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ABSTRACT 

We c o v  Los Alamos numerical simulations with Oregon Medical Laser Center laser deposition experiments 
conducted with gelatin thrombus surrogates specifically chosen for relevance to clinical laser thrombolysis. Initial idealized 
calculations suggest that a surprisingly large fraction of the absorbed laser energy appears as acoustic radiation1 We build 
on these results here by investigating geometrical effects, material property variations, and sources of dissipation including 
viscosity and plastic flow, as well as acoustic radiation, in an effort to explain flow effects observed in the experiments. In 
particular, strong jetting is observed in the simulations when the gelatin is given a kinematic viscosity in excess of - 1.0 
cm2/s. Jetting is clearly evident in the experiments. 
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1. INTRODUCTION 

For the past few years, the Oregon Medical Laser Center (OMLC) has conducted laser energy deposition experiments 
with gelatin thrombus surrogates.2 These experiments have generally consisted of gelatin and water in planar contact. A thin 
layer of gelatin, directly below the water, is impregnated with a dye that mimics the photo absorption characteristic of human 
thrombus. An optical fiber positioned in the water above the gelatin-water interface delivers laser energy that is transmitted 
through the intervening water and absohed in the colored gelatin. 

a 577 nm dye laser delivers 50 mJ of e n e w  in approximately 1 p through an optical fiber, about 0.33 mm in diameter, 
terminated 1 mm above the gelatin-water interface. 
absorption coefficient of 250 ana1. These experiments are confined within a cuvette of 1 cm by 1 cm square cross section. 
The gelatin layer in the cuvette is 4 cm thick and is covered with about 2 cm of water, above which is air at atmospheric 
pressure. 

Figure 1 shows a sequence of nominally identical OMLC experiments, each one photographed at a different time. Here, 

dye layer in the 175 bloom gelatin is 1 mm thick and has an 

The experimental time sequence shown in Fig. 1 is interesting in several respects. The radius-time behavior of a 
permanent gas bubble in a uniform unbounded fluid will exhibit approximate symmetry between expansion and collapse. 
That is, the time from collapse to expansion is approximately equal to the time from expansion to recollapse. The bubbles in 
Fig. 1 on the water side of the interface do not exhibit such time symmetry. Taking 100 p as the approximate time to reach 
maximum expansion after growth initiatioq we see that these bubbles persist well beyond 200 ps, to at least 300 ps. The 
bubble growth in the gelatin cannot be observed directly, although the displacement of the colored layer can be seen. In any 
event jetting of gelatin into the water is observed from about 300 p on. The most straightforward interpretation of these data 
is that the bubble in the gelatin is collapsing faster than the water-side bubble, resulting in the observed jetting. 
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Fig. 1. OMLC laser deposition experimental time sequence. 

2. POSSIBLE EXPLANATIONS 

Jetting has been observed frequently in studies of bubble dynamics, usually in conjunction with the presence of nearby 
solid bo~ndaries.~ Our numerical simulations of experimental-like configurations suggest that the influence of the fiber optic 
probe and vertical cuvette walls, although sigmficant enough to induce perhubations from unbounded bubble dynamics, 
cannot by themselves or in concert explain the observed jetting. The proximity of the vertical walls to the bubble may be a 
contn'buting cause of the observed time asymmetry, however. 

Another potentially fruitful avenue to explore is the impact of differences in material propetties between the gelatin and 
water. Of particular interest in this regard are properties that lead to energy dissipation, which can have an effect on bubble 
dynamics, as descni  below. A moa dissipative medium generally will result in faster bubble coIIapse. Thus, if we can 
argue that gelatin is more dissipative than water, we might be able to explain some of the experimental observations. 

We consider three material properties that result in dissipation: acoustic radiation (speed of sound), plastic deformation 
(material strength) and viscosity.* In order for the gelatin to exhibit more dissipation than water from acoustic radiation, its 
speed of sound would have to be less than the speed of sound in water. Gelatin sound speeds are generally reported to be 
very close to that of water and, if anything, one would expect sound speeds in gelatin to be larger than those in water. Gelatin 
does have some small material strength and can undergo plastic deformation. Typical flow stresses and shear moduli are so 

* Strictly speaking, acoustic radiation is not dissipative in the sense of gexrating entropy. It does remove energy 
from local bubble dynamics with an effect similar to that caused by true dissipation. 



small, however, that any resultant energy dissipation is negligible. We have demonstrated this with computer simulations as 
well as with back-of-theenvelope estimates. This leaves us with viscosity. Experimental evidence for large gelatin viscosity 
does exist4 In the following, we will focus on viscosity both from a computational and a tutorial viewpoint. Other sources 
of dissipation are expected to have qualitatively similar effects on bubble dynamics. 

3. APPROACH 

Our goal is to investigate the behavior of the OMLC experiments qualitatively. We make no effort to simulate exactly 
experimental conditions and constraints. To do so would add unnecessary complexity and would sacdice links and 
comparisons with our previous work Because the coupling of laser energy into bubble motion under the OMLC 
experimental conditions is complex, we choose to make extensive use of the test problem described in Ref. 1. We initialize 
bubble growth from a high pressure, spherical gas bubble of radius 0.00944 cm containing 505 bars of y= 1.4 ideal gas at 
5 100 K. In incompressible, unbounded water, this bubble expands to 0.1 cm radius, about the maximum size of the OMLC 
bubbles. We note, however that the OMLC bubbles contain condensable vapor rather than permanent gas. These initial 
conditions and geometry will be employed in all the numerical simulations described below. In order to investigate viscous 
effects, we implemented a Newtonian viscosity model into our Eulerian finite difference code, MESA-2D.l This work was 
done by Patrick J. Blewett. The new coding was tested on Stokes’ fifit probleq5 boundary layer growth in a semi-infiite 
fluid generated by an impulsively accelerated flat plate. Code results reproduced the analytical solution for this problem to 
within a few tenths of a percent. 

4. QUALITATIVE EFFECT OF VISCOSITY 

The Rayleigh-Plesset (R-P) Quatios which describes the growth of spherical gas cavities surrounded by an 
incompressible, unbounded liquid, is 

where R is the cavity radius, the dot denotes differentiation with respect to time, Pg the gas pressure inside the cavity, P the 
liquid pressure at infinity, o the liquidcavity surface tension, and p the liquid’s viscosity coefficient. If we multiply Eq. 1 by 
v , the time derivative of the cavity volume, and integrate once, an energy conservation equation is obtained. If Pg is a 

function of cavity volume only (we will always assume an adiabatic relationship, PgVy= constant.), ami surface tension is 
neglected, this energy equation canbe expressed as 

where AF = F(2) - F( 1) for any function F, and 

p ( R i i + [ 3 / 2 ] k 2 ) =  Pg - P - 2 O / R - 4 p R / R ,  (1) 

A( 2rcpR3k2 + PgV / ( y - 1 ) )  + D = -PAV, (2) 

V ( 2 )  

D = 4 p  j(””?V. (3) 
V(1) 

Note that Dis positive definite because k S 0 when dv I 0 and conversely. Equation 2 states that the change in the 
liquid‘s kinetic energy plus the change in the internal energy of the gas plus the dissiited energy between two states is equal 
to the work done on the bubble-liquid system by the external environment. 

Take state 1 to be the (initial) point of maximum compression. Then k(1) = 0 and Eq. 2 can be written as 

Consider two cases, 13 E 0, and 13 > 0. Let R(2)  be identical for both cases. By definition R(1) is also the same for 
both cases. Equation 4 implies that 

By selecting state 2 in Eq. 4 to be the point of maximum expansion, one can also show that 

Finally, we consider Eq. 1 at the point of maximum expansion, and Eq. 5, to conclude that 

k2(2)D=0 = k2(2)D>0 + ( D /  2npR3(2)), or k2(2)D=0 > k2(2)D,0. 

VDz0 > VD,o (at maximum expansion) . 

I&,.,,,[ > l#,.,=,,l (at maximum expansion). 



Equations 5 ,6 ,  and 7 taken together strongly suggest that the radius-time curve for a bubble in a fluid with dissipation will lie 
wholly below the corresponding m e  for a fluid without dissipation, assuming that both initial states are the same maximum 
compression state. 

This behavior is indeed confirmed by numerical simulation Figure 2 compares the R-P radius-time prediction for a zero 
viscosity and surface tension kcompressible fluid (water) to numerical simulations first with compressibility but no viscosity 
and then with both compressibility a d  viscosity. In all cases the initial conditions are as described in Section 3. The 
equation of state for water in the simulations was the SESAME6 7152 table, which is based on NIST data.’ We note from 
Fig. 2 that as additional sources of dissipation are considered, namely acoustic radiation and then acoustic radiation plus 
viscosity, the radius-time curve drops fanher below the R-P (nondissipative) result The amount of energy depleted from the 
bubble motion at the point of maximum expansion can be determined easily from volume differences. Acoustic radiation 
alone accounts for about a 16% energy deficit; acoustic radiation plus a kinematic viscosity ( v = p t p )  of 1.0 cm2/s results 
in a 25% energy deficit. The available energy, or energy scale, is essentially the pressure at infinity multiplied by the 
maximum bubble volume. We determined in Ref. 1 that the energy channeled into acoustic radiation was consistent with 
analytical estimates for this problem. In the next section, we derive an energy estimate for viscous dissipation 
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Fig. 2. Bubble radius-time comparisons for various sources of dissipation. 

5. ENERGY DISSIPATION ESTIMATE FOR VISCOSITY 

We can approximately evaluate D from its expression above, using the R P  zero viscosity radius-time solution. A first 
integral of Eq. 1, neglecting both viscosity and d a c e  tension, can be obtained easily: 



where the subscript rn refers to the initial mint of maximum compression.. Since 

D , from initial compression to full e m i o n ,  can be bounded by Ea 3 with k specified by Eq. 9. This leads to D , from initial compression to full expansion, can be bounded by Eq. 3 with k specified by Eq. 9. This leads to 

D5- 4 ~ v m  /FvJe d K F  u7,6 &<%/r' ] 
R m  3 ~ ( ~ - 1 )  R m  3 ~ (  Y - 1) v"/c, ''I6 ' 

where the SubscriH o denotes the state of maximum emansion. Evaluation of Eq. 10 gives 

-<- I ' - -  - 

For the probiem presented in Fig. 2, Eq. 11 reduces to D / PV, I 0.19 V(cm2/s), which can be compared to the observation 
from Fig. 2 that about 10% of the available energy is dissipated by viscous effects for V = 1.0 cm2/s. 

6. NUMERICAL SIMULATIONS WITH DISSIPATIVE GELATIN 

We next describe numerical simulations of bubble dynamics in a gelatin-water system similar to the OMLC 
experimental wnfguration The initial state ofthe gas bubble is as described in Section 3, with the center of the gas sphere 
located at the water-gelath interface. Both water and gelatin are described by the SESAME 7 152 equationsf-state, but the 
gelatin is given a kinematic viscosity of 5.0 cm2/s, while the water is treated as inviscid. A solid cylinder, simulating the 
optical fiber, is also included. The boundaries are all 2.53 cm from the center of the gas sphen, with rigid boundaries being 
used on the radial boundaty and the gelatin-side axial boundary. A transmissive (zero gradient) boundary is used on the 
waterside axial boundary. This boundary configuration has been shown to closely approximate unbounded fluid behavior as 
far as the bubble dynamics are concerned. 

Figure 3 shows the expansion phase material interfaces for this problem. Gelatin occupies the left half-space and water 
occupies the right half-space with the initial sphere of gas centered at r = z = 0. Water-gelatin, gas-water, gas-gelatin, and 
water-optical fiber interfaces are shown, (The "blemishes" in Fig. 3 are artifacts of the interface reconstruction algorithm in 
h4ESA-2D.) Note that the gas bubble expands more rapidly into the water than into the gelatin Also note that, at the last 
time included in Fig. 3,80 ps, the gelatin-side bubble has stopped its expansion, while the water-side bubble is stlll 
e m n g .  This behavior is consistent with the single-fluid results discussed in Section 4. Figure 4 is a continuation in time 
of Fig. 3, when the bubble is collapsing, Here, the gelatin-side collapse continues to lead the water-side collapse. In 
addition, a perturbation originates near the gelatin-water interface and collapses on axis ahead of the axial collapse of either 
the gelatin or water sides. After converging on axis, this per!mbation generates jetting in both axial directions. The post 
collapse state of the bubble is shown in Fig. 5 at 178 ps along with velocity vectors. The axial jets have penetrated the 
remnant bubble to leave a toroidal bubble structure. Jet velocities greater than 10 mls are apparent. 

7. CONCLUSIONS 

Dissipative mechanisms in gelatin have been investigated as possible explanations for the jetting observed in OMLC 
laser deposition experiments. Viscosity appears to be a more likely source of this dissipation than either acoustic ladiation 
(compressibility) or plastic flow, We have shown that jetting can be produced in numerical simulations of Laser 
Thrombolysis-related bubble dynamics when the gelatin is assumed to be signtfcantly more viscous than water. However, 
actual ejection of gelatin into the water, as seen in the experiments, is not evident in these simulations. Preliminary work 
indicates that the relatively close proximity of vertical cuvette walls to the laser-induced bubble may help explain observed 
time asymmetries in the bubble motion 
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Fig. 3. Material interface time sequence during bubble expansion 
(Times are in p. Water is on the right, gelatin is on the left.) 
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Fig. 4. Material interface time sequence during bubble contraction 
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Fig. 5. Material interface plot at 178 p, withvelocity vectors indicated. 
Note the toroidal gas bubble shapes and the axial jets along the z-axis. 
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