
Pool Evaporation – Experimental Data
Collection and Modeling

When handling flammable or toxic liquids or liquefied gases, the occurrence of a
leakage and formation of a liquid pool is a scenario to be considered for risk
assessment. Several models are available for estimating the evaporating mass flow,
but only few experimental data exist for validation purposes. Evaporation experi-
ments, with vapor pressures up to 0.94 bar and with different substances in basins
of varying diameter, were carried out, mainly on open-air test sites with different
topographies, but also in enclosed spaces. Based on these new data, a validation of
existing pool evaporation models was carried out and eventually led to the new
formulation of an evaporation model, which is also presented here.
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1 Introduction

For the hazard assessment of liquid spills, the evaporating mass
flow out of a liquid pool has to be considered. For this purpose,
several empirical models are available, e.g., those developed by
Sutton-Pasquill [1], Mackay and Matsugu [2], Clancey [3], and
Brötz [4]. Whilst nearly all models show a similar general for-
mulation of the mass transfer coefficient, they differ mainly in
the formulation of the pressure term. Some models show a
logarithmic term and others a linear formulation. Besides dif-
ferences in the formulation of the mass transfer coefficient, this
pressure term leads to significantly differing results when cal-
culating the evaporating mass flow of a pool with the different
models. In order to evaluate and validate the results, experi-
mental data are needed. As there are only few published data of
evaporation experiments available, a series of more than 220
pool evaporation experiments was carried out in the last years at
the Federal Institute for Materials Research and Testing (BAM;
Berlin, Germany). The aim of these experiments was to provide
a data set suitable for model validation.

The mass flow out of an evaporating pool is mainly depen-
dent on the wind speed, the pool size, the vapor pressure (or
liquid temperature), and other physical properties of the sub-
stance used. During the experiments, all parameters were var-
ied by using pool sizes ranging from 0.5 to 1 m in diameter.
Four different substances were investigated: ethanol, cyclohex-
ane, acetone, and water. The tests were carried out in an
enclosed space and on open-air test sites with two different
topographies. The latter was done to investigate the postulation
of Deutsch [5] who claimed that the different degrees of turbu-
lence in the atmosphere in a built-up and a non-built-up envi-
ronment would influence the evaporating mass flow. Nearly all
tests were carried out for different temperatures, which were

kept constant during the experiments. Some of the experiments
investigated the cooling of the pool due to the evaporation.

These data sets were successfully used for the validation and
comparison of different empirical evaporation models, showing
that all models do not perform well when dealing with low
wind speeds or high vapor pressures. To overcome this prob-
lem, the authors developed a new formulation for an evapora-
tion model.

2 Experimental Setup

Evaporation experiments with ethanol and cyclohexane in three
basins of 0.5, 0.74, and 1 m in diameter were carried out at the
BAM [6]. Three different terrain configurations were investi-
gated: two open-air topographies (a non-built-up environment
and a built-up environment; Fig. 1) and an enclosed space,
located in a storage room to investigate the evaporation in the
absence of wind. The open-air experiments in the non-built-up
environment took place on the Test Site Technical Safety of the
BAM (BAM TTS), on the explosion test ground consisting of a
circular flat terrain without obstacles and with a diameter of
400 m. For the built-up environment, the BAM headquarters in
Berlin were chosen, representing an inner-city topography, with
buildings, roads, and vegetation. During those experiments, the
range of lower vapor pressures up to 0.3 bar was covered with
ethanol and cyclohexane as liquid substances.

Chem. Eng. Technol. 2019, 42, No. 00, 1–9 ª 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA. www.cet-journal.com

Abdelkarim Habib*

Bernd Schalau

ª 2019 The Authors. Published
by Wiley-VCH Verlag GmbH & Co. KGaA.
This is an open access article under
the terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work
is properly cited.

Supporting Information
available online

–
Dr. Abdelkarim Habib, Dr. Bernd Schalau
karim.habib@bam.de
Bundesanstalt für Materialforschung und -Prüfung (BAM),
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The basins were heated via a water-heated heating coil
(Fig. 2), and the evaporating mass flow was determined by
weighing the liquid content before and after the experiment in
correlation to the duration of the experiment. The correspond-
ing vapor pressure was calculated from the recorded liquid
temperatures. Two K-type thermocouples were placed in the
liquid, one near the interphase and one at the bottom of the
basin (Fig. 2). The average of both temperatures was used as
the liquid temperature. The ambient temperature was also
recorded with a K-type thermocouple. For the open-air tests,
the wind speed was measured with a cup vane anemometer in
2 m height above ground, and the wind speeds in 10 m height
were provided by the German meteorological services (DWD)
from a measuring station on the test site.

A second series of open-air evaporation experiments was car-
ried out on the BAM TTS with the intention of reaching higher
vapor pressures. Therefore, a basin of 0.88 m in diameter was
used. This time, the pool was heated using seven radiator panels
of 2 kW each (Fig. 3). In these experiments, acetone and water
were used as liquids and maximum vapor pressures of 0.94 barabs

were reached for acetone and 0.8 barabs for water. The measuring
equipment was the same as for the previous test series. In addi-
tion, the relative humidity of the ambient air was recorded only
for the experiments with water. This value is needed to correct
the partial pressure as an input parameter to the evaporating
models when computing the values for the water experiments.

A third series of experiments
was carried out in a storage room
and a warehouse (L ·W ·H =
22 m · 12 m · 6.75 m; Fig. 4) to
simulate a ‘‘no-wind’’ situation.
The locations chosen were large
enough to avoid saturation of the
substance concentration during
the experiments. Between all tests,
the location was ventilated so
that the initial concentration of
evaporating substance in the am-
bient atmosphere for each test
can be assumed to be zero.

3 Experimental Results

Besides providing experimental data of the mass flow rate for
the ethanol and cyclohexane pools, the first test series with
experiments in a built-up and a non-built-up environment
showed a very interesting fact. It is postulated that a built-up
environment will lead to a higher atmospheric turbulence,
resulting in a higher evaporating mass flow due to the
increased concentration gradient at the interphase. When the
experimental results are plotted over the measured wind speeds

in 2 m height (Fig. 5a shows the results for ethanol
as a model case, but the observations are also valid
for cyclohexane), the correctness of the postulate
seems to be confirmed. The setup for the built-up
area was chosen so that the pool is not located in a
fetch zone, and the wind direction is more or less
constant during one trial. Although the wind direc-
tion was not recorded, it was monitored during the
experiments to make sure there is no ‘‘turning
wind’’ that eventually prevents the gas cloud from
moving away from the pool, leading to reduced
mass transfer.

As for hazard assessment purposes, it is rarely
the case that, on site, near-ground wind measure-
ments are available; generally, the wind speed at
10 m height above ground, provided by meteoro-
logical services, is considered. In line with this, all

Chem. Eng. Technol. 2019, 42, No. 00, 1–9 ª 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA. www.cet-journal.com

Figure 1. (a) Non-built-up environment at the BAM TTS; (b) built-up environment at the BAM
headquarters.

Figure 2. (a) Pan of 1 m in diameter, with heating coil and thermocouples; (b)
cup vane anemometer.

Figure 3. Basin of 0.88 m in diameter on radiator panels with
boiling liquid and thermocouples.
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pool evaporation models require
the wind speed at 10 m height as an
input parameter.

When the measured evaporating
mass flows are now plotted over the
corresponding wind speeds in 10 m
height (Fig. 5b shows again the data
for ethanol as a model case, but the
observations are also valid for cyclo-
hexane), the difference between the
two topographies is not visible any-
more for the investigated pool sizes
of up to 1 m in diameter. As the
wind speed is much less affected by
the topography in 10 m height than
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Figure 4. Experimental setup inside a warehouse.

Figure 5. Evaporating mass
flow of a 0.74-m diameter
ethanol pool at 30 �C
plotted over the wind
speed at (a) 2 m and (b)
10 m height above ground,
for two different topogra-
phies.
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close to the ground, the impact of the turbulence near the
ground on the evaporation process cannot be represented.
Nevertheless, it is the standard value to use. Not only that in
most cases it is the only available value, but it is also the required
parameter for the evaporation models. Therefore, all following
results will be referred to the wind speed at 10 m height. As the
turbulence of the wind field was not measured during the experi-
ments, a closer correlation with the evaporating mass flow can-
not be done.

Although it cannot be excluded that, for larger pool sizes, an
influence of the topology-induced turbulence may influence
the evaporating mass flow, as stated earlier, this has not been
observed for the investigated pools up to 1 m in diameter. That
is why the experimental series for higher vapor pressures were
only carried out on the Test Site Technical Safety, correspond-
ing to a non-built-up environment, as there is no difference to

be expected compared to the built-up environment when using
the wind speed at 10 m height.

Due to the fact that the experiments are open-air ones, a
graphical representation cannot be done easily. Besides the
constant variations of the atmospheric conditions, especially
the wind speed, the pool temperature was also varied for each
substance. Only for ethanol and cyclohexane (due to the large
number of data sets available) it was possible to find enough
points for similar conditions to represent them in a diagram.
Figs. 6a and b show the evaporating mass flow over the wind
speed at 10 m height above ground of ethanol and cyclohexane,
respectively, at different temperatures.

For water, it was possible to find enough points for the evap-
orating mass flow at a constant wind speed over the pool tem-
perature (Fig. 7). For acetone (as can be seen in Supporting
Information Tab. S1), not more than two or three points show
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Figure 6. Evaporating mass
flow of a 0.74-m diameter
(a) ethanol and (b) cyclo-
hexane pool at different
temperatures plotted over
the wind speed at 10 m
height above ground.
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comparable boundary conditions, so that no graphical repre-
sentation is possible.

For the indoor experiments, a representation of the evapo-
rating mass flow over the pool temperature for water, ethanol,
and cyclohexane can be found in Fig. 8. It should be noted that,
in this figure, the values for ethanol and cyclohexane are for a
pool of 0.74 m in diameter and the values for water are for a
0.88-m pool. In addition, the water experiments were carried
out in a larger enclosed space than those for ethanol and cyclo-
hexane, leading to a higher air convection speed. Whilst the air
speed was 0.04 m s–1 in the storage room where the ethanol and
cyclohexane experiments took place, it was 0.1 m s–1 for the
warehouse where the water experiments were carried out.

Even though not all data can be represented graphically, the
integrality of all recorded data sets can be found in the tables
given in the Supporting Information, which are described in
the following.

Tab. S1 shows all experiments with a constant liquid tem-
perature, whilst Tab. S2 shows all experiments where the
heating was switched off during the experiment, so that the
liquid cooled down due to evaporation. In Tab. S3, all ex-
perimental data are shown for the indoor experiments, in
the absence of wind, with a constant liquid temperature
during the experiments. Additional data from the experi-
ments, like the time-dependent liquid temperature for the
experiments from Tab. S2, is also available but a reproduc-
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Figure 7. Evaporating mass
flow of a 0.88-m diameter
water pool at a wind speed
of 2 m s–1 in 10 m height
above ground plotted over
the vapor pressure.

Figure 8. Evaporating mass
flow of 0.74-m diameter
ethanol and cyclohexane
pools and a 0.88-m diame-
ter water pool in the ab-
sence of wind plotted over
the vapor pressure.
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tion here does not seem purposeful. If required, please con-
tact the authors.

4 New Formulation of an Evaporation
Model

Based on this set of experimental data, a new evaporation mod-
el was developed. Existing models are not suitable for calculat-
ing the evaporating mass flow close to the boiling point, as well
as for indoor/no-wind situations [7–9].

Most empirical evaporation models are based on the
assumption of convective material transport with the general
formulation1):

_m ¼ bAM
RTA

p* (1)

where the pressure term p* is either used in a linear formula-
tion as can be found in [5]:

p* ¼ pA � pA;¥ (2)

or as a logarithmic correlation derived from the Stefan diffu-
sion equation:

p* ¼ p ln
p� pA;¥

p� pA

� �
(3)

leading to either infinite (Eq. 2) or finite (Eq. 3) values of the
evaporating mass flow near the boiling point.

The formulation of the mass transfer coefficient varies
depending on the evaporation model chosen. Nevertheless, it is
common to nearly all models that the mass transfer coefficient
depends on the wind speed and the characteristic length. In
earlier investigations [7], it was shown that empirical models
cover a broad range of values, even in the low-vapor pressure
region. It was also observed that the models of Mackay and
Matsugu [2], with a logarithmic formulation of the pressure
term, and the model of Clancey [3] can be seen as the upper
and lower limit, respectively, of the mass flows calculated by
evaporation models. The mass transfer coefficient in both mod-
els is given by:

Mackay/Matsugu:

b ¼ b
u0:78

L0:11Sc0:67 ; b ¼ 4:819 · 10�6 (4)

Clancey, for circular pools:

b ¼ 2:12 · 10�2 u0:78 d1:89

R
(5)

These typical formulations show that, for cases where the
wind speed is close to zero, the evaporating mass flow tends
also to be zero, which is in contradiction to the physical reality.

To encompass all relevant effects related to the evaporation
process, a new model was developed [8, 9]. The evaporating
mass flow is calculated using the following equation:

_m ¼ 0:1b
AM
RTA

pA � pA;¥
� �1:2

(6)

Compared to the above-mentioned linear and logarithmic
pressure terms, a power function is used to account for the
vapor pressure. The mass transfer coefficient is formulated as
the functional maximum between the mass transfer in the ab-
sence of wind based on Fick’s law and a formulation depending
on the wind speed [8, 9]:

b ¼ max
D

2:5
; 5:6 · 10�6 u0:78

L0:11Sc0:67

� �
(7)

With this model, a more accurate prediction of the evaporat-
ing mass flow is possible, compared to earlier existing evapora-
tion models. Fig. 9a shows the performance of the model pre-
sented in this work compared to the Mackay/Matsugu and
Clancey models for an ethanol pool of 0.74 m in diameter and
a liquid temperature of 30 �C. Compared to the Mackay/
Matsugu model, a better accuracy is reached. Compared to the
model of Clancey, the values calculated by the new model are
higher, but conservative. Especially for the low-wind/no-wind
case, even though clearly overpredicting the mass flow, the
results are conservative, whilst the other models predict
unphysical mass flows of zero when there is no wind and seem
to be underpredicting for wind speeds lower than 1 m s–1. In
addition, the model also gives a good approximation of the
evaporating mass flow for higher vapor pressures not only in
the ‘‘no-wind’’ case (Fig. 9b) but also in the situation with wind
(Fig. 9c).

5 Conclusions

In this paper, a full set of experimental data from over 200
experiments on evaporation from liquid pools is provided. The
experiments cover a broad range of vapor pressures up to val-
ues close to the boiling point. The behavior of an evaporating
indoor pool was also investigated and a set of data for a
no-wind or low-wind situation is reported. Based on these
experiments, it was found that previously existing evaporation
models have a restricted range of applications limited to wind
speeds higher than approximately 1 m s–1 and to low vapor
pressures. Therefore, a new model was developed and pre-
sented which covers low-wind speed and high-vapor pressure
cases.
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a)

b)

c)

Figure 9. Experimental data and cal-
culated evaporating mass flows for (a)
a 0.74-m diameter ethanol pool at
30 �C; (b) a 0.74-m diameter ethanol
pool and a 0.88-m diameter water
pool in the absence of wind plotted
over the vapor pressure; (c) a 0.88-m
diameter water pool at a wind speed
of 2 m s–1 in 10 m height above
ground plotted over the vapor pres-
sure.
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Symbols used

A [m2] area
D [m2s–1] diffusion coefficient
d [m] diameter
L [m] characteristic length
M [kg mol–1] molar mass
_m [kg s–1] mass flow

P* [–] dimensionless pressure term
pA [Pa] partial pressure/vapor pressure of

the substance
Pa,¥ [Pa] partial pressure of the substance in

the atmosphere
R [kg m2s–2mol–1K–1] universal gas constant
Sc [–] Schmidt number
TA [K] temperature of the substance
u [m s–1] wind speed at 10 m height

Greek symbol

b [m s–1] mass transfer coefficient
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Research Article: When handling
hazardous liquids, the evaporating mass
flow out of a liquid pool has to be
considered for risk assessment.
Experiments on pool evaporation with
different substances, pool diameters,
and at different vapor pressures and
wind speeds have been performed and
the data allowed the formulation of an
evaporation model.
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