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1. TERMS OF REFERENCE 

Duties

The consultant w ill in an advisory capacity assist the scientists from the 

National Chemical Laboratory in their studies on conversion of glucose to 

ethanol through an immobilized yeast ce ll process and w ill specifica lly  

advise on:

-  production of ethanol from molasses with immobilized yeast 

packed bed reactor;

-  strategies for scaling up programmes;

-  reactor design, quality control of feed stream and waste disposal. 

The consultant is expected to participate in the International Chemical 

Reaction Engineering Conference 9-11 January, 1984, Rjne, organized by 

NCL. He w ill submit a brief report on his findings and recommendations.
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2. SCHEDULE OF ACTIVITES

Activities and Actions

1. I arrived in the Pune airport on the early morning of 1 January,

1984. Dr. N. G. Karanth, «ho is heading the biochemical engineering 

group of National Chemical Laboratory (NCL) and is  a key participant 

in the project, was at the airport to meet me.

2. Dr. Karanth escorted me to Hotel Amir. Immediately after check-in,

I handed Dr. Karanth fwo packages containing copies of the research 

brochure and publications of my research group; many of the publica

tions are related directly or indirectly to the project. Dr. Karanth 

discussed with me the program schedule (see Attachment 1).

3. On the second day of January, I met numerous project participants 

associated mainly with the Chemical Engineering Division o f NCL, and 

discussed various matters, technical and otherwise, relatec to the 

project. Dr. Karanth guided me through th  ̂ laboratory and pilot plant 

of the biochemical engineering group.

4. The third day of January was spent mainly visiting with the project 

participants associated with she Biochemistry Division; this group is 

headed by Dr. M. C. Scrinivasan. During discussion with him and his 

associates, I reaffirmed my willingness to accept one or more of them 

in my laboratory for the purpose of training them through cooperative 

research effort. Dr. Scrinivasan guided me through the major labora

tories c f his group and explained in some detail the activ ities  con

ducted in these laboratories. Discussions were exchanged with many 

of the personnel of the laboratories on cellulose hydrolysis and 

related subjects.
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5. During Che third day of January, I also delivered a lecture to the 

researchers of NCL; i t  started at 11:30 AM and finished at 1:00 PM.

In the lecture, I outlined Che research activiteis cf my group, much 

of which is closely related to the UNDP project at NCL.

6. Discussion on the research activ ities of my group presented in my 

lecture was held after lunch. The major focus of the discussion was 

on the pretreatment and hydrolysis of cellulose and fermentation of 

glucose (the product of hydrolysis). Technical and economic pros and 

cons of various procedures, methods and processes were debated inten

sively.

7. The fourth day and fifth  day of January were spent participating in 

the 36-th annual session of the Indian Institute of Chemical Engineers 

held in Pune. I. was accompanied by Dr. Karanth and some other members 

of the UNDP group. This meeting was also the firs t  joint session with 

the Institution of Chemical Engineers (U.K.). Several papers were pre

sented by members of the UNDP group of NCL. Whenever appropriate, I 

commented on their works during the 2-day session.

8. During the ninth day through the eleventh day o f January, I participated 

in the International Chemical Reaction Engineering Conference organized 

by and held at NCL. I chaired a session in which Prof. Ramkrishna of 

Purdue University delivered a plenary lecture entitled CYBERNETIC 

MODELING OF MICROBIAL CELL POPULATION. This is  a topic of v ita l import

ance to the development of a continuous fermentor or bioreactor for 

ethanol production. I also presented a paper at another session, Dis- 

aussions were continued with numerous researchers of NCL on various

topics related to my assigned consulting activities .
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On the eleventh day of January, I conferred with a group of researchers 

headed by Dr. Mela Rao from Dr. Scrinivasen*s laboratory on the coopera

tive work to be carried out between his group and mine . In fact, 

this work has been in itiated and has been conducted mainly 

in my laboratory by Miss Seeta Ryali from Dr. Scrinivasen*s group under 

UNDP sponsorship.

I departed from Pune on 12 January and returned to the U.S. on 15 

January via Madras and Bombay. Two lectures were delivered in Madras, 

one at the Indian Institute of Technology, Madras and the other at the 

A.C. College of Engineering.



3. FINDINGS AND RECOMMENDATIONS
1. A systematic kinetic study has not been carried out on inhibition of 

P. funiculosum cellulase. It is urgent that such a study be carried 

out immediately. Glucose and cellobiose should be employed to induce 

inhibition. As stated previously, this effort is  currently being 

conducted in my laboratory by Miss Seeta Ryali from NCL.

2. Pretreatment is a major process step contributing to the cost o f enzy

matic hydrolysis of cellu lose. So far the UNDP group at NCL has paid 

relatively l i t t le  attention to this step. An exhaustive study should 

be carried out on the e ffect of pretreatment on the rata of hydrolysis 

of various cellu losic  materials by P. funiculosum. The recommended 

procedures are based on the fa c ilit ie s  available in my laboratory. 

Description is given in Attachment 2_ The expected benefit from such 

a study is also delineated in this attachment.

3. It appears that only a columnar (straight cylindrical) fluidized bed 

is used by the biochemical engineering group of NCL in continuous 

production of ethanol. Such a fluidized bed has numerous disadvantages 

for tills application. This group should consider seriously the use of 

the tapered fluidized bed as a continuous bioreactor for production of 

alcohol by means of immobilized ce lls  to reduce their élutriation.

The advantages of the tapered fluidized bed over the columnar fluidized 

bed and the underlying hydrodynamics in the former are detailed in

Attachment 3.
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ATTACHMENT 1

Programme schedule o f  UNDP Consultant 

Professor L.T. Fan

1 January 198V

2 January

3 January

V January

5 January

9-11 Jainuary 

12 January

A rrival Pune

9.30 -  10.00 Dr. R.A. MasheikartHead ,C

10.00 -  12.00 Dr. N.G. Karanth

1.00 -  2.30 Lunch
2.30 -  3.00 Dr. L.K.Doraisv;amy,Dlrectr

NCL.

3.00 -  3 .30 Dr. B.D. Kulkarni

3.30 -  V.00 Dr. V.S. Patwardhan 

V .00 -  V .30 Dr. R.V. Chaudharl

9 .30 -  11.30 Dr. M.C. Srinivasan,
B i o c h e m i s t r y  D ivision

11.30 -  1 .00 Lecture 

1.00 -  2 .30 Lunch

2.30 -  V .30 Discussions v ith  UKDF gi

9.15 -  V.00 IlChS 3^th Annual Sessior 
at T ilak Snarak Mandir,Px

9.00 -  6.00 -d o -  

ICR3C

Departure

4
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ATTACHMENT 2
PRETREATMENT OF CELLULOSIC MATERIAL

A

General Flan of Approach

Experiments w ill be designed to determine the e ffects  o f various 

pretreatment schemes on the rate and extent of enzymatic conversion.

F irst, the structural parameters o f several types o f untreated 

agricultural residues, Including wheat straw and corn stover, w ill be 

determined. The structural parameters to be measured include crystal

lin ity , sp ec ific  surface area, lignin content, particle and pore- 

size distributions, and the appearance under scanning electron microscopy. 

Various treatment schemes w ill be considered. Enzymatic hydrolysis w ill 

be performed on the created substrates, and the rate and extent of hydrolysis 

w ill be determined for each treated substrate. Acid hydrolysis w ill also 

be performed for comparison. The thermodynamic and economic fea s ib ilit ie s  

of enzymatic hydrolysis processes with several combinations o f pretreatment 

and substrate which are found to be promising w ill be examined.
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Experimental Methods and Procedures

Cellulose. The substrates which w ill be used are agricultural 

ce llu los ic  wastes, e .g . , wheat straw and corn stover, as well as pure 

cellu lose, e .g . ,  su lfite  bleached wood pulp, as a control.

Pretreataent. Pretreatment methods that w ill be used include ball

milling, ro ller-m illin g , Fitz-m illing, caustic soda treatment, ethylene 

glycol treatment, and sodium su lfite  treatment. The procedures are outlined 

below.

Ball-milling w ill be performed in a 5 l i t e r  jar mill charged to 50 volume 

percent with 1" porcelain or stainless steel ba lls . Roller-milling w ill be 

performed by recycling the wheat straw for extended periods of time. F itz- 

milling w ill be carried out in a Model D, comminutor F itz -n ill (Fitz Patrick. 

Company, Elmhurst, I l l in o is ) .  Two different screen sizes w ill be used to 

achieve different extents o f size reduction.

Treatment with 1Z sodium hydroxide w ill be performed at room temperature 

or at autoclave conditions o f 125*C and 2.2 atm. The created substrate w ill 

be washed with water until the wash water is  neutral. Treatment with 13 .7Z 

sodium su lfite  solution w ill be carried out at room temperature or at 

autoclave conditions of 125*C and 2.2 atm. The substrate w ill be thoroughly 

washed as before. Treatment with ethylene glycol w ill be performed In presence 

o f hydrochloric acid catalyst inside the autoclave at 125*C and 2.2 atm.

Parameter Measurement. The crysta llin ity  of cellu lose wiJl be measured 

from x-ray d iffraction  data using Che powder spectrometric technique 

employing parafocusing (Segal, et a l . .  1959). A crysta llin ity  index (CrI) 

proposed by Segal, et a l . , (1939) is calculated with the intensities o f 

diffraction  at two different angles, 26:
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CrI
-  ram

002
X 100

where c ê intensity o f d iffraction  o f the 002 plane (2 * 22*)

and I is  the amorphous diffracted intensity (2 - 18*).AD
The specific  surface areas o f the ce llu loslc  samples w ill be measured 

by applying the BET equation to nitrogen adsorption data collected from a 

Perkin-Elmer flow sorptometer. Pore size distributions w ill also be 

measured with this apparatus.

Lignin determinations w ill be performed in an analytical laboratory 

using the Van Soest fraction method (Goering and Van Soest).

Gel permeation chromatography (GPC) o, .a llu lose  for the measurement 

o f the degree of polymerization w ill be carried out using high pressure 

liquid chromatography. [(Chang et a l . t 1973)].

A model Zf Coulter Counter employing hydrodynamic focusing w ill be 

used for particle size measurement.

Scanning electron and light microscopy w ill be employed to obtain 

additional insight into structural changes brought about by the pretreatments.

Hydrolysis. Hydrolysis o f the pretreated or retreated ce llu losics  w ill 

be carried out at 5 vt. Z concentration in a c i t r ic  acid buffer and enzyme 

solution at 50*C and 250 r.p.m. The enzyme w ill be prepared from cultivations 

o f the fungus Trlchoderma reesei QM 9414. Reducing sugar production w ill be 

measured using the d in itrosa llcy llc  add (DNS) method (and HPLC).

Acid Hydrolysis. Acid hydrolysis o f the ce llu los lc  samples w ill be 

carried out in 10Z and 80Z by weight sulfuric acid at 120*C and 30*C, 

respectively.
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Economic Feasibility Study. A series o f economic fea s ib ility  studies 

w ill be analytically conducted by employing an exhaustive data base compiled 

in our preliminary work. (Fan et̂  a l . ,  1977, 1980a, b; Beardaore et a l . . 1978; 

Beardaore, 1979) along with experimental results to be obtained in this propose 

research. Various flow sheets w ill be developed to determine what combina

tions o f pretreatment and/or retreataent schemes and operating conditions that 

w ill yield technically e ffic ie n t  and economically feasible enzymatic 

hydrolysis processes.

Thermodynamic Feasibility Study. A series o f thermodynamic fea sib ility  

studies w ill be conducted by employing an exhaustive data base compiled in 

our previous works (Fan, et a l . , 1980a, b; 1981a, b) in conjunction with exper: 

mental results to be obtained in this proposed research. An analysis based on 

energy (Fan and Shieh, 1980; also see the appendix) w ill be applied: This 

w ill lead to an identification  of energy e ffic ien t pretreatment schemes.

Assessment of Waste Treatment Schemes. Any pretreatment, particularly 

chemical, generates waste which can be an environmental pollutant i f  

not properly treated or disposed. Waste treatment and disposal techniques 

for each pretreatment employed w ill be assessed for their technical and 

economic fea s ib ility .
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POTENTIAL CONTRIBUTION

Ctllulosu combined with extraneous material, such as lignin and hemi- 

cellulose, exists in nature in a crystalline structural form. l..e complexity 

and density o f ce llu los ic  material make i t  very resistant to attack by 

ce llu lo ly tic  enzymes. Thus, its  susceptibility  to hydrolytic enzyme 

attack depends sign ificantly on its  structural features. The major 

structural features o f ce llu losic  material chat determine its  susceptibility 

to enzymatic degradation include: (1) the degree o f water swelling, (2) the

crystallin ity , (3) the molecular arrangement, (4) the concent of associated 

material such as lignin , and (5) Che capillary structure o f  cellu lose fibers 

(Fan et a l . ,  1977, 1980a, 1980b, 1981).

Cowling (1975) and Stone et al. (1969) have postulated chat the most 

important structural feature that a ffects the enzymatic hydrolysis is  che 

capillary structure o f a cellu lose fiber , because the susceptibility of 

cellulose to hydrolysis is determined largely by Che accessib ility  of the 

cellulose surface to ce llu lo ly tic  enzymes. Direct physical contact between 

the enzyme molecules and the substrate cellu lose is a prerequisite to hydro

lysis . According to Cowling (1975), any structural feature that lim its the 

accessibility  o f cellu lose to cellulase enzyme w ill diminish its  susceptible 

to hydrolysis. The dimensions o f the cellu lose capillaries have been determ: 

by the solute exclusion technique (Aggebrandt and Samuelson, 1964; Van Dyke, 

1972). Stone et a l. (1969) used this technique to calculate the surface
t

area within cellu lose fibers swollen by phosphoric s .id . The substrate was 

created with a commercial cellulase enzyme preparation, and Che in it ia l rate 

of hydrolysis was compared with the accessib ility  of che substrate to molecu 

of various sizes. They reported a xinear relationship between Che in it ia l
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reaction race and Che surface area that was accessible to a molecule with a 

diameter of 40 A. This diameter is equivalent to chat o f the ce llu lo ly tic  

enzyme. Ic appears, however, Chat l i t t le  has been done to relate the surface 

area to the race o f hydrolysis for different kinds of natural cellu lose 

substrates.

Another important structural parameter that a ffects  enzymatic hydrolysis 

of cellulose is the degree o f crystallin ity  of ce llu lose . Norkrans (1950) 

and Walsech (1952) shoved that ce llu lo ly tic  enzymes readily degrade the 

more accessible amorphous portion of regenerated cellu lose but are less able 

to attack the less accessible crystalline portion. Consequently, a s ig n ifi

cant increase in crysta llin ity  is  observed during enzymatic hydrolysis of 

cellulose (Caulfield and Moore, 1974). As the cellu lose becomes more 

crystalline, it  becomes more resistant to further hyurolysis (Reese, et a l . t 

1957; Kisizava, 1973). The fraction of crystalline regions in the total 

cellulose can be expressed by an X-ray crysta llin ity  index. An empirical 

method for determining the crysta llin ity  of native cellu lose using an X-ray 

diffractometer was studied by Segal et al. (1959). Baker et a l. (1959) 

obtained an inverse relationship between the crysta llin ity  index and digesti

b ility  of cellu lose. However, Caulfield and Moore (1974) obtained somewhat 

different conclusions. Their X-ray measurements o f the degree o f crystallin ity  

of ball-milled cellu lose before and after partial hydrolysis indicate that 

ball-m illing increases the susceptibility o f both the amorphous component 

and the crystalline component o f cellu lose. They found that the enzyme 

d igestib ili y of the crystalline component is  enhanced to a greater extent 

by grinding than the amorphous component. They proposed that the overall 

increase in d igestib ility  is  apparently a result o f decreased particle 

size and Increased available surface area rather than a result o f reduced 

crystallin ity . They suggest coupling crystallin ity  investigation with
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surface area measurements co e ffe ctiv e ly  study the Influence o f 

each aspect of morphology.

Lignin is  another important structural feature which limits the suscep

t ib i l ity  o f llgnocellu loslcs. The combination of lignin with partially 

crystalline cellu lose that exists in wood constitutes one of the nature's 

most b io log ica lly  resistant system. Therefore, lignin removal is essential 

prior to enzymatic hydrolysis c f  llgn ocellu loslcs . The removal o f the 

lignin from the lignocellu losics materials using various pretreatment methods 

leads to a marked increase in the hydrolysis rate (flan and Caliihan, 1974; 

Kumakura and Kaecsu. 1979; Wilke, 1977). Lignin removal increases the avail

ab ility  o f the carbohydrates to enzyme action through the disruption of the ligni: 

carbohydrate linkage and spelling o f the structure (Chahal et a l . , 1979;

Kleinert, 1976).

Various chemical pretreatnents methods have been used for dellgnification  

o f llgnocellu loslcs. For example, they include sodium hydroxide (Dunlap ^t a l . , 

1976; Feist e t a l . ,  1970; M iller et a l . ,  1976), sulfur dioxide (M illet et a l . , 

1975), and sodium sulfide (Bellamy 1975, 1977).

Molecular weight distribution is  an important parameter for under

standing the mechanism of enzyme action. Enzymatic hydrolysis o f cellu lose is  

in reality a depolymerization reaction, which is promoted by various enzyme 

components. Several investigators (Kelson and Tripp, 1973; Battista et a l . ,

1956; Chang jet a l . ,  1973; Nickerson and Habrle, 1947) observed a drastic 

drop in the degree o f polymerization upon ad d  hydrolysis in the In itia l 

reaction period, whereas the degree of polymerization does not decrease 

substantially upon enzymatic hydrolysis (Walseth, 1952; Reese et a l . ,  1957). 

Measurement of changes in the degree of polymerization w ill be useful in 

understanding the chemical mechanism of enzyme action, and the difference
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between lc and acid acclon.

In our earlier work we examined several important structural features 

affecting the enzymatic hydrolysis o f Solka floe  and wheat straw (Fan et a l . , 

1977, 1980 a,b, 1981 a ,b ). We determined the relative effects of these 

structural features on the hydrolysis rate.

B ill-m illing has been shown to be a highly e ffective  pretreatment o f 

ce liu losic  materials (Mandels et a l . , 1974). Our experiments show that 

after 96 hours o f m illing, a more than two fold  increase in the rate o f 

hydrolysis is obtained. The shearing and crushing e ffect of milling destroys 

the cellu lose crystallin ity  and decreases its  particle size.

Roller-milling has been shown to be an e ffective  pretreatment of ce liu los ic  

materials (Tassinari and Macy, 1977). Our experiments have revealed a 3 

fold increase in the rate o f hydrolysis, after 30 minutes o f m illing. The 

shearing and crushing action o f m illing also destroys the cellu lose crysta llin ity  

and decreases its  particle size.

Fitz-milling results in a drascic size reduction in a short period of 

time. Our results, however, indicate a minor increase in the rate of 

hydrolysis. The cutting action o f fitz -m illin g  causes the size reduction.

Sodium hydroxide is wall known as a chemical treatment to increase the 

d igestib ility  o f cellt’ lcse (Mandels et a l . , 1974; M illett et a l . ,  1975).

Various concentrations of NaOH have been employed, but Millet et a l. (1975) 

have indicated that 5 to 6 grams of NaOH per gram o f substrate gives maximum 

d igestib ility  for several natural substrates. The mechanism of acclon involves 

swelling o f the cellu lose structure. Heating the cellu lose with sodium 

hydroxide solution enhances this e ffe ct . Our previous work (Fan et a l . .

1980 a,b) showed a 50Z increase in d ig estib ility  for pure cellu lose fibers and 

a 250Z increase for wheat straw with this technique.



Ethylene glycol has been shown to be a highly e ffective  pretreatment 

for agricultural residues (Pannir Selvam and Chose, 1930). Our results * 
also indicate a 9 fold increase in the rate o f hydrolysis o f wheat straw after 

ethylene glycol pretreatmenc. The solvent action o f ethylene glycol leads 

to a high delign ification . This pretreatmenc can be promising provided that 

an e ffic ien t process is developed for recovering and recycling the ethylene glycol

Sodium su lfite  has been traditionally used for pulping o f  lign ece ll- 

u losics, e .g .,  wheat straw (Casey, 1960). Our results indicate a dramatic 

increase in the rate o f hydrolysis after su lfite  pretreatment. Chemical 

action o f su lfite  causes the delignification  and structural swelling of 

substrate.

It can be stated that different treatment methods have different 

effects on lignocellu losic structure and increase the susceptibility 

o f cellu lose to enzyme action in different ways. This suggests that it  is 

defin itely feasible to develop an e ffic ien t enzymatic hydrolysis process 

or processes which combine more than one pretreatment or pretreatments 

with retreatments.

A study of the derailed mechanism of pretreatment of a lignocellu losic 

residue prior to its  enzymatic hydrolysis, by examining the structural modi

fication  and its  relationship to the rate of hydrolysis, w ill fa cilita te  the 

optimal and rational selection of a pretreatment method. The extension of 

such a study to a variety o f lignocellu losics w ill assist in making a choice 

of the most effective combination of the substrate and pretreatment method.

The comparison of enzymatic versus acid hydrolyses w ill fa cilita te  under

standing the mechanisms of acid and enzymatic hydrolyses as they are affected 

by different pretreatment methods. The economic and thermodynamic analyses 

of different combinations of a substrate and a pretreatment method w ill be
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useful for evaluating the fe a s ib ilit ie s  of their commercialization. Pre

treatments, especially chemical, generate waste which can cause environmental 

pollution, and hence, for an operating plant, treatment of such waste w ill 

be necessary prior to disposal.
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ATTACHMENT 3
TAPERED FLUIDIZED BEDS

INTRODUCTION

Straight cy lirdrica l or columnar fluidized beds have been employed ex

tensively in the process industries. Recently, the use o f tapered fluidized 

beds is beginning to receive much attention for biochemical reaction and 

biological treatment of waste water (see, e .g .,  Scott and Hancher, 1976;

Pitt ex a l . , 1981). Tapered fluidized beds have also been used successfully 

in chemical reactions, crystallization , and in other areas (see, e .g ., Levey 

ec a l . , 1960, Ish ii, 1972,- Golubkovich, 1975; Dighe et a l . , 1981).

Features of the tapered fluidized bed, especially its  advantages 

over the columnar fluidized bed, are discussed below:

1. Usually the size distribution o f a particle system which 

can be employed in a columnar fluidized bed need be narrow. I f  the 

particle size distribution is too broad, small particles may be en

trained and large particles may be defluidized, settling on the dis

tributor. The cross-sectional area of the tapered fluidized bed is 

enlarged along the bed height from the bottom to the top. Therefore, 

the velocity o f the fluidizing medium is  relatively high at the bottom, 

ensuring flu idization  of the large particles, and i t  is relatively

low at the top, preventing entrainment o f the small particles. Therefore, we 

can operate the tapered fluidized bed with particles whose size dis

tribution is  wide. This feature is specially important for an oper

ation in which the particle size changes (coal combustion, crysta ll

ization, microbial growth, e t c .) .

2. For an intensely exothermic reaction in the columnar fluidized 

bed the major fraction o f heat is released near the distributor, creating 

a high temperature zone and possibly destroying the distributor and 

sintering the particles. However, in the tapered fluidized bed, the



\

-  22 -

velocity o f the fluidizing medium at the bottom o f the bed is  fa irly  

high. This gives rise to a low particle concentration, thus resulting in 

a low reaction rate and reduced rate o f heat release. Therefore, 

the generation o f a high temperature zone near the distributor can 

be prevented.

3. The velocity o f the fluidizing medium at the bottom of the 

tapered fluidized bed can be greater than the terminal particle velocity.

In this case the tapered fluidized bed can be operated without a dis

tributor (Golubkovich, 1975).

4. For a deep gas-solids columnar fluidized bad, the pressure d iffer

ence between the bottom and the top is large, and thus, the gas tends to 

expand as i t  rises through the bed, rendering the upward gas velocity

to increase continuously and reaches the maximum at the top. This 

w ill tend to agitate the top o f the bed v iolently ; this promotes élutria

tion of the particles from the bed surface and in stab ility  (pressure 

fluctuations) in the bed. In contrast, the cross-sectional area of 

the tapered fluidized bed increases upward; this enables i t  to accom

modate the increase in the gas volume, rendering i t  possible to operate 

smoothly with the deep bed (Ridgway, 1965).

Because of these advantages, the use of tapered fluidized beds 

is rapidly increasing; however, much is  unknown concerning characteristics 

of the tapered fluidized bed. Hydrodynamic features of the tapered 

fluidized bed are very different from those o f the columnar fluidized bed, 

as can be seen in Fig. 1 where typical pressure drop-velocity relations 

of the tapered bed (curve 1) and that o f the columnar bed (curve 2) 

are shown. The superficial velocity of the flu id izing medium in the 

tapered bed indicated in the figure is based on the bottom cross-sectional
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area. The static bed heights in the two beds are identical. This figure

shows that the c r it ic a l  flu id izing velocity in terms of the superficial

velocity at the bottom of the bed, uc> at which the particles on the bottom

of the tapered bed begin to flu id ize , is greater than the minimum fluidizing

velocity, u ,.  The maximum pressure drop, (-AP ) ,  which is  created at u '  mf max c
in the tapered bed, is greater than the maximum pressure drop, (-iiP ^ ), in 

a columnar bed. Therefore, the known hydrodynamic relations for the columnar 

bed cannot be directly applied to the tapered bed.

The objectives o f this work were to propose a mechanistic model for 

the condition of incipient flu id ization  in the tapered bed, to derive equa

tions for predicting the c r it ic a l fluidizing velocity , uc> and the maximum 

pressure drop, (-AP^ ) ,  and to verify these equations experimentally.

THEORETICAL

Different views exist concerning the incipient fluidization condition 

of a tapered fluidized bed. Gelperin et al. (1960) have proposed that 

particles would flu id ize when the superficial velocity  of the fluidizing 

medium at the upper surface of the tapered fluidized bed reaches the mini

mum fluidizing velocity , u ^ . However, the calculated c r it ica l fluidizing 

velocity in terms of the superficial velpcity at the bottom of the bed, u^, 

and the calculated maximum pressure drop, (~AP̂ ay) , based on their model are 

appreciably greater than the experimental data. Nishi (1979) has proposed 

that when the pressure drop in the tapered bed is  equal to the effective 

weight o f the particles on the unit bottom cross-sectional area, i . e . , at 

point B on Fig. 1, the particles would begin to flu id ize . However, the 

observations made in our preliminary experiments have shown that the particles 

remain in a static state at point B, and that the c r it ic a l fluidizing velocity, 

uc< is  higher than the calculated velocity by Nishi's equation, u ' , at point B.
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In our preliminary experimental study, we have observed that when the 

flu id  velocity Increases, the pressure drop through the tapered bed also 

increases. At a certain velocity , the pressure drop through the bed reaches 

the maximum and the total particles in the bed are li fte d  upward by the 

flu id . At this moment, the particles at the bottom o f the bed begin to 

flu id ize ; thereafter, the condition o f fluidization w ill extend from the 

bottom to the top, and the pressure drop w ill decline fa ir ly  sharply, as 

depicted in Fig. 1. This experimental observation motivates us to postu

late that fluidization is  in itiated when the force exerted by the fluidizi-tg 

medium flowing through the bed is  equal to the total e ffective  weight of 

the material in the bed under the assumption that fr ic ticn  is  negligible 

between the particles and bed walls. For sim plicity, we further assume 

that the lateral velocity  o f the flu id  is su fficien tly  small to be neglected 

and that the vertical velocity of the fluid is  uniformly distributed on 

che cross-sectional area. The pressure drop through a packed bed with a 

d ifferential height of dh is  equal to (Ergun, 1952)

-dP -  (Au + Bu2)dh (1)

where

150 u. -  .«o>:

O 'P

1 ~ e0
3

co
B ■ 1.75
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The overall pressure drop across the entire bed bright, H, is obtained 

by integrating equation Cl)» i .e .»

P H+faQ'
(-AP) - r ®  (- dP) - / (Au+ Bq )dh

ho ho
For a two-dimensional tapered bed with a thickness o f ŵ  and an apex 

angle of 0,.we have (see Fig. 2)

(2)

f o  _ ^0
u "  u0 i  " u&h (3)

and

i^ * i.Q + 2Htan ~2 (4)

Therefore (see APPENDIX A),

H*0 ll 2 HiQ(-AP) -  Au — U—  in —  + Bu0z -^2- (5a)

or

(-AP) -  Au,0
0 r V 2Bt“ - f  , .  2
— — n ------ + %

Hi,

Ztaâ ip+2Htan - j
(5b)

Equations (5a) or (5b) can be rewritten in dimensionless form, respectively,

as

or

(1 -  O
Eu ■ 150

* 1   ̂ *0
2 3 - ¿ ; ta ^  + l -n 7 T 3 r i : <‘ *>
Q' 1 H

<^c0 

2

P 1 *se0 P 1

( 1 - 0
Eu ■ 150 0i_ . i l

, 2 3  Re d„ ®£q P 2Htao^

10+2Hu b|
in -------:--------  +

( 1 " G0J H £o—..... ■ 1 • ■■ 11 1 1 ■ ■

V o *  dp *o + 2Rtatti
1.75 (6b)
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The cross-sectional area o f a tapered flu idized bed increases con

tinuously from the bottom to the top; therefore, the force exerted 

by the fluidizing flu id  on the particles is  not directly proportional 

the pressure drop. This force in a d ifferentia l bed height o f dh 

is  equal to the product o f the pressure drop through i t ,  (-dP), and the cross- 

sectional area o f the bed iv^:

Thus, the overall force exerted by the flu idizing flu id  on the particles 

in the entire bed vith a height o f H is  (see APPENDIX B)

The overall e ffective  weight of the particles in the bed is  (see APPENDIX C)

dF -  iWg(-dP) ■ (Au + Bu^)dh (7)

£Vq(Au + Bu )̂dh ( 8)

or

(9)

g(l - eQ)(Ps - PfH w Qdh

(10)

According to the proposed model, the particles on the bottom begin

to fluidize when

F -  G
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Therefore, the c r it ic a l fluidizing velocicy , uc , can be calculated by 

equating equations (9) and (10). This gives

V o * 1* l l  2
( > r r r  i » ^ « c2 M * » o V ) « c1 0 0

-  \ a eBups - pf)woHai + V 8 " 0 (11)
which, in turn, gives

-B* + / S '2 + 4A*C 
2A'

(12)

where

2TT o 0 0 H iA ' R — — — —  in- ---
‘ o

v ln +• 2Htan —0 0 0 7
B -------g-in  —-----1--------“

2Htan-|, 0

B' -  Aw i  H0 0

c - j a  - e0'(ss - + V s

- (1 - £q)(Ps “ Pf>wQHi£o + Ht4n 2)g
The dimensionless form o f equation (11) can be expressed as

21.21 in t~
1  ̂ 0̂ 2 1.75 -̂---2Rec + 150 1 -  *0 2t0

♦ ¿«o' V -  V  V c0 1
2. 3 l. + £q. *'~cRe, -  Ar -  0

or

i  . in01
i,Q + 2Htan y

1.75
$sCq 2tan | H(iQ + Htan y)

^ - r - R e .2 0. c

1 ■ co *o-------- ^ _____ a______ Re -  Ar
. 2 3 » „ A c
V ‘ o * 0 + Ht a n 2

-  0

(13a)

+ 150 (13b)
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Replacing un in equation (5a) with u the maximum pressure drop through the 0 c ,
tapered bed (-AP ) ,  is  calculated as follows: max

(-APmax
Hi,

Au
c V * o

(14a)

Equivalently, replacing û  in equation (5b) wit*: u^, we obtain

(-AP ) max Au
2tan y

. .  2
e --------T --------  + Buc

Hi.

IQ + 2Htan -
(14b)

The dimensionless forms of these equations are, respectively,

and

(1_e0) 1 H l  i  1-e Z„ u n  u ^ u. 0 „ 1 . , tc 0 H_ 0EU - 15° tn 1.75 j j  ,
*s £0 e "  1 0 0 *sC0 P 1

Eu 150
(1- . 0V 1 1

2 3 Re d 0. e. c p 2tan -
in

i Q + ZHtan |

(15a)

1 - e
+ 1.75 0 1 Hi,

V o 3 dp l o +  mtatL f
(15b)

EXPERIMENTAL

Facilities

A schemaLic o f the experimental fa c ilit ie s  is  shown in Fig.3. The dimensions 

of the two-dimensional tapered beds employed are listed  in Table 1. Notice that 

the apex angles of the two tapered beds were 20° and 30*.

All vessels were made of transparent acrylic resin so that Che solids 

behavior could be observed. The distributor was a stainless stefcl screen

of 48 mesh.
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Materials

S ilica  gel and sand particles were fluidized. Characteristics of 

these particles are listed  in Table 2. Water at room-temperature (approxi

mately 20°C) was used as the flu id izing medium. The flow rate was measured 

by a rotameter, and the pressure drop was measured by a piezometer.

Procedure

A known weight o f particles was poured into the bed, and then the par

t ic les  were fluidized fu lly  by water at a certain velocity . The loading 

of particles for each experiment ranged from 1 kg to 3.9 kg. When a stable 

state of fluidization was established, the values of the velocity  and pres

sure drop were recorded as the velocity  was gradually reduced to zero.

When the velocity  reached zero, the velocity  was gradually increased, and 

the values of the velocity and pressure drop were again recorded. From 

these data the pressure drop-velocity curve was constructed. The c r it ica l 

flu idizing velocity , u , and the maximum pressure drop, (-¿P ) ,  were

determined from the curve. The procedure described above gave a reproducible 

bed porosity even though the packed bed pressure drop is very sensitive to 

the bed porosity, and different degrees of packing of the particles produce 

different bed porosities.

RESULTS AND DISCUSSION

The experimental results have shown that the pressure drop-velocity 

diagram o f the tapered fluidized bed indeed has the shape of curve 1 in 

Fig. 1; in the increasing flu id  velocity  cycle, the pressure drop reaches 

a maximum value and then decreases sharply, ap . .*oaching an essentially 

constant value. In the decreasing flu id  velocity cycle, however, the pres

sure drop decreases continuously and the peak is not recovered. This is  

similar to the pressure drop-velocity diagram of the columnar fluidized
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which is  Che well-known equacion for predicting Che minimum fluidizing 

velocity , u r , of the columnar fluidized bed (Kunii and Levenspiel, 1969).ULI
Furthermore, when 0 0, or -► equation (14a) or (14b) reduces to

This is  also a well-known result that relates the pressure drop at the mini

mum fluidizing velocity in the columnar bed, (-¿P^ ) , to the e ffective  

weight o f particles per unit cross-sectional area o f the bed. These develop

ments indicate that the proposed model is  internally self-consistent.

In applying the proposed model to a gas-solids system, a further sim

p lifica tion  can be made by letting  (p - ,p - )  - P_ because p >> p ,. Since 

such a system is usually ncn-particulate, some empirical modifications 

probably need be made on the model equations.

CONCLUSIONS

1. The hydrodynamic features o f the tapered fluidized bed is  very d if

ferent from that of the columnar fluidized bed, and therefore, the known 

relations for the columnar bed cannot be used in calculating those for the

(-AP ) -  Au H + Bv 2H
m a v  n .»max c (17)

and equation (11) reduces to

Bu 2H + Au H -  (1 -  e_)(p -  p,)Hg -  0 
C C 0  s  t

(18)

or

^ m a x 5 "  (1 "  e0)(p s " pf )Hg

G

(19)

tapered bed.
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2. A model has been proposed for the condition of incipient fluidiza

tion in the capered fluidized bed. Equations have been derived from the

model for predicting the c r it ic a l flu id izing velocity , u , and the maximumc
pressure drop, (-APmav) . The experimental data obtained in two-dimensional, 

liquid-fluidized tapered beds indicate that the proposed model is  valid and 

the derived equations are of practical use.
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APPENDIX A. DERIVATIONS OF EQUATION (5a) AND EQUATION (5b) FROM EQUATION (2) 

Equation (2) in Che text is

H+h
(-AP) -  /

h„
 ̂ (Au + Bu^)dh (A—1)

Since

u u0 i u0 h (A-2)

we have

(-AP)
ttfh h„ „ h.

■ I K  i t  + %  b *n

H + h0 „ 2 Hh0 
Auo V n • h0 + BuQ CH + h0)

Furthermore, because

H + h, i Q + 2Htan —

we obcain

(-AP) ”  Au “ o. ‘ l  , „  2 “ o
0 1 - i  i 0 i1 0 0 1

or

t t + 2Hcan |
(. 4P) .  A„  — J-— I 

2tan j  0

(A-3)

(A-4)

(A-5)

+
Hi,

i Q + 2Htan |
(A-6)

Equation (A-5) or (A-6) is the same as equation (5a) or (5b),' respec

tively, in the' text
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APPENDIX B. DERIVATION OF EQUATION (9) 

From equation (A-2), we ha\e

*0 l 0 * - — h and u- uo — (B-l)

Substituting these expressions into equation (8) leads to

H+hQ 2 i
f tAw0u0 £0 +  Bwouo V o f i Id h

Awo V o  h
H+h0 _ 2

+  Bwouo W 1*
H+h,

2 *^0
Awo V o H +  Bwo V o ho £n ~ (B-2)

Since

S + ho _ * 1
h0 lQ

(B-3)

or

E2.,

0 V 40 ’
(B-4)

substituting these two equations into equation (B-l) yields

H 9?" £
r ■ AV 0V  + sV o  ln (B-5)

This is  equation (9) in the text.
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APPENDIX C. DERIVIATION OF EQUATION (.10)

From equation (A -2), we have

*02 » ~  h
ho

Substituting this equation into equation (10) gives

I1+hO £0G - J  g (l-£ 0)(p s-p f ) wQ —  h dh
o

Wg(l-C0)(p a-p f ) wQ ^  2
H+h,

(C-l)

¿0 H +2Hh0
g ( l '£u)(Ps-Pf ) W0 ^  ( ----- 2------>

HZ
1 8 a -e 0)(Ps-Pf ) » 0 (H «h0) (C-2)

From equation (B-3), we have

HJL

0 V l 0
(C-3)

Substituting this equation into equation C^-2) yields

2HZ
G “  2 g(1_£0)(Ps"Pf ) w0 (jtl “ V  (H + i 1- £0) 

or

c f a - c 0)(ps-pf) »0 h (i1+i0) (0 4 )

This is  the fina l expression of equation (10) in the text
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NOTATION

dP
F

G

H

L

l

ZQ

(-A P )

(-APmar.
u

u0
uc

uof

W0

E0
u

Pf

ps

♦s'

particle diameter [m]

force exerted by the flu idizing medium on the particles in the 
bed [N]

e ffective  weight of material in the bed [N]

height o f the fluidized bed [m]

overall height of.the taperedrbed section [m] 
o

-----——, the distance between the apex and the bottom of the
2tan j

tapered bed

top length of the tapered bed [m] 

length of the tapered bed [m]

length of the bottom of the tapered fluidized bed [m]

length of the top o f the tapered fluidized bed [m]
2pressure drop [N/m ]

pressure drop at the minimum flu id izing velocity in a columnar 
bed [N/m2]

2maximum pressure drop [N/m ] 

superficia l flu id  velocity [m/s]

superficia l flu id  velocity at the bottom of the bed [m/s]

c r it ic a l fluidizing velocity in terms of the superficial velocity 
at the bottom of the fluidized bed [m/s]

minimum fluidizing velocity in terms of the superficial velocity 
at the bottom o f the fluidized bed

width of the tapered bed [m]

void fraction of the packed bed [- ]
2

flu id  viscosity [Ns/m ]

flu id  density [kg/m^]
3

solid  density [kg/m ]

sphericity of the solid  particles [- ]
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« 3 2dp Pf 8 Pg ■ Pf

(-*— ô—  * -----------) ,  Archimedes number [-  ]i  p,u f

[_(_AP ĵ ̂  EuXer number [-]  
pf U0

(-AP ) r max , „ „l-------2— J » Euler number at the maximum pressure drop or
pf uc

cr it ica l flu id izing velocity [-] 

dpp f  u0(*"*■----- ) ,  Reynolds number [-]

d pru0 X Cc-ti—---- ) ,  Reynolds number at the c r it ic a l fluidizing velocity [- ]
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Table 2. Properties of solid  particles.

Material
dP

[mm] 3-[kg/m j
emf
[- ]

S ilica  gel 1.125 2590 0.346

Sand 0.711 2590 0.386
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Fig. 1. Pressure drop-velocity relations for the columnar and tapered 
fluidized beds with the same in it ia l packed height.

Fig. 2. Structure of the tapered fluidized bed.

Fig. 3. Schematic o f the experimental set-up.

Fig. 4. Comparison o f the pressure drop through the tapered packed 
bed computed by equation (5a) or (5b) with the experimental 
data.

Fig. 5.

Fig. 6.

Comparison between the experimentally measured c r it ica l 
fluidizing velocity , (u ) , and the calculated fluidizing
velocity, (uc ) ca l. eXP

Comparison between the experimentally measured maximum pressure 
drop, (-&Pmav.) _ ,  .and the calculated maximum pressure drop, 
(-APmax

("^max^exp1 )ca l. r
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Velocity, uQ

Fig I Pressure d r o p - v e l o c i t y  relations fo r  the colum nar and 
tapered fluidized beds with the same initial packed heigh'
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Fig. 2. Structure of the tapered fluidized bed



(T) • Water storage tank
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Fig.3. Schematic of the experimental s e t-u p .
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Fig. 4. Comparison of the pressure drop through the tapered 
packed bed computed by equation (5a) or ( 5 b )  
with the experimental data.
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Fig. 5. Comparison between the experimentally measured
critical fluidizing velocity, (uc)exp^and the calculated 
critical fluidizing velocity, (uc )caj ,
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F ig .6. Comparison between the experimentally measured 
maximum pressure drop#(-A f^ ax)exp, and the cal
culated maximum pressure drop,C” Af^nax)ca[ .




