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INTRODUCTION 

The practising engineer or designer frequently requires an estimate of the rate of deposition of 
particles from a turbulent gas stream flowing parallel to a surface. The mechanism for deposition 
changes with particle size, as a glance at the mass transfer coefficients in figure 1 indicates, and the 
the descriptions for each mechanism, which are widely distributed in the literature, are often 
couched in terms awkward for direct application. The purpose of this paper is therefore to 
present means for the calculating deposition rate in an amenable form. 

Figure 1 shows that the smallest particles are deposited by a diffusion process. However, a 
particle size is reached, above which the inertia of the particles becomes such that the velocity 
given to them by turbulent eddies is not dissipated rapidly in the boundary layer. Then, as 
Friedlander & Johnstone (1957) first showed, the deposition rate rises abruptly in what is termed 
the eddy diffusion-impaction regime. Nonetheless the mass transfer rate cannot rise above a 
value of the order of magnitude of the friction velocity, since that approximately equals the 
average turbulent eddy velocity towards the wall. In fact, Liu & Agrawal (1974) showed that the 
transfer coefficient changes fairly abruptly to a slowly falling value with respect to particle size. 
As the particle size rises still further, it is found that the particle inertia becomes so large that 
particles cannot attain the eddy velocity during the time they are caught up by an eddy and, in 
consequence, the deposition rate falls more and more rapidly. The theory of Hutchinson et al. 

(1971) is applicable in this region. 
Superimposed on all the above effects for electrically neutral particles are other influences 

which can be reduced to consideration of equilibrium velocities normal to the surface. Figure 1 
shows the influence of some thermopheretic forces which give an equilibrium velocity away from 
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Figure 1. Deposition of drops from 180bar steam being heated in a 1.3cm diameter tube. Heat flux 
0.3 MW/m2; steam velocity 12.3 m/sec. 
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the surface but another obvious force is due to gravity, which was considered by Sehmel (1973). 

The reader may like to note that Epstein (1929), Waldmann (1959) and Brock (1962) have dealt with 
thermophoresis, Waldmann (1959), Brock (1963) and Derjaguin et al. (1966) have dealt with 
diffusiophoresis, Gardner (1968) has dealt with thermophoresis of an evaporating particle, 
Yalamov & Shchukin (1971) have dealt with thermo-diffusiophoresis and Gardner (1975) has 
considered thermophoresis of an evaporating drop with surface tension gradients caused by 

concentration gradients of a solute. 
The methods of calculation will be presented in two parts. The first concerns the diffusion and 

eddy diffusion-impaction regimes with a superimposed equilibrium velocity, which usually has 

major impact within those regimes. The second concerns the turbulent impaction regime shown 
in figure 1. 

T H E  D I F F U S I O N  A N D  E D D Y  D I F F U S I O N - I M P A C T I O N  R E G I M E S  

Consider a particle concentration c in the boundary layer. The mass transfer rate N is given 

by 

d ¢  
N = ( D  + D,)~y + UEC, [1] 

D is particle diffusivity which is usually given by Einstein's equation 

kT 
D - 3~r/~d ' [21 

where/9,  is the eddy diffusivity, y is distance from the surface, uE is the equilibrium velocity of 
the particle towards the surface, which is obtained by a balance of viscous resistance to motion 

according to Stokes law and, say, a thermophoretic or gravitational force, k is Boltzmans 
constant, T is absolute temperature, p. is the gas velocity and d is the particle diameter. 

Now the principal changes in concentration with material of low diffusivity, such as the 
particles of concern, occurs in the laminar sublayer when Lin et al. (1953) showed that 

--4 ~3 D , = 3 . 2 8 1 0  vy , [3] 

where v is the kinematic viscosity of the gas, 

+ u*y 
y - , [4] 

V 

and u* is the friction velocity 

u * = U, [5] 

where f is the friction factor and U is the mainstream velocity parallel to the surface. 
Equation [1] can now be integrated from y+ = oo, where c = c=, to a value of y÷ = yl + at which 

the concentration is sufficiently small for it to be set equal to zero, without introducing substantial 
error. It is noted that, strictly speaking, the concentration is only zero at y ÷ = 0. The following 
equation is thus obtained for the mass transfer coefficient kc = N/c=. 

kc (u~/u*) 
u* 1 - E / F "  [6] 
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where 

[ Bvuu (tan-' {2y*+-B'~ ~'\1 
E = e x p  [ ~  ~ 3 ,~ - r~ - - ) -~ /J ,  

r -i 
F =  LB2_By ++y +.j 

[7] 

[8] 

[9] 

It is now assumed that particles have a velocity (Au*+ uE) towards the surface at y+ = y~+ 
and that this velocity decays to zero at y+ = 0 due to a Stokes law resistance. The assumption that 
part of the initial velocity is proportional to the friction velocity has been indicated by Owen 
(1969) to be compatable with modern concepts of turbulent bursts in the boundary layer. 

The equation of motion is 

0r j3 du 
~u pp~- = -37r d/z(u - uE), [10] 

where u is velocity, t is time, p, is particle density and /z is gas viscosity. 
Double integration of [10] yields 

y, • [11] 

Equation [6] is now readily evaluated with a desk calculator and examples of the result are 
given in figure 2. A has been chosen equal to 0.957 in agreement with the accurate results of Liu 
& Agrawal (1974) for the eddy diffusion-impaction regime. This regime and that for diffusion are 
obvious in figure 2. The influence of the equilibrium velocity is also clear. 

It must be emphasised that the separate mechanisms for deposition inherent in [6] have been 
tested. With respect to the eddy diffusion-impaction regime, a more complex expres- 
sion for the eddy diffusivity than that of [3] has usually been chosen but this equation is 
found adequate in representing the experimental results and allows a relatively simple set of 
equations, marrying all the mechanisms, to be formulated. The place where more experimental 
work is required is with respect to the interaction of an equilibrium velocity with the other 
mechanisms but it is noted that deposition rate often changes so rapidly with particle size that the 
designers inaccurate knowledge of that size will usually be the chief factor in the assessments he 
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Figure 2. Mass transfer coefficient for particle deposition. 
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makes. He will then wish to know when a particular equilibrium velocity, say due to heat transfer, 
will be dominant in either preventing any substantial deposition or in controlling the deposition 
rate. 

T HE OR Y FOR T U R B U L E N T  I M P A C T I O N  

The turbulent impaction theory of Hutchinson et al. (1971) is complex in form and the 
following aims at a convenient reduction of the results. The theory is in two parts. The first part 
was presented as an efficiency "0 of particle deposition in terms of (x/dr), where x is tube length 
and dr is tube diameter, and a parameter 3' 

y =0.11 , [12] 

h is the distance travelled by a particle in a single eddy divided by the eddy size. However, the 
theory shows that the efficiency is solely dependent upon (3~x/dr) in the fashion shown by figure 
3. This figure indicates that, after an entry length, In (1 - 7) is linear in (3,x/dT) and this is readily 
interpreted in terms of a constant mass transfer coefficient 

kc 
-~ = 1.4453,. [13] 

Hutchinson in a private communication has indicated that the numerical coefficient in [13] can be 
determined from the first term in an expansion of [20] in Hutchinson et al. (1971) paper. 

Equations [12] and [13] yield 

kc h---~. u--g = 0-159 [14] 

The second part of the theory was presented as a series of graphs of ~ = 0.5h -~ vs the 
ratio (p/pp). Each graph was for a specific value of (d/dr) and contained a family of curves, with 
the pipe Reynolds number as a parameter. (d/dr) had the range 10-'-10 -2, (p/pp) had the range 

2 10-4-5 10 -3 and the Reynolds number the range 10'--5 105. It is noted that some extrapolation is 
necessary for some problems, especially with respect to the density ratio. 
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Figure 3. Hutchinson, Hewitt & Dukler's theory for the impaction collection of large particles. 
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In order to formulate a simple empirical correlation of h 2 it was assumed that a particle of 
initially zero velocity was caught up by an eddy with velocity u *. The eddy was assumed to have 

a lifetime proportional to (dr~u*) and in consequence h is found to be proportional to 

[(p/pp)(dr/d)Co], where Co, the drag coefficient, is a function of 

Ud (Re)p = - - .  [15] 
// 

It was found that a good approximation is that 

h HI p dr (Re)p'-°'72+°'°:'tnP'], [16] 

where H represents "function of". This conclusion is illustrated in figure 4. Also shown in the 

figure are the experimental results from Liu & Agrawal (1974) outside the eddy 
diffusion-impaction regime and it is seen that their results indicate a limiting value of h-~ of about 
0.88 rather than 5.1 for Hutchinson et al. (1971) theory. This may seem to cast doubts on the latter 

but it must be emphasised that the theory was extensively checked against experiment for large 
particles and drops away from limiting value of h 2 and it should be valid in that region. However, 
until further experiments are available to compliment the apparently accurate work of Liu & 

Agrawal, it is unwise to expect values of kc/u* greater than 0.14 in correspondence with 
h 2 = 0.88. 

It should be noted that Hutchinson et al. extended their theory to consider interactions of 
particles with the boundary layer and tested it against the experimental results of Friedlander & 
Johnstone (1957), amongst others, for the eddy diffusion-impaction regime. They found good 

agreement after selecting an adjustable parameter. However, the simple and well proven analysis 
given in the last section is more satisfactory for general use. 
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Table 1 

h 2 
H Hutchinson 

5 4.8 
2 4.5 
1 4.1 
5 10 -~ 3.72 
210 ' 2.66 
1 10-' 2.04 
510 2 1.44 
210 2 0.84 
1 10 2 0.55 
5 10 -~ 0.36 
210 3 0.194 
110 3 0.120 
510 ' 0.072 
210 -4 0.0346 
110 4 0.0190 

The coordinates of the theoretical curve of figure 4 are given in the above table. 
Lastly it is noted that the entry length illustrated in figure 3 and required for the mass transfer 

coel~cient to settle down to its constant value is about 15 pipe diameters, if h 2 is 0.88. 
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