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Water has been examined for thermocapillary convection while maintained just outside the mouth of a
stainless-steel, conical funnel where it evaporated at different but steady rates. Evaporation at a series of
controlled rates was produced by reducing the pressure in the vapor-phase to different but constant values
while maintaining the temperature of the water a few millimeters below the interface at 3.56±0.03 °C in each
case. Since water has its maximum density at 4 °C, these conditions ensured there would be no buoyancy-
driven convection. The measured temperature profile along the liquid-vapor interface was found to be approxi-
mately axisymmetric and parabolic with its minimum on the center line and maximum at the periphery. The
thermocapillary flow rate was determined in two ways:(1) It was calculated from the interfacial temperature
gradient measured along the interface.(2) The deflection of a 12.7-mm-diameter, cantilevered probe inserted
into the flow was measured and the liquid velocity required to give that deflection determined. The values
determined by the two methods agree reasonably. As the vapor-phase pressure was reduced, the thermocapil-
lary flow rate increased until a limiting value was reached. When the pressure was reduced further, certain of
the variable relations underwent a bifurcation and the power spectrum of the probe displacement indicated it
was a periodic function with frequency locking. These results suggest that thermocapillary flow plays an
important role in the energy transport near the interface of evaporating water. In particular, it appears that the
subinterface, uniform-temperature layer, reported in earlier studies, results from the mixing produced by the
thermocapillary flow. The Stefan boundary condition is often applied to determine the energy flux to an
interface where phase change is occurring; however, when there is strong convective flow parallel to the
interface, the normal Stefan condition does not give an adequate description of the energy transport.
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I. INTRODUCTION

Thermocapillary(or Marangoni) convection in many liq-
uids has been observed[1], but for pure water its existence
has been contentious. Barnes and Hunter[2] have reported
water evaporation experiments in which the Marangoni num-
ber was much greater than the critical value[3,4], and thus,
thermocapillary convection should have been present but its
effects were not observed. Cammengaet al. [5] have pointed
out the absence of experimental evidence supporting the ex-
istence of thermocapillary convection for water, and in recent
studies of another substance(SF6) Garraboset al. [6] re-
ported that even though a temperature gradient along an in-
terface was thought to be present no thermocapillary convec-
tion was observed. The mechanism by which a temperature
gradient can exists along a liquid-vapor interface without
producing thermocapillary convection has not been estab-
lished, although it is usually assumed that impurities accu-
mulating at the interface of water are responsible(e.g., Ref.
[7]). But this mechanism has not been experimentally estab-
lished, and careful experiments[5] with pure water have
been conducted in which it is hard to imagine that impurities
could be responsible for the absence of thermocapillary con-
vection.

We note that evidence supporting the absence of ther-
mocapillary convection for water has been indirect, in the

sense that the temperature along a liquid-vapor interface was
not directly measured[2,5–7]. Our hypothesis is that ther-
mocapillary convection occurs in water if there is a tempera-
ture gradient along the liquid-vapor interface. To explain the
previous observations that did not observe thermocapillary
convection of water when it was expected, our hypothesis
suggests that the temperature field at the liquid-vapor inter-
face during water evaporation was different than that as-
sumed.

In support of our hypothesis, we note that earlier studies
of water evaporation[8–12] provided indirect evidence of
thermocapillary convection, and indicated a temperature dis-
continuity at the liquid-vapor interface in which the interfa-
cial temperature in the vapor was greater than that in the
liquid phase by as much as 7.8 °C. This temperature discon-
tinuity was not considered by any of the previous investiga-
tors, to our knowledge.

In previous experiments, the temperature profile on the
center line of evaporating water indicated the presence of
“mixing” near the interface. The circumstance under which
the previous measurements were made is indicated schemati-
cally in Fig. 1(a) [12]. The water-vapor interface was main-
tained just outside the mouth of a conical funnel. Water was
pumped in the bottom of the funnel at the same rate as the
water evaporated. The temperature at the funnel throat was
maintained constant. The measured center line temperature
immediately below the interface in the liquid phase as a
function of depth was approximately uniform. The maximum
depth of the uniform-temperature layer was,0.5 mm. Be-
low the uniform-temperature layer, the temperature-depth
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profile indicated thermal conduction from the funnel throat
to the bottom of the uniform-temperature layer, but the
mechanism of energy transport across the uniform-
temperature layer to the interface(where the phase change
process was occurring) was unclear. One mechanism that has
to be considered is thermocapillary convection.

To investigate this mechanism, a funnel and cooling sys-
tem, indicated schematically in Fig. 1(b), have been devised.
In the experiments reported herein, the maximum tempera-
ture of the water in the funnel was at the funnel throat and
was less than 4 °C—the temperature at which water has its
maximum density. The water at the funnel mouth was evapo-
rated at a steady rate by controlling the vapor-phase pressure.
This evaporation cooled the water at the funnel mouth to
temperatures well below the temperature at the funnel throat.
Since the density of water decreases with decreasing tem-
perature for temperatures below 4 °C the lightest liquid was
at the top of the funnel; thus, there would have been no
potential for the buoyancy-driven convection. Any observed
effects of convection in these experiments could only come
from thermocapillary convection.

A necessary condition for thermocapillary convection to
be present is that a temperature gradient exists parallel to the
water-vapor interface. In the previous experiments, the tem-
perature as a function of depth was measured only on the
center line[8–12]. In the modified apparatus, the temperature
profile parallel to a spherical(pure) water-vapor interface can
be measured as the water evaporates under steady-state con-
ditions while maintained at the circular mouth of a stainless-
steel funnel[Fig. 1(b)]. The temperature measurements indi-

cate an axisymmetric, parabolic temperature profile along the
interface with the minimum on the funnel center line and
maximum at the periphery(see below). Thus, the Marangoni
effect would induce fluid motion from the periphery toward
the center line.

Two methods for determining the fluid speed parallel to
the interface have been investigated. In one, the measured
temperature gradient parallel to the surface is used to calcu-
late the fluid speed, and in the other a 12.7-mm-diameter,
metal cylinder mounted as a vertical, cantilever beam
(52 mm in length) was inserted 40mm into the liquid phase
while the water evaporated steadily. By measuring the de-
flection of the cylinder tip, the mean fluid speed could also
be inferred. In a series of evaporation experiments, the val-
ues of the fluid speed determined by the two methods are
found to agree(surprisingly) well. These results strongly
support the existence of thermocapillary flow for pure water.

Also, the measured temperature profiles in the liquid and
vapor-phases allow the heat conducted to the interface from
each bulk phase to be determined. Both of these modes of
energy transport are accounted for in the Stefan condition
[13,14] but this condition neglects the energy convected par-
allel to the interface(see below). In a series of nine experi-
ments, we find that the Stefan condition accounts for only an
average of 52±12 % of the total energy required to evaporate
the liquid at the measured rate. Thus, since the buoyancy-
driven convection is absent in the experiments we report,
thermocapillary convection appears to be an important en-
ergy transport mechanism during evaporation, and if ther-
mocapillary convection of water is neglected, conservation
of energy would not be satisfied. This also points towards the
presence of thermocapillary convection in pure water.

An unexpected observation is the oscillation of the canti-
lever probe during steady-state evaporation. These oscilla-
tions indicate that even at the lowest evaporation rate con-
sidered, the flow parallel to the surface is oscillatory, and at
higher rates of the evaporation the flow becomes turbulent.
This turbulent transition is accompanied by a bifurcation in
the relations between the variables that, at lower evaporation
rates, was one to one. And the power spectrum of the probe
oscillations indicate much stronger oscillations at new char-
acteristic frequencies, but also that continuum of frequencies
are present in the flow after the turbulent transition.

Oscillatory flow induced by buoyancy-driven convection
during evaporation of liquids other than water have been
previously reported[15,16], but we emphasize that the oscil-
latory flow we report was observed in the absence of any
buoyancy-driven convection and our observations are for
water. Also, “interfacial turbulence” induced by the absorp-
tion of one liquid by another has been previously reported,
but Sternling and Scriven point out that the term “turbu-
lence” was used only descriptively at that time.(“Both
highly irregular and more or less ordered flows originating in
the interface are included in the name”[17].) The general
understanding of turbulence is somewhat different now. We
choose the term turbulence to describe the flow because(l)
the variables bifurcate when the turbulent transition occurs,
(2) the magnitude of the flow oscillations are larger in the
turbulent flow regime, and(3) the power spectrum indicates

FIG. 1. (a) A schematic of the experimental apparatus used to
measure the uniform-temperature layer is shown[12], along with a
sketch of the temperature profile measured on the centreline. Note
the uniform-temperature layer immediately below the interface and
the temperature discontinuity at the phase boundary.(b) Schematic
of the stainless-steel funnel used in the present experiments.
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new dominate oscillations and a continuum of oscillations in
the interfacial flow after the turbulent threshold is reached.

II. EXPERIMENTAL METHODS AND RESULTS

The water used was deionized, distilled, nanofiltered, and
then transferred into a glass container where it could be de-
gassed before being pumped into the evaporation chamber
that is shown schematically in Fig. 2. This preparation pro-
cedure gave water with a resistivity of 18.23106 V cm, and
a surface-tension that was within 0.3% of the documented
value. Once the water had been degassed, it was transferred
(without exposure to air) directly into a glass and Teflon
syringe that was mounted in a syringe pump. The pump
could push water at a carefully controlled rate through
stainless-steel tubing into the bottom of the stainless-steel
funnel [Fig. 1(b)] that was mounted in the chamber. Water
just outside the mouth of the funnel could be viewed from
outside the chamber with a cathetometer and exposed to a
reduced pressure.

This chamber with the funnel enclosed was used to run
two sets of steady-state evaporation experiments. In the first,
a U-shaped(25.4-mm-diameter) thermocouple was mounted
on a positioning micrometer that could move the thermo-
couple in three-dimensions. Two cathetometers were placed
so the position of the thermocouple could be measured from
outside the chamber. Another thermocouple(enclosed in
0.81-mm-diameter stainless-steel sheath) was permanently
placed near the(1.12-mm–diameter) throat of the funnel
[Fig. 1(b)]. In each experiment, a water-vapor interface was
maintained outside the mouth of the stainless-steel funnel. Its
maximum height above the funnel mouth,z0, was approxi-
mately 1 mm in each experiment, and the funnel mouth ra-

dius,xm, was 3.5 mm For these values ofz0, the water-vapor
interface may be approximated as spherical. Its area is then
psz0

2+xm
2 d.

In the second set of experiments, the U-shaped thermo-
couple was replaced with a metal cylinder mounted as a can-
tilever on the positioning micrometer. The cylindrical probe
was approximately vertical. Its lower tip could be immersed
in the liquid phase by a controlled amount and at a chosen
horizontal distance from the center line. During each of the
second set of experiments, the position of the probe as a
function of time was recorded with a video camera mounted
on the telescope of the cathetometer.

A. Experimental procedure

In preparation for an experiment, the evaporation cham-
ber, tubing and syringe were evacuated for 12 h. The cham-
ber reached a pressure of,10−5 Pa using the turbomolecular
and mechanical-backing pump. The gas phase was monitored
with a mass spectrometer(SRS® Model RGA 200) both be-
fore and after each experiment to ensure no oil vapor from
the pumping system entered the evaporation chamber.

After degassed water was introduced into the syringe, the
syringe pump was advanced until the liquid-vapor interface
had a height of,1 mm above the mouth of the funnel. To
prevent subsequent bubble nucleation, the chamber was then
subjected to a period of pressurization. Nitrogen was admit-
ted to the chamber and the pressure maintained at,42 kPa
for a period of 6 h. Afterwards, the water in the tube that had
been present in the funnel and in the tubing during the pres-
surization were flushed out and into the chamber. The cham-
ber was dried by evacuating it with the mechanical vacuum
pump.

The syringe pump was advanced to bring the liquid-vapor
interface back to a position ofz0 above the mouth of the
funnel. Ideally, at this time there would have been only water
and its vapor present in the chamber. The conditions in the
two sets of experiments are listed in Tables I and II.

With the liquid at the mouth of the funnel, the liquid at the
funnel throat was brought to 3.56±0.03 °C and maintained
constant at that value. A steady-state evaporation rate was
established by adjusting a metering valve that connected the
chamber to the vacuum system while the syringe pumping
rate was set at a particular value. This process was continued
until the position of the liquid-vapor interface did not move
by more than ±10mm during the course of an experiment.
When this was achieved the system was judged to be oper-
ating in steady-state. Under this condition, the rate at which
water was pumped into the bottom of the funnel was equal to
the rate at which the evaporation was taking place. The sy-
ringe pumping rate could then be measured by determining
the change in the syringe plunger positions±10 mmd during
the steady-state period. The pressure was measured with a
pressure transducer(Omega PX8ll-005GAV) positioned
,19.0 cm above the liquid-vapor interface. The mean
evaporation flux measured in each of the experiments is
listed in Tables I and II.

B. Temperature and pressure measurements—the control
variable

After the liquid was evaporating under steady-state con-
ditions, the temperature in the two phases was measured on

FIG. 2. Evaporation chamber and associated equipment that
were used to perform steady-state water evaporation experiments.
The funnel indicated in Fig. 1(b) was put at the position indicated.
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the funnel center line and in one horizontal direction at hori-
zontal distances of 0.7, 1.4, 2.1, and 2.8 mm from the center
line, and at different vertical positions at each horizontal po-
sition. At each position, the temperature was recorded every
second for a period of approximately 1 min(by a Labview
program and a Hewlett Packard Data Acquisition/Switch
Unit, 34970A). The mean and standard deviation were then
calculated. The interfacial values on the center line are listed
in Table I.

Once the temperature had been measured in one horizon-
tal direction and without opening the system or changing the
experimental conditions, the thermocouple positioner was ro-
tated 90° and the temperature measured in a second horizon-
tal direction. In this case also, the temperature was measured
on the center line and at horizontal distances of 0.7, 1.4, 2.1,

and 2.8 mm from it and at different vertical positions. When
the temperature was measured at a position, the pressure was
also measured, using a pressure transducer(Omega PX811-
005GAV). All of the pressures measured during an experi-
ment were averaged to establish the mean(±SDV, Table I).

In each experiment of both sets, the pressure in the vapor-
phase,PV, the evaporation rate,Jev, and the temperature of
the water at the funnel throat,Tth, were measured. The mean
evaporation flux,jev was calculated from the directly mea-
suredJev and the area of the liquid-vapor interface. In the
second set of experiments, the values ofTth,PV,z0, and jev
were chosen to have approximately the same values as one of
the experiments conducted when the temperature field was
measured. The measured values of these variables are listed
in Tables I and II.

TABLE I. Thermal conditions measured in liquid and vapor-phases during steady-state evaporation.

Experiment: EV1 EV2 EV3 EV4 EV5 EV6 EV7 EV8 EV9

Vapor phase
Press./(Pa)

776.1±12.6 698.8±11.9 599.0±9.9 499.7±8.5 397.9±6.8 299.7±7.1 271.3±5.1 268.4±5.3 247.5±4.5

Intf. Ht.
(mm)

1.00±0.01 1.05±0.01 1.01±0.01 0.96±0.01 1.00±0.01 1.01±0.01 1.00±0.01 1.00±0.01 0.99±0.01

Avg. Evap.
Flux/
sg/m2 sd

0.407±0.006 1.002±0.011 1.371±0.015 1.788±0.018 2.544±0.025 3.378±0.031 3.026±0.028 4.242±0.039 3.421±0.032

Throat
temp/s°Cd

3.52±0.05 3.51±0.05 3.59±0.04 3.56±0.03 3.60±0.04 3.54±0.03 3.59±0.05 3.59±0.10 3.57±0.03

TI
V/s°Cd 4.73±0.02 3.37±0.02 1.84±0.05 −0.20±0.05 −2.65±0.05 −5.66±0.02 −7.19±0.04 −7.59±0.06 −7.31±0.08

TI
L/s°Cd 2.73±0.03 1.11±0.02 0.53±0.03 −2.82±0.03 −6.04±0.03 −9.67±0.03 −11.61±0.03 −12.06±0.04 −11.86±0.03

Unif.-
Temp.
Layera/
(mm)

0.35±0.01 0.17±0.01 0.13±0.01 0.09±0.01 0.07±0.01 0.07±0.01 0.05±0.01 0.05±0.01 0.05±0.01

Tangential
Speed
(mm/s)

0.126±0.000 0.433±0.005 0.417±0.001 0.615±0.004 0.549±0.005 0.534±0.001 1.123±0.004 0.722±0.014 0.934±0.002

aOn the center line.

TABLE II. Thermal conditions existing when the thermocapillary speed was measured.

Experiment: EV10 EV11 EV12 EV13 EV14 EV15

Vapor-phase pressure(Pa) 820.1±12.5 599.1±11.2 500.3±8.2 399.4±6.8 299.7±5.1 274.3±4.2

Max. interface height/(mm) 1.00±0.01 1.01±0.01 1.00±0.01 1.00±0.01 1.00±0.01 1.00±0.01

Evaporation fluxsg/m2 sd ;0 1.466±0.011 2.002±0.014 2.669±0.018 3.403±0.023 3.537±0.024

Throat temperature TC3s°Cd 3.55±0.04 3.57±0.03 3.58±0.04 3.58±0.05 3.54±0.05 3.54±0.05

Probe positionsxp/xmd 0.485 0.468 0.463 0.469 0.460 0.451

Mean probe deflection,yMax/pixels 0 2.02±0.68 1.97±0.94 2.00±1.20 1.70±0.91 2.60±1.40

Probe amplitude/(pixels) 0 3±1 3±1 4±1 4±1 6±1

Tangential speed(mm/s) 0 0.63±0.20 0.57±0.26 0.53±0.30 0.40±0.20 0.57±0.28

Probe modulus of elasticity: 141.13±0.79 GN/m2 and density 8.733103 kg/m3

Probe length,L :52 mm

Probe diameter:Dp:12.7mm

Probe immersion depth:Id:40 mm
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As PV was reduced from 776 Pa(EV 1) to 300 Pa(EV 6),
the interfacial temperature became progressively more para-
bolic. In each case, the minimum interfacial temperature oc-
curred on the center line and the maximum at the periphery.
For the latter experiment, the measured conditions near the
interface are shown in Fig. 3. The depth of the uniform-
temperature layer was a maximum on the center line, and the
interfacial temperature discontinuity was approximately uni-
form at 4 °C. Thus, the interfacial vapor temperature was
approximately parallel to that of the liquid, but,4 °C above
it.

The temperature measured as a function of depth in the
experiment conducted at 300 Pa(EV 6) is shown in Fig. 4.
Note the “uniform” temperature layer. To a depth of
,0.1 mm, there was no statistical difference between the
measured temperatures. The temperature profile below the
uniform-temperature layer was again observed to have a con-
stant gradient[8]. Thus, thermal energy was being conducted
to the uniform-temperature layer, but the mechanism by
which it crossed the uniform-temperature layer was not ther-
mal conduction. The dashed line was simply drawn through
the mean values of the temperature measurements. The error
bars were calculated from the standard deviation of the mea-
sured temperature and are not visible on this scale.

The temperature at the throat in this experiment was
3.54±0.03 and −9.67 °C at the interface on the center line.
Thus, the liquid temperature was below 4 °C and decreased
with height. Since the density decreases with temperature in
this temperature range, there would not have been any

buoyancy-driven convection. The experimental conditions in
each of our experiments were similar to those indicated in
Fig. 4. Thus, buoyancy driven convection was absent in each
of them.

Similar interfacial liquid temperature profiles were ob-
served when the pressure was reduced below 300 Pa. But as
indicated in Fig. 5, at these lower pressuresPV no longer acts
as the control variable forjev. For PV greater than 300 Pa,
there is a one-to-one relation betweenjev and PV, but for
smaller values ofPV, more than one value ofPV is indicated

FIG. 3. The abscissa indicates the position measured from the
center line in each of two horizontal directions separated by 90°.
The upper ordinate gives the interfacial liquid temperature. The
middle ordinate gives the thickness of the uniform-temperature
layer and the lower ordinate gives the interfacial temperature dis-
continuity. For this experiment, water was evaporating at a steady
rate of 3.378±0.031 g/m2 s, and the pressure in the vapor phase
was 299.7±7.1 Pa.

FIG. 4. Measured temperature profile on the center line in the
liquid and vapor-phases when water was evaporating with an aver-
age flux of 3.378±0.031 g/m2 s. The vapor-phase pressure was ap-
proximately 300 Pa.

FIG. 5. The evaporation flux measured as a function of the
vapor-phase pressure during steady-state water evaporation. Note
that for pressures below 300 Pa, the vapor-phase pressure no longer
acts as the control variable.
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to give the same value ofjev. We emphasize that in all ex-
periments the temperature at the funnel throat was main-
tained at 3.56±0.03 °C. The bifurcations in the other experi-
mental variables are discussed in subsequent sections.

C. Tangential fluid speed from the surface-tension gradient

When there is a gradient in the interfacial liquid tempera-
ture, such as that found in these experiments(see Fig. 3), the
Marangoni effect would be expected to give rise to convec-
tive flow from the periphery toward the center line. To cal-
culate the magnitude of the fluid speed parallel to the liquid-
vapor interface, we suppose the liquid phase may be
approximated as incompressible, its shape as spherical with
radiusR0 and as having axisymmetric properties.

The interfacial radius is given by

R0 =
xm

2 + z0
2

2z0
.

If the motion of the fluid is approximated as quasisteady, the
shear stress in spherical coordinatessr ,u ,fd at the interface
in the iu direction,srusR0,ud would be balanced by the gra-
dient in the surface-tension,gLV which we assume to depend
only on temperature:

¹gLV · iu =
1

R0
SdgLV

dTI
L DdTI

L

du
. s1d

The shear stress at the interface of the axisymmetric liquid
phase may be expressed in terms of the angular and radial
components of the velocity,vu and vr and the viscosity,h
[18]:

srusR0,ud = hUS1

r

] vr

] u
+

] vu

] r
−

vu

r
DU

r=R0

. s2d

We shall neglect the variation ofvr with u, and define the
variablex as

x ; lnS r

R0
D . s3d

then Eq.(2) may be written

srusR0,ud = hF ]

] x
Svu

r
DG

x=0
. s4d

After equating Eqs.(4) and (1), one finds

F ]

] x
Svu

r
DG

x=0
=

1

hR0
SdgLV

dTI
L DSdTI

L

du
D . s5d

A series expansion may be used to obtain an expression for
vu/r at a radial position near the interface,R0− l ø r øR0. We
take the value ofl to be wherevu vanishes. Whenr has the
value sR0− ld, x would have the value. lns1−l /R0d. If only
the first two terms in the expansion are retained:

Fvu

r
G

x=lns1−l/R0d
= Fvu

r
G

x=0
+ F ]

] x
Svu

r
DG

x=0
flns1 − l/R0dg.

s6d

By definition of l, the left-hand side of the Eq.(6) vanishes.
To estimate the value ofl the nature of the flow in the

unstirred layer may be considered. The measured tempera-
ture profiles indicate that in each experiment the thermocap-
illary flow at the interface will be directed toward the center
line. At some depth, the conservation of mass principle
would require the angular speed to be in the opposite direc-
tion. Between these two positions,vu must vanish. If the
thickness of the uniform-temperature layer is denoted asdu
and this layer is assumed to be generated by the interaction
between the oppositely directed streams, then the position
wherevu vanishes would be approximately at the depth of
the uniform-temperature layer; thus, we shall assumel is
equaldu. From Eqs.(5) and(6), the speed at the interface is
given by

vusR0,ud = −
1

h
SdgLV

dTI
L DSdTI

L

du
Dflns1 − du/R0dg. s7d

The dependence ofTI
L on u may be determined from the

experimental data by assuming

TI
L = aT + bT sin2 u, s8d

and evaluating the coefficientssaT,bTd from the measure-
ments made in each experiment.

Also, the same approach may be used to determine an
analytical expression for the thickness of the uniform-
temperature layer. The value ofdu as a function ofu was
determined from curves such as that shown in Fig. 4. These
curves were obtained at each of the nine horizontal positions
where the temperature was measured as a function of height.
If it is assumed thatdu is of the form,

du = c0 + c1 sin2 u + c2 sin4 u, s9d

then, for each experiment, the values ofcjs j =0,1,2d may be
determined from measured values ofdu. When the empiri-
cally determined coefficient values are used in Eqs.(8) and
(9), the value of the angular speed may be calculated. To
examine the magnitude of the speed, the calculated values of
vu at the mid-point between the center line and the wall for
each experiment of the first set(Table) I are shown in Fig. 6
as a function ofPV. Note that the tangential speed at the
interface varies significantly withPV, reaching a maximum
of ,1 mm/s.

D. Probe measurement of the fluid speed

The values ofvu calculated from Eqs.(7)–(9) rely on the
measurements of the temperature profile and the thickness of
the uniform-temperature layer. A second method for deter-
mining the fluid speed is to use the measured deflection of
the probe and the elastic properties of the probe material. In
the second set of experiments, the same procedure was used
to establish a water-vapor interface at the mouth of the fun-
nel. The probe, attached as a cantilever on the positioning
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micrometer, was immersed into the uniform-temperature
layer at a depth of 40mm.

The force on the cantilever tip,Fc, required to produce a
defection there ofymax when the cantilever is of lengthL, has
a modulus of elasticityE and a diameterDp may be ex-
pressed as

Fc =
3pEDP

4ymax

64L3 . s10d

In the Oseen approximation, the low Reynolds number flow
of an incompressible fluid perpendicular to a cylinder of di-
ameterDp, and of infinite length produces a drag per unit
length [19], Fdrag of

Fdrag=
4phvu

0.077 + lnSrLvuDp

8h
D . s11d

If the probe is immersed to a depth ofId, then the total force
would be the product of this depth andFdrag. Since Id is
small compared to the cantilever lengths52 mmd, we ap-
proximate the drag force as being applied at the end of the
cantilever. After multiplying Eq.(11) by Id and equating the
result to Eq.(10), one finds an equation that relates the fluid
speedvu to the probe-tip deflectionymax:

vu −
3EIdymax

4phIdL
3 lnFrLDpvu

8h
G =

0.231EDp
4ymax

256hIdL
3 . s12d

In Eq. (12), we take the value ofymax be that resulting from
the mean tangential flow. There is also a fluctuating compo-
nent of the flow(as will be seen), but the measured tempera-
ture gradient along the surface is the steady-state gradient,
since its value is based on the time-average values of the

temperatures; thus, the flow corresponding to the measured
gradient would be the mean flow.

To determine the probe deflection, the image of the probe
was recorded just before the probe was immersed, and the
position of the probe tip relative to a position 160mm (31
pixels) above the probe tip was determined. After the probe
tip was immersed, the position of the probe was recorded
every 0.5 s for a period of 30 s using a video camera
mounted on a telescope, and the images were analyzed(NIH
Image 1.61/68 K and a AppleTM Quadra, 840 AV). From
each image, the position of the probe tip was determined at
each time relative to the position 160mm above the tip. The
change in the relative position of the probe tip following its
immersion is taken to be the value ofyMax at each of the
these 60 times. From these values, the mean,yMax and the
standard deviation for each experiment were calculated.
Their values are listed in Table II. Only the value ofyMax is
used in the calculation ofvu, but note that the fluctuations
about the mean are significant. The fluctuations are discussed
in Sec. III.

The tangential fluid speed calculated fromyMax using Eq.
(12) for each experiment in the second set is shown in Fig. 6
where they may be compared with the speed calculated from
the surface-tension gradient using Eqs.(7)–(9). Since the
probe was immersed into the liquid phase only 40mm the
probe would have only experienced the conditions in the
uniform-temperature layer. Thus, the values ofvu calculated
from it should correspond with the surface speed. Note that
the calculated mean speed obtained from the probe measure-
ments coincides with the value of the speeds determined
from the surface-tension measurements in two of the five
experiments, and the mean error in the five experiments was
18%. This agreement between the tangential speeds, calcu-
lated from the surface-tension gradient and determined from
the drag on the probe, strongly supports the existence of
thermocapillary convection for pure water.

E. Transition to turbulence in the uniform-temperature layer

The potential for inducing fluid flow tangential to the in-
terface by the Marangoni effect is the difference in the tem-
perature between the periphery and the center line, denoted
asDTR0:

DTR0 ; fTI
Ls2.8 mmd − TI

Ls0dg.

Two flow regimes within the uniform-temperature layer may
be identified on the basis ofDTR0 values. As seen in Fig. 7,
for values ofDTR0 less than 0.6° C, there is a one-to-one
relation betweenDTR0 and jev The value ofDTR0 is equal to
0.6 °C whenPV is 300 Pa, and becomes greater than 0.6 °C
whenPV is reduced below 300 Pa. Hence forDTR0,0.6 (or
PV greater than 300 Pa), DTR0 and jev have a one-to-one
relation. Also, in thisPV range, jev (Fig. 5) and vu (Fig. 6)
each bear a one-to-one relation toPV. Thus, the flow within
the uniform-temperature layer is possibly laminar for this
limited pressure range.

In Fig. 8, the measured amplitude of the probe oscillations
as a function of time is shown. In experiment EV 10, there
was no measurable evaporation rate, and there were no mea-

FIG. 6. Summary of the values of the liquid speed tangential to
the surface determined by two techniques during water evaporation
under steady-state conditions. Note the sudden change in the speed
when the vapor-phase pressure is reduced below 300 Pa.
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surable oscillations of the probe. In EV 11,PV was reduced
to 600 Pa and the measured value ofjev increased to
1.466 g/m2 s. The mean displacements±SDVd of the probe
toward the center line was 2.02±0.68 pixels(Table II). It
oscillated with a amplitude of ±1 pixel. Thus, it appears that

even at the smallest evaporation rate considered, the flow
within the uniform-temperature layer is not laminar but
oscillatory.

WhenDTR0ù0.6 sor PVø300 Pad, there are a number of
relationship changes. There is no longer a one-to-one relation
betweenPV and jev (Fig. 5). Neither is there one between the
mean tangential speed,vu and PV (Fig. 6), nor betweenjev
andDTR0 (Fig. 7). In each case, the relationship between the
variables could be described as undergoing a bifurcation in
the sense that what was a one-to-one relation between the
variables became a one-to-two relation. Note that for a given
PV, there is more than one value ofvu (Fig. 6). Sincevu is
not controllable by the macroscopic variables in this range of
parameters, the fluid motion is at least chaotic and possibly
turbulent. However, the bifurcations are not shear induced.
The Reynolds number is of order unity.

The power spectra of the probe oscillations for experi-
ments EV 14 and EV 15 are shown in Fig. 9. The spectrum
of EV 14 indicates oscillatory flow with the principal fre-
quency at 0.05 Hz, denoted asv1. However, there was lim-
ited energy associated with this frequency whenPV was
300 Pa orDTR0 was 0.6 °C and frequency oscillations were
damped out. The experiments conducted at higher pressures
(EV 11 through EV 13d also indicated oscillations were
present, but did not share this frequency.

WhenPV was reduced by 274.3 Pa, there was a dramatic
change in the spectrum(see Fig. 9). The power spectrum of
EV 15 indicates that the basic frequency at 0.05 Hz was
again present, along with a new and dominant frequency at
3v1 and a third and fourth frequency at 5v1 and 9v1. Such a
power spectrum corresponds to the probe displacement being
a periodic function with frequency locking[20]. (We limit

FIG. 7. Relation between the mean evaporation flux and the
temperature difference between the periphery and the center line.
Note the sudden change in the relation when the temperature dif-
ference is greater than 0.6 °C. This value of the temperature differ-
ence is reached when the pressure is reduced below 300 Pa.

FIG. 8. An image of the 12.7-mm-diameter metal probe im-
mersed in the liquid phase during experiment EV 11 is shown in the
upper illustration. The immersed probe underwent oscillations that
depended on the rate of evaporation, lower illustration. The experi-
mental conditions existing during experiments EV10, EV11, and
EV 15 are listed in Tables I and II.

FIG. 9. Spectrum of the probe oscillations. The probe oscillation
amplitude was sampled at 2 Hz. The vapor-phase pressure during
EV 14 was 297.7±5.1 Pa, but in experiment EV15 the pressure was
reduced to 274.3±4.2 Pa(Tables I and II).

CHARLES A. WARD AND FEI DUAN PHYSICAL REVIEW E69, 056308(2004)

056308-8



our attention to the portion of the spectrum less than 0.25
times the sampling frequency.) Thus, in this case, the fluid
motion was such that higher frequencies were not damped
out. Their presence indicates that the fluid motion was tur-
bulent and not just chaotic.

The natural frequency of the cantilevered probe,vN may
be estimated by equating the force on the probe tip[Eq. (10)]
to the product of the probe masspDp

2Lrp/4 with its accel-
erationymaxvN

2. One then finds

vN =
1

2p
S 3DP

2E

16L4rp
D1/2

. s13d

After inserting the values ofDp,L ,rp, andE that are listed
with Table II, one finds

vN = 1.3 Hz. s14d

This frequency is more than 25 times greater than the fre-
quencyv1 that appears with its harmonics in the spectra, and
vN is well outside the frequencies indicated to be character-
istic of the flow (see Fig. 9). Thus, v1 and its harmonics
appear to characteristic of the flow generated by water
evaporation.

III. DISCUSSION AND CONCLUSION

The mechanism by which the uniform-temperature layer
is produced immediately below the liquid-vapor interface ap-
pears to be the mixing resulting from the thermocapillary
flow in this layer(see Fig. 4). The fluid speed tangential to
the liquid-vapor interface was measured at only one point in
the uniform-temperature layer, but the temperature profile
suggests there would have been flow all along the liquid-
vapor interface directed from the periphery toward the center
line. At the center line, the mixing would have been the most
intense, and it was at this position that the thickness of the
uniform-temperature layer was the greatest(see Fig. 3). The
average fluid speed perpendicular to the liquid-vapor inter-
face, i.e., the average flow required by the evaporation was
small compared to the thermocapillary flow. For example, in
experiment EV 14 the average speed perpendicular to the
liquid-vapor interface averaged 3.4mm/s but the flow rate
tangential to the liquid-vapor interface was 400mm/s (Table
II ). Thus, there would have been a return-flow below the
interface from the center line toward the periphery. The in-
teraction between the thermocapillary and the return-flow
would have given rise to mixing.

The examination of the probe motion indicates that even
at the lowest evaporation rate examineds1.466 g/m2 sd, the
thermocapillary flow was oscillatory(see Fig. 8). As PV was
lowered, the speed of the thermocapillary flow increased(see
Fig. 6), but the uniform-temperature layer became thinner,
forcing a stronger interaction between the two streams, pos-
sibly giving rise to the growing oscillations in the flow and to
the transition to turbulence.

These measurements give a physical explanation for the
uniform-temperature layer, but the presence of the uniform-
temperature layer raises questions regarding the analytical
procedures that can be used to predict the temperature and

velocity fields near the interface. One of the basic questions
raised is that regarding the Stefan condition[13,14]. The
basis for this relation is conservation of energy. For example,
if one considers an element of volume, such as that shown in
Fig. 1(a) that encloses a portion of both the liquid and vapor-
phases, then provided the kinetic energy and viscous dissipa-
tion within the layer are negligible, conservation of energy
requires

rAL
srLhLvL − kL = TLd·dAL + rAV

s− rVhVvV

− kV = TVd ·dAV = S d

dt
DSE

VL

rLuLdVL +E
VV

rVuVdVVD ,

s15d

where enthalpy, internal energy, fluid velocity and the ther-
mal conductivity are denoted ash,u,v, and k, and a sub-
script L or V refers a property to the liquid or vapor phases.
The area of the enclosing surface is denoted asAi and the
volume asVi. If a limit of this equation is taken in which the
extent of the volume element normal to the surface is re-
duced to zero, Eq.(15) reduces to the conventional Stefan
condition [13,14]

− kLS ] TL

] nL
D

I

− kVS ] TV

] nV
D

I

= jevshV − hLd, s16d

where jev is the net evaporation flux.
Both s]TL /]nLd and s]TV/]nVd can be measured directly

(see Fig. 4) at each position where the temperature profile in
a bulk phase was measured and the values of the thermal
conductivities calculated at the interfacial position[21]; thus,
the validity of the Stefan condition can be examined. The
type of results obtained are shown in Fig. 10 which indicates
the energy flux through each bulk phase perpendicular to the
interface. This flux was calculated at a point from the mea-
sured temperature profiles at that point during experiment
EV 8 (see Table I). Strictly speaking, the energy flux through
the liquid phase evaluated at the interface would be zero
since s]TL /]nLdI vanishes there. The values shown for the
liquid phase were calculated from the temperature profile
measured at the bottom of the uniform-temperature layer. In

FIG. 10. Energy flux through each bulk phase as a fraction of
the total, average energy flux required to evaporate the liquid at the
measured rate.
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Fig. 10, the energy flux at a point through each bulk phase is
expressed as a fraction of the average, total energy flux re-
quired to evaporate the liquid,qev at the measured rate. The
enthalpy difference was determined from the tabulated value,
hfgsT3pd available at the triple point of water,T3p:

hV − hL = hfgsT3pd + cp
VsTV − T3pd − cp

LsTL − T3pd. s17d

One finds the value ofshV−hLd varies by less than 1% along
the liquid surface. Thus, the average total heat flux required
to evaporate the liquid is approximately given by

qev = shV − hLdJev/ALV, s18d

whereALV is given bypsz0
2+xm

2 d. Recall thatJev andz0 were
directly measured in each experiment(Table I).

The error bars shown in Fig. 10 indicate the difference in
the heat flux obtained from two temperature traverses that
were measured along the interface in two directions sepa-
rated by 90°. If the temperature field were perfectly axisym-
metric and the measurement perfectly repeatable, the error
bars would have been reduced to zero. In this experiment,
measurements were made on the centerline, and 0.7, 1.4, 2.1,
2.8, and 3.15 mm from it. The extrapolation, shown as a
dashed line in Fig. 10, was 0.35 mm in length. Note that at
no point do the fractional energy fluxes through the bulk
phases add up to be unity, as they would do if the energy
conducted through the liquid and vapor phases were suffi-

cient to evaporate the liquid at the measured rate. In this
particular experimentsEV 8d, the sum varies from,0.3 on
the center line to,0.8 at the periphery(Fig. 10).

By numerically integrating the results shown in Fig. 10,
one can calculate the total energy transport rate to the inter-
face for this experiment, EV 8. One finds that less than 50%
of the energy required to evaporate the liquid at the measured
rate is conducted to the interface through the bulk phases.
The remainder must be convected by the thermocapillary
flow from the funnel wall. Following a similar procedure, for
the other eight experiments described in Table I, one can
determine the fraction of the energy transported to the inter-
face by conduction. One finds that on average only 52±12%
of the energy transport rate comes from the conduction
through the bulk phases. Thus, the energy transport by ther-
mocapillary convection appears to play a major role in trans-
porting the energy required to evaporate the liquid.
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