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Abstract—This paper describes experimental investigations of the structure of periodic thermocapillary
flows originating from periodic variations of heat flux on a linear source located at a free surface. The
periodic flows develop in a plane horizontal layer with adiabatic horizontal surfaces for which the trends
in convective flow far from the heat sources are known. The temperature fields are measured at different
periods and amplitudes of the change in heat flux. The instantaneous and mean temperature gradients are
measured along a free surface and, hence, the friction on the surface. The limits of the propagation of
periodic perturbations depending on the amplitude and period of change in loading are found. It is shown
that for 7, < 35 s the thermogravitational forces do not exert a noticeable effect on the propagation of a
periodic flow along the free surface.

INTRODUCTION

THERMOCAPILLARY forces originate on non-
isothermal, free surfaces of pure liquids that do not
absorb surfactants capable of suppressing the ther-
mocapillary effect. The surface thermocapillary forces
brought about by temperature-induced changes in the
surface tension have the nature of molecular inter-
action and are of low-inertia character. Thermal
gravitational flows caused by body forces due to tem-
perature-induced changes in the liquid density in a
gravitational field have higher inertia than the ther-
mocapillary flows.

An interaction between thermocapillary and ther-
mogravitational forces takes place. For example,
under the conditions of steady-state flow in a hori-
zontal layer the relationship between thermocapillary
and thermogravitational forces induced in a hori-
zontal layer by a horizontal temperature gradient in
the mode of plane-parallel flow (heat conduction
regime) is characterized by the dimensionless group
[, 2]

k = Ma/Ra = b{pBgl*.

In other flow conditions the interaction between
these forces is not susceptible to such a simple one-
parameter estimation.

A more complex interplay of these forces can
be expected in unsteady-state flow conditions (for
example, periodic regimes) as being most regular
and therefore more accessible for the study of
the interaction between thermocapillary and thermo-
gravitational forces in unsteady-state conditions.

Because of a substantial difference between the
times of relaxation of thermocapillary and thermo-
gravitational flows at different periods of change
in the heat exchanger temperature near a free surface,
the contribution of thermocapillary and thermo-
gravitational forces will be different and, because

of their low inertia, the influence of thermocapillary
forces will increase with an increasing frequency of
oscillation.

Thermocapillary and thermogravitational flows in
a horizontal layer do not have the stability threshold
and originate at arbitrarily small horizontal tem-
perature gradients.

The absence of the stability threshold simplifies the
problem of studying the interaction between these
forces in unsteady-state conditions, therefore it is
worthwhile studying the structure of these flows in
horizontal layers with adiabatic horizontal surfaces,
especially since the steady-state flow conditions have
received the most study for this case [2].

The structure of thermocapillary periodic flows is
of interest in view of optimizing the conditions for
obtaining monocrystals. Use is made of the methods
of growing monocrystals from meits or solutions
when there are free surfaces on which steady-state and
periodic thermocapillary flows may develop [3). These
originate on periodic change in the heat flux on a
heater near a free surface. When the boundary-layer
flow near the vertical heating surfaces loses its
stability, unsteady-state variations of temperature at
the free surface near the wall are observed which
generate unsteady-state thermocapillary flows. Ther-
mocapillary periodic flows develop near the free sur-
face of melt in the process of monocrystal growing by
the Chokhralsky method. Because of the non-align-
ment of the crystal axes and the crucible during the
rotation of the former or of the latter, the temperature
varies periodically at each point around the perimeter
of crystal wetting by the melt and this causes periodic
flows. The interaction of thermal, gravitational and
thermocapillary forces is observed in all cases.

Experimental investigations of the structure of per-
iodic thermogravitational flows in a horizontal layer
with two rigid boundaries are reported in refs. [4, 5].
The periodic flows were created by modulating the
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horizontal temperature gradient
a thermal diffusivity
b temperature coefficient of surface

tension, da /0T

heat capacity at constant pressure
g free fall acceleration

2] height of a layer

Ma  Marangoni number, b/IAT/pva

0 mean heat flux for a period

Ra  Rayleigh number, BgAT/av

T temperature

AT  difference of temperatures between the
upper and lower horizontal adiabatic
surfaces

T, T_, temperatures of the upper and lower

horizontal adiabatic surfaces
T, temperature of the vertical cold surface
t time
L period of the oscillations of heat flux
t temporal shift of the maximum
temperature phase, T,

@

NOMENCLATURE

u horizontal velocity component

U, phase velocity of maximum temperature
y, x, z vertical and horizontal coordinates

Xy, z, length and width of a seal

Xo distance of periodic flow propagation.

Greek symbols
B coefficient of thermal expansion of liquid
0 dimensionless temperature at x = const,
=(T-T_)/AT
u, v  dynamic and kinematic viscosities
p density
o coefficient of surface tension
To friction factor on a free surface.

Subscripts and other symbols
0 free surface of liquid
m maximum
- average value.

temperature of a side wall at sub- and supercritical
Rayleigh numbers in the horizontal layer.

The methods of numerical simulation were used to
investigate the structure of periodic thermogravita-
tional flows in the horizontal layer under different
boundary conditions on horizontal surfaces [6, 7].

The results on flow stability in the horizontal layer
in the conditions of thermocapillary and thermo-
gravitational convection are presented in refs. [8, 9]
under the boundary conditions first formulated in
ref. [1]. In the absence of temperature difference
between the horizontal surfaces, solutions are
obtained for the temperature and velocity dis-
tributions over the layer thickness and the heat trans-
fer conditions on horizontal surfaces are found in
which a constant horizontal temperature gradient
exists over the entire layer. The development of finite-
amplitude perturbations in the horizontal layer for
the above-mentioned flow is treated in ref. [10]. The
stability of a plane-parallel flow under different con-
ditions on a free surface is studied in ref. [11]. The
steady- and unsteady-state thermocapillary flows on
a cylindrical free surface when its generatrices are
parallel to the gravity force vector are studied exper-
imentally in ref. [12]. In ref. [13] an asymptotic theory
is presented for an elongated layer and a numerical
experiment for a rectangular cavity when there are
free surfaces and the motion originates under the
action of thermocapillary forces.

A survey of the works on theoretical and exper-
imental investigations and numerical experiments in
a horizontal layer with rigid adiabatic bounding sur-

faces in the case of side heating with free convection
is given in ref. [14].

The present paper describes experimental investi-
gations into the structure of periodic thermocapillary
flows originating due to periodic variations of the
heat flux on a linear source located near the free
surface of the liquid. Periodic flows develop in a
plane horizontal layer (with adiabatic horizontal
surfaces), for which the laws governing the convective
flow far from a heat source have been already studied.
Instantaneous and mean temperature gradients have
been measured along the free surface and, hence, the
friction on the surface. The limits of the propagation
of periodic perturbations depending on the amplitude
and period of power variation have been found. It is
shown that for 7, <35 s the thermogravitational
forces do not exert a noticeable effect on the periodic
flow propagation along the surface.

STATEMENT OF THE PROBLEM
AND EXPERIMENTAL FACILITY

Thermocapillary periodic flows were set up in a
plane horizontal layer with thermally insulated
surfaces. The schematic diagram and boundary con-
ditions are presented in Fig. 1. The working fluid is a
96% ethyl alcohol solution on whose non-isothermal
free surface thermocapillary forces originate [2]. The
experimental set-up is a tank made of optically trans-
parent acrylic plastic with horizontal dimensions
x, =380 mm, z, =150 mm (the construction is
described elsewhere [2]).
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FiG. 1. Boundary conditions in a horizontal layer in the study of periodic flows.

The upper, thermally insulated, horizontal plate
was fabricated from two acrylic plastic plates
(3x148x380 mm?® in such a way that a
15 x 125 x 360 mm? cavity filled with foam plastic was
left between them. The horizontal plate had optically
transparent slits (6§ = 3 mm) along its entire length
at distances z =45 and 75 mm from the forward
optically transparent end face. The thickness of the
liquid layer (2/) and of the upper air layer (4,) was
set with the aid of four calibrated plates, placed into
the tank, that were 3 mm thick, 10 mm long and
2/+ d, high, and on which the upper horizontal plate
was mounted. Once the upper horizontal plate had
been positioned on the calibrated plates, the gaps
between the tank and the plate were taped, to isolate
the working layer from the ambient air, so that
almost no evaporation of the working liquid was
noted in the course of the entire experiment lasting
for 9-10 h.

The working volume of the tank was filled with
liquid up to the required height, but so that the liquid
was not in contact with the upper plate. The distance
from the free surface of the liquid to the upper insu-
lating horizontal plate was 8, ~ 10 mm. The hori-
zontal position of the tank was regulated by set screws
and was controlled by a B-630 cathetometer accurate
to 0.01 mm. On its one vertical end a copper heat
exchanger was installed whose constant temperature
was ensured by a temperature-controlled water cir-
culating in its cavity. A U-10 thermostat was used
which maintained the constant temperature within
+0.03°C.

A 0.15-mm-diameter, 145-mm-long nichrome wire,
stretched between two elastic holders, was used as
a heater. The wire was positioned horizontally at a
distance of 5 mm along the vertical, thermally insu-
lated end and at a distance of 0.2 mm from the free
surface.

The system for controlling the supplied periodic
voltage on loading is presented in Fig. 2(a). The
frequency of voltage oscillations was set by a low-
frequency generator (3), the range of its oscillation
period regulation being 0.2-100 s. The amplitude of
periodic power was set by a power amplifier (2) and
was regulated within the range 0-45 W. Constant

voltage was fed from an IPN-21 (5). The signal fre-
quency was controlled with the aid of an F 5041 digital
frequency meter—chronometer (6). The power sup-
plied to the heater (a 0.15-mm-diameter nichrome
wire) can be formulated by the law

T

2mt
11

o

Q=Q.+Q<1+Sin M
where 0.2 < 1, < 100 s.

In the steady-state flow region the temperature in
the layer was measured by a thermocouple probe
made from 0.05-mm-diameter nichrome—constantan
wires. The vertical part of the I'-like probe was a
metallic pipe, 3 mm in diameter and 250 mm long,
into which the thermocouple wires were inserted. The
horizontal part of the probe was made of a two-
channel capillary, 1.5 mm in diameter and 70 mm
long. The free ends of the thermocouple wires were
15 mm long. The I'-like probe moved in the vertical
direction together with a coordinate plate measuring
13.5x 14 x 200 mm? and was inserted into a 14 x 14
mm? milled recess in the rear wall of the tank. The

FiG. 2. (a) Flow chart of regulation and control of periodic
power : 1, heater; 2, power amplifier ; 3, low-frequency gen-
erator; 4, oscilloscope; 5, constant current source; 6, fre-
quency meter—chronometer. (b) Flow chart of the measure-
ment of instantaneous temperatures in the layer: 1, 2,
thermocouples ; 3, 4, compensating potentiometers ; 5, volt-
age comparator; 6, 7, constant current amplifiers; 8, two-
channel self-recording potentiometer.
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recesses were spaced at 50-mm intervals along the
layer. The thermocouple could be moved in the hori-
zontal plane by rotating the probe around its vertical
axis. The displacement of the thermocouple probe
along the vertical was controlled by a V-630 cath-
etometer accurate to within 0.01 mm. The e.m.f. of the
thermocouple was measured by a P 3003 comparator
with an accuracy of 0.5 V. To measure instantaneous
temperatures and correlations along x and y in the
layer, two 0.05-mm-diameter nichrome—constantan
thermocouples were used. The I'-like thermocouple
probes were inserted through a 3-mm-wide and 200-
mm-long slit milled in the upper thermally insulated
plate at a distance of z = 90 mm from the frontal end
face. Over x, the thermocouple probes moved along
8 x 20 mm? tracks. Each thermocouple could move
independently of one another along (x) and across (y)
the layer and could rotate around their own axes over
x and z. The free end of the needle-type thermocouple
was 20 mm long. The thermocouple traversal across
the layer was controlled with the aid of a cathetometer
accurate to within 0.01 mm. The displacement of
thermocouples along x relative to one another was
checked with an accuracy of 0.2 mm by the cath-
etometer using the calibrated graduations on the
optical scale. The cold junction of the thermocouple
had the temperature of the temperature-controlled
cooling water circulating in the heat exchanger cavity.
These probes were used to measure instantaneous
temperature differences in the layer relative to the
cooling surface of the copper heat exchanger whose
walls were 0.5 mm thick.

The flow charts depicting simultaneous measurements
of the instantaneous e.m.f.s. of the thermocouples
are given in Fig. 2(b). The e.m.f. constant com-
ponent of thermocouples (1) and (2) was compensated
and measured by small-size potentiometers (3) and (4)
which had been calibrated with the aid of an R 3003
comparator (5) accurate to 0.5 uV. The non-
compensated e.m.f. component (with the comparator
switched off) was strengthened by constant-current
amplifiers (7) and (6) with a smoothly regulated gain
K. To reduce the level of noise, the signal, after the
constant-current amplifier, was passed through a low-
frequency filter with a cut-off frequency of 1.5 Hz. The
constant-current amplifiers had low noise (reduced to
the second amplifier, i.e. 1 uV) and the drift of 1 4V
h~'. Analog signals of thermocouples were recorded
simultaneously on a H 3P21-2 two-channel recorder.

The instantaneous local temperatures in the layer
relative to the cooling heat exchanger surface T, were
determined from the formula

T= T,—TC=<AUk+%)/R Q)

where U, is the compensated constant component of
the e.m.f. measured by potentiometers (3) and (4);
AU, is the non-compensated, amplified portion of the
e.m.f. of the thermocouple ; K is the gain of the system

measured by calibration against the resistance equi-
valent to that of the thermocouple; R is the ther-
mocouple constant (sensitivity, uV °C~").

The instantaneous temperature gradient (07/0x),
on the free surface of the layer was measured with the
aid of a differential thermocouple made of 0.05-mm-
diameter nichrome—constantan wires. Construction-
ally the I'-like thermocouple probe was made the
same way as the thermocouple measuring instan-
taneous temperatures and moved in the same coor-
dinate system. The junctions of the needle-type differ-
ential thermocouple were arranged in one horizontal
plane at a distance of 6 mm from one another. The
rotation of the probe around its axis made it possible
to vary the distance between the thermocouple junc-
tions along x(Ax) being controlled by a cathetometer.
The instantaneous value of the e.m.f. of the differential
thermocouple was measured at the known distance
between the thermocouple junctions (Ax).

The temperature gradient on the free surface was
determined by the formula

oT AU,
(ax>, " K-R-Ax’ ®

Instantaneous e.m.f.s of the differential thermo-
couple undergo reversal of sign and can be both
positive and negative for the period. It becomes
important in this case that the measuring system could
be accurately set to zero. This was done by including
into the system the resistance equivalent to that of the
thermocouple and by disconnecting the thermo-
couple. With thorough screening of the differential
thermocouple, its spurious constant component in
isothermal conditions amounted to about 2 uV. To
eliminate this type of inaccuracy, the e.m.f. analog
amplified signal of the differential thermocouple was
recorded during the change of its polarity. Analog
periodic signals on the change of polarity are mirror
images of one another. The symmetry line of these
two analog recordings of the e.m.f. of the differential
thermocouple is the line of zero value.

The liquid flow velocity in the layer was measured
with the aid of flow visualization by using aluminum
particles that were in the flow during the entire exper-
iment lasting for 9-10 h. The layer with the particles
was transparent through its entire width, z;. The
steady flow velocity was determined by the time
for which the particle passed a fixed distance on the
graticule of the cathetometer viewing tube.

RESULTS OF MEASUREMENTS
AND THEIR ANALYSIS

1. Steady-state flow far from a heater

Experimental investigations were carried out in a
layer of ethyl alcohol with 2/ = 10 mm, x; = 380 mm,
z, = 150 mm and insulated horizontal surfaces (Fig.
1).

A horizontal temperature gradient induces ther-
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mocapillary forces on the upper free surface (2]:

T, b{0T\ (ou _é B_T
rz(@: (@)m(axl @

where b is a negative quantity. For ethyl alcohol
b= —-9%x10""Nm~'deg™".

Itis shown [2] that in the case of a developed flow far
from the end faces in a layer with thermally insulated,
horizontal surfaces, the initial parameters of the prob-
lem are the heat flux (or the temperature drop on
adiabatic surfaces) and the height of the layer. Then
the knowledge of the flow structure near the end faces
of heat exchanging surfaces is not required. In such
a layer the flow originates under the action of
thermocapillary and thermogravitational forces the
relationship between which is governed by the par-
ameter k = Ma/Ra. Under the boundary conditions,
presented in Fig. 1, and at Q = const. the following
solutions are obtained for the plane-parallel flow
region [2]:

A = (9T/dx) = +[30/(3—5k)Ra]""* 5)
u = —[30/(3—5k)Ra]"*

¥ 3k=1, k=1  3k-1
xl:6+ g Yt | ©

6

5 |y 3k-1, s
‘12—20k[?' g V=

1-3k , sk 19
+ 5 +(2—3k)y—7+%] Q)

(T—T,)/AT = 0+ Ax ®)

where /is the length scale; AT =T,—T_,=T,— T, is
the temperature scale ; Ra(a/)) is the velocity scale ; T,
is the temperature on the lower surface for the known
value of x. The velocity and temperature fields were
investigated at the steady power 0 =455 W m~'
supplied to the nichrome wire at the free surface.
Figure 3 presents the results of measurements of the
velocity (a) and temperature (b) profiles in the layer
for different cross-sections x (T, = 25.7°C at x = 125
mm). A good coincidence between the measured and
predicted velocity and temperature profiles far from
the end face, x > 2/, is observed. The value of (6 T/dx),
obtained experimentally and calculated from equa-
tion (5) is equal to —7.8°C m~'. Near the heater
(x < 15 mm) the temperature fluctuations observed
are caused by unstable stratification due to a high
temperature at the heater and heat removal into a
gas interlayer. The investigations were subsequently
carried out for @ < 27 W m~' in order to eliminate

U (mms™)
-1 0 [ 2 3
T T I
0.8 -
L]
R
0.4—//‘);)’
./ X (mm)
tel g o ]
. . /0/' \\ 125
{4‘0 . 160
.. %s ~-0.41 o 230
(a) )

(b)

F1G. 3. Velocity (a) and temperature (b) profiles in a horizontal layer with a free upper boundary at
a constant heat flux § =455 W m~!, 2/ =10.1 mm, —Ma = 1.63x 10, Ra = 3.9x10* k = —0.42,
T, = 20.6°C. Solid lines, calculation by equation (6) for (a) and by equations (5), (7) and (8) for (b).
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the effect of heat transfer into the gas interlayer close
to the heater.

Figure 21(a) shows the flow pattern in the vicinity
of the heater at a steady-state power. A strong steady
eddy flow is due to thermocapillary forces. These are
substantial because of a high temperature gradient
(0T/dx), near the heater. The longitudinal vortex
dimension is x,/l = 5.

2. Periodic flowsatt,=3s
The structure of periodic flows was investigated
in the absence of the constant component of power

0, = 0, equation (1):
27t
L ) ®

0-of

and 2 < ¢, < 35s. The working volume was filled with
liquid and the heater (nichrome wire) was immersed
into it to a depth of 0.2 mm from the free surface. On
positioning the wire close to the surface so that the
destruction of the free surface plane is observed, the
liquid near the heater at Q,, becomes superheated and
starts to evaporate. Measurements were started 3.5 h
after the supply of periodic voltage to the loading.

The results of experimental studies for 7, =3 s,
20=10.1mm, § =21.04 Wm~' Ma= —-9.2x10°
Ra=21x10% k= ~0434, T=2°C, T,=20.1°C
are presented in Figs. 4-11 and 21(b). The free surface
temperature was measured by two thermocouples one
of which was fixed and the other moved along x in the
same plane: z = const. Figure 4 gives instantaneous
temperatures on the free surface at different distances
from the periodic heat flux source, as well as the phase
shift at different values of x. The temperature varies
strictly periodically in time at all the values of x,
decreasing in amplitude with distance from the heater.
The amplitude and mean values of the temperature as
functions of x are presented in Fig. 5. The instan-
taneous temperatures at any values of #/¢, and x can
be determined from the plots of Figs. 4 and 5. Figure
6 presents the measured phase shift of the maximum
temperature 7/, at different values of x and the phase
velocity of the maximum temperature u, = 0x/0t,.

When the phase of the maximum temperature shifts
by one period (x = 27 mm), the amplitude value of
temperature decreases to 0.1AT (Fig. 5), the phase
velocity decreases down to the doubled value of the
velocity on the free surface [Figs. 6 and 11(I)]. At
x = 38.5 mm the amplitude value of temperature
fluctuation becomes commensurable with the resolv-
ing power of temperature measurements, however, the
phase shift (for T,,) can be well traced and constitutes
t,/t, = 2; the phase velocity is commensurable with
the liquid surface flow velocity in the developed flow
region far from the heater [Fig. 11(I)].

The mean temperature gradient (at y = 1, Fig. 5) in
the periodic flow region varies non-monotonously :
when 4 < x < 10 mm, 4, > 0; in the region of fluc-
tuation attenuation A, = 0. In the developed flow the

0.3°C

0.3°C
0.2°C

0 1°c

"

t (s)

F16. 4. Varnation of the free surface temperature (y = 1) in
time for different distances (x) from the heater in the layer
of 2/=10.1 mm. § =21.04 W mm~', —Ma =9.2x103
Ra=21x10% k= —0434, T,=20.1°C, t,=3 s. (1)
x =225mm;(2)6.25mm; (3) 12.5mm; (4) 16 mm ; (5) 20.5
mm; (6) 24 mm; (7) 28.5 mm; (8) 32 mm; (9) 36.5 mm.

experimental values of 4 = —0.007°C mm~' [by for-
mula (5), 4 = —0.0066°C mm~']. According to Fig.
5and relations (4), when 4 < x < 10 mm, the averaged
friction coefficients due to thermocapillary forces have
negative values, 7, < 0 and (0i#/dy),, < 0. In this region
over x the averaged motion on the surface can be
directed to the heater and i, < 0.

Instantaneous temperature gradients on the free
surface, (87/0x),, were measured and mean values,
(0T/0x),, were found. The friction factors due to ther-
mocapillary forces and velocity gradients normal to
the surface, 1,/p, T./p, (0u/0y),, (0i/0y),, were deter-
mined from relations (4).

The longitudinal temperature gradient 07/0x at
different distances from the free surface, Ay = y,—y,
were measured when the junctions of the differential
thermocouple were spaced at x = 1.7 mm (Fig. 7).

The positive value of the temperature gradient
0T/dx decreases with distance from the free surface
into the layer and at Ay > 0.75 mm, 67/dx < 0 during
the entire period (Fig. 7). This means that the back-
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F1G. 5. Maximum (1), mean (2) and minimum (3) periodic temperature fluctuations on a free surface as
functions of the distance from the source x. z, = 3 s.

ward flows (z < 0), that originate at (67)dx), > 0 on
the free surface, penetrate to a small depth com-
mensurable with Ay = 0.75 mm (for x = 8.7 mm and
t, =35s).

As follows from Fig. 7, the junctions of the differ-
ential thermocouple should be located in an exactly
horizontal plane (y = const.).

When the junctions of the differential thermocouple
are located in one plane z = const., their mutual effect
is possible because of the sweep of perturbations that
originate at the thermocouple junction upstream. To
eliminate the effect of the junctions on one another,

they were located in different planes z, and in this case
they were spaced at Az = 2 mm.

The longitudinal temperature gradient near the
free surface (87/0x),, the velocity gradient (Ju/dy),
and the friction on the free surface 7, (Fig. 8) vary
strictly periodically in time at different values of x.
When x < 21 mm, the quantity (07/0x), undergoes
reversal of sign for the period and, hence, the thermo-
capillary force vector reverses the direction. Instan-
taneous values of the friction factor for x > 21 mm
are always positive. Within the range 4 < x < 13 mm
the mean value of the friction factor 7, < 0 (Fig. 9),

-
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FiG. 7. The horizontal temperature gradient at different distances from the free surface Ay = y,—y at
x =8.7mm (1, = 35s). (@) Ay =0; (b) Ay = 0.43 mm; (c) Ay = 0.75 mm.
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{0u/dy), < 0, and on the free surface the averaged flow
is directed toward the heater, this being also confirmed
by the measurements of the mean temperature for
different values of x (Fig. 5).

Figure 21(b) shows the flow pattern at #/t, = 0.5
and Q,,. The streamlines could be more clearly seen
using an exposure time of about 0.5 s. In the vicinity
of the heat source, the flow resembles a vortex which
increases periodically up to the greatest dimension
x, = 3] attenuating down to very low velocities. With
an increasing frequency of heat flux fluctuations
the vortex dimension at Q = 0 increases and when
t < 0.1 s the flow pattern corresponds to the steady-
state loading [Fig. 21(a)].

The temperature over the layer thickness for the
cross-sections x = 12.5 mm and 20.5 mm [Figs.
10(a) and (b)] was measured in the outer region of the
greatest vortex : x = 0.8x, and 1.3x,. As is seen from
the measurements of the mean maximum and minimum
temperatures over the layer thickness [Figs. 11(III)
and (IV)}, the amplitude of temperature fluctuations
varies non-monotonously across the layer: when
1 <y/l<0.3and —0.2 < y/l < 0.1, the amplitude of
temperature fluctuations increases. The greatest phase
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shift of T,, at x = 12.5 mm amounts to 1./, = 0.35.
In the flow region {(x > 20/) the experimental vel-
ocity and temperature profiles and the temperature
gradient correspond to those determined from the
solutions of equations (5)—(7) [Figs. 11(I) and (II)].

3. Periodic flows at t, = 12s

The results of experimental investigations for the
conditions: 1, = 125,2/=97mm, § = 27.5Wm™!,
AT =24°C, Ma=—1.1x10% Ra=237x10%

= —0.464, T, = 20.1°C are presented in Figs. 12—
18. Knowing the instantaneous temperatures and the
phase shift for different values of x (Fig. 12) and also
the amplitude and mean values of the temperature
(Fig. 13), it is possible to determine the instantaneous
values of temperature at any ¢/f, and x on the free
surface. Periodic temperature fluctuations near the
free surface for ¢, = 12 s and x < 10 mm have a more
complex character than at 7, = 3 s (Figs. 4 and 12).

The mean temperature of the free surface decreases
monotonically (Fig. 13). It is possible to distinguish
the following regions in the mean temperature behav-
iour (Fig. 13): the region of a rapid decrease of tem-
perature {x < 15 mm) and the region of linear tem-

3
t{s)

(b)

FIG. 10. Time variation of temperature for different values of y. 1, =3s. (@) At x =125 mm: 1, y = 1 ;

2, y=079; 3, y=056; 4, y=039; 5 y=027; 6, y=007; 7, y=—0.17; 8, y= —~0.33;

9, y=—05L. (b)) At x=205mm: |, y=097; 2, y=089; 3, y=0.75; 4, y=0.66; 5, y = 0.08;
6, y=—01;7y= 045,

HNT 30:1-H
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y/t (mms™) U (mms")

FiG. 11. Temperature and velocity profiles in a layer (0 = 21.04 Wmm~", ¢, = 3 5, 2/ = 10.1 mm). (I) The

velocity profile of developed flow. Dots, experimental values at x = 172 mm. Line, calculation by equation

(6). (II) The temperature profiles from equation (7). Dots, experiment at x = 172 mm, AT = 2°C,

T, = 4.8°C. (III) The profiles of mean (1), minimum (2) and maximum (3) temperatures at x = 20.5 mm,

AT =2.58°C, T, = 6.3°C. (IV) The profiles of mean (1), minimum (2) and maximum (3) temperatures at
x=125mm, AT =2.7°C, T, = 6.4°C.
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Fic. 12. Free surface temperature variation in time at different distances x from the heater in a horizontal

layer: 2/=97 mm, § =275 W m~', ,=12 s, AT=24°C, —Ma=1.1x10%, Ra=2.37x10%,

k= —0464, T, = 20.1°C. (1) x = 2.25 mm; (2) 8 mm; (3) 20.25 mm ; (4) 47.4 mm; (5) 71.1 mm; (6) 102.7
mm; (7) 142.2 mm.
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99°C

X {mm)

Fi1G. 13. Maximum (1), mean (2) and minimum (3) tem-
peratures on a free surface at different distances from the
heater (x) at ¢, = 12s.

perature variation (15 < x < 63 mm, 63 < x < 126
mm, x > 126 mm), in which the temperature gradient
(—08T/ox), increases successively up to its value in
the developed flow (—87/0x), = 9x 1073°C mm™!
[according to relation (4) the value of the quantity
(—0T/dx),is 7.6 x 107>°C mm™ ).

For the above regions the following trends in the
change of the phase velocity of the maximum tem-
perature (Fig. 14) are typical for the above regions:
(1) within the region 5<x <50 mm the drop
of the phase velocity down to the minimum value
u,=4 mm s~ ' is observed; (2) within the region
60 < x < 105 mm the phase velocity increases up to
the constant value u, = 5 mm s~ '; (3) in the region
of x> 126 mm the phase velocity increases up to
u, =6 mm s~ ' and it is higher in magnitude than
the free surface velocity u, = 2.5 mm s~ [Fig. 16(I)].

According to Figs. 13 and 14, an increase of u, is
connected with an increase in the longitudinal tem-
perature gradient (—87/dx), and, consequently, with
an increase of the free surface mean velocity (i,).

)y
+
e
20— =125 yd
W
€
£
3
R
2
it ! ! 1
50 100 150
X, mm

FiG. 14. Dependence of the phase shift and of phase
velocity of the maximum temperature at a free surface on
x. t,=12s.

It is possible to approximately assume that

(10)

where u,, , is the phase velocity of the maximum tem-
perature at (—87/dx), = 0. According to equations
(5) and (6) the velocity on the free surface can be
determined from the relation
5-3)
2 6

ﬂgP( ar)
Uy =—" —=
v ox

i.e. u, ~ (—0T/0x), other conditions being equal. In
the region of x > 125 mm, (—37/0x), = 0.009°C mm !
(Fig. 13) and &, = 2.5 mm s~ ' [Fig. 16(I)]. In the region
of 63 < x < 125mm, (— 0T/0x), = 0.005°Cmm ™' (Fig.
13) and, according to equation (11), 4, = 1.4 mm s~ .
It follows from relation (10) and Fig. 14 that for
the regions with 60 < x < 105 mm and 128 < x <
170 mm, u, , = 3.5 mm s ', i.e. 4, , = const. and the
growth of the velocity u,, is connected with an increase
of the free surface velocity. For the case with ¢, = 3 s
and 0 =21.04 Wm~', 4,,=3.1 mm s~ ' (Figs. 5
and 6).

When the maximum temperature phase shifts by a
period (x = 83 mm), the amplitude of temperature
fluctuations on the surface constitutes 0.04AT (Figs.
13 and 14); for x > 130 mm the amplitude of tem-
perature fluctuations is commensurable with the
resolving power of temperature measurements, but it
is possible to follow the phase shift of T, further (Fig.
14).

The longitudinal temperature gradient on the free
surface was measured when the junctions of the
differential thermocouple were spaced at Ax = 2.25
mm for x < 52.5mm and at Ax = 3.3 mm for x > 52.5
mm (Fig. 15).

The friction factors 7, and (du/dy), due to ther-
mocapillary forces were calculated by relations (4)
from the measured values of (07/0x),. It is seen from
Fig. 15 that the quantities (6T/0x),, t,/p, (0u/dy), vary
periodically in time for different values of x. The
amplitude and mean values of (67/0x),, 1./p, (Ou/dy),
are presented in Fig. 16.

When x < 32 mm, periodic flows develop on the
free surface which are directed to the heater, as can
be seen from the negative values of the actual velocity
gradient (éu/0y), [Figs. 15, 16 and relations (4)]. In
contrast, the mean values of the friction factor 7, and
of (012/dy), are positive at all the xs and the averaged
free surface velocity #, > 0 (Fig. 16). This follows also
from the mean temperature measurements on the free
surface (Fig. 13) and from relations (4) according to
which the quantity (67/6x), is negative at all xs and,
consequently, 7> 0 and (d4/8y), > 0. In the region
where thermocapillary periodic flows attenuate
(x = 100 mm, Fig. 16), (du/dy), = 1 s~ '. In the case
of a developed plane-parallel flow the velocity gradi-
ent due to thermocapillary forces, (8u/8y),, is equal to
0.73 s~ ' (Fig. 18(I)).

Figures 21(c)~(f) present the patterns of flow for

U, = Uy o+ U,

(In
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F1G. 15. The longitudinal temperature gradient (37/0x),, velocity gradient (du/dy), and the friction ./p at
a free surface as functions of x. 7, = 12s.

tt, =0, 1/4, 1/2, 3/4, respectively. The time of
exposure was about 0.8 s. The flow is of periodic
character. When ¢ = 0(Q = 0) a vortex near the heater
[Fig. 23(c)] originates which increases in size at
t/t, = 1/4[Fig. 21(d)]. At t/t, = 1/2(Q,, = 20) a com-
plex multi-vortex structure is observed [Fig. 21(e)].
As the loading decreases (Q = ), a one-vortex flow
develops near the heater [Fig. 21(f)] which decays
because of viscous dissipation, but not completely
[Fig. 21(c)].

Temperature fluctuations over the layer thickness
were measured for two cross-sections : x = 18.25 [Fig.
17(a)] and x = 31.6 mm [Fig. 17(c)]. With distance
from the free surface (x = 18.25 mm), the temperature
fluctuations have a complex, but periodic, character :
at y = 0.78-0.41 high-frequency components appear
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F16. 16. Maximum (1), mean (2) and minimum values of
1,/p, (0u/dy)s, (6T/0x), on a free surface. ¢, = 12 s.

relative to the base frequency /= 1/12 Hz. This seems
to be associated with the process of the development
and decay of large-scale vortex flow [Figs. 21(c)—(f)].
When y < —0.76, a 180° phase shift of T, is observed.
At the cross-section x = 6.5/ [Fig. 17(b)] the tem-
perature fluctuations have a strict periodic character
and when y < —0.6, a 180° phase shift is observed.

Mean, maximum and minimum temperatures over
the layer thickness at different distances from the
heater are presented in Figs. 18(IIT) and (IV). When
y > 0.9, the amplitude of temperature fluctuations
varies insignificantly and, consequently, the free
surface temperature can be measured rather accu-
rately [Figs. 18(II) and (IV)]. At the junction of
two flow regions an increase in the amplitude of
temperature fluctuations is observed [y = —0.3;
x = 18.25 mm ; Fig. 18(1V); Figs. 21(c)—(f)].

Far from the heater, the temperature and velocity
profiles have a developed steady-state character and
here the solutions (5)(7) are valid [Figs. 18(I) and (1D)].

4. The limit of propagation of periodic flows (x,)

As is shown by investigation, periodic flows mainly
decay in a time commensurable with the period of
heat flux fluctuation. For example, when ¢, =3 s,
0=21.04 W m~' and the maximum temperature
phase shifts by one period (¢,/1, = 1), to which there
corresponds x = 27.5 mm, the amplitude of tem-
perature fluctuations AT,, = T — Toin 1S €qual to
0.2°C which constitutes 7% of the amplitude AT, at
x = 2.25 mm (Figs. 5 and 6); for ¢, = 125, @ = 27.5
W m~' and the phase shift 7,/t, =1 (x = 83 mm),
AT, = 0.1°C which constitutes only 6% of the ampli-
tude at x = 2.25 mm (Figs. 13 and 14). It will be
assumed as a first approximation that the path of a
periodic perturbation near the free surface x, (from
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F16. 17. Periodic variations of temperature (¢, = 12 s) depending on y. (a) At x = 18.25mm: 1, y = 0.97;

2, y=089; 3, y=0.78; 4, y=041; 5, y= —0014; 6, y=—029; 7, y= —061; 8, y= —0.76;

9, p=—088. (b)) At x=31.6mm: 1, y=1;2 y=042; 3, y=022; 4, y= —0.16; 5, y = —0.35;
6,y=—049;7,y=—-068;8,y=—081.
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FiG. 18. Temperature and velocity profiles in the layer with 2/ =9.7mm, § =27.5Wm™', ¢, = 125. (I)

The velocity profile of a developed flow. Dots, experimental values at x = 180 mm, AT = 2.4°C. Line,

calculation by equation (6). (IT) The temperature profile at x = 175 mm, AT = 2.4°C, T, = 5.8°C. Line,

calculation by equation (7). Dots, experimental values. (III) The profile of mean (1), minimum (2) and

maximum (3) temperatures at x = 31.6, AT = 2.4°C, T, = 6.65°C. (IV) The profile of mean (1), minimum
(2) and maximum (3) temperatures at x = 18.25, AT = 2.6°C, T, = 6.7°C.
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Fi1G. 19. Dependence of the amplitude of periodic temperature
fluctuations on x.

1o 1] 21
No. (5) (Wm™") (mm)

Rax107% —Max1073
1 2 22.5 10.9 2.73 10
2 3 21.04 10.1 2.1 9.2
3 4 14.6 10.4 1.82 7.3
4 8.1 14.6 10.1 1.7 7.1
5 12 275 9.7 2,37 11
6 35 225 10.9 e —

the heat source up to complete attenuation) is pro-
portional to the path of a signal in the form of the
jump of power @ for the time commensurable with
the period of heat flux ; in this case x, ~ ,u,. Assume
the period of fluctuations to be large enough for the
process to be considered quasi-steady at ¢t = ¢, and
the terms /0t to be neglected as compared with the
convective terms and the friction force in equations
written in the boundary-layer approximation. Then,
for adiabatic horizontal surfaces in the absence of
the effect of thermogravitational forces (y = 0) the
velocity scale in the boundary layer near the free sur-
face in the case of thermocapillary convection will be

b 3 1/2
NEAL
PCRHX

Then the path of attenuation of periodic per-
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FiG. 20. Dependence of the path of attenuation of periodic
perturbations on the period ¢, and amplitude of the power Q.
1 and 2, experimental values.

turbations is

bO 2
Xy~ 1 Q ) (13)
PCoX,
Relation (13) can be restated as
3
2~ x{"’ ;g) (14)
and also as
13
xo(zgi’;> = const. (15)

Figure 19 presents the dependence of the amplitude
of periodic perturbations on x for different z, and Q.
The length of decay of the periodic perturbation (x,)
was determined from Fig. 19 from the intersection of
the averaging relation AT, = f(x) with the axis x. The
results of experimental investigations were presented
in the form of relations (14) and (15). It follows from
Fig. 20 that

x(pucy /b0 = 2.1;

xo(p#cp/bQ—)”3 = 2~1t02/3- (16)

Thus, according to experimental investigations
[Fig. 20, relations (14)-(16)], the propagation of per-
iodic perturbations near a free adiabatic surface is
mainly governed by thermocapillary forces. Ther-
mogravitational flows for frequencies above 1/35 Hz
are inertial and do not exert a noticeable effect on
the attenuation path length (x,) of periodic thermo-
capillary flows. In the vicinity of a free, thermally
insulated surface, 0T/dy = 0, the liquid is in the con-
ditions of neutral stratification and the structure of
periodic flow is basically determined by thermo-
capillary forces. Thermal gravitational forces will
influence periodic flows in the layer where 0770y > 0
and the conditions for stable stratification are present.

CONCLUSIONS

In the conditions of periodic flow the interaction
of thermocapillary and thermogravitational forces
appears to be complex because of different inertias:
at large values of 7, the structure of flows is determined
by the interaction of these forces, with the trends in
this interaction for ¢, — oo corresponding to those of
the steady-state flow.

It is shown experimentally that for 1, < 35 s the
propagation of periodic flow is mainly determined by
thermocapillary forces, whereas the steady-state flow
is determined by the interaction of thermocapillary
and thermogravitational forces. The structure of ther-
mocapillary periodic flows has been studied.
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FiG. 21. The fluid flow patterns near the heater. (a) Steady-state power § =21 W m™', 2/ = 10.1 mm.
(b) Periodic power at time t=t,/2, t,=3 s, 0 =21.04 W m~', 2/=10.1 mm, Ra
Ma = —9.2x10°. Periodic power § =27.5Wm~', 1, = 125, Ra = 2.37x 10*, Ma = — 1.1 x 10*. (c) = 0.

(d) ¢, = t,/4. () t = 1,/2. (f) £ = 31,/4.
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ECOULEMENTS PERIODIQUES THERMOCAPILLAIRES

Résumé—On décrit des études expérimentales de la structure des écoulements thermocapillaires périodiques
formés a partir de variations périodiques du flux thermique d’une source linéaire située sur une surface
libre. Les écoulements périodiques se développent dans une couche plane horizontale avec des surfaces
horizontales adiabatiques. Les champs de température sont mesurés a différents instants et amplitudes du
changement de flux thermique. Les gradients instantanés et moyens de température sont mesurés le long
d’une surface libre et aussi le frottement sur la surface. Les limites de la propagation des perturbations
périodiques dépendent de amplitude et de la période du changement. On montre que pour ¢, > 35 s les
forces thermogravitationnelles n’exercent pas un effet sensible sur la propagation d’un écoulement
périodique le long de la surface libre.

PERIODISCHE GRENZFLACHENSTROMUNGEN

Zusammenfassung—In diesem Bericht werden experimentelle Untersuchungen iber periodische Grenz-
flachenstromungen vorgestellt, die durch periodische Variation der Warmestromdichte einer linienfor-
migen Quelle an einer freien Oberfliche erzeugt werden. Die periodischen Stromungen entstehen in einer
ebenen horizontalen Schicht mit adiabaten horizontalen Begrenzungsflichen, deren Verhalten hinsichtlich
Konvektionsstromungen in groBerer Entfernung von der Wirmequelle bekannt ist. Es werden die
Temperaturfelder bei unterschiedlicher Amplitude und Schwingungsdauer der periodisch wechselnden
Wirmestromdichte ermittelt. Momentane und gemittelte Temperaturgradienten entlang einer freien Ober-
fliche, und damit auch die Reibung, werden gemessen. Die Grenzen der Ausbreitung der periodischen
Strémungen werden anhand der Amplituden- und Periodendnderungen ermittelt. Es zeigt sich, daB fiir
Periodendauern von ¢, < 35 s. Auftriebskriifte keinen entscheidenden EinfluB auf die Ausbreitung einer
periodischen Stromung entlang der freien Oberfliche haben.

TEPMOKAIUIIAPHBIE NEPUOIUYECKHWE TEUEHHA

Annorauns—IIpeacTaBneHbl 3KCIEPUMEHTANbHBIC MCCIEAOBAHHA CTPYKTYPhl NEPHOJHYECKHX TEPMOKa-
MMJLIAPHBIX TeYeHHH, BO3HHMKAIOLIMX BCJIEACTBHE MEPHOAMYECKHX H3MEHEHHH TEILUIOBOW Harpy3k Ha
JIMHEHHOM MCTOYHMKE, PACIIOJIOXKEHHOM Y CBOGOIHOM moBepXxHOCTH. Pa3BHTHE MEpHORMYECKHX TEUeHHH
HOPOHCXOAMUT B IUIOCKOM TOPH30HTaJbHOM CIO€ C a/HabaTHYECKMMH TOPH3OHTAJILHLIMH TOBEPX-
HOCTSIMH, [JI5l KOTOPOTO H3yYeHBbI 3aKOHOMEPHOCTH KOHBEKTHBHOTO TEYEHHS BJAJIH OT HCTOYHHKOB
Tera. U3Mepensl NS TeMIepaTypbl [IPH pa3jIMYHbIX MICPHOAAX H AMIUIMTYAAX H3MEHEHHS TEMJIOBOH
Harpy3ku. M3sMepeHbl MTHOBCHHBIE M CpEAHHE IPAaIHCHTEI TEMIEPATYPhl BAOJL CBOGOAHOH TOBEPXHOCTH
H, CJIE0BATEILHO, TPEHHUE HA NOBepXHOCTH. HalifieHbl rpaHuIIbl PaCIPOCTPAHEHHS NEPHONIHIECKUX BO3-
MYLLEHHUH B 3aBUCHMOCTH OT aMILIMTYAbI ¥ TIEPHOJA H3MCHEHHA Harpyaku. [lokasano, uto npu t, < 35¢
TEpPMOTPABHTALMOHHbIE CHIbl HE OKAa3lbIBAIOT 3aMETHOTO BJIMAHMS HA PACHPOCTPAHEHHE MEPHOIMYEC-
KOTrO T€4eHHUs BAOJIL CBOGOIHON NOBEPXHOCTH.



