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SUMMARY

"THE DRYING OF SMALL DROPS OF PARTICULATE SLURRIES"

HOE WAI CHEONG Ph.D. September 1983

The literature on the evaporation of drops of pure
liquids, drops containing solids and droplet sprays has
been critically reviewed.

An experimental study was undertaken on the drying
of suspended drops of pure water and agueous sodium
sulphate decahydrate with concentrations varying from 5
to 54.1 wt.%.

Individual drops were suspended from a glass filament
balance in a 26 mm I.D. vertical wind tunnel, designed
and constructed to supply hot de-humidified air, to
simulate conditions encountered in commercial spray

driers. A novel thin film thermocouple was developed to
facilitate the simultaneous measurement of drop weight and
core temperature. The heat conduction through the

thermocouple was reduced because of its unique design;
using essentially a single 50u diameter nickel wire.

For pure water drops, the Nusselt number was found
to be a function of the Reynolds, Prandtl and Transfer
numbers for a temperature range between 19 to 790C.

Nu = 2 + 0.19 (1/B)0.24 Re0.5 pr0.33

Two distinct periods were observed during the drying
of aqueous sodium sulphate decahydrate. The first period
was characterised by the evaporation from a free liquid
surface, whilst drying in the second period was controlled
by the crust resistance. Fracturing of the crust occurred
randomly but was more frequent at higher concentrations
and temperatures.

A model was proposed for the drying of slurry drops,
based on a receding evaporation interface. The model was
solved numerically for the variation of core temperature,
drop weight and crust thickness as a function of time.
Experimental results were in excellent agreement with the
model predictions although at higher temperatures modi-
fications to the model had to be made to accommodate
the unusual behaviour of sodium sulphate slurries, i.e.
the formation of hydrates.
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CHAPTER 1

INTRODUCTION

Drying is one of the most energy intensive unit
operations used in the process industries; because it
generally involves the evaporation of water, which has
a high latent heat of vaporisation. It is also probably
the most common unit operation, since it is invariably
encountered in most solids manufacturing processes. Thus
there is a wide variety of dryer designs, to cater for
the specific so0lid and drying conditions and finished
product specification, in all of which energy economy is

important.

Spray drying has found applications in the food,
pharmaceutical and chemical industries because of its flexi-
bility in meeting product requirements. It is one of the
most economical methods of moisture removal and is especially

applicable to heat sensitive materials (94).



Spray drying involves the transformation of a feed
in the form of a solution, slurry or paste, into a part-
iculate dried product by the removal of moisture in a
single operation. The feed is atomised, to provide a
large surface area, and the spray is contacted with a
drying medium where a simultaneous heat and mass transfer
process occurs. The dried product is then recovered in

a series of separation stages.

Particle size distribution features as the most
important dried product specification. The ideal product
would be one comprising individual particles of equal
size. However, in practice, a homogeneous product has
not been achieved, although the careful selection of
atomising and operating variables can narrow the size

range considerably.

In the past, the design of spray dryers has been
treated empirically, and the success of existing dryers
are due largely to a comibination of practical experience
and some degree of overdesign, generally following pilot
plant trials. One of the prerequisites for the optimum
design of spray dryers is an understanding of the con-
trolling mechanisms in the heat and mass transfer process
during drying. Although a great deal of fundamental
research had been carried out on the evaporation of pure

liquid drops (11, 14, 15, 22, 32), experimental data on



the drying of drops containing solids has been limited.
This can be attributed partly to the complexities in
analysing the heat and mass transfer process after a

solid crust has formed. Heat is transferred by convection
~from the drying medium to the outer surface of the crust
and by conduction to the interior. Evaporation then
occurs and moisture diffuses through the crust and into
the surroundings. As the particle dries, the crust
increases in thickness resulting in an increase in the
resistance to heat and mass transfer. This invariably
increases the core temperature causing a reduction in

the partial pressure and temperature driving forces.

The transfer process is therefore highly complex and
difficult to model mathematically. Furthermore, after

the formation of a crust, fracture, shrinkage or inflation
may occur, adding a further constraint to any attempt at

modelling the drying process.

The present study was therefore initiated to further
the understanding of the mechanisms involved in the drying
of drops containing solids with the objective of improving

the design of spray dryers.
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CHAPTER 2

MASS TRANSFER ACROSS A PHASE BOUNDARY

When a concentration gradient exists within a fluid
or across a phase boundary, mass transfer will occur to
reduce this gradient. Fick (1) deduced, by analogy to
heat transfer, that the rate of diffusion of a component
A in a mixture of A and B, is directly proportional to
the concentration gradient.

dCp

NA = —DAB — (2.1)
dy

Equation 2.1 is often referred to as Fick's law of diffusion.

A number of mechanisms have been proposed to describe
mass transfer across a phase boundary. The two-film theory,
the film-penetration theory and more recently the boundary
layer theory are the most widely accepted models to describe
this phenomenon. On the basis of these theories, a mass

transfer coefficient K, can be defined as,

Ny = K (Ca1 - Ca2) (2.2)

where (Cp1 - Cpo) is the concentration driving force.




For the special case of the drying of droplets
containing solids, there is an additional crust resistance
represented by a crust coefficient Keae The overall mass
transfer coefficient is therefore dependent on the crust
coefficient and the gas film coefficient, neglecting any

resistance at the interface.

L pe— (2.3)

where H = Henry's constant.

To increase the drying rate, an attempt is generally
made to maximise the interfacial area, achieved by atomising
the feed to produce smaller droplets. However, in practice
this also results in a dried product with a large amount of

fines which have to be removed in a separation stage.

2.1 Two-Film Theory

In 1923, Whitman (2) attempted to describe the mech-
anism of mass transfer at the interface between two fluids.
He assumed the resistance to transfer lies within a thin
laminar layer on either side of the phase boundary and
suggested that the film resistances were additive. The
concentration gradients are therefore linear within these
layers and zero outside. Using Fick's law of diffusion,
the model predicts that the overall mass transfer coeffi-

cient K, is proportional to the diffusivity Dy.




2.2 Penetration Theory

Higbie (3) laid the basis of the penetration theory
for unsteady state mass transfer. He assumed that eddies
in the bulk fluid bring discrete elements to the interface
where they are exposed to the second phase for a finite
period of time. Infinitely fast mass transfer occurs and
equilibrium is attained instantaneously. An unsteady state
molecular diffusion then occurs and the elements are remixed
with the bulk fluid. Solving the unsteady state equations,
Higbie showed that the mass transfer coefficient is propor-

tional to DVO'5.

Danckwerts (4) modified the penetration theory by
supposing that the surface is continually being replaced by
fresh fluid in a random fashion. Assuming the rate of prod-
uction of fresh surface Sg, is independent of the age of the
element, he showed that the average mass transfer coefficient

is proportional to (Dy.Sg)0:°.

2.3 Film-Penetration Theory

Toor and Marchello (5) incorporated both the prin-
ciples of the two—-film theory and the penetration theory
in suggesting that mass transfer occurs as an unsteady state
process and that resistance to transfer lies within a laminar

film at the interface. Surface renewal was assumed to occur




at intervals due to eddy currents in the bulk fluid. Their
analysis showed that for short exposure times, the process
can be described by the penetration theory while for pro-

longed periods, when steady state conditions are justified,

the two-film theory is applicable.

2.4 Boundary Layer Theory

The boundary layer theory is the most common approach
for predicting heat and mass transfer coefficients for
spherical drops. The equations of motion, continuity and
energy can be solved approximately to obtain the velocity,
concentration and temperature profiles in a thin boundary
layer at the interface. Outside the respective boundary
layers, flat profiles are assumed. Fr8ssling (6) applied
this theory to evaporating drops and showed that the mass

transfer coefficient is proportional to DVO'67.
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CHAPTER 3

DROPLET HEAT AND MASS TRANSFER

The evaporation of a liquid droplet is essen-—
tially a simultaneous heat and mass transfer process.
Maxwell (7) was the first person to publish a theory
on the evaporation of droplets, motionless relative to
an infinite medium. He assumed that the vapour concen-
tration on the droplet surface Cg, is continuously

saturated and showed that,

From equation 3.1, a gas phase mass transfer co-

efficient can be defined under stagnant conditions as,

kg = ———g-—=—=-- = Dy/r (3.2)

The Sherwood number can thus be expressed as
Shy = kg (2r)/Dy = 2 (3.3)

When a finite relative velocity exists between
the drop and continuous phase, additional mass transfer
takes place by convection. Fr8ssling (6), by consider-

ation of boundary layer theory, deduced that the right

~11-




hand side of equation 3.3 should be multiplied by a

'wind factor', i.e.
Sh = 2 (1 + g Re0.5 5¢0.33) (3.4)

where g = 0.276

Numerous authors have since confirmed these
equations which are discussed further in the proceeding

sections.

3.1 Evaporation from Single Droplets and Spheres

Under Natural Convection

Rates of evaporation were first determined by
Sreznevskii (8) in 1882. Experiments were conducted
on the convex meniscus at the flat tops of vertical
cylindrical columns of 1.8 - 3.6 mm diameter. Evapor-
ation rates were determined by following the outline of

the drops through a horizontal microscope.

In 1910, Morse (9) studied the evaporation in
air of spheres of iodine placed on the pan of a micro-
balance and found that the rate of evaporation was pro-
portional to the radii of the spheres. Langmuir (10)
investigated Morse's results and derived an equation
similar to Maxwell's to account for this proportion-

ality.

-12-




Experiments were later carried out by Whytlaw-
Gray and Patterson (11) in 1934 on drops of water,
aniline, quinoline, methysalicylate and p-cresol with
radii of 1-2 mm. He found that the surface of the
drops decreased linearly with time, although the volume

decreased by a factor of almost a hundred.

No further experiments were made on drops placed
on a flat surface; instead, the drops were supported on
thin filaments. Measurements by this method were first
made in 1927 by Topley and Whytlaw-Gray (12) on spheres
of iodine fused to a quartz fibre. The spheres were
placed in a cylindrical vessel of radius 2 cm. The
walls and bottom of the vessel were covered with a
thin layer of potassium hydroxide to absorb the iodine.
Their results provided the first quantitative support

of Maxwell's equation.

Houghton (13) measured the rate of evaporation
of water drops suspended from glass fibres using a
horizontal microscope. The fibres were coated with a
thin layer of paraffin to reduce distortion and to
prevent wetting of the fibre. However, no measurements

were taken of drop temperatures.

In their thorough investigation, Langstroth et al.

(14) measured optically the evaporation rates of drops of

-13-




water and of organic liquids of diameter 1.4 mm. The
drops were suspended from glass fibres of 100u

diameter or from copper-constantan thermocouples. The
experiments were carried out in a 20 mm diameter sphe-
rical vessel. Although radiation effects were accounted

for, the heat flux through the glass fibre was ignored.

Ranz and Marshall (15) studied the evaporation
of liquid drops suspended from the end of a glass
capillary and thermoelement, inside a special sealed

dryer. They correlated their data by the expression,

Nu, = 2 + 0.60 pr0:33 r0.25 (3.5)

Mathers et al. (16) were the first to solve the
simultaneous heat and mass transfer equations numeri-
cally for natural convection. Their experiments were
conducted with internally heated brass spheres coated
with napthalene of 12.7 and 25.4 mm diameter. They

proposed,

Nu, = 2 + 0.282 (Gr.pr)0-37
for Gr.Pr < 102 (3.86)

and
Nu, = 2 + 0.5 (Gr.pr)0-2°

for 102 < Gr.Pr < 106 (3.7)

~14-




Working with benzoic acid spheres immersed in
a Dewar flask, Steinberger and Treybal (17) divided
their data according to the boundary layer becoming
turbulent, which they characterised by (Gr.Sc) greater

or less than 108. Hence,

Shy = 0.569 (Gr.Sc)9:25
for Gr.Sc < 108 (3.8)
and

Sh_. = 0.0254 (Gr.Sc)0-33

for Gr.Sc > 108 (3.9)

Equation 3.9 was however obtained from only three data

points.

Yuge (18) studied the heat transfer under natural
convection for internally heated carbon-chrome steel and
brass spheres. An auxiliary heater was installed in the
support of the spheres to eliminate heat conduction. He

expressed his results by,

Nu, = 2 + 0.392 gr0-25 (3.10)

for 1 < Gr < 105

The evaporation of free drops can also be studied
by supporting charged droplets in a Millikan's condenser.
Notable studies conducted using this principle were by

Woodland and Mack (19) on drops of dibutyl tartrate and

—-15-




dibutyl phthalate, Nestle (20) on drops of mercury and
Gudris and Kulikova (21) on drops of water. Generally,
the Millikan's condenser gives less accurate results.
Nevertheless it enables droplets as small as a few

microns to be studied.

3.2 Evaporation from Single Droplets and Spheres

Under Forced Convection

Droplets moving relative to a medium under the
influence of gravity and/or inertia are of practical
importance since this is the situation in spray dryers.
Investigations in this area can generally be classified
according to either the mass transfer or heat transfer

approach and will be discussed accordingly.

3.2.1 Mass Transfer

The first mesurements of the rate of evaporation
in a gas stream were apparently those of Majama and
Togino (22). Drops of water and organic liquids with
diameters of 0.2 mm, were suspended on a horizontal
glass fibre in an air current up to 18 ms—1l. They
found that the rate of change of diameter squared is a

constant.
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Extremely accurate measurements of evaporation
rates of suspended drops in an air current were later
made by Fr8ssling (6), whose work has served as a model
for all subsequent work in this field. The experiments
were carried out on drops of water, aniline and nitro-
benzene and spheres of napthalene with drop diameters
of 0.2 - 1.8 mm, at 200C. The drops were suspended
from either a glass fibre or a thermocouple with air
velocities between the range 0.2 = 7 ms—1l. ©Evaporation
rates were determined photographically and correlated
by equation 3.4, with a B8 value of 0.276. An inter-
esting result observed by Fr8ssling was the variation
of evaporation rates over the surface of spheres of
napthalene. Evaporation rate was found to be maxXximum
at the front stagnation point, reducing to a minimum
just past the equator, to a lower maximum at the rear

of the sphere.

Vyrubov (23) studied the rate of freely falling
water drops of 2 mm diameter in a 1 m long vertical tube.
Hot air between 40 - 10009C was passed down the tube and
droplets collected on a weighing pan. He expressed his

results by,

Sh = 0.52 Re0-.9 (3.11)

Johnstone and Eades (24) measured the rate of

evaporation of drops of dibutyl phthalate, 0.4 - 0.7 mm
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diameter, suspended on glass fibres and of molten
sulphur on filaments of wolframite at 130 - 1900C in

a short horizontal tube of 2 cm diameter. They found
that the time for complete evaporation was a function
of initial drop radius and their results agree favour-

ably with theoretical predictions.

In their experiments with water drops at
0 - 400C, Kinzer and Gunn (25) used the method of
instantaneous photography with side illumination. Smaller
droplets were charged and allowed to fall freely through
detector rings while drops greater than 1 mm were
supported in free flight by a hydrodynamic force. For
the range of drop sizes 0.6 - 3.0 mm diameter, they
obtained the same relationship as Fr8ssling (equation
3.4) with a B value of 0.23 for 100 < Re < 1600. Of
exceptional interest however, was their finding that
at very small Re (less than 0.9) the 'wind factor' is
unity, i.e. B = 0. As Re increases, B 1lncreases to
a value of 0.46 at Re = 4, then gradually falls to

0.23 at Re = 100.

The fundamental work of Ranz and Marshall (15)
in 1952 was further confirmation of Fr8ssling's results,
differing only in the value of 8. They found B to
be equal to 0.30. They suspended drops of water and

benzene from the capillary end of a microburette of
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radius 30-50p at air temperatures up to 2000C. Liquid

was supplied continuously from the burette maintaining

a constant drop size. The experimental data was expressed
both as Nusselt and Sherwood numbers and the same

relationship applies with Sc replacing Pr.

2 + 0.6 Re0.5 pr0.33 (3.12)

Nu
and

Sh = 2 + 0.6 Re0.5 5¢0.33 (3.13)

The Ranz and Marshall equation has since been the most

widely quoted for pure liquid droplets.

By using the same method as the previous workers,
i.e. keeping the drop diameter constant, Hsu et al. (26)
measured the rate of evaporation of drops of heptane with
a diameter of 1.8 mm at 379C and Re between 70 and 300.
They were mainly interested in the influence of droplet
shape on the rate of evaporation. Because of the larger
drop sizes and low surface tension of heptane, the drops
were pear shaped on fine capillaries and truncated spheres

on wide ones. They expressed their results by,

Sh = 2 (1 + 0.272 Re9+% 5c0-33)[1 + 1.147(1-np)]

[1 - 0.0371(1-dy/dp) (3.14)

where p, = 6 v)/sdp

vy = volume

s surface area

dp, = maximum horizontal distance

dy height of drop.

The diameter term in Sh was replaced by 6vi/s.
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Working with cork spheres wetted with organic

liquids, Ingebo (27) proposed that,
Sh =2 + 0.3 (Re.Sc)9:6 k/k; (3.15)

for 1000 < Re < 1600

where k and k¢ are the thermal conductivities of air
and the diffusing vapour respectively.

However, Maisel and Sherwood (28), working with calcium
silicate spheres wetted with water or benzene, found
that the benzene evaporated so quickly that the surface
of the spheres was never really wetted. It should be
noted nevertheless, that their experiments were con-

ducted at a Re range between 2,000 and 50,000.

Garner and Grafton (29) measured the dissolution
rate of 12.7 mm diameter pressed benzoic acid spheres
in water by a photographic technique and correlated

their results by,

Sh = 44 + 0.48 Re0.5 gc0-33 (3.16)

for 20 < Re < 1000.

They explained that the limiting value of 44 was due to
natural convection. However, in a later investigation
Garner and Suckling (30), using the same apparatus and
technique and a greater range of sphere sizes, correlated
their results together with the earlier work above. Using

an assumed limiting value of 2, they found that,
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Sh = 2 + 0.95 Re0-5 g¢0.33 (3.17)

for 100 < Re < 700.

Following the technique of previous workers (31),
Pasternak and Gauvin (32) suspended spheres of celite
impregnated with water from a hypodermic needle. The spheres
were placed inside a 38.1 mm diameter glass column through
which hot air was passed. Using sphere sizes of 5.59 -

11.63 mm diameter, they correlated their results by,

Sh = 0.692 Re0.514 5¢0.33 (3.18)

They confirmed this expression in their later work (33)
on radioactive celite spheres impregnated with acetone
in free fall; the induced radioactivity being a means

of measuring the particle velocity.

Fuchs (34) has suggested that internal circu-
lation in a drop may double the heat and mass transfer.
This was illustrated by the work of Ward et al (35).
Their results from four systems, water in cyclohexane
and cyclohexane, isobutanol and o-toluidine in water
showed that mass transfer can be enhanced from 4 - 6
fold. Taking this into acount, they proposed,

0.5 0.5
Sh = 0.61 [Ho/(ug + He)]  (Re.Pr) (3.19)

Steinberger and Treybal (17) proposed that

natural and forced convection to spheres are additive.
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Working with cast benzoic acid spheres of 12.7, 19.1
and 25.4 mm in upward flowing streams of water and propy-

lene glycol, they proposed,

Sh, + 0.347 (Re.Sc0-5)0.62 (3.20)

2]
=
i

where Sh, is the natural convection contribution
given by equations 3.8 and 3.9.
Using experimental results published by eleven different
authors on heat and mass transfer data from gas as well
as liquid streams, they showed that the above correlation

gave excellent agreement.

Jones and Smith (36) studied the evaporation of
napthalene, camphor and benzoic acid by suspending spheres
in an air stream moving at high velocity through rotameter
tubes. They observed that although the particles spun
erratically, the mass transfer coefficient showed no sig-
nificant difference when compared to that from stationary
particles. This phenomenon was attributed to the fact that
one side of a spinning sphere is stationary relative to
the gas while the other side meets the flow at twice its
linear velocity. A relationship was proposed which takes
into account the Reynolds number of the gas, Reg.

For the laminar region,

Sh = 2 + 25 (Re.Sc.Re 0-9)0:33 (3.21)

g
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and for the turbulent region,

Sh = 2 + 0.055 (Re.Sc.Rego'5)O’5 (3.22)

Kinard et al. (37) suggested that boundary layer
theory cannot accurately predict overall transfer since
it takes no account of the turbulent wake behind the
droplet. They considered separately the forced con-
vection in front of, and behind, the separation zone
of the boundary layer. Using data from Ranz and Marshall
(15), Garner and Suckling (30) and Steinberger and
Treybal (17), they added an additional term to account

for transfer in the wake.

Sh = 2.0 + Sh, + 0.45 Re0-5 5¢0-33 + 0.00484 Re.Sc9:33

(3.23)

In the analytical approach by Locheil and
Calderbank (38), a quartic velocity profile in the
boundary layer around a spherical droplet was assumed.
The resultant differential equations were solved and
they found that the overall transfer rate can be des-

cribed by,
Sh = 0.84 Re0:5 3¢0.33 (3.24)

However, it was also noted that at the front stagnation
point, the maximum transfer can have a coefficient as

high as 1.34.
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More recently workers have concentrated on local
mass transfer rates around an evaporating droplet. Hoffman
and Ross (39) presented a theoretical model for predicting
heat transfer at the front stagnation point of an evap-
orating droplet. Their model was based on an assumed temp-
erature profile of polynomial form in the boundary layer.
Predictions from the model showed good agreement with the
experimental data of Fr8ssling (6), Silbulkin (40) and
Aksel'rud (41) for Re = 200 but not at the lower Re values.
It is quite likely that this discrepancy was due to natural
convection effects becoming more predominant. They also
proposed that mass transfer causes a decrease in the con-
vective heat transfer, an observation made earlier by Ranz
(42). They suggested that the relative decrease is a function

only of the Spalding number B', where,

B' = Cp AT/(A - q/m) (3.25)

However, this proposal was not conclusively verified and
moreocever this effect is only known to occur significantly

under intensive evaporation rates.

A unique method of drop suspension was used by
Audu (43). He suspended hemisperical drops from a rotating
nozzle in a horizontal wind tunnel, exposing all sides of
the evaporating drop to the impinging air. For ambient

conditions, he expressed his results as,
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Sh = 2.0 + 0.473 Re0-5 5¢0.33 (3.26)

Although the author suggested that the feed was supplied

at an 'appropriate' temperature to minimise extra heat
input, it is however not clear how this was achieved. It
should be noted that the nozzle, being of the same diameter
as the hemispherical drop will impose on the flow pattern
of air around the drop resulting in profiles that may not

be consistent with that of a spherical drop.

Using a quasi-steady vaporisation model developed
earlier (44), Frazier and Chang (45) fitted the results of
Hoffman and Gauvin (46) for 700 - 1000u drops of water,
methanol and benzene and cumene at 130 - 560°C. Their
model was based on the integrated values of the physical
and transport properties over the vapour film length. They

proposed that the evaporation rate be expressed as,

m=mg [(1+my'/my)E(Gr.Pr)] (3.27)

(Gr.pr)l/n

Il
=

where f(Gr.Pr)

A = 0.15, n 2 for Gr < 4.22/Pr

and A 4 for 4.22/Pr { Gr < 109

0.215, n

This model was however not fully tested on data from

other sources.
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Miura et al. (47) studied the rate of heat and
mass transfer from floating droplets in an ascending air
current. The apparatus was similar to that of Garner
and Kendrick (48). Droplets of water were floated by
an 'inverted' parabolic velocity profile, i.e. low
velocity in the centre, surrounded by an annular region
of high velocity. Their technique was however restricted
to the study of relatively large drops (2.9 - 3.3 mm )
at high air velocities (7.5 - 9 ms~1l). It is interest-
ing to note that their data points were well represented
by the Ranz and Marshall equation for drops suspended

from a fine capillary.

A laser light scattering technique was used by
Davis et al. (49) to determine drop sizes of submicron
aerosol droplets. Charged droplets (0.5 - 0.9u)
were suspended in an electric field in a pressure
controlled light scattering cell. Using an argon
laser, they were able to measure drop sizes during the
evaporation of dioctyl phthalate in helium and nitrogen
at 370C. It should be stressed that this technique
is relatively new and extremely accurate especially

for submicron droplets.

More recently, Sandoval-Robles et al. (50)
studied the mass transfer from a sphere in perfect
streamline conditions. A suspended sphere was rotated

at constant velocity around a circular channel of
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stationary liquid, offering the ideal hydrodynamic
condition of no turbulence and a perfectly flat velocity
profile. Their results showed a significant dependency

on the Reynolds number.

For 2 < Re < 20, Sh = 1.032 Re0.385 g¢0.33 (3.28)
20 < Re < 2000, Sh = 0.803 Re0-474 5c0.33 (3.29)
and 2000 < Re < 23000, Sh = 0.3 Re0-593 g§c0.33 (3.30)

3.2.2 Heat Transfer

Heat transfer from solid spheres was initially
studied during the nineteen twenties by Swiss and German
physicians and meterologists using a Davos Frigorimeter.
This consists of a hollow blackened internally heated copper
sphere with a thermostat to maintain a constant surface
temperature. Blittner (51) correlated most of the pub-

lished data of these workers and concluded that,

Nu = 0.70 Re0.52 (3.31)

for 103 < Re < 109

Later, in a comprehensive study, Williams (52)
collated data from Blittner (51), Vyrubov (53) and Johnstone

et al. (54) and proposed,

Nu = 0.33 Re0.6 (3.32)

for 20 < Re < 150,000
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The author however points out that this equation is not

valid at low values of Re.

Kramers (55) used steel spheres of 7.1, 7.9 and
12.6 mm diameter, suspended vertically by a pair of fine
thermocouple leads in a vertical stream of air, water or
oil. This was the first attempt to work with media

other than air. He proposed the correlation,

Nu =2 + 1.3 pr0.15 + 0.66 Re0-5 pr0.31 (3.33)

for 0.4 s Re ¢ 2000 and 0.7 < Pr < 400

The second term on the right hand side was necessary

to bring into line data for air, water and oil. How-
ever, as pointed out by Rowe et al (56), the Pr term

may be a result of disturbance by the high frequency
field used for heating the sphere. It is also likely
that temperature gradients at the surface of the spheres

affected the physical properties of the liquids.

Tsubouchi and Sato (57) used an original tech-
nique of measuring steady state heat transfer. They
suspended thermistor spheres of 0.3 to 2.0 mm diameter
in a wind tunnel. A current was supplied to the sphere
and a measure of the voltage, current and resistance
gave the amount of heat dissipated and the temperature.

Their results were correlated by,

Nu = 2.0 + 0.5 Re0.5 (3.

for 0.1 < Re < 1000
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In an extensive study by Yuge (18) on metal
spheres in a wind tunnel, he compared the effects of
cross, opposed and parallel flows. For metal spheres
less than 6 mm, an unsteady state method was used,

a preheated sphere being plunged into an air stream.
The larger spheres (6 — 60 mm) were heated internally
and an auxiliary heater located on the rear facing
supporting stem prevented any heat loss. His results

were presented as,

Nu = 2 + 0.493 Re0-5 (3.35)
for 10 < Re < 1.8 x 103

and
Nu = 2 + 0.300 Re 0.5664 (3.36)

for 1.8 x 103 < Re < 1.5 x 109

It should be noted however, that a standard deviation
in Nu of + 0.1% would be needed to justify the index

in equation 3.36 to four significant figures.

Rowe et al. (56) published an excellent review
paper on heat and mass transfer to spheres. They pre-
sented heat transfer data on the cooling of internally
heated copper spheres in air and in water. The disso-
lution of benzoic acid spheres in water and the sublim-
ation of napthalene in air were also studied. The heat

and mass transfer data in air were correlated as,
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Nu = 2 + 0.69 Re0-5 pr0.33 (3.37)
and

Sh

2 + 0.69 Re0.5 §¢0.33 (3.38)

However, a coefficient of 0.79 was observed for water.
They suggested that the observed higher transfer
rates could be due to uncertainties in predicting the

diffusion coefficient in water.

A dilatometric method was used by Adams and
Pinder (58) together with cinematography to obtain an
average heat transfer coefficient for evaporation of
isopentane and cyclopentane in a continuous phase of
glycerin-water solution. The method involved injecting
a small air bubble into a drop and as evaporation
occurred, the increase in volume of the vapour bubble
was measured by a dilatometric tube. They fitted their

data with the expression,

Nu = 7550 Pr=0+75 [u /(u, + ng)1%:3 Bo0-33

(3.39)

3.3 Evaporation of Single Droplets at Elevated

Temperatures

When a droplet exists in a relatively high temper-
ature atmosphere two forms of heat transfer must be taken
into account; heat transfer resulting from mass transfer

and by radiation.
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The high temperature gradients present will result
in some heat transfer inwards by conduction being used to
heat up the vapour diffusing outwards. Ranz (42) showed
that the heat actually reaching the surface of an evap-
orating drop may be as little as 25% of the total heat
transferred; the rest being absorbed by the cold vapour

in its radial flow from the drop.

Marshall (59) developed a differential equation to
describe the differential heat balance over a spherical
shell and solved this to give an expression for the
temperature T as a function of distance X, through the gas
film surrounding the drop.

T - Tg exp (-E/x) - exp (-E/ryp)
R e e (3.40)

where E = m Cpr/4m kf

and Ry = outer radius of gas film

and 1] radius of evaporating droplet

One obvious simplification was that he neglected
any variation in the thermal conductivity and heat
capacity of the gas film, caused by temperature and con-
centration gradients. However, these effects would be

small.

On differentiating the above equation at the

surface of the drop, the Nusselt number was expressed as,
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NuA = e e e e e en e e e e e e v e o o (3‘41)
exp(E(1/r7 - 1/R¢)) - 1

Ranz (42) derived the same expression but
included an additional term for radiation effect in

his analysis.

Hoffman and Gauvin (46) observed the evaporation
of droplets of water, methanol, cumene, pentane and
benzene on a thin glass fibre placed inside an enclosed
heated stainless steel sphere containing superheated
vapour. Drop diameters ranged from 0.4 to 1.4 mm and
temperatures from 100 to 5500C and evaporation rates
were recorded photographically. They found that at
high temperatures, the rate of heat transfer was not
governed by natural convection but dependent on the
transfer number B, where B = CpAT/A. Their

results were represented by the expression,
B'Nu, (Pr)~0-33 = 3.2 B0-97 (3.42)

where B' is as defined in equation 3.25.

It should be stressed however that this equation
is only valid when the gas and the containing walls of
the vessel are at the same temperature, which restricts
its usefulness. In a later investigation, Pei and

Gauvin (60) extended the study using the same apparatus

-32-



as Hoffman and Gauvin (46) for the evaporation of
benzene and methanol from porous celite spheres. They
found that the heat transfer was dependent on the

parameter Gr/Re2 and proposed the correlation,

(Nu,y/Re0: ) (B'/pr0-33y = 3.32 (Gr/Re2)0-007 (3.43)
where

Nuay = Nusselt number in the absence of mass transfer.

The weak dependence of the Nusselt number on
Gr/Re2 is obvious and suggests that the results could

have been correlated omiting this ratio.

Pei et al. (61) modified the stainless steel
sphere used by Pei and Gauvin (60) to provide a stream
of superheated steam (150 - 7500C) at a Reynolds
range of 5.5 to 510. They pointed out that forced and
natural convection were non-additive and that the
transition is gradual. From their results they concluded
that natural convection is negligible when Gr/Re2 is
less than 0.2, and for values greater than 10 forced
convection effects has little influence. However,
they could not propose a heat transfer equation to

account for this dependency.

Using the film theory analysis similar to that
of Hoffman and Gauvin (46), Downing (62) derived an

equivalent correction factor originally proposed by



Spalding (63) where,

Nup/Nuay = (1/B') 1n (1+B') (3.44)

However, this correction could not account for
his experimental observations on the evaporation of
of water, acetone, benzene and hexane in a jet of dry
air passing over the drops in the Reynolds number range
of 24 to 325 and a temperature range between 27 to
3400C. Further empirical correction factors were

introduced, resulting in,

In(1+B')

Nu = MN —-=—-———- (2.0 + 0.6 Re0.5 pr0.33) (3.45)
BI

and

Sh =M (2.0 + 0.6 Re0.5 5c0-.33) (3.46)

where M =1 - 0.4 (1 - Tg/Tg)

In(1+B")

It should be noted that the average physical and
transport properties were calculated at an average film

temperature T¢, defined as,

(Tf - Tg)/(Tg — Tg) = 0.6

and therefore should only be used in that context.
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Toei et al. (64) 1investigated the evaporation
of water drops into superheated steam and air for
Reynolds numbers between 9 and 120 and Prandtl numbers

between 0.7 and 1.0. They proposed that,

Sh (ppy/B) 020 = 2.0 + 0.65 Re0-2 5c0-33 (3.47)

where ppp = average partial pressure in the boundary layer.

This correction ratio is very similar to the equivalent
correction for temperature in the vapour film used by

Downing (62).

Lee and Ryley (65) suspended drops of water on
a fine horizontal glass fibre (50u diameter) in a
horizontal test section. Air and superheated steam at
Reynolds numbers between 64 and 250 were used as the
gaseous media and evaporation rates were followed
optically. A correlation similar to that of Ranz and
Marshall (15) was obtained with a coefficient of 0.74.
Like previous investigators, they assumed constant
physical properties over the gas film. They found
however, that the correction factor proposed by Ranz
(42) and Spalding (63) did not deviate very much from
unity for steam pressures between 1 to 2 bar. It must
be pointed out that radiation effects were ignored in

their analysis.

Frazier and Hellier (66) studied the evaporation

of Freon 113 in an air atream by injecting a stream of
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droplets (440u) across a high temperature jet of air

at 6690C. Changes in drop size were recorded photo-
graphically and they concluded that the Ranz and Marshall
equation underestimates the mass transfer coefficient by
a factor of 4. Their results were however, recalculated
by Crosby and Stewart (67) using corrections for the net
flow through the interface based on the film theory and

a much smaller deviation of 33% was obtained between

predicted and experimental values.

Trommelen and Crosby (68) evaporated drops of
water in superheated steam and in air at velocities of
1.5 — 2.1 ms~l. The drops were suspended from two 76u
thermocouple leads hung from a fine horizontal glass fibre.
This technique enables the simultaneous measurement of
drop weight and drop temperature. They found that at
equal velocities and temperatures, the evaporation
rate was greater in air than in superheated steam. How-
ever, at higher temperatures this difference decreased.
Their results confirmed the findings of Toei et al.

(64) and indicated the applicability of the Ranz and
Marshall equation for evaporation in superheated steam.
In their thorough analysis, they accounted for heat
transferred through the thermocouple wires. However,
by using the cross sectional area of the wires for
this purpose, they underestimated the area of the bead

at the junction by at least a factor of 4.
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Matlosz et al. (69) observed the evaporation of
droplets of n-hexane in a stagnant environment of nitrogen
and argon at 2759C. They were mainly interested in the
combustion of fuel vapours at high temperatures and
pressures of 6.8 - 102 atm., well above the normal oper-

ating pressures of spray dryers.

Audu (43) proposed a temperature correction
factor to account for his results at elevated temper-
atures. For 26.5°C < Tg < 118.5°C, he correlated his

results by,

-0.008 0.5 0.33
Sh = 2.0 + 0.44 ((Tg-Tg)/293) Re Sc (3.48)

However, the magnitude of the Sherwood number would
have to be relatively high to justify the index of the

temperature correction term.

Recently, Kadota and Hiroyasu (70) derived
equations for the change of diameter and temperature
with time for an evaporating drop at high temperatures.
A quasi-steady model was used, which included the
effects of natural convection, non-ideal behaviour and
effects of high mass transfer rates on temperature and
concentration profiles and boundary layer thickness.
Results from an earlier paper (71) on the evaporation
of various organic liquids and water at 100 - 5000C

were found to be in good agreement with the model.
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To summarise, it can be said that almost all
heat transfer measurements were made in air whilst the
majority of mass transfer experiments were made in
water. Different techniques of drop suspension have
been employed, covering an extensive temperature and
relative velocity range. Whilst the majority of
researchers support the Ranz and Marshall equation,
information about some aspects of drop behaviour on

the heat and mass transfer are scanty.

The effect of turbulence, circulation within
a drop and drop oscillation are known to have signif-
icant effect on heat and mass transfer rates but have
not been thoroughly investigated. Conversely, effects
of intense mass transfer at high temperatures have
been widely investigated but agreement between experi-

menters is often lacking.

From the above review it is clear that the
problem of the evaporation of pure liquid droplets
especially under extreme conditions are by no means

fully understood.
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CHAPTER 4

DROPS CONTAINING DISSOLVED AND SUSPENDED SOLIDS

When a droplet contains dissolved or suspended
solids, the vapour pressure at the drop surface is lowered
resulting in a reduction in the mass transfer rate. The
surface temperature of the evaporating droplet will con-
sequently increase above the thermodynamic wet bulb temp-
erature. The drying characteristics are then related to
the formation of a solid phase on the surface of the drop-
let, providing an additional resistance to moisture

transfer into the surrounding media.

In the case of droplets containing dissolved
solids, experimentation has shown that evaporation
commences at a constant rate (15, 68, 72), termed the
initial drying period. When the droplet moisture
content falls below a critical value, a solid crust
commences from a preferential site, usually the point
of maximum mass transfer, and spreads around the droplet.
As the crust thickens, the crust resistance becomes
predominant and the evaporation rate decreases. This

is classified as the falling rate drying period.
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For drops containing suspended solids, vapour
pressure lowering effects are generally negligible.
Evaporation may commence with an initial constant
period, but this may be very short depending on the
solids content. Once a solid crust is formed, the

falling rate period follows.

The drying rate after crust formation however,
can vary for different materials, and in certain cases
for drops of the same material. The characteristics of
the crust determines whether fracture, rupture, inflation,
shrinkage or shrivelling occur. The degree of these
phenomena can also vary between one drop and another of
similar size under apparently identical conditions making

it extremely difficult to predict the exact drying rate.

4.1 Moisture Movement Through Porous Media

Three generally accepted theories have been pro-
posed for the migration of moisture in porous media ;
the diffusion theory, the capillary flow theory and
the evaporation-condensation theory. Recently, the
concepts of irreversible thermodynamics are becoming

more widely used to describe this phenomenon.

4.1.1 Diffusion Theory

The migration of moisture by diffusion through the

pores was originally proposed by Lewis (73). This is
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expressed mathematically as,

D= oSl (4.1)

where the effective diffusivity Degfg, may vary with the

moisture concentration.

Based on this diffusion theory, Sherwood (74)
suggested that moisture can either be transferred as
liquid water through the pores followed by evaporation
on the solid surface, or by vaporisation of the liquid
below the solid surface followed by vapour diffusion
through the pores. The limitation of this theory lies
in the difficulty in solving the diffusion equation for

cases of variable diffusivities and when shrinkage occurs.

4.1.2. Capillary Flow Theory

The classical picture of capillary flow theory
applied to porous media was first laid down by Buckingham
(75) who introduced the concept of 'capillary potential'.
This theory was later supported by Ceaglske and Hougen (76)
with their work on the movement of moisture in sand.

They showed that water may actually move towards a

region of high concentration provided the high concen-
tration region possesses a fine pore structure. Neverthe-
less, in the presence of an adequate temnerature gradient,
the resulting vapour pressure gradient may overcome

the capillary potential.
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4.1.3 Evaporation-Condensation Theory

The evaporation-condensation theory assumes that
moisture is present in the pendular state. The liquid
water is held in rings at the waists of the pores and
moisture migration occurs entirely in the vapour phase
by vaporisation and subsequent condensation. Gurr et al.
(77) and others (78, 79) have proved this assumption valid
for systems subjected to a temperature gradient. Harmathy
(80) developed a model based on this theory to successfully

predict the drying rates of clay bricks.

4.1.4 Simultaneous Heat and Mass Transfer Models

Based on Irreversible Thermodynamics.

This theory is based on the application of the
principles of irreversible thermodynamics, proposed
initially by Lykov (81). This approach has the intrinsic
advantage of not requiring the assumption of any controlling
mechanism of internal moisture diffusion. However, the
resulting set of differential equations require the use
of a moisture diffusivity and thermogradient coefficient,

both of which have to be obtained experimentally.

4.2 Evaporation of Single Droplets Containing

Dissolved and Suspended Solids

In addition to studies of pure liquids, Ranz and

Marshall (15) also presented data on the evaporation of
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solutions of ammonium nitrate and sodium chloride, a
suspension of green dye and reconstituted dried whole
milk. For the evaporation of dissolved solids, they made
the simplifying assumption that during the period before
crust formation evaporation will proceed as though the
drop surface was saturated regardless of the average
concentration within the drop. Although results from
ammonium nitrate solutions confirmed this assumption it
was later challenged by Charlesworth and Marshall (72).
Ranz and Marshall's results were basically qualitative
because of the complications of heats of solution and
crystallisation, and changes in the density and shrinkage

during drying.

Duffie and Marshall (82) carried out a qualitative
study on a wide range of products in a 6.1 m high cocurrent
drier. They were mainly interested in the effects of feed
temperature, feed concentration and air temperature on the
bulk density of the dried products. From their observation
of dried particle characteristics, they were able to
postulate four factors contributing to the formation of

hollow particles.

1) Hollow particles may result by the rapid formation
of a vapour-impervious film on the droplet surface
causing 'puffing' when the vaporising moisture

within cannot readily escape.
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2) If the rate of evaporation exceeds the rate of
diffusion of solids back into the drop, internal

voids may be created.

3) If a rigid porous shell is formed initially,
capillary suction draws liquid and solids to the
surface creating subatmospheric pressures and
internal voids. The particle may eventually

collapse.

4) Entrained gases in the feed may also result

in hollow particles.

They were able to classify materials according to
their particle structures i.e. film forming and crystalline
materials, but observed that the mechanism of hollow
particle formation may be different within each classi-

fication.

Charlesworth and Marshall (72) carried out an
extensive study on the drying of fifteen different aqueous
systems. The drops were suspended from a vertical glass
filament of 340u diameter which was itself attached to
another horizontal glass filament, the deflection of
which determined the weight of the drop. An equation
was proposed for the time of complete formation of a
solid crust assuming spherical symmetry. However, the
scatter of the data points indicated that the simplifying

assumptions were not valid. Localised variations in mass
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transfer may have resulted in a time interval between the
initial appearance of a crust and when it completely
covered the drop. They also presented a generalised
description of the behaviour of a drying droplet, shown in
Figures 4.1 and 4.2. Up to the point of crust formation,
the characteristics were similar irrespective of the
solute concentration and drying conditions. After crust
formation however, the behaviour of the droplet was
entirely controlled by the nature of the crust and
whether the drying temperature was above or below

the boiling point of the droplet. Evidently, because

of the variation from particle to particle even under
identical conditions, a quantitative analysis was not
possible. The drying curves for sodium sulphate

drops presented in Figure 4.3 show this variation.

Trommelen and Crosby (68) compared the drying
rate curves of four food products and various inorganic
salts drying in air and superheated steam. They found
that with the exception of skimmed milk and sodium
sulphate droplets, all materials dried faster in air than
in steam at about 1509C; rates were however comparable
at a higher temperature of about 40009C. Drop temper-
atures were also measured but the nature of the temper-
ature—-time curves showed no consistent trend between
different materials. The resistance to heat and mass
transfer was found to alter significantly if inflation
or rupture occurred, generating more surface area. This
lead to the conclusion that drying rates and the structures

of dried materials are product specific.
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Figure 4.1 Characteristics of drying droplets at air temperatures
below the boiling point (72).
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Figure 4.2 Characteristics of drying droplets at air temperatures
above the boiling point (72).
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Figure 4.3 Drying curves for aqueous sodium
sulphate drops.
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Figure 4.4 Drying rate curves for aqueous sodium

sulphate drops with an initial moisture

(83).
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Miura et al. (83) used the same technique as
Charlesworth and Marshall (72) to study the drying of
drops of sodium sulphate, skimmed milk and a suspension
of bentonite. The equation for time of appearance of
a crust proposed by Charlesworth and Marshall was found
to be reasonably accurate although it was consistently
lower than the experimental values. They observed that
at an air temperture of 1500C, a droplet of sodium
sulphate initially dried at a constant rate followed
by a sudden fall after completion of crust formation.
The crust was subsequently burst open due to boiling,
and drying at another constant rate followed before
gradually falling off again to total dryness. At the
lower temperature of 990C, the drying rate curve was
similar but no bursting occurred, although fractures
were evident. The drying rate curves are shown in Figure
4.4. Skimmed milk droplets showed very distinct constant
and falling rate periods with inflation after skin form-
ation. Drying rate curves for bentonite were identical
to those of pure water droplets at all temperatures and
moisture contents. They proposed an equation to predict

crust thickness based on a mass balance of solids in a

droplet.
1 - z3
0D T e (+:2)
where Z = r/rg,
Y = C/Cq,
G = VY/ro
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The equation was derived on the basis of a similar
density for the crust and core, which is a gross over

simplification.

The drying of sodium sulphate and detergent
drops were studied by Audu and Jeffreys (84) in a wind
tunnel. They proposed a crust mass transfer coefficient

ko, expressed as,

Ko = —=—==- (4.3)

The concept of a crust coefficient is based on the
assumption that the transfer path for heat and mass will
be different once a crust is formed, effectively
uncoupling the equations. They found experimentally
that the crust resistance can account for as much as
64.2% of the total resistance. However, no allowance
was made for heat transferred by conduction from the
nozzle on which the drops were suspended. A crust
thickness model was proposed, based on a mass balance of
moisture in the surrounding air. The model however,
predicted values as much as 20% higher than experimental

results.

The evaporation history of saline drops of sodium

chloride and calcium carbonate have been studied by both

Joffre et al. (85) and El1 Golli et al. (86). They found
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that the change of surface area was a linear function of
time. The latter also proposed an equation to predict
evaporation times for saline drops based on the concept

of water activity in the electrolyte solution.

Wijlhuizen et al. (87) presented a 'solid
sphere' and 'hollow sphere' model for an evaporating
droplet. They were mainly interested in the inactivation
of phosphatase during the drying of skimmed milk. The
model was essentially based on the work of Van der Lijn
(88) who introduced a concentration and temperature
dependent diffusion coefficient. The 'hollow sphere'
model assumes an initital gas bubble of known size in
a droplet and a uniform concentration profile. The
resulting diffusion equations were solved with the
necessary boundary conditions to predict moisture concen-
trations and droplet temperatures during drying. However,
by not allowing for the formation of a crust, the model has

limited applications especially in the falling rate period.

A simultaneous heat and mass transfer model based
on vapour diffusion and liquid moisture movement by
capillary suction was proposed by Haertling (89) for
porous hygroscopic materials. The model overestimates
the drying curves for burned clay and clay brick with
low porosities, suggesting that liquid moisture migration
by capillary suction is less significant in low porosity

materials.



Esubiyi (90) developed a momentum-heat transfer
model based on an assumed vapour velocity through the

pores of a solid crust described by the Kozeny equation

(91). He expressed the crust coefficient as,
83 Pe
Kp = ==——mmm e - (4.4)
¢ 2 2
5 (1 = )¢ uS v

Experimental results for the drying of Portland cement
slurries, using essentially the same measuring technique
as Audu (43), confirmed the validity of this model. The
equation however requires the porosity e, and specific
surface area S, to be determined experimentally. This is
often difficult with spray dried particles which are

small (less than 200u) and usually fragile.

More recently Sano and Keey (92) presented a more
realistic model for the drying of droplets containing
colloidal material into solid hollow spheres. The mech-
anism for the formation of hollow spheres was based on
the assumption that once the equilibrium vapour pressure
of the moisture inside the droplet exceeds the pressure
of the ambient air, the particle inflates instantaneously
and ruptures. After inflation, two limiting ways of

deformation were proposed;

1) the maximum radius remains constant but
void radius increases due to moisture loss,
or 2) the void radius remains constant but the outer

radius shrinks.
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Using techniques similar to Charlesworth and Marshall
(72), they dried droplets of skimmed milk at temper-
atures between 100 and 15009C and showed that the
second proposal, i.e. a shrinking outer radius, gave
the best approximation to their results. The compu-
tation however requires an experimentally determined
inflation ratio, which is the ratio of the maximum
radius after inflation to the initial radius. Although
their results were computed with an inflation ratio of
0.88, they found that a ratio of 1.1 was required to
fit the data of Trommelen and Crosby (68) for the same
material and temperature. The basis of this model was
also used by Sano and Yamamoto (93) to predict the
drying rates of drops of polyacrylonitrile in dimethyl
formamide assuming a receding interface and a constant
concentration distribution. A modified diffusion
coeffcient, derived empirically, had to be used to fit

their data.
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CHAPTER 5

EVAPORATION OF SPRAYS OF DROPLETS

5.1 Sprays of Pure Liquids

5.2 Sprays Containing Dissolved and
Suspended Solids
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CHAPTER 5

EVAPORATION OF SPRAYS OF DROPLETS

The analysis of the evaporation characteristics of
droplets within a spray presents a far more complex problem.
Although the fundamental concepts still apply, there are the
added difficulties in defining a representative droplet dia-
meter, relative velocity and droplet trajectory. During the
evaporation of a spray of pure liquid, the mean droplet size
may decrease but can also increase during some parts of the
evaporation process when the smaller droplets disappear.
Hence, it is highly unlikely that the use of a mean droplet
size will adequately characterize the evaporation process of
a non-uniform spray. A droplet size distribution function is
the best representation of droplets during the evaporation of
a spray. The more common distribution functions for sprays
are presented in Table 5.1 and have been discussed extensively

by Masters (94).

In the vicinity of the atomiser, the high concen-
tration of droplets and high relative velocities give rise
to rapid evaporation. This causes a corresponding rapid
reduction in the surrounding air temperature and consequently

the temperature and concentration driving forces.
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TABLE 5.1

Droplet Size Distribution Functions

Distribution

Normal

Log-Normal

Square Root
Normal

Upper Limit

Nukiyama-
Tanasawa

Rosin—-Rammle

where d(

r

N)

Vp

dp
dp

Equation

_ 2
d(N) 1 (dp - dp)
————— = e . €exp —|-——-- 57
d(dy)  SyY(2m 28y

2
d(N) 1 (log dp log dgm)
————— = m—————— .exp = |——————=—- 5T
d(dp)  dpSgY(2m) 28
2
d(N) 1 (Vdp - Ydgm)
m———— = m—————— .exp = | -—=—==-—- 57T
d(dy)  2/(27dSg) 2S¢
2
d(N) 1 log((dpax ~— dp)/dgm)
———me = mmmme—e—e . €Xp — |==mmm————— P
d(dy)  d 8g7(2m) 2S¢
d(N) X
————— = a_d . exp (b, d_9)
4 (dp) n%p n“p
-[(dp/dg)?]

Vp = 100

number of droplets in size increment
volume percent oversize

droplet size

mean droplet size

geometric mean size

maximum droplet size

Rosin—-Rammler mean size

number standard deviation

geometric standard deviation
constants

dispersion coefficient
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5.1 Sprays of Pure Liquids

An attempt was made by Probert (95) to represent the
drop size distribution of a fuel spray by the Rosin-Rammler
equation (96). Assuming no relative velocity, he predicted
that a spray with a narrow size distribution will evaporate
completely in less time than one with a wide distribution if
the mean diameters are the same. This early attempt however,
ignored any change in the temperature driving force during
evaporation. This study was extended by Fledderman and
Hanson (97) for conditions of relative velocity but assuming
a Nukiyama-Tanasawa type distribution (98). Their equation

was too complex to be of practical value.

Marshall (59) presented a comprehensive stepwise
method for the evaluation of spray evaporation. Dividing
the size distribution into small size groups, the change
of the average droplet diameter in each selected group
can be calculated over short time intervals. Although
the method was only set out for pure liquid droplets at no
relative velocity, the results were useful in illustrating
the relative effects of the drying air temperature. He showed
that 90% of the evaporation in the majority of spray drying
operations is completed during the first 1.5 seconds, with
the air temperature falling to within 170C of the outlet

air temperature during this period.
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Manning and Gauvin (99) developed useful measuring
techniques in their study of heat and mass transfer of water
sprays in cocurrent and crosscurrent air flows. Spray evap-
oration was measured by a colourimetric method using a red
dye and the droplet size distribution was determined using
an immersion cell containing Varsol. Their results however,
showed a considerable scatter of data points. This may be
in part attributed to the uncertainty in predicting relative
velocities and droplet sizes in the vicinity of the atom-

ising nozzle.

Bose and Pei (100) studied the evaporation of water
sprays from a 152.4 mm I.D. cocurrent drier. They concluded
that the relative velocity between spray and air caused
a significant increase in the heat and mass transfer rates,
contrary to the findings of Dlouhy and Gauvin (101). Their
results were well represented by the Ranz and Marshall

equation which takes account of relative velocities.

Dickinson and Marshall (102) presented a compu-
tational study of the evaporation of sprays of pure liquid
droplets under conditions of both negligible and significant
relative velocities. Although the analysis took account of
non-uniform size distributions, the assumption of idealised
conditions of constant droplet temperature and ideal flow

limits its use.
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Miura et al. (47) investigated the effects of drop
to drop interaction on the rate of drop to fluid heat and
mass transfer. By suspending glass beads in series to water

drops, they proposed that,

for b/d;_; § 2, Nu/Nug = 0.71 (b/dj_1)0°25(dj/dj_l)0'167 + 0.07

N

and (5.1)

for b/d;_y > 2, Nu/Nup = 0.42 (b/dj_1)0'125 + 0.41 (5.2)

where b = distance between adjacent droplet surfaces
and dj, dj—l = droplet diameter in 'j' and the adjacent

'j=1' group.

Although Miura and Ohtani (103) later proposed a
model based on these equations and confirmed its validity
with results from water sprays emitting from a pneumatic
nozzle, the evaluation of b, dj, and dj—l» values was

tedious and relied on probability theory.

5.2 Sprays Containing Dissolved and Suspended Solids

When solids are present in a spray, the extent of
vapour pressure lowering and resistances to moisture transfer
will vary throughout the size distribution. As evaporation
proceeds, the concentration of solids in the smaller droplets
will increase much faster than the larger ones, resulting in
a wide variation in the concentration driving force. This
phenomenon also results in the solid phase not appearing
simultaneously throughout the size distribution. The
analysis is therefore highly complex and investigations in

this field are limited.
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Dlouhy and Gauvin (101) studied the evaporation of
solutions of calcium lignosulphonate using experimental
methods similar to Manning and Gauvin (99). Using the step-
wise method proposed by Marshall (59) and a Nusselt number of
2, they were able to predict the drying rate curves, which
were in good agreement with experimental results. Their
method requires a knowledge of the drop size distribution

which must be determined experimentally.

Baltas and Gauvin (104) attempted to account for
radial gradients of humidity, spray mass velocity and air
velocity in the same drier as Dlouhy and Gauvin (101).
Although they were successful in predicting radial humidity
and mass flow profiles, the predicted evaporation rates for
a sodium nitrate spray were 3.5 times greater than the
observed rates. It should be noted that their model is only

applicable to the free fall zone.

Katta and Gauvin (105) proposed equations to predict
the three dimensional motion of droplets in a spray drier
based on assumed size distributions and ideal flow patterns.
Their model predicts droplet trajectories and evaporation
rates for sodium lignosulphonate sprays but lack experimental
verification. An interesting conclusion was that an optimum
nozzle depth and air temperature exist for maximum efficiency

and capacity.
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More recently Miura et al. (106) reported on the
drying of water, sodium chloride and skimmed milk solutions,
atomised from a two fluid pneumatic nozzle and a hollow
cone nozzle. Assuming a Nukiyama-Tanasawa distribution,
they showed that the previously derived equations for evap-
oration in a spray cloud (5.1 and 5.2), predicted their

results more accurately than the Ranz and Marshall equation.
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CHAPTER 6

TEMPERATURE OF EVAPORATING DROPLETS
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CHAPTER 6

TEMPERATURE OF EVAPORATING DROPLETS

To predict the evaporation rate, it is necessary
to be able to specify or estimate the droplet surface
temperature in order to evaluate the temperature driving
force. For the case of a pure liquid droplet, if a
dynamic equilibrium is established between heat and mass
transfer, and if all the heat transferred is consumed for
evaporation, the surface temperature Tg, can be expressed

as,

______ (6.1)

When an evaporating droplet contains dissolved
solids, the saturated vapour pressure 1s lowered and the
droplet temperature will be higher than for a drop of
pure liquid under similar conditions. When suspended
solids are present, the surface temperature will initially
approximate that for a pure liquid droplet. However, in
both cases once a solid crust is formed, the additional
resistance to moisture diffusion will result in the core

temperature rising above the saturated wet bulb temperature
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(15). A typical core temperature profile demonstrating
this phenomenon is shown in Figure 6.1 for a drop con-

taining reconstituted dried whole milk.

Williams and Schmitt (107) have shown that the
heat of crystallisation should be taken into account when
drying salt solutions. For ammonium nitrate solutions
for example, the heat of crystallisation amounts to 20%
of the latent heat of vaporisation. Assuming Ay = Ap,

equation 6.1 becomes,

_______ . (6.2)

where C., is the heat evolved by crystallisation

per unit mass of water evaporated.

Ranz and Marshall (15) embedded a 12.7u
manganin-constantan thermocouple inside a suspended
drop to measure drop temperatures during evaporation.
However, simultaneous measurements of evaporation rates
and drop temperatures were not possible since there was
interference of the gas flow patterns due to the thermo-
couple leads. They found that drops of ammonium nitrate
and sodium chloride solutions evaporated with a surface
temperature corresponding to that of the saturated
solution even though the initial concentration was less
than saturation. With drops containing 3.0 X 1074 gm

of ammonium nitrate, drop temperatures increased initially
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Figure 6.1 Drop temperature history for reconstituted

dried whole milk (15).
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Figure 6.2 Drop Temperature histories for aqueous

sodium sulphate (68, 72).
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due to the heat of solution followed by a very sharp
rise when crystallisation occurred. Although sensible
heat transferred from the feed solution was accounted
for, no correction was included for conduction along

the thermocouple wires.

Charlesworth and Marshall (72) used the same
type of thermocouple leads as the previous authors (15)
and presented temperature histories for sodium sulphate,
potassium sulphate, ammonium nitrate, calcium chloride,
sodium acetate and coffee extract. For a concentration
of 8.2 wt.% sodium sulphate, the temperature history
was very similar to that observed by Ranz and Marshall
(15). However, at a higher concentration of 16.4 wt.%,
crust fracture had a significant effect on the temper-
ature history (Figure 6.2). Again however, no account

was taken of heat conduction along the leads.

Fuchs (34) found that for typical experimental
conditions, i.e. drop diameters of 1 mm and wire diameters
of 25u, the ratio of heat flux through the wire to
that through the gaseous medium may have values of 0.8
for copper-constantan thermocouples, and 0.04 for quartz
and glass fibres. Clearly therefore, it is erroneous
to ignore the additional heat flux especially through

thermocouples.
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Downing (62) measured drop temperatures using
thermocouple leads of increasing diameter and extra-
polated the measurements to zero diameter to estimate the
heat conducted along the wire. However, he observed
that organic liquid drops climbed up the wires and
different wet bulb temperatures were indicated depending
on the position of the thermocouple junction in the

drop.

Trommelen and Crosby (68) were the first to
measure simultaneously the weight and temperature of an
evaporating drop by suspending drops from a chromel-
constantan thermocouple fixed to the end of a glass
filament which acted as a torsion balance. An expression
was derived from a heat balance along the thermocouple
wires and solved for the heat transferred to a suspended
drop. The cross sectional area of the wires were however,
used as the heat transfer area whereas the drops were in
contact with a spherical bead at the junction. Their
experimental results showed that food products in general
exhibit no constant temperature period, unlike clay slurry
and inorganic salts. The temperature histories however,
can be interrupted by fracture, inflation or collapse after
which it can vary from one drop to another as shown 1in

Figure 6.2.

Miura et al. (83) suspended drops of inorganic

salts, skimmed milk and bentonite from a quartz filament
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of 0.3 mm diameter and measured the drop temperatures

by inserting a 40 manganin-constantan thermocouple

in the centre of each drop. Their result of temperature
history for an aqueous sodium sulphate drop at an air
temperature of 990C was generally consistent with

those of the previous authors (72). For the case of
high air temperature (149°C), illustrated in Figure

6.3, they found that the drop temperature rose initially
and after completion of crust formation, 'boiling'
within the drop occurred. This fractured the crust
resulting in another constant temperture period before

rising again to the air temperature.

Van der Lijn (88) used a continuum model, assuming
heat and mass transfer occurs over an arbitrary control
volume in the continuous phase, to predict drop temperatures
and confirmed it with temperature histories of drops of
maltose-water solution, measured with a 45u chromel-
constantan thermocouple. Heat conduction through the
thermocouple was found to increase the heat flux by 2%.

The continuum model however, does not account for the effect
of the presence of other droplets on the heat and mass

transfer.

Recently, Sano and Keey (92) proposed a hollow
sphere model (described in Section 4.2) and derived equations
to predict the temperature of an evaporating drop containing

colloidal material. The temperature history was measured
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Figure 6.3 Drop temperature histories for agueous sodium
sulphate at initial moisture content of 9.6 kg

water/kg solute. (83).
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Figure 6.4 Comparison between experimental and calculated
drop temperature for a drop containing

skimmed milk. (83) .
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by suspending a drop at the junction of a manganin
—-copper thermocouple, with wire diameters of 30u.

The model was found to slightly underestimate the drop
temperature especially at high air temperatures (1500C),
as shown in Figure 6.4. This was probably due to the
omission of a correction term for high mass flux (59)

and conduction along the thermocouples.
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CHAPTER 7

MATHEMATICAL MODELS

Pure Liquid Drops
Nusselt Number
Heat Transferred to a Drop by Radiation

Heat Transferred to a Drop Through the
Suspension Filament

Heat Transferred to a Drop Through the
Thin Film Glass Filament Thermocouple

Receding Evaporation Interface Model
Heat Transfer at Evaporation Interface

Mass Transfer at Evaporation Interface
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CHAPTER 7

MATHEMATICAL MODELS

Two models will be discussed in the following
sections. For pure liquid drops, an expression for the
experimental Nusselt number has been derived and heat
transfer by radiation and by conduction along the fila-
ment have been accounted for. For slurry drops, a
Receding Evaporation Interface model has been proposed
to predict the evaporation rate, core temperature and

crust thickness of an evaporating drop.

7.1 Pure Liquid Drops

This section will be discussed with reference

to water drops.

7.1.1 Nusselt Number

To determine the experimental value of the Nusselt

number, the following assumptions were made:

1) The drop 1is spherical with a constant density;
2) The temperature at the surface of the drop is

equal to the wet bulb temperature;
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3) The temperature driving force remains constant;
4) The latent heat of vaporisation and thermal
conductivity are evaluated at the mean temper-

ature between the air and the drop.

The rate of mass transfer to a spherical drop can be

expressed as:

dw dQ/de
- - = o= (7.1)
de A
The heat transferred can be determined from,
dQ/de = hg AAT (7.2)
Substituting equation 7.2 into 7.1 gives,
dw hg AAT
- - = —=———- (7.3)
de A
Since W = (ndp3pd)/6, equation 7.3 becomes,
o g 1 d(dp®)
hg T e mme= | e, e—eee—— (7.4)
6AT dp de

The Nusselt number Nu, is defined as,

Substituting equation 7.4 into the above expression,
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oq A 1 d(dp3)
Nu = = —=== ., ——— ., === (7.5)
6k AT d de
p
VY
. 3 2
Since  d(dp™) = 3dp d(dp™)
de 2 de
Therefore,
pgr d(dy®)
Nu = - —_————  —m———— (7-6)
4K AT de

Under conditions of relative velocity, the deriv-
ative of dp2 with respect to time varies with the instant-

aneous drop size.

7.1.2 Heat Transferred to a Drop by Radiation

Apart from forced convective heat transfer,
radiation effects have been taken into account. Using the
same assumptions as in the preceding section, the

radiative heat transfer rate qe, was expressed as,

1 \]
dg = 0 A Fy e (Ty 4 - ' (7.7)
where Tg' and TS' are expressed in degrees Kelvin
and s = Stefan-Boltzmann constant.
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The geometry factor F,, was assumed to be unity
since the drop was for all practical purposes surrounded
by the drying chamber. The emissivity e, was taken to be
that of the drop since it was so much smaller than the

drying chamber.

7.1.3 Heat Transferred to a Drop through the

Suspension Filament

Heat was transferred to the drop through the
suspension filament which was itself exposed to the hot
drying air. The following assumptions were made in

deriving an expression for this additional heat input.

1) Heat is transferred to the filament from the
surroundings by radiation and convection.

2) The physical properties of the filament are
constant.

3) The temperature around the filament is constant
and equal to the temperature of the air.

4) The heat transfer coefficient on the surface of
the filament is constant.

9) There is no radial temperature gradient.

6) The length of the filament 1is very much larger
than the diameter, i.e. infinite length.

7) The geometry factor is assumed to be unity.
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Consider a cylinder of infinite length,

Tgl df
\ ) )=— % )
7, = 0 7, =
Th = TS' —_— 4__A_Z T' = Tg'
where q, = heat flux in the z direction.
For an element Az,
Heat in by conduction = q, ndf2/4
Heat in by radiation =0 (ndez)eg(Tg'4 - 1'%y
Heat in by convection = hy (rdeb2z) (Tg' - T')
Heat out by conduction = qz+Az“df2/4

A heat balance over the element Az gives,
! 1
qZ+Azﬂdf2/4 = qzndf2/4 + o(ndgbz)e (Ty 4 _ 1'4,

1 ]
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Rearranging equation 7.8 and dividing by Az,

dz+Az ~ 4z 40eg ” ” 4h¢
—————————— = === (Tt - T ) e --= (T - T (7.9)
Az ds df
In the limit as Az approaches zero,
dg 4ce 4h
g 1 f
—— = =2 (Tt -ThH o+ - (Tg =T (7.10)
dz d¢ df
According to Fourier's law,
ar'
q = - kg ===
dz
Substituting into equation 7.10,
d2t’ 4
_ 14 l4 | T
S s e (T - T %) + he (T - T) (7.11)
2 g\ '8 f e
dz ktdf
ar' az7' dp
Let P = ---, hence ———— = p =7
dz dz2 dT
Substituting into equation 7.11,
dP 4 '
P —— = = == c e (T 4 o'y 4+ he (T - T)
[} g g g
dT kide

(7.12)
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Integrating equation 7.12,

p2 4 L ce T ° '
—— = = —=== o e T, 4T - --F-—- + hp T, T
2 kidg 5 g
1
th
- ———— +C1 (7.13)
2
where C1 = Integrating constant.
Using the following boundary conditions,
t 0, T =T,
at z = 0, = Tg
; : ar'
and at z = « , T =T and --—- =0
g
dz
1] 1
o e T 'O heT '2
f
C. = |-——-B_B__ _ e 'S4+ -Z-B_ _ (h.T,'?) (7.14)
1 g°g f'g
) 2
Substituting equation 7.14 into 7.13,
2
dT 8 ce
| = Sem 2B r'd -1 '8y - g oe T, AT - T, )
g g g g
dz kidsf 5)
hy
T 2_ |2 1 1 _ T
+ ; (T Tg ) he Tg (T Tg ) (7.15)

' 2 0.5
+ 5hy (T = Ty ) (7.16)
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The rate of heat transfer to a drop qf, can be expressed

as,
md ¢ 2 ar'
af = -  ——=== <t o T (7.17)
4 dz z =0
ﬂdfz
where —-_—— = Area of filament in contact
4 with the suspended drop.
ar'
Substituting =--- at z = 0 from equation 7.16 into 7.17,
dz

the final expression for the heat transferred through the

filament is,

3
_ m ktdf |5 '5 10 T I4T 1 _ T
ag = — | TTT7 2 0 eg(Ts - Tg ) -~ o egTy (Tq g )
2 5
. " 0.5
+ 5hy (Tg - Ty ) (7.18)

7.1.4 Heat Transferred to a Drop Through The Thin Film

Glass Filament Thermocouple

When a drop is suspended from the thin film thermo
couple, additional heat will be transferred through the

nickel wire which extends into the drop. Ignoring convection
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effects since the nickel wire was enclosed in the glass
filament, and using the same analysis as the previous

section, the temperature gradient at the tip of the

nickel wire is,

dT 8ce

—_——— = + ———

dz Ky dy

The rate of heat transfer to a drop through the

wire qy, can be expressed as,

1
dT,

w
Gy = - mdy (Wi + dy/4) ky . ——=

where = dy (W3 + dy/4) is the total surface area of

the wire in contact with the drop.

dz

Substituting equation 7.19 into 7.20 gives,

\ 1
q, = 21 (Wy + d,/4) [2 o e, d, k, | (Tg'° - T, 9)/5

‘4 . , 0.5
- Tg (Tg - Tg )
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7.2 Receding Evaporation Interface Model

Consider a slurry droplet after a crust has been
formed. Let the outer radius of the crust be r = R and

the evaporation interface be r = X.

r =20 Hot Air
r = X
r = R
The following assumptions are made.
1) Evaporation only occurs at the evaporation

interface, which is the interface between the

wet core and dry crust.
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2)

3)

4)

5)

6)

7)

8)

9)

r = X,

The evaporation interface r = X, recedes into the
wet core as evaporation proceeds.

The crust once formed, does not shrink or inflate
i.e. R remains constant. It is also assumed

that no fracture occurs.

the core temperature T,, is uniform throughout
the core.

Heat is transferred from the drying air to the
crust solely by convection.

Heat is transferred through the crust by
conduction.

The moisture is transferred from the evaporation
interface by vapour diffusion through the pores,
represented by an effective diffusivity Deff.

The core density remains constant during the
evaporation process, i.e. as water evaporates

at the interface, it precipitates an equivalent
amount of solid as crust.

The energy and water vapour storage within the

crust is negligible.

Heat Transfer at Evaporation Interface

An energy balance over the evaporation interface

can be expressed as,
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Rate of energy from crust = Rate of energy for evaporation

+ Rate of energy intc core

In mathematical form,

o §T 0 dX
41X ktc -= = = 47X Poo Xy (x - Cc) -
Sr do
X
4 3 dTq
+ - 71XV C o - (7.22)
3 Pe e 1 qe
xy = mass fraction of water in core
Ce = heat evolved by crystallisation per
unit mass of water evaporated.
This reduces to,
- - = e ———— - - e - (7.23)
de Peo Xy (A =Cc) or 3xy (A = Ce) deé
X

Assumption 9 implies that a linear temperature gradient

exists in the crust,

r = X
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Hence the rate of heat transfer can be expressed as,

T

- 2
Qr = 4mr ktc ;; = Constant (7.24)

Integrating equation 7.24 between the limits r = R and r = X,

gives,
RX
QI‘ = 4'nktc (TR - TX) - (7.25)
R-X
At r = R,
5 oT
Qp = 47ky. R - (7.26)
or
R
and at r = X,
° oT
Qg = 4mki, X° |-- (7.27)
ar
X
Since, Qp = Qp = QX,
0T X
—_ = (TR - Tx) ———————— (7'28)
or R(R - X)
R
and 3T R2 3T
_ = - - (7.29)
or X2 or
X R

If it is further assumed that Tx = Te, equation 7.28

becomes,
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Also at r = R,

3T
2 - - 2
4 "R ki, = 4mR“h, (T, - Tp)
or
R

where hg = gas film heat transfer coefficient.

Substituting equation 7.30 into 7.31,

R(R - X)hg
(TR = Te) =| ———————=== (Tg = Tr)
kie X
R(R - X)hg
Let ag =  ————=——===
kio X

Hence equation 7.32 becomes,

(TR = T¢) = ao (Tg = TR)

and rearranging,

(TR = Te) = ————~ (Tg - Te)

3T 2o _% _____ (T, - T

ar 1 + ag R(R - X)
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A further substitution of this expression into equation

7.29 gives,
5T ag R
SOUE [ IR N [ (Tg - T¢) (7.35)
or 1 + ag X(R - X)

Substituting equation 7.35 and the value of a, into the

energy balance equation 7.23 results in,

2
dX _ R hg Kic 1
S I Mty 5-"577T |(TgTe)
do Peco Xy (x - CC) (ktc— Rhg)X + R th
Cpe X dTe
- emmm———————— -—- (7.36)
3xy (A Ce) do
2
R hg Kie
Let a; =  ——————==———————=
pco Xy (A = C¢)
ag = Kte — Rhg
= 2
8.3 = R hg
CpC
a4 T - — - —
Hence, equation 7.36 becones,
dX ai dTe
- = = | e (Tg - To) — aygX —-—— (7.37)
de a2X2 + agX de

The application of equation 7.37 is discussed in the following

section.
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7.2.2 Mass Transfer at Evaporation Interface

A mass balance over the evaporation interface

can be expressed as,
Rate of mass transfer = Rate of vapour diffusion from interface
In mathematical form,

dX o My ap
-= = = 41X® Dggpgp |~~~ --= (7.38)
do ReTe or

_ 2
41X PooXy *

X

where p = moisture concentration expressed as partial pressure

and Rg¢ Universal gas constant

This reduces to,
dX Deff My op
_— = | ee=Zia ———— - (7.39)

do Pco Xw RoTe ar
X

As in the case of heat transfer, a linear concentration

gradient can be assumed.
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The rate of mass transfer can be expressed as,

9 dp
Jr = = 4qr Deff ;— = constant (7.40)
r

Following the same analysis as in the case of heat transfer,

the following equations can be derived,

p X
- = (PR - Px) | ——-——~°~ (7.41)
or R(R - X)
R
and ap R2 op
- = -z - (7.42)
ar X2 ar
X R
At the evaporation interface, if it is assumed that,
px = Pe, equation 7.41 becomes,
op X
- = (PR ~ Pe)| ——————— (7.43)
or R(R - X)
R
Also at r = R,
2 P 2 7.44
~ 4mR® Dgpp | —- = - 47R“k (py - Pg) (7.44)
3T
R
where kg = gas film mass transfer coefficient.
Substituting equation 7.43 into 7.44,
R(R - X)kg
(PR = Pg) = | =—=~~~"=7° (Pg — PR) (7.45)
Defrf X
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R(R - X)kg
Let bo = e
Defr X
Hence,
bO
(PR — Pe) =) -7 (Pg — Pe) (7.46)
1 + bg

op bo X

——— = | = | | e (pg - pc) (7'47)
5T 1 + by | |R(R - X)

A further substitution of this expression into equation
7.42 gives

thY bg R
- = |41\~ """ (pg = Pe) (7.48)
3T 1 + bg X(R - X)
X
Substituting equation 7.48 and the value of b, into the
mass balance equation 7.39 results in,

2 -
ax R® Dgss My kg 1 (pg — Pc)

_ 2 2
ae bco Xy Re (Dggs — BKg) X7 + Rk, X T,

Let bl = e ————
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Equation 7.49 reduces to,

X b1 (Pg = Pe)
- = | TTTToTTmmmm | e (7.50)
de by X¢ + bg X T,
Equations 7.50 and 7.37 have to be solved simultaneously
since they are coupled heat and mass transfer equations.
Equating 7.50 and 7.37 gives,
dT¢ aj/ag (Tg = T¢) by/ag (Pg = Pe)
———— — o ] e v i | - — - ———_— + —————————————————————
de ag X° + ag X X bg X2 + bg X T.X
(7.51)
From equation 7.38, the rate of mass transfer can be
expressed as,
daw 5 dX
- - = = 41X% o X - (7.52)
de Yol de
dX
Substituting for -- from equation 7.50,
de
aw 0 b1 (pg = Pc)
- =—— = = 41X%p., X, | ————z——————— | ~TTTTTTTT
de co *w by X2 + by X T,
(7.53)

Equations 7.50, 7.51 and 7.53 can be solved
simultaneously by a Runge-Kutta 4th order method to give

the crust thickness, core temperature and weight of
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the drop as a function of time. The solution requires
an expression for the vapour pressure p., at the
evaporation interface, which is a function only of the

core temperature.

pe = £(T¢)

A computer program (filename: REI MODEL) was
developed to solve the differential equations above on a
Commodore PET 32K microcomputer. A listing of the program

is included in Appendix D.2.
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CHAPTER 8

EXPERIMENTAL APPARATUS

The experimental apparatus comprised a wind tunnel
which supplied drying air to the working section in which
drops were suspended. The suspension device incorporated
a fine glass filament, between 0.176 - 0.2 mm diameter and

150 mm long.

The suspension technique was previously used for the
drying of droplets by Fr8ssling (6), Trommelen and Crosby
(68) and Charlesworth and Marshall (72) at temperatures
ranging from 18 to 400°C. However, for this study a unique
thermocouple was developed for the simultaneous measurement
of evaporation rate and drop temperature during drying. A
fine nickel wire (50u diameter) was inserted through a
hollow glass filament (0.18-0.2 mm 0.D.) and a thin film
of copper was deposited onto the outside of the filament
under high vacuum. A junction was therefore created at
the tip of the filament where about 0.5 mm of nickel wire

was exposed.
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8.1 The Wind Tunnel

The wind tunnel was designed to supply hot dry
air, at a constant humidity and temperature to the working
section. A schematic diagram of the tunnel is shown in

Figure 8.1 and Plate 8.1.

Compressed air, from the mains supply at 6.53 bar,
was piped into a reservoir to dampen any fluctuations. The
pressure was then reduced to 1.43 bar and dried by passage
through a packed column of silica-gel and aluminate—-silicate
molecular sieve in a horizontal QVF pipe section. The air
flowrate was controlled with a needle valve and measured
with a 14F G.E.C. rotameter. The air was heated by two 1 kW

electric bar heaters fitted inside an 80 mm O.D. copper tube.

The working section was fabricated from standard
28 mm 0.D. copper tube with two windows located midway up

the section.

The pipework was designed such that hot air could
be redirected over the air drier for regeneration of the

desiccants in situ.

8.1.1 Air Reservoir

The air reservoir was fabricated from a standard

pressurised gas cylinder with a maximum working pressure
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of 21.70 bar. The schematic diagram and details of the

pipework are presented in Figures 8.2 and 8.3.

A 12.7 mm Saunders diaphragm valve (V1) was pro-
vided on the inlet side with a 12.7 mm Spirax Sarco strainer.
A 12.7 mm pressure relief valve (V2) set at 6.87 bar was
also connected to the inlet to the reservoir. The inlet pipe
terminated inside the cylinder at a depth of 700 mm from the
top. The outlet pipe left at the top of the cylinder and
passed through another 12.7 mm Spirax Sarco strainer and a
12.7 mm Hartesley globe valve (V3). The pressure was then
reduced to 1.43 bar through a 12.7 mm Spirax Sarco pressure
reducing valve (V4). A pressure indicator and a 15 mm
Hartesley 5 -15 lbs pressure relief valve (V5), set at
1.57 bar were fitted downstream of the pressure reducing

valve.

8.1.2 Air Drier

The air was dried by passage through a packed column
of self-indicating silica-gel (6 mesh) and a column of
self-indicating aluminate-silicate molecular sieve (type

4A, 1.59 mm pellets). Figure 8.4 illustrates the detailed

dimensions of the drier.

The silica-gel and molecular sieve were packed
into a 447 mm long horizontal glass pipe section of 87 mm
0.D. TFive 'three-quarter' baffle plates were located

evenly along the column to aid redistribution of the air.
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The inlet and outlet moisture content of the air
was measured during commissioning using a wet and dry bulb
hygrometer. At ambient temperature, the outlet air was
found to have a humidity of 0.1 g/kg. This value did not
deviate by more than 1.0%, provided at least 25 mm of the
molecular sieve packing remained unsaturated, as indicated
by the absence of colour change. Therefore, experiments
were always conducted with at least this minimum amount of

unsaturated desiccant.

Two layers of 100 mesh, 41 gauge stainless steel
wire mesh were fitted after the drier to prevent any fine

particles from being carried downstream.

The pipework was designed such that regeneration
of the desiccants could be carried out in situ. This operation
was performed by opening valve V7, closing V6 and V10,

opening V9 and V8 and finally closing V12 in that sequence.

8.1.3 Rotameter

The air flowrate was controlled with a 12.7 mm Crane
needle valve (V6) and measured by means of a 14F G.E.C.
Elliot rotameter with a Duralumin float. The pipe fittings
were also designed to accommodate a size 7F rotameter for

better accuracy at low air velocities.
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8.1.4 Air Heater

The air was heated by two 1 kW electric bar heaters
placed inside a 605 mm long standard 80 mm O.D. copper
tube, mounted horizontally. The air temperature was con-
trolled with a Rotary Regavolt voltage regulator connected
to the electrical supply of the heaters, giving a temper-
ature range from ambient to about 3000C. When the system
had stabilised, the temperature of the air supplied to the

working section did not deviate by more than 0.50C.

Three layers of stainless steel wire mesh (30 mesh,
32 gauge), spaced 2 mm apart were placed inside the 22 mm O.D.
copper tube immediately after the heater to ensure a uniform

and stable air temperature.

The heater and all subsequent pipework downstream

were insulated with 25.4 mm thick glass fibre insulation.

The detailed dimensions of the heater are shown

in Figure 8.5.

8.1.5 The Working Section

The working section of the wind tunnel was fabri-
cated from a standard copper tube, 28 mm O.D. and 1220 mm
long, mounted vertically. Two windows were located opposite

each other midway up the tube. The windows were flanged
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to take an optically flat glass, 6.35 mm thick and 25.4 mm
diameter, through which the suspended drop could be photo-
graphed, with the required back lighting. An access slit,
34 mm long was provided at right angles to the window,
through which the glass filament and suspended drop could

be inserted into the tunnel.

Detailed drawings of the working section are pre-

sented in Figure 8.6.

The inlet to the working section was coupled to
the rest of the pipework by a 28 mm copper to copper
right angle elbow. The inside of this elbow was packed
with steel wool between two layers of 5 mm thick knit
mesh (0.15 mm wire diameter, 4 stitches per cm), held
together by two pieces of 30 mesh, 32 gauge wire mesh. To
further ensure that a flat velocity profile would be
presented to the suspended drop, three layers of fine
stainless steel wire mesh (100 mesh, 41 gauge), spaced 1
mm apart, were placed about 6 pipe diameters upstream
from the point of drop suspension. The velocity profile
was recorded during commissioning with a pitot static
tube and a Furness electronic micromanometer, with its
output connected to a Tarkan chart recorder. The profile
across the section where the drop was suspended, is

shown in Figure 8.7.
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The entire length of the working section was covered
with 25.4 mm thick fibre glass insulation to prevent heat

loss.

8.2 Drop Suspension Filament

Drops were suspended at the free end of a fine
glass filament of 0.176 - 0.2 mm diameter and 150 mm long.
The fixed end of the filament was held in a stainless
steel clamp and the measured angular deflection provided

a continuous weight measurement.

8.2.1 Glass Filament Fabrication

The glass filament was drawn from a 9.525 mm dia-
meter soda-lime glass rod. A length of about 100 mm was
heated in the middle until the glass was almost 'flowing'.
The two ends were then rapidly drawn apart; the stretching

and rapid cooling resulted in a fine flexible filament at

the heated section.

After cutting off the required length, one end of
the filament was heated very gently to give a smooth 450
bend and the tip was touched off in the flame to give a

knob.
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8.2.2 Filament Holder and Deflection Measurement

The fixed end of the filament was held horizon-
tally in a clamp mounted on a block of polypropylene,
which slid on a retort stand. Figure 8.8 shows the

details of the filament holder.

The angular deflection was measured with a
perspex protractor mounted on the side of the polyprop-
ylene block. Measurements were taken at a distance of
25 mm from the free end of the filament to give the

largest deflection to weight ratio.

8.3 Thin Film Glass Filament Thermocouple

The thin film glass filament thermocouple was
fabricated from a 250 mm long hollow glass filament of
0.18-0.2 mm diameter with a bore of 0.07 - 0.10 mm. A
501 nickle wire (99% purity) was threaded through the
filament and copper was deposited onto the outer surface

of the filament using a vacuum coating technique.

The thin film thermocouple holder was designed

to serve as a cold junction reference for voltage measure-

ments.

-107-



| ]
W [P
1]

n ]
h ]
" 1
" 1)
1)
i

1

10
!

|
o
£
13
i

f e
(]
L4
(I}
[ ]

=

l -ore- ]! ' & :
-_— — D—l—¢-————-——— T' zz2=5=2:2:23:3
1o s
ik :
7
25.& 33

All Dimensions in mm.

ltem No. . Description Material
1 Filament Clamp Stainless Steel
2 Retort Clamp Polypropylene
3 Locking Screw 0BA - Brass
L Clamp Fastener Copper
Figure 8.8 Filament Holder Assembly

-108-



8.3.1 Thin Film Thermocouple Fabrication

The hollow filament was drawn from a piece of 100 mm
long soda-lime glass tube of 12.7 mm 0.D. and 11.113 mm I.D.
After one end of the tube had been sealed, the centre section
was heated gently and 'blown' from the open end to give a

thin walled 'bulb'.

The expanded section was again heated gently until
the 'bulb' just began to 'flow'. The two ends were then
rapidly stretched apart, giving a hollow filament of between
0.18 — 0.2 mm O.D. A length of about 250 mm was then

broken off.

The procedure for insertion of the nickle wire was

as follows: -

1) A length of glass capillary, 40 mm long and with
a bore slightly larger than the O0.D. of the fila-
ment was used as a 'guide sleeve'. The 'sleeve'
was inserted over the end of the filament and the
end of the nickle wire was carefully inserted into
the filament to a depth of about 10 mm. (Step 1,

Figure 8.9).

2) The 'sleeve' was gently held down and the filament
pulled through taking the nickle wire with it until

only 5 mm of the filament remained 'sleeved'. (Step

2, Figure 8.9).
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3) The free end of the nickle wire and the 'sleeve'
were gently pressed onto an adhesive tape and the

filament was carefully pushed back through the

sleeve. (Step 3, Figure 8.9).

The procedure was repeated between Steps 2 and 3,

until the wire emerged from the other end of the filament.

The free end of the filament was heated gently to
give a smooth 450 bend and the end sealed with a quick

setting epoxy resin, Araldite Rapid.

A glass capillary of 0.6 mm O.D. was 'sleeved' and
sealed over the fixed end of the filament to strengthen

it for insertion into the cold junction pocket.

To obtain a durable and adhesive coating, the glass
surface had to be thoroughly cleaned to remove any contam-
inants. 1Initial cleaning was carried out by immersion in
a dilute solution of a detergent (Decon 90). After rinsing
with distilled water, final cleaning was achieved with a
cotton bud soaked in iso-propanol. Figure 8.10 shows the

threaded filament ready for vacuum coating.

The threaded filament was mounted on a mild steel
frame, the dimensions of which are shown in Figure 8.11,
and copper was evaporated from a platinum boat onto the top

and underside of the filament. This process was carried out
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in a vacuum chamber at a pressure between 10-4 - 10-5 Torr
o

giving a copper film of between 50-100A thick. Further

details of the vacuum coating equipment and technique

can be found in the handbook by Holland (108).

8.3.2 Thin Film Thermocouple Holder

The thin film thermocouple was held in a specially
designed holder which also served as a cold junction pocket.
The holder consisted of two basic components, the retort clamp
and the ice container. The retort clamp was fabricated from a
block of clear perspex (40 X 50 X 50 mm) with a 13.1 mm hole

to fit the retort stand.

The ice container was fabricated from 2.5 mm thick
clear perspex, fitted together with Araldite. A stainless
steel needle tube was fitted through the container, acting

as the cold junction pocket.

The ice container was fitted to a nylon angle adjust-

ment plate which was connected to the retort clamp via a 20 mm

long O BA threaded rod.

Details of the assembly are shown in Figure 8.12.

8.3.3 Cold Junction

The cold junction of the thermocouple was made

by winding a piece of 50u diameter nickle wire round the
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glass capillary at the fixed end of the thin film thermo-
couple. The glass capillary was then inserted into the
cold junction pocket in the ice container. Figure 8.13
shows the details of the cold junction and its location

in the ice container.

8.3.4 Voltage Indicator and Recorder

The voltage from the thermocouple was measured with
a Comark D.C. Microvoltmeter (Type 1221) on a 0 - 10 mV
full scale deflection. The output of the microvoltmeter
was connected to a Tarkan chart recorder. Setting the
chart speed of the recorder, enabled a simultaneous time

and voltage reading to be recorded.
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CHAPTER 9

EXPERIMENTAL PROCEDURE

9.1 Instrument Calibration

In each experiment, air velocity, air temperature
and drop weight were measured. Drop weight and drop
temperature were also measured simultaneously in a series
of experiments using the thin film thermocouple. The
calibration of instruments used for these measurements

is discusssed below.

9.1.1 Air Flowrate

The air flowrate was measured by means of a 14F
G.E.C. rotameter with a Duralumin float. The float
position in the rotameter was calibrated against the flow-
rate of dry gas, at ambient temperature, measured with a
Parkinson gas meter. Air velocity in the working section
of the wind tunnel was then calculated for different

temperatures using the appropriate air densities.
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9.1.2 Temperature

The air temperature at the entry to the air drier
and in the working section, and the wall temperature of
the air heater were measured with Ni-Cr/Ni-Al thermo-
couples. The voltages from the thermocouples were measured
with a Comark Digital Thermometer ( Type 3501) via a
Comark 20 way Manual Selector Unit (Type 1694). The
digital thermometer was factory calibrated with automatic
cold junction compensation and had a resolution of 0.350C.
The calibration was further checked with a standard
Ni-Cr/Ni—-Al thermocouple and a millivoltmeter using a

uniform temperature water bath.

9.1.3 Drop Weight

The weight of an evaporating drop was measured by
the deflection of the glass filament. The glass filament
was calibrated using different lengths of cotton threads
as standard weights. A trace of vaseline was smeared
onto the tip of the filament so that the cotton thread

could be suspended from it.

A typical calibration curve for drop weight
against deflection is shown in Figure 9.1. However,
the measured deflections during a run had to be corrected

for the drag force caused by the upward flowing air.
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The total drag force F¢, on the drop and the section

of the filament inside the tunnel can be expressed as,

Fy = Fg + Fg (9.1)
where Fgq = drag force on spherical drop
Fg = drag force on filament

For the drop,

Fq = Cq Ap o v?/2 (9.2)
and for the filament,

Fp = Cp Ap p v2/2 (9.3)

where Cq, Cy = drag coefficients for a sphere and

cylinder respectively.

, Ap projected areas for a sphere and

cylinder respectively.

For a typical experimental condition,
v = 0.316 ms~1

1.069 x 1073 m

o}
il

dp = 1.764 x 1074 m
L =1.8 x 10-5 kg ms~1

p = 1.205 kgm'3

Length of filament inside tunnel = 12 X 10-3 m
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Hence, for the filament,

Rey = 0.316 (1.764 x 1074)(1.205)/1.8x10~5

3.73
The drag coefficient for a horizontal cylinder at

a Reynolds number of 3.73 is 5 (109).

Therefore,

Fe = 5 (1.764 x 107%)(13x1073)(1.205)(0.316)2/2

6.898 x 10~7 N

I

Similarly for the drop,

Re

0.316(1.069 x 10-3)(1.205)/1.8x10-5
= 22.61
The drag coefficient for a sphere at a Reynolds number
of 22.61 is 3 (109).
Therefore,

Fq = 3 (7/4)(1.069 x 1073)2(1.205)(0.316)2/2

1.620 x 10~7 N

The total drag force caused by the upward flowing
air,
F, = (6.898 + 1.620) x 1077 N

8.518 x 10~7

The actual weight of a suspended drop was therefore

the measured weight (from the deflection) plus (F¢/g)-
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9.1.4 Drop Temperature

Drop temperatures were measured with the thin film
glass filament thermocouple. The voltage output was measured
with a Comark D.C. Microvoltmeter (Type 1221) and recorded

with a Tarkan chart recorder.

Dry air in the working section of the wind tunnel,
at a velocity of 2.0 ms~l, was used as the uniform temper-
ature source for calibration. The thin film thermocouple
was calibrated against a standard Ni-Cr/Ni-Al thermocouple

over a temperature range of 8.750C to 110.250C.

For the purposes of calibration, a glass helical
coil immersed in an ice bath was located between the air
heater and the working section. The air temperature was
cooled to 8.750C by the addition of sodium chloride to the
ice bath (25 wt.%); air was heated by the air heater together

with the addition of warm water to the bath.

The calibration curves for the thin film thermocouple
are presented in Figures 9.2 and 9.3. The curve can be
accurately approximated by two linear sections and therefore
a linear regression analysis was used. The resulting
variation between voltage output and temperature was found

to be,

43.27 V + 3.02 for V ¢ 1.1 mV (9.4)

1l

TS
37.95 V + 9.90 for 1.1 mV <V < 2.65 mV (9.5)

1l

and Tg
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9.2 Experiments
The experiments were divided into the following

categories,

1) The evaporation of water drops at ambient
temperature

2) The evaporation of water drops at elevated
temperatures.

3) The evaporation of drops of agqueous sodium
sulphate decahydrate at varying air velocities
and air temperatures.

4) The simultaneous measurement of evaporation
rates and drop temperatures of drops of aqueous
sodium sulphate decahydrate using the thin film
thermocouple.

9.2.1 Water Drops at Ambient Temperature

A drop of distilled water was formed at the end

of the needle (0.5 mm diameter) of a hypodermic syringe

and transferred to the tip of the glass filament. The

filament was depressed slightly during the transfer so

that when the drop attached itself, the filament would

not oscillate under the sudden weight.
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The initial deflection of the filament outside
the working section was noted so that the buoyancy forces
caused by the upward flowing air in the working section
could be accounted for. The deflection of the filament
was subsequently recorded at varying time intervals, until
the drop became so small (less than about 0.3 mm diameter),
that its shape was distorted by the suspension filament.
The sphericity of the drop during each experiment was
checked by photography using a Chinon 35 mm camera with

a telephoto extension lens and backlighting.

The required velocity in the working section was
controlled by adjusting the needle valve V11, for the
corresponding volume flowrate of air. The air velocity
was varied between 0.026 - 0.772 ms—1 for a range of drop

Reynolds number between 1.85 - 58.15.
The wet bulb temperature was measured by means of a
Ni-Cr/Ni-Al thermocouple with the thermojunction covered

with a thin paper tissue saturated with distilled water.

9.2.2 Water Drops at Elevated Temperature

The evaporation of water drops was studied for
air temperatures of 34, 46.5, 63 and 79°C at a constant

air velocity of about 0.77 ms~ 1.
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The procedure for evaporation rate and drop temp-
erature measurements was similar to that for water drops

at ambient temperature, as discussed in section 9.2.1

9.2.3 Drops of Aqueous Sodium Sulphate Decahydrate

Solutions of sodium sulphate decahydrate were made
up by the addition of the calculated amount of Analar quality
salt (supplied by Fisons Scientific Apparatus Limited),
to a fixed volume of distilled water. Four concentrations
were used in this series of experiments, 5, 15, 30.3 and

54.1 wt.% solids.

The drops were transferred to the glass filament
by means of a hypodermic syringe. At the higher concen-
trations the slurry and the hypodermic needle had to be
warmed slightly to dissolve the solids before being
transferred to the glass filament. This was done to
prevent any premature crystallisation and hence blockage

occuring in the hypodermic needle.

The air temperature was varied between 20 - 1100C.
The air velocity was varied between 0.50 - 3.0 ms~1,
corresponding to a range of drop Reynolds number between

33 and 125.
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At the end of each run, the solid particle remain-
ing at the end of the filament was gently removed with a
needle and glued onto an aluminium stud. The stud was
then placed in a vacuum chamber and a thin film of gold-
palladium was deposited onto the particle by a sputtering
technique. The coated specimen was then introduced into
the specimen chamber of a Scanning Electron Microscope
(S.E.M.) where it was scanned by a fine electron beamn.
A three-dimensional image of the specimen, up to a magni-
fication of 5,000 was displayed on the Visual Display
Unit (V.D.U.) and selected areas of the specimen could

be photographed with a 35 mm camera attached to the S.E.M.

9.2.4 Simultaneous Drop Weight and Drop

Temperature Experiments

This series of experiments were conducted with
the thin film thermocouple. Drops of aqueous sodium sulphate
decahydrate at a concentration of 40 wt% solids were
evaporated at air velocities between 1.0 - 1.523 ms~1.

Air temperatures were between 20 - 80°0C, corresponding to

a drop Reynolds number between 65 and 75.

The thermal e.m.f. from the thin film thermo-

couple was recorded on a Tarkan chart recorder at a chart

speed of 5 cm.min~1l.

-129-



10.1

10.2

10.3

10.4

10.5

CHAPTER 10

EXPERIMENTAL RESULTS

Water Drops at Ambient Temperature
Water Drops at Elevated Temperatures

Drops of Aqueous Sodium Sulphate
Decahydrate

Simultaneous Drop Weight and Core
Temperature Measurements of Sodium
Sulphate Decahydrate Slurry Drops

Comparison of Experimental Results
and Model Predictions

-130-



CHAPTER 10

EXPERIMENTAL RESULTS

10.1 Water Drops at Ambient Temperature

The experimental results for water drops at ambient
temperature are presented as Nusselt numbers calculated
from equation 7.6. The results of these experiments,
covering a velocity range of 0.026 - 0.772 ms—1l, are pre-
sented in Appendix A.4.1 and summarised in Table 10.1. A

plot of Nu against Re0-5 pr0.33 is presented in Figure 10.1.

A computer program (File name:- EVAPORATION) written
in Commodore Basic on a Commodore PET 32K Microcomputer was
used to analyse the data. A listing of the program is pre-

sented in Appendix A.3.1.

A least squares correlation technique, described in
Appendix A.2.1, was used to correlate the results according

to the equation,

Nu = 2 + ¢ Reo.5 Pr0-33 (10-1)

The value of @ was found to be 0.66 with a correlation

coefficient of 0.98.
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8 = 0 secs, d'> = 1.46 mm

8 = 316 secs, dp = 0.91 mm

Pltate 10.1 Decrease in drop diameter of a suspended drop
of water at ambient temperature and an air

velocity of 0.5 ms-l.
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It should be noted that the Nusselt numbers
obtained from the results have been corrected for heat
transferred by radiation and heat conduction through the
filament. Both these additional heat input terms have

peen described in sections 7.1.2 and 7.1.3.

Plate 10.1 shows the decrease in drop size under

typical experimental conditions.

10.2 Water Drops at Elevated Temperatures

The results for the evaporation of water drops at
the temperatures of 34, 46.25, 63 and 790C are summarised
in Tables A36 - A39 in Appendix A.4.2 and Figures 10.2

to 10.5.

The experimental Nusselt number was calculated
for each drop size during a run by equation 7.6. The
instantaneous value of d(dpz)/de at each drop size,

obtained from a plot of dp2 against time, was used instead

of a mean value for the run.

As in the case at ambient temperature, a least
squares fitting technique, was used to determine the
value of @ in equation 10.1 for the four temperatures.

The values of @ are presented in Table 10.2.
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Table 10.2 Values of @ at Elevated Temperatures
Table 27-2

J—
Temp (©C) )] Correlation Coefficient
34.0 0.58 0.97
46.25 0.56 0.98
63.0 0.50 0.96
79 0.45 0.96

It is apparent from the table that a single
value of @ would not adequately correlate the data over
the temperature range. The experimental results were
thus correlated by the introduction of the Transfer
number B, where B = CpAT/A and a modified Nusselt

equation was proposed.
Nu = 2 + @ (1/B)nRe0-5 pr0.33 (10.2)

A least squares correlation technique, described in

Appendix A.2.2, was used to correlate the data according

to the above equation.

The resulting correlation was found to be,
Nu = 2 + 0.19 (1/B)0-24 Re0-5 Pr 0.33 (10.3)

with a correlation coefficient of 0.98.
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Figure 10.6 shows a plot of Nu against (1/B)0-.24

pe0-5 pr0-33, for T, between 19.5 - 79°C.

10.3 Drops of Aqueous Sodium Sulphate Decahydrate

Four concentrations of aqueous sodium sulphate
decahydrate were used 1in this series of experiments; 5, 15,
30.3 and 54.1 wt.% solids at varying air velocities and temp-

eratures.

The measured weights of the evaporating drops
were corected for radiation and heat conduction along
the suspension filament. The weight correction Wc, was

expressed as,

We = (Qf + Qe)/ (X = C¢) (10.4)

where Qs and Qg are the total amount of heat transferred
through the filament and by radiation respectively.

For a finite change in time A®, mean drop temperatures

and diameters are justified.

Hence,

AGT ktdf3 '5 '5 4 1 1
Q = == | 7= (20es(Tsm - Tg ) — 109%eg Tg (Tsm = Tg) *

2 5

0.5
[ ]
_ 2 (10.5)
5 hy (Tgp ~ Tg) )

-140-



1 4 1

2
and Qe <= Oeg TTdpm (Tg - Tgm) -

1
shere Tgm and dpp are the mean drop tempsrzt.r

respectively in Xz,

vas added to the measured weight at the =227 -7 =zz-- ~_o=
interval to give the corrected weight. Tztlszs Z1 - Zl0:

- Z - a-T> -

summarise the results in this sectiorn.

Figure 10.7 shows three dryirng cuirvss z7 =07
velocities 0.50, 1.53 and 2.92 ms~l for z cozsTzzT o ciIizoi-
tration of 5 wt.% solids at ambient ztezzsrzturs. T:I=
curves show an initial linear period, CczsSIsT=lT ¥o7Z
evaporation from liquid drops, followed by a gradual
decrease to complete dryness. At the highest velocity,
the slope of the curve changes much earlier and more
abruptly than those at the lower velocities. The electron
micrographs of the dried particles at air velocities
0.50 and 2.92 ms—! are shown in Plates 10.2 and 10.3.

The crusts were relatively smooth, showing no pores of
any significant size. At the higher velocity, the crust
showed distinct parallel 'furrows' on the surface.

Figure 10.8 illustrates four curves at air temper-

atures 20, 40, 66.5 and 110°C for 2 concentration of 5 wt.%

solids and a velocity of 1.09 ns-1. The trend of the

curves are similar to the previous case. It is interesting
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Plate 10.2 Crust surface of a particle dried with an air
velocity of 0.50 ms | (¢, =5 wt.%, Tg=18°c)

ried with an air

Plate 10.3 Crust surface of a particle d .
= 19.5°C)

.-‘ _
velocity of 2.92 ms (Co =5 wt.%, Tg
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Plate 10.4 Crust surface of a particle dried at
_ o _ _ -1
Tg—66.5C (Co—Swt.%, v=1.10ms )

cle dried at
1.09 ms~¥)

Plate 10.5 Crust surface of a partl
T, = 110% (€, = 5 wt.&, v =
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to note that a 5 fold increase in air temperature had a
greater effect on the evaporation rate than a corres-
ponding increase in velocity. The electron micrographs
2t 66.5 and 1109C are presented in Plates 10.4 and
10.5. At 66.50C the crust was still relatively smooth
put with larger and rougher crystals present on the
surface. At 1109C, the crust surface was very rough

with large crystals clearly evident.

At a concentration of 15 wt.% solids, the evapor-
ation rates were correspondingly lower as expected. The
drying curves at air velocities 0.502, 1.08 and 3.0 ms~1
at ambient temperature are presented in Figure 10.9. At
the higher velocities, identical experiments had resulted
in significantly different curves after crust formation.
This was a direct result of the crust fracturing, causing
a sudden increase in the evaporation rate. On occasions,
pieces of the crust on fracturing fell away, indicated
by a very sudden weight loss. The electron micrographs
supports this inference. The surfaces were Vvery rough
with pores clearly visible (Plate 10.6). A 'blow-hole’

in the crust is clearly evident from Plate 10.7.

The above trend was also evident at the higher

temperatures of 40, 60 and 90°C, except that fracturing

and distortion of the original shape occurred more fre-

dquently. The slopes of the curves after crust formation
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air

Plate 10.6 Crust surface of a particle dried at an
= 22°0)

velocity of 3.0 ms-] (Co = 15 wt.%, Tg

at an air

Plate 10.7 Crust surface showing a '‘blow hole'

velocity of 3.0 ms ' (C =15 wt.%. To = 22°¢)
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Plate 10.8 Crust surface showing fracture

T, = 20°C, C_ = 54.1 we.%, v = 1.08 ms” |

)

Plate 10.9 Crust surface of a particle dried at

T = o = = ns
g 20°¢C (CO b0 wt.3, v 1.0 ms

h
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seemed to change randomly depending on the exact moment

!
ghen a fracture or blow hole' occurred as evident frop

pigure 10.10.

Figure 10.11 shows the drying curves at high
concentrations, 30.3 and 54.1 wt.% solids compared to one
at 15 wt.%. At 54.1 wt.% solids, the crust was formed
instantly, after which the evaporation rate decreased very
rapidly. Consequently it took a considerable time before
total dryness was achieved. The resultant crust was rough
and large pores were present. Fractures on the surface

were also clearly evident, as shown in Plate 10.8.

10.4 Simultaneous Drop Weight and Core Temperature

Measurements of Sodium Sulphate Decahydrate

Slurry Drops.

Drops of aqueous sodium sulphate decahydrate at a

concentration of 40 wt.% were dried at 20, 40.7, 59.3 and

78.39C. The measured weights were corrected for radiation

in
and conduction along the thin film thermocouple according

i tes
to equations 7.21 and 10.4. The results of the drying ra

; - C8 in
and core temperatures are tabulated 1n Tables Cl

Appendix c.1.
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Figure 10.12 shows the drying curve and the core
temperature history measured simultaneously by the thin
film thermocouple at an air temperature of 200C. There

was an initial transient period in the core temperature

pistory curve before equilibrium was established and the core
temperature reduced to the wet bulb temperature. The core
temperature then rose steadily as the resistance to heat
and mass transfer increased with the crust thickness.

After about 540 seconds, the measured core temperature

rose very sharply and reached the air temperature within

70 seconds. This sudden rise in temperature was caused

by the evaporation interface receding away from the thermo-

junction, resulting in the dry crust temperature being

measured.

The drying curves and core temperature histories
at air temperatures of 40.7, 59.3 and 78.30C are presented
in Figures 10.13, 10.14 and 10.15 respectively. The trend
of the core temperature curves for these higher air
temperatures were quite unique. After the initial trans-=

ient, the core temperatures rose gradually until it

reached about 330C when they showed a very sudden fall

before increasing again very steeply to the respective alrl

temperatures. This phenomenon was caused by the fact that

30¢C, apsorbing heat in
1

decahydrate crystals melt at about 3

the process; the latent heat of fusion peing +239 kJ. K&

(110). ell below the

f
However, as soon as the temperature
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nelting point, the melting process was temporarily halted

the core temperature consequently rose again.

and Never-

theless, this melting and recrystallisation occurred very
rapidly resulting in a relatively smooth core temperature
curve showing a gradual fall. After this fall, the core
temperature rose very sharply, partly due to the reason

nentioned earlier but mainly because of the negative

solubility of the anhydrous sulphate.

The drying curves at all the temperatures invest-
igated show a similar trend to those reported in the pre-
vious section. As expected, the evaporation rates were
much higher at higher temperatures but as soon as a sub-

tantial crust was formed, the rates reduced significantly.

The electron micrograph in Plate 10.9 show the
relative small crystals at the low drying temperature of
200C while the larger crystals and more porous surface at
higher drying temperatures are illustred in Plates 10.10

and 10.11.

Plate 10.12 shows a drop of slurry suspended from

the thin film thermocouple at the moment of introduction

Into the wind tunnel and after 350 seconds.



Plate 16.18 Crust surface of a particle dried at
T, = 59.3°C (C_ = 40 wt.%, v = 1.0 ms 1)

Plate 10.11

Crust surface of a particle dried at
Ty = 78.3% (C_ = 40 we.%, v = 1.0 ms )
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8 = 0 secs.

8 = 350 secs.

Plate 10.12 A drop of slurry (C_ = 40 wt.%) suspended
from the thin film thermocouple, drying

at 20°¢C.
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10.5 Comparisons of Experimental Results and

Model Predictions

The Receding Evaporation Interface model as dis—
cussed in section 7.2 was used to model the drying of

aqueous sodium sulphate decahydrate and compared to the
results presented in section 10.4.

The modelling was carried out on a Commodore
PET 32K microcomputer and a listing of the program is
presented in Appendix D.2. The program uses a Runge-Kutta
4th order technique to integrate simultaneously for the
variation of core temperature, crust thickness and drop
weight with time. The change of vapour pressure with
temperature and other variables required in the modelling

are given in Appendix D.l.

For experiments with air temperatures above 33°C,
the model had to be modified to include an additional heat
absorption term because of the unusual behaviour of the
decahydrate crystals.

4

AH = - 1 R3
3

rog (1 = %) At (10.7)

where Af = Latent heat of fusion.

Hence, the fall in drop temperature ATg, €anl be expressed

as

b

AH (10.8)
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The experimental core temperature history at an air
temperature of 20°C was compared to that predicted by the
nodel in Figure 10.16. The agreement was excellent up to
about 540 seconds when the measured temperature rose sharply
unlike the gradual increase predicted by the model. The
reason for this discrepancy had been discussed in section
10.4. The measured temperature after this period was that
of the crust while the model predicted the actual core
temperature. This discrepancy at the final stages of the
drying process was also evident at the higher air temper-

atures.

Figure 10.17, 10.18 and 10.19 compare the model
predictions with the experimental core temperatures at air
temperatures of 40.7, 59.3 and 78.30C respectively. The
modification included to account for the latent heat of
fusion at 33°C had correctly predicted a fall in temper-
ature, comparable to that of the experimental data. The
trend of the curves were in good agreement with the experi-
mental data points; although admittedly the agreement was

not as good as that at 20°C.

The predicted crust thickness curves under the

Same experimental conditions are shown in Figure 10.20.

No crust thickness measurements were taken except of the

final dried particles because of the difficulty 1n

Obtaining measurements from partially dried particles.
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£1 .
yhen a par jally dried particle was rem
' oved from th
gind tunnel the sudden cooling caused r e
apid crystal
1-

isation WhiCh av
gave an erroneous crust thick
ckness m
easure-

ment.

The drying curves predicted from the model
reasonably well during the first drying period. H o
the curves overestimated the weight of the dro. dowéver’
second period after a substantial crust had foim zrlng -
| | ed.
is likely that bits of the dried crust on fracturi )

ng

may have fallen awa ivi
y giving a low wei
ight measurement
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Decahydrate
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CHAPTER 11

DISCUSSION

Different designs of wind tunnel and different evap-
oration rate measurement techniques (15, 25, 43, 49, 50)
have been used by various investigators. The wind tunnel is
generally designed to supply drying air, at a constant
velocity and temperature, to simulate as closely as possible
conditions in a spray dryer or other equipment involving
the evaporation of a spray. Ideally, droplets covering a
size range similar to the distribution encountered in sprays
should be studied. However, as 1s evident from Chapter 3,

this presents practical difficulties 1in droplet suspension and

evaporation rate measurement. Furthermore, the progressive

change of structure of crust forming particles would be

impossible to observe without highly sophisticated equip-

ment. As a compromise, the smallest practicable drop size

has therefore to be studied, giving measurable weight 10ss

and changes in structure that are visible through a tele-

photo lens.

The present design of the wind tunnel and the drop

suspension technique will Dbe discussed in the following
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sections. In particular the advantages ang novelty of

the thin film thermocouple will be highlighted.

Numerous equations have been proposed by different
investigators to predict Nusselt and Sherwood numbers.
However, agreement between different sources are often
lacking, especially at elevated temperatures. The present
correlations will be discussed and compared with other

published equations.

The evaporation rate curves for sodium sulphate
decahydrate slurries will be discussed in relation to the
applicability of the Receding Evaporation Interface model
derived in section 7.2 and compared to previously published
drying curves for the same material. In particular, the
importance of crust structure under different drying
conditions and the effect of fractures on the evaporation

rate will be highlighted.

l11.1 Experimental Techniques

Previous investigators have used different methods

of supplying a drying medium to an evporating drop. Ranz

and Marshall (15) and Charlesworth and Marshall (72) used

a vertical nozzle to provide a stream of hot air, Audu (43)

. - 1.
used a horizontal wind tunnel while sandoval-Robles et a

i r
(50) suspended spheres in a circular channel of stationa y

liquidq.

-171-



In a horizontal wind tunnel, the suspended drop tends
to be displaced slightly in the direction of the flow and
the suspension filament, nozzle or capillary inevitably
jisturbs the flow pattern around the drop to some extent.
In addition free convection currents caused by differences
in densities, which would normally flow vertically upwards,
would be dragged towards the wake of the drop. Conversely,
with upward flowing air in a vertical tunnel, the suspension
device resides in the wake of the drop, where it is
least likely to disturb the flow. Convection currents
also tend to move symmetrically around the drop with the
flow, simulating more closely a drop in free flight.
Consequently, a vertical wind tunnel with upward flowing

air was designed and adapted for the present investigation.

Nozzles, capillaries and glass filaments have been
used for drop suspension by various researchers. The
nozzles used by Audu (43) had the disadvantage of having

a similar diameter to the drop itself, resulting in a

significant disturbance to the flow pattern of air around

the drop. Heat conduction through the nozzles was also

substantial because of the large surface area in contact

with the drop. Conversely, glass filaments can Dbe fab-

ricated to very small diameters (0.17 mm) and therefore,

much smaller and more spherical drops can be studied.

In the present study, the surface area of the drop 11

11,
contact with the suspension filament was extremely sma

i as minimal.
less than 0.8%, and therefore heat conduction W
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prop temperatures have mainly been measured by previous
investigators with fine thermocouples by Suspending drops
from thermojunctions. However, a number of researchers
jgnored the heat conduction through the thermocouple
leads which would invariably have raised the temperature at
the junction. Furthermore, if any part of the junction is
not completely immersed in the drop, an average temper-
ature between the exposed and immersed part of the junction
is recorded. The problem becomes more complex when crust
formation occurs. Since a temperature gradient exists
petween the wet core and the outside surface of the crust,
the measured temperature 1is very dependent on the precise

location of the thermojunction in the particle.

The thin film thermocouple, developed in the present
investigation, was a novel drop temperature measuring device
incorporating provision for simultaneous drop weight measure-
ment, which in the past has been measured separately on
supposedly identical drops. The thin film thermocouple, as
described in section 8.3, consisted of a hollow glass
filament threaded with a 50u diameter nickel wire and

coated with a thin film of copper. Nickel and copper were

chosen as the conducting elements pecause of their large

m.f.) change per degree

of

thermal electromotive force (e-

change in temperature. Copper has 2 thermal e.m.f.

t760 mV relative to platinum at 1000C while nickel has a

i d
corresponding value of —1480 mv (111). The difference an

ore
hence sensitivity is therefore comparable to the m
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commonly used thermocouples. Although both nickel and
copper films adhere readily to glass, the latter is more
casily evaporated, having a melting point of 12000C at

. pressure of 1072 Torr. Furthermore, nickel melt
would ra'pi_dly dissolve the tungsten filament heater,

resulting in an open circuit.

The surface area of the thermojunction of the thin
film thermocouple was comparable to that of a conventional
argon welded junction, but being a single length of
coated nickel wire (0.5 mm long), it was totally immersed
and extended into the core of the particle. It therefore
neasured the core temperature. This was the first time
that such a thermocouple, using effectively a single
fine wire, had been used to measure drop temperatures.

The thermocouple had the added advantage of enabling
accurate measurements to be made of temperature profiles
in the crust of drops containing solids by using different

lengths of exposed wire at the tip of the thermocouple.

11.2 Experimental Results

Evaporation of pure liquids has been studied exten-

sively, partly because pure liquid systems are less

; rciall
complex since there is no crust formation. Comme ¥

i isation,
the evaporation of pure liquids, €-8&- in fuel atomisa

. less
crop spraying, humidifcation operations €te: poses

Problems than the drying of sprays containing solids.
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In the latter, after crust formation has occurred, evap-
oration rates are controlled predominantly by the resistance
to moisture diffusion in the crust. However, the structure,
and in particular the porosity of the crust have been

nainly ignored in the past due to the difficulty in

quantifying these parameters. The process becomes even

more complex when fractures, shrinkage or inflation occur.

11.2.1 Water Drops at Ambient Temperature

At ambient temperature , the value of @ in equation
10.1 was found to be 0.66, which is in good agreement
with the value of 0.69 reported by Rowe et al. (56), 0.625
by Miura et al. (83) and 0.60 by Ranz and Marshall (15).
This agreement therefore served to confirm the reliability
of the present design of wind tunnel and drop suspension

technique.

The experimental Nusselt numbers were calculated

2
from equation 7.6 using a constant value of d(d,?)/das for

each set of results. This is justified at ambient temper-

i i uld
ature because the diameter squared against time curves wo

be almost linear, as evident from the results 1in Appendix

A.4.1. Tt should be noted that the experimental Nussell

numbers have been corrected for neat conduction along the

y radiation, as described

rshall (15) and

filament and heat transferred b

in sections 7.1.2 and 7.1.3- Ranz and Ma

i hese
3 number of other investigators (72, 92) ignored th
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corrections assuming them to be insignificant. Whilst this
i{s probably justified for results obtained at low temper-
stures, as will be shown later, at elevated temperatures

these heat correction terms can be quite substantial.

In the absence of natural convection, the limiting
Nusselt number at Re = 0 is 2. If the present results
are fitted by a linear regression without assuming a constant

value of 2, the Nusselt equation would be,

Nu = 2.10 + 0.64 Re0.5 pr0.33 (11.1)

The constant is therefore not significantly different from

the assumed value of 2 which has a theoretical basis.

The present results could have been presented as
Sherwood numbers, but as is widely accepted, thermal
properties of air can be predicted very accurately whereas

molecular diffusivities are quoted with less confidence.

11.2.2 Water Drops at Elevated Temperatures

At elevated temperatures, the values of @ varied

from 0.58 to 0.45 for T, between 33:9 and 79°C. This

' r
1s not unexpected since at higher heat and mass transfe

rates, some of the heat transferred from the drying

medium is taken up by the outward diffusing vapour -
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Downing (62) has proposed, from g theoretical

derivation, that at elevated temperatures,

Nu = In (1+B)[2 + 0.60 Re0.5 pp 0.33]

(11.2)

v N I

However, his experimental results could not be adequately

predicted using this equation. It is interesting to note
1

that up to about 1009C, the value of - 1n (1+B) is almost
B

unity, having little effect as a correction term.

Audu (43) proposed a temperature correction term
(Tg—TS)/293, to fit his results. However, an index of
-0.008 was used which suggests that the results could have

been correlated omitting this term.

Both the above empirical correlations were applied
to the present results but could not predict the Nusselt
number with any accuracy. It has been shown by Spalding (63)

that heat transferred to the outward diffusing vapour at

high temperatures could be accounted for by the dimensionless

Transfer number B. The Transfer number would also account,

to a first approximation, for the inaccuracy of assuming constant

film properties since it includes the temperature driving

force and heat capacity. Consequently, the Transfer number

was included in equation 10.1 tO correlate the results at

. . . l
elevated temperatures, resulting in the modified Nusselt
€quation,

0.3
Nu = 2 + 0.19 (1/B)0-24 re05 Pro-® (109
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with 2 correlation coefficient of 0.98.

Although the introduction of the Transfer number
yas semi—-empirical, it nevertheless gave an excellent
correlation coefficient and there is no evidence that
any more complicated or theoretical approach would give

. better result (62).

As in the case at ambient temperature, the exper-
imental Nusselt numbers were corrected for heat conduction
along the filament and heat transferred by radiation.
These corrections for the additional heat flux were found
to be quite substantial especially at the maximum temper-
ature investigated. At Tg = 790C for example, for a drop
diameter of 0.532 mm, the extra heat input accounted for
24.65% of the total heat transferred. This supports the
earlier statement by Fuchs (34) that this additional

heat input should not be ignored.

11.2.3 Drops of Aqueous Sodium Sulphate Decahydrate

The drying curves for drops of aqueous sodium

sulphate decahydrate were presented in Figures 10.7 - 10.15

as fraction of initial weight evaporated against time

i ti ures
for the concentrations, air velocitles and temperat

: . _ .
investigated. The results were presented in this manne

_ o bt
to smooth out any slight variations if the initial welg

°f the drops and to be consistent with those published
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by charlesworth and Marshall (72) and Trommelen and

crosby (68) for comparison purposes.

The measured weights were corrected for heat
conduction along the suspension filament and radiation
py equation 10.4. In theory, the weight correction varies
with drop temperature and diameter and an integration over
the time interval would be necessary. However, using a
mean drop temperature and mean drop diameter over the
interval should be a good approximation and was therefore

used instead in the present analysis.

The drying curves show reasonably good agreement
with those published by Charlesworth and Marshall. However,
the present investigation also included higher concentra=
tions; up to 54.1 wt.% solids. Clearly, such high concen-
trations tend to create problems in transferring a drop
onto a suspension filament pecause of premature crystall-
isation in the hypodermic needle, which partly explains
the lack of published data to date. Commercially, there
are numerous advantages in having a feed to a spray

dryer of high solids concentrations, the most obvious

of which are to obtain a higher solids throughput and

the more economical use of thermal energy-

. heat
During the first period of drying, the rate of he

. 3 e
transfer was controlled by the yapour film resistance,

i i riod was
described mathematically by equation 7.2. This pe

-179-



Characterised by the evaporation from a free liquid surface
.nd the drying curves approximated those of pure liquid
qrops. The solids concentration would be expected to rise
from the initial concentration towards a saturation value
commonly termed the critical moisture content. This
critical value is often only dependent on the drop temper-
ature, irrespective of the initial solids concentration.
jowever, for slurry drops where the initial solids con-
centrations were much higher than that at the critical
value, crust formation occurred almost instantaneously

and a first drying period was not evident.

Drying rates in the second drying period 1i.e.
after crust formation, showed a great deal of variation
even under identical drying conditions, as is evident
from Figures 10.9 and 10.10. This was a phenomenon
experienced by both Charlesworth and Marshall, and
Trommelen and Crosby. During this period, the resistance
of the crust to moisture diffusion became predominant

and the structure of the crust, and in particular the

porosity, had a significant effect on the subsequent

evaporation rate. The porosity of the crust was governed

largely by the initial concentration of the drop; @&

higher initial solids content giving rise to @ more porous

crust. However, the high solids content also resulted

i ; istance
in a thicker crust which in turn increased the resis

to moisture diffusion. The electron micrographs 11

Plates 10.3, 10.6 and 10.8 show this effect clearly.
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At & concentration of 5 wt.% solids and low air temper-
,tures, pores were hardly evident even at a magnification
of 5000 and the crusts appeared relatively smooth, as
evident from Plate 10.2. At high velocities, parallel
rfurrows ' were evident (Plate 10.3), seemingly caused by a
'shearing' effect at the boundary layer. At higher solids
concentrations (15 wt. % and above) and/or higher air
temperatures, larger crystals and pores were visible, as
evident from Plates 10.6 and 10.11. It appeared therefore
that a critical state existed whereby a crust, from a
relatively smooth and non-porous struture reverted to a
rough and jagged surface with significantly large pores.
The factors that controlled this critical state appeared
to be the initial concentration and the air temperature.
As will be discussed in the next section, at higher
temperatures (above 33°C), anhydrous sulphate would be
deposited which has a different crystal structure to the

monoclinic decahydrate.

Crusts formed from drops of high solids concen-

1
trations were more prone to fractures and 'blow holes .

When a fracture occurred, the resistance to moisture

diffusion suddenly diminished and evaporation proceeded

at a high rate. However, the fractures were quickly

filled in by further deposition of crust and the process

. . : t
repeated itself. This resulted inf dried particles tha

were distorted in shape with fractures and occasionally

! -holes"
large 'blow holes'. The repeated fractures and 'blow-ho
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nay also result in pieces of crust falling away, as is
?

evident from the sudden drastic loss in weight shown in

pigures 10.9 and 10.10. This may presumably be one of
the causes of fine dust in spray dried products. If such
is the case, measures to minimise such dust, which in
commercial practice must either be recycled or aggolmerated
in a subsequent stage, could include a lower solids concen-
tration or a less intense drying temperature. Clearly
therefore, an optimum operating condition would be

required for a maximum throughput with the minimum of

fines for a particular product.

11.2.4 Simultaneous Drop Weight and Core

Temperature Measurements

These experiments were the first attempt at a
simultaneous drop weight and core temperature measurement
using the novel thin film thermocouple developed for this

purpose.

The behaviour of sodium sulphate during drying at

temperatures above about 330C is unusual in that it forms

different hydrates with incongruent melting points (112).

Below the transition temperature of 32.40C, the monoclinic

decahydrate crystals are in equilibrium with the liquid

i f
bPhase. At the transition point, the rhombic crystals O

i in equi-
anhydrous sulphate commence to separate and exist 1 q

librium with the decahydrate and the saturated solution.
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prom the transition point up to about 1250C, the solubilit
’ 1Ty

of the anhydrous sulphate actually decreases with increasi
ng

emperature.

The shape of the core temperature curves show this
pehaviour clearly at air temperatures above 330C, by the
sudden fall at about the transition point. The fall in
temperature resulted in a sudden increase in the temper-
gture driving force and consequently the heat and mass
transfer rate. This invariably caused rapid evaporation
and an increase in the crust growth rate which resulted
in the core temperature rising immediately. As the
temperature increased, the crust growth rate was further
enhanced by the negative solubility of the anhydrous
sulphate. This in turn increased the core temperature

even higher.

The depression of the core temperature curves at
about the transition point appeared to be less drastic
at the higher air temperatures as evident from Figures

10.13 and 10.15. This was a result of the higher heat

transfer rates at the higher 2air temperatures, tending to

very rapidly re-establish the equilibrium.

It should be noted that the ynusual behaviour of

Sodium sulphate was not evident from the drying curves

alone, discussed in section 11.2.3. This clearly high-

lighted the advantage of the thin film thermocouple as an

. s etc.
Investigative tool especially when salts, electrolyte

are present.

-183-



11.3 Receding Evaporation Interface Model

As evident from the previous section, the modelling
of the drying of sodium sulphate decahydrate slurry drops
gould be complicated by the formation of hydrates and the

pegative solubility of the anhydrous sulphate.

The modelling was initially carried out using a
constant crust porosity without much success. It appeared
therefore that this assumption used in the model was not
valid as the crust thickness increased. Experimental
determination of crust porosity by the usual methods on
such a small and brittle crust was not possible. An
empirical expression was therefore formulated for the

porosity as a function of the crust thickness where,

e = 1 - 2.4 (V/R) (11.3)

The remarkable accuracy of the model predictions at 200C

served to confirm the validity of this expression.

The model predictions at the higher air temperatures

were fairly good although not as accurate as that at

200C. The modification included to account for the

latent heat of fusion at 33°C, accurately predicted the

fall and rise of the core temperature at the transition

point. After the transition point. the model under-
ation was

i dific
estimated the core temperature pecause no mo
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included for the negative solubility of the anhydrous
sulphate. TO model this particular section of the curve

gould be extremely difficult and probably do not Jjustify

the computer time and effort.

The model predicted the first period of the drying
curve reasonably well but overestimated the second period
pecause of the formation of the anhydrous instead of the
decahydrate salt at high temperature. Fractures and 'blow
holes' could also have resulted in pieces of the crust
falling away. The occurrence of fracture, shrinkage or
inflation are dependent on the particular material being
dried, the initial solids concentration and the drying
air temperature. Even under identical conditions and
concentrations, different drops are known to behave quite
differently depending on the exact moment a fracture
occurs. This uncertainty would of course be impossible
to model without a further understanding of the precise

mechanisms that control these phenomena.

In spite of the complications with sodium sulphate

decahydrate slurries, the model had proved to be reasonably

accurate and would be expected to perform much better with

other slurry materials.



CHAPTER 12

CONCLUSIONS AND RECOMMENDATIONS

12.1 Conclusions

12.2 Recommendations



12.1

1)

2)

CHAPTER 12

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The major conclusions from this study are

The literature review showed that some disagreement
exists as to the form of the Nusselt equation for
heat transfer to drops. Furthermore, the majority
of previous investigators who measured evaporation
rates from suspended drops, ignored heat conduction
along the drop suspension filament and thus incurred

significant experimental errors.

None of the previously published correlations could
adequately predict the Nusselt numbers obtained from
the experimentation. Therefore, a modified Nusselt
equation (equation 10.3), which included the Transfer

number was proposed and agreement with the experimental

results were excellent; a correlation coefficient of

0.98 was obtained. The contribution to heat transfer

by conduction along the drop suspension filament was

taken into account and analysis of the results showed

ch as 21.7% of the total heat

that at T 790C, as mu

g

transferred to a

suspended drop could be attributed

to this source.



3)

4)

5)

The drying of drops (1 - 1.5 pp diameter) of
agqueous sodium sulphate decahydrate gt temper-
atures between 18 - 1100C, was characterised by
two distinct drying periods; an initial constant
period and a falling period as soon as 2 crust
was formed. After crust formation, fractures

occurred randomly but was more frequent at higher

concentrations and temperatures.

This research involved the first attempt at a
simultaneous drop weight and core temperature
measurement using a novel thin film thermocouple,
developed specially for this purpose. The heat
conduction along the drop suspension device was
reduced because of the unique design of this
thermocouple, using essentially a single 50u

diameter nickel wire.

The Receding Evaporation Interface model which was
developed for slurry drops, was found to be applic-

able to drops of sodium sulphate

with an initial concentration of 40 wt.%. The
ately for

model predicted core temperatures accur

drying temperatures petween 20 to 78.30C. However,

the model could not account for the occurrence of

fractures, which were observed to take place

randomly.
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12.2

1)

2)

3)

Recommendations

The thin film thermocouple was developed for the
simultaneous drop weight and core temperature
measurement. The thermocouple could be modified
to measure the temperature profile within the
crust of a suspended particle. This could be
achieved by using different lengths of exposed
nickel wire at the thermojunction of the thermo-

couple.

The drying of sodium sulphate decahydrate slurries
has been studied extensively and the mathematical
model was found to be applicable. This model should
be further applied to other materials under more

extreme drying conditions to test its validity.

The occurrence of fractures in individual particles
could not be predicted by the model. A more detailed

study should be undertaken to obtain a further

understanding of this phenomenon with the objective

of improving the existing model.
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APPENDIX A

PHYSICAL PROPERTIES USED IN ANALYSIS
OF WATER DROPS

Air
Water

Glass Filament

LEAST SQUARES METHOD FOR DATA CORRELATION

Constant Air Temperature
Variable Air Temperature
COMPUTER PROGRAM LISTINGS
Program Filename: EVAPORATION
Program Filename: CORR TEMP
TABULATION OF RESULTS

Water Drops at Ambient Temperature
Tables Al to A35.

Water Drops at Elevated Temperatures
Tables A36 to A39.
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APPENDIX A

A1 PHYSICAL PROPERTIES USED IN ANALYSIS OF WATER DROPS
A.1.1  Air
Density, p = 1.2929(273.15/(273.15+T,)) kg ™3

Thermal Conductivity, k = (4.296x10‘5(Tg+TS)/2 + 0.014)x1.731

W m-1 k-1

Viscosity, ® = 4.568x10'8(Tg+TS)/2 +1.720%x1075% kg m™l s71

Air Temperature (©C) Heat Capacity (J kg1 K-1)
22 1025.77
34 1031.00
46 1036.23
63 1041.47
79 1046.70
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A.1.2 Water

Latent Heat of Vaporisation,

piffusivity of Vapour in Air,

Emissivity of

stefan-Boltzmann Constant,

A = 2.326 (1075.95 - 1.025 Tg)

kJ kg~l
1.75
(T, + T, )/2
= g S
DV 0022 ————————————— X 10—4
273.15
m2 s-1

Drop, e = 0.955

Drop Temperature (©C)

A.1.3 Glass

Filament

Diameter of Filament, df

i
O

Thermal Conductivity, ky =0

Emissivity of

Heat Transfer

where Cr
Cr

Cr

Il

Filament, €g

Coefficient of

0.989 and m

Il

0.911 and m

0.683 and m

)

Il

= 5.6697 x 10~8 W m—2 k-4

Density (kgm™3)

1000.1

999.4

998.7

998.0

997.0
1764 x 1073 m
6404 w mL k7!
0.94

m 0.33

Filament, he = Cr Rey Pr k/dy

% m—2 k-1

0.33 for Ref < 4
0.385 for 4 § Ref < 40

0.466 for Ref > 40
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A2 LEAST SQUARES METHOD FOR DATA CORRELATION

A.2.1 Constant Air Temperature

prom Equation 10.1,

Nu =2 + ¢ Re0.5 pp0.33

Rearranging and taking logarithms to the base

e,
log, (Nu-2) = log, @ + log, (Re9+5 pr0-33, (A.1)
Let Y1 = loge (Nu-2)
Y3 = log @

At Y2j, the error between the data and the

approximating function can be expressed by,
§ (Yly) = Y13 - Y24 - Y3 (A.2)
The objective function is to minimise the sum
of the errors squared, expressed as,
2 _ o 2 (A.3)
§ (Y1) = I (Yl; -Y2; - Y3)

Differentiating &(Yl;)2 with respect to Y3 and setiing

the resultant differential equation to z€ro,

?EEEEEEE?) = - 92 2 (Y1l - Y2{ - Y3) =0 (A.4)

d(Y3) i=1
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Hence,

Y3 = (:Yly - £Y25)/n

(A.5)
The value of @ can then be evaluated by taking

the exponential of Y3,
@ = exp (Y3) (A.6)

The multiple correlation coefficient R1 can be

evaluated by the expression,

Residual sum of squares

Rl = l - = e (A.7)
Total sum of squares

In the present notation,

R1

Il
—
1

_________ - (A.8)

where Y1 = (:Y1lji)/n

Equations A.5, A.6, and A.8 are included in the
computer program "EVAPORATION", listed in Appendix A.3.1.

for data analysis at constant temperature.
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4.2.2 Variable Air Temperature

prom the proposed equation 10.2,
Nu =2 + @ (1/B)n Re0.5 py0.33
perranging and taking logarithms to the base e,
log, (Nu-2) = log, @ + nlog,(1/B)+log, (Re¥:5 pr 0.33, (A.9)

As in the previous section,

Let, Yl = loge (Nu-2)
v2 = log, (Re¥-5 pr0:33)
Y3 = loge @
Y4 = loge (1/B)

The errors squared é(Yli)z, is thus expressed as,

_ 2
- Y2, - Y3 - n¥4;) (A.10)

n
§(Y1;)% = 1 (Y1

The objective function is to select values of Y3 and n

to minimise 6(Y1l;)?.

Differentiating S(Yli)2 with respect to Y3 and n

respectively, and equating both expression to zero,

3(8(Y1:)2) n

aEI D L o 5 vy - v2y - ¥3 - n¥4i) =0 (A.11)
I(Y3) i=1

and

(011> n ) = A.12
B - -9 ¢ Y44 (Y14 - Y2i ~ Y3 - nv43) = 0 )
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gxpanding Equation A.11,
£ Yly - £ Y2y - nY3 - ni¥4; = 0
and hence,

Y3 = (¥l - Y2 - ni¥4;)/n

(A.13)
gimilarly expanding equation A.12,
z(Y4i.Yli)-—Z(Y4i.YZi)—Y32Y4i—nz(Y4i)2 =0 (A.14)
Substuting Equation A.13 into A.14 and rearranging,
nr(Y44.Y1l{)-nz(Y¥45.Y24)-(1Y441)(2Y15)+(1Y45)(£Y24)
R T
nz(v4;)2 - (2v4;)2 (A.15)

The value of n can then be used in equation A.13

to evaluate Y3.

The correlation coefficient for the approximating

function is expressed as,

2 (A.16)

A computer program '"CORR TEMP', listed in Appendix

iable air
A.3.2. was used to correlate the results at variab

i .15 and A.16.
temperatures according to equatlons A.13, A
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A.

3

COMPUTER PROGRAM LISTINGS

.3.

1

Program Filename: EVAPORATION
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1 REM EYALUATION OF MUSSELT Mos. For
FEM MWATER DROPS AT COMSTAMT TeEMp,

& REM

& REM FE

> REM  IF
T REM KT

£ REM
" REM
¢ REM
2 REM
1 REM

2 REM WOT3
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i FEM  ROCIZ
FEM “H
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WISCOSITY OF AIR

FRAHDTL HO. OF AIR

EMISIVITY OF DROR

EMISZIVITY OF FILAMEMT

AIF TEHMF.

DROF TEMF,

DIROF DEHSITY

LIA. OF FILAMEMT

THERM COMD OF FILAMEMT

FIE ¢3.141593

STEFAM-EOLTZMAN COMST,

AIR DEMHSITY

THERM COMI OF AIR

LATEHT HERT OF EVAF.

SLOFE OF REGRESS LIME

COMET OF REGRESS LIME

CORR COEFF OF REGRESS

DROF DIA

AIFR YELOCITY

MEAH TIA

TROF REYHOLDS HO

FEYHOLDS MO OF FILRMENT
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HEST THRL® FILAMEMT
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FERD H1
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FORT=1TOH1
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MEST -

FEM IHMPUT MO OF RERDIMGS IM EACH SET
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4 REM FI
FEM =
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FEM K
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A
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FEM RG
FEM  HT
FEM QR
REM OF
REM  HEC T
FEM  HC
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FEM DECTY
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145 HE

T

{46 FEM IMPUT FLOMRATE IM EACH SET

145 FORJ=1TOML:READ ROCT)

145 MEHT

{5 PRINTSIHPUT $ISC. OF AIR CKGAMISEDY™: [MPUTYA

— e e s e
[ a n TN I LS W 0 A 4
DR LI 3 1 B SR A R

—
L NN
| )

I
[
—

Parar
3 T i O
(3 =31y 0N

PRIMTVEIHPUT FR. OF DREYING MEDIUM": IMPUTFR
EFRINTYMINFUT EMISIVITY OF DROP": IHNFUTED
FRINTYSIMFUT EMISIVITY OF FILAMEMT®: IMNFUTEG
FEM IMFUT RIFE TEMF FOR ERCH SET

For J=1TOM1

READ THuJ?

HE=T

REM IMFUT DEOF TEMF FOE ERCH SET

FORI=1TOM1

READITDC.T 2

MEST

REM IMFUT DEMHSITY OF DRECOF

RERDN IiH

REM

PRIMTY"MIHFUT DIAMETER OF FILAMENT <Mi®:IWFUTIF
FRIMT"MIHFUT THERMAL COMDUC, OF FILAMEHT CW/MARS": TMFUTET
FEM

FEM SET YWALUE OF COMSTARMTS

Fl=22-7 1 5=5, S657E-2

REHM

FEM EVALUATE FPHYSICAL PROFES.

FORI=1TOM1
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FEM

4 REM DATH HHHL”'IS

FEM DEFLECTION  TIME LATAH IMFLUT
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HE=T
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NEST

FEM
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.3,

2

Program Filename:

CORR TEMP
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e REM CORRELATION OF RESULTE AT ELEVATED TEMPS,
&1 REM =
s REM N

2 pEM TRIIx= AIR TEMP (C)

o pEM TOiI:= DROF TEMP (Cx

22 REM CROI = HERT CAPACITY (J/KGKD

4 REM LH{I)= LATEMT HEAT 0OF EVAF. (K1 KGH

FEM E(I3 = TRAMSFER HO.

cf REM HUE 3= MUSSELT MO,

2 REM F1tlu= RET.S#FPRT.23

o REM
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A.4 TABULATION OF RESULTS

4.1 Water Drops at Ambient Temperature

Tables Al to A35
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THELE A 2

ExPT. HO. = 29
IR TEMP. <L - 5=
[ROF TEMP. o003 = 3
MEAM DREOF DIA. <mmd = . aom
gIF WELDCITY dmosd = B2
FEYHOLDS HO. = 26, 31
HUSSELT M. (ESP = 5.5a5
MUSSELT MO, (CORRECTED: = 5,652
RET. S#FRT. 25 = 5 oen

TIME(s2C s DEFLECTIOMCDEG: HETGHT Crivas

. 12.568 L SEET
62,06 12,88 . B34
164.8 11.48 . 3BE5
Z2EH,. 8 11,868 1520
229,68 18.7% . 3528

TRELE H 4

ExFT. HO. e
AIR TEMP. <O

DROP TEMP. <C2

MERAM DRCOP DIA. Cmm?

AIR VELOCITY (ms=D
FEYHOLDS NO.

HUSSELT MO, (EXFX
MUSSELT HO. ¢CORRECTED?
REt. S#PRE 1,33 e

(TR T T I S | O TR T}

LT s ol 0D
IS L% RN |

D L O W R

TIMEC sec DEFLECTICM(DEG)  MEIGHTIm2

13.
12,
11,
11.
11,
14,

L )
(N ]

RN
b
LN W A

OIS O ST
o
Ko
=
I

ol e
L L
[ AN

O o
- g L

c

-209-



TRELE H 5
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TRELE A 11
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TRELE H 13
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AIR TEMF. ©Cx ¢
pROF TEMP. 02 = 7.5
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ExPT. HO. i
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4.2 Water Drops at Elevated Temperatutes

Tables A36 to A39
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APPENDIX B

B.1 TABULATION OF RESULTS FOR THE DRYING OF

DROPS OF AQUEOUS SODIUM SULPHATE DECAHYDRATE

Tables Initial Conc.(wt.%) Air Temp (©C)

B1-B4 S 18 - 20.5

B 5 ) 40

B 6 5 66.5

B 7 5 110

B8-B11 15 19.5 - 22

B12 15 40

B13, Bl4 15 60

B15, B16 15 90

B17 30.3 19.5

B18§ 54.1 20

B19 54.1 20
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[ X0

z : 3.118 . BB
= . ;::l b‘:’? :
. et PRCS N
. 1.511 AT
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1

PR SN R N R oY

o U U0 S
XN}
N N LA N 2%
S S RS CE AR SR
DA O S o L
S I SN B OF's o

ER I A8 Iy o

5 163 525
200, 8 . TEg . T 745

oy 4 il
U 1 2 . 7l ?F’:"‘:‘

E:F_‘-‘:E'. E1 [ -9 H - "
454, A . 7O . TRS 773
S0, B . E50 §32 781
TES, 9 . 4ES 458 L 558

TRELE E 1@

EXPERIMEMT NUMEEE o= Y23

AR. S0D. SULPH. DECAHYDL (WT &) = 13

AIR TEMFERATURE (C3 = fBHP

RIR VELOCITY (m/s)

ACTUAL CORRECTED FRACT. OF INITIAL
TIME{=zec) WT . v 2 WT. Cmal WT. EYAPORATED

5]
14
. 280
458
Yals)
. red

QES

211

=

=
e {5
150

o
s B [
(BN
i L% [41] 3

] LY x]
el el USR5

Py 003 50 o O 3 (0

i) O
F
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-
e
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THELE B 11

ExFERIMEMT HUMEBER

Al

AIFR TEMPERATURE 0o
AIR WELDCITY dmeso

TIME(=ec2

ACTUAL
WT . Cnys

DG o R ) ol |
- - = - » "
T S T O T T T T

0T 0D 0 e 00 00 L

e LR I SO N O

SCOIL SULFH. TECRHYD. T %3

CORRECTED
WT. Cmns

Z.211
2.715
2. 1396
1.724
1.322

345

THELE B 12

EAFERIMEHT MUMEER

A,

=0n.

TIMEC =ec:

g

SULFH. DECAHYD.
RIFE TEMFERATURE
HIE YELOCITY

Con
s
ACTUAL
WT. St

[
T T ) T

D ncoon

.
i
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-
e

a8 et b
LS o R O I IR N 5
(RN

e

e [ 0
(RPN B LU N Rl W}
1D Ja 50T

O3 0 S O 00D
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(N VI Oy R R N B (NN N R

Lt AN O N % }
Ni R N NN R TR W AVE ) (W

R R I DR T Y R
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1

T W2

CORRECTED
WT. Crivss?
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= s [ P 00
$ax
e AN N (W g
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s
—
o
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FREACT. OF IMITIAL
WT. EYAPORATED
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. 151
212
46l
285
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THELE B 13

EXFERIMEMT MUMEER
. S0D. SULPH, DECAHYD, T =
AIR TEMFERATURE 3 o
AIF WELOCITY cmes)

03

— Ty . =T
R R

[T I 1

2]

. B3

RCTUAL  CORRECTED  FRAcT -
o = RECT ACT. OF INITIAL
TIT.IE.DEL \ L‘Tn ., e HT, LR HT. E"n"HFlOF'\HTEI'

L 3. 608 2. 585 e
45, @ 2.833 2,878 23
38, B . 065 2. 188 417
135, 0 1,476 1,567 21
{50, @ 857 ETE 745
248, 0 .54z 561 544
260, @ . 288 485 L2587
380, @ . 378 L 3TE 237

TRELE B 14

EXFERIMEMT MNUMBER = Y34
AR. S0D. SULPH. DECARHYD. (WT %> =13
AIF TEMPERRTURE <C = Bi
AIR VELOCITY (ms=2 = 1.688

RCTUARL CORRECTED FRHCT._D{ IHITIHL
TIME{=s2c) WT. (g WT, Cmas WT. EWAPORATED
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2. 544 . 238
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L 144 L B85
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TRELE B 13

EXFERIMEMT HUMEER:
AR. 0D, SULFH. DECAHYD. (4T =
AIR TEMFERATURE (C3 -
AIR SELOCITY dm/=)

[ L T
X o QTSN
n

ACTUAL CORRECTED ‘AL K S
TIME(seo) T, (s WT rCT O INITIAL

. L WT. EVAPORRTED

g 2.833 2.833 GG
3. @ 1,354 1.eIE 415
8.4 . rag T3 S35

125.4d 328 356 24
21,8 - 428 . 452 348
JEE, 8 « 36 358 274
ZEE. 9 . S8 o SE 29y
S, | g% i) 294

TRELE B 1a&

EXFERIMEMNT NUMEER

AR, S0D. SULPH. DECAHYD. CWT =2
AIR TEMPERATLRE <C3

AIRE YELOCITY (mos2

Y&
15
ag

1.8

':U

ACTUARL CORRECTED FRACT. OF IMITIAL
TIMECsec) WT. Cmg ) WT. Cmz) WT. EWAPORATELD

"a 2-916 2‘916 cgcg
?55';.1 189? l?n—'{' l_‘c_
185, 8 -TSE; - 'L;&

- o -y 40
135, @ 728 742 e
155, 712 728 756
TR -y I
.-‘:UU. B lbﬂ.-n‘-'; '?':?“_ ft-::::q
R, 8 . 335 . ook -
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TIME(=sec)

THELE B 17

EXPERIMEMT MUMEER

AR, =0D. SULPH. DECAHyD,
AIR TEMPERATURE (>

AIR

YELOCITY <m/=)

RACTUARL
WT . Crives

Il@E{sec)

—

B
45.48
28,08

155.48
214,

@
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423, 0
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CORRECTED
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ke 5300
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L 50

FRACT. OF INITIAL
WT. EVAFORRTED

. 8
<181
285
. 3458

g e
333

. 337
.62

744
.524
827

-
] bﬁ r

=41
34,1
28

1.683

FRACT. OF IMITIAL
WT. EVAFORATED




THELE E 13

EXPERIMENT MUMEER
AG. SO0D0. SULFH. DECRHYD. ¢MT -
AIR TEMPERATURE <0} e
AIR VELOCITY Cmszd
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I I T 11
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.
58,4
1298.8
1248.8

.
N

JRX
K

. B5G
123

217

Pade
}_‘.-\
L0

.293
=4H. ¢ .332

] =y I
428, 8
Ted.
1g38. 8

L] - a L
000 0 OO0 PO B QD

. 344
301
. 394
. 354

<

1

R Y el ol IV LA LA

0) OO £ O 4D 00 s O3 £}
0 0D 00000 LD

L T e B LB N A5

~242-



.1

APPENDIX C

TABULATION OF RESULTS FOR THE DRYING OF
DROPS OF SODIUM SULPHATE DECAHYDRATE WITH
AN INITIAL CONCENTRATION OF 40 wt.%

TABULATION OF EXPERIMENTAL CORE TEMPERATURE
MEASUREMENTS
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APPENDIX C

TABULATION OF RESULTS FOR THE DRYING OF DROPS

OF SODIUM SULPHATE DECAHYDRATE WITH AN INITIAL

CONCENTRATION OF 40 wt.%.

Tables Air Temp (©C)
Ccl 20
c2 40.7
C3-C5 59.3
c6, C7 78.3
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TIM

el e

o LN o8 O]

I

LI

TARELE C 1

EXPERIMEMT HUMEER
A, 50D, SULFH. DECAHYD. W7
AIR TEMFERATURE (C) &
AIR WELOCITY (m/s)

ACTUARL CORRECTED
Efseo) WT. Crad WT. Cmgd

.8 3. 3531 3.391
43.d 2.5391 3. B35
26,6 Z.0E5 2. 6538
35.48 2. 2592 2,323
25.8 1,292 1.328
TE. l.428 1.4£3
45.4 1.83% 1. 066
25.4 <S5 827
S5.6 555 . 365
85,8 <999 st
15.8 ] . 559

TRELE C =2

PERIMEMT MUMEER L
A, SO0, SULFH. DECAHYD. (WT &
AIR TEMPERATLIRE (C3
AIR WELOCITY (m/s

ACTUAL CORRECTED

TIMECsec) [T . Cms WT. C(med
& Z.958 2,958

45,8 2,425 2. 5680
S8, 6 1,319 1. 389
135.8 1,43 1.56{
135,98 1,878 1.186
278, B . 35 . 2@7
37S.8 . 635 633
495, & 518 (621
E7S. O .43 . 483

247
48
2

-

FRACT. OF IMITIAL
WT. EVAFCORATED

. BaE
. 188
284
.313
431
263

685

215
332
B35

. 236

a a = u

543
44
48,7
1

LU | I O |

FRACT. OF IMITIAL
WT. EYAFORATED




TRELE C =

EXFERIMENT HUMEER:
A, 50D. SULFH. DECAHYD, T
AIR TEMPERATURE ¢C3 )
AIR VELOCITY Cms)

[T T I 1
£ 14
Na g an}

RCTUAL CORRECTED FERCT. OF INITIAL

TIME(s2c? WT . S s WT. <mad WT. EYAPORRTED
.8 3.357 3.357 . BBa
45, & 2. 425 2. 545 . 242
Q@, 8 1.8626 1.742 .481
158,46 P TEE 981 T2
248,49 L OS5 . SES 832
39a.8 ol L5595 L8335

TABLE C 4

EXPERIMENT NUMBER ' L= 245
AG. SOD. SULFH. DECAHYD. (WT & = iw.
AIR TEMPERATURE <C> = ?9.3

AIR WELOCITY <m/'s?

“TUR SR FRACT. OF IMITIAL
ACTUAL CORRECTED FRACT, O L]

TIME¢sec) WT. Crrss? WT, (mad
. o 23.811 3,811 .ggg
43.0 2. 265 2,385 207
23,8 1,572 1,684 441
125. 6 1.833 1. 894 637
2rd. o . 535 . 5386 822
298, | La3s L 535 °
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TRELE C 2

EMFERIMEMT NUMEBER

Fg. SO0, SULFH. DECAHYD. (T @) - g

AIR TEMFERATURE (C3 g

AIR WELOCITY Cm's -

ACTUARL  CORRECTED  FRACT. OF IMITIAL
TIMECses)  WT.cmed W, (me) WT. EVAFORATED
s 3.184 3.134 . 68E

45,8 2.398 2.518 . 283
36, & 1. 786 1.818 423
135, 8 1. B85 1. 686 554
135, @ . 563 561 824
278, 8 .518 .511 . 840
29, 0 518 .518 . 3413
TRELE C &

EXPERIMENT NUMEBER L. =4

AQ. 50D, SULPH. DECAHYD. (WT 7> =423

AIR TEMPERATURE <Co c e

AIR YELOCITY <m/s2 =

ACTUAL CORRECTED FRHCT&HgEPé¥é£IHL
TIMECsecy  WT.imsy  MT. (mey  WT. EVAPOR
.8 3. 156 3. 138 gier

45. 6 1,858 2, @43 g
28,8 L FTE L S44 " son
135. 8 586 022 298
195. 3 . 539 gg‘* G168
278.8 . 538 - 393
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THELE C ¥

EXPERIMENT MUMEER = 849
AG. S0D. SULPH. DECAHYD. ¢MT %% = 1o
AIR TEMPERATURE <C) W -4
AIR YELOCITY (s =T
. ACTURL CORRECTED FRACT. O
TIME  sec WT. Cmars WT. Cman NT. E':-'Fi;gﬁél#é; o
.8 3. 158 3. 150 A
45. 0 1. 960 2. Gag s
23, § . 560 1,834 LET2
135. 0 . BEH . 752 761
155.4 e . BB3 . 739
279.8 .538 . 538 L5189
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C.2

TABULATION OF EXPERIMENTAL CORE

Tables

C8

C9

C10

Cl1

TEMPERATURE MEASUREMENTS

~-249-

Air Temp (©C)

20

40.7

59.3

78.3



TRELE C &
bl

EXPERIMENTAL CORE TEMFERATURE MERSUREMENTS

ExFERIMEMT MUMEER

S CSOD. SULPH. DECAHYD. (T v = g 10
AIR TEMPERATURE ¢*C) e TR = 12
IR VELOCITY (mds) - o

TIMECsEC) YOLTRAGE (m' » TEMP ("0

- e . 2763

12,80 13qa 15.00
e - L 8: bl
24, 0 L1231 2 A5
26, 88 1215 o

- s laldd 8- :,’13

! L”-' K -

icts LI L1218 8,29
58.49 1238 3. 36
a6, 96 .1263 a.51
1209, 88 S 1385 a. @l
156. 68 . 1482 9,35
106, 89 . 1388 2,55
219, 69 S 1631 18, e
< W, Ha
248, 59 . 17m3 11.28
270,00 L2154 12,34
iGB-FJE'_ L2388 .81
338, 06 . 2454 13. 48
368, 80 L2477 a3.7¢
398, 0a . 5532 14, B9
428, 0@ L2515 14,34
45@. ae . 2692 14,67
486, pO LOTFT 15. 84
516, 68 L2233 15. 72
548, 86 . 32231 17,04
579, 06 . 3838 158,33
506, 88 2260 19,46
512,06 ek 26, 84
636, 98 . 3224 2@, 0d
£60, 8@ L3924 26, 0
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L

TABLE C

EXFERIMEMNTRAL CORE TEMPERATURE MERSUREMEHTS

E<PERIMENT HUMBER

EHPER THENT . = 343,753
a0, S0D. SULPH. DECAHYD. CWT w00 = apo =7
ATR TEMPERATURE croo - 0 248
AIR VELOCITY (me's) =1

TIMECsec? YOLTRGE (mb » TEMP <"

. B8 L2195
2.4 .31as "
4,58 . 3875

12.08 3128
24,88 . 2066
36, 008 L3158
432,00 L3135
£8. 94 . 3253

=
3 Ay P3O O3 fa 00
O o OO T P

.54

L ‘_."J:i oy RN B s S s S n W VRS U0 L 8 3

[ O P L Tl S i S

r2.08 . 3343 49
24,00 . 3435 14
S5, 00 L3615 66
183, 88 . 3795 @S
126, 08 . 3765 2,3

132,008 L4178 21,06
144,080 . 4566 22,49
135,80 . 5970 24,96
lez, 6@ . 5585 2762
184, 88 L6375 24, 50
192, 88 . 5325 22,55
284, 8a . 7148 23,51
215,08 . 7828 23, 48
222,00 . 6435 2\, 86
240, BE . 5895 28.53
252, 66 L 5625 27,36
264, 08 . 5355 26.1%
27E. 0O . 4328 24. 31
Z38. 80 . 5355 gg-lg
292, 86 L5156 23,63
27 e g 49,93
392, 60 , a7ee 44, 50
321,68 . E789 44, &b
333,68 L5708 48, BE




t
—
[

TABLE C

EXPERIMEMTAL CORE TEMPERATURE MEASUREMENTS

EXFERIMEMT HLIMBER
Ae. S0D. SULPH. DECAHYD. <WT %
AIF TEMFERATURE o*C> ’
AIFR WELOCZITY dmc=d

LYWl o
L] '?\l
=
(33
(]

0oaoHon
)
)

TIME:s2c) WOLTRGE Cmt» TEMP {*i

. K 2252 17.69
4,26 . 3127 16.55
9.8 L3811 13,51

15,808 . 4135 21,19
2a, a8y . 4233 21,36
48, 26 L3455 22,47
S2.88 . 357 2z.81
&4, 28 4652 23.15
TE, 28 L4731 23.7
24, 08 . 4578 24,56
as. 88 . 5754 27.%2

23,608 L5812 28,648
184, 28 L5153 25.67
185, 66 BT 38. 13

112.808 . 5320 28,41
117, &d 6330 20, 41
122,44 . 5351 23.77
=r.2@ L5754 27.92
134, 449 . 5578 27.12
144, 06 ,532? 26,07

45, 86 . 5634 27.66
%gé.ég .836? 41,35
156, 6 1, 1354 A 52,99
15&, 69 1.,2833 52. 66
150,28 1.2988 o9. 14
168, B 1.30817 *i'i”
175, 26 1,3817 53,76



TABLE C 11

EXFPERIMENTAL CORE TEMFERATURE MERSUREMEMTS

EXFERIMEMT MUMEBER

Ad. SO0, SULPH. DECAHYD. ¢MT =y = igB}TTQ
AIR TEMFERATURE ("> ’ -
H IR '.',IEL 0':: I -r‘Tl ': n],f'.s 'l - 11 g o0t

TIME(sea) WOL TAGE ¢t TEMF

. 88 « S8R 17,28
2.48 3126 16,55
4. 20 L3126 16,55
9. 60 3167 16, 46

12,808 L4737 23,52
16, 280 . 5457 26,63
21.60 . 5872 28,43
23,86 .6138 29.58
33. 66 L6128 29,58
23, 46 S3E3 23,85
45, &6 5643 27,46
57. 60 ETG7 32,84
63, 66 . 7086 33.68
31.68 7296 37,62
3. 66 3806 41,47
185, 68 3867 41,22
117,68 . 3531 44,26
122, 40 L3736 43, 41
124,28 1.1368 a3, B4
127,29 1,6295 [
123,68 1,7924 773
132,89 1, 7387 7316
136, 56 1, 26824 7.3
143, G 1,5024 e,
168, 29 1. 3624 (628
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APPENDIX D

VARIABLES USED IN MODEL

COMPUTER PROGRAM LISTINGS
Program Filename: REI MODEL

TABULATION OF MODEL PREDICTIONS
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APPENDIX D

D.1 VARTABLES USED IN MODEL

Initial Concentration of Sodium

Sulphate Decahydrate = 40 wt.%

Core density (113) = 1221.8 kg m™3
Heat capacity of core (110) = 4180 J kg~1 k-1
Heat of cyrstallisation per kg.

of water evaporated (114) = 152 J kg~!
Latent heat of fusion (110) = +239 x 103 J kg-!

Il

Thermal conductivity of crust 0.015 W m~1 -1

1.61 x 1074 atm.

Partial pressure of drying medium

Variation of vapour pressure with absolute temperature (113),
5104.095
loge Ppe = = —=—7°°- + 20.21 (D.1)

where p, = vapour pressure (mm Hg.)

Porosity function:

e=1- 2.4 (V/R)

Effective diffusivity,

_ 1.5
Defg = Dyt




.2 COMPUTER PROGRAM LISTING

Program Filename: REI MODEL




EM  RECEDING EVAFC N
EEM EVAFORATION INTERFACE mopEL
REM EHRIHBLES

REM F = IMITIAL FARTICLE RADILS cne

REM DC= CORE DEMSITY fHGHHﬁé{'b SiK

REM CF= HERT CAPACITY OF CORE ¢JKG. K"
FEM MW= MOLECULAR MWT e LRGSR

A REM  RC= UMI. GRS CONST. ¢ATHM M4 emmo Fow
3 FEM CO= PARTIAL FREZS OF ALR :ponolHLEAK)

a@ REM  TA= AIR TEMF k>

>fE FEM
1@ REM
>o6 REM
g REM
A REM
256 REM
‘&l REM
Ta REM
‘a8 REM
1 FREM
A REM
16 FEM
28 REM

47 REM
S8 REM  A1-A4

m
I

MASZ FRACT. OF WATER

FORDSITY

WELOCITY OF AIR ¢MeSH

HERT CAPRCITY OF AIR ¢JSEGAES
THERMAL COMDL OF CRUST CMWAMoKD
HEAT OF CREYSTALLISATION «J/KGH
REYHOLDS MO,

FREAHITL MO,

SCHMIDT MO,

AIFE DEMSITY (KG-/M1Z0

AIFE VISCOSITY (EGSMASH

= DIFFUZ. OF YAF. IH AIE (M12755
. = HEART TEAMSFEER COEFF CMASMIEAED
ad REM C MASS TREAHSFER COEFF (MA52

40 REM  ED= EFFECTIYE DIFFUSIVITY CMtz/ %0
FEM F= THERMAL CONDL OF AIR CbAMARD
FEM LATENT HEART OF WAFORISATIOM <.JAKGH
LATENT HEART 0OF FUSIOH CIAKG
FEM H = STEF LEMGTH

COMSTAMTS

COMSTRHNTS

g )

s nun

i Mo

o ML

' R e
=TI NDh
TR TR I

=
'l?*-l

]

o

FEM E1-EZ

TE FEM

TPl 250 5D

U ) 0 P

LR ELESL LR R RS )|
L0 =g RS0 T g

'RA K]

T
=

TN

H

A REM IMFUT WARIAELES

Fl=2,14152:CT=& R
FREAT E,ﬂC}CP,MH,RE,CD,TH;HF;W;EH»KU;HL;LF
FEM

FEM IMFUT IMITIAL COMDITIONS

FERDL #1.,T1.MH1.H

MT=K1

FEM , )

FEM SET TIME TO ZERU

T=&

FREM .

REM OPEM FILES FOR FRIMTER

Ex=" o, oot
FREIMTH#Z.F$+E%F

FEM

GOSUE Faed

FEM )
FEM IMITIATE IHTERGRHI£UH
FOR I=0 TO i@@n STEF =2

]
~1




IF T=I THEM S@@
REM ,
REM EWALUATE FHYSICAL FROps
GOSUE VOo8d 2
E={-2. 4#(F=51 3
RE=R*Z¥\ DA
FR=CA%YA KR
So="ADA/TF
CH=KRA/Z F# (24, 125 CLT TR/ CTR-T1 50 +
£40 CHM=DIF /2 R# 2+, 185 CLT/0R T TR-T10 5 1,
FEM
REM COMSTAMTS FOR DIFF EQH,
Al=FTZ$CHERCATICHMF A CLT—-HC
Az=kC—-F#CH
AZ=F T=%CH
A4=CP A3 MF A CLT=HC
REM
ED=E T1.2%DF
E1=F 12 #ED*MACHATICMF ~FC
E2=ELi-F#CM
EZ=FT2#%CH
FEM
7ea T=T+H
TEE GOSUELGBE
ol GOSUBZEE0

SEEG

My LN LR nn
AR SRS E RN T Bl |

T Ry = T L

. 3 ..
IR DA R &) ]

1
]

T

S44HRE 1, SHPR T, 330
244¥RE T, SHSCT, 535

.-

£ Oy Oy 1y O
D0 ) an

O C 5 T S T T TR 0

S T Bt B B m
a3 T v 0

=0 GOSURZE

ey 0 P s 05
T
|

oo N o
—

—

1

~C

IF Tix=3@&.1% THEM GOSUE 7oo@
GOTO 573
FEM

FEM FRINT RESULTS
Te=T1-273. 10
e e

We=CWT =M1 WT

50 WE=IMTCHI¥1ES+,. 50 1ES
TE=IHTCTZ#1E2+., S0 1EE
WE=IMT CWE#$1E3+,. S0 1ES
FRINTH#Z. T, T2 820
HE=T I

EHT

FEM

FEM RUMGE EUTTA K
GOSUB4R80

A=l

J1=H¥II1 )
W =oa 71 S0 GOSURSE8E
JE=H¥I

Do o 00 00 €0 00 OO

AL b LD BT
1] [N O SR ORI | QTN
U AT R

L JenenCn

'_:_J
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NOMENCLATURE

e meaning of the symbols are listed below unles
e y S

otherwise stated in the pertinent text

Symbol MEEEEEE

A Surface area of spherical droplet (mz)

Ag Projected area of filament (m?)

Ap Projected area of spherical droplet (m?)

Anp Mass transfer area

Ap Heat transfer area

C Concentration

Co Initial concentration (wt.%)

Cy Integrating constant

Ce Heat of crystallisation per unit mass of
water evaporated (J kg~1)

Co Heat capacity of air (J kg™l k1)

Cq Drag coefficient on drop

Ce Drag coefficient on filament

Ca Concentration of component A

Cg Concentration on droplet surface

Coo Concentration at infinite distance

Cpf Heat capacity of diffusing vapour

“pe Heat capacity of core (J kg™t k™)

Dap Diffusion coefficient of A in a mixture
of A and B

Dy Molecular diffusivity (m? s7H)

Pore Lffective diffusivity (m? s7h)
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Symbol

Meaning
-

Drop diameter (m)

Diameter of filament (m)
Diameter of wire (m)

Mean drop diameter (m)
Emissivity of water drop
Emissivity of glass filament
Emissivity of nickel wire
Emissivity of slurry droplet
Geometry factor

Total drag force (N)

Drag force on drop (N)

Drag force on filament (N)
Gravitational constant (m s~2)

Henry's Constant

Gas film heat transfer coefficient (W m2 K'l)

Heat transfer coefficient for glass
filament (W m2 K1)

Interfacial tension

Mass flux

Overall mass transfer coefficient (m s~1)

. . — _l
Thermal conductivity of air (W m 1 x-1)
. -1)

Crust coefficient (m s
Lk -1
Gas film mass transfer coefficient (m s )

Thermal conductivity ©

Thermal conduct

Thermal conductivity of nicke l

_l K_)
i m

Thermal conductivity of crust (W

f diffusing vapour (W m

ivity of glass filament (W m

-1 -1y

"'1 K"l)

1 wire (W m~1 K'l)



Symbol

de

af

AQw

N .
Meaning

Molecular weight (kg/kgmole)

Evaporation rate

Evaporation rate in stagnant medium

Evaporation rate in

. Sta :
neglecting radiation gnant medium

Rate of mass transfer per unit area

Total pressure

Partial pressure at r

Il

X

Partial pressure at r

R

Vapour pressure on surface of core
Saturated vapour pressure

Partial pressure of air

Total heat transferred

Total heat transferred by radiation

Total heat conducted through glass filament

Heat flux
Rate of heat transfer
Rate of heat transfer by radiation

Rate of heat transfer to a drop through
the filament

Rate of heat transfer to a drop through
the nickel wire

Outer radius of crust

Correlation coefficient

3 -1 -1
Universal gas constant (Atm m kgmole K™)
Outer radius of gas film surrounding a droplet

Initial radius of evaporating droplet

Radius of evaporating droplet
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Symbo

SS
T'
T,

Tgs

AT

Wi

we

B'

Bo

1

T

T

g

S

1

Meaning
—_

Rate of productiop of fresh surface
Temperature (K)

Gas temperature in OC apng K respectively
Drop temperature in OC ang x respectively
Temperature driving force

Average film temperature (°C)

Core temperature (°C)

Temperature at r

1]

R (°C)

Temperature at r

X (°C)

Temperature of nickel wire (K)

Fall in drop temperature

Mean drop temperature (K)

Voltage (mV)

Velocity (m s~1)

Weight of drop (kg)

Length of exposed nickel wire

Weight correction for radiation and conduction

Interface between crust and core

Mass fraction of water
DIMENSIONLESS GROUPS

Transfer No. = CpAT/A

A - q/m)
Spalding No. = CpAL(A q/

o .
- d .1
Bond No. = (p¢c pq)dp 81t
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Symbol

Gr
Nu
Nug
Nup
Pr
Re
Reg
Re ¢
Sh
Shg

Sc

Pd

Meaning
-

Grashof No. = 3 2
dp°e%g. gy a1/ 2

Nusselt N =

Nuss
elt No. under stagnant conditions
Nusselt No.

under elevated temperatures
Prandtl No. = Cpu/k

Reynolds No. = Vdpp/u

Reynolds No. of gas stream

Reynolds No. for glass filament

Sher =
wood No. kg dp/Dy

Sherwood No. under stagnant conditions

Schmidt No. = u.Dy/p

GREEK SYMBOLS

Coefficient in Fr8ssling's equation
Coefficient of expansion

Porosity

Latent heat of vaporisation (J kg‘l)

Latent heat of fusion (J kg~ 1)
Viscosity of air (kg m-1 s71)
-1 -1
Viscosity of continuous phase (kg m s )
1 g-1y

Viscosity of dispersed phase (kg m-
Density of air (kg m‘z)

-3
Density of continuous phase (kg m )

-3
Drop density (kg ™ )
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Symbol

cO

Meaning
—_——

Core density (kg m‘3)
Stefan-Boltzmann Constant
Crust thickness

Constant in Nusselt equation
Time (sec)

Time interval

Index in Nusselt equation

Constant = 3.1416
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