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ABSTRACT

A properly dispersed population of small bubbles can mitigate cavitation damage to a spallation neutron
source target. In order to measure such a bubble population an acoustic device was developed and
implemented in a mercury loop at ORNL. The instrument generated pulses of various frequencies and
measured their acoustic propagation in the bubbly medium. It then deduced sound speed and attenuation
at the various frequencies and used an inverse problem solver to provide near real-time measurements of
bubble size distribution and void fraction. The measurements were then favorably compared with an
optical method.
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INTRODUCTION

The Spallation Neutron Source (SNS) is an accelerator-based neutron source in Oak
Ridge, Tennessee, USA. This facility (currently operating at 1 MW) provides the most
intense pulsed neutron beams in the world for scientific research and industrial
development [1]. Pulsed proton-beam-induced heating of the SNS mercury target
creates pressure waves that lead to the formation of cavitation bubbles in the mercury
flowing at 24 L/s in a stainless steel vessel. A picture of the target vessel is shown in
Figure 1 and a cross-section view of the target vessel showing the mercury flow
direction is shown in Figure 2. As indicated by the arrows in the sketch, the mercury
makes a 18092 turn against the front face of the target where the two inlet flows
combine and return back through the larger center channel. The Reynolds number of
the inlet bulk flow (12 L/s on each side) is 2x10°. Cavitation erosion of the mercury
container walls caused by violent collapse of the cavitation bubbles has been observed
by post-irradiation examination of the first SNS targets. Target number 3 at ORNL
reached its end of service lifetime unexpectedly, probably due to the cavitation damage

[2].

Figure 1. Picture of the SNS target vessel at ORNL.
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Figure 2. Cross-section view of the SNS target vessel with arrows indicating direction of the
mercury flow.

Although the current power level of 1 MW is sufficient for the present demands of
neutron scientists, higher power operation will eventually be required, and the
cavitation erosion damage should become worse. Studies had shown that the cavitation
damage could be mitigated by physically modifying the boundary surface of the body,
such as adding a porous layer [3] or adding grooves to the surface [4]. Another
cavitation damage mitigation method is to modify the flow by injecting gas into the
target in order to mitigate the pressurization/cavitation effects. It was demonstrated
numerically that a bubbly mixture can impedes the growth and collapse of bubbles [5],
and thus can reduce the cavitation damage. Experimental studies have also shown that
small gas bubbles and sufficient void fraction can work to diminish the damaging effects
of the pressure wave that results from the deposited beam energy [6][7]. Multiple
mechanisms involving various sizes of gas bubbles may mitigate cavitation damage
erosion. Okita [8] showed that bubbles with radius less than 100 um will attenuate
pressure waves through absorption. To this end, engineers from various organizations
have developed diverse types of bubble generators intended to meet the challenge
associated with the non-wetting of mercury to common durable materials [9].

However, evaluating performance of these bubblers is difficult since mercury is opaque.
Diagnostic development for measurement of bubble size distribution and void fraction
has been conducted in parallel with micro-bubble generator development. Several
techniques have been attempted to-date to obtain bubble size distribution information;
these techniques include photography- and radiography-based methods as well as
acoustical methods based on scattering, attenuation, and dispersion, etc.
[10][11][13][15]. Acoustical methods are inverse methods, relying on the fact that
bubbles have a strong effect on the propagation of acoustic waves. The acoustical cross-
section of a bubble is three to four orders of magnitude greater than its geometrical
cross-section [11] . Acoustical techniques are relatively simple, and applicable to large
liquid samples and to optically non-accessible media, which is of particular importance
for bubble population measurement in mercury.

Previous acoustical and optical techniques measurements differed sometimes widely,
for instance Reference [12] reported that the acoustical method could over-predict the
bubble population density by as much as two orders of magnitude at small radii, and
under-predict it significantly at larger radii. The error lies in the procedures used to infer
the bubble population from the measurements. Using a set of effective equations,
derived by taking the limit of the complete equations of motion to small bubble volume
fractions [13], a dispersion relation for bubbly fluids was developed by Commander and
Prosperetti [14]. This relationship was used to obtain the attenuation and phase
velocity for given bubble populations and was compared very favorably with
measurements. The method was reported to be valid for dilute solution not exceeding
1% to 2% of bubble volume fraction [14].The problem faced in the solution of these
equations is that they are ill-posed, small errors in the measurement data have large
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effects on solution. An inverse solution method based on linear optimization was
developed in [16][17] and successfully implemented in the ABS AcousTiC BUBBLE
SPECTROMETER °. This ABS instrument was used in the present study, and measured the
attenuation and phase velocity of transmitted acoustic wave pulses as a function of the
wave frequency and then used the inverse procedure of [16] to deduce the bubble size
distribution. The measurement results were then compared against an indirect optical
technique used by ORNL/SNS.

EXPERIMENTAL SETUP

The ORNL Multi-Bubbler Test Loop (MBTL), shown in Figure 3, was designed and built
for the purpose of testing various bubble generators and subjecting the bubbly mercury
to a proton beam prototypical of SNS intensity. Prior to the in-beam testing, the bubble
generators were tested to evaluate the quantity of bubbles smaller than 150 um they
produce. The MBTL had a 48x22 mm? rectangular flow channel with a stainless steel
wall of thickness of 3 mm. It was fitted with two diagnostic devices: 1) a module for
acoustic measurements composed of two pairs of acoustic elements (an emitter
hydrophone and a receiver hydrophone separated by 22 mm), which were installed at
the same location where the proton beam was to impinge in the subsequent testing at
Los Alamos, and 2) a transparent horizontal glass viewport located 1.12 m downstream
and above the location of the ABS hydrophones. Since the optical technique required a
horizontal window, it had to be removed to another location. However, the measured
bubble sizes were adjusted for surface tension and static head effects. Coalescence
and/or breakup of the bubbles as they moved from the test section to the viewport
were neglected.

Camera
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Figure 3. Experimental setup of the Multi Bubbler Test Loop (MBTL) at ORNL. The loop can
accommodate various bubble generator modules and can measure bubble size distributions
simultaneously using acoustical and optical methods.

For the optical measurement, an Olympus ISpeed-2 high speed video camera was used
for filming the bubbles deposited on the glass viewing window. The camera had a
resolution of 600 by 800 pixels at 1,000 frame/s.

For the acoustic measurements, two pairs of hydrophones, one with 50 kHz resonance
frequency and the other with 150 kHz resonance frequency, were designed, built, and
installed in the MBTL. A schematic of the setup is shown in Figure 4. The two pairs of
hydrophones operated at different frequency ranges to achieve wider frequency
coverage and therefore to detect optimally a wider range of bubble sizes [15]. A
programmable multiplexer was used to route the signals to the appropriate
hydrophones based on the desired frequency. A high pass filter was also used to
eliminate the low frequency background noise due to the pump.
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Figure 4: Experimental setup of the acoustic measurement device used in the present study. A
twin-set hydrophones with two different operating frequency ranges (centered at 50 kHz and
150 kHz) were used to expand the bubble size measurement range.

A control system was built to control the mercury flow rate of the MBTL and the gas
injection rate supplied to the bubble generators. The bubble size distribution data were
collected after the flow reached a steady condition and multiple measurements were
recorded for each test flow condition to compare the two measurement methods.

OPTICAL TECHNIQUE

The high-speed video camera was positioned on a translating stage so that its 7.5 mm
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x10 mm field of view laid within the 5 cm x17 cm glass viewing window. Eight
centimeters of extension tube between the lens and the camera body created a macro-
zoom effect to achieve the desired magnification at a 6.4-cm working distance.

For each desired test flow condition, steady state bubble population was first achieved
within the flowing mercury by running each bubbler for 10 minutes, and then the pump
was tripped. After stopping the flow, the bubbles in the sampling volume rose to the
window surface of the view port due to buoyancy. The video was initiated coincident
with the pump trip and the proceeding settling transient during which the entrained
bubbles rose to the glass window was recorded. Due to stronger buoyancy, and
therefore higher terminal velocities, the largest bubbles rose first, and after a couple of
minutes of settling, almost no change to the image was visible. Figure 5 shows a sample
image of bubbles deposited on the MBTL glass viewing window. The bubbles with a
radius of less than 150 um were of most interest, since the mitigating effect on
cavitation is expected to be effective in this range. Using the transient settling
technique, the actual average bubble population in the sample volume was then
deduced from the digital images by measuring, sorting, and counting the bubbles that
settled on the viewport. This sample volume size is equal to the area of the observed
field of view (75 mm?) times the depth of the mercury below the glass (25 mm). The
resolution of the photos that were post-processed from the video was 800 by 600 pixels
giving a pixel size of 12.5 um.

Figure 5: A sample image of the bubbles deposited on the horizontal glass viewing window
two minutes after the pump was tripped.
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After all bubbles had settled on the glass, a direct measurement was taken of the radius
of the circular profile of attachment, r,,q;. A contact angle, =130 °, was assumed based
on measurements of the triple angle of helium, mercury, and glass, into a spherical

dome-like geometry [9].

By conserving the volume between the attached spherical dome and the original free
bubble, the free bubble radius can be calculated as:

1
2 —3cos(m—0) + cos3(m— )]? (1)
Trree = . Twall »
4sin3(m — 6)

This gives the coefficient 0.572 in front of r,; for the 130 °contact angle assumption.

A second correction is made to the bubble radius to account for the difference in gas
pressure within the bubble P = (Pxs+2/r) between the attached bubble location and the
free bubble located 0.62 m beneath the viewport window. Here, P,s is the absolute
hydrostatic pressure in the mercury surrounding the bubble and yis the surface tension
of mercury. Py also depends on the atmospheric pressure which is different between
Oak Ridge National Laboratory located in Oak Ridge Tennessee (260 m elevation above
sea level), and the in-beam testing location at Los Alamos National Laboratory, located
in Los Alamos, Mew Mexico (2230 m above sea level). By conserving mass between the
attached location and the free bubble location during the beam test, the ideal gas
proportionality was used to solve for the nonlinear adjustment to the radius:

PuaiVwau = PinbeamVinbeam (2)

which yields a cubic equation in r:

(Phs_wall + ZV/Rwall)(Rsvall) = (Phs_inbeam + zy/rinbeam) (riflbeam) (3)
Where:

Ryau = Si:;ZVTaile) (4)
This transcendental equation was solved iteratively for the ratio rippeam/fwen at each
measured value of r,q; and the ratio multiplied on to the first geometric factor of 0.572
to make the final adjustment to the bubble radius. Therefore, two nonlinear corrections
are made to the measured bubble radius in order to infer the entrained bubble size at
the test section, i.e. acoustic measurement location. As an example, a bubble with a one
pixel diameter (12.5 um) measured on the window at the top of the loop, is calculated
to have a 2.5 um radius at the acoustic measurement location.
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ACOUSTIC BUBBLE SPECTROMETER PRINCIPLES

The principle of operation of the acoustic bubble measurement spectrometer is based
on the fact that bubbles have a strong effect on the propagation of acoustic waves [14]-
[19].

Flow dynamics in the bubbly medium satisfies the following continuity and momentum
equations:

op
—+V-(pu)=0,
5 TV(pu)
p@ =—Vp+uV2,
Dt (5)

where pand uare the density and viscosity of the bubbly medium respectively and 5|j
is the Kronecker delta. The density and viscosity of the equivalent medium are
connected to the liquid and gas densities, iy liquid and gas viscosities, z4 s L » the

void fraction &, and the bubble size density distribution, n(R), by:

0

4
p=1-a)p,+ap,, p=(1-a)u, +ou, a:j§”R3n(R)dR- (6)
0

The individual bubble dynamics can be described by a Rayleigh-Plesset-Keller-Herring
equation (7):

. . . 3k )
1R R 31- R jre oL R+ pgo(&) —Penc—ﬁ—sjfdr +
Cn 2\ 3¢, pL Cy R R 2T

R d R, ¥ 2y
+Ema[pv+pgo(ﬁ] —Penc—ﬁ :

where ¢, and u,, are the speed of sound and viscosity in the bubbly medium, P,,.and
Uenc are the averages of the pressure and velocity over the surface of the bubble.
A dispersion relation that relates the complex sound speed in the mixture, C,, to the

(7)

sound speed in the liquid, C;, as a function of the bubble distribution can be derived as
follows, with i being the imaginary unit, @y the natural frequency, @ the forcing
frequency and bthe damping constant [14][16]:

2
C . C 2 [ Rn(R)
2 —u-iv, — | =1+4rc dr. 8
C, (cmj ract af —a? + 2ibe ®

This integral equation can be decomposed to obtain two equations for:
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2 2
-o° )R
u? —v2 —1:47:05]32 (a)o - ) n(R)dR,
& (a)g—a)z) +4b%0? (9)
w = 4ﬂc|zfa2 boRN(R) g

A (cog' — 0’ )2 +4b2w?

The quantities Uand Vcan be obtained by measuring the phase velocity, C,,, and the
attenuation, A, of the acoustic wave in the bubbly medium. C,, is related to U, and A is
related to V respectively by:

Cy b A=20Ioglo(e“”’q ) (10)

With these measured quantities, it is possible to obtain the bubble size distribution and
void fraction by solving an inverse problem.

Notice that the two integral equations in (5) are Fredholm integral equations of the first
kind with analytic, compact kernels, and are consequently ill-posed. Such an inverse
problem is difficult to address as small variations in the measured quantities may result
in large variations in the sought bubble size distribution. An inverse solution method
based on linear optimization [16] can successfully tackle such an inverse problem and
yields a superior solution that can support a fine resolution of the bubble density
distribution with minimal spurious oscillations.

Figure 6 shows a schematic of the setup and operation of the ABS acoustic instrument
using the inverse problem solution. It consists of a set of two hydrophones, one for
acoustic signal transmission (emitter) and the other one for signal reception (receiver).
A PC-based high-speed multi-functional data acquisition (DAQ) card is responsible for
both generating the signals to drive the emitter and digitizing the received signals from
the receiver. A signal amplifier is used to boost the received signals and a filter is used to
remove unwanted background electrical as well as mechanical noise. The acoustic
instrument sends a series of short bursts (5 to 10 cycles) of monochromatic signals of
increasing frequency, f, to cover the useful range of the combined emitter-receiver
hydrophones used. Utilizing advanced algorithms, the received signals are compared
with the emitted signals to obtain frequency dependent sound speed ratios, u(f), and
attenuations, v(f), which are then used to deduce the bubble size distribution, n(R), by
solving the inverse problem [15]. Each transducer is only operated within its bandwidth,
which results in minimal distortion of the signal except at the start and end of the burst
where transients are present. These are handled in the analysis of the signals: the
signals are windowed and filtered to only keep the frequency components of the
imposed signal. The same procedure is applied to both reference signals (before the gas
bubbles are introduced in the flow) and test signals (after the gas bubbles are added).
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Only the ratios of the sound speed and the attenuation at a given frequency between
the reference signal and the test signal are needed to solve the inverse problem. More
details about the signal analysis in ABS can be found in the references [15] to [18].

All measurement operations, such as data acquisition, analysis, and results display are
user-controlled with a Graphical User Interface.

Computer
ABS Software ABS Hardware
User Inputs Hardware | Signal
> Control > Generation > >
Signal Data
i isiti o 2 (o}
GUI Analysis Acquisition o 9o
- J, T 2 ool
e R S Ve ®
ki e . Signal
R B!“bb.le S_lze Conditioning
I||.., I|||||||I - Distribution 2 <
ABS Outputs| Inverse Solver ¢ ' | Amplification

Figure 6: Schematic of the operation flow chart of the acoustic bubble measurement technique

[15].
BUBBLE GENERATORS

Three types of bubble generators were used in this study and their performance were
evaluated based on the bubble size distribution measurements presented here.

Square Inlet Orifice Bubble Generator

A square inlet orifice micro-bubble generator was developed at ORNL and involved
injecting gas at thick-walled orifices located on the bulk flow inlets, as shown in Figure 7
[2]. The orifices had each a 0.5 mm hole surrounded by eight square teeth with 2.3 mm
sides, which provided small top areas (thickness x width) for gas injection that were
subjected to high shear stress by the mercury flowing past. This induced intense
turbulent regions and cavitation in the vicinity of the injection which were effective in
breaking down the bubble sizes.

10
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Air injection tooth
Air injection inlet

Bulk flow channel

Air injection orifice

Figure 7: Sketch of the square inlet orifice bubble generator (left) and a picture focused on the
air injection teeth with the orifices shown (right).

The idea was to inject gas to the top of the tooth into the region of very high shear
stress and low pressure. The gas supply pressure was adjusted to meet a specified mass
flow rate, which was varied to obtain the desired bubble population. Flow rates
between 16 and 160 sccm (2 — 20 sccm per tooth) gave the best performance. The size
of the port through which the gas was fed was not actually very important, since the gas
tended to spread along the non-wetted wall. The advantages of injecting the gas at the
top surface are threefold:

The sharp external corners of the tooth provided an edge that stopped the slide of the
contact line and promoted formation of small-scale turbulent structures.

The tooth induced a local peak of wall shear stress and turbulent energy and dissipation
just off of the wall that served to break down the bubble.

The local static pressure was significantly reduced by 3 bar as the mercury flowed past
the edge of the tooth (velocity near 7 m/s) so that the bubble size was initially inflated.
It was then broken down by the turbulent flow and shrunk down as the pressure
recovered downstream. This lower pressure also pulled the gas away from the wall,
promoting earlier bubble separation.

11
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The bubble generator injected gas through the orifices in the teeth and choked-flow was
established on each tooth to achieve desired gas-to-mercury fraction by varying the gas
injection rate.

DYNASWIRL Bubble Generator

Another type of bubble generator used in this study was developed by DYNAFLOW and
exploited the very low pressures present in the rotating flow generated by a swirl nozzle
[19].

As illustrated in Figure 8, this nozzle consists of two concentric cylinders with an exit
orifice on the axis. The diameters of the inner and outer swirl chambers were 35.1 and
52.6 mm respectively. The fluid was introduced in the space between the two cylinders,
entered the inner cylinder through tangential slots, and exited through the orifice
centered in one of the inner cylinder end plate. This configuration created a strong
vortex and thus a very low pressure region at the center of the vortex core, which
generates very fine cavitation bubbles. The swirl bubble generator is capable of
generating bubbles without gas injection; however the void fraction can be increased
significantly with gas injection into the cavitation core. In this study, as for the other
generators, helium gas was injected and the measured bubbles were always helium gas
bubbles.

Outlet orifice
Inflow

Figure 8: Sketch of the swirl chamber of the DYNASWIRL swirling flow bubble generator [19].

Double Mitered Bend Bubble Generator

The third type of bubble generator used in this study was a double mitered bend bubble
generator also developed at ORNL (see Figure 9). It had a tube diameter of 22 mm and
an offset of 76 mm between the straight sections. The double mitered bend was
designed to force the mercury flow into a high-velocity stream (5.5 m/s) impinging at

12
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the gas injection location at the inside corner of the second bend. The geometry of the
flow passage was three equal-diameter cylinders welded at two 90-degree mitered
joints. The bubbler was scaled down from a piping system that was known to have
strong cavitation and bubble production.

L
ﬁ_‘

Section

Gas Injection

Mercury
Flow

381 mm

Figure 9: Sketch of the double mitered bend bubble generator

EXPERIMENTAL RESULTS

Measurements of bubble size distribution and void fraction for each type of bubble
generators were conducted concurrently using both the acoustic and the optical
methods. For acoustic measurements, the physical properties of mercury and helium
gas were used as input to the acoustic measurement system to obtain the bubble size
distributions. The mercury flow rate and the gas injection rate were systematically
varied to evaluate the performance of the bubble generators. For both measurement
techniques average quantities were measured and no account was made of
inhomogeneities of bubble size distribution between the bulk and the wall flows.

Comparison of Acoustic and Optical Measurements

Bubble density distributions from the acoustic and optical methods were compared to
validate the acoustic measurements. Figure 10 shows an example comparison of the
bubble density distributions for the square inlet orifice bubble generator with mercury
flow rate of 0.96 L/s and helium gas injection rate of 40 sccm (standard cubic
centimeters per minute). As the figure shows, the density distribution from acoustic

13
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measurement agrees well with the optical measurement, and the majority of the
bubbles measured from both acoustic and optical method are less than 100 um. The
acoustic measurements show slightly higher number of bubbles smaller than 50 um,
while the measurements with the optical method give slightly higher numbers of bubble
sizes larger than 50 um, this is partly due to the fact that the acoustic method measured
the actual unsteady distributions, while the optical measurement was performed
further downstream after stopping the flow and waiting for bubbles to rise to the
viewing window. The same bubble radius bin size with equal bubble interval was used
to plot the data from both acoustic and optical measurements; however when there
was no data in a specific bin, no data point is shown in the graphs.
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Figure 10: Bubble density distributions from acoustic and optical measurements of bubble
population generated from the square inlet orifice bubble generator at a mercury flow rate of
0.96 L/s and a helium gas injection rate of 40 sccm.

Another comparison between the acoustic and the optical method is shown in Figure 11
for the swirling flow bubble generator. The measurements in this figure were conducted
with mercury flow rate of 0.88 L/s and helium gas injection rate of 20 sccm. Here too,
the density distribution from the acoustic method agrees well with the optical
measurement, and the majority of the bubbles measured from both acoustic and optical
method are less than 100 um. The measurements from the optical method give higher
numbers for bubble sizes larger than 50 um, which again seems to indicate that the
acoustic measures the actual unsteady distributions while the optical measurements,
which wait for the bubbles to rise to the glass surface after stopping the flow, may have
favored coalescence and collection of larger bubbles.
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Figure 11: Bubble density distributions from acoustic and optical measurements of bubble
population generated by the swirling flow bubble generator at mercury flow rate of 0.88 L/s
and helium gas injection rate of 20 sccm.

A comparison of bubble density distribution for the double mitered bend bubble
generator is shown in Figure 12. The measurements were conducted with mercury flow
rate at 1.25 L/s and helium gas injection rate at 10 sccm. Measurements from both
diagnostics indicate that the majority of the bubbles generated by the metered bubble
generator are less than 80 um, slightly smaller than the other two bubble generators
and that the two methods agree with each other very well.
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Figure 12: Bubble density distributions from acoustic and optical measurements of bubble

population generated from double mitered bend bubble generator at mercury flow rate of
1.25 L/s and helium gas injection rate of 10 sccm.
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The void fraction of the bubbly flow can be mathematically deduced from the bubble
size distribution. Figure 13 shows the variations of the void fraction with the flow rate of
the injected helium for the square inlet orifice bubble generator. Each symbol
represents a measurement set and the dashed line is the trend line of the average void
fraction. Since the acoustic measurement results can be obtained near real time, several
measurements are shown for each condition and compared with the optical
measurement results. The optical measurements were repeated only for the helium
injection rate of 160 sccm and had shown similar scatter in the results as the acoustic
measurements. As shown in the figure, the void fractions calculated from the acoustic
measurements and those from optical measurement have comparable values. However,
the acoustical method indicates that the bubble distributions in the facility are far from
uniform as confirmed with the repeated optical measurements at 160 sccm. Note that
under all conditions, the void fraction is less than 0.012%, way below the upper limit for
the application of the acoustic waves propagation theory [14].
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Figure 13: Void fraction variation with the injection rate of helium for the square inlet orifice
bubble generator for a mercury flow rate at 0.96 L/s. The dashed line is a trend line of the
measurement data.

Performance Comparison of the Bubble Generators

After validating the acoustic technique in mercury, acoustic measurements were used to
evaluate the performance of the bubble generators. Figure 14 shows the variation of
the bubble size distributions with rate of injection of helium for the square inlet orifice
bubble generator at mercury flow rate of 0.96 L/s. As shown from the bubble size
distributions, the number of bubbles smaller than 150 um increases with increased
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helium gas injection rate. At the same time more and more bubbles larger than 150 um
appear as the helium gas injection rate increases, as shown in Figure 14.
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Figure 14: Variation of bubble size distribution with the injection rate of helium for the square
inlet orifice bubble generator. The dashed lines are trendlines to visualize the trend of bubble
size distribution.

Bubbles as large as 380 um were measured. The measurements seem to indicate two
bubble size distribution trends. One trend is for bubble sizes less than about 90 um,
which appear to follow a classical statistical distribution of the shape n(R)“R'B [20][21]
with B = 2.5 in this case. The second trend is for bubble sizes larger than 90 um where
the density distribution is almost independent of the bubble size and increases with the
gas injection rate. To reflect the distinct trend, a dashed trend line is also plotted.

Figure 15 shows the variation of the bubble size distributions with the helium gas
injection rate for the swirling flow bubble generator. The mercury flow rate was 0.88
L/s. The number of bubbles smaller than 50 um increased with increasing helium gas
injection as for the square inlet orifice bubble generator. However, the largest bubble
sizes measured for the swirling flow bubble generator was less than 180 um and the
amount of bubbles larger than 100 microns was very limited. This is due to the design
characteristics of the swirl bubble generator which had an internal bubble sizing control
scheme that filtered out bubbles with sizes larger than a preset threshold size [19], this
mechanism worked as expected in the study.

The variation of bubble size distributions with helium gas injection rate for the double
mitered bubble generator is very close to those of the swirling flow bubble generator in
that the largest bubbles detected by the acoustic instrument was less than 180 pum,
although the mercury flow rate required was 50% higher (1.25 L/s). This is illustrated in
Figure 16. For both the swirling flow bubble generator and the double mitered bubble
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generator, we also observe a dual trend of bubble density distribution but the bubble
size at the transition between the two trends is lower for these two generators than for
the square inlet orifice bubble generator and is about 60 um.
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Figure 15: Variation of bubble size distribution with the injection rate of helium for the swirling
flow bubble generator. The dashed lines are trendlines to visualize the trend of bubble size

distribution.
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Figure 16: Variation of the bubble size distribution with the injection rate of helium for the
double mitered bend bubble generator. The dashed lines are trendlines to visualize the trend
of bubble size distribution.

When compared at the same injection flow rate of helium, the square inlet orifice
bubble generator generates more bubbles in both small and large bubble size ranges at
all gas injection rates, as shown in Figure 17 through Figure 19, in which the average
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data obtained from the acoustic measurement were used for generating these plots.
The swirling flow bubble generator has the least number of bubbles larger than 100
microns among the three bubble generators studied. At an injection flow rate of 10
sccm, as shown in Figure 17, the swirl bubble generator has a larger number of bubbles
smaller than 50 um than the double mitered bend bubble generator. With the increase
of the air injection rate, the double mitered bend bubble generator produces more
bubbles both small and large than the swirling flow bubble generator generates, as
shown in Figure 18 with gas injection rate at 80 sccm.
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Figure 17: Comparison of bubble size distributions for the three bubble generators (swirling

flow, square orifice and double mitered) with helium gas injection rate at 10 sccm.
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Figure 18: Comparison of bubble size distributions for the three bubble generators (swirling
flow, square orifice and double mitered) with helium gas injection rate at 80 sccm.
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Figure 19: Comparison of bubble size distributions for two bubble generators (square orifice
and double mitered) with helium gas injection rate at 160 sccm.

CONCLUSIONS

To mitigate cavitation damage in pulsed mercury spallation targets at Oak Ridge
National Laboratory, an injected population of small bubbles dispersed in the mercury
can be used to absorb the pressure pulse energy. Various bubble generator designs
were studied in a dedicated flow loop to assess their capabilities of generating the
desired bubble size distribution. Due to the opacity of the mercury and difficulty to use
optical techniques an acoustic instrument was developed, fabricated, and used in the
ORNL MTDL mercury loop to measure bubble size distributions and void fractions in
near real time. An indirect optical technique developed at ORNL was also used to
conduct measurements and its results were compared to the acoustic instrument
results. Measurement data of bubble size distributions and void fractions from both
optical and acoustical methods showed good quantitative agreement and indicated that
the ABS Acoustic Bubble Spectrometer can be utilized for bubble size distributions and
void fraction measurements for application in mercury.

Systematic acoustic measurements were conducted to assess the performance of three

different types of bubble generators at different flow conditions. Measurement data
showed that the square inlet orifice bubble generator can generate more bubbles than
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the other two bubble generators used in this study. However it also created a greater
number of bubbles larger than 150 pm, which is the threshold of the maximum
desirable bubble sizes suitable for shock mitigation. On the other hand, the DYNASWIRL
swirling flow bubble generator had similar bubble size distributions as that the double
mitered bend bubble generator, and generated bubbles in a narrower range, with the
majority of bubble radii being smaller than150 pum.
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NOMENCLATURE

o void fraction
c sound speed
Yo, density

Y7, viscosity

Q]

acoustic excitation forcing frequency
o) bubble natural frequency
b

acoustic damping constant
N(R) bubble size density distribution
Uenc  average velocity over the surface of the bubble
A attenuation,

P..c  average pressure over the surface of the bubble
R bubble radius

Subscripts:

g gas phase

| liquid phase

m equivalent medium
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