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Micron-sized bubbles are used as contrast agents in biomedical ultrasound. While
free bubbles are modeled using the Rayleigh-Plesset equation, their dynamics in tubes
or vessels are not as well understood. In this paper, the dynamics of a microbubble in
a cylindrical tube are simulated by two modified Rayleigh-Plesset equations: one
derived by Y. B. Zudin in 1991 but not simulated, and another developed by C. Devin
in 1961 but not expressed explicitly. The expressions are manipulated to a common
form and shown to be nearly identical. The results of the simulations are compared to
each other and various analytical models, as well as to experimental results. Both
models show decreased resonant frequency and oscillation amplitude with decreasing
tube radius. Agreement is found with established theories and limited experimental
results. Thus, the equations may provide an effective tool for simulating bubble
behavior in rigid tubes.

Keywords: Ultrasound, contrast agent, bubble, tube, vessel, Rayleigh-Plesset
equation

1. INTRODUCTION

Microbubbles are micron-sized, gas filled bubbles. Their salient feature is that they oscillate
strongly under an external ultrasound field. Because of this they are used as contrast agents
during diagnostic ultrasound. Recent research shows that they may also have therapeutic
applications as drug or gene delivery agents [2], as mechanisms for bypassing the blood-brain
barrier [9], and as actuators in microfluidic devices [15]. Gas bubbles are nonlinear oscillators
and their dynamics can be mathematically quite complicated. Bubble dynamics were rigorously
studied by Lord Rayleigh in the early twentieth century to understand cavitation damage to ship
propellers; he derived the collapse time of an empty spherical cavity within an infinite fluid of
water. This was later expanded upon by Milton Plesset, who created what is now known as the
Rayleigh-Plesset (RP) equation, a nonlinear ordinary differential equation that accurately
predicts the spherical oscillations of bubbles [14]. It, and many subsequent bubble models,
assumes that the bubble oscillates in an infinite field of liquid, which is not necessarily the case.
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Within the human body the bubbles travel in arteries, veins, and capillaries, which are close to
cylindrical in form. It is known that non-infinite environments affect bubble dynamics. For
instance, a bubble oscillating near a wall will be threaded by a jet that pushes the bubble
boundary farthest from the wall into the opposite boundary, firing the jet at the wall and
collapsing the bubble into a toroid [12]. Thus, infinite-field models may not be appropriate for
bubbles within tubes. A model of radius versus time is important in the study of contrast agent
dynamics, as it predicts the ideal frequency for bubble excitation and allows calculation of the
pressure and shear forces experienced by the vessel wall, which is a quantity necessary for
ultrasound therapy [26]. The results of this paper will allow quick calculations of the necessary
parameters for diagnostic and focused contrast-enhanced ultrasound without the need for
complex models or extended computation times, leading to improved treatment planning for
focused ultrasound therapy.

Numerical models from Sassaroli and Hynynen [21] as well as Oguz and Prosperetti, using
the boundary integral method, [18] can determine the resonance frequency of a bubble within a
tube. The resonance frequency is expected to decrease as the radius of the tube becomes smaller.
A numerical model from Qin and Ferrara [19], using the finite element method, gives similar
predictions via different techniques and also predicts the radius of the bubble as a function of
time. Miao and Gracewski [16] use a coupled finite element and boundary element method to
model the bubble shape with time. More recently, this model has been tested experimentally. A
thesis by Jianying Cui Atkisson [1] predicts the frequency response of a bubble in a polygonal
channel. The model of Bull and Ye [27] predicts the bubble shape and surrounding velocity field
for one cycle of bubble expansion but the focus is primarily embolotherapy and not ultrasound.
Experiments from Sassaroli and Hynynen [23] as well as Caskey et al [3][4] show that the
amplitude of radial oscillation is suppressed in the presence of a tube, and that greater ultrasonic
pressure is required to destroy the bubble: there is less response of the bubble to the sound wave.

Several models have attempted to modify the Rayleigh-Plesset equation to simulate the
dynamics of bubbles in tubes. The model of JB Freund [7] was derived for research into shock-
wave lithotripsy, but describes a different system than that discussed in this paper. Stride et al
[25] created a model of a bubble within a shell within a blood vessel within an infinite fluid,
although this does not correspond well to a bubble within a tube.

Charles Devin, Jr.'s 1961 technical report “Resonant Frequencies of Pulsating Air Bubbles
Generated in Short, Open Ended Pipes” [6] gives a derivation of the resonant frequency of a
bubble based on the velocity potential around a bubble in a tube. The velocity potential discussed
is based on a sum over Bessel functions of the tube's geometry with boundary conditions causing
the potential to vanish at the tube walls. Assumptions are made based on the velocity potential's
behavior compared to the free bubble, and an expression for resonance frequency was derived. In
addition, experiments were performed using millimeter-scale bubbles that confirm his theory.
The frequency equation and experimental results are summarized by Oguz and Prosperetti [18].
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Yuri B. Zudin's 1992 paper “Analog of the Rayleigh Equation for the Problem of Bubble
Dynamics in a Tube” [28] shows the formulation of a modified RP equation. The proclamation
before presenting the final result was “we obtain the ‘cylindrical’ analog of the Rayleigh
equation,” but no actual simulations are presented, so the usefulness of the equation was not
tested. Two modified RP equations are presented in that paper; the latter assumes that the
standard RP terms are negligible and includes only modified terms. This model, when simulated,
shows that as the radius of the tube approaches infinity, the resonance frequency continuously
increases towards infinity. Intuition suggests that it merely increases asymptotically towards the
free-field value, the Minnaert frequency. The first equation presented, however, passes this basic
test. The extra terms go to zero as the tube's length and radius go to infinity, reducing to the
standard RP equation. That equation will be discussed in this paper with the final goal of
developing a simpler method of calculating insonation parameters for biomedical ultrasound.
The model has been used to model heat transfer from bubbles during medical ultrasound [11].

In addition to Devin and Zudin, Sherwood [24] in an appendix derived an equation for the
resonance frequency of a bubble in a finite tube with arbitrary cross section. His derivation is
based on a modified Green's function for wave propagation in a tube. It will be shown that
Sherwood's model is equivalent to Zudin's. In addition, it will be shown that, to within certain
approximations, the theories of Zudin and Devin are equivalent and provide similar results to the
aforementioned numerical models.

2. THEORY

The radial oscillation of a gas bubble in a liquid can be described with the basic Rayleigh-
Plesset equation. There are several assumptions made: the pressure within the gas is uniform, the
bubble remains spherical at all times and oscillates only in the radial direction, the liquid is
incompressible. The equation can take many forms; a simple and common one is:

RR+ 2R =22, (1)
P

where R refers to radius as a function of time, a dot represents a time-derivative, p is the density

of the fluid, and AP is the difference in pressure between the bubble wall and infinity. AP can
take many forms depending on the conditions, damping, shell parameters, etc. A common
expression is:

3y >
ap=lp P22 |[Be] 29 4R b b P in(at), 2)
R \R) R 'R

0
where Ry, is the equilibrium radius of the bubble, P, is ambient pressure, Py is vapor pressure, o
is surface tension, 77 is viscosity, P, is applied acoustic pressure, @ is driving frequency, t is

time, and y is the polytropic exponent, also known as the ratio of specific heats.
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The resonance frequency of bubble oscillations is known as the Minnaert frequency. In its
simplest form it can be calculated by:

3yP,
a)Minnaert = pR2 . (3)

The Rayleigh-Plesset equation and the Minnaert frequency can be derived using conservation
of energy by assuming small-amplitude linear oscillations. The former is shown in Leighton [13]
and the latter in Devaud et al [5]. The derivation is based on definitions of kinetic and potential
energy. The kinetic energy (KE) of a gas bubble in an infinite liquid is equal to the kinetic energy
of the surrounding fluid:

1 - 4zpR*R2dr 3 362
KE_EIRT_znpRR . (4)
Using the classical definition of kinetic energy, %4mv?, and assuming that R is very close to its
equilibrium value, R,, the effective mass can be expressed as

My =47pR. =M, . (5)

The potential energy PE can be taken as the pressure-volume integral of the gas inside the
bubble:

PE:-[RFZMRZP(R)dR. (6)

This integral is evaluated in the linear regime by Devaud et al. Assuming a harmonic potential,
the effective spring constant can be taken as

K, =127yPR, . (7)

The square of the Minnaert frequency can be found by dividing (7) by (5) and the standard
Rayleigh-Plesset equation can be derived by equating (4) and (6), differentiating by R, and
eliminating common factors.

Changing the geometry of the fluid will not change the effective spring constant according to
this derivation, although the effective mass may change. If the effective mass changes by a
function of radius, Me=M,f(R), then both the governing differential equation and the analytical
frequency change. The frequency is shifted by the reciprocal square root of f(R,):

= Kar = !
My A F(R) (8)

The kinetic energy is linear with M and will be scaled by f(r). Balancing the kinetic and potential
energies and differentiating, as per Leighton, will yield the following differential equation:
R df j_ AP

SR, 5 9)

REf (R)+%R2(f(R)+
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If f(r) is unitary, then this simplifies to the standard RP equation. A corollary of equations 8 and
9 is that if a differential equation or frequency equation is presented, f(r) can be gleaned from the
square of the relative frequency or the coefficient of RR, respectively.

Two models to describe a bubble inside a rigid tube of radius Rt and of length L will be
examined. Zudin presents a modified Rayleigh-Plesset equation as follows:

RR 1+R—'2‘ 2R 1+4R'; _ AP (10)
R/ ) 2 3R; P

Comparing this to the form of equation 9, f(R) can be easily isolated and it can be seen that the
effective mass is:

R,L
Meﬁ=|v|o(1+ F;ZJ' (11)

T

Thus the resonance frequency relative to the Minnaert frequency is:

a)Zudin — 1 — RT?
a)Minnaert 1+ & RT2 + Ro L (12)
R;

This is equivalent to Sherwood's equation (A32 of [24]) for resonance frequency in an open

ended tube if circular cross section is assumed and the bubble is equidistant from each end.
Similarly, Oguz and Prosperetti present Devin's expression for relative resonance frequency:

D7ydin _ I 1 _\/ RT?
= = |— '
Oyjiaere 4|1+ Rg (L+0224) VRr+RL+0224RR, (13)
T

This is similar to Zudin's frequency, and using equation 8 the effective mass can be found:

14
M., :M{H&(im.zmn (9

T T

The value 0.224 is based on two correction factors given by Devin. Typically L/Rt>>0.224, thus
the factor can be ignored in many cases, making the Zudin and Devin effective masses equal and
rendering the two physical models identical.

Finally, following equation 9, the differential equation for Devin's model can be found:

RE| 1+ | = 0204 ||+ 2R 14 2R [ L0004 | |- 2P (15)
R \ R; 2 3R, | Ry P
The important term in these equations is the ratio R,L/R;’, which will be referred to as the

cylindricity. As this term increases, the dynamics depart further from the free bubble. This
corresponds to decreased radius and increased length: tubular as opposed to drum-shaped.
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Neither Devin (including Oguz and Prosperetti in their summary of his work) nor Zudin give
an explanation for the behavior of the bubble if it is located at various positions along the tube.
However, both papers describe the situation for similar physical models: Zudin for the
extremely-long-tube model, and Oguz and Prosperetti for a ‘large bubble,’ taking up the entire
cross section of the tube. Sherwood [24] also provides the same expression taking into account
the behavior of the bubble at various positions in the tube. The explanation is as follows: given
that two lengths exist, one between the bubble and each of the ends of the tube (L1 and L2,
where L=L1+L2) the equivalent length L' is given as if the two lengths were resistors added in
parallel. Alternately, the bubble can be said to be situated at fraction x along the tube. L' must be
multiplied by 4 in order to reconcile with L for x=1/2 (L1=L2=L/2).

g L2 :4L(x—x2). (16)
L1+ L2

This can be substituted into the frequency equations or the modified Rayleigh-Plesset equations.

The cylindricity term can be modified by substituting L with L'. It is useful to compare the

expected frequency for the Zudin model to the value at the midpoint:

a)(X)=a)(l] Ri +RL :
2\ RZ +4R L(x—x) 17
Expanding the above radical as a Taylor series about X=1/2 will yield a sum over even powers of
X, similar to a hyperbolic cosine, indicating it is bowl-shaped and evenly symmetric about that
point.

An exact solution to equation 10 is given by Zudin assuming a constant pressure difference.

The equation presented is incorrect: various coefficients must be changed in order to satisfy the
differential equation. The correct result is:

R(t):RTT2 {H (1+%)(;—;ﬂ ~11. (18)

3. RESULTS AND DISCUSSION

Numerical simulations were performed using the MATLAB ode45 Runge-Kutta algorithm.
Figure 1 shows a radius-versus-time graph for a 1 p bubble under a 100 kPa, 1 MHz insonation,
comparing the free bubble to a long, narrow tube. Simulations were performed without damping
in order to more easily observe the effects of the tube terms. The polytropic exponent used was
1.07. The two tube-models discussed show little difference from each other in this regime, but
both have decreased oscillation frequency and amplitude compared to the free bubble.
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The difference between the Zudin and Devin models becomes more pronounced as the
cylindricity decreases. This is seen in Figure 2, comparing the oscillations of a 1 p bubble in a
tube with a 10 p diameter and 100 p length to a tube with a 40 p diameter and the same length.
The difference between the two models becomes more significant when the tube is wider.

Free Bubble

Zudin/Devin ||

Radius (m)

1 1 1 1 1 1 1 1 1 1
0.s 1 1.5 2 25 3 35 4 4.5 5
Tirme (t) G

Figure 1: Comparison between free bubble and in-tube model for a 5 p radius, 500 p long tube:
radius of a 1 p bubble versus time during a 2 MHz, 100 kPa insonation. The Zudin and Devin
models are both displayed but essentially overlap

7

% 10 w10

Zudin
Devin
— Difference

Radius (m)
Radius(m)

o4 1 1 I 1 1 4 1 1 1 I 1
0 .

Figure 2: Radius versus time of both models with a 1 p bubble in a 5 p (left) and 20 p (right)
radius, 100 p long tube during a 2 MHz, 100 kPa insonation with surface tension. The small-
amplitude red curve represents the difference between the Zudin and Devin Models, relative to
the equilibrium value
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The resonance frequency of the bubble can be ascertained by simulating low-amplitude
oscillations in the linear regime, and extracting the frequency from a Fourier transform or by
taking the reciprocal of the observed period. These results can then be compared to equation 12
and 13. No difference is expected between the simulation and analytic predictions. In this
regime, no difference is expected between the two models. In actuality, simulations differed by
less than one part in one thousand between the two models.

The simulated values of relative resonance frequency as a function of tube radius can be seen
in Figure 3. These are overlaid with function plots of equation 12, which overlap the simulated
values. Values calculated from equation 12 and compared to the simulations get closer to each
other as Rt increases, but the differences are on the order of a few parts per thousand.

These values are in nearly perfect agreement with Qin and Ferrara [20], as well as Sassaroli
and Hynynen [21]. For instance, a plot of equations 12 or 13 is almost identical with figure 3B
from Qin and Ferrara [20], with differences between data points of 2—3%. The results from Qin
and Ferrara are compared with results from Zudin's model in Figure 3. The same is true when
comparing the data to figure 5 from Sassaroli and Hynynen [21].
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Figure 3: Left: Relative resonance frequency vs. tube radius in a 1 mm long tube for bubbles of
1, 3 and 5 p in radius. Right: Data from Qin and Ferrara [20] figure 3B compared to Zudin's
predictions (equation 12)

Simulating the resonance frequency in the case in which the bubble is located a certain
fraction along the tube shows the frequency increasing as the bubble gets closer to either end.
This is in accordance with equation 17. A plot of simulation points compared to the analytical
prediction can be seen in Figure 4. These predictions are confirmed experimentally by Jang et al
[10], with divergence at the ends of the tube.
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Figure 4: Relative resonance frequency of a 1 p bubble in a 15 p radius, 1000 p long tube, at
various positions along the tube

Again, the ratios predicted here match well with pre-existing literature: Sassaroli and
Hynynen predict that the frequency at the midpoint is approximately 70% of the frequency at
x=0.1 along the tube, matching these predictions. The agreement between analytical expressions
and numerical simulations validates the method of manipulating the expressions while assuming
non-linear oscillations. The effective mass can be gleaned from frequency equations presented in
other papers and used with equation 9 to develop new versions of the Rayleigh-Plesset equation.

The resonance frequency decreases as the length increases, based on both equations 12 and 13
and confirmed by numerical simulations. As cylindricity increases, the system becomes more
one-dimensional, departing further from the infinite three dimensional model. As the length of
tube increases the liquid inertia increases and the bubble requires more energy to expand and
push the fluid outward [18]. Correspondence to the infinite fluid is still preserved as both the
radius and length increase to infinity. Little investigation has been undertaken in other studies
regarding vessel length, although figure 8 in Sassaroli and Hynynen also suggests that a longer
tube will have more deviation from the free model than a shorter one while Miao et al [17]
predict that oscillation amplitude decreases in a longer tube, consistent with the predictions of
this paper.

The expansion of the bubble as a function of the tube radius corresponds to Figure 6 of Miao
and Gracewski [16]. A radius-time graph of the Zudin model compared to Miao and Gracewki's
predictions can be seen in Figure 5. A table is given comparing the peak radii in both models;
they are similar in both appearance and peak radius. Predictions of expansion ratio also match
those of Qin and Ferrara [20] in their rigid tube case, with the values corresponding in three of
three examples.
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Figure 5: Radius versus time of a 1.5 p bubble in a 30 p long tube at different tube radii under a
200 kPa, 1 MHz signal. The block symbols represent the approximate location of the peaks as
presented by Miao and Gracewski [16]

Table 1: Comparison of simulation predictions and experiments from Caskey et al [3],[4] of peak
expansion ratio as at different pressures and tube diameters

Pressure (MPa) Tube Diameter (p) Experimental Simulated
1.4 12 2.8+1 3.6
0.8 14 1.540.3 1.5
1.4 25 6+2 32

Few experiments have been published measuring the dynamics of microscale bubbles in
tubes, mainly by Caskey et al. in 2006 [3] and 2007 [4]. The measured data of peak relative
expansion for bubbles in various tube sizes is compared with the simulated values (the tubes
used in the experiments were long enough such that the Zudin and Devin models predict the
same value) with similar insonation and tube parameters, in Table 1. Due to the high error and
uncertain conditions it is difficult to tell whether theory and experiment match, although it
appears that preliminary data suggests that the models are appropriate: the simulations are within
error range of two out of three data points. Until more data is available it is impossible to
determine exactly how accurate the models are.

Sassaroli and Hynynen [22] measured the acoustic pressure required to induce inertial
cavitation as a function of tube radius. Their data showed a decreasing pressure as the tube
increased, towards the free-field required-pressure for large enough tubes. A linearized forced
harmonic oscillator model is juxtaposed with their data: the pressure required to excite the
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bubble to twice its equilibrium radius is taken to be that required for inertial cavitation. The
experimental data and numerical simulations of the Zudin model can be compared (Figure 6).
The model corresponds well to the data with the exception of the smallest-tube datum.

T T T T T L T i T b T

10 - »— Zudin Model 4
® Sassaroli & Hynynen data
& 5 4
=3
2]
v
o
o
o 64 A
17
3
[=]
[5]
< 4 s N .
@ [ ]
=
= ® .
@
o 24 =
]
0 T T T v T T T T T T T
50 100 150 200 250 300

Tube Radius (u)

Figure 6: Pressure required to excite bubble to twice its equilibrium radius normalized with the
free-field value, compared to experimental data from Sassaroli and Hynynen [22]

In addition to the scarcity of experimental data with regards to expansion ratios, there have
not been many experiments performed on the frequency of a bubble within a tube. Devin
performed frequency measurements on bubbles in a 15 mm radius tube in water, the results of
which are presented in Oguz and Prosperetti [18]. As an example, in a 15 mm radius, 12 cm long
tube, a 1.52 mm bubble was measured to have a relative resonance frequency of 0.74. According
to Devin's theory, 0.74 is expected. No error analysis is given. The correspondence between
Devin's predictions and experiments further supports his and Zudin's theories, as well as the
other models discussed predicting similar frequencies. Devin also performed the experiment with
a non-rigid PMMA tube. The relative frequency for a 1.5 millimeter bubble 5 feet under water in
a 12 cm long, 3 cm diameter tube is approximately 1.2.

More recently, the frequency of a bubble contained in a balloon suspended in a vertical tube
was measured by Jang et al [10]. The results of that experiment were compared to the model
outlined in [16]. The frequency measurements from Jang et al when the bubble is in the centre of
the tube correspond with the models discussed in this paper. The results for a bubble positioned
at various locations within a tube correspond to equation 17 towards the centre of the tube,
although there is disagreement at the ends.

The obvious question that arises when comparing two physical models of the same situation is
as to which model is more correct. Since the two models are so similar it is difficult to ascertain
which more accurately describes a bubble oscillating in a tube. The derivations of both models
are based on the velocity potential in an infinite tube, although the potentials used are different in
each case.
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The differentiating term, 0.224, comes from two statements by Devin: that the velocity
potential in a tube on the axis at 1.108 radii from the bubble is equal to the free field potential at
infinity, and that the kinetic energy contributed by fluid motion outside the tube is equivalent to
increasing the length of the tube by an additional 1.22 radii. Comparing both to Devin's
experiments as presented by Oguz and Prosperetti, Zudin's predictions are slightly closer to the
measurements than Devin's, but the difference is negligible.

In addition, Zudin's model was independently derived by Sherwood using different
mathematical methods. The goal of Zudin was to model bubbles in long tubes, while Devin
aimed to model bubbles in short tubes. Because at long tube lengths the models are the same,
while the difference is apparent at shorter tubes, the Devin model may be more appropriate.
Given the coarse nature of experimental results in this field, it is unlikely that any experiment
will be able to determine which of the two models is correct. For typical scales of human blood
vessels, the two models are identical and Zudin's is simpler to use.

There are several models that describe the oscillations of a bubble in a tube. Three established
models are discussed for comparison: the Oguz-Prosperetti model [18], the Qin-Ferrara model
[20], and the Miao-Gracewski model [16].

The Oguz-Prosperetti model uses the boundary element method as well as an approximation
based on a sum of Bessel functions and Legendre polynomials and predicts the resonant
frequency of the bubble under various conditions. This model is confirmed experimentally by
Geng et al [8] for bubbles that occupy the entire cross section of the tube. Its predictions for
small bubbles match those of the Zudin or Devin models: Oguz and Prosperetti compare their
predictions to Devin's in figures 2 through 5 of their paper, and good agreement is found
although Devin's model approaches the free bubble in large tubes faster than the Oguz-
Prosperetti model. Devin's equation for frequency is simpler to implement than either of the
Oguz and Prosperetti methods.

The Miao-Gracewski model uses a coupled boundary element and finite element method to
simulate the bubble shape as a function of time, as well as the pulsation of the vessel walls.
Radius-time plots can be generated from this model. As seen in Figure 5, the predictions of this
model in the regime of higher Young's modulus are nearly the same as those of the models
discussed in this paper. However, Miao and Gracewski state that they cannot simulate bubbles in
tubes longer than 30 microns due to computational restrictions, a constraint that does not apply to
the Runge-Kutta method.

The Qin-Ferrara model uses the finite element method and the COMSOL software package to
model the feedback between bubble shape and vessel wall shape. It predicts both resonant
frequency and radius-time curves. The resonant frequencies predicted by the Devin and Zudin
models match the computationally-intensive predictions of the Qin-Ferrara model assuming a
rigid or very stiff tube. Figure 12 of Qin and Ferrara gives expansion ratios of the bubble under
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various conditions, and the rigid tube predictions match the Zudin and Devin models in three of
three cases if the expansion ratio is measured on the first peak. Figure 10 of Qin and Ferrara
gives a radius-time curve for a stiff tube which does not match predictions from the Zudin or
Devin model (Figure 7): the two models are similar at low times but deviate, and the Qin-Ferrara
prediction is more damped. The discrepancy between the two models may be due to extra effects
taken into account in the Qin-Ferrara model such as non-spherical oscillation of the bubble. A
detailed comparison between the Qin-Ferrara and Miao-Gracewski models is necessary to
determine which should serve as the basis of validation.

| s 1 L | L | L | L |

1.8 @ Qin & Ferrara
Zudin

Relative Radial Expansion

0.4

Time (us)

Figure 7: Relative radius versus time of a 1.5 p bubble in a 200 p long, 4 p radius tube at
different tube radii under a 500 kPa, 1 MHz signal with the same parameters used by Qin and
Ferrara. Data points were estimated from figure 10a from Qin and Ferrara [20]

One of the purposes of a modified Rayleigh-Plesset model for a bubble in a tube is to predict
the frequency to use during diagnostic or therapeutic ultrasound. It has been shown that the
models discussed in this paper can calculate frequencies analytically that match computational
predictions from more complex models.

The models of Qin & Ferrara and Oguz & Prosperetti predict the frequency with a high
computational load, the former using the finite element method and the COMSOL software
package, the latter using the boundary integral method. The models of Zudin and Devin can
predict the frequency in a fraction of a second using a calculator. If all methods yield the same
result, the simplest is the most useful: it is far easier to calculate resonant frequencies by entering
parameters into a spreadsheet than by programming, running, and analyzing a finite element
simulation. When calculating the stress on a vessel wall it is necessary to know the expansion
ratio of the bubbles, which can also be calculated from these models. The main feature that is
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absent from the Devin and Zudin models is the effect of bubble pulsation on the vessel walls.
When a detailed simulation of the response of microvessel walls to bubble oscillation is desired,
the finite element based models are more appropriate, but for fast calculation of resonant
frequencies or oscillation amplitudes, the models of Devin and Zudin are appropriate and
expedient.

CONCLUSION

The equations presented by Zudin and Devin were analyzed and shown to be nearly identical.
The analytic predictions of a bubble's relative resonance frequency in a tube were shown to
correspond with numerical simulations. With decreasing tube radius, both resonant frequency
and oscillation amplitude decreased. The predictions of these models regarding resonance
frequency and expansion ratio are in agreement with many published computational models:
Qin-Ferrara, Oguz-Prosperetti and Miao-Gracewski. Although superficial agreement was found
with published results, more experimental data is necessary to verify these theories.
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