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A sphere falling in a fluid may collide with another sphere falling more slowly 
if, when the spheres are far apart vertically, the horizontal distance between 
their centers is less than or equal to a critical radius. Accurate prediction of 
aerosol particle coagulation requires a good understanding of this process. Pre- 
viously reported optical techniques for measuring hydrodynamic effects on this 
phenomenon have inherent difficulties detecting grazing collisions and hence in 
determining the critical radius. In this work, a novel detection technique is 
demonstrated and it is shown that the critical radius may be determined from 
the sound generated by the collision of two spheres in a viscous liquid. The 
technique is shown to provide a more precise and decisive indication of when 
hard spheres collide. 

KEY WORDS: Hydrodynamic effects on collisions; aerosol particle gravita- 
tional coagulation; acoustical detection of collisions. 

1. I N T R O D U C T I O N  

Aerosol particles and incipient rain drops, ranging from about 1 to 100 Ibm 
in radius, will settle at different rates depending on their size, shape, and 
material density. This differential settling may result in particle collisions in 
which the particles stick and/or coalesce to form new larger particles that 
settle faster than their precursors. This so-called process of gravitational 
coagulation is of importance for rain drop formation in clouds and nuclear 
reactor safety studies of radioactive aerosol particle removal. 

In order to avoid the intractable mathematical problems of precise 
modeling of multiparticle gravitational coagulation, the basic phenomenon 
is reduced to the problem of two rigid spheres falling under gravity in a 
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quiescent and unbounded fluid. The particle concentrations are assumed 
low enough such that each pair of approaching spheres is undisturbed by 
the presence of other spheres. 

The objective is to determine the critical radius y~. It is defined as the 
horizontal offset of the center of the lower sphere (with radius r) from the 
vertical line through the center of the upper sphere (with radius R) when 
the spheres are far apart vertically, such that a grazing collision will occur. 
If the upper sphere is initially at a horizontal distance greater than y,., this 
sphere will pass the lower sphere without a collision taking place. If the 
spheres have the same material density, then in general R > r for a collision 
to occur. 

In the absence of hydrodynamic effects, y,. would be given by r + R. 
However, hydrodynamic forces oppose the collision and Yc is less than 
r +  R for most cases of interest. For convenience, a collision efficiency 
is defined to be the area through which the center of ~.he upper sphere 
must pass for a collision, divided by the same area in the absence of 
hydrodynamic effects. Thus, the collision efficiency ~; is defined by 

c (r + R) 2 (1) 

The collision efficiency is less than unity at low Reynolds number (Re= 
2RVp//L, where V is the velocity of the larger sphere, and p and ~t are the 
fluid density and viscosity, respectively). A value of ~:>1 would indicate 
that "wake capture" was enhancing the collision process as the trailing 
sphere experienced less resistance to motion when falling in the wake of the 
leading sphere (ref. 25, p. 467, 477). 

Much theoretical work has been reported on determining the collision 
efficiency. Exact solutions of the Navier-Stokes equations for the two- 
sphere problem are available in the limit of Re ~ 0 (refs. 30, 5, 20, 22, 23; 
ref. 25, p. 636). However, in this limit, which is given by Stokes' approxima- 
tion, the two spheres should never come in contact with each other, due to 
the so-called lubrication forces at the small gap between the spheres. 

In reality, aerosol particles do touch and agglomerate. Therefore, 
for gravitational coagulation, a more complete description is needed than 
that given by Stokes' approximation of the Navier-Stokes equations. 
Recognizing the limitations of Stokes' approximation, theorists have 
considered three other effects in describing the gravitational coagulation. 
First, rloncontinuum effects for the interstitial fluid when the gap 
between the particles becomes very small have been included in some 
calculations. (9, 16, 14) 

Second, as the gap between particles becomes very small, surface 
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deformation (27) and van der Waal forces may become important. Izs~ 
Davis ~7) and Wen and Batchelor, 134) using the expressions for the pairwise 
interaction of particles in Stokes flow developed by Batchelor, (3) considered 
the effects of attractive van der Waals forces on particles of arbitrary size 
and density. Davis tT) showed that these forces have a greater influence 
in promoting the collisions of small particles in clouds than does non- 
continuum flow. 

Finally, inertial forces cannot be ignored in the inherently unsteady 
problem describing the motion of two spheres approaching each other, 
even if the Reynolds numbers of the spheres in isolation are much less than 
unity. Furthermore, for larger particles with Reynolds numbers greater 
than unity, where Stokes' approximation is certainly invalid, no exact 
analysis is available on determining the hydrodynamic effect. In the two- 
sphere problem, the range of Re in which the Stokes' approximation is 
applicable evidently becomes much smaller than that for a single sphere 
at steady-state velocity. This is emphasized by the experimental work of 
Steinberger etal. ,  ~29~ who observed the motion of pairs of spheres of 
the same size and density falling along their line of centers, in which a 
significant deviation from Stokes behavior was seen at Re as small as 0.03. 

Calculations including approximations for inertial effects have been 
reported. Klett and Davis tj7~ considered the effect of fluid inertia using a 
modified Oseen flow model for small but nonzero Re. Their calculated 
collision efficiencies for particles of density 1.0 g/cm 3 in air were in all cases 
larger than those calculated with Stokesian hydrodynamics. For particles 
similar in size and greater than about 40~m in radius, the collision 
efficiency was predicted to be greater than one. This wake capture could 
produce collision efficiencies near the size ratio r/R of 1.0 that were almost 
two orders of magnitude larger than those predicted by Davis, tgl and near 
the size ratio r/R of 0.5 that were an order of magnitude larger than those 
predicted by Davis. 19~ Lin and Lee ~SJ and Schlamp et aL (26) used numerical 
solutions to the Navier- Stokes equations and the superposition method (in 
which each sphere is assumed to move in the flow field created by the other 
falling in isolation) to estimate the effects of fluid inertia. They predicted 
even larger collision efficiencies than did Klett and Davis (17) when r was 
greater than about 30/~m. 

For many practical applications involving the incorporation of 
gravitational coagulation into computer codes, a simple empirical correla- 
tion is needed. An early calculation of y,. was given by Fuchs, (1~) who 
considered the problem of the collection of small particles by a large, 
stationary sphere. His analysis ignored the disturbance of flow about the 
large particle due to the presence of the smaller particles and hence ignored 
the lubrication forces entirely. Adaptations of Fuchs' original work are 
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embedded in some of the computer codes used for aerosol modeling by the 
nuclear reactor technology community, t24'~~ The expression attributed to 
Fuchs is given by 

3 [  r ]2 
ev=~  R ~ r  (R>r )  (2) 

Pruppacher and Klett (ref. 25, p. 377) modified Fuchs' work in a slightly 
different analysis and obtained 

1 [  r ] ~ 
~PK=2 R~r (R>r) (3) 

Pruppacher and Klett, recognizing the very approximate nature of either 
expression, justified applications of Eq. (3) [which is a factor of three 
smaller than Eq. (2)], since it more closely matches the complicated 
computations by Davis (9) for the collision efficiency for particles largely 
disparate in size. However, when the particles become closer in size, 
Davis' results are yet another factor of three smaller than the results 
given by Eq. (3). 

The wide range in the predictions of collision efficiencies indicates that 
data on the hydrodynamics of two-particle interactions would be useful. 
Especially useful would be the empirical determination of the effects of 
fluid and particle inertia at nonzero Re. Unfortunately, experiments using 
aerosols are impractical because it is difficult to observe trajectories of 
individual particles and almost impossible to set or measure the initial 
horizontal offset of two particles. ~2~) Rather, most aerosol studies give only 
integrated information on collision efficiencies and are subject to errors of 
10-20% (ref. 25, p. 484). Furthermore, studies with aerosols also have dif- 
ficulty isolating the hydrodynamic effect from effects due to turbulence, 
shear, Brownian motion, and surface forces, and also have difficulty in 
accurately measuring particle size. The results to date have been incon- 
clusive; for example, some show the presence of wake capture ~'3~ and 
others show collision efficiencies that are less than one in all cases. (35'41 

An alternate approach to studying aerosol particle gravitational 
coagulation is to use a hydrodynamically similar system of two relatively 
large solid spheres settling in a viscous liquid. The sphere diameters can be 
measured accurately and the other difficulties mentioned previously are 
essentially eliminated. Accurate particle tracking with photography in such 
a system has been reported. (28'15"19) Comparable Reynolds numbers may be 
obtained, but it is very difficult to duplicate the particle/fluid material den- 
sity ratio of aerosol particles in air with a solid sphere in a liquid. However, 
Pruppacher and Klett (ref. 25, p. 467 and 477) have argued that the system 
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is similar as long as the particle/fluid material density ratio is relatively 
large, based on the results by Steinberger et al. at a density ratio of about 
nine. t291 But it is not clear how important it is to match this ratio, and in 
this work, for demonstration purposes, the ratio may be as small as two. 
Even with cautious extension of particle tracking methods to aerosol particles 
or rain drops, detection of a grazing collision and distinguishing that from 
a near miss is virtually impossible by visual means alone. Therefore, a new 
acoustical detection technique was developed to determine when spheres 
collide while falling freely in a liquid. 

2. E X P E R I M E N T  

Experiments have been performed in a large tank of glycerin with 
three pairs of spheres on the order of 1 cm in diameter. (The dimensions of 
the tank and spheres are given in Table 1. The spheres were chosen to be 
as close to spherical as practical for meaningful comparisons with the 
theories, which assume perfect spheres. Obviously, perfect spheres cannot 
be obtained and some surface roughness is unavoidable.) This corresponds 
to the range of aerosol particle Reynolds numbers on the order of about 10. 
A hydrophone (purchased from International Transducer Corporation, 
Model ITC-6065C) mounted at the bottom of the tank is used to detect the 
acoustic wave resulting from a collision. Immersed inside the rectangular 
tank is a cylindrical insert with an inner diameter of 35.6 cm and a height 
of 152 cm. As discussed in Section 3, inserts of various diameters are used 
to assess wall effects. 

The acoustic signals are amplified by a factor of 1000, and band pass 
filtering is used, allowing only frequencies between 0.6 and 10 kHz to be 
recorded on a personal computer-operated data acquisition system. The 
collision signals are typically about 2.5 kHz in frequency. The hydrophone 
has been tested with a small sound source in this frequency range and has 
been shown to be insensitive to the position of the source within the tank. 

The personal computer also controls the initial radial distance between 
the two balls and the timing of their release by a moving-ball dropper. The 
pair of spheres to be tested are loaded via an inclined ramp to set positions 
under the surface of the liquid. Each ball is held there until the release of 
a timed solenoid valve allows it to fall into a guide, which drops it verti- 
cally. The size of each guide conforms to the size of the sphere. The guides 
are positioned with an accurate stepper-motor-driven screw. Software 
controls the motor such that the initial radial offset of the two guides varies 
in precise increments. Increments as small as 1 x 10 4 cm, the limit of the 
stepper motor, can be achieved. The positions can be verified with an 
attached micrometer. Videos of the balls as they were released have verified 

822/62/5-6-5 
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Table I. Summary of Experimental Conditions and Results 

Apparatus dimensions: 
Inner diameter 35.6 cm 
Height 152 cm 

Fluid properties: 
Material Glycerin Glycerin 
Temperature 24.16 __+ 0.35"C 24.79 • 0.17"C 
Viscosity 9.39 P 8.8 P 
Density 1.26 g/cm ~ 1.26 g/cm ~ 

Upper sphere: 
Material Steel Brass 
Density 7.78 g/cm~ 8.52 g/cm ~ 
Reynolds no. (24.16"C ) 13 Not performed 
Reynolds no, (24.79'~C) Not performed 15 
Velocity (24.16"C) 51 cm/sec Not performed 
Velocity (24.79'JC) Not performed 56 cm/sec 
Diameter (2R) 1.91 cm 1.90 cm 
AFBMA grade 25 2tX) 

Diameter tolerance < 3 • 10 4 cm < 3 x 10 ~ cm 
Sphericity <6 .4x10  5cm ~-5• 4cm 
Roughness <3.8 • 10 r cm --'2 • 10 ~ cm 

Lower sphere: 
Material Glass" Sapphire ~' 
Densi|y 2,518 g/cm ~ 3.987 g/cm ~ 
Diameter (2r) 1.27 cm 1.27 cm 
Reynolds no. (24.16"C) 1.9 3,1 
Reynolds no. (24.79"C) 2.0 Not performed 
Velocity (24.16~ I1 cm/sec 18 cm/sec 
Velocity (24.79~'C) 11 cm/sec Not performed 
AFBMA grade 25 25 

Diameter tolerance < 3 • 10 4 cm < 3 x 10 4 cm 
Sphericity < 6 . 4 •  5cm <6:4•  5cm 
Roughness <3.8•  10-6cm <3.8• 10 6cm 

Initial relative velocity 40 cm/sec 33 cm/sec 
with steel sphere (24.16~ 

Initial relative velocity 45 cm/sec Not performed 
with brass sphere (24.79 ~ 

Results: 
Critical radius" 

Lower sphere Glass Sapphire 
With steel sphere 0.67 + 0.03 cm 0.73 ___ 0.03 cm 
With brass sphere 0.69 + 0.02 cm Not performed 

e (collision efficiency) 
Lower sphere Glass Sapphire 

With steel sphere 0.18 _ 0.02 0.21 + 0.01 
With brass sphere 0.19 ___ 0.01 Not performed 

e v = 0.24 
~PK = 0.08 

Purchased from Winsted Precision Ball Company, Winsted, Connecticut. 
b Purchased from General Ruby and Sapphire Corporation, Newport Richey, Florida. 
c The critical radius for all three pairs of spheres did not differ statistically at the 95% 

confidence level. 
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that they do not spin upon release. Video analysis also has confirmed that 
at early times in free flight the radial offset between spheres is within 
0.01 cm of that set with the guides. Errors in the transformation between 
camera coordinates and real-space coordinates are the limiting factor in the 
determination of the positions once in free flight, so that the positioning 
may, in fact, be even closer to that set with the guides. 

Terminal velocity is reached very quickly upon the balls' release. The 
release of the second (larger and faster-falling) sphere is timed so that colli- 
sion will take place in the lower half of the tank to allow a large initial 
separation distance, but not so close to the bottom that end effects are 
significant. (j2~ The spheres are released such that the collision occurs at a 
distance from the bottom that is larger than the radius of the cylindrical 
insert. The initial vertical separation is greater than 50 times the radius of 
the larger sphere to allow for the flow to be fully developed around the 
smaller sphere. 

The testing is fully automatic, with one pair of spheres being lifted 
from the bottom of the tank with an Archimedes screw device, loaded into 
the ball-dropper, released sequentially at known times and distances apart, 
and then, after the recording of data, the same pair lifted again. Because 
the spheres are released in the liquid, the spheres are in thermal equi- 
librium with it. The temperature of the liquid is recorded automatically 
throughout the experiments. Pauses are built into the experimental 
procedure so that disturbances in the liquid caused by any part of the 
ball-dropper loading are allowed to dissipate before releasing the balls and 
obtaining collision data. Besides convenience, the automation is important 
because the acoustic collision signals are very faint. Movement about the 
room or conversation among workers would overwhelm the collision 
signal. To further reduce background noise, the apparatus was set up in 
an isolated building located in a remote field which is several miles from 
traffic. The field is closed to personnel from about 5 : 30 pm to 6:30 am, and 
most of the data were taken during that time interval. 

Because very slight differences in initial conditions can change the tra- 
jectories of the spheres and, hence, whether the two spheres have a grazing 
collision or a near miss, many tests are done at each initial offset. This 
provides a large statistical data base so that the mean critical radius can be 
determined with confidence. Each data collection cycle consists of sphere 
releases over a range of initial offsets, starting from a very small offset, 
where collision is always expected, to a very large offset, where collision is 
not expected. The critical radius Yr, ax for each cycle is defined as the largest 
offset that produced an acoustic collision signal with an amplitude of over 
twice the background noise. 

To date, acoustic signals have been recorded for over 1000 interactions 
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between a steel sphere (I.91 cm diameter) overtaking and colliding with a 
glass or sapphire sphere (1.27 cm diameter) in glycerin. For the third pair 
of spheres, a brass sphere (1.90 cm in diameter) was used to overtake and 
collide with a glass sphere (!.27 cm in diameter). 

Figures 1 and 2 show the data from two typical cycles testing the colli- 
sion between the steel and glass spheres. The x axis is time, measured back- 
ward from when the spheres hit the bottom of the tank. The y axis is the 
amplified and digitized voltage obtained from the hydrophone. The label 
below each signal trace in the figures signifies the cycle number. Cycles 51 
and 54 are shown in Figs. I and 2, respectively. The initial radial offset, in 
0.01-in. (0.025-cm) intervals, is indicated by the extension (i.e., AUTO54.25 
would be data taken with an initial offset of 0.25 in.). For both figures 
the critical radius is 0.71 cm (the last signal is seen at 0.28 in.) for a steel 
sphere (2R=  1.91 cm and a density of 7.78 g/cm'~), and a glass sphere 
(2r = 1.27 cm and a density of 2.518 g/cm3). 
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Fig. l. Cycle 51 of acoustic signals obtained when a steel sphere (I.91 cm in diameter) 
collides with a glass sphere (1.27cm in diameter), both in free fall in glycerin at 
24.16 + 0.35 ~ 



H y d r o d y n a m i c  Ef fects on Col l is ions 953 

AUTO54.40 
AUTO54.39 
AUTO54.38 
AUTO54.37 

.J 
I.IJ AUTO54.36 

I, Ll AUTO54.35 
-J AUTO54.34 
._1 
,,~ AUTO54.33 

AUTO54.32 
AUTO54.31 

I-- AUTO54.30 
:~ AUTO54.29 O. 
I-- AUTO54.28 
O AUTO54.27 

AUTO54.26 
AUTO54.25 
AUTO54.24 

AUTO54.23 

AUTO54.22 

AUTO54.21 

AUTO54.20 

.349 

1 I ~ , k . .  

-.44 

TIME FROM BOTTOM HIT (sec) 
Fig. 2. Cycle 54 of acoustic signals obtained when a steel sphere (1.91 cm in diameter) 
collides with a glass sphere (1.27cm in diameter), both in free fall in glycerin at 
24.16 + 0.35"C. 

The first method used to determine y, is to average the individual y, . . . . .  

measurements over many cyclcs. However, as seen in Figs. 1 and 2, often 
there are smaller offsels within a cycle which produce no signal. In order 
to cxamine the significance of these "gaps," a second method was also used 
to determine y,.. In this analysis, the probability (over many cycles) that a 
hit will occur at a certain offset was determined by summing the number 
of times a signal is produced and normalizing by the number of times the 
offset is tested. A plot of this probability distribution for collision of the 
steel and glass spheres is shown in Fig. 3. With a large data base, the 
probability that a signal will be produced decreases as the initial offset 
increases. The largest offset that produces a signal over 50 % of the time is 
very close to the average critical radius as determined in the first method. 
In Fig. 4 the probability distribution for the brass and glass colliding is 
shown. Here the probability distribution decreases monotonically as the 
radial offset increases. Comparing Figs. 3 and 4, we see that the probability 
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Fig. 3, Probability distribution of obtaining an acoustic signal of a collision as a function of 
the scp,mztion radius for a steel sphere (1.91 cm in diameter) colliding with a glass spherc 
(I.27 cm in diameter), both in free fall in glycerin at 24.16 + 0.35'~C. 

distribution falls more precipitously in Fig. 4. Although the reason for this 
is not clear, it may be due to the differences between the steel and brass 
spheres, the improved temperature control, or the slightly higher tem- 
peratures used in the experiments with the brass and glass spheres. 

The effect of the walls was reduced by carrying out the experiments in 
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Fig. 4. Probability distribution of obtaining an acoustic signal of a collision as a function of 
the separation radius for a brass sphere (1.90 cm in diameter) colliding with a glass sphere 
(1.27 cm in diameter), both in free fall in glycerin at 24.79 + 0.17"C. 
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a cylindrical insert of diameter 35.6 cm, which is large compared to the 
sphere diameters. The spheres were released as close to the axis of the 
cylinder as possible so that wall effects on the individual terminal velocities 
of the spheres could be calculated ~6' J3.12); however, calculation of the effect 
on the interaction between the two spheres, like calculation of the critical 
radius itself, is mathematically intractable. Hence, wall effects were studied 
by varying the diameter of the tank by using various cylindrical inserts of 
inside diameters ranging from 11.6 to 35.6 cm. 

With the smallest inserts, the critical radius increased dramatically. 
Spheres could be released with a large initial horizontal offset and an 
acoustic signal would be detected with the small inserts, but not with the 
larger inserts. Therefore, it appeared that the small inserts did not allow the 
free movement of the smaller sphere around the larger, forcing collisions at 
larger initial horizontal offsets. The critical radius decreased with increasing 
insert size, but more and more slowly, until little difference was observed 
between the critical radii obtained with the 30.5- and 35.6-cm-diameter 
inserts. Therefore, the wall effects on the critical radius are assumed to be 
negligible with the 35.6-cm-diameter insert and thus only data using this 
configuration are given in this work. However, the calculated Reynolds 
numbers and initial relative velocities given in Table I are corrected for wall 
effects. 

3. RESULTS 

Using the first method given above, over 26 cycles with the 1.91-cm- 
diameter steel and 1.27-cm-diameter glass spheres in glycerin at 
24.16 +0.35, the measured critical radius was 0.67 +0.03 cm. The uncer- 
tainty is based on the 95 % confidence limit for the Student t-test on the 
mean. The second method gives a probability of 0.63 of obtaining an 
acoustical signal at a radius of 0.68 cm and a probability of 0.49 at a radius 
of 0.71 cm. Based on a cutoff probability of 0.50, the critical radius would 
be about 0.68 cm, which is within the uncertainty of the first estimate. 
A plot of the measured probability distribution is given in Fig. 3, and a 
summary of the experimental conditions and results is given in Table I. (At 
this temperature, the viscosity of pure glycerin is 10.4 P. The measured 
viscosity, however, was 9.39 P, as determined from the time required for 
the glass ball to fall 25.4cm and correcting for wall effects. (6'13) The 
difference in viscosity may be due to slight contamination by water.) 

Based on the measured critical radius, using the first method, the colli- 
sion efficiency as defined in Eq. (I) is 0.18 + 0.02. Obviously, in this case no 
wake capture effect was observed, even at these large Reynolds numbers 
(Re = 13 for the steel and Re = 1.9 for the glass, falling in isolation). The 
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calculated relative velocity was about 40 cm/sec at large separation distan- 
ces. Fuchs' expression [Eq. (2)], which was derived neglecting inertial 
effects (for Re much less than one), gives a collision efficiency of 0.24. it is 
interesting to note that this value comes closer to predicting the measured 
collision efficiency than do any of the more detailed models referenced 
above. 

To explore possible variations of the critical radius with changes in the 
Reynolds number and the particle/fluid density ratio, two additional pairs 
of spheres were tested. In the second set of experiments, the glass sphere 
was replaced with a sapphire sphere of the same diameter (1.27 cm) and a 
material density of 3.987 g/cm 3. The calculated Reynolds number of the 
flow produced by the sapphire sphere falling in isolation was calculated 
to be about  3.1. The calculated relative velocity between the steel and 
sapphire spheres at large separation distances was about 33 cm/sec. In the 
third set of experiments, a brass sphere (l .90cm in diametert was tested 
with the glass sphere ( 1.27 cm in diameter) at a slightly higher temperature. 
The calculated relative velocity between the spheres at large separation 
distances was about 45 cm/sec. 

Although Reynolds number, relative velocity, surface roughness, and 
particle/fluid density ratio were varied in the three sets of experiments, the 
critical radius did not differ statistically at the 95"/0 confidence level. As 
mentioned in Section 1, there was concern that the critical radius may be 
sensitive to the particle/fluid density ratio, which ranged from 2.0 to 3.2, 
with the glass and the sapphire spheres, respectively. However, over this 
range, it does not appear that the collision efficiency is sensitive to this 
ratio. More data may reveal a small change as the statistical uncertainty in 
the average decreases. 

Unfortunately, no acoustic signal could be detected at any initial 
separation distance for two sapphire spheres with diameters of 1.90 and 
1.27 cm. Here, the calculated Reynolds numbers (6.8 and 3.0, respectively) 
are too large for Stokes flow to be valid. Perhaps there is a critical initial 
velocity difference below which either no collision takes place or below 
which the energy of the collision is too small to detect acoustically, The 
calculated relative velocity of this pair was 9 cm/sec. Further tests are 
planned with a variety of other sizes of spheres ranging from 0.64 to 2.5 cm 
in diameter. 

4. D I S C U S S I O N  

The acoustical technique has a distinct advantage over visual inter- 
pretations of photographs in that either an unambiguous signal or no 
signal at all is observed. For the case when a signal is observed, it may be 
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questioned if that indeed signifies that a collision has occurred. One may 
argue that a thin film of fluid may still separate the spheres, but that film 
may allow an acoustical signal to be generated. Since the mechanism for 
sound generation is not clear, this question cannot be resolved completely. 
However, if a signal can be produced without direct contact, the remaining 
distance between the spheres is likely to be very small compared to the 
range over which attractive forces would dominate the interaction between 
aerosol particles. 

In cases when no signal is detected, there are two possibilities: either 
the spheres did not collide (and no signal was generated) or a very small 
signal was generated that could not be observed with the equipment. The 
first possibility corresponds exactly to the desired characteristics of the 
measurement technique and needs no further consideration. The second 
possibility, however, needs to be addressed. 

If no signal is detected because of the limited sensitivity of the 
measurement technique, then the collision efficiency is larger than that 
reported and would support Fuchs' expression even more. However, notice 
from Figs. 1 and 2 that the measurements do not indicate a gradual reduc- 
tion in signal amplitude with increasing initial offset. Rather, the amplitude 
of the acoustic signal decreases very abruptly with increasing initial offset: 
a clear signal is detected or there is no signal at all. This abrupt change 
would probably occur even with more sensitive equipment because it is 
unlikely that, below the current sensitivity limit, the rate of change of the 
signal amplitude slows as the initial offset is increased. Therefore, it is 
unlikely that increased sensitivity would result in significantly different 
values of the measured critical radius. 

As mentioned previously, Ym,x varies slightly for different cycles: Also, 
there somet/mes are no signals where one is expected, which we previously 
referred to as "gaps." However, the variation in Yma• between cycles is typi- 
cally only a few hundredths of an inch. This is a small variation that can 
be attributed to very small, uncontrollable variations in setting the initial 
offset whose effects may be amplified as the spheres fall. These initially 
small perturbations are also believed to result in the observed gaps within 
a cycle. It is doubtful that the gaps are due to the hydrophone's sensitivity 
changing randomly. Therefore, the gaps are more readily explained if it is 
assumed that a collision always generates a detectable signal, but over a 
range of initial offsets a collision may or may not take place due to small 
changes in initial conditions. 

The results do not indicate wake capture. In fact, for the collision 
efficiency to be equal to or greater than one in the present tests would 
require a collision at an initial offset about five times larger than the largest 
offset at which a signal was detected. Also, films of the process show it to 
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be exceedingly improbable that a collision could ever take place at this 
offset. (Since the camera generates too much noise, acoustic signal detec- 
tion and filming could not be performed simultaneously. Instead, filming 
was performed in separate runs, but at the same temperature and offset 
used for the acoustic detection experiments.) 

P. D. Thorne has measured the acoustic signals produced by the colli- 
sion of spheres under water and has interpreted the results using rigid-body 
radiation theoryJ 32'33~ The theory predicts a dependence, albeit weak, of 
the acoustic signal frequency on the relative velocity at the moment of colli- 
sion. Using preliminary measurements of the frequency of our signals, 
Thorne predicts realistic values of the collision velocity (especially con- 
sidering that there is a fairly large uncertainty in these frequency 
measurements due to limitations in the analog-to-digital data conversion of 
our current computer system). Future measurements may be able to 
provide not only measurements of the critical collision radius, but also 
more detailed information on the impact velocity during the collision. 

5. CONCLUSIONS 

A new acoustical technique for detecting the collision of hard spheres 
in a fluid has been demonstrated. For demonstration purposes, the techni- 
que was applied to the problem of determining the critical radius for a 
grazing collision to occur for two spheres falling freely in a viscous liquid. 
It was shown that acoustical detection in such a system could be used to 
support a theoretical model of gravitational coagulation, The best agree- 
ment with the measured collision efficiency came from the simple expres- 
sion of Fuchs given by Eq. (2). Moreover, other models, such as Eq. (3), 
clearly lie outside the experimental data. Additional data are needed to 
substantiate this preliminary result. 
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