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SUMMARY / 3  I ‘ Y 9  
Cavitation of demineralized, tap, and d i s t i l l e d  water w a s  induced on the 

w a l l s  of a venturi having a 1.377-inch throat diameter i n  a closed-return l iqu id  
tunnel. The occurrence and magnitude of loca l  tens i le  s t resses  i n  the l iqu id  at  
incipient-cavitation conditions were studied over a range of air  content. Local 
t ens i l e  s t resses  at  incipience of vis ible  cavitation were independent of water 
type and air content and ranged from 5 t o  23 fee t  of water f o r  free-stream veloc- 
i t i e s  from 20 t o  45 f ee t  per second, respectively. Tensile s t resses  at  incip- 
ience of audible cavitation varied considerably w i t h  a i r  content of the water but 
were generally l e s s  than those obtained at  the vis ible  threshold. Visible incip- 
ien t  cavitation was of the fixed type and always occurred as a pract ical ly  in- 
stantaneous burst  of vapor bubbles i n  the region of minimum pressure. Venturi 
cavitation w a s  unsteady f o r  a l l  degrees of cavitation and stream veloci t ies  
studied. 

INTRODUCTION 

Cavitation, o r  t he  formation and collapse of cavi t ies  i n  a flowing l iquid 
caused by pressure changes (due t o  velocity changes), often r e su l t s  i n  mechanical 
damage, noise, and degrading of the f l o w  pattern with consequent reduction i n  
component performance. It i s  generally assumed tha t  cavitation will OCCUT when 
loca l  pressures equal the vapor pressure of the liquid; hence, t o  avoid the  unde- 
s i rable  e f fec ts  of cavitation, f l a w  boundaries are usually designed t o  maintain 
minimum pressures at  levels  above vapor pressure. If cavitation can be delayed 
t o  pressures l e s s  than vapor pressure, higher re la t ive  flow veloci t ies  m y  be em- 
ployed, and s i z e  and weight reductions i n  plumbing or  efficiency gains i n  rotat-  
ing machinery may be realized. 

If a l iqu id  w i l l  flow through a region wherein loca l  pressures a re  l e s s  t h a n ,  
vapor pressure without apparent cavitation, the l iquid i s  considered t o  have sus- 
tained, fo r  a l l  engineering purposes, a t ens i l e  s t ress .  The magnitude of t h i s  
effective t ens i l e  s t r e s s  i s  taken t o  be the difference between the minimum local. 
pressure and vapor pressure. Water, for  example, i s  capable of supporting con- 
siderable tens i le  stress;  as  s ta ted i n  reference 1, (1) almost any water w i l l  
sustain a t ens i l e  s t r e s s  f o r  a short  time, and ( 2 )  completely pure, gas-free wa- 
t e r  kept very s t i l l  w i l l  sustain tension indefinitely.  Tensile s t resses  from 



3 t o  60 fee t  of water head near or  at  cavitation inception are reported i n  refer- 
ences 2 t o  5 for flowing systems using various models and unmodified fresh water 
over a range of a i r  contents. 

The purpose of the present investigation i s  t o  study i n  a flowing system the 
occurrence and magnitude of tens i le  s t resses  near or at cavitation inception, as 
affected by demineralized, tap, and d i s t i l l e d  fresh waters, each over a range of 
air contents. The study w a s  conducted at the NASA Lewis Research Center as par t  
of a general program i n  cavitation research. Cavitation was induced on t h e  w a l l s  
of a transparent venturi t e s t  section ( throat  dim., 1.377 in. ) i n  a closed- 
return l iquid tunnel. The venturi, designed t o  minimize the time the flowing wa- 
t e r  i s  exposed t o  low loca l  pressures, incorporates a w a l l  prof i le  on which the 
m i n i m u m  pressure i s  w e l l  below tha t  elsewhere i n  the tunnel c i rcui t .  Further, 
t h i s  minimum pressure region extends f o r  only a short distance i n  the flow direc- 
t ion.  With t h i s  venturi, local  pressures were obtained for  evaluation of loca l  
tens i le  s t resses  i n  w a t e r  a t  incipient-cavitation conditions. Cavitation incep- 
t i o n  w a s  determined both visually and audibly. (Visible and audible incipient 
cavitation do not necessarily occur simultaneously. ) 
ied over the following range of variables: free-stream velocity f r o m  19  t o  45 
fee t  per second; free-stream s t a t i c  pressure head from 15 t o  98 f ee t  of' water 
absolute; temperature from 6 7 O  t o  llOo F; and absolute air  content (by weight) 
from about 1.4 t o  26.3 milligrams of a i r  per kilogram of water. 

The three waters were stud- 

APPARATUS 

The f a c i l i t y  used i n  the  present study i s  a small closed-return l iqu id  tun- 
nel; a photograph and schematic d r a w i n g  are  shown i n  figures l ( a )  and (b),  re- 
spectively. 
having maximum internal  diameters of 1.743 inches. All tunnel components, where 
practical ,  were machined from aluminum rod (6061-T6) t o  minimize welding. 
anodic coating w a s  applied t o  a l l  aluminum tunnel and pump parts  t o  avoid corro- 
sion. Bore alinements were held t o  -+0.001 inch by flange pilots,  and neoprene- 
or Teflon-coated aluminum O-rings were used as seals. Three sets of corner- 
turning vanes, three "eggcrate" flow straighteners, and two se t s  of stainless- 
s t e e l  screens were used, a l l  t o  favor the attainment of uniform, steady, i r rota-  
t i ona l  f l o w  at  the working section (see f ig .  l ( b ) ) ,  To minimize the possibi l i ty  
of flow separation within the tunnel c i rcui t ,  a l l  diffuser  sections have a half- 
angle divergence of less than 5O, and a gradually curved t rans i t ion  mated the 
working section with i t s  conical diffuser.  The l iquid capacity including the 
pump but excluding the expansion chamber i s  IO U.S. gallons. 

The upper leg  of the tunnel contains 12-inch-long working sections 

A hard 

The tunnel pump-drive system consists of a 15-horsepower, 220-volt, three- 
phase motor powered through a variable autotransformer and cuupled t o  a centrif-  
ugal pump by means of a variable-speed power transmission unit. 
of 356-T6 aluminum and contains an 8.45-inch-diameter three-vaned impeller with 
s p l i t t e r  vanes. Design rat ing fo r  the pump i s  700-gallon-per-minute flow rate 
with a t o t a l  head rise of 250 fee t  of l iqu id  at  3500 rpm. 
cavitation, the pump i s  intentionally oversized with respect t o  design maximum 
speed of the tunnel and thus does not a t t a i n  ra ted conditions. 
working f l u i d  and a 1,743-inch cylindrical  test section, the drive system pro- 
vides continuously variable pump speeds from 550 t o  2300 rpm.  

2 

The pump i s  made 

To avoid possible pump 

With water as  the 

These pump speeds 



correspond t o  water flow veloci t ies  i n  the cylindrical  t e s t  section from about 
1 9  t o  80 fee t  per second. 

The tunnel f a c i l i t y  w a s  designed t o  operate over a pressure range from 0 t o  
250 pounds per square inch absolute and a temperature range from +140° F t o  l e s s  
than -320' F. 
medium. 
of a vacuum system incorporating absolute pressure regulators for  control. 
cluding the p las t ic  working section, s t a t i c  pressures were measured in the  expan- 
sion chamber, across the contraction nozzle (by a manifolded ring of taps i n  the 
i n l e t  and out le t  flanges), and a t  pump i n l e t  and out le t  flanges. 

constantan thermocouples located 9 inches upstream of the contraction nozzle 
were used t o  measure water temperature. 

High-pressure nitrogen gas was normally used as the pressurizing 
Tunnel pressures l e s s  than atmospheric pressure were obtained by means 

Ex- 

Copper- 
1 

Working Sections 

Two different  water-tunnel t e s t  sections were used. A 1.743-inch constant- 
diameter section w a s  used t o  evaluate f a c i l i t y  performance and established the  
degree of flow uniformity at  the t e s t  section. The cavitation studies were made 
w i t h  a venturi section. 
pressure prof i le  w i t h  a deep but narrow valley f o r  the attainment of loca l  ten- 
sion. A s  shown schematically i n  figure 2(a),  the venturi uses a modified quar- 
t e r  round (nominal radius, 0.183 in . )  t o  provide t rans i t ion  from a 1.743-inch 
free-stream diameter t o  a 1.377-inch throat diameter. 

i s  followed by a conical diffuser  of 5 t o t a l  angle. 

The venturi shape was designed t o  provide a w a l l -  

The 0.75-inch-long throat 
lo 

The water-tunnel t e s t  sections were machined from transparent acryl ic  plas- 
t i c .  The entrance and e x i t  diameters of 1.743 inches were mated t o  aluminum 
mounting flanges by a shrink-fit technique. 
t h i s  operation w a s  0.002 o r  0.003 inch, and the resul t ing s l igh t  taper of the 
test-section inner bores w a s  considered negligible herein. 
and assembly held a l l 'gaps  and discontinuities t o  less than 0.001 inch. 
symmetry allowed the t e s t  sections t o  be rotated i n  60° increments about the flow 
axis or even t o  be turned end fo r  end as desired. 

The interference f i t  required f o r  

Precision machining 
Design 

, 

Instrumentation of the 12-inch-long venturi section consisted of 10 s t a t i c -  
pressure taps, located as i n  figure 2(a), and a manually traversable to ta l -  
pressure probe mounted i n  the downstream flange. 
curately machined perpendicular t o  the loca l  contour of the previously polished 
inner w a l l .  
dence of imperfections as determined w i t h  magnifying devices and special  l igh t -  
ing. 
were 0.020 inch i n  diameter. 
s i t ions  t o  minimize possible downstream interference e f fec ts  of a l ined taps. 
detailed i n  figure 2(a), the total-pressure probe was  made of s ta inless  s t e e l  and 
consisted of a single P i to t  tube mounted i n  the leading edge of a hollow, stream- 
l ined support s t ru t .  After polishing, accurate measurements of the venturi pro- 
f i l e  were made t o  determine i t s  f i n a l  contour. A sketch of the water venturi 
contour along with the contour f o r  an enlarged (4.61 scale)  model used f o r  sub- 

The taps were carefully and ac- 

Tap openings were then carefully hand polished t o  remove a l l  evi- 

Tap diameters were a l l  0.040 inch except taps 2 and 3 (f ig .  2 ( a ) ) ,  which 
Taps were ins ta l led  at various circumferential PO- 

A s  
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sequent wind-tunnel checks of pressure dis t r ibut ion i s  presented i n  figure 2(b). 
The nominal design contour, or t rue  quarter round, i s  shown as a dash-dot l i n e  
fo r  convenient reference. The water- and wind-tunnel contours, called modified 
quarter round hereinafter, are pract ical ly  identical, both differ ing from a t rue 
quarter round mainly i n  loca l  radius of curvature and in a s l igh t  taper  i n  the 
throat entrance region. 

The wind-tunnel simulation of the  water-tunnel model i s  shown schematically 
The constant-diameter approach section of the water-tunnel ven- i n  figure 2(c).  

turi  ( f ig .  2 ( a ) )  was  s h u l a t e d  i n  the aerodynamic model by an 8.03-inch-internal- 
diameter machined s t e e l  pipe with a sharpened leading edge. 
wooden piece containing the scaled-up modified quarter-round contour ( f ig .  2(b)) 
w a s  inserted in to  the downstream end of the pipe. 
shortened f o r  convenience. 
pipe) consisted of a r ing of four s t a t i c  taps d r i l l ed  through the  pipe w a l l  3.44 
inches upstream of the leading edge of the  wooden inser t .  Ten additional s t a t i c  
taps  were placed within t h i s  3.44-inch interval.  Free-stream velocity and veloc- 
i t y  dis t r ibut ion within the approach section were determined by means of a total- 
pressure rake inserted across the pipe radius a t  the s t a t i c  r ing plane. Stat ic-  
pressure measurements on the contoured wooden inser t  were obtained by means of a 
multiple-tube p l a s t i c  be l t  d r i l l ed  t o  provide 2 1  s t ra teg ica l ly  spaced pressure 
taps, each 0.020 inch i n  diameter. The b e l t  w a s  cemented onto the wooden inser t  
and then measured fo r  tap  location. The wind-tunnel model w a s  alined with the 
airflow i n  t h e  center of the 6- by 9-foot t e s t  section of the Icing Research Tun- 
ne l  of the Lewis Research Center. With the enlarged aerodynamic model, 11 pres- 
sure taps were located on the c r i t i c a l  modified quarter-round portion of the 
venturi, whereas with the water-tunnel model only one tap a t  78.4O of arc  from 
the s t a r t  of the quarter round w a s  feasible. 

A precision-turned 

The conical diffuser  was fore- 
Free- stream instrumentation (within the approach 

Except f o r  tap location, instrumentation of the 12-inch-long constant- 
diameter water-tunnel calibration model was similar t o  the venturi model. Nine 
0.025-inch-diameter taps, about equally spaced, were d r i l l ed  into the p las t ic  
portion of the t e s t  section, and one 0.063-inch tap  w a s  located i n  each end 
flange . 

Manometry 

Water-tunnel and working-section pressures were measured by banks of 7-fOOt- 
high multiple-tube mercury manometers. 
nometers were interconnected with the tunnel pressurization system so tha t  a l l  
readings were re la t ive  t o  the tunnel pressure measured i n  the gas space within 
the expansion chamber. 
column when possible, otherwise by a precision gage. Pressure, or piezometer, 
l ines  were of transparent p las t ic  tubing, and-each contained a bleed valve a t  
the manometer end and an orifice-type r e s t r i c t o r  near the tunnel end; the l a t t e r  
feature minimized mercury column osci l la t ion.  Manometers were read t o  within 
about 50.025 inch. 

The sealed mercury reservoirs of the ma- 

This reference tunnel pressure was measured by a mercury 

Pressures within the aerodynamic venturi model were measured by banks of 
10-foot-high multiple-tube water manometers. 
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Photographic and Sound Equipment 

Cavitation was photographed by a s t i l l  camera (4- by 5-in. f i lm s ize)  i n  
conjunction w i t h  a 1.2-microsecond high-intensity f lash unit, as well as with a 
high-speed movie system. The movies (6000 frameslsec max. ) were taken by a 16- 
millimeter high-speed movie camera coupled t o  a synchronized l i gh t  source. 

A f e w  exploratory noise measurements of cavitation were made employing a 
sensitive microphone and a two-channel tape recorder. 
oscope was  routinely used as an a id  i n  detecting audible cavitation. 

A standard medical steth- 

PROCEDURE 

Conditioning of Water Samples 

Three types of water were used i n  the tunnel studies; namely, demineralized, 
tap, and d i s t i l l e d  water. The demineralized water (sometimes called deionized) 
was  obtained from t ap  water processed through a commercial demineralizer (Barn- 
stead type FM-4), which delivers mineral-free water after an ion-exchange proc- 
ess. Unlike d i s t i l l e d  water, demineralized water may r e t a in  bacteria, organic 
impurities, s i l i ca ,  and other nonionizable substances. Tap w a t e r  was from the 
municipal water supply of Cleveland, Ohio. Before use, the tap water was passed 
through standard f i l t e r  paper (approx. 12-micron pore s i z e )  t o  remove foreign 
par t ic les  such as rust and scale. 
w a s  achieved i n  processing, and no fur ther  f i l t e r i n g  was  done. 
t e r  used w a s  commercially available d i s t i l l e d  drinking water. 
that the puri ty  of the d i s t i l l e d  water, as it existed i n  the tunnel, i s  subject 
t o  some question. Preliminary studies, involving tap  and d i s t i l l e d  water, d is -  
closed contamination of the  dis t i l led water by some corrosion par t ic les  from the 
tunnel c i r cu i t  md possible contanination by the tap water previously used. The 
tunnel w a s  dismantled, cleaned, and dried, but the  new supply of' d i s t i l l ed  water 
w a s  insuff ic ient  t o  r e f i l l  the  tunnel. The remainder required w a s  provided by 
paper f i l t e r i n g  the contaminated d i s t i l l ed  w a t e r  previously used. 

The three water types normally contained at l ea s t  1 6  milligrams of gas (as- 

Comparable f i l t r a t i o n  of demineralized water 
The d i s t i l l e d  wa- 

It should be noted 

sumed t o  be normal a i r  herein) per kilogram of water (about 67 percent a i r -  
saturated at room temperature) and were generally degassed pr ior  t o  tunnel use. 
A i r  removal was  accomplished by boiling i n  a clean, e l ec t r i ca l ly  heated, 
s ta inless-s teel  processing tank at atmospheric pressure. 
a t e ly  sealed, and the water was cooled t o  room temperature f o r  storage from 1 t o  
3 days before t ransfer  t o  the tunnel. To minimize ContaJrnination by air, the 
t rea ted  water was transferred t o  the tunnel by a low-pressure technique. 
tunnel and f i l l  l i nes  were evacuatedto about 0.20 foot of w a t e r  pressure abso- 
lute, the processing tank discharge valve w a s  opened, and a pressure difference 
of 1 t o  6 f ee t  of head delivered water t o  the tunnel by way of the pump housing 
(fig.  l ( b ) ) .  With the tunnel f u l l  of water, some f ree  air was always trapped i n  
the region of highest elevation (elbow A, f ig .  1 ( b ) ) .  
20 t o  30 minutes by venting through the cap of the expansion chamber while tunnel 
water w a s  circulated at low speed. The a i r  escaped from the f ree  surface i n  the 
expansion chamber. 
analysis w a s  made toward the end of t h i s  slow circulation phase. 

The tank was  immedi- 

The 

This a i r  was  removed i n  

The i n i t i a l  sampling of the tunnel water f o r  air-content 
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A i r  Content of Water 

A conventional Van Slyke Gas Analyzer (see ref .  5 )  was used t o  determine a i r  
content. Briefly, the apparatus removes entrained and dissolved gases by a vac- 
uum process and measures t h e i r  combined p a r t i a l  pressure. From t h i s  p a r t i a l  
pressure of the removed gases and t h e i r  volume, weight i s  determined by assuming 
the gases t o  be normal a i r .  
t o  the tunnel centerline through the expansion chamber while the pump was  slowly 
circulating the tunnel water. Generally, the sample w a s  dram, taken to, and 
sealed within the readied Van Slyke i n s t m n t  i n  l e s s  than 30 seconds. Samples 
from a new charge of tunnel water resulted i n  values of absolute a i r  content from 
1 .4  t o  3.2 milligrams of a i r  per kilogram of water (about 6 t o  13 percent of at- 
mospheric saturation at  70° F).  
the s t a r t  and end of each operating day and always a f t e r  intentional change i n  
a i r  content. After sampling, the tunnel w a s  sealed and pressurized, and a l l  
piezometer l ines  were bled of any air. 

Water samples were withdrawn by a pipet te  inserted 

Air-content measurements were made at l ea s t  at 

S tab i l i t y  of a i r  content during the 2- t o  4-hour operating day w a s  such tha t  
absolute a i r  content generally increased l e s s  than 1.5 m i l l i g r a m s  of air  per kil- 
ogram of w a t e r .  To cover the program range of air  content from about 1 .4  t o  26.3 
milligrams of air  per kilogram of water, a i r  was intentionally added f o r  subse- 
quent runs. 
available from the nonboiled supply) t o  the tunnel while an equal amount of tun- 
ne l  water w a s  withdrawn. Tunnel water was renewed at  l ea s t  once a week. Peri- 
odically the tunnel w a s  disassembled, and each component was thoroughly washed 
i n  a solution of 5 percent acet ic  acid and 1 percent detergent t o  maintain 
cle anline s s . 

This was accomplished by adding high-air-content water (generally 

Cavitation Cr i te r ia  

Incipient cavitation. - As i s  usual i n  water-tunnel studies, the degree or 
amount of cavitation produced on the  venturi i sA controllable. The minimum degree 
of cavitation, herein termed incipient cavitation, defines an operating point at 
which the formation and/or collapse of vapor bubbles on or near the model surface 
becomes jus t  detectable by e i ther  vis ible  (eye) or audible (ear )  means. This 
operating point may d i f f e r  depending on whether the vis ible  or audible c r i t e r i a  
are  specified. It i s  real ized tha t  the incipient degree of cavitation i s  some- 
what a rb i t ra ry  i n  tha t  subaudible or subvisible changes may occur i n  the water. 
However, for a l l  pract ical  engineering applications, subaudible or subvisible 
changes i n  flowing water do not a f fec t  the usual performance parameters such as 
pump efficiency. 

The present study i s  primarily concerned w i t h  vaporous cavitation and not 
the re la t ive ly  slow diffusion process of gaseous cavitation wherein degassing may 
occur from water that i s  local ly  supersaturated with a i r .  To avoid or minimize 
degassing effects,  no data are reported where supersaturated conditions, based on 
tunnel temperature and loca l  s t a t i c  pressure, ex i s t  i n  the free-stream approach 
section. The degree of saturation was calculated from Henry's law, which s t a t e s  
t ha t  saturation i s  d i rec t ly  proportional t o  loca l  pressure. I n  general, calcu- 
la ted  free-stream supersaturation was confirmed visual ly  i n  tha t  small bubbles 
were observed (under strobe l ight ing)  i n  the stream ahead of the venturi con- 
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s t r ic t ion .  The presence of such bubbles increased the incipient-cavitation pa- 
rameter K i  (described l a t e r )  about 5 percent. Occasionally small f lecks (possi- 
bly bubbles) were observed i n  the f ree  stream at conditions 10 t o  20 percent less 
than saturation conditions a s  predicted by Henry's l a w .  These data are presented 
because they agree w i t h  r e su l t s  obtained under conditions of no v i s ib l e  upstream 
i r regular i t ies .  For the  major portion of a l l  reported data, the  f r ee  stream 
ahead of the  venturi constr ic t ion w a s  less than saturated and visual ly  f r ee  of 
any bubbles or flecks. 

In  the present study, the  occurrence of vis ible  cavitation at incipience w a s  
readi ly  defined by the abrupt appearance of numerous and sizable cavi t ies  (a t  
l e a s t  1/8 in. long) whose leading edges were upstream of the venturi shoulder 
(i. e., i n  the region of minimum pressure). A photograph showing typica l  incipi-  
ent cavi ta t ion i s  presented i n  figure 3. A general discussion on the character- 
i s t i c s  of cavitation, including degrees of cavitation greater than incipient, i s  
presented l a t e r  i n  the section "Observations of Cavitation. 
t i o n  as defined denotes only the degree of cavitation and not the method by which 
it w a s  produced. The present study i s  concerned predominantly with incipient ca- 
vitation, although degrees of cavitation greater  than incipient were investi-  
gated. 

Incipient cavita- 

Methods of producing incipient cavitation. - Although cavitation on a water- 
tunnel model can be produced by increasing stream velocity while maintaining a 
constant overal l  system pressure, i n  t he  present study it w a s  found more conven- 
i en t  t o  f i x  velocity and vary the  pressure level.  (No difference i n  r e su l t s  w a s  
obtained. ) Herein, f o r  a par t icu lar  constant free-stream velocity, incipient 
cavi ta t ion w a s  produced i n  two ways: (1) by the onset method, and ( 2 )  by the 
suppression method. With the onset method the  overall  system pressure was grad- 
ual ly  reduced until incipient  cavi ta t ion occurred. With the  suppression method, 
cavitation i n  excess of incipient  conditions was f i rs t  generated, and then was 
suppressed or reduced t o  the  incipient s t a t e  by gradually increasing system pres- 
sure. 
same system pressure, within the accuracy of measurement, f o r  incipient cavita- 
t i o n  as did the  suppression method. Thus, for incipient cavitation as defined, 
no hysteresis  e f f ec t s  were observed. Other studies (e.g., ref .  2 )  have shown 
def in i te  hysteresis  e f f ec t s  i n  the  r e su l t s  obtained between the onset and sup- 
pression methods. 
both methods were of ten used. 

With e i the r  visual  or audible detection, the  onset method resul ted i n  the  

The onset method was favored herein for convenience, although 

During operation with taps  2 and 3 purposely plugged ( f ig .  2 (b ) ) ,  the  onset 
method occasionally did not produce visual  incipient  cavi ta t ion as defined. In- 
stead, system pressure could be gradually reduced t o  lower than usual for incip- 
i en t  cavi ta t ion without the appearance of cavitation. A fur ther  s m a l l  pressure 
reduction would r e s u l t  i n  the  sudden appearance of cavi ta t ion far i n  excess of 
the  incipient degree. This d.elayed onset produced, as a minimum, a continuous 
nondisappearing r ing  of cavi ta t ion i n  the  low-pressure region of the  venturi. 
The cavi ta t ion r ing varied in  length from about 3/16 t o  1 / 2  inch, depending on 
the  system pressure l eve l  at onset. A photograph showing typica l  minimal cavi- 
t a t i o n  observed w i t h  delayed onset i s  presented i n  figure 4. Delayed onset was 
random, and a repe t i t ion  usually resul ted i n  incipient cavitation. Suppression 
of excessive cavi ta t ion resul t ing from the  delayed onset cycle would always y ie ld  
the  incipient-cavitation condition. Results from t h i s  random phenomena are dis- 
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cussed l a t e r  i n  the section en t i t l ed  "Supertension. " 

Visual and audible cavitation detection. - As previously stated, the detec- 
t i o n  of vis ible  cavitation at  incipience i s  eas i ly  defined by the abrupt appear- 
ance of sizable vapor cavi t ies  i n  the region of minimum pressure. On the other 
hand, def ini t ion of the audible-incipient-cavitation threshold i s  d i f f i c u l t  be- 
cause of the subjective c r i t e r i a  used. With the ear o r  stethoscope (no apparent 
difference i n  r e su l t s )  placed firmly against t he  venturi t e s t  section and pro- 
ceeding w i t h  the onset method, audible cavitation was detected i n i t i a l l y  as dis- 
t i n c t  but random clicks emanating from the shoulder region. The randomness of 
these i n i t i a l  cl icks (on the order of one every several seconds) indicated the 
probable collapse of but a few isolated, microscopic cavi t ies  and was not consid- 
ered representative of the bulk of the water under study. 
duction i n  pressure leve l  produced a nearly steady succession of clicks, and 
audible incipient cavitation was defined as the condition at which the frequency 
of c l icks  (several  per second) f i r s t  became constant. The noise of audible cav- 
i t a t ion  i s  believed t o  be from the sudden collapse of condensing vapor-filled 
cavi t ies  or possibly the collapse of an empty cavity as the cavi t ies  enter  a re l -  
a t ively high pressure region. Although a small percentage of air may be present 
i n  these cavities,  it seems unlikely tha t  a predominantly a i r - f i l l e d  cavity would 
audibly collapse because of the re la t ive ly  long times required for  the diffusion 
process. Visual inspection with a id of strobe l i gh t s  showed no vis ible  evidence 
of cavitation anywhere on the model for a l l  degrees of audible cavitation, al- 
though viewing at  large magnification w a s  not attempted. 

A s l igh t  fur ther  re- 

An increase i n  the degree of cavitation from audible incipient t o  vis ible  
incipient produced a corresponding increase i n  noise intensi ty  with no apparent 
change of frequency. A l l  observations of cavitation were made by the same person. 

Cavitating tap  effects .  - Tap 2 ( f ig .  2 ( b ) )  w a s  located at  the average 
leadiE-edge location of visibly observed cavities.  
pressure-head coefficient, however, were made only fo r  noncavitating conditions. 
It w a s  realized tha t  a l l  subsequent venturi cavitation runs would include cavi- 
t a t i o n  at  or i n  the tap ,  and i t s  e f fec ts  on the 
would have t o  be considered. Generally, tap 2 cavitated a t  a l l  conditions in- 
volving pressures l e s s  than about 1 foot of water above vapor pressure. Thus, no 
pressures were measured when the loca l  pressure was near or  less than vapor pres- 
sure, but were computed as described i n  the next section. 

Tap 2 measurements of 

l incipient-cavitation threshold 

The ef fec ts  of tap cavitation on determining incipient-cavitation l i m i t  were 
as follows: Audible incipient detection was not seriously affected by tap 2 cav- 
i t a t i o n  because it was easy t o  discriminate by ear  between the clicks of stream 
cavitation and the constant hissing sound emanating from the  cavitating tap. 
Cavitating tap  2, however, did a f fec t  the  sequence of events leading t o  the de- 
termination of v i s ib le  incipient cavitation. On approaching v is ib le  incipient 
cavitation by the onset method, tap  2 v i s ib ly  cavitated; then a vaporous cloud 
spread circumferentially from each side of the tap  t o  include a t o t a l  arc  of 
about 4 5 O .  
voids just occurred at a circumferential location well outside the 45O a r c  of tap  
d i  sturbance . The suppression method of producing incipient cavitation yielded 
ident ical  r e su l t s  i n  reverse order. The incipient-cavitation resu l t s  obtained 
with tap  cavitation agreed completely with the l imited amount of incipient data 

Incipient vis ible  cavitation was determined when vapor bubbles o r  
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obtained before taps 2 and 3 were installed. 

Data Reduction and Presentation 

Noncavitating pressure dis t r ibut ions are  presented i n  terms of a nondimen- 
sional pressure-head coefficient Cp where 

(All symbols are defined i n  the appendix. ) 
conditions were determined from wall-pressure measurements at an x/D of 1 .98  
( t a p  1 of f ig .  2(a) or the  static-pressure ring of f ig .  2 (c ) ) .  For the constant- 
diameter cal ibrat ion model, free-stream conditions were measured by a w a l l  t ap  
a t  an x*/D of zero (midpoint of section). Pressures measured i n  the water- 
tunnel models were a l l  corrected t o  longitudinal centerline values. Pressures 
measured i n  the wind-tunnel model were corrected t o  incompressible values. 

For the venturi models, free-stream 

O f  par t icular  i n t e re s t  on the venturi model a re  what the noncavitating 
values of Cp are at  the point of minimum pressure C and whether the loca- 

t i o n  and values of minimum pressure are the same as those a t  the leading edge of 
vis ibly observed cavities.  The location and values of C were obtained from 

aerodynamic measurements on the accurately scaled-up wind-tunnel model ( f ig .  
2 (b) ) ,  on which it w a s  possible t o  i n s t a l l  numerous pressure taps  i n  the c r i t i c a l  
region. The location of C i s  constant at an x/D of 2.471 or 66O of arc. 

To locate a pressure t ap  at  the leading edge of vis ible  cavities,  the water- 
tunnel venturi, i n i t i a l l y  without taps  2 and 3 installed,  was observed under cav- 
itating conditions. 
model a t  several stream velocit ies,  and the leading edge of the cavitation zone 
w a s  determined by d i rec t  measurement and from photographs. The average leading 
edge of a l l  cav l t ies  was approximately constant, occurring at  an x / D  of 2.492 
or about 78' of arc  ( f ig .  2 ( b ) ) .  Following these initial cavitation studies, 
t ap  2 w a s  ins ta l led  at  78.4O; t ap  3 was  a lso  ins ta l led  at t h i s  t i m e .  

Pmin 

Pmin 

Pmin 

Various degrees of vis ible  cavitation were created i n  the 

The dynamic flow 
by the nondimensional 

A body submerged i n  a 
the body w i l l  operate 
pected. The c r i t i c a l  
the body ( w a l l s ) ;  f o r  

conditions during Cavitation are represented quantitatively 
cavi ta t ion parameter K where 

flowing l iqu id  has some c r i t i c a l  value of K above which 
cavitation-free and below which cavitation i s  t o  be ex- 

convenience, it i s  given the symbol Ki: 
K herein i s  t h a t  at  which incipient cavitation occurs on 
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incipient 
( 3 )  

where, fo r  a given value of Vo, i s  measured when incipient cavitation occurs 
on the model. This, along with % determined at the tunnel l iqu id  temperature, 
allows calculation of K i .  The lower the value of K i ,  the more res i s t ive  i s  the 
body t o  cavitation. i s  a useful index f o r  comparing the suscept ibi l i ty  
of various body shapes t o  incipient cavitation. 

Thus, Ki 

A useful re la t ion  ex is t s  between the incipient-cavitation parameter Ki 
(eq. ( 3 ) )  and the noncavitating 
sider the value of -Cp a t  the 

If the flowing l iqu id  cavitates 

pressure-head coefficient Cp (eq. (1)). Con- 
point of minimum pressure; thus, 

sure equals vapor pressure; thus, 
incipiently at vapor pressure, the minimum pres- 

Consequently, a measured value of K i  l e s s  than -Cpmin indicates incipient 

cavitation a t  a loca l  pressure l e s s  than vapor pressure or, as defined herein, a 
loca l  t ens i l e  s t r e s s  i n  the liquid. 
ing values of Cp (including C ) are valid a t  e i ther  audibly or visibly in- 

Pmin 
cipient cavitation conditions, since f o r  these conditions only extremely small 
scale disturbances ex is t  i n  the flow f ie ld .  Such disturbances are considered t o  
have a negligible e f fec t  on the value of 

pr ior  t o  vis ible  incipient cavitation. 

This discussion assumes tha t  the noncavitat- 

CPmin, a t  l ea s t  fo r  conditions just 

Because a t  the incipient-cavitation leve l  the minimum pressure on the ven- 
turi  w a l l  was below vapor pressure and thus could nat be measured d i rec t ly  be- 
cause of the generally cavitating pressure tap, the minimum pressure relat ive t o  
vapor pressure (bin - %) w a s  obtained by adding the parameters Ki and C 

Pmin 
(eqs. (3)  and ( 4 ) ) ;  thus, 

For convenience Ki + C 

the maximum tens i le  s t ress ,  called loca l  tension, becomes 

i s  called the loca l  tension parameter, from which 
Pmin 
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Free-stream velocity Vo was obtained from the s t a t i c  pressure-head differ-  
ence 
and design flow area correctiom; thus 

clh across the water-tunnel contraction nozzle (flow coefficient of unity) 

Vo = 8.12- 

I n  general, several determinations of vis ible  and audible incipient cavita- 
t i on  were made at each operating condition. 
represent one average value of closely repeatable data. 

The data points presented herein 
~ 

~ Calibrations 

Pressure distributions.  - Pressure measurements fo r  the 1.743-inch-constant- 
diameter, 12-inch-long water-tunnel calibration model are  shown i n  figure 5. In  
figure 5(a) ,  the axial  variation of w a l l  pressure-head coefficient i s  l inear  w i t h  
no significant effect  of velocity fo r  the range of Reynolds numbers of 0.33~106 
t o  1.11~10~ studied. 
t ha t  agrees favorably w i t h  l i t e r a tu re  values f o r  smooth circular  sections. Fig- 
ure 5(b) presents total-head prof i les  across the entrance of the calibration 
model. These prof i les  are  f l a t  and show no circumferential dis tor t ion or varia- 
t i o n  with Reynolds number. The s l ight  decrease i n  t o t a l  head i n  the immediate 
v ic in i ty  of the w a l l  i s  indicative of the t h i n  boundary layer present at  the 
working-section entrance. The calibration model resu l t s  of f igure 5 indicated 
sat isfactory water-tunnel flow for  subsequent studies of cavitation with the ven- 
t u r i  model. 

The slope r e f l ec t s  the f r i c t iona l  head loss coefficient 

Typical noncavitating axial w a l l  pressure-head coefficients from the water- 
and wind-tunnel venturl models are presented i n  figure 6 along w i t h  the  results 
from incompressible, i r ro ta t iona l  flow computations fo r  the same venturi shape. 
The water- and wind-tunnel r e su l t s  presented are fo r  a comparable Reynolds number 
of about 0. 46x106 (middle of range studied). 
agreement between the experimental pressure-head coefficients f o r  the two models 
i s  good. I n  addition, the solid l l ne  representing the resu l t s  from incompres- 
sible,  i r ro ta t iona l  flow computations a t  i n f in i t e  Reynolds number (described 
l a t e r )  substantiates the experimental resul ts .  The c r i t i c a l  low-pressure region 
i s  replotted w i t h  magnified axial  scale on the l e f t  half of f igure 6 (b ) ,  while 
the r ight  half of t h i s  f igure shows the experimental variation of Cpmin with 
ReD. The close agreement among a l l  r e su l t s  supports the use herein of aerody- 
namic values of ReD, fo r  determination of minimum pres- 

sure a t  incipient-cavitation conditions; Cpmin varies from -3.20 t o  -3.43 f o r  an 
ReD of 0.23~10~ t o  0. 84x106, respectively. Over the range of ReD studied, the 
value of Cp at  an x/D of 2.492 (average leading-edge location of vis ible  cav- 
i t i e s )  i s  about 9 percent l e s s  negative than 

1 

From figure 6(  a ) ,  the  overall  

CPmin, as a function of 
i 

1 

Cpdn. 
The auxiliary water veloc- 
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i t y  scale f o r  C i n  f igure 6 (b )  i s  computed from ReD using the  average 

water temperature a t  each t e s t  velocity (see tab les  I and 11). 
Pmin 

The incompressible, i r ro ta t iona l  flow re su l t s  of f igure 6 were determined 
by the method (relaxat ion process) detai led i n  reference 6. 
sults herein were obtained as follows: 
stream function were determined numerically over a f ine ly  divided square network 

Briefly, the  re- 
I Values of the axisymmetric or Stokes 
I 
I 
I i n  a representative half  plane. Boundary values were assigned t o  sa t i s fy  f l o w  
I continuity with uniform free-stream veloci ty  assumed a t  an x/D of 0.403 ( 2 D  

upstream of nose, f i g .  2 ( b ) )  and uniform throat-exi t  velocity at an x/D of 
2.953. The square network represented x/D increments of 0.0125 (0.02179 in.  
on water model). With fixed boundary values and i n i t i a l l y  assumed in t e r io r  V a l -  
ues, the relaxation process was used t o  approximate the  simultaneous solution of 
loca l  stream function a t  over 7000 network intersections.  An IBM 7090 computer 
i t e ra ted  several hundred times u n t i l  fur ther  i t e r a t ion  yielded no s ignif icant  
change i n  the  loca l  values of the stream function. 
stream function a t  the venturi w a l l ,  l oca l  t o  free-stream velocity r a t i o s  were 
obtained from which values of Cp a t  the w a l l  were computed. These computa- 
t ions  ignore the  presence of a boundary layer  and thus are equivalent t o  the case 
of i n f i n i t e  Reynolds number. 

Frum derivatives of t h e  

The computations as previously described are very sensit ive t o  small changes 
i n  body shape and i n  par t icular  t o  changes i n  loca l  radius of curvature. Similar 
computations were made f o r  a true-quarter-round venturi  t h a t  d i f f e r s  s l i gh t ly  
from the  modified water- and wind-tunnel models reported on herein (see f i g .  
2 (b) ) .  Although the  computed value of C was  about -3.80 for t he  t r u e  

Pmin 
quarter round, which i s  almost t he  same as t h a t  shown i n  f igure 6(b),  the  loca- 
t i o n  of C 

the  modified quarter round. This downstream s h i f t  i n  the location of C w a s  

confirmed by additional wind-tunnel t e s t s  of a true-quarter-round venturi. 

on the  t rue  quarter round is near 7 8 O  of a rc  ra ther  than 6 6 O  f o r  
Pmin 

Pmin 

The r e su l t s  i n  figure 6(b)  show t h a t  Cp decreases sharply from the  nose of 
the  modified quarter round t o  an experimental Cpdn of about -3 .33  (ReD of 

0 . 4 6 8 ~ 1 0 ~ )  at 66' of arc (x/D of 2.471) followed by a sharp r i s e  t o  a Cp of 
-1.80 within the  throat  entrance. The Cp var ia t ion jus t  described occurs 
within a surface distance of l e s s  than 0.4 inch. This deep but narrow pressure 
valley on the venturi w a l l  means t h a t  an element of water moving along the  wall 
i s  exposed but a short time t o  the low-pressure region. 

Exposure times t o  low pressure. - To i l l u s t r a t e  the  magnitude of time a t  low 
pressure, f igure 7 presents absolute s t a t i c  pressure head as a function of axial 
distance for  three free-stream pressures and veloci t ies .  These pressure prof i les  
are  typical  of those associated with v is ib le  incipient cavitation. 
cated are  representative values of vapor pressure fo r  each velocity (water tem- 
peratures increased with velocity).  
i s  exposed t o  pressures l e s s  than vapor pressure i s  called exposure time and was 
calculated from surface distance and average loca l  velocity. From f igure 7, ex- 

Also indi-  

The t o t a l  t i ne  t h a t  the water along the wall 

1 2  



posure time varies from 240 microseconds at  a free-stream velocity of 19.5 fee t  
per second t o  85 microseconds a t  Vo of 44.1 fee t  per second. Thus, a t  condi- 
t ions  of vis ible  incipient cavitation, exposure time i s  almost inversely propor- 
t iona l  t o  free-stream velocity. A t  v is ible  incipient cavitation, the minimum 
s t a t i c  pressure head i s  calculated t o  be always l e s s  than absolute zero; hence, 
the water on the wall i s  sustaining a tens i le  s t ress .  A s  previously discussed, 
tens i le  s t r e s s  herein i s  defined as pressure head l e s s  than vapor pressure. 

RESULTS AND DISCUSSION 

V i  s ib le  Incipient Cavitation 

The incipient-cavitation parameter Ki f o r  vis ible  incipient cavitation on 
the wall of the veqturi t e s t  section i s  presented i n  figure 8 as a f’unction of 
free-stream velocity. 
cient -C 

i en t  reference, as i s  the computed l i m i t  of 

The K i  values are given for  three types of water (demineralized i n  f ig .  8 (a) ;  
t ap  and d i s t i l l e d  water i n  f ig .  8 ( b ) )  and a rmge of absolute a i r  content 
from about 1 .4  t o  26.3 milligrams of a i r  per kilogram of water. The basic data 
f o r  v i s ib le  incipient cavitation are a lso given i n  table  I. 

The negative noncavitating minimum pressure-head coeffi- 
from figure 6(b) i s  a lso presented by a dashed curve f o r  conven- 

Pmin 
at in f in i t e  Reynolds number. “pmin 

7 

The demineralized water K i  r e su l t s  i n  figure 8(a)  when cross-plotted show 
l e s s  than a 3-percent e f fec t  of a i r  content over the range from 1.4 t o  26.3 m i l -  
ligrams of a i r  per kilogram of water (0.06 t o  1.11 times atmospheric saturation 
at 70’ F, see table  I). Comparison of the demineralized water K i  r e su l t s  w i t h  
those f o r  tap and d i s t i l l e d  water i n  figure 8(b)  indicates l i t t l e  t o  no e f fec t  
of water type. 
llOo F (noted in  table  I) produced no significant effects .  
Ki 
tends t o  become asymptotic t o  a value near 2.75. 

A t  a given air content, the water temperature range from 6 7 O  t o  
The absolute value of 

increases about 1 2  percent with velocity from 19  t o  45 fee t  per second and 

Tn figure 8, the v is ib le  incipient cavitation parameter Ki i s  always l e s s  
than the negative noncavitating minimum pressure-head coefficient 

t h e i r  difference i s  approximately constant over the velocity range studied. V a l -  
-Cpmin, and 

ues of K i  l e s s  than-those for - - C  mean (from eq. ( 5 ) )  t ha t  the minimum 
Pmin 

pressure head on the venturi kn i s  always l e s s  than vapor pressure h, at 
the condition of v i s ib le  incipient cavitation. I n  fact ,  from equation ( 7 ) ,  the  

i s  a measure of the maximum amount tha t  K i  i s  numerically less than 
local  t ens i l e  s t r e s s  i n  the water i n  terms of velocity head V32g. The data of 
figure 8 are replotted i n  terms of a loca l  tension parameter (hmin - h)/(V;/Zg) 
and local  tension (hmin - &) i n  figure 9. For demineralized water ( f ig .  S(a)), 

the loca l  tension parameter varies between -0.70 and -0.85. 
overall  approximation of loca l  tension at  vis ible  incipient cavitation i s  tha t  it 

-%,in 

Thus, a reasonable 

13 



equals 75 percent of the free-stream velocity head for  the model and range of 
conditions tes ted  herein. The computed -C of 3.82 ( a t  ReD of m) and a 

Pmin 
K i  
as Vo approaches inf ini ty .  In  terms of absolute values of loca l  tension (a l so  
presented i n  f ig .  9 (a ) ) ,  the largest  value of tension obtained a t  v is ib le  incip- 
ient  cavitation was about 23 fee t  of water occurring at  a free-stream velocity of 
45 fee t  per second. Tension of approximately 5 fee t  of water was obtained a t  the 
lowest velocity studied (about 20 f t / sec) .  

value of 2.75 would indicate a maximum loca l  tension parameter of about - 1 . 0 7  

During the time the flowing water was loca l ly  below vapor pressure, the 
amount of tension varied from zero t o  the maximum values presented herein, 
kn - $. 
reference across the bottom of figure 9(a)  and were determined as follows: 
given Vo, a value of Ki i s  obtained from figure 8; -Ki i s  then superimposed 
across the experimental noncavitating C dist r ibut ion f o r  the appropriate ReD P 
(see f ig .  6 (b ) ) ,  which resu l t s  i n  two intersections defining the distance along 
the  venturi side w a l l  tha t  the loca l  pressure i s  l e s s  than the vapor pressure. 
This distance divided by the average loca l  velocity within it (calculated from 
average Cp and given VO) yields exposure time. From figure 9 ( a )  exposure time 
decreases from about 230 microseconds a t  a Vo of 20  f ee t  per second t o  about 
85 microseconds a t  a Vo of 45 fee t  per second. Because vaporous cavitation 
theoret ical ly  occurs only during the exposure time interval,  exposure time may 
prove t o  be a useful correlating factor  when suff ic ient  systematically obtained 
data f o r  other models and operating conditions are available. 

These exposure times at  v is ib le  incipient cavitation are  plot ted f o r  
For a 

Because water type shows l i t t l e  e f fec t  on v is ib le  incipient cavitation, the 
previous discussion concerning loca l  tension and loca l  tension parameter w i t h  
demineralized water also applies t o  the tap- and disti l led-water r e s u l t s  pre- 
sented i n  figure 9(b).  
water are  believed valid i n  sp i te  of t he  possible contamination of t ha t  water 
type previously discussed (see PROCEDURE). 

The visible incipient cavitation results f o r  d i s t i l l e d  

Supertension. - For purposes of rechecking the effect ,  i f  any, of tap  cavi- 
t a t i o n  on the determination of visible-incipient-cavitation level, pressure taps  
2 and 3 were plugged. Random occurrences of delayed onset of v i s ib le  cavitation 
were then observed wherein the  maximum t ens i l e  stresses averaged about 1 2  percent 
greater than those presented i n  figure 9. These higher values of tension, pre- 
sented i n  figure 10, are termed "supertension" and occurred only i n  the absence 
of t ap  cavitation and only  for air contents less than 11.0 milligrams of air per 
kilogram of water. 
tained a t  low a i r  content yielded supertension values. 
quent occurrence and modest e f fec t  on maximum t ens i l e  s t r e s s  of the water, the 
supertension resu l t s  herein are  not considered par t icular ly  significant.  When 
supertension occurred, cavitation onset w a s  abrupt, and the i n i t i a l  degree of 
cavitation exceeded incipient conditions. Suppression t o  the incipient s ta te ,  as 
previously discussed i n  PROCEDURE, resulted i n  Ki or l oca l  tension values equal 
t o  those shown i n  figures 8 and 9, respectively. The available supertension data 
of f igure 10 do not indicate any marked difference between demineralized and tap 

After plugging the taps, about 20 percent of the  data ob- 
Because of t h e i r  infre- 
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water and no air-content e f fec t  f o r  
gram of w a t e r .  

7 l e s s  than 11 milligrams of air per kilo- 

Audible Incipient Cavitation 

The audible-incipient-cavitation data are presented i n  the same way as the 
vis ible  incipient data jus t  discussed; t ha t  is, f igures 11 and 1 2  show, respec- 
t ively,  the incipient-cavitation parameter K i  and ].oca1 tension as a function 
of velocity f o r  the three water types over a range of a i r  contents. 
audible data a re  a lso given i n  table  11. 

The basic 

For demineralized water at  the lowest a i r  content (04 7 < 5  mg air/kg water), 

The resul t ing loca l  
K i  
cipient l i m i t  obtaiped f o r  a l l  water types and air contents. 
tensions and exposure times are likewise the  same a s  shown i n  f igure  12 (a ) .  
al l  water types w i t h  air  content greater than 5 milligrams of air  per kilogram 
of w a t e r ,  Ki 
a l so  increases with air  content. 
are correspondingly l e s s  than those a t  vis ible  inception. 
of demineralized water at a free-stream velocity of 32.5 f e e t  per second, the 
loca l  tension ( f ig .  1 2 ( a ) )  i s  reduced from about 11.4 t o  5.8 feet of water as 
the absolute air  content i s  increased from about 3 t o  23 milligrams of a i r  per 
kilogram of w a t e r .  For law-air-content t a p  water ( f i g .  12 (b ) )  the maximum loca l  
tension at  audible incipient cavitation i s  about 60 percent of the  value obtained 
by the v is ib le  incipient c r i t e r i a  (21.5 f t  water). 
velocity a l l  three water types audibly cavitated at pressures near vapor pressure 

f o r  audible incipient cavitation ( f i g .  l l ( a ) )  i s  the same as the v is ib le  in- 

For 

audible generally increases w i t h  decreasing stream velocity and 
Local tensions a t  audible incipient cavitation 

For audible cavitation 

A t  high air  content and low 

(Ki S -k ) w i t h  consequent l i t t l e  or no tension. 
Pmin 

The Ki audible f o r  a l l  t ap  water i n  figure l l ( b )  i s  considerably higher 
than Ki visible and shows less e f fec t  of stream velocity. The f e w  data points 
for d i s t i l l e d  water ( f i g .  l l ( b ) )  are only at high air content, but these indicate 
that d i s t i l l e d  water is jus t  s l igh t ly  m o r e  res i s tan t  t o  audible incipient cavfta- 
t i o n  than i s  tap  water. 
may have reduced i t s  resistance t o  audible cavitation. 

However, the  possible contamination of d i s t i l l e d  water 

Exposure times are  not plotted i n  figure 1 2  f o r  audible incipient cavitation 
f o r  air  contents greater than 5 milligrams of air per kilogram of water because 
they vary with air content and are rather  insensit ive t o  free-stream velocity. 
In general, exposure times at  high-air-content audible cavitation are shorter 
than at vis ible  cavi ta t ion and decrease w i t h  air  content. 
di t ions and water types studied, audible exposure times range between 50 and 
130 microseconds f o r  a i r  contents greater than 5 milligrams of air per kilogram 
of water; whereas, f o r  v i s ib le  cavitation, exposure t i m e s  were between 80 and 
240 microseconds f o r  a l l  conditions and waters studied ( f ig .  9(a)) .  

Over the range of con- 

Effect of Cavitation on Downstream Total Pressure Head 

Total-pressure-head measurements were m a d e  at the venturi test-section exit 
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fo r  various degrees of vis ible  cavitation. These resul ts ,  presented i n  fig- 
ure 13, show the r a t i o  of l o c a l  t o  centerline t o t a l  head H/H$ plot ted i n  terms 
of radius r a t i o  r/rT. 
a t  two values of Reynolds number are presented i n  figure 13(a) .  The r e su l t s  ob- 
tained f o r  various degrees of cavitation (noncavitating and 0.75- and 2.0-inch 
cavity lengths) a re  presented i n  figure 13(b) f o r  a nearly constant value of 
Reynolds number. These total-head prof i les  were measured i n  the ve r t i ca l  plane 
only but have been corrected for  the re la t ive ly  s m a l l  hydrostatic pressure head 
across the 1.743-inch-diameter ex i t  section and are considered representative fo r  
a l l  planes containing the flow axis. The noncavitating resu l t s  of f igure 13(a)  
show tha t  both total-head prof i les  are  uniform fo r  the inner two-thirds of the 
ex i t  diameter. The prof i les  over the remaining portion of the diameter are 
nearly symmetric with a s l ight  decrease i n  t o t a l  pressure sham f o r  the higher 
Reynolds number. 
ex i t  diameter) t o  centerline t o t a l  pressure head, Hav/H@, indicates about a 1- 
percent loss  through the venturi t e s t  section fo r  noncavitating conditions over 
the range of Reynolds numbers studied. With increasing degree of cavitation (in- 
creasing axial. length of cavity), f igure 13(b) indicates an average to ta l -  
pressure-head lo s s  of about 3 and 4 percent, respectively, f o r  the  0.75-  and 2.0- 
inch cavity lengths. Photographs showing the degrees of cavitation associated 
with the 3- and Ppercent  loss  i n  t o t a l  pressure are presented i n  figure 14. The 
percentage lo s s  i n  t o t a l  pressure due t o  cavitation remains s m a l l  because i t s  
disturbance i s  confined t o  a narrow r ing adjacent t o  the venturi w a l l s .  Even at 
the tes t -sect ion exit ,  which i s  7- inches damstream of the leading edge of the 
0.75- and 2.0-inch-long cavities, the cavitation disturbance penetrates into the 
flow no more than half the ex i t  radius of the venturi. I n  the plane of measure- 
ment, various degrees of cavitation produced no marked asymmetry i n  total-head 
prof i les  . 

For reference, the value of the  cavitation parameter K i s  given i n  f ig-  
ures 13(b), 14 (a ) ,  and 14(b), where K defines the  flow conditions fo r  degrees 
of cavitation exceeding incipience. A reduction i n  K from the incipient value 
of 2.62 (associated with cavity length of zero) t o  a K 
inch cavity length, and a K of about 2.31 results i n  a 2.0-inch cavity. This 
l a t t e r  sens i t iv i ty  of cavity length with K i s  due t o  the  re la t ive ly  flat 
pressure-head dis t r ibut ion through the throat and diffuser  of the venturi as in- 
dicated i n  figure 6 ( a ) .  

The measured total-head prof i les  for  noncavitating flow 

The r a t i o  of area average t o t a l  pressure head (across the f u l l  

1 
2 

of 2.33 produces a 0.75- 

Observations of Cavitation 

Cavitation was always confined t o  a t h i n  r ing of vapor pockets adjacent 
t o  the w a l l ,  and i n  a l l  cases the average leading edge was located at or  near 
the 78O location ( f ig .  2 (b ) ) .  Thus, there is evidence of a time or  distance 
delay between the location at  which vapor cavi t ies  may have originated (minimum 
pressure location of 6 6 O )  and the location at which the cavity leading edge was  
visible.  Visible cavitation was of the fixed, ra ther  than t ravel ing type. A s  
described i n  reference 7 and observed herein, f ixed cavi t ies  are  very i r regular  
i n  shape; portions of the cavi t ies  appear t o  be entrained by the flowing stream 
and swept downstream; and collapse, entrainment, and disappearance occur in re- 
gions where pressure i s  above vapor pressure. 
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spherical, growing and collapsing several times during i t s  passage downstream 
from the minimum pressure region; none of these features were seen. Venturi 
cavitation was unsteady f o r  a l l  degrees of cavitation and free-stream veloci t ies  
studied, as evidenced by random fluctuations i n  cavity length and circumferential 
position at a fixed flow condition. I n  general, cavitation w a s  more unsteady as 
the degree of cavitation w a s  increased and was  par t icular ly  pronounced when the 
collapsing zone of cavitation occurred i n  the venturi diffuser.  

Visible incipient cavitation always occurred as a pract ical ly  instantaneous 
burst of elongated vapor pockets readi ly  detectable both vis ibly and audibly 
( f ig .  3). 
what w i t h  air content and t o  a lesser  extent w i t h  stream velocity. 
content ( 7  < 5 mg air/kg w a t e r ) ,  incipient cavitation apparently originated at a 
single point but immediately spread circumferentially t o  include an angle as much 
as 900 before disappearance. 
most, would generally be followed by several seconds of cavity-free operation be- 
fore another burst, usually originating i n  a different circumferential position, 
occurred. As air  content w a s  increased, the frequency of incipient-cavitation 
bursts increased, and the circumferential spread of each burst decreased. Near 
a i r  saturation, the incipient cavitation consisted of many smal l  bursts rapidly 
occurring about the periphery of the throat  entrance. 
tents,  v i s ib le  incipient cavitation w a s  accompanied by rather  loud rattling 
noise, whereas at  low air  contents there was very l i t t l e  noise. Similarly, au- 
dible cavitation at conditions just  p r ior  t o  v is ib le  incipience w a s  nois ier  w i t h  
water of high-, compared w i t h  low-air content. It i s  postulated that ,  f o r  condi- 
t ions jus t  p r ior  t o  vis ible  incipience, the s i z e  of the collapsing cavi t ies  was 
larger  f o r  water having the higher air content. If so, more noise i s  t o  be ex- 
pected a t  conditions jus t  pr ior  t o  vis ible  inception with high-, compared w i t h  
l o w a i r  content water. 

The physical character of v i s ib le  cavitation at inception varied some- 
A t  low air 

Each burst, which lasted a few milliseconds at  

A t  the higher air con- 

A t  f ixed a i r  content but increased stream velocity, the visible incipient 
cavity length decreased, ref lect ing the steeper adverse pressure gradient at the 
higher velocity ( f ig .  7 ) .  
lapse and thus reduced cavity length. Because of the narrow pressure valley 
( f ig .  S), the change i n  incipient cavity length with stream velocity was small, 
varying from about 3/16 inch at 20 f e e t  per second t o  s l igh t ly  l e s s  than 1/8 inch 
at  40 f e e t  per second. The t r a i l i n g  edge of even the shortest  vis ible  cavity ex- 
tended about 1/16 inch in to  the venturi throat. 

The steeper gradient increased the r a t e  of cavity col- 

A small reduction i n  free-stream s t a t i c  pressure from incipient conditions 
(0.4 t o  1 . 2  ft of water at low and high speeds, respectively) produced a complete 
nondisappearing ring of cavitation ( f i g .  4) 3/16 t o  5/16 inch long. This cavita- 
t i o n  ring is  composed of many indfvidual vapor pockets or streamers whose rates 
of formation and collapse are very rapid. Motion pictures taken at 6000 frames 
per second proved t o  be several times too slow t o  describe adequately the mecha- 
nism of cavitation. Occasionally, a short movie sequence showing the collapse 
his tory of a single cavity w a s  obtained, but the history of formation w a s  never 
apparent, indicating that ,  f o r  the fixed-type cavi t ies  on the model studied, the 
rate of formation of a cavity may be considerably greater than i ts  rate of col- 
lapse. 
of the  leading edge of cavitation are presented in  figure 15. The movies shown 
are fo r  r ing cavitation of l/4-inch length (comparable t o  t ha t  presented i n  

S t r ips  of typ ica l  high-speed movies (5640 frames/sec) showing closeups 
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I f ig .  4). Figure 15(a)  shows the his tory and collapse of a single cavity f o r  a 
t o t a l  elapsed time of about 0.001 second ( s ix  frames), while figure 15(b) follows 
the collapse of a cavity fo r  about 0.0005 second. I n  both instances, the movie 
frame immediately following the collapse of one cavity shows a new well-developed 
cavity already formed. 

I n  general, the high-speed movies obtained near incipient conditions show 
tha t  the cavitation phenomena have no apparent order as t o  cavity shape, overall  
s ize  and width of the individual cavities,  or frequency of occurrence at  a point 
location. A t  the same tunnel speed, the leading edge of a vapor cavity i s  more 
rounded, the cavity width greater, and the t o t a l  number of cavi t ies  (streamers) 
l e s s  f o r  smaller degrees of cavitation ( f igs .  3, 4, and 15) than f o r  large 
amounts of cavitation ( f ig .  14(b) ) .  
a cavity was i r regular  and a t  times consisted almost en t i re ly  of waves tha t  ex- 
tended from jus t  downstream of the leading edge t o  the zone of collapse. For the 
most part, cavity edges had a very ragged appearance. The trailing-edge region 
of cavitation was extremely i r regular  because of the violent nature of the col- 
lapsing process. 

The surface at  the vapor-water interface of 

Regions of separated or reversed f l o w  occurred i n  the venturi diffuser f o r  
cavi ta t ion lengths exceeding about 1.5 inches. 
uniformly spaced about the diffuser periphery (see f ig .  14(b)) and increased i n  
number with increasing degree of cavitation. 
a t  the throat-diffuser juncture. 

These zones of separation were 

Separation was apparently in i t i a t ed  

Limited cavitation noise data obtained by a microphone mounted near the out- 
side w a l l  of the venturi were recorded fo r  various degrees of vis ible  cavitation 
a t  a constant free-stream velocity of 28.8 f ee t  per second, an air  content of 
7.6 milligrams of a i r  per kilogram of water, and with demineralized water. Fre- 
quency spectrum analyses of these data, when compared with a spectrum analysis of 
tunnel background noise, yield a measure of the noise generated by cavitation, at  
l ea s t  i n  the range where noise due t o  cavitation exceeds background noise e i ther  
i n  frequency or energy level.  The r e su l t s  show that ,  f o r  the degrees of cavita- 
t i o n  studied (0.25- t o  2.25-in. lengths), the noise generated by cavitation in- 
cluded frequencies t o  a t  l ea s t  25,000 cps. It i s  very probable tha t  higher fre- 
quencies existed, but, because of the frequency response character is t ics  of the 
equipment and sound transmission losses through the a i r  and model w a l l ,  these 
higher frequencies were not recorded. Comparisons of energy levels  existing at 
the various frequencfes could not be made, since frequencies present f a r  exceeded 
the f l a t  response range (approx. 12,000 cps) of the sound equipment used. 

It i s  interest ing t o  note that ,  although exposed t o  vis ible  cavitation f o r  
many hours under a var ie ty  of conditions, the acryl ic  p las t ic  venturi suffered 
no apparent cavitation damage. 

SUMMARY OF RESULTS 

Studies of cavitation induced on the w a l l  of a venturi i n  a small water tun- 
ne l  using demineralized, tap, and d i s t i l l e d  water over a range of air  content, 

I pressure, and speed yielded the following principal resul ts :  
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1. Local minimum wall pressures always s ignif icant ly  l e s s  than vapor pres- 
sure were obtained at  v is ib le  incipient cavitation of demineralized, tap, or dis- 
t i l l e d  water. The loca l  t ens i l e  s t resses  ranged from 5 t o  23 f e e t  of water ir- 
respective of water type o r  air  content and increased with speed. 

2. The t ens i l e  s t resses  at  audible incipient cavitation were, i n  general, 
l e s s  than at the vis ible  threshold except f o r  low-air-content demineralized water 
where the r e su l t s  were the same. 
s t resses  approached zero a t  low speed and high a i r  content. 

A t  audible incipient cavitation, t ens i l e  

3. Total-pressure losses caused by vis ible  cavitation were about 1 percent 
1 a t  inception, increasing t o  4 percent with a 2.0-inch cavity length. 

4. Visible incipient cavitation was of the fixed type and always occurred 
as a pract ical ly  instantaneous burst of vapor pockets i n  the region of minimum 
pres sure. 

' 

5. Venturi cavitation w a s  unsteadv for a l l  degrees of cavitation and stream 
veloci t ies  studied. 

Lewis  Research Center 
National Aeronautics and Space A d m i n l  s t ra t ion I Cleveland, Ohio, November 7, 1962 
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APPENDIX - SYMBOLS 
pressure-head coefficient, (& - ho)/(Vg/2g), dhensionless 

minimum pressure-head coefficient, ( hdn - ho)/( Vg/2g), dimensionless 

free-stream diameter, 1.743 in. for water models; 8.03 in. for aerody- 
namic m o d e l  

acceleration due to gravity, 32.2 ft/secz 

ratio of local to centerline total pressure head, dimensionless 

ratio of area average total pressure head to centerline total pressure 
head, dimensionless 

static-pressure-head difference across tunnel contraction nozzle, 
ft water 

minimum static pressure head, ft water abs 

free-stream static pressure head at x/D of 1.98 or x*/D of 0, 
ft water abs 

vapor pressure head corresponding to water temperature, ft water abs 

static pressure head at 

static pressure head at 

cavitation pameter, (ho - hv)/(V@2g), dimensionless 

incipient-cavitation parameter, [( ho - h,) /(V;/Zg)] incipient, dimension- 

x/D, ft water abs 

X)C/D, ft water abs 

less 

free- stream Reynolds number with diameter D, dimensionless 

ratio of local to full-stream radius (rT = 0.8715 in. ), dimensionless 

free-stream velocity at x/D of 1.98 or x+/D of 0, ft/sec 

axial distance frum venturi model entrance, in. (see fig. 2)  

axial distance from midpoint of calibration model, in. 

absolute air content by weight, mg air/kg water 
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TABLE I. - VISIBLE I M C I P I a I T  CAVITATION 

Data Absolute Tunnel Free-  Free- 
p o i n t  a i r  con- water  s t r e a n  s t r e a n  
number t e n t ,  temper- s t a t i c  average 

q, a t u r e ,  p r e s s u r e  veloc-  
mg a i r  OF head a t  

xg wa te r  i n c i p l e n t  \i -, 
c a v i t a -  ftjsec 

t i o n ,  
h -  b' 1 abs  

I f t  wa te r  

1 Data Absolute Tunnel 
a i r  con- water  

~~~~~r t e n t ,  temper- 
q, a t u r e ,  I mg a i r  OF 

kg wate r  
, 

I 

Free- 
s t ream 
s t a t i c  

p r e s s u r e  
head a t  

i n c i p i e n t  
c a v i t a -  

t i o n ,  
hC 3 

f t  wa te r  
ab s 

11 I a12 

Free-  
s t r eam 
average 
veloc-  

i t y ,  
Vc, 

f t/s ec 

I 16 
31.72 1 
37.52 
28.98 
28.91 1 
28.98 
28.94 1 
28.91 
28.90 
28.92 1 

17 
18 

58 
a59 

60 
a61 

62 
a63 
a64 

65 
66 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 

31 
32 
33 
34 
35 

36 
37 
38 
39 

19.54 1 
37.26 ~ 

45 I 28 
28.82 1 
19.49 

85 
a8 6 

87 

a67 
68 
69 

a70 
7 1  

12 .0  
7.0 
5 . 0  
5.0 
9.2 

8 .6  
8 .8  

10.0 
11 .4  

5 .5  

4.9 
4.9 
4.9 
4.5 
6.4 

6.7 
6.7 
7.6 
8 . 0  

11.6 

13.9 
16.3 
19 .2  
21.8 

3.6 

4.5 
5.0 
6 . 1  
2 .5  
2.8 

2.8 
3.7 
4.1 
5.7 
5.7 

6.4 
6.4 
9.6 
9.6 
9.8 
9.8 

102 1.4 80 35.07 28.86 108 
103 1.5 86 35.06 28.75 109 
104 2.8 85 34.82 28.78 110 
105 9.7 84 34.98 28.79 111 
106 9.7 86 21.83 22.80 112 
107 11.0 80  34.83 28.74 

2 .4  
2 .4  
2.4 
2.4 
4 . 1  

4 . 1  
4 . 1  
4 . 1  
4 . 1  
4 . 1  

11.0 8 3  21.69 22.80 
11.0 89 58.72 36.92 
21.6 8 1  35.77 29.09 
21.6 96 60.11 37.20 
21 .6  110 85.67 44.12 

__ 
90 
7 7  
73 
83 
82 

89 
96 
75 
96 
68 

69 
78 
78 
67 
74 

83 
75 
82 
8 1  
84 

80 
88 
85 
87 
86 

88 
94 

101 
8 3  
83 

79 
82 
92 
75 
8 1  

90 
101 

78 
86 
88 

100 

~ 

82 
86 
86 
86 
86 

91 
101 

98 
99 

101 
~ 

31.33 
30.23 
42.98 
15 .90  
59.68 

34.92 
36.25 
35.57 
55.64 
35.0@ 

34.36 
32.59 
34.65 
35.10 
15.59 

28.02 
41.93 
59.92 
35.42 
35.36 

35.67 
36.33 
36.37 
36.81 
35.54 

15.87 
59.34 
B E .  27 
35.14 
15.34 , 

19.83 
37.56 

28.61 
28.87 48 

28.92 5 1  

28.77 ! 52 
28.89 j 53 
28.89 54 
28.83 55 
19.71 l 1  56 25.88 57 

I !  

15.27 1 19.44 ' 72 
20.71 22.36 73 
70.49 ~ 40.51 a74 
15.16 19.36 a75 
34.89 1 28.92 76 

I 
58.62 37.00 7 7  
82.97 43.96 78 
15.18 19.37 1 79 
34.76 28.65 80 

83.24 43.98 82 
58.64 1 37.04 1 1  8 1  

1 I I  

35.58 
33.88 
22.61 
21.87 
59.55 

57.82 
85.01 
59.22 
84.37 
36.30 

37.26 1 1  98 44.31 99 
37.50 100 
44.06 ~1 101 
29.12 1 1  

I ,  

M s t i l l e d  wa te r  

1 6 . 3  
17.9 
17.9 
26.3 
26.3 

1.4 
1 . 7  
1.8 
2.3 
2.8 

3.9 
3.9 
4.0 

22.1 
22.1 

24.2 
3 .2  
3.2 
3.2 
3.2 

3.7 
3.7 
3 . 7  
3 . 7  
4.8 

4.8 
4.8 

11.3 
11.3 
11.3 

11.3 
11.3 
11.3 
11.3 
11.3 

18.8 
18.8 
18.8 
18.8 
18.8 
18.8 

4 . 1  
11.4 
11.4 
11 .4  
11.4 

11.4 
17.9 
17.9 
17 .9  

~ 

79 
89 

102 
96 

108 

78 
83 
76 
74 
77 

75 
82 
95 
76 
88 

100 
82 
86 
82 
87 

86 
86 
84 
85 
88 

90 
102 

93 
96 
96 

82 
9 1  
87 
97 
101 

8 3  
85 
90 
98 
8 3  
9 1  

~ 

99 
88 
88 
91 
94 

89 
88 

100 
106 

35.39 
59.11 
84.31 
59.10 
84.53 

21.92 
15.64 
15.16 
15.16 
34.62 

21.62 
58.87 
83.26 
35.30 
59.40 

83.84 
35.75 
32.80 
35.21 
32.83 

35.84 
33.79 
21.44 
22.64 
59.17 

56.67 
83.78 
35.99 
34.90 
23.07 

35.41 
59.09 
56.80 
82.25 
83.41 

35.24 
35.82 
59.43 
83.18 
59.28 
83.19 

28.95 
37.16 
44.25 
36.97 
44.20 

23.11 
19.52 
19.37 
19.48 
28.70 

22.96 
37.09 
44.05 
28.70 
37.00 

44.03 
29.11 
29.11 
28.97 
29.21 

29.17 
29.13 
23.32 
23.30 
37.26 

37.26 
44.14 

28.97 
23.14 

23.05 
37.14 
37.09 
44.08 
43.96 

28.88 
29.04 
37.25 
43.98 
37.26 
43.96 

2a. 86 

59.53 i 37.20 , 
84.24 1 44.07 

asup er t ens i on. 
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TABLE 11. - AUDIBLE INCIPIENT CAVITATION 

Data 
point 
number 

Absolute Tunnel Free- 
air con- water stream 
tent, temper- static 

‘Q, ature, pressure 
mg air OF head at 
kg water incipient 

cavi ta- 
tion, 

ft water 
abs 

h0 , 

Data 
point 
number 

i 38.97 
1 40.41 
~ 26.99 
~ 67.54 

93.31 

69.40 
69.59 
96.59 
42.60 
68.03 

Absolute 
air con- 
tent, 
1, 

mg air 
kg water; 

180 
181 

Tunnel 
water 
temper- 
ature, 
OF 

21.6 79 41.84 28.97 182 21.6 92 69.61 37.26 
21.6 82 42.33 29.04 183 21.6 106 97.57 44.00 

Free- 
stream 
static 

pres sure 
head at 
incipient 
cavita- 
tion, 

f t water 
abs 

h0 

Free- 
stream 
average 
veloc- 
ity, 

ft/sec 
VO , 

Free- 
stream 
average 
veloc- 
ity, 

ft/sec 
vO , 

Demineralized water 

38.29 
61.31 
37.65 
17.69 
45.42 

62.33 
38.57 
40.18 
40.88 
36.16 

59.34 
35.14 
15.34 
15.45 
21.56 

70.49 
17.12 
35.86 
58.62 
82.97 

17.54 
35.79 
58.64 
83.24 
39.52 

28.97 
35.82 
28.92 
19.71 
31.72 

37.60 
28.91 
28.91 
28.97 
28.98 

37.26 
28.82 
19.49 
19.44 
22.35 

40.51 
19.36 
28.79 
37.00 
43.96 

19.29 
28.80 
37.04 
43.98 
28.95 

138 
139 
140 
141 
142 

143 
144 
145 
146 
147 

148 
149 
150 
151 
152 

153 
154 
155 
156 
15 7 

158 
15 9 
160 
161 

92 
102 
94 
96 
78 

82 
77 
75 
82 
95 

78 
92 
86 
86 
88 

102 
91 
96 
83 
105 

82 
84 
82 
90 

113 
114 
115 
116 
117 

118 
119 
120 
121 
122 

123 
124 
125 
126 
127 

128 
129 
130 
131 
132 

133 
134 
135 
136 
137 

10.0 
11.4 
5.5 
6.4 
6.7 

7.6 
13.9 
16.3 
19.2 
3.6 

5.0 
2.5 
2.8 
2.8 
3.7 

4.1 
5.7 
5.7 
6.4 
6.4 

9.6 
9.6 
9.8 
9.8 
16.3 

72 
93 
67 
73 
72 

78 
78 
86 
82 
85 

94 
83 
83 
78 
82 

92 
75 
81 
90 
101 

77 
85 
88 
100 
80 

17.9 
17.9 
26.3 
26.3 
1.4 

1.7 
1.8 
3.9 
3.9 
4.0 

22.1 
22.1 
3.7 
3.7 
4.8 

4.8 
11.3 
11.3 
11.3 
11.3 

18.8 
18.8 
18.8 
18.8 

61.41 
84.31 
63.33 
87.75 
22.26 

15.87 
15.39 
21.71 
58.87 
83.26 

40.85 
62.72 
35.84 
22.80 
59.17 

83.78 
37.64 
26.92 
38.00 
84.41 

39.19 
40.00 
64.20 
87.34 

37.16 
44.25 
36.91 
44.07 
23.11 

19.52 
19.37 
22.96 
37.09 
44.05 

28.70 
36.97 
29.17 
23.30 
37.26 

44.14 
28.91 
23.14 
29.05 
43.96 

28.87 
29.04 
37.20 
43.96 

Tap water 

4.1 
11.4 
11.4 
11.4 
11.4 

17.9 
17.9 
17.9 

162 
163 
164 
165 
166 

167 
168 
169 
170 
171 

2.4 
2.4 
2.4 
4.1 
4.1 

4.1 
4.1 
4.1 
4.1 
4.1 

81 
84 
85 
89 
99 

97 
105 
105 
100 
93 

28.92 
29.13 
23.28 
37.26 
44.31 

37.50 
37.29 
44.24 
29.12 
37.50 

28.07 
43.69 
28.64 
69.69 
97.82 

45.18 
71.18 
98.81 

23.38 
29.09 
23.24 
37.26 
44.07 

29.17 
37.25 
44.38 

172 
173 

99 
86 
91 
89 
98 

87 
94 
102 

174 
175 
176 

177 
178 
179 

23 



N 
~ 

(a) Tunnel loop with partial instrumentation. 

Figure 1. - Closed-return tunnel facility. 
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Figure 3 . - Typical incipient cavitation . Free 
stream velocity) 28 . 9 feet per second j air con
tent, 10 . 0 milligrams of air per kilogram of 
water ; temperature, 750 F ; demineralized water ; 
incipient cavitation parameter, 2 . 62 . 

Figure 4 . - Ring cavitation . Free - stream velocity, 
28 .8 feet per second; air content, 4 . 9 milligrams 
of air per kilogram of water j temperature, 70° F; 
demineralized watcT j cavi tation parameter) 2 . 53 . 
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Axial distance from midpoint of ca l ibra t ion  sect ion,  x*, i n .  

( a )  Axial pressure-head d is t r ibu t ion .  

- 
H 
k 
\ 
k 

0 

Probe Free-stream Reynolds number, 
posi t ion ReD 

HaV/H+ = 0.999 
0 1 0 . 3 2 3 ~ 1 0 ~  
0 1 
0 2 . 322x1O6 

4 4  
V . 7  .8 .9 1.0 

Ratio of l o c a l  t o  center l ine  t o t a l  head, H/H+, dimensionless 

( b )  Upstream total-head prof i le .  

I 

Figure 5. - Noncavitating performance of 1.743-inch-constant-diameter 
12-inch-long ca l ibra t ion  model. 
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21 

2. 

2. 

2.  

Free-stream veloci ty ,  Vo, f t / s e c  

( b )  Tap water and d i s t i l l e d  water. 

Figure 0 .  - Concluded. Visible- incipient-cavi ta t ion parameter as funct ion 
of free-stream ve loc i ty  and absolute air  content. 
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Free - s t r eam v e l o c i t y ,  Vo, f t / s e c  

I 1  
240 170 130 100 80 

Exposure t i m e ,  p e c  

( a )  Deminera l ized  water. 

F i g u r e  9. - Local  t e n s i o n  based  on v i s i b l e  i n c i p i e n t  c a v i t a t i o n .  
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-1.2 

-.8 

-. 4 

Demineralized water, 
from f ig .  9 ( a ) 7 ,  

Absolute air  content, 

0 0 < 7 < 5  
0 5 -10 
0 10-15 
A 15-20 
V 20-27 

L U n t a i l e d  Tap water 

Free-stream velocity, Vo, f t /sec 

( b )  Tap water and d i s t i l l e d  water. 

Figure 9. - Concluded. Local tension based on v is ib le  incipi- 
ent cavitation. 
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Figure 10. - Supertension ( l o w  air  content only) at onset of 
v i s ib l e  cavitation. 
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Free-stream veloci ty ,  Vo, f t / s e c  

(a) Demineralized water. 

Figure 11. - Audible-incipient-cavitation parameter as funct ion of f ree-  
stream ve loc i ty  and absolute air content. 
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Figure 11. - Concluded. Audible-incipient-cavitation parameter as func- 
t i o n  of free-stream ve loc i ty  and absolute air content. 
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(a)  Demineralized water. 

Figure 12. - Local tension based on audible incipient cavi- 
tation. 
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Free-stream veloci ty ,  v0, f t / s e c  

( b )  Tap water and d i s t i l l e d  water. 

Figure 12. - Concluded. Local tension based on audible incip- 
i e n t  cavi ta t ion.  

42 



Water 
flow - i ,-Total-head 

~;1' probe 3/4-In. cavity 1e.ngth ( typ ica l )  -4- 

I I I I I 
Cavity 
length, 

r l -  v 2.0 -75  

1.0 

.6 

I 0 0 . 3 3 5 ~ 1 0 ~  0.994 4 
. 4  0 .638X106 .907 

I 1  0 . 4 3 6 ~ 1 0 ~  0.906 (Ki 2.62 
from f ig .  8 ( a ) )  , . 470x1O6 .972 2.33 

.425x106 .960 2 .31  

(a )  Noncavitating. (b )  Cavity length, 0, 3/4, and 2 inches. 

Figure 13. - Downstream total-head prof i les  of venturi t e s t  section with 
various lengths of cavity. Vert ical  plane; axial distance from t e s t  
section entrance, 11.31 inches; average free-stream velocity,  28.9 f e e t  
per second; air content, 4.7 m i l l i g r a m s  of air per kilogram of water; 
average temperature, 72' F; demineralized water. 
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(a) 0.75-Inch-long cavitationj cavitation parameter} 
2 .33 . 

(b) 2 . 0- Inch- long cavitationj cavitation parameter} 
2.31 . 

Figure 14 . - Typical 0 .75- and 2 .0-inch cavitation 
associated with pressure loss data of figure 13 . 
Free- stream velocity) 28 . 9 feet per second j air 
content y 4 . 7 milligrams of air per kilogram of 
water j average temperature) 720 Fj demineralized 
water . 
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Figure 15 . - Motion pictures showing leading- edge region of cavi 
tation . Free- stream velocity, 28 .6 feet per secondj air con
tent, 9.5 milligrams of air per kilogram of water ; temperature, 
810 F j demineralized water j cavitation parameter, 2 .55 j film 
speed, 5640 frames per second . 
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