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Summary 

Measurements of the positional variation of surface-attaching probabilities for 6.77p 
uncharged monodisperse uranine aerosol particles on a stainless steel plate are presented 
for a turbulent fiat plate boundary layer. The results presented include results for 
conditions in which the attaching probability is unity and less than unity. It was found 
that the variation of the attaching probability was invariant with position once the 
boundary layer became fully turbulent. 

Int roduct ion 

Turbulent deposition has been studied'by numerous researchers including 
Friedlander [1, 2], Owen [3], Davies [4, 5], Sehmel [6, 7] and Soo [8, 9, 10]. 

Recently, Soo [10] attacked the problem of deposition in a fully developed 
turbulent  pipe flow by introducing a sticking (attaching) probability for 
aerosol clouds coming in contact  with a surface. Soo [11] noted that  the 
attaching probability is a function of  material properties, has a value ranging 
from 0 to 1, and is a strong funct ion of the adhesive forces between the 
particle and the surface. 

The discussion which follows deals with the problem of determining 
attaching probabilities for turbulent  flow over a flat plate. Total deposition 
at regular intervals on a flat plate suspended in a wind tunnel  are determined 
for a turbulent  boundary layer with low free stream grid-controlled turbulence. 
From these data, attaching probabilities are determined for a well defined 
developing boundary layer. 

Governing equations 

In at tempting to solve the equations governing the flow of particles over a 
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flat plate, the question of appropriate boundary conditions arises. For a given 
fluid velocity distribution, the momentum and diffusion equations can be 
solved for the boundary condition of  particle velocity at the wall (subscript w). 

= + Upi (1) Upw -Lp  ~Xn w 

where Lp is the interaction length, Xn is the coordinate normal to the wall, 
and Upi is the particle velocity at the wall due to the inertia effect. The 
boundary  condition of particle density at the wall is given by: 

OPp 
Dp - -  = (1 o) [(fpn)Ts] Ppw-  ew (fwTs)Ppw- 

()Xn w 

- [ ( 1 - a ) P p w - O ' w P p b ]  ( f L T s ) + J s  

where Dp is the particle diffusivity, pp is the particulate cloud density, Ppw 
is the particulate density at the  wall, Ts is the relaxation time, fpn is the field 
forces per unit mass, a is the at tachment  probabil i ty for deposition, fw is the 
surface force per unit mass, ew is the at tachment  probabil i ty prior to the 
build-up of  a monolayer  of  deposited material, fL is the lift force per unit 
mass due to fluid shear in the vicinity of the surface, O'w is the probabil i ty of  
re-entrainment due to lift forces, Ppb is the density of  the packed bed on the 
collector, and Js accounts for the splashing phenomena discussed by  Soo [12]. 

The first term describes the mass flux to the surface due to field forces, 
the second term gives the deposit ion due to surface forces, the third term 
accounts for any erosion of material from a packed bed of  particles on the 
surface due to fluid shear and the last term denotes those particles in a 
deposited layer which are re-entrained due to large particles hitting smaller 
particles in the deposited layer thus causing them to be re-entrained into the 
stream. In this investigation, the experimental conditions were controlled 
such that the following terms were always negligible: 

[(1-O)Ppw -O'w Ppb] fLTs + Js 
In addition, by removing the charge on the aerosol prior to its arrival at the 

test section such that 

ow(fwPpwTs) >> (1 - o) (fpn)PpwTs 

the conditions at the boundary  can be described by 

3Pp 
- -  = (Jw [fwPpwTs] (2) J = - D p  3Xn w 
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A typical condit ion in which this is valid is when small uncharged particles 
are deposited on a flat plate. This work deals with the estimation of  aw for 
such a case. 

Experimental  set-up 

A one-foot-square steel wind tunnel approximately 24 ft. in length was 
constructed as a transport  system for the deposit ion studies as is shown in 
Fig. 1. Air entering the system passed through a 2 ft. × 2 ft. × 1 ft. absolute 
filter (99.99 % capture efficiency for Dp > 0.3U) and converged into the one- 
ft.-square working section. This enabled flow rates up to 1150 cfm (filter 
capacity) to be achieved, thus allowing velocities of  nearly 600 cm/s in the 
test section. The flow was induced by a blower on the exit end and exhausted 
through a ventilating hood. The flow rates were easily adjusted by  a damper 
on the blower and were measured by  a pressure drop across a calibrated 
ASME standard nozzle. 

Monodisperse uranine particles [13] were produced by  a vibrating orifice 
aerosol generator. A schematic of  the aerosol generation system is shown in 
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Fig. 1. Experimental configuration. 
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Fig. 2. The aerosol drying system consisted of an absolute filter (99.99 % 
capture efficiency for particles greater than 0.3p diameter) and an air heating 
section to increase its adsorption capacity for the volatile solvent. The drying 
air was then passed through a static eliminator (Po 210 source) producing a 
flow of  ionized air to remove any residual charge residing on the particles. 
The aerosol was introduced as shown in Fig. 1 immediately downstream of 
the filter in the converging section and parallel to the flow direction through 
a 90 degree turn in the brass tubing. The flow then passed through a Stairmand 
Disk [14] to increase mixing and homogenei ty  of  aerosol in the flow stream. 
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Fig. 2. Monodisperse aerosol generator. 

The disk greatly increased the turbulent  scale of  the airstream. In order to 
reduce the large scale turbulence, the air was first passed through a p lywood 
grid full of  1 in. diameter holes and then through a series of five 1 ft. X 1 ft. X 
1/16 in. mesh grids spaced 1 in. apart [15]. This latter array of  screens 
further reduced the turbulence intensity to 0.8 percent) and produced nearly 
isotropic turbulence in the test section. The aerosol then entered a 4-ft.-long 
plexiglass test section equipped with removable elements at the top  and side. 

The aerosol flux was measured with an isokinetic nozzle--filter arrangement 
held in place by a thin, vertical rod attached to a traversing mechanism. 

The flat plate used for deposit ion studies was made of  stainless steel and 
was 24 in. X 6 in. X 3/16 in. in dimension. It was suspended in the center of  
the duct  with the leading edge 6 in. (or about  100 mesh diameters) down- 
stream from the grid system. The plate was held in place by 10 rods, 1/16 in. 
in diameter, threaded into the sides of  the plate to isolate it f rom any wall 
support  effects and to enable it to be electrically grounded. The plate had a 
rounded-circular nose (1:1 ellipse) to produce laminar separation at the nose 
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and to reduce the sensitivity of the  plate to the angle of  at tack (although the 
plate was kept  exactly level at all times). 

Turbulence intensity and mean velocity profile measurements were made 
along the flat plate before the addition of  any particles into the tunnel with 
a single channel T.S.I. hot  wire anemometer  and a boundary  layer probe. 

Results and Discussion 

Carrier gas 
A study of  the grid-controlled turbulence intensity and the mean velocity 

profile was undertaken,  beginning at a downstream distance from the grid of  
approximately 100 mesh diameters with the flat plate removed from the test  
section. The flow velocity was 268 cm/s (8.8 ft./s), yielding a Reynolds  
number  of  about  55,000. 

0 readings taken from the entire duct  cross-section at 100 mesh diameters 
downstream (the plane immediately perpendicular to the chosen position for 
the flat plate) revealed a blunt,  square profile of  the fluid approaching the 
plate for nearly an l l - in.-square region. Only the outer  inch began to show 
wall effects and, thus, it was felt that  the plate was suspended in a well 
defined, well controlled turbulent  regime allowing a reasonable, reproducible 
study of  the deposit ion caused by the boundary  layer alone. 

Hot  wire measurements in the boundary  layer of  the 24 in. × 6 in. flat 
plate yielded [~ and u' values. Readings were taken 1 in. upstream of  the 
leading edge and at 1 in. intervals along the plate in the downstream (z) 
direction. Laterally, the entire 6 in. width was analyzed revealing a 4 in. 
center width unaffected by  the plate supporting rods. Thus, deposit ion 
analysis excluded the outer  1 in. on each side of the suspended plate. The hot  
wire analysis results are summarized in Figs. 3 and 4. 

These plots reflect the developing nature of  the profile. Published shape 
factor data [16] show that a laminar boundary  layer has H values above 2.0, 
where H is the ratio of  the boundary  layer displacement thickness and the 
momen tum thickness. The values obtained show H from about  2.5 at x = 
6 in. to about  1.7 at x = 23 in. The irregular nature of  the  turbulent  boundary  
layer and the extreme rate of  growth of  the redeveloping section is revealed 
by the nearly constant  value of  H at x = 10--14 in. Few data are available for 
Reynolds  numbers based on momen tum thickness, Re0, less than 300, so 
comparisons are difficult. Data by Hansen [17] suggest that  the value of  the  
Reynolds  number  based on the displacement thickness, Res ,  for which the 
boundary  layer becomes turbulent  is 2700. This corresponds to H ~- 2.05 and 
Re0 -~ 260. 

Curve fitting using data from Rober t son  [18] enabled a virtual origin of  
x0 = - 2 . 1 8  in. to be determined and Reynolds  numbers based on x - x0, 
Rex-xo, to be calculated. 

While a spectrum or intermit tency analysis was not  undertaken, the 
anemometer  ou tpu t  was continuously moni tored with an oscilloscope and 
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Fig. 3. Measured values of the shape factor H. 

the  t race  was comparab l e  wi th  publ ished osci l loscope ve loc i ty  t races  [19] .  
The b o u n d a r y  layer  appeared  ful ly  t u r b u l e n t  ( i n t e rm i t t en cy  = 1) f r o m  x = 
19 in. on  via osci l loscope t races  and the  shape factor .  

Al though  spec t rum and Reyno ld s  stress measu remen t s  were  no t  taken,  all 
the  t u rbu l ence  da ta  r e co rded  were  f o u n d  to  be comparab le  wi th  the  measure-  
men t s  of  K l e b a n o f f  [19]  in the  ful ly  deve loped  t u r b u l e n t  region.  

Particle cloud concentration 
The  par t ic le  c o n c e n t r a t i o n  prof i les  were  ob ta ined  using an isokinet ic  

nozzle  sampling system.  The  samples were  t aken  for  a per iod  o f  5 min  each 
and the  f i l ter  paper  was ana lyzed  f luo romet r i ca l ly  for  to ta l  mass. Th e  resul t  
in micrograms was ra t ioed  to  the  to ta l  vo lume  sampled.  The  results o f  the  
measu remen t s  showed  tha t  t he  c o n c e n t r a t i o n  values at  y = -+ 4 in. were  
a p p r o x i m a t e l y  85 % of  the  cen te r  value of  3 .02 # g /m  3 and the  y = - 2  in. was 
on  the  average 8 % less than  the  y = + 2 in. pos i t ion .  
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Fig. 4. Measured values of Re 0 and Re 8 . 

Deposition results 
As noted  earlier, the objective of  this s tudy was to  obtain experimental  

estimates of  deposi t ion under  condit ions of  total  (Ow = 1) and partial (Ow < 1) 
adhesion. In particular, the deposi t ion informat ion was to be obtained under  
control led and well-defined turbulent  conditions. The total  sampling deposi- 
t ion area was 51.613 cm 2 as the plate was analyzed in strips 2 in. in the flow 
direction and 4 in. wide (the outer  inch on each side was ignored). 

The plate was exposed to the aerosol for  70 min per run. Each strip was 
then wiped with an absorbent  tissue. A number  of preliminary runs were 
conducted  to  insure the accuracy and reproducibi l i ty  of  the  technique 
especially in the case of  the f luorometr ic  blank. Two plate surface condit ions 
were tested with the relative humidi ty  of  the carrier gas constant  at 58 %. 
The first set of  experiments  for rw = 1 were run with the plate surface 
covered with a known volume of  oil (Octoil S). Using an equat ion given by 
Perry [20] and data for  Octoil  S the surface tension force was found  to be 
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0.1211 dynes for a 6.77 pm diameter particle. Because the calculated shearing 
stress at the plate surface was found to be several orders of magnitude less 
than the surface tension exhibited by the oil, it was assumed that any particle 
reaching the surface was retained by the oil film. The second experiment,  for 
o < 1, was run with a clean dry plate. Between each run the plate was thor- 
oughly cleaned. Since all the particles reaching the wall are captured under 
conditions of aw = 1, the difference in the deposition fluxes for the conditions 
Ow = 1 (condition 1) and Ow < 1 (condition 2) yields the loss of  particles from 
the plate under the dry surface condition. Mathematically, this gives 

Fw Ts Fw Ts 
. . . . . . . . . . .  - O w 2  P p w 2  - - -  °wl Ppwl mp 1 mp I 2 

Since owl = 1 the above reduces to 

Fw T s Fw Ts 
Ppwl = Ppw 2 

mp 1 mp 2 

Fw Ts 
( 1  - Ow2 ) Ppw2 . . . .  

mp 

Therefore, from eqn. (2) 

O w l  g W 2  

But Owl = 1, hence 

OW2 J 1  

Table I gives the values of the mass flux, and Ow for various plate positions 
under the two surface conditions. In assessing the magnitude of the computed  
values of  Gw2 it should be recognized that the forces contributing to particle 
capture and retention under dry plate conditions include London--Van der 
Waal forces, hydrated layers on the aerosol surface and the surface roughness 
of  the plate. 

The averaged deposit ion results :for the two experimental conditions 
considered are shown in Fig. 5. Figure 6 shows the variation of  the attaching 
probabilities with downstream position. The trend for the plate follows the fluid 
behavior of  the developing boundary  layer, ow 2 is much higher on that  part of  the 
plate under the influence of  the laminar free shear layer. The value decreases 
sharply at 2--4 in., due perhaps to reat tachment  and excessive rebounding. 
As the boundary  layer grows and becomes more turbulent,  mixing increases 
and so does the a t tachment  probabili ty.  At x = 10--12 in., the fastest rate of  
growth is observed and the boundary  layer then becomes more developed 
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TABLE 1 

Plate posit ion J1 J2 J2 

0--2 4.225 a'b 2.491 a' c 0.5854 
2--4 4.142 1.813 0.4377 
4--6 3.734 2.353 0.6302 
6--8 4.106 2.768 0.6741 
8--10 4.428 3.091 0.6981 

10--12 4.705 3.367 0.7156 
12--14 4.982 3.506 0.7037 
14--16 5.213 3.644 0.6990 
16--18 5,397 3.713 0.6879 
18--20 5,582 3.737 0.6695 
20--22 5.674 3.759 0.6625 
22--24 5.766 3.783 0.6561 

a Average values. 
b Oil-covered plate. 
Cpolished dry plate, 
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Fig. 5. Particle deposit ion distribution. 

a n d  t u r b u l e n t  w i t h  a d e c l i n e  in  o w t o  r e l a t i v e  c o n s t a n c y  a t  x = 19  in.  O f  
p a r t i c u l a r  i n t e r e s t  in t h e  f i g u r e  is t h e  c o n s t a n c y  o f  Ow in a f u l l y  d e v e l o p e d  
t u r b u l e n t  b o u n d a r y  l a y e r  (x = 1 9 - - 2 4  in . ) .  T h i s  l a c k  o f  s p a t i a l  d e p e n d e n c y  
f o r  Ow wi l l  b e  p a r t i c u l a r l y  i m p o r t a n t  f o r  t h e o r e t i c a l  m o d e l s  d e a l i n g  w i t h  f u l l y  
d e v e l o p e d  t u r b u l e n t  b o u n d a r y  l a y e r s  w i t h  d e p o s i t i o n ,  I t  is h o p e d  t h a t  t h e  
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results presented in this paper will be of use to researchers dealing with the 
deposition of particles in fully developed boundary layers. 
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Fig. 6. Particle-attaching coefficient distribution. 
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