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Abstract 
A photographic technique was used to make measurements of the size distributions of large 
bubbles entrained by mechanically generamed breaking waves in fresh- and saltwater. Digital 
video of the region immediately beneath and behind the breaking wave crest were 
analyzed-. technique. was accur_ate"fo_r bubble radii, r 2 0.8 The magnitudeand 
shapeof the bubble size disnibunens were approximately the same in .fr.esh- and _salt.water- The 
bubble size disnibunens are well represented by an exponential equation of the form N ~ e""' or 
by a power law equation of the form N -.-. r'3'7. were no significant differences observed 
between the depth distribution of the bubbles in Salt! and freshwater. In both cases the data can 
be by. N = No e""‘ Where z is the below the free surface. h is the entraim-nent 
de ‘th and N, is the total bubble concentration at the free N, and h were found to be»4 x 
10? per ma and 1.0 cm respectively. The fact significant numbers ojf large bubbles are 
entrained by relatively small breaking waves (wavelength ~ l.-5 tn) suggests that gas transfer due 
to large entrained bubbles may be iiirportanteven at low wind speeds. 

1. Introduction 
Bubbles entrained by breaking waves have pa on a many p 

physical, chemical and biological processes occurring atthe air-water interface. Field 
experiments have shown that gas exchange may be caused by the 
increased air entrainment associated with breaking waves [Farmer, McNeil and Johnson, 
1993; Wallace and Wirick, 1992]. Entrained bubbles back to the water surface and 
burst producing marine aerosols in the atmospheric surface layer [Blanchard and 
Woodcock, 1980]. Rising bubbles scavenge organic material and bacteria from the water 
column and transport it to the [Blanchard and Syzdek, 1972]. Breaking waves 
dissipate up-to 40% of their energy and it hasbeen fotmd that up to 50% of the energy 
lost.is eiipended in entraining air bubbles [Rapp and Melville, 1990; Lamarre and

_ 

Melville, 
i 

1991]. The individual bubbles as well as the clouds of bubbles are significant 
sources and scatterers of sotmd in the upper ocean [Ke_nnan, 1,988], 

Bubble plumes entrained by waves evolve very rapidly in In 
energetic plunging breakers the average void fiaction (the volume fraction of air in the 
total volume) decreases from 30~40% £0 approximately 1% in the first wave ‘period 

I 
i 
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following breaking [Lamarre Melville, 1991]. This rapid degassing ofthe plume is 
caused by the larger bubbles quickly back to the free ‘surface. After the high ‘void 
fraction plume degassed a cloud of microbubbles is left behind. These 
microbubbles can persist in the water for long periods oftime because they have small 
rise velocities and are easily advected by currents. At higher wind speeds these diffuse 
clouds are so numerous that a bubbly layer is formed beneath the free surface [Farmer 
and Vagle, 1989]. Within bubbly layer a background bubble size distribution exists 
which varies slowly in time and space. 

I 

_ r p 

There have been numerous experiments conducted to background bubble 
tsizeidistributions in the upper ocean [[Blanchard and Woodcock, 1957; Johnson and 
Cooke, 1979; Kolovayev, 1976; Std, Ling and Cortmill, 1988]. However, measurements 
of the bubble size distributions the t_ransient bubble plumes are scarce. This is due 
to several factors; (i) dcployinginstruments at sea when breaking waves are present is_ 
difficult, (ii) positioning a sensor just below the free surface without introducing a 
significant obstruction to the flow may not be possible, (iii) even at high wind speeds an 
individual sensor will only intersect a few breaking waves per hour, and (iv) many 
measurement techniques averaging" over time intervals significantly longer than 
typical wave periods, 

V 
, _

I 

Medwin and Breirz [1989] were able to overcome-some of these difficulties by 
deploying an acoustic resonator from a small buoy. They were able tomeasure 
the size of bubbles from 30 pm to 300 prnin radius ata depth of 25 They founéd that 
bubble densities for r < 50 um varied as r" and that for r > 60 pm they varied as r'2' . 

Their measurements were taken at windspeeds from 12 to 15 m/s in the open ocean. 
Cartmill and Su [-1993] used an acoustic resonator to measure bubble size 
distributions under salt- and freshwater breaking waves in a laboratory wave tank. They 
present only average bubble distributions at depths of _0.3‘m and 0.73 tn. ._ Their at/_er_ag3ed 
measurements showed that N the number of bubbles per m3 per pm radius varied as r‘ '° 
for bubble radii from 0.2 mm to 1.2 mm. c 

_ 

of the size-dis'tributions of large bubbles have been made under 
simulated breaking waves such as waterfalls and tipping buckets by Monahan and I

. 

Zierlow, [I969], Cipriano and Blanchard [1981] and Haines and Johnson [I995]. 
Observations of the large bubbles entrained by breaking wind waves in laboratory tanks 
have been reported by Baldy and Bourguel [I987], Baldy [[1988] and Hwang et al 
[1990]-. Baldy and Bourguel [1987] and Baldy [1988] used a laserebased single particle 
technique to measure bubble sizes in freshwater between the troughs and crests of wind 
waves in a wind-wave channel, conclusions were: (i) A bubble generation 
layer exists immediately below the free surface and below this is the dispersion layer 
dominated by turbulence and buoyancy efiects; (ii) In the generation layer the slope of 
the bubble size spectrum is constant and approximately equal to -2; (iii) In the dispersion 
layer the slope of the size spectrum increases with depth approaching a value of"4§ (iv) In 
the generation layer the bubble concentration exponentially with elevation as 
the free surface is approached. Hwanget al [1990] used an optical sensor based on the 
light blocking principle to bubble sizes in freshwater in a wind-wave channel. 
'I'he1r' 

' were restricted to the region below the troughs of the waves. They 
observed an exponential decrease in the total bubble concentration with depth and found 

entrainment depth h (the e-folding depth) increased with wave amplitude. The 
slope of the bubble size spectrum increasedwith increasing depth from approximately -2 
t -4.

I

o 
Keeling [1993] recently used a model of bubble-induced gas exchange to 

investigate the role of large bubbles in air-sea gas exchange. He concluded that bubbles 
greater than 0.5 mm in radius contribute significantly to bubble-induced air-sea gas 
exchange. In addition, his results suggest that the "majority of the enhanced air-sea gas 
transfer observed at windspeeds greater than 13 m/s is due to bubble entrainmentby

4 

breaking waves. He noted that there is large degree of uncertainty in predictions of the
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bubbleeinducfid air-sea gas exchange because of a lack of data on the production rates and 
size-distributions of large bubbles (radius greater than 0.5 mm)- We have issue byoonductirlg 8 series of laboratory experiments to 
measure the bubble size distributions of large bubbles ( 0.8 - 5.0 .r&£1ius) produced by 
mechanically generated breaking wave packets in fresh- and saltwater. Preliminary 
results from these experiments have been presented in Loewen, 0'Dor and Skafel [I995]. 

2. Experimental Procedure .

i 

The experiments were conductedin a wave channel _1_ocated at the Canada Centre 
for Inland Waters, Burlington, Ontario. The glass walled channel was 10 m long and the 
test section of the where the "measurements were made was 30 cm wide and was 
filled with water to a depth of 40 cm. A computer controlled hinged hydraulic wave 
paddle was located in an enlarged steel-walled section at the end of the channel. The 
arger section was smoothly contracted to the dimensions of the test section as shown in 
figure 1. The wave paddle was programmed to focus a dispersive wave packet at a point 
xi, =5 .8 m fromthe wave paddle. This technique has been extensively used to investigate 
the behavior of spilling and plunging deep-waterbreaking waves [Chan and Melville, 
1988; Rapp and Melville, 1990; Loewen and Melville, 1991]. Measurements were made 
of the water and air temperatures. surface displacement (fractional energy dissipation) and 
underwater sound. A detailed schematic of the experimental equipment is plotted in 
figure 1. Video recordings of the breaking waves were used to determine the size and 
location of entrained bubbles. Experiments were conducted in both fresh- and saltwater. 
The saltwater was 3.4% concentration by weight produced by addingNaCl to flesh tap 
water. 

2.1 Breaking Wave Generation ., .. 

V- _ 

A wave packet was synthesized from 32 sinusoidal components of constant slope 
ak, where a is the component amplitude and k is the component wavenumber. The wave 
components were equally spaced over a frequency bandwidth of _Af = 0.7 Hz and centred 
at a frequency of fc = 1.12 Hz. Linear waver theory predicts a range in wavelengths from 
0.64 m to 2.16 mfor frequencies of 1.12 Hz i 0.35 Breaking waves were generated 

a personal computer and DAC (digital to analog converter) to convert a synthesized 
digital signal;to an analog signal which was transmitted to the wavepaddle hydraulic 
contr'ol1er, see. figure 1. technique produces very repeatable breaking events and 
allows measurements to be averaged over repeated runs with the same wave. 

, 
It has been by Rapp and Melville [1990] that deep water breaking is a 

iftinction of three dimensionless parameters; a bandwidth parameter Aflfc , a phase 
parameter xbkc and a slope parameter S. Their experiments showed the dependence 
on Af/fc and Xbkc was weak and that the dissipation due to wave breaking depended most 
strongly on the slope parameter S of the packet which is proportional to G the gain of the 
voltage signal transmitted to the wave paddle. In the present experiments, Af/fc and xbkc 
were held constant at 0.63 and 30.2 respectively. and G was variedin order to vary the 
intensity of the breaking events. Larger amplitude (steeper) wave packets break more 
intensely, that is, they dissipate more energy, entrain more air and generate more 
underwater sound [Lamarre and Melville, 1.994; Loewen and Melville, 1994]. Below a 
low enough amplitude referred to as the threshold amplitude the packet does not break. 
2.2 Surface Displacement Measurements 

The surface displacement in freshwater was measured with a set of < 

wave gauges and digitally sampled at a of 40 Hz. The wave gauges and signal 
conditioning electronics supplied by HR Wallingford (wallingford, U.K.).- The 
sensing elements were two 610 long, 6 mm diameter stainless steel rods mounted 50 mm apart on a supporting frame. An AC excitation (4.6 kHz) is transmitted through the

3

' 4



l 

Loewen, 0’Dor and Skafel, submitted to IGR, November, 1995. 

rods and then amplified, demodulated and filtered to produce a.DC signal proportional to 
the submerged depth of the rods. Aliasing of the signals was prevented by filtering the 
glnalog with a low pass filter with -3 dB cut-off frequency of 20 Hz prior to 
81 . B . 

The wave gauges were calibrated by sampling the still waterlevel for 20 seconds 
at 6 vertical positions from -8 cm to +10 A linear equation was fitted to the average

_ 

voltage at each amplitude to give a.calibration equationrelating the voltage to the surface 
displacement. The correlationacoefficient was always 2 0.99999 indicating that the 
gauges response was linear. The gauges were calibrated approximateléevery three hours 
in order to the errors due to variationsin the calibration coe cients. It was 
observed that air bubbles built up slowly on the surface of the stainless steel rods 
changing the response ofthe gauges. This problem was elin1inated.by wiping the bubbles 
off the rods with a cloth every third run. were separated“ by three to allow 
surface oscillations in the channel to decay to negligible 

The repeatability of the wave packets was monitored by measuring the position of 
the wave paddle. The wave maker system included a position transducer which produced 
an analog signal proportional to the linear position of the paddle. This signal was 
sampled at 40 Hz along with the wave gauge signals and the variance was checked to 
ensure that repeated runs of the same wave packet slope produced equal variances. 

i 
Measurements of the surface displacementin saltwaterwere made using video 

recordings. A video camera wasplaced so that it viewed the free surface of the water 
through the sidewall of" the channel. The camera lens was adjusted so that the field of 
view included 10 above and below the water surface. The digital video 
normally have a resolution of 480 pixels in the vertical direction and 640 pixels in the 

\ horizontal direction. In order to the resolution the was rotated 90 
degrees so that the resolution in the vertical direction was 640ipi1r_els. The water surface 
was easily distinguished in the images because the meniscus appeared as a dark 
line The surface displacement datawas cbtained from the video recordings by digifizing 
a single line of data (640 pixels) every 1/15 second. A gray-scale image was then formed 
by assembling the lines of data into a The location of the darkest pixel in each 
line of data corresponded to the location of the water surface. A time series of the surface 
displacement forthe wave with G = 0.75 is shown plotted in figure 2. 
2.3 Video and Image Analysis, _

* 

A ¢ehu. 4915 RS-170 CCD video camera equippeiwith a Computer. 1:1-2 / 12-5 
75 mm TV zoorn lens was mounted on a tripod so that it viewed the breaking waves f_rom_ 
the side through the glass sidewall. The was mounted so that it looked up at the 
-underside of the free surface at an angle of approximately 5 degrees. This helped to 
prevent the rippled and folded surface of the breaking wave crest from obscuring bubbles. A FOR.A VT-22 Video Timer a time base accurate to ll100.second directly 
into the corner of every recorded image, The video signals were recorded in VHS format 
usintfi a JV C BR-5;378U VCR. The waves were backlit by placing a 150 watt 
spo 'gh_t approximately 50 cm behind the far channel wall. A sheet of drafling Mylar 
was taped to the of the far channel wall to diffuse the light. The spotlight was 
positioned so that the brightest spot‘ of light coincided with the vertical location of the 
crest as the breaking wave moved through the field of view. This arrangement provided 
enough light that the aperture of the camera lens could be almost completely closed at the 
shutter speed of 1/2000 second thus maximizing the depth of field. It also more 
light near the free surface where bubbles were harder to distinguish against the dark 
background of the free surface. 

‘ 

Fourteen digital images are shown plotted in figure 3 for the freshwater wave with 
G = 0.76. The images in the first column were recorded at camera position 8, the furthest 
location upstream, images in the second column were at camera position 1, 
the furthest location downstream. The images in each column are consecutive and are

4
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separated by 1/30 of a second. The first and second image in each column show the 
actively breaking crest advancing frorn right to left. Bubbles are being entrained near the 
leading edge and left behind by the fast moving crest. Subsequent images show the 
evolution of the free surface and the movement of the entrained bubbles. At the upstream 
location the breaking appears more intense and the free surface is highly distorted-. 
Farther downstream at the breaking at the leading edge is less energetic. It is interesting 
to note that in images 5 and 6 there are more bubbles at position l than at position 8. ‘ 

This is due to the fact that at position 1 bubbles that were entrained upstream are advected 
into the field of view. At position 8 the wave has just begtm to break and therefore no 
bubbles were advected ‘into the field of view fi-om upstream. , A 2 x 2 cm grid, as seenin 3, was drawn on the glass wall of the channel 
as an aid in positioning the camera and as a length scale for sizing the bubbles. The 
camera was positioned so that the lens was 118 cm from the near edge of the channel. 
The zoom lens was adjusted so that the field of view was 9.4 cm by 6.7 cm. The width of 
the field of view was smaller than the length of the breaking region and therefore the 
camera and light were moved along the channel to image the entire wave. Six to eight 

locations were. requiredltocover a given wave. At each location typically nine or 
ten repeats of the same.ampl.itude wave were recorded. With this set-up it was not 
possible. to determine the position of a bubble across the channel. When computing the 
bubble size it was assumed that all the bubbles were located atthe middle of the charmel. 
Therefore, the computed size of bubbles at the near and far walls are over- and 
underestimated by 6% respectively. The smallest radius bubbles thatcould be resolved 
with this set-up was estimated to be 0.2 mm. 

The depth of field was difficult to determine exactly because the aperture of the 
camera was opened such that without a wave in the field of view the picture was over- 
exposed. When a wave was present the bubbles and free surface scattered and 
reflected enough slight tbatthe imjage was not over.-exposed. see figure 3. Based upon 
visual examination ofthe -images the depth of field for bubbles larger 0.8 radius 
was estimated to be the entire width of channel, 30 

Bubble sizes and locations were determined by first digitizing the video images 
using a DT385 1 grabber board and Global Lab Image software (Data Tlffllswlfltifin). 
The images were then processed interactively on a PC. Images were displayed on the 
computer screen and bubbles and other features were visually identified. The PC 
pointing device was to locate and size specific features. size and location of 
bubbles was found by selecting two or four points (for spherical or ellipsoidal bubbles 
respectively) on the circumference of the bubble and then fitting a circle or ellipse to the 
selected points. The length scale for an image was determined by selecting three of the 
intersection points of the grid drawn on the near wall of the channel, see figure 3. The 
lines where the surface intersected front and rear glass walls of the ehennel were 
determined by selecting" approximately ten points along each The location of the free 

was taken to be the average of two lines. The vertical location of the bubbles 
was computed as the distance belowtthis average free surface location. Using this 
procedure the_‘vertical location of some bubbles is negative (i.e. above the free 
and for these cases the bubbles were assumed to be at the free surface. . 

_

' 

. 

’ Bubble distributions were computed by summing the numberof bubbles in 
0.2 mm radius increments centred at r,=. 0.1, 0.3 0.5 4.9 mm. The volmne occupied by 
the bubbles in each image was computed by dividing the image into" ten vertical and 
locating the highest and lowest elevation bubbles in each strip. The volume occupied in 
each strip equals the height (the elevation difference between the highest and lowest 
bubbles) times the width of the strip (_l/ 10 of the image width) the depth of field 
(channel Width. 30 cm). The total volume in each image is the sum of the ten strip 
volumes, Then for each image the number of bubbles per pm radius binper I113 is 
computed.

k
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3. Results ‘ 

_ -
. 

The Wale! was with a Newport model 2673 digital 
thermometers calibrated to :t0.1 °C. the course of the experiments the water 
temperature varied by a maximum of 2 ‘_’C for a wave amplitude and for all wave 
amplitudes was within the range 20.1 °C» to 22.8 C. These temperature variations are 
considered negligible because variations this small do. not have a significant effect on the 
process of air entrainment [Hwang et al, 1991]. 

V

~ 

The fractional energy dissipated by breaking is givenby, 

D = <11.’ m’)/11.’ <1) 

where 1|,’ and 11;’ are the surface displacement variances ‘upstream and downstream of the 
breaking event [Rapp and Melville, 1990]. Figtne 4 shows a plot of the dissipation D as a 
function of the gain G for both the and saltwater breaking events. Below the 
threshold of G = 0.72 no breaking and.D equalsapproximately 11.5%, consistent 
with theoretically predictedlosses due to vrsco‘ us dissipwon. data is very similar to 
previous measurements of 

' dissipation for dispersive wave packets [Rapp and Melville, 
1990; Loewen and Melville, 1991]. The dissipation increases rapidly in the range _ G = 0.73-0.82, reaching a plateau at D = 25% and then remains aPP1T0x'imately constant 
for G > 0.82 . The data in figure 4 show that for a breaking wave of a given amplitude 
there was no signifcant difference in the amount of energy dissipated in salt- and 
freshwater. - 

_ _

. 

Video images of waves with of, G = 0.75, 0.76 and 0.77, were analyzed. 
These amplitudes produce spilling and small pllmginafilblreaking waves and correspond to 
fractional dissipation values of 4% to 6% due to bre ' 

g (i.e._ after the 1.1.5% to 
viscous dissipation is subtracted). Larger amplitude waves produced bubble clouds that 
were too dense to analyze accurately with this imaging technique. Ten repeats of ‘ each 
amplitude wave were repeated at eachhorizontal location of the camera. The third or 
fourth frame after the breaking wave crest first appeared in the field of view was 
digitized Infigure3image2was analyzedbecauseitisthefourthframeafterthecrest 
first appeared in the field of view. The images from every other horizontal position were 
analyzed. A total of 30 to 50"i_mages were analyzed for each wavei A plot of a typical bubble size distribution (N the number of bubbles per |.tm 
radius incrementper m versus the bubble radius r) of a freshwater wave with G = 0.76 is 
shown in figure 5; The data are averaged over ten images or-repeats of the wave at 
horizontal position 6 (position 8 is the farthest upstream and position 1 the farthest 
downstream). The variance in the datais indicated by the error bars which are plus and 
minus one standard deviation. In figure 6 the bubble size distributions at five horizontal 
positions for the freshwaterwave with G = 0.77 are shown plotted. The distributions are 

in shape atthe various horizontal positions and the densest distributions occur at 
Positions 4 and 6- » 

.. . 

The average -bubble size distributions for all six waves are -shown plotted in figure 
7. The freshwater data in figure 7b clearly show that for a given radius the number of 
bubbles perlunitvolumei is independent of the amplitude or steepness of the wave packet. 
The steeper freshwater waves entrain more bubbles but the volume over which they are 
dispersed also increases and therefore the density of bubbles remains approximately 
constant. This is not the case for the saltwater data in figure 7a where the size 
distributions for the largest amplitude packet G = 0.77 -has consistently higher bubble 
densities than the two lower amplitude packets forr > 0.8 mm. 

_ 

For all six waves the bubble density increases as the bubble radius r decreases 
until a maximum value is reached and it then decreases as r decreases further. The 
location of the bubble density varies from r = 0.3 mm_- 0,9 mm. Previous 
investigations have shown that the maximum bubble densitytypically occurs at a much 

6 . 
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smaller radius than indicated in figure 7 [Johnson Cooke, 1979; Baldy, 1988; Su et 
al, 1988]. The smallest bubble size which could be detected based on the resolution of 
the video recordings was r = 0.2 However, the figme 7 indicate that the 

technique usedhere is only consistent down to a bubbleradius of r = 0.8 mm 
because some of the bubble size spectra have a maximum at as large as 0.9 mm 
(note that the bin centred at r =7 0.9 mm covers the range r = 0.8-1.0 rnm). In these 
experiments it was not possible to detect and accurately size all of the bubbles entrained 

(i) smaller bubbles may be hidden behind larger ones, (ii) bubbles very close to 
the free surface were difficult to detect because of the lack of contrast between the 
background (the underside of the free surface) and the bubbles, see figure 3, and (iii) the 
depth of field for bubbles less than r = 0.8 mm may have been less than the full width of 
gie channel and therefore small bubbles near therear channel wall maynot have been 
enacted . 

The sa_lt- and freshwater data are directly compared in figures 8a-c. The 
differences between the sa1t.- and freshwater size distributions are Small particularly for 
the two smaller amplitude packets. The largest saltwater wave does have consistently 
larger bubble densities but given the variance in the data (see figure 5) these differences 
are not considered significant. I 

' ' wave . _ Ex nential Fit .P6weii;nw‘1=*n' 
.

r 

S-salt Gain 5”” 7‘ 

A, Corr. oz A, 
F- fresh _ 

- 

. 6 _. _ . Coeff. 
’ ‘ 

0.77 ‘-1.461 468 0.97s -3.61 222 
" 
0.960 

0.76 -1.54» 0378" ‘ 

0.9.7.2 t __-3.76 160 0.956 
‘ 7 7 

0.76 7*‘ -1547 341 0.972 .-3.68 
I 7 

137 0.962 
" 

0.77 .-1146'? 
” 

_ 363,- _ 0.969 -3.63 167 0.958 
'7 

I ;, 0.76 -1.42 376 0.964 
” 

13.47 173 _ 6 0.9.52. 
- 

" 

_ 
0.75" -1.73. 489 0.970 -3.79 150 0.945 

"II"l5"lIU)UJU-\ 

Table 1. List-of constants in the exponential and power law °ql13fi0ns fitted to the bubble 
size distributions, see equations 2 and 3. A least procedure was used to fit the 
equations to the data. 

_

" 

In figure 9 the bubble size distribution for freshwater wave with G = 0.76 is 
plotted. Figure 9a is a semilog plot of N versus r and an exponential equation of the 
011.11’ . . 

N=A1en‘ (2) 

where A1 and B are constant has been fitted to the data. Figure 9b is a log-log plot ofN 
versus r and a power law equation of form,

' 

7 * 'N=A1r“ V (3) 

where A2 and ot constants has been fitted to the data. In table 1 the constants A1 , B, 
A2 and ot and the conelation coefficients for the exponential and 

‘ 7 law equations are 
listed for the six waves. The average value of the exponents B‘: -1.5 and ot = -3.7. 
The correlation coefficients for the power law fits are in the range from 0.94 to 0.96 and 
for the exponenfial fits they are consistently higher in the range from 0.96 to 0.98 . Note 
that only the for r 2 0.8 was included in (i.e. the first four data 
points corresponding to bins at r = 0.1, 0.3, 0.5 and 0.7 mmwere excluded). The data in 
table 1. indicate that either equation 2 or 3 a good fit to the observed data. 

p 
If the bubble size distribution data plotted in figure 7 is multiplied by then 

N, the number of bubbles per pm radius per m3 of volume, is transformed to V, the 
bubble volmne divided by the total volume in per ttrnradius. The void fraction is defined 

' /
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as the bubble volume divided by the total volume therefore V can be interpreted as the 
void fraction per urn radius increment or the contribution to the total void fraction from 
bubbles of a particular Plots of V r for the fresh- and saltwater breakers are 
presentedin figure 10. The area undq the curves is the average void fiaction for each 

Loewen, O’Dor and Skafel, submitted to IGR, November, 1995. 

wave. The average void fraction for the six waves is tabulated in table 2_. All of "the 
curves for both the fresh- and saltwater waves have a at a radius of 
approximately 2 mm. These plots indicate bubbles in the size range r = 1-3 "mm 
contribute the most to the entrained volume or void i?ra_ction in both salt- and freshwater 

The energy required to submerge a single bubble of radius r to a depth of z is 

where 7 is the specific weight of water and eh is the energy in Joules. The amount of 

8,,‘ =-4-:11: r3'Yz
3 

wave energy dissipated by a breaking wave can be by, 

1 1 d 

EW = CgbTW "4 

given by, 
_ I 

<4)
i 

’ 
<5) 

where Tw is the length of the sampling interval, 11¢’ is the difference between the 
upstream and downstream surface displacement variance, the group velocity of the 
center component of the wave packet and b is the width of e wave channel [Loewen and 
Melville, 1991]. F4, is defined as the energy to submerge all the bubbles 
entrained by an individual breaking wave-. Thevalues of Eb and E“, were computed for 
the six waves and are tabulated in table 2 along with the ratio Eb/Ew- 

Void 
Fraction 

Wave - Average Ew Eb E|,IE,, 
(D (D 

'-"vi it Gain’ 

(ll 0.77 2.6 X 10*’ 0.52 2.2 X 10" 4.2 xi 10" 
(Ii 

' 0.76 1.7 x 10'3 0.52 1.2 X 10" 2.3 X 10"
M 0-75 1.5:: 10" 0.48 7.4 X 10"‘ 1.5 x 10" 

. 

' 

0.17 "II 27-.0 ‘F 1°" 0.59 1.9 X 10"’ 3.2 X 10"’ 
A V M 

0.76 "11 2».2i"10"" 
' ' 

0.56 1.1 £10" 2.0 X 10" 
"11 0.75 

Table 2: The average void fraction for the six breaking waves, Ev, is the energy dissipated 

1.3 x 10"’ 0.51 2.5x 10*‘ 

by breaking and Eb is the energy required to submerge the bubbles.. 

. The distribution ofithetotal number of bubbles (i.e. of all sizes) as a function of 

4.-9 X 10*‘ 

depth below the fiee surface is shown plotted in figure 11. There are no significant 
differences between the depth distribution -in saltwater and freshwater. The two depth 
distributions can be fitted with an equation of the form, 

where N, is the total bubble density at free surface. and h is the entrainment depth 
N(z) =»N§e"”‘

s 

(6)
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[Hwang et at; 19901. For the saltwater depth distribution N. = 3.9 x 10’ per m? and 
h = 1.0 crn and for the freshwater depth distribution N, = 4.7 >< 10’ per mi and 
h = 0.94 cm. 1

. 

4. Discussion
_ 

The fact that the measured bubble size distributions were so similar in fresh- and 
saltwater "is _a smprising result, Many previous studies have observed significant g_ 

between the bubble size distributions in fi'eSh- and saltwater. Cartmill and Su 
[1993] observed that beneath large (wave height = 1.2 m) mechanically generated 
plunging breaking waves the shape of the bubble size distriblltiens were the same 
fresh- and saltwater. However, they found that there were approximately a factor of ten 
more bubblesper unit volume in the saltwater than in the freshwater. Haines qnd 
Johnson [1995] also observed large differences in the size distriblltien in salt- and 
freshwater. They simulated aibreaking wave using an intermittent"water'fa_ll produced by 
a tipping bucketsuspended 70 cm above the surface of the In seawater 99% of 
the bubbles were observed to have radii smaller than 1.5 mm and in freshwater only 67% 
of the bubbles smaller than 1.5 mm. They found that the number of bubbles per 
unitvolume in seawater was approximately four times greater than in freshwater. 

One possible explanation for this apparent discrepancy is thatthe breaking events 
produced in our experiments were very gentle spilling breakers compared to the more 
energetic breakers produced in the other two experiments. The depth to which 
bubbles were entrained in our experiments was 6 cm. In Carrmill Su’s [1993] 
experiment the breaking events were large energetic plunging waves which entrained 
bubbles to depths greater then 73 cm. Haines and Johnson [1995] observed bubbles to 
depths up to -30 cm beneath the intennittent waterfall. The turbulent flow field produced 
by gently spillingwaves would be much less intense. than that by large plunging 
breakers or by tipping a 800 ml ‘bucket of water from a height of 70 cm. The observed 
differences between the bubble size distributions in salt- and freshwater has been 
attributed to the coalescence of small bubbles in freshwater [Scort, 1975]. Therefore, it 
may be that in the absence of an energetic turbulentflow field is no mechanism for 
the production of smaller bubbles and hence no opportunity for the bubbles to 
coalesce in freshwater, is, the same bubble sizes are produced at the surface in salt- 
and freshwater and it is the subsequent action of the flow field on the bubbles which leads 
to the observed differences in the bubble size disnibutions. 

In addition, in our;2g>e.riJnents of the region immediately behind the 
breaking crest were analy ' 

I to determine the bubble distributions. The average 
distributions for a given wave Were obtained by ensemble averaging over many repeats of 
the same breaking event. This is in contrast to the experiments of Cartmill and Su [1993] 
in which bubble size distributions are obtained by averaging over periods 
comparable to or longer than the wave period The fact that the bubble size distributions 
obtained by time averaging and ensemble averaging do not agree is not particularly 

It simply means that the rocess of entrainment is not ergodic. 
Hwang at al [1990] and Balag and Borirguel [1987] investigated air entrainment 

by breaking wind waves in laboratory wave tanks. In both studies the slope of the bubble 
size distributions were observed to vary from -2, near the free to -4, in the 
water column. In this study we found that the slope of the bubble size disuibutions were 
approximately -3.7 for bubble radii > 0.-8 mm. The difference in the slopes may be due to 
the fact that the radius of bubbles observed in the other two studies was 1.5 

considerably less than the of 5 mm observed in our experiments. Hwairg er 
al [1990] and Baldy and Bourguel [1987] present time-averaged bubble distributions 
computed by averaging over long time periods compared to the period of the waves 
thfilrgfore direct comparisons to the ensemble-averaged results presentedhere may not be V '-

9
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The depth to which bubbles areentrained is characterized by the entrainment 
depth or e-folding depth ofthe bubble depth distribution as defined inequation 6. Hwang 
et al [1990] found mat h varied from 5.4- 10.8 cm for wind waves with rms wave 
amplitudes from 1.7 - 2.7 cm. Baldy and Bourguel [1987] did not compute the 
entrainment depth but it can be computed from the datain their figure 12 for wind waves 
with a significant wave height of 9.2 cm at a wind speed of 14 mls. The entrainment 
depth forthiscase ish= 1.1 em. lnourexperiments wefoundh= l.0cmand 0.94cm 
for the salt- and freshwater waves respectively in agreement with the measurements of 
Baldy and Bourguel [I987]. It is not that the entrainment observed by 
Hwang et al [1990] do not agree with the other measurements their T 

measurements were all taken below the trough level of the waves. 
" In table 2, Bw, the amount of wave energy a'nd,iE¢,, the amount of 

energy to submerge the observed bubbles and the ratio of E1,/Ev, are shown , 

fraction of wave energy that is dissipated breaking that goes into 
submerging the bubbles is very small for these gently spilling waves. It varies from

_ 

0.05% to 0.4% which is much smaller than the values 30% to 50%‘ observed by Lamafre 
and Melville [l99l]_. In their experiments the waves were much steeper plunging 
breakers and the bubbles were entrained to depths of 40-50 cm. Our results indicate that 
if the breaking events are of the spilling type then a much smaller fraction of the 
dissipated energy is expended in submerging bubbles. 

V

* 

5. Conclusions l
‘ 

We have reported on the measurements of the large bubble size distributions in - 

fresh- and saltwater beneath mechanically generated breaking wave packets. It was found 
that the size distribution for large bubbles, r > 0.8 mm, are essentially the same in salt- 
and freshwater. The bubble spectra are bestrepresented by an exponential equation of the 
form N ~ e"""' or alternatively by a power law equation ofthe form,N -" r'3'7 . The depth 
distributions in salt- and freshwater are very similar and may be represented by an 
exponential equation, N‘= 4 x 105 e" . These measurements demonstrate that significant 
numbers of large bubbles are entrained beneath small-scalebreaking waves (wavelengths 
of -.-1.5 m and amplitudes of ~ 10 cm) . These results combined with Keeling's [1993] 
predictions suggest that air-sea gas transfer due _to the entrainment of large bubbles 
be significant even when the sea is relatively calm. 
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I 

Figure 1. Schematic of the wave channel and experimental equipment. ,

1 

Figure 2': Pl_ot of 400 lines ofvideo data showingthe times series of the salt waterwave with
V 

gain G=0-75 atadistance ofx = 5 mfromthewave paddle Thevertical lines ofdataare 
separated by 1/15 second- 
Figure 3: Digital video images of the saltwater breaking wave of gain G = 0.76 .- Theimages in 
each column are separated by 1/30 second. Column I has a series of images recorded at position 
8 (furthest upsnearn) and colurnn.II a series recorded at position 2 (furthest downstream). The 
waves are moving fiomlefi to right and the leading edge of the active breaking crest is visible in 
thefirsttwoimagesineachseries. Thegriddrawnontlieglass~channelwallis2cmx2cm. 
Figured: The fractional energy dissipated D in percentplotted versus the wave G. The 
error bars are plotted for plus and one standard deviation forthe freshwater waves. 
o - freshwater, x - saltwater.

_ 

Figure 5: The bubble size spectrum, N the number of bubbles per pm radius increment per m3 
versus r the bubble radius, for the saltwater wave with G»= 0.76 at position 6 . Thexdata were 
obtained by averaging over ten repeats i.e. ten The radius bins are 0.2 mm wide centred 
at 0.1, 0.3 4.9 The error bars denote plus or minus one standard deviation.

, 

Figure 6: The bubble size spectrum, N the number of bubbles per pm radius increment per m3 
versus r the bubble radius, for the freshwater wave. with G = 0.77 at horizontal positions 1, 2, 4, 6 
and 8. The data were obtained by averaging over ten repeats i.e. ten images. The radius bins are 
0.2 mm wide centred, at 0.1, 0.3 4.9 mm. Position 1 is upstream and 8 is downstream. 
Position1-0,2-x,4-*,’6-+,8-G9. ‘ 

1 _ 

Figure 7: The average bubble size distribution, N the number of bubbles per um radius increment 
per m3 versus r the bubble radius in for (a) the three saltwater waves and, (b) the three 
freshwater waves. The radius bins 0.2 mm wide centred at 0.1,-0.3 4.9 mm. + - G = 0.77, 
x-G~= 0.76 ando-G=O.75 A

i 

Figure 8: A comparison of the bubble site distributions, N (number per um per m3) versus r 
(mm), salt- andfreshwater. Plots (a), (b) and (c) correspond to gains of 0.-75, 0.76 and 0.77 
respectively. + - freshwater, 0 - saltwater. 7 

Figure 9: Bubble size distribution for a freshwater wave with G = 0.76 . (a) An exponential 
equation has been fitted to the data and (b) a power law equation has been fitted to the data, Note 
that points corresponding to the smallest four radius bins (0.1 .- 0.7 mm) have not been used to 
compute the least square fits. 

Figure -10:1 V, the bubble volume /' total volume (void fraction) per um radius increment per m3 
versus the bubble radius r in mm. (a) Freshwater and (b) saltwater breaking waves. o - G = 0.75, 
X-~G=0.75,+'-G='-0.77 '

~ 

Figure 1.1: N, the total.number of bubbles per m3 (r > 0.8 mm) plotted versus the depth d in cm 
below the free surface. 0 - saltwater, x -» freshwater. ' 
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Figure 3: Digital video images of the saltwater breaking" wave of gain G = 0.76 . The images in 
each column are separated by 1/30 second. Column I has a series of images recorded at position 
8 (furthest upstream) and column II a series recorded at position 2 (fl-Irthest downstream). The 
waves are moving from left to right and the leading edge of the active breaking crest is visible in 
the first two images in each series. The grid on the glass channel wall is 2 cm x 2 cm. 
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Figure s: The bubble size spectrum, N the of bubbles per pm radius increment per m3 
versus r the bubble radius, for the saltwater wave with G = 0.76 at position 6 . The data were 
obtained by averaging over ten repeats i.e. ten images. The radius bins are 0.2 mm wide centred 
at 0.1, 0.3 4.9 mm. The error bars denote plus or one standard deviation. 

1o’Ee ~41 1 

,1 , 

210‘? 

"/ 
?s'L\

1 

, 19" 1 1 1 1 1 1 1 1 1 

E

t 
0 0.5 1 1.5 2 2.5 3 16 _ 4 4.5 5

I 

Figure 6: The bubble size spectrum, N the number-of bubbles per pm increment per ins 
versus r the bubble radius-, for thefieshwater wave with G = 0.17 at horizontalpositions 1. 2. 4, 6 
and 8. The datawere obtainedby averagingovertenrepeatsie. Theradius bins are 
0.2 mm wide centred at 9-1, 0.3 4,9 Position 1 is upstream and 8 is downstream. 
Positionl-0,2-x,4-*,6-+,8-69. 

16 
_/ 

r. 1 ‘_ _. 

0 1' 0.5 1 L5 2 2-5 3 35 4 4.5 5 =

I’



Loewen, 0’Dor and Skafel, submimed to JGR, November, 1995. 

10,‘ 
I I I I I I I I I 

Io‘ "F
- 

‘ <\ 

Z 10‘ 

10° 

19" I I 

\\ |

W
I 

O 0.5 1 1.5 

10' 
I I I 

I I I I I I 

2 Z5 3 3.5 4 4.5 5 
I’ 

1°: I 

"' 
3. 

> 
7

H 
V 

.~ . 

=10‘ ' 

I

I \§\'\ 
I/~ 

' 

10° xv‘ ' 

1°‘ I I I I I I I I I

I 
O 0.5 1 1.5 2 2.5 3 3.5 4 45 5 

I I I I I I 

Figure 7: The average bubble size distribution, N the number of bubbles per pm radius mcrement 
per m3 versus r the bubble radius in mm, for (a) the three saltwater waves and, (5) the three 
freshwater waves. The bins are 0.2 mm wide centredat 0.1, 0.3 4 9 mm. + G = 0 77, 
X-G=O.76_and0-G=O.'75

_ 

r . 

17 I



Loewen, O’Dor aI_1d~Skafel, submitted to JGR, November, 1995. 

10'.' /_l I I I I I I I 

: a : 

WI? . _ 

210'"; - 

'9' T T 

2 
~ /2 

if I I I I I I I I I 

0 0.5 1 I-5 » 2 L5 8 85 4 4.5 5 
I’ 

10% I I I I I I I I
, 

§ 

b
5 

‘P’? 

21?‘; - 

10’; I I I I I I I
1 

E 
. 

c
1 

“'7 ‘ 

u ‘\\
\ 

210‘; 
' - \‘ '

2 

19" 
‘ 

I I I I I I I I I 

U - Q5 1 1-‘ Q I-5 I ll 4 ‘I 5
Y 

Figure 8: A comparison of the bubble distributions, N (number pm per ms) versus 1' 
(mm), in sa_lt- and freshwater. Plots‘ (a), (b) and (c) conespond to gains of 0.75, 0.76 and 0.77 
respectively. + .- fieshwalflr. 0 - I 

.

’ 

18 

10* I I I I I I I I I 

O 0.5 
' 

1 1.5 2 Q5 Q Q3 4 ‘.5 5
Y



J 
\ '

_ 

K 

I I 

,
, 

Loewen, O Dor and Skafel, submitted to JGK November, 1995. . 

10' 
Q O IO 

O

I i 

10' ° OZ
o 

Q ‘ 
° o 0

o 

1Q‘ I 0 1 1 | | r 1 | 

O 0.5 1 1,5 _ 
2 2.5 3 3.5 4 4.6 5

I 

10° 

b ) 

t 

O O 0 
. 2 o 10 O

° 
°o 

‘z 10‘
°
O

O 
1"o°- 

0° O IO
O

O 

r 
V 

.. 

Figure 9: Bubble distribution for a freshwater wave with G = 0.76 . (a) An exponential 
equation has been fitted to "the data and (b) a power law equation has been fitted to the data, Note 
that points corresponding to the smallest four radius bins (0.1 - 0.7 mm) have not been used to 
compute the least square" 

" i 

fits.
' 

19 I 

‘ 

10' | | 1 | I | l | I» e-W ~ l3 

10' 

10“ ‘
I 

1o‘ 10° 10‘



.-__-.\. \._.r - ... .

/ 
- .'

I Loewen, O Dor and Skafel, submitted to J GR, November, 1995. 

x101’ W _ _ » | -» 0 | - | | | I l p

3 
0.9- -

1 

0-8 _ ' 

\\ _ 

:1‘ ‘W
/ 

0.4- 
‘ 

._ 

3 

‘

- 

, V /‘ 0.3- 
'_/ 

'. 
' ’ 

- 
' 

U 
l. 

H 
/‘I - 3?’ 

e 

' 

1 1 v | v 0 u - ~ - 

0.5 1 15 2 2;5 3 3.5 4 4.5 5 
o . 

o v 

. 
-

‘ 

x10‘ 
1 | | | 1 I | a 1 

e 1 

__ 
s b 

0.9- - 

03- 
‘

- 

o.7- /\ 

‘

- 

5.6- 
A \ L \ j 

III / - 
/" :

; 

o.z- 
~ 

:1 - 
/ U

n 

0.1- ; - 

' - 

P I | | | | | 

D5 1 15 2 2-5 3 3.5 4 45 5 0° 
J" ., :5; 

‘ ..' . 

Figure 10: V, the bubble volume / total voljurne (void fi-aet_io_n) |.l.m_ radius increment per m’ 
versus bubble radius r in mm. (a_) Freshwater and (b) saltwater breaking waves. 0 - G = 0.75 
x-eG=0.76,+-.G=0_.77 ‘

20



\ 

\--v~ 

Loewen, O’Dor and Skafel, submitted to IGR, November, 1995. 

o_ 4_,4 JJ-Hvfi-U-I1 4 4 

1-
‘ 

2- 

/J

x 
_ / 4- / - 

5- 
. 

.-

e 

- 103 

Figure 11: N, the total number of bubbles per m3 (r > 0.8 mm) plotted versus the depth d in cm 
below the free surface, 0 - saltwater, x - freshwater».
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