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Abstract

The Production and Use of Alginate Beads Containing Yeast in

a Novel Fluidised Bed Bioreactor

It was found experimentally that sodium alginate solutions 

between 1 and 6% concentration formed drops with diameters 

between 3 and 5 mm at a single fluid nozzle. Drop diameter 

was largely determined by the tube outer diameter with other 

parameters only affecting drop diameter slightly.

In order to produce uniformly sized drops over a wide range 

of required drop sizes at a given nozzle, two fluid nozzles 

were developed. Here a concentric stream of gas was used to 

blow drops from the nozzle. The range of uniform drops 

produced was between 0.8 and 5.1 mm diameter. Gas velocity 

in the range 0 to 30 ms reduced drop diameter by a factor 

of three. Liquid velocity (0 to 0.4 ms" 1 ), alginate 

concentration (1 to 6%) , gas type (methane, nitrogen or 

argon), nozzle geometry and the presence of added yeast (up 

to 10% wt) had less effect on drop diameter.

Force balance models to describe the processes at single and 

two fluid nozzles were developed and verified against 

experimental data to an accuracy of ± 0.2 mm drop diameter.

The effects of bead diameter (from 2 to 5 mm) , alginate 

concentration (from 1 to 6%) , calcium chloride solution 

concentration (from 0.01 M to 3.85 M), temperature (from 0 to



50°C) and the presence of immobilised yeast (up to 10%) on 

the time for beads to gel completely and on their compressive 

strength were determined experimentally. A diffusional model 

which described the gelling process was developed and 

verified against the experimental results.

A novel design of fluidised bed bioreactor was developed 

which overcame the problem of the bed becoming gas logged 

with buoyant beads by arranging for circulating substrate to 

simultaneously enter the top and bottom of the bed. The bed 

operated reliably without deterioration for periods of up to 

20 days. Increasing alginate concentration in the range 1 to 

5% had little effect on the performance of the immobilised 

yeast but reduced the tendency for beads to split. 

Increasing bead diameter in the range 1 to 5 mm. increased the 

tendency to split and reduced overall conversion of glucose.

A model was developed to describe the consumption of glucose 

within beads based on Michaelis-Menten kinetics and the 

diffusion of glucose into beads. Application to the 

experimental results showed maximum reaction velocity for the 

conversion of glucose to ethanol was independent of bead 

diameter and alginate concentration. It also showed that the 

experimentally observed reduction in ethanol yield compared 

with the expected yield from free yeast cells was due to the 

effect of lower substrate concentration towards the centre of 

the bead rather than a change in the intrinsic productivity 

of the immobilised cells.
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Glossary of Terms Used in Chapter 2

Term Meaning Units 

a Acceleration of drop ms~2 

b Constant defined by equation 3.9 s

dj^ Drop diameter as liquid velocity tends m 
to zero as predicted by equation 3.15

djj^ Drop diameter at the moment when m 
downwards forces equal upwards forces 
as predicted by equation 3.2 
(Model 3.1)

db2 Drop diameter as defined by equation m 
3.14 (Model 3.2)

dj_ Nozzle inner diameter m

dn Nozzle outer diameter m

Fj, Net accelerating force on the drop N

FQ Gravitational force on the drop N

F-r Inertial force on the drop N

g Gravitational acceleration ms

m Mass of drop kg

t Time since drop started to accelerate s

V Velocity of liquid in nozzle ms" 1

W Drop velocity ms" 1

p Gas density kgm~

p-j_ Liquid density kgm~

a Liquid surface tension Nm
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Glossary of Terms Used in Chapter 4.

Term Meaning Units 

a Acceleration of drop ms~ 2 

A Projected area of drop m2

CDS Coefficient of drag of spherical 
drop

CDS1 Coefficient of drag of spherical 
drop at the moment when downwards 
forces equal upwards forces

CDL Coefficient of drag of distorted 
drop

db Drop diameter as drop accelerates m

dbl Drop diameter at the moment when m 
downwards forces equal the upwards 
forces as predicted by equation 4.8

d^ Nozzle inner diameter m

dn Nozzle outer diameter m

f Correction factor to CD

F» Net accelerating force on the drop N

FQ Drag force on the drop N

FDI Drag force on the drop at the moment N 
when downwards forces equal upwards 
forces

FG Gravitational force on the drop N

FGI Gravitational force on the drop at N 
the moment when downwards forces 
equal upwards forces

Fj Inertial force on the drop N

Fy, Inertial force on the drop at the N 
moment when downwards forces equal 
upwards forces

F Surface tension force on the drop N

g Gravitational acceleration ms~2

Q Volumetric gas flowrate m3 s~ 1

xvm



Volumetric liquid flowrate m3 s~ 1

Re Reynolds number of the drop 
dbuPg

Rec Value of Re (at a given Su) above
which correction factor f is applied 
to CDS

Su Suratman number of the drop cr

t Time since drop started to accelerate

U Gas velocity ms"

V Liquid velocity ms" 1

Vt Terminal velocity of a falling drop ms" 1

W Drop velocity at time t ms" 1

5 Empirical constant in equation 4.19

/i_ Gas viscosity Nsm

M}_ Liquid viscosity Nsm~2

pg Gas density kgm" 3

p^ Liquid density kgm"

a Liquid surface tension Nm" 1
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Glossary of Terms Used in Chapter 5

Term 

A

dc 
dx

AC

D 

dV

R

RJ 

t

T 

X

Meaning

Area available for mass transfer to 
occur

Concentration gradient of calcium 
chloride

Concentration difference of calcium 
chloride

Diffusivity of calcium chloride

Small volume of the sphere of 
thickness dx which reacts in time dt

Stoichiometric constant. Quantity of 
calcium chloride required to react 
stoichiometrically with I m of sodium 
alginate solution

Rate of mass transfer by diffusion

Bead radius

Radius of ungelled portion of bead

Time

Temperature

Thickness of gelled calcium alginate 
shell

Percentage volume of the bead occupied 
by immobilised yeast

Sodium alginate solution viscosity

Units 

m2

kmolm 

kmolm

-4

-3

kmolm
-3

kmols

m

m

s

K

m

-1

mNsm
-2

(=centipoise)



Glossary of Terms Used in Chapter 6. 

Term Meaning

C 

D

D

dr

e 

G 

k

Nc 

G 

P

r 

r i

ro 

Re

Sc 

Sh

Carbon dioxide concentration

Diffusivity of D-glucose in a bead 
(in equation 6.3)

Diffusivity of D-glucose through the 
substrate film on the outside of a 
bead (in Sc, equation 6.5)

Bead diameter

Pressure gradient within a bead

Fluidised bed porosity 

D-glucose concentration 

Positive constant

Liquid film mass transfer coefficient 
on the outside of the bead

Michaelis constant. (The 
concentration of D-glucose giving 
half maximum reaction velocity)

Rate of diffusion of carbon dioxide 

Rate of diffusion of D-glucose

Partial pressure of carbon dioxide 
in the bead

Bead radius between zero and rQ

Limit of penetration of D-glucose 
into the bead

Outer bead radius

Reynolds number for a bead = .d

Schmidt number for a bead

Sherwood number for a bead =

M

pD

rdj 
D

Reaction velocity (as D-glucose 
consumption rate in equation 6.1)

Units 

kgm~ 3

m

bar m
-1

kgm
-3

barmskg
-1

kgm

kgs 

kgs 

bar

m 

m

m

-3

-1

-1

kgm~ 3 s~ 1

xxi



v Reaction velocity (as ethanol g(lC) 11
production rate in section 6.6 et cells)~ 1h~ 1 
seq.)

V Fluid superficial velocity for bead ms""1" 
Reynolds number

vmax Maximum reaction velocity when kgm s 
G » I^ (as D-glucose consumption rate 
in equation 6.1)

vmax Maximum reaction velocity when g(lC) 11
G » K_ (as ethanol production rate cells)~ 1h~1 
in section 6.6 et seq.)

Ac Concentration difference of D-glucose kgm"3 
across the film on the outside of a 
bead

M Liquid viscosity Nsm~2 

p Liquid density kgm"3
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1. Introduction and Literature Survey 

1.1 Yeast

Yeasts are fungi which usually exist as single cells about 5 

to 30 jim long and 1 to 5 jura wide, (Bailey & Ollis, 1986, p. 

17) . They have the ability to obtain energy from certain 

organic compounds under both anaerobic and aerobic conditions 

and reproduce either sexually or asexually by budding and 

fission.

Yeast is probably the oldest cultivated plant having been 

used since about 7000 B.C. in beer making, (Bailey & Ollis, 

1986, p.1).Leeuwenhoek first observed yeasts microscopically 

in 1680 and in 1837 Cagniard-Latour showed that beer yeast 

consisted of spherical bodies which multiplied. In 1866 

Pasteur demonstrated that fermentation was due to living 

yeast cells. Since then yeast has been extensively studied 

as reported by Rose and Harrison (1971). This knowledge has 

allowed industrial processes employing yeast to become better 

understood and to develop from their early empirical nature 

into modern industrial processes.

Industrial uses of yeast include:

(i) the production of alcoholic beverages

(ii) the production of industrial chemicals such as

ethanol and glycerol 

(iii) the production of protein supplements



(iv) in the baking industry.

Processes involving yeast contribute a significant proportion 

of the pre-tax gross national product and produce substantial 

tax revenues.

The importance of yeast to man lies not only in the capacity 

of yeast to convert sugars to ethanol and carbon dioxide but 

also as a tool which has helped researchers to investigate 

the basic biochemistry and metabolism of living cells.

The most important yeast strain is Saccharomyces cerevisiae 

which has been widely used for industrial and research 

purposes due to its ready availability, its particularly 

efficient aerobic and anaerobic metabolic capabilities, its 

ease of culture and the large body of knowledge about it.

1.2 Immobilisation of Living Cells

Living cells whose mobility has been restricted by being 

retained on the surface or within the pores of a support 

material or bound to one another are described as immobilised 

cells. The general field of cell immobilisation has been 

surveyed by Bucke (1983), Linko and Linko (1984) and Chibata 

et al_..(1986) .



1.2.1 A Brief History of Immobilisation

Natural immobilisation of cells occurs due to the 

flocculation of microorganisms or the build up of microbial 

films on surfaces and many cells of multicellular organisms 

are immobilised by other cells of the organism.

In about 1815 a process was developed to produce vinegar from 

ethanol containing solutions by allowing the solution to flow 

over wood shavings. The shavings acted as a support medium 

to which bacteria adhered and converted the ethanol to acetic 

acid. In 1916 Nelson and Griffin reported the immobilisation 

of the enzyme yeast invertase on charcoal which retained the 

ability to break down sucrose even after washing. 

Immobilisation of enzymes has been extensively studied since 

the late 1960's (Chibata et al. . 1986), with cell 

immobilisation being extensively studied from about 10 years 

later. Kierstan and Bucke (1977) reported the immobilisation 

of yeast in calcium alginate fibres and Cheetham et al.(1979) 

reported a similar immobilisation using alginate beads.

1.2.2 Advantages of Immobilisation

Immobilisation of cells can offer several advantages over 

free cells:-

(a) Higher cell concentrations can be obtained compared to 

free cells, (Wada et al. . 1980), giving higher productivity 

per unit volume of reactor.



(b) Washout of free cells and their subsequent recovery is 

avoided, (Nakasaki et al., 1989). This can ease the 

separation of cell products from the cells themselves, 

removing the need for filters or centrifuges to separate the 

cells (Karkare et al.. 1985).

(c) Free cell processes are often run batchwise but 

immobilisation makes it easier to use continuous operation 

which is almost always preferred for use in large scale 

industrial processes. An example is the use of free yeast 

cells in traditional brewing batch fermentation processes 

which are being replaced by continuous fermentation processes 

using yeast cells immobilised by agglomeration.

(d) Further multiplication of cells may cease when the cells 

have reached their maximum concentration on or in the support 

medium, (Bucke, 1983), thus reducing unwanted biomass 

production and the mechanical and flow disruptions which 

accumulated cells can cause in large bioreactors, (Bailey and 

Ollis, 1986, p. 597). It has been suggested that 

immobilisation can be an advantage when carrying out basic 

research into cell behaviour to allow cells to metabolise 

whilst they are prevented from multiplying. Lack of 

multiplication will also allow cells to operate continuously 

without genetic drift, (Bailey and Ollis, 1986, p. 596) .

(e) Cells which would not normally coexist may be 

coimmobilised, (Bucke, 1983).



(f) In free cell culture, substrate and cells form a 

homogeneous mixture whereas immobilised cells are not 

homogeneously mixed with their substrate, (Hartmeier, 1988). 

The resulting concentration gradients can be of considerable 

advantage particularly with processes exhibiting substrate 

inhibition, but see section 1.2.3(e).

(g) The rheological and mass transfer properties of 

substrates can be better defined and controlled with 

immobilised cells than with free cells, (Bailey and Ollis, 

1986, p. 595). In fluidised bed bioreactors, immobilised 

cells can often be fluidised at high cell concentrations 

where similar free cell concentrations would lead to very 

viscous substrate which would be difficult to handle, 

(Karkare et al.. 1985).

(h) Immobilisation if carried out aseptically may protect 

the immobilised cells from contamination by other cells after 

immobilisation, (Atkinson, 1986). Bacterial contamination of 

the substrate feed to a tower fermenter with yeast floes was 

found not to significantly affect the performance of the 

fermenter, (Jones et al. . 1984) as the bacteria were more 

easily washed out of the fermenter than the yeast floes.

1.2.3 Disadvantages of Immobilisation

In the choice of whether to use free or immobilised cells 

there are disadvantages to be set against the advantages of 

immobilisation:-



(a) Extra costs are usually incurred when using immobilised 

compared with equivalent free cell culture. These costs 

include the cost of support materials if used, the cost of 

immobilising the cells and the cost of any extra capital 

equipment needed to handle the cells.

(b) Productivity per cell is generally lower than the 

productivity of an equivalent free cell system. Karkare et 

al. (1985) found that the productivity per cell of yeast 

immobilised in carrageenan was 60% of the equivalent free 

cell productivity. They went on to state that the decrease 

in cell productivity had been widely reported in the 

literature but that the reasons for the decline were not 

understood. They speculated that it was primarily due to 

diffusion resistance causing lowered substrate concentrations 

within the support particle.

(c) Gaseous products may evolve in the centre of the support 

material, (Atkinson, 1986), increasing resistance to mass 

transfer and possibly causing mechanical damage to the 

support material.

(d) Growth rates are usually lower for immobilised cell 

systems, (Atkinson, 1986) leading to longer start-up times 

compared with equivalent free cell systems.

(e) The concentration gradients previously described in



section 1.2.2 (f) can reduce cell productivity with processes 

exhibiting product inhibition.

1.2.4 Methods of Immobilising Living Cells

The ideal immobilisation method would allow substrate and 

products to easily penetrate the support material but retain 

cells with minimum losses from the surface of the support 

material. The immobilisation process should cause minimum 

cell mortality, be relatively inexpensive and produce a 

structure which is long lasting and robust. The external 

form can be spheres, fibres or sheets. Methods of 

immobilising cells have been reviewed by Cheetham (1980) and 

Klein and Wagner, (1983). The main methods for immobilising 

cells are:-

(a) Films of Cells on Solid Supports

Films occur naturally as well as due to human intervention. 

Cells attach individually to a surface and then multiply to 

form films of thickness 0.001 to 4 mm.

(b) Formation of Microbial Floes Without Other Means of

Support

Many cells flocculate naturally at some stage of their life

cycle, (Bucke, 1986, p. 22). Individual cells either grow

without separation to form floes or agglomerate to form floes

after separation. Floes are particularly used in wastewater

treatment and tower fermenters.



(c) Colonisation of Porous Structures

In this process cells are allowed to grow within biomass 

support particles which have relatively large pores and are 

typically manufactured from wire mesh or plastic sponge. A 

particular application is in wastewater treatment, (Atkinson 

et al.. 1980).

(d) Entrapment Within Gels or Other Polymeric Material 

Although artificial polymers such as acrylamide have been 

used, entrapment within natural polymers such as gelatine, 

agar, pectin, carrageenan and alginate offers the particular 

advantages of being non-toxic with relatively mild 

immobilisation methods.

Gelatine and agar are dissolved in water at about 95°C, 

cooled to about 40°C, mixed with the cells and then dropped 

into an ice cold buffer solution for gelation to occur. A 

water soluble form of pectin, carrageenan or alginate is 

dissolved in water at room temperature. This solution is 

mixed with cells and dropped into a solution which causes 

gelation by the formation of an insoluble polymer.

1.3 The Use of Calcium Alginate as an Immobilisation 

Material

Calcium alginate is particularly suitable as an 

immobilisation material for living cells as it is a natural, 

non-toxic material, the immobilisation procedure is mild to 

cells and suitable for industrial use, the polymer gel is



durable and it is relatively cheap. It is one of the most 

widely used materials for cell immobilisation.

Alginates occur naturally and are extracted commercially from 

brown seaweed (Phaeophyceae). The structure of alginic acid 

consists of long chains of uronic acid units with the formula 

(C 60 6H8 .H2 0) n/ (McDowell, 1986, p. 2). The alkali metal 

salts of alginic acid are soluble in water but alginic acid 

itself and its divalent and polyvalent salts are insoluble. 

Calcium alginate gel consists of alginate blocks cross linked 

by the divalent calcium ions to form the large molecular 

weight gel. The industrial preparation of alginates and the 

detailed structure and chemistry of alginate molecules is 

described by McDowell, (1986).

Calcium alginate gel is usually formed by allowing a solution 

of a monovalent alginate salt, typically sodium alginate 

solution of 1 to 10% wt. concentration, to contact a solution 

of a divalent or polyvalent salt, typically calcium chloride 

solution of 0.05 M to 2.0 M concentration. Gel forms 

instantaneously at the interface between the two solutions as 

a thin film which becomes thicker as the salt diffuses 

through the gel film. The physical form of the gel may be as 

a sheet, as fibres or beads.

Alginate beads may, under certain conditions, suffer breakage 

(Kossen,1986) and this phenomenon is not well understood. It 

is well known that alginate beads may be depolymerised under



certain conditions, e.g. extremes of pH or the presence of a 

chelating agent such as phosphate ions (Bucke,1986). This may 

limit the composition of the medium in which the gelled beads 

were used.

1.3.1 Calcium Alginate Bead Formation

Calcium alginate beads are usually formed by allowing sodium 

alginate solution to fall dropwise from a nozzle into a bath 

of calcium chloride solution where the drops rapidly gel to 

form beads of calcium alginate. Beads containing yeast or 

other immobilised microorganisms may be made by forming them 

into a suspension with the sodium alginate solution prior to 

gelation as originally described by Cheetham et al.(1979).

The parameters which might affect this process of drop 

formation and gelling and the effect on it of immobilised 

microorganisms have not been thoroughly studied and operating 

conditions have generally been arbitrarily chosen. In 

existing and potential applications of alginate beads such as 

for the slow release of materials from beads and for 

immobilising cells in a bioreactor, bead diameter affects the 

processes involved. Thus close control of bead size will 

allow more precise operation of processes, operation nearer 

the optimum of the processes and more precise prediction of 

the performance of the process.

1.4 Alginate Drop Formation at a Nozzle

A device which is used to form drops is often referred to as

10



a nozzle. At its simplest it consists of a tube through 

which the liquid flows and at the end of which drops form. 

When liquid issues from such a tube it remains attached to 

the end of the tube as a growing drop due to the surface 

tension force between the liquid and the end of the tube. 

This force is balanced by the force of gravity acting on the 

drop and the inertial force of liquid being continuously 

added to the drop. The drop grows until the gravity and 

inertial forces exceed the surface tension force when the 

drop moves away from the tube. This process is described in 

more detail in section 3.2.2.

Much work has been carried out on drop formation at a nozzle 

in the field of spray drying however such work mainly 

concentrates on drop formation at relatively high liquid 

velocities (over about I ms" 1 ) which produce a wide range of 

drop sizes, (Masters, 1976).

Cheetham et al.(1979) used various tubes to obtain alginate 

drop diameters between 1.9 and 4.5 mm depending on the size 

of tube used. Many workers have used similar techniques to 

form drops, finding that when the liquid fell as discrete 

droplets rather than a continuous stream, a narrower range of 

drop sizes could be formed. However no study has previously 

been carried out into the factors which might affect drop 

diameter. Thus the determination of suitable tube dimensions 

for the production of a given drop size has been largely a 

trial and error process.
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A major disadvantage of this type of single tube nozzle is 

that the drop size from a given nozzle can only be varied 

slightly by changing the conditions at the nozzle so a 

specific nozzle is needed to produce each drop size. Thus a 

technique whereby one nozzle could be used to produce a 

variety of drop sizes could be of significant advantage in 

bead production due to its increased versatility.

1.5 Drop Formation at a Two-fluid Nozzle

The size of drop formed at a nozzle may be reduced by blowing 

a concentric gas stream over it (Perry, 1984, p. 18-53), 

however most published work concentrates on high gas and 

liquid velocities where atomisation occurs, e.g. Nukiyama 

(1939). A typical nozzle is described in section 2.2.1.

Klein et al. (1983) used a two fluid nozzle to produce 

alginate drops however they did not study the effect of 

process conditions on drop size. Rehg et al. (1986) 

investigated the effect of some of the process conditions on 

drop size at a two fluid nozzle using alginate solution and 

air. However the empirical equation which they produced 

omits several variables which are believed to be important 

e.g. the outer diameter of the tube at which drops form and 

gas density.

1.6 The Gelling Process

Although the chemistry of the gelling process is understood 

(McDowell, 1986, p. 1-24), the effect of gelling conditions
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on the gelling process, in particular the time for beads to 

become fully gelled throughout their whole mass has not been 

investigated. It may be desirable to ensure that gelling is 

complete. This would probably enhance the mechanical 

strength and integrity of beads. The time taken for complete 

gelling to occur could possibly depend on calcium chloride 

strength, alginate strength and temperature but conditions 

used by other workers to ensure complete gelling appear to be 

arbitrarily chosen. Calcium chloride strength has varied 

between 0.05 M of.Larssen and Mosbach, (1979) or Williams and 

Munnecke, (1981) and 0.5 M of Linko et al. (1983), 

temperature between ice cold with Margaritis and Bajpai, 

(1983) and 30°C with Larssen. Polymerisation time has varied 

between 30 minutes for Linko et al. or Margaritis and 12 

hours for Williams et al. Furthermore the effect of yeast or 

other immobilised cells on the gelling process does not 

appear to have been investigated.

1.7 Immobilised Cell Bioreactors

Biochemical processes involving free cells are usually more 

complex systems than those which just involve chemical 

reactions. Historically the behaviour of bioreactors was not 

well understood and they were designed using an empirical 

approach. There are now many publications on modelling of 

free cell reactors, (e.g. Atkinson, 1982) . There are also 

many publications on techniques for cell immobilisation, 

(e.g. Hartmeier, 1988, p. 22-50). However few publications 

exist on the modelling of immobilised cell bioreactors,
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(Fonseca et al.. 1986; Hartmeier, 1988, p. 17). With 

immobilised cell bioreactors additional constraints are 

imposed on the design of the bioreactor compared with the 

design of free cell reactors:-

(i) Mass transfer limitations between substrate and 

immobilised cells must be minimised. These limitations are 

caused by resistance to mass transfer into the immobilised 

cell particles and also by resistance to diffusion through 

the particle itself.

(ii) The particles must be suitably supported and retained in 

the bioreactor.

Various types of immobilised cell bioreactors exist, the main 

types being described below:-

1.7.1 Stirred Reactors

Stirred batch reactors and stirred continuous reactors or 

chemostats are widely used in free cell processes. Stirring 

ensures good mixing between cells and substrate and 

homogeneous conditions in the bioreactor. Stirred 

bioreactors are however not commonly used with immobilised 

cells because the immobilisation medium tends to suffer 

abrasion and become worn due to the action of the stirrer, 

(Hartmeier, 1988, p. 73) and mixing of close density 

particle-liquid mixtures is notoriously difficult.
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It is possible to protect the gel particles from abrasion by 

enclosing them in a porous mesh basket however only 

laboratory applications are reported, (Fonseca et al., 1986, 

p. 65) and there is no evidence of this technique being used 

on a plant scale.

1.7.2 Circulating Bed or Loop Bioreactors

In this type of bioreactor the substrate and immobilised cell 

particles are caused to circulate in a closed loop. The 

circulation can be produced by injecting air or gas as in an 

air lift bioreactor, by mechanically propelling the mixture 

by means of an impeller or by withdrawing substrate and 

reinjecting it as in a jet loop bioreactor. Air lift 

bioreactors are used in the production of single cell protein 

and in sewage treatment, (Hartmeier, 1988, p. 76).

1.7.3 Packed Bed Bioreactors

In a packed bed bioreactor the immobilised cell particles are 

retained within the bioreactor between support and terminal 

grids and substrate is passed continuously through the bed 

either on a once through basis or by recirculation. The use 

of packed bed bioreactors is widely reported. However a 

particular disadvantage is that where the reaction produces 

gas, the gas tends to build up within the packed bed (Bucke, 

1983) causing gas logging. This has the effect of lowering 

the mass transfer between substrate and immobilised cell 

particles. Compaction of gel particles may occur which would 

also reduce the mass transfer between substrate and particle.

15



It may also increase mechanical stress on the packing and 

increase the pressure drop of fluid passing through the bed.

1.7.4 Fluidised Bed Bioreactors

In a fluidised bed bioreactor the immobilised cell particles 

are retained between grids but they are loosely packed so 

that the circulating substrate flows upwards through the bed 

of particles and fluidises them. Fluidised bed bioreactors 

are usually run with recirculating substrate because the rate 

of flow of liquid necessary to obtain reasonable consumption 

of substrate would not be fast enough to fluidise the 

particles.

This type of bioreactor can avoid the gas logging observed 

with packed bed bioreactors but the size of the bioreactor is 

larger than an equivalent packed bed bioreactor. The gas 

logging problem is not entirely overcome as gas bubbles can 

become attached to particles which then rise to the top of 

the bioreactor due to buoyancy effects. If this happens to 

sufficient particles, gas logging can occur at the top of the 

bioreactor.

1.8 previous work on the Use of Beads Containing Immobilised 

Yeast in a Fluidised Bed Bioreactor

Previous work on a variety of immobilised microorganisms in 

fluidised bed bioreactors has been widely reported, e.g. Webb 

et al.(1986) .
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Although the use of beads of immobilised yeast in fluidised 

bed bioreactors has been reported, e.g. Nagashima et 

al.(1984). Karkare et al.(1985) r there is little reported 

information on the effect of variation in process parameters 

on the performance of yeast in such a system. Under certain 

conditions in similar systems, alginate beads are known to 

suffer breakage, (Linko and Linko, 1983), but there has been 

no reported investigation of the effect of variation in the 

bead making process or of the effect of variation of process 

parameters in the bioreactor on the mechanical stability of 

beads.

In 1981, Cho et al.. reported the use of yeast immobilised in 

alginate beads in a gas lift fluidised bed bioreactor to 

produce ethanol from glucose. This design was specifically 

chosen to overcome the problem of gas logging which occurs 

under similar conditions in packed bed bioreactors. They 

claimed a doubling of ethanol productivity compared with an 

equivalent packed bed.

Nagashima et al. , (1983) , used a fluidised bed fermenter 

containing yeast immobilised in alginate to ferment dilute 

cane molasses to alcohol. The substrate however was not 

recirculated and fluidisation was caused by gas injection and 

the stirring effect of carbon dioxide evolution. A pilot 

plant with a total fermenter volume of 4 m3 was built which 

produced 2.4 m3 of ethanol per day. They found that using 

calcium alginate and carrageenan gels as the immobilisation
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medium gave better ethanol productivity than other materials 

but used alginate because it had better handling 

characteristics than carrageenan. Although the 

immobilisation process was carried out aseptically, the 

substrate feed was not sterilised and bacterial activity was 

suppressed by operating at a pH of 4.0 with an unspecified 

bactericide. The process was operated continuously for 4000 

hours during which time conversion yield was maintained at 

about 95% and productivity was about 20 g (1 reactor)~1h~1 .

Karkare et al.(1985), used yeast immobilised in carrageenan 

in a fluidised bed bioreactor. They included fine solids in 

the form of 150 g (1 gel)' 1 of silica in the beads in order 

to reduce attrition of the beads. This silica would also 

have the effect of increasing the difference in density 

between beads and substrate and hence probably reduce the 

tendency of beads to float.

1.9 Aims of the Research

The primary aims of this research project are:-

1. To study the formation of alginate drops, with and 

without immobilised yeast, at a nozzle with the aim of 

developing a model to predict drop size under given process 

conditions.

2. To study the formation of alginate drops with and 

without immobilised yeast at a two fluid nozzle whose size is
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controlled by a second fluid effusing concentrically at the 

nozzle. To develop a model to describe drop formation under 

such conditions and to use it to design nozzles to produce 

alginate drops with predetermined diameters for use in the 

study of the effect of bead diameter on the performance of 

yeast containing beads in a fluidised bed bioreactor.

3. To study the gelling process of alginate beads with the 

aim of developing a model to predict the time for complete 

gelling to occur. This would enable the gelling time for 

particular beads to be predicted so ensuring that beads were 

completely gelled to their centres without being immersed in 

the gelling solution for longer than necessary.

4. To investigate the effect of the various gelling 

conditions on the ultimate mechanical strength of alginate 

beads so strength and gelling time can be optimised.

5. To investigate sterilisation of sodium alginate 

solutions by a variety of means to determine the effect on 

solution physical properties so sterile beads of known 

diameter can be produced.

6. To investigate the effectiveness of a fluidised bed 

bioreactor in overcoming gas logging and if necessary develop 

a novel design of bioreactor to overcome this problem.

7. To investigate the effect of variation in bead

19



preparation conditions on the mechanical stability of beads 

in a fluidised bed bioreactor in order to predict optimum 

bead preparation conditions for use under specified 

bioreactor conditions.

8. To investigate the effect of bead diameter and alginate 

concentration on the performance of immobilised yeast in a 

fluidised bed bioreactor in order to characterise the 

bioreactor.

9. To develop a kinetic model to describe the consumption 

of glucose and production of ethanol and carbon dioxide by 

immobilised yeast when a steady state had been reached with 

respect to cell population density.
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2. Materials, Methods and Equipment 

2.1 Bead Manufacture - Chemicals

Unless specifically mentioned, all chemicals and reagents 

were obtained from B.D.H. (Poole) and were G.P.R. grade.

2.1.1 Sodium Alginate Solutions

Water was added to sodium alginate powder which produced a 

suspension of lumps of sodium alginate gel in water. This 

was kept for 48 hours in a refrigerator during which time the 

gel dispersed throughout the water. It was found that 

heating or magnetically stirring did not significantly 

quicken the process. Alginate solution was always used 

within 14 days of preparation as it was found that after 

about 1 month of storage in a refrigerator, viscosity began 

to fall due to microbial activity. The solution was allowed 

to stand for 20 minutes before use to allow any air bubbles 

to escape. The sodium alginate powder, although obtained 

from B.D.H. was Protanol LF20/60 grade.

2.1.2 Yeast Suspensions

Two methods were used to prepare yeast suspensions depending 

on whether the yeast cell viability was important.

(a) Dried brewer's yeast was resuspended in deionised water. 

The viability of yeast suspensions prepared in this way is 

however low. Staining with methylene blue using the methods 

of Black et al. (1984) which distinguished between viable and 

non-viable cells, showed that only about 40% of cells
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indicated viability by taking up the stain and only about 9% 

of the cells were capable of division as measured by the 

method of Miles and Misra.

(b) A pure culture of Saccharomyces cerevisiae was grown for 

60 hours under aseptic conditions on the medium described by 

Williams and Munnecke (1981), which consisted of 0.1 g of 

KH2P04 , 0.1 g of NaCl, 0.07 g of MgS04 , 0.4 g of (NH4 ) 2 S04 , 

0.2 g of yeast extract and 10 g of D-glucose made up to 100 

ml with deionised water. The yeast was harvested by 

centrifugation and resuspended in sterile deionised water. 

Over 98% of yeast cells prepared by this method took up 

methylene blue stain and over 95% were capable of division by 

the method of Miles and Misra.

2.1.3 Preparation of Yeast-Alginate Suspensions

Yeast suspension and alginate solution were prepared as 

described in sections 2.1.1 and 2.1.2 and blended to give the 

required concentrations of yeast and alginate. It was 

allowed to stand for 10 minutes before use to allow air 

bubbles to escape.

2.1.4 Preparation of Calcium Chloride Solution

Anhydrous calcium chloride powder was dissolved in 

demineralised water to form a 1.0 M stock solution. This was 

refrigerated to discourage microbial growth and diluted when 

required with demineralised water. It was warmed to a 

temperature of 20°C ± 1°C, before use.

22



2.2 Bead Manufacture - Equipment

2.2.1 Drop Forming Device

The device shown in figure 2.1 was constructed to allow a 

reservoir of sodium alginate solution (100 ml) to be 

pressured by inert gas to pressures up to 2 bar using the 

upper brass tube. The solution flowed through a nozzle which 

could be easily changed. The device was constructed from 

brass and copper with the exception of the tubes in the 

nozzles which were made from 316 grade stainless steel.

2.2.2 Nozzle Design

All nozzles contained an inner tube through which the sodium 

alginate solution flowed. An annulus was formed on the 

outside of the tube through which a concentric stream of gas 

could emerge. This gas entered the nozzle via the lower 

brass tube. For the work on drop formation without 

concentric gas flow (Chapter 3) , the lower brass tube was 

sealed off. Nozzle dimensions are given in table 2.1 and 

nozzle configurations are shown in figure 2.1.

Table 2.1 Nozzle Details

Nozzle Tube Internal Tube External Annulus Tube
No. Diameter Diameter Diameter Protrusion

(mm) (mm) (mm) (mm)

0
1
2
3
45*

0.8
0.8
2.0
2.0
0.8
0.406

1.5
1.5
4.0
2.4
1.1
0.12

3
3
6
6
3
4

0
3
3
6
6
Unknown

See section 4.8 for nozzle 5, the nozzle used by Rehg et 
al. (1986) .
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Figura 2 .1 Drop forming device
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2.2.3 Formation of Drops of Sodium Alginate Solution

Sodium alginate solution was allowed to reach room 

temperature (19°C ± 1°C) before filling the drop forming 

device. Having set the imposed pressure and the flow of 

concentric gas (when required) a few seconds were allowed for 

the device to stabilise before calcium chloride solution was 

placed under the drops to collect them and form solid beads.

2.2.4 Bead Formation

Calcium chloride solutions of various concentrations between 

0.01 M and 1 M but typically 0.1 M or 0.2 M at room 

temperature were used to gel drops. Beads were retrieved 

from the calcium chloride solution by pouring the solution 

and beads on to a sieve which had 0.2 mm diameter holes. The 

beads were retained on the sieve and washed with deionised 

water before use.

2.3 Bead Manufacture - Measurement

2.3.1 Measurement of Concentric Gas Velocity Through the

Drop Forming Nozzle

The volumetric flowrate of gas was measured by a rotameter, 

(Meterate, Kernel Hempstead), which was calibrated against a 

bellows type gas meter (U.G.I. Meters Ltd) for methane, 

nitrogen and argon.

The velocity of gas at the nozzle tip was then calculated 

from the nozzle dimensions.
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2.3.2 Alginate Flowrate and Drop Diameter

The flowrate of sodium alginate solution through the nozzle 

was calculated by weighing all the ungelled drops collected 

over a period of time in the absence of calcium chloride 

solution. The diameter of drops was calculated from this 

flowrate by measuring the time taken for a number of drops to 

form. The mean drop diameter obtained by this method always 

agreed within ± 0.1 mm with the mean bead diameter measured 

according to section 2.3,3. This was found to be the case 

with beads prepared with or without concentric gas flow.

2.3.3. Bead Diameter

Bead diameter was generally measured by placing 10 gelled 

beads which had been retrieved from the calcium chloride 

solution on to an illuminated glass surface and measuring the 

total length of the line of beads against a graticule. 

Results from this method agreed well with measurements of the 

diameter of individual beads by a travelling telescope (C. 

Baker Co., London) and a calibrated spy glass (Flubacker & 

Co., Switzerland). During each experimental run the 

individual diameters of one batch of 10 beads were measured 

and were always found to be within 0.05 mm of the diameter 

calculated from the line of 10 beads.

2.3.4 Apparatus to Measure Bead Deformation Under a 

Steadily Increasing Load

The apparatus shown in figure 2.2 was constructed to allow 

the deformation of a bead under a steadily increasing load to
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Figure 2.2 Measurement: of bead deformation
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be observed. Initially the lever was balanced as shown so 

that with the pan empty there was no force acting on the 

bead. Water was added at a steady rate (2.2 mis" 1 ) from a 

burette and the deformation of the bead observed through a 

travelling telescope (C. Baker Co., London).

The volume of water added to produce a given percentage 

decrease in bead diameter was measured. Various values of 

percentage decrease in bead diameter were tried and 25% 

decrease chosen as the most suitable for bead sizes between 

1.5 mm and 5.0 mm diameter. Below 25% decrease in diameter, 

measurements became inaccurate due to the small distance 

moved by the lever and above 25% decrease in diameter the 

repeatability of results became poor, due probably to the 

excessive deformation of the spherical bead.

2.3.5 Measurement of Gelling Time

The load necessary to deform a bead to 75% of its original 

diameter was measured as described in section 2.3.4. This 

procedure was carried out on beads which had been immersed in 

calcium chloride solution for specific times, initially 60 s 

or 120 s and then in increments of 30 s or 60 s. Results of 

load applied to deform the bead to 75% of its original 

diameter (in units of ml of water) were plotted against 

immersion time and the time at which there was no further 

rise in load applied was noted as the time at which gelling 

was complete to the centre. A typical plot is shown in 

figure 2.3; (calcium chloride concentration 0.1 M; 2% sodium
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Figure 2.3 Derivation of complete gelling time
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alginate; 4 mm bead and 20°C) . It is possible that the 

gelling process continued after this time however no further 

increase in strength could be detected. The value of load at 

this point was also noted.

2.4 Bioreactor - Equipment

The bioreactor and ancillary control and monitoring equipment 

were developed over a period of several months to ensure 

acceptable reliability and operability. It is shown 

diagrammatically in figure 2.4 and consists of a fluidised 

bed bioreactor with substrate entry at the top and bottom; 

temperature and pH control equipment; circulation, substrate 

feed and alkali feed by separate peristaltic pump; gas 

metering equipment; effluent collection and metering 

equipment and circulating liquor filtration.

All equipment was constructed to allow the future possibility 

of sterilisation in an autoclave.

2.4.1 Fluidised Bed Bioreactor

The bioreactor which is shown in figure 2.5 was constructed 

to give a bed volume of 200 ml, with a length of 40 cm and 

diameter of 2.5 cm. The body of the bioreactor was made from 

four sections of 25 mm Q.V.F. tubing to allow easy access for 

cleaning and to permit modifications to be made to the 

equipment. The beads were retained within the bioreactor by 

perforated perspex grids. These were made from 3 mm perspex 

sheet with the top and bottom grids having either 1 mm or

30



Figure 2.4

To gas meter ~

The 200 ml bioreactor and ancillary 
equipment

Substrata overflows-

Filter

Thermometer—

Peristaltic pumps

Key
•*-Instrument lines
— Process lines

31



Figure 2.5 The 200 ml bioreactor
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2 mm diameter holes depending on the diameter of bead being 

used. The grids were held between the sections of Q.V.F. 

tubing with P.T.F.E. gaskets to ensure sealing. The outlet 

grid was of similar construction but was fixed to the outlet 

port by an epoxy resin (araldite, Ceiba-Geigy, Duxford). The 

adhesion of araldite to Q.V.F. glassware was semipermanent so 

that the grid was retained securely during operation but 

could be easily replaced with a grid with a different hole 

size.

A bead sample port was installed to enable small samples of 

beads (approximately I ml) to be removed for analysis. This 

consisted of a glass plug valve which could be opened and 

quickly shut again to allow liquor with fluidised beads to 

flow through it.

Liquor was recirculated from the central outlet port to the 

two inlet ports as shown in figures 2.4 and 2.5 to provide 

the necessary fluidisation of beads. Effluent liquid 

overflowed from the reactor and gas was removed via a liquid 

trap to protect the gas meter from any accidental overflow of 

liquid caused by foaming or equipment malfunction. The three 

bungs shown were made of silicone rubber.

Initially recirculating liquor entered the base of the 

bioreactor and was withdrawn from the upper recirculation 

port however problems with gas logging (which are described 

in section 6.3.4) necessitated the redesign to top and bottom
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entry with side removal of recirculating liquor.

2.4.2 Substrate Feed Pump

Fresh substrate was pumped continuously from a 10 1 glass 

vessel by a peristaltic pump, (Watson-Marlow, Falmouth, type 

MHRE 200 Mk. 4) with single 0.5 mm bore silicone rubber 

tubing (Watson-Marlow, Falmouth). The tubing was changed 

after approximately 400 hours use.

2.4.3 Temperature Control of the Bioreactor

A temperature controller with immersion heater and resistance 

thermometer, (L.H. Fermentation, Stoke Poges, Type 503) was 

used to measure and control the temperature of the 

circulating liquor. A glass housing was specially made for 

the sensor and heater which could easily be dismantled for 

cleaning. It is shown in figure 2.6. The temperature sensor 

was mounted above the heater as shown in figure 2.4 to 

provide feedback temperature control. In the event of 

failure of the circulation pump the temperature control would 

still function due to the close proximity of the heater and 

sensor and natural convection between them.

The accuracy of temperature control was monitored by the two 

in-line thermometers shown on figure 2.4 which showed that 

temperature throughout the circuit was always maintained 

within 1°C of the setting.
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2.4.4 pH Control of the Bioreactor

The pH of the recirculating liquor was determined using a Pye 

200 series combined glass and reference electrode connected 

to a Pye model 291 meter. This was connected to a Pye 

Autotitrator controller which controlled the pH by the 

addition of 0.1 M sodium hydroxide solution using a 

peristaltic pump (Biotech, Sweden, type LP100-4).

A glass housing was specially made for the pH probe which is 

shown in figure 2.6. It had minimum liquid volume, no dead 

spaces which would allow the accumulation of gas or yeast and 

it could be easily dismantled for cleaning. The sodium 

hydroxide was added as shown on figure 2.4. This arrangement 

gave feedback control and a non-return valve was placed in 

the sodium hydroxide solution line to prevent the backflow of 

substrate into the solution reservoir.

The pH meter setting was checked regularly using buffer 

solutions.

2.4.5 Recirculating Liquor Pump

A peristaltic pump (Watson-Marlow, Falmouth, type MHRE 200 

Mk. 4) with double tubes was used to circulate the liquor. 

Silicone rubber tubing of bore 4 mm, (Gallenkamp, 

Loughborough), was used which was replaced after 

approximately 200 hours continuous use. The relationship 

between pump speed setting and liquor flowrate was calibrated 

when tubing was changed and rechecked after every run.
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2.4.6 Recirculating Liquor - Filter

A filter was installed in the recirculating liquor line 

consisting of a glass housing and glass wool filter pad, 

(Jones Chromatography, Hengoed), retained by a silicone 

rubber bung. The filter could easily be isolated and 

dismantled for cleaning by removing the bung and replacing 

the filter pad. It was installed to remove debris from 

broken beads and floes of microbial growth which may have 

caused blockages. However operating experience proved it to 

be unnecessary and it was permanently removed quite early in 

the research programme.

2.4.7 Gas Metering

The flow of gas from the bioreactor was initially measured 

using a wet type volumetric gas meter (Alexander Wright, 

Westminster, type DM3A) however this proved unreliable over 

the flow rate range encountered, (from 1.0 to 3.5 Ih" 1 ) so it 

was replaced with a bellows type gas meter (U.G.I., England).

The gas meters were initially calibrated by using a known 

volume of water to displace air through them at a similar 

rate to that anticipated from the bioreactor and this 

calibration was checked between runs.

2.5 Bioreactor Substrate

The medium described by Williams and Munnecke, (1981) was 

used as substrate. It was modified to include calcium 

chloride to reduce degradation of the alginate beads and tap
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water was used instead of distilled water to provide an

additional source of trace elements. it comprised:-

CaCl2 5.6 gl" 1

KH2 PO4 1 gl' 1

NaCl 1 gl" 1

MgS04 0.7 gl' 1

(NH4 ) 2 S04 4 g^1

Yeast extract 2 gl-1 (Sigma Chemical Company)

D-glucose 100 gl" 1

Tap water Balance to 1 1

It was necessary to dissolve the calcium chloride first to 

avoid the precipitation of calcium phosphate which occurred 

if it was dissolved simultaneously with the other chemicals.

Fresh substrate was made up daily but it was not sterilised 

before use. Although the substrate reservoir was kept at 

room temperature for 24 hours before replacement with a fresh 

batch, microbial growth was not a problem in the substrate.

2.6 Bioreactor - Assay Methods

2.6.1 Treatment of the Bioreactor Effluent

Bioreactor effluent was accumulated for 24 h prior to 

analysis for ethanol, D-glucose and yeast cell concentration. 

To prevent microbial activity in the accumulating effluent, 

mercuric chloride solution was added to the effluent receiver 

vessel such that the mercuric chloride concentration was 

never below 500 p.p.m., (Aiba et al. . 1968). The effluent
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receiver vessel was below the level of the rest of the 

equipment and flow to it was by gravity so that there was no 

way that effluent which had been treated with mercuric 

chloride could flow back into the bioreactor.

2.6.2 Measurement of D-glucose in the Bioreactor Effluent

A colourimetric method was used which is essentially that of 

Dubois et al. (1956). The sample was clarified by 

centrifugation at 4000 g for five minutes in a centrifuge 

(MSE, London, model MSE18). Triplicate samples were then 

diluted 1000 fold using deionised water to reduce the D- 

glucose concentration to the range 10 to 100 mgl"1 . To a 

test tube containing l ml of the diluted sample, 1.0 ml of 5% 

w/v aqueous phenol solution and 5 ml of 95.5% sulphuric acid 

(S.G. 1.84) were added. The solutions were rapidly mixed and 

allowed to stand for 10 minutes. The tubes were then placed 

in a water bath at 30°C for 15 minutes. The absorbance of 

the sample at 488 nm was determined using a spectrophotometer 

(Milton Roy, spectronic 20).

A reagent blank sample containing 1 ml deionised water with 

the correct amounts of phenol and sulphuric acid solutions 

was used as a reference in the spectrophotometer. D-glucose 

concentration in the sample was then determined using a 

calibration curve of D-glucose standards, the calibration 

being linear between 10 and 100 mgl~ .

Preliminary tests showed that the presence of the anticipated
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levels of ethanol in the sample had no detectable effect on 

the accuracy of the analysis but that contamination by small 

amounts of paper fibres or cloth fibres after the thousand 

fold dilution did affect results. For this reason great care 

was exercised with the cleanliness of glassware.

2.6.3 Measurement of Ethanol in the Bioreactor Effluent

A gas chromatograph (Pye, Cambridge, model 64) was used to 

analyse ethanol. Effluent samples were clarified by 

centrifugation for five minutes at 4000 g in a centrifuge, 

(MSE, London, model MSE18).

The supernatent was then removed and 1.0 jul of the sample was 

injected onto a 2 m by 6 mm glass column of 5% FFAP on 

chromasorb G (Supelco Inc. U.S.A.) maintained at 125°C with 

nitrogen as the carrier gas at a flow rate of 40 ml rain . 

The injector temperature was 125°C and the flame ionisation 

temperature was 150°C. Propan-1-ol (Aristar grade, B.D.H.) 

was used as an internal standard, being added to all samples 

so they contained 2.5% by volume of propan-1-ol. Prepared 

samples containing 1, 2, 3, 4 and 5% wt. ethanol and the 

internal standard were used to calibrate the equipment.

2.6.4 Measurement of Yeast Concentration in Liquid 

Samples

Cell concentrations were determined on both a density and 

cell count basis.
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(i) Density of Cells

10 ml of sample was vacuum filtered using predried and 

preweighed Whatman WCN 0.45 urn filter paper. The filter 

paper and filter cake were dried to constant weight at 105°C 

and the result reported as g cell ml" 1 . The accuracy of the 

procedure was checked by refiltering the filtrate through a 

0.2 /xm filter when no increase in dry weight was found in 

three determinations.

(ii) Total Cell Count

A haemocytometer slide counting chamber (Weber Scientific, 

Lancing) was used to measure the total cell concentration. 

The chamber depth was 0.1 mm with an area within engraved 

markings of 0.0025 mm2 giving a 16 element grid with elements 

of volume 2.5 x 10~7 ml.

Samples were diluted to give cell counts in the range 2 x 10

to 8 x 10' cells ml"-1-, that is 5 to 20 cells per element of 

the grid.

Two drops of 10% methylene blue solution were added to a 5 ml 

sample. This was then shaken and allowed to stand for 5 

minutes in order to stain yeast cells. The sample was again 

shaken and 1 drop was placed on the haemocytometer. The 

coverslip was placed firmly over the grid and moved from side 

to side until Newton rings appeared. Great care was taken at 

this stage to avoid breaking the haemocytometer or cover 

slip.
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The slide was examined under a microscope (Zeiss, West 

Germany, model KF2) using 400x magnification, phase field and 

green filter and the number of cells in each element was 

noted.

The counting procedure was repeated until about 600 cells had 

been counted and results were reported as a mean number of 

cells per ml.

From the two methods of measuring cell concentration it is 

possible to calculate a cell mass on the basis of number of 

cells g . Over a large number of experiments the mean dry 

cell mass was 3.8 x 10 10 cells g" 1 compared with a value of 

3.6 ± 0.2 x 10 10 cells g"1 quoted by Rosario et al. (1979) 

for Saccharomyces carlsbergensis (uvarum) .

2.6.5 Measurement of Total Yeast Content of Beads

Prior to analysis beads were stored in deionised water to 

prevent drying out. The analytical method involved 

dissolving the beads before filtering off and drying the 

yeast to determine its dry mass. A representative sample of 

beads was gently surface dried using a paper towel. 

Approximately 1 g of these beads was weighed into a 50 ml 

beaker and 10 ml of 0.02 M sodium tripolyphosphate (Na 5 P 3 0 1Q ) 

was added to dissolve the calcium alginate as reported by 

Glicksman (1983, p. 146-7). The mixture was gently agitated 

until all beads had dissolved, usually after about 10 

minutes. The effect of other concentrations of sodium

42



tripolyphosphate on the rate of solution was tried. Stronger 

concentrations did not improve the rate of solution whilst 

weaker concentrations took longer. The resulting suspension 

of yeast cells was vacuum filtered through predried and 

preweighed filter paper, (Whatman, WCN, 0.45 /^m) . The filter 

paper and filter cake were dried to constant weight at 105°C 

and the result reported as wt.% yeast.

2.6.6 Measurement of the Yeast Concentration Profile 

Across Beads

A novel technique was developed to measure yeast 

concentration profiles across a bead. This involved 

dissolving successive layers of beads with the mean yeast 

concentration of each layer being determined.

A special apparatus was developed, which is shown in figure 

2.7, to allow the successive dissolutions to be carried out. 

The apparatus was mounted on a weighing machine (Mettler, 0- 

2000 g) so that the progressive reduction in bead weight 

could be monitored. The glass container was designed to hold 

5 g of beads and up to 45 ml of sodium tripolyphosphate 

solution.

The beads were prevented from falling out of the bottom of 

the container by the polypropylene filter which had a maximum 

hole diameter of 0.2 mm and below this was a glass plug 

valve.
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Figure 2.7 Device for the successive solution of 
bead layers
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The apparatus was mounted on the weighing machine as shown 

without the bung attached and the weighing machine was set to 

read zero. A representative sample of beads was gently 

surface dried using a paper towel and 5 g of beads was added 

to the glass container. 20 ml of 0.02 M sodium 

tripolyphosphate solution was added and the mixture was 

gently agitated until the solution became cloudy indicating 

that a surface layer of the beads had dissolved. The plug 

valve was then opened and the liquid was collected in a 50 ml 

beaker. The bung was then placed in the top of the glass 

container and nitrogen was blown through for 20 s to remove 

surface liquid into the 50 ml beaker. The bung was then 

removed and the plug valve shut. The new reading on the 

weighing machine was noted to indicate the mass of beads 

which had dissolved. This procedure was repeated until the 

beads had been completely dissolved. Some experience was 

necessary to judge when an appropriate mass from the surface 

of the beads had been dissolved.

Each of the yeast suspension samples was then assayed as 

described in section 2.6.5.

Thus the mass and yeast content of successive layers were 

determined and results were expressed as mean wt.% of yeast 

of successive layers whose thickness was calculated from the 

mass of the layer and the mean bead density.

Visual inspection during the dissolution process showed that
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there was no apparent difference in diameter between 

individual dissolving beads. This indicates that uniform 

surface dissolution occurred. It was not possible to measure 

individual bead diameters after the dissolution process had 

started as the surface of the beads became too soft to handle 

outside the apparatus without damaging the beads.

2.6.7 Measurement of the Thickness of the Yeast Shell of 

Beads

Beads were sectioned using a microtome (Bright 5030 rotary 

freezing microtome) to take 25 IJ.T& sections. The thickness of 

the yeast shell was measured using a calibrated spy glass 

(Flubacker and Co., Switzerland) with a magnification of 10. 

It was not possible to accurately measure yeast shell 

thickness at a magnification greater than 10 using a 

microscope due to the difficulty in precisely locating the 

boundary of the yeast shell. Results are quoted to the 

nearest 0.05 mm ± 0.025 mm and identical results were 

obtained for the five beads examined from each run.
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3. Study of the Formation of Drops of Sodium Alginate 

Solution at a Nozzle 

3.1 Introduction

The simplest method of forming alginate beads which contain 

immobilised yeast is that described by Cheetham et al. 

(1979) . Sodium alginate was dissolved in water and a yeast 

cell slurry added to produce the liquor from which beads may 

be formed. This mixture was then allowed to fall dropwise 

into a solution of calcium chloride which polymerised the 

alginate by cross linking the alginate molecules with calcium 

ions. Cheetham obtained bead diameters between 1.9 mm and 

4.5 mm depending on the size of needle used.

Many workers have used Cheetham's techniques to immobilise

microorganisms in alginate beads but no study has previously

been reported on the factors thought to affect drop size,

namely:-

alginate concentration, alginate surface tension, nozzle

dimensions, alginate solution velocity at the nozzle tip and

the presence of suspended yeast in the drop.

It is necessary to understand the effect of the parameters 

involved in drop formation in order, (1) to design apparatus 

to produce beads of a specified diameter without resorting to 

a "trial and error" approach, (2) to manufacture beads 

reliably and repeatably, (3) to predict the effect on drop 

formation of varying parameters such as alginate 

concentration and the concentration of suspended yeast and
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(4) to understand the effect on drop formation of the various 

methods of sterilisation.

Apparatus was built which allowed the following to be varied 

and measured:-

nozzle dimensions, liquid velocity leaving the nozzle, 

concentration of alginate in the solution and the presence of 

varying concentrations of yeast in the alginate solution.

A drop will form at a nozzle because the surface tension 

force attracting it to the nozzle is balanced by the 

gravitational force acting on the drop together with an 

inertial force from liquid entering the drop. Eventually as 

the drop grows the two downwards forces exceed the surface 

tension force and the drop accelerates from the nozzle.

3.2 Modelling Drop Formation

The model which will be developed initially follows the force 

balance described by Ito et al. (1980).

The forces which act on a drop are shown diagrammatically on 

figure 3.1. In a drop to which liquid is not being added, 

the surface tension force is balanced by the gravitational 

force acting on the drop. The continuous addition of liquid 

from the nozzle results in the addition of a downwards 

inertial force on the drop. The drop will grow until the two 

downwards forces exceed the upwards force. After this moment 

the drop will begin to accelerate away from the nozzle.
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Figure 3 .1 Cross section of a single fluid nozzle 
with drop attached
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3.2.1 Model 3.1

In model 3.1 it is assumed that detachment occurs at the

moment the three forces become equal.

i.e. Fs = FG + . F T 3.1

- - ^dbi 3( Pi~Pg)g + piv2rrd i 2
3 8 4

From this equation drop size for a given nozzle can be 

calculated at various liquid velocities. Results are shown 

for nozzles 1 and 4 on figure 3.2 and nozzle dimensions are 

given in section 2.2.2.

3.2.2 Model 3.2

Observation of the process of drop formation shows that drop 

detachment does not occur exactly as predicted in the first 

model but that a neck forms between the nozzle and drop as 

the drop accelerates prior to detachment.

The neck is added to by fresh material leaving the nozzle and 

elongated by the acceleration of the drop. Eventually this 

neck breaks and part of the liquid enters the drop and part 

remains as the nucleus of the next drop. This is illustrated 

in figure 3.3.

The second model takes account of the addition of liquid from 

the neck into the drop by adding all the liquid which leaves 

the nozzle to the drop size until the drop velocity exceeds 

the velocity of liquid leaving the nozzle.
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Figure 3.2 Drop sizes predicted by models 3.1 and 
3.2 for nozzles 1 and 4
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Figure 3 .3 Formation and detachment of a droo
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Just before the start of acceleration of the drop, the three 

forces are balanced. When the drop accelerates, the net 

force on it is equal to the gravitational force on the extra 

mass added after the start of acceleration, less the 

reduction in the inertial force on the drop.

The net force on the drop is therefore given by

2"j

4
FA =-     ^   _   - _- 3>3

7rdi 2V(p 1 -p Jgt-
. . F = - * - 3.4

It is this net force which causes the acceleration

. . FA = ma 3.5

where m =     3.6 
6 4

3.2.2.1 Simplified Solution of Model 3.2

Equations 3.4, 3.5 and 3.6 cannot be solved by integration so 

before attempting to solve them using a computer method a 

simplifying assumption may be made to enable them to be 

integrated. At liquid velocities up to about 0.2 ms" 1 the 

term representing the reduction in inertial force on the drop 

in equation 3.4; (VW-rrd.^ 2 ) was found to be negligible and may

4 

be removed. This assumption is further discussed in section

3.2.2.2.
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• FA = -
rrd i 2V(p 1 -pg )gt 

4 

Combining equations 3.5, 3.6 and 3.7 gives:-

3.7

Substituting b = -

" 7rdb

6

2

^ p-i nd.i Vp-it
+ —

4

du
—
dt

db! 3 pl

3 d- ' v (Pl-Pg)

1 du
gives

b+t g dt

t

0

b "
1- ——

b+t

t = b In

1
dt = -

"b+t"

b

g ,
V

.

g

du
0

3.8

3.9

3.10

3.11

3.12

This equation is clearly not soluble analytically so computer 

program 3/1 was written to solve it by successive 

approximations. To calculate the resulting bead diameter

+   
4

= dbl 1.5di Vt

3.13

3.14

Predicted results are shown on figure 3.2 and the program is 

shown in appendix 1. Comparison of the 2 models shows the 

same initial value of bead diameter but very different values 

thereafter.

3.2.2.2 Computer Solution of Model 3.2

A computer program (Appendix 1, program 3/2) was developed to 

solve equations 3.4, 3.5, 3.6 and 3.14 by a method of finite
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element analysis.

Predicted results are shown on figure 3.2. This shows that 

drop diameters predicted by model 3.2 using either 

calculation method agree within 0.05 mm up to a liquid 

velocity of 0.2 ms" 1 .

3.2.3 Calculation of Surface Tension

Measurement of bead diameter as the liquid velocity tends to 

zero allows Fj, the inertial force in equation 3.1 to be 

neglected and values of surface tension can be calculated 

from a = dbQ 3 (p 1-pg )g 3.15

6dn 

at the point where the drop was about to be released.

3.3 Experimental Considerations

Experiments were performed using the equipment and methods 

described in sections 2.1, 2.2, 2.3.2 and 2.3.3. Preliminary 

tests were carried out to determine the range of operating 

conditions over which drops and beads could be produced 

reliably and repeatably.

3.3.1 Liquid Velocity

Preliminary experimental work and the predictions of models 

3.1 and 3.2 indicated that liquid velocity would have an 

effect on drop diameter so liquid velocity was varied between 

zero and the velocity above which the liquid issuing from the 

nozzle became a continuous jet, (0.4 ms' 1 for nozzles 1 and
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4; 0.15 ms" 1 for nozzles 2 and 3).

3.3.2 Alginate concentration

Preliminary work showed that drops could be formed from 

alginate solutions of between 1% and 6% (wt.). Outside these 

limits spherical drops could not be formed. Alginate 

solution concentration was therefore varied between these 

limits in steps of 1% to determine any effect on drop 

formation.

3.3.3 Nozzle Geometry

Preliminary work and the predictions of models 3.1 and 3.2 

indicated that nozzle outer diameter had a strong effect on 

drop diameter. Nozzle dimensions, (see section 2.2.2) were 

chosen so that a range of drop diameters between about 3 mm 

and 5 mm could be produced. Drops with a diameter above 5 mm 

became distorted on impact with the gelling solution. Below 

3 mm drop diameter, drop formation was very slow due to the 

low flowrate of alginate through the nozzle, particularly at 

high alginate solution concentrations.

3.3.4 Gelling Conditions

Calcium chloride strength of 0.1 M and temperature of 20°C 

were chosen because these conditions gave reasonably short 

gelling times, see section 5.4, and would be similar to the 

expected conditions suitable for immobilising yeast in later 

work.
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3.3.5 Programme of Work

As a result of the above considerations a programme of work 

was carried out. In each experiment, using a given alginate 

concentration and nozzle one, drop diameter was measured at 

various liquid velocities. A series of these experiments was 

carried out at different alginate concentrations (1 to 6%) . 

The series of experiments was then repeated using each of 

nozzles 2 to 4 which are described in table 2.1.

3.4 Results and Discussion - Effect of Variables on Drop 

Formation

3.4.1 Nozzle Design Effectiveness

The details of nozzle design are described in section 2.2.2. 

Nozzle zero failed to work properly as the tube through which 

solution flowed did not protrude from the nozale. This 

caused alginate solution to flow into the annulus with 

resulting variation in drop size. With nozzles 1, 2, 3 and 4 

the tube protruded from the nozzle which prevented the 

problem occurring.

3.4.2 Reliability of Drop Formation

In order to check the effectiveness of drop formation, the 

diameter of 400 beads was measured as described in section 

2.3.3 in batches of 10. Subsequently the diameter of 100 

beads was measured at regular intervals in batches of 10. 

The diameter of beads measured as described above never 

varied by more than 0.1 mm from the mean. It was also found 

that the use of the same conditions on different occasions
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produced similarly sized beads whose mean diameter agreed 

within 0.1 mm.

3.4.3 Static Drop Formation - Surface Tension Measurement

As described in section 3.2.3, surface tension can be 

calculated from the static drop diameter using

a = d

6dn

Results are shown in table 3.1 for nozzles 1, 2, 3 and 4. 

The density of air was taken as 1 kgm~3 . The density of 

alginate solution was measured using a standard S.G. bottle 

and varied linearly between 1001 kgm~3 at 0.5% sodium 

alginate solution and 1026 kgm~3 at 6% sodium alginate 

solution.

As can be seen there is little measured variation in surface 

tension between 2 and 6% alginate solutions and between 

results from the different nozzles. The values for 2 to 6% 

alginate solutions vary between 0.043 and 0.049 Mm" 1 compared 

with a mean value of 0.0437 Nm" 1 measured by the sessile drop 

method for 2, 3, 4 and 6% alginate solutions. In subsequent 

calculations, the mean of these results of 0.047 Nm" 1 was 

used.
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3.4.4 The Effect of Liquid Velocity on Drop Diameter

Figures 3.4 to 3.7 plot drop diameter against liquid velocity 

for the four nozzles and for alginate concentrations from 1 

to 4%. They show that drop diameter increased with 

increasing liquid velocity by about 0.2 mm up to a liquid 

velocity of about 0.25 ms-1 . Application of the models to 

the experimental results is considered in section 3.7 where 

it will be shown that the volume of a drop is best predicted 

by the mean of the volumes predicted by model 3.1 and 3.2. 

The resulting drop diameter is described by model 3.3 and is 

termed the " volume mean ".

3.4.5 The Effect of Alginate Concentration on Drop 

Diameter

Figures 3.4 to 3.7 show that there was no significant 

difference between drop diameters obtained at the same liquid 

velocity with alginate concentrations between 1 and 4%. All 

diameters at similar liquid velocities but different alginate 

concentrations agreed within 0.05 mm for nozzles 1 and 4 and 

within 0.1 mm (with one exception) for nozzles 2 and 3.

With 5% and 6% alginate solutions a continuous jet formed at 

0.07 and 0.05 ms" 1 liquid velocity with no variation in bead 

diameter. These results are therefore not presented 

graphically on figures 3.4 to 3.7.

3.4.6 The Effect of Nozzle Geometry on Drop Diameter

Experimental drop diameters are shown on figure 3.8 as a plot
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Figure 3 . 4 The effect of liquid velocity on droo 
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Figure 3.5 The effect of liquid velocicv on droo 
diameter - nozzle 2
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Figure 3.6 The effect of liquid velocity on drop 
diameter - nozzle 3
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Figure 3 . 7 The effect of liquid velocity on droo 
diameter - nozzle 4
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of mean drop diameter for all alginate concentrations against 

nozzle outer diameter. This shows that drop diameter 

increased with increasing nozzle outer diameter. It also 

shows that variation in nozzle outer diameter had a greater 

effect on drop diameter than variation in liquid velocity.

3.5 Addition of Yeast to the Alginate Solution

Yeast in amounts between 0.1% and 15% dry weight was added to 

the sodium alginate solution prior to gelation as described 

in section 2.1.3 to determine the effect on drop formation.

3.5.1 The Effect of Yeast on Drop Diameter

By keeping the nozzle tip scrupulously clean there was found 

to be no difference in drop size with the addition of yeast 

to alginate for concentrations of yeast up to 15% by weight 

(dry basis). Figure 3.9 illustrates that results for 2% 

alginate with 0, 5, 10 and 15% yeast and from 0 to 0.4 ms" 1 

liquid velocity lie within 0.1 mm diameter of the model 3.3 

line (with only 1 exception). The liquid velocity which was 

required to produce a specific drop size was the same whether 

or not yeast was present. However increasing concentrations 

of yeast increased solution viscosity which necessitated a 

higher pressure in the solution reservoir when using yeast to 

maintain the same velocity obtained in the absence of yeast.

3.5.2 observations of the Effect of Yeast on Alginate 

Solution Properties

It was observed that the presence of yeast in concentrations
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Figure 3.9 The effect of added yeast on drop 
diameter - nozzla 1
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from 0.1% wt to 15% wt (dry basis) in 2% alginate solutions 

caused the outside of the nozzle tip to be wetted so that 

with repeated use emerging drops formed on the outside of the 

nozzle. The diameter of beads formed in this way showed an 

increase of between 0.15 mm to 0.3 mm. This phenomenon was 

eradicated by careful handling and by scrupulous and frequent 

washing of the nozzle between runs. An illustration of this 

contrasting drop formation behaviour is shown in figure 3.10.

3.6 Sterilisation of Alginate Solutions

Commercial sodium alginate powder is not sterile (Glicksman, 

1983, p 117). The object of this work is to study properties 

of an entrapment agent for fluidised beds which may require 

conditions of sterility in their final use so a series of 

sterilisation trials was carried out and the results are 

reported below.

3.6.1 Studies of Autoclaved Alginate Solutions

Solutions ranging from 1 to 6% alginate were autoclaved at 

121°C for 15 minutes in 500 ml batches. There was a marked 

effect on solution properties. Surface tension increased by 

up to 10% and viscosity dropped noticeably from 1.63 Nm~2 s of 

an unsterilised 4% solution to 0.083 Nm~2 s after autoclaving. 

The effect on the ability to form beads was most marked. 

With 1% and 2% solutions, drops disintegrated on hitting the 

surface of the calcium chloride solution. Even at 3% beads 

were distorted. This compares with unautoclaved solutions 

from which beads can be formed down to concentrations of 1%
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Figure 3 .10
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alginate. Therefore this method of sterilisation would not 

be preferred if another method which had less effect on 

solution properties could be found.

3.6.2 Sterilisation by Heating Alginate Powder

Sodium alginate powder was heated at 150°C for 30 minutes by 

placing 100 g of the powder on a tray in an oven which was 

purged with dry nitrogen. When made into solution the 

properties deteriorated in a similar manner to that for 

autoclaving as described in section 3.6.1. This method would 

therefore not be preferred if another method which had less 

effect on solution properties could be found.

3.6.3 Exposure to Gamma Radiation

Sodium alginate powder was exposed to a gamma radiation dose 

of 25 kGy (minimum) in order to sterilise it. This compares 

with the dose of 10 kGy recommended for the sterilisation of 

spices, (Food Act 1990). Comparison of a 4% wt solution with 

a similar unirradiated sample showed that the viscosity was 

0.056 Nm~2 s at 20°C compared with a value of 1.63 Nm~ 2 s for 

the unirradiated sample. This method would therefore not be 

preferred if another method which had less effect on solution 

properties could be found.

The effect of the various sterilisation methods on solution 

viscosity is shown in table 3.2.
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Table 3.2 The Effect of Various Sterilisation Procedures 
on 4% Alginate Solution Viscosity

Sterilisation Method Resultant
Viscosity

Unsterilised sample 1.63 Nm~ 2 s
Sterilised by autoclaving (section 3.6.1) 0.083 Nm~2 s
Sterilised by baking (section 3.6.2) 0.071 Nm~2 s
Sterilised by gamma radiation (section 3.6.3) 0.056 Nm~2 s

3.6.4 Filtration

An attempt was made to pass 1% alginate solution through a 

0.45 /im filter paper (Whatman, cellulose nitrate), of 50 mm 

diameter. Using both vacuum suction and an applied pressure 

of 0.5 bar there was no flow visible in 5 minutes. 

Filtration would therefore be impractical.

3.6.5 Choice of Sterilisation Method

All methods for the sterilisation of alginate prior to the 

immobilisation of yeast which were investigated were either 

impractical or had major disadvantages. Although it was not 

intended in subsequent work to use sterile alginate solutions 

it would be desirable to investigate other methods of 

sterilisation such as chemical sterilisation in future work. 

If no other suitable method was found, sterilisation by 

autoclaving alginate solutions could be used as it had the 

least effect on solution viscosity.

In order to form beads with similar compressive strength (the 

measurement of which is described in section 2.3.4) to those 

formed from non-autoclaved 1% wt alginate solutions, it was 

found necessary to use an alginate concentration of between
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3% and 6% wt. The properties of these beads were not 

investigated further but mechanical strength did vary between 

batches which had been treated similarly.

Thus the use of beads made from autoclaved alginate 

solutions, although possible would entail a major change in 

the gelling properties of the alginate with an unknown effect 

on the mechanical strength and stability of the beads in a 

fluidised bed bioreactor. Quality control of bead properties 

would be difficult due to the variation in bead properties 

between batches.

3.7 Application of the Models to the Experimental Results

In applying the models to the experimental results described 

in section 3.4, a mean value for alginate solution density of 

1008 kgm~3 (the 2% solution value) was used as variation in 

solution density over the range of alginate concentrations 

reported (1% to 4%) had an insignificant effect on predicted 

drop diameter.

Experimental results and the predicted results from models 

3.1 and 3.2 are shown on figures 3.4 to 3.8. It was found 

that for all alginate concentrations (from 1% to 4%) and for 

all velocities of liquid at the nozzle tip (from zero to the 

point at which the alginate jet emerging from the nozzle 

became continuous) and for nozzles 1, 2, 3 and 4 that the 

actual diameter of the drop had a value intermediate between 

that predicted by the 2 models. For nozzles 1 and 4 and to a
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lesser extent for nozzles 2 and 3, a close prediction of 

actual drop size is obtained where the drop volume is taken 

as the arithmetic mean of the volumes predicted by the two 

models. This is termed the "volume mean" which is described 

by model 3.3. This indicates that the fluid in the neck 

between bead and nozzle divides equally between the nozzle 

and the bead when the neck ruptures. 87% of all results lie 

within 0.1 mm of this predicted mean, ± 0.1 mm being taken as 

the accuracy within which bead diameter can be measured.

Although beads could be formed from 0.5% alginate solution 

they were always distorted on impact with the calcium 

chloride solution so accurate diameter measurements could not 

be made.

As alginate concentration increased it was found that a 

continuous jet formed rather than discrete drops at lower 

liquid velocities. With 5% and 6% alginate solutions a 

continuous jet formed at 0.07 and 0.05 ms" 1 with no variation 

in bead diameter. These results are therefore not presented 

graphically.

3.8 Production of Specific Drop Sizes

One objective of the work in chapter 3 was to understand the 

mechanism of drop formation at a nozzle so that nozzles to 

produce specific bead sizes could be designed.
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3.8.1 The Primary Factors Affecting Drop Diameter 

It has been shown in sections 3.4.4 and 3.4.6 that the main 

factors which affect drop size are liquid velocity and nozzle 

outer diameter. Other factors such as alginate concentration 

and the presence of added yeast had little effect on drop 

diameter. Application of equation 3.15 shows that variation 

in nozzle outer diameter from 4.3 mm to 0.12 mm would allow 

drops with diameters between 5.0 mm and 1.5 mm to be 

produced. A limit would be reached at some outer diameter 

when the flowrate through the nozzle, even with pressure 

applied to the alginate reservoir, would be too small to 

produce a reasonable production rate of drops for the 

anticipated application. Although drops larger than 5 mm 

diameter could be produced, it was found that they distorted 

on impact with the gelling solution under all experimental 

conditions.

Increasing the liquid velocity at the nozzle tip by applying 

pressure to the alginate reservoir could be used to increase 

drop diameter by between 0.2 mm and 0.5 mm depending on the 

particular nozzle dimensions.

3.8.2 Nozzle Design Procedure

The following design procedure is proposed:- 

(1) It was shown in section 3.4.4 that at a typical nozzle 

the drop diameter as liquid velocity tends to zero is about 

0.1 to 0.2 mm less than at liquid velocities over 0.1 ms 1 . 

Therefore 0.15 mm would be subtracted from the desired drop
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diameter to give Dbo , the drop diameter as liquid velocity 

tends to zero.

(2) Use equation 3.15 to give the required nozzle outer 

diameter. The nozzle inner and outer diameters should be 

standard sizes.

(3) Use program 3/2 to calculate the liquid velocity 

required to give the desired drop diameter.

(4) When the nozzle has been manufactured and put into use, 

liquid velocity can be varied to make final small adjustments 

to the drop diameter.

3.3.3 Verifying the Nozzle Design Procedure

To verify the design procedure nozzle 6 was designed to 

produce 4 mm diameter drops, manufactured and tested. 

Results which are shown in table 3.3 show that the design 

procedure was effective.

Table 3.3 Verification of the Nozzle Design procedure

Variable Symbol Calculated Experimental
Value Value

Drop diameter (mm) D 4.00 4.00
Drop diameter at Dbo 3.85 3.85
zero velocity (mm)
Nozzle outer dn 2.00 2.00
diameter (mm)
Nozzle inner Aj_ 1-60 1.60
diameter (mm) **
Liquid velocity (ms' 1 ) V 0.07 0.07 to 0.10

* Set by adjustment of liquid velocity
** Range of liquid velocity which produced drops with 

diameters of 4.00 ± 0.05 mm
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3.9 Conclusions

1. Diameter of drop produced is largely influenced by the 

outer diameter of the nozzle tip at which drops form. Drop 

diameter at conditions of no liquid flow varied between 3.2 

mm for nozzle 4 and 4.9 mm for nozzle 2. Further changes in 

nozzle tip outer diameter could be used to decrease the value 

of 3.2 mm or increase the value of 4.9 mm.

2. Drop diameter is affected to a lesser extend by the 

velocity of liquid issuing from the nozzle. The maximum 

variation was found to be 0.2 mm with nozzles 1 and 4 and 0.3 

mm (with one exception) for nozzles 2 and 3.

3. Measured surface tension was similar for 2%, 3%, 4%, 5% 

and 6% alginate solutions using any of nozzles 1, 2, 3 and 4. 

The mean value was 0.047 Mm" 1 .

4. The addition of yeast to the alginate solution had the 

effect of enhancing the ability of the solution to wet the 

surface of the nozzle. With yeast, great care had to be 

taken to avoid the solution wetting the side of the nozzle in 

order to prevent drops forming on the side of the nozzle.

5. The addition of yeast to the alginate solution in 

amounts between 0.1% and 15% wt had no effect on drop size 

provided care was taken to avoid the problem of drop 

formation on the side of the nozzle. The conditions 

necessary to produce a specific drop size were the same
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whether yeast was present or not.

6. Beads could be produced reliably with a tolerance of o.i 

mm and predictably with a tolerance of 0.1 mm between results 

obtained on separate occasions.

7. Two models were developed to predict variation in 

alginate drop diameter at nozzles of various dimensions with 

change in liquid velocity. Almost all experimental results 

for 1% to 6% sodium alginate solutions and for 4 nozzles with 

different geometry lie between the predictions of the two 

models.

8. A close prediction of actual drop size is obtained where 

the drop volume is taken as the arithmetic mean of the 

volumes predicted by the two models. 87% of all results lie 

within 0.1 mm of this predicted mean.

9. A design method is proposed for the design of a nozzle 

to produce a specific bead size. Nozzle tip diameter would 

be calculated to produce the required drop diameter at a 

suitable liquid velocity. Liquid velocity would then be 

varied to produce drops of the required diameter within close 

tolerance limits. The design method was used to manufacture 

a nozzle to produce 4 mm drops which behaved as predicted.

10. Autoclaving alginate solution, baking the sodium 

alginate powder or gamma irradiation had a detrimental effect
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on the ability to form beads. Sterilisation by these methods

would therefore be useful only where no other suitable method

such as chemical sterilisation was available.

11. Sterilisation by filtration would not be practical due 

to the very low flow rate through a filter.

12. The work described in this chapter has led to the 

publication of a paper (Gilson et al._. 1991) . It is 

reproduced in appendix 2.
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4. Study of Drop Formation at a Nozzle with Concentric Plow

of Gas

4.1 Introduction

Previous work (chapter 3) showed that for a given nozzle only

a narrow size range of uniformly sized drops could be

achieved by variation of other parameters. It was found that

a suitable nozzle would need to be designed to produce a

specific size of drop. Nozzles designed in this way to

produce drops of less than 1.5 mm diameter would have very

small inside diameters limiting volume throughput and thus

giving low rates of drop production.

Work on two-fluid atomisers, using a concentric gas stream at 

the nozzle tip has been carried out and found to influence 

drop size, (Perry, 1984, p 18-53). Nukiyama and Tanasawa 

(1939) produced an empirical equation to predict drop size at 

a two-fluid nozzle, however their equation applies 

particularly to higher gas velocities (where a range of drop 

sizes is produced) than those used in this work. Subsequent 

modelling work including that of Rehg et al. (1986) who used 

a two fluid nozzle to make alginate drops largely follows 

this approach. In this work an analytical approach to 

modelling drop formation will be used.

The feasibility of using a two-fluid nozzle to control and 

extend the size of drops produced has been investigated here. 

It was anticipated that the production of large numbers of 

drops within a narrow size range might be achieved and the
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diameter of drops that would be produced from any given 

nozzle could then be chosen from a wider size range.

The apparatus, developed from an earlier design by Klein et 

al. (1983) is described in sections 2.2.1 and 2.2.2.

4.2 Modelling Drop Formation with Concentric Flow of Gas

Sections 3.2.1 and 3.2.2 describe model 3 . 1 and model 3 . 2 for 

drop formation in the absence of concentric gas. Sections 

4.2.1 and 4.2.2 below extend these models for use with 

concentric gas flow.

4.2.1 Model 4.1

Following model 3.1 (section 3.2.1) and Ito et al. (1980),

the force balance on a drop attached to a nozzle when

concentric gas is applied is shown in figure 4.1. In this

model it is assumed that the drop detaches completely when

the three downwards forces equal the upwards force.

i.e. Fs = FG1 + FII + FD1 4.1

The surface tension force which attaches the drop to the 

outside of the nozzle is given by

The gravitational force which acts on the mass of the drop 

less the buoyancy effect of the surrounding gas is given by

4
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Figure 4.1 Cross section of a two fluid nozzle 
with drop attached
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The inertial force which is due to the momentum of liquid 

being added to the drop is given by

pjV2!^2

FZ1 = -

The gas which flows past the drop produces a drag force on 

the drop. In this analysis this force is taken as the drag 

force on a sphere with a diameter equivalent to the volume of 

liquid in the drop.

i.e. FD1 -•••-. 4.5
£*

2

where A = 4.6

Combining equations 4.1, 4.2, 4.3, 4.4 and 4.7

7Tdn <7 =   +   -f   4. B 

6 48

The method of calculation of CQSI' ^ne coefficient of 

drag is described in section 4.2.5. Computer program 

4/1 was written to solve equation 4.8 by a method of 

successive approximations. It is shown in appendix 1.

4.2.2 Model 4.2

Following model 3.2 (section 3.2.2) and Ito et al. (1980), it

is assumed that liquid will still continue to flow into the
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drop as it accelerates until the velocity of the drop exceeds 

the velocity of liquid flowing into it. The force balance 

equation 4.8 will apply at the point at which a drop is about 

to accelerate. Thereafter the force balance equation for the 

"filling-accelerating" drop which is still attached to the 

nozzle tip will change with time.

Taking an instantaneous force balance on this drop at time t

the net accelerating force on the drop (FA) is given by the

excess of downwards forces over upwards forces.

i.e. FA = FG + Fz + FD - Fs 4.9

From equation 4.1 FS = FGI + FI;L + FDI

Therefore FA = FD - FQ1 + FG - FG1 + FZ - FZ1 4.10

From equation 4 . 7

FD1

4 2

As the drop accelerates the drag force on it (FD ) will alter 

due to the decrease in relative velocity between the drop and 

concentric gas stream.

.". FD =

The value of FG - FGI is equal to the gravitational force on 

the extra mass added to the drop in time t

F,- - F/-1 = ndi 2V(pi -Prr) tg 4.12 
* * (j \j J. x i -L i y

4

2 2 From equation 4.4 Fj-^ = p^V na^
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The inertial force FZ is equal to the rate of change of 

momentum of the liquid flowing into the drop. The rate of 

change of momentum is the product of the rate of mass flowing 

into the drop and the relative velocity between the liquid 

leaving the nozzle and the drop. Rate of mass flowing into 

the drop = p-^VTrd^ 2

4

Relative velocity = V-W

. . FZ = p^V(V-W)7rd^ 2 4.13

4

Combining equations 4.4, 4.7, 4.10, 4.11, 4.12 and 4.13 gives

FA "

p 1V(V-W)rrdi ' 

4

4.14

Acceleration of a drop =

mass of drop

a = dW = 

dt

4.15

_6 4

Computer programs (appendix 1, programs 4/1 for nitrogen and 

4/3 for any gas) have been developed to solve these equations 

using a finite element analysis method to find the drop 

diameter at the moment of detachment when the liquid velocity 

is equal to the drop velocity, i.e. to find db when V = W.
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Approximately 100 time intervals were used between the period 

of drop formation and detachment, it being found that 

increasing the figure of 100 time intervals did not 

significantly improve the accuracy of calculation.

4.2.3 Model 4.3

In sections 4.2.1 and 4.2.2 the assumed mechanisms of drop 

formation and detachment were described. A third model has 

been developed to take account of the actual observed 

behaviour at detachment where the fluid between the nozzle 

and the drop forms into a neck. In model 4.3 it is assumed 

that the extra fluid leaving the nozzle after the start of 

acceleration is divided equally between the drop and the 

nozzle. This gives the "volume mean" of the diameter 

predicted by models 4.1 and 4.2, as defined in section 3.7, 

which is also calculated by programs 4/1 and 4/3.

4.2.4 Drop Deformation - Models 4.4, 4.5 and 4.6

Work so far has assumed that spherical drops are formed in 

all cases, however it is reported in the literature that 

under certain conditions drops falling through gas at their 

terminal velocity are non-spherical, (Clift et al. , 1978, p 

22, Pruppacher et al., 1970).

To take this phenomenon into account reference can be made to

equation 4.11:-

FD " CDS^V^-W) 2
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The coefficient of drag ( CDS) is affected by the 

occurrence of non-spherical drops and the method of 

calculation of CDS for non-spherical drops is described in 

section 4.2.6

Drop deformation necessitates the modification of models 4.1, 

4.2 and 4.3. Assuming that drops detach at the moment when 

the upwards force equals the downwards force as in model 4.1 

(section 4.2.1) but making allowance for drop distortion 

produces model 4.4. Similarly, assuming drops detach after 

acceleration as in model 4.2 (section 4.2.2) but making 

allowance for drop distortion produces model 4.5. Model 4.6 

predicts drop diameters as the volume mean of those predicted 

by models 4.4 and 4.5 (as in model 4.3, section 4.2.3).

Computer programs 4/2 (for nitrogen) and 4/4 (any gas) were 

developed to solve the relevant equations, see Appendix 1.

4.2.5 Evaluation of the Coefficient of Drag for 

Spheres

For spheres the value of the drag coefficient (CDS ) is 

related to the Reynolds number (Re) where

Re = dbuPg 4 ' 16

"g
(Lapple and Shepherd, 1940, Clift et al^., 1978, p 112, Perry, 

1984, p 5-67). The results given in these references of 

measured values of the coefficient of drag at various 

values of the Reynolds number are shown on figure 4.2 and in
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table 4.1. Using this tabulated data a best fit polynomial 

was obtained for CDS as a function of Re using a curve 

fitting program (Ploter) on a VAX 11/785 mainframe computer 

available within the Polytechnic. Experimental and 

calculated results are shown in table 4.1. These results can 

be represented by the equation:- 

CDS = 0.7231 - 0.4522 x 10~3 Re + 0.2564 x 10~6 Re2

- 0.6415 x 10~ 10 Re3 + 0.5655 x 10~ 14 Re4 4.17 

between Re values of 500 and 5000. Although the analysis 

could be extended beyond these limits, all experimental 

results for alginate drops were within this range.

Table 4.1 Measured and Calculated Values of Coefficient of 
Drag - Spheres

Reynolds No. Coefficient of drag (CQ ) Error in CD 
(Re) Measured Calculated %

- 0.4 
+ 0.8
- 0.4 

0.0 
0.0 
0.0

The value of CDSI may be found by solving equation 4.17, the 

value of Re being given by taking db = dbl in equation 4.16.

4.2.6 Evaluation of the coefficient of Drag for 

Deformed Drops

Considering a wider range of operating conditions where 

deformed drops occur, reference has been made to the data of 

Hughes and Gilliland, (1952) who studied the effect of 

deformation of freely falling drops on the coefficient of

87

500
700

1000
2000
3000
5000

0.555
0.508
0.471
0.421
0.400
0.387

0.553
0.512
0.469
0.421
0.400
0.387



Figure 4.2 Coefficient of drag for spheres as a 
function of Reynolds number
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Figure 4.3 Coefficient of drag for drops at 
various values of Re and Su
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drag , Hughes' data is shown on table 4.2 and figure 

4.3. Hughes reported that for distorted drops, CD depends on 

both Reynolds number (Re) and the Suratman number (Su) where: 

Su = adbPg 4.18^7"
The Suratman number is often used in the study of drops. It 

describes surface tension and viscous forces acting on a 

drop.

With reference to Hughes 1 data on figure 4.3 it can be seen 

that this is a plot of CQ vs Re with lines of constant 

Suratman number. In our analysis of Hughes 1 data it appears 

that for a given value of Su there is a critical value of 

Reynolds No., (Rec ) above which the coefficient of drag 

for a deformed liquid drop (CDL ) is increased above the 

coefficient of drag for a sphere (CDS ) by a factor f. 

At a given value of Re/ Rec this factor was found to be the 

same irrespective of the value of Su. From Hughes 1 data the 

following equations were calculated:-

Rec =6.41 Su0 - 358 - 65

CDL

 DS

1.2926 - 0.7205

- 0.1652
"Re " 

.ReQ

"Re

RSC.

+ 0.5713

3 + 0.02177
Re " 

Rec

Re "

Rec.

4

1 2

4.19

4.20

Equations 4.19 and 4.20 were used to calculate the value of 

CDL and are compared with measured values in table 4.2, the
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maximum difference being 1.8%. The lines on figure 4.3 do 

not distinguish between calculated and measured data as the 

two are so close.

Table 4.2 
of Drag

Source 
of Data

Measured and Calculated Values of the Coefficient 
for Deformed Drops

Reynolds
Number
(Re)

Hughes
Hughes
Hughes
Hughes
Hughes
Hughes
Hughes
Hughes
Hughes
Hughes
Hughes
Hughes
Hughes
Gunn
Gunn
Gunn
Gunn
Gunn
Gunn

200
250
300
600
800

1000
1300
1000
1300
1600
2000
2500
3000
260
857

1578
2260
2955
3585

Coefficient of
drag 

Measured Calculated

0.884
0.883
0.930
0.600
0.640
0.741
1.072
0.476
0.469
0.490
0.543
0.648
0.817
0.688
0.506
0.503
0.582
0.664
0.780

0, 
0.
.871
.892

0.947
0.593
0.644
0.747
1.091
0.474
0.470
0.491
0.544
0.649
0.816
0.696
0.498
0.511
0.585
0.684
0.776

Suratman
Number
(Su)

10

10 5
10 5
10 6
10 6
10 6
10 6
10 6
10 6
10 6

0.26 X 10 f
0.52 X 10*
0.78 X 10 f
1.04 X 10 (
1.30 X 10 (
1.56 x 10 (

Error
in
Calculated

+ 
+

- 1.5
+ 1.0 
+ 1.8
- 1.2 

0.6 
0.8

+ 1.8
- 0.4 
+ 0.2 
+ 0.2
-I- 0.2 

+ 0.2
- 0.1 
+ 1.2
- 1.6 
+ 1.6 
+ 0.5 
+ 3.0
- 0.5

The equations were solved over a range of values greater than 

that encountered in the experimental work of Hughes. The 

ranges and maximum deviations are shown in table 4.3.
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Table 4.3 Ranges of Experimental and Calculated Variables

Variable Experimental Calculated Maximum
Range Range Deviation

Drop diameter 5.1mmto 5.3mmto
1.0 mm 0.9 mm

Reynolds No. 750 to 3100 500 to 5000
Suratman No. 0.17 x 10 6 to 104 to 10 6

0.96 x 10 6
Re/Rec 1 to 2.93 1 to 3.00
CD - - 0.7%
Rec - - 0.5%

f - 0.2%

A check on the effect of drop distortion on the coefficient 

of drag of drops falling at their terminal velocity 

exists from measurements of the terminal velocity of drops of 

water in air reported by Gunn and Kinzer (1949). From these 

measurements experimental values of the coefficient were 

calculated from the equation for the terminal velocity of a 

falling body:- 

Vt2 = 4gdb ( pl-pg ) 4.21

3 PgcDL 

which may be obtained by equating equations 4.3 and 4.5.

Predicted values were calculated from equations 4.16, 4.19 

and 4.20. Results are shown on figure 4.3 and table 4.2. 

There is close agreement between the experimental values of 

the coefficient of drag and those predicted from our 

analysis of Hughes' data.

This indicates that our interpretation of Hughes' data can be 

successfully used to predict the effect of drop distortion on 

the coefficient of drag of falling drops using data 

which was measured independently of Hughes.
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The findings of this analysis have potential when applied to 

drop formation in processes such as spray drying.

4.3 Experimental Considerations

Preliminary tests were carried out in the light of the 

findings of chapter three and the predictions of models 4.1 

to 4.6 to determine the range of operating conditions over 

which drops and beads could be produced reliably and 

repeatably using a concentric flow of nitrogen gas.

4.3.1 Gas Velocity

Preliminary experimental work and the predictions of models 

4.1 to 4.6 showed that gas velocity had a strong effect on 

drop diameter so this was varied between zero and the point 

at which many of the drops had diameters which differed by 

more than 0.1 mm from the mean.

4.3.2 Alginata Concentration

The viscosity of sodium alginate solution increases strongly 

with concentration and to study the precept that this would 

in turn influence drop formation a series of experiments was 

carried out with alginate solutions of between 1% and 6% 

(wt) . Early work showed that outside these limits spherical 

drops could not be formed.

4.3.3 Liquid Velocity

The work reported in chapter 3 showed that under conditions
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of no gas flow, liquid velocity had only a slight effect on 

drop diameter. Models 4.1 to 4.6 also predicted a slight 

effect on drop diameter at all gas velocities so liquid 

velocity was varied between 0.01 ms" 1 and the velocity at 

which the liquid issuing from the nozzle became a continuous 

jet.

4.3.4 Type of Gas

Models 4.1 to 4.6 predict that gas density and viscosity 

would have an effect on drop diameter. It is anticipated 

that gases other than nitrogen might possibly be used in 

various applications so the effects of using 3 different 

gases:- methane, nitrogen and argon, were compared.

4.3.5 Nozzle Geometry

The work of chapter 3 and models 4.1 to 4.6 indicated a 

strong effect of nozzle outer diameter on drop diameter. 

Nozzles were chosen (see section 2.2.2) so that a range of 

drop diameters between 5 mm and 1 mm could be produced. Above 

5 mm it was not possible to produce spherical beads and below 

1 mm a narrow size range of drops could not be produced.

4.3.6 Added Yeast

It is anticipated that one use of the drops would be as 

encapsulating agents for microorganisms in a fluidised bed so 

yeast in amounts between 1% and 10% (dry wt basis) was added 

to the alginate solution prior to gelation as described in 

section 2.1.3.
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4.3.7 Gelling Conditions

Calcium chloride strength of 0.1 M and temperature of 20°C 

were chosen because these conditions gave reasonably short 

gelling times, see section 5.4, and would be similar to the 

expected conditions suitable for immobilising yeast in later 

work.

4.3.3 Programme of Work

As a result of the above considerations a programme of work 

was carried out using the conditions shown in table 4.4. In 

each experiment drop diameter was measured at various gas 

velocities with the other parameters being kept constant. In 

each set of experiments one parameter was altered 

systematically from experiment to experiment to investigate 

the effect of that parameter on drop formation.

Table 4.4 Experimental Conditions for Determining the 

Effect of Various Parameters on Drop Size

Sodium alginate 
solution strength

Nozzle number 

Concentric gas 

Liquid velocity

Calcium chloride 
strength

Temperature 

Drop diameter 

Added yeast

Standard Value 

2% ± 0.02%

Nitrogen 

0.1 ms' 1

0.1 M

20°C

No standard value

Nil

Range

1% to 6% (wt)

2, 3, 4

Argon and Methane

0.01, 0.05, 0.1, 
0.2 , 0.4 ms ^

Not varied

Not varied

1 mm to 5 mm

0, 1, 5, 10% (wt)
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4.3.9 Reliability of Measurements of Bead Diameter

With the apparatus set at standard conditions (see table 

4.4), to produce 2 mm diameter drops, the diameter of 400 

beads was measured as described in section 2.3.3. in batches 

of 10. Subsequently the diameter of 100 beads was measured 

every time the apparatus was freshly used and whenever a 

different parameter was changed as described in section 

4.3.8. The measured diameters were found to be always within 

0.1 mm of each other.

Good reproducibility was also confirmed by checking drop 

sizes in this way by repeating 10% of experiments at a 

subsequent time. The mean diameters of the batches of 10 

beads were always found to be within 0.1 mm of each other.

For these reasons diameters are quoted to the nearest 0.1 mm 

with an accuracy of ± 0.1 mm.

4.4 Results

The equipment which was used is described in sections 2.2.1

to 2.2.3. The experimental programme was outlined in section

4.3.1 and parameters which were varied are:-

Gas velocity between 0 and 30 ms"1

Alginate concentration between 1 and 6% wt

Liquid velocity between 0.01 and 0.4 ms" 1

Type of gas (nitrogen, methane and argon)

Nozzle geometry (4 different nozzles were used)

Presence of added yeast (0, 1, 5 and 10% wt dry basis).
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Results are presented graphically in figures 4.4, 4.5, 4.8, 

4.10, 4.12 and 4.14 as plots of drop diameter against gas 

velocity with individual lines showing drop diameter at 

different values of the parameter being varied.

4.5 Analysis of Results: Effect of Parameters on Size of 

Drop Formed

The effect on drop diameter of each of the parameters which 

was varied is reported in sections 4.5.1 to 4.5.6. Results 

are compared graphically with the predicted results of model 

4.3 because it will be shown in section 4.7 that model 4.3 

best fits the theoretical data.

4.5.1 Gas Velocity

Figure 4.4 which plots drop diameter against gas velocity at 

standard conditions (see table 4.4), shows that drop diameter 

decreased with increasing gas velocity. All other results 

(figures 4.5 to 4.14) showed a similar decrease in drop 

diameter with increasing gas velocity. Depending on the 

exact conditions used, an increase in gas velocity from 0 to 

30 ms" 1 reduced drop diameter from a value between 5.1 mm and 

3.3 mm to a diameter between 1.5 and 0.8 mm repeatably and 

reliably.

4.5.2 Alginate concentration

Figure 4.5 shows a plot of drop diameter against gas velocity 

at standard conditions using alginate concentrations of 1, 2, 

3, 4, 5 and 6%. There was an increase in drop diameter with
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Figure 4.4 The effect of gas velocity on drop diameter 

For conditions see text and table 4.4
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Figure 4.5
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increasing alginate concentration which is more clearly shown 

on figure 4.6 which plots drop diameter against alginate 

concentration with lines of constant gas velocity.

In order to further investigate the effect of solution 

viscosity on drop diameter, the mean of the increases in drop 

diameter over the 1% alginate value was plotted against 

solution viscosity as shown in figure 4.7. It can be seen 

that there is a progressive increase in drop diameter with 

increasing solution viscosity.

Similar results which were obtained at liquid velocities of 

0.01, 0.2 and 0.4 ms' 1 are on file as graphs 4.5 A, B and C.

4.5.3 Liquid Velocity

Figure 4.8 which plots drop diameter against gas velocity at 

standard conditions with lines of constant liquid velocity 

shows that liquid velocity had little effect on drop diameter 

between liquid velocities of 0.01 ms" 1 and 0.4 ms" 1 . The 

maximum difference between experimental drop diameters at a 

given gas velocity but at different liquid velocities was ± 

0.1 mm. In order to study the effect further, figure 4.9 was 

drawn which plots drop diameter against liquid velocity with 

lines of constant gas velocity. This illustrates the small 

effect liquid velocity had on drop diameter compared with the 

significant influence of gas velocity.
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Figure 4.6 The effect of alginate concentration on 
drop diameter

For conditions see text and table 4.4
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Figure 4.7 The effect of solution viscosity on drop 
diameter

For conditions see text and table 4.4
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Figure 4.8 The effect of liquid velocity on drop 
diameter

For conditions see text and table 4.4
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Figure 4.9 The effect of liquid velocity on drop 
diameter

For conditions see text and table 4.4
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4.5.4 Type of Gas

Experimental drop diameters obtained at standard conditions 

using methane, nitrogen and argon are shown on figure 4.10 

which indicates a decrease in drop diameter with increasing 

gas molecular weight. The information is presented in figure 

4.11 as a plot of drop diameter against gas molecular weight 

with lines of constant gas velocity. This clearly shows drop 

diameter decreasing with increasing gas molecular weight.

Similar results were obtained at liquid velocities of 0.01, 

0.2 and 0.4 ms" 1 and are plotted on graphs 4.10 A, 4.10 B and 

4.10 C which are on file.

4.5.5 Nozzle Geometry

Experimental drop diameters obtained at standard conditions 

are shown on figure 4.12 as a plot of drop diameter against 

gas velocity with a line for each of the 4 nozzles.

This indicates an increase in drop diameter with increasing 

nozzle outer diameter. The information is presented on 

figure 4.13 as a plot of drop diameter against nozzle outer 

diameter. This clearly shows that drop diameter increased 

with increasing nozzle outer diameter.

Similar results were obtained at liquid velocities of 0.01, 

0.2 and 0.4 ms" 1 and these results are on file as graphs 4.12 

A, 4.12 B and 4.12 C.
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Figure 4.10 The effect of gas type on drop diameter 

For conditions see text and table 4.4
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Figure 4.11 The effect of gas molecular weight on 
drop diameter

For conditions see text and table 4.4
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Figure 4.12 The effect of nozzle geometry on drop 
diameter

For conditions see text and table 4.4
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Figure 4.13 THe effect of nozzle geometry on drop 
diameter

For conditions see text and table 4.4
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4.5.6 Added Yeast

Experimental drop diameters obtained at standard conditions 

using 0,1, 5 and 10% wt (dry basis) added yeast are shown on 

figure 4.14 as a plot of drop diameter against gas velocity 

with varying amounts of added yeast. This indicates an 

increase in drop diameter with increasing amounts of added 

yeast. The information is presented in figure 4.15 as a plot 

of drop diameter against percentage added yeast with lines of 

constant gas velocity. This shows that at gas velocities of 

0 and 4.9 ms"1 there was no significant variation in drop 

diameter with added yeast whereas at higher gas velocities 

drop diameter increased by up to 0.5 mm with 10% added yeast.

Similar results which are on file as graphs 4.14 A and B were 

obtained at liquid velocities of 0.01 and 0.2 ms" 1 .

4.6 Discussion of Results

4.6.1 Gas Velocity

An increase in gas velocity from 0 to 30 ms" 1 reduced drop 

diameter by a factor of 3 or more which is a far greater 

effect than that obtained by adjustment of any other 

parameter. This control of drop diameter was repeatable and 

reliable and in practical applications of this work, 

adjustment of gas velocity could be used to obtain specific 

drop diameters.

4.6.2 Alginate Concentration

As alginate concentration increased, drop diameter increased
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Figure 4.14 The effect of added yeast on drop diameter 

For conditions see text and table 4.4
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Figure 4.15 The effect of added yeast on drop diameter 

For conditions see text and table 4.4
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progressively with increasing solution viscosity. This 

phenomenon was probably due to a delay in the rupture of the 

neck between drop and nozzle caused by increasing solution 

viscosity.

Between 1% and 4% alginate concentrations the increase in 

drop diameter was small enough compared with the increase 

between 4% and 6% for it to be ignored in practical 

applications of this work.

4.6.3 Liquid Velocity

In the operation of a nozzle with concentric gas stream, 

liquid velocity could not be used to make adjustments to drop 

diameter of more than about 0.2 mm. As the rate of 

production of drops (on a mass or bulk volume basis) is 

directly proportional to liquid velocity it would seem that 

liquid velocity should be used to achieve the desired 

production rate with adjustment in gas velocity being used to 

control drop diameter.

4.6.4 Type of Gas

As the type of gas used had an effect on drop diameter it 

would be important in practical applications of this work to 

ensure reasonably constant gas properties. These properties 

would include gas temperature, relative humidity, composition 

and pressure.
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4.6.5 Nozzle Geometry

After gas velocity, the parameter most affecting drop 

diameter was found to be nozzle outer diameter. This agrees 

with what was found in chapter 3, all of which was carried 

out in the absence of concentric gas, viz that drop diameter 

depended largely on nozzle outer diameter.

In order to be able to produce specific drop sizes between 1 

and 6 mm it would only be necessary when employing concentric 

gas to use 2 nozzles, one to cover the range 1 to 3 mm and 

the other 2 to 6 mm. Gas velocity would be controlled to 

produce a specific drop size. In contrast it was shown in 

chapter 3 that without concentric gas a large number of 

nozzles would be needed to produce the same range of drops.

In large scale applications of this work economic factors 

would influence the design of nozzles. As a reduction in 

nozzle outer diameter would increase liquid pumping costs but 

reduce gas pumping costs there would be a nozzle outer 

diameter at which overall pumping costs were a minimum for a 

specific drop size.

4.6.6 Added Yeast

It was shown in section 4.5.6 that added yeast had the effect 

of progressively increasing drop diameter with increasing 

yeast concentration. This effect is probably the result of 

the viscosity increase which was described in section 4.6.2. 

Drops were however formed repeatably and reliably provided
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the precautions described in section 3.5.2 were taken to 

prevent the outside of the nozzle tip being wetted by the 

liquid.

The increase in drop diameter with added yeast was however 

small compared with the effect of gas velocity so in 

practical applications of this work a relatively small 

increase in gas velocity would be needed to compensate for 

the effect of added yeast.

4.7 Application of the Models to the Experimental Work

A total of 6 models were developed in section 4.2. In models 

4.1, 4.2 and 4.3 it was assumed that drops remained spherical 

throughout their formation whereas in models 4.4, 4.5 and 4.6 

it was assumed that a developing drop assumed the distorted 

shape which a fluid body would assume in free fall.

In the following sections the experimental effect of each of 

the parameters on drop diameter will be compared with the 

effect predicted by the models.

4.7.1 Gas Velocity

Figure 4.16 shows experimental drop diameters and drop 

diameters predicted by models 4.1 to 4.6 as a function of gas 

velocity at standard conditions. All experimental results 

are closer to models 4.1, 4.2 and 4.3 than models 4.4, 4.5 

and 4.6. This indicates that one effect of a drop being 

attached to a nozzle is to enable the drop to retain a shape
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Figure 4.16 Application of the models at different gas 
velocities

For conditions see text and table 4.4
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where the drag is close to that encountered with a spherical 

body. All experimental drop diameters lie within ± 0.1 mm of 

the diameter predicted by model 4.3.

4.7.2 Liquid Velocities

Figure 4.17 shows experimental drop diameters and the drop 

diameters predicted by models 4.1 to 4.6 as a function of 

liquid velocity at a gas velocity of 14.7 ms" 1 and at 

standard conditions. It will be seen that models 4.1, 4.2 

and 4.3 predict the same value of drop diameter as liquid 

velocity tends to zero, as do models 4.4, 4.5 and 4.6. As 

the liquid velocity increases, the drop diameters predicted 

by models 4.1, 4.2 and 4.3 and by models 4.4, 4.5 and 4.6 

diverge. Experimental drop diameters agree with model 4.3 

within ± 0.1 mm.

Drop diameters were also measured at other gas velocities and 

are shown on figure 4.9. In order to preserve the clarity of 

the graph only the drop diameters predicted by model 4.3 are 

shown as the predicted diameters of models 4.1, 4.2, 4.4, 4.5 

and 4.6 follow a similar pattern to that shown on figure 

4.17.

All experimental drop diameters were closer to models 4.1, 

4.2 and 4.3 than models 4.4, 4.5 and 4.6. Experimental 

results agree with the diameters predicted by model 4.3 

within ± 0.1 mm for 87% of all results and within ± 0.2 mm 

for 30 data points on figure 4.9.
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Figure 4.17 Application of the models at different
liquid velocities

For conditions see text and table 4.4
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4.7.3 Type of Gas

Experimental drop diameters and drop diameter predicted by 

model 4.3 at standard conditions for methane, nitrogen and 

argon are shown on figures 4.10 and 4.11. The predicted 

values of models 4.1, 4.2, 4.4, 4.5 and 4.6 are not shown but 

they follow a similar pattern to that shown on figure 4.16. 

All experimental results shown on figure 4.10 are within ± 

0.1 mm of model 4.3. Similar experiments were carried out at 

liquid velocities of 0.01, 0.2 and 0.4 ms"1 . These produced 

similar results which are on file as graphs 4.10 A, B and C. 

All results for the 3 gases at the 4 liquid velocities are 

within ± 0.2 mm of the values predicted by model 4.3 and 65 

out of 76 (85%) are within 0.1 mm of the predicted value.

4.7.4 Nozzle Geometry

Experimental drop diameters for the 4 nozzles at standard 

conditions are compared with the predictions of model 4.3 on 

figures 4.12 and 4.13. The predicted diameters of models 

4.1, 4.2, 4.4, 4.5 and 4.6 follow a similar pattern to that 

shown on figure 4.16. Similar experiments which were carried 

out at liquid velocities of 0.01, 0.2 and 0.4 ms' 1 produced 

similar results. These results are on file as graphs 4.12 A, 

B and C. For nozzles 1 and 2, 94% of experimental results 

are within ± 0.1 mm of model 4.3 and all results are within ± 

0.2 mm of model 4.3.

For nozzles 3 and 4, the fit of experimental drop diameters 

to the predictions of model 4.3 is less good. Nozzle 3 is
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similar to nozzle 2 and nozzle 4 is similar to nozzle l 

except that the nozzle tips are chamfered.

These results show that drop diameters can be predicted 

within ± 0.2 mm for nozzles 1 and 2 where the nozzle tips are 

parallel sided but that drop diameters cannot be so 

accurately predicted for nozzles 3 and 4 where the nozzle 

tips are chamfered.

4.7.5 Application of the Models to the Experimental Work 

- Overall Results

All experimental drop diameters are closer to the diameters 

predicted by models 4.1, 4.2 and 4.3 than models 4.4, 4.5 and 

4.6, indicating that drops retain a shape where drag is close 

to that encountered with a sphere.

Almost all experimental drop diameters (98%) for alginate 

concentrations between 1% and 4%, liquid velocities between 

0.01 and 0.4 ms" 1 , for 3 different gases and for nozzles 1 

and 2 lie between the limits formed by models 4.1 and 4.2 and 

a close prediction of drop diameter is achieved by model 4.3, 

the volume mean of models 4.1 and 4.2.

All experimental drop diameters are within ± 0.2 mm and 93% 

of all diameters are within + 0.1 mm of the drop diameter 

predicted by model 4.3. The only exceptions are for a 6% 

alginate solution, for drops with added yeast and for nozzles 

3 and 4 with chamfered nozzle tips.
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These results indicate that with the exception of high 

alginate concentrations, added yeast and chamfered nozzles, 

model 4.3 best described the processes involved in drop 

formation with an accuracy of ± 0.2 mm of diameter.

4.8 Analysis of the Work of Rehg et al.

Rehg et al. (1986) report the use of a two fluid atomiser 

using an air stream to make small calcium alginate gel beads. 

Nozzle dimensions are given in section 2.2.2. They produced 

the empirical equation:-

db = 3 178310

U-V
Pi

0.5 + 1683 "1
_Rla °-5_

0.45 1000Q-L

. Q* .

1.5 4.22

which is a modification of the equation of Nukiyama and 

Tanasawa (1939) . Nukiyama's equation is not considered 

further as it is an empirical equation designed to predict 

the mean diameter of the range of drop diameters produced by 

two-fluid spray nozzles which operate at higher gas 

velocities than the velocities used in either Rehg's work or 

that considered here. Rehg's experimental results are shown 

on figure 4.18 together with the drop diameter predicted by 

model 4.3 and the predicted drop diameters of Rehg's and 

Nukiyama's equations. It will be seen that the drop 

diameters predicted by model 4.3 fit Rehg's experimental data 

better than Rehg's or Nukiyama's equations particularly at 

very low gas velocities where Rehg's and Nukiyama's equations 

predict drop diameter tending to infinity.

This emphasises the significance of the work presented in
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Figure 4.13 Comparison of Rehg's experimental results 
with the predictions of model 4.3, Rehg 
and NuJciyama

For conditions see text

1 Rehg's equation
2 Rehg's equation
3 Nukiyama's equation
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0.
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chapter 4. Previous work such as Rehg's and Nukiyama's is 

empirical and ignores some of the variables which have been 

considered here. The work considered here starts from first 

principles and produces equations which have been verified 

experimentally over a large range of operating conditions.

4.9 Maximum Drop Production Rates

As liquid velocity at a nozzle increased, the drop production 

rate increased until a limit was reached at which discrete 

drops ceased to form and detach from the nozzle and the 

liquid issued as a jet which subsequently broke up. The 

drops resulting from the break up of the jet were of a wide 

size distribution. This behaviour is typical of an atomiser 

as described by Masters, (1976).

All the results reported in this chapter were measured in the 

discrete drop region.

No attempt was made to measure precisely the maximum liquid 

velocity at which discrete drops formed however in all 

experiments it was greater than 0.4 ms" 1 for nozzles 1 and 4 

and greater than 0.1 ms" 1 for nozzles 2 and 3. These 

velocities equate to drop production rates of 720 mlh for 

nozzles 1 and 4 and 1130 mlh" 1 for nozzles 2 and 3. These 

rates were sufficient for the anticipated use of drops as 

beads in a fluidised bed bioreactor with 200 ml expanded bed 

volume. These production rates may not be high enough for 

some applications so it would be necessary to manufacture a
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bank of nozzles through which the fluids flowed in parallel.

4.10 Conclusions

1. A concentric stream of nitrogen at the nozzle tip was 

used to control the size of alginate drops leaving a nozzle 

and the effect on drop diameter of gas velocity, alginate 

concentration, liquid velocity, gas properties, nozzle 

geometry and added yeast was investigated.

2. The velocity of gas used to blow drops from the nozzle 

was the most important factor in determining drop size with 

an increase in gas velocity from 0 to about 30 ms"1 reducing 

drop diameter by a factor of 3.

3. Increasing alginate concentration between 1% and 6% wt 

produced an increase in solution viscosity. Drop diameter 

increased progressively with increasing solution viscosity.

4. Liquid velocity had little effect on drop diameter, 

there being a maximum increase of 0.2 mm in drop diameter 

between liquid velocities of 0 and 0.4 ms~ .

5. Methane and argon were used as well as nitrogen. An 

increase in gas molecular weight had the effect of reducing 

drop diameter by up to 0.7 mm.

6. Drop diameter increased with increasing nozzle outer 

diameter.
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7. The addition of yeast to the alginate solutions in 

amounts between 1% and 10% wt (dry basis) resulted in 

increased drop diameters by up to 0.5 mm. Nevertheless drops 

with up to 10% yeast were formed repeatably and reliably.

8. Six models were developed to predict drop diameter. 

Almost all experimental drop diameters for a variety of gas 

velocities, alginate concentrations, liquid velocities, 

different gases and nozzles lay between the limits formed by 

models 4.1 and 4.2 A close prediction of drop diameter was 

achieved by model 4.3 where 96% of all experimental drop 

diameters were within ± 0.2 mm of the drop diameter predicted 

by model 4.3. The only exceptions were for a 6% alginate 

solution, for drops with ir.ore than 2% added yeast and for 

nozzles with chamfered tips.

9. The equipment functioned reliably without running 

adjustment in an extended run of 3 hours to produce 2.5 1 of 

2.5 mm diameter beads.

10. The use of a stream of concentric gas provides a method 

of controlling drop diameter reliably and repeatably. Drop 

diameter was reduced to about one third of the value found 

with no concentric gas flow.

11. The use of a nozzle with a concentric gas stream is more 

versatile than the use of a nozzle without a concentric gas 

stream where adjustment of operating conditions can only be
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used to vary drop diameter within a narrow range. With 

concentric gas only two nozzles would be needed to produce 

drops in the range 1 to 6 mm compared with the large number 

of nozzles which would be needed without concentric gas.

12. It was possible to produce at least 720 mlh" 1 of evenly 

sized drops from each of the nozzles. This rate was 

sufficient for the anticipated use in a fluidised bed 

bioreactor of 200 ml bed volume. If a higher rate was 

required in commercial applications of this work it may be 

possible to achieve this by using a bank of nozzles.

13. A patent application has been made with respect to the 

technology involved in the determination of the dimensions of 

a two fluid nozzle.
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5. Study of the Gelling Mechanism of Drops of Sodium 

Alginate Solution in Calcium Chloride Solution 

5. 1 Introduction

The results presented in chapters 3 and 4 show that it is 

possible to produce drops of sodium alginate solution 

reliably and repeatably having pre-determined diameters, at 

varying concentrations of alginate and also containing 

encapsulated yeast. In this chapter the gelling of freshly 

formed beads in calcium chloride solution is investigated.

Gelling occurs when sodium alginate reacts with the calcium 

chloride to form insoluble calcium alginate. Observation of 

this process suggests that gelling occurs initially at the 

surface of the freshly formed bead and progresses to the 

centre of the bead as calcium chloride diffuses through the 

outer layers of the bead.

The anticipated end-use for alginate beads is as a medium for 

encapsulating live cells in packed bed or fluidised bed 

fermenters. For this duty the beads would need to have 

maximum mechanical strength and each bead should have the 

same mechanical strength. Homogeneous mechanical strength 

across the whole of the bead would be desirable (without any 

ungelled portion) so knowledge of the time necessary to 

achieve complete gelling is important. It is also important 

to understand the effect on maximum mechanical strength of 

alginate concentration, calcium chloride concentration, 

gelling temperature and added yeast.
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There is no evidence from the literature of a comprehensive 

study of the gelling of alginate beads ever having been 

performed but experience gained during this study indicated 

that gelling temperature, calcium chloride solution strength, 

sodium alginate concentration and drop diameter would all 

affect gelling time.

The end-use of the bead has to be considered when decisions 

are made on the gelling conditions. If microorganisms were 

to be immobilised in the beads such considerations would 

include:-

(i) Whether the temperature used would encourage or 

suppress metabolic activity.

(ii) Whether calcium chloride strength v/ould have an 

undesirable effect on cell metabolism.

(iii) Whether cell viability would be affected by 

excessive gelling time.

The gelling mechanism was studied under chosen conditions so 

that information could be gained about the best conditions 

for gelling taking into account all these considerations.

5.2 Modelling the Gelling Process in a Bead

When a drop of sodium alginate solution is immersed in 

calcium chloride solution it is observed that the surface
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immediately gels, when solid calcium alginate is formed. In 

this analysis, it is assumed that as the process continues, 

calcium chloride diffuses through the surface to react with 

sodium alginate below the surface at the reaction front which 

forms the boundary between the gelled and ungelled material. 

It is known that the reaction between calcium ions and sodium 

alginate is very rapid (McDowell, 1986, Bucke, 1986) so it is 

assumed that the ion exchange is instantaneous and the 

gelation process is diffusion controlled. The gelled layer 

thus becomes thicker from the outer surface of the bead until 

finally the bead becomes totally gelled at the centre.

It is assumed that molecular diffusion of calcium chloride 

through the gelled layer controls the process and that there 

is negligible film resistance on the outside of the bead. 

Assuming a linear concentration profile through the gelled 

layer, an approximation of the true unsteady state equations 

for the rate of diffusion through a hollow sphere which 

applies to this particular situation is shown by Levenspiel 

(1972) to be:- 

NA = 47rDR.j_RAC 5- 1

R-Ri 

.*.NA = 4?rD(R-x)RAC

X

5.2

Consider a small volume dV of the sphere of thickness dx

which reacts in time dt.

dV = 4?r(R-x) 2dx 5 ' 3
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Figure 5.1 Cross section of a partly gellad bead

Unreacfed sodiu 
alginate

Reaction front

Solid calcium alginafe
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dV 47r(R-x) 2 dx 5.4

dt dt

Assuming E kmol of calcium chloride is required to react 

stoichiometrically with 1 m3 of sodium alginate solution. 

NA _ dV 5.5

dt

Combining equations 5.2, 5.4 and 5 . 5 

4rrD(R-x)R//\C 47T(R-x) 2dx

xE dt 

• RD/\C (R-x) dx

Ex dt

fc RD^Cdt

0 E

(Rx- X2 )dx

Rx2 x3

E 23 

* t = E(3RX2 - 2x3 ) 5.6
• • -- - -- _____________ •— —

6RD/\C

A particular solution of this equation occurs when gelling is 

complete and R = x

' t = ER2 5-7

6DAC

To verify this equation, it is possible to vary each of the 

terms except diffusivity. Therefore if the time taken for 

complete gelling is found for a bead of given diameter and
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alginate concentration, then the value for diffusivity could 

be obtained.

5.3 Choice of Experimental Conditions

At given conditions of temperature, calcium chloride 

strength, sodium alginate concentration and bead diameter, 

maximum bead strength would be obtained when the gelling 

process was complete. The time to achieve maximum 

compressive strength was measured as described in section 

2.3.5 it being assumed that the time to achieve maximum 

tensile strength would be similar. Maximum tensile strength 

is important for the prevention of bead splitting.

Experiments were carried out using the conditions shown in 

table 5.1 with each of the conditions being varied in turn.

Table 5.1 Experimental Conditions for Determining the 
Effect of Various Parameters on Gelling Time

Standard Value Range

Calcium chloride 0.1 M ± 0.001 M 0.01 to 3.85 M 
strength

Sodium alginate 2% wt ± 0.02% 1% to 6% (wt) 
solution strength

Drop diameter 4mm±0.1mm 2mmto5mm 

Temperature 20°C ± 1°C 0°C to 50°C

In chapter 4 it was shown that by using a two fluid nozzle, 

drop diameter could be controlled accurately and drops with a 

predetermined diameter could be produced. This work was used 

to accurately control drop diameter contrasting with
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Martinsen et al. (1989) who reported diameters varying 

uncontrollably between 3 mm and 4 mm. As discussed below, 

standard conditions were chosen to be approximately in the 

middle of the experimental range and to give times which were 

long enough to be measured without risk of significant error. 

It was possible to produce beads with diameters as small as 

0.8 mm, however the short gelling time prevented accurate 

time measurements being taken at less than 2 mm diameter. 

The effect of this limitation is discussed in section 5.5.1. 

Although calcium chloride concentrations between 0.01 M and 

3.85 M (the solubility limit) were used, results below 0.02 M 

are suspect because drops distorted on impact with the 

calcium chloride solution and it was not possible to produce 

perfect spheres. This effect was not investigated further 

but could be the subject of future work. Above 1.0 M calcium 

chloride concentration rapid bead shrinkage was apparent as 

described in section 5.5.6. The practical range of calcium 

chloride concentration to produce beads reliably was thus 

found to be 0.02 M to 1.0 M.

Maximum compressive strength for each experiment was noted in 

terms of the load in grams necessary to compress the bead to 

75% of its original diameter. The bath of calcium chloride 

solution was not agitated as initial results had shown that 

the complete gelling time over a wide envelope of conditions 

was unaffected by the degree of agitation from no agitation 

to vigorous stirring. A degree of agitation and circulation 

was naturally present in the bath due to successive drops
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continually entering the solution and falling through it. 

This circulation continued for some time after drops ceased 

to enter the solution.

5.4 Results

The equipment which was used is described in sections 2.3.4 

and 2.3.5. The experimental programme and parameters which 

were varied are described in section 5.3.

Results are presented graphically in figures 5.2 to 5.7 as 

plots of the time taken for complete gelling to occur against 

the parameter being varied. Results are also shown in tables 

5.2 to 5.6.

5.5 Analysis of Results - Effects of Parameters on Gelling 

Time

Gelling time for the experimental work varied between 

extremes of 180 s and 1800 s, see tables 5.2 to 5.6. This 

compares with Martinsen et al. (1989) who used similar 

conditions and state: "... the maximum mechanical strength 

was attained within one hour (3600 s) after gelation".

Gelling times used by researchers in the manufacture of 

alginate beads have varied between the 30 minutes of Linko et 

al. (1983) and the 12 hours of Williams and Munnecke, (1981). 

It would seem from our results that there is little point in 

leaving beads, particularly those containing immobilised 

microorganisms, immersed in the gelling solution for longer
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than necessary unless shrinkage of the beads (see section 

5.5.6) is required.

5.5.1 Bead Diameter

Drop diameter was varied between 2.0 mm and 5.0 mm. Results 

are shown in table 5.2 and figures 5.2 and 5.3. Gelling time 

can be seen from figure 5.3 to vary linearly with the square 

of the bead diameter as predicted by equation 5.7 but 

extrapolation of the line shows it does not pass through the 

origin which is at variance with equation 5.7. This effect 

is further discussed in section 5.6.2. As explained in 

section 5.3 it was not possible to make accurate gelling time 

measurements below 2 mm bead diameter. Extrapolation of 

figure 5.3 indicates a gelling time under standard conditions 

for a 1 mm bead of 135 s. In practical applications of these 

results, uncertainties in predictions of gelling time at 

small diameters could be accommodated by increasing the 

gelling time. The resulting time would still be relatively 

short for most anticipated immobilisation procedures and 

would be unlikely to affect cell viability.

The results indicate reduction in bead diameter is 

particularly effective in reducing complete gelling time.
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Figure 5.2 Variation in gelling time with bead
diameter

For conditions see text and table 5.1
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Figure 5.3 Variation in gelling time with the squara
of bead diameter

For conditions see text and table 5.1
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5.5.2 Alginate Concentration

Alginate concentration was varied between 1% and 6% see table 

5.3 and figure 5.4.

Gelling time varied linearly with alginate concentration as 

predicted by equation 5.7 but could not be extrapolated 

through the origin. These results show that an increase in 

alginate concentration would increase gelling time.

5.5.3 Calcium Chloride Concentration

Calcium chloride concentration was varied between 0.01 M and 

3.85 M but results at the extremes of concentration are not 

considered further for the reasons described in section 5.3. 

Results are shown in table 5.4 and figures 5.5 and 5.6.

Figure 5.5 shows that gelling time fell rapidly with 

increasing calcium chloride concentration. Figure 5.6 which 

plots the reciprocal of calcium chloride concentration 

against gelling time is almost linear as predicted by 

equation 5.7 but could not be extrapolated through the 

origin. These results indicate that gelling time can be 

reduced by increasing calcium chloride concentration within 

the limits imposed by cell viability at high calcium chloride 

concentrations.

In the experimental work described in chapters 3, 4 and 6, 

the maximum calcium chloride concentration used was 0.2 M.
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Figure 5.4 Variation in gelling time with alginate 
concentration

For conditions see text and table 5.1
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Figure 5.5 Variation in gelling time with calcium 
chloride concentration

For conditions see text and table 5.1
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Figure 5.5 Variation in gelling time with the 
reciprocal of calcium chloride 
concentration

For conditions see text and table 5.1
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This proved satisfactory in all respects for the gelling of 

beads for all purposes with respect to avoiding shrinkage and 

ensuring compete gelling without affecting immobilised yeast 

viability. Thus we were able to identify the conditions 

under which shrinkage did not occur and gelling was complete 

and to successfully apply this information to the production 

of beads with and without immobilised yeast. Shrinkage is 

further discussed in section 5.5.6.

5.5.4 Temperature

Gelling time was measured from 0°C to 50°C in steps of 10°C. 

Results are presented in table 5.5 and figure 5.7 and show a 

reduction in gelling time with increasing temperature. The 

effect is quite marked with gelling time being halved by a 30 

to 40°C increase in gelling temperature. The results are 

further discussed in section 5.6.4.

5.5.5 Added Yeast

Yeast in amounts between 1% and 10% dry weight was added to 

the sodium alginate solution prior to gelation as described 

in section 2.1.3 to determine the effect on the gelling 

process. Results are shown in table 5.6 and figure 5.8. 

Gelling time was found to increase linearly with yeast 

concentration for any given alginate solution. An increase 

in gelling time of 31% was noted for 10% wt yeast (dry basis) 

which is equivalent to about 30% wt yeast (wet basis). It is 

anticipated that future work with immobilised yeast will use
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Figure 5.7 The effect of temperature on gelling time 

For conditions see text and table 5.1
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Figure 5.3 The effect of added yeast on gelling time 

For conditions see text and table 5.1
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yeast at concentrations less than 10% wt (dry basis) so this 

increase in gelling time can be easily allowed for. In the 

work described in Chapter 6, the concentration of immobilised 

yeast in the alginate beads prior to growth of the yeast was 

always less than 1% wt (dry basis).

5.5.6 Shrinkage of Alginate Beads at High Calcium 

Chloride Concentration

At calcium chloride concentrations above 1 M, shrinkage of 

the beads occurred rapidly during the gelling process. At 1 

M calcium chloride concentration with 2% alginate, 4 mm drops 

and 20°C no shrinkage was measured after 180 s or after 60 

min gelling time. At 2 M calcium chloride concentration, 

beads shrunk from 4.0 mm to 3.6 mm after 180 s gelling time 

and at the solubility limit of calcium chloride of 3.85 M, 

beads shrunk from 4.0 mm to 3.1 mm in 180 s which represents 

a reduction in volume of 53%. This effect was not 

investigated further but it opens up the possibility of being 

able to manufacture beads with an alginate concentration of 

about twice the original solution concentration. Linko et 

al. (1983) report using 10% alginate solutions but at this 

level the solution was very viscous and difficult to handle. 

Shrinkage of a 10% alginate bead by 53% would result in the 

equivalent of a 21% alginate bead. Increase in alginate 

concentration should give greater mechanical strength but the 

effect on mechanical strength of shrinkage was not 

investigated and could be the subject of future work.
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The effect of alginate concentration on compressive strength 

is discussed in section 5.7.2 where it is shown that between 

1% and 6% alginate concentration, compressive strength was 

proportional to the sguare of alginate concentration.

5.6 Analysis of Results - Application of the Diffusion Model 

to the Experimental Results

In the development of equation 5.7> t = ER2 the process

6QAC

was assumed to be controlled by the diffusion of calcium 

chloride through an outer shell of gelled calcium alginate 

with instantaneous reaction between sodium alginate and 

calcium chloride. In order to attempt to verify the 

equation, the effect on diffusivity of variation in the other 

terms in the equation was investigated. Bead diameter, 

alginate concentration and calcium chloride concentration 

were varied independently as described in section 5.3 with 

complete gelling time being measured experimentally. 

Application of these experimental results to equation 5.7 

allowed experimental diffusivity to be calculated.

5.6.1 Bead Diameter

Drop diameter was varied between 2.0 mm and 5 mm with the 

other variables kept constant. By applying the 

experimentally measured gelling times to equation 5.7, values 

of diffusivity were calculated which increased from 0.38 x 

10~9 m2 s" 1 at 2.0 mm diameter to 0.63 x 10"9 m2 s~ 1 at 5.0 mm 

diameter see table 5.2 and figure 5.9. There is no
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Figure 5.9 Variation in diffusivity with bead diameter 

For conditions see text and table 5.1
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theoretical reason why diffusivity should vary with diameter 

so the time predicted by equation 5.7 was increased by 90 s 

to give equation 5.8:- t = ER2 +90 5.8

6DAC

which gives a more constant value of diffusivity of 0.72 x 

10~9 m2 s~ 1 . Experimental values of diffusivity using equation 

5.8 do not vary significantly with bead diameter, see table 

5.2 and figure 5.9.

The significance of the 90 s increase is not clear but may be 

due to the reaction taking a finite time to reach completion 

rather than being instantaneous as was assumed in the model 

or to a consistent error in measuring the time at which 

gelling was complete to the centre of the bead.

When presenting this model it was assumed that mass transfer 

through the gelled surface of the sphere was by molecular 

diffusion. It was assumed that there was no resistance to 

mass transfer at the calcium chloride solution-surface of 

bead interface nor at the gelled matrix-sodium alginate zone 

within the bead. Eddy diffusion could possibly occur in both 

the calcium chloride continuous phase and in the ungelled 

internal sodium alginate solution and these extra resistances 

to mass transfer would be consistent with an apparent 

increase in diffusivity with respect to increasing diameter.

This effect was not investigated further but could be the
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subject of further work.

5.6.2 Alginate Concentration

Alginate concentration was varied between 1% and 6%. By 

applying the experimentally measured gelling times to 

equation 5.7, values of diffusivity were calculated which 

increased as alginate concentration increased. However using 

this equation in its modified form (equation 5.8), values 

were more constant - see table 5.3 and figure 5.10.

Tanaka (1984) and Hannoun (1986) measured the diffusivity of 

glucose and ethanol through calcium alginate membranes. They 

compared their results with the diffusivity of ethanol or 

glucose in water. They found no decrease in diffusivity for 

glucose in 2% calcium alginate and for ethanol a 10% decrease 

was reported. However for 4% alginate Hannoun found a 25% 

decrease for glucose and a 37% decrease for ethanol. Their 

results are shown in table 5.7.

Our results show no apparent decrease in diffusivity of 

calcium chloride between 1% and 6% alginate using equation 

5.8. This may be due to the smaller size of the calcium ion 

than glucose or ethanol molecules or due to our using a 

different grade of alginate from Tanaka or Hannoun.
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Figure 5.10 Variation in diffusivity with alginate
concentration

For conditions see text and table 5.1
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5.6.3 Calcium Chloride Concentration

By applying the experimentally measured gelling times to 

equation 5.8, values of diffusivity were calculated which 

fell from 1.03 x 10~9 m2 s~ 1 at 0.02 M calcium chloride 

concentration to 0.31 x 10~9 m2 s~ 1 at 1 M concentration, see 

table 5.4 and figure 5.11. A similar effect was also found 

using equation 5.7. At low calcium chloride concentration, 

diffusivity in an alginate matrix tended towards the value of 

1.04 x 10~9 m2 s" 1 for free solution with no alginate matrix 

quoted by Weast, (1971).

Figure 5.12 shows a plot of drop diameter against the log of 

calcium chloride concentration. A straight line relationship 

was found between concentrations of 0.02 M and 1 M with the 

equation of the line being:- 

D = (0.30 - 0.43 log1Q Ac) x 10~9 m2 s~1 5.9

The mechanism of mass transfer was assumed in the analysis to 

be equimolar counter-diffusion as commonly used in liquid 

phase diffusion, (Levenspiel, 1972). This assumes that the 

molar flow of calcium chloride into the bead is balanced by 

an equal molar flow of sodium chloride out of the bead. In 

the experiment under consideration 2 moles of sodium chloride 

are produced per mole of calcium chloride reacting. The 

molar flow of Na+ ions will therefore be twice the flow of 

Ca4"*" ions. Sodium chloride will also diffuse both inwards 

and outwards from the reaction front, increasing the chloride 

ion concentration ahead of the reaction front. These effects
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Figure 5.11 Variation in diffusivity with calcium
chloride concentration

For conditions see text and table 5.1
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Figure 5.12 Variation in diffusivity with calcium 
chloride concentration

For conditions see text and table 5.1
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would not be expected though to reduce diffusivity by the 

factor of three which was observed. A more likely 

explanation is that intermolecular forces within the alginate 

matrix reduce the diffusivity of calcium chloride. This 

effect would be small with very dilute solutions, becoming 

more pronounced with increasing calcium chloride 

concentration.

5.6.4 Temperature

It is reported that diffusivity through a liquid is 

proportional to ( 7/„) , (Coulson and Richardson, 1984; Wilke 

and Chang, 1955 and Reid et al. , 1977) . By use of equation 

5.8, this factor was used to adjust the experimental gelling 

time at 20°C for other temperatures. These theoretical 

gelling times are shown as the solid line on figure 5.7 which 

agrees with the experimental data represented by the crosses 

in that figure.

5.6.5 Added Yeast

It was shown in section 5.5.5 that the presence of added 

yeast increased gelling times. By applying these times to 

equation 5.8 values of diffusivity were calculated. These 

values fell with increasing yeast content, see table 5.6 and 

figure 5.13. Pick's law, (from which equation 5.1 is 

derived) , shows that the rate of mass transfer, NA = 

DAdC/ d where A is the area available for mass transfer to 

occur (i.e. 4rrR2 at radius R of a sphere). The presence of 

yeast would in effect reduce the proportion of this area
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Figure 5.13 Variation in diffusivity with added yeast 

For conditions see text and table 5.1
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available for mass transfer to occur by impeding the 

diffusion of ions hence reducing the apparent diffusivity of 

calcium chloride through the bead.

The wet weight and volume of yeast is much higher than after 

drying, (Cheetham, 1979) and measurements showed that the 

volume of wet yeast was about three times that of the 

equivalent dried yeast. Thus 10% yeast (dry basis) would be 

expected to occupy about 30% of the volume of the liquid 

thereby reducing the area available for diffusion to occur by 

about 30%. The change in area available would reduce the 

apparent diffusivity from 0.71 x 10~9 m2 s~ 1 with no yeast to 

0.50 x 10~9 m2 s~ 1 with 10% wt dry yeast compared with the 

measured value of 0.51 x 10~ 9 m2 s~ 1 . A line has been plotted 

on figure 5.13 which assumes that the area available for mass 

transfer is similarly reduced for other concentrations of 

yeast.

The experimental results are in good agreement with this plot 

so equation 5.8 has been modified to allow for the effect of 

the encapsulated yeast:- 

t = ER2 +90 5.10

6DAC 1 - Y

100

Where Y is the % volume occupied in the sodium alginate 

solution by yeast.
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These results are at variance with those reported by Hannoun 

(1986) who reported no effect on the diffusion of glucose and 

ethanol through 2% and 4% calcium alginate gel with 20% wt 

(wet basis) dead yeast cells however Cheetham et al. (1979) 

reported an unquantified reduction in diffusivity with the 

presence of entrapped active yeast cells.

5.7 Analysis of Results - Compressive Strength of Beads

The primary objective of this chapter was to investigate 

gelling times. However data on the effect on mechanical 

strength of calcium chloride concentration, bead diameter, 

gelling temperature and alginate concentration was also 

produced and analysed.

The force necessary to compress a bead to 75% of its original 

diameter was used as a measure of bead compressive strength. 

The force on the bead was measured as the load exerted by a 

certain mass of water, see section 2.3.5, where 1 g of water 

would exert a force of 9.81 mN.

5.7.1 Bead Diameter

Results are shown in table 5.2 and figures 5.14 and 5.15. 

The load necessary to produce a 25% reduction in diameter was 

found to be proportional to the square of the bead diameter. 

This is in agreement with what would be expected from 

mechanical considerations. For elastic bodies,Poisson's Law 

states that stress ( force per unit cross-sectional area ) is 

proportional to strain ( fractional extension or reduction ).
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Figure 5.14 Variation in mechanical strength with bead 
diameter

For conditions see text and table 5.1
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Figure 5.15 Variation in mechanical strength with the 
square of bead diameter

For conditions see text and table 5.1
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Thus for spheres the load necessary to produce the same 

fractional compression in different sized beads would be 

expected, for an elastic body, to be proportional to the 

square of the bead diameter.

5.7.2 Alginate Concentration

Results are shown in table 5.3 and figures 5.16 and 5.17. 

Strength increased with alginate concentration and a plot of 

strength against the square of alginate concentration was a 

straight line. This result agrees with the work of Martinsen 

et al. (1989) and Draget et al. (1988).

The effect of alginate concentration on bead strength, in 

particular with respect to the avoidance of breakage, will be 

further considered in section 6.5.12.

5.7.3 Calcium Chloride Concentration

Results are shown on table 5.4 and figure 5.18. Up to 0.5 M 

calcium chloride concentration, strength was constant but it 

increased by about 20% at 1.0 M concentration. These results 

compare with the results of Martinsen et al. (1989) who state 

"The results indicate that the measured gel strength of the 

spheres increases with increasing concentration of CaCl2 to a 

concentration of 0.02 M. For higher concentrations of Ca2+ , 

the gel strength was approximately constant".

5.7.4 Temperature

Results are given in table 5.5 and figure 5.19. These show
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Figura 5.15 Variation in mechanical strength with 
alginate concentration

For conditions see text and table 5.1
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Figure 5 .17 Variation in mechanical strength with the 
square of alginata concentration

For conditions see text and table 5.1
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Figure 5.13 Variation in mechanical strength with
calcium chloride concentration

For conditions see text and table 5.1
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Figure 5. IS The effect of temperature on mechanical 
strength

For conditions see text and table 5.1
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that strength declined by 20% as gelling temperature 

increased from 0°C to 50°C.

5.7.5 Added Yeast

No effect on compressive strength was found from the addition 

of yeast in amounts up to 10% dry weight, see table 5.6 and 

figure 5.20. The importance of this finding is that the 

presence of yeast in the gelling bead in quantities which are 

higher than it is expected would be used in practical 

applications of this work does not significantly effect bead 

strength but does increase gelling time (see section 5.5.5).

5.8 Conclusions

1. Apparatus was developed to measure the time for complete 

gelling of drops of sodium alginate in calcium chloride 

solution to occur.

2. The time for complete gelling of beads to occur, which 

was measured as the time for beads to acquire a constant 

mechanical strength, was found experimentally for a variety 

of conditions to be less than 30 minutes. This contrasts 

with the longer times used by other workers to gel beads for 

use in bioreactors.

3. At calcium chloride concentrations above 1 M, beads 

shrunk during the gelling process with a maximum of 53% 

volume reduction for 3.85 M solutions.
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Figure 5.20 The effect of added yeast on mechanical 
strength

For conditions see text and table 5.1

10,

3:

in 7 r\j
I7>

HI

O
^ 
-Q

E 
<_
O
CL
Q>
TJ

C5 
O

! -f 5 6 7 8 9 10 
Yeast concentration ('/.dry wt . )

170



4. The effect on gelling time of variation in bead 

diameter, sodium alginate concentration, calcium chloride 

concentration and temperature was investigated. Each 

parameter was varied independently of the other variables and 

it was found that:-

(i) Gelling time increased with increasing bead 

diameter over the range 2 mm to 5 mm and increased linearly 

with the square of bead diameter.

(ii) Gelling time increased linearly with increasing 

alginate concentration over the range 1% wt to 6% wt.

(iii) Gelling time decreased with increasing calcium 

chloride concentration over the range 0.02 M to 1.0 M and 

increased linearly with the reciprocal of calcium chloride 

concentration.

(iv) Gelling time halved with a 30°C to 40°C increase in 

gelling temperature over the range 0°C to 50°C.

(v) The addition of yeast to the alginate solution in 

amounts up to 10% (dry wt basis) prior to gelation had the 

effect of increasing gelling time by up to 31%.

5. The effect on bead compressive strength of variation in 

bead diameter, sodium alginate concentration, calcium 

chloride concentration and gelling temperature was
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investigated. Each parameter was varied independently of the 

other variables and it was found that:-

(i) Compressive strength increased with increasing bead 

diameter over the range 2 nun to 5 mm and increased linearly 

with the square of bead diameter.

(ii) Compressive strength increased with increasing 

alginate concentration over the range 1% wt to 6% wt and was 

proportional to the square of alginate concentration.

(iii) Compressive strength was independent of calcium 

chloride concentration over the range 0.02 M to 0.5 M but 

increased by about 20% between 0.5 M and 1.0 M.

(iv) Compressive strength decreased with increasing 

temperature over the range 0°C to 50°C.

(v) The addition of yeast to the alginate solution in 

amounts up to 10% (dry wt basis) had no effect on Compressive 

strength.

6. In practical applications of this work, the level of 

immobilised yeast in the gelling bead would probably be less 

than 1% (dry wt basis) . At this low level the increase in 

gelling time would be insignificant and the yeast would have 

no significant effect on compressive strength.
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7. A model was developed to predict gelling time based on 

the diffusion of calcium chloride into the gelling bead.

8. For variation in bead diameter from 2 mm to 5 mm and 

alginate concentration from 1% to 6% there was close 

agreement between the model and experimental results, 

although the best agreement was obtained when the time 

predicted by the original model was increased by 90 seconds.

9. The increase in gelling time in the presence of added 

yeast could be predicted by adjusting the model to take 

account of the reduction in the area available for diffusion 

to occur caused by the presence of yeast.

10. The decrease in gelling time with increase in gelling 

temperature is in agreement with the theoretical 

considerations.

11. The diffusivity of calcium chloride into a bead 

calculated from the model in its original or modified form 

was found to decrease considerably with increase in calcium 

chloride concentration.

12. This work provides a useful method for predicting the 

time taken for the complete gelation of alginate beads under 

a variety of conditions.

13. One application of gelled beads is for the
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immobilisation of yeast for use in bioreactors. Our results 

(both experimental and with respect to the model) show that 

the compete gelling time for a typical bead in such an 

application (2% alginate, 2 mm diameter, 0.1 M calcium 

chloride gelling solution and 1% yeast) would be about 200 s. 

In order to allow a safety margin a suitable time for 

immersion in the gelling solution would be 300 s which is 

much less than the arbitrarily chosen times used by other 

workers.

14. The work was carried out on only one grade of sodium 

alginate but could readily be extended to other grades.

15. The work described in this chapter has led to the 

publication of a paper, (Gilson et al. . 1990) . It is 

reproduced in appendix 2.
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6. Ethanol Production in a Novel Fluidised Bed Using 

Alginate Beads Containing Immobilised Yeast 

6.1 Introduction

It was shown in chapters 3, 4 and 5 that it is possible to 

produce beads of calcium alginate containing immobilised 

yeast repeatably and reliably with close control of bead 

diameter. The beads could be produced with various 

concentrations of alginate and yeast and the minimum time to 

achieve complete gelling could be predicted.

This work has provided a foundation for the study of (i) the 

mechanical properties of these beads in a fluidised bed 

bioreactor and (ii) the behaviour of entrapped yeast in a 

fluidised bed. The ultimate objective in the longer term 

would be to optimise the performance of the fluidised bed but 

this would take a more detailed study and would be the 

objective of future work.

Observation of alginate beads containing immobilised yeast in 

a fluidised bed bioreactor showed that breakage of beads 

occurred under certain conditions of alginate strength, bead 

diameter and yeast metabolic rate. It would be desirable to 

minimise breakage of beads in any commercial application of 

this work so it is important to understand and to be able to 

predict the conditions whereby breakage could be avoided.

In order to more fully understand the performance of 

entrapped yeast and the breakage of beads containing yeast it
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is helpful to understand the kinetics of D-glucose 

consumption by yeast within the bead. Such kinetics for free 

yeast are well reported, e.g. Rose and Harrison (1971) but do 

not seem to have been rigorously applied to immobilised yeast 

within the bead. A diffusional and kinetic model was 

therefore developed to describe diffusion of D-glucose into 

the bead and the consumption of D-glucose by the yeast.

A major problem with fluidised beds of immobilised cells 

which produce gases is that the beads tend to become buoyant 

and gas logging can occur. A novel design of fluidised bed 

was developed in order to overcome this problem.

6.2 Development of Models

6.2.1 Model 6.1 the Consumption of Glucose by Yeast

Immobilised in an Alginate Bead

Observation of alginate beads containing immobilised yeast 

indicates that yeast grows in a band which appears to have a 

uniform concentration near the outside of the bead. This 

model assumes that all fermentation occurs in this band which 

consists of a uniform concentration of yeast and that the 

metabolism of immobilised yeast is similar to free yeast. It 

is further assumed that the diffusivity of glucose, (D in 

m2 s~ 1 ) through this band is constant and that all processes 

including yeast growth have reached steady state.

Transport of glucose into and through the bead will be 

controlled by diffusion and subsequent consumption by the
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metabolism of the yeast.

It is known that the consumption of glucose by free yeast 

follows Michaelis - Menten kinetics, (Rose and Harrison, 

1971, 2, p 39). For free yeast:-

v = vmaxG 6.1 

-I- G

The effect of ethanol inhibition on the consumption of 

glucose by yeast is not included in equation 6.1 as there is 

little effect below 5% ethanol, (Rose and Harrison, 1971, 3., 

p 299), which is higher than the levels expected in the 

experimental work either in the circulating substrate or at 

any point within the beads.

Similarly the effect of substrate inhibition is not included 

in the equation as it is reported not to occur significantly 

below 17.5% sugar concentration (Ough, 1966). considering a 

small hollow element of the bead:-

Consumption of glucose within the element = Change in the 

rate of diffusion across the element 

v4?7-r 2 dr = -dNG

dNG ^-47rr2vG 6 ' 2 

dr

The profile of the variables across a bead is shown

177



Figure 6.1 The profile of variables across a bead 
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diagrammatically in figure 6.1.

The rate of diffusion of glucose through the element is given 

by Fourier's law:-

NG = -D47rr 2 dG 6 . 3 

dr

At the surface of the bead there will be a resistance to mass

transfer of glucose where:-

N,~ = -kT 47rr rt 2 A G 6.4
\j LJ O ^^

The value of kL may be calculated from the equation of Chu et 

al. (1953):-

Sh = 5.7 Re0 ' 22 Sc°' 33 (l-e)°- 78 6.5 

where Sh = k^d^ 6.6

D 

Re = dbVp 6.7

M 

Sc = fj. 6.8

pD

Previous workers have used a biological rate equation which 

has a pseudo order of between zero and unity with respect to 

concentration, (Borzani et al. I960, Atkinson, 1982, 

Atkinson, 1986) to solve equations similar to 6.2 to 6.5. In 

this work a more rigorous approach will be attempted. The 

equations are not soluble analytically so computer program
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6/1 was written to solve them by a method of finite element 

analysis. The program is shown in appendix 1.

6.2.2 Model 6.2 The Fracture of Alginate Beads Containing 

Immobilised Yeast

The carbon dioxide which is produced by yeast probably leaves 

the bead by a combination of molecular diffusion of carbon 

dioxide dissolved in the liquid phase and bulk flow of 

gaseous carbon dioxide. The gaseous carbon dioxide will 

cause a pressure gradient between the inside of a bead and 

the bead surface and it is thought that bead fracture is 

caused by these pressure differences. It is postulated that 

the tendency to split at any point is related to the local 

pressure gradient ( dp /ar ) such that splitting is most likely 

to occur at the point where dp/3r nas tne greatest 

magnitude and for a given alginate grade will occur if the 

magnitude of dp/dr exceeds a certain value. The sign 

convention shown in figure 6.1 indicates that p/^r is always 

negative for r^_ < r < rQ .

For molecular diffusion of carbon dioxide Pick's law shows

that:-

dC a flowrate

dr area of flow

For bulk flow of gaseous carbon dioxide, D'Arcy's law shows 

that:-
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dp a flowrate 

dr area of flow

Provided Henry's law is obeyed, 

p a C

dp a dc

dr dr

dp a total flowrate of carbon dioxide

dr area of flow 

' dp „ N,,

dr 4 / 3 Trr2

6.9

dr r2

Provided the stoichiometry of conversion of glucose to 

alcohol remains constant, 

NG <* -NC

' dp k NG 6.10 

dr r2

Reference to figure 6.1 will show that k is a positive 

constant due to the sign convention adopted.

In order to assess where the maximum magnitude of P /<}r 

may occur, the value of K^ in equation 6.2 will initially be 

assumed to be zero.
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dr

This equation can be integrated to give 

NG = -47T (r 3 - r3 i)

dp = -k47rv. 

dr
max r - r 3

r

6.13

The maximum value of r - r^ for r^_ < r < rQ occurs

r2

at r = r0 .

Therefore the maximum magnitude of dp/ dr occurs at the 

surface of the bead.

If Kjj is given a positive value it is not possible to

determine analytically whether the maximum magnitude of

P/ dr occurs at the surface of the bead. However the

computer program which was developed to apply equations 6.2

to 6.5 to the experimental data also calculated values of

dc/ dr at small intervals from the outside to the inside of

the bead. It was found that for all experimental results

dC/dr wnich has been shown to be proportional to dp/dr nad a

maximum magnitude at the surface of the bead.
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The value of flowrate of carbon dioxide at the surface per 

unit surface area which was shown to be proportional to dp / d 

was therefore investigated as a criterion for bead breakage 

to occur.

6.3 Experimental Considerations

Preliminary tests were carried out in the light of the 

findings of chapters 3, 4 and 5 to determine suitable 

operating conditions for the fluidised bed bioreactor. The 

range over which the variables of bead diameter and alginate 

concentration could be varied was determined.

Values of temperature, pH and substrate composition were then 

determined which were suitable for use over the chosen range 

of bead diameters and alginate concentrations. These 

conditions are similar to the conditions which were found by 

Williams and Munnecke, (1981), to give optimum ethanol 

productivity in a similar process to that reported here but 

using a packed bed.

Yeast was immobilised at a concentration of less than 1% (dry 

wt) as initial experiments (see section 6.5.7) had shown that 

it was advantageous to use a low level.

Chosen operating conditions are shown in table 6.1. The 

equipment was developed so that high levels of operability
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and reliability were achieved and the design of the novel 

fluidised bed was refined .

Table 6.1 Conditions used to Run the Fluidised Bed 

Bioreactor

Fluidised bed volume 200 ml

Bead actual volume 100 ml

Bead bulk volume 140 ml

Apparatus volume 300 ml

Feed rate 125 ± 5 mlh"" 1

Temperature 30°C ± 1°C

Feed glucose concentration 10% (wt)

Alginate concentration 2% (wt)

Bead diameter 4 mm

Initial yeast concentration 0.2 to 0.7% dry wt

6.3.1 Application of the Findings of Chapters 3, 4 and 5 

to the Production of Beads for Use in the Bioreactor

The work which was described in chapters 3 and 4 was 

successfully applied to the production of drops with 

immobilised yeast for subsequent use in the bioreactor. 

Experimental drop diameter was within ± 0.1 mm of that 

predicted by model 4.3 chapter 4, and drops were produced for 

periods of up to two hours with no measurable variation in 

drop diameter.
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In chapter 5, the gelling process was investigated and a 

model developed to predict complete gelling time. Gelling 

times for beads to be used in the bioreactor were calculated 

from equation 5.10 with the addition of 25% extra time as a 

safety margin. Samples of experimentally produced beads were 

examined and none was found to show any evidence of 

incomplete gelling at the centre of the bead.

6.3.2 The Experimental Programme

The choice of alginate concentration and bead diameter ranges 

are discussed below.

6.3.2.1 Alginate Concentration

Alginate concentration (as % wt sodium alginate in the 

ungelled liquid) was varied between 1 and 5% wt in steps of 

1% wt. Outside this range it was not possible to form 

spherical beads.

6.3.2.2 Bead Diameter

Initial bead diameters used were:- 1.2, 2.0, 3.0, 4.0 and 5.0 

mm. Above 5.0 mm it was not possible to produce spherical 

beads and 1.2 mm was the smallest size which could be used 

without extensive blocking of the 1.0 mm holes in the support 

and holdown grids in the bioreactor. Some beads did however 

change diameter slightly during operation, see section 6.5.4.

185



6.3.3 Operability of the Fluidised Bed Bioreactor

Initially about half the experimental runs were unsuccessful 

due to problems such as:-

1. Failure of yeast to grow uniformly in the beads due to 

inadequate mixing of yeast slurry with the sodium alginate 

solutions.

2. Breakage of the majority of beads due to the absence of 

calcium chloride in the substrate.

3. Total disintegration of the beads due to sodium 

hydroxide solution being added at too high a concentration 

and in a surge rather than gradually during pH control.

4. Failure of the peristaltic pump tubing leading to 

complete loss of substrate overnight.

As operating experience was built up the equipment and 

operating procedures became more reliable and the final five 

runs, each of which lasted 96 hours, were completed without 

mishap. The longest uninterrupted run was 20 days during 

which time no deterioration in performance was noticed.

6.3.4 Novel Bioreactor Design

During development of the fluidised bed and as reported by 

Kossen (1986), it was apparent that some beads became buoyant 

due to attachment of gas bubbles or the formation of internal
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voids and rose to the top of the fluidised bed. Over a 

period of time the majority of beads rose to the top of the 

fluidised bed and formed a packed bed which was heavily gas 

logged. It was anticipated that this would be 

disadvantageous with respect to the mass transfer of D- 

glucose into beads.

It was not possible to overcome this problem by reversing 

flow as this resulted in a similar packed bed at the bottom 

of the bioreactor.

This problem was successfully overcome by arranging for 

circulating substrate to simultaneously enter the top and 

bottom of the bed and be withdrawn from a special port near 

the top of the bed. This arrangement worked effectively in 

all the experimental runs for bead diameters between 1.3 and 

5.1 mm and alginate concentrations between 1 and 5% wt.

The effect of operating the reactor in this manner rather 

than as a conventional fluidised bed is considered further in 

section 6.5.15.

6.3.5 Bioreactor Start-up and the Determination of Steady 

State operation

Yeast was initially immobilised at a mean level of 0.38% wt 

(dry basis) and was found to have increased to a mean level 

of 8.3% by the end of experiments A to J, (see table 6.2 and 

section 6.5.7). In each experiment carbon dioxide evolution
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rate was monitored and used as a measure of the overall 

activity of the yeast. Figure 6.2 shows a typical plot of 

carbon dioxide evolution rate against time (run D) and shows 

that the rate had become steady after about 72 h operation. 

This compares with Wada et al. (1980), who found that with 

yeast immobilised in K-carrageenan beads in a packed bed 

reactor, steady state was reached after about 60 hours. For 

all our experiments, a steady carbon dioxide evolution rate 

was reached within 72 h and it was assumed that steady state 

had been reached with respect to yeast concentration, yeast 

activity, glucose consumption rate and ethanol and carbon 

dioxide evolution rates. Experiments were concluded after 

about 96 h operation when substrate samples were taken for 

ethanol, glucose and yeast cell analysis (see sections 2.6.2 

to 2.6.4) and bead samples were taken for yeast analysis (see 

sections 2.6.5 and 2.6.6).

6.4 Results

The equipment which was used is described in section 2.4. 

The experimental programme was outlined in section 6.3.2 and 

parameters which were varied are:-

Alginate concentration between 1 and 5% wt 

Initial bead diameter between 1.2 and 5 mm.

Experimental data is presented in table 6.2 and resulting 

graphs are included in section 6.5.
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Figure 6.2 Variation in carbon dioxide evolution rate 
with time
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6.5 Discussion of Results

As mean bead diameter sometimes changed during an experiment 

calculations are based on the mean final diameter and volume.

6.5.1 D-glucose Consumption and Product Yields

The rate of conversion of D-glucose was taken as an 

indication of the performance of the fermenter. The 

conversion of D-glucose to ethanol and carbon dioxide was 

measured by taking into account the amount of D-glucose 

consumed, the ethanol in the effluent and the carbon dioxide 

evolution rate. These results are shown on figures 6.3 and 

6.4 which plot each of these quantities in gh"1 against bead 

diameter and alginate concentration and in figures 6.5 and 

6.6 which use molar units. It will be seen from these 

figures that the feedrate of D-glucose varied slightly within 

± 2.8% of the median. The data is therefore represented on 

figures 6.7 and 6.8 as the yield of ethanol and carbon 

dioxide and consumption of D-glucose as a percentage of the 

maximum stoichiometrically possible if all the glucose in the 

feed had been converted to ethanol and carbon dioxide. Over 

all the experiments the mean D-glucose consumption was 84.1%, 

the mean ethanol yield was 83.1% and the mean carbon dioxide 

yield was 83.4% of the maximum stoichiometrically possible.

In all experiments, values for these 3 yields were within a 

2% band for each experiment. The stoichiometric conversion 

efficiency for D-glucose to ethanol is therefore taken as the 

ratio of 83.1% to 84.1%, i.e. 98.8%.
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Figure 6.3 The effect of bead diameter on glucose
consumption rate and product formation rate
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Figure 6.4 The effect of alginate concentration on 
glucose consumption rate and product formation rate t-^uut-c
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Figure 5.5 The effect of bead diameter on glucose 
consumption rata and product formation 
(molar units)
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Figure 6.6 The effect of alginate concentration on 
glucose consumption rate and product 
formation rate (molar units)
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Figure 5.7 The effect of bead diameter on product 
yields and glucose consumption
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Figure 5.3 The effect of alginate concentration on 
product yields and glucose consumption
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The mean (and maximum in brackets), ethanol production rates, 

expressed in various units were:-

5.45 gh
-1

(6.20) gh
-1

0.12 molh' 1 

(0.13) mollT 1

50.0 g(litre 

(58.2) g(litre

1.09 mol(litre 

(1.27) mol(litre

27.3 g( litre reactor) "-^h"- 

(31.0) g( litre reactorJ'1!

0.59 mol(litre reactor) "^-h" 1 

(0.67) mol( litre reactor)"1^1

1.67 g(!0 1:L cells) -lu-l

(2.49) g(10 13- cells) ~1h~1

0.036 molflO 11 cells)~1h~1 

(0.054) molflO 11 cells)'^-h

These values are compared with other workers' results in 

section 6.5.14.

6.5.2 The Effect of Bead Diameter on Yield

Figure 6.7 shows that the consumption of D-glucose and yields 

of ethanol and carbon dioxide fell with increasing bead 

diameter. This is probably due to the fact that a given 

volume of larger beads has less surface area available for 

mass transfer of D-glucose into and through the beads.

The experimental data is further examined in section 6.6.4 

when the model is applied to the data.
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6.5.3 The Effect of Alginate Concentration on Yields

Figure 6.8 shows the effect of alginate concentration on 

yields of carbon dioxide and ethanol and consumption of 

glucose as a percentage of maximum stoichiometrically 

possible. Least squares best fit lines are shown which show a 

decline in yields with increasing alginate concentration. In 

order to test the significance of this apparent decline the 

mean standard deviation of the data from the best fit lines 

(2.3%) was compared with the mean standard deviation of the 

data from the best fit horizontal lines (2.8%) .This shows 

that there is no significant evidence of a decline in yields 

with increasing alginate concentration. Furthermore no 

account was taken in this analysis of small experimental 

variations in bead diameter, bead volume and dilution rate. 

These variations are taken into account in section 6.6.5 

where the model is applied to the experimental data. This 

finding compares with Linko et al. (1983) who found no 

significant difference in productivity between 4% and 10% 

alginate immobilised yeast in a packed bed.

6.5.4 Bead Swelling and Shrinkage

Out of 9 experiments, mean bead diameter decreased in 4 

experiments, increased in 4 experiments and remained the same 

in I experiment with a maximum change in mean diameter of 3mm 

decrease or 2 mm increase. There is no apparent link between 

these changes and any operating condition which suggests 

there might be a number of contributory factors including 

further crosslinking of the calcium alginate, the creation of
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voids within the beads by gas evolution and swelling caused 

by yeast growth. Individual diameters were also measured and 

found to agree with the mean within ± 0.1 mm in all cases.

6.5.5 Consumption of Sodium Hydroxide

Sodium hydroxide was added as a 0.1 M solution to maintain a 

pH value of 4.0. The amount added varied between 20 and 40 

mlh" 1 but the amount did not correlate with any of the other 

variables. When the alkali was not added the pH fell rapidly 

to about 2.5 due possibly to the small quantities of acids 

naturally produced by yeast and to the presence of acid 

producing bacteria. The maximum amount of sodium hydroxide 

added is equivalent to 0.067 gh"1 of acetic acid which is 

negligible compared with a typical D-glucose consumption of 

10 gh" 1 and ethanol production of 5 gh" 1 .

6.5.6 Microbial Contamination of the Circulating Substrate

Although microscopic examination of the circulating substrate 

revealed the presence of bacteria, no attempt was made to 

identify or quantify the species present. It was shown in 

section 6.5.1 that the mean stoichiometric conversion 

efficiency of D-glucose to ethanol was 98.8% and the mean 

ethanol and carbon dioxide yields were similar at 83.1% and 

83.4% respectively of the maximum stoichiometrically 

possible. The glucose consumption by microbes other than 

yeast is therefore assumed to be negligible. There was no 

evidence of a change in these values with time, indicating a 

steady level of microbial activity. The presence of free
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yeast in the substrate is considered in section 6.5.10.

6.5.7 Yeast Growth in the Beads

The mean initial level of yeast was 0.38% wt (dry basis) 

which grew to a mean level of 8.3% wt at the end of the 

experiments. The method for measurement of yeast 

concentration in beads is described in section 2.6.5. In 

initial experiments yeast was immobilised in beads at initial 

levels of 5, 10 and 15% wt but the activity of these beads 

was lower than where yeast had been grown from low initial 

levels. Typically 3.10 gh"1 of ethanol was produced compared 

with a mean value of 5.45 gh" 1 of ethanol for all experiments 

where yeast was initially immobilised at low level. This 

shows that yeast which was immobilised at a low level and 

allowed to multiply to a high level was more active than 

yeast which was immobilised at a high level and thus given 

less scope for multiplication after immobilisation. The 

experimental yeast concentrations are compared with other 

workers' results in section 6.5.14.

6.5.8 Yeast concentration Profile Across the Beads

A small number of beads were removed from the bioreactor 

after steady state had been reached at 96 h. These were 

sectioned as described in section 2.6.7 and examination under 

a microscope showed there to be an outer shell of densely 

packed yeast which was about 0.3 mm wide with some yeast 

growth throughout the remainder of the bead. The thickness 

of the yeast shell was measured as described in section 2.6.7
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and is shown as a plot of thickness against bead diameter on 

figure 6.9 and against alginate concentration on figure 6.10.

Dissolution of beads using the successive solution method, 

(see section 2.6.6), showed that the outer shell contained 

about 18% wt (dry basis) yeast with the core containing about 

3%. It was however not possible to deduce the exact position 

of the boundary or the detailed concentration profile at the 

boundary by this method as the method produces values for the 

average yeast concentration over an increment of bead depth 

rather than point values. Using the results of overall yeast 

concentration in the beads (see section 6.5.7) and assuming 

an outer shell containing 18% yeast with a core of 3% the 

thickness of the outer yeast shell was calculated. These 

results are. also shown on figures 6.9 and 6.10. One result 

is shown from each experimental run as each experiment was 

carried out only once. The results of yeast shell thickness 

from analysis of beads are more variable than those which 

were obtained from sectioning, due possibly to the rigid 

assumption of yeast concentrations of 18% in the shell and 3% 

in the core. Figures 6.9 and 6.10 show that the thickness of 

the yeast shell increased with increasing bead diameter but 

did not vary significantly with alginate concentration. The 

results are further considered in section 6.6.6 when the 

model is used to predict the thickness of the yeast shell.

6.5.9 immobilised Yeast Packing Density

Taking a mean bead density of 1.01 gl" 1 measured using an
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Figure 5.9 The effect of bead diamece 
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S.G. bottle, a mean dry cell mass of 3.8 x 10 10 cells g"" 1 

(see section 2.6.4) and a yeast concentration of 18% wt in 

the outer shell (see section 6.5.8) gives a maximum packing 

density of 6.9 x 10 9 cells ml" 1 for yeast immobilised in 

alginate. This compares with the value of 5.6 x 10 9 cells 

ml"" 1 quoted by Pirt (1975) for free Saccharomyces cerevisiae 

cells.

6.5.10 Yeast in the Substrate

Yeast was present in the recirculating substrate after 96 h 

operation at a mean level of 8 x 10 6 yeast cells/ml of 

substrate which is 0.27% of the mean level immobilised after 

growth of 3.0 x 109 cells/ml of gel. These figures equate to 

a total population of 1.6 x 109 yeast cells in the 

circulating substrate which is 0.53% of the total population 

of 3.0 x 10 11 immobilised cells.

In order to measure the activity of yeast in the substrate, a 

10 ml sample of substrate was withdrawn after 96 h operation 

arid the rate of carbon dioxide evolution from it was measured 

over a period of 5 minutes. Calculations showed that during 

this time the glucose concentration in the sample would not 

fall significantly. Carbon dioxide evolution rate was always 

found to be less than 5 mlh'1 which is equivalent to less 

than 0.1 Ih" 1 for the whole of the substrate in the 

bioreactor. This is 3.8% of the minimum immobilised yeast 

activity of 2.6 Ih" 1 of carbon dioxide.

205



The yeast in the substrate is thought to occur from budding 

of yeast on the surface of the beads, from growth on the 

apparatus followed by detachment and from growth in the 

circulating substrate. The contribution to total activity is 

however negligible.

6.5.11 The Effect on Bead Breakage of Calcium Chloride in 

the Substrate

Preliminary experiments showed the importance of the presence 

of a low level of calcium chloride in the substrate in 

preventing bead breakage. In experiment H, where no calcium 

chloride was present, 70% of beads broke whereas in 

experiment I, using similar operating conditions except for 

the presence of 0.05 M calcium chloride in the substrate, no 

beads broke. There are several chemicals in the substrate 

which cause breakdown of calcium alginate including the 

monovalent cations sodium, potassium and ammonium which tend 

to ion exchange with the calcium and phosphate ions which act 

as a chelating agent for calcium. This removal of 

crosslinking in the gel weakens the structure of the bead and 

increases the tendency for breakage to occur. The presence of 

0.05 M calcium chloride in the substrate appears to 

successfully counteract this effect and was used in all 

reported experiments except experiment H.

6.5.12 The Effect of Alginate Concentration on Bead

Breakage

At similar operating conditions beads of 2, 3, 4 and 5%
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alginate suffered no breakage whereas 35% of 1% beads 

suffered some damage. This is in line with the findings of 

section 5.7.2 that bead compressive strength varied with the 

square of alginate concentration. Although resistance to 

breakage would probably be more related to tensile strength 

it is expected that tensile and compressive strength would 

vary similarly with alginate concentration.

6.5.13 The Effect of Bead Diameter on Bead Breakage

At similar operating conditions 2% alginate beads of 1.3, 

2.0, 2.9 and 3.7 mm diameter were undamaged whereas 35% of 

5.1 mm beads suffered some breakage. Breakage is possibly 

due to the build up of carbon dioxide inside the bead so it 

would be expected that the tendency to break would be related 

to carbon dioxide evolution rate. Reference to figures 6.3 

and 6.5 shows that the overall gas evolution rate decreased 

with increasing bead diameter however this takes no account 

of the change in total bead surface area with changing 

diameter.

In order to further investigate this effect, gas evolution 

rate per square metre of bead surface area, (termed specific 

gas evolution rate) and as described in section 6.2.2 was 

plotted against bead diameter in figure 6.11. This shows 

that specific gas evolution rate rose with increasing bead 

diameter. Specific gas evolution rate would be expected to 

relate more closely to bead breakage. Figure 6.12 which 

plots percentage breakage against specific gas evolution rate
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Figure 6.11 The effect of bead diameter on specific gas 
evolution rate
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Figure 6.12 The effect of specific gas evolution rate 
on bead breakage

100

30

70 

.V 60

CO 20 J
1

1 2 3 4 5 S 
SpeciFic gas evolution rate (ml.m~2s-1 )

209



shows that bead breakage only occurred at the highest 

experimental value of specific gas evolution rate.

Thus for 2% alginate beads, specific gas evolution rate 

should be held below about 4.8 mlm~ 2 s~ 1 (the highest value at 

which breakage did not occur) to avoid bead breakage.

6.5.14 Comparison of Experimental Yeast Concentrations and 

Ethanol Productivity with Other Workers' Results Using Other 

Fermentation Processes

The main experimental results are compared in table 6.3 with 

results obtained by other workers using different yeast 

fermentation processes and are discussed below.

(a) Comparison with Conventional Free Cell Fermentation

A free yeast cell ethanol productivity of 3.2 g(10 1:L 

cells)~1h~1 was obtained by Cyzewski and Wilke (1976) who 

attempted to maximise cell productivity. This is a much 

higher value than our experimental results (1.7 mean and 2.5 

g(10 1:L cells) "-'-h" 1 maximum) but was obtained at a much lower 

cell concentration. This illustrates a particular 

disadvantage of free cell fermenters in that free cells cease 

to multiply at a concentration of about 10 8 cells ml" 1 (Aiba 

et al. , 1968) , with Cyzewski and Wilke obtaining a 

concentration of 2.7 x 10 8 cells ml' 1 by optimising all 

conditions for cell growth. In our work no attempt was made 

to maximise cell concentration, however a mean value of 16 x 

10 8 cells(ml reactor)" 1 , (maximum 23 x 10 8 cells(ml

210



reactor) -1 ) was obtained. The resulting improvement in 

reactor productivity is shown by comparing the maximum free 

cell productivity without cell recycle of 9 g(l reactor)~ 1h~ 1 

with our mean experimental value of 27 g(l reactor)~1h~1 .

(b) Comparison with Free Cell Fermentation with cell Recycle

The maximum reported free cell concentrations were obtained 

by recovering cells from the fermenter effluent and recycling 

them. Ghose and Tyagi, (1979) and Cyzewski and Wilke, (1977) 

managed to increase cell concentration to about 18 x 10 8 

cells(ml reactor)" 1 by this method. However specific cell 

productivities fell from the conventional free cell value to 

1.9 and 1.6 gflO 11 cells) "•'•h" 1 respectively compared with our 

mean value of 1.7 g(lC) 11 cells) "-^h" 1 . Their reactor 

productivities of 32 and 29 g(l reactor) "^h" 1 are also 

similar to our experimental results.

The improvement in free cell reactor productivity is achieved 

at the expense of complicated cell recycle equipment.

(c) Comparison with Fermentation by Yeast immobilised in Gel 

Beads in a Packed Bed Bioreactor

Wada et al. (1980) who used K-Carrageenan gel and Linko et 

al. (1983), who used alginate gel beads in a packed bed 

bioreactor obtained cell concentrations of 35 x 10 8 and 40 x 

10 8 cells (ml reactor)"1 which are about double the values 

which we obtained. This is partly due to the greater 

proportion of reactor volume occupied by beads in a packed
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bed bioreactor compared with a fluidised bed bioreactor.

Wada and Linko obtained specific cell productivities of 0.9 

and 1.0 g(10 1:L cells) "^-h" 1 which are less than our mean value 

of 1.7 g(10 1;L cells) ~ 1h~ 1 . This is probably due to the 

increased resistance to mass transfer of substrate through 

the beads which is experienced in packed beds. This 

resistance is caused by gas logging which has been reported 

as occurring in packed beds, (Bucke, 1983).

The effect of higher cell concentrations and lower specific 

cell productivities in packed beds results in a similar 

reactor productivity (32 g(l reactor) "-^h"* 1 ) in the case of 

Wada compared with our maximum results of 31 g(l 

reactor)~ 1h~ 1 . Linko obtained a maximum result of 42 g(l 

reactor)^h" 1 . However we made no attempt to maximise 

reactor productivity and it should be possible to increase 

this value considerably by using smaller beads or a higher 

sugar concentration. This could be the subject of future 

work.

(d) Comparison with Fermentation by Yeast Immobilised in Gel 

Beads in a Fluidised Bed Bioreactor

Karkare et al. , (1985) who used K-carrageenan gel beads and 

obtained fluidisation by mechanical stirring and Nagashima et 

al,.., (1984) who used alginate beads and obtained fluidisation 

by gas injection achieved yeast cell concentrations of 8 x 

109 and 9 x 109 cells (ml gel)" 1 compared with our mean value
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of 3 x 10 9 cells (ml gel)" 1 . This probably results from 

their using higher sugar concentrations. Higher sugar 

concentrations would encourage higher rates of diffusion into 

and through the beads which would lead to yeast cell growth 

further into the beads.

Their specific cell productivities of 0.9 and 0.6 gfio 11 

cells) ~ 1h~1 were lower than our mean value of 1.7 gClO 11 

cells)~^h . This is possibly due to the higher cell 

concentrations used by Karkare and Nagashima having a lower 

specific cell productivity than our lower cell 

concentrations. There may also have been a significant 

proportion of dead and inactive yeast cells in their gel 

beads.

The combination of their higher cell concentrations and lower 

specific cell productivity has led to similar reactor 

productivities to our results, namely 23 and 20 g(l 

reactor)~ 1h~ 1 compared with our mean experimental result of 

27 g(l reactor)~ 1h~ 1 .
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6.5.15 A Comparison of the Two Methods of Operating the 

Fluidised Bed Bioreactor

In preliminary work the bioreactor was operated as a 

conventional fluidised bed with circulating substrate entry 

only at the base. Due to the limitations described in 

section 6.3.4 it was not possible to achieve steady state 

with respect to the distribution of beads throughout the 

bioreactor as the proportion of beads which floated varied 

during the course of an experiment.

Nevertheless data from experiment H, in which the bioreactor 

was operated as a conventional fluidised bed is shown in 

table 6.2. This may be compared with experiment I where the 

bioreactor was operated using similar conditions but with top 

and bottom entry. It can be seen that the activity of 

immobilised yeast in experiment H was less than that in 

experiment I using either carbon dioxide production or 

ethanol concentration in the effluent as a measure of yeast 

activity. This lower activity is probably due to the 

reduction in mass transfer of glucose to the beads which 

would be caused by gas logging of a substantial proportion of 

the beads.

There was one other difference between experiments H and I in 

that calcium chloride was present in the substrate in 

experiment I but not in experiment H, (see section 6.5.11). 

This difference is not expected to have any significant 

effect on the comparison between conventional and double

215



entry fluidised bed operation.

Further experiments were not carried out to compare the 

conventional fluidised bed with the novel fluidised bed 

because of the difficulty of achieving steady state in the 

conventional fluidised bed bioreactor and all reported work 

except experiment H was carried out using the double entry 

fluidised bed.

6.6 Application of Model 6.1 to the Experimental Results - 

An Introductory Overview

In developing the model, a value for the diffusivity of 

glucose through the bead was used which was calculated from 

experimental data derived from biologically inactive beads; 

(see section 5.6). Use of this value when applying the model 

to the experimental results gave values of vmax and yeast 

shell thickness which are unrealistic. Actual diffusivity, 

which it is not possible to measure directly, is probably 

reduced by conditions within the biologically active beads. 

A lower value for diffusivity was therefore chosen which gave 

more realistic values for vmax and yeast shell thickness 

which also agreed well with experimental data.

6.6.1 Application of Model 6.1 to the Experimental 

Results - Solution of the Equations

The model was used to calculate values of vmax in equation

6.1:-
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v = vmaxG in units of g D-glucose consumed per litre of

active gel per second. The term "active gel" is used to 

describe gel which contains immobilised yeast which is 

metabolising D-glucose. However in the literature almost all 

values of vmax for free yeast fermentations are quoted in

terms of ethanol production so values of vm= ^ have beenmax

converted to units of g ethanol produced per 10 11 cells per 

hour. The values (other than experimental data) , used in 

this conversion and in the solution of equations 6.1 to 6.8 

are shown in table 6.4. Program 6/1 which solves the 

equations is described in appendix 1.

The KJJJ value for glucose for free yeast cells is reported as 

1 mM (0.18 gl"* 1 ) by Heredia et al. . (1968) and 0.20 -gl" 1 (1.1 

mM) by Ryu et al . , (1984) . Ryu et al. went on to determine 

the value of K^ for yeast cells immobilised in alginate using 

glucose in a packed bed bioreactor, this being the only 

reference found for such an investigation. They obtained a 

value for K^ of 4.24 gl' 1 (23.6 mM) , however their 

calculation method is questionable as it involves the 

extrapolation of a best fit curved line by more than the 

length of the original line. Furthermore it will be shown in 

section 6.6.4 that use of a Km value of 0.20 gl" 1 produces a 

better correlation between vmax and bead diameter than use of 

a value of 4.24 gl"1 . A value for K^ of 0.20 gl' 1 is 

therefore used in the solution of equation 6.1.
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It is not possible to use a Lineweaver-Burk plot or a similar 

type of approach for the determination of values of K_ and 

vmax froitl experimental data with immobilised cells because 

substrate concentration is not constant throughout the bead. 

The Lineweaver-Burk method is normally applied to free cell 

culture where substrate concentration is assumed to be 

constant throughout the bioreactor.

Table 6.4 Values Used to Convert the Units of vmax and in 
the Solution of Equations 6.1 to 6.8

Variable Value Source of Data

for glucose 0.20 gl" 1 Heredia (1968)
Ryu (1984)

Conversion efficiency 98.8% (wt) q.v. section 6.5.1 
for D-glucose to ethanol

Mean yeast concentration 18% (wt) q.v. section 6.5.8 
in the shell on the 
outside of the bead

Number of dry yeast 3.6 x 10 10 q.v. section 2.6.4 
cells per g dry cells g" 1 Rosario (1979)

Diffusivity of D-glucose 6.8 x 10~10 Tanaka (1984) 
through water m2 s~ 1

Diffusivity of D-glucose 6.8 x 10~ 10 q.v. section 5.6 
through alginate gel m2 s~1 modified

according to
equation 5.10

6.6.2 Calculated Values of vmax

The model was applied to the experimental data which gave a 

mean value for v,,,^ of 1.44 g ethanol per 10 11 cells per hour
lUo-X

over all experiments compared with the mean experimental 

ethanol production of 1.67 g ethanol per 10 11 cells per hour 

and a maximum of 2.5 g ethanol per 10 11 cells per hour.
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v is by definition always less than v_=v .Thus the overall
ITlcljC

experimental production rate, which is the mean of the point

values of v, would be expected to be less than v . Thisin 3.x

indicates that the model underestimates the value of vnicix

In the derivation of the model the main assumption which 

could not be verified experimentally was the value of the 

diffusivity of D-glucose through the bead. This value was 

taken as the diffusivity of D-glucose through water modified 

in accordance with equation 5.10 which was developed to model 

the diffusion of calcium chloride through gel which contained 

biologically inactive yeast. With biologically active beads 

it is probable that carbon dioxide would come out of solution 

and that bubbles would form within the beads (see section 

6.2.2). These bubbles would lower the rate of diffusion of 

D-glucose and so lower the effective diffusivity of D-glucose 

into the bead. There is further evidence in section 6.6.6 

that the effective diffusivity of D-glucose into the beads is 

less than that assumed in the model and the appropriate value 

of diffusivity indicated in section 6.6.6 was 1.3 x 10" 1 

m2 s~ 1 . Values of v-^ were therefore recalculated at an

effective D-glucose diffusivity of 1.3 x 10~10 m2 s~ 1 compared 

with the original value of 3.13 x 10~10 m2 s~ 1 . This gives a 

mean value for vfflax of 2.98 g(10 i:L cells) "^-h" 1 .

It will be shown in sections 6.6.3 and 6.6.6 that by using 

the lower diffusivity, values of vmax and the thickness of 

the yeast shell calculated using the model compare better 

with experimental results than by using the higher
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diffusivity. This supports the use of a lower diffusivity. 

6.6.3 Comparison of the Value of v__,_ Derived Prom the
lUcLX

Experimental Results with Other Workers' Results 

(a) Free Cell Fermenters

One of the largest quoted values of specific cell 

productivity for free yeast cells is 3.2 g ethanol (10 11 

cells)"1h~ 1 (Cyzewski and Wilke, 1976). As the glucose 

concentration used by Cyzewski and Wilke was much higher than 

the value of K^ in equation 6.1, their specific cell 

productivity may be taken as almost equal to vmax for the 

free cells in their fermenter. The mean value for v_,v in
lUciX

our work of 2.98 g ethanol (10 11 cells) "-^h" 1 which was 

obtained by applying the model to the experimental results 

compares well with this free cell value. However when cells 

multiply freely as in most conventional free cell fermenters, 

the consumption of glucose and the yield and specific cell 

productivity will be different from non-multiplying 

immobilised cells due to the increase in cell numbers and the 

fact that their metabolism is being directed primarily 

towards multiplication rather than simply to convert 

substrate to product.

Processes involving free yeast cells have been described by 

Ghose and Tyagi, (1979) and by Cyzewski and Wilke, (1977) 

where multiplication of yeast cells was kept to a minimum by 

using a high cell concentration which was maintained by cell 

recycle. Their results which are shown in table 6.3 gave
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specific ethanol productivities of 1.9 g ethanol (10 11 

cells)~ h" 1 (Ghose) using cell recycle and 1.6 g ethanol 

(10 11 cells)'^-h' 1 (Cyzewski) using cell recycle and vacuum 

operation. As both research teams used high glucose 

concentrations, their productivities may be taken as almost 

equal to vmax for the free cells in their fermenters.The mean 

value of vmax in this work of 2.98g ethanol (10 11 cells)~ 1h~1 

obtained by applying the model to the experimental results is 

higher than these free cell values, possibly due to the fact 

that their yeast cells were operating at a concentration 

which was much higher than normally encountered with free 

cells.

(b) Immobilised Cell Fermenters

There have been no reported attempts to derive a kinetic 

model for substrate utilisation by immobilised yeast cells in 

a fluidised bed bioreactor, however Nakasaki et al. (1989) 

have developed a model for immobilised yeast in a packed bed 

bioreactor which covers both steady and unsteady state. 

Nakasaki et al. assumed that zero order kinetics applied to 

the conversion of glucose to ethanol by yeast whereas we 

assumed that Michaelis-Menten kinetics applied. Reference to 

equation 6.1 shows that Nakasaki's assumption has the effect 

of making K^, the Michaelis constant equal to zero with the 

reaction rate independent of glucose concentration.

Nakasaki's assumption is valid at high values of glucose 

concentration compared with the value of 1^ however in
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immobilised cell work, where glucose concentration reaches 

zero inside the bead, the assumption of Michaelis-Menten 

kinetics is important.Nakasaki et al^ further assume that 

there is no resistance to mass transfer between the substrate 

and the bead. Our calculations of glucose concentration 

profile through the bead derived from experimental data show 

that the drop in glucose concentration between the bulk 

substrate and the surface of the bead varies between 6.3% 

(for experiment I) and 9.1% (for experiment F) of the total 

glucose concentration . A computer printout of the glucose 

concentration profile for experiments I and F is shown in 

Appendix 1 (as examples of output from program 6/1).

For these reasons the assumptions of Nakasaki et al. were not 

applied to our model.

6.6.4 The Effect of Bead Diameter on vfflax

Calculated values of vmax are plotted against bead diameter 

on figure 6.13 using both values for the diffusivity of D- 

glucose and a value for Km of 0.20 gl" 1 . These values do not 

vary significantly with diameter which indicates that 

Michaelis-Menten kinetics can be applied throughout the bead 

irrespective of diameter. The choice of value of 1^ was 

discussed in section 6.6.1 and a value of 0.20 gl~ chosen. 

Values of vmax were also calculated using a K^ value of 4.24 

g glucose I" 1 but this produced a sharp rise in values of

v at low bead diameters using either value of diffusivity. 
nicix

v values using a K_ value of 4.24 gl' 1 and a diffusivity
IHclX "i
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Figure 6.13 The effect of bead diameter on values of
calculated from experimental data
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of 3.13 x 10~ 10 m2 s~ 1 are shown in figure 6.13.

6.6.5 The Effect of Alginate Concentration on

Calculated values of vmax are plotted against bead diameter 

on figure 6.14. These values do not vary significantly with 

alginate concentration which indicates that the diffusivity 

of D-glucose into and through beads does not vary 

significantly with alginate concentration. This is in 

agreement with section 5.6.2 where it was shown that the 

diffusivity of calcium chloride into beads was independent of 

alginate concentration.

6.6.6 Application of Model 6.1 to Yeast Depth

In the model it was assumed that yeast grew in an outer shell 

through which D-glucose diffused. Assuming that the 

concentration of D-glucose was zero on the inside of the 

yeast shell, describing the limit of diffusion, the model can 

be used to predict the yeast shell thickness. Values of 

shell thickness predicted by the model, which are shown on 

figures 6.9 and 6.10, are considerably higher than the 

experimental values. This indicates that the value for the 

diffusivity of D-glucose through the yeast shell which was 

used in the model (3.13 x 10~ 10 m2 s~ 1 ) was too high. In order 

to make the mean yeast depth predicted by the model equal to 

the mean yeast depth obtained by sectioning beads (0.27mm), 

see section 6.5.8, it is necessary to use a diffusivity of 

1.3 x 10~10 m2 s~ 1 . The resulting values of yeast depth are 

also shown on figures 6.9 and 6.10.
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Figure 6.14 The effect of alginate concentration on
values of vmax calculated from experimental 
data
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6.7 Conclusions

1. The findings of chapters 3, 4 and 5 were successfully 

applied to the production of beads containing immobilised 

yeast for use in the fluidised bed bioreactor. Beads 

containing immobilised yeast were produced reliably to 

predetermined diameters. They were completely gelled with no 

shrinkage prior to use in the bioreactor and with no 

significant effect on the viability of the immobilised yeast. 

Conditions under which bead breakage occurred were identified 

and bead breakage was thus avoided.

2. The fluidised bed bioreactor operated reliably for 

periods of up to 20 days with yeast immobilised in calcium 

alginate beads converting D-glucose to ethanol.

3. Mean productivity of 1.67 g ethanol per 10 11 cells per 

hour with a maximum of 2.49 g ethanol per 10 11 cells per hour 

compares well with other workers' results.

4. The bioreactor worked reliably with bead diameters 

between 1.3 and 5.1 mm and alginate concentrations between 1 

and 5% wt.

5. A novel design of fluidised bed was used where liquid 

entered at the top and bottom and was removed from a side 

port. This design successfully prevented gas logging caused 

by buoyant beads rising to the top of the reactor.
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6. Depending on process conditions between 76.0% and 97.0% 

of D-glucose was consumed, the balance leaving unreacted in 

the bioreactor effluent.

7. Over all experiments, mean conversion efficiency of D- 

glucose to ethanol was 98.8% of that which would be 

stoichiometrically possible.

8. D-glucose consumption and ethanol production fell with 

increasing bead diameter from about 96% of the maximum 

possible at 1.3 mm diameter to about 80% of the maximum 

possible at 5.1 mm diameter.

9. D-glucose consumption and ethanol production did not 

alter significantly with increase in alginate concentration 

in the beads.

10. Where swelling or shrinkage of beads occurred, the 

change in diameter was similar for all beads in the fermenter 

however there was no apparent link between the magnitude and 

direction of these changes and operating conditions.

11. Sodium hydroxide consumption to maintain a pH value of 

4.0 varied between 20 and 40 mlh" 1 of 0.1 M solutions into a 

200 ml reactor but there was no apparent link between these 

figures and operating conditions.

12. Yeast grew in the beads from an initial mean level of
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0.38% wt (dry basis) to a mean value of 8.3% in 96 hours. It 

is important to grow yeast from low level in the beads rather 

than immobilise at high levels.

13. Yeast grew in a shell on the outside of the beads which 

was between 0.15 and 0.3 mm thick, increasing with bead 

diameter, and contained about 18% wt (dry basis) yeast. The 

rest of the bead contained about 3% wt yeast.

14. Yeast was present at a low level in the circulating 

substrate, (8 x 10 6 cells ml" 1 in a volume of 200 ml) , 

compared with the mean immobilised level, (3 x 10 9 cells ml"" 1 

in a volume of 100 ml). Its contribution to fermentation was 

negligible.

15. It is important for calcium chloride to be present in 

the substrate at a level of about 0.05 M to avoid excessive 

bead breakage.

16. In our bioreactor, using the stated conditions, 1% 

alginate beads of 4 mm diameter suffered some breakage 

whereas 2 to 5% alginate beads suffered no damage. This 

indicates that if in a specific application bead breakage 

occurs, this tendency may be reduced by increasing the 

alginate concentration.

17. In our bioreactor, using the stated conditions, 5.1 mm 

diameter beads of 2% alginate suffered some breakage whereas
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1.3 to 3.7 mm beads suffered no breakage. This indicates 

that if in a specific application breakage occurs, reduction 

in bead diameter may be used to reduce or eliminate breakage.

18. A model was developed for the diffusion of D-glucose 

into a bead and for the consumption of D-glucose within the 

bead. The model was used to calculate a value of vmax/ the 

D-glucose concentration profile across the bead and the 

thickness of the yeast shell. The following conclusions were 

obtained from this study.

(i) The mean value of vmax calculated by the model was 1.44 

g ethanol per 10 cells per hour compared with the mean 

experimental rate of 1.67 g ethanol per 10 11 cells per hour.

(ii) Mean vmax must be higher than the mean production 

rate. This discrepancy was thought to be due to the 

assumption of too high a value for the diffusivity of glucose 

into the bead.

(iii) Using a lower value for diffusivity produced a mean

value of v^=v of 2.98 g ethanol (10 11 cells) ~ 1h~ 1 which was 
max

similar to others workers' free cell results.

(iv) This value for vmax of 2.98 g(l0 13- cell) "1h~ 1 is 

higher than values obtained by other workers for free cell 

culture where yeast multiplication was kept to a low level by 

maintaining high cell concentrations by means of cell
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recycle.

(v) The width of the actual shell of yeast within a bead 

was less than that predicted by the model. Using the lower 

diffusivity value gives a better correlation between 

experimental shell widths and those predicted by the model.

(vi) Values of vmax calculated using either of the 

diffusivity values chosen do not vary with bead diameter or 

alginate concentration.

19. The above conclusion (18) shows that the model can be 

used to successfully predict the glucose consumption and 

shell thickness of yeast which is immobilised in calcium 

alqinate under the stated experimental conditions with 

variation in bead diameter and alginate concentration.

20. The model can be used to distinguish between the two 

effects of immobilisation on yeast, namely the effect of 

lower substrate concentrations towards the centre of the bead 

and the effect of immobilisation on the intrinsic 

productivity of the cell. We have shown that intrinsic 

productivity of the yeast was similar to that of free yeast 

and the reductions in productivity were caused by lower 

substrate concentrations towards the centre of the bead.

21. A patent application has been made with respect to the 

double entry fluidised bed.
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7. General Conclusions and Suggestions for Further Work

Specific conclusions have already been presented in sections 

3.9, 4.10, 5.8 and 6.7.

7.1 Drop Formation at a Single Fluid Nozzle

Drops of sodium alginate solution were produced with 

predetermined diameters within close tolerances. A model was 

developed which accurately predicted drop diameter. It was 

found that only a narrow band of size range could be produced 

using a single fluid nozzle.

7.1.1 Application of This Work

This work however provided the basis for the development of 

the two-fluid nozzle technique. As discussed in section 7.2 

this allowed a wider band of closely controlled drop size to 

be produced from a given nozzle.

7.2 Drop Formation at a Two-fluid Nozzle

The work described in chapter 4 provides the enabling 

technology for the design and operation of a two fluid nozzle 

to produce drops of sodium alginate solution with and without 

yeast and to control drop size accurately.

7.2.1 Drop Size

In many current and anticipated uses of alginate beads as 

described in section 7.5, close control of size is important, 

however no previous work has been reported into the close 

control of drop size. We were able to produce drops in the
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size range 1 to 5 mm repeatably and reliably with a tolerance 

of ± 0.1 mm diameter at rates over 720 mlh~^. Only two 

nozzles were required to cover this size range.

7.2.2 Modelling Drop Formation

Previous workers have described two-fluid nozzles at which 

drop size from a given nozzle could be varied. They only had 

a subjective understanding of the effect of some of the 

variables on drop size and used an empirical approach to 

formulating equations for predicting drop size and designing 

nozzles.

Working from first principles we have used a force balance 

approach to successfully predict drop size over a wide range 

of operating conditions with an accuracy of ± 0.2 mm 

diameter.

7.2.3 Application of the Two-fluid Nozzle Work

The work provides a foundation for

(a) The production of alginate beads containing immobilised 

yeast with closely controlled diameters for use in the 

fluidised bed bioreactor.

(b) The application of the drop forming and size control 

technology to any nozzle and for any application where 

accurate control of drop size is important. This is expanded 

under Further Work.
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7.3 Gelling of Alginate Beads

For the entrapment of microorganisms the literature shows 

that a variety of different conditions have been used to gel 

alginate drops. The influence of the conditions, which 

appear to have been arbitrarily chosen, on eventual bead 

performance or microorganism viability has not been 

considered.

7.3.1 Gelling Time

The current work has resulted in methods for the measurement 

and prediction of the minimum gelling time required to 

produce beads which were fully gelled.

7.3.2 Application of Gelling Studies

The results of chapter 5 allow for the production of beads 

under optimum conditions with regard to time for gelling and 

to gentle handling of the microorganisms. This might be 

important if microorganisms which are less robust than yeast 

were to be immobilised.

Potentially this work will be of value in the study of 

release rates of materials entrapped in beads and 

consequently in such practical applications as wound 

dressings and delayed substrate release. These points are 

expanded under Further Work.
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7.4 The use of Alginate Beads Containing Immobilised Yeast 

in a Fluidised Bed Bioreactor

Applying earlier work, beads were successfully produced for 

use in the bioreactor which operated effectively for periods 

of up to twenty days.

7.4.1 Bead Performance

Beads of known strength, size and yeast concentration 

survived practical testing in the bioreactor. There was no 

bead breakage or other problem and good fermentation yields 

were recorded.

7.4.2 Bioreactor Design

The novel design of fluidised bed bioreactor successfully 

overcame the problem of bead buoyancy. It could be applied 

to any fluidised bed where particles had a density similar to 

that of the fluidising medium and where gaseous products 

might be expected.

7.4.3 Modelling Bioreactor Performance

A model describing reactor performance was developed and 

successfully applied to experimental results. This model 

could be applied to other systems.

Following this work, suggestions for its useful application 

and extension are given in section 7.5.
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7.5 Further Work

7.5.1 Drop Formation

The apparatus and technology which were developed for the 

closely controlled production of drops has a number of uses.

7.5.1.1 Very Small Drops

The research group has received an enquiry regarding the 

production of alginate microspheres for bio-medical assay. 

The technology is proven over the size range studied here and 

has to be tested to see if extrapolation down to much smaller 

size is possible.

The computer solution to the model developed for the 

formation of drops (Appendix 1), will assist considerably in 

evaluating this potential application.

7.5.1.2 Bulk Production of Drops and Beads

Alginate manufacturers are keen to encourage bulk use of 

their product but production rates up to only 720 mlh" 1 are 

possible with the present equipment in the size range already 

considered.

Banks of nozzles would be necessary for higher rates of 

production and an understanding of these would be useful 

should bulk use of alginate beads be required in the future.

As a result of the current work the beads could be produced 

from nozzle banks with close manufacturing tolerances and
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minor adjustment to known parameters could be used to give 

the required product. Minor differences between nozzles 

could also be corrected in this way.

It would be useful to determine the effect of nozzle 

component manufacturing tolerances on bead diameter and the 

optimum spacing of nozzles.

7.5.1.3 Spray Drying

This technology might also be applied to the Spray Drying 

process where the overall design may be improved by the 

production of droplets within a narrow size range.

7.5.2 Gelling of Drops

The understanding developed of the process of gelling of 

alginate drops has several potential applications.

7.5.2.1 Slow Release of Materials Trapped in Beads

Chemicals may be released from alginate beads either by 

diffusion in the case of relatively small molecules or by 

dissolution of the bead in the case of molecules which are 

too large to diffuse through the pores of the bead. The 

diffusion models which were developed in chapters 5 and 6 

will be of assistance to a theoretical examination of 

chemical release by diffusion.

The rate of release would depend on bead size, hence 

necessitating close control of drop size.
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7.5.2.2 Alginate Spheres as Wound Dressings

Alginate spheres have a potential use as a wound dressing 

where alginate fibre is currently used. In such an 

application careful control of the balance between sodium and 

calcium alginate is required. The work described in this 

chapter will allow the time for a particular degree of 

gelling of evenly sized beads to be determined.

Drugs may be immobilised in the spheres and their rate of 

release could be determined and controlled using the 

diffusion model developed in chapter 5.

7.5.2.3 Alginate Fibres

The work is being applied to the gelling of alginate fibres 

for use as wound dressings as part of a SERC CASE award 

research project.

7.5.3 Bioreactor Studies

The understanding which we have developed of the bioreactor 

operation could be extended in a number of ways.

7.5.3.1 Ethanol Production

Further work could be carried out on the effect of other 

process variables, e.g. pH, temperature, fluidisation 

velocity and grade of alginate on the performance of beads 

and the bioreactor and their effect on the model.

If economic conditions change (in particular an increase in
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crude oil price), the particular advantages of the ethanol 

production process described in chapter 6 will help to make 

it a viable alternative to existing processes. Further work 

to pilot plant scale could be carried out using a 5 1 

fluidised bed bioreactor which has already been built and 

commissioned. A study of immobilised yeast in this bioreactor 

would determine whether the kinetics which applied to the 200 

ml bioreactor were still valid, whether a double entry 

configuration was necessary to avoid problems with bead 

flotation and if so whether the double entry design was still 

effective in a larger bioreactor.

7.5.3.2 Denitrification of Water by Bacteria

A CASE award research project on this topic is due to start 

in 1992. One possible process route is to use denitrifying 

bacteria immobilised in alginate and the technology which we 

have developed could be tested to see if it applies to this 

system. This application would be expected to produce 

gaseous nitrogen whose effect on denitrification rates and 

the mechanical stability of beads would be compared with the 

effect of carbon dioxide in ethanol fermentation. The 

kinetic and diffusion model could be modified to describe the 

behaviour of microorganisms, substrates and products in this 

system.

7.5.3.3 Other immobilised Microorganisms

Many species of microorganisms should be capable of being

immobilised in alginate beads prior to use. The
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understanding which we have developed of the bead

manufacturing process and bioreactor performance should in

part be applicable to such systems.

7.5.3.4 Bead Breakage

The mechanism of bead breakage in the bioreactor is not clear 

and further work is needed to investigate the causes of 

breakage and the effect of variations in the bead 

manufacturing process on bead breakage.
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Appendix 1 Computer Programs

All programs are written in BBC Basic V which with slight 

modifications could be converted to other Basic dialects. 

The programs will run without modification on an Acorn 

Archimedes microcomputer or rather slowly on a BBC Master.
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Program 3/1 Listing

10 REM PROGRAM 3/1 CALCULATION OF DROP DIAMETER FROM
EQS 3.2 & 3.12

20 INPUT"WHAT IS THE NOZZLE NUMBER",N 
30 REM Y IS SUBROUTINE LINE NUMBER WITH NOZZLE DATA 
40 LET Y=1000*N 
50 GOSUB Y
60 REM SET LIQUID VELOCITY TO ZERO 
70 LET V=0
80 REM SET SURFACE TENSION = 0.047 N/M 
90 LET 3=0.047

100 REM CALCULATE DROP DIAMETER AT ZERO LIQUID VELOCITY 
110 LET DBO=((6*DN*S)/(1007*9.81))"0.33333 
120 REM SET PRINT FORMAT 
130 @%=&20405 
140 PRINT
150 PRINT " LIQUID DROP DIAMETER" 
160 PRINT "VELOCITY MODEL 1 MODEL 3 MODEL 2" 
170 PRINT " M/S MM MM MM" 
180 PRINT V,DBO*1000,DBO*1000,DBO*1000 
190 LET V=0.05
200 REM CALCULATE MODEL 1 DROP DIAMETER 
210 LET DB1=(((6*DN*S)-(1.5*1008*(V~2)*(DI~2)))/(1007*9 . 81) )

".33333
220 REM SOLVE EQ 3.12 
230 B=(DB1~3)/(1.5*DI*DI*V) 
240 T=.l
250 FOR M=l TO 80 
260 T=(B*LN(1+(T/B)))+(V/9.81) 
270 NEXT M
280 REM CALCULATE MODEL 2 DROP DIAMETER 
290 LET DB2=((DB1~3)+(1.5*DI*DI*V*T))"0.33333 
300 PRINT V,DBl*1000,((((DBl~3)+(DB2~3))/2r.33333)*1000,

DB2*1000
310 REM INCREMENT LIQUID VELOCITY 
320 LET V=V+0.05 
330 REM IF EQ 3.2 IS SOLUBLE REPEAT CALCULATION AT NEW

LIQUID VELOCITY
340 IF 6*DN*S>1.5*1000*(V~2)*(DI~2) GOTO 210 
350 END
990 REM NOZZLE DATA 

1000 LET DI=.0008 
1010 LET DN=.0015 
1020 RETURN 
2000 LET DI=.002 
2010 LET DN=-004 
2020 RETURN 
3000 LET DI=-002 
3010 LET DN=.0024 
3020 RETURN 
4000 LET DI=.0008 
4010 LET DN=.0011 
4020 RETURN
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Flowchart for Program 3/1

C Start

•

/Input nozzle dimensions y

Set liquid velocity to zero 
Set surface tension

i

Calculate drop diameter at zero liquid velocity 
from eq. 3.15

i

/ Output liquid velocity and drop diameter at zero 
/ liquid velocity J

\

Set liquid velocity to 0.05 m/s

^̂x>
Calculate model 1 drop diameter from eq. 3.2

Calculate B from eq. 3.9

Set trial value of T to 0.1

-

Set counter to 1

1 ————————— C!>
calculate next value of T from eq. 3.12

,

Add 1 to counter

^Lc^js counter 8(Tj> 
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Calculate model 2 drop diameter from eq. 3.14

/Output liquid velocity and drop diameters /

Increase liquid velocity by 0.05 m/s

Y

( Sto'p"
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ascription of Program 3/1

20 to 50 Data is accessed for a specific nozzle from 

lines 1000 to 4020.

60 to 90 Initial liquid velocity and alginate solution 

surface tension are set.

.00 to 110 The drop diameter at zero liquid velocity is 

calculated from equation 3.15.

.20 to 130 The print format is set to produce output in 

ordered columns. Line 130 is specific to the 

"Arthur" or "RISC" operating systems used by 

Acorn Computers. It should be altered if it 

is required to run the program under a 

different operating system.

.40 to 180 The heading for the results is printed 

together with results for zero liquid 

velocity.

.90 to 210 Equation 3.2 (model 1) is solved for drop 

diameter at a liquid velocity of 0.05 m/s.

20 to 290 Equation 3.12 (model 2) is solved by a method 

of successive approximations for t. This 

value is substituted into equation 3.14 to 

give the drop diameter.
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300 Results for models 1, 2 and 3 are printed out.

320 to 350 The liquid velocity is increased by 0.05 m/s

and calculations are repeated at this new 

velocity. If the velocity is too high for 

equation 3.2 to be solved the program ends.
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Program 3/1 Example of output

LOAD"3/I"
>RUN
WHAT IS THE NOZZLE NUMBER?!

LIQUID
VELOCITY

M/S
0.0000
0.0500
0.1000
0.1500
0.2000
0.2500
0.3000
0.3500
0.4000
0.4500
0.5000
0.5500
0.6000
0.6500

DROP
MODEL 1

MM
3.4987
3.4920
3.4718
3.4376
3.3885
3.3233
3.2399
3.1355
3.0056
2.8433
2.6368
2.3627
1.9623
1.1275

DIAMETER
MODEL 3

MM
3.4987
3.5558
3.6015
3.6362
3.6593
3.6703
3.6682
3.6515
3.6182
3.5650
3.4863
3.3729
3.2042
2.9094

MODEL 2
MM

3.4987
3.6170
3.7222
3.8147
3.8946
3.9613
4.0143
4.0522
4.0730
4.0738
4.0494
3.9904
3.8759
3.6295
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Program 3/2 Listing

10 REM PROGRAM 3/2 CALCULATION OF DROP DIAMETER FROM 
EQS 3.4,3.5 & 3.6

20 INPUT"WHAT IS THE NOZZLE NUMBER",N
30 REM Y IS SUBROUTINE LINE NUMBER WITH NOZZLE DATA
40 LET Y=1000*N
50 GOSUB Y
60 REM SET LIQUID VELOCITY TO ZERO
70 LET V=0
80 REM SET SURFACE TENSION TO 0.047 N/M
90 LET S=0.047

100 REM CALCULATE DROP DIAMETER AT ZERO LIQUID VELOCITY 

110 LET DBO=((6*DN*S)/(1007*9.81)rO.33333 
120 REM SET PRINT FORMAT 
130 @%=&20405 
140 PRINT
150 PRINT " LIQUID DROP DIAMETER" 
160 PRINT "VELOCITY MODEL 1 MODEL 3 MODEL 2" 

170 PRINT " M/S MM MM MM" 
180 PRINT V,080*1000,080*1000,060*1000 
190 LET V=0.05
200 REM SET TIME INTERVAL TO 0.001 S 
210 LET DT=0.001
220 REM CALCULATE MODEL 1 DROP DIAMETER 
230 LET DB1=(((6*DN*S)-(1.5*1008*(V~2)*(DI~2)))/(1007*9.81))

*.33333
240 LET DB2=OB1 
250 REM SET TIME COUNTER 
260 LET T=DT
270 REM SET DROP VELOCITY TO ZERO 
280 LET W=0
290 REM CALCULATE DROP DIAMETER AFTER 1 TIME INTERVAL 
300 LET DB2=((DB2~3)+(1.5*DI*DI*V*DT))"0.33333 
310 REM CALCULATE ACCELERATION FORCE ON DROP 
320 LET FA=(3.14*0.25*DI*DI*V*1007*T*9.81)-

(1008*V*W*DI*DI*3.14/4)
330 REM CALCULATE ACCELERATION OF DROP 
340 LET A=FA/( (3.14*DBl*DBl*DBl*1008/6)+

(3.14*0.25*DI*DI*V*1008*T)) 
350 REM INCREASE TIME BY 1 INTERVAL 
360 LET T=T+DT
370 REM CALCULATE NEW DROP VELOCITY 
380 LET W=W+(A*DT)
390 REM CHECK IF DROP VELOCITY LESS THAN LIQUID VELOCITY 

400 IF W<V GOTO 300 
410 PRINT V,081*1000,((((DBl~3)+(DB2"3))/2r.33333)*1000,

DB2*1000
420 REM SET TIME INTERVAL FOR NEXT LIQUID VELOCITY 

430 LET DT=T/100
440 REM INCREMENT LIQUID VELOCITY 
450 LET V=V+0.05 
460 REM IF EQ 3.2 IS SOLUBLE REPEAT CALCULATION AT NEW

LIQUID VELOCITY 
470 IF 6*DN*S>1.5*1008*(V~2)*(DI*2) GOTO 230
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480 END
990 REM NOZZLE DATA 

1000 LET DI=.0008 
1010 LET DN=.0015 
1020 RETURN 
2000 LET DI=.002 
2010 LET DN=.004 
2020 RETURN 
3000 LET DI=.002 
3010 LET DN=.0024 
3020 RETURN 
4000 LET DI=.0008 
4010 LET DN=.0011 
4020 RETURN
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Flowchart for Program 3/2

Start

Input nozzle dimensions

Set surface tension

Calculate drop diameter at zero liquid velocity 
from eq. 3.15 ___

Output liquid velocity and drop diameter at zero 
liquid velocity

Set 
Set

liquid velocity to 
time interval to 0.

0.05 m/ 
001 s

s

Calculate model 1 drop diameter from eq. 3.2

Set initial value of model 2 drop diameter
Set time counter to one time interval
Set drop velocity to zero______________

Calculate new drop diameter after time interval 
from eq. 3.14 
Calculate net force on drop from eq. 3.14 
Calculate acceleration of drop from eq.s 3.5 and 
3.6

Increment time by 1 interval

I

Calculate new drop velocity
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I I

s drop velocity less than liquid velocity?

/Output liquid velocity and drop diameters j

Set time interval for next liquid velocity

Increase liquid velocity by 0.05 m/s

N
[Stop
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Description of Program 3/2

20 to 180 The program functions identically to program 

3/1, lines 20 to 180.

190 Liquid velocity is set to 0.05 m/s.

200 to 210 The time interval for the solution of

equations 3.4, 3.5 and 3.6 is set to 0.001 s.

220 to 230 The drop diameter for model 1 is calculated

from equation 3.2.

240 The initial drop diameter for the solution of

equations 3.4, 3.5 and 3.6 is set to the value 

at the start of acceleration.

250 to 260 Time since the start of acceleration is set to

the time interval (initially 0.001 s).

270 to 280 Drop velocity is set to zero.

290 to 340 Equations 3.4, 3.5, 3.6 and 3.14 are solved

for the time interval.

350 to 360 Time is increased by one time interval. 

370 to 380 New drop velocity is calculated.
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390 to 400 Solution of equations 3.4, 3.5 and 3.6 are

repeated for the next time interval with the 

new values of drop velocity and drop diameter 

until the drop velocity exceeds the liquid 

velocity.

410 Results for models 1, 2 and 3 are printed out.

420 to 430 The time interval is set for the next liquid

velocity to ^-/IQO of the total time for the 

current liquid velocity. This is necessary to 

ensure that an adequate number of time 

intervals are used which is not excessive.

440 to 480 The liquid velocity is increased by 0.05 m/s

and calculations are repeated at this new 

velocity. If the velocity is too high for 

equation 3.2 to be solved the program ends.
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Program 3/2 Example of output

LOAD"3/2"
>RUN
WHAT IS THE NOZZLE NUMBER71

LIQUID
VELOCITY

M/S
0.0000
0.0500
0.1000
0.1500
0.2000
0.2500
0.3000
0.3500
0.4000
0.4500
0.5000
0.5500
0.6000
0.6500

DROP
MODEL 1

MM
3.4987
3.4920
3.4718
3.4376
3.3885
3.3233
3.2399
3.1355
3.0056
2.8433
2.6368
2.3627
1.9623
1.1275

DIAMETER
MODEL 3

MM
3.4987
3.5667
3.6168
3.6573
3.6903
3.7130
3.7281
3.7357
3.7303
3.7162
3.6933
3.6524
3.5998
3.5227

MODEL 2
MM

3.4987
3.6380
3.7506
3.8530
3.9491
4.0343
4.1135
4.1874
4.2477
4.3024
4.3517
4.3837
4.4093
4.4137
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Symbols Used in Programs 3/1 and 3/2

Symbol Meaning Units

A Acceleration of drop ms~^

B Constant as defined by eq. 3.9 s

DBO Drop diameter as liquid velocity tends m

	to zero

DB1 Drop diameter predicted by eq. 3.2 m

DB2 Drop diameter predicted by eq. 3.14 m

DI Nozzle inside diameter m

DN Nozzle outside diameter m

DT Increment of time s

FA Force causing acceleration of drop N

M Counter in successive approximation of

	eq. 3.12

N Nozzle number

S Surface tension of alginate solution Nra" 1

T Time from start of acceleration of drop s

	to detachment

V Liquid velocity ms

W Drop velocity ms

Y Subroutine number containing nozzle data
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Program 4/1 Listing

10 REM PROGRAM 4/1 NITROGEN NO DROP DISTORTION
20 REM SET TIME INTERVAL FOR MODEL 2 TO 0.001 SEC
30 LET DT=.001
40 INPUT "WHAT IS THE NOZZLE NUMBER",N
50 REM Y IS SUBROUTINE LINE NUMBER WITH NOZZLE DATA
60 LET Y=1000*N
70 GOSUB Y
80 REM SET PRINT FORMAT
90 @%=&20408

100 INPUT "WHAT LIQUID VELOCITY IS USED",V 
110 PRINT "—————DROP DIAMETER————— "^LOCITY RE" 

120 PRINT" MODEL 1 MODEL 3 MODEL 2" 
130 PRINT" M.M. M.M. M.M. M/S" 
140 REM SET SURFACE TENSION = .047N/M 
150 LET S=.047
160 REM CALCULATE INITIAL DROP DIAMETER WITH NO FLOW 
170 LET DB1=(((6*DN*S)-(1.5*1008*(V~2)*(DI~2)))/(1007*9.81))

".3333334
180 REM SET INITIAL COEFFICIENT OF Drag TO 2 
190 LET C=2
200 REM CALCULATE MODEL 1 LINES
210 REM CALCULATE GAS VELOCITY AT SPECIFIC VALUE OF DB1 
220 LET U=(((24*DN*S)-(4*DB1*DB1*DB1*1007*9.81)- 

(6*1008*V*V*DI*DI))/(3*DBl*DBl*1.165*C)) " .5 
230 REM CALCULATE REYNOLDS NUMBER 
240 LET R=(DBl*U*1.165)/1.764E-5 
250 REM CALCULATE ACTUAL CD 
260 LET Cl=(.7231-(.4522E-3*R)+(.2564E-6*(R~2))-(.6415E-10*

(R"3))+.5655E-14*(R~4))
270 REM CHECK IF ACTUAL CD IS CLOSE TO ASSUMED CD 
280 IF C<1.00001*C1 GOTO 330 
290 REM ALTER ASSUMED CD 
300 LET C=(Cl+C)/2 
310 GOTO 220 
320 REM CALCULATE INITIAL (DRAG + INERTIAL) FORCE AT START

OF ACCELERATION 
330 LET Fl=(C*3.14*DBl*DBl*1.165*U*U/8)+

(1008*V*V*DI*DI*3.14/4) 
340 REM SET INITIAL DROP VELOCITY 
350 LET W=0
360 REM SET INITIAL DROP DIAMETER 
370 LET DB2=DB1 
380 REM SET TIME COUNTER 
390 LET T=DT
400 REM CALCULATE MODEL 2 LINES
410 REM CALCULATE DROP DIAMETER AFTER 1 TIME INTERVAL 
420 LET DB2=((DB2'3)+(1.5*DI*DI*V*DT)rO.33333
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2 ) ) -( .6415E-10*

430 REM CALCULATE RE
440 LET R=(DB2*U*1.165)/1.764E-5
450 LET Cl=( .7231-( . 4522E-3*R)+( . 2564E-6* 

(R~3))+.5655E-14*(R~4))
460 REM CALCULATE FORCE ON DROP
470 LET FA=(Cl*3.14*DB2*DB2*1.165*(U-W)*(U-W)/8)-Fl+(3.14* 

. 25*DI*DI*V*1007*T*9 . 81 )+( 1008*V* ( V-W) *DI*DI*3 . 14/4 )
480 REM CALC ACCELERATION OF DROP
490 LET A=FA/( ( 3 . 14*DBl*DBl*DBl*1008/6 )+ 

(3.14*.25*DI*DI*V*1008*T) )
500 REM INCREASE TIME BY 1 INTERVAL
510 LET T=T+DT
520 REM CALCULATE NEW DROP VELOCITY
530 LET W=W+(A*DT)
540 REM CHECK IF DROP VELOCITY < LIQUID VELOCITY
550 IF W<V GOTO 420
560 PRINT DB1*1000, ( (( (DB1~ 3 )+(DB2~ 3 ) )/2 )~ . 33333 ) *1000 , 

DB2*1000,U,R
570 REM SET TIME INTERVAL FOR NEXT GAS VELOCITY
580 LET DT = T/100
590 REM REDUCE DROP DIAMETER FOR NEXT MODEL 1 CALCULATION
600 LET DB1 =DB1-.0002
610 REM REPEAT CALCULATIONS IF DROP DIAMETER > 0
620 IF DB1>0 GOTO 190
630 END
990 REM NOZZLE DATA 

1000 LET DI=.0008 
1010 LET DN=.0015 
1020 RETURN 
2000 LET DI=.002 
2010 LET DN=.004 
2020 RETURN 
3000 LET DI=.002 
3010 LET DN=.0024 
3020 RETURN 
4000 LET DI=.0008 
4010 LET DN=.0011 
4020 RETURN 
5000 LET DI=. 000406 
5010 LET DN=. 00012 
5020 RETURN
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Flowchart for Program 4/1

Cstart

Set time interval to 0.001 s

/Input nozzle dimensions

/Input liquid velocity

Set alginate surface tension

Calculate drop diameter at zero gas velocity from 
eg. 4.3_____________________________________

Set trial value of coefficient of drag to 2

Calculate gas velocity (initially zero) which would 
give the current drop diameter from eg. 4.8______

Calculate Reynolds number from eq. 4.16

Calculate actual value of coefficient of drag 
from eq. 4.17

Y
-Is "actual value of coefficient of drag 
to trial value?

close

Alter trial value of coefficient of drag
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_______t________
Calculate initial drag and inertial force on drop 
from eq.s 4.5 and 4.4

Set initial model 2 drop velocity to zero 
Set initial model 2 drop diameter 
Set time counter to one interval

Y

Y

Calculate new model 2 drop diameter 
interval from eq. 3.14

after time

t

Calculate Reynolds number from eq. 4.16 
Calculate coefficient of drag from 
Calculate force on drop from eq. 4.14 
Calculate acceleration of drop from eq.

eq. 4.17

4.15

Increase time by one increment

Calculate new drop velocity

s drop velocity less than liquid velocity?

Output drop diameters, gas velocity and Reynolds 
number ___________________________i

Calculate time interval for next gas velocity

1

Calculate next model 1 drop diameter
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Description of Program 4/1

20 to 30 The time interval for the solution of 

equations 4.13 and 4.14 is set to 0.001 s.

40 to 70 Data is accessed for a specific nozzle from 

lines 1000 to 5020.

80 to 90 The print format is set to produce output in 

ordered columns.

100 The liquid velocity is input.

110 to 130 The heading for the results is printed.

140 to 150 Alginate solution surface tension is set.

160 to 170 Drop diameter with no gas flow is calculated

from equation 4.8.

180 to 190 The coefficient of drag is set initially

to 2.

200 to 310 Equations 4.8 (model 1), 4.16 and 4.17 are

solved by successive approximations to give 

the gas velocity which would produce the 

current drop diameter.

320 to 390 The initial values of Fl (drag and inertial
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force at the start of acceleration), drop 

velocity, drop diameter and time interval are 

set.

410 to 420 The drop diameter (model 2) after one time

interval is calculated by solving equation 

3.14.

430 to 490 Equations 4.14, 4.15, 4.16 and 4.17 are solved

for the time interval to give the acceleration 

of the drop over the time interval (model 2).

500 to 510 Time since the start of acceleration is

increased by one increment.

520 to 530 New drop velocity is calculated.

540 to 550 The program returns to line 420 to repeat

calculations for the next time interval if the 

drop velocity is less than the liquid 

velocity.

560 Results for models 1, 2 and 3 are printed out.

570 to 580 The time interval is set for the next drop

diameter to 1 /100 of the total time for the 

current liquid velocity.
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590 to 620 Drop diameter is reduced by 0.0002 m (0.2 mm)

and calculations of model 1 gas velocity and 

model 2 and 3 diameters are repeated by 

returning to line 190. If the model I drop 

diameter is not greater than zero the program 

ends.
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Program 4/1 Example of output

LOAD"4/1"
>RUN
WHAT IS THE NOZZLE NUMBER?!
WHAT LIQUID VELOCITY IS USED?.l

———— VELOCITY RE
MODEL 1 

M.M.
3.4716
3.2716
3.0716
2.8716
2.6716
2.4716
2.2716
2.0716
1.8716
1.6716
1.4716
1.2716
1.0716
0.8716
0.6716
0.4716
0.2716
0.0716

3
3

MODEL 3 
M.M.
3.6167
3.4127

2086
0028

2.7971
2.5900
2.3820
2.1736
1.9651
1.7558
1.5464
1.3365
1.1271
0.9166
0.7062
0.4958
0.2850
0.0756

MODEL 2 
M.M. M/S
3.7506 0.0136

5426
3345

3.
3.8324896.
5.84101286
7.55071557
9.16151761

3.
3.
3.1231
2.9119
2.6981 10.77871920
2.4828 12.47962046
2.2666 14.33922146
2.0503 16.44552226
1.8324 18.91712289
1.6144 21.92902338
1.3955 25.76092374
1.1775 30.89682402
0.9575 38.26192419
0.7376 49.88102430
0.5178 71.21082435
0.2972123.77922429
0.0792469.63592455

3622
6379
.3077
.4161
.8460
.6959
.3300
.5148
.8447
.3236
.0065
.1331
.6610
.5721
.0023
.2974
.6488
.9704
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Program 4/2 Listing

10 REM PROGRAM 4/2 NITROGEN WITH DROP DISTORTION
20 REM SET TIME INTERVAL FOR MODEL 2 TO 0.001 SEC
30 LET DT=.001
40 INPUT "WHAT IS THE NOZZLE NUMBER",N
50 REM Y IS SUBROUTINE LINE NUMBER WITH NOZZLE DATA
60 LET Y=1000*N
70 GOSUB Y
80 REM SET PRINT FORMAT
90 @%=&20408

100 INPUT "WHAT LIQUID VELOCITY IS USED",V 
110 PRINT "—————DROP DIAMETER————— VELOCITY RE" 

120 PRINT" MODEL 4 MODEL 6 MODEL 5" 
130 PRINT" M.M. M.M. M.M. M/S" 
140 REM SET SURFACE TENSION = .047N/M 
150 LET S=.047
160 REM CALCULATE INITIAL DROP DIAMETER WITH NO FLOW 
170 LET DB1=(((6*DN*S)-(1.5*1008*(V"2)*(DI~2)))/(1007*9.81))

~.3333334
180 REM SET INITIAL COEFFICIENT OF Drag TO 2 
190 LET C=2
200 REM CALCULATE SURATMAN NUMBER 
210 LET SU=(S*1.165*DB1)/(1.764*1.764E-10) 
220 REM CALCULATE MODEL 1 LINES
230 REM CALCULATE GAS VELOCITY AT SPECIFIC VALUE OF DB1 
240 LET U=(((24*DN*S)-(4*DB1*DB1*DB1*1007*9.81)-(6*1008*V*V

*DI*DI))/(3*DBl*DBl*1.165*C))~.5 
250 REM CALCULATE REYNOLDS NUMBER 
260 LET R=(DBl*U*1.165)/1.764E-5 
270 REM CALCULATE CRITICAL RE 
280 LET Rl=(6.41*(SU~.358))-65
290 REM SET COEFFICIENT OF Drag CORRECTION FACTOR TO 1 

300 LET F=l
310 REM CHECK IF CRITICAL RE > RE 
320 IF R1>R GOTO 360
330 REM CALCULATE CD CORRECTION FACTOR 
340 LET F=l.29262-.72051*(R/R1)+.57133*((R/R1)~2)-.16522

*((R/R1)"3)+.02177*((R/R1)"4) 
350 REM CALCULATE ACTUAL CD 
360 LET C1=F*(-7231-(.4522E-3*R)+(.2564E-6*(R~2))

-(.6415E-10*(R~3))+.5655E-14*(R~4))
370 REM CHECK IF ACTUAL CD IS CLOSE TO ASSUMED CD 
380 IF C<1.00001*C1 GOTO 430 
390 REM ALTER ASSUMED CD 
400 LET C=(Cl+C)/2 
410 GOTO 240 
420 REM CALCULATE INITIAL (DRAG + INERTIAL) FORCE AT START

OF ACCELERATION 
430 LET Fl=(C*3.14*DBl*DBl*1.165*U*U/8)+

(1008*V*V*DI*DI*3.14/4) 
440 REM SET INITIAL DROP VELOCITY 

450 LET W=0
460 REM SET INITIAL DROP DIAMETER 
470 LET DB2=DB1 
480 REM SET TIME COUNTER 
490 LET T=DT
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500 REM CALCULATE MODEL 2 LINES
510 REM CALCULATE DROP DIAMETER AFTER 1 TIME INTERVAL
520 LET DB2=((DB2~3)+(1.5*DI*DI*V*DT))~0.33333
530 REM CALCULATE RE
540 LET R=(DB2*U*1.165)/1.764E-5
550 REM CALCULATE SU
560 LET SU=(S*1.165*DB2)/(1.764*1.764E-10)
570 REM CALCULATE CRITICAL RE
580 LET R1=(6.41*(SU~.358))-65
590 REM SET CD CORRECTION FACTOR TO 1
600 LET F=l
610 REM CHECK IF CRITICAL RE > RE
620 IF R1>R GOTO 660
630 REM CALC CD CORRECTION FACTOR
640 LET F=l.29262-.72051*(R/R1)+.57133*((R/R1)"2)-.16522

*((R/R1)~3) +.02177*((R/R1)~ 4) 
650 REM CALCULATE ACTUAL CD 
660 LET C1=F*(.7231-(.4522E-3*R)+(.2564E-6*(R~2))-

(.6415E-10*(R~3))+.5655E-14*(R~4)) 
670 REM CALCULATE FORCE ON DROP
680 LET FA=(Cl*3.14*DB2*DB2*1.165*(U-W)*(U-W)/8)-Fl+(3.14* 

.25*DI*DI*V*1007*T*9.81)+(1008*V*(V-W)*DI*DI*3.14/4)
690 REM CALC ACCELERATION OF DROP
700 LET A=FA/((3.14*DBl*DBl*DBl*1008/6)+ 

(3.14*.25*DI*DI*V*1008*T))
710 REM INCREASE TIME BY 1 INTERVAL
720 LET T=T+DT
730 REM CALCULATE NEW DROP VELOCITY
740 LET W=W+(A*DT)
750 REM CHECK IF DROP VELOCITY < LIQUID VELOCITY
760 IP' W<V GOTO 520
770 PRINT DBl*1000,((((DB]/3)+(DB2"3))/2)*.33333)*1000,DB2* 

1000,U,R
780 REM SET TIME INTERVAL FOR NEXT GAS VELOCITY
790 LET DT = T/100
800 REM REDUCE DROP DIAMETER FOR NEXT MODEL 1 CALCULATION
810 LET DB1 =DB1-.0002
820 REM REPEAT CALCULATIONS IF DROP DIAMETER > 0
830 IF DB1>0 GOTO 190
840 END
990 REM NOZZLE DATA 

1000 LET DI=.0008 
1010 LET DN=.0015 
1020 RETURN 
2000 LET DI=.002 
2010 LET DN=.004 
2020 RETURN 
3000 LET DI=.002 
3010 LET DN=.0024 
3020 RETURN 
4000 LET DI=.0008 
4010 LET DN=.0011 
4020 RETURN
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Flowchart for Program 4/2

1

(_ Start

Set time interval to 0.001 s

,
/Input nozzle dimensions /

/Input liquid velocity /

1
Set alginate surface tension

Calculate drop diameter at zero gas velocity from 
eq . 4.8

—————————— c
1?

Set trial value of coefficient of drag to 2

Calculate Suratmann number from eq. 4.18

- ———— •— (
^)

Calculate model 1 gas velocity (initially zero) 
which would give the current drop diameter from eq. 
4.8

1

Calculate actual Reynolds number from eq. 4.16

i

Calculate critical Reynolds number from eq. 4.19

Set coefficient of drag correction factor to 1

I I
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critical Reynolds number greater than actual 
Reynolds number?

Calculate coefficient of drag 
factor from equation 4.20

correction

Calculate actual coefficient of drag 
equation 4.17

from

.•Is actual value of coefficient of drag 
to trial value?

close-

Alter trial value of coefficient of drag

Calculate initial drag and inertial force on drop 
from eqs. 4.5 and 4.4 ___

Set initial model 2 drop velocity to zero 
Set initial model 2 drop diameter 
Set time counter to one interval

Calculate new model 2 drop diameter after time 
interval from equation 3.14____________________

Calculate actual Reynolds number from eq. 4.16 
Calculate Suratmann number from eq. 4.18 
Calculate critical Reynolds number from eq. 4.19

Set coefficient of drag correction factor to 1

ritical Reynolds number greater than actual 
Reynolds number?
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I 1
I I

Calculate coefficient of drag 
factor from eq. 4.20

correction

Calculate actual coefficient of drag from eq. 
4.17 
Calculate force on drop from eq. 4.14 
Calculate acceleration of drop from eq. 4.15

Increase time by one increment

'

Calculate new drop velocity

Is^dropvelocity less than liquid velocity?

Output drop diameters, gas velocity and Reynolds 
number

Calculate time interval for next gas velocity

Calculate next model 1 drop diameter

Y Is jnpdel 1 drop diameter greater than zero?

N
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Description of Program 4/2

20 to 190 The program functions identically to program 

4/1, lines 20 to 190.

200 to 210 Calculates Suratmann number from equation

4.18.

220 to 410. Equations 4.8 (model 1), 4.16, 4.17, 4.19 and

4.20 are solved by a method of successive 

approximations to give the gas velocity which 

would produce the current drop diameter.

420 to 520 Lines 420 to 520 function identically to lines

320 to 420 of program 4/1.

530 to 700 Equations 4.14, 4.15, 4.16, 4.17, 4.18, 4.19

and 4.20 are solved for the time interval to 

give the acceleration of the drop over the 

time interval (model 2).

710 to 830 Lines 710 to 830 function identically to lines

500 to 620 of program 4/1.
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Program 4/2 Example of output

LOAD"4/2" 
>RUN
WHAT 13 THE NOZZLE NUMBER?! 
WHAT LIQUID VELOCITY IS USED?.1 
—————DROP DIAMETER————— VELOCITY 
MODEL 4 MODEL 6

RE

M.M.
3.4716
3.2716
3.0716
2.8716
2.6716
2.4716
2.2716
2.0716
1.8716
1.6716
1.4716
1.2716
1.0716
0.8716
0.6716
0.4716
0.2716
0.0716

M.M.
3.6167
3.4127
3.2071
2.9999
2.7915
2.5822
2.3737
2.1636
1.9539
1.7438
1.5340
1.3250
1.1151
0.9063
0.6977
0.4894
0.2803
0.0729

M/S
0.0136 3. 
3.8062890. 
5.56091223 
6.91151423 
8.10931554 
9.25951641

MODEL 
M.M.
3.7506
3.5426
3.3316
3.1178
2.9016
2.6838
2.4674 10.42601698
2.2481 11.66181731
2.0295 13.02141745
1.8102 14.57151742
1.5915 16.40361724
1.3743 18.65451693
1.1553 21.54781644
0.9385 25.43411579
0.7219 31.27671491
0.5058 40.91331366
0.2885 61.44971170
0.0742214.78731052

3622
5108
.5544
.1413
.0084
.1934
.9626
.4446
.3230
.0603
.1128
.0912
.1151
.5250
.2549
.7974
.9814
.6503
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Program 4/3 Listing

10 REM PROGRAM 4/3 ANY GAS NO DROP DISTORTION
20 LET DT=.001
30 INPUT "WHAT IS THE GAS DENSITY IN kg/nT 3",DENG
40 INPUT "WHAT IS THE GAS VISCOSITY IN Pa.S",VISG
50 INPUT "WHAT IS THE NOZZLE NUMBER",N
60 LET Y=1000*N
70 GOSUB Y
80 REM SET PRINT FORMAT
90 @%=&20408

100 INPUT "WHAT LIQUID VELOCITY IS USED",V 
110 PRINT "—————DROP DIAMETER————— VELOCITY RE" 
120 PRINT" MODEL 1 MODEL 3 MODEL 2" 
130 PRINT" M.M. M.M. M.M. M/S" 
140 REM SET SURFACE TENSION = .047N/M 
150 LET S=.047
160 REM CALCULATE INITIAL DROP DIAMETER WITH NO FLOW 
170 LET DB1=(((6*DN*S)-(1.5*1008*(V~2)*(DI~2)))/(1007*9.81)

".3333334
180 REM SET INITIAL COEFFICIENT OF Drag TO 2 
190 LET C=2
200 REM CALCULATE MODEL 1 LINES
210 REM CALCULATE GAS VELOCITY AT SPECIFIC VALUE OF DB1 
220 LET U=(((24*DN*S)-(4*DB1*DB1*DB1*1007*9.81)-(6*1008*V*V

*DI*DI))/(3*DBl*DBl*DENG*C)r-5 
230 REM CALCULATE REYNOLDS NUMBER 
240 LET R=(DB1*U*DENG)/VISG 
250 REM CALCULATE ACTUAL CD 
260 LET Cl=(.7231-(.4522E-3*R)+(.2564E-6*(R~2))-(.6415E-10*

(R~3))+.5655E-14*(R~4))
270 REM CHECK IF ACTUAL CD IS CLOSE TO ASSUMED CD 
280 IF C<1.00001*C1 GOTO 330 
290 REM ALTER ASSUMED CD 
300 LET C=(Cl+C)/2 
310 GOTO 220 
320 REM CALCULATE INITIAL (DRAG + INERTIAL) FORCE AT START

OF ACCELERATION > 
330 LET Fl=(C*3.14*DBl*DBl*DENG*U*U/8)+

(1008*V*V*DI*DI*3.14/4) 
340 REM SET INITIAL DROP VELOCITY 
350 LET W=0
360 REM SET INITIAL DROP DIAMETER 
370 LET DB2=DB1 
380 REM SET TIME COUNTER 
390 LET T=DT
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400 REM CALCULATE MODEL 2 LINES
410 REM CALCULATE DROP DIAMETER AFTER 1 TIME INTERVAL
420 LET DB2=((DB2~3)+(1.5*DI*DI*V*DT))~0.33333
430 REM CALCULATE RE
440 LET R=(DB2*U*DENG)/VISG
450 LET Cl=(.7231-(.4522E-3*R)+(.2564E-6*(R~2))-(.6415E-10* 

(R~3))+.5655E-14*(R~4))
460 REM CALCULATE FORCE ON DROP
470 LET FA=(Cl*3.14*DB2*DB2*DENG*(U-W)*(U-W)/8)-Fl+(3.14

*.25*DI*DI*V*1007*T*9.81)+(1008*V*(V-W)*DI*DI*3.14/4)
480 REM CALC ACCELERATION OF DROP
490 LET A=FA/((3.14*DBl*DBl*DBl*1008/6)+ 

(3.14*.25*DI*DI*V*1008*T))
500 REM INCREASE TIME BY 1 INTERVAL
510 LET T=T+DT
520 REM CALCULATE NEW DROP VELOCITY
530 LET W=W+(A*DT)
540 REM CHECK IF DROP VELOCITY < LIQUID VELOCITY
550 IF W<V GOTO 420
560 PRINT DB1*1000,((((DB1~3)+ (DB2~3))/2)~.33333)*1000 , 

DB2*1000,U,R
570 REM SET TIME INTERVAL FOR NEXT GAS VELOCITY
580 LET DT = T/100
590 REM REDUCE DROP DIAMETER FOR NEXT MODEL 1 CALCULATION
600 LET DB1 =DB1-.0002
610 REM REPEAT CALCULATIONS IF DROP DIAMETER > 0
620 IF DB1>0 GOTO 190
630 END
990 REM NOZZLE DATA 

1000 LET DI=.0008 
1010 LET DN=.0015 
1020 RETURN 
2000 LET DI=.002 
2010 LET DN=.004 
2020 RETURN 
3000 LET DI=.002 
3010 LET DN=.0024 
3020 RETURN 
4000 LET DI=.0008 
4010 LET DN=.0011 
4020 RETURN 
5000 LET DI=.000406 
5010 LET DN=.00012 
5020 RETURN
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Flowchart for Program 4/3

C Start J

Set time interval to 0.001 s

/Input gas properties

The remainder of' this program functions identically 
to program 4/1 from "Input nozzle dimensions"
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Description of Program 4/3

20 The time interval for the solution of 

equations 4.13 and 4.14 is set to 0.001 s.

30 to 40 Gas properties are input.

50 to 70 Data is accessed for a specific nozzle from 

lines 1000 to 5020.

80 to 620 The program functions identically to program 

4/1 lines 80 to 620.
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Program 4/3 Example of output for methane

MODEL 1
M.M.
3.4716
3.2716
3.0716
2.8716
2.6716
2.4716
2.2716
2.0716
1.8716
1.6716
1.4716
1.2716
1.0716
0.8716
0.6716
0.4716
0.2716
0.0716

f UiAPlJCiXJ

MODEL 3
M.M.
3.6167
3.4127
3.2071
3.0014
2.7957
2.5887
2.3822
2.1737
1.9664
1.7569
1.5484
1.3382
1.1286
0.9178
0.7071
0.4965
0.2861
0.0759

!«.

M

3
3
3
3
2
2
2
2
2
1
1
1
1
0
0
0
0
0

LOAD"4/3"
>RUN
WHAT IS THE GAS DENSITY IN kg/nT3?.668
WHAT IS THE GAS VISCOSITY IN Pa.S?l.104E-5
WHAT IS THE NOZZLE NUMBER?!
WHAT LIQUID VELOCITY IS USED?.1

MODEL 2 
M.M. M/S
.7506 0.0179 4.0689
5426 5.19461113.4826
,3316 7.85611583.6746
1206 10.09491906.1069
9094 12.20962149.3954
6958 14.34532339.9867
4832 16.60472494.8391
2668 19.08522617.6703
0527 21.90202720.2485
8344 25.21162798.3831
6181 29.24562863.3157
3986 34.37622909.0941
1802 41.24912945.5221
9597 51.09942967.2743

0.7393 66.63172980.7440
5190 95.13632987.6384
2992165.37552994.0508

0.0797627.46623027.8070
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Program 4/4 Listing

10 REM PROGRAM 4/4 ANY GAS WITH DROP DISTORTION 
20 LET DT=.001
30 INPUT "WHAT IS THE GAS DENSITY IN kg/nT 3",DENG 
40 INPUT "WHAT IS THE GAS VISCOSITY IN Pa.s",VISG 
50 INPUT "WHAT IS THE NOZZLE NUMBER",N 
60 LET Y=1000*N 
70 GOSUB Y
80 REM SET PRINT FORMAT 
90 §%=&20408

100 INPUT "WHAT LIQUID VELOCITY IS USED",V 
110 PRINT "—————DROP DIAMETER————— VELOCITY RE" 
120 PRINT" MODEL 4 MODEL 6 MODEL 5" 
130 PRINT" M.M. M.M. M.M. M/S" 
140 REM SET SURFACE TENSION = .047N/M 
150 LET S=.047
160 REM CALCULATE INITIAL DROP DIAMETER WITH NO FLOW 
170 LET DB1=(((6*DN*S)-(1.5*1008*(V~2)*(DI~2)))/(1007*9.81))

~ .3333334
180 REM SET INITIAL COEFFICIENT OF Drag TO 2 
190 LET C=2
200 REM CALCULATE SURATMAN NUMBER 
210 LET SU=(S*1.165*DB1)/(1.764*1.764E-10) 
220 REM CALCULATE MODEL 1 LINES
230 REM CALCULATE GAS VELOCITY AT SPECIFIC VALUE OF DB1 
240 LET U=(((24*DN*S)-(4*DB1*DB1*DB1*1007*9.81)-(6*1008*V*V

*DI*DI))/(3*DBl*DBl*DENG*C))~.5 
250 REM CALCULATE REYNOLDS NUMBER 
260 LET R=(DB1*U*DENG)/VISG 
270 REM CALCULATE CRITICAL RE 
280 LET R1=(6.41*(SU~.358))-65
290 REM SET COEFFICIENT OF Drag CORRECTION FACTOR TO 1 
300 LET F=l
310 REM CHECK IF CRITICAL RE > RE 
320 IF R1>R GOTO 360
330 REM CALCULATE CD CORRECTION FACTOR 
340 LET F=l.29262-.72051*(R/R1)+.57133*((R/R1)~2)-.16522*

((R/Rir3) + .02177*((R/Rl)~4) 
350 REM CALCULATE ACTUAL CD 
360 LET C1=F*(.7231-(.4522E-3*R)+(. 2564E-6*(R^2))-(.6415E-10*

(R~3))+.5655E-14*(R"4))
370 REM CHECK IF ACTUAL CD IS CLOSE TO ASSUMED CD 
380 IF C<1.00001*C1 GOTO 430 
390 REM ALTER ASSUMED CD 
400 LET C=(Cl-fC)/2 
410 GOTO 240 
420 REM CALCULATE INITIAL (DRAG + INERTIAL) FORCE AT START

OF ACCELERATION 
430 LET Fl=(C*3.14*DBl*DBl*DENG*U*U/8)+

(1008*V*V*DI*DI*3.14/4) 
440 REM SET INITIAL DROP VELOCITY 
450 LET W=0
460 REM SET INITIAL DROP DIAMETER 
470 LET DB2=DB1 
480 REM SET TIME COUNTER 
490 LET T=DT
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500 REM CALCULATE MODEL 2 LINES
510 REM CALCULATE DROP DIAMETER AFTER 1 TIME INTERVAL
520 LET DB2=((DB2~3)+(1.5*DI*DI*V*DT))"0.33333
530 REM CALCULATE RE
540 LET R=(DB2*U*DENG)/VISG
550 REM CALCULATE SU
560 LET SU=(S*1.165*DB2)/(1.764*1.764E-10)
570 REM CALCULATE CRITICAL RE
580 LET Rl=(6.41*(SU~.358))-65
590 REM SET CD CORRECTION FACTOR TO 1
600 LET F=l
610 REM CHECK IF CRITICAL RE > RE
620 IF R1>R GOTO 660
630 REM CALC CD CORRECTION FACTOR
640 LET F=l.29262-.72051*(R/R1)+.57133*((R/R1)~2)-.16522* 

((R/R1)"3)+.02177*((R/R1)~4)
650 REM CALCULATE ACTUAL CD
660 LET C1=F*(.7231-(.4522E-3*R)+(.2564E-6*(R~2))-(.6415E-10 

*(R"3))+.5655E-14*(R^4))
670 REM CALCULATE FORCE ON DROP
680 LET FA=(Cl*3.14*DB2*DB2*DENG*(U-W)*(U-W)/8)-Fl+(3.14*.25* 

DI*DI*V*1007*T*9.81)+(1008*V*(V-W)*DI*DI*3.14/4)
690 REM CALC ACCELERATION OF DROP
700 LET A=FA/((3.14*DBl*DBl*DBl*1008/6)+ 

(3.14*.25*DI*DI*V*1008*T))
710 REM INCREASE TIME BY 1 INTERVAL
720 LET T=T+DT
730 REM CALCULATE NEW DROP VELOCITY
740 LET W=W+(A*DT)
750 REM CHECK IF DROP VELOCITY < LIQUID VELOCITY
760 IF W<V GOTO 520
770 PRINT DB1*1000,((((DB1~3)+(DB2~3))/2)~.33333)*1000, 

DB2*1000,U,R
780 REM SET TIME INTERVAL FOR NEXT GAS VELOCITY
790 LET DT = T/100
800 REM REDUCE DROP DIAMETER FOR NEXT MODEL 1 CALCULATION
810 LET DB1 =DB1-.0002
820 REM REPEAT CALCULATIONS IF DROP DIAMETER > 0
830 IF DB1>0 GOTO 190
840 END
990 REM NOZZLE DATA 

1000 LET DI=.0008 
1010 LET DN=.0015 
1020 RETURN 
2000 LET DI=.002 
2010 LET DN=.004 
2020 RETURN 
3000 LET DI=.002 
3010 LET DN=.0024 
3020 RETURN 
4000 LET DI=.0008 
4010 LET DN=.0011 
4020 RETURN
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Flowchart for Program 4/4

Cstart

Set time interval to 0.001 s

/Input gas properties
!

The remainder of this program functions identically 
to program 4/2 from "Input nozzle dimensions"
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Description of Program 4/4

20 to 70 The program functions identically to program 

4/3.

80 to 820 The program functions identically to program 

4/4.
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Program 4/4 Example of output for methane

LOAD"4/4" 
>RUN
WHAT IS THE GAS DENSITY IN kg/Iif 37.668 
WHAT IS THE GAS VISCOSITY IN Pa.s?l.104E-5 
WHAT IS THE NOZZLE NUMBER?! 
WHAT LIQUID VELOCITY IS USED?.1 
—————DROP DIAMETER————— VELOCITY RE 
MODEL 4 MODEL 6 MODEL 5

M.M. M/S 
,7506 0.0179 4.0689 
,5426 5.06051084.7271 
,3287 7.20351450.8744 
,1125 8.82301661.6298 
,8968 10.24531795.7877 
,6769 11.60151879.1125 
,4589 12.97121929.8751 
,2406 14.41861954.7576 
,0208 16.00921957.5116 

1.8027 17.82151943.9082 
1.5850 19.96241914.4295 
1.3672 22.59111868.9014 
1.1509 25.96681808.3181 
0.9338 30.56631726.9659 
0.7164 37.38261620.4648 

5039 48.50301478.7653 
2798 74.76081265.5211 

0.0729283.65031251.4433

M.M.
3.4716
3.2716
3.0716
2.8716
2.6716
2.4716
2.2716
2.0716
1.8716
1.6716
1.4716
1.2716
1.0716
0.8716
0.6716
0.4716
0.2716
0.0716

M.M.
3.6167
3.4127
3.2055
2.9971
2.7889
2.5785
2.3691
2.1595
1.9492
1.7397
1.5305
1.3212
1.1128
0.9038
0.6948
0.4883
0.2758
0.0723

3
3
3
3
2
2
2
2
2
1
1
1
1
0
0
0
0
0
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Symbols Used in Programs 4/1, 4/2, 4/3 and 4/4

Symbol Meaning

A Acceleration of drop

C Coefficient of drag of drop

Cl Corrected coefficient of drag

DB1 Drop diameter predicted by model 1

DB2 Drop diameter as drop accelerates

DENG Gas density

DI Nozzle inside diameter

DN Nozzle outside diameter

DT Time interval in models 2 and 5

F Correction factor for coefficient of

	drag

FA Net accelerating force on drop

Fl Drag and inertial force on drop at the

	start of acceleration 

N Nozzle number 

R Reynolds number (Re)

Rl Critical Reynolds number (Rec)

S Surface tension

Su Suratmann number

T Time from start of acceleration

U Gas velocity

V Liquid velocity

VISG Gas viscosity

W Drop velocity

Y Subroutine number containing nozzle data

Units 
ms~ 2

m

m

kgm

m

m

s

-3

N 

N

Nm
-1

ms
-1

ms
-1

Pas 
ms' 1
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Program 6/1 Listing

10 REM PROGRAM 6/1 CALCULATES VALUE OF VM
20 REM INPUT EXPERIMENTAL RESULTS
30 INPUT "WHAT IS THE VALUE OF CG IN kg/ltT3 ",CG1
40 INPUT "WHAT IS THE VALUE OF NG IN kg/s/bead ",NG1
50 INPUT "WHAT IS THE VALUE OF R IN m ", Rl
60 INPUT "WHAT IS THE VALUE OF VS IN Itt/S ",VS
70 REM SET VMMAX TO -1 TO FLAG THAT VMMAX HAS NOT YET

BEEN SET 
80 VMMAX=-1 
90 VMMIN=0

100 REM SET THICKNESS OF ELEMENT TO IE-5 M
110 DR=.00001
120 REM SET VM TO APPROXIMATELY FINAL ANSWER
130 VM=.06
140 REM SET PRINT FORMAT
150 §%=&20408
160 PRINT " CG DNG*1E10 -DCG -NG*1E10 R 

VMMAX VMMIN VM" >
170 PRINT " kg/m~3 kg/s/bd kg/nT3 kg/s/bd m.m. 

—————kg/nT 3/s—————"
180 REM SOLVE EQUATIONS 6.2,6.3,6.4 AND 6.5 FOR VM WITH 40 

SUCCESSIVE APPROXIMATIONS OF VM
190 FOR N=l TO 40
200 REM SET GLUCOSE FLOW INTO BEAD
210 NG=NG1
220 REM SET GLUCOSE CONCENTRATION OUTSIDE BEAD
230 CG=CG1
240 REM SET RADIUS OF FILM
250 R=R1
260 REM CALCULATE CHANGE IN GLUCOSE CONCENTRATION ACROSS 

FILM
270 DCG=NG/((((R*VS)~0.22)*3.45E-7/R)*4*3.14*R*R)
280 REM CALCULATE NEW GLUCOSE CONCENTRATION
290 CG=CG-DCG
300 REM CALCULATE CONSUMPTION OF GLUCOSE IN ELEMENT
310 DNG=4*3.14*R*R*DR*VM*CG/(0.2+CG)
320 REM CALCULATE CHANGE IN GLUCOSE CONCENTRATION ACROSS 

ELEMENT
330 DCG=NG*DR/(1.3E-10*4*3.14*R*R)
340 REM SAVE CURRENT VALUES OF VM AND R
350 VMS=VM:RS=R
360 REM CALCULATE NEW GLUCOSE CONCENTRATION
370 CG=CG-DCG
380 REM CALCULATE FLOW OF GLUCOSE LEAVING ELEMENT
390 NG=NG-DNG

281



400 REM CALCULATE RADIUS OF NEXT ELEMENT
410 R=R-DR
420 REM IF CG BECOMES LESS THAN ZERO AND VMMAX IS NOT YET

SET THEN VM IS TOO LOW THEREFORE SET VMMIN = VM AND
DOUBLE VM AND GO TO PRINT OUT RESULT 

430 IF CG<0 AND VMMAX=-1 VMMIN=VM:VM=2*VM:GOT0530 
440 REM IF NG BECOMES LESS THAN ZERO VM IS TOO HIGH

THEREFORE SET VMMAX = VM AND SET VM HALFWAY BETWEEN
VMMAX AND VMMIN AND GO TO PRINT OUT RESULT 

450 IF NG<0 VMMAX=VM:VM=(VMMAX+VMMIN)/2:GOT0530 
460 REM IF CG BECOMES LESS THAN ZERO VM IS TOO LOW THEREFORE

SET VMMIN = VM AND SET VM HALFWAY BETWEEN VMMAX AND
VMMIN AND GO TO PRINT OUT RESULT

470 IF CG<0 VMMIN=VM:VM=(VMMAX+VMMIN)/2:GOT0530 
480 REM UNLESS CENTRE OF BEAD HAS BEEN REACHED REPEAT

CALCULATION OF VM FOR NEXT ELEMENT 
490 IF R>0 GOTO 310 
500 REM IF CENTRE OF BEAD REACHED WITH NEITHER NG OR CG

LESS THAN ZERO SET VMMIN = VM AND SET VM HALFWAY
BETWEEN VMMIN AND VMMAX 

510 VMMIN=VM:VM=(VMMAX+VMMIN)/2 
520 REM PRINT INTERIM RESULTS OF CALCULATION OF VM AT

POINT IN BEAD WHERE CG OR NG BECAME LESS THAN ZERO 
530 PRINT CG,DNG*1E10,DCG,NG*1E10,R*1000,VMMAX / VMMIN,VM 
540 IF CG<.0001 AND NG*1E10<.0001 GOTO 560 
550 NEXT N
560 PRINT "CONCENTRATION AND FLOW PROFILES AT SOLUTION" 
570 NG=NG1 
580 CG=CG1 
590 PRINT CG 
600 R=R1
610 DCG=NG/((((R*VS)"0.22)*3.45E-7/R)*4*3.14*R*R) 
620 CG=CG-DCG
630 PRINT CG," ",DCG,NG*1E10,R*1000 
640 DNG=4*3.14*R*R*DR*VMS*CG/(0.2+CG) 
650 DCG=NG*DR/(1.3E-10*4*3.14*R*R) 
660 CG=CG-DCG 
670 NG=NG-DNG 
680 R=R-DR
690 PRINT CG,DNG*1E10,DCG,NG*1E10,R*1000 
700 IF R>=RS GOTO 640 
710 END
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Flowchart for Program 6/1

Start

Input experimental values of glucose concentration, 
mass transfer rate of glucose into a bead, bead 
radius and superficial velocity

Set VMMAX to -1 to flag that it is unset

Set VMMIN to zero

Set thickness of element to 0.00001 
Set trial value of VM to 0.06

Set counter to 1

Set value of glucose flow initially to flow into 
bead 
Set glucose concentration initially to value 
outside bead 
Set radius initially to bead radius

i

Calculate change in glucose concentration across 
film from eqs. 6.4, 6.5, 6.6, 6.7 and 6.8

Calculate new glucose concentration
——————————————— - —————————— - ——————————————————— T— —————————————————————————————— " '

Calculate consumption of glucose in element from 
eq. 6.2 ______

Calculate change in glucose concentration across 
element from eq. 6.3 _________________

I I
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I I

Save current values of VM and radius

Calculate new glucose concentration 
Calculate flow of glucose leaving element 
Calculate radius of next element

Set VMMIN=VM 
Double VM

, Set VMMAX=VM 
Q-*-Set VM=mean of VMMAX 

and VMMIN_________

-Is glucose concentration 
less than zero and VMMAX> 
unset?

-Is glucose flow less 
than zero?

*»rf *— i_»
Q——Set

Set VMMIN=VM
VM=mean of VMMAX 

and VMMIN

Is glucose concentration; 
less than zero?

Y —-————
-!=cls radius greater than zero?

Set VMMIN=VM
Set VM=mean of VMMAX and VMMIN

/Outputglucoseconcentration,glucoseconsumption 
within the latest element, change in glucose 
concentration across the latest element, flow of 
glucose out of the latest element, radius of the 
element, VMMAX, VMMIN and VM

Has"a solution 
concentration and

been reached with glucose, 
flow almost zero?

Add 1 to counter

284



Set value of glucose flow initially to flow into
bead
Set glucose concentration initially to value
outside bead

/Output glucose concentration

Set radius initially to bead radius

Calculate change in glucose concentration across 
film from eqs. 6.4, 6.5, 6.6, 6.7 and 6.8

Calculate new glucose concentration

Output glucose concentration, change in glucose 
concentration across film, flow of glucose into the 
film, radius of bead

Calculate consumption of glucose in next element 
from eq. 6.2

Calculate change in glucose concentration across 
element from eq. 6.3

Calculate new glucose concentration 
Calculate flow of glucose leaving element 
Calculate radius of next element________

r Outputglucose concentration, glucose consumption 
in element, change in glucose concentration across 
element, flow of glucose out of element, radius of 
element _________.__________________
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Y __- Is "radius greater than radius at which solution was- reached? ^~~

(Stop
N
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The Computer Solution of Equations 6.1 to 6.8

Program 6/1 solves equations 6.1 to 6.8 by a method of finite

element analysis. It assumes a value for VM (v_, v ) andnici^c

calculates the conditions in successive shells of the bead 

starting with the film on the outside. Figure Al shows the 

glucose mass transfer and concentration profiles through a 

bead. The correct solution is reached when the boundary 

conditions of dNG/dr = 0 and dG/ dr = 0 are reached. This 

solution may be reached before the centre of the bead in 

which case NG = 0 and G = 0. If the solution is reached at 

the centre of the bead NG = 0 and CG > 0. Figure Al also 

shows the ways in which the solution can fail. If the chosen 

value of VM is too high, —NG < 0 and / &r changes sign 

before the centre of the bead. If the chosen value of VM is 

too low and the centre of the bead has not been reached, 

dNG/ dr changes sign and G < 0. If the chosen value of VM is 

too low and the centre of the bead has been reached,-NG > 0 

and G > 0.

From these conditions it is possible in the computer solution 

of the equations to alter the chosen value of VM until the 

solution is reached.
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Figure A.I Glucose mass transfer and concentration 
profiles through a bead

Equations 6.1 to 6.8 solved 
before the centre of the bead

Equations 6.1 to 6.8 solved 
at the centre of the bead

Correct 
solution"

•Ng •Ng

Centre
of bead

G

Surface 
of bead

Centre
of bead

Q

Surface 
of bead

-Ng -Ng

Trial value of 
Vm too high

G

-Ng -Ng

Trial value o 
Vm too low

«

l_
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Description of Program 6/1

20 to 60 Inputs experimental values of glucose

concentration, mass transfer rate into a bead, 

bead radius and superficial velocity.

70 to 80 Set maximum value of VM to -1 to indicate that 

it has not been set. (It will be set later at 

line 450).

90 Set minimum value of VM to zero.

100 to 130 Set thickness of element to 0.01 mm and

initial value of VM to 0.06.

140 to 150 The print format is set to produce ordered

columns.

160 to 170 The heading for the results is printed.

180 to 550 Lines 180 to 550 solve equations 6.2, 6.3, 6.4

and 6.5 to find VM by successive 

approximations of VM. The sphere is divided 

into elemental shells of thickness 0.01 mm 

with a film on the outside. Individual lines 

are described in more detail below. The 

initial trial value of VM was set at line 130.

200 to 250 Experimental results are input.
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260 to 270 Equation 6.5 is solved to calculate the change

in glucose concentration across the film.

280 to 290 The glucose concentration on the inside of the

film is calculated.

300 to 310 Equation 6.2 is solved to calculate the change

in glucose flow across the element (which 

equals the rate of consumption of glucose 

within the element).

320 to 330 Equation 6.3 is solved to calculate the change

in glucose concentration across the element.

340 to 350 Current values of VM and R are saved.

360 to 390 Glucose concentration and flow of glucose

leaving the element are calculated.

400 to 410 Radius of next element is calculated.

420 to 470 For solution of equations 6.2, 6.3, 6.4 and

6.5, -NG and CG must remain positive between 

the outside and the centre of the bead. 

Depending on whether CG or-NG is less than 

zero either VMMIN or VMMAX are set to the 

trial value of VM with VM being reset halfway 

between VMMIN and VMMAX. If VMMAX has not
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been set, VM is doubled until VMMAX can be 

set. Thus VMMIN and VMMAX converge until 

after 40 iterations they are approximately 

equal. The interim results are printed via 

line 530.

480 to 490 If both CG and-NG are positive the calculation

is repeated for the next element by returning 

to line 310 unless the centre of the bead has 

been reached.

500 to 510 If the centre of the bead is reached with both 

-NG and CG positive then VM is too low. Thus 

VMMIN is set to VM and VM is set halfway 

between VMMIN and VMMAX.

520 to 530 Interim results are printed.

540 to 550 Unless CG and NG are approximately equal to

zero the calculation is repeated from line 

190.

560 to 700 The calculation procedure between lines 210

and 410 is repeated and concentration and flow 

values printed out for each element.
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Program 6/1 Example of output (run I)

LOAD "6/1" 
>RUN 
WHAT IS THE VALUE OF CG IN kg/m~3 ?13 
WHAT IS THE VALUE OF NG IN kg/s/bead ?4.< 
WHAT IS THE VALUE OF R IN m 7.00145 
WHAT IS THE VALUE OF VS IN m/s 7.007 

CG DNG*1E10 -DCG -NG*1E10 R 
kg/m"3 kg/s/bd kg/nT3 kg/s/bd m.ra.
-0.0970
2.6385

-0.3324
1.0320

-0.1047
0.4952
0.1600

-0.0252
0.0336

-0.0207
-0.0105
0.0041

-0.0110
-0.0025
-0.0025
-0.0007
0.0020

-0.0001
0.0013
0.0007
0.0005
0.0002
0.0001

0.1072
0.2408
0.0395
0.1820
0.0272
0.1495
0.0872
0.0400
0.0331
0.0199
0.0100
0.0053
0.0007
0.0057
0.0015
0.0008
0.0022
0.0000
0.0011
0.0009
0.0004
0.0003
0.0001

CONCENTRATION AND
13.0000
12.1852
10.9967
9.8675
8.7982
7.7893
6.8415
5.9553
5.1313
4.3699
3.6715
3.0367
2.4656
1.9583
1.5148
1.1346
0.8167
0.5596
0.3605
0.2152
0.1172
0.0578
0.0259
0.0108
0.0043
0.0017
0.0007
0.0003
0.0001
0.0001

0.2568
0.2528
0.2488
0.2448
0.2406
0.2364
0.2321
0.2276
0.2228
0.2178
0.2123
0.2062
0.1993
0.1911
0.1811
0.1685
0.1522
0.1308
0.1038
0.0728
0.0435
0.0219
0.0096
0.0039
0.0015
0.0006
0.0002
0.0001

0.8589
0.0619
0.3845
0.0366
0.1366
0.0422
0.0019
0.0763
0.0084
0.0436
0.0215
0.0017
0.0118
0.0088
0.0041
0.0015
0.0005
0.0001
0.0000
0.0002
0.0000
0.0001
0.0000

2.4111
-0.0675
1.0215

-0.0841
0.3326

-0.0383
-0.0825
0.1579

-0.0120
0.0914
0.0441

-0.0011
0.0283
0.0160
0.0085
0.0029

-0.0009
0.0002

-0.0011
-0.0003
-0.0004
-0.0001
-0.0000

1.
1.
1.
1.
1.

,3300
,3000
,2900
,2700
2600

1.2600
1,
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.

2400
2500
2300
2400
2300
2100
2200
2200
2100
2000
2000
1700
1900
1900
1800
1800
1700

D8E-10 

VMMAX

-1.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

0000
1200
1200
1050
1050
1013
0994
0994
0989
0989
0989
0988
0988
0988
0988
0988
0988
0988
0988
0988
0988
0988
0988

V
•kg
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

MMIN 
/nT3/s
.0600
.0600
.0900
.0900
.0975
.0975
.0975
.0984
.0984
.0987
.0988
.0988
.0988
.0988
.0988
.0988
.0988
.0988
.0988
.0988
.0988
.0988
.0988

VM

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

1200
0900
1050
0975
1013
0994
0984
0989
0987
0988
0988
0988
0988
0988
0988
0988
0988
0988
0988
0988
0988
0988
0988

FLOW PROFILES AT SOLUTION

0.8148
1.1885
1.1292
1.0693
1.0089
0.9478
0.8862
0.8241
0.7614
0.6983
0.6348
0.5711
0.5073
0.4435
0.3802
0.3179
0.2571
0.1991
0.1453
0.0979
0.0595
0.0319
0.0151
0.0065
0.0026
0.0010
0.0004
0.0001
0.0000

4.0800
3.8232
3.5704
3.3215
3.0768
2.8361
2.5997
2.3676
2.1401
1.9172
1.6995
1.4872
1.2810
1.0817
0.8906
0.7095
0.5410
0.3888
0.2580
0.1542
0.0813
0.0379
0.0160
0.0064
0.0025
0.0009
0.0003
0.0001

-0.0000

1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.

4500
4400
4300
4200
4100
4000
3900
3800
3700
3600
3500
3400
3300
3200
3100
3000
2900
2800
2700
2600
2500
2400
2300
2200
2100
2000
1900
1800
1700
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Program 6/1 Example of output (run F)

LOAD" 6 /I" 
>RUN 
WHAT IS THE VALUE 
WHAT IS THE VALUE 
WHAT IS THE VALUE 
WHAT IS THE VALUE 

CG DNG*1E10 
kg/in* 3 kg/s/bd

-0
0

-0
0

-0
-0
0

-0
-0
-0
0

-0
-0
-0
-0
0

-0
-0

.2637

.3766

.0944

.0858

.0695

.0331

.0126

.0029

.0072

.0048

.0014

.0004

.0016

.0015

.0001

.0004

.0002

.0001

0.0042
0.0347
0.0093
0.0140
0.0043
0.0027
0.0028
0.0062
0.0023
0.0008
0.0003
0.0013
0.0003
0.0000
0.0002
0.0001
0.0001
0.0000

CONCENTRATION AND
2
1
1
1
0
0
0
0
0
0
0
0
0
0
0
0

-0

.1000

.9092

.4772

.1056

.7941

.5413

.3465

.2045

.1096

.0523

.0230

.0093

.0036

.0014

.0005

.0001

.0001

0.0495
0.0467
0.0435
0.0397
0.0352
0.0295
0.0228
0.0154
0.0088
0.0042
0.0017
0.0007
0.0002
0.0001
0.0000

OF CG IN kg/7n~3 ?2.1 
OF NG IN kg/s/bead ?.2< 
OF R IN m 7.00065 
OF VS IN m/s 7.003 
-DCG -NG*1E10 R 
kg/m"3 kg/s/bd num.
0.2999
0.0144
0.1567
0.0111
0.0927
0.0470
0.0025
0.0377
0.0192
0.0088
0.0005
0.0072
0.0034
0.0017
0.0011
0.0002
0.0005
0.0002

0
-0
0

-0
0
0

-0
0
0
0

-0
0
0
0
0

-0
0
0

.1721

.0265

.0797

.0081

.0467

.0223

.0015

.0138

.0076

.0036

.0001

.0023

.0013

.0007

.0003

.0000

.0002

.0001

0.5900
0.5800
0.5800
0.56CO
0.5700
0.5600
0.5400
0.5600
0.5500
0.5400
0.5200
0.5400
0.5300
0.5200
0.5200
0.5100
0.5100
0.5000

J8E-10 

VMMAX

-1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

.0000

.1200

.1200

.1050

.1050

.1050

.1031

.1031

.1031

.1031

.1030

.1030

.1030

.1030

.1030

.1030

.1030

.1030

VMMIN 
kg/ra~3/s
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

.0600

.0600

.0900

.0900

.0975

.1013

.1013

.1022

.1027

.1029

.1029

.1029

.1030

.1030

.1030

.1030

.1030

.1030

VM

0.1200
0.0900
0.1050
0.0975
0.1013
0.1031
0.1022
0.1027
0.1029
0.1030
0.1029
0.1030
0.1030
0.1030
0.1030
0.1030
0.1030
0.1030

FLOW PROFILES AT SOLUTION

0.1908
0.4320
0.3716
0.3115
0.2523
0.1953
0.1420
0.0949
0.0568
0.0298
0.0137
0.0057
0.0023
0.0009
0.0004
0.0002

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

.2980

.2485

.2019

.1534

.1136

.0835

.0540

.0312

.0158

.0070

.0028

.0011

.0004

.0002

.0001

.0001

0.6500
0.6400
0.6300
0.6200
0.6100
0.6000
0.5900
0.5800
0.5700
0.5600
0.5500
0.5400
0.5300
0.5200
0.5100
0.5000
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Symbols Used in Program 6/1

Symbol Meaning

CG Glucose concentration outside the

bead 

CGl Glucose concentration in the element

of the bead under consideration 

D Diffusivity of glucose through the

bead 

DCG Change in glucose concentration

across the element of the bead 

DNG Change in rate of mass transfer of

glucose across the element of the bead

(= rate of glucose consumption in the

element)

DR Thickness of the element of the bead 

N Counter 

NG Rate of diffusion of glucose in to

a bead 

NG1 Rate of diffusion of glucose in to

the element of the bead 

R Radius of the element 

RS Temporarily saved value of R 

Rl Bead radius 

VM Maximum reaction velocity with

respect to glucose consumption per

cubic metre of gel

VMMAX Limiting upper value of VM 

VMMIN Limiting lower value of VM

Units

kgm
-3

kgm
-3

kgm-3

kgs~

m

kgs'-'-bead" 1

kgs'^-bead" 1

m 

m 

m
kgm~ 3 s" 1

kgm~ 3 s~ 1
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VMS Temporarily saved value of VM kgm~ 3 s~ 1 

VS Superficial velocity of liquid in ms" 1 

the fluidised bed
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Appendix 2 Papers Published

Gelling Mechanism of Alginate Beads With and Without
Immobilised Yeast

By CHRISTOPHER D. GILSON, ADRIAN THOMAS, and FREDA R. HAWKES
Department of Science and Chemical Engineering. The Polytechnic of Wales. Pomypridd. United Kingdom CF37 1DL.

Telephone: 0443 48(1480: FAX: 0443 480558. ' 
(Correspondence should be addressed to Mr C. Gilson)

SYNOPSIS
A difTuioiiaJ model was developed lo predict the time for the complete gelling of drops of todium alginalt in calcium 
chloride solution. The effect of bead diameter, alginate concentration, temperature, calcium chloride concentration, and the 
presence of immobilised yeast on complete gelling time were investigated. Experimental results revealed that the actual 
tiroes 10 achieve complete gelling, which were measured at the time lo achieve maximum compressive strength, agreed with 
the model provided the time predicted was increased by 90 seconds. The presence of immobilised yeast increased gdling 
times by i factor equivalent lo the volume occupied by the yeast.

Introduction

Calcium alginate gel is widely used for the immobilisation of 
cells.' : On a small scale, sodium alginate solution containing 
a suspension of cells is allowed to fall dropwise into a bath of 
calcium chloride solution where it gels 10 form solid beads. 
The gelling process takes a finite lime which depends on the 
conditions which are used.

ll is important to accurately predict gelling times in order to 
ensure thai beads are completely gelled 10 their centres to 
maximise mechanical strength and minimise bead splitting 
tn applications involving the evolution of gas. By choosing 
the optimum balance of gelling conditions, namely calcium 
chloride concentration, sodium alginate strength, gelling 
Temperature, and geiling time, it is possible to minimise any 
adverse effect on cell viability and to ensure the beads are 
strong enough for use in hioreactors. At present the times 
allowed fo' complete gelling are empirically chosen, (for 
example. fee Refs 3 and 4) and in industrial applications this 
time is a process parameter which must be defined.

Experimental work on the gelling of aigmate drops into 
beads was earned out so that the process of gelling could he 
more fully understood in order to predict optimum gelling 
times.

The sellinc of alginate drops containing varying amounts of 
Sacciwrom\-cc< crrei'isiac was also examined.

Experimental

Alffinair and \cast solutions
The method.- of Cheetham ci a/.' were used to prepare 

alginate solutions, to form gelled beads, and to encapsulate 
yeast in the gehed beads. Whereas Cheetham ei al. pumped 
their solution tnrough nozzles, in this stud\ the nozzles were 
connected to a reservoir to which pressure was applied to give 
the desired fiowrate. Several nozzles were used and the 
flowraie through them was varied in order to produce drops 
with diameters between 2 mm and 5 mm with an accuracy of 
= 0.1mm. Sodium alginate powder (B.D.H. Ltd.. Poole. 
Dorset I was dissolved at various concentrations in deiomsed 
water and when heads containing yeast were required, dried 
brewers yeas; was resuspended in deiomsed water and added 
tn sodium ultimate solution to give the desired concentrations 
of veast and aigmate.

For all experiments microscopic observation confirmed that 
the veasi cells were individually separated and noi present as 
clumps or floes

The haih of calcium chloride solution was not agitated as 
ininal results had shown that the complete gelling lime over a 
wide envelope ot conditions was unallected by the decree ol 
agitation, ranging from no agitation lo vigorous stirring. A 
degree of initiation and circulation was naiurally present in 
the bath due to successive drops ol liquid continually entering

Pan to receive water
Water added Irom • burette

. Kilcrum

Travelling telescope
\l

'Algmaie Mao

Figure 1: Apparatus 10 measure head deformation under a steadily 
increasing load.

the solution and falling through it. This circulation continued 
for some time after drops ceased to enter the solution.

Apparatus
The apparatus shown in Figure 1 was constructed to allow 

the deformation of a bead under a steadily increasing load to 
be observed. Initiallv the lever was balanced as shown so that 
with the nan empty there was no force acting on the head. 
Water was added at a steadv rate (2.2 ml s"') from <> burette 
and the deformation of the bead observed through a travel 
ling telescope (C. Baker Co.. London).

Gelling nnic al tiic heaC
The force necessary 10 compress a head to 75 "o of its 

original diameter was measured for heads which had been 
subiected to progressively longer gelling times. The force 
required increased with gelling time until it reached some 
maximum constant value at which it was assumed all beads 
had become completely gelled.

It is possible that the gelling process continued after this 
time, however no further increase in strength could be 
detected.

The mass of water added to produce a 25".. decrease in 
he:id diameter was measured and reported as the load exerted 
by that mass of water It was found that below a 25".. 
decrease in diameter measurements became inaccurate due to 
the small distance moved by the lever and above 25% 
decrease in diameter the repeatability of results became poor. 
due probably to the excessive deformation ol the spherical 
bead.

E\l>pnmcnial procedure 
The load necessary to deform a head lo 75'',. of it original

diameter w;is measured 
in calcium chloride solut 
ol (Mis or 121 Is w;is used 
Results ol load applied

n beads which hail been immersed 
in for specilic limes An initial time 
illowed by increases ol .^H s or Wl s. 
u delorm the he.id b\ 25".. ot us
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GELLING TIME 111

Figure 2: Denvsiton of complete gelling time: a typical plot, (calcium 
chlonde concentration '0.1m: 2% wi sodium algmate: 4mm bead 
diameter at 20*C).

original diameter were plotted against immersion time and 
the lime at which there was no further nse in load applied was 
noted and taken as the complete gelling time. A typical plot is 
shown in Figure 2.

Theory

When a drop of sodium alginte solution is immersed in 
calcium chloride solution it is seen thai the surface immedi 
ately gels due ;o the formation of solid calcium alginate. In 
this analysis it is assumed that, as the process continues, 
calcium chlonde diffusing through the surface reacts with 
sodium alginate and calcium ions replacing sodium ions 
beneath the .surface a: a reaction front.

Reaction between the calpum ions and sodium alginate is 
known to be very rapid." 7 so it is assumed that the ion 
exchange is instantaneous and the gelation process is diffu 
sion controlled.

The gelled layer thus becomes thicker until finally the bead 
becomes totally gelled ai the centre (see Figure 3).

In the analysis n is assumed that molecular diffusion of 
calcium chloride through the gelled layer controls the pro 
cess. Assuming a linear concentration profile through the 
gelled layer, an approximation ot the true unsteady state 
equations for tne rate of diffusion through a hollow sphere 
which applies to this particular situation is."

4,-r£)(/?-.v)/?AC . . (1)
Consider a small volume. dV. of the sphere of thickness, djr. 
which reacts in lime, d;:

dr .da-

Unreacied sodium

..Reaction from

^w^7̂ \X//1 ' w Solid calcium aiqmaie

Assuming E kmol of calcium chlonde are required to react 
stoichiomctncally with 1 nr of sodium alginate solution:

VA dV
(3)

Combining equations 1. 2. and 3 gives:

flDAC _ do- 
£r dr

which on integration gives:

6/i,D AC

A particular solution of this equation occurs when gelling is 
complete and K = *:

ER-
(5)

r.V Cniv •».-ciii>n of j panlv uellril hciiil.

To verify- this equation, it is possible to vary each of the terms 
except diffusivity and from the time taken (or gelling to be 
complete. 10 calculate diffusivity.

Results and Discussion

Gelling time
The results presented on Figures 4. 6. 8. 11. and 12 show 

thai times to achieve complete gelling varied between limns 
of three and 25 minutes. No increase in compressive strength 
was found by leaving the beads immersed in calcnj;n chlonde 
solution for longer periods.

Gelling times used by researchers in the manufacture of 
algmaie beads have varied between 30 minutes 1 and 12 
hours. 4

1; would seem from our results thai there is little point in 
leaving beads, particularly those containing immobilised 
microorganisms, immersed in the gelling solution for loncer 
than necessary unless shrinkage of :he beads is required.

Bead shrinkage
li was found thai with calcium chloride strengths above 

I.OM. shrinkage occurred before maximum compressive 
strength was obtained. Beiow this level maximum compres 
sive strength was obtained withoui shrinkage taking place. 
When shrinkage occurred, the reduction in bead diameter 
was found to vary between individual beads of the same 
original diameter. It was considered important to produce 
heads with closely controlled diameters so calcium chloride 
strengths of I.OM and less were used. In practical applications 
of this work for immobilising microorganisms, the use of 
calcium chloride strengths above !.0w would offer no advan 
tage as gelling at I.OM would give sufficiently shon gelling 
times for most anticipated applications.

Head diaiticirr
Figure 4 shows the correlation between gellinc time und the 

square- of bead diameter The best til is a straight line as 
predicted by equation 5 but extrapolation shows n dues not 
pass through the origin. It was not povsible 10 make accurate 
gelling time measurements below 2 mm bead diameter hui 
extrapolation of Figure 4 indicates u gelling time under 
standard conditions for a 1mm bead of about Mils. In 
practical applications of these results, uncertainties in predic 
tions ot gelling time at small diameters could be allowed lor 
hy increasing the gelling time The resulting time wnuld still
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Figure 4: Variation in complete gelling time with the square of bead 
diameter. (Calcium chloride concentration = 0. IM; ?"'<, wt sodium 
algmate at ZtTC).
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3: Equation 6

Figure 5: Variation in the diffusivity of calcium chloride with bead 
diameter. For conditions see Figure 4.

be relatively short for most anticipated immobilisation pro 
cedures and would presumably be unlikely to affect cell 
viability.

Figure 5 shows values of diffusivity calculated from the 
experimental results. Using equation 5 diffusivity rose from 
0.38 x 10" g m-s" at 2 mm diameter to U.63 x. 10""m : s"' at 
5 mm diameter. There is no obvious reason why diffusivity 
should vary with diameter so the time predicted by equation 5 
may be empirically increased by 90 s to give equation 6:

ER-
-90 (6)

which gives a more constant value of diffusivity of 0.72 x 
10""m ; s"' (see Figure S). The significance of the 90s 
increase is not clear but may be due to a consistent error in 
measuring the time at which gelling was complete to the 
centre of the bead because in the final stages of gelling 
mechanical strength may increase asymptotically with time.

When presenting this model we assumed that mass transfer 
through the gelled surface of the sphere was by molecular 
diffusion. It was assumed that there was no resistance to mass 
transfer at the calcium chloride solution-surface of bead 
interface nor at the gelled matrix-sodium algmate zone within 
the bead. Eddy diffusion could possibly occur in both the

1200. 

_ lOOOj

s i
= 3001

: soo
LU

u 400

i
5 200

12345 
ALGINATE CONCENTRATION 1% wtl

r6: Variation in complete celling time with sodium aieinalc 
nirauon. (Calcium chloride concentration =O.|M: at 2(>°C;conce

•I mm bead diameter.)

0-80

0-70

! ~- 
,= 0-60 J

5 o-w

0-30
1 2 3 ~ 4 
ALGINATE CONCENTRATION ir.

C: Equation S
~: Equation 6

r«urt 7: Variation in ihe diffusivity of culcium chloride wiih sodium 
alemate concentration. For conditions sec Figure n.

calcium chloride continuous phase and in the ungeiled inter 
nal sodium algmate solution and these extra resistances to 
mass transfer would be consistent with an apparent increase 
m diffusivity with respec: to increasing aiameter.

Alztnaie concentration
Figure 6 gives the correlation between gelling time and the 

concentration of sodium aiginate solution used to make the 
beads. The best tit as a straight line as predicted by equation 5 
but which again does not pass through the origin. Figure 7 
shows values of diffusivity calculated from this data (equation 
5) and the expected horizontal line produced by applying 
equation 6 is also shown for comparison.

Calcium chloride concentration
Fieure 8 shows the relationship between the reciprocal of 

calcium chloride concentration and gelling lime. The best fit 
is linear as predicted by equation 5 but again the extrapolated 
line does not go through the origin. Figure 9 shows the 
relationship between calcium chloride concentration and dif 
fusivity calculated from experimental results using both equa 
tions 5 and 6. There is a considerable fall in diffusivity with 
increasing calcium chlonde concentration and as calcium 
chloride concentration tends to zero the diffusivity tends 
towards l.2x 10~*m: s~' compared with the value of 1.12* 
lO'^m^s"' calculated from the work of Wilke" for the diffu-
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1500

0 10 20 30 40 50 
RECIPROCAL OF CALCIUM CHLORIDE CONCENTRATION (molar ')

Figure 8: Variation in complete ^cllmc lime with the reciprocal <>t 
calcium chloride concentration. (1"\, xidium aleinate dilution. - mm 
head diameter jt 2U°C. )

0 3-20 0-40 0-60 0-30 
CALCIUM CHLORIDE CONCENTRATION (MOLAR!

C: Equation 5
3: equation 6

Figure 9: Variation in the diffusivity of calcium chloride with calcium 
chloride concentration. For conditions see Figure 8.

sion of calcium chloride at infinite dilution through water at 
20°C.

Figure 10 shows a plot of diffusivity against the log of 
calcium chloride concentration. A straigm line relationship 
was found berween concentrations of U.02.W and IM using 
equation 5 or 6.

The reduction in diffusiviry with increasing calcium chlo 
ride concentration may be due to intermoiecular forces within 
the alginate matrix which reduce the diffusivity of calcium 
chloride.

Temperature
Gelling experiments were carried out berween 0°C and 

50°C. Figure 11 shows the reduction in gelling time with 
increasing temperature. The effect is quite marked and 
Fieure 11 shows that gelling time decreased by a factor of 2.6 
between 0°C and 50°C. Previous work' '" indicates that diffu 
sivity of ionic species in water is proportional to T/u.

Bv use of equation 6. this factor was used to adjust the 
experimental gelling time at 20°C for other temperatures. 
These theoretical gelling times are shown as the solid line of 
Figure 11.

Added yeast
Yeast in quantities between 1% and 10% (dry weight basis) 

was added to the sodium alginate solution prior to gelation.

'•20. 

1-00: 

0-80.:

0-40:

5 : 
0-20:

0:__ 
0-01 0-1
CALCIUM CHLORIDE CONCENTRATION {Loq,0 moiarl

0: Equation 5
-: Equation 6

Figure 10: Variation in the diffu-smty of calcium chloride with the loa 
of calcium chloride concentration. For conditions >ee Fieure S.

800i

£ 400:

O i
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10 20 30 
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Figure 11: Variation m comolete gelling time with gelline tempera 
ture. (Calcium chloride concentration = 0.IM: -mm bead diameter: 
2% sodium alemate.)

700.

2 soo;

500J

2468 
YEAST CONCENTRATION (% dry wtl

Figure 12: The effect of added yeast on gelling time, i Calcium 
chloride concentration =O.!M; 4 mm bead diameter: 1°,\, vi sodium 
alginate at :0°C.)

Figure 12 shows gelling time increasing with increasing yeast 
concentration. The presence of 10% yeast caused an increase 
in gelling time of 31% compared with similar yeast free 
beads.
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The wet weight and volume of yeast is much higher than 
after drying and our measurements showed that the volume 
of wet yeast was about three times that of the equivalent dried 
yeast. Thus 10% yeast (dry basis) would be expected to 
occupy about 30% of the volume of the liquid thereby 
reducing the area available for diffusion to occur.

A correction is therefore proposed for equation 6 to allow 
for this effect:

ER-
6£>AC|]-(fl/100))

-90

The gelling time predicted by equation 7 is shown on figure 12 
as the solid line.

Conclusions

(1): The time for complete gelling of beads 10 occur, which 
was measured as the time for beads to acquire a constant 
mechanical strength, was found experimentally for a variety 
of conditions to be less than 30 minutes. This contrasts with 
the longer times used by other workers to gel beads for use in 
bioreactors.
(2): Gelling time increased with increasing bead diameter 
over the ranee 2 mm to 5 mm and with increasing alginate 
concentration over the range 1 % wt to 6% wt.
(3): Gelling time decreased with increasing calcium chloride 
concentration over the ranee O.CGw to I.OM and with increas 
ing temperature over the range 0°C to 5(I°C.
(4): The addition of yeast to the alginate solution in amounts 
up to 10% (dry wt basis) prior to gellanon had the effect of 
increasing selling time by up to 31%.
(5): A model was developed to predict gelling lime based on 
the diffusion of calcium chionde into the gelling bead
(6): For variation in bead diameter from 2 mm to 5 mm and 
alginate concentration from 1% to 6% there was close agree 
ment between the model and experimental results, although 
the best agreement was omamed when the time predicted by 
the original model was increased by 90 seconds.
(7): The increase in gelling time in the presence of added 
yeast could be predicted by adjusting the model to take 
account of the reduction m the area available for diffusion 10 
occur caused hv the presence of veast.
(81: Gellmc lime halved with a 3()°C to -H'°C increase in 
gellmc temperature which is in agreement with the predic 
tions of tne moael.
(9): The diftusivity of calcium chionde into a head calculated 
from the mooei in its oncinai or modified form was found

to decrease considerably with increase in calcium chloride
concentration.
(10): The model provides a useful method for predicting the
time taken for the complete gellation of alginate beads under
a variety of conditions.

Symbols used

B= Volume of the bead occupied by immobilised yeast
(%). 

AC= Concentration difference of calcium chloride
fkmolnr').

O= Diffusivitv of calcium chloride (m: s~'). 
df» Time taken for the small volume of the gelling bed txv

react to form gel (si.
dV- Small volume of the gelling bead (m'). 
djr = Thickness of the small volume of the gelling bead (m). 
£= Stoichiometric constant. Quantity of calcium chloride

required to react stoichiometrically with 1 m' of
sodium alginate solution (kmol m' 1 ). 

Ar'A = Rate of mass transfer diffusion (kmols"'). 
/?= Bead radius (m). 
i= Time (s). 
7= Temperature (K).
JT= Thickness of gelled shell of calcium alginate (m). 
/u = Viscosity of solution [cP( = mNs m"-)].
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CALCIUM ALGINATE BEAD MANUFACTURE:
WITH AND WITHOUT IMMOBILISED YEAST

DROP FORMATION AT A NOZZLE
CHRISTOPHER D. GILSON. ADRIAN THOMAS AND FREDA R. HAWKES 
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BIOPAPERNO: 11:5:33
1. Introduction
Much research nas oeen cameo out throughout the world on 
immobilised cells this nas oeen reviewed by Bucxe. 1983: Linno and 
Undo. 1964 and Chioata. el al. 1 986 A particular application ot 
•immobilisation technology is etnanoi lamentation using /east cells 
immobilised in calcium algmate beads. (Nagashima. et al. 1984: 
Margarms and Merchant. 1984). but most oubiisned work concentrates 
on the use ot beads after their formation. Beads are usually tormea by 
allowing drops ot sodium atginate solution, which contain a suspension 
ot yeast cells, to tall trom a nozzle into a bath of calcium cnionoe 
solution wnere they raoidly gel to torm solid beads, this is as ongmally 
oescnoed by Cheetham el al (1979). The process ot formation ot oroos 
ot sodium algmate at a nozzle does not appear to nave been 
investigated and a process yielding uniformly sized beads ot a 
predictable diameter nas not yet oeen aescrioea. 
Much worK has been carried out on drop formation at a nozzle in me 
context ot spray crying, tnis worn mainly concentrates on arop 
formation at relatively nign liauid velocities (over aooui i ms i wmcn 
produce a wioe range ot arop sizes. (Masters '9761. At low velocities 
(up to about 0 a ms 'i. our work has shown thai oroo size depends on 
the nozzle dimensions and The physical properties ot the sodium 
algmate solution nevertheless without an understanding of tne way 
drops size is determined, me design of a nozzle to produce a specific 
drop size would become a tnal and error process wnere tne effect ol 
changes in variables such as sooium algmate grade, solution 
concentration or tne oresence of added yeast could not be predicted. 
The worK oescnoed in this paper concentrates on tne formation of 
drops ot sodium algmate solution using various sets ot conditions 
where it was touna possible to produce a narrow size range ot drops 
and to predict accurately this drop size. The eventual objective was to 
be able to oroduce targe numbers ot droos ot anv chosen drop 
diameter witnm a given size specification.
2. Experimental

2.1 Alginate ano yeast solutions
The methods ot Cheetham et al 11979) were used to prepare 
sodium aigmate solutions, to lorm gelled beads and to 
encapsulate yeast cells in the gelled oeaos. Whereas 
Cheetham er ai pumped their solution through nozzles, we 
connected tne nozzles to a reservoir wnicn was pressured to 
give tne desired flow rate. Sodium algmate powder (B.D H 
Pooie. Dorseti was dissolved at various concentrations in 
deiomseo water and when beads containing yeast were

required, dned brewer's yeast was resusoended in deionised 
water and added to tne sodium algmate solution to give tne 
desired concentrations ot yeast and atgmate. 

2.2 Apparatus
Four nozzles were manufactured in stainless steel (see Table t 
tor details i Each nozzle was attached to a reservoir 01 sodium 
aigmate which was oressured with argon to give the required 
HQuid velocity from tne nozzle (see figure 11.

TaBto 1 - NOZZI* 0«taiis
NoiZ'e Numoer internal diameter immt

i ' 0-8
2 2.0

3 2.0

- 0.8

External Diameter imini

1.5
4.C

2.«

T '

2.2 experimental proceoure
Oroos were allowed to la" 20cm into a reservoir ot 0.2M 
calcium cnionoe solution wnere they rapidly gelled. Tne neight 
ot 20cm was tound to oe ootimum because oelow 15cm oroos 
had not had sufficient time to tully change irom their initial 
tearorop snape to a sphere. Above 30cm. oroos tended to 
distort on impact with the calcium cntonoe solution. Beads were 
inspected tor uniformity to ensure tne process was stable ano 
the mean of 10 beads taxen as the diameter. Initially the 
diameter ot 400 beads was measured oy this method to cneck 
the reliability ot bead formation and subsequently batches of 
100 beads were regularly checked to ensure that the samole ol 
10 Deads was representative The diameter ot any oeao was 
never tound to vary by more than »0.imm trom tne mean, it 
was also found mat the use ot the same conditions on different 
occasions produced similarly sized beads whose mean 
diameter agreed within 0.05mm Results ot mean bead 
diameter are therefore quoted to the nearest 0.05mm

3. Theory
Two models were oeveiobed to predict the drop size at a nozzie. 

3.'. Model i
Three forces act on a drop wmch is forming at a nozzle, a 
surface tension torce upwards ano gravitational and menial 
forces downwards (see Figure 2i

Page 11
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The ineniai force is due to the momentum ol liquid flowing 
mrough the nozzle. When the rwo downwards forces exceed 
me uowaros torce. the arop well begin to accelerate from the 
nozzle ana Model 1 assumes that detachment occurs at that 
moment. Then:

PS - P G » F l ( 1 > 
ie ndnO-- 4 TTt»d bl 3 g *fv2TTd i 2 (2) 

Giving ihe value of the drop diameter as: 

abl ' ~ 60,0- - I.5v2 d, 2 1 !/3

If* 8 J 
3.2 Model 2 

Observation of the process of drop formation shows lhat drop 
detachment is not instantaneous as assumed in model one out 
that a necx of fluid forms Between the nozzle and the drop as 
the drop accelerates, see Figure 3 Eventually this neck Breaks 
and pan of the liquid enters the drop, and pan remains to torn 
the nucleus at the next drop.
The second model takes account ot all me extra liquid m the 
drop until tne drop velocity exceeds tne velocity of liquid leaving 
tne nozzle. The net acceleration of the drop at any moment is 
meretore cue to the gravitational torce on the extra mass added 
alter tne start ot acceleration.
i.e. rr d 4 2 Vpgc - m du (3) 

• dc

where m . TT d^3 + TT d t 2 v^c (4) 
6 4

comomtng Equations 3 and 4 and suostitutmg:
0 - : dML3 (5)

3 ojV

gives • - 1 Su (6) 
D»t g at

wnicn on integration gives
:^nlnh.r*U /7\

As aiginate concentration increased it was found that a 
continuous iet formed rather man discrete drops at lower liquid 
velocities. With 5% and 6% aiginate solutions a continuous iet 
formed at 0.07 and 0.05 ms ' with no vanation in Bead diameter. 
These results are theretore not presented graphically in 
Figures 4 and 5.

TaDie 2 • Surface tension ol aqueous aiginate solutions •

Nozzle No
mm Nm ' mm Nm ' mm Mm mm Nnv'

Alomaie 
Cone.",.

0.5 3.30 0039 ' ' 3.0 0.040 
10 340 0.043 490 0.048 410 0.047 3.15 0.046 

2.0 3.50 0.047 4.80 0.045 4 10 0.047 3 15 0.046 

3.0 3.50 0.047 4.90 0.048 4 10 0.047 3.15 0.046 

40 3.50 0.047 4.80 0.045 410 0.047 3.15 0.046I 

5.0 3.50 0.047 4.90 0.048 4 10 0.047 3.20 0.048J 
6.0 3.50 0.047 4.80 0.045 410 0047 315 0.046J

'Unaoie 10 measure oue 10 Dead distortion i

4.3 Aiginate drops without yeast 
Expenmental results and tne predicted results from Models : 
and 2 are snown on Figures 4 and 5 
With Nozzles 2 and 3. the senes of drops turned to a 
continuous iet before the liquid velocity had increased enough 
to alter the drop size. It was found that tor all aiginate 
concentrations (trom f% to 4%) and lor all velocities ot liquid at 
the nozzle tip (from zero to the value at wnicn tne iet became 
continuous i and tor Nozzles i and 4 mat me actual diameter of 
me drop had a value intermediate between those predicted by 
the two mooeis. A close prediction ol actual drop size is 
ootamed where the drop volume is taken as tne arithmetic 
mean ot tne volumes predicted by the two moaels which is

i

0 9 
To calculate tne resulting drop diameter
TT d(,23 • TT D,,,, 3 •»• TT di 2 Vc 
(T I

,3 . .3 Vc

(8)

(9)

Equation 7 was solved* by a method ot successive 
appproximations for a given value o! V to give t using a 
comouter orogram.-ne isee Appendix 11 and the oroo diameter 
was calculated trom Equation 9 The orogramme is written in 
Sas/cwrtn fne exceotion ot line 70 wnicn is soecrftc to BBC 
Basic and is useo to oroauce output m ordered columns 

3.3 Calculation o! Surtace Tension
Measurement ot Dead diameter as tne liquid velocity tends to 
zero allows r. the menial torce in Equation 1 to oe neglected 
ano values at sunace tension can oe calculated trom. 
C~ - a-,f, 3o8

at tne point wnere the Drop is aoout to oe released. 
4. Results and Discussion

4.1 Sunace Tension
Results calculated trom Equation (10) are shown in Table 2 tor 
Nozzles 1.2.3 and 4 with me value ot Density oemg taken as 
me difference between tne density ol the sooium aiginate 
solution ano me density ot air
As will be seen there is little measured variation in sunace 
tension oetween 2% and 6% aiginate solutions and between 
results trom me different nozzles. The values vary Derween 
0.043 and 0.048 Nm •• compared with a mean value ot 0.0437 
Nm measured by tne sessile droo method lor 2. 3. 4 ana 6% 
aiginate solutions

4.2 Limits ol OperaDilny
Although Deads could be formed from 0.5% aiginate solution 
mey were usually distorted on impact with the calcium chloride 
solution so mat accurate diameter measurements were dillicult 
to make

the neck between bead and nozzle divides equally between the 
nozzle and tne bead when me neck ruptures. All results except 
one lie within 0.1 mm ot this predicted mean. » 0. i mm being 
taken as the accuracy within whicn bead diameters can oe 
measured. 84% ol the results lie within 0.05mm ol the predicted 
mean.

44 Aiginate drops containing yeast
As aiginate gel is commonly used to encapsulate micro 
organisms n was decided to examine turtner me oenaviour ot 
2% aiginate solution containing up to 15% dry yeast. 
Exoenmental results tor drop formation with Nozzle 4 are 
snown on Figure 6 wnere stanaaro aiginate Deads are 
compared with Deaos containing 5%. I0°/o ano 15% dry yeast. 
it can oe seen mat the addition ol veast nad no measuraoie 
etlect on oead diameter 

Conclusions 
i Two moaeis were developed to predict variation m drop diameter

with iiouio velocity. Almost all experimental results tor 1% to 6%
sodium aiginate solution ano tor 2 nozzles with different geometry lie
oerween me predictions ol the two models. 

2. A erase prediction ol actual drop size is obtained wnere the drop
volume is taken as the arithmetic mean ot tne volumes predicted by
tne two mooeis

3 Measured sunace tension was me same tor 2. 3. 4. 5. and 6% 
aiginate solutions. Similar results were obtained tor eacn nozzle

4 Droo Diameter is strongly influenced Dy me outer diameter ot the 
nozzie no at which oroos torm. Drop diameter at conditions wnere 
iiouid velocity tended towards zero vaned between 3.2mm tor 
Nozzle 4 and 4.9mm tor Nozzle 2. Funner changes in nozzle tio 
outer diameter could be useo to decrease the value of 3.2mm or 
increase the value ot 4.9mm

5 Drop diameter is artected to a lesser extent by me velocity ol iiouio 
issuing irom the nozzle than oy the nozzle diameter

6 The addition ot yeast to the aiainate solution in amounts between 
5% and 15% nad no etteci on orop size.
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Nolatior

I b Constant oetined ov Eaualion 5i
a.,, Oroo oiameter as aauid velocity lenas to zero

as oredicteC ov Eauanon 10.
Droo diameter as oredicted by Equation 2 iMooei 1'
Oroo Diameter as oreoicted by Eauanon 7 ana 8
<Moael 2)

d Nozzle inner diameter 
d, Nozzie outer Diameter 

g Gravitational constant 

o Sunace tension ot aiginate solution 
] FG Gravitational torce on tne flroo

menial torce on tne Oroo
Surface tension torce on tne Orooi

| m Mass ot oeac
I t Time

u Seao velocity

v Velocity ol liouid in nozzle

p Density difference between liquid ana gas

m
ms"r

Nrr."
N
N
N
Kg
s
ms"
ms"

Kc.m"
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Fie. ' Scnemalic tigure at the device used to torm arops.
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nczzie carne"

I Aooenaix I
I 10 INPUT "WHAT :S THE NOZZLE INNER DlAMETeB IN W 0'
! 20 INPUT -WHAT IS THE NOZZLE OUTER DIAMETER IN W OJ
• 3C LE" S. 047
! 40 L" 03-n6'D2-S. :1000'9 3"" 33333

5C LE* 0-.03
'• 60 LE T V.C
! 7C <2>'.-.i20508
I 80 PSINT
j 9C PRINT 'LIQUID.-DROP DIAMETER---
j 100 PBINT -VELOCITY MODES. • SO-. LINE MCOEL 2'
I MO BWNT'MS M M M
| 120 GOTO 210

130 IF5'D2'S<1 5'1000'{V"21'lDr2lGOTC250
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170 FOR N.; TO 80
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210 LETD5»nD3-3'-.5.l043r
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! 240 GOTC '30
! 250 END

Fig. 2 Scnematic reor«9entation ol tne lorces acting on a oroo anacnea !o i ; 
a nozzie. r ' i

FiC. : Tne ;acciment trom a nozzle

:n:rial 
sfare

droo 
:reoKs falls 
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Fig. 4 Experimental results of drop diameter against liquid velocity at
Nozzle l Predicted results trom Models l and 2 and me predicted 
"volume mean" are snown.

Fig. 5 Experimental results ot drop diameter against liauid velocity at
Nozzle 4. Predicted results from Models 1 and 2 and tne predicted 
"volume mean" are shown.

Fig. 6 experimental results ot crop diameter witn added veasl against 
liquid velocity at Nozzie 4.

01 '-i I 03 
liauifl velocity (ms"1 '
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