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I'rom the above figrure it is ¢lear that as the aspect ratio increases the lift
curve tends te that of the theoretical prediction for an ideal fluid labelled a.

This puper considers the two dimensional Magnus forces in detail. Two of
the conclusinns are that the smaller the aspact ratin the smailer the maxvi-

son claims that leakage flow and the consequent effects are responsible {or
the aspect ratio effect, For this reason the experimenters went o great

lengibs to elitninate these effcts. Sume of the methmls used were end piates,
segmented cylinders and projacting the cylinder out of the wind tunnel wails,
The use of end plates resultzd in @ complex Jow resulting from flute cylin-
der tlow and end plate effects combined. This was not similar to the flow

ovar an infinite eyvlindsr, Swanson in ths same paper mggt resulis of tests
OVET a1l Inri . oWWRIISOI 1 TS Same paper 5 resul

carried out by himself using a segmented cylinder. The eylinder ennsisted of

three segmenes linked by !ink=w¢5 that wransmitted torgue and minimal

L ] i

forces, The two nuter scgments projected oot of the wind el and the
forces were onby measured on the central segment. Although the data pres-
ented helow nnfy shows results op 1o a veloclty ratio of ong, Swansen carried

out tests up io a velocity ratieo of 17 and the Lift did not demonstrate the
maximum predicted by Prandtl. The following three praphs use a commnn

legend table given after fipure 7.4,
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3.4 THEQRETICAL AND NUMERICAL ANALYSES OF SPHERES

Harielec published three papers {1963, 1867, 1967) and co-autbored ene
(19707 an the numerical analysis of the flow wver Quid spheres for the chemi-
+r4, less thun 500

cipared the results he obiained with thuse measured experimentally. In

+

accurary of a finite dilference method solving the Navier-Stokes cquations.
The conclusion of this publication was that the cumputer time required to

Singh {1973) worked un the flow past a spinning sphere, The conclitions con-

sicdered] were teitiog Aow at low Reynolds numbers.

rowil af the boundary layer on a spino-
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g

ing spherc,

Rubinew aod Keller (19613 formulatecl a mnde] to predict the three forces
inni he torsien cue ta viscous cffecls, The mode] uses

the Stokes and Oseen expunsions which are only accurate at Reynolds
numhers of order 1. Some reseacchers stule that the accuracy of such analy-

ses are acceptuble up to Reynolds numbers of 100, The forowlae for Lift

and rag ore given helow
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35 EXPERIMENT AL EI:[JI]II-.'& O THE FLOW OVER STATIONARY
SPHLERES,
The earliest reference on vortex shedding (Comatta 1957) measured the Voo

Kunnan vortex sireet behind both spheres and cylinders using hot wire tech-

nigques. At the same time the wake Tewinn was being studied by Taneca

{19561, He citablished the relationship belween vearex nng size and
L ah im b bw .
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Maxworthy (1968) experimented with a sphere being drawn through a rotat-
ing tank of viscous fluid. He measured the drag and flow profile.

Calvert (1970) found that by tripping the boundary layer, vortices were no

l nnnnn D“DA "AMI"\"I

lUllS\:l LU ibEUuIal ly.

Achenbach (1972) undertook work on the flow over spheres at very high
Reynolds numbers, typically 50 000 and 600 000. His work covered both
force measurements and flow analysis. He later went on to determine the
mechanisms of vortex shedding. Use was made of a hot wire probe on the
surface of the sphere that could be rotated circumferentially. The three
dimensional schematic of the vortex behind a sphere Achenbach proposed is
very different from that proposed by Pao and Kao (1977). Both schematics
PN | aw ~f1NANN Dl o Ame a3 2T

were for flow at a x\cyumua number of 1000. Both authors had similar

shapes just behind the sphere. The vortex formation at high Reynolds

numbers was investigated by Taneda (1978).
Flow
]
I
~ 1 ~

! g
|
|
|

Fig. 3.5. Schematic representation of the vortex Structure behind a stationary sphere at Re = 380 000 as

nresented by Taneda (1978)
r* 7 Ay Al
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Boundary layer experimentation was carried out by Seetey et al {1975). Llis

recorded un (il and meusurements were made hy advancing the flm frame
by frame, Hsmail et al § 1979) re-processed his results using a Polly film read-
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4 LXPERIMENTAL EQUIPMENT

The expetimental equipment used is
supplementary pieces of apparalus, The foue main culegnries are:

1) The Wind Tunnel

2y The Six Compnocot Sting Balance

31 The Madel

41 The Datu Acquisition y¥stom

Liach section is discussed individaally.

4.1 THE WIND TUNNEL
PN ..la'll.. 4 ouniGor

1T wind tunnel was an spen cireuit tunnel with a sguare tese seelivo,

The
LR

dimensivns of the test seetion were 1.5 o sguare with 300 oo filleis on the
corners and i langth of 8 m. The maximuom velocity in the tuonel was 2[ mys
it the tamsity at the lime of tesling was ool ton bigh. Therc wus honeycomh
How straightener on either eod of the test sectivn where it conoeeted with
the indet and diffuser. There was alse approximately Sm between the flow

struiphtener at the nowzle amd the madel w allow the fuw Lo setile.
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Fi[.'. €11, Sl alpr wl the wand usacl.




"The fan was directly in frone of the diffuser. The diffuser was facing a brick
ught to be th

ebicknmens od Fruek retres hetwean them, which 1s the
L F | i e kd wrrd AT W

sl T - ER Lo

cause of vibrutional peablems. The tunnel was subseyuently modifivd ta duct

The design of the tunnel was madular and made of wood supperted by a

sieel frame. The reason for this is to allew for differcot wes! sections to by

built and wheeled Din place cheaply should this be reguired.

The sting and muodlel assembly was muunted on a lur-table that couled rotate
ahout ity ceniral axis chroogh 1808 This mewnd thad t
ratated from -909 o 900 relative to the flow direction in the harizongal
plane. The model was mounted on a sting bulunge that enuld piteh from -30°
tor 30V The model also remained in the same place throughout o test even
when the piteh and yaw angles were changed. This was achieved by using o

parablelogram support struclure (SUppaort A). The angics could be read

directly into the data acquisition system by means of a4 potentionigter ina

Wheatstone bridge confipuration, The angles were measured by a closed

mechunism and thercfore measures the resultant and not the applied setting,
i ng & wormn pearhox witl a ratio of
100 1. "The yaw ungle was changed vither munwally, by physically rotating
the table, or by ridating a handle which operated o chain drive wwrn the

tahle,
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Figd.2. Schematic ul Supporl &,

The uprights i ihe parullelogram supporiwere made of citcular tubing with

as small 4 diameter as pussible so that the interference effects would be as

subsaquently changed 1o s1ainless steel 1o give mote rigdity.

y cemmpleted and processed iy was foared

porl

vaw ungle, This stand was ulin mude ont o stainless steel and wus very rigid.
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After the sting was sent in far repairs due foa fuulty campanent, o further
series of tests were earricd aut. TTHs series anly included tests of Lift and
Drag variation with Yaw unghe us these 1ests require all three force clements.
I'ar this pe of test it is met Puﬁsihlc 1 muke use of [m]'_l,-' twi componens, fiL}
thitd suppnrt was used Far this set of tests as the turn-table was already in se

far olher experinientation, This was alsu i welded support {support ) and

sk very rigid.,
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A SiX component stng batamee % i ;
three moments. The reason for using a sting halanee was wo fold. Firstly,

the sting could be narmow cnougl tor cal
measuring positions, Secondly, the mudel was very close to ihe vircual centro

1
.
N

at positivn of measurcment, This meant that the tare effects weee nuninl
awel if possible 1he centre of grawity of the mudel eould be placed un the vir-
wal ccntre. “Uhis would eliminaee translation of the forees and moments

fram the virtuzal centre to the ceatre of gravity, The only transformation

reguirad would be to totate the axes about the centre of gravily to obtain the
gutput in terns of the wind axes.

The balance eomprised two measiring seetions contained within s 12 mm

rod. The [irst section was the drag conponent unit. In this oot o beam wis
mounted wrunsversely within the rod, W
drag directiun, the beam wus strained resolting in a nwment which was then
picked up by the strain gauges on the beam, “Ihe second seciien was where

Lhe other live components were mensured, The eentre al this section iy
calted the virtual cenrre. This section comprised of four square heams with

sirain gaupes mounted om Lhem. The strain guges wers arranged sech that

{onr pauges make up a Wheatstroe bridee aod measure either furee or

mament,
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The syateny was fivfed with o Calawing. This is a resistor that electropically
lowds the Bridgs nn the same leg with the same resistance before each fest.
Any syitem has a small deift will temperiture and supply conditinns. The
deift is oot anly in the wero value but also affecls the amplificution faciar,

The drift it zero value was taken jolo account by the use of differenial vole
ages. The change in amplificadian factor was taken into secount by oondi-

clefined below,

-
Pt

1' calmwing " l') [H

-

effecls are ditferent. Using 102 calswing method of arGiicial ading tha out-
pul could be nondimensionalized by & constant Joading condition.

The fimit Inads are:

X = 25N

Y = L0N

£ = 100N

L = 2ZNm

M = ENm

N = SMm
: ; (

were two ways of fixing the mede] o the balance:
17 An M4 cerew fited inco the end of the shaft.

2} A4 mp pin fitted through the mouwnting shaft half way along its Tength.

4.3 MODLE],

The aeradynamic coeflicients vl a spinoing sphere are relatively small when

vompaced to those expericoced by o wing or plate, In pravious atteimgts 1o
measure the uerndvnamie forces on spinning spheres at The University of the

Witwaterirund, no meaningful rasels were ohtained. The model previously

used wus & sceel spheee af + 10w diameter. 1t was powered by a small DC

teeter. The author fele chat the reason fur not oblaining resalts was that the
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maodel was far too beayy, resulting io bigh inertal eftecls, and that the sur-
Gace aren wis Bir too small, cesulting io small loads, for the seositivity of bal-

ance usced,

22 cm. The sphere was made vsut of impregnated gluss ke and epixy resin.

2% tmounted inside the sphere 1o such a

I RA R BT R 411 2%

way that the molor was statiocary awnd only the sphericul shell Torared. This
eliminated mouny balanciog probiems. The shell was constructed in two
halves to Gicilitate Tepains to Lhe motor and the chanping of the gearbax.
Fhere were four plunetary gearboxes willi g redaction ratio of 3, 4, 5 amd &
Twr or more pearbores ¢ould also be mounled on the motor at the same
time resulting ina reduction facinr of up w360, The atasimun retational
veloeity abtained was 20 revolutions per second, This resalted in 2 maxinun
peripheral tangential valocity of 2.2 m/s. The total mass of the made] was

1.5 kg, The models radial acearacy was well within 1%

T T

Thraad e |2in

['Eul'.‘w* £ keclan
'

R g —

. - H - - .l
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1
'J y
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Fical Lrarlal

Fig 335, Schematic of Ml Sphie.

persinal cotputer vin 4 serial interface. All the transducers were connected

aml Il b the cominnter
L OLIFPw==e j 7 &0 e -

e U

tn the UPM Ak which tuok
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There were various transducers linked to the UPM 60. There was a micro-
manometer that measured the dynamic pressure, the six component sting
balance described above, and a circuit that measured yaw and pitch angles.

1) Compiled software runs much faster than uncompiled software.

2) The UPM 60 has a maximum baud rate of 19200 which is beyond
the capabilities of a lot of compilers. This limit is a compiler limit

PO ORI P B

11uL a 1augua.5c IHI1IL.

A4 1TIDA £0
Fored UL IVE UY

The UPM 60 is a multi point measuring device capable of processing and
displaying 60 measured points from various detection devices. Measure-
ments can be examined manually or automatically and fed to an output
device. When taking measurements the unit makes use of all the
preselected data for that particular channel eg. zero reading, bridge type,
amplifier type, units and gauge factor.

When a reading is sent to the output device both the channel
the units are sent with it. The output is usually displaye
panel as well, unless the rate at which the channels are read is too fast for

o
o
=]
=
o
-
T
w)

the display to register.

The UPM 60 can be programmed from both the front panel and the

used to transfer data from the unit to the computer, but it was not possible
ogram

to pr me the unit using the computer.
r=vo° (>4 L

The unit has a built in thermal printer.

The unit also gives an option of four excitation settings:

1) 5 volt DC supply
2) 5 volt 225 Hz carrier frequency
3) 0.5 volt 225 Hz carrier frequency

4) 1 volt 5 kHz carrier frequency



35

The transducer readings are measured by means of a bridge circult,

0 H
is then amplilied an digihse:l hefore heinbf ed intw
s3zing shoulod thes be ree _|_1‘|';_'(|_

Dilferent scanniny interfaces are available tor the UPM 6 to allow for

diversity in Leansclecers thut ean be linked (o the omt. There are four

1 .
. r - a

1) Wheatstane hridge module

2] Valtage source (+ MH0mY) madole

3 Voltage {~ HIV) f Current {+ 20mA} source module
43 Resistance muedule

¥

The University only pnssesscs the first three types.

There are two mendules of tvpe 1 enabling 20 channels of Wheatstone
bridges Lo be connected to the unit. These bridges can consist of single
strain gauges, bult bridges or full bridge circuits, This is facilitated by

means of an "extended kreuzer circuit’.

There is anc mogdule of lype 2. This can be used to input data from ao
ather device that gives its output as 1 functian of voltage in ine range uf

+ 1010 rryi livol ts,

 There is one module of type 3. Tlis can be used when a device pgives the

putput as a function of vultage und onky uses the range + 10welts, The
........... his module cannot be as fing as that of the provicus module

risodution of this mod

b the range i§ larger.
the guiput is a function of current. The liendting current is 20 ma.

This moclula can alse De used for deviees where

The analogue to digital ennverier is an integrator. This means that it inte-
eming signal wnd divides by the duration of integratien. This

grates the ine
mean values, The ¢cucation of

effeclivel
-, with 4, 16, 20t or 100 milliszconds as the

inr.cgmu'nn van he selecte
ontiong available as the duratien far inwegralioit.




4.4.2 COMPUTER

T'he compuier used in this experiment was 4 persenal compuier of the XT
yariety with 640 klr of onbourd memory, The computes was fiited with an

RS 232-C serial interfuce, This was ser to use a seven hit word with two

stop hits and even parily.

4.4.3 SLCPPLEMENTARY APPARATLS

Ome marcury thermeaneter witli minimum and maximumn values af 103

1TE

ansi SO

1~

C respectively and 19 ncrements
Onpe Fieot tuhe that coubd ceacl beyond the boundary laver through the

lunhe] wall.

4.4.3.1 POYWER SUPPLY

A repulied direct current power 'iuppl:.- was used o drive the moler

& the sohese. It Af 0 MIANTITILCT of 18 vilts and 2

ihai rotaied tne spoei
amps. It kad a veltoeter amd ammeder to show The outpul, The UppeT
limit could be sct for both the current and veltage. The unit was made

by the KIKUSUL electrenic corporation of fapan.

4.4.3.2 OPTICAL TACHOMETEK

The optical lachometer was a hand held unit mude by Ooo Sokki,
mher 117446, Tt relied on 1hE refleciion of an LED {light

this reasun a reflective sirip was p]dted on the sphere. The uoit has a

e b 1] 1 tl 1o Tr
LIt L}

=

range uf 0.9 to 800 revalutiens per second. The sccursy it
from (14 to 200 RPS, which was the runge in which the sphere was
operaling, was + (02 RPS. The wpit can opcrote W14 [emperature

range of (A 1o d0C,

4433 MICROMANOMETER

e Tt Fas

The micromanometer used was i Forpess Control Limited mode]

R T .. The unif 2lga had an ou utput

Fff,) 1i, Tt had o range oL 7=t
socket that delivered noe millivolt per Fascal,

=
=
-
—
-
o
=
o
Lk
21
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5 TUEORY

5.1 LIFT AND DRAG ON A SPINNING SFHERE

The theoretlical prediction of Tilf on a sphere is complex and carrently avai-
able mndels have proven 1o be not very accurate. The existence of lift ona

spinning sphere can be explaincd by potential flow considerations (Ixavies
1948}, II the spinning spherc is superimposed on the free stream velocity
with e asis of rotation perpendicular 10 the free stream flow, the resulting

velocity af a point is the swin of the component velocities. This implies that
the velocity on ene side of the sphere i5 the sum of the two velocitics, and on
lhe athar it is the difference, From Bernoulli's equation it can be shown that

s 1he velocity of o fluid incraases the pressure decreases. This implies that

1he pressure on the side wherte (he velocity is ingreased has i lower pressure

in a net faree buing exerted on the sphere,

The thenry uf o spinning eylindler shuws that the Lift s a function of the free
stream velocity, the density ond the ¢irculation, {Foughton 1982)

I'-2nwr®

If the above cauation is substituled into the Litt equatiioon aod ot
sinnulized) to wive the cocificient of L we et

Ay

R

o7

If we then defing the nendimensional spin purameter or vehueity ratio as

Lar
(L=——
[-

then lur a given cylinder the relatinoslip between Lhe coefficient of §ift and

the nondimensional spin paruneter should e lineir.



Fur this reason the spin was nondimensionalized in this way,

I'ar o sphere it is ot as simplé to find a celatieonship fur 1it using potential
flow theory, The equation given below was derived using Stokes solution
with an Oscen expunsion of the Navicr-Stukes equations {Rubinow 19615,

These wo approximations are limited 1o low Reynolds numbers,

armulae Qo Lift aod drap are:

=

Co=2nl 1+ O{ke] |

5.2 STING BALANCE

The halance 1o be considered is o six component sting halance with a four
omponents and a single beam to

measutre the Birst componcnl.

The theory is based on that for measucny the normsl larce

N

applicd to & cantilever, The cantilever 15 fitted with four strain gauges a

shipvn in the following diagramn.

re

Layout of strain gauges v a cantilever sensitive tornormad———————

forees une moameonis.




in

Ihe stress in o beam is given by:

¥ is the distanes from the peutral axis to the position in question

It is olso known that the steain is linearly proportional 1o the applied stross
within the elastic im0y, Thercfuee the strain s Ooearly propociional oo 1ie

applied load,
The strain gauges are connected in the form of & Wheatsione bridge a8

shown helmw:

FiL A - W

. DT .

AN = F . Pl W By P, Y Y P Trenib
I 1E- 5.2 Layout of WITCHDSTOTE Jriapes &0f L

Iie verltuge wut is proportional to the clifference in struins of the paupes in

arljacent legs and 10 the sum of ihe strains in gauges located in opposite legs,

ITie hridge configuration shiwn helow is sensitive paly tnh normal forees in
the plune of the strain gauges amd nnaffected by ather applicd loads,
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Fig. 5.3. Layout of Wheatstone bridge circuit sensitive to normal

nd to those in Fi

The bridge configuration shown below is sensitive only to moments in the

o e mtal_

plane of the strain gauges and insensitive t

A
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Tﬁ Ot
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- e 4 Y s + ~Ff Whaatctnne hridoe circuit sensitive to momentce
r]g .4 MyUUL O1 VWHNCAISIONC UIIUgT LV SCSIUVE 10 ICINCHTS
only (the numbers correspond o those in Fig 9.1)
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Based on this theary the Y and Z forces and the M and N momens can be
determined. The X component can be determined if a force SCTISILve can-

Awic F tha bl
ElaliE N8 L J

This lexves the rolling moment or L momenl, The diagram below shows the

cuplilever canfigucation for this moment.

T = AL

7 DR

Fig. 5.5, [avout of strain gauges on 3 cantilever sensiiwve to rolling

mrHtent.

== abas] on Felhicare +h
L L

if the strein googes are connocied Hs in

anly tex the rolling moment.

| — —
)
! ™ A
r
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i oL 7 I
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niling

Layout o

Fig. 5.6
monent only ( the pumbers correspondg 10 those in Fig 1)
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5.3 NONDIMENSIONALIZATION AND CSLIBRATION EO1STIONS

Try allow for the most versatility the variables are nondimensionalized, 1his
makes them independent of the systom of units used. To add further versa-
tity 1o the system the putput is made independent of the input valtage in the

lol|pwing mannet
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The output is then eonverted to steain using a pauge factor of two defined as

follows
o
koo Ay
5n

Sn = nominul putput oF trapsducer in VY (2000 pm A = 1

P B BN L
mv V)

S = contrul signal of the selected excitativn in my/V,

fior 223 Hr = 2m¥/V
5kilz = B0mV,/Y
Do = 2mViY

Ac: = requited indication in digit. (Nominal)
ﬁLJ—'l *

This results in the output have the units of 1o /im,

“To allow the balanee to be used on any dala acquisition systeo without re-ca.
flibration the autput is converted t 3 factors, This eliminates any errors due
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Where the voitage indicated here i5 the vutput veltage from the data acquisi-

10N Sysem.




The relatiunship between the [2 factors and the load is
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5.5 LEAST SOUARLS APPROXIMATION OF A THIRD ORDER POLY-
NOMIAL

The Icast squares approximation is used to fit a curve to 2 set of data points
with as little errer as possible. Ln this case 4 third order polynomtal is

requuired to fit data sn that the function valoe can be obtained for any value

of the independent variable within the range for which data is avallable.
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Where m is the number of data paints.

T'his resulis in an equation of the forom
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6 CALIBRATICN

During testing the zero reading was subtracted from any reading hefore the
reading wus manipulated. The reason for this was to eliminate any zern allser
"This is the wsual practice since the zere sctting can change lrom test o test due

tha ralationship between load and ouiput is lingar then the vo
need anly be multplivi I:-_‘,' the g bmdu,m aal the constant can he Jgnnred This

iy appcar insignificant buet when manipulating large malrices it can save time

and heorher,

The calihration was carried out to gencrate a & X 6 mutiix that would take

_ imosaccount any linked efferts that oceucred it the balance. "This was

achieved by loading the bulance in one plane nnly at a time. The balanee
was Inaded and the output measured. Care was taken to see that there was

n misalignment in the loading, It was found that the peesence of pulleys
caused a great deal of ercor in both adignment and lnading values due 10 fric-
tioq, §ar this reason il was decided o eliminate pu
completely, This was achicved by otating the sting so that the axs alung
which the laad was to he applied was pointing vertically downward. A jig was

tuilt o hold the sting in posilion limiting 1he misatigamest.

When the balunce was placed in the jig poiating vertically downwards the

drisg compoaent could he calibrated simply By hanging known [eacls on the

end of the sting. A series of Lests was run with wurious lowwding cunditiens,

‘The halance was (hen sct up t point horizoots

stands in the wind tunnel. Here the pmccduru was a little mare coplicated.
[f the luad is appiiad at the centee of the strain pauges in the 7 direction only
a foece 15 applied and the associuted mement s xean. Tus was dune w caki-

brate lift.

calibrated by moving the point of upplication of 1he 1oad sway from e
centre of the sieain gauges along the Xaxis or shaft of the balunce. Iris




17

ax inercasimg the distance herween the point of application and the centra of
the strain gauges. This procedure was followed ta calibrate pitching

ek,

The rulling moment was akso calibrated while the balance was in this con-
figurafion. “This wis uchicved I moving the peing of application away from

the struin gauges adong the Y axis or perpendicular tu the axis of the balance
il

I
in the horizontal plone. Once again 1S sug ppested that both the distanee and

T balance was t

the wertieall

momnent. Flere oo the disTanee a8 a5 thetos s varieck:

1& nutpat foomm all the tests ] : ithr F
~ each compancnt, These columos are lahelled &, 1o B, and the corresponding

loavdds were placed in the six erlumns following. It must be remerobered that

ithe balance was also loaded with a force when ¢abbrating the three momenl
components,

“The workshect was then put Uhrough o muliple linear regression, This pro-

cuess Finds tbhe solutiun o the following equation:

(4, F: Bs Ps By RS, O Ty O, {5 =0 L0A0)

‘This implies that the solution to only one Ipading case could be found at a
time. Therefore the applied forces X, Y, and Z and moments L, b, and N
were substitnted into the variable called load. The values of C were (hen
suhatituted Dnto s matris cow by row b give o full calibration matrix, satisfy-

ing the following equation,
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1he eafibration carricd o

the 7 comnanent il

The
LEL LTSN L LELE]

l‘.?l

mnved,

.......
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ut initialty {reterred 1o as position 1) showed that
tenudeney to shift its zoro il the balance was physically

aven if this was only to change the angles of attack or yaw.

el

{referred to as position ’?} This meant that the faulty
measure side Force and oot Vif,

Statgraphics can be seen in Appendix B.
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is is the calibration ma
Statgraphics con be seen in ﬁppendm B.

component was used to
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After Lhe tests were carried out the sling was sent in for repairs and another

calibrution was cartied out,

This is the calibrativn mateix for the sting in pesttion 2 after repairs. The
output from Statgraphics can he seen in Appendix I,
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