
I IIHIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIMIIIIIIIIIIIIII 
ORNLMIT218 

One Source. One Search. One Solution. 

DISPERSION IN A TAPERED FLUIDIZED BED 

MASSACHUSETrS INST. OF TECH., OAK RIDGE, 
TENN. SCHOOL OF CHEMICAL ENGINEERING 
PRACTICE 

20 OCT 1975 

j 1 ~  j f  
J J 

J 

U.S. Department of Commerce 
Nat iona l  Techn ica l  i n fo rmat ion  Serv ice  



One Source.  One Search.  One Solution.  

P r o v i d i n g  P e r m a n e n t ,  E a s y  A c c e s s  
t o  U . S .  G o v e r n m e n t  I n f o r m a t i o n  

National Technical Information Service is the nation's 

largest repository and disseminator of government- 

initiated scientific, technical, engineering, and related 

business information. The NTIS collection includes 
almost 3,000,000 information products in a variety of 
formats: electronic download, online access, CD- 
ROM, magnetic tape, diskette, multimedia, microfiche 
and paper. 

Search the NTIS Database from 1990 forward 
NTIS has upgraded its bibliographic database system and has made all entries since 
1990 searchable on www.ntis.gov. You now have access to information on more than 
600,000 government research information products from this web site. 

Link to Full Text Documents at Government Web Sites 
Because many Government agencies have their most recent reports available on their 
own web site, we have added links directly to these reports. When available, you will 
see a link on the right side of the bibliographic screen. 

Download Publications (1997 - Present) 
NTIS can now provides the full text of reports as downloadable PDF files. This means 
that when an agency stops maintaining a report on the web, NTIS will offer a 
downloadable version. There is a nominal fee for each download for most publications. 

For more information visit our website: 

www.ntis.gov 

U.S. DEPARTMENT OF COMMERCE 
Technology Administration 
National Technical Information Service 
Springfield, VA 22161 



OAK R i l ~ E  NATIONAL LABORATORY 
Op¢I~,T¢O m,r 

UNION CARB|DF.. CORPORATION 

11~ CL(Ag QIVIS|O~ 

Dos; o¢¢1~.£ eolt 
04< IIIBGF.., W(kIIESSI~C J~'13C 

ORNL/Mff-ZIB 

DATE~ 

aUBJECT: 

AUTHOR: 

Consul rant: 

October 20, 1975 coPY No. 

Dispersion in a Tapered Fluidized Bed 

A.S. Lee, F. Gutierrez, S. Khosrowshahi, and R.M. Schlapfer 

C.W. Hancher 

MAS  
ABSTRACT 

Dispersion in a 2-in.-ID cylindrical column and a tapered 
column, l - in.- ID at the bottom, 3-in.-ID at the top, and 42-in. 
long, was measured experimentally with a dye tracer injection 
technique. Dispersion measurements in both columns were taken 
with single phase (water) flow and with two-phase flow (alumina 
or glass packing fluidized in water). Paraneters varied during 
dispersicn measurements were flow rate, bed height, and packing. 
The dispersion coefficient was calculated at each operating 
condition for both columns from equations presented by Leven- 
spiel. The inverse Peclet number and vessel dispersion number 
were calculated and compared for both columns. 

Oak Ridge Station 
School of Chemical Engineering Practice 
Massachusetts Institute of Technology 



Contents 

1. Summary ........................................................ 4 

2. Int roduct ion ................................................... 4 

2. l Background ................................................ 4 

2.2 Theory .................................................... 5 

2.3 Previous Work ............................................. 7 

2.3.1 Dispersion in Round Tubes . . . . . . . . . . . . . . . . . . . . . . . . . .  7 

2.3.2 Theoretical Treatment o f  a Tracer Pulse . . . . . . . . . . . .  12 

2.3.3 Tapered Columns .................................... 12 

2.4 Objectives ................................................ 13 

2.5 Method of  Attack .......................................... 13 

3. Apparatus and Procedure ........................................ 14 

3.1 Apparatus ................................................. 14 

3.2 Procedure ................................................. 14 

4. Results and Discussion o f  Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  16 

4.1 Experimental Results ...................................... 16 

4 .1 . I  Cy i indr ica l  Column ................................. 16 

4.1.2 Tapered Column ..................................... 23 

4.2 Theoretical Resu~.t~ ....................................... 31 

5. Conc]usions .................................................... 33 

6. Recommendations ................................................ 34 

7. Acknowledgement ................................................ 34 

8. Appendix ....................................................... 35 

8.1 The Ef fec t ive  Diameter o f  a Conical Section . . . . . . . . . . . . . . .  35 

8.2 Sample Calculations ....................................... 35 

8.3 Location o f  Data .......................................... 38 

8.4 Nomenclature .............................................. 38 

8.5 L i te ra tu re  References ..................................... 39 



I .  SUMMARY 

Liquid-solid tapered fluidized beds have been proposed as bioreactors 
to prevent biomass accumulation and to a11ow continuous operation. A 
tapered column may offer more stabil ity and a wider range of operating 
conditions than a cylindrical column. 

Backmixing in both cylindrical and tapered fluidized beds was measured 
experimentally. The experimental apparatus consisted of a 42-in.-long tap- 
ered column with l - in .  ID at the bottom and 3-in. ID at the top. A 2-in.-ID 
cylindrical column of approximately equal volume was also studied for com- 
parison with the tapered col~n. One-tenth millimeter glass a~d -70+I00 
mesh alumina packings were fluidized with water in both collmms. A dye 
tracer was injecteK at the bottom of each column. The residence time dis- 
tribution at various operating conditions was recorded by means of a movable 
photocell. The dispersion coefficient was calculated for each column by 
techniques presented by Levenspiel. For this and all other calculations, 
the effective diameter of the tapered column was taken to be the diameter 
of a cylindrical column of equal height and equal volume. 

The vessel dispersion number, the dispersion coefficient, and the in- 
verse Peclet number are presented graphically for different operating con- 
ditions. The vessel dispersion number and the inverse Peclet number 
decreased with increasing flow rates, while the dispersion coefficient 
increased with increasing flow rates in both columns with and without solids. 

2. INTRODUCTION 

2.1 Background 

A solid-liquid fluidized bed is a bed of solid particles suspended by 
an upward flow of liquid. The principal application of these contactors is 
as catalytic reactors with liquid reactants and a solid catalyst or as a 
bioreactor to contact immobilized biological or biochemical species with 
liquid streans. This technique offers advantages over fixed bed operations 
including higher reaction rates due to the higher specific area of small 
particles and easier replacement of solids during operation. Therefore, 
investigations have begun to determine the mixing chara:teristics of the 
fluidized beds (6, 7, 8, I~2). Both cylindrical and tapered (conical) 
fluidized beds are ~'ei~g investigated. Because of the narrow range of 
operating conditions and the unstable flow patterns at higher flow rates 
in a conventional fluidized bed, a better column design is needed. To 
remedy such problems and to attain stable operating conditions, a tapered 
column concept has been proposed. 



2.2 Theory 

Elements of fluid taking different routes Lh~u~ a react~rmay require 
different lengths of time to transit the reactor. The distribution of these 
times for a stream of fluid is called the residence time distribution of 
fluid. Dye tracer injected into liquid can be used to determine this resi- 
dence time distribution. For an input tracer signal, the downstream res- 
ponse is represented by a concentration-time curve. This curve of tracer 
concentration as a function of time at any particular location is called 
the C-curve. An idealized instantaneous pulse of tracer in the stream en- 
tering a vessel, called a Dirac delta function, is represented ma~tically 
by 

such that 

6(t- to) = - at t = t o (1) 

6(t - to) = 0 elsewhere (2) 

j 6(t - to)dt : 1 {S) 

The mean value or the centroid of the response to this in le t  ptllse is 
a measure of the average residence time expressed by: 

~o tCdt 

T : (4) 

I f  the response curve is only known at a number of  discrete time values, 
then the mean time is approximated by 

~.tiCiAti 
t -- (51 

Z C i ~t i 
l 

The most important quant i ty  in describing dispersion is the variance or 
spread of the response defined as 
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I f  only discrete values are known, the variance ~ay be approximated as 

t~Ci~t i 
=2 ) _t-e 

cirr i  
1 

The variance is l}roportion~l to ;he square of the spread of the distribu- 
ti~ and has the u~its of (ti~} ~. 

For any particular vessel, through which fluid flows at steady state, 
the C-curve ~sponse is the same for identical tracer injections. The flew 
pattern inside the vessel determines the tracer response c~rve obtained at 
the outlet. )(any types of models can be ~ to characterize non-i~al 
flow within vessels. Malogies are ~lly drawn between mixing in actual 
flow and ~ diff~ional process. Tn~e are c~lled dispersion models. Dis- 
penion refers to the effective transport o:f tracer due to radial diffusion, 
axial diffusion, and redistribution of tracer d~ to gradients of ~e 
velocity profile. 

Dispersion for a stagnant fluid is described by the phen~-~enol~ical 
equati on, 

~C D ~2C 

where D is the dispersion coefficient. Dispersion may alternatively be 
described in terms of a chain or network of ideal mixers, or various flow 
regions connected in series or parallel. Dispersion models for real systems 
usually describe deviation from either plug flow or ideal mixed flow. 



2.3 Previous Work 

2.3.1 l) isprsi.on in Round Tubes 

For laminar flow in round, smooth tubes , Taylor (!4) showed that dis- 
persion due to molecular diffusion and radial veloclt~-variations may be 
characterized by an effective axial dispersion coefficient: 

d2U 2 
O = ~ v  (lO) 

Taylor neglected axial molecular diffusion and established the limiting con- 
dition for negligible radial dispersion as 

L 

In Taylor's analysis,  longitudinal mixing was assueed to be caused solely 
by the parabolic velocity distributimz of laminar flow in long pipes with 
no end effects. Taylor experimentally determined the stream velocity by 
measuring the conductivity-time curve of the brine whic?, he i~ected into 
a tube through which water was flowing. 

Aris (I) later showed that the axial effect of dispersion and d i f fu -  
sion were a~d';tive. 

dZuZ (lZ) 
D~ = D v + 192D v 

He concluded that  "l/ lg2=,above, by Taylor was a function of the tube shape 
and velocity profile. Both Aris (2_) and Taylor (15) concluded that an 
effective axial dispersion coeffic1~ent I)~' can als6be used for turbulent 
flow. This coefficient is a function of-the Fanning friction factor. 

Cairns and Prausnitz (5) studied the longitudinal mixing in f lu id ized  
beds with a salt solution tracer technique. They found that longitudinal 
mixing properties are strongly affected by particle concentration; and are 
also functions of particle density and fluid velocity profiles. 

Levenspiel and Smith (ll) showed that a dimensiunless parameter, the 
Peclet number, can be_ used ~'~ the similarity criterion for longitudinal 
mixing. In this model dispersion was determined for a frame of reference 
moving with velocity equal to the average fluid velocity. The moving fluid 



model is then obtained by transforming the moving frame of reference to a 
stationary frame of reference. 

The solution to Eq. (g) by Levenspiel is given in dimensionless form 
for open ~essels by 

C~ 1 exp[ 4g(D/UL)~ : • - ~ l J }  

For closed vessels, Levenspiel solved Eq. (9) nu=w~rically and plotted con- 
oantration as a function of time as shown in Fig. I (lO). A famiiy of 
C-curves was generated with the vessel dispersion num~'~r as a parameter. 
From this graph, i t  is noted that the skewness of the C-curve increases 
with the v~ssel dispersicn n=nber, D/UL. The variance for an open vessel 
is determined by substitution of Eq. (13} into Eq. (6). The result is 
£q. (14), where D/UL is the vessel dispersion number and is a measure of 
the extent of dispersion. For an open tube~ with no dispersion at the 
in let ,  

2 3(u~)z (14) o' = 2(~t~) + 

For a series of stirred tanks, 

t - 2( )z(l - e -uLID) (Is) 

Levenspiel (9) expressed the dispersion coefficient for dispersion of 
fu l ly  developed fTow in long pipes in the functional form, 

D = f l ( p ,  ~, d t ,  c, D v) (16) 

Equation (16) can be expressed in terms of dimensionless groups: 

pUd t 
e = f2(_~__" . 

o r  
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lO 

I = fz(~, sc,~ ¢ ,) (IS) 

where ¢/d+is the roughness number. For laminar flow, Levenspiel stated 
that  the ~oughness number is not s igni f icant  and Eq. (18) reduces to 

U--~-t = f)(Re, Sc) (Ig) 

The functional form of Eq. (Ig) agrees with Taylor's correlation, Eq. (I0), 
which can be expressed as 

o r  

Or 

l ~ ' U v  ~ 

r~ l ,~'Udt~, '~ 
= T~-;--j~p-l~vj (Zl) 

o = T~Re)(Sc) (~Z) 

Equation (21) is applicable to fully-developed flow in long pipes i f  

pUdt u (z3) 

For the turbulent regime, Levenspiel states that the turbulent eddy 
mixing overshadows the molecular diffusion in the transport of materials. 
The functional relationship in Eq. (18) for turbulent flow becomes, 

f4(-~--, ~)  (24) 
= pUdt ¢ 

The experimental and theoretical results presr.,ted by Taylor and Levenspiel 
are shown graphically in Fig. 2. 
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2.3.2 Theoretical Treatment of a Tracer Pulse 

Van der Laan (I~6) treated a pulse injection to a straight co!u~ as a 
source term in the continuity equation of the tracer. In this model, the 
oi~e was divided into three sections: an entrance region from negative in- 
f in i ty  to the point of injection, ~,e test region from the injection point 
to a downstream location where residence time measuremehts were taken, and 
the exit region from the downstream location to positive inf in i ty .  Each of 
these sections is assumed to have different dispersion characteristics. 
The tracer injection was r{presented by the Dirac delta function. In other 
treai~entsby Aris, Bischoff, and Levenspiel ( ~ , 3 , ~ ) ,  the injection was 
treated as an arbitrary function. 

2.3.3 Tapere d ColiTis 

The available literature on tapered colunms is very limited. Levey 
et al. (12) investigated fluidized bed conversion of UO~ to UF 4 in a tapered 
c - o 1 ~ . ~ o l d  enriched uranyl nitrate is converted to UO3 by denitration, 
reduced to U02, and hydrofluorinated to a product stream-of 99~ UF 4. Levey 
obtained data for percent of bed expansion as a function of gas velocity 
and obtained mixing data of UO 2 into UO 3 in a continuous f luid bed for a 
turnover time of 3.14 hr. The turnover t~,~es were better in the tapered 
bed; therefore, the uti l ization of tapered columns in batch operation, 
especially for slow reactions (such as hydrofluorination of U02) was 
recommended. 

Scott, Hancher, and Shumate (13) investigated a tapered fluidized bed 
as a bioreactor and reported bed expansion and pressure drop in a 42-in.- 
long tapered column, l - in.- ID at the bottom and 3-in.-ID at the top. Cal- 
culation of overall bed properties was-based on the summation of bed prop- 
erties in a series of discret~bed volumes in the reactor. As predicted, 
pressure drop per unit length decreased with increasing flow rate after 
f luidization. The superficial velocity decreased with increasing height, 
causing the void fraction to decrease as predicted by the mathematical model. 

Hancher (7) in an extension of the previous report investigated the 
hydraulic pressure drop for the same tapered column and a 2-in.-ID straight 
column. Two packir, gs, -65+80 mesh coal and -4D+80 mesh Dowex 2-XIO were 
fluidized for flow rates ranging from 90-1200 ml/min. Hancher concluded 
that the tapered fluidized bed was easier to control at any void fraction 
since at the top the interface was closely packed and no spouting occurred. 
From visual observations, vertical mixing of the solid bed appeared to be 
smaller in the tapered column than in t'le straight column. At high flow 
rates (above 700 ml/min}, flancher observed that the lower portion of the 
reactor was void of solids as predicted, t(evertheless, the bed was stable 
and the extent of vertical mixing appeared to be low. 
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2.4 Objectives 

The objectives were: 

I .  To measure dispersion experimentally in a tapered column and in a 
cylindrical column with and without solids. 

2. To con~are the dispersion data obtained for both vessels. 

3. To develop and solve the differential equation for axial dispersion 
in a tapered column. 

4. To recommend improvements in the experimental apparatus and to 
make suggestions for further investigation. 

2.5 Method of Attack 

The dispersion for solid-liquid fluidization at various operating con- 
ditions was calculated from the variance of dye tracer responses by Eq. (8) 
in ~ Plexiglas columns, a 2-in.-ID cylindrical col~n and a I -  to 3-in.-ID 
tapered column. For this purpose, a photocell was placed at various loca- 
tions up the column for liquid flow with no solids and at the top of the 
solids bed for two phase fluidization. The vessel dispersion number was then 
calculated by Eq. (14) for liquid fl, ow in both colm~ns. The vessel disper- 
sion number for solid-liquid fluidization in both columns was calculated by 
Eq. (15). Th~ dispersion coefficient and inverse Peclet number were then 
calculated from the vessel dispersion nu~er. For the tapered column, an 
effective diameter based on an equal volume and equal height cylindrical 
column was calculated. The vessel dispersion nu~ers and the aispersion 
coefficients were graphically presented at different operating conditions. 

A theoretical derivation for dispersion in a tapered bed was attested. 
A differential mass balance was developed for a conical section of the bed. 
A stagnant fluid model assuming fluid at rest was f i r s t  established for a 
tracer signal input represented by a Dirac delta function. The Laplace 
transform was applied and the resul t ing Bessel's equation was to be solved 
to obtain ~as a function of position coordinate Z and transform parameter p. 

A moving frame of reference relation is used to modify the stagnant 
f luid dispersion model to f luid flow dispersion model. The Laplace trans- 
formed concentration ~ is directly related to the variance of the concen- 
tration-time curve at the l imit of p equal to zero in Eq. (25) (16)_ As a 
result, the dispersion coefficient is related to the variance ofthe concen- 
tration-time curve. 

02 ,d2E, ,d ,2 
= (25) 
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o r  

2 C e -~ (26) -- B2Cdo - 
Jo 

3. APPARATUS AND PROCEDURE 

3.1 Apparatus 

A diagram of the experimental apparatus is shown in Fig. 3. A 2-in.-ID 
cylindrical column and a tapered column, l- in.-ID at the bottom, 3-in.-ID at 
the top, and 42-in. long, are used to determine dispersion. The water flow 
rate is measured by a calibrated rotameter, Rhodamine B (tetraethylrhodamine) 
dye tracer is injected at the bottom of the vessels by a pulse generator. The 
pulse generator injects approximately lO cm a of a lO0-ppm solution of Rho- 
damine B in water into the column. The distribution of the tracer at any 
columm height is measured by a movable photocell connected to a voltmeter 
and a strip chart recorder. 

3.2 Procedure 

After establishing a water flow rate in the range of 44 to 550 ml/min, 
a dye pulse was injected. In i t ia l ly ,  the four three-way valves of the pulse 
generator were set to direct the inlet water to the vessel and the dye solu- 
tion to a drain ~ontainer., The two valves in the dye stream were directed 
to enclcse I0 cm of th_= d)e solution. Finally~ the two valves in the water 
stream were set to flow water through the lO cm ~ of dye, thus carrying the 
dye into the vessel, The dye was injected after a chart speed and Bn atten- 
uation were chosen for the strip chart recorder. The chart speed ranged 
from O.Ol to O.1 in./sec, and the attenuation ranged from 0.5 to 5 v. The 
variances and mean times were calculated from the C-curves obtained. For 
each set of operating conditions, three C-curve measurements were taken to 
check the reproducibility o-F the data. The water flow rate was measured at 
the column outlet for each run. 

When backmixing was investigated for both columns with liquid flow 
only, the photocell was located 44, 67.4, and 120 cm above the inlet for 
the tapered vessel and at 32.5, 64.7, and 95 cm above the inlet for the 
2-in.-ID vessel. The flow rates were varied from 44 to 550 ml/min at each 
height. 

Two solid packings, 0.I m glass and -70+I00 mesh alumina, were f lu i -  
dized in the two columns. The weight of packing charged to the column was 
calculated by measuring the volume occupied by lO0 g of each packing in a 
known volume of water. The volume occupied or the wet volume for I00 g of 
O.l-mm glass is 56 ml. For -70+I00 alumina, the wet vol~e for lO0 g is 
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approximately lO0 ml. From this information, one gram of O.l-mm glass 
occupies 0.56 ml, and one gram of -70+IO0 alumina occupies 1 ml. 

Four masses for each packing: lOO, 150, 200, and 300 g of alumina and 
196, 339, 554, and 759 g of glass, were examined in the tapered column. 
Dispersion measurements for each mass were obtained at five flow rates 
ranging from 44 to 55D ml/min. To compare equal weights of each packin~ 
in both columns, 300 g of alumina and 75; g of glass were fluidized in the 
2-in.-Zg vessel. In both columns, the photocell was located about l to 3 
in. above the bed height. 

4. RESULTS AND DISCUSSION OF RESULTS 

4.1 Experimental Results 

The vessel dispersion number, the dispersion coefficient= and the in- 
verse Peclet nu~er coefficieat were plotted against either ~he Reynolds 
number or the flow rate for various operating conditions. Complete reprodu- 
c ibi l i tywas not observed at each operating condition; however, in most 
cases, from the three data points at a fixed operating condition, two were 
close ~o each other. The deviation may be explained by minor instabil i t ies 
in fiow rate causing variations in input impulses. 

4 . l . l  C>'lindrical Column 

The effect of Reynolds number on the vessel dispe~ion number for 
three locations in the 2-in.-ID column with liquid flow only is shown in 
Fig. 4. The vessel dispersion number which is a measure of the extent of 
dispersion decreases with increasing Reynolds numbers for each height. A~ 
a constant Reynolds number, the vessel dispersion number decreases with 
column height due to decreasing entrance effect at larger distance from 
entrance. 

Similarly, the vessel dispersion number for the straight column packed 
with a}umina and glass decreases with increases of Reynolds number as shown 
in Figs. 5 and 6. Comparison of dispersion between packed and empty col- 
umns is d i f f i cu l t ,  but i f  the same operating conditions are chosen, the 
vessel dispersion number can be compared. For example, at a flow rate of 
162 ml/min, alumina fluidizes at a bed height of 32.7 cm with vessel dis- 
persion nu~er ranging from 0.06 to 0.13. For this flow rate in the empty 
column at 32.5-cm height, from Fig. 4, the vessel dispersion number ranges 
from O.ll to O.16. The lower values of vessel dispersion numbers in the 
packed column could indicate e f la t ter  velocity profile. The solid particles 
in the fluidized bed prevent fully-developed flow and hinder dispersion. 

The vessel dispersion number for glass and alumina could not be com- 
pared directly since different masses of each packing were employed in the 
2-in.-ID column. The effect of flow rate on the dispersion coefficient for 
the 2-in. column with and without solids is shown in Figs. 7 through g. The 
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dispersion coefficient increases with increasing flow rate for both fluid- 
ized and single-phase flow. A comparison of the dispersion coefficients can 
only be performed at the same operating conditions. Insufficient data to 
evaluate the dispersion coefficient at fixed weight of solid n~ke this 
comparison unrealistic. 

The inverse Peclet number, D/Udt, which expresses the intensity of 
dispersion is also presented as a function of flow rate in Figs. IO through 
12. As shown in Figs. 10 through 12, the inverse Peclet number decreases 
with increasing Reynolds number with alumina and with an empty column. For 
glass packing, the trend cannot clearly be established as shown in Fig. I I .  
The downward trend is in complete disagreement with the relation reported 
by Levenspiel (Fig. 2) which shows a linear increase of inverse Peclet 
number with increases of the Reynolds number in the laminar region up to 
a Reynolds number of 2300. The Levenspiel distribution as shown in Fig. 2 
does not apply for the operating conditions encountered, however, because 
Eq. (23) is not satisfied. Furthermore, in Fig. 2 an extrapolation of the 
Taylor's theoretical curve into the laminar region yields inverse Peclet 
numbers between 0.6 and l . l  with a downw~.rd slope consistent with the 
present experimental data. 

4.1,2 Tapered Column 

An effective diameter for the tapered col~-~ which corresponded to the 
diameter of a cylindrical colum of equal height and volume was calculated 
(see Appendix 8.1 for derivation). The Reynolds number and the inverse 
Peclet number were based on this effective diameter. As the Re~nnolds number 
increases, the tapered column vessel dispersion n~ber decreases as shown 
in Fig. 13. Since the dispersion in the tapered column was modeled as the 
dispersion in an effective cyl inder, comparison of Figs. 13 and 4 is not 
reasonable. This would result in a co~parisor, of dispersion between two 
cyl indrical  columns of dif ferent diameters rather than comparison between 
the tapered column and the Z-in. cyl indrical column. The effect of flow 
rate on the dispersion coefficients for two heights in the tapered column 
is i l lus t ra ted in Fig. 14. 

At a fixed height the dispersion coefficient increases with increasing 
flow rate. In the Levenspiel analysis of dispersion, the dispersion coef- 
ficient is assumed to be independent of height at a constant flow rate. 
The dispersicn coefficients in Fig. 14 for the tapered column and Fig. 7 
for the 2-in. cylindrical column are relatively more constant for all heights 
at low flow rates ?~an at high flow rates. As shown in both these figures, 
the assumption that the dispersion coefficient is a constant for any height 
is not valid at high flow rates for the short columns studied. At any flow 
rate, dispersion coefficients vary more with height in the tapered column 
than in the 2-in. column. The assumption of constant dispersion coefficient 
in a t~l~red bed, therefore, may not be valid. 

The effect of flow rate on the dispersion coeff icient for various masses 
of alumina and glass is shown in Figs. 15 and 16. The dispersion coefficients 
increase with increasing flow rate for each mass of packing. At any constant 
flow rate, the dispersion coefficient appears to increase with bed mass and, 
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therefore, fluidized bed height. For all flov: rates the dispersion coef- 
ficients for Ig6 and 339 g of glass were greater than those for 200 and 300 
g of alumina, and all the fluidized bed heights of alun,ina were much greater 
than the heights for glass. 

The inverse Peclet number decreased with increasing Reynolds number as 
shown in Fig. 17 for two bed heights in the liquid tapered column. As 
observed in the empty 2-in. cylindrical column, the pattern of this de- 
crease follows the pattern of an extrapolation of Taylor's theoretical Gurve 
for turbulent flow into the laminar regime (Fig. 2). This indicates that 
dispersion similar to that expected in a turbulent regime may also occur 
at low Reynolds number. This turbulence might result from eddies near the 
colun~ entrance, where there is a sudden expansion of cross-sectional area 
from the inlet tube area to the area of the bottom of the columm. Since 
the trend of increasing inverse Peclet number with increasing Reynolds 
number, shown in Fig. 2, is true only for fully-developed laminar flow, one 
would not expect the same trend in Fig. 17. 

4.2 Theoretical Results 

The differential mass balance equation for a tapered bed is found (see 
Appendix 8.3) to be 

Fh 2 BC 2D BC B2C 
~R2(Z+Ho)2 B-'Z" +~o ~-T- D 

with boundary conditions 

D~,t, O) = 0 

C{t, -) : 0 

c(o, z) = 0 

c(o, o) = - 

~C (27) 

(2B) 

{29) 

(30) 

(31) 

CAdZ = I ',32) 

The stagnant fluid dispersion model (assuming zero velocity) in dimen- 
sionless form is 
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By Laplace transform. Bessel's equation was obtained and the s o l , i o n  is 

[(x) : x'I/2[Aolll2(X) + Boi.i/2(x)] (34) 

With transfomed ~oundary conditions 

~( - )  = 0 (35) 

-- 

--~03 = 0 (37) 

L [ ~  0 CAdx] : 70~Adx = 1 p (35) 

The application of boumdary conditions (363 and (38) to Eq. (34) is shown 
in Ap~dix 8.3. HGwever, a mathematical difficulty was encountered in 
evaluating the constants A o and S o. Although attempts have been made to 
integrate Eq. (38) analytically to evaluate constantytAncaandi- B , it is 
suspected that the integral cannot be evaluated anal lly. o 

If A o and B o can be evaluated, ~ will be expressed as a function of 
x and p. The variance of the concentration-time function is related to 
the derivatives of ~ with respect to p by Eq. (25). Ignen these derivatives 
are evaluated, the variance can then be related to the dispersion coefficient. 

5. CONCLUSIONS 

I. As previously predicted by the Levenspiel exxlel, the vessel dis- 
persion number decreased with an increase in flow rate for  both the cy l in-  
dr ical and the tapered columns with and without sol ids.  

2. The dispersion coefficient in a tapered column is a function of 
flow rate and bee height. 

3. The dispersion coeff icients were greater for  glass than for alumina 
in the tapered column. 
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4. The model for increased Peclet number in the laminar regime, as 
correlated by Levenspiel, does not apply to the vessels studied. 

5. The inverse Peclet n,~ber decreases with increasing flow rate for 
both tapered and cylindrical col~nns with and without solids. 

6. The dispersion coefficient increased with i~creasing flow rate for 
both cylindrical and tapered column with and without solids. 

6. RECOMMENDATIONS 

I .  Operator errors which may have occurred during the manual injection 
~ocedure can be avoided by replacing the regular three-way valves with 
three-way solenoid valves. 

2, More accurate calculation of the variances, less time for proces- 
sing the C-curves, aRdmoreefficient data collection can be achieved i f  
a digital computer is programmed to record the voltage readings directly 
from the voltmeter. 

3. A second photocell located at the entrance of the vessel being 
studied would enable measurement of the variance of the trace~ input. 
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8. APPENDIX 

8.I The Effective Diameter of a Conical Section 

The effective diameter is calculated by equating the volume of a section 
of height, Z, in the tapered column to the volume of a cylinder of equal 
height, as shown in Fig. 18. The volume of the conical section is 

l xr2(Ho + Z) ~ Xr2oH 0 (39) Vta p = T 

From the actual dimensions of the experimental tapered column (in cm), 

r = r o + ~ R -  r o) = 1.27 + 0.0229 Z (40) 

I f  Eq. (40) and the constants H o and r o are substituted into Eq. (3g), 

Vta p = ~(1.27 + 0.0229 Z) 2 (Z + 55.2) - 93.3 (41) 

I f  the volume of the desired cylinder of height Z is set equal tc the volume 
of the tapered section, 

Vcy I = ~[{deff)2Z : Vta p (42) 

The effective diam~.ter is then 

Ceff= 2 ( ~  )I12 (43) 

8.2 Sample Calculations 

Sample calculations are shown for experiment )4. The tapered column 
was ~harged with 300 g of -70+100 mesh alumina having a wet density of one 
g/cm ~. The flow rate was 43.7 ml/min and static bed height was 33.5 cm. 
The chart speed was 0.5 in./min and an attenuation of 5 v was used. For 
readings taken at equal time intervals (At i = const), the mean t i ~  is cal- 
culated by Eq. (5) with chart speed of O.5-in./min: 
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m 
t = (3x0) + (3x l )  + (3x2.) + (3x3) + ( lOx4) +(Z2X5)+ OSx6) + 

3 + 3 +  3 +  3 +  10 + 22 + 35 + . . .  

= 11.06 min 

The var iance is  ca lcu lated by Eq. ( 8 ) :  

2 
0 

02x3 + 12x3 + 22x3 + 32x3 + 42xi0 + 52xZ2 + 62x35 + 
3 + 3 + 3 + 3 ÷ l l o  ÷ 22 + ~5"+ . . .  

- (11 .06 )  2 = 21.09 

This variance is substituted into Eq. (15) and solved for DIUL by an 
iterative technique.  

~I-09) 2 = 2(~I ~) - 2(~1~)2(1 - e UL/D) 
(!1.06) z 

From the iterative program, 

D 
I ] ~  = 0 .0952  

The effective diameter is calculated by Eq. (43) 

de f  t = 2 [~x3. 
34(1.27 + 0.0229x44.4) 2 x (44.4 + 55.22) - 93.~ I/2 

3.1~' x 44.4 J 
(44) 

= 3.58 cm 

From Eq. (45) the effective superficial velocity is 

43"7. cm3/min = 0.072 cm/sec 
Uef f = 60 sec/min(3.58 cm/4)23.14 

(45) 

The dispersion coefficient is then found by multiplication of Uef f by bed 
height and by the vessel dispersion number: 
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D = (0.072 cm/sec)(44.4 cm)(O.Og52) = 0.303 cm21sec 

The inverse Peclet number is: 

1 0.303 
= = 1.17  

8.3 Location of Data 

The original data are located in ORNL Databeoks A-7220-G, pp. 74-I04, 
and A-7548-G, pp. 1-37. The databooks and calculations are on f i l e  at the 
MIT School of Chemical Engineering Practice, Bldg. 300l, ORNL. 

A 

C 

Cg 

d 

deff 

d t 

D 

DL 
D v 

F 

h 

Ho 

g 

Pe 

r 

R 

8.4 Nomenclature 

vessel area, cm 2 

concentration of tracer 

concentration at dimensionless time 

tube diameter 

effective diameter, on 

diameter of vessel, cm 

dispersion coefficient, ~2/sec  

effective dispersion coefficient, cm2/sec 

molecular diffusion coefficient, cm2/sec 

flow rate, cc/min 

height of vessel, cm 

height of cone, cm 

length of vessel, cm 

Peclet number, Udt/D 

radius of vessel, on 

radius at top of vessel, an 
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Re 

Sc 

t 

to 

T 

U 

Ueff 

V 

Vcyl 

Vtap 

Z 

Reynolds number, pUdt/P 

Schmidt n~er, ulpD v 

time, sec 

initial time, sec 

mean time, sec 

s~e~icial velocity, cm/sec 

effective average superficial velocity, cmlsec 

volume of vessel, cc 

volume of cylindrical column, cc 

volume of tapered column, cc 

axial distance, cm 

Greek Sjn~bol s 

c roughness coefficient, cm 

2 variance, rain 2 

p density of liquid 

g dimensionless time 

viscosity of liquid 
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