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Abstract-The combined transient heat and mass transfer during the evaporation of a superheated station- 
ary droplet, surrounded by its own saturated vapor, is numer~~iy investigated. The droplet and its 
surrounding vapor are assumed to contain a tracer amount of the transferred species. The effects of 
important physical parameters, when the partition coefficient of the transferred species is much larger than 
one, are examined. It is shown that, over a wide range of parameters, mass transfer is gas-side controlled. 
The mass transfer resistance associated with the vapor layer resulting from the droplet evaporation controls 
the droplet-vapor mass transfer, and can reduce the rate, or even reverse the direction, of mass transfer in 

the droplet. 

1. INTRODUCTION 

DROPLETS are important in many natural and indus- 
trial processes, and have been studied by numerous 
investigators over several decades. Classical mono- 
graphs discussing the fundamental aspects of hydro- 
dynamics and transfer processes in droplets include 
refs. [l, 21. Reviews of more recent advances can be 
found in refs. [3,4]. Certain aspects of hydrodynamics 
and heat/mass transfer in droplets are not well under- 
stood, however, and further studies are underway. 

In this paper, an analytical study of the combined, 
transient heat and mass transfer in a non-circulating 
droplet is performed. The problem represents a drop- 
let suddenly introduced into a gaseous environment, 
mainly composed of the droplet saturated vapor, 
where the pressure is lower than the saturation press- 
ure associated with the droplet temperature. The 
droplet is assumed to be basically a single-component 
liquid, containing a small dissolved amount of a 
volatile substance. No chemical interactions are 
assumed, and the droplet is assumed stationary, with- 
out internal circulation. The gas surrounding the 
droplet is also stationary, except for the motion 
induced due to the evaporation. 

An example for the application of the stated 
problem is the transport of radionuclides during a U- 
tube steam generator tube rupture event in a press- 
urized water reactor [S]. In this event, the primary- 
side liquid, which is normally under high pressure, 
flows through the rupture into the secondary-side of 
the steam generator, where it flashes and partially 
evaporates. Some of the unevaporated primary-side 
liquid is atomized, forming a spray of small droplets. 
These droplets, which are entrained by the vapor gen- 
erated due to flashing, undergo further evaporation, 
and exchange volatile radionuclides with the steam 
environment in the secondary side. Also, during the 

steam generator tube rupture events the steam leaving 
the secondary side of the steam generator may carry 
small droplets contaminated with volatile radio- 
nuclides. These droplets which are typically in the I- 
10 pm size range [5], may have a small relative velocity 
with respect to their surrounding gas, mainly due to 
gravity. The droplet Reynolds number range is 
% l-10. Droplet internal circulation is neglected in 
this paper. The similar problem for larger droplets 
(Re z loo), where the droplet internal circulation is 
considered, will be addressed in a separate paper [6]. 

Previous studies have mostly dealt with either ex- 
ternal, or internal steady-state heat/mass transfer 
resistances. Steady-state external resistance models 
for a slow flow past a rigid spherical body with con- 
stant diameter include refs. [2,7], and can be approxi- 
mately represented by simple empirical correlations 
of the form [3] 

She = j”( Pe, , Re, K) . (1) 

Similar heat transfer correlations can be obtained by 
replacing She with A%, and Pe, with Pe. In the limit 
of Pe, -+ 0 (stagnant conditions), She = 2. Steady- 
state internal resistance models, accounting for the 
droplet internal circulation, include refs. [8-lo]. 

Various transient cases have also been analytically 
modeled [l 1,121. Empirical correlations, which 
approximate numerically-obtained results have also 
been derived in the following generic form [3] 

She, = f(Pe, , JG 7m.i.J. (21 

Heat or mass transfer between a rigid spherical 
particle with variable diameter and a gaseous environ- 
ment was investigated in ref. 1131. 

An extensive numerical investigation, addressing 
the combined effects of the internal and external resist- 
ances in droplets without internal circulation, has 
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NOMENCLATURE 

CP specific heat [J kg- ’ K ‘1 T tcmpcrature [K] 

f%? mass diffusivity of the trace species t time [s] 

[m’s ‘1 Ll velocity [m s ‘1 
E evaporation coefficient [--I X mole fraction of transferred species. 

erf error function 
H* partition coefficient, defined in Greek symbols 

equation (4) 

Hl? Henry number, defined in equation (7) ; 

thermal diffusivity [m’ s ‘1 
dimensionless parameter defined as 

h heat transfer coefficient [W rn- * K ‘1 IJ&bl’l-‘r~~ 

/;f, latent heat of vaporization [J kg ‘1 s transformed radial coordinate. Inn 

JU’ modified Jakob number, U dimensionless radial coordinate, r/R 

Cd% G/&g 0 superheat temperature, TL - T,;,, [K] 

K mass transfer coefficient [kg m ’ s ‘1 Ii viscosity ratio, pLL/po 

k thermal conductivity [W mm ’ Km ‘1 I1 kinematic viscosity [kg rn~~ ’ so ‘1 
Le liquid Lewis number, z,ig,_ P density [kg m ‘1 
M normalized mass fraction, m/m: P* partial density of the transferred species 

m mass fraction [kg m ‘1 

.I molecular mass [kg (k mole) ‘1 5 dimensionless time. taL,‘( R”)’ 
n evaporation mass flux [kg m ’ s ‘1 z,,,.(, dimensionless time. t/o/( RI’)’ 

Nu Nusselt number, 2hR/kG ~,,,.I dimensionless time, taLi( R”)’ 

Pe heat transfer Peclet number, 2R”u ’ /SC,, n dimensionless temperature in the droplet. 

Pe;, modified Peclet number, 0:‘O”. 

(~~“/~G%)(J -(PciPr )) 

Pe;. modified Peclet number, Subscripts 

(nROIG&) G gas-side 

Pe, mass transfer Peclet number, 2R”u’ /C.?(, L liquid-side 

9 universal gas constant [J (k mole)) ’ K ‘1 m mass transfer 

R droplet radius [m] S s-surface (Fig. I) 

I radial coordinate [m] sat saturation 

Re Reynolds number, 2pou’ R/p<; 11 u-surface (Fig. 1). 

SC, liquid-side Schmidt number, v,./%:, 

Sh, liquid-side Sherwood number, Superscripts 

2K,Rfp,C& average 
Sh,, gas-side Sherwood number, ;c infinitely far from droplet 

2Kc,R,Ip,&,, 0 initial. 

been reported by Brauer [ 14, 151 for spherical particles 
with constant diameter, and by Schirrmann [16] for 
spherical particles with variable diameter. Brauer [ 151 
numerically solved two-dimensional (r, Q) species con- 
servation equations, inside and outside spherical 
droplets, for stagnant and flowing gas conditions. In 
the latter case, the hydrodynamics were assumed 
steady-state. The velocity profiles were obtained 

Equation (4) represents equilibrium at the interphase. 

from the Hadamard-Rybczynski [ 171 solution for 
and H* is called the partition coefficient or dis- 

creep flow, and from a numerical solution of the fluid 
tribution factor by some [3,18-201 and Henry number 

momentum conservation equations for high Reynolds 
by others [14-161. In this paper, H* is referred to as 

numbers. Based on his numerical results, Brauer 
the partition coefficient, and [2 I] 

derived correlations, separately for internal and exter- 
nal resistances in the form : 

He = X,;X,, (7) 

fi,.~t_ - H*@ PC, When m, cc 1 and m,, cc I, H* and He are related 
(m,p,p_~*m”;;; = f’(z,., 1 T~.G y H*) (3) according to 

G I 

where H* = pIdlGi(p,j.A’, Hc) (8) 
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where &o and A, are identical when the liquid is 

surrounded by its own pure vapor. 

Following the approach of Brauer [14,15], Schirr- 
mann [ 161 performed numerical calculations repre- 
senting mass transfer at the interphase of a single- 
species stationary spherical particle with a variable 
volume, surrounded by a stagnant gas. The numerical 
model was one-dimensional (Y), and the volume 

change was only due to the transferred species. 
The evaporation of single and multicomponent 

fossil fuel droplets in combustors has been the subject 
of intense investigations recently. Droplets which 

result from shattering of high-velocity fuel jets injected 
into combustors are typically assumed about 100 pm 

in diameter with Re E 100, and evaporate in a very 
hot gaseous environment, typically several hundred 

K hotter than the droplet. Sensible heat transfer 
from the gas provides for droplet evaporation. 
Existing numerical models mostly assume steady-state 
hydrodynamics and heat and mass transfer in the gas 
phase [22-271. They also either assume a rigid droplet 
[24, 261 or assume steady-state droplet internal cir- 
culation similar to Hill’s vortex flow [22, 23, 25, 28, 
291. These assumptions are adequate when the charac- 
teristic time periods representing the establishment of 
quasi-steady state hydrodynamics in the liquid and 
gas phases are much smaller than the characteristic 
time period representing droplet cooling. Orders of 
magnitude of these characteristic time periods depend 
on droplet Re [22]. When Re z 100 the quasi-steady 

state hydrodynamics assumption is adequate [22]. 
However, for the droplets studied here the charac- 
teristic time representing the establishment of quasi- 
steady hydrodynamics is typically larger than the 
droplet characteristic cooling time period. More 
recently a numerical droplet evaporation model using 
fully-transient one or two dimensional conservation 
equations inside and outside the droplet has been 
introduced [30], which assumes a laminar or quiescent 
gas. In all of the models dealing with the evaporation 
of fuel droplets, the droplet-gas sensible heat transfer 
is significant, and property variations with tem- 
perature are important during the droplet life time. 
Neither of these effects is significant in the problem 
addressed in this paper. 

2. MATHEMATICAL MODEL 

Figure l(a) depicts the assumed droplet, and Fig. 
l(b) is a schematic of the droplet-vapor interphase. 
The mass fraction profiles in Fig. 1 (b) represent con- 
ditions where mass is transferred from the gas into the 
liquid, with negligible evaporation or condensation. 
Evaporation, as will be shown in Section 4, sig- 
nificantly modifies these profiles. The droplet is 
initially at T,” > T,,,, and contains a dissolved volatile 
species with initial mass fraction rnz << 1. At time 
t = 0 the droplet is introduced into the depicted 
environment containing droplet vapor at Tg = 

T,,,(P), where P is the ambient pressure. The vapor 

n 

r 

R (I- 
Liquid(droplet) / 

(4 

(b) 

FIG. 1. Schematic of the droplet and the gas-liquid inter- 
phase. (a) Droplet. (b) The gas-liquid interphase. 

phase contains the volatile species with mass fraction 
rng << 1. The gas is assumed infinitely large, with no 

chemical reactions. The effect of interphase curvature 
on the equilibrium vapor pressure (Kelvin effect) is 

neglected. Liquid and gas are both assumed incom- 
pressible, and their thermophysical properties are 
assumed independent of temperature. This is a reason- 
able assumption since the initial droplet superheat is 
small, typically ~2-10 K. Spherical symmetry is 
assumed, and no flow, other than that induced by 
evaporation, is assumed. 

2.1. Heat transfer 

The dimensionless transient heat conduction in the 
droplet can be represented by 

(9) 

The second term on the left hand side represents the 
effect of the moving interphase due to evaporation. 
The initial condition, and symmetry at droplet center, 
give : 

R= 1 atO<q<l,r<O (10) 

ac2 
-=0 atq=O,r>O. 
all 

(11) 

At the surface of the droplet, and for a very short 
period of time following the initiation of the transient, 
the interphase resistance to heat transfer is significant. 
Using the simple kinetic theory of gases for calculating 
the evaporation mass flux, there results [3 1,321 

an ROY -_= 
aq --n atq= l,r>O 

p,aJa’ 
(12) 
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where Jl is the moIecular mass of the liquid, and r,, 
is related to R according to : 

!2= (Tu-Ts,,,)~(T:‘-~T,,,I atq = 1. (14) 

Following Maa [31], E = 1 is assumed. 
Equation (13) neglects the interphase ‘curvature, 

since the droplet diameters considered here are at least 
two orders of magnitude larger than the mean free 
path of the vapor molecules. The temperature differ- 
ence between the gas-side surface of the Knudsen layer 
(the s-surface) and the ambient vapor, ?;- T,,,, is 
negligibly small during evaporation from. or con- 
densation on, a liquid droplet surrounded by its own 
pure saturated vapor f33J. Accordingly, T, = T,,,, and 
sensible heat transfer between the droplet and vapor 
is negligible. 

When the interphase resistance is neglected, equa- 
tion (12) is replaced with : 

Q=O atiT= l.f>O. (15) 

Energy conservation at the interphase results in 

2.2. Mass tramfir 3. METHOD OF SOLUTION 

Mass conservation for the transferred trace species 
in the liquid phase is governed by 

3.1. The kmitiny case of‘ Jo’ + 0 und t + 0 
In the limit of JG’ -+ 0, the droplet radius remains 

constant. and in the limit of T -) 0. furthermore. the 
interphase curvature can be neglected. Mass transfer 
in each phase is then identical to diffusion from a 
plane (interphase) into a semi-infinite region. It can 
then be shown that 

y 

(17) 

Mass balance on the interphase, furthermore, gives 

Q-H = 
i 1 1 _ !?I “_ 

PI. PG 

Since the gas is assumed incompressible, the gas vel- 
ocity varies with Y/ according to 

UC(P) = 210,&$-.z. (19) 

The species mass conservation equation in the gas 
phase is then 

The first term in the bracket on the left hand side of 
equation (20) represents convection. Initial and 
boundary conditions for equations (17) and (20) are 
as follows : 

(23) 

M, = M,, at?$=l.T>O (XT? 

M,, = M& = !fs at I < q < x’, T < 0 
m0 

(24) 

M,; = MC*; at vy + %, (25) 

MC; = M, at v = I, z > 0. (26, 

The liquid-side and gas-side concentrations of the 
transferred species at the interphase are related 
through equilibrium at the interphase according to 
equation (7). Since X, CC I and XU CC 1, they can bc 
replaced in equation (7) with m, and nz,,, respectively. 
giving 

J%& = Hr M,, . (27) 

Mass conservation for the transferred species at the 
interphase gives, at r = R : 

Equations (27) and (28) arc now combined and non- 
dimensionalized to get, at q = 1, 
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(33) 

3.2. Numerical solution 

Equations (9) (17) and (20) were numerically 
solved by the finite-difference method, using the fully- 

implicit approach. When equation (12) was used as a 
boundary condition, however, the quantity n on the 
right hand side of this equation was assigned its 
explicit value from the previous time step. Euler’s 
method was used in the solution of equation (16). The 
time step size, At, was identical for all four equations. 
A uniform-sized mesh was used in equations (9) and 

(17). Equation (9), however, was solved using fewer 
mesh points. 

Equation (20) was recast in the (z,,,,[) coordi- 
nates, where ye = exp (0, in order to use smaller spac- 
ing near the surface of the droplet. Equal spacing in 
< was then applied. The boundary condition at q 4 

co, equation (25), was imposed at [ = 5. The spatial 
derivatives were central differenced. The droplet 
energy equation was solved using 100 mesh points. 
For mass transfer, 200 mesh points inside, and 200 
outside the droplet were used. The effect of further 
increasing the number of mesh points was found negli- 
gibly small. 

The time step was varied during each numerical run, 
from At = 2.5 x lo-” s at the beginning of a transient 
calculation, to 1 O- 6 s near the end. These time step 
sizes, as will be demonstrated later, provided 
adequately small numerical errors. 

All thermophysical properties were assumed inde- 
pendent of temperature. 

4. RESULTS AND DISCUSSION 

The properties chosen for the results to be presented 
are for a superheated water droplet, with R” = 25 
pm, undergoing evaporation cooling in an ambient 
pressure of 70 atm. Therefore pL = 740 kg m-‘, 
po = 36.5 kg mm3, & = 1.505x lo6 J kg-‘, and 
c(~ = 1.43 x lo-’ m2 s-‘. For this droplet Re E 5 for 

the terminal velocity due to gravity. The properties 
of the transferred species were varied parametrically, 
representing the estimated transport properties of iod- 
ine in water and steam. The release of radioiodine 
is an important concern in certain nuclear reactor 
incidents, in particular during a U-tube steam gen- 
erator tube rupture (SGTR) incident in pressurized 
water reactors. At 70 atm which represents the typical 
operating pressure in the secondary side of a steam 
generator, for iodine, g,_ z 2.4 x 10e8 m’ ss’ and 
9 o z 5.0 x lo-’ m* s-’ are estimated [5]. The mag- 
nitude of the partition coefficient, however, is not 
accurately known, and may depend on the water pH 
and iodine concentration [34]. The expected proto- 

typical value has been estimated to be of the order of 
10’ to lo4 for parametric and sensitivity calculations 
reievant to SGTR incidents [5]. The assumed prop- 

erties were thus varied in the range lo- 9 < 9,. < lo- 4 
m’s_‘; 10~9~~~~10-5m2s~‘,and50~H*~ 
5 x 103. The primary coolant in a pressurized water 
reactor is subcooled water at typically 150 atmo- 
sphere pressure. The initial droplet superheat asso- 
ciated with this example is therefore = 10-30 K. 
Thus, the droplet initial superheat was varied in 
the range 0.02 < 8, < 50 K in order to examine the 
trends and limits of the numerical results. 

The effect of time step size, At, on the calculated 

results, was tested, and is represented in Table 1 for a 
typical run. As noted, choosing At = 2.5 x lo-’ s at 
the start of the computations provided adequate con- 
vergence. Also depicted in this table is the effect of the 
interfacial thermal resistance. As noted, the interphase 
thermal resistance has a relatively small effect on the 

results. All the results, to be presented below, never- 
theless, were obtained using equations (12) and (13) 
for the droplet surface boundary. 

Calculations were compared with Brauer’s results 
[15], for /& -+ co to maintain a constant droplet radius. 
These included the results for H*(&/g,)“2 << 1, 
H* < 1 and gL/go < 1, and for H*(9JgG) ‘I2 >> 1, 

H* > 1 and gL/go > 1. Agreement was observed 

in all the cases. 
The calculations showed that, for the assumed 

droplet, evaporation vanishes to a negligibly small 
amount at r > 0.5. 

Figure 2 depicts the effect of initial droplet super- 

heat on the transient droplet mean mass fraction, 
where M,“IHe and p are constants. The strong effect 
of Ja’, which represents the interphase evaporation 
mass flux, is evident. The evaporation mass flux leads 

to the generation of a film of vapor surrounding the 
droplet. The concentration of the transferred species 
in the generated film is significantly different from the 
bulk vapor, and strongly affects mass transfer in the 
droplet. The corresponding transferred species mass 
fraction profiles are depicted in Fig. 3. For Ja’ ,< IO-’ 

the mass transfer process is similar to desorption from 
a droplet with constant radius. For higher Ja’ the 
vapor film resulting from the droplet evaporation has 
a transferred species mass fraction considerably 
higher than the mass fraction in the bulk vapor, lead- 
ing to the diffusion of the transferred species away 
from the droplet surface and into the droplet, and 
resulting in an increase in the mean droplet mass 
fraction with time. A quasi-steady profile in the drop- 
let is achieved after evaporation vanishes, represented 
by the relatively flat profiles in the droplet at T = I .O, 

as depicted in Fig. 3(c). The droplet mass fraction 
decreases with time following the vanishing of evap- 
oration. Mass desorption, however, is relatively slow, 
and is controlled by the diffusion in the high con- 
centration vapor layer surrounding the droplet. The 
latter effect vanishes at t = 50 (Fig. 2), beyond which 
the droplet mean mass fraction is independent of Ja’. 
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Table 1. The effect of time step size and interphase thermal resistance on the 
calculated droplet mean mass fraction, &i, . H* = 500, M;/He = 0.1, 

SL = 2.4x 10-Xm2s~-‘. 2,; = 5.0x lO_~‘rn’s-’ 

r 5x10 b IO .’ 3 5 x lo- s _. 1x10 ‘. 
..~ ~~~.. _~~__~ _. __~~ 

0.01 1.08748$ 1.02378 1.02328 1.02322 
(1.08610)# ( 1.02245) (1.02198) (1.02189) 

0.1 1.11996 1.05444 1.05394 1.05383 
(1.11888) (1.05332) (1.05288) (1.05272) 

1.0 1.10793 I .04399 1.04349 I .04332 
(1.10644) (1.04243) (1.04197) (1.04187) 

10.0 0.90799 0.85919 0.85888 0.85878 
(0.90701) (0.85819) (0.85767) (0.85759) 

f Al is the time step at the beginning of the computations. 
: The numbers without parentheses were obtained using equation (12), along 

with equation (13), to represent the droplet surface boundary condition. 
$Numbers in parentheses were obtained using equation (15) as a boundary 

condition 

The significance of diffusion in the vapor is further 
demonstrated in Figs. 4 and 5. Figure 4 depicts the 
effect of mass diffusivity in the vapor on the droplet 
mean mass fraction. Initially, when the evaporation 
mass flux is significant, A,_ is insensitive to YC;ixl.. 
After evaporation vanishes, however, mass transfer 
is controlled by mass diffusion in the vapor. When 
So/a, >> 1, the rapid diffusion of the transferred spec- 
ies results in fast dispersal of the high concentration 
vapor layer surrounding the droplet. as noted in Figs. 
5(a)-(c). A quasi-steady profile is obtained at T = 10 
for 9?o/xL >> 1. Mass transfer in the vapor is much 
slower when 90/cxL < 1, resulting in a sustained gas- 

side controlled, transient desorption. 
Figure 6 shows the effects of partition coefficient, 

and the concentration of the transferred species in the 
vapor bulk, on mass transfer in the droplet and its 
vicinity. The droplet mean mass fraction and the tran- 
sient mass fraction profiles are strongly dependent 
on both H* and M;i. In the absence of significant 
evaporation, M,“/He is the independent parameter 

FIG. 2. The effect of droplet initial superheat on the mean 
droplet mass fraction. H * = 5x IO’, M,“/He = 1.0x lO-2 

and/S= 1.03~10~‘. 

representing the effect of bulk vapor mass fraction on 

mass transfer at the droplet surface (e.g. see equation 
(3)). Due to evaporation, however, asymptotically 
similar dependence of 0, on I&$/He occurs only 
when the droplet approaches equilibrium with the 
vapor bulk. 

FIG. 3. The effect of droplet initial superheat on mass fraction 
profiles. (Parameters are similar to Fig. 2.) (a) ? = 0.01 : 

(b)z-O.l:(c)r=l.U. 
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o.o,l 
O.Wl 0.01 0.1 1 10 100 

‘I: 
FIG. 4. The effect of the transferred species diffusivity in 
vapor on the droplet mean mass fraction. H* = 5x 102, 

ME/He = 1.0 x W2, Le = 5.95, Ju’ = 7.2 x IO-’ 

17 

FIG. 5. The effect of the transferred species diffusivity in 
vapor on the mass fraction profiles. (Parameters are similar 

to Fig. 4.) (a) r = 1.0: (b) r = 10; (c) T = 100. 

The gas-side controlled nature of the process is 
further demonstrated in Fig. 7, where the sensitivity 
of the transient droplet mean mass fraction to Le and 
go/u, is depicted. These two parameters can alter- 
natively be represented by b. As noted, tiL is sensitive 
to Le only when 90/mL >> Le-‘, or, equivalently, 
when /I >> 1. For p < O(l), which represents the 
conditions encountered in most applications, the 
liquid-side mass diffusivity has a negligible effect for 
r < 10m2, where the mass transfer process is essen- 
tially gas-side controlled. 

FIG. 6. The effects of the partition coefficient and the 
transferred species mass fraction in the vapor bulk on 
the droplet mean mass fraction. Le = 5.95, go/u, = 3.5. 

Ja’ = 7.2x IO-*. 

.- 
3 

FIG. 7. The effect of the liquid-side mass diffusivity on 
the droplet mean mass fraction. H* = 5 x lo’, Mz/He = 

1.0 x 10-r, Ja’ = 7.2 x IO-‘. 

5. CONCLUSIONS 

Mass transfer of a trace, volatile species, associated 
with an evaporating stagnant droplet, surrounded by 
the droplet vapor, was numerically modeled. It was 
shown that the mass transfer process is controlled 
by the diffusion in the vapor layer generated due to 
evaporation. The transient mass transfer process is 
essentially gas-side controlled, except when b >> 1. 
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