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Abstract. Turbulent convection at aspect ratios from 0.06 to 2 is investigated in the laboratory with
evaporation experiments from vertical cylinders having different diameters and liquid levels. With alcohol,
only diffusive evaporation takes place. With water, for small diameters, evaporation proceeds by diffusion
whereas convective evaporation develops when the diameter is increased. This onset can be effectively
interpreted in terms of a viscous sidewall boundary layer, whose thickness ¢ varies with respect to the
available height h according to § /h = 3.4 Ra 0284001 yergus Rayleigh number Ra. The Sherwood number
Sh, analog of the Nusselt number, exhibits a power law variation Sh = 0.6 Ra%2"*%%2 for Ra varying
from 10* to 3 x 10%. The scaling observed in this case of an open boundary is thus similar to the scaling
measured in confined Rayleigh-Bénard convection.

PACS. 92.60.Jq Water in the atmosphere (humidity, clouds, evaporation, precipitation) — 47.27.-i
Turbulent flows, convection, and heat transfer — 47.27.5d Noise (turbulence generated) — 92.60.Ek Con-

vection, turbulence, and diffusion

1 Introduction

Turbulent convection is a subject of active research in fluid
dynamics, both because of the associated theoretical is-
sues and because of its importance in engineering, geo-
physical, or environmental applications [1,2]. In particu-
lar, Rayleigh-Bénard (RB) laboratory experiments, where
a closed box is heated from below and cooled from above,
have been fruitful in giving access to fundamental results
as well as to unexpected physics such as velocity fluctu-
ations [3] or chaotic mean wind reversals [4]. However,
while a unified framework for the scaling properties has
been recently proposed [5], the values of the scaling pa-
rameters, the nature of the boundary layers, and the effect
of the geometry of the cell, despite continued progress in
the experiments [6-8], still need to be assessed in details.
Furthermore, when considering situations such as, for ex-
ample, the turbulent mixing of air in a chimney or the
vertical access pit of an underground quarry [9], the ap-
plicability of the properties obtained from RB experiments
is not necessarily straightforward. In any case, values of
the aspect ratio, defined as the diameter over the height,
smaller than 0.5 have been rarely explored [10]. In this pa-
per, the results of evaporation experiments using vertical
open cylinders are presented, with the aim of studying the
links both to the RB system and to situations of practical
interest.
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Evaporation experiments with water or other liquids
have been fruitful tools to study the matter flux, analo-
gous to thermal flux, in various isothermal or adiabatic
forcing situations [11,12]. Such experiments offer interest-
ing features: the liquid flux is determined with precision
by weighing and sidewall conduction effects, known to be
a significant problem in the interpretation of RB experi-
ments [13,14], do not contribute in this case. In addition,
they allow the investigation of an open system, where the
interactions between plumes and mean wind must be dif-
ferent compared with the RB cell, especially at low aspect
ratios. In this work, standard glass or polymer measur-
ing beakers have been exposed in a ventilated laboratory
room for long periods of time, by contrast with previous
studies [11,12], thus averaging humidity and temperature
variations. In addition, results are presented after nor-
malization to the simultaneously measured diffusive flux,
thus removing part of the uncertainties associated with
the varying humidity conditions or the knowledge of the
boundary conditions.

Consider a tube of diameter d containing a liquid
whose level is defined by the distance h measured from
the upper rim, exposed to air in a stirred room character-
ized by a homogeneous vapor partial pressure py in the
air. The flux F', defined as the evaporative liquid mass loss
per unit time per unit area, includes a convective contri-
bution and a purely diffusive contribution Fp. The latter
is:
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Table 1. Summary of the parameters of the beakers and the
tube. The exponents correspond to power-law fits of Sh ver-
sus Ra (Fig. 6). P stands for Polypropylene, PMP for Poly-
methylpentene, Pg for Plexyglass and G for Glass.

Type Number Nature Diameter (mm) Exponent
Test tubes 15 G 8.3

10 mL 6 P 11.9

25 mL 5 P and G 16.3

50 mL 4 P 23.1

100 mL 6 P and G 27.2

250 mL 4 G 37.3 0.34
500 mL 5 P and G 49.7 0.32
1000 mL 6 G 59.5 0.31
2000 mL 3 G 79.2 0.28
4000 mL 3 PMP 102.1 0.24
Long Tube 1 Pg 80.3 0.24

where D is the diffusion coefficient of vapor in air
(2.1 x 107° m? s7! for water vapor), c, is the saturated
vapor concentration (17.3 g m~2 at 20 °C for water) and
RH = p,/ps, with p, and p, being respectively the vapor
partial pressure and the saturated vapor pressure (2337 Pa
at 20 °C) in air at saturation. The evaporative flux F¢ in
the presence of convection is written Fo = FpSh, where
Sh is the Sherwood number [11], analogous to the Nusselt
number of thermal convection [1]. The convection is con-
trolled by a forcing parameter, the Rayleigh number Ra,
defined as [11]:

o 3
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where p and p, are respectively the density of air in the
room and of air saturated with water with respect to dry
air, g the acceleration of gravity, and v is the kinematic
viscosity of air (15.9 x 1076 m? s~ at 20 °C).

2 Evaporation experiments

More than 40 cylindrical measuring beakers of varying vol-
umes and diameters (Tab. 1), and for each type, of varying
liquid levels, were exposed simultaneously. Cylinders of
varying nature (glass, polypropylene and polymethylpen-
tene) were used (Tab. 1) and, when available, compared
for the same cylinder volume. One additional experiment
was performed with ethanol using 15 glass test tubes and
a subset of polypropylene beakers. In addition, in order
to expand the Ra range, one vertical plexyglass tube of
length 130 cm was used with water.

The ventilated room is characterized by an average
temperature of 22 °C, stable within 1 °C in winter but
reaching 24 °C in summer, with a diurnal amplitude reach-
ing 2 °C peak to peak. The relative humidity in the room
RH varies between 20 and 50%, mostly on a daily cy-
cle with 10% amplitude peak to peak. Ventilation of the
room is maintained by a mechanical air circulation circuit
with vents located in one side of the room, 20 cm above
floor level. The cylinders are placed on tables, about 6 m
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from the vents. During the experiment, some cylinders
were shifted to another table 12 m away from the vents;
no systematic effect resulted from this change.

Two balances were used for weighing the cylinders: one
Sartorius™ BP110 model with maximum range 110 g and
precision 0.001 g and one Mettler™ Toledo PG50002-S
model with maximum range 5100 g and precision varying
from 0.01 to 0.1 g. Both balances were recalibrated every
six months with reference weights. In addition, the stabil-
ity of the balances was checked regularly with reference
weights, empty reference cylinders, and intercomparison
experiments were performed to check the two balances
in their overlapping range. The time lapse between two
measurements varied from one to six weeks and the ex-
periment lasted from July 2002 to March 2004, except for
the 4000 mL measuring beakers and the long tube, which
were introduced in March 2003 only. The mass difference
between two measurements was typically 40 g for 2000 mL
cylinders and 250 mg for 10 mL cylinders with water.

Most measurements were performed with tap water.
Using degassed de-ionized water changed the evaporation
flux by less than 2%. Some experiments were performed
with ethanol (95% grade). The water level h (distance
from meniscus to rim) is obtained from the mass m of lig-
uid and an experimental determination for each cylinder
of the relationship m-h.

3 Results

The measured flux is shown in Figure 1 as a function of
h for water evaporated from the 10 mL measuring cylin-
ders, and for ethanol evaporated from the test tubes. Data
points for ethanol have been obtained over three days,
whereas the data points for water correspond to the whole
duration of the experiment (1.5 year). For water, large
time variability (about a factor of 2) is observed, corre-
sponding to situations with and without heating in the
laboratory. At a given time, however, data points obtained
for different values of h lie on the same line, with a slope
—1 in this graph, which corresponds to the 1/h factor ex-
pected from pure diffusion in equation (1). This indicates
that the evaporative flux for the 10 mL measuring cylin-
ders is dominated by a diffusion process, and that the
boundary condition is effectively located near the upper
rim of the cylinder.

In the case of ethanol, the 1/h variation is observed
over most of the h range. A slight deviation can never-
theless be observed for i smaller than 2 cm, which can
be accounted for by a 1/(h — 0.4 cm) behavior (Fig. 1).
This may reflect the meniscus curvature or the thick-
ness of a vapor saturated boundary layer of air located
above the liquid surface. In the following, although a mi-
nor change, h is corrected for this effect by subtracting
0.4 cm. The measured value of the quantity F x h is
0.25+0.03 g cm~! day ! for water. The theoretical value
expected from equation (1) is 0.20440.047 g cm~! day !
for a mean relative humidity of 354+15% in the room. The
observed value is compatible with the calculation but is
slightly larger, which may indicate the need of introducing
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Fig. 1. Evaporation flux as a function of water level h (height
to rim) for 10 mL polypropylene cylinders with water and
8.3 mm diameter glass tubes with ethanol. Dotted lines corre-
spond to the 1/h slope. Dashed lines correspond to 1/(h—0.4).
Attached data points correspond to the same beaker at differ-
ent times. Two sets of simultaneous measurements with water
are emphasized: red diamonds (November 3, 2002) and purple
diamonds (February 8, 2003).

a turbulent diffusion coefficient or the presence of pump-
ing associated to the daily humidity cycle in the room.

A different behavior is observed when the diameter is
increased. The product Fxh is shown as a function of h
in Figure 2 for all measuring beakers. In this figure, in
order to reduce most of the dispersion due to the time
variability of the evaporative forcing, the data have been
normalized to the value observed in the 10 mL measur-
ing cylinders, taken as reference. For 25 mL, 50 mL and
100 mL measuring beakers, F' x h is stable with A or is
slightly decreasing as a function of h, whereas F' x h is
increasing steeply for the 1000 mL, 2000 mL and 4000 mL
beakers. An intermediate behavior is observed for 250 mL
and 500 mL cylinders, which have also a larger dispersion.

The data of the independent beakers of the same type
at a given time, and the data of one given beaker followed
over time, tend to fall on the same average curve versus h.
This is illustrated in Figure 3 for three 2000 mL beakers.
The consistency of the results is remarkable, which also
indicates that aging effects, due for example to dust de-
position, do not affect significantly the evaporative flux in
these experiments. A contribution of aging also could not
be identified when water was renewed.

In Figure 2, the results are presented separately for
glass and polypropylene beakers when both types were
available at a given diameter (see Tab. 1). Non-isothermal
conditions at the evaporating surface would be expected
to give different effects with glass and polypropylene. No
systematic difference however is observed in the case of
the 25 mL and 100 mL cylinders. For 500 mL cylinders,
a larger flux is noticed for h larger than 20 cm. With this
possible exception, non-isothermal effects can be consid-
ered negligible in most of our data sample. This is prob-
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Fig. 2. Evaporative flux multiplied by water level h as a func-
tion of h for three 2000 mL glass cylinders (Tab. 1). Attached
data points correspond to the same cylinder at different times.
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Fig. 3. Evaporative flux multiplied by water level h as a func-
tion of h for three 2000 mL glass cylinders (Tab. 1). Attached
data points correspond to the same cylinder at different times.

ably due to the relatively large amount of water in the
cylinders for most data points.

The variation of the product F' x h as a function of d is
shown in Figure 4 for fixed values of h (4 cm, 10 cm and
30 ¢cm). To obtain the data points of Figure 4, for each
specified value of h, the data points for fixed d as a func-
tion of h (Fig. 2) have been interpolated using power-law
fits. A clear threshold behavior emerges as a function of d
in Figure 4. For small values of d, the flux is small, compat-
ible with diffusion only. When the diameter is increased,
the flux increases suddenly by a factor of 10, indicating a
brutal onset of convective evaporation.

4 Interpretation

The interpretation of the onset of convective flux when the
diameter is increased may not be straightforward. In some
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Fig. 4. Evaporative flux multiplied by water level h as a func-
tion of the diameter for fixed values of h. The lines correspond
to geometrical restriction of convection due to the sidewall
boundary layer of thickness §, as described by equation (3).
P stands for Polypropylene, PMP for Polymethylpentene, G
for Glass.

experiments [12], convection was observed to be blocked
by a supposed open thermosyphon mechanism in particu-
lar circumstances. It must be pointed out, however, that
such situation is not likely to occur in the present experi-
ment, where measurements are averaged over long periods
of time and where several daily cycles are likely to pre-
vent the stabilization of blocked configurations. Rather,
one could propose an effect due to a purely geometrical
restriction of the convection cells.

Indeed, the convection processes could be simply re-
stricted by the presence of a viscous boundary layer along
the wall of the vertical cylinder. Thus, for a thickness § of
the boundary layer, a cylinder of diameter d — 26 only is
available for convective transport of liquid vapor. Because
of this geometrical restriction, the measured flux F' can be

written:
26\ °
1—-(1—-—
(-%)

Assuming that both the convective and diffusive con-
tributions do not depend on the diameter, the variation
of F with diameter is due to the geometrical restriction
only. The flux predicted by equation (3) as a function of
d is also shown in Figure 4 (curves). For each of the se-
lected value of h, the predicted curves for the indicated
values of § provide a satisfactory description of the ob-
served variation of F' with diameter. When the sidewall
boundary layer is introduced in this manner, therefore,
it does not appear necessary to invoke a variation of the
convection flux F with diameter, at least for the range of
aspect ratios (0.06 to 2) considered here. While this inter-
pretation cannot be considered unique, it is supported by
the data of Figure 4. Equation (3) might actually be an
efficient manner to take into account complicated effects
associated with restriction of particular convective modes.

2 2
FFC<1§> + Fp (3)
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Fig. 5. Scaled sidewall boundary layer thickness §/h versus
Rayleigh number Ra. The data points correspond to the deter-
mination of Figure 4. Error bars correspond to the difference
between the preferred values of thickness ¢ and the values ob-
tained from a three-parameter fit of equation (3) to the data.
The full line corresponds to the power-law fit 3.4 Ra=%2® from
the data. The dotted line corresponds to the fitted values of
the thickness. The dashed line corresponds to the power-law
fit 3.6 Ra~%2% given by Qiu and Xia [7].

Thus, this sidewall boundary layer may be more properly
referred to as effective or apparent.

The obtained values of the thickness § are: 0.90+0.15,
1.05+0.11, and 1.22 £ 0.17 cm for h = 4, 10, and 30 cm,
respectively. These values are obtained by trial and error.
A three parameter fit of equation (3) to the data gives
0 = 0.72, 0.90 and 1.05 cm respectively. But this fit is
rather poorly constrained and the trial and error values
are preferred. The difference with the fit values provides
our estimate of the error bar on 4. Note that these values
suggest a significant variation of § as a function of h, a
fact which is actually visible on the behavior of the data
points as a function of d in Figure 4. The scaled thickness
of the boundary layer, defined as the ratio ¢/h, is shown
in Figure 5 as a function of Ra, calculated using equa-
tion (2). A power-law fit to these three data points gives
§/h = 3.4 Ra~0-28%0-01 which is in good agreement with
the power-law fit 6/h = 3.6 Ra~926%0-03 ghtained in RB
convection experiments with water [7].

Using the obtained expression of d/h as a function of
Ra, the observed evaporation flux F' can be corrected for
the diameter effect, represented by equation (3), and the
non-diffusive flux F¢ can be inferred. The Sherwood num-
ber is then calculated as a function of Ra using Sh =
Fc/Fp. The diffusive flux Fp is given by the value mea-
sured simultaneously with the 10 mL beakers, shown pre-
viously to be dominated by diffusive evaporation (Fig. 1).
The results are shown in Figure 6 as a function of Ra for
the 2000 mL beakers and the tube. In this figure, the data
points from single mass measurements are averaged in in-
tervals of Ra. Note that the data obtained with the long
plexyglass tube are consistent with the data from the 2000
mL glass beakers, and allow to expand the Ra range by al-
most two orders of magnitude up to 3 x 108. Using the data
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Fig. 6. Sherwood number Sh versus Rayleigh number Ra.
Symbols correspond to the averaged data from the 2000 mL
glass beakers (triangles) and the plexyglass tube (diamonds).
Statistical error bars resulting from the averaging are smaller
than the size of the symbols. The full line corresponds to the
power-law fit 0.60 Ra%27%%-02 obtained using data from the
2000 mL beakers and the tube. The dashed line corresponds
to Ra'/3. The dotted line corresponds to 0.22 Ra’?Z*® [5],
the dash-dot line to 0.20 Ra’?%3 obtained by fitting the data
from [6] for Ra smaller than 10°; the dash-triple dot line corre-
sponds to 0.398 Ra®2% for aspect ratio 0.14 by Threlfall [10].

from the 2000 mL beakers and the tube, a power-law fit
Sh = 0.60Ra’ 27902 i obtained. Similar values of the ex-
ponent are also obtained from the other beakers (Tab. 1).
In contrast, the evaporation experiment performed using
the beakers and ethanol yields Sh = 1.14 £ 0.07. This re-
sult can be understood. As the molecular mass of ethanol
is 46.1 g, indeed, the density of ethanol vapor saturated
air is larger than the density of the room air, and there-
fore buoyant convective transport cannot take place in this
case. It may be pointed out that the result obtained with
alcohol is non-trivial. It supports the hypothesis that the
boundary conditions operating in the room for the small
10 mL beakers are also valid for the large diameter 2000
mL cylinders, whose rim is located 35 cm higher than the
rim of the 10 mL beakers. The room therefore can be con-
sidered, at least on average, as a well-mixed homogeneous
boundary for all the cylinders. This condition is not nec-
essarily satisfied when the evaporating tubes are placed in
a box with a gradual variation of humidity between the
rim of the cylinders and some constrained surface in the
box [12].

5 Summary and discussion

Evaporation experiments for varying diameters and liquid
levels reported in this paper are characterized by sam-
pling over long period of times. In addition, the measured
fluxes are normalized to the simultaneously measured dif-
fusive flux with 10 mL cylinders, and some uncertainties
are cancelled out in this ratio. The detailed study of the
diffusive flux versus liquid level and the comparison, for
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larger cylinders, between water and alcohol evaporation
losses, provide some access to the otherwise poorly known
boundary conditions.

The observed scaling of Sh versus Ra is compared in
Figure 6 with the scaling Nu = 0.22 Ra%2?% obtained from
RB convection [5]. Recent results [6], fitted for Ra smaller
than 10°, give Nu = 0.20 Ra%2®3, Note that a smaller
exponent 0.265 is documented for aspect ratio d/h = 0.14
(Threlfal in [10]). Hence, both the behavior of the viscous
boundary layer and the exponent of the convective flux
observed in the open evaporation experiments reported
here are in astonishing agreement with the results ob-
tained from closed RB cells. This suggests that, at least in
the turbulent regimes, convection adopts universal scaling
exponents, independent of the exact nature of the physical
system, in particular the source of buoyancy. The details
of the physical system seem to be contained in the cofac-
tor. The agreement between the scaling of the boundary
layer obtained in this experiment and the scaling obtained
from RB experiment [7] is particularly significant because
the method of inference is extremely different in the lat-
ter case, which was based a scanning of temperature as a
function of the distance to the wall.

This experiment also suggests that, in the covered
range 0.06 to 2 of the aspect ratio d/h, in a first approx-
imation, no additional aspect-ratio-dependent scaling ex-
ponent needs to be introduced. Although aspect ratio is
known to affect the convection cells [1,2,10] at least for
d/h varying between 0.5 and 2, such effects may appear
only for confined convection. For open convection, for ex-
ample at work in evaporating cylinders or chimneys, the
geometry of the turbulent cells may be constrained by
falling and rising plumes, thus perhaps removing all geo-
metrical constraints except the sidewall boundary layer.

The fact that the value of the scaling exponent ob-
tained in this experiment remains significantly smaller
than 1/3 suggests that, since evaporation experiments are
free of wall contributions, the value close to 2/7 observed
in RB cells [1] could be significant and may not need to
be explained by a modification of 1/3 due to a wall ef-
fect [12,13]. This conclusion however must remain tenta-
tive, given the current insufficient accuracy on the expo-
nent from the evaporation experiments; the wall effects
still deserve to be investigated in details.

Several limitations of the evaporation experiments pre-
sented here need to be pointed out. The role of the tem-
perature changes at the liquid surface due to the phase
changes could affect the observed flux in some cases. The
level of accuracy obtained so far for the data points of Sh
versus Ra certainly does not compare with the outstand-
ing precision achieved in RB cells.

Despite their imperfections, evaporation experiments
could be worth improving. Five orders of magnitude in
Ra have been explored in this experiment and this range
can be expanded further in the hard turbulence regime by
using longer tubes. More precise experiments, performed
for example in a large climatic chamber with well defined
and stable conditions, may be able to better constrain
the sidewall boundary layers. Finally, these experiments



560

The European Physical Journal B

suggest that the values of the exponents derived from RB
cells can potentially be applied to practical situations, in-
cluding open systems. This universality needs to be tested
further in well controlled laboratory or large-scale natural
systems.

The author thanks Jean-Louis Le Mouél, Jean-Paul Poirier and
Patrick Richon for suggestions and Eric Pili for support. Two
anonymous reviewers are thanked for inspiring comments and
for raising important points in the original manuscript. This
work is IPGP contribution number 2063.
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