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Abstract

Vaporization of a single liquid droplet in an environment with a temporal variation of pressure is investigated
numerically. As a typical case, the evaporation rate (lifetime) of water droplets for a process of adiabatic
compression is analyzed. The relative sensitivity of system parameters (i.e. the rate of compression, the initial
droplet size and temperature, and the initial temperature and relative humidity in the environment) affecting the
vaporization of water droplets is systematically discussed. The results for a process of adiabatic compression are
compared with those under an isobaric condition. Physically, the relevant results obtained here are still qualitatively
valid for other liquid droplets. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Vaporization of liquid droplets in a hot environ-
ment was extensively investigated [1-4]. To under-
stand the evaporation rate of liquid droplets is not
only significant on the practical side but also of
physical interest on the academic side. Most of pre-
vious works were concerned with the vaporization of
liquid droplets in an isobaric environment at high
temperature. With the gas-phase quasi-steadiness and
some other assumptions, a well-known d?-law was de-
rived analytically. This law is the simplest possible
model, stating that the square of the droplet diameter
decreases linearly with time as the vaporization of
liquid droplets proceeds.

In general, the vaporization of liquid droplets fre-
quently occurs in an environment with a temporal vari-
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ation of pressure. For example, the vaporization of
fuel droplets in Diesel engines takes place in the com-
pression stoke. Besides the practical applications, it is
of physical interest to understand the behaviors of the
vaporization of liquid droplets under the condition of
time-dependent pressure. Thus the objective of the
present work is to investigate the evaporation rate and
the lifetime of liquid droplets in an environment with
the pressure as a function of time. In particular, the
process of adiabatic compression is considered.

The water droplet is adopted in the present work
because the relevant applications are wide and the
thermodynamic properties of water are well known.
For generality, the gaseous mixture in the environment
may be composed of air and water vapor; thereby the
environment is either dry or humid. As a typical case,
the system undergoing a process of adiabatic com-
pression at constant rate is of interest. The sensitivity
of system parameters (the rate of compression, the
relative humidity, the size of droplet, the initial droplet
temperature and the initial ambient temperature)
affecting the vaporization of water droplet is assessed.
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Nomenclature

Cp specific heat at constant pressure
d diameter of droplet

D mass diffusivity

k rate of compression

L latent heat

M molecular weight

P pressure

r radial coordinate

R universal gas constant

t time

T temperature

v velocity

Y mass fraction

Greek symbols

i relative humidity

n transformed coordinate defined in Eq. (18)

0 temperature of liquid droplet

A thermal conductivity coefficient
£ transformed coordinate defined in Eq. (18)
p density

Subscripts

0 initial state

a air

ev evaporation

g gas phase

1 liquid phase

s surface of droplet

W water vapor

o0 environment

Superscript

differentiation with respect to ¢

Although the vaporization of water droplets is investi-
gated, physically the relevant results obtained here can
be applied to other liquid droplets in a qualitative
way.

2. Formulation

The spatial gradient of pressure is neglected because
the Mach number of flow without any externally
forced convection is quite small;, thereby only the
temporal variation of pressure is considered. The
other assumptions are made as follows. The law of
ideal gas is satisfied. The effect of gravity is not con-
sidered. The thermodynamic equilibrium state is
reached at the interface of water droplets. The radia-
tive heat transfer, Soret and Dufour effects are neg-
lected. With the above assumptions, the appropriate
governing equations for the unsteady vaporization of
a single spherically symmetric water droplet in a hot
environment are

gas phase:
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atr =0

36/or =0 (12)
atr=rs

0=T. (13)

Initial conditions at ¢t = 0 are

Fs =rs,0,v:0,P=P0,T= T0,9=9() and
(14

Yi=Yp for i=a,w.

The specific heat at constant pressure and the thermal
conductivity in the gas phase are estimated by

Cpg = Cpa Y.+ Cp,w Yo (15)

Jg = A Ya + Ay Yy, (16)

respectively. The magnitudes of cp,, cpw, 42 and 4,, in
Egs. (15) and (16) are functions of temperature. The
values of cp, and cpy can be found in the Ref. [5].
The properties 4, and A, are estimated according to
curve-fit formulas available in the previous work [6].
Physically the mass diffusion coefficient is inversely
proportional to pressure even though the thermal con-
ductivity is not a function of pressure [7]. Because of
the lack of experimental data, to a good first approxi-
mation the dependence of mass diffusion coefficient on
pressure is Dy, ~ P!, The curve-fit formula for D, [6]
is

Dy, = 10956 x 1076P~ 17176 cm? /s, (17)

The units of pressure and temperature in Eq. (17) are
atm and K, respectively. The specific heat (cp ), the
thermal conductivity (4;) and the density (p;) in the
liquid phase depend on the temperature, respectively
[8].

The relationship between 7, and P, is known [9]
when the saturated water vapor is assumed at the sur-
face of water droplets. The latent heat for evaporation
L equals the difference of specific enthalpy between
saturated-water and saturated-vapor states, that is a
function of T [9].

3. Coordinate transformation

For the problem with moving boundary conditions,
the coordinate transformations are introduced as fol-
lows

n(r, ) = In[r/r(0] and  &(r, 1) = r/r(2) (18)

for the gas and the liquid phase, respectively.

In terms of the transformed coordinates above, Egs.
(1)-(3) and (6) are
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Boundary conditions (8), (9), (11) and (12) become
at n=0

Ag% — ilg—g— = —prsfsL (23)

T = B - %) (24)

as 7 — 00

aT/an—0 and 3Y;/on—0 fori=aw (25)
at £=0

80/8¢ = 0. (26)

The other equations and boundary conditions remain
the same as those in terms of the original coordinates.

4. Numerical method

The time derivatives of Egs. (19)—(22) are discretized
according to the first-order accurate backward differ-
ence scheme. The weighting function method with the
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Fig. 1. Plot of (d/dp)* vs time for some selected ambient pressures Po (Too =350 K, 8,=300 K, d5=0.02 cm and @, =0).

truncated error O(Ay?) is applied in the discretization
of spatial derivatives [10]. The uniform grid size is
adopted in our calculations. The numbers of grid
points are 1001 and 51 in the gas and the liquid phase,
respectively. The infinite domain 0 < 5 < oo in the gas
phase is truncated in such a way that the location of
the boundary does not affect the computed results.
The truncated domain corresponds to 0 <5 < 6.0
(1 < rfrso < 403).

Initially a value of s is guessed at each time step.
The continuity Eq. (19) is integrated from 0 to # to
obtain the distribution of flow velocity (v) at each time
step. This integral equation is treated numerically by
the trapezoidal method. The energy and species Egs.
(20)—(22) are solved by the weighting function method.
Boundary condition (24) is used to modify the magni-
tude of ¥, as a new guessed value. After a number of
iterations are performed, the correct solution of ¥ is
obtained when the maximum relative errors of all vari-
ables less than 5 x 107,

5. Results and discussion

The investigation of the evaporation rate of water
droplets under various system conditions is a main
objective in the present work. The instantaneous evap-
oration rate of water droplets is evaluated according to

the results of (d/dp)* vs time. The lifetime of water dro-
plets is readily defined according to the curves of (d/
do)? vs time. The system parameters of interest are the
initial size of water droplets, the initial temperature of
water droplets, the rate of adiabatic compression, and
the temperature and the relative humidity in the en-
vironment.

Before the vaporization of water droplets under the
condition of adiabatic compression is investigated, the
evaporation rate (lifetime) of water droplets in an iso-
baric environment is analyzed first. In particular, the
system becomes isobaric if the rate of compression
approaches zero. Physically the isobaric case can be
viewed as a special one for a process of compression
with an infinitesimal compression rate. Two cases are
investigated in this work. The first case is the vaporiz-
ation of water droplets in an isobaric environment.
This implies that the ambient pressure is not a function
of time. Although the ambient pressure is independent
of time, the evaporation rate of water droplets is still
influenced by the magnitude of ambient pressures (e.g.
1 atm, 2 atm, etc.). A comparison between the evapor-
ation rate of water droplets in a high-pressure environ-
ment and that in a low-pressure environment is made.
The second case is the vaporization of water droplets
for a process of adiabatic compression. Obviously, the
ambient pressure depends on time and the value of
ambient pressure increases with time. From a view-
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Fig. 2. Plot of (d/dp)® vs time for some selected ambient pressures Py, (T5,=450 K, 6,=300 K, dy=0.02 cm and ®,,=0).

point of thermodynamics, the ambient temperature
also increases with time. The rate of compression is a
central system parameter for the second case.

5.1. Vaporization of water droplets in an isobaric
environment

The ambient pressure (P.) is equal to its initial
value (Po, o) during the vaporization of water droplets
in an isobaric environment. The effect of ambient
pressure on the evaporation rate of water droplets at
the same ambient temperature (7,.) is investigated
first. The results of (d/dp)* vs time for some selected
ambient pressure are illustrated in the Fig. 1
(Ts =350 K). Obviously, the d*-law is valid. Except at
the early stage of droplet heating, the evaporation
curves of (d/dy)* vs time are linear for isobaric cases.
According to Fig. 1, the evaporation rate of water
droplets at high pressure is smaller than that at low
pressure [2,4]. The lifetimes of water droplets are
17.05 s and 24.52 s at P,,=1 atm and 2 atm, respect-
ively. The lifetime of water droplets at P,,=2 atm is
1.44 times that at P,,=1 atm.

The plot of (d/dy)? vs time for a great ambient tem-
perature (T, =450 K) is presented in Fig. 2.
According to Figs. 1 and 2, the results reveal that the
evaporation rate of water droplets increases substan-
tially with T,,. For P,,=1 atm, the lifetime of water
droplets with dy=0.02 cm reduces greatly from 17.05 s
(Fig. 1) to 3.79 s (Fig. 2) as the ambient temperature

increases from 350 K to 450 K. According to Fig. 2,
three evaporation curves are quite close. As com-
pared with the results in Fig. 1, the evaporation rate
(lifetime) of water droplets for great ambient tem-
perature is insensitive to the variation of the ambient
pressure. As shown in Fig. 2, the lifetime of water
droplets for P,,=2 atm is just 1.14 times that for
Po=1 atm.

For the investigation of the influence of the initial
temperature of water droplets on the vaporization,
three distinct values of 8, i.e. 285 K, 300 K (Fig. 1)
and 330 K, are adopted here. As a typical case, the
results of (d/dy)® vs time for 6,=330 K are shown in
Fig. 3. According to Fig. 1 (8,=300 K) and 3
(6o=330 K), the effect of 6, on curves of (d/dp)* vs
time is quite small. The same result is observed for
0p=285 K. The numerical solutions indicate that the
lifetime of water droplets for P,=1 atm and
To=350 K varies only from 17.23 s to 16.14 s when
the magnitude of 6, increases from 285 K to 330 K.
As compared with the results of ambient temperature,
the influence of the initial temperature of water
droplets on the evaporation rate (lifetime) is relatively
small.

The magnitude of (d/dp)® as a function of time for
varied initial size of water droplets is presented in Fig.
4. Obviously, the absolute value of the slope for small
size is greater than that for large size. According to the
d*-law, the lifetime of water droplets (z,) is a function
of dy, ie. tey~d3 This theoretical prediction is in
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Fig. 3. Plot of (d/d,)? vs time for some selected ambient pressures P, (Too =350 K, 6p=330 K, dy=0.02 cm and ®,,=0).

good qualitative agreement with the numerical results The results of (d/dp)® vs time for varied relative
obtained here. The lifetime of water droplets increases humidity in the environment ®., are shown in Figs. 5
from 4.35 s to 17.05 s when the droplet size varies (To=350 K) and 6 (T, =450 K). According to these
from 0.01 cm to 0.02 cm. figures, the lifetime of water droplets increases with the
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Fig. 4. Plot of (d/dy)* vs time for varied dy (To =350 K, 65=300 K, Poo=1 atm and P, =0).
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Fig. 5. Plot of (d/dp)® vs time for varied @, (Too=350 K, 0o=300 K, dy=0.02 cm and P, =1 atm).

relative humidity, as expected physically. For
To=450 K (Fig. 6), the condensation apparently
occurs on the surface of water droplets initially for
®,,>2.5% when cold water droplets are placed in the
high-temperature  environment  with  humidity.

According to Figs. 5 and 6, the relative variation of
evaporation rate (lifetime) with @, increases with the
ambient temperature. Therefore, the effect of humidity
on the vaporization of water droplets becomes import-
ant in an environment at great temperature.

1.2 T

0.0 1.0

3.0 4.0 5.0
t (s)

Fig. 6. Plot of (d/d)* vs time for varied ®u (Too =450 K, 8,=300 K, dy=0.02 cm and P.,=1 atm).
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Fig. 7. Results of T, and @, vs time for varied k (= dP/dr) (Too =350 K, Poop=1 atm, By, 0=5%, dp=0.02 cm and 6, =300 K).

5.2. Vaporization of water droplets for a process of
adiabatic compression

For simplicity, the linear function of pressure vs

time (i.e. P= P o+kt, where k is a constant) is con-
sidered in the present work. According to this linear
function, physically this system undergoes a process of
adiabatic compression at constant rate. The magnitude

1.0 T T
k=0.05 atm/s I
0.8 -
06 I -
2
4
(do]
04 7
P.o=1.0 atm
P o=15 atm
02 T ) 7]
P.=2.0 atm
0.0 '
0.0 50 10.0 15.0 20.0
t(s)

Fig. 8. Plot of (d/dy)* vs time with k = 0.05 atm/s for Py o=1.0,

6o=300 K).

1.5 and 2.0 atm (T 0=350 K, P 0=0, dp=0.02 cm and
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Fig. 9. Plot of (d/dy)* vs time for varied k (=dP/dt) (Toop=350 K, Py =1 atm, Ops =0, dy=0.02 cm and 6,=300 K).

of k (=dP/dt) is viewed as the rate of compression.
Contrary to conditions for the isobaric case (k = 0),
both the ambient temperature T,, and the relative
humidity ®, depend on time for a process of adiabatic
compression. The results of 7, and @, vs k are illus-
trated in Fig. 7 (Teop=350 K and ®,, ). For k#0,
the ambient temperature increases with time, as
expected physically. However, the relative humidity
decreases with time during the process of adiabatic
compression due to an increase in the ambient tem-
perature. These effects become great as the rate of
compression increases.

The magnitude of (d/dy)* as a function of time with
k = 0.05 atm/s for varied P, is shown in Fig. 8. As
compared with the results in Fig. 1 (k = 0 atm/s), the
curves of (d/dy)® vs time in Fig. 8 are no longer linear
for k # 0. Obviously, the d*law is not valid for a pro-
cess of adiabatic compression. According to Figs. 1
and 8, the lifetimes of water droplets for k=0.05 atm/s
are invariably smaller than those for £k = 0 atm/s (iso-
baric condition). Physically, the additional energy is
provided by a process of adiabatic compression. This
fact implies that the evaporation rate of water droplets
will be enhanced if a process of adiabatic compression
is imposed.

The plot of (d/dy)* vs time for k = 0, 0.05, 0.1 and
0.15 atm/s is presented in Fig. 9. The case for £k = 0 is
the system under an isobaric condition. The lifetime of
water droplets for £ = 0 is 17.05 s. The evaporation
rate of water droplets increases with the rate of com-

pression because the increasing rate of ambient tem-
perature becomes great when the rate of compression
increases (Fig. 7). According to Fig. 9, the lifetime of
water droplets for k = 0.05 atm/s decreases from
17.05 s (k = 0) to 11.34 s. The evaporation rate of
water droplets increases greatly when a process of
adiabatic compression at small rate is imposed.
However, the lifetime of water droplets decreases only
from 9.28 s to 8.08 s when the rate of compression
increases from 0.1 atm/s to 0.15 atm/s. Consequently,
the evaporation rate (lifetime) of water droplets is
insensitive to a further increase in the rate of com-
pression for a great rate of compression.

It is interesting to investigate the evaporation rate of
droplets during a short initial period because the lin-
earity of the d%-law is absent even in an isobaric en-
vironment. As is well known, the non-linear behavior
of evaporation rate in an isobaric environment is
caused mainly by droplet heating. Physically the
droplet size hardly changes at the early stage of droplet
heating. Besides the droplet heating, the characteristics
of this non-linearity are further modified by a process
of adiabatic compression. The evaporation rate is
enhanced throughout the lifetime of droplets for a pro-
cess of adiabatic compression such that the absolute
value of the slope of evaporation curves increases with
the rate of compression as the droplet heating starts.

The lifetime of water droplets (Z.,) as a function of k
for varied T, is shown in Fig. 10. According to this
figure, the effect of adiabatic compression on the life-
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Fig. 10. Plot of ., vs k for varied Toop (Pooo=1 atm, ®oe0=0 dp=0.02 cm and 8, =300 K).

time of water droplets increases with decreasing initial almost remains the same for the entire range of k. The
ambient temperature. For T, =350 K, the lifetime above results reveal that the influence of adiabatic
decreases substantially from 17.05 s to 8.08 s as k compression on the evaporation rate (lifetime) of water
increases from 0.0 to 0.15 atm/s. However, the lifetime droplets is significant for small T o.

of water droplets for great T (450 K in Fig. 10) The plot of ¢, vs k for varied dj is provided in Fig.
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0.00 0.05 0.10 0.15
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Fig. 11. Plot of ., vs k for varied dy (Too,0=350 K, Powo=1 atm, @, o=0 and =300 K).



W.J. Sheu, N.C. Liou [ Int. J. Heat Mass Transfer 42 (1999) 4043-4054 4053

18.0 T T

16.0

14.0

t.,(s) 12.0

10.0

8.0

6.0

0.00 0.05 0.10 0.15
k(atm/s)

Fig. 12. Plot of t., vs k for varied 6y (Ts,0=350 K, Pooo=1 atm, O, 0=0 and dy=0.02 cm).

11. The results reveal that the influence of adiabatic k increases the modification of lifetime is not obvious
compression on £, for dy=0.02 cm is greater than that for small water droplets (dp=0.01 cm). Thus the effect
for dy=0.01 cm. The lifetime is sensitive to the vari- of adiabatic compression on the vaporization of water
ation of the rate of compression for large water droplets increases with the droplet size.
droplets (dy=0.02 cm). However, as the magnitude of The dependence of ¢., on k for varied 8y is presented
20.0 T T
D ,=75%

@, =5% i
D ,=2.5%
D=0
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16.0
ty(s) 140 |
120
100 [
8.0
0.00 0.05 0.10 0.15
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Fig. 13. Plot of t., vs k for varied @0 (Teo,0=350 K, Pocp=1 atm, dy=0.02 cm and 6,= 300 K).



4054 W.J. Sheu, N.C. Liou | Int. J. Heat Mass Transfer 42 (1999) 4043-4054

in Fig. 12. The results reveal that effect of 6 on f.,
decreases gradually with the rate of compression
according to this figure. The effect of initial relative
humidity @ on fe is illustrated in Fig. 13. The influ-
ence of @, on the vaporization of water droplets is,
relatively, great when the rate of compression is small.
According to Figs. 12 and 13, these facts imply
that the effects of 8y and @, on f, are negligible for
great k.

6. Conclusions

The vaporization of water droplets for a process of
adiabatic compression is investigated numerically in
the present work. The following results are obtained.

1. Vaporization of water droplets in an isobaric en-
vironment.

In the limit k£ — 0, the problem of interest
becomes isobaric. The ambient pressure is time-inde-
pendent under this condition. The evaporation rate
of water droplets decreases with the ambient press-
ure; thereby the lifetime of water droplets increases
with the ambient pressure. The effect of ambient
pressure on the vaporization of droplets increases
gradually with decreasing the ambient temperature.
Physically, the evaporation rate (lifetime) of water
droplets in an environment at small temperature is
influenced greatly by the ambient pressure. As com-
pared with the effect of ambient temperature, the
effect of the initial temperature of water droplets on
the evaporation rate is relatively small. The evapor-
ation rate of water droplets decreases with the rela-
tive humidity in the environment. The effect of
relative humidity on the vaporization of water
droplets increases with the ambient temperature.

2. Vaporization of water droplets for a process of
adiabatic compression.

A process of adiabatic compression is considered
here. The d>-law is not applicable in this case. As a
process of adiabatic compression starts, the tem-
perature and the relative humidity in the environ-
ment increases and decreases with the ambient
pressure, respectively. The evaporation rate of water
droplets for a process of adiabatic compression is
invariably greater than those in an isobaric environ-

ment. The evaporation rate of water droplets
increases with the rate of compression k; thereby the
lifetime of water droplets decreases with k. With the
same increase in the rate of compression, the re-
duction in lifetimes of water droplets for small & is
more pronounced than that for great k. The effect
of k on the vaporization of water droplets increases
as the initial ambient temperature decreases. The in-
fluence of k on the vaporization of water droplets
increases with the initial droplet size. The effects of
the initial temperature of water droplets 8y and the
initial relative humidity @, on the vaporization of
water droplets decreases gradually with the rate of
compression. The effects of §; and @, o are import-
ant only for small k.

The physical results above may be applied to other
liquid droplets if their thermodynamic properties are
qualitatively the same as those of water droplets.
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