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Abstract—The data presented here describe the dynamics of vaporization of a single suspended droplet of
chloroform, acetone and diethyl ether at room temperature and pressure in still air. The dual hologram
technique was applied for direct measurements of the radial distribution of the change in the refractive
index caused by the vapor molecules, An, in the vicinity of the vaporizing volatile liquid droplets as a
function of time and droplet size. An was found to be a function of the similar dimensionless variable r/a
where a is the droplet radius. An drops exponentially and exhibits an effect of free convection. In addition,
it was found for all three substances that b, the radial distance at which the abrupt vapor concentration
decrease occurs, is independent of drop size, i.e. the boundary of convection does not change in time. The
reduction of interferometric data made it possible to determine saturation pressures, vapor densities and
temperatures at the droplet surface. The variation of vapor density versus the dimensionless variable r/a
was obtained from the interferometric measurements by assuming a theoretical temperature distribution.
The vaporizing rate constants, K, and internal droplet temperatures 7; were measured at conditions where
intensive heat transfer through the suspending fiber and thermocouple took place. Copyright © 1996
Elsevier Science Ltd.

1. INTRODUCTION

Evaporation of a single isolated droplet in stagnant
surrounding gas has been extensively studied both
experimentally and theoretically, as reviewed in refs.
[1, 2]. Different numerical models have been
developed for investigation of this subject including
the problem of droplet evaporation in a convective
gas field [3, 4] and the influence of the fluid turbulence
[5].

The different experimental approaches, which have
been applied to study the process of evaporation of a
single suspended droplet in still gaseous atmosphere,
are discussed in detail in ref. [6]. The literature survey
shows that there is essentially no mention of a study
on vaporization of an isolated suspended droplet by
optical techniques based on holography, in contrast
with the extensive study of vaporization and burning
of sprays by this method [7-11]. Also itis interesting to
note that almost all the experimental results reported
before were obtained for liquids of relatively low
vapor pressures and no works have been done on
volatile liquid droplets.

It is the objective of this paper to apply a new
experimental approach of holographic interferometry
for optical diagnostics of ‘large’ volatile liquid drop-
lets, with diameters of the order of 2 mm, vaporizing
in still air. In this paper the dual hologram technique
is used to precisely measure the change of refractive
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index caused by vaporization. The influence of free
convection on droplet vaporization is studied as well.

There are some difficulties in studying the vapor-
ization process of relative small-size (radius of 1 mm
and less) suspended liquid droplets by standard
optical techniques. The main reasons are as follows.
First, the diagnostic technique has to be able to pro-
vide high spatial resolution (<0.05 mm). Secondly, it
has to be sensitive enough to measure the vapor den-
sity far away (a few droplet radii) from the surface of
the droplet, bearing in mind that a low-concentration
vapor density decreases fast, the coefficient of refrac-
tivity for a separate vapor molecule C, = (n? — 1}/N,
is very low, smaller than 4 x 10~ cm’, and the optical
path is very short. n? is index of refraction of the
vapor at normal conditions, and N, is the Loschmidt
number. The dual hologram technique was chosen
because of its high sensitivity and high spatial resol-
ution.

2. EXPERIMENTAL

To successfully conduct interferometric exper-
iments and obtain reliable phase information, special
measures were taken.

First, chloroform, acetone and diethyl ether (in the
order of rising volatility) highly volatile liquids, were
chosen because of the high refractive coefficients
of their vapors (n% = 1.00145; n?. = 1.00109; nd,
= 1.00153).

Second, relatively large droplets with initial diam-
eters between 2000 and 3000 pgm were studied to
increase the optical path in the air-vapor mixture.
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NOMENCLATURE
a droplet radius Sh,  Sherwood number of air
b boundary of free convection t time
C, coefficient of refractivity of separate T temperature
vapor molecule C, = (nl —1)/N, T, normal temperature, 273 K
C, coeflicient of refractivity of separate T.  surrounding air temperature, 293 K
air molecule x,p,z coordinates.
g acceleration due to gravity
Gr,  Grashof number of air Greek symbols
I/ intensity of light in interferometric 14 angle
pattern A change of parameter
k Boltzman constant, ¢ phase of a light wave
1.38x 10 " erg[K '] i wavelength of diagnostic beam
K evaporation rate constant v kinematic viscosity of air
M,  molecular weight of vapor Dy vapor mass density
n refraction index & dimensionless variable, r/a.
nd refraction index of vapor at normal
conditions Subscripts
N, vapor molecule density a at the droplet surface
N.  Avogadro number, ac acetone
6.023 x 10* mol cm —* b at the free convection boundary
N,  Loschmidt number, 2.687 x 10" cm 3 ch chloroform
N,  surrounding air molecular density, de diethyl ether
2.504x 10" cm—* gas phase (air)
P, partial vapor pressure s saturated
Py normal pressure, 760 mm Hg v vapor
P, surrounding air pressure, 760 mm Hg va vapor parameters at the droplet
v radius surface
S phase shift 0 normal conditions
Sc Schmidt number ¢ surrounding air condition.

Third, if the droplet is highly volatile it cools as it
vaporizes because of loss of latent heat. Being cooler
than the surrounding air, it absorbs heat by con-
duction through the suspending fiber and directly
through the droplet surface [12]. The temperature
depression, when the steady state is reached, and
hence the partial pressure of the vapor on the surface
of the droplet are dependent on the heat influx
through the fiber. In order to increase the temperature
of the droplet, and therefore the vapor density, a stain-
less steel fiber (small tube with 350 um i.d. and 550
um o.d.) with high thermal conductivity was used for
suspending the droplet.

The volume temperature of the droplet 7, was mea-
sured by a thermocouple which was inserted into the
droplet.

A second series of experiments was performed with
the drops suspended from a tip of a calibrated ther-
mocouple of o.d. of 500 um.

As a source of coherent radiation, continuous wave
He-Ne and argon ion lasers were used, with wave-
lengths 632.8 and 514.5 nm, respectively.

Dual hologram interferometry
Itis well known that holographic interferometry has
considerable advantages over classic interferometry.

The major feature of holography lies in the ability to
‘store’ one or more optical waves propagated through
the vapor under investigation. The ‘stored’ waves can
then be analyzed through comparison with a ‘ref-
erence’ wave or with each other at different places and
times [13]. The dual hologram approach, [14, 15],
unlike the classic technique, makes it possible to
reconstruct an interferometric picture with com-
pensation for the aberrations of the optical systems.
This feature leads to high sensitivity and hence to high
accuracy [16], which is very important in the case
of weakly-refracting phase objects like vapor around
vaporizing liquid droplets.

The dual hologram method allows to measure
reliably a fringe shift of 1/20. For a vaporizing droplet
with a typical optical length of the order of ~ A, this
means an accuracy of ~5%.

The dual hologram technique was applied to quan-
titatively study the change of the refractive index
caused by the vapor molecules around the droplet.
The unique feature of this technique is that the no-
droplet and vaporizing conditions (object waves) are
recorded at different times on separate holograms.
The images are interfered upon reconstruction, and
the fringe configuration is controlled by precisely
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Fig. 1. Experimental set up. (a) Optical scheme for recording phase information. 1-—continuous wave laser ;

2,5,7,13—100% Al-coated flat mirrors : 3—spatial filter (microobjective + pinhole) ; 4, 10 camera lenses ;

6,9—beam splitting cubes ; 8—suspended droplet; 11—neutral optical filter; 12—hologram. (b) Optical

scheme for reconstruction. 1—reconstructing laser beam ; 2—object (droplet in) hologram ; 3—reference

(droplet out) hologram; 4—doublet achromat lens; 5—diaphragm; 6—camera lens; 7—reconstructed
interferogram.

varying the orientation of the two holograms with
respect to each other. This capability permits the for-
mation of interferograms with any desired back-
ground fringe spacing and orientation, in particular
perpendicular to the suspending fiber.

A classic Mach-Zehnder scheme, shown in Fig.
1(a), was used for making low spatial frequency 20—
50 lines mm ™! holograms on AGFAPAN APX 25 and
MIKRAT-200 films. The standard off-axis hologram
recording technique was used, with an angle of less
than 1° between the object and reference beams [17].
The spatial frequency of the holograms 12, was con-
trolled by rotating the beam-splitting cube, 9.

The optical set up for reconstruction is shown in
Fig. 1(b). The two object waves with and without
the droplet are reconstructed in the +first order by
simultaneously illuminating, 1, both holograms, 2, 3,
as shown in Fig. 1(b). Other orders are stopped by a
diaphragm, 5, placed in the focal plane of a doublet
achromatic lens, 4. The focused image of the droplet
is formed by the imagining camera lens, 6, on a photo-
graphic film, 7. A typical interferogram, with fringes
perpendicular to the suspending fiber is shown in
Fig. 2.

The dynamics of vaporization was investigated by
holographing the droplet on film with a minimal time
interval between frames of 6 s. The holograms were
reconstructed yielding a series of interferograms. Each
interferogram was analyzed and used to determine the

radial distribution of the change in refractive index
and the droplet size.

3. COMPUTATIONAL DATA ANALYSIS

Radial distribution of the vapor—air mixture index of
refraction

Interferometric techniques are integrated methods,
i.e. the measured information is the integrated product
along the light path through the droplet vapor. If the

Fig. 2. Typical reconstructed interferogram of vaporizing
chloroform droplet.
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Fig. 3. Scheme of vaporizing drop dignostics. Top view. 1-—
suspending fiber; 2—droplet; 3—vapor; 4—boundary of
vapor ; 5—diagnostic light ray.

vapor around a droplet is probed by a collimated
object beam (Fig. 3), the phase change A¢(x, y) of the
wave front, with the beam propagating in the z-
direction is

o (o
Ad(x,y) =77TJ [n(x,y,z)—n,]dz, (1)

where 4 is the wavelength of the probing beam,
n(x,y, z) i1s the index refraction of the air-vapor mix-
ture at point (x, y, z) and n_. is the index of refraction
of the undisturbed air at room temperature and pres-
sure. The irradiance in the reconstructed inter-
ferometric picture is modulated by the phase object as

in ¢
I(x,y) =~ 1+ cos [any-i-z&db(x, y)} (2)

where J is the angle between the reconstructed inter-
fering waves and sin /4 is the spatial frequency of the
finite-width background interferometric fringes.

For the axisymmetric distribution of the vapor
around the droplet (the fiber is the axis of symmetry)
the relation (1) can be written in the form

S = 2[‘* rAn(r)

where S(x) = A¢/2n, R is the extension of the phase
object, r and x are independent geometric variables
and An(r) = n(r)—n,..

Since the function An(r) is the desired quantity, the
integral equation must be inverted. The inversion of
equation (3), known as the Abel transform, is given

by
i [ 83

dr, a<r<R, (3

“

0 ., ax.
T, (xz_rZ)l/Z

In the analysis of interferometric data, the fringe
order number S(x) is obtained only at a finite number
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Fig. 4. Radial distribution of refractive index of droplet

vapor vs dimensionless variable £ =r/a. 2 =632.8 nm:

a =930+20um. l—chloroform; 2—acetone; 3—diethyl
ether.

of discrete locations and therefore equation (4) must
be solved numerically.

The solution of equation (4) yields the relationship
An = n(r)—n,, vs the radius r at various planes
v = const. Such radial distributions of Ar were cal-
culated for the equatorial cross-sections. The values
of An were calculated with an accuracy of 10% for
acetone and with a better accuracy for chloroform
and diethyl ether because of their larger index of
refraction. The radial distributions of An(r) in the
vicinity of the droplet surface, obtained for all three
liquids with the wavelength A = 632.8 nm, are shown
in Fig. 4. Of the numerous reconstructed inter-
ferograms, those with droplet radii @ = 930+20 um
were chosen for all three substances. The values
An = n(r) —n,, are plotted semi-logarithmically vs the
dimensionless variable & = r/a.

A series’ of measurements using the wavelength
A = 514.5 nm was conducted for acetone droplets. The
results for An measured around a certain droplet with
radius changing with time are shown in Fig. 5. Note
that the plots of In(An) vs ¢ are straight lines mea-
suring that the index of refraction drops expon-
entially. The curves shown in Figs 4 and 5 enable us
to determine the coefficients of refraction (An),, the
vapor densities and saturation pressures very close
to the droplet surface, as will be described in the
following.

Determination of molecular vapor density, partial vapor

pressure, and temperature on the droplet surface
Assuming that the droplet vaporizes at constant

room pressure P, into still air with known ambient
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Fig. 5. Radial distribution of refractive index of acetone

droplet vapor vs dimensionless variable & = rfa. A = 514.5

nm. Droplet radii: 1—1160; 21090 ; 3-—970 ym. 1 = 632.8
nm. Droplet radius: 4—1030 ym.

temperature T, the change of refractive index can be
written in the form

An(x,y,2) = N(C,—C)+ N, C,(T,/T-1), (5)

where T is the temperature of the air—vapor mixture
and N, is the molecular vapor density at the point
(x,y,2). The second term on the right-hand side of
this equation presents the change of the refractive
index due to the cooling of the air-vapor mixture in
the course of the vaporization. The molecular density
N,, pressure P,, and the density p, of the vapor can
be evaluated from equation (5), taking into account
the gas law P = NkT, as:
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where M, is the molecular mass of a vapor and N, is
Avogadro number.

If one assumes that the partial vapor pressure at
the droplet surface P,, is equal to the saturation pres-
sure P, which corresponds to the surface temperature
T,, the values P,, and T, can be obtained by solving
equations (7), together with the experimental depen-
dence of the saturation pressure vs temperature [18].
The required coefficients of refraction (An),, close to
the droplet surface, were determined from the plots of
In(An) vs r/a shown in Figs. 4 and 5. The partial
pressures thus obtained are given in Table 1. The table
includes the values of the vapor molecular density N,,,
and the vapor mass density p,,, at the droplet surface,
as obtained from equations (6) and (8), respectively.
The calculated surface temperature T,, and the volu-
metric measured temperature T, are given in the table
as well.

P, __l An C, E
P, T, N,(,—-C) C,—~C\T

Py = MVNV/NA9

Effect of free convection

A droplet being suspended in still air induces free
convection as a result of the increase in the air density
near the droplet, due to the surface temperature
decrease. Free convection is characterized by the
Grashof number

8g T, —T,

Gr = Vz Tco

The temperature of the droplet is weakly affected by
free convection, but the rate of vaporization is
increased by a factor equals to the Sherwood number
(12]

Shy = 140.158¢3Gr, ',

Table 1. Parameters characterizing vaporization of suspended volatile liquid drops in still air at 7, =293 K,
P, =760 mm Hg

Drop suspended on stainless steel fiber

M, 7, T, vas Nya Puas K,
Substance [gmol™Y] [K] [K] [mm Hg] [10¥ cm ™) [102 gem™3] [1073 em® s7]
Chloroform 1194 275 274 63 0.22 0.44 1.2
Acetone 58.1 276 255 26 0.10 0.10 0.72
Diethyt ether 74.1 265 252 59 0.23 0.28 1.4
Drop suspended on thermocouple

Substance T.[K] K[1073 ecm? s7]

Chloroform 271 0.46

Acetone 272 0.31

Diethyl ether 261 0.64
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Table 2. Grashof and Sherwood numbers for free convection
of volatile liquid drops vaporizing in still air at 7', = 293 K,
P, =760 mm Hg. The drops are suspended on stainless steel

fiber
Substance Radius [cm] Gr, Sh,
Chloroform 0.1 29 1.35
Acetone 0.1 37 1.37
Diethyl ether 0.1 44 1.39

where Sc is the Schmidt number. Typical free con-
vection factors for the three substances are presented
in Table 2. The high values obtained, indicate that a
strong effect of free convection is expected.

The behavior of the plots in Figs. 4 and 5 for dis-
tances from the droplet surface above (1.0-1.5) x a,
confirms the fact that in nominally still air, free con-
vection takes place. The air movement abruptly
reduces the vapor concentration far from the droplet
surface. It was found that for all three substances the
radial distance, b, at which the abrupt density decrease
occurs, is independent on drop size, i.e. the boundary
of convection does not change in time. This indicates
that the smaller droplets are less affected by free con-
vection (see Fig. 5 for acetone).

Radial distribution of molecular vapor density

Equation (5) shows that the refractive index is a
function of the vapor concentration and the tempera-
ture. These values were determined independently
only on the droplet surface, as described in the pre-
vious section. However, from An vs r/a, obtained from
the interferometric measurements, it is impossible to
calculate the vapor density distribution without know-
ing the temperature distribution.

It is well known that the so-called ‘two wavelengths’
or the ‘multicolor’ techniques [19-21] had been
applied successfully to measure the temperature and
concentration fields separately. Unfortunately, in our
case, the dispersive power of the vapor for the two
wavelengths used is very small, therefore it is imposs-
ible to use this technique in the present experiment.
This is seen in Fig. S where, within the limits of error,
the curves for A = 632.8 and 514.5 nm almost coincide.

In order to overcome the problem of the missing
data required for the vapor density calculations, a
theoretical temperature profile was used, given by [6]

T_Ta_+_ér—a1 T, f <r<b
T, T, rb—a T, orasrso.

)

Equation (9) was developed for a spherically sym-
metric low volatile liquid droplet, located at the center
of a spherical enclosure. The enclosure radius is » and
its wall temperature is 7. It was assumed that the
profile described by equation (9) is true also for a
volatile droplet suspended in unbounded still air. For
this case, the enclosure radius 4 is replaced by the
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Fig. 6. Radial distribution of vapor density vs dimensionless

variable ¢ = afr. Chloroform droplet. Droplet radius

a = 1030+ 20 um. Temperature distributions: 1-—equation
(9) ; 2—parabolic equation (10) ; 3—Ilinear, equation (11).

boundary of the free convection, and the wall tem-
perature by 7., the temperature of the undisturbed
surrounding air.

Figures 6 and 7 show the vapor molecular density
variations obtained from equations (6), (8) and (9).

In order to evaluate the significance of the results
for N, obtained by using equation (9), it is important
to study the sensitivity of the results of the temperature
profile. A sensitivity study has been done by using
two additional temperaure profiles. One is a parabolic
profile, given by

T T, r—b\?

?:=<Tx _1)<a—b> +1, (10)
and the second is a linear profile

r_ Lo rmaf 4 3

T, T, b—a\ T,/ (an

The results calculated with the parabolic (10) and
the linear (11) temperature profiles are also shown in
Figs. 6 and 7.

Determination of the vaporizing rate constant, K

It was shown theoretically and experimentally [6]
that, after the initial stage of vaporization, the square
of the droplet diameter decreases linearty with time,
according to the equation

d(2a)/dt = —K, (12)

where K is defined as the vaporizing rate constant.
In the two series of experiments, namely the exper-
iments with the droplets suspended from the fiber and
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Fig. 7. Radial distribution of vapor density vs dimensionless variable ¢ = a/r. Acetone and diethyl ether
droplets. Droplet radii : 1030 + 20 um. Temperature distributions : 1—equation (9) ; 2—parabolic, equation
(10) ; 3—linear, equation (11).

the experiments with the thermocouple, it was found
that droplets vaporize in accordance with equation
(12). The values of K were determined from the plots
of the droplet diameter vs time. The results were
obtained with accuracy of 5%, and are summarized
in Table 1.

4. DISCUSSION

Figures 4 and 5 show that the refractive index
around the droplets decrease exponentially with dis-
tance r/a. At distance r > b, an abrupt decrease in
vapor density occurs due to the effect of free convec-
tion. It is observed that b, for each substance, is inde-
pendent on droplet size.

The measured vaporizing rate constants, K, are
summarized in Table 1. From the table it is seen that
the measured values, K, for the droplets suspended
on the steel fiber, are, respectively, higher than those
measured for the droplets suspended on the ther-
mocouple. These results indicate that the fiber con-
ducts heat more rapidly to the drop, as compared with
the thermocouple. The suspended droplet derives its
energy from the surroundings both through the fiber
(the thermocouple) and through the droplet surface.
The rates of heat influx through the suspending fiber
(thermocouple) and through the surface can be esti-
mated by taking into account the measured rate con-
stants K, the coefficient of the thermal conductivity of
air and the geometrical sizes and thermal con-
ductivities of the fiber and the thermocouple. These
estimations show that the rate of heat influx through
the fiber and thermocouple are approximately 200%
and 50% of the heat influx through the surface, respec-

tively. The temperature measurements by the ther-
mocouple confirm these conclusions. Despite the fact
that chloroform is a less volatile liquid than acetone,
its measured vaporizing rate constant is significantly
higher than that of acetone. This phenomena is con-
sistent with the higher surface temperature obtained
for chloroform T, = 274 K relative to that of acetone
T, = 255 K. It also confirms the well known phenom-
ena that the vaporization process depends mainly on
the surface temperature.

The results obtained for 7, in the case of acetone
and diethyl ether are considerably low compared with
the respective temperature T; measured by the ther-
mocouple. The reason for the observed difference,
T,—T,, is that for volatile liquid droplets the vapo-
rization process remarkably lowers the temperature
of the droplet surface. Similar results are reported
in ref. [22], where it was shown that the difference
AT=T,—T, becomes progressively larger with
increasing volatility of the liquids. In the case of
chloroform the surface temperature, 7, is approxi-
mately the same as the internal one, 7., Why the
difference 7,— 7T, is insignificant for the volatile
chloroform is not clear.

Figure 6 shows that for the chloroform droplets the
sensitivity of the density distribution to the tem-
perature profile is very weak. The maximum difference
between curves 1 and 2 is 6% and between curves 1
and 3 is 8%. These differences are within the limits of
error of the experiment. In the case of acetone and
diethyl ether droplets, see Fig. 7, the curves obtained
with the linear temperature profile are significantly
different from curve 1. The maximum difference is 50
and 15% for acetone and diethyl ether, respectively.
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However, the curves 2 are close to curves 1, as for
chloroform. Since it is reasonable to assume that the
linear temperature variation is far from being real, we
conclude that the present results of the vapor density
variation are valid within a mean error of 10%.

5. SUMMARY

For the first time, holographic interferometry was
applied to study the dynamics of vaporization of a
suspended single droplet of acetone, chloroform and
diethyl ether in unbounded, still air at room tem-
perature and pressure. The main results of the present
work are:

(1) The change of the refractive index around a
vaporizing volatile droplet decreases exponentially
with distance from the droplet surface and depends
on the similar dimensionless variable ¢ = r/a.

(2) The saturation pressures P,,, molecular densities
N,,, mass densities p,, and temperatures 7, at the
droplet surface were determined experimentally by
means of reduction of interferometric data for all three
substances.

(3) Free convection effects are important at » > b,
where an abrupt decrease in vapor pressure occurs. It
was observed that for a given substance, b is inde-
pendent of the droplet size. » ~ 2.0; 2.6 and 2.2 mm
for chloroform, acetone, and diethyl ether, respec-
tively.

(4) Based on the assumptions that the actual tem-
perature distribution is close to a spherically sym-
metric distribution of a low volatile droplet, the radial
vapor density distributions were calculated for drop-
lets with radii a = 1030+20 um for all three subst-
ances. The validations of this assumption has been
proven by sensitivity study to the temperature profile.

(5) Vaporizing rate constants K were exper-
imentally obtained for all three substances, under con-
ditions where the intensive heat influx was transferred
to the droplet through the suspending fiber.

(6) In the case of acetone and diethyl ether, the
surface temperatures 7, are considerably low com-
pared with the volume temperatures 7; measured by
a thermocouple. This effect is not observed with
chloroform. The relatively high temperature at the
surface of a chloroform droplet leads to the high mea-
sured value of vaporizing rate constant X,. The
reason why there is no large difference between T,
and T, in the case of chloroform is not clear.
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