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a g g r & a s 3
A unlque facility for studying cavitation phenomenahas been d.evel--

oped at tbe St" Snthony FaILs ffiraulic Iaboratory of the [n:iversity of Hin-
nesotaln the fo:sn of a gravity*flow free-jet water tunnel whlch makes use of
the 50-ft drop in the Hississippi Rlver at the Falls where the Laboratory is
sitnated" ?he tunnel is an outgrowth of projects sponsored by the Office of
Naval Eesearch and is wed for experi"rnentel studles of cavities wrder sn ex-
eeptiondly wlde range of conditions, espeeiallyat sma1l cavitation numbers"
Botb axie]]y syrunetric and tuo-d.iroensional test sections have been provid.ed"

Tbe facility differs from customa4r water tu:nels in that tfte test
jet is suJroundedby a gas-*llled chanber j-n which the pressure c€ur be lowered.
to near\r Yapor pressur€ of tbe l-iqldd str€am. Operati-onis entirely by grav-

ity flLor; no prqps a:re required either for actuati-ng the strean or producj-ng

vacuur in tle test cbanber. lbe testjet j-svertical, hO in. 1ong, and flows
at speeds uP to 5O fps. the axially synrnetric jet is 10 j-nches i-n dianreter,
rhilLe the alternate tro-dj-nensional jet is 5 in, thick betseen rigid sa]-ls
ard of adjustable ridth from 6 to 15 in. betrseen free boundaries. A motion
picture has been prepared to describe some of the tunneL features and the
operating charaeteristi-cs "x-

"St. 
Snthony Falls Grality-Flow Flee-JetHater Trunel, $t, Ant*iony FaI[s

I*ydrau 
-6d'AffiJ, 

silentn

Y

... 

A B S T RAe T 

A unique facility for studying cavitation phenomena has been devel­

oped at the St. Anthony Falls HYdraulic Laboratory of the University of Min­

nesotain the form of a gravity-flow free - jet water tunnel which makes use of 

the 50-ft drop in the Mississippi River at the Falls where the Laboratory is 

situated. The tunnel is an outgrowth of projects sponsored by the Office of 

Naval Research and is used for experimental studies of cavities under an ex­

ceptionally wide range of conditions, especiallyat small cavitation numbers. 

Both axially symmetric and two-dimensional test sections have been provided. 

The facility differs from customary water tunnels in that the test 

jet is surroundedby a gas- filled chamber in which the pressure can be lowered 

to nearly vapor pressure of the liquid stream. Operation is entirely by grav­

ity flow; no pumps are required either for actuating the stream or producing 

vacmDn in the test chamber. The test jet i s vertical, 4 in. long, and flows 

at speeds up t o So fps . The axially synnnetric jet is 10 inches in diameter, 

while the alter nate two- dimensional jet is 5 in. thick between rigid walls 

and of adjustable width from 6 to 15 in. between free boundaries. A motion 

picture has been prepared to describe some of the tunnel features and the 

operating characteristics.* 

-r~ St. 
HYdraulic 
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TI.IE ST. ANTHO}{Y FAITS }ffDRATII,IC I,ABORATORT

GRAVITY-FLO}f FNSE-JE? WATER TUI{NEL

r " I}TTRON{IC?ION

A, Baekground

Researeh was undertaken at the St, Anthony Falls l{;ntraullc Labora-
t,ory jn L9b9 bo explore the eharacteristics of various t;rpes of water-tunneL

test facilities" This research resulted 1n special effort bei:lg directed
pri-narily to eti+lortng the nerj.ts of the froe-Jet type of water tunnel, as
distiagulshed fron the eustomarxr closed-jet and open-jet $ryes, rt may be

noted thatjn the elosed-jet tr.rvrnelthe liquid traversestbe test sectlon rith-
ilra solid boundarSr, while in ihe open-jetturmel the teststream passes through

a chanrber of relati-ve1y statie liquid surroundingthe strea:nn Turu:els of tlre
closed-jet and open-jet tnoe have been used as hydrodynamic test facilities

for narqr years. fhe first practi-eal free-jet trmnel was probably constnrcted
at G6ttingen, Germany, and was d.escribed. by II" Bej-chardt [1]+r b 19h5. This
tunnel had a rectangular, borJ-zontal- jet with soIid boundaries in the front
and rear and trfreetr interfaces at tbe top and bottom, The jet was 5.9 inn
ride and 7.8 in, high and had a naxirm:m speed. of about 33 fps. The jet dis-
charged into a closed vertical steel terk where the free entrained. air eor:ld
settle out, The faeility nas actuated b;r a reeirculating prlrrping unlt oper-
ating on the return condult from the tank"

The free-Jet type of tr:nnel is espeelatly useful for studyi:rg flow
about bodies at sma1l eavitation nusrbers"r# Thls is true, first, because of
an irherent resistance to cavitation of tbe tw:nel itself, Earlier studies
at the St" Anthony galls Ifirdraulic Laboratory had shosn that in an open-jet
tJpe of tunneL with no body i":r the test section, setf-prodr:ced. shear edd:ies
occured which lrould begin to eavitate shen the carritation number decreased
rmrch belcw 0"1+0, $iqlilar testsj-n a closed-jet type of twlnel lndicated that
boundary waIL eavitation noulci oscur i-f the caviiation number decreased mucb
below 0"05" the l-atter loser liiliit eas associated with a testsection of re-
fi:red form and smal1 size; i.t could be eoasj-derabJ-y higher for larger and

*N,*b*r" 
in braekets refer to the tist of Referenees on p. 2i.1.

#Cavitation 
n'umber is defined by Eq" {1) on p, 5n

A. Background 

THE ST. ANTHONY FALLS HYDRAULIC LABORATORY 

GRAVITy-nOW FREE-JET WATER TUNNEL 

I. INTRODUCTION 

Research was undertaken at the St. Anthony Falls Hydraulic Labora­

tory in 1949 to explore the characteristics of various types of water-tunnel 

test facilities. This research resulted in special effort being directed 

primarily to exploring the merits of the free-jet type of water tunnel, as 

distinguished from the customary closed-jet and open-jet types. It may be 

noted thatin the closed- jet tunnel the liquid traverses the test section with­

in a solid boundary !I while in the open-jet tunnel the test stream passes through 

a chamber of relatively static liquid surrounding the stream. Tunnels of the 

closed- j et and open-jet type have been used as hydrodynamic test facilities 

for many years . The firs t pr acti cal free-jet tunnel was probably constructed 

at Gc5ttingen, Germany, and was descr i bed by H. Reichardt [l]~~ in 1945. This 

tunnel had a r e ct angular , horizontal j et with solid boundaries in the front 

and rear and "freel! interface s at t he top and bott om. The jet was 5.9 in. 

wide and 7.8 in. high and had a maximum speed of about 33 fps. The jet dis­

charged into a closed vertical steel tank where the free entrained air could 

settle out. The facility was actuated by a recirculating pumping unit oper­

ating on the return conduit from the tank. 

The free~jet type of tunnel is especially useful for studying flow 

about bodies at small cavitation numbers. '1'& This is true, first, because of 

an inherent resistance to cavitation of t he tunnel itself. Earlier studies 

at the St. Anthony Falls Hydraulic Laboratory had shown that in an open-jet 

type of tunnel with no body in t he test sect i on, self-produced shear eddies 

occurred which would begin to cavitate when the cavitation number decreased 

much below 0 0 40. Similar test sin a closed-jet t ype of tunnel indicated that 

boundary wall cavitation would occur if the cavitation number decreased much 

belm'l 0.05. The latter lower limit was associated with a test section of re­

fined form and small size; i t coul d be considerably higher for larger and 

*Numbers in brackets refer to the List of References on p. 24. 
~-~Cavitation number is defined by Eqo (1 ) on p. 5. 
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crud.er turnnels" On the other hand, tlre free-jet bound.aryproduees no cavita-

tlon r.rhatsoevera In addltion to the i::herent cavltati.on lir*its of open and.

closed ty?es of t*st section boundaries, thereis a blockage problera that oe-

curswhen test bodies are placedin the test seetionsof these tunnels" Block*

age does not oc$trin the free Jet, The blockage problem has been fi:J.ly dis-

cussed by Birkhoff, flLesset, and Sjrmrons [2]o Bven when rodies are tested

sithout cavities, ths wail correctlor:s in the free jet are slnaller in magni-

tude than those i-rr a el-osed jet for equal-sized bdles arrd jets"

lgith a d"esire to study the cavitation research pos$ibillties of a

free-jet faci1lty, the L*orat€ry undertook exploratory tests wlth a pilot

experimental tunneL hauing a 2-in" *ianreter test jet, .& veloclty of $0 fps

and pressuresnear vapor pressurel'lere aehieved in-i.:he pilot tunnel" The teste

w*re elementary in natr:re but served to establish the follorring si-gn:ifieant

conclusions;

(1) Preferably ttre jet shorrld be directed d.ourward to ra:in:i-

ralze grauitational distortlon of the jet and to take ad-

varrtage of gra:nitatlonal drerinage of t&e test section for

steady- state cavities;

(2) Sonrecirculating fLow is advantageoas t,o efiminate ttre

possibility of reeire'r:latlng air ix the systern and the

serious flow instability that results ttrerefron; noare-

circulating flow also avoids water ternperatr:re rise;

(:) Effective means of reeovering the klnetic enersr of the
jet are not apparent and th:is enerryJ-oss must be aceepted

in the design;

(L) $atr.rra} entrair,sent of alr s* the Jet 3-nterface at kigh

speeds aspirates suffieient a:j-r fa"om the test" section to

plxrdt any des5-red. dramber vaeuu::,1. srithont au*i1iar:r vae-

uun prunping equipnen*,,;

(5) A teet jet clf eireular ar6ss s*etion posse$s€s good. f3-orw

r:niforxrity andcen be effeetively fitted. witb ei:rved con-

taet vierring windows;

{6) }treasurements of pressure at 1os pressures are inherentl-y

$ore &ccllrate in the free jet tha* in ather tunnel !;rpes

2 

cruder tunnels. On the other hand,9 the free-jet boundary produces no cavita= 

tion whatsoever. In addition to the inherent cavitation limits of open and 

closed types of test section boundaries,9 thereis a blockage problem that oc­

curswhen test bodies are placedin the test sectionsof these tunnels. Block­

age does not occurin the free jeto The blockage problem has been fully dis­

cussed by Birkhoffj Plesset ,9 and Simmons [2]. Even when bodies are tested 

without cavities j the wall corrections in the free jet are smaller in magni­

tude than those in a closed jet for equal~sized bodies and jets o 

With a desire to study the cavitation research possibilities of a 

free-jet facility.9 the Laboratory undertook exploratory tests with a pilot 

experimental tunnel having a 2~ino diamet er test jet. A velocity of So fps 

and pressures near vapor pressure were achieved in t he pilot tunneL The tests 

were elementary in nat ure but served to est ablish the following significant 

conclusionsg 

(1) Preferably the jet should be directed downward to mini­

mize gravitational distortion of the jet and to take ad­

vantage of gravitational drainage of the test section for 

steady-state cavities, 

(2) Nonrecirculating flow is advantageous to eliminate the 

possibility of recirculating air in the syst.em and the 

serious flow instability that results therefrom, nonre­

circulating flow also avoids wat er temperature rise ; 

(3) Effective means of recovering the kinetic energy of the 

jet are not apparent and this energylos s must be accepted 

in the design; 

(4) Natural entrainment of air at the jet interface at high 

speeds aspirates sufficient air f r om the test section to 

permit any desired chamber vacuum. wit hout auxiliary vac­

uum pump1.."lg equipment ;; 

(S) A test jet of circul ar cross section possesses good flow 

uniformit y and ean be effectively f itted wit h curved con~ 

tact viewing windows ~ 

(6) Measurements of pressure at low pr essures are inherent~y 

more accurate in the free jet than in other tQnnel types 



because gaseous rather than liquid pressure :$easurements

are involved, and thus cavitation does not ocerr fur the
measuriag system;

(z) ilsefu1 studies of ttre interaction between a test body and
a fi-aite free-Jet stvea:n would require a tu::nel larger
than ttre 2-in. diameter pilot jet,

B, ?he Sbee-Jet Tunnel

0n the basis of ihe find:ings of the 2-1n" tunnel stud:les, pd in
vies of the sirbstantial natural sater supply and head uniquely availalle at
St. Anthorry Falls on the Flississippi ftlver, the new tururel vas designed as
a nonreclre*lating gravity-fIow system. This was particrrlarly ad.vantageous
because the erpense of installing a variable-speed. punp and dri.ve syste*a with
po'!{er reqairementsof the order of 150 hp vas elirninated" &11of the features
of the pilot modelsere reallzed inthe larger tunnel" A disadvantage of thls
system ls that dwing spring floods, partieularly, and to a eertain extent
durlng the swr,€r months the river water is slightly colored and ca:ri-es some
fine nineral-and organ{c solids. Th-is reduces the transparencyof tbe stream.
Thereis also oceasional difficultyrrith snal1 grass-like filaments whieh tend
to colleeton eharp ed.ges placedin the test stream. lfhenthe river is covered,
by ieein the winter, the uater is very transparent and there are no apparent
foreign bodies in the streasi,

The tunnel sas originally equipped rrith an axially symxretric test
sectlon housing a 10-i-n. dianeter circular je!. Thetunnel lrith axially syn-
metric test seetion is shown i.n tbe frontispiecein an artistts renditlon and
schematically in Fig. 1. Figure 2 is a photograph of the a:rially qrmmetric
test seetlon. Both tbe basic tturnel and. axially symmetric test section are
deseribed in detail in $ection II, folloering, klithjr] the test seetion test
bodies are supported jri ihe strean by an a:cia1 sting as *ray be seen in Figs.
9 and 10. Casitation phenomena are observed. and photographed. through eoa-
tact trjJrdows in the housi-ng. $o dynamometer has been provided, as pt for the
alcia,lly sJmunetric test section" fiesults of some ilvestigati-oss perfornred, ln
this test section are given in a projeet report of the Laboratory [J].

Subsequently, tb axial.ly symmetrictest section wasadapted to test-
ing tno-di:aensional bodj-es at small cairj-tationnusrbers by Jnserting two paral-
1e1, thin plates longltudi-na1ly and syrnmretrically in the 10-in. Jet. The

because gaseeus rather than liquid pressure measurements 

are invelved, and thus cavitatien dees net eccur in the 

measuring system; 

(7) Useful studiesef the interactien between a test bedy and 

a finite free-jet stream weuld require a tunnel larger 

than the 2-in. diameter pilet jet. 

B. The Free-Jet Tunnel 

3 

On the basis ef the findings ef the 2-ins tunnel studies, JIld in 

view ef the substantial natural water supply and head uniquely available at 

St. Antheny Falls en the Mississippi River, the new tunnel was designed as 

a nonrecirculating gravity-flew system. This was particularly advantageeus 

because the expense ef installing a variable-speed pump and drive system with 

pewer requirementsef the erder ef 150 hp was eliminated. AlIef the features 

ef the pilet medel were realized in the larger tunnel. A disadvantage ef this 

system is that during spring fleeds, particularly, and to' a certain extent 

during the summer menthsthe river water is slightly celered and carries seme 

fine mineraland erganic selids. This reduces the transparencyef the stream. 

There is alsO' eccasienal difficultywith small grass-like filaments which tend 

to' cellect en sharp edges placed in the test stream. Hhenthe river is cevered 

by ice in the winter, the water is very transparent and t here are nO' apparent 

fereign bodies in the stream. 

The tunnel was eriginally equipped with an axially symmetric test 

section housing a 10-in. diameter circular jet. The tunnel with axially sym­

metric test section is shO'\'m in the frontispiecein an artist's rendition and 

schematically in Fig. 1. Figure 2 is a photograph of the axially symmetric 

test section. Both the basic tunnel and axially symmetric test sectien are 

described in detail in Sectien II, following. Within the test sectian test 

badies are supported in the stream by an axial sting as may be seen in Figs. 

9 and 10. Cavitation phenemena are abserved and photagraphed threugh con­

tact windews in the hausing. NO' dynamameter has been provided as yet far the 

axially symmetric test sectian. Results af same investigations perfermed in 

this test sectien are given in a preject report of the Laboratory [3). 

Subsequently, the axially symmetrictest section was adapted to test­

ing twe-dimensianal badiesat small cavitation numbers by inserting twa paral­

lel, thin plates lengitudinally and syrmnetrically in the 10-in. jet. The 
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plates were 5 in" apart, producing a nearly reatangular test strean i in' by

10 inches in eross geetion, lbo*dj-nrensional bodfes spanned the 5-jn" space

betr*eenplates. The arrangementand sone of the resultsobtained are descrlbed

jn References []+] at]d l5], Although the two-d:imensicnal results were quite

':rseftr1a tbere were eertain lj*ritations to this tururel arrangenent, described'

jn Reference [5], whiehnade it desi-rableto wonk witha better two-dimensional

test section"

ffinally, a nelil, perrnanent, two*di:nensicnal test-section housing ldas

provided, The two-dtnensional Jet is 5 in" thick between rigid walIs and of

adjustable width from 6 to 15 in" between free boirndaries. Figure 3 is a

photograph of the two-dimensional test sectj-on *rhich is described in detail

in $eetion fII, following. The two-dimensional test section, together with

its approaeh pipe and nozzle, is completely interchangeable with the a:ria1Ly

slnir*etric test sectj-on and nozzS-e" (It requlres two to three days for two

men to interchange the axially symmetrie and tso-d:imensional test sections"

Tf this etrange were made frequently, less tine would be requlred, ) ?tre tl*o:

clir,rensional test seetion aecepts cylindricaL bod:ies of S-i:n" $Pmp supporting

them at their endson the rigid walls" D;mamometers of the nuLL-balaneer hy-

drar:-lic load-cell type are provided for measuring 1ift, drag, and pitchlng

moment, The test section is corapletely transparent,

The baeic method of operatlon of the tunnef is the same regard.less

gf the test section that is installed, As may be seen from Flg. L, the tun*

nel operates by gravity, taking saterfrom tlre trpper riverpool at $t" Ant'hony

S'a11s a31d wastlng it t* the lower poo1. There j-s a tot&L drop of 5O ft Ue-

tseen pools. ?he test seetion j-s vertiealand test bodies are loeated tliere*

in at about 3L ft above taifwater height and at eye level frora tbe operating

ff.oor, The tunneS- is operated by cpen5ng the inlet valvein the supply ehan*

nel to 1et water i::to the tr:r:ne3-, and the di-scharge valve at the dor+nstream

end of the tr:nnel to let it outo ?fater passing through the tunnel entrains

the lnteriorair and camies lt out of the structure, thus reduclng the test-

section pressure, ?fhen the test secticn is sealed, the ai-r therein is eom*

pletely removed by the fa11lng jet, and the pressure is redueed to the vapor

pressure of water by the weightcf the waten eoinmn suspended in the vertiaaL

pipe aetingas a baroneter, Pressures betr'reen vapor pressure and atmospherie

pressure are obtained by adndtting controll-ed quantit'ies of atraospher5-e air

to tlre test section, thereby ba3"ancing the entraining action of ths jet and
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plates were 5 in. apart~ producing a nearly rect angular t est stream 5 in. by 

10 inches in cross section. Two-dimensional bodies spanned the 5-ino space 

betweenplates. The arrangementand some of the results obtained are described 

in References [4] and [5]0 Although the two-dimensional results were quite 

l~eful, there were certain limitations to this t unnel arrangement~ described 

in Reference [5L whichmade i t desirabl e to work with a better two-dimensional 

test section" 

Finally~ a new~ permanent~ two-dimensi onal test-section housing was 

provided" The two~dimensional jet is 5 in. t hick between r igid walls and of 

adjustable width from 6 to 15 in. between free boundaries. Figure 3 is a 

photograph of t he two~dimensional t est section which is described in detail 

in Section III .\> following . The two~dimensional test se ction ~ t ogether with 

its approach pipe and nozzle ~ is completely int erchangeable with the axially 

synunetri c test section and nozzle . (It requires two t o three days for two 

men to interchange the axially symmetric and t"lO-dimensional test sections" 

I f thi s change were made frequently .s> less t i me would be required.) The two­

dimensional test section accepts cylindrical bodies of 5-in. span .s> supporting 

them at their endson the rigid walls. Dynamometers of the null-balance~ hy­

draulic load~cell type are provided for measuring lift ~ drag~ and pitching 

moment 0 The test section is complet ely t r ansparent. 

The basic me t hod of operation of the t unnel is the same regardless 

of the test section that is installed. As may be seen from Fig. 15> the tun= 

nel operates by gravity.\' taking water from t he upper r iver pool at Sto Ant hony 

Falls and wasting it to the l ower pool. There is a t otal drop of 50 it be­

tween pools. The t est section is vertical and t est bodies are located there­

in at about 34 f t above tailwater height and at eye level from the operating 

floor 0 The tunnel i s operated by opening t he i nle t yalve in the supply chan~ 

nel to let water into the tunnel.\) and tl:..e dis charge valve at the downstream 

end of the tunnel to let i t out" 'Wat er passing through the t unnel entrains 

the interiorair and carries it out of the structure .\l t hus reducing the t est= 

section pressure . When the test section is sealed\> the air therein is com= 

pletely removed by the falling j et.s> and the pressure i s reduced to the vapor 

pressure of water by the weightof the water column suspended in the ver t i cal 

pipe actingas a barometer . Pressures between vapor pressure and atmospheric 

pressure are obtained by admitting controlled quantities of atmospheric air 

to the test section.s> thereby bal ancing the entraining action of the jet and 
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lorerdng tfr* **t"" eo}:rsro The aspiratS.ng asbi.on is so effective that pres-

sur€s aear vapor pressure can be obta:ined j_n a few seconds after sealing the

test section, A stable pressure level ts readily maintained by controlling
the pressr:re bleed valves vislble in Figs" 2 and J, The spcimun velocity

available fui the tunnel ls 50 fps, but thj-s naxjrrunr is treduced as the opela-

ting pressnre ls i"ncreased by adrnitt5ng air. At a given operati-ng p"essure,

any veloclty below tlre rra:cirmm may be obtai-ned by eontrol of the water-irrlet

valve, the usual operating range is betseen 30 ard J0 fps. (At veloclties

belos about, J0 fpsr secondargr gravitatlonal effects may become iqportant,)

The test-section gas pressure is transmitted throughout the jet,

naintair::ing theJet at uni-forrs pressure, B5r neasuring the test-section pres-

sure po andthe test streexs velceity at body height Vo, a cavltatlon num-

ber for arrSr test body is obtained fronr the forrulas:

D  - D' o  ' v
- -

v q
(ra)

P o - P k
O l .  C  = - (* ;

rhere q oI ou is the cavltation number,

py is th€ Yapor pressure of sater at the operati-ng temperaturre,

11 i" 
*" 

:reasr:red cav5.ty Fressnpe {for quas5.-steady cavities),
q = pv-4/2 Ls tb6 reference dynanrie presswe, ando
p is the denslty of nater.

Orty Eq. (fa) can normally be ueed ehen a test body exhibits bubble carnita-

tion. (Snaff bubbles forraat randon nearthe 1ow pressure region and col-lapse

donnstnean.) fhls tunnel is gtost usefirl at s$all eavitation ntlrbers lshere

longr quasi-steady, hollotr cavities forra behlnd a body, It is la:own that i&

such caritles the isternal pr€ssure tends to be soraewhat higher than vapor

pressure. Ihder tbese eireurnstar:ees, Eq. (fU) is preferable as a definition

for cavitation nurnber. The tr:nnel test seetions penrit reasuriag internal

cavity pressures pk for use ln Eq. (tti,

Fortunately, 1ow pl€ssure and htgh veloeity occur sintultaneously ln

thls free-jet tur:ne1. Consequently, it is easy to obtirin extremely lolr cavi-
tatlon nwabers. In the tno-dimensionaltest seetlon, test bodies can actually

.. 
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lowering the water column. The aspirating action is so effective that pres­

sures near vapor pressure can be obtained in a few seconds after sealing the 

test section. A stable pressure level is readily maintained by controlling 

the pressure bleed valves visible in Figs 0 2 and 3. The maximum velocity 

available in the tunnel is 50 fps, but this maximum is reduced as the opera­

ting pressure is increased by admitting air. At a given operating pressure, 

any velocity below the maximum may be obtained by control of the water-inlet 

valve. The usual operating range is between 30 and 50 fps. (At velocities 

below about 30 fps, secondary gravitational effects may become important.) 

The test-section gas pressure is transmitted throughout the jet, 

maintaining the jet at uniform pressure 0 By measuring the test-section pres­

sure Po andthe test stream velocity at body height Vo' a cavitation num­

ber for any test body is obtained from the formulas: 

p -
0 Pv 

() = v 
q 

p -
0 Pk 

or () = 
q 

where () or () is the cavitation number, 
v 

• 

Pv is the vapor pressure of water at the operating temperature, 

Pk is the measured cavity pressure (for quasi-steady cavities), 

q = pV 2/2 is the reference dynamic pressure, and o 
p is the density of water. 

(la) 

(lb) 

Only Eq. (la) can normally be used when a test body exhibits bubble cavita­

tion . (Small bubbles format random near the low pressure region and collapse 

downstream.) This tunnel is most useful at small cavitation numbers where 

long, quasi-steady, hollow cavities form behind a body. It is known that in 

such cavities the internal pressure tends to be somewhat higher than vapor 

pressure. Under these circumstances, Eq. (lb) is preferable as a definition 

for cavitation number. The tunnel test sections permit measuring int~rna1 

cavity pressures Pk for use in Eq. (lb)o 

Fortunately, low pressure and high velocity occur simultaneously in 

this free-jet tunnel. Consequently, it is easy to obtain extremely low cavi­
tation numbers. In the two-dimensional test section, test bodies can actually 
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be studied at zero cavitation number. ?his is acco:nplished !y si-tap1y split-

ting the jet so that the cavity literalIy extends to infinity attd t&e aavity

pressure and chanber pressere are equalto eaeh other" The axiallSi sSrmraetrie

jet cannot be split lehi-Le retaining axiaL s3r,'ranetry" If tite cavity is r:ot

splito there is a inini:num workable eavitetion number thai is obtainabl-e in

the tunnel" This mininl:ra is, however, eensiderabS-y lower tlran for an equiv-

alent closed- or open-jet tunne1-" The rearkir:g rnininrum is determlned by the

requirementthat the cavity shor:-1d not exeeed the approxi-mately l+O-in*'length

of the test section, and hence d.epend.s on the body under'test, A L5-degree

l/li-in. sone has been tested j:r the axial.ly slrnnetrie test seeti-fi) at c, =

0"005" Tn the two*dj:nensional test seetion.o an equaLly 3-ow cavitatieil rrlllll-

ber has been obtained sith a hydrofoil of 2"5-in" chord at a Z-degree angle

of attack,

The water jets in both the arial.ly synuneirlc ald bro-d:imensisnal

test seetions are quite turbulent, The tr:rbrrlence is belj-eved to originate

in the flow through the inlet valveo Tr:rbulence spheres of 2-in" and 1-1/[-

i-n" dianeterwere used i"n the axially syrnnetric jet ln ord.er to obtain a quan-
'i;itative estisate of this turb'r:-1ence, fhe sphere boundary layer was asst:Ened

to pass through erilicalwhen the wake pressure coefficientrose ta 1,22 (eor-

respondS-ng to a d,rag eoeffiaient of 0,3), ?ransition occr:rred at 20 and 36

fps on the 2-in" and 1:1/!-in" spher€s, respectivelyr'indieating a critical

ReyaoSds nrxnber of the order of 2O0r000"

Co Personnei

?he gravity-fl-ow free-jet turael in j-ts present form is the result

of the combined efforts of many people, and ti::is paper 5-s a condensation of

reports prepared by several of them" Lorenz G" Straub, Direetor of the Lab-

oratory, rsas instnxaental in *he general planning for the tunnel and in se*

cr:rlng supporb for its construction, John F, Ripken was 1-argeLy responslble

for the original design concepts and has been eoneernedmore or l.ess aatively

with all subsequent rsod.ifications, Charles D" Christopherson eondueted. the

pilotmodel studies and preparedtJre original report deserlbl-ag the twrneS and

a:ci-ai-ly s;nr*etric test section" Edsard Si-Lbersan eonceived and pJ-anned the

fu'ro-dineasional test seetion, Ernest E3-guther prepared raost o"f, tl:.e detaiL

deslgn drawlngs, andJoseph Bauer performed rcuchaf the most diffleu.lt maeh:ine

work, In add:iti-on, nany af the researeh assistants and shop people at the

· ; 
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be studied at zero cavitation number o This is accomplished by simply split~ 

ting the jet so that the cavity literally extends to infinity and the cavity 

pressure and chamber pressure are equal to each other. The axially symmetric 

Jet cannot be split while retaining axial symmetry 0 If the cavity is not 

split, there is a minimum workable cavitation number that is obtainable in 

the tunnel. This minimum is» however, considerably lower than for an equiv­

alent closed- or open-jet t urmeL The working minimum is determined by the 

requirement that the cavity should not exceed the approximat-ely 40-ino ' length 

of the test section, and hence depends on the body under ' test. A 45~degree 

1/4-ino cone has been tested in the axially symmetric test section at (J" = 

0.005. In the two~dimensional test sectionS' an equally low cavitation num­

ber has been obtained with a hydrofoil of 2.5-ino chord at a 2~degree angle 

of attack. 

The water jets in both the axially symmetric and two-dimensional 

test sections are quite turbulent. The turbulence is believed to originate 

in the flow through the inlet valve. Turbulence spheres of 2~in. and 1-1/4-

in. diameter were used in the axially symmetric jet in order to obtain a quan­

t itative estimate of this turbulence. The sphere boundary layer was assumed 

to pass through criticalwhen the wake pressure coefficient rose to 1.22 (cor­

responding to a drag coefficient of 0 0 3)0 Transition occurred at 20 and 36 

fps on the 2-ino and 1-1/4-in o spheres, respectively,· indicating a critical 

Reynolds number of the order of 200,000. 

C" Personnel 

The gravity- flow free~jet turmel in i ts present form is the result 

of the combined efforts of many people 3 and tp~s paper is a condensation of 

reports prepared by several of them. Lorenz G. Straub, Director of the Lab­

oratory3 was instrumental in the general planning for the t unnel and in se~ 

curing support for its construction 0 John Fo Ripken was largely responsible 

for the original design concepts and has been concerned more or less actively 

with all subsequent modifications. Charles D. Christopherson conducted the 

pilot model studies and prepared the original report describing the tunnel and 

axially symmetric test section. Edward Silberman conceived and planned the 

two-dimensional test section. Ernest Elguther prepared most of the detail 

design drawingsj and Joseph Bauer performed mucho! the most difficult machine 

work. In addition3 many of the research assistants and shop people at the 
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Laboratory have eontributed. to tbe routlne scrk of testStg, assembll"ngy md

dlsasserabllng the varioas tunnel components during the derrelopmental stages"

Construetionof the tunnel sas made posstble through the assistance

of the 0fflce of Haval- Hesearch, Iirrited States Deparfunent of the Sar6r, under

Contracts l{6 onr-21+6, fask Order FI, and 710(2h)"

II. ?I{E TUNNEL AI{D AXIATLY S1},1I'1ETRTC TEST SESfIO}I

A. The Tunnel Stmretu.re

$one of the general featr:res of the free-jet tr:nnel struct'r:re have

al-ready been described igr Seetion I snd. shcs+nin the Fronti.spiece and in Figs"

lt 2, and 3" The bulkof ti:e structure is welded from structwal steel plate

and pipe" Seferr -ng te Fig" l, the trmnel .eor:slsts sf tso major sections,

Tbere j.s a.n upper sect'j-on consisting of the in-lei valve, horizontal condu:it,

niter elbow, and a short sectj.on of 30*in" diameter piFe, This is supporbed

by the na-11 of the headwater pool at one end and at the other by a set of

four colurans, ssre of Hhieh are visible in Figs, 2 and 3e anchored to tbe

Iaboratory foundation" fhe lower sectlon of the tunnel consj-sts of a long

vertiea-1 conduit srd discharge valve. The lower section is independently

anchoredto tbe Laberatcry foundati-on" Thetest sections, together with iheir

nozzles, are fitted. between the upper and loner seetloni of the ti:nr:el"

The inlet valve 1s pushed open and held in that position by a hy*

draulic cylinder, fhe val-ve is closed by r*ater pressurein the headpool when

Iressure is released in the eyL5"nder" kessure in the eylinder is beilt ep

usitg a hand purupo Sne eiyoke of tire FuI:p op€ns the valve about 1/8 i*ebes,

lbe valve is usr:al.ly opened from 3/l+ to 3 ln, dwing tr:r:ne3 operalion" TLE

hgdraulic control system for operating the i.:nlet valve, es welL as siher tun-

neI eonponents, is shfisn schesratice]l]r icr Fig. l+" ?he eontrolsystero is hsused

fu a stand, shovn i-n Fig" 5u the baek of whrieh is visj-ble in Figs, 2 and 3,

Tbe stand contains indj-eatlngctiels showing tlre pos*tionof the i:rlet and elis-

cbarge valves at all ti:rnes" ?hese dials ara eabl-e*operated fron the valv€s"

The guide rra.nes, shich forni an int"egraS p.*rt of the niiter elbou,

areof tbe circular segnerrt Qpe" They are supportednlong the raiter at thei.r

outer ends b;r beiag taek-welded to the ws^ll-s of the elbow, and a"1ong the el*

bos axis by being weLded to a faired splitt*r whish in t*rn is welded to the

elbot* rralls at both corners of the bend" Speei-fiaatisas for the vanes and
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Laboratory have contributed to the routine work of testingy assemblingy and 

disassembling the various tunnel components during the developmental stages. 

Construction of the tunnel was made possible through the assistance 

of the Office of Naval Research, United States Department of the Navy, under 

Contracts N6 onr-246$ Task Order VI ~ and 710(24)0 

110 THE TUmIEL AND AXIALLY SYMMETRIC TEST SECTION 

A. The Tunnel Structure 

Some of the gener al features of the free~jet tunnel structure have 

already been described in Section I arJ.d shownin the Frontispiece and in Figs. 

1, 2, and 3. The bulkof the structure is welded from structural steel plate 

and pipe 0 Referring to Fig. ljl the tunnel .consists of two major sections 0 

There is an upper section consisting of the inlet valve , horizontal conduit, 

miter elbow, and a short section of 30~ino diameter pipe. This is supported 

by the wall of the headwater pool at one end and at the other by a set of 

four columnss> some of which are visible in Figso 2 and 3, anchored to the 

Laboratory foundation. The l ower section of the tunnel consists of a long 

vertical conduit and discharge valve 0 The lower section is independently 

anchored to the Laboratory foundation. The te st sections y together with their 

noz zles, are fitted between the upper and lower sections of the tunnelo 

The inlet valve is pushed open and held in that position by a hy­

draulic cylinder 0 The valve is closed by waterj pressure in the headpool when 

pressure is released in the cylinder. Pressure in the cylinder is built up 

using a hand pumpo One stroke of the pump opens the valve about 1/8 inches. 

The valve is usually opened from 3/4 to 3 ino during tunnel operationo The 

hydraulic control system for operating the inlet valve 9 as well as other tun­

nel components.\> is shown schematicaJ..lyin Fig. 4" The control system is housed 

in a stand, shown in Fig" 5.\> the back of which is visible in Figs 0 2 and 3 .. 

mhe stand contains indicatingdials showing the positionof the inlet and dis­

charge valves at all times. These dials aI"e cable~operated from the valves. 

The guide vanes ll which form an integral part of t he miter elbow.ll 

are of the circular segment type 0 They are supported along the miter at their 

outer ends by being tack-welded to the walls of the elbow.\> and along the el­

bow axis by being welded to a faired splitter which in turn is welded to the 

elbow wall s at both corners of the bend 0 Specifications for the vanes . and 
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sp3-itter, which are fabricated from sta:inless stee1, are given 3.n Fig" 6" At

the top of the horl-zontal 1og of the elbowu a short 6-in" diameter aireular

pipe has been fittedto the elbow wall and eovered with a transparent aerylic

resin plate, This arangement permits visual 5-nspection of the gulde Yan€s

and easy aceessto thenfor eleaning puf,poses, The pipe alsa acts as an ai-r*

collection domeu irapptng bubbLes producedby the hlgh*speed flow through the

annular vaf-ve oper:^tng, Sol-leeted air is sucked off by v&eu1lm frora an enter*

na1 sourceo A thesnoneter well for obtainlng water temperature is also pro-

vided at the mi-ter elbow"

the vertical cond.ult of tbe Lower-tr:nnel seetion is divided into

two parts at ttre operating-fLoor levelby a short rubber pipe coup15ng" Eaeh

part is independentJ-y sapported fromtle foundation" ?he rubber eoupJ-ing pre-

*r-onts vibrations generated by the alr-entraining action frorn reaching the

test seetion,

The tunneld:iseharge valve isalso $rdraulically aetuated" Pressur*

izing the hydrauli-c cylinder eloses the valve aad the va-Lve opens by gravity

and r,raterueigbt when pressure is releasedo Thj-s valve is aormally used fully

open--about 5 inches, Its nain use j-s to elose the tr:nnel shen sater is di-

verted for ealibration" I{owever, it nay also be used in corxreation rrith the

i-*let valve and ajr-bleed. valvesto control twrnelveloeity and pressnre" Ttle

iest section of the tu:rnel ean actual ly be flooded by use of the discharge

valve, causing the tunnel to operate as a lor+-speed open-Jet faeilit'y"

B. fhe Axially Syrnmetric Test Section and Nozzle

fhe axlally symnetrictest section and nozzleare instal3-ed together

in the tunnel, and have been shown in Fig. 2" The nozzle eontpaets t,be flow

from the 3O-1n" supply pipe to the 10-in, test-stream dlameter, ?he noazle

ter*rinatee l*0 in" above lhe entranee to the discharge pipe 1n s 30 in. 0o So

flange,

The contracti.on forxl is the result cf l,aboratony studles eondueted

several yea3's ago on open- and d.osed-jet tmr:e1s" Theforrn j-s show'n 5:l F!g"

T togetherwith its ber:ndary-pressure dictrj-bution characterj-sties taken from

the eartier studies" llrese studies shawed the pressr:reto be a monotonically

deereasing furrctionaf ihe distanee f,rom j-ts upsbream end irith no si.gnifieant

uones of 5;lojy separation. F{ore lrrportant, the stl:dies established that there
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splitter, which are fabricated from stainless steel ", are given in Fig o 6. At 

the top of the horizontal leg of the elbow", a short 6=in. diameter circular 

pipe has been fitted to the elbOlv wall and covered vdth a transparent acrylic 

resin plate. This arrangement permits visual inspection of the guide vanes 

and easy access to them for cleaning purposes o The pipe also acts as an air­

collection dome, trapping bubbles producedby the high-speed flow through the 

annular valve openingo Collected air is sucked off by vacuum from an exter­

nal sourceo A thermometer well for obtaining water temperature is also pro~ 

vided at the miter elbow. 

The vertical conduit of the lower~tunnel section is divided into 

two parts at the operating~floor level by a short rubber pipe coupling. Each 

part is independently supported fromthe foundat ion. The rubber coupling pre­

vents vibrations generated by the air=ent.raini ng action from reaching the 

"test se etion • 

The tunnel discharge valve is also hydraulically actuated. Pressur­

izing the hydraulic cylinder closes the valve and the valve opens by gravity 

and waterweight when pressure is released. This valve is normally used fully 

open--about 5 inches. Its main use is to close the tunnel when water is di= 

verted for calibration. However", it may also be used in connection wit h the 

inlet valve and air=bleed valvesto control tunnel veloe ity and pressure. The 

test section of the tunnel can actually be flooded by use of the discharge 

valve~ causing the tunnel to operate as a low=speed open=jet facility. 

B. The Axially Symmetric Test Section and Nozzle 

The axially symmetric test section and nozzl eare installed together 

in the tunnel, and have been shown in Fig. 2. The nozzle contracts the flotv 

from the 30-in. supply pipe to the 10=in. test=stream diameter. The nozzle 

terminates 40 in. above the entrance to the discharge pipe in a 30 ino 0 0 D. 

flange. 

The contraction form is the result of Laboratory studies conducted 

several years ago on open~ and closed=jet t unnels . Theform is shown in Fig o 

7 togetherwith its boundary=pressure distribut ion characteristics taken from 

the earlier studies. These studies showed the pressureto be a monotonically 

decreasing functionof the distance from its upstream end with no significant 

zones offlow separationo More important9 the studies established that t here 
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is good. un:i-fortnityof pressure andvelocity d.istrj-buti.on j-nthe discharge flou.

The contractionis an alur:r:inurn casting smoothly nachined to the de-
slgn profile" ?hreesets of piezorneter iaps were carefu3.ly machi-ned into ihe
contraction at f.-l/Z, 3O-l/2, and l+5-341 in, froni the upstream end as shorrn
in Fig. 7" Each set eonsisted of for:r taps located at p0 degrees on a eir-
cumferenee. The taps are used for veloeity calibratlon as deseribed 1ater.

The 10-1n. diameter jet issuing from the nozzlej-s shown 1n Fig, B,
lhe test-section elemente are prlniarlly intended to provide suitable support
to test bodies aad instruments in the Jet, and to provide an evacuaied hous-
ing vhich a11ows convenient vierring of and aecessto the test bodies, Bodies
are sting-saprported along the a:risof the jet as illustrated in Fi.g, g. They
nay b placed at arry height, in the jet.

As nay be seen in Fig. B, obse::rration of bodies in the strean is
linited by turbulence on the jet sr:rface, and contaet viewtng windows ar€
necessary to see i:lto the jet. A contact raindow raay be seen in place at tlre
right side of Fig. 9, Windows are machined from plexlglas sheets t-l/p in,

tbick apd 12 is. ra'ide, selested to have one optieally smooth surface. Each
sbeet is finished to 5-in. radiuson ifs poorer surface over about 52 degrees

of aJre. The sheets are sealedto an a}:rai-num frame and irrsta.].led so that the
curred surface just contacts tb.e jet over its l*0-jn, iesb length,

Wi-ndows nay be placed atany of four positions around the jet, each
90 degrees from the adjacent positions; nort*a1ly, only one rs'indow j-s ased at

a tire. The upper end of each windou is very calefully aligned w'ith the ead,
of the nozzle, and praetically no cavitatj-on occurs at thls Juncture. Veloc-
1!r traverses in the Jet, descrlbed later, have established that the lirnited

eGt ct area of the lrindow does not signifieantly distort the cers flow in
tb qper regions of the test Jet, Sor does the contraction of the jet frorn
grflft tJona'l ssseleratlon break the eontact with the vertieal si-ndown Fig=
rrr- 1O lllustrates the viewing potenti.al of the sindow system, $ca1e dis-

tcu'o 1s negtigrble as has been shopn by photographing a nrled grid placed

trr tb (Lff.

Tbe body supports, v.iewi-rrg vindovs, and associated instrunentation
sr= lergely suspended fron the flange at the end of the nozzle, ?hese e1e-

-llts d tbe t'est jet are enclosed in a plated-steel cylindrical hull shicb

lt ifre€ to te,lescope vertica-11y over the discharge pipe" The hr:-Ll ts Z\-t/2
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is good uniformi tyof pressure and velocity distribution in the discharge flow. 

The contraction is an aluminum casting smoothly machined to the de­

sign profile. Threesets of piezometer taps were carefully machined into the 

contraction at 1-1/2, 30-1/2, and 45-3/4 in. from the upstream end as shown 

in Fig. 7. Each set consisted of four taps located at 90 degrees on a cir­

cumference. The taps are used for velocity calibration as described later. 

The 10-in. diameter jet issuing from the nozzleis shown in Fig. 8. 

The test-section elements are primarily intended to provida suitable support 

to test bodies and instruments in the jet, and to provide an evacuated hous­

ing which allows convenient viewing of and accessto the test bodies. Bodies 

are sting-supported along the axis of the jet as illustrated in Fig. 9. They 

may be placed at any height in the jet. 

As may be seen in Fig. 8, observation of bodies in the stream is 

limi ted by turbulence on the jet surface, and contact viewing windows are 

ne cessary to see into the jet. A contact window may be seen in place at the 

right side of Fig. 9. Windows are machined from Plexiglas sheets 1-1/2 in. 

· ck and 12 in. wide, selected to have one optically smooth surface. Each 

s3eet is finished to 5-in. radiuson its poorer surface over about 52 degrees 

of arc . The sheets are sealed to an aluminum frame and installed so that the 

curved surface just contacts the jet over its 40-in. test length. 

Windows may be placed atany of four positions around the jet, each 

90 degrees from the adjacent positions; normally, only one window is used at 

a The upper end of each window is very carefull y aligned with the end 

he nozzle, and practically no cavitation occurs at this juncture. Veloc­

averses in the jet, described later, have established that the limited 

c area of the windovT does not significantly distort the core flow in 

r regions of the test jet. Nor does the contraction of the jet from 

nal acceleration break the contact with the vertical window. Fig~ 

r ate s the viewing potential of the window system. Scale dis­

egligible as has been shown by photographing a ruled grid placed 

ow. 

body supports, viewing windows, and associated instrumentation 

suspended f rom the flange at the end of the nozzle. These ele­

test j et are enclosed in a plated-steel cylindrical hull which 

e telescope vertically over the discharge pipeo The hull is 24-1/2 
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inches in insLde dianeter" 'rJhen closed, the huLl" is sealed to tbe nozzle

fJ.ange at the top and to the discharg* pip* at the bottom, perm:itting evaeu*

ationof the test chamber" Iilhen ihe bu]-1 is loweredu f,u].1 aeeess is obtaLned

to the test seetlon" (fne nutf is shorsn partially opened i.n Fig" 9.) The

hu-11 is closed by hydraulic cyli.nders operated fron the eontrol stand shown

i-:r Fi-g, 5 as indicated schemati-cally in Fig" h, and ls opened by gravity rohen

pressare i-s reSeasedfrom the cylfnders, The huII srust be closed durlng tr:n*

nel operation" The operatioa cf opening the hnL}.for ful1 access to the test'

body and elosing it again usuaS.J-y reqr.iires less than five'minr:tes of tirne"

the huIL ls breached nith for:r 1arge, vertieal, reetangular holeso

These are a1i-gned ifiit'li tits contaet' sind.ow positions in ths jet' and may be

seal*d to the frar*es of the wind.ows" Alternativel;ru if coniact rrindaars are

nct j.s plaee, the holes musi be covered with Plexiglas or netal coverso The

former are used for S.ightingend the latter are used for auxiliarlr breachings

for instrumcnts and air supply vents as may be seen in Fig" 2o

fihamber pressure is measured in the axially synmetrie test section

by a tube suspended ln t}:e chasber from the nozzle flange, Cavity pressure

is rrcasured by tappings in the sting support system and body"

C, Caltbration and Quality Tests i.rr the Axially Synunetrie Test $eetion

Flow through the tunnel eontraction yields bo*ndarXr-pre ssure differ-

entialssbieh are functionally re3-atedto the ve3-oeity of the stream discharg-

lng into the tmnel test seetj-on" Initlal tests '!ilere required to establi-sh

thls functional relation and to deterrnine the flor'r quality of the test jet,

?o 3*ipLenent tlrese tests the eontraci,ion was fitted with bourdary*

pressure taps as shown in Fig" 7. The three sets of taps eou}.d. be eonneeted.

in various corsbi-nations to an external manamet"er which perruitted a sensitlve

readingof ttre differential pressurefor a wi.de range of discharge velocities,

The firnetional relati-on betrreen msnometerr*adi-ngs and. velocity r+as eval-uated

by diverting the exlt flolr f,rorn the lower 1eg of the tunnel into the Labora*

toryusgravi:netrie fLos measwingsysten shere theflow was precisely meas'.rred"

The res'.r1te of the calibratlon ere sholin in Fig, lL ln whieh the

mean test systen velocity i"s definedas tbe fl-ow rate dividedby the exit dis-

charge area, The capaeity of the gravimetrle system did not permit cal-ibra-

tj.onof the eontractionto tbe fullrenge of tir::neXveloeJ-ty (n* 
** 

= !0 fps),
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inches in inside diameter 0 'When closeds the hull is sealed to the nozzle 

flange at the top and to the discharge pipe at the bottom~ permitting evacu­

ationof the test chamber o Wilen the hull is lowereds full access is obtained 

to the test section o (The hull is shown partially opened in Figo 90) The 

hull is closed by hydraulic cylinders operated from the control stand shown 

in Figo 5 as indicated schematically in Figo 49 andis opened by gravity when 

pressure is released from the cylinders 0 The hull must be closed during tun­

nel operation 0 The operation of opening the hullfor full access to the test 

body and closing it again usually requires less than five ' minutes of timeo 

The hull is brea'ched with four large s vertical, rectangular holes o 

These are aligned with the contact window positions in the jet and may be 

sealed to the frames of the windows 0 Alternativelys if contact windows are 

not in place~ the holes must be covered with Plexiglas or metal covers o The 

former are used for lighting and the latter are used for auxiliary breachings 

for i nstruments and air supply vents as may be seen in Figo 20 

Chamber pressure is measured in the axially symmetric test section 

by a tube suspended in the chamber from the nozzle flange. Cavi ty pressure 

is measured by tappings in the sting support system and body. 

C. Calibration and Quality Tests in the Axially Symmetric Test Section 

Flow through the tunnel contraction yields boundary-pressure differ­

entialswhich are functionally relatedto the velocity of the stream discharg~ 

ing into the tunnel test sectiono Initial tests were required to establish 

this functional relation and to determine the nOvl quality of the test jeto 

To implement these tests the contraction was fitted with bounda...ry~ 

pressure taps as shown in Fig o 70 The three sets of taps could be connected 

in various combinations to an external manometer which permitted a sensitive 

readingof the differential pressurefor a wide range of discharge velocities o 

The functional relation between manometer readings and velocity was evaluated 

by diverting the e xi t flow from the lower leg of the tunnel into the Labora~ 

tory's gravimetric flow measuring system where the flow was precisely measuredo 

The results of the calibration are shown in Figo 11 in which the 

mean test system velocity is definedas the f l ow rate dividedby the exit dis= 

charge area. The capacity of the gravimetric system did not permit calibra= 

tion of the contraction to the full range of tunnel veloci ty (V ~ 50 fps) s o max 
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but the *"t"*pot*tion j-n Fig. I[ aFpears fufly justified, Sinee test bod;les

are loeated below the end of the contraction and flaw 1n ttle free jet i-s ac-

celerated by gravity, the actual velocity headat a tesi body is greater than

that obtainable from Fig, 1lby the d:istancefrom ihe contraction to tbe body,

To iraplement the Jet quaJ.ity studles a speclal Pitot-statie tube

lras fabrj-eated to per:nit insertionlnto the jet viaeny one of the three test-

section access plates shown in Fig, 2u In Fig. ? the instmment is shown

nounted in the upper aceess lrole ln ehich the nose of tbe Pitot-stati"c tube

ts 2,75 in. dosnstreamof ibe contraction exit" Figr:re ]-Zshoss the mechanisn

rhich pennitted the jnstru&ent tube to be eitber traversed radial-ly or srept

1n an arc acrcss the jet.

the tests reported here were nadewith the contact *rindons and tra-

v€rse lines positi-onedas shorm i:: Fig. 13. Figure 13 alsoshows the velocity

traverse data. In this the velocity is expressed as the ratlo of the nean

velocity V^ as iadieated by the pressure drop through the contractj-on, to- o
the apparent velocity ind:icatedby the Fitot-static tabe. $j-nce the test data

nre ru rrith Vo = 211,9 fp" and tJre instrument stegnation tap was located.

2.75 i.l'. belor the plane in sh:ich Vo occurred, an addltive gravitational

correstion rnustbe $ade to Vo to givethe true instn:lnent veloclty condltion

T^^. If this correction were made the plotted data rrould yield a ratio of
e C  ; l a

loJQd)Llz - r.oo.

The velocity is seen to be nearly constant" over the eatj-re ilteasur-

eblc crose section. The veloci"ty eal{brationof Fig,13 is assumed valid for
rll selsslties above the measured velacity of 2L.9 fps" I{lgher calibration

dodties yere not enployed because of antieipated lnstruraent cavitation,

hegslres suroundj.ng the jet and within the bare jet, are unlfo::m

rrrTAcre, rj,th or rithout air being adn:ittedto the ehamber. fhe air-inlet

S to tle chlnber is baffled to prevent direct dischargeof the alr agalnst

tb JGt. llini-rn:n pressure obtainable in the charaber is a few tenthe of a

pd Fr sluare i-nch above vapor pressl:reo

I[I. Ti{E TtfO-DI}fiFS1O1{AI, TSST SECTIO}I

l. Ibscrl.ption of the Test Sectlon

Elgure 2is a photographof the original a:cia1ly spmetrj-c test sec-

t1o .rxl nozzJe. Fig:rrre lis a si:riilar photegraphof the two-dfur,ensional test
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but the extrapolation in Fig. 11 appears fully justified. Since test bodies 

are located below the end of the contraction and flow in the free jet is ac­

celerated by gravity, the actual velocity headat a test body is greater than 

that obtainable from Fig. 11 by · the distance from the contraction to the body. 

To implement the jet quality studies a special Pitot-static tube 

was fabricated to permit insertion into the jet via anyone of the three test­

section access plates shown in Fig. 2. In Fig. 2 the instrument is shown 

mounted in the upper access hole in which the nose of the Pitot-static tube 

is 2.75 in. downstreamof the contraction exit. Figure 12 shows the mechanism 

which permitted the instrument tube to be either traversed radially or swept 

in an arc across the jet. 

The tests reported here were made with the contact windows and tra­

ve r se line s positioned as shown in Fig. 13. Figure 13 also shOrTS the velocity 

averse data. In this the velocity is expressed as the ratio of the mean 

velocity V as indicated by the pressure drop through the contraction, to o 
e apparent velocity indicatedby the Pitot-static tube. Since the test data 

• ::-e run with V = 24 .. 9 fps and the instrument stagnation tap was located 
o 

S in. below the plane in which V occurred, an additive gravitational o 
_ ction must be made to V 

o 
f this correction were 

{2gB)I/2::r; 1.00. 

to givethe true instrument velocity condition 

made the plotted data would yield a ratio of 

The velocity is seen to be nearly constant. over the entire measur­

cross section. The velocity calibration of Fig .. 13 is assumed valid for 

~ ocities above the measured velocity of 24 .. 9 fps. Higher calibration 

"es wer e not employed because of anticipated instrument cavitation. 

Pressures surroQ~ding the jet and ~nthin the bare jet are uniform 

_, with or without air being admitted to the chamber. The air-inlet 

- e chamber is baffled to prevent direct dischargeof the air against 

pressure obtainable in the chamber is a few tenths of a 

~ inch above vapor pressure. 

III . THE TWO-DH1ENSIONAL TEST SECTION 

Scrl. .. . i o of the Test Section 

gure 2is a photograph of the original axially symmetric test sec­

and nozzle . Figure 3 is a similar photograph of the two-dimensional test 
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section and approaob pipe" tr}ceept for the replacement of the long nozzle by

a uniformapproaeh pipe andshort r\anzla, and replacement,of t'he cireu-1ar test-

chasrber enelosure by a rectangular enclosureu no changes are required in the

basic free-jet twrneL i-n going from the axially ryn'rnetrie to the two-d'jnen-

*ional test sectton.

As already observed, the two-dimensional test seetion is designed

to produce a rectangular Jet, 5 in" thick betiseen rigid wal1s end of adjust-

able r*idth betneen free bormdartes " The principa3- intepfor dimensions and

some other featuresof the test seetion and its appurtenanees are il-lustrated

in Fig. 1[" The test seetion ltself is s3rnply a rectanguJ-an parallelepiped

or box fabricated frorn Z*in" thick Plexigias, Sinee the prinei-paI load is

direeted lrxrardly, tbe edges are' joined by ratrbeting and eementi-ng" The lride

facesof the test section are additionally supported by external-tie boLts an-

ehored. to vertieal- steel beans ishich are visible in Figs" J and 15"

The t,eet seetion is esrneeted tc the 30-in, diameter approaeh pipe

through a short, one-p5.eee, east-a-1-uminum nozzL*" ?he jointbetween the test

seetion and nozale is al-es a.abbeted and is seaLed tr5.th O-rings" 1\ro of the

iz:ner wa1ls of the noszle are shaped t'o join smoethly r+ith the two Ptr-exiglas

lral1s whieh fonn the r5"gld boundaries p.f, tbe jet, The other two walle are

flat and 2l+ fn" apart inside" The profiS.e CIf, tho st*aped" wa1ls was obtained

using two-dfu'rensional frec-streamline tbeory; Ta-bLe I gives the co*ord.inates

and Fig" lLl shows the prineipal diraensions of the nozzle" Bourdar;r-layer

gronrth was ignored in obtaining these eo:ordi:lates, The shaped wal"l-s were

haad*finishedn usi-ng a templet as a guid.e, and. the juncture betraeen nozzle

and Plexiglas lias further hand-smoothed after joining. Operatlonof the tun-

nel shossvery little evidence of cavitatlonet the jolntu even at \rapor pres-

suree and no cavitation on the walis elser+here.

The width of tire jet is contpolled by tvro slidi-trg plateo loeated

betlreen the nozzleand apprcaehpl-pe" The plates are iliustrated in Fig, J-la,

and one of the pLate houslngs, together with the assoclated operating hand*

wheel, rnay be seen extendlng from the tr.rnneL i.n Fig" 3" Each plate moves 1/B

in, per turnof lts handuheel. the plates :iideon tlw top portion of the noz-

z\e" ?he plate edges have been maehined to ti:e same shape as the norzle l-n

the overlap region$o as tc make a mealwnicalseaL under pressure, thereby re*

ducing leakage, (Tl:e plates aremoved. onlywhenthe turnel- is nct in operation
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section and approach pipe o Except for the replacement of the long nozzle by 

a uniform approach pipe and short nozzle.\) and replacementof the circular test= 

chamber enclosure by a rectangular enclosure 9 no changes are r equired in the 

basic free=jet tunnel in going from the axially ~etric to the two=dimen­

s ional test sectiono 

As already observed~ the two=dimensional test section is designed 

to produce a rectangular jet.l' ,. ino thick between rigid walls and of ,adjust= 

able width between free boundaries o The principal interior dimensions and 

some other features of the test section and its appurtenances are illustrated 

in Fig. 140 The test section itself is simply a rectangular parallelepiped 

or box fabricated from 2=ino thick Plexigl as c Since the principal load is 

directed inwardly.9 the edges are ' joined by rabbeting and cementing 0 The wide 

faces of the test section are additionally supported by external tie bolts an;., 

chored to vertical steel beams uhich are visible in Figs o 3 and 150 

The test section is connected to the 30=ino diameter approach pipe 

through a short,\) one=pi ece J) cast=aluminum nozzle o The joint between the test 

section and nozzle is also r abbeted and is sealed with O~ringso Two of the 

inner walls of the nozzle are shaped to join smoothly with the two Plexiglas 

walls which form the rigid boundaries Qf the ;je to The other two walls are 

flat and 24 in 0 apart inside 0 The profile of the soo.ped walls was obtained 

using two=dimensional free=streamline theory, Tabl e I gives t he co=ordinates 

and Figo 14 shows the principal dimensions of the nozzle 0 Boundary-layer 

growth was ignored in obtaining these co=ordinates 0 The shaped walls were 

hand=finished~ using a templet as a guide ~ and t he juncture between nozzle 

and Pl exiglas was further hand=smoot hed aft er joining, Operation of t he tun= 

nel shows very little evidence of cavitation at the joint~ even at vapor pres= 

sure~ and no cavitation on the walls elsewhere. 

The width of the jet is controlled by two sliding plates located 

between the nozzle and approach pipe 0 The plates ar e illus trated in Figo 14» 

and one of the plate housings ~ together with the associated operating hand~ 

wheel, may be seen extending from the tunnel J....'f'J. Fig o 30 Each plate moves 1/8 

ino per turnof its handwheel o The plates r ide on the top portion of t he noz= 

zle 0 The plat e edges have been machined to the same shape as t he nozzle in 

the overlap region so as to make a me chani©a1 seal under pressure J) thereby re= 

ducing leakage 0 (The plates are moved only when t.he tunnel is not in operation 
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?ABLS I

CO-ONDII{ATE$ OF JST NOZZf.E

v

Ln.N., Vt ln. x, ln. y, in"

0.000

0.0110

0.071

0.113

a.L76

a,256
o.358
o.h9B
o.676
0.911i

0.000

0.130

0,190

Q.26A

0.3L3
o, \27
8.52b
0.631
a.7h2
0,863

1,22L
t.63
2 ,25

3 ,32
3,68
4.-14

b"76
5.90

--9:99---
@

o,9BT
1.119
1,253
L.392
1"b20
l-,lrLB
1.b67
L"503

-1:52----
L.532

-(end of nozzle)

eo that tbre 1s no water pressure above them drring Lvearent.) A theo-
r=ti'cal ccputation has beenraade, using two-d.imensionaL, free-strearnline tlre-
cJr, giving the relation between plate opening, jet width at the test body
locatton, and jet lridth at fnfinity. Iio account has been taken l-a the con-
pltation of the effect of grauity, but it is believed that this effect is at
LsEt partially balanced by boundary-layer developr*ent on the flxed faces of
tDc Jet. Sorre resultsof the computationare sholrn in Fig. th" It is practi-
crhLe to operate the turunelin a range of Jet nidths from 6 in, to 15 inches.
&tnou€b tbe jet may be pl"aced as;nnrnetrically in the tunnel, it is planned,
tlat operatlon ni11 usually be with a sSmurnetrieally placed Jet.

In order to control the test-section pressiire, air ls admitted. to
t&e free space on each side of the jet through hoLes in the rrazz\e easting.
I'dnittance is through a pair of synunetnically placed z-Uz-Ln, pipes fitted
rith valves and noi.se suppressors, one of shich is visible ln Fig. 3. vapor

Frressure is obtained by closing the air valves and higher p?essures are ob-
tai-red by openingthen to various degrees, Pressuresat both si-des of tle jet
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TABLE I 

CO-ORDINATES OF JET NOZZLE 

y 

x, in. y, in. x, in. y, in. . 
0.000 0.,000 1 ;221 0.987 

0.040 0.130 1.63 1.119 

0.071 0.190 2.25 1.253 

0.113 0.260 3.32 1.392 

0.176 0.343 3.68 1.420 

0.256 0.427 4.14 1.448 

0.358 0 . 524 4 . 76 1.467 

0.498 0.631 5.90 1.503 

0.676 0.742 8. 00 1.53 ---------- ------------(end of nozzle) 
0.914 0 . 863 (f) 1.532 

that t here is no water pressure above them during movement.) A theo­

re . cal computation has been made , using two-dimensional, free-streamline the­

, giving the relation between plate opening, jet width at the test body 

ocation, and jet width at infinity. No account has been taken in the com­

tation of the effect of gravity, but it i s believed that this effect is at 

partially balanced by boundary-layer development on the fixed faces of 

Sorre resultsof the computation are shown in Fig. 14 • . It is practi­

operate the tunnelin a range of jet widths from 6 in. to 15 inches. 

ugh the j et may be placed asymmetrically in the tunnel, it is planned 

operat ion will usually be with a symmetrically placed jet. 

I n order to control the t est-section pressure, air is admitted to 

free space on each side of the jet through holes in the nozzle casting • 

. t t ance is through a pair of symmetrically pl aced 2-1/2-in. pipes fitted 

with valves and noise suppressors, one of which is visible in Fig. 3. Vapor 

pressure is obtained by closing the air valves and higher pressures are ob­

tained by opening them to various degrees . Pres sures at both sides of the jet 
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are equalized through a ring intereor:nection loeated. 5xr*ediately trel-sls the

transparent test section"

The test station is centered 5-I/2 in, bel-oretbe end of the nozzle,

on the lateral eenterline of the t'est sectlon, It cansists of a 3-11/16*in,

Jiameter hole ln each wide face of the test seetion" ?he holes wiJ-1 accept

blank coverse s3mple trururions, or a combination of trunnions and d;mamometer

elements, F5-gwe 16 shotors the tunnel i-r: operation wlth blenk covers at the

test station; Fig'"ure 17 shows a )-ifting f,oll- in plaee, supported by simple

truruions; while a elreular cyllnder eupported by trunntons wlth d3marooneter

elements is shown in Flg, l-5"

Covers and tru:rnions are Pi-exig3-as di-sks, 2 in" thiek, designed to

fo:rs a $aooth continuationof the inside tr:rnel waIlso Saah trunnion disk i-s

*epeeially built to hold a body of speei"fio shape" A neu pair of disks ls

r*qu5redf,or eaeh test body" Covef plates and simple trrurnion dj-sks are made

tc fit snug]";'jn the hoLes in the t,est seetionand are aligned with the inside

tqnneL surfaee by the use of flanges oemented to the outsides of the disks.

$eal1ng is by O*ri::gs and a eoating of grease " The tn:ru:ions nray be rotated

t* ehange angle of attack; angle of attaek ie fjxed by clanpi-ng the flanges"

When dynar,roraeter elements are used, they are used nith tnxsr-lon disks whose

4iameters are smaller than the hole dianeters " The d;marnorneter supports and

seal nings ar€ fitted between the outslde of each trtny:.ian and the inside of

lts reeeivlng hole. ?he d;mamometer is described in more detaii begS:rning

on p,  19"

Sinee test bodies extend through their supportS.ng'tnrnnioas, it i-s

a simpJ-e rnatter to provide bodies with as rnany integral" pressure-measuring

tubes as degired"

lbo sets of pr€ssure taps are prortded in the test seetfon; these

are lndieated in Fig, th" ftie set ecnsistsof a pair of taps at test-station

height, eaeb tap being jn the eenter of one of the narrow faees of the test

section" When conpared. with eaeh other, these taps can be used. to assure e-

ryral pressurc$ jcl the free spaces on both sides of the jet" #hen rr,anifolded

together, they form the basic referer:ee pressrlre for pork in,ihe jet, Abso-

luto trinneJ- pressure is abtained by eonparfu:g the pressureat these taps with

atmospherJ-epressure,t'hrough a U-tube maRometenand by deter*rinlng atr*ospherj-e

pressure from.an adjaeent barometer, Tirrrnel velocity is deternined by ea-li-

bration, us5-r:g the di"ffereace l:r pressure between theee taps and a ring of
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are equalized through a ring interconnection l ocated immediately below the 

transparent test section. 

The test station is centered 5-1/2 ino below the end of the nozzle" 

on the lateral centerline of the test sectiono It consists of a 3-11/16-in. 

diameter hole in each ~Dde face of the test sectiono The holes will accept 

blank covers 9 simple trunnions 9 or a combination of trunnions and dynamometer 

elements. Figure 16 shows the tunnel in operation with blank covers at the 

test station; Figure 17 shows a lifting foil in place» supported by simple 

trunnions; while a circular cylinder supported by trunnions with dynamometer 

elements is shown in Fig. 150 

Covers and trunnions are Plexiglas disks" 2 in. thick, designed to 

form a smooth continuation of the inside tunnel walls o Each trunnion disk is 

especially built to hold a body of specific shapeo A new pair of disks is 

requiredfor each test bodyo Cover plates and simple trunnion disks are made 

t,o fit snuglyin the holes in the test sectionand are aligned with the inside 

tunnel surface by the use of flanges cemented to the outsides of the disks. 

Sealing is by O=rings a'1d a coating of grease 0 The trunnions may be rotated 

to change angle of attack; angle of attack is fixed by clamping the flanges. 

When dynamometer elements are used~ they are used with trunnion disks whose 

diameters are smaller than the hole diameters. The dynamometer supports and 

seal rings are fitted between the outside of each trUnnion and the inside of 

its receiving ho1eo The dynamometer is described in more detail beginning 

on po 190 

Since test bodies extend through their supporting 'trunnions v it is 

a simple matter to provide bodies with as many integralpressure=measuring 

tubes as desired. 

Two sets of pressure taps are prov"ided in the test section, these 

are indicated in Fig. 140 One set consistsof a pair of taps at test=station 

height9 each tap being in the center of one of t he narrOvl face's of the test 

section. When compared with each other~ these taps can be used to assure "e_ 

qual pressures in the free spaces on both sides of the jeto ~fhen manifolded 

together, they form the basic reference pressure for work in the jeto Abso= 

lute ttuh~el p~essure is obtained by comparing the pressureat these taps with 

atmosphericpressure through aU-tube manometerand by determining atmospheri~ 

pressure from an adjacent bar ometer 0 Tunnel ve10el t y is det ermined by cali­

bration)) using the difference in pressul'8 bet ween these taps and a ring of 



t5

taps near the topof the approach piFer visiblein Fig. J. Cor,rparison is made

through another U-tube. The ca-llbration proeess is descrlbed below. Cavity

pressure, for use in deterrnining cavitation nrxnber, is also measured .lrith

reference to these taps through a U-tube.

The second set of taps consists of a row of five per:nunent taps a-

long the eenterline ofone of the wide faeen. These can be supplemented with

a sixth tap insertable at the test station and a seventh in the pressure e-

gualizing rlng. The taps arre used for neasuring pressure gradtents in the

bare turnelor rrithin a cavity, for measurlng cavity preszurewhen a test body

does not have integral pressure tubes, and for admittS-ng air to cavities to

change cavitatj-on nr:mber by changing cavl-ty pressure.

The inside surface of one of the wide faces of the test section is
'inscz:ibed with tick marks on a Z-in. square grid, The narks are visible in

Flg. 16, for example. These marksar,e used to facilitate making cavity meas-

urerents in photographs.

There are slx access holes in the test section, three on each nar-

ror fa@. The holes are used for senricing test bodiesand for insert5-ng in-

stnments. In Fig. 3tlro of these holeson one slde can be seen eovered whi-l-e

tbe third 1s occupied by a Fitot tube. Hole covers are made flush with the
'lnslde faces of the tunnel, although only leakage flo*r rfns dor'rn these narrorr

faces. Hole covers are sealed with 0-rlngs and grease.

B. Quallty of the Jet

Sone effort has been given to studying the quality of the two-di-

-nsi.onal jet without test bodies. The fjrst investigationwas concerned wi-th

tb actual ridth of the jet as compared to the predicted uldth showr in Fig.

l,lr. As nay be seen i:: several of the photographs, the jet is sumounded by

a frrort$ region, This gradually merges i$to a narrow region of cloudy water

t?'olt, soetires with air bubbles, near the jet. Yhe cloudy flow penetrates

slightly fartber into the Jet near the corrrers than elsellhere so that the

c.lear, free-jet surface appears to be slightly cr:rved acros$ the 5-in, thick-

ness of the jet, and tb jetis not oractly reeta.ngrrlar in shape. The cloudy

parb of the jet al.so faas outwar:d. fron the jet lnto tbe foam in a t*r-in sheet

along tbe rigid rralls. Jet uidth has been rneasnred as the average nidth of

c.lear water for several operating conditions and j-s given ir: Table I[.
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taps near the topof the approach pipe, visible in Fig. 3. Comparison is made 

through another U-tube. The calibration process is described below. Cavity 

pressure, for use in determining cavitation number, is also measured with 

reference to these taps through aU-tube. 

The second set of taps consists of a row of five permanent taps a­

l ong the centerline of one of the wide faces. These can be supplemented with 

a s ixth tap insertable at the test station and a seventh in the pressure e­

qualizing ring. The taps are used for measuring pressure gradients in the 

bare tunnelor within a cavity, for measuring cavity pressure when a test body 

does not have integral pressure tubes, and for admitting air to cavities to 

change cavitation number by changing cavity pressure. 

The inside surface of one of the wide faces of t he test section is 

inscribed with tick marks on a 2-in. square grid. The marks are visible in 

• 16, for example.. These marks are used to facilitate making cavity meas­

ments in photographs. 

There are six access holes in the test section, three on each nar­

row face. The holes are used for servicing test bodiesand for inserting in-

ruments. In Fig. 3two of these holeson one side can be seen covered while 

the third is occupied by a Pitot tube. Hole covers are made flush with the 

ins ·de facesof the tunnel, although only leakage flow r nlls down these narrow 

_aces. Hole covers are sealed with O-rings and grease. 

Quality of the Jet 

Some effort has been given to studying the quality of the two-di­

s·onaljet without test bodies. The first investigationwas concerned with 

actual width of the jet as compared to the predicted width shown in Fig. 

s may be seen in several of the photographs, the jet is surrounded by 

a ~rothy region. This gradually merges into a narrow region of cloudy water 

flov, sometimes with air bubbles, near the jet. The cloudy flow penetrates 

slightly f arther into the jet near the corners than elsewhere so that the 

clear, f ree- j et surface appears to be slightly curved across the 5-in. thick­

ness of t he jet, and the jetis not exactly rectangular in shape. The cloudy 

part of the j et also fans outward from the jet into the foam in a thin sheet 

along the rigid walls.. Jet width has been measured as the average width of 

clear water for several operating conditions and is given in Table II. 
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TABI,E II

$EASUFSHENTS 0F J6T 1FJIDTH

Th* d:iscr€par:cies betlreen measurementand pred:letion are be].j-evedto be eaused
by tr+o phenontena, *irst, there is sonre leakage beiween tlre slid.ing plates
and" nozzle, espeeially for wid.e plate o;:enings, This leakage tend.s to wid.en
the jet and produces ihe foam suruounding the jet, (As may be seen in Fig,
8, no foam is produced ln the a:cia11y slnarnetric test section where there is
no rsater leakage") $econd, the region of cloudy qaterflow ls:"eally pari of
the jetand eats farther ar:d farther i-ntothe jet because of turbulenee as the
flow goes doan:stream, redueing the apparent widthof the jet.. Apparently the
seeond effect oYerco:nes the first onlyfor the na*owest jet" IJereafter, the
jet width uill be designated by the predicted. width at inflnity as given in
Fig. lL"

There i-s no diffieal-ty in balancing the pres$ures on the t'sra sides
of the jet, The pressure-equalizlng ring at, the bottom of the iest section
does the najor part of the baJ-ancing automatj-eally at nost floars regarrCless
of how the alr valves are manipuJ-ated" !*lbenthe aLr valves are nearly closed.
and the taj.lerater rises into the equal!-zing area, careful balaneing rmst be
donei+ith the valves to preven? the jet frora clingingto one side or the other
of the test sectj-on" The rd:tixu& pressure swrowrdi-ngtbe je! can be brouglrt
to within 0'2 psi- of vapor pressure for tbe wLdest jets and even closer to
vapor pressure for the narrower jets"

Plate
Opening

.Inches

Jet ?Jidth at Bottoxr of
Test $ectlon, lnehes

Jet trid.th at Test $tation,
Inches

Predieted

Heasured

tuedleted

Heasured.

l,ow
Ye].,

High
Vel"

tow
Vel"

High
Ve1"

9 "63
L2,63
' t  (  l , ?

18,09

2L,62

5,oo
B.oo

L0"00

12,00

15"00

fu+
F

10+

12

15+

-)-

8-

10

t2

16+

6".01"

8"03

i0,CI6

72,15

l -5 ,?85

6+

I
T2
t3.5
18+

A

B+

11+

L J . )

18+
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TABLE II 

MEASUREMENTS OF JET WIDTH 

Jet Width at Bottom of Jet Width at Test Station, 

Plate Test Section~ Inches Inches 

Opening Measured Measured 

,Inches Predicted Low High Predicted Low High 
Vel. VeL , Vel. Vel. 

-. 

9 .. 63 6.,.00 4+ 5- 6 0.01 6+ 6 

.12.63 8.00 8 8- 8003 9 8+ 

15 .. 47 10 .. 00 10+ 10 10 0 06 12 11+ 

180 09 12,,00 12 12 12015 13.5 13.5 
21.62 15000 16+ 16+ 15.285 18+ 18+ 

The discrepancies between measurementand prediction are believedto be caused 

by two phenomena. First, there is some leakage between the sliding plates 

and nozzle, especially for wide plate openings. This leakage tends to widen 

the jet and produces the f oam surrounding the jet . (As may be seen in Fig. 

8, no foam is produced in the axially symmetric test section where there is 

no water leakage.) Second.9 the region of' cloudy waterflovT is really part of 
• 

the jet and eats farther and farther into the jet because of turbulence as the 

flow goes downstream~ reducing the apparent widthof' the jeto. Apparently the 

second effect overcomes the first only for the narrowest jet. Hereafter, the 

jet width will be designated by the predicted width at infinity as given in 

Fig. 140 

There is no difficulty in balancing the pressures on the two sides 

of the jet. The pressure=equalizing ring at the bottom of the test section 

does the major part of the balancing automatically at most flows regardless 

of how the air valves are manipulatedo Whenthe air valves are nearly closed 

and the tailwater rises int o the equalizing area, careful balancing must be 

done with the valves to prevent the jet from clinging toone side or the other 

of the test section. The minimum pressure surrounding the jet can be brought 

to within 0 0 2 psi of vapor pressure for t he widest jets and even closer to 

vapor pressure for the narrower jets. 
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there is a saa1l pressure grad:ieni along the centerline of tl:e jet

when the tunnel is operated s-j-thout a test body" ?ire gradient, as measured

at the waIl taps, is illustrated for the l-2*i-8, jet i:l Fig" LB" Figr:re 1B

also shoss the theoretica*1 pressure d:istributionfor a tso-djmensj-onal jet of

12-in" Ridth at lnfinity. The measr:red and ttreorstical distrj-butions are j:r

fair agreement for the first I in" beLolr the test station, bat the measured.

pressure appears to be sllght1y too large thereafter until the pressrr€-e.r

qualizing ring is reached. ft is beli*vedthat the pressure rise belor,r 9 in,

is attributable to the fi1Llngof the two-djmensional secticin rdth foam belss

that point" fhe renaining diserepancies are probably attributable to t'hree-

Cixensional effects, including boundary-1ayer developnenton the rigld udls.

Jets narroner thaa 12 irr, show smaller pressure gradients, whiJe wider jets

cbor larger gradients then illestrated. by Fig" 18"

Velocity in ihe jet bas been *alibrated and veloclty dlstributions

bave been measured by use of a Pitot cyllnder and a Pitot-statle tube. ?he

Pttot cylinder is a lrll;-in, d.iameter circular cylindrica-l tube with a single

Fressure tap at the stagnation point" It can be i-nsertedat, the teet station

co that tbe stagaatj-on bo3.e can be traversed across the 5-in" jet tkichess

betrreen rigid wa1ls, ?he Pliot-static tube raas described j.n Fig, 12; it may

be seen in place in the tr:nnel 5:r Fig, 3" Tbe t'rrbe ca.n be inserted through

qr ane of the ttrree aecess holes on ej.ther narrolr face'of the test section,

but o1y tlre tvo upper positionswere used ln tbis investigation, ?he rrpper-

nct position placed the stagnation hole of tlre tube L in" above the test

statlon rlhi1e the nert lower posi-tion placed the stagnati.on hole 6-1/2 irt"

bala tb test stati-on" The Piiot-static tube could-be traversed l.r: and out

rcroos the sidth of the jet and smmg sidewap to cover the thichress of the

JGt ftcn ra11 to wall,

fs gal{fo3atlng the jet velocity, the total head reading on tbe jet

csterltne vas obtalned at the test station using the Pl-tot cylinder for a

rase of Jet vid.ths and water disebarges" Total hoad. readings were also ob-

tdld at the tro positions above and belos ihe test station using the stag-

aatlon bole in tbe Pitot-statie tube" ?he readings above ar:d belos aluays

dl.ffered by 10.5 in. of water, the distarlce betveen the positions, and when

interpolated tothe test-station position agreed^w5-th the Pltot cylinder read-
Jngs. Totalhead was compared a:i-tbstatic head measured at the reference taps

to obtain velocity head, Voz/Zc" fhe reference rnanometer reading Alr sas

17 

There is a small pressure gradient along the centerline of the jet 

when the turmel is operated lrl thout a test body.. The gradient, as measured 

at the wall taps, is illustrated for the l 2-in. jet in Fig. 18. Figure 18 

also shows the theoretical pressure distribution for a two-dimensional jet of 

l2-in. width at infinity. The measured and theoretical distributions are in 

f air agreement for the first 9 in. below t he test station, but the measured 

pressure appears to be slightly too large thereafter until the pressure-e-. 

qualizing ring is reached. It is beli eved that the pressure rise below 9 in .. 

is attributable to the fillingof the two-dimensional section with foam below 

that point. The remaining discrepancies are probably attributable to three-

ens i onal effects, including boundary-layer developmenton the rigid walls. 

Je s narrower than 12 in. show smaller pressure gradients, while wider jets 

ow l arger gradients than illustrated by Fig. 18. 

Velocity in the jet has been calibrated and velocity distributions 

ve been measured by use of a Pitot cylinder and a Pitot-static tube. The 

. . tot cylinder is a 1/4-ino diameter ci rcular cylindrical tube with a single 

s sure tap at the stagnation point. It can be inserted at the test station 

that t he stagnation hole can be t raversed across the 5-in. jet thickness 

tw»1t:.vJ:""n rigid walls. The Pitot-static tube was described in Fig. 12; it may 

seen in place in the tunnel in Fig .. 3. The tube can be inserted through 
<#> 

of t he three access holes on either narrow face of the test section, 

y the two upper positions were used in this investigation.. The upper­

posi tion placed the stagnation hole of the tube 4 in. above the test 

. on while the next lower position placed the stagnation hole 6-1/2 in .. 

~ the test station. The Pitot~static tube could ' be traversed in and out 

-'-',~s the l-Tidth of the jet and swung sideways to cover the thickness of the 

wall to wall. 

n calibrating the jet velocity, the total head reading on the jet 

ce:DtA~.,.. e was obtained at the test station using the Pi tot cylinder for a 

of °et widths and water discharges. Total head readings were also ob­

~~~ at the two positions above and below the test station using the stag­

na 0 hole in the Pi tot-static tube .. The readings above and below always 

ered by 10.5 in. of water, the dist ance bet ween the positions, and when 

terpolated tothe test-stati on position agreedwith the Pitot cylinder read­

s. Total head was compared with static head measured at the reference taps 

obtain velocity head, V 2/2g • The r eference manometer reading /j. h was 
o 
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sbtainedfroro the $iercury U*tube eonnecting the pres$ure tap ri*g near tl:e top

of the tunnel with the referenee taps as deecribed earliero The caLibration

formrLa for thls test section is

v o 2 / z e = 1 , 0 5 4 h + o " L (z)

9 "
where V o'/2e is measu::ed , in fee* of

of rnereurlr, this forsrr.lI-a is valid for

lles betseen 25 and 50 fps within one

for ve3-oeity, Vou in fps is

water and A h is measr:red il inches

all- j*t rd-dths and for turr:rel velsci-

per ee::i|," The aaryespond:ing forrauLa

( : )

i'he 'r*loeityl:ead and veloeity given by these formulas pertain to tbe edge of

l.i;* 3"ree jet at the test station. At the eenten, the veloc5-ty may be lower

-"5." s,s mueh as 2 per eentu depending on jet lridtl:.

total, head *ists"ib'r.:.tion &ctro$s the S*fur" jet, thictcress at the test

,st-:*'bion ss ir€asqred by the Pitot ey3"3-nder is rrnifortn r,ritn:n a smal"L fraction
,of sn* per eentat al"I veLoeities and. jet w:i"dths except in ths boundary latrrer

at *aeh sall-. Tbe boundary layeris of, the srd*rof k/'l+ in, thieko Traverses
"'rith the Pitot-stati-e *ube aerossthe j*t thlclcness and aidth were raade at h0

l-pe velocity for 6u 10r and. trZ in" w'ide jetsS these sholr veloeJ-ty variations
'*p tc one ;:er eent" the wrri.a*ions appeap tn be rand.am and. it is believed

ihat they may actually be attributable to errotrs ln tlie tube whieh librates

and cavitates srhen r:sed at su.eh high rcloe*-ty, ?he Pita'{c-statlc tube couLd

not be travereed closer than 1/2 in" to eithertle soLi-dlral-ls or free bound*

aries,

C" The !.yr:araomeier

The following ninimurn speeif5-cations were establishedfor the dyna-

momeier to be used with the tno-dfunensionaL test seetione

{1) Heaeurable loadr

&o lift--100 lbs ::laxi*n::n wj-tir sensiti'alty of 0"5 Vb,

bo drag--Z0 lbs raa:rirslnn $ith sensitiv3.ty CIf 0"3- 3bu and

co xrome:rt*-100 i"n. 3.bs me:eisrrrrrr. abotrt, sxi-s sf test station

si*h 0.5 in.-l-b sensitir*,t;r,

_ /
v^  =  B .Z7JL I  [  "  *

v \

\
I

I
I

18 

obtained f rom the mercury U-tube connect:ing the pressure tap ring near the top 

of the tunnel with the reference taps as described earlier o The cqlibration 

formula for this t est section is 

where V 2/2 o g 

2 
V /2g = L05.6h + 0 0 4 (2) o 

is measured in feet of water and fj, h is measured in inches 

of mercury 0 This formula is valid for all jet widths and for tunnel veloci~ 

ties between 25 and 50 fps with:in one per cent 0 The corresponding formula 

for velocity? V6~ in fps is 

(3) 

The velocity head and velocity given by these f ormulas pertain to the edge of 

l.he free ' jet at the t est s t ationo At t he cent er;; the velocity may be lower 

::;y 3.8 much as 2 per cent,\l depending on jet widtho 

Total head distribution across the 5=ina jet thi ckness at the test 

station as measured by the Pitot cylinder is tmiform within a small fraction 

of one per centat all velocities al1d jet wi dths except in the boundary layer 

at each wall. The boundary layeris of the ol"derof 11'4:in o thick o Traverses 

with t he Pitot-static t ube across t he jet t hickness and width were w..ade at 40 

i ps velocity for 6.s 109 and 12 ino wide jets.~ these show velocity variations 

up to one per cento The 'vBriations appear to be random and it is believed 

that they may actually be attributable to errors in the tube which vibrates 

and cavitates when used at such high velocityo The Pitot=static tube could 

not be traversed closer than 1/2 ina to eitherthe solid walls or free bound= 

aries a 

Co The Dynamometer 

The following minimum specifications were established for the dyna= 

mometer to be used with the two=dimensional test section g 

(1) Measurableload g 

a o lift--lOO Ibs maximum with sensitivity of 0 0 5 Ib~ 

b o drag-=20 Ibs maximum with sensit.ivit.y of 0 0 1 l b,9 and 

Co moment~=100 ina Ibs maximum. about, axis of test station 

with 0 0 5 ina=lb sensitivj_t~q o 
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(2) Hodel supports nust not fa1l r:nder fuiice the loa*ing ln
(1) above.

(:) Surfaces of test bod:ies are to be visible wbile the dy-

namometeris in operatlon. The largest chordto be tested

raiJ*l be 2-I/2 inehes.

(l+) Ido leakage of outside air into the turinel is per:aitted.

Cireulatian of trrnnel water or vapor '!fli-thjx the dyaranrom-

eter r,ust be held to a rai-ntmura,

$) Angle of attack of hydrofoi-ls 5-s to be set from outside

the tunnel using a sirnple scale. 3ng1es of t 20 degrees

nust be obtainable sith a sensitiiri-ty of 0,1 degrees"

(6) Because some of the hydrofoil models iai11 be very thin,

the dlmamoneter systen mrst support nodel_s at both ends.

Q) The inside surfaces of tire d;marnometer are to be flash

rith the inside tunnel walls under all operating condl-

tions.

The general appearance of the d;mamometer designed to roeet these
rpecC.fications may be seen in 3llg. 15. It is a null--ba-1ance instnxrent in
--rricb the test body under 3.oad is returmed to its posif,ion under no load by

ripllcation of external forces and mcments. The external forces are applied

ad reasrrred using bydratrlic load ceJ-ls wtrich are calibrated in p1ace.

Tbe piston of the load eel1, the face of wh:ich is visible i:r Fig.

15r is in contact lrith the bottom of the test-bod"y tn:ru:ion and is in posi-

tlm to nleasur€ drag. Drag is measured by turnlng the scrs$' visible at the

bottc of the ce1I, thereby pusl:-lngthe ce11 and its piston against the tn:n-

do, tnt'ilI the trirnnion is liftedfrom its supports; the prassure-gage reading

tbD fndlcatcs the drag. fhe same cel1is used for measurlng lift by placing

tb ccIL in the empty cupat the right side of the dSmaraometer-support struc-

tnre seen irr Fig. 15, The piston of the cell then presses against the bell

crank, above the enrpty cup, and moves the tnurnion off its supports to the

1eft. The same lift and. drag apparaius raay be used on ttre rear faee of the

tsst section. Floment is measured in the sane nranner as drag and lift by a

@[, nhose side is Just visible at the right of Fig, 1!, acting against a
long monent arm extending from the tnmnlon of tlre d;mamometer" The momeat

(2) Model supports must not fail under twice the loading in 

(1) above. 

(3) Surfaces of test bodies are to be visible while the dy­

namometer is in operation. The largest chord to be tested 

will be 2-1/2 inches. 

(4) No leakage of outside air into the tunnel is permitted. 

Circulation of tunnel water or vapor within the dynamom­

eter must be held to a minimum. 

(5) Angle of attack of hydrofoils is to be set from outside 

the tunnel using a simple scale. Angles of ± 20 degrees 

must be obtainable with a sensitivity of 0.1 degrees. 

( 6) Because some of the hydrofoil models will be very thin, 

the dynamometer system must support models at both ends. 

(7 ) The inside surfaces of the dynamometer are to be flush 

with the inside tunnel walls under all operating condi­

tions. 
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The general appearance of the dynamometer designed to meet these 

...... __ ~ications may be seen in Fig. 15. It is a null-balance instrument in 

- , 

e test body under load is returned to its posit ion under no load by 

"cation of external forces and moments. The external forces are applied 

asured using hydraulic load cells which are calibrated in place. 

The piston of the load cell, the face of which is visible in Fig. 

s in contact with the bottom of the test-body trunnion and is in posi­

measure drag. Drag is measured by turning the screw visible at the 

of the cell, thereby pushing the cell and its piston against the trun­

til the trunnion is lifted from its supports; the pressure-gage reading 

dicates the drag. The same cellis used for measuring lift by placing 

cell in the empty cup at the right side of the dynamometer-support struc­

seen in Fig. 15. The piston of the cell then presses against the bell 

crank, above the empty cup, and moves the trunnion off its supports to the 

eft. The same lift and drag apparatus may be used on the rear face of the 

test section. Moment is measured in the same manner as drag and lift by a 

cell , whose side is just visible at the right of Fig. 15, acting against a 

ong moment arm extending from the trunnion of the dynamometer. The moment 
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arar is also usedto set angle of attack" Cell-s of varj"ous load ranges can be

ueed to measure lift, drag, or moment.

Total rrioment is measuredby one readi"ngon the moroent cell, but lift

and drag are tho slms of the read:ings obtai;red" at tire two ends of ihe test

body. Sinceall test bodies are uri-fonnly load*d aerass the spanin this tr+o-

dinensional tunnetr-rlt is onJ"y necessarlr t read l-lft and dreg at one.end and

to d.ouble the measwemetit" {DoubJ-ing is aet"i:e-l1-y obtained in ealibration as

is the sraal-l moment eorreeti-on to drag") mft and drag measurements may be

nade at either end using the se*e aalibration curve,

As already noted, s test body is supported. in the dynamorneter by

PJ-e:ciglas tn:nnion disks at each end of the body" Supports and seal ri-ngs

are located jn an ar:nular space beti"reen the trunniondi-sks and receiving holes

int'he test section, Elgrlre 19 shons schematieally soraeof the d.etails of, the

dSnranrometer af,rangement. The support strueturee consisting <!f a collar and

sage a$senrbly, ls fltted to the tunnel na1ls, whil-e ttre seal-ring assembly

1s attached to the trunnions, Aftera testbody and tn:nnion assenrbl-y is in-

stalled. in the tunnel, the seaL ring is loaked to the support structwe by

locki-ng p5.ns actuated by the locking ring,

Tnnxriond,isks are permanentlypinned to each testbody so that their

inside faces a:re nal"ntained at L"9?5 :n, apart," fire dimension l+,9?5 in" 1s

usedinetead of 5.000 in, beeause:reasurementscn the ti::rnel lrith bLa$k eovetra
j* the dlma:nometer holes showed. that under th* ncrmalrange of operating con-

dj-tionsthe two trnnel faees def,Lected inwardi-y a totalof frrrm 0"020 t* 0.0J0

in" at the t'est station" The given d.i-raension alSclws for a Q,Q25 in" average

.total defleetion. Tlr€ trur:clion and test-borlB a,ssembS.y e*r: be siri-fted spen-

r+ise in the tunnel and held in pcsiticn by tl:rust bearings as shoun in Fig"

19. tsy adjusting the pcsiti"onof the tl:rust bearingsdrring tunnel operationo

the lnsideface of tire trur:nion on whiah li-ft and drag measurements are being

taken can be made f?-ush lrith the inside face *f the turrne].* The other trun-

nion j-s then siihin 30"005 in" of helng flesh, and *ny inflaence this pra*

jection or recess may have on l-ift or drag is very sma1l beeauseit is eo far

removed frornthe point of measr:.remento The sph*riealthrust bearings are free

to ro11 and produce no 1ift, drag, or moment on the trunnions,

The cage assembly sholrn in Fig, 19 contains three rollers, furo afi

the extrsnities of the horl-zont'al" d:iamet€r and th* third at the bottom of a
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arm is also usedto set angle of attack. Cells of varibus load ranges can be 

used to measure lift, drag, or moment~ 

Total moment is measured by one reading on the moment cell" but lift 

and drag are the sums of the readings obtained at the two ends of the test 

body. Since all test bodies are uniformly loaded across the spanin this two­

dimensional tunnel, it is only necessary to read lift and drag at one ' end and 

to double the measurement o (Doubling is actuaLly obt ained in calibration as 

is the small moment correction to drag,,) Lift and drag measurement s may be 

made at either end using the same calibrat.ion curve. 

As already noted, a test body is supported in the dynamometer by 

Plexiglas trunnion disks at each end of the body" Supports and seal rings 

are locatedin an annular space between the trunniondisks and receiving holes 

in the test sections Figure 19 ShOv-lS schematically some of the details of the 

dynamometer arrangement. The support structure, consisting 6f a collar and 

cage assembly, is fitted to the tunnel walls, while the seal-ring assembly 

is attached to the trunnions& Aftera test body and trunnion assembly is in­

stalled in the tunnel, the seal ring is locked to the support structure by 

locking pins actuated by the locking ring. 

Trunniondisks are permanently pinned to each test body so that their 

inside faces are maintained at 4.975 in. apart. The dimension 4.975 in~ is 

usedinstead of 5.000 in" because measurementsori the tunnel with bl ank covers 

in the dynamometer holes showed that under the nO:l,"malrange of operating con­

ditionsthe two tunnel faces deflected inwardly a total of from 0 ,, 020 to 0.030 

in. at the test station 4 The given dimension allows for a 0,,02 5 L~o average 

,total deflection. The trunnion and test··body assembly can be shifted span­

wise in the tunnel and held:in position by thrust bearings as sho'WTI in Fig" 

19. By adjusting the position of the thrust bearings during tunnel operation, 

the inside face of the trunnion on which lift and drag measurements are being 

taken can be made flush with the inside faee of the tunneL The other trun­

nion is then within :to.005 in. of being flushj and any influence this pro= 

jection or recess may have on lift or drag is very small becausei t is so far 

removed from the point of measurement. The spherical thrust bearings are free 

to roll and produce no lift, drag~ or moment on the trunnions. 

The cage assembly shown in Fig. 19 contains three rollers!) two a t 

the extremities of the horizontal diameter and t he third at the bottom of a 
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vertieaL diameter, ?here is a3.so an ad.justable stopat the top of the verti-

cal d.ianreter. ?he rallers ar€ tangenttc a sirele whose diaroeteris 0,00h j-n,

greaterthan the outside d:ianreterof the truru:ion assemhly ai the ro1ler posi-

tion" lhder load, t'he irr*nion tends to rest an the bottom rs3*ler and en one

of the two sj-de re11ers" {3tre seal*holding ringis more than 0"00L in" great-

er jrl ID ihan the tn:rrnion so that i*, takes no 3.ift or drag 1oad") Contaet

betreea eaeh ro1ler and its trurinion, as lrel1 as betrseen the top stop and

trunn-ion, is j-ndicatedby a light" l{hen drag is being measr.ired, the trwrnion

is ralsed by applying force through the 1oad. eeIL r:ntil the botton rol-ler

l1ght goes off, but not so far that the light on the top stop goes oRo Lift

is treated slarilarly, llnder nornent, the trunnlons rotate very sl.ightly on

ihe rollers, tw5-sting the formed :rrbber sea1" $oraeat rneasr:reraent eonslsts

of restoring the tnmntonsto thetr criginal position and tr:rtslsting ttre seal

by applfrng forceto the Roment arm, To set angle of attaek" the tiunel must

firstbe shut dcrarn, The locking ringend pinsr elamping the seal-holdi-ng ring

to tbe cage.r are then released and the tru*nien and seal assembly raay be ro-

tat€d freely to any desired position, using the moment arm as a 1ener. The

settiag is conp3-eted by reclamping the seal-holdlng ri:rg" For peeposes of

setting and neasurLr:g angle of attack, the momeat arra together l'rith its load

ceIL ls rotated up and down by a ssretr and. raek atlaehed to a corner ef the

test section. a

The fors:ed rubber seal performs its sealingtask by expanding under

tbe actj.on of tlre pressu.re differenee betlreen tl:e outside and inside of the

tunel and thereby bloekingthe ailiular eavity" The greaterthe pressr:re d:if*

fe:reace, the tighter the seal" i#ren a trunrrlon ls returrred. to its nu11 pos-

itim for load measurement, the seal itself earries no load" (Even when de*

forred, the rubber seal- earuies an insignificar:i load.) Uo leakage has been

detectedfron the ontsidethroagh the seal, $inee atmospherie plesslrre exists

s5rmetrically everp*here outside the seal, ihereis no net foree on the trun-

nions from thi-s sourceo

There xay be an unbalaneed pressure ir the rersaining anr:ular sp*,ee

betrieen the seal md the inside of the tw:ne1, houever, ?he ernu3.ar elearance

i.n the tlro narros gaps near the inside faee averages about A,AQ3 i:rch, {*n
i-ndicating ].ightis used to shc,u shether ihe gap is elosedat any poj-nt" Ttr-is

light is necessary only dr:ring i$itlaL installatisn and adjustnentef a test-
body and trunnion assernbly to assr:re that al1sf ihe load is supported on ihe

... 
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vertical diameter. There is also an adjustable stopat the top of the verti­

cal di ameter. The roller s are tangent t o a circle whose diameter is 0.004 in. 

greater than the outside diameter of t he t runnion assembly at the roller posi­

t ion. Under load, the trunnion tends to r est on the bottom roller and on one 

of the two side rollers. (The seal~holding r ing is more than 0 .. 004 in. great­

er in ID than the t r unnion so that i t t akes no lift or drag load.) Contact 

between each r ol ler and i t s t r unnion 3 a s well as between the top stop and 

t runnion, is indicated by a light . vllien dra g is being measured, the trunnion 

i s r aised by applying force through t he load cell until the bottom roller 

light goes off, but not so far that the l ight on the top stop goes on.. Lift 

. s t r eat ed s imilarly. Under moment" the trunnions rotate very slightJ.,y on 

he rol l ers, twisting the formed rubber seal. Moment measurement consists 

of r estoring the trunnionsto their original position and untwisting the seal 

applying force to the moment arm. To set angl e of attack, the tunnel must 

!'irstbe shut down. The locking ringand pins, clamping the seal-holding ring 

t he cage, are then released and the trunnion and seal assembly may be ro­

~ted freely to any desired position, using the moment arm as a lever. The 

se t ing is completed by re clamping the seal-holding ring. For purposes of 

sett ing and measuring angle of attack, the moment arm together with its load 

cell i s rotated up and down by a screw and rack attached to a corner of the 

\.est section. 

The formed rubber seal performs its seali ng task by expanding under 

action of t he pr essure difference bet ween the out s i de and insi de of the 

tunnel and thereby blocking t he annular cavit y. The greater the pressure dif­

:"erence , the tighter t he sealoWhen a trunnion is returned to its null pos-

.:..t·on f or load measurement, the seal itsel f carrie s no load.. (Even when de~ • 

formed, the rubber seal carries an insignificant load.) No leakage has been 

detected from the outside through the seal. Since atmospheric pressure exists 

symmetrically everywhere outside the seal ~ thereis no net force on the trun-

nions from this source. 

There may be an unbalanced pressure in the remaining annular space 

be tween the seal and the i nside of the t unnel, however 0 The annular clearance 

in the two narrow gaps near t he i nside face aver ages about 0.003 i nch o (An 

indicating lightis used to show whether the gap is closedat any point o This 

light is necessary only during init ial inst allation and adjustmentof a test­

body and trunnion assembly to assure t hat allof t he load is support ed on the 
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::'CILiers" ) Because of ite large dj-arneter the annular openlng is exposed to a

nearly ua;ifora prossure around i.ts peripherye exeept where a cavity crosses

the opening, The uniforl[ pressure j.s tur:rrel arablent pressure shiJ-e the cav-

ity pressure is less than arnbientu the differencs between the tso decreasilg

as the eavitation n:grber deereaees as shows by Sq. (1)u p" 5" 3.t zero cavl-

tatien nuabero when l-oads are s*uJ*lest, there should be no unbalanced pres-

sureo The naxinRr$r jrnbdLanee oceurs wlmn a ec.vity is ss short that it just

crossea the annirlar gap before e&*ieing" fhe effeet of pf,essare funbalanee

shorrld be feLt ln t'he drag rrreasurenerrt" A rougi:. esti**ate of this effect nay

be ruade as follows e

Iet tt be assumed tha's, b*eause *f the tlro ema11 annuLar

gaps on each tmnnionu the fu11 affect of pressure irnbaL-

ance is fe3-t onJ.y orier that par*of the gap equal to r,rax-

i-Hum cavlty thiclcness and of depth equal to the depth to

the seeond gap, while there is no l-r,rbalanee elseshere,

(actuaLly, the psessurc i:nbalane€ rrlLl never reaeh tbe

fi:lJ. differenee between a:abient and eavity pressure be-

cause of pressure drop tirrough the gapsrbut, the pressure

difference ri11 also be "spread olrer a Sarger part of the

gap than assumed herein,) Then, sn each trurm:ion,

&.25
D r a g * { n " * f n } t  

*
(li)

trhere t 5-s cavity th.*eiraessand the depth te the seeond

gap is 0"?5 irrcho $i-r:r;e +*1m drag is :neasureqi at one end

of the body oniy, *nly tire drag at that end needs to be

subtraeted Jro:n the tetal d:ag as rnay be seen fron the

drag-distrS-batlon sketstrx 5"n Fig" 19. If Eq" (i+) is put
j:r tlle fom of a esrueetien to body drag coefficient,

filpe btr *ividirrgby the dynaxie presffrre Lin:es body area,

there results:

t  f i "25 t
- = 0 " 0 5 - @ :

/
, a \
v J u

(5)
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rol lers.) Because of its large diameter the annular opening is exposed to a 

nearly uniform pressure around its periphery9 except where a cavity crosses 

the openingo The uniform pressure is tunnel ambient pressure while the cav­

ity pressure is less than ambient~ the difference between the two decreasing 

as the cavitation number decreases as shown by Eqo (l)~ p~ 5" At zero cavi­

t ation number, when loads are smallest.9 there should be no unbalanced pres­

sure 0 The maximwn :Unbalance occurs when a ca.vi ty is so short that it just 

crosses the annular gap before closing" The effect of pressure imbalance 

should be felt in the drag measurement " A rough estimate of this effect may 

be made as follows g 

Let it be assumed that" because of the two small annular 

gaps on each trunnions the full effect of pressure imbal­

ance is felt only over that part of the gap equal to max­

imum cavity thickness and of depth equal to the depth to 

the se cond gap:l while there is no :Unbalance elsewhere" 

(ActuallY3 the pressure imbalance will never reach the 

full difference between ambient and cavity pressure be­

cause of pressure drop through the gaps3but the pressure 

difference will also be .spread over a larger part of the 

gap than assumed herein o ) Then~ on each trunnion9 

Drag >OS (po ~ Pk) t--
12 

(4) 

where t is cavity ttdcknessand the depth to the second 

gap is 0,,25 inch" Since the drag is measured at one end 

of the body onlY9 or~y the drag at t hat end needs to be 

subtracted from the total drag as may be seen from the 

drag~distribution sketch in Fig. 190 · If Eqo (4) is put 

in the form of a correction to body drag coefficient, 

CU D9 by dividingby the dynamic pressure times body area, 

there results g 

Po = I\ t 0 0 25 t 
Ci '" -....:--~ ... ~, '" 0 0 05 - (J' (5) D 0 0 

pV 2/2 Co 5 c 
o I 
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where c is the characteristic body length and the body

spani-s 5 inches. For a l/?.-i:a" diarceter eirer:1ar cylin-

der, where t,/e o 3-, the eavitycrosses the gap at c, e

a,5" Here % 
" o.75 and clD/c' ' 3 per cent' For a

flat-plate hydrofoil of 2"5-in. ehord at B-degree angle

of attacko the eavity first ctrossestJre gap at c - A.3t

CD * 0,06, md bf e * il,Z, g"ivirrg C:D/CDn 5 Wx cent,

These are estimates of ma:cimum error.

.[ few tests of the drag of the O,5i+*ino diameter eircular ey15-nder

shonn in Fi-g" 15have been made" ?he measurements were compared with earlier

reasurements ln a tururel rrith a different test-seetion configrrration using a

strain-gage tlpe of dSma:nometer [5], Both the earlier data and present data

scatter and overl-ap sufficiently that a 3 per cent differen€ worrld not be

recognized, No otber test cornparisons are availabLe at this time,

Thereis also a taredrag on the lnside faeesof the trunnions" Th:is

1s readily computable with snall error fron turbulent boundar;r*1ayer theory;

tte nethod of eornputation has been given jn Reference i5],

where c is the characteristic body length and the body 

spanis 5 inches. For a 1/2-in. diameter circular cylin­

der, where tic = 1, the cavity crosses the gap at (j = 

0.5. Here Cn = 0.75 and Cln/Cn = 3 per cent. For a 

flat-plate hydrofoil of 2.5-in. chord at 8-degree angle 

of attack, the cavity first crossest."J.e gap at (j .. 0 .. 3, 

CD = 0.06, and t/c"" 0 .2.9 giving Cln/ CD .. 5 per cento 

These are estimates of maximum error o 
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A few tests of the drag of the Oo5h=ino diameter circular cylinder 

shown in Fig. 15 have been made" The measurements were compared with earlier 

measurements in a tunnel with a different test-section configuration using a 

strain-gage type of dynamometer [5J. Both the earlier data and present data 

scatter and overlap sufficiently that a 3 per cent difference would not be 

recognized. No other test comparisons are available at this time. 

Thereis also a taredrag on the inside facesof the trunnions. This 

is readily computable with small error from turbulent boundary-layer theory; 

method of computation has been given in Reference [ 5J. 
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Fig, 5 - The Control Stand 
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Fig. 9 - Test-Body Support System
in the Axio l ly  Symmetr ic  Tesi  Sect ion
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Fig. 9 - Test-Body Support System 
in the Axially Symmetric Test Section 
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pl5-ed Physics)
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California Institute of Technology, Pasadena 4, California. Attn: 
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University of California~ Berkeley 4, California, Attn: 
1 - Department of Engineering 
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Director, Scripps Institution of Oceanography, University of Cali­
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Harvard University, Cambridge 38, ~lassachusetts, Attn: 
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1 - Professor Go F 0 Carrier (Division of Engineering and Ap­

plied Physics) 

Massachusetts Institute of Technology,Cambr1dge 39, Massachusetts, 
Attn~ 

1 = Professor Lo Troost (Department of N.Ao and MoE,,) 
1 = Professor Ao To Ippen (HYdro Labratory) 

University of ~d.chiga.n, Ann Arbor.~ Michigan, Attni 
1 ~ Professor R. B; Couch (Department of NoA. and MoE.) 
1 = Professor C.=S. Yih (Department of Engineering Mechanics) 
1 = Professor V.. Streeter (Department of Civil Engineering) 
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Cornell University, Ithaca, New York. 
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kofe esor a " Go $tranrd.hagen, Bepertment of sngi-neering, FIe ehani_es,Ihiverslty of l{otre Oame, 
-$ci,re 

Dalae, Indiana"

Polybeebnie rastitute of BrookJ.ya, separtmeat of aeronautieaL Err_gineer5ag and -applied Heehanics, 333 iay street, aroonya :, N"oIork, Attns
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1 - Professor J. K. Vennard (Civil Engineering Department) 1 - Applied Mathematics and Statistics Laboratory 
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1 Mr. Ho E. Brooke .ll Hydrodynamics Laboratory, Convair, San Diego 12, California" 

1 Miami Shipbuilding Corporation.ll 615 S" vi. Second Avenue, Miami 36, Florida. 

1 Baker Manufacturi ng Company» Evansville.9 Wisconsin. 

1 Gibbs and Cox.ll Inco,9 21 West Street, New York 16, New York. 

1 L- Dr. He Reichardt, Max~Planck .. Institut fuer Stroemungsforschung, Goettingem,9 Boet tingerstrasse 6/8 OJ \vest Germany. 

1 Director of ResearchJ National Aeronautics and Space Administration, Lewis Research Center, 21000 Br ookpark Road, Cleveland 35.ll Ohio. 
1 Hydronautics, Inc., 200 Monroe Street, Rockville, Maryland, Attn: Mr. Phillip Eisenberg, Mr. M. P. Tulino 

1 Commanding Officer and Director, Uo So Naval Civil Engineering Labo­ratory.9 Port Hueneme.ll California, Attng Code L54. 


