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Measurements were made of the effect of interaction between two drops on the simultaneous evaporation of
two coaxially arranged water and hexane drops for Re,,=64-230, Sc¢=0.59-1.57, Dy/D, =0.54-1.58,

L/D,=0.98-11.04 and B, =0.02-0,64.

The observed diffusion fluxes for water drops were compared with the previous numerical solutions. A systematic
deviation from the previous numerical solution under low mass flux conditions was observed for hexane drops.
New correlations for the diffusion fluxes of two adjacent drops were proposed by considering the effect of the
interaction between two drops, of high mass flux and of variable properties.

. Introduction

Simultaneous evaporation of two adjacent liquid
drops is important in studies of spray drying,
quenching of hot gas or combustion of liquid fuel.

. Although in the past decades some theoretical or
experimental approaches!:3:6:2:10:13.19  have been
made to the effect of interaction between two adjacent
drops, most of them are concerned with those under
low mass flux conditions or those for quiescent fluid.
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Recently Miura e al® made an experimental
approach to heat and mass transfer of two adjacent
water drops for the intermediate Reynolds number
range. Rex et al.® made an experimental approach to
the burning of two adjacent fuel drops in quiescent
fluid, but their results were limited to those under low
mass flux conditions or at low Reynolds number. The
present authors made theoretical and experimental
approaches?11-1? to this problem under low mass flux
conditions.

The purpose of the present work is to make an
experimental approach to the effect of interaction
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between two drops under high mass flux conditions
and for intermediate Reynolds number ranges.

1. Experimental Apparatus and Procedures

1.1 Experimental apparatus

Figure 1 shows a schematic diagram of the
experimental apparatus. The test section was a
rectangular brass duct of 60 x 40 mm cross section and
520 mm length, with a large side-view window. In the
middle of the test section, two stainless steel tubes for
liquid supply were mounted and were connected to
microfeeder-operated hypodermic syringes. A 0.05
mm-outer diameter Chromel-Alumel thermocouple
was mounted by a three-dimensional fine-adjustment
traversing mechanism for measurements of drop
temperature.

Air was supplied to the test section by a blower
through a silica gel-packed dehumidifier, a 1kW
electric heater and a convergent nozzle packed with
Smm- and 10 mm-outer diameter brass tube calming
grids.

1.2 Measurement

1) Rates of evaporation Liquid to evaporating
pendant drops was supplied by two calibrated
variable-flow-rate microfeeders. Rates of evaporation
of pendant drops were taken equal to equilibrium flow
rates of liquid supplied by microfeeders, of which the
flow rates were so adjusted that the diameter of the
drop did not change appreciably for a given time
interval.

2) Distance between two drops and drop diameters
The distance between the centers of two coaxially
arranged drops were measured by a cathetometer with
an accuracy of 1/100 mm. Diameters of pendant drops
were also measured by the cathetometer, from which
surface areas of the drops were calculated by assuming
that the shape of the drop was axially symmetrical.®

3) Surface temperatures and concentrations of
evaporating drops The drop temperatures were
measured by a 0.05mm-outer diameter Chromel-
Alumel thermocouple mounted on a three-dimen-
sional fine-adjustment traversing mechanism, from
which the surface temperatures of evaporating drops
were estimated by assuming that the temperature
distribution inside the drop is uniform.® Surface
concentrations of the evaporating drops were
estimated from saturated vapor pressures of the pure
liquid at surface temperatures.

1.3 Ranges of variables and physical properties

Evaporation runs were made for water-air system
and hexane-air system at atmospheric pressure.
Ranges of variables are shown in Table 1.

Physical properties were evaluated at their surface
conditions. Vapor pressures of the liquid were
estimated by Antoine’s equation. Binary diffusion
coeflicients and viscosities of pure vapors were
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Fig. 1. Schematic diagram of experimental apparatus

Table 1. Ranges of experimental variables

System Water-air Hexane-air
Dy [mm] 1.53-2.89 1.69-2.51
Dy [mm] 1.54-3.02 1.61-2.70
L [mm] 1.96-19.61 2.19-6.99
To [K] 323-365 301-342
U, [m/s] 0.45-1.50 0.59-0.61
Rep, [—] 64-230 122-219
Sc ] 0.59 1.57-1.10
By ] 0.02-0.05 0.25-0.64
LD, [—] 0.98-11.04 1.05-3.45
Dy/D, [—] 0.54-1.58 0.81-1.15

estimated by Hirschfelder’s method,® and thermal
conductivities of pure vapors by Eucken’s method.®
Viscosities and thermal conductivities of mixed va-
pors were estimated by Wilke’s method.®

2. Experimental Results

2.1 Evaporation of two coax1ally arranged water
drops

In order to confirm the validity of the present
method, measurements of the rates of evaporation of
single water drop were carried out to show good
agreement with the Ranz-Marshall’s correlation
within less than 10%.

Figure 2 shows experimental results for evaporation
of coaxially arranged water drops into dry air under
low mass flux conditions. The dimensionless diffusion
fluxes of the rear drops for various Reynolds numbers
ranging from 70 to 200 but at nearly the same diameter
ratios (Dy/D,=1) were plotted against dimensionless
distances between two drops. The [SA(1 — wy)], values
in the ordinate are those for a single sphere calculated
by Ranz-Marshall’s correlation”:
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Fig. 2. Diffusion fluxes of rear drops at intermediate
Reynolds number
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The solid line in the figure represents the numerical
correlation proposed in our previous papers®*?:
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The observed diffusion fluxes showed fairly good
agreement with the numerical correlation. This fact
may indicate that the numerical correlation developed
for low Reynolds number ranges (1 < Rep,<30) can
also be applied to intermediate Reynolds number
ranges.

‘Figure 3 shows the effect of the distances between
two drops on the diffusion fluxes of the rear drops.
The solid lines in the figure are the predictions by Eq.
(2)for Dg/D ,=0.6,1.0 and 1.4, respectively. Although
some scattering of the data is observed at low values
of L/D ,, fairly good agreement between the data and
the correlation is observed.

Figure 4 shows a comparison of the observed data
for the diffusion fluxes of the rear drops with the
‘previous numerical correlation under low mass flux
conditions (Eq. (2)). Good agreement is observed
between the data and the correlation.

2.2 Evaporation of two coaxially arranged hexane
drops

Figure 5 shows the diffusion fluxes of the rear drops
for evaporation of coaxially arranged hexane drops
into dry air under high mass flux conditions. B, in
the figure is the transfer number for mass transfer,
defined by:

By =(w5—w,)/(1—ws) €))

which is a measure of high mass flux effect.” The solid
line in the figure represents the numerical correlation
under low mass flux conditions (Eq. (2)). The dotted
lines represent deviations from the low mass flux
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correlation®!? calculated by the following equation:

Sh(1—wy)

————‘[Sh(l — o9l =f5"9(Buy)

4

where g(B,,) is the numerical correlation® for the effect
of high mass flux on a single drop:

1
0.3+0.7(1 + B,,)*%®

9(By) = &)

The figure clearly indicates a systematic decrease in
diffusion fluxes with increase of the transfer number
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for mass transfer, B,,. Good agreement between the
data and the single-drop correlation is observed. This
may indicate that the effect of high mass flux on co-
axially arranged volatile drops may well be predicted
by use of Eq. (5).

To confirm this, all the data for evaporation of
hexane drops into dry air are plotted against L/D , in
Fig. 6. The ordinate is dimensionless diffusion fluxes
normalized by those for a single sphere and corrected
for the effect of high mass flux with variable
properties.® All the data for hexane drops showed
good agreement with the low mass flux correlation
after due consideration of the effect of high mass flux
and of variable physical properties. An explanation
for this is that the diffusion fluxes of the rear drop for
two coaxially arranged drops are affected by the wake
of the front drop but are less affected by the
evaporation of the front drop.*V

3. Final Correlation of the Data

Taking into account the effect of high mass flux by
Eq. (5) and of variable properties, all the data for
evaporation of water and hexane rear drops into dry
air were well correlated by the following equation:

Shy(1 —wy)
[Sh(1 — ws)]o

As was the case for the rear drop, all the data for
evaporation of water and hexane front drops into dry
air were correlated by the following equations:

Sh (1 —ay)
[Sh(1 —ws)],

=fB'g(BM)'(Poo/Ps)1/3 ) (6)

=f4"9(By)- (Poo/ﬂs)ll3 (7N

where f, is the numerical correlation proposed in our
previous papers?:12);

1
Ja= o @
14+0.67-(Dy/D )% (L/D )30 Rera

The ranges of variables for the correlation are;

Rep,: 64-230
L/D,: 0.98-11.04
Dy/D,: 0.54-1.58
By 0.02-0.64
(Pu/ps): 0.64-0.95

Figure 7 shows a comparison between the observed

diffusion fluxes and those calculated by Eq. (6) or (7).

Good agreement between the data and the correlation
is observed.

* Under high mass flux conditions, variation of physical
properties between the free stream and the drop surface due to
large temperature differences becomes so large that the assumption
of constant physical properties® in the theoretical solutions may
not hold. Thus the effect of variable physical properties was taken
into account for the diffusion fluxes of volatile drops.
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Fig. 6. Effect of distance between two drops on the diffusion
fluxes of rear drop; corrected for the effect of high mass flux
and of variable properties
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Fig. 7. Comparison of observed data with proposed
correlation

Conclusions

Measurements of the rates of evaporation in mass
transfer from two coaxially arranged water and hexane
drops into a high ambient temperature air stream led
to the following conclusions.

1) The observed data showed good agreement
with the previous numerical solutions under low mass
flux conditions.

2) All the data showed good agreement with the
low mass flux correlations (Egs. (2) and (8)) after due
consideration of the effect of high mass flux on a single
sphere and of variable physical properties.

Nomenclature
By = transfer number for mass transfer defined

by Eq. (3) =1
D, = diameter of front drop [m]
Dy = diameter of rear drop [m]
Dy = diameter of drop [m]
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=
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N
Rep,
Sc
Sh

{Subscripts)

sornwgqgoam

binary diffusion coefficient

[m?/s]
function of L/D 4, Dy/D, and Rep, defined

by Egs. (2) and (8) [—1
function defined by (5); function of By, 1
distance between centers of the two drops

or spheres , [m]
mass flux of component A [kg/m?-s]
Reynolds number (=D U /vs) [—]
Schmidt number (=v4/%) -1

Sherwood number (=N, Dp/(psDsts— )
]

free stream temperature [K]
free stream velocity [m/s]
kinematic viscosity of gas [m?/s]
density [kg/m3]
mass fraction [—]

front drop or sphere

= rear drop or sphere

I

I

i

It

calculated value
gas phase
observed value
drop

surface of drop
single sphere

= free stream
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