Int. J. Hear Mass Transfer. Vol. 21, pp. 1309-1324 0017-9310/78/1001-1309 $02.00/0
© Pergamon Press Ltd. 1978. Printed in Great Britain

LAMINAR CONDENSATION HEAT AND MASS
TRANSFER IN THE VICINITY OF THE FORWARD
STAGNATION POINT OF A SPHERICAL DROPLET

TRANSLATING IN A TERNARY MIXTURE:

NUMERICAL AND ASYMPTOTIC SOLUTIONS

J. N. CHUNG* and P. S. AYyAswaMyTt
University of Pennsylvania, Philadelphia, PA 19104, U.S.A.

(Received 3 October 1977 and in revised form 8 March 1978)

Abstract—Numerical solutions to the nonlinear, coupled boundary-layer equations governing laminar
condensation heat and mass transfer in the vicinity of the forward stagnation point of a spherical droplet
translating in a saturated mixture of three components are presented. The environment surrounding the
droplet is composed of a condensable (steam), a noncondensable and nonabsorbable (air), and a third
component which is noncondensable but absorbable (a typical fission product in a nuclear reactor
containment following a loss of coolant accident). The investigation includes the range: droplet radius
(0.005-0.05cm), ambient thermal condition (75-175°C), initial temperature of droplet (5-170°C) and
noncondensable and nonabsorbable component mass fraction in the bulk (0.01-0.5). The third component is
taken to be in trace amounts. Asymptotic solutions that provide bounds and checks for the fully numerical
solutions have also been included. The study exhibits several interesting features. A novel feature is that, for a
given thermal driving force and noncondensable gas concentration in the bulk, the dimensionless heat
transfer decreases with increasing ambient saturation temperature. An important conclusion arising out of
the work is that, for laminar film condensation on a freely falling droplet, the droplet size, the forced flow field
velocity and the ambient thermodynamic conditions prevailing in the environment are all strongly
influencing and mutually related factors that control the transfer rates. The present results show good

comparison with the existing, limited ex perimental results.

NOMENCLATURE t time;
C,, specific heat at constant pressure; T, temperature ;
d,,, equivalent diameter; Ty,  instantaneous bulk temperature of droplet;
D, diameter; u, velocity in the x direction;
9:,, binary diffusion coefficient ; v, velocity in the y direction ;
D;;,  multicomponent diffusion coefficients; U,, terminal velocity of the droplet, free
f, dimensionless stream function ; stream velocity ;
Fr,  Froude number = (4/9)(gR/U2); W, mass fraction ;
g, acceleration due to gravity; We,  Weber number = pd, U2 /o ;
h, heat-transfer coefficient for the X, coordinate measuring distance along
Nusselt-type problem ; circumference from the stagnation
k, thermal conductivity of mixture; point, mole fraction;
m, mass flux; Vs coordinate measuring radial distance
M, molecular weight ; outward from surface.
D, pressure;
Pe,  Peclet number = 2U _R/k; Greek symbols
Pr, Prandtl number = v/x; d, liquid film thickness in the
Q, heat flux ; Nusselt-type problem;
r, radial distance from the axis of symmetry, AT, T,-T,;
r-direction in spherical coordinate; AT, T,-T;
R, radius of droplet;; g, mass fraction of third component in the
Re,  Reynolds number = (3/2)(U R/v,); bulk;
Sc,  Schmidt number = v/, ; 1, similarity variable = yc'/%/R, yc!*/R;
Sci;,  Schmidt number = v/D;;; 0, angle in spherical coordinates

0, dimensionless temperature (T— T,)/(T,, — T;);

*Graduate Student, Department of Mechanical Engineer-

0, (-TT,-T);

ing and Applied Mechanics. K, thermal diffusivity = k/ pC,s
tAssistant  Professor, Department of Mechanical A latent heat of vaporization;
Engineering and Applied Mechanics. i, dynamic viscosity;
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p*.  ratio of inside to outside fluid medium
viscosities ;
v, kinematic viscosity = yu/p:

. pi = 3.14159;

P density;

a, surface tension coefficient ;
¢¢,, ratio (C,/C, ):

¢, ratio (k/k);

¢ ratio (g, ):

¢, ratio 2v./v,);

¢,, ratio (p/p,);

W, stream function.

Subscripts
e, at the outside edge of the mixture
boundary layer:

g gas;

i, at the liquid—mixture interface ;
l, liquid ;

L, in the liquid at the interface ;

0

, bulk condition in droplet;
s, at the s-surface;
v, vapor (steam);

v,i.  in the vapor at the interface ;

vg,i, in the mixture at the interface;
1, air;

2, vapor or steam ;

3, third component ;

o, in the bulk phase, far away from the
droplet.

INTRODUCTION

AN UNDERSTANDING of the condensation heat- and
mass-transfer mechanisms associated with a droplet
translating in a mixture is necessary in a variety of
industrial processes and applications. For example, a
knowledge of such transport rates is essential to the
optimal design of nuclear reactor containment spray
that is an integral part of the emergency core-cooling
system. Also, the study of transport processes, either
condensation or evaporation, between a freely falling
droplet and its surrounding environment has been of
classical interest. Several authors [ 1-11] have studied
a variety of situations involving the heat and mass
transfer from spherical droplets at various values of the
Reynolds and Peclet numbers. Some of these contri-
butions have been discussed in greater detail in this
text where appropriate.

There does not seem to exist any systematic theoreti-
cal study of the laminar condensation on a translating
spherical droplet in the presence of forced flow.
multicomponent noncondensables and taking into
account property variations. A complete solution of
this problem of condensation over the entire droplet
surface is too complicated and would require extensive
and difficult numerical computations. As a necessary
first step towards such a complete solution, we present
here tesults of a study related to the laminar con-
densation heat and mass transfer in the vicinity of the
forward stagnation point of a translating droplet. The
value of this study is enhanced when one recognizes
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that the stagnation point behavior is likely to be
dominant in determining the overall condensation rate
on a translating droplet. Particularly. in reactor con-
tainment spray, the majority of a droplet’s lifetime and
certainly that portion during which the greatest con-
densation rate occurs is likely to be spent in a relatively
high Reynolds number region, i.e. Re > 100 with re-
spect to the surrounding vapor gas phase. Such a
condition suggests the existence of laminar boundary
layers in the vicinity of the forward stagnation point.
Since boundary-layer thickness and consequently the
inverse of heat- and mass-transport rates, are not likely
lo increase by over a factor of two over the leading
portion of a body [12] and separation phenomena
over the trailing portion substantially reduce the
transport rates, stagnation point heat- and mass-
transfer studies will provide important information
regarding the relevant transfer rates.

In certain specific applications, laminar conden-
sation on translating droplets takes place from a
mixture which contains not only noncondensable
components but also other noncondensable but ab-
sorbable components. For example, following a loss of
coolant accident in a nuclear reactor, the containment
atmosphere is likely to have air and certain other
noncondensable but absorbable fission products in
addition to steam. The present study also accounts for
the presence of such a noncondensable but absorbable
gas component that is present in trace amounts.

In this study we approach the stagnation point
problem through both analytical and numerical tech-
niques.

ANALYSIS

There are two primary objectives in the develop-
ment of the analytical model for this study: (i)
extension of the traditional laminar film condensation
analysis on a freely falling cold water droplet to predict
the heat- and mass-transfer rates at the forward
stagnation point; and, (i) an understanding of the
effect of forced laminar film condensation on the
transport of a third gas component in the mixture that
is noncondensable but absorbable.

Consider then, a spherical water droplet of uniform
temperature T,, with fully developed internal circu-
lation, that is falling at its terminal velocity, U ., in a
large content of quiescent steam-air-third component
(henceforth called steam-multicomponent) mixture at
T, which is higher than T,,. The third component is in
trace quantities, and while noncondensable is absorb-
able. The mass fractions of the noncondensable com-
ponents in the bulk of the mixture are prescribed. The
total pressure of the system is given by the sum of the
partial pressures of the saturated steam and that of air.
The analytical model of the system is developed in
terms of a set of vapor-gases--liquid boundary layers
that are separated by a very thin condensate liquid
interface. A schematic representation of the physical
model and the coordinate system are shown in Fig. 1.
The basic components within the vapor-gases boun-
dary layer are the condensing vapor {steam), noncon-
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densable and nonpermeable air and noncondensable
but absorbable trace material, while in the liquid
boundary layer, water is the only component. At the
liquid and vapor-gases interface, the temperature T,
and mass fraction of air are generally unknown to
begin with and are determined from certain com-
patibility conditions that are explained below. The
solution is obtained by satisfying the conservation
laws, the boundary conditions, and the compatibility
conditions.

It is convenient to begin the analysis by separate
considerations of each region in the model. We will
also list the various assumptions made in the analysis
where appropriate.

Region 1: liquid region

(a) The thermal boundary layer within the droplet
is assumed to be fully developed and thin. The fully
developed assumption is justified when one considers
the time required to attain a steady state. Levich et al.
[7] and Ruckenstein [13] have shown that the time
required to attain steady, thin, concentration boun-
dary layers on a translating droplet is given by (1
+u*)R/2U , while Chao [10] has indicated that for
Pe > 500, a criterion for the establishment time of a
thin thermal boundary layer on a droplet is given by
U,t/R = 1. Therefore, the thermal boundary-layer
growth is almost complete by the time the drop has
moved a distance equal to its radius. (b) The liquid
droplet is assumed to experience fully developed,
vigorous internal circulation that is describable by the
Hill’s vortex solution. In many practical situations of
interest, the droplet is introduced into the surrounding
atmosphere by a spray nozzle. A strong internal
circulation right after separation from such spray
nozzles has been predicted by Sandry [14]. The
internal circulation itself, in such cases, is likely to be
induced due to the friction between the droplet outer
surface and the nozzle internal wall. During the free
fall, this internal circulation will be sustained because
the retardation of the circulation due to the subsequent
addition of liquid condensate is very minor. In fact,
through an order of magnitude study, the inward
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velocity of the condensate, that would be expected to
interfere with the internal circulation, can be shown to
be an order of magnitude smaller than the axial surface
velocity of the circulation. This feature can be appre-
ciated when one considers the large difference in
densities between the liquid and the condensing vapor.
Thus, although there is a large heat flux, the accom-
panying mass flux is rather small, and most of this
small condensate will be swept towards the rear
stagnation point of the drop. Winnikow and Chao [9]
with their experiments in highly purified systems have
noticed that moving droplets invariably exhibit in-
ternal circulation. According to Chao [10], for droplet
Reynolds numbers exceeding two hundred, the in-
ternal circulation flow field can be well described
through an inviscid approximation. (¢) The droplet
will be assumed not to experience any oscillation.
Winnikow and Chao [9] have observed in their
experiments that droplets would experience little oscil-
lation if the Weber number We(=pd,,U%/0) is less
than 4. Our analysis will be restricted to this range. (d)
Liquid properties inside the thermal boundary layer
are taken to be constants. A simple 1/3 rule [15] will be
used for establishing the reference temperature at
which the liquid properties are to be evaluated. (¢) The
liquid droplet is assumed to remain spherical through-
out the lifetime due to the effects of strong surface
tension. Following the above assumptions, the internal
circulation flow field and the governing equations
appropriate to the liquid droplet are: for r < R,

r2
v = %Uw(l —R—2>cosﬂ,

rl
u = —%Uw<1 -2 F) sin 6.

Applying the thin boundary-layer assumption, and
letting y = r—R, (|y|//R) « 1, and noting that near the
forward stagnation point, cos @ ~ 1 and sin# ~ 0,

and,

v, = =3U_y/R, u,=0. (1)

The energy equation for the thermal boundary layer in
the liquid is reduced to the following:

y T, 02T,
e T @
subject to:
Tl’ = TO as y—= - 0, (3)
T,=T, at s-surface.

Region 11: thin interface of the condensate liquid

In our analysis the axial velocity of the interfacial
condensate layer is considered to vanish in the limit of
approaching the stagnation point. Thus, for this layer,
u;; — 0 as x — 0. It is important to note, however, that
away from the stagnation point this liquid layer will
move along with the axial surface velocity of the
droplet surface and will be swept towards the rear
stagnation point of the drop. At the outer boundary
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(i-surface), this layer is assumed to have the inward  The layer is thin owing to the sweeping motion which
radial velocity corresponding to the prevailing conden-  carries the condensate away towards the rear stag-
sation rate. Furthermore, in view of the thinness of this  nation point. As we approach stagnation point, it is
layer, it will be assumed that the thermal resistance easy to see that the temperature gradient tends to zero
across this layer is negligibly small such that 7,=T,. in view of the thickness of the layer itself becoming
vanishingly small.

Region H11: steam-multicomponent boundary layer

(a) In view of the relatively high Reynolds number condition, Re > 100, that is likely to be present in the vicinity
of the forward stagnation point, the flow field there will be taken to correspond to a laminar boundary layer. (b)
Since the flow velocity range to be considered is moderate, viscous dissipation, compressibility effects and
expansion work will be ignored. (c) The interfacial resistance, the thermal-diffusion and diffusion-thermo effects
will be assumed to be negligible [ 16]. The steam multicomponent boundary-layer equations for ternary mixture
are then as follows:

oy + = (oo =0 (4)
== {pur) + — (pvr) = O, '
ox P ay ! o
cu u ¢ cu R
— e — |+ 3(;K‘.‘(’FL Pzl 5)
pu + pv ay "oy (\u (fy> P (p—p) {
orT 1 ¢ T P ) ow,
ool = k) 2 (D€, + Dy, C, + Dy €y ) ot
Piox TP C,,6y< 6y>+Cpl( nCn DGt babol,
. dw, | 8T v
+(D13C, +D22Cp 4 D3y Cp) 25 (6)
ow 4 dw,\ @ ow
S WU alie S L 2 7
pu——+p 3y F\’(p 11 9") my(/’ 1275 )» (7}
W, dw,  ( ow\ 0 dw,
“ha i S —1{ pD 8)
“ax Y3 m( 2’(&)*9‘(” “av> (
where
U gx :
=22 and, L=" )
K 3R an R

and subscripts 1, 2, and 3 refer o air, vapor, and third component, respectively. The expressions for the ternary
diffusion coefficient which are highly sensitive to composition are given in [17]. The corresponding boundary
conditions are:

e-surface: u= 320U x/R), T=T,, w; =w, W,=W,,, W;=¢ (10)

e
and

i-surface: T=T., wi=w (T.p.) wr=wyi wa=0, u;=u,;-0 {11)

Compatibility conditions:
(i) The interface is impermeable to air. Thus,

):0. (12)

ow, Ow,
e - v
(PDxl &y +pDy; ay P1

This condition is similar to Eckert—Schneider condition in mass-transfer cooling.
(ii) The energy balance equation which connects the two boundary layers is:

ot i oT
,71~ =mA+k - . (13)
OY 1 vsurface CV lisurface
where,
m = mass condensation rate = — pv|;surface- (14)

Equation (2) subject to conditions (3) and equations (4)—(8) subject to surface conditions (10)-(14) must be
solved.

SIMILARITY TRANSFORMATION
A similarity transformation can be effected through the use of:

poLoten 1O ViR, W =, CUAR, © = (T—TOAT, = T)),
r oy roox 7
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where

3U,
2y

o0

C=Re, =

With the variables transformed as above, the similarity transformation yields the following ordinary differential
equations for transport near the forward stagnation point:

()] ) | roalE) e n]- X

C, C, C,, gb“ Co L G\ e ,
~pz 4+ P2 4 B W@ 42O =0, 16
¢ [d)k@] e, <SC11 Seqy " 3031>W1 SC12 Sca2 SCsz 2 4 {16)
PuWr " 2w, =0 17
(B f o (%2 f 2 =0 an
Pumi : 2wy =0 18
(B o (52 2 = (13)
and,
O + ¢, Prin®; =0. (19)
The boundary conditions are:
e-surface: {(f'/¢p,) =1, O =1, wy =1—w; —W; o, Wy =W, ,, W3 =w; , =¢ for p>© (20)
; (L2 — _ Pu o, b _
i-surface: (== )=0; wy=w,;(p, T}), Wy =1—w,,;, ©,=0=0,, ——w1,+ whi+2fiw ;=0
?, ' ' €11 Sci; 7 ’
where
AT, D, o,
= ! TE W — 21
ft 2W2’i}. [kl®l i k®vg l] SC21 Wl,l Ssz W2,t ( )
l-surface: ©,=0,, n— —x. (22)

In equation (20) above, ¢ represents a trace quantity. ©, 4 is the droplet inside bulk temperature.

SOLUTION PROCEDURE

Since the third component is in trace amounts, a regular perturbation analysis of the governing ordinary,
nonlinear, differential equations (15)-(18) will be made in order to obtain a zeroth order and a first order set of
equations. The resulting zeroth order equation will then correspond to the case of laminar condensation of
binary mixture of vapor and noncondensable air on a translating droplet. The first order solution will describe
the transport of the third component. Equation (19),in view of its simplicity, will be analytically solved. Consider
writing,

Wy = WioHEW  Feey Wy = WyotEWy +o., Wy =eWso+8 Wy +..., f=fot+efi+..., : ’3
© =0y +e®;+..., and, ©,=O,+eO+.... } (23)
Upon substitution of (23) in equations (15)—(18), the zeroth order equations are:
IANAE G N\ 2
[(l)M( )} +2fol fo/9,) +[1—¢,,< ) +Fr¢,—1) | = 0(), (24)
é, b,
1 Y ¢ﬂ hntt JEY1 ’
Go Pr, POV + g =0 Wi000+ 2085 = 06), (25)
w
(%) +2fowho = Ofe), (26)
and
O/ + ¢, Prm®; = 0. 27)

The corresponding boundary conditions and compatibility conditions become:

e-surface:

Jo

4) Wao =Wy g, Wig=1-wy, Oi=1 o (28)
P



1314

J.N. CHUNG and P. S. Ayyaswamy

i-surface:
f/ 1~pb,l(7:)
[¢] .
5, =0, O,=0, wio=1-wy, Wwyo=wylp,.T)= Tﬁ‘ 00 (29)
,..____1 ,’_“+1
M, Pw
i-surface:
¢ AT
SZ Wiot2fwio =0, fo,= 2# 7 (k®jo,; —k®'yo i), n—0 (30}
l-surface:
O, =0, n-—-w0. (31)
Next, the first order equations are:
Sy o\ 5 Jofi
qs( +2f, +2f )-2 071 0, 32
[“qs °¢p Ne,) e, (32
1 ¢ C C,
@' “ )4 _pz ! ’ ’ ’
¢’c (‘i’k )+ (S e, + Sc,, + SC31)(Wl0®1+W“®0)
+ﬂ L +—*C"2 2 (who®) + W, ©5) +2(f,0O] O 33
¢, \Sc1s " Seys T Sess 2001+ w3, 0, 001+ /10y = (33)
and,
¢ w/ ’ ¢Awf ’ , ,
<~S"‘c—111l + ?!Cjzﬁl +2(fowhy + f1Wie) = 0, (34)
¢lwl ’ w/ ’ , . ,
<5"62111 + ¢§C221 + 2(fows, + f1w30) = 0. (35)
The corresponding boundary conditions and compatibility equations for the first order equations are:
e-surface:
ﬁ—»O @, =0, w,=—1 =0, w
P s 1=0, wiy=—-1 wy; =0, wyp=1 n—-oc (36)
P
i-surface:
Q{—lzo’ ©,=0, w;; =0 wy;; =0, wy=0, |
p
|
Sf“ wlll+S-¢A“21+2(fow11+flwxo):0 | (37
1
! 2 n—0
and
2620421 fo) = o [k @ kOl ] oy — (3%)
Scay Scy,

As expected, the above first-order equations reveal
that the transport of the third component is domi-
nantly controiled by the condensation process. It is
also clear that the presence of the third component in
trace amounts does not affect the main condensation
flow.

The above set of equations (24)—(27) subject to
conditions (28)—(31), and, equations (32)—(35) subject
to conditions (36)—(38), were solved numerically by
the “quasi-linearization” method. This method
[18,19] has been successfully used for two-point
boundary value problems.

The calculation starts with an appropriate initial
guess of the interface temperature T(T, < T; < T,),
and then the simultaneous zeroth order equations are

solved. With the zeroth order solutions as the input,
the first order solutions are numerically evaluated by
the same quasi-linearization technique. Now with the
aid of the interface energy balance equations (30) and
(38), the total interface flux @ ; is evaluated. Equation
(19) for the thermal boundary layer in the liquid region
is solved analytically to yield

2 1/2
@ = @ + | — : i
! Lo (‘b\'PrI) b

Therefore, the derived thermal boundary-layer edge
temperature @, , is given by

"y

J e ?de. (39)
0

T

1;2
i)
2¢, Pr, '

0,, = (40)
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Here for a guessed T;, the vapor boundary-layer
solutions as explained earlier provide @;;. Thus @, ,
can be evaluated using equation (40). The ©,,,
however, corresponds to the initial temperature of the
droplet when it is introduced into the mixture and is
known a priori. The difference between the calculated
©,, and the actual @,, serves to provide a con-
vergence criterion. The criterion used in this study is:

(01,00 = ©1,0,0, /@10, | 21072, (41)

The entire calculation procedure is repeated until the
desired convergence criterion is met.

An important observation is made at this stage with
regard to the use of quasi-linearization methods.
Faster convergence is attained with the method aslong
as the noncondensable air fraction is moderately high.
With w, , -0, say, w, , < 0.05, condensation pro-
cess is rather vigorous and the computations become
expensive.

ASYMPTOTIC SOLUTION OF THE ZEROTH ORDER
EQUATIONS WHEN w, , -0

We recall that the zeroth order solutions correspond
to the case of laminar condensation of a binary mixture
of vapor and a noncondensable on a translating
droplet. As mentioned earlier, the numerical procedure
becomes computationally expensive with w; , — 0.
However, with w, ,, — 0, with properties evaluated at
a reference temperature together with the neglect of
buoyancy effects, it is possible to obtain an asymptotic
solution to the zeroth order equations. This asymp-
totic solution provides trends that serve as checks for
the results obtained from the numerical scheme.

With a procedure similar to that of Acrivos [20], the
governing equations become:

fm+2ffn + [1 _f/2] - 0’ (42)
Y +28cfy’ =0, 43)
and
GH 1 CPI«Z 'y L
Pr, 5S¢ C, Wy, =W WO +2fO =0, (44)
where
Y= (w—w )/ (w o =Wy ). (45)
The boundary conditions are:
n
=—Y,0=0,y=0,f=0,n=
f 75 Y ] f n=0 (46)
and
ff=L¢¥=1,0=1-w 47)
where, n = (w , —w,;)/(1 —Wa ).
Introduce the interface flux b through:
dy .
— =b with b o0 as n—1, 48)
d" =0
and defining,
nb 1
z=by, [ =5+ 0). 49)
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Noting that = §(z), @ = O(z), we get,

n 1 ’ "
O+ @ =37 (672007 1), (50)
Asn—»l,then,
n
my g = 51
¢ +Sc¢ Gl
Also,
rase( 2+ )y =0 (52)
4 ¢ 2S¢ b? o
and,
®” 1 Cpl 2
T T ) —w, WO
pr, t5cC, WiemWilV

+2<ZLSC + %)@' =0. (53)

The boundary conditions become:

$=0,¢ =0 ¢y=0 and, @ =0 at z=0, (54)

and

O=LyYy=10=1 as z- 0.

(33)

From equations (51) and (52), with b > 1, (see Appen-
dix A),

28c 12
b= <(1—-n)(1+Sc)> '

The condensate flux, r, now becomes
) U CP1 28¢ 2
= —pol=0 ==pg ((1——n)(l+Sc)) :
(57)
Next, with b— o0 and n—1, it can be shown (see
Appendix A), that the interface convective heat flux,

(56)

. (1-0)eD
QO =— (58)
I
where,
12 44 1
=iy 4 ,
nj=oJ: <ﬁ +J>
n
Pr, C
— = © P12 i
o Al SC Cp (WI @ Wl,z)a
and,
A, = Pr_n/Sc.

For many practical situations, 4, < 1, and the infinite
series above converges rapidly. The total heat flux

Q=m,1+ka—T
0y |i-surface
CY2 (unb  kAT(1—©,)eb
"R <Sc I ) (59)

RESULTS AND DISCUSSION
Numerical and asymptotic solutions for conden-
sation heat transfer to a translating droplet are
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T — NUMERICAL SOLUTION

- ASYMPTOTIC SOLUTION

o—o——r—— FORD & LEKIC [11]

RANZ & MARSHALL (3]

Q
QNU
2+
1
0
0
F1G. 2. Effectofw; , oncondensation heat transfer. R = 0.025cm, T, = 125°C, 146cmys < U, < 153 emys.

presented in the form of Q/Qy,, where Qy,, is the heat
flux corresponding to a Nusselt type condensation
heat transfer near the upper stagnation point of an
isothermal sphere situated in quiescent, pure, satu-
rated steam. This manner of presentation of results
explicitly exhibits the features introduced by the
presence of noncondensables and forced flow for
various drop bulk temperatures. The details for the
derivation of Q, itself are shown in Appendix B. The
bulk medium is taken to be in saturated condition.
Thus, the effects of superheating are not included. but
these effects are known to be of minor importance [ 16].

The droplet sizes and the thermodynamic range
chosen for the calculations are closely related to the
operating conditions that are likely to prevail in the
containment spray atmosphere of a nuclear reactor
following a loss of coolant accident. The third com-
ponent present in trace amounts may be taken to be
the fission product elemental iodine [21]. Through
such a choice the engineering value of this study
becomes apparent.

Figures 2-5 show the effects of the presence of a
noncondensable gas. In Fig. 2, the variation in the
noncondensable gas mass fraction is in the wide range
0.01 <w, , <0.5. The curves give (Q/Qy,) as a func-
tion of (T,, — Ty), for various w, .. The radius R of the
droplet is 0.025cm. The terminal velocities, U,
corresponding to various ambient conditions have
been calculated using an equation recommended by

Lapple [22]:

_ 0j!5_3g()-714D1.142(})1‘v/)7‘)“'714

o 0.286,, 0428
Po” Ha

2 < Re, < 1000,

U

(60}

It is recognized that the terminal velocity given by
equation (60) does not reflect the effects due either to
the interfacial condensation velocity or the increase in
droplet size. However, when we note that the in-
terfacial velocity is small while the increase in droplet
size 1s also negligibly small, then we can ignore these
effects without introducing any appreciable errors.
These U, values vary in the neighborhood of 150 cm/s
for the conditions chosen. The free stream bulk
temperature is taken to be 125°C. For a given AT,
(Q/Q ) decreases with increasing w, .. The reason for
the reduction in heat transfer due to the presence of
the noncondensable is that in the steady state, the non-
condensable gas will have a very steep concentration
profile in the close vicinity of the interface. It is only
with such a steep concentration gradient can the
diffusive back tlow balance the convective inflow. The
build up of the noncondensable gas at the interface,
however, causes a corresponding reduction in the
partial pressure of the vapor at the interface. In turn,
this reduces the saturation temperature at which the
condensation takes place. The net effect is to lower the
effective AT, thereby reducing the heat transfer [16].
The chain line in Fig, 2 corresponds to the Ranz and
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FIG. 3. Effects of T, and w, ,, on condensation heat transfer. R = 0.025cm; T, = 175°C, 107cm/s < U,
< 15cm/s; T,, = 125°C, 146cm/s < U, < 153cmy/s; T, = 75°C, 172cm/s < U, < 175cmy/s.
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F1G. 4. Effects of droplet radius R and w, ,, on condensation
heat transfer. T, = 125°C; R =0.025¢cm, 146cm/s < U,
< 153cm/s; R = 0.005cm, 23cm/s < U < 25cm/s.

Marshall correlation [3] that is used to describe the
heat transfer from a droplet evaporating into a normal
atmosphere. This correlation has been extensively

used in nuclear industry to predict the heat and mass
transfer to containment spray droplets. From the
present investigation, it is seen that, for the ambient
thermal conditions and droplet size used in Fig. 2, the
correlation yields reasonable results only when about
30-50% of the containment atmosphere consists of the
noncondensable gas. Otherwise, the use of the cor-
relation could lead to appreciable errors.

Figure 2 also provides a comparison of the heat
transfer results of this study with those of Ford and
Lekic [11] obtained for a slightly different situation.
This comparison is not obvious and needs a bit of
explanation. The latter authors provide an approxi-
mate time-dependent correlation equation for the
growth of water drops during condensation in direct
contact with pure steam (no noncondensable present).
Their correlation agrees well with their own experi-
mental results for the growth. This growth equation is in
a form that can be differentiated with respect to time
and an equation describing the average heat transfer to
the droplet can then be produced. The resulting
equation will be time-dependent. By setting the time
parameter value there equal to the time taken for the
establishment of the thermal boundary layers in
droplets studied in the present investigation, we are
able to have a basis for directly comparing our quasi-
steady results with their transient results. Since their
correlation is for condensation from pure steam, we
would expect reasonable agreement with our results in
the limit of w, , — 0. In particular, the comparison
with the case where w, ,, forms a mere 1% of the
mixture could be appreciated. Their results are for
droplets that are approximately three times bigger
than those investigated in the present study, and
furthermore, they correspond to average heat transfer,
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FI1G. 6. The build-up of noncondensable air at the interface: a typical mass fraction distribution for air, and a
typical inward velocity profile. T, = 125°C; R = 0.025cm.

while the present investigation provides stagnation
point heat transfer. The stagnation point values will, of
course, be higher. The graph shows that the present
results are about 40%; higher than those of Ford and
Lekic, butin view of the above observations, it must be
taken to represent reasonably good agreement. There
is, in fact, no overwhelming reason why the com-
parison should be any better. More importantly, the
trend is correct.

Figure 6 shows the variation in the steady state,
interface mass fraction value of the noncondensable
for various values of AT and w, . The results are for a
drop of 0.025 cm radius and a constant bulk tempera-
ture of 125°C. For a given bulk concentration, with
increasing thermal driving force, the interface gas mass
fraction increases steeply. This figure also shows a
typical noncondensable gas concentration profile as a
function of the distance from the interface. The profile
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F1G. 7. The effect of w, , on the temperature 7,. T, = 125°C; R = 0.025cm.

has a steep gradient in the close vicinity of the interface.
Figure 7 is a plot of the interface temperature as a
function of AT for various w, ,. With increasing
thermal driving force, the interface temperature de-
creases. This is because, with increasing AT, the
noncondensable gas concentration at the interface
increases with the result the saturation temperature is
lowered there as previously explained. For a given AT,
the interface temperature is higher for lower w, .
Figure 3 shows the variation of (Q/Qy,) with AT for
different w, ., and for selected ambient saturation
temperatures. The objective is to ascertain the effect of
the ambient saturation temperature (or pressure) on
the heat transfer. The droplet size is 0.025 cm. Results
appropriate to three different prescribed ambient
temperatures are presented. For given AT and wy ,
the dimensionless heat transfer decreases with increas-
ing ambient saturation temperature. This is a new
feature observed in the present study. In most cases
usually studied, the film condensation, jointly with
forced convection or not, occurs where the free stream
flow field is independent of the prevailing ambient
conditions. Then the dimensionless heat transfer has
been noted to increase with increasing saturation
temperature (pressure). In such cases the rate of
condensation can be controlled by simply varying the
ambient thermal conditions. For example, when one
considers film condensation on a circular cylinder
[23], itis observed that the heat transfer increases with
increasing saturation temperature (pressure). How-
ever, in the case of condensation on a translating
droplet, the free stream flow field cannot be inde-
pendently manipulated and is intimately related to the
prevailing ambient conditions. In particular, the flow

field is seriously affected by the ambient temperature.
With increased ambient temperature, for a given
droplet size, the terminal velocity (or the free stream
velocity) decreases. The condensation flow field is thus
weakened and hence a decrease in dimensionless heat
transfer is observed. Our results show that the weaken-
ing of the flow field due to reduced terminal velocity
has a more serious effect on heat transfer than that of
the increased ambient temperature (increased thermal
driving force).

Figures 4 and 5 show the variations of (Q/Qy,) with
AT for various droplet sizes and w, .. The ambient
thermal condition is fixed at 125°C. The droplet sizes
vary from 0.005 to 0.05cm. For a given AT and w ,,
the dimensionless heat transfer increases with increas-
ing radius. It is evident from equation (60) that the
terminal velocity of the droplet is a function of the
droplet size as well. Hence, with increasing droplet size,
the flow field is more vigorous. We can thus explain the
increased heat transfer. In this same context, it can be
shown from a simple nondimensional analysis that
(Q/Qn,) for a translating droplet is proportional to
UY?/RY*, where U, = U_(R). The results presented
in Figs. 4 and 5 qualitatively confirm such a de-
pendence.

Itis recalled that the total heat flux in our problem is
made up of two parts: the heat transfer associated with
a change of phase and the forced convective contri-
bution. Figure 8 presents the ratio of the convective
heat flux to the condensation heat flux as a function of
AT for various w, ,. We note that where large
noncondensable gas concentrations and small thermal
driving forces are encountered, the convective contri-
bution may not be ignored for obtaining sufficiently
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F1G. 8. Ratio of convective heat flux to condensation heat flux. T, = (25°C; R = 0.025cm.

accurate results. Qutside these ranges, the heat transfer
is almost entirely due to condensation.

Next, with w, , — 0, we have obtained asymptotic
solutions to the zeroth order equations. The results are
shown by dotted lines in Figs. 2 and 3. The asymptotic
solutions are in excellent agreement with the exact
numerical solutions for w, ., less than 0.025. As
expected, the deviation between the asymptotic and
exact solutions grows with increasing w, ... and the
asymptotic solutions introduce errors by as much as
50%, when wy _ is about 0.5. For a certain range of AT
and for a moderate w, ., the asymptotic solutions
under-predict the heat transfer relative to the exact
solution. This behavior is attributable to the constant
property assumption adopted in the asymptotic
method.

With decreasing w, , . the condensation becomes
vigorous, and the computations become time-
consuming and expensive. However, the asymptotic
solutions (which require practically no computation)
provide the best agreement with exact results in that
very range. This feature must be exploited in industrial
calculations whenever a low mass fraction situation is
encountered.

The effect of laminar film condensation on the
transport of a noncondensable but absorbable third
component that is present in the mixture is illustrated
in Fig. 9. Similar to the reference heat flux Qy,
introduced in heat transfer descriptions, we introduce
a standard reference mass flux, 1y, in order to facilitate
the mass transport discussion. This is derived from a
pseudo-physical situation where a droplet is translat-
ing in a binary mixture of one component that has the
same physical properties as steam but will not con-
dense, while the other is a noncondensable but absorb-

able substance that exists in trace amounts. The flow
field in this latter case is described by the Homann’s
solution [24]. Figure 9 corresponds to the ambient
thermal condition of 125°C and a droplet size of
0.025 cm. It is clear that the convective inward motion
at the interface (induced by the condensation) en-
hances the trace amount removal rate as compared to
the reference case where there is no such interface
velocity. As expected, with lower w, ., higher rates of
third-component mass transfer are realized. For a
given w, ., the dimensionless mass flux, (m/my),
initially experiences a rather steep increase with in-
creasing AT, and with further increase of AT, it
eventually levels off to an almost constant rate of
removal as would be expected. Figure 9 also displays
the effect of ambient thermal condition on third
component removal. The ambient temperature is
varied from 75 to 175°C. For given w,  , dropsize, and
AT, with increasing ambient temperature, the mass-
transfer rate decreases. This same feature is observed
with heat transfer.

SUMMARY AND CONCLUSIONS

Numerical solutions to the nonlinear, coupled
boundary-layer equations governing laminar conden-
sation heat and mass transfer in the vicinity of the
stagnation point of a freely falling spherical droplet in
a saturated mixture of three components are pre-
sented. The environment surrounding the droplet is
composed of a condensable (steam), a noncondensable
and nonabsorbable (air), and a third component
which is noncondensable but absorbable (a typical
fission product in a nuclear reactor containment
following a loss of coolant accident). The flow field
on the outside of the droplet is taken to be a
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laminar boundary layer. The droplet also experiences
a strong internal circulation. The results presented
include cases that correspond to situations likely to be
present in a nuclear reactor containment following a
loss of coolant accident. The engineering value of this
study is thus made apparent [26].

As would be expected, the presence of the noncon-
densables seriously inhibit the rate of heat and mass
transfer. For a given thermal driving force and non-
condensable gas concentration in the bulk, the dimen-
sionless heat transfer decreases with increasing am-
bient saturation temperature. This is a novel feature
observed in this study. It is also noticed that the
weakening of the condensation flow field due to
reduced terminal velocity of the droplet has a more
serious effect on heat transfer than that of the increased
ambient temperature (increased thermal driving force).
For set thermal conditions, and noncondensable
gas concentrations, the heat transfer is seen to increase
with increasing droplet size.

The paper provides an asymptotic solution in the
limit of vanishing noncondensable and nonabsorbable
component. These solutions provide bounds and
checks for the numerical results. It is noted that the
asymptotic solutions agree very well with the numeri-
cal results even when the noncondensable gas con-
centrations are finite but small. In view of the sim-
plicity of evaluating the final asymptotic solutions,
they are recommended for convenient industrial use.

The paper also provides a study of the effect of
laminar film condensation on the transport of a

noncondensable but absorbable third component that
is present in the mixture in trace amounts. The
convective inward motion at the interface (induced by
the condensation) enhances the trace amount removal
rate as compared to the case where there is not such
interface velocity.

An important conclusion stemming from the pre-
sent study is that the droplet diameter, forced flow field
velocity and the ambient thermodynamic conditions
prevailing in the environment are all strongly influenc-
ing and mutually related factors that control the
laminar condensation heat and mass transfer rates to a
freely falling droplet. The dominant effect of the
presence of a noncondensable gas does not require any
further elaboration.

The presented results show good comparison with
the existing limited experimental results appropriate
to this work. From this investigation, it is apparent
that, where large noncondensable gas concentrations
and small thermal driving forces are encountered, the
convective contribution (relative to the change of
phase contribution to heat- and mass-transfer rates)
may not be ignored if sufficiently accurate results are
desired.
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APPENDIX A
Detuils of the asymptotic solution procedure
Consider the governing equations (50)~(53) and boundary
conditions (54)-(55) of the text. Equation (50) with appro-
priate boundary conditions yields:
Sc

$lz) =z 428 (e~ Sy,
n

(A1)

By substituting (A1) into equation (52) and solving subject to
the appropriate boundary condition,
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Substituting (A1) and (A2) into equation (53) and in the limit
b — oc, with @, = ©(0),
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The integral in (A9) can be represented by an infinite series
approximation as foliows:

o

|
1 =J exp(d, e " —A,zjdz = -
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Therefore,
1 _— X
o =\ (;)°)° (All)
APPENDIX B

Nusselt’s type of solution for pure steam condensing on a sphere

Consider an isothermal rigid sphere situated in a large
body of quiescent pure vapor which is at its saturation
temperature T,,. The surface of the sphere is maintained at 7,
which isless than T, . A thin layer of condensate in the form of
a continuous laminar film runs downward over the sphere.
We shall assume that the temperature distribution in the

1323

subject to boundary conditions
f=0,=00=1 at n=0}

and

f"=0,0=0 at n=n,.

A heat balance at the interface between vapor and liquid
yields

(B7)

Ad [?
ALY T R (BS)
oy l,=s r dxJ,
where we have neglected the conduction heat flux from the

vapor side. o
With the transformation, the interface compatibility equa-

- . : ion becomes
condensate is linear. The thermodynamic properties for the t

liquid condensate are taken to be constants and the axial
conduction in the film is neglected. Furthermore, the momen-
tum changes in the liquid film, the shear forces at the
vapor-liquid interface, and the thermal resistance at the
interface are all neglected.

k(T = T5)@i(ns) = 244, f (n,)- (B9)

The analytical solutions to equations (BS) and (B6) can now
be written down as

The governing equations then become: f= 3 3 0 n
2 _ (B10)
l‘iﬂﬁL’ £ Xoo, (B1) O, = —(n/n;) +1.
ay? m R
Through the use of (B9),
and 3 k(T —Ty) ¥
T, ms=[5——’ Z "] ) (B11)
kg =0. (B2) H
Y and,
The boundary conditions are: 5= F k(T — TO)R]M B12)
T=Ty u=0, v=0, at y=0 2 glp)(pi—p,)4
e } (B3)  Next,
fi=Te g, =0 2t y=2 Qvu=MT,~Tp), and, h=kys.
. Therefore,
Introduce the similarity transformation parameters: s s i
O, = [2/3kl (T, —Tp) gPl(Pz—Pv)}-:] ! (B13)
n=yCl%R, C.=g(p—p,)R*/pp?, b wR
¥ = vClxf (n)/R, and
140 10 371/4
-2 - - B4 hD gpi(p1—p,)AD
= & (¥r), v w (¥r), (B4) Nuy—=— = 1,075['; . (B14)

k, k(T — 7o)

Yang [25] has obtained a numerical solution to this same
problem including the inertia effect. He presents the following
correlation equation for the Nusselt number:

0, = (T,-TNT-T,)

With these, the resulting ordinary differential equations are:

_ 3711/4
"41=0 (B5) Nu = 1.098[9——~——p’(p’ pAD ] (B15)
and k(T — To)
0/=0 (B6)  Wenote that the effect due to inertia is indeed very small.

TRANSFERT DE CHALEUR ET DE MASSE EN CONDENSATION
LAMINAIRE AU VOISINAGE DU POINT D’ARRET AMONT D'UNE
GOUTTE SPHERIQUE EN TRANSLATION DANS UN MELANGE TERNAIRE:
SOLUTIONS NUMERIQUE ET ASYMPTOTIQUE

Résumé—On présente des solutions numériques des équations non linéaires et couplées de couche limite
représentant les transferts massique et thermique au voisinage du point d’arrét amont sur une goutte
sphérique en translation dans un mélange saturé de trois composants. Autour de la goutte,
I'environnement est composé d’une vapeur condensable (eau) d’'un gaz incondensable et non absorbable
(air) et d’un troisiéme composant incondensable mais absorbabie (un produit typique de fission dans un
réacteur nucléaire par suite d’une perte accidentelle de réfrigérant). L’étude est faite dans les conditions
suivantes: rayon de la goutte 0,005-0,05cm, condition thermique ambiante 75-175°C, température
initiale de la goutte 5-170°C et fraction massique du composant incondensable et non absorbable
0,01-0,5. Le troisiéme composant est sous forme de trace. On considére des solutions asymptotiques qui
fournissent des limites et des contrdles pour les solutions numériques complétes. L’étude révéle plusieurs
particularités. Un résultat nouveau est que, pour une concentration en gaz incondensable et un écart de
température donnés, le transfert thermique adimensionnel décroit lorsque la température ambiante de
saturation augmente. Une conclusion importante qui se dégage est que, pour une condensation laminaire
en film sur une goutte tombant librement, la taille de la goutte, le champ des vitesses forcées et les
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conditions thermodynamiques ambiantes sont tous des {acteurs mutuellement rehiés et déterminants qui
controlent les flux de transfert. Les résultats présentés s¢ comparent favorablement aux données
expérimentales connues.

WARME- UND STOFFUBERTRAGUNG BEI KONDENSATION IN DER NAHE
DES VORDEREN STAUPUNK TES EINES KUGELIGEN TROPFENS IN EINEM
TERNAREN GEMISCH

Zsammenfassung---Es werden numerische Losungen der nichtlinearen gekoppelten Grenzschich-
tgleichung von Wirme- und Stoffiibergang bei laminarer Kondensation in der Nihe des vorderen
Staupunktes eines kugeligen Tropfens in einer gesdttigten Mischung aus drei Komponenten angegeben.
Das den Tropfen umgebende Fluid besteht aus einer kondensierbaren Komponente (Dampl), einer nicht
kondensierbaren und nicht adsorbierbaren Komponente {Luft} und einer dritten Komponente, welche
nicht kondensierbar, dafiir aber absorbierbar ist, (ein typisches Spaltprodukt im Containment eines
Kernreaktors nach einem Kihlmittelverlust-Unfall). Die Versuchsbedingungen umfaften folgende
Bereiche: Tropfenradien von 0,005-005cm; Umgebungstemperaturen von 75-175°C; anf #nghche
Temperatur des Tropfens von 35-170°C; Massenanteile der nicht kondensierbaren und nicht
adsorbierbaren Komponente, bezogen auf die Gesamtmasse, zwischen 0,01 und 0.5, Von der dritten
Komponente wird angenommen, dafl sie nur in Spuren vorhanden ist. Asymptotische Losungen, die
Grenzwerte und Kontrollen der vollstdndigen numerischen Losung liefern, wurden ebenfails bestimmit.
Die Untersuchung zeigt einige interessante Merkmale. Ein neuer Gesichtspunkt ist der, dall bei einem
gegebenen Temperaturgefille und einem bestimmten Gasanteil im Gemisch die dimensionslose
W irmeiibergangszahl mit zunehmender Sattigungstemperatur der Umgebung kleiner wird. Eine wichtige
SchiuBfolgerung ist, daB fiir laminare Film-Kondensation an einem frei fallenden Tropfen die
TropfengroBe, die Geschwindigkeit und die &uBeren thermodynamischen Bedingungen Faktoren von
starkem wechselseitigen Einflufl auf den Wirmeiibergang sind. Die erhaltenen Resultate zeigen gutc
Ubereinstimmung mit den nicht sehr zahireich vorliegenden experimenteilen Ergebnissen.

TEIUIO- ¥ MACCOTNEPEHOC TPW JIJAMWHAPHON KOHAEHCALIMM BBJIM3H
MEPEAHEN KPUTUUECKON TOYKWU COPEPUYECKON KANJIU, TTEPEMEMAOIENCSA
B TPEXKOMIIOHEHTHON CMECH.

YUCNEHHOE U ACUMITOTUYECKOE PELIEHUE

AnHoTauns — IIpeacTapieHsl YHCNEHHbIE PACUETBI CHCTEMbl HENMHEHHBIX yPABHECHUA NOrPaHU4HOIO
CIIOA, OMHCBLIBAIOLIMX TEenJo- M MaccooOMeH MPH JIAMHHAPHOW KOHIeHCAUMH BOAM3M nepenHei
KPHTHYECKOH TOYKM chepvyeckodt Kanju, nepeMeluaromencs B HACBIILIEHHOH TPEXKOMMOOHEHTHOMH
CMECH, COCTOSsHIEN H3 KOHAEHCHPYIOUCTOCH KOMIIOHEHTA (NAp), HEKOHACHCUPYIOIIETOCH U HENlOT 10~
LIIAEMOFO KOMIOHEHTA (BO3IYyX) M HEKOHAEHCHPYIOLIErOCs, HO NOT/IOAEMOTO KOMNOHEHTA (001~
Hblif IPOAYKT J€/eHUs B IPOTHBOABAPHHHO# 050/I0UKe ANEPHOTO PEAKTOPA B CIyHae aBAPUU CHCTEMbI
oxnaxneHus). Pamuyc kannu coctasnsin ot 0,005 cm no 0,05 cm, Temnepatypa OKpyXarowieh cpeapt —
ot 75 no 175°C, navansHas TemmepaTypa Kar — o7 5 o 170°C u maccoBast XOsist HEKOHAGHCH-
PYIOUIETOCH M HETOTIOAEMOro KOMIIOHEHTA — OT 0,01 mo 0,5. Ilpeanmonaraercst, 4TO TPEeTHH
KOMTIOHEHT HAXONMTCS B CMECH B HE3HAyMTeNibHOM KosudecTse. [lpuBeleHbI Takke acMMNTOTH-
YeCKME PEILCHMS, ONPEIENAOLIME [PAHULbBI IPUMEHUMOCTH U CNIPABEATMBOCTD HHMC/IEHHBIX peLIeHnil.
BoisBreH DAl MHTEPECHBIX 3AKOHOMEPHOCTEH, B TOM YMCNE HAKIEHO, YTO NP JANAHHBIX nepenane
TeMNEpPaTyphl H KOHLUEHTPALKM HEKOHIEHCHPYIOLIETOCA ras3a B obbéme GespasMepHbiil NOTOK Tefla
YMEHBIUAETCA € YBEIMYCHHEM TEMIICPATyphl HACHILIEHAA oxpyxkaloiiei cpensl. B paborte cnenaH
BaHbIil BBIBOA O TOM, YTO MPHM NAMHHAPHON NNEHOMHON KOHIEHCALMM HAa CBODOAHO majatoueH
kare Taxue GaKTopbl, KaK Pa3Mep Karliy, noJe CKopocTed BLIHYKICHHOTO TEYEHHA H TEPMOAUHAMYU-
YyecKHe YCIOBHsl OKpYXalomieH Cpedbl, 3aBHCAT APYr OT ApyTa W OKa3biBaioT Gonbluoe BIUSHHE HA
CKOPOCTb TlepeHoca. Pe3ymbTaThl PAcy€éTOB XOPOIIO COIACYIOTCH C HMEIOLMMAUCA B ICBOJBHO
OTPAHHYCHHOM KOJIMYECTBE IKCTIEPHMEHTATIBHBIMI JaHHLIMM.



