Loxr

1L is thus evident that the low eritical Reynolds mumber is due te the turbu-
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8.3 LII'T YARIATION WITH SDIN PARAMETER
[Due to the difficulty experienced in obtaining liierature, certain assumptions
made at the oulset of this experimental work were not always basced en a

completc knowledge of the available material, The first assumption made

was that sinee the Lift curve published by Davies {1949) and the oneg pub-
lished in Fritton (1979) (guoting Maceoll} were hoth for Keynolds nuombrers
af 100 000 and showed the same profile with minor deviatiuos, (his was a

valid curve for a spinning sphere. [t was alse assumed that these were the
nnly 1esis published by either of the experimenters. Later a copy of Maccoll's
puper {1929) was obtained and it was found Uhat he badl published the results
of five tests up to a Reynolds number of 109 D00, A third order polynnmial
could be fitted 1o the tesulis of buth Davies and Maceoll. The accoracy ul
{lyis fit could well be ascrincd to experimental error, For this reason 1t was

decided 1o assumme that o third order polyaomial was the trend of the Lift and

[Jrag curves,
The frst serias of tests displaying the results of Lift versus spin parameter or

— welocity tatio was-carried out with the angioal aluminium uprights in the par-

allclogram support system (Fig, 7.18). The support didd move visibly but this
s not due to imbalunce of the sphere singe if the wind twonel was switched
off the support did not meve while the sphere wus spinning, 17e individual
tests ure displayed in Fig. 7.5 to Fig. 7. 10 und then displaved on a single pair
of axcs in Tig, T.1%.

The first test in this series was carried outat a Reynolds oumber of TOd
(Fig. 7.5%. Although the coefficient of lift disd nopt inerease linearly with spin

purarneter, as cxpected because of the thenry in section 3.1, it did increase,
Althaugh the theary yuoted in sectiva 5.1 1s for 2 cvlinder it was thought to
he acceptable a5 2 first approximation. After comparing the resufls of the
present work with those of Swanson (1061} it is evident that the behaviour of
a sphere aad u oylinder are very similar, The lack of linecarily could be

aseribed to the fact that as the spin parameter increases the shear effects
ictease thus reodering a potentiol low approXimation isaccatate,

Wlen the Reynolds number wis increascd 1o 135 000 the Lift flectuated
about the zero line between o spin parameter of 0.2 and N6 (Fig. 7.4). From
a Reyueolds number of 128 000 wpward the Lift weot through a negative

reging befare going positive anel was mnere stable, The minimum puint

seemed [0 ioeTease N poitude with mneceused Revnolds oumber,
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The above tests showed tendencies not previously mentioned in he litcralure
ered to by the Author, The first noticeable difier-

LA APy bdiwr 0

approximately -1k 1, whareus the present results showetd that the minimum

Lift cou : 3 ' ' s
was that the minimumn Lift would increase in magnitude with inerensing
Reynolds number, The third obvious deviation was that the Lite wenl
through zero al a velocity ratio of 0.4 according to Davies and 044 according
1o Maccoll and in the region of 0.6 in the present tests. To investigate this
further it was dacided that during the next series of tests, a (25t wiruld he run
at a Reynolds number of 93 (00 which i5 in the region of hoih the tests car-

ricd out by Davies and Macenll

!

The tests were repeated using the same supporl with stainless steel uprights
pitudinal axis. The uprights

shrsie b QEW) abeuat 112 bnn
ik B RS TESS

and the sting rotated threugh 0% apout

were replaced W increase the stiffness, 10was thought that the lack ofstitt
ness was the cause of Quctuation in the Reynolds number range of 135 00

=

and 153 DOP. The stinp was rotated to move a fauity component to & position
where it would have minimal influenee on the results of Lill and Drag.

LIIERE TENU L JLaherVEIRIRIES

san individually in Fig. 7.11 to Fig. . 14, and 1he Last two

tests combincd on 2 common pair of axes in Fig. FALS

The Grst test in 1he sceond serics was cacried out at a Reynolds number of
95 U00 ta allow for compacison with Lhe resuits of Dravies and Maccoli who
carried put teses in Uhis region. The results of the tests carried out by both
_ Davies und Maccoll are given in Chapter 3, Fig 3.8 to Fig. 3.21. These rcsults
were luken from their original papers and do mot rely on any wther sources 10
limit arrors. There are a few assumptions made (o be able (o give these
results i ihe same format as the results [rom the preseol 1ests and if other
sources are quoted their respective assumplions cannot be checked as thoy
have ool been stated. The first assumption is that the error due o phirostal-

ing graphs is negligible as the resulting error will be ressonably uniform, The
results quoted from [avies state that he goty Cpy = 0.44 for the first test

with no spin and [rom this (T was pos i Y
Iv was then assumed that the densiyy was constant for ail his sests. For Mac-

coil's results it was assumed that the Sea Level ¢ nditions app
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culculation of Re }-nn]dﬁ number. These assumptinns will not lead 1o a
a essential Lo convert the published resulis e those

LA el

— L
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‘I'he Lift curve foliowed that of Davies unul a velocily ratior o
[uctuatinn set in. This fluctuation was purely due to aerndynamic effucts us
the sphere showed no tendeacy (o hit natural {tequency when spun without

ke windmanelswitched an, The minimum Lift value vbtained in this test

cotresponded (o that of Davies before the fluctuatinm set o but there

1o he three criss over polns.

From Fig. 7.11 and Fig. 7.12 it appears that the unstable region wus larger
than that evident in previous tests and ranged from 95 (N Lo 1535000, The
tendency of the minimuom Lift increasing in magnitude with increasing
Reynolds number is also evident in the lust two tests in this scrics. The cross

_ gverpointoceurred in the region of 0.6 and the minimum Lift was of the
arder of -0,6 for a Reynolds number of 231 000
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A third series of tests wag cartie ¢ stippo -L‘
the unstuble region. Thesc resulis are Jdisplayed in Fig. 7. 1510 |
vidually and the tests without Auctuution are displayed on common uxes 10
Fig. 7.20. The results io Fig. 7.17 show the general trend that the
display but the minimum Lift value only reached approximately -{hd instcad
of upvroximately -0.6. Disrcgarding this (est from the series meant that the
tre n_rdrgf incr::aa;:d magnitude of minimum Lift with increasing Reynolds
number could not be verificd, The eross aver point was still in the region of
. rrice ot at o Reynolds munber of Tid 000

inNer 18515

(1Fig, 7.15) showed a tendency 10 Auctuate yet remained in the negative
1 Te Fyctusatinn bebween a Epm pammEtLr of (L85 aml 1 is not (ound
i RS LR

any uther te t resules. This fluctuation is thuught to be due to the vortex

shedding frequency and rolational frequency combination exciting a naturul
frequency of the modgl and support B assembly, when the spin parameter
was in the range (.63 and 1.
i ey by Davies fur the negative Lift was that although the

Jier an the one side thun on the other, the flow oo

resultant velocity is hig . o
+ giele does Not Necessarily prssess the same quality. If one examines the

T SR Wireo

a
-
rr

d
a

iqies the Bow Mllows the sucface of

1

the sphere, As the velogity inereases lhe flow separates and forms u wake,

Ag the velocity inereases still further, the paint of separation maves owards



the front of the sphere until the houadary layer becomes turbulent. Once
the flow is turbulent the separation point moves towards the back of the

: gauq This resulls in the pressure profile shown below.
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Fig2.l Pressure disteibution over a statinoary sphere. (FAGE)

The sphere when it is spinning could have one surface with a relative velgrity
of 35 fi/s at (a) and the other 135 ft/5 at (b). Based on this the pressure at
{b) is }ower than the pressure at {a) resulting in a negative lift,




Fip 5.2 Finw owyr a rodating sphere with ans of spin perpendicylar to the wind axis,

Davies performed his tests at 4 Reynelds number of 90 000 and Maceol] per-
formed his tests between Re = 32 000 and Re = 109 000, Maccoll achisved
a velocity ratio of 7 when testing at low Reynolds oumbers but when the wind
velocity increased the maximum velncity ratio dropped sinee the maxdmum
angular velocity of the sphere had been reached. He also bad problems with
minimum angukar veloeity and probably incrementing the angular velocity as
he could only pick up one point in the negative lft region at a Reynelds

number of 79 000 and two at o Reynolds number of 109 000,

Swanson {1961) used the same logic to explain the negative lift region exper-
lenced by a spinning sphere. The similarities in behaviour of the Lift coeffi-

cient with Spin parameter are very noticeable.

e gt - ental syst atl its variabi

before making any conclusions. The three experimenters used three otally
different sets of Apparatus and three different mode! sizes. The Anthor used
three scparate support systems to determine the effect this wounid have on
tha resnlts amd found that the effect was minimal. The quality of flow in the
tunnel certainly has an effect on the resulis. According to Dryden this wounld
just shift the effective Reynolds nummber up by the turbulence factor. The

swonalization hased on density, velocity ty squared and the diameter squared.
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This is standard Fue aerofnoils but the Author has founi b experimental

justification for this pertaining o spheres. This leaves the anly justification

being dimensional analysis,

iwur of the spinoing sphere can be divided into three categorics, The first
!__hE;' of up to 70 000, The second reginn is

that between ¥ und 163 and thc [
250 (K, The Eirst region does not dovelop negative litt. The ikt increases
and then levels oii, The level region is not flat but docs show a tendency io

{luctuate gently. This ubservation appears to be indepandent of model siee

or wind luanel and suppen systenm.

The second region shows a tendency Lo fluctuate. T this fuctuation is eifee-
tively a slow vscillation and the averaging system ased i the present tosts

Davies nor Maccell mentioned it, Davies caleulated the Lift and Drag from
the dir.p!:m.m%nt af his gphgrg when dr[]PE_ eel 1o the wind wnnel. Fle

would therafore be averaging his forces for the entire flight. Moccall on the
other hand used o mechanical syséem to measure his ferces and no indication

of the damping effects was given. ‘The readings were also taken by the
oult

1
]
experimentar reading the value off a seale which » 1 automatically aver-

ape the results owver a fairly long pariod,

The results of the present tests are based on averaging. The UPM 60 aver-
ages the signal fue 20 ms before scanning the next channel. This is carried

the final data. The Lt on a cylinder shedding turbulent voruees oscillutes
13, Compound this problem with spin and e bebavionr of the

¢ tLHEL pea A AR PRI

{Gerrurd 19

vortices can not be assumed to be steady.

hl
ar

The third region displays much more sleady results and a definite negative
lift repion. There is however a slight flucwation of the poiot at which the lift
becames pusitive. This is in the region of a velocity rutin of (6. Davies
ohinined 2 cross over point at a velociiy ratio of approximately 0038 and Maoc-

coll's crass over point pecurred at approximately (.44 Thas diserepuncy
conld be due to the wind tunnel furbulence and aumespheric ennditions. The

ancy as the size ditference between Davies and Macoell is muech larper ihan
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that between Maceoll and the present maded and yet the
the results of Davies and Maccoll (s smoall
the present tests.

The point of maximum negative Lift was in the regian of A = 0.2, This could
no b verificd by the wsts carried out by Maccoll but those carried out by

Davies showed 2 "minimumn” at this peint when a third order polypnmial was

Justification fur splicting the tests into three ranges was dilficult (o find, but
eveniually a puper by Swanson (1961) was located. Although be was testing
a spinning eylinder, he also used electronic transducers to measure his loads.
His cvlinder had a six inch diameter and he also cxperienced fluctuation in
his results at similar Reyoolds numbers. The lowest Reynolds oumber reginn

where Swanson found a cross ever indicating fluctuating was between
ig. .30, e alse found that the

smooth curve of lift variation with spin parameter oecurred betwedn
¢ = 181500 and Re = 360 000, Swanson also siated that for a cylinder the

[PUN — - -

fluctuating wake pressure und ve
throughout the entire flow field. The graphs in Fig. 3.2 and Fig. 3.3 also
show that the change oyer from negative to positive Lift oceurred berween a
spint parameter of A = 0.5t A = (L6 The maximam negative fifc increascd
with Reynolds number up 1o & Reynolds sumber of 360 (K1 and then started
10 decrease. This is consisient with 1he resuils of the present E:{ptl’llti&t’]iﬂ.-
tion on spheres, as testing wis onby carried ont to a Eevnolds numher of

250 (K. The maxinum negative Lilt measured by Swanson was also close to
Cpo= =i
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5.4 DRAG YARIATION WITI] SELN PARAMETER
The results of the first sct of tesls (Fig. 7.21 to Fig. 7.24) compared with
Davies results (Fig. 3.20 and Fig. 321} exceptivnally well, There was no evi-

A (n position 2 at a high Reynolkds number of 2301000 (1. 7.26).

The shurp drep in Drag would indicate wansition aithough it docs oot drop

iar helow a €5y of 0.3 but oscillates about this value. This would imply that
spin can induce transition but would oot always do so. The Author is of the
apinion that whether spio would induce transiticn or nnt is not bused on the
steady phenamennn alone and would therefore be a result of many

influences not covercd 1o ths stwdy.

PP I | P

I T T E, . H ) § h H FE
sNOWEd the sanie siow osciiation that 13 avident in all the tests on s

The tests carricd out using support B in position 2 (Fig, 7.27 and Fig. 7.28)
P

spheres, including thuse carried out by Davies and Macenll. The fact that
hoth these 1ests had a drag coeHiciant of 0.2 for the no spin condition nplies
that the test was carricd vul above the eritical Reynoids number. The iest of

drag variation with Reynolds numbet using support B (F ig. 7.4) showed that
the Dray coefficient did drop at Re = 225 000, but was not sufficient to ¢alt
critical. This test however, was carried out with the sting axis parallel to the
wind axis. Wo 17rag variation with Reynolds number testing was carried oot
wsing this support with the spin axis perpendicular to the wind axis. Itis
therefore possiblc that these tests were carried vut at 4 Reynolds pumber
above critical: as there is ne conclusive proof, oo conclusions can he drawn

 from the resalts io Fig. 7.27 and Fig. 728,
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3.5 PREDICTION OF LIFY ¥ARIATIGN WITH YAW
It is known that spin perpendicular to the wind axis results in Lift oo the

sphere. What is not documented is the Lift generated when the spin axis is
not perpendicalar to the wind. The predictinn of Lift vaniation with yaw s

usuakly based on the assumption that the spin can ke considercd & vector and

therefore broken down inen component vectars. The component of spin is

tor this spin parameter is then used as the predicted Lift for the given angle.

B

caleulated for epch,

The third vrder polynomial was fitted by means of a least squarcs upproxina-
tion given in the theary sectivn {Chapter 3.5}, The resulting equalions are
compared to the experimental data (Chapter 7.6.1) and the predicted curves
& {Chapter 7.6.2),

far each ¢as

- ars

Tirea particular cases were considered to give an example in each of the
three regions mentined in the sectien covering lift develaped due to spin

perpendicular to the wind axis, The cases considered were:

e = TN0O0D A=1b
Re = 165 (Kb A = 1.495
Re = 230 000 A =106

The results of the ubove predictions are eompared with experimental tests in
(e next section. This method would verify whether the assumption that spin,

defined as a veclor, can he broken down intu component vecturs, 18 valid or

ML
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8.6 LEFT AND DRAG YARIATION WITH YAV ANGLE

The results of the Lift variation with Yaw angle will he discussed firse and
then the variation of Drag with Yaw angle will be considered. When design-
ing aerodynamic objcets Uie first coneern is the Lift produced and then one

considers the Drrug that has to be avercome.

L o I A L S MY ,_._,,._ 5 5 vec
LIS JTEXRLLL L 35U JEl LITekl ] Ladd VYo

nents, an assumption commonly used in physics, showed thal as the anple of
Yaw was increased from 40 (o 900 the Lift would follow the curve of Lift
variation with increased velocity ratio up to the velucity ratio that the sphere
is uperuting ut fur the test in question. For this reasan the tests weee carried
aut wilh the sphere spinning at the maximum rotational velocity possible.
Lsing a lower redational velocity might not have given measurable changes in
[arce,

Irrespective of the support used or the prsitinn of the sting during testing the
Lift variation with Yaw angle did nat support the assumption that the spin
conld he hroken inin eompaonent vectors, 'The general irend was a large
incremse to slart with and then u levelling off, with a slight upward trend right
at the end. Thuse tests carried out after the repair of the sting (Fig. 7.42,
Fig. 7.43 & Fig. 7.44) showed the same general trend but gave a much
smuvther 56t of tesults than any praviously obtained. The Author is of the

opioien that these are the best reflection of the variation of Lift with Yaw

ungle from the present research.

:I"

The variuiion of Drag with velocity ratio dig shom
lation within given bounds but the maxima and miinima worc ool at given vel-

peily ratios. Since the buunds were redatively close the correlation between
expected and experimental results was not expecied 1o be very poud.

The change in ¥aw angle cun cause the onset of transition or the reversion w
w results, In Fig, 7.29 the change in angle from zero 1go
resulted in a significant drep in Drag from £y = 5t p = 0.3, Thedrag

vatue teods to flucleate about the (03 level thereafter. In Fig, 730 the Drag
HP= S e & |

10d a tendency T InCrease w : ;
showed both the ability (o cause a drop in Dirag and the ability 1o revert toa

r
hose in Bie 720

high Drag vaiue, The results i Fig. 732 confirmed t

Fig. 7.33 showed the phenemenaon of reversicn from turbulent to Juminar

[rag values. Fig, 7.34 however just showed the tendency 1o inereise slightly
o a (Tp = (13 and then fluoctuie about this value.
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The change in Yaw angle both far ¥ close to 0 and y close to 90V can result
in the oosed of transition. From {he present Lests it cannot he estabiished
that spin can be assumed to behave like a vector and be broken down inlo
compunent vectors tiroughout the range of Yaw, but hoth the resulling

tramsition and reversinn o lamioar Deag values could be the resulu of this
assumption heing valid for small ungles,
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8.7 RELATIONSHIP OF DEAG TO SPIN PARAMETER FOR SPIN [AR:

4 rm Ay rosse POFPIEY FAF MG

"This test was also carried oot with both suppert systems and bath orienta-
tions of the sting. The Drag seened to be influenced by the spin parumeter

hut the influence wus not repeatable. This may have been due to the kow
rate of data wcyuisition. What was evident was that the spin bad an eftect an

number. For the range A = (to A = | wansition is retarded.

The present tests shoav that spin causes the Dirag to fluctuate. Below o
Reynolds number af approximately 200000 there is a fluctuation but no
shurp deops. The test carried out at Re = 200 (00, the Drag value dropped
sharply at A = 0.5 but did not remain low. It fluctuated implying 1hat transi-
tion was not complete. For Reynolds numbers in the region of 240 000 to

250 mmmpmﬂjmmuhmmmnmmﬁ if this had pot see in

already.

it can be siated that spin paraliel tn the wind axis ¢an induc

Reynalds numbers above 200 000 but further testing would be required to
uilerstand when and how this nceors,




8.4 RECOMMENDATIONS
Te give an indication of the turhulence levels present in the wind tuonel, It is

recommend that a smaller sphere be used 1o determine the critical Reynolds
nunther of a statinnary sphere in this particular wonel. The results can be

manipilated according o Drvden's method as gquoted by Rae and Pope
{1084).

I the reseacch on spinning spheres were 10 be coatinwed then 1 would récom-
mend that the UFM 6 be removed {rom the system as the digital to ana-
logue converter, as it is oo slow. Fhis would mean that the data being read
cnuld give an idea of the fluctuation in forces due to vortex shedding,

I auriaded rovoprrmrnae el thest tha tact Jdoraren be lenothanad o Facilitake the

L Yrirfldid L LLJLILeI N LILL LLNcdl Shd% P Th TJLELALL FLA T Afhe The 90 M, T8 =i B0 s Rarhie B LRARAY RmiA”
vilhiation of karge periocd mean values, while using a faster data acquisisian
cvtnem ten R ahle b gilsdain mescaremants of the floctoations in force durioe
_\J_?l.hlil LiF i SELSd G- LOF JLFREhdbd BRI Al LAL L RIS B

I would also recommentd that the suppart system be analyscd so ibat a more
gkl it. When using rotating medels or models
shedding vortices, the exeitation frequency must nnt he anywhere neat the
natural frequency of the support and modet unit. ¥With all three support sys-

tems the sphere could not be tested at a particular velocity and spin tate

combination dependant on the support used. A proper design would be an
invalved problem as the floor vibrates, there are space limitations and flow

interfercnce muost be kept (o o MIDLUMUTT.,
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5 CONCLUSIONS

The tests menitoring the relationship of Drag to Reynolds number, showel that
the mean values were within the band set by the publisbied data. The results did
have fluctuations which were dependant oo the stiffness of the suppart.

A canservative eslimale of the turbolence level s 0.65.

The Lift variation with velogity ratic cun be divided inte three ranges

1. For Re < 700 no aegative Lift {s generated bat positive Lift is gen-
| The Lift tends towards 2 maximuom salue and then levels off.

4 Jhig B aihy Rird R .F

2. For 95000 < Re = 165 D00 nepative Lift was generated but 4 Huctu-

ation wus also evident.

1

3. For 188 000 < Re < 250 000 negative Lift was generated and no major

fluctuation was evident.

The negative Lift iends o increase with increasing Revnolds number.

The muximuin negative Lift was of the vrder of <6,

The maximuit negative Lift occurred o the regionof A = 0.2,

The effect of spin perpendicular w the wind in the present set of tests correlated
with those published hoth by Davics and Maccall. It seems apparcat that spin
perpendicular o the wind axis can induee trahsition when Lesting in the critical

e TN

Reynolds number range.
The present experimental results dn not validate the assiumption that the [.:rin

can be regarded as a veetor and split inle cOmMpPONEnts throughout the tange o

(K}t G092,

The effc i.nd wee transition when the spin is either perpendicular or

=
2]
:-q

parallel to the win

It is ciear, hoth from ihe lerature sarvey and current tests that the fow aroand
oL spinning sphere is highly complex, considerably more so than foc a ¢ylinder,

which 35 in itself not fu]l:.- understond. Unsteady boundary layer and wike
ctudly in arder to explain some of the elfects

reparted in this dissertation.
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The design of the sting balance was contracied o '

wr dlesipm, build and calibrate. The general theory is described in the main

budy of this report, & technical drawing is inseried at the cod of this sec-

Lo,

N Y o
H 1E° v!i - ..1-!1]

The sting did not come with any documentaiion ot
matrix. The calibration was done wsing [* factors but the formulae were
not supplied. The resistors supplied were nut these used in the calibratian
either. The theory supplied in this ceport is that which was used for the
calibration and operation during testing and is similar to that used by

DAST as far us | can ascertain,







This is not a full repost on the design of the balange support system 45 che
Auther did not think thut it was relevant o the report as a whole. Only
the main consideratinons an) overall description arc nowed. A few of the

eAtra features are mentioned in passing,

Iacilitate ge_nf:nﬂ use for wind wnnel testimg, 30Mme of the Speoitcalong

are 2 i} maore evyyeme Bhan phe: conveniional support found in a wind tun-
. An example of this is the Yaw limits being seq ar + 90%,

The reguirementy set were;

1y The angle of Atrack must range from -30F 4 3

2)  The angle of Yaw musy range from -G00 1o %00,

. r .
= SUWWWW

Possible,

kay
S

4y The model must remajn in the Mosg uniform region of the

flipe,

e of the

Ln
—r

U Y|
T LELL L

Fromm the fan must be transmitted o the mogel and iraps-
ucuer elemuents,

8)  The position of the mMude] must Be knerwn for each Lest,

A rn-table wis supplied i 1he wing ne? s 2 w@8 received Ieom
T SCU. This was cu Il =0 i
placed on it and the suppor would hive o Yuw capability. The beurmgs

P Y T 3 h .
|!

WeTe T:_,Fl'ldCE-U. i t]'lﬁjl' WSTE bdﬂl}' Wﬂd.[f[cm{f IU!"JJ"{..WUI liﬂj’,.jj:rl:n’:
tru|15rnlt[|;;d up the guppt}lt the furn- lable was '[Jlﬂ.EL-d fmn Sh[u_,lv.. pd.d‘h

L cided that the best method of support for o model would be o

sting. The rcasin for this was that the interference from a sgime 15 -

Tr woirs e
o P ] u. -._..

mal. This is berause the sting (s rencrlly in the wake bebingd the model.

minimal tare. The transformatinm Of measured farces amd

af the mode] 15 ulso kept to o ML Mem.

resultipp in m

momenis to ihe

— I-dc- rll'rls.'; T
CETILIE ke piivaly
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'T'm: sting was supporied by a pacaliciogram suppori. The 7€as0n
is that the model is in the same spalial pasition at all angles of
Auack., This means ihat the mode] can be placed in ihe cer

;F
¥
)
S
=9

which is usually the area of most uniforin flaw and all the tests carried out
unuer the same conditions. The tests at the limie of angular disptacemenl
also have the same flow quality as those in the 2210 prsition and wall

cffects do not need 1o be considered. All the joints were pins with a bross
bush around themn w allow (or minimum rcion.

To speed up testing all Lhe variables were fed into the compuler for cach
1est autsmatically by the UPM 60. The angles of Antack amd Yaw werc

[ ~h

also rcquirmi w Lhat the position of ke model woiild be known (or cach
. The angular displacement was measured by a lincar putentiomelze,

) e Y B 1 ]
- {ﬂn'rril

the resislonce of which vaned ||n-can] wiili Lhe rolatesn ol Lhs 41

The most s¢nsitive method of measuring resistance changes, was using a
Whealstonc bridge. Two polcniiometers were coneected 1o form a bridge
so that the rero selting cwuld be altered. The reasan for this was thal Lhe

bridge €an only measure a fixed angular displacement from the zero pasi-
livh before reaching Lhe limit of e UPM 60, The limit was less than 309,
By inscriing a resister in seties with the bridge the range was increased to
+ 1209

The limil of anguiat displacement for the poleniiomeices used was I73% -

50 stops were bolled to the utderside of the abie to prevent damage 1o

[ p— g | A Fpindinm hralb s e

the Pﬂllﬂ n“ﬂml:“:ﬁ when ihe Il.lrﬂ'l.]l.'lll: Was TOLRICD, Fx sl idiilll Ords s WS

also Mued so that the angle of Yaw could be mainiained. The lumits of the
angle vf attack were sct by the prosimity of the tao hanramal paralle]
bars. The potentiomerer for the meaurenment of angle of attack was
placed on a pin joint vertically below the e |

The ﬂng)ﬂ af aitack wis UII-I-IE‘EH [y by fmeans of 2 %ﬁ.rmga:arm at the

lowest pin joint verticlly below the model. The gearbox reduction rRatio
was L00 to 1 faciliiating fine sctting. The gearbox also acied as a break so
that nnce the angle of altack was st the model would nat move apan,

fram the slight freeplay m the system

1H$Mmmmmm e break and manually

rotating the 1ahle or by using a handle canaected 1o the Lable by a chain
end cnu cvetern The handle was saled near the computer 1o make if

[LANLE | Luh-.:l?-‘lilh-lli

casier w change she angle of Yaw ltom the compulet area
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support. The disk was then mounted on the top of the turn-table witlt a
slot eyt out, to allow the vertical uprights 10 pass inte the Row, TThe disk
t

ad exterpal flows from entering through the hole in the {Toar.
| flevws fren 4 4

ER RSy ) L

€ dIsk was Spring mouniud 50 tna

flush as possible.

However there remuin a few problems with the support, 1 woueld supggest
thut the support he made siiffer and the freeplay be reduced as much as
possible, Tt is also supgested thal the circuit used to measure the angular

displacement be designed ta operate al ai optimum level and not just
functionuliy.
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APPENDIA I
Output from mudtiple linear regression carried out by STATGRAPHICS on the

calibration results of the sting in position i

- Model g results for D:LALDELXFORCE

Frififffiﬁﬁﬁiii""“"quﬁ‘-ijjij**‘ﬁ‘tqﬂifiii.fiiiilliﬂ‘*l*****‘*‘.*i“"*.‘i’

Inylepandent variable cogticien Eld. oredr 1alug  Big.dewal
**‘*iiiii}iii*iﬁiij.l'l*...1*.*i‘iiilﬂ*r*..*fi*iiiiiliif'-.i-.l..r**.f***‘*i
O:CALOCIBETAN Q095020 Q03298 1445813 000N

O CALMG) BETAR Ooe0ior o232 0613 JeddT
CALGCLBETAS GOO126S DOOAETe  4BSCE D.O60O

ChCALOD). RETA4 rooii1d Qo0Mel Q6944 DABTT
0:CALOCLBETAS GOOCO7E OO0 10275 DOHME

:DALDLI BETAS L0oast ODooETD -117BER OOGDO

**aa*pti7+1invtitt+b+iiiitttﬁrFlni*iiill*ﬁlrﬁii**ii+iilillllilHH***‘**O*tii

R-52. (ADJ) - 09723 SE - 047Y203 MAE - 020331 OurbWal = 156

yha plserdalions fded for O missing val. CH dop. var.

Output for repeession of the X farce versus 3

KMacdal filting reawha for: CEALDC YFORCE

ij.ﬁ*‘ﬁarp11q.pw'q.jii'..“li"*.fbg.j{ﬁﬁrwﬁ*ﬁ*iti#iilllIlll‘ﬁﬂlﬁﬁ**ﬁ*i‘*"ii

Indopondart variable coatficient atd. arrer Bvalue sig. lowed

ibiiﬁﬂﬁﬁ"".'ﬁ*.l-'--‘tiiiib.jji'.ﬁﬁi'iiiiﬁﬁﬁiﬁﬁqﬁ .............................

fhCALDCI BETAT DLOOIES A000CE3 18455 00655
BCALDC) BETAZ N.00S393 0000CET  TEEME  QOO000
D:CALDC) BETAD 007R18 ROOOO MASSEZ D.O00G
0:CALDC) BETAA 0.004E16 0.0004F7  DEBTE  O.0000
[:CALDC) BETAS 4001104 LOODERY -7 00O
L CALDCLOETAG {004787 000026 -16.8575  0.00C0

'*".."qqq*'.-‘i.."..*..ﬁ“a"*'Q‘i..qq---i.ii-l--'-j.p-ﬁfi*iiiiiiiiliilﬁﬁ'f‘ﬁﬁﬁﬁ"*

H-30. (ADL) - 09996 SE - 0121325 MAE - GO66927 DurkWat = 1.0

E52 phzansanons fited ‘oe 0 missing val, of dep. var.

Qutput for regressiom of the Y force versus 3
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Macdal fiiting rasulta for: D-CALDEG . ZFORCE

aF*.*.*i.i*.'....'.....rq.i'*iji§+1i..-*n..**ii#biiiiiiﬂﬁﬁﬁ[TTﬁﬁﬁ'Tﬂﬁ'*ﬁﬂfﬁﬁ

Imdopardant variaile ceaiRcient std. arror  tyalua giglevel

.“*.*.i*.i‘..‘.-...rqq*i-iii*ﬁii.iiii-.ﬂﬁ"|“‘p*r§ifit‘ilﬂﬂHIIlﬂﬁﬁ'i*ﬂ!ﬂﬁ*lil

D:CALDCG] BETAY 0,000515 DOOOI24 29753 00000
D:CALDC BETAL A.OFFEAZ  D0COCSE SOHBEDT (.00
D:CALDC)LBETAZ 4010628 0000113 OsO468 (ROKRHD
D:CALDCAEBETAS Q.00TeI2  GOOCERS 11 625E QLLOO
D:CALDCA.BETAS A0d0T4d 0000354 O06ES 0733
O:CALOCI.BETAE Qo0E224 00003858 50405 00000

I T LLLEEIE] |a"ﬁa.“*T-‘-*ir**l--i-i-ii‘--'-.jjl.jil.**pﬁqﬁiﬂbiiiiiliIl'llihll IAAFA AL EFEF

A-50. (ADJ) = 09904 SE - 0,195035 MAE - 0104437 DurbWat ~ 1.6/

552 obsarvations it ‘00 O missing waf. of deg. var.

Kadsl fitt ng rasuhs ke B CALDC] LMOMENT

FRERINTTAAAA A btk IRRIAAAAP A YA A bt rd bk I ATAAATTAAFFrddddddrdddFaaiFar

Indagandent viriahla coatfcient std, orrer Fvelua ig loval

b wdd S AAAAAR AR EE T bt bRt A A AATAAR T A r T b AT AARRAAA PR b frrd

C:CAlDC] BETAS OOoCod2 2 17 TEG 124581 Q0000
0 CALDC) BET A4 L.O02%3 0000013 22raxr D000

CALDC] BETAS D000 75TS2TES  -1B3146 00300
C:CALDC) BETAS 0000135 70E423EE 192478 Q0000

}*f’if.qa.‘n*'ififfii.ilql...*“*r*iii{ii‘}iiﬁl|q*f*iiiiiilflﬂﬂiIlﬁﬂ**lﬁﬁllﬁl

M50, (ADJ) = 05885 SE = 0003809 MAE = Q.0C2561 Durbinlat - 176

552 oasarvaiana fitad Yor { missing wal. of dao, var,

QOutput for cepression of the 1. moment yersus |2

dadal fitt ng resulls ke DiCALDCL MM DMEMT

ARan !gggi_!i_i_i-‘-ii‘.i‘.]"*.1..'-‘-t.jﬁ}ijilgap1-1..rfiif..ﬁ-lﬁ*ii*i.iiﬁii.ii—iiiii#

Indaoanoent virizble coafficiet sk, arrcy Bvalue giglavol

ﬁnﬁ"""r*.*“.““jjjiii..j..i.."a.'T'jjljji}iﬂﬂ'rqﬁfiiillﬂ*r"‘**"*““*."*.

D.Cad DL BETAY Qo007 ZHOIIEE 43830 OLCo0

o:Gal 4. BETAZ 4876316E-F 2.0937T7TIE6  1.59684 00464

O.CalDC)BETAS 2.51G96E-7 350001666 02712 Q7R

O:Cal O BETAA OO0 QOoo0z1 1346 G0510

0 CALDCLRETAS Oe0372 000002 580193 00300

[ CALDGT.BETAR 004547 DCOOOTT 4037731 000G

PP PP PP P PPE S PP P
= 0478

R-50. [AlMR] =
552 ahsarsatian s fitead for 0 mssang val. o1 dep. var.
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tdadal Faing rosulta far DCALRC. HMOMENT

iqqitiioilﬁliii-llﬁﬁni*i*+iiiIHH'Tﬁi*filill*lI******‘*illli****'***’****’*#‘

fnetapendant varable coafficignt slel. arror Bvalug 5. vl
i+ibinﬁaan.p'pq.giift..ﬁﬁﬁ|gqa*qtiitiilﬂlrlhﬁﬁTin*iillll!l*!ﬁ***ii*iiiiiiii
D CALDCI BETAI 0000014 2 92ER3AES 46717 Q0000
D:CALDCLRE TAZ 0000017 2281836E6  -7.3351  Q.0000
G DCULBETAS 0000064 267455E-6 235685 QL0000
OiCALDCBETAG 4Oy 0.00001s 5.a4v0s DOOOR

~  DCALDGJDETAE  DOMTEISOOVRITES 5100550 On000G
0:CALOC) BETAE D.O¥s Ae42dEE-5 5YER1T Q0000

anqwinnpgttnnipt'iiitiiianrntPfiﬁi**iﬁl***'*iif'***ii*lﬂilr**ﬁﬁi**iiffiiiiil

R-50. 1A0J} - 00806 SE - D.OO4A%3 MAE - 0.003297 DurbiWat = 0.438
REZ abgervatinns hined for O missing val. o dep. «ar,

ression of the N moment versus |4

rey

COutput from multiple linear regression carricd cut by STATGRAPHICS vn the
~ alihratipn results of the sting in position X,

Meodal fitimig results for: E:RCALXFORGE

npqviiititﬁotiintrqaiFi"*iiiinlr!ii'biifiilll*irniiiiiliiiiil#ﬂiiiiiiiitiil

indupﬁﬁdﬁmwaﬁahle—eeﬁf!ﬁei&m—slﬂrMW“ﬂl

i}f{ii*ﬁ*};.q|*.‘-#i.j..|.“*..*ji}jﬁ}|ﬁﬁ-ﬂ*lib‘itii|ﬁ*p'ﬁ**iifiilillﬂﬂ'iﬂﬁﬂﬁ

E:ACAL.BETAT 043476 O.C00071 509672 Q0000
E:HCAL.BETA2 0001627 Q000067 242503 0.0000
E:RCAL.BETAZ p0Ji0eT Q000056 19.4736 Q.0000
E:RCAL.BETAS p.0aO1549 QO0DCIEE 407177 OO
E:RCAL BETAS no023s1 0000214 105156 05000
E:RCAL.BETAG 0003134 ooes 14,2260 0.0000

iijj}[qqq*.**pibjji|'q‘..*r*f{.-ﬁﬁfriilitIllﬂﬂlﬁﬂ*1.'i*ill.*...'**-.-iill.l*

o =0 - 1413

A-SG = L
552 chsoreat ors iHed for 0 missing vil, o dep. var.

Qutput Fur regression of the X force versus 3
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Meclel Rting results for. E:ACALYFORCE

.ﬁq..rrr*rtib‘iii.i‘....-.*..lﬂ.*i*bij[ﬂﬂ*..rriiiilﬁ*l*ﬁﬂﬂl***ﬁl****'***"‘*

Ir¢lependant vanaklea coafficient std. erar  tyalue siglavel
e S TE STEETE S S E PE R SR L
E:RCAL.BETAI 4006148 Q.0o0201 07384 O4B0S

E ACAL.BETAZ 0.0a0e51  G.0O0IER 4202701 QOO0

E:ACAL.BETAS Qaocdania QOCO15S 50,4423 0.0000

E:RCALBETA4 Q.O08zG1  LOG10ET  T.asBa G.OGED

E:+CAlL BETAS Q006639 0020503 110048 OLDG0G

E:RCALBETAS f.oc2iss  O0G0621 -3.45683 O.0HG

AR AAARAT I TAARARF T AR F A A pdh b h da B AR e A F AR AR TR A PR A el b bk &k

A-50. (Al - 05081 SE = 0320623 MAE = 0.244482 DurbWat - 0.133

4E2 chzervaticnz Fted tor O missing wal, of dap. var.

Mool Fting resuss for E:RCALZFORCE

*,*vii'*."""aﬁ.""'**jj'btbﬁ*.i‘-‘ﬁ"'i*i**bi.iipqﬂffiii'tiiffttiflﬁﬁﬂllﬁﬁ!ri

Ir<dependent variablo coafficiers =id. ondr Bvalue  gig,leval
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E:RCALBE A1 00065  0.O0004E  -13.4B5B Q0G00
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R-5¢3 (ADJ) = 00003 SE - 007632 MAE = 0.050260 DurbiWal - 1.600
552 observation: finad for 0 mias-ng val. af cap. war,

Qutput for regression of the Z [orce versus

Maod'al fiting rasults for E:AGALLMOMENT

L od ok kdded .;;...i-tiiiilnhﬁirfiiitlﬂﬁfﬁi***‘i**i‘i*liﬁ#llﬁﬁl

Indepandent vanabla copficient std etear  tvalug  siglovel
e R T YT PR L E LD E LD L b bl
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CECAL BE TAS 0000158 5.33B435E-6 230448 O.000G

YYEr Ty Y| .*.‘ib-‘-iﬁ.**i'iiii#iiiiiiiiiﬁi'#ﬁﬁi
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L 3
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i
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L 3
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-

duh I rTrrwriadanA

A-50. (ADJ.| = 05945 5F = Q002764 MAE ~ OLGsa Dorwar = 1577
550 abseryul ¢od Fitad or § misging wal. of dop. vir

Cutput for regression of the L moment yersus 3
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todel Tting rasults far; E-ACAL MMOMENT
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F-50 1A0)) = 09905 SE = 0002602 MAE - 0.0031936 Durbwar - 1.552

552 absarvations Mol Yor 0 mizaing va. of dap, wid.

M pdel Fiting amsuhs tar: E:ACALMMOMENT

FAAARARA A kA AAREIAARTYAA P d b RAAAAFA G AL LSS AA AR AFTAA Sl dddddrsa

tndopendont vanable cosefliciont std. arrcr tvalue  siglavel
iii.iiiiilﬂ.ﬂaﬁ*.ii-in-i-iijii-iii.|-|p.ﬁpq-q.iqiti.‘.-ﬁﬁ**iiifiiill-.II‘**I‘*H*‘****’.‘*
E ACALBETAI ROOOOSE G.OE7IEES 108185 DDOOO
E.RCALBETAZ 7.OBP947L-6 5.6R33dBEE  04fEE OETTT
E:ACALBETA3 Q00002 4.FTISMER 42154 L0000

F:A{al BETA4 L000002 DOOCOGT  -2BIET Q0043
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llﬁhﬁﬂﬁgiibitiiiiiliqﬁﬂilﬂ'ilHi*'ii0#1#****"‘**iillﬁ*"""'""‘****"""i""*iiiiiiiii

A-50.{ADJY - 02341 SE = LOIEGRT MAE - 0,003718 Durbwal = 0772

562 abredssations fitted for 0 nie2ing val. of dan. Var.

Oulpat for regression af the N moment versus 3
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Dutput from multipte linear n.,grev-:mn carped out by & IATGRhPHICS un Lhe

Modal ﬁmng results o, 0:CALSGLAPY

[ - cssii--iiiisazazsszazaddhdwbrddbdrairidddddFAdAAIAARFTAARARFAA

Ingdapendant variaola couficiear atd. arror G-value SiG.laves
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s AT AR T A ATt b h AT A AAFAA At A A AT AR TAAAFAA AT T d i dd

R-Z30.(A0J) = 05590 SE - 01436851 MAE = J.063736 DurbiWat = 2013
A B cbasarations ftbend e milzaing val of dep. var.

-

Outpul for regression ol the X fnrce versus |3

Mool fiting rosullz dor: D:CALSG.APY

Ak AA AR Al A AR I AAAANTAA R Ak A AR R A AR A AR A IARTAARTAAAFA RS rh b

lndeperdont variaola coslfhsent sk, aror Bvalun sige lavel
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