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PREFACE 

The fOllowing Technical Report is based on the design study of free­

jet water tunnels carried out 'at the St. Anthony Falls Hydraulic Laboratory 

of the University of Minnesota and sponsored by the Office of Naval Research, 

Department of the Navy, under Contract N80nr-66202, Research and Development 

Board No. NR-062-06,o 

The study was made and the report written by CharlesD. Christopherson 

under the general supervision of Dr'. Lorenz G. Straub, Director of the 'Sto 

. Anthony Falls Hydraulic Laboratory. The discussion of open-jet and closed­

jet water tunnels was based on an unpul:illshedanalysis by James S. Holdhuse'n. 

The experim~'ntal studies embody numerous suggestions contributed by Professor 

JohnF .. Ripken, who also critically reviewed the report. John J .. Oasey assisted 

in the experimental work and preparation of illustrations, and Leona S. Wray 

assisted in preparation of the manuscript., 
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A study of the design and operating characteristics of free-jet 

water tunnels is presented" lricluded is a brief analysis indicating that this 

type of water tunnel 'is pari;icularly well suited for the empirical analysis 

of steady-state cavities which form about soiidbodies moving through water 

at extreinelylow cavitation indices. It is pointed qut 'that, the conventional 

closed-jet and open-jet types possess inherent limitations on the quality of 

t.he test-section' flow and t.he accuracy and applicability of the measurable 

flow properties'alt theseiow cavitation indices. 

The experimental apparatus is described verbally andpnotographi­

cally. It was designed for the production and study of a test jet.o! circular 

cross section having a2-in. diameter and an effective length of 6 Ciiameters'. 

The j~t could::be directed vertically upward, vertically downward, and hori­

zontally. Facilities for the production and analysis of steady.,..state cavities 

within the jet are also described 0 

The experimental stUdies and the results are discussed. Included 

are observations concerning air entrainment by the Jet, visual qualities of: 
the jet~ total head 'Pit at tube traverses of the jet, and steady~statecavities 

within the jet at cavitation indices as low as 0.015. The report concludes 

with general recommendations concerning the design of free-jet water tunnels 0 
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G t 0 S SA RY 

A the cross-sectional ~reaotthetest-section flow. 

A = the maximum cross-sectional area of a steady-state' caVitation bubble. 
m 

B = (D/2)/(U 2/2g). o 

D == -the diameter of a free jet of circular cross 'section. 

D o 

d m 

d 

e 

F 

Fr 

f 

== the test-section depth of a horizontal test section; the diameter of a 
cyli'ndrical test section 6f. circular cross section; . the diameter of a 
circular free jet at the upstream encrof the test section; the diameter 
of a contraction of circular cross section at its downstream face. 

"" the maximum diameter of a steady-state cavitation bubble or of a non­
cavi tatingboqy of circular cross section. 

= diametrical distance. 

"" a subscript referring to a plane through the downstream end of the test 
section. 

= the drag force on the test section and a cavitation body supported 
within the test sectiono 

=: the Froude number := U 2/gL• 
o 

=: a shape fac tor depending on the' shape of a cavitating body such that 
009 ~ 'f L LO and f -) 1 as Ok ~ 00 

the head drop due to energy loss in the test section divided by U 2/2g• 
o 

= . the maximum head drop in the transition region from the test section 
to the diffuser of a conventional water tuntlel due to curvilinear flow 
in this region, also divided by Uo 2/2g"" 

L '" the axlal-distance dmmstream ·from the downstream face of thecontrac­
tion$ 

Q the axial length of a steady-state cavitation bubble. 

o 

p 

a subscrlpt referring to a plane through the upstream end of the test 
sect.ion. 

the absolute static pressure. 

Pc "" £. which is characteristJ.c of a partioular cavitation phenomenon. 

p "'. _p at a point when cavitation is incipient atttie 'pointo 
cr 

Pe .., P on the centerline of the test section at the downstream face. 

Pk = P within a steady-state cavit,vo 
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= E on the centerline of the test section at the upstream face. 

= E. at the top of the plane of minimum flow cross section in the test 
section of a conventional water tunnel. 

p = the vapor pressure of a liquid with reference to absolute zero. v 

r == radial distance from the contraction axis. 

t = photographic exposure time. 

U == the speed of a point in a liquid relative to a point fixed in a solid 
body. 

U 
c 

U o 

= U on the centerline of the jet, relative to the test section, at an 
axial distance L downstream of the downstream face of the contraction. 

= U on the centerline of the test section at the upstream face relative 
to a cavitation head within the test section. 

= U at the top of the plane of minimum flow cross section in the test 
section of a conventional water tunnel relative to the test section. 

x = the axial distance downstream from the upstream face of the contraction. 

y = the distance below the contraction axis of the centerline of a horizon­
tal free· jet. 

p = the mass density of a liquid. 

~. = the cavitation index. 

~ cr 

(J 
crb 

~ 
crd 

~ 
crt 

= 

== 

== 

= 

CJreferred to incipient cavitation. 

CJ on the centerline of the test section at the upstream end when cavi­
tation first oc'curs at both the transition from the test section to 
the diffuser and the top of the plane of minimum flow cross section of 
a conventional water tunnel. 

CJ on the centerline of the test section at the upstream· end when cavi­
tation first occurs at the transi Hon from the test section to the 
diffuser ofa conventional water tunnel. 

CJ on the centerline of the test section at the upstream end 'When cavi­
tation first occurs at the top of the plane of minimum flow cross sec­
tion in the test section of a conventional water tunnel. 

trk . = 0- referred to steady-state cavitation. 
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EXPERIMENTAL ------------ !2~§.!Q!! §.!!!:!2.!§§. 
o N F R E E - JET WATER TUNNELS 

10 INTRODUCTION 

A free-jet water tunnel is one of the four types of variable pressure 

water tunnels characterized by basic test-section design (the other three are 

the open-jet, the closed-jet, and the free-surface) 0 The purpose of this study 

was to develop a knowledge of the characteristics of this type of water tunnel, 

which would add emphasis to its feasibili. ty as an experimental tool and subse­

quently act as an aid to the designer of such a tool. To impiement the study, 

a small free-jet water tunne:). was constructed having a 2-in. jet diameter and 

an effective test-section length of 6 jet diameters. This apparatus will be 

more completely described later in this paper; however, it should be noted 

that this initial design was of a very 'general nature and there was no intent 

that it serve as a geometrical model for a larger system. 

Studies were made with the test jet oriented in three directions-­

vertically upward, vertically downward, and horizontally 0 As would be expected 

from the nature of the study~ most of the results and conclusions obtained do 

not lend themselves well to an all-inclusive, itemized summary; they are, 

therefore, to be found scattered throughout the following pages and summarized 

in only a very general nature in the last section. The following section will 

be concerned with a brief, approximate analysis which indicates the need for 

the free-jet type of water tunnel if certain investigations are t9 be carried 

out, and it points out- some of the operational problems inherent in such a 

system. The remainder of the paper deals with the experimental apparatus, 

procedure~ and results of this study. Symbols are defined in a glossary and 

where first used and comply in so far as possible with standard practices. 

Where reference is made to Ilconventional water tunnel sit the open-jet and 

closed-jet types are implied; A list of the illustrations used can be found 

in the forepart of this publication, and the references, indicated by numbers 

enclosed in brackets, are listed on the last page. 

110 SIGNIFICANT CHARACTERISTICS OF FREE-JET WATER TUNNELS 

In studying the relative motion between incompressible fluids and 

solid bodies submerged within these fluids such that there are no free surface 

effects, use has long been made of open-jet and closed-jet variable-pressure 
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water tunnels, however~ the free-jet water tunnel is a rather. recent innovation 

developed by H. Reichardt [lJo The purpose of any wa.ter tunnel is to create 

certain predeter:mined flow conditions, and a measure of the efficiency- of the 

water tunne11s the e~tent to which the desired flow (fondi tioris are· simulated 

by the water tuiine1 flow and the availability of this flow for experimental 

analysis. Each type has certf,l.in advantages and disadvantages With respect to 

the,6thers, and, by- the nature of these, each is preferable for certain types 

of inve/iltigations, eo go 9 the open'-jet water tunnel is particularly well adapted 

to the study of the flow phenomena associated wi th propellers. With this in 

view, the intent in this section is to establish that the free-jet water tunnel 

is the type best suited for studying steady-state cavitation bubbles which 

form about solid bodies under extreme cavitation conditions. The ·superiod ty 

of the free-jet water tunnel for '~his type of study stems from two basic fae .... · 

tors ~ (1) the necessary flow condi ti ons . can best be produced in a free-jet 

water tunnel, and (2) the cavitation index representative of these flow condi-· 

tions can be accurately determined in a free-jet water tunnel but cannot for 

a clos?d-jet or open-jet water tunneL 

Considering first· the c.avi taltion index, it is commonly defined at 

a point in a flowing liquid as follows ~ 

where ~ ~ the cavitation index, 

U=_the speed of the point in the liquid relative to a point fixed in 
a solid body. 

p= 'the mass density of the liquid9 

p "" the absolute static pressure (at the\point), and 
. , . . . 

Pc'" the absolute static pressure which is characteristic of the par­
ticular cavitation phenomenon of interest" 

The term p is the weak point:i.n the definition. If th~ cavitation index is 
c 

to be applied to the study of incipient cavi tallon, then the value of -p c 'should 

be taken as that at which cavitation first begins, however, if the cavitation 

index is to be applied to the study of steady-state cavities, then p should be . .. . c 
taken as the actualpres8ure within a steaciy-stat'e cavity in the iiquid. tn the 

. .""".' 

former case and in the latter case when the steady-state cavities ire natural 
cavities resulting from reduced pressur'es ina region, Pc isapproximateiy 
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equal to the vapor pressure, p , at the temperature of the liquid at the point v 
in question. However, in any given practical flow problem it is more likely 

than not to be true that the static pressure at which cavitation begins, the 

static pressure wi thin a steady-state cavitation bubble which is vapor filled, 

and the vapor pressure of the flowing liquid will be three different numerical 

quantities. In order to differentiate betwe'Elli the cavi ta tion index as applied 

to the study of steady-state cavitation bubbles and the study of incipient 

cavi tation, let O""k apply to the former case and q;r apply to the latter, such 

that 

0" cr 
p - p'cr 

""--~ 
U2 

PT 

where, Pk = the absolute static pressure within a steady-state cavity, and 

p = the absolute static pressure at a point when cavitation is incip­
or ient at the point. 

It is considered throughout the remainder of this paper that the 

situation of interest in the study of steady-state cavities is that in which 

a cavity has formed behind a solid body (cavitation he.d) placed in a region 

in which the static pressure and velocity were initially uniform throughout; 

this region consists of the test section in the case of water tunnel studies. 

If O"k is· defined within the cavity, then p "" Pk and O"k = 0 for all steady-state 

carl ties; hence if the c avi tation index is to be used as a modeling parameter, 

it must be so defined that E is not taken within the cavity and such that O"k 

is desoriptive of the particular steady-state cavity under study and is equal' 

to zero only for a special case. To aocomplish this it is conventional to 

define O"k in one of the twO following manners: (1) the value of O"k is ev~luated 

at a point in the uniform flow region such that the flow at the point is not 

affected by the existence of the cavi t.ation head and cavity at another point; 

(2) the value of O"k is evaluated at a poirit in a flow from which the cavita­

tion head has been removed which would lie within the oavitation head or its 

cavity if it were pres.tit. Under the ideal conditions of uniform pressure 

and velocity in the undisturbed flow region, thetwc> definitions would. result 
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in the same numerical value of a'k for a given study. In the practical case 

of water tunnel 'testing, the former definition has the advantage of permitting 

the evaluation of ok at the same t:t1he that the steady-state cavity being studiAd 

exists in· thetest=section flow, hence it is the one adopted for use in the 

remainder of this paper. To be more specific, let CJc be the cavitaUon index 

on the centerline at the·upstream face of the·test section such that 

where Po := the absolute static pressure at this point, and 

Uo ." relative speed between the cavitation head and liquid at this POl-liLt" 

Now consider the components Po' Pk.ll and p(Uo 2 /2) separately as re­

gards their evaluation and the accuracy and; effecti~eness of ok as just defined 

as a descriptive parameter for steady .... 'statecavi ty studies. In neither closed­

jet, open-jet3 nor free-jet water tunnel test sections can the velocity of the 

f1bw oeexpedted to be constant throughout even whemthel:'eis no cavi tatian 

head in the test section. This is thenatural result of the presence of viscous 
and gravitational forces encountered in practical studies 0 However, although 
the value of p(U2/2). Will not be constant throughout the test section for 

these conditions, . within a "core flow" it should not vary by more than a few 

per cent from the value of p(U0
2/2) 0 Further,the evaluation of this quantity 

is not difficulto The evaluation of Pk can be accomplished by measuring the 

pressure wi thin the ,steady-state canty being -studied, its value being constant 

'over the greater length of the cavity and measurable in a gaseous rnediumfor 

the',ex;~reme1y low cavitation indices of'ihterest here (Uk L O~05), although 

this may not be true in general for steady-state cavities [2J • The remaining 

'term,. P 03 . is.\tl.fficult t,O evaluate and does not accurately represent -the pres­

sure·cdrl.ctl..ti.ons throughout the test sectioninclosed-jet and 'open-jetwater 
.. ' . ~ 

tunnels 0 :en water tunnei,;testing at low cavi~ationindices, thevalu.eo£ 

.(po - Pk) iavery small (~he'alterna~:tve is to m~ke peuo 2/2) very lal'ge, which 

. is not practi~al)li Le,,) Po isofthe same ~rderof magnitude as Pk'"TherefQre, . 

small variations in Po result in large variati.ons, in Uko The evaluation of 

Po for the closed-jet or-opan-jet water tunnel must depend on the measurement 

of ~he pressure at someboundarYPo:lnfhymeans of a piezometer tap system" At 
the velooities which exist inwaterturtnel studies, such pressuremeasurettients 
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are not to be relied upon for high accuracy [3J. If the static pressure 

measurement is in error by only 1/2 per cent of the dynamic pl"essure, the 

value of ~k is in error by (OOOo5/~k) per cent which becomes very large for 

small ~k.. Further, in closed-jet and open-jet water tunnels, the static pres­

sure will vary along the length of the Jet due to the fo:rmation of a boundary 

layer in the test section with its accompanying energy losses and will vary 

across the jet due to hydrostaticp~essure effects (assuming a conventional 

horizontal test section). As a result of these conditions, O"k defined at any 

point in the test section of a closed-jet or open-jet water tunnel cannot be 

considered a reiiable index of the cavitation characteristics of the test sec­

tion as a whole for low cavitation indices. In the free-jet water tunnel, 

however, these effects are minimized. The jet is surrounded throughout its 

length and circumference by a constant .... pressure gaseous phase (air and water 

vapor) in which the pressure is easily and accurately determined. The assump­

tion that this pressure is the same as the static pressure at every point 

within the jet, when there is no cavitation head present, may be slightly in 

error as noted in 'references [1, 7, and 10J. 

Consider now the' actual production of a test section flow at very 

low cavitation indices, Le., the suitability of the various types of water 

tunnels for producing the conditions desired. This factor has been discussed 

previously assuming an ideal fluid with the result that the free-jet tunnel 

was found to be preferable [4, .5J 0 The following discussion is based primarily 

on the physical reality encountered in making experimental studies and assumes 

that all extraneous cavitation in the test section 'is to be prohibited. It 

can be seen that in open-jet or closed-jet test sections which are convention­

ally horizontal, ,there are three flow properties of importance as regards the 

attainment of low cavitation indices in such tunnels 0 Theyare: (1) that there 

is a pressure gradient along the length of the test section due to energy loss 

in this region; (2) that there is a hydrostatic pressure gradient across the 

test section; and (3) that there is a dynamic pressure gradient in the region 

of transition from test section to diffuser, due to the curvilinear flow which 

occurs in this region. Each of these has the effect of lirpiting the value 

of O"k which can be produced in the test section without resulting in extraneous 

cavi tation" at some secondary point. This extra.neous cavitation is what may 

be termed burbling cavitation and consists of small cavities which form in a 

region of low pressure and collapse as they are carried downstream into regions 
of higher pressure. 



6 

FOll the case where a closed test section is clear of all obstructions, ' 

cart tation will first Occur at the top of the transition from the, test section 

to t he diffuser, as it is at this point ~hat the static pressure of 'the flow 

. reaches its mininmm value; Le", there has ,occurred the maxinmm energy loss 

through the test section, there is a minimum pressure due to· the hydros ta.tio, 

effect, and there is a minimum pressure du,eto .,the ·curvilinec;tl:' flow in this 

region. For the \ open-jet type water tunnel this. may not .be exaptlytrue as 

shall, be mentioned later. If <!k is evaluated at the centerline oithe upstream 

end of the test section and it is assumed 'that the cavitation pressure, Pc' 

for ,all cavitation equalsPk' the O"'k for this case can be written as 

where cr :::; 

D a 
2' 

2 U o 
2g 

crd 
the cavitation index on the centerline of the test section at 
the upstream end when 9avi tation first, o.cOUl'?at th~ trans,i tion, 

KI :::; the head drop due to energy loss in the test section divided b.1 
U()2/2g," ' ' ',.' 

K2 = the ~aximum head drop in the trari.si tion region due to curvilinear 
flow dividedby' U0 2/2g; 'and ' 

D = the test-section depth. o 

The value of Kl is dependent on the particular system being consid­

ered; however, for the purpose of this discussion it shall be takeh equal to 

its limiting va,lue for a cylindrical test section, which is zero" (Xt: can be 
shown that by flaring the test' section slightly rather than forming it into 

a cylindrical shape, the net effect of this factor could conceivably be to 

de.crease ~r dO) Then 

(1) 

The value of K2 is a variable wi th respect to the; particular test installation 

also, but it should be approximately equal to 000165 according iostudies. 

reported in section nr-E of reference [6J for closed-jet water. tU,nnals.. For 



7 

open-jet water tunnels it is to be expected that· this value of K2 would be 

considerably larger dlle to the rapid transition from contracting flow to ex­

panding flow wh~ch occurs in the pickup region of such ,water tunnels. Under 

the most idea.l conditions, the value of K2 would also be zero and ~rd = 
(Do/2)/(Uo 2/2g); however, this would occur only if there were no transition 

and hence no diffuser. 

For the case where there is a streamline body supported in the test 

section, addiM_o.nal factors become important. The flow cross section is re­

duced in the region in which the body is located, reaching a minimum value at 

the point where the body cross section is a maximum when there is no cavita­

tion on the body. The flow is accelerated in passing from the unobstructed 

region of the test section to this region of minimum flow cross section. This 

will be accompanied by a pressure drop with the result that cavitation is 

likely to occur at the top of the test section in this plane. To permit an 

approximate analysis of this situation, it may be assumed that the body is a 

rotationally symmetrical one supported on the centerline of a horizontal cir­

cular test section, that the velocity is uniform in the plane of minimum flow 

cross section as well as in the pJane at which Po is'measured, and that there 

is no head loss between the two planes; the latter two assumptions have com­

pensating effects as regards this analysis,,, Bernoulli I s equation and the 

continuity equation between these two planes are then as follows: 

where Pt = the absolute pressure at the top of the plane of minimum flow 
cross section, 

Ut = the speed of the flow in this plane, and 

dm = the ma.ximum body diameter. 

Setting Pt equal to Pk' the pressure at which burbling cavitation is incipient, 

and combining these two equations yields 

IT = a- = 
k crt 

w w 
U 2 

o 
2g 

n o 
2" 
U 2 

o 
2g 

- 1 (2) 
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;-PdA + V tfdA = J pdA + 

A A A 
o 0 e 

where A = the cross-sectional area of the test-section flow,' 
o - refers ~ to the upstream plan~~' , 
e - refers to the downstream plane; and 
F = the drag on the test section and cavitation bodY-i! 

Assuming that the velocity is uniform DVl?r both the upstream and downstream 

planes and that the pressure is hydrostatically distributed in both planes, 

the above equation reduces to 

F = A (p - p ) 
o e, 

where p is the absolute staticpreSS'l1re at the centerline of the downstream e 
plane 0 Disregarding the energy loss due to the test section itself, the term 

F then repres'ents the drag on the. cavif,ation body. According to Ho Reichardt 

[7J, this drag term can be written as 

where A .. the maximum cross.:...sectional al;'ea of the cavita.tion bubble described 
m 

1;>.Y (y " and 
·k 
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f = L L' a shape factor depending on the body shape such that 0.9 ~ f - 1.0 

Then 

and f -71 as CTk -7 00 ,(Am) U
0

2 

Po - Pe = f CTk T P -2-

Introducing this factor 'into Eq. (1) 

CT = K2 + crd 

Do 
"2 
u 2 

. 0 

2g 

Setting ().k = CT ,which is true as the ,pressure at 'which cil.vi tation is ih­
c~' 

cipient has been taken equal to that within a steady-state cavity, and solving 

for CT " 
crd' 

D /2 
K + _' -:0::-. _ 

2 U 2/2 o g 

= -1---:"(-:":"""7),...., -f-

Taking f '= 1.0 and noting that (A /A) = (d ID ) 2) , then m m 0 

Equations (2) and (3)' are expressions for the critical cavitation 

index for incipient extraneous cavitation at two separate points in the test" 

section. Asboth are assumed to be undesirable, the test section is operating 

at maximum efficiency when CT = CT = CT ,the cavi ta tion index on the 
, ,. cr t cr d crb 

'centerline of the test section at the ups'tream end when' cavita ti on first oc curs 

at both the transition from the test section to the diffuser and the top of 

the piane of minimum flow cross section of a conventional water tunnel. Com­

bining Eqso (2) and (3) and solving for CTcr then'yields 
b . 

o;;rb = K\+ B 1([2 + B) + [4 (1 - B)+ (K2 + Bl2JltJ (4) 
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where 

Hence for small B, 

= K2 for B - 0 and K2 small, and 

.- B for K2 • 0 

Equation (4) has been plotted in Fig. 1 for the arbitrarily selected values of 

K2 • 0.033, K2 • 0.0165, and K2 • o • 
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Solving Eq. (3) tor d In in terms ot B gives 

Jr( 0 -

~m .[1 _ (K2 + B)]! 
o CTcrb 

where CT is given by Eq. (4). Equation (5) has been plotted in Fig. 2 for 
crb 

K2 III 0.033, K2 ... 0.0165., and K2 ... O. 
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Fig. 2 - Graphical Representation of Equation 5 

To illustrate the use ot these charts, it is assumed that it is 

desirable to make cavitation studies at values of CTk ~ 0.05 and that the K2-

value for the tunnel will be 0.0165. From Fig. 1, (n/2)/(U 2/2g) - 0.033 o 
when (J • 0.05, and from Fig. 2, d /n .. 0.092 when (j ... 0.05. Now it 

c~ m 0 c~ 

either D , U , or d is fixed, the other two will be determined also; Le., o 0 m . 
assume Uo .. 50,fps, then (502 

no - (0.033) 32.2 = 2.,6 tt, and 

dm ... (0.092) (2.56) a 0.236 tt 
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figUres 1 and 2 illustra.te graphically the impracticality of making 

steady-state oavitation studie~ at lciwcavitation indices iii closed-jet or 

open,..jet water tunnels. It should be noted that inoperi-jet water tunnels 

there is another source of burbling cavi taMan associated with a much higher' 

P"cr' than those discussed above. This consists of the region of shearing action 

between the jet andtbe water enveloping it in thetest":sect:tonbarrel [6, sJ . 
. . The same components comprise Ii free':':;Jet wate;rtunnel',that comprise' 

open,..jet and closed,..jet water tunnels except, for the· diffuser which isim­

practical at the low cavitation indices at wmchthe free:";jet tunnel would be 
operated~ ,This is easily seard.f the physic a). problem involved .isconsiciered 

, ' 

in the ,light O:f'.the preceding approximate analysis. The si tuation is analogous 
to·cavi taMan in, Venturi' tubes exceptthatlt is further complicated by the 

fact that the jet is entirely frEle' at an upstream point. The ineffectiveness' 
ofths diffuser for f'ree"';jet water tunnels has a;1.so been verified 'e:Xp~r:l.trien-
tally bY·H. Reichardt [lJ. ; Ii 

It is, however, advantageous to be able to r~cover the energy of 

the je,t if this can be done by some sinlplemeans, and the inherent character­

istios of a free-jet watertunrie1 suggest an alternative methodwl1.ich at first 

consi.deration seems very promiSing. It. consist$ of di.recting the free jet 

vertically upward and "catching!f" it in a reservoir at an elevation at whioh 

mosto! 'the kinet.ic energy of the jet has been converted to' position energy 0 

Wlifle this appears to be the only simple approach,to the problem, it too oan 
.'. -' 

be seen.' to have complicatiqns~'" 'Not all of the water W:i.l1reach the upper 

reseirvoirbeo8.usetJnereisconsIderab!:espray fromihe surface of' the free 

jet as can be seen, from Fig. 14 and the photographs of reference [9J 0 Further; 

a 'certain amount of splash back from the reservoir isineyi table. The result 

is' that an auxiliary pumping system would be necessary to dispose of' thi.s 

water that failed to be caughtby.the reservoir. This method of regaining 

the jet energy also places restrictions, on design and operation of the water 

tuhnel ifl t is to be at all effecti vx' That :ts~' the reservoir height must 

he designed' for a specific jet speed andt1iewater tunnel operated at 'that 

speed., The /net efficiency of such a method :113 "stdi questionable, and it 

appears physicl:ll1y preferable that the " energy of the jet be considered a per­

missible energy loss'. 'The head loss ina good recirculating operi--jet. oI'ctosea..:. 

Jet water tunnel maybe taken as 0.2 (Uo2/2g) Col; hence, in a free-.rjet tunnel 

in which the head loss in the jet alone, is equal to Uo 2/2g, the total head 
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loss is over five times greater than that in a conventional water tunnel. 

This means that, for comparable d:i mensions and velocities, the power input to 

a free-jet water tunnel must be over five times that of an open-jet or closed­

jet tunnel and that the rate of temperature rise of the flowing water (assuming 

that it is recirculating) is commensurately greater also. 

It should also be noted, although it is obvious, that gravity does 

have an effect on the flow in a free-jet test section as well as in open-jet 

or closed-jet. test sections but of a different nature. In a tree-jet test 

section, gravity affects the configuration and speed of the jet. Assuming 

one-dimensional flow, the effect of gravity on the speed of a horizontal jet 

can be written as 

(6) 

where U = the speed of the jet at a distance L measured along the contraction 
axis from its downstream face, and 

. . 2/ 
Fr = the Froude number "" U gto 

o 

Similarly the effect of gravity on the speed of a free jet directed upward 

or downward can be written as 

~=(1+1..)~ 
U - Fr 

o 
(7) 

the posl tive sign applying to the jet directed downward. The effect of graVity 

on the configuration of a horizontal free jet is to cause the jet to bend 

downward with distance from the nozzle face according to the equation 

z =-L 
1 2Fr 

where l is the distance the jet centerline falls below the contraction axis 

in the axial length ~. 

For a vertical free jet, the effect of gravity'on the diameter ofa 

jet of circular cross section is given by 

~=( Fr )l 
D Fr + 2 
0-' 

(8) 



~lie;positive sign applying to the jet directed downward, where'g is the jet 
diameter at a distance 'rr doWris'treamof the nozile exit. For the' purposes o£ -oomparison, . it is assumed that for a praotioal :maximum L:;= 5D in Eq. ',( 8) o 
wh:teb 'can then be written as 

.i. = l D 2Fr o 
(9) 

iquations(6)' arid (7rare"piotted inFi.g~ 3;andEqs~ (8) 'and (9) are 
. plotte'd in. Figo 40 : :r:toan be' seen fromt;he'se rigures~ha.tfromthestand";' 

po;tnt' of:' speed.; the horizontal jet is preferable; but from the standpointaf 

oonl'ig'liration,the free jet direoted vertioally dOlfIlward ·is to· be pre'farred. 
This is a orie":'d1mensionalviewpoirit,hovrever,and it is intuitively obvious 

. tha·t, the horizontal free jet wiil have both a velooi ty gradient and a pressure 
;gradient across ·the jet; for thet.Wo-dimensional case, tMsfaot has been in­
~esid.ga1.ed by A~ Ho'Armstrong andEoP~' ·Hioks [loJ 0 This means that while 
the m.an 'velJCJ~ ty .. ,of~p.e horizG.~tal ;jet is ~~ssaf£ected by gran 1.y thari that 
cir a -ie~tiea&~Jo'ri~:;;'th~r~ erl,~t(vin the hoj>fzdnt~i',jet' nonsYrtnnetrical distor~ 
tfo~sof ve16~itY)'~<~~e~su;e ]'ie:Lds' WhIch. do' not. o~cur in the "vertical' jet~ 
Fu:r~her; 'the j~t d&rl:cted vertica.ii~ d01lVnward is to be preferred 'over the jet 
directeditert:1ca:t1~/ ~pward.,unless.if, is mandatory that at'least a;, part of the 
energy ot the Jel be regained 0 , This is true because in aje'f Ci1recrtecf verti;'" 
cally downward., ihe spray from the Jet will not create an additional pumping 
prOblem, and because the effect of grav1 ty on ine reell'trant' Jet found to occur 
at the rear of' steady-state c'aVita:tfon bubbles [7J in a jet directed vertically 
upward wOuld be to caus'e th:L'sjet to fall' all· the way forward and strike· the 
front of 'the' 'bU.bble which· wouid be very und'es:l.rable 0 .... ., 

. . " 

'Another' .faoto:r., .. lm.1ohmust"be '~onBfdared'in ·thedes~-gnatidop.eraiipn 
'; ,:.. ,""'. . .. . .~".;: . . . . ". . .. :. .. .. .. . .. ,'..,. .... .; ... :. .. '"'' :. ~... . 

of a free-jet. water i~elis the entrainment of air by the free' jet.. That 
'this lp:ll- be a problem is a.1so intuitively obVious" The mecha.nism of air eri­
trdIunEmtW:tll take two forrils~-air wf!l be entrained through the'· surfaoe of" 
the jet andconsidera.bleairw:Ll1'been'trairied dOW:nstreaIll oithe )est' section 

. __ .'- '-', ", .. ;-., ., .. ,. ' .. :.:.)-. ." .. ,.~ .. " - .. ",:".:.,::\. <.;,.,., >, ",: ;'.-.~ .,~ ' .... ,..~.~.~ ·1.··~,··<··,,:·.·,.,\,I.;.··: .. ~ •. ~ .. ,' .. ,' '.:~ 

where the . jet strikes' the tree water surf'aee in the :"pickup!'regioh. ,In 
addition' to't;hil!i 'air entra:i.nlnent~theremay be air releas~df~oin> sciluti~n 
in the regiono.t: lowpresstlt'e',wh:tch comprises 'thetest 'seat:tono '1'bis latter 

problem alsoerlsta in open-jet and o:t6elt~d--Jetwater·tUntiels;·iriwh:tc:b.oase 
it-is necessa17 only tOi1resorbll' this ~Hr' dovmstream of the test seotioIlo T:he­

cotllbina=tion ot air beingen~rained' and 'air being 'released from solu\ion would 

reQu.1-re seleotive resorption and' sep'ar~iioii'lf the' aIr oont~t of the wa:ter 
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is to be controlled.; however, the difficulties in achieving suoh ideal condi­

tions might well prove insurmountableo Amore prom.ising approach would be to 

separate from the flow all of the air which was in bubble form just downstream 

of the test section so that an equilibrium condition might b~ attained in 

which the air content of the test-sectio'n flow would be at or near· saturation 

for.the test-section pressure and temperature 0 The mechanism b:v which air 

bubbles could be separated from the flow might take anyone of a number of 

forms, such as discharging the jet into a large tank and relying on the buoyant 

forces to separate the air bubbles and water, supplenienting this by screens 

in the tank to diffuse the jet and collect fine bubbles; and collecting the 

air at certain points by means of natural tunnel components such as guide vanes 

or special components such as screen funnels which would collect the air in 

a core flow, and then actively sucking the air out of the flow. The use of 

a iarge tank wou.ldprobably be the most effective and the simplest, particularly 

if it incorporated a device just downstream of the test section which would 

break up the jet into a fine spray" This would have two advantages in that 

the velocity distribution in the tank would then be more uniform and hence it 

would be more effective in separating the flow and secondly, air bubbles woulq 

not be driven as' deeply into the water in this tank where they would be of 

commensurately smaller size and hence more difficult to separate" 

The latter portion of this section has been devoted to the discus­

sion of some of the problems which should be expected in the operation of a 

free-jet water tunnel and which the designer must al10w for; some of these 

problems Will be discussed further in connection w:i.ththec e:x:periments.described 

in the following sectiono The fact remains, however, that the free-jet water 

tunnel is the orily available mearis for studying true steady-statecavitaiion 

bubbles at low cavitation indiceso 

III,> EXPERUiENTAL APPARATUS 

As has been previously noteds the experimental equipment consisted 

of a small, pilot, free-jet water tunne1 of a very general design, and the 

experimenta,lprocedure Gonsisted large1y of general·observations of this tunnel 

in opera tioh. Figure 5 is a drawing of this water tunnel as it was initially 

set up with the jet directed vertically upward and the flow rectrculating. 

Figures 6 and 7 are photographs of the tunnel in its two alternate f<)rms which 

shall be mentioned later. 'l'he basic feature's are~ the two ,large reservoirs 

each 18 inches in diameter and approximately 2-1/2 ft long; the m~itor arm 
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Fig.6 - Test-Section Region with Jet Directed Vertically Downward 
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approach piping (including the 12-in.T-section which served as a stilling 
zone) which permitted orieritingthe jet in a vertically upward, vertically 

downward, and horizontal direction with a minimum difference in the conditions 

to which the approaching flow was subjected; the control valve which was a' 

standard 6-in. gate valve; the approach pipe which was mounted wi thin the up­

stream reservoir" was 22 in. long, had an accurately machined inside diameter, 

of6 in., and had an upstream end fitted with a. 6-in.' aluminum sleeiT'e for the 

purpose of locating turbulence screens; the nozzle or contraction which shall 

be mentioned further; the test section proper which' consisted of a section of 

standard 5-l/2-in. inside diameter tucite tubing ofl/4-in. wall thickness; 
the pump which was a standard, single-stage centrifugal type pump rated 'at' 

1200 gpm at 60 ft of head; and the standard 6-ino lightweight pipe which formed " 

the necessary connecting conduit .. 

The onJr refinement in design and fiilish was that incorporated in 

the contraction. In selecting a contraction desigrifor a free-jet water tun­

nel; several factors should be considered. Because of the ,extremely low 

pressures at which a free-jet water tunnel can be operated, it is mandatory 

that the bound~ry pressure be amonot6nically decreasing function ofthedis~ 
tance from the upstream face of,',the contract.ionin order' to ellminate the 

possibili ty of cav:Ctfl,t:i.Qn occnrringrlthin the contraction. The use for the 

jet 'should be cons:i,dered in determining the type of' cross section employed; 

Le., for general purposes 'and partl.citlarlY for' the study o:t rotationally 

symmetrical steady-state cavities, the circular cross 'section would be prefer- ' 

able, and for two-dilllensional studies, a rectangular cross section would be ' 

'preferable. The general advantages of a circula.r cross sectIon are that it' 
, , , 

is inherently the most stable form of a 'free jErt [11] and that the circular 

cross' section of the contraction presents the leastpossibili ty of extraneous 

flow disturbances occurriJ;1g within 'the contraction ~hich might cause flow 

separation and cavitation". In view of ' the foregoing considerations, a con­

traction of circular cross section was selected; the design of this' c6ntract;t.on " 

had previquslybeen carried out for a proposed 6Q.-in. closed-jet water tunnel 

on whioh model stud:i.eshave been made at the Sto Anthony Falls Hydraulic Lab­

oratory [6, 12];, This contrac'tion had alengthof~ exit diameters ariei'i:ln -
area contraction ratio of 99 , Because of the smallacaleinvolvecl (downstream 

diameter =2.i.n., upstream diameter = 6 in., and length = "i6 in.;), it was not 
feasible tQ_in.a~hine,readilY -,and accurately th~ inside of the contraction-., 

Consequently, "~ form was machined tothe·dime~si.ons'oftheinterj.orofthe 
contraction and the cont:i:-action cast of Cerro'bend(a co~e:i:-C:i.al aiJ.oy of low 
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melting temperature) about this torm. As the Cerrobend is extremely sort, it 

was then a simple matter to .tinish the interior ot the contraction by polishing. 

Figure 8 is a photograph ot the contraction, showing also the two piezometer 

connections tor use in making velocity determinations; Fig. 9 is a sketch ot 
the cross section of the contraction with the ottsets trom. the centerline to 

the boundar.y curve tabulated. 

It early proved necessary to employ viewing windoW'S in the test 

section which made a solid contact with the jet in order to view the interior. 
These viewing windows were machined trom solid blocks ot Luci te with an inside 

diameter ot 2 in.; an outside diameter ot 5-1/2 in., the inside diameter ot 
the test section; each covered 0.117 ot the jet circumterence(ineluded angle 

ot 420 ) j and they were 13 in. long. These viewing windows are shown in the 

photograph ot Fig. 10, which also shows the brass rods that held them in place 

in the test section. They were mounted parallel to the jet centerline (no 

provision being made tor gravitational ettects on the jet) anddiametrical~ 

opposite when both were used. 

Fi g. 10 - Lucite Viewing Windows 



23 

Figure 11 is a photograph of the various t~~es of cavitation heads 

and support systems employedo The struts were hand made from brass stock with 

a maXimum centerline thickness of 1/16 ina and were symmetrically sharpened to 
a knife edgeoThe support rods were made from l/B-ino diameter stainless steel 

or brass rod and tubingo The cavitation heads, limited to cone forms of 30°, 
45°, 60°, and 90° included angles, were machined from stainless steel and push 

fi tted to the rods 0 Stainless steel IB-gage hypodermic needle tubing was used 

to form the gage line through the strut of forms n and E which were equipped 

with piezometer taps to measure cavity pressureso 

Figure 12 is a photograph of the Pi tot cylinder and Pi tot tube used 

to make total head traverses of the jeto The Pitot cylinder and Pitot tube 

proper were formed of hypodermic needle tubing which had an outside diameter 

of 00049 ina and an inside diameter of 00033 incheso The nose on the Pitot 

tube was made from this same tubing with the leading edges rounded by hand 

polishing" The tap in the Pitot cylinder was drilled to a l/32-ino diametero 

The support guides and positioning mechanism were machined from brass and 

threaded to fit into sockets on the Luci te test~ectiono The tube and cylinder 

were positioned by turning part A which was fixed laterally but was threaded 

to part B, which in turri was "silver soldered to the hypodermic needle tubing; 

these parts are shown slightly separated for the Pi tot cylinder 0 The relative 

posi tion of the tap on either tube or cylinder with respect to some reference 

position was given merely by counting the number of turns of part A between 

positions and multiplying by 00050 inoy the lateral movement per turno 

The 'viewing windows~ strut type E.9 the pitot tube,9 and the contrac­

tion are all shown in their attached positions with respect to the test section 

in Figo 130 The remainder of the tunnel serves the sale purpose of providing 

this section with water at the desired rates and ambient pressureso 

The gages used (to measure the velocity, absolute pressure in the 

test section, differential pressure between the test section and the interior 

of cavi tation bU:bbles~ and the total head of the jet) were of the simple, 

V-tube, differential manometer type 0 The gage fluids used were,mercury, a 

commercial gage ~luid of specific gravity 20959 and watero Th? value of the 

term (po ~ Pk)/wp which occurs in the expression for Uk» was measured directly 

using water as the gage fluid 0 As the river water used in the tunnel was 

always within a few degrees of the freezing poin't at the time of these tests 

and the room temperature was near 70° F:J this particular' gage w~s. equipped 
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wi th a cooiing jacket through which water from the tunnel was ~irculated to, 

prevent the water in the gage from boilingu 

The tunnel as shown in Fig 0 5 was modified in several ways during 

the progress of testing. For reasons which shall be explained later, the 

tunnel circuit was converted to a non-recirculating system in which the suction 

side of the pump was connected to the main supply channel of the Laporatbr:r 

and the discharge pipe from the test-section region was" "ledin~o .the tailrace 

of the Laboratory! s turbine room; at this point the water level was approrl-' 

mately 35 ft below the test section and 50 ft below the water level in the 

supply channel. This modification was made at the same time that the test:... 

section region was reoriented to form a free-jet water tunnel With the jet 

directed vertically downward as shown in the photograph of Fig. 6. The final 

modifications consisted of reorienting the test section so that the free jef; 

. discharged horizontally and replacing that portion of the tunnel downstream 

of the test section proper as shown in Fig. 7. 

IV .. EXPERIMENTAL PROCEDURE AND RESULTS 

The experimental procedure used can best be described by considering 

it in th+ee separate diViSions as follows: 

(1) Studies carried out with the jet directed vertically up­

ward and wi ththe flow recircu.lating'. 

(2) Studies carried out with the jet dj,rected vertically down­

ward and with the flow non-recirculating. 

(3) Studies carried out with the Jet directed horizontally. 

and the flow non-recirculating" 

As noted previously, the original setup of the 2-in. free-jet water 

tunnel was as shown in Fig. 5. The water used in the tunnel was obtained from 

the city water supply and recirculated by means of the centrifugal pump" Test,;., 

section pressures below atmospheric were obtained by filling the entire tunnel 

with water", sealing it off from the atmosphere and the city water supply, and 

then draining part of the water out from" the bottom of the disoharge leg. As 

a temporarY expedient, this proved satisfactory even though this" res'l11tant 

pressure gradually increased because of va.cuum leaks in the systemo It is 

extremely ciJ.ff:lculttosea.l such a system against -the high vaculVlls employed 

in free-jet water tunnel research, and it is even more difficult t9 determine 
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the location of the high vacuum leaks that do occur. For operation, the 

stagnant water level was set slightly below the nozzle exit, the pump turned 

on (which had only one speed), and the valve opened as rapidly a(3 possibleo 

The jet discharged from the contraction through the test section and into the 

downstream reservoir (above the test section) where it was collected" There 

was a combination of pumping action from this reservoir and natural drainage 

into the lower reservoir which kept the water level in the upper reservoir 

comparatively IOWa The velocity of the jet was determined by connecting a 

differential manometer across the piezometric pressure near the upstream face 

of the contraption ana, the t est-section pressure 0 

Observations made on these initial tests led to several general 

conclusions 0 It was immediately apparent that there was consideral:ile spray 

from the jet surface which struck the sides of the test section and th~ riser 

extending into the upper reservoir., In this case the spray simply drained 

down through the test section into the lower reservoir; however, as has been 

mentioned previously, if the vertically upward jet were designed to regain 

energy, it could now be stated as an experimental f'act that an auxiliary pump­

ing system would be required to dispose of this spray. Another factor men­

tioned previously immediately became experimentally 'evident; that was 'the 

entrainment of' air by the flow. The most extreme case was that in which the 

test-section pressure was at or near atmospheric' p'ressureo In this case the 

air entrained in the water acted to increase the ef'fective volUme of the water 

sufficiently to' cause the water level in the lower reservoir to rise above 

the nozzle exit and submerge the jet; the large air "content of' the flow caused 

the centrif'ugal pump to become air locked and hence eff'ectively stopped the 

flow entirely; the jet expanded rapidly after leaving the con traction because 

of' the expansion of' air bubbles within the jet in this region of comparatively 

low pressure; and the jet took on an almost white appearance indicating very 

poor optical properties. These effects were apparent almost instantly when 

the test-section pressure was near atmospherico As the initial test-section 

pressure was decreased, the effects became less pronounced and required a 

progressively longer time to become evident. At very low test-section pres­

sures (near the vapor pressure of' the flowing water), the~et appeared to be 

ve~ mill0.Y and expanded slightly upon leaving the contraqtion, but the total 

air content was reduced sufficiently so that the contraction never became 

submerged and so that it took a much longer time before the pump became air 
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l.ocked. , .. These are all relative statements which are not intended to give , . 
specific . information concerning the air entrairiment' problem but only to em-

phasize the£act that it exists~ !oChereduced effects' apparent at the lower 

test-section pressures can be attributed to the fact that' the bubbles carried 

from theressrvoirto the pump fnthe latter caSe undergo a' relative .ambient 

pressure increase from five to ten times that of the former cass, and this 
ratio il:!. increased even further when the' flow paSSes through the puntp. In 

I 

addfc:Loi)., the bubbles are composed largely of water vapor which oondensesin 

th(3 high pressure regions, leaving only a small air core to' .be recirculated; 

'heilce in re-ex:panding in the low pressUre region or the test section follow ... 

ing the contraction, they reach only a fraction of their '1nf Hal size • 'this 
redtte:'t':i.;on of the effects of air entrainment at low test-section pressures is 

gra.tifying because :i. t is mainly at these low pres.su~es that a free-jet water· 

t1.mnel would' be operated. However, if it is intended that the tunn'e1 be 

operated at pressures near atmospheric and artificial cavitation produced by 
introducing a" stream of air behirid" a body, the effects of airentrainme~t mIt 
be at their maximum" F'urther, the large bubbJ.es should 1:)e comparatively easy 

to separate from the flow!) whereas the small ones which Occur in all cas~s 
would be the most difficult 0 . 

Consideration was given to incorporat:l.ng an air bubble separator 

in the 2-1no free-jet water tunnel system which would separate the bubbles 

from the flow by using t.he huoyant forces on the bubble in a large tank [13J 0 

However, the size of the tank was limited. by the space available for it, and 

analyt.ic consider'ation~ indicated that under the available conditions "the 

minimum bubble size separated would be comparatively large and consequentlY'. 

the!'e . would. be little 1f any actual benefit deri vedoSome cursory experiments' 
\\ ' 

were carried .out in a 2-1n" diameter Luolte pip,e,')6 in~. lOr1g,' to determine 

the effeotiveness' of using screen cones' and centrifugal forces to' create a 

ccre flow of highly conoentrated bubbles in the pipe which could then be sucked 

off" A . mixture of air hubbIes and water was introduced althe top of the pipe 

by attaching an ejector at this point to the city water supply and the atmo.;.. 

sphere, and this mixture· flowed downward through the piped . An atlger-shaped 

dev:Lce was. inserted into the tube resulting in helical flow through the tube" 

This in turn resulted in the bubbles' being collected in a cor'e flow at the 

center of the' pipe due to. the centrifugal forces set upo The other methOd 

considered;emp16yedfine screen (40 mesh) 'truncated cones placed in the pipe 

pointing'downstrel:l.m" The diameter brthe doWnstream opening through which 
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the core flow passed was 1/4 inch. The clear water passed through the pores 

of the soreen, whereas the bubbles were 'withheld' and shunted through the large 

opening at the tip. The best results were obtained when a single cone was 

used having a small included angle (15D), although this would depend on the 
, , 

flow-through velocity. Combining the helical flow with the screen cones pro-

duced results inferior to those obtained using each separately.. The adval'\tage 

of the screen cone method is the comparatively short distance required for the 

separation to t.ake placeo Both methods would require an auxiliary rlystem 

capable of actively sucking off this core flow, and it is still questionable 

as to what value they would have in separating the very fine bubbles which 

cause "milkyl1 flow. As a consequence, the alternative of converting the 2-ino 

water tunnel into a non-recirculating system was employed. At the same time, 

in order to eliminate as much as possible the detrimental effect of gravity 

on the flow, the test section was reoriented such that the jet discharged 

vertically do~wardo 

It should also be mentioned here that the gate valve served only as 

a shutoff valve' when the tunnel was operated at ambient t,est-section pres'sures 

near the vapor pressure of the flowing water; any' attempt to use it to throttle 

the flow resulted in cavitation at the valve which was carri'ed" over into' the 

test sectiono 

It was with the jet directed downward and with the system non­

recirculaiing that the major portio.n of the experimental work was carried out. 

Under these conditions it was not necessary to make use of the pump, as veloc­

i ties up to ,0 fps in the jet could be obtained from gravity flow; although 

it would have been possible to obtain velocities near 8, ips by combining the 

pump with gravity flow, it did not seem warranted. Test-section pressures 

below atmospheric were easily obtained, as the" free jet discharging downward 

into the waste water pipe acted as a large aspirator and very quickly reduced 

the pressure wi thin the test section to values as low as 00, in. of mercury 

absolute. Pressure control was then obtained by placing a valve betWeen the 

test se'ction and atmosphere through' which air could, be bled into' the test 

, section in order to maintain pressures above this minimum. The velocity of 

the flow was determined by the same means as for the vertically upward jet. 

The initial studies wi th this' system involved the jet surface <> The 

problem was to determine whether or not viewing windows contacting the jet 

would be a necessary feature of a free-jet watertunnelo To accomplish this, 

, ~ 
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high-iJ);>.ed photographs were taken of the jet at various velocities q.ndambien t 

jetpressweso B~fore this could be done~ it was necessq.ry to find a means 

, of cleaning the spray from the inside of the test- section walis; the method 

used' consisted of causing a solid sheet 6f water to flow down this face for 

a briefinterval of time which' effectively wiped off' the spray 0 The photograph 

wastherl quickly tciken before sufficient spray had collected to' cloudfue wall~ 
. "'. ' 

and obscUre the 'jet again" Figure 14 shows the typical result of these photo-

graphic, . studies, leaving' no doubt as to the necessity for contact viewing, 

windows if the interior of a free jet is to be viewed. bnly at velocities 

below 10 fps 'did the jet surface become smooth, and at these low velocities 

the gravitational effect on the free jet ia pronounced" The viewing windows 

subsequertly employed in this setup have been described previously and are 

shown in Fig. II. 

The next step was the development of the cavitation head supporting 

system. The. basic requirements were that the system, should form' adequa te 

structural support, that the flow disturbances resUlting froIllitbe a minimum, 

that foreign material in the flow should not collect on the leading ~dge;&nd 

that it be capable of transmitting the pressure wi thin steady-state cavi,tation 
1 . ' -.',',-. .; ;' , 

bubbles formed about ito Type E of Fig" 12 represents the result of consider­

able experimental cut-and-try design. 'There wer,e limiting factors such as 

the small'scale involved, the high content cif foreign material in the water, 

and the extremely low water temperq.tu.res04° F) which necessitated such a 

procedure" The flow disturbance 'was minimized by using a single very slim 

and symmetrically streamlined strut which was f5ufficiently Wide to give the 

requiredstructuralstrengtholI'he el:i.minatl.orfof foreign mat.erial which tended 

toc011e61:. on theieadingedge 'oltha 'strut was accompiished,by ~lacingthe 
st.rut at' a 'small angle (300 )' with the jet direction, resulting in an effective 

sweeping actiOn on theleacling edge" 

The most difficult problem was that of accurately transmitting the 

bubble pressure 0 A fully developed' steady-state cavitation bubble at low 

cavitation indices is almost entirely vapor filledsothat the logicalt~~ms-
. . .~. 

mi ttlng' medium to use is this gaseous· phase" This means that the pressure 

line 'mus'-r; be free of water in order to insure accurate pressure transmission .. 

The pressure line through. the support sysf,emwas kept clear of water while 

cavi tat:tonbubbles were;in'the processor formation; by bleedIng air iJl'f,l1ri:>ugb. 
thlslinea However, even arter i;;he steady-state eavrty is formed the line may 



Fig.14- The 2-lnch Free Jef as Seen Through Test Section 

Without Viewing Windows. U:: 40 fps (t:: 10 microsec) 
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be plugged by water which condenses inside the bubble and which is d:l.scharg'~d 

into ~he bubble by the reentrant jet which.forms at the tail erid of the btib"eleo 

For '~hese reasons it became necessary to locate the, piezometer taps on the 

rod in "ears" as shown on strut E so that the water which condensed on the rod 

ran around the taps rather than into them arid to construct the conical block 

on the r'()d,-also shown on type E, to protect the piezometer taps from the 

reentrant jet. Even with these precautions it was not possible to obtain 

pressurerea.dings within steady-state cavitation bubbles described by cavita­

tion indices greater than 0.050 These difficulties were greatly magnified, 

of course, by the extremely small scale at which the studies were carried on" 

Figure 15 consists of three high-speed photographs shoID:ng the're~ 

entrant jet condi tionoThe condition shown forO"k ~Ooo45 is an unstea.dy one 

in which the reentrant jet appears to oscillate, at times shooting a.s far 

forward as shown and at times consisting only of a foaming region where the 

bubble closes in the rear" The condition shown for' Ok -= 0.08 appears' to 'be 

a steady one in which the reentrant jet ,?onsists entirely of this foarn:i.ng 

region. Whether this latter condi tton is a true reentrant jet may be ques­

tionable. In the condltion~_shown for ()k -:::::: 00025, the reentrant jet is again 

limited to this foaming region except for occa.sional bursts of the jet into 

the interior of the bubble; however, the' cavitation bubble is ml1ch la.rger' 

and the presence of the reentra.nt jet is not critical for pressure measuring 
.'. . .. ' 

purposes" 

Alter arriving at the final design for the cavitation head support­

system, a sarles of photogr~phs was taken of cavitation bubbles for which the 

value of ()kwas accurately c1eterminedoIn order to deterrninethed:tstort:Lon 

of these photographs' due to photographing through the v:i.ewing windows' and the 

jet, a grid was constructed.ll placed lnthe jet~ and photographed also. From 

this a length-to-width distortion factor was determinedas was the total 'Width 

of the jet covered by the windows {:'3/4 in. or 37.5 per cent of the Jetdiam­

eterJo A series of these photographs is shown in Figs 016 anc11? ,takeri by 
a shadowgraph method which provedvery useful. All olthese latter photographs 

, " 

were taken at~/50 sec, giving a smooth time-averaged bubble, andthe 9arttp-

tionhead used had a based:Lameter- of 3/16 inoahd an includ,ed angel ,of 45° 0 

The ratio of the ma:rlmurnb1.lb ble d:i.ameter, dm' to the ax:ial bubble length, fr, 
was d~terrnined for purposes of'~compar:i.son with similar data obtained with the 

Jet horizontalo1'hese value~' are plotted in Figo18 against Uk as the inde­

pendent variable ~ 
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Fig. 15 - Steady-State Cavitation Bubbles (t: 10 microsec ) 
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UK = 0.014 

d~ =,'0.083 

UK: 0.018 

.dt= ,0093 

UK: 0.021 

~= 0.097 

Fig.IS - Steady-State Cavitation Bubbles (t :: ;0 sec) 

":'" 



O"K :: 0.024 

s!.m.. ..0.. :: 0,097 

O"K :: 0.035 

!!.nL:: 0. I I I 
.t 

O"K::: 0.047 

d'E. =. 0.133' 

Fig. 17 - Steady-State Cavitation Bubbles (t = 510 sec) 
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As can be seen from Fig. 17, the largest cavitation bubbles photo­

graphed covered the en tire width of the viewing region. This was not partic­

ularly critical, however, as when the bubble size was only slightly increased 

the bubble ruptured entirely.. Hence it might be advantageous to increase the 

width of the viewing region to as high as 50 per cent of the jet diameter but 

any increase beyond this seems unwarranted. The method used for determining 

the ratio of d /0 should probably be noted. Again the small scale involved 
m 

proved to be a limiting factor. The length of the bubble was determined by 

sketching in the undefined tail portion of the bubble on the photographic 

negatives so that it was symmetrical with the head end. The maximum width 

was also determined from the negatives. The ratio d /0 was then computed and 
m 

corrected by the distortion factor mentioned above to give the true value of 

d/Q us~d in Fig. 18. Another means of defining the length of the bubble, 

which consisted of locating the point of maximum bubble diameter and taking 

twice the distance from this point to the front of the cavi tat.ion head as the 

length, was considered but was not used because of the difficulty of locqting 

this point. 

Total head traverses of the jet were made (using the Pitot tube and 

Pitot cylinder described previously) for the following boundary conditions: 

(1) no viewing windows in place, (2) one viewi~g window in place, and (3) two 

viewing windows in place. These traverses were made in two separate planes-­

one at a distance of 1.125 diameters downstream of the contraction exit and 

the other at a dis tance of 5.625 diameters downstream of the contracti on exit. 
, 

The jet velocity was 2105 fps and the effective jet length was taken as 6 
diameters or 12 inches. The Froude number based on the jet length was then 

14.3. The traverses were taken on a diameter (two in each plane except when 

no windows were being used) such that one traverse ran along a centerline 

through the viewing windows and the second ran perpendicular to the firsto 

.Readings were taken at intervals of 0.05 in. near the boundary where the total 

nead was rapidly changing and at intervals up to 0.20 in. near the jet center 

-where it was relatively constant. The results are shown in Figs .. 19, 20, and 

21, in which the velocity head, U2/2g, at any point divided by the velocity 

bead, U 2/2g, at the jet centerline is· plotted against the relative position c 
~f each point on a diameter. The static pressure is assumed constant throughout 

the jet and equal to the ambient test-section pressure which was atmospheric 

for all traverses. The Froude number f6reach profile is based on the mean 

jet velocity at the nozzle eri t and the distance that the point of measurement 
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is located downstream' of the nozzle exit. These figures indicate there is a 

drop in total head near the boundary irrespective of whether the boundary 

takes the form 01a solid viewing window or a gaseous envelope, and the rate 

at which this boundar.y effect ext~nds into the jet is approximately the same 

for the two cases. However, the drop in total head near the solid boundary 

is due to the formation of a boundary layer resulting from the viscosity of 

the flowing water, whereas the drop in total head near the free boundaries is 

an apparent" drop in total head caused by the fact that the jet is entraining 

air through ''the surface of the jet. Each is just as detrimental as the other 

and it is gratifying that the rate at which they progress into the jet is of 

the same order of magnitude for both. 

The dashsd lines of Fig. 21 show the outline of the core flow when 

there are no viewing windows in place; hence these li~es should indicate the 

depth to which the air entrained 'through the jet surface has progressed. 

According to this plot, the effective diameter of, the jet 5 diameters downstream 

of the contraction exit is only 75 per cent of that at the contraction exit. 

This can be stated quantitatively only for this particular case, as the depth 

within the surface to which t1!e entrai,ned air penetrates in a given distance 

is a function of the flow velocity and turbulence; however, because of the . 
unrefined design employed in this model tunnel, it should be on the side of 

safety to use this as a design factor since the turbulence level is probably 

quite high. An attempt was made to reduce the intensity'of the jet turbulence 

by introducing screens in the approach pipe just upstream of the nozzle [14J 0 

However, the foreign material in suspension in the river water being us~d 

quickly blocked these screens and led to the eventual abandonment of these 

particular tests withont having achieved any useful results. 

The last stage of the experimental studieswa-s carried out with the 

jet directed horizontally as shown in !ig. 7 • That p()rtion of the water t'UIlll31 

upstream of and including the test section was merely reorie~ted to form the 

horizontal free-jet water tunneL However, that portion downstream of the 
. I 

test section was rebuilt entirely in order to prevent flooding of the test 

seotion. In order to achieve low test -section pressures in the horizontal 

free-jet wate'r tunnel, it was necessary to connect it to the I,abor~toryYs 

vacuum pumping system. The procedure followed was essentially that followed 

when the' jet was directed vertically downward except that now all of the 

developmental work had been completed. Here it was only necessary to take a 



series of photographs of steady-state cavities for comparison with t.hose taken 

with the jet directed vertically downward arid to taketot<itlheadtraverses 

of the jet~ The ratio of dn/Q f~Jr the horizontal cavi tationbubbles was 

determ:1.ned as desc~ibed above for the vertical bubbles andihesevalues 'were 

plottecl'on Fig. 18 against O"ko :It was thought that this plot. might give a 

key to the type and the extent of the gravitational effect : on thesteady';';state 

cavities in the free jet" However, as can be seen from Figa 18, the scatter 

of the ;-ssults for both t.he vertical' and the horizontal free Je't' is such as 

to preclude drawing any conclusions from thesestudles concerning the gravita..'.. 

tional effect. As a point of interest,' the data and theory efH.Reichardt [7J 
are alsoshqvm in Fig" 18. as repres'ented by the siIlgle dashed line.. The 

discrepancy between this and theSt,., ,Anthony Falls data may be due to different 
\' . . . 

methods of determining dn/Q;' and it may be due to the fact tha:t the physioal 

problem was not identical in'1;he two cases, as Reichardtvs meaSurements were 

ma.de on artificial cavi ties ,i 0 ~., • cavi tiesformed,hy 'em:Htirtga /:itt-eam of 

air:,beh:irid' a body~ It seems quest10nable,e:x:ceptunder very carefully can.;.. 

trolled test conditions, that· a jet 'ofair1n.trOduced behind a i:iodywould 

resultirtthe same ,cavity outline as ~uld result from natural cavitiLtion .. 

1.'l1etotal~ea.dtraverses of the hori~bntal free jet.~re shown in 

Figs. 22, 23, and 24., As 'can be seen, a total of twelve P:ttot. tra~erses were 

made of the horizontal jet-':"two at each station for the condition of no vieWing 

windows in place, one viewing window in place,'< and two viewingwfndows in 

place 0 The stationing and the jet velocity were the same 'as for tile, vertical .. 
. jet and the Froude'number at each station was computed' on the same basis as 

for the verticp.lje't also,. The flow direction a.t the downstream station is 

at an angle of slightly less than 50 with the Pitot tube centerline for the 

ver'cical traverses, Le", the traverses are taken perpendiculartothe center­

line of' thecontra9tion rather than perpendicular to thed:i.recHon of the jet 

at either station.. As a consequence,the measured value of tile veloCity head 

is slightly below the actual value; however, this variationshouldbe i nearly 

constant over a verti.caltraverse and therefore ,should not affect the dimen­

sionless plot' of U2/U .~ "Further, 'a.t the downstream station, the horizontal 
c 

traverses' a.re not' through the' cen·t'erl:lne . of the jet but through the extended 

centerline of the contraction Which was appronmatelyO .. 2D above thefo1?Iller; o 
however, the horizO:ntal traverses indicate a :constatit total head. and, Uflder 

the assmnption of' constant static pressure equa,l to the'ambient px,essu:t-e, a 
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constant veloei ty head from point' to point on a horizontal line heal" the jet 

center" The vertical traverses, on the con trary, indicate an increasing total 

head from the top of the jet to the bottom of the jet, excepting the apparent 

boundary layere The Froude number of the-; flow for these tests, based on the 

jet diameter, is FrD' "" 86 which indicates that as an approximation an increase 

in the velocity of the jet of 203 per cent should be expected in a vertic al 

diameter, i.eo, applying Bernoullils equation at the top of the jet and at the 

bottom at the contraction exit" As can be seen, the measured traverses indi­

cate a uniform variation of this order of magnitude" 

The following statements summarize, in so far as possible, the re .... 

suIts and conclusions of this paper: 

lc 'The free-jet water tunnel is a practical (and essential) device 

for implementing studies involving steady-state cavitation bubbles at low 

cavitation indices" 

20 It is preferable that the' energy of the jet in a f:ree-jet water 

tunnel be allowable as an energy loss; however a part of this energy could be 

regained if the jet were directed vertically upwardo 

30 The flow through the test section'should preferably be of a one­

pass nature (Lee, non-recirculating) in order that: (a) the nec'essity for 

separating en-trained air from the flow be eliminated,' and (bY the rapid tem­

perature rise of the water resulting from, dissipation of the jet energy be 

eliminated" If this is not possible then consideration must be given to in';" 

corporating positive means for airs-eparation irrto' the turmel design" 

4~ V-leW1ngwindows in co:q.tact with the jet are essential for viewing 

the interior of the jet" 

-5 "No concluslon could be reac1;,led as to the effect of gravity on 

steady-state cavitation bubbles as evinced by changes in bubble configuration 

wi th changes in jet direc:tiollo 

6" The jet of a free-jet water tunnel should preferably be directed 

vertically dOWllward (unless the jet energy is to be regained) as this design 

results in: (a) minimum spray effec'ts' andriatural drainage from th~. test sec­

tion; (b) efficient natural aspiration of the air -vri. thin the test section, 
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eliminating the necessity for employing a high vacuum pump to do this when the 

flow is non-recirculating; (c) minimum symmetrical gravitational effects which 

do not give rise to the pressure and velocity gradients which occur in the 

nonsymmetrical gravitational distortion of a horizontal free jet; and (d) an 

advantageous effect of gravity on the reentrant jet of the steady-state cavi­

tation bubbleso 

7. The free jet (with viewing windows in place) consists of a core 

flow of constant or nearly constant total head surrounded by a boundary layer 

composed of two parta: (a) the boundary layer opposite the viewing windows 

consists of a region of retarded flow due to viscous shear action between the 

jet and the "windows; and (b) the boundary layer at the free surfaoe consists 

of an apparent retarded flow due to air entrained into the flow through this 

surface. Both are of the same order of magnitude at any given distance down­

stream of the contraction and within a normal test-section lengtho 
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