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SUMMARY

The importance of pneumatic transport systems has increased
greatly during recent years, especially since the application of
fluidized catalyst processes has become wideapread. Pneumatie
conveying systems have also been found useful in tramsporting
hazardous solid subatances and heavy concentrations of grannlai
materials.

Early investigations were concerned with the development of
empirical relationships for estimeting the energy requirements of
the pneumatic process, More recent studies have been concerned
with the evaluation of empirical constants in terms of particle
and system properties.

The present investigation was concerned with evaluating
slip velocities of a typical solid material being transported
through a vertical riser in an upward flowing air stream. The
primary objective was to determinme the relationship between air
velocity and slip velocity for this material. Secondary objectives
were to determine correlations between the slip velocity and other
design parameters, such as particle Reynolds numbers, free-fall
velocity, and drag coefficients.

Pressure-drop measurements were used as a source of infor-

mation for obtaining slip velocities. All experimente were con~

ducted using a vertical Lucite pipe two inches in diameter,
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Pressure drops were measured at irregular intervals along a total
length of twelve feet,

The solid material used was a silica-alumina catalyst
86 x 10-4 centimeters in diameter. Solide loadings ranged from
11.5 to 30.2 pounds per square foot per second; air velocities
ranged from 30 to 80 feet per second for each solida loading.

8lip velocities were calculated from relationships devel-
oped in previous studies at the Georgia Institute of Technology;
other parameters were developed from information available in the
literature.

The slip velocity was found to be a linear function of the
air velocity and to be independent of the sclids loading. Figures
present the graphical correlations between particle Reynolds num-
ber and drag coefficient, between ua/uff and drag coefficient, and
between ua/urf and nﬂ/(ua - ).

The correlationa developed in this investigation permit the
estimation of particle Reynolds numbers, drag ccefficients, and
8lip velocities from the properties of the solid material and the
air velocity. Similar studies with a variety of materials and pipe
sizes should show like correlations and permit the development of

general relationships suitable for accurate design calculations

for pneumatic conveying systems,




CHAPTER I

INTRODUCTION

Literature review.--Interest in the pneumatic conveying of solids

has increased steadily during the past thirty years. The recent
development of fluidized catalyst saystems has led to more intemsive
studies of the dynamics of the transported particles,

Gasterstadt (1), studying the pneumatic tramsportation of
grain, defined a dimensionless factor @ as the ratio of the pres-
sure drop of the asclid suspension to the pressure drop for air
alone at the same velocity. He concluded that a linear relation-~
ship existed between @ and the specific loading R, defined as the
weight ratio of solid flow to air flow, Segler {2) confirmed the
results of Gasterstadt, but otheras, e.g., Farbar (3), have found
that no such gimple relationship exists.

Cramp (4) preasented a detailed analysis of the force terms
to be considered in the estimation of pressure drops in pneumatic
conveying systems. Jennings (5) and Chatley (8) gave theoretical
treatments of the evaluation of forces discussed by Cramp, and
their disagreement with reaspect to estimating particle velocity ia
evident. Wood and Bailey {7) analyzed in detail the momentum
tranafer between the conveying air and the saolids, using an injector

system. Davis (8) presented an analysis of the minimum fluid




velocity necesaary to raise a particle of fixed size and keep it in
suspension in both clear and saturated streams,

Korn (9) has suggested three separate classifications of
so0lid flow, for which the eriterion is the amount of contact between
the particles and the pipe walla.

The importance of terminal particle veloeity in pneumatic
conveying stndies was mentioned by Gasterstadt and was discussed
by Wagon (10). Vogt and White (11) used the dimensionless pressure-
drop ratio Q@ suggested by Gasterstadt, and correlated their data by

the equation

a- 1= Y- 2 W

where P is the pipe diameter, d the particle diameter, 'g and 'a
the densities of the gas and of the solids, respectively, R the
weight ratio of the solida flow per unit time to the air flow per

unit tiwme, and Re the air Reynolds number. The constants A and K

are funetions of the dimensionless group

0.5

'l:( Py = Pg) P88

3y’

which is the product of the Beynoldas number and the square root

of the drag for a spherical particle under free-settling conditions,
No velocity term is invelved, and the effeet of particle shape is
ignored.

Hariu and Moletad (12) studied the transport of closely




sized silica-alumina catalyats in wvertical pipes 0,267 and 0.532
inch in diameter, Particle sizes ranged from 00,0043 to 00,0198 inch,
These investigators emphasized the importance of a knowledge of
particle velocity in the correlation of data on vertical tranapert,
and they calculated the particle velocity through measurements of
the "disperse-density” of the solids. The continunity equation they

applied to the solids flow ia

EE,,:L (2)
A Pds

where Gs is the mass flow of the solids, A the c¢rosa-sectional area
of the pipe, n, the particle velocity, and Pds the weight of solids
dispersed per unit volume, The particle velocity was easily ecal-
culated once the mass rate and the disperse-density were known,

Hariu and Molstad (12) also observed that the equilibrium
velocity of the solids was independent of the loading, that the
prezaure drop due to the acceleration of the solids was a signifi-
cant portion of the total pressure drop, and that the average par-
ticle velocity for the material used was about one-half the gas
velocity. Good correlation was achieved by considering the total
pressure drop as a sum of the pressure drop due to the carrier gas
plus a pressure drop due to entrained solid particlea.

Belden and Kassel (13) also studied pneumatic conveying in
vertical tubes. They presented data for the transport of spherical

catalyste approximately 0.04 and 0.08 inch in diameter in tranafer

lines 0.473 and 1.023 inches in diameter, The correlation developed




in this work expresses the total preszsure drop as a function of,
firat, a static term based upon actual particle density in the
transfer line and, . second, a friction term which involves the
particle mass velocity but which is independent of particle diameter
and density. The greater part of the data presented can be corre-

lated by the equation

2(Re)®*2 = 0,049 4+ 0.22 -(G—Ef-(f:—)—z (3)
g ]
where I is the Panning friction factor, Re the Reynolds number, Gg
the mass velocity of the carrier gas, and Gs the mass velocity of
the solidas. According to these authors the correlation proposed
by Vogt and White (11) invelves an incorrect dependence upon the
ratio of tube diameter to particle diameter. Xorm (8) confirmed
the findings of Belden and Kassel that the pressure drep is nearly
independent of this ratio., It should be pointed out, however, that
acceleration losses were not determined, and that the measured
preassure drops were corrected for acceleration on a speculative
basis, which may account for the fact that anomalouns negative fric-
tion factoras appear in a few of the experiments.
Parbar (3) investigated the flow characteristics of a

silica-alumina c¢atalyst mixture with particle sizes ranging from
10 to 220 microns. The glass conveying tube was 17 mm. inside dia-
meter, and the air velocity was varied from 50 to 150 feet per
asecond, Several types of nozzles for feeding the solids were in-

vestigated, and qualitative observations have been presented on




the flow in the solids feed line, the mixing nozzle, the horizontal
and vertical test mections, and bends and on the behavior of a
cyclone separator. No measurement of particle velocity was at-
tempted. The data obtained in this study were not included, but
plots of the specific pressure drop versus specific loading for
both the horizontal and vertical sections were offered.

Lapple (14) discussed the contributions of Gesteratadt (1)
and DallaValle (15), reviewed the various forces to be considered
in the pneumatic design problem, and suggested the following
equation for calculating the pressure drop due to the friction of

both the air and the solids:

2
P,ff_‘:‘*_a_(ha)[_l_+1 (4)
T %) Py P

where f is the Fanning friction factor, L the length of the pipe

in feet, Ga is the air mass velocity in pounds per second per sguare
foot, D is the pipe diameter in feei, R the specific loading, and

ﬁa and P the densities of the air and of the solid, respectively,
Friction factors are determined from plotes of f versue Re, uaing

Re as defined by the equation

Re-D—ﬁ(lq-R) (5)

where pis the viscosity of the air. The pressure drops predicted



from equation (4) were somewhat lower than those encountered in
experimental work.

The study ¢f Khudyakov and Chukhanov (16) was concerned with
the movement of zand particles 70, 200, and 845 microns in average
size in a stream of gas. Pipes 14, 20, and 32 mm. in diameter
were used, No data on pressure drops were presented. The work of
Khudyakov and Chukhanov is only applicable to the early phase of
the acceleration periocd, as their equation predicts an ultimate
particle velocity equal to the gas velocity. This prediction is
contradicted by experimental evidence,

Uspenskii (17) stated that all energy losaes in the pneumatic
conveying of granular solide are functiona of the particle velocity,
His calculations of particle velocity were accomplished in the same
manner as discussed by Eariu and Molstad (12). Particles of 0.82,
0.105, and 0.142 mm, in average diameter were tranaported in a tube
41 mm. in diameter, and pressure drops were measured. The friction
coefficient was assumed to be the same in the accelerating region
as in the region of uniform velocity. The data of Hinkle (18) did
not support this assumption,

Albright et al. (19) studied the flow of dense coal-air mix-
tures with specific loadings up to 200 pounde of coal per pound of
air. The coal was sized so that 90 per cent of the particles would
pass through 200 mesh; the mixture was conveyed through tubing 3/8,
5/16, and 1/2 inch in diameter. No particle velocity data were

ocbtained. None of the methoda of correlation proposed thus far

applied to their investigation, although the authors felt that a




modification of the Vogt and White correlation might be useful.

Zenz (20) obtained data on pressure drops for the flow of
three samples of essentially uniform particles 0,231, 0.0366, and
0.068 inch in diameter, and of one material with a mean diameter
of 00,0088 inch and a five-fold variatiom in particle aize, All
experiments were carried out in a 1,75-inch inside diameter Lucite
tube. Particle velocity was not measured. Correlation for the
vertical-tube data was offered in the form of a plot of specific
presaure drop versus fluid velocity divided by choking wvelocity.
Choking velocity was defined as the fluid velocity at which the
particles began to choke up and travel in distinct sluga. The
pressure-drop data reported by Zenz were high, owing to the short
accelerating section provided. Although the graphical correlations
offered were limited in general application, the dependence of
preasure drop upon choking velocity waa apparent.

Culgan (21) examined the horizontal conveying of materials

of approximately unit epecific gravity, average particle size
ranging from 0.03 to 0.33 inch, in a three~inch pipe. Only a few
measurements of particle velocity were made, Correlation of data
was achieved through the use of an empirical correlating factor,
and the pressure drop per unit length of pipe was expressed by an

equation of the form

2y Dh 0.25
t(Re ) = —2 B [:—“] (6)
uw L 8

*




where h = is the head loss in feet of air, Pn the denaity of the
mixture of air and molids, Py the density of the 20lid, and Bem
the Reynolds number based on the air velocity and mixture demmity;
the other terms are defined aas in the present study. The mixture

depsity, Py Yo8 calculated by the equation

Pua=g * P (1)

a

where 's is the feed rate of the solids in pounds per minute, Qa
the volumetrie air rate im c¢.f.m., and P, the density of the con-
veying air.

As Hinkle (18) has pointed out, the mixture density, P
in pounde per cubic foot is equal to the pounds of solids disperased
per cubie foot, pda’ plus the pounds of air per cubic foot, Pas and,

therefore, Culgan has essentially defined the disperse-denaity as
8
Pd - (8)

Continuity equations for the solide and for the air may be expreassed

as

Ve = An.Pyq (9)

and W, =Aup (10)




where A is the cross-sectional area of the pipe., Dividing equation

(9) by equation (10) and solving for Py leads to

ﬂ
) ara
ds w

ﬂlﬂﬂ

. (11)

a

Subatituting Qa for its equaivalent W‘Ap& reduces equation (11} to

=

. (12)'

-

- |pﬁ

P

ds = 6:

A comparison of equation (8) with equation (12) shows that Culgan'as
calculated values of the disperse-density are low by the amount of
the prevailing slip factor, ua/ns.

The correlating factor introduced by Culgan evidently com-
pensated to some extent for his neglecting the elip factor, asince
eguation (6) was found by Hinkle {18) to express his data within
ten per cent.

Hinkle {18) studied the horizontal flow of particles having
a size range of 0,014 to 0.33 inch in diameter in two-~ and three-
inch glass pipes. Particle velocities were measured by high-speed
photographic technigues. The solids friction effects were treated
by a method analogous to the Fanning equation for fluids. Hinkle's
studies showed that the slope of the line resulting from a plot of
specific preesure drop versus loading was a function of particle

velocity, air velocity, air friction factor, and solids frictien
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factor., For the case of vertical conveying, Hinkle developed a
method of presenting friction pressure-drop data which satisfied

data already existing in the literature. His equation was

*
Al;ﬁ/AL 1. Iff: B tzic:n* (19)
a fahﬁﬁ aa aap

where the symbols used are defined the same as in this study.

Objectives of investigation.--The literaiunre review showa that the

major contributions to the field of pneumatic conveying indicate

progress, although some confusion and disagreement remain, While
numerous empirical correlations have been developed, very little

attention has been given to the siudy of particle velocitiesa and

slip velocities and their correlation with design parameters.

In this study particle velocities and slip velocities were
calculated from preasure-drop measurementa. The primary objective
was {0 determine the relationship between the air velocity, =lip
velocity, and solids loading. Other objectives were to determine
what correlations might exist between the slip velocity and the
particle Reynolds number, the drag coefficient, and the particle

free-fall veloeity.
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CHAPTER 11

THEORETICAL DISCUSSION

Pressure drops in vertical pneumatic conveying.--The total measured

presaure drop in a vertical riser can be regarded as being composed

of aeveral separate terms, as shown in the following equation:

The firast component, Apaa’ is the pressure drop occurring in the
acceleration of the air to ite final velocity, The second term,
AP“, repreaents the preasure drop due to the static head of air
in the riser, The third term, Apfa’ is the pressure drop resulting
from the frictiom of the air in the riser. The fourth, fifth, and
8ixth terms are similar terms for the solid particles carried along
in the air stream,

If consideration is limited to the section of the rismer
after the acceleration of air and solids is completed, equation (14)

becomes
OPpy = APy, + AP, + APy, + AP, . (15)

The termAPsn is negligible in comparison to the other terme; if
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this term is neglected, equation (15) can be rearranged to obtain

a relationship involving the specific pressure drop, This is

APg/AL AR /AL AP, /N
&, /AL = 1 * AF, /AL * AP, /AL (18)

Using this relationship, Hinkle developed equation (13) from
these considerations:
1. The air-friction pressure drop ocsn be found from the

Panning equation,

2
AP a fau
Ai - 2! ; (Pa)° (17)
[

2, The so0lids friction effecta can be expressed by a rela-

tionship analogous to the Fanning equation, as Hinkle found through

correlation of his data with those of previous observers, i.e.,

2
AF T u
AL - Te b (Pay)- (18)

3. The pressure drop in the carrier gas due to supporting

the solids may be regarded as a solids static head of denaity Pﬁs’

AP G
AL Pag = '{1':' (19)
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He then substituted equations (17), (18), and (19) inte (18) and

arrived at

AP, /AL fu*R 2g DR (18)
=1 ¢ + . 13
AP fJAL 1 ala iauanp*

All of the elements in equation (13) can be determined directly
from experimental measurements except for up and fp. Knowledge
of either up or IP would permit the direct calculation of the
other variable from equation (13). For example, if f were known,
1d b lculated by letti A% A&L F and sol ti
calculate ettin and solving equation
upcou e n v gA——7—= : £ eq

{(13) with the quadratic formula:

)
tu (P-1) :'[/Jr u (P -1)]% - 8g,f DR
P

The density of the dispersed molids can then be determined from

@
Pas = 5 (21)

Calculation of drag coefficient.~-The relationship between the drag

coefficient, CD’ and the particle Reynolds number Bep is given in

many sources (22, 23) where ¢, and Rep are defined by the following

expressiona fer a single particle:
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F ' =722 (22)

and Re_ = 228 (23)

Bquations (22) and (23) were developed for free-falling
bodies, i.e,., at zero gas velocity. In the case of pneumatic con-
veying, however, the velocity terms appearing in these eguations
are actually the difference between the éas velocity, u,, and the
solids velocity, u,, as Hinkle (18) has pointed out. This differ-
ence is the "slip” velocity. Equations (22) and (23) rewritten in

terms of the slip veloecity are

2
Lt B Gh A

' (24)
. 2g,
ap (o -u)
and Be - 2% 2, (25)
P Ha
Equation (24) written in terms of the particle diameter is
2 2
F' = CD'da Pa(ua - us) (26)
r 8g, *

The mass of a single particle ia wdssPs/G and the total mass for a

section AL of the column is pdsvl)zAL/‘l. Hence, the number of
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particles is

6p; DAL
4d33p ]

. (27)

N =

The total force acting on the particlea in the section is then

Fr' x N or

- 2.2
&)3 Papds(na - us) DAL

= 28
5 165,d_p, (28)
However, the pressure drop in the section AL is given by
F 4F
r Y
AP = 5+ = —5. (29)
A 132
AP 3¢ PP (u - u,)?
— ——pads’ a &8’ 30
Therefore, AL 4¢cﬂaps ' (30)
which can be solved explicitly for the drag coefficient as
4g d_p AF
CD c a'a il (31)

3Papds(ua - us)z ot

DallaValle (15) has summarized the criteria for particle

Reynelds numbers. He states that if a fluid is in turbulent motion,
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the motion of a particle injected inte it will be turbulent, regard-
less of the particle Reynolds number., In the preaent study the air
Beynolds number wae in the turbulent region in all experimenta.

Calculation of free-~fall velocity.--If a single body falling under

the action of gravity ie considered, the body will attain a econstant
terminal velocity in free fall, Upgr wvhen the resisting upward drag
force, Fr', is equal to the net gravitational accelerating force,

Fg‘. If the masa of the particle is m, the gravitational pull is

—_—, (32)

The drag force is given by equation (22). When Fr' - Fg', U, o= Uy

Bquating equations (32) and (22) and solving for u,, gives

2mgc(Ph - Fh)
- - a3
“ff V cD P, PaAs ( )

For aspherical particlea m =‘ds3pgwyﬁ, and Au = ds2af4. Then

4g d (P, ~p. ) |
et 'V * ';P;:D = (34)

Isaac Newton derived the following expresaion for the ter-

minal velocity of a free-falling body under conditions of turbulent

flow and negligible viscous forces;
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da(p - A)
Ugy =1/"'3 ;x:pa = (35)

where Kn is a constant indeterminate from theoretical study, As
Lapple (14) points out, equation (35) is identical with eguation
(34) for a constant value of C, when K = wC,/8. Experimental data
have indicated that thie is a’good approximation for Kh in the

turbulent range of particle Reynolds numbers, where Cn is sub-

stantially conatant.
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CHAPTER III

EXPERIMENTAL METHODS

Apparatus.--The essential features of the apparatus uaed for the
vertical pneumatic conveying studies are presented in Figure 1.
The solid material to be conveyed entered the screw comveyor hopper
through an opening in the Lucite reservoir immediately below the
eyclone separator. Enough solid material was added to the hopper-
reservoir system to keep the Lmcite reservoir nearly half full of
solids during the experimental runs, about 250 pounds of wsolids,
This level was maintained to prevent any of the air under pressure
in the syatem from escaping through the screw conveyor and hopper,
At the bottom of the hopper was a screw conveyor operated by a
variable-speed motor., From this conveyor the solids fell into a
horizontally flowing stream of air from the blower.

Air was supplied by a rotary positive Roots-Connersville
blower (Type AF-59) with a rated capacity of 200 cubic feet per
minute at a discharge pressure of 3 psig. The volume of air passed
through the test section was controlled by using variously sized
sheaves on the blower moter and by inmtalling a gate valve on the
diescharge line to exhaust some of the air to the atmosphere.

The air-solids mixture flowed horizontally for about two

feet from where the eolids were introduced before entering the
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Figure 1. Schematic Diagram of Apparatus
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vertical test section. After passing through the test section, the
mixture entered a cyclone separator from which the solids returned
to the hopper and the air passed through an orifice to measure its
velocity. From the orifice the air went through a gate valve and
out into the atmoaphere through a filter bag.

The test section was made of two-inch Imeite tubing with an
inside diameter of 1.970 inches. The sections were carefully
aligned and joined together in the manner shown in Figure 2. Pres-
sure taps were made of 0,125-inch inside diameter Lucite tfubes
cemented into the teat section.

The flow rate of air through the pipe was measuvred with an
orifice 2.174 inches in diameter located in the standard three-inch
line between the cyclone exhanat and the gate valve, The orifice
installation used was the same as that used by Hinkle (18) in pre-
vious work of this type. The orifice was installed according to

the instructions of Stearns et al, (24); hence, the orifice coefi-

cients used in subsequent calculations were evaluated by the methods
cutlined by Stearna. For purposes of calibration, Hinkle had in-
stalled a pitot tube in his aystem, and the measurements made with
this pitot tube gave excellent agreement with those obtained with
the orifiece. Hinkle's plot of air velocity calculated from orifice
measurements versus air velocity calculated from pitot—tube measure-
ments is given ae Figure 3,

An indirect check of the accuracy of orifice measurements

was obtained through pressure-drop measurements for the air alone.

The experimental results for the conveying air are presented in
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Figure 2, Typical Lucite Pipe Joint
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Table 1 in the Appendix. The presaure drop of air in the pipe was
calculated by the Fanning eqguation using a roughness factor suggested
for smooth glass tubing and frietion faetors corresponding to the
air Reynolde number, The agreement between calculated and experi-
mentally determined pressure drops for the two-inch pipe is given
in Figure 4. Static pressurea and differential pressures across
the orifice were measured by manometers manufactured by the Uehling
Company. A Uehling differential manometer was used to measure the
differential pressures acroes the orifice in cases where the pres-
gure drop waa less than three inches of water. Indicating fluid
was aupplied with the differential manometer. Por differential
pressures across the orifice greater than three inches of water a
U-tube manometer containing water with a small amount of dye added
was used. The static pressure ahead of the orifice was measured
with a Uehling pressare gage calibrated in inches of mercury.

The static pressures in the test section were read from a
U=-tube mancmeter containing mercury aa the indicating fluid. The
lines froum the pressure tape on the test section were all run inte
a manifold from which one line led to the manometer. The tap con-
nections were opened or closed individually by means of ascrew clamps,

The screw conveyor was calibrated for the material used by
disconnecting the blower and test-section lines from the hopper and
conveyor; the material discharged by the conveyor in a unit time
at various settings of the variable-speed motor was then weighed.

This was done a minimum of five times at each conveyor speed., The

results of this calibration are presented in Figure 5.




24

X1V Bugleamo) ayj ioy sdoxg azussexd pejwina[e) pue [rjmawriadxy jo uostasdme)

1Y
WIN3WE3dX 31/ ) Dl g
LI oz Sl* or SO

‘p danBrg

! _ _ _ o _ _ ! _ _ _ J I

03LVINOIVD {3/%91) BT 4 U




00S

J0£3AU07) MIAVE Y3 JOo uoIIBIqIIE] ¢ aandry

ONILL3S ¥3D2NQ3Y Yv39
00t 00¢ 002 00!

1 1 [ _ _ T _ _ 21 ¢0

|
<
Q
Mmo4d

i

)

Q
(00s/sq1) 31wy

L0




28

Much astatic electricity was noted during preliminary runs,
This was eliminated by wrapping strips of aluminum foil around the
pipe at convenient places and grounding the strips to utility pipes.
Material,--The solid material used in this study was M-S(C-2)
silica-alumina fluid-cracking catalyst provided through the courtesy
of the Davieson Chemical Company of Baltiﬁore, Maryland., This
material had the following properties:

Particle diameter (weighted mean) = 65 x 10-4 em,

Bulk density = 71 lbs,/cu, £t

Absolute demsity = 111 1bs./cu. f£t,

Void fraction = 0,341

Pore space = 0,117
Procedure.--Preliminary runs (S1L-S10L) were confined to learming
the operating characteristics of the equipment, It was found that
the system reached equilibrium almost immediately, requiring from
30 to B0 seconds of operation to reach conditions at which repro-~
ducible pressure-drop measurements could be made in the test section,

During experimental runs the system was operated for five

minutea during each run before any measurements were made, then a
series of three readings was taken with the same solids loading and
air velocity, This was done at four or five air velocities at one
solids loading, depending upon the air velocity at which "choking"®
commenced and the pressure readings became erratic. The solids
loading was then changed and pressure~drop readings wefe again made
at four or five air veloeities,

The range of solids loadings and air velocities used was

determined by the capacitiea of the conveyor and blower, respec-

tively, The conveyor delivered from 11,52 to 30,22 pounds per
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square fool per second of the solid material and air velocities of
up to 78.2 feet per second were possible with the blower,

Four solids loadings were used in the study, each at four
or five air velocities, and three runs were made at each combina-
tion of so0lid loading and air wvelocity. 8Sinece three measurements
wvere made during each run, this gave a total of nine determinations
for each air-golid mixture.

To start the apparatus, the hlower was turned on; then the
solids conveyor was astarted; then the by-pasa valve on the blower
and the gate valve below the orifice were regulated as neceasary
to obtain the desired operating air velocity. After the five-
minute stabilizing pericd, pressure-drop readings were hegun. The
system was checked for leaks before and after each runm,

In order te prevent the loas of any solids to the outside
air, a filter bag had been attached to the air exhaust line; how-
ever, the cyclone separator was extremely efficient in separating
the mixture. After operation of the equipment for about three
hours during the preliminary runs at the highest solids loading,
only about one-half pound of solids was found in the filter bag.

Therefore, the minute amounts of solids paesing out through the

orifice were assumed to be negligible loases,
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CHAPTER IV
DISCUSSION OF RESULTS

The experimental pressure drops and equilibrium conditions
at each loading are summarized inm Table 2 in the Appendix. The
experimental pressure-~drop data were plotted as a funetion of the
distance above the entrance to the vertical teat column for each
set of experimental conditions., Typical plote are shown in Figure
6. The aslope of the straight-line portion of each curve was meas#~
ured, and the value 8o obtained is given aa APft/L at equilibrium
in Table 2 for each set of conditiona., The daita presented in Figure
6 and Table 2 show th&t{&?tt/L becomea constant in the upper half
of the teat section, indicating that acceleration of the solid
material is completed in the lower part of the column, in mest cases
within four feet of the point of entrance of the solids into the
test section.

Equation (13) expresses the pressure-drop relationshipe in
a vertical column after the solids acceleration is completed. This
equation, developed and tested by Hinkle with data already presented
in the literature, is the basic equation used to correlate the pres-
sure-drop data obtained in this study.

The particle velocities corresponding te the experimental

data were calculated using equation (13) as solved for up by the
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quadratic formmla

faua(F - 1) +_Vftana(l‘ - L)] 2 . Bgc:tp]mz

P 2fPR

In addition to the experimental data, some estimate of fp is re-
quired in order to use thias relationship, Hariu and Holatad rec-
ommend a value of fp = 0,001 for the materials used in their study.
Hinkle calculated fp'a ranging from 0,003 to 0.02 from his data.

In view of the variations obtained by other investigators, it was
decided to use several different values for fp and to see¢ what
effect these differences had on the derived quantities. Calcula-
tions were made using fp's of 0,01, 0,005, 0.001, and f‘. The
results of these calculations are presented in Table 3 in the
Appendix,

The data in Table 3 show that the slip veloeity and other
derived parameters have only a very slight dependence upon the
magnitade of fp. In Figure 7 {the slip velocities corresponding to
fp = fa and 1p = 0,001 are plotted as a function of the correspond-
ing air wvelocities, For air wvelocities above 50 feet per second
comparatively large deviations exist. Velocities at fp = 0,01 and
fp = 0,005 show similar relationships, The same straight line fite
all four sets of values equally well, The slip velocity is appar-
ently a linear function of the air velocity and is independent ef

the solids loading, as has been found by previous investigators.

This relationship can be expressed ase
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u, = K(ua - ua) + A (36)

For the material and riser used in this atudy, K = 0.88 and A = 13.3,
The value of K is probably a function of the riser diameter, and A
is probably a function of the material being transported., It is
interesting that in this case A was found to have a value slightly
more than twice the free-fall velocity of the solid material (uff =
5.65 ft./sec.). The significance of these two constants is, of
course, conjecture; further experimentation with different riaser
sizee and different materials would be necessary to establish the
exact relationship,

For values of the air velocity less than approximately 40
feet per second, wide deviations from the straight-~line relationship
to slip velocity are apparent, indicating that the choking velocity
is being approached. The choking velocity is usually regarded as
that velocity at which the aolids begin travelling in slugs, rather
than in a ameoth, continuous stresm. Thia value would be character-
ized in experimental data by erratic pressure-drop measurements
and corresponding deviations in the values derived from them,

Some of the slip-velocity data obtained by Hariu and Molstad
are plotted in Figure 8. Unfortunately, the air velocities used in
their study are less than the minimum velocity obtainable withount
choking in the present study. Since different materiala and differ-
ent riser sizes were used in each study, the effecta of the particle

gsize and density and the riser diameter and material cannot bhe de-

termined by comparing the data.
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The drag coefficient, C_, can be caleulated from equation

D
(31) for each set of experimental conditions., The particle Reynolds
nunber, Rep, can be calculated similarly from equation (25). The
relationshipa express the drag coefficient and particle Reynolds
number as a function of the 2lip veloeity rather than of the velocity
qt the particles themselves. Plotting cn as a function of Rep on
log~log paper, as in Figure 9, gives a straight line with very slight
experimental deviations. This relationship between CD and Rep dem-
onstrates the utility of using the slip velocity as a primary con-
sideration in design calculations.

Other graphical correlations useful in design calculations
can also be demonstrated. The drag coefficient plotted as a fune-
tion of ua/uff for the seclid particles gives a smooth curve on log-
log paper {Figure 10); the graphing of 1:!.8'/1.1::‘f as a functioen of
nﬂ/(na - us) gives a smooth curve on semi-~log paper (Figaure 11).
These relationships illustrate direct methods of obtaining drag
coefficients, slip velocities, and particle Beynolde numbers when
the properties of the solid material are known., All of these fig-
ures show that the magnitude of the selids loading has very little,
if any, effect on the correlationa shown,

These correlationa were observed on only one material and
using one riser diameter in the experimental phasze. It seems rea-
sonable to assume, however, that similar correlations exist for

other materjiala and different riser diameters, If Bimilar studies

were made with other materiales and under other experimental condi-

tions, it should he poseible to develop general correlations which
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would permit the design of pneumatic tranaport syatema from the
physical properties of the solid material and the feasible air

velocities,
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CHAPTER V
CONCLUSIONS

Analysis of the data presented in this atudy has led to
these conclusions:

1. The s8lip velocity, L has an arithmetic relation-
ship to the air velocity and is independent of the solids loading,

2. An assumed value for fp equal to that of fa is a prac-
tical approximation for design purposes.

3. The slip velocity, drag coefficient, and particle
Reynolds number can be calculated from a knowledge of the properties
of the solid material alone.

These conclusions are based upon the data obtained with the
M-S(C-2) silica-alumina catalyst and the two-inch risef. They
appear valid for the general case of vertical tranapertation of
golids, but similar studies with other solid materials at different
air velocities and with different riser sizes must be made before

the general relationship is eatablished.
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Table 1. Pressure-Drop Data for the Conveyimg Air

Run Orifice Orifice pria L
Number Reading Static AL
Pressure
(in. H0)  (in. Hy) (1b./1¢.%)  (£t./sec.)

Al, 9, 19 0.25 1.25 0,044 a2
A2, 10, 20 0.48 2,30 0,070 42
A3, 11, 21 0,70 3.22 0,090 50
A4, 12, 22 1.20 5,10 0.132 60
AB, 13, 23 1.50 6.15 0.180 .12
A6, 14, 24 1.75 6.70 0.205 78
A7, 15, 2B 2,05 7.50 0,227 84
A8, 16, 26 2,40 8,60 0,247 g1

Bach value iam the average of three runs.

The temperature during all the runs was 32¢ C,; the barometric
pressure was 740 mm, of mercury.
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Table 2, Experimental Data

Run Solids Air Pressure Drop* (lbs./tt.z) [F&t/L at
No. Loading Velocity
(1bvs./ between Bquilibrium
. - Taps Taps Taps Taps Taps 3
sec.) (ft./sec.) 5-9 9-12 12-13 13-14 14-15 (1bs./ft.%)

5291, 11.5 42,1 ~5,66 1,41 3.54 4,95 1.05 1,35
828L 11.5 50.1 0.71 0,71 6,37 4,956 1,00 1,36
527L 11.6 58.8 3.64 1,41 &5.66 6,37 1,32 1,74
826L 11.56 64,9 2,83 2,83 7.07 7,07 1.48 1.93
S25L 11.5 78.2 1.41 2.83 11.32 B8.49 1,77 2.32
8241, 15.3 30.5 e -~ 2,83 3.54 0,75 0.97
323L 16,3 41.7 - -1,41 4,95 5,686 1,20 1.54
s22L 15,3 51.1 -2,12 1,41 86.37 6,37 1.35 1,74
821L 15.3 60.0 2,83 3,64 b5.66 14,85 1,87 2,43
S20L 15.3 72.5 1,41 .90 8,49 11,32 2,38 3.09
si9L 21.9 40.9 -9.19 0,71 T7.07 b5.686 1.20 1.54
S18L 21,9 51.1 -4.95 4,24 6,37 8.49 1,82 2,32
S17L. 21,9 60.5 3.54 3.854 9,90 10,61 2,20 2,89
S16L 21.9 71.0 3.54 3,54 7,07 14.85 3,11 4,05
S15L ao.2 31,0 - 0,00 9,19 8,49 1.80 2.32
S32L 30,2 40,0 -9.19 0,71 8,49 12,73 2,72 3.4
514L ao.2 42,1 — — 9.19 7,78 1.45 1.85
S31L 30,2 50.1 -11,32 5.66 8.49 11.32 2,13 2,81
S13L 30,2 53.5 3.54 1,41 7.78 14,15 2,76 3.86
S12L 30,2 60.5 4,24 3,54 7.07 14,85 3,156 4,05
S30L 30,2 69.3 4,24 8,49 19,80 19,10 4,02 5.21
S$1l1L. 30,2 69.3 -8,49 3.54 10,61 11,32 2,15 2.81

*An average of the nine values obtained during three runs,

The temperature during all the runs varied between 32° and 35° C,;
the barometric pressure varied between 738 and 742 mm, of mercury.




Table 3. Calculated Data

o

Run Solids Slip Drag u /o, Re p
Number Velocity Velocity Coefficient u, -ug
u 1 -1 C
(ft./:ec.) (ri:/se:.)
For fp = 0,01:
829L 9,76 32.2 0.0147 7.45 40.0 0,175
828L 10,1 40.0 0.0096 8.87 49,7 0,141
S27L 7.54 51,0 0.0067 10.4 83,3 0,111
S26L 6.71 58,2 0,0043 11,56 72,2 0,007
S25L 5.67 72.5 0.0028 13,8 90,0 0,078
S$24L ——— - - 5.40 - —
823L 27.2 14,5 0,174 7,38 18,0 0,389
822L 10,3 40.8 0,0093 9.04 50,7 0,138
821L 6.93 53.1 ¢,0052 10,6 65.9 0,108
S20L 5,38 67.1 6.0032 12,8 83,3 0.084
S519L 20.9 20,0 0,0493 7.24 24,8 0,282
S818L 11.0 40.1 0.0098 9,04 49,7 0,140
8S17L 8,48 52.0 0,006 10,7 64.6 0,108
S516L 5,86 65.1 0.0034 12.6 80.8 0,087
S15L 16.8 14,2 0,088 5.49 17.7 0,398
832y 9,70 30,3 0,017 7.08 37.6 0,186
S13L 8,68 44.9 6.0074 9.47 55.8 0,126
512L 8,32 52,2 00,0066 10,7 64.8 0,108
330L 6.12 63.2 0,003¢6 12,3 T78.4 0,089

Continued




Table 3 Continued, Calculated Data

Bun Solids Slip Drag na/uff Re e ¢
Number Velocity Velocity Coefficient P L
T u -u, CD

(ft./:ec.) (£¢./8ec.)

= 0,008
For fP

S29L 8,87 32.7 0,014 7.45 40,6 0,173
8S28L 9,58 40,5 0,0086 8,87 80,3 0,139
8275 7,36 651.3 06,0055 10,4 63.6 0,110
S26L 6.50 58.4 0,0042 11.3 72.5 0,097
S25L 5,42 72.8 0.0026 13.8 90.3 0.078
S24L 19,8 10,7 0,148 5,40 13.3 0,528
S23L 10.9 30,8 0,0155 7.38 38.3 0,183
S22L 9.76 41.3 0.0086 9.04 51,3 0,137
S21L 6,79 53.2 0.0051 10.6 66,0 0,106
S20L 5.40 67.1 0,0032 12,8 83,3 0,084
319L 16.7 24,2 0,0270 7.24 30,0 0,233
S18L 10.4 40,7 60,0089 9.04 50.6 0,139
517L 8.14 52.4 0,0053 10,7 65,0 0,108
S16L 65,84 85.4 0.0033 12,6 81.1 0,088
S15L 14,5 18,5 0.057 5.49 20.5 0,342
S32L 9.27 30.7 0.016 7.08 38,1 0.184
S13L 8,32 45,2 0.0071 8.47 b56.1 0.125
S12L 7.96 52,5 0.0053 10,7 65,2 0,107
330L 6.12 63.2 0,0038 12,3 78.4 0,089

Continuned
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Table 3 Continuwed, Calculated Data

Bun Solids Slip Drag  u [ug, Be e £ S
Number Velocity Velocity Coefficient u, - u,
u w -u CD
(£t./sec.) (ft./sec.)
For fp « 0,001:
s529L 9.23 32,9 0,133 7.45 40,8 0,172 --
S28L 9.12 41.0 0,0084 8.87 50.9 0,138 ~=
827L 7.17 51.4 ¢,0053 10,4 63,8 0,110 -—-
S26L 6,560 68.4 0,0042 11,6 72,5 0,097 --
S25L 5,42 72.8 0.0028 13.8 90,3 0,078 -
824L 19.8 13,2 0,0859 5.40 16,3 0.430 -~
823L 10.9 30,8 0,0155 7.38 38.3 0,183 -~
S22L 2.69 4l.4 0.0086 9,04 51,4 0,136 =~
S21L 6,68 53.3 0,0060 10,6 66,2 0,106 -
520L 5.186 67,3 0.0030 12,8 83,6 0.084 --
S19L 14,9 26.0 0,0207 7.2¢ 32,3 0,217 -
S18L 9,95 41.2 0.0084 9.04 851.1 0,137 ==
817L 7.98 52,5 0.0051 10,7 65,2 0,108 -~
8161 4.70 66,3 0.0027 12,6 82,3 0,085 -
S15L 13.3 17,7 0.045 5.49 21,9 0.320 --
S532L 4.30 30,7 0,0053 7.08 44,3 0,158 ==
S13L 8.32 45,2 0.0071 9.47 56.1 0,128 -
812L 7.96 52.56 0.0053 10,7 85,2 0,108 -
S30L 5,88 63.4 0,0034 12,3 78.7 0,089 --

Concluded
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Table 3 Concluded. Calculated Data

Run Solids Slip Drag ua/uff Re e 4 4 fa
Number Velocity Veloecity Coefficient P “a"“a
n -n c

(ft./:ec.) (It?/se:.)

For ip a ia:
S29L 9,44 32,7 0,0138 7.45 40,5 0,173 0,0057
S28L 9.61 40.5 0.0080 8.87 50,3 0,140 0,0054
8271 6.82 51.8 0.0050 10,4 64,3 0,109 0,0052
826L 6.50 58.4 0.0035 11.5 72,5 0,097 0,0050
S25L 5.53 72,7 0,0027 13,8 90,2 0,078 0,0049
8241, 21.0 9,582 0.187 5.40 11.8 0,593 0,0062
823L 11,1 30.86 0,0160 7.38 38,0 0,184 0,0058
8225 9.75 41,4 0,0086 9.04 51.3 0,137 0.0054
S21L 6,83 §3.2 0.0051 10,6 66.0 0,106 0,00562
S20L 5.40 67.1 0.0032 12,8 83.3 0,084 0,0050
S19L 17.2 23.7 0.0290 7.24 29.4 0,238 0,0058
S18L 10,5 40,6 00,0090 9.04 50,4 0,139 0,0054
S17L 8.25 52.3 0.0083 10.7 64,8 0.108 0,00582
816L 5.64 65.4 0,0033 12,6 81,1 0,086 0,0050
815L 14,94 16,1 0,0560 5.49 19.9 0,352 0,0061
832L 9,40 30,6 0.0159 7.08 38,0 0,185 0,0058
S13L 8,21 45,3 0,0070 9.47 56.2 0,125 0,0053
S12L 7.94 52,6 0,0052 10,7 65,2 0,107 0,0051

830L 6.12 63,2 0,0038 12,3 78,4 0,089 ©,0050
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