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ABRSTRACT

Samples of various industrial or pilot plant spray-dried
materials were obtained from manufacturers together with
details of drying conditions and feed concentrations. The
samples were subjected to qualitative and semi~quantitative
examination to identify structural and morphological features.
The results were related to measured bulk physical properties
and to drying conditions.

Single particles were produced in a convective drying
process analogous to spray drying, in which different solids
or mixtures of solids were dried from solutions, slurries or
pastes as single suspended droplets. The localized chemical
and physical structures were analysed and in some cases the
retention of volatiles monitored. The results were related to
experimental conditions, viz.; air temperature, initial solids
concentration and the degree of feed aeration.

Three distinct categories of particle morphology were
identified, i.e.; crystalline, skin-forming and agglomerate.
Each category is evidence of a characteristic drying behaviour
which is dependent on initial solids concentration, the degree
of feed aeration, and drying temperature. Powder flowability,
particle and bulk density, particle-size, particle friability,
and the retention of volatiles bear a direct relationship to
morphological structure.

Morphologies of multicomponent mixtures were complex, but
the respective migration rates of the solutes were dependent
on drying temperature.

Gas—film heat and mass transfer coefficients of single
pure liquid droplets were also measured over a temperature
range of 50°C to 200°C under forced convection. Enhanced
transfer rates were obtaimned, attributed to droplet
instability or oscillation within the airflow, demonstrated in
associated work with single free-flight droplets.

The results are of relevance to drier optimization and to
the optimization of product characteristics, e.g.; particle
strength and essential volatiles-retention, in convective
drying.
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1.0> Introduction

Most manufacturing operations entail one or more stages in
which drying is carried out. In fact, as a unif operation
drying has probably the widest application in industry. The
term drying is generally understood to cover the removal of a
liquid from a solid usually in the form of a solution,
suspension, slurry, paste or a solid matrix such as wood,
clays, vegetables etc. In most cases this involves the
vaporization of the liquid and its subsequent diffusion away
from the surface. Since the vaporization is associated with a
change in heat content, in convective drying the process must
also involve a transfer of heat from the bulk gas to the
liquid. The rate of this process will depend upon the
resistances to heat and mass transfer within the system. The
mode -0f heat transfer depends on drier design but is
predominantly by convection or by direct contact

( conduction ), although mnearly all driers transfer some heat
by radiation. Heat supplied by radiation alone is exceptional
and is usually restricted to infra-red drying. In convection

drying hot air is blown over the surface of the wet solid and
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provides both the source of heat and the means for removal of
the vapour. In conduction drying the wet solid is for example,
placed in a vessel which is heated from the outside or on a

static or moving heated surface and the vapour 1is discharged

via a vent,

Examples of convective driers include, direct rotary,
prneumatic, fluid bed and spray driers, whereas, indirect
rotary, drum, agitated and freeze driers are conductive. Some
types, e.g.; band and tray driers, can be either convective or
conductive. Vhatever the type of drier, product quality and
product performance characteristics, e.g.; moisture content,
density, colour, aroma retention, particle-size distribution
etc., all of which are affected by the drying operation, are a
significant factor in drier selection.

The large number of drier types available commercially,
either conductive, convective or radiant in nature, renders it
impracticable to study all the associated drying mechanisms in
any detail. It may not however, be unrealistic to extend the
drying mechanisms of one particular type of drier to another,
similar or nnalogous method of drying. For example, the drying
mechanisms associated with spray drying may be similar to
those found in fluidised bed and possibly pneumatic drying.

In the present stqdy the morphology of spray-dried
particles has been investigated. Information has been obtained
from the qualitative and semi-quantitative examination of
industrial spray-dried material and from experiments performed

with a single droplet drying apparatus — a process analogous

- 18 -~



to spray drying. The main aim of the work was to reproduce and
predict the morphology of production dried formulations
witbout recourse to expensive plant trials. This would assist

spray drying technology in,

e The comparison of drying rates between products and

different formulations.
o The assessment of particle morphology.
e Spray drier optimization.
Because of the difficulties associated with investigating

spray drying in situ, research has in general tended to be

divided into four main areas,

1.) Atomization studies, which attempt to correlate droplet-
size distribution with feed characteristics, atomizer
design, pressure ¢ or rotational speed ) and throughput.

2.) Studies of gas flow patterns and residence times.

3.) Single droplet drying studies.

4.) Mathematical models, which bring together the data from
1 to 3 to simulate drier performance, and to predict

droplet drying rates and drying behaviour.

- 16 -




The majority of this research has been concerned with studies
of atomization and gas flow patterns,. with single droplet.
drying studies receiving relatively little attention. However,
in the past 10 to 15 years this has begun to change

( cf. page 26 ).

All three areas of research employ mathematical mndels to
explain the complex interactions between droplet-size
distribution, temperature, rate and direction of airflow,
droplet drying behaviour, the resulting residence time and
product temperature. They are particularly useful in the food
industry where users claim the accurate modelling of droplet
formation during atomization allows the prediction of aroma
loss without recourse to expensive pilot plant trials.

However, this approach requires caution since many of the
models are being developed more rapidly than the available
experimental'techniques or data used to validate them. Indeed,
the majority of drier manufacturers regard computer modelling
as being far less important than experience (1). This is
understandable since few of the models predict the production
of a final hollow particle, which is commonly encountered, or

droplet / particle expansion during drying.

1.1) Spray Drying

Spray drying, an example of convective drying, is probably the
most widely used dried particle formation process in industry.

It is applicable to a wide range of products and industries

_20_



( see Table 1 ), e.g.; for the continuous production of dry
solids in powder, granulate or ngglomérate form from liquid
feedstocks as solutions, emulsions and pumpable suspensions.
Although regarded as a relatively new technique, Masters (2),
who extensively chronologs the historical development of spray
drying up to 1949, reports the first acknowledgement of the
process to be in 1865. However, because of practical problems,
such as the inability to achieve continuous feed atomization
and the frequency of shutdown necessary to remove deposit
formation, the first successful commercial spray driers did
not appear until the 1920's. A notable exception was the
Merril-Soul milk drier in 1905. Various attempts were made to
improve the available atomization systems but most designs met
with limited success. In 1911 however, a patent by Meisters
(3) clearly describes what appears to be the forerunner of the
modern rotary or centrifugal atomizer with a more novel form
appearing in 1921 by Akermann. By the 1930°'s spray drying had
become firmly established as a successful drying operation,
although it was not until the mid 1940's that information
started to appear concerning the fundamentals of spray drying.
This has been primarily attributed to the faulty design of
equipment covered by many early patents (4), i.e. pre 1930's,
most of which failed to operate when constructed. Post war re-
evaluation of all drying methods however, began to change thié

and from the late 1940's onwards a substantial increase in the
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Chemical Industiry
Catalysts
Dyestuffs / pigments
Detergents
Tannins
Fine organic / inorganic grades

Fungicides
Insecticides
Herbicides
Fertilizers
Chelates

Polymer Industry
PVC-emulsion & suspension type e Rubber latex
Urea, Melamine and Phenol-formaldehyde resins
Poly(methyl methacrylate)
Poly(vinyl butyrate) « Poly(ethylene)
Poly(vinyl acetate) e Polycarbonate
Poly(acrylonitrile) e Poly(vinyltoluene)
EFood and Dairy Industry
Milk e Baby food
Spices / herb extracts e Soup mixes
Cheese / whey products e Coconut milk
Coffee / coffee substitutes e Coffee whiteners
Eggs e Flavours
Tomatoes e Soya-based food
Ceramic Industry
Carbides e Silicates
Ferrites e Steatites
Nitrides e Titanates -
Oxides e Enamels
Wall tile material e Kaolin
Eharmaceutical Industry
Analgesics * Vaccines
Antibiotics e Vitamins
Enzymes e Yeasts
Plasma / plasma substitutes e Amino acids
Hormones e Dextran
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number of fundamental studies concerning all drying processes
is reported (5-11).

The modern spray drying process, shown schematically in
Figure 1, involves the atomization of a liquid feedstock into
a spray of droplets which are contacted with hot gas in a
drying chamber, generally in a co-current or counter—current
flow. Evaporation of moisture from the droplets and formation
of dry particles ( see Figure 2 ) proceed under controlled
temperature and airflow conditions, the powder being
discharged continuously from the bottom of the drying chamber.

Operating conditions and drier design are selected
according to the drying characteristics of the product and
powder specification. Hence it is an ideal process when the
end-product must comply to precise quality standards regarding
particle-size distribution, bulk and particle density,
strength, dustiness, absorbency, dispersibility, flavour and
aroma retention, in addition to residual moisture content.

The ability to control such product characteristics is a
major advantage of the spray drying process over other drying
methods, especially when dealing with high performance ( high
cost, low volume ) and consumer products. This 1s particularly
true in the food and dairy industries where the relatively
large loss of volatile flavour and aroma substances during
drying or evaporative concentration of liquid foods, reduces
product quality, i.e.; all processing reduces quality, so the

aim is to keep the processing times short and temperatures as

low as possible.
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Numerous different process layouts are possible. The above

design is typical of an open-cycle, co-current flow drier.
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dyestuffs ( mag. x 16 ), In. conc. 30% to 40 % w/w, Temp. in 350°C
out 110°C

wall tile clay ( mag. x 16 ) In. conc. —- , Temp. in 550°C

out 90°C
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Hence, in recent years the focus of drying technology in
general, bhas tended to move away from minimizing the capital .
cost of equipment, energy usage and operating costs, to
delivering specific product performance characteristics.
Although these costs are still important, they are less so
when drying high performance and consumer products since up to
80 % to 90 % of the total cost of manufacture can be due to
product raw materials (12).

From a research point of view, this has resulted in:
greater interest being focused upon understanding the
microscale ( particle down to molecular level ) rather than
mesoscale considerations such as spray drier design options.
Consequently, the development and use of new analytical

methods and tools has been necessary.

1.2) Spray Drying Fundamentals

Every spray drier consists of a feed pump, atomizer, gas
heater, air disperser, drying chamber, and system for exhaust
gas cleaning and powder recovery. The widely varying drying
characteristics and quality requirements of the many products
determine the selection of the atomizer, the most suitable
airflow pattern, and the drying chamber design.

Vithin the atomizer the feed is accelerated to a very high
velocity, normally between 100 m/s and 200 m/s, and then
dispersed into a thin liquid film. The film, on interacting

with the drying gas, is broken-up into small discrete droplets
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which are forced into a drying chamber at high speed where
they dry to form fowder particles. Correct atomization and the
formation of a spray which has the required droplet-size
distribution is vital to the successful operation of any spray
drier.

Relatively uniform particle sizes are required because
oversize droplets tend not to dry adequately before reaching
the chamber wall or base. Undersize droplets produce excessive
fines which are generally undesirable, and also experience
extended residence times which may result in thermal
degradation.

The mean particle-size and particle-size distribution for
a spray-dried powder is determined initially by the method of
atomization. Therefore, the atomization system is selected and
designed individually to meet the specific demands of the
industry ( see Tables 2 and 3 ). Factors such as bulk density,
dispersibility, colour, powder handling properties and dust
characteristics are very dependent on particle-size
distribution.

Three main methods of atomization are used in commercial

spray drying,

1.) Centrifugal atomization, where the liquid feed is
accelerated and atomized by means of centrifugal

force in a rapidly rotating disc.
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full-fat milk rotary wheel
pressure nozzle

consumer milk rotary wheel
pressure nozzle

skim milk rotary wheel
' pressure nozzle

instant coffee pressure nozzle
Ds,=z = 300 pm

instant tea pressure nozzle
PVC emulsion

90 % particles pressure nozzle

> 80 um

90 % particles prneumatic nozzle
> 60 pm

detergents pPoneumatic nozzle

95 % particles

> 60 pm
kaolin rotary wheel
pPneumatic nozzle
superphosphate pneumatic nozzles

( moisture content expressed on dry basis )

Inlet % Qutlet %

50-60

50-60

48-55

75-85

60

40-70

36-50

35-40

8-13
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Atomizing System Operating Parameters Mean Particle-Size

e Spinning Disc: ( peripheral speed )

- high speed 200 w's 25-100 pm
- medium speed 150 w/'s 50-200 um
- low speed 100 w/s 100-300 um

o Pressure nozzle:

— high pressure 4000 psig 25-100 pm
- medium pressure 2000 psig 50-200 pm
- low pressure 1000 psig 100-300 um

pm

— very low pressure 400 psig 200-600

e Two-fluid nozzle:

- high pressure 90 psig 10-50

pm
- medium pressure 45 psig 25-100 pm
- low pressure : 12 psig 50-200 pm

The mean particle-size range for a rewet agglomerated
powder from a fluid bed is typically 0.5 mm to 5 mm.

Table 3 shows the type of atomization systems and parameters
recommended by APV (14) to produce a powder with a given mean
particle-size. The limits apply to an average non-agglomerated
product although finer and coarser powders can be produced
under special circumstances. The operating parameters quoted
can only be regarded as approximate, actual values are

dependent on, e.g.; the type of material being spray-dried,

feed viscosity, feed concentration etc..
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2.) Pressure atomization ( single-fluid nozzle ), where the
liquid feed is atomized upon being forced under high

pressure through a narrow orifice.

3.) Pneumatic atomization ( two—-fluid nozzle >, where
compressed air supplies the necessary energy for
atomization and the liquid is fed to the nozzle without

pressure.

Spray drying plants with centrifugal atomization are designed
for co-current flow only, i.e.; the product spray pattern is
flat and horizontal, whereas nozzle atomization allows co-
current, mixed and counter—-current drying as the product spray
angle and direction are selectable.

In co-current operation ( see Figure 3 ) the drying air
and particles move through the drying chamber in the same
direction. Product temperatures on discharge from the drier
are lower than the exhaust air temperature; hence, this is an
ideal mode for drying heat-sensitive products. When operating
with a rotary atomizer, the air disperser creates a high |
degree of air rotation promoting uniform temperatures
throughout the drying chamber. However, an alternative non-
rotating airflow is often uéed in tower-type spray driers
using nozzle atomizers.

In counter—-current operation the drying air and particles
move through the drying chamber in opposite directions. This

mode is suitable for products which require a degree of heat
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Co-current flow - Widely used, especially if heat sensitive
products are involved.

Counter-current flow - Offers drier performance with excellent

heat utilization, but subjects the driest powder to the hottest
airstream.

Mixed flow - Allows coarse free-flowing powders to be produced
in drying chambers of relatively small size, but the powder is
subjected to higher particle temperatures.
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treatment during drying. The temperature of the powder leaving
the drier is usually higher than the exhaust air temperature.

In mixed flow driers particle movement through the chamber
experiences both co-current and counter—-current phases. This
mode is suitable for heat-stable products where coarse powder
requirements necessitate the use of nozzle atomizers, spraying
upwards into an incoming airflow.

Dried or semi—-dried powder is discharged from the drying
chamber for either powder separation or after—-treatment,
before storage and packing.

Most plants are equipped with cyclone filters for primary
separation of powder from the drying air. Cyclone systems have
a high separation efficiency, normally more than 99.5 %, which
for most products is sufficient to ensure a satisfactory low
powder loss and to comply with local environmental protection
regulations. If further cleaning is required, either a bag
collector,' electrostatic precipitator or a wet scrubber
system is used for secondary powder separation after the
cyclone battery. A bag collector may be applied as an
alternative to cyclones.

A wide diversity of materials are now spray-dried. For
example, Masters (2) lists over 400 which have -been either
successfully spray-dried on an industrial basis or been
involved in spray cooling, spray reaction, spray absorption or
spray concentration. This has resulted in a wide variety of
drier designs for spray drying and related operations. The

type of system selected depends upon the properties of the
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material being spray-dried together with safety and emission
requirements ( see Figure 4 ).

Open cycle systems, used mainly with aqueous feedstocks,
are the most common. In these drying air is drawn in from the
atmosphere and, after passing through the drying chamber and
air cleaning equipment, discharged to atmosphere. Emission
standards require the appropriate cholce of air cleaning
equipment; hence cyclone / bag / filter / scrubber
combinations are selected depending upon the maximum permitted
particulate emission levels.

Closed cycle systems involve drying in an inert gas
atmosphere recycled within the drier. This system must be used
for the spray drying of feedstocks which contain organic
solvents or where the product must not come into contact with
oxygen during drying. Closed cycle plants are gas and powder-
tight, and must be designed to the strictest safety standards.
The flammable solvent vapours are subsequently recovered by a
scrubber—-condenser system.

Semi-closed cycle systems operate in either a partial
recycle mode, recycling up to 60 % of the exhaust air as inlet
air to the drier for effective waste heat utilization, or in a
self-inert mode, where direct air heating and a minimal air
bleed-creates the low atmosphere necessary for drying aqueous
feedstocks that form flammable powder - air mixtures. If odouf
is generated during drying, the small volumes of air vented

from the system can be effectively and economically

incinerated.
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For specialized applications, aseptic systems are available
featuring sterile feed atomization and air filtering systems.
These driers have found extensive use in the pharmaceutical
industry where any form of powder contamination by foreign
particulate matter or bacteria, must be avoided, e.g.; the
drying of streptomycin sulphate for direct injection purposes.
They are fabricated to special standards of finish and operate
under a slight pressure with fully automated cleaning-in-place

and sterilization facilities.
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Fluidized Spray Drying

In recent years, there has been a growing demand in many
industries for powders which are dust—free, agglomerated,’
easily dispersible and free-flowing. The purpose 1is to
facilitate powder handling for both the producer and the end
user of powders. The Fluidized Spray Drier or FSD has been

specifically designed to meet this demand, 1i.e.,

e Improved heat economy ( higher inlet drying temperatures

and lower outlet drying temperatures ).

o Improved drying of heat sensitive products, e.g.; typically

many food and dairy products — milk, spices, flavours etc.

e Troublefree drying of many thermoplastic products,
e.g.: polycarbonates, polyethylene, polyvinylchloride,
and / or hygroscopic products, e.g.; potassium carbonate,

calcium nitrate.

e A dustless, free-flowing product with good

redispersability.
The FSD is essentially a new concept in spray drying, the

first plant being commissioned in 1981 and differs

significantly from the conventional spray drier design.
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A stationary fluid bed is placed within the drying chamber
base and the product to be dried is sprayed downwards onto the
bed. Vigorous fluidization of the bed plus recycle of fines
from the attached powder collector is claimed to result in
spray drying taking place in a powder—laden atmosphere to
produce porous and dustless agglomerates. Particles of higher
moisture content can be handled in the drying chamber due to
the resulting ' powdering effect ' overcoming problems of
product stickiness. This effect enables the use of reduced
outlet air temperatures, thereby lowering powder temperature
and increasing thermal efficiency. Moisture content and
product form are controlled in the stationary fluid bed.
Flexibility in operation is claimed to enable different
powder forms to be produced with varying degrees of
agglomeration and hence particle-size distribution, which can

be varied by changing the operating conditions and therefore
the residual moisture content of the spray particles within

the drying chamber.

Rewet Agglomeration ¢ Instantizing )

Rewet agglomeration or instantizing can also be used for the
production of coarse and stable agglomerates, and for the
addition of liquid components to a powder mixture. An atomized
wetting agent is sprayed onto an external fluidized powder bed
to agglomerate the particles. The agglomeration is often

followed by drying and cooling before packaging.

- 38 -



2.0) Droplet Formation During Atomization

The majority of atomizers in spray drying are designed to
discharge the feed in the form of a thin liquid sheet or film,
usually in the shape of a hollow cone, flat sheet or flattened
ellipse, depending on the design. Break-up of the liquid sheet
into a spray of droplets is generally regarded as a highly
chaotic and poorly-understood process, although in most cases
disintegration initially occurs bj the formation of ligameﬁié
which then break—-up to form droplets.

Vork by Dombrowski and Fraser (15) essentially established

four possible mechanisms for sheet disintegration ( see Figure

S ), namely,

1.) Rim disintegration.
2.) Vave disintegration.
3.) Perforated-sheet disintegration.

4.) Thick-sheet disintegration.
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Figure 5. Possible Mechanisms for Sheet Break-up (16)

b.) Wave disintegration (17)

c.) Perforated-sheet d.) Collapsing network of
disintegration threads and droplets
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The type of sheet break-up occurring within a spray drier is
difficult to determine, mainly because little is known about
the characteristics of sheet formation when atomization takes
pla;e in a hot swirling gas stream. However, work carried out
by Garner et al (18), Fraser et al (19), Addison (20> and
particularly Dombrowski and Hooper (21), suggests sheet
formation, sheet break-up and therefore droplet-size, are
strongly influenced by a relatively large number of
parameters, e.g.; nozzle design, liquid / gas velocities, gas
density, gas flow patterns within the drying chamber, and the
physical condition and properties of the feed.

In most types of sheet disintegration, break—-up of the
ligaments into droplets occurs by the Rayleigh-Veber mechanism
22,23).

Because of the complex nature of the break—up process, and
since the droplets once formed can disintegrate into smaller
droplets, no simple criteria exists for the prediction of
ultimate droplet-size. Equations provide a useful guide but
fall short of a complete description, so that specific
correlations apply to individual atomizer designs (24-26). In
reality a range of droplet-sizes are produced during
atomization. It is usual therefore, to consider the
evaporation process in relation to single droplets and to then

estimate the effects of mutual interaction within a spray.
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2.1) Mass Transfer Across a Phase Boundary

A number of theories have been proposed to describe the
mechanism of mass transfer across a phase boundary. In 1923
Vhitman's Two—-Film Theory (27) was the first serious attempt
to represent the conditions which occur when material is
transferred from one fluid stream to another. It proposed that
the resistance to transfer in each phase could be regarded as
residiﬁg in a thin film or * hypothetical laminar layer ' of
finite thickness near the interface. Transfer across the film
is considered to be a steady state process of molecular
diffusion with turbulence in the bulk fluid dying out at the
interface.

The Penetration Theory, introduced by Higbile (28) in 1935,
suggests the transfer process is mainly due to fresh material
being brought to the interface by eddies within the bulk
fluid. A process of unsteady state transfer then takes place
for a short, fixed period of time at the freshly exposed
surface.

A modification to this theory by Danckwerts (29) however,
postulated that the surface at the interface is continuously
replaced by fresh fluid in a random fashion rather than the
fluid being exposed fgr a fixed period of time.

A more general approach, the Film Penetration Theory (30),
incorporates principles from both the Two-Film and the

Penetration Theory, in that, the resistance to transfer is
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regarded as lying within a laminar film at the interface, as
in the Two-Film Theory, with mass transfer being regarded as
an unsteady state process. It is assumed that fresh surface is
being formed at intervals from fluid brought to the interface
by eddy currents within the bulk fluid. Mass transfer then
takes place as in the Penetration Theory but with the
resistance confined to the finite film, so that material which
traverses this film is immediately and completely mixed within
the bulk fluid.

The Boundary-Layer Theory, first postulated by Prandtl in
1904 (31>, bas become widely used in spray drying to describe
the heat and mass transfer processes which occur during
atomization, namely, the evaporation of droplets. Equations of
motion, continuity and energy can be solved approximately to
obtain the velocity, concentration and temperature profiles

which exist within the thin boundafy layer at the droplet-gas

interface.

2.2) Heat and Mass Transfer — Boundary-Layer Theory

Consider the liquid-vapour interface illustrated in Figure 6
(16). It is assumed that the vapour concentration Ci in the
gas phase at the interface is that of the saturated vapour at
the temperature Ti of the surface, whereas the bulk
concentration is at some lower value, Cb. The difference in
concentration constitutes a driving force for the transfer of

vapour. Similarly, the temperature difference Tb - Ti, where
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Tb is the bulk temperature, constitutes a driving force for
the transfer of heat to the liquid.

Normally, turbulence or eddy diffusion rapidly produces a
uniform concentration throughout the gas except in a boundary
layer near the interface where viscous forces are greatest.
The thickness of this layer will be controlled by flow
conditions and it is assumed that the resistance to transfer

occurs across this layer.
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If the concentration gradients are assumed constant in this

region, the vapour flux is given by,

dMv Dv '
—— R e (Ci—Cb) tnooto..ooooooo---n(i)
dt z
where Mv = molar diffusivity per unit area
Z = boundary layer thickmness
Dv = diffusivity
t = time

similarly, the heat flux is given by,

dq Kd
— = = == (Ti-Tbh) ..to..t.ollt.....l.(2>
dt z
where q = heat transferred per unit area
Kd = thermal conductivity of air / vapour mixture

However, the boundary layer thickness is not usually known and

these equations are rewritten,

dv dMv "
-H=A. _“—=k.A(C1-Cb) .....-.......‘.(3)
dt dt

and
dQ dq
--=A- "-'=hT.A(Tb"T1) o-ou.to.too-co.(‘)
dt dt

where VW moles of vapour transferred

Q
A

heat transferred
transfer surface area

k and hr are the mass and heat transfer coefficients

respectively and are dependent upon the fluid properties and
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flow conditions. They are usually established by experimental
techniques.

Under steady-state conditions the sensible heat
transferred to the liquid surface must balance the latent heat

required to evaporate the quantity ' ¥V ' of liquid, i.e.;

Q=VXH "l‘.......l...........(5)

where Am = molar latent heat of vaporization

combining equations 3, 4 and 5,
hr (Tb—Ti) = EK(CI1-CbdAm ...cevveeeeceea.. (6)

A knowledgé of the ratio hv /7 k and the latent heat of
vaporization is sufficient to calculate the interfacial
conditions for a given bulk concentration and temperature.

This ratio can be calculated from,

hr ©.67
__=CPIPG(LB) ...ocooono...co..-(?)
k

where Cp = specific heat capacity of the gas phase

pa = density of the gas phase

Le = Lewis Number, Kd / DvCppa

The Lewis number is unique in being unity for air-water vapour
systems, which results in the adiabatic cooling line and wet

bulb line coinciding on the psychrometric chart. This greatly

simplifies drier calculations for solids containing water

dried in air.
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A resistance to the heat and mass transfer processes exists on
the liquid side of the interface, which implies the
temperature and concentration of the bulk liquid are different
from that of the interface. In most cases this resistance is
small and the interfacial conditions can be regarded as being

equal to those of the bulk liquid.

To calculate the transfer rates on which the rate of
drying depends, both individual gas-film transfer coefficients
must be known,

In the case of spray drying, the effects of the flow
conditions surrounding a droplet and of the physical
properties of the droplet liquid upon the gas-film transfer
coefficients, are usually correlated in the form of certain
dimensionless groups, e.g.; the Sherwood number, Nusselt

number, Reynolds number, Prandtl number and Schmidt number.

2.3) The Evaporation of Droplets

The drying of droplets during spray drying involves
simultaneous heat and mass transfer in which heat for
evaporation is transferred, predominantly by convection, from
a hot gas to the droplet surface. The vapour is then

transferred by diffusion and convection back into the gas

stream.
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The overall rate of drying is a function of,

e The temperature, humidity and transport properties of the

gas.

e The droplet diameter and temperature, and the relative

velocity between the droplet and its surroundings.

e The nature of the solid material dissolved or suspended in

the liquid.

WVhen a droplet leaves an atomizer its velocity is qsually high
relative to the surrounding air, but is rapidly retarded to
the terminal velocity due to frictional forces acting upon the
droplet surface. Once the droplet has reached its terminal
velocity it falls through the drier at an approximately
constant speed (32).

Predictions by the Boundary-Layer Theory and experimental
investigations (33,34,35) have shown that, except at low
velocities, transfer rates are at‘a nniimum on the side of the
droplet féﬁing the oncoming air stream and decrease to a
minimum near the boundary-layer separation point ( see Figure
7 >. Beyond this point the transfer rates start to increase
again owing to a reversed flow produced by the formation of
vortices (36). These effects are due to skin friction and form

drag, the former caused by the viscous resistance of the gas
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Figure 7. Flow Past a Single Sphere Showin

Separation_and Wake Formation (33)

A.) Separation point.

B.) Maximum transfer rate,

For laminar flow in the boundary layer, ¢ approximately
equals 85°, and for turbulent flow, ¢ approximately

equals 140°.
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at the droplet surface, and the latter by the shape of the
droplet, which produces back eddies on the trailing side (37).

To date, no practical design method has 1ncor'pc:rated'such
detail and the droplet evaporation is assumed to take place
uniformly over the surface.

As a droplet forms during atomization it undergoes
distortion due to oscillations. This causes the drag
coefficient Cd to vary as the droplet shape varies. Cd also
changes with the droplet velocity.

A number of experimental investigations have been made to
determine how Cd varies with the droplet Reynolds number.
Figure 8 shows the type of correlation usually reported for
spheres (37). The region up to Re = 1.0 is geherally
designated as the Stoke's Law region, whereas the region from
Re = 1.0 to 1000 is termed the intermediate or transition
region. Beyond this, Cd is virtually constant and this portion
has been termed the iewtpn's Law region. The motion of
particles in a spray drier is generally confined to the first
two regions. However, when droplets are first formed at the
atomizer they are almost certainly well into the intermediate
region, although the time period is very short as a result of
rapid deceleration. Furthermore, the initially-formed droplets
are not rigid spheres but oscillate violently, thereby

producing an even more variable condition of drag.
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Figure 8. Non-uniformity of Heat and

Mass Transfer Around an Evaporating Droplet (37).

The flow patterns set up around the droplet in each region
create variations in the mass and heat transfer rates over the

droplet surface.
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Sherwood ‘and Villiams (38), Ranz and Marshall® (39) and
Marshall and Seltzer (4) studied the evaporation times of pure
liquid droplets in still air and when falling at terminal
velocities in the Stoke's Law region. Sjentzer (40) also
considered the influence of droplet deceleration on
evaporation time. In all cases it was shown that corrections
to the time of evaporation in still air would be negligible
for droplets less than 100 pm in diameter moving in the
Stoke's Law region. This was extended to the Newton's Law
region by Duffie and Marshall <(41).

Figure 8 also shows, qualitatively, the flow patterns
around droplets in the various regions, and indicates how the
boundary layer varies from the front to the rear of the
droplet. Superimposed on the flow patterns are shaded po;tions
representing the magnitude of the Nusselt number, that is, the
transport coefficients at various positions around the
droplet. This gives some idea, albeit in two dimensions, of
the variability of evaporation around a droplet in relative
motion and the averaging included in most correlations for

heat and mass transfer coefficients.
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2.4) General Heat and Mass Transfer Considerations for

Evaporating Pure Droplets

The basic theory of evaporation for liquid droplets was
proposed by Maxwell (42) in 1877. For a spherical droplet
stationary relative to an infinite gaseous medium the rate of

evaporation was shown to be given by,

__—=4HDV(C:|-"C“) ......-...--......(8)

where m
r
Co

droplet mass
droplet radius :
vapour concentration at an infinite distance

This equation is based upon the assumptions of isothermal
conditions and the attainment of a steady state at each
infinitesimal stage in the evaporation process.

From equation 3, the rate of evaporation for a spherical

droplet can be expressed as,

dm = ’ 2 '
__-=k4n- (Ci_Cb) l..ll.lll'l'.tt...(g)
dt . o

€

Therefore, a gas phase mass transfer coefficient under natural

convection, i.e.; Re = 0, can be defined as.

k=m,r III..‘.."....'..I.‘.I(10)



Under similar conditions the Sherwood number, Sh, for a

spherical droplet is given by,

Sh= ——— 2 ooapco..nuooootncnqoo(11)

Following the heat and mass transfer analogy (43), the Nusselt

number, Nu, for a spherical droplet becomes,

hTzf
Hu = === = 2 Leiseesnsesenseeness (12
Kd
This represents the contribution from molecular diffusion
alone. The transfer coefficients are then inversely
proportional to the droplet diameter, which has been confirmed
experimentally (44). As a consequence the smallest droplets in
the distribution generated in a spray drier will dry very
rapidly; since their residence times will be greatest they may
therefore be prone to thermal degradation, e.g.; charring.
Equations 11 and 12 describe the mass and heat transfer
processes of an isulated droplet under natural convaction..but
Gauvin et al (45) demonstrated they can also apply to fine
droplets ( 1.e.; of 12 uym to 39 pym diameter ) entrained in
turbulent air. Vhenever the droplet-size is much smaller than
the scale of turbulence, the relative velocity between the
droplet and the gas stream is negligible and therefore, they
closely follow the motion of the continuous phase (46).

Noreover, the atomized droplets are swiftly dispersed,
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occupying less than 0.1 % of the available space — the
reported threshold for significant droplet interaction
47,48).

Commercial atomizers usually produce droplets within the
size range of 10 uym to 1000 ym in diameter (49), where most,
if not all fines are recycled. Clearly close process control
is therefore required to maintain product quality. Droplets
larger than 100 pm fall with significant slip velocities and
droplet Reynolds numbers up to 100 are not uncommon.

For all practical purposes, droplet evaporation takes
place under forced convection where evaporation rates increase
with increasing relative velocity between the droplet and air.
This is due to the additional evaporation caused by convection
in the boundary layer around the droplet.

Frossling (34,35) considered the solution to the
similtaneous equations of continuity and heat and mass
balances across the boundary layer of an evaporating droplet
and derived an expression to account for the contribution of
forced convection. Frossling and subsequently other authors,
e.g.; Kramers (56). Maisel and Sherwood (51), Ranz and
Marshall (52>, have obtained experimental data at Reynolds

numbers in the range of 0 to at least 10,000 and proposed

equations of the form,

n m
Sh=2+a‘l RQD SG oo.-oo.uoo.tc---(lS)
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q P
Iu=2‘|‘CK2RED Pr --o-ao--o---....(l-‘)

where Reo Reynolds number ( droplet >, vDpa / pa

Sc = Schmidt number, pa / Dvpa
Pr = Prandtl number, Cppa / Kd
v = velocity

D = droplet diameter

HG = viscosity of gas phase

The most widely accepted values of a:, a= and the exponents m,

n, p and q, are those obtained by Rowe et al (53) and Ranz and

Marshall, i.e.; ay = a= 0.6 and, n = q = 0.50, m = p = 0.33.
Heat and mass transfer coefficients can be predicted from

these equations if the properties of the system, the dfoplet

diameter and velocity are known. There are however, certain

limitations and a number of assumptions must be taken into

account <(54), namely,

. Sieadywstate drag coefficients afply. It is convenient to
apply the drag equations at steady state to the case of
accelerating or decelerating droplets. In reality, the drag
6nefficients for accelerated motion can be 20 %2 to 60 %
‘higher tﬁan values at constant velocity.

e Sensible heat transfer to evaporatéd moisture is neg{eeted.
For drying conditions at high temperatures, a considerable

amount of heat is taken up in heating the vapour as it is

transported outwards from the droplet surface.
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« The equations dﬁly apply at low evaporation rates. At
higher rates the diffusing vapour leaving the droplet
surface changes the temperature gradient in the gas—film
surrounding the droplet and use of a correction factor is

therefore necessary (55,56,57).

e The droplets are dimensionally stable within the airflow.
Any oscillation or surface distortion of the droplet will
increase the rate of heat and mass transfer due to
variations in the thickness of the boundary layer and
increases in droplet surface area. Distortions occur during
atomization and when the droplets are subjected to a

swirling airflow inside the drying chamber.

2.5) The Evaporation of Sprays

The evaporation characteristics of droplets within a spray
differ from those of single droplets. Although basic
evaporation theory is unaffected, it is difficult to apply in
the case of a large number of droplets evaporating in close
proximity to each other and to the atomizer.

Any analysis of spray evaporation depends upon defining
the spray in terms of a representative mean droplet diameter
and droplet-size distribution, the relative velocity between
the droplet and surrounding air, droplet trajectory, and the
number of droplets present at any given time per given volume

of drying air. Consideration must also be given to droplet
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impingement or agglomeration resulting in larger droplets, and
any shielding effects, i.e.; where a droplet does not
experience the local velocity environment; for example, in a
back-spray. Furthermore, because of the practical difficulties
in determining these factors, particularly in the vicinity of
the atomizer, they are seldom quantifiable with any accuracy. -
Consequently, there have been few attempts at analysing the

problem (44,45,58-68).

2.6) Droplets Containing Dissolved or Suspended Solids

The heat and mass transfer considerations for pure liquid
droplets must be modified for droplets containing dissolved or
suspended solids. Vhen a droplet contains dissolved materials
which lower the normal vapour pressure of the liquid, the
temperature and vapour pressure differences causing heat and
mass transfer are also lowered and the rate of evaporation is
less than for pure liquid droplets. For droplets of solutiomns
with a negligible vapour pressure lowering effect, and for
suspensions of inert solids, the evaporation rates in the
initial stages of drying can be treated in the same manner as
for pure liquid droplets of the same size. However, once a
so0lid starts to precipitate or deposit on the droplet surface,
and to eventually cover the whole droplet surface trapping
liquid inside, heat and mass transfer. processes become

impaired:(69). The reduction in mass transfer depends upon the
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nature of the solid crust or skin formed (206), i.e.; whether
it is porous, non-porous, rigid, flexible etc..

Thus the evaporation and drying of droplets in spray
drying generally involves a period of surface evaporation
comparable to the evaporation of pure liquid droplets at a
constant temperature, termed the constant-rate period. Because
of the high feed concentrations often used for economic
reasons, and the rapid mass transfer, this period would
normally be very short. This is followed by a period in which
the rate decreases rapidly, the droplet temperature increases
continuously and the temperntufe driving force decréases. This
is termed the falling-rate period ( see Figufe 9 ).

Ranz and Marshall (52) have shown that a droplet
containing solids will evaporate as though it were saturated,
even though its average concentration is well below
saturation. This was explained on the basis that the rate of
diffusion of the dissolved material back into the droplet was
slow compared with the rate of evaporation; hence, solid
build-up occurs on the surface of the droplet. At high air
temperatures, around 250°C (37), the effect of solids in
solution becomes less ﬁroﬁoﬁnced as the temperature driving
force for saturated solutions and pure water become almost
equal.

Vhen the bheat of crystallization is significant the
droplet temperature shows a marked rise when crystallization

occurs. A detailed analysis is given by Williams and
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Figure 9. Theoretical Drying Rate Curve

Drying Rate

Moisture Content

ABC - First period of drying. Includes evaporation during

both the retarded flight and free-fall at the terminal
velocity.

AB - Approach to the dynamic equilibrium temperature.

BC - Constant-rate peroid. Analogous to the evaporation of
pure liquid droplets, i.e.; saturated surface drying.

C - Critical moisture content.

CDE - Second period of drying. Skin or crust formation; the
falling-rate period.

Drying curves in reality have no sharply defined points. Some

of the drying zones shown above may not even occur.
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Schmidt ¢70). In some spraf drying applications where the
amount of water to be evaporated is small, the drying air may
actually experience a temperature rise caused by the heat
generated from crystallization. At low air temperatures, when
crystals or a non-liquid surface ( skin ) forms, the droplet
diameter may no longer decrease and may eventually become
constant. At higher temperatures the diameter may actually
increase if the droplet / particle inflates.

The first period of drying ends when solid begins to form
‘on the droplet surface. This may occur before conditions of
uniform saturation throughout the droplet are reached. To
estimate the time of tﬁis period some method must be
established to predict the critical moisture content of
various materials, that is, the moisture content corresp&nding
to the end of the first drying period.

Estimation of drying rates during crust formation should
take into account the increased resistance to transfer across
the so0lid shell. A method for assessing the effect has been

suggested by Charlesworth and Marshall (71), and Dlouhy and -

Gauvin (45).
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The drying time for the second period of drying, or the
falling-rate period, depends upon the nature of the solid
phase. Ranz and Marshall (52) however, proposed a relationship

in terms of the critical moisture content,

A(Vc — V£)peDm?

tF’= co-coco-otoao..-(lS)
12KdAT

where tr drying time for falling-rate period

Vc = critical moisture content

Vf = final moisture content

pe = particle density

Dm = droplet diameter at critical moisture content

They also proposed an expression for the total drying time of
a droplet drying at a low Reynolds number and for conditions
of negligible vapour pressure lowering, although a knowledge

of the relationship between moisture content and droplet

temperature is necessary.

ApL(DOZ — Dm2) A(Vc - Vf)peDm?

t = + oooooo.oo(lﬁ)
8Kd (Ta-Td)> 12KdAT

where p_ = liquid density
Do = initial droplet diameter
Ta = air temperature
Td = droplet temperature
A = latent heat of vaporization
AT =

temperature difference driving force
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The evaporation time of droplets containing solids with
negligible vapour pressure lowering effect is usually greater
than for pure liquid droplets; the actual increase in time is
dependent on the moisture content of the droplet / particle.
In cases where vapour pressure lowering is encountered, the
temperature driving force is less, which tends to further
increase the drying time.

Droplet-size must also be taken into account when
evaluating drying times. For all droplets the fraction
evaporated during the retardation period is approximately
constant and usually small in comparison to that occurring
during free—fall at the terminal velocity. However, in free-
fall, small droplets evaporate rapidly, whereas both the
drying times and the terminal velocities of larger droplets
are greater. Hence, large drying chambers may be required in
spray drying to dry a product satisfactory.

L

Vhen volatile components other than water are present,

e i e B 1

e.g.; flavours and aromas in the spray drying of coffee, their
loss will be related to their relative volatilities prior to
crust or skin formation. Little work has been carried out on
such systems, although there is evidence to suggest that the

overall loss depends upon the relative diffusivity of the

volatiles through the solid phase. This appears to be

independent of their relative volatilities (72).

o i o i et i - i

T
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2.7) The Migration of Moisture in Solids

The rate of mass transfer during the drying of a solid by

forced convection is controlled by two mechanisms,

1.) The removal of water vapour from the solid surface due to
external conditions, e.g.; gas temperature, humidity and

velocity, and the exposed surface area.

2.) The movement of moisture internally, which for a static
bed or rigid solid is a function of the internal physical

nature of the solid and its moisture content.

Either of these two mechanisms may be the limiting factor on
the rate but both proceed simultaneously throughout drying.
Vith some materials, the rate of surface evaporation may be
the controlling factor during the initial stage of drying,
i.e.; the constant-rate period. Later in the drying process,
the rate of moisture movement to the solid surface tends to be

the controlling factor, i.e.; the falling-rate period.

An understanding of the manner in which external conditions

affect moisture loss from a solid surface is of major
importance when investigating the drying characteristics of a

material, e.g.; to select the correct type of drier and its
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operating conditions. Some materials of a fibrous or porous
nature possess properties promoting rapid capillary and
diffusive movement of moisture to the surface. The controlling

factor in drying is then the rate at which surface evaporation

can be maintained.

Surface evaporation is essentially the diffusion of vapour
from the solid into the surrounding atmosphere through a
relatively stationary film of air or other drying gas in
contact with its surface. This film represents a resistance to
the vapour flow and is a heat insulant ( see Figure 6 ). The
thickness of the film rapidly decreases with an increase in
the velocity of the gas in contact with it but never actually
disappears. The film of gas in contact with the wet solid
remains saturated with vapour so long as the solid surface has
free or unbound moisture present, 1.e.; moisture which is not
adsorbed at the solid surface or chemically combined with the
solid — water of crystallization. This results in a vapour
pressure gradient through the film from the wetted solid
surface to the outer gas and, with large gas movements, the
rate of moisture diffusion through the gas—-film will be
considerable. Therefore, a large exposed solid surface area,
high gas velocity relative to the solid surface, and a low

relative humidity for the drying medium all promote a high

rate of surface evaporation.
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As a result of heat transfer to a wet solid a temperature
gradient develops from the heated surface inwards whilst
evaporation occurs at the surface. A quite different situation
arises in direct conductive drying where the highest
temperature is experienced by solid in contact with the walls
of the heating vessel. This promotes migration of moisture
from within the solid to the surface through one or more

mechanisms, namely,

1.) Diffusion of vapour and / or liquid.

2.) Capillary flow.

-~

3.) Repeated evaporation and condensation.

4.) Flow caused by shrinkage and pressure gradients — This
results in a complex situation when drying droplets since

they can inflate, rupture, disintegrate etc..

5.7 Flow caused by gravity. This mechanism is not applicable
to spray drying since droplets rotate during travel. It
has however, been a factor in some single droplet

research with large slurry droplets of low viscosity
(200).
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The first three mechanisms may be illustrated by considering a
porous solid as it dries. Four phases of moisture movement are
distinguishable. In the first, moisture flows as liquid under
a hydraulic gradient. Initially the pores are full but
gradually air pockets appear to replace the moisture lost. In
the second phase, moisture withdraws to the neck of the pores
and migrates either by creeping along the capillary walls or
by successive evaporation and condensation between liquid
bridges, a process termed ' liquid-assisted vapour transfer °.
On further drying these liquid bridges evaporate entirely
leaving only adsorbed moisture behind which moves by
unhindered diffusion of vapour. The final phase is one of
desorption-adsorption during which any moisture that vaporizes
is condensed, the solid being in hygrothermal equilibrium with
its environment.

Moisture flow brought about by morphological changes and
pressure gradients during drying ( see Figure 15 ) is
particularly relevant when considering material which forms a
non-liquid surface or skin during drying. A non-porous skin,
which is flexible or pliable in nature, may result in the
particle inflating due to internal moisture vaporization. The
particle may remain inflated, or, if the internal pressure is
too great, rupture to release the moisture causing the
particle to collapse and shrivel. Alternatively, if the skin
is non-porous and rigid, the particle may crack or even

explode to release the internal pressure. Thus, moisture
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movement and particle morphology in the final stages of drying
are very dependent on the nature of the solid being dried.

All of the above mechanisms may occur simultaneously with
one or more being predominant at different stages in the
drying process. The net result will generally be a moisture
gradient through the thickness of material. For a solid
exposed to the heat transfer medium on more than one side, for
example a spherical particle, identical gradients should exist
more or less from the centre outwards to the surface, although
in practice this may not occur ( see Figure 7 ). These
moisture gradients, determined experimentally, are due to the
flow of liquid from within the solid to replace moisture
evaporated from the surface.

Understanding the internal moisture movement of a drying
solid becomes important once the critical moisture content has
been reached, i.e.; it becomes the factor controlling the
residence time required, especially when drying to very low
moisture contents. Variables such as gas flowrate, which
normally enhance the rate of surface evaporation, become
decreasingly important, except insofar as they promote higher
rates of heat transfer. Longer residence times and, when
practicable, higher temperatures become necessary. Similarly,
with some materials, excessive surface evaporation sets up
high moisture gradients from the interior towards the surface.
This can cause overdrying and possibly thermal degradation. In
such cases 1t is necessary to avoid too-high moisture

gradients by retarding surface evaporation, through lower air
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temperatures or higher humidities, whilst maintaining an

optimum rate of internal moisture movement.
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3.0) Evaporation under Natural Convection

One of the first to study the evaporation of pure liquids
under natural convection was Sreznevskii’ (73) in 1882. By
monitoring the decrease with time in the height of a liquid
meniscus formed at the upper end of a thin capillary tube or
on the top of a vertical cylindrical rod, the rate of
evaporation of a liquid was determined; the outline of the
meniscus was observed through a cathetometer. Evaporation
rates were determined for water, carbon disulphide,
chloroform, ether and benzene.

By varying the tube or rod diameter, the following

relationship was established,

dh

rrr« == = CDDBtant -nooooooao.-oooo.oc(l?)
dat

where h = height of meniscus
r+ = radius of the tube or rod
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Some thirty years later, Morse (74) studied the evaporation of
iodine spheres in air by recording their weight loss using a
quartz microbalance. The rate of evaporation was found to be
proportional to the radii of the spheres. Langmuir (75)
subsequently used these results to derive a modified version
of Maxwell's equation (42), based on partial pressures, to
account for this proportionality. In 1934, Vhytlaw-Gray and
Patterson (76) used the same technique to monitor the
evaporation of 2 mm to 4 mm droplets of water, aniline,
p-cresol, quinoline and methyl salicate. The surface area of a
droplet was found to decrease linearly with time, over a
volume decrease by a factor of almost a hundred.

The technique of placing a sphere or droplet on the pan of
a microbalance to study evaporation phenomena, was gradually
superseded by filament or capillary suspension methods. This
produced conditions more closely resembling evaporation in
free—-flight, in that, suspension from the end of a filament
exposed virtually all the surface area of the material,
particularly in the case of a liquid where the droplet remains
approximately spﬁerical. The heat gain from the support was
also reduced.

Topley et al (77), fused a sphere of iodine 2 mm in
diameter to a quartz fibre. The sphere was placed in a
cylindrical vessel 40 mm in diameter and left to evaporate.
The walls and base of the cylinder were coated in a thin film

of potassium hydroxide to absorb the iodine vapour. The
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results provided the first real quantitative support for -
Maxwell's equation.

Houghton (78) measured the rate of evaporation from single
water droplets suspended from a glass fibre using a horizontal
microscope to monitor the decrease in droplet size. Different
sized fibres, varying from approximately 2 pm to 240 um in
diameter, enabled droplets of 100 uym to 200 pm in diameter to
be studied. The fibres were coated with a thin layer of
paraffin to reduce droplet distortion and to prevent wetting
of the fibre stem. Experiments were performed at ambient
temperature and with droplet temperatures being estimated
indirectly, on the assumptioﬁ that they corresponded to the
wet buldb temperature. Actually however, equality of the
adiabatic saturation temperature and wet buldb temperature,’
i.e.; for the psychrometric ratio hr / k'cs = 1, where k' is
the unit humidity difference and ce is the humid heat,
normally requires a gas velocity > 4.5 m/s. No details are
given regarding the dimensions of the experimental apparatus.

Direct measurements of individual droplet temperature were
first made by Frossling (34,35) and later by Kiriukhin (79) by
using the junction of a thermocouple as the suspension device.

Langstroth et al (80) studied the evaporation of liquid
droplets 1 mm to 2 mm in diameter at room temperature. Sample
liquids were graded according to their relative volatility and
ranged from toluene and aniline, to water. A glass fibre
100 pm in diameter, or a copper—-constantan thermocouple, was

used to suspend the droplets at the centre of a glass flask of
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20 mm internal diameter. The inside of the flask was coated in
a thin layer of active charcoal to absorb the organic vapours,
or a mixture of charcoal and phosphorous pentoxide to absorbd
water vapour. The pressure inside the flask was equalized with
that of the atmosphere (=« 690 mm Hg) via a small opening.
Droplet diameters were viewed horizontally through a small
plane window and measured by means of a microscope fitted with
an ocular micrometer. Although radiation effects were
accounted for, heat transfer through the glass fibre was
ignored. The experimental results obtained agreed with
calculations based on diffusion and heat transfer theory.

Ranz and Marshall (52) constructed a special drier in
which to study the evaporation of a number of pure liquids,
e.g.; water, benzene, and aniline. Individual droplets were
suspended from either a glass filament or a thermocouple, or
from the tip of a capillary burette. Rates of evaporation were
determined by monitoring the decrease in droplet diameter with
time, or by measuring the decrease in liquid level within -the
burette whilst keeping the droplet diameter constant. Droplets
of 0.6 mm to 1.1 mm in diameter were dried at temperatures -
ranging from ambient up to 220°C. The results were correlated

by,

Hu

]
[V
+
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o
Y
'1
g

1--.-0.--0..«(18)

Sh =2 + 0.6 Sc S e T3

where Gr is the Grashof number, D®pagBAT/pa=
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Mathers et al (81) were the first to solve the simultaneous
heat and mass transfer equations numerically for natural
convection. In experiments using internally heated brass

spheres coated with naphthalene, the correlations obtained

were,

o ,37
Hu = 2 + 0.282(GrPr crreessssesess (20)
o ,.37
Sh = 2 4+ 0.282(GrSc) cesssssssssnes (21D
when GrPr and GrSc < 100, and,
o, 25
Fu = 2 + 0.5(GrPr) R ¢~ -2
o .25
Sh = 2 + 0.5(GrSc) S ¢- 43 ]

when GrPr and GrSc > 160 and < 10

Steinberger and Treybal (82) studied the rates of solvation of
benzoic acid spheres 12.7 mm, 19.1 mm and 25.4 mm in diameter
at room temperature. The spheres were immersed in Dewar flasks

full of water and left undisturbed for a period of 8 hours.

They were then removed and the resulting solutions titrated to

determine the benzoic acid content.
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After correcting for the heat of solution, the data was
divided according to whether GrSc was less or greater than 10°
due to the onset of turbulence within the boundary layer at

the higher range. The correlations were,

o .. 25

Sh=2+°l569(6r&) .l....l.....'.(24)

when GrSc < 10°,

o .33 o, 24

Sh = 2 + 0,025(GrSc) Sc R ¢~ 12D

when GrSc > 10°9,

Clearly however, the analogy with evaporation is imprecise
since no ;onvective heat transfer was required.

Yuge (83) investigated heat transfer under natural
convection froﬁ 1n£ernnlly heated carbon-chrome steel and
brass sphéres suspended from two sides by thermocouple wires.

The data were correlated by the equation,

o 25

Ku=2+0.392 Gr U..l.........'.l(26)

when Gr > 1 but < 10

The evaporation of unsupported droplets under natural and
forced convection has also been studied using electrostatic

fields (84-86), and more recently ultrasonic fields (87), as a
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means of suspension. Although it is possible to produce and
study very small droplets using these techniques, i.e.; in the
region of 1 pm to 6 pm in diameter, the results are reported
to be far less reliable than those derived from physical
suspension techniques. Droplet oscillation, which tends to
increase the rate of mass transfer (117,119,199), must be
taken into account, as well as any possible effects the
electrostatic field has upon the physical properties of the

droplet, e.g.; surface tension.

3.1) Evaporation under Forced Convection

The evaporation of pure liquid droplets and spheres under
natural convection can be expressed in terms of the rate of
mass transfer by the simple relationship shown in equation 9.
A similar analogy applies to heat transfer. Under natural

convection, the values of the mass and heat transfer
coefficients, k and hr respectively, are simply related to the

transport properties shown in equations 11 and 12. However,
when relative motion occurs between the droplet and its

surroundings, correlations for k and hr must take into account

the relative velocity.

Mass Transfer Experiments

Majama (88) was among the first to measure the rates of

evaporation of droplets in a gas stream. Individual droplets
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of water approximately 0.2 mm in diameter, or of a number of
organic liquids, were supported on a horizontal glass fibre
S pm in diameter within an air stream travelling at up to

18 m/s. The results demonstrated that the rate of change of
droplet diameter squared, was constant.

Frossling's pioneering work (34,35) provided the first
accurate measurements of droplet evaporation under forced
convection. Using a glass fibre or thermocouple assembly,
accurate measurements were made of the rates of evaporation of
droplets of water, aniline, nitrobenzene and spheres of
naphthalene at room temperature. Individual droplets, 0.2 mm
to 1.88 mm in diameter, were suspended 20 cm above the exit of
a vertical wind tunnel. The air velocity was varied from
0.2 mw/s to 7 m/s and the rate of evaporation wﬁs determined by
periodically photographing the droplet. The results were

correlated according to equations 13 and 14 over a Reynolds

number range of 2 to 1280.

Ranz and Marshall (52) extended their work on the
evaporation of droplets under natural convection to
evaporation under forced convection. Using the same apparatus,
and experimental techniques, individual droplets were
evaporated in an air stream with Reynolds numbers in the range
0 to 200. Their results generally confirmed those of
Frossling — but differed in the values of the coefficients a.
and az.

Hsu et al (89) studied the evaporation of n-heptane

droplets with particular emphasis on the influence of droplet
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size and shape. A method of steady-state measurement was
developed similar to that used by Ranz and Marshall.
Evaporation rates were measured at 38°C in air stream
velocities of 0.6 m/s, 1.3 m/s, 1.8 m/s and 2.4 m/s. Data were
collected for 26 different droplet configurations varying in
shape from pendant to oblate spheroids.

The rate of evaporation was found to increase rapidly with
deviations from sphericity, the oblate spheroids yielding
higher evaporation rates than the pendant droplets. The

following correlation was proposed,

Sh = (1 + 0.178 Reo Sc ) =

- [1 + 20292 (1_’)][1 = 00257 (l_h/Dh)] L S (27>

where ¢ = 6Vd / As((Dh+h)/2)
Vd = volume of droplet
As = surface area of droplet
Dh = maximum horizontal diameter of droplet
h =

maximum vertical diameter of droplet

Tverskaia (90-92) used a travelling microscope to determine
the rate of evaporation of water droplets 0.4 mm to 1.6 mm in
diameter. He suspended individual droplets from a thermocouple
within a wind tunnel, and varied the air temperature and
humidity. The results, correlated in the form of Frossling's
equations, showed an increase in the value of the coefficient.
oy with an increase in the Reynolds number, i.e.; at Rea = 10,

20, 100, 200 and 300 to 500, o: = 0.10, 0.15, 0.18, 0.24 and

0.26 respectively.
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Sokolskii and Timofeyeva (93) obtained similar results using
droplets of water 1 mm to 2 mm in diameter. Their results,
measured over a Reynolds number range of 0.7 to 200, were

correlated by,

o .85

Sh=2(1+0008 RED ) .oooc-o.nnooocza)

and for Rea > 200,

Sh=0052ReD .-...........-....(29)

The rates of evaporation and beat transfer of wet marl
particles ( a clay-type soil ) were measured by Van Krevelen
and Hoftijzer (94) at room temperature. Individual particles
of 5.5 mm to 14.5 mm in diameter, were suspended by a thin
wire from the beam of a torsion balance and dried in an air
stream with a constant velocity of 1.4 m/s. The data for the

first stage of drying, i.e.; the constant-rate period, was

expressed as,

&=0.5 RED & I..l...llll.ll.(so)

Ingebo (95) measured the rate of evaporation of water and a
number of organic liquids, e.g.; nitrobenzene, methanol,
acetone, benzene and ethanol, from the surface of cork spheres
approximately 5 mm in diameter. Measurements were made over a

temperature range of 20°C to 500°C and a Reynolds number range
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of 1000 to 1600. The results were correlated in the form,

L= o.6

Sh =2 + 0.3 (ReoSc) (Ed/Kwv) eessvases 31D

where Kd and Kv are the thermal conductivities of the air and
organic vapour respectively.

Maisel and Sherwood (51) experimented with spﬁeres of
calcium silicate wetted with water and benzene, and ahuweq
that within a Reynolds number range of 2000 to 50000, the
Sherwood number was proportional to Reo®-5€. However, benzene
was found to evaporate so quickly, i.e.; some 5 to 10 times
faster than water eépecially at high values of Rea, that the
surface of the spheres were not always completely wgtted. Such
data, with a varying surface area, cannot therefore be
considered reliable.

Garner and Grafton (96) studied the solvation of benzoic
acid spheres into a moving stream of water. Experiments were
performed at room temperature over a range of Reynolds number

of 20 to 1000. The correlation proposed was,

L= o.6

Sh=44+°o48 RED SC .oooo----o..n-(32)

In a similar experiment (97), the rates of solvation of adipic
acid and benzoic acid spheres ranging from 9.5 mm to 19.0 mm
in diameter, were measured over a range of Reynolds number of

100 to 700. The spheres were supported on a brass rod 1.6 mm
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in diameter and the rate of solvation followed

photographically. The results were correlated by,

.5 o .,.33

Sh=2+0.95REQ SC .c--c-nono..-(SS)

Garner and Keey (98) used a low-speed water tunnel to measure
the rates of solvation of benzoic acid spheres 19 mm in
diameter at 30°C. Measurements were taken over a Reynolds
number range of approximately 2 to 255, although comparison
with similar data enabled the upper limit to be extended to
900. The results of the investigation show that free
convection effects were not entirely absent until a Reynolds
number of approximately 750. Over the range of 250 to 900, the

overall mass transfer results were in approximate agreement

with,

.5 o, 33

Sh=0.94 RED SC .'CI....I..IQ.I(34)

Subsequently, Garner and Hoffman (99) used a similar technique
and experimental conditions and concluded that free convection
effects did not disappear entirely until the Reynolds number
reached 250. Although smaller benzoic acid spheres were used
in the 1nvestigation._1.e.; 9.5 mm in diameter, this should
not have effected the results if the experimental technique

and dimensional analysis were correct.

All data obtained by Garner et al (96-99) using benzoic or

adipic acid were corrected for heat of solution.
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Pasternak and Gauvin <(100) measured the rate of evaporation of
water from the surface of Celite ® ( a silica based material )
particles of various shapes and sizes ( see Figure 11 ). The
particles, measuring between 5 mm and 64 mm in characteristic
length, comprised spheres, cylinders, prisms, cubes and
hemispheres. The particles were suspended from an aluminium
rod, and positioned inside a vertical glass column 38 mm in
diameter through which turbulent air was passed under
controlled conditions of temperature ( 21°C to 121°C ),
humidity and velocity ¢ 1.2 mw/s to 7.6 m/s ). The results, for

a Reynolds number of between 500 and 5000, were correlated by,

O. 514 o, 33

Sh = 0.692 Reo Sc N &< L

In later experiments (101), conducted in free—fall, equation
35 was confirmed using Celite spheres impregnated with
radioactively—-labelled acetone. Particle velocities were
accurately determined using a radiocactive tracer technique.
Fuchs (102) suggested that the rate of heat and mass
transfer to and from a droplet may be doubled by internal
circulation. In a later theoretical analysis concerned with
the influence of internal circulation on the mass transfer
rate from spherical droplets, Bowman et al (103) postulated
that the external flow pattern is affected by internal
circulation thereby decreasing the resistance to transfer in

the external fluid. Vard et al (104) verified this using mass
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Figure 10

Experiments Carried out under Forced Convection
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transfer data taken from water drnpiets travelling through,
and suspended in cyclohexanol, and droplets of cyclohexanol,
iso-butanol and o—-toluidine in water ( see Figures 12a and
12b ). Sherwood numbers were found to be in good agreement
with the theoretical predictions and the results show a 4 to 6
fold enhancement of mass transfer due to internal circulation
for water droplets falling in cyclohexanol. This effect was
shown to depend on the ratio of the continuous to dispersed
phase viscosity of the system. Hence, for a system such as
water droplets in cyclohexanol ( with a viscosity ratio of the
continuous phase to the dispersed of approximately 68 ), the
rates were as expected, several times greater than those for
s0lid spheres. The reverse was found for cyclohexanol droplets
in water ( the viscosity ratio being approximatley 0.01 ),
i.e.; very little enhancement was foqnd due to circulation.

Consequently, for liquid droplets in air, where the
viscosity ratio is generally far less than 0.1, e.g.; the
ratio for water droplets in air at 20°C is < 0.02, it is
reasonable to assume that negligible enhancement in mass
transfer will result from internal circulation.

Results obtained by Steinberger and Treybal (82) on the
solvation of benzoic acid spheres in water or in aqueous
solutions of propylene glycol under laminar and turbulent flow
conditions ( see Figure 10 ), showed that mass transfer by |
natural and forced convection were additive. Their data

however, showed a marked dependence on the ratio of the sphere
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Eigure 12a. Droplets
allowed to fall through

the continuous phase
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Eigure 12b, Droplets
suspended in the

continuous phase
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to-water tunnel diameter,

o .62

Sh=2+0-347 (REI:SCO'!') -........--(36)

Kinard et al (105) reviewed the theoretical approaches for the
estimation of mass transfer rate from single spheres. It was
considered that the Boundary-Layer Theory cannot accurately
predict the overall mass transfer rate because it neglects
transfer from the rear surface of the sphere. A semi-
theoretical equation was proposed based on the linear addition
contributions from forced convection in front of, and behind,
the separation zone of the boundary layer. The data,
correlated in the form of equation 35, was tested using
selected data from Ranz and Marshall (52), Garner and Suckling

(97) and Steinberger and Treybal (82).

o, 33

Sh = 2.0 + 0.45 Reo Sc + 0.00484 ( RenSc ) . (37)

Audu (106> suspended hemispherical droplets of water from a
rotating nozzle placed inside a horizontal wind tunnel.
Rotation of the nozzle ensured that all sides of the droplet

were exposed to the impinging air. For ambient conditions, the

correlation obtained was,

o.B5 o .33

Sh=2.0+0-473 ReD Sc ............(38)
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At temperatures greater than ambient, i.e.; up to 118.5°C, the

results were correlated by,

-0 . 008 o.6 o,33

Sh =2+ 0.44 ( Ta — Td / Tamb ) Reo Sc .. (39)
where Tamb = ambient air temperature

A number of inaccuracies may hnfe arisen however, due to the
method of monitoring droplet.evapuratiun, i.e.; via an inlet /'
outlet humidity balance, and because of 1nterference.by the
nozzle ( which had a similar diameter to the droplet ) on the
airflow pattern around the droplet. This resulted in profiles
different from those of a spherical droplet. In addition, heat
transfer by conduction along the suspension nozzle and by
radiation were not taken into account. Details of the
apparatus are given elsewhere ( cf. page 129 ).

Using the same apparatus as Audu, Ali and Bains et
al (207) measured the heat and mass transfer rates of water

droplets over a temperature range of 21°C to 120°C. The

results were correlated by,

-0, 03 o.B o ,.33

Sh =2 + 0.501 ( Ta — Td /7 Tamb ) Rep Sc -+ €40

o.2 o.56 o .,.33

Fu =2 4+ 0.228 (1/ B> Reo Pr eeseees (41D

where B = transfer number, Cp<(AT/)\)
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The exponent on the temperature correction term in equations
39 and 40 had only a marginal effect over the range of
temperatures covered.

Hassan et al (200,210) obtained similar correlations for
water droplets over a temperature range of 23°C to 80°C after
modifying Audu's apparatus by replacing the steel droplet
support with a glass support to minimize heat transfer ¢ cf.
page 131 ). The rate of evaporation was calculated from
measurements of droplet weight rathér than from a humidity

balance over the droplet surface. Data was correlated by,

-_—0 , Oa o,.6 o ,33

Sh =2 + 0.575 ( Ta — Td /7 Tamb > - Reo Sc . (42)

.19 o.&5 L= I

Bu =2 + 0.270 ¢ 1 /7 B) Reo Pr ceeea. (43D

Virtually identical heat transfer correlations to Hassan et al
were obtained by Cheong €180,194) in an earlier, independent
study carried out over the same temperature range. Data for
water droplets was correlated by 0.19(1/B)°-=4 with respect to
equation 43. Eﬁperimental details are repur£ed elsewhere ( cf.
page 156 ).

Sandoval—-Robles et al (107> investigated mass transfer
around a sphere using electrolysis. The eiectrndeé. brass
spheres 5 mm, 7 mm, 9 mm Qnd 10 mm in diameter, coated in gold

5 pm thick, were rotated at a constant velocity, ranging from
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2 x 107 m/s to 2.5 w/s, around a circular channel containing
a stationary electrolytic solution of 2 x 10~ M ferrocyanide
in 0.5 M sodium hydroxide. The data obtained showed a

significant dependency on the Reynolds number,

o ,38s5 o .33

Sh = 1.032 Reo Sc for Rea > 2 but < 20 .......(<44)

O.aAT7S o, 33

Sh = 0.803 Reo Sc for Rea > 20 but < 2000 ..... (45

O, 5693 o .33

Sh = 0.300 Reo Sc for Rea > 2000 but < 23000 .. (46

One major disadvantage however, was that after one single
revolution the probe no longer rotated in a stagnant liquid
but in its own wake; consequently, this added to the overall
rate of mass transfer.

In a similar experiment (108) mass transfer rates were

measured around single spheres in a highly turbulent liquid.

The results were correlated by,

o .B69 o ,06e9

Sh = 6.82 Reo Tu for Rea > 330 but < 1720 .... (47

where Tu = turbulence intensity

At low values of Tu, the results were in good agreement with

published data for laminar conditions (100),
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Heat Transfer Experiments

Heat transfer to a suspended droplet takes place by some
combination of convection, radiation and. conduction. However,
in spray drying, with gas temperatures typically in the range
of 250°C to 550°C, only convection is regarded as significant.
Kramers (47) developed an empirical equation for the heat
transfer film coefficient of a fluid flowing past a steel
sphere. The spheres ranged from 7.0 mm to 12.7 mm in diameter
and were heated by a high frequency induction current to
maintain them at a constant, uniform temperature, and they
were suspended vertically by a pair of fine thermocouple wires
in a vertical stream of air, water or oil. The results,
covering a Reynolds number range of up to 105 and Prandtl

numbers between 0.7 to 400, were correlated by,

.75 o, o.B5

Hl.l = 2-0 + 1.3 Pr + 0.66 PI' REO - LI ) (48)

The second term on the right side of this equation is
necessary to bring together data for air, water and oil.
However, the physical properties of these liquids are likely
to have been affected by temperature gradients at the surface
of the spheres. Hence, film coefficients calculated from
equation 4% are probably only applicable to heat transfer
between a continuous fluid and a stagnant droplet. In the case

of oscillating or circulating droplets, e.g.; a droplet in
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free-fall as in practical driers, such a coefficient would
serve only as an approximation.

In a novel experiment, Tsubouchi and Sato (109)
investigated the steady state heat transfer between single
particles and a fluid. Thermistor spheres 0.3 mm to 2.0 mm in
diameter, were suspended in two types of wind tunnel. The
first consisted of a revolving arm providing a velocity ramnge
of 0.01 m/s to 0.5 m/s, and the second, of the Eiffel type
with a velocity range of 1 mw/s to 20 m/s. By monitoring the
current and voltage supplied to the spheres, and the
resistance, the temperature and the amount of heat dissipated
were calculated. The results, for Reynolds numbers > 0.3 but

< 3000, were correlated by,

L= =

Iu=2.o+0.5 Reo .l.l’.'l.l......l<49)

Yuge (83) studied heat transfer from carbon-chrome steel and
brass spheres and compared the effects of counter—current and
co-current airflows on the rate of transfer. Metal spheres
less than 6 mm in diameter, were preheated in an electric
furnace prior to being inserted into the air flowstream.

Larger spheres, 6 mm to 60 mm in diameter, were heated

internally.
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The experimental results were expressed in terms of,

L=

Iu=2.0+0-49333° .o.-.---...-...(50)

for Rea > 10 but < 1800

o .67

'u=2.0+0.300 RED 900..50000&0000(51)

for Rea > 1800 but < 1.5 x 10%

Following a review of the literature on heat and mass
transfer, Rowe et al (53) presented new data concerning the
heat transfer of internally-heated copper spheres in air and
water, the sublimation of naphthalene in air, and the
solvation of benzoic acid spheres in water. For heat and‘mhss

transfer in air, the results were correlated by,

o.5 o .33
Il.l (Sh) = 2-0 + 0.69 ReD Pr (&) EEEREEE (53)
and for water,
o.B o.,.33
Hu (Sh) = 2.0 + 0.79 Reo Pr (S essssss {83

A dilatometric method combined with cinematography, was used
by Adams and Pinter (110) to obtain an average heat transfer
coefficient for the evaporation of cyclopentane and isopentane

in continuous phases of 0 %, 56 %, 73 % or 77 % w/w glycerol-
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water solutions. Different size air bubbles were injected into
droplets of the solution and, as evaporation occurred, the
increases in volume of the air bubbles were monitored using a

dilatometric tube. The data were correlated by,

-0, 75 “a.3 o .33

Nu = 7550 Pr [pc/ (e + pod) Bo ceen. (54)

where pc = viscosity of continuous phase
Mo = viscosity of dispersed phase
= Bond number, {(pc — pm) D=3g/oL

3.2) Evaporation from Unsupported Single Droplete

The earliest reported work concerning the evaporation of
unsupported droplets was by Gudris and Kulikova (84) in 1924.
They retained charged droplets in an electrostatic field by
continuously varyingtheir potential so that the electrostatic
and gravitational fields exactly balanced causing the droplets
to float. The rates of evaporation of water droplets 1.2 um to
2.9 pm in diameter were measured in various gaseous
atmospheres at ambient temperature. In carbon dioxide, the
rate of evaporation was found to be negligible, and in air,
only very slow. In a mixture of 70 % hydrogen and 30 % air,
the rate of evaporation was reported to be several times
greater than in air. Other workers (82,111,112) used a similar
technique, and studied systems such as benzophenone, benzil,

dibutyl tartrate, mercury and diamyl sebacate.
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The majority of heat and mass transfer experiments carried out
using an electrostatic field are strictly related to droplets
moving freely with respect to the medium, but with such small
diameters ( in the region of 2 ym to 4 pm ), and
correspondingly small Reynolds numbers ( between 10-% and

10+ ), the effect of movement on the rate of evaporation is
extremely small.

Measurements of the rates of evaporation of larger
unsupported droplets were first made in 1949 by Vyrubov (113).
Vater droplets of 2 mm diameter were allowed to fall freely
through a vertical tube 1 m long. The drying air, at between
40°C and 100°C, and with a velocity of 1 m/s, was passed down
the tube and the droplets were finally collected on a weighing

pan. The results were correlated by,

.5

Sh = 0.52 Reo teesserscnscsssses (BH)

for Rea > 100 but < 500

Kinzer and Gunn (114) studied the evaporation of water
droplets ranging from 10 pm to 3 mm in diameter at
temperatures between 0°C to 40°C. The smaller sized droplets,
i.e.; 10 pm to 140 pm, were charged electrostatically and
allowed to fall freely through detector rings. Droplets in
excess of 1 mm were supported by inversion of a gas velocity
profile. A similar relationship to Frossling's was obtained

for droplets in the range of 0.6 mm to 3.0 mm in diameter,
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with an oav coefficient value of 0.23 over a Reynolds number
range > 100 but < 1600. For a Reynolds number < 0.9, the

' wind factor ' was found to be unity, i.e; a: = 0. As the
Reynolds number was increased to 4, a1 rose to a value of 0.46
and then gradually fell to a value of 0.23 at a Reynolds
number of 100.

The rates of evaporation of freely—-suspended benzoic acid,
camphor and naphthalene spheres were measured by Jones and
Smith (115) using a high velocity air stream passing through
rotameter tubes. Despite the fact that the spheres spun
erratically, mass transfer coefficients showed no significant
difference when compared to those for stationary spheres. One
possible reason for this is that when one side of the spinning
sphere is stationary relative to the gas, the other side meets
the flow at twice its linear velocity. Relationships were
proposed which take into account the Reynolds number of the

gas — Rea, 1.e.; for the laminar region,

’ o.33
Sh = 2.0 + 25 ( RepSc Rea®:% ) cesnasess (56)
and for the turbulent region,
.5
Sh = 2.0 + 0.055 ( ReoSc Rea®:-5 ) creecssss (B7)

Several workers (116-118) have studied the shapes, and
oscillations of, and internal circulations within, droplets

suspended at their terminal velocity. Of particular interest
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is the work of Finlay (117) who suspended droplets of water,
iso-butanol, n—-heptane and iso-octane in an air stream within
a wind tunnel. After a given time period, the droplets were
collected, weighed and their Sherwood values calculated for
droplet diameters ranging from 1 mm to 5 mm. By comparison
with the results of Ranz and Marshall, Finlay found a marked
discrepancy in rates of mass transfer from droplets with
diameters greater than 3 mm. This was attributed to enhanced
droplet oscillations later confirmed by Ahmadzadeh and Harker
(119> who studied the evaporation of acetone-water droplets in
free-fall. They also found that the nozzle diameter
constituted an additional parameter. For the acetone-water

system, mass transfer data were correlated by,

Sh = 3.0 ( 0.345 D — 0.744 ) Re€o +t+essses..(58)

During a number of experiments concerned with the absorption
of carbon dioxide into droplets of water and various
hydrocarbons, and with the absorption of water into glycols
and amines, Garner and Lane (120) noticed that the droplets

oscillated in three characteristic ways,

i1.) Prolate / oblate oscillations about an equilibrium
spheroidal shape.
11.) Oscillations about axes 90° apart in the horizontal

plane.
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ii1i.) Eccentric rotation about the vertical axis whilst the

horizontal axis remains constant.

They also found that the droplets absorbed at very high rates
during the first few seconds of formation due to the high
initial internal turbulence. Vhen damped down, internally
stagnant droplets absorbed at rates commensurate with
molecular diffusion., For example, water droplets were found to
absorb at 60 to 80 times the molecular rate of diffusion due
to internal turbulence.

Yao and Schrock (121) studied the rates of heat and mass
transfer of water droplets 3 mm to 6 mm in diameter at
temperatures below ambient. The experiments were designed to
provide accurate data concerning the relationship between the
mean droplet temperature and its position in free—-fall,
initial temperature and the temperature / humidity of the air
through which it fell. The apparatus comprised a droplet
generator and a vertical plastic column 3 m high through which
conditioned air was passed. A calorimeter could be positioned
at any point on the tube to catch a droplet and measure the
mean temperature. Droplef slizes and oscillations were observed
and recorded phutogrnpﬁically. The results demonstrated far
less cooling than predicted, suggesting that deformation and
vibration of the droplets had an important effect on boundary
layer conditions. To bring existing model predictions into

agreement with the data, a correction factor was obtained for
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the Ranz and Marshall equation. This was in effect a transient
correction factor that allowed for the effects of droplet
vibration and distortion during fall. The modified Ranz and

Marshall equation is thus,

Nu = 2.0 + 15.0 Reo Pr (x/D) ceveacse (B9
o.,.B o .,.33 -_0, 7
Sh = 2.0 + 15.0 Reo Sc (x/D) coseass CO0D
for D> 3 mm but < 6 mm, and x/D > 10 but < 600, where x is
the distance of fall measured from rest.

Miura et al (122) used a similar apparatus to Garner and
Kendrick (123) and Lihou (212), shown in Figure 13, to measure
the rates of heat and mass transfer of individual floating
droplets in an ascending air current. Vater droplets 2.9 mm to
3.3 mm in diameter, were dried at temperatures of 53°C and
75°C. Their experimental data were well represented by the
Ranz and Marshall equation over a Reynolds number range of 2
to 1600. Akbar (198) however, performed similar experiments
(¢ after Lihou ) using water droplets 1 mm to 5 mm in diameter,
and found a marked increase in the rates of mass transfer
during the initial stages of evaporation, similar to thuse.
reported earlier (116-121), Droplets were evaporated at
temperatures ranging from ambient up to 180°C and a Reynolds

number range of 500 to 1000. Experimental data were correlated

by,

.71 .6 o ,33

Sh = -105 + 3.9 ( Ta — Td / Tamb ) Reo Sc .. {61)
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Figure 13. Air Circulating System used by Garner and Kendrick (123)

Oteng—-Attakora et al (199) measured the rates of heat and mass
transfer of individual droplets of water, ethanol, propan-1-
ol, butan-2-ol, phenol, heptane, monoethanolamine, and solid
spheres of naphthalene. Studies were performed independently
using a modified version of Lihou's (212) apparatus and a

horizontal wind tunnel (206,211). Droplets and spheres 1 mm to
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5 mm in diameter, were dried over a temperature range of 50°C
to 200°C and a Reynolds number range of 500 to 1000.

The results showed enhanced rates of heat and mass
transfer which decreased exponentially with Rep®:® Sc(Pr)©-22.
This was in contrast to the linear relationship predicted by

Ranz and Marshall (52). Experimental data were correlated by,

Sh (Nu) = A e™ . 10 * ( B Reo®-® Sc (Pr)°-33 ) ...(62)

Results for naphthalene spheres however, and the highly
viscous liquid monoethanolamine, exhibited almost linear
transfer rates with respect to Reo®:® Sc(FPr)°-==,

The enhanced heat and mass transfer rates observed by
Akbar (198) and Oteng—Attakora et al were attributed to
droplet oscillation ¢ cf. page 283 )., Consequently, the
transfer rates of solid spheres and of droplets with

deliberately inhibited surface behaviour approximated to

straight lines.

3.3) Evaporation of Single Droplets at High Temperatures

Sensible heat transfer to a droplet occurs by convective
transfer directly from the drying medium and to a lesser
extent by radiation from the surrounding enclosure, e.g.; the
walls of the drying chamber. The radiative contribution from

the gas Qr, 1is normally assumed to be negligible.
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The overall convéctive heat transfer Qc, is therefore,

%=Q_Q!-.l..l....ll.llllll.ll(63)
The contribution due to natural convection, i.e.; for a

Reynolds number of approximately 200, has been estimated (124)

to be negligible,

Q free convection

« 0 ¢ 0.01 )

Q forced convection
consequently, Qc in equation 63 actually represents the heat
transferred by forced convection only.

It has previously been assumed that all the sensible heat
transferred to a droplet surface provides the latent heat of
vaporization. However, when the gas temperature is high, 1.e.;
> 300°C (37> — much greater than the wet bulb temperature -
consideration must be given to the heat transferred to the
vapour which diffuses away from the droplet surface. A
considerable amount of the heat conducted inwards is used to
heat the vapour diffusing outwards, which consequently reduces
the heat transfer rate. Ranz (56) has shown that in the case
of an evaporating droplet, the actual heat available for
vaporization may be as little as 25 % of the total heat
transferred.

Colburn and Drew (125) considered the problem in

connection with the condensation of mixed vapours, and
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Godsave (126) analysed the problem in relation to burning
droplets of 1iquid fuel. The following expression was derived
for the temperature gradient in a gas-film surrounding a

droplet in the latter case,

Tb — Td Td e~E-rI — Tb e~E-r
T = e—Esr 4 - . (64)

where rl
E
W

outer radius of gas-film
wCp / 4nKd
rate of evaporation ( mass flowrate )

Variations in the heat capacity and thermal conductivity of
the gas-film caused by temperature and concentration gradients

were neglected.

Using equation 64 to substitute for hr / Kd in the Nusselt

number, Godsave showed that,

1

1 1 EfT 1] 2 eer.. (65)
e - — + — — —— + . 8.8

™ rI 2 |r rl

which reduces to the usual form when E # 0. WVhen rl 4 o,

NHu

H 1N

Nu = 2.
Ranz (56) derived a similar expression but included an
additional term for radiant heat transfer effects. Yuen and

Chen (124) and Eisenklam et al (127), have also studied the
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effects of high temperatures on the evaporation of liquid
droplets.

In the case of burning fuel droplets, Godsave (126) showed
that the value of the Nusselt number when evaporation occurred
was about a quarter of the value for heat transfer to a non-
volatile sphere. Thus, when simultaneous evaporation occurs
the value of the Nusselt number can fall below the theoretical
minimim value of 2, which means the effective heat transfer
coefficient calculated from equation 12 is too high when the
evaporation rate is high.

Hoffman and Gauvin (128) measured the evaporation rates of
individual droplets of water and various hydrocarbon liquids
suspended from a thin glass fibre inside an electrically-
heated stainless steel sphere 0.23 m in diameter ( see Figure
14 ). Air temperatures ranged from 100°C to 550°C and droplet
diameters from 0.4 mm to 1.4 mm. The rate of evaporation was
monitored and recorded photographically. It was reported that
the rate of evaporation was not controlled by the rate of heat
transfer due to natural convection, but depended on the

transfer number B, i.e.; Cp (AT/)\). The results were

correlated by, #

-_—0 , D o.97

B. ‘u (Pr) =3.2B ......ll....l(66)

where B' is the Spalding transfer number, CpAT/ {(\—-Qr/w).
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Eigure 14. Apparatus used by Hoffman and Gauvin_(128)

However, equation 66 is only valid when the gas, and the
experimental chamber walls containing the gas, are at the same
temperature.

In a later experiment, Peli and Gauvin (129), using
essentially the same apparatus as Hoffman and Gauvin, studied
the evaporation of similar materials absorbed onto stationary
porous spheres 6.4 mm to 12.7 mm in diameter at temperatures

of 130°C to 700°C. The relationship obtained was,

o.s o, o, 00”

(Nu/Reo) (B'/Pr) = 3.32 (Gr/Reo™®) erees (67

However, within the limits of experimental error an exponent

as small as 0.007 is of dubious value.
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Further investigation by Pei et al (130) into the effects of
natural and forced convection upon the evaporation of
droplets, showed the effects to be non-additive and the
transition from one to the other to be gradual. They concluded
that when Gr/Ren= < 0.2, the effects of natural convection
were negligible, and for values greater > 10, forced
convection had little or no influence. No correlation was
proposed.

Downing (131) made extensive measurements concerning the
rate of evaporation of water, acetone, benzene and n—hexane
droplets, approximately 1 mm in diameter. The droplets were
suspended in a lamipar airflow at temperatures ranging from
27°C to 340°C, with a Reynolds number of between 24 and 325.
The transfer number B, ranged from 0 to 2. Data was correlated

according to,

1n(1+B) o.8 O0.33
Hu = MN -———- - (2.0 + 0.6 Rep Pr ) sreaaes (682
B
and.
o.6B L= b ]
Sh=n<2-0+o.6RED SO 0-.........(69)
where,
1n(1+B)
M=1-20.401 - (Td/Ta’>] and, N =1 — 0.4 (1 = =—=—=—=—— )
' B
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The average physical / transport properties were calculated at

an average film temperature Tf, defined as,
(Tf - Td)/(Ta - Td) = 0.6

Rarashimhan and Gauvin (132) measured the rate of evaporation
of water absorbed onto 6 mm, 10 mm and 13 mm Celite spheres,
in superheated steam at temperatures ranging from
approximately 200°C to 700°C and at pressures up to 50
atmospheres. They used a similar experimental apparatus to
that of Hoffman and Gauvin (128). The results were correlated

by,

L= Y 1 =3 L=

Bu (1 + B) = 0.68 Reo cssssascaaess (TO)

In similar experiments, Lee and Ryley (133), used supe;heated
steam at a Reynolds number of 64 to 250, and followed the rate
of evaporation of water droplets suspended from a 50 pm glass
fibre positioned inside a horizontal test section.
Correlations were obtained similar to those of Ranz and )
Marshall with typical ay values of 0.74. The results were not
however, corrected for radiation.

In a study by Frazier and Hellier (134), the_rnte of
evaporation of Freon droplets of approximately 440 um
diameter, were measured by injecting a stream of the droplets

into an air jet at a temperature of 669°C. A photographic
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technique was used to monitor changes in the droplet size,
thus enabling the rate of evaporation to be calculated. In
applying the Ranz and Marshall equation to the data, it was
found that the mass transfer coefficient was underestimated by
a factor of 4. However, using corrections for the net flow
through the interface, based on the Film Theory, Crosby and
Stewart (135) recalculated the results and found a much
smaller deviation of 33 % between the experimental and
predicted values.

Trommelen and Crosby (136) measured the rate of
evaporation of water droplets approximately 1.6 mm in diameter
in superheated steam at temperatures of 150°C to 250°C
travelling at velocities of 1.5 m/s to 2.1 w/s. The
experimental procedure was similar to that followed by Sano
and Nishikawa (137), which in turn was based on a method
developed by Charlesworth and Marshall (71). Single droplets
were suspended at the junction of a Chromel-Constantan
thermocouple attached to the end of a horizontally mounted
fine glass fibre. This allowed simultaneous measurement of
droplet temperature and droplet weight. Heat transferred by
direct radiation and conduction through the thermocouple wires
was taken into account, although the cross-sectional area of
the wires rather than the bead at the junction of the wires,
was used in the calculations. This led to an underestimation
of the area by at least a factor of 4. The results show that
under identical test conditiomns, the rate of evaporation was

greater in air than in superheated steam. However, as the
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temperature of the drying medium increased the difference in
the rates decreased, i.e.; at higher temperatures the thermal
driving forces of the two media become similar. It was further
concluded that the correlations developed for the heat
transfer coefficients of small droplets in air, also apply to
superheated steam.

Kadota and Hiroyasu (138) derived a mathematical model for
single droplets evaporating at high pressures and
temperatures. The quasi-steady state model allowed for natural
convection, non-ideal behaviour, the effect of high mass
transfer rates on temperature and concentration profiles, and
the thickness of the boundary layer. Results from an earlier
study (139) 1nvn1viné the evaporation of droplets of water and
a number of organic liquids. e.g.; ethanol, n—ﬁeptane and
benzene, were found to be in good agreement with the proposed
model. |

Yuen and Chen (124) simulated liquid droplet hehaviour b&
using a porous sphere cnntinuously—saturated in liquid. Tﬁe
heat transfer rates of water and methanol were measured under
forced convection in air at velocities of 2.i mws to 11.4 w's,
covering a Reynolds number of 200 to 2000. TEm@eta?ures ranged

from 150°C to 960°C. The data were correlated according to,

c.B o ,.33

Il.l (1+B)=2+0.6Re° PI" -u--.--oo.(?l)
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Although the study was limited in extent, the experimental
data does suggest that evaporation at high temperatures
reduces heat transfer film coefficients by a factor of
(1 + B,

Recently, Renksizbulut and Yuen (140), used a similar
technique to measure the rates of heat transfer to single
droplets of water, methanol, and heptane, and presented the

equation,

o.7 .6 o ,.33

HU (1 + B) = 2 + 0057 RED Pr EEEEEEREX] (72)

where Rea ranges from 25 to 2000, and B from 0,07 to 2.79.

In summary, information concerning the rates of heat ‘and
mass transfer for single, pure liquid droplets and solid
spheres evaporating under natural and forced convection has
been well-documented. The most significant contribution to the
data was almost certainly the introduction of the Ranz and
Marshall (52) equation in 1952; the majority of transfer data -
relating to droplets and solid spheres are correlated by this
equation. Although a number of these correlations may be no
more than artefacts of the experimental apparatus or
experimental technique, the majority provide a useful
reference for heat and mass transfer data. For example,
individual gas—-film transfer coefficients can be calculated

and therefore, the rate at which drying depends. They also

allow the effects of flow conditions and fluid properties upon
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the transfer rates to be studied, which is. of particular
relevance to drying processes such as spray drying. A
particularly good example is the enhancement of heat and mass
transfer rates by oscillating droplets (116-121,199), where
the Reynolds number alone is clearly insufficient to

characterize droplet oscillating behaviour.
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4,0) Methods used to Study Particle Morphology

Several different experimental approaches have been used to
study particle morphology. Marshall and co-workers (41,71,141)
carried out many of the early important phenomenological
studies on particle morphology by simply collecting dried
powders directly from a spray drier and examining them under a
microscope at magnifications ranging from x 10 to x 300. Buma
and Henstra (142) analysed morphological changes in milk and
milk constituents in a similar manner, work later extended by
Verhey (143).

Single droplet drying studies, originally developed to
study the evaporation of puré liquid droplets by Fuchs (144),
Frossling (34,35) and Langstroth-et al (80), have been
extended, particularly by Ranz and Marshall (52>, to
eolutions, suspensions and pastes. This allowed direct

obeervation of the formation of particle morphologies produced
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under controlled conditions similar to those found in a spray
drier. The techniques involve suspending a single droplet or
stream of droplets in free-flight, or by physical suspension,
in an oven or wind tunnel in which air temperature, velocity
and humidity are carefully controlled and monitored.
Alternatively, droplets are allowed to free-fall.

Free-flight studies achieve droplet suspension in a number
of ways. For example, Miura et al (122), Akbar (198) and
Oteng—-Attakora et al (199) used the inversion of a gas
velocity profile to keep a single droplet floating in an
ascending air current by matching the air current velocity
with the terminal velocity of the droplet. Other methods
include the use of electrostatic, or more recently ultrasonic,
fields (87) for suspending droplets 1.5 mm to 2.0 mm in
diameter.

Alternatively, King (145) and co-workers developed a
device which formed a single stream of droplets of uniform
size which were allowed to free—fall through a heated columm
2.3 m in length. They reported a uniform and controllable
temperature profile during drying, albeit of very limited
residence time, i.e.; approximately 0.2 s to 0.3 s. Under
these conditions the degree of drying is not comparable to
that in a practical drier.

Physical suspension techniques, typically those used by
Charlesworth and Marshall (71) and subsequently Crosby et al
(146, 147), have been used extensively to investigate the

evaporation rates of single droplets and the phenomena
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associated with the evaporation process. Although there are a
number of variations, the method generally involved suspending
a single droplet in a controlled air stream from the end of a
vertical, or in the centre of a horizontal, fine glass
filament or filament-thermocouple. These were usually 1in the
region of 200 ym to 600 pm in diameter and some were rotated-
depending on the design. Droplet sizes were initially in the
range of 0.2 mm to 2.0 mm in diameter.

Glass nozzles (200>, hypodermic syringes (168,207) and
microburettes (52) have also been used as suspension devices.
Once in place, measurements of droplet weight, size and
temperature are possible, as well as visual observations of
drying behaviour.

Both free—-flight, free-fall and the physical suspension
methods are subject to certain limitations. In particular
droplet sizes can be twice the size of those produced by spray
drying, i.e.; spray-dried droplets can range from 10 um to
1000 pm in diameter. The physical support may act as a
restraint and in some cases allow an additional heat transfer
path. Large dropiets may also oscillate, resulting initially
in increased mnss_trnﬁsfer (116-119). However, these single
droplet studies avoid many of the complex interactiomns
encountered in production and pilot plant scale spray driers.
Although for this reason alone they have been criticized as
being unrealistic, particularly by Toei (87), they offer at
present the only practical and direct means of observing spray

drying phenomena at the droplet or particulate level and
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they have found increasing use in industrial development
laboratories during the last 10 years. The importance of
single droplet drying techniques was emphasized by

Genskow (12) who, in reviewing the problems associated with
the spray drying of consumer products, particularly in terms
of product quality and performance, outlined the need for new
analytical methods and tools to provide a better insight into
the fundamentals of drying. Drying kinetics, sorption
isotherms and the determination of specific surface areas were
discussed, as well as individual techniques such as Scanning
Electron Microscopy ( SEM ), Transmission Electron Microscopy
(¢ TEM >, laser particle sizing, and Electron Spectroscopy for
Chemical Analysis ( ESCA ). Transport phenomena and mechanisms

were reviewed in terms of shrinkage, biochemical degradation

and product stickiness.

4.1> Spray-Dried Particles

Marshall and Seltzer (4) provided a brief description of the
various particle morphologies produced by spray:drying, in
relation to feed concentrations and methods of atomization.
Materials studied included lemon juice, pectin, milk, sodium.
chloride, coffee and gelatine. Photomicrographs of the
particles show most to be spherical with a large proportion of
agglomerates, although gelatine appears to yield elongated,
egg-shaped particles. Spray-dried sodium chloride shows

particles composed of individual cemented crystals, whereas a
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number of other materials appear to have their morphology
dominated by the formation of hollow particles. Size
distributions vary from being uniform, e.g.; 25 pm to 67 pm in
diameter for milk, to relatively wide-ranged, e.g.; 8 um to
108 pm in diameter for coffee.

A possible mechanism was proposed for the formation of
hollow particles dried from skin-forming materials. Marshall
and Seltzer suggested that once a skin has formed over the
droplet surface, entrapping liquid inside, it casebardens as
it dries. The entrapped liquid then starts to exert a pressure
as it vaporizes which causes the casehardened surface to
stretch and / or rupture to produce a hollow particle which
may or may not have blowholes. The term caseharden however,
implies an element of rigidity or inflexibility in the skin.
This surely cannot be the case as the particle would tend to
explode rather than deform or rupture via a blowhole. If
casehardening does take place it is more likely to occur when
most of the internal liquid has been vaporized, i.e.; in the
final stages of drying. The importance of certain
morphological features were also discussed in terms of drier
design and operating conditions, i.e.; the nature of the dried
product ¢ whether hollow or solid particles ), particle-size,
particle-size distribution, bulk density, feed concentration,
drying temperature, mechanical degradation of the product,

particle strength, and flow characteristics.
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Chu et al (148) studied the effects of operating variables on
the bulk density and moisture content of a synthetic detergent
using a co-current spray drier 1.2 m in diameter and 3.2 m
high. Various operating characteristics were investigated
including the addition of organic solvents to the feed prior
to spray drying, feed temperature ( 20°C to 82°C >, feed
concentration ( 5 % to 35 % w/w ), atomization pressure

( 10 psig to 60 psig ), and drying air temperature ( 177°C to

566°C ). They concluded that,

« Both moisture content and bulk density decreased with

increasing drying temperature, approaching a constant value

at high temperatures, i.e.; 500°C.

e Bulk density decreased with an increase in atomization’

pressure, whereas moisture content showed a slight

increase.

e Bulk density increased with an increase in feed
concentration, with moisture content showing a slight
decrease. Bulk density decreased with an increase in feed

temperature.

e The addition of 5 % w/w organic solvent ( i.e.; acetone
or methanol ) to the feed produced no generalized

correlation with bulk density or moisture content.

=116 -



Photomicrographs of the spray-dried particles reveal little
about the morphology, since the dried product was passed
through a centrifugal fan between the drying chamber and the
cyclone separator which mechanically ground the particles into
a fine powder. This post-drying operation also raises some
doubt as to the reliability of observations regarding bulk
density and moisture content. However, the presence of hollow
particles and a mixture of spherical particles with irregular
fragments and agglomerates was reported. A compressed gas was
used to transfer the feed from a feed tank to the atomizer; -
this may have promoted the formation of hollow particles by
the desorption of absorbed gas within the droplets during
drying <173).

Buckham and Moulton (151) spray-dried aqueous ammonium
sulphate solutions covering a concentration range of 0.1 g/cm®
to 0.7 g/cm®, using a co-current drier 1.2 m in diameter and
3.8 m high with a unique product collection system consisting
of both a gravity and cyclone separator. Inclined protecting
trays inside the drying chamber 50 cm long were however, used
to protect temperature and humidity sensors. These may havé
seriously affected airflow patterns within the drying chamber.
Drying air temperatures ranged from 216°C to 232°C with
droplet and particle diameters in the range 65 pm to 120 pm
and 60 pm to 195 um respectively. Hence, particle
fragmentation or shrinkage and expansion phenomena must have
been present. As with Chu-'et al (148), transfer of the feed

from the feed tank to the atomizer was by compressed gas. Only
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parameters which they thought directly affected the drying
operation were monitored, namely droplet-size and droplet-size
distribution, drying air temperature and feed concentration.
The principal product property determined was the ratio of the
final particle diameter to the original droplet diameter,
termed the particle expansion ratio. This ratio was found to
increase with both feed concentration and original particle
diameter.

Generally, their results show that under the same drying
conditions the larger particles dried to a less dense product
than the smaller particles, which indicates a greater tendency
on the part of large particles to form porous or hollow
spheres. This was substantiated by bulk density measurenments,
particle settling rates and microscopic observations.
Photomicrographs of the samples show mainly spherical
particles with a high proportion of agglomerates. Buckham and
Moulton suggested that agglomeration may have occurred due to
static electrical effects. No drying rate equations were
proposed, although some qualitative factors regarding the
drying mechanism of ammonium sulphate were suggested from
measurements of final particle diameters, i.e.; many of the
particles expanded on drying forming porous or hollow
particles. Particle expansion was found to increase with
particle-size as well as feed concentration.

Crosby and Marshall (141) spray-dried sodium sulphate
solution, coffee extract and a clay slip which when in liquid

form, represented a true solution, a colloidal suspension and
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a fine slurry or suspension respectively. The liquid feeds

(7 % to 22 % w/w ) were atomized into a drying chamber 0.6 m
in diameter and 6.1 m high using a grooved—-cone pressure
nozzle with a narrow cone angle. This produced droplets in the
range 50 um to 300 um in diameter. Air temperatures ranged
from 160°C to 280°C with feed temperatures of 35°C to 80°C.
The final spray-dried product was oven dried and the particle-
size distribution, bulk and particle densities determined;
photomicrographs were taken of several narrow-sized fractioms,
i.e.; sieve mesh diameters ranged from 53 pm up to 250 pum.
There is a strong possibility however, that the particle
parameters measured would have been considerably altered by
oven drying. Bulk and particle density values may have been
further altered since particle aggregates were deagglomerated
using a series of baffles.

General considerations included, the drying cycle of a
droplet and the predition of particle properties using
equations developed by Charlesworth and Marshall (71).

The results of their experiments, including
photomicrographs of dried particles of all three materials,
show that the effects of operating variables on the properties
of the spray-dried particles depended upon the type of
material being spray-dried, classified as, crystalline
( sodium sulphate ), amorphous ( coffee extract ), and
agglomerates ( clay slip ). For sodium sulphate, the effect of
inlet air temperature on particle density and hence the final

particle diameter, was not found to be significant at low
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solid concentrations, i.e.; 10 % w/w, or at concentrations
near to saturation. However, for coffee extract, a skin
forming material, the inlet air temperature had a very
pronounced effect over a wide range of feed concentrations,
i.e.; 7 % to 22 % w/w. Feed concentration had a marked
influence on the particle properties of sodium sulphate over a
range of air temperatures, whereas for coffee, the effects
were relatively unpronounced. Feed temperature had little or
no effect upon the particle properties of sodium sulphate,
except at a feed concentration of 15 % w/w, at which particle
density was reported to increase and particle diameter to
decrease as feed temperature was increased. For feed
concentrations of 10 % and 20 % w/w, this tendency was found
to be negligible.

These results indicate that, depending on the material
being dried, the particle properties of spray-dried materials
can be varied within a limited range by changing air
temperature, feed concentration, and in some cases feed
temperature. Regardless of the type of material being spray-
dried, the final particle diameter rarely equalled the initial
droplet diameter. Only in the case of the skin-forming
material when dried from sufficiently high feed concentrations
at high air temperatures, did particle diameters tend to equal
or exceed initial droplet diameters. Particle densities were |
found to vary over a three to four fold range with bulk

density being determined primarily by the demsity of the

larger diameter particles.
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For spray-dried materials in general, the bulk density seldom
approaches 50 % of the true demnsity of the solid being spray-
dried. Crosby and Marshall's results clearly bear this out,
i.e.; for sodium sulphate the density of the salt is

2.7 g/cm®, whereas the highest bulk density they recorded was
only 0.5 g/cm®. Similar results were obtained by Riera et

al (211) as demonstrated, in part, by the study described in
Appendix A 6.0 1.

Photomicrographs of the sodium sulphate particles show
hollow structures composed of multiple crystals concentrated
at the crust surface. The effective wall thickness of the
larger particles, estimated using a refractive index
technique, was found to be comparable to that of the smaller
ones, although the internal crystalline structure of the
smaller particles was reported to be denser, resulting in a
higher average particle density.

Crosby and Marshall concluded from the overall structure
of the particles that once a solid wall had formed, no further
change in particle diameter occurs throughout the drying
process. The general sphericity and uniform wall thickmness
shown in the photomicrographs also suggests that the droplets
have dried symmetrically with the crystalline nature of sodium
sulphate being evident from the characteristic *' furry °
appearance of the particles, i.e.; variations in crystal mass
on the surface -~ dendritic growth, cracks, fissures etc..

The coffee extract particles appeared to be hollow and

exceptionally thin-walled with the smaller particles having a
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slightly thicker wall structure resulting in a higher average
density. The shape of the larger particles confirms expansion
and contraction during drying, although no particle collapse
toward the end of the drying cycle was reported. Using
cinephotography, Crosby and Marshall also found that expansion
of the particles occurred towards the end of the drying cycle
after most of the moisture had evaporated. By far the most
interesting particle morphologies have been produced by the
spray-dried clay particles. Photomicrographs reveal shrivelled
mushroom cap-shaped particles indicative of collapse or
deformation of the wall structure in some way. Crosby and
Marshall proposed that this may have been caused by capillary
action of the dried surfaces drawing liquid and solids
outwards uniformly around the droplet, thus creating a vacuum
inside the particle and resulting in eventual collapes of the
wall structure.

Dlouhy and Gauvin (45) studied the evaporation and drying
rates of calcium lignosulphonate solutions ¢ 18 % w/w ) using
an experimental co-current spray drier 0.2 m in diameter and
5 m high. Drying air temperatures ranged from 40°C to 215°C
with droplet diameters in the region of 100 pm, produced by
pneumatic nozzle atomization. Photomicrographs of the spray-—
dried material show mainly discrete particles with clear,
smooth outer skins. Drying the material at different air
temperatures produced considerable differences in particle
size and shape. At air temperatures of 52°C to 64°C, the

particles appeared to be smaller and more regular-shaped than
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those dried at 192°C to 215°C. A greater proportion of hollow
particles was also produced at the higher temperature
although, as previously reported for Chu et al (148) and
Buckbham et al (151), a gas pressurized feed tank was used to-
transfer the feed to the atomizer which would tend to promote
particle vacuolation. Dlouhy and Gauvin reported no
significant falling-rate period when drying the
lignosulphonate and suggested that this was due to the
concentration at which a skin was formed, i.e.; skin formation _
did not occur until the very last stages of drying, with no
evidence of skin formation below a solids content of 85 % w/w.
To increase the overall economy of the spray drying
operation, most manufacturers find it necessary to pre-
concentrate the feed prior to atomization. However, in the
concentration range of commercial interest, usually between
40 % to 50 % total solids, the viscosity of many materials
increases exponentially, making filtration, heating and
atomization of the feed difficult. Hayashi and Kudo ¢184) have
studied the effects of viscosity on the spray drying of milk.
A commercial co-current spray drier 8 m in diameter and 22;2 m
high with pressure nozzle atomization, was used to dry feed
concentrations ranging from 44 % to 50 % total solids at
temperatures of 165'C‘nnd 187°C. Their results demonstrated
that the viscosity of milk increased exponentially with an
increase in feed concentration. Values of 70 mPa/s at 47 %
total solids, rising to 140 mPa/s at 50 % total solids, were

quoted. Particle-size was also found to increase with
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increasing viscosity, but to decrease with increasing
atomization pressure.

Yan (185) discussed the difficulties of spray drying
animal glue ( gelatine ) due to incomplete atomization of the
feed. Photomicrographs of the spray-dried product reveal
excessive ligament formation. Atomization was found to be
improved by using feed concentrations of 15 % w/w to 17 % w/w,
by decreasing the feed viscosity by increasing the feed
temperature, and by spray drying at air temperatures of
< 150°C.

Leong (169) studied the morphology of particles dried from
aqueous solutions of lithium carbonate and manganese
hypophosphite at ambient temperatures ranging from 22°C to
25°C and with relative humidities of 23 % to 95 %. A vibrating
orifice aerosol generator was used to generate a cloud of
monodispersed droplets 20 um to 30 uym in diameter. This
produced dry particle diameters in the region of 0.8 um to
6 ym. Solution concentrations ranged from 0.5 g/1 to 60 g/1.

Photomicrographs of both the lithium carbonate and the
manganese hypophosphite particles demonstrated contrasting
morphologies. Lithium carbonate formed spherical, hollow
particles with single crater—like blowholes. The exterior wall
structures were highly porous and composed of a composite
structure of small. spheriods, agglomerates or polycrystalline
material. The degree of porosity was found to decrease with
increasing humidity which was considered to be due to higher

rates of evaporation. The interior structure of the particles
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appears to be very irregular; no solid particles were
produced. Manganese hypophosphite formed solid spheroids with
smooth, pliable outer skins. The exterior surfaces of the
particles were greatly distorted by shrinkage, shrivelling and
folding. No blowholes are shown or reported.

From these results and information obtained from the

literature ( see Table 4 ), the following conclusions were

drawn,

» The rate of evaporation depends upon the air temperature

and humidity.

e High rates of evaporation tend to produce porous particles

from solutions that do not form impermeable shells.

« Supersaturation occurs in the absence of nuclei, which

results in the formation of smaller particles.

e Conditions found favourable for the formation of solid
spherical particles include, a nuclei-free environment, a
highly soluble solute, and low drying rates at a low enough

humidity to form dry particles.

Leong also considered both the theoretical and experimental
aspects of morphological control in aerosol particles
(170,171> via controlled homogeneous nucleation and crystal

growth. The controlling parameters investigated included, air
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temperature, solvent evaporation rate and the solubility and
concentration of the solute.

Qualitative aspects of the particle morphologies obtained
were found to be consistent with model predictions,
demonstrating that for a given compound a limited amount of
control over particle-size, density and shape is possible by
controlling the temperature and humidity of the drying air, or

in this case the aerosol carrier gas.

4.2) Particles Produced from Single Droplet Drying Experiments

Ranz and Marshall (52), used the same experimental apparatus
and conditions described to study the evaporation of pure
liquid droplets, to investigate the various factors which
influence the rate of evaporation of aqueous droplets
containing dissolved or suspended solids. As with previous
experiments, the rate of evaporation for droplets under forced
convection was followed by measuring the decrease in the
liquid level within a microburette used to support individual
droplets whilst the droplet diameter was kept constant. This
must have been technically difficult, and possibly a source of
error. Heat transfer to the droplet via the burette and a
thermocouple used to monitor the droplet temperature was found
to be negligible. The study was restricted to a Reymnolds
number range of 0 to 200, the range usually encountered during
€pray drying. Drying temperatures ranged from 85°C to 220°C

with droplet diameters in the region of 0.6 mm to 1.1 mm. From
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their results they considered that a droplet evaporates '
initially as though it were saturated throughout until a skin
or crust has formed, even though the average concentration is
far less than saturation. Charlesworth and Marshall (71>
however, disputed this.

A convenient method has also been proposed (71> for
estimating the temperature and evaporation rates of single
droplets of aqueous ammonium nitrate and sodium chloride
solutions. For droplets containing insoluble materials,
initial evaporation rates were found to correspond to that of
pure water. General observations of drying behaviour suggested
that when a droplet formed a solid structure and its diameter
became constant, the falling-rate period followed, during
which time the droplet temperature continually rose. In the
case of solutions, this temperature rise was due to both the
heat of crystallization and sensible heat transfer, whereas
for suspensions the temperature rise was due to sensible heat
transfer only.

The drying of single droplets of water, aqueous solutions
and slurries of sodium sulphate, and detergent slurries were
studied by Audu and Jeffreys (168) by suspending 1 mm, 3 nm
and 5 mm droplets inside a wind tunnel and estimating the
drying rate at different air flowrates ( 0.3-1.5 x 10~= kg/s )
and temperatures ( 26.5°C to 118.5°C ). The droplets were
suspended from a 9.5 mm O.D. stainless steel tube which was
rotated at 20 rpm to ensure uniform drying of the droplet or

particle. The droplets were not however spherical but
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hemispherical with the same diameter as the stainless steel
tube. Heat transfer from the steel tube to the droplet would
have been significantly greater than with other suspension
techniques, although this was taken into account in drying
rate calculations. Crust thicknesses were measured by SEM and
crust porosities estimated from the pressure drop through the
crust. No values of porosity were given but from the
description of the techniques, porosity values could have been
affected by physical damage to the crust. The nature of pores
was not discussed, but presumably they were assumed to be
cylindrically symmetrical. Measured drying rates however,
i.e.; moisture content versus time, were reported to show a
good general agreement with those predicted from theory.

Using essentially the same apparatus as Audu and Jeffreys,
Ali et al (207) dried solution and slurried droplets of sodium
sulphate ( 50 % to 60 % w/w ), proprietary organic dyes ¢ 12 %
to 18 % w/w ) and a number of chelating agents ( 25 % to
70 % w/w ). The effects of air temperature ( 20°C to 200°C ),
air velocity ( 0.1 mw/s to 2.1 m/s ) and solute concentration
were evaluated in terms of evaporation rate, crust thickness,
overall and crust mass transfer coefficients, and crust
porosity.

Plots of droplet evaporation rate versus time revealed
three distinct periods of drying. The first was characterized
by a sharp increase in the drying rate which corresponded to
evaporation from the free liquid surface, the second by

partial crust formation followed by a rise in droplet
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temperature, and the third by a rapid decrease in the
evaporation rate due to complete crust formation. Crust
structure, thickness and porosity had a marked effect upon the
rate in the final stages of drying. Particle morphologies were
reported to be hollow with either a crystalline porous, -rough
non-crystalline, or very smooth and * less porous ' crust
&tructure. Consequently, the drying rate after crust formation
was dependent on the type of material being dried. At
temperatures approaching 200°C particles had a greater
tendency to deform and even explode, although crust
thicknesses were reported to increase with an increase in the
drying temperature. Increasing the solids concentration
reduced the drying rate whereas an increase in air velocity
promoted crust formation. The addition of a commercial “
surfactant Dispersol ® or sodium chloride ( 13 %.w/w. ) to the
organic dyes resulted in both additives migrating to the .
surface of the particle during drying. This increased particle
porosity, particularly the addition of sodium chloride..

A good general agreement between experimental and
predicted (168) mass transfer rates was also reported.

Hassan and Mumford (200,210) studied the skin-forming
pProperties of single droplets of 20 % w/w and 40 % w/w
custard, rice starch, gelatine, skimmed milk and fructose at
temperatures ranging from 19°C to 175°C. The droplets, 3 mm tb
8 mm in diameter, were dried in a horizontal wind tunnel

¢ after Audu (168) and Ali (207) ) at an air velocity of

approximately 0.5 m/s and 1.0 m/s. Droplet weight and droplet
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core temperature were recorded versus time. Droplet weights
were obtained by detaching the suspension nozzle plus droplet
from the main working section of the apparatus and suspending
both from beneath an analytical balance. By subtracting the
known weight of the nozzle ( 50 g ) from the combined weight
of the nozzle plus droplet, the weight of the droplet was
obtained. The accuracy of the technique however, may be
questionable due to, the large difference in weight between
the nozzle and droplet ( the nozzle had a mass approximately
5000 times greater than the droplet, typically 10-= g ), the
relatively small weight loss of the droplet during drying, and
vibration of the nozzle / droplet within the wind tunnel.

The results of their investigation revealed three ‘
different types of drying behaviour. Vith type 1 ( custard and
rice starch ), a skin formed over the droplet surface due to
solute granule swelling or gelatinisation; this only occurred
at high temperatures, i.e.; > 150°C. At temperatures below
this, no granule swelling occurred and the droplet formed a
porous crust. Variations in solute concentration had little or
no effect upon the droplet drying rate, doubling the air
velocity however produced a two-fold increase in the drying
rate. Vith type 2 ( gelatine ), the droplet formed a skin
almost immediately. Increasing the drying temperature and air
velocity produced a decrease in the overall droplet drying
rate due to an increase in the rate of skin formation. The
rate of skin formation was also affected by solute

concentration, i.e.; the greater the concentration the greater
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the rate of skin formation. With type 3 ( skimmed milk and
fructose ), the droplet formed a skin at a certain stage in
the drying process depending on the drying conditions and
s0lute concentration. The effects of air temperature, velocity
and solute concentration on the droplet drying rate were
identical to those of a type 2 material.

A mathematical model was also developed to predict the
time ' ts ' at which skin formation first appeared on the

surface of a droplet containing a type 1 material,

Cpo /7 2 xx r= aTa
ts = L I I (73)
hyr ( Ta = Td > -k ( ps =~ pPa) A

where Cpo = specific heat capacity of droplet
Td = droplet temperature
Ta = air temperature :
Ps = vapour pressure at the droplet surface
-Pa = partial pressure of water vapour in air

Duffie and Marshall (41) used a vertical cylinder co-current
spray drier, 0.20 m in diameter and 7 m high, to dry a number
of materials. Droplets > 200 um in diameter were produced by
forcing the feed through small-bore capillary tubes 80 pm to
200 um in diameter. Drying temperatures ranged from 300°C to
500°C, below which only partially dried particles were formed.
Bulk densities were studied as a function of air temperature,

feed temperature ( 30°C to 130°C ), feed concentration ¢ 4 %
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to 60 % w/w ) and material properties. In summary, the bulk
density of some of the materials, namely the organic dyestuff
and sodium silicate, were found to decrease with an increase .
in drying air temperature due to an increase in dried
particle-size. Similarly, the bulk densities of the dyestuff,
sodium silicate and sodium chloride tended to decrease .
slightly with an increase in feed temperature. This was
thought to be the result of changes in atomization conditiomns.
Increasing feed concentration also produced a decrease in the
bulk density of the dyestuff due to an increase in dried
particle-size. However, with some of the materials it was
noted that the effects of feed concentration and temperature
could produce the opposite effect.

Although obtained in an experimental laboratory drier, the
above trends are comparable with other published data. The
data of Villman and Blyth (149) are, for example, probably the
most reliable, as a good experimental procedure was adopted
throughout, i.e.; spray-dried samples of sodium silicate were
taken directly from the drier without further processing and
only after the drier had reached equilibrium, a small scalé
industrial drier 2.3 m in diameter was used as opposed to a
laboratory scale drier, drying temperatures were relatively
high for experimental work ranging from 200°C to 360°C, and
bulk densities shnwed-gond reproducibility with four runs per
drying temperature. There were however, two possible sources
of error. Bulk and particle density calculations were based

only on 90 % of the spray-dried product as 10 % was lost as
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fines < 10 pm in diameter, and, hollow particles did not give
true results in sedimentation tests. In hindsight, the latter
may have arisen because of the tendency of spray-dried sodium
silicate particles to inflate during drying.

The data of Chu et al (148) are questionable, for the
reasons mentioned earlier, although there is general agreement
that bulk density decreases with increasing drying air
temperature. The effect of increasing feed temperature has, in
most reported instances, been to produce a slight reduction in
bulk density. Lamont's (150) data for soaps are an exception,
whilst Marshall and Seltzer (4) reported that an increase in
feed temperature can result in an increase in bulk density for
some materials. These apparently conflicting results are in
accord with those of Duffie and Marshall (41).

The effects of concentration appear to be more difficult
to generalize. Much of the available information indicates a
decrease in bulk density as the solid concentration increases.
Marshall and Seltzer (4) reported that hydrophilic materials
such as soaps and detergents exhibited a decrease in bulk
density with increasing concentration; the reverse was found
to be true for materials such as inorganic salts, pigments,
dyes etc., materials which they termed non-hydrophilic.

In all, Duffie and Marshall <(41) spray-dried thirteen
materials, including ammonium nitrate, sodium sulphate,
potassium sulphate, milk, gelatine, coffee and corn syrup.

Photomicrographs of the particles show a number of interesting
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morphological features such as ' ballooning *, e.g.; potassium
nitrate particles 1.8 mm to 2.0 mm in diameter, ' mushroom
cap~-shaped ' particles, e.g.; sodium silicate, and
shrivelling, e.g.; gelatine. Hollow particles appear to be a
relatively common feature, although corn syrup produced solid
spherical particles. A detailed description was provided of
the drying conditions and final particle morphologies of all
the samples. They noted the skin-forming properties of sodium
silicate, mentioned earlier by Willman and Blytb (149>, along
with its tendency to form hollow particles. Various operating
parameters affecting the properties of spray-dried materials
were listed, viz., the physical and chemical nature of the
feed material, feed concentration, feed temperature, drying
air temperature, and the type and conditions of atomization.
The principal product properties of concern in spray drying
were identified as, bulk and particle density, bulk
appearance, particle-size and distridbution, particle
friability or resistance to fracture, moisture content,
dispersibility or tendency to agglomerate, and the retention
of desirable product qualities, such as flavour, aroma,
colour, reconstitutability, etc..

By means of a speclially-designed sensitive balance,
Charlesworth and Marshall (71) investigated the evaporation of
single droplets containing mainly crystalline solids ¢ 5.3 %
to 50 % w/w ), i.e.; aqueous solutions of sodium sulphate,
potassium sulphate, copper sulphate, ammonium nitrate, calcium

chloride, sodium acetate, ammonium sulphate, ammonium
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chloride, sodium chloride, potassium nitrate, lithium .
hypochlorite, coffee extract, sucrose, dispersible dyes, milk
and PVA. The droplets, approximately 1.3 mm to 1.8 mm in
diameter, were suspended on a fine glass filament 43 cm long
inside a vertical wind tunnel in an air stream with a velocity
of 0.4 /s to 1.6 m/s. Inlet air temperatures ranged from 31°C
to 160°C. Droplet drying bebaviour was observed and recorded;
weight changes were measured during evaporation by recording
tﬁe vertical deflection of the droplet. Accurate readings must
have been difficult to obtain however, due to droplet /
filament oscillation, particularly at higher air velocities.

| Expe;imenfal data were presented on the time of appearance
of the first solid phase and the formation of a solid crust
for a-wide range of dfying conditions. A theory was advanced
for predicting the time to formatioh.of a solid phase of a
drying droplet containing dissolved solids. The results show a
reasonable agreement with experimental data-and a proposal was

made for the application of the data to spray drier

rerformance.

The drfing béhﬁviour of the droplets was expressed'in the
furm‘of a generalized sequence of nnrpholngical events,
leading to a classification of the final particle morphology
( see Figure 15 ). There was however, no mentidn of the
enantiomorphic changes for sodium sulphate characterized by
Cheong et al (180). Numerical data were expressed in graphical

form, i.e.; weight loss or temperature versus time.
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Observed examples of their morphological classifications

include, by reference to Figure 15,

sodium chloride, copper sulphate - sequence (Va),

ammonium sulphate - (Vb), ~

lithium hypochlorite, sucrose, ammonium sulphate - (Vlia),

potassium nitrate, milk, polyvinyl acetate - (VIb),

coffee extract - (Vic).
In virtually all cases, the final particle morphology of these
materials was reported to be similar, consisting of a hollow,
thin, nearly spherical crust with an outer surface which was
usually quite smooth, and an inner surface which was rough and
uneven. No photomicrographs were shown of dried particles.

Charlesworth and Marshall's interpretation of data from

the weight loss and temperature versus time curves, suggested
that at the start of drying the temperature of a solution
droplet was slightly above that of pure water evaporating
under the same conditions. The extent of the difference was
dependent upon the relative lowering of the wvapour pressure by
the dissolved salt. As evaporation continued and the surface
layer of solution became more concentrated, the droplet
temperature rose slowly. The rate of temperature rise
increased with the first appearance of the solid phase and
increased rapidly as the crust neared completion. An exception
to this drying behaviour was shown by droplets of potassium
sulphate, particularly from a weight loss point of view, i.e.;

completion of the crust did not cause the evaporation rate to

drop off too sharply. In fact, relatively fast rates of
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(a) The temperature of the drying air below the boiling point of the liquid
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evaporation were found to persist until the particlé was
completely dry. This was thought to be due to the open
structure of the crust allowing the liquid from the interior
to flow freely to the outer surface. So rapid was the flow
that the crust did not have time to completely cover the
droplet. As the crust neared completion, the liquid was drawn
away from the open area, leaving a crater in the crust.

The previous claim by Ranz and Marshall (52) that solution
droplets prior to crust formation evaporate at all times as if
they were saturated, was disproved by Charlesworth and
Marshall. They measured droplet temperatures and the weight
loss of calcium chloride solutions at four different initial
concentrations and noted pronounced differences in droplet
temperature and the rate of evaporation. It is therefore
apparent that droplets of all aqueous solutions of any
concentration do not necessarily evaporate as 1f they were
saturated. Final particle diameters were not always spherical
making volume determinations difficult to estimate. In many
cases the final particle was found to be larger than the
original droplet due to inflation caused by internal
vaporization. The degree of inflation varied from particle to
particle even though drying conditions remained the same. For
some materials, e.g.; sodium sulphate, relatively little
expansion occurred under any circumstances. Circulation of
liquid within the droplet parallel to its surface was

predominantly due to droplet rotation.
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Using a similar apparatus to King et al (173,178), Flick et al
(182) studied the drying behaviour of single droplets of
reconstituted milk powder at concentrations of 24 % and

45 % w/w. The effects of air temperature ( 80°C to 180°C ),
droplet-size ( 200 ym to 400 uym > and feed concentration on
the moisture content of partially dried particles were
examined. A drying column 0.16 m in diameter and 2 m high was
used with a co-current air velocity of 0.35 m/s. The
experimental results were compared with values obtained from a
model proposed by Sano and Keey (172) and exhibited a
reasonably good correlation. Although photomicrographs of the
dried particles were not clear, particles derived from a feed
concentration of 24 % w/w were reported to be irregular and
shrivelled in shape, whereas those dried from a higher feed
concentration of 45 % w/w were almost spherical with only a
limited amount of folding. This is in direct contrast to the
findings of Alexander and King (178). These morphological
observations must however be treated with some scepticism,
since after falling through the column the partially dried
particles were collected on a type of aluminium conveyor belt,
which would be expected to seriously damage the morphology of
the soft particles. Possible differences in morphology may
however have arisen due to a number of factors. Particles
formed from higher feed concentrations for example, would tend
to dry quicker; their surface structures would hence be less
likely to flow due to greater viscosities, and the overall

mechanical strength of the particles could have been greater
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preventing both internal and external distortion. Differences
in feed concentration and drying temperatures may also have
been relevant.

Further models were proposed by Nesid (183) to describe
the drying bebaviour of silica, sodium sulphate and skimmed
milk, i.e.; materials which form porous and non—-porous
particle structures. Experimentally, single droplets were
dried at temperatures ranging from 20°C to 200°C from feed
concentrations of 4 % to 40 % w/w. A similar experimental
apparatus to Charlesworth and Marshall (71) was used; air
velocities ranged from 0.1 mw/s to 2.0 w/s.

From their results they suggested that particles of sodium
sulphate form impermeable crust structures. This is in
contrast to the findings of Audu and Jeffreys (168).
Furthermore, there was also no mention of the enantiomophic
changes observed by Cheong et al (180). Skimmed milk particles
were reported to be relatively porous with'a skin diffusivity
twice that of silica and 15 times that of sodium sulphate.
This seems highly unlikely owing to the very porous nature of
silica pnrticles-and the particle inflation experienced by
most skin forming materials (71,206). Surprisingly however, no
mention was made of particle inflation with any of the three
materials.

El-Sayed et al (186) studied the effects of composition,
drying conditions and drying rate on the particle morphology
of carbohydrate solutions and food liquids dried as single

droplets. Both suspended (71) and free-fall (173,178) drying

- 142 -



techniques were used. Drying temperatures ranged from 88°C to
280°C and solution concentrations from 20 % to 40 % w/w.
General observations of the drying behaviour of these
materials using the suspended droplet technique revealed three
distinct regions or periods of drying. The first essentially
involved a constant-rate period in which the droplet diameter
gradually decreased uniformly until a skin had formed. At this
point, the surface started to exhibit shallow wrinkles and
folds as the surface layer was less able to flow; however, the
droplet still remained relatively spherical. According to El-
Sayed, over 50 % of the droplet volume was lost during this
period. In the second period of drying, the temperature of the
droplet started to rise and remained near the boiling point of
the solution. This promoted internal bubble nucleation.
Bubbles grew and eventually burst through the surface of the
droplet ejecting wet material from the core. This was followed
by rapid inflation and deflation cycles, which were a
manifestation of the phenomenon observed by Greenwald and King
(173>, i.e.; the internal bubbles develop high partial
pressures and hence high mole fractions and high volumes of
water. vapour as the temperature rises and the vapour pressure
of the water approaches atmospheric.

The third and final period of drying involved the loss of
most of the droplet moisture. The inflation-deflation cycles |
ceased and the particle started to ' balloon *, encapsulating
residual vapour. The temperature of the droplet also started

to rise rapidly from the boiling point of the solution toward
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the drying air temperature as the final, solidified particle
morphology was formed.

Similar observations were reported by Charlesworth and
Marshall (71) when drying coffee extract.

The effects of air temperature, solute composition and
solute concentration on the above drying behaviour are
summarized below for solutions of sucrose, maltodextrin and
coffee extract. The effects of dissolved gas are reported
elsewhere ( cf. page 151 ).

Air Temperature : The higher the drying air temperature the
greater the evaporative driving forces involved. Initiation of
the inflation-deflation cycle and the final drying period
occurred more rapidly, as expected, at the higher
temperatures. At temperatures below the boiling point of £he
solution, i.e.; 88°C, no bubble nucleation, and consequently
no inflation-deflation cycle, were observed. It was also noted
that the degree of expansion of the dried particle was greater
at higher temperatures. El-Sayed suggested that this was due
to the higher internal pressures and / or lower viscosity of
the surface material.

Solute Composition : The drying bebaviour of all the solutes
was reported to be similar during the first and second periods
of drying, although solutes of lower molecular weight, i.e.;
sucrose, exhibited a longer first period due to greater water
diffusivity at a given dissolved solids concentration.
Droplets of maltodextrin and coffee extract entered the

falling-rate period much quicker than sucrose; similarly,
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droplet temperatures rose quicker. This led to earlier bubble
nucleation, growth and droplet / particle expansion.

The main differences in drying behaviour arose during the
final stages of drying. Droplets of sucrose slowly collapsed
forming relatively smooth, solid particles. Diffusivities were
probably still high enough for water vapour to diffuse through
the particle surface, and the viscosity low enough to permit
flow which enabled full collapse and smoothing of the surface
(177). Droplets of maltodextrin and coffee extract however,
remained expanded when fully dried, forming hollow pérticles
with a high degree of surface folding.

Solute Concentration : Increasing the solute concentration
decreased the overall drying time of the droplets. This would
be expected since the amount of water to be removed was less.
At higher concentrations, larger final particle volumes were
produced with the volume of expanded particles being
approximately proportional to the initial solute content.
Blowholes : Appart from qualitative observations, El~-Sayed
rationalized the tendency for the sealing or closure of
ruptures that occurs during the drying of a droplet in terms
of a competition between a sealing flow due to a surface
tension driving force and a viscous resistance to that flow.
The concept was similar to those employed by King et al
(178,188)> to describe the extent of smoothing of surface folds
in spray-dried carbohydrates and stickiness and agglomeration

tendencies in amorphous powders. The relationship between
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surface tension, viscosity, rupture diameter and the time
required for the closure of a rupture through viscous flow
driven by surface tension has been expressed numerically by

Bellows and King (179),

tT=-.—*—..'l..C..'....'.‘.'.....(74)

where t+ = time required for total closure of rupture
Di = initial rupture diameter
P = viscosity of liquid

Measurements of the surface tension and viscosity of various
carbohydrate materials, including sucrose, maltodextrin and
coffee extract (187,188), indicated that the viscosity of
these materials changes over a much wider range than does the
surface tension, suggesting that viscosity is the dominant
property determining the time for rupture closure.

The Predictive Model : Using a model proposed by Frey and King
(189>, El-Sayed predicted the average water content of a
droplet versus time for sucrose, maltodextrin and coffee
extract at a concentration of 30 % w/w. Drying temperatures
ranged from 120°C to 280°C and droplet diameters from
approximately 0.2 mm to 0.3 mm. Although no equations were
given, the model postulated the drying of a sphere with no
internal voidage and allowed diffusion coefficients within the
sphere to vary sharply with solute concentration and

temperature. Because the model did not allow for non-
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sphericity, surface ruptures, residual blowholes, surface
folds and / or wrinkles, it provided a good basis for
determining to what extent these factors affect the drying
rate of a droplet. As expected, the best correlation between
the predicted and experimental results were in the order of
sucrose, maltodextrin and coffee extract, i.e.; the greater
the molecular weight of the carbohydrate the greater the
tendency to form surface morphological. features and develop
internal voidage (178). Correspondingly, deviations from the
model were greatest when the air temperature was highest.
Comparison of Suspended and Free-fall Drying Techniques : Both
suspended and free—-fall droplets showed qualitatively similar
drying behaviour with the effects of air temperature, solute
concentration and dissolved gas content for the free-fall
droplets, comparable with those observed for suspended
droplets. Differences did however arise in that suspended
droplets tended to dry quicker and have more expanded particle
morphologies. El-Sayed attributed this to the filament
promoting both heat transfer and bubble nucleation. Another
difference appeared to be the uneven distribution of surface
features on the suspended droplets, compared to a more even
distribution over the surface of the free-fall droplets. This

was presumably due to free rotation and the absence of a

support filament.
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4.3) Particle Inflation and Vacuolation

Most of the theoretical models developed for predicting the
drying behaviour of solution droplets have assumed that water
transport within a drying droplet occurs by a process of
binary diffusion within a homogenous liquid. However, work
carried out by Thijssen (72>, Van der Lijn (174), Kerkhof and
Schoeber (175) and Vijlhuizen et al (176), suggests
diffusivity decreases sharply with increasing concentration.
Therefore a droplet will approach the drying air temperature
very early-on in the drying process, when a substantial
fraction of the initial liquid is still present. Particle
inflation may then occur if air bubbles are formed and the
particle surface has not ruptured. This contradicts the work
of Verhey (143) who assumed that a droplet will only start to
heat-up when most of the moisture has evaporated, i.e.; late-
on in the drying process.

Sano and Keey (172) bhave modelled the drying of an
initially-voidless, spherical particle which subsequently
inflates and bursts to yield a hollow sphere. It was assumed
that only a single inflation and rupture takes place,
afterwhich, the hollow particle can deform and conserve mass
in only one of two ways ( see Figure 16 ), i.e.; when the
maximum radius does not change but the void radius, R4,
increases due to the moisture loss, or, when the void radius,

R4, remains the same but the outer radius, R2, shrinks from

R3.
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To test the model, single droplets of skimmed milk 1 mm to
S mm in diameter were dried at temperatures of 100°C and 200°C
using the same techniques described by Charlesworth and
Marshall (71). A solution / suspension concentration of
30 % w/w was used for all experiments. There was a good
correlation between the predicted values and those obtained
experimentally. No photomicrographs were published of the
dried particles, although particle inflation was reported to
have occurred in over 75 % of the droplets dried. An increase
in the rate of drying due to particle inflation was also
reported owing to the decreasing distance for internal
moisture movement and the increase in drying surface area.
Greenwald and King (173) considered the mechanisms by
which internal void formation and / or particle expansinﬂ
occurs during spray drying. Single droplets of reconstituted
spray-dried coffee, from a 20 % w/w feedstock saturated with
air, were dried at temperatures ranging from 70°C to 160°C.
Their experimental apparatus consisted of a heated column
0.08 m in diameter and 2.3 m high with a unique droplet
generation device, i.e.; a vibrating reed which produced a
stream of uniform droplets 180 um to 240 pum in diameter by
impinging on the liquid feed surface. The droplets were
allowed to free-fall through the column and samples were
collected at various points along the columm which
corresponded to different drying times. The particles and

partially dried droplets were then examined using both optical
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microscopy and SEN. Magnifications ranged from x 20 to
x 50000.

Vhilst reconstitution does not simulate coffee extract
drying, their results demonstrated that bubble nucleation
within the droplets occurred by internal desorption of
dissolved air. The bubbles, including those from mechanical
entrainment, were found to grow by further desorption of air
due to an increase in droplet temperature and / or solute
concentration, volume shrinkage during drying, expansion due
to increases in droplet temperature, and the internal
evaporation of water. Theoretical predictions of bubble-size
showed quantitative agreement with experimental values.
General observations suggested that the bubbles did not
substantially contribute to the particle volume until the
internal evaporation of water became predominant. This
required droplet temperatures in the region of 100°C. Trends
in particle-size with changes in air temperature and initial
droplet-size were found to support the concept of expansion
through vaporization of water into air bubbles. However, the
final degree of expansion depended upon the rheological

properties of the crust which are unlikely to be predictable

by theoretical modelling.

Based on the work of Verhey (143) and Greenwald and
King (173), El-Sayed et al (186) dried single droplets of
maltodextrin solution ( 20 % w/w ) saturated with air or
carbon dioxide. The droplets were dried at a temperature of

150°C using a suspended droplet technique (71) and ranged from
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1.4 mm to 2.0 mm in diameter. The droplets exhibited virtually
identical drying bebaviour to those reported by Crosby and
Veyl (147) with gas bubble nucleation and growth occurring
earlier in the carbon dioxide saturated droplets due to the
greater solubility of the gas. Droplets dried from degassed
solutions ¢ acheived by boiling ) showed retarded bubble
nucleation, confirming the importance of bubble nucleation
through the desorption of gases other than water vapour (173).
Although the degassed droplets boiled more violently than the
air saturated droplets, probably due to the higher droplet
temperatures achieved before bubble nucleation, the final
particle morphologies were typical of those formed from air

saturated droplets.

4.4) Particle Stickiness

Some material feedstocks are so sticky they cannot be spray-
dried by conventional means. Particles stick to the walls of
the drying chamber and degrade or clump together to become
non-free—-flowing. Fruit juices, particularly those containing
high proportions of monosaccharides, are for example
notoriously difficult to spray-dry. Conversely, many products
such as milk and instant coffee are agglomerated to form
larger-particle aggregates with a more attractive appearance
and better handling and reconstitution properties.

Agglomeration is usually accomplished through a controlled

stickiness ( often assessed through a sticky-point
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test (12> ), created through heat and / or humidity. For
example, with coffee steam may be blown into a fluid bed of
coffee particles.

Downton et al (177) postulated a mechanism of sticking and
agglomeration through viscous flow driven by surface tension
and the formation of bridges between particles. The size of a
bridge needed to cause particle sticking has been estimated at
0.1 % to 1.0 % of the particle diameter, which yields a
predicted critical viscosity of 10°® mPa/s to 10'' mPa/s. For
amorphous particles with concentrate viscosities greater than
this value, there will be insufficient flow to cause sticking
during short contacts, i.e.; 1 s to 10 s. For viscosities
below this critical value, flow and stickiness will occur.

Based on this mechanism it is possible to explain why
certain processing approaches help resolve the problem of
stickiness. These include, the addition of small amounts of
high molecular weight material and the introduction of cool

air along the walls of the drier, both of which can increase

viscosity by orders of magnitude.

4.5) Surface Folding

Using essentially the same experimental apparatus as Greenwald
and King (173>, Alexander and King (178) monitored the changes
in particle morphology of a number of food and food-related
materials. Qualitative observations were reported for the

drying of aqueous solutions of lactose, maltodextrin, skimmed
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milk and coffee extract. Feed concentrations ranged from 30 %
to 40 % w/w and drying air temperatures from 189°C to 225°C.
Modifications to Greenwald and King's apparatus included, the
replacement of the vibrating reed with a pulsed-orifice
droplet generator which gave a greater degree of control over
the number and size of droplets produced, i.e; diameters
ranged from 180 um to 230 pm, the use of a co-current airflow
with a velocity of 0.07 m/s with respect to the droplets, and
the incorporation of heated sampling ports, since Greenwald
and King had temperature minima at their sampling ports.
However, even with these modifications droplet residence time
mist have remained a problem, particularly with co-current
operation, i.e.; in the region of 0.2 s to 0.3 s.

Particular emphasis was placed upon a mechanistic model,
originally developed by Bellows and King <179 and Downton et
al (177), describing the phenomenon of surface folding, i.e.;
the tendency of a particle to develop surface irregularities
such as ridges, dimples, and / or wrinkles during drying, in
relation to the rate of viscous flow of the surface material
in response to a surface tension driving force.

A folding parameter I' was defined which compares the

relative rates of fold formation and fold smoothing,

vFE (-dr/dt) p.

F s == ceessssssssacses (7D
Ve L
where I' = folding parameter
ve = velocity for fold development
vae = velocity for smoothing
P = viscosity of liquid
v = surface tension of liquid
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A simple folding criterion was then expressed as,

if I' » 1, there is a large tendency to fold,

if I' « 1, there is little or no tendency to fold,

The model provided semi—quantitative agreement with
observations of particles dried from solutes of different
molecular weights and feed concentrations. Deviations from the
model were thought to be the result of assuming a constant
value for the surface tension of the solutes during drying.

Photomicrographs of dried lactose particles'reveﬁled
highly spherical particles with no surface folding. They have
a solid internal structure with little or no void or bubble
formation. Alexander and King considered the lack of surface
folding to be due to the low molecular weight of the ‘sugar,
although there is a positive deviation between the theoretical
and measured particle diameters indicating some internal
voidage.

By contrast, the skimmed milk particles exhibited a high
degree of surfacé folding and particle distortion. The average
width and depth of the surface folds were reported to increase
with solids concentration. Examination of the internal
structure revealed no void or bubble formation.

The effects of feed concentration on particles formed fr&m
droplets of maltodextrin, sucrose and fructose solution were
also studied by altering the ratio of maltodextrin to a

constant 7:1 mixture of sucrose and fructose. It is evident
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from the photomicrographs of the dried particles that as the
maltodextrin concentration was increased in relation to the
sucrose and fructose, i.e.; a change from low molecular weight
sugars to a high molecular weight sugar, the degree of surface
folding increased. This can be attributed to the higher
viscosity associated with solutes of higher molecular weight
resisting flow sufficiently to preclude smoothing of surface
irregularities under the surface temsion driving force.

The phenomenon of surface folding may have a number of
explanations. Buma and Henstra (142) and Verhey (143)
postulated that the folds are due to insoluble materials near
the droplet surface impeding uniform movement of the highly
viscous surface layer, whereas Van der Lijn (174) considered
them to be caused by uneven heat and mass transfer.
Calculations have shown that variations in heat and mass
transfer around a drying droplet ( see Figure 8 ) can lead to
serious deviations from the radial symmetry of concentration

gradients within the droplet.

4.6) Receding Interface Model

Cheong et al (180) and Bains (181) developed a receding
interface model to describe the drying of single droplets of
sodium sulphate decahydrate in the form of a slurry

( 40 Z w/w ). The model predicts the drying behaviour of the
material and allows estimation of drying rates for particulate

slurries in general. Simultaneous heat and mass transfer rate
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equations have been solved numerically and the results
compared with those obtained experimentally.

A novel suspension device has also been developed based on
a flexible glass filament incorporating a thermocouple ( after
Charlesworth and Marshall (71) ). This gave simmltaneous
readings of both droplet weight, by deflection, and droplet
temperature. Droplets 1.0 mm to 1.5 mm in diameter were
suspended in a vertical wind tunnel and dried at temperatures
of 40.7°C, 59.3°C and 78.3°C. A constant air velocity of 2 w/s
was used.

The results, i.e.; graphs depicting droplet weight and
temperature versus time, demonstrated two distinct drying
periods for sodium sulphate, an initial constant-rate period,
followed by a falling-rate period once a crust had formed.
However, initial experiments showed the drying process to be
complicated by enantiomorphic changes taking place at 33°C.
This led to discrepancies between the predicted and
experimental results until the heats of solution of the
different hydrates, and heats of transition of the various
crystal forms, wére taken into account. There was then a good
general agreement between the two, even though various
morphological considerations such as the formation of hollow
particles, crust porosity, blowholes and crust fracture were
largely ignored due to the difficulties in quantifying such

parameters. No photomicrographs were presented of the dried

particles.
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4.7) Selective Diffusion

Menting and Hoogstad (152) monitored the retention of model or
pseudo volatiles individually, i.e.; acetone, benzene, ethanol
and ethyl acetate at concentrations of 10 ppm in single
droplets of 10 % w/w maltodextrin solution. The droplets were
suspended from a horizontally—sequred thermocouple wire in an
ascending air current at a velocity of 2.8 m/s and a
temperature of 55°C. This type of suspension device had a
tendency to spread the droplets out into a semicircle.
Radioactive labelling with C'“ was used to accurately .
determine the concentration of volatiles within the droplet as
it dried. The film or skin-forming properties of maltodextrin
and two distinct drying periods were identified, i.e.; period
I, in which the volatiles escaped very rapidly, and period II,
in which skin formation was complete and volatile loss was
minimized. The period during skin formation was termed the
transition period. No photomicrographs were produced of dried
particles and there were no descriptions of particle
morphology. A tendency was however, reported for droplets af
higher initial carbohydrate concentration to form films more
rapidly than those of lower concentration.

From their results Nenting and Hoogstad concluded that the
film surrounding the &rnplets was permeable to water, but
impermeable to volatiles. They considered that adsorption was

not involved and could give no satisfactory explanation for
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their results. At this time, Thijssen's selective diffusion
concept (72) had not been fully established.

In the mid 1960°'s and early 70's, Thijssen (72) proposed a
selective diffusion mechanism which led to a greater
understanding of the factors affecting the loss and retention
of volatile flavour and aroma substances during the drying of
foodstuffs. The concept was based on the fact that the
diffusivity of water in concentrated solutions behaves
differently to that of other subﬁtaﬁces. i.e.; whilst the
diffusivity of water and other solutes decreases substantially
as the water concentration decreases in aqueous solutions of
carbohydrates and other food related substances, the
diffusivity of water does not decrease to the same extent as
those of other component solutes ( see Figure 17 ), This
behaviour is general and applies to numerous different organic
solutes and mixtures of dissolved solids. For example, the
diffusivity of oxygen in sucrose solutions decreases much more
rapidly with increasing sucrose concentration than the
diffusivity of water (153).

As a result, above a given dissolved solids content, the
diffusivity of other substances become far less than the
diffusivity of water. Therefore, if it is possible to reach a
high enough concentration of dissolved solids at the surface
of the material being dried before there has been a major loss
of volatile flavour and aroma, the remainder of the volatiles

should become trapped because the surface becomes relatively

impermeable to them. Hence, there is generally a good
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retention of volatiles in freeze drying due to the
concentrating effect of the freezing process. Similarly, the
retention of volatiles in spray drying can be improved if a
high concentration of dissolved solids has built-up on the
surface of the droplets early enough in the drying process.
Preconcentration of the feedstock prior to spray drying may be
necessary.

The phenomenon of selective diffusion has been verified
experimentally in a number of ways. For example, using a co-
current spray drier 2.5 m in diameter and 4 m high with nozzle
atomization, Rulkens and Thijssen (154) measured the retention
of model volatiles, acetone, methanol, propan-1-ol and
pentan-1-0l at 0.1 % concentration in spray-dried solutions of
maltodextrin ( partially hydrolysed starch, 20 % w/w ). The
spray-dried powders were reconstituted and the volatiles
quantified by gas liquid chromatography. Drying air

temperatures ranged from approximately 200°C to 300°C.

They concluded that,

* Retention of volatiles in the spray drying of carbohydrate

solutions appeared to be independent of their relative

volatilities.

« Retention was found to increase with an increase in the

molecular size of the volatile.
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e At low volatile concentrations, similar to the level found
in liquid foods, volatile retention appeared to be
independent of initial volatile concentration. Volatile
retention, expressed as a percentage, was calculated from
the mass ratio of the amount of volatile in the spray-dried

powder to that in the feed.

» Retention strongly increased with an increase in the
dissolved solids concentration of the feed and with an
increase in feed viscosity. A prerequisite is however, that
the viscosity remains low enough for proper atomization.
Therefore, maximum retention is obtained from combinations
of high feed concentration and high feed temperature. Low

concentration feeds have to be atomized at low feed

temperatures.

e At high feed temperatures and high feed concentrations, an
increase in air inlet temperature above 210°C caused a

decrease in volatile retention.

e The observed trends indicated that volatile retentions
higher than 90 % are feasible, provided the process

conditions are fully optimized.

The bulk densities of the spray-dried powders were measured

after vibrating the samples for 4 minutes. This could have
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resulted in particle damage, e.g.; fractures, deagglomeration.
Values ranged from 0.10 g/cm® to 0.46 g/cm®.

Menting et al (155) carried out slab drying experiments
with aqueous solutions of maltodextrin covering an initial
concentration range of 10 % to 70 % w/w. The maltodextrin
solutions contained 1 g/cm® of acetone labelled with C'# to
act as a pseudo-volatile. The solutions were gelled with agar
and formed into slabs of 11 ¢m x 3.3 cm x 0.4 cm. Each slab
was supported by a p.t.f.e. frame ( which may have affected
heat and mass transfer ) and placed inside a humidity-
controlled, horizontal wind tunnel with an air velocity of
3 m/s and a temperature of 21.5°C. Volatile loss was measured
as a function of time using a 1iquid scintillation counter and
found to occur almost exclusively during the constant-rate
period. At high moisture contents the rate of volatile loss
was mainly dependent upon component volatility, whereas at low
moisture contents the diffusivity of the component became the
determining factor.

Thijssen (72), using similar drying conditions but a
slightly smnller‘spray drier than Rulkens and Thijssen (154),
i.e.; 1.5 m in diameter, spray-dried coffee extract which had
previously been stripped of aroma compounds and model aromas
added, i.e.; methanol, acetone, pinacol and ethylene, in ppm
concentrations. These were quantified by gas chromatography
before and after spray drying. The results of the
investigation showed that the dissolved solids concentration

of the feed had a strong influence on flavour retention, and
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confirmed the insensitivity of the retention to the relative
volatility of the model aroma compounds. A theoretical
approach was postulated to quantify the volatile loss.
Thijssen concluded that provided droplets remain rigid and do

not expand, very high aroma retentions are possible. However,

relatively low aroma retention may arise from,

e Balloon—-like expansion of the droplets.

e A low temperature and high relative humidity near the spray
nozzle, i.e.; conditions which would extend the drying time
of the droplets. Droplet concentration in the vicinity of
the nozzle is very high and the droplets contact only a
small fraction of the hot air. Consequently, the use of co-
current spray drying would be an advantage when drying
aroma / flavour products due to high air temperatures and

low relative humidities within the nozzle region.

e Internal circulation. It is assumed in the calculations
that the droplets remain rigid throughout, In fact, droblet
formation can induce strong circulations within the
droplet. The addition of thickeners to the feed such as
gums or carboxymethylcellulose, produces a significant
improvement in aroﬁa retention. Droplet oscillation can

also increase mass transfer (199).
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Further experimental evidence for the selective diffusion
mechanism comes from,
e Measurements of diffusivity under carefully controlled
conditions have demonstrated that the trend in the ratio of

diffusivities, as shown in Figure 16, does indeed occur

(156, 157).

e Volatile retention in spray drying (158) and freeze drying

(159) vary with changing operating conditions in the

direction predicted by selective diffusion..

e It is possible to model the loss of volatiles from

suspended droplets under controlled conditions on the basis

of measured diffusivities (152).

e The retention of volatiles as a function of axial distance
from the atomizer has been measured (160), and, for high
feed concentrations, volatile retention approaches a non-

zero asymptotic value at large distances from the atomizer.

Volatile flavour and aroma compounds were modelled
experimentally by Verderber and King (208) using the highly
volatile compound, sulphur hexafluoride ( SFe ). Single
droplets of 20 % w/w glucose, sucrose, maltodextrin and

5 % w/w coffee extract ( saturated with SFe ) were dried at a

temperature of 150°C inside a vertical wind tunnel 4 cm in
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diameter and 61 cm high. The droplets, typically 1.0 mm to
2.5 mm in diameter, were suspended from a glass fibre filament
0.36 mm in diameter. The SFe was detected continuously in a
nitrogen gas stream ( travelling with a velocity of
approximately 0.02 m/s ) downstream of the drying droplet by
means of an electron-capture detector, an extremely sensitive
detector to electronegative atoms such as fluorine, i.e.; the
detection level is less than 107'% g. The technique was
coupled with in situ video recording of the droplet, thereby
enabling the loss of SFe to be correlated with any
morphological changes which occurred during drying. The
results revealed substantial volatile loss during rapid cycles
of droplet expansion, bursting and cratering for glucose,
sucrose and maltodextrin. Droplets of coffee extract did.nat
show the same rapid expansion and bursting cycles but formed
protrusions which also resulted in substantial volatile loss.
Increased volatile retention due to the onset of selective
diffusion was noted for all solutes., Similar results were
obtained by Sunkel and King (209> who modified the apparatus
to allow operation at higher temperatures, i.e.; single
droplets of 30 % w/w maltodextrin, coffee extract, skimmed
milk, and mixtures of coffee and skimmed milk were dried at

temperatures ranging from 115°C up to 220°C.
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4.8) Foamed Droplets

One method of altering the specification of a spray-dried
product is to inject an inert gas into the concentrated
feedstock to form an emulsion or foam., Although most of the
relevant literature is covered in patents, Heath and Washburn
(161) dissolved carbon dioxide in concentrated milk before
drying to destroy bacteria and produced a better product.
Reich and Johnston (162) showed that bulk density, colour and
the free—-flowing characteristics of coffee and tea powders
could be controlled and improved by the injection of air,
carbon dioxide, or nitrogen into the feed concentrate under
pressure. Carbonation in instant coffee manufacture was
patented by Chase and Lawsen (163). Oakes et al (164)
described a similar process for instant non-fat dry milk,
whereby the concentrate was whipped under pressure with
nitrogen or nitrous oxide to form a stable foam. Cottage
cheese whey is difficult to dry conventionally, but can be
dried to a free-flowing powder by foam spray drying. Moreaover,
spray-dried foams of whole milk (165), non-fat dry milk (166)
and Cheddar cheese (167) have been successfully produced. The
rated capacity of spray driers can be exceeded if the
feedstock is foamed (165). Increased drier caphcit& was
attributed to particle buoyancy and enhanced drying rates.
Abdul—-Rahman et al (146), the source of the abave
literature, dried single droplets 1 mg and 2 mg in weight of

foamed and non-foamed sodium caseinate solutions at a
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concentration of 15 % w/w. The droplets were dried at air
temperatures of 100°C and 200°C. Droplet weight and
temperature were obtained using the techniques developed by
Charlesworth and Marshall (71) and Trommelen and Crosby (136)
respectively. Their results demonstrated that foaming markedly
increased the rate of droplet drying when compared to non-
foamed droplets of equal mass. Droplets foamed with insoluble
gases dried as fast as those foamed with soluble gases. From
these observations, and on the bases of the two main
mechanisms responsible for food degradation, namely,
undesirable chemical reactions between the different chemical
species present and / or direct pyrolysis, they concluded that
any improvement in products dried as foams results from a
reduction in the time required for drying. Consequently, any
improvement of product quality is a result of less thermal
degradation with little or no change in the evaporative losses
of volatile constituents under identical drying conditionms.
Droplets foamed with soluble gases experience lower
temperatures during drying than droplets foamed with insoluble
gases at equivalent moisture contents. Hence, the spray dr&ing
of feedstocks foamed with soluble gases should yield products
slightly less degraded than those foamed with insoluble gases.
Crosby and Veyl (147) continued the work of Abdul-Rahman
et al (146) on foam spray drying with a general discussion
concerning the principles, methods of foam generation, and the

physical nature of foamed droplets. Photomicrographs of the
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drying histories of single, foamed droplets were presented as
well as limiting models for the description of drying
mechanisms. The effects of foam spray drying on particle
properties and the foaming conditions used for a number of
materials were reported ( see Tabies 5 and 6 ). The
relationship between the volume—fraction of gas in a foam and

the volume-ratio of gas to feedstock was discussed in terms of

pressure, temperature and gas'solubility.

In practice, aeration of feed solutions such as in the
production of detergent is actively discouraged ( to the
extent that application of vacuum to the feed tank has been
considered ) because of its undesirable effect on product bulk
density. However, briefly summarizing the main points of their
discussion,

Formation of Foamed Droplets :-There ﬁre three basic ways of

forming dispersions of gases in liquids,

1.) Direct mixing — mechanical blending.
2.) Desorption from solution — supersaturation of a liquid
containing a dissolved gas with subsequent bubble

formation and growth either by reduction of pressure, or

an increase in temperature.
3.) Chemical generation - gas production by a chemical

reaction within the droplet.

All three methods bhave been used in spray drying.
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1.) Properties of Products™

— Bulk density reduction and control.

— Particle-size and porosity increase.
— Colour demnsity control.

— Moisture content reduction.

— Dispersion / dissolution improvement.

2.) Characteristics of Drying

- Improves ' dryability °*.
- Enhances the retention of highly volatile substances™™
— Minimizes thermal degradation of solids.

3.) Influence on Operation and Processing
- Increases capacity of an existing drier.
— Allows the direct introduction of inert gases inside

dried particles.
— Increases thermal efficiency of drying gases.

#The main objectives in foamed spray drying.

#3Foaning introduces a perforation mechanism that causes the 1liquid sheet
to break-up sooner, thereby reducing the loss of volatiles. However,
this may produce smaller droplets initially if the sheet disrupts
randomly. Therefore, in terms of volatile loss these two phenomena act
in opposition.

Iype aof Feed Feed Concentration Fpaming Gas Operational Maximun
s¥t., 2 solids) Gas-Liquid Yol. %
Ratio of _Gas™
Vhole =milk 50 ) P 6-28 cm®/g feed 87-97
Skimmed milk 50-60 Air 4-15 cm®/cm® feed 79-94
Cheddar cheese 42.5 ¥ 15 ce®/cm® feed 04
Tea 30-35 CO= .05-.06 g/c® water 96-97

% 25°C at 1 atm.
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Foam generation within the feed can either be before or after
atomization. Generation after atomization can be achieved by
the use of highly soluble gases dissolved at or below
atmospheric pressure by the use of highly volatile and
miscible liquids, or, through thermally initiated chemical
reactions.
Physical Characteristics of Foamed Droplets : Single droplet
drying studies have shown that particles produced from foamed
feedstocks may contain, small uniformly dispersed voids,
resemble thin or thick shelled hollow spheres, or, contain a
large number of small voids with a smaller number of large
voids. Crosby and Weyl report no direct comparisons with
industrial or pilot pla