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AEROSOL DEPOSITION FROM TURBULENT 

AIRSTREAMS IN VERTICAL CONDUITS 

G. A. Sehmel 

ABSTRACT 

BNWL-578 

The general equations of continuity are set up to describe deposi­
tion of particles in which the eddy diffusi vity is related to the Reynolds 
stress. Simplifying assumptions in the general equations as well as sim­
plifying assumptions to obtain a workable model are discussed. The 
general equations are used as a basis from which to discuss existing 
models of turbulent deposition. A model is being developed for the case 
of deposition in tubes. Deposition velocities are shown using the initial 
assumptions for solving the model. 

The deposition of 1 to 28 iJ. particles was measured in lengths of 
0.21, 0.62, 1. 152, and 2.81 in. ID aluminum tubes. Uranine or uranine­
methylene blue particles of a narrow size range generated with a spinning 
disc aerosol generator were passed through the tubes. The deposition data 
are reported as deposition velocities for each tube size as a function of flow 
rate 1 or Reynolds number 1 and particle size. 

Deposition velocities are from about 10- 4 to 10 cm/sec. In general, 
for a given particle size and tube diameter, the deposition velocity remains 
low at about 10- 4 cm/ sec as the Reynolds number is increased above 2000 
which is the flow transition region from laminar to turbulent flow. A s flow 
becomes more turbulent, the radial motion of the particles becomes increas­
ingly greater. This causes deposition to increase rapidly with Reynolds 
number. Above critical turbulent Reynolds number ranges, the deposition 
velocity increases rapidly as the Reynolds number is increased. These 
ranges of rapid initial increase start for Reynolds numbers from about 
2,000 to 50, 000. The Reynolds numbers required are a function of par­
ticles size and tube size. For further increases of Reynolds number, the 
deposition velocities increase to the order of 10 cm/sec. 

At still higher Reynolds numbers, the apparent deposition velocity 
decreases below the order of 10 cm/ sec due to particle re-entrainment 
from the tube surfaces. This decrease was observed to be down to an 
apparent deposition velocity as low as 10- 3 cm/ sec for the range of vari­
ables shown. For these same conditions, the deposition velocity will remain 
at about 10 cm/ sec, if n~-entrainment is minimized by covering the tube 
surface with a tacky coating. The tacky coating may also increase the depo­
sition for the region in which the deposition velocity increases rapidly with 
Reynolds number. Conditions exist for which the deposition velocity for 
2 iJ. diam particles is increased one magnitude by the tacky coating. This 
indicates that the 2 iJ. particles are re- entrainable. 
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AEROSOL DEPOSITION 

FROM TURBULENT AIRSTREAMS IN VERTICAL CONDUITS 

G. A. Sehmel 

INTRODUCTION 

The purpose of the study reported herein was to determine the 

variables and their relationships which affect particle deposition to the 

walls of vertical conduits. These relationships will have direct imme­

diate application to predicting deposition in lines transporting particles. 

Understanding of the basic mechanisms should lead to better under­

standing of deposition it?- the most general cases. 

Deposition processes are the basic mechanisms by which 

particles are removed from an airstream. The effectiveness of these 

processes may be deliberately enhanced in air-cleaning systems. Nat­

ural deposition processes are effective in the environment in bringing 

airborne particles to rest. 

These deposition processes are extremely important in assess­

ing the significance of radioactive fallout, in determining the biological 

consequences of particles inhaled into the lungs, and in the design of 

effective air-cleaning devices. Deposition is similarly important in 

transporting particles in conduits or other passageways. It is impor­

tant, therefore, that deposition processes be well understood to obtain 

the maximum benefit when deposition is beneficial or to minimize the 

deposition when it is harmful or undesirable. 

SUMMARY 

Particle deposition has been characterized by a deposition 

velocity, K, defined as the number of particles deposited per unit 

area per unit time per unit average concentration in the gas over the 

surface. Particles carried in an air stream through a conduit are 

deposited on the walls to a degree depending upon the deposition 
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velocity, tube length, tube diameter, the average velocity in the stream, 

the tube surface conditions, and perhaps other variables. The deposition 

velocity may be calculated from a simplifying particle mass balance 

around the tube from the model, 

(1 S) 

in which C is the average concentration of particles in the air at a dis­

tance, L, downstream of the initial entering concentration, C ; V is the 
o 

average air velocity; and D is the tube inside diameter. 

Friedlander and Johnstone, (1) Owen, (2) and Davies(3-5) have pro-

posed theories to predict the values of the deposition velocity from tur­

bulent flow. These theories are discussed in terms of the general equation 

of continuity. In these theories, the assumption is made that particles will 

move toward the wall due to a particle turbulent diffusivity, € • The par-
p 

ticle diffusivity is used to calculate the flux of particles to the tube wall 

from the expression 

N = -EO 'i7C 
P 

(2S) 

In this expression, 'i7C is the particle concentration gradient from some 

point in the flowing stream toward the wall. The assumption has always 

been made that the concentration of particles is maximum in the turbulent 

core, and that the concentration decreases as the tube wall is approached. 

The transport of particles to the tube wall has been explained in terms of 

the concentration gradient- -particles go from a high concentration to a low 

concentration at a rate proportional to the particle diffusivity. Particles 

diffuse down the concentration gradient until they reach a distance from 

the wall equal to the stopping distance for the velocity the particles possess. 

Motion to the wall from this point is assumed to be by "free-flight ". The 

free-flight or stopping distance is determined by particle size, gas veloc­

ity, viscosity, and other variables. 

Air loadings of particles were measured as a function of radial dis­

tance from the center of a 2. 81 in. ID tube when monodisperse particles 

were being carried in a turbulent flow. When the tube was coated to 
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provide a tacky surface, particle loading profiles were similar to veloc­

ity profiles as qualitatively anticipated. For many conditions, however, 

a higher flux of particles was moving down the tube very near the wall than 

out in the center of the tube. These "inverse 11 flux profiles are evidence 

that the diffusion of material from the central region of the tube to the wall 

cannot always be expressed by as simple a diffusion equation as that shown 

in Equation (2S), Theories developed to date thus fail to take into account 

all the parameters influencing net deposition, and this is especially true 

when rebounding and re-entrainment from the wall occurs. Marked 

rebounding or re- entrainment can be prevented by coating the internal 

surfaces of a tube with petroleum jelly which serves as a near perfect 

sink for particles. In these cases, the diffusional models should be more 

applicable. The deposition velocities for tacky surfaced tubes are much 

higher than for untreated tubes for many combinations of variables. 

The deposition of 1 to 28-1J. diam particles was measured in lengths 

of 0.21, 0.62, 1. 152, and 2.81 in. ID aluminum tubes. Uranine or 

uranine-methylene blue particles of a narrow size range generated with 

a spinning disc aerosol generator were used. Deposition velocities are 

from about 10-
4 

to 10 cm/sec. In general, for a given particle size and 

tube diameter, for an as-received tube, the deposition velocity remains 

low at about 10 - 4 cm / sec as the Reynolds number is increased above the 

transition region at around 2000. Depending upon tube size and particle 

size, a rapid increase in deposition velocity as Reynolds number is 

increased occurs somewhere between Reynolds numbers from about 2, 000 

to 50, 000. 

The increase is to the order of 10 cm / sec and can occur over a 

small range of Reynolds numbers from 2000 to 5000, or over a large 

range of Reynolds numbers from 5,000 to 50,000. At still higher Reyn­

olds numbers, the apparent deposition velocity decreases below the order 

of 10 cm/sec due to particle re-entrainment from the tube surfaces. 

This decrease was measured to apparent deposition velocities as low as 

10 - 3 cm/ sec for the range of experimental variable s. 

Experimental deposition velocities for 2-~ diam particles in a 

O. 21 in. ID tube are compared with those predicted from the models of 
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Friedlander and Johnstone, Davies, and the author. The comparisons 

indicate that the theories show some agreement, but theoretical predic­

tions still need to be improved. Improved theory is being sought. 

THEORETICAL DEVELOPMENT 

We can derive equations to describe isothermal particle motion 

in air and the final surface deposition when end effects are unimportant. 

The equations will be developed for the general case and will then be 

simplified to the geometry of a vertical tube. The equations will be appli­

cable to the cases in which the concentration decreases continuously as the 

wall is approached. First, however, we will consider qualitatively what 

happens to solid particles flowing vertically upward in turbulent flow in 

a tube. Of concern is the relative motion of turbulent eddies and the 

t
· 1 (6) par lC es. 

A particle tends to follow the turbulent air motions if the par-

ticle response time(7) to drag forces is small compared to the lifetime 

of the eddy. In contrast, if the response time is long, the particle will 

not be appreciably affected by an eddy unless the eddy is large or the time 

of particle flight through the eddy is long. The effect of the eddies of con­

cern to us for deposition, is the radial motion towards the walls which is 

imparted to the particles. It is radial motion which eventually causes the 

particles to impact on the tube walls. In considering this radial motion 

we must consider that each particle does not move by a continuous radial 

outward movement. Actually, each particle moves by a series of random 

outward and inward movements. However, we may consider that on the 

average there is a net outward radial flux, if all particles in the tube are 

considered together. These particles will then have a statistically aver­

age radial outward movement. The statistical movement must also be 

considered for the turbulent eddies since eddies are not of a single size 

but have size and frequency distributions. (8) We do not know whether 

the average eddy or the eddies at the extreme end of the eddy distribution 

are the important cause of the radial particle movement. Likewise, for 

the particle radial velocities, we do not know what portion of the particle 

velocity distribution is important for causing the radial movement and 
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final deposition on the tube walL Obviously» those particle s propelled 

toward the wall at a sufficiently high velocity will have a greater chance 

of reaching the wall than one caught in a less energetic eddy. Differences 

also exist between the axial upward movement of the particles and the air. 

The relative motion in the axial direction between the particles 

and the turbulent air is also dependent upon the diffusion time as a par­

ticle crosses an eddy and upon the relaxation or response time of a par­

ticle, In addition, we will cons ider the diffe rences in motion due to 

gravity and the quasi -steady air velocity profile. The quasi -steady air 

velocity profile is that which would be measured with an air meter with 

a very slow response time. Thus, a particle in quasi-steady flow with 

only vertical motion will have a relative motion to the air caused by the 

gravitational force. A further difference in quasi-steady axial velocities 

may also occur due to the air velocity profile. To illustrate this dif­

ference, we will consider the motion of a particle as it moves from the 

tube center toward the tube wall in quasi-steady motion. At the tube 

centerline the axial velocities of both particle and air will be the same 

except for the gravity effect. This centerline axial velocity for highly 

turbulent flow will be about 1.2 times the average air velocity across the 

tube. (9) This means that the situation can occur in which a particle 

rapidly moves radially from the tube center, and hence, due to inertia, 

will have a greater local axial velocity than the average air. This differ­

ence in axial velocities means that the relative particle residence time in a 

radially moving eddy may be less than a residence time based on the aver-' 

age axial airflow. Since the residence time may be Ie ss, the effect of a 

radially moving eddy will be less on the radial motion of the example 

particle. 

The high relative axial velocity of the example particle compared 

to the air velocity must be dissipated as energy; and, hence, particle 

drag will tend to flatten the air velocity quasi-profile from that air 

velocity profile for which no particles were present. These differences 

in air velocity profiles are quantitatively unknown and have been neglected 

in all deposition models. These differences will be mentioned later in 

connection with the relative momentum f1ux-to~the -wall by particle 

deposition and by turbulent air drag. 
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To summarize, the description of a particle's inertia and drag in 

a turbulent flow is more complex than the usual complexities of describ­

ing turbulent fluid flow. In turbulent flow, the simplifying assumption is 

usually made that eddy diffusivities can be used to describe the combined 

effects of turbulence for fluids. Thus, in a similar simplifying manner, 

the concepts of turbulent eddy diffusivity of fluid momentum may be 

extended by analogy to also describe a particle eddy diffusivity. The 

concept of a particle eddy diffusi vity may be questioned, but surely we 

may define an effective diffusivity in order to write an equation of con­

tinuity for particles. To do this, we must assume that the isolated par­

ticles in the air can be described by the continuity equation which is a 

continuous function requiring continuous concentration gradients. 

CONTINUITY EQUATION 

A t ' . t ,(1 0 - 1 5) f '1 'II b ' b 1 con InUI y equatIon or parhc es WI e wrItten y ana -

ogy with the continuity equation for a fluid. The use of this equation is 

a convenient method by which to ensure that all assumptions are noted in 

deri ving a simple radial diffusive flux equation in a tube. After the gen­

eral equations are discussed, the simplifications needed to arrive at 

three deposition models will be di~cussed. These simplifications are 

noted since all assumptions have not necessarily been discussed in the 

deri vations of these models of Freidlander and Johnston, Owens, and 

Davies. 

The continuity equation is an analytical expression for the con­

servation of mass which is 

(

Rate of Change) (~ate of genera-) 
of mass per = hon of mass 

(

Flow losse) (Non-flow losses) 
- of mass per - of mass per (1) 

unit volume per unit volume unit volume unit volume 

or analytically in the same order 

( 2) 
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where the integrals are over the volumes, V, and the containing surfaces, 

S. The variables are the concentration, C; the generation rate, G; (i. e. , 

does a source or sink of material exist within the fluid?); the velocity 

vector, ~; the outward unit normal through the flow surfaces, r;.; and the 

flux at the solid surfaces, N. 

Since we are interested in the steady state deposition of particles 

in which there is no generation in the air, the term on the left and the 

first term on the right side of the equation are zero; and thus we have 

The divergence theorem of Gauss(16b} relating the volume integral to 

the surface integral on the left side of the equation is applied, and thus 

the equation is changed to the form 

( 3) 

( 4) 

where 'il is the vector differential operator known as "del". For sim­

plicity of discussion this equation will be considered at the present time 

in a rectangular coordinate system. In rectangular coordinates del 

reduces to (l6d) 

'il =L o. ~ , . 1 uX. 
1 1 

where f>. are the unit vectors and the x. are the variables associated 
1 1 

with the 1, 2, 3 axes. The divergence term reduces to 

This means that particle deposition, NdS, is a function of both veloc­

ity and concentration profiles. 

However, by neglecting the velocity profiles and considering 

only axial concentration profiles, we can derive an expression used to 

( 5) 

(6) 
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to define the experimentally measured deposition velocity, K, in tubes. 

This deposition velocity is measured by the decrease in average air con­

centration in a tube. Thus, Equation (4) reduces to 

AV \7C = -N (7) 

where A is the cross sectional area of the tube of diameter D. V is the 

average velocity defined by 

V = 

ro 2TtoD /2 
) C)O v r dr de 

where v is the quasi-steady axial velocity which is a function of the 

tube radius, r, and 8 is the angle in cylindrical coordinates. 

( 8) 

If Z is the axial coordinate in the vertical tube, then Equation (7) 

reduces to 

D2 
~ VdC= -NnDdZ 

Now the deposition flux, N, is experimentally interpreted to be the 

product of the deposition velocity and the average concentration: 

N = K C 

where the average concentration is defined by 

C = 

r2n rD
/

2 

)0 ) 0 C r dr de 

!c 
2n!cD/ 2 

r dr de 
o 0 

( 9) 

no) 

(11) 

in which C is the concentration which is a function of ~.ube radius. Com­

bining Equations (9) and (10) and integrating yields 

r C dC = _ ~ r~ dZ 
)C C VD)O 

o 

(12) 

'", 
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Now if K is constant, 

C K L 
In(C--) = - 4(V )(j) 

o 
(13) 

This is the model used to interpret experimental deposition. (1,17, 
18 19 20 21 22 23) . .. 

, , , " However, we would llke to be able to predIct deposl-

tion from a more fundamental understanding of the particle transport 

mechanisms. Thus, concepts of particle eddy diffusivity arising from 

turbulent motion will be considered in relation to the continuity equation. 

MOMENTUM FLUX CONCEPTS 

We will first consider momentum concepts in rectangular coor­

dinates of a fluid flowing in the x direction with a velocit y gradient in the 

y direction. The shear stress on a surface of constant y is by Newton's 

1 f · 't (1) aw 0 VISCOSI y, 

dy 

T xy = - (~ + p d dyX (14) 

where ~ is the viscosity, 0 is fluid density and E: is the eddy diffusivity 

of the fluid. For turbulent flow, pc »~ and, thus, ~ is neglected. 

Simplifying assumptions can be used to relate the fluid eddy dif­

fusivity to a particle eddy diffusivity; (24, 25) this simplifying will be 

done later. At present, we will consider the momentum flux interpre­

tation of the shear stress. The shear stress, T ,may also be inter­

preted as the flux of x momentum in the y direc~ron. (16a) When depo­

sition occurs on a surface of y = 0, the depositing particles will also 

contribute to the total momentum flux. The relative contributions to 

the momentum flux will be considered since we are to use Equation (14) 

to relate the eddy diffusivity to the shear stress. 

The maximum axial momentum associated with particles which 

deposit on the tube walls will be the product of the particles' mass and 

the average axial velocity. Now, if the concentration, C, and the depo­

sition velocity, K, are known, we can calculate the momentum flux, 

T , of particles depositing on the tube wall. In addition, we can compare 
p 
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the momentum flux, ,. , of particles to the fluid shear stress, ,. , at the 
p s 

tube wall by using the definitions of the deposition velocity and the Fanning 

friction factor, f. The relationship is 

~= (15) 

"s 

where m is the particle mass and the areas are comparable tube surface 

areas. Simplification for spherical particles yields the expression 

d 3 p 
K C 2 ----.p 

= IT V 1" p 6 T 
S 

(16) 

We want to evaluate this equation by using typical values of the constants 

which would maximize the ratio. These values and a typical concentration 

are: 

D = 1cm 

K/V = 10 - 2 

C = 1 particle/ cm 3 

f = 0.003 
-3 3 

p = 1 x 10 g/cm 

d 10 f1 
-3 

= = 1 x 10 cm 

1. 5 g/cm 
3 

Pp 

Evaluation of Equation (16) using these constants suggests that the 

momentum flux associated with deposition is negligible (10 - 5) compared 

to that for fluid shear. This small contribution to the momentum flux 

tends to indicate that the turbulent air velocity profile may not be signifi-
. (26 27) 

cantly affected by the presence of the parhcles. ' Nevertheless, as 

the particle approaches the wall from the tube center, the particle axial 

velocity may be greater than the local air average velocity. The energy of 

setting air in motion by the particle is neglected. (28) 

Thus, our basic assumption is that the particles do not alter the 

air motion. We next assume that the eddy diffusivity of particles is identi­

cal to the eddy diffusivity of the fluid. This assumption is required since 

we presently have no other recourse, unless we simply say that E: is a 
p 
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function of E:. Indeed Goldschmidt and Eskinazi (29) have recently shown 

that, even for mass-mean diameter droplets of only 3~, the diffusion 

of fluid momentum is faster than the diffusion of the droplets. The only 

other data for turbulent diffusion of particles is that of Wakstein (30) for 

large 250 ~ diam particles in a tube. None of these diffusion data are 

generally applicable; and hence, we must still assume the equality of dif­

fu sion coefficients. 

EDDY DIFFUSION COEFFICIENTS 

The eddy diffusion coefficient can be calculated from measure­

ments of the turbulent air velocity, 

v = v + v' (17) 

where the prime denotes the turbulent fluctuations about the average 

value indicated by the bar notation. For our discussion purposes, we 

will consider the fluctuation velocities v' and v' in the x and y directions, 
x y 

respectively. The terms are contained in the x-y component of the momen­
-(t) (16b) 

tum flux tensor I. The components of the flux tensor are the Reyn-

olds stresses due to the turbulent fluctuations. The component, T , of 
yx 

the flux tensor is the shear term in the x direction on a plane of constant 

y. This shear term is the Reynolds stress 

T = P v' v' yx x y , 
(18) 

and contains the product of the fluc'tuation velocities v' and v' in the direc-
x y 

tion of, and perpendicular to, the main flow. The bar over the product 

denotes the time average of the product. By combining Equations (14 and 

18), the eddy diffusion coefficient is defined as 

v' v' 
= x y 

€ dv 
x 

dy 

(19) 

This value of E: is not constant and increases as the distance from the wall 

is increased. 

To be noted is the implicit assumption that an eddy diffusion coef-

ficient has meaning. For instance, another relationship between Reynolds 
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stresses and velocity gradients is von Karman's similarity hypothesis(16c) 

which for a plane is 

'T" 
yx 

dv 
dy 

x 
( 20) 

were)j is a "universal II constant. As seen, in comparison with Equation (14), 

an eddy diffusivity does not appear in the equation. Similarly, for axial tube 

flow, 

2 
'T" = -PI{ 
rz 

(21 ) 

For cylindrical coordinates, an added term is required in the denominator. 

CONCENTRATION DISTRIBUTION IN TURBULENT FLOW 

We have now looked at the evaluation of eddy diffusion coefficients, 

and also the continuity equation based on quasi- steady flow velocity. These 

will now be combined for turbulent flow. In turbulent flow the concentra­

tion and velocity may be represented by 

( 22) 

and 

v = v + v' ( 23) 

where the prime signifies the turbulent fluctuations about the average value 

indicated by the bar notation. These values are substituted into the continu­

ity equation 

oC 
CIt 

2 
= -'Y' (Cv) + D'Y C ( 24) 

where [j is the diffusivity in order to obtain the time smoothed equation of 

continuity 
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(25) 

In this time-smoothed equation the product of a bar term times a primed 

term was zero, since the integral over time of the primed term is zero. 

Since the substantial time derivative is defined as 

DC = _ 6 C + v.v C 
Dt at 

(26) 

and '\Jv = 0 (27) 

for an incompressible fluid, Equation (25) can be expressed in terms of 

laminar and turbulent diffusion fluxes 

(28) 

which describes the substantial time derivative following the v motion of 

the particles. This form of the equation readily shows that the concentration 

change on the left side of the equation is caused by the divergence on the 

right side of the equation of the laminar and the turbulent diffusion fluxes, 

respectively. The laminar flux is relatively unimportant, except possibly 

in the final approach to deposition on a wall surface. Even here, a mechan­

isms of particle motion by free flight would appear to be more significant 

than diffusion. Thus, laminar diffusion will be assumed negligible in sub­

sequent discussions. The turbulent diffusion flux is from Equations (25) and 

(28) , 

1. (t) = v'.C' 
1 1 

and by analogy with Flick's law of diffusion, we write 

- (t) 
J 

y 
= _ E: dC 

P dy 

This is the point at which we apply our assumption of equality of the 

eddy diffusivities, 

(29) 

(30) 

(31) 
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Equation (25) now becomes 

(32) 

We simplify the equation by setting the time derivative eq'Jal to zero by 

observing the concentration at a fixed location at steady flow. Thus, 

(33) 

We now assume axial symmetry in a vertical tube, diffusion only in 

the radial direction, and quasi-steady flow only in the axial direction. With 

these assumptions the eq'Jation redlces to 

oC d _ 0 oC rv - +-_-(Crv) - --(€r-) 
z 0 Z dr r or or 

The underlined term is also zero under our assumptions since 

v = 0 
r 

(34) 

(35) 

This underlined term is a source of criticism of the existing models 

of deposition of Friedlander and Johnstone, Owen, and Davies. In their 

models the assumption is made that particles diffuse up to near a deposition 

surface. The last stage of deposition is by a "free-flight" in which the 

particles are deposited in a projectile-like manner. The free-flight dis­

tance, S, 

( 36) 

where the relaxation time, T, for a spherical particle is 

( 37) 

The radial velocity, v r' is assumed to be acquired at the last instant of the 

diffusion before free-flight occurs. This is an unrealistic assumption in 

terms of the continuity equation, since an instantaneous source of velocity 

is not present only at the distance S for each particle. We could consider 

that no radial velocity exists and from Equation (34), after dropping the 

term containing v , define an eddy diffusivity by 
r 
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e: = (38) 

However, evaluation of this equation would require a detailed knowledge 

of the concentration profiles. If a source of radial velocity did exist at 

the distance S, other sources of radial velocity should also be present 

throughout the tube. However, particle radial velocity data are not known. 

Thus, we too, resort to the assumption that the radial velocity is 

zero. Integration of Equation (34) yields 

(R oC 
J6 r v z oZ dr 

oC 
2n E: r ~ 

=N 

(39) 

r=R 

where N is the experimental total deposition at steady state. This is the 

equation to which the models of Friedlander and Johnstone, Owen, and 

Davies will be compared. 

MODEL REVIEW 

All three models predict deposition velocities and are discussed 

and evaluated in terms of deposition in a two-dimensional rectangular 

coordinate system. The airflow is in the x direction and deposition is in the 

y direction. The conceptual bases of Friedlander and Johnstone, and Owen 

models are similar; that is, a boundary layer exists between a deposition 

surface and a central core of uniform concentration. Particle motion is by 

eddy diffusion from the uniform core to within a free flight distance of the 

deposition surface. In comparison to a uniform core, in Davies model particle 

motion is by eddy diffusion from the tube center to the free-flight distance. 

The free-flight distance is hypothetical, but is a useful concept for modeling . 

At the free-flight distance, particles have a sufficient velocity toward a sur­

face to oppose viscous drag and to cause the particles to deposit on the 

surface. 
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The rationale behind the assumption of a free-flight distance is most 

readily seen, if we consider particle deposition on the underside of a hori­

zontal surface. For this geometry the forces on particles are turbulent dif­

fusion forces in the upward direction which are opposed by gravitational force. 

Owen illustrates that the gravitational force may very well be much greater 

than the diffusional force. However, we have all seen where dust has col­

lected on the underside of an objective. This means that particles must have 

had a finite velocity whkh caused the particles to impact. All three writers 

agree that this velocity must exist, but are in serious disagreement as to 

what velocity is best. 

Each model will be discussed, but first we will define dimensionless 

terms which are used in each model. A dimensionless distance is 

+ u,,-
y =y~ (40) 

v 

and a dimensionless velocity is 

u+ = u/u,:, ( 41) 

where u,:, is the friction velocity and \) is the kinematic viscosity. The fric­

tion velocity is defined as 

TO 1/2 
u,:, = (-) (42) 

p 

where TO is the wall shear stress. If TO is not known, it can be calculated 

from pressure drop data in a tube or from correlations of the Fanning fric­

tion factor, f. For turbulent flow in tubes, 

2n R TO = n R2 dp 
dx 

( 43) 

where R is the tube radius and dp/ dx is the pressure drop. Thus, 

_ R dp 
T ---
o 2 dx 

( 44) . . 



and the friction velocity is 

Similarly, 

1/2 
= (B dp) 

u,:' 2p dx 
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and combining flIuations (42) and (46) yields the equality 

BNWL-578 

(45) 

(46) 

(47) 

The boundary layer is usually described in terms of the distance, 

y+, from the surface. In a structuring of the boundar:y layer, the region 

below a y+ of 5 is considered the laminar sUblayer. The region between 

y+ of 5 and about 30 is the buffer layer. The region beyond a y+ of 30 is 

in the turbulent core. 

MODEL OF FRIEDLANDER AND JOHNSTONE 

The structural layer concept of the boundary layer was used by 

Friedlander and Johnstone to predict deposition velocities from the one­

dimensional model 

dC 
N = -E:­

dy 
(48) 

This equation was converted to dimensionless distances indicated by a 

superscript of plus and then integrated 

C 5 

f ~C = - \J N f dy + 
u,'_ + E: o -,- S 

(49) 

where u,:' is the friction velocity and S is the particle stop distance given 

in dimensionless form, S+, by 

(50) 

This stop distance is calculated on a basis of a single constant value for 

the velocity of approaching the wall. The velocity is 
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v 0 = O. 9 u ,;, = O. 9/ f / 2 V ( 51) 

for all particles. Particle inertia resulting from this velocity is assumed 

to deposit the particle. 

Equation (48) is also integrated in the buffer layer with integration 

constants to cause identical concentration at the meeting of the two layers. 

In the outer turbulent core the Reynolds analogy was used to determine the 

concentration. However, the buffer-core interface concentrations were not 

identical as calculated from the buffer layer and turbulent core equations. 

The three equations were combined to predict the deposition velocity, K, as 

a function of V, f, and S+. The predicted values agree reasonably well with 

their experimental results. 

The experiments were performed by sizing and counting the particles 

deposited on a tube wall and comparing them with particles which were not 

deposited. Similar experiments were performed by Postma and Schwendi­

man (31) who compared their experimental results with those predicted from 

the equations of Friedlander and Johnstone. (1) The data show a general 

grouping around the predicted values when K/ V is plotted versus S+. This 

empirical correlation was used by Sehmel and Schwendiman (21) to predict 

the deposition behavior of a polydispersed aerosol. Reasonable experi­

mental agreement was found for other than re-entrainment conditions. 

MODEL OF OWEN 

Owen (2) in his model is the only one of the three who puts in a factor 

for the difference between a particle diffusivity and the diffusivity of momentum. 

Equation (48) was also integrated by Owen who considered diffusion from a 

uniform core to a distance from the surface. This distance corresponds to a 

free-flight distance over which the final stage of deposition occurred. The 

final equation for predicting the deposition velocity was independent of par-

ticle size. This is in disagreement with experimental deposition velocities in 

tubes. 

MODEL OF DAVIES 

Davies(3, 4,5) also uses turbulent diffusivities to calculate the deposi­

tion velocity. He presents a correlation for turbulent diffusivities 
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(52) 

using the data of Lin and Moulton, (32) Laufer, (33) Owen, (2) and 

Schlinger and Sage. (34) This correlation is then used to calculate diffusion 

up to the free-flight distance. The diffusion calculations are made for 

diffusion in a rectangular coordinate system and the results applied to the 

cylindrical coordinate system of tubes. The diffusion equation in the 

rectangular coordinate system is integrated from a distance, y +, from the 

surface to a distance, R+, which corresponds to a tube diameter. This 

particular y + depends upon particle size and is evaluated by a simultaneous 

equality of solution of the stop distance and the fluctuating velocity, v', 

+ 
at y. Tabulated values are shown for the calculation of the deposition 

velocity. 

We have now written the general equations of continuity for particles 

and discussed some of the complicating factors and the assumptions required. 

Next we briefly reviewed three deposition models in light of our general 

discussion. As we have seen, each model has at least one assumption which 

could be improved upon. What, then, do we suggest as an improved theo­

retical model to predict deposition velocities? 

It is proposed that the cylindrical coordinate diffusion equation, 

oC 
2TTr € - = N or (53) 

with the constant total flux, N, at r, be integrated in the cylindrical 

coordinate system. The eddy diffusivity can be calculated from a similar 

correlation procedure as used by Davies. 

Similar to Davies' calculation for rectangular coordinates, the model 

will yield the total wall flux. The final approach to the wall will be calcu­

lated on the basis that the particle inertia will be due to the root mean square 

radial velocity of the air located at the start of a projectile-like motion. 

These velocities are much less than the velocity used by Friedlander and 

Johnstone which is a velocity characteristic of a much greater distance from 
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the tube wall. After a deposition. N, per unit area, is calculated, the 

deposition velocity will be calculated from the equation 

K - ~ = 
N 

(54) - C 

f rCdr 

foR rdr 

where the upper limit of integration is actually R minus the free-flight dis­

tance. This upper limit is used for ease of calculations and has a negligible 

effect upon C. The initial calculated results from this model will be dis­

cussed later in a comparison of experimental results with theoretical 

predictions. 

EXPERIMENTAL 

The experimental deposition apparatus is shown schematically in 

Figure 1. Particles of either uranine or uranine-methylene blue were 

generated in a narrow size range using the spinning disc generator. The 

particles have a density of 1. 5 g / cm 
3

. (35) These particles were passed into 

a 50 gal holding chamber. The holding chamber had three exit ports from 

which the particles were passed vertically upward through aluminum tubes 

which served as deposition test sections, were sampled to determine par­

ticle size, or were exhausted into a high efficiency filter. The test sections 

were up to 50 ft long and the nominal inside diameters were 0.21, 0.62, 

1.152, and 2.81 in. Either a single test section or two parallel test sections 

were used to simultaneously determine the deposition. To begin an experi­

ment the tubes were first washed, rinsed with distilled water, and then sup­

ported at several locations along the length of the test section. Each test 

section was made up of individual tubes up to 12 ft in length. These individual 

tubes were held together by butting the ends within a sheet of shim stock. A 

tight-fitting rubber tubing was slipped over the shim stock and then the 

rubber tubing sealed with tape to the aluminum tubing. This procedure aligned 

the tubes and formed a tight-fitting joint. The weight of the tubes helped to 

hold the tubes together. 
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To evaluate deposition, a mass balance of particle deposition was 

made from fluorimetric analyses of system washings. The deposition on 

tubes was measured either by washing the entire length of tubing or by 

cutting the tubing into lengths as short as I in. and then washing each short 

length. The total mass passing through the tubes was washed from the 

filter and filter holder. The distilled water wash liquid was analyzed in a 

fluorimeter using a narrow pass filter which peaks at 360 Yl1jJ. and for the 

secondary a narrow pass filter which peaks at 546 m~. 

In some cases, the tubes were purposely made tacky to simulate a 

perfect particle sink. To form the tacky coating, the end of the tube was 

first filled with petroleum jelly. The tubing was then heated with an air 

heater. The tube was rotated as the petroleum jelly melted and slid down 

the tube. This procedure covered the wall with a tacky coating. Addi­

tional heating of the tube thinned and smoothed the coating. 

In addition to deposition data, the axial flux of particles was deter­

mined as a function of radius in a 2. 81 in. ID tube. The experimental 

arrangement consisted of a filter placed completely across the tube. The 

axial flux of particles was determined from fluorimetric analysis of filter 

sections. To determine the filter collection profiles, monodispersed 

uranine particles were passed upwards through the 2. 81 in. ID aluminum 

tube. The filter was located at the 24 ft level at a slipjoint in the tubing. 

Within the joint was a tight fitting wire screen which served as a backing 

for the filter. The screen was fastened with a silicone rubber to the 

tube wall. The filter was placed across the screen and then the tubes 

were pressed firmly together. The inner shoulder of the slipjoint pressed 

against the filter, which in turn pressed against the silicone rubber. The 

seal was positive since the seal region was devoid of particles after par­

ticles had been collected. Also, the slipjoint was sealed with tape to 

assure noninleakage. 

After particle collection, each filter was cut into concentric annuli 

for fluorimetric analysis to determine the filter loading. Initially, the 

filter was cut consecutively with cork borers into five sections, but 

.. 
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subsequently, the filter was cut simultaneously into six sections. The 

inside diameters of the cutting edge are given in Table I. 

TABLE I. Filter Section Dimensions 

Cutting Edge Diameters, in. 
Consecutive Cuts Simultaneous Cuts 

0.426 
0.926 
1.444 
1.932 
2.318 

RESULTS AND DISCUSSION 

0.427 
0.927 
1. 438 
1. 926 
2.313 
2.600 

The deposition data are reported as deposition velocities as a 

function of Reynolds number and particle size for each tube diameter 

in Figures 2 through 5. The deposition velocities range from about 

10-
4 

to 10 cm/ sec. The solid curves are for each particle size, and 

these curves are intercepted by broken line curves which show the cal­

culated percent deposition within a 10 ft length of vertical tubing. These 

figures will be discussed after the calculations and several deposition 

effects are discussed. 

CALCULATION OF DEPOSITION VELOCITIES 

The deposition velocities are calculated from the average par­

ticle concentration decrease in the tube as a function of distance along 

the tube length. Since the concentration is directly proportional to the 

mass of particles, the deposition velocities can also be calculated from 

the average mass decrease in the tube as a function of distance along the 

tube length. Thus, in the actual calculations, the total mass of particles 

is used. The total mass is obtained by tabulating the cumulative amount 

measured as a function of distance starting at the outlet filter. These 

cumulative amounts are normalized to the amount entering the inlet of 

any tube length of interest. 
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Illustrative examples of these profiles will be discussed later; but 

first, we will look at the equations we use for calculating the deposition 

velocity from the measured axial concentration profile. The deposition 

velocity is calculated from 

( 55) 

which is obtained from Equation (13). For graphical evaluation of the depo­

sition velocity the logarithm of the normalized concentration, C / C , is 
o 

plotted as a linear function of the distance from the inlet on semilog paper. 

The slope is (- ~~). 

For low deposition rates, graphical evaluation of the deposition 

velocity through the use of seimlog paper is impractical since the slope 

cannot be obtained graphically. In this case, we use the first term of the 

power series expansion of the log function. This then yields the expression 

K 

V 
= (t£ )(~ f» 

C 4 L 
o 

(56) 

in which 6C is the concentration drop below C at the distance L from the 
o 

ihlet. This means that cumulative deposition is a linear function of cumula-

tive distance. Of more interest is the concentration versus distance. In 

this case Equation (56) is rearranged to yield 

K 
- -

V 
(1-~)(~f» 

C 4 L 
(57) 

o 

or 

C = 
Co 

(58) 

Thus, a plot of the normalized concentration versus cumulative distance has 

a slope of [- 4 K/ (VD)] on rectangular coordinate paper. Since the velocity, 

V, and the tube diameter, D, are known, the deposition velocity can be cal­

culated from the slope. The slope was not always constant--in some cases 
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distinct curvature was observed. For cases of limited curvature a straight 

line was assumed to represent the data. Also, sometimes the air concen­

tration decreased linearly at two slopes for two portions of the plot for rt 

single deposition experiment. In this case two deposition velocities are 

reported. At other times, as for some re-entrainment conditions or for 

polydispersed particles, the profiles were also nonlinear. In these cases, 

a single deposition velocity cannot be calculated. Illustrative profiles will 

be discussed which show linear profiles, nonlinear profiles, joint effects, 

and end effects. 

AXIAL CONCENTRATION PROFILES 

The axial decrease in the average air concentration of particles as 

a function of tube length is termed the concentration profile. Concentration 

profiles for a 48 ft length of O. 62 in. ID tubing are shown in Figure 6 for a 

Reynolds number of 19, 000. The curved profile shows the presence of 

some small satellite particles. On the semilog coordinates, we see that 

the concentration profile is linear as the normalized concentration decreases 

to 10% within the first 8 ft. This linearity is as expected for single-sized 

particles. Between 8 to 24 ft, the profile shows curvature, and beyond 24 "'t 

the normalized concentration tends to remain constant at about 2%. This 

2% remaining airborne is attributed to" satellite" particles(36) which are 

formed just after the primary particles leave the edge of the spinning disc 

in the aerosol generator. Most of these satellites are removed in the 

generator, but some remain as seen from the leveling to 2% of the concen­

tration profile. These satellites are of the order of 1 ~ in comparison to 

the 9 ~ diam of the primary particle size. Since these satellite particles 

do not deposit to any significant extent for the flow rate and tube diameter 

used, we simply subtract out the 2% concentration of the satellite particles 

from the measured profile. In this case, we get a linear profile character­

istic of the 9 ~ particles. The concentration of 9 ~ particles is seen to 

decrease to 1 % in only 15 ft. The deposition velocity for 9 ~ particles is 

calculated from the slope of this linear profile. 
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The measured profile is also useful to illustrate the experimental 

method of sectioning the tubes, For the first 12 ft, the tube was sectioned 

into 6 in, lengths, For the next 12 ft, the tube was cut into 1 ft lengths, The 

decision for the length of each section was based upon determining profile 

curvature or longer lengths to determine a significant deposition, if deposi­

tion were low, Short lengths were also used to establish the extent of end 

and internal effects, 

END AND INTERNAL EFFECTS 

End and internal effects as well as deposition differences between 

individual 12 ft tube lengths will be discussed in terms of profiles illustrated 

in Figure 7, These data were obtained in a single experiment in which tubes 

were used for two parallel deposition measurements, Particles were intro­

duced into the holding chamber and were simultaneously withdrawn vertically 

upward through two separate deposition tubes, The profiles shown are from 

the second 12 ft length of individual tubing in each parallel tube, The tube 

inlets were at the same height, and the fractional deposition in each tube 

before the tube inlets were comparable. The flow rates were within 20/0 of 

one another as confirmed by the total mass of particles entering from the 

holding chamber into the two parallel sections, 

The first point to note is that the total deposition in one 12 ft length 

was 2 % and in the other was 210/0, In comparison to other duplicates for 

these conditions, the 21 % is the expected value What then is the cause for 

only a 2 % depo sition ? 

In Figure 7, the two profiles are identified with either" smooth" or 

"rough" surfaced tubes. Smooth or rough represent only a qualitative 

visual estimate, as the aluminum tubes were too soft for actual surface 

roughness measurement with the profilometer available. After obtaining 

these concentration profiles, we tried to obtain the same wide variation in 

the deposition by purposely choosing the smoothest and roughest available 

as-received tubes, However, both these chosen tubes showed identical 

deposition, which appears to rule out the influence on deposition of surface 

roughness within the range of commercial tube quality, It should be men­

tioned that the experimental conditions are those for which re- entrainment 
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occurs and (37,38) thus subtle differences in surface quality may be more 

important than for the case where deposition occurs without re-entrainment. 

The 2% deposition must be considered anomalous at present. If the con­

ditions causing the anomoly could be identified, the conditions might be uti­

lized to minimize deposition in practical situations. 

A second point to be noted from the figure is the two linear profiles 

for the "smooth" surfaced tube. These profiles change between 6 to 7 ft 

from the inlet. The slope decreases by a factor of four which means that 

the deposition velocity also changes by a factor of four. Possible caUS2S 

of the slope change include vibration, since only the tube ends were sup­

ported. However, the change of slope is not apparent for the "rough" tube 

which was similarly supported. Also, in other measurements, the tubes 

have been supported at various locations. None of these locations has pro­

duced a consistent change in deposition. None of the possibilities has been 

consistently proven; and, hence, we do not have an explanation of the changes 

III internal deposition as indicated by the two slopes. 

A third point to note from this figure is the inlet effect shown for 

the "rough" surfaced tube. The deposition is relatively high for the first 

6 in. of the tube. Similarly, in the eleventh foot, a minor outlet effect 

is indicated but not labeled. In general, the inlet effect is usually greater 

than the outlet effect. However, neither may be important as ;-icen for 

the profile for the "smooth" surfaced tube. To be emphasized is that these 

inlet and outlet effects as described are associated with tubes wbidl are 

connected to similar sized tubes. The similar sized tubes were of suf-

ficient length to minimize any end effects associated with rapid contrrtC­

tion or expansion of the test sections. 

The deposition velocities are calculated from the profiles by neglect­

ing the end effects. However, if the entire tube were washed as a single 

unit when deposition was low, the calculated deposition velocities would abo 

include the end effects. Joint effects also exist in addition to end and 

internal effects. 
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JOINT EFFECTS 

We have noted that significant differences in deposition rate may 

occur at joints, even though they are designed to minimize wall disconti­

nuities. As described earlier, the tube joints were held within a shim stock 

sleeve over which was placed rubber tubing effectively aligning the tubes. 

In Figure 8 are shown the effects of a tube joint at 6 fL Beyond 6 ft the slope 

decreases by about 25%. These two tubes, as previously mentioned, were 

chosen by visual inspection to the smoothe st and roughest available from 

about twelve as-received tubes. Each 12 ft tube was cut into two, 6 ft lengths. 

These were put into parallel sections so that a 6 ft length from each 12 ft 

length was in each deposition section. The tube placement was such that a 

smooth and a rough tube were to be compared at each height. As seen from 

the figure, the deposition was the same for tube sections, side by side, but 

upper and lower sections were different. This means that the surface rough­

ness of as-received tubes does not have an important effect on observed depo­

sition as might be expected for these conditions which were deposition with 

significant entrainment. 

This joint effect has been observed many times, but not always. The 

joint effect can be quite pronounced (as shown in Figure 9) for which two 

deposition lengths were simultaneously run in parallel. The comparison is 

between a 12 ft tube length alongside two joined 6 ft tube lengths. For the 

continuous 12 ft length, the deposition profile is linear over a large fraction 

of the length. In comparison, combined joint effects and end effects are 

shown for the two joined 6 ft tubes. Although the deposition profiles are quite 

different, the percent deposition over the total length was within 3% in both 

12 ft tubes (18% in one and 12% in the other). This is well within the other 

uncertainties in predicting deposition. 

REPRODUCIBILITY 

As in other experimental work, the accuracy, reproducibility, and 

consistency of the deposition experiments were dictated by the control exer­

cised over the independent variables entering into the final assessment of 

deposition velocity. Variables of flow rate, tube diameter, and particle size 

were recognized as being the mos! important variables to control, Careful 

calibration of the flowmeters used in these studies permitted average 
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NOMENCLATURE 

cross sectional area of tube, cm 
2 

average particle concentrftion per unit tube volume downstream 
in the tube, particles/ cm 

average particle concentrftion per unit tube volume upstream 
in the tube, particles / cm 

particle diameter, assuming spherical shape, cm 

tube inside diameter, cm 

2 
diffusivity, cm /sec 

Fanning friction factor, dimensionless 

G mass generation rate within containing system, particles / 
(em3 sec) 

-( t ) 
J 

K 

L 

m 

n 

N 

P 

r 

R 

Re 

S 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

mass flux due to concentration gradients, 
particle s / (cm 2 sec) 

mass flux due to turbulent diffusion, particles/(cm
2

sec) 

deposition velocity, cm / sec [number of particles 
depositing/(em2sec)/ average number concentration/cm 3 0f air] 

distance from upstream to downstream points of interest 
in tube, cm 

mass of individual particle, g 

unit normal to the flow surfaces, dimensionless 

mass flux, particles / (em 
2 

sec) or total flux at r, particles / sec 

2 
gas pressure, g mass / (em sec ) 

radial distance measured from tube centerline, cm 

Radius of tube, cm 

Reynolds number, DVp/W 

surface containing continuity system, 
distance, mv 0 

, cm 

SVp 
reduced stopping distance, 

u 

2 
cm , and also stopping 

, dimensionless 
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The deposition velocity data may be applied in macroscopic 

d 1 (10,13,14,15,54,55,56,57,58) h' h th' t t df f mo e s w lC are e ln egra e orms 0 

the continuity equation. These models are usually written in general 

terms and include as variables, the deposition velocity, diffusivity, and 

re-entrainment constants, as well as radioactive decay constants. How­

ever, all of the constants have not as yet been fully evaluated. Models 

are still needed to fully describe deposition. Once deposition can be 

more successfully predicted from theoretical models, these models may 

then lead to a better understanding of deposition on surfaces with more 
. (59 60 61 62) 

complex geometry such as vegetatlOn. ' , , 

One important application of these deposition data is that of 

evaluating particle sampling errors when sample delivery lines must be 

used. From the data presented, reasonable estimates can be made of the 

degree to which a sample may be distorted by deposition in a line. Extrapo-

1ation and interpolation will be required to evaluate the deposition losses 

for conditions other than those reported here. As important as deposition 

errors may be, other sources of error must also be taken into account. 

Th . 1 d f . k' t' l' (48,53,63,64) . ese lnc u e errors rom anlSO lne lC samp lng, errors ln 

. d' . 11 t' 1 (64)1 . t b lb (49,57,65,66) uSlng lverglng co ec lon nozz es, osses ln u e e ows, 

Brownian diffusion, (67) gravity settling, (52) electrical effects, (68) and 

agglomeration effects. (69) 
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CONCL USIONS 

We have started from a continuity equation for particles to determine 

the assumptions that have been made in models to predict deposition. The 

principal assumptions are: 1) that the eddy diffusi vity of particles is equal 

to the eddy diffusivity of the air, and 2) that particle deposition occurs by 

diffusion up to a free-flight distance from the wall. The assumption of a 

particular velocity to calculate the free-flight distance is a useful modeling 

concept. However, the particular velocity used is questionable since the 

particle velocity has been assumed to be equal to either the radial rms air 
+ 

velocity at a distance y of about 80 or the radial rms air velocity at the start 

of the free-flight distance. The true velocity is probably between these two 

limits. Nevertheless, free-flight distances are used in the more successful 

models which are those of Friedlander and Johnstone and this author. The 

velocities at the start of the free-flight are in serious disagreement for 

these two models. Nevertheless, both models appear to predict a range of 

deposition velocities which tend to agree with the experimental data. Modeling 

concepts must be improved to obtain closer agreement with the experimental 

data. 

This author is continuing work on this subject and will also search 

for a model which will describe deposition when an inverse profile exists. 

Since theories do not fully predict deposition, and therefore, do not 

predict adequate correlation parameters, the present data have not been 

presented in a general form. The data show, however, that graphical 

representation of the data plotted as K/ V versus S+ is not an adequate 

correlation. 

The principal effects of particle s lze and tube Reynolds numbers on 

deposition have been shown for the range of variables studied. In most cases, 

the depos ition can be represented by deposition velocities. However, other 

cases are not adequately represented, and indeed, are not adequately 

understood. These cases are for re-entrainment conditions, end effects, 

internal effects, and joint effects. All these secondary variables affecting 

deposition are now of increased importance as the primary effeci s on 

deposition veloc ities of particle size, Reynolds number, and tube size have 

been shown. 
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the 0.21 in. ID tube, that the smoothed experimental curve is a good represen­

tation of the deposition data for 2 \..l diam particles. These data were selected 

for comparison since the data extend over nearly the maximum range of 

experimental deposition velocities, and also since inverse profiles probably 

do not exist for these conditions. The absence of inverse profiles is important 

since the diffusional mechanisms used in all the models could not allow the 

existence of the inverse profiles. Further modeling improvement is planned 

to include the case of inverse profiles. 

From Figure 15, one can see that the theories of Friedlander and 

Johnstone and this author predict the same general trend and are in fair 

agreement with experiment for deposition velocities above 1 cm/ sec. Equation 

(53) is essentially the same as Davies' theory, except that this author uses 

cylindrical coordinates in the derivation. Davies' assumption that turbulent 

diffusion of particles to a circular tube wall could be treated as diffusion from 

the flowing gas to a plane surface is too great a simplification for the operating 

conditions shown. The model by Owen predicts a curve which crosses the 

experimental data, but we must remember that Owen's curve is independent of 

particle size. To calculate Owen's curve, we assumed that the concentration 

was 1 particle / cm 
3

. For different concentrations, the predicted deposition 

velocities would be directly proportional to particle concentration. 

The theories of Friedlander and Johnstone and of this author appear to 

show the best agreement between theory and experiment as well as between 

theories. The agreement between theories is surprising because of the 

assumptions in the models. In the models of Friedlander and Johnstone, 

particles are assumed to have a radial velocity of O. 9u". which is an air 

velocity far from the surface. The particles diffuse fr~m a y + distance of 30 

to the distance S+ at which time free-flight to the wall occurs by the velocity 

0.9u".. In comparison, the velocity for free-flight in the author's model is 

assu~ed to be imparted to the particle only at the distance S+, and the 

velocity is characteristic of the root mean square air velocity at distances 

both far and near to the tube wall. This discrepancy as well as discrepancies 

between theory and experiment must be resolved. Further modeling is 

planned. 
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However, the possibility of vortex flow(50) was eliminated. Liquid uranine 

was inserted through a small hole in the 2. 81 in. ID tube wall while the air 

flow was turbulent. Examination of the tube showed no vortex action on 

the uranine trace along the wall. 

For the operating conditions of Figure 14, the deposition would 

still be increasing if the flow rate were increased. This increased deposi­

tion means that the inverse profile may be caused by re-entrainment, but 

re-entrainment as measured by total deposition at a S+ value of about 

10 has not occurred. Thus, the inverse profile is a condition of high par­

ticle deposition, and the inverse profile does not fit into the diffusive flux 

models of Equations (48) and (53). If the velocity profiles were factored 

into the inverse loading profiles, the resulting inverse concentration profile 

would be even more pronounced. 

The inverse profile is seen to disappear for 12 ~ particles, if the 

tube is covered with petroleum jelly which acts as a tacky surface. This 

inverse loading profile is obtainable downstream of the tacky surface, if 

as-received tubing is used. The transient back to the inverse profile 

was shown to occur within a 10 ft length of tube. However, the transient 

probably occurs in a shorter tube length. 

The data for 6 ~ particles show that the loading profiles are 

relatively unaffected by the pressure drop across the filter. The pressure 

drop across a high efficiency glass fiber filter was 78 in. H
2
0. This was 

the standard filter type used for particle collection. In compari son, the 

pressure drop across a very open structured filter was only 3 in. H
2
0. 

As seen in Figure 14, the_ measured concentration profiles were the same 

for each filter type. 

COMPARISON WITH THEORETICAL PREDICTIONS 

The theories of Friedlander and Johnstone, Owen, Davies and 

the author were used to predict the theoretical deposition curves shown in 

Figure 15. These four curves are to be compared to the experimental 

data which are represented by the same smoothed curve previously shown 

in Figure 2. We can see from Figure 2 that in relation to all the data for 
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near the wall is greater for the tacky-surfaced tube than for the as-received 

tube. Since we assume the diffusion coefficients are equal, the concentration 

gradients are directly proportional to the diffusive fluxes. Thus, we would 

predict from the filter loading that the deposition of 2 ~ particles is greater 

for the tacky-surfaced tube. Deposition measurements confirm this pre­

diction. The comparison is made for deposition using the data for an 

untreated 118 in. long tube which was imm ediately upstream of the 24 in. long 

tube which had the tacky surface. The deposition for the untreated tube 

was 0.139 to 0.169%, and for the tacky tube 0.178 to 0.229%. This means 

that about 300/0 more particles deposited in a 24 in. section of tacky tube 

than in a 118 in. section of untreated tube, or that the effective deposition 

flux is over six times [(1. 3)(118/24) = 6 ] greater in the tacky tube. We 

conclude for these operating conditions that radial concentration profiles 

do exist, and for a constant particle size deposition increase as the 

concentration gradient increases. A necessary conclusion in explaining 

the two different concentration gradients is that the boundary conditions are 

different; that is, if we neglect any air drag difference due to the tacky 

surface, a difference must exist in the particle accommodation coefficient 

for each surface. Since the deposition would be increased by an increase 

in air velocity, these operating conditions are not those characterized by 

re-entrainment by decreased deposition velocities for S+ values greater 

than about 10. Stated differently, we conclude that even for this low deposi­

tion, 2 ~ particles may be re-entrained unless the accommodation coeffi­

cient is increased toward unity by making the surface tacky. 

The single concept of deposition by a diffusive flux of Equations (48) 

and (53) appears to be most valid, if the accommodation coefficient is near 

unity. The complexities will be illustrated by the filter loading profiles 

shown for three particle sizes in Figure 14. The three facts to be noted 

are that the filter-loading profiles are a function of particle size, may 

exhibit a maximum in the annulus adjacent to the tube wall, and are 

relatively unaffected by the pressure drop across the filter. For simpli­

city of discussion, an increase in the filter loading as the wall is 

approached will be termed an inverse loading profile. The mechanisms (7) 

for causing the observed inverse profiles have not yet been determined. 
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collected on the filter may be moved radially due to the velocity flattening. 

However, this flattening( 52) is considered to be minimal, since both low 

and high pressure drop filters indicate the same collection profiles on each 

filter as will be shown. 

The filter was cut into annular sections with dimensions as were 

given in Table 1, the sections analyzed fluorimetrically for the uranine 

particles, and the filter loadings on each annular section then normalized 

to the filter loading per unit which are on the filter center section of O. 4 in. 

diam. These normalized filter loadings are plotted in Figure 13 at the mid­

point of each filter annular section. Curves are compared for a tube with 

an inner surface made tacky with a thin layer of petroleum jelly, and for 

an untreated tube surface. As expected, these filter loading profiles show 

a general decrease in loading as a function of radius. This decrease in 

loading was expected since the deposition of 2 u particles is very low-these 

particles tend to follow the average motion of the turbulent air. These 

loading profiles were integrated to obtain the ratio of the average loading 

across the filter central section. These ratios are compared in Table II 

to the ratio of the average velocity in the tube. 

TABLE II. Average Profile Comparison 

Tacky Tube 
Untreated Tube 

A verage Loading 
Cent ral Loading 

0.814 - 0.809 
0.868 - 0.869 

Average Velocity 
Maximum Velocity 

O. 82 
0.82 

This table shows a reasonable agreement between filter loadings and velo­

city profiles. However, the double curvature in the loading profiles was 

unexpected and may be due to experimental error. 

The particle filter loadings next to the wall are of prime interest 

in our consideration of deposition mechanisms. We have assumed that the 

deposition flux is as given by Equation (48). and is equal to the product 

of a turbulent diffusion coefficient and a concentration gradient. We assume 

that the turbulent diffusion coefficient is relatively unaffected at a distance 

from the wall by changing the tube surface from as-received to tacky. Now 

we see from an inspection of Figure 13 that the concentration gradient 
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to 15 \..l diam and larger particles, if the tube wall is dry. This development 

yields a criterion for re-entrainment that y ~ be greater than about O. 4. 

RADIAL CONCENTRATION PROFILES 

The axial flux of particles as a function of tube radius was determined 

for turbulent flow within a vertical tube. The ratio of the flux of particles 

per unit cross sectional area divided by the local velocity is the particle 

concentration as a function of tube radius. The particle concentration is 

important in determining the mechanisms of particle deposition on the tube 

wall. However, this concentration has not been directly measured in the 

present study, since the velocity profiles were not measured. The particle 

flux profile would be equal to the concentration profile, if the air velocity 

were independent of radial position. Actually, the velocity profile is such 

,that the ratio of the maximum to the average velocity increases from O. 5 for 
(9) 

laminar flow to about 0.8 to 0.9 for turbulent flow. However, the effects 

of velocity profiles are neglected at this time in determining the particle 

concentration profiles. The following work will show that radial concentra­

tions exist throughout a tube in turbulent flow. 

The first indication that concentration profiles existed within a tube 

was from a series of isokinetic samples(48, 49) taken from the center line 

of a 2. 81 in. ID tube. The sampling velocity was set to correspond to the 

center-line flow in the tube. For uniform concentration in the radial 

direction, the concentration from the isokinetic sample should be equal to 

the concentration obtainable from the ratio of all particles passing through 

the tube, divided by the total flow through the tube. However, the sample 

concentration and the average tube concentration were not the same. For 

constant sampling conditions, the relative concentration of particles collected 

in the isokinetic sample decreased from that of the tube average as the 

particle size increased from 1 to 28 \J. 

The conclusion obtained from these isokinetic samples is that, in 

turbulent flow, the particles are nonuniformly distributed across a 

tube (2 G, 50, 51). This nonuniformity was determined as a function of the 

tube radius by placing a filter completely across the tube center. The 

filter will tend to flatten the velocity profile; and hence, the particles 
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The laminar sublayer depth is generally conceded to be that distance 

from the tube wall which makes the dimensionless parameter, y +, equal 

to 5, with y + defined by 

+ 
y =Y V p JTT2 

w (61 ) 

in which y is the distance from the wall to the point being considered in the 

fluid. 

A distance from the wall equal to the particle diameter, d, may be 
+ 

specified and expressed in terms of y ; then, 

d 
( 62) 

+ 
This relationship is merely a statement that the dimensionless y d has been 

calculated at a position away from the wall equal to d. If d in this relation is 

substituted in Equation (59) for the reduced stopping distance, S+, then 

an expression for y ~ as a function of S+ follows: 

= 

[ 
+] 1/2 20pS 

Pp 

(63) 

This equation permits the calculation of y ~ corresponding to a 

distance from the wall equal to d in terms of stated S+. This relation is 

plotted at the bottom of Figure 12 for 2.81 in. ID tubing. For these 

conditions re-entrainment occurs between S+ values of 2 to 6 for the 

untreated tubes. Similarly, for the smaller tube sizes, re-entrainment 

occurs at S + values of about 10. Substitution of S+ of 10, p = 1. 5 gm / cm 
3

, 

and p = 1. 2 x 10-
3 

gm/cm
3 

into Equation (63) yields y~ :::..l4. The 
+ 

significance of this result is that a y of 0.4 represents a point about 0.08 

the distance from the wall to the boundary of the laminar layer (y + = 5). 

Unless turbulent eddies penetrate to within about one particle diameter 

of the tube wall, it is unlikely that the particles will be re-entrained. A 

necessary conclusion is that the laminar sublayer must be frequently 

and deeply penetrated by eddies with sufficient energy to re-entrain 10 
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modified Reynolds number, 

d V loop (60) 

\.l 
This correlation appears to be about as good as plotting the deposition ratio 

versus the reduced stopping distance, or a modified form of the reduced 

stopping distance, which required use of dimensional constants. (21) These 

correlating parameters mask the deposition behavior as determined by 

using single- sized particles from the spinning disc aerosol generator. An 

adequate single parameter is yet to be established. In a later section of this 

report some comparisons will be shown between deposition predicted by 

several models. These comparisons show the generally unsatisfactory agree­

ment among models and with experiment, and give indications why a single 

parameter based on these models will likely fail to correlate the data. 

Some observations made during the course of this work have led to 

insight into the even more complex nature of particle motion in turbulent 

flow than heretofore assumed, and these observations help explain why exist­

ing models fail to predict deposition adequately. Further elucidation of 

particle retention and re-entrainment was also obtained and will be discussed 

briefly. 

BOUNDARY LAYER CONCEPTS 

Features of the boundary layer can be deduced from the deposition 

data. For the basis of the discussion we will consider that particles approach 

the wall and deposit. Subsequently, the particles either remain or are 

re-entrained. The conditions for re-entrainment(37, 38,41,42) can furnish 
. (43 44 45 46 47) 

better understandmg of the boundary layer. ' , , , 

We sought a parameter to determine the onset of re-entrainment. 

A parameter was indicated when the deposition ratios, K/V, were plotted 

versus the reduced stopping distance, S+. From this plot we concluded 

that re- entrainment occurs for S+ values greater than about 10, and that 

at the onset of re-entrainment, turbulent eddies must be penetrating(39) 

deeply into the classic laminar sublayer. The following considerations 

lead to this conclusion. 
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in which 

40~ 2 

d = particle diameter 

f = Fanning friction factor 

V = average air velocity 

= 

= 

air viscosity 

particle density 

p air density. 

For the untreated tube, effective re-entrainment is occurring 
+ 

between S values of about 2 to 6. For smaller size tubes, 

(59) 

. (39) + 
re-entramment occurred at an S of about 10. For the tacky-surfaced 

tube, re-entrainment has not occurred for S+ values as high as 40. 

CORRELATION PARAMETERS 

Deposition velocity data have been presented as a function of 

Reynolds numbers and particle sizes for vertical aluminum tubes with 

inside diameters of O. 21, O. 62, 1. 152, and 2. 81 in. Although useful in 

this form, the data would be more easily extrapolated and interpolated to 

other than the experimental conditions, if an overall correlating parameter 

could be found. 

The author (21) has used a dimensionless plot of the deposition ratio, 

KJV, versus the reduced stop distance, S+ , to correlate the data from 

polydispersed particles of Friedlander and Johnstone (1) and of Postma and 

Schwendiman. (31) This use of the reduced stop distance as the independent 

variable was based upon the form of Friedlander and Johnstone's equation 

to predict the deposition ratio. A rather general correlation was obtained. 

The reason for the scatter of the data around the correlation curve becomes 

apparent when the smoothed curve of Figures 2 through 5 are plotted on 

similar coordinates of KjV versus S+. These smoothed curves would show 

multiple curves crossing through the correlation curve. 

Polydispersed particle data have also been correlated by Epstein 

and Evans(40) who have plotted the deposition ratio, KJV, versus a 
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The deposition velocity is relatively independent of particle size for 

diameters larger than about 8 fJ. for a Reynolds number of 4200. Deposition 

velocities increase rapidly with particle size for a Reynolds number of 

21,000. For the two higher Reynolds numbers, the deposition velocities 

increase with particle size until a particle size is reached at which marked 

re-entrainment is indicated by the rather abrupt decrease in the deposition 

velocity. For particles larger than about 8 IJ and high Reynolds numbers of 

3.6 x 10
4 

and 5.5 x 10
4

, the effective deposition velocities decrease or 

remain essentially constant as the particle size is increased. 

Re-entrainment at a particle size of 8 to 16 iJ, can be prevented by 

coating the internal surfaces of the tube with petroleum jelly which serves 

as a near perfect sink for particles. Comparison of deposition velocities 

for a tacky- surfaced tube and an untreated tube are shown in Figure 12 for 

the 2.81 in. ID tubing. The deposition velocities for the tacky-surfaced 

tube are much higher than for the untreated tube. For particle sizes 

greater than about 15 fJ., the deposition velocities increase more slowly 

with an increase in partkle size. 

The deposition data for 2 fJ. particles suggest that all of the 2 fJ. par­

ticles striking an untreated surface do not remain on the surface, since 

deposition on the tacky surface is significantly greater than for the untreated 

tube surface. These are the first deposition data showing that for particles 

as small as 2 fJ. some rebounding or re-entrainment may occur for an 

untreated tube. An "accommodation coefficient': appears to be required 

to account for these observations. 

The short broken lines on either side of Figure 12 show the percent 

deposition within a 10 ft length of vertical tubing. The maximum shown is 

about 10% for 16 fJ. diam particles in the untreated tube. In comparison, 

the deposition is also about 10% for 5 fJ. diam particles in a tacky surface 

tube. For 28 fJ. diam particles, the deposition is over 80% in a 10 ft 

length of tacky surfaced tube. 

Shown in the lower right corner of Figure 12 is a relationship 

between particle size and the reduced stopping distance, 
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The dry wall does show re-entrainment as indicated by the lower 

branch of the 8 to 9 ~ diam curve. The lower curve branches again at a 

Reynolds number of 4. 5 x 10
4 

This second branching is an indication that 

a combination of tube surface properties and particle properties are impor­

tant in determining the total deposition for re-entrainment conditions. For 

this second branch, the particles in the upper branch were not as dryas 

determined by microscope examination of cascade impactor samples as they 

appeared to be for the lower branch. 

4 
The data symbols for Reynolds numbers less than about 10 and 

deposition velocities less than about 10-
3 

cm/ sec are not represented by 

solid curves. For this region we have two problems. The first is that 

deposition is low and hence these data were determined from washing 12 ft 

lengths of tubing. Since the deposition was low, end effect deposition may 

be relatively more important in the overall deposition. The second problem 

is that we may be approaching the minimum deposition velocity between that 

due principally to Brownian motion and that due principally to turbulent 

motion. Figure 4 shows a possible indication of this minimum. For a 

Reynolds number of about 2000, the deposition velocity of 1 ~ particles is 

shown to be about 10- 3 which is greater than the deposition velocity of 10- 4 

for the 6 to 9 ~ particles. Considering only turbulent deposition mechanisms, 

the deposition velocity of 6 to 9 ~ particles should be greater than that for 

1 ~ particles. Thus, we conclude that these data for 1 ~ particles may be in 

the minimum region, but additional data are needed to resolve the question. 

The deposition velocities for the largest tube size studied of 2.81 in. 

ID are shown in Figure 5. Tube surfaces were as-received for this tube 

size. The deposition velocities are shown as a function of particle size with 

Reynolds number as a parameter. 

8 ~ to a particle diameter of 29~. 

The particle size range is extended above 

The larger particles above about 20 ~ 

were wet spherical particles, as compared to dry spherical particles for 

particles below about 1 0 ~. An important observation is that the maximum 

measured deposition velocity is only of the order of 1 to 2 cm/ sec as com­

pared to the 10 to 30 cm/sec for the smaller tube sizes. This difference in 

the maxima will lead to difficulties in representing the deposition data for all 

tubes by a correlation. 
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curve. Above 10- 3 cm / sec the curves are well defined. These data do not 

show the effect of particle re-entrainment as will be shown for the large 

diameter tubes. 

In Figure 3 the deposition velocities are shown for the same particle 

size range for a larger tube size of O. 62 in. ID. For deposition velocities 

greater than about 10- 3 cm / sec, the deposition velocities for each particle 

size increases rapidly with an increase in Reynolds number until a depo­

sition velocity of about 10 to 30 cm / sec is reached. For additional Reynolds 

number increases, the deposition velocities increase slowly or tend to remain 

constant. A decrease would identify the onset of effective particle re­

entrainment. The valley in the solid curve at a Reynolds number of 1. 5 xI 0
4 

for the 8 ~ diam particles and the concave downward trend for 4 to 6 ~ par­

ticles show a consistent trend, but the cause for the valley is unknown. 

In Figure 4 the deposition velocities are again shown for the same 

particle size range, but now for a larger tube inside diameter of 1.152 in. 

Similarly, in Figure 3, the data symbols are represented by smoothed solid 

curves and the calculated percent depositions within a 10 ft length of tubing 

are represented by the broken line curves. A further similarity is that a 

valley occurs for the 8 to 9 ~ particles at a Reynolds number of 2 x 10
4 

For 

higher Reynolds numbers the similarity ends for these 8 to 9 ~ particles. 

The curve is split into two branches at a Reynolds number of 2 x 10
4 

The 

upper branch is for a tacky coated tube and the lower branch is for particle 

re- entrainment conditions for as - received tubes. 

The tacky-coated tube was an as-received tube coated with a thin 

layer of petroleum jelly. This coating was to simulate the case of a perfect 

particle sink at the tube wall. The data for the tacky coated tube are indi­

cated by flagged symbols. These flagged symbols are in the uppe r branch 

of the curve as well as along the curve before it branches. The flagged 
4 4 

and unflagged symbols between Reynolds numbers of 1 x 10 to 1. 5 x 10 

show an overlapping scatter. This means that for these deposition con­

ditions both a dry wall and a tacky-coated wall act as similar perfect sinks. 
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The reproducibility for essentially replicate experiments can be 

exemplified by the data for experiments using 8 ~ particles at a Reynolds 

number of 1. 1 x 10
4 

shown in Figure 4. For these 12 data points (including 

two for internally coated tubes to make them tacky), the deposition velo­

cities range from about 2.8 x 10-
3 

to 2.5 x 10-
2 

cm/sec which correspond 

to a total deposition of from 0.25 to 0.650/0 in a 10 ft length of tubing. The 

causes for this range of depositions are not readily identified, but the 

range is somewhat surprising in light of the excellent reproducibility and 

consistency achieved for data plotted in Figures 8, 10, and 11. 

Exacting control of the variables of particle size, density, and 

quality are important in achieving reproducibility, as are also the precision 

in measurement of velocity and tube dimensions. Figures 7 and 9 present data 

for experiments in which particles were drawn simultaneously from the same 

aerosol chamber with negligible velocity differences. The rather large dif­

ferences in deposition suggest that one or more variables, yet to be identified, 

may be effective under some conditions. Notwithstanding the variability 

among individual data points, the data taken as a whole show the importance 

of critical parameters and permit a good measure of particle retention under 

many conditions. 

DEPOSITION VELOCITIES 

Deposition velocities were determined for tube sizes of 0.21, 0.62, 

1. 152, and 2.81 in. ID. In Figure 2, the deposition data are shown for 0.21 

in. ID tubing as a function of Reynolds number for particles of several sizes. 

The data symbols are represented by the smoothed solid curves and illustr8.te 

that deposition increases rapidly as the flow rate is increased. The solid 

curves are for 8, 4-5, 2, and 1 ~diam particles. These solid curves are 

intercepted by broken line curves which show the calculated pe rcent depo­

sition within a 10 ft length of vertical tubing. For instance, at a Reynolds 
. -4 4 

number of 3300 (flow rate In cfm = 1.37 x 10 x 0.33 x 10 = 0.45), the 

deposition would be 990/0 of 8 ~diam particles. In contrast for the same flow 

rate, less than 10/0 of 1 ~ diam particles would be deposited within the same 

10 ft length of vertical tubing. 

-4 
The deposition velocities are from about 10 to 30 cm/ sec. Below 

10 - 3 cm/ sec, the data show too much scatter to sufficiently define a solid 
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In an almost identical experiment (results shown in Figure 8), repro­

ducibility was excellent. Differentiating surface quality by visual observation 

was not possible as judged by the nearly identical deposition profiles for the 

tubes. Again, re-entrainment conditions prevailed. 

Results already described and presented in Figure 9 show another 

example of relatively poor reproducibility (though considerably better than 

that shown in Figure 7), presumably due to a joint in one tube. End and joint 

effects may introduce additional uncertainties in deposition measurements. 

For the non-re-entrainment conditions maintained for the experiments 

whose data are shown in Figure 11, one might entertain the conclusion that 

as-received tube surface variations are not as important in their effect on net 

deposition in non- re- entrainment cases as for the entrainment conditions. 

For example, see Figure 7. One might logically expect that particles once 

deposited on a relatively rough surface may be retained to a significant 

degree due to protection from re- entrainment by surface features of fine 

cracks, ridges, etc. Because surface irregularities could be quite variable, 

the degree to which the net deposition is affected (for re-entrainment con­

ditions) might be significant. Greater variation in measured net deposition 

would be anticipated, if the net deposition was the end result of initial depo­

sition and subsequent re-entrainment or re- bounding. Although born out by 

the data in Figure 7 which are for identical parallel runs with different as­

received tubes, the conclusion is not supported by the data obtained and shown 

in Figure 8 in which excellent reproducibility was obtained for two tubes 

selected at random. In Figure 9, which presents data for an experiment for 

conditions identical to those maintained for Figure 7, somewhat better, but 

still rather poor reproducibility is shown than that in Figure 7. This experi­

ment (see Figure 9) did involve the additional complexity of jointed tubes at 

the midpoint which had a marked effect on the resulting curve. 

Although we have suggested a tentative, but qualitative, explanation 

for variability in cases where re-entrainment occurs, a review of Figures 

2, 3, 4, and 5 will show that achieving good reproducibility has posed a prob­

lem for most operating conditions. 
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boundary layer developmento The reprOdUCIbilIty is demonstrated by the 

smoothness of the curve. There is an mdicatIOn of small perturbation of 

the joints, but there is not a very significdnt break apparent in the slope. 

Not every profile was this consistently exponentiCil as win be further dis­

cussed; however, a truly exponential profile shows that a narrow size 

range of particles is entering the tube, and allows a discrete, accurate 

evaluation of the deposition velocity. 

Several experiments were performed in which nominCilly identical 

conditions were used. Particles were simu: Ldneous"iy drawn through 

parallel lengths of as-received tubes at identical rates, and the concen­

tration determined as a function of distance cuong the tube. Figure 11 

shows the results of one such experIment. Each conc entration profile IS 

for the center 12 ft of tubing which was Joined,. above and below, to iden­

tical sections. The two curves show the results from pCirClllel sections. 

The end effects reproduce well, as does the overa1l concentration profile, 

Conditions of flow and particle size were selected for which re-entrainment 

was negligible. 

Although tubes are nommally IdentIcal (wnhm manufacturing toler­

ances), we have observed differenc es In identlcai runs which we can only 

ascribe to subtle differences in tube - surfac E qUality. Two tubes were 

sel.ected which appeared by visua: cbservation to hctve a dIfferent surface 

quality. One tube was characterized as bemg "rough", by this examina­

tion. The tube showed somewhat more pronounced die markings than 

the second tube, classed as "smo01h", The dctued. dIfference In surf::;.ce 

quality was not highly dlscernible, and cou~d not be further qU8ntliled 

with profilometers available. These two tubes were supported m parallel 

and 16 ~ particles passed slmuttaneously through the tubes. Flow, par­

ticle size, and tube dlameter were such thdt reo entralnment was sigmfi­

cant. Figure 7, a1ready brIefly dIscussed. shows the concentration 

profiles inferred from the net deposition on the two tubes. Reproduc­

ibility must be judged to be poor in thIS experIment, and the observation 

is an anomaly which has not been reSOlved, ThE results certainly do 

suggest that some physical qualiiles of tube surface m,:tY YIeld unusual 

deposition, 
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velocities to be measured within an estimated 2%. Particles were closely 

monodisperse and samples were taken frequently for sizing. Because the 

deposition velocity may increase with approximately the fourth power or 

greater of particle diameter, small errors in particle sizing may effect 

significant errors in deposition velocity. Tube diameters were held to 

manufacturer's tolerance and were not more than ± 0.002 in. from the 

nominal diameter. The evaluation of the mass loading of particles through 

fluorometric measurements can be shown to be a minor source of error. 

Measurements of fluorescence were all relative and stability checks of the 

instruments were made during every experiment. Manipulative errors are 

always present, but only simple operations were required, and this source 

is believed insignificant compared to other sources. Less easy to evaluate 

are errors arising from differences in the quality of the particle used, 

primarily the dryness of the particle. Larger particles dry more slowly 

and may be more sticky. Humidity changes could have an effect as well. 

These were not evaluated specifically. Other variables, such as joint 

effects already discussed, subtle differences in tube surface roughness, 

degree to which the longitudinal deposition profile followed the exponential 

relation, and vibration, may have introduced uncertainties in the finally 

evaluated deposition velocity. 

Because many of the variables and their errors could not be evaluated 

discretely and objectively, we have used the reproducibility in essentially 

replicate runs as the primary index. 

The following are some observations which help appraise the repro­

ducibility of the data taken for these special experiments and the experiments 

as a whole. 

The reproducibility of the manipUlative and fluorimetric procedures 

can be inferred from Figure 10, in which the change in concentration is 

plotted from one experiment as a function of distance along the tube. Each 

point represents a short section of the tube and a separate analysis of 

uranine deposited. The total length of 49 ft consisted of four continuous 

12 ft long sections and a 1 ft long section. The concentration profile shows 

some curvature, more pronounced at the inlet 4 it which is attributed to 
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time, sec 

velocity of gas in axial direction at any point, cm/ sec 

u/u,:" dimensionless 

friction velocity, V ,/7T2 = 

.... 
component of v , cm / sec 

, cm/ sec 

vector velocity of gas at any point, cm/ sec 

assumed equal to a root mean square of the radial component 
of the fluctuating gas velocity, taken as 0.9 V ,j~, cm/ sec 
(Ref. 1) 

average axial velocity in tube, cm/ sec, also volume 
containing continuity system, cm 3 

x rectangular coordinate parallel to solid wall and in the 
direction of flow, cm 

y distance from tube wall in rectangular coordinate, cm 

+ 
y 

z 

O. 
1 

E: 

P 

8 

\' 

p 

T 

-(t) 
1 

= 

= 

= 

= 

= 

= 

= 

= 

= 

distance from tube wall. y u)\!. dimensionless 

cylindrical coordinates along tube axis, cm 

unit vector, dimensionless 

C 2 -. C 1 in w~ch 1 and 2 refer to two control surfaces, 
partlc1es/ CHi· 

eddy diffusivity of gas, cm
2

/ sec 

eddy diffusivity of particles, cm
2

/ sec 

"universal" constant in Equation (20) 

angle in cylindrical coordinates 

gas viscosity, g/(cm sec) 

2 
kinematic viscosity, ~/ p, cm / sec 

gas density, g/cm
3 

particle density, g/ cm 
3 

particle relaxation time, pd
2
! (l8~), sec 

2 
shear stress tensor, g force / cm 
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shear stress at tube wall interface, g force/cm
2 

momentum flux at tube 2'all associated with deposition 
particles, g force / cm 

shear at gas-solid ~nterface due to momentum flux at tube 
wall, g force/ cm 

xy 
shear stress exerted in the x-direction on a fluid surface of

2 
constant y by the fluid in the region of lesser y, g force/cm 

= the vector-operator "del" defined in Equation (5) 

Overline 

Superscript 

Subscript 

time smoothed 

I deviation from time smoothed value 

r = radial direction 

x = direction of average flow parallel to solid wall 

y direction perpendicular to the average flow in 
the x- direction 

z = axial direction in cylindrical coordinates 

Substantial Time Derivative in Rectangular Coordinates 

DC 
Dt 

= d C + v dC + v dC 
~ x d x Y dy 

+ v dC 
z oz 

I. 
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