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LASER-INDUCED THERMOCAPILLARY DEFORMATION OF A THIN LIQUID LAYER

B. A. Bezuglyi, N. A. Ivanova, and A. Yu. Zueva UDC 535.21

An equation that describes the profile of laser-induced thermocapillary deformation of the thin layer
of an absorbing liquid is obtained. Numerical estimates of the deformation profile are in agreement
with experimental data. It is shown that with increase in the radiation power, the deformation depth
of the liquid layer increases and leads to its rupture.

Introduction. The study of the thermocapillary deformation of the free surface of a liquid layer was begun
by Benard [1]. In his studies, the deformation of the layer surface with a steady-state hexagonal picture of convection
was noticed for the first time and attempts were made to measure the magnitude of deflection at the center of cells.
According to Benard’s estimates, in cells of diameter D = 3 mm, the deflection reaches 1.7um for a temperature
difference between the center and the cell walls equal to 1 K.

In 1939, Hershey observed the formation of a thermocapillary hump in a thin water layer on a glass plate
which was touched from below by a glass rod cooled in liquid nitrogen. Under a number of simplifying assumptions,
he solved the Navier—Stokes equation and approximately estimated the hump height: Ah = 3Ac/(pgh) [2].

The practical need to estimate the depth of thermocapillary deformation has arisen in the varnish-and-paint
industry in connection with the development of recipes of a number of decorative coatings [3]. The discovery of
photoinduced capillary convection by one of the authors of the present work [4-6] and the development of several
liquid-layer systems of information recording [7, 8] and the methods of determining the physical properties of thin
liquid layers [9] have quickened interest to this problem [5, 10-14].

In the present paper, the stationary profile of laser-induced thermocapillary deformation is estimated and
the estimates are compared with unpublished experimental results [5].

Mathematical Model. A Gaussian laser beam of power P and diameter 2w is incident on the layer of an
absorbing liquid of thickness hg with a characteristic horizontal size L (L/hg > 100). The vertical coordinate z of
the thermocapillary-deflection surfaces is reckoned from the substrate: z = 0 (Fig. 1).

The steady flows in which the forces of inertia are small everywhere compared to the capillary pressure
and the viscous friction forces, (i.e., the Reynolds number Re < 1), are described by the Navier—Stokes equation
Vp = pAV'; by virtue of the axial symmetry of the problem, it is convenient to write this equation in the cylindrical
coordinate system (r, ¢, z) by setting 0/0¢ =0 and V,, = 0. Then,
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An analysis of the experimentally obtained surface profile in the stationary thermocapillary convection shows
that the average slope of the free surface from the deflection center to the periphery is approximately equal to 0.6.
Therefore, V,/V,. < 1, and Eq. (2) can be excluded from analysis in a rough approximation. Since 9V,./dr ~ V,./L
and 0V,./0z ~ V;./hg, the radial velocity component in the z direction changes more rapidly that in the r direction.
Thus, 0V, /0r <« 0V, /0z. As a result, we have the equation
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Fig. 1. Geometry of the problem.
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For a liquid layer on a rigid surface, the boundary condition
V. =0 (4)
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exists. The condition of equality of the viscous stress and the surface force
pr| =% 6
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is satisfied on the free surface. Here do/0r = o/, VT, where o/, is the temperature coefficient of surface tension
of a liquid whose value lies in the interval 0.08-0.15 mN/(m - K) for the majority of organic substances and the
temperature gradient VT is unknown.
To integrate Eq. (3), we obtain an expression for the pressure in the liquid. Taking into account that the

capillary constant a = y/20/(gp) is comparable with the sizes of a light spot, one can ignore the hydrostatic pressure.
Then,
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Integrating (3) together with (4) and (5), we obtain
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Substituting (7) into the continuity equation / / rV,. dpdz = 0, we obtain
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From (6) and (8), we have
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Equation (9) describes the free-surface profile and it is solved numerically.
To determine VT, generally speaking, the solution of the thermal problem is necessary, but, for simplicity,
we confine ourselves to the assumption that the temperature field has the Gaussian distribution [13, 14]

T = Ty + Top exp(—72 /w?), (10)

where Tj is the ambient temperature and To, = P/(4mkhg) is the characteristic temperature (k is the thermal
conduction of the liquid).

As r — oo, Eq. (10) is reduced to the expression T' = Tj, which gives the real picture of the temperature
field.

For an ethyl alcohol layer [k = 0.17 W/(m - K)] ho = 1.4 - 1073 m thick, which is irradiated by a laser of
power P ~ 8 mW (the beam radius w = 1.5- 1072 m), the quantity VT is estimated to be 0.04 K/mm, which gives
the temperature difference AT ~ 0.2 K for a convective vortex of radius 4 mm.
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Fig. 2. Optic scheme of the photoabsorption method of determining the de-
formation profile: 1) photoflash; 2) collector; 3) etched glass; 4) liquid layer;
5) laser beam; 6) resonance mirror; 7) light filter; 8) photographic lens.
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Fig. 3. Calculated (solid curve) and experimental (points) profiles of the thermocapillary depression.

Fig. 4. Thermocapillary-depression profile versus the laser power for P =1 (1), 4 (2), 6 (3), 8 (4), and 9 mW (5).

Equation (9) was solved by the fourth-order Runge-Kutta method with the use of the Maple V R4 soft-
ware [15].

Description of the Experiment. To determine the profile of a depression caused by thermocapillary
convection upon laser-induced local heating of a liquid layer, the photoabsorption method [5] (Fig. 2) based on
the variation in the emissivity density of the negative of the layer was employed. The important element of the
scheme is the resonance mirror 6, which completely reflects the laser beam 5 on the liquid layer 4 at the angle 7/4
(P ~ 8 mW and A = 633 nm). At the site of formation of a depression, the layer is thinner and its optic density
is smaller as well. On the photograph of this part of the layer, the depression profile is connected with the profile
of the emissivity densities of the negative. To find the dependence of the emissivity density and the thickness,
the optic wedge formed by the same absorbing liquid was used. The wedge and the depression near which it was
placed were photographed on one frame. To ensure uniform illumination, the etched glass 3 was used; this glass
was illuminated by a parallel beam generated by the photoflash 1 located at the focal point of the collector 2. The
application of a selective dye with the absorption peak at the wavelength A = 633 nm in this scheme does not allow
one to obtain reliable results. This is connected with the specific feature of the resonance mirror: upon complete
reflection at the wavelength A = 633 nm, it transmits almost completely the emission of an additional color, which
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leads to the disappearance of the contrast. This shortcoming can be eliminated if one uses dyes with two different
maxima (for example, crystalline violet) or a mixture of two dyes with acute absorption maxima. Both variants
were verified. In the latter case, a 3% solution of a mixture (1:1) of a diamond green dye and rhodamine G in a
96% ethanol was used. To increase the contrast, the green light filter 7 was placed in front of the photographic
lens 8. The density profile of the negative was measured by means of an IFO-451 microdensitometer.

Results and Discussion. Figure 3 shows calculated (solid curve) and experimental (points) profiles of the
thermocapillary depression formed in the ethyl alcohol layer of thickness hyp = 1.4 mm by a laser beam of power
8 mW. Despite a number of rough simplifying assumptions, the calculated profile is in satisfactory agreement with
the experimental profile, which shows the correspondence of the theoretical model to the real physical phenomenon.

Figure 4 shows calculated profiles of the thermocapillary depression depending on the laser power. With an
increase in the beam power from 1 to 8 mW, the depression depth at its center increased by almost a factor of 8.
The further increase in the beam power (higher than 10 mW) leads, probably, to rupture of the liquid layer, which
was observed in the layers of colored benzyl alcohol whose thickness was approximately 200 pm.

Conclusions. An expression that determines the profile of a laser-induced stationary thermocapillary
depression for Re <« 1 has been obtained. The numerical estimates of a depression profile formed by a laser beam
in a 3% solution of a mixture (1 : 1) of a diamond green dye and rhodamine G in 96% ethanol agree satisfactorily
with experimental data. In addition, the dependence of the depression profile on the laser power has been studied.
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