with the observed pres-
sure distributions in Fi~s.l4 - 10. The apree-
rent is cncoura~in~ an'l as is to be expected the
exnperinental and calculated results diverge as the
windword senaration peint is approached, the ex-
perinental and cnleculated pressures in the region
of impact D (Fi~.32.c) and the extent of the
diversence would be expected to diminish with
decrense in the advarce ratio 7\(=V/rlrstag .
These trends are present.

Three terwms, apart from H, occur in the richt
hont sie of equation (2) above, The first of
these terms arises from the term v.Vv., in the
nomentun equation znd misht be looked on as the
pressure distribution required to maintain the
postulate:l flow relative to the cylinder, the
second anl third terms are rcquired te naintain
the Coriolis an; centripetal accelerations,

The sccond tern is important everywhere in the
separated re~ion. The first term is important
only in the windward half of the separated recion.

The third tern which ariscs from the varying dis-

tance from the axis of rotation in a plane y =

constant, is relatively small unless

>
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y and k arc both small, Values of @ for the wake
lie between approxinctely 220O and oapproxinately
0°. The Coriolis term alone therefore has a
naxirum in the wake at @ = 180°, The presence
of a pressure maximum in the sxperimentel results
around @ = 180° is clearly evident in Fins, 14 -
19, This tozether with the fact that k is
rou~hly constant and the fact that H depends
prinarily on (V/Tlajz zives support to the
proposed rodel of the flow.

5.7. Estimatine the pressure distribution on a
rotating cylinder.

The object of this section is to show that
it is possible to calculate the pressure distri-
bution at any cross-section on a rotating circular
cylinder, provided that the advance ratio

7\(=V/£1rstaﬁ) does not exceed 3.0, say.

In order that this bLe achieved it is necessary
to divide the cross-section of the cylinder into
two portions, viz. (a) the portion of the wetted
re jion lyin: betwecn the peak suction points and
{b) the rest of the cross-section.

The pressure distribution in the first of

these rezions is calculated as follows, The
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staznation point could be taken to be displaced
by tan "lf¥§-with respect to its position on the
staticnary cylinder, Table II in Section 5.4.1.
showis that the resultin~ cerror would be less than
3°.  The values of Cpp_S and gp-s for the two faces
are then obtained from Fi-.29 by interpolation,
hus the pressure distribution could be calculated
by usinz Woods' theory as shown in Section 5.2.4.
The pressure distribution in the separated

re-ion could be calculated once the values of k,
H and @ are known, The appropriate values of
k and H could be obtdined from Fi~s.28 and 31
respectively, It was pointed out in Scction 5.6
that the values of k and H differed from the
values of 0,6 and (-0.6 E¥;~2 -32.4) for values

of the advance ratio A (5V7[lrstag) grezxter than
about 3,0, It is not possible, however to obtain
the appropriate value.of g from Fis,29. It is
possiblc to obtain reasonably mood values for the
surface pressures by takinq ﬁ,to be ;iven by

the followin: relation:-

-1
~@_2W)+Mm. ?%§ +?&

where7$8o is the valuc of GSL W occurring on
=¥
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stationary cylinder. The maximun error incurred
when using this sinplification could be estimated:~
From equation (5) of Appendix V
Ap = -%5(pr@). A8
Fir,29 shows that ]A@’ £ 20° & +0,35°€
Now, the extent of the region of separated flow _
is unlikely to exceed 270%, i.e.(f+@) { -270°2 -4,7°
Thus /A f)! } 3,3k? and taking k £ 0.6, we have
[Ap| 1.2
i.e. 2t £l = 125 rad.sec?l, say, the error is
unlikely to exceed 1.5 . H20. Inspection of
Fis.14 =~ 19 shows this to be a pernissible error,
A typical exammle of the pressure distribu-
tion on the rotatin-; cylinler obtained by using
the above nethod is shown in Fi:.35. The agree-
ment between the calculated and experimental
values in Fiz,35 is ;ood,.
It is therefore possible to calculate the
pressure distribution at any cross-section of the
rotatin- circular cylincder provided that the

advance ratio is less than 3.0 at that section.
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5.8. Lift and Dra- Coefficients on the rotating
cylincer,

It is rertinent to take the dras at any sec-

tion of the rotatin— cylinder to be the resolved
part of the force acting on that section along
the diometer throuh the sta mation point,

This definition of dra~ is in keening with that
enploved in two dimensional flow past circular
cvlinders, Thus, the lift woul<d be the component

ot ri-ht an-lcs to the aras.

_ AW

Hence, Cp = glftz,z “\[ C_sin €.d6
3O (V505G )2 )P

. B . _ R

and Cb = graQZ 5 = J C_cos 6.dO
FRVE+ Q%rl, . ) .22 o ¥

wherce 2a = dianet=r of cylinder.

and @ = anrular co-ordinate measured from
the stajnation point,

C; and Cp are shown plotted asainst CK(angular'

dianlacement of maximum pressure point) in Fiz,33.
Two further non-dimensional quantities, the

tanzential and thrust coimonents, QS and Ct are

shown plotted ajainst X in Fi;.34,

where CS = -CDsino( + CLcosc&
"C"c, = CDcosoﬁ + CLsino<
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CS, the tansential component is taken to be
positive when it acts in the same direction as
the peripheral velocity vector, y£1.
'is.33 and 34 show that CL, CD, CS and Ct reriain
at their values on the stationary cylinder till

& reaches 10°. At stations y = 4 and 6 ins,
CL, OD and CS aprear to increase almost linearly
with oK . These curves do in fact resenble the
correspondin’ curves on Himmelskann's impeller.
At the stations vy = 2 ins. the curves of CL’ CD
and CS rise quite steeply and seem to aprroach
maxina,

it the stations y = 7% ins, the curves of

Cq,» Cp and Cg appear to have reached naxina and
scen! to be fallin- off,

| The curves of CL and CD at the four stations
support Himmelskenn's assertion that increnents
in CL obtained on impellers are derived at the
expense. of increnents in CD.

The maximun valucs of CL and CD obtaiyed in

this investization were atvN = 1190 r.p.m,,

1

V = 60 ft.sec,” and are +1.17 and +3.23 respec-

tively and occurred at the station y = 2 ins.
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Fizs.33 anl 34 suzgest that the dynamics of the
flow past the ecircular cylinder may be sinilar
to that past Himmelskanp's impeller,

5.9, Sisnificancc of the Flow Model proposcd for
the rotatins cylindor.

It has becn shown in Section 5.6 that the
followin: flow mocel for the rotating cylinder
is renson2ble at the Reynolds Humbers examined:-
The boundary layer in the rezion betweon the
stasnation line and the separation lines is laminar.
Shear layers scrin fron the scparaticn lines,
and the air entraincd betweon the shear lavers
is swept out towards the frec-ends of the
cvlinder. The air in this rczion is also swept
circunferentially, from the shear layer springing
from the windward face towards the shear layer
sprinsinyg frowm the leeward face.

It was observed in Section 5.8 that values
of 1ift and dras cocfficients of 1,17 and 3.23
werce obtzined on the rotating cylinder as compared
to the corrcsponding valucs of 0 and 1.0 on the
stationary cylindcr. It was obscerved in

Section 5.4.4. that the nmaxirmum value of the ratio

- 8 -



of the minimin pressure on the rotating cylinder
to the corresponding valus on the stationary
cylinder, was 3.0 on the windwerd ond 1.6 on the
leeward face, The chanses quoted avove, are
couparable with thosc obtained on Himmelskanp's
immeller, For instancc, thc highest valucs of
1ift and draz cocfficients observed on the impeller
werce 3,2 and 0,25 whilc the corresponding values
from mcasureiients made in a wind tunnel on an
isolated aserofoil were 1,45 anl 0.05, respectively,
Further, thc extremce valucs quoted were recorded
in both instances at the stations nearest to the
axis of rotation. The sinilarity between the
two investizotions doés not, however, extend
further, Hirmmelskarp claimed that the effect
of rotation was to iclay the onset of flow
senaration on thc lecward (suction) facae of the
acrofoil, He went on to say that the mechanism
responsivle for tris was large radial (spanwise)
velocities in an attadhed boundory layer,

The Coriolis forccs, associcted with these span-
wise velocities, werc thousht to cause the

boundary layer on the impeller to be thinner than
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that on the isolated asrofoil.

In the case of the rotatinz cylinder the
spanwisc velocitics in the wetted resgion wercs
found to bs neglizibly sirall, Large spanwise
velocitics in the separatcd rezion were shown to
bec quite likely. In Section 5.4.3. it was pointed
out thot incrcasin: the specd of rotation while
kecping the tunnel specd constant propably reduced
the extent of attached flow on the leeward face.

It is evident that sinilar trends of 1lift,
draz and nininun pressure coefficients have been
observed in the two investigations in spite of
the, nominally, very differcent conditions found
to obtain. It would thercfore be opportunc to
re~cxaniine sonce of Himuelskanp's work.

It is advisable to consider the asscrtion
that there wos no separation of the flow from the
inpeller surface on the occasions when hicgh lift
coefficients were obtained., Himmelskamp made
this assertion on the basis of three observa-
tions. First, the pressurc profile resembled
that on a stationary blade with attached flow,

in so far as the pressure was scen to rise
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continuously from the ninirum pressure point
£ill the trailing edze. There is no a priori
reason for assuming that a sgparated regzion on
an inpeller would be characterized by a constant
pressure plateau, Even if a constant pressure
plateoru did indicnte the presence of a region of
separated flow on the mmpeller, too nuch reliance
cannot be placed on Himmelskawmp's pressurc pro-
files.  Himnmelskamp did not trust his pressure
neasurenents corpletely and he left out any points
~that c¢id not lie on a smooth curve, This would
have been pernissible had he had in fact a large
number of pressure tappinsgs at each station and
only a few of them gave results that appeared to
be wrong. He had in fact only 18 tappings
distributed equzlly on both faces, at any station,
It has becen pointed out in Part 1 of this
thesis that wool tufts are unsatisfactory in a
rezgion just upstream of flow separation or in
o region of separated flow.,  Himmelskanp assuméd
that tufts pointing in a radial direction implied
radial flow in the boundary layer, This was

partially substantiated by measuremcnts of flow
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direction made ncar the blade surface.

A small cylindric tube with o hemi-spherical
cap and a lateral borchole was used to neasure
the total head. This tube was pushed out of the
inacr chamber of the hollow impeller blade through
a hole in the blade surface, It could be moved
a2long its own axis, which was normal to the wall,
It could also be rotated about its own axis,

Both these movements could be exccuted while the
impeller was rotating. This tube cmployed the
fact that when the pressure measured at the bore
hole was o maximun, the axis of the hole was
parallel to the local flow direction, This
device was subjected to a series of tests from
which Himmelskarmp concluded that its indications
were reliable,

Finally, using this device he obtained
boundary layer type vclocity profiles in a region
close to thc wall. This region was found to be
thinner than the boundary layer on the isolated
aerofoil, On analyzing these traverses it is
found that in some instances the total-head at

the edgze of this 'oboundary-layer' was considerably
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less than that obtaininz far upstrean.
Toble V below has been conmpiled from

Himmelskorp 's resultsg

r/K Prot &b a=P,| DPior 2T B-pg VR
0.5 0.28 0,05 0.17%.
0.7 l 0.50 +0,47 0.124.,

whers the points A and B lay on generators of the
measuring blacde; distant 0.347 chord and 0.641
chord from the leadins edze, Three points have
been cxanined on each generator, and r is the
distonce of any point from the axis of rotation,
Po and Uo are the static pressure and axial
corponent of velocity obtaining far upstrean of
the impeller; R 1s the tip radius of the
impcller.,  (Ptot -Po ) has been obtained from
the valucs of the velocity at the edge of the
boundary laycr and the surface static pressure
at the station, supplied by Himmelskamn.

Mow, Hinnelskanp thouzht that his surface
pressure neasurenents werc reliable. Since he
used the sanc apnaratus for traversing the region
close to the blade surface, these measurcnents
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rmust have been equally reliable, Now in sone
of the instances shown in Table V (Pgot - po)<<%eq2'
This is repeated at other instances where rela-
tively hish values of Cp werc obtained, This
implies that thce hizh 1ift coefficients were
obtained with separated flow and not, as Himmel-
skamp asserted, with attached flow.

It must be that spanwise velocities on
both the cylinder and th~ impeller occur oply
in the wake and not in the attached region,
This viocw is confirrmed by the photographs of the
wool tufts on the impeller. These show that
the tufts lic in a chordwise direction on the
forward portion of the impeller and point radially
only on the rear portion., e,
The evidence avoilable seems to sugrest that flow
separation is a pre-requisite to the production
of hizh 1ift and drag coefficients. It is con-
ceivable that the higher lift ccefficients result
from -the overall reduction of wake pressure
caused by rotation, This reduction of wake
pressure probably causcs a lower unfavourable

pressure gradicent and the secondary flow causes

- 90 -

o"*



this prossure gradient to be maintained right to
the trailing edre increasing thercby the arca of
the C,vs x4 profilec,

It w=2s nontioned in Section 5.6 that the
surface pressures in the wake on the rotating
cylinder werc ruch lower than those on tho
stationary cylinder, It is secn in Fiz.27 that
reaucing the wake pressurc causes a recuction
of the minimum pressure, when the pressurc dis-
tribution is calculatcd by Woods! theory.

Roshko (1954) poihts out that reducing the
wake pressure causes an increase in the curvature
of the free strecamlines in the two-dimensional
flow problen, It is therefore likely that
increasinz the curvature of the shear layer
(free strcamline) will result in reducing the
ninirun pressure on = circular cylinder.

The flow model postulated in Section 5.6 can now
be used to explain the relatively greater un-
steadiness observed in the vicinity of the
separation line on the windwerd face of the
rotating cylinder, This is because the overall

reduction of pressures in the wake caused by
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rotation leads to an increase in the curvature

of the shear layers sprinzin; from both faces of
the rotatin:g cylinder, The secondary circumfer=-
ential flow, directed from the shear layer on the
windward face to that on the leeward face, would
cause an increase in the curvature of the shear
layer on the windward face and a reduction in

the curvature of the shear layer on the leeward
face, Since the nminimum pressure coefficient

on leeward face of the rotating cylinder stays

at approximately 1.2, the two opposing influences
on the curvature must be balancing out. The
nminirmun pressure coefficient on the windward face
varies considerably with A and this means that
the curvaturg of the shear layer rust also be
chanzing considerably, Since the stability of
the shear layer decreases with increase of curva-
ture, the shear layer on the windward face could
be expected to break up quite soon into eddies
anc vortices. This could then be the reason for
the unsteadiness observed in the vicinity of the
separation line on the windward face,

The flow model postulated could also be used

2
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to account for the asymetry of the pressurce dis-
tribution on the rotatins cylinder, The curva-
ture of thc shear lzycr on the windward face is
increased by the overall reduction of weke pressure
and the secondary flow., This rmust cause lower
ninimun pressures to be developed on the windward
face than on the leeward face where these two

effects woulc be opposing each other,

640 .CONCLUSION.

The flow past a circulér cylinder rotating;
after the fashion of a propeller, in a wind
stream has been studied, It was found that non
zero section 1lift coefficients and unexpectedly
larpge section draz coefficients were developed
on the rotating cylinder. No evidence of sig-
nificant spanwise velocities in the boundary
layer were found,

A flow rmodel for the secondary flow in the
wake has becn proposed., It has been arsued that
the Coriolis forces associated with this flow are
responsible for the observed non-zero circumfer-
ential pressure gradients, The secondar:s flow

in the wake is also suggested as the nechanisn
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responsible for chanjing uncequally the shape of
the shear layers sprinzinz from the two separation
lines ond thereby producin: an asymwmetrical pres-
sure distribution about thz line of maximun
pressure (stagnation line).

Quasi-thepretical methods have been sugpested
for calculating the surface pressuvre distribution
in the region of attached flow an¢ the wake.

Finally, an earlier investigation on the flow
past an inmpeller has been re-examined in the lizht
of the findings of the current investisation,

It has been shown that there was probably flow
separation in the instances where the hizhest
section 1lift coefficients were obtained. This

is seen to cast doubt on the original finding that
high 1ift coefficients are produced by spanwise
velocities in the boundary layer causing a delay

in the onset of flow separation,

7.0  SUGGESTIONS FOR FUTURE WORK.

It would be necessary to verify, experi-
mentally, the model proposed in this thesis for

the secondary flow in the wake. An atteript has
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been made in this thesis to establish its
plausibility but direct experimental evidence

is necessary. This could be done by traverses
in the wake using pitot-static tubes or hot wire
ancmoneters,

An investigation sinilar to that made by
Himmelskamp using Harvey'!s pressure pick-up would
be helpful, This would be invaluable if the
flow model sug-ested for the wake of the
rotatin; cylinder was found to obtain in prac-
tice, It would then be possible to resolve
the doubts expressed in this thesis about the

conclusions reached by Himmelskamp,
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APPENDIX T,

CORRECTION FOR CENTRIPETAL PRESCURE GRADIENTS.

A It is necessary
to make a correc-
N ___.(C___ . tion to the obser-
B QO rad -1

£ )rad.sec. ved pressure read-
ings to allow for the centripetal pressure gradients
in the pressure tubes.

re b

Suppose it is necessary to
estinate the true pressure
at the point 4, lying on

the cylinder surface,

Suppose, further that 4 is displeced from the
leading generator and lies on a section distant y
from the axis of rotation, Then the perpendicular

distance, r, of 4 from the axis of rotation is

given by

r? = y2 + alsin®e = (y2 + %az) - %aZCOSZCT
Let py = pressure at A

Pg = pressure at B = pressure measured

by pick up.
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Then ?p = erQ 2

or
i.e, p = %erzﬂz+constant
using p = pg at r = o, we have
. 2 2
pA=I§-+%@r£l
Now - Patm
RO

where Patn atmospheric pressure.

- @

R

tunnel temperature,

constant for air.

Thus p, = pg + % Patn . rén?
R®

1.0 Dp - Pgtat = (pB'patm) + £%§£— Latm -

(pstat = Patmos).
This then is the required r esult,
A specimen set of calculations is shown in

Appendix II.
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R.P.D.
t

il

50,5 rxi. 150. Pstat ~ Patn

£ = 103.4 rad./sec.
.Cz?patm/Zléé = 58,6 .

0.06075 sec.
135.50°/2R@: 0.77

r

——— e e oy

_CiLCULATZVE.

.=Ap = 2,6 . i5C

. 2
hzo/ft .

e+ baa et o+

4-

thxéazcos

‘e~

r‘2

+

R@ Patn T

P

1
p- - Ap

P = Pgtat

= 6 ins,
= 76,25 cm, H~,
= 305%. °
65 | 55 20
42 | 23 51
0.240810.2589 {0.2566! 0.2543 0.2515
15,3 15,2 1 14.7
12.7 2.6 112.14, 12.1
55.0 |59.0 [6€.6 10,2
46,3 |46.4  |5h.2 |56.8 l28.1




APPENDIX III.

CONSEQUEICAS OF TWC-DIMEN3IONAL
FLOW PaST RCTATIDIG CILLIDoR.

It is possible to show by the reasoning given

below, that there is no possibility that the flow
past the rotatin-; cylinder is two-dimensional,
with the two-dinensional wake pressure coefficient
obtaininz at 21l sections.

If the flow was two-dimensional and the two-
dimensicnal wake pressure coefficient obtained at
all sections) then the wake pressure would be
given by

P = Pgrat * % pr .é?(Vz + glzrzéta, .. (1)

where p i .¢ = static pressure far upstream of

model.
V = tunnel wihd velocity.
pr = two-dimensicnal wake pressure
coefficient.
rstag = perpendicular distance of staz-

nation {pressure maximuwa) point
from axis of rotation.

It has been shown in Appendix I that

2
rsta.g = y2 + azsinZOC

Thus differentiatin; equation (1), we have



Now the average value of pr obtained from
the measurenents nade on the 6 ins. dia. cylinder
iS "‘1 .02. =

Thus @p = -1.020%0% ........... ceeen.(2)
s

A further consequence of two-dimensional flow
would be that the fluid within the wake may be
assumed to have ne-li~ibly small velocity corpon-
ents relative tc the cylinder as in the Helmholtz
model, Thus the centripetal forces rust be
equal to the spanwise (radial) pressure sradients,

i.e. dp = +esz.................(B)
oy

Clearly, equations (2) and (3) are incon-~
patible.

It is therefore reasonable to deduce that
the flow past the rotatin: cylinder will not be
two-dinensional.

A further consequence of the incompatibility
of eguations (2) and (3) is that it adds plausi-
bility to the postulate of finite spanwise

velocities in the wake (vide Section 5.6).
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APPUNDIX IV,

PROCF OF THE EXISTUNCE OF 4
CIRCUMFERZNT TAL VELOCITY —COMPC:IGUT,

Suppose cylindrical polar co-ordinates
(B,v,s) (vide Fiz,.32), were used to exanine
the flow in the wzke.

Let the velocity be siven by (ul,v,wl)

Then, the equation of continuity may be written

1
as =1 Qu lelk's O W
v._\[ g a¢+ ay+ >S

At the surface of the cylinder

W = 0.
1
oW
=— 20
2s ~

Considering the incompatibility of equations
(2) and (3) shown in Appendix III, it is reason-
able to take v > o0, and since v=0at y = o

it is reasonable to take O v y o,
. oy ,
Thus, from the equation of continuity,

1 .
—%}% < 0. at the cylinder surface.

This could irmly that
either ul > o and decreases continuously

or ul { o and becomes increasinsly necative,
The firet of these corresponds to the flow from
D to C (vide Fis.32.c) and the second for the

flow from D to B,
- 102 -~
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APPENDIX V,

INTEGRAT IO OF THE EQUATIONS OF MOTION,

The gquations of motion may be written:-

1
V.V + 2.9.,\_‘_’, +'Q'7€ (_QAE) - Vo .ol (1)

and_ V.E = O .ooooc-ool.(z)

Suppose rectanzular cartesian co-ordinates
(x,y,2) (vide Fiz.32,a2) are used to exanine the
flow in the wake of the rotating cylinder
Let v = (u;v;w.)

Look for a solution of the kind

-kflz(tanfk§+@ )

u = = -kQ s, (f+8 ).cos@..(3a)
v = +kQQy = 4K Y vevesivennsaa(3b)
W = +kﬂx(tan'.'l'_239+@ ) = +kQs.(f+6 ).sind..(3c)

1l

Equivalently, ul = -kQs.(f+@ )

v kQvy.

wl = 0.

where (ul,v;wl) is the velocity when using the
cylindrical polar co-ordinates (@,y,s) (vide
Fir.32.a).

This solution satisfies the equation of continuity

1 = 0 i.,e. the component

and the condition that w
of velocity normal to the surface of the cylinder
is zero, Clearly the relation v = k£y would
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not hold near the free ends of the cylinder.

Equation (1) may be rewritten:-
132e. du ;%/_do 3
UTX+V 3—5.... ..... .(1a)
oV ° 2
,,_1. oV }%’_V_ Dy - &
e VS W 202w y(1b)

%%%:u%ﬂ+v/%—’g+w3~+2ﬂv—ﬂzzlc

It follows from equations (3a) and (3c) that

%% = %V - k0. (f+@ )

It is then possible to write

.Sai(p/e + %(uz-'-'wz)) = 2k-ﬂ.Wo(¢+6) .o..a-(ld)

_éb_y_(p/e + %vz) = 2w + -sz ....... -(le)

Ebi(p/@ + 2uew®)) = -2k u, (f+e ) =207+ 2%24 4 (1F)

It is convenient at this stage, to transform from
rectanzular cartesian co-ordinates (x,y,z) to
the cylindrical polar co-ordinates (¢,y;s.)
This is done:-
s = x4 22 :  tan @ = x/z.

i.e, f?f = sin ¢ ??g + é.cos ¢1§%5
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and;3=cos¢.3 - 1sing o
Dz os 5" >0

Substituting in equations (1d) to (1f) we have:-

2
(sin @ '??? + %—5 cos §. %).(P/e + dul)

- 2k2Q23.(¢+(1’> 12,5108 ..n..(2g)

-a%(p/e + 3v?)

- & Q%.(#r@).sin § + Q%y..(1n)
12

> 1

and; (cos ¢—B_? =.sing %).(p/e+ u )

= 2k2Q23; (§+@ ) .cosg '-2Qv + .st.cossé. (13)

From qquations (1lz) and(1j) we have,

2
%%.(p/e + %ul ) = 2Qv sin ¢ -st.%-sin2¢

Integrating with respect to @:-

1 1% 21
g(p/p + 3u” ) = <20Qv cos@ +L) S.T cos 20 + Hy
) 1% 22 2
i.e. I/e + 3uT = -204g.v.cosf + 1 Q2%s%cos P -
;_Q_zsz + Hy
L

Whel"() Hl = Hl(ch.V,Q).
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Thus p4? = -%.kgﬁlzsz(¢+@5)2 - 2£1s.v.cosé +
%flzszcosz¢ + Hy
. 1 522
where Hy, = Hy(y,s,V,2) = Hy- E12as

Since the tunnel static pressure Pgtat is a
function of V and () only, it is possible to

write

P-Pstat = -%kz_()_zs'z(¢+@)2 -2 s,v.cosP +

o
%11?320032¢ + H3(y,s,V,f2).

At the surface of the cylinder

D = -k2(¢+@ )2 -~ L,k%cossé + cosz¢ + H(y;V,Q;

where p = p_pstag

3esla
It is possible to obtain an insizht into the
nature of the arbitrary function H(y,V,Q) as
follows
Now when {2 = O,

E:E§E§§ = H3(yva:V,°)

< 2
1
bgt P=Pstat pr'2V
e 2
.'. HB(y,a,V,O) = Cp‘l\I.%'V .-0.--00-..0.-.0-(6)
where pr is the wake pressure coefficient at
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the station distant y from the axis of rotation,
and is from Table 1 a function of ty/a) and V.

It woul d be plausible to state that on a
rotadynanic machine; the pressure coefficient at
a point would depend on (a) its location and
(b) the advance ratio (V/€21) where 1 is the tip
diameter, The validity of this statement for
the circular cylinder will be examined later, but

will be assuned unquestioningly for the immediate

purpose,
Thus C, = fn(y/a;¢;V/Q_ a)
Now C, = P=Pstat
(VR 0r® )
= p_pst%tz . 12
1e£)1 % v . .
z€ Eraz + a%- + s:.r?o(

where X is the displacement caused by rotation
of the stagnation point. & 1is in turn a function
of Y/a and yﬁla.

Thus for any point

PPstat Y. o4 V
W = fn(’/a, @, "/Cra)
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Equation (5) of this Appendix gives

E%;?%%Ez = —k2(¢+@5)2 - hk.gcos¢ + cos2¢
a . . .
a + H(y,a,7,2) ...(5)

Thus H = fn(¥/a, '/2a)
Since k is very nearly a constant.

Thus H = AO(Y/a) + Al(y/a)'f¥§ + Az(y/a).gszz

-
+ 2 A (Y/a). (V)
n=3 ©° / )
Now, HB(y,a,V,Q) = %f).zaz.H(y,a,V,Q)

1., Hy(y,2,V,2) = A (Y/a) 3R 4 ) (Y/a) . 3V.Qa

: o0
+ Ay (V/2) 377 4 3022 3 4 (Y/a).( v )"
=3 (c2a)
Equation (6) of this Appendix gives,

N
H3(y,a,V,o) = C

pVJ.% [} i.eo finite ..-c--o(é)

o, n>3

I

then, An(y/a)

and Az(y/a)

1

s Hy,a,7 ) = A U/a) + &y (V/a) 2l

)
=
<
~
)
+
oo

H
~
o
+
2
]



This then is a convenient expression Hr H,
It is now mecessary to examine the validity

of the assumption

, = tn(¥/a, g, V/a2a)

in allowance was made in choosinz the values
of V andf2 for this investigation to analyse such
a situation. The two cases N = 1190 r.p.n.,

v

97 ft.secfl, and N = 983 r.p.m.,

V=179 ft.sech, have the same value of Vﬂ?.a.

It would therefore be advantaseovs to conpare the

different values of @ , C , etec, for the
P=S" Pp_s

same values of Y/a, ¢ and Via a. This is

done in Table VI below.
TALBLE VI,

v v 107 H k W LW
€2 A Rp [ X @ - ace Face
9 C
P=S | Bys| PS | B._s
Ft., Rad,q
ins,| sec. . sec. | ~ " deg., dex.i ~ B deg.l — ldesm. | T
2 97 125 | 4,64 |1.26 111°] —2120 - - 70° | -1.75] -68°] -1 .22
79 103 | 4.60|1.04 |10°|-214°| - - 70° | -1.52| -67°|-12,

97 | 125 |2,32(1.34 | 22°|-216°|-57.1| -0.60] 70° | -1.33| -69°[-1.10
79 | 103 |2.30]1.10 |22°|-24°| 57.6| -0.52| 68° | -1.32| -66°|-110
97 | 125 [1,54|1.46 |32°|-214°| -60.5[ -0.62 67° | -1,26| -62°|-0.%
79 | 103 |1,52]1.21 |31°(-214°(-55.4] -0.48| 67° | -1.20| -65°|-0.90

N OV E | E N




Comparing the values at the stgtion y = 6 ins.,

it is seen that o, e . H, k, Op_s and Cpp-s
are approximately the same in the two cases.

4 rore detailed comparison could be made by con-
paring Fizs 6 and 8, It 1s seen that there is

2 small but sirnificant difference in the pres-
sure distribution in the attached flow rezion.
This sug~ests that the pressures depend to a
small extent on the Reynolds no, as well.

The pressures in the separated region are
different (about 15%) but the curves appear to

be displaced vertically with respect to one another,
If allowance is made for the scatter of the
points in Figs.16 and 18, it may be said that the
results obtained at the station y = 6 ins. sup-
port the statement that Cp = fn(Y/a, V/CLa).

&t the station y = 4 ins. the comparison
shows that all the remarks made for the station
y = 6 ins, apply with the exception of one.

The pressures in the separated region are almost
the same in both cases, Thus the results

obtained at this station support wery strongly

the statement that Cp = fn(¥/a, VA:la).
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Finally at the station y = 2 ins, the com-

parison shows that the values of «, (3 RRTJRN
gp-s and Cpp_S are approximately the same, The
pressures in most of the attached rezsion (vide
Figs.6 and 8) and the leeward half of the
separated region are nearly the same., There is
however a difference (about 25%) in the pressure
distributions in the immediate vicinity of the
peak suction point on the windward face and in
the windward half of the separated rezion between
the two cases, There is insufficient evidence
to conclude that this difference is dependant solely
on the Reynolds no.

It is therdfore reasonable to infer that
the pressure distribution at any station depends

narkedly on the advance ratio V/Sla, but depends

also on the section Reynolds no,
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APPENDIX VI,

RESULTS OF THE FLCW VISUALIZAT ION TECHNIQUE.

v s Osy_u V. N. P
2 77 83 60 1190 2.9
g 76 78 60 1190 1.45
i 76 65 60 1190 0.97
2 72.5 82 79 1190 3,81
g 65 7h 79 1190 1.91
63 72 79 1190 1,27
2 69 72 96 1190 L 64
g 6 85 96 1190 R.32
1 77 96 1190 1,54

2 79. 8l.5 60 983 3.5
g 69.7 67.5 60 983 1,75
80. 81 60 983 1,17

p 66 78 79 983 b6
2 70 80 79 983 2.3
88.7 93.8 79 983 1.53
2 89 8545 96 983 5.58
2 Qb 9 96 983 R.79
83 75 96 983 1,85
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APPENDIX  VII,

ILLUSTRAT IONS
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