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ABSTRACT

In thege investigations a study of the blocksge effests encountered
in vind tummel tcsting was medo. Enphasis was placed on obteining
perceptible veluce of wake blockege in arder to check the reliabdlity
of approximate derivations that ave bused on the assmumption of cnall
wakos, 4 bluff body (eiroular oylinder) was chosen for these
investigations sinco it develops a pronounced wake, 7Three cylinders
of verying eise were employed in order to obtein a variation in the
mecnitudos of the blockage offects. |

The combined influence of surface irregularities such as statis
pressure orificos and the vertical walls resulted in the flov ever
the cylinders exhititing tireo-dimencional charscteristiscs. An
Invastigation of those effecots was conduocted in order to detomnine
neane of circunventing threco-dimensional characteristics, Twow
dimaonsional £lov charecteristics vere realized after the point of
flow geparation on the aft portion of the cylinder was made wnifomn
{n tho spamise directien, Tids was acoomplished b means of
separation strips fastened %o the cylinder forward of the podnt of
meximm thiclmoss.

ifter the realization of two~dimensiomal) flow cbaracteristics
in the tost sectiom, the arigimal purpose of the test wae carricd out
to a lindted oxtent. Puperimontal neasurements of wake blookage -

{oets were compared vith the predicted values that are based om

dpmmdmt.e dorivations for cases whore conpariscn could be made.
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P -suﬂemmwudiﬁqmm
1 aylinder orifices, leasurenents were resorded photow
graphioslly.

rl(vu.) e Viewsl observation and recerding of Py pressure
messuronents,

P, = Statis pressure noasurements made at fleor and calling of
test seotion using flush mexmted orifices which were
soincident with vertical plane through tunnel cwnterline,
Measuremants were indicated on a multimmnometer and recorded
photographically.

P;-P static prossure mesasurements made visually using a
Z€hm type precision micromancmeter.

p,-suuammmmemuuwmmm
the purvey reke. Mossurements wvere indicated on & maltde
mencmeter and recorded photographically.

P,(m.) = Visual chservation and resarding of Py pressure
| moasureasnts, |

P‘-ﬁmmmmrmermticmg
oylinder endplate support as indiocated on s muitimmnometer.

gg-m«atmwmmqmmmuwm
defined by rotating the cylinder in the wvindstrean witdl
orifics mmber 1 Indicated that it was neasuring the forward
stagmation pressurs, Positive angulay displacement ocours
when the nose is reised or edge is lowered
(as a turme) observer would see it).

@ » Angular meagurenamt of point ,
on oylinder relative to Y p
horisontal redius (when model _
1s at Z = O%), Bee sketod z
to right

.x-Meumormmioneﬁ.a measured in direoction parellel
to tumnel centerline. Poeitive value oorresponds te
downstrean direction,



=Lip»

2431 2 (Cont'da)

¥ = Distance fron trannion exie messured in vertical direction.
Positivo vaine oorresponds to measurenent above truanion
exis.

8 o Distance from tmnel ocenterline measured rarallel to
tramion axis (1.0, bordisontal). Positive value oeorrveponds
to measuremont to left (North) of twmnel oenterline (cbserver
looking upstresm).

dnmmatuynnder.
Ratiaition of Coulficlenta
= Total or statdc pressure ccefficient., Figures on widoh
the ascales are labelod G luvethecmmaouto
jdentify the pressure cobfficient pmam«l.

GpnP - P : oril «P

Op *

- . -
% %
Rﬂmmu&
s

Where the foregoling coefficlenta arc associated with the
following quantities: -

qqammndcmminclwmlt«tmumu
indicated whan uslng gumwmm
rings. (FpV, 2tn 5 in 1b/2%.2)

ajil - = Truo dynaxd in el
4 f.«hﬁm 18 mm"(g?’mmt.) v

i&ui&lwwm&mwwmmmwmm

P, = Statlc prespure measuremdnts mde at "x" where sub-
soripts used ave:

X = denoies location of static pressure

arifice
as indicated on figures, (i.e, Rake, nndel, or
endplate static erifices)

¥ » doaotes static pressure mossurement made on the
ﬁl&@oﬁ%)mmauwm
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1 (Gout'da)

Pref‘; » References atatlo prossure measurcment where sub-
. seript "rof." may det ‘

20 ~ denotes statio pressure nespurensnts made at the
20 £t. pleasnster ring

3} ~ dmotes static pressurs mespureuents made at the
3% 4. plesometer ring

o ~ denotes static pressure nmeesuremenite made at the
intorsection of the tumnel csmterline with the
trumion axts vhen no model 4s present

¢ ~ Genctes statio pressure neaseroments wade when
1o nodol 1s present at points on the el
getterline other than at intervection with the
trunnion axis

Y, ~ donotes statlio pressure messrements mede ¢n the
vall (floor and osiling) when no model is present

vouFmMulocatyvhmmwumt.

V = Looal fresstrean velooity vhen model is present.

@ = Mass denaity of air (note: A correction is applied
in the tuanel airspoed ealiltwetion so that in the

abave formulas ¢ 4e to be taken we the frec ailr density
meffected by conprossidiity.)

/-.Amamworm(mr.m..n.mm

.3.726310’7&%3.!&

In addition to the preceding definitions, new definitiona
are given 4n the text vhen thay coour in conjunction with
derivations, eto,
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6

Czw

033
”1"
Ry =
R’-
R‘u
K5a

Ré‘

B.?u

Rg =

fteel eylinder mashined and groumd to @ palish,
Length ie 36,0 inchee and dismotor is 6.598 inches. It
is equipped with 20 static pressure opificos made by -
installing 3/32° O.D. copper tubdng flush to the swrfaces,
Orificos arc speced evenly t vith nunber 1 erifice
bedng on the leading edge. orificas vere nomted on
tunne} centerline In an wnstageored (axdially) positicn,

04 with static pressure orifices filled in vith truss
r5d. Elight surface irregularities still existed.

Steel oylinder simdlar to C; but of 12,613 inch dlameter.
It 18 equipped with 36 stetic pressure orifices mcwnted
in a vertical plane codncident with tho tunnel centerline,

Steel cylinder similar to C, but of 17.338 inch dlameter.

Standard 80 tube GAISIT traversing total head reke installed
30 an to make a vortieal total head survey 201 inches
aft of the trumion axis and 6 inches Scuth of tunmel
centarline. Rake aleo equipped with static pressure tubes,

Reke mounted 32} dnches aft of the trumnion axis and 6
inches South of tunnel centerline,

Rake mounted 4% inches aft of the trunnion axis and &
inshes South of twmel centerline,

mmmmmuumuaimtmm’um
South of tunnel centerlins,

Wmmmlmiﬁmaaﬂlh;tmwmml
oenteriine,

mmmmmumuﬁmmsm
North of tumnel centerline,

Rake in same axial position es R, but mounted 12 inghes
Horth of tunnel centerline,

Rakes mowmbed 204 inohes aft of tyunniom axis. Differs
fron previous rake notation in that this location allews
a oomplete horisontal traverse in sddition to the wertiocal
treverse. Jsotual position of rake in traverse plane is
noted on pressure data. '



TABE ) (Goutdd,)

R! = Rake R, vith total head tube mownted on outsido of statie

S pres tube mount sc as to permit total head measurew
ments to be taken close to the South tunnel wall, (Total
head tube was mounted en South side of rake.)

R = Rake Ry with total head tube mowntod to flanges on North
8  aide of raks 50 as to pernit total head survey close to the

%awm%mmdmmud@. S4ndlar
% R, in that notation is used to demote rake boing used
for te treverse vith sctml rake position moted an
presoure data.

a’.m%uwmlhwmmwumn;nmw

7 permit’total head survey neer South wall,

rl-.c.ou inoh diameter (plano wire) soparation strips taped
opareiise on model at @ » 2 659, Used in oconjunctien

T, = 0,018 inch diameter (pians vire) separation strips taped
mnmmoyxmclue.:ésv.

Tg-mmmmmmmwzmmwmo.aw.

T‘cTz-ﬁ‘!'s

Tx = 0,029 inch dlemster (planoc wire) sepsration styipe taped
5 aminAmcymcautO-xéﬂg:x‘

Te, = 040675 insh diameter (welding rod) separation stripc taped
6 l;nmlnancyuudw%ateatw.

Ty = Separation stripeaidhrto’i‘ﬁmpthpdnﬁuzsfo

Tg = One inch wide chordwise separation etrips (sandpaper)
mountoad on each end of cylinder, Extended sround leading
odge from O = +100° to @ » « 2000,

Tq = 0,0075 inch diameter (welding rod) separetion strips taped
9 mmmmcymclathz&F.

Typ = Joraration stripe similar to T, tut madified suah that
they only extended to within 27inches of eash wall,

$yq = 0,0675 inch dlameter (welding rod) separation stripe
1 tapod spamse on oylinder G, at & = & 659,
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e C,067% inoh dlameter (welding red) separation etrips taped
opamsise on orlinder Gz at @ = X 659 and & 859,

sla{;mhmmﬂmmmammmzmwmwm
planeofcyumclandamoadsimheaa;nrtmm
STANe

T

b -4

xl = Yax £illet installod at intorsoction of fromt gide of
cylinder 01 and North tumnel wall,

Cloar Tumel = Tost scotdon of wind tunnol devold of models so
as to reralt prolininary calibratlons of air flov,
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I. QNIRODUCTION

A comprehenaive study wes originally proposed to cover the
blocikage effoote resulting fyron real viseous flow over a body
spanning a rectangular teet section st flev velocities hieh ave
associated vith inooapressible t’iw. Rloskage offeots take the
form of solid hlockaga, wake blocksre, and wake buoysney ecorrections,
Tho firet two corrections arise from tho tendency of the solid
mmmewmmwmmma.m
in free air these velocity inoreases do not ooour, The third
oorrection ascoumts for the change in Lmoysnocy and agcelerstion
forces of the model vhen the weke ip not in free alr,

Knowladge of the insomprossible flow tlockage effecte and
sorroctions to gcoount for them is necessary in order to permit
reliable test date to bo taken on models whose sise with respoet
to tumel sisc is not suall, especially since present day trends
in low speed wind tunnels are in the direction of insreasing the
model eice in an attempt to btring the Reynolds mmbers of the model
cloger %o those of tho prototypes Also at high speeds, vhere
conpressibllity effects besome remounced, amll flow pertarbtetion
theories such as the Extended Prandtl«Glauert Rule obttain cemprcssible
flov blockege corroctions bty applying & ccupressibility fastor to
tho inccopresaible flow corrections. As & result, blocksge effocts
(euch as rogulting from the weke) that are oftentimes considerad
negligiblo in inoompresaible flow have perveptidble values when
ocapressibility facters are taken into accommt,
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The relative magnitudes of the three blookege affosts are
as follows:

1. 7The solid hlockage sorraction to velocity 4n & ahmmnel is
the nost apparents As & comsequence relishie mothods Lave
been daveloped to acooumt for 4%, |

2, The wake hlockage corrcotien to velocity in a ohmwmel is

| uewlly considered negligible 1n low apeed testing of
stresnlined hodles, Mam%Wﬁ
reliakle methods of pmedicting this corrootion was nes
stressed mitdl the sdvent of high epeed testing, |

3+ The wake buoyanoy corrcction can far all preotical purposes
be considered as being imporveptible,

Tho parpose of these investigations 1s to study bloaksge
offeots in two=dimensionsl channel flov wvith partioular emphasis
placed upon obtaining qualitative neasurements of wake blockege
and 1ts veriation along the tumel axis. 7he fast that the wake
blookage effects are transmitted wndimdndshed in a vertiocal direstion
parnits the diredt messmemmt 0 be mado at the £1oor and oefling
valle Ly means of statie rressow orifices, The requirement of
large wakes determined the body ahaps to be tested, naaely s bluff
body ouch as & oirenlnr oylinder. A. Thom (1) derives an appraxinate
equation for determining the wake blooksge direstly above an airfodl
a8 & fmetion of the drag cosfficlent. In additdom he podnte out
that the valie Hlockago corrostion at e sirfal i one-balf of ite
value far downstroen. The correlation of these investigations
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with o resulte of refcrence 1 would deteruine tho reliaMiity of
his appresinatc oquations whon applied to esmprereted ceses such as
encounterad in Meh opood testinrg. The effecte of the wake upon the
veloclties at thie wall arc 40 be correlated with the oquation(for

é,

ww ®

ia

- ;
-0, ese 1
y, (1.1)

vhare
€ww=‘ pereoniaso change in voloolty ot well above modal
due to vake and Jts Zrpen

Cp = mworreotad drag coeffiadont

d = ddaocter of oylinder

a = vertionl helght of tumel

Tiroo oylinder slzes were nelectod 4a order to obtein & prenounced

riation of thoe bloohage effects, The ratic of orlinder dlametor
o tuwrel tert soction helpght veriod botwoen 0,065 and 0,175, The
corresponding verdation of the gylinder lenpth to diameter retdo
was betwsen 5.45 and 2,85, S0)4d blockerc werdations were obtainod
by varylng the cylinder alzo widle rointeiniy: o constant Reynolds
myaber. The wlue of Reynolds mbor wme ~hosen such that the
ecerepponding rango ‘of twmel mlmiﬁaa could be rollabvly set.
Proli~inary caloulstions chowed that thic valve of Reymolds mmber
acrvesponced o a Lartmlant type of flov sorcretdon, The weko
bloskage offoots were to be varied inienandently of soldd hlockage
eflocto Yy induclng tho €low separation podnt to wove fomrd o the
cylindar, This forward movament of the flow separation point vas
- to bo attalned by means of vire strips taped to the aft portion of
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the cylinder ahead of the flow separetion point as previocualy determined
on the clean cylinder,

An axial rov of flusi: orifices at the cylinder midepan was
employed Yo moasure the surfuce static pressures. The deoision to
use a row of orifices, instoad of rotating the cylinder with only
one orifico, was based upon the nesessity of recording a large amount
of date in an cllotted test period. FPast experionce had shown that
en axial row of orificos on an sirfoll resulted ir only a local
dejarture of the flow from being twoedimemsional and that wake
measurenents made dounstresn of the airfodl indicated wniforn two-
dimansional flow except in a narrov reglion influanced by tho orifices,
Thereforc, it was expooted that two=dimensional flow would be
cncountorod over the oylinder exvept in a region neer to the plane
of the oriffces, and that the wake rattern would bs essentially tuo=
dinonpional

Pant experience with alrfoils had elso shown thet a slight
dlgtortion of the flow field ehould be expeoted in the region neer
the vertical walle because of interferonce caused by the veloeity
gredient through the wsll boundary layer. The test progranm outlined
mortothewtmltwtpaﬁodtoakinhaowmmmcm
interforence diffioculties,

UYhen aotual tosting on the oylinders began, it became apparent
that the epeotod offcota® were underestimated end thet nowhore in the

TR sarvey of avaiiable Mtareture (2*3) indicated that these offeots
vonld be encountored and thet they would be pronounced, tut not
that they would be of tho order of megnitude emcountered bere.
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wake behind the cylinders 414 thers exist any sexhblance of & two-
dimensional £low petiern. Attempte were mede to aveldd the vmeertain
interforcnco effects of the orifices, i littlo sunccoss wee echiieved
'wmmm;tmapwmmtnem-m@«mmm
An examplo of an incident that occurred helpe to illustrete the
difficulties encoumterad. A visuml srvey of the total hasd losses
in the wal® zadc Jate ono afterncon bappensd to be yepsated on the
folloving mewning. Comparieon of the data indlcated that the total
heed losses hed reviedly fnoreased in a cartain reglon of the vake,
Close inmpsotion of the cylinder smurface ahesd of this regiom dise
closed the fast tuet a fingerarint left aceddentally on the forward
portion of the oylinder had caused an elmost imperceptidie anmmyt
of sarface corrceion during the night, Repolishing of the cerroded
reglon with erocur cloth and kevcesns followed ly a cleensing of
the srface with alochol permitied the taldng of total hoad loss
noasurenents that were in agreamnt with the previous days results,
This exctronse sensitivity of the flow over the cireular aylindove

to surface irrerularities was wmexpected, exporience with adrfoil
sestions with metallie mmrfaces having indicated less covere tendencies
in that regard,

The original purpose of the test conld not be oompletely carried
out aftor the threo-dimensionsl flov patterns over the oylinders
were noted, The tost progrem was of uvecesaity modified and became
an invostization of methods of avoiding tho three-dimensional flow
over cimm aylinders caused by interfercnce affeots from the
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vertieal walls, nodel orifices, and smell surface irregularities.
Reagonahlec success was achievaed in adjusting the flow pattern in
order to obtain two-dimcnaional flow, This wes ascomplished whon
the paint of flow meparction on the oylinder was mads approximately
mifmméueﬁmepanbymotmmtimmmmdtom
oylinder in the rerion ahoad of the maximmm thickmoss point
(betwoen @ = £ 65° und & 85°), The width of the wake oould be varded
by varying the exsct location of these wire gtripe. The experimental
results are prosanted in peotions IVedA and B, "

After the pttalnmemt of approximately 2 twowdimensionnl flow
pattern, 1% was possible to realise a portion of the ariginal purpose
of the investigation. A stody of the wall pressurc meagurements
is presontod in Sootion IVeC, mm@emumammmh
arc obteined the sxparimental valuss of wale blockare along the tunnal
axis, A correlation is made betwoon the experinental and predicted (3
valuss of wake blockage for the ayliander eonfigurations that aro
applicable, |

A complete outlinoe of the teste may be found in the Index of
Runs, and the definition of model comfigurations and test nomenclature
may be found in Table 1, The experimentsl setup ie desoribed in
Section II, Section I1I describes ﬁnmﬂmdofdsta reduotion and
prosentation, |



The oxperimonts preseated herein were condusted in the GALCIT
meum}t.mmmuwawmm
seotion installed inside the throsd of tho normal GAICIT ten-foot
vind tumel (of. Fig. Il=1l)., Two~dimensionsl models are mounted
horisontally across the tunnel batween twrntahlos in the vertical
working section wella, Thawmdmmﬁmuthatm%.M'
‘feet long, and eight end one-half feet high. The ccutrwotian retio
1s approxinately 12} to 1 ss compared to the ratio of 4 0 1 for the
normal tem=foot tunnel, At its upstrean end the restangular working
section 1s faired smoothly into the emitmrmotion cons of the ten~
foot twmel. Doimstream of the working seotion the flow is exvended
in an “edght degree"® diffuser es far as the first corner vanes.
At this point varticel Frey deflector vanes are installed to guide
the air flow out to the normel tumnel walls, Between the working
mmmmen;WMMMmme
ment of vanes help to guide the air flow end prevent flov oscillaticus,
In the twenty foot seotion of the normal tumnel far upetreanm of the
contraction oome ere instelled ¢1ve 30 x 30 meah, phosphovebronse,
~ wire soreens. These, ombdned \uththaMgh-oanMunuo,;
tend to reduce the tirbtulence level of the tunnel sir stresm to an
eztrgnelymllvalm. Tests with g hot vire anemometer have

fThamwofmammmiaqumbmmtamdg&
degreo ocone,
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indicated that the turbulence level (reet mssn square ef the yetio
of veloaity fluctuations to velosity) was 0,085 pavellel and 0,128
perpendicular to the flow directiom,
mmucmmmwnmwa&owmwa
6598,12.613, and 17,838 inch dismeter respestively. The eylinders
vere finished to & high polish. They were finished en a sexterless
grinder in order to assure their being oiroular about thelr original
oenter. They were moumted on the Umnel cinterline between the
turntables (endplates) in the vertiesl walls (of, Fige 112}, Angls
watmmmu-mmwmmmmm The nodels
were equippod with a chordwise rov of flush static pressure orifices
mmmm.w'mmmuMumwmm
vere trunanitted through long rubber tubing leads that weve twowght
out from the model along the axis of rotation. These prossure loads
mammma“mummwwwmmtmm.mm
mmu'mwmmlw&mmmm&.ﬁm
tines on the rmltimencmeter for elther vismal or photographis recording,
A vake survey reke was used in order % measuro the wakes behind
mm.'nmmﬁdmamm“ﬁm&m
end of the working esgtios, Horisontal (spameise) snd vertical
M&mﬁm'MmWommmﬂmpanﬂwmum
of the yake posttion ia the tmnel. Prosst comiters om the lead
screvs indicated the reke position in the twmel, The swrvey plame
was adjusted fore and aft by mesns of sliding clamps which secured
the ke suppart boan to the frame, The reke omaisted of 50 totad
bead tubes spaced O,1 imech apart and 5 static preseure tubes mounted
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on the pide and epaced vertdcelly in a menner t0 measure the static
presszre variation in the region of tho total head tubess The total
head tubee ware constructed of hypodermic needles partislly flattened
at the upstrean end. The pressures as indicated ty the wake rake
vero transnitted through rubber tubing to s mltimenenster set up
undeor the tunnel test section., They were recorded either vigually o
photographically.,

Thirty-cight static prossure orifices specod aix inches apart
on the floor end celling of the working ssction in a vertissl plane
tirough the tunnel exis were employed to acsswre the horizontal wall
etatio preesures, They were comnecied by means of rubber tubdng to
ammmummmwmmlmmmﬁmmmw
mtrwtamamtafﬂwmmg. Acourats measureszents
of the floor and ceiling prossuros in the vegion above and below the
models were made by eamnecting the pressure leads in parallel to e
procision mioromenomoter,

The turnteble on the North side of the tunel was oquipped
vith twentywseven flnsh static presesure orifices (cf, Fig. II-3).
These orifices were alpo gomsoted to a mdtimancmeter benoath the
test soclion by means of long rubber tubing. The orifices were
read vismumwlly dwring only a fov mms of the test, and during the
rominder of the tegt the pressurc leoads were disoomected and
clamped slmt,



mw¢mmmmwmmwzmm
deterained during the tunnel caliteation ly momting a standard
Prandtl pltotegtotio tube on the tunnel conterline at the trumnion
axia, mwmwfermoe'mmmmmmwe
20-foot catranco soction and the static proseure at the entrence
(3i-foot) secticn was determined at the sane tine that the dynamic
progoure was measured. These "calibreted® static pressures were
used to set the dynamic pressure on ell tests. Fig. Il«, presents
the results of those celilretions in the form of the dyrnanie [wesstre
qommﬂwmf.io,ofdymrm:msmqowthomﬁem
difference L Detwvecn the two plezometer orifice stations: A
correction wes aprlied to the dynemlo prsammuﬂmauvm
wmmmmmmwmmmuqunw
effeot wpon the afr density.

Inaomme'vnhmmotmmta,mmﬁm
were applied wien setting the dynamic pmessure to acoount for the
blocking effecte of the models or thoir waltes.

Fige. 115 and TT=6 present reoults of tho ;relimtnary flow
calilrations nade when no model was present in the tumal test seotionm,
They show the statie pressure ecefficient variatiocns along the tmnel
axis, and in the horisontal snd verticel directions perpendionlar
to the tunnel axis at the trumnion station, It will be noted ca
Fig. Il«5 that f.he static pressure coefficient alemg the tunnel axia
1s comptant in the region from 17 inches forward to 25 inches aft
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of the ‘runnion axis for the cloar tunnel eomfigwration, Figure X1

L5 resclts of statis presswre sessursaents made over the
floor and celling when no medel wes prosent in the tost section.
Thase date are suployed in tie floor snd celling data redustion,

Tmmmwmwmwmauﬁomm_,muhm
ealibrated in order to correst for instrunment errer. The statis
maammamafmetimdmcmqemm
on Fig. 11-8 for four static tubess The fifth statis tubs was fauliy
and therefore oculd not be relied upon. The ealibratiom of these
static tubes vas made in & region of constant static pressure, uhereas
mwmmmmmuammmmm@aum,
model vakes. The existence of static prossure gredients in the
model wake introduces snother soures of error in the static tube
reading sinse tho reading of the static prossure as measured on the
multinancnetar docs not necessarily oorrespond to the gtatic pressimre
at the tubo canterline, The temporal fluctuaticus of the wake petterms
mmgemmom@ammmywmamaw
oorrection, |



mdauprmmtodhere&nmnmluedinammnhtmt
the terms are dimensionless., Length terms (1.e. ccordinates) ave
normalized with respect to the cylinder diameter, The goordimate

\ Yo (+e vP) system used is indioated
TR UNNION in the sketch. Pressures
4
Va ‘ / i are normalized with
’ respect to the dynanio
¢ v '

4 essure q_ which is the

(+ e= Downsrecam a % g

dynamic pressure at the

24 (+ oo Nowr) intersection of the tunnel
| axls and the trumnion

axis vhen no model is preseat, In addition to being normalised with
regpect to dynamic preseure q , the pressure coeffiolents are referred
to the pressures which are associated beet vith the data ;mmm
Velocities arc normalised with respect to V., which is the velooity
at the intersecticn of the tunnel axis and the trumnion axis when mo
nodel is present,

A. WAKE SURVEYS

The bulk of the data recorded dwring the test vere pressure
meagurements obtained with the wale survey rake. "4 desoription of
the weke survey rake is presented in section II-4, The large wake
vidths boing observed necessitated an overlapping of wake patiern
meaguranents sinoe in many cases the total head tubes om the rake
could not completcly spén the wake, It wms necessary to take several
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photormapide rtm at each raiv sotting in order to average out
wale fluctuations,.

Tho date are mresented on the figures in sectione IV in Wo

as followunt

1. TFiguroes shovwing the wele patberns present the total head

ewi gtatie mrosasure cooffloiante as 2 function of the dimensionlcse
vortieel ooordinate (3/d), widle Lo horlzontal and axial die
monoionless coomdinatoes are licld constant. Tho two preosure
coafficlants are raferrod (o e sawe raference prossurc and

hawve tile o of ﬁ—;—ﬁ" axd f"—:go—P‘-" « The difference botuvecn

the Wio curves at a.r:.:r 7/ coordinate gives the ratio of local

drmda reeaoure to oloar tumoel dpwlc rescure. Tioso

Tneeen aleo ooyt o mefertice progcsupe coafflciont lino
( P¢ = Bo )
%o

static mraoama,

wileh melos readlly apparant the cwnyre in looal

2e Mlraros shouwing the conbours of constand statie or total
hoad aoefficlent deorcnonts also are presented., Theee £ipurce

ars o regulis of crosspletiing the date in the welle yattern

| groun mentionod above, Tho sonboura appesr ac lnes in the

survey plane a constert dictance behadnd the oylinder.
The data, as 1s ovidemt from the actwml figures, ave subjeol 1o

agwecioblo mipardnentel gcatter. The totel head proscurce date

arc cubject to tho most scetter near tiw noint of aacimm total hoed

loaae

A% thie point wverdstions in prossure coefficient of 0,1 are

coxwon. Tho gtetle prossizoe data are also subjoet to this amount of

v
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scatter, depending upm the model oonfigurstion., The static pressure
data far aylinders vith sepsretion stripe are wrellohle and in these
osses no faiving of the points is attempted, The fairing of static
preasure date is not as trustwarthy as the total heed faivimg bocsuse
wmmnmam'mammm'm



Date indicating the sgtatic pressures sround tho cylinders were
obtained from static orifices distributed in a chordwise plane at the
model midspan and from ata_tie; erifices distribuﬁad over the surface
of the Horth mdpiate.» A description of ths equipment satup is given
in section IT-d. All static pressuro data for this group are presented
in the forw of dimensfonless prossure coefficlents and are referred
to the static pressurc at the intersection of the tunnel and tmniah
axes (1.0.727% ),

7?0 : ‘
- The static pressure data obbteined from the model orifices are

enployed 1o detormine tho prosgure dwag coefficiont, The equation
used in detormining the masm-e dreg coaffiolent ist
+% '
%= f [(f:;_%ze)_ (zcz;)] /(%) ves(3.2)
% ° 7o
vhers ' |
P = stetie prescure on front facs of cyliniér
pr » static progsure on reer face of cylinder
CD s prsasure drag coefficlent
The dats arc presented in section IVeB in the three following
veyal
1. Fizurce arc presented showing the varistion of statis
rregsure ooofficient as a functlion of the cylimier angle @,
The varlation of statle prossure cosfficient for tho perfest
£114 case 1s shown on these figurce by a dashed curve.
2. The results of mressure measurcments over the endplates

are shovm by means of constant static pressure ccefficiemt
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contours in the plane of the endplate.

3, Curvea are presented shoving the variation of pressure
dreg cosfficient with Reynolds munber. These data were obtained
when the model had no separation strips, Data for the modals
wvith separation steipa vers o&ained at fixed Reynolds mmbers;
the pressure drog ecefficlente conputed from these data are

presentod on the figuros as plotted points only.



Thoflmnnda&ﬂmmo&hmo&dudtﬁm
tmwmm,mlycnﬁMmdude
manomoter, A dessription of the equipment petup is presented in
section II-4. The date obtained franm the muitimencaoter are nsed to
describe the natwe of the pressure veriation, whilo tho date fran
the sloramancmeter are usad to ascurately dstermine the pressure
lovels, By this mothod, s relfable pattern of the statis preseure
varistion along the floor and cefling walls is obtained, Sineo the
floor and ceiling will date are presumbly symeotric sbout the tumnel
axis and since all the shanges iu tumnel flow wesult from oonfiguration
changes that are symmotrde about tho tumnel axis, the floor and
ceiling ataetic presauro wariations ere aversged o give o mean
valne for the effects at the walls.

The aversge change in floor and ceiling static pressure ooceffieient
as & funotion of the normelised longitudinel axls coordinate (x/d) s
progented in the figures of soction IVeC, The pressure cosffloimt
ﬁ';f’"’,wmpwummmmnm
mﬂﬁmamhlhwmﬁ,andpmuﬁmummmmntm
wall vhon no modol is prosent in the twmel, For sake of eonveniance
the portwrbotion velocities instoad of the static pressuras at the
well are prosanted for a fow ocnpes.

The porturbetion velocities may de obtained readily by
consldering tho incomprossible form of thoe enargy equation, 7The
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relation botween the perturbation veloolty and the well static

regsurc igt

.‘i"‘ -] = |~ P___W-Pwo eoe (303)
Vo P)
viiere

u, = velocity et wall in azial direction
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Iv. DLXUSSION

A Stdy of Weke
mmmtmﬁmmmmmuwmuomma

head prossure messuremonts made while surveying the wake bshind the
eylinders with the GAICIT 80 tube traversing rake.

Figures IV-1 and 2, 16 and 13, and 32 prement the scatours of
mtththmtauﬁoteyﬂndevczwcs
respeotively in eurvey planes behind the aylinders. All linear
dimensiens sre novmalized with respest %0 the aylinder dlameter,
Itmbbmm‘mmtimthommdomw
to two-dimensional flow, Distinet regiome are visible en these
figures vhich may be associated with interfarence effects from the
vortical wvalls and the mode) orifices at the midepsn, Compsrison
wmmmw.mammuwmclmozmmﬁm
4n a survey plans approximately 3,1 diameters behind the eylinder
axis, shows that the wall interference effeocts extend over a region
in the spamvise direction of about 1 oylinder diameter, Also it
oan be noted that the total head decrement contonrs are vary similar
and of appraximately the same magnitude on these two figures, |

Atmmmuwwmelwmwurma
the orifices at the midspsn by alosing the orifices, The warious
methods emploed were to £411 the orifioccs in vith wax and make the
surface uniforn, tape the orifises closed with cellulose tape, and
oarefully plug the orifices with brase rods, Figures IVe) to 14
show the wake patterns at 3,1 diameters behind the sylinder axis
at three apmue stations for the oases of aylinder with orifices
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open, filled with wax, taped, and plugged. It can be noted fren
these figures that the offects of the orifices upon the wake pattemns
oould not be sliminated conpletely, and even if they ware, the wall
Anterference effoste stil) would be present.
mmmmmummmmﬁtm
wes obtained by fastening vire sepavetion strips in a spumiss disection
mwwm.m,mmmmmo.gwm
s 859, which i just fervard ef the point of meximm thiskmesse
Figure IV-15 shows the impwovemsnt in the weke pattern aft of
molmm‘%nmitmhmwwvﬂIﬂ
arifice intarfererwes were made lese important vhen the gseperation
point wes fixed fairly unifarnly scross the epen by meens of thees
separation wires, Figures ITe20 %0 31 sre concewnsd with the wake
pattemns and ooubewrs of total and statis heed decrmaemt aft of
aylinder G, with separation steipe T, snd 7, (0.,0675 tach dlsmeter
welding rods taped %0 the oylinder surfece at & = & 659 and
@ = £ 659 and £ 85° rempectively), Prom these figures it o be
sasn again thet the weke patterns appraciaately resmble twoe
dinensionsl flov charesteristics and that the wake width osuld be
variod by varying the loeation of the seperaticn strips.



This sootlon presents the results of presmure investigations
oonducsted in the vieinity of the ocircular cylinders employing flush
mounted stetic pressure crifices at the nidspen and the Horth sopport
endplato. The oylinders were roteted in the airflow until orifice
number 1 at the midspan indicated the ctagnetion pressurc and the
pregsure patterns as meeasured Ly the arifices on the top and botiom
surfaces of the ocylinder were symmstrical. By visually observing
the static pressure distribution while rotating the cylinder o repid
and precise method of model orifice alignment relative to the winde
strean was attained. Figure IV-37 prescuts the statio presmure
dietridution ovor the small eylindar (Gl) when the orifices are
rotated «4.37° from the obeerved symetrical pressure pattern. As
oan be seen on the figure, the pressurc measurements over the
 eylinder show a oonsistent and aymmetrical pattern after they are
corrected for orifice misalignment (tagged symbols dancte lower
surface),

4s Indicated in the introduction, the effects of the orifices
upon the flow over the oylinders is similar to that arising from
irregularitieos on the surface, It is doubtful, therefore, whether
the orifices measured a flov pattern corresponding to true two-
dimensional flow. For tils reason, the pressure data are intorpreted
as being of a quelitative rathor than of & quantitative nature,

It wvas expeoted prior to the test that the ordtical range of
Roynolds mmber, in vhich range tho flow geparation point markedly
moves aft in accord with the shange from & laminer to a turbulent

-
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type of wvake formation, would bs between 3.0 and 3.5 x 105, For the
case of oylinders without separation strips, pressure measurements

wore made for a range of Reynolds mumbers from belov (o well above

the expected eritical range., These messurenents indlsated the existence
of a vange of Reynolds mumbers botween 3¢5 and 4.0 x 105 ia vhioch

vange the separstion point markedly moved aft on the cylinders,
Thewkmwedautakmmatamﬂdnmnm&dm‘
89 2 20%,

The effects of variation in Reynolis mmber (dynamic pressure)
upon the measured static pressure distridutions at the oylinder
nidspan are presented on Figures IV=33 to 37, 42 to 45, and 48 %o
51 for cylinders Gy, C,, and Og reepeotivaly, General charecteristiss
. %o be noted aret

1, Tho point of flow separation moves aft on the thres oylinders
& as the Reymolds number peasses through the range of valucs
betwoen 3,5 and 4,0 x 10, and past this range of Reynolds

\ mmbers the nbpant&cn point remains relatively constant,

2o Ammr&ninmmucmsmwmmﬂwm‘
soparated portion of the oylinder ap the Reynolds mumbers
goos through the previously mentioned venge of values,

& 3, Tho measured statioc pressures over the front portion of the
eylinders at Reynolds nunbers greater than 4.0 = 107 are
aloge $0 being in agreement with values determined by pow
tential flov theory.

4+ The peak negative value of ptatic pressure coeffislent
incroagos markedly as the Reynclds number is brought above
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the previcusly mentioned range of values.

5. The peak negative valuo of static pressure ooefficient
(MMWnWtMGW)M
wmumumuammtmw.
wake blockage effests are ineressing with aylinder sise.

The effcots upon atatic prossure neaswrenents of taping spumdse

separation vires to the top and botton murfacss of the cylimders
in the region forward of the maximm thicknese are presented in
Figures I¥=39 to 41, 46 end 47, and 52 to 53 for cylinders Oy,

C, and G, Tecpsctively. Gemeral charecteristios to be noted from
thess figures are that as the sepuration strips moved forward on the
arlinder, the flov separetion podnt moved forwerd and incrossed the
veke sise, Figures IVe3d anl 39 relate to measuresents uade on
- oylinder Cy (dismeter = 6,598 inches) vAth pdano wire separetion
stripe T, and 7, (0,041 and 0,018 inch dlsmcter respectivaly)
placed 6t @ w & 65% This variation of wire size has negligible
effects upon the point of flov weparaticm, |

Figure XV55 presents the contours of comstent statio pressure

oveffiolent in & plane noewal to the aylinder axis vhen the fluid

- madium is inviscid and the flow is frrctationsl, These cmteurs
mwwmummm.-mam

is presontod in this scotion becsuse the two followdng figures deal
vith endplate static pressure measurenents amd sre presented in an
anslogous menners Pigures IV56 and 57 preeent the comtours ef ommstent
statia pressrs at the Horth endplate. These figures sre consistent
with axpectatiens that the flow pattern n the immediate vioinity
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of the vortical walle would bo influenced by the slover movirg air
in the wall houndary layer. Tho static pressurc contours indicate
& nore negative static prossure on the aft separatod portion of the
oylinder et the well than at the aylinder midspen, The wake raeke
neaguranents in section IV-A indicate t.he magnitude of these wall
effects in a spemidse direction and show that if the linear dimenaions
are nommliced vith respost 0 oylinder diameter, these effests

ars appraximately the same for all oylinders., Fipure IVe85 presents
 ed ey neing a
dimensionless coordinate syetem, snd it oan be seen that the static
Pressure contours are identical within the 1imits of experinental
sgouracy. Figure IVe57 presonts the static pressure cantours for
cyldnder C, with separstion stripe T, 804 ahovs that a fervard
novenent of the flow seperstion polnt 4s induced Yy the separation
strips,

Figure IVe53 presents the offects of Reynolds mumber upen the
pregesure drag occeffiscient for eylinder 01. The messure dreg coefficient
iz dafined by cquation 3,2 in section IIleB and is uncorrected for
blockage effeats or for poegibls interferanse sffcots of the orifices

the wall static presmure contowrs for cylinders C

upon thelr messureneonts. Also presented on tals figure is the rige
in prescure drag coefficient resulting from the addition of scraration
strips to oylinder cl while operating at & Reynolds musber of

9 x 105,



This section pa-eaénts the resmlts of static prossurc meagurenenis
made over the floor and ceiling of the test section, Figures IV=59
to 61 apply Yo cylinders 01, cz, ard GS respectively both vith and
without eeparetion wires, The general sharecteristics to be noted

are as follown:

A

2.

3.

The addition of separation vires to the surface of the
oylinders caused the statio pressure coefficient to decrease,
espocially in the reglon aft of the oylinder. !

The change in wall pressure coefficient tends te bo sero

in the region forward of the cylinder for mll capes, This
s in scoord with the expestation that blockage effacts
would beooss negligible upstresn of the medels.

The change in wall pressurs ecefficient does not tend to
bootme asro downstrean of the eylinder, This is in scoord:
flth faet hat the effoots of wake blogkage should be

pergeptible downstreen of the modal,

The floor and celling static ressurc asemrements may be
put into the forw of velosity perturbations. These velooity
perturbations are a result of the solid end wake blookege effects, |
Thewmwwgoatthsmuaayurwﬂtdmkemse
effocts is obtalned Yy subtrecting the theoretical solid blocisge
ocuzponcnt from the measured velocdty perturbations. Wote that the
tlockage corresticns at the wall includo the affocts of the modal
and 1ts images outeide the tunnel,



ol

in sccord with the ariginal mopoze of thage investigations,
e corrclation ip made botween the exparimentally determined and
the prodicted u’vahnem’m!mmmwﬁ. Reference 1 presents the
vate hlockege corrootion to velocity at a tumnel statimn corresponding
to the model axis, and sinoe tils corrcotiom is constant in a vertieal
direction, the prodicted hloclmpe corruction waey bo sompered with the
veluc as obleined s:perinentally eb e walls. The equation that
prodicts the wale Wlockage iz a function of the wneorrected drag
ooofficient, which fom is desiveble gince the weke correction would
be expocted tainc:mﬁemthdmg. The equation with widch comparison
is to be made indirecotly 1o presented 1n the Introducilion and ist

)
4

£~wa %'g : tu.(ion

Roferance 1 also sugests a modification to tids oguation, whioeh for

the ocase of a circular oylinder 15 not negligible and henco 1s uswd
horein, The nodificd equation iss

£ w G2 [ +3 (u %)-%%} ee(2e20)

vlicre é;w = blockags duc to wvake and ite imagos at wall
(2/d = 0}
Co = drag cocffiolent
d = gylinder diemcter
Q@ = tumel helght
M = body shapo parasctor
= 10 (a8 suggested by rafcronce 1)
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In thosc investizations %o total drag coofficient is uninom
for the circular oylindovres therofors & prossurs drag coefficient will
bo employed in equatlon l.la. Tho deterdnation of total drag by
oonsidering the momentun defeots (4) as indleated by the wale dote
oouli not bo made sinee the static pressure variation in a vertical
direction beidnd the model was not imowvn ascurately. In addition
the approxinations assumed in oblalning the drag fores from walc
negasuraaents no longer apply vhen the weke blockagoe is perooptible.

The correlation is mads only for those cases vhere sufficient
data ars savallable, nanely for tiwse configurstions in vhich data
are available for the eircular oylinder with scparetion stripe at
two or moro locations. lio correlation is being made for the cases
of oylinders without separation strips since wake measurcments

indicated a throeedinensionsl flow pettern for thoss oa pog.

Table 2
Configuration (#)w-/ Esw Eww(EXPT) | Cp(exPT) é'wl..,”
Cl * ¥ 4 (v) 040257 # 0.0192 Q. 740 0.0189
(b) = (a) 1.47 1e45
Cz L 2 Tn (ﬁ) 0.%5 03038 00027 00550 00031
!32 » le (d) 0.0‘76 H 0.033 10139 0.063
(d) - (0) 14l 2,03




iyl

In Table 2, the coluwm hoadings arct
(§), -/ = chanco in volocdty at vall (%/d e 0)
& = chango in wolocdty ot wnll duo to solid bleckage
of facto of model and images (2/d = 0)
& (EXPT) o (g)w -l = s
Co = exparinontal deteraination of prossure dreg
coaf{iclent
&, = caloulated weke blockage at wall (x/d = 0)
froa oquation l.la |
It will be noted in Table 2 that good correlation Lotween
emparinentel and theoretical velues of wake bloakage wero obtained
in the ecase of the swll oylinder, 01. Reasonableo corrclation is
ghowm in only onc of the Wwo cases aveilahlo for the larger oylinder,
czg the roasom for the discropancy in the seeond case is wnknown,
It is wlortuaatc thod only Jowr of the epprozimate dozon ocapes
orisinally contenplated could be investipated, making it impossible
to drav conmclusicns froi the resultss The resulis pees to imdicate,
howovor, that tho theory is satisfastory 1f the wakes are not too
larce. lemce tho theory scane to Lo satiafactory for alrfoilss
becanse gn alrfoll with, say, the seme volune and heonoo the same soldd
blockage of the sall oylinder Cl would have a much smllsy wake,
below the stall, than has the cylinder Cqe
The flocrwceding pressurcs at tho dovmotrean end of the test
section often ayprocimate vith pufficient accuracy the vake hlockege
effcets at infinity., This is pertioularly true for airfoils, for wilch
a singlo sourco placed at the trailing edgo is a first approximation '
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to wake of'ects (5). This would have provided e noens of shoaking

tho ratlo of wake hlcolage at-' the model to that at infinity, ap given
by thecry, ed 1V held truo for the ¢ylinders as well. (lowever, for
the large walkve obtainod fren oylinders, a olngle svourco represantation
is not adequate. In Apponddx A, following the goncral method of
roferenco 1, it iz ciown et 3 wore occmplicated arrey of sourocs

anxl ginks can be used Lohlad & aylinder to give adequats represcntation
of 1ts oflecots ap meagured at thc valls, Sowever, this array approaches
%00 closcly to the end of the test soction for conditicus at infindty
to bo adequatcly rejrosumici thero. These calculntions showed that

1% uas noccssary to place four singularities downstrean of the eylinder
i3 order to obltain a reasonsbls matehing of the exporimentel owrves,
Pigores I¥=02 ard 62 ghow the agrocamst obtalnod whon ithe sources

ard ginks wore erbdirardily placed at four dowmstroan statioms, The
ertarbation velosliles as moasurod at the wall are presented in
additlon to (e soperato contributdons of solid and walo blocksrc
velocitdos.



The =ore Imporitant resulis of tho fost ers suasrarized below:

1.

24

The ewritdvity of (e {low over oiroulsr cylinders to

ourface irregularitics le quite pronownoed,

The interferonce offects arioins from the ondplatos supporting
tho clroular oylinders in the twodlmensicinl tost peotion
ere also qulte mronovnced, and influsnce the flov some
dotonee from the vertioal wlla,

Tho afaroncntiored intorfercnecs mey be circumvented when

the point of £lov sevesntlon over the aft portion of the
clradar cylinders is ande undforn 4n o spamiise direotion,
Doviess such ag soperation strips fastencd (o he eylinucy
Tormmrd of the point of masdrmen thicknces weorwote thip
wifomidty and provide an essentially tvo-dincnaional vl
pattorn,

(00d corvalation with Hvo experimantel rosultc ues obtained
vhen the wale blocksse comections wors detormined by &
nothod of reforense 1 for the comdltion of emll sizod
c;ﬁindor (01) vith poperstior strips. Tho corrclation of

two other romults with & larpor oylindor {Gz) were falr to
poor. hlle oo eonclusions uey be dramm froa these four
rosulis, it 1o inilested that the simmle theory of wale
blockage 1o adoguate when appliod to the smeller wakes normally
obtainod with airfolilo,
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The represontation of roal flow (twoedimensionnl, viscous)

ebout circular ovlindere esn bo approximated by special trestments
of porfoet fluid theory aseuwiing twoedinensienal, incomprossible,
nonwviscous, and irrotational flow. With these assumptions, we may

use the pencrnl potential flow theory and employ tho analytic funotion

end complex varisble.

)

The etudy will be subdivided into the fellowing groups:

1.

2e

3.

Perfaoct fluid flow about a cirouler eylinder in an

infinite two~dimensiomal chamnel.

Perfect fluld flow in an {nfinite twoedimensional

channel about & oim}alai' oylindor ueing singularities
downstresn to similate the wake cneountered in real flow.
Perfoct £fluld flow about & oirculsr oylindor in a finite
tvo~dimensional chamnel.

Perfoct fluid flow in e finlte two-dimiml channel about
a circular eylinier using singularitics downstresn to sime
late tho wake.

Comparicons botwoen the flows in an infinite and a finite
twomdimensional channel.

In the following treatments we will work with the quantities:

ze=Xx+iy=re 18 , complex distance 415 v"l":\‘\. :
~16 L
wi(zg) mueiva (13, = fug)e™" = complex veloolty “:\—u:
F (8) =« 9+ 1V = complax potontial
u 7 4
' e
\
X



121w

From the condition of irrcvtationality, the welocity potential

16 dofined ast
h+ s.ai jVvae é_cfi
. X C)y
The eentimuity conditicn defines the ctresm function |/ ast
I¥ IV

s — VYVew
dy g d X

Having defined the basio quantitles which we will use in the
derivations, we can proceed to consider the cases outlined.

MsMismnmgé)thsrefm it will only be given in
. gunmary here. Potential) flovw theory tells us that two-dimensional
flov about s odrale has aa ite hydrodyoanic equivalent the super-
position of rectilincer flov upen doublet flew. In this case the
¥ = O streanline defines both the stagnadion streamlines and the

cirele whose oemter i3 eoineident vith the doublet and whose radiue
is deternined by the doublet strengih. ' A

The complex potential iss

2 u
F (5) 'u(Z'*z'k‘,') ese (111) - /?\

4

from vhich the flow potential KJ

and styean function are immediately




seen &3 boalng

, :
P Ux [, * (x2+gz)]
cee (1e2)

‘—“——ﬂ.'/-""'——’

1 b?
¥u Uy~ pag]

Equation 1.2 shows thet the ¥ = O streamline 1a indesd defined
by the y = 0 axis and by & cirele of redius b,
Aleo the eomplex velocity is defined by

w(z).u['[_ %)2] - l
» see (2.3)

« Ufr- (,—i)ze.?'ée]

The velocities uay be readily obtalned $n either certesian or
polar coordinates using equation 1.2 or 1.3, and they are:

B0 y?) \
sl U ol

. - bzxy
Y u'(x2+y2)

see (lesn)

©, = U [l‘ (,%)2] cos ©
eoe (1edb)

Uge —u_[l + (%)2] s e

The pressure coefficient in the flow may be obtalned by presenting
the pressure, which is obtained Ifrom the incomprossible form of the
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energy ogualioz, in dimemsionices forn. “Yhe actual squstion is:

Co PR =)o Yiv?

PR odewr T Tur
= (B [2-(2)-4srto] cee (1.7)

On the oylinder, the pressure coefficlient varies betuecen
Cpa#]..Oatﬁ'aOo

cp a «3.0 et @ = /2

In representing the reel flow in an infinite channel about a
odroular cylinder, acooumt mmst be taken of the viaooé&ty effcots
which oause a weke to form at the cylinder and go dowmstrean, In
representing the modifications to the flow in the viainity of the
oylinder from the wak®, we shall consgider the flou shange ae boing
osused by a wake width which is definedWadisMent thlcknoss
in & mamner similar to that used in bowmdary layer thoory. The weke
dieplacement thickness definee & solid bedy belind the cylinder which
may be duplicated from potentdel flow theory by distributing singue
laritics along the horizontal exis. In the sclution prosented here,
only ome singularity behind the eylinder will be considercd, nanely,
a sowroe, In actusl prectice, a sories of scurces and sinks arc
neoded in order tc matoh accurately the desired weke displacement
thiciness, but superposition of the gencral solution presentod hero



12/

permits this to be done reedily.

Simoe the origlnal boundary conditiams are that unifora flow
mm;mm,wthmemmmmtmumum
a solid body wake rerresontation is used, some singularitics must
lie within the olrocle in oxder %o preserve it as an undistorted
solid body. To ascomplish this, an image of the source behind the
oylinder aust be placed dnside the sylinder at the “inverse podnt?
plus & sink at the origin (so as to heve no {luid outflow from the
oirele). The aotual location and strength of the sourcs behind the
cylinder iz determined by the shape end width of the wake dizplace-
nent thiockness.

(DOUBLET)
1 > (€0

|
‘./(E’O)
(0,0)¥ — 5 e X

-@
(SINK) (soukce‘)/) (SOURCE)

4

-

- -

As shoum in the sbove sketeh we haves
&) Roctilincar velocity coning from infinity vith
magnitude U,
B3) Doublet &t origin of stramﬁx U’ . This strength
definoe the vadius of the cylinder in rectilincar
£lom,



-18—
) :5mm+$eplam”&tmmmmxuductx-m
d) Source +Q placed at the "inverse pednt® inaide the
ayl&ndwmihazudn at‘z-bzlch.

®) Sink «Q placed at the owigin,
Vo oan therafore write ths complex potential as &

Fa@+(¥= u[z+z] +5= [fn (z-¢c) +fn(Z-—-) ~dnz ] eve{2:)

where Zae X + LY
Z-C = (X-C) + iy

Z—-g—zu(x--gz) iy

Equation 2.1 can be separated into its reel and imaginary
parts vhich in turn gives the velosity potential and tho strean

funotion, Thewse aret

1/ 2,02
P e uX[I+7—'—2]+ "\%;%
eee(2e2)
Q 4 -1 8
(& Uy[l-xzw] > tan 5
where
2w x (x4 P18 - (xiy?) (28 |
KOGHHE) - 09 ) verl22m)

B= y (X*+y*b°)

The boundary osonditions are satisfiod bty equatians 2.2 and 2,2a,
and this can be most readily seen 4f the ocuplste expression for ¥



is progented.

b? Qg y(x*+y2-b?)
’Vﬁ ug ['-)E—y—’] +é-7?tan X(X24ya*b:)‘(x3+‘;lz)(§_¥_b.’) ...(2.%)

Equation 2,25 shows us that¥eO wiea y » 0 and -
x> a, that Ve /2 on the cirele of rading b and wvhen 3 = 0 and
x(Owba/o(:,?.(o.mmt'faQMyg-Ome(x<ba/m
m;mmm@wmummxm.mmm
ormwmia:mwm%mamm This sclid body
behind the gylinder will astually interscot the aylinder if the sourve
is located noar to the oylinder and is of sufficient strength,
- This ie emsily shown fram the vadisl and tengential velooities om

the cylinder.
When 4 = bs
| 3 _
(L,bu E 5-5 =0 ( )
a‘* ) ‘ ) Q C o0 2‘3
u.elﬁ - ‘;‘Z -—"2u5l779‘[’ onll c*+ b2—2bCC059]

but (c%n%zmoow)%-s-mmmmé«owm
Xme,ys0 t point an
oylinder surface defined by
angle ¥,
Therafore, the tangential velooity yy is sero when 9 = 0,
@5 in the case for perfeot fiuld flow arownd a oylinder. In additiom,
u, 1s Saro vhen the tern vithin the bracket is sero, or in other
vords vhent
Q-0s2rus’ see(2e4)
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Zquation 2.4 gives the result also that the salid bdody will not
intersect the sylinder wnless Q) 2nU (:‘u-g}z. ,
The width of the solid body behind the oylinder stesdily inereases
as x becomos larger and has an asymptotic vaine as x tends to infinity,
This final walue of tho weke vidth (wmmwmgam)
may be fomd by ommsldering equation 2,2b as folloust
whe, X > 00 , oquatiou 2.2b tf:am ue that

’II/ =2-Q = u,v.! +2—% taﬁ'O(;'i)

=U3+0
80 in a limtt the half widih of the weke bocones
e y = O
xew 1 7320 vos(2.5)

or the mmmwmg. This 1s to be expected

since the wolume outflow from the sowree bshind the oylinder must
mnmuywﬁmintothefmm



The selution for puitoat fluid flow adout o oireular aylinder
in a finite channel, although not quite as well known as that of
flov 1n an infinite chennel about a clreulsr aylinder, is treated
1n many references.’ The \reatmsat for \ils ease of o finite shasnel
is similar to that for an infinite ohamnel in that a doudlet is pluced
at the origin while in the pressnce of a wdforn reatilinear flow
f16dd, The modification arises in that the valls of the finite
ohannel inpose & boundary condition that the flov is tangential
at the walls. This additicnal boundary condition 1z met by placing
images of the original doublet along the y axis uniformly spaoced
such that the distance between thex is equivalent te the total
channsl width (providing of course that the original doublet s
mmmmim).

by Define the following quantities
p A a = height of channel
i b = radius of eylinder
_ 2t /..Mormn
2,2
u__f_"._j@_ e
- 2
/d

(Oovsrer)
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Looking at the eketoh showing the arrengenent of the singularties,
ve ocan set up the complex flow potentisl.

+ 00

Pl A
/‘/Z/-Z[z S 2, Z-ina

and the infinite series cap be expresced as ootuij’zé s 80
F(Z/ e UZ f'?/i;-,- Cor/ -'Zai‘z— ees(3.1)

The doublets are located at (0,0), (0, & a), (0, £ 28),..cte.
Substituting s = x +iy and separating F (z) into its real and im=
aginary parte will give the streaz function and flow potential,

Also replaoing the doublet « by 27b‘ U/a, as we shall show later,
results in & close approximation to having the cylinder circular,

The hyperbolie cotangent of a complex varisable can be expressed

Ccosh (x riy?)
COThHh Z = Wk (v 75Cd)

cosh x cos Y’ + & svh X siv Y’
S/Nh X! o5 Y + ¢ cosh X SN Y7

which can be simplified to

sivh Ex’ — ¢ sy £Y7
cors Z &osh Py’ — cos 2yl c.o(302)

Now if we replace 3! by7s/a and letus 27°b° Ufa, ve get

ETX
(P Ux + TbEUL SN T2
= X Z  cork 27X _ som 279
z z
| eee(3.3)
_ mbl w5

J
(I/ = ay a 6'056%1.—;0"5_%1
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Equation 3.3 satisfied the boundary condition that®’= O when
y = 0. Also the uppef and lower walls of the chaﬁnel become the
streamlines#/= Ua/2 andgy;—Ua/é respectively. In order to investigate
whether the circle of radius b is a true streamline, we shall use
equation 3.3 in a slightly modified form.

When /= 0;

Y(coshEL¥ — 5 272)

- 76? sy 7Y
(74

2 2
;Zé [erry (Z?ry/ 3/7«. -]...(3.4)

This equation is satisfied by y = O, If we factor y out, the

streamline?/= O is also satisfied by

| Pl c,
-~~~(d—5‘/§£g-x—fﬂf emy | emh bz/"/ 4 ves(3.5)

2 @ P

Equation 3.5 is the equation of ah oval with the origin as

center, Its semi~diameter along the x= axis is obtained by setting

= O,

, 2mTX _enh
CcO5hH =z —/ = Z

or

7 z 7/ ew
X =—Z—;*Kﬁfb (/1‘ 2 S -ao(3@»6a)

The semi=-diameter along the y axis is obtained by setting

= 0 in equation 3.4.
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vhich oan bo simplifiod to give

/
5/”—%—5-,— = ryY”s 7B cov("éb)
ewbt * zZay ' ‘
The aotual departure of the oval as dafined by equation 3.5
from a olrcle of redive b is smll, In a later section, we shall

deternine the error involved in using theso sxmressione with the

various ratios ot-ﬁ- oonsidered in the experiments.
The velocitiscs may be readily deterunined from the equations for
the flov potential and the strean funotion,

20 ¢ wd?,_20
“ = dx dy : v oY oX

differantinting {/ in equation 3,3 vith respect to the variable

y gives us
’ ErX ery i
U w U,—- Zﬁebz d ,: cosh cos —/ :] 000(3.7)

a? (Jpjﬁ EUX — o5 é’fr(/)f
P A <X

and differentiating in egmation 3.3 with vespest to the
varishle y gives us

Ve ol U l:( s/nh % v 34 t] eos{378)

a‘ COSALTX _ ppg EXY )
z 2

At the wall vhere y = 8/2, ve £ind from equation 3.7 that

it al M / B
“=l {/{- 2% 54 ETX 4 /:l— U //* éa/) eee(3.8)
a

whméw » S0lid hlookage correction to the frsestresn
volooity at the wall,



In rerresenting the vreal flow in & finite chennel ebout a odreular

cylinder, ascount will bo taken of the vake behind the sylinder in

& manner siniler to that used in seotion 2, As pointed ocut in section

3, tho effects of the channel walls sye $6 osuse imeges of the flow
singularitics to be formed in a unifora pattern to ! Antinity in the
y direction when the walls are parallel to and equidistant from the
x exis. Thepe imeges form in order to preserve the chammel walls
es streanlines,

It 1: convenient to first consider the natmre of the camplex
potential for a source singularity st the origin and to then set up
the somplete eomplex potentdal for the desired flow patiern.

For & single source at the origin, the camplax potential isy

Flz) » Xt z

For o series of sources in the y directiomn et (0,0), (0, 2 a),
(O, X 28), ¢eo ot0,, which corresponds to the imege representation
of a source between two walls at y = 2 0/2, ve have aa the ommplex
potentials '

+ o

o &5 e

7= "0

.mmmmmm»mmwuhmh!f,u
&
/r(Z ,.f_;-[” s/nG —%Z— ...(6.1)

Equation (4.1) ocan be separated into its real and imaginary
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parts in order to give the flow potential and the stream funstiom.

Equation ({.1) becomes, using complex notations
ﬁz) .E% Ln sinh __—__”-(;-(-c'g)

o -2 In (sont ZX 057 4+ [ cosh X 5w ZE
V- /a <4 -2

@ tnt [crsh 2T — 05 2T5) 4 LR a7 _tan'f
7’/22 5 /{w‘b o527 ) e N
3

=gy

Therafore ve can express the flow potential and the stream

funoction for a single source miduay between two channel wlls as
& Yt erx _ /e
4 -X [né,/(dfﬁ Z m;_zz)

W -2 tan”’ tav T ove(de)
2n

X
tﬂﬂh'—z-

The velocity components dus to the single source ere:’

N 30 ik Zﬂ'x
ax 84 :asf)ig_" - c‘as.é%y_
evelle3)
29 _ 4 siv <54
by T 2a  cosh -%l‘ — Cosﬁ%‘!

Having developed the equations for a singularity at the origin,
wmaetwamummmrwmmmumwmm
behind the cylinder is werresented by a source singularity., 4As in
mumz,mm_mmmmamotummm
eylinder, Inaddium,hhavaaainkotthemww

downatrean g0 as to satisfy the boundayry condition that the wake
bas no influsnde far upstrean,

\
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Using the resultes of equations 3.1 and 4.1, ve get ap a ocaplex

potentigl v
FAlz) = U;’ + z—‘g—é-‘coré 7z, @ {/;y swhZ(z-c)

2 enr

*4n omh G ( z- %e) ~In swt ZE —Zn s —-—-———”% 5) }
(2 X (40“

whore acoount is taken of ‘
8) Roctilineer flew from mimus infinity vith magnitude U
b) Doublet at origin and 1% images
¢) Sourco + at X = 6, ¥ = 0 and ite imeges
d) Souree +Q at inverse point x » D50, ¥ « 0 and 1ts
images |
e) Sink—G et origin end 1ts ineges
£) sm—nfmdumnxas,y;o'mau
immgon. | o
Separating the complax potential into its imaginary part and
letting B approsch ite limit, we get the stresm function. |

. 3 7Y
-W -/ bl SN -"’%g ” & tf?rt/—/ AN
Y72 TcoshETX _ coslmy T en tawh Z (x~C)
(74 a

il émv%f{ -/ tanZ¥ Yy
From oquation 4.5, we see that the stresmlines have the seme

values along the x axis snd over the slightly disterted oivale as &n

the infinite channel cese,. xammnmmmzmm

mmmumwuwuz[%&+.§_] reapsctively,
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The veloeity in the chamnel is givem Lys

wwlls emlbeU s <74 L@ 5/,1//}'%2/1’—5)
a cosh ELX — co5 ENY fa [;0,/, Q(x—d—Cosw]
. e e 2
&
o (x";é') _ NG %’ 2/ 5 eeelbeb)
(oot 220 8)— con 8] [ooms Ei—cor B

If ve define the velooity slong the channel walls by
aW = d [/*éw # fWW] ..0(407)

where |

éw = Solid blockage carrection to velooity at the wall
6’,” = Wake blocksge correction to veloeity at the wall
Then froa equation 4.6, we see thats

2
e b /
é”’ = O @Z " o5k EAX L/

a
£ - & j/mﬁ,“;_#(x-c) . 9’/#6'%"’/“"%‘8)
ww " Pla [Cagb"—e’"(x~c)f/:| [;agéfal’(z__x_b_ejfl]
Srx
S/INGT @
—[ K + / too(lﬂs}
cosh ) 7"/]

The chenge in stetic pressure at the wall in terms of the
solid and wake blookage correcticns is obtained using the fncomw
pressible forn of the emergy equation, The expression iss

_7‘117;_:@& - /_;gzz/_(/*_é”*g”w)z eee(4e9)
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vhora

%, = static pressure at wall ariginally

7, » ptatie pressure at wall vith blockage

2, = apparent dynenis pressure ar dynenis preseure in
ehannel when no oylinder is preaunt.

Zw s trus dynauic pressure at wall when cylinder ie
prosont

The linearized form of equation 4.9 is obtained by assuaing Cop

end &, (( 1. Then we gets

B - Zove ._Z(é;_”* Eww) see{4eIm)

Fo
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Comparod in this section ara the poiential theory solutiome of

the flow about o eiroular cylinder with & wake reprosentetion in an
infinite and finite widdh channcl, The cxmnple oomsidered in the
comparison applics to the caps of a sourse losnted 0,50 redid behind
the aylinder trailing odge. The source strebgth was selosted sueh
that an exm;gereated selid hody represeniation of the wske would be
obtained in order to pormit a reody visualizaticn of the flow.

The sourve strongth 4s Q = 2Ub and thie streagth results in tho
stagnation ptrealines (V/ub) having & value of umity.

Fipure A=l rresonte tho strcemlines about & eylinder and its
vale vhile in a tvo-dimensional flow chamnal of infindte width,
Bquation 2.2b was eaployed to determine the losations of the streams
lines,

For the cage of flow in a finite width chammel, the ratio of
chammol wvidth to oylinder dlawcter was celeoted to sorrespond to the
mediuneaized cylinder (Ga) vhen tasted in ths twowdimonsionel toat
sevtion dirin: the experimental inveatigations. Equation 4.5 wme
employed to detcrnine the streamlines, The salemlations showed
that the distortion of the cirenlaw oylinder from the immges of the
donhlet resulted in approximataly a .28 decrease in maximom thicknsse,
The effeats of the images of the souree (wake) symtam resulted in
an addsitional distortion of the meaxinm thickness of the oylinder,
and ag shown lator the departurc of the oylinder from s oircle 18
quite yproncunced over the aft end. The oylinder distortion as o
result of the wall imeges was compensated by increasing the doublet
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strenst: {apwilon 4.9) aoproximataly .08, The increasc of doublet
etrongrtl. o conpensato for avlinder dlgtortion is determined of
eourge bty the rarticulir veluss chicsen in lhie exmanples The final
streanlincs arc procscabed in Figure &=2,

Camperisen of Iipuwras A=l snd 2 permite & visualisation of the
blockere offooils upon the twowdincnslionsl .flet; cver o oylinder and
its solid body uwale roprecemiation whion in 2 £inits widih channel,
As cen be wtod, thoe widih of the walo and the gpeeing betusen

strealincs er: decrecsed,
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