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NOMENCLATURE

A area (cm 2)
c solute concentration (g/cm3)
cs solute concentration at saturation (g/cm3)
c. bulk solute concentration far from the bubble (g/cm3)
Ac concentration differential (g/cm3)
d bubble diameter (cm)
D molecular diffusivity (cm2/s)
k mass transfer coefficient (cm/s)
Lp pipe length (cm)
m mass (g)
n bubble concentration (cm- 3)
N number of bubbles
P pressure (dynes/cm2)
Patm atmospheric pressure (dynes/cm2)
Pi absolute pressure at entrance of main pipe section (dynes/cm 2)
Pe absolute pressure at exit of main pipe section (dynes/cm2)
r radial distance (cm)
R bubble radius (an)
Rp pipe radius (an)
AR change of radius (cm)
t time (s)
At elapsed time (s)
U velocity (cm/s)
U average velocity (cm/s)

UT terminal velocity (cm/s)
Ue turbulence velocity scale (cm/s)
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NOMENCLATURE (continued)

U gas saturation level relative to bubble pressure
aatm gas saturation level relative to one atmosphere partial pressure
e power dissipated (viscous dissipation) per unit mass (ergs/s-g)
p water density (g/cru3 )
pg gas density (g/cm3 )

o surface tension (dynes/cm)
%w pipe wall shear stress (dynes/cm2)
Ts surface tension stress (dynes/cm2)
v kinematic viscosity (cm2 /s)

Nu Nusselt number
Pe Peclet number
PeR Peclet number for rising bubbles
Per Peclet number for bubbles in turbulence
Re Reynolds number
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ABSTRACT

Measurements are presented of bubble dissolving in
turbulent pipe flow at pipe Reynolds numbers of 2x10 4, lxl05

and 2x10 5, based on pipe diameter. The mass transfer
coefficient is determined and it increases with Reynolds
number. The coefficient appears to be independent of bubble
size for the diameter range of 20-170 grm. The mass transfer
Nusselt number is determined and depends approximately
on the bubbles' Peclet number to the one half power.

The values of the mass transfer coefficients are similar
to those for the same size bubbles rising buoyantly in still
water. Suppression of dissolving by bubble rotation is
hypothesized to prevent a significant increase in dissolving
for the turbulent flow regime compared to the rising bubble
regime. Surfactants in the water are also suspected of
slowing the dissolving rates.

ADMINISTRATIVE INFORMATION

This project was partly supported by the David Taylor Research
Center (DTRC) Independent Exploratory Development Program (LED),
administered by the Research Coordinator at DTRC Code 0012, under
Program Element 62936N, Task Area ZF66412001, under Work Unit
1542-303, DN509009.

This research is a thesis for the degree of Master of Science in
Ocean and Marine Engineering at the School of Engineering and
Applied Science at the George Washington University. The thesis
advisor was Dr. Thomas Huang of DTRC Code 1542 in coordination
with Dr. James Feir at the George Washinton University.

INTRODUCTION

This thesis concerns the experimental measurement of bubble
dissolving in a turbulent pipe flow. Bubbles 20 gm to 170 gm in
diameter are measured at pipe diameter Reynolds numbers of 2x10 4,
1x105 and 2x10 5 . The sizes and concentrations (spectra) of the bubbles



entering and leaving a long section of tube are compared and it is
found that the bubble dissolving manifests itself as a shift in the spectra
along the size axis. The results are summarized in the form of mass

transfer coefficients and Nusselt numbers which are compared to
similar coefficients of bubble dissolving in other flow regimes.

MASS TRANSFER COEFFICIENT MEASUREMENT

The mass transfer coefficient k can be expressed as

k = -an/at )

AAc

in which -dm/dr is the mass transfer rate of gas out of the bubble, A is
the bubble surface area and Ac is the difference in concentration
potential which drives the dissolving process. The mass transfer rate
will be negative for a dissolving bubble. The bubble surface is assumed
to be saturated with respect to the gas pressure inside the bubble in
accordance with Henry's Law. Gas will diffuse much more slowly
through the surrounding liquid than inside the bubble, hence the
concentration difference across the diffusion boundary layer controls
the dissolving rate. This concentration potential is

Ac = c,-c

in which c, and c..are the saturated and bulk liquid gas concentrations,

respectively. Equation I can then be rewritten as

k= -m/dt
4,R 2(c, - c.) (2)

The continuity equation for the gas leaving the bubble is

&n= 4rR2 sdR +4R3 dp (3)
"- =2t 3 t



For the pipe flow experiments performed in these tests, the second
term in the equation is small compared to the first and can be ignored.
Equations 2 and 3 then lead to

k = -p(dR/dt

The coefficient k can then be determined experimentally by
measuring the average value of dR/dr as the change of bubble size, AR,
over a known period of time, At, calculating the gas density in the

bubble, Ps, and measuring the dissolved gas concentration in the pipe
flow, c.. The change in bubble size is measured by the shift along the

size axis between the intake and exit bubble spectra of size versus
number density or concentration.

EXPERIMENTAL APPROACH

The experiment is designed to determine the mass transfer

coefficient as defined in Equation 4 by measuring the necessary
parameters.

To create a pipe flow, water is pumped out of a water tunnel into
a long section of flexible tube and back into the tunnel again. The
tunnel serves as a large reservoir of variable air content water which

can be pressurized or depressurized by the tunnel pressure control
system. Located at the upstream and downstream ends of the tube are

long (30 diameter minimum) sections of smooth, straight pipe of
matching diameter to establish fully developed pipe flow going both in
and out of the tube. The tube lies flat on a floor and is arranged in the

shape of a long "U" to bring the entrance and exit sections close

together. The return bend in the middle of the "U" is large in radius to
maintain an essentially constant, fully developed pipe flow throughout

the whole tube section. For further reference, the tube with attached
pipe sections at the ends will be called the pipe section in general. See
Figure 1.

Air bubbles are created in a bubble generator and injected into
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the pipe upstream of the pump. A small portion of the flow is diverted

at the entrance to the upstream pipe section to a bubble detector for

measuring sizes and concentrations (spectra) of the bubbles going into
the pipe. At the exit of the downstream pipe section, a small portion of

the flow is similarly diverted to the same detector for sampling bubbles
leaving the pipe.

The differences between the twc bubble spectra show changes in

bubble sizes caused by dissolving. Assuming that the bubbles that enter

the pipe neither coalesce, breakup or dissolve completely before
leaving the pipe, continuity requires that the number density of

bubbles flowing through the pipe section remains unchanged. The

bubbles will dissolve to a smaller size, and this effect appears as a shift
in the bubble spectra along the size axis, AR. Assuming that bubbles of
a given size all dissolve at the same rate, variations of this dissolving

effect with bubble size will appear in the shift of the spectra also. For

example, if 5.0 bubbles/cm 3 in the 90-100m size range enter the pipe,

then that same concentration of bubbles will exit the pipe in a smaller

size range. The assumptions regarding bubble breakup or coalesence
are significant and are addressed in the "Assumptions and

Approximations" section.
Pipe flow parameters are measured with simple pressure taps

located in the upstream and downstream pipe sections The taps are

connected to a calibrated differential pressure gage for measuring
pressure drop and gage pressures at the ends of the pipe section. The

average pipe velocity is calculated from the equation from Schlichting

(1979) relating average velocity and pressure gradient,

U=[(0. 0665p14R-SI4)'1 dpl /d4 7 ()

and the pressure gradient is simply the total pressure drop divided by

the length of pipe between the taps. The average velocity is used to

define the pipe Reynolds number:

Re -2U'Ph'
" <(6)
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Dividing the derived velocity imo the length of the pipe from
the intake bypass point to the exit bypass point yields the elapsed
dissolving time, At.

At=L (7)U

Dividing this value into the shift of the bubble spectra, AR, yields the

average of the bubble shrinking rate in Equation 4, d/d, over the
length of the pipe section.

The last parameter required to determine the transfer coefficient

is the non-dimensional term that represents the air saturation level.
Assuming the air in the bubble behaves like a perfect gas, ignoring

surface tension contributions to the internal bubble pressure, and
assuming Henry's Law for gas solubility, the remaining terms in Eq. 4
can be rewritten as

P -(8)
C, - C C.O

in which Pgatm and Csatm are the air density and solubility in water at

one atmosphere of pressure and 5 is the average air saturation level
integrated over the length of the pipe section. The average saturation
value must be used for Equation 4 because the average bubble size
reduction is what is measured. This average saturation value is

a =.j In -- (9)
Pi-P. P.

in which aatm is the saturation level with respect to one atmosphere of
pressure and Pi and Pe are the absolute inlet and exit pipe pressures

measured with the differential pressure gage and a barometer. A
manometric device that measures the percent air saturation of the

water with respect to the water temperature and one atmosphere
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partial pressure is used to measure the air content aal.

For the three Reynolds number conditions tested, three tests

were run at different air contents to insure that there was no
dependence of the results on saturation level and also to better define
the transfer coefficient by three values instead of one.

Thus all the parameters for determining the mass transfer

coefficient can be measured with this experimental approach.

EXPERIMENTAL EQUIPMENT

PIPE FLOW SYSTEM

A schematic of the pipe flow system is shown in Figure 1. The

water tunnel to which the system is attached serves as a large reservoir

of variable pressure, variable air content water with filtering capability.
The water flows from the tunnel through the pipe back into the
tunnel. The tunnel water is slowly circulated to resorb any bubbles that

exit the pipe and provide bubble-free water going into the system.
The best way to describe the system details is to follow the water

flowing through it. Water enters the pump from a 3 inch diameter
pipe section that minimizes incoming friction losses. Bubbles are
injected just upstream of the pump. The 65 feet head, 110 GPM pump
is a single stage, centrifugal, constant speed design. The exiting flow

then passes through a tee where part of the flow may be bypassed back
to the tunnel. This prevents pump loading when the flowrates
through the pipe section are small. Thirty diameters of straight pipe
after this tee establish fully developed turbulent flow by the time the
water enters the main section of the pipe system. At this point, about
10% to 40% of the flow can be bypassed through a long radius tee to the

bubble detector for measuring the bubble spectrum going into the main
pipe section. See Figure la. The bubble spectrum is assumed to remain

unchanged in its short transit from the diverting tee to the detector.
The length of pipe from the tee to the detector is only 2 feet and little

dissolving should take place in the short time span that the bubbles
transit this section. The ,est of the flow goes into the main pipe section
which is either a 110 foot or 55 foot long section of 2 inch I.D. PVC
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tubing. The tube lengths were chosen to allow enough time for
significant dissolving without complete bubble extinction. The tubing
lies in an elongated U-shape and returns the flow to another tee where
10% or 40% of the flow can again be bypassed to the bubble detector.

This is to measure the exiting bubble spectrum. See Figure lb. The
measured dissolving is assumed to occur between the two tees that
divert the flow to the detector. The length of pipe between these tees is

the length used to determine the elapsed flow time. The rest of the
flow returns to the tunnel through a 3 inch pipe section that
minimizes losses.

The bypass and bubble detector pipes have shutoff or flow

control valves where they are required, and there is an additional
valve at the exit of the main section for flow control.

The pressure and pressure drop in the main pipe section are
measured with a calibrated, Bourden tube differential pressure gage or
a water manometer. One side of the gage can be vented to atmosphere

for gage pressure measurements. The pressure taps are two
horizontally opposed 1/16 in. I.D. holes drilled into smooth PVC pipe
and straight pipe extends 20 diameters upstream and 10 diameters

downstream for good pressure measurements.

BUBBLE DETECTOR

The bubble detector used for these measurements is shown in
Figure 2. This detector was built by Dr. S.C. Ling of Catholic University
and has been used mostly for bubble measurements in water tunnels.

The detector is a light scattering instrument that both counts bubbles
and measures their sizes. The light source is an incandescent bulb with
a condenser lens. Masks define two rectangular light beams of known

section, and the mask image is focussed in the water pipe for precise
sampling area definition. The receiving optics focus the image of the
bubbles onto photomultiplier tubes and masks further define the

sampling volume for calculating bubble concentrations. The elapsed

times for the bubbles to cross the two beams, spaced apart 7 mm,
provide their velocities for calculating concentrations and velocity

7



variations. The sampling volumes are also shown in Figure 2.
The scattered light pulses from the photomultipliers are

recorded on a pulse height analyzer for pulse counting and sizing. The
pulse height is proportional to bubble diameter squared and a bubble
calibration curve is used to get the bubble size from the pulse data.
Calibration bubbles are electrolytically generated and sized according to
their terminal velocities. The terminal velocities are measured by
placing the detector sideways and allowing the bubbles to float through
the two sampling volumes. The water in the calibration process is
treated with a small amount of surfactant to create a rigid surface on
the bubble. A Stokes Law type terminal velocity relation is then used
for equating bubble speed and size. The calibration curve is shown in
Figure 3.

The sampling volume presents a large cross section to the flow
to maximize the number of bubbles counted, yet the volume is thin to
minimize double counting. The bubble velocities are measured at the

same point used to size them so that pipe flow velocity profiles are not
used to determine the average velocity at the pipe centerline. White
light provides a relatively smooth intensity distribution across the

sampling volume instead of the focussing that can occur with lasers.
The light intensity variation that remains can be accounted for in the
data by calibrating the detector at a position in the light beam that
equals the average intensity in the light beam.

The instrument is designed to detect bubbles and ignore particles

by utilizing the bright, specular reflection of bubbles to discriminate
their signals from the weaker, diffuse scattering of particles. Some
particle counts will still show up in the data, but they are subtracted out
by first collecting data when bubbles are not being added to the flow,

and then collecting data while bubbles are being added. Subtracting the
first spectrum from the second yields a spectrum of bubbles only.

BUBBLE GENERATOR

Simply injecting air into a pipeflow typically makes bubbles in

the millimeter size range. Instead of using this technique, water is
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supersaturated with air in a pressure vessel at 4 atmospheres pressure

and the pressurized water is injected through a petcock valve into the

incoming flow just upstream of the pump. The high shear stresses in

the valve create large concentrations of small bubbles that have peak

concentrations in the 20-50;tm diameter range. The overall

concentration is controlled by adjusting the flowrate of the bubbly

water going into the pipe.
During the tests, the flowrate of the bubble water is monitored

with a flowmeter to insure that the bubble injection remains constant

during the collection of the intake and exit bubble spectra.

AIR CONTENT MEASUREMENT

The total air content of the water is measured with a Van Slyke

Blood Gas Apparatus. This device extracts the air dissolved in 10 cm 3

of water by vacuum deaeration and then measures the pressure of the

extracted air in a 2 cm3 volume. The pressure indicates how much air

is dissolved in the water, and the results are expressed as percent
saturation of the water sample at the sample temperature and one

atmosphere pressure. Typically three air content readings were

averaged per test.

TEST PROCEDURE

The water in the tunnel is prepared by filtering and adjusting the

air content to the appropriate value. The pipe system pump is turned

on and the flow is adjusted via the control valves and bypass pipe to

the desired flow speed. The pressure is adjusted by either adjusting the

control valves or by pressurizing the water tunnel, and the flow

through the bubble detector is set to about 10% or 40% of the main pipe

flow.
With everything at the proper condition but the bubble

generator turned off, a spectrum is recorded in the bubble detector to

measure particles or any stray cavitation bubbles that would also show

9



up in the spectrum with bubble injection. Then the bubble injection is

started and the bubble injection rate is adjusted by visually examining
the signals on an oscilloscope. A second spectrum is recorded and the

first one is subtracted from it in the pulse height analyzer. This creates
the intake bubble spectrum.

Immediately after the second spectrum is measured, the valves
are switched to bypass about 10% or 40% of the flow leaving the main
pipe through the bubble detector. The net flow through the main pipe
is kept constant by bypassing some of the upstream flow through the

tee just downstream of the pump. This compensates for the increased

pipe flow that would otherwise result from only dosing the upstream
bypass to the detector. The flow through the detector is kept constant
by monitoring the detector velocity from the two optical channels and
making adjustments as necessary. This maintains a constant flow
through the pump to assure constant bubble concentration. When

everything is set, the third spectrum is recorded. Afterwards the bubble
injection is stopped and a fourth spectrum is recorded and subtracted

from the third to insure that the exit spectrum is only bubbles.
The net intake and exit spectra are compared to derive the net

mass transfer coefficient.
For the two higher Reynolds number tests, 10% of the main pipe

flow was bypassed for bubble counting. This was enough to count large
numbers of bubbles in a short time. At the slow speed, however, 40%

of the flow was required to obtain sufficient data in a short time.

ASSUMPTIONS AND APPROXIMATIONS

The most significant assumption of this experiment is that the

bubbles injected into the entrance of the pipe section do not breakup or
coalesce as they pass through the pipe. Consequently the bubble
concentrations remain constant and differences between the intake and
exit bubble spectra can result only from changes in bubble size. A
simple way to examine the assumption of constant bubble

concentration with no breakup or coalesence would be to generate an

initial bubble distribution that had a peak concentration in the middle
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of the size range or some other easily identified spectral characteristic.

If the exit spectrum had the same shape as the intake spectrum but was
shifted to a smaller size, the constant concentration assumption would

be proven. Unfortunately, the spectra generated by the bubble

generator, after going through the pump, usually had distributions of
decreasing concentration with increasing size, and no distinct spectral

features occurred (except for the first test which had a concentration

maximum in the middle of the size range). Hence all the assumptions
leading to the constant concentration assumption need to be examined
in more detail.

BUBBLE BREAKUP

Bubble breakup and deformation are controlled by local shear

stresses and surface tension forces which resist deformation. The
largest average shear stress T. is at the pipe wall. This stress was

calculated from the pipe pressure gradient and compared to the surface

tension stress To which resists deformation

a (10)
S2R

for which a is the surface tension.
For the largest bubbles (170 grm) and greatest value of wall shear

stress tested, the ratio ryr, was a minimum of 20. Hence the bubbles

should neither breakup nor deform appreciably.
Another way to address bubble breakup or deformation is

through the Weber number, in this case the ratio of the dynamic head
of the n-icroscale eddies multiplied by the bubble diameter divided by
the surface tension. This number ranged from order 10"1 for the largest

bubbles at the highest Reynolds number test to 10-4 for the smallest

bubbles at the lowest Reynolds number. In this range bubble splitting

and deformation should not occur.
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BUBBLE COALESENCE

The assumption that the bubbles do not coalesce was tested by
running a high concentration bubble spectrum through the pipe at

essentially saturated conditions. If coalesence were to occur, the overall
concentration at the pipe exit would be less than that at the pipe
entrance. If the concentrations of small bubbles in the intake spectrum
were not significantly larger than those of the large bubbles, bubble
breakup would result in a shift in the exit spectrum of large size
bubbles to many smaller ones. This test (Test 1), with an initial
concentration of 35 bubbles/cm 3, shows no coalesence or breakup. See
Figure 4. The intake and exit spectra are similarily shaped. The exit
spectrum is shifted along the size axis to a slightly larger size as
expected from the slight level of oversaturation. All other tests in this
investigation used much lower bubble concentrations. Hence they
would also not suffer from coalesence effects. See Table 1.

APOXMATONS

The parameters that define the mass transfer coefficient in
Equation 4 are approximated in this experiment as being constant, but
they do vary somewhat. The actual air saturation level in the pipe is
dependent on the local pipe pressure which varies along the pipe
because of the pressure gradient. Because the net change in bubble size

is all that can be measured, the average saturation value is used in
defining the transfer coefficient. This approximation is the main
compromise of using an out-and-back pipe flow design but it produces
a tolerable error. The worst cases occured in the high Reynolds
number tests which had the greatest pressure gradient. In those tests
the saturation levels changed 30% of the mean value from one end of
the pipe to the other. The lower Reynolds number tests had changes of

saturation level that were 10% or less of the mean value.

The air density P, also changes because of pressure loss along the
pipe and surface tension pressure changes in the shrinking bubble, but
these changes are small throughout the bubble dissolving history. The

12



4 3dr,

magnitude of the second term in Equation 3 (PR -- ) that contains

the time derivative of density was estimated and it is at most 8% of the
magnitude of the first term for one third of the tests and 3% or less for

the other tests. This term was therefore ignored and the air density is
approximated as being constant.

The surface tension pressure was about 10% of the total bubble

pressure for the smallest bubble sizes during most of the tests in the
experiment, and this contribution decreased quickly with larger
bubbles. For simplicity the surface tension pressure was therefore
ignored in the calculations of air saturation levels.

Air is used as the dissolved gas in this experiment for simplicity
and is approximated as a pure substance. Because turbulent transport

processes should control the dissolving, the differences in the
molecular diffusivities and solubilities of oxygen and nitrogen should

cause negligible effects. This allows the air mixture to be reasonably
approximated as a pure substance whose properties are calculated based

on oxygen and nitrogen values weighted according to their molar
fractions.

UNCERTAINTY ESTIMATES

The uncertainty interval for the mass transfer coefficient can be

estimated by looking at the uncertainties of the parameters used to

define it. These uncertainties are those of the actual measurements
themselves, not the uncertainties made by assumptions or
approximations.

Referring to Equation 4, the mass transfer coefficient depends on

the non-dimensional air saturation level, P c,-c.), the elapsed bubble

dissolving time, At, and the change in bubble size, AR. The first term

depends on tabulated solubility values, the perfect gas law, Henry's

Law, and the accuracies of the Van Slyke apparatus and the differential
pressure gage. These latter two instruments were calibrated or checked

and were within 2% of their calibration values. The solubilities and
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physical laws are also of similar accuracy. The elapsed time, At,

depends on the length of PVC tube, the differential pressure reading
and the relation of pressure drop to velocity as shown in Equation 5.
The tube length was measured and Equation 5 was derived from

experimental measurements that match to within about 2% for the
Reynolds numbers of the flows. The elapsed flow time was also

cursorily checked by injecting dye and clocking the time for the dye to
transit the tube. The elapsed time should be correct within 2% of its

value.
These errors are less significant than uncertainties from the

bubble measuring process. The detector accuracy is roughly 4gm over
the range of bubble diameters measured (see Figure 3), and this is

somewhat significant compared to some of the measured radii changes,
AR. See Table 1. The most significant uncertainty, however, is the

statistical variation in bubble concentration when the actual number of
bubbles counted in a particular size band is low. With low count

values, the interval of concentration for a given confidence level that

contains the true average concentration becomes significant when

compared to the concentration itself. To illustrate this, Test 6 was
replotted with 80% confidence intervals on concentration for the two

spectra. The spectra were also smoothed. See Figure 5. The confidence
interval was calculated by assuming the bubbles to be Poisson

distributed in space and using the statistical technique outlined in

Reference 9. The uncertainties of the bubble concentrations become

uncertainties of bubble size changes when graphically measuring the

shift of the spectrum along the size axis, AR. For this typical test, the

size change varied ±10% to ±15% of its mean value. This variation is
always a minimum at the smaller sizes because the numbers counted

at those sizes are the greatest and yield the least variation of

concentration. When the data are reduced, the measured size changes
are weighted by the concentration of bubbles in the analyzed

concentration band. Hence, the larger variations in size change that

occur for the larger bubbles do not affect the data very much. The exact

form of the data reduction is listed in the Data Reduction Section. The

net effect of this uncertainty phenomenon is to make the mass transfer

coefficients accurate to nominally ±10% to ±15%, and this uncertainty
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is larger than the others.

DATA REDUCTION

The bubble data are counted in discrete voltage (size) bins in the
pulse height analyzer. The counts in each bin are then divided by the
size bandwidth of the bin and the total volume of water illuminated by
the bubble detector. This volume is simply the detector sampling area
multiplied by the average bubble velocity in the detector and the

elapsed data collection time. The results from each bin are plotted at
the bin's center diameter to create a bubble concentration versus size
distribution or spectrum. The narrowest bins are 5 jm wide at the
highly concentrated smaller sizes and 20 jm wide at the less

concentrated larger sizes.
The size shift of the spectra is measured by weighting the size

shift in small increments of concentration by the total concentration of

bubbles at that concentration band. That is,

±Z (nj - niXd,.1 - d)At%.
AR= i (11)

S(n,. 1 - Xd,+,- d,)

Because no consistent variation of bubble size change as a

function of bubble size was observed, the above reduction technique
was applied to the entire exit bubble spectra. Because the smaller

bubbles of the intake spectra usually dissolved to a size below the
detection threshold of the detector, they are not included in the data
reduction.

Diameter variations of the flexible PVC tube caused by varying

test pressure changes are accounted for when calculating pipe velocities

or Reynolds numbers.

is



RESULTS

The nine pairs of test spectra are shown in Figure 6 The exit
spectra are typically shifted from the intake spectra parallel to the size
axis except for Tests 4 and 8, and these tests show opposite trends of a
dependency of bubble dissolving, as evidenced by bubble diameter
reduction, on bubble size. Hence the spectra indicate that the bubble

dissolving rates or mass transfer coefficients are essentially
independent of bubble size, over the range measured, for a given set of

flow conditions. This result allows each test's data to be reduced to an
average bubble radius reduction via Equation 11, and the mass transfer

coefficients are calculated according to Equation 4.

These coefficients are shown in Figure 7 as a function of

Reynolds number. The coefficients repeat reasonably well and show
no variation with gas saturation level. The coefficients' variance with
respect to their mean at each Reynolds number is 9% to 18% of mean

value. The coefficients increase with pipe Reynolds number and this
increase is approximately linear. Mass transfer would be expected to

increase with turbulence level.

COMPARISON OF RESULTS TO THEORETICAL PREDICTIONS

The diffusion equation (Fick's Law) has been solved to predict
the gas diffusion out of stationary bubbles, bubbles with fluid or rigid

(surfactant coated) surfaces rising irrotationally under their own
buoyancy, and bubbles in isotropic, turbulent flow. The solutions for

irrotationally rising bubbles are limited to small bubbles whose

terminal velocities are well-predicted by Stokes' Law, typically 160 gm
in diameter or less for air bubbles in water. For bubbles suspended in

turbulent flow, the local flow around the bubble is usually assumed to
be Stokes-like. The diffusion rates may be non-dimensionalized in the

form of a Nusselt number which compares the mass flow rate out of
the bubble to the flow rate caused by molecular diffusion alone.

16



Nu = - .) (12)
4XRD(ca -c.

in which -dmldt is the mass transfer rate out of the bubble, R is the

radius, D is molecular diffusivity and (c, - c.) is the difference in
concentration potential.

The Nusselt number (Nu) for rising bubbles is typically

dependent on the Peclet number (Pe) which compares the bubbles'

convective diffusivity (UR) to its molecular diffusivity (D).

URPe = - (13)
D

The velocity used to define the Peclet number depends on the
flow regime of interest. For bubbles rising at terminal velocity,

e _UrR SR
DPe = U = Lt (fluid surface bubbles) (14al)

D 3v

UT = L (rigid surface bubbles) (14a2)
91)

in which UT is the terminal velocity.
For bubbles suspended in turbulence,

= U. = Re(14b)

in which Ue is a turbulence velocity scale and e is the local energy
dissipation rate.

Various relationships between the Nusselt and Peclet numbers
have been derived or measured. For stationary bubbles which dissolve
purely by molecular diffusion, Epstein and Plesset (1950) derived the

result

Nu = 1.0 (Pe = 0) (15)
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For small, fluid surface bubbles rising at terminal velocity, the relation
derived by Levich (1%2) is

( 2) 112

Nu = J _ Pe4'2  (16)

For similar bubbles with rigid surfaces, such as surfactant coated

bubbles,

Nu = (1.)eI (17)

Batchelor (1980) derived a theoretical prediction for mass

transfer from a rigid surface bubble or particle suspended in locally
isotropic turbulence,

Nu = 0.55Pe"' (18)

He shows that if the bubbles or particles are about the same size or
smaller than the smallest turbulent eddy scales, the only fluid motion
that contributes to the mass transfer is the relative motion of the fluid

near the bubble or particle surface during eddy straining from vorticity.

Induced velocities from density differences or accelerations contribute
to dissolving only if there is a net component of these velocities
parallel to the average vorticity direction. Because small eddies are

often statistically isotropic even in globally non-isotropic flows, the
bubble- or particle-induced velocities do not affect the dissolving rates

averaged over time. Consequently, the mass diffusion depends only
on the straining rates of the small eddies. For rigid surface bubbles or
particles, Batchelor shows that the resulting Nusselt number from eddy

straining depends on the cube root of the Peclet number. For fluid
surface bubbles or droplets, Gupalo and Ryazantsev (1972) show that

eddy straining diffusion results in a Nusselt number that is
proportional to the square root of the Peclet number,

18



NUa Pe 2  (19)

If the bubbles in this experiment are similar in size to the small
scale eddies in the pipe flow, and these eddies are roughly isotropic,

then Equation 19 will best approximate the Nusselt number result for

pipe flow dissolving.
The measured spectra of Figure 6 show no dear dependency of

dissolving rate on bubble size as evidenced by the parallel shift of the

intake and exhaust spectra. From the definitions of the mass transfer
coefficient, Nusselt number and Pedet number in Equations 4, 12 and

14b, it can be shown that the Nusselt number must vary with the Peclet
number to the one-half power for the observed bubble dissolving rate
to be independent of size as observed in the present experiment. Hence

the results support the theoretical relation of Equation 19 for mass
transfer from fluid surface bubbles.

The data can be reduced into a non-dimensional Nusselt

number using the Peclet definition given in Equation 14b and using
the previously discussed square root relationship. The empirical result
is

Nu = O. 12Per./2  (20)

This equation is listed in Table 2 for comparison to the Nusselt

numbers of stationary and rising dissolving bubbles. The results are
also plotted in non-dimensional form in Figure 8 over the range of

bubble radii actually measured.

Although the results show the mass transfer coefficient to be
roughly independent of size as predicted by Equation 19, the
magnitudes of the coefficents are not much greater than those of the

other dissolving regimes listed previously. They are in the same range

as the coefficients for bubbles buoyantly rising at terminal velocity. See
Table 2. This is unexpected because one would assume the turbulence

in the pipe would significantly increase the mass transfer rate over that

of a rising bubble. An explanation for the lower diffusion rates in the

pipe flow is bubble rotation. The rising bubble prediction assumes no

19



bubble rotation. Any rotation will "wrap" the diffusion boundary layer
flow around the bubble and reduce the flushing action of the local
external flow. This suppression of diffusion by rotation was
mentioned in Reference 4 regarding particle diffusion in a turbulent
stream. If a particle were settling in a still tank, the diffusion from the
particle would decrease with the addition of gentle mixing and
subsequent particle rotation. The diffusion would go through a
minimum as the mixing began and the flux would change from that
predicted by Equation 17 to that predicted by Equation 18 This is

difficult to prove without more experimentation but qualitatively the
present results would support that idea.

Another interesting result from the Nusselt number
formulation is that the measured numbers are less than unity at the
lowest Reynolds number tested, yet the Nusselt number for the slowest

dissolving regime, molecular diffusion, is unity. The reason for the
discrepancy is believed to be surfactant contamination. Trace
surfactants will adsorb onto a bubble's air interface and occupy sites on

the bubble that would otherwise be occupied by water molecules. As
the surfactant molecules pack more tightly at higher concentrations,
they form patches or micelles that reduce the area through which
dissolving can occur. Over a wide range of surface densities of
surfactant molecules, the bubble surface area available for diffusion can
be significantly reduced yet still remain mobile. The point at which the

bubble surface becomes a rigid skin represents a very high surfactant
density on the surface. Any surfactant contamination in the water
could reduce the dissolving rate proportional to the reduced surface
area available for mass transfer.

A cursory check of the surfactants in the water was made by
blowing bubbles into a sample of the tunnel water and seeing how long
a bubble would last on the surface. In clean water, a bubble will burst
almost immediately, whereas in contaminated water a bubble may last

for several seconds. The bubbles in this case lasted between 1 to 7
seconds which indicates that the water was not surfactant-free. Also,
previous measurements of bubbles dissolving via molecular diffusion
in similar water resulted in Nusselt numbers around 0.5 to 0.7, not 1.0

(Reference 10). The minimum Nusselt numbers in Figure 7 in the

20



present case are about in this range, hence surfactants are believed to
cause these latter numbers to be lower than expected.
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CONCLUSIONS

Bubble dissolving in a turbulent flow can be adequately
measured with an out-and- back type pipe arrangement using a single

bubble detector. The mass transfer coefficient for the bubbles can be
determined and the variation of this coefficient with bubble size can be

resolved.
The mass transfer coefficient is independent of bubble size in the

20gm to 170gm diameter range. Consequently the mass transfer

Nusselt number varies with the square root of the turbulent Peclet
number.

The mass transfer coefficient increases with the flow Reynolds
number and the values are similar, at Reynolds numbers of 104 to 105,
to theoretical mass transfer coefficients for buoyantly rising bubbles that

are the same size. However the measured values may be low because

of surfactant contamination.
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