
,m J. tf‘wr Moal Tmmf‘V Vol. 35, ho. I I, pp. 2921-2929, 1992 0017-Y310/92 55.00+0.00 
Printed 11, Great EMtam Cr 1992 Pergamon Press Ltd 

Experimental studies on the dynamics and 
evaporation of tandem liquid droplets in a 

hot gas flow 
K. J. CHOIt and H. J. LEEf 

Department of Mechanical Engineering, University of Illinois at Chicago, Chicago, 
IL 60680. U.S.A. 

(Received 5 Noaemher 1990 und in final ,form 2 December 1991) 

Abstract-Dynamics and evaporation of tandem droplets moving upward in a free convective thermal 
boundary layer were experimentally investigated. The free convective boundary layer was formed from a 
hot isothermal vertical plate which has a high wall-to-ambient temperature difference. The gas velocity 
and temperature profiles were numerically obtained using the variable gas property model, and the results 
were used to analyze the droplet dynamic behavior and vaporization process. The effects of droplet 
interaction in the streamwise direction and mass transfer on the drag coefficient were studied. In addition, 
the effects of droplet dynamics on droplet evaporation were investigated. The experimental parameters 
tested in this study were the initial droplet size, spacing between droplets, and liquid properties. New drag 
coefficients for various liquids and droplet spacings were obtained and applied to the vaporization process. 

INTRODUCTION 

KNOMEDGE of dynamics and thermal behaviors of 
evaporating droplets in a hot gas stream is of great 
importance in the analysis of engineering problems 
involving a liquid spray. Some examples of this type 

of spray system are spray combustion, nuclear reactor 
emergency cooling, and compact droplet heat 
exchangers. 

When liquid droplets are suddenly exposed to a hot 
environment, initially the temperature of the droplet 

rises rapidly, and is then followed by thermal 

processes, such as evaporation and/or combustion. 

The thermal behaviors of liquid sprays in a confined 
geometry depend significantly on droplet dynamics, 

while the droplet dynamics are affected by the mass 

transfer phenomena of evaporation. In addition, in 

an actual spray system the droplets interact and 
momentum and heat transfer behaviors are in an 
unsteady-state. Therefore, the droplet dynamics and 

thermal behaviors are also influenced by the droplet 

interactions and unsteady-state nature. All these fac- 

tors contribute to the complexity of dynamic and ther- 
mal behaviors of evaporating spray droplets. 

In the past, intensive studies on droplet dynamics 

of single non-evaporating droplets or particles have 
been conducted [ 11, and the information has frequently 
been applied to the studies of evaporating single 
droplets and spray [2]. However, the information of 

single non-evaporating droplet transport phenomena 
cannot be applied with any assurance of accuracy to 
an evaporating spray system due to the various effects 
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mentioned above. Some studies were directed toward 
understanding one or more of these effects on droplet 
dynamics and evaporation. Eisenklam et al. [3] and 

Yuen and Chen [4] measured drag coefficients exper- 
imentally for evaporating and/or burning single drop- 
lets of various fuels. Their experimental data were 

found to be in good agreement with non-evaporating 
solid sphere drag coefficients, the so-called ‘standard 
drag’ curve, in the range of Reynolds number from 1 
to 2000. However, their experiments were conducted 
with free-falling single droplets so that the nature 
of momentum transfer was a quasi-steady state. The 

unsteady momentum transfer effect was exper- 
imentally investigated by Briffa [5] using a water spray 
decelerating in an airstream. The analysis of the 

dynamic data for unsteady momentum transfer 

revealed that the drag coefficients were much different 

from the ‘standard drag’ curve. Recently, Dwyer and 
Sanders [6] conducted a numerical analysis for the 

drag coefficients of unsteady evaporating single drop- 
lets. Their results showed that the drag coefficients 

significantly differ from those of non-evaporating 

steady-state. The disagreement between the theor- 
etical analysis and previous experimental results is 

explained by the unsteady momentum transfer 
through vaporization. As mentioned earlier, con- 
sideration of droplet interaction is also of great 

importance in the analysis of droplet dynamics, as well 
as the thermal behaviors of a liquid spray. Previous 
theoretical studies on droplet interactions have con- 
sidered droplets in arrays or clouds in the absence of 
forced convection (the diffusion theory) [7,8]. Cal- 
culations of this type indicated that interactions can 
significantly reduce droplet evaporation rates, even 
for large spacings between droplets. Shuen [9] has 
studied numerically the effects of droplet interactions 
on drag and evaporation of a planar droplet array in 
a steady-state situation under the presence of forced 
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NOMENCLATURE 

N acceleration t time 

B mass transfer number u velocity component in the x direction 

C* drag coefficient defined in equation (3) .Y coordinate in heater plate axial direction 

(‘P specific heat at constant pressure >’ coodinate normal to the heater plate. 

D diameter 

Y gravitational acceleration 
H gap distance between a tandem droplet 

Greek symbols 

stream and a hot plate 
X thermal diffusivity, k;‘pc,, 

11 heat transfer coefficient 
1’ kinematic viscosity 

k thermal conductivity /I density. 

L spacing distance between droplets in axial 

direction Subscripts 

Nu Nusselt number, hD,,/k 0 at initial condition 

Pr Prandtl number, Z/V d droplet 

Re Reynolds number defined in equation (5) g gas 
S droplet spacing ratio to droplet diameter. 1 liquid 

Ll'D r at reference condition according to l/3 rule 

T temperature W heater surface. 

convection. Recent studies [lo, 1 l] also revealed that 
droplet interactions have a significant role in both 
droplet dynamics and droplet evaporation. 

Up to now, there has been little attempt to study 
the collaborative effects of mass transfer, unsteady- 
state momentum transport, and droplet interactions 
on both droplet dynamics and evaporation due to 
the complexity of experimental and analytical studies. 
Therefore, in this study, we have attempted to inves- 
tigate the dynamic and thermal behaviors of liquid 

droplets where the droplets were under the influences 
of mass transfer, unsteady-state momentum trans- 
port. and droplet interaction. In order for the 
experimental and analytical tasks to be feasible and 
practical. a laminar free convective gaseous flow WdS 

selected in which tandem liquid droplets were injected. 

The laminar hot gas flow was produced by natural 
convection from a vertical isothermal plate. A single 
stream of mono-sized droplets was injected inside the 
laminar free convective flow adjacent to a vertical 
isothermal plate. The advantage of this system is that 
the analysis of the flow field and experimental 

measurements of droplet dynamics and evaporation 
are fairly easy. In addition, the control of the gas field 
and droplet characteristics (i.e. initial droplet size and 
droplet spacing) is relatively simple, and yet all the 
essential physics of the invo!ved problem are retained. 

EXPERIMENTAL APPARATUS AND 

PROCEDURES 

This experimental investigation was aimed at char- 
acterizing such effects as mass transfer, the ucsteady- 
state nature, and droplet interaction in a tandem 
stream moving in a hot gas medium on droplet 
dynamics and thermal behaviors. For this purpose, a 

simple but systematic experimental system was 
employed. As shown in Fig. 1, the experimental appar- 
atus consisted mainly of two parts, i.e. a vertical hot 
plate for a laminar free gas boundary layer and a 

tandem droplet generating system. Although most 
droplet transport phenomena in an actual spray sys- 
tem take place in a forced convection situation, a 
system of droplets moving in a laminar free gas 
boundary layer has been adopted in this study for 
experimental simplicity. 

A 0.15 x 1.6 m copper plate of 0.32 cm thickness 

was clamped over two electric heaters (800 W each). 
The outer surface of the copper plate was chrome- 
plated with 5 pm thickness to prevent oxidization. 
The heating power of two electric heaters beneath the 
copper plate was independently controlled so that the 
surface temperature of the hot plate could be 

maintained as uniform as possible. Two stainless-steel. 
sheathed, and ungrounded chrome]-alumel (type K) 
thermocouples of 0.05 cm diameter were press fitted 
halfway into the thickness of the copper plate through 
the back surface of the heating plate. In order to 
minimize heat loss from the heating plate, the back 
surface of the heater was well insulated with fiber- 
glass material. The vertical heating plate was sup- 
ported with a precision translator so that the move- 
ment of the heating plate both forwards and back- 
wards with respect to a reference position could be 
specifically measured. The precise movement of the 
heating plate was necessary because the gap distance 
between the stream of droplets and the vertical hot 
plate had to be controlled. 

Mono-sized tandem droplets, with variable droplet 
spacing, were produced using both an impulse-jet 
droplet generator and a droplet selecting device, as 
shown in Fig. I. Both devices were developed in our 
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FIG. 1. Schematic of experimental set-up. 

spray laboratory and a detailed description has been 
presented in the literature [12]. Therefore, only a brief 
description is given here. The impulse-jet droplet gen- 
erator was originally developed for use in the ink-jet 

printer industry [13]. The basic principle of the device 
uses the impulse force generated from piezoelectric 
transducers in order to break a liquid jet into small 
uniform-sized droplets. In our device, the available 
maximum impulse force was obtained by using a 
vibrating piston positioned above a cylindrical liquid 
chamber. Four annular disk type piezoelectric trans- 
ducers vibrated the piston at the optimum electric 
frequency. The liquid jet was then broken into mono- 

sized small droplets. The size of the droplets was con- 
trolled by varying the hypodermic needle size and 
applied electric signal frequencies. Since the droplet 
spacing to droplet diameter ratio for the tandem drop- 
lets generated with this impulse-jet droplet generator 
was very small (i.e. S < 5) and varied in a narrow 
range, a droplet-selecting device was necessary to 
increase the spacing. The droplet-selecting device con- 
sisted of a charging ring 1 cm in diameter and a set of 

two deflection plates. Electric potentials ranging from 
150 to 300 V were applied to the charging ring at a 
certain frequency which could be varied by a fre- 
quency division circuit. The frequency division circuit 
was driven at the same frequency as the impulse-jet 
generator ; therefore, the frequency at which droplets 
were charged could be controlled. A constant poten- 
tial of about 2200 V was applied to the deflection 
plates in order to deflect the charged droplets from a 
stream of monosized droplets. The uncharged drop- 
lets were not deflected and remained in the original 
droplet path. The capability of droplet removal from 

the stream of droplets enabled control of droplet 
spacing. The experimental conditions used in this 
study are summarized in Table 1. 

A stream of mono-sized droplets at a fixed droplet 

spacing was injected from the lower portion of the 
experimental set-up parallel to the vertical plate. The 
spacing between the stream of droplets and the plate 
was carefully set by using a precision translator (with 
l/l00 mm accuracy). The vertical trajectory of drop- 
lets was checked using a microscopic camera at vari- 
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Table 1. Summary of experimental conditions used in this 
study 

Liquid 

Water 
Methanol 
Ethanol 
Hexanc 

n<, ( jilll) s T, (K) ff (mm) 

290, 645 4, 53 811 1, 3 
330, 637 2.8, 3.1 811 1, 3 
255, 285 48.51 811 I, 3 

410 2.1.3.4 811 1, 3 

ous locations so that the stream of droplets was accu- 

rately aligned to be parallel to the plate. A droplet- 
catcher was positioned at the upper portion of the test 

section so that the droplets were collected not to fall 
bltck down and the natural convection plumes in the 
middle region of the test section hould not be inter- 
fered with by the droplet-catcher. The vertical heating 
plate was then heated to 550 C while the two electric 
heaters embedded in the vertical plate were inde- 
pendently controlled to be uniform in teInperature. 
The droplet size and droplet spacing were measured 
using a Polaroid microscopic camera at various plate 

axial locations. The velocity of widely spaced tandem 
droplets was measured using a double-image tech- 
nique with a 200 mm zoom camera and a strobe light. 
The camera shutter speed and the time interval of the 
strobe light were I~1000 and I i2000 s, respectively. 
However, the velocity of closely spaced tandem drop- 
lets was measured using a single-image photograph 
taken with a Polaroid microscopic camera. With the 
assumption of no coalescence or breaking-up of drop- 

lets, the droplet spacing and the droplet number rate 
were used to calculate the individ~lal droplet velocity 
as follows : 

/I,, 2 L /’ (1) 

where ,f’ is the number of droplets per unit time, cal- 
culated from the electric frequencies used for the 
impulse-jet droplet generator and the droplet selection 
divider. The validity of this method was proved by 
comparison of the two different methods mentioned 
above. Figure 2 shows sample photographs of hexanc 
tandem droplets at x = 0 cm and x = 10.5 cm, respec- 
tively, in a hot gas convective flow. The initial droplet 
size, spacing-to-diameter ratio, spacing between the 
hot plate and the droplet stream, and the plate wall 
temperature used for this test are 408 idrn, 3.2, 1 mm, 
and 811 K, respectively. Since the hot surface was 
chrome-plated and mirror finished. the image of tan- 
dem droplets was reflected onto the hot surface as 
shown in Fig. 2. 

ANALYSIS OF EXPERIMENTAL DATA 

The droplet sizes and velocities measured from 
photographs were curve fitted to the first order least 
square along the plate axial distance, X. The accel- 
eration rate of the droplet was then calculated from 
the velocity profile with the axial distance as follows : 

FIG. 2. Sample photos of tandem water droplets in a laminar 
free convective flow: (A) at x = 0 cm, (R) at .Y = IO cm 

From the conservation of momentum. a relationship 
between the droplet acceleration ~a, and the drag 

coefficient C, was obtained as follows : 

As shown in equation (3), the drag coefficient is a 
function of the droplet acceleration rate, droplet size, 
and relative velocity of droplet to gas flow. The gas 
velocity profile could be determined by solving the 
laminar free boundary layer equations for a vertical 

isothermal plate with high surface-to-ambient tem- 
perature difference. Due to the high surface-to-ambi- 
ent temperature difference, the variable fluid property 
approach was employed. Sun 1141 has solved this 
problem numerically and the same method has been 
adopted in this paper. Although the gas flow fields 
might be interfered with by the moving tandem drop- 
lets, for simplicity of data analysis, no interference in 
the gas flow fields by the droplet motion was assumed. 

The gas properties, namely, viscosity, density, and 

thermal conductivity, were obtained at the droplet 
reference temperature, defined as [ 151 

r* = r, + (r, - r,j/3. (4) 

The droplet Reynolds number is defined as 

RESULTS AND DISCUSSION 

Gtrs phase 
In order to experimentally analyze the droplet 

dynamics and vaporization phenomena, gas phase 
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FIG. 4. Comparison of experimental and theoretical gas- 
phase velocity profiles. 

properties such as temperature and velocity at each 
droplet location had to be pre-determined. Therefore, 
theoretical calculation of the fluid temperature and 
velocity profiles was conducted. 

Figure 3 shows the theoretical result of the gas 
phase temperature profile, together with the cor- 
responding experimental result. The theoretical analy- 
sis does not account for droplet existence in the gas 
phase, while the experiment was based upon having a 
stream of water droplets injected into the hot gas. For 
the experimental results, the gas temperature was 
measured with a 0.05 cm diameter thermocouple probe 
at various transverse locations from the hot plate with 
the axial distance from the bottom of the plate fixed 
at x = 10 cm. Due to interaction of droplets with the 
gas Bow, the gas temperature fluctuated somewhat. 
For the fluctuating case, several measurements at each 
fixed location were averaged and plotted in Fig. 3. 
As shown in Fig. 3, the experitnental and theoretical 
results are in good agreement. Ostrach’s solution [ 161 
of the constant gas property problem is also shown 
for comparison. This result demonstrates clearly that 
the constant property theory does not give an 
adequate representation of the gas temperature field 
for a high plate-to-ambient temperature difference. 
Throughout this study, the variable gas property 
theory was adopted to determine both the gas tem- 
perature and velocity profiles. 

The grs velocity profile along the y-axis at x = 10 
cm is presented in Fig. 4 in dimensional form. The 
measurement of gas velocity was not attempted in this 
study. Instead, Cairnie and Harrison’s [17] exper- 
imental results under equivalent conditions are used 
to verify present theoretical results. As shown in Fig. 
4, the result of the variable gas property theory is in 
good agreement with the experimental measurement. 

Droplet dynamics 
For the experimental study of droplet dynamics, 

droplet velocities at various locations along the hot 
plate axial distance (x) were measured using photo- 
graphs, as shown in Fig. 2. As the droplets move 
upward, the droplet velocity decreases due to gravity 

and drag, while the droplet size decreases through the 
vapo~zation process. 

Figure 5 shows the droplet velocity profile for meth- 
anol tandem droplets of 630 pm initial diameter. For 
this test, the initial droplet velocity, the hot plate sur- 
face temperature, the initial droplet spacing ratio, and 
the gap distance between the droplets and the hot wall 
were 318 cm s- ‘, 811 K, 3.4. and 1 mm, respectively. 
As shown in Fig. 5, the data points are scattered due 
to droplet oscillation in the hot air streams. Therefore, 
the data points were curve fitted using a first order 
linear regression method. The correlation fits the data 
within f 5%. 

Using equations (Z)-(5), the droplet drag coefficient 
and the Reynolds number at each axial location were 
calculated. For the calculation, information of the 
droplet size variation with the axial distance (see Fig. 
7) was utilized. The drag coefficient profiles with 
Reynolds numbers are plotted in Fig. 6 for various 
liquid droplets under different initial droplet condi- 
tions. Along with the present experimental results, 
the so-called ‘standard curve’ for a single, steady- 
state, and non-evaporating sphere is presented. It 
should be noted here that the error bound of the 
drag coefficients may be greater than that of the drop- 

FIG. 5. Velocity profile of closeiy spaced methanol droplets 
along the hot plate axial distance; S = 3.4, H = I mm, 

I),., = 640 e, and T, = 8 11 K. 
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FIG. 6. Drag coefficient profiles with Reynolds number for 
various liquids and droplet spacings. 

let velocities, because the drag coefficients presented 

in equation (3) are calculated from the curve-fitted 
droplet velocity profiles. The accuracy of the drag 
coefficient results, therefore, were examined by 

employing the maximum and minimum slopes of the 
curve-fitted velocity profile. Since the initial droplet 
velocity (i.e. at x = 0 cm) was known as a fixed value, 
the maximum error always occurs at the farthest 
location in the axial direction (i.e. at x = 14 cm). For 
the case of Fig. 5. the error bounds are +7% and 
i 15% at x = 0 cm and x = 14 cm, respectively. 

As shown in Fig. 6, when the initial droplet spacing 
ratio is less than 4, the drag coefficient profiles are 
collaboratively fitted to the following empirical equa- 
tion : 

C, = 2.3 Re,0.37 (6) 

in a Reynolds number range of 20-l 10. For closely 
spaced tandem droplets, i.e. S cc 4, it was found that 
the vaporization rate or mass transfer from droplets 
was relatively small (this will be further discussed 

later), resulting in a negligible effect of mass transfer 
on the drag coefficient. Therefore, the major dis- 
crepancy in the drag coefficient between the standard 
curve and the empirical curve for closely spaced tan- 
dem droplets mainly resulted from the droplet inter- 
action and/or unsteady-state nature of the droplet 
motion. 

FIG. 7. Comparison of water and ethanol tandem droplet 
drag coefficient profiles ; H = 3 mm and T, = 8 I I K. 

Figure 6 also shows the result for a widely spaced 
(S = 53) water droplet drag coefficient profile. Com- 

paring this to the result of closely spaced tandem 
droplets, the spacing elect on the drag is apparent. 
i.e. the drag coefficients of closely spaced tandem 

droplets are much smaller than those of widely spaced 
droplets. This is due to the wake generated by the 
forefront droplet in a tandem droplet stream. The 
pressure drag on a droplet is signihcantly reduced 
when the droplet is in the wake of another droplet. 

Mulholland et ~11. [I81 also claimed that droplet 
spacing had a dominant effect on the drag cocffi- 
cient for tandem non-evaporating droplets. 

A comparison of drag coefficients for widely spaced 

tandem droplets with the standard drag curve is pre- 
sented in Fig. 6. It is observed that the drag coefficients 

of widely spaced water droplets are smaller than the 
standard drag values for a Reynolds number greater 
than 35. As mentioned before, the present exper- 

imental work has been conducted in unsteady-state 
conditions, i.e. the droplet was injected into a non- 

uniform gas medium against gravity, while the ‘stan- 
dard drag’ curve was obtained at a steady-state con- 
dition. Recent studies on the transient drag of liquid 
droplets, i.e. deceleration or acceieration of droplets, 
indicated a large discrepancy in drag coefficients 
between transient and steady-state cases. Briffa [5] 
reported that the effects of deceleration of dropiets 
typically lead to a lower drag coefficient compared to 
the steady-state value. In the present study, the liquid 
droplets were situated in a deceleration nature from 
the beginning. In addition. the cnvironmcntal gas 
medium had non-uniform properties ; that is. the gas 
velocities and temperatures varied with the axial dis- 
tance. When a droplet is injected into the gas medium 
the droplet velocity rapidly decelerates due to gravity 
and drag. This dccclcration effect causes a reduced 
drag coefficient in the Reynolds number range from 
35 to I IO, as shown in Fig. 6. However. as the droplet 
moves further upward. the increased gas velocity 
begins to have a significant cffcct on the droplet 
dynamics. As a result. the deceleration rate of the 
droplet decreases, and the drag coefhcicnt approaches 
the standard value. Eventually, the trend becomes 
reversed. i.c. the drag coefficient is greater than the 
standard value. This is shown in Fig. 6 for a Reynolds 

number less than 35. The unsteadiness of the droplet 
motion coupled with the non-uniform behavior of 
fluid motion results in the present drag coefficients. 

The effect of mass transfer on the droplet dynamics 
is shown in Fig. 7. Widely spaced tandem droplets 
(S = 51-53) of two different liquids. i.e. water and 
ethanol, were tested. The transient nature of the drop- 
let motion and the effects of droplet interaction on the 
droplet motion are identical for the two liquids. Since 
vaporization of a water droplet during the short 
period of time at the heater temperature used was not 
appreciable, the effect of mass transfer on the droplet 
dynamics was negligible. However, for an ethanol 
droplet, evaporation must be considered. As shown 
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FIG. 8. Changing droplet diameters with axial distance for 
closely spaced methanol tandem droplets; S = 2.9, H = I 

mm, and r, = 811 K. 

in Fig. 7, the drag coefficient for the ethanol droplet 
is slightly lower than for the water droplet in the 
Reynolds number range tested. Although this report 
shows the effect of evaporation on the drag coefficient, 
it is only a first experimental case which requires 

further experiments to verify and analyze the above 

observation. 

Droplet evaporation 

As liquid droplets move upward in a hot gas flow, 
the droplets are heated and vaporized by convection 

and radiation heat transfer. The droplet size vari- 
ation along the axial distance of the plate for closely 
spaced (S = 2.9) methanol tandem droplets is plotted 
in Fig. 8. The heater surface temperature and the gap 
distance H are the same as in Figs. 5-7. In order 
to eliminate droplet-size irregularities, the data were 
curve-fitted by first order linear regression. The drop- 
let stream had a very small spacing ratio, necessitating 

a long heating time for the droplets with little vapor- 
ization taking place. The cold boundary surrounding 
each droplet was formed by its forefront droplet, 
resulting in the prevention of hot gas from penetrating 

the droplet. Due to the deceleration process as the 
droplet moves upward, the droplet spacing becomes 
closer and vaporization becomes more difficult. 

0 Present Data 

Tborml 

FIG. 9. Comparison of experimental and theoretical results FIG. 10. Comparison of experimental and theoretical results 
of change in droplet size for widely spaced ethanol droplets ; of change in droplet size for closely spaced n-hexane tandem 

S = 48, H = 3 mm, and T, = 811 K. droplets; S = 3.4, H = 1 mm, and T, = 8 I1 K. 

Changes in droplet size for widely spaced tandem 
droplets (S = 48) are shown in Fig. 9, using ethanol 

droplets of 255 pm initial diameter. Comparing with 

the case shown in Fig. 8, much more evaporation 
occurred due to higher heat transfer to the single 
isolated-type droplet. 

In order to compare the present experimental result 
with theoretical analysis, a theoretical computation 
was performed using the infinite conduction limit 
model for the droplet vaporization process [14]. The 
present authors, however, modified the theoretical 
model by employing the experimental result for the 

drag coefficients of the widely spaced tandem droplets 
(e.g. Fig. 6). For most single isolated droplets, the 

following Ranz-Marshall correlation [ 191 was used 
for heat transfer to the droplet : 

Nu = 2.O-tO.6 Pr”’ Red!‘. (7) 

The change of droplet size is also given by the Ranz- 
Marshall correlation as follows : 

dD,2 ~=__~ 
dt 

82,a(l+0.3 Redi2)ln(l+B) (8) 

where 9 and B are the mass diffusivity and Spalding 
transfer number, respectively. As shown in Fig. 9, 
the theoretical calculation shows less vaporization 

through the droplet motion up to x = 15 cm than the 
experimental measurement. The discrepancy between 
the theoretical and experimental results could have 
resulted from the vaporization model used in this 
study, i.e. the infinite conductivity limit model. The 
infinite conductivity limit model does not appear to 
accurately represent the current vaporization process. 
Further study should try to utilize other potential 
analytical models of droplet vaporization such as the 
conduction limit and vortex models [20]. 

When spray vaporization is considered, existing 

analytical models should be applied carefully due to the 
various factors mentioned previously, such as droplet 
interaction and the unsteady-state nature of droplet 
motion. In order to see the importance of these 
factors, theoretical and experimental results of droplet 
vaporization for a closely spaced droplet stream are 
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compared in Fig. 10. For the analysis, typical hexane 
tandem droplets of S = 3.4, H = I mm, and T, = 8 1 I 
K were selected. For the theoretical calculation, two 
different approaches were conducted : (1) by assuming 

the tandem droplets as steady single isolated droplets 
and (2) by considering the factors influencing the 
droplet in a tandem droplet stream. The first case 

of theoretical calculation was, therefore, performed 
using equations (7) and (8) and the standard drag 
coefficient for a single steady non-evaporating 
droplet. However, for the second case of theoretical 

calculation, the heat transfer raze to the droplet had 
to be modified due to droplet interaction. Recently, 
Tong and Chen 1211 numerically analyzed heat trans- 
fer for vaporizing liquid droplets in an array. They 
correlated the heat transfer rate with non-dimensional 

parameters for each droplet spacing ratio as follows : 

Nu = 2.477 (Rc)“~“lh(/,/~) (’ ““( 1 $ R) “.““’ (9) 

where the constants (1 and h arc determined based 
on dropiet spacing ratios ranging from 1.5 to 4.0. 
Therefore, for the second type of theoretical cal- 
culation of closely spaced tandem droplet vaporiz- 

ation, equation (9) and the drag coefficient for the 
tandem unsteady droplets, as given in Fig. 6, were 
used. Comparing the two theoretical results, it is noted 
that the theorcticai calculation of the vaporization 
rate with consideration of droplet interaction is in 
better agreement with the experimental results. How- 
ever, the theoretical calculation with consideration of 

droplet interaction even overestimates the vapor- 
ization rate, which is contradictory to the case of 
widely spaced ethanol droplets (see Fig. 9). The reason 
is that for the closely spaced case the gas flow fields 
arc interfered with by the stream of droplets. 

Therefore. in order to accurately predict the vapor- 
ization rate for closely spaced droplets moving in 
natural convection plumes, it is necessary to consider 
interaction of gas flow fields with droplets as well as 
interaction between dropiets. 

CONCLUSIONS 

Dynamics and evaporation of tandem droplets 
moving upward in a free convective thermal boundary 
layer were investigated experimentally. The effects of 
droplet interaction in the stream direction and mass 

transfer on the drag coefficient were tested. The drag 
effect on droplet evaporation was also studied. The 
results are summarized as follows : 

(I) The laminar free convective flow from a vertical 
isothermal plate with high wall-to-ambient tem- 
perature difference can be solved with the variable gas 
property theory. The numerical results based on the 
variable property model are in good agreement with 
experimental results. 

(2) Droplet interaction of closely spaced tandem 
droplets has a significant effect on the drag coefficient, 
i.c. closely spaced tandem droplets (S < 4.0) have a 

much lower drag coefficient than widely spaced drop- 
lets (S > 50). 

(3) Unsteadiness in droplet-gas relative motion has 
a significant effect on the drag coefficient, i.e. during 
a severe deceleration process due to gravity and drag 
the drag coefficient is much lower than the steady-state 
case; however, when the deceleration rate reduces 
rapidly due to increased gas velocity, the trend is 

rcvcrsed. 
(4) Vaporization of a single isolated-type droplet 

reduces [he drag coefficient, compared to the non- 
vaporizing droplet case. 

(5) The droplet interaction significantly alfects the 
vaporization process of closely spaced tandem drop- 
lets. Thcrcfore, accurate values of drag coefficient and 
heat transfer should be applied for calculation of the 
droplet evaporation rate in a confined geometry. 
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ETUDES EXPERIMENTALES DE LA DYNAMIQUE ET DE L’EVAPORATION DE 
GOUTTELETTES LIQUIDES EN TANDEM DANS UN ECOULEMENT DE GA2 CHAUD 

R&sum&On etudie experimentalement la dynamique et I’evaporation de gouttelettes se deplacant vers le 
haut I’une derriere I’autre dans une couche limite thermique de convection naturelle. Celle-ci est form&e 
par une plaque verticale isotherme chaude avec une difference de temperature Clevee par rapport a 
I’ambiance. Les profils de vitesse et de temperature du gaz sont obtenus numeriquement par un modtle 
avec proprietes variables du gaz, et les resultats sont utilises pour analyser le comportement dynamique 
des gouttelettes et le mecanisme de vaporisation. Les effets d’interaction des gouttes dans la direction du 
mouvement et du transfert de masse sur le coefficient de trainee sont etudies. De plus, on etudie les effets 
de la dynamique des gouttelettes sur I’evaporation. Les parametres exptrimentaux testes sont la taille 
initiale des gouttelettes, I’espacement entre elles et les proprittes du liquide. Des nouveaux coefficients de 
trainee pour differents liquides et espacements sont obtenus et applieques au mecanisme de vaporisation. 

EXPERIMENTELLE UNTERSUCHUNG DER DYNAMIK UND DER VERDAMPFUNG VON 
FLUSSIGEN DOPPELTROPFEN IN EINEM HEISSEN GASSTROM 

Zusammenfassung-Die Dynamik und die Verdampfung von Doppeltropfen, welche in einer thermischen 
Grenzschicht bei freier Konvektion aufwarts stromen, werden experimentell untersucht. Die Grenzschicht 
bei freier Konvektion bildet sich an einer isothermen senkrechten Platte grol3er Temperdturdifferenz 
zwischen Wandoberflache und Umgebung. Unter Verwendung eines Modells mit variablen Stoffei- 
genschaften des Gases werden numerisch die Geschwindigkeit und Temperaturprofile ermittelt. Die Ergeb- 
nisse dienen dazu, das dynamische Verhalten und den Verdampfungsvorgang der Tropfen zu untersuchen. 
Insbesondere werden die Einfliisse der Wechselwirkung zwischen den Tropfen in Stromungsrichtung und 
des Stoffiibergangs auf den Striimungswiderstand untersucht. Von Interesse ist augerdem der Einflug 
der Tropfendynamik auf die Verdampfung. Der Einflul3 folgender Versuchsparameter wird untersucht : 
anf%ngliche TropfengroOe, Abstand zwischen den Tropfen und Eigenschaften der Fliissigkeit. Fur die 
unterschiedlichen Fliissigkeiten und Tropfenabstlnde werden neue Widerstandskoeffizienten ermittelt und 

auf den Verdampfungsvorgang angewandt. 

3KCIIEPHMEHTknbHOE HCCJIEgOBAHHE ~HHAMIIKA II HCI-IAPEHHR KAIIEJIb 
KHflKOCTH B I-IOTOKE HAI-PETOFO FA3A 

~oTarP3KcnepHMeHTanbHo uccneAonanacb miriahmrca H ricnapemie ABO~HNX Kanenb, ABH~Y- 

U@ixCIl BBepX BCB060AHOCKOHBeKTHBHOM TellAOBOM nO~aHH~HOMCJlOe,O6pa30BaBLUeMCK Ha HarpeTOti 

B30TepMAYeCKOfi IIJIaCTHHe C BbICOKOii pa3HOCTbIO TeMnepaTyp CTCHKH H OKpyEUOIWii '2peAbI.C HCnO- 

nb30BaH~e~MoAenanepe~eHHblx~~0fiCT~ra3awcneHHo onpe~eneubrnpot#ninricrropocreiiuTeb4nepa- 
Typ Ta3a, A nOJlyYeHHbIe pe3yJIbTaTbI UCnOJIb30BaHbl AJIK aHFiJIH3a AHHaMH'ECKBX XapaKTepEiCTHK 

xanenb B npouecca napoo6pasoBaHHn. Z?ccneAoBanocb BmiKHBe e3aHMoAeiicraHn Kanenb B Hanpasne- 

HHH Te'ieHHII, a TBKXe MXOXle~H~ Ha KOZ@@QHeHT COnpOTHBneHHlI. KpoMe TOTO, OlIpeAeASUlOCb 

B,,HllHlle AUHaMHKH Kanefib HaHX HCnape.HHe.3KCnepHMeHTiWlbHO On~AeJlSUIESCbTaKHenapaMeTpbI KaK 

HaqanbHblfi pa3Mep Kanenb,paccrorme Memy Hmm H cBoiicTsa XUOCTH. HaiineHbl Ko*mHeHTbI 

conp0TmneminA.m pa3nHqHbrxrHnrtocreiiH pamomiuiih4excAyKannKM~,3Ha~eH~n ~o~opb~x~cnonb- 


