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Abstract

A semi-analytic model for convective evaporation of sessile droplets from solid surface has been developed. The effect of turbulence on
evaporation is incorporated into the model through the use of the friction velocity. The friction velocity is calculated from the wall shear stress
that was obtained experimentally as a function of free stream velocity and turbulence intensity. In the model, the Reynolds number based on
the friction velocity was used because it is more pertinent for sessile droplets than the Reynolds number based on the free stream velocity.
Thus formulated model has been successfully validated with wind tunnel data, where a very good agreement between the model predictions and
experimental measurements is observed. By utilizing the model, a unique evaporation master curve that correlates the normalized evaporation
mass and the non-dimensional time corrected for the influence of the driving force was developed for all droplet sizes, free stream velocities,

turbulence intensities, and the surrounding temperatures.
© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

The evaporation of sessile droplets is encountered in the
chemical warfare. These chemicals could be extremely toxic
and lethal. They start to spread into their surroundings imme-
diately after their release. This spreading can take place in dif-
ferent phases and modes, i.e. liquid, vapor, adsorption, and as
a solvable substance. Before an agent reaches the ground, tran-
sient evaporation is the only mechanism that controls agent’s
departure from its original entity. However, when the agent
reaches the ground the transport mechanisms become more
versatile. Adsorption, evaporation, and diffusion are the ma-
jor mechanisms in the agent transport on/from the ground and
below the surface. If the ground is wet the agent may be dis-
solved into the water causing that all transport mechanisms to
follow a multi-component system governing equations. A sim-
ilar problem is also encountered when pesticides are used. The
evaporation of any pesticide in the liquid form will affect the
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quality of air and the toxicologist can predict the effects of in-
haling such chemicals on body tissues.

A comprehensive evaporation model of a drop deposited on
an impermeable surface with no convective effect is discussed
by Popov [1]. Similar studies are performed by Hu et al. [2]
who have used the finite element method to solve for the vapor
concentration above the droplet. A simple evaporation model
in the presence of convection is developed by Baines et al. [3]
with a doubtful accuracy. In some cases an over-prediction of
90% was observed in using their model. A comprehensive lit-
erature review of the existing models is presented by Winter et
al. [4]. All of the previous studies are mostly focused on captur-
ing some of the physics of evaporation and they do not address
the role of the turbulence on the evaporation. Hence, previous
models lack in their ability to predict any realistic event that in-
volves chemical agents, and a major requirement for an agent
model to be scalable to outdoor conditions. That is to say to es-
tablish a method for realistic prediction of a scenario by only
using the results of a limited laboratory (wind tunnel) tests.

In this study an evaporation model for sessile drops is devel-
oped and the model coefficients are determined for a chemical
agent, HD (Mustard). The model takes into account the contri-
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Nomenclature

Ay Surfacearea..................cciiiiiin... m?
Cp Specific heat at constant pressure ... Jmol™! K~!
D Diffusion coefficient . ................... m2s~!
h Height of the droplet ........................ m
hrg Latent heat of evaporation .............. Jmol~!
m MaSS . e kg
P Pressure ........... ... .. . Pa
Pr Prandtl number
r Wetted arearadius .......................... m
R Radius of curvature ......................... m
Re Reynolds number, u*R /v
Sc Schmidt number
T Temperature . ..........c.o.eeiiiiiiiieenna... K
\% Volume ........ccovvvviiiii .. m3
Y Mole fraction
X,y Coordinate system
u* Friction velocity, »/Tuw /0 .+ ovvevnevernnn.. ms~!
Greek symbols

2 —1

o Thermal diffusivity ..................... m-s

B Contact angle

Z 5—B

A h/r

7 VISCOSILY vt e i Pas
P Density .....oooviiiiii kgm™3
C) T/ Tret

T Shear Stress . ......ovveieneniniine... Pa
Subscripts

£ Related to the liquid phase

M Related to mass transfer

s Surface of the droplet

T Related to heat transfer

vap Vapor phase

Vv Volume

w At the wall

00 Far field

Superscripts

" Per unit area

Per unit time

bution from the free stream turbulence and it demonstrates that
the presence of turbulence can greatly increase the evaporation
rate. Furthermore, a similar group for non-dimensional time is
found. This group can be used to scale the laboratory test results
to the outdoor conditions.

2. Analytical model development

The sessile droplet deposited on an impermeable surface is
usually in the shape of a spherical cap. The droplet and its
geometrical dimensions are as shown in Fig. 1(a), where the
droplet is given with the base radius (r) and its height (h).
The curvature of the corresponding spherical cap (Ry) is also
shown. Initial geometrical values of (ro, g, Ry o) of the droplet
are influenced by liquid surface tension and they are calcu-
lated from the advancing contact angle (6,) and the droplet
volume (Vp). The angle (6,) is liquid/impermeable surface spe-
cific. Due to the evaporation, the droplet shrinks in size, where
the surface tension again plays a major role in changes of the
droplet shape in time. The retreating contact angle (6,) is de-
fined, where (6, < 6,) and again, it is liquid/impermeable sur-

face specific. For the contact angle (6, < 6 < 6,), the droplet
base radius (r) remains constant (r = ro = const) while the
droplet height (%) decreases as depicted in Fig. 1(b). Once the
condition (8 = 6,) is met, the droplet starts to shrink in both
height (h) and base radius (r), but keeping angle () constant
and equal to (@ = 6,) as shown in Fig. 1(c). This condition
translates into A, = h/r = const. It should be noted that this
evaporation mechanism holds for certain substances including
HD that is being considered here as shown in the experimental
results of Hin [5]. The formulations for cases following either
or both mechanisms are derived here.

Irrespective of the evaporation mechanism (r = const or
A, = const), the instantaneous volume (V) and free surface
(Ay) of a sessile droplet are given as:

1 1
= g7ri12(3R —h)= gnh(?)rz +h?)
=27 Rh (1)

Having the mass rate of evaporation (112) equal to the nega-
tive change of the mass (m) left on the surface in time (¢) and
from Eq. (1), it can be written:

R l
r r
R

v :roiconst

Fig. 1. Schematic of a droplet on an impermeable substrate and evaporation mechanisms, where initially droplet base radius (rq) is constant that is followed by

constant droplet height to the droplet radius ratio (1, ).
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. d d T, 5. dh
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m " dt(ﬂz ) /0112(” + )dt (2
where (p¢) is the liquid density. From Eq. (2), the height of the
droplet is calculated as:

di -
dr — pe3(r2+h?)

The instantaneous droplet height can be obtained by inte-
grating Eq. (3) provided that the forcing function (#z) is known.
There are numerous expressions in the literature for the evap-
oration rate (m) and references [6—10] list detailed derivation
of (m). It is shown [6] that the rate of evaporation (n1) can
be written as a product of two functions (f1) and (f>) which
depend on the droplet surface area f1(A;) and transport pa-
rameters f>(7)), respectively. This rate is modified for sessile
drops where it is found that f1(A;) = 27 AR and (A) represents
the instantaneous aspect ratio (h/r) (see Fig. 1):

m = f1(As) f2(Tp) =2 AR f2(Tp) “4)

Combining f1(As) = 2w AR, and Egs. (3) and (4) and using
geometrical condition Rf =r2 4+ (R; — h)?2, the instantaneous
droplet height can be calculated respectively for both evapora-
tion mechanisms (» = const) and (A, = const) as follows:

dh dh

2 f(T,) and ZArf(T) )
—_—=—— an —_— =
dt Pero 2 dt peh 20

3)

The form of the transport function f>(T}) for a droplet evap-
oration into quiescent surrounding is given with the transfer
number (B) and for the evaporation considered as heat trans-
fer problem (7, p) one can write:

H(Tp1) = perln(l + B) = %m(l +B) (6)

Where (p) and (w) are the surrounding fluid density and vis-
cosity, («) is thermal diffusivity and the Prandtl number is
defined as Pr = u/(po). By using the analogy between the
heat and mass transfer (7, ) in which the Schmidt number,
Sc = u/(pD) and the mass transfer number (By,) are used, an-
other form of the above equation can be written as:

H(Tpa) = % In(1 + By) (7)

In Egs. (6) and (7), the heat and mass transfer numbers (B)
and (Bys) are computed from the temperature (7') and the mole
fraction (Y'), respectively, with the values at the droplet surface
(s) and the bulk constant conditions (c0) used:

_Cp(Too_Ts) Yoo — ¥

d By=——-"— 8
h e an M= (®)

B

and (cp) and (A f¢) are heat capacity and latent heat of evapora-
tion.

In order to calculate the transfer numbers, the temperature
and the mole fraction at the droplet free surface (7; and Y;)
need to be known. It is very difficult to perform measurements
of these variables and to calculate the transfer numbers there-
after. It will be more beneficial and practical to find a functional
form of the transfer numbers based on the bulk temperature
and vapor pressure at the bulk temperature from the experi-
mental data. Therefore, the transfer numbers are replaced by

A(T,Ys) (representing T = Ty = T and Y at T) for the
heat transfer driven equation, and by £2(Y;) (depending on Y)
for the mass transfer equation. Furthermore, due to the convec-
tive nature of the evaporation, Egs. (6) and (7) are modified to
include the Reynolds number that account for the convective
transport.

H(Tpn) = %(FT + CrRE™ PP I[1 + A(T, Yy)]

model 1 ©)]
HTpa) = %(FM + CyRe™ S In[1 4 2(Yy)]
model 2 (10)

The terms A(T, Yy) and §2(Y,) also need to be found, and
the next functional dependencies are proposed:

v, \§©

AT, Yy) = . d

( s) (l — Ys) an

Y 1.1125

() = : 11

(¥y) (1 - n) (11)
where £(©) = —81.96+247.1360 — 244.7502 4+ 80.405603,
O = % (absolute temperatures in °R) and Y; = P;,"p .

The constants Fp, Cr, mp and ny are convective transfer
constants for the first equation and Fys, Cyy, mys and nyy are
constants for the second equation that need to be determined
from the experimental results. The vapor pressure (Pyap) is cal-
culated for the bulk temperature (7") and the exponent in £2 (Y)
term and function £(®) are found from the experimental data.
The Reynolds number is defined using a characteristic velocity
(Ucharactr) and a characteristic geometrical dimension (dcharactr)
and it is equal to Re = pdcharactrlécharactr/ > Where (dcharactr) 18
equal to the droplet cap curvature (R;) (see Fig. 1). Finally, due
to the turbulence effects the characteristic velocity is set equal
to the wall friction velocity (u*).

The model is now further extended to include the effect of
the free stream turbulence. In the classic boundary layer theory,
as the flow reaches a solid surface the velocity reduces, iner-
tial forces are gradually diminished, and viscous effects become
more dominant. On the other hand, viscous forces characterized
by the wall shear stress are affected by the amount of turbulence
level in the free stream. Therefore, a sessile droplet experiences
both “driving forces” for its evaporation, velocity and turbu-
lence level. It is postulated here that both effects are embedded
in what is called the friction velocity (u* = u; = /7, /p, where
(Tw) is the wall shear stress and (p) is the free stream density).
It is also hypothesized that the effects of the free stream tur-
bulence intensity and velocity magnitude can be incorporated
into the evaporation model through using the Reynolds number
based on the friction velocity rather than the usual free stream
velocity. That is to say that the Reynolds number is calculated
using the velocity that is “seen” by a sessile drop.

3. Results and discussions

In order to check the evaporation models developed, two
series of experiments were carried out. A series of boundary
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Table 1
Shear stress at the wall as a function of the free stream velocity and turbulence
intensity

Free stream
speed (m/s)

Turbulence intensity

0.3-0.4% 2.6% 4.1-5.4%
Ty (shear stress at the wall, Pascal)
2 0.0249 0.0251 0.0253
5 0.0626 0.0663 0.0723
10 0.2048 0.2102 0.2483
15 0.4096 0.4450 0.5115
Table 2
The convective heat (7') and mass (M) transfer parameters
F C m n
Heat—Eq. (9) 0.1 0.07 1.0 0.25
Mass—Eq. (10) 1. 4, 1.0 0.4

layer measurements were made at the Caltech’s 6’ x 6’ wind
tunnel. The turbulence intensity was altered while the mean ve-
locity was maintained constant. Table 1 shows the wall shear
stress as a function of the free stream velocity and turbulence
intensity [11]. For arbitrary free stream velocity and turbulence
intensity within the range in Table 1, the friction velocity (u*)
is calculated by finding the wall shear stress by interpolation
from Table 1, and the free stream density is obtained from the
operating temperature and pressure.

In the second group of experiments, the droplet evapora-
tion rates were measured for varying droplet volume and free
stream flow conditions. Three distinct initial droplet volumes,
Vo (L) = {1, 6, 9} were used. The wind tunnel tests were per-
formed at four different free stream velocities, ugee (Mm/s) =
{0.26,1.77,3.00, 3.66} and the wind tunnel air temperatures
were set at T (°C) = {15, 25, 35,50, 55}. It has been experi-
mentally observed [5] that the evaporation of HD droplets start
with an initial contact angle of about 6, = 28° and proceeds
with (r = rop = const) mechanism (reducing contact angle), and
then switches to (A, = const) at a contact retreating angle of
about 6, = 10°. A numerical procedure that solves the govern-
ing equation (5) along with Egs. (9) or (10) (including Eq. (11)
for A(T, Y;) or £2(Y;) terms) was developed. The scheme is
based on the Runge—Kutta fourth order integration algorithm.
The available data for Vo = 1 uL droplet at four temperatures
(with T = 15°C) and free stream velocities were used to find
all the model parameters including the constants in Eq. (11)
for A(T,Y) and §2(Y;) functions. The turbulence intensities
of 1.5%, 2.2%, 2.5%, and 2.8% were used respectively for four
free stream velocities of ugee (m/s) = {0.26, 1.77, 3.00, 3.66}
to calculate the friction velocity (u*). For the two models based
on heat (T') and mass (M) transfer, the convective transport co-
efficients F', C, m and n are shown in Table 2. After finding the
model constants, the numerical predictions for different set of
input data, i.e., droplet size, temperature, and free stream veloc-
ity, are compared with experimental results. Furthermore, the
validated model was used to perform parametric studies to un-
derstand the importance of temperature, free stream velocity,
and turbulence intensity on the evaporation. The results of this

study were compiled to find a similar solution for the percent-
age (%) of mass left (compared to initial mass) as a function of
non-dimensional time. The similar solution can be scaled from
the wind tunnel experiments to outdoor data.

Figure 2 shows the comparison between both models (1
and 2 in Egs. (5), (9) and (10)) and the experimental data for
Vo =1 pL droplets. It can be seen that by almost doubling the
free stream velocity an increase in evaporation rate of about
25% can be achieved at the same temperature. Figure 2 also in-
dicates that by almost doubling the temperature (15 to 35 °C) at
the same velocity (1.77 m/s) the evaporation rate has become
five (5) times faster. This indicates that the evaporation is more
sensitive to the temperature than to the free stream velocity. At
higher temperatures the main driving force for evaporation be-
comes the vapor pressure (Py,p), and therefore (Y5).

A similar comparison is made for the available data for
Vo = 6 uL droplets that are exposed to the same temperature
and/or free stream conditions. These results are shown in Fig. 3
and the comparison is very good regardless of the fact that all
model parameters are unchanged. Investigating the changes in
the evaporation time we came to the same conclusions for the
influence of (ufree) and (7T') as for droplet Vy = 1 uL. The third
droplet volume investigated is Vp = 9 pL drops and experimen-
tal results and their comparison with numerical predictions are
summarized in Fig. 4. Again, a very good agreement between
experimental results and numerical predictions is observed. The
influence of free stream velocity and its temperature (ufree) and
(T) on the evaporation is the same as in the previous cases for
smaller droplets. There is an under- or over-prediction when the
two models are compared with experimental data. However, the
faster the evaporation becomes more error can occur in measur-
ing the vapor phase (see Fig. 4, T =55 ° case).

The previous analysis reveals that there is a difference in
how the individual parameters influence the evaporation rate.
It also seems that the evaporation rate is most influenced by
bulk air temperature. Having the analytical formulation vali-
dated, the model can now be used for parametric studies. To
do this, a small (Vy = 1 uL) and large (Vyp =9 uL) droplet are
subjected to only one varying parameter at a time. To exam-
ine the influence of turbulence intensity on the evaporation, the
free stream velocity and temperature are kept constant and the
turbulence intensity has varied from 0.3 to 6%. For the highest
and lowest (laminar) turbulence intensities the evaporation rate
was altered by a factor of three (3) regardless of the size of the
droplet. This is expected as the contribution of turbulence is ac-
counted for in the Reynolds number raised to the same power.
Figure 5 depicts this finding and emphasizes the fact that free
stream turbulence is extremely important as a driving force that
cannot be simply overlooked.

Similar study was performed to examine the significance of
the free stream velocity on the evaporation by considering the
smallest and largest droplets as shown in Fig. 6. In this study
a free stream turbulence intensity of 2% with a constant free
stream temperature of 35 °C was assumed. If the free stream
velocity is increased by a factor of about fourteen (14), the
evaporation time will decrease by a factor of about four (4). By
the same token each free stream velocity can be correlated to the
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Fig. 2. Heat and mass transfer models and wind tunnel data comparison for V(j = 1 pL droplet—percentage of mass left as a function of time.

evaporation time. In the last parametric study, the free stream
velocity and turbulence intensity were maintained constant for
the two droplet sizes and the temperature was varied. It appears
that the air temperature (7') has the most significant effect on

evaporation as seen from Fig. 7. For a 14% increase in absolute
temperature the evaporation rate is increased by a factor of 24
due to the fact that the vapor pressure is a strong function of
the temperature (the vapor pressure of HD at 30°C is about
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0.25 mm of Hg). On the other hand, the influence of (7') can be
suppressed by increasing either (ugee) or turbulence intensity,
thus promoting the convective transfer. Hence, two groups of
the parameters can be distinguished, one that promotes driving
force (temperature), and the latter ones that increase convective
transfer (velocity and turbulence intensity).

100 6 uLit Drop
Air Velocity = 1.77 m/s
I T=50°C

& | Turbulence Intensity = 2.2%
3 80
" I Model 1
o | At Model 2
g 60 . ° Wind Tunnel Data
<
(4]
N 40
£
Q 20 L
Z 1

00

Time (hr)
(d)
6 pLit Drop
100 Air Velocity = 3 m/s
T=35°C

= Turbulence Intensity = 2.5%
3 80
n 3 ‘,\‘. Model
& 1 \ 0 mmmaa Model 2
s 0 \® ®  Wind Tunnel Data
<
(]
N
g
(]
=

Time (hr)

Fig. 3. Numerical and experimental wind tunnel data comparison for Vj = 6 uL
droplets—percentage of mass left as a function of time.

3.1. Evaporation master curve

There are two major questions to be answered: (1) what is
the effect of turbulence on evaporation, and (2) how do the re-
sults of wind tunnel tests can be extended to outdoor conditions.
It is postulated that the friction velocity holds the answers to
both questions. It was demonstrated that the friction velocity
indeed can be used as a characteristic velocity to model the
evaporation in turbulent flows. Using the friction velocity as
a “velocity scale” combines the influences of the free stream
velocity and turbulence on evaporation into a single variable.
Hence, we postulate that the model should be applicable to out-
door conditions with all the calibration constants obtained in the
wind tunnel. This can be done through having a good estimate
of the free stream velocity and turbulence intensity and by inter-
polating the value of the shear stress from Table 1 and finding
the friction velocity thereafter. Finally, having the evaporation
model developed, there is an additional question concerning
whether the evaporation curves show a single type behavior that
can be reduced into an evaporation master curve.
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Fig. 4. Model and wind tunnel experimental data comparison for Vy =9 uL
drops—percentage of mass left as a function of time.

The evaporation curves show the percentage of the initial
mass left as a function of time. For the cases investigated ex-
perimentally, the evaporation time changes by two orders of
magnitude (forty times), whereas the initial droplet mass (vol-
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Fig. 5. The effect of turbulence intensity on evaporation.

ume) changes by an order of magnitude. The models from
Eqgs. (9) and (10) suggest that the evaporation is influenced
by: (1) geometry (because of the exposed surface to convective
motion), (2) convective transfer, and (3) driving force (temper-
ature or mole fraction). It is assumed that all three groups of
parameters can be lumped into only one non-dimensional time.
A geometrical factor corresponding to the transport length scale
can be defined based on (V/r?) of a droplet. The convective
transport including the turbulence effects will make its contri-
butions through the friction velocity, u™* that can be used as the
velocity scale. The temperature and/or concentration gradient
is accounted for through the transfer number, In(1 4 B). There-
fore, a similar time can be defined as:

tw*(V/r) ' In(1 4+ B) = ru*(r?/ V) In(1 + B)

A similar solution for the normalized mass left should not de-
pend on the free stream velocity, turbulence intensity, droplet
size, advancing angle (type of impermeable surface), and air
temperature. This assumption is confirmed against numerically
generated evaporation curves by calculating the normalized
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Fig. 6. The effect of free stream velocity on evaporation.

mass left as a function of non-dimensional time for a broad
range of varying droplet size with the same contact angle, free
stream velocity, turbulence intensity, and temperature. The data
reduction is demonstrated in Fig. 8 where the same curve is
generated for all cases irrespective of the droplet size and free
stream conditions. The small scatter is due to the fact that the
model constants were obtained by curve fit.

The earlier hypothesis advocating the use of the friction ve-
locity to incorporate the effects of turbulence in a scalable man-
ner into a convective evaporation model seems to be a viable
method. The curve in Fig. 8 is universal for a specific substance
(HD in this work) and can be used to study the evaporation
of HD droplets under the outdoor conditions as long as the
friction velocity that is a boundary layer characteristic can be
obtained. The change in the dynamics of the evaporation topol-
ogy (r = const and A, = const) is seen from this figure through
the non-continuous gradient of the normalized mass left. This
is due to a sudden change in the length scale of the similar so-
lution. If a uniform topology change of the droplet (» = const
or A, = const) during the evaporation is assumed, the gradi-
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Fig. 7. The evaporation curves for different free stream temperatures.

For all Turbulence Intensities (0.3, 1, 2, 3,4,6%)
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Fig. 8. Similar solutions in the form of the percentage of mass left as a function
of dimensionless time that is reduced with respect to geometrical, convective
and driving force parameters.
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Similar Solution for all the Experimental Data
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Fig. 9. Similar solutions for the available experimental data in the form of the
percentage of mass left as a function of dimensionless time.

ent in Fig. 8 will remain continuous. The same similar solution
was exploited to reduce all the available experimental data as
shown in Fig. 9 where it is demonstrated that the experimen-
tal results follow the similar solution. To generate these curves,
the amount of liquid mass left was converted to volume (V)
and by knowing the contact angle and evaporation mechanism
(r = const or A, = const), the radius (r) of the wetted areca was
obtained. The same friction velocity and transfer number that
were used to generate Fig. 8, were used to produce Fig. 9. Al-
though, model 2 was implemented for our study, using model 1
will yield similar results and are not presented here for brevity.

4. Conclusions

Two evaporation models for sessile droplets that incorporate
the effects of the free stream turbulence were developed. The
models were successfully validated with available wind tunnel
data for HD. The sensitivity analysis of the evaporation rate on
the surrounding conditions was also carried out. These results
revealed that the temperature has a major influence on the evap-
oration rate, but it can be altered to some extent having provided
conditions of high convective transport. It was shown that the
friction velocity is a suitable velocity scale for incorporating the
effects of turbulence intensity level in the free stream flow. Fur-
thermore, by using (V/r?) as the length scale, friction velocity
as the velocity scale, and natural log of the transfer number as

the driving force (temperature, mass) scale, a unique master
evaporation curve can be obtained. Finally, this methodology
provides an important means to scale the evaporation rate of
hazardous substances from laboratory tests to realistic outdoor
conditions, especially due to the existing restrictions in outdoor
testing of dangerous chemicals.
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