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. ABSTRACT"

Al new graphlcal method for predlctmg, the minimum ﬂu1d1zat1on
veloc:lty was developed. Th1s method g:ves an mstantapeous measure-

ment of minimum quidizatmn velocity.

The n’ume, behavmr of cyhndncal part1c1es inan aggrEgatwely_

flmdlzed bed, 9. 72 mches in d1ameter, was stud1ed as a function, of
partmle size and density, gas flow rate, bed material and mduced cir-

culation. - The cyhndrxcal partlcles stud1ed were 1/2" 1" and 2" in

.d1ameter (— height) and the bed of sohds was composed of 50 mesh sand.

Some ‘funs‘:'were also carr1ed out with 80 mesh ;alass beads
. . \

There was a den51ty range (a pproximately 83 89 lb/ft ) over

r

‘ b ;
which particles‘mmed in the béd (bed bulk density = ‘95, 8 ib at mini-

3
. o ft :
mum fluidization velocity). Above this rahge, ‘particles sank to the .

: d15tr1butor, and below this rang,e they floated The mixing range was
miluenc&d moderately by the gas veloc1ty and greatly by induced circu-

lation (using a plexiglass’ pa.rt1t10n with ‘auxlllarﬁy -air flow on one side

of the partition: “
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' diameter, chmenmonle 88s.

L = ix -

' NOMENCLATURE'

Genera.hzed shape factor calculated with s1eve/ g |

Sieve diamete r, ft

Particleé djameter, it
Functibn of ( ‘)

Modified _ffiction factor, dimensionless.

. . . ) . 2
' Gravitation;?l acceleratiOn,' ft/gec_ ~

Mass ﬂowrate, 1b/( hr)(ft )

t

Conversmn factor, 32,2 lb ft/(lb ) sec )

S . : 2
Minimum flu.idization mass ﬂow_rate, lb/(hr)(ft_. )
Height of pressure t3p frém bottom of bed

Coefficient of permeability, b X
T ST lbf : hr
Bed height, ft ’ :
‘ _ 3
S oA p (P =P ) B 1 g
Galileo numrber = - P — > — dimensiorxless '
Particle Reynolds number = —E——p—-— ,ﬁmensiqnleés

Particle R.eimolds number at onset of fluidization,

@ dimensionless -
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-Par‘mle Reynolds number at terminal cond1t1ons,. '

d1mena1on1ess

Pressure drop across the bed, Ib, /ft

sure, drdp across the bed, corrected for bed support
pres urge drop, psi

13 drop acrosgthe bed at pressure tap #1, psi

Weight of sohds d1v1ded by the Cross sectmnal area of

the bed, psi

J.Weip{ht of soli_ds above p;essﬁre tap # 1 per unit ar.ﬁ‘-a,"p'si

Fluidization ga5 flow'r ate,’ ft',’./min & e

L)

. Aux111ary flow flOWI‘ ate, ft /mm

Dlstance belo___,s,urface of bed traveled by large part1c1e
Average value of S’ '

Residence time, sec

Superficial velocity of fluid, ft/sec

Terminal falling velocity, 'ft/sec )

Superﬁca.al mass solid cn'culatmn ra.te in gas
fluidized beds, lb/(hr)(ftz)

'Height of sand in the region 1 to 2 (Figure 4)

GREEK LETTERS

Bed voidéﬁe,. dimensionless




"< Bulk density of bed, /g

L,

_ Minimum fluidization voidage, 'di.‘m:e

-

Bed density at maximum porosity, '1b/_ft3

De‘nsi'tY of Auidizing mediuin,' 1b/ft3,

Density of solid particle, 1b/£t?L'

_ Viscosity of fluid, 1b/hr ft

o o ‘
Shape factor, dimensionless

Axial position at the surface of the bed
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INTRODUCTION

The stimulus for the widespread study of flidized beds came
abbuf as a techmcal revolutmn in the petroleum mdustry 1£/\he early
" 1940' Pmneermg 0perat1ons on a commercial scale were those of
- Winkler gas generators (1) in Germany in 1921 and those in ‘the United
States that perta.med to ca.talytm er acking of oil vapors at about’ the

 same per1od

The most'a.ncient applications'tha't resembled the methods of

. flu1dlzat1on were the processes of pur1fy1ng ores and municipal water.
supphes. The water, - together with its suspended coagulated dirt, was
allowed to run through a graded sand by gravity. The’ graded sa.nd
therefore, served as a £11ter As the dirt and solids accumulated on

the sand filters, the permeab1l1ty deterjorated and eventually completely
blocked the passage of flow, The phenomenom of backwashmg and
expended sand bed while being ba.ckwa.shed are ex‘amples of fluidization |

with a liquid medlﬁrn.

However, it appears that the ﬁrst patent taken on ﬂud1zat10n

‘ ‘was by Phillips and Bulteel (2) in 1910. The invention was a process

for contacting a gas lwit,h a; fine catalyst. _The catalyst‘wa's‘suspende‘d '
in the gas and oarried into a reaction chamber, 'The reaction ocourred '
and simultaneously the spent catalyst was c-erried by the. pr"odu'cts into

a recovery vessel and recycled back to muc with the fresh ca.ta.lyst feed

lines. This was fmally deve10ped into a fluld catalytic process

" Recent app11cat1ons of ﬂu1d1za.t10n 1nclude fluid catalytic Y

reforrnmg, one of the most &equently used means of upgrading naphthas;.



. ut111zat1on of fluidization'te chruques are attr1buted to

~

fluid cokmg, used : : ucmg h1gher yxelds of dlst111ate 01183, fluid

recently,

f»» The reasons for the rapid and tremendous ‘increase in the

’

\

a) the presence of a greater surface area available to the gas

whiehef.'fect better transfer"ef heat a.ud mass. ‘

: b) the rapid ag1tat10n of the pa.rtmles by the 1ncom1ng ﬂu1d.
Turbulence in the fluidized bed helps to bring the mass to an
1sotherma1 cond1t1on, '

.c) the ease-with which the particles can be transported. -

Conirentionally, two terms are usedto describe the two forms

of fluidization. "Particulate fluidization" refers to a liquid-fluidized

bed in which the particles are evenly epaced S0 the.t the liquid passes
_smoothly through the 1nterst1ces w1thout the formation of bubbles.

' ,"Aggregatwe fluidization" refers to gas- -solid systems where some .

of the gas pass through the bed as bubbles, and these can be seen to
burst ‘when they reach the top surface. The bubbles agitate the bed
and. conseciuent,ly its height ﬂuctuates. ' o |

Although- fluidized beds have been extensively studied no’
informaticn is’ ava;llable rega.rdmg the mixing behavior of a large

pa.rt1c1e in a bed of small particles.’
The present study Was undertaken to observe

(I)hthe general behavior of an air-sand system in terms of the

. B e
'




pressure drop across the bed as ‘a functmn of gas veloc1ty in.

the fixed bed - and ﬂu1d1zed bed regmns,

(II} the mixi_ng beh_avmr of cyl‘indrica.l pai'ticles in air-sand
and air-glass beads systems reﬁorted as a functionof gas

‘.

. veldcity,

‘:(III)' the recirculation ofllargé 'parﬁcleé in the sand bed.
.promoted 'by recirculation of the sa.nd usmg 1nternals and

a.ux111any flow

<}
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. LITERATURE SURVEY

¥

The flu1d11,ed techmque. as it is now known, was 1mt1ated by
the p10neer1ng work of the Standard Oil Development Co. " 'The M. W
Kellog Co »+and Standard 0Oil of Indiana in their efforts to find a
better catalytic-cr acking..prooess than the fixed-bed method which was
introduced cofnnierci;lly in 19"37. I-I.oweve‘r.‘ scattered references to
" early observatlons of what is known today as’ ﬂu1d1za.t10n can be found
in the pubhshed liter ature as far back as 1878 (3). .

The early gtudies clos.ely _related and p‘eryﬁluidization
were those of sedimentation and fixed'bods The flow o-flﬂuid in
porous media can beMewed at one limit as flow past separate part;clé
in a continuous fluid medmm and at the other 11m1t as flow thrﬂugh a _l
solid body conta.mmg channels- or pores The class:.cal .expression for

“flow through porous media was contr1buted through the works of |

-D_'Arcy (4). The expre551on is:
G =K(-AP/L) : .o oy

. where @ is the average rate of flow through the porous structure and

K is the coefficient of permoability.

Perhaps the first paper to appear which dealt with the mechanics
of fluidization as we know it today was that olea.ni_el_s (5) who discussed

the mechanics of flow in a fluid catalytic cracking _unit.'

. Based on the Car(,man-Kozeny (6) relatmnsl'up for pressure drop

in packed bheds for larmna.r flow,
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- and on the Parent e{“?l (7) result for the pressure dr0p at 1nc1p1ent
. Ilu1d1zat1on, -

4

¢

v R s L e, e B 3)

g N
o C | |
Leva (8) developed the most commonly u'sed correlation in fluidization,

2

, D g p(p ‘

G = 0.005 P £ PN Pe’ “me ' (4.
S _u(_l-'nL)Q -

which pr’edicts the n’iass velbcity required to initiate bed expansien.
The previous work by Leva et al (8) 1nd1cated that the groupmgs :
1nv01vmg emf and § wereunique functions of the a.verage d1ameter
' of the particles. Since void fraction and particle shape data are
usually not avmla.ble, the development of an equatlon omitting these

terms woulh be helpful Leva et al (8) correlated the data of several

“investigators using an equation of the form,

a ' b e
G .=k —22 | o (5)

The resulting equation from the evaluation data of tenlsour ces was,




1. 8235 ) 0.9412
| | 5-D;,8'5U’f' p)]91
‘Gmf = L 49 x 10 e ,p T 88235

Man*,,r attempts have been made to improve Leva's equataon

(6) -

M111er and Logwmuk (9) defmed ‘and related a "cr1t1cal mass veloc1ty"
by the followmg equatmn

r: .
2 . 0.9 L1,
| | D (pp-pg). " pp . & |
C.M.V. = 0.00125 —F—— - : (7)

The C.M. V. (which is Leva's G ) was graphlcally defmed as the
point whe re the 1a.m1nar flow. 11ne mtersected the turbulent flow 11ne
‘and was £0und to be mdependent of we1ght or bed height for a given

- materi al.

“From the measurements of closely sized samples and’ rmxtures _

'of dlfferent s1zes of powdered s lids, using air, argon, carbOn dioxide,

mtrogen-hydrogen m1xtures, town gas and methane as fluidizing gas,

1

: Heerden et al (10) a.rrwed at the followmg C M.V. equahon

e 0.0023 p p. gd e
: o B - Z o .
. o -"H, . ] .

-'where Re [— ] 18 the particle Reynolds nprpber, B is the
'gener al1zed shape factor and pb is the bed density at maximum

porosity.
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More recently Joseph Frantz (11) tr1ed to (prove Leva's
correlation by arguing that the as sumptmn of pressure drop being
-~ equal to the weight of bed per unit area was frequently in error.

- Frantz recommended a somewhat less complicated equation, : A :
_ B oo -e.)

: P. =P ) o
G . =d45x100 R L8 L
- mf : o RO PR

: . T4,

Fr antz a.lso found that expenmental values of Gmf increased with bed

| height up to heights of 1 ft.

e G, Naﬁ'shman (12) was the £1rst to derive a generahzed expressmn
' for the 'minimum ﬂmd1zat1on velomty by extendlng the correlatmn
proposed by Leva et al (8) into mtermechate and turbulent ﬂow regions.
Narishman considered 3 cases in his de,rwatlon

r

1 For a bed of uniform spheres,

l00188 - 1/2 |
LTk [(1+000057NR )__-1_] (10

P . t: :
: !

‘where the subscript t refers to terminal conditions.
2) For a bed of ifregula: (nonSphgrical)'particles, '

154440 ' .5 _-0.55
G = 3 2x10°° D
G_, =% p.(OleogDp+1417)[(1+21 x 1 :
e

p . B
. NP;et') | _-1]_' - | . ‘(1‘1‘).




3) For irregular particles ldfgé'r than 0, 02 in., ' %
1544400 . g Co /2
G ;- Dp- CE e + 0.00?6 £ (a,) NRét) -1
(12)
where, )
(0.232+0.42 3) . . ' :
.fo (QS) = '@ (13)
] ’ ‘ S5 .
. - f
: 3 | e
(0.768 - 0.42 3 ) s R |
CE(g) = — — . & (14)
ot - (0.232 40,42 g ) ' : R
i ;'.l -" N ‘ ' ' ‘.\\\

e, . ' o
An Q-::g'r all standard deviation of 46% ard an average deviation
of + 34% ,are> obtained from Narishiman's correlations based on 267
~ data points tested.

B:sed on préssure drop S:Orgsidefations, .Wen ;md Yu (13)
Eiévelbped a simplér and more accurate géneralized'.c':orzl:elation for
‘the prediction of the minimum fluidization velocity. The proposed
eq';.la;tion, o

-

' " 2 - : . . ‘ . .
N - tennlroososn, 1Y% 3371 s
Re . ) G - o :
mi ‘ : ) a




is a correlatmn of 284 experlmental values in a Reynolds number

range of 0. 001 to 4, 000 with an over all sta.ndard dev:.atlon of 34% and an

average deviation of. + 25%.

-

_The cir culation: of sohds in gas ﬂu1d1zed beds is. known to be

' responmble for their.unique char acter151t1cs Yet, very few quant1tat1ve

.results ha.ve been pubhshed in the In,;ter a.ture. Talmor and Benenah (14)

‘correlategd the sohds circulation rate, W, with the excess of superfunal

air ﬂow rate over the minimum required for ﬂu1d12at1on and the - . -

mean pa.rtmle size. The resulting equatmn Was,

¢

L}

W. §‘6f54 [\(}G.- Gmf)

Y

| 5. F. Davidson (15) studied the

_2022 D R
e’ Pl oo ue

differences between large a.nd .

small fuidiz%yaeds, and observed that Gulf Stream circulation, that

" is, vmlent cir culatmn current 1nduced by bubbles was 11ke1yr to be

- more wgorous in large beds. His apparatus consisted of a central

draught tube concentric w1th a 0.3 m,

diameter t;g.be conta;.nmg the

‘bed, With the aid qf a small sphere containing a transmitter, the

_rad1o pill, Dawdson obs erved that the circulation path was related to "

the alr flows through the' draught tube and the annulus

Prior to Talmor and Benengati

(14) and Davidson (15). Leva (16)

studied the effect which stirring of fluidized solids has on the pressure.'

drop. ‘He observed the effect of stirr

speed and power requirements,

Although fluidization has been

_._'_____‘

sSna.ll solid particles,

P

er height,” stirrer position, stirrer

e:ttensively ‘gtudied, no information

is -available regarding the mixing behavior of large particles in a bed of

k




' Mmzmum Flu:dmatmn Veloc1ty

: useful for pred1ct1on 9{ bed e

. ﬂu1d1zed bed influences the siz

S 210 - I

II—IEORY ,

‘Two important de51gn Vanables for fhnchzed beds are mm1mum

lflu1chzat10n veloc1ty and pressure drop thmum ﬂu1d1zat1on velocaty

not on\?-suts a lower hrmt on gas rate to the ﬂu1d1zed bed, but also is’

1sion, for. calculatmg heat transfer

rates, in calculating pressure 0p, etc. Pressure dr-op across the S
g of the blower or compressor
supp\ymg the gas to the f1u1d bed and is useful as an 1ndex of £1u1d1,zed

bed s 011ds invento ry.

here are severa.l methods of- determmmg the m;mmurn
fluidization velocity and more often than not the application of the
different methods to a pa.rtrcular system y1eld different results. One

of the most commonly used method is Parent & (N result, which is

based on the fact that. when the pressure drop equals the weight of the

‘bed per unit area corrected for buoyancy, theoretically the bed
ot

becomes fluidized, i.e.

(- 8P) = L(l-¢) (p, - pg) . == Can
_ : s ' f Be : ~
. or { - AP) = I.p]'3.. if the fluidis a gas (i. e. ps' = pf)
where, ;
o = density of solid particles

s

PR A P




—
petm— T e U

fecmgroprs—-e oy

‘ _ e = density of fluid - .
‘ ‘ o “e = fraction of voids )
| L." = height of packing : |
' p_ = bulk density 6f bed = bs (1-%¢)

Another non-gr sphicsl'method consists in observing the point at whioh
" the bubbles £1rst appear. | | |

- These non-gr a,ph].ca,l methods appear to be indeed theoret:tca.lly
sound, but actually, the bed may bubble at lower gas veloc1t1es, owmg
to bypassmg around stagnant areas or rna.y even remain statmnary
'at‘;'ates above the theoret:Lca.l m1n1rnum, omng tg the extra for ce

required-to overcome e1ectrosta.t1c forces.

The most commonly used gr aph1ca1meth0d cons@in measuring
" the pressure drop through the bed of sohds. -Some, authors ha.ve even
observed the change of heat tr ansfer coefﬁcent with. gas v'elomt},r as a

cr1ter1a for the minimum flmd1za.t1on velocwy
I3

These graplncal methods are quite useful 1f the behavior of ghe
system under study is of the form ‘shown'in Figure 1 and 2, i, &, thh

definite changes.

However, 1£ the behavmr of the system is of the form shown
in F:Lgure 3, i.e. a smooth curve, the location of a partmula.r discon-
tinuity or inflection point becomes .guesswork. Some authors have’

used the method of intersecting lines (see Figure 3).

. . L]

A simple but. new apprOach was used in th15 work to ca.lculate

the rn1n1mum ﬂmdmatmn veloc1ty of the systern under study In order

-
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to sho_v) ~t.he theory be‘.h,ind_this_ new approach, consider-a beéd ;pa‘cked

‘ ﬁth‘pari;cles up-to a height L, with two pressufe taps; <;n§: measﬁri;ig
the total pressure di'o.p in the bed 'ana c';n'e located a'distance Z frbm the _'
top of thé bed which rri'e_asux;es the pressure drop between points 1 and 2
'-;-as'shoﬁqllin Figure 4, ' ‘ | |

" In the fixed bed regipﬁ,, assuming e (0T p 1’3) to be constant

: throughogt the bed, then

{ &
(-AR)  (-AP) | .
and (=AFP ) {(-AP)
z :
P8 Py -
Théfefore,
- P . APy . 7 . . .
(-4F) - (-aB) o
P, 7 AP ' : . _
A Wl A Wo
‘where! -
AP Wo = w;eight of solids per unit area = constant
'APWI = Weight';- of solids_pér unit area 'i',n:the. region from

lto 2 in Figure 4

Now, beyond the point of incipient ﬂuidizaiioii,



.'; .
. V‘b
(-aP) T (-8P) IR o
=" 2'—5—12-)——-- , because the amount of solids in the 1-
W1 . Wo - ' ‘

the 0-2 region: rema:.ns coustant

Tegion incfeases due to bed‘ expansion while the amount of solids in

Therefore, the point beyond the str a.1ght lme Tegion (£1xed bed)

velo city.

LY g

2.

©at wh1ch equatmn (20) does not hold is known as the minimum flu1d1zat1on

.

Yo
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APPARATUS AND EXPERIMENTAL PROCEDURE

Appar atus’
| A'simple apparatus, a schem a.ti.c diagram of.whic‘h'.'is‘s.shown
' -1n F1gure 5, was used to obtain the required expemmenta_l data.
. Or1g1na.11y, the system consisted, of a flu1d1zmg column, a rotameter
"~ manufactured by Brooks Rotameter Co. (Lansdale, Pennsylvama, :
~Type 1110, Serial #39179 and repc:g;t"ed m aximtum | reading of 50 ft /rnir_l.
h ~at 70°F and 40 psig.), two manometers {spec1f1c gravity of oils, 0,827
and 1. 75) and a pressure gauge manufactured by Binke' Mig. Co.
(Chlcago. U.S. A. ). B - - <

The flu:d:.zmg column, 9. 72 inches 1n internal dlameter and . ¥

‘53 inches’ in length was made of pl x1glass to’ allow for v1sua.l

obser'va.tmn of the £1u1d1zed sol1ds. The bed of sohds was supported

by a porous stamless steel plate (ndrnmal 200 s) eleven

1nches in diameter and 0, 35 inches thic}; which in turn wgs supported‘
by plemglass flanges. Seve) pressure taps, were located along the S
column, one just below the porous p’z}te and the others at intervals of .

' 8ix mches starting at 3 1nches above the plate. There were two air

inlets at the base of the colu:nn, 180° apa.rt to allow for better

distribution of the 311‘.

Air was used, as the fluidizing medmm a.nd was malntmned at
40 psig by a standard pressure regulat&r in  the measurement section,

-".‘ - The bed of solids was c0mposed of silica sand varying in size

from larger than 70 Mesh (0. 0083 inches) to a maximum of 25 Mesh

N



(0.0278 inches) and ‘with a den'sityl of 165, 345 1b/ft.3; ' Glass"beads (-60

to + 85 Canadian Mesh) were also used.

Once pa,rt Iwas concluded the column was shortened to 36 mches .

for convemence in part II. The appar atus was further mochhed in

part IH by adding:

-

(1) a vertical plemglass d1v1der two 1nches above the porous plate, .
- elght inches hlgh and nine mches wide, wh1c:h separated the
bed into two columns, unequal in area. Both columns havmg

a rounded side and a2 common flat aide.

(2) an auxiliary air ﬂow, two inches: above the porOus plate which
 entered the srnaller colu:mn -The auxiliary flow rotarneter
\' was manufactuced by Brooks Instrument of Canada Limited
'(Sca.rboi'olug‘h,‘ Ontario; Type 8-1110, serial #625-1058-2).

L ‘ ) 4

|
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| '._l Key‘t.o .N.umberls Figure 5 -. ,‘ ’ F
1 Air ';'L'nlzet valve )
2 ' Pregsure 'ga'.ugc;..and £i1tér umt
3 'Main rotameter. ‘
4 Auxiliary, flow rotameter
- 5 'Main valve ‘leadi'x.ig to the ﬂui.di;zing column
) 3 Auxiliary ﬂow’ valve o ‘ .
7 . .'Ménofﬁete'r' #1, '.spe'cific gravity of oil ='1. 75
8 . Manometer 1"#2, specific gr é.\;ity of oil =0, 827
‘ . 9 ‘ I‘Dre.f_ssure.taps,
' 10 Fluidizing column
11 ' Fluidizing pérlt.icles.. :
«
4] ( S
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PROCEDURE

.o R - . . i 2 . )
Compressed alr at a.consta.nt 100 lb/in gauge pressure was obtained

from the bu1ld1ng compressor It W as fir st passed through a .Eﬂlter and

sure regulator device so as to rermoved the entrained 011 a.nd water
roplets carried along from.the: compressor and reduce the pressure
in the measurement sectiodr'i to 40 psig. The dried air was allowed to
flow through the hed of solids and readings of pressure drop versus
gas flowrate were recorded. Four different we1ghts correspoudlng to

“mult:tples of 25.5 1b up to 102 1b were studied.

-Part iI

A known weight of sand was poured into the fluidization column,
‘and the bed was fluidized. . The gas ﬂowr ate was decreased slo‘wly
and the pa.rt1c1es allowed to settle freely. ' The 'resulting bed he1ght
was taken as the fixed-bed hexght A one-inch cyhndrmal part1cle _
(one inch in diameter by one mch in height) was placed with its flat
end down on the surface of the fixed bed. Five d1£ferent positions

were -chosen for measurement. They were position (o) and the four

radial positions 90° apart near the wall of the bed (A, B, G, D).

After the particle was placed, the gas flowr ate was adJusted to
a part1cu1ar settmg, and the behavior of the pa.rhcle was observed.
This was repeated for the\range. of gas flowr ates of 1nterest . The
depth to WhJ.Ch the partmle sank was observed on a scale on the side

of the particle. A thin thread was attached in or(r to determme its -



- zll‘_" ' . BT B

:positioo when belov;r the surface of the bed.
The sand bed was co posed of 51.0 1b of 3111ca sand (- 25 to -

+70 Mesh) and had an 1n1t1a1 bulk density of 96 [2 lb/ft which

corresponded to an initial he1ghi: of 12,3 in. 'Ibventy -five d1£ferent one—‘

inch cylindrical particles varying in denmty from 38 lb/ft to 169 lb/ft were

studied. The above procedure was repeated using 2 in.- and 1/2 in.

cy11ndr1<:a1 particles. All pa.rt1c1es were made of alummum. Similar

studies were made with an alr-glass beads ( 60 to +85 Canadaan Mesh)

system using one-inch cyhndr:cal partu:les.

Part III

_‘ The mixing behavior of the one- mch cyhndncal part1c1es was
further stud;ed by rec1r culating the sand together with the cyhndncal
pa,rtxcles. 'I‘he re51dence time of the cylmdncal particles as well as
an approx1mat1on of the sand mass flowrate were recorded The -

amount of sand in the bed was 37.9 .lb.
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RESULTS AND DISCUSSION

Pressure Drop as a Funcf:i.on of Gas 'Flowr‘ate and Bulk Densiiy*

. ‘_\ 5 _ /Gata consmtmg of preSSure drop across asand bed as a

function of gas flow rate were obta.med for an air- sand ﬂu1d1zat1on _
'system The data was then plotted with bulk densnty as. p;a.ralneter as’
- shown in Figures 6 through 9 and. exhibited the followmg class1ca1

. behavmr ' ’ .
- <

1) Forward Flow:

a) Fixed bed region: - {

At very low veloéit-;es_.the gas pércolatéd
through without agit‘a‘.tin_g__t.he irr'dividlrél particies. The
preSsuré drop increased linearly with‘v'elo city and was
less than the welght of the bed per unit area.

b). Flu1d1zed bed region:’

_ The accepted theoreti‘g:a.l explax_latj;gn (7) fpr the
' transition from the fixed bed region to the fluidized bed
rég\oﬁ‘n.s that when the velocity is-increased su.fhfnently, :
the pressure dr0p should be equal or slightly in excess
. of the weight of solids (per unit narea.) present. At 1;1}_15
point the pressure drop ‘is. slightly more than élnough
to support the weight of i)articles,' owing to therconsolli-'- |
dation of the bed. A slight increas‘e in flow above that
: /~> - point frefas the_pa‘.rticles.((-AP) reduces) a.r;d ‘thé preséure
' drop becomes just eénough to support, the weight of bed,

* All data in this thesis are for a 9. 72 inch (inside diameter) bed.

A
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.and this point is usually defined as the minimum
fluidization velocity,

Alﬂllouglh some aﬁthors '(17) agree that the adeeﬁ '
explanatmn is frequently in error and have reported '
deviations of as much of 22%, the ma]onty ‘of the cases
have.prpved the contr ary. In this w.ork deviation of

less than l%'to a_maximux%n of 6% w;ere pbserved.

2) Backward Flow:

Ideally the backgard flow curve should cmnc:de with
the f_orward flow curve, As shown in Flgure 6 through 9

deviations . may occur in certain regions.

a) Fluidized bed region:

" Inthe highly fluidized region both curves will -
‘obviously coincide since the particles are in random
motion and all hindering forces such as bed consolidation |

and electrostatic effects have been overcome.

b) Transition region:

The backward _flowr curve will a.l.w'ays.lie below
‘the forward flow curve in the transition region. Since:
there a.r'e no for ces to be overcome (particles are
suspended in the gas) the gas is exposed to a lower

. fesistan‘ce as it per colates through the bed of solids.

c) Fuced bed regxon

Whether the ba.ckward flow curve 11es below or
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above the forward ﬂow 'curve in the f1xed bed regmn
depends upon the £1na.1 pack1ng arrangement l'f the
 settled bulk density is less than the 1n1t1a1 bulk densﬂ:y
of the bed then'the backward flow curve lies below It

lies above if the opposite is true.

The_ minimum fluidi'zlaﬁi.on vele_citf was found by
the graphieai method as shown in Figure 10. It is clear
frolm this.figu;'e that this method gives an instantaneous
reading of the minimum fluidization velocits-r'. The resul;:s
were eom‘pa‘red‘with existing m‘eth.ods, and tebulated inl
Table I. S |

The n.oﬁ-graphical. methods (#2 and 3), although .
.t'heoiretically. sound, .ere frequently :'Ln error _since the
bed may bubble at lower gas velocities, e“;ing to
'bypaséings ‘around stag‘nant areas oxi the pressure drop
at incipient fluidi‘zation may r;ot equal t_he weight®of the .
bed per unit area corrected for buoyancy. 'These two |
.behavic'mrs were clearly evident in this work. The method
used in this work {#4) is in excellent agreement with the |

most commonly used method (#l)

As expected, F1gure 11 shows that for a partmular
" system, the normahzed pressure drOp, {-aP) . » is a
(-ARy)
function of bulk density and gas flow rate in the fixed bed
'regmn and a function of gas flow rate alone in the fluidized
Bed region,
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The evenness v:rif:h which a bed flaidizes was |
found to decrease with height because of bubbling
| coalescence, 'Bobbles tend to interact with e-aeh' other
.and coalesce 50 that bubble size increases with helght
while the nurnber decreases. When no further urcrease
m bubble size is p0551b1e, then we have the so called

slugging ef_fe ct,

vMixhin‘g Behavior of Cylindrical Particles

Essenhally the data obta:med consisted of the amount of solid |
in the unit, average superficial gas veloclty, pressure drop, bed he1ght
and the mixirng behavior of cylmdncal particles. Two-mch one~inch
and half-inch cyhndncal particles were studied in the air:s and system
and one-mch particles were stud1ed in an alrnglass beads system.

All observatmns are recorded in -appendices. E, F,G H, and L

a) Air-'Sand System :

{a- 1) Bubbles were ob_s.erve'd around thé particles at
readings as .low as half the rninimu.rn fl_uifdiz.atiOn

" velocity. | | | | |
(a=2) As the part1cle sank, Sand was d1sp1aced upwards )
with the aid of the air bubbles - When bubbhng around
the partmle st0pped ‘the part1c1e stopped smk:ng -
(a— ) The size of the bubbles around the partzcles was
proportional to the size of the cylmdncal partlcle but

it was not affected by densnty.




- - 3% -
TABLE 1
4 _
_ ' A ~ Minimum Fluidization Flowrate®
..a..-‘ . - 7 : '- - ..-. , (£t3/min-) . |
Weirht - A . ' : .
PSS ’Bo #1 g2 1 43 44
: : 3 Graphical Bubbles ~ Weight of bed _'This
~ (Ib)  (b/f7) Method frst’appear | per unit area . work’
25.5 1 94,3 1.8 | 146 - 2208 1705
25.5 | 12.4 —_— 1.5 1.5
| 5{,0\ _ 17,2 5.0 - | 22.5 17.2
76.5 |- wezs st v zas | 12
76.5 —_— 12,0 o = 15,0
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(a-4) The one-—mch and two-mch cyhndrma.l part1c][es,‘ '
1rrespeet1ve of densuty that would eventually sink or float”
half exposed were completely covered at a gas flowrate

' of 13.8 ft /mm (and not- before nor a.fter) wh:ch was below
the mlnlmum fluidization velomty of 15 5 ft /rmn alf-.
inch partlcles began sinking above 13 8.ft /rnm. and
were completely covered at 14, 6 ft /mm

- (a-5) It was observed that if any oE the partlcles used were
:to sink, they would do so at 16 to 17 ft /mm, just shghtly'

above the minimum fluidization velocity of 15.°5 ft /rmn

l( a-6) - The ideal particle den51ty for mixmg, 1rrespect1ve
:of size, was found to be between 83 to 89 1b/£t . The

" bed dengity at 1nc1p1ent fluidization was 95.8 lb/ft ‘and
decreased with gas flow rate as shown in table H-2. |
(a.-?) It W as also observed that the bubbles play an
1mportant role in the mjixing behavmr of the cylindrical
‘particles. Although the density of the bed may be lower
than the denszty of a pa.rt1cu1ar ‘particle, the pa,rt1c1e

may float due to upcommg bubbles.

b) Air-Glass Beads System

. The mixing beha.v:lor of one~inch cylmdncal particles
in the air-glass beads system was, not surpmsmgly, similar
‘_ to the results obtained with thg\a:lr -sand system. The ideal

- N - 3
particle density was also found\to be 83 to 89 1b./ft .

\
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Recirculation of L'au'-ge Parti‘cles '

The somewhat restr1ct1ve dens1ty range of cyhndmcal partlcles
- that w111 ef.fectwely m:x with the bed of solids and th& lack of. control,

of the residence time of these partmles led to the study of the mixing “
'behavlor of one-inch cylmdrlcal pa.rt1cles in"a recirculating fluidized
sand bed, Recirculation was, accomphshed by an internal plexlglass

divider and an aux1hary'a1r flow as’ des cr1bed in the apparatus section.,

i} As sho;«vn in Appendix .]', only a small auxiliary flow was
rt;qun‘ed to. induce remrculatmn at ﬂu1d1zmg flowrates- above
the m1n1mum flud1zat1on velocity.. The h1gher the flow
of the fluidizing gas the lower the required auxiliary flow,
Nevérthéless, a minimum auxiliary flowrate of about 2. 0 to
'2 4 ft /rnln was reqtured for effective recucula.tmn, relat1ve
to the flowrate 0f15.5 ft /rmn at 1nc1p1ent fluidization,
' Circulation of sand in the order of 0, 7 to 2 tons/hr was observed -
(Table 3-7). . | |
_iii’ The densit.y ra.rige of éylindrical particles that will feci'rcﬁ'l%‘i‘
with the‘.bed cﬁ solids is pr0portiona.1 to the ﬂuidizing and
auxiliary flowrates " The res1dence time of the recir culatmp,
_part1c1es is inversely proportional to both flows and does not

exh1b1t a part1cular dependency on partmle dgns1ty

111) It was p0551b1e to see a dehmté bOundary between the
mowng (recu' culating) sand and the stagnant portlon of solids. '
‘This boundary was maximum at the top of the bed and decreased
d1agona,11y to about one 1nch from the divider at the bottom of
the bed.



iv) The closer to the divider thelfas,tei' the particle recirculated.
'v) Particles that sink to the bottom do so by following the
downv;/_a.rd recirculation stream and settiing'in the less dense -
region.’

vi) Recirculation decreas ed bubbling.
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‘CONCLUSJONS

1) A new method for deterrn'ining',r the minimum fludization velocity-
was developed It cons*zsted in observmg the gr aphacal variation of -
the normalized pressure drOp asa functmn of gas flowrate w1th 1:\1<§sure

tap location as parameter

1 2) There is a range of part1cle dens1t1es over which’ pa.rtlcles mix in
lthe bed.. Thm range is. B3 to 89 lb/ft for one-1nch cyhnders in the
sand bed.” Below thas range the particles float, above they sink,

. ‘3) The overall bulk densrty of the bed was h1gher tha.n the ideal mlxmg
dens1ty range of the cylmdrmai partlcles at all’ Ilowra.tes studied. As
a matter of fact, part1c:1es with densities lower tha.n that of the bed
density (bui: above the ideal value of 89 lb/'ft‘ ) sark to the bottom of
the bed. Th;’.s could be due to a lower localized density caused by

the presence of the cylindrical particles and the upcoming .gas.

4) Two-inch and one-inch cylindricai partieles can bé considered as:

large particles r.elative to the bed, whereas half-inch particles cannot,

*5) The density range of cyli.ndri'ca..-l particles that Wiil effectively mi.x
with the bed can be greatly increased by a relatwely simple
recnculatmg system, For exa.mple, the range was increased from 83
to 89 lb/ft to 65 to 112 1b/ft by u51ng an auxiliary flow rate of 2. 91

ft /mm. ’ wh1‘ch is less than 19% of the minimum flu1c_hzat1onvﬂowrate.
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TABLE A-2

ROTAMETER CALIBRATION*
. . ) . . .
Rotameter at 40 psig and Volumetric Flow Rate at 25°C and 1 atm,

-

MAIN ROTAMETER | Auxiliary Flow Rotameter .

"ROT 1 : ROT."
. . #t i .
RDG Q (#~ /min) RDG

ql(ft%/,min)
s0 . s | 0.05 o Lo
7.0 S 728 - 0.07 . - 1;24
0.0 . 10, 17 0 0 SR ( 1.50‘ .
12,0 E 1L %6, o | " L.86
.1_5.0--‘ o 14. 60 0.15 s :
17,0 16,39 1 Co1r 2,53
20. 0 | . s 8 .| 0.2 g1
;zz._o | S 2034 o2zt 3. 17
25,0 | Coaast | ez 3.66
0.0 | 25,75 i 0.21 - 3.88

I k o 0.3 - SPRETA N

L2
. ) Lo
For description of rotameters see ""Apparatus’ section .
- .
f\-
Y ’
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' APPENDIX B

" Pressure Drop Data

Part I




%

- MEANING # . NUMBER

43

Key to Numbers in Remark Section

.

First sign of bubbling | ‘ _ : ,
appears in small area ' ] - . ().

?
Slugging effects; . manometer
difficult to read due to up

. and down movement of oil ' . . e (2)
Bed evénly flﬁidized . C . C s (3)
Bubbling disappears ‘ o | L B (4)
L
L = a nﬁmbe{r, specifies the -height of the ‘sand bed (in inches) af a

K particulér gas flow rate.

(-APO) = Pressure drép a:ci'os;; bed of solids, psi

(corrected for distributor pressure drop) »

1 - ' . L

(-AR)

Pressure drop at pressuretap # 1, psi ‘

All data are for a 9. 72 inch (inside diameter) hed



+

& -

im 44 -

TABLE B-1

ARCEA
RN

-

WEIGHT OF SAND BED: 25.5 b

- BULK DENSITY IN THE FIX'ED-.'BED REGION: 94.3 1b/gt>

FORWARD FLOW DATA (See Figure 6)

MAIN
ROT RDG

5.0
6.0
7.0
8.0
9.0
10.0 .
11.0
12. 0.
13,0
14,0
15,0
16.0
6.5
17.0

17. 5

- |
(-aR}

(psi)

0,101

0. 122

0. 141

0. 157 -~

0. 179
0. 200
O.ZIé

0.239

0.258

0.298
0.315
0.323
0. 326

0,327

_(“"Apl.). _'

psi

*0.058

0.071

0.081

0.091

‘0'

0.

)

104 -

115

. 127
. 137

. 149

.172l
. 181
. 180
. 181

. 178

.

'REMARKS

=6,30"

= 6,35



(Cont'd) -

. MAIN _ _ (;ARJ ,  (-aP) S
ROT RDG : (psi) | psi REMARKS

1o 0.326. 7 0 0.181 -~ "L =6.35
175 N . 00327 ~0.178

6.40

]

18..0 -~ 0,329 . 0,179 L

19.0 | 0.331 . 0,179

20,0 S 0.334 0,183 '+ L
21.0 | S .0.337 0 .. 0,186
22,0 . 0339 0,190

23,0 - 0.342 0,191 . L =6.65

6. 80

25.0 o 0.343 ., 0.19¢4 i L
270 0.345 o 0.197
29.0 . ' ‘.'0.346‘ | _0.195
31,0 _" 0,346 o 0;260'_ | A

34,0 _ 0.346 - © 0,200 R

3]

38,0 | 00347 0.200

6,42
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S ‘,TAELEBQZH :3 "

WEIGHT OF SAND BED: 25.5 1b

BACKWAﬁI)FLOWiDATA(sazqunsm,, S Y

v - N

g{oj 3 N "Apo’." o -(--zs_pl)“'- . s
RDG. (psi) (psi) S
38.0 . o -d.zoo-

34,0 . o 0.346 - | 0.200 .
133.9. o o 0.3a6 f.f' 0.200
29.0 - " 0.345. B 0. 197
2.0 B 0,342 | 0. 196

680 .

1t

25.0 ) 0.33% . . 0.192

23.0 . 0.331 . 0.189

21.0- - T 0.324 . 0.187

C19.0 0 T 0.314 | . 0.181\Li)-

18.0 . : 0.314 0. 183

6:45

0o
o]

17.0 .  0.308 U o.182 L =6.40
'16.0 . 0.299 . 0. 177 s (3)
15,0 0. 283 0. 166

14.0 . C.o0.2720 | 0. 162
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(Cont'd) -

RO';T‘ - ‘j _- L '(-AP"). ‘ - ('f'AIJj{) L

R DG - S (ps'i;) L . (psi) REMA'RKS
130 L | 0,253 . 0. 152

2o | 0.233 | ~0.140
.'11‘..0' | o | 0.219 - 0. 130 | L = 6:20 .
l10.0_' ’ | 0200 0,121 |

“9.0 o, 1.7‘9 o 0‘. 114 W
7.0 R 0.143 0.087"

so - 0.105 - 0.064 + - pB.o=6,17"




s

 TABLE B-3

WEIGHT OF SAND BED: 25.51b

BULK DENSITY IN'THE FIXED BED REGION: 108, 0 -33’-3- | | . :
S ‘ ' fto. o - |
u R .

_FbRWARD FLOW DATA (See F}gﬁre 6)
I?F)T - a ('-.A'po)‘ S (-.Al-:’l) REMARKS
RDG . o (psi) - . R (psi) R :
Q, 5.0 D o o.‘1{éo .. - 0,107 L - 5. 50
6.0 I 0,228 . . 0,129 | N |
7.0 | ozel . 0.148 - - | o
s0 e o0.295 0168
9.0_" o 0,318 Q.'1§5 ST i
10.0 | 0331 . om0 - L
"11.,0. - | 0.338 b | . 167 L :5 60
11. 5 S 0.34) 2 | 0. 167 SRS ’
12,0 .' | 0‘..32_7 | ' o 164 '
1.5 L -, 0.325 I 168 |
13,5 0.321 Y 169 |
5.0 - o3z 0,173
16,0 : - - 0.325 |

17.0 L 0,326 R 0. 175
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(Cont'd) e

v’

'ROT (-AP) . (-ap)

'RDG ‘ ~ (psi) R (psi) REMARKS

-is.o R ‘ 0.329'  . | prAQSI
19,0 ."'J 0.330 R _ '_' 0. 176
20,0 o . 0.333A_' R ©+Q. 180
210 | o033, 0.1$zf

23,0 - 0.339 . T 0.184




. =50 -
TABLE B-4

. WEIGHT OF SAND BED: 5.0 Ib

. . ' . .3
BULK DENSITY IN THE FIXED BED REGION: 93.9 lb/ft

FORWARD FLOW DATA (See Figure § 7)

ROT fbé%) o -a8) TR REMARKS
RDG . (psi) - tesiy o (psi) : -
R 5.01 ‘ ., 0.197 . 0.156. ) 6.065 v i;lzfzfes.
6.0 0,239 . e . 0,079
7.0 | ',0;274" o - ' 0.090
8.0 0312 0,246 - . 0. 102 .
9.0 0.350 | 0277 :0L114
10. 0 j. 0,390 0.309 . 0. 124"

1.0 Wcz. 0 10.33 - 0,139 S -
)» 12. 0 | 0.459 . 0.363 0. 151 .

13,0 0.500 ' 0.395 " . 0. 163
\/j_Ao: - 0. 546 0.433 | _ 0. 179
| 15.0 o579 0,459 0. 189 W
"16. 0 0616 . 0.a87 0.197
16.5 . 0.630 0.499 . 0.'197
17.0 ‘ ‘0.645 . 0.510 | %199 (3)

e
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(Cont'd)

ROT. . (-ABR) “(-8F)  (-AP))

RDG  (psi) - (psi) - (psi) -~ DEMARKS

I

A5 0.657 . 0.518 - 0,198 - L =12.70

1]

18.0 0.668 0.525 0. 198 L =12.80

19. 0 0.668 - - SR o

- I . . ‘ 7 .' R - ‘ L. . f . ; . “'.“‘ !'
200 0.672 - | 0.529 _0.§$4 v L =130 %

22.0 0,682 o 0.53¢ . .o0.215 L. =1310.

24.0 0,684 . 0.539 0,221 © . L =13.40

27.0 0.687 . . 0,542 . 0,229 L =13.70s

30.0 ° 0.687 . . 0.544 . - 0,236 L =14.00
36,0 0.688 . - A k -

I .
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TABLE B-5" - - e B B
WEIGHT OF SAND BED: 5L0D L o Y
BA.CKW-.ARD FLOW“D‘ATA l‘(Sée fi‘gﬁre #'7)
ROT -+ ('-jA'POl) | (-AB) '(-.»_\;pz) oo~ |
RDG . (psi) o psi) (psi) REMARKS
36.0 7 o681 0,544 S 0,236
27,0 C0.687 o 0.542 0. 229 \
240 0684 - 0539 0.221 Lo-132
22.0 . 0.682 0534 0215 |
20,0 0.668 . 0.530 . .0.212 L =13.0
18.0 | 0,631 © 0.506 0. 199
0 <o'. 586 o4t 0 192 B L - 1'2.'75'
715.'0 | 0. 563 | 0.456 O..192 - L =12.70
2.0 o.a66 _ .0.3_79' - S o.162 L =12.60
0.0 0.394‘- ‘.o..3_1'8 | 0. 138 |
9.0 0.355 - 0.288 . 0.125
7.0 _b.281 0.228 . 0.100 L =12.55
50 0.204 o o 0. 072 |




RZT
. rbo

10. O

1.0

12.0°

14. 0
15.0

" 15.5

6.0

17. 5
18.0
19,0

20,0

'-.53 .

TABLE B-6

)

WEIGHT OF SAND BE’?:“- 76.51b -

. BU

d

A

"

-

©°1.000 -

A (-aP)

{psi)

0.

0.

0.

293 -
356
. 410
."45'9
.519 .
571
633
. 687
.805“
. 896

. 918

978

1. 000

*

0.

0.

. (psi)

253

307

. 354
. 398
. 449
. 492
. 548
593
. 698 -
. 488
775
796
. 844 -
. 857

. 863

(-aF)

(o)
{psi} |

0.

0.

- FORWARD FLOW DATA (See Fiéure_ b 8)

162

206

. 227
.254'
. 285
315
. 350 |
379
. 446

. 488
. 498
. 509
.'529
. 536

.541

4

LK DENSITY IN THE FIXED BED REGION:. 93. 8

ft

b

L)

(-AP)
tpsi)

0. 065

. 0.

0.

©0.079

£ 0.091

115

0. 102

127

. 140

. 192

. 207

L2117

152

177

.202°

.202 -

.210

. 205

REMARKS




-1

-

ROT
RDG-

250

..‘ .-

=

22.0

((:OI!It'd()‘j‘1 :

(-ar,)

(ipsty

-

"1.022

3

1.0102 .

'(-Apl)

(psi)

0.869

0.876

";-&4;

y

- =



TABLE B-1

WEIGHT OE SAND BED: 76. 5{,(1) o - L .
.' . . . v ' . . . ) ’ . 3- : '
BULK DENSITY IN THE FIXED BEDREGION: 100. 6 1b/ft"

FORWARD FLOW DATA (See Figure # 8) o / N

RoT | - | (-aP) (—A%ﬂ‘
RDG . ‘ '

-2 e | REMARKS
(psi) L (psi) R |
5.0 . 0418 0237 L=11.70
6.0 0.511 .+ 0,290
7.0 | 0. 586, | 0.332
8.0 * . . 0.655 0372

~ 9.0 " 0.734 L 0,416

10.0 - 0,807 0.455
11.0 ©0.874 0. 488
18.0, (1)

18. 15

2.0 - A 0.926 - 0.507 L

it

1}

13. 0 0.971 0.517 L
13.5° 0.984 - ©0.519
14.0 - .. 0.998 . 0. 523

15.0 1. 005 : " 0.521

18. 50

15.50 - - L0l2 S 0.516 | L

17,50 . 1.008 © 0.514
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~

= TABLE.B-8 )i;_"

WEIGHT OF SAND BED: 102 1Ib

BULK DENSITY IN THE FIXED BED REGION: 95. 4 —1%—
- o ' o i it~
'FORWARD FLOW DATA
. ROT (- - < A ‘ |
or - (-4F) . AR (-aFy) REMARKS
RDG ) 9 N -

o - {psi) . (psi) : (psi) - . :
5.0 ~ 0.422 ° _ 0.283  0.070 = L =24.90
7.6 ° . 0.590 - 0.390 0.095
9.0 ° °  0.753 ~0.498 0. 122
ILO . . 0.91] 0.602 . 0. 146
13. 0, 081 . 0721 . 0.176
15:0 - L225 . 0.819 .+ - 0.200
16.0 1299 0.854 0,202
17. 0 1,343 0.873 0.214
18.0.  1.343  0.882. 0.226-

]
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/
i
APPENDIX C
Minirhum Fluidization Vetbcity Data'
. , N . er—t—ad
Part 1. '
- (See Fr}igulx:e i }0) .
a
* . ,‘ . ..- "
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TABLE C-1 )
.WLIGHT OF SAND BED: 2. S 1b
.BULK DENSITY IN THE FIXED BED REGION: 94.3 —
ROT (AR (-aP) | ROT (-4P )
RDG . o34y 0. 185 RDG 0. 343
5. 0 0.z947 l-o.3141 7.5 0,951
oo 0;354_ 1 0.380 8.0 0. 959
7.0 | 0.410 0,437 185 0.961
8.0 - 0.459 - o493 19.0 0963
9.0 oos22 0,559 20.0 0.973_
0.0 0583 0623 . 210 : 0.981
1.0 0.639 . 0.683 | 22.0/ - 0.987
,';z.d . 0.695 . 0. 740 23,0 o,qée
5.0 - sz o 0.174 .
14&8' |
15,0 0.869  0.927
6.0 0918 0.97¢ ~ 3L0 . L1007
17.0 o949 0.975 . 3400 1009

. (-AF
185

o

.961
. 966
. 967
967
. 985
.004 -
.025
. 033
. 044
.062
.075
L077

079

e
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TABLE C-2
WEIGHT OF SAND BED: 25.5 b

. . . ' . ‘ SR 3
BULK DENSITY IN THE FIXED BED REGION: 108, 0 1b/ft

J

ROT: | (-aP) ; 'ROT  ' '(-Ag)
RPG : -6”:'3_4'3_ 7 | 'RDG ‘ . m
5.0 u . 0.552 - 19.0 " 0.959
6.0 : o 0. 664 - 20,0 . i 0;968
.0 . 0.761 .‘21,6 - '.0:974f'
‘.8!0 . o.87 230 0. 985 |
9.0 0.926
10. 0 0.962
1.0 0. 984
12,0 - 0.950
130 .."
13. 5 -._ 0.935 \
15.6' . 0.938
16,0 o 0,947 | "
7.0 T 0.949
. . ! -
8.0 0.957 '
L




ROT
RDG

10,0 -

11,0

" 12,0

13.0
14. 0

715.0

16,0

-~ 17.0

17.5

WEIGHT OF SAND BED: '51.0 1b;

260 -

TABLE C-3.

' BULK DENSITY IN THE FIXED BED REGION: 93.9 /e

(-AP) (-AR)  (-AF,)
0.687  0.530 - 0.198
0. 287 0.294 0. 327
0.348 '0'358j | 0.3§6
0,399 0. 410 02455

*.6.454‘ 0. 465 0. 514

.~ 0.509 0.522 - 0.577
0. 567 0. 582 ©0.627.

0.617 0.634 0. 703
0.668 . 0.686  0.761
0. 727 0.746  0.822 -
0. 794 0.817  0.904
0. 843 .0, 866 0.953
0.897 0,919 0.991
0. 938 0.962 1005
0.956 .0.979'1 1.06}

|

ROT
RDG.

18.0 -

19.0°

22,0

24.0
27.0°
30. 0

. 36,0

(AP ) ¢
o

(-AB).

0. 687 0.523
0.973 0.991
é,973 0.998
0.992 1008
0.996 1018
0.999 1024
‘1.000 ‘1.027.
1.0 16’

STAFE)-
0. 198

1. 001
1. 008

1.085

L 11s

1. 153

"L 190
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" TABLE G-4

WEIGHT OF BED SAND: 76.5 lb

g e L o | 3
BULK DENSITY IN THE FIXED BED REGION: 93. 8 1b/it".

ROT . (-AP) | k-Ap) - ({AP)“ - (-AP:)
RDG L e 2 - B v - ‘ o3
- 10031 ' 0.874 0.543 -~ 0.214
5.0 0.285° o o,zég o298 0.304
6.0 Coo.3as ‘ 0.351 .705380. " 0.368
7.0 C0.397 0.405 0.418  0.425
8.0 p.aas 0455 0.468.'; | 0. 474
9.0 0. 503 h_ B 0.514 0. 526 | . 0.537
10.0 i; - 0.554 o564 0.584 0.591
L0 0.614 © - 0.627. 0.644 . 0,654
S12.0 0 o667 0,679 0.698 0.708
a0 70;731 : 0,799 0.823 . 0.827
15,0 70,843 © 0.854 0,899 " 0.895
60 oles S 0911 0.938 - " 0,943
7.5 o 0.949 . 0.966 - 0.975 "-0;958
18.0 1 0.970 S 0.981 0.987 -+ 0. 966
19.0 - “-0;972 | 0.9887 ¥ _0,99# g f0.978'
220 - 0.980 - '_ 0.995 SL019 1073
250 0. 992 1,002 - 1L030 1. 136
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L

. WEIGHT OF SAND BED: 76.5 1b

' BULK DENSITY IN THE FIXED BED REGION:

ROT - -
. RDG,

10,0

11. 0
12. 0

12. 5

13.0

13. 5

14,0
14. 5

15.0

(-AP )

0.

0.

406

496

. 567

. 783

|

. 847
. 898

.919

. 954

968

1

.963

. 974

To3T

635

L7112

. 942

" TABLE C-5.

ROT

RDG

15,

17.

20

5.

0.

100. 6 lb/ft3

(-AP‘O)-‘

1031
0.982
0.972

0.982
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APPENDIX D
. 'Cyl.indr'ical"Pa.rticl_es

. Part I
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TABLE D-1

PARTICLE .DENSITY OF ONE-INCH CYLINDRICAL PARTICLES

ry R

Particle ' Density . Particle -  Density |
U as/edy b/
B T g, ; '_ 14 9L (
2 . sns s 99,7
| 30 60.0 T o 017
4 " bL4 B 1037
5 62.8 18 - 1078 |
é C 66. 6 9 | _. 108, 2 |
7 o 67.9 20 ¢ 1213
8 ,9 47 '_/‘ 2 | 136, .1. _
9 , 79,4 S22 149, 1
, | ‘
10 B T AR 23 . 1549
11- . 83.2 24 o 163:3
2 s6.4. 25 .69,
3 . 898
¥
‘¢
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TABLE D-2 ..

PARTICLE DENSITY OF TWO-INGH AND HALF-INCH CYLINDRICAL

PARTICLES

Two-inch Cylindrincal Particles

Half-inch ‘Cyl‘indriCal Particles

Particle pB Particle . . PB

" 8 i 3
(Ib/ft7) (ib/ft7)

A 169. 3 E: . 82.6°

B . 83.0 F 1 0.4

< 78.3 G 164, 3

D 88.9 H 73.6

p .




Y
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. APPENDIX E

4

- Mixing Behavior of One~inch C'ylindrif?’:al

Particles in an Air-Sand System




TABLE E-1

Particle #1 (pp' =" 38.1 lb/ft3)
Q L . » s ' S-.avea: - R
{(ft~ /min) -~ " (inches) _(inches) g {inches) REMARKS
13.0 12,30 . 0.0 ..+ Bubbling observed
SR ' - ' around the particles
) but not sinking oc-
' cured " ‘
40 . 5:0.30, 0.35 e
| A:0.30,.0.30 - |
'B: 0..30, 0. 30 ‘0. 30" \ ~ou
,C:0.30, 0.30 L L o
D 0,30, 0,300 .. L~

14, 6 Sinks to a rnaximu_zr; 0f 0.5 i‘nches. and then turns over horizontally
and floats on top the bed (about 1/4 submerged). -

\

. 3 .
‘is similar to 14, 6 £t~ /min.

CAt high'er flow rates, the behavior

% Sgve = average value of S , v
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- . TABLE E-2

o
)
=
-
. b
0
Y
0]
=S
- D
-
0

79.4 b/ ) -

»

, ~ REMARKS
{inches) - ~

Q . L

. . 'Sﬁﬁe
(&> /min) . (inches)

1o 12,30 - o - ‘. * PBubbling observed
b Do o ‘ : ¢\ around the particle
: but-no sinking oc-

cured,

:.0.2 , 0,
10,2, 0,15 T .
.19, Sinks strhight down

:'15 \

Q& D:0.25, 0,15 IR

: 0.2,

g ot » 6
o - _
o ©O o o O
o
[en]

. ©:0.7,08 T SR
. ' , S A:0.65, 0.8 : Sinks straipght down
e/ -~ B:0.45, 0.6 0a66
‘ . : ‘ C: 0.7, 0. . .
e s

' o D: 0.8

o S o |
14,0 Sinks straight down until covered and then turns over and floats
horizontally (about 3/5 submerged) ‘ TN
_ ‘/(,—“ - K - R - )
_ ¢ : : - o3, % ;o :
At higher flow rates, similar beha_vioé’ as 14./0 ft./gmn. S 3 -

a N .' : -
- - . ‘ - ° -




L

) TABLE E-3
l).'\_}
Particle # 13 (p_=89.8 b/87y _ ‘ . '

L3 2 s e REMARKS
. {ft” /min) (inkhes) (inches) (inches)
Lo g | o 12,30 s -. S C . ‘]?u'bbling observed
’ - ‘ around t.he ‘parfzicle
. . _ ‘ but no sinking oc--
g N " cured.
12,0 ’ 01 0.3, 0.3
A:.O; 3, '0. 2 .
/ Bi0.2,02  0.22 Sinks straight down
C: 0,25, 0 1_"_5 - | ' T
Dig.2, 0.1 ’
13.0 .  pi#.8, 0.8
| | A1 0.8 , 0,85 - N
‘ B: 0,65, 0.8 0.'(‘?6 _ . Sinké ST igbt down
C: 0.8, 0.8 = |
: ;<D: 0.7, 0.6 . f"

s
e o
) PR . . ‘ ) o ' ] I .
149 inks below the surface of the bed {Save by inchgs) and tends to float
- under at a slight inclination, o -
- . - /"“-\

Difficult to obtain a ste{d}} r adﬁlg due to os c_i-llation. of the particl[)'
s a slight horizontal posgition and sinks

. 4 i

14. 6-
164

inks until covered, then ad - ¥

Wwith 'up and down movements/

17.2  After os cillating in the uppeX _Half of the bed it sinks to about
' ow the! sr‘face]nf the bed and remains there.




ey,

.70 -

.. (Cont'd)

,_j'

| | |
.Q’ 7 L o s . Save | ‘ "
(ft3/min)‘ - (inches) (incheé).\ : ~ (inches) /-_MM-ARKS ’
L . . : .“ ) ' h

18 Slowly sinks to bottom

.. and higher flow rates:

19 :
0 ' o slowly sinks to bottom.




Pa.rticle

(£ /min)

11,0

12,0

13.0

14,0

14, 6

-7l -

TABLE E-4

519 (p = 108.2 Ib/it")

.'p
| S Save
(inches) (inches} - {inches) .
12, 30
' »
" 0.25, 0.20
-A: 0,30, 0:30
1B3: 0,35, 0.25 0,24
C:0.30, 0.25 |
D:'0. 15, 0. 15
9:0.7, 0.9
CA0.9, 1,0
B: 0.9 , 0.8 0,8
C:0.7,0.6
D:0.8, 0.7
K 1.2 , 1.3
Ar L3, L3
B: .6, 1.4
c: 1.3, L3
D: L7, L5
13.0, 2.5 ‘
12,0, 2.0
B: 2,0, 1.8 - 2. 1",

. REMARKS

Bubbling observed

around particle but"

no sinking

'Sinks straight down

Sinks straight down

£



(Cont'd) -

.
(&8 fonin)

15,5

~

7.

2

R

L ' )
(inchgﬁ) (inches).

£ 1.9 , 1.8
D: 1,8 ., 2.0
0 6.0, 7.5
A:5,5 , 6.0
B: 4.5 , 4.3
C:3.5, 40.
D: 6.0 , 4.7

Particle sank to bottom

&

Save

(incﬂeé)

Lo

- R'E&ARKS

-

e
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NE

‘TABLE E-5 -

. Particle # 20 ('pB = 12 3,1b/£¢3)

»

Q‘ ’ } 1 g ' ‘ Save o . ‘ ,
3, T . , ) :
. (ft7 /min) ~* {inches) ‘(inches)_ (inches). R.EMASKS

LLo, . 1230 . '~ . Bubbling observed
. : ' " but-no sinking occured

-

12,0

w oW o
WoowW R

s 0O " » 8

fo=—]
-

=== ==
T g

13,0 o 1 0,9, 0.

O e O W
o
N
A

4.0

O O

&
T

14,6
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(Cont'd).

AN
n __‘L o .' s’

2 'Save_' :
(ft” /min) - (inches) - (inches) - (incheb) - REMARKS

15.5 . - 12.4 Gr43, 3.0

B A 3.5, 45

B: 310, 4.0 37
C: 30,43 |

D: 3. ?\::4.5

17.2 o ' Par‘ticle sank to bottom

N
f"
) | . ‘ Lo P
| ) ) -
T . B i
. ' i . F‘
- o . “
ey~ ~
. —~ . <
4 i
‘ ' ‘
3
L4
- oy v




6

TABLE E

. ‘ . 3. e ! . . . . i "
Particles # 1l (p, = 83.2 Ib/ft") and 12 (86 4 /i)

Q

(ft?/min)

L'_ ‘ ' S Save

(inthes) (in_ches) , (inches) 'REMARKS

Very difficult to distingﬁish between th.esé'two particles

14,0

14.6
18..0

20,0
22.2

Smks unt1l covered, slight' tendency to adopt a horwontal

_position.

© Sinks to about 1.2 inches after adopting a horizontal position.

Both paftic’les rnﬁve up 'arid'(;icJWn in the upper half.bf the bed.

.

. Both parti¢les mix well with the bed. It is diffiéult to pinpoint:

their location at a particular time, ‘When partlcles rise to -

_ the bed usually aided by upcommg bubbles.

’

Therc is a slight difference in the mixing behavior oflthe

"pa,rtzcles Particle f 12 tends to sink to the bottom and is

. il

not broufht to the top by bubbles as easily as before.
Wherea¥ particle # 11 prefers the upper half 6T the bed

At higher readings, they are.both nicely mixed with the bed.

i
iH
7 -




' APPENDIX F
Mixing Behavior of Two-inch Cylindrical Particles in an,

Air-Sand System

3.



- "(.7 -

Particle # A ( pB £169.3 /7y

[

10

11.

i2.

Q

0

.0

0

.0'

~

"(ft3/rnin)

L

. {inches)

12, 40

U O w » 8 Uo:v>6'oo-m>.e_:_

U 0O w o 6

(inches)

OOO‘CJO

5

20,
20,

.20,
.20,
. 20,

. 40,

50,

50,

. 70,

70,

. 70,
.70,

60,

. 80,
. 90,
.00,
. 00,
.00,

50, -
. 40,

R oo} o o o <o

o o o o ©

o o o o O

TABLE F-1

. 20
.20
.20
. 20
.20
. 50
. 40
. 50
. 50
.50
. 60
.70
.70
.70
.70

.00
.00
. 00
.00
. 00

Save -

{inches) .

0. 20

1. 00

" REMARKS

Bubbling observed.
but no sinking occurrec




(Cmﬁ%}

Q0 .. L
.3 : '
(£ /min) {inches)

13,0

14.0

14, 6

15.5

T

1.2 128

B

o -0

o Qv =S
B s W

Q®»s

- 78 =
.
s
(inchéS)
1.2, 1.5
c 1.4, 1.4
B: L4, L3
C: 1.4, 1.5
D: 1.4,.1.4
- ’ .5
A ,

(ST O FCR R N
Qo o v o
AU SR (VR R 0
5 N 'R S

(= wm <o O o
.- - .
W W W s W
BEC BN BN |
1

5.0, 5.5
6.5,6.0
7.0, 655

6.0, 6.5 °
5.5, 6.0 ’

. Sank to bottom

. Save

(inche#f

L4

3.7

6.0

" REMARKS



“ o o ‘.‘_._79‘_

 TABLE F-2 - o . | ":a
| .
‘Particle # B (pB, = 83.l0 ib/ft3) :
.«
lQ'. . L ' '8 . Save | )
.(ft3/min) | 7 .‘ (irichés) ) (inches) B {inches) . . . REMARKS g
9..0. . R 12,.‘.1 . .‘ o IR ﬁubblihg observed .
‘ ' o ‘ : ' '~ around particle but no
bubbling occurred
10.0 - o: 0. 10,0, 10
| A:0.10, 0.10 |
B:0.10, 0.10 . 0.10 i
© ¢:0.10, 0.10 |
D: 0..10; 0. 10
110 @ 0.40, 0.50
| A1 0.60, 0.60
B:0.50, 0.50  0.50 B
_ C: 0,70, 0. 60 g | o v
~  D:0.50, 0,40 7 |
12.0 o 0. 70, 0, 80
A:0.80, 0,80 N
. B:0,90, 0.80  0.80
C:0.80, 0,70 ’
D: 0.70, 0, 80 E
13.0 o: L0, LO .o - ’
ALz L3 - |
B: 1.5, 1.2 L2
C: 1.3, L2 !
D: 1.3, L1




(Cont'd)

. -

(inches)

'S - Save

(inches)  (inches)

o

‘(D:Z..O,
A:.2.0, L
- *‘ [ 4. .
1&%@0, . 2.0
C:2.0, C '
D: 2.0,

.0
. 0
o

B R CRRY VR R ¥

@

L 3.

Sinks until covered, then turns over and [loats, .

almost cr‘)mplet‘e ly covered,

"

' REMARKS




(it /min) (inches) » - (inches)

- 81 -

TTABLE F-3

B

Particle # C (p.- = 78.3 Ib/ft7)

. -

o

O, . L P S

o, 12,4

12,0

1406 _-_‘:"‘f.‘"" -3 subrmerged and floats horizontally.

. 40,
. 40,
.30;
. 40,

1.0

o aw>%
@ o o o o

. 70,

. 80,
.90,

TTQ moe e
o o O o‘o

~ 70,
13.0 w: L0,
N ‘“A.:"ll.‘3 ’
. B 1.3,
G 1.4,
D: L2,

L N A ot

14.0 BEVCER

4

. 40, .

o O o o o

o o o o o

1.
1.

. 40
. 40
.30
. 40
. 40

. 80
. 80
. 80
.90
. 80

2

5

- : L 3
Similar behavior as 14. 6 1b/ft .

1/1 ! <

-

1.20° R

. ’ [ . . . ’
S 77w . Sinks until colered and thex turns over and flbats. -

—
L.

L%

. L}
L3
*
L]
A
ft
oy



12, 0.

‘_f L

14.0

1

. vb' \’

R
~
“
#

TE "
{(inches)

{inc & @
| "12?&/"

"E .

-

1

S oW Ee D QW Ee .08 ES

g aow » S

.82

P

-

: Ol.“50‘,:

0. 50,
0. 50,
0. 60;

: 0. 46,

0. 80,
0. 80,

: 0, 90,

0.70,

: 0. 80,

..1,

t L2,

1.4,

L5,
:4L,2,

:2.9 ’
1 2.5,
2 2.0,
:2.0',7

[

- TABLE F-4

¢ .

0. 50
0. 60
0.50

0. 50

0. 50

0. 80

0.80

0. 90
0. 80

0, 80

1.2

L2
L3
1.3
L2

,l .
[

Coa

_ Particle Dip, = &B\:} wad

~Save

(inches} ,°
0. 10
"0. 50

0. 80

1.3

REMARKS




e
.

 (Gont'd)

(£ /min)
14,6
15.5

16,4

17. 2

e

L s save

o o | ' REMARKS
{inches) (inches) (inches) . :

'Smks very slowly (aiter adoptmg a hor1z0ntai pos1t1on)‘ ‘

. to 6.0 inches. o L _ :

' Partmle sinks until covered, then adopts a horizontal
pos1t1on a.nd sinks slowly to 10. 5 inches,

Sinks slowly to 12 0 inches.

Sank-to bdttom_ with oc'ca..‘si‘on.al up and d6wn movement.

. - 4 . ' . .
- o OIS S e e e - -
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APPENDIX G
. . b
' ‘ ' S . |

Mixing behavior of —;- inch Cylindrical

Particles in‘fan Air-Sand System A : ) o

==




.-Q" P /J“ ‘." L o (\ -

Pa{rti‘cle - A © R L ‘ Save -
it (£t~ /min) _ (inches) (inches) I}FMARKS
G : up to 14 | " _ " ) _ c : no ,sinkir’xg. '
14, 6 B L 0.7
5.5 . 2.0
l ’ * ‘. ' ’ ‘ . .
6.4 . - . 7.0 S
' - o . E . C E . | \
: : 17.2 o sSank to bottom I .

§ ' ' E . uptold o N no si'x;k'i:;';g ‘
: - ‘ : . E

14.6 R 3 |

! .‘ o . : . 15.5 o . - Floats completely covered

&;_bj.g‘her_ flo_v;; rates"'_ | Sim.ilar_ to 15. 5 o

- | . F a.nd H up to 14 - .'. : . | w' ) : .-‘ ) | .no'sinkir}lfz

| | 14.6 o B

. . . | 15 5 | A ‘ Floats half ‘expoééd

b . '. | - At higher ﬂow rates : Similar to '15. 5 '

-
-




e |

. System

APPENDIX H.

Pressure Drbp and Bulk Density Data for the Mixing.

‘Behavior of Cylindrical Rarticles in an Allr-kSaLndf.

. ) o ¢
.
o
.
B
. )
“ ; .-
- . - ’ R
LT Y
<.
. »
- ‘
e - .
'
1." .
S )
1 .




- 87 - .. . T
TABLE H-1
WEKHHTOFSANDBED 5.0 - ot -
' BULK. DENSITY N THE FIXED BED REGION 96 5 lb/ft
-FORWARD FLOW DATA (See Flgure 11} -
ROT TFARQ ' 'ﬂ%-Agl' o (AP) R e

RDG . - - . % : . . REMARKS
‘ I _1(1?51), R (p$1) . (PSl) ) ' : :

5.0 o223 oo1ts L 0.062 | L =12;Sihch;sJ 
A G308 : 0.239 - o.bséi-' |
9.0 . | 0,395 o 0.307 0.110

1.0 - ° 0.482 _6.375' .- 0.134

10 - 0.569 | ; '0u442_ o " 0,159

140 0.816.. 'o.ésq o 0.172 - ﬁf;ﬁf

15.0 . 0.653' 3 0.509 0,182 SN .
, R ) | - light beautiful
16.0 -° 0. 675 0.522 0.184 bubbling

1o 0669 os17 0,186 ‘ \

180 0 0.672 o o.siz 00192

19.0 . ' 0.676 0.521* 0,195
‘. _.. ) . ‘ . . . w " . . ‘¥‘".
20.0 0.683 - - . 0.521 . 0,200  ° :
Zi}o' _ 0.683 © 0.526 - . 0.218 - 1, = 13. 1 inches

.0 685 - .- 0.532° % 0.230 e
fs.0 0 gs . N 0.230 o

o




BED DENSITY AS

.

15,5
16, 4
17.'2

_ '18;0
18.9

2003

Q

' TABLE H-2'

A FUNCTION OF GAS FLOW RATE -

- .

Fs,
(Ib/£t7)

96. 5
- 95.8

95.0

93- 9 4

92.8
92. 1 .

90,7

[ _(-aP/L)

/ey

94, 1
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APPENDIX I

v
Mixjng Behavior of Qné ~-inch Cy_lihdr‘icail_Particles in
an Air-Glass Beads S*jst'em. Gfass beads density =
2.‘436 Igm/(:c, L;6f) to +85 Canadian Mesh) |
. : . : . | ”
£ .
. N




‘L‘I‘ '90- o ’ ‘ . "'n

TABLE 1-1 N L

Partitle # 25 (e, = 169.1 1b/ft")

g\

. Q ,I' . _ . . . L S V ' S
‘ -(fts/fnin) 3 L ‘(inches)




- Y Ty . .

- 91 -
- _ ) ) )
- ' EY ’ --.. o .
'y o "TABLE -2
\ * X . . .
N S | . . , : 3 . - : . ' ' 3 . '
“Particle # 1L.(p - = 51_392 Ib/ft") and #12 (p . = 86.4 1b/ft"7) - B
. P ",'"' SRR p - ‘ o
QL o . L : _ . S _ '
(ft3/mih) ' o {inches) -~ - : (inchds) . _REMARKS'
o ) ‘ ' L B : : - K
" 1.60
h
.86 .
2.25
2,53 : ' o - : Adopt a slight horizonta
. B . BN position. Float ontop
' ', — of bed almost completel
~ covered,
~ 2.90 and up - R . Difficult to pinpoint their
o ' ‘ ‘ © position. Particle #11
- , mixes in the upper half of
the bed while # 12 oscillates
in the lower half. R
' ' o - - ) . ‘e ‘ . l o
& e
"'*.rej, )




( | "‘ _92_.

MFABLE I-3

) LN ' . 3 1
Particle # 13 (‘P}’; =' 89,8 1b/ft7)

3 [ ' ' o k. REMA

1. 60 . o . 0. 10
L86 RS R R T
- 2.25 . . ' 1.50°

2.90 and Li'p | _Slowly (very) sinks to bottom

~




e

' -._-93:-

*h

o .

L]
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(. .. TABLEJ-1
. T3 . o :
Q=121 /min .
. KIS ! K 3 A i
q = "2.91ft" /min
Particle b .(sec)
’ — R -
‘ sides . .centre
11 27 - 32 45 - 50
Y .
.9 and 10. ’ ' S

.‘.\

15

14

N d. . . : 3
Recirculating Density Range: 82-91 Ib/ft"

-~

" REMARKS
)

. Recirculates =

Float. They will

_ both recirculate if

pushed 1/2 inch

below bed's surface.

Recirculates. Diffi-
cult to get a stable

" residence time.

Doedn't i:ecircul'ate,
Sinks to bottom.

Recirculates, Bare‘l
makes, it. o




_— Y =,

: ... .' | . . ) B .' - \ ) ‘ 'TABL‘E\ti .
o P & .- ‘_ .
- . X 3 ‘ . . | . .. . ] ‘
Q =.17.2 &t" /min . - S
L ) ‘V 'I ° 3 '.. -‘ N ’ -
S q = 4.31It /min
v q-‘* ‘ . S
. . | : '\' -.
o 'Pgrticle _' t_ -(sec) ‘
. sides centre

'5
° ,
4 4
15 12 - 14 20 - 23
18 .
16
A
\
- - - ‘Re?gulatipg'DénSity Range: 66.- 104 1b/it

REMARKS

S

If placed.away from

.recirculation stream:

(aboutl.5 inches from
divider) it will float.
almost completely
covered, '

~ Recirculates if °

very close to divider

Preference to float,

Does not recirculate,

Sinks to bottom.
- Recir 'culates .

. Recirculates if .

caught in main
stream (ce'ntr&'e) but

n‘&t at sides.

-




t

96 -

7

' TABLE J-3

18.9 ft3/min .
, 3 .
= 2.91K /min
. -
" Particle -’ . . £ se‘c'
oL et ,
, s.idesl . centre
» = . ) O
13 ce 16219 19 -22
._4 |
5 - "
9 ) ‘ 18 - ZO
) .‘J .A .
15 and 16 .
. m v
17 )
G

/‘_ Recirculating Density Range: 68 - 102 Ib/ft™

REMARKS

Floats." §-

Floats at sides.

. Re qir'éulates. at

cegxtre if _close to -
partition. '

' Floats at sides.

Recirculate.

. Can be seen trying
to’ jump over but

does, not quite make

it




 ,-' 97 -

"TABLE J-4
. . . ) : 3 4 . .',' : - ‘
Q = 18. 9°ft /m1n S -~
. : 3 W
g = 431 /min ™.
) i . , ’ .
. Particlte - . S ,
o | ar#nl:: e‘ | . | t_R (sec)
T sides
s
8 .
N
4 .
18 and 19
, ] ‘
20 .

Recirculating Density Range:

centre

13 - 15

65 - 112 lb/ft?

o

 REMARKS

" Recirculates at

sides if close to 3
partition. .

" Floats at sides.
. Recirculates at
-centre if close to
- partition. '

Reci—f-c_ulat'-e. ’

* Does not recircu-
late.

It will recir-
late if placed direg
tly in the auxiliary
flow streams. ‘

<))




- b 3 . ,
.. 20, 3 £t” /min

il

2
il

. 3
2.91 it /min |
Particié'_ ' .
#
B
4 and 5
7
18
19
1
20

- 98-

'TABLE 3-5

tR .{sle'c)

-sides

10 - 13

| Récifculating’- Density Range!:

I

centre

10 - 12

B

10 - 13

qs - 112 1b@3

'-.L;,.

. REMARKS

Floats at centre:

if slightly away"

from recirculation

stream (1.5 inches).
. Floats at sides.

Floats. .,

Recirculates at

centre. Floats at
sides.. .
Recirculate s“.A

. Sinks to bottom; '

Recirculates if
caught in the path-
‘of the auxiliary
air flow. '




TABLE J-6
. Q= 20.3 & /min " S o .
' .‘ .' 3 ) ’ . . + ..
q = 4.31ft"/min
‘l . . * R ) R ‘ A . -
L : . N V ' ‘ . . ’ . ’ . ‘
.+ Particle . tn (sec) S |
o # ‘ ' . : S ' REMARKS
P . : o sides . entre , -
f o 8 ‘ e 9 -1 - 9 .- 11 .? Floats if away
- . - 0. from recipsulation
J ‘ . stream.

g-10 - - . 8-10

Recirculate at
centre. *Floats at -
sides.

At these high rates it is difficult to set a specific upper limit. .

For eﬁcaznple; particle # 20 will recir culate at the centre but
floats a.t. the sides ' As a matter of fact part1c1e # 22 (P =
150 lb/ft ) could be recinculated if caught in the reC1rculat1on

’f stream. Furthermore, the aux111ary air flow was strong
i .
F enough to keep part1c1e #5( Pp~ = 169 lb/ft ) suspending, but
g not strong erfough to push it over.
|
|




100 -

. TABLE J-7

' APPROXIMATE MASS FLOWRATE OF RECIRCULATING SAND

_ -MAIN !
- FLOWRATE

(> /min)
. 18
18
20
R
22

22 . -

. AUXILIARY
FLOWRATE

3‘ ."
(ft7 /min)

2.91
4,31
. 2.91
4.31
2,91

. 431

SAND
FLOWRATE

(Ib/hT) ©

1300
'1.1750‘
2000
3400

2%00

_'3800‘ N

. . " P
ﬂdua»qu*fiA






