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FLUID FLOW THROUGH PACKED AND FLUIDIZED
SYSTEMS"®

by

M. Lieva, 2 M. Weintraub, 2 M. Grummer, 2 M. Pollchik, 2 and H. H. Storch3

Introduction

ITH the development of new processes for 100 percent. Because new processes, espe-
the production of synthetic liquid fuels, an  cially more recent modifications of the original
extensive literature search was undertaken  Fischer-Tropsch process, must compete with
to uncover fundamental relationships between  old, firmly established processes on the basis of
fluid and heat flows and the operating variables  unit product cost, the pressure-drop correlations
of new types of converters, Examination of in the literature were considered to be too in-

published correlations revealed that consider-  accurate for use in calculating the energy re-
able uncertainty existed in the correlation of  quired to pass fluids through packed beds.

the operating variables of such equipment with The following study was begun in 1946 to
the pressure drops which could be expected  develop correlations that would be suitable for
through packed and fluidized systems; correla-  the design of new equipment in which fluids

tions proposed in the literature differed from  are brought into contact with granular ma-

each other frequently by as much as 75 to  terials. To arrive at general relationships,

| Work systems were chosen that did not involve
ork on manuscript completed November 28, 1950, 3 Y i 1 -

! Chemiesl engineur{ Rcse;rl)rch and Development Branch, Office of chemical reactlons, and a p&rtlcular effort was

‘8\ nthetie Liquid Fuels, U. 8. Department of the Interior, Bureau of made to give the correlations Only In terms of
Mines, Braceton, P,

m‘mCﬂlHti:f. Iliesojxrglx snd Development Branch, Office of _Synethetic quantities that are ordinarily available from
ton, P, uels, U, S, Department of the Interior, Bureau of Mines, Bruce- general process and dESIgll spe01ﬁcat10ns.

1
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LITERATURE SURVEY

FLUID FLOW THROUGH PACKED BEDS

Studies of fluid flow through beds of solids
have been reported in such diversified journals
gz those in the fields of petroleum production,
sanitary engineering, chemical —engineering,
physics, hydrodym}mics, mechanical .engineer-
ine, physical chemistry, and geophysics. The
wide variety of scientific interests involved
has frequently caused an investigator to study
thie effect of one variable with complete dis-
regard for the constancy of another condition
which an investigator in another field had
shown to be important.

In 1856. D'Arcy * reported the proportion-
ality between pressure drop per unit length of a
porous bed and the flow of water through it.
In 1863, Dupuit ? suggested that the apparent
liquid velocity hased on the cross section of the
empty tube must be less than the actual
velocity in the pores. If the pore space in the
bed is considered to be evenly distributed, the
porosity of a layer of infinitesimal thickness
normal to the direction of flow will be equal to
the porosity, 8. of the bed. Dupuit, therefore,
revised the D'Arey equation to read

u=8KAP/L.

Subsequent investigators ignored this porosity
concept for a number of years.

_Von Emersleben ® derived the D’Arcy equa-
tion from fundamental hydrodynamic prin-
ciples.

CArmould’s 7 data on air flow through beds of
rings, spirals, and triangles led to the following
correlation:

q=0.0286+ AP/p,
where g=qgir flow, m.*/sec.

AP=pressure drop, mm. of H,O
p==air density, kg./m.3

PamnAIEY, T, P. G., Les Fontaines Publique de la Ville de Dijon:

-l 1y ,

:RI;,”T’“”- A. 1., Etudes Theoretiques et Practiques sur le Mouvement
e ";mx: P: 18463,

w von Emerslehen, Otto, Pas Darceysche Filtergesetz: Physikal. Zeit-

‘(‘1lrlﬂ. vol, 26, 1925, pp. 601-610, R
AA':"“"M. J., Corps de Remplissage et de Garnissage et Perte de

™ “;L'S‘ Cr’vu-rs par Lenr Empilages: Jour, Chimie Ind., vol. 21, 1929,
. 475482,

p‘ Muskat, M., and Botset, H. G., Flow of Gas Through Porous Media:

bysics, vol.1, 1631, pp. 27-34.

Muskat and Botset® obtained data on the
flow of air through glass beads, sands, and
sandstones which they correlated as

AP ==K (pu)¥1.

Schoenborn and Dougherty ® added to the
literature by presenting in graphical form their
data on the flow of air, water, and oil through
beds of various commercial ring and saddle
packings.

White 1 recognized that the inconsistent
exponents in the relation between AP and % or
@, expressed in the above references, were due
to the fact that the exponent varied with
Reynolds number, much as it does for flow
through empty pipes. He attempted to
correlate data of other investigators for ring-
and saddle-packed beds by plotting f vs. Re,
where f is defined by the equation

A_I_)__zfp?l"’Fa.
L~ ¢D,

F, is an empirical correction factor dependent
on particle size. The curves indicated fairly
good correlation for individual packings, but
the values of f for saddles were two to three
times the values for rings at the same Reynolds
numbers.

Fancher and Lewis! also evaluated f. Their
data for flow of air, water, and crude petroleum
through beds of sands, sandstones, and lead
shot were principally in the viscous range, as
ihown by the linearity of their log-log curves
or:

_APD pgc_g
J= 9pLu?  Re

C varied with the nature of the packing. The
value of D,, used by Fancher and Lewis, was a
weight-mean diameter

D,=[Zuy( D).

Allen 2 obtained similar relationships for the
flow of air, naphtha, and mineral oil through

9 Schoenborn, E. M., and Dougherty, W. J., Pressure Drop and
Tlooding Velocity in Packed Towers with Viseous Liquids: Trans, Am.
Inst. Chem. Eneg., vol. 40, 1944, pp. 5177, .

10 White, A. M., Pressure Drop and Loading Velocities in Packed
Towers: Trang. Am. Inst, Chem. Eng., vol. 31, 1935, pp. 390408,

11 Fancher, G. H., and Lewis, J. A., Flow of Simple Fluids Through
Porous Materiuls: Ind. Eng. Chem., vol. 25, 1933, pp. 1139-1147,

12 Allen, H. V., Pressure Drop for Flow Through Beds of Granular
Absorbents; Petrol. Refiner, vol. 23, 1944, pp. 247-252.
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beds of granular absorbents (bauxite and fuller’s

sr=4(g,) mer(2e)"
earth), although he used g reciprocal-volume pL “\2¢D,) ‘"¢ (F,,) !
mean diameter:

Dv{m]m'

The limits of Allen’s data were:

0.05<CRe<C 500
7<f<10¢
0.0008 ft.< D, (bauxite) < 0.0091 ft,
0.0011 ft.< D, (fuller's earth) <C0.0096 ft.

Fujita and Uchida 12 14 Passed gases through
beds of broken limestone, lead shot, and Ras-

chig rings and expressed their results in the form
of the equation:

FLUID FLOW THROUGH PACKED AXND FLUIDIZED SYSTEMS

TaBLE A.—Constants of Uchida and Fufita 18 1

where  and n are functions of the packine .y
and m are functions of both packing a"a! 1
Reynolds number., Their experimentg] ti.lm:]t ,
an(c%T constants are given in table A e
amson, Thodos, and Houeen 1 plotted thais. -
observed values of f vs. Re for air flow theiy;

h over wet:
and dry spheres and cylinders, where they des.
fined ’ Y des 3
f= APD,g.p
2LG?

Re=D_Q/pu.
For cylinders,

Do=~d . +1242
They obtained separate curves for wet and dry-
packings. :

Flow .

Packing

{ Broken lime- | Lead shot 1.8 Raschig rings -

stone 5 mm, mm.<Dy<44 5 mm.<D 10:-
1 <D,<10 mm. mmlj nin.p
|
|
WO R0 e 4=10,600 A=2,400 A=350
m=—0.87 m=0.86 m=—0,64
1 =1.15 l =1.05 l =0.94
n=—0.30 n =0.0 n =0.0
BOSRLBE oo A=10,600 A=520 A=145
m=—0.87 m=—0.47 m=—0.38
I =1.15 ! =1.05 ! =0.94
I n=—0.80 n =0.0 n =0.0 .
0 Re<L, 060w oo A=3,670 A=520 A=51 o4
m==—0.64 m=—0.47 m=—0.16 - "
[ =115 I =1.05 [ =0.94 ' Bs
n=—0.30 n =0.0 n=0.0 . :
]
In 1932, Chalmers, Taliaferro, and Rawlins In 1934, Chilton and Colburn ® had corre-, t :
introduced the porosity concept into their defi- lated their data for gas flow through packed -
nition of friction factor f:

f= APDyg.3?
pLu2

his concept, which had been developed by
Dupuit,’ had also been used by Boussinesq 18

in a theoretical derivation of formulas similar
to those of D'Arcy.

1 Uchida, 8., and Fujita, S., Pressure Drop Through Dry Packed
Towers: Soe, Chem. Ind. (Japan), vol. 37, 1934, pp. 724B-7258.

4 Fujita, 8., and Uchida, S., Pressure Drop” Through Dry Packed
Towers: Soe, Chem. Ind. (Japan), vol. 37, 1934, pp. 791B-794B.

" Gamson, B. W, Thodos, G., and Hougen, O. A., Heat, Mass, and
Momentum Transfer in the Flow of Gases Through Granular Solids:
Trans, Am. Inst, Chem, Eng., vol. 39, 1943, pp. 1-35.

8 Chalmers, J,, Taliaferro, D, B., and Rawlins, E. L., Flow of Air and

Gas Through Porous Media: Trans. Am. Tnst. Min. and Met. Eng.,
Petrol, Div.,, vol, 98, 1932, pp. 375~400.

¥ Work eited in footnote 5, p. 3.

¥ Boussinesq, M. J., On the Theory of the Transmission of Gases
Across Porous Media: Compt. Rend., vol. 159, 1914, pp. 890, 519.

tubes with a so-called “wall-effect factor, A/,
which, however, implicitly compensated to a
certain degree for porosity as well as the effect
of the D,/D, ratio, 1
AP_ 27?4, )
L ge DDP
Jf is expressed graphically as a function of Re, .
and 4, is expressed graphically as a function of

/ . !
2/t
Bakhmeteff and Teodoroff ® defined I by r
the earlier convention : 2
f=2g¢APD,, g
pLu2

% Chilton, T. H., and Colburn, 4. P,, Pressure Drop in Packed ‘Tubes:
Ind. Eng. Chem., vol. 23, 1931, pp. 913-931.

2 Bakhmeteff, B. A., and Feodoroff, N, V., Flow Through Granular
Media: Jour. Appl. Mech., vol. 4, 1937, pp. A97-A104.




put eorrelated the values of f they obtained for
oas llow through beds of lead shot by plotting
?agninst Re and 8. For laminar flow, they ob-
taine

F=T10/Re "3

and for turbulent flow
[==24.2/(Re)0-253,

Tor viscous flow of gases and liquids through
porous carbon, Hatfield # found that his friction
factors in the flow range 1073< Re<10? could be
linearly correlated with the Reynolds number
by defining

f=APD,,gc62.
2G Lu

It can be seen that this definition is identical
with that propesed by Chalmers et al.*®

Meyer and Work = related the bed voidage
for a given packing to some value &, repre-
senting the loosest packing possible for the
specified material. They defined

D,,=Ell}" D;
and reported
AP _Kp(67—3)

A 5\?
7(07:)
where K==47.5 for crushed rock and 33.3 for
lead shot.
Happel # correlated f vs. Re, where f was a
function of the relative solids volume (1—8):

f= AP D,g.p )
LG%(1—s)3

D, wus defined as

Happel reported that for the laminar range
f;‘ 1)9:‘):2,‘/1?6 and for the turbulent range f=207/

€0,
. Just as porosity has been handled by various
lvestizators in various ways—including periods
of complete neglect—so was the shape of the
Pﬁféu;le treated as a factor influencing fluid

o In 1934, Wadell ® defined a shape factor for
M(‘les falling freely through fluids as

B Hfiel), ArL § ;
. 1, M. R., Fluid Flow Through Carbon: Ind. A
Ch({l’;- yol. 31, 1939, pp, 1410-1424, Forous d. Eng
n 'I(: Work cited in fantnote 16, p. 4.
Pﬁc}‘:mtl“é'r'-“ + 3., and Work, L. T, Flow of Fluids Through Beds of
Mo ;"h'lﬁ: Trans. Am, Inst, Chem. Eng., vol. 33, 1937, pp. 13-33.
Bode: I”"‘l' J., Pressure Drop Due to Vapor Flow Through Moving
S “'..13"1‘- Fng, Chem,, vol. 41, 149, pp, 1161-1174.
Tour, Fr. 1. 11, The Coeflicient of Resistance for Solids of Various Shapes:
* Frusiklin Inst., vol, 217, 1434, pp. 459470,

LITERATURE SURVEY 5

the ratio of the surface of a sphere having the
same volume of the particle to the actual sur-
face of the particle. Zeisberg * had published
pressure-drop data for various commercial
tvpes of packing. Chilton?” converted these
data, as well as the data of White,® to values
of friction factors for the various shapes for use
in his previously published #® equation.

Blake ® correlated data on glass cylinders,
Raschig rings, and crushed pumice by a linear
plot on log-log coordinates of

APps® @

———LG2 S Vs, ;—S:

where S is the value of surface area of packing
per unit volume of packed tube.

Kozeny * showed that this value of S repre-
sented a function of diameter and shape of
the channel. He derived Blake’s equation by
assuming that the granular bed was equivalent
to a group of similar channels whose total
internal surface and volume were equal to the
particle surface and pore volume; that is, the
mean hydraulic radius of the channel was §/S.

Furnas # % reported on the effect of a large
number of variables. However, he expressed
his data in the form

AP

_IT_AGB’
where A and B were complex functions of par-
ticle size, bed porosity, and the gas properties
temperature, viscosity, density, and molecular
weight.

From their studies of spherical lead shot of
various sizes in various-diameter tubes, Burke
and Plummer ** concluded that pressurve drop
is a function of a modified Reynolds number

l—l—g,-; which is equivalent to

G4, or GA,(1—3). é_]i_]fpu"’s (é 2""’
wV, wV, | LT # \pu

where 7 is a function of the Reynolds number.

Carman #®3%  correlated the pressure-drop
data of other authors by the following dimen-
sionally homogeneous formula:

2 Zeisberg, F. C., The Resistance of Absorption Tower Packing to
Gas Flow: Trans, Am. Inst, Chem. Eng., vol, 12, pt. IT, 1919, pp. 231-237.

2 Chilton, T. H., The Science of ‘Petroleum: Oxford University Press,
London, 1938, pp. 2211-2222,

25 8ee work cited in footnote 10, p. 3.

20 See work eited in footnote 19, p. 4.

% Blake, F. C., The Resistance of Packing to Fluid Flow: Trans, Am.
Inst, Chem. Eng., vol. 14, 1922, pp. 415-421.

3 Kozeny, J., Ber. Wien. Akad., vol, 1353, 1927, pg. 271-278.

32 Furnas, C. C., Grading Aggregates: Ind. Eng. Chem., vol. 23, 1931,
PD. 1052-1058, .

3 Furnas, C. C,, The Flow of Gases Through Beds of Broken Solids:
Buregu of Mines Tech. Paper 307, 1929, 144 pp.

3% Burke, S. P., and Plummer, W, B., Gas Flow Through Packed

Columns: Ind. Eng. Chem., vol. 20, 1928, pp. 1196-1200.

3 Carman, P. C., The Determination of the Specific Surface of Pow-
ders. Iand II: Jour. Soc. Chem, Ind. (London), vol. 57, 1938, pp. 225~
234; vol. 58, 1939, pp. 1-7.

% Carman, P. C,, Fluid Flow Through Granular Beds: Trans. Inst.
Chem, Eng. (London), vol. 15, 1937, pp. 150-166.
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H

_APg s /uS\ou
f—Lpqul_C <p u

where $\=S+44/D, C=a constant dependent
on particle shape.

For solid spheres and saddles, 0=0.4.

For ring packings, 0=1.0.

Hatch %7 developed a dimensionally homoge-
neous equation for pressure drop in packed
tubes which also applies to expanded beds of
sands (200-mesh to 20-mesh) under counter-
gravity flow of water.

O
I g.\p 1 8
where

lﬁ=resistance/1ength of bed (no dimension)

k=a coefficient
n=state of flow factor.

For laminar flow, n=1.
n=2,

Oman and Watson® correlated their Dres-
sure-drop data in the turbulent flow range of
air flow through (dense and loose-packed) beds
of 0.267-inch celite cylinders, 0.385-inch clay
Raschig rings, 0.5-inch clay Berl saddles,
0.2166-inch celite spheres, and 0.1875-inch
MgO granules, in a 4-inch standard pipe, with
the following equation:

2/ LGS
AP= W

Their data covered a flow region of 20<Re<
1,200, where Re is defined as

&,
Sy
Brownell and Katz% correlated pressure-
drop data of other investigators with their own
data on air flow through 65- to 80-mesh salt
beds by means of the following dimensionally
homogeneous equation:

__ JLuY .
" 2¢.D,an

For turbulent flow,

AP

The factor ‘4’ may be obtained from the
curves of Moody * for flow through empty
pipes when the Reynolds number is defined as

D,G.

Re= e

¥ Hateh, L. P., Flow of Fluids Through Granular Materials: Trans,
Am. Geophys. Union, vol. 24, 1943, pp. 537-547.

¥ Oman, O, A., and Watson, . M., Pressure Drop in Granular Beds:
Nat. Petrol, News, vol. 36, 1944, pp. R795-802.

3 Brownell, L. E., and Katz, D. L., Flow of Fluids Through Porous
Media, I: Chem. Eng. Prog,, vol. 43, 1947, DD. 537-548.

9 Moody, L. F,, Friction Factors for Pipe Flow: Trans. Am. Soe,
Mech. Eng., vol. 66, 1944, pp. 671~-682.

THROUGH PACKED AND FLUIDIZED SYSTEMS

The exponents, n and m, are dependent on
particle shape and bed porosity and are Pre-
sented as experimentally derived curves.

Other references pertinent to the subject of
fluid flow through packed beds may be found i,
the work of other Investigators, -7

4 Bain, W, A,, and Hougen, 0. A., Flooding Velocities in
Columns: Trans. Am, Inst. Chem, Eng., vol, 40, 1944, pp. 29-49.Pﬂ°ked
3 Bartell, F. E., The Permeability of Porcelain and Copper Ferro.
cyanide Membranes: Jour. Phys. Chem., vol. 15, 1911, Dp. 659-674,
& Bartell, F, E., Pore Diameters of Osmotic Membranes: J our, Phys
Chem,, vol, 16, 1912, pp. 318-335. .
4 Bartel], F, E., and Osterhof, H. J., The Pore Size of Compresseq
ga§bi)n and Silica Membranes: Jour. Phys. Chem., vol, 32, 1038 op.
53~1558, P
 Berg, C., Fawcett, P, N, and Dhondt, R. 0., Channeling Efy
Reactgrs 3001 2 Commercial Hydroformer: Ci}em. Eng. Prog., vgol. 4:§,c1t§4l;:
Pp. 713-730,
4 Capell, G., Amero, R. C., and Moore, J. W, New Data on Activated
Baugite Desiccants: Chem, Met. Eng., vol, 50, J uly 1943, pp. 107-110,
4 Donat, J,, The Porosity of Sand: Wasserkralt u. “'asservitch, vol, 24,
1929, pp, 225-229, ’
4 Egolf, C.B,, and MeCabe, W, L., Rate of Sedimentation of Flocey.
lated Particles: Trans. Am. Inst. Chem, Eng,, vol. 33, 1937, pp. 620-642,
@ Fair, G. M,, and Hateh, L. P., The Streamline Flow of Water

:’ll‘htough Sand: Jour. Am. Water Works Assoc., vol, 25, 1933, pp. 1551~ .

557. .
% Fehling, R., Der Strémungswiderstand Ruhender Schiittungen:
Feuerungstechnilk, vol. 27, 1939, pp. 33-40,

% Graton, L, C., and Fraser, H. J + Systematic Packing of Sphereg; '

Jour, Geol,, vol, 43, 1935, pp. 785-909,

# Givan, C. V., Flow of Water Through Granular Materials: Trans,
Am, Geophys, Union, vol. 15, 1934, p. 572
18“ Hancock, R. T., Interstitial Flovw: Min, Mag., vol. 67, 1942, pp. 179~

5.

4 Heywood, H., Numerical Definitions of Particle Size and Shape:
Jour. Soc. Chem. Ind., vol. 56, 1937, pp. 149-154.

% Hickox, G. A., Flow Through™ Granular Materials: Trans, Am,
Geophys. Union, Part 2, 1934, pp. 567-572.

8 Hirst, A, A., Separation of Particles by Virtue of Density Difference;
Traos, Inst. Min. Eng. (London), vol. 85, 1932-33, pp. 236-241.

 Hirst, A. A., Theories of Gravity Separation: Trans, Inst. Min, Eng.
(London), vol, 94, 1937~38, pp. 93-113.

 Kermack, W. A, M’Kendrick, A. ., and Ponder, E., The Stability
of Suspensions: Proc. Roy, Soc. (Edinburgh), vol. 49, 1929, pp. 170-197,

® Lapple, O. E., and Shepherd, C. B., Caleulation of Particle Tra-
Jectories: Ind, Eng, Chem., vol. 32, 1040, pp. 605-617.

% Lapple, C, E., Mist and Dust Collection in Industry and Buildings:
Heating, Piping, Air Conditioning, vol, 17, 1945, pp. 611-615. .

¢ Mach, E., Druckverluste und Belastungs Grenzen von Fuelkérper-
snule? 4v:_E;orsng:hv.;ngsheﬂ: vol. 875, 1935, V. D. I.; Apparatebau, vol. 50, 1938,
PD. 1 , 135-7,

9 Mavis, F. T., and Wilsey, E. ., A Study of the Permeability of
Band: Univ. of Iowa Study Bull. 7, 1937,

@ Meldou, R., and Stach, E., The Fine Structures of Powders in Bulk
with Special Reference to Pulverized Coal: Trans. Jour. Inst. Fuel, vol.
7, 1934, pp. 335-354.

¢ Newton, R, H., Dunham, @, S., and Simpson, T. P., The T. C, C.
Process for Motor Gasoline Production: Trans. Am. Inst, Chem. Eng.,
vol, 41, 1945, pp. 215-232.

% Rose, H. E, The Laws of the Flow of Fluids Through Beds of
Grgtiular Materials: Proc, Inst. Mech. Eng., vol. 153, 1945, pp. 141, 148,
and 154,

% Saunders, D. A, and Ford, H., Heat Transfer in the Flow of Gas
Through a Bed of Solid Particles: Jour. Iron and Steel Inst., vol. 141,
1940, pp. 138-144,

% Sherwood, T. X., Pressure Drop Through Packings. In Absorption
and Extriction: McGraw Hill Publishing Co., Inc., New York, 1937,
PD. 138-144,

% Schriever, W., Passage of a Gas-Free Liquid Through Spherical
3(}25§i31§gd Sand: Trans. Am, Inst. Min, and Met. Eng., vol, 86, 1930, pp.

& Slichter, C. 8., Rectilinear Flow of Ground Water Through a Soil:
U. 8. Geol. Survey, 19th Ann. Report, vol. 2, 1807-8, pp, 305-311. "

" 8mith, W. 0,, Capillary Flow Through an Ideal Uniform Soil:
Physics, vol. 1, 1931, pp. 18-21. i

" 8mith, W, 0., Busang, P. F., and Foote, P. D., Capillary Rise in
Bands of Uniform Spherical Grains: Physics, vol. 1, 1931, pp. 18-24.

1 Steinour, H. H., Rate of Sedimentation, I, II, and III: Ind, Eng.
Chem.,, vol. 36, 1944, Pp. 618, 840, and 901.

' Sullivan, R. R., and Hertel, K., L., The Flow of Air Through Porous

Media: Jour. Applied Physies, vol. 11, 1940, pp, 761-765.
™ Terzaghi, C., Determination of the Permeability of Clay: Chem.
ng. News, vol. 95, 1025, pp. 832-836. - ted
" Traxler, R. N, and Baum, I, A, H., Permeability of Compacte
Powders—Pore Size: Physics, vol. 7, 1936, pp. 9-14. N Ex-
™ Trumpler, P. R., and Dodge, B. F., Design of Ribbon-Packed Ex
changers: Chem, Eng, Prog., vol. 43, 1947, pp. 75-81, 1 tiringa
" Weedman, T, A., and Dodge, B. F., Rectification of Liquid Air in
Packed Column: Ind. Eng. Chem., vol. 39, 1947, pp. 732-T44. fons:
 Work, L. T, and Kohler, A., S., The Sedimentation of Suspensions:

Trans. Am. Inst. Chem. Eng., vol. 36, 1940, pp. 701~719.

" Zakharov, B. A., and Frost, A. V., Pressure Drop Through Gmnu}lzﬂf
Materials in Contact Packed Tubes: Bull, Acad. Sei,, U, S. 8. R
Classe, Sci. Tech., 1946, pp. 421-441,
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FLUIDIZATION

Despite a nn;n]wr _of years qf commercial ap-
Jication of fluidization techniques, no quanti-
{ative data appeared in the literature prior to
1047. . . .

{ number of articles have appeared in which
carious qualitative aspects of fluidization are
discussed, particularly as applicable to catalytic
eracking 7% and other functions in the pe-
trolenm industry. >

Kite and Roberts® discuss the application of
fuidization to the process of caleination of lime-
stone.

A number of articles have appeared on

rocesses similar to fluidization, such as the
backwashing of water filtration sand beds ¥
and solids elutriation with liquids or gases.$~%

Parent, Yagol, and Steiner * discussed a
number of qualitative aspects of fluidization
desien and reported that the pressure drop
across a fuidized bed was approximately equal
to the weight of the solids per unit cross section
of the bed.

Wilkelm and Kwauk % presented some fun-
damental data that were subsequently discussed
by Morse.® The two papers ave treated in
more detail in a subsequent section.”

In 1948 and 1949, a number of papers ap-
peared on various restricted but important
topics.

#Thamas, C. L., Anderson, N. K., Becker, H. A,, and McAfee, J.,
Cracki ¢ with Catalysts: Proe, Am. Petrol. Inst., vol. 24, sec. 3, 1943,
Y‘I}; ‘\l\“luk'hmn. 1. P., Mechanism of Flow in Fluid-Catalyst Cracking:
Petrol, Refiner, vol, 24, Tuly 1945, pp, 243-215,

£ Coylsmith, L, nd Tohnson, F. B., Pilot-Plant Development of
Fluil Catalytic Cracking: Ind, Eng. Chem., vol. 37, 1945, pp. 431-455.

8 A Turphren, E, V., ot al., Improved Fluid Process for Catalytie Crack-

Ing: Trane, Am. Inst, Chem, Eng., val, 41, 1845, pp. 19-33,
& Thumas, C. L., and Hockstra, J., Fluidized Fixed Bed: Ind. Eng.

Chemn, vol, ! 34,
E. J., and Kaulakis, A. F., The Fluids-
ng in the Petroleum Industry: Jour. Inst.
),

Al
1947, P, 1S
Le Cracking

R. P.. and Ruberts, E. T.: Chem. Eng., vol. 54, No. 12, Dee.
1947, pp. 1124115,

B Hateh, L. P.. Flow Through Granular Media: Trans. Am. Soc.
Meeh, [, vol. £2, 100, pp. ATO=A112,

B M:gnin. ., b relies on the Theory of Fine Grinding: Trans.
eratitfe Sac,, vol, 36, 1920-7, pp. 21-33,

¥ Cramyp, W, Preumatie Transport of Plants: Chem. Ind. (Londen),
vob 41, 1425, Jip. 207 T-187T,
!9' Rurke, 8. I, und Phuwmer, W, B, Suspension of Macroscopic Par-
ticles in g Tharbulent Gas Stream: Ind, Eng. Chem., vol. 20, 1928, pp.
12001304,
"S‘;,'\*‘; adell, I, Sedimentation Formulas: Physics, vol. §, 1934, pp.
\ * Camp, T, R, Sedimentation and Design of Settling Tanks: Proc.
ML Sae, Civil Eng, vel, 71, 1845, pp, 445-486,

IH'“]H. ¥, D.. Yagal, N., and Steiner, C. 8, Fluidizing Process:

u"m-" Euy, Progries, vol, {3, 1947, }n. 420-4306,
. 1\} ilhelm, R, H., and Kwanuk. M., The Fluidization of Rolid Par-
9‘5"5 Chem, Eug, Prog,, val, 44, 1848, pp. 201-218,

¥ Morse, R, D.. Fluidization of Granular Solids: Ind. Eng. Chem.,
VoL 1,y pp, 1H15-1124,

* e dsession, .82,

talytique: Chimie et Industrie, vol. 59,
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LITERATURE SURVEY 7

Logwinuk ® carriéd out an_ extensive study
of fluid and heat flow in which air, carbon
dioxide, and helium were used to fluidize a
variety of solids. The basic similarity be-
tween flow through fixed and fluidized beds was
stressed by Ergun and Orning,® and a 2-term
data correlation was proposed. Lewis et al.!
investigated both batch and continuous fluid-
ization of glass spheres of various sizes. The
Stormer viscosity of aerated beds was measured
and analyzed by Matheson 2 et al., and Beck?
reported on the use of stirrers and baffles as
aids to fluidization.

By means of temperature measurements and
a tracer gas, Gilliland and Mason * studied the
mixing and back mixing of both the solids and
gases in small-diameter fluidized beds. Meiss-
ner and Mickley ® revealed that fluidized beds
possess a definite capacity for filtering fine
mists and dusts.

A number of additional papers® have
appeared describing the application of fluidiza-
tion to more processes, and a few other recent
papers 717 have added to the literature on the
associated subjects of attrition, erosion, and
solids flow.

% Logwinuk, A. K., Ph. D. Thesis: Case Institute of Technology,
August 1948, .

# Ergun, 8., and Oming, A. A, Fluid Flow Through Randomly
Packed Columns and Fluidized Beds: Ind. Eng. Chem., vol. 11, 1949,
pp. 1179-1184.

1'Yewis, W. K., Gilliland, E. R., and Bauer, W, C., Characteristics of
Fluidized Particles: Ind. Eng, Chem., vol. 41, 1949, pp. 1104-1117,

2 Afatheson, (3. L., Herbst, W. A, and Holt, P, H.. Characteristies of
Fluid-Solid Systems: Ind. Eng. Chem,, vol. 41, 1949, pp. 1099-1104.

3 Beek, R. A.. Evaluation of Fluid Catalyst. Laboratory Scale: Ind.
Eng. Chem,, vol, 41, 1840, pp. 1242-1243.

¢ Gilliland, E. R., and Mason, E. A, Gas and Solid Mixing in Fluid-
ized Beds: Ind. Eng. Chem., vol. 41, 1649, pp. 1191-1196.

5 Aeissner, H. P., and Mickley, H. 8., Removal of Mists and Dusts
from Air by Beds of Fluidized Solids: Ind. Eng. Chem., vol. 41, 1949,
Dp. 1238-1212. .

6 Nicholson, E, W, Moise, J. B., and Hardy, R. L., TFluidized-Solids
Pilot Plants: Ind. Eng. Chen., vol. 40, 1948, pp. 2033-2030.

7 Lewis, W. K., Gilliland, E. R,, and Reed, W. A., Reaction of Meth-
ane with Copper Oxide in a Fluidized Bed: Ind. Eng. Chem., vol. 41,
1049, pp. 1227-1237,

8 Lewis, W. K., Gilliland, E. R., and McBride, G. T., Jr., Gasification
of Carbon by Carbon Dioxide in a Fluidized Bed: Ind. Eng. Chem,,
vol. 41, 1949, pp. 1213-1226.

9 Singh, A. D., and Kane, L. 7., Fluid Devolatilization of Coal for
%’ower;Plant Practice: Trans. Am. Soc. Mech. Eng., vol. 70, 1948, pp.

57-964.

¥ Parry, V. F.,‘Goodman, J. B., and Waaner, E. O., Drying Low-
Rank Coals in the Entrained and Fluidized State: Mining Eng., vol, 1,
sec. 3, April 1849, pp. 95-93, i

1 Dimitri, M. 8., Jonzedyk, R. P, and Lewis, H. C,, Distillation of
Fluidized Hard Wood: Chem, Enz., vol. 55, No. 12, 1948, pp. 124-125.

12Wall, C. J., and Ash, W. I, Fluid-Solid Air Sizer and Dryer: Ind.
Eng. Chem., vol. 41, 1949, pp. 1247-1249. .

13 Canadian Chemical Process Industries, Oil Recovery by Fluidiza-
tion: Vol. 33, No. 2, February 1849, p. 123.

14 Stoker, R. L., Erosion Due to Dust Particles in a Gas Stream: Ind.
Eng. Chem., vol. 41, 1949, pp. 1196-1199.

15 Forsythe, W. L., Jr., and Hertwig, W, R., Attrition of Fluid Crack-
ing Catalysts: Ind. Eng, Chem,, vol. 11, 1949, pp. 1200-1206.

1 Albrizht, C. W, Holden, J. H,, Simons, H, P., and Sehmidt, D. L.,
Pneumatic Feeder for Finely Divided Solids: Chem. Eng., vol. &, No.
6, 1949, pp. 108-111. .

17 Sehnacky, J. F., New Way to Pressure-Seal Solids Flowing Through
a Continuous Process: Chem. Eng.,, vol. 55, No. 8, 1948, pp. 124-126.
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PRESSURE DROP THROUGH PACKED TUBES

GENERAL CORRELATION
VARIABLES

Or_ienting experimental runs and a survey of
the literature indicated that the nature of the
pressure drop obtained in a packed tube is
rather complex. The variables upon which
the pressure drop depends may be considered
under two general classifications, as follows:

A. Variables related to the fluid flowing through
the bed:
1. Weight rate of flow.
2. Density of fluid,
Tiscosity of fluid.
B. Variables related to the nature of the bed:
1. Diameter of tube,
2. Diameter of packing,
3. Fraction of effective voids.
4. Shape of particle.
5. Burface roughness of particle.
6. Orientation of particles.

This study is concerned with the effect of all
of the above variables with the exception of the
orientation of the particles. Because, in most
industrial applications, the beds are prepared
simply by dumping the packing material into
the tubes, little or no control can be exercised
over arrangement of the particles; however, it
is believed that the configurations that arise
from dumping are not sufficiently different from
cach other to affect results significantly.

The general plan followed in order to arrive
at a workable correlation was:

a. Derivation of a working equation.

h. Procurement of experimental data with smooth
particles.

c. Correlation of data.

omparison of correlation with the working
equation,

e. Investigation of the effect of particle roughness
upon pressure drop.

DERIVATION OF A WORKING EQUATION

To arrive at a suitable equation describing
flow through packed columns, it may be con-
venient to begin with the general flow equations
pertaining to empty pipes:

AP pu? (D,up)"—'-’ pu? (Dtup)"‘z,
P L “g.D, ¢ M g:D, © !
k ul—n
A =a: ;-l:fz u"Dln—?f. (1)

Earlier experimental orienting observations
made in connection with pressure drop through
8

» TURBULENT FLOW

packed columns and fluidization of ;oh;d
particles suggested that equation (1) be modifieq
according to the assumption of Fair and H,
Thus, the velocity through the voids
expressed by

!

u

where v is the average velocity of the fluid}

approaching the bed; k;, the proportion of:
voids in the bed that are effective gg far a3
fluid flow through them is concerned ; and 3, the'
porosity ratio expressed as void volume per-
unit of packed tube volume, L
Furthermore, assuming that the dimensiong:
of the voids are of the same order of magnitude’ -
as the particle diameter, then D,=47, where y: -
is & modified hydraulic radius of the interstices;
By definition, let

effective volume of the packing interstices .
r= T n ’
( effective surface) ( part;cle shape) 5o

of particles actor

or e
 ksVs d
TS =0 kad’ (35 _‘
where 4 is the surface ; Vo, the volume of one
packing particle; k, the proportion of the .
effective area of the packing; and A, an area- )
volume shape factor to be defined later.

obtains

=k (i) N BT
Ap*gc pl=n (kaa (k,,l—s AX 4
Substituting

6

D,

(the expression for spheres) for

A V
V. ‘

and @ for pu and rearranging, equation (4) .
becomes: :

can ba

C
By substituting (2) and (3) into (1), one *-

atchs &

F @; )

el

18 Work cited in footnote 49, p. 6. Ry




. Empirically, it was found from experiments

with empty tubes that exponent 7 can have
any value between 1 and 2, depen_dmg on .the
" state of flow. For completely laminar motion,
" p=1, whereas, for completely turbulent condi-

A s 9
tions, % -
SHAPE FACTOR
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that the voids in the bed and the degree of
surface roughness of the packing exert upon the
pressure drop. Because literature data only
infrequently account for the void effect, and
because surface roughness had so far not been
considered, the work of other investigators
could not be used in this correlation; for this

reason, an entirely new set of experimental E
data was obtained in an effort to support .

b 1 order to define the shape factor, A, in

i - equation (5) let . ) equation (5). The experimental work 1s re- BRI
D, ==average diameter of a particle of any arbitrary ported in table I of the appendix of this paper, . ,-."'1 K

g D’\}i‘g%meter of a sphere of equivalent volume; &Pd 8 .descrlptlon of the experimental unit is o Y; ; i

"« A=-surface area of a particle of arbitrary shape; and given 1n figure 1. VWherever necessary, cor- vt

-+ 4 =surface area of a sphere of equivalent volume. rections were made for the pressure drop across o

= the screen and the first layer of packing material o itk

‘. Then, A=aD.?, where a is an area shape
a8 )
¥ factor, and A,=7rD"

on top of the screen.

P .'., Qp=1T

¥ for the sphere of equivalent volume.
P+ By carlier definition, V' was designated as
. the volume of the particle. Then,

=

-

1
Trp='YDm3=€ Dv3; ]

T e e e

a ; d ! E

where v is 2 volume shape factor. u%‘: = ! j .
_7 = 28 gx

' ‘Yp 6 E li é"‘ "

o

i for the sphere of equivalent volume.

By definition let o el
AR, 4

— (6 Seit :f'i

T4, =D ) ¢ €0, < f—pq—He - e

e . . 24
& Since S0 i
Air i i 3

5

Vy=vDn? =7‘(; D3,
i

o~Pressure drop tube (1-3inches dio.
Interchangecble unions )
(7) b= Alr blower.
¢~ Gas manifold {cross)
d~Rotameters.
e~ Monometer.
f~ Charge ond discharge unions.
=0.205 ’_79_ (8) g- Control{silencing) voive. n-Supporting screen, .

s Freure 1.—DIAGRAM OF APPARATUS FOR
For anv partic PRESSURE-DROP STUDIES.

v particle, 0

Systematic experiments were performed using ’

_‘;i:i‘ %; 0.75-inch, 1-inch, 2-inch, and 3-inch standard

» ¥ m pipes. Using logarithmic coordinates, a pre-

liminary plot of pressure drop versus mass

velocity was made. The average slope (n)

of the lines was 1.90. Because from equation

solution for D, yields:
D,=1.241713D,,
Substituting (7) into (6) yields

h-Secondory control {silencing)
valve.

{=Union.

|~ Primary control volve.

k-Pressure goge for 1otat pressure.,

I-Rotameter pressure gage.

m-Rotometer thermomeler.

e i gperec

PN, Kt S U

_0.642aD,.2

e oo Em
D2

Y

-~

SUL)Stitpting this into (8) and recalling that D,
TP=17.13 vields

T
S s e

A=20.205 1—1273 (9) (5) it appears that Ap is proportional to i

v (1—5)3-n FHE

EXPERIMENTAL WORK N RAI ’ﬁ

.In order to evaluate % and 7 in equation (5), substitution of n=1.90 yields: )
SXperimental data are needed. Preliminary o (1—ayr

&periments revealed the extraordinary effect Ap 5
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10 FLUID FLOW THROUGH PACKED

Sinee for practical purposes (1-8)"! is approxi-

mately equal to (1-6), one may write:

(1—3
Apee - 530 ). (10
Table 1, the key to figures 2 to 6, indicates
the wide range of test conditions. In the

oL 0.172" Glass spheres’
70 | *®-372 % original voids
F 0-400% "
50 F b 0228" Glass spheres
[ O--388 % original voids
~0-400% »  »
30 P-419% n
(4] « k!
S 50 Lcl 0388" Glass spheres gl Led
> 7 $-425% original voids
2 ~--447% v w } h dl
g /
e 1o L7, /é// o
2 V4
us.l 0.7 yAran
& a4
& /.
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&a ol 7 7 7177, Y
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* 007 2 ZAV /S AN -,
005 i 7
+ YRY
7 Ty
0.03 — M 7
bl jl gl
002 l ! L

100 200 300 600 1000 3000 6000

G
MODIFIED REYNOLDS NUMBER -—ﬁ—-

Fravgre 2—PRESSURE DROP CORRECTED TO 40
PERCENT VOIDS V§. MODIFIED REYNOLDS
’.}:[[_'E}{BER (2-INCH STANDARD PACKED

2).

graphs, pressure drops refer to 1 foot of packed
height and were corrected to 40 percent voids
by using relation (10). The choice of 40
percent as a veference state was arbitrary,
and any other value except near 0 and 100
pereent  could have been chosen, Using
logarithmic coordinates, A Py was plotted against
the respective modified Reynolds number,

71’—- The average slope of the lines is 1.90,

just as was found earlier for the preliminary
plots of Ap versus @. Data pertaining to runs

PRESSURE DROP Ap, CORRECTED TO 40% VOIDS

008

AXD FLUIDIZED SYSTEMS
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TarLe 1.—Key to figures 2 to 6

! g, ] .]_7_’; Apgpat

. Nomi i sions, Shi -
RunNo. s inches | Di | Retom P Fhape oI e ons factor Remarks !
—"’“’__I i
'0. 172 | 2. 067, 0. 083 1. 860 0. 0886| Spheres______ See Dpeoceea . 1 I
L9228 i 2,067 .110{ .720 | .0884|...._ don oo feo__ do - .____. )
L0388 | 2.067 .1S§ .139|.0871].._.. do__ o _fooo. do_________ 5 | [
. 5075 2. 067) . 243 .058 [ .0860|.___. 6 (¢ TR N doo___._.__._. 3
. 5075 2.067) . 245 .100 | .0680/. ... don oo do._________ 1| Air at 223° F,
. 50751 2.0687) .245 .168 §.0527. ... [ [« T IO do___________ 1| Air at 340° F.
. 5075) 2.067) .245| .285 | . 1175/ ____ do o __fooo. do .. 1{ CO, at 82° F.
L207 | 2.067 . 144) .390 | .0882|_____ doo oo do_ .. 1{ Nonuniform pack-
ing.?
. 314 | 2. 067 .152| .330 |.0875 ___. & (e T don et )} o (6 T
L343 1 2.067) .190[ .156 [ .0879.._._ dooo ool do_.________ oo do__._______
. 403 | 2.067) .204| .210 |.0864| Cylinders2____| 8¢ x 3 in. D__._._ 1. 160/ Pellet a}i=0.833.
. 0885 .824/ . 10715.00 |.0840| Spheres .. .. See Dyooe . |
160 | .24 .2052.10 | .0840|.___. S do___ Tl - 1
. 204 8241 . 248 1. 20 .0833|. ... <o T A do__________. ) P S
. 224 L824 L2720 .94 L0843 ... [« (o T do_._._______ ) PR
L8301 | L824 474 .18 | .0826[-_-_. s (e S s (o I & (.
. 50750 .824| .613] .085 |.0810|-.___ s (e T I doo o U
. 274 . 8241 .332{ .700 | .0830] Cylinders3____| 0.247x0.2361in. D. 1. 1451 Pellet (—Ih—=l.048.
. 254 . 824 . 308 1. 040 | . 0825|.._... dot..___. 0.232x0.217in. D. 1. 147| Pellet dlb-=1.070.
. 403 | . 824 .490] .215 | .0810] Cylinders2_.._{ Seek—1_._ . ._.__.... See k-1 ’
.228 1 3.068) . 074 .990 [ .0762] Spheres._____{ See Dy _._ 1
.338 | 3.068] .127] 179 |.0750|__.___ do_ e . Ao . 1
5075 3.068] .166| .068 |.0751|-____ do__ .l ... donoeoooo . 1
7300 3. 068; .238| .0268|.0745|.___. s 1< T S, do._______._. 1
. 40 3. 068 .132| .0236(.0755 Cylinders2____| Seek-1_________. See k-1
1SS | 1. 049 .179] 2.480 [ .0870{_.___ do® __._. 0.263x0.128in. D. 1. 220 Pellet Hlﬁ=2.06.
L350 | 1.049) .334] .540 | .0830] Ringss_ ______ ¥x3%x¥in. D__. 2. 180} Pellet £~=1.00.
[ T .420 | 1,049 . 400| . 180 | .0830] Cylinders3....{ ¥ox ¥ein. D__._.. 1. 175| Pellet ;—L=1.60.
d~4.___|.393 | 1.049) .375 .130 |.0830| Spheres....__ See Dpoeoeeee | I .
e~ . . 2075 1.049) 484 . 0725] .0830|.__._ dooo . doo o __ L PR
o SO .403 | 1.049 .384] .175 [.0820 Cylinders2____! See k—1._________ See k—1| See k-1
a~b..... L228 | 1.049) .217) . 750 | . 0785| Spheres....__ See Dy e 1{ Nitrogen at 75° F.
b-5____|.228 | 1.049| .217] .590 | .1040'_____ do_ oo do_o o 1} and various pres-
5. .228 | L0490 . 217 .445 | .1355! _.__ dooo__lo .. doao .. 1} sures.
d=5.. 10228 1 1,049 . 217 . 372 | .1670i ____ do_ |- do._.___llll- 1
Lo T 228 1 1,040 L 217 .345 | . 18400 ____ A0 A0 e 1

; };“xﬂ.m when mentioned ntherwise, run was made with air of average temperature, 75° F.
: CUn,L'.\tt-n alfide, coal-hydrogenation catalyst,
: opper eylinders,
: Aluminum eylinders,
Cohalt oxide; Fischer-Tropsch catalyst.
: Brass rines,
Diameter of mixed packings ealeuluted according to equation 20, p. 26,
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Fiavre 5—PRE
ED TO 40 PE
FIED REYN
STANDARD PACKE

SSURE DROP CORRECT-
RCENT VOIDS VS. MODI-
UMBER (1-INCH

a-1, b-1, e-1, b-2, and
various diameters and t
or 0.75-inch
pressure-drop measurements
two or three different bed void
observed that, for example, a v
from 40 to 43 percent reduced t
The fact that tl
to 6=0.40, fall on one line
relation (10) is generally v
and tube diameters and sh
Figure 6 shows da
under five different
runs, configuration and other b
remained unchanged, and the
across the tube was sm
static fluid pressure.
tionship betw

g-2 refer to spheres of
o cylinders, either in

were made to
ages, and it was
ariation of voids
he pressure drop
1e data, referred

indicates that
alid for all particle

23 percent.

ta obtained with nitrogen
During these
ed properties
pressure drop
all compared with the
Figure 7 shows the rela-
erage gas den-
The slope of the
confirming the ob-

een Apy and the av
sity plotted on log-log paper.
straigcht line is (—1.0),
servation that

In figure 8, pApy, is shown versus the gqg
viscosity. Logarithmic coordinates were useq
and the runs pertain to air and carbon dioxige
at different temperatures. Here, too, the bed
characteristics remained undisturbed in order
to exclude any additional variables, For the
range of conditions investigated, the data fall
on a straight line, of slope (4-2.00), indicating
that pADp X u2,

5.0 T T T T
6-5 p=0,0785 H:
@ 3l b-5p=0I040 R
S ¢=5 £=0.13556 ~ packing 0.228" glass spheres
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Frcvre 6.—PRESSURE DROP OF NITROGEN
AT VARIOUS TOTAL GAS PRESSURES (1-INCH
STANDARD PACKED TUBE).
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a-5
© 06 u ‘1\5\ %
, - 2,
g’ f\ 62-\
4 c-5% %0
d-%_s
0'250.05 0.I0 0.25

GAS DENSITY p

Ficvre 7.—PRESSURE DROP VS.
GAS DENSITY (1-INCH
STANDARD PACKED TUBE,
NITROGEN DATA).

In order to show how Ap varies with D,, the
quantity

PAD4

PRI

?

obtained from all the data at Reynolds number
1,000, was plotted in figure 9 against D,. By
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FicrrE S.—pApp VS. GAS VIS-
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(2-INCH STANDARD PACKED
TUBE).

using logarithmic coordinates, a straight-line
relationship of slope (—3.00) was obtained, in-
dicating that
1
Apx m.
A summary of the various results indicates
that, according to figures 2 to 6,

1—38) /D,G\'*
s 552 (557

§3
similarly, for figure 7, Apec %; figure 8, Apocu?,
and figure 9, Apec ﬁ,

Combining these proportions results in:

(1—s) 2&)1.0 pENLL G401 \LI(] —35)
Ape 53"( “ pra.an_l" D1 gpd3 (11)

It will be observed that the experimental
equation (11) is identical with equation (5),
which was derived earlier. After evaluating k
from all the data and averaging, the final
equation becomes:

_3.50G1 9,0\ 1(1 —5)
- D1 pg.8°

Ap (12)

In figure 10, modified friction factors have
heen plotted against modified Reynolds num-
bers. ~ The points fall along a curve, the slope
of which varies between (—0.25) for the low
Reynolds-number range to zero in the limit

PRESSURE DROP THROUGH PACKED TUBES, TURBULEXNT FLOW 13
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Fievre 9.—RELATIONSHIP BETWEEN PRES-
SURE DROP AND PARTICLE DIAMETER.

for the high-turbulence range. The curvemay,
however, be replaced satisfactorily by a straight
line, the equation of which is given by:

F=1.75 (-13;3(5 L (13)

In terms of a modified friction factor, f,
equation (12) may then be written:

2@ —8)

14
D,pd%g, {14)

Ap
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14 FLUID FLOW THROUGH PACKED AND FLUIDIZED SYSTEMS

- TTTTTT

* = Uniform spherical packing —

X = Mixed spherical packing
O =~ Cylinders
A - Brass rings

f ! E— X %—w‘i% L e a0 O i i i. i
0.8 C X ;XN?:_"..Q.‘.. e < " ) HAGA DQO\
o o '3. 5 N ?‘:0'.08.';.&' d ¥ :‘:'\“‘Q
06 el - . DO
4
100 200 500 1,000 3,000 7,000 20,000

D,G
MODIFIED REYNOLDS NUMBER +

Frevre 10.—FRICTION FACTOR V8. MODIFIED REYNOLDS NUMBER.

DISCUSSION OF RESULTS

Consideration of equations (13) and (14)
reveals that all quantities with the exception of
A and § are readily available from process
specifications. It appears, therefore, that the
usefulness of the equations can be greatly in-
creased by developing correlations which permit
prediction of X and 6. Such developments have
been attempted and are reported in a later
section.

In the derivation of A, no restrictions were
imposed on the shape of the particles of diam-
eter Dy, This would possibly suggest that the
factor should apply to a considerable variety of
particles, however complex. Fair substantia-
tion of this is found in figure 10, which shows
modified friction factors for rings, cylinders,
and spheres to be in essential agreement with
cach other. Later work will demonstrate that
data observed with Berl saddles, shapes that
are considerably more complex than rings, also
fall in line.

For particles of simple geometric shape, the
shape factor may readily be calculated from the
particle dimensions. For more complex shapes,
A is best found by actual experiment. Usually
the total voids, '8, can be determined by im-
mersion. If the particles are porous, the crev-
ices may be filled with paraffin, and the water-
displacement method may then be used. After
the voids have been determined, a pressure-
drop experiment is best performed under con-
trolled flow conditions. Solution for A is then
immediately possible by substituting respec-
tive values'into equation (12).

For spheres, \=1; but for all other particles,
A>1. This is in agreement vith the funda-
mental observation that g sphere is that shape
that provides a given volume with the least
surface area.

Two factors seem primarily responsible for:
the loss of pressure that a compressible fluid .
suffers when passing through packed columns,.-
They are (1) expansion and contraction caused -
by the shape of the voids into and through which:
the fluid must flow and (2) friction between the,
fluid stream and the particle surface. If beds
of equal void content were made up of spheres,
cylinders, and rings, the rings, having the
largest surface area per unit tower volume,
would offer the greatest resistance to the fluid
stream. It appears, therefore, that the shape
factor merely accounts for the additiona] effect .
which the increased surface of nonspherical
packings exerts upon the pressure drop.

The validity of the equation was tested over '

a range of % extending from 0.074 to 0.615. g
. :

In spite of this considerable variation, no cor-
rection factor for wall effect 1was required in .
equation (14). The reason for this omission is .
apparent from an examination of the method
by which § was determined. If § is found ’tgy
immersion, the wall effect is accounted for in
the measurements. This has already been ob-
served by Carman® and simple proof will be
given later. The fact that the equation applies

to high ratios of % seems to indicate a funda-~ -
t

mental similarity between flow through empty
and very loosely packed conduits. For mixed
spheres, a satisfactory correlation results when
the arithmetic average diameter on a weight
basis is chosen for D,.

Examination of figure 10 indicates that the
scatter of the data is approximately +8 per-
cent. Experimental measurements may be m
error by as much as -£35 bercent, owing to an

¥ Work cited in footnote 36, p. 5.
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ancertainty of 0.5 percent in the determina-
tion of the voids in the bed. For this reason,
it is believed that the correlation incorporates
all of the major variables usually encountered
with random packing.

NOMOGRAPH OF PRESSURE-DROP EQUATION

Design of eatalytic equipment frequently in-
volves a great number of pressure-drop caleu-
lations. As the order of magnitude arising
from various operating conditions is the primary
factor rather than the high degree of accuracy
of the results, an alinement chart may save
time for the engineer. Consequently, equation
(12) has been used for the construction of a

nomograph.

w D" G AD

Ibs. per hour inches Ibs. per hour Ibs. per
PNominal per squore foot square inch
Actuol pipe sz& 300,000 — per foot
(schedule 40) 3
200,000 3
L. 100,000 =
-4 o4 —j =
3 70,000 5
9 3
I E 50,000
-7 0z 40,000 — 1000
. e —3 - 3
= 3 30,000 —
F-10 o35 g 3 500
R 20000 = 200
3 04— 3 100
0.5 — 3 E
B ] 50
£ -+ 10,000 —
3 o7 3 20
=+ 34 3
0 loﬂ 3 7000 3 0
L 0 1
5000 — 5
i L 1-vs i .
[~ = =12 N
E 2032 TN 10
nd ~.
£ 7o g S L7 2,000 = S 05
b 01,
1,000 ~
3 05
700 -
- = -3 o2
= $00 ] o
3 100 ——i0 400 — =
- x00 12 -1 0035
N Lis 300
E s 150 g 4 002
- 200 ~ 200 -3 o0t
E *» 250 — E 0005
) 300 - 100 - 0002
= = 0001
1000 703 00003
50
L 20 ] 00002
30 00001
= 2000 ]
3 20 —
3000 3
- 1
k- 8800 10 -3
{5600 8=
I- 2000
S 2000

Fuivre 11.—PRESSURE DROP FOR GASES IN TURBULENT FLOW THROUGH PACKED BEDS.

CONDENSATION OF THE EQUATION

Most common gases have viscosities within
the range 0.019 to 0.077 Ib. hr.™* ft.7.  These
values, when raised to the 0.1 power as required
by equation (12), become 0.73 +7 percent. As
this variation is within the limits of error of
the pressure-drop correlation, the value of 0.73
for %! may be accepted as constant for the pur-
poses of the nomograph. With Ap expressed in
pounds per square inch, the constant 3.50 be-
comes 0.0243. Combining this with g and p**
transforms equation (12) to equation (15).

—_ 1.1,—-1.0
sp=t2rx1ongs L8 (BT )

307
b ] 3
bs. per Dp, inches
cubic foot A ]
6.0 35
50 - 1
40 - I
001 3.0 40—
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004 4
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o 08 /" 50—
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Vat:
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16 FLUID FLOW THROUGH PACKED AND FLUIDIZED SYSTEMS

It may be noted that for regular geometric
shapes the ratio D,/\ can be evaluated by the

defining equation (9). -

A=2Z04 b (6Vm® and D614,
5

The nomograph (fig. 11) was constructed
from equation (15) with an axis for each of the

four groups of variables.
ILLUSTRATION

Figure 11 may be used to solve several types

of problems.
PROBLEM 1

One thousand pounds of air per hour is to be
blown through a reactor consisting of ten 2.5-
inch-diameter by 10-foot-long pipes in parallel.
The pipes are packed with moderately smooth
cylinders 0.740 inch in diameter and 0.740 inch
long. It has been determined that 191 cylin-
ders just fill 2 feet of 2.5-inch-diameter pipe.
The average air temperature is to be 197° F.
Inlet pressure is 5 p.sig. ‘

What pressure drop can be expected?

Solution

The modified Reynolds number is D,Gly, ap-
proximately 4,400, and hence well in the turbu-
lent range for which the nomograph holds.
The volume of each packing particle is:

(0.740) (%) (0.740)2/4=0.818 in.3,
The particle-surface area is:
(#)(0.740)2/2+ () (0.740) (0.740) =2.58 in.2.
The volume of 2 feet of 2)%-inch-diameter

pipe is 114.8 in.3,
The volume of 191 pellets is 60.7 in.3,

114.8—60.7
d= T =0.470.
D, 6V, _6x0318_ .
A A4 23z 0elm

Inlet air density is calculated to be 0.081
Ib./fe 2, As a first approximation, assume that
the change in gas density as a result of pressure
drop is negligible and that 0.081 Ib./ft.? is the
average density of the gas.

Because the tubes are in parallel, the pressure
drop through all the tubes will be equal to that
through any one tube. The flow through one
tube is:

w=1000/10=100 1b./hr.
Tabulation of values:
w=100 Ib./hr., D,=2.5 in., 5=0.47,

p=0.081 Ib./ft3, Dp/N=0.740 in.

Use of Nomograph

Connect 100 on the 1™ axis with 2.5 on D,
(nominal) axis and read G=3,000.

Connect 0.47 on the & axis with 0.74 on the

»/\ axis; pivot the straight edge at its intep. -
section with reference line I to cross p at0.081
and intersect reference line II. This last point
of intersection is connected with the previously
determined value of G=3,000, and the con.
necting line is found to cross the Ap axis at the
value of 0.22 p.s.i. /ft.

The total pressure drop for the 10 feet of
pipe will be 2.2 p.si. The average pressure in
the system will be 6—2.2/2=3.9 p.s.i.g., which
will correspond to g gas density 0.945 times
that originally assumed. This value will, in
turn, lead to a final value of pressure drop of

2.2 .
0.945—2.3 p.s.i.
PROBLEM 2

Fifteen thousand pounds per hour of gas at
100 p.s.i. and a density at this pressure of
0.15 Ib./ft.* are to be passed through a tower
20 feet tall packed with 1-inch porcelain Berl
saddles.

What tower diameter is required to keep the
pressure drop below 10 p.s.i.?

Solution

Manufacturer’s data provide the following -
values:

Volume of each particle—0.233 in.3

Area of each particle —4.95 in.2

Voids —69 percent.
From these data,

%=%’1’=o.283 in. and D,=0,764 in.

For a pressure drop of 10 p.s.i., the average
pressure will be 95 p.s.i.a., and

p=(0.15) 3)—%=0.143 Ib./it.2

w==15,000 1b./hr,
Ap=10/20=0.50 p. s. i./ft.

On the nomograph, aline §=0.69 with D=
0.283 inch to find a point on reference I. Aline
this point with p=0.143 Ib./ft.3 to locate a point
on reference II. Alining this point with Ap=
{)1.501 gf-ives an allowable value of @, 8,600 Ib.

r.7 i -2

As the value of w=15,000 does not appear on
the nomograph, one may calculate D, (in feet)
from the formula;:

1/2

w
D ‘=<0.785G> '

E Ly
et Ty yeryram ot
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or estimate it from the nomograph by using a
value of w equal to one-quarter that specified
and taking as an answer for D, twice the value
qven DY the nomograph. By this latter
method, for G=8,600, if w were 3,750, D, would
be 8.6 inc_hes, from which the desired value of
D,is17.2 inches. ) .

The existence of turbulence is now verified
by calculation of a modified Reynolds number
of 12,200.

EFFECT OF SURFACE ROUGHNESS

Equation (14) is based on data_that were
observed with smooth particles. Ij‘rom con-
siderations of flow through empty pipes,® it is

> known. that roughness of the surface in contact

with the moving fluid has a considerable effect
upon the pressure drop in the turbulent range.

*¢ As industrial packing materials rarely are
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smooth, the effect of surface roughness of parti-
cles on the flow of fluids through packed sections
was determined. A few orienting tests with
very rough materials indicated that the effect is
considerable and justified further investigation.

MATERIALS AND DATA

New data with rough particles are recorded
in table IT of the appendix. They are shown
graphically in figure 12. Figure 13 records data
observed by Oman and Watson;? their original
data are tabulated in table ITI of the appendix.
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Ficore 13—DATA OF OMAN AND WATSON.

Both plots show, on logarithmic coordinates,
the pressure drop corrected to 40-percent voids
in relation to the modified Reynolds number.
Tables 2 and 3, keys to figures 12 and 13, list
the general properties of the packings. JMa-
terials of different degrees of roughness were
used. Representative samples of the pellets
originally employed by Oman and Watson *
were obtained and examined for their surface
condition. The celite spheres and celite cylin-
ders were smoothest. They were comparable
with the heavy metal oxide pellets supported on
kieselguhr, which were described in the section
covering the general correlation.

21 Work cited in footnote 38, p. 6.
22 Work cited in footnote 38, p. 6.
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FLUID FLOW THROUGH PACKED AND FLUIDIZED SYSTEMS

TABLE 2.—Properties of packing materials

= Shape

|
‘ 0. 120 | Spheres
2. .310 | 824 | .376 |- do. .. _______
3. . 298 <824 1,362 |_____ do____._____.
- S ©3825 | 1.049|.310 |- doo__._______.
3....1.252 | 8.068 |.082 Raschig rings______
6. _. . 252 . 8241 .3806 |..___ do___ . . ______
T 252 1,049 ) . 240 |__.__ doo___.__.____.
S, . 170 . 824 1. 206 | Rounded granules_ .
O _._ . 1635 3.068 }.054 | 8 harp granules_____
10._._. . 170 L824 1 .206 |._.__ doo
1. <1590 2,067 | .o77 I___ " do_____.______
12, .. . 180 I; . 824 l . 218 | Cylinders_.._______
|

hc'l ominal o ! Original
imen-  Shape . : void«
sions, factor Matgenal in bed,
in. percent
P LO00 | Clay.________ 43. 8
_______ 100 j_____do.______ 51. 5
....... 100 }.___.do.______ 56. 1
_______ 100 ). .___do.______ 5L 7
L 1.50 |_____ doo.___._ 54.7
4 150 [..___ do.______ 62, 2
3 L.50 [.____ doo._____ 61.2-57. 0
_______ 1.10 | Aloxite.______.| 54 2-55. 6
_______ 110 j..__..do.______ 54.0
_______ 110 \_____do_._._._| &7 3-38. 0
_______ 110 ). __._do_______ . 4
1. 7

Ha L OO
Ll S
[\V]

| T o
’ . Nominal Original
| ‘ N iging
Packing | fr . Do | D Shape Tom | SRS Materia in beg
f ¢ in. | ! perceni; .
i i D‘ ;
B 1 0.333 4026 | 0.083 | Cylinders..________ % | 116 | Celite_____ 36. 1-46,1
b I.400 | 4.026 - 099 | Raschigrings______ 3 1.90 | Clay_______ 55. 45-62,. 8 -
C o | .480 40261 . 119 | Berl saddles___ ____ b 2.50 |___do.______ 71. 05-76, 35
(s I L. 217 4026 034 | Spheres__________~ 1A 1.00 | Celite______ 87.75~46. 9 +
[ . 1875 l 4. 026 f . 047 l Granules_ . ________ %s‘ L1 | MgO_______ 42, 5-51. 6
The Raschig rings of the present work, as  results. A reliable procedure finally was

well as those employed by Oman and Watson,
consisted of ordinary commereial clay. The
surfaces were unglazed and dull. Fine pro-
tuberances could be observed on the material,
and the roughness was barely noticeable when
the particles were moved gently over the skin.
The roughness of the clay balls and the Berl
saddles seemed approximately equal to that of
the Raschig rings.

The Alundum cylinders appeared g trifle
rougher, and the roughness seemed sharper than
that of the clay particles. The particle density
of these cylinders was determined by water
immersion.

The Aloxite granules possessed sharp corners
and were very much rougher than the materials
previously discussed. The particles resembled
coke and were somewhat vesicular, Compara-~
tively large pores could be observed on the sur-
face, and upon immersion in water the material
absorbed a considerable amount, releasing the
entrapped air in the form of fine bubbles. This
property interfered considerably with the de-
termination of voids in the beds, Obviously,
water immersion would have given high values
of 5. Presaturation of the material with water
was not too satisfactory and gave poor check

adopted, which consisted in soaking a weighed
quantity of Aloxite granules in molten stearic.
acid, permitting the excess stearic acid to drip -
off the surface, and determining the displace-
ment volume of the granules thus treated in .
water. This method yielded an apparent den-
sity of 2.0 g./cc. This value was used for the .
void determinations. -

The magnesium oxide granules used bg :
Oman and Watson # were not quite so roug
as the Aloxite particles, although a considerable .

number closely approached the Aloxite particle - .

condition. The magnesium oxide granules, .
however, were much rougher than the clay and
Alundum particles. They also possessed t'he i
sharp corners that differentiated the Aloxite
particles distinetly from the other materials.
These sharp corners were the subject of a special
investigation. One batch of the Aloxite was -

charged into a ball mill and “ground round.” . ©

This treatment merely rounded off the corners
but left the surface roughness intact. Nomealy
material adhered to the surface. After this

milling operation, the Aloxite particles were
chiefly egg-shaped and ellipsoid; a few of the.:

* Work cited in footnote 33, p. 6.
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articles resembled disks, and a small number

were almost spherical.  Packing No. 8, de-
geribed in table 2, represented this rounded
material.  Packing No. 10, the original sharp
Aloxite granules, as well as the rounded bodies
were investigated in a tube with D,=0.824
inch, and the results shown in figure 12 indi-
cate that the data obtained with packing No. 8
agree with those of packing No. 10. From this
obgervation it was concluded that rounding off
the corners had no significant effect upon the
pressure drop.

CORRELATION

Figures 12 and 13 show that the pressure
drop is proportional to Re'® and also to

(1=8).
53

It seems, however, that these data were not as
reproducible as the measurements reported
with smooth materials.
. The range of the data in the present paper, as
far as the ratio of particle to tube diameter is
concerned, was quite large. D,/D, varied from
0.047 to 0.376. The percentage of voids in the
various beds ranged from 36.1 percent for the
celite cylinders of Oman and Watson to 76.35
percent for the Berl saddles of the same investi-
gators. This is an impressive variation, and its
effect upon the pressure drop will be discussed
in greater detail.

Packings &, 9, and 10 each consisted of a
sized fraction of Aloxite greater than 0.157
inch in diameter but smaller than 0.185 inch.

PRESSURE DROP THROUGH PACKED TUBES, TURBULENT FLOW 19

The geometric mean of the two sieve openings
was chosen as D,. The composition of packing
No. 11 is shown in table 4. The choice of a
proper value for D, under conditions of mixed
sizes was stressed earlier. To find D, for
granules, geometric mean sizes were calculated
from adjacent sieve openings, and these values
were averaged arithmetically on a weight basis.

TaBLE 4.—Size distribution of packing No. 11

s ! Dy of s
Sieve [ » (Weight-perecent) X
openings, ;)‘ef,lc’%l;lt{ tfl]:;f; i (D, of fractions)
inch _ inch’ | 100
0.250. - -___ 0.06 | 0.250 0. 0002
.250-.185____ 3. 50 . 215 . 0075
.185-.157..-_| 57.00 . 170 . 0968
157-.132_...{ 33.90 L 144 . 0488
J132-.111. . 3. 50 . 121 | . 0042
J111-.093..__ .40 . 101 ’ . 0004
093, ... 1. 64 . 093 . 0015
D, of mixture=0.1594

In view of the numerous modes of packing
arrangements possible when granules are dumped
into 0.75-inch, 2-inch, and 3-inch pipes, the data
on the Aloxite are in good agreement.

In figure 14, modified friction factors for the
various materials were plotted against modified
Reynolds numbers using logarithmic coordi-
nates. Frictions factors were obtained by
solving equation (14) for f. For the Aloxite
and magnesium oxide granules, a shape factor
of 1.1 was assumed; this value is correct for

7 I [ 1T TT1 lvl MgO grimulesl N |
X —Aloxite granules A L
S - A-1/4"Clay Raschig rings ( this ﬁ ~ |3//gu gl:r% Eg;g:’e'g.”“gs dota of
| e —Alundum cylinders data ¢ - Celite spheres Oman and Watson
» ~Glay balls © - Celite cylinders
3 X P
R X X |x
2 B A LS 7E 3 5 |
x . S )v( >$: 4 A'Z Y \\\\_{ Qlogiteafuls::
- A & ranu
| TR g [V
4 ¢ To. 5 oy T _',j;ﬁ_,r.q..-_{ Alundum,
l - ';‘ T 3 3”—.‘- A"i ‘.ﬁ:\“ — CIG)’, e?C. :
——— [ Celite,porcelain,—|
& 1
0.7 o5 { glass , etc, -
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Freure 14.—FRICTION FACTORS FOR VARIOUS MATERIALS.
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particles having a shape halfway between
spheres and octahedrons. = For the Berl saddles,
the shape factor was calculated from the
manufacturer’s data; the method of calculation
will be discussed later. For all the other shapes,
A was calculated from the average dimensions
of the particles. Figure 14 shows the marked
effect of surface roughness, as shown by the
data arranged into three distinet groups. The
lowest group with the smallest friction factors
pertains to the smoothest particles, that is, the
celite spheres and cylinders. All data  dis-
cussed earlier fell into this general region. The
line drawn through the celite particle data is
the same as that Jaid through the smooth data
shown in figure 10. Immediately above this
group is another pertaining to the clay and
Alundum particles. There is slight “diffusion”
of the data of the second group into those of
the lower group. This is to be expected in
view of the experimental error. Another fric-
tion-factor line was drawn through this second
group. The slope of the second line is the
same as that of the first, lower line. Above the
second group is another group comprising the
data of Aloxite and magnesium oxide granules.
As these granules were much rougher than the
other particles, it is not surprising to find these
data rather sharply separated from the data
pertaining to the clay and Alundum particles.
A friction-factor line parallel to the two lower
lines was drawn through these points.

Because all three friction-factor lines could
be drawn in with the same slope, it was con-
cluded that the degree of surface roughness has
no effect upon the factor for the state of flow,
which equals 1.9 for this range of turbulence.

The expressions for the three friction-factor
lines are:

fe 1.75Y for smooth particles such as

T Rev’  glass, porcelain or celite: (13)
f=%i~'?- for elay and Alundum; (16)

and
S =I§T‘?-l' for Aloxite and MgO granules.  (17)

When these expressions for 7 are substituted
into equation (14), one obtains:

N __8.50G1 % 1\1.1(1—3) which is equation (12) and
= D1 0g, p88 valid for smooth particles.

_ 8.25G1901\11(1—5) which is valid for clay, Alun-
Ap= D, g, o8 *  dum, and other similarly
» rough particles. (18)

= 8.0G 9" 1AL (1—5) which is valid for Aloxite, MgO
Ap= D, g, 08 granules, and other types of
P ep A .
similarly rough granules.

(19)
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DISCUSSION OF RESULTS

It is difficult to describe surface roughnegg f ‘
particles. To define the degree of 1-ouo-hn°l
by the average height of the protube?'an oy -
on the surface is probably not enou"ﬁ%
Nikuradse # has experimented with ﬁowgof; 4
fluids through pipes of varying roughness, He, )
defined the degree of roughness by an indeifﬁ. ¢

e . . ;
of the form = where ¢ is the average helghb of

the protuberances on the pipe surface and
7. is the radius of the pipe. The ratio of efr;
is referred to as relative roughness, T Seems:f
plausible that the roughness of particles could”’
be defined by a similar index, and 7, would %
then be the equivalent particle racdius. 4 P
relationship pertaining to packing materiglg: |
could possibly be developed between the Press,
sure drop and a quantity such as e/r,; this.
was not attempted, because roughness daty:
are not ordinarily available from equipment: ¥
design specifications. If manufacturers of packs X
ing materials accompanied their data with -
roughness indexes, it would be practical 10,
study the problem more precisely.  Until sugh-
information is available, it is necessary to: -
describe surface roughness in this comparative
manner, o

Referring to figure 14, it appears that thg;
pressure drop through packed beds is approx-:
imately doubled when the degree of surface;
roughness is increased from that represented:
by celite to the roughness of Aloxite granules. XN
This relationship probably has not yet been: SEN
recognized in a quantitative sense, chiefly,
because the severe influence of the voids upon;
the pressure drop through packed beds was not. .
sufficiently well appreciated. VWhen smooth’: 4
cylinders are dumped into a tube, the normal; .
voidage of the resulting bed is approximately:
12 percent smaller than when very rougl 3
granules of approximately equal size are dumped -
mto the same tube. If the cylindrical bed:
contains 43 percent and the granular bed 55
percent voids, for equal mass flows and equalg,;_ ;
packing heights the ratio of the pressure drop’” }
through the bed of cylinders, Ap,, as compared
to the pressure drop through the granular bed,
Apg, would be approximately

Ap._ (1—0.43)(0.55)°
Ap,  (0.43)3(1—0.55)(2.28)

=1.16,

where the factor 2.28 in the denominator:
accounts for the effect of the rough surface. -
This indicates that under these packing condi- ‘
tions ‘the pressure drop through the smoothv ,
cylinders is 1.16 times that through the much. ¥
rougher granular bed.

* Work cited in footnote 20, p. 17.




Tt was mentioned previously that the densest
bed considered in this study contained 36.1
ercent voids. This bed consisted of celite
eylinders. S
of these pellets was 0.333 inch, and the cal-
culated shape factor was 1.16. In contrast,
the least dense bed, consisting of 0.5-inch
clay Berl saddles contained 76.35 percent voids.

Apt~ (1_6c)5a3>\c1'1D'nsl'l

The equivalent spherical diameter

(1—0.361)(0.7635)3(1.18)(0.446)

PRESSURE DROP THROUGH PACKED TUBES, TURBULENT FLOW 21

The equivalent spherical diameter of the saddles
as calculated from the manufacturer’s data
was 0.48 inch, and the shape factor was 2.5.
For equal mass flows, gas densities, and packing
heights, the actual pressure drop through the
cylinders, Ap,, as compared with the actual
loss through the saddles, Ap,, would be ap-
proximately

Ap, 83(1—8)A 11Dy 1(1.5)  (0.361)3(1—0.7635)(2.74) (0.298) (1.5)

wherein subscript ¢ refers to cylinders and
subscript ¢ to saddles. The factor 1.5 in the
denominator accounts for the roughness effect
of clay as compared with celite. The result
indicates that under these conditions the
pressure drop through the smooth ecylinders is
11 times that through the comparatively rough,
clay saddles. A variation in voids from 76.35
to 36.1 percent, all other variables remaining
constant, would multiply the pressure drop by

(1—0.361)(0.7635)% _
(0.361)3(1—0.7635)

25.4;

whereas, changing {rom clay to celite would
decrease Ap only by

1 —
100 (1 —1—.5-> =33 percent.

These simple considerations demonstrate to
what extent surface roughness and bed voidage
affect pressure drop. The influence of surface
roughness would not have been recognized if
the pronounced effect of the voids upon the
pressure drop had not been considered quanti-
tatively first.

Proof has been presented earlier that in the

11,

the pressure drop is caused by expansions and
contractions; this is substantiated by the pro-
nounced effect that fractional voids have on
the pressure drop. However, the data of this
study indicate that the surface condition also is
important. This is clearly demonstrated by
the significant increase in pressure drop when
proceeding from smooth particles, such as
glass, to very rough granules. In this par-
ticular case the maximum increase is 2.28-fold.
Brownell and Katz * have proposed a data
correlation that also includes surface roughness
as one of the wvariables. They recorrelated
data from the literature in addition to some of
their own data and, by a suitable choice of
parameters, superimposed the data on a
standard Moody friction-factor plot for flow
through empty conduits. They assigned rough-
ness mdexes, ¢/r,, to the individual materals
and thus showed a plot similar to that given in
figure 14. Consideration of their data in the
turbulent range shows, roughly, a spread of 100
percent, indicating & maximum roughness mul-
tiplication factor of approximately 2.

It is instructive to compare figures 14 and 15.
In figure 15, the logarithms of friction factors
are plotted against the logarithms of Reynolds
numbers for fluid flow through empty pipes of

turbulent range it is sufficiently accurate to T

t
+ consider the pressure drop proportional to 08 5 3
' ¥ (1-9)/8* rather than to (1-8)'%/8. For a 3
comparatively small variation in percentage 5 ;
voids (for example, from 35 to 45 percent), the __ ©° \/ 2
error is negligible. When the percentage of 3 L] 3
' Voids ranges between 36.1 and 76.35, as in the & o, \\ |
]’ Fresent study, the error introduced is somewhat g |- 000197 X/ &
] b, larger; but, even for this wide variation in the -~ 2-': 000397 , 7
F: Dorosity of the bed, the discrepancy is still 02|-3-" = 000793 o
> Within the limits of the experimental error. PRSI N
T eneral belief has been that the chief reasons 6~ = 0OBEES
3 g;‘sgsm(cll pressure drop in packed cqlun.ms are O 35 45 35 S5 55 o0 &5
3 ue to expansions and contractions in , 0,6
© 18 case of compressible fluids and changes in LOG ()
+4f)

’ Yelocity head when dealing with noncompres-
g Sble fluids, Only an insignificant portion of
- 8 pressure drop was believed to be a result of

Wurface conditions. Orientation studies made
By Martin % indicate that a definite fraction of

Figurg 15.—VARIATION OF FRICTION FACTOR
WITH REYNOLDS XUMBER FOR FLOW
THROUGH EMPTY PIPES OF DIFFERENT
DEGREES OF ROUGHNESS (ACCORDING TO
NIKURADSE).

e Martin, . . . 1
1848 1 3.7, D.Se. Thesis in Chem. Eng.: Carnegie Inst. of Tech., 2 Work cited in footnote 39, p. 6.
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various degrees of roughness. These curves
represent actual data obtained by Nikuradse,?
and friction factors for flow through empty pipes
increase with increasing roughness of the interior
pipe surface.  Figure 14 is strictly analogous to
figure 15. However, Nikuradse investigated a
much larger flow range than was studied in this
research,

It was pointed out earlier that the roughness
of particles may, perhaps, be expressed quanti-
tatively by the index e/r,.” For extremely rough
particles the quantity e, the average height of
the surface protuberances, would be compara-
tively high and would eventually approach the
order of magnitude of the particle radius. Such
rough surfaces would greatly affect the ratio of

particle surface area, A
particle volume, V,

As the shape factor, ), is a function of AV, a
fundamental relationship may exist between
roughness and shape factor. For such extreme-
Iy rough particles it would be difficult to decide,
therefore, whether it is the increased roughness
or the shape factor that affects the pressure drop.

PREDICTION OF VOIDS IN PACKED TUBES

Earlier discussions have stressed the important
effect of the voidage upon the resistance to flow
through beds of broken solids. Pressure drop
was shown to be proportional to an expression
of the form

(1—5)s=n
83

¥

which, for highly turbulent flow, becomes

(1—-9)
g

All other variables in the equation remaining
constant, a change in fractional voids from 0.40
to 0.50 reduces the pressure drop more than 50
percent. As designers of new equipment usually
have only vague ideas about the apparent den-
sity of the packing materials to be used, the
uncertainty thus introduced in caleulations from
equation (14) makes the development of g
simple correlation for fairly accurate estimation
of the fractional voids in packed vessels desir-
able. To make the relationships useful for
general engineering design, it was attempted to
nclude only such quantities in the correlation as
are ordinarily available from equipment and
process specifications.

% Work cited in footnote 20, p. 17,

METHODS OF CHARGING VESSELS

In industrial practice there are three chief
methods of charging packed vessels:

1. lStacking of individual packing elements in the
vessel.

2. Dumping the packing into vessels filled with water
and subsequently drawing off the water.

Dumping the packing into the empty vessels.

The first method is never used with granules
or small, irregularly shaped particles. It is com-
monly used with comparatively large geomet-
rical shapes, where, for the sake of definite
process advantages, a certain arrangement of
the elements is desired. This method provides
an exact means of evaluating the percentage of
voids in the bed, because the number of pleces
used is generally known.

The second method is employed where it is
desired to have a comparatively loose bed.
Gradual settling of the particles in the loose
bed, however, chiefly as a result of mechanical
vibrations in the plant, eventually increases the
packing density. Moreover, there are a ereat
number of materials, especially process cat-
alysts, that are permanently impaired if sub-
merged in water or other fluids. For these
reasons this method of charging also is com-
paratively rare.

The conventional procedure is to dump the
packing into the open vessels. This method
usually does not produce the densest bed ; how-
ever, the bed gradually settles by virtue of its
own weight and mechanical vibrations from the
environment. Eventually, a condition of “prac-
tical maximum bed-density” is approached,
which is a safe condition upon which to base a
design. This explains why the vessels used in
the experimental work described in this section
were charged by “dumping” and “dumping and
pounding.”!

VARIABLES

The chief variables believed to influence the
packing density and percentage of voids in a
bed are: '

a. Particle diameter (diameter of the sphere
of equivalent volume).

. Tube or vessel diameter.
Particle-size distribution.

. Particle shape.

Particle-surface roughness.

Method of charging.

Specific gravity of packing particles.

Qe oo o

EXPERIMENTAL DETAILS

The vessels used for this work were pipes 30
inches long, welded shut at one end. Table IV of
the appendix lists the original experimental
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data. Table 5 shows the orientation of the work  could the results of this dumping procedure be
and the physical properties of the packing ma-  duplicated precisely. The average deviation be-
terial. The packing materials were dumped into  tween check runs (about 4-1 percent) was not
o vessels in a slow, steady stream. Inno case  significant, however. A
the ’ A g ) I
1 1]
¢
TABLE 5.—Summary of experimental runs el
Favking t Material Shape 1 Dy, inch \x%%?i%%:t\eggeaagtgg‘ﬁ;%d Remarks s :' 4 Bf
[ — RS
, T - RN F‘r
e Glass. - __________ Spheres__ ... 0.172 | %, 1,14, 2, 8, 4. ___ Rl R
i b een eeen i L A doo______ .228 |3,1,1%,2,8 4.____ . ) (i
Cn [ doo___ .. do..___ .338 | %,1,1%,2,3,4..... Smooth surface, uniform \ TR
I K IR .- A0 do__.___. 5075 | 34, 1, 1%, 2_____.___. sizes (fig. 16). . ﬂ_gj 4 HE
$ B e Steel L doces 437 ) 1 ___ OREEEH M
3 £ Purcelain.. . _.___ | ___.. do.o ... 730 1%,2,8, 4 _____.__. . RN (¥
‘ Moo e Gla"& ..................... do..____. 200 | 1%, 23,4 . L
% L. e O oo do______.. . 298 114, 2, 4 ... Vs
* ?_ _________ Glass and poreelain____|{_____ do_______ .886 | 1%, 2,38, 4. _________ Smooth surface mixed : !
3 Jommmmmmm oo A0 do_______ . 536 14, 2,3, 4. > spheres. For composi- oA
Koo o Gl.1~.~1 _____________________ do. oo . 238 ‘; __________________ tions, see table 6 (fig. 17). Y
I doo . A0 . 271 3 e C AT
Moeecemm vlass and porceelain___ .. do.._.___ . 323 I . L :
R W AN oo eeen do.._.. . 3%5 %./1. 1% e }Mc(>dera,tely rough surface PR
o do_____C_IDIITTIITTTT do- .- 0868 |14, 2.8 1 _"°°°° I (fig. 18). : il
Poo s | Cobalt oxide_.______. Cylinders.... L4606 | 36951, 186, 3, 4. i i g
_________ CAlmdname o Lodoo______| .254 7| 14, 3% o ____. !
f‘l __________ | gnpper _______ d_ ____________ do_______ . 274 }é‘ 7 D : Smooth surface (ﬁg' 19). ¢ d$ 1
S | Chromium oxide__.__._|_____ dom .239 [ 401, 4 __________ i RESH|
fomammmmm e D Alndume oo oD do______. . 180 iﬁ, %, ¥, %, 1, 134, 2, | Rough surface ! (fig. 20). b ,"!‘
i 3. P
L L G P R Rings. ... 252 | %, 14, %, 1, 114, 2, 3, |)Commercial Raschig rings ;. l{ i
| c > , moderately rough sur- A i
_________ AV - eeoeetedoc_| 897 | 34,1,114,2,8,4.___._|| face (fiz. 34). b
:;' _________ P Aloxite. __ . .. ... - Granules. ___. . 1219 :j 3 1 (Be. 24) v oo
| %géi 12’463 """"""""" lRough surface (fig. 21).
' | . It | '
S S { Tron oxide. ..ol do__.___. . 0898 v e TN
| }gig 17168 D RS Rough surface (fig. 22). o
M P s e g el
. 2054 _ g
Voo Almdume oo e %g% 7SR 7 S | Fused, rough granules (fig. R e
T | 23). 2
i . l' )‘ B
~"'v.
1 Cylinders, 3.8 mm. diwmeter X 5 mm. high. ! g

After the vessels had been charged with a
known (solid) volume of particles and the
voids had been determined from the packed
height and the inside diameter of the vesscl,
thp packed column was pounded on the outside
with o hammer for approximately 10 minutes—
ong enough to produce a maximum packing
density. The column height was recorded for
this denser condition, and the voids were caleu-
ated. By adopting this procedure, actual
b Plant conditions were simulated. Correlations
of results are shown in figures 16 to 24. The
¢ Percentage voids of “dumped” and “dumped
= and pounded”’ beds, hereafter referred to as
\-

M Work cirnd s
Wark ¢ited in footnate 36, p. 5.

“loose” and ‘“‘dense’ beds, respectively, was
plotted against the ratio D,/D, Carman * used
a similar method of correlation for spheres.
Cartesian coordinates were used, and, for the
materials investigated, D,/D, ranged from
approximately 0.04 to 0.50. In view of the
variety of materials considered, the correlations
are satisfactory. The difference between the
voids contained in the loose and dense beds was
approximately 2 to 5 percent. The curves
shown in figure 25 were obtained from the data
of figures 16 to 24 by plotting the arithmetical
average between the loose and dense arrange-
ments. With the exception of the Raschig
rings, all the curves show a general tendency
to converge near D,/D,=0.
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FIGURE 16.—VOIDS IN PACKED TUBES VS.%’:
FOR SMOOTH, UNIFORM SPHERES.
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Frarre 20.—VOIDS IN PACKED TUBES

\’S.%” FOR ALUNDUM CYLINDERS.
t

80 T T S0
A - Pocking W-1
e~ u W=-2 p Table I
o~ w-3
0L - w 8, 80
ot Ol
« - n able /o/ o
= - u 9
o 60 ¢ ' ! . ,8/ 20 E
%) . _?ﬁ/
=] ! A -Dumped 2
g " ’ 5
N :
§ 50 A A 60%
i 2
. . E_T,L_-—g—— &
40 7% 50
B A B - Dumped and
pounded
30 40
0 (o]} 0.2 0.3 04
Dp
Dy

Frirre 21.-~VOIDS IN PACKED TUBES
Vs, %ﬂ FOR ALOXITE GRANTULES.
H

PRESSURE DROP THROUGH PACKED TUBES, TURBULEXNT FLOW

80T« “packing X-1 | A- Packing X- 70
- g X-2
0 - Packing X-3
« N }/ o
%50 ) B /ﬁg/}( B
/ ouw
Q &} A-Dumped ]
: | 1 s
= * B-Dumped oand pounded =
Z40 . ' 503
111 1w
¢ p2gl wilyg |8
w /-.5"' ) o -
30 V- Packing X-4 40
o] 0.l 02 0.3 0.4
Dp
oy
Freure 22.—VOIDS IN PACKED TUBES
VS.% FOR Fe;Oy (IRON FISCHER-
t

TROPSCH CATALYST) GRANTULES.

70 I 80

® - Packing y-1 | !

O- Packing y-2 (~Table TZ A

A- Pocking y-3 I A
6o | y 70®
E A-Dumped E
o>
8 A 8
S 50 60§
& . ’] 8 =
z H A =
=] B id
& ‘ K £
a 40 i 50a.

O
B- Dumped and pounded|
30 ! I 40
0 0.l 0.2 0.3 ~0.4
e
0y

Ficure 23.—VOIDS IN PACKED TUBES.
VS. %’ FOR FUSED ALUNDUM GRAN-

¢

ULES.

80 T
A -~ Dumped ! §,:/
B ~ Dumped ond pounded /
<70 ¥
: P
- i
[723 o I §/
g P To
gGO b3
/ P
= A
g |a " .
& ] o .
w50 ‘ ‘
‘ /§ *— 174" ¢loy Roschig rings
/.,fx"x I x—3/8" cloy Raschig rings
40 8 1 ' | !
o} o]] 0.2 0.3 04 0.5 06
Op
Dy

25

20

@
o
B

]
]
PERCENT VOIDS B8Y

a
[e]

50

Frevre 24.—VOIDS IN PACKED TUBES VS. %1’
‘

FOR RASCHIG RINGS,

ERREIN AU
D 5 D

e R

o

o i
RHbi
bR
N
ol
NN
[ S . ;i
x "a" A "r
A %'
LG 4
,!é (AR
S
'
i
t




Sl — e

-~

o gy

26 FLUID FLOW THROUGH PACKED ANXD FLUIDIZED SYSTEMS
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Fiovre 25.—VOIDS IN PACKED TUBES VS. D,
FOR A VARIETY OF MATERIALS.

COMMENTS

Figure 16 shows data obtained with smooth
glass, porcelain, and steel balls. It is important
to note that the data referring to the steel balls
agree with the rest of the observations. This
indicates that, for this method of charging, the
material density of the particles has no effect
upon the bed voidage, and the problem is
simplified. Figure 19 confirms this conclusion
and extends it to eylindrical packing particles.

Data referring to mixed spherical packings
are presented in figure 17. Deviations of the
data from a straight line are greater than those
of the data pertinent to uniform sizes shown in
figure 16. Figure 17 shows that beds composed
of mixed spherical packings are denser than
those consisting of uniform spherical particles,
provided the methods of bed preparation are
comparable. This is in agreement with the
observations of Furnas.® The reason for the
greater bed density obtained with mixed sizes
Is that the small particles tend to fill the voids
between the larger ones.

The compositions of the various mixed
packings are recorded in table 6. Packings
1 and 5 consisted of two components, packings
2 and 6 of three components, and packings 3,
4, and 7 of four components. For mixed
packing materials, it was pointed out earlier
that satisfactory results were obtained when
the arithmetic average diameter on a weight

2 Wark eited in footnote 33, p. 5.

basis was chosen for D,. This may be ex.
pressed by

Dp=(Xdy)1+ (Xdp)ot - - - (Xdp)z (20

where X=nyeight fraction of any component,
d,=equivalent spherical diameter of any com.
ponent, and subscripts 1, 2, . . . Z refer to the
number of components. This convention, when
used to calculate D,/D, for the various mixtures
in figure 17, produced satisfactory results.

TasLe 6.—Composition of mired spherical

packings
Volumg
percen .
. . Dy of Volume, | X Dpof | Dpof  Packing
Mixed packing . fractions, ercent | fractions | mixture, (sce
inch | Perce 65| meh " tables)
inch
S 0.172 50.70 | 0.0873
-223 49,30 0 .1122 } 0. 200 g
2, 152 2335 o401 )
295 2074 10360 .208 h
338 5000 o010 |l »
L I 172 10.55 8;8? }
29§ 15,150 0346 .
338 19.85 | 0771 <3861 i
5075 | 48.45| L2438
G 12 12,50 0220
3 18,2 705 can i
5075 | 2700 1370 835 |
S 70 2.0 004 |
.................. 72 3. 0665 . .
23 62,0 112 205 k
[T 172 30.8 0530
293 32,4 0740 271 1
358 3.8 1440
S 12 209 1360
238 17.2 .0303 .
383 0 als S0438 -823 m
150750 40.3 -2040 i
}

Figure 18 presents values observed with clay
balls. The curve representing these data is
parallel to and above the line referring to the
smooth, uniform spheres. The deviation be-
tween the two graphs is about 3 percent for the
entire range. This is significant because it in-
dicates that rough particles pack less- densely
than smooth ones under comparable charging
conditions. This behavior can be explained as
follows: When particles are dumped into a ves-
sel, they normally come to rest when they touch
one another and form a stable arrangement.
If a temporary unstable arrangement should
result, then, under the application of a sufficient
force, this arrangement will change to a more
stable condition—that is, to a denser bed.
Whether the acting force is sufficient to bring
about such a change depends on the fricticn
that results when the individual particles move
into the more stable position. Because fric-
tion is greater between rough particles than
between smooth ones, rough particles come to
rest sooner when dumped into a tube; the result
is a less dense bed. This general behavior is
characteristic not only of spherical particles
but also of other shapes. Curves d and e in
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figure 25 refer to smooth and rough cylinders,
respectively.  The data pertaining to the com-

aratively rough Alundum cylinders are above
those referring to the smooth cylinders. Devia-
tion between the two lines varies from 2 to
5 percent. oo
Data referring to cvlindrical pellets are shown
in figure 19. The correlation is fair. For the

ollets used, the ratio of height/diameter ranged
between 1.00 and 1.14.  Packing s, the catalyst
pellets, was rounded on top and bottom, whereas
all the other particles were true cylinders.
Although one would expect these factors to
influence results, no significant trend is indi-
cated by the data.

Figure 20 shows results obtained with
Alundum cylinders of one size. The reason for
the upward convex curvature of these curves,
as compared with the upward concave shape of
the curves in figure 19 (pertaining to smooth
evlinders), is not known. For figures 19 and 20,
the diameter of the equivalent volume sphere
of the particles was chosen for D,.

In industrial catalysis, granules are, perhaps,
used more frequently than any other particle
shape, chiefly because they are cheaper to pre-
pare than particles of cylindrical, spherical, or
any other definite shape. Although this is a
good reason for using granules, it is not neces-
sarily true that granules are to be preferred for
every use, This will be discussed in more detail
in a later section.

In figures 21 to 23, data are reported that
pertain to some typical granular materials.
Data previously discussed indicate that the
physical characteristics of the materials, such
as shape and surface roughness, have a pro-
found effect upon packing density. Asa great
number of granules of different types are in
commercial use, it was impossible to investigate
many for specific reasons. Examination of the
data reveals that the Aloxite particles (fig. 21),
having the greatest surface roughness, produce
abed of least density. The particle shape factor
had been estimated earlier and accepted as
A=1.10.

Figure 23 shows that the Alundum particles
Pack more densely in accord with the lesser
Surface roughness. No shape-factor measure-
lents were made; however, comparison of the
Particles with the sand particles described later
Sugyrests an approximate shape factor of A=1.5.

le_ iron Fischer-Tropsch catalyst granules
had little, if any, surface roughness. The
daty recorded in figure 22 show that the
?ackmg density observed with this material
S much higher than the other types of granules.
ob‘:‘ ‘particl.e shape was very similar to that
an*‘l\'(‘(l with finely ground catalyst particles

4 was, therefore, accepted as A=1.73.

o - - o
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The data of figure 24 refer to two sizes of
Raschig rings and seem in good agreement.
Owing to the hollow nature of this packing,
one would expect a high value for 6. For the
Raschig rings, the diameter of the equivalent
volume sphere was chosen for D,. The rings
considered in this study were comparatively
small. For larger pieces, that is, larger than
0.25 or 0.375 inch, the ratio of inside/outside
diameter increases, resulting in a general
increase of voids. In view of this fact, it is
felt that additional data would be desirable
for more accurate work in order to predict
the voids present in beds of larger Raschig
rings. From a knowledge of the dimensions
of the larger pieces, it is possible, however, as
the following considerations will show, to
estimate the voids present by using the curves
shown in figure 25 for cylinders. If curve

f in figure 25 is employed for larger pieces, a

conservative estimate of the pressure drop
should result.

GENERAL ESTIMATION OF VOIDS FOR RINGS

Consider a 2-inch standard pipe packed 36
inches high with clay cylinders 0.385 inch in
diameter and 0.397 inch high. The voids in a
bed packed with clay rings 0.385 inch o. d. X
0.218 inch i. d. X 0.397 inch high may be
calculated as follows:

Volume of one cylinder: (0.885)2(0.785)(0.397)=
0.0461 in.?

D,,=\3/0-_04%1A6=0.446 in.

D, 0.446
B =g og7=0-216-

From figure 25, 6=0.440 (Alundum cylinder
curve):

Solid volume of cylinders in packed columns: (2.067)?
(0.785)(86)(0.56)=67.5 in.?
(67.5)(0.44) _ .

roid v RECIEUZAN a7 o in.3
Void volume: 0.6 53.0 in.

Total ecolumn volume: 67.5+353.0=120.5 in,?

Number of e¢ylinders in packed columns:

67.5

m=],4lo.

Assuming that a column packed with rings of
the above dimension also contains 1,470 pieces,
then:

Volume of one ring:

0.0461 —(0.2178)2(0.785)(0.397)=0.0313 in.?

pror—

T s e T L AT e

T
- s

‘r
-
-

;<< xf...'
T T e




L TR TIINRN JO  W y Lh - ne pbt

28 FLUID FLOW THROUGH PACKED AND FLUIDIZED SYSTEMS

2/00313% 8
D,= </w=0_393 in.
T
Total solid volume of rings in packed column:
(0.0313)(1470) =46.0 in.?

Void volume: 120.5—46="74.5 in.3

745
= = 2.
8 120.5 0.6

From figure 25, curve f, §=0.59.

WALL EFFECT

It was pointed out earlier that the term 5,
the fractional voids, accounts for the wall
effect.  That this is correct is shown by figure
25, as follows: It is known that the loosest
packing of wuniform spheres is the cubical
arrangement (6=0.4764); however, & in figure
25 is larger than 0.4764 for values of D,/D,
larger than 0.34. The reason for this is that
the wall effect causes the packing density near
the container wall to be smaller than that found
in the center of the tube.

LIMITS OF VOID FUNCTION

Comparison of various pressure-drop correla-
tions indicates that a general agreement exists
as far as effect of most variables upon pressure
drop is concerned. However, agreement con-
cerning the influence of the effect of the voids,
the most significant variable, upon the pressure
drop is least apparent. For comparison, the
void functions used by a few investigators are
listed in table 7.

According to publications listed in footnotes
16, 20, 30, 34, 36, 37, 38, 39, on pages 4 to 6
the pressure drop approaches infinity in beds
of 8=0. This would indicate that a bed of zero
voidage is impermeable to fluid flow. Publi-
cations in footnotes 24, 30, 34, 36, and 37 on
pages 5 and 6, on the other hand, suggest zero
pressure drop for §=1.0. As this is not possi-
ble, it appears that pressure drop through
packed columns should be considered as the
sum of the pressure drop through the packing
and the pressure drop caused by the pipe wall.
In actual practice, however, the component of
the pressure drop caused by the pipe wall is so
small that it may generally be disregarded.
Several other correlations suggest that unity
pressure drop results for 6=1.0, a result not
readily conceivable. The correlation advanced
by Brownell and Katz ® has been developed in
such a manner that at the condition §=1.0 the
pressure drop is reduced to that of the empty
pipe; Lapple ® has expressed some doubt as

3 Work eited in footnote 39, p. h.

3 Lapple, C. E., Discussion of paper “Flow of Fluids Through Porous
Media. I'"": Chem. Eng, Progress, vol. 43, 1947, pp. 537-548.

TaBLE 7.—~Voidage Junetions of varioyg |
wnvestigators

\

Value of
void
funection

Litera-

ture ..
survey Void
ref. function

No.

Authorg

§=0;s=1

—\ 3 <]
Bakhmeteffang = |
Feodorofr, :

Blake,

83

5—n Brownell ang Katz.: A

(1—g)s=n o
— Burke and Plummey, - §

(1;:)1{ Carman,
&

Chalmers et a],
Dupuit.
Happel.

Hateh.

Hatfield.

N
617 Oman and Watson, &

to the continuity of their funection chosen, and’
especially extension to high values of porosity; ]
The work of Happel ® represents a compre: %
hensive study of the variables involved in the: 4
pressure drop encountered in moving beds of: 3
the type used in Thermofor catalytic cracking: °
units as well as in pebble heaters and similar’
equipment. His void function reduces to the
finite value of 1.0 for §=0, a result that is not'
readily visualized from experience. N everthe-:
less, Happel achieved a very good correlation:
of his data despite the fact that the expression;
does not include a shape factor. Voidages m .
the various beds ranged between 32.7 and 49.2;° 8
percent and were chiefly the result of using:
various shapes of particles, rather than com-;..
pacting beds of the same particles. For this
reason, it seems doubtful whether the results:
of Happel will be applicable to beds of substan--
tially different voidage than that stated abeve..

w

SADDLES ., e

No attempt has been made to correlate void="

ages in beds composed of saddles and various:

types of special rings. The percentage voids:

for Berl saddles is higher than for most con-’

3 Work eited in footnote 24, p. 5.
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ventional packing materials; consequently, the
wall effect should be less pronounced for a

acked column made up of Berl saddles than
for a column consisting of other particies. For
this 1cason, voids in such beds may be esti-
mated satisfactorily from manufacturer’s data.

SAMPLE CALCULATION

Brass rings have been dumped into a I-inch
standard pipe, and air is passed through the
apparatus.  Find the pressure drop across the
anit for the following operating conditions:

Brass rings:
0. D.=0.375 in.
I. D.==0.250 in.
Height=0.375 in.

Vessel:
D,=0.0872 ft.

Packing height, L.=0.873 ft.
Air:

Temperature="75° F.

Inlet pressure=135.5 p.s.i.a.

Rate=48.8 Ih./hr.

Calculations:
Ring volume=(0.3752—0.250% (0.785) (0.375) =0.0227

in3

» . v
Diameter of cquivalent volume sphere=

D,,=13/(————0'02i7)(6) =0.350 in.
Voids:

First find the voids for a solid cylinder of
diameter=0.375 in. and height=0.375 in.

Cylinder volume=(0.375)2 (0.785) (0.375)=0.0411 in.3
iameter of equivalent volume sphere=

D,= 13/ —-————~—~(0'04}rl) (6) =0.430 in.;

D, 0.43

D, 1.049
from curve d of figure 25, 5= 0.50;

\'U‘lmzl{le of packed column == (1.049)2 (0.785) (10.5)=9.04
in.

(=)

0.410;

solil vohune of cyvlinders in packed column=(9.04)
(1.00-0.50) =1.52 in.3

2 =110.

number of evlinders in packed column:ar%z—ﬁ

. Assuming that a column packed with brass
Tings also contains 110 picces, the
folid volume of rings=(110) (0.0227) =2.50 in.3

8 for hed packed with rings=9£'§—~0—;~——~m=0.724.

PRESSURE DROP THROUGH PACKED TUBES, TURBULENT FLOW

1-5_1-0.724
® 0728

1——0.724=0'732.

Modified Reynolds number:

_ (48.8)(144)
= {1.049)%(0.785)

—_(8150)(0.350)
¢=12)(0.018)2.13)

G =8,150 1b. hr.71ft.~2

R =5,450.

From figure 25, f=0.725 (eurve for smooth particles).

Shape factor:

From page 16, x=0.205 %ﬁ"*
For the brass rings:

_0.857
(0.0227)7
A-1=2 38,

A=0.205 =2.20,

Density:
As the pressure drop will be small, calculate
p on the basis of the inlet pressure.

_ (29)(492)(15.5

p= W=0.0784 Ib/ft.3

Pressure drop

_(0.0139)(0.725) ((8.15)(10)%(2.38) (0.732) (12) __
- (0.350)(0.0784) (4.18) (108) -
1.21 p. s. i./ft.

Ap

COMPARISON BETWEEN TOWER PACKINGS
BED-CHARACTERIZATION FACTOR

From a design point of view it is desirable to
have a method for comparing characteristics
of various packings without resorting to
experimental work. With the introduction of
a few simplifications, equation (14) may be
used for such an analysis.

As the shape factor of particles likely to be
used with equation (14) ranges between 1
(for spheres) and 3 (for some saddles), a
maximum error of only 6 percent is introduced
into the equation by modifying it to read:

2.12/G2LA(1—8)

AP
Dvch53

(21)

Figure 10 shows that, for the turbulent range
covered by equation (21), moderate variations
in Reynolds numbers affect the magnitude of
f only insignificantly. Equation (21) may
therefore be written in the form:

G LA —3)

~ jrokhih S5
APz > D&

(22)

where ¢ is an experimental constant.
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30 FLUID FLOW THROUGH PACKED AND FLUIDIZED SYSTEMS

L)\D(: ;3-—62 by 8, one

2
Designating % by ¢’ and
may write:
AP « ¢'B. 22a)

As B is a function of the packing material
and the apparatus dimensions only and had no
effect upon the flow factor, ¢/, it has been
termed the bed-characterization factor. The
new concept is especially convenient as &
criterion for tower-packing performance. It is
desirable in this connection to let L=unity,
because it enters the pressure-drop equation
as a multiplier only. The bed-characterization
factor will be used to compare Raschig rings,
Berl saddles, and Lessing rings. Table 8
lists characteristics of the packing elements as
reported by the manufacturer (BKnight-Ware).

TaBLE 8.—Packing characteristics of Raschig
rings, Berl saddles, and Lessing rings, as
reported by the manufacturer

Number ‘ Frac-
h s Surface
o et of pieces| tional
Packing ! per ft.3, | voids fg;’gs
dumped ©) Lo
88, 000 0. 52 220
10, 700 .83 | 114
1, 330 . 68 58
380 . 68 36
113, 000 . 58 274
17, 600 . 60 155
2, 300 . 69 79
690 .70 52
1, 300 . 66 69
650 .62 53
350 . 60 40
150 . 68 32

! Nominal size, inches.

Assuming a cylindrical vessel 12 inches in
diameter and 12 inches high, then for l-inch
Raschig rings:

N'=(1,330)(0.785) =1,042

12.(0.58) (144)
“TT1,380

_ (0.32)(1,728)
Vo="""7 3%

D,={"“(O'4Ij> 6) _0.925 in.

=6.29 in.?
=0.415 in3

A= (0.205) (00'29 —=2.32

415)3

_ (2.32)(0.32)

P=10.025) (0.315) =256

Ve=(1,042) (0.415) =433 in.3
Ap=(1,042) (6.29) =6,570 in.?

. The above data for rings may also be approx.
imated by starting from solid " cylinders 1 inch
in diameter and 1 inch high. For the cylinder,

D,=1.148,
and
D,,___ 1.148

E ? =0.0957.

From curve “e” of figure 25,

§=0.365.
Then,

_(0.635) (0.785) (1,728) _
N oS =1,100.

For a standard Raschig ring d,=A=1 inch
and d,=0.75 inch, V,=(1)(1-0.56) =0.44 inch3
Assuming 1,100 rings in the vessel,

5= {1.728) (0.785) ~ (1,100) (0.44)

(1,728) (0.785) =0.645.
A=6.188 in.
D,=0.945 in. .
A=2.19; 8=3.08,

Vp=484; AP=6,800.
For 1-inch Berl saddles:
N=(2,300) (0.785)=1,810

_ (79) (144)
A="300

7. =(0:31) (1,728)
*= 73300

=4.95 in.?
=0.233 in.3

D,— {/w =0.765 in.
__(0.205) (4.95)
=" (0233)%

_ (0.31)(2.68)
F=10.60y7(0.765) —3-31

A

=2.68

Vp=(1,810) (0.233) =421 in.?
dp=(1,810) (4.95) =8,770 in.?

The calculations for the other packings were
made in the same manner. A summary of the
calculated results appears in table 9.
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TapLE 9.-—Particle and bed characteristics for towers, packed Raschig rings, Berl saddles,
and Lessing rings

(TURBULENT FLOW)

T T T 7
! | \

§
Nominal size, ~ A, Voo + Dy . I Ap, 17p, Ao, 17,
inches X !osg. in. | cu. in, in. I A ‘ 8 B ; sq. in. jeu. in. =q.in. jeu. in.
h | i ' . i
N |
Raschig rings: X _ o 5
Y |, $9.000 | 0.360 { 0.0094 ) 0.2361 1.65 { 0.52 240 | 24,900 652 1, 040 27. 2
8, 400 1.535 | .0756 .526 1 1751 .53 10.6 12, 930 636 1, 200 60. 0
: 6. 29 415 .925 | 2.32 68 | 2. 56 6, 570 433 2,560 | 170
6. 19 . 440 L6441 2191 .65 3.10 6, 800 484 2,190 | 156
13. 65 1. 455 1.4051 219 | .68 1.60| 4070 432 2, 540 | 270
.350 | .0064 .281 12071 .5820.4 | 31,100 570 1, 530 27.8
1. 27 . 0393 .422 71224 .60 9.9 17, 600 544 1, 790 55.0
4. 95 . 233 . 765 | 2. 68 69 | 3.31| 8,770 421 2,650 1 128
10. 9 . 750 1.13 | 271 701 2,11 5, 910 406 2,810 ; 193
7. 64 . 452 .953 | 2.67 | .66 3.31 7, 790 461 2,350 | 139
11.77 1. 008 1.243 | 2.43 | .62 | 3.10 6, 000 514 1,930 | 166
' 16.5 1. 975 1.558 1 2.17 | .60} 257 4,515 544 1,770 | 212
1.921 | 2.67 | .68 ' L 2,590 { 311

}30.7 3. 69

40 3,625 | 435

1Wpidage date estimuted from cylinders, using fig. 25.
VOLUME AND SURFACE-AREA CHARACTERISTICS

Table 9 intreduces two new concepts—the
volume characteristic, 1, and the surface area
characteristic, <., of a packing. By definition:

Ve, .
Ve A (23)
. =ﬁ.
A G (24)

These concepts are more significant than 8
alone for comparing tower packings with each
other. Depending on whether the surface area
or the solid volume is of importance in the
operation, the comparison should be made on
] - the basis of A, or 17, respectively.

A | Resultsin the table show that, for comparable
SR Suzcs, the Berl saddles have higher values of 4.
thun either Raschig or Lessing rings. This in-
leates that for the three packings considered

' the saddles offer the least pressure drop for a
. 8ven swrface area. On the other hand, com-
. Parison of 77, values indicates that the saddles

» Will provide the least mass inside the tower for a
ggglp.«illjﬂble pressure drop. These properties

“’ide(dl‘leﬁy responsible for the comparatively

b istribution of Berl saddles in distillation,

E “P20rption, and stripping equipment.

reacli(:)lfl‘ the operation of packed towers and

of 1 ,L\’-“ is known that the entire charge

: ('Sire:l vessel is not always effective in the
. operation,  Frequently, because of
B, Uy charging of the vessels, bridging of the

A packino‘ 1 ,b = N . ) =t Ab N
N pa?le ements occurs, and the fluids, using
ense 1 of least flow resistance, bypass the
T portions of the bed. This phenomenon

is related to channeling and will be discussed
in greater detail in connection with fluidization.
Vhile this cause of inefficiency may be largely
overcome by loading the vessel carefully, there
are other more inherent reasons why certain
portions of paclked beds are less effective than
others. Thus, it is conceivable that with
certain types of rings of very small internal
diameter, the inside area is less effective in an
operation because of the comparative case of
blocking. Taking this into consideration, it
appears that true characteristic volumes and
surfaces should be defined by

V°=VEE Ly (25)
and
Ap
== kav 2
3 (26)

where k, and %, are constants pertaining to the
individual packing elements and denoting the
fraction of the packing that is effective. The
constants are dependent on bed configuration
and can only be determined experimentally.
Pressure-drop observations through conven-
tional Raschig rings have indicated that the
ring interior is apparently no less effective
than the inter-particle voids, and therefore,
for rings, one may assume that k.,=k,=].
For more complex packings, such as certain
types of partition rings, the constants are
probably considerably smaller than unity.

RELATIVE PACKING EFFICIENCY

Comparison of A4, and V. values of one
packing with those of another suggests the
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introduction of a term for relative packing
efficiency. Thus, with reference to surface ares.

_(Acka)s

E. Ak, 27)
. (Vckv)z

E,,_————”,ckv)”, (28)

where subscripts 2 and y refer to the less
eflicient and more efficient packing, respectively.

SPACE VELOCITY

It has become customary in catalytic process
development to describe the feed rate of
fluid (gas, vapor, or liquid) into a reactor in
terms of space velocity. In English units,
space velocity is defined as the number of
cubic feet of the feed per cubic foot of catalyst
per hour. The term “cubic foot of catalyst”
refers to 1 cubic foot of reactor volume “flled
with catalyst,” not taking into account packing
density. The concept may be expressed by
the simple equation:

5@
B=r. (29)

An improved definition, which compensates
for packing density, is given by:

G
Depending on whether the reaction proceeds
chiefly on the outside surface or in the interior
of the catalyst, a somewhat more exact defini-
tion of space velocity is possible:

G

S=Laa—om, @D

for surface reactions and

G
S=ma—or 2)
for reactions proceeding in the catalyst interior.
Because &, and k, are close to unity for care-
fully packed reactors, equations (31) and (32)
reduce to the form of equation (30). The
following calculation will show the magnitude
of error that may be involved in the design of
reactors if the definition of space velocity as
given by equation (29) is used.

A Fischer-Tropsch catalyst was reduced by
means of hydrogen at 450° C. A 0.375-inch
standard pipe packed to a depth of 10 inches
with alundumlike cylindrical pellets (h=d=
0.125 inch) was used as s reactor, and the inlet
gas rate was 1.100 standard ft3/hr. A larger

unit, using 110 ft.3/hr. of hydrogen, is to be in-
stalled, and it has been decided to use a 2-inch
standard pipe as reactor. To what depth will

the unit have to be charged with catalyst of the
same size if the operation is to proceed at the
same space velocity that was employed in the
exploratory unit?

SOLUTION
Hydrogen density:

=_2(492) .
= 1350) (530) —0-0052 Ib./ft.3

Reactor cross-sectional area: 0.001326 ft.2
Mass velocity:

_(1.10) (0.0052) _ o
= oT3ae—2 =431 Ib, hr.~1 f5,-2

Space velocity:

w_ (431)(12)
S=710) (0.0058y = 1-000-

Mass velocity in large unit:

_(110) (0.0052) gy
G=""" 0955 > =245 Ib. hr.~1 ft,~2,

According to equation (29),

24.5
L=1%;500) (00053 =472 fb.

In order to use equation (30), the respective
bed voidages must be found first.

From figure 26, \=1.145 for the cylinders
under consideration. The effective particle
diameter:

-3 (3)(L145) .
D”_(l+2>_ (5F16) =0-143in.
h ',

122 . ~
A=0757a2/3¢k - &
1 | 2
— 2 e— — + -
<120 b 3 (Fta
=
(@]
=
1
Y8
(19}
a.
<t
I
[72)
Li6
114

(o] 0.5 1.0 1.5 2.0
HEIGHT ! DIAMETER RATIO OF CYLINDER o
Ficvre 26.—SHAPE FACTOR IN RELA-

TION TO HEIGHT: DIAMETER RATIO
FOR CYLINDRICAL BODIES.
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(LI 1]
tl For the exploratory unit, Consider a solid cylinder of length 4, diameter AR
le de=2,,., and hf/d.=:a. Then, R 3
the D,_0.143_ o0 AR
the D, 0493 7Y l:zmzzzc trd h] 111
. 5 A _ 4, T T ,
and from figure 25, curve ¢, 6=0.482. For the DV, Gran RN
Jarwe tube, 1 ©o
D, 0.143 d R
—D~:'—2—'—0—67—0.069, mde (da+2h) o [. §1 i}
A _ 2 Gt _LTL, 2], (g B
ex D, 3xnd. ~—3d.h 3Lk 'd. ¥
and 8=0.355. —— (dch) AR f i
bl TR
Using equation (30), the true space velocity  Also, . A
voq
. (4.31) (12) _ _2=d. ot ?
8=110) (0.0052) (1—0.482) — 72% A, 0-20-’[ 1 +dch] |
A=0.205 ——5z= 5 5 Ll
L : VR N EE eulE L
and again using the equation, el ‘ RV AY.
24.5 — ] ]
L= | 20 (0:0052) (1_0.355)_3.82 ft. which reduces to: n " : ; ;
. . . 1 1 ¢
The ervor introduced into the calculations by A=0.757 a¥? [é+£]- (33a) , b ‘t :
using equation (29) amounts to I \i ‘,
(4.72—3.82) (100) _ o0 o percent. In figure 26, shape factors for cylindeys have ; ; i .‘g " !
3.82 ’ been plotted in relation to the height/diamcter : g i t
. . ratio. It is observed that the curve passes RO H iy
This error may become substantially larger for through a minimum at a=1, a condition that is N1 A
different packing materials and greater scale-up easily predicted by the conventional methods of R i
uiters ‘ . ) AT
ratios. calculus. ) . " el
CYLINDERS, SPHERES, AND GRANULES Because the height and the diameter are S !
L ! ! » known for most cylindrical pellets, the curve in o ,}
tive _ The catalyst shapes most frequently used in figure 26, in_combination with equation (33), R
industrial work are ecylinders, spheres, and offers a rapid method of amiving at the equiv- Lol A
1}‘11". prannles,  Although, as will be seen later, these alent particle diameter. o ) ¢
dcle @ shapes do not offer such favorable conditions Tables 10, 11, and 12 list the calculated data PERIL
: as do rings or Berl saddles, the cost of their ~ pertaining to beds of cylinders, spheres, and D
preparation is smaller, and they exhibit con- granules. In all three cases the vessel chosen aoh
siderably greater mechanical strength. was 3 inches I. D. and was packed to a depth of RSN !
1 foot in such a manner that the voidages re- Sl
CYLINDERS ported in figure 25 applied to the systems. The Sl
. . y the materials was assume SRk
Calculation of A and 7))\_ ratio. iﬁgﬁﬁ of ‘the e 8 ed to be : "fi I
? ) ST
et
TasLe 10.—Calculated data for cylinders - ! ;
_— bl
N . 1 [ ' R
Dimensions, = D “ . 12 Ap | Ve, Ar_ ﬁ’:V iy f ¢
: inches . inch | P#/De] 8 Ny sacing oy B, B sq.?n. cu.in.| B R . "“2
i i sq.in. cu. in, Sy s
_ i | B
e 00715 0. 0238 0.820 1301, 000 | 0. 018420. 00019183, 950 |g 530 57.3| 1396 00045 o
TOILL I 143 | L0477 1 .330 ) 37,050 | .0737 {.001532 i1, 2,735 56.8 | L3 . 0318 ih
B AR T 1R IR oS s N HEEI E
O -y Rl ' : Peats i oot o : IR
B N TN 1 B A R N RN
:gljéié—-ffﬂ:ii 715 | 2383 |00 | 263|182 [ .1917 . 1825 48§ 5.8 2.68 | 2735 LEr
e . L 8BR | L2866 429 146 | 2. 643 . 331 i 116. 51 386 1 48.3 | 3.32 . 4148 ERIH
—— | i | i . ”
‘K&
B
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Tasre 11.—Calculated data for spheres sec(

duc

{ is1

i - A |4
' D, A, ¥ , AP, .Vp, —P=A_c, LA " bed
' inches Do/D J N sq. in. | cu. in. 6 sq.in. | eu.in. ; B g bed
Vi sq. in. cu. in. .

. elté
R 0.150......... . 0.05 0. 345 | 31, 450 | 0. 0706 0. 00177 1,288 |2, 222 55. 7 1. 728 0. 0433 um-

| SO .10 . 368 3.802 | .2826 |.01412 508 1, 076 53. 8 2.12 . 1060 98

‘ ‘ D25 L . 175 . 400 671 . 864 \_. 0758 214 579 50. 9 2.70 . 238 ’

\ Sloo oo oL . 270 . 442 170 | 2. 07 y 2775 96 352 47. 3 3. 67 . 493 pac
) .02, ... . L340 ;. 473 . 81 . 3.26 . 5545 58. 8 264 44. 9 4. 49 . 762 ticl:
| 126,000 10 420 0522 121 500 |1 048 3.9 | 210 439 658 | 1380 of 8
P T4 o i -480 ‘ . 538 25 I 6. 50 1. 57 24. 6 162. 5 39.3 6. 60 1. 59 val
' As
{ ) not

i TaBLe 12.—Calculated data for magnetite granules to .

: ' , are.

: D, | D,/D s N 4, Vo 8 Ap, Ve, ~{1—€=A¢, K—-=V¢, ; gs(;
o inches e sq. in. | cu. in. sq. in. | eu.'in. | gq. o rgu. . 60D

' “ . - - e

T 0.15........ | 0.05 0. 443 | 26,675 | 0.1223 (0. 00177 888 3, 268 47. 3 3. 68 0. 0533 g L

b ;1 I .10 . 477 3. 135 . 48908 | . 01412 33+ 1, 537 44 2 4. 60 . 1328 P\
g Ll s 1225 S, . 175 . 491 570 | 1. 493 . 0758 170 853 43. 3 5.01 . 254
e Sl . 270 . 508 150 | 3. 58 . 2775 96. 6 537 41. 6 5. 55 . 430 ma

N 102 ___ . 340 . 517 74| 5. 64 . 5545 71. 5 417 41. 0 5. 82 . 572 aft

-

"

! I 3 Significant data for the three packings are  This is directly related to the particle shape (be
i ;’ ' shown graphically in figures 27 and 28. From  factor of the materials; that is, granules, A=1.73; on
[ . . -

RN figure 27 relating total bed surfaces and volumes  cylinders, A\=1.145; and spheres, A=1.00. As pas
bl to the ratio of packing to vessel diameter, it  far as volume of packing material is concerned, bet
JREY appears that the bed composed of granules has  the cylinders are most cffective, spheres are Ve
Tl the greatest surface. The cylindrical bed has , v
cil a somewhat smaller surface, and the spheres 6.0 Refer 1o 1abies 10, P 12 hig
e exhibit the least surface of all the materials. It and 12 / the
*

8 ' o the
Tl 6000 Refer to tables 10, Il and 12 50 A 10 ms
S, , n ¢
i | ! - a1
b 50 A — ron Fislch’er-Trcp,sch / v

4 000 |- t— calalyst granules - A
‘ l C - Cylxnder; 4.0 ¢—os
5‘ E o — Spheres NE» A Ac nE Pil

| g 4000 " <€’ 3.0 / A 6 >Z> th

e 8 i} ",

Nt i g / / fek‘

i ¥ 3000 = 01
i g ] Y. s ple
LA o = 2.0 7_, 4

- Gl 3 s /

' < 2000 = 0’0/7 // /

oo 10 ve 2 ;?
b 1000 ‘/O{:on.ﬁ'r. catalyst granules Fe¢
- ' O -Cylinders th
vl ¢ -Spheres l
} [ 0 03] 02 03 0.4 th

h 0 il
v ° Dy
| : Freure 25.—VOLUME AND AREA CHAR-

1 . Frivre27.—SURFACEAREASAND SOLID ACTERISTICS FOR VARIOUS TO\V]%R
P! VOLUMES FOR VARIOUS TOWER PACKINGS SUBJECT TO TURBULENT
. v,',‘ PACKINGS IN PIPE OF D,=38 INCHES. FLOW,
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cecond most effective, and the granules pro-
Juce a bed of Jeast density.  This characteristic
is in line with thq vqldages of the individual
beds. Figure 25 indicates that the granular
beds have a considerably higher voidage than
cither spheres or ceylinders.

Comparison of characteristic areas and vol-
ames should be \*cryvsigniﬁcant. In figure
28, values of ;10 apd T«c‘have been shown for

acking materials in their relation to the par-

ticle/tube-diameter ratio. The positive slope
of all the curves indicates that both 4. and V.
yalues increase with increasing D,/D, ratio.
As far as 17 is concerned, the three packings do
not differ much from each other. With respect
to A, however, it appears that the granules
are, by far, the most efficient packing. To
decide which material is best suited for a specific
purpose, values of Ap, Vp, A, and V, must be
considered together in their relation to the
process. From the analysis presented, it ap-
pears that the granules are preferable to both
spheres or cylinders.

Values of A, and 17, in tables 10, 11, and 12
may readily be compared with those in table 9
after the latter have been divided by

122
(?) =16

(because the data in the latter table are based
on a 12-inch diameter vessel). Such a com-
arison indicates that rings and saddles are
ctter than cylinders, spheres, or granules in
every respect. Their use in catalysis, how-
ever, is curtailed because of the comparatively
high cost of their production. Furthermore,
these packings have less mechanical strength
than cylinders, spheres, or granules, another
major factor to be considered in the choice of
& packing.

SUMMARY

JFrom an analogy of fow through empty
Pipes, an equation was derived applying to flow
through packed tubes. After evaluation of the

_experimental constants, the equation had the

orm
_2.12/G2AL(1—8)
TS e Y

ngcp53 (21)

AP

and the influence of each variable upon the
fessure drop was experimentally established.
or smooth particles such as glass or porcelain,
¢ modified friction factor, f, was given by
e relation:

(13)

F=1.75 (D:Gyo"-
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With rougher materials such as aluodum or
clay, the friction factor,

D:G)’“.

£=2.625 ( (16)

For still rougher particles, for example, Aloxite
or MgO granules,

DG\~
=4.0 —) .
=400 (%

Thus, by selecting the proper friction factor
for each material, the validity of the equation
has been extended to materials of different
degrees of surface roughmess. An absolute
measure of roughness has been proposed by
expressing the property by the ratio e/ry,
where ¢ 1s the height of the protuberances on
the particle surface, and r, is the effective par-
ticle diameter. As roughness specifications are
not available from manufacturers’ data, how-
ever,a correlation between fand e/r, was not pos-
sible, and the problem could only be dealt with
descriptively.

One of the major factors in detecting the
effect of roughness was an understanding of the
effect of the voids upon the pressure drop.
Experimental data revealed that a small varia-
tion in voids, for example, 40 to 43 percent, in-
fluences the pressurz drop by as much as 23
percent. The range of voids (35 to 76 percent)
pertaining to the experimental data upon which
the equations are based was covered by the
function

(17)

(1—9)
&3

with very good results. Despite the variation
of D,/D, (from 0.047 for MgO granules to 0.615
for porcelain balls), no wall-efiect factor is
required to use the equation. It is believed
that wall effect is accounted for if the total
voids are substituted into the equation. The
equation contains a shape factor that accounts
for the effect of packing surface upon the pres-
sure drop. By derivation, shape factor

.4
A=0.205 W. (9)

The usefulness of the concept became apparent
through the application of the equation to beds
of spheres, cylinders, rings, Berl saddles, and
granules. Without the shape factor in the
equation, predicted values of pressure drop for
differently shaped particles would vary by
several hundred percent.
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A separate study was undertaken to develop  estimation of surf
a_correlation of voids in packed tubes, A Finally, an analysis of th

simple correlation between § and D,/D, was  that it may be used
found possible for the va
This development
without the knowledge
packed bed,

ed.

also.

as many
For instance, it facili
vessel capacities for

FLUID FLOW

THROUGH PACKED AND FLUIDIZED SYSTEMS

directly

greatly hampered; bed-characterization factors were found
other applications, portant as a criterion for comparison of tower
tates prediction of packings.
specific packings and

ace areas in packed tow
e equation show
to predict the
rious shapes investigat- individual merits of tower packings.
is important, because, connection, a new concept, the bed-character.
of the void content of & ization factor
the usefulnes
drop correlation would be
this correlation h

, was introduced. In combing._
s of any pressure- tion ith surface area and volume of the packing
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GENERAL CORRELATION

In the previous section, it has been demon-
strated that equation (5)

B DG\ (N (1—8)3n
Ap—;c( u ) <p> (D,ﬁ) &

applies to turbulent flow through packed tubes
as n approaches 2. However, the equation also

covers the viscous flow range if a value of n=1
is used. With this substitution, (5) becomes:

s (34)

ore
_kGeN(1—8)?

A= 7D e (5]

In (35), Ap has the dimension pounds per
square foot per foot. Later extension of the
equation to fluidization will show that it is
more convenient to use the form

o RGLuX(1—8)?
AP=T (36)
where AP now has the dimension pounds per
square foot. Comparing AP in the form of
equation (36) with a modified form of the
Fanning equation,

_2/GL(1—8)?

AP
Dypg.é®

(37

which may be considered applicable to fluid
flow through packed sections, it follows that

>
D, G\
—c (287,
f w )
where (7 is a constant that must be evaluated

experimentally. From equation (37) it also
appears that

(38)

__APDypgc.8®
I=s@Li—s? (87a)
gggh may be evaluated from experimental

Examination of (37) does not account for the
shape of the particles. Therefore, equation
(38) suggests that if log f-values are plotted
versus the respective values of

log %)
I

a series of straight lines of slope n=-1 should
result. The displacement of the lines from
each other should be a result of the effect of
shape factor of the packing upon the pressure
drop. From relation

Ap < N2 (36a)
and this displacement, the shape factor of the
various materials may be estimated.

DATA AND EQUIPMENT

Tables 13 to 19 present the keys to figures
29 to 34. The original data are given in tables

& 10,000 T
= h—1
8 7000 1
«© 9
&
8 4000 W 4
& 7
* 2,000 2 D 40
« el -+
g A T e %
- / A - 2
k1,000 - o G
2 700 = F i n
» yad i ) 4
= 7 F
2 2 400 Z N 2 ¥ o
g A
% A s yare
& ¥ 200 / A LY /.,.:f;é fakd
2 2 el ¥a'%
9 [ /V ¥ | /{//
z A e
100
08_ 70 LVJ ~4¥ » pA
o o b y.d For key to figure 1 —
< Y.
Y see toble number 13 —
g 40
2 Y
S )
g /
§ 20
4 '
a 0
004 ol 02 04 10 2 4 10 30

0,6
MODIFIED REYNOLDS NUMBER,-%-

‘Freure 20.—DOWN FLOW OF GASES THROUGH

SAND BEDS.
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400 [

. %] . o ’
LA « TS T
Ol duise SRNC Ul

: /
N k7 ‘? = For key to figure Y I-b
rilE . o o see table 14, .
RPN ~ . /.
#t. e L—_IOO yd Py I
r“.') g @ /7 774
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V and VI of the appendix. Figure 29 shows
measurements made with sands under co-
gravity flow conditions. The apparatus was a
l-inch standard pipe carrying a 200-mesh screen
on the lower end. As the flow rates were small,
the pressure drop across the screen could be
neglected in all cases. Air and helium were
used as fluids to investigate the effect of kine-
Matic viscosity on the pressure drop. From
the specifie gravity of the sand (2.65), the
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| NoteMulliply’6"by 10 for g'~4 weight of the sand in the tube, and a knowledge
S L Lo of the height of the sand column, the fractional
2 3 3686 76 ©  voids were calculated. The data reported in

table 13 were collected with narrow cuts of
sand. The diameter of such a cut was defined

by D,=+/did>, where di and d, are adjacent
sleve openings.

The data referred to in table 14 pertain to
larger particles. Unlike the sands of table 13,
the lead shot, glass beads, Raschig rings, and
cylinders permitted direct calculation of shape
factor, and voids were determined by immersion
in water. The flow of the air and helium was
downward.

TapLe 13.—Erperiments with round and sharp
sands in 1-inch standard pipe

Run D,, inch | Fractional

e e e 0. 01505 0. 410
. 01505 . 354

B e e e - 01268 . 386
- 01268 . 850

e e - 01062 L 414
- 01062 . 358

Qe e - 00818 . 485
- 00818 . 367

e e . 00632 . 446
100632 | - .381

f e - 00488 . 445
. 00488 . 391

G e I . 00345 . 450
B . . 00264 . 485
Aol t.01505 . 486
b . . 01268 . 194
. 01268 . 431
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TaBLE 14.—Experiments with large particles in 1

(DOWNFLOW OF AIR AND HELITM) -

MS

-inch standard pipe

D Shape | Fractional
Run g Material factor, | bed voids, Gas Surface
inch N 5
I-a_ . _______ 0.0779 | Leadshot_.________._ __ 1. 00 0.8354 ) Air..______________ Smooth.
I-bee L0779 {. . do__.___________. T 1. 00 .35+ | Helium_.____________ Do.
I—eo . ____. L0779 | __do____...____.__.°7" 1. 00 2882 | Air_____________ " Do.
1-d_..._.___ .. L0779 (L _.do___________ 77" 1. 00 382 | Helium_____________ Do.
2-a_ . .143 | Glass beads_..__________ 1. 00 378 | Airo_.____________" Do.
388 {.____ do___.____.__. Do.
B3-a.. ... 2172 (Lo 1. 00 405 o ___ doo_______.__. Do.
391 f.__.__ do_.___._______ Deo.
d-a__ .. . 253 Raschig rings__.________ 1. 50 526 Helium.____________ ROLI%I.
BB . . 182 s . 1. 15 .362 | __ O . 0.
5-b._ 100 . 182 |pAlundum eylinders. ____. { 115 862 | Air._____ . ITTTTTC | Deo.
\
TaBLE 15.—Experiments with uniform round sands n 2Y%-inch tube
Fluidization pressure drop,
Weight Static Static 1b./sq. ft.
Run D,, inch gnt, height, fractional Gas
gm. £t voids, &
Observed Calculated
a~1.._. 0. 01505 756 0. 505 0.422 | Air__________ .. 48 49
a-2_._._. . 01505 1,198 . 784 416 ... _ doo._...___ 76 7
b-1._.__. . 01268 750 . 489 410 .. ___ do__.._____ 46 49
b-2.___ . 01268 1, 150 . 754 414 4. doo.______ 72 75
b-3.. __.. . 01268 1, 511 . 980 408 §.._ .. dooo . 96 98
b4 _ . . 01268 750 . 489 410 | COy o ___ 47 49
b-5_____. . 01268 1, 150 . 748 410 |.____ doee______ 72 75
b-6______ . 01268 1, 511 . 977 . 407 | .. doa._______ 97 98
e—l...___ . 01062 874 . 584 423 | Air____________ 57 57
2. ... __ . 01062 874 . 584 423 1 COpe 57 57
d-1.___._ . 00818 650 . 449 44d | Air_ L 43 42
d-2._____ . 00818 1,116 L 724 447 .. _ doo._._.__. 75 72
el .. ___ . 00632 980 . 679 445 1 __ do...._.._. 64 64
e-2 ... . 00632 980 . 676 443 | COge 64 64
e~3 ... . 00632 980 . 669 486 | Helium_._______ 66 64
f-1....___ . 00488 557 . 394 454 | Air_ . _________ 35 36
=2.___ ... . 00488 858 . 597 445 L. __ doo_.__.__ 56 56
-8 ... . 00488 858 . 590 442 | COgoi . __ 55 56
g-1_____. . 00345 898 . 656 474 | Air____________ 57 58
g2 _ . . 00345 1, 030 771 461 69 70
g-3__ 1. . 00345 898 . 656 58 58
g4 ____. . 00345 1, 080 771 71 70
h-1.____. . 00310 1, 865 1. 473 111 121
h-2______ . 00310 2, 376 1. 890 139 154
h-3____.. . 00310 2, 376 1. 890 114 154
=1l . 00290 1,185 . 920 2508 [ Air___________ 69 77
=20 . . 00290 1,185 . 920 - 508 | Helium.._______ 70 77
j=1.... . 00202 920 . 793 2550 | Afro . _______ 51 60
R . 00202 1, 339 1. 108 .538 |__.__ do_._._.___ 74 90
it SO . 00202 1, 339 1. 090 . 628 | Helium_________ 76 90

HHAO I - b

b b by Ry
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TaBLE 16.— Ezxperiments with uniform sharp sands in 2%-inch tube

41

.

—
Fluidiza.tion/ pre%ssure drop,
. . . Ib./sq. ft.
. - ' T Tac-
D, inch Weight, grams S’(atui:'e};glg it, ti%:glls'gig;, 5 . Gas
Observed Caleulated

0. 01268 755 0. 580 0.500 | Air-_ooooon-- 47 49

. 01268 1, 255 . 945 490 |_doo o 81 82

. 01021 1,150 . 900 510 f o dooe e 70 75

. 00818 1, 181 . 982 589 1. _do_ e 70 77

. 09818 2,181 1. 747 .520 |__.doo—o - 131 142

. 00488 850 . 742 0559 j.--doco - 47 55

. 00488 1, 150 1. 000 .559 loo_dooo o _.an 64 75

. 00345 630 . 570 L B72 |o_do_o . 33 41

. 00345 981 . 868 . 566 |oo-dooo oo 56 64

. 00345 1,759 1. 578 570 | _do_o . 101 114

. 00345 1,759 1. 578 . 570 | Helium__.__-_.. 101 114

. 00229 900 . 820- 578 | Adro el 50 58

TapLE 17.—Ezperiments with uniform round and sharp sands

n 4-inch tube

Fluidization pressure drop,

‘ ! . . . 1b./sq. ft.
D,.inch  Weight, grams Stah%ezg ight, tviitrxagilircf)?gg- 5 Gas
Observed Calculated

Round sands
0. 01100 3, 239 0. 891 0.447 | Air_ .- 80 82
. 01100 5, 508 1. 554 458 |o._do- 140 140
. 01062 2, 487 . 690 L 453 | __do_oe .o 62 63
. 01062 2, 487 . 698 . 457 | Helium_______. 61 63
. 00445 2, 545 . 737 475 ) AT oo 63 64
. 00445 2, 545 . 737 . 475 | Helium___.__.__ 63 64
. 00310 2, 355 . 786 545} Alr - 57 60
. 00310 2, 355 L7756 . 538 | Helium__.__.__. 58 60

Sharp sands
. 00715 2, 168 . 734 0.550 § Adr. oo 53 35
. 00715 2, 168 . 727 . 548 | Helium. oo —_ 53 55
. 00458 2, 352 . 839 BTA | Alro - 57 60
. 00458 2, 352 . 842 . 578 | Helilum..oo .. .57 60
. 00303 1, 793 . 638 CBS7 L A Lo 44 45
. 00303 3, 541 1. 288 878 oo _dOoe oo 36 90
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Run Dy, inch  |Weight, grams Statuf:egflghf,lt i?)f;tl"\:' ggg’ 5 Gas
I M S SR
2Y~inch tube
0. 0094 1, 000 0. 681 0.437  Ajr___________
0094 1, 000 . 681 - 437 | Helium______
0004 1, 492 . 989 . 423 iro_.______°
. 0094 1, 492 . 989 . 423 Helulm__-____-_
00838 1, 000 . 675 . 431 e
00838 1, 000 . 675 . 431 Helium__ __ .-
00838 1, 500 1. 008 . 428 iro_ ...
00838 1, 500 1. 008 . 428 Helium___ e
01163 1, 362 . 884 . 409 iro__._______~
01163 1, 000 . 655 414 Helium_----_-__
01163 1, 000 . 655 . 414 3 SR
00658 1, 000 . 665 422 . __ do.._______
00658 1, 972 1. 290 410 {_____ do__.______
4-tnch tube
00658 2, 975 . 761 -406 (.____ do.._______
01346 2,223 . 675 -498 [ ___ do.________

Mixture

TABLE 19.—Composition of mized sands o
] - 3
, Weight ’ !
fraction X Calcu}ated o

retained by
sieve range

0. 50
. 50

.25 |

Sieve range

. 0116~
- 0097~
- 0069

. 0164
. 0138~
. 0116-
. 0097~

. 0116~
- 0097~
- 0069-
- 0058~
- 0035~

. 0195-
. 0164

—_—
0. 0116~0.
. 0097~

FLUID FLow THROUGH PACKED AXND FLUIDIZED SYSTEMS

TABLE 18.—Experiments with mized round and sharp sands in 2%-inch and f-inch, tubeg

Al

Fluidization pressyr,

Ib/sq fe, ¢ 9rop,

Observed Calculated'

- 57 o
65
- 87 97( :
5§ 977 4
- :58 654
87 65 ;
97°
89 97
79 83
59 65
58 65
59 65
116 128 -
75 75
58 56

d,, inch ; d, X . inch
\4\:\ )
0097 0. 01062 i 0. 00531 -
. 0069 - 00818 | . 00409 0. 00940
. 0097 . 01062 . 00354 L
. 0069 . 00818 . 00273 . 00838 -
. 0058 . 00632 | . 00211 ,
. 0138 . 01505 . 00376
. 0116 . 01268 . 00317
. 0097 . 01062 . 00266 . 01163
. 0069 . 00818 . 00204
. 0097 . 01062 . 00212
. 0069 . 00818 . 00164 i
. 0058 . 00632 . 00126 . 00658
. 0041 . 00488 . 00098 )
. 0024 . 00290 . 00058
. 0164 . 01790 . 00448
. 0138 . 01505 . 00376

.25 - 0188~ . 0116 . 01268 - 00318 - 01346
.25 1 - 0097- . 0069 . 00818 . 00204 !
Tables 15 to 19 refer to data observed with cussed in greater detail in connection with

round and sharp sands during fluidization runs.

he gases were Passed upward through columns
of the various sands. The range of flows during
these experiments was wide enough to expand
and fluidize the beds, However, for the pur-
pose of pressure-drop correlations through non-
Huidizing beds, flow rates up to a certain limit-
ing value (Grs) only should be considered.
The significance of the concept Gy will be dis-

fluidization.
illustrated in

Figure 29 s
to 40

The equipment for these tests is’
figure 51,

CORRELATION OF RESULTS

hows Ap (Ib. £6.~ ft -1y corrected
-percent voids in relation to
Reynolds number.
were used, and the ¢
mentioned in table 13

the modified

Logarithmic coordinates .
ata refer to the sands
; the correction to the -
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standard voidage was made by using the
JJation
relatior g
p= 53 :
and the value of this relation can be seen from
the results obtained. .Run a in figure 29, for
instance, was made with the same sand com-
acted to a voidage of 41.0 percent for one
experiment and 35.4 percent for another. A
decrease in voids from 41.0 to 35.4 percent will
almost double the pressure drop; however, by
applying the above relation, good agrecment
petween the loosely and densely packed bed
runs resulted.  The slope of all the lines is (+1)
a characteristic of viscous flow.
In figure 30, log Ap has been shown in relation

to
lo (——D "G>-
E\Ts

The curvature of the lines indicates that the
flow was intermediate between the turbulent

and viscous range. Figures 31 to 33, showing
data originally collected in connection with
fluidization, are susceptible to a pressure-drop
analysis as long as no bed expansion is experi-
enced. Proportional coordinates were used,
and the slope was found equal to unity, an
indication of viscous flow. Figure 34 shows
data observed with mixtures of sand; the com-
position of the mixture is given in table 18.
As indicated earlicr for turbulent flow, the
composite diameter of a mixture of sand was
calculated by

Il

D,=3" (Xd,)z

=

(39)

—

Modified friction factors calculated from all
the data have been plotted in figure 35, which
also incorporates the data of figures 10 and 14.
Considering the viscous range only, it appears
that the friction factors originating from glass
spheres and lead shot are the lowest. By
incorporating proper shape factors into the

v ECaT ;
\\ }
F NI 1
N J N
¥
DO
hh l’\; * — Round sand
io* N X = Sharp sond
I— 7L__. X
[ Round sand =X O~ Gloss beods
— PR A~ Alundum cylinders
3 \ ¥~ Clay Raschig rings
< &
X « # ~ Lead shot
TN A~ Mixed sizes ( round sond )
3 — Earlier dolo ( See figures 10 ond 14
0
"
3
E;o' Sharp sond
&
[
W [ o
§ ’ x%
o |
; A A
A
X
; N
OREG <
e Y || Aloxite, fused
It MgO grlolnules
x° — n Alundum, cloy, efc. 11|
e ué“' v v  — ot 2
' Celite, | [ [H
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i) ete.
L
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o 10 10" 10° 10 0* 10° 10" 10*
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Fiavre 35.—MODIFIED FRICTION FACTORS vs. MODIFIED REYNOLDS NUMBER.
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Raschig-ring and Alundum-cylinder data, the
line for these particles merges into the line
pertaining to smooth spheres. This indicates
that the relation Ap, «<A?is valid for the viscous
range and also that surface roughness has no

effect upon flow in the viscous range.

Comparisons of friction factors are nNOw possi-

ble for the various sands, Thus, at

D.G_

u L

for spheres, round sand, and sharp sand, =100,
135, and 225, respectively, permitting calcu-
. Thus, for spheres,

lation of shape factors
M=1.00 and A=1.00; round sand,

_135
T 100

and A=1.16; and sharp sand,

_22
100

A2

A2

and N=1.50. The friction-factor equation is
now readily obtained. From inspection

=100 ( %)_'- (382)

Substituting (38a) into (37) and using the re-
lation Ap ecA? results in

2(1—38)2
ApL—=ap—200GRIN(1—5)

Dpngc‘;s (40)
5,000
3,000 s=P h
A
2,000 T
N \
..looo 4
o 800 x
g 600 BN .-
£ 400 ‘FA
4
o 1 ®
§ 200 ' R 0. 944
& Dy (inch ) chosen by k
LAt ‘q N
S 100 Hatch This paper,
& gOf e---Sand-—-No. I--.0393 0276 R
8 --.0269 0196 N
= -.01685 0138 ‘V’Vw
--,0142 .0106
--,0085 .0075 2>\—
O No.6-,0160 .0159
20f @-——m e No.7--.0179 0178
Y No.8--0192 o178
1 L1 {11111y L1
0.0l 002 0.04 ol 02 0408 10 2 33

MODIFIED REYNOLDS NUMBER,DpG

-
Fravre 86, — DATA ON FLOW OF WATER
THROUGH SANDS, OBSERVED BY HATCH

AND CORRELATED BY MEANS OF EQUA-
TIOXN 40.

FLUID FLOW THROUGH PACKED AND FLUIDIZED SYSTEMS

Figure 36 reports friction factors of the d"
of Hatch,® observed during flow of Wa%'
through columns filled with Various typas o

sand. ~ Although no shape factors of thé) ‘2139?
vidual sands were indicated, Hatch Ppointed Ouli i

¢ Vary. &
rounded. Comparison of figure 36 with e‘rg

in his paper that all the materials wepg

35 emphasizes that essential agreement b
water- and gas-flow data exists, Most

sands investigated by Hatch were mixtureg an
failure to reduce all the data into one singlq
by the correlations advanced in this
probably is a result of the choice of py
diameter. The relatively smaller devi
in the experimental constant shown in the

T A )
by Hatch indicate that his mmproved cor ha

is felt, however, that although equation (39).
ves somewhat less accurate results it is sufs
clently precise for most engineering work, .

* COMPARISON OF TOWER PACKINGS IN VISCOUS FLOW .

Consideration of equation (40) shows thaf,’,

under laminar flow conditions the bed-charac:: -

terization factor, B:, equals

(1—s)y2,
TE D2

On the basis of the earlier turbulent flow con-:
ditions and the total available packing ares,.

saddles were believed to be superior to Raschig™ {

120 T T
Refer to tables
21, 22 ond 23 A
00— — —— —_—— ~— —20
Ve
s
80 T
< A—JronFT catalyst gronules
: 2
- O — Cylinders =
) 2]
< 80~ ,_ Spheres >

e
Iy 74

AZ//
Jé% 0
0 ol 0.2 03 04
Dp
Dy

F1gure 87.—VOLUME AND AREA CHARACTER- i

ISTICS FOR VARIOUS TOWER PACKINGS

SUBJECT TO LAMINAR FLOW.

3 Work cited in footnote 37, p. 6.

] ! relatldﬂ;‘. x
stems from particle diameters that were mepg.. §

ured rather than defined by equation (39). I
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or Lessing rings. Examination of the calcu-
lated data of tables 20 to 23 indicates that (for
smaller sizes) saddles are superior to rings if
the comparison is made on the basis of surface
area. If total volume is the important factor,
Raschig rings are the most favorable packing,
just as in turbulent flow. Tables 21-23, per-
taining to cylinders, spheres, and granules
under laminar flow conditions, show that on the
basis of arca the granules are the most desirable
material. The data are also plotted in figure 37
which is analogous to figure 28 pertaining to
turbulent flow. Although bed-characterization
factors based on laminar flow lead to the same
conclusions as those based on turbulent flow, as
far as merits of individual packings are con-
cerned, the relative packing efficiencies seem
considerably different for the individual shapes
involved here. The evaluation of packings on
the basis of the concepts introduced here is new,
and the ultimate value of the suggested analy-
sis must finally be judged on the basis of more
specifically planned experimental studies.

TaBLE 20.— Bed-characterization data for Raschig
rinys, Berl saddles, and Lessing rings (laminar

flow)

Nominal size, inches By, in"2 | A, int | V,, in?
Raschig rings:
e e 79.0 315 8. 25
Y e mmme—meem 16. 5 785 38. 5
| S 2. 02 3, 256 214
) S U 2. 43 2, 800 199
) L .78 5,230 | 554
Berl saddles:
e amammeem 82. 5 377 6. 91
[ 20. 8 848 26. 1
) 3. 69 2, 378 114
1M e e e 1. 48 3, 998 274
Lessing rings
__________________ 3. 14 2, 480 147
1Y ea—as 2. 30 2, 608 223
199 o 1. 44 3,150 : 377
D e mmeae—an . 621 5,840 @ 702

! Values estimated from void data for eylinders from fig. 25.

TA.BLE 21.—Calculated bed-characterization data
in laminar flow for eylinders packed 1 jfoot
kigh in a 3-inch-diameter vessel

D,. inch By, in.72 V., in.® A, int
0.0715___________| 3,628 0. 0158 1. 53
43 . 800 L0711 3, 42
2860 .1 177 . 316 7. 62
420 .. 62. 7 . 866 13.2
5005, .. 41. 6 1. 28 17. 6
AT 27. 8 1. 90 22. 4
4% EOUR 14. 4 3. 53 33.9
858 . 7. 40 6. 53 52, 1
———
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TasLE 22.—Calculated bed characterization data
in laminar flow for spheres, packed 1 foot high
n @ 3-inch-diameter vessel

D,, inches Bi, in."2 V., in.5 A, in?

0.15. o 465 0. 120 4,79

B0 e 88.7 . 607 12, 15

D25 e 20. 4 2. 49 28. 1

-3 D, 5. 54 8. 56 63. 8
1.02. e 2. 53 17. 8 104
1.26 e 1. 01 12, 6 208
144 e 656 59.9 248

Tasre 23.—Calculated bed-characterization data
in laminar flow for magnetite granules packed
1 foot high in @ 3-inch-diameter vessel

D, inches By, in, 72 V., in.5 A int |
015 o 480 0. 099 | 6. 82
B0 84 527 18. 3
D25 - 23.9 1. 81 35. 6
8l . 8. 43 4. 94 63. 7
1.02. oo 4.85 8. 47 86. 2

COMPARISON OF VARIOUS CORRELATIONS

A comparison of calculated pressure drops
according to various investigators® is shown
in table 24. The analysis pertains to flow of
air through a l-inch-diameter tube. Bed void-
ages were calculated by using figure 23.

The correlation, according to Chilton and
Colburn,® suggests very high values for condi-
tions in the turbulent-flow ranges; for laminar
flew, on the other hand, the proposed values
are the lowest. It is probable that these devia-
tions arise from the fact that the Chilton-
Colburn correlation does not make sufficient
allowance for the shape of the particles and the
voidage in the bed. Agreement between the
Carman ¥ correlation and the equation pro-
posed in this paper is satisfactory. The Car-
man equation predicts slightly higher values
for the turbulent flow range and for spheres.
This may possibly be a result of the fact that
Carman considered surface roughness of little
importance. The agreement of values proposed
by the correlation of Happel ¥ with those of
Carman and this paper is remarkable, especi-
ally since the Happel equation does not specifi-
cally account for the effect of particle shape.
The Brownell and Katz ¥ correlation suggests

31 See references and footnotes in table 24,
35 Work cited in footnote 19, p. 4.
36 Work ecited in footnote 36, p. &.
31 Work cited in footnote 24, p. 5.
38 Work cited in footnote 39, p. 6.
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unusually low
packings.

gators used in thejr correlation

TABLE 24 —Caleulated pressure drops according to various nvestigators ‘
\
AP

Pressure drop per unit packed height, I (pounds per Square -

Reference

Chilton and Colburn »
Carman b

Happele_____ """

values for flow
This is believed to be primarily g
result of the voidage function that these investi-

FLUID FLOW THROUGH PACKED AND FLUIDIZED SYSTEMS

through ring o DL }tligher‘
man and Watsey
hlgh-vmdage ring

ing seems to explain the considerably
values suggested by the O
formula for flow through

. Similar reason- Packings.

foot per foot), for flow of air at 70° F. through a I-inch tube
packed with—

_—_— .

Smooth rings, -in. | Smooth rings, 3.in.
X 3%-in. X 14-in,, X3g-in. X Yi-in,,
A=2.18, §=0.732, A=218, 8=0.782,
D,=0.353 in., and D,=0.353 in. and

00 Re=1

Spheres, D,=0.25
in., A=1.0, 5=0.43],
and Re==1000

Re=10

—\‘-\ —_—

153 2

_____________ 9.3 0. 000106
_____________ 107 6. 76 - 000373
_____________ 100 14.9 S
_____________ 68. 8 .73 . 000234
_____________ 81. 6 6. 75 - 000414
124 5. 45 - 000256
_______________________________ 17.0 - 000679

& Work cited in footnote 19, p.
b Work cited in footnote 36, p
° Work cited in footnote 88, p.
d Work cited in footnote 39, p.
e Work cited in footnote 24, p.
f Work cited in footnotes 13an

Some of Happel’s data have been recalcu-
lated, and friction- actor plots are shown in

figures 38 and 39 according to
lation and equation 41,
that the equation may
pressure drop through moving
gas velocity relative to the mov.

the original correlation 4s proposed by Happel

seems to fit the data somewhat

NOMOGRAPH

To aid in the rapid solution

for any one of the variables when the others are
known, the nomograph of figure 40 hgs been

prepared.  Estimation of the ne

ties, such as shape factors and voids, has been

covered in previous sections,

Although ‘it appears
be wused to predict relationship, such as figure 25 or 94,

ameter is the variable sought, the nomogram is
of special value because it permits g rapid
trial and error solution for values of D, and s
that are consistent with some established

Happel’s corre-

beds when the In using figure 40, it is necessary

only to
ing bed is used,

decide on which axis the unknown value will be
found and then to follow the order given in
the key of the figure to arrive at that axis as
the last point. To increase the range of
variables without unduly compressing the scales,
constants X and ¥ are used as multipliers as
indicated in the figure. Any values of X and
Y may be chosen that will keep the values of
Xu, Yu, and XY, AP/L on the scale ; generally,
multiples of 10 will be found most convenient,
_

3 Work cited in footnote 38, p, 6,

better.

of equation 40

cessary quanti-

If particle di-

e §

e o
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Countercurrent flow
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Fiovre 38.—FLOW THROUGH _\IOV%I";\_'\%P%%DS; DATA AND CORRELATION OF

102 P
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Correlated according to
2, 33-n . _gy3-n
. & ap= 216 LN (13 §)
. : Dp chS ’

Lo i 08
>3
DA

|
i
Y- 10! - &
**
Al C 1]
¥ » o Aloxite,
b -l;_.l_ \'5)[ “ o v , fusled!'MgO
G A
- 3 Key fo symbols given '*.35‘3 o ‘lZ, ARA
: in figure 38 y g ] I
\<] & i
Clay, - ~ @
0 Alundum‘
10 .
10° 10' 108 103
Dp6
B

Frovre 39.—HAPPEL'S DATA CORRELATED ACCORDING TO EQUATION 41.




