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Underwater sparks have long been used by the geophysical prospecting community as a source of
intense low-frequency sound. While bubble hydrodynamic models are well developed, the
mechanism of transferring energy from the thermal power input, through the various energy
conversion channels, to the work done by the bubble has not been adequately studied. In this work
an ab initio model of the bubble dynamics, including blackbody ablation, ionization, dissociation,
and radiative transport, is developed. This model is a first step in enumerating the important physical
mechanisms within bubbles generated by underwater sparks. The predictions of this model are
compared with experimental results. Experimental work is still needed to validate the model, and to
determine if and how model parameters related to actual physical parameters and measurable
effects. © 1996 Acoustical Society of America.

PACS numbers: 43.35.Ud, 43.30.Lz

INTRODUCTION spark, we must incorporate the effects of dissociation, ion-
The underwater spark is being investigated as a practic i%ation, and blackbody radiation into the model of the bub-
P g 9 h Dle's development. Here we treat the bubble as a homoge-

source of low-frequency, high intensity underwater sdafd : .
. . . neous globe of gas composed of a reacting mixture of water
which could serve as an alternative to the detonation of un- > """ < : e .
NPT . . with its dissociated and ionized components to obtain a func-
derwater explosivés!! and high pressure airgufs.The

tional form for the internal energy of the gas within the

controllability and repeatability of underwater sparks are thebubble. We use the functional form for the internal energy to

principal advantages of these sound sources over underwater .
. . - account for the flow of mass, from the surrounding water
explosives. Since the efficiency of the spark sound source i L .
. ; into the bubble, due to the blackbody radiation ablating the
a very important factor in the acceptance of underwater : .
. . water from the bubble wall. The resulting model is then used

sparks as a practical sound source, there is a need to und

r- : ) -
stand how the electrical energy from the spark is converteg0 predict the aCOl.JSt'C rad"?‘“o'_‘ gener ated _by the_ bubble.
into acoustic radiation The rest of this paper is divided into six sections. Sec-

' tion | describes the model that we have chosen to determine

This paper deals with the thermodynamics of Sparkthe growth of the bubble from the pressure and its rate of

enerated underwater bubble during the early stages of th s .
gubble’s development. Our main pugrpose is %’0 idegntify the(%ange within the bubble. In Sec. Il we discuss how the rate

. . of change of the temperature and pressure are determined
energy conversion processes from the electrical energy of t ) ; .
. . rom the internal energy function. Section Ill shows how an
spark into other channels, such as the internal energy of the

. - -~ Internal energy function that takes dissociation and ioniza-
gas, mechanical work, blackbody radiation, and acoustic e i . . " .
diation. ion into account is determined. Blackbody radiation and its

. : . resulting ablation of the bubble wall are discussed in Secs.
The spark occurs when electrical power is delivered t

an arc that creates a bubble, which subsequently expands ar}{j and V. Finally, Sec. VI c_ilsplays resul_ts from the model,
d compares the calculations to experimental results.

collapses. The spark duration is much shorter than the perioeclin
of the bubble’s expansion and subsequent collapse. During
the early st.aggs of the bubble’s growth, the t_emperatures ar]qBUBBLE GROWTH MODEL
pressures inside the bubble become very high, and the con-
version from electrical to mechanical energy takes place. In order to model the growth of the bubble, we need a
Thus we expect the greatest effects on the efficiency of theet of equations which relates the acceleration of the bubble
sound source to occur during this early phase, when the tenwall to the ambient pressure in the surrounding water, the
peratures are large and the bubble is small. We, therefor@ressure within the bubble, and the time derivative of the
have limited the scope of the model to times much shortepressure. The method that we use for determining the bubble
than the bubble period. On these time scales, experienagall acceleration is the Kirkwood—Bethe modéi®121
shows that thermal power profiles are determined by theriginally used in the study of underwater explosions and
electrical circuit configuration and parameters. It is thus reaairgun generated bubblé.
sonable to take the thermal power delivered from the exter-  The equation defining the radial bubble wall acceleration
nal energy delivery system as a given. R in terms of pressure at the bubble w&land its time
Because of the very large temperatures produced by theerivativeP is!
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whereC andp are the speed of sound and the density of the
water at the bubble wall, artd is the specific enthalpy at the NVTP
bubble wall. (Uppercase variable namés P, C, andH
refer to values calculated at the bubble wallhe specific

enthalpy is defined for a given pressuyravith respect to the
ambient pressurp, by

p dp’ + +SVH © P’
h(p):f @ N+3N V+3V+8V T' P

poP(P’)

The specific enthalpy at the bubble wall is then

H=h(P). (3) FIG. 1. The particle flow mechanism for a bubble in contact with the sur-
. rounding water. The top left rectangle represents the bubble at the beginning
The speed of sound and the density of the water at the bubbkg the process. The shaded rectangle represents the water to be added irre-

wall are functions of the pressure at the bubble wall. Theversibly during the process. The bottom rectangle represents the bubble at

speed of sound is calculated from the isentropic sound propémhzsi”gn‘g g:]'“;%gff%%éhfoaﬁzbslir?gjncdr;ﬁggv‘vegt'etrs volume due to the added
gation condition,

c2(p)= a_p 4 and the rate of change of the bubble’s voluMeWe shall
(p) : 4

P/ also assume we know how the internal energy of the gas
C=c(P) () depends on the number of water molecules, volume, and

temperature of the bubble, i.e.,
The functional form ofp(p) used in the Kirkwood—Bethe

model is the Tait equation of state, E=E(N.V.T).
p+B n We show how to derive such a function in Sec. Ill.
= ﬂ) (6) Before describing the derivation @, and hencé, it is
Pot+B Po

necessary to explicitly consider the mechanisms which
with B, po, andn as constants, chosen to be 3000 atm, 102@hange the thermodynamic state of the bubble. In the evolu-
k/m?, and 7, respectively. The ambient pressure of the surtion of the bubble, three mechanisms are responsible for
rounding waterp, is dependent on the depth of the sparkchanges of thermodynamic state: external heating or cooling
source beneath the surface. of the bubble, work being done on or by the bubble, and
It is evident from Eq.(1) that the radial acceleration of mass flowing from the surrounding water into the bubble.
the bubble wall depends on the value of the presfuend  These changes are illustrated in Fig. 1. In this diagram the
its time derivativeP. We must therefore have a means oftop left rectangle illustrates the bubble at the beginning of
calculating the time derivative of the pressure from knowl-the process of heating, mass flow, and work. The bubble is
edge of the heat and mass transport between the bubble agdown in contact with a small amount of water, illustrated by

its surroundings. the shaded rectangle to its right. After this water is heated by
an amountsQ”, it will be irreversibly added to the bubble.

II. TIME DERIVATIVES OF PRESSURE AND The details of this process are discussed in Sec. V. The total

TEMPERATURE volume of the system consisting of the bubble and the small

amount of water i8/+ sV".

Since we are assuming a homogeneous bubble and are
. . The lower rectangle represents the bubble at the end of
neglecting surface tension, the pressure at the bubbleRvall ; . . .
ct)l?e process, a timest later. During this small time, an

is the same as the pressure within the bubble. The problem mount of headQ has been added to the bubble, and it has

finding P becomes one of determining the rate of change o erformed enough work on the surrounding water to change

the internal pressure of the bubble with heat and mass trangﬁe total volume of the system b3V to V+ 8V"+ 6V. As a

port taken ".“0 account. Since it will be necessary to I(%presult of these changes, the temperature of the bubble has
track of the internal temperature of the bubble as well as the

i : . changed bysT, the number of water molecules BN, the
pressure, we must also find an expression for the time de-

rivative of the temperature within the bubble again taking volume of the bubble byV™+4V, and the pressure bgP.

: X ; The total energy of the system, consisting of both the
into account heat and mass transport. Given an equation %fubble and the small amount of water, at the beginning of the
state for the gas within the bubble we can calcuRteom ' 9 g

time period is the sum of the energy of the bubble plus the

T : . nergy of the small amount of watgr

In this section we shall assume we know the total heaf '
flow into the bubbleQ, the particle flow into the bubblil, E.=E(N,V,T)+E". (7
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The energy at the end of the time period is only the energy of  sp P/ ag ST T(ag
the bubble, - 1_5(‘9_P)T =4 1 5(0_T>P
E{ =E(N+6N,V+8V"+ 8V, T+ 8T). 8
L oN n Y
If we assume all changes are small compared to their original + N Tl v (16)
w

values, we may determine the energy at the end of the time
period to first order in the changes, wheren=N/V is the number density of the hot gas. In the
limit &t—0 the above equation becomes

E{=E(N,V,T)+ENyON+Ey6V"+EySV+ELST.  (9) _ _
HereE, represents the partial derivative Bfwith respect to P 1— E(@) T + I(a_g)
N holdingV andT constant. The expressions fay andE+ P g\ dP T T g\aT b
are likewise defined. :
The values of the energy before and after the time period N N 1- i) Vv 17
are related by the first law of thermodynamics; therefore, N ny, V
E/=E;+6Q+ 5Q"—PéV. (10
lll. INTERNAL ENERGY FUNCTION
Equating Eqs(7), (9), and(10), we arrive at an expression
for ST, The previous section assumes that the internal energy of
Y Y ” the gas is a known function of the number of water mol-
ErdT=E"=0Q"+ Q- PsV—ENN—EysV ecules, the volume of the bubble, and the temperature of the
—EyéV. (11)  9as. In Eq(15) we introduce a function of the pressure and

) temperaturgy(P,T) into the equation of state. In this section
We now assume thaQ" is the exact amount of heat needed ¢ describe how to obtain expressions for these two func-
to boil the SN molecules of water to a gas at the boiling point tjpns py treating the gas within the bubble as an equilibrium

Tp and total energy,,Tp6N. Herec,;, is the specific heat  configuration of a reacting mixture of water molecules with
per molecule for steam at its boiling point. The final expres-neir dissociated and ionized components.

sion for T is In the simulations we have run, we have determined that

1 temperatures within the bubble can reach in excess of 10 000
EtéT=|c,pTp—En— n_EV ON—(P+Ey)doV+ Q. K. At these temperatures water vapor no longer behaves as
w (12) an ideal gas with constant specific heat; water dissociates
into atomic hydrogen and oxygen. lonization of hydrogen
In the above equation we have replaced the volume of thgnd oxygen can begin at temperatures of this order, as well.
water sV” with by (1/n,,)6N, wheren,, is the number density The dissociation and ionization processes influence the way
of the water surrounding the bubble, since we will be exX-heat is converted into work by diverting heat from raising the
pressing the particle flow into the bubble by the number ofemperature of the bubble into changing the degree of disso-
molecules, not the volume, of added water. When we takgjation and ionization. This diversion of heat from raising the
the limit &t—0, we arrive at an expression forin terms of  temperature of the bubble can be seen through an increase in
the particle flowN, the heat flowQ, and the volume rate of the specific heat of the system. We will show that the disso-
changeV, ciation and ionization phase transitions are marked by a
sharp peak in the specific heat.
The method used for analyzing the equilibrium state of a
reacting mixture of ideal gases follows Landau and Lifshitz.
In the above equation we have used the definition of théSee Chap. X of Landau and Lifshitd). Five reactions de-

. 1 . . .
Nc, T= CubTb_EN_n_EV N—(P+Ey)V+Q. (13
w

specific heat per molecule,

1

We can use the equation of state to obtain an expression
for P, which is needed by the bubble growth model. For a
reacting mixture of ideal gases, the equation of state can be

written as
PV=NTg(P,T). (15

The functiong(P,T) represents the ratio of thectual num-

scribe the dissociation of water and the subsequent ionization
of its atomic components,

a;1:2H,02H,+0, [+4.96 eV,
[+4.48 eV,
@3:0,20 [+5.11 eV,
[+13.6 eV],

[+13.6 eV.
Each of these five reactions has an associatgd with

aH . H2<—>2H
(18)
ay . H<—>H+ +e

a5:0-0"+e”

ber of particles to the original number of water moleculesO=<q;<1, which parameterizes the completeness of the reac-

tracked by the model. it is discussed further in Sec. Ill.

tion proceeding from left to right. For example, whep=0

Again assuming all changes are small compared to theithe equilibrium configuration of the system would consist

original values for the small time perioét, the change in
pressure is related to other known changes by

3467 J. Acoust. Soc. Am., Vol. 99, No. 6, June 1996

entirely of H,O; whena,;=1 all of the HO in the system
would have broken down into Hand G, which could fur-
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TABLE I. The chemical species and specific heats related tg ubscript. ~ where P; is the partial pressureg; is the ground-state en-
_ ergy per moleculey; is a constant related to the partition
! function that depends on the fundamental properties of the

1 2 3 4 5 6 7 8 X . X i
chemical species, argj; is the specific heat at constant pres-
A H,0 Ha 0, H o H*  OF e sure per molecule for thgth species(In the following dis-
Coj 3 727z 3232 32 3 32 cyssjons the specific heat of a species is assumed constant.

4 92 92 Sl2 82 52 52 52 \yhen the specific heat is a function of temperature we chose

a specific heat value for the temperature near the expected
dissociation temperatudeThe values of specific heats which
ther break down through the second and third reactions, etevere usetf are shown in Table I. This equation appears to
The number of each species present in the equilibrium conbe taking logarithms of dimensional quantities, but the
figurationN; can be related to the original number of water term contains logarithmic factors that cause the units to can-

moleculesN and the set ofy, parametersy by cel.
N:=n(a)N. (19) Combining Egs.(23) and (24), we arrive at a set of
o equations, one for each chemical reaction, that relate the par-
The functional form for then;(@) can be determined from tial pressures of the chemicals to the system’s temperature:
the chemical reaction equations, em,(@)=a;(1—«,), and

the total number of particles can, in turn, be relatedrtand 1 Pli=exgd > vy | Y% ex Yi _ (25)
the original number of water molecules, i ! ] T
— _ We have substituted;=1I;v;; €y; into the above equation
N_Ej: NJ'_EJ-: nin;(a)N (20 whereU; is the energy of reaction shown to the right of the
ith chemical reaction in E|18).
=g(a)N. (21 The partial pressure of thith speciesP; is the total
Theg(a) in the above equation will later become P, T) pressure times the ratiq of the number of fltle species to
introduced into the equation of state in Sec. Il. the total number of particles, i.e.,
The chemical reactions in Eq18) can be written in . _
compact form as P=P—- (26)
N
> vAj=0 (for all i), (22) n (@
; —pL2 @)
9(a)

where the runs over the number of chemical reactions, and
j runs over the number of chemical species; in this dase Which is just the pressure times a rational function of the
runs from 1 to 5, and runs from 1 to 8. TheA; are the a;'s. Therefore, the set of equatiof5) represents five non-

symbols for the chemical species, e.g,CHor O, andy; linear equations with five unknowss’'s parameterized by the
represent the stoichiometry of the reactions. Hjés are  pressure and temperature of the system. Each nonlinear
listed in Table I, and they;’s are listed in Table II. equation is of the following form:

The required equilibrium conditions for a set of chemi- ' DK :
cal reactions, described in the above form, are Fil@)g(@)=PKi(T)  (for all i), 8)
where F; and K; are known functions of their respective
> viju;=0 (for all i), (23)  arguments determined from Eq&5) and (27). These non-
]

linear equations can be solved numerically to find &ie at

wherey; is the chemical potential for thigh chemical spe- 2 given pressure and temperature,

cies at the given temperature and pressure. _ a;=a;(P,T). (29)
For a mixture of ideal gases the chemical potential for

the jth species in the mixturg, is (see Secs. 93, 42, and 43 Now it becomes evident that

of Landau and Lifshit?) o(@)=g(a(P.T)=g(P.T). (30

=T log P;+ €gj—Cy,iT log T—T1;, (24) _ _ , _

i g i €oj ™ Cpil 109 7 and our equation of state for a mixture of ideal gases with a
total of N particles becomes

TABLE II. The stoichiometric coefficients;; for dissociation of water.

PV=NT (31
i

i 1 2 3 4 5 6 7 8 =NTg(P,T). (32
1 2 -2 -1 0 0 0 0 0 A plot of g(P,T) vs T at P=1 atm is shown in Fig. 2.
g 8 é 2 _02 702 8 g 8 It is apparent from Eq(17) that the derivatives of
4 0 0 0 1 0 -1 0 -1 g(P,T) are necessary to the calculation Bffrom T. It is
5 0 0 0 0 1 0o -1 -1 therefore necessary to derive expressions for the derivatives

of «; with respect td® andT. By taking the derivative of the
3468 J. Acoust. Soc. Am., Vol. 99, No. 6, June 1996 Roberts et al.: The energy partition of underwater sparks 3468
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FIG. 2. The number of particles per water molecule versus temperature at EIG. 3. The specific heat at constant volume per water molecule versus
atm for dissociation onlyA) and dissociation with ionizatiofB). temperature at various pressurés, 1, (b) 10, (c) 100, and(d) 1000 atm.

set of equation$28) with respect toT, holding P constant, The Ui (@) are easily det.ermin.ed by colntemplating the
we arrive at a matrix equation that can be solved for thechemical reaction Eq18). It is easier to obtain the energy of
derivatives of they’s, reactions; than to come up with values for each of thg.

Since the zero of energy is arbitraey, is chosen to be zero
a9 i daj|  _dK; without loss of generality.
> Fi(“)_+fg(“))(ﬁ)P_P_' (33 Since we have a method for calculating(N,V,T),

o _ . o _along with its partial derivatives, we have obtained a func-
A similar set of equations arises from the derivative withtion for the internal energy of the gas with in the bubble as a

respect toP. function ofN, V, andT, and can determine all of the partial
Without much difficulty the equation of state, E@2), derivatives necessary to calculafte
can be used to reformulate the nonlinear set of equaf@B)s The specific heat per water moleculgis plotted versus

in terms ofN, V, andT. These equations can then be solvedtemperature for several values of the pressure in Fig. 3.

for the o;’s as a function of the number of original water

molecules, the volume of the bubble, and the temperature of

the bubble. In the same way as before, we can take derivdy- BLACKBODY RADIATION

tives of these nonlinear equations in order to determine the  Thermal radiation. which is strongly dependent on the
partial derivatives of they's with respect tdN, V, orT.In  temperature of the system, can be an important contribution
this way, were we to find an expression for the internal eny, the energy partition of the underwater spark. In a naive
ergy of the gas in terms of the’s, we would be able t0  mgdel of the gas globe as a perfect blackbody radiator, ther-
calculate the derivatives of the energy necessary to calculaigy| radiation represents a power loss proportional to the

T from Eq. (13). _ ~ fourth power of the temperature as described by the Stefan—
The total energy of the system is the sum of the energiegqjtzmann law

of each constituent .
Q,=47R%0T? (39

E= E E;. (34)  wherea is the Stefan—Boltzmann constant. This corresponds
J to an electromagnetic flu® normal to the surface of the gas
Each constituent is modeled as an ideal gas with energy globe of

_ T4
E;=N;j(c,T+eq). (35 S=oT. (40

We can express the total internal energy of the gas as a !N @ less naive approach we modify the Stefan—

function of the number of original water molecules, the tem-S0ltzmann law by including the emissivity of the bubble.
perature, and the;’s by combining the above equations -rrehpelaiggagl;/m for the flux normal to the bubble surface is

E=NY nj(a)(c,T+ep) (36) S=eaT*, (41)
I

with O<e<1.
In this section we use the time-dependent radiative

=N Ej: ni(a)CvJTJFZ Ui(a)Ui+ €|, (37 transfer equatioiRTE)**1518tg calculate the emissivity by
calculating the flux normal to the bubble surface as a func-
E=E(NN,T,aN,V,T))=E(N,V,T). (39 tion of the thermodynamic quantities of the system, i.e., pres-
3469 J. Acoust. Soc. Am., Vol. 99, No. 6, June 1996 Roberts et al.: The energy partition of underwater sparks 3469
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Since we model the temperature and pressure as uniform
within the bubble,«) is a constant along any light beam;
therefore Eq(45) can be solved analytically along a path of
lengthX, such as that shown in Fig. 4,

1,(2,0)=1,,(1—e ). (49)

It is important to remember the temperature and pressure
dependence of, throughl ,,(T) and «,(T,P).

The angular dependence bf is contained within the
choice of light ray and its length. By looking again at Fig.
4, we determine that depends on the radius of the sphere
and the angle between the ray and the normal to the sur-
face,

> =2R cosé. (49)

FIG. 4. A representative light ray in the geometry of a sphere. The path ~ BY integrating over a solid angle, as in E¢.3), before
length of the light ray through the bubble is representeds lwith a total  integrating over photon frequencies, we can obtain an ana-

path length ofl[=2R cosé. lytical form for the spectral flux normal to the surface of the
bubble,

sure and temperature, and the geometry of the bubble, i.e., its ,
radius and spherical shape. The approach we use is to calcu- S,(R,T,P)=ml | 1— W(l_ (1+27,)e" %),

late the solutions to the RTE, integrating them over solid (50)
angle and frequency to arrive at the flux normal to the sur-
face. where we have defined the effective spectral optical thick-

The flux at a point on the surface of the badin then ~ ness of the spherg, by
directions is composed of thecomponent of the intensity "RT.P)=Rx'(T.P 51
of light rays|(r,€) emerging from all angle$) within the (R T.P)=Re,(T.P). G
body, In the equation foiS, we have replaced the positionwith

the radiusR and have dropped the normaj since we are
S(r’n):f I(r,Q)n-Q dQ, (42) assuming spherical symmetry.
2

A perfect blackbody has either infinite exteR=~, or

where the integral is taken over the emerging hemisphere. Afinite absorptions,=c:, over all frequencies. In either case
representative light ray in a spherical geometry is shown irthe effective spectral optical thickness for the body becomes

Fig. 4, and the integration for this geometry is infinite, and the spectral flux normal to the body becomes
/ independent of geometry
/2
S(r,F)=2wa I(r,6)cos @ sin 6 dé. (43 lim S,=S,,=7l,,. (52

7 o
The intensity of each light ray is composed of the spec—_l_h .
tral intensitiesl , from all photon frequencies in the electro- € expression

magnetic spectrum, S, ,
=|1- = (1—(1+27))e ?™) (53
B Sip 27, v
I(r,Q)=J ,(r,Q)dv. (44)
0 is plotted versus’, in Fig. 5. This plot shows how deviations

The spectral intensity can be calculated at any point iffom @ perfect blackbodyr, =<, affect the spectral flux.

space by solving the time-independent radiative transfer The_ final step in t_he cal_culatlon_ of the flux at the surface
equation of a uniform sphere is the integration over photon frequen-

cies,
QVIV(r,Q):K;(T,P)(l Vp(T)_IV(rIQ))I (45)

wherel ,, is Planck’s expression for the intensity of a light ~ S(R.T.P)= fo SR, T,P)dw. (54)
beam in a system in radiative equilibrium at temperaflire

2hy® 1
IVp(T):?EWkTTl’

This last integral must be performed numerically since the
(46) dependence ok, on v is very complicated.
There are three types of mechanisms pertaining to the

and«, is the effective absorption coefficient for the gas at a@bsorption and readmission of radiation in hot galSes:

given temperature and pressure. The effective absorption cée€—free transitions, bound—free transitions, and bound-
efficient is related to the actual absorption coefficiepby ~ bound transitions. Each of these mechanisms contributes to

the value of the absorption coefficiemf for the medium. We
K’(T P):K (T P)(l_efhvlkT) (47) . . ..
AR WA . have included free—free and bound-free atomic transitions
3470 J. Acoust. Soc. Am., Vol. 99, No. 6, June 1996 Roberts et al.: The energy partition of underwater sparks 3470
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FIG. 6. The emissivity versus time after breakdown for the simulation of the

FIG. 5. The spectral flux of a uniform sphere divided by the Planck spectrasea data discharge.

flux versus effective spectral optical thickness

in our calculations of,. Bound—bound transitions have not 1as a radius of roughly 0.03 m, a temperature of 10 000 K
been included due to the computational difficulty they@nd @ pressure of 300 atm the emissivity is less than 0.3. As
impose!® though they are a possibly significant contribution e_xpected, the emissivity increases with increasing bubble ra-
to the absorption® ®We have also omitted molecular tran- dius, temperature, and pressure. There is a pronounced in-
sitions in this model since the bubble significantly radiatescéase in the emissivity as the temperature increases past
blackbody radiation only at temperatures where the gas hakd 000 K. Results of the emissivity for a typical simulation
already completely dissociated. are shown in Fig. 6.

Additionally, we have assumed that hydrogenlike atoms
would be the major contribution to the absorption coeffi-V. ABLATION OF THE BUBBLE WALL

gzgﬁlatgsrefor:é tch:mh%tsgng'?hf:gieg’rgogr:haetfg;pﬁse of When blackbody radiation is emitted from the bubble it
9k, P ydrog is absorbed into the surrounding water, heating the water to a

Iﬁr ivrenr]y lvvatf(ir r;nt;lelc,:(l;lev,i ohnenfgrRe?grfa:ObmtE?; Uf‘:’mg point where it is no longer a liquid, but a gas. This gas mixes
€ formuias from et dovich a aizenor bo € e~ \ith the bubble, increasing the amount of matter within it.

f’;ee;g:smzftrafhlfmn)g?;? trhteh b%ubr;d?f;ieoenatorr:c;:cgtrarl]:lsmons, In this ablation model the bubble wall will be treated as
€ catalo or the orp coetlicient, a planar surface. Later, we will include spherical spreading

647* emZAN ([ & 1 e X effects on the radiant energy density due to an expanding or
Ky=—=—p—3—{ > —ge a4 contracting bubble
"33 herd | S n? 2%y | ng bubble. o
n=n Radiation impinges on the bubble wall, absorbing into

(55 the water, as shown in Fig. 7. At some tirhéghe energy
In this equation the following definitions were used: density of the absorbed radiatioh at the surface reaches a
critical valueZ, that defines the transition from liquid water

X:E’ (56) to vapor. At some finite time later, cf. Fig. 7, the energy
keT density will have increased throughout the water so that the

X ZE (57)

1 kgT A

Xl E .-:--.“: ---------------------------------

Xp="3, (59) v
e*me

IH:W’ (59

and n* represents the lowest electronic state which can be
excited to the continuum by a photon of enetgy. Thel

term is the first ionization energy of hydrogen, i.e., the dif-
ference in energy levels between the ground state and first

£(t)

excited state of hydrogeh,;=13.6 eV. - = - >
We have run the emissivity model over a range of tem- Xi() Xi(t 0
peratures, pressures, and radii representative of the condi-
tions within our simulations. In this region where the bubble FIG. 7. The ablation process in time stép
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energy density becomes equal to the critical energy density a 3¢

distancex; from the bubble wall. From this distance to the ' ' ' '
bubble wall, all of the water will have become vapor, and the 250 |
new liquid—vapor interface will have moved %p. By deriv- |
ing an expression fox; , the rate at which the liqguid—vapor &
interface moves, we can determine the rate of water added to v 200 |
the bubble, 2

, _ 5 150 .

N=4mR?x;n,, . (60) 2

The flux of radiation impinging on the bubble wall is ‘?:L 100 1
determined from Sec. IV to be -

50 .

So(t) = e(T(1),P(1)aT4(). (61)

This radiation is absorbed into the water surrounding the 0 . . .
; i qi 0 200 400 600 800 1000

bubble so that the flux at a depthinto the water is given by time after breakdown (microseconds)

S(x,t) = Spe* iV, (62)

FIG. 8. The input power for the experimental sea data discharge.

where « is the frequency averaged absorption coefficiént
for water. The rate of radiant energy density absorbed at a

fixed distance from the bubble wallis given by &(x(1),1)
& _ a(x;(t)—X) R t
PO ZaS (O ©3 aS0-2ex (D0 I ex(D.D<e,.
Therefore, the radiant energy density absorbed at a given ~ (
distance is 0, otherwise
t . (70
g(x,t)zf aSy(t')e it =0 dt’, (64)
0 and
The rate of movement of the liquid—vapor interface can it . oy -
be derived from the condition that energy density at the in- . I f(x'(t)’t) Zv Or %<0,
terface remains at the critical value; in other words, the total %=1 So(t) 2 R(t) otherwise (77)
time derivative of energy density at the interface is zero, e, aR()’ WISe.
dz B (9&9+. & o 65
at| | Tler e =0 (65 vi. RESULTS
x=x;(t) X;(t)
A. Sea data experiment
Xi(t)= _(ﬁ /(z (66) The theoretical results discussed in this section will be
Jt X X (t) compared with one spark discharge as an illustration of the
properties of the model. This discharge was selected as typi-
:So(t) 67) cal of the hundreds of shots taken over a wide range of
I energies. See Refs. 3 and 4 for comparisons with other ener-
ies and salinity. The experimental data were taken by R. L.

With spherical spreading included, the expression for the er%
ergy density at a fixed distance and the rate of change of the
position of the liquid—vapor interface become

ogers?
This discharge delivered 65 kJ to the sparker at a depth
of 73.15 m in the Gulf of Mexico. The input power versus
. ) R(t) time is shown in Fig. 8 for this discharge, which, although
;i(x,t):aso(t)e“(xi“)‘x)[O]Zkf(x,t)W (68)  typical of the sea data discharges, was one of the highest
energy discharges taken during this experimental run. The

and acoustic profile was taken by a hydrophone determined to be
Syt) 2 R(t) 19.3 m from the spark source using the time delay from the

Xi(t)= ——— — ——, (69 creation of the spark to the arrival of the impulse. We used
Zy  aR() both linear and nonlinear propagation codes and found that
respectively. the differences were not significant in the low-frequency fea-

two

The expression fox;(t) in Eq. (69) is only true under ~ tures of the acoustic signatuté All modeled acoustic pro-
conditions: The value of at the interface is equal to files for this discharge are propagated to the same distance

#, and the rate of the energy density at the interface, fron¥ising linear-acoustic propagatidr

Eqg. (68) with x=x;(t), is positive; otherwise;(t)=0. In 4

the model we follow the value of the energy density at the ;1= p_+ Trpo\"/(t_ L)_ (72)
interface to determing; , r Co
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T T T T . TABLE lll. The energy partition of the underwater spark for the simulation

of the experimental sea data discharge. The energy partition is taken at
80000 1 t=1000 us after the spark ignition.
g - Spark duration(s) 6.54 x 1074
2 60000 - Y | AN (molecules 2.20 % 107
2 ! Energy in(J) 65 250
g Acoust. rad.(J) 4170
:;, : Total work (J) 26 180
= 40000 - 1 Internal (J) 39 060
g Int. + work (J) 65 240
§ BB loss(J) 190
& 20000 + - CubTHAN (J) 340
j
0 - : - - : included in the total work. This mechanism is automatically
13400~ 13600 13800 =~ 14000 14200 accounted for by the Kirkwood—Bethe bubble dynamics
time after breakdown (microseconds)
model.
FIG. 9. The acoustic profile for the experimental sea data discliadije),
compared to calculated acoustic profitashedl B. Half-sine power input

An important question for spark source system designs

Herer is the distance from the spark source to the hydro+elates to the dependence of the acoustic profile on the shape
phone,p, the ambient mass density, the ambient speed of of the energy discharge. We can extend our calculations of
sound, and/(t—r/c) the volume acceleration of the bubble the energy partition to currently unattainable regimes with
at the retarded time—r/cy. The experimental acoustic pro- this model for the underwater spark. But more importantly,
file is plotted along with the modeled acoustic profile in Fig. by changing the thermal input power to a smoothly varying
9. function of time we can examine the propagated acoustic

The only free parameters within the simulation were theprofile and energy partition for effects due to the underlying
initial radius and pressure of the bubble. These were detephysical mechanisms. As one example of this, we will cal-
mined by a best fit procedufé. The initial temperature was culate the bubble growth and obtain an energy partition for
set to 373 K. For this set of values the calculated acoustiowo sparks with durations of 100 and 20Qus, respectively.
profile best matches the experimental results, including th&he input power profile over the duration of the spark will be
prominence of the first peak &t=13 410 us. The resulting a one-half cycle of a sine wav§(t) = Qg sin(wt/7). Each
best fit values were physically reasonable for the problem. spark delivers 65 000 J to the bubble, the same amount of
energy as the sea data discharge delivered in approximately
one-sixth and one-thirtieth the time. The acoustic profiles
profiles for the two discharges are shown in Fig. 10.

There are three features worth noting in the acoustic

The initial portion of the pressure profile in Fig. 9 shows profiles: a small shoulder in the initial rise of the peak, the
a sharp peak followed by a more gradually rising pressur@rominent initial spike in the initial rise of the peak, and the
maxima. The rise of the sharp initial peak in the acousticslowly rising maxima in the pressure profile. The first small
profile is due to the deposition of a large amount of energyshoulder is due to the dissociation of the water vapor into
into a very small volume. This causes a corresponding rise iatomic constituents; this takes place at approximately 4000
temperature and pressure within the bubble. The increaseld The large spike in the initial rise is due to the same
temperature and pressure give rise to a larger emissivity ahechanisms discussed for the sea data discharge. The third
the bubble and to a sudden rush of particles through théeature, the slowly rising maxima in the pressure profile, is
process of ablation. With the sudden flowaufld molecules  due to the continued deposition of energy into a gas that
into the hot bubble, the bubble loses energy in order to heagontains a larger number of particles. The specific heat
and dissociate the new mass. This in turn causes a sudden
decrease in the rate of expansion of the bubble. This suddefpgy g v, The energy partition of the underwater spark for the simulation
decrease in the expansion rate is seen as the sudden dowfthe half-sine power discharge function. The energy partition is taken at
ward slope of the acoustic profile. The second slowly rising:=1000 us after the spark ignition.
peak is due to the continued energy deposition into a gas

1. Initial peak

L . . Spark duration(s) 1.00x 104 2.00x 10°°
containing a larger number of particles in a Ie_lrger volume_. AN (molecules 219 % 1072 2 23 % 1072
3 The.refore, the effects of blackbody radlat.|on ha_ve asig-  Energy in(9) 65 060 65 060
nificant impact on the character of the acoustic profile due to  Acoust. rad.(J) 10 290 22 850
the quenching by the mass transported into the bubble Total work(J) 33790 38180
through the blackbody induced ablation process. :zieTa' (;:k " 22 228 (253 ?ig
. . . . W
The energy partition for this discharge at 1009 after BB loss () 170 160
the ignition of th_e spark is shown in Table III._ For energy c,sToAN (J) 340 350
balance accounting in Tables Il and IV acoustic radiation is
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800000 . . cold molecules, which lower the temperature and emissivity.

This negative feedback mechanism ensures that blackbody
radiation losses do not dominate the energy patrtition.
3 600000 - ] _Eyen though the actual energy losses due to .blackbody
e i radiation are small, the contribution to the dynamics of the
fg" :" A bubble growth through the coupled process of ablation
& : makes blackbody radiation a significant physical mechanism
5. 400000 | 1 within the spark generated bubble. This is most evident when
s ’ one examines the structure of the initial acoustic peak in both
5 the simulated and experimental data.
£ 200000 | B ;
Vil. SUMMARY AND CONCLUSION
0 i , i We have developed a model which will enable one to
13300 13400 13500 13600 investigate aspects of the underwater spark which cannot be
time after breakdown (microseconds) obtained from experimental data. This model enables us to
i i ) . ) examine the processes within the bubble and establish which
FIG. 10. The acoustic profile for 65 0QDhalf-sine power inputs with du- . . .
rations of(a) 20 and(b) 100 s mechanisms are responsible for the conversion of energy

from the electrical energy of the spark into other channels.

There are aspects of the actual spark generated bubble

climbs steeps at this temperature, which means that the dgystem which have not been addressed by this model. A

posited energy is going into the dissociation of the Vaporrough calculation of the thermal relaxation time for a hot

instead of work on the syrroundmg water. . ubble tells us that the assumption of a homogeneous bubble
In the parameter regimes we have studied we have foun

IS not accurate. A nonhomogeneous bubble would likely

no similar peak associated with the ionization phase tran&have a very hot central core surrounded by a cooler vapor

tion within the gas. As we have shortened the spark duratiorl,,e :

first is that the i ) " the bubbl tr?Ni” also be affected. Further refinements to this bubble
Irst1s that the increasing pressure in the bubble Moves i, ,ye| should include heat transport within the bubble along

onset Of. lonization to higher temperatures, cf. Fig. 3. Th ith the variation of temperature and pressure along the ra-
second is that when the temperature reaches the onset &Us of the bubble

ionization, T~20 000 K, the ablation process has already
started to quench the system, lowering the temperature raHae
in the system.

The energy partitions for these discharges at 1080
after the ignition of the spark are shown in Table IV.

Furthermore, Fujikawa and AkamatScite significant

at conduction during the collapse phase of the cavitation
bubbles in water. Heat conduction comes into play only
when the bubble attains very high temperature. In our calcu-
lations, as state earlier, ablation effects, which are not in-
cluded in the above paper, quench the temperature of the
C. Energy partition system to less than 20 000 K. Thus, in this regime, thermal
conduction is never really important.

We have examined the thermodynamics of the bubble
gystem, creating models for dissociation, ionization, black-
atiody radiation, and ablation processes within the bubble. We

. have also demonstrated how these processes are interrelated
20 ps, for the same amount of energy, the quantity of €Nerd¥%nd how they affect the acoustic profile. We may now use

radiated acoustically increased dramancall_y. Since th(?his model to explore energy delivery profiles and their ef-
amount of total work done by the shorter duration spark doe?ects on the energy partition

not increase as dramatically as the acoustic radiation, we can
surmise that less energy is being stored in the potential en-
ergy of the water surrounding the bubble. ACKNOWLEDGMENTS
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