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Abstract-The time-dependent hydrodynamics and heat/mass transport associated with condensation on 
a spray drop have been investigated for the Reynolds number of drop motion in the range, Re = 0 (100). 
The drop environment is a mixture of saturated vapor and a noncondensable. The formulation entails a 
simultaneous solution of the partial-differential equations that describe the flow field and transport in the 
gaseous and liquid phases. The trajectory of the droplet is established by solving the relevant gravity 
drag force balance equations. Results have been provided for the temporal variations of drop bulk 
temperatures, various drag coefficients, average condensation velocity, and average heat flux. The effect 
of spray angle on the drop vertical-fall height before reaching thermal equilibration with the outside 
environment is discussed. Results show excellent agreement with experimental data where available. New 
correlations for the average condensation velocity and the average heat flux associated with condensation 
on a moving liquid drop in the presence of a noncondensable have been provided. The correlations are 

thought to be of considerable usefulness in the design of direct-contact heat/mass transfer equipment. 

1. INTRODUCTION 

CONDENSATION on a spray of drops occurs in a 
wide variety of physical situations. For example, the 
emergency cooling sprays of nuclear reactors, air- 
conditioning humidifiers, direct contact condensers in 
thermal power plants, atmospheric studies of raindrop 
growth, etc. involve condensation on moving drops. 
The intent of the present paper is to analyze the 
hydrodynamics and the transport phenomena associ- 
ated with condensation on a single moving drop, for 
a wide range of condensation rates, drop diameters, 
initial velocities, and spray angles. Although realistic 
situations demand the consideration of a spectrum of 
moving drops of various sizes, still it is important to 
first gain a fundamental understanding of the single- 
drop problem before a more general analysis is 
attempted. 

There are many studies in the literature that involve 
heat and mass transfer and/or hydrodynamics of drop 
motion [l]. Specifically, with regard to condensation 
on drops, stationary drops have been studied in refs. 
[2-41. The growth rate of a water drop in a pure steam 
environment has been experimentally investigated in 
ref. [S]. The condensation heat-transfer rates for 
droplets moving in air-steam mixtures have been 
predicted using standard heat-transfer correlations in 
ref. [6]. In ref. [7], the authors have provided the 
experimentally recorded temperature-time history of 
a water drop experiencing condensation in a forced 
flow of steam and air. Condensation on slowly moving 
drops has been theoretically examined in refs. [S-lo]. 
Condensation in the vicinity of the front stagnation 
point of a drop in high-Reynolds number motion has 

been investigated in refs. [ 11, 123. Results for quasi- 
steady condensation heat and mass transfer appropri- 
ate to the intermediate Reynolds number range of 
drop motion are given in refs. [13, 141. A hybrid 
finite-difference scheme that is suitable for solving 
condensation problems associated with a single drop 
has been described in ref. [ 151. 

In this paper we examine condensation on a spher- 
ical drop that is translating with a flow Reynolds 
number Re = O(100). A fully transient analysis is 
described. The drop environment is a saturated mix- 
ture of condensable vapor and a non-condensable 
gas. Condensation on the entire drop surface has been 
considered. The flow problems inside and outside the 
drop have been simultaneously treated. A constant- 
property model describes the transport in the gaseous 
phase. The flow solutions and transport rates to the 
drop are obtained in terms of two non-dimensional 
parameters (one, Re, representing the flow conditions, 
and the other, W representing the thermodynamic 
conditions). The time-dependent partial differential 
equations for the gaseous phase are solved by a hybrid 
finite-difference scheme [15]. The scheme involves 
central-differencing near the drop surface and upwind 
differencing in>he far field. It provides accurate results 
near the drop surface while guaranteeing numerical 
stability in the far field. The drop interior, both the 
flow and heat-up, is also treated in a fully transient 
manner. 

2. PHYSICAL DESCRIPTION 

Consider the introduction of a cold water drop of 
radius R, and initial bulk temperature T, into an 
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NOMENCLATURE 

2 
specific heat W condensation parameter, 1 -- m,,,/m,,, 
drag coefficient; drop diameter Z transformed radial coordinate, In r. 

D 12 binary diffusion coefficient 
e unit vector Greek symbols 
Eo Eijtvos number, g Ap D2/o 

H vertical-fall height ; 

thermal diffusivity 
instantaneous angle of drop trajectory 

J% Jakob number, cpg (T, - 7”)/1 Ap density difference between drop and 
i unit vector in x-direction gaseous phase 

i unit vector in y-direction i vorticity 

k thermal conductivity 0 polar angle 

Le Lewis number, cc/D,, & dimensionless bulk temperature 

ml non-condensable mass fraction /( latent heat of condensation 

PCC far-stream pressure p dynamic viscosity 

Pe Pec!et number, U, D/a or U, D/D,, V kinematic viscosity 

4 heat flux P density 
r radial coordinate a surface tension 
R instantaneous radius of the drop azimuthal angle 

Rll initial radius of the drop $ stream function. 
R instantaneous dimensionless radius of 

the drop, R/R, Subscripts 
d dimensionless rate of change of drop av average 

radius (scaled by U,) 

R, radius of the outer boundary in the f” 
condensation 
friction 

numerical calculation 
t 

gas phase 
Re Reynolds number, U ~ D/v horizontal 

SC Schmidt number, v/D,~ I liquid phase 
t time m mass transfer 
T temperature P pressure 

Tb instantaneous bulk temperature of the S drop surface 

drop t thermal, total 

T, surface temperature of the drop 
: 

vertical 

u velocity at initial time; stagnant drop 
* 
UC dimensionless condensation velocity 1 noncondensable 

UC dimensionless condensation velocity at CC far-stream. 

the drop surface scaled by D,,/2R 

Ul initial velocity of drop Superscripts 

U, far-stream translational velocity average 

u,, u.9 velocity components * dimensionless quantity. 

Wl normalized mass fraction 

environment consisting of a mixture of vapor (steam) 
and non-condensable (air). The droplet is projected 
with an initial velocity U0 and at an angle /I,, with 
respect to the vertical direction (Fig. 1). The total 
pressure pm and temperature T, of the saturated 
mixture in the drop environment are taken to be 
prescribed. The drop is colder than its environment 
(To -c T,) and condensation occurs on the drop sur- 
face. The shear stress at the interface due to drop 
translation will initiate liquid circulation inside the 
drop. The heat deposited in the drop surface will heat 
up the drop liquid. 

Let the instantaneous translational velocity of the 
drop be U,. We consider a coordinate frame that 
coincides with the drop center and moves with this 

instantaneous velocity U, (Fig. 1). The instantaneous 
gaseous phase Reynolds number of translation (here- 
inafter referred as Re, = 1/,2R/v,) is taken to be 
O(lOO), but less than, say, 500. For Re,? 500 flow 
instabilities such as drop oscillations and vortex 
shedding are known to occur. In our analysis the 
drop deformation due both to inertial effects (Weber 
number We) and to hydrostatic-pressure variation 
(E&&s number Eo) are assumed to be small. We 
consider water drops of size 1 mm diameter or less 
(Eo < 0.4 and We < 0.3). Next consider the circulation 
inside the drop. For the range of Re, considered in 
the present study, the circulation Reynolds number 
Re, based on U,, the maximum circulation velocity 
at the drop surface, may be shown to be of O(l0’) 
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FIG. 1. Geometry of the problem. 

[13]. The flow pattern inside the drop resembles Hill’s 
spherical vortex [13]. Since the liquid Prandtl number 
Pr,( = V&Q) is 0 (lo), the Peclet number 
Pe,( = U,2R/a,), for heat transport inside the drop is 
0( 103), v and CI are the kinematic viscosity and 
thermal diffusivity, respectively. 

Condensation causes a radially inward flow 
towards the drop surface. The non-zero mass flux at 
the interface alters the translational flow field and 
modifies the drag on the drop. Also, the radial 
flow leads to a build-up of the non-condensable 
concentration near the drop surface above that in the 
free stream. The accumulation results in a mass- 
transfer resistance and a consequent reduction in the 
transport rates. 

For Re, = 0 ( 102) flow separates on the rear of the 
drop. A recirculating wake ‘is formed and the radial 
flow due to condensation reduces the wake size 
[13]. In this analysis, the effects of non-condensable 
accumulation, liquid circulation and external-flow 
separation have been taken into account in the 
development of the results. 

3. DROP-TRAJECTORY ~~ERMINATION 

Let LJ, and U., be the instantaneous horizontal and 
vertical components of the drop velocity such that 
U, = i U,, + j 17,. The dimensionless equations of 
motion that govern the drop trajectory may be shown 
to be (asterisks indicate dimensionless quantities): 

and 

dur? 3 P 
dt* 

- ---Pe,D,+sin/? 
16~1 0 

(2) 

where R is the instantaneous radius of the drop, the 
dimensionless velocity components UT = U&e, 

U,* = UJU,, t* is dimensionless time 
(=+@!I 2 f 

g is the acceleration due to gravity, tlg is the thermal 
di~usivity of the gaseous phase, p8 and p, are the 
densities in the gaseous and liquid phases, D, is the 
instantaneous total-drag coefficient, and fi is the 
instantaneous direction. 

The instantaneous total-drag coefficient 

D, = D, + Df + D, (3) 

where D,, D, and D, are the pressure-drag, friction- 
drag and condensation-drag coefficients, respectively 
[ 13). The pressure-drag coefficient is 

D, = 
s 

p&sin2@d@ (4) 
0 

where the dimensionless pressure is 

P 
* _ (P&S@) - Pm) 
B.S - 

f&U2, 
(3 

The surface pressure profile is given by P~,~(@). The 
friction-drag coefficient is defined by 

dU* R2g 3 p 
2 = - - ---@Pe,D,~cosj? 

&* a8uo 16~1 
(1) 

0 
D --.!__ 

s 
n6*sin@-2’.’ &l* 

f - Re, o dr* 
cos B sin 6 d0. (6) 

r’=, 
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In equation (6), the dimensionless surface shear Stress 
G* and radius r* are 

(I 
Q* = ___ and r* = r/R. 

QJ,IR 
(7) 

The surface shear stress 0 itself may be expressed as 

II r=R’ (8) 

In equations (6) and (8), the r and 0 components of 
the mass average velocity, ug, for the binary mixture 
of air and water vapor are represented by ug., and 

Q, respectively. These are scaled by U, to get u;,, 

and u$,. 

The condensation drag, D,, arises owing to the 
momentum associated with the radial flow and is 
given by 

n 
D, = 4 

I[ 
0: cos 0 - us* sin fI 

0 1 I?: sin 0 d0. (9) 

The dimensionless condensation velocity II: and the 
surface velocity us* are 

a; = u* g.r and uz = u* g.8 (10) 
r* = L r* = 1 

4. GAS PHASE EQUATIONS 

The non-dimensional equations for the gaseous 
phase (subscript g refers to the mixture, 1 to the 
noncondensable, 2 to vapor, and omitting the asterisks 

for convenience) are 

v-u,=0 

2 + f Pe,,, ug - Vu, 

= - a Peg., VP, + Pr, V*u, 

i7T 1 
-$ + zPe,,,u,.VT8 = V’T, 

l?w, 1 
dt + jPe,.,u;Vw, = V’w,. 

(11) 

(1-v 

(13) 

(14) 

The pressure ps is scaled just as the surface value ps,$. 
The temperature T, and mass fraction m, have been 
nondimensionalized as follows: 

T,* = (T, - TAT, - TA 

and w: = h - ml.mYh.O - ml,,). 

The Peclet and Prandtl numbers are 

Peg., = !!$!!, Pr, = yg 

I2 % 

where D is the mass diffusivity. 

5. LIQUID PHASE EQUATIONS 

The non-dimensional equations for the liquid phase 
(dropping asterisks for convenience) are 

v.u,=o (15) 

au, i 
;it + 2Pe,u,.Vu, = - iPe,VP, + Pr,V’u, (16) 

a7; i 
z + ?Pe,u,.V7; = V27; (17) 

where the velocity II, has been scaled by U,, pressure 

PI* = @I -P,) 
i 

~A%, TF = (IT; - T.,)/(To - T,), Re, = 

U,2RJv,, time t* = 
s 

* 
o R*’ 

and To is the initial bulk 

temperature of the drop. 

6. INITIAL AND BOUNDARY CONDITIONS 

The initial conditions are: 

ug = esO,u, = 0 

1 
t = o+ 

T,=w,=lforr>l,T,=l 

where es0 is the unit vector along PO. 

At the interface (r = 1): 
Continuity of tangential velocity 

ug.0 = ul. e = b 

Continuity of shear stress 

(18) 

(19) 

au i au au i au r_&+_B.‘=C1l r_‘B+_+~ 
dr r r 30 p’s [ dr r r df3 1 (20) 

Continuity of mass flux 

P&w - a = A(“,. r - a (21) 

where d is the growth rate of the drop. 
Impermeability of the noncondensable 

2Waw’=fi = UC 

Pe,,, dr ’ ~,=Ug+r,=, (22) 

where u: is the non-dimensional condensation velo- 
city and is given by ur = u,/(D12/2R). The parameter 
Wreferred to as the condensation parameter is given 

by W= 1 - m,.,lm, II, and it is a function of the 
thermodynamic conditions pior T, and T,. W varies 
from 0 to 1. The limit zero corresponds to a non- 
condensing situation and W= 1 to a pure vapor 
environment. 

Temperature continuity 

T,= 7;. (23) 
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Heat continuity 

where the Jakob number Ja, is given by 
Ja, = cPp(Tm - To)/& Le, = a$Dlz is the Lewis 
number for the gaseous phase, and the non-dimen- 
sional heat flux is given by qz = qs R/p,a,l. The latent 
heat of condensation is I, and the specific heat is cP 
The quantity ti, is the average value of u, and is given 

by 

1 = u, = - 
s 20 

II, sin 8 d0. (25) 

The normalized mass fraction at the interface 

WI = w,. (26) 

Far-striam conditions (r + a~): 
Uniform velocity: 

ug = es (27) 

where es is the unit vector along p at any instant of 
time. The bulk mixture conditions are 

T, = p8 = w, = 0. (28) 

Axisymmetric conditions at 0 = 0 and 0 = n: 

au 8.’ _ apa = aT, = aw, = o 
%.8 = -g - yjg a@ de (29) 

%B = 
au,, aPI o 

= - = de ae . 

7. NUMERICAL PROCEDURE 

The governing equations and boundary conditions 
are transformed in terms of the dimensionless stream 
function $ (scaled with U,R’) and vorticity < (scaled 
with U,/R). In spherical coordinates (Fig. 1) the 
stream function and vorticity are 

uS=Vx[ -&e,],Q,=Vxu, (31) 

and 

u,=Vx[-&e,],i,e,=Vxu, (32) 

where e$ is the unit vector in the &direction. 
The solution domain is divided into a grid with a 

variable step size. A fine spacing is employed near the 
drop, where the gradients are steep. A coarse spacing 
is adequate in the far stream, where the gradients are 
weak. An exponential grid spacing is generated by 
making a transformation r = e’, and considering 
equal spacing in z. A constant angular step size 
is used in the 6’ coordinate. Typically, AZ = 0.025, 
A0 = 2”, and a grid with 91 x 91 exterior nodes and 
51 x 91 interior nodes have been used. The far-stream 

conditions are specified on a large but finite spherical 
surface of radius R, [13]. To predict the transport 
to the drop accurately and computationally econom- 
ically, a hybrid finite-difference scheme is employed 

cm 
A Crank-Nicolson procedure is used to evaluate 

the transient heat-up of the drop interior [lS]. The 
spatial derivatives are also central differenced. The 
difference equations are arranged in a tri-diagonal 
matrix form and a computationally inexpensive tri- 
diagonal matrix solver algorithm is employed. 

The non-linear, algebraic difference equations 
resulting from the numerical procedures are solved 
iteratively starting from suitable guess solutions. 
Computations are carried out until changes in the 
predicted transport quantities are less than lo-’ 
(absolute error) or less than 0.1% (relative error) 
between successive iterations. The time for a typical 
computer run, involving one combination of Re, and 
Wis of the order of 30 min on the IBM 4143 computer. 

8. RESULTS AND DISCUSSION 

In Fig. 2 the comparisons between our numerical 
results and some experimental data [7] for the dimen- 
sionless, instantaneous drop bulk temperature as a 
function of time, t, are shown. We define, 
0, = (Tb - T,)/(T, - T,), where the instantaneous 
bulk temperature Tb = (l/u) l ‘lj dv and u is the instan- 
taneous drop volume. The comparisons are for two 
situations reported in experimental studies: (i) 
R, = 1.45 mm, U, = 1.91 ms-‘, T, = 8O”C, pm = 1 
bar and To = 16°C (Re, GZ 265); and (ii) R, = 1.4mm, 
U, = 1.68ms-‘, T, = 72.5”C, pm = 1 bar (or the 
far-stream volume fraction of stream x, = 35%) and 
T, = 18°C (Re, x 225). The drop bulk temperatures 
are seen to be predicted excellently. The figure also 
shows that, for larger non-condensable fraction in the 
bulk, the drop heat-up rate is slower. This illustrates 
the effect of the gas-phase resistance. 

Figure 3 shows the temporal variation of Re,, D,, 
D,, D, and D, for a moving liquid drop experiencing 
condensation. The Re, decreases because of a decrease 
in the instantaneous translational velocity U,(t). The 
decrease in U, is due to the deceleration (dU”/dt) in 
the gravity-drag force balance equation (1). For small 
t, (dU”/dt) is large and negative. The Re, decreases 
rapidly in this period. With increasing t, the contribu- 
tion from the total-drag force term in the balance 
becomes progressively smaller since U,(t) continu- 
ously decreases. The instantaneous Reynolds number 
changes slowly. Eventually, when the drop thermally 
equilibrates with the outside environment, the conden- 
sation will cease and the drop will translate at a 
fixed terminal velocity. The friction drag coefficient, 
D,, decreases with time (although in Fig. 3, this 
decrease appears to be small, it must be remembered 
that D, is scaled by u’,). The decrease in D, is due to 
the reduced surface shear stress that accompanies an 
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FIG. 2. The variation of drop bulk temperature with time. ‘Comparison of numerical results with 
experimental data. pm = 1bar.I,R,=1.45mm,U,=1.91ms~‘,T,=80”C,T~=16”C;II,R,=~.~mm, 

U, = 1.68ms-‘, T, = 72.X, To = 18°C. 

- 0.4 i JO 

FIG. 3. The variation of Re,, D,, D,, D, and D, with time for a verticajly falling drop. p, = 3OOkPa. 
T, = 12O”C, R, = 2SOpm, W, = 0.54, To = 37”C, U, = lOms_‘, Rego = 232, &, = Odeg. 

increasingly weakening condensation field. We note 
that with increasing t, the bulk and surface tempera- 
tures of the drop increase and the thermal driving force 
(T, - 7J keeps getting smaller, and the associated 
condensation field gets weaker. The condensation 
drag, D,, also decreases with time. This is because the 
momentum transfer associated with the radial flow 
induced by condensation decreases with increasing 
time since the field itself keeps getting weaker. The 
variation of the pressure-drag coefficient, D,, is some- 
what complicated. The pressure-drag for a drop 
experiencing condensation is directly related to the 
pressure recovery in the rear of the drop [13]. Unlike 
the circumstance involving a moving solid sphere or 
a moving liquid drop not experiencing condensation, 
there is large pressure recovery in the rear of a liquid 
drop moving in the presence of a condensing field. 
With strong condensation, the wake volume is signifi- 
cantly reduced and the pressure-drag coefficient de- 

creases. In particular, for the parameters used in Fig. 3, 
D, is negative during the initial transient period. With 
increasing t and decreasing condensation, there is less 
pressure recovery, the D, becomes positive and there 
is increased pressure drag. The variation of the total- 
drag coefficient, D,, which is the sum of D,, D, 
and D,, is thus seen to be rather complicated in a 
condensing situation. For the parameters used in Fig. 
3, DS is mainly controlled by the variations in D, and 
DP As the drop approaches thermal equilibration 
with the outside, D, + 0, both D, and D, become 
essentially constant. The I>, becomes constant and is 
appropriate for a liquid drop translating at its terminal 
velocity without experiencing any condensation. At 
very high levels of condensation (say W- 0.9), the 
total-drag coefficient D, may become small enough 
because of a large negative D,, so that a drop of 
suitable size may actually accelerate in the early 
transient period before decelerating. This phen- 
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FIG. 4. The variation of i&/u,, ,, with Re, and I+! Comparison 
between numerical results and experimental correlations. 
/I0 = O.Odeg., T, = 37”C, pm = 300 kPa. - Experimen- 
tal correlation for low W Present work: A, ‘W= 0.9; 0, 

W= 0.5; X, W= 0.1; n , W= 0.7; 0, W= 0.3. 

omenon is discussed elsewhere [ 161. 
Figure 4 is a plot of the ratio ii,/~,,~ for various 

Re, and W The graph depicts the enhancement in 
condensation rate due to drop translation. For small 
values of W(large m, , m and/or a small thermal driving 
force AT= T, - T,), the radial velocity induced by 
condensation is small. In such circumstances, the 
mass-transfer resistance offered by the noncondens- 
able is essentially controlled by the translational flow 
field characterized by Re,. In the figure this feature is 
noted for W= 0.1 and 0.3. The graph also shows an 
excellent comparison between our numerical results 
and an experimental correlation applicable for low- 
Wsituations [17-191. For low rates of condensation, 
U, may be predicted by 

U,/U,,~ = 1 + 0.276Re:” Sc113 (33) 

where u,,~ is the non-dimensional condensation vel- 
ocity for a stagnant drop. The solid line in the figure 
corresponds to this experimental correlation. For 
high values of W the effect of the radial flow on 
transport becomes significant. Based on our numerical 
results, we propose a new correlation of the form 

- = 1 + 0.261Re:‘2Sc1/3(1 - W)-‘I” 
UC.0 

(34) 

for W < 1. It may be shown [ 131 that in equation (34) 

u,,~ = 21n(l - W) (35) 

for W-c 1. 

0 
0 0.2 0.6 

W 
6 

FIG. 5. The variation of average heat flux 4 with Re, and I+! 
R, = 250pm, pm = 3OOkPa, T, = 120°C. 

In Fig. 5, the variation of the dimensionless average 
heat flux 4 with Re, and Ware shown. We define 4 
as 

4 = i q,sintIdB. (36) 

In the figure the parameters R,, pm, and T, are given 

(m,,, is prescribed). The major contribution to the 
interfacial heat flux comes from the latent heat of 
the condensing mass. The heat flux 4 increases in 
proportion to ln(1 - W) and Re:“. Based on our 
numerical calculations, we propose a new correlation 
to the dimensionless surface average heat flux for a 
moving drop experiencing condensation, taking into 
account the presence of a noncondensable, of the 
form 

- 4 
4=2Le (37) 

for W < 1 where ii, is given by equation (34). The use 
of the correlations is straightforward. For given To, 
T,, pm, U,, PO, and R,, we calculate W, Re,, and SC 
and Le numbers. The correlations are employed to 
produce 4 and U,. The total-drag coefficient, D,, is 
estimated from the correlation described in ref. [13]. 
The gaseous phase solutions are, therefore, essentially 
known to start the numerical solution. Subsequently, 
the trajectory equations (1) and (2), and the equation 



888 LIN JIE HUANG and P. S. AYYASWAMY 

7.0 lL.0 

6.0 12.0 

K 
4 10.0 

L.0 6.0 

Fully numerical solution for q 
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----_- Results using correlation formula 
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FIG. 6. Q and 1, with time for falling drops of various sizes. pm = 300 kPa, T, = 12o”C, U, = IOms-‘, 
T, = 37°C fi,, = O.Odeg., W,, = 0.54. 

for the transient heat up of the drop interior, equation 
(17), are solved subject to the initial and boundary 
conditions appropriate for the liquid phase. This 
solution procedure is facilitated by noting that in 
equation (17) 

and 

t~r,~ 2: O.l(l - r’)cosQ (38) 

u,,~ = O.l(l - 2r’)sin 0. (39) 

The factor 0.1 approximately accounts for the effect 
of liquid viscosity on the strength of Hill’s spherical 
vortex solution in the intermediate Reynolds number 
range of drop motion [ 111. Repeated iterations yield 

the desired time history. With the use of the corre- 
lation, the time required for a typical computer run, 
involving one combination of Re, and ct: is of the 
order of a few minutes on the IBM 4143 machine. 
Further simplifications in the numerical procedure 
may be implemented if we observe that the stream 
surfaces inside the drop are isothermal. The energy 
equation (17) may then be suitably recast in terms 
of the stream function coordinate based on Hill’s 
spherical vortex [13]. The computer time may be 
reduced to the order of a few seconds. 

mechanism for heat transfer. The thermal driving force 
keeps getting weaker. Eventually the drop thermalizes 
with the outside and the condensation ceases. Owing 
to the smaller heat capacity, the smaller drops equi- 
librate with the outside sooner than the larger drops. 
In this figure, we have provided the time histories for 
ii, and 4 as derived both from the complete numerical 
solution of both flow and transport equations and 
from employing our correlation in the numerical 
computations. The predicted results agree very well. 
This lends credibility to the use of our correlations in 
predicting condensation heat and mass transfer. 

The effect of droplet spray angle on the heat transfer 
of a liquid drop is shown in Fig. 7. For a given drop 
size, the rate of rise in bulk temperature Q,, with time 
is essentially independent of the spray angle. However, 
the drop vertical-fall height H (in meters) before 
thermal equilibration is achieved changes significantly 
with the spray angle. The drop that is introduced in 
a horizontal direction (j = 90°C) experiences consid- 
erable heat exchange while essentially in horizontal 
motion. The fall height is much shorter compared to 
a drop introduced at any other angle. The design of 
direct-contact heat and mass transfer equipment will 
benefit from such data [20]. 

In Fig. 6, the dimensionless quantities 4 and ti, are 
plotted as functions of time for a vertically falling 
drop introduced with an initial velocity, 
U, = 10 m s-i. The far+tream thermodynamic condi- 
tions are taken to be prescribed. In the immediate 
transient period following the introduction, both 4 
and ii, are very high because of the larger thermal 
driving force. With increasing time, both the surface 

and bulk temperatures increase. The internal circu- 

The rate of drop growth is examined in Fig. 8 
through a plot of dimensionless radius fi with t. The 
dimensionless growth rate for the drop is given by 

(40) 

The growth rate increases linearly with the tempera- 
ture differential AT= T, - To. The predicted drop 
size at the end of the condensation is in agreement 

lation in the drop is vigorous and provides an efficient with equation (28) of ref. [13]. Since the drop growth 
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0.6 

FIG. 7. The effect of droplet spray angle on the variation of bulk temperature and drop vertical-fall height 
with time. pm = 300 kPa, T, = 12O”C, U, = 15ms-‘, T, = 37°C. R, = 250pm, W, = 0.54. 

1.06 

1O-L 0.1 0.2 0.3 0.L 0.5 0.6 0.7 0.6 0.9 1.0 
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FIG. 8. The drop growth rate. P, = 3OOkPa, T, = 37°C /?a = O.Odeg., U, = IOms-r, 

rate is intimately connected with the drop heat-up 
rate, the variation of l? with AT and R. can be seen 
as a direct consequence of the manner in which the 
temperature profile inside the drop evolves in time. 

9. CONCLUSIONS 

New correlations for the average condensation 
velocity and heat flux associated with condensation 
on a moving liquid drop in the presence of a noncon- 
densable have been provided. The correlations are 
based on a detailed numerical study that includes 
transient effects. The formulation in this study entails 

a simultaneous solution of the partial differential 
equations that describe the flow field and transport 
in the gaseous and liquid phases. The correlations 
presented in this paper are thought to be of consider- 
able usefulness in the design of direct-contact heat/ 
mass transfer equipment. 
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TRANSFERT DE CHALEUR ET DE MASSE ASSCXXE A LA CONDENSATION DUNE 
GOUTTE DE BROUILLARD: UNE ANALYSE 

R~~~~hydrodynamique et le transfert de chaleur et de masse variables dans le temps et associes a la 
condensation sur une goutte de brouillard sont etudies pour Ie nombre de Reynolds de la goutte dans le 
domaine Re = O(lO0). L’environnement de la goutte est un melange de vapeur saturante et d’incon- 
‘densable. La formulation est une solution simultan&e des equations aux d&iv&es partielles qui dizrivent le 
champ d’ecoulement et le transport dans les phases gazeuse et liquide. La trajectoire de la goutte est 
determinee en resolvant les equations de la composition de la force de pesanteur et de la train&e. Des 
n&hats sont don&s pour Ies variations dans le temps de la temperature de la goutte, des coefficients 
airodynamiques, de la vitesse moyenne de condensation et du flux moyen de chaleur. On d&cute l’effet de 
l’angle de pulverisation sur la hauteur verticale de chute avant d’obtenir l’bquilibre thermique aver 
l’environnement. Les resultats montrent un accord excellent avec les don&s experimentales disponibles. 
On donne de nouvelles formules pour la vitesse moyenne de cotidensation et pour le flux thermique moyen 
associe a la condensation sur une goutte liquide mobile, en presence d’un gaz non consensable. Les formules 
sent t&s utiles dans le dimensionnement dun equipement de transfert de chaleur et de masse par Contact 

direct. 

WARME- UND STOFFTRANSPGRT BEI DER SPR~HTRGPFENKONDENSATION- 
EINE VOLLSTANDIGE INSTATIONARE BERECHNUNG 

Zusammenf~ung-Es wurde die zeitabhlngige Stromung und der W&me- und Stofftransport bei der 
Kondensation an einem Sprilhtropfen bei Reynolds-Zahlen der GrdIlenordnung Re = IO0 untersucht. Die 
Umgebung des Tropfens ist ein Gemisch aus ges&ttigtem Dampf und einem nichtkondensierbaren Gas. 
Die Beschreibung enthiilt eine simultane Losung der partiellen Differentialgleichungen, welche das Str&- 
mungsfeld und den WHrme- und Stofftransport in der gasfijrmigen und fliissigen Phase beschreiben. Die 
Tropfenbahn erhllt man durch Losung der Bilanzgleichungen fur die Schwerkraft und die Wider- 
standskraft. Es werden Ergebnisse gezeigt fur zeitliche Andenmgen der Tropfenmitteltemperatur, fur 
verschiedene Widerstandskoeffizienten, mittlere Kondensationsgeschwindigkeiten und mittlere War- 
mestromdichten. Es wird der EinfluD des Spriihwinkels auf die Tropfenfallhohe bis zum Erreichen des 
thermischen Gleichgewichts mit der luI3eren Umgebung diskutiert. Die Ergebnisse zeiaen sehr route Uber- 
einsti~ung mit ex-~rimentellen Daten--soweit Gerftigbar. Es werden neue Korrelationen fiir die mittlere 
Kondensations~~hwindigkeit und die mittlere W~~estromdichte bei der Kondensation an einem sich 
bewegenden Fhissigkeitstropfen in Gegenwart eines nicht kondensierbaren Gases vorgeschlagen. 
Die Korrelationen sollten von guter Brauchbarkeit fiir die Auslegung von W&me- und Stoff- 

iibertragungsanlagen mit direktem Kontakt der Medien sein. 
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TEl-IJIO- H MACCOfIEPEHOC, CBII3AHHbIfl C KOHAEHCAQME$i HA KAl-IJlE IIPM 
PACI-IbIJIE: AHAJIki3 I-IEPEXOAHOI-0 PEWiMA 

~OTauHa-HecrauHonapHbIti Tenno- R MacconepeHoc, odycnoenewrd KoHneHcaweiir Ha Kanne npe 

pacnbIne,HccneAye.Tcn AJM wcen PetiIionbAca Asweeun Kannu Re= O(100). Karma oKpyaceHachtecbm 
HacbImeHHoro w xoHneHcHpymmerocn napa. OmiospeMemio pemaloTcn &@epeHqsia.nbme ypamemin 
B qac-rmx npon3aomibIx, omicbmamuuie none Teqemia w nepetioc a ra308brx w XKHAKHX @asax. TpaeK- 
TOpEiSABHZ?CeHSiXKaMHOiI~JIeJIKeTC~Ii3 6anama CHJI TRXWTHHTOpMO~eIiiUI.Pe3yAbTaTbItIOJiy'ieHbI 

AJIlK3aBHCnrueiiOT B~M~HH~~~~~M~~BO~T~M~~~~T~~~IK~H,~~~AH~HMXKO~H~~~TOBTO~MO- 

ntemift, ~~eHH~x cxopocnt ~0HAeHca~HH s TennoBoro noloaa. 06cyxgamcn mmmie yrna 
pacnblna Ha nyTb, ~~0x0~~~~~ same& npsi BepT~~bHoM nwemW, no xocrmemis em Te~OBO~O 
paBHOB~H~CO~y~~urefiC~AOii.Pe3yAbTaTbIXO~IIIOCO~AaCYKYfCKCHMe~~HMHCK3KCnepHMeHTa- 

RbHbIMH AaHHMMU. &EACTaBJIeHbI HOBble 3aBHCEMOC-N AJIX OCpi2AHeHHbIX CXOpoCTS YOHAeHCaI@fN H 

TeMOBOrO tIOTOKa,CBR3aIiHbiXCKOWleHCWfeilHaABHZQ'LUeiiCS KalLWXH~KOCTH BllpSCyTCTBHW HeKOH- 

neiicHpyiomerocn napa. I-IpeArfonaraeTcn, ST0 ~TB 3aBsiesiMocTH HaiinyT npHMeHeriiie npw npoer-rkipoaa- 
HUH TeWIOMaCCoo6MeHHoro o6opynoeanHn. 


