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Evaporation of liquid hydrocarbons was studied in order to better understand the relative influences of
diffusion and buoyancy-induced convection of the vapors on the evaporation rate. Evaporation rates were
measured using a simple gravimetric technique and the behavior of the vapor layer that quickly forms
above the film was observed using schlieren imaging. Even for conditions for which the influence of
buoyancy is strong, the evaporation rates are well correlated by a one-dimensional diffusion model if
an effective vapor layer thickness is used.
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1. Introduction

In general, the rate at which a liquid evaporates is dependent on
the transport of mass and energy occurring within both the liquid
and vapor phases. Consequently, the general mathematical analy-
sis of an evaporation problem involves coupled conservation equa-
tions for mass, momentum, and energy. These equations are
difficult to solve analytically except for cases involving simplified
geometry and/or limiting conditions for which one mode of trans-
port dominates all others, for example when the evaporation is
limited by the diffusion of vapor away from the liquid surface. In
the past few decades, evaporation studies have concentrated on
the cases of spherical droplets [1–13], liquid films or pools at the
base of vertical columns (Stefan diffusion tube) [14–17], liquid
films in convective environments [18–27], and droplets on heated
surfaces [28–31]. Many aspects of liquid evaporation have been
considered in these studies but few have focused on the relative ef-
fects of diffusion and buoyancy-induced (natural) convection in
the vapor phase, which is the focus of this paper.

The effect of natural convection on the evaporation rate of a sus-
pended spherical droplet was recently studied by Gogos et al. [1].
The authors’ numerical analysis indicates that under normal gravity
conditions, natural convection enhances evaporation. For the case of
an n-heptane droplet in a nitrogen environment at high pressure and
temperature, their numerical results show that buoyancy-induced
motion causes the formation of a downward moving vapor plume
ll rights reserved.
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to form. As the ambient pressure increases, the buoyancy-induced
flow becomes stronger and increases the evaporation rate.

Two studies have looked at the effect of natural convection on
the evaporation of liquid at the base of a vertical, open-ended tube
(Stefan diffusion experiment). In the study by McBain et al. [14],
the vapor produced by the evaporating liquid at the base of the
tube is lighter than the ambient gas, thus promoting a convectively
unstable situation, and the open end of the tube was exposed to a
nominally quiescent atmosphere. Their numerical and experimen-
tal analyses indicate that for Grashof numbers less than 350, the
vapor–gas mixture in the tube is essentially stagnant and evapora-
tion is limited by the diffusion of vapors through the tube. As the
Grashof number increases beyond 450, convective flow within
the tube becomes increasingly stronger with a resulting increase
in the evaporation rate. In contrast to the study of McBain et al.,
the numerical study of Markham and Rosenberger [15] considered
the case in which the vapors produced by the evaporating film at
the base of the cylinder are heavier than the ambient gas, which,
assuming a one-dimensional system, is convectively stable. The
boundary condition at the open end of the tube is zero vapor mass
fraction, as would occur if a cross flow of ambient gas convects the
vapors away. Despite the vapors being heavier than the ambient
gas, the authors found that the no-slip boundary condition at the
tube wall results in horizontal density gradients which, in turn, re-
sult in buoyancy-driven fluxes. This buoyancy effect was found to
be very small and the total mass flux of the evaporating component
was found to be essentially equal to the value computed according
to the analytical solution for one-dimensional diffusion through a
stagnant gas film, which is discussed in detail by Bird et al. [32].
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Nomenclature

A area of the liquid film (cm2)
D diffusion coefficient of vapor in air (cm2/s)
E evaporation rate (mg/s)
g gravitational acceleration (m/s2)
Gr Grashof number
h vapor diffusion distance (mm)
heff effective vapor thickness (mm)
H height of pedestal or depth of well (mm)
K diffusion model constant (mm mg/s)
M molar mass of vapor (g/mol)
Ma molar mass of air (g/mol)
P equilibrium vapor pressure (Torr)
Ptot total ambient pressure (Torr)
R universal gas constant (Torr cm3/mol K)

Rd radius of the disk on which the film is placed (cm)
T film temperature (K)
Z correction term for counter diffusion

Greek symbols
la absolute viscosity of the ambient air (Poise)
qa density of air (g/cm3)
qmix density of vapor–air mixture (g/cm3)

Subscripts
a ambient air
d disk on which the film is resides
eff effective
tot total
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Experimental results of Beverly et al. [16,17] further validate the
use of a one-dimensional diffusion model to compute the rate of
evaporation through a vertical tube for cases in which the vapor
is heavier than the ambient gas. In their experiments, a gas stream
flowing in the longitudinal direction on the outside of the tube was
used to establish the boundary condition at the top of the tube
such that the rate of diffusion through the tube was set equal to
the convective flow generated by the co-flowing stream at the
top of the tube.

It is clear that a key to computing the evaporation rate is well-
defined boundary conditions. For the case of evaporation into a
quiescent environment, if the gravitational force is not important,
then the vapor mass transfer problem may be modeled as diffusion
into an infinite or semi-infinite region. For this case, the vapor con-
tinuously diffuses to further distances from the liquid surface. Thus
the gradient in the vapor concentration and, therefore, the evapo-
ration rate, continuously change. If, however, the gravitational
force is significant then natural convection of the vapor–gas mix-
ture can influence or even control the boundary condition. Because
a mixed diffusion-natural convection boundary condition is diffi-
cult to determine analytically, there is a need for a simple model
to compute the rates of evaporation for cases in which the evapo-
ration rate is limited by the removal of the vapor from the liquid
surface by such a mixed boundary condition (and not, for example,
limited by the transport of thermal energy to the liquid surface).

For this study, gravimetric and optical measurements of the
evaporation of liquid hydrocarbons in an initially quiescent atmo-
sphere have been conducted in order to better understand the rel-
ative influences of vapor diffusion and buoyancy on the
evaporation rate. A film on the order of 1 mm thick is generated
by injecting the liquid onto a 13 mm diameter disk. Very quickly,
a layer of vapor forms above the film. Since the vapor is heavier
than the surrounding air, the tendency of the layer to grow verti-
cally out from the film due to diffusion is constrained by a buoy-
ancy force which acts to push the vapor layer down and radially
outward. As a result, a vapor layer of nearly constant thickness is
quickly established above the film. The effect of buoyancy-induced
convection of the vapors on the evaporation rate of hydrocarbons
having a wide range of volatilities was studied. As a means of vary-
ing the influence of buoyancy, the geometry surrounding the film
was varied. Experiments were conducted with the film disk level
with a surrounding horizontal surface, with the disk raised above
the surface on a pedestal, and with the disk recessed below the
horizontal surface in a cavity or well.

Evaporation rates were measured using a simple gravimetric
technique. In addition, a schlieren imaging technique was used to
provide estimates of the vapor layer thickness. For all measure-
ments, evaporative cooling of the film was found to be negligible
and, therefore, the evaporation rate was limited by the rate of re-
moval of the vapor from the film surface.

The experiments clearly indicate that buoyancy has a strong
influence on evaporation rate. Because buoyancy is influenced by
geometry, the measured rates of evaporation were also dependent
on geometry. However, for any given geometry, the rate of evapo-
ration can be predicted with the use of a simple one-dimensional
diffusion model if an effective value for the vapor layer thickness
is used. The surprising result is that the same value for the effective
vapor layer thickness may be used for all of the hydrocarbons that
were studied.

2. Experimental

Evaporation rates were measured for eight hydrocarbon compo-
nents, consisting of five alkanes from pentane to decane, two geo-
metric isomers of hexane, cyclohexane and 3-methylpentane
(3MP), and one isomer of octane, 2,2,4-trimethylpentane (isooc-
tane). The isomers have equal molar masses and nearly equal heats
of vaporization, but significantly different equilibrium vapor pres-
sures. These components and their pertinent thermophysical prop-
erties are listed in Table 1. The volatilities of these components, as
indicated by their equilibrium vapor pressures, vary by a factor of
400 and their molar masses vary by a factor of 2. All components
are heavier than air, which has an average molar mass of approx-
imately 29 g/mol.

Table 1 also contains computed Grashof numbers for the com-
ponents studied. Since buoyancy-induced convection is driven by
a difference in density and is resisted by viscosity, the Grashof
number, Gr, may be used to indicate the potential strength of the
convection. The Gr is computed according to Eq. (1), where qmix

and qa are the densities of the vapor–air mixture above the film
and of ambient air, la is the absolute viscosity of the ambient air,
Rd is a characteristic length, which is taken to be the radius of
the disk on which the film resides, and g is the gravitational accel-
eration. The density of the mixture is computed assuming the par-
tial pressure of the vapor is equal to the equilibrium vapor
pressure, as may occur at the film surface. For the components
used in this study, the Gr varies by a factor of 150. As shown in
Table 1, pentane is the most volatile of the components and is ex-
pected to have the strongest convection, as indicated by Gr, despite
having the lowest molar mass. This is because the equilibrium
mole fraction of pentane in the mixture with air is high in compar-
ison to the mole fractions of the other components, and therefore



Table 1
Thermophysical properties at 25 �C of the components studied. The vapor pressure values were obtained from [33]. Diffusion coefficient values are for vapor in air and were
obtained from Beverley et al. and references therein [16] except for 3MP, which is assumed to be equal to hexane, and isooctane, which is assumed to be equal to octane. The
mixture density was computed for a vapor–air mixture for which the partial pressure of the vapor is equal to the equilibrium vapor pressure. The total pressure was assumed to
be 760 Torr.

Component Vapor pressure (Torr) Molar mass (g/mol) Diffusion coefficient �10�6 (m2/s) Grashof number Gr Mixture density (mg/mL)

Pentane 513 72 8.4 11000 2.4
3MP 177 86 8.0 5400 1.8
Hexane 152 86 8.0 4300 1.7
Cyclohexane 98 84 7.3 2700 1.5
Isooctane 49 114 6.2 2200 1.4
Heptane 46 100 7.3 1600 1.4
Octane 14 114 6.2 600 1.2
Decane 1.3 142 5.7 70 1.2

H Cu 
Pedestal 

Fig. 2. Section view of a ‘‘pedestal” geometry. A copper cap is placed over the
surface of the ‘‘level” geometry and a solid copper cylinder is used to raise the ZnSe
disk above the substrate surface. Pedestals giving the following heights (H) were
used: 1.9, 3.8, 5.9, 7.9, 11.9, and 18.1 mm.

HCylindrical 
Well 

Fig. 3. Section view of a ‘‘well” geometry. A hollow cylinder of inner diameter
14 mm is placed around the ZnSe disk and a platform is placed at the top of the
cylinder to duplicate the flat surface geometry of the substrate. Wells with the
following depths (H) were used: 1.5, 5.9, 9.7, 14.7, 19.7, 29.8, 39.7 mm.
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the mixture density for pentane is high. For the same reason, dec-
ane is expected to have the weakest convection due to its low va-
por pressure and the resulting low mole fraction in the mixture.

Gr ¼ qaðqmix � qaÞR
3
dg

l2
a

ð1Þ

To create the liquid film, a pipettor is used to deposit approximately
80 ll of liquid on a 13 mm diameter disk. The amount of liquid is
sufficient to cover the whole top surface of the disk with liquid,
but not so much that the liquid overflows the surface. The resulting
film is anchored by surface tension along the edge of the disk. As a
result of anchoring the film, the film’s surface area remains approx-
imately constant for the majority of its lifetime. As the film evapo-
rates, eventually the film volume is insufficient to cover the surface
and the film pulls free from the edge of the disk. All measurements
were conducted prior to the time at which the film pulls from the
edge of the disk.

The disk on which the film is deposited is made of zinc selenide.
This material was selected in order to be compatible with a differ-
ent experimental technique, which is not discussed here.

In order to control the relative influence of the buoyancy-in-
duced convection, the geometry surrounding the film was varied,
as depicted in Figs. 1–3. Experiments were conducted (i) with
the disk nearly level with a surrounding horizontal circular surface
(actually raised 0.4 mm above the surface), (ii) with the disk placed
on a pedestal of height from 1.9 to 18.1 mm, and (iii) with the disk
recessed below the horizontal surface in a well of depth from 1.5 to
39.7 mm. For good thermal contact, conductive grease was placed
between the disk and the copper substrate. The diameter of the
copper substrate is 44 mm. The temperature of the underside of
the ZnSe disk and of the copper substrate at a location 1.5 mm be-
low the disk were measured with thermocouples for the level and
well geometries. During a test, the ZnSe temperature drops a small
amount, up to 0.65 �C, and the temperature of the copper substrate
drops even less. All experiments were contained in an isolated vol-
ume (ca. 6200 cm3) to prevent drafts in the room from influencing
the measurements. The ambient temperature and pressure were
25 �C and 1 atm.
Cu Substrate 

ZnSe DiskLiquid Film 

Thermocouples 

Fig. 1. Section view of the ‘‘level” geometry. The top surface of the ZnSe disk is
0.4 mm above the surface of the copper substrate and is 13 mm in diameter. The
diameter of the copper substrate is 44 mm.
2.1. Schlieren method

Semi-quantitative measurements of the thickness of the vapor
layer above a film were obtained using a schlieren imaging technique.
This is a technique whereby the gradient in the refractive index may
be measured optically and recorded using a digital camera. Light that
passes through the vapor layer is bent at locations of non-zero gradi-
ent in the refractive index and results in changes in the image inten-
sity of those locations. By placing a blade at the focal point of an
imaging lens to block a portion of the undisturbed light, a gradient
in the refractive index upstream of this lens causes light to be steered
either away from or toward the blade and results in either more or less
light passing the blade and consequently a brightening or darkening
of the corresponding part of the image. However, only gradients nor-
mal to the edge of the blade are measured. Much more detail about
this technique may be found in [34]. Images were recorded at a rate
of 60 frames per second for up to 5 min so that changes in the behavior
of the vapor layer over time could be observed.

Because the index of refraction is directly related to density, as
given by the Gladstone–Dale Law, the schlieren technique is used
to observe the vertical gradient in the vapor concentration. This
gradient is high near the film surface and decreases in the vertical
direction to zero. Where this gradient becomes zero is taken to be
the vertical extent of a vapor layer that forms above the film since



Fig. 5. Schlieren image of the vapor layer above an evaporating hexane film from
the level substrate geometry. The liquid film is outlined by the white lines.
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beyond the vapor layer the gradient in concentration, as well as the
magnitude of the concentration, must be zero. The location of this
vapor boundary is affected by the sensitivity of the schlieren
experiment, which is dependent primarily on two things, the
amount of light blocked by the blade and the magnitude of the va-
por index of refraction. Since the sensitivity of the experiments is
not known, the results are considered semi-quantitative. Further-
more, because the indices of refraction differ for the components
studied, the measured vapor layer thickness for one component
cannot be compared quantitatively to that of another. Despite
these limitations, the schlieren measurements provide very good
qualitative insight into the nature of the vapor layer above the film.

2.2. Gravimetric method

Quantitative gravimetric measurements of the film evaporation
were conducted using an analytical balance having a resolution of
0.1 mg. The balance was connected to a computer using the RS232
interface and mass data were collected at a rate of 10 Hz.

As shown in Fig. 4, the mass decreases at an approximately con-
stant rate and therefore a linear fit was applied to the data in order
to determine the evaporation rate, which equals the negative of the
slope. Fig. 4 shows the evaporation of hexane for the level substrate
geometry. The displayed linear trend is typical for all components
and all geometries, with just the slope of the linear fit varying. At
the beginning of a test, some of the mass data may be unstable due
to an impulse generated by the momentum of the injected liquid.
To prevent these unstable measurements from affecting the com-
puted evaporation rate, the linear fit was applied to data starting at
90% of the initial mass. Although the evaporation rate is approxi-
mately constant, in some cases after about 50% of the film evaporates
there is a perceptible reduction in the rate of evaporation, which is
due to the reduced surface area of the film. Therefore, the data range
for the linear fit is limited to mass greater than 50% of the initial mass.

At least three measurements were conducted for each condi-
tion. For all gravimetric tests the experiment-to-experiment varia-
tion is less than 5% and typical values are approximately 2%.

3. Results and discussion

3.1. Schlieren images

The schlieren images clearly indicate the strong influence that
buoyancy-induced convection has on the transport of the vapors.
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Fig. 4. Gravimetric data for the evaporation of hexane from the level geometry at
25 �C. A line is fit to the data over the range from 90% to 50% of the initial mass. The
evaporation rate is taken to be the negative of the slope of the line.
Figs. 5–7 show the vapor layers (actually, the vertical concentra-
tion gradients) that develop over hexane films for three geome-
tries. In each of these figures, the vapor layer is the dark cloud
that resides above the substrate, which is also dark but is separated
from the vapor cloud by a bright line, which is a result of the dif-
fraction of light at the surface of the substrate. For a given geome-
try, the shape of the vapor layer is quickly established and stays
approximately constant until the film pulls from the edge of the
disk as the last portion of the liquid film evaporates.

Fig. 5 shows the evaporation of a hexane film from the level
geometry. Diffusion of vapor up and away from the film is con-
strained by gravity, which pushes the vapor cloud down and causes
a buoyancy-induced convective flow radially outward. The vapor
layer is approximately constant over most of the surface of the
substrate. At the left and right sides of the figure, the vapors can
be seen ‘‘pouring” over the edge of the substrate. This flow is even
more apparent in videos.

As the film is raised above the substrate surface, as shown in
Fig. 6 for the 7.9 mm pedestal height, the horizontal surface of
the substrate becomes less of an impediment to the buoyancy-in-
duced flow and convection of the vapors away from the film sur-
face increases. Fig. 6 shows vapors flowing off of the film surface,
collecting on the horizontal surface of the substrate, and then flow-
ing over the edge of the substrate. A schlieren video of this phe-
nomenon for the case of an 11.9 mm tall pedestal may be viewed
from the online version of this paper.

Within the confines of a cylindrical well, buoyancy cannot con-
vect the vapors away from the film. (As mentioned previously, the
results of Markham and Rosenberger [15] suggest there may be a
negligible convective flow.) This case is shown in Fig. 7, where
the vapors escaping from the top of a 9.7 mm deep well may be
Fig. 7. Schlieren image of the vapor layer above an evaporating hexane film within
a well of depth 9.7 mm. The white dashed lines outline the interior of the well and
the white solid lines outline the liquid film.

Fig. 6. Schlieren image of the vapor layer above an evaporating hexane film on top
of a pedestal of height 7.9 mm. The liquid film is outlined by the white lines. (A
schlieren video of this phenomenon for the case of an 11.9 mm tall pedestal may be
viewed from the online version of this paper.)
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seen. Relative to the level and pedestal geometries, the well geom-
etry results in a much smaller vapor cloud.

It is interesting to compare the shape of the vapor cloud at the
top edge of the well (Fig. 7) to that at the edge of the film in the
pedestal geometry (Fig. 6). For the well geometry, the visible
boundary of the vapor cloud extends up and radially out from
the top of the well, suggesting that the rate of vertical diffusion
is of the same order of magnitude as the radial mass transfer,
which is likely a combination of diffusion and buoyancy-induced
convection. In contrast, the shape of the vapor cloud at the edge
of the film in the pedestal geometry extends downward which sug-
gests that buoyancy-induced convection is controlling the flow of
the vapor. Since both images are of hexane evaporation, the differ-
ence in the strength of the buoyancy-induced convection for the
two cases cannot be explained by a difference in molar mass. In-
stead, the difference in vapor–air mixture density likely explains
the difference in the strength of buoyancy. Because the well con-
fines the vapor in a column above the film, it creates a large resis-
tance for the transport of vapor away from the evaporating film
and results in a slow evaporation rate and a low vapor mole frac-
tion within the vapor cloud at the top of the well compared to that
in the cloud above the film in the pedestal geometry.

As a means of studying further the effect of buoyancy on the va-
por layer, a series of schlieren images was taken of pentane, hexane
and octane films for various geometries. For each image, the vapor
layer thickness was measured above the center of the film. For the
level and pedestal geometries, the vapor layer thickness was mea-
sured from the surface of the film to the top edge of the vapor
layer, whereas for the well geometries the vapor layer thickness
was measured from the top of the well to the top edge of the vapor
layer. In this way, the vapor layer thickness measured for a well
geometry is comparable to that measured for the level geometry
since the substrate geometry at the exit of the well is analogous
to the geometry of the level. The results are plotted in Fig. 8. In this
figure, well depth decreases from left to right on the abscissa, as if
well depth were a negative pedestal height. Only hexane vapor
thickness was measured for the well geometries whereas vapor
thickness was measured for all three components for the level
and pedestal geometries. Recall that due to differences in measure-
ment sensitivities for the three components, the vapor thickness
values may not be compared from one component to another,
though for each component the values are comparable from one
geometry to another. Furthermore, the given values should be con-
sidered semi-quantitative because of the unknown sensitivity of
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the measurement. Actual vapor layer thicknesses may be greater
than the measured values, but not lower.

As shown in Fig. 8, the vapor layer thickness is strongly depen-
dent on the substrate geometry. The hexane vapor thickness is zero
(immeasurable) above the 29.8 mm well and increases as the well
depth decreases. In going from the level geometry to pedestal
geometries of increasing height, the vapor thickness decreases un-
til a critical height is attained beyond which the vapor thickness
becomes insensitive to the pedestal height. The horizontal surface
of the substrate catches the vapor that flows off of the film and a
relatively thick cloud develops over the substrate that impedes
the flow. The thick cloud over the substrate may be seen in
Fig. 6. As the pedestal height increases, eventually the film is raised
above this cloud. It is believed that when the film is above the
cloud, the cloud no longer impedes the vapor flow off of the film
and the thickness of the vapor layer above the film becomes insen-
sitive to pedestal height. The case shown in Fig. 6 is a hexane film
on a 7.9 mm high pedestal, which is above the minimum height
needed for the vapor layer thickness to be insensitive to pedestal
height.

In comparing the trends of vapor layer thickness versus pedes-
tal height for the three components, it appears that thickness
quickly drops to a constant value for pentane and hexane while
the reduction is more gradual for octane. The critical height above
which the vapor layer thickness remains constant is approximately
2 mm for pentane, between 2 and 4 mm for hexane, and between 4
and 6 mm for octane. Though pentane is the lightest of the three,
the vapor–air mixture density of the pentane cloud above the sub-
strate may be greater than that of the hexane or octane cloud due
to its higher vapor mole fraction, which results from pentane’s fas-
ter evaporation rate. As discussed previously, it is the difference in
density between the mixture and air that is believed to induce the
flow and thus a stronger flow in the case of pentane (Gr = 11000)
may cause a thinner cloud above the substrate than occurs in the
cases of hexane (Gr = 4300) and octane (Gr = 600). As a conse-
quence of the thinner cloud above the substrate, the thickness of
the vapor layer over the film becomes independent at a shorter
pedestal height for pentane.

3.2. Gravimetric results

In an attempt to sort out the relative effects of diffusion and
buoyancy-induced convection on the evaporation rate, gravimetric
experiments were conducted with the well geometry, for which
0 10 20
Pedestal Height [mm]

nd octane evaporating from the different geometries. The vapor layer thickness for
yer thickness for hexane includes the well geometries in addition to the level and
ed.
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diffusion is expected to control the evaporation rate, with the ped-
estal geometry, for which the schlieren images suggest that con-
vection is enhanced if not dominant, and for the level geometry.
Fig. 9 presents measured evaporation rates for pentane, hexane,
and octane for the three geometries. The evaporation rates are
plotted on a logarithmic scale in order to accommodate the large
difference in rates between pentane and octane. The figure shows
that a component’s evaporation rate increases as the well depth
decreases, the rate increases further in going from a shallow well
to the level geometry, and it continues to increase as the film is
raised up to the 1.9 mm pedestal. For pedestal heights taller than
1.9 mm, a component’s evaporation rate remains constant.

We focus first on the results of the well experiments, for which
diffusion is expected to control the evaporation rate. Fig. 10 shows
the measured evaporation rates of a hexane film in wells of depths
from 9.7 to 39.7 mm. The evaporation rate is linear with respect to
the inverse of the well depth, as would be expected if the rate is
controlled by one-dimensional diffusion. Eq. (2) is the equation
for steady-state one-dimensional diffusion through a tube [35].
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Fig. 10. Measured evaporation rates for hexane in wells of depths from 9.7 to
39.7 mm. The linear relationship between the evaporation rate and the inverse of
the well depth provides support for a one-dimensional diffusion model as given in
Eq. (2). Error bars are smaller than the data symbols except where displayed.
In this equation, E is the evaporation rate, M is the molar mass, A
is the surface area of the film, P is the equilibrium vapor pressure,
D is the diffusion coefficient of the vapor in air, z is a correction
term that accounts for the counter diffusion of the air and is given
in Eq. (3) [36], R is the universal gas constant, and T is the film tem-
perature. h is the distance through which the vapor diffuses and is
set equal to the well depth. As a means of writing the equation in a
more compact form, K is used to group all of the terms except the
diffusion distance, h, on the right hand side of Eq. (2). The counter-
diffusion correction factor, z, is dependent only on P and the ambi-
ent pressure, Ptot.

E ¼ MAPDz
RTh

¼ K=h ð2Þ

z ¼ Ptot

P

� �
ln

1
ð1� P=PtotÞ

� �
ð3Þ

While Fig. 10 indicates that the evaporation rate is linearly related
to the inverse of the well depth, as suggested by Eq. (2), Figs. 7 and 8
demonstrate that a thin vapor layer exists at the top of the well and
thus the vapor concentration is non-zero there. Schlieren images
indicate that the vapor layer thickness at the top of the well de-
creases with increasing well depth, as the evaporation rate de-
creases. For the results presented in Fig. 10, it appears that above
the exit of the well, the removal of the vapor is quick compared
to the rate of diffusion through the well and thus the well depth
accurately determines the evaporation rate. Using Eq. (2), h may
be computed from the measured evaporation rates (h = K/E) and
the results are all within 3% of the well depths.

Evaporation rates measured in shallow wells of depths of 1.5
and 5.9 mm do not follow the trend with inverse well depth, pre-
sumably because the rate of vapor removal at the exit of the well
is of the same order of magnitude as the rate of diffusive transport
of vapor through the well. The measured evaporation rates of these
two short wells are lower than what would be predicted by the lin-
ear trend shown in Fig. 10. This result suggests that vapor diffusion
plays a significant role in the transport of vapors from the exits of
these two well geometries, in effect increasing the distance
through which the vapor must diffuse. Using Eq. (2) to compute
h from the measured evaporation rates, values of 3.9 mm and
8.4 mm are obtained for the well depths of 1.5 mm and 5.7 mm,
respectively.

For the deeper well geometries, it is readily understandable that
the distance through which vapor diffusion is occurring is approx-
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imately equal to the depth of the well. In order to investigate the
significance of diffusion for the level and pedestal geometries, for
which a diffusive length scale is unknown, the measured evapora-
tion rates were plotted as a function of K. This plot is shown in
Fig. 11 and contains data for all of the components for the level
geometry (which is actually raised 0.4 mm), the 1.9 mm pedestal,
and the 1.5 mm well, and for all components except decane for
the 11.9 mm pedestal and 9.7 mm well. The surprising result is
that the measured evaporation rates for each of the five geometries
are linear with respect to K, and not just for the 9.7 mm well. The
evaporation rates from the level and pedestal geometries, despite
qualitative evidence from the schlieren images of significant buoy-
ancy-induced convection, are well correlated by the one-dimen-
sional diffusion equation. Referring to Eq. (2), one can see that an
effective diffusion thickness, heff, may be defined as the inverse of
the slope of the linear fits. This effective thickness is constant for
a given geometry and, therefore, is independent of the physical
properties of the evaporating component. Furthermore, the rela-
tionship between E and K for the 1.9 and 11.9 mm pedestals are
essentially the same, indicating that the evaporation rates of all
of the measured components become constant for pedestals of
heights equal to or taller than 1.9 mm.

In comparing the evaporation rates in Fig. 9 to the vapor layer
thickness values in Fig. 8, one can see that for pentane the evapo-
ration rate and the vapor thickness plateau at about the same ped-
estal height. However, for hexane and octane the vapor layer
thickness plateaus at a taller pedestal height than does the evapo-
ration rate. Thus there is not a direct relationship between the
evaporation rate and the vapor layer thickness for the pedestal
geometries. For the conditions of these experiments, the evapora-
tion rate is limited by the removal of vapor from the surface of
the film and therefore is determined by the rates of diffusion and
buoyancy-induced convection. The relative strengths of these
transport mechanisms determine the vapor layer thickness, as dif-
fusion tends to transport vapor along the vertical concentration
gradient (as well as the radial gradient), causing an increase in
the vapor layer thickness, whereas convection tends to transport
the vapor radially over the film and thereby reduce the vapor layer
thickness. The fact that the evaporation rate remains constant as
the vapor layer thickness decreases with increasing pedestal height
beyond 1.9 mm suggests that the magnitudes of the rates of vapor
removal by diffusion and convection are approximately equal.
Thus, as convection becomes more prominent as the film is raised
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Fig. 11. Measured evaporation rates plotted as a function of the mathematical form
of the steady-state, one-dimensional diffusion equation, K. Slopes of the linear fits
represent 1/heff. Note that the linear fits for the two pedestal geometries are
essentially equal.
above the vapor cloud that collects over the surface of the sub-
strate, the evaporation rate remains unchanged.

To investigate further this trade-off between convection and
diffusion, the evaporation rate was plotted as a function of Gr for
five geometries and is presented in Fig. 12. Although there is not
an analytical expression for the dependence of the evaporation rate
on Gr, this parameter is commonly used in numerical and empirical
analyses involving natural convection, e.g. [14]. Fig. 12 indicates
that for the geometries studied, the relationship between the evap-
oration rate and Gr is linear, with the exception of the highest Gr,
which corresponds to pentane. Ignoring pentane for the moment,
the fact that the evaporation rate is proportional to Gr, even for
the 9.7 mm well geometry for which convection is expected to
be negligible, is surprising. Furthermore, considering Figs. 11 and
12, one can see that the evaporation rate of any of the geometries
may be considered to be proportional either to K, which indicates
the strength of diffusion for a given geometry, or Gr, which indi-
cates a potential for buoyancy-induced convection.

The fact that either K or Gr may be used to correlate the evapo-
ration rate suggests the rate of diffusion and the strength of con-
vection are both strongly influenced by the same physical
properties. What drives the convection is the difference in densi-
ties between the vapor–air mixture and the surrounding air. Using
the mixture at the surface of the film as the representative vapor–
air density, this density difference is directly proportional to the
product of the equilibrium vapor pressure and the molar mass
(assuming a mixture of ideal gases). As shown in Eqs. (2) and (3),
the one-dimensional diffusion model also is dependent on the
equilibrium vapor pressure and molar mass, and for components
for which the counterdiffusion correction factor, z, approximately
equals one the rate of diffusion is directly related to the product
of vapor pressure and molar mass. All of the components in this
study have a value of z between 1.00 and 1.15, except for pentane,
which has a value of 1.67.

The relationship between the driving force for buoyancy-in-
duced convection, Gr, and the rate of one-dimensional diffusion
through a given length, K, is plotted in Fig. 13. As may be seen in
the figure, the relationship between Gr and K is reasonably linear
when pentane is excluded from the correlation. This linear rela-
tionship may explain why for any given geometry the evaporation
rates of components having a wide variety of properties may be
computed either with a simple one-dimensional diffusion model
or with a linear correlation with Gr. For example, while convection
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may play a major role in removing vapors from above a hexane
film on a pedestal, convection is unlikely to play a significant role
for an octane film on the same pedestal due to the very small dif-
ference in densities between the vapor–air mixture and the sur-
rounding air. Although the relative importance of diffusion and
convection to the evaporation rate may differ for hexane and oc-
tane, since both transport mechanisms depend strongly on the
product of the vapor pressure and the molar mass, the evaporation
rate is well correlated either to K or Gr for both components.

As shown in Fig. 13, pentane does not fall on the line relating Gr
and K. The cause of this discrepancy is pentane’s high z value,
which results in the one-dimensional diffusion model, Eq. (2),
not being directly proportional to the equilibrium vapor pressure.
According to the diffusion model, evaporation increases with z.
The fact that the measured pentane evaporation is greater than
the linear correlation with Gr may indicate that diffusion plays
an appreciable role in transporting vapors from the surface of the
pentane film, even for a tall pedestal geometry. Since the buoy-
ancy-induced convection is expected to be most prominent for
pentane, then if diffusion has an appreciable influence on the evap-
oration rate for pentane films, diffusion very likely has an apprecia-
ble influence for all of the components.

As discussed previously, the schlieren images clearly show va-
pors flowing off of the pedestal films. It may be that a sublayer,
for example a boundary layer, exists where diffusion is dominant
over convection. The effective vapor layer thickness, heff, which is
defined by the correlations in Fig. 11, may be equal to, or at least
related to, the thickness of this diffusive sublayer. In all cases,
the computed effective vapor layer thickness is less than the esti-
mated vapor layer thickness based on the schlieren images.

4. Conclusions

Schlieren imaging and gravimetric methods were used to study
the rates of evaporation of a series of eight hydrocarbons having
equilibrium vapor pressures that vary by a factor of nearly 400
and molar masses that vary by a factor of 2. Experiments were con-
ducted for a range of geometries to vary the relative influences of
diffusion and convection on the evaporation rate. Schlieren images
clearly indicate that buoyancy-induced convection can have a
strong influence on the vapor layer that forms above the film for
the level and pedestal geometries, whereas diffusion appears to
be the dominant transport mechanism for a film contained in a
deep well. Those geometries that enable convection (level and ped-
estal) result in significantly faster evaporation rates than do the
well geometries.

Despite the influence of buoyancy, it was shown that a simple
steady-state, one-dimensional diffusion model can be used to cal-
culate evaporation rates for all components when an effective va-
por layer thickness value, which is dependent only on the
substrate geometry, is used. It was also shown that the evaporation
rates for all of the components except pentane are proportional to
Gr, which is used as an indicator of the potential for convection.
The applicability of the two models is reconciled by the fact that
both are strongly influenced by the product of the equilibrium va-
por pressure and the molar mass. The evaporation results for pen-
tane, which has a large counterdiffusion correction factor, suggest
that even for conditions for which a strong convective flow is
apparent, diffusion contributes to the vapor transport, perhaps
due to the existence of a diffusive sublayer.

The main conclusions are summarized in the following list.

� The substrate geometry has a significant effect on the evapora-
tion rate. Geometries that enable buoyancy-induced convection
result in faster evaporation rates than do geometries for which
diffusion dominates.

� For a given substrate geometry, the shape of the vapor layer is
quickly established and stays approximately constant.

� The shape and thickness of the vapor layer varies for the differ-
ent geometries, presumably due to the varying influence of
buoyancy-induced convection.

� The shape of the vapor layer above the well geometry suggests
that vertical diffusion of the vapor is of the same magnitude as
the radial transport of vapor by convection and diffusion.

� Comparing the shape of the vapor layer for a film on a pedestal
to the vapor layer over the well suggests that buoyancy-induced
convection has a relatively strong influence on the vapor layer
for a pedestal geometry.

� As pedestal height increases, the evaporation rate increases until
a height is reached beyond which the evaporation rate no longer
changes.

� The evaporation rates measured for the well geometries vary
with well depth and can be modeled with a simple steady-state,
one-dimensional diffusion model where the diffusion height is
defined as the geometrical well depth.

� Even for geometries for which convection is significant, the one-
dimensional diffusion model may be used to compute the evap-
oration rate if an effective vapor layer thickness is introduced.
The effective vapor layer thickness is dependent on the geome-
try and is independent of the film component.

� With the exception of pentane, the evaporation rates of all com-
ponents are proportional to Gr for all geometries, including
those for which diffusion dominates.

� Diffusion and convection are both strongly dependent on the
product of the equilibrium vapor pressure and the molar mass.

� Even for the conditions for which convection is strongest, diffu-
sion appears to play an appreciable role in determining the
evaporation rate.

� The existence of a diffusive sublayer, e.g. a boundary layer, is
hypothesized.
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