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Abstract—Results of experimental investigation of a liquid nitrogen droplet evaporating into a flow of
carbon dioxide, helium, nitrogen and water vapour and of a diethyl ether droplet evaporating into a flow of
water vapour at atmospheric pressure are reported. The gas flow temperature varied from 20 to 400°C. The
Reynolds numbers ranged from 3 to 600, the Prandtl numbers, from 0.3 to 1.0 and the heat- and mass-transfer
parameter, from 1.5 to 15, Both volumetric and surface condensation of the ambient gas have been detected.
It has been established that in the case of volumetric condensation the heat-transfer rate described by the
Stanton number is related to the Peclet and Prandtl numbers and the heat- and mass-transfer parameter as

_2In( + B)
~ B-Pe

A conclusion has been made that heat and mass transfer is the process which limits volumetric condensation.

St (1 + 0.276Pe! /2Py~ 1/5),

NOMENCLATURE t, temperature [°C];
a, thermal diffusivity; u,  gas flow velocity.
h,—h
B, = h" h‘,heat- and mass-transfer parameter;  Greek symbols
c weigsh . cgncen tration - o, heat-transfer coefficient;
c,, specific heat at constant pressure; P, ranS-transfer coefficient; .
d.  diameter of a droplet; J, distance between the condensation front and
d;, diameter of quartz filament; the droplet surfa.ce:;
D diffusion coefficient: %,  thermal conductivity;
h,  enthalpy of a unit mass; s gy namic viscosity;
L, evaporation heat; P ‘enS{ty,
m, mass flow; T, tme; , . .
od 3, non-dimensional rate of droplet evaporation.
Nu, = —, Nusselt number;
7 Subscripts
ud
Pe, =—, Peclet number; d,  droplet;
a e  gas flow;
Pr, = #  prandtl number; S quartz filament;
pa s,  droplet surface.
Q, condensation heat;
Q,, heat flux to the droplet; INTRODUCTION
Q,, heat flux to the droplet through the quartz 1 )
filament : A KNOWLEDGE of the laws governing the process of
R, curvature radius of the droplet at the forward evaporation from a drop of liquid is essential for the
: el solution of involved engineering problems facing a
stagnation point; J ' p g
pud designer of various power plants, for the understand-
Re, = o Reynolds number; ing and management of various technological pro-
i cesses occurring, for example, in the production of a
Se, = - Schmidt number; number of substances in chemical reactors. A close
zd scrutiny of separate minute details of the process of
Sh, =T'_, Sherwood number; evaporation of drops is also important to solve
D 1m{ninent problems of preventing and fighting pol-
St = Qe . Stanton number: lution of the environment.
puth, — hy) A considerable amount of research, both experimen-
S, surface area of droplet; tal and theoretical [1-9], has been devoted to the
T, temperature [K]; problem of evaporation of liquid droplets. However,
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the knowledge of evaporation of droplets in chemically
reacting media is far from being complete. The expla-
nation lies in the extreme complexity of the processes
occurring in such systems. For this reason, the study of
separate aspects of the process taking place under such
complicated conditions is undoubtedly of great
interest.

A non-dimensional analysis of heat- and mass-
transfer equations shows that the process of evap-
oration from a droplet is characterized by the Sher-
wood and Nusselt numbers which depend on the
Reynolds, Schmidt or Prandtl numbers and the heat-
and mass-transfer parameter, i.e.

Nu = Nu(Re, Pr, B)
or
Sh = Sh(Re, Sc, B). (1

Studies of the laws governing evaporation from a
liquid droplet in an inert gas flow were initiated by the
works of Frossling [1], Ranz and Marshall [2]. The
first accurate measurement of the rate of evaporation
from a droplet placed in a gas flow was made by
Frossling. He experimented with drops of water,
aniline and nitrobenzene suspended in an air flow
above the wind tunnel outlet hole. The gas flow
velocity varied from 0.2 to 0.7 m/s and the Reynolds
number, from 2.3 to 1280. Under these conditions the
droplet evaporation was found to be most accurately
described by the relationship

Sh=2(1 + 0276 Re' 2 Pr''3), (2)

In the experiments conducted by Ranz and Mar-
shall, a droplet of water on the tip of a microburet was
placed in an air flow. The gas flow temperature varied
from 20 to 220°C and the Reynolds number did not
exceed 200. The results are in good agreement with
equation (2).

A comprehensive analysis of the early analytical and
experimental studies of evaporation from a liquid
droplet is given in the book by Fuks [3].

Rowe, Claxton and Lewis [4], having analyzed
more recent experimental data pertaining to heat and
mass transfer of a sphere in a flow with Re < 2000,
obtained the relationship

Nu =2+ 0.69 Re!2Pr' 3. (3)

Further studies of a drop evaporating into a gas flow
were aimed at elucidation of the effect of various flow
parameters on the rate of evaporation. Thus, Blinov
and Dobrovol'skaya [5] investigated the effect of
temperature on a tetrabromidifluorethane droplet
evaporating in an air flow. The air temperature varied
from 40 to 750°C and the Reynolds number, from 25 to
500. The data obtained are described by relation (2)
with an accuracy of +10%.

In one of the recent studies on droplet evaporation
Yuen and Chen [6] presented the data on water and
methanol droplets evaporating into the flow of air with
the temperature of the latter within 150-960°C. The
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purpose of this work was to determine the effect of
tempefature on heat transfer. A droplet specimen of
about 6.5 mm in diameter was placed into the air flow
the velocity of which varied from 2.4 to 11.4 m/s. The
experiments were carried out for the Reynolds number
range from 200 to 2000. The results obtained are fitted
by the following relationship

Nu(l + B) =2 + 0.6 Re! 2 pri 3. (4

Note that in all the works quoted above the heat-
and mass-transfer parameter which determines the
intensity of evaporation did not exceed 0.5, while an
increase of B had a considerable effect on droplet
evaporation. On the one hand, it leads to an increase in
the enthalpy difference between the flow and the
droplet surface and to intensification of evaporation.
On the other hand. intensification of evaporation
increases the flow of matter from the droplet surface
thus impeding an increase in the heat-transfer rate.
From this point of view, for the systems with a high
heat- and mass-transfer parameter, as is the case of a
hydrocarbon fuel droplet evaporating during its com-
bustion in an oxidizing flow (B ~ 6-7), the following
relationship, suggested by Spalding [ 7] and refined by
Agoston, Wise and Kosser [8], is more acceptable and
physically justified

mn }
=1+ 0276 Re! Py {5}
o
where
. 47rs
My =
(,P

in(! + B

is the evaporation rate in the absence of convection.

Thus, even at small values of the heat- and mass-
transfer parameter no relationship has been obtained
which would unambiguously describe the process of
drop evaporation. And as to the B’s much in excess of
unity and the occurrence of condensation of the
surrounding medium species, thus far there have been
almost no experimental data available [9}. However,
investigation of this process and elucidation of the
basic laws governing it are needed to, for example,
understanding and calculation of such a practically
important case as combustion of a metal particle in an
oxidizing medium [10].

In order to investigate all the aspects of the process
which comprises evaporation, heat and mass transfer
and condensation, acting simultaneously, the present
authors have made a detailed study of a cryogenic
liquid droplet evaporating into a CO,- and water
vapour containing (i.e. capable of condensing) flow
over wide ranges of the heat and mass transfer
parameter and the Peclet and Prandti numbers.

EXPERIMENTAL APPARATUS AND TECHNIQUE
In investigating evaporation of a drop into a
medium capable of condensing, a droplet of liquid
nitrogen was placed into a gas flow of a rectangular
velocity profile, constant composition and tempera-
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FiG. 1. A schematic of the experimental set-up: 1, reducing valve; 2, fine adjustment valve; 3, standard
pressure gauge; 4, U-shaped pressure gauge; 5, flow rate diaphragm ; 6, heater; 7, receiver ; 8, evaporator ; 9,
Vitoshinsky nozzle; 10, cine camera; 11, evaporating droplet; 12, optical system; 13, mercury lamp.

ture. The schematic of the experimental set-up is
shown in Fig. 1. The rectangular velocity profile of the
gas flow was produced by the Vitoshinsky nozzle
20mm in diameter [11]. The carbon dioxide and
nitrogen (or helium) flows were adjusted separately.
Their magnitude was preset by the flow rate restrictors
regulated by valves of fine adjustment and determined
by standard and U-shaped pressure gauges. Water
vapour was introduced into the gas flow from an
evaporator which was a glass vessel filled with distilled
water into which a Nichrome spiral was immersed.
Passage of an electric current through the spiral
initiated liquid boiling and water vapour formation. A
2-1. receiver was used to compensate for flow fluc-
tuations. Measurements of the gas flow velocity by a
platinum hot-wire anemometer with a 20 um dia.,
4 mm long filament have demonstrated a high stability
of velocity and the absence of fluctuations.

The gas mixture was heated up to 400°C by
Nichrome heaters. The gas temperature was measured
with a 50 um dia. platinum-platinum rhodium ther-
mocouple at the Vitoshinsky nozzle outlet.

A droplet of liquid nitrogen was suspended in the
gas stream on a thin quartz filament 40-50 ym in
diameter and 10-50 mm in length, at the end of which
a small glass ball 300400 um in diameter was sol-
dered. The droplet was held at a distance of 17 mm
away from the nozzle exit in the core of the upward gas
flow. The liquid nitrogen droplet was evaporated at
room temperature (¢, = 20°C) into a carbon dioxide—
nitrogen (or helium) mixture with the CO, con-
centration by weight equal to 1.0, 0.75, 0.5, 0.33, 0.1,
0.05, 0.0. At the temperature of the gas flow being
200°C, the concentration of carbon dioxide in a
mixture with nitrogen was 1.0, 0.5 and 0.0. The
temperature of 200°C was also used in the study of

droplet evaporation into a nitrogen—water vapour
flow, with water vapour concentration being 1.0 and
0.5, and into a water vapour—carbon dioxide mixture.
At t, = 400°C concentration of carbon dioxide in a
mixture with nitrogen was 1.0,0.5 and 0.0. The gas flow
velocity varied from 0.03 to 2.5 m/s. The initial size of
the liquid nitrogen droplet varied from 1.0 to 1.5 mm
and depended on the quartz filament thickness and the
glass ball diameter.

Droplet evaporation was recorded by a “Pentazet-
35” motion picture camera with the survey frequency
of 140 and 300 frames/s and the use of the shadow-
graph method. The evaporating droplet was illumi-
nated by a parallel beam of light produced by a
mercury lamp, two lens condensers and an aperture.
The camera was calibrated by filming a metal rod of
known diameter. The magnification factor was 7.

Each experiment commenced with setting the re-
quired gas and water vapour flow rates and measuring
their temperatures. Next to this, the Vitoshinsky
nozzle was closed with a gate (not shown in Fig. 1)
which diverted the gas stream from the droplet.
Suspension of a liquid nitrogen droplet from the glass
ball was achieved following the technique suggested by
Pereverzev [9]. It is this: a clean dry glass funnel
(60-70 mm high, about 20 mm in diameter in the
upper part, with an about 0.5 mm dia. tip bent at a
right angle to the axis) is first immersed into the Dewar
flask filled with liquid nitrogen. On having been cooled
down to the liquid nitrogen temperature, it is taken out
still full of liquid nitrogen. The latter escapes the funnel
through a tip as a thin fuming jet which is directed onto
the glass ball at the end of the quartz filament. After a
period of time (~ 5-7 s) during which the glass ball is
cooled down to the liquid nitrogen temperature, a
liquid nitrogen droplet is formed on its surface. The



614

moment the droplet is fccmed the gate in the Vit-
oshinsky nozzle is opened and the camera is turned on.

Evaporation went on for 0.3-2.0 s depending on the
conditions of experiment. Each experiment was run
twice. From 100 to 300 motion pictures featuring
droplet evaporation were taken in each one experiment,
10 to 15 of which were measured, i.e. the magnitudes of
a few chords (minimum seven) intercepted on the
droplet vertical axis were determined. From these
data, assuming that the droplet is a body of revolution,
the surface area of the droplet, its volume and the
diameter of an equidimensional sphere (effective dia-
meter d) were calculated. The results of calculations
were used for plotting the dependence of the droplet
surface area on time S(r), which was then approxi-
mated by the least square method. The approximation
equation gave the derivative of the droplet surface area
with respect to time dS/dz, which, together with the
effective diameter d, were used to calculate

. ds

" Anpud(h, - hy) | dr

the nondimensional rate of droplet evaporation
ds
dt

paly

(6)

g2 PiCs

3= 7
8 )

and the Reynolds and Peclet numbers.

In the calculations performed, thermal conductivity
4, heat capacity ¢, and the gas viscosity u were
assumed to be equal to the average of their values in
the flow and at the droplet surface. The value of each of
these parameters in the gas flow was calculated from
the formulae given in [13,14].

When calculating the difference between the en-
thalpies in the surrounding fluid and at the droplet
surface, it was assumed that

hy = hy = c,(T, = Ty) + CQ (8)

where C is the concentration of the substance capable
of condensing, T,is the drop temperature which, under
the conditions of vigour evaporation, was assumed to
be equal to the boiling temperature of the droplet
substance.

The experimental data obtained were all processed
on an electronic computer.

In evaluation of the accuracy of the experimental
data obtained in [12], it was revealed that the error in
determining the Stanton number was 8%, the non-
dimensional evaporation rate, 6%, and the Reynolds
number, 109, the latter being mainly due to averaging
of the Reynolds number in every experiment over its
values at the beginning and at the end of evaporation.
The error in measuring the ratio between the conden-
sation front distance from the droplet surface at the
forward stagnation point and the curvature radius at
this point, §/R, amounted to 8%.

Since a droplet of liquid nitrogen was not isolated
but suspended from a glass ball, particular attention
was given to the thermal effect of the quartz filament
and glass ball on evaporation. In a steady state, the
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Table 1. Effect of the quartz filament diameter on the liquid
nitrogen droplet evaporation rate (3*, evaporation rate in a
carbon dioxide flow, 3**, evaporation rate in a nitrogen flow)

d* (y.) \) " '\)* il
300 96 40

100 %8 39
43 3 33
0 69 32

energy equation for an evaporating droplet is of the
form.

Q.+ Q= mth, — hy 9)

where h,and h, are the enthalpies of the gas and liquid.
The effect of heat addition through the quartz filament
can be neglected when

¢r

e

« 1.

That the magnitude of Q ; could be evaluated, the rate
of droplet evaporation was measured with different
diameters of the quartz filament, d, (Table 1). The
evaporation rate corresponding to d, =0 was ob-
tained by means of extrapolation.

Since in the majority of experiments the quartz
filament diameter was 40—-45 um, then for d, = 43 um
one can obtain from the data of Table 1 that

73 =~ 0.05
when a droplet of liquid nitrogen evaporates into a
carbon dioxide stream at 20°C and

9 ~ 003

e
when it evaporates into a nitrogen flow at the same
temperature. Thus, heat addition through the filament
has a small effect on the evaporation rate and the error
introduced is within experimental error. Radiative
heat transfer was neglected.

EXPERIMENTAL RESULTS

Figure 2 presents typical shadow pictures of a
droplet of liquid nitrogen in a flow of gaseous nitrogen
(Fig. 2a) and in a flow of carbon dioxide mixed with
nitrogen (Fig. 2b and c). Evaporation of the droplet in
the CO,-N, flow was accompanied by accumulation
around it of the CO, condensation products. In a
shadow picture these look like a grey mist surrounding
the droplet. Depending on the magnitude of CO,
concentration and the flow velocity, condensation had



Heat and mass transfer of z liquid drop evaporating into a flow of gas 6135

©

FIG. 2. Liquid nitrogen droplet in a How of : (a} nitrogen; (b, <) carbon dioxide mixed with nitrogen.
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FiG. 3. Time dependence of the droplet surface area: (2) condensation in the volume of the flow, pu
= 0.95kg/m’s; (b} condensation on the draplet surface, pu = 2.9 kg/m?s,
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both volumetric and surface character. In the first case
(Fig. 2b), CO, condensation front is sharply visible on
the upstream side of the droplet and the droplet itself is
transparent as evidenced by a light spot in the center of
its picture. In the second case (Fig. 2c), no conden-
sation front is observed and only a tail of conden-
sation products is visible in the wake of the droplet;
the droplet is opaque and its upstream side is covered
by a condensed carbon dioxide film. These are con-
vincing indications of the surface condensation of
CO,.

Each of these two regimes had a corresponding time
dependence of the droplet evaporation rate. In the case
of volumetric condensation, a change in the droplet
surface area is rather well described by linear re-
lationship (Fig. 3a). In the other words, the process of
droplet evaporation in the presence of volumetric
condensation obeys the Sreznevsky law: dS/dt =
const. In the second case, the relationship between the
surface area and the time is much more complex. At the
beginning the droplet is transparent and a graph of its
surface area vs time gives a straight line (Fig. 3c,
segment 1), but as evaporation proceeds, the CO,
condensate particles make their appearance on the
droplet surface and subsequently coat the frontal part
of the droplet by a continuous film (Fig. 2c). The
droplet becomes opaque and the tail of condensation
products in its wake becomes less dense. The rate of
change of the surface area with time diminishes
(segment II). This is followed by breakaway of the
condensate film from the surface and increase of the
surface area change rate (segment ITI), with the droplet
being still opaque. Then, a new film coats the droplet
(segment IV). A sequential process of formation and
breakaway of the condensate film recurs until the
droplet evaporates completely. This evaporation pat-
tern can be explained by frustration of the volumetric
condensation and its transition on to the droplet
surface due to the characteristic time of heat and mass

transfer, t,,,, becoming comparable with the character-
istic time of condensation, ..

The condensed CO, film forming on the droplet
surface produces a drastic change in the entire evap-
oration process. From the data obtained, only a
qualitative conclusion can be drawn as to the fact that
the surface condensation decreases the droplet evap-
oration rate. Complete elucidation of this problem
requires such methods which would allow accurate
determination of the condensate film structure and of
the coated droplet geometry.

Transition of condensation from the volume around
the droplet on to the droplet surface was observed only
in a pure carbon dioxide flow at room temperature (7,
= 20°C) at rather large Reynolds numbers (Re ~ 600).
The characteristic time of heat and mass transfer was
in this case

d* .
Thm = TN 107 %5
The facility did not allow for observation of the process
of such transition in mixtures of carbon dioxide with
nitrogen and other gases, therefore the main part of
our experimental data relates to volumetric
condensation.

The results of the present study aliow us to conclude
that the volumetric condensation has a considerable
effect on droplet evaporation. For illustration, Fig. 4
gives the droplet evaporation rate as a function of the
Reynolds number at different concentrations of CO,.
It can be clearly seen from this figure that volumetric
condensation of CO, can increase the droplet evap-
oration rate more than twice. Indeed, when the
Reynolds number is constant, an increase of CO,
concentration in the flow first up to 10%; and then up to
50 and 100%, results in the increase of the droplet
evaporation rate by a factor of 1.4, 1.7 and 22,
respectively.

In order to change the conditions of heat and mass
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FiG. 4. Non-dimensional rate of droplet evaporation as a function of the Reynolds number (r, = 20°C}.
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FiG. 5. Dependence of the nondimensional rate of droplet evaporation on the heat- and mass-transfer
parameter; (a) t, = 200°C; Re = 57; (b) t, = 200°C, Re = 27.

transfer between the droplet and the gas flow and to
study the effect of temperature on evaporation in the
presence of condensation, the gas flow was heated up
to 200 and 400°C. At 200°C, evaporation of a liquid
nitrogen droplet in water vapour flow was studied.
Unfortunately, in this case we failed to obtain sharp
pictures of the condensation front. This is likely to be
due to weak scattering of light by the water vapour
condensation products which could not be recorded
with the instruments employed. But the liquid nitrogen
droplet remained transparent and no foreign in-
clusions appeared on its surface throughout its evap-
oration in the flow of water vapour. This and also
comparisons with evaporation of a liquid nitrogen
droplet in a CO, and water vapour flows indicate that

condensation of water vapour under the conditions
studied is volumetric.

Investigation of a liquid nitrogen droplet evaporat-
ing into a water vapour flow made it possible to
considerably expand the range of the heat- and mass-
transfer parameter which in the given system equals
~15. In other cases, as in a nitrogen flow of the same
temperature, the value of this parameter is only ~2,
and in a carbon dioxide flow, ~5.

A rather clear representation of the evaporation rate
and its dependence on the parameters of heat and mass
transfer between the droplet and the gas flow is
furnished by the dependence of the evaporation rate on
In(1 + B) at the constant Reynolds number and flow
temperature (Fig. 5). Note that under these conditions
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FiG. 6. Effect of the heat- and mass-transfer rate on the position of condensation front,
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an increase in B is due to a change in the amount of the
condensate substance in the gas flow only.

A parameter very important for understanding
droplet evaporation in the presence of volumetric
condensation 1s the position of condensation front
with respect to the droplet surface. Therefore, the
distance between the condensation front and the
droplet surface at the forward stagnation point, 3, was
measured in processing of the experimental results. Tt
was established that an increase in the velocity of the
gas flow at its constant composition and temperature
leads to a decrease in ¢, while an increase in carbon
dioxide concentration under constant conditions of
flow passage, to an increase in the distance between the
condensation front and the droplet surface. [t seems to
be due to the fact that with an increase in the
evaporation rate and CO, concentration the flow of
substance from the droplet surface increases. In Fig. 6,
the ratio of the distance é to the droplet curvature
radius at the forward stagnation point is presented as a
function of (St - Pe)™'. The experimental data given in
this figure refer to the liquid nitrogen droplet evap-
oration in the flow of carbon dioxide mixed with
nitrogen and helium at 20°C and are well correlated by
the relationship

5 0.29

R St-Pe

(10)

When the liquid nitrogen droplet evaporates into a
flow of carbon dioxide, nitrogen and water vapour, the
Prandtl number is close to unity. Thus, for a CO, flow
att, = 20°C, it is 0.77, at ¢, = 200°C, 0.69, and at ¢,
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= 400°C, 0.61. For a nitrogen flow at 20°C it is 0.84
and for a water vapour flow, 0.96. To expand the
Prandtl number range, helium was introduced into the
flow. An increase of helium concentration in the gas
flow up to 1009, made it possible to decrease the
Prandt! number down to 0.31.

The use of a cryogenic liquid, liquid nitrogen (T,
= 77K), as an object of study of droplet evaporation in
the medium capable of condensing could impart to the
evaporating process the specific features typical of
such low-temperature fluids only. To get rid of doubt
and to prove universality of the results obtained, a
series of experiments has been carried out with evap-
oration of a droplet of diethyl ether, with the boiling
temperature of 35°C, in water vapour flow. The gas
temperature was 130°C and the weight concentration
of water vapour mixed in the flow with nitrogen was
0.1,0.25,0.33,0.5,0.75 and 1.0. Just as in the case of a
liquid nitrogen droplet evaporating into water vapour,
the pictures featuring evaporation of the ether droplet
failed to show a clear-cut condensation front. But the
appearance of the droplet and the linear dependence of
its surface area on time indicate that in this case toov u
volumetric condensation of water vapour persisted
throughout the evaporation process.

A total of 600-plus experiments has been conducted
with liquid nitrogen evaporating from a droplet into a
flow of carbon dioxide, nitrogen, helium and water
vapour and with a diethyl ether droplet evaporating
into water vapour flow. Based on the results obtained
for the volumetric condensation, it can be said with
confidence that in this case the droplet evaporation is
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FiG. 7. Dependence of (St - B)/2In(1 + B) on the Prandtl and Peclet numbers. Points @ and @ denote
evaporation of a diethyl droplet in a flow of water vapour at concentrations 1.0 and 0.5, respectively
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best described by the relationship

,_2In(1+B)

140.276 Pe'2Prli6),
B Pe (1+ e'“Pr'/°)

(11

As an illustration of this conclusion, Fig. 7 shows a
plot of (St-B)/21In(1+B) vs (140.276 Pe!?Pr~1/%)/
Pe. Here, only a portion of all experimental results is
given because of almost no spread in the data in
the region of small values of the group
(140.276 Pe'/2Pr~1/%)/Pe and because these furnish
complete information on the range of change of the
basic experimental parameters and on the degree of
scatter in the experimental points.

Thus, in the presence of volumetric condensation
the droplet evaporation process obeys the same law as
the simple evaporation of a droplet and evaporation of
a hydrocarbon fuel droplet during its burning in an
oxidizing flow. In other words, the rate of liquid
droplet evaporation is determined by the intensity of
heat and mass transfer alone irrespective of whether it
is due to the temperature difference between the gas
flow and the droplet or the heat of condensation of the
surrounding substance.

CONCLUSIONS

1. In the present paper, a liquid nitrogen droplet
evaporating into a flow of carbon dioxide or water
vapour mixed with nitrogen and helium and a diethyl
ether droplet evaporating into a flow of water vapour
mixed with nitrogen have been used to study the laws
governing evaporation of droplets in a medium cap-
able of condensing.

2. Two different regimes of droplet evaporation
have been discovered depending on the nature of
condensation in the surrounding medium. With con-
densation occurring in the volume of the flow around
the droplet, the surface area of the latter decreases
linearly with time. With condensation taking place on
the droplet surface, the dependence of the surface area
on time is non-linear.

3. In the case of volumetric condensation, the
relations have been obtained for calculation of the
droplet evaporation rate which are given in terms of
the dependence of the Stanton number on the Peclet
and Prandtl numbers and the heat and mass transfer

619

parameter. A dependence has also been obtained of the
ratio between the distance of the condensation front
from the droplet surface and the curvature radius at
the forward stagnation point of the droplet on the
Stanton and Peclet numbers. These dependences in-
dicate the limiting action of heat and mass transfer on
droplet evaporation in the presence of volumetric
condensation.
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TRANSFERT DE CHALEUR ET DE MASSE POUR UNE GOUTTE LIQUIDE
S’EVAPORANT DANS UN ECOULEMENT DE GAZ CONDENSABLE

Résumé—On présente des résultats expérimentaux sur une gouttelette d’azote liquide qui s'évapore dans un
écoulement de gaz carbonique, d’hélium, d’azote et de vapeur d’eau de méme que, sur une gouttelette d’éther
diethylique d’évaporant dans un écoulement de vapeur d’eau a la pression atmosphérique. La température
des gaz en écoulement varie entre 20 et 400°C. Le nombre de Reynolds est compris entre 3 et 600, le nombre
de Prandtl entre 0,3 et 1 et le paramétre de transfert de chaleur et de masse entre 1,5 et 15. Les condensations
volumique et surfacique du gaz ambiant ont été détectées. On a établi que dans le cas de la condensation
volumique le transfert de chaleur décrit par le nombre de Stanton est lié aux nombres de Péclet et de Prandtl
et au paramétre de transfert de chaleur et de masse par

2In(1+B
S[=__2£_t_l
e

BP,

(1 + 0,276Pe!'2Pr=1/%),

On conclut que le transfert de chaleur et de masse est le mécanisme qui limite la condensation volumique.
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WARME- UND STOFFUBERGANG AN EINEM FLUSSIGKEITSTROPFEN
BEI DER VERDUNSTUNG IN EINE STROMUNG AUS
KONDENSIERBAREM GAS

Zusammenfassung—Es wird tiber die Ergebnisse einer experimentellen Untersuchung zur Verdungstung
eines Tropfchens aus fliissigem Stickstoff in Stromungen aus Kohlendioxid, Helium, Stickstoff und
Wasserdampf und eines Diithyldther-Tropfchens in eine Wasserdampfstréomung bei atmosphdrischem
Druck berichtet.

Die Temperatur der Gasstromung wurde von 20 bis 400°C variiert. Die Reynolds-Zahlen lagen im Bereich
von 3 bis 600, die Prandtl-Zahlen im Bereich von 0,3 bis 1,0 und die Warme- und Stoffiibergangsparameter
im Bereich von 1,5 bis 15. Es wurde sowohl homogene Kondensation als auch Oberflichenkondensation des
umgebenden Gases beobachtet. Im Fall der homogenen Kondensation wurde festgestellt, daBl der
Wirmeiibergang, der durch die Stanton-Zahl beschrieben wird, in folgender Form mit der Peclet-Zahl, der
Prandtl-Zahl und dem Wirme- und Stoffiibergangsparameter verkniipft ist:

2In(1+B N

so= "B 026 pet 2 pr e,

B-P

Es wurde der SchluBl gezogen, daBl der Wirme- und Stoffiibergang die Grenzen der homogenen
Kondensation bestimmt.

TEMJIO- U MACCOINEPEHOC TPU MCITAPEHUU KATIJIM )KUAKOCTU B [NOTOKE
'A3A. CMTOCOBHOI0 KOHAEHCUPOBATLCH

Annorauns — [IpHBOAATCS pe3ynbTaThi IKCNEPUMEHTANBHOIO HCCIICI0BAHUS MCIIAPCHUS KANIM K-
KOTO 430Td B IIOTOKE YIIIEKHCIOrO rala. reflisi, a30Ta. HAPOB BOJAbI M KAMIK JHITHIOBOrO Hdhupa
B HIOTOKE 114pOB BO/Ibl Mpu aTMochepHoM nasaeHun. TeMmnepaTypa nortoka rasa wimeHsiace o1 20 C
10 400 C. Juanason u3Menenus umcia Pefinonbiaca cocrasssii 3+ 600, wucaa IMpawaras 0.3 + 1.0
a napaMeTpa Terso- M Maccorniepedoca 1.5 + 1S, O6HapyxeHbl Kak OOBEMHANA. TAK U IOBEPXHOCTHAN
KOHIIEHCAlMA ra3a okpyxarowed cpeant. [loyueHo, 4To B cilydae 0OBbEMHON KOHICHCAIIMH HHTEHCHB-
HOCTBb TEI10MEPEHOCA, XapakTepuiyemas unciom CraHTOHA. CBA3aHa ¢ uuciaamu Ilekne u [lpanaras

U N4PAMETPOM TEIIOMACCONEPEHOCA CEAYIOUINM COOTHOILIEHHEM

21in(l + B)

St = (1 40276 Pe' 2Pr ' ®),
B Pe

C/e1aH BBIBOJ O TOM. 4TO JIMMHTHAPYROUIHM 11DOIHECCOM B Clyyae 00BEMHON KOH/JICHCAILHH $BASCTCH
FEI/10- H MacCCoOMepeHoc.



