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A~traet--Turbulent deposition of particles from two-phase flow onto the smooth wall of a tube has been 
studied theoretically and experimentally. A model is proposed for the deposition motion of large particles 
based on turbulent diffusion in the core followed by a free flight towards the wall. The theory shows that 
within the Stokes regime, the dimensionless deposition velocity kd/u* depends on Re and ¢+ only, where u* 
is the friction velocity, Re is the tube Reynolds number and r + is the dimensionless particle relaxation time. 
Deposition data are obtained for air-water droplet flow through a 12.7-ram i.d. acrylic tubing at Re = 52,500 
and 94,600. The proposed theory satisfactorily describes the existing deposition data as well as present 
measurements, covering a wide range of Re and ~-+. 

1. INTRODUCTION 
The determination of droplet deposition rates is of interest in many technical applications such 
as once-through steam generators, nuclear reactor systems, spray cooling and other two-phase 
flow situations. When a turbulent stream containing suspended particles flows past a wall, 
particles are deposited on the surface by the action of fluid turbulence, singly or in combination 
with other mechanisms such as Brownian diffusion, gravitational settling and electrostatic 
effects. Accurate description of the mechanism of purely turbulence-controlled deposition 
is essential for the analysis of deposition motion of particles under more complex 
conditions where other mechanisms are also present simultaneously. A critical examination of 
the deposition measurements for wide range of particle sizes from submicron to several 
hundreds of microns has been reported by McCoy & Hanratty (1977). As shown in figure'~ they 
have presented the dimensionless deposition velocity kd+( = kJu*)  for vertical systems vs the 
dimensionless particle relaxation time ~-+ defined as 

¢+ = d2 popdu*2]181~62 [la] 

based on volume median diameter. Here kd = No/t~, No is the mass rate of deposition of 
particles per unit area, 6 is the bulk concentration of particles across the tube, u* is the friction 
velocity, d and pd are the particle diameter and density, and po and ~6 are the density and 
dynamic viscosidy of the fluid respectively. The following observations have been made in view 
of the data depicted in figure 1. 

For particles in the submicron range, ~-+ <0.15, particles follow the streamlines of fluid 
motion, and Brownian diffusion is the mechanism responsibile for deposition, suggesting that 
kd + is independent of ~'+ and is a function of Schmidt number Sc( = ~,cJ/5) only, where vc is the 
kinematic viscosity of the fluid and/3 is the Brownian diffusivity. 

When ~-+> 0.15, kd + is however found to be independent of Brownian motion, and Sc is no 
longer an important dimensionless group. According to the theory proposed by Friedlander & 
Johnstone (1957), particles in this range diffuse towards the wall due to radial velocity 
fluctuations of the turbulent eddies up to one stopping distance from the wall, and then deposit 
on the wall by a free-flight (inertial) mechanism through the viscous boundary layer, owing to 
the initial momentum imparted to them by the fluid eddies. A stopping distance, S, is defined as 
the distance a particle would travel through a stagnant fluid with a prescribed initial velocity 
under the conditions of Stokesian drag, and is given by S = (d2pdVpo/181za), where Vpo is the 
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Figure 1. Summary of literature deposition data for vertical flow systems. ~7, Farmer et a/. (1970); ×, 
Forney & Spielman (1974); 0, Friedlander & Johnstone (1957); &, Cousins & Hewitt (1968); V, llori (1971); 
II, Liu & Agarwal (1974); +, Schwendimen & Postma (1961); O, Sehmel (1968); &, Wells & Chamberlain 

(1%7). 

initial particle velocity at the start of free flight. The dimensionless stopping distance S ÷ is 
given as S + =- Su*/uG. The data indicate that kd + is approximately proportional to ~.+2 up to ~'* 
about 20--30. 

The experimental deposition data in the above range of ~'+ are reported by Friedlander & 
Johnstone (1957), Wells & Chamberlain (1967), Sehmel (1968), Liu & Agarwal (1974), Agarwal 
(1975) and others. In order to better explain the observed deposition data, the theory of 
Friedlander & Johnstone (1957) was later modified by a number of investigators (Davies 1966, 
Beal 1968, Sehmel 1970, Liu & Ilori 1973). A detailed survey of these models is given by McCoy 
(1975). 

However as the particle size increases beyond ~'+ > 20-30, none of the above models is able 
to predict the experimental data. There is observed a marked change in the behavior of kd +, 
suggesting a deviation in the mechanism of particle deposition. Indeed, this range of r ÷ arises in 
most practical applications involving two-phase dispersed or drop flow. For vertical flow 
systems, deposition data in this range include those of Sehmel (1968), Ilori (1971), Forney & 
Spielman (i974), Liu & Agarwal (1974) and Agarwal (1975) for uniform-sized particles, and of 
Cousins & Hewitt (1968) and Farmer et al. (1970) involving a drop size distribution. Un- 
fortunately the accumulated data show a large amount of scatter, thereby masking the separate 
effects of Re and pdlpa, where Re is the Reynolds number (= (JDluG), D being the tube 
diameter and U, the superficial gas velocity. 

A number of theoretical analyses also exist in the literature for predicting the deposition 
rates in this region of particle size. Friedlander & Johnstone (1957) have suggested that "for 
S + > 30, the particles need to diffuse only to the edge of the sublayer" although they have not 
considered any experimental data to examine the validity of their supposition. It is to be 
pointed out that for particles with S+> 30, Friedlander & Johnstone (1957) have assumed 
equality of particle and fluid diffusivities and employed Reynolds analogy to obtain the 
deposition velocity that is independent of particle size. This assumption is not realistic for large 
particles since their response to fluid fluctuations becomes imperfect and uncertain (Owen 
1969), and is in contrast with the deposition data of Liu & Agarwal (1974) and Agarwal (1975). 
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Hutchinson, Hewitt & Dukler (1971) have presented a stochastic model for calculating the 
deposition flux. The particle motion associated with the eddy interactions in the turbulent core, 
and in the wall region of highly damped turbulence is considered random. The deposition rate is 
found to depend on Re, Pdlpa, d/D and L/D, where L is the tube length. From the best fit of the 
theory with the available data, they find that the wall region is described by 0 < y+ < 1.25, where 
y.  = yu*lv~ and y is the radial distance from the wall. McCoy (1975) points out in the above 
theory that if the free flights begins at y÷ = 1.25, the initial particle velocity should be the one 
that corresponds to local fluctuating velocity of the fluid, instead of the velocity that exists in 
the core region. Also Gardner (1975) observes the theory of Hutchinson et al. (1971) predicts 
maximum possible kd t as 0.81, which is about 6 times higher than that measured by Liu & 
Agarwal (1974). 

Forney & Spielman (1974) have presented an expression for the calculation of deposition 
velocity for particles having S+>30. Their theory is a modification of the analysis of 
Friedlander (1954) which predates the published work of Friedlander & Johnstone (1957). It 
employs the stopping distance concept and considers that the location where free flight starts 
can vary from y . =  30 to y+= ro t, depending on the particle size, where ro t =  rou*lvG. The 
boundary condition employed is c -= 0 at y÷ = St  for 30 < S t < ro t. The main difficulty with the 
theory of Forney & Spielman (1974) is that the assumption of a zero particle concentration at 
locations corresponding to the start of free flight in the turbulent core is incorrect, and is in 
direct contrast with the reported measurements for the concentration distribution (Hagiwara et 
al. 1979). The error in such an assumption becomes increasingly serious when the start of free 
flight becomes closer to the tube center. Another limitation of their theory is that their analysis 
fails to describe the deposition process when the stopping distance exceeds the tube radius, in 
which case turbulent diffusion with free flight as the final transport totally breaks down. 

Furthermore, it is widely recognized that the applicability of the stopping distance concept 
for S ÷ > 30 is not appropriate (Agarwal 1975). This is evident from the fact that if the free flight 
were to start at S t >  30 depending on the particle size, the region 30 < y+< S t is not purely 
viscous, but consists of turbulent fluctuations of high intensity and thereby offers resistance to 
particle free flight. Therefore particle free flight in the turbulent core becomes questionable. 

Cleaver & Yates (1975) have proposed a deposition model based on the observations of the 
structure of the wall re#on of a turbulent boundary layer. It is assumed that particles move to a 
certain height above the surface by turbulent diffusion and are convected to the wall in the 
downsweep of fluid towards the wall, while some of them are carried back into the turbulent 
core by turbulent burst (upsweep). However their theory predicts an asymptote as ~÷~ 1000, a 
result that is in contrast with data for large particles (Agarwal 1975). The limitations of the 
analyses of Namie & Ueda (1973), Reeks & Skyrme (1976), and James & Hutchinson (1979) are 
also discussed in Mastanaiah (1980). 

From the foregoing considerations, it is evident that there exists no satisfactory theory that 
can explain the mechanism of droplet transport when the particle relaxation time is in excess of 
about 30. The purpose of the present work is to experimentally and theoretically study the 
mechanism of turbulence-controlled deposition in the higher range of particle size. 

2. ANALYSIS 

2.1 Proposed physical model 
The present model is concerned with particles which have stopping distance S ÷ in excess of 

the combined thickness of the viscous sublayer and the buffer layer (y÷ = 30). 
The intensity of radial turbulence from the center of the tube (y.  = rot) to the periphery of 

the turbulent core (y* = 30) is high and practically uniform as indicated by Laufer's data (Hinze 
1975, pp. 725 & 726). Therefore, particles are subjected to the radial velocity fluctuations 
regardless of S t and thereby diffuse to the periphery of the turbulent core. The radial velocity 
fluctuations outside the turbulent core (0 < y . <  30) are, however, small compared to those in 
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the core region (Hinze 1975, p. 726) and therefore particle transport towards the wall by 
turbulent diffusion is questionable. However, all particles with S+> 30 have already enough 
momentum, imparted to them by the turbulent eddies at the periphery of the turbulent core, to 
penetrate the buffer layer and viscous sublayer by inertial flight. The above arguments form the 
physical basis for our consideration that all particles with S+> 30 move from the tube center to 
the edge of buffer layer by turbulent diffusion, and then reach the wall by a free flight 
mechanism. This is consistent with the notion of Friedlander & Johnstone (1975). 

The present work however considers the effect of particle inertia on the deposition rates, 
and this marks an important difference between the present model and that proposed by 
Friedlander & Johnstone (1957). 

We consider now the case when the particle stopping distance coincides with the edge of the 
buffer layer, i.e. S += 30. It may be noted that the particle relaxation time, r, is defined as 
.c = S/vpo, and that the stopping distance, S, and the relaxation time, r, are made dimensionless 
with respect to wall parameters u* and ~,~, resulting in the relationship ~-÷ = (S+u*/vpo). At the 
edge of the buffer layer y+= 30, the radial rms velocity fluctuation of the fluid, vr0 ~-0.75 u* 
(Hinze 1975). For the case of S + = 30, Vpo ~- Vto is a good approximation, as can be justified by 
the relations to be derived ([8] and [16]) for the particle to fluid diffusivity ratio. Since there is a 
change in the particle transport mechanism as stated earlier, the relaxation time corresponding 
to S += y+= 30 wilt be termed as the critical relaxation time. It then follows from the above 

relations that 

• +cr = 40. [lb] 

The result given by [lb] fairly agrees with the summarized experimental study of McCoy & 
Hanratty (1977) who suggest a value of ~+cr-~ 23, and the deposition measurements of Liu & 
Agarwal (1974) who observed a value of 30 for r+,. Equation [lb] therefore tends to support 
the soundness of the present deposition model for S ÷ > 30. 

2.2 Deposi t ion  velocity 
Based on the proposed physical model described above, the analysis for drop deposition is 

performed for particle r + > 40. The following assumptions are made. 
(1) The flow is fully developed. 
(2) The concentration profile is developed so that entrance effects are not present. 
(3) Drop concentration is small enough to consider that the fluid turbulence characteristics 

are unaltered. 
(4) The size of the particles is small enough that their motion relative to the fluid obeys 

Stokes law of resistance. 
(5) There is no wall rebound or reentrainment of drops, once the drops deposit on the wall. 

However, when deposition occurs there exists a sticking probability which is related to the 
adhesion of particles at the immediate vicinity of the wall, even though there is no drifting 
motion due to field effects (Soo & Tung 1972). The adhesive forces are either electrical or liquid 
(viscosity and surface tension) in nature. The observed mean deposition velocity therefore 
includes the probability that some drops do not merge into the wall layer, but rebound and are 
removed by turbulent diffusion. In the present paper it is assumed that the sticking probability 
is unity in view of the experimental observations of Cousins & Hewitt (1968). 

(6) The local mass flux of droplets in the turbulent core varies linearly from zero at the tube 
center to a value of No at y+ -- 30 and remains constant equal to No in the region 0 < y+ < 30. 
This assumption however requires plug flow idealization. Because the turbulent flow velocity 
profile is relatively flat, the above approximation introduces little error, as mentioned by Kays 

(1966). 
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The rate law for the diffusion of droplets due to concentration gradients is given by 

d c  
N = •p ~-~, [2] 

where N is the local rate of mass flux of droplets in the radial direction, c is the concentration 
of the droplets in the units of mass/volume and ep is the particle diffusivity equal to Be/, e/being 
the fluid eddy diffusivity. 

Equation[2] for the particle flux is based on the assumption that the particles in the gas core 
interact with the turbulent eddies in such a way that particle dispersion is considered essentially 
diffusive. It has been employed by almost every investigator to date (Friedlander & Johnstone 
1957, Namie & Ueda 1973, Forney & Spieiman 1974, Rouhiainen & Stachiewicz 1970, Hagiwara 
et al. 1979) in their analyses of deposition process, in view of its adequacy in predicting the 
trends of the observed deposition data. The underlying basis for such an assumption is that the 
deposition flux is found to be proportional to the bulk concentration of particles in the gas 
stream, as analogous to heat and mass transport in single phase flows, suggesting that the 
mechanism is governed by a gradient-type diffusion. It is in fact pointed out by Lumley (1978, 
p. 308) that although there is no theoretical support for this consideration, it suggests the use of 
a diffusion equation. 

However, there is an upper limit on the particle size, above which the use of [2] becomes 
questionable. In the present theory it is inherently assumed that the particle diameter should be 
smaller than the smallest dynamically significant wavelength present in the turbulence, for 
example, the Kolmogorov microscale, ~7 = 0'o3/e) ~/4 where vo is the kinematic viscosity of the 
fluid and • is the dissipation rate per unit mass, given by • - u311 where u and I are the velocity 
and the length scales of the large scale turbulence respectively (Tennekes & Lumley 1972, p. 
20). 

As is well known the eddy diffusivity of fluid is not constant across the turbulent core (Kays 
1966). The eddy viscosity expression proposed by Reichardt (1951) is considered here, and is 
given by 

es -- Kr°u* [1- (~o)'] [1 +2 ( - r ~ ' l T  \ r o / j "  [3] 

Here K is the mixing length constant equal to 0.4. Integration of [2] between y+= 30 and a 
point y+ in the core leads to the concentration distribution as 

At y+ = ro +, we have 

_ No 

C \ 1 -'-'---X-! J~=O.y+/,o+)2 " [4a] 

No [I + 2(I - 30/#'o+)21 
Cc - c, -- u--~SK In L- ~ z ~ - _ - 3 ~  j , [4b] 

where cc and cb are the concentration at the tube center and the edge of the buffer layer 
respectively. The mass transfer coefficient or the so-called "deposition velocity" is defined as 

kd = NolO', [5a] 
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with the bulk concentration ~ given by 

'O r° / ~0 r° = cUr dr Ur dr, [Sb] 

kd _ (cJe) 17] 
u* [1 + 2(1 - 30/ro+) 2 ] " 

2.5 In [ 1 - (1 - 30/ro+) 2 J + (X/(~)/0.75) 

No = VpbCb, [5C] 

where vpb is taken here as the RMS particle velocity at the edge of the buffer layer, wherefrom 
free flight is considered to start (Beal 1970). From the relations to be derived later in the text 
(see [8]), it can be shown that 

Vpb = Vibk/ (~), [5d] 

where vtb is the RMS radial velocity of the fluid at y÷ = 30, which can be taken equal to 0.75 u*. 
Therefore 

vpb = 0.75u*V(~). [5e] 

Equating [5a] and [5c], we obtain a relation for cb as 

cb/g = ka/(0.75 u*~/(6)). [5f] 

The value of ?/cc is determined from [4b], [5b] and [5f]. In [Sb], the following distribution 
for U+( = U[u*) is considered. 

U + = y+, 0 < y+ < 5 [6a] 

U + = 5 In y+ - 3.05, 5 < y+ < 30 [6b] 

[y+{1.5(1 + r/ro)}l, y+ 
U+=5'5+2"Sinl_ l ¥ ~ f f r ~  J 30< <ro +. [6c1 

Equation [6c] is due to Reichardt (1951), and is in excellent agreement with the experimental 
data up to the tube center (Kays 1%6). 

From [4b], [5a] and [5f], it is shown that the dimensionless deposition velocity is given by 

2.3 Particle to fluid diffusivity ratio 6 
The diffusivity of a particle in turbulent flow has been analysed by Tchen (1947). The details 

and limitations of his theory, and further considerations towards improvement have been given 

where U(r) is the radial velocity distribution in the tube. 

In evaluating[5b], it is assumed that c = cb for o < y+ < 30. This has become necessary in 
view of the uncertainties regarding the phase distribution in the immediate vicinity of the wall. 
However ~ is seen to be relatively insensitive to the type of concentration profile assumed in 
the sublayer, as would be expected. 

In order to complete the solution of the problem, an additional relation for Cb is necessary. 
This is obtained here by invoking an auxiliary boundary condition of the form (Beal 1970, Liu & 
Ilori 1974): 
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in Soo (1967) and Hinze (1975). For solid particles or water droplets in a gas stream (po '~ pa), in 
the absence of external forces due to gravity, additive mass and pressure gradient, it can be 
shown (Hinze 1975, Eq. 5-211; also Mastanaiah 1980) that Tchen's theory for small diffusion 
time (t ~ TrD leads to 

f o  EpL(n) dn 
8 = ~ =  =y_~= 1 

fo ° ef EtL(n )dn v'f~ d 2 1 
1 + Pd lZ G Tf L 

[81 

where v~ and v~ denote the fluctuating radial velocity, and EpL(n) and EtL(n) are the Lagrangian 
energy spectrum functions of particle and fluid respectively, t represents time, and TIL is the 
Lagrangian integral time scale of the fluid defined as 

E Trt. = RiL(t) dt. [9] 

The Lagrangian correlation coefficient RtL is defined as 

RtL(t) = v~to)v't(to + t) l y e ,  [lO] 

where averaging is done over a number of particles. Equation [8] is similar to that derived by 
Friedlander (1957). Rouhiainen & Stachiewicz (1970) and Namie & Ueda (1973) have used an 
expression similar to [8] in their analyses of deposition motion. 

The assumption of a small time diffusion leading to [8] for the diffusivity ratio 8 can be 
justified as below. For shear flow through tubes of finite dimensions, the radial diffusion time is 
of the same scale as the characteristic Lagrangian integral time scale TSL which is of the order 
of ro/u*. In such situations were t -  TtL, the dispersion of the particle can be rather well 
approximated as a small time diffusion process (Monin & Yaglom 1971, p. 545), due to the fact 
that the diffusivity is only very weakly dependent on the specific form of the correlation 
function. 

There does not exist sufficient experimental information about the quantity TIL in [8] for 
turbulent pipe flows because of the difficulty of measurements. It is generally related to the 
Eulerian integral scale Tn by (see Monin & Yaglom 1971, p. 577): 

TtL = OTE, [111 

where 

T~ = t d u ,  [121 

u and IB being the radial velocity scale and Eulerian length scale of turbulence respectively. For 
the turbulent core flow in a tube, u can be considered uniform and taken equal to 0.8 u*. 
Equation [I1] is based on the consideration that the Lagrangian and the Eulerian autocor- 
relations have similar shape hut differ only in the time scale. 

However, there exist some quantitative discrepancies in the reported measurements of IE for a 
pipe flow (Komasawa et al. 1974, Martin & Johanson 1965) although the data in general show an 
increase of l~ with Re. Komasawa et ai. (1974) have attributed this variation in IE to the fact 
that the geometry of the turbulence generating devices has a large effect on the macroscopic 
turbulence quantities. They further note that no significant difference is seen between the 
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spectra measured at some radial distances from the center in the core region (0.65 < y/ro < 1.0), 
thus indicating that the radial variation of l~ may not be appreciable. The measurements of IE 
obtained by Martin & Johanson (1965) for water will be adopted here, as they cover a wider 
range of Re (2 × 104-1.4 z 106), and are represented by 

IE/ro = 5.028 × 10 -4 Re °5°9 . [13] 

There exists even greater degree of uncertainty in the present state of knowledge concerning 
the important quantity/3 which relates the Lagrangian and the Eulerian integral time scales. As 
pointed out in Monin & Yaglom (1971, p. 577), the reported values of/3 are extremely scattered 
about a mean value of/3 = 4 (Hay & Pasquill 1957). More recently, Snyder & Lumley (1971) 
have interpreted a value of/3 = 3 based on their measurements in a grid generated turbulence. It 
should be noted that/3 is not a universal constant; but in view of the absence of reliable and 
consistent value of/3 at the present time, a value of/3 = 3 is employed in the present work as a 
first approximation. Therefore we have 

TtL = c~/3rol u *  , [14a] 

where 

a = 6.3 × 10 -4 Re °5°9 , [14b] 

/3 --- 3. [14c1 

From [8] and [14], the diffusivity ratio 6 is obtained as 

1 ( 1 )  ,,5, 
90G Re X/(f/2) 

where [ is the friction factor. Expressed in dimensionless relaxation time, r + defined in [la], 
and noting that ro + = Re X/(f/2)[2, [15] becomes 

1 1 
6 - 2 = l + ('c+/ro+)/(a/3)" [161 

1 + ~ ~ - + / ( , # ~ )  

The friction factor is calculated from the well-known correlations for smooth tubes as 

f = 0.0791 Re -°25, 

= 0.046 Re -°2, 

3 × 103 <s Re < 105 (Blasius) 

105 < Re < 106 . [17] 

Thus [16] shows that 6 depends on r + and Re only. The trend of 6 given by [16] is similar to 
that obtained recently by Soo (1978) who has deduced three different expressions for the 
diffusivity ratio depending on the particle size. However, the present result [16] offers the 
advantage of being continuous for all r + within the Stokes regime. 

It may be remarked that 8 as given by [I6] is spatially uniform across the core. This appears 
to be reasonable since the radial intensity of fluid turbulence, v;, which is responsible for the particle 
radial migration, is nearly constant in the core region (Hinze 1975, pp. 725 & 726), and since the 
Eulerian length scale as mentioned earlier is also nearly independent of radial position. In fact, [8] 
suggests that the ratio ~ can be computed as a function of y+ with a knowledge of the radial 
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distribution of the energy spectrum functions. Detailed calculations by Namie & Ueda (1973) 
incorporating the limited Eulerian data of Comte-Bellot (1965) as an approximation to the 
Lagrangian energy spectrum shows that the variation of the diffusivity ratio is not appreciable in the 
turbulent core. 

It is seen from [16] that 8 becomes 1 at r + =0, and tends to zero as ~ ' + ~ .  The result is in 
agreement with the observation that very large particles are not influenced by the eddy motion 
and remain entrained near the tube center (see Cousins & Hewitt 1968). However, it is to be 
noted that for particles with Red = dlvp- vsl/vG > 1.0, the linear resistance law due to Stokes 
becomes less accurate. The limitation of the present model due to the assumption of Stokes law 
(see [20] will be discussed later in the text. From [7] and [16] the final expression for the 
deposition velocity is obtained in dimensionless form as 

kd Cc/e 1 [18] 
" :St ri+2(i-30/,.o+)q. , l )} 

2.5 In L 1 -(1  - 30/ro+) 2 J - 0 - ~  1 + O-+/ro+)/(a~l) " 

where a = 6 . 3  x 10 -4 Re °'5°9, and 3 = 3, as given by [14b] & [14c] respectively. The sensitivity of 
kdlu* to/~ in [18] will be considered in section 5, in view of the uncertainty in the value of/3. 

Equation [18] above suggests that the dimensionless deposition velocity kd/u* is a function 
of Re and r + only. 

On the other hand, according to Friedlander & Johnstone (1957), for S + > 30 the deposition 
velocity is given by 

kd/0 = f/2, [19a] 

which can be written as 

kdu* = k/(f/2) = 2ro+/Re. [19b] 

Equation [19b] implies that kd/U* is independent of particle size but depends on Re only. The 
improvement of the present result [18] over [19b] will be illustrated later in the text. 

In many practical situations, the suspended droplets may not be of uniform size but have a 
size distribution. In such cases an appropriate mean diameter has to be specified for evaluating 
r +. The arithmetic mean drop size is taken as the effective droplet diameter in the present 
calculations. Although most of the mass is carried by larger drops, an arithmetic mean diameter 
is chosen here for the following reason: [18] suggests that the deposition velocity varies as  l id  2 

for larger drops, and since the mass of the drops varies as d 3, the length mean diameter appears 
to be a reasonable characteristic drop size in the calculation of deposition flux No = kdt. In 
other words, the probability of larger drops being deposited is relatively small compared to that 
of the small drops, because !arger drops are less influenced by the eddy motion. This is 
6onsistent with the fact that the radial transport of small particles is associated with the 
momentum exchange with the turbulent eddies, in which case, as mentioned by Soo (1967), a 
length mean diameter d~o would be appropriate. 

It should be recognized that the present results cannot be applied to arbitrarily large ~-+ in 
view of the restriction on the Stokes resistance law, which is valid for Red < 1.0. In fact there 
exists a value of ¢+= + ~-,. above which the condition that Red < 1.0 will not be satisfied. By 
definition, 

Red = dlvp - vtl/pc. [20a] 
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In [20a], v t is taken as 0.8 u* and vp is given by [8] as 

vp = vt~/(6),  [20bl 

where ~ is given by [16]. After some algebraic manipulation, it can easily be shown that the 
maximum value of r + is given by the relation 

Re* = 0.75k/(18,r+(pdpd))(1 - ~/(~)). 120c1 

In [20c], Re~ is the value of Red above which Stokes law will be inaccurate, and taken equal to 
1.0. Thus it is seen that 

+ _ r,. - f(Re, Pa/#~) [20d] 

It is seen from [20c] that r + increases with Re and Pd/P6. For instance, for water dropletes in 
air at atmospheric pressure (Pd/PG is about 750), [20c] suggests that r + increases from 249 to 
1201 as Re is increased from l& to 105. Unfortunately, a decrease in Od/OG results in a decrease 
in ~',~. However, it is important to recall at this point that the present theory can not be applied 
to relatively small Pd/PO, since the derivation .of [8] assumes that Pd "> Pc. This limit on 
usefulness of z + is to be noted in interpreting the subsequent results of this paper. 

3. P R E D I C T I O N S  O F  D R O P L E T  C O N C E N T R A T I O N  

With the use of [4a] and [5f], the dimensionless radial concentration distribution c/cc is 
depicted in figure 2. For purposes of clarity, the profile in the region 0 < y+ < 30 is not shown. 
The results show that the droplet concentration varies considerably across the turbulent core, 
as opposed to the turbulent velocity profile which is relatively flat in the core region. In general, 
at any radial location the particle concentration decreases with increasing r +. It is also evident 
from figure 2 that with an increase of Re, the concentration profile becomes less dependent on 
r +. At Re = 10 ~, the difference in concentration profile for r + = 40-104 is unobservably small. On 
the other hand, at Re = 5 x 103, the value of cb for ~-+= 40 is more than four times that 
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Figure 2. Concentration distributions. 
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corresponding to ~'+ = 1000. The relatively low sensitivity of the concentration distribution to ~-+ 
is attributed to the present consideration that turbulent diffusion is important down to y+ = 30 
regardless of S +. This is also evident by an examination of [4a] and [4b]. 

Equation [Sf] shows that the dimensionless concentration at the edge of the buffer layer, 
cJcc, is of the order of kd/u*. Calculations have shown that the value of cb is almost always less 
than about 10 per cent of the center line concentration, as also evident from figure 2. The 
present information regarding cb is believed to be useful in the understanding of deposition 
motion, since there appears to be no reported measurements of cb due to the difficulty of 
measurements. 

The most important conclusion that can be drawn from the results shown in figure 2 is that 
for large particles (S+> 30) the major resistance to particle transport resides in the turbulent 
core. In other words, the dispersion in the bulk is playing a more important role than is 
generally thought, in governing the resistance characterizing the rate of deposition from 
turbulent streams. This is in contrast with the trend for the small particles with S+< 30, since 
the resistance to transport of small particles characterized by 0.15 < ~'+ <40 (see figure 1) is 
known to be controlled by the viscous boundary layer, where the stopping distance concept of 
Friedlander & Johnstone (1975) is appropriate. 

4. COMPARISON WITH EXPERIMENTAL DATA 

The accuracy of the proposed theory is now tested by comparing the calculated results with 
the existing experimental data as well as the present measurements. 

4.1 Data for  concentration distributions (Hagiwara et al. 1979) 
To the authors' knowledge, the data available for the distribution of droplet concentration in 

a vertical tube are those recently reported by Hagiwara et al. (1979). The data of Hagiwara et ai. 
(1979) for concentration distribution at Re = 40,000 is presented in dimensionless form in figure 3. 
The data shown pertain to two streamwise locations in the test section, i.e. at locations x = 1000 
and 1200 mm downstream of the nozzle inlet, where entrance effects may not be present. The 
data are taken down to y]r0=0.11 from the tube center. The measured arithmetic mean 
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Figure 3. Comparison of predicted concentration profile with the data of Hagiwara et al. (1979). Data: 
Re - 104; O, X = 1000 ram; e, X = 1200 ram. 
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diameter dm is about 32/~m. The corresponding value of r + based on dm is 292. The predicted 
values of c[cc from the present analysis is shown in figure 3 for r + = 292. 

It is seen from figure 3 that the predicted concentration distribution is in good agreement 
with the data, except for some region near the tube center where the measured concentration is 
relatively fiat. It is unfortunate that no data appear to exist for concentrations near the 
periphery of the turbulent core, with which to compare the present predictions. The buffer layer 
for the conditions of the data presented in figure 3 corresponds to y/ro = 0.0284. The data 
however clearly suggest that the primary resistance to particle transport exists in the turbulent 
core region. 

4.2 Deposition data [or monodisperse particles 
Much of the deposition data in the literature are obtained using monodisperse particles. 

Such data are not associated with uncertainties in particle size and therefore form an excellent 
choice for comparison with theory. As can be seen from figure 1, bulk of this data for 
uniform-size particles is limited to particle r + less than about 40, except those of Forney & 
Spielman (1974), Liu & Agarwal (1974) and Agarwal (1975), while the present analysis is 
applicable for r+> 40. The data of Forney & Spielman (1974) is however quite scattered (see 
figure 1) with poor reproducibility, and do not seem to be a good choice for comparison with 
theory. For monodisperse particles, the present theory could then be compared with the reliable 
data of Agarwal (1975) over wider range of Re and r +, and with a few data points of Sehmel 
(1968) and Liu (1971) within a narrow range of r + between 40 and 60. 

4.2.1 Deposition data of Agarwal (1975). Agarwal (1975) has obtained deposition data for 
uniform-size uranine-tagged olive aerosol in vertical down-flow of air in 3.27-mm i.d. glass tube 
with LID = 91.7 at Re = 6000, and in 13.8-ram i.d. copper tube with L/D = 73.9 at Re = 50,000. 
The test section tubes are smooth. The drops are generated by means of a vibrating orifice 
monodisperse aerosol generator. The maximum size of the droplet used is 21/zm, and the 
droplet to fluid density ratio was about 713. The deposition velocity is determined from the 
amount of aerosol deposited on the deposition section only, and hence no entrance effects are 
present. 

The calculated deposition velocity k] vs r + using the present analysis is compared in figure 
4 with the above data. The data for Re = 6000 covers a maximum r + of 291 corresponding to 
d = 21/~m, while a maximum of r += 449 corresponding to d = 17.9/zm is obtained for the 
conditions at Re = 50,000. The data for r+> 40 only are presented in the figure, since that 
represents the scope of the present work. The experimental curve of Liu & Agarwal (1974) at 
Re = 50,000 for 12.7-ram i.d. glass tube passes through the data of Agarwal (1975) for the same 
Re and range of r +, and are th¢refore not separately shown in figure 4. The calculated results 
from the theory of Friedlander & Johnstone (1975) are also displayed. 

It is seen that the theory of Friedlander & Johnstone (1957) is unable to predict the 
deposition velocity, while the present theory is able to represent the trends of the data, although 
the theory slightly under-predicts the measurements. The minor deviation between the theory 
and the data can be partly attributed to the uncertainties associated with the values of l~ and/3 
in [13] and [14c] respectively. Nevertheless the agreement should be considered satisfactory at 
the present time in view of the apparent complexity of the phenomena involved. 

The calculated value of particle Reynolds number Red at r + = 291 for Re = 6000 is 1.8, while 
that at r + = 449 for Re = 50,000 is 1.1. This implies that the present theory appears to apply for 
Red as large as about 2.0. That is, the theory is seen to be satisfactory for particle size having 
r + somewhat greater than r+m given by [20c]. This is to be expected since Stokes drag coefficient 
is not very much in error for Red even up to about 2.0, while a value Re* = 1.0 is used in [20c]. 

4.2.2 Deposition data of Sehmel (1968) and Ilori (1971). Sehmel (1968) has obtained deposi- 
tion data in upward vertical flow of air and methylene blue aerosol in 71- and 29-ram i.d. tubes. 
The droplet to fluid density ratio is about 1163. The maximum particle diameters used are 28 
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and 8.5/zm for the larger and the smaller diameter tubes respectively. The data of Ilori (1971) 
are obtained in upward vertical flow of air and 80 per cent methylene-20 per cent uranine in a 
29.8 mm vertical tube at Re = 50,000. The droplet to fluid density ratio is about 1317, and the 
size of the droplets is in the range of 6-9 ~m. 

The present theory and the theory of Friedlander & Johnstone (1957) are compared in Table 
1 with the data of Sehmel (1968) and Ilori (1971). It is evident that the present theory is in 
satisfactory agreement with the data, while the theory of Friedlander & Johnstone (1957) 
considerably underpredicts the data. The particle Reynolds number Rea is about 0.05 or less in 
all the cases considered in table 1, and is within the Stokes regime. 

4.3 Deposition data o/ Cousins & Hewitt (1968) 
Cousins & Hewitt (1968) have measured deposition velocities in vertical upflow of air and 

water in 9.525- and 31.8-mm i.d. tubes. Water is introduced as an annulus through a porous 
sinter, and entrainment of water droplets is generated due to vapor shear. The measured mean 
Sauter diameter, d32, ranges from 40 to 70/tm in the smaller tube, and 70 to 110/~m in the larger 
diameter tube. The dlo values used in the present predictions are computed from the average of 
measured d32 and using the relationship d32/dlo -- 4.667, as developed by Tatterson et aL (1977). 
This relationship is based on drop size distributions measured by many investigators. 

Table 2 depicts the comparison of calculated deposition velocities with the measured values 
for the two tube diameters. The data shown in Table 2 for the 9.525-mm dia. tube are averaged 
for the different test section lengths excluding the shortest section for which entrance effects 
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are observed, and also for the different liquid loadings. The measured deposition velocity for 
the 31.8-mm pipe, however, corresponds to a deposition length of 1.94 m. No reentrainment of 
droplets is observed for the data selected here for comparison. It is seen from table 1 that the 
present theory is in good agreement with the data. The maximum error for the lower Re is 
about 17 per cent. At higher Re, the error is about 11 per cent. On the other hand, the theory of 
Friedlander & Johnstone (1957) is in error by about 40 per cent compared to the data. It is 
interesting to note from table 2 that the particle Red has not exceeded about 0.85, thus 
indicating the validity of the present theory. 

The fractional deposition curve for 9.525-mm dia. tube at Re = 37,400 are also compared as 
shown in figure 5. Data for different liquid flow rates are presented. As is to be expected, good 
agreement is noted between the predicted curve and the observed data for fractional deposition 
F given by 

F = 1 - e x p  [ - 4(kd/U)(L/D)]. [21] 

This relation for F can be obtained by a mass balance. The underprediction of the data at 
LID = 16 is perhaps due to the entrance effect because of the short length to diameter ratio, 
while the theory considers only fully developed conditions which occur at relatively large L/D. 
Figure 6 depicts the fractional deposition curve for 31.8-mm dia. tube at Re = 196,000. Again the 
agreement is good as in the case of Re = 37,400. It is however noted from figures 5 and 6 that 
the theory of Friedlander & Johnstone (1957) considerably deviates from the fractional 
deposition data, as is to be expected because of large error hi the predicted value of kd. 

Although the experiments of Cousins & Hewitt (1968) and of Agarwal (1975) appear to differ 
in the method of droplet generation and dispersion into the flow, the measured deposition 
velocities could not be affected because the measurements correspond to large distances from 
the inlet where entrance effects are not present, as mentioned earlier. 
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Figure 5. Comparison of theory with data for fractional deposition in 9.525 mm i.d. tube at Re = 37,400. Data of 
Cousins & Hewitt (1968): gas flow rate Wo = 18.2kg/h; liquid loading WL; I-I, 22.7 ksJh; O, 34kg/h; A, 

45.3 kg/h. Prediction: ~ ,  present, d = 12/tin; - - - ,  Friedlander & Johnstone (1957). 
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4.4 Present deposition measurements 
4.4.1 Experimental apparatus and procedure. In order to provide a further check on the 

proposed deposition model, the theory is also compared with the present deposition data. The 
authors have recently obtained deposition rate measurements for air-water system in a vertical 
tube at near atmospheric pressure. Details of the experiment are given in Mastanaiah (1980). Air 
from a compressor passes first through a refrigerated air dryer to remove moisture, and later 
through an oil filter to eliminate oil content. The liquid droplets are generated by an atomizer 
with a sharp-edged air orifice and a cylindrical liquid nozzle, the dimensions of which are 
similar to those employed by Nukiyama & Tanasawa (1938, 1939). Secondary air is used for the 
atomizer, while the primary air stream is used to vary the bulk flow rate in the test section. The 
Sauter mean diameter of the droplet size distribution d32 is calculated from the Nukiyama & 
Tanasawa correlation (see Nukiyama & Tanasawa 1938, 1939). Preliminary measurements of 
drop size using a glass plate coated with silicone oil for droplet catching and placed at the exit 
of the acrylic tube have shown that the measured d3z is in good agreement with that given by 
the above mentioned correlation. The values of d,o are obtained from d32, using the relations for 
the drop diameter ratios developed by Tatterson et al. (1977). It is possible to vary drop size 
and droplet concentration by adjusting the secondary and the primary air flow rates. 

A schematic of the experimental system for the deposition study is shown in figure 7. An 
entrance section having 12.7 mm i.d. and LID of 60 is employed to insure that the flow is fully 
developed at the inlet of the test section. The test section is a smooth acrylic tube 12.7 turn i.d. 
and 889 mm long. Extraction sections are used to remove the liquid film formed on the wall at 
the two ends of the test section. 

The technique of measuring the deposition rate is similar to that applied by Cousins & 
Hewitt (1968). During the experiment, the liquid layer formed at the inlet of the test section is 
completely removed. The drops then migrate towards the wall and form a thin liquid film that 
grows continuously along the test section. The liquid film formed at the test section exit is also 
removed completely. The flow rate of liquid collected at the test section exit gives the amount of 
liquid deposited over the entire test section length, and hence the fractional deposition F. With a 
knowledge of F, the deposition velocity kd is determined from [21]. 
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Figure 7. Experimental system for deposition studies. 

During the experiments, visual observation has indicated that the test section wall is covered 
with a thin liquid film usually smooth but sometimes with small ripples at the larger water flow 
rates. However no significant wave on the water film surface has been noted so that the droplet 
entrainment (generation of droplets and their dispersion into the core from the liquid layer on 
the wall) is believed not to have occured in the experiments. The entrainment E is defined as 
the amount of liquid entrained expressed as a fraction of the liquid film flow rate. The absence 
of entrainment for the present experimental conditions is confirmed using the correlation of 
Truong Quang Minh & Huyghe (1965), which suggests entrainment E of less than 2 per cent for 
Re = 94,600, and less than 0.5 per cent for Re = 52,500. In view of these factors the entrainment 
effect is not taken into account in deducing the deposition velocities. The flow rate of air 
removed through the extractor is however measured to be less than about 1 per cent of the total 
air flow rate through the test section, and is therefore considered to have no significant effect on 
the measured deposition data. An error analysis has indicated that the measured deposition 
velocities are within about 12 per cent accuracy. The reproducibility of the data has been 
assured by repeating some of the runs. The data in general are consistent without significant 
scatter and are therefore considered reliable. 

4.4.2 Comparison of theory with present data. The measured dimensionless deposition 
velocities for Re = 52,500 and 94,600 are depicted in figures 8 and 9 respectively. For the data at 
Re = 52,500, the test section inlet pressure is 1.15 bar, the drop diameters dto are varied from 12 
to 46/~m and the droplet concentration is in the range of (8.5-62) × 10 -3 kg/m 3. The correspond- 
ing dimensionless drop relaxation time ~-+ ranges from 264 to 3520. The conditions for 
Re = 94,600 are as follows: the test section inlet pressure is 1.37 bar, the d=o values range from 8 
to 45/zm, and the droplet concentration is varied from (22 to 75) x 10-3kg/m 3, while ~'+ has a 
range of 295-8670. The room temperature is about 295 K. It is interesting to note that the 
present data pertain to relatively large ~-+ compared to those of Agarwal (1975) and of Cousins 
& Hewitt (1968) which are limited to ~-+ of about 40-640, while the present measurements yield 
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data for ~-+ in the range of 260-8700. Therefore the present data are believed to be a valuable 
supplement to the existing body of deposition data. 

It is seen from figures 8 and 9 that ka/u* decreases with ~-+ up to some value of T + beyond 
which it remains nearly independent of C.  This appears to be an important new information 
since this trend has not yet been reported earlier. The results also reveal that kd[u* is not very 
sensitive to Re. Within the range of droplet concentration employed in the present experiments, 
the dependence of kd/u* on the droplet concentration is not found to be significant. This is a 
characteristic trend at low droplet concentrations (( typically less than about 1.0 kg/m 3) as 
observed earlier by Cousins & Hewitt (1968) for a vertical system. At higher concentration, 
kd/u* is generally found to decrease (Namie & Ueda 1972) due to changes in the turbulence 
characteristics of the gas phase. Particle interactions also become important above certain 
concentrations (see Batchelor & Green 1972). However, the consideration of higher concen- 
trations is outside the scope of our present work which is concerned only with sufficiently dilute 
suspensions. 

The predictions of ka/u* from the present theory and the theory of Friedlander & Johnstone 
(1957) and also compared with the data in figures 8 and 9. It is observed from figure 8 that the 
present theory is in good agreement with the data for Re = 52,500 up to ~-+ of about 1500 above 
which the theory underpredicts the data, the deviation increasing with increasing ~'+. Near the 
point of deviation, the value of Red is about 3.1. Similar trend is noticed for Re = 94,600 also. 
Figure 9 suggests that the present analysis agrees with the data for Re = 94,600 up to ~'÷ of 2000 
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although the theory slightly overestimates the data for 7 + of 600-1500. Above 7 += 2000, the 
theory deviates with the data. The value of Rea at the point of deviation is 3.0. The deviation of 
the theory with the data at relatively large 7 + is therefore attributable to the inadequacy of the 
assumption of Stokesian drag for large size particles. 

On the other hand figure 8 shows that for Re = 52,500, the theory of Friedlander & 
Johnstone (1957) is not able to represent the trend of the data up to 7 + of about 400, but there is 
seen to be a surprisingly good agreement for 7 + of 400-3000. Similar trend is observed for 
Re = 94,600 also. However, since their theory is not able to describe the deposition velocity for 
~-+< 400, the seemingly good comparison obtained for 7+> 400, as in the case of Re = 52,500, 
does not seem to have significance. 

In view of all the above comparisons, it is evident that the present theory offers a 
considerable improvement over the theory of Friedlander & Johnstone (1957). 

5. DISCUSSION 

In the present theory, the relaxation time is based on Stokesian drage only. It is true that for 
large sized particles Stokes law is probably not valid. However, in all the experimental data of 
other investigators, with which the present theory is compared, the particle Reynolds number 
Red based on the relative velocity has not exceeded 1.8. Hence it is evident that the application 
of Stokes drag law has not diminished the reliability of the present analysis insofar as the range 
of variables of the aforementioned experimental data are concerned. For larger particles, the 
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application of the present result should be viewed with caution as demonstrated by the present 
data. Examination of [20c] further suggests that outside the Stokes regime, the ratio Pa/Pa may 
appear as an additional parameter. 

A more stringent limitation on particle relative velocity is due to the assumption in Tchen's 
theory that during the motion of the particle the neighborhood wilt be formed by the same fluid, 
i.e. no overshooting. The condition is that the relative velocity must be smaller than the 
characteristic velocity (EVG) 1/4 (see Hinze 1975, pp. 462-463); i.e. 

Ivp - vt <~ (EvJ/4 . [22a1 

By definition of Red and r/, [22a] leads to 

d 
Red ~ - - .  [22b] 

Calculations by the authors have shown that the particle diameters employed in the data of 
others considered for comparison in the present paper satisfy the requirement that the particle 
size is smaller than the Kolmogorov microscale, thereby justifying the usefulness of the present 
results. In the calculation of r/, u is taken as 0.8 u* and l is given by [13]. For instance, for the 
data of Agarwal (1975) at Re = 50,000, the maximum particle diameter used is 18/~m, while the 
microscale is 22.5/zm. For the experiment of Cousins & Hewitt (1968) at Re = 196,000, the 
characteristic d~o is 19/~m and the corresponding microscale is 25 p~m, for which case, dlo/~ -- 0.76 
and Red = 0.54 (see table 2), thus justifying the condition [22b]. It appears however that the length 
scale restriction justifying a continuum approximation is somewhat more stringent than the Stokes 
law requirement in the kind of flows of interest in the present study. 

Regarding the sensitivity of the final result to the value of/3 in [18], it can be shown to some 
approximation that 

/3 
kd /3 + r+/(r.~a). [231 

It is seen from the above equation that for relatively small values of r+/r~, the deposition 
velocity is weakly dependent on/3. At large value of r+/r~, kd ~ ft. At relatively large r ÷, the 
present theory has a limitation due to the assumption of Stokesian drag law. Therefore, within 
the range of r + for which the present theory can be applied, the deposition velocity is not very 
sensitive to 13. For example, using the data from table 2, it is found that when/3 is decreased 
tenfold from 3.0 to 0.3, the deposition velocity decreases by a factor of 3.4 for Re = 37,400 and 
2.1 for Re = 1.96 × 105 at the largest ~'+ considered. As more consistent and accurate measure- 
ments of/3 become available, the improved value of/3 can be accomodated in the solution. 

6. CONCLUSION 

It has been shown that the dispersion in the core plays a principal role in governing the 
resistance characterizing the rate of deposition of large sized particles from a turbulent gas 
stream. The proposed expression for the deposition velocity, given by [18], is believed to be of 
considerable practical application in predicting droplet deposition rates in two-phase flows. 
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