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PREFLCL

It has now been generally accepteu that tne forwuation of cavities
in flowing or static water upon the reduction of local pressure is due
to the growth of :micrascopic gas nuclei to visible size. The sizes
of such nuclei deterwmine the inception pressure of cavitation. In
water tunnels where model testingjare carried out to predict the
inception point of a prototype i; is necessary to learn aore about
the chesracteristics of the nuclei present in the tunnel water and the
water used in the prototype before a proper scaling law cay be de-
rived.

The air bubbles forned by cavitation in the working section of
the water tunnel make the prolonged operation of tunnel unsatisfactory
if wnot removed. Resorbers have been constructec to force thnese
free air bubbles back into solution. The disension of the resorbers
was determined by using the resorption equations for air buobble in
undersaturated water based on the Lewis- hitman concept of gas and
liquid films. The ewpirical liguid coefficient KL is of direct
jmportence in fixing the dimension of the resorber.

Tﬁe thesis is dividec into two parts. The first part describes
the investigation into the characteristics of nuclei cow.only present
in water and the possible rechanisas of stabilization of such nuclei.
In part two , an apraratus is described for evaluating the empirical

liguié coefficient for s-.all =ir bubbles.
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GAVITATION NUCLET,

1. Introduction

The formation of cavities in water under reduced pressure was
first observed by Reynolds (reftl) in a venturi, but its engineering
implication was only realised %g;connection with th@ design of high speed
narine propellers, Barnaby (réf.Z) exnlained tﬁat the decrease in
efficiency of rarine propellers at high speed was due to the formation
of cavitiés on the back of the rropeller blades filled with water vapour
and air. This explanation was borne out by Parson's experinent (ref.})
on a nodel nromeller in a heated water tank under reduced pressure.

R.E. Froude suggested that this rhenomenon be described by the fterm
“Cavitation."

Since then much work has been done on the subject; for the
background of the general aspects of caovitation references 4 to 7
should be consulted,

One basic problem which is of interest to both scientists and
engineers is the detormination of the critical pressurc for the onset
of cavitation in a liquid. To the physicist this represents the
maximunm negative static pressure (tension) the liguid will stand, i.e.,
the tensile strength of the ligquid, while to the hvdrodynamicist
the dynamic inception wressure is the crit-rion for cavitation free
operation in hydrodynamic machines such as shin provellers. More recently
the intorest was shared by the acoustical engineors concerned with the
trensmiggion of sound waves in licuids and the process of ultrasonic cleaning.

L roviewr of the literature such as that by Temperley and Chambers
(rof.S) shows that the roported values of the tensile strengths of
liquids are widely scattered. It is now known that this is due to the
different exporimental methods used,; the effect of air and solid particle
contents ond the eoffoct of rreo-treatment of the specimens.

In tho ficld of hydrodynamics it had long becn =ssumed that
flowing water could not withstand tension and vapour covities would form
in water when the nressure was reduced to that of the vapour vressure
corresronding to the water terreraturc, It is now realized that
cavitation may occur above or below vapour wrossure depending on the

condition of the water.
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Quantitative measurements of the threshold for ultrasonic
cavitation in water have only recently been undericken. (ref.o to 13)
The results show large differences betweon measurecmcnt by difforent
workers.

It hes now becn gernerally acconted that the discrepancics
betveon the various values of critical nmrcesure for the incoption
of cavitation in water arc due to tho rroscnce of weak spots in
water. These veak snots have been given the name "nuclei."
Experimental evidence has led to speculation that they arc cavities
containing undissolved air, The first of such experiments was
performed by Yarvey ot al. (rof.l4). They showed that by applving
o temporary high pressure (1000 stms.) to o water semple the rcsistance
to cavitation was greatly increased.  This pressurization bfifect
has since been confirmed by Strasberg (ref.12), Ivenszar and Richardson
(ref.13) and Fnapn (ref.15). It was exnlained that the high pressure
forced the undissolved alr cavities into sclution and thus rcemoved the
nuclei or weok snots in water. Since the sizes of such nuclel
probably detormine the critical pressures for the onsct of cavitation
in water, for a bettor understanding of the mechanism of incention
we must try to learn more about the choracteristics of the nuclei in water,

It was with this aim that the present vork was undertaken,
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2o WModcl of Cavitetion Nuclei.

2.1 Pree Air Bubbles,

In order to explain the ease with which untreated water can be
mede to cavitate 1t is nccessary to postulsete that microscopic gos nuclei
(ILO"3 to 1077 cn) exist in water which has not beon specially treated,
Cavitation is the growth of such nuclei to visible size, It is unlikely
that the gos nuctel are free air bubbles, sinecc thoy will be
compressed out of existonce by the surfacc tension or grow by the
diffusion of air inte the bubble and cventually rise out of the water,

Consider the equaticn of statical equilibrium for an air bubble in

water.,
2
po‘:pg‘*‘PV-""r- 6bocscacosvuee (2.1.1)
where Py = wator pressure.
P = gas pressure in bubble,
o .
b, = vopour pressure

¢ = surfacc tosion

r 2 rcdius of bubble,

The equilibriuwn c¢an only be maintained if

Py = DPpeecssceanaonncs (2.1.2)

where pp, is the equivalent dissolved gas pressure. Therefore in
saturated or supcrscturated water thore is only one size of bubble
which can maintain the ecgquilibrium, lLargor wubbles will grow by the
diffusion of air into the bubrle and smeller oncs will dissolve
under the pressure of surfacc tension. In undersaturated water all
bubbles will soon dissolvc, Exnerimental evidcence showed that nuclei
persisted even in undersaturated water, Therefore some mechanism
must cxist which stabilizes the gos nuclel and prevents their absorption
in undersaturated water.

Befors going on to examine the possible machonismg of stabilization
we shall assure that fres air bubblics oxist in water and the
condition undcr which ther will grow can be calculated,

From cquation (2,1.1) &t had been shown by Blake (ref 9) and also
by Neppiras and Noltingk (ref.20) that there is a limit to the
mechanical stability of such 2 bhubble, The minirmm pressure PO

at which the bubble become unstable is given by the equation.
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L (2.2.3)

P = p —é[}— q’ ]%
2 2r03 (p0+.§-g)‘

where Py ~ initial radius of bubble

1

Py initinl hydrostatic pressure outside bubble.

Equetion {2,1.3) gives tha critical pressurc for the accurance
of vaporous cavitation,

The bubble can also grow by the diffusion of air dnto the
bubble if it is subjected to a forced oscilletion by a sound wave
(ref 9 and rof 21). During the nositive holf-cycle the air inside the
bubble is compressed ond diffuscs out of the bubble, but during
the nogative half-cycle the air diffusc into the bubble from the sur-
roumding water, Since the oxpended surfrce arca in the negative half-
cycle is larger than the contracted surface area in the »positive half,
there is 2 net influx of gas into the hubble, If this influx
is greater than the amount of gas dissolved, in the same time, the
bubble will grow. Therafore therc is o theshold for the growth of
bubbles by induced sonic oscillotion dcpending on the air content of
water, the hydrostatic vressurs, radius of the bubble and the frequency
of the sound wrve, The peak soupd rressurc pg roquired to couse gascous

cavitotion is riven by Blake (ref 9) as,

, {L + hq/Eropo} [1 + ZV/ropo - ;;I;’]VZ
- 6% - [¢)

s Po {l + (2 (r/ropo) ]% [l + Zro (g—-ﬁ)%}%

ceeeea(2.200)

where f = fréquonoy of sound wave
D 2 diffusivity

Titheut gquestioning the mechanism of stabilization and by
assuming the oxistnnce of a microscopic gas muclei (spherical) it is
possiblc to derive the peak sound pressure required for vapeorous
and gascous covitation. The critical pressure p, is equal to
(PS—PO)-

Two theories exist to explain the persistence of the gas nuclei
in undersaturated watcr,. ,

242 Gas nuclol with orgonic skin.

\ hyvothesis wes nub formerd by Fox and Herzeld (rof.22) to
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explain the persistence of nuclel in water. They suggosted that gas

nueclel are stabilized by an orgsnic skin which covers the whole
bubble. As air diffuses ocut ~f the bubble the sige of the bubble
will be reduced and the skin compresse?., The comproession of the skin
finally cuts off the sclution cof more air and diffusion ceases,
Alternatively the skin acts as an elngtic shell to support the pressure
difference between the gas pressure, orossurce duce to surface tension
and the water rressurc. This allows the air inside the bubble to reach
diffusion equilibrium with the dissolved oir in water even if 1t is
undersaturated.

ig showm in reference (22) the megimum size of bubble which will

maX.
survive under nAhydrostatic pressure of p. will have . radius,

2.(cs~q)

s e ...l (20200)
. Py ™ Py,

where CS- crambling gtrength of the slkin, The gag mressure inside
the buhble ig assumed tn be cqual to the eguivalent Aissolved
gas pressure.

The peak sound pressure requiroed to causce vaporous

crvitation is given by reference (22) as

spp + 2T T (F e I (2.2.2)

at

by = Py

where TS - tensile strength of tne skin
a' ~ a constant

If r = is used in equation (2.2.2) we have,

b, = Py * Ap, - (1+A) Pyt Bevereronerreaoa(2.2.3)
TS_Q“ 2 <TS +q)
where A = G and B = o
s + 0 )
2e3 Adr travmed in a crevice,

The concept of undissolved air trepped in the unwetted crevice
of suspended narticles as the model of nuclei was due to Harveyv (ref.l4).
If the wall of the crevice is hydrophobic the liquid /air surface will
be convex towards the air if the weter is undersaturated and the surface

tension force will act orposito to that of woter DNTESSUTrCe
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The air pressure inside the crevice can he kept in diffusion eguilibrium
even if the water is undersaturated.
The peak sound pressurs for veporous cavitation was caleculeted

by Strasbere (ref.lZ) a8

I Bopm - (Bo + Bl) pL..........(Z.ﬁ.l)

where BO and Bl are mumerical constents depending on the geormetry
of the crovice and the receding angle of contact and the solid/gas/liquid
interface,

Strasberg (ref.12) observod that with two completely
different concgpts of the mechonism of stabilizotion of the nuclel
the critical wpressurcs for varorous covitation shovr o similar linecor
relationship with oy ond Pre This rendlcrs the verification of

the mechanism of stebilization by cvneriment more difficult.
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Desciiption of apvaratus

The apparatus is sinmiler teo that uscd by Ivongar and
Richardson (ref.13) with difforcences in the dotails of
construction, The sound pressure to cruse cavitation
is gonorated by setting up a spherienl standing wave system in
a tost tank with a berium titenatve bowl transducer and
refloctor, With this systoem high sound pressures can be
genaroted in the body of the liguid awey from any solid ,
surfaces. The properties measured nrce thorefore those of the
liquid tested, A general view of the anparatus used is
shovn in Pig (1).
3.1 Togt Tank.

The tank was constructed of perspex shect.
The main dimensions arc given in Fig (2). The top and
bottom covers of the tank were removable and werc bolted
to the flanges on the side of the tank using rubber gaskets,
Drain holes wore provided on the top and bottom covers.
Water for testing wos dravm into the tank through a rubber
tubs connected to the bottom drnin holc to avold splashing
and air cntrainment. Fig (3) shows the test toank together
with the barium titenate transducer and reflector in place,

B2 Barium Titanate transducer

The spherical transducer was made to
order by Wechnical Ceramic Lirited. It had a radius of
curvature of 6,35 cm, and o uniform thickness of 6 m.m.
The diameter acrosé the face of the transducer was 10.6 com,
Both sides of the transducer were silver plated and electric
contact was made by means of svring contacts. (see fig.2)

%5 Mounting of transducer,

The mecunting for the transducer was made of two
Balkelite discs. It was designed to reduce the restraint
on the transducer to a minimur. The transducer was
clamped around its rerimeter along the centre of the thickness
by means of a rubber "O" ring and the "VY grove cut on the

two discs, since the centre of the thickness was a node
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when the transducer was driven at half-wave resonance.
The mounting together with the transducer was bolted to one end of the
tank with rubber gasket as shown in Pig (2). The transducer
thus had air backing (high potential side) and was in direct
contact with the liguid under test inside the tank (ground side).
5.4 Reflector

The reflector was alsco made of verspex. The surface
shell facing the transducer was mado of.T% " thick perspex
sheets and had the same radius of curvature as the transducer.
The gplerical shave was obtained by vpressing the heated
perspex sheet into a mould and polishing to the required finish.
The svherical shell was then glued to thne basce around its
perimeter leaving an alr space betwoen the shell and the base.
The use of werspex for the construction of the reflector
facilitated the lighting of the tank. Coarse focusing
of the raflector was cffected by shifting the perspex shaft on
which it was mounted. M 2djusting nut on the shaft provided
the fine movement nceded for focusing.

3.5 Tlectronic equipment .

A block diesgram of the electronic equivment used is
given in Fig (4). The svhorical transducer was driven at its
besonant frequency of AQSVo/seo through & turned L C circuit
by a modiftd T10 radio transmitter. The transmitter was supnlied by
Sicmens Bdison Swan Litd. The power output was controlled
by varying the B.H.T., of the power amplificr. A Marconi
valve voltmeter was used to messure the voltoge apnlied to the
transducer. Tor a standing wave the maximum voltage
available to drive the transducer was 80 volts and corresvonded
to a pezk sound vressure of 30 atmosrvheres at the focus of the
standing wave. ,

The sound pressure ot the focus of the standing
wave was mersured by a ultrasonic prohe UPBOOC also supnlied
by Techinical Cersmic Ltd., whosc scensitive elcment was.i_»“
in longth and 0.058" in dianctor. The accuracy quoted by

the meker was + 2 db,
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4 Experimental method and procedure
4.1 Aim and Seope of experiment.

The aim of the experiment was to determine the cavitation
{thresholds of tay water, distiller water and filtered tap water under
various experimental conditions and to deduce from the results, the
characteristics and the mechanism of stabilization of gas nuclei.

The majority of the experiments were conducted on tap water.

For the purpose of comparison some experiments were repeated in distilled
water and one in filtered tap water.

The thresholds of gaseous and vaporous cavitation were determined
in many samples and the effects of such factors as age of water, total air
content, re-aerstion and deaeration, wetting agent and nressurization on the
thresholds were investigated.

4.2 Detection of Cavitation onset

The onsct of cavitation in water for bhoth gaseous
and vaporous cavitation were detected by the resulting noise.
The spherical transducer was used also as a detector and the
noise wns made visible by feeding the signals received into
an oscilloscove. A twin ~ T filter was used to eliminate
the driving signal of 428 kc/seo g0 that only the noise
generated by bubbles were displaved on the screen of the
oscilloscope. However a small vortion of the r.f. signal
gtill apneared on the screen, but since the amplitude of this
residual signal was comperable to that of the noise generated by
the bubbles at onset of cavitation, vhich were also of a much
lowver frequency, there was no difficulty in distirguishing
one from the other, No attemnt was therefore made to improve
the filter used,

The noise genecrated by gaseous cavitation had a broad
freguency range and was continuous while the noisc caused by vaporous
cavitation appeared as individual pulses having by roush estimetion a
duration less than one milli sccond.

This method of detection is similar in wprinciple to the method
used by Iyengar and Richardson (ref.4) and has many sdvantsc~os over visual

detection,
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For gaocous cevitetion in alr oaturated water the
onset of noisn wes accompanicd by the sudden appesrance
of small bubbles in the focal region, However for partially
degassed water ( »507 saturation) the noise sometimes
appeared long before any bubbles became visible, and if the ap-
pearance of bubblcs had been tak-n ag a criterion for the onset
of gaseous cavitation the threshold would have been overestimated.
3ince the onset of gaseous cavitation is identified with a
the growth of a bhubble by a process called "rectified diffusion"
the threshold should be dofined as the pressure which will
cause the growth by this vrocess irrespective of the time
required for the bubble to grow to a certnin size.

At the freguency of 428 kc/sec the hubbles generated
by vanorous cavitaticn neover grew to visibhle sime before
their final collavpse at & sound pressure slightly higher
than the threshold. It was thercfore not vossible to
determin: the thr:shold of wvaporous cavitation by visual
insmection in the present experiment. It is to be
noted that at sound pressures very much hisher than the”
threshold for vaporous cavitation the vavour bubbloes
generated by wavitation did become visible to unaid eyes.

4.3 Procedurcs for the determination of the thregholds

of gascous and veporous cavitation,

To dotermine the thresholds of gaseous and
vaporous cavitation it was found necessary to adopt a
different nrocedure for each, To determine the threshold
off gaseous cavitotion in wator the sound pressurce was
increased slovly until noisc apreared oun the osciiloscope
indicating the onset of gascous cavitation. The
eppearance of noise might or might not
he accompanicd by the avvearance of bubbles depending on
the total air contont of the woater. The voltage zpplied
to the tronsducer was noted and tho sound wave was turned
off immedintely to nrevent further formation of bubbles.
Uniike the apparatus used by Strasberg (rof.12) where only

one bubble was formed thr nrosent apraratus continued
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to rroduce bubbles if the sound wveve was left on,

When all the bubbles produced had risen to
the top of the tank snd ncne could be seen in the body
of the vater, especially in the focal region, thec
water was slightly stirred with the polythene tube
stirrer. TExperience showed that if the second
mesgurcnent was undertaken without renlacing the water
in the focal region which had beon subjocted to cavitation,
the threshold determined was in many casces either higher or
lower than the first monsurement. Hesults shoved that more
consistent readings vwerc obtained if fresh water wes
broueht into the focal region after each measurencnt,

About thirty seccnds after the water was
stirred the seuond measurcment was made, This time
the sound pressure was guickly brought up to a point about
107 below the threshold measured in the first trial. If
no cavitation occurrcd before this point was recached the sound
pressure was held there for ten seconds. And if no cavitation
occurred during that time the sound pressure was
incrcased in steps every ton seconds until the threshold
was renched, By bringing up the sound nressure cuickly to
the neighbourhood of the threshold estimated by the first
triel it was hopod to reduce the tire effect and to limit
the heating of the water in the focal region to a mimimun
This was repeated six to eight times, and the arithmetical
rean of the measurements obtained was taken to be the
threshold of the water tested.

The procedure adopted for determining the
threshold of wvaporous cavitation was slightly different from
that for gaseous cavitation, It was realised that at a low
total air content where most of the exreriments for
vaporous cavitation were carried out the nuclei available
for cavitation are few in number. In order to derive
a threshold which is representitive of the whole body
of the water the following procedure was used. Ag in

the procedure for gaseous cavitation the first measurement was
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used to estimate the aporoximate value of the threshold:

When that was determined the water was slightly stirred and
thirty seconds wers allowed to elapse before the sound pressure
was again incroased to a point 107 below the estimated
threshold, During the increase a close watch was kept on the
screen of the oscilloscope to see whether any vaporous
cavitotion took ploce. If o pulse wns seen on the screen

the lower value was to be token as the estimated threshold

and the sound pressure brought to a point 107 below thats

The sound pressure was than held there for ten seconds. If
no cavitation was detected during that time the sound pressure
was turned off and the water slightly stirred. Thirty seconds
later the sound nressure was again brought up to the same value
for ten scconds. This was repcated for five times. If mo
cavitation occurred during that time the sound pressure

was then increased and the procedure repeated until wvaporous
cavitation did occur at least once during the five trials.

In order to establish that this was not due to an extra weak
nucleus the procedurc was repeated another ten times and

the pressure wans taken to be the threshold of vaporous
cavitation if at lenst 5 of the ton trials resulted in a
vaporous cavitation, Admittedly the threshold determined in
this way wos arbitrery in nature but id did represent a
threshold which was most representative of the whole body of
water tested. This procedure also limited the sound
radiation to ten scconds each time and the effect of heating
will be very small.

4.4  Deacration and re-acration

Deacration of wnter samples was accomplished
by sheaking the glass bottle containing the samvle under vaccum.
When the desired air content was approximately reached
the water was thon transferred fo the test tank. Care was
taken not to causc any splashing of the water when it was

drawn into the tank through the bottom drain hole.
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Water was allowed to fill the whole tank and any air
bubbles trapped in the tank were removed by tilting the
tank and causing them to cscape through the overflow,
A polythenc tube was then inserted into the tank through the
overflow to sorve as a stirrer as well as helping to keep the
air content of water nearly constant over a long period.

Re-aeration of degassed samples was carried out
in these ways.
(1) The degassed samwle was allowed to sﬁand quietly
in a polythene bottle under atmospheric pressure, The bhottle
wag closcd to avoid tho collection of dust on the wator
surface. The restoration of eir content was by the slow
process of molecular diffusion.
(2) The alr content was restored by mixing the
degassed sample with water saturated with air, The resultant
air content depended on the amount of saturated water added.
(%) The air content of s degasscd semple was
restored by bubbling . zir through it. The
arrangement is shown in fig (5). The vaccum pump was used
to provide the suction required to draw air into the hottle.
The rate of flow of 2ir was controlled by the gldss stop cock,
By this method there was no fear of cil contamination (commonly
vresent in compressed air) and no filter w&s'required.

4.5 Megsurement of total air content.

The measurement of the total alir content was
made by the M.B.R.L. air content anparatus (ref.17) using
the corrections suggested by Kaneillopoulous (ref.18 & 19)
The measurcment of the air content was always carried out

after the determination of the threshold.
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S5e Experimental results and observations.

5.1 Calibration of sound vregsure in the focus
of the standing wave,

To measure the sound vressure in the focus of the standing wave
an Ultrasonic Prohe UP 800C was ohtained from Technical Ceramics Ltd.

To convert the outnut voltage of the prohe to sound nressure a
calibration curve was suprlied by the merufacturer with five points
covering the freeuency range from ZOkc/sec to].Mc/seo.

It was not practical to use the vrobe directly in measuring the
pressure at which cavitation occvrred during an experiment. Since
the presence of the orobe in the sound focus would cause cavitation
to occur on the body of the nrohe first. It was decided to use the
voltage across the transducer as a measure of the sound pressure at the
focus of the standing wave, With the probe placed in the focus of the
standing wavce the voltage across the transducer was calibrated against the
obtput voltage of the »nrohe which in turn was converted to sound pressure
by using the manufacturer's calibration curves.

One difficulty immediately presented itself. In the present
system tho standing wave was established by using a spherical transducer
and rcflector. The reflector was vlacad at a distence away from the
transducer approximately egual to v rice the radius of curvature of the
transducer. The voltage across the transducer <as the vector sum of
the driving voltage and the voltage induced by the roflected sound wave,
The phase diffcronce between the two comwonents depended on the distance
of the reflector from the transducer, the frequoncy of the sound wave and the
velocity of sound in water. If tho velocity of sound romained constant
at a fixed froquency a vosition would be found for the rcflector so that
the two components were in phasc resulting in a meximum available
pressure in the focus as -vwell az & meximum voltage across the transducer
for a givenamount of electric powor apnlied. Unfortunataely the tomperature
of the water used varied from 11°C to 16°C during on exvcriment vhich
might last for 1 to 2 days. The ch-nge in the velocity of sound is
1.3% for a toemmerature differcnce of 5%, From the equation.

C = F o Loconuecocoonoe anevonasnnses (B.1)

where c

velocity of sound
f - frequency

1 - wave length.



for a constant frequency the varintion in wave length will also be
1.3

The distance botween the transducer and reflector was approximately
120 mm, the accumulated incresse of wove length over that distsncc was
1,56 mm which is nearly half a wave length at 428 ke/sec (3.4 mfm.)

Hence a voriation in the temporature of the watzor used resulted in a
shift of phasec between the two components of the sound waves,

and the sound pressurc in the focus of the standing wave might not

vary in the seme proportion as the voltage across the transducre for

a given tempcraturc variation, A calibration of sound pressure ngeinst
the voltage across the transduccr at one temmerature could not be usceful
for any other temoveratures,

To overcome this difficulty two methods can be used,

(1) To change the frequency slightly so that the wave length
1 remains constant a2s the tempsrature varies,

(2) To take up the accumul-tod increase in wave length by shifting
the reflector accordingly.,

The first method wns not ﬁractic&l under the nmresent system. The
transmittor employed to drive the tronsducer had 2 tuned master oscillator,
a tuned power amplificr and a tuncd LC circuit. To tune the
frequency as the tcmrcrature varies before cach mensurement will be most
elaboratea.

The sccond method was thorefore used, An adjusting mut was
provided for the fine movement of the reflector (sce fig.2). As
the tomperature ¥aried the roflector was moved accordingly by turning
the adjusting nut with the sound vave turned on at low power until the
voltage across the transduccer reached a moximum, indicating that the
components were in nhase.

In order to cstablish that moving the refloctor is an adequate
reredy for this temperaturc effect, calibdration of the sound pressure against
the voltage across the transducer was carried out atéoven different
temporatures. The tomperaturc of water was increascd by hesting it with two

150 watts incondcscont lamp.
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The results are tabulated in table (1), It indicetes

that the system adopted wes adequate. The mean valucs wero used for
plotting the calibration curve in fig (6). Fig(lA) demonstrates
the shift of phasc between the two comronents as the temperature varies.
The comvonents vore in phese at 10°C and the voltage across the transducer
was 2 volts, It shows that the phase of sound wressure in the focus
varies with that of the voltage scross the transduccr but their amplitude
are not in the same vroportion.

The dotted line ghown in fig (6) is the calibration curve for
progressive wave, the reflector being romoved in the cosc, On comparison
with the standing wave it shows that the nressure in the focus was
approximately the samc for the same voltage across the transducer since
in a standing w~ve the pressure in the focus —ms doubled for a given power
input but the voltage across the transducer was also doubled (due to
inducecd Voltago) in the oresent system with the result that for the
same voltage across the transducer the pressure in the focus was the
same for the nmrogressive and standing waves, For a given power
input the maximum availoblce preossure was doubled in the later compared
with the former cese.

As shown in Fig (6) the vrcssure st the focus in the standing
wave was actuclly less thhn that of thoe corrcsponding vrogrossive wave
for the scme voltage. This was to be expected; since the alignmont
of the reflector was by no means nerfect resulting in the slight
reduction of pressurc in the focus of tho stending wave.

5.2 Cavitetion throesholds for tap water.

In reovorted cxperiments on tap water (ref.12 & 13) water

samvles were drown into the tank dircctly from the tap resulting
in the entrainmant of numcrous small air bubbles. Thoere

is reason to helieve that this wny of drawing water Hhs some
cffect on tho threshold. To understond the behavior of

1

tan water wo must investigate the mast history of the
water.

The source of tan water varies in different places.
For most cases waitcr is drawn from o lake or reservior vhore

the temherature is usually much lower than room temmorature

and for this reason the tep watsr is alwnys supersaturated
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with air at room tomperature.  ‘fter passing through filter

beds where most of the susnonded solids arc removed the
water there entcrs the mains, Since the pressvre in the
mains is much higher than atmesvheric pressure all tav water
has been wressurised to a cortain extent.
It ig with these points in mind that the first
exverimont vas undertakon.
Wotor was dravm from the tap in two diffcrent wayvs
(1) Wator was drawn with the tap running froe, resulting in
a cloud of entrained air bubbles, Th . throshold of cavitation
was detcrmined when no visible bubbles could be scen in the body
of the water. The cavitation wes gascous in this case,
(2) With o tube connected dirsctly to the tap water was
dravm out slowly into the tank through the bottom drain hole.
Care wng taken not to causc any splashing, Under strong light
it could be secen thot there were no minute bubbles in the water.
One test immediately followed the other so that the
same batch of water was used in the two experiments, The
experimont was repeated on six diffcrent days and tho peak sound
pressures which caused cavitation sre listed in table (2).
In each case the pesk sound vressurc is higher if the tap water
is dravn out guictly.

50241 Aroing of tan water,

Strasborg (ref.12) observed that if froshly drawn tap
wator is left standing for sovernl days the threshold incroases
groduslly from % atmosphore to 1 atrosvheres. He explained
this by saying that it is most probably duc to the rising of
very small bubbles ouv of watcr. Th» mognitude of the time
involvad is of the ri~ht order, if we assume thot bubbles of
the size 10_4 to 10 =2 con axist in water. Stoke's Law is
used to calcul~te the velocity of rise of such small bubbles,
This relationship was uscd by Iyengar and Richardson (rcf.l})
to determine the sizes of nuclei in water, although in their
exveriunonts the time involved wos only seven hours for the

threghold to increase from 1,75 atmosvhercs to 4 atmosvheres,
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In view of those experimental results, one of the
present exveriments was doesigned to investigate further the
nechanisnm of ageing of tap water. On the assumption that
the increase in threshold with time is due to the rising of
ﬁicroscopic bubbles then the time required for a certain size
of bubble to rise out of water is proportional to the depth of
the water below the sound €ocus., On changing the depth of
water below the sound focus the ageing curve of the tep water
should clso shift along the time axis.

The t&st tank as described in section (3.1) had
removable end covers and extensions could be cosily connected
to it to increasc the depth of water below the sound focus.
However experiments with freshly drawn tap water (free
running tap) standing in the tonk showed no perceptible
increasc in threshold with time =nd the investigation was thus
abandoned.

Altogethrer eix samples wore investigated, The
results are tobulated in table (3). In cach case water was
dravn from the %ap into 2 large glass bottle, tronsported to
the test tornk and drawn into the tank thrangh the bottom.

An aoir space was loft betwoen the tank top cover and the water
surface to allow watcr to attain saturntion condition while standing.
The first moasurcment was taken when the water had been standing

for 15 minutes. By that time there were be no visible bubbles

in the body of the water. Bach value listed in table (3)

is the arithnetical mean of six to cight mecsurcments. No

trend can he observed in thoe results,

B.2e2 Tffect of total air content on the
thresholds of covitation.

Even without any quantitative mensurements much
can be learned about the cffect of air content on the threshold of
cavitation, For quietly drawn top water (supersaturnted with
oir) minutc bubbles suddenly anpeared in the focus as the
threshold for gnscous covitation wes reached and the cavitation
zone cuickly sprond to both sides of th: focus. The motion

of the bubbles wre similar to thosc observed by Blake (ref.9),
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Strasherg (ref.12) and Yyengar and Richardson (ref.13).

There is no intention of repmating the detail description
and only such details which may be of interest are recorded.
The bubbles were observed to appear one by one

at a pressure antinode and each one moved along exactly
the same circular path to a pressure mode where they
coalescedmﬁo form a large bubble. This large bubble
remained trappred at the nressure antinode until it

grew to such a size that boyancy force finally overcame
the sound force and it rose to the top of the tank, These
circular paths along which thc bubbles travelled were
gspread at half a wave length apart and their planes were
pervendicular to the axis of the transducer. From the
side of the tank they appeared as evenly spaced rings
increasing in diamecter —ith distance from the focus.

The spreading of the cavitation zone to both sides of the
focus, only happened in the case when the water was neawp
saturation snd the veak sound pressure to cause cavitation
was higher than 1f atmosphore. At lo—er air contents or
if the peal sound pressure to cause cavitation wes lower
than l%~atmospheros in saturated water, the bubbles only
appeared in the focal region at the threshold and there
was no tendency for the cavitation zone to spread if the
sound pressure was kept constant.

When the total air content was reduced to about
50ﬁ~srturation gaseous cavitation gave way to vavorous
cavitation in tavp water. The transition from one to the
other was not very clearly defined. A region existed
vherc the two forms of cavitation occurred cither separstely
or sipultaneously, On further reducing the air content
the vaporous cavitation bccame predominent and always was the first
to appoar. But if the sound vnressure was increased heyond
the threshold for vaporous cavitation the familiar noise
of gnseous cavitation could olso be seen among the pulses
generated by the veaporous cavitation., There was a lower

limit of air content beyond vhich no gaseous cavitation could be
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initiatcd however high the sound pressure.

The effect of total air content on the thresholds of
gascous and vaporous cavitation were determined by changing the
air content of the same sample. No attempt was made to
determine the threshold of vavrorous caevitation at high air
content ( >50% saturation) although vaporous cavitation
could also bc initiated by raising the sound pressure
beyond that for gascous cavitation. The swarm of bubbles
produced by gaseous cavitation would have affected the sound
pressure in the focus and thus made the measurement unrealistic,

5:2.%3 Effect of deseration on the thresholds of cavitatbion.

After the tap water had been standing in the tank
for several days during which time the effect of age on
threshold of cavitation was determined the sample was then
degassed in stages to determine the effect of deaeration
on the thresholds. After cach stage of deacration the sample
was allowed to stand for 15 minutes before any measurements
were made, Experience showed that after the sample had been
subjected to the low pressure of the vacuum pump it tock
some time for the equilibrium condition to be re-established.
After each experiment o sample was drawn and its air content
determinecd.

The experimental results are shown in fig (7) and
fig (8).

There are a few points in the experimental results
worth noting.
(1) The scatter is quite large for the six samples of tép
water, but on close examination it will be noted that if the
results of only one of the samples are used, the spots
seem to lie on well defined curves for both gasecous and vaporous
cavitation. Therefore there is reascn to believe that dap
water drawn on different days (over = poriod of three weeks
for the present experiment) under identical conditions mey not
have the same threshold for cavitation. In other words the

content or sizes of nuclei mey be different.
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(2) The encircled spots on‘the extreme right of fig (7)
represont the threshold for gascous cavitation bofore deoscration.
It is to be noted that on the first stage of deéeration the air
content wes reduced from approximately 22 c.c./litre water to
19.5 c.c./litre water, but no increasc in the threshold was
noted. In one case the threshold decrecsed,

In view of these experimental remults it was
decided to carry out the rest of the exporiment by using
the samc batch of water in the hope that this would give more
consistont rosults than by using water drewn on different
days. Tater drawn from the tap was allowed to stand in
a lorge storage tank for 10 days. The tank was covercd to
prevent the collection of dust.

The experiments on the effcet of decacration on the
thresholds of cavitation were repeated on the water drawn
from the tank. Tig (9) and fig (10) show the results for
six samples of water.

It can be scen that by using the soame batch of water
the results hocome more consistent and the threshold
for both vaporous and gassous cavitation varies as a linear
function of the totel alr content within their own region of
predominance.  On superirvosing fig (7) and fig (8) on
fig (9) and fig (10) resmectively it =41l be noticed that for
gaseous cavitation the averag: values of the threshold for water
from different batches lic very closc to that for water from the
same batch, For vaporocus cavitation the threshold for water
from the same batch seems to form: the upper limit for that of
differcent batches,

5.2.4 Effoct of re-~acration on the thresholds of cavitation.

The re~acration of degasscd tep water was accomplished
in throo ways as stated in section {4.4).  The same sample
which was uscd for the cxverinent on deacration was used for

re-acration,
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Re-aeration by mixine with saturated watcr.

When the deacration experimont on one sample was completed,
the degassed water was withdrawn from the tank and e pre~
determined amount of saturated water addad, The threshold
was again detormined and the resultant a2ir content measured,

More saturated water was then added and the process repeated.

Re~acration by bubbling ~ir throusgh degasscd water.

With the arranzoment shown in fig (5) air was drawn
through degassed tap vater and the threoshold and air content were
determined.

Re-aeration by standing.

Dogassed ton water was allowed to regain its air
content by standing in a large polythone bottle. The threshold
and air content were detormined every 12 hours. The water
was alvays thoroughly stirred and allowed to mix properly before
any measurcment was taken., This eliminated local concentration
of disscolved air.

The results for the above cxneriments are shown in
fig (11). Two degnssed samples were uscd for the re-scration
by mixing, but only one each was used for the re-aerotion by
bubbling and by standing. The remaining water in the storage
tonk unfortunatcly was thrown out by mistnke before any more
cxporiments could be made.

From fig (11) it can be scan that rc-acration by oither
bubbling or mixing resulted in a threshold very ncar to the
original value, But in tho casc where air content was
restored by quiet molecular diffusion a hysteresis effect seems
to exist.,

5e3 Cavitation thresholds for distilled water,

For the purnose of comparison a number of experiments
were repeated in distilled water,  The results of the experiments
are shorm in Fig (12 and 13).

531 Tffoct of deacration on threshold of cavitation.

Saturated distilled water covitated ot & critical
pressurc of about - 2 atmospherss (3 atrosrvheres vesk sound
pressurc). The cavitation might e gascous or vavorous,

If voporous cavitation aovvecred first it was alwavs followed
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immediately by gasceus eavitation although the roverse was
not olweys truc. There 1s reeson to belicve that the
trongition from gascous to vaporous cavitation took place
in the rneighbourhood of - 2 atmospheres critical préssure
for distilled watcr, Jlthough the cevitation was not
exolusively vaporous thesc points are included in fig (13)
and marked with 2 circle round them. At lower air contents
the vapcrous cavitaticn olways arnonred first. For air content
above 507 saturation {anproximate) gnscous cevitation always
followed the first vaporous burst. The air contont below
which no gascous cavitation could be initicted appeared
to be approximatcly the same as that for tap wator,

As expeeted the threshold for vaporous cavitation
is much highor in distilled woteor than in tap water for the
game aeir content.

5.%42 Tffoct of re-ncgration on the thresholds of cevitation.

Four ganples were re-aerted. The results are shown
in fig (12).  When reaerated by bubbling air through it the
threshoeld amnrroached that of tap water as the air content
was increased and the nppearance of cavitation also changed
from vaporous to gaseous. No hystercsis effect was shown by
the samples re-aerated by standing. The threshold was slightly
lover in both samples.

5ed Cavitation thresholds for filtered tap water.

The abeve experiment indicates that dust varticles play
2 major part in detcrmining the thresholds of cavitation.
It was reasoned that if dust particles arc removed from the
tap water there should be e noticcable increase in the threshold.
Top water from the stornge t-nk was filtered through a
glass filtcr with pore diameter ranging from 60-100 microns.
Only one sample was deazcrated ~»d tested., The result is shown
in fir (1%). The removal of dust particles or suspended
gsolids increases tho cavitotion throshold <1 tap vater to nearly
thet of distilled water. Lett ras in bracets besidce the

experimental points ivdicate the naturs of cavitation.
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55 Effect of wetting agont on threshold of cavitation.

he experimental evidonce indicstcd thet the nuclei in
water werc suspended dust ovarticles., It was thought
that the ~ddition of wetting agoent to the water should
increase the threshold,

3 c.c "Johnson's 326" wetting agent per litre of
water was added to cach sample. The addition of wetting
agent had o mavked effect on the threshold and appearance of
cavitotion, Some obzervations arc described in detail,

"hen wetting egent vas 2d’ed to saturated tap water
a number of small bubbles (rma3 x 10-2 cm) vas seen to rise
in the body of the water. The origin of the bubbles is
not clear, inother interestine phenomenon was noted when gaseous
cavitation was initiated in satur~ted t-vn weter after the
addition of welting acent. As in untreatcd tap water,
minute bubbles apovesred one attcer the other and moved along
the same circular path to be collected ot 2 pressure antinode.
But there was no coalescenco of these mimate bubbles, thoy
simply formed a mass of smnll bubbles. On removing the
sound pressure they rose as a body at first but after a
few scconds broke away from one anothor and rose individually
to the surface. There ocvpeared to he no interaction betwsen
the bubbles as they rose and 211 bubbles soomed to he moving
at the same velocity. Tror the rising velocity the radius of
the bubble was estimsted to be 1 x 1077 cm. It may e worth
while noting that the resonant radius of an air budble at
atmosvheric pressure is Q.8 x 1072 cm for = Traguency of
428 kc/sec (ref.23).

Five samples of top water  © of different air content
were investigated, The thresholds were determinad bofore and
after the addition of wetting agent in each case. The results
arc shown in fig (14).

Two samples of saturated distillzd water were also
usod. The critical pressures nmecsurcd wore - 18.4

and - 20,4 atmospheores. The eficct of wetting agent on the

The tap watcr used was from a differont bhatch,
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threshold of degassed distilled vater was not investigoted.

5.6 Pressurization

Tap water waw used in this experiment. Ater the
tap water had becn pressurized in a pressure vessel, it
was drawn into the tenk and its threshold determined,
The moximum pressure applied was 280 1b/in2 for a meriod
of 20 minutes. In all the gamples teosted no noticeable
increasz in threshold was detected, It was suspected
that some wator from the r:scrv: tank of the hand pump
must have got into the pressurizing vessel and thus
contaminnted the water inside it, Thercefore no description

of the pressurizing circuif and rosults are given.
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6. Variation in experisenta2l conditions and repestibility of results

The teuperature of water varied between 11°¢ 2na 16°C , and no
atteupt hao been aade to study the effect of tecuperature on the cavi-
tation thresholu in the present experi.ient.

The results obtained in the experisents are quite repeatable.

A8 was shown in the experiment that aore consistent results were
obtained if the same batch of water was used. However when tap water
drawn on Jdifferent days was used, the ican values were guite near to
that of the suz.e batch although the scatter between each sanmples was
grester.

FTach of the experimental poinfs represcnts the sritha tical rean
of six to eight reasuresents, The weviation of the individual
measure.ent frowm the nean is usually less than 3%. But if the water
in the focal region was not replacecd zfter =2 easurevcnt the con-

+

sequent rneasurcoaent quite often showed a difference of 20% fron
q

the rmean value. It should aiso be notec that at low alr content
(« 50% saturation) a sound pressure 50% higher tnzn the uean value
of the thresholc for vzporous cavitation could sometirie be inposed
on the water without any sign of cavitation., It is believed that
this is due to the lack of npuclei in the vicinity of the focus., To
ensure that the wmeasured thresholl represents the characteristics
of the whole bouy of water tested, stirring is nessary in ordcer to
bring as aany nuclei into tne focal region ﬁs possible.

The air contents of water sauples were detersined by using the
M.E.R.L. air content apparatus with corrections suggested by
Kanellopolous. The reasure«dents are believed to be within an accu-

+ . . - )
racy of - 1 ~ 2%. The air contents zre recorded as c.c./lite water

3

at N.P.T.
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Te Discussion

T.1 Effect of free running tap on the threshold of cavitation.

Water dravn quietly from the tan has a hisher threshold than
that drawn with the tar running Pfeee. The effect is believed to be
due to the pressurizing of the water in the mains, There is no anpreciable
difiference in the total air content of the water drawn by the two methods
and both showed a sunersaturation of about 157 at the ternerature of
the water. Table (1) shows that tan water drawn gquietly has a
threshold of about 3 atmostheres. This is higher than the threshold
off distilled water at the same total air content. The disturbance
caused by the free running of the tap decreased the threshold to that of
distilled water, Although numerous small bubbled were seen in the
body of the tan water drawn in that way, they were not resvonsible for
the decrease in the threshold since the experiments on the ageink
of tap vater showed that no appreciable incroase was noticed for
samnples which had been standing for 2 - 5 dayz. Had the bubbles
created by the disturbance been responsible for the decrease in
threshold; a graduval increase would hove been‘noted a5 they rose
out of the wter, This implizs th@t the permancnt decrease in the
threshold is due to a shift fror one equilibrium conditicn to another
ag a result of the disturbance.

Gome offect of prossurization was still wvident for wator drawn
with free running tap although the effcct was vortially destroyed by
the disturbance on drawing. Mg (7) chows that after the tap
water had been stonding for 2 -~ 5 days the first stage of deacration
showed no incrzasc in the throshold for some samples. Howover on
further deacrating the sanple . dofinitc increase was noticed.
On subjecting the water to o low wressurc the remrining effect of
nressurization must have boeen complotely destroved and the nuclel
cnlarged, but the dersration caused a reduction in the size of the nuclel
The two effrcts approximately balancsd out and the nucleus size remained
almest unchanged although ths total air content of the wotor was
lowered.

Te2 Ageing of ten water

Freshly drewn tap wvater showed no increase in the

threshold while it stood in the tost tank over o poriod of 2 -~ 5 days.
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This is ot variance with the observeotions of Blake
(ref.9) ond Strasberg (ref.12). Both rerorted that the
threshold of freshly drawn tap water increascod from
about % atmosvhore to 1% or 2% ~tmosvhercs over soversl days.
Hovrover in the proesent experiment the threshold of freshly drawn
tap wator was never less than 1% atmosrheres as shovn in
table (2). This indicatas thot the threshold is already too
high for the offect to be observed. A mossible oxplanation
is that the tap water uscd in the prosent exmnoriment has been
subjeected to o higher nrossure than the samples used by
Blake and Strasberg or slternatively that their samples were
rovm in such e way that the effect of pressurization was
complotely destroyed,

7.3 Effcct of denerstion and rewseration on the thresholds
of cavitetion,

The tronsition from gascous to vaporous cavitation in
tap water took place at ~ veak sound pressure of 2% - 2%
atmospheres., This agreoes fairly well with the theoretical
value calcu}ated by using the formulac dorived by Blake
(ref.9)i.e,, cquation (2.1.3) and equation (2.1.4)
the peck sound yressure reguired for cousing vaporous and gascous
cavitation at atmespheric »ressure sro plotted against
the sizos of gas ruclel in fig (15), The experimental
results for the tap water in fig (9) and fir (10) arc plotted to
logrithmic scale in fig (16). The agreement in trend is
fairly amood. It can be observed that the transticn from gascous
to vaporous cavitation tokes nlace at o slightly higher sound
rrescure than that calculated from theory.

If we assume the cavitation thresholds are correctly
cxpressed by equation (2.1.3) and couation {(2.1.4) then fig (15)
can be used to cstimate the sizes of the largest nuclei in the
tap wator used, Lt a saturated 2ir content under atmospheric
pressurc the radius of the nucleus bubble is about 6.6 x 1072
cm and it Azcreases to 1.8 x 10"%n at 25f seturotion,

The variation of th- threshold for vaporous cavitation

in tap water with total ~ir contont is lincar as predicted
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by the theorectical cguations (2.2,3) and (2.3.1) based
on the twe differcnt concepts of nuclei., In distilled
water the snme linear variation is cbsrcrved and on
comparison with Strashcrg's result on tap woter the three
lines appear to have the sanme slope. It mey ba vostuleted
that the nueclei in top and distilled top have thoe same physical
charcetiristics but the size of the nuclel is smalleor in
digtilled water.

On restoring the air content of tap water no sprreciable
difference was ncticed vhen the air content was restored
either by bubbling air through it or by mixing it with saturated
sample. However, when the air content wes restored by
leaving it standing quietlyunder atmosrheric pressurc an increase
in the threshold was noted for the same sir content. It is
believed that when the air content of the sample was restored
by stending the orisinal size of the nuclei was not restored.
This is the effoct of pressurization obscrved by Strasberg
(ref.lQ), sincao lowering of the - dissolved gas
content hos the same effect os increasing the hydrostatic
pressure. Whon ~ir wes bubbled through the degassed sample
the disturbance caused by its nassage rrobably dcstroyed the
effeet of undersaturation or alternatively fresh nuclei
were introduced into the wator, such as dust porticles. In
the cose where saturated woter was added the nuclsei in the
saturated vwtor prevoiled and the effect of undersaturation was
not obscrved,

The results of the distilled woter wore different.
Vo cffoet of undersaturation was obscrved. In fact ~ lowering
of the throshold for the same air content was noted. It
was thought that thig is due to thoe introduction of mew muclei
when the distilled water was trensforred to and from the test
tank, On bubbling air throvgh degasscd distilled water a
rarked lowering of the threshold was noted. The threshold
quickly anpvroached that of tap water for the same air content.
Thig sugrested thot new nuclei =which has the sane size as

those originally present in the tar water were introduced when air
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was bubbled through distilled water,

Effcct of filterine on the threshold.

Although only one sample of tan water was filtered
and tested, the rasulting incrensc in the thrashold was
unristakablc, The glass filtor used hod pores with diameters
ranging from 60-100 microns. It is thoucht unlikely that
unattoched gas nuclel (10"4 to 10"50m) will be removed in the
filtering, It is believed that the physical size of the
suspended particles limits the maximum sizc of the nuclei which
con be stabilized on themygnd that the nueclei in distilled
water were stnabilized on susmonded particles smaller in size than
that of tap water. It is guite possible that these smaller
particles were conrried ovér in the distillation ~rocess
since the distilled water used in the nrosent experiment was
made from tav wotcr,

Effect of wetting agent on threshold,

The additicn of wetting arent greatly reduced the surface
tension of water. It is not kno;n Wheﬁher the increasce in
threshold after the addition of wetting agent in saturated tap
water was due to the covering up of the hylroprhobic crevices or
due to thd disnlacement of air frow the crevices. TFor
partially degassed tap water the latter scomed to be the
CnSC. It is halieved that the crovices wore completely
wetted ~nd the threshold mensurcd (12 atmas-hores) wos the
ponk sound pressure required to tenr the water awny from the
wall of the suspended rarticles in the presence of wetting
agent.,

The measurement in saturated distillcd watcr showed that
the threshold in this case i1s 19-20 atmosnheres.

« swinary of the experi.cntzl results is given in fig (17).
Strasberg's results on tap witer together with the results of
Itengar anu Richardson are shown in dotted lines.

The results obtzined in the present experinent agree in trenu
with those obtained by Strasberg. It is not know why the results

should be so different froo that of Iyengar anda Richardson.
J &



8. Conclusions
(1) Toap woter dravn quietly showed some effect of pressurization

but this effect can he nartially or completely destroyed by
creating a disturbance in thoe vater or subjiccting the water to

o low pressure,

(2) No creing of tap woeter was observed in the present
exreriment probably duve to the size of the nuclei nresont

in the wator being too small for thr effect to take place.

(%) The transition fram gaseous to varorovs cavitotion

was obscrvnd and the noint of transition measured asrees fairly
well rith the value celculated theoreticallv by Bloke (ref.9).

The lincar variation of threchold with alr cortent of water was
verified and arrced with the result obtained by Strashery (ref.12)
(4 Txperiments with ta» vater, distilled water and

filtored trm water led to the belief that nuclei in water consist
of undissolved air stehilized in the crevices of susnendad particles,
The vhysical size of such ~~rticles determines the mevimum size

of the gas nuclei which can be stabilized on them. The removal
of the larger susmendod narticles increascd the threshold.

(5) The addition of wettine 2cent to tap and distilled

water greatly incrorsed their resistonce o cavit-tion,
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VOLTAGE ACROSS
rrRANSDUCE v voLT | 2 | 3 4| 5| 6 7

STANDING WAVE

TEMP. °¢C PROBE -OUF PUT VOLTAGE IN voLr x:d
2.5 |63 | 112 | 157 | 206 | 246 | 280 | 3/3
/0.5 65 | 1o | 157 | 198 | 245 | 275 | 370
ns 59 | 108 | /58 | 202 | 237 23! 3/6
/2.5 65 | 110 | 166 | 208 | 249 | 292 | 320
/3.5 61 | 117|158 | 202 | 240 | 276 | 372
14.5 65 | 112 | 157 | 200 | 246 | 280 | 320
15.5 62 | 108 | 157 | 202 | 243 | 275 | 3/2

MEAN VALUE 63 | 111 | 158 | 203 | 244 | 280} 3/5

M evramon  |26%|25% |25% 229, 23% |24 % |22%

reensone mamy 054|094 £33 | 273 | 2.10 | 2.28 | 278

PROGRESSIVE WAVE

PROBE OUTPUT VOLTAGE IN VoLT x10°

26 | /142|788 225 | 227 | 3170 | 350

PEAK SowuND
PRESSURE IN ATM |0.65 | £.2/ | 1.59| 1.92 | 2.36| 2.64| 298

TABLE -/ CALIBRATION OF SOUND PRESSIRE
IN THE FOCUS AT DIFFERENT
TEMPERATURE S



EXPT. No. / 2 3 4 5 c

PEAK SOUND PRESSURE IN ATMS,

RREE RUNNING '
ran G\ 242 | 242 | 232 | 242 | 2.08 | /.60

DRAWN
auiersy | 24| 268 | 296 | 3.6 | 3.46 | 244

Temp, °C 14 /3 /3 14 14 /

TABLE-2 EFFECT OF FREE RUNNING
TAP ON THRESHOLD OF
CAVITAT/ON (TAP WATER)

EXPT. NoO. / 2 3 4 5 6

TIME AFTER
EILLING PEAK SOUND PRESSURE IN ATMS,

/ MOUR | 1.56 /80 | 1.7¢ | 1.56 | L7o 1.72

2 » 172 | 262 | 2/6 | /.56 | 198 | /.54

4 P /76 /.40 | 2.12 | 1.62 | 2.02 | /.46

6 “ /.70 2.6 | 160 .72

8 v | /.56 | 156 /50 | 176
/8w | 2.06 1.64
24 " /.72 /.26 | 206 | /34 1 4b
3o . /.76 /42 /.80
48 - 1.95 | 1.6 | 2./6 206 | 156
68 /46 2./0 | 176
78 ” /42 /.72
/120 v Hr72

TABLE-3 EFFECT oF AGEING ON
THRESHOLD OF CAVITATION
(TAP WWATER )
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PEAK SOUND PRESSURE IN ATM.,

PEAK SOUND PRESSURE INATM.
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(PART II)

RESORPTION OF LIR BUBELES




LIST OF-SYMBOLS USED

K, --- liquid coefficient (ft/sec)

Xl X5 X3 ~-- height above datum line (fé)

v --- rising velocity ot small air bubble (ft/sec)

%% --- rate of decrease ef rising velockty of small air bubble

(} /seca)

t —m- time (sec)

pX3 ~-- ambient pressurev(ébs.) of water in main tube at a height
X3 above datum'iine (lb/ft2>

P, --- atmospheric pressure (lb/ftz)

w ~--- density of mercury (1b/ft3)

w_--- density of water (1b/ft3)

w
I pressure of air inside bubble (lb/fta)
€ -~~~ surface tension (1b/ft)

r --- radius of bubble (ft)

p, ==~ vapour pressure of water (1b/£t%)

py === saturation gas pressure for a gas c¢oncentration of CL
in water (1lb/ft%)
Y
8 ——- gé
g

w --- weilght of gas in bubble (1b)
A -~= interface area (fte)
C =~~~ concentration of gas in water saturated at a gas pressure

o (1b/ft7)

g
CL ~~= goncentration of gas in water saturated at a gas pressure

Py, (1b/£t”)

%% --- rate of transfer of gas (lb/sec)

R -~~~ gas constant (£t/°k)

T --- temperature of water (°K)
H --- Henry's constant (et~

g --~ acceleration due to.gravity (ft/seca)

P --- mass density of water (1b seca/ftq)

P w-- mass density of air in bubble (1b secz/ft4)

M-~ viscosity of water (1b sec/fta)



K -ww K. for region outside Stoke's
12 L

K, ==~ K. for Stoke's region (ft/sec)
Ll L

V ~~« velocity of flow (ft/sec)

p =-- ambient pressure (lb/fta)

Py === ambient pressure at time t = 0O

ry === radius of bubble at time t = O

(ft/sec)

(1b/£t2)

(ft)

VALUES OF CONSTANTS USED

¢ = 544 x 1070 1p/5t

b, = 33 1b/ft°

R = 96 f£t/°K

T = 286.5 %K

H = 8.59 x 1077 g¢~t

g = 32.2 ft/sec”

P=1.939 1b sec’/st"

A= 24,85 x 1070 1b sec/frt2



RESCRPTION OF AIR BUBBLES

1. Introduction,

Much interest has been shown in recent years in the absorption
of air bubbles in undersaturated water, This is intimately connected
with the study of caviyation on models in water tumnels., When cwitation
occurs on a -model in the working section of a water tunnel with the air
content of the tunnel water near saturation a 1arge'number of small
bubbles containing a mixture of ailr and water vapour are formed on the
collapse of the cavitation bubbles. These bubbles are entrained and
recirculated unless means afe_provided for their removal or re-absorption
(resorption). Their preéénce in the tunnel water prevents the satisfactory
operation of the tunnel for iong periods and ﬁay affect the results of
experiments on cavitation inééption where the size of the cavitation
nucl .i is an important factor in determining the inception.pressure.

The physical removal of these free bubbles will alter the total

dissolved air content of the tummel wamer and may affect the experimental
results. Therefore to maintain a constant dissolved air content of

the tunnel water as well as a bubble-free operational condition in the
working section it is necessary to force these free air bubbles formed
by cavitation back into solution before the water returns to the working
gection.

The first practical device for_aghieving the aim outlinad above
was constructed at the Hydrodynamic Laboratory of the California Institute
. éf Technology and was termed a WResorber" (See ref,1). It is essentially
a deep cylindrical pit which forms a part of the tunnel circuit. Water
from the working section is led into the “resorber" and with vertical
tubes and partitions is allowed to spend enough time under pressure to
re~aissolve any free air bubbles entrained in the water. Many resorbers
have been constructed since (see ref 2, 3 and 4). The design of the
resorber and the determinftion of its physical dimensions depend en
information obtained from the analysis of the rate of re-absorption
(résorption is to be used in the folloﬁing text) of air bubbles in
undersaturated water under conditions similar to those encountered in the
water tunnel. The first of such analysis is by Brown (ref,5) who worked
out a resorption equation for air bubbles under a constant external pressure

equal to the mean pressure in the resorber,
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E more recent analysis which takes into account the continuously ¥arying
external pressure as the bubble is transported up or down the vertical
limbs of the resorber is provided by Silverleaf (ref.4). The basis
of both analyses is the Lewls-~Whitman concept of liquid and gas film
(ref 6) in dealing with the transfer of air through the bubble wall, The
Lewis-Whitman equation for a gas of low solubility therefore forms one
of the basic equations in their analyses (for Lewis-Whitman equation
see section (5,1) esn. (5.1.1) ). The empirical liquid coefficient Kj,
is thus of direct importance in determining the time required for
resorbing an alr bubble of a certain size under a constant or varying
external pressure,

Little information is available on the numerical value of Kf,
which can be applied to evaluate the rate of resorption of small air
bubbles under water tunnel conditions. Brown (ref 5) found from
experiment in the original water tunnel(without resorber) that the
resorption equation with XKy, + 6.3 x 10~4 ft/sec fitted the upper limit of
the experimental data. Since the velocity of flow in the resorber will
be much less than the velocities used in the experiment with a correspondingly
lower level of turbplence, Browm thought that the actual value of X
should be between 3% < 1074 ft/sec (36 cm/nr) and 6,3 x 1074 f4/sec
(70 em/hr).  Silverleaf {ref 4) used a value of KI, equal to 4.5 x 10~4
ft/sec in hisg calculation although a value of 2.7 x 10'4 ft/sec was also
used., . The only other experiment which was designed to measure the rate
of resorption of air bubbles under conditions similar to those encountered
in water tunnels is that of Silberman (ref 7). Resorption of air bubbles
took place inside a perspex cylinder. The air bubble under study was kept
from rising by rotating the wabter inside the cylinder with a rotor plite
which also served as a turbulence generator, For the most turbulent case
in his experiment and with the air content of water equal to zero Silberman
obtained a value for Ky equal to 6.4 x 1074 ft/sec. Hisg experiment was
carried out at a temperature of 39°C these values of K, form the upper
limit of conditions encountered ih water tunnels. For the satisfactory
design of the resorber it is rather the lower limit of the value of Xy

which is more important.
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The present experiment was designed to evaluate Kj, for conditions

corresponding to the lower limit encountered in water tunnels,

1.1

2.

Adim of the experiment

The aim of the present experiment was to study the

resorption of air bubble under lsminar flow
conditions. Since Ky, increases with increasing amount of
agitation (or turbulence) (ref 8) the study under such
conditions will provide the lower limit required. This was
achieved by studying the resorption of small air bubbles
rising in under saturated water. The effects of other
factors such as air content of water, external pressure
and bubble size on Ky, were also studied. No attempt was made
to evaluate the effect of tewperature on Ky in the present
experiment though there is evidence that Ky, increases with

increasing temperature (ref 9).

Degign and Description of Apvaratus.

In designing an experiment to achieve the aim outlined in the

last section & few reguirements have to be met by the apparatus.

(1) The apparatus must be long enough for a noticeable
change in the size of the bubble to be observed.

(2) BSome means of increasing the ambient pressure of
the water must be provided.

(3) A method must be found to introduce different sizes
of small air bubbles into the apparatus under ambient
pressures that may be higher than that of atmospheric,

The alr bubbles must be produced by a cavitation process

so they will have the same composition as the bubbles produced

by cavitation in water tunnel, namely %~nitroéen and
4 oxygen,

(4) The rate of resorption of the small air bubbles must be
measured accurately and continuously so that a complete
record may be obtained to show the effect of air content

of water, ambient pressure and bubble sizes.



2.1 The Main ‘tube.

A sketch of the apparatus is shown in Pig,(1), it
consists of a 7 foot long glass tube of one inch inside diameter,
The top of the tube is terminated by a two way glass cock
J1 which is connected to another three~way glass cock Jz by
neans of polythene tubing. By turning Jg one can either
connect the main tube to drain or open it to atmosphere.

The burpose of having Jo is explained in section (3.2).

A three-way glass cock j} forms the bottom end of the tube,
J3 provides the tube with a connection cither to inlet

or the mercury reservior Q.

2.2 Pressurization

The increase in the amblent pressure of water is
achieved by elevating the mercury reservior €1 which moves
along & vertical track mounted on a board upon which the
main tube is also fixed. With a string and an overhead
pulley Q) can be moved to any desired position corresponding
to the ambient pressure required and will remain there with
the help of a Jamming cleat. The aétual ambient pressure
of water in the tube is measured by means of & mercury
manometer directly connected to the tube,

2.3 Bubble generation

The bubble generator consists of a length of
capillary tubing of % m,m. bore, two-glass cocks J4 and Jg
and a small mercury reservior Qo. The open end of the capillary
tubing is made into a nozzle and sealed into the main tube.
The generation of bubbles is described in section (3.3).

2.4 Measurement of rate of resorption

In order to measure the rate of solution of small
air bubbles under different experimental conditions it is
important to know the size of the bubble at any insbant under
one set of experimental conditions. Direct measurement
of the size of an air bubble riging in the main tube would involve
photographing such a small moving object at different points

along the tube. To obtain an image sharp enough for
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measurement ot various points will be difficult since not all the bubbles

genernted will rise in cxactly the same vertical line.

It was decided to measure the rising velocity of
such sm2ll bubbles at various points along the main tube
instead. The rate of decreasce of the bubble radius can
then be calculated from the decrease in rising velocity
measured. This required the plotting of a time-distance
curve for ecach individual bubble. The slove of the curve
2t any instent gave the instanteneous rising velocity
of the bubble,

Perspex markerrings with o hair-line at the centre
of each are placed at fixed distances along the tube and
the times at which the bubble passed the hair-lines of certain
markers were recorded by means of a 8 m.m. cine-camera with
a 38 m.m. lens operated by romote control to photograph
the dial of o stop-watch single shot, By this system as
many readings as required can be obtained without any
difficulty for one bubble ond the whole experiment is within the
capability of one person. The arrangement is shown in
Tig (2).

Pusk
8uTrToN

CINE CAMERA SwITeH

U [:: RELAY T
K 570P WATCH L

"

K 570P WATCH

FI1G -2 ARRANGEMENT FOR CINE CAMERA

2.5 Lighting

Lighting of the main tube is provided by a
long fluorescent tube which illuminates the whole length
of the tube through a slot in the board with equal intensity
and does not cause any appreciable heating of the water in
the main tube over long periods. The board was painted black
and. the bubbles were vieved agninst this dark background,

2.6 Air content of water.

The air content of the water was detormined
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by using the M.E.R.L. air content apparatus (ref 10)

with corrcctions suggested by Kenellopoulous (rof 11 and 12),

2 Experimental Procedure and Techniguce.

To measure the instantancous rising velocity of small air
bubbles under various experimental conditions in the present apparatus
the typical procedure followed for one experiment is described in
the following.

3.1 Preporation of Water

Tap water was used in all the cxperiments since this
is the watcr used in most water tunnel experiments. To
achicve a desired air content tap wator in a large glass bottle
was evacusted by means of a vaccum pump. The bottle was
rocked continuously to accelerate the removal of air from the
water. Whon o rough reckoning indicated thet the desired
air content had been reached the evacuation was discontinued
and the water transferred to the long glass tube. With Jq
open, J2 turned to drain and J3 to inlet (see Fig L)
and with the glass bottle held high above the main tube, the
long rubber tube connected to the inlet was inserted into
the glass bottle, A light suction applicd to the rubber
tube which leads from J2 to drain started water siphoning
into the main tube from the glass bottle, The water was
allowed to run to waste until about two complete changes
of vater had been effected in the tube, Jp was then closed
and i; turned to the position for connecting the main tube
with the mercury reservior Q1. - A sample was withdrawm
immediately from the water remaining in the bottle to determine
the actual air content of water used. |

342 Setting ambient pressurc.

J, was then turned to atmosphere and Jy opened
to let the whole system return to atmosvheric pressure. (the
open cnd of the rubber drain tube was at a lower position than

the main tube, the ambicnt pressure inside the tube was slightly
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under atmosvheric when J1 was first closed.) With
J4 opened and J5 closed Jy was again closed and the
mercury reservior elevatad to the desired position,
Then the mercury levels in the marometer and iﬂ the
small mercury reservior Qo became steady the apparatus
was ready to receive its first bubble.

%+% Bubble Generation

The stop-watch was then started, To generate
bubbles of different sizes J, was closed and Qp lowered
to reduce the pressure in the capillary tubes behind J4
(all the tubes are filled with water), Air started to
come out of solution and was collected at the inlet to
Jy to form a small air bubble. On opening Ja and by
manoeuvring Qo the small air bubble was transported to the
horizontal portion of the capillary tubing., Here, by
the action of throttling with Q2 the small air bubble was
broken into a number of smaller bubbles. This required
a certain amount of practice but once the necessary
technigque was mastered minute air bubbles could be produced
at will. By means of Qo the desired minute bubble was
transported to the base of the nozzle where it rose
into the main tube under its own bhoyancy Care was
teken not to impart any initial velocity to the bubble
by forcing it out of the nozzle. When that happens the
bubble was ignored. When the bubble left the nozzle
J4 was closed‘and Qo replaced on its holder, Bubbles
of different sizes could be generated by this method
even under ambient pressure rmuch higher than atmospheric
since the pressure difference was taken up by the
mercury levels in the polythene tube connecting the
reservior QZ and the capillary tubing and had no effect
on the working of this part of the apparatus.

3+4 Tine~Distance Record

A distance of 9" secrparated the nozzle and the

first marker ring to allow tha bubble cnough time to attain
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its terminal welocity, TWhen the bubble passed the
hair-line of the first marker ring, the button was
pressed and the time shown on the stop~-watch was
recorded on the film of the 8 m.m. cine-camera. -
A number of marker rings were placed along the tube
.and the ones to be used depended on the size and the
rate of resorption of the particular bubble., Tsually
7 markers were used for one bubble.

The manometer readings Xq and Xp were then
taken and the experiment for one bubble was then complete.
This was repeated for 4 or 5 more bubbles of different
sizes.

The ambient pressure was then increased to
start another experiment. At the end of a set of
experiments for one particular air content the water
in the tube was withdrawn and its air content again
determined to see if any change had occurred during the
experiment.

The cine film was developed at the end
of all the experiments and the recorded times read with
the help of a microscope.

3.5 Range covered by experiment

3.,5.1 Ambient pressure

The ambient pressure of water was increased
from abtmospheric pressure to approximately 3 atmospheres
(absolute), the maximum pressure available in the apparatus,
in 3 steps,
5¢5.2  Adr content
Altogether 5 different air contents were
investigated ranging from saturation to about 30% saturation.
54543 Bubble Sizes
The maximum size of bubble investigated had
a rising veloecity of approximately 0,1 ft/sec which corresponds

to a bubble of radius 5.6 x 10 ~ 4 £t (approx.).
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Although bigger bubbles were also investigated but the
rising velocities of these bubbles were too high for the
change in velocities to be measured accurately with the
present apparatus,

3654 Temperature of Water

No attempt has been made in the present series
of experiments to study the cffect of temperature
on the rate of resorption of air bubbles in water. The
temperature of the tap water used in the oxperiment
varied between 120 C and 15° C and a mean temperature

of 13.5° C is used for all the calculations.

4. Experimentsl result

The complete experimental resulits are given in tables
(1 to 5)s Lltogether about 120 bubbles were investigated but only
55 were chosen to be recorded and used in plotting the time~distance
curves, since many are repetition results and others hove too high a
rising velocity for the decrease in veclocity to be measured accurately.,

A typical set of time-distance curves for these bubbles at one
pressure setting and the same air centent is shown in Pig (3). In
fact these curves were plotted on a sheet of sectional paper of seven
feet in length with the distance along the tube plotted full scale and
time axie to the scale of 1 inch = Bsec, From the slopes of these
curves the instantanecus rising velocities of bubbles at various positions
along the main tube and under various experimental conditions were
determined and tabulated in tables (6 to 10). By using the two sets
of tables the rising velocity - time curves for individual bubbles can be
plotied to determine the rate of decrease of rising velocity for various
experimental conditions. Fig (4) shows a set of such curves for one air
content but four different ambient pressures. Note that the curves are
all straight lines and have the ssme slope for the same ambient pressure
irrespective of the actual rising velocity of the bubble (i.e. independent
of bubble sizes). The experimental results thus show that the rate of
decrease of rising velocity'(%%) of a small air bubble in undersaturated

wabter is constant
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for one ambient pressure and is independent of the actual size of
the bubble.

Table (11) contains the values of —- for the whole range
of experimental conditions investigated.

In table (11) Po is the air pressure inside the
bubble, pXB is the ambient pressure of water in the main tube
at a height of X3 above the datum and By is the air content.of .
water expressed in terms of equivalent saturation pressure by using
Henry's Law.

pX3 can be calculated from the manometer reading Xl
and XZ and the atmospheric pressure Py -

Px3 = pp 4 (X = Kp) wy = Ky = Xq) woeeeennnaa (8.1)
where w = density of mercury (lb/ftB)
w_ = density of water (lb/ftj)

The variation of pressure along the tube due to the
variation of X3 is small comparea with other terms in equation
(4.1) and it is assumed that pX3 is constant along the tube and
equal %o the actual ambient pressure at the middle of the tube i.e.,
with XB = &.25 ft (99 inches).

For a spherical gas bubble of radius r under an ambient

pressure af pX5 the gas pressure inside the bubble is given by

equation,
= - R R LI‘Q
P, px5 + %ﬁ P, (k.2)
where T - surface tznsion (1b/ft)

vapour pressure of water (lb/fta)

Pv

The term %ﬁ~ is negligible compare with other terms. The

gas pressure inside the bubble is also assumed to be constant along
the tube and equal to (pY - f.). The values of p, and p_ listed
£ 3 v .\5 g

in table (1l) are calculated from this simplified formula.

To determine the effects of various factors on the rate of

decrease in rising velocities, %% is plotted as a function of pg,
F
pP. - p, and 1 - L (i.e. 1 - 8). The curves are shown in Fig
g L Pg

(5,687).
From these curves it is clear that the rate of decrease in
rising velocity for a small bubble in undersaturated water is not a

sole function of pg X Ty - Pr but 1 - S (degree of undersaturation).

g
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Since we have already observed in Fig (3) that %% is
independent of bubble sizes, the expdrimental results thus point to the
fact that %% is & linear function of 1 ~ 5 only, .

The slope of the straight line in Fig gﬁf“gives the
empiricnl cguation, :

& 1.5 x 1073 (1-8)

= =By X (1-8) cevveiornionaa(443)

wherae B1 = 1.5 x 103

5e Analysis of Experimental raesulits

5.1 Lewls-Whitman couation

To describe the rcsorption of air bubbles rising in tap water
the Lewis-Whitman concept of gas and liquid films (rof 6) is adopted.
The air bubbles concerned here are air bubbles which came out of
solution and thercfore contain approximately %-oxygen and %‘nitrogen.
Both of these gases are only slightly soluble in water. The equation
t0 be uged for the rate of transfer of gas per unit area is therefore
the Lewis-Whitman equation for gases of 1ow solubility (ref.6), since
the gas film can be neglected in this case.

1ece -};--gl,} = K5, (C8-CL)eveeo. (5.1.1)
where w = woight of gas in bubble (1b)

A % interface area (£t2)

KL = liquid cocfficient (ft/sec)

Cg = concentration of gas in water saturated at a gas
pressure p, (1b/ft3)
when Cg2C1, 'Olgt is negative and gas will diffuse out of

the bubble into the water.

5.2 Rate of change of bubble radius

Consider o srherical gag&ubble of radius T rising in
undcrsaturated water under a eonstant temperature TOK
and external pressure Py s The gas pressure inside the

3
bubble is given by squation (4.2)
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- . 2
Pg = pX3 r Fy
The weight of gas inside the bubble is
- 4“3& 3 o
W= R T cesesesreses(5.2.1)

where R = gas constant (ft/%&)

T = temperature of water (°x)

it

The rate of transfer of gas is therefore

dw

IS
Q &
L dr (5.2.2)

RT 'd—t_ov--'-oncauu
Since for a sphere & = Mﬂba..........(5“2.5)

1 dw _ Eg dr

A 3t T RT 4t
From equations (5.1.1) and (5.2.4) we have

dr _ RT . -
ar -KL (Cg - CL> ?g....a.(y.a.b)
Henry's Law gives,

C = HEvvveevrratoooroonsoas(5.2.6)

B & T2 T

where H - Hénry's constant (et™h)

Then we have

Cg CL
H=‘T“j e reneraeer s (5.2.7)
B Fr,
with equation (5.2.7) eguation (5 2..) becomes
T
dr . . L
Frls "KLHRT (1 -
Le€., T < ~ALHRP (1 = 8)eevernn.(5.2.8)
P
vhere S = 5~n.............,.‘.......(5.2.9)

g
A1l the terms contained in equation (».2.&) except A can

ne deterwined by exreriments. Therefore equation (5.2.¢) is to be usea
for evaluation KL.

5.5 iubble radius and its rising velocity

We now talke the emrirical equation (4.3)
dv 4
e ] (L - s
obtained from exyeriment on tne one hand and the eguation (5.2.&)
dr

gE = ~K HRT (L-5)

3
.
provided by the akove analjsis on tie other.
To link these the relationship between the radius of a
small air bubble and its rising velocity in tar water is determined.
Cany; experiments have been carried out in tne past by

various workers to deternine the rising velocity of small air tubvles

in various liguids. For example illen (ref. 13) determines the rising
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velocity of small air bubbles in water and in aniline. Arnold
(ref.14) worked with air bubbles in olive oil and in aniline while
Bond and Fewhon (ref,15) measured the rate of rising of air bubbles
in Syrup and in waterglass.

But the most complete and recent work on the rising velocity
of gas bubbles in various liquids ig by Hahermen and Morton (ref.lé)
which covers 2 wide range of bubble sizes and uses a large number
of different liquids.

From their experimental results Heberman and Morton observed
that the drag cocfficient of air bubbles rising at their terminal
velocities in tap water, filtered tar water and distilled woter
is equal to the qrag coefficient of the corresponding rigid svheres
for Reynolds numbers smaller thon 40, Fig (8) is a reproduction
of Fig (27) in reference (14) with the results for hot tap water
cmitted and that for stokes Law inserted. They zlso obscrved that
therce is no significant difference between the rates of rise of
bubbles composed of oxygen and of air.

Tt is therefore assumed that the drag coefficionts of swmall
air bubbles investigated in the prosont exveriments in tap water
at room temperature arc equal to the drag coofficients of rigid
spheres of the same diameters, since the lamgoest bubble investigated
in the prescent exveriment has a Reynelds number 10,

Fig (9) shows the radius of bubble and ite corresponding
riging velocity in water at 13.5°C calculated from drag
coefficicnt and Reynolds number for rigid sphores shown in Fig (8).

For Roynolds number smaller than 0.5 the motion of the bubble is

predicted by "Stokes' Taw (ref.17), where the rising velocity is
proportional to the square of +the radius of bubble, while beyond the region
vhere Stoke's Law is valid the rising velocity is.a linear - function of the
radius of bubtle,

For the convenience of calculation in evaeluating the liquid

coefficient Ky, and the derivation of resorption equations it was decided to
divide the relationshivp botween the rising velocity and bubble ragius into

two separate rcgions, namely the Stoke's region and resion beyond Stoke's,
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Transition is assumed to take ylace at a rising velocity of 2.02
ft/sec as shown in Fig (9).

5.4 Evaluation of

Stoke's region
For the Stoke's region the rising velocity of air bubbles
in wzter is given by equation.

2 pPeA L,
VESe g T R T

where g - gravitational acceleration (ft/sec2)
£ - mass density of water (lbseca/ftq)
] L
A - mass density of air in bubble (lbsecg/fti)

AL~ viscosity of water (lbsec/fta)

On differentiatin. * (5.4.1)

at = 9 P dt
i dr 5 1dv L
i e.. St T P2 3 dt"""""""‘(b'q'")

where By =

substituting equation (4.3) and (5.2.8) into (5.4.2) we have
B.B
1

v = k2l
Ll HRT »
where K denotes KL for the Stoke's regaon.
1
. . 1 -
i.e., kL = B, ;u.=...,....(5°4.j)
LoBE, 8.2
where BE = ~faT = 5.7 x 107 TftT/sec.

Equation (5.4.3) snows that the value of KL in the Stoke's
region is inderendent of the ambhient pressure or the air content of
water but is inversely proportional to radius uf the bubble.

Region beyond Stoke's

The rising velocity of air iLubble in wsater is a linear
function of the bubble radius as shown in Fig (7). The slope of the
straight line is given by the equation

av _dv , dr
dt at

dr ~
= 2,13 x 102 sec"l
R dr 5
i.e., 5 © L A Y L (5.

Etii x 1u° dt
Substituting equations (4.3) and (5.2.8) into (5.4.4)

1 Box oA
we have, Ky =373 7 70° * F1 ¥ HRT

2 s
3,0 x 107" ft/sec.

See aprendix.
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where KL2 denotes Ky, in region outside Stoke's.

The liquid coefficient Kj is therefore a constant and equal
to 3,0 x 104 ft/sec in the region beyond Stoke'!s and within the
range of bubbles investigated in the cxneriment,

5.5 IDesorption cguations for air bubbles

With the value of liquid coefficient Ky, determined
it is now possible to derive the resorvtion equation for
an air bubble in undersaturated water.

Brown (ref.5) derived a resorption equation for air
bubhbles under a constant ambient pressure equal to the
mean pressure in the rosorber, while Silverleaf)ref.4)
considerad the case of g continuously varying amhient
pressure as well as the case of constant pressure., Both
used o constant value of Ky for their analysis.  Since
for small ~ir bubbles (r<€2 x 1074 ft) the valuc of K1,
is inversely proporticnal to the radius of the bubble
o now analysis is provided to include this effect, The
analysis with Ky cqual to a constant value of 3.0 x 10-4
ft/seé (for bubblc beyond the Stoke's region) is also
included. This analysis is essentially the same as that of
Silverleaf.

Resorption under wvaryine ambient pregsure

Consider an air bubble being transported

do'm a vertical pipe of large diameter

The velocity of flow V is large compared

with tho rising veloclty v of the bubble

At time t = o ths bubbls is located at

position 0. The radius of tho bubble is

r, and the ambient nrossurn is po. At

some lator instant t = t the bubbl: is at a nowr vosition
S with radius r and ambient pressurc p. Since the increase
in ambient pressure is solely due to the increasc in the
hydrostatic head of water the pressure p at 5 is given by
p=po+ng¢”“,“”,(a5J)

The grs prcgsure inside the bubble is

, T
P, =Pt Ep - by



- 16 -

oF
Assume %;

ana  p,  are small compared with p.

Therefore Py = Troonesoness(B5.5.2)

The weight of gas inside the bubble is

ook r 3
W= 3 w BT r
av g2l opodr L &
and at 7 T [x at T3 T de ]
>
For a sphere 5 = 4wr©
- Lodw 1 wr _@_P.] :
i.e., T 9t T 35T [5P ot T A e (5.5.3)

Yith equation (5.1.1), equation (5.5.3) becomes

_i_[5p.9£+riﬂ]:_ﬁ (C - C.)

SRT dt at - L g L
= - KT (p = pr)eenesa(50504)
Cg CL L L
] P{ = T o= e
Since H e T

From eguation (5.5.1)

de _ \
av =P eV
. . dr _ dr ap
and since ar = aF / £

G
dr dr _
"—-'::PgVa‘"....“.....ﬂ,).‘)n))

dt ho
Equation (5.5.4) is then,
dr 3HRT -
— = - K - I & T

For Stoke's region (KL = B X'i)
1 3 r
Equation (5.5.6) becomes,

3 ar r2 = 3HRT?§ (p - )
PE dp TRV P TL
i.e 31"£+r2+8(—*»)~0 (5.2.7)
PG r P LI r }.L = ceesvoseneoce\DeDe
where BHRTBB BBlEp
By, = weemeneie o D S
4 easV P sV

The resorption equation 1s obtainec by integrating

(5.5.7) and by putting r=zr_atp=p,

The equation is 2/%

=fr ? 8, (£ 2) - B, @ (5.5.8

r- = [ro + By (3 p, - rp) ) - By (Bp - pL)"'°°' 5.5.8)
Since P =P, +A2g V t (for increasing pressure).

Equation (5.5.8) becomes

2 _r.2 BB 2 )1 ¢ Py 2/3
r‘[ro+pgv‘5po'pL]po+pgvt
3B, B
172 2 § 2 R
_ng [(E—po—pL)+§,OgV’r].......c.,....(p.ﬁ.%
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For region beyond Stoke's (K = 3 x 10"4 ft/sec)

L

The analysis is the same as that presented by Silverleaf
(ref. 4) but is repeated here.

From equation (5.5.6)

1
(@]

RT
ZHRT (p - p) dp =

3p dr + r dp +
P8 v L2

i.e., 3p dr + r dp + 85 (p - pL) dp = Ovenveesa(5.5.10)

_ JHRT_
5T pgV L2

where

By integrating (5.5.10) and puttiag P =7y for

r =T, the resorption equation is cbtained.

r = (‘—PE—) I"“ B5po + (I‘O - B5PL) - 'LT B5p + BEPL
Since P =P, +Reg VTVt (for increasing pressure)

The resorption equation is then

r o= ( Py )1/5 [r , SHRT _ ( o ﬂ
P, +p eVt o "hipg v L2 Pq iy
3HRT 3 .

Woe ¥ KL2 (p, - 4py) - 7 HRTKL2 tevee..(5.5.11)

For decreasing ambient pressure
Pp=pP,-pPgVE

is used.

Resorption of air bubbles under constant ambient pressure

The resorption equation can be obtained directly from

equation (5.,2.8)
IF = - K{HRT (1 - s?

with pg replaced by p, the constant ambient pressure.

For Stoke's region (K, = B 1y
Ly 3r
dr _ HRT
G "By - S)

i.e., rdr = HRTBB (1 = 8) dtevveneeennaa(5.5.12)
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on integrating eqn (5.5.12) and by wutting
r=ro at t=o, the resorption equation is obtained
in the form.
% =1, % - 2B5 HRT (1-8) ¢
1e6ey 12 = 70%-2B1Bs (1-5) tevreieess (5.5.13)

Since  B3=B1B2
HRT

For the rogion beyond Stoke's (Kpo = 3.0 x 1074 ft/sec).
Since Kio is a constant, the resorption equation is
obtained by integrating the ecuation (5.2.8) direct and letting
r=r1r,fort =0
The resorption equation is
r =T, - K, (1-8) HRT tuiveceocososs (545.14)

1

6, Sources of Errors.

Air content of water.

The measurement of the air content by using the M.E.R,L. air
content apparatus (ref.lO) and the corrections suggested by Kenellopoulous
(ref.11 and 12) is thought to be within an accuracy of¥1-2%, A possible
source of error is the slight increasc in air content due to the resorption
of injected air bubbles, To determine the amount of increase in air
content during an:experiment measuremnents of air content ére carried out before
and after each sct of experiments for each sample of watcr used., The
maximum increase in air content recorded was 2%%.

Temperature of Water

The temperature of water used in the experiment was not
controlled and depended on the room temperature which vzried from 12°%¢
to 15°C.  For calculating the experimental rosults a mean temperature
of 15.500 is used throughout. This variation in temperature introduces
error in two ways. Firstly the viscosity of water varies with temperature
and the change in visicosity for a temmerature difference of#1,5°C at
13.506 igt4%, The error involved in deoriving the radius of air bubble from
its rising velocity using a mean temperature of 1%,.5°C ié approximately#2%
for bubbles inside the Stoke's region and+4? for those outside it. Secondly

there is evidence that Ky will increase with increasing temperature (ref 9).
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Although there 1s no definite information on the variation of Ky, with
temperature for small air bubbles rising in undersaturated water, it is
thought the error will be betwoent3-57 for a temperature variation of
£1,5°C,

Measurement of rigine velocity of air bubble.

The accuracy of the rising velocity depends on the recording
of the time and the determination of the slopes of the time-distance curves.
The stop-watch used has 2 scale which allows time to be read to the accuracy
of 0.1 sec, Little error is involved in the actual recording of the
watch reading on film since 'rith nractice thoe time rocorded will be
within % sec of the actual tima, A more serious error may be
introduced in determining the slope of the Time-distance curves,
Although the curves were plotted full scale the slope may have a
variation of un to 57 devending on tho judgement of the person concerned.

Variation of hyvdrosiatic pressure alone the tube

In the analysis of oxperimental results it is assumed that the
bubble is subjected to a constant ambiont pressure cqual to the mean
ambient pressure in the tube, Since the hydrostatic pressure is
higher ot thc bottom than the top pert of the tube the error
introduced in assuming n constant mean pressurc ist5% at atmosvheric
pressure and#3% a2t the mex available ambient prescure of approximetely
% atmospheres (absolute).

Wall offect

In deriving the radius of 2 small alr bubble and its rising
velocity in watcr the information contained in Fig (8) about the drag
coefficient and Reynolds number for rigid sphores arc used. Since this
information only avolics to rigid sphores moving in an infinite medium it
is necessary to consider the effect of tho container wall on the
rising velocity of small air bubbles. The case of a rigid sphere moving
in a stationary liguid inside a cylindrical tube has been solved
theoretically by Heberman and Sayre (ref.18). The theorectically
deduced correction foctor for drag is given ns & Tunction of diameter ratio
and agrzzss wcll with exverimental results. This corrcction factor can
be used in the present experiment to estimate the effct of centainer

wall on the rising vcloeity of small air bubbles. The lergest bubble
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investigated has & radius r = 5.6 x 10°4f%,  Since the redius of the
cylindrical tube used is 4.2 x 10-2 £, the decrense in drag for
an air bubble vith T = 5.6 x 10~4ft is 2% over that in a infinitc medium
resulting in a 2% reduction of the rising velocity for the same

size of bubble.

7. Discussion,

The evaluation of the liquid coefficient Ky, in the present
experiment is essentially empirical in nature. The derivation
was based on the exverimental result of bubbles. There is a certain
amount of scatter in the final results, This is to be expected
since the temperature of water was not controlled in the present
expegiment and also the determination of the rising velocities may
Welllbe gubject to an crror of £ B An analytical deteormination
of the slopes of the Time-Distance curves will certainly improve
matters but it was felt that the effort would not be justified under
the present cxperimental conditions., The variation in temperature alone
would have introduced an error of ¥ 2 - 4%u

The most significant result of the exveriment is the linear
decrease in the rising velocity of small air bubbles with time in
undersaturated water. This confirms the observation of Liebermann
(ref.7)

However, there is a qualification tc be made regarding the
validity of the resorption equations for very small bubbles. In the
experiment at least one small bubble was completely resorbed within the
length of the main tube for each set of cxperimental conditions. The
bubble was observed to disappear completely, but the time at which this
happeﬁed was not recorded, since the¢ visibility of the bubble depended
on the lighting arrangcment and there was always some doubt as to the
precise moment at which the bubble disappearea. The lowest rising
velocity recorded in the experiment was approximately 1 x 1072 ft/sec
corresponding to a bubble of radius r 1.3 x 1074ft, Since no end
points were obtainced it was assumed that the lincarity of the dedrcase
in rising velocity also applied to bubbles with radius smzller than
1.3 x 1074 ft. There is some experimental evidence that contamination

in water sometimes delayed the compleote resorption of very small air bubbles,
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If this happens the resorption equations obtained for the Stoke's
region will undcrestimate the time roouired for the complete resorption
of very small bubbles.

8. Conclusions.

(1) The rate of decreasc of riging volocity of small air”
bubbles (r<5.6 x 1074ft, the maximum Size investigated) in undersaturated
water is independent of actual bubble size but is a lincar function of the
degrec of undersaturation (1 - 8) at a constant wator tomperature.

(2) At 2 water temperature of 13,5°C the value of the
empirical ligquid coefficient Ky for sm2ll oir bubbles rising in
undisturbed undersaturated tap witer devends on the randius of the bubble,
For bubblzs whose motion are correcctly predicted by Stoke's Law
(r<2.0 x 10"4 ft) Ky, is inverscly proportionsl to the radius of the
bubble and cqual to 5.7 x 1O'8 x-% ft/soc. For bigger bubbles
(2,0 x 1074 £ <r<5.6 x 1074 ft) X, is o constant and cqual to 3.0 x 1074
ft/seo. The largest bubble investign*cd in the present eyperiment had a
radius r< 5.6 x 1074 ft/sec.

(3) The value of Ky, obtained in the present cxperiment can be
used to estimote the mimimum time required for the resorption of an air
bubble of a certain size and to detormine the maximum vhysical dimensions
of tha resorber for the complote resorption of air bubbles of given initial sizes.

The resorption ecuations for a constant and continuously
varying cxternal pressure arc derived and listed as equations (5.5.9),
(5.5411), (5.5.13) and (5.5.14). The validity of the resorption
equations for bubbles in the Stoke's region is subjected to the

qualification stated in section (7).
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Avpendix

Por an air bubble rising in undersaturated water the
forces acting on the bubble can be anproximately expressed in
the follovine form.

D Dp =B = Haeseasnnnonnaoas (1)

vhero D -~ drar of vubtle of redius v

D1 - induced dras due to the change in hubble
radius o3 air diffees out of the bubble.

B «~ bevancy force of hubkble,

¥ - mass of the air bubble.

A - accaleration of the air bubble.

For an air bubblc risinge ot terminal velocity Dy = a = 0

and ecuation (1) becores,

In carrying out the differsntiation of equaticn (5.4.1)
it was neccssgsrvy to assume that thé terms Dy and Ma were
insiernificant and acuation (2) » .8 sufficient in exvnressing the
motion of an air Wubble risine in undersaturated water.

To justify the above -ssummtion two numericel exomples
arn worked out,

(1) Value of Ta

The lorcest hutbls used in the exroriment hasg o radius
r = 5.6 x 1074 £t and the high st value of o ig zcoual to 0,0013%
ft/seo2, Under the maxirum chbient rressure p = 4800 1h/ft2

the mass of gag insidc tho hubblo,

Therefore

Ma = 5.2 x 107%7 1b

(2) V=zlue of Dy
The Jdrag incuced for = slow woving sphere with a

swecreasing roedéius in o perfect flui. is given by Duncan
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(ref 19) as

1 2 dr -
= 2 . e 20 00
D. 5 X 4Ty ap XPx Ve ()

s - . -
Jith r = 5.6 x 107 ft the corresponding rising

-2
velocity v = 1.0 x 1077 ft/scc.

Since
dr _ dv , 4v
dt ~ dt dr
and %% = & = 0.0013 ft/sec”
%%.: 2.13% x 10° from (Frig 9)

Therefore
(ﬁi = 6,15 x 1776 ft/sec

Hence frou equation (4)

11

D. = 7.1 x 10~ 1b

For =zn air bubble in water of radius

r = 5.6 x JLO‘Ll ft

the boyancy force

[a]
i
\_NEVI:‘
N

= 3.27 x 10°° 1p

Therefore
1
a -7
—_— £
B 1.6 x 10
T, -
and —_ = 2 x 1077
B
It was thus consicered justified to assurme that
equation (2) is adequate to express the motion of = small

air bubble rising in undersaturatca water.
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