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The application of the methods of laser and holographic interferometry to
the problems of measuring evaporation rates is examined. Mass transfer ac-
companying evaporation in the region of extradiffusion monitoring is stud-
ied.

The widespread use of evaporation processes in technological practice [1l, 2] requires a
detailed experimental study of mass transfer between the condensed and gas phases. The main
characteristic in this case is the specific mass flow of vapor J;;, which must be measured ac-
curately in order to determine the coefficients of condensation a. (or coefficients of vapori-
zation av) under conditions of evaporation into a vacuum {1, 3] or the coefficients of diffu-
sion D under conditions of evaporation in a medium consisting of noncondensing gas [2]. It
is also important to increase the measurement accuracy from the viewpoint of refining some
theoretical assumptions, in particular, for clarifying the nature of the condensation coeffi-
cient, the experimental determination of which is the subject of a large number of works (see
the review [4]). The wide range of values of o, (over several orders of magnitude) is ex-
plained, in the opinion of Heiko and Cammenga in [5], not by physical factors, systematized
in [3], but rather by methodical errors in the experiment.

The problem of measuring fluxes from the surface of the curved meniscus of a liquid is
of independent interest. The presence of a curved interphase boundary, in most cases, in
laboratory measurements of rates of evaporation from small open vessels can lead to errors
when the results are transferred to the conditions of real technological apparatus. However,
the use of average characteristics, such as the evaporation constant {6], for describing
evaporation makes it much more difficult to compare the results obtained in experimental cells
of different size.

The methods of holographic and laser interferometry enable not only increasing the ac-
curacy of measurements of j, but also studying the dependence of the flows on the cell geom-
etry as well as the effect of temperature fields and the characteristics of heat and mass
transfer at a three-phase boundary on the rate of evaporation.

The classical Michelson interferometer scheme, in which the surface of the liquid under
study in the cell plays the role of the movable mirror, is not desirable, since the inter-
ference pattern characterizing the rate of evaporation is strongly perturbed owing to changes
in the vapor concentration above the surface of evaporation. Because of this we proposed the
interferometer shown in Fig. 1 for measuring evaporation rates. The interference pattern is
formed by the beams reflected from the surface under study and the endface of the monofiber
lightguide. To measure the difference in the rates of evaporation of liquids from cells of
different size, one of the cells was placed in the measuring arm and the other in the refer-
ence arm of the Michelson interferometer. Laser interferometers enable measurements only for
quite large evaporation surfaces. When the surface area decreases the curvature of the menis-
cus at the center of the cell increases. As a result a flat beam incident on the surface
under study is curved when it is reflected from the surface. In narrow capillaries its curva-
ture is so large that it is virtually impossible to perform measurements with the help of the
laser interferometers studied.

" The problem is solved, though with somewhat lower sensitivity, with the use of a holo-
graphic interferometer. The method consists essentially of first recording the hologram of
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Fig. 1. Interferometer for measuring the rate of evaporation:
1) laser; 2) monofiber lightguide; 3) cell with the liquid of
interest; 4) direction of observation.

Fig. 2. Interferometer for measuring the relative rate of
evaporation from cells with a small radius: 1) laser; 2) halo-
gram; 3, 4) cells with the liquids of interest; 5) deflecting
prism.

Fig. 3. 1Interferogram of the concentration of acetone vapor in
the space above the cell.

Fig. 4. Dependence of the specific mass flux of vapor on the
radius of the experimental cell (j is the specific mass flux of
vapor, kg/(m?:sec); R is the radius of the cell, m): 1) ethyl
alcchol; 2) isooctane.

the beam probing the liquid of interest in a quasiequilibrium state (the exposure time is
quite short compared with the rates of the process under study) and the further study of the
process is performed in real time.

The relative rate of evaporation from cylindrical vessels with a small radius was mea-
sured with the interferometer shown in Fig. 2. This variant of the interferometer gives the
highest accuracy in measuring the rate of evaporation relative to some standard. We shall
employ the specific mass flux <(jy> = (dm/d¢)/7R?, averaged over the cross-sectional area of
the vessel, as the characteristic of the evaporation rate. It is shown in [7] that the merid-
ional cross section of the resting drop for edge angles 6 < /2 (which corresponds to a con-
vex meniscus of the liquid in the cylindrical vessel) is approximated practically exactly by

the equation of an ellipse. The meniscus in this case can be regarded as a spheroidal seg-
ment, whose volume is given by
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where B = b/R.
The change in the height of the segment owing to evaporation Ah = NA/2.
Thus, Am = pAV = (1/6)TR2pNAf(R) and we obtain for the flux

, 1 dN
(i) = E—th(ﬁ)—d;- (2)

Therefore

dN/dz

(lod =< —_— .
Iv ]v>st (dN/dT)St

The significant error associated with the fact that the semiaxes of the approximating spher-

oids do not coincide can be completely eliminated by working with flat meniscuses.

To determine the absolute values of the fluxes from the formula (2) an additional opera-
tion must be performed. This operation can be carried out in at least two ways.

1. The mass of the entire spheroidal segment can be determined (by separately weighing
it or on a combined setup); knowing the mass, f(B) can be calculated from the formula (1).
The moment of evaporation of the entire segment as well as its height are recorded in the
same interferometric experiment in which dN/dtr is measured.

2. The meridional profile of the miniscus can be calculated by solving numerically the
problem of minimizing the potential energy functional of the meniscus [8, 9], and the param-
eters of the approximating spheroid can be found.

The method under study was employed to measure the rates of evaporation of distilled
water, ethyl alcohol, benzene, acetone, and a number of other lqiuids. The gaseous medium
was selected in all cases from the condition W1jq > Ug in order to eliminate natural convec-
tion and ensure diffusive mass transfer. The satisfaction of these conditions is illustrated
by the interferogram (Fig. 3) of the concentration fields of acetone vapor in air. For all
liquids studied <j,> increased as the radius of the vessel decreased (Fig. 4). The experi-
mental data fall on a straight line in the {jy>-1/R plane.

The use of the spheroidal approximation enables obtaining analytical dependences <jy(R)>,
adequately describing the experimental dependences, by analogy to the problem of the electric
field of a conducting ellipsoid [10]. For quasistationary conditions the solution of La-
place's equation, written in ellipsoidal coordinates, with the boundary conditions C(Ag »
©) > Cg, C(Ag=0) = Cp has the form

C,—C, ]/bL—Z
Cc (7\3) == Co -+ P bzo arctg '-}\‘—:{—_% .
arctg l//r — — 1 e

a

The specific mass flux in the vicinity of this point jy(Xg = 0) = -D(3C/3n|)=,), taking
into account the relation between the ellipsoidal and Cartesian coordinates, is determined by
the expression

() = D(C,—Cy) V&> —a? _
PO =i —p (02 — a¥arctg Vb*a® — 1

: 1 ,
Averaging according to the formula (j,) ==—;§5;S i»(r)dS, we obtain
’ s

2D (C, —Cy) f(e B)
R aarctgf(a, B)

<jv> = (3)

_ where f(a, B) = /o2(B - vBZ = 1) — 15 « = R/h; B = b/R.
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Stationary regime

Fig., 5. Motion picture of the change in the temperature field
of a liquid in the process of evaporation. t is the tempera-
ture of the liquid in °C and T is the time from the start of
the experiment in sec.

As follows from (3), <jy> is inversely proportional to the radius of the vessel; this
agrees with the experimental data. In addition to qualitative agreement, there is also quan-
titative agreement. The coefficients of diffusion calculated from (3) for the systems shown
in Fig. 4 equal Dy, = 2.51'107° m?/sec, Dg,y, = 4.96°107° m?/sec, D¢, g, = 9.23-107° m*/sec.

The maximum deviation from the tabulated values [11] is observed for benzene and equals 6.1%.

The reliability of the results obtained depends strongly on the existence of temperature
gradients along the surface of evaporation; such gradients could be present owing to differ-
ent conditions of heat transfer at the center and at the periphery. The sections of the men-
iscus surface near the three-phase boundary, unlike surface sections, are located in the zone
of two heat fluxes: from the walls of the vessel and from the bulk of the liquid. This dif-
ference will exist under conditions when the temperature of the surrounding medium is main-
tained constant; this leads to more intense heat transfer at the periphery and can affect the
distribution of the specific mass fluxes j(r) over the cross section of the meniscus.

To study these questions the temperature fields of the liquids mentioned were investi-
gated with the help of a holographic interferometer [12]. The temperature field in the lig-
uid was recorded as follows. The cell with the liquid was covered tightly with a top and
held until the equilibrium state was established; the moment at which this state appeared
was established from the termination of the motion of the interference pattern in the inter-
ferometer, in which a diffraction grating, obtained based on the same scheme, but without ob-
ject, was placed at the location of the hologram. After the hologram was recorded the top
on the cell was opened and the state of equilibrium was destroyed; this changed the tempera-
ture field of the liquid in the process of evaporation. The fringes passing through the cen-
ter of the cell were counted with the help of a reversible counter. The direction of increas-
ing fringe order was determined with a compensator.
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The interference pattern was interpreted with the help of the values of dn/dT, deter-
mined by Shedel [13]. It is known from [14] that the character of the dependence of the re-
fractive index n on T for organic liquids is described by a smooth curve in the temperature
range from 20 to 40°C, while at temperatures from 20 to 30°C dn/dT changes by less than 1%.
For this reason, because of the smallness of the change in the temperature in the experiment
(of the order of 1 K) dn/dT can be regarded as constant. The temperature was calculated with
the help of the following dependence: T = Tp + An/(dn/dT), An = NA/L.

Figure 5 shows examples of interferograms of temperature fields of liquids in the pro-
cess of evaporation.

The calculations showed that in all cases the radial temperature gradient on the surface
of the meniscus differs from zero and is directed from the center to the periphery. However,
in no case does the temperature difference T, =, — Ty=p at the temperatures of the experiment
(295-297 K) exceed 1 K. Thus, for acetone AT = 0.06 K and for alcohol AT = 0.08 K. The dif-
ference of the temperatures between the volume and the surface of the liquid is also small
and equals 0.25 K for the central zone of the meniscus. Thus, AT « T, and at these tempera-
tures the method described above can be employed to calculate the fluxes and coefficients of
diffusion without taking into account the nonisothermal nature of the meniscus.

NOTATION

jy is the specific mass flux of the vapor, kg/(m?:sec); oo, coefficient of condensation;
oy, coefficient of evaporation; D, coefficient of diffusion, m?/sec; 8, wetting angle; R,
radius of the vessel, m; t, time, sec; h, height of the segment, m; A, wavelength of the laser
radiation, m; N, order of the interference fringe or the number of fringes passing through a
given point; p, density of the matter, kg/m3; &, length of the cell with the liquid of inter-
est, m; T, temperature, K; n, refractive index of the medium; m, mass, kg; V, volume of the
spheroidal segment, m3; Miiq and Ugs molar mass, kg/mole; C, and C,, concentration of vapor
in the gas, kg/m®; a and b, semiaxes of the spheroid, m; Ae» ellipsoidal coordinate of a point
on the surface, m?; 3c/dn, derivative along the normal; r, coordinate of a point on the sur-
face of evaporation, m; w = 3.141; An, change in the refractive index of the medium. The in-
dices denote the following: st, standard liquid; 1liq, liquid; g, gas; 0, starting state; p,
equilibrium pressure.
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