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Abstract— The simultaneous evaporation and condensation of continuum regime ethanol-water droplets
have been investigated. The evolution of cumulative mass distribution has been analysed numerically and
the model predictions have been compared with the results from wind tunnel experiments. The predictions
also include the estimation for the turbulent droplet deposition on the tunnel wall. The strong influence
of the relative humidity on the evaporation rate, and furthermore on the mass distribution, is discovered.

INTRODUCTION

EvAPORATION and condensational growth of droplets
are fundamental processes in the atmosphere and also
In many industrial operations employing liquid sprays
and liquid fuel combustion. Further, most of the
atmospheric and industrial aerosols are often poly-
disperse, that is they contain a wide range of
droplet/particle sizes and hence the study of the
evaporation behaviour of polydisperse aerosols is of
great practical importance.

Although experimental and theoretical inves-
tigations on the evaporation and condensational
growth of single droplets have been well established
and reviewed by Davies [1], Wagner [2] and Davis [3],
experimental measurements on polydisperse aerosols
are almost non-existent, while few theoretical studies
have been reported by Probert [4], Dickinson and
Marshall [5] and Tsang et al. [6].

The evaporation/gasification of volatile aerosols
such as methanol and ethanol in humid environment
has been the subject of considerable interest due to
the fact that the large heat release due to the con-
densation of ambient water vapour on evaporating
volatile droplets substantially augments the evap-
oration process as was first suggested by Law and
Binark [7]. This concept was later substantiated exper-
imentally and theoretically by Law et al. [8] for single
methanol and ethanol droplets.

We present experimental and numerical results for
polydisperse ethanol aerosols (10-200 um) evap-
orating in humid air. The main stress is laid on the
description of processes governing the evolution of
the cumulative mass distribution and on the interpret-
ation of obtained results.

EXPERIMENTAL

The experimental investigation of the evaporation
of polydisperse ethanol aerosols in a vertical wind
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tunnel involved the measurement of changes in drop-
let size distribution with downstream distance from
the inlet. A schematic diagram of the wind tunnel and
the associated equipment is shown in Fig. 1 [9].

Air was drawn from the atmosphere by a blower
(1) of 1000 m*® h~' capacity, through a calibrated
orifice meter (2) and an absolute HEPA filter (4) before
entering the 5 m long and 0.15 m diameter main wind
tunnel section. The wind tunnel was constructed of
circular cross-sectioned hard PVC pipe. The flow vel-
ocity in the wind tunnel was typically 4-5ms~ ', which
gives for the pipe a Reynolds number of about 37 000
46000. Ethanol aerosol was generated by pumping
pure ethanol from a storage tank (7) by a centrifugal
pump (3) through a pressure atomising nozzle (9)
capable of generating droplets in the diameter range of
10-200 um. Ethanol flow rate and atomizing pressure
were measured by a calibrated rotameter (5) and pres-
sure gauge (6), respectively. The liquid deposited on
the wind tunnel wall was collected by a small con-
centric slot at the bottom of the wind tunnel.
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FiG, 1. Schematic diagram of experimental equipment [9].
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D,  binary diffusion coefficient of species /

D, diameter of pipe

erfc  complementary error {unction

I gas-phase mass flux vapour i

K thermal conductivity of the gas mixture
above the droplet

L; latent heat of vaporization for species i

L length of pipe
M,;  molecular weight of species i

m total droplet mass

m; liquid mass of species i

n width parameter in Rosin—-Rammler
distribution

P total pressure

P fractional penetration of droplets in pipe

pi partial vapour pressure above the droplet
surface

o gas-phase heat flux
0, volumetric flow rate of fluid through the

pipe
R gas constant
T temperature

NOMENCLATURE
a droplet radius u* friction velocity
Ci correction factor for diffusion coefficient 14 deposition velocity
d droplet diameter vy volume or mass fraction of spray
d size parameter indicating the peak in the V.,  dimensionless deposition velocity
distribution X mole fraction of species / in the droplet.

Greek symbols

o, inverse of dimensionless relaxation time

Bui  transitional correction factor for mass
transfer

Br transitional correction factor for heat
transfer

n ratio of dimensionless r.m.s. droplet
velocity to dimensionless r.m.s. fluid
velocity

e viscosity of gas

Pu density of droplet

Pe density of gas

T, dimensionless droplet relaxation time.

Subscripts
a values at droplet surface
[ species
1 species
2 species
o values far from the droplet.

The main section of the wind tunnel was equipped
with four sample ports each separated by a distance
of 1 m. Each sample port was covered by a 0.04 m
diameter flat glass window to allow passage of the
laser beam through the pipe cross-section. The etha-
nol droplets generated by the nozzle were allowed to
attain the gas velocity and to disperse evenly in the
1.25 m pipe section between the nozzle and the first
sample port.

A Malvern Laser Droplet Detector (Malvern
Instruments Ltd, U.K.) was used for the in-situ
measurements of droplet size distributions along the
tunnel. The instrument was oriented at various sample
ports by means of a winch and pulley arrangement
shown in Fig. 2 [9]. This consisted of a metallic v-
bracket (not shown in the figure) which moved up
and down a metallic beam (4) aligned parallel to the
pipe and fixed to the floor. The winch (1) was designed
to lift 500 kg and hence the laser instrument could be
safely aligned across the tunnel to measure droplet
size distribution at various sample ports downstream
without disturbing the flow pattern of the gas stream.

The temperature and relative humidity of the
incoming air through the wind tunnel were also mea-
sured before sample port 1. The ambient temperature
was measured by a thermometer inserted in the air
line before the absolute filter. The relative humidity

of the air was estimated by measuring the dew point
by a condensation type dew point hygrometer (EG
& G model 800) and then converting it to absolute
humidity and hence the vapour content of the air
flowing.
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F1G. 2. Schematic diagram of the orientation of the Malvern
instrument [9].
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The procedure for an experimental run is as fol-
lows: After preparing the experimental system,
initially air was drawn from the atmosphere through
the column at the desired flow rate until a steady
temperature was attained and then the dew point was
measured. Meanwhile, pure ethanol in the storage
tank was continuously circulated through the pump
to bring it to the air temperature in the tunnel. Then
the laser instrument was oriented at sample port |
and a blank reading of the air flow was taken before
injecting ethanol spray. After a steady state had been
achieved, the size distribution of the aerosol was
obtained. Then the instrument was taken to sample
port 2 by means of the winch and pulley arrangement
and the same procedure was repeated to obtain size
distribution at sample port 2. At each sample port a
fresh bank measurement was made before obtaining
the actual distribution of the aerosol. During the
experimental runs it was found that the ethanol drop-
let concentration fell below the minimum concen-
tration required by the Maivern instrument, beyond
sample port 2 and hence further measurements could
not be made at sample ports 3 and 4. This was due to
the fast evaporation of ethanol droplets.

The built-in software associated with the instru-
ment enabled a Rosin-Rammler distribution to be
taken at each sample port with the parameters of the
distribution 4’ and n determined. The Rosin-
Rammler distribution is usually expressed in terms of
cumulative undersize weight as

v = 1—exp<—<%>”> 4))

where vy represents the volume or mass fraction of
spray less than the diameter d,d’ a size parameter
approximately indicating the position of the peak of
the weight frequency distribution and » a distribution
width parameter with narrrow distributions giving
high n values and vice versa. The Rosin-Rammler
distribution has been widely applied for modelling
the distribution of droplet sizes generated by various
atomizing nozzles [10].

THEORETICAL

The theoretical model used to predict the change in
droplet size distribution with position along the wind
tunnel involves the calculation of the change in diam-
eter of each droplet comprising the aerosol due to
evaporation, condensation and turbulent deposition.
It has been assumed that the relative velocity between
gas and droplets in the axial direction is negligible,
since the gas is travelling many times faster than the
terminal velocity of the largest drop considered in this
study. Similarly, re-entrainment of droplets from the
wind tunnel walls has been assumed to be absent, since
the droplets deposited on the walls were observed to
coalesce rapidly into a thin film and hence any re-
entrainment would be as vapour and not droplets.
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Evaporation of droplets

Droplet evaporation or condensation rate depends
on the net transport of vapour molecules relative to
the droplet. The mass transfer is accompanied by heat
transfer, because at the phase transitions heat is
released (condensation) or consumed (evaporation).
Since the vapour diffusion and heat conduction in
the gas proceed on a much faster time scale than
evaporation or condensation, the vapour con-
centrations and the temperature profiles near the
droplet approach steady state before appreciable
evaporation or condensation occurs and the mass and
heat fluxes can be considered as quasi-steady [11].
Changes in these processes are determined by the
changing boundary conditions, i.e. by changing sur-
face mole fractions and surface temperature. Fur-
thermore, the mole fractions and the droplet tem-
perature are spatially uniform within the droplet but
temporally varying.

The quasi-steady evaporation or growth rate for a
binary droplet can be written as

dm, dm,

o = him X T) —o==hLim X, T,) (2)
where m; represents the liquid mass of species i and 7;
the gas-phase mass flux of the vapour i. m is the total
droplet mass (m = m,+m,) and X, the mole fraction
of species / in the droplet, 7, is the droplet tem-
perature.

In the continuum regime, the expressions for mass
fluxes due to ordinary diffusion result from the Ste-
fan—-Maxwell equations and they are coupled in a
quite complex manner [12]. However, the assumption
of independent, uncoupled diffusion is entitled to be
used for conditions considered in this study (see ref.
[13]) and the simplified mass flux expressions are given
by [14]

_ dnaM D\, . pBan C.ln (] "Pl;o/P)
RT, Y\ =pulp

I =

draM Dy o, pBoss (l—pr/p>
— e C,In
RTcr_ : 1 "pm/p (3)

where R is the gas constant, M; the molecular weight
of species i and p the total pressure. D;, ., is the binary
diffusion coefficient of species i/ with respect to an inert
gas at the temperature far from the droplet, T,. a is
the droplet radius, which is determined by the total
mass of the droplet and the overall droplet density as
usual. p;, and p;,, are the partial vapour pressures just
above the droplet surface and far from it, respectively.
In calculating p,,, the droplet surface can be assumed
to be saturated. The disturbance of the saturation
equilibrium is taken into account by the transitional
correction factor f,,,;, which is a function of the
Knudsen number for mass transfer and the mass
accommodation coefficient for each species [2,15].
The correction factor C;, which takes into account the
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temperature dependence of the diffusion coefficient
Di(T) = Dy (T/T )", is [14]

_T,-T,

2=y
C = 7o

TZA_ TR

C)

In the above expressions, the mass transfer rates
of vapours are governed by ordinary diffusion (and
convective-like Stefan flow) in the pure inert gas,
neglecting another vapour. The effect of another vap-
our is introduced only by the boundary conditions at
the droplet surface.

An equation for the steady state droplet tem-
perature can be derived using the energy conservation.
Neglecting the droplet heat capacity, the temperature
levels off at a value where the phase transition heats
can be transferred in the gas; i.e.

Q@T)+L I, +L,I; =0 %)

where Q is the gas-phase heat flux (excluding the
contribution from the enthalpies of diffusing vapours)
and L, is the latent heat of vaporization for species {
including liquid mixing enthalpy.

If the heat flux is governed merely by thermal con-
duction according to Fourier’s law and if the thermal
conductivity is allowed to vary linearly with tem-
perature, the droplet temperature can be expressed as
[2, 14]

LiJ,+ Lyl
T, =Tt i
20a(Ke +K,)Br

(6)
where K, and K, are the thermal conductivities of the
gas mixture just above the droplet surface and far
from it, respectively. The transitional correction fac-
tor B+ is a function of the Knudsen number for heat
transfer and the thermal accommodation coefficient
[2,16].

Deposition

In addition to droplet evaporation and con-
densation the theoretical model accounts for the depo-
sition of droplets onto the wind tunnel wall.

Particle or droplet deposition in turbulent flow can
occur by gravitational, inertial and electrostatic forces
or by Brownian motion. Friedlander and Johnstone
[17} have shown that for electrically neutral aerosols
larger than 1 um in diameter, the predominant depo-
sition mechanism in vertical pipes is inertia.

In the present analysis, we have applied the stoch-
astic model of Reeks and Skyrme [18], proposed to
explain the experimental results obtained by Liu and
Agarwal [19], who presented their data in the Rey-
nolds number range 10000-50000, as a universal
curve of 7, (the dimensionless droplet relaxation
time) vs ¥, (the dimensionless deposition velocity).
The data were fitted into the stochastic model by
adjusting the constants in the following expression for
deposition velocity

25
V., = 0.56q erfc (6 “*)

2

a, =1/t
d*pgpau*’
T M

where u* is the friction velocity which is related to the
average velocity of the fluid in the pipe through the
pipe friction factor and ¥, = V/u* [18]; n the ratio of
r.m.s. droplet velocity to r.m.s. fluid velocity estimated
according to ref. [18]; and erfc the complementary
error function, p, and p, the densities of droplet and
gas, respectively, and p, the viscosity of the gas.

Equation (7) can be used to calculate V', for a
droplet of given 7, and hencc the deposition velocity
V can be obtained. Once the deposition velocity V
has been evaluated, it is necessary to calculate the
fractional penetration of droplets, P, and hence the
fractional deposition of droplets on the wall, (1 —P).
The fractional penetration can be calculated from (e.g.
ref. [20])

Oy

V=
nD.L

In (1/P) ®)

where Q, is the volumetric flow rate of fluid through
the pipe, D, the pipe diameter, L the pipe length.
The foregoing analysis breaks down for 7, less than
5. In our experimental conditions, for 7, below 5, the
empirical relation of Liu and Agarwal [19] given by

V, =60x10"%2 ©)

has been used.

Numerical

The numerical model includes detailed submodels
for quasistationary evaporation and condensation
processes and for turbulent droplet deposition. Equa-
tions (2) and (3) are solved by means of fourth-order
Runge-Kutta method [21] and the droplet tem-
perature (equation (6)) is solved using the Newton—
Raphson method [21]. A detailed description of
the condensation/evaporation part of the numerical
model is presented by Majerowicz et al. [22]. Tur-
bulent deposition is estimated according to ref. [19].
A detailed description of the deposition part is pre-
sented by Mani [9].

The overall aerosol dynamical model is simplified.
We treat the depositing polydisperse droplets as a
system comprising several (200 in our calculations)
separate monodisperse populations with different
droplet sizes. This approach is legitimate, since drop-
let mass concentrations are fairly low (see the next
section and Table 1).

To calculate evaporation/condensation and depo-
sition the physico-chemical data about water—ethanol
mixture are needed. The model computations require
values of various physico-chemical properties which
may be constant or may depend on the temperature
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and the composition. The correlations of experimental
values for these properties are found in the literature.
Molecular weights, binary diffusion coefficients, ther-
mal conductivities, dynamic viscosities, saturation
vapour pressures and liquid and vapour specific
enthalpies (including latent heats of vaporization) are
estimated according to refs. [23-27]. The thermal con-
ductivity of gaseous mixtures is calculated from the
pure component conductivities by an equation
developed by Lindsay and Bromley [28]. The activity
coefficients were determined from three parameter
Redlich—Kister equation of d’Avila and Silva [29].
The density fit based on the data of Perry and Chilton
[30] was used. The saturation vapour pressure of the
pure ethanol was taken from ref. [31].

RESULTS AND DISCUSSION

We consider the evaporation behaviour of the etha-
nol droplet population in humid air. The effects of
the droplet mass concentration and deposition are
examined numerically. Finally, the overall behaviour
of the droplet population is analysed and the numeri-
cal results are verified by an example of experimental
resuits.

Table 1 shows the sensitivity of the final diameter
of an ethanol droplet to the presence of water vapour
and to the total droplet mass concentration. The final
diameter corresponds to the diameter after 0.20 s. The
gas temperature is 33°C and in the presence of water
vapour the relative humidity is 66%.

Firstly, consider the effect of the water vapour con-
densation on the final diameter. The condensation of
water vapour has two opposing simultaneous effects
on the droplet size. The condensed water naturally
tends to increase directly the droplet size ; on the other
hand the latent heat released in condensation tends to
raise the droplet temperature and therefore enhances
evaporation and furthermore tends to decrease the

Table 1. Effect of water vapour condensation on ethanol
droplets and effect of droplet mass concentration. The final
diameter corresponds to the diameter after 0.20 s. The gas
temperature is 33°C and in the presence of water vapour the
relative humidity is 66%. ID, initial drop diameter (um);
FD, final diameter (um); A, condensation absent; B, con-
densation present, single droplet; C, condensation present,
total initial mass concentrations of droplets 0.8 g m~?; D,
condensation present, total initial mass concentration of
droplets 8 gm~?*

A B C D

ID FD FD FD FD

10 0.00 0.00 0.00 0.00
20 0.00 7.71 7.87 9.10
30 0.00 15.98 16.07 16.80
40 16.30 23.04 23.11 23.72
50 34.16 30.18 30.29 31.38
60 47.46 40.72 40.88 42.52
70 59.60 52.73 52.89 54.32
80 71.08 64.41 64.54 65.78
90 82.18 75.72 75.84 76.92
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droplet size (see also refs. [8, 32]). The significance of
these effects depends on the initial droplet size. For
smaller droplets the direct effect of condensed water
is important whereas for larger droplets the effect
resulting from the latent heat becomes more sig-
nificant. The droplets of initial diameter of up to 30
um evaporate completely in the dry air, while the
droplets of above 10 um in diameter remain in the
aerosol (as almost pure water droplets) in the presence
of water vapour. For droplets of above 50 um, there
is relatively less time to evaporate during 0.2 s as
for smaller droplets and water vapour condensation
decreases the final diameter by means of enhanced
evaporation.

Secondly, consider the effect of the mutual droplet
interactions through changes in ambient conditions.
As evaporation (condensation) proceeds, the vapour
pressure in the gas increases (decreases) and the gas
temperature decreases (increases). When the droplet
mass concentration increases, the effect of the mutual
interactions becomes naturally more pronounced. The
mutual interactions have slight effect when the total
mass concentration is beiow 0.8 g m~*. In this inves-
tigation the concentration is below that value and
hence we can treat the depositing polydisperse drop-
lets as a system comprising several separate mono-
disperse populations with different droplet sizes, i.c.
the overall effect of the deposition on the ambient
conditions can be legitimately neglected. Note also
that the number concentration of particles is low
enough so that droplet coagulation can be neglected.

We have investigated theoretically the evolution of
ethanol droplet population in the presence of depo-
sition with different relative humidities. Firstly, we
compare the relative effects of evaporation/
condensation and deposition on droplet mass changes.
The cumulative mass distribution of initially pure
ethanol droplets has been set to increase linearly with
increasing droplet diameter. Table 2 presents the
changes in droplet masses resuiting from deposition
and evaporation/condensation after 0.2 s for relative
humidities 0, 60 and 90%. The gas temperature is
30°C. The effect of deposition on mass changes is
significantly smaller than evaporation/condensation
processes in all size classes. The overall mass change
by deposition is about 7% and by evaporation/
condensation over 60% for all relative humidities. The
total change is about 70% in these conditions.

Figure 3 shows the evolution of the cumulative mass
distribution for the cases described just above. The
distribution alters most with the relative humidity 0%.
The change is mainly caused by evaporation as noted
above. Small droplets evaporate relatively more than
larger droplets during 0.2 s, since the evaporation is
governed by the well-known a’law (resulting if the
mass flux is expressed by means of the droplet density
and the evaporation rate da/ds, and equalized with
expression (3)). Thus the distribution evolves from
the initially linear form to such a form that lies below
the initial curve for smaller diameters and intersects
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Table 2. Effects of deposition and evaporation/condensation on the droplet masses as a
function of the initial droplet diameter (ID) in ym with different relative humidities. The
gas temperature is 30°C and the flow velocity is 4.0 m s~'. The numbers describe
the percentage change in the droplet mass after 0.2 s caused by deposition (DEP) or
evaporation/condensation (EVA/CON) processes (e.g. 100 in column EVA/CON means
that droplets in the size class concerned have disappeared completely by evaporation)

RH = 0% RH = 60% RH = 90%

ID DEP EVA/CON DEP EVA/CON DEP EVA/CON
10 0 100 0 100 0 95
20 0 100 0 97 0 80
30 0 100 I 86 1 76
40 7 89 7 77 6 71
50 16 61 16 65 18 61
60 14 46 14 57 15 60
70 11 37 11 49 12 54
80 9 30 10 40 10 46
90 7 25 8 35 8 40
100 6 21 7 30 7 35

it at the larger end of the distribution. At higher rela-
tive humidities the distribution evolves similarly, but
the change is reduced substantially for smaller drop-
lets. This results naturally from the contribution of
the condensed water to the droplet masses (see Table
1). However, for larger droplets at higher relative
humidities, the change (compared with the initial dis-
tribution) is enhanced since the evaporation rate is
increased due to latent heat released in water con-
densation (see Table 1).

The behaviour of the ethanol droplet population in
the humid air is also investigated experimentally. A
comparison between experimental [9] and theoretical
results for cumulative mass distribution fitted to equa-
tion (1) is shown in Fig. 4. The relative humidity is
62%, the gas temperature is 34°C and the flow velocity
is 4.0 m s~ '. The final distribution has evolved from
the initial one during 0.25 s. The parameters d’ and n
(see equation (1)) for the initial distribution is 58.35
um and 1.20, for the experimental final distribution
72.42 ym and 2.13, and for the theoretical final dis-
tribution 84.42 um and 2.01, respectively. The agree-
ment between results is fairly good and the evolution

-
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FiG. 3. Evolution of initially linearly increasing cumulative
mass distribution for different relative humidities. The final
distributions correspond to the distributions after 0.20 s. The

gas temperature is 30°C and the flow velocity is 4.0 ms~'.

of the distribution resembles the behaviour presented
in Fig. 3. If the effect of the condensing water vapour
was neglected (RH = 0%), the discrepancy between
experimental and theoretical results would become
much larger (see also ref. [33]). With higher relative
humidities (about 80%) experimental distributions
behave qualitatively according to Fig. 3 and the dis-
crepancy between experimental and theoretical dis-
tributions is fairly small (see also ref. [9]).

CONCLUSIONS

The evaporation of polydisperse ethanol droplets in
a humid environment has been studied. It has been
shown that a simplified aerosol dynamical model with
detailed submodels of ethanol evaporation, water
condensation and of turbulent droplet deposition is
able to explain the experimental results obtained in

100 ——
. T=34°C
®r RH=62%
ol t=025s 7
,"ll
S
g 70 A
& /
.g 60 II
3 Initial ~ "/
= 50} 7
2 J/ /~Final
E 4of P
[« N ]
2 P
= wf /
,', II
201 /
. N
. .2/~ Final, theory
10Ff 2
.

0 . . :
10 20 30 50 100 200
Droplet diameter (um)

F1G. 4. Evolution of cumulative mass distribution obtained
from experiments [9] and by numerical model. The flow

velocity is 4.0 m s~
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earlier studies. The results reconfirm the studies of
Dickinson and Marshall [S], Law et al. [8] and Tsang

et

al. [6]. Whilst evaporation tends to eliminate com-

pletely smaller droplets, the effect of condensation is

to

increase the proportion of smaller droplets and

reduce the droplet mass at the larger end of the cumu-
lative mass distribution. The influence of deposition
on the cumulative mass distribution is marginal.
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