
the hydrostatic pressure. It follows from the second result, with allowance for the first, 
that in the case of sufficiently poor wetting an interval of equilibrium angles exists for 
which the microlayer enters the interval of unstable thicknesses during growth of the 
bubble and the contact angle begins to decrease. However, for large bubble diameters the 
hydrostatic repulsive forces play a definite role, elongating the bubble upward. The cur- 
vature of the bubble surface at its base increases, causing the pressure to increase and 
the microlayer to enter the interval ab of stable thicknesses for which an equilibrium con- 
tact angle is formed at the phase interface; this process appears to be confirmed by the 
high-speed motion pictures (see Fig. ic). 

The foregoing analysis has thus shown that the laws governing the variations of the size 
of the base and the contact angle in the quasistatic growth of vapor bubbles in a boiling 
liquid are qualitatively attributable to the specific properties of the liquid microlayer 
under the bubble. 

NOTATION 

@, contact angle (angle formed by the surface of the bulk liquid with the surface 
coated by a thin liquid layer); O, relative contact angle; d, diameter of bubble base; d, 
relative diameter of bubble base; T, relative bubble growth time; ~, excess chemical poten- 
tial of microlayer per unit volume; s thickness of liquid microlayer under vapor bubble. 
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HYDRODYNAMIC MECHANISM OF ABSORPTION-WAVE PROPAGATION 

IN A TRANSPARENT LIQUID UNDER THE ACTION OF A LASER PULSE 

E. A. Romashko, G. I. Rudin, 
and S. I. Shabunya 

UDC 621.378.385 

The hydrodynamic approach is used to study the formation and movement of an 
absorption wave in water under the action of a pulse from a ruby laser. 

The study of the effect of powerful laser radiation on a transparent liquid, begun in 
[i], is of considerable scientific and practical interest. Most recent studies of the ab- 
sorption of radiation in transparent condensed dielectrics have been based on the notion 
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that the decisive role in the initiation of this process is played by hard microscopic 
particles (irregularities) on the order of several microns in size [2, 3]. Given sufficient heat- 
ing, an absorbed particle may generate an absorption wave which propagates from the parti- 
cle surface into the dielectric. Thus, the initially transparent medium becomes an ab- 
sorptive medium. 

Previous studies have examined mainly breakdown [4] and heat-conduction [5-7] mechanisms 
of formation and propagation of a radiation absorption zone (RAZ). As regards the breakdown 
mechanism, it plays a significant role only in the case of very high power densities I > 
1011W/cm 2. The heat-conduction mechanism of RAZ propagation, due to its great inertia, 
plays a significant role in the action of micro- and millisecond laser pulses (I ~ 106-109 
W/cm2). At the same time, there has been almost no study of the formation and propagation 
of an RAZ under the action of laser pulses of nanosecond duration (molecular-quality-fac- 
tor regime). With satisfactory focusing, this regime can produce values of I ~ 101~ 
W/cm 2 with a pulse duration T ~ 30-40 nsec. In connection with this, it is interesting to 
investigate the dynamics of the formation and propagation of an RAZ in a condensed dielec- 
tric under the action of a laser pulse of nanosecond duration. 

The hydrodynamic (photodetonation) mechanism is the most likely mechanism in this case. 
This mechanism ensures the formation and propagation of an RAZ in the volume of the liquid 
dielectric during a short period of time (on the order of the duration of the laser pulse). 
The action of this mechanism can be represented as follows. Rapid heating of the absorbing 
irregularity creates high pressure in the surrounding region, and this pressure sends a 
shock wave out into the medium. The dielectric is heated in the shock wave, and free elec- 
trons are generated in the heated dielectric (the generation mechanism will be described 
below). Since the free electrons efficiently absorb laser radiation, an energy release zone 
is formed behind the shock front. The formation of this zone leads to further intensive 
heating of the dielectric, its transition to the plasma state, and loss of transparency. 
An important parameter of the process which characterizes the energy-release zone is the 
coefficient of radiation absorption K e, which is determined by the concentration of free 
electrons. The two most likely mechanisms of free-electron generation in a condensed di- 
electric are the thermal and impact mechanisms. In the first of these mechanisms, bound 
electrons are thermally excited to the free state. As in [5], we will use Saha's equation 
to determine the density NeT of the electrons generated in this manner. 

In the shock mechanism of free-electron generation in a liquid dielectric (such as 
water), the following events take place. The passage of a shock wave in the liquid with a 
pressure on the order of several GPa or more increases the density and temperature of the 
liquid, which leads to appreciable dissociation: H20 ~ H + + OH-. The electron associated 
with OH is weakly bound (bond energy no greater than 2 eV). This value is considerably less 
than the 12.6 eV required to ionize an H20 molecule. It must also be taken into account 
that the dissociation occurs in a field of laser radiation. Since the energy bonding the 
electron to OH is about the same as the energy of a quantum of radiation from a ruby laser 
(1.78 eV), the electron is almost instantaneously changed from the bound to the free state. 
It can thus be inferred that the degrees of dissociation and ionization of the molecules 
coincide. It should be noted that the electron generation effect is very substantial in 
the case of the combined action of laser radiation and shock compression; for example, it 
was found in the passage of a shock wave with a pressure of 15 GPa in water that the deg- 
ree of ionization ~ ~ 0.01 and the temperature T = 0.08 eV. The degree of ionization is 
many orders of magnitude lower for the thermal mechanism of generation, i.e., at a low 
temperature the mechanism of electron generation by shock compression is predominant. Con- 
sequently, the density of free electrons and, thus, the coefficient of absorption of laser 
radiation depend significantly on the degree of compression of the liquid and its temper- 
ature. This meansthat the rate of energy release is heavily dependent on the hydrodynamic 
parameters. 

Confirmation of the experimental fact that the breakdown threshold of water is mar- 
kedly increased (by a factor of about two) in the transition from the radiation wavelength 
X I = 0.69 um to X 2 = 1.06 um [8] is obtained within the framework of this model. In fact, 
at least two quanta with X = 12, in contrast to one quantum with I = ~!, are needed to 
change an electron associated with OH to the free state. Thus, the rate of generation of 
free electrons is lower at 12 than at 11, which leads to an increase in the breakdown 
threshold in the first case. 
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The study of two-dimensional liquid flow caused by absorption of radiation by an irre- 
gularity and the propagation of a shock wave in the liquid is a fairly complex matter. How- 
ever, to explain the basic laws of RAZ propagation we need only examine the unidimensional 
case. The formulation of the problem consists of the following. A plate made of an absor- 
bent material and having a thickness d is placed in water. The role of the plate is initiation of ini- 
tial heating of the liquid. The absorber is rapidly heated by a laser pulse; an absorption wave 
is formed in the liquid, which is rapidly converted to the plasma state at high temperature. 
Study of the movement of this absorption wave is the subject of the present investigation. 

As is customary in hydrodynamic processes, it is assumed that viscosity, heat conduction, 
and external heat transfer are slightly dependent on the parameters of the resulting per- 
turbations. We therefore describe their propagation by the system of equations for an ideal 
compressible fluid: the momentum equation in Eulerian form, and the continuity and energy 
equations with allowance for volumetric heat release. In a unidimensional approximation the 
system of initial equations takes the form: 

Cp 

Ou Ou 1 : OP ) O 0  + 1 ( O P )  OT _ 0  ' 
o-7 + ( ' : Ox ,o ~. Op. "T' Ox p ~, 

09 , __Ou , O,o = _ _ O T  _]_ __OT P Ou _ 
Ot ' ~ 9 0x -t- u O, u J -- Ox Ot Ox C9 Ox 

dt ' d t  ~ L , T ,p  ' ~ 

(1) 

We augment system (I) by the equation of state of water in the form [9]: 

1) p > 1 g/cm 3 

7--7/3 
P (bar )  -= 3050 ~9 - -  1) (1 - -  0,012~2F) + 4 ,79F (T - -  273); 

1 + o,7(~--  I)~ 
2) 0 , 8 ~ p ~  1 g/cm 3, 

P (bar)  = ~ - -  470p--F~ + 4,7p--F (T - -  273), ~ = 10 (1 - -  

@ 66"(1 - -  ~ "  - -  270(1 - -  ~)a; 

3) 0 < p < 0 , 8  gicm a,  

P : ~ ~ 470pF~ =- 4,7gF(T 273), ~ 6,6 (1 ,~o,57~o,-% ' ,bar/  = ~ -- ~ - -  ~ = - -  ," 

where 

F ( ~  I + 3 , 5 p - -  2 ~  + 7,2796 = ; p= P/P0, P0 = I g/cm3" 
1 @ 1 , 0 @  6 

The following assumptions were made in writing the source in the right side of the energy 
equation: 

I. The approximation of geometrical optics is valid, which leads to an exponential de- 
pendence of the absorbed energy on the distance (the last term in Eq. (i)). As is known, 
this approximation satisfactorily describes the propagation of an absorption wave in an ion i 
ized dielectric under the condition Ke% < 1 (I = 0.69 ~m is the wavelength of the radiation 
from a ruby laser). 

2. As is shown by estimates made on the basis of the Frenkel formula for the reflection 
coefficient and Eqs. (2), appreciable reflection of radiation in the ionized dielectric oc- 
curs only when the permittivity e < 0. With a slight deviation of e from 0 in the direction 
of negative values, the reflection coefficient for laser radiation R changes sharply from 0 
to i (by analogy_with the reflection of light from a metal surface). We therefore assume 
that R = H(N e - ~e), where Ne is the critical electron density. We find the latter from 
the condition ~(N e) = 0. The quantity H is the Heaviside function. Consequently, we do 
not consider the additional heating of the plasma resultin~ from radiation penetrating be- 
yond the plane x = x0, where x 0 satisfies the condition e[Ne(x0)] = 0. Also, dissipation 
of the energy of the laser radiation is determined by absorption only in a transmitted elec- 
tromagnetic wave [I0]. 
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Fig. I. Dependence of pressure P and temperature T on 
the coordinate x at different moments of time t: i) 
t = 7.8; 2) 15.6; 3) 23.4; 4) 31.2 nsec. The arrow 
shows the direction of the laser radiation. A stands 
for the absorber. P is in GPa, T in eV, and x in ~m. 

The presence of the multiplier in square brackets in the right side of the energy equa- 
tion is due to the following. Since laser radiation is absorbed by a subsystem of free elec- 
trons and heating of the molecular subsystems occurs with elastic collisions by means of 
energy transport from an electron gas, then in principle, it is possible for the electron 
temperature to deviate from the molecular temperature in the case of high radiation intensity. 
Thus, the transfer of the energy of laser radiation absorbed by an electron gas to a molec- 
ular subsystem occurs with a certain time lag Tp = MN0/2mNev, where M is the mass of a mole- 
cule; N o is the volumetric density of the fluid molecules. In this case, the solution of the 
problem on the basis of the equations of two-temperature hydrodynamics is complicated consi- 
derably. System (i) was written with the assumption that the temperatures of the electronic 
and molecular subsystems are equal, but the source includes the relaxation-type multiplier 

tdt 
[i - exp(-S-T~)]. The latter accounts for the time lag in the transfer of absorbed laser- 

0 P 
radiation energy from one subsystem to another. 

Proceeding on the basis of the plasma model of the substance, we have the following rela- 
tion for the radiation absorption coefficient K e [ii]: 

~ : 2 ~-~-- (c/--28 ~ [( 8 )2 + ( 2n~ \2]1/2|1/2 [ '  T - - -~ )  j / l - -exp  (, 1,78 ) i T  ' 

4no Nee 2 v ( 2 ) e = 1,77 - - ,  a . . . .  , 
m (D2 ~ ~2 

where v = v0p is the frequency of elastic electron-molecule collisions in a fluid with the 
density O (v 0 = 10 Is sec-l). The dependence of NeT on temperature T (eV) is determined by the 
Saha formula, which in the case of a low degree of ionization takes the form 

E NeT = 7,75.10t~ /2 exp ( . . . .  ~ - ) .  (3) 

Analysis of empirical data on electrical conductivity led to the following relation for the 
density of electrons Nes(T, p) generated in the shock compression of water [12] 

Nes:6.1OiSg(7'z+2"5~exp( 0'3 ) �9 Cm-3 ( 4 )  

T , 
where T is in eV. The resulting value of the density of free electrons N e = NeT + Nes. To 
simplify the solution of (i), we assume that the densities of the absorber and fluid are 
equal and have similar equations of state. We write the absorption coefficient of the ab- 
sorber in the form K = K0p. To ensure sufficient initial heating of the absorber during the 
time of action of a laser pulse with the power density I > I0 z~ W/cm 2, it is necessary that 
K01 ~5.10 z2 W/cm 3. 

System (i) was solved numerically together with Eqs. (2)-(4) and the equation of state 
of water for different values of radiation power density I in the range 10z~ z~ W/cm 2. The 
solution yielded profiles of the hydrodynamic parameters (pressure, temperature, density, 

X 

velocity) and the radiation transmission factor k = exp (- fKedx) at different moments of 
0 
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Fig. 2. Dependence of the radia- 
tion transmission factor k on the 
coordinate x at different moments 
of time t: i-4) see Fig. i. 

time t. Figures i and 2 show typical curves depicting the spatial distribution of pressure 
P and temperature T as well as the transmission factor k at I = 3.4.10 I~ W/cm 2 and d = 3 um. 

The physical picture of the process of RAZ formation and propagation appears as follows 
[13]. With rapid heating (over several nanoseconds) of the absorber to T ~ 1 eV, absorption 
is also initiated in the layers of liquid adjacent to it on both sides. Since the density 
of free electrons NeT and, thus, Xe are exponentially dependent on temperature, there is a 
sharp increase in energy release in the liquid. This leads to an increase in temperature 
(to 3-4 eV) and pressure, which reaches several tens of GPa at I ~ i0 II W/cm 2. A shock wave 
is propagated in the liquid, and temperature increases in this wave due to compression (the 
temperature increase at p = 1.75, for example, is AT ~ 600~ In accordance with (4), free 
electrons are generated in the shock-compressed water and radiation is absorbed in it, which 
leads to an increase in pressure. Thus, the three-dimensional pressure distribution is the 
result of two simultaneously competing processes: the occurrence of a shock wave due to 
energy release in the absorber and liquid; decay of the wave, accompanied by the propagation 
of shocks in opposite directions. 

Analysis of the temperature and transmission-factor profiles (Fig. 2) established that 
absorption of radiation occurs at the initial moments of time on the high-temperature section 
of the RAZ (T > i eV). There is subsequently an increase in the fraction of energy absorbed 
on the low-temperature section of the RAZ (T < 0.4 eV), and nearly all of the radiant energy 
has been absorbed in this section by the end of the pulse (section ab in Fig. i). Absorption 
on this section of the RAZ is the result of the generation of free electrons due to compres- 
sion of the liquid. The width of the low-temperature section of the RAZ increases with an 
increase in the duration of the laser pulse. Thus, we have the effect of low-temperature 
displacement of the absorption-wave front counter to the light flux. Solution of the prob- 
lem also yielded values of the velocity of the front D. For example, with I = 3.4"I0 i~ W/ 
cm 2, the velocity D reaches about 4 km/sec by the end of the laser pulse. As in the case 
of the heat-conduction regime of absorption-wave propagation, the velocity D is slightly 
dependent on the intensity of the laser radiation. 

Analysis of the results obtained shows that the liquid loses its transparency when the 
degree of compression reaches about 1.7. For this to occur, it is necessary that I > I s ~ 
2.5.10 ~~ W/cm 2, where I s can be interpreted as the threshold for optical breakdown of water. 
The experimental value I s = (3.8 • l~ W/cm 2 [8]. Thus, there is satisfactory agree- 
ment between the experimental value of I s and the value obtained from the model examined 
here. In comparing these values, it must be kept in mind that a significant part of the 
energy released is transferred to the surrounding layers of liquid under the conditions of 
the experiment, due to the lateral removal of liquid from the discharge channel. It should 
be expected that allowing for this fact by means of a two-dimensional approximation will 
lead to a higher value of Is, i.e., to more satisfactory agreement between the calculated 
and experimental values of the breakdown-threshold power density. 

NOTATION 

P, p, u, and T, pressure, density, velocity, and temperature of the liquid; C, specific 
heat; x, distance along the laser beam; t, time; I, ~, power density and frequency of laser 
radiation; c, conductivity of the plasma; c, speed of light; K e, R, radiation absorption 
and reflection coefficients; m, electron mass; e, electron charge; E = 9.0 eV, energy of 
electron transition from bound state to free state. 
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EXPERIMENTAL INVESTIGATION OF THE GAS 

PERMEABILITY OF SHIELD-VACUUM HEAT INSULATION 

R. S. Mikhal'chenko, V. F. Getmanets, 
and L. V. Klipach 

UDC 536.248.1:536.21 

This is an experimental and theoretical study of the longitudinal and trans- 
verse permeability to gas of screen-vacuum heat insulation. 

The level of vacuum and the intensity of molecular heat transfer in layers of shield- 
vacuum heat insulation (SVHI) are determined both by its gas separation and its permeability 
to gas, which has been studied extremely insufficiently, both theoretically and experiment- 
ally [1-4]. 

The present work reports on the experimental study of the effect of the structure of 
shields and interlayers (riffled, crumpled, corrugated, type of perforation, diameter of 
fibers, thickness, and porosity) and of the density of packing of the layers of SVHI on its 
longitudinal and transverse permeability to gas in the molecular regime of gas flow and on 
the verification of the possibility of describing it theoretically on the basis of the diffu- 
sion model. The diffusion approach to the description of molecular flows was suggested by 
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