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WA'-i'ER TUNNEL WITH MOVING WALLS 
•', :. 

Thomas Atldns 
/ 

Inorganic Materials Hesearch Division, Lawrence Radiation Laboratory, 
and Department of Chemical Engineering, ' 

University of California, Berkeley, California 

ABSTRACT r •. ~- . 

· The design of a recirculating -vrater tunnel is described. The 
,, . 

. tunnel has a square cross-section, six inches on a side. It makes use·.· 
. . . . .. ·, 

····of a system of moving walls as a calming section to allo-vr the damping 

out of velocity fluctuations w:Lthout perm:Lttj_ng a bound;:J..ry le.yer. grovrth. 

The moving wall syst(2~ is described in detaiL ·The i~unriel is designed • 
/ 

· .to obtain turbulence levels as low as ~0008% at Reynolds nuinbers up to.·.· 

10,000 with a flat velocity profile. 

A technique to allow photographic study of.the flow using tellurium 

·.electrodes is outlined.· These electrodes emit a black collidal suspenSion 

of tellurium wh:Lc.h is very suitable for photographing. 

A typical experiment to be performed in 'the tunnel is also' described. 

It is the flow past a rectangular cutout, or notch,. resulting in the· 

formation of a stable eddy ... In particular, the eiperiment' wo~ld attempt 

to confirm the exista:>1ce of secondary eddies in the corners of the notch . 
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INTHODUC'J!ION . ~- t 

•1 .. 

Within the field of fluid mechanics) .the study of steady-state 

·vortices is important and interesting. ·.The ci'esire to study the f~rr~ation 

' and structure of steady-state vortices. provided the motivation for the 

construction of the water-tunnel described herein. It v.w.s des"ired that 

a flow-tunnel be developed) using water as the workinG fluid; v.rhich 

' · could provide laminar) or very low turbulence) flow at Reynolds numbers · 
... ·. 

up to.about ten thousand and) in addition) an approximately flat velocity 

profile. 

The stanclarcl procccJure ur;ecl in v.Tincl ~unnels ·t~o provide lo~r turbu-
.· . ,·. / . 

·· lE'mce) high Heynolds number flow is to pass .the fluid through a serles 
/ 

of screens or hon:ycombs) used as a flow~stTaightener; and then to con:.: 

. tract the fluid to diminish the intensity of turbulence .... ·The procedure · 
. . . . 

adopted in this tunnel involves passing the water thro~gh a honeycomb. 

flow straightener into a section ofthe'tunnel in which the walls trans-

late with prec:Lsely the bulk average water velocity: If the v.rater v.rere 
. ' . . 

left/ in such a section for a long enough time) the disturbances created .. 

by the flow-straightener could be .damped out. to any desired de.gree· .. The 

effective· Heynolds nuniber in this· section of the tunnel) which wlll. be 

referred to as the moving-wall section, would be zero·. It wo~ld furthe~ · · · 

allow the establisbment of a nearly flat velocity profile .. Experiments 

could then be performed either within.the movinG-:'all section itself or 
·.·.·. ' 

It was felt that. this· rather in a· test-section immediately downstream. 

unusual technique would enable the prod:~ction of'. yery lov.r-turbulence 

flow with little boundary-layer effects. 

The derd.gn nYJd. construct:Lon of a reci.:rculating water tunnel using . 
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the moving-wall technique is described iJJ Sec. A of this wo1·k. . It· · 

include 8 1) ·Lhe de sign of the mov:i.ng walls, iriC1uding theoretical consiciera-

·. tions, 2) the rema:i.n:i.nt3tunnel sections (the test section, flo-vr-straighten­

ing section, and converg:Lng and diverging sections), and 3) the recycle. 

syctem. Section B describes a technique for flow v:i.sualizab.on, and· a 

. :typical experiment to be performed in the tunnel is· described in Sec. C. 
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A. DESIGN AND CONSTHUCTION ... 
··.::; 

l. Moving Walls 

a. Theoretical Considerations 

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

:.cal point of'. vievl) the length of the niovirig-wall se~tion j_::; one' of the; 

.·most important. The water entering the moving-wall section will exhibit. 

a velocity profile which vlill be relatively flat, but will have small 

..• "humps" or fluctuations corresponding to individual cells of the hon~ycoinb 

·. used in the flow straightener. ·During p~l.s::;age ,through the moving-w~1f 

.:. ' .. ·section of the tunnel, the.,effect:i.ve l~eynolds nuniher of. the flovr wHl be 

' · · zeJ~o, and· these srnal~/spatial fluctuations in the velocity profHe 'vr:\;11 
I 

tend to damp out due to natural viscous stresses. The rnovi!).g-vralls sHould 

therefore be long enough to allow these velocity fluctuations to damp ~mt · 

·to some insignificantly small value. . ·.• 
. .. ( 

.,· \ 

In order to. obtain some idea of what this· length will be, the 

following simplified model is considered. The situation is represented · 

in two/dimensions as the steady, uniform, lainl~ar flow p~st a series of 
. . 

' ·.·finite pa.rallel flat plates spaced evenly across a rectangular friction-
' . ' . 

. less channel, as illustrated in Fig. A-1. .:-It is thi:m assu.."lled that .at .. . , 
some unkno~n (but, we hope, short), dist~ncedownstream 'of the plates~ the 

velocity prof:Lle may be represented a·s the surn of the consta.nt bulk aver.age 

·. velocity, U, plus a small spatial fluctuation, u' : 
':·: 

'/.• • .. ·; 

u=U+u' (A:l-1) 

where u = local fluid velocity in the do~s·tream (X) direction·· 

U =bulk aver~ge velocity (a· con~tant) · 
·· .... 

u' = a velocity fluctuation 
· .. · 
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·X 

X == 0 

., FIGURE A-1 
I. 
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:and u' < < U. (A; J,-2) 

In particular: the boundary concli tion on the fluctuation u' is .•· 

assumed for simplicity to be of the form: 

-vrhere 

and 

7T y. 
u' ==Acos h 

A =·the amplitude of u' at x = 0 

h = one~half the distance between plates .. · 

(A.l-3) 

'f· 

This re.lation is ilJ:ustr0-ted in Fig. A-2. The local fluid velocity may 

· .. ·now be written as: 

u == U + A cos 7T y 
' h 

// 
The following non-dimensional var:i.able::: are introduced: 

u-x· = u 
u 

. ' 

v-X· = v 
u u'* = 

. so that the· velocity u·X· becomes: 

A u·X· = 1 + U cos 21ry7<· 

or . u·X· ::: 1 + . U 1 k . 

where. u '7<· << 1 ... 

u'· 
u 

-,-:I 

'' 
. ·;' .:·. 

. ' ' . . 

,(A~l-5) 

Inserting this expression for u·X· i'nto the non-dimensional Navier·.:; ... 
·, ·. . . ,··' . ,, 

Stokes equation:3 and neglecting terms of second order in. u '·Y.·;· as -v;ell a.s 

the streamwise pressure gradient, we are left -vrith the' follc:ming linear. 

· · :partial dj:fferen:ti~l equation: 

· ... 

. Ou 1 ·X·. 
~= . ox·X· .. 

. '. 
j ... \ 'f' 

'•, 

'· :·· 

. : .. •: .. ,_. 

; :, 
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• • .... 1 

.· \, . 
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where. . . ~ 
. '. 

· .... '_ ·.·.,·' 

and T) = kinematic viscosity .. 

· The boundary conditions to be·. appli~d ·are: 
:' 

i) 
A . 

at x·X· =. 0 J U 1 ·X· = U COS . 2 y-X· (A~l-8) 

du'·X· n 
dyX· . . 0 at y-X· == 2 ( n = 0, 1, 2 , 3 , ...• ) 

I ,· l 

2) (A.J.~9) 

. 3) u'·X· is finite or zero at X = oo (A;l-10) 

The .problem is solved in detail in Appendix A,. the solution being: 

A 
U 1 ·X· ·- U . COS 2rry·X· exp( -rx·X·) 

r = -Re +:/ .h 
2 2 -

He + lm · · · .. 
h 

(A.-1-).1) 

.. / 
/ 

' The important result of this solution .is r, for it ·deter·mines .the rate 
/ 

of damping. -Notice that the e:>q)On<int .:i.s always negative. _ •.. For tbe case 

where Reh >> 2rr (which is in the region of interest), r may be approximated 

by: 

. (A. l-12) , . 

. -SO that: 

e~p[-(2;2 )· . x*J-: He -
' . h 

u'·X· A co s ( 2rry-x- ) - u 
.. ....-: 

·' . Two additional factors must be known before we. can calculate the·.· 

. . :magnitude ofu'-at any distance downstream of the plates: 1) the distance 

X "' L from 1~h0 plates which corresponds to x = 0 in the above r~olutibn· 

for u' _ (i.e. , the. distance L at .which ~ur. initial as~umption u' · << U 
. ' . 

becomes valid); and 2) \he amplitude A at x"= .L (x = o): -r' _," 

':·, 

The rate o:f. damping in the <region o· :S X'< L cannot be pr~d:i.cted from 
.. · . ... 

this analysis' but because of the 'ste8p :~eloci ty gradients, it is expected 

to be much faster than in the :r·egion X > L. 

-··;, 
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It is :reasonable' t~ asswne 
........ 

that. a :conserva.tive estiinate of the.' le:ngth· ' 
: --~· 

' . ' 

:Land c~rre sponding c:i.mpli tude A may be foutid. by consid~ring th~ :nm,r in . ' 
· the. vra}:.e of a single finite flat plate .. For tl-d .. s case; it is 'found th~F· 

' >u-X- achieves a value of 0. 8 at~ distance X of about -th;~e plate J .. en~ths:l. 
~. ( .. .. 

· >The plate length most approp.riate .for our purpose,s is the length E ·requi~~d 
.. · ' . . . . . . . . 

'' .·. -:to .obtain fully develo.ped laminar flow in a two-dimensional cha~nef. made 

. · .. ·. 

:; of flat parallel walls separated by a distance 2h. 
·. ',' . 2. 

This may be given by .. 
\ ~ . 

. ~-·; 

·so that 

_J_ 
2h . 

3Reh 

25 

~ .... 
. ,· ·.·, 

>' . 
., ... 

·•· 

·,·· ... · 

: .. . ~ • . l - ~.. . ' :. t - • ~: 

Using this in~formation as our ,iriHial condition (x~ ~ ·~ci); th~ velocity 
(// '.·\,. . .. ·:·. ·,·' ··: . :, ' . 

u-x- becomes: ·.!' .···· ,·• <·.· 

.,•. 

c0S(21T~) e~[- (i;:) x' ] ·, 
u ' .... 

u·X-. = = 1 + 0. 2 
U· 

I' •(:·;,:. ,'' ._.'', .. _. 

- .... ·.·· . 
. , ,. . ' •. :!. ... • .. 

• .~ .. .'r.;. . -:~ -.~· .··: ·!,:. '; . • .~-, •. ,. • .. ;--_-: 

.:· ... · 
... 
.. :·':. :~~ ·.. ~ . '· 

... ·.· 

., .· ... 

.c 

' ~I 

·'!• ' ··~· 
Figure ~-3 is. a plot -~f u/U ver's~s X/21i for r-' = '() . . Thei~eynold's · •... · ... ,. ' . ' 

.· ., .~ .. · ... ·. ·: 
... 

. · number of the tunnel, Ret·' based on a six inch square cross-seCtion, is 

used for convenience in placeof Reh . Note that the point x - o is· iocateci~<' .... 

···from Eq. (A.l-ll-~ ).· 
. :·l· 

-:· ,"• 

--~ ' ·. 
. ·. ~ 

_·,._·.· ,: 

-.. ;' On the basis of tilis analysis, a moving-wall length of 12:...inche·s and .... ·· 

.':.· 

.,._:{~ ''1 ' .. 

.. a honeycomb mesh (3ize 2h.of.l/16 inchwere chosen. This corresponds to ;X/:~;~r:-"· 
~- ·._. .·.. : .• ; . ~-

The magn{tude'o'f th~· 
1

dj:st~rb~pce u I /u :b approximately, 0. 000008 . 
. ' . . '· ., . ~ 

. X/2li. ;, .192: 
. ' ..... ~ ' . ' 

·\ .' 

.·:· :/'at this point· for th.e maximum expecte~ 't'\J..nltei · He:ynolds. nurnber of 15,000: 
'•..: ···.'ii' 

~' 
;:< ._., ,'t 

This corresponds to a p.seu~o~turbule~~e· .le.;~itiC)~ u' /U, of:·. 0008%, ' ·' 

. '· ,,which.co~;ares very_favb~ably with low turbulence 'vind t~~-els. 3 
• ; .. ' .• ·, • - . .. • ~-.. . - :. ·.. : ;. . • ' ·. •l 

'',.' 

'.: ·.: 

•. . . . . . . . T'm:! 'analysis -d~s6ribed '~b-~ve. is not meant to·. provide. an 'ex~ct ~1~.:.: 
- ' . -~· ...... ' ·· . 

. even .a. yery accurate solution to the· damping problem.' The· fundamental 

• p,s.s1J..mpt:Lon made he:re .is :th<it the . :flow does no·ti become turbule11t: th:r·oughou.t' 

.. · 
,··,; 

'·; .. 
l' ·, 

; .. _ ..... _ 

•.' 

., l '·,~ ... : '. : 
~-' . ! . ,'• ! _': 

. '·,·, 
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the <lamping period. · The length of the honeycomb flow straie;htener can be 

simply ·adjusted so as to be sure that the flow within them.vrill be iaminar. 

The problem of turbulence exists in the vrake .of the honeycomb.· . G. I. 

).I· 
Taylor solved essentially the same problem under the assumption that the 

vral<:e flow may be repre::;ented by honi.ogencous, :Lcotrop:Lc turbulence .. · In 

this case, he obtained a colution for the velocity fluctuatiorJ u' p:ropor-

tional ·to the reciprocal of the downstream coordinate. Experimental . 

'.evidence5 indicates that for high Reynolds numbers this is a good as sump-

tion. Unfortunately, most of these data are taken in wind turmel·s where 

·the Reynolds nurribers are a facto:r of ten or more higher than those which 

are of interest here. 
I 

Batchelor5 disc:sses the existence of two periods. in the decay of 

tu.rbulence behind a grid. His first period is characterized by a··conr~lete 

dominance of the inertial terms in the Navier-Stol<;.es equation. This· is 
. . . 

equivalent to 'l'aylor' s assumption and results in the same solution . 

. According to Batchelor, however, the diffusion terms of the Navie:r-~:ltol~ez · ... 

equation become more and more· :Lmportr:mt downstream of the grid, until: •. 
. ' . ' 

' ' ' I • ' ! 

the final period is encountered where the diffusion term is dominant.' 
. . 

The damping in this per:Lod wc;ruld be characterized by an exponential solu-

. ' . 
tion such as described here. As Batchelor indicates, ·the fin:alperiod is 

·encountered closer and closer to the grid. as the grid Reynolds nwllber is 

redllced. Tnis provides some indication that at the comparatively lovr: 
.. . 

Reynolds numbers of :Lntere st here, an exponential solution is likely. 

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

question of the ex:Lstence of turbulence in the wake of the· flovr straighten-

er w:Lll not be resolved. 

'l'he aprJroxim?;te length o:f moving-vralJ.s required. to deliver a flat, 

' ,. 

.... 

li 
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uniform, laminar velocity profile to the test section has beeri calculated. 

We· should now like to see hovr rapidly the boundary layer vrill grovr:.irt the 

test section. 

In order to calculate the boundary layer profile, we use the approxi~. 

:mate relation for the laminar boundary-layer thiclmess on a long flat 

·plate: 

•.··. where 

.or for convenience : 

where: 

0 
X 

o =·boundary layer thiclmess 

X = length· downst.ream of the leading. edge 

. ; 

D = tunnel diameter .· · 

. 'nu 
He ,=-

·. tunnel ~ 
,·. 

.. 

. ·: 

(A.l-16) 

.. ·· . .. 

The 1Joundary layer profiles are plotted in Fig. A-~- using a tunr1el 

diameter D. of 6 inches. 

We may anticipate here that in attaching the moving-wall section: to 

.·.the tes.t sel..!tion, a short length imrnediately downstream of the ·end of the 
. ~ . . . i . . . 

. . moving walls vrill. be unavailable for experimenting. . These boundary layer 

profiles emphasize the need to keep th:Ls distance as. short as possible to 

allow a small boundary layer thiclmess 'entering the test section ... 

Transition of' the laminar boundary layer 'to ·a turbulent one· will ·; 

. occur at a point downstream given app::-oximately ~y . 

Re · ~ 300, 000 
·X 

(1\..l-1~). 

·.··; 
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. where Re 
X 

.· ·''. 

is defined a.s before or · 

Ret :: 300, 000 ( ~): : 

' ·.·. 

·.· .. ·.: 

where Ret is again based on the tunnel diameter D.· Hence · 

X z 3.><105 ( D) He · 
t . 

The highest hmnel Heynolds number expected is approximately 15,000 

·so that the shortest length X required to produce a turbulent boundary · 
";' .· . . 

layer.is approximately 

. 6 5 . 
X = 3(

15
, 000 ) 10 == 100 inches. 

· Since the test sectJon will be G.bout 10 inches long, the boundo:r;y la.yer 

is expected to :remain,lam:Lnar. 
,/ 

/ 

b .. Moving Wall System Design 

~: . 

In this section, ·the design and construction of the moving wall'· 

apparatus is described in detail. The section is su'9divided. int;o four 

parts, corresponding to the four most prominent .design.crite:da:. '1) the. 

leakage problem, 2) the overall configuration, 3) the. drive .. ~ system; and.· 

L~) the belts. 

.. 
So far only a general idea has .been d~veloped here of what the system 

.. ' 

. . 
will look like; It rnus t consist of four continuous be l.t s, one f~r each· 

: . . 

'wall of the tunnel, whose width must be ne<irly .equal to;'.the width of e . 
. •'. 

···.tunnel wall. In addition, each belt: must (mter the. tunnel at ·the up::;tream 

end of the sect:Lon and leave the tunnel· at .the. downstream end .. • This Hill 
... ,, . :. '• 

.have· to be accomplished through some .kind of· slots in' the tunnel Halls. 
··,.'. 

~·· ' · .. 
The fi~·st, ~ost o1JVious probl~m which arises here is' o11e of leakage. 

·. These slots promise to be. a: se:d.ous troulJle:. spot. 'I'here ex:Lst tvro .alter-

,·, ... , .... 
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.. \·: 
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natives: 

:i 

is to O.o our best in sealing. these slots v1hi1e leavin~: .. : 
. :i. 

one 

relatively free passage for the belts. · This ,is qbviousiy a very doubtful· 

.procedur~ as we are sure the leaks can never be completely. eliminated. 

·,:·. 
It was therefore decided to ~roceed with the second alternative: 

to enclose the entire tunnel and belt arrangement in a ho'using which. ~rould. 
' ., 

:.·.·' 

··extend over the whole length of the moving-vrali ·section. This is ill~strated · 
;· .· 

,·_in Fig. A-5. The housing itself could then be filled vdth water and. leak- ' 

The design of ~his hou~ing sliould be relat{vely .·· 
. _:: .. _ . .-;.· . ' . . . 

·· : age· vrould be preyented. 

,: independent of the belt system inside it, but is governed by on.e main 

... '\ ., 
. ·. ,_ · principle : it must completely come apart for ease of inspection, ar:;sembly . 

'and repair of the belt system. It vras considered sufficient to have the four.· 
.· .· ...... ·:. ·'. . . . . // . . . . ·. 

: •. outer surfaces of the housing removable. Lucite (or plexiglas) v1as· cttasen 
·, ;'. 

)._ .. 

. . as the material for construction due to its ease in fabrication,·. trans-

,:..-

. . ;'_ 

.. ·.·.· 

. ,· ·' . 

. . . . parency, and light weight. 

The upstream end of the. housing presents iittle probl.em~ It can .. 

. simply be flanged to the preceding ( flow~straighteni~g). section.· • At· the· 

': downstream end, however, ~e ~lish to have· the be it leave· the tunnel· as .. 
. . . 

·.· closely as possible to the entrance of the test section. It was theref~re · 

decided to joj_n the moving-wall housing to the test section by a butt.:. 

joint, sealed with a single large 0-Ring. 
'•. t 

OveraJl system configU:ration .. We riow envision the system as cc:msistl~g .of 

·.:,. 

In addition, the: belts must be driven by some system· . .:.-·.-that wall do-wnstream . 
. ,, 

. 'of rollers . 
. ·• .. , 

. ,_·.·.·· 
.·•· . . . "'i 

. · .. ' .... '· .... ·· . ... 
Tll:Ls ·leaves several choites·· for.the design ·of the unit .. ·. The. secti.on 

of tunnel ~nclosed iris:Lde th~ hb.us:Lng may C()l~s:Lst of i) a si~gle piece of 

· sheet steel, folded and welded intl')· a square cross:..section, 'or 2) ·four· 
'· ~ . 

·,". 
. ~ f' 

.'· •.'. · .. ;.· .... 

;,-. 

(' 

-~ 
· .... ll·· . .. 

n' ..... 
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,_ .. 
... ·. -~.'. ·-

· ·. seiJarat.c walls not cpnnected to e.:ich other, but to some pa:~t of the :,lxJusing. 

'·In addition, the rollers may be rriountecl on either a) thctunnel vn:tli~, 

b) the fixed ends of the housing, or c) the ~emovable sides of the 
. . . - . . . . . . . 

housing. _This allows six possible configurations to choose from: la, 

·-~ lb, · 1 c , 2 a, 2 b , and 2 c . Choice number 1 of the tunnel. de sign ~rould. fequi.re · 
o, 

·· that. this section of tunnel be connected to the_ upstream ci.nd do1·mstream 
.. ~' 

·--'•·. sections. at the. corners· only to allovl slots for the belts,· or that trHi 
... 

. , slots be cut into this section of tunnel as closely as possible ·to' the· 
; .. , ~ 

.corners, again leavinga'i:;tachment at the corners only .. This presents a 

serious struct:ural problem. In addition, it means that to change ·a belt,'· 
. ' . . : . . 

a st:r:Lp o:r:' lwlt ·mate:rJal mu::;t be th:r-r'"aded into the upstream .slo~·, .out of.· ... · 
. ··-. __ , ,. ' .. ·. 

the downstream slot ,,...{~d spl:Lced :Lnto pl~.ce•: ·all while on the equipr~;~rit _.· 
- . . . _;_:;··. 

··:.·. ( ob~iou~ly not an -easy tasl'-). . Choice 2, however,. perrrii ts corrrplet~ re~oval:· 
,_· 

of the tunnel _wall with the housi~g face .. ·This is very appealing,. since 
. ·-,· \ '. ~' 

. it permits Construction of the whole mov'intl-wall section in· fiv~ ~e;arate' 
.· .... ' 

' ,. 

. -.• and independent units, . namely the hous:Lng framework and :,fo~r. identical· 
' .•·' ·. 

wall-un:Lts. Each wall unit would consist of a tunnel-wall~ ahousing' 
. - . . . . .. ' 

.·face, and the complete· system of belt arid rollers. This is the configuration,, 

· ... finally chosen~ It represents what _I conside'r to be the most flexible 

·" ·design, permitting ·the .maximwn ease ·of -fab~icationJ inspection, niai_11tenance 

ariel repair.· Figtire 'A-6 :Lliustrates ,the. gerier~l, con:figuration, omltting 
·• I ' • • 

.. - ·v ·-, 
•' . : .. 'the roller system; which w:Lll be ~xpl:lined 'in ·.ti'le following cectiori .. 

\ . ~· 

. ,.·, • .. ; ':·>.' 

·.·. ;.-. 

. :-.•·: c. Drive System ,I·· 

.·:,_ .. 

·. •. -~--

,··. 
,./ ·. ... ~ 

.·. ,: -. ~ . ··,. . -/: .· 

The first, most ba.sic· req_uiJ:·ement ·of "the· drive system. is that.· all. 
;,· 

. ' . . . ··.' ~ 

four movj_ng -vmlls be drive~. at :pr;ed.sely,'the · s~~ -~peed. 

:overall configuration described ·in the prec~ding ·section, it was decided . 

. to cl:d.ve each belt w~th a single' roller~, with, each of t.hese four rollers .,· 
··. 

·. f _/ .'. 

';' 
'i. 

··, .. 

':, 

. ... 
·. t/ .. 

.. , ' 
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'i. 

· geared at the corners and all four" rollers driven by a single drive shaft 

stream end of each wall unit.· ·correspondingly, a .''freen roller ~,.fas.placed 
'. :'·.' :· 

··at the upstream end of each unit.. In addition, there must be some way 

.. ::to adjust the tension in each belt.. Tension adjustment is required in 

~ . ' 

:; order to 1) allow installation of belts while loose, 2) prevent slippage 

~;of the drive roller, 3) compensate for irregularities inevitable. inspli- ... 
:;·.-

·. cing the belts' and ~~) maintain control over the tendency of the belts .to 

ndriftn on the rollers. The last item was f01md in tests to be a far. 
·.· ;._ . ' . ,· .. . . '• . ' ., . :' 

more severe problem than was anticipated arid will be e:x:pli:dned further .. 

·in the next. section. 'rhe method selected fOr tensiori adjustment is· 
- .. · . 

/ 

illustrated in Fig. /A~8. This method provides independent, external: arJ.-
.., 

. justment on each. side of the tension rollers ... It has been found :ln tests 
·~:: ::. ' .. 

to be adL':j_U.ate :Ln setting up and maintaining good operation. 
',t' 

~ . ' ' , .. 
. '· ... ". 

The final roller design is given in l''ig. A-9'. In addition to the . 

. . . ··. 

·above, this design was· chosen to conserve space, permit maximum·wrap-around 

· on the drive roller, and ease ~f disassembly wherever possible. 
·' '· 

All bearings used for the rollers are of a nylon-sleeve type. Testing 

·' of the com;i·~ted units indicates that these bearings are sufficient .. If, 

.. : 

·however, frictional problems. arise with further testing, ball bearings ·may . 

··:· . be installed without serious difficulty. 

Care was taken in the· corners to overcome 'the obvious space. prob'lem· 

. where adjacent vrall-units meet . A difficult aspect of the construction .·, 
~ ' 1 

. occurred in matching all four walls ·in the corn~rs, while maintaining the . 
''.': 

six inch' square tunnel cross section' and good matching with the' upstreai''ll: 

and downstream sections.. Furthermore,' these tolerances inust be reproducible 

after disassembling and reassemhli.r:g many times. A cOnsiderable" effort vras 
{\~,' 

.... 

. ~ 

··; .· . 

II 
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. expended on constructional details of this nature. 

d. Belts 

Requirements for th~ vrall-bel t material include the following:·· l) 

high tensile strengt-h) 2) low elasticity; 3) good ·vrea~-resistance). l~) re-

sistance to electrolytic solutes vrhich may be ad<;led to the water) 'and 5) 
. .. . . . 

. either be available as continuous belts or be relatively easy to splice. 

·.·In addition to these, it is desirable to have a very thin, flexible 

material. It was finally decided that mylar film provided a· good 

· .. approximation to the above properties.. After considerable testing) 'a film 

... thiclmes:s of .002inches was chosen. Splicing of ·the belt ontothe 

wall-unit also turned .out to be a difficult task, for any irregula:ritiei3 

in the splice resuli. in either wrinkles or drifting or both .. 'Fu.rtherm,ore, 

. . . if the splice:Ls made perpendicular to the length of the belt ,• it causes .. 

'. 

. . ~ 

an ahrupt change in rigidity at the splice) resulting in catching arid 

slipping on the edges of' the wall. To prevent this) the splice is .made 

at approximately a 1+5° angle. Since many tests have sl1owed that s~licin~ 

·. of the belts is very critical to goo'd operation) I have included in the 

appendix a technique which I have found to be fairly satisfactory. 

A further probl~m associated with the--belts is providing good friction 

. on the drive roller. Natural· rubber is . fine when dry 1J~t slips ~onsiderably 

.·'when viet. Similarly) it was found. that a stainless steel roller did not 
. . . 

·.·provide suffici.e~t friction . The final unit consists of a stainless' 

steel drive roller coated e'Venly with R~ T._v. -102. self-curing silicone 

rubber. This provides excellent frict:Lon vrith mylar both dry and 1-.ret. · 

The phenomenon which I ca.ll ndriftingnof ~he. wail-belts requires 

some :f:\J.rthc:r cla:r:i.:f':LcaU.on. It. is the· tenclEmcy of the beltG) ·while . 

·running, to move slowly to one· s'ide or the other on the rollqrs. This· 
•. i· 
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problem is always encouYltcred.in situations where continuous conveyor 
·. ' ' . 

belts are used. It is caused by the tendency.'of the belts to move to-vrard 

the region of highest tension) . and is normally solved by "crowning'! the 

·.drive rollers (mal~ing them thicker in the center than at the ends). This 

·forces the belt to drift toward the center. Crowning of the rollers in · 

this equipment) hovlever, produces excessive and ummnted vrrinkles in the 

mylar belts. 'l'he only recourse i$ to maintain control by independent 

. :tension adjustment at' both ends of the tension roller. 'l"nis method re-
._, . 

. · .. quired considerable practice) but has been found to be adequate to maintain 

good operationfor periods of up to about half an hour. 

": ·. 
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2. l~emaining Tunnel Sectic:i.ns . 
·:··;·. 

. . ~. 

'lrhe test ::;ection is const:ructecl entirely of Luc:i..te to permit .ease 

· .. of fabrication and good visibility of tlie experiment.· Tne .te ~~t section 

is .sl'.tovm in Fig. A-10. Three ports were provided on each. side ~o that.·. 

objects for study or measuring devices may be readily mounted inside." 

·• .. Each port plug is sealed with an 0-Ring and fastened with· four scre-vrs to· 

'<the test section wall .. 'Jlhese plugs m::J.y be easily mod:Lf:Lecl. to serve ·a. 

. .. variety o:f mounting purpo~;cs. 
'·'.: . .'· ~ 

''. 
' ~ . . ,", . :..­

. '• 

.. :.. :·; 

The flow.:.straightening section is also const:ructed oi'Lucite·ancl has 

,. · •··· ori.e port on each side for flow measurements. It is designed so that 

> : \h~neycomb,. screens o:r other flow-straighte~ing. equipment cari be inserted. · 
,.;' 

The converging .and diverging sections, shown in Ji'ig. A-:·11·, .~·a:re mad~ 
. ·:j· 

:Of 1/16. inch welded sheet stainless steel a.ncl have square CYOS?_::S~Ct·i~DS 
,· "'' •' 

th~oughouto. ·: _· ... ' 

It was. anticipated that the p:resence of the converging and d:i..':erging .•. 

<sections might necessitate the introduction of some additional lengths of.·· 

., ... 

plain, smooth tu11nel to allow furthe:r development of the velocityprofile 

:or to prevent. propagation of tlle effects of. the converging section 1)ad~ 

into tbe te ct ~;ect:i.on. 'J'he se '•' calming · r::e~tionr;" rwJ.y be · ea::;ily constructe·r:l . · 
; . . .. 

·.'" 

,/ . ' ' 

. ·,., , of Luc:i..te o:r sheet metal and flanged into place were .needed .. ·. 

'· ~ ' 
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3. He cycle System 

Water j"s recirculated from the exit of the converging section to the 

entrance of the diverging section through a system consisting of nominal 

2-inch schedule 40 polyvinylchloride (PVC) pipe and a standard centrifugal 
. . . 

, pump. The overall system is shown in Fig. A-12. A reservoir is provided 

as shown to keep the apparatus full and at a constant head, and to 

·." r_ 
facilitate filling. 

Pumping is clone by a standard centrifugal pump whose maximum capa.city 

is approximately 50 gallons per minute. Primary regulation of the rate 

of flow is performed by speed control of the pump, vrh:Lle a needle valve 

·· •· in a small byrJass is ,U:sed as a trimming device. The pump operates well. 

at .low speeds because th~ system is closed, providing a flooded suctio·n, 

·and the pumping head is reduced to zero ·with the flow rate~ 

Pressure drops. in the pipe were calculated using a Fanning friction 

factor. 

For the sq_uare tunnel sections, the same relation is used 'lfith the 

pipe radius replaced by twice the mean hydraulic ra~iius defined as: .· 

· where 

·S 
~ =z-

··S ==cross-sectional area 

A ~ wetted perimeter 

Head losses in the diverging and converging sections 'lfere based on 

· ; the eq_uations · 

· ... ·.·. 

· .. where 

h ,::: 

., 02 
K == 0. 0110 a.--· c:.. ·-; 

h == head losr::; 
1.·. 



,_ 

··\ 

_, 

~· ·: 

. '•. 

, .... : '.-:: .. 
-":< .. 

v = upstream velocity 
l ' 

·'"· ,. 

v2 = downstream yelocity 

K = correction fa~t6r 

·· ... 

a = angle of divergence in degrees· 

.. ·· .. 

·,,I 

,. . ~~ 

· .. ··-. 

.· ' ... 

' .. _· .. . 2 . .·.' _· 
g = 32.17 (ft. )(lb. mass)/(sec. )(lb. force}: . c '' ··: 

\··. 

·,._; - -.' 

·· .. 
A summary of all head losses is given in Table I for the maximmn ; _ 

__·, .. 
·:·''. . :.····· ·,· . .-· ... . :· .. 

e:x:pected flow rate of 30 gallons per minute:'-
\' '• ', .. ·. ~. ' . . . . ' 

·: .' ·····: . 

Table I .. :-:: 

.. - ; . ,._ :; 
··:·' 

..... . ;: . 
' ... : 

. ; . ~ ... 
··-·.: 

··,' 

.,-: ·:. 

. ~ . 

'.· 

i. 

'·. 
.f ·.• • I. ·. , .. 

·,. 

.. · 

',,. ,. 
:. ·.: 

. 1· '\. 

PRESSURE DROPS .. 

Item 
. ':"_._.'. -· ---~~---------

. :·.·.; 

12 feet of' 2 inch pipe 

4 ''inches of 1/16 inch honeycomb.· ... 

TWo 2.:.inch square standard radius 
90° ·elbows 

One 2 inch 'round sharp radius 
90° elbow 

Converging and diverging units 

, __ :. 

. · .... 

· . '· Total head loss ·· .. 

'1. ••·· ... ' 

:···. 
•"_, .. 

. ,; .. 
'. 

·Head Loss (Ft.')" 
.··, 

0.35 
. ,. ·. 

. 0.01 ... ~ 

·.; 

0.30 
' . 

•, ·.-

0.20 

_o_ . ...;;l.:...o~-·· . • '· .... 
... :· 

. ... 
It is seen that the totaJ.: pressure drop ,in the -system is quit~',iovr: ·· 

. '.::The power- requ'ired at the pump is co,rr~~pohd:tngiy low. 1'his is fou.TI.cl from 

·, 

' ' . . 
." .. 

:an overa:il mechanical· energy balance, rep;~s~nted.simply, for.~his<cas~, 
. ·•. 

by the total pressure drop times the t()tal mass. flow ra·be:. 
·. ·:·-:-·· 

.. : • '• ,' .;.' ' ' !, r .~ 

·,. 

r ~ '. 

: i 

-.. 

·. ~ 
. \ .. · . . ,.· 

··.:.: 
,.. ··.'· 

.;. 

',< 

.. • .. ·· ..... " 

·r 

. .r· 

,.-:: . 

- • .. · . 

··, 
,··.' 

':'·: 
< .. •'. ;. 

.. 
. ' .. ~ 

·. :, 
, : r• . 

• >; 

'·' 

t!i •. 
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Powe1· 
= (1' ft. lbi0' 

lb (3og.p.m.) 
m 

(
6 lb ') 
gal~ 

.. = (18o ~t. lbf). 

. mln 

This corresponds to only 0.0055 horsepower. Assuming) to be con.o 

servative) that the pump actually dissipates about·one tenth of a horse-

power) or 255 BTU per hour) to the -vmter as heat) the temperature rise 

:of the water should be approximately three degrees Fahrenheit per hour. 

This causes a ~--l/2 percent per hour decrease in. the· viscosity of the 

vrater. ·Since it is not anticipated that the apparatus will be run for · 

more than about 15 minutes at a time) ·this temperature is not considered 

a problelJ!.· 

. . -~ 
'l 

..... 

.·, 

'I' • 

: ... 

.. '· .. · 

. '.· 

··,·. 
'' 

. · ... ' 

"' l: 

'.• .. 
'! 



. ; 
I•• I 

.·. 
~,. .• .. 

. ' .. ' 

- .,_ 

. '' 

~- ·_. . 

. <-·: 

• . I • 

• • '. ·, . . c'~ . . '•' 

. .:. ·. 

· .... -·. 
·.·.· 

..... , .. 

:-:· 

.. ·.· ,_·: 
.. , ... 

; ' 
: .. _, 

B. _,A FI,ow'VISUJ\LIZATION TECHNIQUJ~ .:. Trill TELUJRIUM ME'I'HOD 
. . . . . ' 

... :. 
' . 

A techn:Lque which has been developed recently for the· ~:L::malization . 

of aqueous flows is called the tellurium method:· It h<is been found th:at ••· 

. .:. . 

when tellurium. is "\lsed as a cathode in an elecb:ol;ytic cell having ,ari inert "'· 

., ' 

~. . .. 

anode and an aqueous electrolyte; a black~ dye..:like !3Ubstance is emitted 
. ' . . . '. 

. . . 

from its surface; The dye -lii'>:e . sub stance is actually a· c'oiloiclal· s•u.spen- ·•· 

sion of tellurium particles. 'rhe applied potential difference .for ·•-•-··· 

.· '.' emlssion is typically 1-:10 volt~. ' Wortmann 6 was the first to describe 
. .. ,: . :': .· 

.:··the technique of using tellurium cathodes for flow visualization. .The. 
:-;·-

particles of tellurium in the. suspension diff'u.s~ and. settle very. slowly . 
I . ' .. ' 

.in v1ater;_ mald.ng thenvespec:Lally useful for tracing strearnlinE:!S of .. flovr." .··· 
/ 

... The probC1,ble ll1echan~sm7 for formation of' the telluriun1 suspe.nsior\ in'ioJ.ves 
.;. 

:= 
two steps: first; formation of the doubly charged tellurium. ion Te. on .· 

·:·: 

.· r: . 

' . the' electrode' surface; and. second; a charge transf~r reaction in' vrhi~h 
: i • l, 

a molecule of dissolved oxygen picks :up two electrons from· a tellurJ..uffi ' , 

. : ·ion~ ·The first step may involve either direct piclmp of tw~ electro~s by _ 
.;.· 

a tellurium atom to form Te or pickup of one electr~n to form Te follbvl-

ed by a disproportionation reaction. Namely: . 

··L· 

I ~ . 

a) 

b) Te + e 

... ··~ 
-

~2Te. 
. . ~. 

-> Te 
·"\• -· 

'.,' 
.. • ' -..'~ .,: ' i ' 

{B-1). 

.;, 
·. ,· . .-

. (B_:2) , .. 

.. . , . 2Te -> Te + Te :-:: .... - .. . '~--

:" · . .-:·- ,-_: ._..:, 

·.· It'. is tho.ught that· the' latter· accol.ints for about ,75% of ·Te=:' fo~~~d·; 
'. '. :-· ;:,'' <. ' 

'·.'·/· 

1," I 

:·.the formerj 25%., The second step occurs ili. the bull-;: soiuti~n: 

,.--.' 

2. 2Te .. + o
2 

~> 2rTe:.-.1· 20- . (B-3) 

. -~ . 

, .. . .. ', . . ; .. 

····,1 

'·. ·-

. . ~' 

·,. -- ,., .. 
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The flow visualization technique described by Wortmann involves .the . 

placing of a thin telluriu.m wire crosswise to the flow. He then periodi..: 

.Cally applies a pulse of potential, causing a line, Or long thin cloud, 

·.·of tellurium to leave the wire surface and travel downstream vrith the 

local fluid velocity. In this vmy he has, for j~nstance, visualized the 

flow in a boundary layer. 

The use of tellurium Hires represents one of the several vrays of 

.applying the method to flow visualization. Another method. is to place· 

Small 11 SpOtS II Of tellurium along the length Of a Wire Of inert. metal. 

This wire· is then placed crosswise to the. flow as before and a ste:3.dy 

potential applied. The result is a series of continuous streaks flovring 

downstrea.m with the fluid, much the same as smoke in a wind timnel. 

; ,· .. A third method of using tellurium for flow visualization .involves • 

the u::;e of tellurium "probes 11
• Eichorn8 has described a technic:rue whereby 

. . . . .· . 

tellurium is melted in a soft . glass tube, which is· then drmv'n into a 

short capillary. The capilla~y is c;_t in the 'center, leaving tvro probes 

such as shown in Fig. B-J.. 'l'he probe is placed in an aqueous solution 

as the cathode of an electrol.ytic cell. • 'l'he potential may then be applied 

continuously or in pulses to give black streak~ eminating from the· tip . 
·"".'· . ;' . . .. ' 

of the probe. Eichorn used this method to study naturc;-1 convection~·· 

It is proposed that appropriate variation~ of the telluriuJn method 

• be used for flow visualization in the water tunnel. Tellurium vrires vrould 

be used for visualizing velocity p~ofiles iTl mainstream or boundary layer 
. . ' . 

·• re~ions, whereas the probes would be usefullo pinpoint local flm.; condi-. 

tions where it is desired to follow a particular streamline. ··An example· 

of the use of probes is gj:ven in the next section. 

'.The switching procedure used to obtain inte'rmi ttent streal\:S of 
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tellurium would be accomplished by using an impulse generator made up 

·of a multivibrator and two univibrators. The multivibrator would trigger 

. the two univibrators every t 2 secorJ.ds.. One univibrator vrould respond vrith 

a pulse of current to the tellurium lasting a time t
1 

seconds ( t
1 

< t 2 );. 

while the other univibrator would activate a pulse camera to take a 

photograph. In this way) accurate records of the fluid flow may be obtained. 

,· . 

., ' 

~ .. • 

, ... 

',: .•. 
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C. A TYPICAl, EXl'ERIME~NT SEPAJ\ATED FLOW . IN A RECTANGULAR NO~L'CI{ \ 

;., ... 

. The study of eddie!3 formed as. a~ result of steady, separate_d ·flo-vr~ ·is 

: not a simple matter because such situations are ·normally riot· st'able, and 
. ' _·.. . . . . ·,: 

. '' must be examined in a transient condition.· .. One possibility of .examining.·. 
. . ' . . . 

SUGh flows in the steady state exis·~s in the case of flovr pasf e; · re~tant,ruJa.r . 
. ; . ~ .. ~ . 

· .. ·.·:.'cavity, or notch,. in the wall of a channel (S~e Fig. C-1) .. · · 

It has been shown9 that for such a case a stable eddy does ~~~~t, 

·. ;: provided the dimensions of the "notch" 'are 1..rithin certain limits;· Direct· 

: .. measurement of. fluid velocities throughout such a notch, however, have· 
. . ,· 

·,_. ;.• 

It; is felt that. a~n experi~ent resulting riot been found in the 1i terature. . . .,: 

·. . . /' 

in such velocity mea'surements would contribute materially to· ,the under-:-
. ' 

,· .. · 
standing ·of separated flows. 

,· 

. . j ~. '•\,'' -~ : ·10 ' ··. ' •' . ,, 
Moffatt has demonstrated theoretically the. existence of a.'series 

. :•· ''·. ·:. 

of eddies' diminishing rapidly in size and inten~ity, in a corner with 

• fluid flowing past it; for a 90 6 carne~, he' predicts· a dl.miriishingofin-

. terlS:i.ty between adjacent eddies by a factor of about 2000.: Such "secondary11 

... · .. eddies have been observed in a r~ctangular ~otch11 .but it ~rould '\:>~ de- , · 
... 

sirable to make velocity measurements· as well. 

The water tuiinel described tn this .paper is well sui ted to the·: •; . 
.· .. ' . ~ . 

adaptation of such an experiment. F'or this'- r~ason, a:_:.rect~~gular· ·11otch; 

'·. _i'_' .one irich .sg_uare by six in~he's long,' has bee~ 'incorporated' in the' upstream ' 
• • • • • J ••• (•. ... • '·.· 

· ... 
: ... . ...... 

,-_ .. 

,. ' 

..... end of ~he test section; as :Lllust~ated, in Fi·g.: C-2; .. . •. i .• ·.· 
. ' ... 

~ J • .... • ' • 

.· .· 
·,· ·· ... 

As shown in Fig: C-2, t'he upstream sici'e of the notch is for~ed by a 

·part of the. moving wall housidg, .,.;,bile the bottom and do~rristteam 'sides 

are built into the test section. · This was·. 'done to keep the notch
1 

as 
~ .. ·. 

·close aE: possible to the end o:f· the moving walls, .the1~eby insuring • 
· .. ··\ 

. ·,,, .·· 

.'· 

i-... 

.·. •, 
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the minimwn boundary layer growth prior to the notch ... The thic1mess of 

the housing wall is 3j!1. inch and tbis. is the distance over which the . · 

boundary-layer will grovr prior to the notch. 'lhe · expected boundary layer 

thiclmess at the entrm~,ce to the notch may be seen from Fig. A-)_! for 

various Heynolcls numbers by looking at the point 3/l~ inch clownstrc<:wi .· 

of the beginning of the boundary layer. 

l. Flow Measurements iri the Notch 

Visualization of the flow in the notch may be accomplished by the , 

introduction of some visible particles into the water. Photographs ma.y 

then be taken from the end of the notch.· It is felt that a modification 

of the telluriwn method may be used to obtain velocity measurements in 

'the notch. 

'lhe procedure would be to insert a very :thin .telluriwn probe,' similar .· · 

to Eichorn's, into the notch at any desired position. ~Lhen provide a pulsed· 
' -

' ' ' 
' . 

current to the probe by an impulse generator such as used by Hartmann,. 

while simultaneuously triggering a pulse-type camera. Thus, photographs 

would be obtained at precisely known intervals, and velocity measurements 

made by measuring the distance travelled by telluriwn traces between 

photographs. ..... "' . 

The probes tb.emselves would be made by filling thin hypodermic 

needles with telluriwn. The use of glass capillary probes would be 

inconvenient because of ;their lack ~f strength. The .hypodermic ·needle, 

. probe .s, moreover, c'an be inserted into the notch .·through a self -sealing 

rubber plug in the notch wall, as illustrated 'in Fig. C-2 .. This meu{od 

allows eo.sy removal of thc:: proben. wl:len ·de eire d. 

'.T.'ellu.r:i.um probes made of hypode:rm:i.c nce~!les. have been constructed 
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and subjected to exploratory tests as· a part of this investigation .f. The· 
. . . .-

probes were made by filling the upper, c·uppe1·- section of the hypocler·ffi.ic 
- ' ~ 

': .• needles with _shavings· of -telluf{un'l-and then ,melting the· 'l'e· in. a :muffle· 

, ; . furnace. Since tellurilim oxidizes readi;Ly Hhen heated) a .'nitrogen <ltmosph~re 

was_ provided.·_ 
. ..... 

··.,. 
; '. .... . :, 

·- -.It was ·:found in te::;ts Hith these llrObCS_ that 8. potentieJ_ Of 1 :Y?lt 
. ·· .. :,1. 

•., •' 
. ,··- was not suf'fic:i.ent to produce a significant dye t;r·a.ce in orclina.'ry _-t,:~~p-

- ,;.rater. ~- 6 to 10 vo'lt potential produced a better trace but.~~, not'-. '· 
•:. 

·,- · -••- , \ practic;:;,l because of hydrogen ev-olution on the needle itself. A thin: .': 
·-·. ·:: 

_:. 

·-·:-· 

··, .· ' -

, ->.'insulating coating of' plastic on the needle . should prevent hydrogen 
. . ' -~ . ' . :. . . . . 

"\ evolution, but further ·Lcsting :Ln:_ this area :ls needed; 
.. ' ~ . . ~ : . ' \, . 

. . . ~- ... 

·: ' :~. ..-:.: ·,. 

-'.·, the 1 volt range:. 'lhe presence of such electrolytes in the· -vrater tunriel 

; '. 

; . ;.,. 

· < should not pre'sent any. s :Lgnif:Lcant problems .. • - :~:. ' . ·::-. 
,l'·· _.. 

-.~ ·-· ·-,_. The multiv:Lbrator reg_uired to provide _appropriately spac-ed tellurimn 
; · ..... . ~- .' . 

- .. · ti;~ces for mcas~rements at all flow c;onclitions should oper'ate at'·a time 
, . ·.... . I .·. . . ·. 

betw~~n: puises, t 2 ; of ~'rom J.10 msec to 3 sec) whLLe tpe univibre.i;or u'secl. 

to provide current to the probe should provide pulse times t ·of.2 msec 
. 1 

· to.l50 msec .. 
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·SUMMARY 

. . 
A recirculating water tunnel has· been developed to provide· lovr-

turbulence flow at Reynolds nwnbers up to about ten thousand with a flat 

velocity profile. The moving-wall method has been used to accomplish 

the sc conditiorw. Operation of the moving-wall mcchanbm is largely 
' 

a matter of technique, and it should be possible to operate it for. 

periods exceeding 30 minutes with no modification of the system. One 

of the main problems initially associated with the moving-wall system, 

•. that of leakage, has been solved by enclosing the entire system in a 

.·housing filled with water. ···.· 

An attempt was made to obtain a theoretical ba.sis for de.:;igning' the 

length of the moving walls. This attempt was based on the asswnption that· 

the flow does not resemble isotropic turbulence in the wake of the flow 

straightener. The validity of this asswnption, however, cannot be deter-

mined until the tunnel is tested under operating conditions. 

One of the problems remaining is the d:dfting of the belts. Success­

ful elimination of this problem is again largely a matter of te~:h~iqu,e .. · .. 

Some of the most important design parameters and specifications of the 

system Are listed below:. 

Performance 

Maximum tunnel Reynolds number (He ) = 15,000 
. t 

Maximum bulk av~rage·waterveiocity ··-10 em/sec 

Maximum volumetric flow.rate = 30 gal/min 

'·:r 

••". 
···.; 



·Tunnel· 

Shape: 

Flovr area:, 

Material:: 
··'·· .·· 

:'•', ... •' 

. . ·r. ~· 

Square cross-section 
.;; 

36 square· inches 

. :. __ ,I'. 

Stainless steel and plexiglas 

.·,, 
·, "' 

...... ' 

. ' . . i • 

. ."'*• :· 

; . •) . 

.~"··.·' 

···:.· ... 

_:_,. 
.. Moving Walls 

't :· ·-,,· 

Belt material: : ... . ._ ... 
,·, 

.'1 
·•. Thickness of belts: .002 inches 
;· . .:_. 

~ ~ . ' 
Width of belts: 5-'7/8 inches 

··:". 

Drive.System .·' 

.. ::'··_ . . : 
·., '.··;•,. Diameter of drive rollers: 2 inches 

'',;' 

;_{_:-

Diameter of idJ:er .. -rollers:. .1 inch 
....... ' .': 

Surface of. d~rive rollers.: '' RTV-102 siliconerubber f.; 

' ~-.. .~ 

., 
... '. ~ S~rface.of idler rollers: NaturaLrubber 

· Bearings: Nylon-.sleeve .. '/· . 
:.-: 

' . ·• ::'·' ,··. 

Gears: Brass; 45° bevel ·;._·' '·· ... 

.·.,, 

. ,. 
; :· 

' . 

··'·, 

Torque 'required to drive 'the complete .. ·,,· 

mechanism (wet,· with belts): 1 ft-lb. . ,.· ~. 

~ . 

Miscellaneous' .'.·· 
. : ~·-. . . . 

; . ; : 
. ·~ ' ..... 

Return-flow pipe: ·• nominal 2-inch sched~le lJ.O p.v~ c. . ,r' 

J:,ength of rnovingiwall secticiri: · J)i--1/2 inch 
.. ,)' 

.=:· 

-.;- . ' ·~ ' . -~.-.. .... 
Length of. flow'-·straightEming .. section: .7 inch · 

;•.' <\~·.<:· .. 
~ ' "' I.' ' 

:• .· 
~~---: ' 

·.:· ·· I,ength of ,test-section: 
. ' 

J.2 ·inch 
'·'·•, 

. ·'. · .. · .' .. · t; .,.,· --:.... 

. , ... -.· 
• -t _-

· .. Length of· converging and di ve{·ging ·section~.: 
', . . 

_ .. -... · .... 
Total number of tapped. holes·: 

-.-·.,.. .. ,· 

-''· 
\ ::; }:.. ' 

.. :_..1-- ',''I 

''· ·-· "~ 

~-. 

,,: . ' ( : : ~' : . -~ ·'·. \, 
. . -~- .. 

,;_i :.·:; .. . :. • ... 
. -:-. . ~ ..... 

·., 
.. 't,.' 

·'· .· ' ~ • : j ·.-:·. . -··· .... · ,_ .. · 

<· ~.. .. ... 

·'· ....... .. · 
·,\ .'· 

·:r ·.: ,., . ; '•.1'.· 

!. : ~ .. 
'i ··.· .. ,_.' . '. 

i . ' ~- .. 

'· ·-·:. 

.· . 
. I 

. ... · 

: .... 

.,-,· 

."!• , •. _ 

~ ;, . 

,;j 

''v_ 

.. . .-. 
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Appendix A 

··:· 

Laminar Decay Behind a Flow Straightener, 
·'j.: ..... . ; . 

'· The x-component of the Navier-Stol';:es momentum equation is: 

::··,.: 
'• 

,, .... 

. ,_ · Assuming 

??u) 
+ 2 

dy 
· .. : 

. ·' .. ·' ,.: .... · 

..,··· 
': ... 
-·\. 

.·· .... 

·.:'• 

, .. ·. 
·,' 

•,, I 

:;- .. : u=U+u'. 
i.:_l .· 

) ' 

,·:,,. 

• .. . ·.· .... · 
~: ': 

. · -vrhere: ·· u' << U 
. ·' . ·.:.· 

the above equation may be linearized. <'Neglecting quadrat~c terms in 11' 

and noting from the continuity equation that the component of velocity .. 
.. ;,,. 

in the y-d~rection, V, must be of the same order as u', the mqmentUm,' \ 

equation becomes: 

.··.' . -~ . 
: ;- ·:·; 

,• 

'·> . 

.... 
. ! 

·', 

Or, us:Lng the non-dimensional variables._ introduced in the .text: 

'' 
The boundaryconditions are: :.···.·. 

.. ';: 
.. A 

-·· · 1). · · u '·X- = U cos 2TfyX· at x·X· 
<. 

0 ....... 
1':: .. · 

'···: 

:. : 

.•. 3) 

.... . ·..-. 

~- 0' 1, _2 ....... ) ·,' 

·:· ....... 
. :~ ".... . . .··.-: .. ':-~~- ·:. ' . .. ... ,: . ' 1• 

· Solve by separation of variables: .• 

.· .. ;·· .... :....:"·._·. 
._,·· . 

•. <'( 
.~• .. . 

•:"; 

·-.:_._1:'· 

·~ ~~ ;. 

• ,. . ·r . '':·. -. , ~ ... ~. . .. 

.., ,. :;~, :!. '-s ·.·:· ~·' ' ·!: ..... ' •. · 

·,,'•. 

'•, 
'' 

~· . . . . . .·· . ;_ . 
-· .··.• 11 

:1 . 

"' 
'!,·· ·h··· \ 

· ... 

.·.: ., 

'·:' 

'··.; 

,•! 
·::· ·.•· . 

;.· .. 

J •·•.· ··_,· as siune _· : :· 
.. , ., 

to ··' ., .. ' 

· .. _ 

'· therefore 
' 

X I y = ]_ ' ( YX 11 .-1~ '• XY. II) 
. 1\e . ' h 

: •' 

':.•,,. 

. ~ /. 
. .. ·i>· 

''· .. 
· .... 

·:·.· 

.. 

~.·· 

. '· 

··~ 



-~ 

... 

''• . 

... ·. 

·or 
xrr 
y = 

. 2 
Letting each side equal -K , 

yn + ~Y = 0 

·therefore Y = A sin KyX· + B cos KyX· 

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

Therefore. Y = B cos KyX· 

also Xn - Reh X' + ~X == 0 

·.therefore _, -r1 x-x- -r2x* 
X - c1 e . + c2e . 

but c
1 

must be zero from J3. C. 3. 

Thus 

·.··where. 

Therefore: 

X ce 
-rx·X· 

-· 

.Jne2 f) 

r - -He + Kc. 
h h. 

-rx·X· 
u '-X· = B cos KyX· e 

but B -- A from B. C.l. Using B. C. 2: 

therefore 

1i 1 ·X· 

y·X· = - CK 

n 
sin K = n'IT 2 

K = 2mr 

sin KyX· 

Therefore, the f:Lnal solution becomes: 

u'-X· = 

. ; where r = 

A 
u cos 

-Re . h 

· ... , .. 

+ 

27TyX· exp -rx·X· 

Ji~e2 + tm2 . • ,, 
h . .• 

. ., 

: '· 
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Appendix B •.· 

A Technique for Splicing of the Belts · 
.• ' . ' 

·. Splicing of the belts has been found to be a very cri tic.al pro·-: · .'·•.·.' 

'--:' 

'· _ .. cedure. It must be done evenly and With liO tension to prev~nt wrinkiing 
. . ' 

; . . . . .... 
'. and drifting of the belts. The technique described here has been. found 

. >;to be satisfactory and may be helpful to future operator's .. 
j• ..... 

>L · Place a complete wall-unit on a workbench with the· stainless si;~el ... 

(. . :~. : . : 

' . :.wall facing up: Cut a piece of . 002 inch thick mylar t.o the proper 

. ~- . 
. ' ~, . •".:l 

width (about· 5-7/8 inches) and l+ or 5 inches longer than required. ':•, ··:· . 

.· 2. Thread the mylar belt through the rollers on the wall..:.uni t, over·~ . 

l'· ,I • 

lapping it on the stainless wall (4 or 5 inches should ov6rlap). Align·. 

,.·. ·. · .. : both ends of the belt carefully. 
·.. . . . ·• . . ' ,/ . 

''· 
:·3. 

' ~ . ' . 
Wet the stainless vall and overlapping areas of the mylar with · 

: _.: ~ :' ~:; 

•, .. _ ... 

';·' 

. denatured alcohol.. This serves to ·adhere and hold the belt in pla.'ce . .. ..-. 
.. 

< '·. )~ ·. with. a metal' straight-edge ra:zor blade' ''cut~thr~ugh the, 
1 ()~eriapping: ·-·~ . ·: .. 

(~ , .. 
:_ ~. . . .· ·. . ·. . . 

:• . 

· . . part of the mylar ~t about a 45° angle ... Remove· the t.;o triangular 
'., r • •• • '" 

t '~ .. 

>6ut if necessary. 
. .. · . . : ... 

The belt should no longer overlap, but should be 
".' 

butted· together at ·a l+5° angle and be ready for splicing. 
', ... 

j • •• · ' 5. Prepare the splicing tape ·as follows: /lay a 16" strip of 1/2" 1.;ide ;,· ·' 

' ,• 001" thick pressure-sensitiv~ mylar tape sticky s'id~ up' len,gthvise C:m ·a · .... 

' ' . one foot' metal 'ruler'. 
·. :-· 

,.' 

. ·, .·,. . · ... • .. ·' ... ' ... _·. . . \ "t: 
Wrap the tape around· the ends of the ruler ·and . ·~ : ,1. 

•"" ,:, • ' • • 1 . ,. 

···:~ .\secure.the'ends of the tape into place onthe.back of the rulerwith'·,· .; ." .. ' 

: ·,' 

l" 

.. C: . 

· .. • 

.. ' • i 
r 

' • ;;. ; maski~g tape. · Allow the ~lcohol on ihe sur'f~c~ anhe belt 'to ~va~o;~ie. .. ·. • ·. . , : 

' .. '':·~he alcohol''. beneath .·the belt.w:i.ll not' evap'orate', .·but \.;iil hold the. belt . ' .. '.· 
. ·• . ~ . ~ . ., ·:., 

. firmly iri place for splicing. , .. 
,''' ' . ... ' !' ·.• 

6 .. 
, 'I • ~· ~- • ,r ; •. \'.. ' :.~ • ,• ' 'I , \. . · 

Align. the tape and ruler with .the cut i'n' the. mylar and press gently 

,r •,' 

',! ,:· 

into place, completing ih~ splice .•. 
·'··. ..·,·. 

: ~ .. 
"1· •. 

' , ..... 



·.,._ 

7 . Hemove the ruler and trim the tape t.o the edges of the belt. 

• • 

I' 

/ 

:;·... ..· .. 

,/ 

f. ..,.· 

·.· .. 

... ·. ·:;· .... :··· 

·. -· .. 

')o, 

..... 
... J 

'-;.-·. 
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report, or that the use of any information, appa­
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such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 




