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An experimental study was performed to measure the diffusion of 

sol id particles in a gas stream flowing turbulently in a 5.5 in. diameter 

pipe at a Reynolds number of 52800. 

3 Glass beads (density 2.55 g/cm ) v1ith a size range 0-60 microns 

and average particle size of 35 microns were injected into the gas 

stream. The particle motion was observed by measuring the pa rticle concen-

trations at various radial and axial positions downstream. A sol ids feeder 

and a sampling system were designed for this purpose. 

A method of analysing the experimental da ta based on a constant 

eddy diffusivity of the particles was developed. This analysis indicates 

that under the conditions studied, the eddy diffusivity of the pa rticles 

is approxi mate ly 60% of that of the gas. The expe rimental results 

demonstrate that this model provides a reasonably good approximation to 

the turbulent diffusion in circular conduits. The results also provide a 

fairly good picture of the inte raction between the fluid and solid particles 

in turbu len t flow. 

Some future directions for research in this area are also indicated . 
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I. INTRODUCTION 

The transport of solid particles in a fluid medium is of interest 

in many fields of engineering. This interest is manifested in Chemical 

Engineering by the growing trend towards the use of finely divided solids 

or liquids in a number of industrial processes where the unique properties 

of solids-gas flov1 could be made to play an important role. The advantages 

resulting from the smallness of the particles are the ease of handling, 

the provision of large surface areas v1hich give high rates of heat and 

mass transfer, high rate of reaction and the near absence of resistance to 

diffusion within particles. 

In these contacting processes, normally the fluid must be moving 

at fairly high velocities and must be flowing turbulently in order to 

suspend and carry the solids. There are in general, two categories of 

suspensions. The first is made up primarily of particles; in many instances, 

the fluid-solids mixture behaves as a homogeneous fluid and exhibits non

Newtonian behaviour. Examples of this are fluidized beds and concentrated 

slurries. The second is that in which the solids phase exists in a di lute 

condition, i.e. the particles are far enough removed from one another so 

that they may be treated as individual particles, each individually contri

buting to the overal I character of the flow. Operations involving such 

dilute suspensions are termed pneumatic systems; examples here are spray 

drying, flash drying, atomized suspension technique, mist-annular flow in 

two-phase gas-liquid flow etc. 
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In spite of much activity relating to particle mechanics in 

associated field5(e.g. fluidized beds), our understanding of the actual 

nature of pneumatic systems is at present not far advanced. The design 

of equipment in which a di lute suspension of particles in a gas is to 

be conveyed, requires an adequate knov1ledge of the diffusion of both 

fluid and solid particles in the turbulent gas stream. As wi II be 

shown later, if one has knowledge of the eddy diffusion coefficient 

for particles at each point in a turbulent gas stream, in principle 

the motion of each particle can be described and its location at any 

time can be ascertained. 

One of the most recent studies on gas diffusion was made by 

Koo (1,2). His experiment was carried out in a horizontal pipe of 

5.5 in. inside diameter and approximately 32 ft. long. Tho objective 

of this research program is to extend Koo's work by using his experi

mental apparatus for investigating the eddy diffusion of sol id particles. 

Although great accuracy is not claimed for the data obtained 

in this study because of some inherent difficulties with using Koo's equip

ment, the results o~tained here do give a fairly good picture of the 

motion of particles in turbulent pipe flow. 

It was expected at the outset that this \vork cou Id on I y be 

started, and additional studies v10uld be required to complete the 

investigation of the ful I range of variables in this complex particles -

gas flow system. 



2. LITERATURE REV I E\t/ -----------

The understanding of particle transport requires a knowledge 

of the turbul ent motion and the relationship between the gas motion 

and the particle motion. A survey on the diffusion of gases ls therefore 

useful before studying the diffusion of particles. 

2. I Eddy _QI ff u ~_on_~_Q~_ses In a Tu rbu I ent FI e Id 

Eddy diffusion is the term which ls applied to describe the 

transport of suspended or dissolved material by a turbulent mixing 

process. The turbulence ls characterized by the random motion of the 

particles or of aggregates of such particles which constitute the fluid 

stream. The irregular motion of the , fluid manifests Itself by the formation 

of eddies, I.e. sma ll masses of fluid mov in g temporarily as a unit. 

Eddies transfer finite quantities of material from one point 

to another as a result of their relative motion with respect to the 

main body of the stream. Such terms as "intensity of turbulence " and 

"scale of turbulent motion" are used to quantitatively describe turbul e nt 

ootion in statistical theories of turbulence (3). 

As wl 11 be shovm in Chapter 3, a rrathematlcal model, \vhich 

describes the mass transfer in turbulent fl01v, may be written as fol lows : 

N = - (D + e: ) ~-~ (2-1) 

. t · t cC · th where N is the rate of material ransfer per uni area , -1s e mean ay 

concent ration gradient in the direction of diffusion, D and e: are the 

3 



4 

coefficients of molecular diffusion and turbulent diffusion respectively. 

The coefficient of turbulent diffusion or the eddy diffusivity 

is primarily a function of flow condition. Two other quantities useful 

in dealing with transport phenomena in turbulent flow are eddy viscosity 

for momentum transfer and eddy conductivity for heat transfer. They are 

related to the shear stress and the heat flux respectively in the form 

similar to equation (2-1 ). It is accepted that the eddy diffusivity is 

closely analogous to the eddy conductivity (3) and some simple analogy is 

usually considered to exist between the eddy conductivity and eddy viscosity 

(4,5). Therefore, the value of one coefficient, either for mass, heat or 

momentum transfer, may be expected to give some indication on the transport 

of two remaining modes. For a turbulent air flow, it has been found by 

many investigators that the ratio between eddy diffusivity and eddy viscosity 

. is in the range of 1.0 to 1.6. 

Since fluid flow has been studied much more than oither heat or mass 

transfor,many semi-empirical equations have been proposed for determining 

the coefficient of momentum transfer. The equation of GI I I and Scher (6) 

has the advantage of describing the eddy viscosity over the entire flow, 

in contrast to earlier expressions of Von Karman (5), Lin et al. (7), 

Deissler (9) etc. Further detai Is concerning the analogy described above 

can a !so be found in the I iterature review made by Koo (I). 

For experimental measurements of the gas diffusion, the gas 

tracer technique has been widely used in many studies reported in the 

literature Cl, 2, 10, 13, 14, 16, 18, 20, 29, 30). This technique 
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consists of injecting a foreign gas into a turbulent stream and measuring 

the concentration of the gas tracer at various radial and axial positions 

downstream from the point of injection. The diffusion coefficient is 

then calculated by solving the diffusion equation. This technique was 

used by Koo CI) and is employed in the present study; it wi 11 be discussed 

in detail in Section 3. 

Towle and Shernood CIO) used the point source solution derived 

by \1i I son ( 11) to correlate their data on the mass transfer of carbon 

dioxide in a turbulent pipe flow. By using Wi I son's equation, they 

were assuming that the turbulence is constant in the centra I core of 

the f I ov1. 

Sherwood and Woertz (12) reported results on the diffusion of 

water vapour between para I lei plates. They found that the eddy diffusivity 

ls nearly constant in the turbulent core. 

Fl int et al.Cl4) studied the diffusion of hydrogen and carbon 

dioxide in air and that of potassium chloride in \vater. They plotted the 

dimensionless group E/2RU versus the Reynolds number, and found that there 

was good agreement between their results for air and for water. This 

suggested that the above correlation could be used for other systems. 

From this work, the dimensionless E /2RU, decreases with Reynolds number 

up to 50,000; however, the increasing of£ /2RU with higher Reynolds 

number is not expected. 

Various theoretical aspects of material transfer were discussed 

by Kl inkcnberg et al. ( 15), Sehl inger and Sago C 16) and Taylor Cl7, 18). 

The latter has introduced tho statistical theory of diffusion \'lhich was 
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adopted by a number of investigators Cl3, 14, 20). 

Several other experimental studies have also been made to clarify 

the question of gas diffusion in different flow systems (19, 20, 28, 29, 

30). As indicated earlier, the most recent work is that of Koo Cl,2) who 

investigated the mass transport of ethylene in a turbulent air stream at 

4 Reynolds numbers varying from 7300 to 58300. His results were expressed 

in terms of the non-dimensional diffusivity E/u*R versus radial position. 

The average profile at 4 Reynolds numbers is included in Figure 2-1, in 

comparison with that obtained by Reichardt (8) for eddy viscosity and by 

Johnkand Hanratty (21) for eddy conductivity. Koo's average value 

Ce:/u*R=0.07) over the pipe radius, v:as transformed by the author to E/UR 

versus Reynolds number in order to be compared with the average values of 

other workers <Figure 2-2). 

2.2 Eddy _pJ_~fu_s_ion o~- Sol id Particles in a Turbulent Field 

The above I iterature review on turbulent gas diffusion showed that 

one can estimate the gaseous eddy diffusivity with reasonable confidence 

from available data or from analogy between heat, mass and momentum transfers. 

However, this coefficient is not adequate to describe the motion of solid 

particles or liquid droplets. The transport of solid and fluid particles 

can be expected to differ because of their different inertia effects. 

The diffusion of particles in turbulent streams has been the object 

of many investigations. Unfortunately, because of the complex nature of 

turbulent motion, some quite contradictory results have been observed. The 

works of Alexander and Coldren (22) on the dispersion of I iquids droplets 

(average diameter of 27 microns), Kesler (23) on the movement of atomized 
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FIGURE 2-1 

TYPICAL EXPERlriEtJTAL PROFILES 

FOR COE FF IC I DJTS OF HEAT, t-1ASS 
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sprays (14 to 30 microns), Soo (24) on the statistical study of the 

momentum transfer in a turbulent fluid indicated that the diffusivity of 

particles was approximately equal to that of the carrier stream. This is 

in contradiction with latter theoretical studies of Soo (25), Peskin (26), 

Rouhiainan and Stachiewicz (27) and experimental works of Soo (28) and 

Farmer (29) which showed the effects of particle - particle and particle-

fluid interaction in two-phase flow systems. 

Soo (25) presented in his book (Chapter 2) an equation for E /£ p 

(ratio of particle diffusivity to fluid diffusivity) in terms of Lagrangian 

and Eulerian microscales of turbulence and of particle Reynolds number. 

Rouhiainen and Stachiewicz (27) suggested that the assumption of equality 

of particle and fluid diffusivity is only valid for submicron particles, 

and becomes comrtetely untenable under most actual conditions. These 

authors also derived a method of calculating the dependence of the ratio 

Ep/E on Reynolds number, based on the integration of turbulent energy 

spectra. 

In his paper, Soo (28) reported data on the diffusion of helium 

and of glass particles in a turbulent air stream flowing in a square duct 

of 3 in. x 3 in. in cross section and 21 ft. in length. The two size 

ranges of glass beads used were 105 to 125 microns and 210 to 250 microns, 

and the range of particle loading was up to 0.06 lb. of solid per lb. of 

air. The gas phase turbulent motion was determined by the gas tracer 

technique and the motion of solid particle was observed by a photo-optical 

technique. For the density ratio of particle to stream equal to 1780 in 

this experiment, the value of E /E was found to be much smaller than I, to 
p 

the order of I0-2 to 10-I. 
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The investigation of Farmer (29) was somewhat more elaborate. 

This work involved the measurement of mass transport coefficients of fluid 

(water) and solids (spherical resin beads, 460 microns in diameter and 

l.31g/cc in density)in a closed chamber of 22.4 in. in length and 6 in.x 

I In. in cross section. The eddy diffusion of fluid was observed by 

Injecting a liquid dye into a turbulent field. Dye concentration was 

determined by measuring light transmission through the chamber. In the 

case of solid diffusion, the solids were used as tracer and particle 

concentration was performed by tagging ion-change resin beads with radio

active cesium and measuring the count rate at various elevations in the 

fluid. Farmer found the ratio epic equal to 0.67 with insignificant 

change with Reynolds number. 

Van Zoonen (30),on tho other hand, studied the diffusional phen--

omena of air and cracking catalyst of size ranging from 20 to 150 microns, 

in a vertical riser of 5 cm in diameter and IOm high. Cracking catalyst 

tagged with about 5% v1t of ammonium chloride was used as tracer. The gas 

sol ids samples obtained in the test section were each weighed and then 

mixed with a known amount of water to dissolve the ammonium chloride into 

the \'later. The relative concentrations of ammonium chloride 1vere obtained 

by measuring the relative electric conductivity of these solutions. 

Van Zoonen reported that the dimensionless dispersion coefficient c/UR 

was (40 ± 10) x I0-4 for air alone,(30 ± 10) x I0-4 for air with the 

present of solids and (20 ± 10) x 10-4 for solid particles. 

The problem of particle diffusion has also been investigated 

experimentally by Rouse (31 ), Kai inske and Pien (32), Long1·1el I and \foss (33), 



11 

and Soo (34, 35) in different types of flow systems. The data of Kalinske 

and Pien and those of Rouse for combined eddy diffusion and setting of 

sand particles in water indicated little variation of diffusivity with 

particle size. Longwel I and Weiss (33) were interested in the initial 

spray injected at the centre of a turbulent pipe flow. Soo (35) reported 

that his results for particle diffusion coefficient were of the same order 

of magnitude as that found by Van Zoonen (30). 

This summary of previous work on the diffusion of solid particles 

in turbulent streams i I lustrated the need of data on these subjects and 

showed that a comparison between the transport of solid and fluid particles 

is very difficult unless they are examined in the same turbulent environ

ment. This is the reason the decision was made to use Koo's equipment 

and extend his work to the present study of the turbulent diffusion of 

sol id particles. 



3. DIFFUSION EQUATIONS IN TURBULENT PIPE FLQl.'l 

This chapter presents an analysis of the diffusion of a component 

from a snull source (i.e. tracer technique) in a gas flowing turbulently 

in a cylindrical duct. 

The differential mass balance in cylindrical coordinates for the 

steady-state flow of a laminar incompressible fluid with no chemical 

reactions is: 

u ac + u8 ~ + ux ac 1 a <Dr ac> 
r ar as ax - r ar ar 

+ 1 .L co ac > -+ a co ac > 
? ae . as ax ax (3-1) 

For the case of turbulent f lrn~ the concentration and each of the 

velocities in the above equation may be replaced by the sum of a time-mean 

value and a fluctuating component, i.e., CU + u ... ) would be substituted 

for u and Cc + c ... > for C. /\ssuming radial symmetry, a fully-developed 

velocity profile and constant fluid properties, and neglecting the diffusion 

in axial direction, the differential equation for turbulent mass transfer 

simplifies to: 

( ru ... C"' 
r 

where u~ c"' describes the turbulent mass flux designated by Nt. 

(3-2) 

The terms on the right side of equation (3-2) represent the molecular 

and turbulent contributions, respectively, to radial diffusion. The second 

term can be given a form identical to the first by introducing the fol lowing 

12 
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definition of the eddy diffusivity E: 

(3-3) 

which is analogous to Fick's law of molecular diffusion: 

N =-D ac 
R, a,:- (3-4) 

Thus equation (3-2) becomes: 

u ac I a ( r co + d ~} 
dX - r ar Clr (3-5) 

For convenience the bars over the velocity and concentration, and 

the subscript x on the time-mean point velocity ~ have been dropped. 
x 

In turbulent region, the molecular diffusivity, D, is smal I in 

comparison with the large value of E and so it can be neglected. 

It is obvious from equation (3-5) that one can determine E if the 

concentrations at various radial and axial positions, and the velocity 

profile u are known from experimental measurements. Many different methods 

have been deve I oped to so Ive for e:. If one is interested to obtain E as 

a function of r, the fol lowing expression is used: 

E(r) = Ljrcurdr/ r ac 
ax ar 

0 
(3-6) 

I 

which can be calculated by appropriate graphical integrations and different-

iations or by numerical techniques. The first technique was used by JohnK 

and Hanratty (21) who solved the similar equation for heat transfer, and 

the second was adopted by l<oo (I). Their results were shovm in Figure 2-1. 
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A simpler method which has been used by many other authors 

CIO, 16, 20, 22, 23, 30, 33) and is being employed in the present study, 

is to find an approximate analytical solution of equation (3-5) by assuming 

E and u are constant over the pipe radius. Thus equation (3-5) reduces to: 

a2c + 1 ac u ac 
ar2 r ar :: "E. ax C3-7> 

which, in conjunction with suitable boundary conditions can be 

solved analytically. 

Experimentally, a foreign gas may be injected, isokinetical ly 

into a pipe carrying a turbulently flowing gas stream. Analysis downstream 

at various radial and axial locations al lm1s one to trace the diffusion 

of the gas in the f IO':ting stream. Similarly, a particle~laden gas stream 

may be injected and the concentration of particles measured do't:nstream. 

Under these conditions, the boundary conditions are: 

x = 0 c = f ( r) (3-8) 

with c = c R2 
for o ~r ~ b (3-8a) CIO "h2 b 

and c = 0 for b < r < R C3-8b) 

r = R ~= 0 (3-9) ar 
r = 0 c is finite (3-10) 

Note -:·hat the concentration of the tracer is assumed to be uni form 

over the cross-section of the injector tube (radius b). Equation C3-8a) 

fol lows from a material balance assuming the tracer spreads uniformly 

into the gas stream at a large distance from the injector, i.e., 
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C = I im. C 
00 

for a 11 r 
x -+ 00 

which is given by the ratio of tracer to gas flow rate$. 

Equation (3-7) can be solved by the method of separation of 

vari ab I es. 

Let 

C Cr, x) = VCr). T (x) C3-l I) 

Substitution of this trial function into equation (3-7) gives: 

where 

I d2V + ~' • dV _ I dT 
V dr2 rv dr - Ta · dx 

a = e: /U p 

The subscript p is now used to designate the particle. 

(3-12) 

C3-l 2a) 

The left side of equation (3-12) is a function of r alone, and 

the right side is a function of x alone. This can be true only if both 

sides are equal to a constant, say - tt
2 

The prob I ern then becomes one of so Iv i ng h10 equations. The first 

being: 

and having a solution: 

The second is: 

.2 dT 
Ta • dx = - o< 

d
2
V + _I_ • dV + 2 

tt v = 0 dFL r dr 

(3-13) 

(3-14) 

(3-15) 

which is a Bessel equation of zero order. The solution of this equation 

can be written - see for example, Jenson and Jeffreys (36)- as: 
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V = AJ C o: r ) + B Y C o: r ) i f o:J 0 
0 0 

C3-16a) 

or 

v = A' + B' tnr jfol= 0 (3-16b) 

Since Y (0) 
0 

= - "' and £.n(O) =- °', boundary condition (3-10) 

asserts that B=B' = o. 

Because C = V.T, the solutions of equation (3-7) are: 

c = A' if o:= 0 

C = A J ( o: r) 
0: () 

e - C:.:2ax 
if 0: ¢ 0 

The most genera I solution of equation (3-7) is therefore 

by adding al I permissible particular solutions together. Thus: 

C = A' + r 
n=I 

A J Co: 
n o n 

- o:' -; ax r> e 

when x tends to infinity, the second term tends to zero, hence: 

A' = C 
°' 

C3-17a) 

(3-17b) 

obtained 

(3-18) 

(3-19) 

The boundary condition (3-9) indicates that the derivative of 

equation (3-18) with respect to r is zero at r = R. This gives: 

J
1 

(o:n R) = o (3-20) 

i.e. o:'R are roots of the Bessel function of the first kind of zero order. 
n 

t!ov1 from condition (3-8), and equation (3-19), we have: 
00 

f (r) = C + }'; A J (o: r) 
oo n=1 n o n 

(3-21) 

it being assumed that f(r) can be expanded in a series of Bessel function 

of zero order. The A~ s are determined by multiplying both sides of equation n 

(3-21) by rJ
0 

(o:m r) and integrating from 0 to R: 
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R 

/f(r) r J (a: r) dr = r J (a: r) dr 
0 m 0 m 

0 
c~/ 

separate I y. 

f rorn result 

A !J n 0 0 

0) 

+ ~ A I J (a: r) J (o: r) dr (3-22) 
n=I n o n 0 m 

0 
It is simpler to evaluate the terms of the above expression 

The first term becomes~ 
.R 

C / r J Co: r) dr = C 
oo o m 0) 

0 

= 0 (3-23) 

(3-20). 

Taking a general term with nlm from the infinite sum: 

( 0: r) J ( o: r) rdr 
n o m 

A Rf J = ~ o\ J (a: R)J I {o: R) - cc J (cc R)J I (cc R) 
o< -o< n o m n m o n m 

n m 
= 0 (3-24) . 

again from result (3-20). 

gives: 

For the special term in the series when n = m, we have: 

A! J' 2 [ 2 (o:n r) rdr = A R J (cc R) 
n o n 2 0 n 

= A rl / (cc R) 
n 2 0 n 

Substituting equations (3-23), (3-24) I 

2 lf (r) r J 
0 

(!;>(. r) dr 
n 

A 
n 

0 

. R2 J 2 (o< R) 
o n 

2. 

C- nRl 1 + JI 

and (3-25) i.nto 

( 3·-25) 

(3-22) 

(3-26) 

With the values of f(r) given by equations (3-8a) and (3-8b), 

the above expression becomes: 
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2 / R2 
r J (ex r)dr coo b2 0 n 

A = n 
R2 J 2 (ex R) 

0 n 

2C [r J (ex r) L "" I n :::; 
b2 J 2 ex: R) 

0 n o<n 

2 c JI (ex: b) 
(X) n :;. 

b ex: J 2 (ex: R) 
n 0 n (3-27) 

Defining ~n = o( R and introducing the value of A into n n 

equation ( 3-19) 1 yields the final desired solution: 
2e: 

(X) 

< B E_ ) <B !:_ ) B -P__: 

[ JI J n U R2 c 2R 
n R 0 n R e 

= I + c b 00 

B J2 <s > (3-28) 
n=I n o n 

The above expression shows that the coefficient e: depends p 

on the relative concentration C/C , rather than absolute concentration C. 
(X) 

Therefore, the tracer rate may be changed from one run to the next, but it 

must be kept constant in a single run. This is the principle of the apparatus 

developed in the present work (Chapter 4). 

The application of equation (3-28) to determine the particle 

diffusivity wi I I be shown in Chapter 7. 



The experimental technique, the design of equipment and the 

operations of individual units are discussed in the fol lowing paragraphs. 

4. I Genera I 

The main apparatus used by Koo Cl) in his study of diffusion of 

gases in fut ly-developed pipe flow was made available for this work. As 

shown in Figure 4-1, it consists of a 32 ft. length of horizontal clear 

acrylic pipe with a nominal Inside diameter of 5.5 In. Air was drawn 

through the pipe by a variable speed exhaust fan, and the entrance and 

length of the pipe ensures that fut ly-developed turbulent flow exists 

at the diffusion section. The tracer particles (glass beads in this case) 

are pneumatically conveyed into the centre of the pipe in a 1/4 in. 

O.D. tube; a special feeder ensures that the concentration remains uniform 

\'tith time. A isokinetic sampling probe, 0.175 in. I .D., is located at 

any one of eight sampling stations, 12 in. apart, located dovm the pipe. 

The probe may be set at any radial position at these stations. The solids 

are removed from the sampling line by filtration; from sampling air floVI, 

sample weight and particle-size distribution, concentration of particles 

may be obtained. The majority of the glass beads are removed in a cyclone 

located in a 3-ft. cube air box located Immediately upstream of the fan 

inleL 

The range of variables studied was: 

Air Reynolds number 

Solids-gas loading: 

= 52800 

19 

w /\'! ~ 0.008 
p 
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GI ass part i c I es: 

Volume average diameter= 35p 

Standard deviation = 11 f'l 

(From normal distribution: Figure 4-2) 

It was assumed that with this low solids-gas loading, the 

turbulence (28) and the air velocity (28, 37) Qre not affected by the 

presence of solids. 

The detailed description of the equipment fol lows: 

4.2 Sol id Particles 

The solid particles used in this work were glass beads, Type 500, 

provided by 3r,1 Company CSt. Paul, Minnesota, U.S.A.). They are spherical 

In shape and have a density of 2.55g/cc. r.1easurement of particle size 

distribution v1as made by microscopic methods and based on a sample of 1540 

particles. Photographs of these particles were taken and enlarged at a 

total magnification of 60, and the images of the iAdividual particles were 

counted and clas~ified with a Carl Zeiss Type TGZ3 Particle Size Analyser. 

4.3 Solids Feeder 

4.3.1. DeveJ_?__pment of Feeder 

The feeding of solids at a constant rate into the flowing air 

presented many difficulties. 

The first design of the solids feeder was a rotary valve equipped 

with a variable speed motor and connected to the bottom of a solids hold-up 

tank. Each revolution of the rotor discharged some volume of sol ids. It 

was observed that the solids flowrate pulsed as each section of glass beads 

rotated into the discharge. This variation in concentration was deemed 
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unsatisfactory. 

A second method v1as then suggested to fasten an electrical 

vibrator (with variable amplitude) to the solids hold-up tank. Vibrating 

the apparatus kept the solids flowing through a 3/32 in. diameter orifice 

located at the bottom of the hold-up tank. Preliminary tests showed that 

the sol ids discharged continuously from the above system but with a rate 

which depended sensibly on the height of sol ids in the tank. This suggested 

that the sol ids height should be kept constant by feeding continuously 

from the rotary valve system into the sol ids tank associated with the 

orifice feeder. Figure 4-3 indicates the complete solids feeding system. 

The feed to the lov1er tank can be adjusted to maintain a constant height by 

varying the rotary valve speed. The vibrator ensures uniform flow from 

the orifice. It was found that the transportation of solids into the 

pipe could be better achieved by introducing a smal I amount of air into 

the free space of the lower solids hold-up tank. 

4.3.2. Detailed Description 

Each component of the sol ids feeder is discussed below: 

The upper tank, made from a copper sheet, consists of a box (9 in. 

high by 4 in. by 5 in.); a cone (3 1/2 in. hig~~ \~as located on the bottom; 

a flange connects it to the rotary valve; a glass window fixed on the side 

of the tank over most of its height, al lows the solids level to be observed. 

The rotary valve, as i I lustrated in Figure 4-4, has the fol lov1ing 

components: 

- rotor and shaft (brass) 

- seal plates (brass) 

- ba 11 bearings 
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FIGURE 4- 3 PARTIAL VIEW CT=' SOLIDS FEEDER 
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- body (brass) 

- end caps (brass) 

- coupling (aluminum) 

- Zero-max variable-speed drive <The Zero-Max Co., 

Minneapolis, Minn. 55408, U.S.A.) •. 

The valve rotor is 0.992 in. diameter and 1/4 in. wide. Fifteen 

slots, 1/8 in. wide and 1/16 in. deep, running parallel to the axis of the 

rotor, are machined around the periphery of the rotor. A shaft of 0.335 in. 

diameter and 3 1/2 in. long connects the rotor to the Zero-Max unit. Each 

end of the rotor is fol lowed by a 3/32 in. seal plate and a 3/8 in. bal I 

bearing. The purpose of these seal plates is to prevent the dust entering 

the bearings. 

The above components are contained in a body of dimensions 3 1/2 in. 

x 2 1/2 in. x I in. T1t10 end caps are fixed at the ends of the body to seal 

the unit. The c I ea ranee beh1ee:1 the edges of the rotor and the va Ive body 

is about 0.087 in. 

The valve shaft is connected to the variable speed drive by an 

aluminum coupling. The speed range of the Zero-~1ax. speed controller is 

0 to I I 0 r.p.m. 

The solids from the upper tank enter the valve body through a 

cross section of I in. x 1/2 in. and are discharged to the lov:er tank 

through a 1/2 in. copper tube. 

The lower tank, made by copper is a 6 in. high by 4 in. by 3 in. 

box on top of a 2.5 in. high cone which has an opening of 1/2 in. x 1/2 in. 

at the bottom. A glass window on the front of the tank al lows the solids 
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level to be observed, 

The electric vibrator 0·1odel V.9 - Se r . A.7199, Syntron Canada 

Limited) is located at the back of the above tank and at approximately 

4 in. from the top. It is connected to a support brass p I ate (inside 

the tank) and a 12 in. long horizontal steel bar, v1hich is, in turn, 

connected to an angle steel frame system fixed on the floor as can be 

seen in Figure 4-3. 

The amp I itude control for the vibrator is accomplished by a 

variable auto-transformer <Model C-R3, Ser. G61C8487, Syntron Canada 

Limited) vlith voltage ranging from 0 to 120 volts. 

27 

The bottom of the tank is flanged connected to a thin orifice 

plate. The sol ids leaving the orifice enter the throat of a venturi 

through which the convoying air passes (Figure 4- 5). The plate •.-:as 

made from a 2 1/2 in. x I in. aluminum plate, 1/32 in. thick. The 

orifice bored at the centre of the plate was carefully machined so that 

it was burr-free. The flow of the conveying air is control led by a 

needle valve; its rate is measured by a rotameter (Fisher and Porter Canada 

Limited, FP 1/4 - 25 - G - 5/81 ). The sol ids-gas fl0\'1 can be observed 

through a 2 in. length of 6 mm. glass tube inserted in the I ine between 

the venturi and the particle injector. 

In order to prevent the upward flow of the air back from the 

orifice, the lower tank must be perfectly closed. The auxi I iary air flow 

fed to the tank also helps to prevent this. This flow is control led by 

a needle valve; a rotameter (Fisher and Porter Canada Limited, FP 1/8-

25 - G - 5/81) indicates its magnitude . 
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4.3.3 Calibration of Solids Flow-Rate CS.F.R.) 

The flow-rate of sol ids which discharge from the solids feeder 

described above, depends on the fol lowing factors: orifice diameter, 

vibrator amplitude, solids level in the lower tank, flow-rate of the 

auxiliary air and humidity of solids. 

Testing the uniformity of the S.F.R. was performed under 

conditions where the solids discharged from the orifice into the open and 

where they discharged from the orifice into the ~nturi with the conveying 

air f I owing. 

In the first case, the tests were very easy; they consist of 

measuring during a finite time, the weight of sol ids collected in a container 

located belov1 the orifice plate. The fol lov!ing observations are noted: 

-The vibrator caused excessive strain on tho equipMont v1hen 

operated near maximum voltage. For this reason, the voltage range was 

restricted to 80-100 volts. 

-The orifice, on the other hand, must have a diameter larger than 

1/16 in. to give consistent operation. 

-Preliminary.tests showed that as the sol ids height decreased with 

time, the S.F.R. increased. One possible explanation is that when this 

height decreases, the empty space in the (lower) tank increases, therefore, 

the effect of vibration increases. 

-If the rotary valve feeds solids to the lower tank at a rate to 

maintain a height variation of about+ 0.15 in. the S.F.R. stays constant 

to within + 3% on the average, with some rare variations up to ~ 6~ in 

a single test, although even for the same vibrator, it may change from 

one test to the next as shown by curves (f) and (2) in Figure 4-6. 
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The situation becomes more complicated when the venturi system 

is connected to the orifice plate and air flows. through it. The S.F.R. 

is much less; it was found that the auxiliary air line was necessary to 

facilitate the transportation of solids into the pipe. An orifice 

diameter of 3/32 in. was necessary to achieve the desired sol ids flow. 

The constancy of the S. F. R. vta s tested by connecting a sma 11 

eye I one to the out I et of the convey i ng tube and co 11 ect l ng and weighing the 

sol ids from its discharge. It was found that the upper tank must be 

kept relatively ful I of solids so that any reduction in height during 

the test does not affect the pressure in the lower tank. Typical 

experimental results are shown by curves (3) and (4) in Figure 4-6. 

It is worth noting that the humidity of sol ids in the lower 

tank also reduces the S.F.R., but it does not seem to affect its 

uniformity. 

4.4 Particle Injector. 

The particle injector is located at the centre of the pipe and 

at an axial position approximately 23 ft. from the pipe entrance. It was 

made from 1/4 in. 0.0. by 0.234 in. 1.0. tubing and was shaped in the 

form of an <L> with a 9 in. length facing downstream. As shown in 

Figure 4-7, tho injector tube is held in the centre of the pipe by a 

mounting plug Cat pipe \'fall} and by three stainless steel wires located 

at 120° intervals around the tube and 2 1/2 in. from the outlet. Each 

of these wires passes through a 1/64 in. hole dri I led on a 5 in. long 

case aluminum coupling (which connects two sections of acrylic pipe) 

and is attached to a screw fixed on the coupling. 
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A mark was cut on the injector tube at 2.75 In, (equal to pipe 

radius) from the tube centre I ine. The proper position of the injector 

was obtained by adjust1ng (I) the injector unti I this mark fitted the 

pipe \val I (with the aid of a magnifying glass) and (2) the three wires 

unti I the injector outlet end was equidistant to tho pipe wal I (as 

measured by a micrometer). 

4.5 lsokine+ic Sampling of Particles 

4.5.1. Introduction 
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In tv10-phase systems, need arises for drawing off a sample in 

such a way that the phases do not premature I y separate or change re I ati ve 

velocities, i.e., samples must be taken from the main stream at exactly 

the true flo\'/ velocity. Such a sampling method is cal led ''isokinetic 

samp Ii ng". On I y in this \'iay does the probe have a I 00~ target efficiency. 

In this study, the air velocity can be assumed unaffected by the 

presence of solids; therefore, since the velocity profile and the cross

sectional area of the end of the sampling probe are known, the probleM is 

reduced to control I ing and measuring the aspiration rate. 

4. 5. 2. Sa mp l_!_r:!__g Sy stern 

Figure 4-8 i I lustrates the sampling system. The solids-gas sample 

Is withdrawn continuously from the main stream through a sampling probe 

by means of a water aspirator. The sample flows through a Gelman filter 

ho Ider (I in. diameter, No. I 109) where the sol ids are collected. The 

rragnitudo of the air f 101·.f 1r1hich leaves the filter, is control led by a 

needle valve and indicated by a rotameter(Fisher and Porter Canada Limited, 

FP 1/4 - 25 - G - 5/81 ). A 1-1ator manometer CDv1yor Mfg. Co., Michigan City 
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Ind.) located between the filter and the rotameter indicates the pressure 

drop of the gas stream. A glass tank of 0.4 cu.ft. in volume is installed 

between the control valve and the \·Jater aspirator in order to reduce the 

flow fluctuations. The ratio of the flow rate of sol ids over that of gas 

is a measure of particle concentration. 

4. 5. 3. Samp Ii ng Probe and Traversing Meehan ism 

The samp Ii ng probe was made from a 3 in. length of 3/ 16 in. O. D. 

·stainless steel tube inserted into a 1/4 in. O.D. stainless steel tubing 

so that the traversing mechanism (Figure 4-9) and the test position plug 

(Figure 4-10) designed by Koo can hold it at any desired radial position 

inside the pipe. The inside diameter at the inlet of the probe is 0.175 in. 

and was carefully smoothed both inside and outside. 

Koo's traversing mechanism was slightly modified. As shown in 

Figure 4-9, it consists of a main semi-circular body, 3 in. long, with 

an inside diameter of 6 in. (outside diameter of the pipe). A I 1/2 in. 

diameter hole was bored at the top of the main body in order to fit tho 

protruding portion of the test position plug. The traversing mechanism 

was fixed to the pipe by the other half of the circular body of similar 

dimensions (not shO\-m in Figure 4-9). A traversing plate passes through 

four para I lel guiding rods fixed onto the main body. The traversing 

distance of the plate is measured by marks v1hich were cut onto one of the 

guiding rods; these are 0.275 in. apart (equivalent to I tenth of the pipe inside 
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radius). The sampling probe passes through a 1/4 in. te.flon 0-ring 

located inside a 1/2 in. hole bored at the ~entre of the plate. It is 

fixed in position with respect to the plate by a set scre\'1. 

4.6 Gas..::_SolJ_~ Sepa~tion 

38 

The cyclone separator used in this \·tork is a 2 1/2 Type Entrainement 

Separator (Wright-Austin Canada Limited). From their bulletin 810-D, 

the fol lowing information is taken: 

Cyclone inlet diameter = 4 in. 

Cyclone outlet diameter = 2 1/2 in. 

Cyclone diameter by height: 7 3/4 in. by 14 in. 

It is supposed to have a high efficiency for solids removed over a 

wide range off low conditions. The separator has been stated to be capable 

of removing 99% of al I sol ids entrainment where the particle size exceeds 

I 0 microns. 

The gas-solid flow section is reduced from 5.5 in. (pipe inside 

diameter) to 4 in. (cyclone inlet diameter) by a flanged connected steel 

pipe, 6 in. long. The solids discharge from the bottom of the cyclone 

into a 6 in. x 6 in. x 3 1/2 in. box which serves as a sol ids container. It 

is fixed outside tho air box as shown in Figure 4-11 and this al lows 

easy emptying at any convenient time. The weight of sol ids collected 

during a known time period (usually a run) is a measure of the solids-feed 

rate. 

From the cyclone exit, the air passes through a glass fiber filter 

before it enters the fan where it is discharged into the room. 
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4.7 Velocit~ Profile and Effects of Injector Location on Profile. 

A velocity traverse was made at the test location by using a 

1/4 in. O.D. Pitot tube and measuring the dynamic-to-static head difference 

on a water mi cromanometer (Mode I 34FB2Tr1, r-1eri an Instrument Co., CI eve I and, 

Ohio). The traversing mechanism described in section 4.5.3. was used to 

locate the Pitot tube inside the pipe; it al lowed a vertical traverse 

on I y. 

Unfortunately, it was found that the injector initially located 

in a vertical plane in the pipe had a considerable affect on the velocity 

profile do\'mstream (the detailed measurements are given in section 5.1 

and the results indicated on Figure 6-2). Since the particle sampling 

probe was to traverse over the same vertical section and since we wanted 

to avoid this asymmetric profi lo, it 'tlas decided to rotate the injection 

0 tube through 90 . The velocity profile found under these conditions was 

symmetric (Figure 6-3); it has also agreed wel I with what is to be expected 

with fully-developed turbulent flovt (Figure 6-4). It is expected in this 

case that the injector probe has little effect other than in the region 

immediately downstream of the probe. 



5. EXPERIMENTS 

5.1 Gas v_~_locity_J~easurement 

Preliminary experiments vtere performed to measure the air velocity 

at the pipe axis versus fan speed. The Pitot-tube traverse yielded the 

velocity profile at a fan speed of 1100 r.p.m. This high speed was 

chosen in order to reduce as much as possible the effect of gravity on 

glass beads. Although the solids were not fed during these velocity 

traverses, al I equipment for their injection \•1as in place. 

Because the concentration of solid particles was very smal I, no 

effect on the velocity profile is expected. Therefore, al I the experimental 

results on particle diffusion correspond to this gas flow. The curve 

relating centre-line velocity to motor speed was used to allow ease in 

setting up other experimental conditions and to evaluate changes in air 

velocity that might occur with smal I changes in motor speed during the 

course of a run. 

In all runs reported here, the injector tube was located in the 

horizontal plane for the reasons mentioned in section 4.7. 

5.2 Particle Concentration ~easurement 

5. 2. I. Procedure 

Before beginning a run, the so I ids \·/ere f i 11 ed to a height of 

9 in. in the upper tank and 6 in. in the lower tank of the sol ids feeder. 

The solids collector was fixed to the bottom of the cyclone. The fan 

motor was turned on and the motor speed was adjusted at I 100 r.p.m. using 

a tachometer. It was found that if the motor speed vms contra 11 ed 
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frequently, the air flm1 reached steady-state about 30 minutes after the 

motor start-up; this was tested by observing the pressure drop of the 

air flowing in the pipe. 

As soon as the steady air flow was established, the solids feeder 

was turned on, fol lovling the steps below: 

The air which transported the so I ids into the pipe, was contro II ed 

to yield the isokinetic rate, i.e., the air velocity at the outlet of the 

particle injector was equal to the velocity at the pipe axis of the main 

flO\<J. The rotary solids-feeder was turned on. The auxiliary air: flow was 

fed at a rate of about 0.008 cu.ft./min. into the tower tank. The vibrator 

was turned on with a voltage setting of 90 volts and at the same time, a 

timer \'las started. The timer was used to measure the total time 

during which the solids were fed into the system. 

During the first 15 minutes of experiment, the rotary-valve speed 

was adjusted to keep the solids level in the lower tank as constant as 

possible. Aft6r this initial period, it was found that this speed needed 

to be adjusted slightly every 15 minutes in order to keep the variation 

of solids level within a range of~ 0.15 in. 

Once the solids feeder v1as functioning smoothly, solid concentra

tions were obtained using the traversing mechanism and the isokinetic 

sampling system described previously. Before starting the runs, small 

glass containers (I in. high, I 1/4 in. diameter) containing a fitter 

paper were weighed and properly identified with a particular position. 

Al I weights were determined on a Fisher Scientific Microbalance (measure

ment to~ 0.5 mg). At each radial position, a filter paper was inserted· 

in the holder and the flowrate was set to ensure isokinetic sampling. 
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The exact location of the sampling probe was set with the aid of a 

magnifying glass on the graduated scale of the sampling traversing mechanism. 

When everything was in position, the appropriate valve was opened to 

start the sampling; fine adjustments to air flow were made to attain the 

correct sampling rate. The sampling time \'/as determined by a stop-watch. 

Normally the proper conditions could be obtained \'Ii thin about 30 seconds; 

the sampling time was usually about 2 to 7 minutes depending upon solid 

concentration at injection, and axial and radial position. At the end 

of sampling time, the air was turned off and the filter paper along with 

so Ii ds \·JG re rnwe i ghed in the orig i na I container. 

When the run was completed, the sol ids feeder and the timer 

were stopped at the same time. The fan motor was shut off; the so Ii ds 

collected in the solids collector were discharged and weighed in order to 

determine the sol ids-feed rate. As the latter remained quite constant 

during a single run of approximately 2 hours, only one concentration 

profile was measured during the run. 

5.2.2. Samp~n9_.Pifficultios 

One of the difficulties during sampling was rranifested by the 

fluctuation of the rotameter float due to the presence of solids in the 

gas flow. Oecause of this, the sampling flo\'/-rate required continual 

attention to keep it constant. 

A second difficulty arose when the filter paper was not perfectly 

flat or not wel I locate~ in the holder. This al lowed solids to get 

through to tho rotameter. This condition could be easily detected by the 

manometer at the filter, since normally it indicated a 12 to 22 in. water 
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vacuum, but in those cases \'Jith poor filtration, the manorneter registered 

only about 6 in. water vacuum. 

Finally it was found that if the filter contained more than 

O. 20g of sol ids, considerable difficulty \'las experienced in transferring 

fl lter plus solids into the container without losing some of the beads. 



6. EXPERIMENTAL RESULTS 

6.1 Gas Velocity 

The data presented in this paragraph was evaluated at flow 

conditions of I atm. and 77°F. (average temperature during the experiments). 

Detailed calculations are given in Appendix A. I. 

The relation between the air velocity at the pipe axis versus the 

fan speed is shown in Figure 6-1. The effects of injector location on 

velocity profile are presented in Figures 6-2 and 6-3. The experiments 

were carried out at a Reynolds number of 52800 which was based on mass 

flow calculated from the symmetrical profile CFigure 6-3). The latter 

was converted in dimensionless form u+ versus y+ in order to be compared 

with Koo's data at Re = 58300 and with Deissler's semi-empirical equation 

<1> as shown in Figure 6-4. The results indicate that the maximum 

deviation betv1een the present data and Deissler's equation is only 3.5%. 

6.2 Particle Concentration Profile 

The particle concentration profiles at Re= 52800 were measured 

under different rates of solids flow. They are presented in dimensionless 

form M/M in Figures 6-5 to 6-8 for which M , the completely mixed concen-
~ ~ 

tration was determined from the ratio of the solids-feed rate over the air 

flow rate. These mass profiles of particles are unsymmetrical about the 

pipe axis because of the gravity of the particles. This effect reduced 

the range of studies. Data were obtained at only 4 different dmmstrearn 

positions, nominally, 18, 30, 42 and 54 in. from the injector mouth. Each 

profile was formed by 10 to 11 radial positions. 
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The rraximum solids flol'l-rate was 5g/min which corresponds to a 

solids-gas loading vi /vi of 0.008. The above'choice \'las governed by 
p 

sampling difficulties discussed previously. 

46 



47 

I 
0 

1200 

0 

I 
700 

FIGUf\E 6-1 

600 CALIOf\ATIO:J CURVE FOR GAS VELOCITY 

VEPSUS F /\JI SPEED 

500--~~~~....._~~~~.._~~~~d.,_~~~~-_,_~~~__, 

10 14 18 22 26 30 

uc (ft/sec) 



24 0 

22 

20 
u 

~ ._ . 
/ •- ""'-o~ 

/ 0 ::::--- -........:: ~· ~ 
// o~~ 
// "-" ,//'~ o~• 

f 
0 

Cf t /sd::) 

0 2nd Test Position ""'o 
e 5th Test Position ~ 

18 

I FIGURE 6-2 

16 urJSYr'!!'·1ETR I CAL VELOCITY PROF I LE 1,1/HEM I NJ ECTOR 

TURE IS LOCATED VEf"fflCALLY. 

14 

~~ 
o"-. 

i 
I 

l 
/ 1 

01 I I I I I I I I I I I I I I I I I I I -
-I .O -0.8 -0.6 -0.4 0.2 0 0.2 0.4 0~6 0.8 l. 

r;R J::
co 



24 

22 

20 

u 
(ft/sr 

18 

16 

14 

0 

-I .0 

0 

I 

~o--o_o_ 
/ ___...-- 0-0 

/

0 ----0 

0 -............0 
/ ~o 

lo ~o 
0 

FIGURE 6-3 

syr.1METRICAL VELOCITY PROFILE \·JHEN INJECTOR 

TUBE IS LOCATED HOP-IZONTALLY 

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 

0 

\ 

0.8 
.;:,. 
l.O 

.. 

I • C 



~ 
;') 

~ 
l> 
J) 
-i 
TJ 
::0 
-
2 
< 
Tl 
::0 
/) 

=i 
-< 

:;:, 
l~ 

t: 
:c 
-< 

+ u 

26 

I I I 

24 I 

22 I 

I 

20 
I 

I / 
18 

16 

14 

100 200 

I I ·I I I I I I I 
A 

A 
A 

A 

80 
0 

e,.0 

A 0 
/ 

I In Cy+/26) + 12.849 = 0:-36 
A - -

0 
7 /},. Data of Koo ( I ) , Re = 58300 

0 Present Data, Re = 52800 

FIGURE 6-4 Dl~ENSIONLESS VELOCITY PROFILE 

'.JOO + 
y 

1000 2000 3000 \J1 
0 



24 

20 
S.F.R. Cg/min) 

0 4.83 
1G L 

L::. 4.35 

1 L 0 2.55 
" 00 

I 

• Average Value 
12 

8 

4 

0 

~ A 

G1 

6. 

r/p 

0 
e 
L::. 

FIGURE 6-5 

111/\SS PrGF I LE OF Pf\RT I CLES 

''/\T x = 18 in. 

\0 
e '6" 

0..1 0.6 0.8 
\..l1 



(./) 

w 
_J 

u 
f-n::: 
< 
Q_ c 

\0 LL 
I c 0 

\0 tll 
LL! 

w _J II 
n::: 
:::i LL x 

(!) c._c, c 
t :::i 

LL. 
e::: 
CL c 

(\} 

E > <.n 
....... (./) 

(:'. c <::: 
C'· ::-:: 
(\} . l'"' co L 

er: L'\ co (1) . . . > 
l.J... tll ... , < 
(./) 

<l 0 • 

/oG 
~ 

I 
«:I 

~ 
\ 
~ 
G•~ 

~ 
El•~ 

N 0 
co N 

I 
fil 

/ 
§I 

<).>8 

\ 

0 

0) 

0 

~ 

Cl 

~ . 
0 

N 

c 

0 

·.:::> 

N . 
c 
I 

-;;:-. 
0 

I 

l.O . 
0 
I 

co 
0 

I 

0 . 

52 

c-: . 
....... 
l-



c 

E 
......... 
c: 

. 
er:: . 
LL 

(/) 

N 0 

, -~l 

N 
r-- O> . 
t") N 

<I D 

co 

<l> 
::i 

ro 
> 
0 
c: 
IO 
L 
0 
> 
< 

• 

'8 
;~I::: 

\..0 

r--
1 

\() 

w 
er:: t 

f51 
t= I 

I
< 
(/) 

w 
_J 

u 

~ 
< c_ 

IL 
G 

LU 
_J 

LL 

~ 
Cl.. 

(/) 
(/) 

~ 

c 

N 
"'1" 

ti 

x 

. ~ 
\ 

N 0 

CD . 
0 

0 

N 

0 
I 

53 



~ 
(j) 

w 
_J 

u 
ro 
I ~ l.O c Ql < 

::i w (L 
E er.: 

.......... co :::i LL 
Oi > 

~I 
c 

Cl LL! . OJ _J 
a: co 

0 L LL 
LL 0 L."'\ CD ~ . . > 
(f) ~- '<;)" < (L 

(j) 

<l 0 • (j) 

< ..,.,.. 

;· 
['J ( -1 

[J•<J 

D 

0 

N 
0 Cf) 

I 
Elai<l z 

~ 
........ 

II 

x 

D~ 
D 

N 0 

0) 

0 

l.O . 
0 

~ . 
0 

N 

0 

0 

N 

0 
I 

~ . 
0 
I 

\.() . 
0 
I 

co . 
0 
I 

0 

54 

Cf-
.......... 
L 



7. TREATMENT OF DATA AND RESULTS 

This chapter is concerned with the determination of the eddy 

diffusivity e: of the pa rt i c I es from the exp er i menta I va I ues of M ( r )/M.., p 

This coefficient may or may not change appreciably with particle size. 

Therefore, hJO separate cases v1ere considered; one on the assumption that 

e:p is a constant, the other based on an assumed functional relationship 

of e:p with particle size. 

7. I Governing Equation~- and Assumptions 

In Chapter 3, it was shown that if the eddy diffusivity and the 

average velocity v1ere constant over the entire flow section, then the 

concentration of particles at any radial and axial position could be 

ob.ta i ned from: 

c = c 
00 

00 J CS ~) J
0 

(Sn.!:.) exp (-Be: x /UR
2

) 
\I nR R np 

+ ~R /__ ~~~~~~~--~~~ 
n=I 

(3-28) 

This equation is presented graphically by the sol id I ines in 

Figure 7-3; Appendix A.2 indicates the detai Is of the computer program used 

to gene rate the data for Figure 7-3. 

However, the experimenta I data M(r)/H must be transformed to 
00 

C(r)/C
00 

and a correction for the effect of gravity on the particles must be 

included. 

MCr)/M is expected to be different from C(r)/C if the particles 
00 00 

are not of uniform size. If the particles are polydispersed then gravity wi 11 
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cause some separation and also the turbulent eddies are expected to move 

the smaller particles more efficiently. The result is that the particle 

size distribution at each sampling point may be different from that in 

the original tracer. 

This can be most eas i I y demonstrated by expressing r,1 in terms of 

c 

[ 
ird 3 l 

M = c (--;--) Pp (7-la) 

The term in the square bracket represents the mass of a single 

particle of size d and d is the vo I ume average diameter, given by: v v 

=[in 1 d;

3 l 1/3 
d 

(7-2) v 
L.n. 

I 

An expression similar to (7-la) may be written for M : 
00 

(7-lb) 

Hence 

( ::00) 
3 

M c (7-3a) 
M - coo 

00 

or 
C = M ( dvoo) 

3 

C7-3b) 
Coo Moo dv 

In order to make a correction for gravity, the fol lowing assumptions 

were made; 

CI) The velocity and turbulent parameters of gas are constant in 

the central core. 
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(2) The particle velocity and gas velocity in the .axial direction 

are equa I. 

(3) The relative motion of the particle to the fluid is given by 

Stokes's la1v. 

The va Ii dity of these assumptions wi 11 be discussed in section 8.2. 

The fal I velocity of a particle of mass mas a function of time 

can be determined by solving the fol lol'Jing equation of motion: 

dv 
m _p = mg ( D - o ) - FD dt ip I 

(7-4) 

which represents a ba I ance between the force required to acce I erate the 

particle, the gravitational force and the drag force. 

By definition: 

· where A = IId 2 /4 is the cross-sectional. area of the particle. 
p 

From assumption (3), the drag coefficient, c
0

, is: 

c = 24 
D Re p 

where Rep, Reynolds number, for fal I ing spheres, is given by: 

.dv p 
Re = ....J?_ 

p 

(7-5) 

(7-6) 

<7-7) 

Substituting equations (7-5) and (7-6) into equation (7-4) yields: 

dv 
_P = _ (di ~ii ) v p + 
dt pp 

q (p -p) 
' p 

pp 
(7-8) 
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With the initial condition v = 0 at t = O, the solution of the p 

differential equation (7-8) is: 

vp = vt (I - exp (-kt>] (7-9) 

where 

C7-10a) 

and 

C7-10b) 

18µ 

vt is the terminal velocity of the particle. 

The distance from centre line that the particle fal Is at a given 

time,t,since its injection into the pipe, can be obtained by integrating 

equation <7-9): 

t 
£, = J v t ( I - exp ( - kt) ] dt (7-11) 

0 . 

or 

1 v t -
Vt 

[ I - exp ( - kt) J (7-12) = k t 

From assumptions (I) and (2), the time necessary for the particle 

to move from the tracer injector to an axial position x is: 

x 
t=

u 
c 

(7-13) 
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Thus the dimensionless distance, UH, becomes: 

(7-14) 

Since vt is proportional to d2 , the correction for gravity should 

be made for each group of particles of narroVI size. This is the principle 

of the methods developed below: 

7.2 Calcula}_!o~~i\ssuming P~rt_i_~~J_!_fusivity is independent of 

Particle Size. 

Let us consider first the case in which the coefficient E: is 
p 

assumed constant for al I particles. 

The determination of E: could be made in two ways: The first p 

consists of transforming the unsymmetrical profile rli/r1 to symmetrical 
co 

profile C/C
00 

by using experimental values of dv, correcting for gravity 

and then using equation (3-28) to calculate E: to fit the data. The 
p 

second is the inverse; a constant value of E: is assumed and a radial p 

profile C/C
00 

is calculated, gravity is included and the profile of H/t-1.,, 

is obtained and compared with the actual experimental measurements. 

It should be noted that the effects of an asymmetric distribution 

of particles are not considered in any method. Since the gas velocity and 

turbulent parameters are relatively constant over the central core, 

this effect may not be of primary importance. As the particles migrate 

into the wal I region, there is no doubt that there wi I I be an effect; 

therefore, more weight should be given to the experimental data in the 

central core. 
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7 .2. I. Method I 

7.2.1-1 General Outline of the Method 

The calculation procedure adopted to transform the mass profile 

to a correct concentration profile is composed by the following steps: 

(a) Transformation of M/f.1 to C/C 
--------- 00 -- co 

The experimental values of t1/r,1 were first converted to C/C usinq 
co co -

equation (7-3b) and the experimentally measured particle size distributions 

of the samples and that of the original tracer. 

Accordina to Particle Size ----- _____ ..... _:__ -- ----·----·----

Each C/C was then decomposed to a sum of C./C where: 
co I oo 

c1 = C.f(di), i =I, 2, ... ,m 

f (d.) = fraction of particles of size d. 
I I 

in a sample (experimental value) 

m = number of size groups chosen to represent the 

distribution. 

Using equation (7-14), a correction for gravity was appl led 

to each size group at each of the rad i a I posit i ans v1here the measu rernonts 

were made. This al lowed a plot of the concentration profile to be made 

for each size group as shown in Figure 7-1. At any radial position, the 

concentrations of al I particles 'IJere added to give a total concentration, 

radial profile as shown in Figure 7-2 by the ful I I ine curve. 
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(d) Normalization 

Assuming a uniform velocity field, as in equation (3-28), 

a population balance on the particles requires that: 

2 TICrdr = TIR
2 

C 
co C7-15a) 

where C
00 

is the concentration of the particles when they are uniformly dispersed 

throughout the gas stream. This equation may be rearranged to give: 

I . 
2 f (U 

0 

zdz = (7-15b) 

where z = r/R 

The completely mixed concentration C
00 

as mentioned previously can 

be obtained from the air flow rate measurement and the v1eight of the 

solids collected from the cyclone over a run. 

Since the value of C depends on sampling error and measurements 

of particle-size distribution, and C is a completely independent measure-
ro 

ment, the balance depicted by equation (7-15a) or (7-15b) is an indication 

of the accuracy of these measurer:ients. On the other hand, the use of 

equation (3-2 8) is based on the population balance being maintained; therefore 

each experin~ntal measurement is adjusted or normalized by: 

C(z) 
c 

{~<z )\ = __ °' ------------

~ oo j n
2 

f I 
C(z) zdz 

0 cro 

(7-16) 
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where the subscript n indicates the normalized values. 

This procedure assumes the same percentage error with each point. 

The calculation of £ x/UR2 or £ fol lows directly from Figure 7-3 p p 

once the correct profile CIC at any traverse position x is known. 
00 

As £ and u are assumed constant over the pipe diameter, the 
p 

experimental values of C/C
00 

at various radial positions r/R must I ie 

on a vertical line which corresponds to a constant value of£ x/UR2 as 
p 

shown in the Figure. 

7.3. 1-2. Detailed Calculations from Experimental Data 

This method is i I lustrated by treating the experimental data for 

the profile at x = 18 in. 

Particle size distributions of 10 samples v1orc measured experimentally. 

Six size groups were used, each comprising 10 micron spread. The average 

diameters,d., ·are 5, 15, 25, 35, 45 and 55 microns resrectively. 
I 

The dat~ for ~/M 
oo' 

d, CIC and f(dl) at different radial positions v 00 

are shown in Table 7-1. The resul~s for 2/r are included in Table 7-2. 

Figure 7-1 presents the profiles C./C after correcting for gravity using 
I oo 

values in Tables 7-1 and 7-2. The solid line in Figure 7-2 is the 

unnorma Ii sed curve C/C which passes through the average va I ues of tv10 
00 

points located at the opposite side of the centre I ine. That is, the 

profile was made symmetrical by this averaging procedure. The non-symmetry 

at several points of the total profile is due mainly by the I inear 

interpolation of profiles C./C in Figure 7-1. 
I co 
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TABLE 7-1 

DATA FOR M/M, CIC AND f Cd ) AT X = 18 in. 
00 co i 

r M d/ µ) c f(5µ) f ( 15µ f (25µ) f ( 35µ f (45µ) - M c f ( 55 µ) 
R 00 00 

-0.6 0.56 43.5 . 0.30 .001 .016 • I 0 I .283 .360 .160 

-0.4 3.75 39.6 2.65 .003 .037 • 195 .370 .295 • 100 

-0.3 9.00 38. 9 6.68 .004 .048 .213 .380 .270 .085 

-0.2 15.45 34.3 17. I .010 .090 .320 .385 • 175 .030 

-0. I 20.60 35.8 20.2 .003 .050 .257 .430 .224 .036 

o.o 17.35 35.0 19.2 .003 .062 .310 .435 • 171 .019 

O. I 12.98 37.5 10.9 .004 .051 .240 .395 .250 .060 

0.2 5.87 35.5 5.85 .008 .074 .278 .380 .215 .045 

0.3 I. 78 38.6 I. 36 .012 .078 .235 .345 .240 .090 

0.4 0.62 35.8 0.60 .015 • 085 .250 .350 .220 .090 

The denominator of ~quation (7-16) was found to be 1.20 by integrating the 

sol id line, that is, the difference between the normalized and unnormalized 

curves is 20%. 

Figure 7-3 shows that the best agreement between the normalized data 

and equation (3-28) was obtained by taking Epx/UR2 equal to 0.0145. This 

agreement can be easily doter~ined by an iterative procedure. The particle 

diffusivity at x = 18 in. was then calculated to be: 



TABLE 7-2 ------
VALUES OF e/R* VERSUS PARTiCLE SIZE 

AND AXlAL DISTANCE 

~ 18 30 42 54 

5 .002 .003 .004 .005 

15 . 011 .020 .027 .035 

25 .038 .066 .095 • 123 

35 .070 . 127 . 182 .236 

45 .014 . 195 .288 .383 

55 . 139 .270 .405 .543 

* Detailed calculations are given in Appendix A.3. 

and 

e: 
....£. = 22.2 x 10-4 
UR 

e: = 9.7 x I0-3 ft2/sec 
p 

CNote U = 19. 2 ft /sec, see Jl.ppend ix A. I) 

A I though this method v1as app Ii ed successf u I I y for the data at 

x = 18 in., it did not give any result for three remaining data. The 

main reason is that for the data at x = 18 in., the particle size 

64 

distribution of each of the ten samples located in the range of r/R = -0.6 

to + 0.4 were measured; in the other cases, they were measured at only 

six to seven samples at positions in a wider range of r/R (r/R = -0.8 to 
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FIGURE 7-1 CONCEtlTRATIOi'l PR0FILES AT x = 18 in. FOR DIFFEREJJT 

9 SIZE GROUPS AFTER CORRECTING FOR GRAVITY. 
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+ 0.6). Therefore the errors due to I inear interpolation of profiles 

C/C
00 

were higher in the latter data. In addition, measurements of 

particle-size distributions were based on 600-800 particles at each 

sample point of 18 in. profile, whereas only 400 - 600 particles 

were measured from each of the samples taken further dovmstream. A 

larger number of particles, say for example 1000 particles, should be 

counted for a better statistical represen_tation. 

7.2.2. Method 2 

(a) Out I ine of the Method 

68 

In many respects, this method fo I I ows c I ose I y that given in r-1ethod I 

except that the calculation scheme predicts what the radial mass distribution 

should be at a given axial distance with an assumed eddy diffusivity. 

The detai Is are given below: 

Assuming a value of £ x/UR2 , a value of £/UR at any given axial 
p p 

position, x, can be obtained. Figure 7-3 al lows a value of C/C to be 
<X> 

found at any radial position r/R. These concentrations are transformed to 

M.IM through equation (7-3a) but now related to each size group in the 
I oo 

distribution, i.e. 

0-17) 

where f Cd.), the fraction of particles in size group with average diameter, 
oo I 

d
1
, in the original feed is given in Figure 4-2. 

Each of these size groups are then shifted the ar>propriate dist'ance 
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(sec Table 7-2) for their size downward to compensate for gravity effects. 

These profiles are then plotted and at any radial distance, the total mass 

may be found by addition: 

M [ M. - - I M - -
ro . M 

. I ro 

{7-18) 

This predicted profile is finally to be compared with the experimental 

data. In practice, several predicted profiles M/M
00 

are drawn for different 

values of £p/UR and from this, the range of £p/UR judged to give approxi

mately the best agreement between data and predicted values can be determined. 

(b) Numerical Examole of Plottina a Predicted Profile 
-----------------1·--------------~~-

In order to i I lustratc this method, an example was made to plot 

a predicted profile at x = 30 in. 

r c 
R c 

0.0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

()0 

Assuming £ x/UR2 = 
p 

0.025, then £ /UR 
p 

TABLE 7-3 

-4 = 22.9 x JO • 

DATA REQUIRED FOR FIGURE 7-4 
3 £ x 

(: i ) 
at __£_ = 02i::: Size Group ( jJ ) d. (µ) f* ( d. ) 2 • :J 

I oo I UR voo 

10.0 0-10 5 .018 0.003 

9.0 10-20 15 • I 07 0.076 

** R, at -
R 

0.003 

0.020 

. 6. 7 20-30 25 .295 0.371 0.066 

4. I 30-40 

2.0 40-50 

0.8 50-60 

0,3 

35 .350 o. 968 o. 127 

45 • 185 2.050 0 .195 

55 .045 3.760 0.270 

* values taken from Figure 4-2 
* * va I ues tal~en from Tab I e 7-2 

x= 30 in. 
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Figure 7-4 presents the profiles M/M"' after correcting for gravity 

using data in Table 7-3 and equation (7-17). From Figure 7-4, the total 

mass profile H/M"' was obtained as shown by curve A in Figure 7-6. 

(c) Resu I ts 

The comparison between experimental and predicted mass profiles at 

four axial positions are presented in Figures 7-5 to 7-8. Typical of 

predicted profi los as a function of £p/U8 are also included in Figure 

7-5. The results obtained from these figures are summarized Jn Table 7-4. 

is: 

or 

TABLE 7-4 

VALUES OF PARTICLE DIFFUSIVITY AT 4 AXIAL POSITIONS 
~--· --------·--·--- ------------- ·------------

x In. £ x £ x 104 
(£r)x 10

4 p p 
UR2· UR UR average 

18 0. 0 I I -0. 0 12 16.9-18.4 17.6 

30 0.025-0.027 22.9-24.7 23.8 

42 0.034-0.036 22.3-23.6 23.0 

54 0.038-0.042 19.0-21.0 20.0 

The average value of diffusion coefficient at 4 axial positions 

£ 

_e_ = (21 .I+ 2.7) x 10-4 
UR 

£ = (9.3 + 1.2) x I0-3 ft2/sec 
p 
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-3 2 which can be compared with the value of 9.7 x 10 ft /sec determined 

. by method for the first profile • 

Now it is of interest to estimate the ratio of particle diffusivity 

to gaseous diffusivity in this turbulent pipe flow, based on the present 

data and that obtained by Koo for the gas in the same apparatus. Referring 

to Koo's result in Figure 2-2 (curve 3), the coefficient of gas diffusion 

at the same Reynolds number of 52800 as that of this work is about: 

E: - -4 UR - 35.0 x 10 

which is compared with 

to give: 

E: 

_p_ = 0 60 . 

7.3 Calculations Assuni_ing a Functional Relationship Beh:een Particle 

Size and Eddy Diffusivity. 

If the coefficient e: changes with particle size, it is of interest 
p 

to see what effect this might have on the results. One can easily modify 

the method I to account for this. Instead of adding C./C to get C/C
00 I oo 

this method consists of calculating C./C. where C. =Cf Cd.). C./C. 
I 100 100 oooo I I I"" 

represents the ~tio of the concentration of particles of size di in samples 

over that of the same size in the origimil tracer v1hen fully mixed with 

carrier fluid. Other steps described in Section 7.2. 1-1 remain unchanged. 

Unfortunately this technique requires the syrnrnetr-y of profiles 

C./C. for 
I I 00 

a 11 sizes. Let us return to the example made for the data at 

x = 18 in. As can be seen in Figure 7-1, only the profile C./C ford. = 
I 00 I 

35 microns is smooth and nearly symmetrical; this suggests- that one can 



evaluate£ ford= 35µ. 
p 

The data after dividing C./C by f (35µ) = 0.35 (Table 7-4) 
I co co 

and normalising the orofi le C./C. , is comnared to equation (3-28) in 
- ' I I co r· 

Figure 7-3. The result is: 

or 

£ x 
p - 0.012 

UR2 -

£ -4 
Ff~= ts.4 x 10 

The norma Ii sing factor in this case \'/as found to be: 

I 

2 f (~'. )zdz =.I .21 
0 1co 

Because of the experimental techniques adopted in the present 

study, this method has only a qua I itative significance. 
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8. DISCUSSION 

8.1 Evaluation_~t__!:xp~!iment_.9_~ Technique 

The measurements of profiles of particle mass in the air stream 

were subject to error from three main sources: the feeding system, the 

sampling technique and the physical pheno~ena occuring. Detai Is of these 

are given be I ov1: 

8.1. I. Feedinq System 

Since it took about tv10 hours to obtain a radial profile at any 

axial position, it was important to maintain constant operating conditions 

over this period. As pointed out in section 4-2, the solids-feed rate 

remained constant to within:.':. 3% on the average with some rare variations 

up to+ 6%, provided tho solids level in the lower tank of the feeding 

system could be kept constant in the range of:.':. 0. 15 in. by the rotary valve. 

It v1as found that the operation of the valve was affected by the humidity of 

sol ids. If the sol ids were too humid, they stuck in the rotor slots; there

fore the valve turned but no sol ids discharged to the lm1er tank. When 

the solids were removed and dr~ied, the valve feeder functioned satisfactory. 

A second difficulty v1as that the rotor jammed sometimes during the 

experiment. This was caused by solid particles entering the bal I bearing, 

although a seal plate was installed to prevent this. \'/hen the rotor \vas 

disassembled and cleaned, the rotor again turned freely. This factor was 

not too serious because a 11 runs vtere short and the va Ive was cleaned 

period i ca I I y. 
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Since the solids feed-rate was measured by the weight of solids 

collected in the cyclone, it was assumed that this device removed al I 

the solids from the gas stream. As the cyclone efficiency was expected 

to be at least 99%, the loss of solids can be considered negligible in 

comparison with the variation of the sol ids feed-rate and other sources 

of error. Essentia I ly no sol ids were found in the large chamber in which 

the cyclone was housed. 

Some error in the concentration profile could be attributed to the 

injector velocity of the solids. Here the injector air velocity was 

maintained constant to within + 2%. 

The alignment of the injector is also important. Since great care was 

taken in insta 11 ing the injector properly, it was felt that there was 

sma 11 error here. 

The conclusion can be drawn thai· the sol ids feeder \·1orked satisfact

orily during the course of this investigation; variations in solids concen

tration at any point dovmstream resulting from the sol ids feeding system 

are expected to be less than 5%. 

8. 1.2. Sampling TechnJque 

The sarnpl ing technique depends on the sampling efficiency, i.e. 

the ability to maintain isokinetic condition at the sampling probe. The 

isokinetic sampling technique is based on accurately knowing the air velocity 

at the sampling point. The variations in point velocity are discussed in 

the fol lowing paragraphs: 



80 

(a) Turbulent Fluctuations 

The air velocity changes with time.due to turbulent fluctuations. 

The intensity of turbulence* is approximately 3% for steady pipe flov1; 

therefore this presents the order of magnitude of the variations in point 

velocity from this source. 

(b) Variations in f_an Sp~ec!_ 

The mean velocity was affected by the variation of the motor 

speed. During the experimental run, the motor speed could be adjusted at 

1100 + 10 r.p.m.; this corresponded to a velocity at pipe axis of 23.6 + 

0.2 ft/sec (determined from Figure 6-1 ). Therefore, the maximum deviation 

of air velocity was only about I~. 

Cc) y_a1-i ~_!_i9_~_s_i _'.l __ T~_:iipe_i:-_at~~ 

The room temperature varied from 74°F to 81°F. during the experiment. 

0 Al I data were calculated at the average temperature of 77 F and no correction 

was made for the runs performed at different temperatures. This temperature 

variation contributed an error of loss than 0.7); on gas properties (density 

and viscosity), and so can be neglected. 

The sampling probe does not function as a point, but has a finite 

cross-section. The velocity of the main air stream varies across this cross-

section. However, because the probe diameter (0.175 in.) is smal I compared 

with the pipe diameter (5.5 in.), this effect is minimized. 

* The intensity of turbulence is defined as the root-mean square of the 
instantancou~ f luctuatinq velocity about the mean velocity divided by the 
mean velocity, ·i.e.,~'\J72'/u. 
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{e) Air Sampling Control 

It was found that during the first tv10 minutes of the sampling 

period, the sampling rate v1as the most affected by the presence of sol ids 

on the filter, but it became nearly constant afterwards. Because of this, 

the sampling rate required continual attention so that it could be controlled 

to+ 55~. Because of other sampling difficulties reported in section 5.2.2., 

the sampling time at each position, while measuring the solids concentration 

profile at x = 18 in., was in the range of 2 to 4 minutes, whereas it was 

from 3 to 7 minutes for other axial positions. Therefore, the error due to 

the variation of air sampling rate was somewhat higher for the results at 

x = 18 in. than that downstream. 

{f} Probe Position 

Accor·d i ng to Koo (I ) , the sarnp Ii ng device cou Id be p I aced to 

within a few thousandths of an inch. In this present work, the exact 

position of the sampling probe was performed by using a magnifying glass 

on the graduated scale of the traversing mechanism. Therefore, the displace

ment error again was minimized. This error, if any, might affect the data 

at x = 18 in. where the particle mass profile is rather sharp, while others 

are relatively flat. 

(g) r~isalignme_!:)_~~-axis of the probe 

The traversing mechanism and the plug at the sampling station hold 

the probe firmly and the tubing is very sturdy. Thus any deflection caused 

by the air drag wi 11 be very smal I and the probe should remain pointing 

directly upstream. 
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Ch) Dimensions of the Probe 

The metal wall of the samplingprobe1'/as made very thin so that 

it would not interfere appreciably with the particle movement into the 

probe. 

8.1.3. Special Effects 

(a) Gravity Effects 

The effects of gravity on experimental results are shown in Figures 

6-5 to 6-8. These unsymmetrical profiles could be avoided if the test section 

was vertical. Also in the figures, we see that the last profile is the 

most affected by gravity. The high concentration in the region near the 

pipe bottom may be exp I a i ned by pa rt i c I es bouncing from the wa I I and hence 

increasing the concentrations in this region. 

Cb) End Effects 

At the outlet of the tracer injector, the particle velocity is 

expected to be somev1hat less than the gas velocity. Moreover, the turbulence 

level of the gas conveying the sol ids in the injector tube wi 11 be quite 

different from the turbulence in the pipe and hence particle diffusion 

wi 11 be different over the,..,1/4 in. diameter than in the main pipe flow 

This wi I I lead to end effects which are very difficult to evaluate. 

Both the slip(gas-to-sol id)velocity and the end effects vary with 

position along the duct (20). They wi II have more significance for the 

18 in. profile; at greater distances , they wi 11 be a relatively smal I 

part of the total process. 

Al I the above considerations may be the reason for which the spread 

of data points at positions x = 18 in. (Figure 6-5) and x = 54 in. (Figure 6-8) 
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are relatively higher than that at two middle positions x = 30 in. and 

x = 42 in. (Figure 6-6 and 6-7). The material balance at each sampling 

point wi I I be a measure of the error. At x = 18 in., the radial integrated 

mass of particles (which is inaccurate by virtue of the method of 

integration as wel I) is 20% higher than that determined from the weight 

of solids and flow of gas. Note that this error also includes the inaccur-

acies in measurement of particle-size distribution. Detai Is of these 

errors were discussed in section 7.3.1, therefore, they are omitted here. 

8.2 Validity of Assumptions 

The treatment of data described in Chapter 7, as may be recalled, 

was based on four main assumptions: 

Ci) Velocity of particles in axial direction is equal 

to velocity of gas. 

Ci i) Drag coefficient of particles is given by Stokes's 

law: CD = 24/Rep. 

Ci ii) Velocity and turbulent parameters are constant in the 

central core. 

Civ) Eddy diffusivity is independent of particle size <Methods 

I and 2) 

The validity of these assumptions wi I I be discussed in turn. 

8.2.1. Particle Velocity 

The assumption of equality of fluid and particle velocities seems 

to be in contrast to our final result on the ratio of particle to fluid 

diffusivities Cc /E = 0.60), because if the particles fol low exactly the 
p 

fluid, we should have E = E. p 
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At the present time, no established and completely satisfactory 

procedure is available for treating the motion of particle in a turbulent 

fluid medium. The general conclusion obtained by many authors, as discussed 

in Soo's book (25) 1 is that the particle velocity reaches the gas velocity 

only when the time of contact of gas and particle under steady gas velocity 

conditions approaches infinity. This slip velocity depends on the partic18-

characteristics (size, density, shape), intensity of turbulence and a fluid 

(Lagrangian or Eulerian) correlation coefficient, as reported by Friedlander 

(38) in his study of the behaviour of suspended particles in a turbulent 

fluid. The author also suggested that for particles larger than IOf, 

this slip velocity becomes important. On the other hand, although Soo (28) 

obtained experimentally a value of £p/£ much less than I, he predicted 

theoretically that, when the particles are introduced into the duct at 

nearly zero axial velocity, they accelerate quickly to reach almost the 

gas velocity in a very short time. For example, Soo's results (28) suggest 

that for glass particles v1ith diameter 20tt and 50~, introduced into a gas 

stream flowing at 20 ft/sec, the duct length required to accelerate the 

particles to a velocity of 19.9 ft /sec is 3 in. and 16 in. respectively. 

The above values for gas velocity and particle sizes were chosen because 

they are of the same order of magnitude vlith the present data. However, 

the situation in this study is slightly different. The solids, discharged 

from the solids feeder into thel/4 air conveying line, are accelerated 

by an air velocity approximately 16 times higher than the air velocity at 

the tracer outlet (1/4 O.D.), because the ventuH has a diameter of only 

1/16 in. On the other hand, the friction of solids in 1/4 in. tubing may 

reduce the particle velocity. Therefore, if the h10 above effects balance 
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each other, Soo's results indicate that the assumption of equality of 

fluid and particle velocities in the main p·ipe flo\'/ should not lead 

to any serious error. It is also expected that the solids flow reaches 

nearly steady state before it enters the pipe because the effects 

of the venturi surely are destroyed by the bends and the length (32 in.) 

of 1/4 in. tubing between venturi and exit. 

8.2.2. Drag Coefficient of Particle 

The assumption of: 

(7-6) 

where Re is based on the velocity of particles in direction of fal I, is 
p 

in generalJ val id for the case of laminar flow vii th Rep less than I. The 

maximum particle Reynolds number, based on the terminal velocity, for the 

largest slze group (55 microns) in this study, was found to be: 

Re p = 0.815 

Unfortunately, the interaction between the particles and fluid in 

turbulent flow is far more complex. Torobin and Gauvin (39) have provided 

a thorough review of the effects of turbu I ence on the drag coefficient. 

Both the relative intensity of turbulence and the particle Reynolds number 

are important factors in determining the drag level. One of the semi-empirical 

equations referred to by these authors is that of lngebo (40): 

c = D 
27 

Re 
p 

0.84 
(8-1) 

for the system consisting of a cloud of particles injected from rest into 
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a moving gas stream. The above expression was obtained from experimental 

data for Re ranging from 6 to 500. If one assumes that equation (8-1) 
p 

can be extrapolated in the regime of Re <I, then it wi 11 give a drag 
p 

coefficient slightly higher than that predicted by equation (7-6). 

Torobin and Gauvin also pointed out that even in the Stokes 

I aw region, the drag force wi 11 depend on the previous hi story of the 

particle motion. However, this effect is smal I compared to the large 

effects noted experimentally for higher Re • 
p 

8.2.3. Velocity and Turb~lent Parameters 

Using the assumption of equality of particle and fluid velocities, 

and assuming a linear trajectory of particle from injector mouth to any 

position Cr,x) downstream, it was found by a simple finite difference 

technique that the average particle velocity in flow direction is constant 

within+ 2.5% up to radial position r/R = + 0.6. Therefore, in this 

region, the assumption u = u (gas velocity at pipe axis,) does not 
p c 

introduce any serious error in the correction for gravity. 

As indicated earlier in this report, the turbulent gas diffus-

ivity was expected to be fairly constant over the central core. If this 

is the case then the fact that the concentration of particles is asymmetric 
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(relative to the pipe axis) is not important; thus, the cylindrical 

coordinates can be assumed to be moving dol'/JlVJard with the particles, as 

assumed. 

Hm-Jever, referring to Koo's results <Figure 2-1), we find that the 

the eddy diffusivity in the pipe is less constant than the eddy viscosity 

obtained by Reichardt (8) and by others presented in reference (20). 

Koo also reported that his calculations on dr) \'1ere subject to many 

errors 1·1hich exist particularly in the region near the wa l I and at 

the pipe axis. Therefore, the exact profile of gas diffusivity is not 

known with accuracy because of the lack of experimental data. 

8.2.4. Diffusivity versus Particle Size 

No effect of particle size was noted, but the sensitivity of the 

present experimental technique does not give a cl ear indication of this. 

As shown in Figure 7-4, the contribution to the sample mass of particles 

of size loss than 25tA is neg ligible compared with the larger sizes. 

In the past , there was little information conce r ning the variation 

of diffusivity with particle size. The v1orksof Kai inske and Pi en (32) 

and Rouse (31) on the study of comb ined diffusion and setting of suspended 

particles in water indicated that this variation is smal I. 

8.3 Discussion of Results 

The exper i men ta I errors as we I I as the assumpt i ans conside red 

above are the reasons for the deviation between the expe ri me ntal and 

predicted mass profiles shown in Figures 7-4 to 7-7. 

The weakness of method 2, in this analysis, is that one cannot 

norma lize the experimental results in order to e liminate al I experimental 



errors, in contra st \vi th method I . 

As only the data at x = 18 in. is reliable for both methods, 

the difference between two results can only be discussed on the basis 

of this one observation. Method -4 I gives E /UR = 22.2 x 10 , whereas 
p 
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method 2 gives a value of 17.6 x 10-4• The difference between two valu6s is 

24%. It shou Id be remembered that the data in method I \'la s norma I i zed 

by a factor of I .20. Assuming that this error (20~) is due mainly on 

the original data M/M
00

, then if the latter is corrected by the same 

factor (1.20), the data, once normalized, should fal I on t o the curve 

C (Figure 7-5) which corresponds to E /UR= 21.4xl0-4• In this case, the 
p 

difference betv1een t\'10 results reduces to only 4%. However, the norma-

I izing factor is, in general, not knovm in method 2; therefore, in order 

to present the true picture of experimental errors, no correction was 

made for a I I data in method 2. 

It should be noted that the deviation between experimental and 

calculated profiles is less at x = 30 in. and x = 42 in. This suggests 

that the experimental data may be more accurate at greater distances from 

the injector. 

For the data at x = 54 in. (Figure 7-8), the deviation between 

experimental and calculated points in the regions of the v1all is due 

mainly to the gravity effects discussed previously. In these regions as 

wet I, the assumptions are less applicable. 

Although the experimental errors are difficult to estimate and 

the assumptions discussed previously are open to question, the little 

variation of E /UR determined at various axial positions by two methods p 



indicates that the value of £ may be reasonably accurate. This gives p 

one confidence that the values determ i ned in an experiment in a vertical 
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flo1·1 might be essentially the same. For this reason, it is of interest to 

compare the results of this work with those of other workers; these are 

shown in Table 8-1. In spite of the wide difference of gas-solids flow 

conditions in these various investigations, Table 8-1 indicates that the 

particle diffusivity for glass beads found here is of the same order of 

magnitude as that found by Soo (35) and by Van Zoonen (30). 

The particle-to-gas diffusivity ratio found in this experiment was 

0.60. Rouhiainen and Stachle1,1icz (27) predicted theoretically a value 

of £ /£ = 0.36 for lvcooodium oarticlcs (d = 32µ, p = 0.62 g/cc) at the p ' ' . p p . 

same Reynolds number <Re= 52800) as that in this vJOrk. Their model v1ould 

predict a lowe r ratio for higher density glass particles <p = 2.55 g/cc). 
p 

Their mode l had many questionable assumptions in it, however. 



Re ference 

Soo(35) 

" 

" 

" 

" 

Soo(34) 

Van 
~oone n(30) 

" 
11 

Present 

Study 

Pipe 

TABLE 8-1 

COMPAR ISON OF PF<ESENT RESU LTS FOR 

PART ICLE DIFFUSIVI TY WITH T+-IOSE OF 

OTHER lt!ORKERS 

u Part icl e d w 
p 

d ia . ( i n ) c ( µ ) w (ft / sec) 

5.0 132 . 2 Glass 50 4. 97 

" 128 . 4 " " 8. 13 

" 138 . 3 tliagnes i a 35 0. 25 

II 137. 6 " " 0.55 

" 136 . 9 " " 0. 88 

3. 0 100 . 0 Glass 100-250 0. 08 

2 . 0 27. 8 Ca t a lyst* 20 -1 50 23 . 7 

" 29 . 7 " " 55 .7 

II 31.1 " " 106 . 5 

5.5 23 . 6 Gl ass 0- 60 ,..;0,0 1 

* The type of Cata lyst i s not ava il ab le 

+:·* t-1ethods I and 2 respect ive ly 
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E: x 103 
p 
2 (f t / sec) 

8 . 56 

11.1 0 

1. 24 

I. 71 

2 .05 

2 . 90 

8 .60 

10 .1 5 

14 . 0 

* ~-
9 . 76( 1) 

9 . 30 (2 ) 



9. CONCLUSIONS /\ND RECOMi1EtWATIONS 

The fol lowing conclusions were drawn from this study: 

(a) For the particles and system employed, the particle diffusion 

coefficient was found to be 9.30 xl0-3 ft2/sec; this is 40 percent less 

than the corresponding gas diffusion coefficient. 

(b) The effects of gravity on g lass particles were found to overly 

comp I icate the analys is for turbulent diffusion in a horizontal test 

section. Because of the uncertainties introduced in accounting for this 

effect, some error in the diffusivity may be introduced. 

(c) The non-uniformity of particle sizes also made the experimenta l 

work and analysis extremely difficult. Moreover, the effect of particle 

size has not been ascertained. 

Therefore, the fol lowing recommendations a re made to guide any 

future v1ork. 

(a) The pipe should be installed vertically. 

(b) The particl es should be of uniform size. 

(c) The dependence of the pa rticle-diffusion coefficient on partic le 

density and size, and flow Reynolds number should be determined experimentally. 
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APPENDIX 

A. I Gas V~~~ity Calculations 

The familiar equation for the evaluation of velocity using the Pitot 

tube is: 

u = C If 2n llH o ~1 c 
CA-I) 

where 6H is expressed as a head of air. 

Under the condition of this experiment , the Reynolds number based 

on the diameter of the Pitot tube and the air velocity mea sured was always 

greater than 500; therefore the coefficient C is unity (4 I). 
0 

The average velocity U ~as obtained by integrating tho velocity 

profile (Figure 6-3) across the flow section: 

or 

R 

U=-'-J . 2 
ITR O 

2Tirudr 

The numerical value of U was found to be 19.2 ft/sec. 

The f I ov1 Reyno Ids number is: 

Re = 2RUp 
µ 

with 2R = 5.5 in. 

and ii 

p = o. 0744 I brn/ft3 

-4 = 0.0183 c.p. = 0. 123 x 10 lbm 

ft-sec 

(A-2a) 

CA-2b) 

(P.,-3) 



0 fo r ai r at average t emperature of 77 F, the va l ue of Re i s: 

Re == 52800 

The volumet ric f low-rate : 

0= rr R2 U= 191 ft 3/ min 

The ma ss flow- rat e : 

W = Op = 13. 37 l b }min. 

The di mens ionl ess ve loc i ty profil e was ca lcul ated from t he 

symmet rica l prof il e by usin g t he fol lowin g exp r es s ions : 

u * = Vf/s u 

+ * u = u /u 

+ 
y 

u* = yu 

95 

(A-4 ) 

CA-5 ) 

(A-6 ) 

-(\rr:g;) \·1he re u* is t he fric t ion ve loc ity ~ 7 an d y i s t he di s t ance from via l I 

= R - r. 

An examp le fo l lows : 

u = 21 . 3 ft/sec at r/~ = 0 . 6 (Fi gure 6- 3 ) 

y = R-r ~ 2.75 - 0 . 6 x 2 .75 = 0. 09 16f t . 

12 12 

From the fv'oo dy di ag r am, the friction facto r f for smooth pipe at 

Re== 52800 i s 0.205 . He nce : 

u* =~0 · ~05 x 19 . 2 :: 0. 98 ft/ sec 

/ = 21. 3/ 0 . 98 = 21.7 

p _ Q 0744 _ 0 . 1665 x I0- 3 f t 2/ sec v = - = t' -4 0.1 23x 1Cl 
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y + = (0. 091 6 ) 0.98 = 542 

0.1665 x ·10-3 

This is the data shown in Figure 6-4. 

Equation (3-28) v1as solved on an 1. 8 .M. 7040 di g ital comruter. 

The university I ibrary subroutine BESSJ was used to calculate the Bessel 

functions J
0 

and J
1

• The values of Sn, roots of J
1 

(f3n) = 0, were taken 

from tables of Bessel functions (42). It \'/as found that the values of C/C 

for n = 14 and n = 31 are the same up to 5 si gnificant figures, i.e., the 

00 

series in equation (3-28 ) converges rapidly to a constant. Therefore, only 

the first 14 values of !3 were included in the computer program. Detai Is 
n 

of this are given below: 



COMPUTER PROGRAM TO CALCULATE THE THEORETICAL CONCENTRATION 
IN FUNCTION OF RADIAL POSITION AND DIMENSIONLESS GROUP DIFF 

RC= C!C 00 

DIFF= E*X/CU*R**2) 
z=r1R 
BETA= ROOTS OF J 1 (BETAl=O 
R= PIPE RADIUS (2.75 IN.l 
B= TRACER INJECTOR RADIUS <0.117 IN.l 

Z VARIES FROM O.O TO 0.8 BY 0.1 INCREMENT 
DIFF VARIES FROM 0.005 TO 0.1 BY 0·005 INCREMENT 

DIMENSION BETA(l4l,WORK(lOOl 
DATA R,R/ 2.75, 0.117/ 
READ(5,2l (BETA(J), I=ld4l 
Z=0.00002 
DO 40 L= 1, 9 
DIFF= 0.005 
DO 50 LL=l,20 
SUM=O.O 
DO 1 0 0 I = 1 , 14 
Ar. BETA( I l*B/R 
C= BETA<Il*Z 
E=BETA(Il 
D= -BETA( I l*BETA< I l*DIFF 
Yl= BESSJ(A,1.0,wORKl 
Y2= BESSJ(C,o.~woRKl 

Y3= BESSJ(E,o.,woRK) 
Y4= Yl*Y2-:l-EXP(Dl 
Y5= BETA(Il*Y3*Y3 

100 SUM=SUM+ Y4/Y5 
RC =l.O + 2.0*R*SUM/B 
WRITE(6,8ll z,DIFF,RC 
DIFF= DIFF + 0.005 

50 CONTINUE 
Z=Z+Oel 

40 CONTINUE 
2 FORMAT(7Fl0.0l 
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81 FORMAT(// iox, 2HZ=, f5.2, 5X ,5HDIFF=,Fl0.3, 5x, 3HRC=, Fl0.4/) 
STOP 
END 



where 

From equation (7-14): 

(a) 

0 = Vt ( 
1. ~u ) R R-

Vt [ - Rk I - exp 

k = 

c 

k 
18µ ---
d2p 

p 

g (p -p) 
p 

Vt = 
18µ 

·2 
18x0 .0183x l0- __9IlL_ 

d2 

cm-sec ------------
_8 

d2xl0 cm2 x 2.55 gm 
cm 3 

in which d is in microns. 
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<7-·14) 

<7-1 Oa) 

<7-IOb) 

Cb) Since the gas density is neg I igiblc in comparison with sol ids 

density, the terminal velocity beco~es: 

Vt = qd2pp 
= .9 

18µ k 

32.2 ft 12 in 
sec2 x IT = 
129 I 0 3 -I 
~x sec 

d2 

= 2.99 x 10-3 d2 in/sec 

Cc) The values of k and vt, once introduced into equation (7-14) 

wi I I g ive ~/R as a function of d (microns) and x (in.). 



A sample ca lculation fol lows: ford= 35µ and x = 18 in., 

we have: 

Vt X 
---(-)= 
f) u \ c 

Vt -
Rk - 0.0126 

0.083 (Note u = 23.6 ft/sec) 
c 

I . - exp (- kx )= 0. 9987 
u, 

Hence 

~ = 0.083 - 0.0126 x 0.9987 

= 0.070 

Table 7-2 showe d the compl ete results for 1/R at four ax ial 

positions for 6 size groups. 
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