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Abstract-An experimental study was conducted to measure the rates of mass transfer from a water drop, 
suspended from a quartz capillary in a stream of a hot air flowing upward in a vertical wind tunnel. 
Measurements were made for bulk temperature T, = 314449 K, drop temperature To = 287-315 K, free 
stream velocity U, = 0.5-l .7 m s- ‘, drop diameter d = 0.7-2.3 mm, dimensionless driving force B = 0.007- 
0.068, Re = 30-180 and SC = 0.62. The data were compared with results of previous works. It was found 
that existing correlations proposed for higher mass transfer conditions do not improve experimental data 

interpretation 

INTRODUCTION 

HEAT AND MASS transfer between drops and gas occur 
in many natural and technological processes. While 
in the atmosphere drops grow or evaporate at low 
ambient temperatures and hence at low mass transfer 
conditions, in industrial processes the evaporation of 
drops into a high-temperature environment is of 
importance. Consequently, mass transfer from a drop 
at such conditions has been the subject of both exper- 
imental and theoretical investigations. 

On the basis of dimensionless analysis Frijssling [l] 
showed that for mass transfer from a drop at forced 
convection 5% is directly proportional to Re”’ Scli3. 

To find the constant of proportionality he investigated 
the evaporation of water, nitrobenzene and aniline 
drops suspended in air. Experiments were carried out 
at room temperature for Reynolds number from 
about 2 to 600. Additional experiments were also 
made on evaporation of sphere of solid naphthalene 
for Re up to 1300. From the comparison with evap- 
oration into still air the following correlation was 
found : 

Sh = 2+0.552Re”” SC”~. (1) 

Ranz and Marshall [2] studied the evaporation of 
aniline and benzene drops at room temperature and 
the evaporation of water drop up to 220°C for Re 

from 2 to 200. The drops were suspended from a feed 
capillary in a laminar air jet. The experimental data 
were correlated with the equation : 

Sh = 2+0.6Re”’ SC”~. (2) 

Hsu ef al. [3] investigated the evaporation of n- 

heptane drops in an air jet at a free stream temperature 
of 38°C for Re from 65 to 320. In analysis of exper- 
imental data corrections for deviation from spherical 
drop form were considered. The effect of quantity 
Re”’ SC”~ on the rate of mass transfer was shown 
to be: 

Sh = 2+0.544Re”2 Sc’13. (3) 

The evaporation of mercy coated brass sphere in 
air was studied by Maxwell and Storrow [4]. The 
experiments were carried out at room temperature for 
Re ranging from 10 to 1500. The experimental data 
were found to be in agreement with the Frossling 
correlation. 

Mass transfer from a naphthalene sphere suspended 
in a wind tunnel was investigated by Rowe et al. [5]. 
The experiments were conducted at room temperature 
for spheres 16 and 38 mm in dia. and for Re from 
about 100 to 1050. The spheres were weighted before 
and after the exposure to flow for a known period of 
time : the resulting mass transfer data were correlated 
by the equation : 

Sh = 2 +0.69Re’12 SC’~~. (41 

Downing [6] carried out mass transfer measure- 
ments on drops of water, benzene, n-hexane and 
acetone suspended from a thermocouple in air jet. 
Reynolds numbers ranged from 24 to 325 and tem- 
peratures ranged from 27 to 340°C. Mass transfer data 
were obtained from the rate of change of the drops 
diameter and the following correlation was suggested : 

where : 

Sh = G(2+0.6Re1” SC”~), (5) 
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NOMENCLATURE 

dimensionless driving force defined by Z correction for variable properties and 
equation (12) high mass flux defined by equation (11). 
drop diameter [m] 
binary diffusion coefficient [m’ s ‘1 
correction for variable properties 
defined by equation (6) 
partial vapour pressure [Pa] 
Reynolds number 
Schmidt number 
Sherwood number 
Sherwood number for mass transfer 
without phase change 
temperature [K] 
velocity [m s- ‘1 

Greek symbols 
@ viscosity of gaseous mixture [Pas] 
P density [kg m- ‘1 
w mass fraction of vapour. 

Subscripts 
g air 

; 
water vapour 
drop surface 

co free stream. 

G = l-0.4(1 -To/T,). (6) 

To examine the rates of mass transfer from water 
drops Beard and Prupacher [7] developed a free fall 
experimental procedure. Two ranges of mass transfer 
were reported. For values of R~“‘SC”~ below 1.43 : 

(12) 

Sh = 2+0.216(Re”* SC”~)* 

and for 1.43 < Re”’ Sc”3 < 12.0: 

(7) 

Sh = 1.56+0.616Re’:* SC”~. (8) 

The rate of evaporation of a tetrafluorodibromo- 
methane drop suspended in air flow with temperatures 
from -40 to 750°C and Re ranging from 25 to 625 
was measured by Blinov and Dobrovolskaya [8]. The 
data were correlated by the equation : 

Sh = 2+0.56Re”’ SC”‘. (9) 

Experimental study of mass transfer from a drop 
under high mass flux conditions was conducted by 
Chuchottaworn et al. [9]. The experiments were car- 
ried out for evaporation of water, methanol, n-hexane, 
n-pentane and carbon tetrachloride drops into a dry 
air. The drops were suspended from a capillary in a 
vertical wind tunnel and a liquid was supplied into 
them to keep constant size during the experiment. The 
experiments were carried out at temperatures from 
296 to 364 K, for Re from 32 to 328 and SC from 0.60 
to 1.66. All the data were correlated by the following 
equation : 

Sh = Z(2+0.37Re0 6’ SC’.“), (10) 

where : 

z= (Px lP”)“3 

(1-w0)[0.3+0.7(1+B)088) 
(11) 

and : 

Mass transfer from water drops under stimulated 
free-fall conditions was reported by Wedding et al. 
[IO]. Conditions for the study included temperatures 
of 5, 10, 15, and 20°C relative humidity of 20 and 
60% and initial drop diameters of 100, 250, and 400 
pm. The mass transfer correlation was determined as : 

Sh = 1.755+0.535Re”’ Sc’j3. (13) 

Yet another approach based on the numerical simu- 
lation of the drop evaporation has been used for mass 
transfer correlation. Renksizbulut et al. [l 11, con- 
sidered the evaporation of an n-heptane drop injected 
into high temperature air with an initial Re of 100. The 
initial drop temperature was 298 K, the temperature of 
the air was 800 K. For Re ranging from 10 to 2000, 
the following mass transfer correlation has been 
developed : 

Sh(1 +B)” = 2+0.87Re”2 SC”~. (14) 

Recently, Lage et al. [ 121 solved constant-property 
boundary-layer equations for momentum, mass and 
energy transport in the flow over the sphere. About 
4000 data points obtained both for monocomponent 
and bicomponent drops were considered and the 
resulting correlation applicable for 0 < Re < 1000 
was found : 

Sh = Sh’(l +B)‘-0689) exp[(-0.0230)ln2(l+B)], 

(15) 

where the Sherwood number without phase change 
She depends on surface tangential velocity. 

The survey presented here shows that considerable 
differences appear between existing mass transfer cor- 
relations. They are caused by different experimental 
techniques and range of experimental conditions used, 
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differences in thermophysical properties and reference 
conditions at which thermophysical properties were 
evaluated and in some cases even in the definition of 
the Sherwood number. Further, in some correlations 
various correction terms appear, which account for 
high mass flux conditions and effect of variable 
properties due to large differences in temperature and 
composition between free stream and drop surface. 
For this reason the direct intercomparison of existing 
formulas is, without knowledge of the original data, 
practically impossible. Therefore, we measured the 
mass transfer at the evaporation of a water drop and 
compared the experimental results with some mass 
transfer correlations. In these correlations the same 
definition of the Sherwood number and the same ref- 
erence state for thermophysical properties were used 
as in the original studies. 

EXPERIMENT 

Experimental apparatus andprocedures 
The experimental apparatus is shown schematically 

in Fig. 1. The air was supplied from a compressor 
through a coalescing filter for removal of the rest of 
the oil aerosol from incoming air, a pressure regulator, 
a molecular sieve packed dryer, and a highly efficient 
filter that removed any fine particles. The desired flow 
was adjusted by a precise needle valve and measured 
by a rotameter. The humidity was monitored by 
means of a thin-film humidity sensor. The dry and 
clean air was heated to desirable temperature by pass- 
ing it through two heaters and entered into a test 
section through a diverentconvergent nozzle with 
calming grids. The test section was a duralumin rec- 
tangular duct of 70 x 70 mm cross-section with large 
side-view double glass windows. In the middle of the 
duct, a 0.3 mm O.D. quartz capillary provided with 
water cooled housing was mounted by two-dimen- 
sional fine adjustment traversing supports. The cool- 
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FIG. I. Scheme of apparatus. 

ing of the capillary kept the temperature of the added 
water close to the drop temperature. The pure water 
(distilled and purified by reverse osmosis) was sup- 
plied to an evaporating pendant drop by a micro- 
feeder-operated 50 ~1 Hamilton syringe. The rate of 
feeding was calibrated by weighing of water dosed 
during a known period of time. Temperature of the 
drop was measured by a 25 pm dia. chromel-con- 
stantan thermocouple and temperature of gas by a 
50 pm dia. one. Both of them were calibrated in the 
whole range of temperatures by comparison with 
HP 2108 quartz thermometer. The voltage produced 
by thermocouples was measured by precise digital 
voltmeter provided by compensating circuits. Each 
thermocouple was mounted on its own traversing sup- 
port as a capillary, which allowed us to measure both 
temperatures inside the drop and profiles of tem- 
perature around the drop. Velocity profiles in the test 
section were measured by the Pll Dantec hot wire 
anemometer. A constant velocity region of 20 mm dia. 
was observed in the center of the test section, that was 
taken as a free stream velocity. It was measured as a 
preliminary function of gas temperature and flow rate 
determined by a rotameter. The obtained calibration 
curve was used for determining the experimental free 
stream velocity. 

The drop was observed by stereo microscope and 
photographed by the attached camera. Temperature 
at several points inside the drop was measured pre- 
liminarily by traversing of the thermocouple. Since no 
appreciable temperature distribution was observed, 
the temperature measured inside the drop was taken 
for the temperature of the drop surface. 

In a common experiment, the flow rate and the 
temperature of the air stream in the test section were 
first adjusted. Next, the water feeding system was 
turned on and the drop started to appear and grow at 
the end of the capillary. Typically the steady state was 
reached after l&20 min when the drop size remained 
constant, and thus the rate of evaporation was equal 
to the rate of water adding. The thermocouples, flow 
rate, water feeding rate readings and ambient pressure 
were registered for the experimental data evaluation. 
To determine the mass flux density at the drop surface 
the size of the drop was measured on a slide screen 
projector. The surface of drop was calculated as a 
surface of an ellipsoid in which the shorter axis was 
the horizontal diameter of the drop and the longer 
one the distance between the bottom of the drop 
and the end of the capillary 191. The distances were 
measured with an error of 15 pm. 

RESULTS AND DISCUSSION 

By using the technique described in the previous 
section we measured mass transfer from a water drop 
evaporated into a stream of hot air. Experiments were 
made in the range of conditions : 

To = 287-315 K, T, = 314449 K, d = 0.7-2.3 mm, 
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Table 1. Thermophysical properties 

Equation Unit Range Ref. 

log (I’,) = 18.4979-2818.6/T- 1.6908 log (T)-5.7546x 10-3T+4.0073 x 10m6T* P, in Pa 273-323 K t131 
D,, = 2.16 x 10-5(7’/273.15)’ ’ m* s-’ 273-1493 K [I31 
/~~=(-5.482+5.598x10-*T-2.413x10-~T~)~10-~ Pa s 270-470 K [141 
pg= (0.1005+7.848x lo-‘T-6.696x 10-5T2+3.376x 10-*7+)x 1O-6 Pa s 27&470 K [141 

U, = 0.5-1.7 m s-‘, Re = 30-80, SC = 0.62, 
P “,rn = 12.6 Pa, B = 0.007-0.068. 

As follows from the dimensionless driving force 
B the experimental data were obtained at low mass 
transfer conditions but the influence of the mass flux 
from the drop could be also expected. Therefore, we 
compared the data with predictions by both low and 
high mass transfer correlations. In these comparisons 
the same definitions of the Sherwood number and the 
same reference states for evaluation of the ther- 
mophysical properties were used as in original papers. 
The thermophysical properties we used in these com- 
parisons are listed in Table 1. The temperature-depen- 
dent expressions were obtained by fitting of the tabu- 
lated data [13, 141 for the range of temperatures of 
interest by the method of non-linear least squares. 

The results of comparison with predictions by mass 
transfer correlation of Ranz and Marshall [2] are 
given in Fig. 2. From this figure it can be seen that the 
experimental data lay about 10% below the prediction 
and that the deviation increases at higher Reynolds 
numbers. It indicates that at these conditions mass 
flux from the drop increases the characteristic length 
for heat and mass transfer and thus reduces their rates 
[ 11, 121. In Fig. 3 the experimental data are compared 
with predictions by Downing [6]. This correlation 
also does not account for higher mass flux but it 
includes an empirical correction for the variation of 
thermophysical properties with temperature. As 
shown in Fig. 3 the agreement of experimental data 
with Downing’s correlation is quite good but the scat- 
ter of the data has increased. Figure 4 shows the com- 
parison between the experiment and correlation sug- 
gested by Chuchottaworn et al. [9]. This correlation 
includes corrections for both high mass flux con- 
ditions and the effect of variable thermophysical 
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FIG. 2. Comparison of experimental data with the correlation 
of Ranz and Marshall. 

properties, and therefore a good agreement with 
experimental data could be expected. However, mass 
transfer predicted by this correlation is about 10% 
lower than obtained from experiments and the data 
exhibit higher scatter. Another correlation, developed 
by Renksizbulut et al. [l 11, for evaporation of a drop 
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FIG. 3. Comparison of experimental data with the correlation 
of Downing. 

11 

Shl7. 

2’ J 
5 10 15 20 25 

0.6 0.51 
Re c s 
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in high temperature flow, is based on simulated data 
of transient vaporization of n-heptane drop. The mass 
transfer rates predicted by this correlation are com- 
pared with experimental data in Fig. 5. As can be seen 
this correlation systematically overpredicts the rate 
of mass transfer for the given range of experimental 
conditions. The discrepancy might be caused by the 
fact that this correlation was obtained for sub- 
stantially higher mass flux conditions than inves- 
tigated in this study. 

The differences between existing mass transfer cor- 
relations and differences between them and exper- 
imental data presented here indicate that further 
theoretical and experimental studies are needed. 
Therefore, we plan to investigate the evaporation of 
drops of more volatile liquid to extend the exper- 
imental data to a higher mass transfer rate region. 

CONCLUSIONS 

We investigated mass transfer at evaporation of a 
water drop into a hot air stream. The experimental 
data were compared with mass transfer correlations 
developed for both low and high mass flux conditions. 
Good agreement was found with mass transfer cor- 
relation proposed by Downing [6] which includes 
empirical correction for variable thermophysical 
properties. Additional investigations of mass transfer 
at evaporation of drops at high mass flux conditions 
are needed in view of large differences in the form of 
existing correlations and a lack of experimental data. 
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