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NOMENCLATURE 

C,, C,, C,, C,, C,, C, constants in equation (2) 
d 

P 
g 
h, 
J 
k 
Kn 
N 
Pr 
Re 
SC 
St 
T 

u, 0 

VT 
x, 4 

diameter 
diffusion coefficient 
dimensionless stream function, $/(2u,vx)“* 
dimensionless temperature, (T - K)/(T, - T,) 
convective heat transfer coefficient 
particle flux 
thermal conductivity 
Knudsen number 
particle concentration 
Prandtl number 
Reynolds number, u,x/v 
Schmidt number 
Stanton number 
temperature 
streamwise and normal velocity components, 
respectively 
thermophoretic velocity 
streamwise and normal coordinates, respectively. 

Greek symbols 
6, equivalent stagnant film thickness for heat transfer 

expansion parameter, l/SC, 
; d’ tmensionless particle concentration, N/N, 

9 similarity variable, Y(u,/~vx)“~ 
K thermophoresis parameter, - V,(T, - T,)/v(aT/dy) 

kinematic viscosity 
i stream function. 

Subscripts 
e free stream 
h heat transfer 
0 outer solution 
p particle 
S surface. 

Superscripts 
C convection 
D Brownian diffusion 
T thermophoresis 
’ differentiation with respect to n 
* limit of zero mass transfer rate. 

1. INTRODUCTION 

THERE are numerous technological and environmental 
problems which involve deposition of aerosol particles from a 
condensing vapor-gas mixture. Of current concern is 

deposition of radioactive aerosol particles inside a nuclear 
reactor containment following a hypothetical accident, which 
plays a critical role in reducing the amount of radioactivity 
that might be predicted to subsequently escape to the 
atmosphere. Deposition may occur on the walls of the pressure 
vessel, in pipes, or in bubbles rising in the pressure suppression 
pool. Mechanisms of deposition include Brownian diffusion, 
thermophoresis, diffusiophoresis, convection, inertial and 
sedimentation. Current engineering practice, e.g. comptlter 
codes such as HAARM- [ 11, PARDESIKO [2] and SUPRA 
[3],etc.is tocalculatethedepositionratesseparately,and then 
to simply add them to obtain the total deposition rate. The 
purpose of this note is to examine the validity of such 
engineering calculation procedures. 

The major situation of interest for nuclear reaction safety is 
deposition of particles from a steam-condensable gas mixture, 
where the gas might be air, hydrogen or a mixture of both. The 
flow may be forced or buoyancy driven; past a vertical or 
horizontal surface, laminar or turbulent, or could be a vortex 
flow inside a bubble. For all particle sizes the convective 
deposition associated with steam condensation plays an 
important role. For small particles, d, 5 0.1 pm, the diffusive 
mechanisms, i.e. Brownian diffusion, diffusiophoresis and 
thermophoresis can be important. For large particles, d, 2 1 .O 
pm, inertial deposition and sedimentation can be important. 
In this note we consider only the small particles and study the 
coupling of convective and diffusive mechanisms of particle 
deposition. 

The analysis of coupled deposition mechanisms has 
received some attention in the aerosol science and technology 
literature. Most of the published work deals with the coupling 
of Brownian diffusion and sedimentation, which is of limited 
interest in the current context. There has been some work on 
coupled thermophoresis and Brownian diffusion 14-61. The 
most pertinent study is that of Hales et al. 171, who analyzed 
coupled convective and diffusive deposition of small aerosol 
particles in the laminar boundary layer associated with film 
condensation of steam from a stationary steam-air mixture on 
a vertical wall. The results, although correct and useful, do not 
clearly display theinteractions between the variousdeposition 
mechanisms. We therefore chose to solve a simpler model 
problem in which transport and thermodynamic properties 
are taken to be constant. But in order to assume constant 
properties it is also necessary to ignore diffusiophoresis, since 
this phenomenon is related to the difference between the mass 
average and molar average velocities, which can only be 
calculated in a variable property analysis. The results of the 
analysis do, however, clearly display the interactions of the 
convective, Brownian diffusive and thermophoretic mechan- 
ismsofdepositionand allow anevaluationofapproximations 
currently used in engineering practice. 
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2. ANALYSIS 

The flow considered is the laminar forced convection air 
boundary layer on a flat plate. The plate is imagined to be 
porous and there may be suction or blowing through the plate. 
Theplateismaintained at a temperature T,, different to the free 
stream air temperature T,. Constant properties are assumed. 
The particles are small enough for inertial effects to be ignored, 
and their concentration is too low for coagulation to occur at 
an appreciable rate. The governing partial differential 
equations admit a similarity solution and methods for 
obtaining the dimensionless stream function f(q) and 
dimensionless temperature g(q) are straightforward and well 
known.Theparticleconservationequationislessfamiliar,and 
may be written as 

ug +“g = L$ f&N), 
dY 

(1) 

where the preferred expression for the thermophoretic velocity 
VT is that given by Talbot er al. [S] 

y =2C,v(~+2C~~.),l+.n(C~+C,yl.~“)~(~~ 

T 

(1+6C,Kn) 
( 

1+2+ +4C,Kn 
P > 

(2) 

and the boundary conditions are 

y = 0 : N = 0 (totally absorbing wall) ; 

y-+m,x<O:N=N,. 
(3) 

The self-similar form of equation (1) in terms of the 
dimensionless particle concentration 4 is 

4” + .%,(f- tiy’)& - (.?,C, Kg”)+ = 0, (4) 

with boundary conditions 

tj=o, d=O; q-1, f#I=l, (5) 

and 

K= 

2C,~~+2C,Kn)CI+Kn(C,+C,e-C’!X”)I(C-T.) 

> 
(6) 

The particle size range of interest is spanned by a range of 
particle Schmidt numbers from 1 O3 to 1 06. For T = 300 K and 
T, - T, = 3, 30, and 300 K, the corresponding values of the 
thermophoresis parameter K are approximately 0.01, 0.1, and 
1, respectively. 

3. SOLUTIONS 

Solutions for J and y for various values of the Prandtl 
number and the blowing parameter j(O) = -2rlz Re:‘Z(vJuJ 
are ofcourse available: however, in order to solveequation (4) 
detailed profiles are required, so solutions were obtained by 
formal integration and iteration for a Prandtl number of 0.7 
and a range of values for f(0). To solve the particle equation, 
equation (4) it was first divided by SC, and with E = ~/SC, to 
obtain 

Ef#J” + (f- I$/‘)@ + ( - Icg”)f$ = 0. 

Defining 

U(V) = f(V) - KY’(V) ; WI) = -4’(v), 
there is obtained 

(7) 

@44 

Ed” + a(n)@ + b(q)4 = 0. (9) 

Directsolutionofequation(9)ismadedifficult by thefactthate 

is very small (10-3-10-6). However, for the present purpose it 
is sufficient to obtain the outer solution, for which 

acfi+b&=O; q+co, +=l. (10) 

Integration gives 

(11) 

The situation of primary interest is a cold wall (T, < T,) with 
suction, which can be considered to be a model problem for 
deposition of aerosol particles from a condensing superheated 
vapor. Since K > 0, g’(q) 4 0 and j”(q) 2 0, it follows that 
g”(q) > 0 and b(q)/a(q) < 0. Thus 4,(q) decreases monotoni- 
cally as the wall is approached, and has a finite value at q = 0. 
The deposition rate is obtained from the outer solution as 
follows 

J, = .J:+Jf, 

= lim [N(o + V,)], 
Y-10 

or 

But 

= fim CN,A(a+ hII, (1-3 
y-0 

J, = N,&(O) IQ + v,,d (13) 

u, = _ z “y(o); ( > VT s = “k-m = Kgyo) !!c li2, 
K--T,) ( > 2.x 

thus 

J, = N,+,(O) s 1’2[ -f’(O) + Kg’(O)]. 

( > 

(14) 

If a Stanton number for particle deposition is defined as 
St, = - JJN,u,, then 

St, Re, = 2-1’2&,(0)[f(O)-~g’(0)]. (15) 

As mentioned in the Introduction, current engineering 
practice in nuclear safety work is to assume that the various 
mechanisms of aerosol deposition are additive. Thus for this 
model problem 

J, = J:+J:+J:, (16) 

where 

Jf 2 -u,N, St; (174 

J: = N, VT,% = - u,N,K Pr St, (stagnant film model), (17b) 

J: rr N,u, = - N,(u,v/~x)“~~(~). (174 

Hence 

Also 

St, = [S$+ K Pr St, + 2-“‘Re; “‘f(O)]. (18) 

St, g’(O) z _ s’(O) 
St,* g’(o)* ’ &St;* - s’(o)*’ U9aN 

where the asterisk denotes values in the limit of zero suction, 
and appropriate correlations are 

St: = 0.332Re; Ii* PY-‘~’ ; St$ = 0.332Re; ‘I2 SC;“~. 

Substitution in equation (18) gives 

St P Re:” = 0.707f(O) + 0.332[Sc, v + K I’+] [g’(O)/g’(O)*], 

(20) 

where for Pr = 0.7, g’(O)* = -0.4139, and Prli3 = 0.888. 
Table 1 showsacomparisonofequations(l5)and(2O)forPr 

= 0.7, SC, = 103-106; K = 0.01, 0.1, and 1, and f(0) = O-5. 
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Table 2 shows a similar comparison for blowing with f(0) = 0 
to -0.278. 

4. DISCUSSION 

Equation (15) can be shown to be the first term in the series 
obtained if an exact solution to equation (7) is sought using 
singular perturbation methods (for example, as was done by 
Walker et al. 191). It is accurate for SC, > 103, and thus can be 
regarded as an exact solution for the present purpose. 
Equation (20) is an approximate result obtained by simply 
adding the deposition rates for each mechanism if they are 
assumed to act independently, and also if it is assumed that 
thermophoretic deposition can be calculated using the 
temperature gradient of a stagnant film model, i.e. aT/ay in 
equation (2) is approximated as (T,-T,)/6,, 6, = k/h,, to 
obtain equation (17b). Tables 1 and 2 show that the agreement 
is good only when convection dominates, e.g. f(0) = 5.0, 
K = 0.01 in Table 1. However, the tables also show that when 
thermophoresis dominates, e.g. f(0) = 0, k’ = 1.0 in Table 1, 
the agreement is poor. This discrepancy is due to the failure of 
theapproximate method to recognize that Brownian diffusion 
does play an important role in the inner region of the 
concentration boundary layer, even for large SC, and I(: since 
N + 0 at the wall, Brownian diffusion dominates as y -+ 0. The 
approximate method in using the stagnant film model to give 
an average temperature gradient for the calculation of the 
thermophoretic velocity [equation (17b)], overestimates the 
rate of deposition by nearly 50% for K = 1 .O. 

considered, for use in industry include (1) unity, e.g. refs. [I, 31, 
(2) the factor appropriate for the limit SC, --* co, as given by 
Bird et al. [lo], and (3) the same factor as that used for heat 
transfer, i.e. equation (19b), as used herein. Our choice was 
somewhat arbitrary, but the important conclusions of our 
study are not altered if an alternative choice is made. 

In conclusion we suggest that the results displayed here 
indicate that current engineering methods of calculating 
deposition rates of small aerosol particles can be significantly 
in error, and that proper accounting for the coupling between 
the various deposition mechanisms is required to obtain 
improved results. 

Acknowledgement-Computer time for the calculations was 
supplied by the Office ofAcademic Computing, University of 
California, Los Angeles. 
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NOMENCLATURE 
Pe, P&let number expressed in terms of the 

specific heat at constant pressure 
the 4/5 length of the high temperature zone 
width of the narrow channel, equal to the quenching St 
distance for limit flames T 
Nusselt number as related to the quenching distance u 

D, uDl& % 
P&let number expressed in terms of the x 
parameters of the hot combustion gases for limit 

flames, cpb~&V& Z 

parameters of thefresh mixture for limit flames, 

cp.~&V& 
Stanton number, NujPe 
absolute temperature 
flow speed 
burning velocity 
dimensionless coordinate normal to the flame 
front 
distance normal to the flame front. 


