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" tunnel has a square crO°P~Fection, six inehes on a side. It makes use=f

‘fof tellurlum thch is very sultable for photographlng

Sye

WATER TUNNEL, WITH MOVING WALLU; S
Thomae Atkrno
Inozganlc MJtCIL&lu Re eareh DLVJOLOHJ Lawrence Radlatlon Laborabory,:
and Department of Chemical Ingineering, : : -
University of California, Berkeley,_Calerrnla

- June i965

ABSTRACT

.The design of a recirculating water tunnel is described.  The

o

"ﬁf}of a eym+om oF mOVLnb wal?e as a oalmlng QCCLLOH to allow tho damplng

"5:fout of veloelty FluetuaLLonu WLthout pOTmLttJnﬁ a boundary layer growth

. /

"The movrng wall Dtem is descrlbed in dotaLl The 1unne1 Lo dcalgned

5,

ifto ob ain turbulenee levels as low as 0008% at Reynoldo numbers up to

r.L'flO OOO with a flat veloeLLy profrlc

A technrque to allow photopraphlc otudy of the flow us1ng tellurlum a

':e]octrode is outllned These electrodes emlt a black collldal suspen31oni¢.

A typlcal experlment to be performed Ln the tunnel is aloo descrlbed

r,d}itlls the flow past a rectangular cutout, or notch, resulting in thei_a f

e

::formation'of a_Stable'eddyﬂhlIn particular, the ekperimentfweﬁld.atrempt\

ve Tto.confirm.the‘existaﬁce'of secondary eddies in the corners of the notch.
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'delence, thh Reynonn numbor flow is 10 paus thc f]ULd Through a.

INTRODUCTION . .

Within the field of fluid mechanies,gthevetudy of steady-stafe

-7 vortices is important and intefesting,_lTheodeeire to_study.the fofmatioh_:
'4?_and structure of steady-state vortices”provided the motivation fOf‘the:vli

constbruction of the water-tunnel described herein. - It was desired that . -

d‘flow-tunnel be developed, dsing water as the working fluid;-which '

- ﬁfecould prov1de ldanar, or very low Lubbulence, flow at Reynolds numbers o

;_up to about ten Lhoucand and, in addltLon, an’ approx1mately flat velocmty

e
~

el

The utandarc proccduro used in WLnd Lunnel o, provjde-low-+urbu-1;'”

B |

}eries 3

/

:?oof screens or honeycombs, used as a flow-straLghtener, and then to%eohé
:Lract Lhe fluld to diminish the Lntcn 1Ly of Lurbulence .:Ihe ﬁroeedure.ig:
ld"adopted in thv~ tunnel anOlVGS pa 1ng Lhe water thzougﬁ a honeycomb i;
y‘:flow anlghtooer into a SQCtLOH of the tunnel in thch the wall trane;

.iate w1th precmsely the bulk average water ve1001ty. If the water ﬁere

lefL'Ln such a aeclLon for a long enough tlme, the dlsturbances creatcd

‘by‘the flow~ stralbhtener could be damped out to- any de51red degree Theg
\m';effectdve-Reynold numbcr in thlq sectlon of the tunnel Wthh w1ll.be ffi;’

: ”TNTreferred to as %he mov1ng-wall sectlon, would be zero. Tt would further" ”f
1allow ‘the egtdblxshment of a nearly flat veloc1ty proflle Expefideﬁts- *
ﬁ?:.could then be performed elther WLLth Lhe mOVLng—wall UGCLLOH Ltpelf or
VE"Ln a tcot oectjon 1mmed1atcly downutream It wa.s felt that LhL rather o
B unusual tecthdue Qould enao]e the proddetlon of very low-turbulence’.‘

'5'flow WLLh lLtLlE boundary-layer efiectu

- The dengn 0nd cons LzuctLon of a rec1rculdt1ng water tunnel u51ng



~ing scction, and converging and diverging sections), and'5) the récyélé

o

the moving-wall technique is described iﬁ'Seg{ A of this work: Te

‘includes 1) the design of the moVing_wails,-inélﬁding”thebréti¢al considera-

‘fﬁions, 2) the remainingﬁtunnel,éections (théjtest”section, flow-étféighten-

“system. Section B describes a technique for flow visualization, and a

‘,.?typical expefiment to be performed in the tunnel is'deSCribed in Sec. C.
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,fto,some insignificantly small value. ';v i flﬁf'

'__ve1001ty, U, plus a small.spatlal fluctuatlon,.u'; ,;tu

vhere =~ . u

A pEsICN AND CON TRUC‘TION

1. Moving Walls L

e Theoret1ca1 Cons 1deratlons

Among the,design considerations which can be examined from a.theoreti- -

,Vﬂcal point of'wiew,_the_length of the“moving-wall seetion is one of the:

st important The water entering the moving—wall section Will eihibit!

u'l”;i%a ve]ocrty'profllc which wrll be relatlvely flat but will have small

:;iy "humps " or fluctuatrons correspondrng to 1nd1v1dual cello of the honeycomt
’;*iﬁ?fused in the Tlow stralghtener._:Durlng pas sage through the mov1ng—wa]1
,;seetjon of‘the tunnei"the effectivc Reynolds nunber of the f1ow wnll be'w

3%{f{7cro,’and 1the .mmll/ﬂpairal f1uctuaLLon) in thc velocrty prolee wr]l

-/

‘-lf;tcnd to damp out due to natura1 vracou” stres ses. Thé’ mov1ng—walls ;hould

:'therefore be long enough to allow these veloc;ty fluctuatlons £o damp outj'

'

In ordcr to. obtain some idea of what th1o length wrll bc, the f“ .

fffollowrng srmplLfrcd model is cons1dered The 51tuat10n is- represented

./

. fln two'dlmenslon, as the Utoady, unrform, lamlnar flow past a serles of

/

Efflnlte poraTlel flat plates paccd evenly across a rectangular frlctvon- L
":le 58 channel as illustrated in Flg A l 4/It is then assumed that at

'Lsome unknown (but we hope short) dlstance downstream of the plates, thel ]P”

»

”“vclocrty prolec may be reprcscntcd as the ;um of the constant bulk avcrage '

PR

il

local fluld veloc1ty in the downstream (X) dlrectlon

U = bulk averagc veloc1ty (a constant),

;:—
1l

a velocity fluctuation,
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-t and

now be written as:

1:‘ . Lt . \ v. : N B ’/. v . v . R S ) .‘.
The following non-dimensional variables are introduced:-

. where .. - ' » N u'* << oo

partJ al dJ J‘fercntml equai, ion: :

cend - wt< <UL o (A 1- 2).‘ :

In'particular. Lho boundary condltwon on Lhe fluctuatlon u visff.“F

_;éssumed for Qmellclty'to be oi the iorm

‘u' = A cos EHX ”_ ' o “:'C,L l:.f . (A{l—j)'

‘where _ A ="the amplitude of u' at x'%'O

=i

Cod

= the cross-stream coordinate

one—half the dlofance betwcen plate°

I

,?3‘
1

.>};This rélation is illuabraicd in P1g A- 2 The ]oca? TluLd vcloc1ty may

u = Uf% A cos (A1l

Ty
h

‘ VYU."
TR =
)

al<

Xy e
X ST mm— : X = vt v . . -
eEE YTem e (D)

g0 that‘the'véidcify u* becomes :

=1+ Feosomr L (a1-6)

cor L A AL

PRI

Inserting this expression fdr'u*'ihto'the non—dimensiohalfNavier%L_J;xﬂ,f;
= Stokes equations and neglecting teimf of oecond order in. u'/ -as well aé S

3i th, utxcamWLoe prcssurc prachnt we are 1eft thh the fO]lOWlng 11near=*

Bu'x fﬂ i 'fagﬁuxﬁy;,: IV N
o R e s

D
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T‘By:

':,eo that:

. where - *_  t o Re, =22

noq

'kinemdtio,visooeity.I.‘~-?

:;7The Boundary conditions to be applled are:

& coole * ”-;? Cen T (AQ1;5>vf"

.5
du'x o
2

H

(n = 0, J, 2, 3,) o (A-"Jv_."—9)_

":"1'_5)-j .k L uis anLte or /'elﬂo'-eﬁfX = w‘.flli: fef: (A - lO)

The problem is solved in detaLl in Appendlx A the eoluclon belng

u’* = A

= 7'; 2ﬂyx -'exp(-rx%) B f" : (Ail—ll)f

: . - = ~Re.. %) -4 ) L
fdwhexe S C -r.- 39h ) RLh g lﬂg,

. ) ”
ya

- y . ‘ g
The meortant reQuLL of thls soluLLon is r, for 1L detevane> ‘the raue

‘.:"

Tﬂoi d¢mplng NOLICC that the exponent is always‘negatlve,,;Eor,the_oase.:z~;‘.

.;where Re >> 2 (which;is in the regiOn;ofiinteresﬁ), r may be appfokimaﬁedj.’

h

cos(EWy*) expL <in :) X*J o (A1)
. s - h /- "I“f' ,f‘q]f:;' N

ci|;>".

L

Two addltlonal factors muot be known before ‘we - can calculate the

-ek;magnltude of u' at any dlotance downstre%m of the plate"' 1) the dlstance
;fX L from ihc pJaLcJ whlch covrespondu Lo x : O in Lho &bovc olutlon »i”
:~”for u! (1 e., the dlstancc L at whlch our Lnltnal aesumptlon u' << U

’-"]'becomeq valLd), and 2) the amplltude A at X (X'%lb)%fﬁi;;~ﬁfi'7°‘w

The rate of damplng Ln Lhc reglon O < X < L cannot be predlcted from ;

'Lth anaJySLs, but because of tho steep veloc1ty gradlcnts, it lu expected o

. to be muoh iauter than In. Lhe region X > L.eu.g -



,_'fof flat parallel walls ueparated by a dlstance 2h : Thlu may be élven byg‘

-}ﬁtfrom Eq (A l 1h )

é%a honeycomb mesh size Ph of l/l6 1nch were chosen ThlS corresponds to

._Thlo correspondo to a pueudo—turbulence level lOO u /U of OOOB%,zr'

1ﬂwhlch compares very favorably'w1th low Lurbulence Wlnd tunnels

ﬁithe wake of a Slngle ilnlte flat plate : For th1° cage, JL is’ found that
'X achleves a vaLue of 0. 8 at a dl Lance X of about three plate lengths
vThe plate lcngth mout aoproprlate for our purposes 13 Lhe length ﬂ requlred

}Lo obtaln fully developed lamlnar Flow 1n a Lwo dlmcnalonal channe] made

Tlgure A-5 lo a plot of u/U versus X/Eh for y*pap‘f

number of Lhe tunnel Rc baqed on a six’ 1nch square cross sectlon"'

On the bas1s of ﬁhl: analvs1o, a movwng-wall length of 12 lncheo and

L]

b T

EQX/Qh 192 Thc magnltude of the dngturbdnce u /U Lo aporoxlmately O OOOOOBf?

\)J

S

The analy51s descrlbed above 1s not meant to prov1de an exact'or'j'

"ffeven a. very accurate solutlon to the damplng problem The fundamental

al.umptlon made hcre 1s Lhat Lhe Ilow docs noL become Lurbulcnt throughout

“ PN
. o . et N yot A -

at thb p01nt for the m1x1mum cxpccted tunnel Rnynold numbcr oT 15 OOO ;t;;”'

flused for convenLence ln place of Reh'" Note_that the.p01nt'xl‘ O 1s located...__jfl“
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210

the damping period. " The length of the honeyconb flowvsﬁraightener Can be

siﬁply‘adjusted S0 as to be sure that the flow within them will be“iaminarﬂ

' The problem of tufbﬁlence.exists.in the wake . of the honeybémb.'.G. I.

; I X ' A C o R
‘ Taylorl solved essentially the same problem under the assumption that the-

wake flow'may'be represented by homogeneous, isotropilc turbulence.. In

.this case, he dbtaingd a solution'ﬁor the velocity fluctuation u' propor- |
:”: tional to the reciprocal of the &anstream codrdinate. Ekperimental o
vfevidence5:indicates that fof high Reynolds numbefs this is a'good'a;éuMp;
1;£ion. Uhfortunately, moét of fhesc data are'tdken-in‘wind:ﬁuhﬂélgl%hére -
;ithe'Réynéids numbers are a factor of ten or méré‘highér thénnﬁhosé théh

are of interest here./

Batchelor’ discusses the existence of two periods.in the decay of

¢ fturbulence behind a grid. Iis fifst period is charactériiéd‘by“aycompleté
" dominance of the inertial terms in the Navier-Stokes equation. ‘Thisfis_'ﬁ
}Vequivalént to Taylor's assumption and results in the-Same-sdlﬁtioh“ Y

~According to Batchelor, however, the -diffusion terms of .the Navier-Stokes

- equation become more and more important downstream of the grid, until .. . -
~ the final period is encountered where the diffusion term is dominant.” - -

vahe damping in this period would be éharécﬂérizéd by aﬁ.exponehtiai?solu;'
. tion sucﬁ és aéscribed Here.' As ﬁatchelof'indicates,;éhe.final,bériodlis o
,‘:énéounﬁéredvgloser énd closer tb the griaﬁaé the'gridbReyholds nuﬁber is
 <reduced;> This_prdvidés somé.ihdication théflatvéhe compdrgtiveiydldwi
"vReynoldé-huﬁbérs'of ipﬁéfest.here;vah éxponéﬁfidl sdiutiondisliikély.f

. Until the tunnel car be tested under operation conditions, hovever, . the

quesfion bf the existeﬁéefof'turbulence in thevwake of the flow straightén-

- er will not be .resolved.

-The approximgté leﬁgth of’moving—wdllsnreQuired‘to deliver a flat,



T where;'f - - . D = tunnel diaheferf;r a_;“j;ffo-”

11 :

“unlform, laanar velocity proflle to thc teut gectlon has been calculated
" We should now llke to =ee how rapld]y the boundary layer w1ll grow 1n the

" test section.

In order Lo calculatc Lhc boundary layer proflle,,we use the’ appvoxl-

: f?mate relation for the lamlnar boundary layer thlcknes on a long flat

crl”plate

ffﬁiwhere '_'\ui 3 =Doundary layer‘ﬁhicknéés'Q :

]
1

lenéth-downstfeam,ofethe leading edge o

" .or. for.convenience: : S S Aot

' *;}';(Aﬂiil7)=5

o

15 -

j\n |
X

o

tunhel‘._

4 i)e‘  -=2§
T tunnel i”ﬂ '

The boundary layer profiles are'plottedhih Fig.'A-H'ueing a;#unhel?".

'ffdidmeteer.ova incheé.;

We mny ant1c¢patc hore that in aLtachlng Lhe mov1ng-wall sectlon to

Tjthe test sectlon, a ohort length meedJaLcly downutredm.oi thc end oi +he:;.
:fmov1ng walls willvbe unavallable for experlmentlng. These boundary layer'
'_profiles emphasize the need'£o keep'fhis diétahce as short as’ p0551b3e to .

"?:allow a small boundary layer tthkne 55 cnterlng Lhe Leot oectlon

TT&HQLLIOH oi the lamlnar boundary layer to a Lurbulent one- wxll

' ,occur at a pOLnt down tream glven approxlmately by

-{.‘Rgggg 3oo,ooo_jjw‘}b;f{ .,“j T (A1-18)
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,.'gjb;';MQVing Wall'System'Design

a3

jwhere-Re_ is dcflned as bcfore or -

| Dy
‘t_~ 5oo 000 (f); E
bblfwhereﬁReﬁ'is again based on.the.tunnel_digmeter D.- Hence -~ .
Do
Re )

5><105 (=)

a9y

The hlghest tunnel Reynolds number expected is apprOleately lb OOO'>‘“S
'ifso that the shortest length X rcqulred to produce a turbulent boundary
L layer_ls approx1mately

6 5'

X = (l5 OOO> 107 = lOO 1nehes
tt;ojnco Lhe test section will be about‘ldlinohes‘long,'the5b0undaryiléyer_;fnf*"
v'ﬂ_is expected to remain/laminar.

/

In this‘seetion, the deSLgn and constructlon of the mov1ng wall

; apparatus is describeduln detail. The sectlon 1s subd1v1ded 1nto four i

‘; parts, correspondlng to the four most promlnent des1gn crlterla , l) the jbﬁf‘m‘

”‘;f_leakage‘problem,,é) the ovexmll conflpur%tton, 5) the drive: system,'andi;’ff"

'h) the belts.

. So far only a genenal idea hés beeh:developed here of Whatvthe:system,ﬂ-:"

.,1L will'look likef It must ‘consist of four contlnuous belts, one for each

?ffwall of the Lunnel, whosc WLdth must be no@rly equal to thc WJdth oi )

V

';fftunnel wall In addltlon, each belt must enter thc tunneL at Lhe upstream

'””7ifend oC Lhc sectLon and lcave iho tunnel at the downstre%m end ThlS Ulll

1ihave to be accompllshed through some klnd of slots 1n the tunnel wwlls

The flyst most obv1ous problem whlch arlses here is’ one of leahave ,

v

'”'[Theso slois promlue 10 be,a serjous {rouble spot There ex1st"two;&lter-: .

N



'T‘nativeS' one i Lo do our best ln ueallng Lhese olotg whlle leavzng ,i
‘ relatlvely free paosage for Lhe belts : Thls is- Obv1ously a very doubtful L

procedure as we are sure Lhe leaks can never: be completely ellmlnated

It W&u Lherefore dCCJded to proceed wrth the econd alternative:-'f:l

to enclose Lhe entlre tunnel dnd belt arrangcment in a- houging whnoh would
- extend over the‘whole length of the mov1ng—wall sectjon Th1 'ws lllustrated

"tln F:g A 5 The hous1ng 1Loelf could thcn be fllled w1th wator and lelk ,i~ f” o

f;W age would be prevented The dcsrgn oT ths hou31ng ohould be relatlvely '\2
nflndependcnb of Lhe belt system lnuldC it, but is governed by onc maln N
fprlnc1ple: lt musL completoLy come apart for oa>e of Jnupection,“ D;embly

v?and'repair of the belt system.' IL Was, conoldcrcd sufch1enL Lo havc fho four -
Louter surfaces of Lhe ‘hous lng removable Luc1te (or plexnglas) was ehogen f5"

.ﬂ_») B

L as the materlal for oonstruotlon due to 1ts ease in fabrlcaulon, trans— DO

'22 paxency, and llght welght

Tho uputream end of the housrng presento llttle problem It can ?Q

51mply'be flanged to the prccedlng (flow stralghtenlng) sectlon At Lhe

downstream end however, we w1sh to have the belt leave the tunnel as.
clo ely as posulble to the entrance of the test qectlon : It was therelore'gf,:'

deCLded to. JOJD Lhe mov1ng—wall houSlng to the test oectlon by a butt-‘f
v .301nt sealed w1Lh a srngle large O Rlng

Overallsystem conflguratnon We now env1s1on the system as cons1st1rg of

four conLLnuoun belhu, cach anerlng a tunncl wall upstrcam and lcmv1ng

Lh%t wall downstream : In addltlon, the belts must be drlven by some system

Tl

jﬁrof rollers.

PRI "irfJle'n‘.:*mﬂ;{‘_ff.”T'“;T':;“{;n*f‘\- T e Ay e e
'This leaves several choiCes for the design”of the'unit.DiThe,section },:{+;

';i;of tunnel enelo:ed 1n;1de the hou>an may consrst of l) a 51ngle plece of

'sheet steel joldcd dnd we dcd 1nto a oquare crow uec‘ﬂon, or 2) four




Towmy,




'T?b) the flxed ends of the-hou31nc,-or c) the removable-s1des of che:?f

f‘c; Dere Syotem B

f}separahe wa11 not <onnechod Lo deh othey, but Lo some par Of fhethuSing)

o ﬁéIn addLLLon, Lhc rollers may‘bc mountod on eLthcr a) th tunncl wjll

‘“ffhousing Tth aJlows six po SlblC confzguratlon° to choo;e from '*13;
'iiib lc, 2&, 2b, and 20 ChOLCG number ] of the tunnel des1gn would requlre;'!
?;fth&t this °ocLLon of Lunncl be Oonncofcd to tho up trcam ond downstream':. g

ffoectlong at Lhe cornerm on1y to a]]ow UTOLQ for ihe bcltu, or th;L the o

52sloto bc cut Lnto thls sectlon of tunnel as Clo e]y as DOSalble to thef5
. Aiecorners, agaln leaving»aL,achmont at Lhe cornero only 1 his presents a-
"foserlous structura] prob]em In adeflon,’lt mcmno Lhaf to change a, belt

fﬂ_uirlp oF hoWL mnio ial, mu,t bo Lhroaded Jnto the upotycam nTOL out of i”

s
‘_/.-

the downstream slot,g&nd pJLced 1nLo pTace,‘a]1 thJc on Lho equlpment

:j‘oi Lhe Lunnel waLl WLLh Lhe houSLng face thu is very appeallng, 31nce°fi;ﬁg".

.%?¥t perﬁlto con;trucLLon oi the who]e mov1ng-ﬁall sectlon 1n flve separate ¥ o
j i;and 1ﬁdepepdent unlte,- ameiy Lhc houSLng framework end fouf 1deﬁt1cal |
.u .5.Wail;units:' Jach wall unLt would COHSLSL/Of a Lunhel wall, ; hou51ng.
ftuface, andithe complete‘sy tcm of belt and rollers . Thls is the‘conflguréﬁieﬁp;
'”i.analiy chooen It repreoentg what 1 conSLder Lo be Lhc‘most flexible fVL‘ |
&?dCSLgn, permltting tﬁe max1muﬁ eese of fabrlcatlon, 1nspectien,.maiﬁ£cnance -
.”xj% and rcpalr Blgure A 6 Lllustrates ihe.general conilguratlon, QMLt£lné ﬁ[f;:

?'fi,thc yoller gyutom, wh;ch WLll be expll;ned in’ Lhc follow;ng ucctJ.on v

| The fl! L mo t ba51c requlyement of the drlve SJStCm Lo Lhat all

‘”'Ioux mOVJng wallo bc leVLn at pTCCJSCly Lhc oame °peed 'Based on:the.

K

‘,jovcral] LOHILgUI&LLOH descrlbed in the precedlng sectlon, 1L was, . dec1dcd L

to drnve cach chL WLLh & gLnglc rollez, WLLh eaoh of ihcse four rollcrét}ffa

w

obvjous]yfhot‘ah-easy'task) Ch01ce 2 however, permltu completc romoval  ;§;_; ~-

..'.'I ’/. ...

®
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'ffgeared at the corner, and all lourvzollcrs drlven by a slngle drlvelsnaft
-Li(see 1llustratlon, Flg A- 7) | Thewdrlve rollers were placed at the‘down—:
v-stream end of each wall unitL Correspondlnﬂly, a- free roller Wasjplaced. o
‘:;at the upstream end of' each unlt In addltlon, there mnst be some-vay.. -

,jﬁto adgust the tension in each belt ) Tenslon addustment is requlred 1n E”f.”

-

‘E “order to 1) allow installation of belts whlle loose,_ ) prevent Dllppage 3
Hor the drive roller,.B) compensate for 1rregularlt1es 1ncv1table in Spll—. _45
m;;';c1ng the belts, and 4) maintain control over the tendency of the belts to

}fl”drlft" on the rollers. The last 1tem was found in tests to be a far

vi*nj;mor severe problem than waS ant1c1pated and w1ll be~efplalned Iurthervo‘”

]fin the neXt section The method sclectcd for 1enslon adJu\tment ls'g;?:”

.ﬂilluStra ed Jn Plg A~8 ThlS method prov1dcs lndependent, externa] ad—

-,‘3.

‘JiJustment on each 51dc of thc tenSLon rollers . It has been fbund 1n teots_;

?to be adcquate in scttlng up and malntalnlng good operatlon

v Tho flnal roller dCSLgn is glven 1n Ilg A 9 In addltlon‘to the f{,ih
efabove, thlsldcergn was chosen to conserve space,rnermlt max1mnm‘wrap—around ;
';;oﬂ tne drlve roller,.and ease 'of drsassembly wherever posslble. | .

A1l tearingslused for'the rollers'are of'a'nvlon—sleeve‘type Testlng _;o;g
'?ﬁof tne completed nnlts 1narcates‘that theoe bearlngs are SufflCIGnt if;'
:;however, frlctlonal problems arlse wlth fnrtner testlng, ball bearlngs may’
1:;¥fbe 1nstalled w1thout serious dlfflculty vﬁnyu ‘ o

' Care was takcn in the corners to ovcrcomo the obVlous space problom

b RS

b ifiwhere adJacent wa]l unlts meet E A dlfflcalt aspect of the constructlon BT

*7;;;occurred rn matchlng.all four walls ln the corncrs, whlle malntarnlng‘the? '-f :\]
“}l31x 1nch square tunnel orossvsectlonﬁandlgood matchlng w1tn the upstream '

';;;vand downstream.sectlons.,jFurthermore, these:tolerances_must oefreproduc1bleren

.- after disassembling and.reassembling many times. A COnsiderabl%;effort vas -
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.
:expended'on eonstruorional detaiie of thiehnaﬁure.

h'd. Belts » : | | , » | | 7

. Requlrements for Lhe well;belt materlal 1nc1ude theAfollow1ng l)

i!hlgh Lenolle strongth, 2) Tow elas thrLy, )) good wear- rcclstance, h) re-

zgulvtance Lo electrolytlc ooluLe0 whrch may'be added to tne.water, and 5)>

iielther be avallable as contlnuous‘belts or be relatlvely easy to spllce.
:,ijn addifion to these; it is”desirable to have a very thin. fiexiblew;?.
f:meterialf- It was frnally dec1dod Lhat mylar frlm provrded a’ good
f{approximatron to the above properties.. Aftcr conordorable Lcutlng, a fllm .

';éfﬁhicknese-of ;OOQ'inches was chosen. : op]lClng oi the bclt onto. the

;:;wall unrt aLso turncd ouL to be a dlfchulL tas k Ior any 1rregularrtre,u%

" in the wPiloe renth’rn.ethor wrrnklos or- drlftrng or bOLh Iurthermore.
'i;irf the spllce is made perpendicular to the length of the belt, _1tncauqes:-:.
Sui_an ahrupt change in rrgldrty at the opllce, reoultlng 1n catcthg’and |
fhv‘ n-.f'lriolrppJng on the. edgeo of the w&ll "To prevent thls, the spllce,ls madei

u:nat appTOleately a b5° anglc Since many tests have showed that spllolng
| ofiof Lhe belts is very eritical to good operatron, I hare 1ncluded in Lhe

“f”appende a. Lechnzque which I have found to be falrly satlgfactory

A further problem assoc1ated with the belts is prov1d3ng good frlctlon R

:2onlthe drlvo roller ' Natural rubber 10 flne when dry but sllps con31derably :
fffwhen Wétf Slmljarly, it wao’found‘that a stalnless steel rollcr drd not o
1l2;proride enff1c1ent frwctlonil The flna1 unlt eonelscs of a staTnless : |
ffotoel drlve rol]er coated evenly w1th R T V ;lOé self curlng.51llcone:ﬂf'
”fkrubber ‘Thlg prorrdeo cxcellent frlctron w1th mylar both dr. and wet
The phenomenon whlch I call ”drrftrng of the wall—belto requlres -
-'uomc fnrihor c]%rxf1c&t1on ﬁu Lho-tondeney oF ihc bcltn, th]n, $

| running, to move Jow1v to one - UMG or the other on. Lhe rol]er, Thlsi'



: problem.is leays éﬁééuntered in siﬁﬁ&fioﬁéﬂﬁhefeiconﬁihuéﬁs gbnﬁeyé}

;béits are used; ‘It is baused'by £hé_teﬁd§ncyjof the'beits to move %éward:
fﬁ the feéion‘of highest tensibn,‘ana ié'nofmaiiy soivgd b& ”érdwnihé?ifhe.

" drive rollers (making them thiéker;in the'cehﬁer fhanjaf.éhe énds);'iThis”.

. forces the belt to drift toward the center. 'Crowning of ‘the rollers in -

this equipment, however, produces excessive and unwanted wrinkles in the

: mylar belts. The only recourse is to maintain control by independent
ugtensién adjustment at both ends of the tension roller. This methddvre—: -
E [fqu;red considerable pracfice, but has been_foundAto‘be adequatéitd'maintain

" good 6p¢ration'fof'periods of up to about half an hour. .




2. . Bemaining Tunnel Secfidns,

lhe Legi “eétion.ir cons 1ructcd entlrely of Iucite to Derﬁitléuééflft?

.

uiol J%brlcatlon and good VluLbLlLty of the cypcrlment i%e Léétvééctioh<‘gffi*.

is shown in Fig.‘A—lO. Three p01t° were prov1deu on each SLde 50 thauf;
iobgectg ior Dtudy or meagurlng deVLCGS may be reddlly mounted 1nulde.ﬂ;u"
ffEaCh port plug is oeaJed WLth an O Ring and fastened w1th four cheuguﬁdﬂ"

'q"the Lest oection‘wa;l. These plugs may be_easily'modified'to?servefé‘

ﬂvarlety'of mountinq PUrposes.

The IlOW‘eraLghLenLng SGCLLOH is also conutructed of"” LuCLte and hau

vbﬁe~port on’eachvside for flow measurements. It is d051gned, 50 that
1hbheycomb screens or other flow—utraughtenlng equlpment can’ be wncerted

.

The Ponverang und diverging soctlonp, chown in Plg A ll ,are madc

,of ]/16 anh weldcd @heet mtalnleos °tee1 and h%vc squarc croua—mectlono

:uthroughouto,n~
‘ Tt was anth1pated tha* thé pre;ence of the converglng and uluerglng,ffw
;;oeutlonu might necesthdLe Lhe Lntroductlon of oome addltlonal lengths of.%
'Eplaln,_smooth tunnel to allow furthcr dcvciupment of thé veloc1ty‘prof1]e:J
:ﬂor £0 prevont pr0paéatJon of Lhe ef [ectsﬂgf the convérging-section back.

'TlnLo Lhc Lcs Ucctlon.. These . ca]ang"eétions’ mxy be @aJilf conuirUﬁtoJﬁ;f”

o~

h,{iuf_Lucite'Or aheet meta] and flanged 1nto place were - needmd
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'jif he equablons S

'.~'ﬁhere‘ B K ‘ ﬁ  3jvlh'

b. '_-27‘_' ‘

5? .Recyéle Systém’ '

‘v‘Water is recirculated from the exit-df the cdnverﬁinv sectionlto the

”:entrance of the diverglng section through a system cons1ot1ng of nomlnal
”  72 1nch oohedule MO polyv1nylchlorLde (PVC) plpe and a standard cnntrlfugalf
”;pump " The overall syotem is shown 1n blg Arl2 A reservoir is prov1ded}“
hﬂva shown to koep the apparatug ful] and at a cons tant head and to }m:

: ﬁjklfacilitate'filllng.

Pumplng is done by a standdrd Centrlfugal pump who,e maylmum capoc:ty‘

f:is approx1mately 50 gallons per mlnute. Perary chu]atlon of the rate'-
"I? of flow is performed by Dpced control of the pump, thle a needle vaLvev, 4

‘,ﬂﬂiﬁwa small bypaug'Ls/uued as a trlmmlng dev1ce. The pump opprate wellj 3

at .low speeds because the system is closed, prOVLdLng a flooqed uu0ulon, g'

“and theupumping‘hedd is reduced to zeio”with the‘flow rgte;j»%'y‘”

Préssure drops in the pipe were calculated using é Fanning;ffiétiQn"

 ffactor.

Tor the.square tunnel sections, the séne‘relation1is usedfwith.the1'

" pipe radius replaced by twice the mean hydraulic'ragius'defihed_dsi;f T

N,

-

where SRR -§ = cross-sectional area

It

':wettedvperimeﬁérf  >

'Head lo sses ine thc dlverging and converglng sectlon° were based on

| K(Vi—Vé)“ 3‘~

h = :
' gc.‘ o

Lo,

K = 0.0110 o5

-H

hl

head loss &



vaiéééiﬂtgi

<
I

' ?upsﬁroéﬁhﬁélooifyffjgj’

v ‘:_dothtreom‘vélooiﬁyl{

e v AR
K =‘correction'féct0f “jlﬂf ' -
o = angle of dlvergence 1n degrees""‘:: 5

52 17 (ft )(lb mass)/(sec )(]b force)

‘o
I

;1'A~°ummary of all head lo see.ns glven 1n Table I for the max1mum N

1Tf;expected flow rate of 50 gallons per mlnute

Tablgjl,}VVV:h“f" h

-~ PRESSURE DROPS

[

Teem . L A . %:o,,ﬁ:;' ' Head Loss (Fﬁijtﬁ

"'1é'feé% of'23ihdh bipe"j,fj'7f7f”{-v',]vj;;]f-;’o;55] PRI

f}h 1nchos of l/16 1nch honeycomb __'ii-"_ifff”lf;o.él:‘ B

:.QCJ TWO 2: 1nch square standard radlusﬁ.f”
.1 90° elbows - L

Cos0

" One 2 inch ‘round sharp radlus ERRAT

"+ 90° elbow 00200

00

'Converglng and dlvcrglng unlts

l!;«Total head;lOSS'x'l;ffl57v;?iIVVTQ1A3ﬁﬂﬂfffﬁkh?0-961f¢ét37ﬁ“

'u; It is oeen that the total presoure drop 1n the sy temﬂié»qulté{loﬁ;ﬂ-ﬁ~fﬂ-

‘,l' The power rcqulred at the pump is corre pondlngly low Tbls is”foﬁhd f‘rom"‘-"‘_"i




",";ég;irl

veto w6 1bm>
P?wel- = ————Ib—— v,(50.g.p.m.-.) g&l-

m-

180 ft. lbf>

min

it

This cdrresponds to only 0.0bBélhorsepdwer: .Assuming,'td'be ¢on; -
EtéeQQativé, that the pump actually dissiﬁafes abéﬁt»ohe tenth of a horse-
| power, or 255 BTU per hour, to the water as heat,vthe.temperature fisé.t.
;fof_the watervshould be appréximately threé degreesyfahrgnheiﬁ pef ﬁour._ A.‘
;:Thisjcauses a b-1/2 percent per hourwdecfeésé iﬁ the‘viscosityféf the i
" water. ‘Since it is not anticipdﬁed that the apparatus ﬁill'bé_runif§r :7

'

'i% '; more than about 15 minutes at a time, this temperature is not considéred”

" a problem.

Ny



B;;;A rLow°VISUALIZATrONlTECHNiQUE“;Kqmr TELLURlUM‘NmIHDDiQ
A technlque thch has been developed recently for thc v1luall7atlon
'~fiof aqueous flows'ls called the.tellurlum method.' It has been found that i;;'ﬁ
A‘?fﬁhen telluriomfi‘ used as a. cathode 1n an electrolytlc cell hav1pg an 1ﬂe1t .

"}anode and an aqucoue electrolyte,la black, dye llke substance 1s emltted

'Jﬁfrom its surface The dye _like Qubutancc ig actually a. COlJOldal ouopen—¥

VLOH of Lellurlum partlclco The . applled potenilal dlifercn(c for

R R '-;.

”ﬁ'em1351on is typlcally 1- lO voltc.” Wortmann6 was the flrgt to’ deucrlbe f‘

fthe technlque of uSLng tellurlum cathodes for flow v1suallzatlon The

S

f partlcles of tellurlum in the suspen81on dlffuse and settle very slowly

"n water, kaJng thcm O pecral]y uooful for tra01ng,otreamllnca oF flow
/ r-( ' Tk 3 :

for formltlon oi thc tellurlum Ju,pcnulon ankoeﬂi"

S T

:A};The probﬂble mechanlom

ftWO'steps-v f:rut formatlon of the doubly charged tcllurlum 1on Te :‘nf}
| '”Hfthe electrodc ouriace, and uecond a charge transfcr reactlon 1n wblcb_ﬁfg ﬂif

L.y

itfa molecule.of dl:SOlVGd oxygen plcks up two electrons from a tellurlum'i,tfﬁ

?a Lellurlum atom to form Te or plckup of one electron to form, Te 'follow—j}-f

'5}”?cd by‘% ‘dis proportlonatLon reactlon Namely.«r'

10 a) Te.+ 2e-";>2Tef75,Wﬂ

| ”;It 1s thought that the latter accounts for aboutv7)% of Te 41¢£ﬁ§d;ﬂ;:jh

the former, ?)% "The Dccond step occuru ln the bul% aolutlon

'li-f'jf,f'u'r**v*'“"*-e. f?Tef5+”0§f;i?T¢;% éo*1~'ﬁ":f7ﬂ i—iglfl: Co(Be)

;fid. The 1lrSt 0tep may 1nvolve elther dlrect plckup of two electrons by _;;37'1*



'];ﬁl—ﬁ‘

The flow visualization technique deécfibed-by Wortmann involves the.

" placing of a thin telluriﬁmfwire'érossﬁisgAtolthe flow. He then pé£i§di;‘
i' cally.applies a pulse of potentiél; cauéiggzé-liné; or long thihicléud,

Eof tellurium to leave the wire surfacgband'fravélldownétream:with thé

':local fluid”;eiOCity. In thiévwayjhé has, for:instanqe{ visudlizéd:fhe'f

. Tlow in 'a boundary layer.

The use of tellurium wires represents one'of the several ways'bf-

Aiapp]yjnn the method o flow VLaualJ/atlon Anothcr method is to place
"5 small "spots" of tellurium along the Jength of a wire of- 1neru'metal
ﬂizThL~ wire is thenvplmccd crosswise to the flow as before and a uteadv _'
: potentlll app]sed i%e'result is a seriQS'of‘continuous,streaﬁsfflowingt

B downobremm WJth “the fluLd much the same as smoke in\a:wihd-tﬁnhel.fzg

A third method of using tellurium for flow visualizatiohlihybl&es;‘

t’ffhé ﬁsé OT teliuriﬁm "probes. EiChcrn8 haé descriﬁed a teéhﬁiQﬁé‘Whéréby :

: ﬁellurlum is melted in a sdff glass Lube; Wthh is" Lhen drawn 1hto a
j.”short capLLlary Thc caplljary'lé cut in: the ceﬁter, leav1ng two probes
V35 ;°uch as shown in b[g B 1. The probe is placed in an aqueouo solﬁtlon _m-; .

v 'HVau Lhe cathode of an elcctrolvtlc ccll . The potentlal may then be: applled

i

':contlnuouuly or in pu])oc to glve b]ack otreak; emlnatlnc from bhestlp',

fof Lhe probe LLchorn used thls method to study natural convectlon

: It is propoced Lhat appxoprlate variatlons of the tellurlum methoq |

e used ior flow*v1suallzatlon in the water tunnel.='Tellur1um wires would

”‘?_bé used for v1sualexng ve1001ty profliegllﬁ mainstream or bound@ry.layerv,

;fireg¢o£o, whereao Lhe probes would be useful to plnpélnt loéml flow condl-
.Jtlono whcre 1t is deSLred to follow - a partlcular streamllnc :An e#aﬁpie-

| ‘{'of the use of pxobeu is gjven in the next oectlon   “

The switching proceduxe used'to obtain intermittent streaks ofl -
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L]

v ﬁeliurium woﬁld bé éccompliéhed_byvuSing.qﬁ impul$e genéfator ﬁade.ub

vof a multiviﬁrdtor and two univibr&tofs. ‘The multi?ibféfbr woﬁld;trigger

- the two univiﬁrétors eVery te‘sgcoﬁdgg‘:bne uni&ibfafb?_would.;espdhd with »
: a'pulse’of current %o the tellurium laétingva'timé t, SGcbnds (tl <»t2);. 
§ while the pther uﬁivibrator would activaté'avpulse camera to fake @j'

. photograph. In this way, accurate records of the fluid flow mgy'beIObfained.




'l'cav1ty; or notch,.ln the wall of'a channe] (Sce Irg C- l)

'f;standlng of separated flows

:'i?;end of the tcot gcctlon, as Lllustratcd 1n Flg C-2

. C. A TYPICAL ExlDERMEINT - .SEPAMTEb’_{'ELOW' IN A RE‘C.’:P‘ANGULARVI\-_TZOI"CHJ R

The otudy of eddreo formed as a result of steady, eeparated flows 1s

' ,i:not a a1mp]e matter becauoc such s1tuatrons are normal]y not stable and
"¥'mu°t be examlned 1n a tran51ent"cond1tlon ) One p0931b311ty of eyomlnlng

’T'cuch flows rn thc ateady state cxrutm in the cauc of low pa»t recfangu]ar

”‘h“ithhas been shouh9 LhaL for such a case a stable eddy does exlst

;ﬁprouided the dimensions of the notch are w1th1n certaln llmltS”- Dlrecﬁ‘ff
”;lmeasurement of fluld veloc1t1es throughout such 2 notch however, have

‘“not becn iound in the Jlteraturc - Tt is fclt that an cyperlment reuultﬂng'r N

rnvsuch veloc1ty mcasurcmcnt would contrrbute materlally to Lhc unocr—.ﬂ:H'

Moffatt has demonctrated theoretrcally the exlstence of a serles.'ﬂ'f.

'ﬁhof eddleo, dlmlnlehlng rapidly 15 size and 1ntenslty, ine corner Wlth
ﬁ?iﬁ%flurd flowlng past 1t for a 90 corner, he PTedlCtS a dimlAlShlng 5f 1n—1ﬂ o

':,tens1ty between adJaccnt eddles‘by a’ factor of about EOOO _ Such secondary

";;L;iz OddlCS have becn obuerved in‘a- rectangular notchl but 1t would be ae-;,{,ia.';

v~Slrab1e.to make veloclty'measurements as well. ;fif’ :l . ,'V: J:; f.u_“

/*

The water Lunnel dcscrLbed in: thls paper rs wel] sulted to the

. ':.ﬁ'auaptatron oi such an cxporrmcnt Ior ths reason, a rectangul%r notch L

-

ot one rnch square by‘srx inches, long, has been rncorporated rn thc upetream

"j As ohown 1n Tlg C-E the upctrcam crde of the notch IS formed by a.;ﬂ

0

j’part of Lhe mov1ng wall houglng, whlle thevbottom and downutream 51des
77are bullt 1nto the test sectlon Thls was done to keep the notch as ﬂ‘

-close a5 Poss 1b1e Lo the end of: Lhe mov1ng wa1lu; thereby Lnsurlngv
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‘,che notoh

léf:photographs{

the minimum boundary layer growth piioritofthé7notch;,;The thickness of

| ; toe‘houéing w511 isl5/H inch aﬁd this;iéhfﬁe distahoe‘ovéflwhich ﬁhe;iv,u
. :boundary—layer wiil grow. priof fo the nofchl jThe:expécted bouhdafj léyer .__
..YLhLCKneSS at the onbrance to the notch may be seen from Ilg A Ly for N

':;:delooo heynolds numberu by looking @t Lhe pOLnL )/4 anh downotroam f1“

. of the beglnnlng of the boundary layer

1. Tow Meagurements - in the Noﬁch'

Vlcua117atlon of the flow in fhe notch may bc accompllshed by fhe

')fintroductlon of" some v1?1ble partlclec 1nto’the'water Photographs may -
%;Lhen be taken from Lhe end of the notoh 'It is felt that a modificationf~j‘s

offof Lhe tellurlum mcthod may‘bo used to’ obtaln veloc1ty meagurements 1n

sy

ihe pzocodure would be to Lnsert a very thin- tellurlum probe,is1mllar.*

to Llchorn s, Lnto the notch at any dculred pOSLtLOn.' Then prov1de a“pulsed‘

71.current to ‘the probe by an impulse generator such as )ed by WOrtmann,
;‘while simﬁltaneuously“triggering‘a pulse—type'oamera;' Thuu, photographs
:‘would be obtalncd at prGCLsely known Lntervals, and veloolty measuremenos

: ma.de by measurlng the dlstancevtravelled by‘tellurlum tracesrbetween' i

e

lhu probe Lhomoe]vos would be’ mado by fllllng tth hypodermlc

 5f'needlos with Lel]urlum ' Tho ugse of g1ass capillary probeu would be‘;o
» ﬁnconvooLGnt becau e of Lheir 1ack of strength The hypodczmlc-noedle\
7 3o;probe ,vmorcovor; can bo 1ngertod 1nto Lhe notch through a 0el[‘ seaang
.'rubber plug in Lhe notoh wall ‘ag 1lluotrated in’ blg C-2 Thlo'method

o a]]owo eauy remova1 of tho probe whon de lrod

1ewiur1um provcs m&de oi“hypodoxﬂﬂc hoedles}h&véfbeon constructed -



e

was pro&idédf
Vwate:. A 6 Lo lO volt poLanlal produccd a be ter trace but is not
fpraCtical becau;e of hydrogen cvoluLLon on Lhe needle 1tself A thlnl
5evoluLJon, buL Iurthcr {Outan Ln thu arca'Lé needed;f‘ltngo found
‘°alL to Lhe water was?

,Lhe l volt ra. nve The

v,should not prcsent any¢v:

needles w1Lh whaVLngu o[ tcllurLum and thcn meltlnv the'Te 1n a muffle Tffﬁ&

;jfurnace.f'Since”tellurium oXidiZeS'readily'when'heatéd, afhitrogenzatmosphere'

) .. . . . L i
K v

'}itkwa found in 1anu w11h Lheuc probc Lhat 3 po1entld.“’

was noL wUTfLClent to producc a ulgnlchant dyc ance Jn OYdJn&TJ tap

ulathg coatlng oI plauth on the needle should provent hydrogen

St

fhowcver, Lhat dddltlon»of small amount of clcctrolyie,;uuéhtaSKCOmmon‘;"

s

Pl

s

«tfaces:for measu?ément. aL all flow condltLon"'should Opcrate dt flmc‘

S

-T’bétﬁéénvpuis ig, of lrom LO ‘maec tb-7.~oc, WhLJC the unxv¢braior ocd

B

Lo pTOVJde currcnt to Lhc probe ohould pTOVLde pulge LLmeu tl of 2 msec -

Thc mu]tLv1br&Lorirequ1red to prOVLde approprlately spdceq tellurlum .”_ﬂ 



f_mrned untrl the tunnel is tcsted under operatlng condltlons

' Performance

A recirculating water tuﬁnel has'beenfdeveioped to'provide'iowa'>}

'=:turbulence flow at Reynolds numberu up to about ten thousand with a flat
rive]oc1ty prolee " The mov1ng—wall method]has“been used. to accompllsh.
e»these condltlons Operatron oi thc mOVLng—waiJ mcchanr*m is l;rgc]J
{‘a matter of technrquc, xnd it shou]d be possible to opcrate it for a
t;fperlods exceedlhg 50 mlnutes w1t£ no modlflcatlontof the:system. Oﬁe g
"f'ofvthevﬁain troblems inrtially associated withvthe'mbving4wall syster;i‘fg
.‘tti'that of leakage, has been solved by encloslng the entlre system 1n a‘fs'

3,}hous1ng frllcd with watcr

- An attcmpt was made to obtaLn a theoretlcal baurs for deurgnrng tnc

7y

o length of tho mov1ng walls. Thlu attempt was based on the assumptlon thatf

'the flow does not reuemble 1sotrop1c turbulence in the wake of the flow L

stralghtener

One of the prdblems remalnan is. the drlftrng of the belts.w Saccess— ‘

' ful ellmrnatron of thrJ prob]om Lo agarn largely a matter o€ technlque c

o Some of the most 1mportant desrgn parameters and specrflcatlons of the'

- N

system are‘llsted below:

Masximum tunnel heynold= number (he ) = iS,OOQiJ ' L
. MaXLmum bulk average water ve1001ty ﬁrlOfem/see:Lﬂv

st

Maximum volumetrlc flow.rate L ”Boﬁgal/min'f'

The valLdlty of thl assumptlon however, cannot.be deter—-""



A Drlve oystem

.. "Tunnel” . 00 g
Shape: . . Square cross-section
- Flow area: 36 square inches

Material:. Stainless steéliand'plekiglas”ﬂitf

uif:Mbving_Wdllé

* Belt material: ' . Mylar

' Thicknéés Qf belts:

Wldth of belts:

s

Bearlngu:'

Gears:iﬂ

Torque requlred to drive the complete

-mechanism (wet, with belts

'+ Miscellaneous -

4Return f]ow plpe'

- Ltngbl oi mov¢nv/wall sec

'flﬁfLength of teot sectlon~<'

Diameter'ofjdrivévféllers::.
.1Diémeter.§f idlerrrollers:,:
;ﬁSurfacé:of,drivé rollerﬁzf

Sufface‘of'idler rollers:

.002 inches . = -

5-7/8 inches . -

”;Brass, h) bevcl

AR

nominal 2

LLon°. JN

W’

-Length oi flow stralghtenlng sectlon°”ﬁ

¥

12 1nch

‘1Length of convervlng and dLverglng sectlons-~

> r

" 2fiﬁc£éé”‘
x-;l 1nch S
 1“RTV—lO2 s111cone fubbereﬁl
T Natural rubber

"NyloﬁasleeVéi,ﬁ

o

1 ft'ib

1nch schedulc MO p V.ol

—J/2 anh

‘_,

7 1nch

A‘;

25 1nches each

)
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ﬁjwheréf' o B _' uw << U

mln,the y—d;rect1on,_v, must be of thegsame_order_as u,,,thevmomentum‘

- equation becomes:

n Or;_using,thevndn—dimensional variablesiintrodﬁééd in_the;text;ﬁd

" Yassume ‘",u'%;

':‘ﬂhéréforéf:;X’Y,

* Appendix A ..

Laminar Decay Behind a Flow Straighteney . .

. The x-component of the'Né#iér;Stdkés mbmeﬁtum éqdétioh‘is:': x
VD'_<U %}%+--V -2—9> = - %?E Y <___5 121 5 >
N SRR A

Cu=U+u'

'7"W{;the above equatlon may'be 1Lnear1zed TNeglééting Quadrétic ﬁefﬁs€in}ﬁ“ ff“

" ;f{ and notjng from the continuity: equatlon that thc component ‘of veloc1ty'j:;f

_/
7

Bu 1 5 u! ‘LT'égﬁ{ Y
p U + :
& ° '\ Ox ,-Qf1:8y2

o dutx S 1 -_5211“*::F' e\ o
o . X _ '_v ] ,1-
.ibThé_bduh&ai&NCOnditioné afe:”
) ou % = ﬁ os 2ﬂyx at xx ;,O s
Tdutk
ayx

=0 at 'y"‘ n (ﬂ 0,71, 2.0
'y 7é o0 at x =oo e

1 s

”51Solve by separatlon o.fVéfiaBléS},_

X(XX Y(y%)'vfﬁ' i

(YX”l XY”)f""
o

wr;‘

i‘)




oY L = =

. “therefore - X =ce XL ¢
‘¥ but c

El¢ﬁhere' U Vﬁr'=_fRéh'dRe2 KRS

» bf@ Thereforé,‘thé‘fihal solution beéOmeé:'r*

Jiwhere - . o i T

Letting each side equal -KQ,

NS K2Y =0

. Therefore. _ 1‘ Y = B cos Ky¥*

h

l‘ﬁust'be zero. from B.C,‘3. }

h

. Therefore :

. ' . _-Irx¥
u'¥ = B cos Ky* e

but B = A from B.C.1. Using B.C.2:

U
y .l/"

= - CK sin Ky*.

.~é ﬁherefbre ':ff~'fvz sin K % = n”.f.

.

Ko=2mr.

ut¥ = Zcos 2My* exp -rx¥

5

h

o

" therefore ‘ Y =A sin Ky* +VB‘coé Ky* | -

A must be zero since u'* is an even function of y (B.C.1). ..~

o also ; I X" - Re, X'+ K?X =0

_ % N
e T2X .

}Mh+ Jm2+M@  .




'ffff{'.;7155' Prepare the spllc1ny tape ‘as follows lay a 16" ster of. l/2” wrde,,,

A Technlque Tor opllc1np of the Belts

Sp11c1ng of the belts has been found to be a very Critlcal“proi ,i

L ZGJCedure - It muot be done evenly and w1th no ten51on to prevent wrlnkllng

and drlftlng of the belts The technlque descrlbed here has been found ﬁ- '
to be satlsiactory and may be helpful to future operators

4 ﬁf}lf,‘Place a complete wall—unlt on a workbench w1th the stalnless”steelf;

.Lwall'facing upL Cut a plece of OO? 1nch thlck mylar to the proper f

. ae idth (about 7/8 lncheo) and u or 5 1nches lonper than reoulred

,f52{ Thread the mylar belt through the rollers on the wall—unlt, over—:::

b'oth end of‘ the belt carefully

/

:y3;t Wet the stalnle s-wall and overlapplné areas.of the nylar Wlth\'
Zdenatured alcohol ThlS serves to adhere and hold the belt 1n plaee
fl; Wlth -8 metal stralght edpe razor blade,'cut through the overlapplng
'?”part of the mylar at about a h5° l ‘ Remove the two trlangular

pleees Wthh have been cut. Reallgn the belt and add alcohol along theffpﬂ

L

'ﬁt3fcut lf necessary . The belt should no lonper overlap, but should be 5fuﬁf

butted together at a 450 anple and be ready for upllClng

a.

OOl" tnlck pressure sen51tlve mylar tapevstlcky Slde up lengthw1se on a o

X

‘¥one foot ‘metal ruler Wrap the tape around the ends of the ruler and

s o i . e
Pt . . AT
4 N

secure the ende_of the tape 1nto place on the back of the ruler with 5 ;ﬁf'_

,nmasklnﬁ tape.' Allow the alcohol on the surface of the belt to evaporate
The alcohol beneath the belt Wlll not evaporate, but w1ll hold the belt

flrmly 1n place for spllc1ng ;Q,ﬂ'fi.wﬁﬁdif“ i

"fﬂ 6- AlLFn the tape and ruler w1th.the cut 1n the mylar and press gently f_l'

. 1nto place, complet1ng the pllce

lapplnp lt on the stalnless wall (h or 5 1nches ﬂhould overlap) Alan j;fff;?




T. Remove the’ rvler:and trim the ta'pé to *c;_he' édges of the belt.

\
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‘:;.;ﬁ.ng I Taylor, Statlstlcal Theory of Turbulence ; Proc Royi.soc§iLonQ L

.,;;haLrgy'ﬁinr_.
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