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Abstract of MECHANICAL EF'F,SCTS OF ACOUSTIC WANSIENTS OlI IDBACCO 

MOSA.IC VIRUS by Philip Edward Hamrick, Department of Bi.ophysics, 

Medical College of Virginia, June 1968 

The mech5.;).ical breakage of tobacco mosai.c virus (TI.fv) due to the 

action of acoustic transients has been investigated. The acoustic 

transients were produced by transient heating of a Prussian blue dye 

solution (attenuation coefficient of 1000 per cm) when a ruby laser 

light (20 x 106 watts ) was incident on the dye surface. A quartz pie-

zoelectric transducer was used to detennine the amplitude and fo�� 

of the acoustic wave. The production of acoustic waves by tro.nsient 

heating is discussed, and the theoretical forr;] of the acousti c wave 

determined for various boundary and initial conditions are cO[J;pared 

to the experimentally measured values. 

The electron microscope was used to compare parti.cle length dis-

tributions of control 'IJ:.lV solutions and solutions exposed to .tte 

acoustic transients. 'I\tO conditions of exposure have been studied 

by varying the boundary conditions of' the TIlf,f solutions. In one case 

the 'IWI solution was exposed to a single acoustic transient .her88.s 

in the other case the solution 'Nas exposed to an acoustic transient 

which was reflected 'Ni.thin the solution. Significantly greater 

breakage ,taS produced in the latter case demonstrating the importance 

of boundary conditions in the b iological effects of pre ssure tran-

Calculations vere ::Jade of the magnitude of hydrodynamical forces 

producing tensions in the TWI particle. A laser intensity of 1.6 x 

108 watts pel' cm2 incident on the absorbing dye so2.ution was found 

to be suf::ficient to cause significant breakage 2.t. the :s percent 



level (Kolmogorov-Srnirnov test). The corresponf,ing tension on the 

TMV particle was calculated to be 6.3 x 10-5 dynes. 
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1 
CHAPTER I - IN'IRODUCTION 

A .  IN'IROlJUC'IORY STATEMENT 

The effects of intense dynamic pressures on biological systems 

have been the object of numerous investigations since 1927 when Wood 

and Loomas (1) first described the effects of a high frequency (300 

kilocycles  per second) pressure field on protozoa. The biological 

effects of pressure have been noted most often in the range of fre

quencies from just above the audible limit, approximately 17 kilo

cycles per second, to several megacycles per second (ultrasonic fre

quencies ) . The times employed in the ultrasonic irradiation of bi

ological systems usually range from a few seconds to  several hours . 

Thus, even the shortest irradiation times used would'subject an 

organism to many thousands of oscillations from negative to positive 

pressure s .  In contrast t o  studies utilizing many thousands of 

pressure OSCillations, the use of single pressure transients has 

received little attention. 

The present study is directed toward an analysi s of the mechan

ical effects of short duration pressure transients on a biological 

system. TObacco mosaic virus (TMV), because of its well char

acterized geometrical shape and because it i s  one of the better 

understood viral systems ,  has been chosen as the biological model 

for study. 

The recent development and application of physical systems 

capable of producing intense transient pressures has focussed atten

tion on the possible biological effects of such pressure transients .  

One such system , the ruby laser first developed b y  Maiman (2), is a 



2 
source of high intensity monochromatic coherent electromagnetic 

radiation in the visible spectrum produced by �ight �mplification 

by �timulated �mission of Eadiation (LASER). Intense, short 

duration, pressure transients are produced by the absorption of 

this light in a material with a high optical attenuation co

efficient (!.�., approximately 1000 cm
-l ) at the wavelength of 

the laser. The widespread use of laser systems in modern 

technology has increased the need for a better understanding of 

the biological effects of pressure transients which might be in-

duced in the human body by exposure to laser beams. 

B. BIOLOGICAL ASPECTS 

1. Effects of Continuous Have Ultrasonic Irradiation 

As noted in the introductory statement, the fre�uencies most 

often employed in examining the effects of pressure waves on bi-

ological systems have been in the ultrasonic region. Oscillating 

pressures in this fre�uency range are generated by means of mag-

netostrictive or piezoelectric transducers (3 ) .  An alternating 

voltage supply operated at its resonant fre�uency is employed in 

driving such a transducer so that the maximlli� output power is 

realized. The usual mode of irradiation is continuous wave (CH) 
irradiation. However, a transducer may be driven only during 

certain intervals of the irradiation period, thus producing a 

pulsed form of irradiation in which a specific period of time is 

re�uired for the resonant circuit to reach its peak and to decay. 

The pulse length is thus chosen 60 that the rising and falling 

portions of the pulse can be neglected in comparison with the main 
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part of the pulse which i s  at the resonant frequency and amplitude 

of the driving oscillator . Typical rise and decay times are of the 

order of 10 microseconds so that pulses of one millisecond and 

longer are normally used (4) .  Therefore, even i n  pulsed operations , 

the biological specimen undergoes numerous pressure oscillations . 

Since most investigators of the biological effects of pressure have 

utilized continuous and/or pulsed oscillations rather than tran

sients, it is  useful to consider some of the findings in this field 

in order that comparisons may be made between the two types of 

irradiation. 

Ob served biological effects of ultrasonic irradiation are 

usually attributed either to thermal, chemical, or mechanical 

processes ( 5 ) .  The phenomenon of  hydrodynamical cavitation which 

can give rise to all of these processes is believed to be the major 

factor leading to the observed biological effects of ultrasonic 

irradiation. It i s  appropriate therefore to consider cavitation 

and some of its more important effects . 

Cavitation i s  a term applied to the process or processes by 

which cavities are formed in liquids . The lifetime of the cavity 

may vary from approximately 1 microsecond to several seconds, de

pending on the type of cavitation and the frequency of the applied 

ultrasonic field (6). In a liquid exposed to ultrasound, the type 

of cavity that is formed is dependent on the intensity of the 

pressure field, the state of the liquid with, respect to dissolved 

gases, and the intrinsic hydrodynamical properties of the liquid 

such as surface tension force s ,  shear modulus and viscosity. 

Liquids under normal conditions contain trapped gases in the form 
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of bubbles as well as dissolved gases. These bubbles usually are 

finely dispersed and may be so small (�.�., on the order of 1 m�cron 

or less) that they cannot be seen with the unaided eye ( 7 ) .  These 

small bubbles constitute weak spots in the liquid and serve as 

nuclei for the production of cavities. 

Toe van der Waals equation may be employed to demonstrate that 

a liquid undergoing cavitation must contain vacuoles of phase dis

continuity or weak spots; 

RT (I-l) 

where 

p pressure, 

v volume, 

T absolute temperature, 

R gas constant, and 

a,b van der Waals constants. 

Although the van der Waals equation is usually applied to gases, 

Briggs (8) has applied it to liquids to get an approximate value of 

the cohesive forces which must be overcome in order that cavities 

may be produced in the liquid. The usual interpretation of van der 

Waals equation considers the terms av-2 and b as corrections to the 

ideal gas law with av-2 as the effective pressure due to the 

attractive forces between molecules and b as the effective volume of 

the molecules. If it is assumed that the liquid is incompressible, 

then the volume and the term av-2 are constants. TI�e term av-2 may 

now be viewed as the internal pressure, Pi' arising from the 

attractive forces between the molecules that hold the volume of 

the liquid constant. The magnitude of this internal pressure may be 
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estimated from the known compressibilities of li�uids (about 10-4 

per atmosphere of pressure. If Pi' the internal pressure, is 

assumed to be large compared to P ,  then 

or 

Pi = -V4Pj,IlV 

( I-2 ) 

which is the reciprocal of the compressibility. Therefore the co

hesive forces in li�uids are of the order of 104 atmospheres. Con-

se�uently, only at very high negative pressures would cavities be 

expected to form during ultrasonic irradiation. However, as noted 

below, cavities do appear at much lower negative pressures. 

Hueter and Bolt ( 9 ) have reviewed the types of cavitation ex-

pected as a function of the ultrasonic pressure. In a li�uid 

saturated with gas and exposea to a pressure field with a fre�uency 

of 60 kilocycles, for example, cavitation sets in ao sound pressures 

of about 0. 25 atmospheres. Large visible bubbles are �ormed which 

remain after the sound field is shut off. Tnese gaseous cavities 

are formed by diffusion of dissolved gases out of the li�uid into 

the small nuclei bubbles. The process by which this occurs is 

called rectified diffusion. It involves alternating diffusion into 

and out of the cavity as the pressure OSCillates in response to the 

sound source, there being a net inward diffusion because the cavity 

surface is larger when the diffusion is inward. If the li�uid is 

not saturated with gas, steady diffusion out of the cavity compete� 

with the rectified diffuSion, so that the cavity grows only if the 

sound pressure exceeds a threshold value which may be as high as . 

several atmospheres. 
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In carefully degassed ,rater a second type of cavitation occurs. 

As the sound pressure amplitude is raised to about four atmospheres 

(at 60 kilocycles per second ) transient cavities are formed ",hich 

collapse violently, giving rise to intense pressure ",aves. These 

transient cavities occur ",hen the instantaneous pressure in the 

liquid falls so 10'" that the original gas-filled bubble nucleus 

cannot remain stable simply by increasing its volume to a ne", equi

librium size. Tne resulting instability leads to a cavity filled 

primarily ",Uh vapor since gas diffusion is too SlOl, to fill the 

rapidly expanding cavity. Tne cavity collapses as the vapor con

denses during the positive portion of the pressure cycle. During 

collapse of the bubble, the ",alls of the bubble rush in",ard until 

the cushioning action of the gas "'ithin the bubble stops the radial 

motion. At the end of the collapse the contents of the bubble are 

highly compressed, resulting in high instantaneous temperatures which 

may lead to ionization effe�ts as evidence& by luminescence and the 

formation of H and OH radicals and hydrogen peroxide (10). Tnis 

mechanism of radical formation is believed to be responsible for 

the observed chemical effects that occur when biological materials 

are irradiated ultrasonically under conditions which lead to 

cavitation. Ho",ever, the predominant biological effect is caused 

by the intense pressure waves that emanate from the cavitation 

centers. At 10 kilocycles per second, an initial bubble radius of 

100 microns, and with a sound pressure of one atmosphere, shock 

,·raves having a peak pressure of 200 to 500 atmospheres at a distance 

of 0.1 centimeter from the bubble center have been observed (11). 
Tne occurrence of cavitation thus appears to require the 
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presence of small, usually invisible, gas bubbles in the liquid. 

Strasberg (12) has noted that the smaller the bubbles, the larger 

the internal pre s sure . The internal pressure is given by: 

where 

P
i 

P
o 

+ 2sR-l 

P
o 

hydrostatic pressure, 

s surface tension, and 

R bubble radius. 

(I-3) 

Thus, it is expected that unless a liquid is supersaturated with 

gas, it cannot contain gas in the form of stable bubbles since the 

high internal pressure of the bubbles tends to force the gas within 

the bubble into solution in the liquid. nOl·rever, experimental 

evidence indicate s that small nuclei Qubbles do remain in water 

that has been aged (�.�., allmred. to remain u.l'ldisturbed long enough 

for all visible bubbles to diffuse into ·the liquid ) ( 13 ) .  Dust 

particles, container \valls and other impurities may act as sta-

b ilizing agents by entrapping gase s on their surface s  in the form 

of bubbles .  

In order to preciict theoretically 1fhen and "here cavitation 

will take place on applying a given pre s sure field to a liquid, a 

knowledge of the nuclei bubble size and location throughout the 

liquid is neede d .  This i s  usually not known, s o  that the exact 

p rediction of c avitation thre sholds is ciifficult . However, approx

imate empirical thre sholds have been determined as noted previously 

in the ciiscus sion of gaseous and vaporous cavitation .  Since 

cavitation tends to degas the liquid, thresholds .�ll increase 

,nth the duration of the irraciiation .  Cavitation thresholds al so 
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increase as the fre�uency of the sound source increases. For example, 

Willard (14) has found that negative pressures of 120 atmospheres 

were re�uj_red before cavitation could be produced at a fre�uency of 

5 megacycles per second. His data indicate that an initiation 

phase involving the growth of nuclei bubbles is necessary before 

cavitation can begin. He concludes that cavitation cannot be pro

duced in a single pressure cycle. Even if the bubble does expand 

and collapse during one cycle of pressure, the effect at high fre

�uencies should be small since the magnitude of the pressure wave 

created by the collapsing bubble depends on the change in bubble 

radius from its largest to its smallest size ( 15 ) . The time for ex

pansion at high frequencies is less than for 1m, fre�uencies, so that 

the maximu� bubble radius is small. 

Another phenomenon occurring in li�uids exposed to ultrasonic 

pressure which is closely related to cavitation and occurs concom

itantly with cavitation is bubble re�onance. At the resonant fre

�uency the expansion and collapse of the bubble becomes unstable 

and the bubble breaks into smaller bubbles which then grow to 

resona.nt size and start the process ane'". The presence of many such 

resonating bubbles, colliding with other bubbles, collapsing, and 

formi�� smaller bubbles, will ep�ance the mechanical effects asso
ciated wit� liCluids undergoing cavitation. 

The above obser,ations concerning the conditions which must 

exist when cavitation is produced in liquids undergoi ng contLrlUous 
wave irradiation are also pertinent to liquids exposed to pressure 

transients. The duration of the pressure transients considered in 

the present study are of the order of 10-7 seconds which is also the 
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duration of the positive or negative portion of one cycle of 

pressure at a frequency of 5 megacycles per second . Under these 

conditions the transient i s  said to have an equivalent frequency of 

5 megacycles per second . The maximum negative pressures employed 

in this study are believed to be less than the 120 atmospheres 

which Willard found to be required for cavitation . Consequently, 

it is expected that the importance of cavitation as a mechanism for 

the production of the observed biological effects will become 

negligible when a biological system is exposed to pressure transients 

of the amplitude and time duration used in this study. 

Biological specimens suspended in a liquid undergoing cavitation 

will be exposed to many processes which tend to alter function and 

structure . The principal chemical effect on biological materials i s  

that of oxidation . As mentioned previously, hydrogen peroxide is  

formed in  cavitating liquids and is  believed to  be the principal a

gent causing oxidation . Tne intense local temperatures produced 

upon the collapse of a bubble may also give rise to other types of 

chemical changes . The combination of oxidation and thermal processes 

may give ri se to complex chemical reactions. For example, El'piner 

(16) reports that succinic, citric and malic acid irradiated in 

alkaline media are transformed into substances with ab sorption 

spectra characteristic of molecules of the cyclic series or of 

molecules 1·''--:;'' conjU[;"-ted double bonds. 

Cavi tating liQ:.lids also generate various mechanical forces 

>Thich are important in the degradation of biological particles. 

As previously noted, the collapsing bubbles give rise to intense 

pressure ',-aVes in addition to those produced by the ultrasonic 
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transducer. These expanding pressure ,-Taves may lead to velocity 

gradients across the biological particles, producing viscous 

tensions which tend to break them. On the other hand, if a par

ticle is exposed to the surface of a collapsing or expanding 

bubble, the surface tension forces ,n.ll probably lead to breakage. 

Also resonating bubbles near cell or bacterial ,-ralls may cause dis

placement and disorgap�zation of the cell contents and eventual 

death of the cell (17). If the cell is of the proper size it may 

undergo resonance itself, ,Ti th the ,-ralls of the cell e} . .'panding 

and collapsing in phase In.th the impressed ultrasonic radiation fre

CJ.uency, leading to eventual rup�Gure of the cell membrane (18). 

��ny of the above mentioned effects such as resonance phenomena 

and temperature increases in ultrasonically irradiated solutions 

will be absent or negligible in solucions exposed to a single 

acoustic transient. It therefore appears that the principal bi

ological effects of acoustic transients result from mechanical 

processes. As this study is concerned '.n. th the mechanical aspects 

associated with biological damage by pressure transients, the results 

of several investigations in which a mechanical disruption has been 

postulated for the observed biological effects will be presented. 

In studies on a molecular level, Hal-rley, �cleod and Dunn (19) 

have reported degradation of deoxyribose nucleic acid (DNA) by in

tense noncavitating sonic I-raves under conditions such tr..a.t thermal 

effects of irradiation were minimized. The breruQlge IoTas believed to 

be due to the viscous forces produced by the relative motion between 

the molecules and the surrounding liCJ.uid medium. Polymers of poly

methyl methac�Jlate and polystyrene were degraded under both 
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cavitating and noncavitating conditions (20). Although the polymers 

",ere broken in both cases, the breakage ",as more pronounced under 

cavi tating conditions. It ,laS also observed that the molecules of 

high molecular >leight (500,000 to 700,000) "ere broken more easily 

than those of lower molecular weight (100,000 to 200,000), as would 

be eAllected if the breakage "ere produced by the presence of a 

pressure gradient across the molecule. 

Freifelder and Davidson (21), using the ultracentrifuge, com

pared the sonic degradation of DNA >lith random degradation by x-rays 

and DK�ase. Their results were consistent with a hydrodynamic-type 

shearing force leading to preferential breakage near the center of 

the molecule. This is in contradiction to a study by Doty (22) in 

which he reported random breakage of the DNA molecules based on data 

obtained by electron microscopy. Freifelder and Davidson suggest 

that the difference in the results of these eAlleriments is due to 

the time period of sonic irradiation and to the initial method of 

preparation of the DKt\ 'Thich led in Doty' s experiment to DNA that 

was broken in more than one place, resulting in a wider distribution 

of breaks. Other investigations have sh01m that 'Then DNA is denatured 

sonically the viscosity is lowered but that the intensity of the 

absorption spectrum is essentially unchanged. In typical DNA the 

intensity of the absorption may be 40 percent less than in a mixture 

of the corresponding nucleotides. This reduction in intensity is 

kno'm as the hypochromic effect and is due to the interaction of the 

bases when in helical array. Only at high intensities of sonic 

irradiation is an increase in the optical density noted. The decrease 

in viscosity is believed to be due to shearing across the phosphate 
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sugar backbone, whereas a change in the hypochromici ty is produced • 

by the free radical attack of the hydrogen bonding between the bases, 

leading to a disordering of the helix (23). Although cavitation can 

produce OR radicals and other chemical effects (as mentioned pre

viously, page 6), the fact that the hypochromicity of the DNA is un

changed indicated that the principal effect on DNA is of a 

mechanical nature (24). For eyzmple, collagen macromolecules ex

posed to ultrasonic I-Taves are broken along their length, but the 

helical configuration is essentially unaltered (25). In contrast to 

these studies, Melville (26) has sho\� that monomeric styrene may be 

polymerized when exposed to sonic irradiation. 

The action of ultrasonic irradiation on viruses was noted as 

early as 1934 by Takahashi and Christe�sen (27), who observed the 

virucidal action of ultrasound (450 kilocyc:es per second ) on TMV. 

Tne infecti v i  t y  o f  the TMV o n  Nicotiana glutinosa I-las found t o  de

crease with the time period of irradiation, the infectivity becoming 

essentially zero after two hours of eA�osure to the acoustic waves. 

This work I,as soon confinned by Stanley (28) who also noted that if 

the virus "ere sealed th"lder vaCUUIIl to reduce cavitation, allllost no 

inactivation of the virus occurred. In neither of the above studies 

I,as the pressure amplitude of the acoustic I-Taves decermined. More 

detailed studies of the effects of ultrasonic waves on TMV were made 

by Oster (29) who used an estimated acoustic intensity of 100 watts 

and a fre�uency of 9 kilocycles per second for the irradiation of 

the particles. USing an electron microscope, he studied the lengths 

of the virus particles as a function of the time of irradiation . 

• fuen the TMV was exposed to the sonic field for 64 minutes, the 
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infectivity decreased to less than 1 percent of its value for the 

unexposed virus. The original ler�th of 3,000 angstroms (A
o

) for 

the viral particles appeared to be broken into halves, fourths 

and eighths. For short periods of irradiation the majority of 

broken particles >Tere one-half the length of the original particles. 

As the time of irradiation >Tas increased, the particles of one-half 

of the original length >Tere broken dovn into particles of one-fourth 

the original length. For very long periods of irradiation, only 

small fragments of the original particles remained. Decrease in in-

fectivity >Tas correlated with decrease in the number of normal virus 

particles of approximately 3,000 AO length and this decrease was 

exponential with the time of irradiation. Tne number' of halves, 

fourths and eighths sho>led an increase and then a decrease with 

time of irradiation. Since the infectivity sho>Ted only a decrease 

>lith time of irradiation, Oster cites this as evidence that the 3,000 

AO rod shaped particle is the infective unit in TMV disease. 

Studies of the effect of ultrasonic irradiation of 'INV at a 

fre'luency of 7 megacycles per second \,ere made by Newton ( 30) . He 

found that the infectivity >las reduced by 95 percent in 3.3 minutes. 

Tne amplitude of the pressure >laVe >las not reported. Newton states 

that at the lower transducer intensities, the TI� particle is 

fractured at a constant distance from the end of the particle, in-

dicating a structural weakness at one definite point in the viral 

rod. At higher intensities he reports random breakage. The random 

breakage observed may be due to the fact that the initial �W 

solution was not monodisperse. Tne author has not found any othe�' 

references supporting the presence of a structural >Teakness at one 
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defini t e  point in -the 'J1-[\[ particle s .  

Ander s o n ,  Bogg s and ,-linters ( 31 )  have studie d  the effe c t s  of 

ultra sonic i rradiation on the seven T- seri e s  E scherichia coli 

bacterial viruse s .  The sens i t ivity o f  the viru s e s  to lo s s  of in

fec t i v i ty when i rradiated wa s found to b e  a function o f  the s i z e  

and shape of the virus . The mo s t  s e n s i t ive of the bacteriophag e s  

( T-2 , T-4 ,  T-6 , T-5 )  a r e  the large s t  of t h e  s e ri e s ,  wi th T-2 , T-4 

and T-6 having tadpole shap e d  heads o f  the orde r  of 600 AO by 800 AO , 

and wi th the T-5 having a round head of ab out 900 AO diamete r .  The 

most re s i stant bacteriophage s T-l ,  T- 3 and T-7 have smaller heads 

of the o rder of 450 AO diame ter . 

The breakage of mac romolecule s and viru s e s  i s  e i ther generally 

a s c ribe d  to the produc tion of vi s cous forc e s  ari s i ng frem the r e l 

at ive veloc i ty b e tween t h e  suspending medhrrn a n d  particles or t o  a 

velo c i ty gradi ent along the particle . The s e  forc e s  may be produc e d  

unde r cavi tati ng ( 32 )  or noncavi tating ( 33 )  c ondit ions . The 

hydrodyrmmic for c e s  o c curri ng i n  li�uid s  unde rgo i ng irrad iation 

depend on the size and shape o f  the parti c le . The fac t  that 'IT·IV 

part i c l e s  and DNA ',{ere ob s e rved to b e  preferentially b roken near the 

c enter is also consistent w i th mechani cal b real<age of the part i c l e s 

by hydrodynaclical f'crc e 3 . The prod11.c tion of the se forc e s  and the i r  

magni tude s under various condi tions wi ll b e  cons idered i n  more de 

ta.i l in Cha:pter II . Thi s s e c t i o n  has pre sented some af the more 

imp orta�t effe c t s  on ultrasonically irradiated b i o logi cal speci�ens . 

It ap:pear s  that v.se of p re s sure transients -;-rill perr.li t the study of 

sOr.J.e o f  the me chani cal proc e s s e s  o c c urring i n  acou s t i c ally irra -

diat e d  b iological G12.terials wi thout many of' the c omplicating e:ffe c t s  
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of continuous wave irradiation. 

2 .  Effects of Pressure Transients 

Tne study of the biological effects of pressure transients re -

quires systems capable of producing intense pressures of short 

duration . The methods used to produce these intense pressure rises 

have been restricted generally to those employing the detonation of 

explosives or to those using a shock tube in which a membrane under 

high static pressure is ruptured.  Many experiments have been con-

ducted in which a whole animal or a large part of it  has been exposed 

to blast waves produced by one of these methods ( 34 ) .  As these ex-

periments have been performed on large organisms ,  the concern has 

been with macroscopic effects such as bruises ,  rupture of blood 

vessels , and displacement of organs . Tnese e}�eriments are more 

pertinent to blast damage fro� nuclear weapons than to the study of 

pressure effects on microscopic particle s .  

Another method used t o  generate intense transient pre ssures i s  

that of underwater spark production . Intense pressure waves are pro -

duced by increasing the voltage difference between two electrodes 

until a spark discharge takes place . Spark discharges that have been 

used in some sterilization procedures are designed usually to give 

periodically occurring pulse s .  In the sterilization o f  milking 

machines a repetition rate of 5 to 15 sparks per second has been 

found suitable with voltages of 4 to 8 kilovolts and capacitance 

values of 0. 05 to 0. 1 microfarad (35 ) .  Tne pressure amplitudes pro-

duced by these spark discharges range from 900 to 2, 000 atmospheres 

as measured at seven centimeters from the spark source . 

Allen and Soike (36 ) have investigated the relative effect of 
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spark di scharge s on suspensions of Escheri chia c oli , spore s of 

Bac illus subtili s ,  Saccharomyc e s  c e revi siae , and bacteriophage T-2. 
With arc di scharge repetition rates of from 0 .8  to 30 times per 

second , all of the types of organisms studied were completely 

killed within one minute . Tney found the rate of kill to be 

e s sentially a linear function of input energy . S .  cerevi siae 

was found to be the most re s i stant with about four time s as much 

energy b e i ng required for 100 percent kill as for E. c oli , the mo st 

sensitive o f  the organisms studied. Allen and Soike point out that 

the c ell wall of E .  coli is left intac t .  They believe that free 

radicals produced by the elec trical di scharge penetrate the cell 

walls to produce cell death . The se re sults may also be explained 

on the basi s of purely mechanical effects . If the rod shaped 

bacteria �. coli are eA�osed to intense velocity gradients ,  as in 

the above experiment , they ,Tould be sub j ected to force s  rapidly 

orienting them to a posi tion of least re si stance to the veloc ity 

gradients ( see Appendix B, pagel48 ) . This rapid turning could con

c eivably disrupt the internal structure o f  the bacteria without 

b reaking the cell wall . The mechanical force s  on rod shaped par

ticle s in vi scous flow are discussed in Chapter II . 

The inve stigations with spark di scharges employed very high 

p re s sure s ,  and it i s  important to note that from 10 to 15 pre s sure 

transients were suffic ient for sterilization purposes ( 37 ) .  The 

pre s sure s employed in the present study are not expected to lead to 

such dramatic effe c t s , but by using lower pre s sure s and applying 

the re sults of hydrodynami c s ,  a model to explain the action o f  

pre s sure transient s  on b iological particle s  such as viruses and 
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macromolecules may be develo� e d .  

Th e  method u s e d  to produce pres sure transients in thi s i n 

vestigation i s  by the ab sorption of laser light p ul s e s  in 

optically dense medi a .  Therefore , it i s  worthwhile to consider 

tho se b iological effects �roduced by laser light which have been 

ascribed to the produc tion o f  pre s sure transient s .  

Ham , et . al . (38) have studi ed the effects o f  intense I.hite 

light and laser light pul s e s  on the retina o f  the rabbit . Their 

data for Q- switched laser pulses of 30 nano second duration, pro 

duc ing power densitie s  on the rabb it retina ranging from 3-5 

megawatt sjcm
2

, indi cate that �re s sure transient s may play a role 

i n  the ob served biological damage . Retinal bubble s and choroidal 

hemorrhage s at slightly higher power density levels are caused by 

the se pul se s ,  whereas therrr.al injury is the princ ipal b iological 

e ffe c t  for longer, non-Q- sl'Ti tched pulses "Thich do not produce 

appreciable pre s sure transient s .  I n  thi s regard P�ar , et . al . ( 39 )  

have used a piezoelectrical crystal t o  detec t  acoustic wave s p roduced 

when a laser beam was focused by the eye of the rabb i t . These re -

sult s indicated that the Q- sI'Ti tched laser might be a good devic e  

for produc ing short , intense pre s sure transient s .  I n  1964 Carome , 

Clark and Moeller (40 )  sho',Ted that , indeed, pressure transients c ould 

be produce d  with the Q- slfitched laser and that the shape of the 

pre s sure pulse depended to some extent on the boundary c onditions . 

TI'1at i s ,  depending on I{hether the surface on ,.hich the laser light 

wa s ab sorbed was free or rigid, the pre s sure transient produce d  had 

a neg� tive component or was predominantly positive ( see Appendix � ) .  
Fine , et . al . ( 41 )  have demonstrated hemorrhaging i n  t i s sues 
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di s tant from the site of laser impact .  They suggest that pre s sure 

transients may be formed due to a volume expansion either with or 

without a liquid to gas phase tra.nsition when transient heating 

oc curs . For tis sue in which much of the energy of the laser beam 

is ab sorbed belmr the surfac e ,  entrapped water may b e  vaporiz e d  and 

the resulting volume expansion may be the primary cause of b i -

ologi cal damage . Hmrever, I·rhen most of the enerl5'J is ab sorbed on 

the surface of the t i s sue , the volume expansion without phase change 

i s  probably of more importance in the produc tion of pre s sure 

transient s .  

Li ttle research has been performed o n  the b iological effe c t s  

of pre s sure transient s .  Th e  author b elieves that a study o f  the 

effe c t s  of pre s sure transients i s  valuable in eluc idating im -

portant aspects of b iological &4�age to living system s . Since the 

p re s ence of cavitation c omplicate s the study of the b iological effe c t s  

of pres sure , the elimination or minimi zation of cavitation simpli fie s  

the analysis of the mechanism o f  sonic damage . Po s itive pre s sure 

transients eliminate any pos sib i lity of cavitation. Tne complicating 

effe c t s  of high temperature are also minimized since there is a 

negligible temperature ri se assoc iated l-rith the transmi ssion of a 

single transient pre s sure wave through aqueous medi a .  

Characteri s t i c s  of Tobac co Mo sai c Virus 

The de sirab ility of selec ting a geometri cally well defined 

system to study the biologi cal effects o f  pre s sure transients has 

already b een emphasized in the Introductory Statement , page 1. 

The tobacco mosaic virus (TI�) , because of its well known physical 

and b iologi cal characteri s t i c s  has been cho sen a s  the biological 
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model . TI·W has been the subject of numerous investigations since 

it was isolated and purified by Stanley in 1935 ( 42) . TMV is not 

only the first virus to be purified, it i s  also the first virus for 

which sufficient x-ray diffraction data have been collected to 

give a detailed representation of its structure . Bernal and 

Fankuchen ( 43 )  were able to show by x-ray diffraction of oriented 

gels that the virus has a me�� diameter of 152 AO and a length of 

3 , 000 AO • Franklin and Klug (44) , also using x-ray diffraction 

methods , determined that the TMV particle was neither a smooth 

cylinder nor a hexagonal prism as had been previously postulated, 

but rather it was a rod bearing a helical array of protuberances . 

The pitch of the helix was found to be 23 AO with an axial repeat 

di stance of 69 AO • Klug and Caspar ( 45 )  list additional structural 

par��eters for TMV as determined by x-ray diffraction analysi s .  The 

molecular weight of the fundamental TIN particle is  39 million with 

2. 06 million of the total accounted for by ribonucleic acid (RNA) 
and the remainder by protein.  Each protein protuberance or subunit 

has a molecular weight of about 18 , 000, there being about 2, 100 of 

these units in the TMV particle. 

The TMV rod may be chemically degraded in a�Q11ine solution 

and the protein subunit s  separated from the Rl�A by prec ipitation or 

electrophoresis (46) .  Tne protein, even ,,,hen freed from the RNA, 

has the remarkable property of polymerizing spontaneously into a rod 

similar to the intact virus ( 47 ) . However,  polymerization of the 

protein in the absence of Rl�A does not produce infective particle s .  

Stevens and Lauffer (48) have shmm that the polymerization i s  

thermodynamically reversible . Positive increments of temperature , 
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ionic strength and protein concentration favor polymerization . 

Tney have shOlm that protein in 0 . 1  percent solution buffered at 

pH 6. 5 and 0 . 1 ionic strength sodium phosphate exi sts predomi��tly 

in the polymerized state at room temperature (210 centigrade ) and 

is depolymerized at 20 centigrade . TIle subunits ,,,hich form the re 

pol�merized particle have a molecular weight of 18 , 000 as de 

termined by ultracentrifugation; thi s agrees with the molecular 

weight found by x-ray diffraction . 

Franklin (49 ) has taken repoly�erized protein containing no 

RNA and compared its c ro s s  sectional electron density with that of 

lMV. H e  found that in particles containing RNA, the electron 

density had it maximum peak at a di stance of 40 AO from the axi s of 

the rod ,  whereas the electron density of the parti cles containing 

no R1�A had a minimum at thi s location . He concluded that the RNA 

chain was located at a po sitio� of 40 AO from the axi s of the rod .  

From thi s information and a knOldedge of "Ghe amount of fu�A i n  the 

TI.W parti cle , it i s  concluded that the TI1V particle consists of a 

single strand of fu�A held in a helical configuration by the protein 

subunits which make up the rod ( see Figure 1, page 21) .  Hart ( 50 ) 
has shOlm that not only can a part of the protein be removed from 

the 'IHV particle while leaving the RNA intact and pre serving in

fec tivity, but also that the RNA exposed to thi s treatment i s  

covered again "hen more TIN protein i s  supplied. TIlus ,  it vrould 

seem that the RNA doe s  not run throughout the protein subunit s  but 

that the subunit s  pack , leaving a vacant space for the R1� . 

Phosphorous analysi s of the RNA indicates that there are three 

nucleotide s per protein subunit .  I t  i s  believed that the R1�A chain 
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Fig.  1. Model of 'lMV from K1ug and Caspar (45 ) .  
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help s  to hold ' the protein suounit s  together in a more stable con-

figuration than l>TQuld be found in the ab sence of RNA. Thi s is 

supported by x-ray diffraction analysis of rods containing no RNA 

( 51 ) .  It i s  found that the se rods may change dimensions by as 

much as 5 AO between protein layers when going from a dry to a 

wet gel , whereas for fu�A stabilized rods the change i s  negligible . 

The x-ray pattern also fade s out more quickly at high scattering 

angle s ,  indicating a more di sordered structure in the repolymerized 

protein ( 52 ) .  This indicate s that the bonds holding the protein 

subunits together are weak compared to the stability attained in 

the pre sence of the fu�A chain. 

Electron microscopy has substantiated the re sults of x-ray 

diffraction analysi s .  Using phosphotungstic acid a s  a negative 

stain,  Williams and Steere ( 53 )  have shOlm that the length of the 

particle is 2, 980 AO :: 100 AO " ith 96 pe rcent of the particles 

either in the form of monomers or dimers . Preparation for electron 

microscopy results in drying with some b reakage of particle s  and a 

b roader di stribution of particle lengths than would be ob served for 

the intact particle in solution ( see Chapter III , page 82 ) . HOI-rever, 

it i s  s till ob served that most of the particle s are about 3 , 000 AO 

long . It i s  also ob served that the phosphotungstic acid fills the 

c ente r  axi s of the particle , indicating a hollow rod in agreement 

" i th the 40 AO diameter hole predicted by x-ray diffraction analysi s .  

Adjacent rods are never ob served nearer than 170 AO to 180 A
O 

to each 

other , indicating that they do not ordinarily interlock ( 54 ) . Thi s 

again agrees with the x-ray data of 150 AO ave rage diameter, the -

electron density of the x-ray pattern falling off gradually up to 
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Attempts have been made to characteriz e  TMV by various hydro 

dynamical methods in order to determine the dimensions of TI1V in 

solution . One of the most recent and mo st thorough of the se studi e s  

i s  that of Boedtker and Sirr�ons ( )6 ) .  In  the se studies they have 

determined the length and diazneter of the 'ThW particles by flow 

birefringenc e ,  sedimentation and vi scosity studie s .  All o f  the se 

hydrodyP�mical methods lead to particle dimensions of about 3 , 700 AO 

by 157 AO . However ,  the hydrodynami cal calculations were made on 

the as sumption of an ellip soidal particle . If thi s hydrodynamically 

e�uivalent ellipsoid is e�uated to the volume of a cylinder 3 , 000 AO 

long , a diameter of 149 AO i s  obtained.  Tnerefore , there i s  good 

agreement between the dimensions of the solvated and non-solvated 

TMV particle . 

The dimensions assumed for the TI·W particle in the present 

study are those of the hydrodyp�ically e�uivalent ellipsoid since 

an e llipsoidal form is used to determine the hydrodynamical stre s s  

o n  the particle . 

C .  PHYSICAL ASPECtS 

l .  Production ?�d Propagation of Pres sure Waves and Transient s  

Th e  term pre s s ure transient as used throughout thi s study 

de signate s a single acoustic pulse with an amplitude di stribution 

of only one or two peaks . If the mechanical di sturbance caused by 

the propagating pre s sure transient results in molecule s b eing di s 

placed from their equilibrium position " parallel to the direction o f  

propagation, the di sturbance i s  termed compre ssional or longitudinal . 

The particle displacement may also be perpendicular or transverse to 
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the direction of propagation of the di sturbanc e .  Tne se transverse 

motions oc cur in solids and in liquids to some extent . It i s  

generally assumed that there i s  n o  propagation of transverse motion 

in gases and liquids since the resi stance to shear in liquids and 

gases is so small . However ,  in considering the force on particles 

submerged in a liquid ,  it 'fill be nec e s sary to include the fact that 

a viscous liquid can support a shear . 

TIle Q- 5'Titched laser is capable of" delivering a powerful pulse 

of" energy over a very short period of" time (20 to 50 nano seconds ) . 

If the irradiated material has a high coeff"icient of ab sorption for 

laser light , rapid heating <Till occur .  Tn e  generation of pre s sure 

transients by thi s mechanism has been demonstrated by Carome ( 57 ) as 

mentioned previously ( see page 17 ) .  In the theoretical work of 

�nite ( 58 )  it i s  sho<Tll that transient temperature rises can lead to 

the production of acoustic transient s .  TIlermal expansion of material 

due to a temperature rise T(x, t )  will produce a strain 

where 

o � (x , t ) 
ox 

aT(x , t ) (I-4) 

� (x , t ) the particle displacement as a func tion of position 

and time , 

T(x , t ) the temperature ri se as a function of position and 

time , and 

a = the coeff"i ci ent of linear thermal expansi on .  

Tne ratio o f  stre s s  t o  strain i n  liquids i s  given b y  the bulk 

modulus . In the pre senc e of both heating and elastic stre s s e s ,  

the stre s s - strain relationship i s  altered such that 
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s c d �  _ BaT 

dx 
(I-5 )  

where 

c the elastic constant , 

S the stre s s ,  and 

B the bulk modulus . 

Applying Ne,non ' s  second law to the stre s s - strain equation for a 

material of density p :  

Ba 
d T. 
dX 

( I-6) 

Thi s equation is the wave equation Ifith a forcing f'Ul'lction pro -

portioP�l to the temperature gradient . Thus if the temperature i s  

given as a function of position and tiGe , a solution may be found for 

the pre s sure transient . Apgendix A includes a more detailed ex-

planation of hmr thi s equation is solved , making use o f  the variation 

of parameters technique . Z�e dirficulty that ari s e s  in determining 

the form of the pre s sure transient is due princi9ally to a proger 

cho i c e  of the temperature di stribution . Given an explicit function 

that de s c ribe s  the spatial ��d time variation in light intensitYJ the 

spatial and time dependent temperature ri se may be determined by 

solving the heat equation, viz . : 

02T(X, t )  _ � OT(x, t )  
ox2 k .ot 

where 

k the thermal di ffusivity, 

K the thermal conductivity, and 

_ A(x, t )  
K 

A the heat production per unit volume per unit time . 

( I-7 )  
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The resulting temperature function may in some cases be of such a 

nature that the I'rave eCJ.uation cannot be solved in clo sed form . Tnere -

fore it is neces sary that simplifying a s su�ptions be introduc ed.  

If i t  i s  assumed that the distribution of the power densi ty 

(watts/cm
2

) versus time for the laser pulse i s  rectangular and that 

the instantaneous temperature is directly proportiopzl to the total 

photon energy ab sorbed at a particular time , then the time di s -

tribution of the temperature Ifill be in the form of a linear ri se 

which levels off to a plateau at the end of the laser pulse . The 

spatial di stribution of the temperature \'lithin the absorber will 

exhib i t  an exponential decrease if the electromagnetic energy i s  

a s sumed to b e  exponentially ab sorbed. 'Thi s temperature di stribution 

is not a solution to Fourier ' s  lal'l of heat diffusion for ab sorption 

of heat on a plane surface . P.:o-.:rever J the IOl:.1 of the a.coustic pulse 

obtained from the solution of the �'fave equation usi!'"_g t.he above 

:form of temperature di stribution is in fair agreement vTi th Carome f s 

( 59 ) and the author ' s  results .  Tni s \,111 b e  di scussed further in 

Chapter III , page 65 . I'!ichaels (60 ) has also used an approximate 

temperature flL'1ction \'lith a linear rise time in di scus sing thermally 

induced elastic l;ave propagation in slender bar s .  

Ready (61)  determined the temre rature di stribution produced in 

metals by the ab sorp tion of a typical laser pulse of about 30 nano-
,. 9 ? 

seconds duration and from 100 to 10 watts per cm- by numerically 

integrating the heat eCJ.uati o n .  Hi s solution indi cates that the 

temperature on the ab sorb ing surface ri ses to a maximum in about 10 

nano seconds . Ready predic t s temperature gradients as high as 106. 

degre e s  centigrade per centi�eter a�a temperature rate s of change of 
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1010 

degree s c entigrade per s e c ond . The solution to the heat 

eCJ.uat ion sho;rs that the tempe rature in ohe ab sorb ing material i s  

dependent o n  tne ratio o f  the thermal diffusivity t o  the tnermal 

c onduc tivity (62 ) . A dye ( P ru s s ian b lue ) in water vas used as an 

ab sorber in thi s study . Hmiever, it is found that the ratios of 

the thermal di ffusivi ty to the thermal conduc tivity in ;rater and 

tung sten are of the same order of ffiagnitude so that the above 

value s should be approximately corre c t  for ;later also . me pro -

duc tion of pre s sure transients i s  di re c tly relate d  to the tem -

p e rature gradient ; therefore , very steep pre s sure gradients are 

expecte d .  For materials "Ti t h  a high coe ffic ient o f  ab sorption for 

las e r  light , the temperature rise may b e  suffi c i ent to cause va-

pori zation of the material . HO�'lever, "Cne unfocused energy output 

( approximately 0 . 4  j oule s per cm2 ) of the laser used in thi s study 

i s  not suffi c ient to cause vapori z ation if fu� a�tenuation coefficient 

of 1000 per centimeter is as s�med . Even if a�l the energy i s  

a s sumed t o  contri�ute t o  vaporization) o�y abo�t a mi lligram o f  water 

c ould b e  vapori z e d . merefore , it i s  :elt that any effects due to 

vapori z ation 'l>lill be small when using unfocused laser _igtt . 

In order to de sc ribe tne propagation of' acoustic phenomena 

mathemati cally, it is a s su�2d that the stre s s ,  S, t ending to di s -

place a part i c le from i t s  2CJ.uilib rium po sition i s  p roportior�l to 

the di splacement . mat i s  

where 

S c 
d � 
d X  

the particle di splacement in the x dire c tion, and 

( 1 -8 ) 
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c � the elastic c onstant . 

From Newton ' s  second law, one has that 

o S  
o x  

where 

p � the density at time , t .  

Combining these t,m expressions gives the wave equation 

�rhere 

2 
v 

c 
p 

is the square of the wave velocity .  

The solution of interest i s  of the fo� 

,There 

w ;:: the angular frequency of the '>laves . 

( I-9 ) 

( I -10 ) 

(I-11 ) 

The first term in thi s equation represents a ,rave traveling in the 

positive x dire ction; and the second ten� , a wave traveling in the 

negative x direction . The application of" boundary values determine s 

the constants A and B . 

��e specif"ic acoustic impedance which is important in determining 

the relative amounts of acoustic power transmitted or reflecced at 

boundarie s  and interfaces i s  defined as follm{s : 

where 

z _ / (0 1; )  sp -
p dt 

ZSP the specific acoustic impedance , and 

(I-12 ) 
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p = the pre s sure . 

As suming the pre s sure to be a simple harmoni c func tion of time , let 

p ( 1-13 ) 
t..;here 

p+ 
amplitude of the pre s sure I-lave traveling in the po:si tive x 

direction, and 

p a�plitude of the pres sure wave traveling in the negative x 

direc tion . 

Making use of Ne,rton ' s law and the fac t  that the pres sure i s  defined 

as the negative of the stre s s , then 

and 

where 

and 

tl e � +  

_ i p� 
z sp 

. -l -l.CJ)(V' 

pv'" 

pv = the characteri stic impedance of the medium . 

( 1 -14 ) 

(1-15 ) 

(1-16 )  

In the above solution for the partic le di splacement , all lo s s e s  

were neglected . Sound attenuation and consequently ab sorption in 

i'luids is determined primarily by vi sc o sity , heat conduction and the 

molecular charac teri sti c s  of the fluid in que stion. T.�e s e  various 

ab sorption proc e s s e s  become important only at high frequenc i e s . For 

frequenc ie s  below 10 megacyc le s per sec ond the intensi ty of the 

sound field i s  reduc ed le s s  than 3 perc ent for a path length of 1 
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centimeter (63 ) .  Sinc e  the e�uivalent rre�uencies employed in thi s 

study are le s s  than 10 megacyc le s per second and si nc e  the acoustic 

path lengths are short (� .� . , order or 1 c entimeter or le s s ) , the 

ab sorption of the ac oustic ,Tave s is negligible . 

For large amplitude wave s the parti c le di splacement is not a 

linear function of the stre s s  as was as smned in deriving the \faVe 

equation . As a re sult the ,·rave veloc ity is no longer constant but 

i s  dependent on the particle di splace:r,ent , "li th the velo c i ty being 

greater in the regions of greate st parti c le displacement . ��e wave 

form ,·Till become steeper as the ''lave propagate s  s ince the regions of 

greate st parti cle di splacement will travel faster than tho se of 

small particle di splacement . T:'1i s steepening of the ;;ave front leads 

to the produc tion of higher rrequenc i e s . Lester (64) has discussed 

the generation of harmonic frequenc i e s  as a func tion o �  propaga�ion 

di stanc e for large amplitude '.aves using an e�uation of state for 

liquids of the form 

P 1/2 ( I -l7 ) 

where 

A and B are empirical c onstant s )  and 

P and Po are the pre s sures when the density i s  p and 

P o respectively. 

The propagation velo c i ty is round to depend linear�" on the parti c le 

ve locity up to pres sure s or the order of 1000 atmosphere s ,  viz . , 

v '  = v + (B/2A + 1 )  O s  
o t  
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v '  the propagation velo c ity for wave s o f  large 

ampli tude and 

v the propagation velocity for ,raves of small amplitude . 

Lester ' s  graphs , showing the relative magnitudes of the harmonic s  a� 

a function of di stanc e ,  shmr that for \.;ater (B/A is a s sumed to be 5 )  
the ampli tude o f  the second harmonic i s  only 10 percent o f  the 

fundamental frequency (1 megacyc le per second ) for a di stanc e  of 

propagation o f  about 7 centimeters and for an initial pres sure of 

10 atmo sphere s . Since di stanc e s  of propagation of the order of 1 

c entimeter are used in this study, the effec ts of large amplitude 

di s tortion will be small and have thus been neglected; 



32 

CRAPTER II - WBACCO MOSAIC VIRUS BREAKAGE 

A .  PROPOSED MECHANISMS 

Various mechani sms have been proposed to account for the ob 

served breakage of macromolecules and viruses exposed to ultra

sonic irradiation . Some of these were mentioned previously in 

discussing the effects of ultrasonic irradiations on biological 

materials (Chapter I, pages 9-14 ) .  Ho;rever,  it is the purpose 

of this chapter to consider in greater detail those mechanisms which 

have been proposed to account for the mechanical breakage of long, 

rod-shaped particle s .  Only those mechani sms which appear to be ap

plicable to the study of transient phenomena ;rill be analyzed.  

These will be analyzed to determine the magnitude of the forces  

tending to  rupture rod-shaped particle s .  

Two principal approache s have been made i n  considering the 

breakage of macromolecules .  Tne first approach assumes that the 

particles under consideration do not interact and that each par-

ticle is completely isolated from all other particles .  The second 

approach assumes that the particles form aggregate s  or entangle

ments . Aggregates may conceivably be present in dilute solutions 

if the particles  tend to adhere to one another .  For the case 

where the 'lMV particle is assumed to be i solated (�.�. , not in an 

aggregate ) ,  the inertia of the particle is generally so small that 

the �article is assumed to move with the fluid so that there is no 

net force acting on the particle (65 ) . In other words , the center 

of ma s s  of the particle will move with a velocity that is equal to 

the average velocity of the solvent ( see Appendix B, page 146 ) .  

\ihen an acoustic pulse i s  propagated throueh the medium, the 
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molecules will undergo compression and expansion. During com-

pression the molecules of the solvent will be packed closer to

gether along the TMV particle . As the positive pressure begins 

to decrease , there will be an expansion or separation of the mol

ecules of the solvent resulting in a viscous tension along the TMV 

particle . The rupture of particles is attributed to this viscous 

tension . Frenkel ( 66 )  has used this mechanism to discuss the 

orientation and rupture of linear macromolecules .  In particular 

he has focused attention on the forces tending to break a linear 

array of spheres with connecting links. 

Mostafa (67 ) in considering the occurrence of breakage of 

polystyrene under noncavitating conditions has concluded that the 

forces are not of sufficient magnitude to break the particles if 

it i s  assumed that the polystyrene particles are i solated from each 

other in solution . He concludes that the molecules must become en

tangled to an extent sufficient to increase their effective mass so 

that they do not move relative to the solvent . With an increased 

effective mass the molecules may be assumed to be fixed at one end 

or both ends due to the entanglements .  The velocity relative to 

the macromolecule is thus much greater than if the pOlystyrene were 

assumed to be free and able to follow the undulatory motion of the 

applied acoustic field. 

Mark (68 )  has made similar comments in attempting to explain 

the breakage of polystyrene and nitrocellulose under noncavitating 

conditions . He suggests that " most of the macromolecules will join 

the vibrational motion of the solvent and only rarely, here and 

there , will considerable friction develop . "  He says this explains 



the very low degree of degradation (only 5 bonds broken in 1000 ) ,  

obtained when the particles were irradiated from 20 minutes to 

2 
over an hour at 10 watts per cm and at 100 kilocycles frequency. 

He estimates that the force exerted on the molecule s is  about 4 or 

5 times the strength of a carbon-carbon bond for molecules which 

are assumed to be stationary with re spect to the solvent . However 

since millions of oscillations of the pressure field are required 

to produce significant breakage , Mark postulates that the effective 

force rupturing the molecule s is much less than the force calcu-

lated on a basis that the molecules are considered stationary with 

respect to the solvent . 

Gooberman (69 ) has studied the breakage of polystyrene under 

cavitating conditions in benzene . He concluded that no significant 

breakage can occur except under cavitating conditions . Under these 

conditions breakage is  possible even for a single i solated molecule 

since the molecule may be adjacent to a collapsing cavity where 

pre ssures greater than 1000 atmospheres may be experienced. 

The above mechani sms possibly may explain the observed 

breakage of TMV particles that have been exposed to transient acous-

tic pre ssure wave s .  Before considering these mechanisms fUrther, 

the hydrodynamical force s  experienced by a rod-shaped cylinder in a 

field of solvent flow must be considered.  

B.  HYDRODYNAIITCAL CONSIDERATIONS 

1 .  Limi ts o f  Applicability 

The study of viscous force s  exerted on a cylinder in a one 

dimensional field of flow is complicated by the fact that the 

cylinder perturbs the flow. Therefore , it is necessary to con-
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sider a three dimensional field of flow around the cylinder. The 

complete three dimensional equation of motion as given in standard 

texts on hydrodynamic s  (70 )  is  

where 

... 
Dq '"  ( ... 4 ... P 
Dt 

= pF - vp - JJ V "  VA q ) + 3 jJ V'(vq ) , 

p density, 

q velocity ( the arrow denotes a vector quantity) , 

p pres sure , 

... 
F external forc e s ,  

jJ viscosity coefficient , 

1\ denotes the cross product ,  and 

D denotes the total derivative , !.�. , 
... o-q 

� = Cit + -q <;1-q .  

(II-l) 

Making use of the equation of continuity and assuming that the 

fluid is incompressible , then vq must be zero and equation ( 11-1) 

become s :  

Th e  form o f  this equation may b e  modified with the aid of the 

vector identity: 

The equation ( 11-2 )  may now be written a s :  

nq... 2""-p - = PF - vp + jJ v q 
Dt 

(n-2 )  

(n-3)  

which i s  recognized a s  the time dependent Navier-Stokes equation . 

Expanding the total derivative and neglecting external body forces . 

such as gravitational forc e s ,  equation ( 11-3 ) become s :  
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36 p(� + Q'l7Q) = - 'l7p + �V2q. (rr-4 ) 

Equation (11-4 )  i s  a diffi cult equation to solve and ha s been 

solved suc c e s sfully only through the use of variou s  approximation 

s cheme s .  The problem beco�e s even more diffi cult at suffic iently 

high velocitie s because turbulence develop s in the flow . The 

veloc i ty and p re s su re then be come di scont i nuous at various points 

and motion is better de s c ribed i n  terms of s tocha s t i c  proc e s se s . 

Even wi th s implific ation s ,  i t  has not proved pos s ib le to solve the 

equat ions of motion for flmr past finite bodi e s  when turbulence i s  

pre sent . 

In o rder to dete rm j�ne the condi tions unde r whi ch turbulence 

is not i nduce d  so that equation ( rr-4 ) may be s implified ,  use wi ll 

be made of the ReJ�olds number . The Reynolds n�mb e r  i s  a dime n -

sionle s s  quantity that depends o n  the rat io o f  inertial t o  vi s cous 

force s ,  and i s  often used as a measure of the turbulence expe c te d  

f o r  a given sys tem (71) . The Reynold s  number depends on the 

charac te ri stic parame ters of the system under conside ration, such 

a s  the diame ter of the part i c le
.
, the velo c i t y ,  vi scosity, and 

den s i ty of the me diwn . For low Reynolds numb e r s  (� .� . , < 1) the 

flow i s  e s sentially laminar, the importance
.

of turbulence r i s i ng 

as the ReJ�olds numb er app roache s 1 .  

For flo.s characterized b y  low Reynolds numb e r s , equation 

(11-4 )  may be s impl i fie d .  I n  orde r t o  jus tify the simplification , 

a transformation to dimensio!"l..le s s  variable s  i s  ma.de . Let 

t f tiT - dimens ionle s s  time , 

q '  �/U - dimens ionle s s  velo c i ty vector , and 
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�I  r/� - dimensionle ss position vector, and 

p ' p>"/U>L = dimensionles s  pres sure 

where 7; U, and >" are characteri stic values of the time , velocity 

and length of the system under investigation . Under thi s trans

formation, equation (II-4 ) become s :  

or 

where Nl and N2 are the Reynolds numbers defined by : 

and 

(II-5 ) 

(II-6 )  

These numbers may b e  evaluated for an acoustic pulse o f  10-7 
seconds 

duration and with a pressure amplitude of 10 atmospheres . The 

equations (A-21 )  and . (A-28 ) derived in Appendix A can be used to 

obtain an estimate of the solvent velocity , U ,  of about 1 meter per 

second. The equivalent radius of the TMV particle ( the radius of a 

sphere with the same volume as the TMV particle ) may be taken as 

approximately 2 . 33 x 10-8 
meters . Using the se values give s 

-3 -2 
Nl = 5 . 4  x 10 , and N2 2 . 3  x 10 ; N

l 
and N2 are small enough so 

that the terms on the left side of equation (II-5 ) may be neglected. 

Changing back to untransformed variable s ,  the simplified equation 

may now be written as : 

(II-7 ) 

Although thi s equation is identical in form to the steady state 

Stokes equation, it i s ,  in fact ,  dependent on the time implicitly� 

since p and q are functions of time . It i s  called, therefore , the 



�uasi-steady Stokes e�uation ( 72.) . It i s the solution of this 

e�uation for the transient case that is to be investigated. 

The approximation involved in the use of e�uation (II-7) be-
comes more accurate the smaller the Reynolds numbers involved, 

these numbers being a measure of the ratio of inertial forces to 

viscous forces exerted on the particle by the surrounding fluid . 

The order of the approximation involved in using e�uation ( II-7 ) 
may be investigated by comparing the forces on the particle as 

calculated from this formula with the known force experienced by 

an infinitely long cylinder oriented with its long axis perpendic -

ular to a uniform flow velocity, U .  The force experienced by a 

particle in a field of uniform flow i s dependent on the Reynolds 

number of the flow and on the shape of the particle . A dimen-

sionless number, the drag coefficient , is generally employed in 

di scussing the forces on bodies of various shapes .  The drag 

coefficient as a function of the Reynolds number for an in-

finitely long cylinder is well known and is given in Perry ' s  

Chemical Engineer ' s  Handbook ( 73 ) .  The drag force in terms of the 

drag coefficient i s 

where 

C the drag coefficient , 

(II-8 ) 

A the projected area of the particle perpendicular 

to the direction of fluid flow, 

p the density, and 

U the flow velocity in the absence of the suspended 
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particle . 

Since steady flow has been assumed in arriving at values for the drag 

coefficients ,  the Reynolds number N2 of equation (II-6 ) is the one 

that must be considered. All of the parameters of N2 are fixed ex

cept the velocity. As an upper limit consider a pressure of about 

1000 atmospheres .  Calculations based o n  formulas (A-21) and (A-28) 

in Appendix A show the expected value of U to be of the order of 100 

meters per second, and N2 to be about 2 . 3 .  The drag coefficient for 

a Reynolds number of 2 . 3  for an infinite cylinder i s  about 7 . 5  and 

the force is found to be 1 . 7  x 10
-7 

newtons . Tbe force calculated 

using the solution to equation (II-7) is 1 .8  x 10
-7 newtons . 

Tbe solution to equation (II-7) is given in Appendix B, page 140 

and is discussed below. The surprisingly close agreement between 

these forces is probably misleading since the comparison was made 

for the drag coefficient of an infinitely long cylinder. The actual 

drag coefficient , and consequently the drag force, may be 15 to 20 

percent lower than indicated above . The drag coefficients for 

cylinders vary with the length to diameter ratio , the coefficient 

for a length to diameter ratio of one being about half that for an 

infir.itely long cylinder. Even for a length to diameter ratio of 

1;0 the coefficient is only about 85 percent of that for an infinitely 

long cylinder ( 74 ) .  Since the pressures employed in this study are 

below 1000 atmospheres ,  it appears that there is good justification 

for disregarding the inertial term q. '7Q in equation (II-4 ) . 

oq The Reynolds number associated with the term dt in equation 

( II-4)  i s  independent of the fluid velocity but is  inversely re- · . 

lated to the time . Unless  characteristic times of 10
-9 

seconds or 
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le s s  are considered, the magnitude of thi s number i s  still less than 

Clq 
one and therefore , the term dt can also be di sregarded.  In order to 

Clq 
e stimate the order of approximation involved when the term dt i s  

neglected, consider the solution of the equation in which this term 

is not neglected. Lamb ( 75 )  give s the solution of the equation for 

the case of a sphere undergoing oscillations in a fluid .  If, a s  in 

the case in the present calculations , an equivalent frequency of 5 

megacycle s is assumed for the transient pres sure , then the force cal

culated for a sphere of 150 AO is found to be about 6 percent greater 

than it would be if the force were calculated on the basis of the u-

sual Stokes equation : 

where 

a the radius of the sphere , 

� the viscosity of the solution, and 

.... 

(n-9)  

u = the flow velocity i n  the ab sence of the suspended 

parti cle . 

In the above case it was assumed that the particle was sta-

tionary with respect to the flow field . If the particle is assumed 

to move with the flow field, then the Reynolds number, N2 , will be 

even le s s ,  since the relative velocity of the solvent to the particle 

is the important parameter.  Having justified the use of the quasi-

steady equation of motion, it i s  now neces sary to consider the 

solution of the equation ( 11 -7 )  and how it is used in determining 

the stre s s  on the TMV particle produced by a pressure transient . 

2 .  Solutions 

The flow past spheres has been studied extensively both 
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theoretically and experimentally . Equation ( II-7 ) was first 

solved for spheres in a steady uniform field of flow by Stokes ( 76 ) .  

It i s  also of interest to note that Einstein ( 77 )  studied the motion 

of spheres suspended in a liquid with respect to their effect on 

the viscosity of the liquid .  Th e  solution of equation (II-7 ) for 

the case of an ellipsoid - of revolution undergoing translation i s  

given i n  Appendix B ,  page 140. The method of solution follows one 

given by Lamb (78 )  in his treatise , Hydrodynamic s .  Lamb based his 

solution on the original work of Oberbeck. Jeffery (79 ) extended the 

solution along the line s followed by Einstein in order to determine 

the effect of a suspension of translating or rotating ellipsoids on 

the viscosity of the suspensions . Attempts have been - made to par

tially correct for inertial effects neglected in using equation ( II-7 ) . 

One such attempt , made by Oseen, involves approximating the term 

Ci( vCi) in equation (rr-4) by U( "" q) ,  where U is the uniform veloc ity 

of flow at large di stances from the particle . This method is di s

cussed by Burgers (80 ) (81) for bodies of various geometric shape s ,  

including the ellip soid .  Th i s  method gives results which a re  more 

consi stent with experimental values at large di stances from the par

ticle . However, in the region near the particle where the viscous 

forces tending to rupture the particle are greatest , q � -u, and the 

solution to equation (II-7)  gives re sults as valid as those obtained 

using Oseen ' s  approximation. Burgers applies Oseen ' s  method to find 

the approximate solution for cylinders immersed in a uniform, steady 

flow . He finds that the solution for the force on a cylinder with 

its axi s perpendicular to the direction of flow i s  given by the 

same formula that the exact solution of equation (II-7 ) provides for 
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an ellipsoid ( see equation B- 63 of Appendix B ) .  For the 

resistance of a cylinder with its axis along the direction of flow, 

he finds that 

where 

... 
F 

4 rc J.1Ua 

ln 2(� ) - 0 . 72 

a major semi-axis of an ellipsoid of revolution, and 

b = minor semi-axis of an ellipsoid of revolution 

( II-10 ) 

as compared with the solution of equation (II-7 ) for an ellipsoid 

of revolution, where 

... 
F 4 rc  J.1Ua 

(II-ll) 

Since the solution for a cylinder by Oseen ' s  method of approx-

imation gives essentially the same results as the exact solution of 

equation (II-7 ) ,  and, since this equation appears to be applicable 

in the range of pressures employed in this study, the form of the 

particle will be assumed to be that of an elongated ellipsoid of 

revolution . It i s  useful to make this assumption, since in all of 

the hydrodynamical methods employed to determine the properties of 

tobacco mosaic Virus, it has been assumed that the particle was in 

the form of an ellipsoid of revolution. As previously mentioned 

( Chapter I, page 23 ) the parameters that will be assumed for the 

tobacco mosaic virus particle are those determined by Boedtker and 

Simmons using hydrodynamical methods . That is ,  the length of the 

major axis will be assumed to be 1850 AO , and that of the minor 

axi s ,  78 AO • 

The solution to equation (II-7) for the force on a particle 



undergoing translation can be put in the form 

(II-12 )  

where K is a translation dyadic which depends only o n  the geometry 

of the particle and U is the value which the velocity field would 

have at the origin if the particle were not present (82 ) . This form 

of the solution is discussed in more detail in Appendix B ,  page 141 . 

For small distances , corresponding to the length of the TMV particle ,  

the solvent velocity, U, may b e  assumed t o  vary linearly along the 

direction of propagation. For the case where the TMV particle is 

assumed to move with the flow field, the maximum tensile stresses 

will be deve
'
loped when the velocity gradient i s  a maximum. 

There will be a tor�ue , associated with this force , tending to 

align the particle with the flow field. For the case where the par-

ticle is free to move under the influence of the applied flow field, 

the resultant to�ue will be zero and will not tend to rupture the 

particle . For the case where one or both ends of the particle are 

assumed to be rigidly fixed, the to�ue may play an important role . 

Even for the case where the particle i s  assumed to be free, the 

to�ue will tend to align the particles in the field so that its 

effect must be considered in determining the orientation of the par-

ticles . The magnitude of this orienting effect must be known before 

a calculation can be made of the average force exerted on the par-

ticle during exposure to a given pressure transient . If it is assumed 

that the long axis of the particle lies along the x-axi s ,  then the 

to�ue experienced by a particle in the x-y plane will be 

.... f
a .... .... .... :e r a 

L = 
-a 

ix A dF = � _ x(oU ' /Ox )dx 
-a 

given by 

(II-13 ) 
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U ' U sin e , 
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e angle the particle makes with the direction of 

propagation of the pressure wave , 

i unit vector in the x direction , and 

k unit vector in the z direction . 

The magnitude of the torque and the time required for the par-

ticle to rotate is considered in Appendix B, pages 146-8 For 

typical values of the velocity gradient , it is found that the time 

required for complete orientation of the particle , even for large 

velocity gradients ,  is quite long , so that it may be assumed that 

the particles are oriented randomly as in an undisturbed solution. 

Since the incident pressure wave i s assumed to be a plane wave , 

the velocity gradient is along the direction of propagation of the 

wave . Therefore , in considering the viscous tensions on the par-

ticle , only the orientation with respect to the direction of pro-

pagation need be considered. As before , the x-axis i s taken along 

the long axis of the particle and the angle this axis makes with 

the direction of propagation of the pressure wave i s  designated 

by e . The particle s are as sumed to be randomly distributed with 

respect to e ,  where e varies from 00 to 900 , and the probability 

of a particle having an angle e will be equal for all values of 8 .  

The average force exerted on the particle will be 

1� w e  
o 

r �  d e Jo 

2l K� 
- � .  K 0 

The force F i s the resultant force over the entire particle . 

(II-14)  



However ,  since the velocity is assumed to vary with position along 

the axis of the particle , it is necessary to consider a force,  

f (x )dx, distributed along the axis of the particle .  The fbrm o f  the 

distributed force (83 ) ( see Appendix B ,  page 144) is given by 

f (x ) = 4 rr IlU 

ln 2 (�) - 0 . 5  
( II-15 ) 

The average tension exerted at a point x on the particle in a field 

of flow U can then be expressed as 

(II-16 )  

The velocity gradient across a particle which is assumed to move 
with the average velocity of the suspending medium may be written 

where 

U au X l  
o 

(II-17 ) 

X l i s  along the direction of propagation o f  the acoustic 

wave , 

a is the absorption coefficient at wavelength 6943 AO 
( see Appendix A ,  page 118 ) ,  and 

uo = avso (Defined in Appendix A, page 123 ) .  
Substituting this value of U into e�uation (II-16 ) ,  the force be-

comes 

-+ 
< F > 

2a 
ln b - 0 . 5  

(II-18 )  

Tne tension tending to rupture the particle is  seen to b e  greatest 

at the center of the particle where x is  zero . 

For the case where the particle i s  assumed to be fixed relative 



to the motion of the medium , and no other assumptions are made re-

garding the boundary conditions , the force tending to produce 

breakage will be found to be much greater than in the previous case . 

That i s ,  if it is assumed that conditions such as aggregations which 

increase the inertia of the particles do not perturb the flow 

pattern, then the force on the entire particle i s  given by equation 

( II-16 ) ,  where U can be replaced by the space average of the velocity, 

U
o

' such that 

� 
< F >  (II-19)  

2a 
ln 1) - 0 . 5  

I f  Uo is  taken to b e  the maximum velocity produced i n  the liquid by 

the pressure transients ,  then the force calculated by using equation 

( II-19 ) will be the maximum force possible leading to breakage of the 

particle s .  The actual velocity field will be modified considerably 

by the presence of a large aggregate of TMV particles .  The shape , 

as well as the Size , will also influence the velocity field. Con-

sider, for example , how the velocity varie s  near the surface of a 

sphere . The velocity in the X l direction i s  approximately 

u = U(l - air) 

a the radius of the sphere , and 

(II-20) 

r the distance from the center of the sphere (84 ) . 

At the surface of the sphere , the velocit� i s  zero and becomes 

equal to one-half of U at a di stance of 2a from the center of the 

sphere . For a large sphere , the velocity will increase slowly with 

distance from the sphere , whereas for small spheres the velocity 



will increase more rapidly . Calculations in Appendix B ,  page 146 

show that the smallest sphere which could be assumed stationary with 

respect to the applied field has a radius of about 5000 AO , or a 

4 
mass equivalent to about 10 TMV particles .  The particles could be 

arranged conceivably in an elongated form rather than in a spherical 

form . The effective radius at the ends of such elongated aggregations 

could be small, so that the maximum force given by equation (II-19) 

would be realized. The position of breakage of the particle would 

depend on how · it was fixed relative to the aggregate . Breakage 

would probably occur near the center · portion of the particle , since 

a portion of the particle would necessarily have to be attached or 

embedded in the aggregate in order to hold the particle stationary. 

The realization of the maximum forces discussed above is  de-

pendent on the occurrence of aggregations in the medium . Ex-

perimental evidence to be di scussed in Chapter IV indicates that 

aggregations were not present to an appreciable extent in this study . 

C .  STABILIZING FORCES 

The magnitude of the force necessary to rupture a virus par-

ticle or a macromolecule is dependent on the nature of the molecular 

bonds holding the particle or macromolecule together.  The 3000 AO 

length TMV particle i s  composed of a single strand of RNA and about 

2100 protein subunits held together by van der Waals forces ,  salt 

linkages ,  hydrophobic bonds and hydrogen bonds . The nature and 

magnitude of the forces  holding the VirUs in the rod-shaped con-

figuration has been explained to some extent by the experiments of 

Stevens and Lauffer ( Chapter I , page 19 ) .  Their work showed that · 

the bonding between molecular subunits in the absence of RNA was 
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strongly dependent on the pH of the suspending medium, changing 

reversibly from the depolymerized state at pH 7 . 5  to a polymerized 

state at pH 5 . 5 .  The stability o f  the TMV particle is  dependent to 

a large extent on the interaction of the RNA with the protein sub 

units .  Such RNA stabilized particles may b e  degraded reversibly, 

but only at pH values of 10 . 5 or greater (85 ) . 

The solutions of TMV used in thi s  study were adjusted to pH 7 . 5  

t o  prevent the formation o f  dimers . The research of Stevens and 

Lauffer regarding the dissociation of the TMV particles demonstrates 

that the bonding which gives stability to the rod is  primarily due 

to the presence of the RNA at this pH . The position of the RNA with 

respect to the subunits was discussed in Chapter I, page 20 . It 
was noted that there are three nucleotides per protein subunit .  

Assuming that each base can form only one hydrogen bond per sub

unit ,  then a total of about 16 hydrogen bonds should be involved be

tween the RNA chain and a radial cross section of the TMV rod .  The 

bonding in the direction of the axis may be les s ,  since some of the 

bonds will be directed at various angles to the axi s .  The energy 

of the hydrogen bond formed depends on many factors such as the 

chemical constitution of the bonded groups ,  steric effects ,  and the 

solvent . For aQueous protein solutions Kauzmann (86 ) indicates that 

the bond energy is from 1 to 2 kilocalories per mole . If 2 kilo-

calories per mole i s  taken as the energy of the hydrogen bond, the 

energy stabilizing the bonding between radial sections of the TMV 
rod is of the order of 32 kilocalories per mole (87 ) . This energy 

is less  than that of a carbon-carbon bond in accordance with the · . 

experimental evidence that the viral RNA and its subunits may be 
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separated without breaking the primary bonds in either the protein 

subunits or the RNA. 

A stretching force of sufficient magnitude to break the TMV 

particle into two parts must be able to rupture at least the 

hydrogen bonding between the RNA and the protein subunits before 

rupturing the primary bonding in the RNA chain .  The ultimate 

strength to resist breakage will depend on the weakest primary 

bonding link in the RNA chain .  I f  the RNA chain remains intact ,  

any broken hydrogen bonds will probably reform quickly. Thus ,  an 

estimate of the force necessary to break a TMV particle into two 

parts can be made if the force necessary to rupture primary chemical 

bonds can be estab�ished.  

The force between two interacting atoms is  defined as the first 

derivative of their potential energy with respect to the distance 

separating them . Morse (88 ) has shown that the potential energy ex

pressed in the form 

( II-2l)  

where 

a is a constant , 

D i s  the dissociation energy of the chemical bond, and 

ro is the equilibrium distance of separation of the two atoms 

i s  in good agreement with spectroscopic data . The dissociation 

energy for a diatomic molecule is equal identically to the bond 

energy (89 ) . However ,  for polyatomic molecules the situation is  

not quite so simple . The energy needed to di ssociate the molecule 

into its separate atoms may be measured, but the distribution o� 
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1able 1 

Average Bond Energies 

Bond Energy 

(kilocalorie s  per mole ) 
66 . 2  

77 . 1  

80 . 0  

( 90 )  Cottrell, T .  L . , The Strengths o f  Chemical Bonds , pp 275-277 . 

Academic Press ,  New York (1954 ) . 

the energy between the various bonds is not known usually. Th.ble 1 

( 90 )  lists average values for the bond energies of p;imary bonds 

occurring in the RNA backbone; however, the strength of any particular 

bond may be greater or less than this ,  dependirig on the bond angles 

and neighboring molecules .  Spectroscopy also reveals that the force 

necessary to distort a molecule depends upon the nature of the force--

that i s ,  whether it i s  a stretching , bending or twisting force . For 

example , force constants determined for benzene show that for small 

linear displacements or stretching the force constant is about 7 . 6  x 

105 dynes per centimeter. For deformation of the benzene ring by 

displacements of the carbon atoms in the plane , so that alternate 
. 0 

angles will become greater and less  tha� 120 , the force constant 

is about 0 . 7  x 105 dynes per centimeter, and for torsional, out-of

plane , vibration the constant in approximately 0 . 06  x 105 dynes per 

centimeter ( 91 ) . 

De Boer ( 92 ) has used a Morse potential to calculate the in-
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fluence of the carbon-carbon bond on the tensile strength of the 

artificial resins , phenol-formaldehyde and m-cresol-formaldehyde . 

He states that the value of the tensile force calculated in this 

manner is always greater than the experimentally determined forces 

(for example , the theoretical tensile stress  of m-cresol-formaldehyde 

when all possible carbon-carbon bonds are taken into account is 

found to be 4000 kg per mm2 ) . Even if van der Waals forces are the 

only forces  assumed to be operative , the theoretical values are 

about an order of magnitude greater than the experimentally deter-

mined values .  The explanation usually offered for these discrep-

ancies is that there are flaws or weak spots in the material ( 93 ) . 

The above discussion indicates that if a Morse potential is  

used to  estimate the tensile strength, the breaking force obtained 

should be an upper limit to the force observed experimentally. While 

this type of argument may hold for polymers , the concept of " flaws " 

in a single molecular chain, such as the RNA found in TMV or the 

protein subunits of this virus , may not be valid. 

The force required to break the carbon-carbon bond (weakest 

listed in Table 1) may be estimated from the Morse potential by 

differentiating equation (II-2l ) and obtaining the force,  

(II-22 ) 
The maximum force required for rupture of the bond is determined 

by setting the derivative of the above expression equal to zero 

and solving for rmax' 

of dr 
and 

o (II-23 ) 
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ar + ln 2  
o 

a 

Substituting r
max into equation ( II-22 ) gives the maximum force 

aD 6 -9 F = "2 = 3. 5 x 10 newtons .  (II-24 ) 

This value is obtained by using 66 . 2  kilocalories per mole for the 

dissociation energy of the carbon-carbon bond and assigning to the 

10 
constant , a, a value of 1 . 59 x 10 1m as determined by the re-

lation, ( 94 )  

a = 2 1C v(L)1/2 

2D ' 

v = bond frequency ( 2 . 43 x 10
13 cycles per second ) ,  

� reduced mass ,  and 

D dissociation energy. 

Bond dissociation energies are determined from enthalpy values ;  

however, the free energy is really the energy term needed for the 

determination of the force ( 95 ) . Of interest in this respect are 

the values for the free energy involved in the thermal inactivation 

of ThfV ( 34 . 6  kilocalories per mole ) (96 ) .  Using this value for D in 

equation ( II-24 ) ,  the force becomes 2 . 64 x 10
-9 

newtons .  

Because o f  the nature o f  the approximation i n  the above 

derivation, the value of the tensile strength of the ThfV particle 

is only valid to an order of magnitude . However, these values are 

useful for comparison with and evaluation of the experimental re-

sults of Chapter IV. 
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CHAPTER III . DESCRIPTION OF APPARA'lUS AND TECHNIQUES 

A .  '!HE LASER 

The intense light pulse used for the production of the acoustic 

transients in this study was produced by a ruby laser. The first 

solid state laser was produced in 1959 by Maiman (97 ) . He succeeded 

in obtaining stimulated emission at optical frequencies in a solid 

state substance , thus demonstrating experimentally the feasibility 

of producing very intense bursts of monochromatic and coherent 

electromagnetic radiation. 

The ruby laser consists of a rod of aluminum oxide doped with 

approximately 0 . 05 percent chromium as a source of (Cr+3 ) ions . 

The ends of the rod are ground optically flat and parallel . Capaci

tive discharge flash lamps placed near the rod and surrounded by a 

reflector provide energy for the operation of the laser . The energy 

level of the chromium ions ( Cr+3 ) is raised from the ground state to 

two higher levels with absorption bands centered at 5500 AO and 4000 A� 
Lattice interactions rapidly depopulate these levels to two meta

stable intermediate energy levels . Normally, these metastable levels 

give rise to fluorescent emi ssion of two spectral lines in the red 

region (6943 AO and 6929 AO ) with half-lives of the order of several 

milli seconds . However , the oscillations of the emitted photons be-

tween the reflecting surface s at the ends of the rod lead to 

stimulated emi s sion in which the metastable state (6943 AO ) is de

populated in a short period of time (approximately 50 nanoseconds ) .  

Stimulated emission of the 6929 AO level can be achieved also by 

using band pass filters to block out the 6943 AO component . The . . 

time of depopulation of the metastable state is affected by the 
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intensity-time di stribution of the radiation produced by the flash 

lamp s and by the conditions of the reflecting surfaces at the ends 

of the rod .  Th e  laser may be operated with the back surface of the 

rod totally reflecting and the front surface partially reflecting .  

A s  the population o f  the metastable state builds up , stimulated 

emi s sion will occur causing depopulation . The duration of the 

laser pulse is usually long enough to allow many oscillations . How

ever, if the reflectance of the back surface of the rod is kept low 

during the maj or portion of the pumping pulse from the xenon lamp s ,  

the metastable states become heavily overpopulate d .  Now, if the re -

flec tance is suddenly increased by any one of several means , such 

a s  a rapidly spinning pri sm or by the use of a Kerr c ell (98 ) ,  the 

heavily overpopulated metastable stace will b e  stimulated to emit 

an intense single pulse of light with a duration of 10-8 to 10-7 

seconds . Such systems are termed Q - switched system s . The resultant 

light beam produced by the laser has a low angle of divergence 

( usually a few milliradians ) . The frequency of the emitted light i s  

highly monochromati c , having a much narrower line width than the 

fluore sc ent line width . The light emitted from the front surface o f  

the laser rod i s  coherent b o th in space and in time (99 ) .  

The laser used in thi s study consi sts o f  a 6 and 3/4 inch long 

by 3/8 inch diameter ruby c rystal mounted between FX-47 Edgerton ,  

Germe shausen and Grier,  Inc . (EG and G ) xenon flash lamp s .  A doub le 

elliptical cavity serve s as a re flec tor for the two lamp s so that 

the light from each lamp is focused within the ruby rod .  

Figure 2 i s  a b lock diagram of the components of the laser 

system ; Figure 3 i s  a photograph of the laser and the schlie ren 
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system . The energy source for the flash lamps which are connected 

in series consists of a condenser bank having a total capacitance of 

1440 microfarads fed through a 550 microhenry choke . ,fuen the con

densers are charged to 3200 volts the energy output to the lamps is 

about 7 , 400 joules .  The duration o f  the light pulse from the flash 

laraps was 3 milliseconds as determined by a fast rise time diode 

(EG and G, SD-100 ) .  
The laser was operated in the Q-switched mode by means of a 

spinning , totally reflecting or (900 ) prism which served as the 

back reflector . A magnetic pickup on "he spinning prism produced a 

trigger pulse which, after amplifica"cion, fired the lamps 3 . 5  milli 

seconds before the pri sm was in position for total reflection. 

The ruby laser is sensitive to temperature changes , becoming 

more inefficient as the temperature of the rod increases after ex

posure to the flash lamps .  This effect is minimized by cooling the 

rod with a solution of copper sulfate (10 gm/liter ) . Copper sulfate 

is used because it absorbs strongly in the region above 7 , 000 AO 

while transmitting 90 percent of the light in the pump bands of the 

ruby laser . 

The output of the laser was measured with a thermopile cal

orimeter (Technical Research Group , Inc . ,  Model V29l3B ) as a black 
body receiver and found to be approximately one joule when operated 

at 3200 volts in the Q-switched mode . The calorimeter provided a meas

ure of the total energy output in the pulse . The distribution of 

power density versus time was determined independently by using an 

F-4000 (International Telephone and Telegraph ) light sensitive drode . 

A photograph of this distribution taken with a Tektronic s 585 
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o scillo scope operated at a sweep speed of 50 nano seconds/cm is shown 

in Figure 4 .  The pulse i s  seen t o  b e  approximately 5 0  nano seconds 

wide at half maximum amplitude . In order to monitor the laser out 

put an F-4000 diode was connected to an integrating capacitor and 

calib rated against the calorimeter . A small but constant frac tion 

o f  the total energy in the pulse was reflected out of the main beam 

by means o f  a beam splitter and ab sorbed on the surface of the F-4000 

diode , thus providing a means of monitoring the laser pulse used t o  

p roduc e the acoustic signals (lro) . 

B .  PRESSURE TRANSDUCER 

Piezoelectric c rystals " ere used to detect and measure the 

amplitude of the pre s sure transient s . Since several - materials 

p o s s e s s  piezoelectric properti e s  suitable for the generation and 

detection of acoustic signals ,  preliminary s tudi e s  of the response 

to p re s sure transient s  were made with barium titanate , lead meta

niobate , and quartz . Quartz was selected for use in thi s study 

since the piezoelectric properties of quartz are stable over long 

periods of time and a wide range of temperature s and stre s s  con

ditions , making it useful even as a frequency standard . For example , 

Cady ( 101 ) indicate s that the piezoelectric constant d
ll 

( see 

Appendix C) has a rate of variation of the order o f  0 . 1  percent per 

degree over a range of- several hundred degree s .  He also pOint s  out 

that stre s s e s  as high as 1000 atmosphere s cause only a 0 . 1  percent 

dec rease in �l
' The piezoelectric propert i e s  of cerami c s ,  however, 

such as barium titanate and lead metaniobate are found to vary with 

age , use , and temperature . The sound propagation velocity in 

barium titanate , for example , may vary as much as 15 percent over a 
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Fig .  4 . Photograph of las:S light intensity versus time . 
Ab sci s sa :  5 x 10 sec . per divi sion . 

Fig. 5 .  Photograph o f  piezoelectric transducer output voltage 
resulting from laser- induced acoustic transient . 
Ordinate : A - 40 volts per divi sion (undifferentiated) 

B - 4 �olt s per division ( differentiated) 
Ab sci s sa :  5 x 10- sec . per divi sion. 
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range of 500 centigrade (102 ) .  The piezoelectric ceramics are 

advantageous for generating high pressures but for the detection of 

acoustic signals , quartz transducers are of equal sensitivity and 

are more stable than barium titanate . 

In the calibration of the transducers use was made of Redwood ' s  

theoretical treatment of the response of piezoelectric crystals to 

plane wave pressure transients (103 ) .  This theory is treated in 

Appendix C .  Both the pressure output for a given voltage applied to 

a piezoelectric crystal and the voltage output for a given pressure 

incident on the transducer are calculated by this method. The re-

sults were tested experimentally by using two opposed transducers 

(Figure 6 )  submerged in a tank of water. A Hewlett Packard square 

pulse voltage generator (model 214A) was used to produce the voltage 
pulse applied to the output or sending transducer. The voltage out-

put of the receiving transducer was measured with a Tektronic s 585 

oscilloscope equipped with a P-8O probe . The response of a trans-

ducer to a pressure transient was tested by applying a single 50 

nanosecond pulse from the pulse generator to the sending transducer. 

The results were in good agreement with Redwood ' s theory. Using two 

quartz transducers of the same size, an output voltage of 1 . 93 x 

10-2 volts was expected for an input square pulse of 100 volts and 

50 nanoseconds duration. The measured output voltage after 

correction for capacitive loading was 1 . 85 x 10-2 volts ,  or a 

uifference of about 5 percent . 

An x-cut quartz transducer, 1 . 5  cm in diameter and 2 mm thick, 

(Valpey Corporation ) was used to study the pressure transients pro-

duced by the absorption of the laser light . This transducer was 
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Fig. 6 . Photograph of piezoelectric transducer calibration rack 
with opposed transducers. 
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mounted in a brass holder with nonconductive epoxy. Both front and 

back surfaces of the transducer were plated with gold to provide 

electrical contact .  The front surface ,  connected electrically to 

the brass holder with conductive paint , was held at ground potential . 

The back surface of the transducer was connected to the signal con-

ducter by a spring loaded gold contact . S>Tagelok connectors and 

brass co-axial tubing with teflon insulation (Micro-Coax UT250, 

Uniform Tubes ,  Inc . ) were used to make watertight connections , en-

abling the entire transducer to be immersed in water for testing. 

Figure 7 is  a diagram of the transducer and holder . 

Redwood ' s  theory ( see Appendix C ) predicts that the voltage 

output distribution with time will be in the form of ·the integral 

of the pressure versus time distribution. Since the pressure versus 

time di stribution rather than its integral is desired, it was 

necessary to differentiate the output voltage . This was done 

electrically using a simple RC differentiator with a time constant 

of 8 nanoseconds . An impedance matching circuit was designed to 

match the transducer output to the differentiator (Figure 8 ) .  The 

overall response time of the transducer , impedance matching circuit 

and differentiator was of the order of 20-30 nanosecopds . 

The expression for the stress ,  S ,  incident on the transducer in 

terms of the output voltage , V ,  i s :  

S (III-I) 

where 

€ 
2 m , the clamped or bigh frequency 
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dielectric constant of �uartz ( 104 ) ,  

Zd 1 · 5  x 107 Kg/m2 sec . , the characteristic impedance of 

�uartz ( 105) ,  

Zl 1 . 46 x 106 Kg/m2 sec . , the characteristic impedance of 

water, 

0 . 167 coulombs/m2 , the piezoelectric stress constant for 

�uartz ( 106 ) . 

Using these values , S � / 1 . 93 x 10 dV dt , where V is in volts and 

S is in atmospheres .  

Figure 5 , page 59, i s a photograph o f  the voltage output o f  the 

transducer produced by the absorption of an unfocused laser beam in 

a Prussian blue dye absorber ( 14 . 2 gm/liter ) .  The upper trace cor-

responds to the voltage output as measured with a Tektronics 585 

oscilloscope before differentiation and the lower trace to the 

voltage output after differentiation . The latter trace may be com-

pared to Figures 22 and 23 of Appendix A which show the stress calcu-

lated using e�uation (A-24 ) .  Tne form of the VOltage pulse is seen 

to correspond more nearly to negatives of the stress of Figure 23 

than of Figure 22 . Since there is almost no detectable negative 

voltage output , it may be as sumed that because of the time necessary 

for heat conduction the form of the temperature distribution is 

approximated best by the case in which g = 1 . It is noted that the 

rise and fall times of the calculated transient are steeper than 

those observed experimentally . Tnis can be accounted for by the 20-

30 nanosecond response time of the transducer system . 
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C .  'IRE SCHLIEREN SYSTEM 

A schlieren system was used to obtain a visual representation 

of the acoustic transient as it travels through an aqueous medium . 

Figure 3 ,  page 56 ,  is a photograph showing the schlieren system 

mounted on an optical bench with its optical axi s perpendicular to 

the path of the laser light . 

The irradiation tank (Figure 9 ) i s large enough so that the 
entire irradiation cell containing an absorbing dye solution and the 

TI4V (described on page 70) can be immersed in water . Various types 

of absorbers with variable optical density may be introduced into 

the irradiation tank for the production of the acoustic transients .  

Figure 9 shows the irradiation tank with a carbon coated mylar film 

in position for irradiation. The schlieren system may be used to 

observe a " shadow " of the pressure wave produced by the absorption 

of the laser light in the dye solution or in the black plastic film 

at various times after the laser is fired (from 5 microseconds to 

100 microseconds ) by using a Space Technology Laboratory (STL) 

trigger delay generator to trigger the STL image converter camera . 

The prinCiple of operation of the schlieren system is based on 

the detection of a change in the index of refraction of the medium 

as a result of a change in pressure or density in the medium . A 

pulsed zenon lamp serves as the light source for the schlieren 

system . The light passes first through a 0 . 01 inch aperture and i s 

then collimated by means o f a positive lens ( focal length, 12 inches ) 
before passing through the irradiation tank. After passing through 

the irradiation tank, the collimated light is then focused so that 

the light passes through another small aperture (!.�. , 0 . 01 inch ) 



Fig. 9. Photograph of irradiation tank with plastic f1l:a ab80rber . 
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before reaching the STL image converter camera .  A change i n  the 

index of refraction of the medium in the irradiation tank causes 

light passing through this region to be deviated due to refraction. 

The amount of deviation is  directly proportional to the change in 

index of refraction. If the light is  deviated to such an extent 

that it no longer passes through the exit aperture , a shadow will 

appear on the photographic film which corresponds to the location 

of the pressure pulse at that particular instant of time . An indi-

cation of the magnitude of the pressure wave is obtained by in-

creasing the size of the exit aperture to the point where the 

deviated light passes through the aperture in such a way that no 

shadow is formed on the film . (107 ) .  

Figure 10 shows the plane wave �roduced by the ab sorption of 

an unfocused beam of laser light ( 1  joule pulse of 50 nanoseconds 

2 6 2 duration over an area of 3 . 14 cm or 6 . 4  x 10 watts/cm ) on the 

Prussian blue solution . The time in microseconds between the ab -

sorption of the laser energy and the time of the photograph is in-

dicated in the figure . Figure 11 shows the approach to and re-

flection from an air backed plastic membrane ( Saran wrap ) of an 

acoustic wave produced by the absorption of a focused laser beam on 

the Prussian blue solution. The profile of the acoustic pulse i s  

curved because expansion o f  the medium occurs i n  all directions . It 

i s  also noted that the magnitude of the reflected wave is of about 

the same magnitude as the incident wave for the air backed case . 

For the water backed membrane (vertical line ) ,  Figure 12 , the re-

flection i s  not discernable . However, the impedance mismatch pro--

ducing reflection at a water-air interface causes the incoming 
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Fig. 10. Schlieren photograph of' plane pressure wave resulting f'rom 
the absorption of' unf'ocused laser light in Prussian blue 
dye solution. (Numbers ref'er to time in microseconds af'ter 
absorption of' laser energy. ) 
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Fig.  11 .  Schlieren photograph of'  the reflection of'  a laser-induced 
pressure wave incident on an air backed plastic membrane 
located at left hand boundary of' photograph. Direction 
of' incident wave right to left . 
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Fig.  12. Schlieren photograph of' the transmission of' a 1aser
induced pressure wave incident on a water backed plastic 
membrane located to the right of' the center of' photograph. 
Direction of' incident wave right to 1ef't . 
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po s itive pre s sure pulse to be changed to a negative pre s sure so 

that c onc e ivably cavi tation may o c cur . Figure 11, however, shmrs 

that if cavitation doe s  occur, pre s sure puls e s  of the same or greater 

order o f  magnitude a s  the original puls e  a r e  not produced 'Nithin 10 

microseconds afte r reflection from the surfac e . 'Thi s re sult in

di cate s that if cavitation is produc e d  i t  do e s  not lead to the pro 

duc tion of pres sure pulses of high ampli tude . 

D .  THE IRRADIATION CHAHBER 

'The chambe r  used for the expo sure of the vinls suspension to 

the acoustic transient s  wa s a modi fie d  Ro s e  chamb e r  ( ti s sue culture 

chamber ) ( l08 ) . The chamb e r  as ordinari ly used in t i s sue culture 

work cons i s t s  o f  t;ro metal retaining plat e s  C 3  x 2 x 1/8 inch ) wi th 

a hole ( 1  inch diame ter ) in - the center of e ach . The t;ro plate s are 

s eparated by a 1/8 i.nch sili con rubb er gasket ifith a hole in the 

center of the same diameter as the metal plate s . 1·1icroscope slide 

cover gla s s e s se rvip.g as windOi{5 for the chamb e r  are positioned b e 

t;reen the rubber gaske t and the metal plate s .  The cell i s  made a i r  

and "(rater tight by bolting the tr..ro plate s together with the ga sket 

and c over gla s s e s  held in position . The ab sor�ip.g dye or virus 

solutions are i ntroduc e d  into the chamb er via syrip.ge s fitted ifith 

hypodermi c nee dl e s  ( numbers 20-25 ) .  

Figure 13 i s  a photograph of the c omponents o f  the modi fi e d  

chamb er and the ord.er o f  arranget:lent o f  the c omponents i n  the 

a s semb led chamb e r  i s  ShOTtffi in Figure 14 . The modi fied chanber con

tains t",{O rubber gaske t s  ( component s 6 a n d  7)  rather than t h e  one 

usually used in the Ro se chamb e r .  'lne front windo�..r o f'  the ch2.<:lb el" 

;ras made o f  2./16 inch thick plexigla s s  ( c omponent 3 )  and the rear 
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Fig . 13 .  Photograph of components of modified rose chamber for 
virus irradiation . 
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window of a thin plastic membrane of Saran wrap ( component 4 ) . An 

additiunal plastic membrane (component 5 ) was used to separate the 

chamber into two compartments .  Plastic windows were necessary since 

glass was shattered by the acoustic transient s .  The plastic mem-

branes were also used to permit the transmission of the acoustic wave 

with negligible reflection or attenuation when aqueous solutions were 

used on both sides of the membranes .  No difference could b e  de-

tected in the amplitude of the output of the pressure transducer when 

tlle membrane was inserted in the path of the acoustic pulse . 

Schlieren photographs (Figure 12 ) also show that the acoustic pulse 

passes through the water backed plastic membrane ( the black line ) 

with negligible reflection and distortion . Tne times given in 

Figure 12 refer to times after the absorption of the laser energy. 

A concentrated dye solution ( 14 . 7  gm/liter Prussian blue ) with 

an optical density of lOOO/cm was introduced into the front com-

partment of the chamber to ab sorb the laser light and produce the 

acoustic transient . Alternatively, a black plastic membrane could 

be introduced between the front window and the first rubber gasket 

to serve as the absorber . The dye solution not only serves as a 

means of producing the acoustic pulse but it also serves as a 

thermal barrier i solating the virus solution from the high tem

peratures that may be produced on the surface of the dye . ( In the 

case of the black plastic ab sorber, water i s  used in the front com

partment to  serve as the thermal barrier) . The average temperature 

ri se of the dye solution for an input energy of 1 joule is less  

than O . 2oC .  

The chamber may b e  irradiated in air or i n  water .  If  the 
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chamber is irradiated in water, the thin plastic membrane will serve 

to transmit the acoustic pulse with little reflection and the solu

tion will be exposed to essentially a single acoustic transient . 

E .  IDBACCO MOSAIC VIRUS PREPARATION 

'!he tobacco mosaic virus ( ']l.W) was obtained by infecting a 

suitable host (� .� . , tobacco plant ) , allowing sufficient time for 

virus multiplication and then extracting the newly formed virus . 

The host may exhibit either a systemic infection in which the virus 

spreads throughout the plant , or it may exhibit a localized in

fection which is restricted to the area immediately surrounding the 

point of inoculation . Some plants may exhibit both types of in

fection ( 109) . A plant exhibiting a systemic infecti'on i s  desirable 

for the production of large quantities of virus particles (�.� . , on 

the order of 0 . 1  to 1 . 0  gram per plant ) . The local lesion host i s  

useful when an assay of virus infectivity is  needed. The severity 

of the infection depends on the type of tobacco and the virus strain 

used . In some plant-virus combinations , growth i s  severely hampered 

and leaves are deformed and show the characteristic mosaic pattern 

of light arid dark green .  \{i th  other strains , the infection may be 

so mild that no reduction in growth or change in leaf pattern is 

discernable . However, even in these cases many virus particles may 

be i solated from the plant . The peak production of tobacco mosaic 

virus particles in an infected plant occurs from one to two weeks 

after inoculation ( 110 ) . Commoner and co-workers ( 111 ) have found 

that the maximum production of ']l� in infected leaf areas i s  attained 

about 200 hours after inoculation, there being an initiation 

period of 24 to 48 hours before any virus is detected. The quantities 
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of TI4V produced reached a maximum of about 0 . 5  micrograms per 

s�uare millimeter of leaf surface area . The host plants used in 

thi s study were of a variety of black cigar tobacco obtained from 

Dr . William Stepka at the Medical College of Virginia . The strain 

was originally obtained from the University of Kentucky. 

Plants may be infected either from virus stored in dried or 

frozen tobacco leaves or in suspensions of purified virus (112 ) .  

The virus was prepared for this study by rubbing the leaves of black 

cigar tobacco plants with a suspension of dried leaves known to be 

infected with virus . The suspension was made by grinding the dried 

infected leaves with a mortar and pestle in a small amount of buffer 

(pH 7 . 5 ) .  Tne suspension was then applied to one or two leaves of 

the plant to be infected by rubbing the leaves with a gauze pad 

dipped in the virus suspension. The virus used for the original in

fection was supplied by Dr . R. I.  Steere of the United States Plant 

Virology Laboratory, Crops Research Divi sion, of the Department of  

Agriculture at  Beltsville , Maryland . The strain of the virus was 

the strain known as the common tobacco strain (ATC-2 ) . 

When the black cigar tobacco i s  inoculated with virus the in

fection spreads throughout the plant producing a systemic infection, 

the greatest virus infection occuring in the rapidly growing young 

leaves .  TMV rods formed i n  plants are observed to vary i n  length 

from 150 AO to 3 , 000 AO • This variation in rod length i s  accen

tuated by the occurence of end-to-end aggregation which results in 

particle lengths of 6 , 000 AO or more . In order to study the mechan

ical effects of acoustic pulse s ,  a relatively monodisperse syste� 

of particle lengths is desired. Therefore the procedure used to 
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purify the virus was based on the procedure used by steere to obtain 

fractions of essentially monodisperse virus particles of the length 

of 3 , 000 AO ( 113 ) . In order to minimize end-to-end aggregation 

Steere has found that the pH of the suspending medium must be held 

above pH 7 . 2 ,  and that the ionic strength should be kept as low as 

possible , consistent with the maintenance of a pH of about 7 . 5 . 

Tne presence of phosphate salts also tend to cause aggregations 

even above pH 7 . 5 . 

The following procedure was used to i solate the TMV .  Leaves 

from infected plants were harve sted about two weeks after infection 

and frozen until ready for isolation of the virus . The frozen 

leaves were weighed and 100 milliliters of buffer added to each 100 

grams of leaves .  The buffer used wa s  0 . 05 molar ethylenediamine 

tetraacetate (EDTA) adjusted to pH 9 . 5  with sodium hydroxide . The 

buffer soaked leaves were ground in a Haring blender for about 30 

seconds . The juice was extracted from the ground tissue by 

filtering through gauze .  Tne extract was then adjusted to pH 7 . 5 

by the addition of sodium hydroxide . The extract was filtered 

using suction through a 1/4 inch pad of super-cel cellite (John 

Mansville ) . The filter cake was prepared with the 0 . 05 molar EDTA 

buffer used above . After the extract was filtered, additional 

virus particles were washed from the pad with about 40 milliliters 

of buffer.  The virus suspension was then centrifuged at 50 , 000 g 

for 25 to 30 minutes .  A clear pellet o f  virus particles was formed 

which was then resuspended in 0 . 001 molar EDTA at pH 7 . 5 .  

Tne particles produced by the above procedure are not mODO

disperse since some virus particle s  are inevitably broken in the 
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purification procedure . Steere has found that more nearly mono-

disperse suspensions may be produced by filtering the virus suspen

sion through an agar-gel column before centrifuging . Steere (114 ) 

has been able to obtain suspensions of virus in which about 90 per

cent o f  the particles were 3 , 000 A
O long . His infectivity studies 

with this virus show that it i s the 3 , 000 A O  length particle that i s 

the infective unit . 

Hulett and Loring (115 ) have made similar and more detailed 

studies of the infectivity of virus particles as a function of 

length . Their results also show that the infection is caused by the 

3 , 000 A
O length particles ,  although they find some evidence indi

cating that the pre sence of shorter length particles enhances in

fectivity. They hypothesized that " the enhancement of infectivity 

found with the shorter rods is a specific effect possibly related 

to their nucleic acid content and their ability in multiple particle 

infections to supplement the genetic information carried by the 

standard particle . "  Hulett and Loring state that differences in 

concentrations of infectious material of the order of ! 20 percent 

can be detected by employing a local lesion host , but that there i s  

not a one-to-one correlation between number o f lesions and con

centrations of virus . Their data were examined for significance 

using the t-test for paired variates .  The control solution was 

spread on one half of the tobacco leaf and an irradiated solution 

was spread on the other half of the leaf. In this way leaf-to

leaf variation was eliminated. This method was applied in this 

study to the local lesion host , Nicotiana tobaccum, variety Xantni , 

and the infectivity of control solutions was compared to the 
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infec tivity of air backe d  solutions whi ch had been exposed to 20 a-

coustic pulses produced by the ab sorption of an unfocused laser beam 

( se e  page 73 ) .  'Ihe obtaine d t value of 3 . 46 showed there was a signif

i c ant difference at the 5 p e rc e nt level ( 2 1  df ) between the c ontrol and 

i rradie.ted solution indi c at i ng that a decrease in concentration of in

fec tive materia.l in the i rradiated solution o f  20 perc ent o r  more had 

occurre d .  'Ihi s i s  in agreement with the 40 percent dec rease e s timate d  

by electron micro s c opy . 

Agar-gel column fractionation was used in thi s study to obtain a 

more monodi sperse �HV p reparation . A 1 .  5 c e ntimeter diameter colu:nn 100 

centimeters long was filled with agar-ge l .  The gel �s b roken i nto 

small parti cle s and �shed through 40 t o  60 me sh sc reen seive s (U .  S. 

standard me sh serie s ) .  Only tho se granule s which passed through the 40 

mesh but not the 60 me sh s c reens were saved for use i n  the colL�n . 'Ihe 

column �s washe d with 0 . 001 molar EDTA, pH 7 . 5 , b e fore adding the 

virus . The di stribution of part i c le lengths was improved by the gel 

fra c tionation, there being about 60 percent of the parti cles in the 

range 2 , 750 to 3 , 250 AO . 

F .  '!HE ELEC 'IRON MICROSCOPE 

Use of the elec tron microscope to study viruses. began about 1940 . 

The first virus to be studie d  was tobacco mo saic virus ( n6 ) .  The 

photomicrographs ob tained during the se early studi e s  showed poor con

t ra s t ,  and consequently the study of virus e s  with the electron m i c ro 

scope was not ·"i dely use d .  I n  1945 Hilliams and Hychoff ( 117 } demon

s t rated the a.pplicab i li ty of the newly developed shadm,ing technique 

to the photography o f  virus part i cle s .  Sub seque ntly, many studi e s  of 

'IMV as well as other vlruse s have been made u s i ng thi s techpique . 
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ShadOlfing of the vi rus partic le s i s  accompli shed with the aid 

of an electron dense metal . The metal, evaporated under vacuwfi,  pro 

vi de s contrast for the photomicrograph by providing regions of high 

and 1m, electron density . The contre.st i s  very high b e t'" een areas 

covered with metal and tho se free from metal ( i n  the shadmT of  the 

part i c le ) . Other than the obvious advantage of contrast,  shadowing 

also p rovide s a measure of the relative he ight of different area s of 

the spec imen and allows a three dimensional contour of a geometrically 

simple object to be i nfe rre d from the shape of its  shadow . 

In 1959 another i.mportant contrast techni'lue ',;as developed b y  

Brenner and Horne (118 ) .  Thi s  t e chni'lue i s  referred to a s  negat ive 

staining . -A solution of a high e le c tron density material, phos 

photungstic aCid, i s  either mixed with the particle s to be  ob s e rved 

or placed over the particles on the supporting gri d .  Th e  re sult i s  

an  electron dense backgrou.�d surrounding le s s  electron dense partic le s .  

'Ibis method has s everal advantage s over shadowing . One of the mo st 

important advantage s i s  that the p reparation t ime i s  shorter and 

that no vacuum evaporation system i s  needed .  Another advantage i s  

that some o f  the internal s t ruc ture of the parti cle i s  revealed with 

pho sphotung stic acid staining , whereas shadowing pel"8its only the 

evaluation of external s t ruc ture . Fo r exa�ple , Brenner and Horne ( 119 ) 
we re able to de;nonstrate the pre sence of the !fO AO diameter hole 

along the long axi s o f  the TI4V rod as predicted by x - ray diffraction 

analysi s .  The re solution at tainab le b y  thi s method has b e e n  -e s t i 

mated by Brelli�er and Horne as  about 1 5  AO • The resolution (approx

imately 100 AO ) at tained by the author doe s  not approac� thi s figure 

since  instrumental magnifications of only 20 , 000 �ime s were used, 
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whereas Brenner and Horne used magnifications up to 80 , 000 time s .  

Th e  negative staining procedure used i n  thi s study is  as 

follows : One-eighth inch copper wire grids ( 500 mesh ) were coated 

with a 200-500 AO film of parlodion. The parlodion films were made 

by dipping a glass slide into a 2 percent solution of parlodion 

dis solved in amyl acetate .  The thin film of parlodion formed on 

the glass slide was allowed to dry and then the film was floated 

off the glass slide onto a water surface .  Several wire grids were 

placed carefully on the floating film . The film with grids attached 

was removed from the water surface with a piece of absorbant paper 

which became wet so that the film plus grids would adhere to the 

paper. The film and grids were allowed then to dry . Thus ,  each 

grid had a thin parlodion film over its surface and could be manip

ulated with forceps to perform the rest of the staining procedure . 

A drop of TMV solution was placed on the parlodion coated grid.  The 

drop was allowed to remain on the grid about 15 to 20 seconds before 

it was removed by touching a piece of filter paper to one edge of 

the grid.  Next , a drop of phosphotlL,£state solution (one to two 

percent at pH 7 . 5 )  was placed on the grid and removed in the same 

manner .  The grid was now ready for placement in the electron 

microscope . 

The microscope used was an RCA EMU-E operated at 50 KY .  The 

particles were photographed on 3 1/4 x 4 inch Kodak projector s�ide 

plates ( contrast ) . All photographs were made at the same magnifica

tion setting of 20, 000 times . Particle lengths were measured 

directly from the photographic plates using a ruler and a mag

nifying glass .  Particle lengths were measured to the nearest 0 . 5  
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millj.meters ( approxir.lately
· 

250 A 0 at particle cl.imensions ) . 
'[he measured leng th s  and 'Tidt.hs of 'nW particle s st.ained with 

pho sphottmgstic ac id are in excellent agreement vi th tho s e  obtained 

by x-ray diffraction analys i s ]  indicating that any artif'acts intro-

duced by the method had little e ffect on these . dimensions . Hilliams 

and Steere (120 ) have made detailed s tudi e s  of the arti facts pro -

duced vhen T W  particles are prepared for elect.ron m i c ro s c opy. 

Tne i r  re sults indicate that except for a small amount of breakage ] 

the electron Eli c rogra:;ohs give a true repre sentation of the 'noW par-

t i c l e s  as found in vivo . In support of the se conclusions , Steere 

(121 ) has ob served 3000 x 150 AO particle s in hai r  cells of in-

fected Turkish tobacco . me particle s  were observed by freezing the 

cells and shadoi-rin3 " \{:L th heav-.f metal. . A '  herringbone pattern of 

3 ] 000 A O  long particles lying parallel to each other ;,as found i n  

the cell s . It should be noted that even in so-called monodisperse 

fractions of T,r'! particle s ] the particle length i s  not exactly 

3 ]  000 A o • HalJ. ( 122 ) for eX2.mple ] found the lengths to be in good 

agreement with Ste2re ' s  detennination of 2 ] 980 AO with a 50 AO 
standard de�/iation . Ho�.{e",.rer,  he found that the mon.omer length varied 

a s  much a s  8 percen-:. (or about. 250 AO ) and c onc luded that thi s ,las 

due to a real varj.atj.on in the ac tual monomer length since the 

method used to deter.nine the le:lgth was more preci se than thi s .  On 

thi s  bas{s the l"rronO:1er length may be expe c t e d  to fall THi thin the 

range of 2 ] 750 to 3 ] 2';;0 AO • 

_, The mo st p ro·cab2.e 3 ()UICe of arti fa(! t s  in a}?:plying thi s techniq1..:.e 

i s  the process  of d:r-Jil13 the p re:p2.red 3rids . In some systems where 

high salt C0:12eD.trat ions are i nvolved) the drying leads to further 
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concentrations of the salts which may affect the contrast due to 

high electron density . In the present work the salt concentration 

was kept low and no additional procedure such as washing the grids 

in distilled water after drying was required. 

Other artifacts produced by air drying are those related to 

surface tension forces . As the solution of particles dries , par

ticles ,nll tend to concentrate in the last areas to dry . The form 

of the particles may be flattened or distorted. For counting par

ticles of kno'Nil shape and size this can sometimes be an advantage 

since many particles may be photographed simultaneously . Breakage 

of TI1V rods which occurs during preparation is taken into account by 

using control solutions. TDe magnititude of the surface tension 

forces and a more detailed account of their actions has been discussed 

by Anderson (123 ) .  Horne and Hildy (124 ) have discussed the use of 

phosphotungstate on various vi ral preparations . They point out that 

several studies have indicated that even after the virus is mixed 

with phosphotungstate and dried , 100 percent infectivity is retained . 

Other viruses , hOivever ,  appear to exhibit some distortion in drying 

in the phosphotungstate, depending upon the concentrations of the 

s tain . It is therefore important to use phosphotungstate at con

centrations and at pH ' s  where artifacts are minimized . For TMV the 

use of 1 to 2 percent phosphotungstate at pH 7 . 5  has been found to 

be satisfactory. 
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CHAP'IER IV .  ANALYSIS AND RESUL1S 

A. PROCEDURE 

The experimental procedure employed in the exposure of TMV to 

acoustic transients required the use of a modified Rose chamber 

described in Chapter III , page 70 . A concentrated Prussian blue 

dye solution (14 . 2  gm/liter ) or a carbon coated mylar film served as 

the ab sorber for the production of the acoustic transients . The 

chamber was irradiated both in air and in water in order to observe 

the effect of a reflection of the acoustic wave at the air-TMV 

solution boundary. Tne effects produced by focusing the laser beam 

to a small diameter (order of 1 to 4 nun ) were also investigated .  

Specimen grids for use in the electron microscope were prepared by 

the procedure given in Chapter III , page 80. The particles were 

photographed using 3 1/4 x 4 inch projector slide plates (Kodak 

contrast ) . The length of each TMV particle was measured directly 

from the slide plates with the aid of a magnifying glass .  Each 

time a specimen grid was prepared for an irradiated solution a grid 

was also prepared for a control solution which was treated in the 

same manner as the irradiated except that it was not exposed to 

acoustic transients . 

The effects of the various exposure c onditions on the dis -

tribution of particle lengths were compared graphically and eval

uated statistically using the Kolmogorov-Smirnov goodness  of fit 

test . 

B .  STATISTICAL CONSIDERATIONS 

The Kolmogorov-Smirnov goodness  of fit test can be used to de

termine if two independent samples have been drawn from populations 
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with the same distribution. Either one- or two-tailed tests may be 

made depending upon the statistical hypothesis to be tested. The 

two-tailed test is sensitive to any kind of difference in the dis

tributions such as central tendency, di spersion, and skewness ( 125 ) . 

The one-tailed test i s  used to test hypotheses concerning the dis

placement of the distribution of one population relative to  another 

population . If breakage of the TMV particles occurs on exposure to 

acoustic transients the values of the particle lengths in the ex

posed materials would be expected to be les s  than in the control and 

the one-tailed test would be appropriate . However, since intra-

comparisons of control solutions were also necessary using the 

Kolmogorov-Srnirnov test,  the more general two-tailed test was used 

throughout the study for comparisons of the samples and inference s  

regarding the nature of the differences produced i n  the samples by 

exposure to acoustic transients were made on the basis of the 

graphical data . 

Samples of m and n ob servations respectively may be compared 

using the Kolmogorov-Smirnov test under the assumption that they are 

mutually independent random variables having a common (unknown ) con

tinuous cumulative distribution function F (x ) . If Sm
(x ) and T

n ( X ) 
are the corresponding empirical cumulative distribution functions , 

then a new variable , D, may be defined by 

D maximum \ Sm (X ) - Tn(X ) \ .  (IV-l) 

If the two samples are drawn from the same population, then the 

cumulative distribution of both samples should differ only slightly 

due to random deviations in the sampling procedure . Conversely, 



large deviations bet,reen the two sample cumulative distributions i s  

evidence for rejecting the hypothesis that the two samples were drawn 

from the same population. If it i s  assumed that n and m approach in

finity in such a way that min approaches a constant , then it may be 

shown for fixed Z � 0 that the 

where 

probability of D � N-l/2z � L ( z )  

00 2 2 
L ( z ) 1 - 2 L ( _l )V-l

e
-2v z and 

v=l 

N = mn/ (m + n ) . ( 126 ) 

( IV-2 )  

D i s  completely distribution-free since i t  i s  simply the value 

of the largest vertical difference between Sm (x )  and T
n

(X) . Any one

to-one transformation of x will affect only the horizontal dif-

ferences in the distributions and vertical difference s  will remain 

unchanged .  Table 2 gives a list o f  z values for various levels of 

significance (127 ) . The 5 percent level of significance was used 

throughout this study as the level of significance for the rejection 

Table 2 

Critical values of z in the Kolmogorov-Smirnov two- sample test 

. - ( sample size > 40 : two-tailed test ) 

Level of significance � 
0 . 1000 1 . 22 

0 . 050 1 . 36 

0 . 025 1 . 48  

0 . 010 1 . 63 

0 . 005 1 . 73 

0 . 001 1 . 95 



86 
of the null hypothesis  of no difference between the di stributions . 

C .  RESULT3 

The experimental re sult s of expo sure of 'ITW solutions to 

acoustic transients are s=ariz e d  in Table 3, pa.ge 92 . The 

original data as obtained from electron microgl�phs consisted of 

frequency di stributions of the 'ITiIV pa.rticle lengths . F1.gure 15 i s  

a photomicrograph o f  a control solut ion of �IV that has been mixed 

with Dow polystyrene latex spheres (880 AO diameter ) for s i z e  com

pari son. Figure 16 i s  a photomicrogra})h of  a 'IT,fv solution that has 

been eA�osed 10 time s to acoustic transients produced by an unfocused 

laser beam under air-backed conditions . Frequency di stributions 
corre s})onding to control and irradiated solutions are shown in 

Figure s 17 and 18 . In th1.s case the TIW solution was exposed 8 

times to the acoustic trans1.ent s  produced by the focused laser 

b eam ( 1  mm diameter ) under water-backed conditions . In the part1.c 

ular cases chosen for illustration, it i s  readily apparent that ex

posure to acoustic transients  has altered the })article length dis

tribution. Cumulative di stribtuions w e r e  calculated for each con

trol a n d  e xp o s e d  sam})le . Figure 19 i s  a gra})h of the cumulative 

distributions for the same control and exposed sample used in 

Figures 17 and 18 . The maximum difference in the ordinates of the 

t'N'O cU'llulative di stributions is the D value used in equation ( IV -l ) . 

Value s of D were calculated for all eA�osed and control sample 

pair s . The value s of D are l i s t e d  in Table 3 .  The level .of . 

stat.istical signi ficance a s sociated -..ri th a given D value i s  given 

in the last column of '[able 3 .  'lhe 5 percent level o f  s igni f

icance i s  used as the criterion for the rej ection of the null 
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Fig. 15 . Electron micrograph of control 'lMV solution. 

• 

.. 
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Fig. 16 . Electron micrograph of exposed 'IMV solution. Air backed 
'IMV solution exposed 10 times to acoustic t�sient pro
duced by absorption of laser light (6 . 4  x 10 watts/cm2) 
in Prussian blue dye solution. 
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Table 3 

Re sults of Kolmogorov -Srnirnov · Te s t  

Fraction Conditions T Number of TIN D Value 
Particles 

Numb e r  of E},,-po sure r Control Exposed 

1* air-backed sample 
laser unfocused 

a .  exposed 3 x 270 230 0 . 208 
b .  exposed 6 x 270 230 0 · 379 
c .  exposed 9 x 270 46 0 . 418 
d .  expo sed 12 x 270 190 0 · 391 

2 air-backed sample 
laser unfocused 
expo sed 10 x 119 144 0 . 494 

3 air-backed sample 
laser focused to 
2 mm dia . 

expo sed 1 x 84 48 0 . 440 

4 water-backed sa'llple 

A .  laser focused to 

approximately 

4 mm dia . 
a .  expo sed 2 x 236 176 0 . 103 
b .  exposed 4 x 236 80 0 . 156 
c .  exposed 8 x 236 201 0 . 161 

. B .  laser focused to 
approxmiately 

1 mm dia . 
a .  exposed 2 x 236 99 0 . 081 
b .  expo sed 4 x 236 208 0 . 218 
c .  exposed 8 x 236 245 0 . 347 

5 exposed to unfocused 
laser 10 x 

A .  air-backed srunple 262 396 0 . 349 
B .  virus suspension 

with intervening 
water layer b e -

tween virus solu-
tion and Ifater-air 
interfac e 262 265 0 . 070 

*Carbon coated mylar film 

Level of 

Significance 

< 0 . 001 
< 0 . 001 
< 0 . 001 
< 0 . 001 

< 0 . 001 

< 0 . 001 

> 0 . 100 
> 0 . 100 
< 0 . 010 

> 0 . 100 
< 0 . 001 
< 0 . 001 

< 0 . 001 

> 0 . 100 
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hypothesi s .  

The laser pulse used t o  produce the acoustic transients had a 

total energy of one joule and a duration of 50 nanoseconds ( see 

page 57 ) .  The ab sorber used was either a carbon coated mylar film 

or a Prussian blue dye solution ( 14 . 2  gm/liter ) . Since an estimate 

of the optical attenuation coefficient could be more easily attained 

for the dye solution than for the carbon coated film,  it was decided 

to restrict most of the measurements to the latter system . The 

optical attenuation coefficient of the dye solution was obtained by 

diluting the dye and determining the attenuation coefficient and 

extrapolating according to Beer ' s  law to the concentration of the 

dye solution used in the experiment . The attenuation coefficient 

was measured using a Beckman DK spectrophotometer fitted with a 

variable optical path length cell . The attenuation coefficient at 

the ruby laser wave -length of 6943 AO was found to be 1000 per cm . 

The numbering of the fractions listed in Table 3 is unrelated 

to the order in which the fractions were obtained from the agar-gel 

column ( see page 78 ) .  Only those fractions having the highest per

centage of monomers were used in the experiments . The monomer was 

talcen to be any particle that was measured to be 3000 : 250 AO ( see 

page 81 ) .  Control samples obtained from the same fractions were 

compared with each other over a 2 day period to investigate the 

possible effect of aging of the virus suspension . No significant 

difference at the 5 percent level could be detected over this 

period. Since the same procedure was used in preparing the exposed 

and control sample s ,  it is apparent that any significant difference 

in the frequency distributions of the control and exposed samples i s  



due to the effect of expo sure to the acoustic transient s .  

As emphasized i n  Chapter I I ,  the magnitude o f  the forc e s  ex-

erted on the 1MV particles is dependent on the oc curence of aggre 

gations . Boedtker and Simmons ( 128 )  have studied the propert i e s  o f  

TI1V in solution by various physical means such a s  light scattering , 

flow b i re fringence ,  and v i s c o s i ty .  The method o f  light scattering 

is parti cularly sensitive to the presence of aggregate s  since the 

scattering is heavily weighted at 10lf angle s for the larger parti cle s .  

Therefore , i f  aggregate s  are present the molecular weight and length 

Ifill not be c onsi stent >lith that de termined by other methods .  The 

light s cattering data of Boedtker and Simmons as well as the earlier 

>lork o f  Oster (129 ) show that 1MV does not form aggregate s in the 

pH range 7 to 7 . 7  and under conditions of preparation similar to 

that employed in thi s study ( see Chapter III , page 76 ) .  Sinc e  light 

scattering equipment >las not available for the p re s ent study, another 

procedure was used which followed Steere ' s  ( 130 ) method for preparing 

spec imen grids to ob tain rep re sentative sample populations . In thi s 

p rocedure , the 1MV particle s  in a one percent solution of phospho 

tungstic acid are sprayed onto the spec imen grids using a Vaponefrin 

nebulizer (No . 4662 ) .  Toe nebulizer produc e s  very fine droplets o f  

solution which, upon drying o f  the spec imen grids , yield easily 

recogni zable c i rcles of the order of 5 x 10-3 
cm or le s s  in diameter . 

If aggregate s are pre sent in the TMV solution some of th e  droplets 

should c ontain a large numb e r  o f  particles and others only a few 

o r  none . Approximately 100 droplets were ob served on several 

different specimen grids and from the se ob servations there was no' 
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evidence that the particles  had fonned aggregates . Thi s method i s  

suspect i n  that the particle size i s  decreased a t  the 5 percent 

level (Kolmogorov-Smirnov test ) showing that the process of 

spraying leads to breakage of the TMV particle s  and possible dis-

ruption of aggregates .  Even if aggregates  are disrupted, i t  i s  

doubtful that the particles would have time to be uniformly dis -

tributed throughout the solution as they are sprayed onto the 

specimen grids . Since the results from both the light scattering 

technique and the spray technique are in agreement, it can be 

assumed with confidence that no appreciable aggregation occurs in 

the solution. In view of these results the case considered in 

Chapter II in which the particles may be assumed to be isolated 

from each other appears to be more appropriate than assuming the 

4 
presence of aggregate s  of the order of 10 particle s which would be 

necessary to significantly increase the chance of breakage due to 

aggregation ( see Appendix B ,  page 146) . 

Because of the above mentioned breakage , preparation of the 

specimen grids by spraying was not used in the study of the effects 

of exposure to acoustic' transient s .  HO\{ever, this method does 

provide 0. convenient way t o  determine the approximate concentration 

of the TI� particles .  A solution o f  polystyrene latex spheres of 

known concentration was mixed with the TMV solution and the mixture 

sprayed onto specimen grids . The total number of polystyrene 

' spheres and TMV particle s  in several droplets were counted. The ratio 

of TI� particles to polystyrene particle s  was used to estimate the 

concentration of TMV to be 4 x loll particle s  per cm
3

. 

The values of D listed in Table 3 give an indication of the 



I 

magnitude of the effect of the exposure to the acoustic transients 

and it is seen that in general the amount of breakage increases both 

with the number of exposures and the degree to which the laser beam 

was focused. 

Figure 20 is a plot for fraction 4 showing the change in the 

percentage of 6000 A
O

, 3000 A
O

, 1500 A
O

, and 750 A
O particles with 

the number of exposures resulting from a laser beam ( focused to a 

diameter of 1 mm ) and under water-backed conditions . It is observed 

that the relative number of longer particle s  decreases with the 

number of exposures while the number of shorter particles  increase s .  

The theoretical values o f  the tensile force exerted at the 

center of the � monomer are given in Table 4 .  These values were 

obtained using equation ( II-18 ) , page 45 . The power density of the 

laser beam (watts/cm
2

) used in calculating the forces  was obtained 

by dividing the incident laser power of 20 megaw�tts by the cross-

sectional area of the ab sorbed beam .  The volume coefficient of 

viscosity ( 3 . 1  x 10-3 
Kg/m . sec ) was used rather than the shear 

Dia..'lleter 
of 

Laser 
Beam (mm) 

20::4 

4::1 

1::0 . 5  

'I\3.ble 4 

Estimated Forces Exerted on � 

F 
avg 

( dynes )  

5 . 15XIO-7 � F � 2 . 06xlO-6 
avg 

2 . 12xlO-5 ..:s F ..:s 5 . 89xlO-5 
avg 

2 .  36xIO-4 � F � 2 . 12xlO-3 
avg 

F 
max 

(dyne s )  

8 . 12xlO-7 .:s F
' .:s 3 . 24xlO-6 

max 

3 .  32xlO-5 S F S 9 . 25xlO-5 
max 

3 .  70xlO-4 .:s F � 3 .  33xlO-3 
max 
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c o e ffi c i e nt ,  s ince expansion of the solvent occurred along the 

dire c tion of propagat ion of the acoustic '.lave . (131 ) . As previously 

fOlli�d ( se e page 93 ) ,  the ab sorption c o e ffi c i ent for the inc ide nt 

laser light wa s 1000 cm-
l 

The value s of the e stimated forc e s  exerted on TI1V in Table 4 

may be compared to the 2 . 64 to 3 . 65 x 10-4  dyne s of force calculated 

a s  nec e ssary to rupture the TI1V partic le based on the strength of 

primary chemical bonds ( s e e  page 52 ) .  Table 4 indicates that whe n  

the beam i s  focused to 4 mm in diame ter or le s s ,  the forc e s  pro -

duc ed by the pres sure trans ients on the TI·W particle are comparable 

i n  magnitude to the b ond strength forc e s . However, when the b eam i s  

unfocused (approximately 2 e m  diameter ) the forc e s are not o f  e om -

parable magnitude . ,men the i rradiation chamb er i s  water-backed so 

that the TI1V solution is exposed to only one acoustic transient 

without reflection no - significant b reakage o f  the TI,W parti cle s  i s  

found until the b eam i s  focused down t o  a diamet e r  o f  4 �m o r  le s s .  

When the laser beam wa s focused t o  1 mm diameter the perc e ntage 

of monomer dropped from 48 to 33 perc ent after being exposed 8 time s 

to the acoustic tra.nsient . Thi s rep re s ent f;  approximately a 3 percent 

breakage of monomers p e r  exposure to the las e r - induc �d transient . 

Th i s figure i s  inexac t since parti cle s of o'ther lengths are pre sent 

whi c h  may also be b roken by the acousti c transient . For exa.mple , i f  

a large percentage o f  dime rs are pre sent they may be  b roken into 

monomers and the perc entage of monomers may inc rea s e  rather than 

decrease on expo sure to the acoustic tran s i ent . It i s  further 

rec ognized that -.Then the b eam is focused to a small diameter a part 

of the TI,W solution i s  'exp o s e d  to greater acoustic pre ssure s  than 
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other parts as is shown in figure 11 where the shadow representing 

the pres sure wave is darker at the center than at the ends . For com-

pari son of the tvTO cases in which the beam ',ras focused to 1 mm and 

4 mm, assume that a plane wave of thi s diameter i s  produced and that 

all of the monomers exposed to thi s  wave are broken . Based on the 

area of �W solution expo sed to the acoustic wave , less  than 1 per

cent of the 'IMV particles Imuld be broken when the laser is  focused 

to a diameter of 1 mm, "hereas "hen the laser is focused to a 

diameter of 4 mm about 2 percent would be broken. HOIfever , the data 

sho" that 3 percent are broken in the 1 mm case and less  than 1 

percent in the 4 mm case . The first result is explained by the fact  

that the focused ,rave i s  spherical to  some extent rather than plane . 

A quantitative study of the variation in intensity of the pre ssure 

wave across  the plane of the ab sorber has not been possible since it 

has not proved feasible so - far to de sign and calibrate small 

transducers (1 mm or les s  in diameter ) for the determination of the 

amplitude di stribution of the pres sure transient . The second re sult 

may be explained by the effect of the orientation of the particles 

in the solution . Figure 21 shows the variation of the tension 

exerted on the particle as a function of the angle of orientation 

of the long axi s of the particle with respect to the direction of 

propagation of the acoustic wave . Depending on the angle - of 

orientation, the force on the particle may vary from zero when the 

particle is in the plane of the pres sure "ave to the maximum when 

the long axi s of the particle i s  parallel to the direction of propa-

gat ion of the wave . ,men the laser beam i s  focused to 1 mm diameter 

the orientation of the particles will have relatively little effect 
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Orientation Angle 

Fig . 21 . Relative tension exerted at the center of the � particle 
versus the angle of orientation of the particle with respect 
to the direction of propagation of the acoustic wave 

on the ob served breakage since the force in this  case is sufficient 

to break the particles in almost any orientation. However,  when the 

laser beam is focused to 4 mm diameter the magnitude cr the hydro-

dynamic forces is smaller by an order of magnitude than in the 1 mm 

case and orientation effects become more important so that only those 

particles with their long axes oriented within a small range of 

angles about the direction of propagation will be broken . For ex-

ample , ( see figure 21 ) only those particles  which fall within an 

angle range of 00 to 500 
will be exposed to a force greater than the 

average force,  the average force being about 64 percent of the maxi-

mum forc e .  Therefore , if only those particles which are exposed to 

the average force or greater are broken, then . about 1 percent rather 

than 2 percent breakage would be expected. Thus , the ob served 

breakage of less  than 1 percent is consistent with the hypothesis 

that breakage will occur only in those particles favorably oriented 

with respect to the acoustic wave . 
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When the i rradiation chamb e r  i s  a i r -backe d ,  breakage o ccurs at 

a much lower acoustic pres sure than in the wat e r -backed case . Tne 

experiment s  on frac tion 5 in Table 3 indicate that the difference i s  

not caused primarily b y  the increased number o f  reflec tions a t  the 

. water-air interface .  In thi s exp eriment an additional rubbe r  gasket 

was used in the modi fied Ro se chamb e r  so that the TI1V sample was sur

rounded on both side s  by water . However the final water- filled 

gasket was air-backe d  so that the TI1V solution was still exposed to 

the reflec tions from the exterior water -ai r i nterface after the s e  

reflections were transmitted back through the i ntervening wate r  

laye r .  Calculations on the attenuation and reflection o f  acoust i c 

wave s in water ( see page 30 ) show that about 10 reflection? c ould 

occur b e fore the amplitude i s  dec reased by a fac tor of lie (� .�. , 
37 percent ) . Since the numb e r  of refle c tions i s  very nearly the 

same for the two typ e s  o f  expo sure s o f  fraction 5, the di ffe rence 

mus t  b e  because the wave i s  reflected from the b oundary containing 

the 'J}1V solution in one case and not in the othe r .  It i s  knmm 

( s e e  page 28 ) that when a p o sitive pre s sure wave such as occurs i n  

thi s s tudy i s  refle c t e d  from a boundary b e tween a medium of high 

acou sti c j mperlanc e such as water and a medium of low acoustic im

pedance such as air a change i n  phase of approximately 1800 o c curs 

for a free boundary ( 132 ) . The particle velocity chang e s  from U 

to 2U on re flec tion at a perrec tly free surfac e ,  re sulting in an in

fini.tely stee? veloc ity gradi ent at the boundary . The plasti c  mem - .  

b rane TH'hich ser.,r e s  to separate t h e  'INV solution from t h e  air c an-"'1ot 

be c onsi dered to - p rovide a perfe c t ly fre e surface ; therefore , the 

velo c i ty gradient at the surface ha s a fini te but unkno1/ffi magni tude . 
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If it i s  a s sumed that breakage of the TI4V particles is due to the 

pre sence of thi s gradient ,  then the experimental re sult s indi cate 

that the magnitude of the gradient at the boundary is at least 10 

times greater than the gradient within the solution . Although i t  

i s  n o t  pos sible to measure thi s gradient with the piez oelectric 

transducer, since its presence would de stroy the boundary con

ditions b eing inve stigated, it would appear that thi s repre sent s  a 

logical explanation for the enhanced b reakage at the air-water 

interfac e . 
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CHAPTER V . Sm�Y AND CONCLUSIONS 

The mechanical effects of transient acoustic waves on tobacco 

mosaic virus ( TMV) , a geometrically well defined biological model,  

have been investigated and it has been determined that these tran-

sients produce breakage which significantly alters the fre�uency 

distributions of the particle lengths . A hydrodynamical analysis  

of the forces exerted on  an  elongated particle has been made based 

on methods developed by Oberbeck ( l33 ) ,  Burgers ( l34 ) , and Brenner 

( l35 ) for determining the forces on ellipsoids of rotation and 

cylinders immersed in arbitrary flow fields . 

The use of pressure transients in this study, rather than 

continuous waves ,  simplified the analysi s of biological damage by 

eliminating certain factors such as temperature and high pressure 

waves caused by the collapse of bubbles (! .� . , caVitation) . Tne 

analysis may be simplified further by choosing the boundary con

ditions so that reflections are minimized. The importance of 

changes in acoustic impedance in the production of breakage of TI1V 

particles has been noted . Tnere was significantly more breakage 

when a reflection accompanied by a phase reversal occurs within the 

TMV solution. These findings emphasize the importance of boundary 

regions with large differences  in acoustic impedance as regions more 

prone to produce acoustic damage . 

The production of acoustic waves by transient heating was 

investigated theoretically and the effects of various bounda�J and 

initial conditions on the final form of the transient were determined 

and compared with experimental results .  A schlieren system and � 

�uartz piezoelectric transducer were used to detect the pre ssure 
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t ran s i e nt s . Experimental value s determined through the use o f  

opp o s e d  transducers were c ompar e d  with the theoretical value s and 

found to be wi thin 5 percent of each othe r .  

A c ompari son wa s made o f  the infe c t ivity o f  c o ntrol and 

i rradiated solutions on half leav e s  of the local l e s i o n  ho s t ,  

Nic o tiana tobaccum , variety Xanthi . In agreement wi th the re sult s 

from electron m i c ro s c opy, a s i gni ficant di ffere n c e  at the 5 perc ent 

level wa s found a s  de t e rmined by the t - te s t  for paire d  variate s .  

Since c alculat ions on the various b ond s t re ngth s  indi cated 

that the b reaking strength of the 'TIN part i c le was limited by the 

strength of the primary bonds rathe r than that of s e c ondary bonds 

such a s  hydrogen b o nd s , the force ne c e s sary to b reak the 'IHV par-

t i c l e  wa s e s timated a s  equivalent to the weake s t  primary b ond 

( c a rbon- carbon ) in the RNA chai n .  Th i s  force was compared with the 

hydrodynamical forc e s  exerted on the part i c le s  b y  the laser - i nduc e d  

acou s t i c  tran s i e nt . It was determined that a laser i nt e n s i ty o f  

8 / 2 1 . 6  x 10 watt s cm inci dent on an ab sorb ing dye solution ( 1000 

cm 
-1 

a
"
ttenuati o n  c o e f fi c i ent ) wa s suffi c i ent to cause s i gni ficant 

v i ru s  b reakage at the 5 perc ent level as det e rmined by the Kolmogo rov -

Smirnov t e s t . 

Po s sible future applications of acous t i c  trans ients may inc lude 

the use o f  the se t ransients in det e rm i ni ng the b o nding strength o f  

various chem i c al b onds f o r  systems which have geometrical shap e s  

amenab le to hydrodynami c a l  calculat i o n s . Tne use of acou s t ic" t ran-

s i ents offe r s  a physical means o f  determining b o nd strengths for 

short duratio!l forc e s . If systems are develope d  in which the 
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duration of the pulse can b e  varied the b ond strengths as a func tion 

of time may b e  studied. In thi s regard , a study would be of value 

in which the b iological effects of expo sure to the pre s sure waves 

produc ed by underwater spark di scharges (approximately 1 microsecond 

duration ) are compared to the effects produce d  by ab sorption of a 

laser pulse . A direct compari son of the effe c t s  of pre s sures of the 

same amplitude but different ri se and fall t im e s  would be of im

portance in further eluc idating the role o f  the pre s sure gradient 

in producing biological damage . 
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APPENDIX A .  PRODUCTION O F  ACOUSTIC 'mANSIEN'IS BY 'mANSIENT HEATING 
The stress S (x, t ) in the x-direction produced by a temperature 

rise T(x, t ) as discussed in Chapter I is given by: 

where 

p = density, 

( 2 o e  S x , t ) = p v  dX - BaT, 

= particle displacement , 

B = bulk modulus , 

a coefficient of thermal expansion, and 

t time . 

Applying Newton ' s  law, the wave equation obtained is 

(A-l ) 

(A-2 ) 

In order to solve this equation some function of the tempera-

ture must be calculated or assumed . Consider the case of a 

semi -infinite medium with laser light incident on the surface . 

Assume the laser light has a uniform intensity over a period, r ,  

and that the light i s  absorbed exponentially.  FUrther assume that 

the instantaneous temperature is  directly proportional to the total 

amount of energy ab sorbed at each point of the medium up to that 

time , t .  Letting I ( t ) be the intensity distribution from the laser, 

then 

I (t ) 
where 



u8 

u ( t )  ° for t < 0 ,  

U (t )  1 for t > 0 ,  and 

10 energy per unit area per uni t  time . 

The total energy per uni t  area at the end of time , t ,  i s  

Ia\ (t ) dt = Ia\JU (t ) - U ( t  - T )}t 
= tIoU (t )  - I

o
( t - .,.. )U(t - .,.. ) . 

The e nergy i s  ab sorb e d  exponentially so that the energy inc i de nt 

per ��t area i s  e�ual at any point ,  x, to : 

J\dx '" - I ltu ( t )  - ( t - r )U ( t  - r )Je-ax 

o °L . 
(A-5 ) 

where E i s  
'
the energy ab sorb ed per uni t  volume and a i s  the ab sorp -

t i on coeffi c i e nt .  On differentiating the above expre s sion, E b e -

come s 

(A-6 ) 
As suming the ener�J ab sorbed per uni t  mas s i s  equal to cT where 

c is the spe c i f i c  heat , then the tempe ratu:"e ,  T, is given b y :  

aI r ] T = pc'{ tU ( t ) - ( t - r )u ( t
.

- r )  e -ax
. (A- 7 )  

The temperature di stribution tu ( t ) - ( t - T )U ( t  - r ) i s  a 

linearly ri sing func t i o n  from t = ° to t = r .  At the point r the 

temperature b ecome s constant and remai ns constant for time s greate r  

than r .  'Thi s  form of the temperature di stribution a?parently giv e s  

e. reaso:nably good approximation t o  the actual temperature d.i s-

tribution '..rhere thermal conduc tion c an be negle c t e d . In particular 

thi s form of the temperature di s t ribution should ap?ly to short 
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duration pulses (�.� . , Q-switched laser pulses ) in which the time 

for thermal conduction to dissipate the heat is long compared to 

the pulse duration. However, this i s  certainly an unrealistic 

temperature distribution in many cases as heat conduction cannot 

be neglected. Ready ( 136 ) has evaluated the heat equation for a 

Q-switched laser pulse by numerical methods . His results show a 

very steeply ri sing temperature which can be approximated as a 

linear rise . His results also show that the temperature falls off 

rapidly, although not as rapidly as it rises .  The temperature 

decrease appears to be fairly linear down to about one-third the 

maximum temperature rise where it then decreases more slowly as 

ambient temperature i s  approached .  Based on  these observations , it 

appears that the temperature di stribution can be represented by a 

linear rise and a linear fall which have different slopes ,  the 

approximation becoming poor as the temperature approaches ambient . 

However the phenomena of interest in this study i s  related to the 

maximum pressure produced and the steepness  of the pressure 

gradient s .  Therefore , the fact that the approximation is  not 

good near ambient temperature is of little concern.  

Therefore the temperature distribution will be assumed to be 

of the form : 

tu (t ) - g e t - 1" )u (t - r )  + (g - l ) ( t - h T )u ( t - h T ) 

where h = g (g - 1 ) -1 and where g may vary from 1 to 2 .  T in 

equation (A-7 ) i s  now replaced by:  

T = 
aIo [tU( t ) _ g e t - r )u ( t _ r )  pc 

+ (g - l ) ( t - h 1"  )u( t _ h ( )}-O:X. (A-8 )  
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The wave equation (A-2 ) now become s :  

+ (g - l ) (t - h r )U ( t _ h 'Y )}-ax: 

where 

K 

The initial and boundary conditions are 

s (x , O ) 0 , 

0 , and � (x , O )  

S (IlO, t )  = o .  

(A-9 ) 

One other boundary condition must be applied which depends on the 

restraints on the surface of the absorbing medium. If the surface 

is considered to be rigid, then the displacement , s (O , t ) ,  at the 

boundary must be zero . If the surface is considered to be free , 

then the stress , S (O , t ) , at the boundary must be zero .  The con-

ditions of neither of these cases are fully met in practice . How-

ever the equation will be solved using these boundary conditions , 

keeping in mind that the actual boundary conditions probably lie 

somewhere between these two extremes .  

In order to solve the wave equation (A-9 ) ,  use will b e  made 

of the Laplace transformation. Letting F(x, s )  equal the Laplace 

transform of s (x , t )  the transformed wave equation is given by: 

d� (X , S ) _ 2S
2F(x, s )  �l -7S ( 1 ) -hrsJ -ax: Q .::.....::...>.�.t..c:::..L. =

s2 
- ge + g - e e = .  

dX2 v 

Using the method of variation of parameters to solve equation 

(A-lO) 
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(A-IO ) ,  assume a solution of the fonn 

F = A(x)e- sx/v + B (x )eSX/v 

Taking the derivative of F with respect to x, 

As usual, assume 

O . 

Now find the second derivative of F :  

o2F s OA -sx/v s OB sx/v s2 A -sx/v s2 B sx/v 
ox2 

= - ; ox e + ; ox 
e + 

v2 
e + 

v2 
e • 

(A-ll ) 

(A-12 )  

(A-13 ) 

(A-14 ) 

Sub stituting the expression for F and o�/dx2 in equation (A-IO ) 

(A-15 ) 

Equation (A-13 )  may now be substituted into (A-15 )  and the re

sulting equation solved for oA/dx and oB/dx giving 

and (A-16 ) 

Sub stituting these into equation (A-ll ) F i s given by: 

(A-17 )  

ge- r S + (g_ l )e
-h 1' s] [_ e-= 

s + <XV 
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-sx/v ( / -ax -sx/v ( /  )] 

+ _e __ e-c2 s v + a) _ _  e __ + _e __ eCl s v + a • 
s + av  s - av s - av 

In order to evaluate the above expression for F the boundary con-

dition on x must be applied . Substituting the conditions � (OO, t )  0 

or F(ao, s )  = 0 into (A-17 ), it i s found that eSx/v e-c2 ( s/v + a) 

must approach zero as x approaches infinity . Equation (A-17 ) now 

becomes 

[ 2 -sx/v c ( s/v + a)  ] s -ax e  e ' . 2 2 2 e - • 
s - a v  s - av 

TO evaluate the final constant , the boundary condition at the 

(A-18 ) 

surface must be used. In the rigid case � (o , t )  

This condition substituted into (A-18 ) requires 

o and F(o , t )  o .  

e c ( s/v + a )  
s - av 

2s 
2 2 2 s - a v 

(A-19 )  

Therefore the final expression for F in the rigid surface case be-

comes 

F - .,. s ( ) -h T s][ -ax -sx/v] ( ) - ge , + g - 1 e e - e . A-20 

Using the fact that the inverse transform of 

1 
2 2 2 2 s ( s  - a v ) 

is sinh avt 
(av)3 

t 
- � , (av) 

the inverse transform of F in equation (A-20 )  becomes : 

; (x , t) = e -ax [ Sinh avt - avt] , t � 0 
�o 

(A-aJ.) 
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- ge-ax [Sinh av(t - r )  - av ( t  - r )] , t :::' '' 

+ (g - l )e-ax {Sinh [av(t - h T )] - av(t - h ?- )} , t ::: h T  

- sinh [av(t - X/V )] + av(t - X/v ) , t ::: X/V 

+ g {Sinh [av(t - x/v - r )] - av ( t  - x/v - T � , t  ::. x/v + r 

- ( g  -l ) finh [av(t - x/v - h 7")] - av ( t  - x/v - h T )} , 

t ::: x/v + h T 
BaT o where �o = � v p cCt 

The stress , S ,  given by equation (A-l ) becomes 

- ge -ax [ sinh ave t - T )] , t ::: T 

+ ( g _ l ) e -ax 
[ Sinh av e t - h 7" )J , t ::: h T 

cosh av(t - x/v ) + 1,  t :::' x/v 

+ g {COSh [av (  t - x/v - T )] - l} , t :::. x/v + r 

- (g - 1 )  {COSh [av ( t - x/v - h T )] - l} , t :::' x/v + hr 
. BaT o where So = � • 

These expressions may be simplified when ax i s large and the terms 

in e -ax become small . Making this approximation and expressing 

� (x , t )  in terms of the delayed time t '  = t - x/v, equation (A-21 ) 

becomes 
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2 � = eavt • _ geav(t ' - .,.. ) (A-23 ) 
So 

+ (g _ l )eav(t . - h r ) t . < O 

-avt · av(t ' - r )  = e  - ge 

+ .( g - 1 ) [eave t · - h .,.. )] + 2avt · , 0 . .  < t ·  < r 

-avt ' -av(t · - r ) ( 1 )  av(t · - h T )  = e ge + g - e 

+ 2avt · (1 - g ) + 2€'fXV I , r< t · < h 7  
= e-avt ' _ ge-av(t ' - r' )  + ( g _ l )e -av(t ' - h r ) ,  

Under the same approximation the stress , S ,  i s given by 

2S avt · geav(t . - T )+ ( g l )eav(t . - h r ) ,  t ·  < 0 (A-24 ) - So 
= e 

2 _ e-avt · _ geav(t ' - 7 ) + (g _ l ) eav(t · - it T ) ,  0 < t . < r 

2 ( 1  _ g ) _ e-avt · + ge-av(t · - .,.. ) 

+ ( g _ l)eav(t ' - h r ) , r< t . < h r 

-avt · -av(t ' - T ) ( 1 )  -av(t · - h r )  t . > h e + . ge - g - e , - T .  

Returning to equation (A-18 ) and applying the boundary conditions 

which apply" to the free surface ,  S( 0, t) = 0, it is seen that the 

stre s s  equation (A-I) leads .to the condition that 

- 7 S  ( ) -h rs] - ge + g - 1 e • 

(A-25 )  
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Differentiating equation (A-LB ) and applying this boundary condition, 

one obtains : 

-
(X
:2 

[1 - ge- rs + (g - l )e-h T s J (A-26 ) 

V� [ - 1" s ( ) -h T S J [ 2cxs sec ( s/V-<:J.J -
2s3 

1 - ge + g - 1 e - 2 2 2  + s - (X v v ( s - a) 
Therefore 

eC ( s/v - (X) 

s - (X 
2cxv 2 

2 2 2  + -s - (X v av 
and the final expression for F in the case of a free surface is 

F = - � ( 1  _ e- rs ) 
v (2s ) 
[ 2s -ax: sx!v

�
( 2cxv 2 ) J. 2 2 2 e - e  2 2 2 + - . s - (X v  S - (X v av 

Taking the inverse transform (L-1 ) ,  then 

-1[ -3 J t2 L s = - . 
2 

(A-27 ) 

Using these · relations , the transform of equation (A-27 )  becomes 

- t = - e4Sinh Cavt ) - avtJ ' t � 0 (A-28) 

+ ge-aY {Sinh [av(t - T ) J - av(t - Y )} ,  t � r 

- Cg - l ) e-ax: {sinh [avCt - h r ) J - avCt - h r )} , t ::: h T  

[ C -l ) J > -1 
+ cosh av t - xv - 1 , t _ xv 
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- g {COSh [av(t - x/v - .J - 1} ' t ::: x/v + r 

+ (g - 1 )  {COSh [av(t - x/v - h1" ) J - I} ' t � x/v + h -r  

where �o is the same as in equation (A-17 ) . 

The stress , S, becomes for the free boundary case : 

- � = e-aJesinh(avt ) ,  t ::: 0 (A-29) 
o 

- ge-aJesinh [av(t - -r )] , t ::: T 

+ (g - l )e-<XXsinh [av(t � h T )] ,  t ::: h T  

sinh [av(t - x/v)J ,  t � x/v 

+ g sinh [av( t - x/v - T ) ] , t ::: x/v + T 

- (g - l ) sinh [av( t - x/v - h T )  1 t ::: x/v + h T • 

Simplifying equation (A-28 ) and (A-29 ) and using the same approx

imation as in equation (A-23 ) and (A-24 ) then 

2 g eavt ' av(t ' - T )  ( 1 )  av(t ' - h ?- ) ,  t '  < 0 - = - ge + g - e 
go 

(A-30 ) 

2 -avt ' av(t '  - 1" )  ( 1 )  av(t ' - h 1" ) ,  0 <  t '  < T 

and 

- e  - ge + g - e 

2 ( 1  ) -avt ' -av(t · - r)  ( 1 )  av(t ' - hT) ,  1" < t '  < h1" = - g - e  + ge + g - e 

-avt '  -av(t '  - 1" ) ( 1 )  -av ( t ,  - h T )  - e  + ge - g - e t '  > h 7 ;  

2S avt ' av(t ' - -r )  + (g _ l )eav(t ' - h r ) ,  t ' < 0 - So 
= e - ge 

e-avt ' geav(t . - r )  + (g _ l )eav(t ' - h r ) 0 < t ' < r 

-avt ' e 

-avt ' e ge-av(t '  - r )  + (g _ l )e-av(t '  - h r ) t '  > h r. 
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In the experimental portion of this study the absorbing dye 

solution or carbon coated mylar film was backed with a rigid plate 

of plexiglass ( see page 70 ) corresponding to the boundary con

ditions of equations (A-2l ) and (A-22 ) . Figures 22 and 23 show the 

stress  and displacement as determined using equations (A-2l ) and 

(A-22 ) for two case s ,  g = 1 and 1/3 and g = 1 respectively. The 

case for g = 1 corresponds to the case in which heat conduction i s  

neglected. The case for g = 1 and 1/3 corresponds approximately to 

the form of the temperature di stribution obtained by Ready for the 

ab sorption of laser light on tungsten ( see page 119) .  Comparison . 

of the two figures shows that when heat conduction i s  not negligible 

that the stress is first negative and then positive , . whereas when 

heat conduction can be neglected the stress  is never positive . 
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APPENDIX B .  HYDRODYNAMICAL CALCULATIONS FOR AN ELLIPSOID OF ROTATION 

IN A FLOW FIELD WITH A LINEAR VELOCITY GRADIENT 

l .  The Force Experienced by the Ellipsoid 

Much of the material considered in this appendix is covered in 

standard texts on hydrodynamics such as Theoretical Hydrodynamics 

by Milne-Thomson (l37 ) . The background material in this appendix 

i s given for continuity, and standard texts should be consulted for 

additional details . The solution of the equation of motion (11-7 )  

for the force on an ellipsoid will , however, b e presented in full . 

A consideration of the forces on a submerged particle requires 
'" a knowledge of the stress dyadic , S .  An ideal fluid can support no 

shear forces , so that the stress dyadic may be writte"n as 

where 

-> 

S ::;  -pI 

p pressure and 

I the idemfactor. 

(B-l ) 

The stress , S, on a differential unit area perpendicular to the unit 
-> vector, n, is then given by 

-> ->tv 
S = nS = -pn . (B-2 ) 

In a viscous liquid the stress on a differential unit area is not 

necessarily normal to this area and in this case the stress dyadic , 

assuming one to exist, can be of the form 
.. ... .... 
S = -p ' I  + W (B-3 ) 

where the dyadic , -P 'l, has spherical symetry as in the case of an 

ideal fluid . The dyadic , W, depends directly on the viscosity . 
The stresses on a particle surrounded by fluid are dependent 
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on the motion of the fluid about the particle . The general motion 

of a fluid particle may be written as a sum of three components .  

Consider an infinitesimal element of fluid whose center of gravity 

is at the pOint , P . For example , let the point , P ,  be the center of 

a sphere of infinitesimal radius , h,  with � as the unit outward 

normal of a differential area on the surface of this sphere . If the 

fluid velocity at P is q, then the velocity at a point on the sur

face of the sphere may be written as 

CJ. + 1/2 (VI\ q)/\ h� + f(�) 

where q corresponds to a translation of the fluid element as a 

whole ; 1/2 (Vl\q) l\ h� corresponds to the velocity of rotation of the 

element as a whole , the angular velocity being 1/2 (�I\q) ; and f(�) 

i s  a velocity relative to P in the direction of the normal to the 

surface of the sphere . The first two motions correspond to rigid 

body motions and the third motion is called a pure strain. 

The viscosity hypothesis  states that 

�W = 2�f(�) (B-4 ) 

where 

( 138) , 

and where � is the viscosity coefficient . W may be written as 

� (q ;q + q; -V) 
where q; V is  the dyadic product conjugate to .;7;q. 

Defining the pressure , p ,  as the scaler invariant of the stress  

( the negative of the mean value of the normal stress  on a sphere of 

unit radius ) then the stress dyadic becomes 

(B-5 ) 

and the stress on an element of differential area normal to the unit 
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vector ; is given by 
(B-6 ) 

Consider the motion of a volume of fluid, V, within a surface ,  

A .  Using Newton ' s  law 

where F represents any external body forces such as gravity. Apply-

ing Gauss '  theorem to convert the surface integral to a volume inte-

gral it is then possible to take the resulting expressions out of the 

integral signs since the volume of integration is arbitrary. The 

equation then becomes 

P � = PF + V S. (B-8 )  

Substituting the stress dyadic (B-6 ) in the above equation and 

assuming the coefficient of viscosity to be constant and the fluid 

to be incompressible , the equation of motion becomes 

Di - � P Dt = pF - VP + f..l 'i7 q . (B-9 )  

For small Reynolds numbers this equation may b e simplified as dis-

cussed in Chapter II, page 37 . The simpl1fi·ed equation is 

f..l v2q - VP = 0 (B-10 ) 

where q and p are functions of time , and where the continuity con-

dition 

Vq = 0 (B-ll) 

must be satisfied. This equation is to be solved for a linear flow 

velocity and for an ellipsoidal particle . 

Consider first the solution of the equation (B-10 )  for a paz:-. 

ticle in a uniform field of flow along the x axi s .  Assume the 
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particle to be an ellipsoid with one of its principal axes parallel 

to the x direction. Once the resistance along a principal axis is 

kno'm, then by analogy the resistance for any orientation c£ the 

ellipsoid may be found. 

The e�uation of an ellipsoid may be written as 

(B-12 ) 

where a ,  b ,  and c are the semi -axes of the ellipsoid in the direc-

tions x, y ,  and z respectively . Before solving the vector e�uation 

(B-10 ) consider the solution to the scaler Laplace ' s  e�uation 

(B-13 ) 

In order to solve this e�uation it is convenient to transform to 

ellipsoidal co-ordinates .  Consider the three e�uations : 

2 2 2 x Y Z 
"""""2"';:':'-- + -. 2--- + -2--- = 1 
a + ul b + ul c + ul 

2 (ul > -c ) 

which represents a family of ellipsoids with parameter ul; 

2 2 2 x Y z -2-- + � + � 1 
a + u2 b + u2 c + u2 

2 2 ( -c > � > -b ) 

(B-14 ) 

(B-15 ) 

which represents a family of hyperboloids of one sheet with param-

eter �; and 

2 2 2  x Y z 
� + � + -2--- 1 a + u3 b + U3 c + u3 

2 2 ( -b > u3 > -a ) (B-16 ) 

;rhich represents a family of hyperboloids of 2 sheets with parameter 

u3 · The point (u1 , u2 ' u3 ) defined by the intersection of the ab�ve 

three surfaces i s  a point in ellipsoidal space with ellipsoidal co-



Laplace ' s  equation (B-13 ) in the transformed ' space becomes 

= 0 [ 2 2 2 ll/2 
where Ru = (u + a ) (  u + b ) (  u +c ) J . 

(B-17 )  

This equation (B-17 ) may b e  solved b y  separation o f  variables , 

Since ul i s  the parameter of the family of ellipsoids , it i s  equal 

to zero on the boundary surface of the ellipsoidal particle . The 

variables u2 and u3 are parameters of the hyperboloids and as such 

serve to measure position on any ellipsoid where ul is equal to a 

constant , On the surface , ul = O , : '(Il must be independant of u2 and 

u3 ' Therefore it i s  appropriate to consider a solution of V2(1l = 0 

depending only on ul ' Assuming (Il = (Il (uI ) ,  Laplace ' s  equation becomes 

d (R �)= 0 
ou;: a� (B-18 ) 

where 

An expression for � which satisfies (B-18 )  i s  

(B-19 )  

Another solution may be obtained b y  ob serving that 
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2 2 2  x y z � + � + � = l 
a + ul b + ul c + � 

and substituting this into e�uation (B-19 ) one obtains 

(B-20 ) 

This problem which was first solved by Oberbeck is discussed by 

Lamb (139) . Following the procedure indicate.d by Lamb the velocity 

field will be assumed to be of the form 

(B-2l) 

(B-22 )  

(B-23 ) 

where u, v, and w are the components of the velocity q in the x, y, 

and z directions respectively. The constants cl and c2 have been 

absorbed into the constants A and B, so that ¢l and ¢2 are given 

by e�uation� " CB:19)  and (B-20 ) where the c ' s  have been omitted. The 

partial derivitives in the above e�uations (B-2l) - (B-23 ) may be 

expressed as 

where 

2 o ¢2 Oa -- = 2x -, 
oxOy oy 

2 o ¢2 Oa -- = 2x -, 
oxOz oz 

(B-24 ) 



Equations (B-2l ) - (B-23 ) are seen to satisfy the equation of con

tinuity since ", 2¢1 and v 2¢2 are equal to zero . At large distances  

from the ellipsoid ul becomes large and a, � ,  y ,  and ¢2 approach 

zero , giving u = U, v = 0, and w = 0 in accordance with the initial 

conditions of the problem . 

The solution of interest must satisfy the vector equation (B-10 )  

as well a s  the scaler Laplace ' s  equation (B-13 ) .  Using equations 

(B-2l ) - (B-23 ) for the velocity components � �  may be evaluated 

and the function of p required to satisfy equation (B-10 )  determined. 

J.!aking use of the facts  that 'V'
2¢1 = v2¢2 

= 'V �  = 0 and that ¢l i s  

quadratic i n  x ,  then 

2 V u 

By a similar procedure 
2 

2 <V v o ¢l 2B -
oxOy 

and 
02¢ 

2B _1. (B-26 ) 

Therefore , equation (B-10 )  i s  satisfied by taking 

O¢l P = 2B1l - + constant . 
ox 

oxOz 

(B-27 )  

I n  order t o  evaluate the constants A and B ,  use i s  made of 

boundary conditions at the surface of the particle which require 

u = v = W = O .  The conditions on v and w require that 
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Oct Oi1ll 2Ax - + Bx - = 0, and 
oy oy 

Oct O¢l 2Ax - + Bx - o .  
oz oz 

(B-28 ) 

(B-29 )  

The behavior of these equations must be investigated as ul is varied; 

therefore , consider the variation of y and z as � is varied. For 

the variation of y, considering points along the y axis where x and 

z are equal to zero , then the equation (B-14 ) becomes 

(B-30 )  

On taking the partial derivitive o f y with respect to �, this 
equation gives 

but 

or 

In like manner 

Oct Oct - = 2z - , 
QZ QUI 

oy 1 - = - ,  
oUl 

2y 

� = � �= !.- 00: 
OUI O� oy 2y oy 

Oct 00: - = 2y -. 
oy OUI 

and 
Qi1l1 0i1l1 - =  2z -. 
QZ QUI 

(B-31 ) 

(B-32 )  

(B-33 ) 

Substituting equations (B-32 ) and (B-33 ) into (B-28 ) and (B-29 ) ,  one 

equation is obtained, 

2A �  
QUI 

(B-34) 
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Equation (B-34 ) is to be evaluated at � = O .  Using equation (B-24 ) 

the 
di1\ 

and -, evaluated at ul dUl 
0, become 

(B-35 )  

and 

1 (B-36 ) 
abc 

Sub stituting these values into equation (B-34 )  it is found that 

A a� 
2 

(B-37 )  

Examining equations (B-21 ) and (B-24 ) for the condition that u i s  

zero on  the surface of the ellipsoid, it is  found that 

2aoA - B,\ + U = 0 (B-38 ) 
o 

where the subscript , 0 ,  refers to evaluation at ul = O .  Making use 

Qf (B-37 )  and solving for A and B, one obtains 

A 

and 

B U 
2 a 0:0 + 1111 o 

(B-39 )  

(B-40 ) 

In order to determine the force on the ellipsoid, use may be made 

of the solution for the force on a sphere . The force on the sphere 

is given by the well known Stokes  formula : 
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F = 61lllRU (B-41 )  

where 

� = coefficient of viscosity, and 

R = radius of the sphere . 

At large di stances from the ellipsoid the velocity components must 

approach those of the sphere at large di stances from the sphere . By 

comparing the solutions for the velocity components of the sphere 

and the ellipsoid, it i s  possible to determine an equivalent radius 

for the ellipsoid. The velocity components for flow about a sphere 

as given by Lamb 

where 

(140 ) are : 

u " U + (B ' A . r2) 0 x 2A '  
- 6; dX ? + 3�r 

v = � . _ A . r2
) � x 

6� dY r3 

w = (B ' _ A ' r2 )� � 
6� dZ r3 

B ' _ 1/4 UR3 , 

A '  - 3/2 �UR. 

, and 

and 

(B-42 ) 

(B-43 ) 

(B-44 ) 

For large distances from the ellipsoid, ul becomes much greater than 

the semi-axes of the ellipse a, b ,  and c .  ¢l (B-19 ) becomes 

(B-45 ) 

But as u becomes large , r2 approaches ul ' and therefore , ¢l 
2 = -
r 

Using the same limiting procedure ¢2 (B-20 )  becomes 
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JOOf-x2 
+ l + Z

2
J ,\-3/2d,\ = r1,OO ul

-5/2d,\ = g 1 . (B-46 ) ,\\U1 ul ,\ )  '\ 3 r 

Using these limiting values for �l and �2 equation (B-21) for u be-

comes 

2 �3 2 1 ) .( 2 1) u = .., A -3 - 3. - 2B ; + - + u. 
3 r r r r 

Expanding the above expression, using the fact that 

� (� ) = ox r 
and 

x2 and comparing coefficients for the terms in 3 ' one obtains 

giving 

3A '  = _ 2B 
611 

or 

R = 8B 
3U 

r 

(B-48 ) 

This R is the radius of a sphere which is equivalent bydrodynamical1¥ 

to the ellipsoid. Substituting (B-40 )  and (B-48) into the equation 

for the Stoke.s_. ;f,'9?;:ce (B-4;t: ) ,  the force on the ellipsoidal particle 

is given by 

ln2 ( a/b ) - 0 . 5  

In an analogous manner the force may b e  found when other axes are 

oriented along the direction of fluid flow. 

As discussed by Brenner (i41 ) , the resultant resistance ex-

perienced by an ellipsoid of any orientation with respect to the flow 

field may be expressed as 



(B-50 )  

where K is  the translation dyadic which for the ellipsoid is given 

by: 
N 
K 

... ... i j i  
2 + a Ct o 

(B-51 )  

and U is  the uniform velocity the fluid would have i n  the absence o 
of the particle . 

The above relation gives the force on a stationary ellipsoid 

immersed in a fluid with a uniform flow U at a large distance from 

the ellipsoid. It is  desired, however, to find the force on a par-. 

ticle immersed in a flow field with a linear velocity gradient . A 

plausible approach is  to assume that the flow field can be expanded 

in a Taylors series about the origin (located at the center of the 

particle ) .  Brenner (142 ) has rigorously justified the use of the 

Taylors expansion and has obtained 

F = �o + ;o; ( VU)o + (roro ) ; (��U) + • • •  
2 ! 0 (B-52 )  

... 
The second term in the above expansion is zero since VU i s  zero 

for an incompressible flVid. The third term and higher terms are also 

zero if U. is assumed to be linear with respect to the spatial co-

ordinates over the length of the 1MV particle . This is true since 

the third and higher order terms involve second order or greater 

spatial derivatives .  The equation for the force on a particle sus-

pended in a uniform velocity gradient is  therefore given by 

(B-53 ) 

where Uo is the value the assumed velocity field would have at the 



origin if the particle were not present . 

The particle immersed in a velocity gradient will also ex-

perience a torque tending to align the particle with the flow field. 

If it is assumed that the long axis of" the particle lies along the 

x axi s ,  then the torque experienced by the particle lying in the x-y 

plane (the plane of the velocity gradient ) is  

where 

Expanding; 

1
a .... .... .... 

L = 2 0 iX AdF (B-54 ) 

(B-55) 

where U
j 

= U sin e and e is  the angle between the x axis and the 

direction of " propagation of the velocity gradient . 

For comparison with Oberbecks solution to the forces expe-

rienced by an ellipsoid in a uniform flow field, a brief discussion 

of Burgers �43 ) application of the Oseen approximation to ellipsoids 

and cylinders will be given. Burgers assumes that the particle 

under consideration may be replaced by a system of forces distrib-

uted along" the points which were originally situated on the axis o� 

the body. He gives an expression for the components of velocity 

produced by these forces .  The intensity o f  the forces are then de-

termined by applying the boundary condition that the resultant 

velOCity must vanish on the sur�ace of the particle . In actual 

practice,  Burgers requires the mean value of the resultant velocity 



to vanish when taken over an arbitrary section of the surface made 

by a plane perpendicular to the axis under consideration. For a 

prolate ellipsoid with its axis along the direction of propagation 

of the uniform flow, Burgers deduces  that the u component of velocity 

produced by the force,  f ( f ) d f ,  at a point on the surface of the body, 

situated on the section made by a plane x = constant is given by: 

where b i s  the radius of the section considered. For a cylinder, 

rather than an ellipsoid, b is  a constant . The boundary condition 

on the surface of the particle requires that 

u
'
+ u = u +J �u = o  (B-57 ) 

-a 

where U is the uniform velocity of the flow field in the absence of 

the particle , u ' :  i s  the component of the perturbed velocity along 

the x direction, and a is the semi-axis of the ellipsoid. When the 

expression for dti is substituted in the above equation, an integral 

. equation involvipg f( f )  is obtained which cannot b� solved ex

plicitly. Therefore f( f )  i s  assumed to. be of the form:  

(B-)8 ) 

The integration in equation (B-57 )  can now be performed leading to : 

[ 2 4J 2 2 2 2 Ao + Al(x/2 ) + A2 ( x/a )  ln4(a  - x ) /b 

2 4 ( 2Ao - 2Al - A2 ) - (8Al - 2A2 ) (x/a ) - ( 31/3 )� (x/a )  - 1 

Applying the condition that 

(B-59) 

o .  



144 

x2 b2 
� + � = 1 (B-60 ) 
a b o 

where bo is the semiminor axis of the ellipsoid. Equation (B-59 ) is 

found to be satisfied by taking 

A
l 0 ,  and � = o .  

The resultant force per unit length is thus found to  be 

f( g ) = _ __ 4-,1!I-l;....;U,--_ 21!I-lU 
ln4(a/b ) - 1 ln2 (aj'b )  - 0 . 5 

The total force is therefore : 

which is the same as equation (B-49 ) determined by Oberbeck ' s  

method. For the case of a cylindrical body, Burger� replaces 

ln4 (a2 - x2 )/b2 in equation (B-59 ) by the approximation 

ln4 (a/b )2 _ (x/a )2 _ 1/2 (x/a) 4 . 

(B-61)  

(B-62 ) 

(B-63 ) 

o 2 4 The coefficients of (x/a ) , (x/a ) , and (x/a) are then equated to 

zero and the resulting expression solved for Ao ' Al, and A2 • The 

approximation leads to 

and 

'A + o (1!3 )Al + (1!5 )A2 = _____ 1 __ _ �ln2 (a/b ) - 0 . 72J 
F = __ 4.;,:1!;;:;I-l:.;:Uc;;a __ _ 

ln2 (a/b ) - 0 . 72 
(B-64 ) 

The two formulas derived for F, (B-49 ) and (B-64) assuming an 

ellipsoid or a cylinder for the shape of the particle, give results ' 



which differ less than 7 percent for a particle with an axial ratio 

of 20 . 

2 .  Translational and Rotational � of � Ellipsoid 

In equations (B-53 ) and (B-55 )  for the force and torque on a 

suspended particle ,  the velocity U is the relative velocity of the 

fluid medium with respect to the particle . It is necessary, there-

fore , to determine if the particle will move with the field or if it 

can, be assumed to be essentially stationary. The translational 

motion may be investigated by applying Newton ' s  second law to give 

m (dUp) = feU _ U ) 
dt , s P (B-65 )  

where Up is  the velocity o f  the � particle ,  Us is  the solvent 

velocity and f is the frictional coefficient (�) . Assuming that 

Us increases linearlY, with time over a period of about 30 nano

seconds , corresponding to the laser-induced transient , then equation 

(B-65 )  becomes 
dU 

m �  + fU 
dt P 

fkt 

where k is a constant . This equation may be solved using the 

variation , of parameters technique . A solution of the form 

U = A( t )e- (f/m )t 
p 

is assUmed and substituted into equation (B-66 ) ,  giving 

dA( t ) = fkt 
dt m 

ft/m e • 

Solving for A(t ) and substituting this result into (B-67 ) 

U = k(t  - m/f) + Ce- ( f/m )t  
p 

(B-66 ) 

(B-67 ) 

(B-68 )  

(B-69) 
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where C is a constant of integration. Applying the initial con-

dition that Up = 0 at t = 0, gives 

U = k(t - mlf ) + (mk/f )e- (f/m)t . p (B-70 ) 

This relation shows that when mlf is  small in comparison with t 

the velocity of the particle is approximately equal to the velocity 

of the solvent . For a 3000 AO length lliV particle mlf is found to 

be 7 . 2  x 10-11 • Therefore a single lliV particle can be assumed to 

follow the motion of the solvent , that is the relative velocity be-

tween the solvent and the particle may be assumed to be zero at ,the ' 

center of mass of the particle .  In order for mlf to approach the 

magnitude of 30 nanoseconds the mass must increase by a factor of 

apprOximately 400 . If the mass is assumed to increase due to the 

formation of aggregate s  the value of the frictional coefficient will 

also change depending on the form of the aggregate . Assuming 

spherical aggregates with a volume twice the sum of the volumes of 

the individual particle , the mass must be increased by a factor of 
4 approxima�ely 10 in order to increase mlf by a factor of 400 . 

The angular velocity (w ) of the particle may be investigated p 
in a similar manner. Using (B-55 ) let 

where 

U s 
But (Up ) j = 

die) , a aU dx 
I � = L = 2fr x �  

dt ':10 ax 

I = moment of inertia, 

Uj (Us ) j - (Up ) j ' and 

and U the solvent and particle velocities p 
x O> p and since Ii) p is  independent of x for a 

(B-71) 

re specti vely. 

stiff rod, 



then 

o (Up )j _ 

ox 
(i) .  p (B-72 )  

On evaluating the portion of · the integral containing �p and transfer

ring this to the left , equation (B-7l ) becomes 

However, 

dw 2 .. r
a o (U ) 

I --1? + fa w = 2:J
n 

x � dx. 
dt P 0 ox 

o (Us ) j 
ox 

oU 
sin e cos e -2! 

ox ' 

(B-73 ) 

(B-74 ) 

where e is the angle between the direction of propagation, x ' , of 
OU 

the acoustic transient and the , x axis of the particle . If -2! is 
ox 

assumed to be constant over a period of about 30 nanoseconds , then 

equation (B-73 ) may be written as 

d O>  
I --p + fa2 ,) fa�t 

dt p (B-75 ) 

where K is a function of x '  equal to sin e cos e ok(x '.) and where 
ox ' 

Us was taken to be kt as in the translational case . 

Equation (B-75 ) is identical in form to equation (B-66 ) . On 

comparison with equation (B-70 ) the solution may be writt'en as 

(B-76 ) 

The moment of inertia, I ,  for a rod of semi-axis ,  a, is, given by 

and I/fa2 = m/3f .  (B-77 ) 

, Therefore equation (B-76 ) bec�mes 

tAl P = K( t  - m/3f ) + (Km/3f)e-mt/3f• 
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For m/f small, then Ii> p is approximately given by: 

Ii> = Kt . P (B-79 ) 

An approximate value of K may be obtained by using equations (A-21 ) 

and (A-28 )  derived in Appendix A .  The amount of . angular rotation 

6 9  is  ,given by 1/2 Kt2 which for a K of 2 x 1013/sec2 (evaluated 

for S of 10 atm and t of 30 nanoseconds ) is found to be 9 x 10-5 
o 

radians . 

The results of these calculations on the translational and 

rotational motion of a single 1MV particle indicate that the par-

ticle may be assumed to move with the average velocity of the solvent 

and that the angular orientation will be essentially unaltered 

during the time of exposure to the acoustic transient . It should 

be noted that for longer pulse durations (order of l .microsecond) 

such as occur in spark discharge phenomena ( see page 16 , Chapter I ) 

that the particle will be completely oriented with the flow field. 
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APPENDIX C .  THE TIlANSIENT SWESS RESPONSE OF A PIEZOELEC'lRIC CRYSTAL 

Piezoelectric substances are substances which are capable of 

reversibly transforming mechanical energy into electrical energy. 

Consider the application of an electric field, E, to a suitable cut 

piece of piezoelectric material such as a thin disk with conducting 

electrodes on the faces of the disk . For a crystal free of external 

stresses ,  a strain, X, will be produced when the electric field is  

applied to  the electrodes of the disk .  The strain is  given by 

where 

� is the strain in the kth direction, 

�j · is the piezoelectric strain constant , and 

Ej is the electric field strength applied in the jth direction. 

For a clamped crystal (restrained so that no change in length 

is possible ) the - stress developed when an electric field is applied 

is defined by: 

where 

Sh is the stress in the hth direction and 

ehj is the peizoelectric stress constant . 

(C-2 ) 

Many crystals such as quartz possess certain crystallographic 

axes  in which the stress and strain constants are a maximum . For 

the study of plane compressional waves disks may be cut with faces  

perpendicular to  these axes . X-cut quartz crystals which are of this 

type were used in this study . For crystals of this axial orientation 

the piezoelectric stress and strain constants of interest are dli . 
and ell ' Since these are the only constants of interest , the sub-
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scripts will be dropped. The stress then becomes S = Ee and the 

strain, X = Ed . The transformation of mechanical to electrical 

responses depend on the same constants,  the charge per unit area 

on the crystal faces being Q/A = Sd for shunted electrodes .  Making 

use of equation (C-2) the stress associated with plane compressional 

waves propagating in the x direction in the transducer may be written 

as 

where 

c the elastic constant , 

s the displacement along the x direction, 

e = the dielectric constant , and 

D = the electric displacement . 

The . electric field .may be expressed as : 

E = - h(�) + Die . 

Applying Newton ' s  law to equation (C-3 ) then, 

(C-3 ) 

(C-4)  

(C-5 ) 

But since there is  no free charge inside the transducer, then by 

Gauss ' law 

V D  = 0 

dD dD dD 
and for a plane wave � = � = 0 and therefore � = O .  

Equation (C-5)  therefore becomes 

d2S 2 d2 S 
dt2 = v � 

(c-6 ) 
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which is recognized as the one dimensional wave equation. 

It is required to find the transient voltage response of a 

piezoelectric crystal to a stress step of amplitude S
o 

incident 

on the transducer face at time t = o .  I t  is  assumed that the pressure 

pulse i s  incident from water and that the transducer is air backed. 

Let Zl ' Zd' and Z2 be the characteristic impedances  of water, trans

ducer and air respectively.  Taking the Laplace transform (L) of 

(C-7)  

where s '  

d2� , 

dx2 
2 2 ( s /v ) 5 ' 

L( � ) .  The solution of ( c-8)  is 

(c-8) 

(C-9)  

The constants A and B may be evaluated by applying the boundary con-

ditions . From equation (C-3 ) 

where 

S '  = Zds (Ae-sx/v + Besx/v ) - hQ ' /M 

M = area of the transducer face ,  

Q ' L(Q ) = D 'M, the charge on the transducer, and 

Zd pv. 

(C-10 ) 

The stress and the displacement must be continuous at the front (x=O ) 
and back (x=p) surfaces of the transducer . This requires that 

(C-u) 

where the subscripts 1 and 2 refer to water and air respectively.  

The constant B2 will be equal to zero if the air is assumed to be 

semi-infinite in extent ( no reflection ) . Applying c onditions (C-ll ) , 

then 
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Z ( A -spiv 
B 

spIv ) s d - e  + e - hQ ' 
= o .  

M 

Form ( C-12 ) - (C-14 ) A is found to be 

A = 

and 

-2sZ1Al + (hQ I /M)[l + (Zl/Zd - l )e-SP/v] 
s (Z - Z ) ( e-2SP/v - 1 )  d 1 < 

B = � -sp/v + Ae-2sp/v . 
6ZdM 

On rearranging equation (C-15 ) ,  A becomes 

where 

sAl( l  - ro ) + (hQ I /M)[z
ro

d 
e-sP/v - __ l_J Zd + Zl A = 

s ( l  _ r e-2spjv ) o 

( C-12 ) 

(C-13 ) 

( C-14 )  

( C-15 ) 

(C-17 ) 

Making use· of equation ( c-4 ) and noting that the voltage , V ' , across 

the crystal is  equal to 

where C = �M/p, the capacitance of the transducer, then 

where 

Q '  - V ' /sR , and 

R the input resistance of the oscillo6cope . 

(c-18 )  

( C-19 ) 

Sub stituting A and B from equations ( C-17 )  and ( c-16 ) into equation 
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( C -19 ) then, 

( -hS /Z ) (1  _ r ) (1 _ 2e-sx/v 
+ e-2SX/v ) i 1 0 V ' = ---'=--=---7'"( s--=--a""")'""(-s---'-b"'"')(""l---x""'I")--- (C-20 )  

where 

h2 (2 Z ) 4z
de- sP/v (2Zd-Zl

)e-2SP/V 
2 2 / Zd + 1 ( s  + s/RC ) (r e - sp v ) _ =---:---,;'_ + _�,.....:;;;.,.......,;--_ o ZdR (Zd + Zl )M 2Zd + Zl 2Zd + Zl x = --------------------=-����----�--�------=---=__ 

( s  - a ) ( s  - b )  

and 

a and b 

Si in the above formula is the amplitude of the stress input at 

t = 0 ,  obtained by noting that S (O )  = Si/s = -sZlAl . The factor 

(1 - x) -l may be expanded according to the binomial expression as 

1 + x + x2 + . . • .  where the terms containing x all refer to times 

greater than the time of travel for the acoustic pulse through the 

transducer (indicated by the occurrence of s in the exponential 

terms ) and thus refer to reflected waves in the transducer. Since 

only the initial part of the transient response of the detector will 

be measured, the terms in x may be neglected. The equation of 

interest is  then: 

V '  
(hS/Zl ) (l - r )  

( s  - a ) ( s - b )  

Taking the Laplace inverse of this equation 

V = - [2Sih/ (Zd + Zl )] <e -at - e-bt )/ (b - a ) . 

For a and b small (about 10-8 per second) then 

( C-21 ) 

(C-22 ) 

(C-23 ) 
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This expression was derived for a step fUnction pressure input but 

it may be shown that for any type of input the detector voltage is  

proportional to  the time integral of the incident stress wave . 

This follows from the fact that the electric field is directly 

proportional to the strain ( see equation C-l)  giving the voltage 

across  the detector as the space integral of the strain. Since the 

space profile of the strain is of the same form as the time profile 

of the incident stress  the voltage will be proportional to the time 

integral of the inCident stress ( 144) . 

Following the same procedure as used above in deriving equation 

(C-23 ) ,  the stress response to a given voltage input to the trans

ducer may be determined. The result is that the stress follows the 

applied voltage as 

where 

s 

V the applied voltage , and 

e the piezoelectric stress constant . 

(C-24 ) 

The stress wave 
"output of a given piezoelectric transducer may thus 

be predicted from a knowledge of the voltage input to the transducer. 
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