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Abstract—This paper treats a three-phase, multicomponent fluid mechanics-heat and mass transfer problem.
Solutions to the nonlinear, coupled boundary layer equations that govern laminar condensation heat and
mass transfer in the vicinity of the forward stagnation point of a spherical cold water drop translating in a
saturated mixture of five components are presented. The environment surrounding the drop is composed of
a condensable (steam), a noncondensable and nonabsorbable (air), a noncondensable but absorbable (e.g.
elemental iodine), a chemically reactive component (e.g. methyl iodide), and a particulate substance. The
dispersed and the continuous phases have been treated simultaneously. The effect of chemical reaction
between a reactive component in the continuous phase and an additive (e.g. hydrazine) in the droplet liquid
has also been considered. The droplet sizes, the thermodynamic range, and the nature of chemical
constituents chosen for the illustrative 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 choice of elemental iodine and methyl iodide has an added feature. The mass transfer
resistance for elemental jodine is almost entirely in the gaseous phase while the absorption of methyl iodide
could be regarded as a liquid-phase resistance-controlled process. Mass transport, in the presence of
condensation, is seen to depend in a rather complicated manner on droplet radius.

1. INTRODUCTION

Material removal from the continuous phase by a translating liquid droplet experiencing laminar
condensation has been considered earlier by Chung & Ayyaswamy (1978) (hereinafter referred
to as Chung). The possibility of a chemical reaction between a component in the environment
with one in the droplet liquid was also included there. However, in that study the effect of
viscosity of the droplet liquid on the strength of the Hill’s vortex inside the drop was not
included. Also, the energy and mass transport equations appropriate for the thermal and
concentration boundary layers inside the drop did not include the contribution of the tangential
component of convection. The motivation for invoking these assumptions was primarily to
reduce the complexity in the mathematical structure of the problem. With the inclusion of the
viscosity effects for the droplet-inside, three separate regions of flow can, in general, be
discerned: an interior core flow, a boundary layer type flow near the surface of the drop, and an
internal wake flow. The extent and strength of each of the types of motion depends on: (a) the
ratios of the dynamic viscosities and of the densities of that of the droplet liquid and of the
outside medium, and (b) the Reynolds number characterizing the external flow. (See, e.g. Chung
& Ayyaswamy 1981 for a detailed discussion.) In this paper, we present results based on a
theory that simultaneously includes the effects due to the presence of hydrodynamic, thermal,
and concentration boundary layers inside the drop coupled with the continuous phase boundary
layers in the drop environment. The entire analysis will be restricted to the vicinity of the
forward stagnation point of the moving droplet.

2. FORMULATION
Consider a single, cold water spherical droplet initially of uniform temperature T, with fully
developed and steady internal motion, that is translating at a constant velocity U, in a large
content of an otherwise quiescent mixture of its own vapor (steam, condensable), air (noncon-
densable and nonabsorbable), and other components (noncondensable but absorbable). Ele-
mental iodine, methyl iodide and a particulate material will form part of this multicomponent
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mixture in the droplet environment. We shall take these materials to be present in trace
amounts as in Chung. The droplet liquid will be assumed to contain a reactive reagent such as
sodium thiosulfate or sodium hydroxide or hydrazine in extremely small amounts. Such
additives serve two chemical functions: (a) they increase the solubility of certain materials in
the drop liquid, and (b) they prevent the re-evolution of the dissolved material from the
solution. Let the mixture be at T.(T.. > T,) and the total pressure p.. The mass fractions of the
noncondensable components 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 components in the bulk of the
continuous phase. At the liquid and vapor-gas interface, the temperature T; and mass fraction
of each component are unknown a priori and are determined from two compatibility conditions
that are explained below.

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

Region I: liquid region

(a) Inside the droplet the flow field is taken to consist of a thin hydrodynamic boundary
layer near the droplet surface, an internal wake near the central axis of the droplet, and a Hill’s
vortex core flow with a reduced strength compared to that of a complete inviscid solution. This
Hill’s vortex is represented by:

Yeore = — (1/2)AP*(R* = r) sin’ 6. [

Following Prakash & Sirignano (1978), (U./AR? = 10, and the strength of the vortex is thus
known. We have assumed that any reduction in the strength of the Hill's vortex is due only to
the drop viscosity, i.e. the effect of condensation on the strength of the vortex is negligible
(Chung & Ayyaswamy 1981).

The thin hydrodynamic boundary layer will be assumed to be fully developed, steady and
laminar (Chao 1969). (b) The thermal boundary layer within the droplet will be assumed to be
fully developed, thin, and can be treated as quasi-steady. (c) Since the flow velocity range to be
considered is moderate, viscous dissipation, compressibility effects and expansion work can be
neglected. (d) No droplet oscillation. (¢) The concentration boundary layer appropriate for
describing methyl iodide transport will be assumed to be thin and can be treated as quasi-
steady. The methyl iodide-reagent chemical reaction can be considered to be of first order.
When the methyl iodide is in dilute form and there is a large excess of reagents, this assumption
is valid (Parsly 1971). (f) All of the elemental iodine mass transfer resistance is in the continuous
phase (Parsly 1971). (g) With regard to particulate removal, we shall assume, following Suneja
(1973) that if a particle has a contact with the droplet surface, it will be captured and so will
vanish from the flow field. Therefore, for particulate capture, the mass transfer resistance is
entirely derived from the continuous phase. The Stokes-Einstein relationship will be used for
calculating the diffusion coefficients of particles (Friedlander 1967).

The governing equations for the liquid boundary layers are (see figure 1):

¢ 0
I (prurro) + :9‘; (prLocre) =0, {21
u, 2t py o éu—L=i(u a—ui>+p Ki’x — L{p, — p=), {31
pLLax pLLay 3y Ly ] o

aT, aT, 1 0 aT,
pLUL ‘f +pLuL —a_yé = Zv;‘ i’ (kL ‘L), (4]
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Figure 1. Geometry and coordinate system.

and

. aC aC aC. =
U ‘E:’I“*' UL 'E;SL (9 12 5L) KCs,, (51

where K; =(U./10R), L =(gx/R), and K is the rate constant for chemical reaction. The
corresponding boundary conditions are:

U =(Uo{10R), Ty = Ty 0, Csp = Cspp asy—>~
(61

Olyg; our;
uugul‘« 3y =pp aL I,=T,Cs =HCs,y=0.

Here H is the distribution coefficient, Cs; is the concentration of methyl iodide in the liquid
phase, while Cs is in the continuous phase. We note that the appropriate boundary condition at
the inside edge of the hydrodynamic boundary layer corresponds to the Hill’s vortex, with
strength A = U./10R?, evaluated at the surface of the droplet » = R. The temperature at the
edge of the thermal boundary layer is taken to be the instantaneous temperature of the
outermost isothermal streamline of the internal thermal core.

The interfacial tangential velocity is governed by (i) matching of shear stress, and (ii)
continuity of tangential velocity. Thus, for the interfacial condensate layer, U, ;>0 as x>0 as
in Chung. Also, in view of the thinness of the condensate layer, it will be assumed that the

thermal resistance across this layer is negligibly small such that T, = T; (Chung & Ayyaswamy
1981).

Region II: continuous phase boundary layer

(a) The flow field in the vicinity of the forward stagnation point will be taken to be 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 neglibible.
The continuous phase boundary layer equations are then as follows:

(puro) += (pvro) 0, [7]
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u du_ 4 du 2
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Here K = (3/2) (U./R), L = (gx/R), and subscripts 1, 2, 3, 4 and 5 refer to air, steam, elemental
iodine, particulate and methyl iodide, respectively. The diffusion coefficients which are highly
sensitive to composition are calculated from expressions given by Taitel & Tamir (1974). The

corresponding boundary conditions are:

i-surface: y =0

3“0 i BHL,

5)’ =ML ay y Ui = 0

T=TL=Ti7 W= wll(Tnpw) Wy = Wy W3 = W4—0 “1]

Ws = Ws, Uy = Uy ; = GU. R
Here G is a measure of the surface mobility. This is an unknown and has to be determined
through the use of the shear stress continuity condition. At e-surface: y —» o«

3
u=3

2

(UEX), T =T, Wi =W Wy = Wy,

T Wi T €3, W= Whoe = €4, Ws= W5 = €s, [12]
with
Gtetes=ew tw.te=1

Compatibility conditions:

(i) The interface is impermeable to air. Thus

(3, #De 2= p10) 0. [13]

(ii) The energy balance equation which connects the two boundary layers is:

}H~k%I [14]

N i

T,
kS

where m = mass condensation rate
= - pvl; [15]

Equations [2}-[5) subject to conditions [6] and [7}-[10] subject to surface conditions
{111-[15] must be solved.
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SIMILARITY TRANSFORMATION
A similarity transformation can be effected through the use of:

1or) o, - LW - _ o iR,

PL“L=’,0 dy LV o 9y

= iV (COLIR, 0= (T, = TI(T= T), 0 = =1,

pu=L0Um) Lol IVC o) V(oL

re dy ’ r R
where
=Re. =3 U=R —Re, = U=R
C=Re,= 3 and, C; =Re; .= 100,

With variables transformed as above, the similarity transformation yields the ordinary differen-
tial equations for transport near the forward stagnation point.

Since we have assumed that all the components other than steam and air are present only in
trace amounts, a regular perturbation analysis of the resultant ordinary, nonlinear, differential
equations can be made in order to obtain a zeroth order and a first order set of equations. The
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 other components. Therefore, we write

Wi= Wit ew + ... W= Wytewy+ ... ws=ewy+ewy+ ...
Wi=€Wg+ Wyt ... Ws=€ewsg+ €W+ ...
Wsp = €Wspo+ €W + ... f=fotefi+ ...
fu=frotefu+...0=0+eb+...0,=0,+eb,+ ...

The zeroth order equations are:
For the continuous phase boundary layer:

L 2
(6,089, T+ 20l 8,1 +11- ¢, (52) - Fr(s, - D] =0¢e), (16
g B (it /50 SEEDuio0i4 34005 e, (17
[8,Wia/SCl + 2fowio = 0(e), (1)

and for the liquid boundary layer

(Gualliol 8T+ 2fclf il +11 - b (H2) - Fruigumi=o0, v

l 1 ' r 7
m (Der810) +2f10610) = OCE). [20]
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The corresponding boundary conditions and compatibility conditions become:

e-surface

i-surface
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Next, the first order equations become:

and
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where

= IZR2¢pl/(VLwReL)» A= %, A= As = _e—

and
A+A+A4,=1. [32]

The corresponding boundary conditions and compatibility conditions are:
e-surface

fl"’o =0, w;=—1,wy=0,wp=A;, we=4,,

&,
and
Wso = A3, as n >, . [33]
i-surface:
= -3 \/(_C_.)(ﬁ) (le) lS(fl) (IA)’=IOG,0=0 =0,
fu1=0,15 (p,L) C/\¢, o)’ é, oL 1,61 = 01,
HCsy= Cspo, Wiy = = A3, Wy =0, Wi =0, wy = 0, wsp = A3,
2
Z (Sc,,,,. w"‘) * ,,§=:3 (§:L w"“) +2(fown + fiwy) =0,7=0, (34
and
ATi C 2 4 /
2(W20fl + WZ]fO) = —-——l' (kLoLl i J L kaugll 2 (S Con Wnl> "23 (§¢C‘?,: Wno) , [35]
L-surface:

(éu) 0,0, =010, Wsro= Wspog, ML~ — @ [36]
pL

In the above A; = (e'/e) where €’ is the concentration of methyl iodide at the interface, and this
is not prescribed at the beginning but is obtained during solution matching. The above set of
equations [16]-{20] subject to conditions [21]-[24], and [25]-[32] subject to conditions [33])-[36],
were solved numerically by quasi-linearization method.

The calculation starts with an appropriate initial guess of the interface temperature T(Ty <
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. The solution to the problem is obtained when the difference
between the calculated 6, and the actual 0.0 meets a set convergence criterion. It is very
important to note that G, the measure of the surface mobility, is an unknown. The entire set of
equations have to be repeatedly iterated upon until the shear stress continuity conditions are
identically satisfied and a unique G is determined for each set of parameter values. This
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complicated portion of the numerical procedure was not required in Chung in view of the
neglect of the internal viscosity there.

RESULTS AND DISCUSSION
Numerical solutions for material transport, associated with condensation on a translating
droplet are shown in figures 2-5. The variation in the non-condensable gas mass fraction (air)
explored includes the range 0.01 < w,, <0.5. The droplet radius, R, lies in the range 0.025 cm <
R <0.075 cm. The ambient temperature is fixed at 125°, and the atmosphere is taken to consist
of saturated air and other components in trace amounts. The terminal velocities, U., cor-
responding to various ambient conditions have been caiculated using an equation recommended
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Figure 2. Effect of droplet size on the material transport of iodine; T..= 125°C; R =0.075cm, 411 cm/fs <
U, <422 cmfs; R =0.05 cm, 322 cm/s < U, < 355 cm/s; R =0.025 cm, 146 cm/s < U.. <153 cm/s.
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Figure 3. Particulate removal due to condensation.
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Figure 4. Effect of chemical reaction and distribution coefficient on methyl iodide removal, R =0.05 cm,
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by Lapple (1951):

D¢

Vo

0.428
U.=0.153 ¢ { } , where ¢ = {gD (p,/p.— )}'2, 2 <Re. < 1. 137]

It is recognized that the terminal velocity given by [37] does not reflect the effects due either to
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interfacial condensation velocity or of the increase in droplet size. It does not also involve ;.
However, for finite interfacial velocities and very small increases in droplet size, the correlation
has been shown to demonstrate good comparison with experiment and will therefore be
employed here.

Figure 2 shows the variation in 1, the absolute mass transport value for elemental iodine, as
a function AT, for various droplet sizes and w,.. m is a dimensional quantity. The mass
transport depends on the radius of the droplet in a rather complex manner as evident from this
figure. To explain this feature, consider the following. It can be shown, from a simple
dimensional analysis, that for a given AT and w, .., m for a transiating droplet is proportional to
U.'/R"?, where U,= U.R) only. Furthermore, the functional dependence of U. on R is
nonlinear, and U.. increases with increasing R until a certain size is reached and then after the
rate of velocity increase is lower compared to the rate of radius increase. The overall effect is
such that, for a given AT and w, ., m could be higher or lower for various droplet sizes, the
dependence itself being nonstraightforward. Thus, there appears to be an optimal droplet size
for material transport under any given conditions. Also, from figure 2 it is clear that for the
same droplet size and for a given AT, the absolute value of iodine transport decreases with
increasing w,... Comparison of figure 2 here with figure 4 of Chung shows that the mass
transport results were overpredicted there by as much as a factor of (3/2) in several cases. With
decreasing noncondensable gas in the bulk, the theory of Chung becomes increasingly inac-
curate. The neglect of viscous effects in the dispersed phase contribute to the high values
reported in Chung. A purely inviscid solution such as the one used for describing the velocity
field inside the drop predicts convective velocity components which are about an order of
magnitude higher than those realized in the present study and the transport results based on
such a theory are likely to be exaggerated when dealing with liquid droplets in gas-mixture
environment. With increasing mass fraction of the noncondensables in the bulk, the dis-
crepancy between the present results and those of Chung are somewhat smaller. This is owing
to the increasingly dominant presence of a new resistance in the continuous phase with
increasing w ..

Figure 3 is about particulate capture. The results depict the capturing of solid particles by a
spray droplet moving in a condensation flow field. The extent of capture itself is presented in
terms of a dimensionless quantity, (m/myg), that is based on a reference mass flux, n,. The
reference mass flux is derived from a pseudo-physical situation where a droplet is translating in
an environment made of one component that has the same physical properties as steam but will
not condense, while the others are noncondensable but absorbable substances that exist in trace
amounts. The flow field in this latter case is described by the well known Homann's solution
(Homann 1936). The Homann’s solution itself, however, cannot be explicitly expressed in terms
of a single equation but can be obtained by a straightforward numerical integration. The
dimensionless manner of presentation explicitly exhibits the features introduced by the
presence of noncondensables and forced flow. The diffusion coefficients of the particles in the
continuous phase required for caiculations are estimated through the use of Stokes-Einstein
relationship (Friedlander 1967). The range of parameters investigated include, 0.025<R =
0.075 cm, 0.01 < w, . <0.05 and the ratio of particle radius to that of droplet, I, in the interval
5% 1076 < I <107, For a given AT, the dimensionless mass flux which is a direct measure of the
extent of particle capture, decreases with increasing w; . This is due to the weakening of the
condensation flow field due to the presence of the noncondensable. Owing to the smallness of
the particle size, and the low particle density due to the presence in trace amounts that are
considered in our analysis, it is not necessary to include the effect of particles themselves on
the flow field (Friedlander 1967, Suneja 1973). For a given AT and w, ., the dimensioniess mass
flux increases with higher I This can be understood when we realize that particle size modifies
the diffusion coefficient. Comparison of figure 3 here with figure 5 of Chung shows that the
extent of particulate capture was severely overpredicted in several cases there. With increasing
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droplet radius and the size of the particle captured, and a simultaneous decrease in the
noncondensable gas concentration, the theory of Chung which ignores the effect of internal
viscosity of the droplet yields increasingly inaccurate results.

Figure 4 shows the methyl iodide transport, n1, as a function of the mass transfer driving
potential, AC = (C.— Co/H) and AT. Here C.. is the molar concentration of methyl iodide in the
free stream, and there its value has been normalized to unity. The droplet is assumed to contain
the chemical additive hydrazine. The rate constant for this first order chemical reaction is
known (Hasty 1969). The results presented are for various assumed values of H and AT. For
given AC and AT, m increases with H. This is as would be expected. However, the effect
of varying H becomes significant at higher AT values. For given AC and H, an increase in AT
increases . This is directly due to the strengthening of the condensation flow field with higher
AT. Figure 4 provides a comparison between our results with those of Danckwerts (1951) for
H =10%, K = 15!, The Danckwerts solution corresponds to the absorption by a stagnant drop,
and the results obtained from that model show favorable comparison with the experimental
results for the removal rates of methyl iodide (Postma et al. 1975). The close agreement with
the present results can be explained by the fact that the methyl iodide removal process, at small
enough K values, is essentially liquid-phase resistance controlled. The Danckwerts model will
be invalid when the vapor phase resistance is comparable to the liquid-phase vaiue. In this
region, our model will still provide useful results. The agreement with the Danckwerts model,
and hence with the experimental results, demonstrated by the present theory is very much
better when compared with Chung. In both figures 4 and § the droplet radius and w; . have been
taken to be fixed at 0.05 cm and 0.05, respectively. Figure 5 illustrates the effect of the chemical
reaction rate constant together with condensation on methyl iodide removal. By investigating
the removal rates at different values of the rate constant, the effect of various chemical
additives could be appreciated. It is readily evident that with increasing rate constant, hence
enhanced chemical reaction, the removal rate of methyl iodide in the presence of a conden-
sation flow field increases.

In the present paper, we have performed a quasi-steady analysis. It has been shown by
Chung (1963) that a quasi-steady analysis of the transient process involving heat removal in the
presence of condensation yields sufficiently accurate results. The total removal rates, during the
droplet’s lifetime, can be ascertained by an integration of the various steady state transfer rates
over the many, discrete and finite time intervals that comprise the total time. Every discrete
steady state transfer rate is based on an updated bulk-liquid condition which is derived from
the previous transfer rate.

CONCLUSIONS

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 freely
falling spherical cold water droplet in a mixture of steam, air and other materials are presented.
The environment surrounding the droplet is composed of a condensable (steam), a noncon-
densable and nonabsorbable (air), a noncondensable but absorbable (e.g. elemental iodine), a
chemically reactivé component (e.g. methyl iodide) and a particulate substance. The effect of
chemical reaction between the reactive component in the continuous phase and an additive in
the droplet liquid/has thus been considered. The theoretical basis of this study is considerably
more refined compared to an earlier one (Chung & Ayyaswamy 1978). Significantly, the
droplet-inside has been carefuily treated and effects due to the presence of hydrodynamic and
thermal boundary layers inside the drop are included in evaluating transport rates. The effect of
viscosity on the internal core motion and the consequent reduction in the vortex strength inside
the drop has been accounted for. The neglect of the tangential convective component in the
thermal and concentration boundary layer equations of the earlier study has been remedied by
their inclusion. The relation between the continuous phase and the dispersed phase has been
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carefully defined. The interfacial shear stress continuity conditions have been identically
satisfied by employing repeated iterative procedures.

With the inclusion of the viscosity effects for the droplet-inside, the convective velocity
components are reduced by an order of magnitude compared to that of an inviscid Hill's
spherical vortex solution. The associated heat and mass transfer predictions are significantly
smaller in magnitude.
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NOMENCLATURE
strength of the Hill’s vortex as used in Chung

specific heat at constant pressure
diameter of the droplet
binary diffusion coefficient
multicomponent diffusion coefficients
dimensionless stream function
acceleration due to gravity
thermal conductivity of mixture
mass flux
molecular weight
pressure
Prandt] number = v/x
heat flux
r, radial distance from the axis of symmetry
r r-direction in spherical coordinate
R radius of droplet
Re Reynolds number = (3/2)(U..R/v.,)
Sc  Schmidt number = ¥/ %,
Sc;  Schmidt number = v/ D;
T temperature
To droplet initial bulk temperature; instantaneous bulk temperature subsequently
u velocity in the x direction
velocity in the y direction
U. terminal velocity of the droplet, free stream velocity
w mass fraction
x coordinate measuring distance along circumference from the stagnation point
y coordinate measuring radial distance outward from the interface

QD= I =on \:bS@ CERIFS

Greek symbols
AT T.-T,
AT, T.-T,
¢ mass fraction of fission products in the bulk
n similarity variable = y\/(¢)/R
9 angle in spherical coordinates
0 dimensionless temperature
0. (To-TH(T.—T)
k thermal diffusivity = k/pC,
A latent heat of vaporization
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w dynamic viscosity

v kinematic viscosity = u/p
p density

o surface tension coefficient
¢c, ratio (GJ/G,)

& ratio (k/k.)

¢, T1atio (u/p.)

¢, ratio Qu.fvy)

¢, ratio (p/p.)

¥ stream function

Subscripts
¢ at the outside edge of the continuous phase boundary layer
g gas
i at the dispersed-continuous phase interface
L liquid
i in the liquid at the interface
0 bulk condition in droplet
s at the s-surface
v condensable in vapor phase
v,i of the condensable vapor at the interface
vg, i of the continuous phase at the interface
1 air
2 vapor or steam
3 elemental iodine
4 particulate
5 methyl iodide
o in the bulk phase, far away from the droplet
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