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Abstract—The influence of boundary-layer nucleation on mass transfer of a condensable species from a
superheated stream to a subcooled surface is analyzed. The concentration of the species is sufficiently dilute to
preclude any condensation on the nucleated particles. It is found that a high supersaturation ratio is required
to initiate the boundary-layer nucleation. As a consequence, the critical surface temperature for onset of
nucleation and appearance of fog is much below that determined from a thermodynamic criterion. The vapor
mass transfer is always depressed by boundary-layer nucleation. The subsequent deposition of nucleated
particles in laminar flow more than compensates for the decrease so that the net mass transfer—vapour plus
particle—exceeds the value obtained from disregarding the nucleation. For turbulent flow, the net mass
transfer decreases because of boundary-layer nucleation in part due to the turbulent diffusion of once-
nucleated particles across the particle boundary layer,.

1. INTRODUCTION

THE PROBLEM of mass transfer of a condensable vapor
present in trace amounts in a relatively inert gaseous
stream is encountered in many industrial processes. A
few examples of recent interest are condensation of ash
and K,80, seed inmagnetohdrodynamic plants [ 1-4],
deposition of ash and alkali sulfates on turbine blades in
pressurized fluidized bed and direct coal-fired gas
turbine applications [5, 6], and behavior of volatile
fission products in light water reactors undergoing
hypothetical core disruptive accidents [7, 8]. If the free
stream is superheated, no mass transfer occurs until the
surface attains the dew-point temperature. As the
surface temperature is lowered further, the driving
potential, i.e. the difference in partial pressure of the
vapor and the saturation pressure at the wall
temperature, increases, resultingin the enhanced rate of
vapor mass transfer. On lowering the surface
temperature still further, the saturation pressure being
an exponential function of T, (Clapeyron equation)
approaches zero and the driving potential becomes
independent of the wall temperature. For a constant
property flow then, the mass transfer rate reaches a
plateau becoming independent of the wall temperature.

The purpose of this paper is to extend the above
understanding of mass transfer by including the role of
boundary-layer nucleation. Below a certain wall
temperature, one expects a portion of the boundary-
layer next to the wall to become saturated giving rise to
the possibility of vapor nucleation. In practice, a finite
supersaturation is required to initiate the homoge-
neous nucleation process. Obviously, the onset of
nucleation is accompanied by diminished vapor mass
transfer rate. However, a compensating mechanism in
the form of transport of the nucleated particles also
comes into play. The particles are transported by
Brownian diffusion and the thermophoretic force. The
latter is important because of the temperature gradient

at the wall and because the nucleated particles (being
typically smaller than 20 A) are amenable to
thermophoretic transport. In turbulent boundary
layers, the particles are also effectively transported by
turbulent fluctuations. The question to be resolved here
is: “How does boundary-layer nucleation and the
subsequent transport of nucleated particles influence
the mass transfer characteristics of a vapor present in
trace amounts?”

Certain simplifications and approximations have
been invoked while formulating the problem—e.g. the
convection terms have been dropped from the
conservation equations. The justification is that this
represents a first attempt toward answering the
question posed above and that the question is
important and interesting in its own right. The
approximations introduced should not bear any
qualitative effect on the conclusions drawn here but
only limit the applicability of the results. We intend to
relax the approximations in future publications and to
seek experimental verification of the results.

2, THEORY

We consider the convective flow of a stream,
containing a trace amount of condensable impurity
vapor, over a subcooled surface. The free stream is
superheated with respect to the vapor whose con-
centration is sufficiently small to render negligible
its effects on heat transfer and fluid mechanics. The
unperturbed flow and temperature fields are assumed
to be known from classical fluid mechanics. With
reference to Fig. 1, a particle boundary-layer thick-
ness 0, is identified as the location where the gas
temperature equals the dew-point temperature of the
impurity vapor. Since the free stream is superheated,
the particle boundary layer is within the flow boundary
layer. For y < 4, the gas is supersaturated so that the
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D diffusivity

J homogeneous nucleation rate
k Boltzmann constant

k gas conductivity

Kn  Knudsen number

L, apparent latent heat

L, correction to Clapeyron equation
molecular weight

n distribution function

P pressure

P, partial pressure of vapor

P, saturation pressure

Pr Prandtl number

r particle radius

r¥ critical radius

R gas constant

S supersaturation ratio

T gas temperature

v transverse velocity

D volume of a condensable molecule
w flux

y transverse direction

Y mass fraction.

NOMENCLATURE

Greek symbols

Subscripts

0  boundary-layer thickness

o*  incompressible displacement thickness
¢  surface tension

A mean free path

v kinematic viscosity

p  density

ps  aerosol density

T shear stress.

B  Brownian

dp dew point
liquid

particle
turbulent
thermophoretic
vapor

wall

free stream.

gg<g~

vapor may nucleate and any nucleated particle will be
stable. For y > 6, the gas is superheated so that any
particle diffused across the particle boundary layer will
tend to vaporize. The following main assumptions have
been made during the course of the analysis.

1. Explicit convection terms have been dropped from
the conservation equations. The convection effects
enter the problem implicitly through the boundary-
layer parameters such as é and temperature profile.
This practice is routinely followed in estimating skin
friction and heat transfer in turbulent flows [9].

SUPERHEATED
STREAM

2. The growth of the nucleated particles due to direct
vapor condensation has been neglected. This is
appropriate because we are dealing with a trace
concentration of vapor and the particle growth rate is
directly proportional to the partial vapor pressure.

3. The particles diffusing across the particle
boundary layer are assumed to vaporize instantly. This
is reasonable because the nucleated particles are
expected to be smaller than 10 A in radius so that the
characteristic vaporization time should be extremely
small. In general, the leaner the vapor concentration,

GAS BOUNDARY LAYER

PARTICLE BOUNDARY LAYER

FiG. 1. Particle boundary layer for flow of a stream, superheated with respect to condensable trace vapor,
over a subcooled surface.
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the higher the supersaturation ratio required to initiate
homogeneous nucleation, and the smaller is the critical
size of the embryo and hence of the nucleated particles.

2.1. Particle field

The particles are nucleated from the impurity vapor
in the region y < 6,. Neglecting convection (assump-
tion 1), the particles are transported because of
diffusion and thermophoresis. The resulting particle
size distribution function is governed by the following
conservation equation [1, 2, 10].

%(v,hn) = %(ng—:>+J5(r—r*). 1)

The particle size distribution function n(r, y)dr is
defined as the number of particles per unit volume in the
size range r and r +dr. The boundary conditions for n
are derived by requiring that n vanish at the surface
because of strong Van der Waal’s forces and at J,
because of assumption 3.

n(r,0) =0 )
n(r,d,) = 0. 3

Homogeneous nucleation. According to the classical
nucleation theory, the homogeneous nucleation rate is
given by the following equation [1, 11].

J = B(4nr**)ZN exp (—AG/kT) “)

where f§ is the collision rate of monomers of the
impurity vapor with a flat surface, r* the critical size of
the embryo, Z the Zeldovich factor, N the con-
centration of the monomers and AG the change in
Gibbs free energy due to the formation of the embryos.
The critical size is given by the Gibbs—-Thomson
relationship:

_ 200
" kTlnS

*

(5)

where § is the supersaturation ratio defined as
S=p/P, ()

Particle diffusion. In a laminar stream, the particle
diffusivity is identical with the Brownian diffusivity (Dg)
given by the Stokes—Einstein equation [11].
_kTCn
" 6mru

B M
where Cn, the Cunningham correction factor, accounts
for the slip between the particles and gas molecules
when the particle size becomes of the same order as the
mean free path.

Cn=1+Kn[1257+04exp(—1.1/Kn)]  (8)
Kn = ir. ©

In a turbulent stream, the effective diffusivity of the
particles equals the sum of the Brownian and turbulent
diffusivities. For the particle size of interest (less than 10
A radius), the response frequency of the particles is

HMT 28:11-F
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higher than the frequency of the energy containing
eddies. Thus, the particles can exactly follow the
turbulent fluctuations, implying that the turbulent
diffusivity of particles should equal the eddy diffusivity.
Therefore,

Dy(r,y) = Dy(r, y) +w(). (10)

Thermophoresis. A particle suspended in a gas with
an imposed temperature gradient experiences a
thermal force producing motion directed toward lower
temperatures. In the free molecular regime (Kn — o)
the thermophoretic velocity may be expressed as [11]

k,\ oT
v = —0.1436( ¥ ).

3 (11

The thermophoretic force is understood to result from
the gas molecules in a temperature gradient field
imparting more momentum to a suspended particleina
direction opposite to the temperature gradient than in
direction of the gradient. This mechanism will be
inoperative in the turbulent stream because of the
random motion of the particle in an entrained eddy.
Thus the thermophoretic velocity is considered
nonzero in the laminar boundary layer and in the
viscous sublayer of the turbulent boundary layer.

2.2. Vapor field

Neglecting the convection terms, the vapor mass
fraction is given by the following conservation
equations.

0 oY

5 (pova> =0, s,<y<s (12
3, oY 4
Py (pDv E) =3 npr**J,  y<é, (13)

The boundary conditions for equations (12) and (13)
are:

YO) =Y, (14)
Y(6,) =X (15)
Y(0) =Y, (16)

where Y,, the vapor mass fraction at the edge of the
particle boundary layer, is an unknown and will be
determined from matching solutions. To a first
approximation, the mass fraction ¥, may be simply
related to the saturation pressure at the wall
temperature.

y = B <MWV> (17

v P \MW

2.3. Interface conditions

The conservation of mass requires that the vapor flux
at the edge of the particle boundary layer should be
continuous. Recognizing assumption 3 stating that the
particles crossing §,, vaporize instantaneously, we have

oY \* Y
pDv—‘ = pDv_'_
dy dy

)_ +W6,)  (19)
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where the superscript + refers to vapor diffusion from
core toward 8, and the superscript — to diffusion from
8, toward the wall. The former quantity is calculated
from equation (12) and the latter from equation (13).
The particle flux is calculated by integrating the
product of number flux and particle mass over the
particle spectrum.

x dn 4
W,(6,) = D,—— —arip,dr.
p( p) Jl) < P ay vlhn) 3 nrep ar

2.4. Temperature field
For alaminar boundary layer, given T,,, T, and 6, we
assume that the temperature profile is cubic.

T~T, 3(y\ 1(y\
T.—T, 238 2\6/°

For a turbulent flow, the boundary-layer profile is
not symmetric with respect to y/é only. Neglecting
convection and assuming that the shear stress is
constant within the boundary layer,

(19)

(20)

Ty = p(v+v,)% (21)
from which it follows that

W=l J:viyv‘ 22)
where u,, is the friction velocity

uy = (tu/p)""% (23)

The turbulent eddy viscosity is calculated from the Van
Driest model [12]. Accordingly, in the inner turbulent
region

%:%{[1+41+2]”2-1} 4)
where
I" = 04y*[1—exp(—y*/26)] (25)
and
yh=uuylv. (26)
In the outer turbulent region
v, = 0.0168 u,0*. 2N

For given u,, the shear velocity u,, is determined from
equation (22) such that

wd) = ug,. (28)

Knowing u,, the turbulent eddy viscosity may be
calculated from equations (23) and (26). Then, the
temperature field may be calculated from the following
equation.

J‘y dy/(v/Pr+v/Pr)
=v0 (29)

_ 3
To=Tw j dy/(v/Pr+v,/Pr})
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The Stanton number is given as

5 -1
St = [um j d_v/(v/Pr+vt/Pr,):| . 30)

0
3. SOLUTION

3.1. Particle field
Equation (1) may be integrated once to relate the
particle flux to the wall value.

on
P ay

Integrating equation (31) a second time,

on Y

n(r,y) =
y y 4
Np(O)j Ilgﬁdé—j ?[J‘ Jé(r—r*)dn]dé (32)
0 o] V] P [\
1(y)
where
N©=(p2 33
p( = pa—y . ( )
and
Y Oy
I(y) = —| —dn | 34
o] [Za] oo

The wall flux N,(0) may be calculated by applying the
boundary condition of equation (3) to equation (32).

j pllgﬁ[JgJé(r—r*)dr]]dé
N,(0) = 2% —° L0 . (39

% I(¢)
g
L. 5y

In order to calculate the total particulate deposition
flux, one has to integrate the product of N, and particle
mass over the particle size spectrum.

W,(0) = J% 4§nr3ple(0) dr. (36)

0

A concise expression for W,(0) can be constructed by
defining an average diffusivity (D,).

9 T S
J Igﬁ[J gnr“p,.]dq]dé
W,(0) = 22 P =20 (37

)

op I_
f 19 4
0 Dp
where
= o
Iy) = exp[—f Dfdn]- (38)
0 ~p
One can define an aerosol density p, as
© 4
py) = J —3—nr3pln(r, y)dr. (39)
(4]

Again, a concise expression for the aerosol density can
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be obtained by substituting equation (32) into (39) and
using D,

W(O)fl(é)dé rl(é)U 4 *3P‘Jdn]dé

1(y)

ps(¥) =

(40)
Equation (31) can be used to determine the particle flux
at any position:
¥y
Ny(y) = NP(O)—J Jo(r—r*)d¢ 41
0
from which the expression for particle mass flux at any
position follows immediately.
v4
Wo(y) = W,(0)— j gnr“mJ dé. (42)
0
Thus, the total vaporization rate of once-condensed
particles is simply W,(5,)

dp
W,(5,) = WP(O)——J 4§7rr*3p,.l de. 43)
V]

3.2. Vapor field

The vapor mass fraction in the superheated region of
the boundary layer, 6, to 6, can be determined by twice
integrating equation (12) and imposing the boundary
condition of equations (14) and (15).

é
d¢/pD
Y,—Y j‘ v
e
o s \[df/pDv
dp

The vapor flux in the superheated region is a constant.

é
m = (Yuo'—Ys)/Jv dé/pDv

op

5)

In order to determine the vapor mass fraction in the
supersaturated region of the boundary layer,0 to J,,, we
twice integrate equation (13)

de f J—nr*:’ Jdn.  (46)
OpDv 0

The vapor flux at any position can be simply related to
the wall value.

+W(O)J.

W) = m<0)+fy:—nr“pl.rd£. “7)
0

3.3. Matching at interface

The flux continuity condition, equation (18), may be
used to calculate the vapor mass fraction at the
interface. The various terms in this equation have
already been determined and are reproduced below.

BY + [
(pDva*> =(Yw_Ys)/J\ dé/pDv
y by

(45)
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oY\~ 4
pD——| =WO+| rpJdl (@T)
dy o 3

op
W.(5,) = Wp(O)—j gnr“p,de. (43)
4]

Substituting the foregoing equationsinto equation (18),
we have

3
Y=Y, —-[WO)+ WV(O)]f dy/pD,.  (48)
dp

3.4. Numerics

Equations (40), (45) and (46) describe the particle and
vapor fields. The two fields are coupled because of the
nucleation rate term appearing in the particle equation
(35)and the W, (0) term appearing in the vapor equation
(48). The solution requires iteration because W,(0), the
vapor deposition flux at wall, appears in equation (46)
and this quantity is not known a priori. The following
iteration scheme has been found to be convenient and
convergent.

(a) Guess W,(0).
(b) Calculate the vapor mass fraction (Y) in the
region 0 to J, from equation (46). Note that

Y, = Y(,) (15)

(¢) Calculate the vapor flux at 6, from equation (47).

(d) Calculate the vapor mass fractionin theregion g,
to 6 from equation (44) and the vapor flux at §,
from equation (45).

(e} Calculate W,(0) from equation (37) and the
aerosol density from equation (40).

{f) Calculate W,(3,) from equation (43).

(g) Check if equation (13) is satisfied. If not, use this
equation to update a guess for W,(0). The update
may be obtained by the Newton—Raphson
method. Repeat steps (a){f) until equation (13)is
satisfied to the desired tolerance.

4. RESULTS AND DISCUSSION

Illustrative calculations have been performed
for deposition of trace Na,SO, vapor on a sub-
cooled surface. Air is assumed to be the gaseous
medium whose density is approximated by the equa-
tion of state for ideal gases, viscosity by Sutherland’s
equation, and thermal conductivity as directly propor-
tional to the gas temperature. The product of gas den-
sity and molecular diffusivity is taken as constant
(6.75x107% kg m~! s~ 1), and the liquid density as
2680 kg m 3. The free-stream velocity and tempera-
ture are Sms~ ! and 1350 K, respectively, and the pres-
sure is atmospheric. The nominal boundary-layer
thickness is 5 cm for laminar flow calculations and
10 cm for the turbulent flow.
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4.1. Laminar flow

Figure 2 illustrates the influence of surface subcool-
ing on the deposition flux. The broken line represents
the pure vapor deposition flux (W,,) obtained when
the boundary-layer nucleation is ignored and is given
by the folowing equation.

quu»nyf

o

3

d¢/pD,. 49
As the surface is sufficiently subcooled, Y, becomes
small and W, approaches the asymptotic value of
Y../{3d&/pD,. Since the product pD, is a constant, the
limiting value of W, is also a constant, pD,Y,/d.
The deposition behavior changes markedly upon in-
clusion of boundary-layer nucleation. There is a criti-
cal surface temperature at which departure occurs and
the nucleation effect is felt. Below the critical
temperature, the homogeneous nucleation of vapor is
initiated which depresses the local mass fraction of the
vapor and hence the vapor deposition flux. At the same
time, the deposition of nucleated particles comes into
play, more than compensating for the decrease in vapor
deposition flux. The net particle plus vapor deposition
flux exceeds the asymptotic value of the pure vapor
deposition flux.

Figure 3 shows the depression in vapor mass fraction
due to homogeneous nucleation. The nondimensional
mass fraction profile across the boundary iayer
approaches a straight line as the surface temperature
nears the dew point. The maximum deviation from the
straight-line profile occurs within the particle
boundary layer. The difference in mass fraction, when
nucleation is considered from the case when it is
neglected, can be written as follows (for constant pD,).

AY = Y{no nucleation) — Y{with nucleation)

1 {7 "4
oD ‘( d¢ [J §7zr*3p,J dq]. (50)
vJO 4]

The location of maximum AY is obtained by setting its
first derivative with respect to y equal to zero and

¥
= (W —W)—
Dv( vp V)

o - :

S “p,
S s~ oo
2 84 \. . = \~
B ~. ~
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Fi1G. 3. Effect of boundary-layer nucleation on the mass
fraction profile of condensable vapor in laminar flow.

noting that the second derivative is always negative.
Then, it follows that the location of maxima is such that
the integrated nucleation rate equals the difference
between the vapor deposition fluxes for the cases of
without and with nucleation.

Ymax 4
L F7rpd 4L = W= W, 1)
By back substitution it also follows that
1 Ymax 4
AYmax = Py nr*spl']é dé' (52)
pD v/ 0 3

Figure 4 shows the variation of aerosol density across
the particle boundary layer whose thickness is a
function of surface temperature: 6,/6 = 0.80 for T,
= 400K, 0.76 for T,, = 700 K and 0.70for T,, = 900 K.
The aerosol density becomes vanishingly small well
within &,. This is because the laminar temperature
profile changes slowly, and since a large supersatura-
tion is required to initiate homogeneous nucleation of
trace species the critical temperature lies deep within 6.,
Thus, there is an insignificant diffusion of once-

4] 1

2
AEROSOL DENSITY, mg/m’

FI1G. 2. Variation of particle and vapor deposition flux with  F1G. 4. Spray density profile across the laminar boundary

surface subcooling in laminar flow.

layer.
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condensed particles out of 6,,i.e. W,(d,) = 0. Therefore,
the nucleation rate integrated over &, equals the
particle deposition flux, equation (43).

Op 4
W,(0) = J 7 e (53)

0
It is observed in Fig. (4) that the maxima of p, lies close
to the wall. The location and magnitude of the maxima
can be obtained by combining equations (40) and (53).

1 ¢ 4
—nr*3pJ dn

——— 54
vth(y max) Ymax 3 ( )

ps(ymax) =

4.2. Turbulent flow

For turbulent flow, all properties (p, D, Dy, kg, 1)
have been calculated at the reference temperature
defined as [13]

T =028 T,+072 T,. (55)

Figure 5shows the effect of surface subcooling on the
deposition flux from a turbulent stream. As for a
laminar stream, there is a critical surface temperature
below which the vapor deposition flux begins to
decrease with surface subcooling. There is another
critical temperature below which the particle de-
position flux exceeds its vapor counterpart. Unlike the
laminar flow case, the pure vapor deposition flux does
not become a constant at very low wall temperatures.
This is because of the temperature dependence of the
physical properties. Note that the Reynolds number
based on properties at reference temperature increases
with subcooling and so does the vapor deposition flux.
Another distinct feature of turbulent flow is that the
total deposition flux, particle plus vapor, is lower than
that calculated when the boundary-layer nucleation is
ignored. This is because a significant fraction of the
once-condensed particles diffuse across the particle
boundary layer and are revaporized, Fig. 6.

Figure 5 also points to the existence of a ‘knee’ in the
deposition curve. The deposition flux initially increases
with surface subcooling because of the enhancement in
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Fi1G. 5. Variation of particle and vapor deposition flux with
surface subcooling in turbulent flow.
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Fi1G. 6. Effect of surface subcooling on the relative amounts of
nucleated particles diffusing across 6, and depositing on the
wall. The flow field is turbulent.

vapor deposition rate. It decreases subsequently
because of boundary-layer nucleation suppressing the
vapor deposition flux. On further lowering of wall
temperature, it increases again because of the
augmented thermophoretic deposition of nucleated
particles.

Figures 7 and 8 show the boundary-layer profiles of
nondimensional vapor mass fraction and the aerosol
density. Except for the turbulent nature of the profiles,
the results in Fig. 7 are qualitatively similar to those in
Fig. 3 for laminar flow. The aerosol density profile in
Fig. 8 is characteristically different from its laminar
counterpart in that a non-zero value of p, persists up to
the edge of the particle boundary layer. This resultsina
significant diffusion of once-condensed particles out of
d,, Fig. 6, and in W,(0) being much smaller than the
condensation rate in the boundary layer.

4.3. Criterion for appearance of fog
With reference to Figs. 2 and 5, a critical wall
temperature can be identified below which vapor

0.8 . ‘ ey
V4
0.6 . . e ///‘;-
' 2
N a4
iy
0.4 oS
e ,\o?/'
v /./
0 T /-,’ _ _ ey
|
° 0.2 0.4 0.6 0.8 3
(Y=Y )/(Y.=Y,)

Fi1G. 7. Effect of boundary-layer nucleation on the turbulent
mass fraction profile of condensable vapor.
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deposition flux begins to decrease with subcooling. In
as much as the decrease is associated with the
boundary-layer nucleation, this critical condition may
also serve as the criterion for the appearance of fog.
Mathematically, the critical wall temperature is such
that

W, (0) _
T, 0 (56)
and
O*W,(0)
T2 >0, (57)

The foregoing criterion is a kinetic one since the
kinetics of the nucleation process is already factored
in its definition. It is also possible to derive a
thermodynamic criterion for fog formation. Following
the arguments put forth by Johnstone et al. [14], the
thermodynamic requirement is that at critical
temperature, the slopes of the gas and dew-point
temperature profiles be equal.

dr\ (4T,

dy /o \dy /o
dT,.\ _ (dP,\ [(dP,
dy /o \dy o/ \dTsp/u

It is instructive to confine the analysis to laminar flow
for which the gas temperature and mass fraction
profiles are given by equations (20 and (46),
respectively. For constant pD, and the following
saturation pressure-temperature relationship,

ap, L, 2L,
=P
dT s(RT2 +RT3)

it follows that the critical wall temperature is implicity
given by the following equation.

P, 3T L, 2L,
©_q)=2f{i2_1){=L 61
(Psw ) 2(Tw )(RTW+RT3> ©1

(58)

where

(59)

(60)
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F1G. 9. Critical wall temperature that renders the boundary
layer just supersaturated.

where P, is the saturation pressure at the wall
temperature. The critical temperature has been plotted
in Fig. 9 as a function of the gas temperature and the
free-stream partial pressure.

The thermodynamic criterion essentially determines
the wall temperature such that the gas becomes just
supersaturated. The correct interpretation of the wall
temperature so determined is that no fog can form
above this temperature. A finite supersaturation is
required to initiate boundary-layer nucleation.
Therefore, the kinetic criterion, equation (56), provides
the correct temperature for appearance of fog.
Naturally, the kinetic criterion stipulates that the wall
be undercooled below the thermodynamically de-
termined value before fog can be formed. Moreover, the
critical temperature is a function of not only the gas
temperature and the free-stream partial pressure but
also of flow Reynolds number and surface tension,
etc. For the conditions of Fig. 2(T,, = 1350K, P, ~
107° atm), the critical wall temperature is 1000 K—
nearly 210 K below the 1210 K temperature calculated
from the thermodynamic criterion, Fig. 9.

5. CONCLUSIONS

The mass transfer of a trace species from a
superheated stream to a subcooled surface is affected by
boundary-layer nucleation. It acts as an inhibitor to
mass transfer from a turbulent stream but as a promoter
if the flow field is laminar. The effect of boundary-layer
nucleation is to decrease the vapor mass fraction and
hence the vapor deposition flux. For laminar flow, this
is compensated by deposition of nucleated particles
with the resultant total deposition flux, particle plus
vapor, exceeding the pure vapor deposition flux. For
turbulent flow, the decrease in vapor deposition flux
due to boundary-layer nucleation is not compensated
by the ensuing particle deposition partly because of
turbulent diffusion of once-nucleated particles across
the particle boundary layer. The emerging picture is
that for laminar flow the mass transfer increases with
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surface subcooling, whereas for turbulent flow there is
an intermediate range where it decreases with surface
cooling.

There is a critical degree of subcooling required to
initiate the boundary-layer nucleation. The required
minimum can be determined from the equilibrium
thermodynamics based on traditional concepts of heat
and mass transfer. The actual required subcooling is
higher because of the nucleation kinetics and can be
estimated from the simplified model formulated in this
work.

Further work is required to refine the boundary-
layer nucleation model. In particular, the assumptions
leading to the neglect of convection terms in the
governing equations and the growth of nucleated
particles need to be relaxed. The former limits the
accuracy of the results whereas the latter restricts the
applicability of the model to the condensation of trace
species.
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TRANSFERT MASSIQUE D’ESPECES EN TRACE DEPUIS UN ECOULEMENT
SURCHAUFFE VERS UNE SURFACE SOUS-REFROIDIE

Résumé—On analyse l'influence sur le transfert massique de la nucléation en couche limite despéces
condensables allant d’une vapeur surchauffée a une surface sous-refroidie. L’espéce est suffisamment diluée
pour éviter toute condensation sur les particules nucléées. On trouve qu’une forte sursaturation est nécessaire
pour initier la nucléation en couche limite. Il en résulte que la température critique de surface pour le début de
nucléation et I'apparition du brouillard est bien en dessous de celle déterminée a partir des critéres
thermodynamiques. Le transfert massique de la vapeur est toujours diminué par la nucléation en couche
limite. Le dépét de particules nucléées lors de 'écoulement laminaire est plus que compensé par rapport a cette
diminution de telle fagon que le transfert thermique—vapeur plus particules—dépasse la valeur obtenue en
négligeant la nucléation. Pour I'écoulement tubulent, le transfert massique net décroit avec la nucléation en
couche limite, en partie a cause de la diffusion turbulente des particules nucléées a travers la couche limite de
particules.

STOFFUBERTRAGUNG VON SPURENELEMENTEN VON EINEM UBERHITZTEN
DAMPFSTROM AN EINE UNTERKUHLTE OBERFLACHE

Zusammenfassung—Es wurde der EinfluBl der Kristallisation in der Grenzschicht auf die Stoffiibertragung
von kondensierbaren Spurenelementen aus einem iiberhitzten Dampfstrom an eine unterkiihlte Oberfliche
untersucht. Die Konzentration der Spurenelemente ist ausreichend gering, um jegliche Kondensation an den
kristallisierten Teilchen zu verhindern. Es wurde festgestellt, daB ein hohes Ubersittigungs-Verhiltnis
erforderlichist,um die Kristallisation in der Grenzschicht auszul§sen. In K onsequenz daraus hatsich ergeben,
daB die kritische Oberflichentemperatur fiir das Einsetzen der Kristallisation und das Auftreten von Nebel
wesentlich niedriger ist also die nach einem thermodynamischen Kriterinm bestimmte. DerStofftransport des
Dampfes wird durch die Kristallisation in der Grenzschicht verringert. Durch das anschlieBende Ablagern
von kristallisierten Teilchen in einer laminaren Stromung wird die Abnahme mehr als kompensiert, sodaB der
Netto-Stofftransport—Dampf und Partikel—den Wert iiberschreitet, der bei Vernachlissigung der
Kristallisation erreicht wiirde. Fiir turbulente Strémung nimmt der Netto-Stofftransport aufgrund der
Kristallisation in der Grenzschicht ab. Dies riihrt teilweise von der turbulenten Diffusion durch plétzlich
kristallisierende Teilchen entlang der Partikelgranzschicht her.
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MACCOIEPEHOC UHAWKATOPHBIX BEHECTB U3 NEPETPETOI'O INMOTOKA HA
HEJOT'PETYIO NMOBEPXHOCTb

AuBOTaURS—AHAIM3NPYETCA BIMAHAC HyKJ€2UHH B MOrPAHMYHOM CJIO€ Ha MAcCOMEPEHOC MHIMKATOP-
HbIX KOHOCHCHPYIOILMXCA BEIECTB U3 MeperpeToro NOToka Ha HENOTPETYIO MOBEPXHOCTH. [ing mpenoT-
BPAILCHHS KOHAEHCALMH MOJIEXy/1 MHAHKAaTOPHOTO BELUECTBA HA MOABHBLUIMXCA 3apOABILAX HOBOH da3si
KOHIIEHTpauua napa 6bu1a oveHb HU3KoM. HalineHo, 4To JUIS MHHIMHMPOBaHUS HYK/ICALMH B MOIPaHHY-
HOM cJioe HeoOxoamma GoJbiuas cTenleHb nepechiueHHs. Kax cielacTsue, KpHTHueckas TemmepaTtypa
MOBEPXHOCTH, HeobXonMMan [UIs Hadalla HYKJICALMH M MOSABJICHHS TyMaHa, HAMHOTO HHXE ONpeEAeieH-
HO# M3 TEPMOIMHAMHYECKOro KpuTepHs. [lepeHoc napa BCeraa yMeHbILAETCs BCJIENCTBHE HYKJICALHH B
norpaHHyHoM cioe. [Tocnenyroutee oceranne YacTHL, BOSHHKIIMX B JIAMHHAPHOM HOTOKE, 3HAYHTENBHO
KOMIIEHCHPYET YMEHbIUEHHE NEPEHOCca B ra30Boil dase, Tak YTO CYMMAapHbIH MacconepeHoc (map o
4aCTHIIA) NPeBbILLIACT 3HA4CHHUE, MONyHeHHOe Oe3 yueTa HykieauuH. B pesynbTaTe HyK/eallHu B morpa-
HHYHOM cJioe, LIS TYpOYJCHTHOFO MOTOKA CYMMAapHbI# MacCOMEPEHOC yMEHBINAETC YAaCTHYHO M3-33
TypbyenTHoi 1uddy3uH yxe 06pa3oBaBUIMXCA YACTHIL ITONEPEK MOT PAHHYHOTO CIIOS.



