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An extensive review of literature has been ca.rried -out concerning the drying
of single drops, sprays of droplets and the prediction of spray drier
performances.

The experimental investigation has been divided into two broad parts mainly:
(1) Single Drop Experiments, and (2) Spray Drying and Residence Time
Distribution Experiments.

The thermal conductivity of slurry cakes fram five different sources have
been experimentally determined using a modified Lee's Disc Apparatus and the
data collected was correlated by the polynamial:

K=A+BT+CI‘2+DT3+_....
Good agreement was observed between the experimental thermal conductivity -3 :
values and the predicted ones. The fit gave a variance of between 5.877x10 ~ °
and 1.124x10~3 for the various samples experimented on. ]
A mathematical model for estimating crust mass transfer coefficient at high
drying temperatures was derived and the following equation is proposed:

K = e’ |

© s50-e)? 5?8

The proposed overall mass transfer coefficient was predicted fram the following
equaticon where the gas phase coefficient was estimated by the correlation
proposed by Audu.

i X .1
K B Ko
The agreement between the experimental and the proposed overall mass transfer

coefficient was very good with__§ correlation coefficient of 0.9960 and a
standard deviation of 5.841x10 -,

The residence time distribution of the drying air in the spray drier was
experimentally determined by Tracer Analysis and numerically simulated by an
appropriate model which was analysed by a computer program. The agreement
between experimental and the simulated responses for the model was very good.
The sum of squareg errors ranged between 0.145 and 0.245 with variances :
between 1.716 <107 and 2.956x1073,

Spray drying experiments were carried out on a pilot plant spray drier and the
factors predicting its performance were determined by a derived design model.
The prediction by the design model was very good.

CRUST THICKNESS, MASS TRANSFER COEFFICIENTS, RESIDENCE TIME DISTRIBUTION,
TRACER ANALYSIS, SPRAY DRYING
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CHAPTER ONE

INTRODUCTION




INTRODUCT ION

Spray Driers are direct, dispersion type driers which
operate on the principle of atomising a fluid feed to form
a spray of droplets which mix with and pass through hot gases
to evaporate a liquid and produce a dispered, dry product,
Spray drying operation finds very extensive use both in the
food and process industries, Its applications range from the
production of dried milk, lactose, coffee powders etc.,, in
the food industries to more massive scale of production of
detergents,dyestuffs, chemicals, etc., in the process

industries.

Despite these wide applications, spray drierAdesign is
still very much given to empiricsm. This is so because of
the large number of factors that need to be considered in
order to predict the performance of a spray drier. A review
of literature has shown that among other things the Drying
Characteristics of the material to be dried play a very
important part in the prediction of the spray drier performance.
To this end, the experimental programme had been carried out

as follows:-

(1) Single Drops Experiments, during which the Drying

Characteristics of the drops were determined.

(2) Spray Drying and Residence Time Distribution Experiments
in a pilot plant spray drier; and on an industrial scale

drier.

(3) A desi gn model which considered all the factors developed

~-1-



in (1) and (2) was derived and tested with the

experimental data collected.

A mathematical model for predicting the crust mass
transfer coefficient at high temperatures was derived in

Sections 3.1 to :3.3.

A numerical method utilising the computer was used to
analyse Residence Time Distribution data and is presented

in Section 3.4.

The results of the experimental programme have been
presented and analysed in Chapter 5, while the development

of the design model is presented in Chapter 6.



CHAPTER TWO

LITERATURE REVIEW




LITERATURE REVIEW

2,1 MASS TRANSFER ACROSS A PHASE BOUNDARY

Most of the major industrial transfer processes, e.q.
drying, distillation, crystallization, etc. are characterised
by a transference of material across an interface. The
transfer is brought about as a result of the existence of a

(1)

concentration gradient within a fluid comprising of two
or more components. This process takes place in either a
gas dr liquid phase or in both simultaneously, and it
continues until the whole liquid has evaporated or until
all the gas is saturated and the concentration gradient is

(1)

Zero .

The mass transfer rate between two fluid phases will

depend on the following:

(a) the physical properties of the two phases
(b) the concentration gradients existing in the fluids

(c) the interfacial area and the degree of turbulence.

The earliest attempt to explain the mechanism of mass
transfer across an intexrface was by Whitman(l). He suggested
that the resistance to transfer in each phase could be
regarded as lying in a thin film close to the interface.
Higbie(B) in 1935, further suggested that the transfer
process is largely caused by fresh material being brought
by eddies to the interface, where a process of unsteady
state transfer takes place for a fixed period at the freshly

(4)

exposed surface. Danckwerts" modified this theory by
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suggesting that the material brought to the surface will

remain there for varying periods of time. Toor and Marchelo(s)

have subsequently proposed a more general theory - the
film-penetration theory - and also defined the limits of

applicability of the two previous theories.

2.1.1 The Two-Film Theory

(2)

Whitman's two-film theory was the pioneering theory

on mass transfer across a boundary. In his theory, Whitman

assumed that turbulence dies out at the interface and that

a laminar layer exists in each of the two fluids. He

further proposed that outside the laminar layer exists in each
of the two fluids. He further proposed that outside the
laminar layer, turbuleﬁt eddies the aétion caused by the
random movement of the molecules, and the resistance to
transfer becomes progressively smaller. This situation is

illustrated by Figure 2.1.

The basis of the theory is the assumption that the
zones in which resistance to transfer lies can be replaced
by two hypothetical layers Ll and L2, each on either side of
the interface ODCO. Thus, he proposed that the concentration
gradient within Ll and L2 is linear and zero outside.
Equilibrium is assumed to exist at the interface. The mass
transfer is thus treated as a steady state process and
therefore the theory can be applied only if the time taken

for the concentration gradients to become established is

small compared to the time of transfer, or if the capacity

of the film is negligible. With these assumptions, the
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relative mass transfer coefficients for each phase is:

C. «~ C
Ei _ 12,. .02
i (2.1)
1 1
where
CO - Molar concentration outside film Ll
1
CO - Molar concentration outside film L2
2
Ci -~ Film molar concentration in Ll
1
Ci - Film molar concentration in L,
2

Ky - Mass transfer coefficient in phase 1

K, - Mass transfer coefficient in phase 2.

2,1.2 The Penetration Theory

(3)

The penetration theory was propounded by Higbie who
was investigating into whether or not a resistance to
transfer existed at the interface when a pure gas was
absorbed in a liquid. The work resulted in the theory in
which it was assumed that the eddies in the fluid briﬁg an
element of fluid to the interface where it is exposed to

the second phase for a definite time interval, after which

the surface element is mixed with the bulk again,

He proposed a non-linear differential equation to
represent the diffusion of a solute A from the interface

(Y - direction) such that:

%)
@]

|

0
Y

Q
t



with the boundary conditions:

t =0, O<y<®= ; C = C
o
t >0, y =0 : C=2cC,
i
t > 0O, y = ® C = Cg
where
Co = Concentration of A in the phase
Ci = Equilibrium concentration of A at the interface
D = Diffusivity of the liquid.

Solving equation (2,2), he derived the mass transfer

rate, NA’ of a surface element of fluid A as:
No=2(c, -c) & | (2.3)
A i o Tt ’ ¢
Danckwerts(4), however modified the Higbie theory. He

suggested that each element of surface would not be exposed:
for the same time, rather a random distribution of ages
would exist, He assumed that the probability of any element
of surface becoming destroyed and mixed with the bulk of

the fluid was independent of the age of that element. On
this basis, the transfer rate equation (2.3) was modified

thus:-

N, = (¢, - c) (=) s.e dt (2.4)

where s is the rate of production of fresh surface per unit

area of surface and t is the age of a surface element,

-7



2.1,3 The Film-Penetration Theory

The film-penetration theory incorporates some of the
principles of both the two~film theory and the penetration
theory. It was proposed by Toor and Marchello(51 in 1958,
They agreed that the resistance to mass transfer occurs
within a laminar layer near the interface as in two-film
theory, but claimed that this transfer is an unsteady state
process. They also agreed to the theory that material

is brought to the surface for exposure for short periods

of time as in the penetration theory but that the resistance

to mass transfer is confined to the finite film, and the
material which goes across the film is immediately and
completely mixed with the bulk of the fluid instead of
returning to the fluid. They conceded, however, that for
a short period of time, mass transfer across a boundary
can be modelled by the penetration theory, whereas for
prolonged periods of exposure when a steady state
concentration gradient has been developed, conditions are

pertinent to those considered in the two-film theory.

2.1.4 Mass Transfer Coefficients

The theories so far considered suggest that the rate
of mass transfer in the absence of bulk flow is directly -
proportional to the driving force expressed as the molar

concentration difference, thus:-

_ - 2.5)
NA Ki (ci co)_, C 1



where Ki is the mass transfer coefficient. The mass

transfer coefficient is differently defined in each of
the theories discussed. In the two-film theory, Ki is
directly proportional to the diffusivity and inversely
proportional to the film thickness., By the penetration'
theory, it is proportional to the square root of the
diffusivity and, when all surface elements are exposed
for an equal time, it is inversely proportional to the
square root of time of exposure; and when random surface
renewal is assumed, it is proportional to the square root
of the rate of renewal, In the film-penetration theory
however,. the mass transfer coefficient is a function of
diffusivity, film thickness, and either the exposure time

or the rate of renewal of the surface,

Since material does not accumulate at the interface
the transfer rate on both sides of the interface must

(. i L )

If there is no resistance to transfer at the interface,
Cil and Ci2 will be the corresponding values in the phase-
‘equilibrium relationship, As the valués of Cil and Ci2
are generally not known, the mass transfer coefficient.is

considered for the overall process thus:
(C, = G, (2.7)

Thus assuming a linearity in the equilibrium relationship

=G



From equations (2.6), (2.7) and (2.8), we derive the
relationship between the variocus transfer coefficients as

being:

1 1 '
=g TR : (2.9)
HK, =~ K,

=

These equations are valid if the transfer rate is

linearly related to the driving force, AC(l).

The theories so far discussed find satisfactory

applications in problems involving mass transfer between

a fluid and the surface of a solid as in the case of drying

of drops containing dissolved solids, In this case the
basic assumption that turbulence dies out at the interface

would be justified. Thus the layer of fluid immediately

in contact with the solid is in laminar flow and constitutes

the laminar sub-layer. However, in the vicinity of a solid

surface, appreciable velocity gradients exist within the
fluid and this makes the calculation of the transfer rate

very complex if they are taken into consideration.

2.2 PRACTICAL CONSIDERATION OF MASS TRANSFER -

In order to design reactors for use in the process
industries, it is essential to take into account factors
such as heat transfer, mass transfer and fluid dynamics

~10-



into consideration. In the light of this fact it is not

very conclusive to base the design of mass transfer equipment
on the phase boundary theories alone. The pioneering work

of Colburn(61

has helped considerably in this respect, He
developed a general method for the correlation of forced
convection heat transfer data. By this he arrived at the

relationship that:

2/3

st. P_ = 0.023 Re

0.2 (2.10)

The basis of this correlation is the Reynold's analogy
for flow in pipes, but it also includes a friction. term (Cp/K)
to correct for differences between temperature and velocity
distributions. The equation.formed the basis of the analysis

which produced the well known j-factors of Chilton and Colburn.

2.2.1 The J-Factor for Heat Transfer

Chilton and Colburn(7) developed the famous j-factors.
The latter were developed to represent the results of
experimental studies of heat transfer between a turbulent
fluid and the wall of a pipe. This was developed from

their original eqguation:
N = 0.023 ReQ*8 prO37 (2.11)

By dividing both sides of equation (2.11) by Re.Pr, they

obtained the relationship:

0.67

st. Pr = - 0.023 Re 0?2 (2.12)

Ju
where jH is the j-factor for heat transfer, The plot of

-11-
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jH vs Re, they found, gave approximately the same curve as

the friction chart for flow in tubes,

2.,2.2 The J-Factor for Mass Transfer

By analogy to the derivation they found in (2.12) for

heat transfer, Chilton and Colburn(j’ 8) derived the rate

of mass transfer to, or from a surface as:

K_d
Sp
DV

= £(Re, Sc) (2,13)

By the same method as with heat transfer, they developed

a j-factor for mass transfer as:-

K :
- G'bm . 0.67
a~ g,

(2.14)

Several workers, including Maisel and Sherwood(g),

(10) (11)

Sherwood , Gilliland and Sherwood have attempted

to establish a relationship between jH and jD' Introducing
the Schmidt group, they were able to formulate the
relationship:

- K_.P : 0.56

G bm (p_, = 0.023 Re™
GM pD

.17 (2.15)

The index of the Schmidt group, (%B), was much less
than 0.67 compared with that of the Prandtl group as obtained

during heat transfer. However, the experimental work of

(9)

Maisel and Sherwood showed a good enough agreement with

equation (2,14) of Chilton and Colburn(8). Sherwood and

Pigford(13l showed that if the data of Gilliland and

(11) (9, 10)

Sherwood and others were plotted with the Schmidt

-]12-



number having an index number 0.67, a reasonably good

correlation also ensued, and they also established that

both jy and Jp were nearly equal to the friction factor

2
Re /U710,

Further confirmation of the Schmidt index of 0.67 was -

supplied in the work of Linton and Sherwood(l3),

2.2,3 Limits of Applicability

The j-factors for heat and mass transfer have been found
to be approximately equal. This was confirmed by Maisel

and Sherwood('91

in their work when they correlated the mass
transfer for various liquids evaporating from different
surfaces. Thus the values of mass transfer coefficients

could be obtained if the corresponding heat transfer

coefficient is known or vice versa.

The j-factors have their limits of applicability though,
Now the cases considered in setting up the Chilton~Colburn
analogy were those whereby the drag force in the transfer
system was due almost entirely to viscous drag at the surfacé8).
Sherwood(lO), however, when he was investigating the
relationship between mass transfer and friction in turbulent
fléw had to make allowance for cases when another form of
drag, namely the form drag, was predominant., The latter
was the additional drag caused by addies set up as a
result of the fluid impinging on an obstruction. . He found
that on making this correction, the j-factors for heat

and mass transfer were no longer equal, Such cases were thus

13—



the limiting cases for the Chilton-Colburn analogy. The

(roy .
way Sherwood y overcame his problem and thus getting

a reasonable agreement between the corresponding values

. . 2 .
of Jygr Jp and (R/cU)] was to subtract the form drag from

the total drag force in the system.

Another reason for the limit in the applicability
of the Chilton-Colburn analogy is due to the difference
in heat and mass transfer paths in a drying droplet. Such
cases abound in droplets which form crusts as drying

proceeds.

2.3 DRYING AND EVAPORATION OF DROPS CONTAINING DISSOLVED

SOLIDS

The drying process can be described as consisting of
both the transfer of moisture within a droplet to the
surface and the evaporation of the moisture from the surface
into the surrounding medium(ls). It is an operation
involving simultaneous heat and mass transfer. The heat
is being transfered by convection from the hot medium (air
or super-heated vapour) to the drop surface, then by
conduction into the drop to effect its evaporation. Due

to the latter, moisture is transfered through the drop and

then by convection into the hot medium.

Various workers(14’16’17’18’19'20'21'22) have carried out

investigations into the drying process and they concluded
that under constant environmental conditions, the drying

process can be divided into a constant rate period and one

-14-



or more falling rate periods. The first period of drying

1.e, the constant rate period is very amenable to simple
analysis (14'16'17'18'19’). This period best describes the
drying process in pure drops., The picture is different
however in drops containing dissolved solids, Now, as
drying proceeds the droplet concentrates to the point where
it no longer presenté a free liquid interface to the hot
-alr stream. It thus reaches a critical point(2o’2l'22),
whereby drying characteristics is determined by the nature
of the solid structure so formed. This is the point it

enters the falling rate period and the drying rates begins

to decrease with decreasing moisture content.

For a better understanding of the evaporation of drops
containing dissolved solids, it is pertinent to consider,

first, that of pure single drops.

2.3.1 Pure Single Drops

The theory of evaporation into still air was initiated

by FrOessling. He developed an empirical equation for

N

correlating the mass trajﬁfer rates from spherical drops.
-

Thus, for mass transfer he obtained:

Sh = 2.0 + 0.552 ReD*° 5c0-32 (2.16)

The constant value of Sh = 2.0 relates to the condition when

Re = 0, that is at zero relative velocity for mass transfer

by molecular diffusion.

Another notable contribution to the theory of evaporation

~15-
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from pure drops is from Ranz and Marshall(29

who investigated
the factors influencing the rate of evaporation of pure

liquid drops. Their study was in the range OgReg200 as

this isvrepresentatiVe of the conditions encountefed in

spray drying operation. The correlated the experimental

data for water and benzene drops and they obtained the

following equation for mass transfer:

Nu'! = 2.0 + 0.6 Sco'33 Reo’5 . 2.17)

For heat transfer they obtained the analogous equation:

Nu = 2.0 + 0.6 pro>3 Re©:? (2.18)

As with Fr8essling, also Nu = Nu' when Re = O. At
high values of Re, the constant texm becomes significant

then equations (2.17) and (2.18) can then be converted

through the well known j-factors of Chilton and Colburn(8).

In order to account for bouyancy effects, Ranz and

(18)

Marshall defined the velocity term in the Reynold's.

number, Re, as a vector sum (ﬁo + vf ), where §f is the

axe! c
velocity component due to free convection, and

5

= (0, 9, o46)°" (2.19)

Then equation (2.17) and (2.18) for V=0 becomes

0.33 0.25
Nu' = 2,0 + 0.6 (Sc) (Gri (2.20)
Nu = 2.0 + 0.6 (,Pr),o'33. (Gr)o'25 (2,21)
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where

3 2 2
Gr = (D oAB :
r { o pg 9. ) /u (2,22)

The equations (2.20) and (2,21), they argue, are
consistent with standard empirical correlations for free

convections(30’3l).

Pel et al.(32)

, studied the drying of pure single
drops in high temperature surrounding and concluded that
forced and natural convection were non-additive which
vcontradicts Ranz and Marshall's findings, They suggested
however that the transition from one form of convection

(33)

to the other was a gradual process, Schiinder carried
out some investigation along the line carried out by Ranz and
Marshall except that their experimental procedure was more
sophisticated because of the photographic technique(34)
they adopted. They reprieved Ranz and Marshall in their
reslts except that they modified the Reynold's number, Re,

in order to include the effects of both free and forced

convections. Their modified Reynold's number was defined
thus:
¥
Re* = ﬂ%— +( 60+ 22 (2.23)
where L' = 1y, the characteristic length upon which flow

impinged; and r = droplet radius.

Their proposed correlation then took the following

form;
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Nut = 1 + 0.6 (Re*) 0" (5¢) 0" 32 (2.24)

- mass transfer

T+ 0.6(®Re*)? (pr) 033 (2.25)

Nu

1

heat transfer

More investigations have been carried out on the
correlation of experimental data of experiments concerning
single drops. Amecng these was the work of Jeffreys and

Audu(23'24).

They carried out experiments on drying of

pure water drops. They introduced a novel method whereby

the drop to be dried was suspended from a nozzle and

rotated in a wind tunnel. By this method the drop is given

a uniform exposure to the drying medium. They found. that

the value of the constant reported by Ranz and Marshall was
temperature dependent. In the temperature range 26.5$T5118.50C
the constant, ¥, for pure water drops varied between O.38

and 0.47. They proposed a revised correlation of mass transfer

coefficient in the form:

T ~T <0.008
3 s\ Re0.58C0.33 (2.26)

Sh = 2.0 + 0.44/( TP

amb

This correlation was much more practicable in that the
experimental procedure simulates more closely the conditions

in a spray drier.

2.3.2 Single Drops Containing Dissolved Solids

(29)

Ranz and Marshall also carried out experiments

on evaporation from droplets of solutions and suspensions,
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and concluded that the drop evaporated, initially, as if

it were saturated throughout even though its average
concentration was less than saturation. The resistance
to mass transfer was mainly in the boundary layer of
stagnant gas surrounding the drop, and entrained(72)
submicroscopic droplets from the evaporating surface. They
found that this initial evaporation rate corresponded to-

that of a pure liquid. When the drop forms a solid however,
the falling rate period ensued during which the drop
temperature rose continually. They attributed this phenomenon
to both the heat of crystallisation and sensible heat transfer

in the case of solutions and primarily due to sensible heat

transfer in the case of suspensions.

These observations were confirmed by William and

(35)

Schmidt in their experiments with saturated solutions

of ammonium nitrate and magnesium chloride hexahydrate.

The first major work on the drying of single stationary
drops containing dissolved solids, however, was by Charlesworth
and Marshall(34>. By means of a specially designed sensitive
balance, they were able to suspend drops over a hot-air
stream and observe their drying characterisatics. They
produced a tigorous mathematical model from transient heat
and mass balance like Ranz and Marshall(zg), but assumed that
transfer in the droplet was by diffusion only,.and concentration
gradients were spherically symmetrical., As drying proceeds

the presence of a solid phase was first shown by the formation

of crystals at the bottom of the drop. The density of the
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crystals grew in time thus forming a surface crust which
steadily grew up the sides of the crust. This mode of

crust formation contained in stationary drops until the

" whole drop is encrusted over., On the other hand for
rotating drops, the crust tends to dissolve.and reform as
drying proceeds. They observed also that further drying
after the completion of crust formation depended on the
nature of the soluﬁe and the temperature of the drying air.
They produced a comprehensive report on the various resulting
crust as a result of different air temperature conditions£34).
In virtually all cases however they reported that the final
particle consisted of a hollow, thin, and nearly spherical
crust. The latter had a smooth outer surface, whereas the

inner surface was rough and uneven, occasionally containing

an open network of large crystals.

(33,41)

Other workers on drying of drops containing

dissolved solids investigated along the lines of Charlesworth
and Marshall(34), but with different materials. They too

observed the formation of crusts or skins as drying proceeds

in the materials.

Of special interest is the recent work of Jeffreys

and Audu(23’24)

who also included in their work evaporation
from agueous sodium decahydrate drops and slurry drops from
various detergent formulations. They also reported the
formaticon of crust as drying proceeds. They were able to

measure and study the crust thickness with the aid of a

stereoscan, a scanning electron microscope. They found
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that when a drop of aqueous sodium sulphate is dried, a

hollow crust is formed. This crust they found provides
64.2% of the total resistance to mass transfer. They also
found that the crust thickness rate increases with increase
in air flowrate past the rotating drop, air temperature

and the initial moisture content of the saturated drop.

They produced a mathematical model for estimating the
variation of crust thickness with drying time, 6, as follows:
B = R—]RB-—(l.SG/ﬂC ) (AH_-AH )Aell/3 (2.27)

' o D u :

Their crust thickness experimentally evaluated from
stereoscan micrographs showed good agreement with those
theoretically derived by equation (2.27). In their model
they also pfoposed that the-drying characteristics of
detergent drops can be evaluated from the porosity:thickness

ratio (¢/8), thus:

K B pUD_ 0.5 0.6

m m - P u
—1 5~ 0.58( . ) ("—"ITH) (2.28)
D e DMS

Some of their observations on crust structure confirms

(34)

earlier ones by Charlesworth and Marshall and

(41)

Trommelen and Crosby

2.3.3 Evaporation and Drying of Drops in Superheated Vapour

Drying in superheated vapours has been claimed to offer

numerous advantages over drying with gases, and one of the.
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main advantages quoted is considerable improvement in thermal

- 36,38 L,
efflclenc§‘ r= % It is also claimed that the problem of

dust collection is facilitated(36) since excess vapours

ensuing from the system are passed through a total condenser.

Now, a pure liquid evaporating into a gas or dissimilar
vapour attains dynamic equilibrium at a temperature somewhat
below the dry bulb temperature because of the combined
resistances to heat and mass transfer., When the liquid
evaporates into a medium of its vapour, though, these
resistances become very small indeed and the temperature of
the liquid comes close to that of its saturated vapour at
the ambient pressure(36’36'39). This phenomenon predominates
during the first period of drying of liquids containing

(29,34,40)

dissolved solids . It is also the case of single

drops in air,

(39)

Toei et al, investigated the evaporation of pure
water in superheated steam and mixtures of steam and air.
For 9<Re<l120 and 0.75Prsl,0, they proposed the following

correlations:
Nu = 2.0 + O.65(Re)o'55co'33 (2.29)
- for heat transfer

and

.2 0.5..0.3

Sh (P V/P),"O - 2.0 + 0.65 Re®"’pr (2.30)
a,

- for mass transifer,

where Dav'is the average partial pressure of air in
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transfer path adjacent to drop and P is the total pressure

of the system in atmospheres. Their work was supported by

Hughmark(BS)

whose work on spherical drops in superheated
steam was in the range 1,0<Reg450 and Prg<450 found the
correlation factor in equations (2.29) and (2.30) was 0.6

instead of 0.65, Lee and Ryley(42)

also reported a close
agreement in their experiments on non-spherical drops of water
in superheated steam. Their empirical factor was 0.74.

Other workers in this line of investigation include

Chu et al.(36’37), and Wenzel and White(43).

In order to understand better the manner in which
drops containing dissolved solids dry in superheated vapours
as compared with gases, Trommelen and Crosby(412 dried
single drops of several agueous solutions and suspensions
in both media. The investigations covered a wide and
varied range of materials including commercial- clay (6 wt3)
potassium nifrate, sodium sulphate, a commercial detergent,
tomato juice, coffee concentrate and skimmed milk, They
were also interested in the final quality of these materials

after drying in both medila.

They discovered that water evaporates more slowly in super-
heated steam than in air. Also, that the medium in which faster
drying occurs depended on the material being dried rather
than on the medium, For drops containing food products
hbwever, they discovered that they did not exhibit a constant
temperature period when air was the drying medium, Instead,
the temperature rose continuously from its initial wvalue
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to that of the air throughout the drying period.

While drying in superheated steam however, a constant
temperature period occurred near the saturation temperature
of the steam. For drops containing other materials in
solution and suspension the picture is quite different,
These exhibited a drying pattern similar to the evaporation
of water drops in superheated steam., This was characterised

by a rather long constant temperature period.

2.4 SPRAY DRIER DESIGN AND PERFORMANCE PREDICTION -

Spray drying has of recent found applications in a wide
range of products from food to high tonnage chemicals.
Master (44) lists several hundreds of producté‘that are being
spray dried industrially today. Despite the wide applicability
and the appeal of spray driers, their design and performance
prediction is still very much a matter of empiricism and
experience, One of the main reasons for the lack of uhified
appraoch to the design of spray driers is the sheer numbgr

of operating parameters involved as well as the diversity

of products that can be handled.

Spray driers, unlike other flow reactors such as
distillation columns or absorption columns, come in a
great variety of sizes, shapes, flow and atomizer arfangementsa
Despite these setbacks, there has been several proposals ™ ét
design methods. These methods could be classified into

. 45
three broad categorles( ! namely:
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1) Empirical and semi-empirical methods.,

2) Analytical methods,

3) Numerical methods.

2.4.1 Empirical and Semi-Empirical Methods -

These methods have not gained much wide acknowledgements
as such, One of the earliest proponents of these methods was
Luikov(46). He derived an equation for the volumetric heat
transfer coefficient as a function of droplet mean diameters,

droplet velocity and other patameters, The final form of

his equation was:

3 s

o = 1.58 x 10~ ) (=) (2.313

where o is the volumetric heat transfer coefficient,

Turba and Nemeth(47), on their work on a spray drying

unit tried to apply the above equation in their system, The
unit used a slurry of 40% wt chalk as feed material. They
evaluated the total volume of drier needed to carry out the
drying using equation (2.31), The value predicted by the
equation was bigger, by a factor of 10, than the real

value. They concluded however that the equation was

probably not applicable to cases of slurry feed.

(28)

Also together with his works, Frdessling , tried to
predict spray drier performance. He derived the following

equation to evaluate the evaporation of drops in moving air:

N, = 27D.Dy L2 (140.0276 Re?75c0737) (2.32)
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where NA is the rate of mass transfer of the species. 1In

his experiments, he used introbenzene, aniline and

maphthalene (so0lid).

(48)

Contrary to the methods hitherto discussed, Feder
tried a graphicél approach in evaluating the rate of
evaporation of any fluid in a moving air stream. He based
his method entirely on the empirical data of Longwell and

Weiss(49)

who evaluated the fraction of liquid evaporated

in a moving air stream as a function of the liquid "residence
time" in the system, the air yelocity, and other system
parameters. Feder's approach is rather suspect however
considering that the data he used were for a limited range

of values and he had to extrapolate the data in order to
carry out his graphical prediction. Other attempts have
been made at spray drier performance prediction, and among

(50) (51)

them are Borde and Dolinsky who used dimensional

analysis.

In conclusion it could be argued that empirical and
semi-empirical methods of spray drier performance prediction
do not offer a very satisfactory precedent as the experience
Turba and Nemeth showed. This is because of the great
number of factors involved and this had tempted past workers
in this line to make very many over-simplifying éssumptions
in order to arrive at their equations. At best the
advantage these methods offer is in giving a pointer as to
the magnitude and general trend and effect of some variables
in a spray drying system.
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2.4.2 Analytical Methods

Analytical methods so far proposed by investigators
can be classified into two broad sections. These
represent the two schools of thought now current(45) as
to the analytical method suitable to predict the
performance of a spray drying system. They are (a) Methods
which try to characterise the drying of a spray by that

of a single droplet and (b) Methods which assume a size

distribution.

2.4.2.1 Methods Which Consider a Single Drop

These methods characterise the behaviour of a
polydisperse spray by that of a single droplet; This is
usually the largest droplet from the atomiser. Having aésumed
the latter as being representative of the spray beahviour,
the equations of motion and evaporation for the particle
are derived using the atomizer parameters as the initial

conditions.

One of the earliest exponents of this method is

(52)

Sijenitzer who developed a graphical method based on

the assumptions of constant air conditions, pure liquid

(29)

droplet and the use of the Ranz and Marshall eguation

to estimate the heat and mass transfer to spherical particles.

He went further by introducing the Height of Transfer Unit

concept(53) into spray drier design. Johnstone and Ead(54),

(28)

however, derived an eguation based on Frossling correlation
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of mass transfer data from evaporating drops. They claim
this equation could be used to predict the time reguired
to completely evaporate a liguid droplet of known size.
Miesse(SS), assuming a Stokesian regime of Nu = 2 (as for
droplets in a quiescent fluid), solved the equation of

motion and evaporation for a pure liquid drop in constant

descelerating and accelerating gas flows.

Glukert(7l)

carried out an extensive work on spray
drier design, with various atomizer types being considered.
He developed the following equations for the rate of heat

transfer to a spray for each of the atomizing methods:-

6.338k VO'667AE W /P, L w_Fw.
= £ S f—2) (-2_8) (2.33)
! 2 “p W_V w :
(D_) s a'a a
m
- Two fluid atomizer
10.98k, VO °%7at o
q = 5 .D - (2.34)
D v S Pg
m
-~ Pressure nozzle atomizer
4.19% (R -r/2)° = |
ST E Y ¢ AT WgPrp
q = 5 fpecing S (2.35)
D ps
m

Centrifugal disk atomizer

He represented the process of heat and mass transfer
in the spray as taking place in the maximum drop size Dm

where D, is equal to 3DVS the volume-surface diameter of
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the spray droplets. It should be pointed out however

that almost all the methods so far considered apply only

to pure liguid feeds.

2.4.2.2 Methods Which Assume a Size Distribution

In these methods a form of size distribution is assumed
and the evaporation in each size range is integrated over
the whole size spectrum to yield the total evaporation in

the chamber. Of the forms of size distribution favoured
(56)

by workers, the following are the commonest s
(i) The Log — Normal Distribution.
2
. (2. D_=u..)
av — 1 .exp|- n p "LN ] (2.36)
d@ ,by) /pT.o 20 2
P PT-9LN LN
(ii) The Root =~ Normal Distribution.
2
(YD =Upy)
d(¥D ) = ——=——. exp[- —B—5—] (2.37)
P 2T .0 20
RN RN
e . \ . . (57)
(iii) The Rosin-Rammler Distribution .
av -1 S
2 = - 2.38
5. K Dp exp ( aDp) ( )
P
. : . . . (58)
(iv) The Nukiyama-Tasanawa Distribution .
av 5 S
EV = - 2.39
a5 K Dp exp ( aDp) | ( )

In their treatment of the changing size spectrum of

particle clouds undergoing evaporation, combustion or

(59)

acceleration, Shapiro and Erikson developed a vigorous

~20~



differential equation governing this size change. They

derived this equation as a function of the size, position
and the velocity of the spray. They thus postulated that
the number/size distribution G could be related to the

distance from the nozzle thus:

(2.40)

The above equation can be solved for an entire spray
by assuming a size distribution as pointed out in the

earlier part of this section. The derivative g% is generally
. 0U

assumed to be zero and in most cases —P is also assumed to be

oD
p

negligibly small (i.e. uniform cloud motion), such that only
R(Dp) and G(Dp) have to be determined after having assumed

the size distribution. Various investigators have followed

(60)

this line of solution. They include Schinder , (who

assumed a log-normal distribution to arrive at an analytical

(61)

equation describing evaporation history), Marone and

(62) .

Yaron and Gal-Or

Owing to the complexity of equation (2.40) a variation
of this approach has beeﬁ suggested. This assumes a constant
mean evaporative diameter (MED). The MED, De is the
diameter of a pure ligquid droplet that has the same
evaporation rate, k, per unit remaining mass as that of the

(45)

spray drier , that is



_ (n/2) Di R(D,_)
ko= (1/6) 03 (2.41)
m e
* 2
_Jor/2) po R(D)) G(D) b,
3
fo(ﬂ/6) Dy G(Dp) ab|
(59)

Shapiro and Erickson
(63)

;, together with Hopkins and
Eisenklam , show that k and D, remain constant as

evaporation proceeds provided that
¢ o DP7L exp (-xDP) (2.42)
P p
and
R O —D;_n . (2.43)

Pham and Keey(45)

pointed out however that the MED
methods have limited application during the early stages
of evaporation. This is due to the assumptions made by
its proponents. Furthermore, the presence of solids in
the slurry were not considered at all in any of these
methods, For example, if a crust forms as drying proceeds,
it is most likely to affect the transfer processes in

the particle, As a result of this the prediciton of the
mass transfer process in a spray drier will heavily depend
on the characteristic drying curve of the material, and
not on the size distribution of the droplets., This is the
essential stumbling block in the efforts of an investigator
trying to develop a unified method of designing spray

driers for industrial purpose,
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2.4.3 Numerical Methods

The approach adopted in Numerical Methods of designing
of spray drier is to calculate the evaporation of each
size range in the spray for a given increment of time or
space, then sum over all ranges to get the total evaporation
for that increment, proceed to the next increment until
the final stage. The size ranges are based on the initial
sizes and so each group of droplets is followed throughout

its history.

The first worker to apply this method was Marshall(64)r

and it has then been used with wvarious modifications(65_7o)

and greater degree of complexity by subsequent workers.

| Generally, numerical methods offer a great. deal of
flexibility of appraoch and a great number of factors which
had hitherto been neglected or assumed insignificant can
be taken into consideration. A case in view is in the recent

(45), who wrote a program to predict

work of Keey and Phaam
the performance of a tall-form co-current spray drier. The
program among other things took into consideration,

factors such as the mass flux on heat transfer, radiative

heat transfer effects, turbulence effects and the droplets

sensible heat.

2.5 CHARACTERISATION OF DROPLET AND AIR FLOW PATTERNS IN

SPRAY DRYING SYSTEMS

Air and droplets flow characteristics are of great

importance in the performance of spray driers. A goed
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air flow pattern should provide thorough contacting

between the spray and air as soon as possible after the
spray emerges from the atomizer in order to maximise thermal

efficiency. There are (44,73)

four basic methods today

used in contacting hot air and droplets in spray drier.

They are: Counter-current, Co-current, Parallel and Mixed
flow. The contacting in each type of drier is achieved

as their names imply. It has been found however, that
counter-current flow devices, where the flow of air and
droplets are counter to one another, offer the best
performance with respect to heat utilization(74’75).
Counter~-current flow is generally used with pressure nozzles.
~This is so because the upward flow of drying air effects

a drag on the on-coming droplets and subsequently increases

their residence time thus effecting a better evaporation.

Some work has been done on the flow patterns of both
air and droplets in spray driers. This includes that of

(76)

Master who presented a theoretical correlation for

predicting the trajectory of droplets from a centrifugal

atomizer. On associating with Mohtadi(77)

, they found

that drop size was inversely proportional to the disc

speed and a maximum distance of the drops could be attained
when drag forces increase to give a critical drop diameter.
Their findings compare favourably with that of Friedman and
co—workers(78) at lower disc speeds. Gauvin and Katta(68)
have derived equations for predicting the three dimensional

motion of droplets in a 1.83 m x 1.22 m diameter spray drier.
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Their derivations were based on a knowledge of the

characteristics of the atomizing device and the air flow

patterns of air in the spray chamber.

2.5.1 Air Flow Patterns in Spray Drying Towers

(76) (79)

From the works of Masters , Kessler , Buckham

and Moulton(BO)

, it can be inferred that the flow pattern
of the drying air, as well as the manner the spray-air
contact is achieved, play important roles in the design
of spray driers. Kessler's(jg), investigation on a
co-current laboratory nozzle drier yielded information on
the existence of stream-line and vortex motion of air in
the spray drier. The same sort of work was carried out

(80)

by Buckham and Moulton on a l2ft x 4ft diameter tower,

and they also studied the air mixing effect.

Chaloud et al.(Sl) reported on the air flow
characteristics in a co-current drier for detergent
formulation., They reported the existence of turbulence
in the air flow, and this they claim increases the transfer
coefficients between the air and droplets. Also this
turbulence gives good mixing of the two species along the
axis of flow such that the difference in temperature
between the top and bottom of the tower was greatly reduced.
They also claimed that the flow pattern in the tower was

greatly stabilised by the swirling motion of the air.

A new approach which came into use to characterise
air flow patterns in spray driers is the use of dispersion

-34-



models, Dispersion models have been widely used in

connection with flows in tubular reactors, packed beds,

and packed columns(82’83l, But Levenspiel and Smith(84l,

(851

Van der Laan exhihited the equivalence between the
longitudinal dispersion model and a series of equally
sized, perfectly stirred tanks, This subsequently
facilitated the treatment of air flow patterns in spray
driers, In this respect the overall flow pattern in a
spray drier could then he characterised as a mixture of

870 4 idear flows', plug flow and

(86)

any of the following
well stirred flow, The presence of an inert pocket
of flow is invariably taken into consideration and

referred to as hy-pass streams.’

Paris et al.(87), modelled the flow of air in an

80ft x 20ft diameter counter-current spray drier as
consisting of two stirred tanks in parallel with a plug
flow by-pass. This they thought represented the existence
of a rapidly ascending central stream surrounded by an
annular zone of intense turbulence as reported by Chaloud

et al(sl),

Ade John(86)

, undertook experiments to confirm his
model of the air flow pattern in a pilot plant 9ft x 4ft
diameter counter current PVC drying tower., He proposed
that the flow model consists of two well stirred tanks
at the top and the conical bottom end of the drier, In
between these is a plug f£low zone and in parallel with

the three is an inert by-pass stream. To support his
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hypothesis he carried out smoke experiments on the tower,

by injecting white smoke at the air inlet port of the drier.
Since the tower was transparent, he was able to observe
swirling smoke clouds at the conicai base as well as at the
top section of the tower, and in between these swirls

was a regular streamline region. Along the entire length
of the tower was a thin clear laminar layer of inactive

air which represented the by-pass stream.

Further experiments along the line laid down by
Ade-Joh were carried out(go). These established that the
plug flow section between the well stirred tanks diminishes
at higher flowrates of air and liquid feed. Furthermore

this phenomenon becomes more apparent the more 'squat'

the spray drier.

2.5.2 Residence Time Distribution of Air in Spray Driers

There are two fundamental approaches to the mathematical
modelling of flow systems. They are the Deterministic
Method and the Stochastic Method(gz). The first is the
now classical transport phenomena method which consists of
writing mass, momentum, and energy balance over certain
volume of the reactor. This apprbach is very desirable
when the flow system is relatively simple. But when the
nature of the flow is complex, as in a spray drier, this
approach fails and the second approach is more applicable(87).

In this case the flowing material is considered as a

collection of countable entities which are treated
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statistically. Their flow is expressed by various age

probability functions, one of which is the Residence

, (91,92)

Time Distribution (RTD . Treatment of the data

from RTD experiments is then referred to as Residence

Time Distribution analysis. Fan and Wen(83)

(95)

, Johnson
et al. list and compare the various methods available

of treating RTD data.

(93)

Dankwerts was one of the earliest to introduce
the concept of RTD analysis. He suggested that it was
possible to have a good knowledge of the flow pattern
of a fluid in a continuous flow system by injecting a
pulse of tracer at the inlet. He also developed the RTD
anaiysis by introducing the éoncept of longitudinal

dispersion whence the spread in residence time is related

to a diffusion process counter to the bulk flow of fluid.

Subsequent to Dackwerts's work there have been some

attempts at using RTD method in spray drying systems.

(94)

Place et al. carried out an investigation into the RTD

and flow pattern of the drying air in a 50ft x 20ft diameter

spray drier using a pulse of helium as tracer. They
injected the tracer at various pre-determined points

along the drier and they were able to evaluate the average

residence time of the tracer at these points. Their results

indicated that a considerable amount of the drying air near

the axis of the tower as well as stagnation at the corners.

Other attempts at RTD of air in spray driers are few
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and more recent. The basis of these attempts is to
determine the RTD of the air in the drier by injecting
a pulse of tracer into the inlet streams and measuring
the tracer concentration (as a function of time) in the
effluenct stream.. The difference in their approach is
the tracer used and method of analysis of the outlet

response curvescgs). Paris et al(8?)

carried out some

RTD experiments cn a counter-current flow spray drier.
They tried to fit the experimental pulse response data

to a model of two stirred tanks in series with plug flow
by-pass. They simulated the model on a TR-48 EAI analogue
computer. Their findings confirmed earlier propositions

by Chaloud et al. 8 phaam ana Keey(88’89)

in their

work on RID in a co—cqrrent.tall form spray drier used
Freon-12 (dichloro-diflouro methane) as tracer. They

tried to find the RTD of the drying air by a graphical
analysis of the Laplace transform transfer functions of

the tracer response data. Their results pointed to the
existence of a well-stirred tank zone immediately below

the air inlets, followed by a plug flow zone, each occupying
about half the chanber. They also concluded that as the

(96

Craya-Curtet ) number increases, the backmixing in the

system decreases,

Ade—John(86), used Carbon-dioxide as the tracer in his
RTD experiments. The results of his analysis helped to
confirm his model of the air flow pattern in the tower,

The experimental outlet tracer response curve compared
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favourably with the predicted one with a reported standard
2

deviation of between 1.76 x 10~2 and 1.83 x 10~

In conclusion, it can be pointed out that the
application of RTD analysis to spray drying system is still
very much in the formative stage. The diversity of the
spray drying operation is not helping very much in
developing a unified approach in this method. It can be
inferred however that the more complex the model being
proposed, the nearer to the actual state of affairs in the

drier.

2.5.3 Hydrodynamic Flow Pattern of Spray Droplets in a

Spray Drier

The flow of droplets in a spray drier could be split
into two stages(97’98). The first stage of motion would
be in the vicinity of the atomizer, where the flow pattern
of the drying air is assumed to have no effect on the droplet
flow. The second stage considers the drop trajectory to
be that following the air flow profile in the chamber.
Pham and Keey(98), observed that depending on the inertia
of the droplets, the viscosity and turbulence of the air
motion, the droplets may either display plug-flow

characteristics or have exactly the same RTD as the air,

Thev observed that in most cases an intermediate situation

will occur.

Masters£97) pointed out that the air motion iIn the
spray chamber predetermines the evaporation rate because
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it influences the spray passage through the chamber.
(99,100)

Baltas and Gauvin in their effort at predicting
the performance of a co-current spray drier tried to
present a model for the motion of droplets in the free-
entrainment or free-fall zone of the chamber. They
reported a considerable amount of radial mixing of the
droplets(gg). They were able to predict mathematically
this radial diffusion of the spray droplets on the
assumption of equal turbulent diffusivity for spray and
gas. This assumption was validated by the work of

OO(lOO) (102)

and Chao , who analytically established that

S
the turbulent diffusivity of a majority of the particles

is nearly equal to that of the dispersing gas. Baltas

and Gauvin also refuted the prevailing theory that the flow

of the spray droplets was a plug flow with an absence of

any radial gradient.

The rejection of this theory was also further
established by a more recent work by Pham and Keey(45’98).
They also identified two distinct zones in the flow profile
of spray droplets, namely the jet zone and the free
entrainment zone. The flow profile of the former zone is
governed mainly by the characteristics of the atomizer in
use. They argued that the particles in the jet zone will
decelerate more slowly than a single equivalent sized
droplet because the cloud of particles travels in a coherent

manner to create a parallel flow of gas. As for the flow

characteristics of the free-entrainment zone, they completely
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agreed with the findings of Baltas and Gauvin(gg’loo),

In this zone, they claimed that the spray-air mixing is
complete within the limits set up by the chamber geometry

and the air flow profile.

. 103 .
Guavin et al( O ), carried out some extensive

investigations to predict droplet trajectory for water
sprays in the jet zone, as well as in the free-entrainment
zone in a co-current spray drying chamber. Their prediction
compared favourably with the experimental results. Katta

(68) extended on this work considerably by

and Gauvin
carrying out the experiments on Calcium Lignosulphate
instead of water. They calculated the maximum evaporative
capacity of the chamber at stegdy state on the basis that
no incompletely dried parﬁicle will hit the wall of the

chamber.

They also developed a set of simultaneous equations
to predict the trajectory of the droplets. In both
centrifugal and gravitational fields, the equation of

X (68)
motion was expressed as .

2
F
EXE =g + rw2 + Vtvr - CD Vf pg ég R (2.44)
dt efe ' rl ZWd Wy :

Resolving equation (2.44) in the three dimensions,

the droplet velocities were expressed as:-

Tangential motion:-

av V.V 3CL. p_ V
B = S < o R __2__3__£(Vt - v
t

) (2.45)
d 4di Py at
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Radial motion:

d
VE = ZE - ESE_E._XE(V V. ) + Fl
dt rl 4dipl r ar Wg (2.46)
and Axial motion:
dv 3CL p. V
a _ _ D "D 'f -
ac 9e “—ZEEBZ——(Va Vav) (2.47)

where V_. the velocity of the droplet relative to the fluid

is given by:

2 _ _ 2 2 2
Ve = (Vp =V TRV -V )T+ (V- V) (2.48)
where Vi ogr Vor and V_ y were the absolute values of the

tangential, radial and axial velocities of air respectively.

A survey of literature yielded the information that
so far there is only one published attempt at investigating
the hydrodynamic flow profile of spray droplets by the RTD
method. This was the recent work of Pham and Keey(98).
They used Carbon-14 in the form of solution of sodium
bicarbonate was used as tracer. They reasoned that the
factors affecting the relative motion and degree of
entrainment of a particle in a turbulent stream are the
inertia of the particle and the magnitude of the drag.
They then incorporated these factors in a parameter Rp.
Thus for the spray drying system they were investigating
they defined Ry as follows

R, = —— 1-m - (2.49)
1+vi (1 + t2/tpt)/V

-4



where tpt is the terminal velocity of the particle in

quiescent air, and defined thus:

€, = ;;—92—3\—7—- (2.50)
f D 't
They concluded that working at high air turbulence
and entrainment (RD>>lO_3) increases the drag force and
hence should also increase the heat and mass transfer rate.
They were still very tentative at the conclusion that RD

parameter was - a convenient way of measuring the

turbulence effect.
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MATHEMATICAL MODELS

3.1 INTRODUCTION

It is intended to derive a mathematical model that
describes the transport phenomenon taking place in the

drop as drying proceeds.

(23,24) showed that the Chilton-Colburn

Audu iand Jeffreys
analogy for drying does not apply after a crust has been
formed on a drop surface. The reason for this is that,
after formation of a crust on the drop surface, the heat
and mass transfer paths differ. As soon as a crust is
formed, heat passes into the wet core of the drop by
conduction through the.soiid portion of the crust while
evaporation proceeds through the pores. A steady~-state
model has been developed on this hypothesis and this is
the Diffusion Model. The model is strictly mass transfer
controlled. The model is so called because on the formation
of a crust, the liguid interface recedes into the core

of the drop and evaporation occurs by diffusion of vapour

through the pores in the crust,

The basis of their model was confirmed by stereoscan
analysis of the crust so formed. The model had proved
effective under certain conditions. However, examination
of spray dried materials often shows that a number of the
particles have been ruptured or exploded into small
fragments. The occurrence of these ruptured particles
has led to the second model for drying of drops.
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As drying proceeds in the drop, an intense internal

pressure builds up as a result of the expansion of the
liguid core and partial vapourisation, and accumulation

of vapour within the particle. This is due to the fact

that the rate of vapour generation is greater than the rate
of mass transfer by diffusion through the pores. Prior

to cracking and fragmentation, conditions will exist such
that jets of vapour will be discharged through the pores

in the crust. When this occurs, there is a transition

in the drying phenomenon to that of a Heat-Momentun transfer.
The Diffusion model is thus only applicable at low mass

and heat transfer rates.

3.2 HEAT-MOMENTUM TRANSFER MODEL

3.2.1 Assumptions

Consider a hemispherical slurry drop suspended from
a nozzle as shown in Figure 3,1, Let the following

assumptions made by Audu and Jeffreys(23’24) be valid;-

(1) The consistency of the slurry is uniform
so that crust formed is composed of pores uniformly dispersed
and of similar diameters. Therefore, capillary effects

should be similar in all pcres within the particle.

(ii) There is a receding interface between the
suspension and the ctwst. As drying proceeds the crust
becomes thicker while the external radius of the particle
remains constant. Hence the radius of the wet core, r,

is a function of time, i.e. 8 = £(8).°
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(iii) The free moisture content of the crust is

zero so that the moisture evaporated at any time is a
function of the thickness of the crust and the water

concentration of the core is constant.

Now consider the core of ‘the drop as shown in Figure
3.2. Thus, the crust once formed is assumed porous.
All pores are similar. Then a mass balance ovef the mass
transfer process yields:

ﬂDz D e2‘5
P

m
B (Hs~Hu) (3.1)

W'o=

where \\g and Wy are c‘cne-e.n.\_vo»\c.{cns
()keg\'hﬁ' Eu\Q&lecC)

and the heat transfer process:

‘nné (l-¢)k

(tg—tc) (3.2)

Thus immediately the heat (Q in equation (3.2)) conducted
into the wet coré exceeds the permissible diffusion rate
W' in equation (3.1), vapour will tend to accumulate inside
the particle with a corresponding pressure build up.

D E2.5 A

tyte E%I:ET""" LAH (3.3)

When the temperature difference between the surface
of the crust and the wet core satisfies that in equation

(3.3), the drying rate is determined by the momentum

transfer rate through the crust of the particle.
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3.2.2 Drop Size

The amount of moisture evapocrated in the time interval

A6 is from a mass balance over the drop:
AW = G(HD - HU)AG (3.4)
This is also equal to the quantity of water displaced

in forming a crust of thickness (R-r). Thus, for the

hemispherical drop at time ©§:
3 .3
MW = 2/37(R™-xr )Co (3.5)

Let the drying proceed for a further interval in time

A6, Then the quantity of water further displaced will be:=-

B+AB
AW = 2/3ﬁco{(R3—r3) - ]R3—(r—Ar)3]}
0

= 2wa2UA@ (3.6)

Rearranging the above equation and neglecting'terms

of Ar greater than first order. Then also as A6> O

C 2
a8 _ _ —2(%5) (3.7)
dr OR
or since B = R-r
C 2
a6 _ —S ) (3.8)
dRg oR

Equation (3.8) is non-linear since U, the vapour

=G



velocity through the pores is a function of the crust

thickness, 8.

3.2.3 Vapour Velocity

The quantity of water evaporated, AW, will be discharged
through the pores. The rate of this discharge will depend
on the resistance offered by the crust to vapour flow. Since
the crust is similar to a packed bed of small particles,
the rate of vapour discharge may be estimated from a modified
form of Kozeny's equation depending on the Reynold's number

of the system. If the latter is less than 10, the following

equationglos’lOG) evaluates the vapour flowrate:=-
’ AP
U = € T (3.9)
5(1-g) "5 u
- Kozeny
or
53 g D2
U = =—5—. AP (3.10)
15(1=-¢) "uL
- Blake

where D, the effective diameter of the particles defined

as:

D = 6/S (3.11)

and S is the specific surface area i.e. the surface area per

unit volume of solids.



In the transition region when 10<Re<1l000 the velocity

through the pores could be estimated from a semi-empirical

correlation developed by Ergun(107). Thus:
2 2 2
S8R L 5o (lme) T MUy 5 (Ame)” oU (3.12)
L 3 2 3 D
€ Dp €

At high flowrates when Re>1000, the vapour velocity

can be evaluated from the Burke—Plummer(lO8) equation; thus: -
APg 2
€ - 1,75 U4=2) o0 (3.13)
L E3 n2

In order to apply equations(3.9-3.13) it is necessary
to evaluate the specific surface area, S. Audu and

(24,23)

Jeffreys evaluated it in terms of the crust

thickness, particle size, and mean pore size. Thus

_ 3NG6L

= (3.14)
R3--r3
and L, the mean pore length is:
L = 0.728|1+(28-8)°"°| (3.15)

3.3 MASS TRANSFER COEFFICIENTS

3.3.1 Experimental Mass Transfer Coefficient

The overall mass transfer coefficient for the system
would be composed of the transfer coefficient in the crust
and the transfer coefficient in the gas film surrounding

the drop. Thus,

~5]1-



1 _ 1

= o (3.16)
Kp  HEKG Ky )

where Ky 1s the total mass transfer coefficient, K. is the
crust mass transfer coefficient and KG is the gas phase
transfer coefficient, Audu and Jeffreys(23’24) have
correlated the gas transfer coefficient and arrived at the

following empirical equation;

K.D T -T -0,008
—LB = 2.0+ 0,44(2-5 R 25033
m amb
(3.17)

They obtained a standard deviation of experimental
results from the ahove equation to be 2,3 and the coefficient

of correlation was 0,998,

The experimental mass transfer rate for the system
can he evaluated by considering Figure 3,1, Thus for a
drying air medium flowing at a rate of Gkgsfl with the
given humidities, Then by definition;

G (H,~H,,)
N, = —D U (3.18)

A A
If one considers the core of the drop being made up
of saturated liquid in the form of the slurry material,

and 1f the humidity of this core be H The humidity

S’
driving force would thus be (HS—HU). If K, was the mass
transfer coefficient between this core of liquid and the
hot air, then the rate of mass transfer through the crust

would be:

~52—



NA = KE(HsmHU) (3.19)

Since N, in both equations (3.18) and (3.19) are the

same for the system then equating both quantities yields:

_ GLH
KE - AAHS'

(3.20)

This transfer coefficient would thus be the overall

experimental mass transfer coefficient in the system,

3.3.2 Heat-Momentum Transfer Coefficient

The mass transfer coefficient for the crust when
the diffusion model is valid in the system is a function
of the crust thickness, porosity and diffusivity of the

water vapour. Thus:
D 81'5

_m
Ko = B (3.21)

The transfer coefficient of the system during the
Momentum-Heat Transfer model phase will be developed as

follows.

Consider a jet of vapour being ejected through the
pores at a velocity U. The flow regime of this jet would
be assumed to be in the region of Re<l0O, considering the
size of the droplet and pores, Thus, then as developed in
section 3.2.3,

3

U = e 4F (3.9)
5(1-€)“s% B

Now, the mass transfer rate, NA' can be defined as
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the product of the linear flowrate and the density of the

vapour. Thus:

N, = o0 (3.22)
where p is the density of the water vapour.

Substituting for U in equation (3.9) we have:

N, = S éBE’_ D (3.23)
5(1l-g) S u

The mass transfer rate can equally be defined in terms
of the pressure gradient across the crust interface, and

the crust transfer coefficient, thus:

= : 3.24).
NA KCAP h C )

Equating equations (3.23) and (3.24) yields

3
€ A
K_ 0F = — £.p - (3.25)
5(1-e) "uS
Thus:

83 N
K = RS (3.26)

C " 5(1-e)%us® B

All the terms in R.H.S. of the above equations except
8 are constants with respect to the fixed set of conditions

in the system.

Thus

{1

K = (3,27)

e
|
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Thus equations (3.21) and (3.27) gives the mass

transfer coefficient of the crust in the system whichever
model applies., This value of Ko can then be used in
equation (3.16) to evaluate the overall theoretical mass
transfer coefficient K.

T

3.4 AIR RESIDENCE TIME DISTRIBUTION MODEL

3.4,1 Introduction

In the R.T.D. model, a known signal of a tracer is
introduced into the inlet stream of the spray drying system.
The response signals in outlet streams of the system thus
constitute the raw datg for the RTD model. 1In the tracer

btechnique to be adopted in this prject, the analysis of
the data depends heavily on the responses in the system
to the tracer input. There are various methods now

(92-96) ¢ the analysis the raw data from an

available
RTD experiment. In this project, a general and complex
flow pattern is proposed for the system, The flow equations
describing the response and the various combinations of the
zones in the flow patterns will be derived. The simulated
graphical response shall then be compared to the
experimental response from the system. On obtaining a

good enough fit between the two, the parameters would then

be used in predicting the performance of the flow system.

3.4.2 Normalisation of Data

The data is in the form of the response in the inlet
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and outlet streams in the spray drier. The concentration

profile of the tracer inlet pulse is monitored by an
adequate method. The inlet response can be represented

as X(t) and the outlet as Y(t}, while t is time., A typical
response curve to a rectangular pulse disturbance is shown

in Figure 3.3.

For subsequent analysis of the data, dimensionless

variables are used. Thus:

X(8) = ti(-t) (3.28)
X
and
v(g) = ti(t) (3.29)
Y
where
t = VT/QT (3.30)
8 = t/t - (3.31)
txf
A = | X(t) dt (3.32)
X txX
ty
A, = | £ ye) at (3.33)
tyo
Ideally
A, = AY

= Volume of tracer used in experiment

Having thus evaluated X(6) and ¥Y(9), they are used

to determine the parameters of the model chosen to
represent the system.
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3.4.3 Residence Time Distribution Model

The following parameters constitute the flow system.

The flow of tracer is distributed in the ratio A:B:C
into the three branches of the flow system., If Q,, Qg v

Q. are the flow rates respectively, then:

A= 0,/Qn | (3.34)
B = Qp/Qp (3.35)
C = 1-(a+B) (3.36)

The fraction by volume of each zone in the system is thus:

= i 2

J VJ/VT in zone A

K = i 3

_ K VK/VT in zone A
M = VM/VT in zone Bl

N = V. /V in zone B2

N T

L = VL/VT in zone Cl
~57—



The fraction in the first C.S.T.R., i.e. zone Al is

found by difference. The system of equations describing
the flow of tracer through the flow system can be derived
by considering mass balances at points 1-6 in the flow

diagram in Figure 3,4,

At (1) A well stirred tank zone Al:

_ dcC
QA(Copcl) = Viag

(3.37)
Substituting fox QA from equation (3.34) and
Vl/VT = 1~ (J+K+L+M+N)

Thus

A QTCCO"Cl) = VT(l—(J+K+L+M+N))%% | (3.38) .

Dividing equation (3,38) through by Qn, we have

<

A AC = :2 (1= (J+K+M+N+L) ) %%
=
Therefore:
O S A 3.39
AC ° d8 T (1- (JFRFM+N+L) ) (3.391

The above expression represents the response signal, from

zone Al.

At (2) A delay zone AZ:

The response R. from this zone can be represented
) § )

thus:-
(3.40)
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h o . .
where Dj is the delay time in zone A2. 1In terms of the

system parameters:

Dj = VZ/QA (3.41)

Substituting for QA from equation (3.34) and also for

the zone fraction J. Then

TV
D, = (3.42)
j  AQqp '
_t.J
= 5 (3.43)

Substituting for Dj in equation (3.40)

) :
Rj = 8 = ) (3.44)

At (3) A well stirred tank zone A3

Following a similar procedure to that of zone Al,

yields:
dcC 1 _ A
3 " A&C T Ix (3,45)
At (4) Delay zone Bl
The response Ry, from this zone is also:
t™M (3.46)

where M is

diverted through the second breach in the residence time
distribution model.

-0~

+he zone fraction and B is the fraction of tracer



At (5) A well stirred tank zone B2

The zone response can be similarly represented by

the following differential equation.

ac 1
d5 * AcC

(3.47)

('HIUJ
Z

where N is zone fraction by volume.

At (6) A delay zone Cl

The response at this zone to a fraction (1-A-B) of
tracer input is:

R =0 LR

L T {I-A-B) (3.48)

The overall exit response C; to a rectangular tracer
input would then be the summation of the final response
output from each branch of the distribution model. Solving
this set of equations yields the system parameters A, B,

J, K, L, M, N and thus predict the overall volume of the

reactor.
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EXPERIMENTAL APPARATUS AND EXPERIMENTAL PROCEDURES

4,1 SINGLE DROP EXPERIMENTAL APPARATUS

4.1.1 Overall Experimental System

The experimental apparatus for single drop experiments
is presented by Plate 4.1 and shown diagramatically on
Figure 4.1. Essentially it consists of an air receiver,
a Birlec air drier, a rotameter metric type 18A, a ﬁemperature
recorder, a wind tunnel, two sample pumps, a T-piece of
brass material, drop suspension device, Shaw Hygrometry

unit and the heating elements within the wind tunnel.

Compressed air at about 100 psi was passed into the
air receiver from the laboratory mains supply.. It was then
reduced in pressure and passed into the system via the
Birlec air drier; this contained a fixed béd of molecular
sieve dessicant.. Two pressure regulators were installed;
one upstream and the other downstream of the air receiver
to dampen any fluctuations in the mains pressure. The air
flowrate was monitored, at the inlet to the wind tunnel,
by a metric type 18A rotameter, and controlled by a 2.54 cm

globe valve connected to the drier outlet.

The wind tunnel was 1.83 m in overall length, and
consisted of a Secomark Industrial Heater model 571/3 and a

calming section followed by the test section and exit pipe.

The heater was cylindrical in shape and the end nearest

to the rotameter was 7.62 cm 0.D. and flanged. The..averall
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FIGURE 41 FLOW DIAGRAM ~ SINGLE DROP_EXPERIMENTAL APPARATUS
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length of the heater was O¢28m and the cylindrical outlet
tapered to a nozzle 3,18 cm 0,D, The nozzle end was

flanged and connected to a 2,54 cm square mild steel duct
which included the test section and the remaining part of

the wind tunnel. The industrial heater was capable of

delivering up to 3 kW of heat and can be supplied with either

A.C, or D,C, 200/220 volts electricity, The heater was

controlled by two 6A, 90{i Cregsal Trovolt resistors and it

was able to raise the air temperature upto 900°C. The whole

wind tunnel was well lagged with a thick swath of fibre

glass insulator,

The test section of the system was constructed of a
T-piece of brass, anq the ﬁpstream and downstréam air
temperakyregwere measured by thermocouples. The essential
details of the working section is presented in Figure
4,2. In order to be able to observe the drying of the
drop by the hot air, an observation window was inserted
into the brass working section, This consisted of two
5.08 cm x 3,81 cm rectangular holes made on opposite
sides of the T-piece test section., These were covered
by Vitreosil Transparent glazed plates of thickness 6 mm
that could withstand temperatures up to 1000°C. The
temperature in the working section was measured by the
thermocouples and recorded on a 'Honeywell' automation
chart strip temperature recorder capable of reading up:to
1200°C. Another thermocouple was installed in such a way

that it could measure directly the temperature of the drop
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as drying proceeds. Air humidities both upstream and
downstream of the drop were monitored by the shaw

Hydrometry Unit,

4.1.2 Drop Suspension Device

The drop suspension device shown in Plate 4.2
consisted of a stainless steel piston inside a 0.95 cm
O.D. stainless steel tube, The piston traversed through
the vertical shaft and the whole shaft assembly was
rotated by a 50 Hz Parvalux electric motor with a maximum
speed of 100 rpms. The speed was controlled with a 27 ohm,
10A Cressall Torovolt resistor wired into the armature
of the motor. The top part of the stainless steel tube was
threaded inside and thus connected to the méving shaft of
the Parvalux motor. Halfway down the length of the tube,

a brass tap of 0.965 cm diameter was fitted, The tube
finally culminated in the brass working section where a

stainless steel nozzle was fitted.

4.1.3 Hygrometry Equipment

The hygrometry Unit consisted of a dew point meter,
two sensors, two constant temperature units, two sample
pumps, three coaxial cables and a diploe valve., The

essential components of the unit is shown in Plate 4.3,

The principle of operation of the sensing elements
was based on the fact that the capacitance varies in

direct proportion to dewpoint of the gas. The probe of
-57-
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PLATE 4.2 THE DROP SUSPENSION DEVICE




the sensors was protected from dust and moisture by a

sintered bronze filter. Once the alr flows over thisg

filter, a dynamic equilibrium_is set up between water
vapour pressure outside the layer and the condensed water
absorbed in its fine pores. The sensor estimates the
capacitance of the gas and transmits it, via coaxial cables,
to the dewpoint meter. The latter is scaled to read dew
points from -80°C to -20%C. The Constant Temperature Unit,
as its name implies maintains a constant temperature of gas

flowing to the sensing elements. It also prevents

condensation of the flowing gas on to the sensing elements
by maintaining the gas at a temperature above its dewpoint.
The Unit consisted of a brass container into which the sensor

was screwed. A dial switch mounted on the unit operates

a sensitive thermostat which maintains a constant temperature
indicated by the dial. The latter has a range of 0-110°C.
The unit's heater was 30W rating and heats the sensor chamber

which was constructed of heavy brass and chrome plated. The

unit had both an inlet and outlet port each of 0.32 cm 0.D.
copper piping. A constant flow of gas through the unit was
supplied by the sampling pump which delivered air at a rate

of 0.5 dm3/min.

4.1.4 The Thermal Conductivity Experimental Apparatus

The thermal conductivity experimental apparatus is a
modified form of the Lee's disc apparatus and is shown in

Plate 4,4 while a flow diagram is also shown in Figure 4.3.

Essentially, it consists of two metallic discs, an asbestos
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ring, a high vacuum pump, an A.C. voltmeter,

an A.C. ampere

meter, a multiple point temperature recorder, and a radiant

heat ring.,.

The metal discs were both the same size bf diameter
_2 —
5.06 x 10 "m, and of thickness 1,26 x 10 2m. The asbestos

ring was 5.06 X 10—2

m 1.D. and 6.32 x lO_zm O0.D. Along

the side of the ring was bored a hole 1.00 x 10~ 2m diameter,
into which a copper tube 0.64 cm 0.D. was -inserted and secured
by high temperature cement putty. The copper tube was
connected to a 0.64 cm 1.D. reinforced P.V.C. tube then
connected to the inlet port of a 'Speedivac' high vacuum
pump of % H.P. The asbestos ring was secured between the
two discs and the whole assembly rested on an electric
heating coil controlled by a 1CA, 240 volts Cressal Torovolt
resistor with a range of O to 270 volts. The current
flowing through the system was monitored by an A.C. meter
with a range of 0.0 to 2,5A and the voltage was measured

by an A,C. voltmeter with a full scale of O to 300 volts.

The temperatures of the hot ring and the discs were monitored
by thermocouples specially insulated with fibreglass and

were connected to a 'Honeywell! multiple temperature recorder.

4.1,5 Ancillary Eguipment

The Stereoscan

The stereoscan microscope is essentially a scanning
electron micrcscope which produces three dimensional

. : imen
photographs of the specimen under observation. The specim

~73-



is scanned by a fine electron beanm synchronised with the
electron beam of a cathode ray tube. This electron
microscope has a wide magnification range from 15 to about
100,000 diameters but over a mangification range of 200,000,
the image transmitted becomes rather blurred. This breadth
of magnification, together with the ease of zooming in on
any point on the specimen for further observation and
magnification renders the stereoscan a very powerful

instrument for this project. It was used to study the

structures of the crusts of the drops of dried slurry.

4,2 SPRAY DRYING EXPERIMENTAL SYSTEM

4.2.1 Overall Spray Drying System

The diagram of the experimental spray drier is shown
in Figure 4.4, Atmospheric air was fed into the system via
a 10.16 cm diameter mild steel piping by a 20 HP, 3 phase
Parkinson fan. The rate of air flow was controlled by the
10.16 cm diameter Audio slim seal valve, and any excess ailr
was vented through a purgerator. The air flowrate was
measured on line by a 10,16 cm Dall tube of bore throat
4,64 cm, after which the air flows through two model 15/2
Secomak Industrial Heatexrs. The heaters were mounted in

series and were capable of generating up to 36 kw of heat.

Each heater was 0,47 m in length and flanged at each end.
The heaters were able to raise the temperature of the alr

feed to a maximum of BOOOC.
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The slurry feed system consisted of two 60.96 cm x
60.96 cm X 91,44 cm stainless steel tanks, each fitted
with a stirrer, a heater and an Ether temperature controller.
The feed entered the system through 3,81 cm diameter Q.V.F,
piping by a 3 phase, Hoover gear pump. The slurry feed
flow was controlled by a Q.V.F. needle valve which was
connected to a metric type 14F rotameter, The stirrers in
the feed tanks kept the slurry in suspension while the
Ether temperature controllers maintained the slurry feed

at a constant temperature.

The spray in the drying tower was produced by a Delavan
Hollow cone nozzle, type SDX—32936/11. It comprised a
303 stainless steel body,>stem adaptor, a ceramic swirl
chamber and an O-ring seal. The swirl chamber minimised
plugging, thus providing a uniform sized distribution of
drops. The orifice disc, made of tungsten cabride, was
recessed to prevent damage'and a stainless steel adaptor
was fitted with a 0.64 cm B.S.P, female thread to fit on

to a male 0.64 cm B.S.P, steel adaptor for the feed line,

The temperatures of the inlet and outlet air, and
the slurry feed were monitored by thermocouples connected

to a George Kent temperature recorder, The moisture

content of the inlet air, exhaust dust laden air and the

air within the spray tower was measured with three Shaw

Hygrometry Uits of the type described in Section 4,1.3.

The spray tower itselfy 2.43m x 1.21 m diameter, was
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made of stainless steel and was completely lagged with a
thick layer of fibre glass insulator. A 7.62 cm 1.D. ring
main was installed in the conical base of the tower at a
position 0.61 m from the top of the conical section. The

hot drying air passed through this main into four entry ports,
each equally spaced around the tower base. This ensured a

uniform distribution of the air in the tower,

The Hygrometry Unit was adapted for the tracer
experiments in the exit duct of the spray drier, and
through this duct was screwed a 30.48cm x 1.27 cm diameter
mild steel pipe. At the near end of this pipe in the drier
duct was welded a sintered bronze filter with a Vefy fine
mesh. The other end of the pipe was connected to a 1.27 cm
0.D. copper tube attached to the Constant Temperature Unit
and sampling pump: The sintered bronze filter removed the
fine powder in the air stream. At the exit port of the
sampling pump is connected a 0.965 cm 1.D. P.V.C. tube.
This led to a drier packing. The packing was a self-
indicating silica gel which absorbed moisture from the air
sample. When dry the gel is blue in colour, but as soon
as i£ becomes saturated with water vapour, the gel becomes

pink. This helped to maintain a constantly dry air sample

through the R.T.D. pipeline. The outlet end of the drier

packing was fixed to a 0.965 cm 1.D, P.V.C. tube of about

4 m in length to the floor level where a hypodermic needle

was inserted to the tube wall in order to sample the air

stream This needle was situated at the other end of the

g by 5



-2
5.08 x 10 © cm 1,D, inlet tube to the MGA 200 Mass
Spectrometer, A Pen Recorder attached to the Mass

Spectrometer provided a continuous printout of the tracer

concentration profile in the air sample,

4.2,2 Ancillary Equipment:; The MGA 200 Mass Spectrometer

An MGA 200 Mass Spectrometer was used to analyse the
exit air stream after a shot of tracer had been introduced
into the spray drying system. Figure 4.5 shows the
essential features of the Spectrometer. Essentially it
segregates charged gas molecules according to their masses
and therefore the air sample containing traces of argon
was analysed to give a continuous display of the argon
fraction in the stream. A Quadruple analyser was utilised
to control and resolve the ions of the charged sample gas

according to their m/e ratio, i.e. mass to charge ratio.

+ was essential that the ions or charged sample gas
molecules have unimpeded progress through the analyser

unit thus necessitating a vacuum environment in the latter.

Thus, in-built in the Analyser Unit of the 200 MGA, 1s a
3

mechanical rotary pump which can preduce a vacuum of 10

torr (760 torr = 1 atmosphere). For satisfactory operation

a residual vacuum of 10_7 torr is needed. The Analyser

requires a high vacuum environment for operatiocn, but the

i ' e. In order to
sampling gas inlets at atmospheric pressur

overcome this pressure difference and preserve the

composition of the sample, an Inlet System was incorporated
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into the mass spectrometer. The final part of the whole
mass spectrometer system was the Vacuum Control Unit that
controls the overall operational status of the spectrometer,

and this includes warning lights, On/Off lights etc.

4,3 CALIBRATION OF MEASURING INSTRUMENTS

4.3.1 Single Drop Experiments

For the Single Drop Experiments, the following

instruments were calibrated.

4.3,1.1 The Rotameter

The flowrate of air through the wind tunnel was
measured by a Metric type 18A rbtameter with a Duralumin
float. The quantity of air passing through the system
over a specific time interval was measured with the aid
of a Parkinson Gas meter placed in the oﬁtlet stream of

the wind tunnel. This was noted against the float

position on the rotameter. Also noted was the temperature

of the air. This procedure was repeated over many float

positions in the rotameter, and the volume readings were

corrected for the effect of temperature. These experimental

results of the float position volumetric flowrate was compared

(90)
with the calculated volume.

4,3.1.2 Hygrometry Equipment

Each sensor Supplied by Shaw Limit was delivered with

its own calibration graph in which the calibration had been
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carried out over the temperature range -80/-20°C DP on the
moisture meter. The calibration was checked by exposing
the sensor to ambient conditions in the laboratory for
about five minutes and the value registered on the meter
was noted and the Relative Humidity was read from a
calibration curve supplied. This was compared to the
Relative Humidity of the room evaluated from measurements
by a sling hygrometer. They always compared favourably.
Similar calibrations were carried out on the air flowing

through the wind tunnel. Figure 4.6 gives a typical

calibration curve for the Hygrometry Equipments.

4.3,2 Spray Drying Experiments

The fallowing instruments were calibrated for the

Spray Drying Experiments.

4.3.2.1 The Dall Tube

The air flowrate was measured by a 10.16 cm Dall tube

meter with a throat bore of 4,64 cm. The pressure drop

across the meter was measured by a mercury manometer

connected to the tapping upstream and downstream. The

manometer readings for different positions on the air inlet

fan were recorded and the mass flowrate was evaluated and

a plot of the flowrate versus pressure drops was then

made(QO).

4,3,2.2 The Hzgrometrz Eguigment

The Hygrometry Units we
-82—
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as that described for the single drop experiments in
Section 4.3.,1.2 , Only in this case the meter reading
range was from 0-100% Relative Humidity. Then the Relative
Humidity of the system could be read off directly from the

calibration graph.

4,3.2.3 The Mass Spectrometer

The Mass Spectrometer was calibrated for the detection
of argon in samples of gas which was arranged to read the
minimum and maximum levels possible in a gas sémple. The
Mass Spectrometer was set to detect the mass number of
argon in a gas sample and the inlet pipeline to the
instrument was exposed to'the laboratory air sucked into
the specrometer. Since air contains about 1.1% by weight
of argon, a trace of this amount is mapped out on the pen

recorder attached to the spectrometer,

The upper extreme wWas obtained by filling a balloon

with 100% pure argon, and inserting this onto the inlet

pipeline of the mass spectrometer, The two extremes on

the chart were then recorded on the instrument which was

then marked off for different discrete percentage level of

argon in any sample of gas.

4,4 EXPERIMENTAL PROCEDURES AND MEASUREMENTS

The first part of the project involved the investigation

of the drying characterisatics of various portland cement

slurries which included slurries from the following Blue
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Circle Works:-
i) Northfleet
ii) Humber
iii) Westbury
iv) Shoreham

v) Mason-

The second part of the experimental work was the study
of the flow characteristics. in the laboratory spray drier
and a large scale unit in the Humber Works of the Portland

Cement Company Limited.

4.4.1 Single Drop Experiments

The following moisture contents of the slurries were
investigated: 30%, 35%, 45%, 50% and 55% and thase were
prepared from the samples supplied by Blue Circle Limited.
Compressed alr was passed through the wind tunnel and its

-3
flowrate adjusted to 1.0 x 10 kg/S. After steady state

had been achieved, the Hygro meter Unit, and the Heater in

the wind tunnel were switched on and the temperatures of

the upstream and downstream portions of the working

section were monitored on the temperature recorder. The

initial upstream and downstream humidities of the air were

recorded and when all readings had remained steady for 15

minutes the prepared slurry was charged into the drop

. . 1 i i introducin
suspension device, by removing the piston and 1ntro ing

the slurry through the steel tube. The brass tap shown on

Plate 4,2 opened and a drop was carefully suspended on the
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nozzle in the T-piece working section,

The diametexr of

the drop was measured by a cathetometer and then the drop
was rotated at a rate of about 15 rpm. The whole drying
process was observed through the observation window and
the upstream and downstream humidities were recorded at

1 minute intervals. Experiments were performed at the
following temperature range: ZOOOC, 3OOOC, 400°¢C, 500°C,

750°C and 900°cC.

In the course of thé experiments, it was noted that,
as soon as a drop was introduced into the hot air stream
at temperatures of above 500°C simply it exploded. Many
attempts, to achieve a stable drop throughout the drying
B process under these conditions was abortive. As a result,
the experimental programme was limited to a temperature
range of ZOOOC, 300°C and 400°c. At the end of each run,
the ensuing crust was removed, by a guillotine device(23’24),

on to a filter paper to remove any excess moisture in the

The drops were then glued onto metallic studs with

drop.
araldite and coated with a thin layer of carbon and gold
palladium. This was necessary since the slurry drops

could not conduct electricity and the coating maintains

a constant electric potential over the surface of the crust.

-9 .
The coatings were Of +he order of 5 x 10 " m thick,

In order to study the internal and external structure

of the drop as a function of time, the above procedure was

repeated at 2, 5, 10, 15, 20 and 30 minute drying periods,

Each specimen collected was introduced into the chamber of
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the ste i
reoscan microscope for structural analysis and

production of photo-micrographs.

The porosity of the drop was estimated from the

photo—micrographs(z3’24) and recorded,

4,4.2 Thermal Conductivity Experiment

A sample of slurry was filteréd and dried to a cake
in an oven at about 100°C and the ensuing cake was ground
to a fine powder foxr the Thermal Conductivity Experiment,.
Enough powder was introduced in the ring sandwiched between
the two metal discs, The whole set-up was placed on the
heater ring as shown in Figure 4,3 and in Plate 4,4, The
vacuum pump was switched on and the duratibn of thé -
experiment. Thié evacuated all the air and water vapour
released during the course of the experiment and ensured
a uniform cake being heated by the high temperature disc.
The thermocouple wires were introduced into the holes in
the disc and also one was placed on the heater to monitor

its temperature., After the pump had been running for about

half an hour, the Torovolt resistor was switched on and the

voltage and amp noted. The heating continued until the

temperature readings of the discs and the heater became

steady for about oné houx.

was recorded and the experiment repeated for various

voltmeter and ampmeter readings.

4,4,3 Spray Driex Experiments

The experimental work on the spray drier involved the

~86~
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Residence Time Distribution experiments. Essentially it
entailed the introduction of a shot of argon tracer into
the feed system and thereafter monitoring this tracer in

the outlet stream of the drier.

After steady state conditions had been attained
during which the desired slurry feed and air flowrate,
feed and air temperatures remained steady. The argon tracer

was introduced at the air inlet.

Meanwhile, the MGA 200 mass spectrometer had been
switched on, maintained at a 'standby' switch position
and allowed to warm up for about thirty minutes. As soon
as the tracer was introduced into the spray system, the
mass spectrometer inlet pipeline was oéened, and the
sampling pump was switched on, Also the pen recorder was
switched on, thus providing a continuous display of the
tracer concentfation profile in the form of narrow width
histograms and the speed of the chart determined the time
interval between each concentration peak.A The air flowrate
inlet‘and outlet temperatures, inlet and outlet humidities
were continuously monitored during the course of the
experiment, and this was by the method described in
Section 4.1. The time interval during which the tracer
was introduced into the spray system was recorded by stop
clock, The experiment was continued until the concentration
profile displayed by the pen recorder had decayed to a
very low level, This did not take very long since the
mass spectrometer has a very high sensitivity and it
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registers trace levels of tracer in a gas sample. The

amount of tracer introduced into the system was estimated
by monitoring the tracer level in the inlet stream. Having
obtained this profile, the volume of tracer input was

then estimated by integrating the input residence time

distribution curve (refer to Figure 3.3).

The experimental studies were initially carried out
on water as slurry feed, and then eventually with cement

raw material slurries provided from the Blue Circle Works.

4.5 HUMBER WORKS EXPERIMENTAI, PROGRAMME

A series of tracer experiments identical to those
described in Section 4,4,3 were undertaken at the Blue
Circle Works at Humber in June 1979, The expefiments
involved the injection of a shot of Argon into the Spray
Drying System and thereafter monitofing the outiet
concentration profile with the mass spectrometer. Figure
4.7 presents a diagram of the Humber Works Spray Drying
equipments. This drier was a counter-current 'squat' type
and the hot air feed was the exhaust flue gas from one of
the rotary kilns operated on the site. The hot gas exit
from the spray drier emerged via two outlet ports into two
cyclones mounted on two opposite sides of the spray drier.
Excess dust was finally removed by passing the exhaust gas

from the cyclones through an electrostatic precipitator.

All the experimental parameters were kept as constant
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as possible throughout the experimental programme and

Plates 4.5 to 4.7 depict the salient features of this

study.

Typical tracer outlet concentration profile, as

monitored by the mass~-spectrometer, are shown on Plates

4.8

and 4,9

The experimental data for the programme are:

Spray Drier

Diameter of Spray Drier

Height of Cylindrical Section
Height of Conical Base

Diameter of Gas Riser

Diameter of Top of Conical Base
Drier Volume (V)

BEvaporative Capacity of Drier

Operating Parameters

Average Inlet Gas Temperature
Average Outlet Gas Temperature

Average Slurry Moisture Content

Average Final Clinker Moisture Content 25, 0

Total Gas Flowrate (QT)

4,0 m

1.98 m

4,0 m

392.76 m>

10,9 tonnes/hr,

650°C
158°¢C

33.9%

oe

26.O6><lO3 m3/hr

Average Residence Time of Air in Spray 54.26 sec

Drier
Clinker Flowrate

Waste Gas Flowrate

13.5 tonnes/hr

48.1 tonnes/hr



Also

The waste gas is made up of

C02

a typical analysis of a portland cement slurry yields(lOQ

Alzo3
Fezo3
Cao

MgO

-

i

i

|

13,96
0,03
20,06
2.05

12,01

13.19%

tonnes
tonnes
tonnes
tonnes

tonnes

(about 5%
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Plate 4.6 The MGA 200 Mass Spectrometer
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PRESENTATION AND ANALYSIS OF RESULTS

Results from the Thermal Conductivity Experiments,
Single Drop Experiment, Residence Time Distribution
Experiments and also Sprav Drying Experiments have been
presented graphically and where necessary a correlation

has beenproposed,

Further, observation from stereoscan analysis are
presented in form of photo-micrographs. The experimental
and proposed mass transfer coefficients are presented

and analysed.

5.1 THERMAL CONDUCTIVITY EXPERIMENT

The results ofthe Thermal Conductivity experiments
are shown in Appendix A. Tables Al to A5 present the
measurements made during the experiments. The thermal
conducti&ity was calculated using the Lee's disc equation
but allowance was made for the slurry porosity. A
Fortran IV computer program was written to evaluate the
thermal conductivity. Since the university computer, an

ICL 19048 has a device for plotting graphs (CALCOMP), this

was also used.

In order to be able to interpolate for the thermal
conductivity of the slurry at any temperature within the
experimental range, a correlation was carried out on a

proposed polynomial of the form:

3
XK = A + BT + CT2 + DT7 + e (5.1)
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where K = Thermal Conductivity (w/M/°C)
T = Temperature (°C)
A,B,C ...... = Coefficients independent of Temperature

The least square method was applied for the correlation
and this subroutine was written into the program. A listing
of the program is presented in the Appendix A and so also
are the outputs for all the slurry samples. Table 5.1
presents the results of the statistical correlation showing
a variance of 1,124 x 10—3 for Westbury slurry to a
maximum variance of 8,592 x lO'-3 for Northfleet., The very
good degree of fit between the experimental and correlated

thermal conductivity values are shown by the graph plotter

printouts in Figures5.l to 5.5.
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5.2 SINGLE DROPS EXPERIMENT

The drying characteristics of the slurry samples were
determined by applying equations (3.16) to (3.26). This was
done with the aid of the program listed in Appendix B. The
program contains various subroutines for evaluating vapour
pressures, humidity, graph plotting, and linear regression of
the proposed mass transfer coefficients and experimental mass
transfer coefficient. Also presented in Appendix B, in the
form of Figures Bl to B75 is the data obtained from the single
drop experiments. Comments on the effect of the following
parameters on the drying characteristics of the slurry drops
are made below:-

1) Temperature of drying air.

2) The initial moisture content of the slurry samples.

Also comments on the degree of fit between the experimental
and the theoretical mass transfer coefficients and observations

from the stereoscan micrographs will be discussed.

5.2.1 Effect of Air Temperature

. The effect of the drying air temperature on the drying
characteristics are presented in Figure C.1 to C.10 in
Appendix C and Figure 5.6 is typical. Each guadrant in the

graphs shows the effect of air temperature on each of the

following factors:
a) Crust growth,
bj Crust mass transfer coefficient,

c) Overall experimentali-mass transfer

d) The drying rate.
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The quadrant showing crust growth rate indicated that

the crust grows thicker in most of the samples as the
temperature increases. This implies that as drying proceeds,
the mass transfer rate decreases accordingly since the

growlng crust offers increased resistance to mass transfer.

The crust mass transfer rates on the other hand decreases
with drying time and increasing temperature but this decrease
tends to a constant rate after about 600 seconds of drying.

This phenomenon was also observed at all drying air temperatures
experimented. This is to be expected by considering the
effect of the rate of heat conducted through the crust, which

will be limited by the predominance of the crust thickness.

The variation of the overall mass transfer coefficient
follows the same pattern noted for the crust mass transfer
coefficient. That is the overall mass transfer coefficient

decreases with increasing air temperature.

As expected, the drying rate of the slurry drops
decrease with drying time; after decreasing for about 600
seconds, the drying rate becomes constant and this confirms

- (20,21,22,34)
the results of other workers( resEems .

5.2.2 Effect of Initial Moisture Content

The effect of initial slurry moisture content are

presented in Figures 5.7 to 5.10. The other graphs showing

the effects of the moisture content are shown in Appendix C.

Figures 5.7 to 5.10 indicate that the effect of the

initial moisture content on drying characteristics of the
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FIGURE 5.7
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FIGURE 5.8

EFFECT OF INITIAL MOISTURE CONTENT ON CRUST MASS
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EFFECT OF INITIAL

MOISTURE CONTENT ON EXPERTMENTAL MASS
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FIGURE 5.10

EFFECT OF MOISTURE CONTENT ON THE DRYING RATE
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slurry drops are similar to those of temperatures. They

show a more pronounced effect on the crust growth rate than
is the case with temperature. This could be accounted for

by the fact that, as the moisfure content increases, the
pressure of the resulting Vapour formed also increases as
drying proceeds. Thus the greater the vapour pressure in the
core of the particle the greater the tendencyvto eject it

through the pores thus accelerating the formation of the crust.

Figure 5.8 shows that the crust mass transfer coefficient
decreases with increasing moisture content, because of the

increasing crust thickness.

Figure 5.9 indicates a similar trend for the overall

mass transfer coefficient of the particles.

Figure 5.10 shows that the drying rate of the drop

decreases with increasing initial moisture content.

5.2.3 Comparison of Theoretical with the Experimental Mass

Transfer Coefficient

The calculated mass transfer coefficients are tabulated
in Appendix D and a typical set of results are shown in
Table 5.2. The table gives the various parameters of the
experiment and also the crust mass transfer coefficient (KC)
the overall theoretical mass transfer coefficient (KT) and the

overall experimental coefficient (KE).

A linear regression was undertaken between the experimenta.

and theoretical mass transfer coefficient and a typical ploct
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of the regression is shown in Figure 5.11

. The standard
deviation and correlation coefficient for the regression are
also given. It is noticeable that there is close agreement
between the experimental'and theoretical transfer coefficients
after about 240 seconds of drying. This confirms that
hitherto, the drying process was controlled by a combination
of the gas film and crust resistances. Once the crust has
grown appreciable its resistance to mass transfer predominates.
Hence the fact that towards the later period of the drying the

KE and KT values were close to the K. values.

C

The very favourable agreement between the experimental
and the proposed theoretical mass transfer coefficient for
the system supports the Heat-Momentum transfer model proposed

in Section 3.

5.2.4 Photomicrograph Observations

The micrographs made from the stereoscan analysis are
presented on Plates 5.1 to 5.4. They show the external
and internal structures of typical slurry droplets at various
stages of drying during the single drop experiments. The
micrographs reveal the internal change occurring in the drop

as drying proceeds.

The external structures as shown by Plates 5.1 and 5.2
depict surface of the drop in the early stages of the drying.
As drying proceeds, cracks begin to appear on the smooth
surface of the drop while craters and holes proliferate .

These craters and holes are the exit points of the jets of
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Plate 5.1 : Surface Structure
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Plate 5.2 : Internal Structure
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Plate 5.3 : Internal Structure
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Plate 5.4 : Internal Structure

Sample: Westbury
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steam ejected from the core of the drop. They give credibility

to the proposition that steam spurts out of the drop as

drying proceeds at a high rate of drying.

Plates 5.3 and 5.4 show the internal structure of the
droplets as drying proceeds. Of particular interest are the
circular crater-like structures in the drops. This suggests
that water droplets are held in the form of globules inside
the slurry drops. Thus the globules are the points from which

water vapour is ejected from the core. The micrographs show

the proliferation of craters and pores in the core of the drop

as drying proceeds, and sometimes as in the case of Plate 5.4c
large hollow portions result. The white patches observed on
the surface are also present in the internal structure..

These could be attributed to the chalk content of thé

slurry.

5.3 SPRAY DRYING AND RESIDENCE TIME DISTRIBUTION EXPERIMENTS

The Spray Drying experiments were carried out in two
stages. The first stage was a preliminary one, during which
the evaporative capacity of the pilot plant spray drier was
established by undertaking spray drying experiments using
water as the liquid feed. The second stage was the actual
spray drying of Portland Cement slurry sample and the
data obtained from these experiments are presented in

Appendix E in form of Tables El to EZ20.

The Residence Time Distribution experimental programme
included Tracer experiments on the pilot plant spray drier and
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an industrial spray drier at Humber works of Blue

Circle Coy. Limited. The experimental data collected are

presented in Appendix F in Tables Fl to F7.

5.3.1 Analysis of Spray Drying Experimental Results.

The experimental results from both parts of the Spray
Drying experiments have been treated separately; thus for

1) Water drops, and 2) Slurry drops.

5.3.1.1 Water Drops

The results from the water experiments are presented
in Appendix E. These data were used to carry out bdth mass
and heat balance calculation on the Spray drier and as such
determine the evaporative capacity and heat utilisation
characteristics of the drier. A typical calculation is
presented in Appendix E. The results of the mass balance
calculations are presented in Table 5.3, while those for

enthalpy balance are presented in Table 5.4.

The experiments were carried out at five air flowrates

- . -1
varying from 0.13 kgs 1 to a maximum of 0.23 kgs ~. Two

experiments were carried out for each flowrate to assess the
3

reproduceability and the flowrates increased from 0.13 kgs"
to 0.23 kgs_l. The results of the mass balances on moisture
content presented in Table 5.3, are as expected in relation

to the flow in the spray drier. As the air flowrate increases

the total evaporation load in the drier increases and so does
the heat load in a corresponding manner. Thus more moisture

is transferred from the liguid feed into the air stream. This
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phenomenon is presented in Table 5.3 where it can be seen
that the evaporative capacity of the drier increases from
3.2448 x 107> kgs™' in experiment SD1 to 5.7408 x 107> kgs ™t
in experiment SD9. The accummulation term refers to the
unevaporated water collected from the conical base of the
drier at the end of each experiment. It will be noticed also
that this quantity decreases with increasing air flowrate.
Thus in terms of optimum moisture removal from the pilot plant

spray drier, the indication is that higher air flowrate is

favourable provided that there is no entrainment.

The Enthalpy balance presented in Table 5.4 shows a
similar trend as that dbserved in the case of moisture . transfer.
The increase in air flowrate necessitates an increased heat
load in the spray chamber but the thermal efficiency of ﬁhe
drier remained nearly constant between 0.626 and 0.804, during

.the whole experimental programme.

5.3.1.2 Slurry Drops

The data collected from the drying of cement slurry drops
are presented in Tables E1l1 to E20. As in the drying of water

drops, two experiments were performed for each air flowrate.

Since the evaporative capacity of the spray drier had
been determined from the preliminary experiments on a water
feed, the slurry feed flowrate was predetermined, and two
slurry feed rates were chosen for each air flowrate. This

was done in order to observe the effects on the drying of

the slurry.
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Feed: WATER

TABLE 5.3

MASS BALANCE ON MOISTURE ON

PILOT PLANT SPRAY DRIER

EXPERIMENT | TOTAL MOISTURE | EVAPORATIVE | ACCUMULATION_,
NUMBER INPUT, _3 | CAPACITY -3 (KGS ™) x 10
(KGS 7) x 10 (KGs ) x 10

SD 1 4.9242 3.2448 1.6794

SDh 2 5.3299 3.4641 1.8658

SD 3 5.0832 3.8653 1.2179

SD 4 5.5215 3.9936 1.5279

SD 5 5.2816 4.5900 0.6915

SD6 5.8270 4.2999 1.5271

SD 7 5.7130 4.9001 0.8129

SD 8 5.9365 5.4159 0.5207

SD 9 6.0200 5.7408 0.2792

SD 10 5.9683 5.5563 0.4120
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TABLE 5.4

ENTHALPY BALANCE ON PILOT

PLANT SPRAY DRIER
Feed: WATER
EXPERIMENT TOTAL HEAT TOTAL HEAT THERMAL
NUMBER INPUT_; _ EXHAUST _, | EFFICIENCY
(KJKG S 7) (KJKG..ZS ) (n)

sD 1 24.736 17.433 0.705
SD 2 40.398 26.661 0.660
SD 3 45.883 31.464 0.686
SD 4 39,744 37.637 0.695
SD 5 46.082 30.060 0.652
SD 6 43.093 26.985 0.626
SD 7 51.038 34.289 0.691
SD 8 50.062 38.213 0.763
SD 9 53.531 43,054 0.804
SD 10 51.047 39.424 0.772
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The data collected from these experiments, together with

the i i : . )
residence time distribution parameters are used extensively

in the derivation of Design Parameters for Spray Driers to be

developed in the next chapter,

5.3.2 Analysis of Tracer Experimental Results

The Tracer Experiments were carried out as explained in
Section 4.4.3, both on the laboratory pilot plant spray drier
and the Humber spray drying unit. Plates 5.3 and 5.6 are
typical of the tracer exit concentration profiles of &argon
mapped out by the mass spectrometer recorder. These profiles
constitute the data used to évaluate the parameterts derived
in equations (3.28) to (3.48) in Section 3.4. An ICL Fortran
IV program was written and compiled té normalise the raw
experimental response data and a Basic 16 program was compiled
to simulate the response in order to eyaluate the parameters.
The listing of both programs are presented in Appendix F.

The program included 'GRASP' (Graphics Aston Simulation Package)
a departmental package compiled on the 'Honeywell 316" computer.
GRASP can develop graphical simulations and in the case of the
differential equations being treated, it employs a 4th-

order Runge-Kutta subroutine for solution.

The Honeywell 16 printouts are presented in Tables F1l to
F7 in Appendix F. These show the time, the experimental tracer
concentration and the simulated response in dimensionlessg terms.
The graphical printouts corresponding to these response values
are presented in Figures 5.12 to 5.18. The evaluated parameters,
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FIGURE 5,12
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the 'sum of squared erros' and the variance between
experimental and simulated response values are presented on
the graphs. The last two factors were used as the criteria

to determine the degree of fit between experimental and

simulated response.

The graphs on Figure 5.12 to 5.16 show the various

1

responses as the drying air flowrate increase from 0.13 kgs
to 0.23 kgs—l. They show that the mean residence‘time
decreased correspondingly from 16.787 secohds to 10.348 seconds.
The volumes of the zones in the proposed air flow network

are presented in Table 5.5. The trend in the parameters for
the zones display different trends. Of particular interest

is the trend in the three parallel streams in the air flow
pattern. Stream A remained constant throughout at 0.6, while
stream B increased from 0.2075 to 0.2905 as shown in Figure
5.16. The third stream, found by difference, decreased with
increasing air flowrate, and varied from 0.1925 at air

flowrate of 0.13 kgs“l to 0.1095 at 0.23 kgs_l. Correspondingly
the proportion of zone Cl decreased from 0.175 at 0.13 kgs”l

to 0.12 at 0.23 kgs”l. This phenomenon indicated that, as the

air flowrate increased, more and more of it is ‘tactive!' in the

drying process.

The first well-mixed zone in stream A was found by

difference Thus from the fractions of volumes presented in

Figures 5.12 to 5.16, these were found to increase from 0.194

to 0O.4075 at the highest experimental air flowrate. It was

also observed that the plug flow zones A2 and Bl decreased
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correspondingly as the drying air flowrate increased, thus
J the fraction of the plug flow in stream B varied from O.056

to 0.0125 and similarly M, in stream B from 0.30 to 0.20.

The whole response results indicate that higher air
flowrates in the spray drier favour the predominance of

well mixed zones. They also support previous works(86190)

that
suggested that plug flow within a counter-éurrent spray drier
tends to decrease as air flowrate increases. The response
curves exhibit a close degree of fit as evidenced by the sum
of the squared errors which ranged closely between 0.142 and

3 3

0.245 while the variance from 1.716 x 10 ~ to 2.956 x 10 ~.

The Humber Tracer Experiment computer printouts are
presented in Figures5.17 and 5.18. The experiments involved
sampling the two egit ports from the spray chamber at the
Number 1 and Number 2 cyclones. The response curves obtained
from the Number 1 cyclone were not very sensitive and, as such,
did not lend themselves much to analysis. Efforts were
therefore concentrated on the response data from Number 2
cyclone. The various parameters are also shown in the curves,
and once again there is a good degree of fit between the
experimental and simulated responses, with the sum of squared

errors on the average being about 0.18 and a variance of about

2.15 x 1073,

The evaluated parameters indicate that about 13.88% of

the air into the spray drier passed through the by-pass

. . £ ‘ D .
suggesting that this proportion o the hot air into the drier

was wasted The general shape of the response curves show
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a predominance of well mixed zones. An example is the first

well mixed zone in stream A which was evaluated at 0.435 in

Figure 5.17 and 0.4975 in Figure 5.18.
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DESIGN MODEL FOR SPRAY DRIER :

6.1 INTRODUCTION

As was pointed out in Section 2.4, the development of a
unified design model for spray drier performance has hitherto
been empirical because of the complexity and diversity of
parameters involved. It has been recognised that one of the
salient aspects of spray drier design is the prediction of
the spray droplets trajectories. The studies were initiated

(110)

by Bailey, Slater and Eisenklam who predicted droplet

trajectories for some simple cases in a vortex flow and

considered the relationship between heat and mass transfer at

elevated temperatures. In addition Domingos and Roriz(lll)

(112)

in 1974 and Fabian also in 1974 reported their work on

droplet trajectories in swirling flows.

Fabian suggested an analytical approach by computing the

flow pattern of the droplets spray for both laminar and turbulent

boundary layers from a conical convergent nozzle with swirling
throughput. Paris et al.(87) developed the mathematical model
of the air flow pattern in a counter current spray drier by

en(ll3)

Tracer Analysis. S on the other hand, used both the

7

distributed parameters and the lumped parameters model to
predict drier performance and concluded that the steady state
temperature distribution within a spray drier lie between those

predictéd py the distributed parameters and lumped parameters

models.

A more exhaustive attempt is the recent work by Gauvin
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109
and Katta( ), and Ade John . Gauvinkapproach was

(86)

basically Lagrangian. They identified the major design
parameters as:
(a) Physical properties and the drying characteristics

of the feed solution.

(b) The Droplet Size Distribution (DSD) and the largest

drop diameter.
(c) Atomizer type and the drying air flow pattern.
(d) The heat and mass transfer rates in the drier.

The Guavin design method was based on the criterion that
the size of the spray drier will be such the largest drop in
the feed spréyed will be dry. They latér tried to'relaX'this
restraint but this tended to impose a very rigorous guideline

on the design method.

The Ade-John method was more experimental in that the
various volumes in the proposed air flow pattern were measured

and correlated in terms of the flow characteristics and

he was able to predict the spray drier performance very closely

In the present work the approach is semi-empirical and
numerical. The drying air flow pattern had been established
py experimental and numerical method, and the drying
characteristics was established by presentation of the
mathematical model. The spray drying experimental data for
experiment number SD20 shall be used as an example to develop
the design medel.
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6.2 AIR RESIDENCE TIME DISTRIBUTION

From Table 5.5, the residence time of the air in the

individual zones of the distribution network could be

evaluated.
SD25:~
In zone A2:-
eg = VJ/QT
_ 0.0400
0.3094
= 0.129s
In zone A3:-
eKv— Vg /Qp
_0.8325
T 0.3094
= 2,691s
In zone Bl:-
Oy = VM/QT
_0.4163
T 0.3094
= 1.346s
In zone B2:-
O = VN/QT
_0.2241
~ 0.3094

0.724s

Thus for the tracer analysis experiment number

(6.1)

(6.2)

(6.3)

(6.4)



In zone C:=-

6L = VL/QT (6.5)

_ 0.3202
0.3094

1.035s

The residence time in zone A3 can then be evaluated by

difference and was found to be 4.42s.

The total residence time of air in the tower could then

be evaluated as

where i represents the individual seven zones in the network.

Thus GT was 10.345 seconds.

6.3 DROP SIZE DISTRIBUTION

The drop size distribution was not measured directly in
this study, but Ashton's(ll4linvestigation on spray droplets
dispersion at swirl nozzles in a spray drier has been helpful.
He studied five formulations of Chalk slurry using five
different pressure nozzles and sprayed them into the chamber
of a transparent perspex spray drier and he used a high speed
photographic technigue to predict the drOp.size distribution
in the ensuing spray. Essentially Ashton proposed that the

drop size could be predicted in terms of the slurry flowrate,

nozzle diameter, and other physical guantities of the system.

Using Dimensional Analysis he established the sheet length as:-
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=0.117

~0. 449 ,_0.434

(D )_0'934(6.)

LS = 1871.35 dO(Re) G o

(We)

(6.6)

He obtained a correlation coefficient of 0.9 for the above
equation. From the knowledge of the sheet length and the
predicted sheet velocity, (VS), he predicted the drop size
as follows:-

Q 0.5

D, = 0.524 (— S ) (6.7)
VS Ls Sin ec

He compared the predicted drop size to the experimentally
measured volume surface mean diameter, and a regression

analysis resulted in the following equation

DVS = 0,547 Dp + 76.8 (6.8)

where DVS is the surface mean diameter in microns. A

correlation coefficient of 0.93 was obtained for equation (6.8).

Thus applying equations (6.6) to (6.8) for the similar

conditions of the present work yield:

v = 15.20 ms~ 1
S
L = 22.3 10 %m
S
5 = 34.0°
C
Qg = 1.862 x 1072 /1405

= 1.3253 x 1072 mist

| 1.3253 x 107°

P (15.2)3 « 22.3 x 10°° Sin 34

=143~



= 2.883 x 104 .

Thus DVS = 2,325 x lO-Am'

6.3.1 Number of Drops

Having calculated the drop size, it is now possible to

predict the number of drops in the spray drying chamber.

Recall Qg4 = 1.3253 x 107> mis7t
nDés
Volume of a drop = z
_m(2.325 x 10742
6

Then number of drops

6.x 1.3253 x 107°

T % (2.325 x 10“4)3

2.0140 x 106

il

6.3.2 Droplets Residence Time

an overall heat balance over the spray drier during the
residence of the droplets in the spray drier yields

{ -

\CA = - t - =T )i 6.9
eDGSacA Gas(,ti to)t GSCP(_Tl O), ( )

From experimental data and steam tables the following values

were collected:

-144~-

T



G, = 0.23 kgs™ T
t. = 205.0°C
1
t = 140.0°%C
O
£ = 10.3475 s
G, = 1.862 x 1072 kgs™?
7. = 92.0°%C
1
T = 45°C
O
A = 2148.0 KJ/KG
S = 1.0295 kJ KG * %kt
c, = 0.7787 K3 e
Therefore

| (0.23%1.0295x10. 3475x65) ~ (1.862x10™ *x0. 7787x47)(] g
0 = x\

D 2
x2148.0%0. 7787x0.2

PR

1.862x10

= 25.48 s

6.4 DRYING RATE

The mass transfer rate to a size range of droplets could

be given as:

dm.
___.l = 3 . H“H 6.]_

d6i T'rDv paqiSh nl(‘s 1) ! 0)

The drying rate N over the whole dréplets spectrum can

pe evaluated from the following equations

pza
il

m D paD NShAHS (6.11)

D \ VS
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The Sherwood Number is calculated from the Ranz«Marshall('29
equation:

0.5 0.33

Sh = 2.0 + 0.6Re S¢ (2.16)

Using the experimental data and also data from
International Critical Tables, the following parameters were
evaluated: -

p, = 7.4326 107t kgm‘3

b = 2.9571 10™> Nms ™2

D, = 5.8611 % 1072 m?s™t
Then

Sh = 2.6580
and equation (6.11) yields

& -5 -1 ~5. -4 6 -2
ND= 5. 8611x10 ~x7.4326x10 ~x2.6590x10 “x2,325x10 "x2,0140x10 %x2,4744x10

3 -1

= 4.2164 x 10 ~ kgs

6.5 TFINAL PRODUCT MOISTURE CONTENT

The amount of moisture evaporated during the residence

time of the droplets in the drier

= 4.2164 x 1074 « 25.48

= 0.1075 kg.

Slurry Flowrate

- 1.862 x 10 2 xgs™t
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0.335x1.862x10 2x25.48

I

Moisture in Slurry

0.1590 kg

Then dry powder in product

(1-0.335)x1.862x10 2x25.48

0.3156 kg

The amount of unevaporated moisture

= 0.1590-0.1075

= 5,15x10"% kg

Thus total powder and moisture

= 0.3671 kg

Therefore the final product moisture content
_ 5.15x107°%

= 5371 100%

14,029%, wt/wt

This compares favourably with the experimental moisture content

of 13.50.

6.6 DRYING EFFICIENCY

The efficiency of the spray drying operation could be

defined as the ratio of the heat used in evaporation to the
total heat input(44’109). That is

Heat used in Evaporation
Heat Input

n =
Drying
N A
= = (6.12)
GaS(ti-twb)+GSCp(Ti—wa)

-147-




where N is the evaporative capacity of the evaporative

capacity of the drier.

wa is the wet bulb temperature of the drying air.

From psychometry, T was estimated at 76.67°C.

wb

From the preliminary experiments carried out on the
spray drier and refering to the results presented on Table
5.3, the average evaporative capacity of the drier during
experiments number SD? and SD10, the conditions of which are

analogous to SD20, yields

N_ = 5.6486x10 ° kgs

Using the other parameters in equation for efficiency yields

n = 33.36%
Drying

Comments on the spray drier design model shall be offered in

the next chapter.
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DISCUSSION -

7.1 SINGLE DROP EXPERIMENTS -

The results obtained from the Thermal Conductivity
expériments proved to be reliable and they compare favourably
with published values (30, 115). values found in literature
however do not relate the variation of the thermal conductivity
with temperature as evaluated in the present work. Thus,
apart from the use of the thermal conductivity data for heat

balance on the crust, they present valuable data for future

applications.

Audu(23'24) made the proposition that crust thickness was
the controlling factor in a drying drop; His work however,
was limited to low mass transfer rates and the drying
phenomenon in his theory was by diffusion through the pores.
There is yet to be published work at high mass transfer rates

as attempted in this investigation.

The use of stereoscan analysis has been helpful in
justifying the proposals put forward in this proiect as it
had shown that the major controlling factors in the drop -
drying are crust thickness and the porosity of the material
being dried and at high rates revealed crack formation justifyi
pressure build up in accordance with the basis for the model
proposed. The porosity of the slurries remained near constant at O. 3!
throughout the experimental programme independent of temperatur
and moisture content. This value also compares favourably

with published values(ll6) and as such acceptable. Another
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factor which could be considered is the chemical composition
and chemical reactions in the different types of slurry
handled. The data on the chemical composition of the slurries
(104) . '

show they are all similar with the exception of the
Humber slurry which contained 5.0% Ferric Oxide (Fe203) as
opposed to 1.9% in others, The peculiarity of the Humber
slurry is because it is used in making "Sulphate Resisting"
cement. These types of cement slurry by their composition

and processing resist sulphates better than any other type

of slurry.

In cement manufacture, the chemical reactions, i.e.
crystallisation of amorphous dehydration products of clay,
evolution of carbon dioxide from clay etc., take place at

(117) and it will be recalled

temperatures of 500°C and above
that all efforts to produce a stable drop at temperatures
above 400°C were abortive. Hence it can then be concluded
that chemical composition and reactions do not affect the

Drying Characteristics of the slurries except the porosity

and crust thickness.

7.2 SPRAY DRYING AND RESIDENCE TIME DISTRIBUTION EXPERIMENTS

The RTD experiments established the distribution of drying

air in the pilot plant and Humber spray driers; and this gave

indication of the air residence times in the various zones

an
of the flow pattern network, The results obtained in these
experiments concerning the predominance of well mixed zones at

high flowrates togethex with the corresponding diminishing of
L Lo (
plug flow zones were supported by similar findings by Ade-John
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- (87)
and Paris et al. . The numerical method used in simulating

the tracer response is an iterative one using a digital
computer. A search through literature shows that while there
have been various attempts to simulate tracer response, none
has yet been attempted by this approach. Paris et al.(87)
tried to simulate the response analysis by a system of
diffefential equations, but they used a TR-48EAl Analogue

computer for the solution.

The spray drying experiments yielded some facts concerning
spray drier performance. They showed that the evaporative
capacity of the drier increases with increasing air flowrates,
which is not unusual since the high air flow eﬁsures that
more moisture be evaporated from the élurry feed. The thermal
efficiency evaluated was between 0.6 and 0.8 shows a good drier
performance at the particular drying air and slurry feed
flowrates. The actual spray drying experiments however did
not yield as low a final product moisture confent as desired.
This is evidenced by the final moisture content of between
20.0% and 12% and shown in the experimental results presented
in the Appendix. The two feed flowrates experimented on show
that the lower feed flow yield better drier performancé than
the higher one under the same set of conditions. These
findings agree with those of Masters(44) who concluded that

high inlet air temperature, low feed flowrates among other

factors enhance the performance of a spray drier.

The proposed Design model worked remarkably well in
predicting the performance of the spray drier. This is
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evidenced by the deviation error of 3.91%. This gives
credence to the theory that the drying performance of the drier
could be predicted by that of the 'largest! drop in the drop
size distribution. The overall drying efficiency of 33.36%
reported by the deisgn deel is not unexpected, as it gives
support to the rather high final product moisture content
reported in the experiments; and to the accuracy of the model.
The rgported drying efficiency indicated that the slurry
flowrate is probably too high. Thus the spray drier had
operated to its full capacity in removing as much moisture
as it can from the slurry feed. The drying efficiency
calculated by the design model is thus not a reflection on
the ﬁodel but on the drying parameters. It is not too low
however considering that the reported efficiency values are

Q
between 40.0 and SO.O%(44’lO*).
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CONCLUSIONS AND RECOMMENDATIONS

8.1 CONCLUSIONS

The conclusions drawn from the investigations are
" presented in two parts: (i) Single Drop Experiments and

(ii) Spray Drying Experiments.

8.1.1 Single Drop Experiments -

1. The Thermal Conductivity of the crust was experimentally
determined by a modified Lee's Disc method. The experimental

data for each sample were well correlated by the polynomial:

k + A + BT + CT2 + DT3 N (5.1)

The variance ranged from 5.877><lO—3 for Mason slurry to

1.124 x 107> for Shoreham slurry.

2. The Mass Tansfer Coefficient of the crust was predicted
~as a function of vapour pressure, vapour velocity through
the pores, pore length and crust thickness. Thus:

; .

£ P
K = (3-20)
© " 5(1-¢)2us’s

3. The crust thickness increases with increasing drying air

temperatures and initial moisture content of the slurry drop.

4, The crust mass transfer coefficient decreases with

increasing drying air temperature and initial moisture content

of the drop.

5. The overall mass transfer coefficient and consequently the
drying rate decreases with increasing drying air temperature

and initial moisture content of the slurry.
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6. There was good agreement between the experimental mass
transfer coefficient and the proposed momentum transfer
coefficient. A linear regression was carried out yielding

a typical correlation coefficient of 0.9960 for Humber slurry

at a standard deviation of 5.481X10_3.

7. The structure of both internal and the external surface
of the drops, as drying proceeds, confirmed the theory that

steam is ejected from the drops during the drying process.

8.1.2 Spray Drying and Residence Time Distribution Experiments

8. The residence time distribution of the drying air in the
spray drier was simulated and the model solved numerically
and there was a favourable agreement between experimental and
simulated responses. The degree of fit determined by the
value of "sum of squared errors" which ranged between 0.145

and 0.245 while the variance from 1.716x1072 to 2.956x10 ",

5. The air flow pattern was determined by Tracer Analysis
and showed that high flowrates favour well mixed zones 1in the

spray drier with the plug flow zones tending to decrease

proportionally.

10. The evaporative capicity of the pilot plant spray drier

was determined and experiments prove that high air flowrates

and temperature enhances the evaporative capacity of the drier.
11. The spray drying experiments carried out on the pilot

plant spray drier established that high air temperature and

low slurry flowrates enhances the spray drying operation.
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12. The proposed design model was applied to the pilot plant

spray drier and it predicted the spray drier performance with

a 3.91% error deviation.

8.2 RECOMMENDATIONS FOR FURTHER WORK -

1. The Single Drop Experiments should be extended to another

drying medium such as steam.

2. The tracer response éimulation program could be improved.
Two suggestions are offered, (i) The response from each zone
could be traced out individually and this will offer greater
insight into the air flow pattern in the spray drier.

(ii) The method of evaluating the parameters is repetitive
and very tedious. This could be minimised byvevaluating

initial values for the parameters by an adequate optimisation

model.

3. Efforts should be directed at operating the spray drier
under more varied conditions of air temperatures, slurry feed
flowrate and slurry feed temperature at the nozzle. This

would help to establish the maximum, minimum and optimum

drying conditions of the drier.

4, A great deal of difficulty was encountered with the blockinc
of the nozzle by extraenous matter in the slurry. A filter
svstem should be incorporated in future work. The use of

centrifugal nozzles should be considered.

5. The possibility of pre-heating the slurry should be

considered as this could improve the drying efficiency of the

drier.
_1E=_



6. The dust recovery unit should be improved to include a

valve system to control powder flow in the recovery chute.

7,v The effect of noxious fumes like NO SOX on the drying

X’

characteristics and spray drying of cement slurries should

be investigated.

8. A controller system could'be incorporated into the spray
drying unit such that a specified product moisture content
could be achieved by controlling, say, the inlet and outlet

air temperatures, feed flowrate, etc..

9. Finally, the spray drying experiments should be extended

to other products such as chemicals, foodstuffs, etc..
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APPENDIX A -

Tables Al-A5, Experimental measurements for the
determination of the thermal conductivity of the

various slurries,

Tables A6-Al0, Results from the Fortran IV computer
program to evaluate the thermal conductivity of the

slurries,

Program Listing for the calculation of thermal
conductivity of slurry samples by the modified

Lee's disc experiment,
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TABLE Al

SAMPLE : - WESTBURY SLURRY

CURRENT, I | VOLTAGE, Vv | rooM (°C) brsc 1 ©c) |psc 2 Coy | Hor praTE (°0)
(amps) (volts) TEMPERATURE | TEMPERATURE | TEMPERATURE | TEMPERATURE
1.0 30.0 20.0 50.0 95.0 105.0

1.5 50.0 20.0 99.0 189.0 195.0

2.0 70.0 20.0 133.0 265.0 270.0

2.5 95.0 20.0 155.0 330.0 335.0

3.0 115.0 20.0 190.0 418.0 420.0

3.5 140.0 20.0 220.0 485.0 515.0

4.0 1155.0 20,0 229.0 550.0 560.0

4.5 175.0 20.0 241,0 595.0 600.0

5.0 195,0 20,0 250.0 600.0 660.0
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TABLE A2

SAMPLE ;- NORTHFLEET SLURRY

CURRENT, I | VOLTAGE, V | ROOM “c) prsc 1 (°c) | pisc 2 (°c) | HOT PLATE °c)
(amps) (volts) TEMPERATURE | TEMPERATURE | TEMPERATURE | TEMPERATURE
1.0 30.0 20.0 80.0 115.0 120.0

1.5 50.0 20,0 108.0 190.0 195.0

2.0 70.0 20.0 150.0 260.0 265,0

2.5 95.0 20.0 165,0 313.0 320.0

3.0 115.0 20.0 195.0 385.0 390.0

3.5 140.0 20.0 225.0 480.0 moo.o

4.0 155.0 20.0 235.0 525.0 530.0

4,5 175.0 20.0 265.0 600.0 620.0

5.0 198.0 20.0 ,qu.o 650.0 660.0
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TABLE A3

SAMPLE:— SHOREHAM SIURRY

CURRENT, I | VOLTAGE, v | rooM (°C) pisc 1°(°c) | prsc 2 (°c) | HoT PrATE (°C)
(amps) (volts) TEMPERATURE | TEMPERATURE | TEMPERATURE | TEMPERATURE
1.0 30.0 25.0 68.0 117.0 125.0

1.5 50.0 25.0 88.0 166.0 175.0

2.0 70.0 23,0 118.0 265.0 270.0

2.5 95.0 23.0 136.0 340.0 350.0

3.0 115.0 24.0 174.,0 413,0 425,0

3.5 140.0 23,0 183.0 495,0 498,0

4.0 155.0 23,0 200.0 530.0 550.0

4,5 175,0 23,0 255.0 620,0 630.0

5.0 195.0 23.0 270.0 660.0

655.0
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TARLE A4

SAMPLE:~ MASON SLURRY

CURRENT, I | VOLTAGE, V | rooM (°C) prsc 1 Cc) |prsc 2 (Cc) | Hor prate (°C)
(armps) (volts) TEMPERATURE | TEMPERATURE | TEMPERATURE | TEMPERATURE
1.0 30,0 20,0 62.0 100.0 120.0

1.5 50.0 20.0 100.0 195.0 195.0

2.0 70.0 20.0 120.0 260.0 260.0

2.5 95.0 20.0 150.0 330.0 335.0

3.0 115.0 22.0 180.0. 404,0 410.0

3.5 140.0 20.0 225.0 508.,0 515.0

4,0 155.0 20.0 235,0 560.0 560.0

4,5 175.0 20.0 258,0 600.0 600.0

5.0 195.0 20,0 1280.0 660,0 660.0
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TABLE A5

SAMPLE:; - HUMBER (S/R) SLURRY

DISC 1 (C)

CURRENT, I | VOLTAGE, V | ROOM (*C) DISC 2 (GC) [ HOT PLATE (©C)
(amps) (volts) TEMPERATURE | TEMPERATURE | TEMPERATURE | TEMPERATURE
1.0 30.0 18.0 53.0 122.0 125.0

1.5 50.0 18,0 74.0 185,0 190.0

2.0 70.0 18,0 95.0 245.0 255.0

2.5 95.0 18.0 118.0 320.0 337.0

3.0 115.0 18,0 140.0 405.0 415,0

3.5 140.0 18.0 172.0 475.0 485.0

4,0 155.0 18.0 196.,0 530,0 565.0

4,5 175,0 18.0 208.0 590.0 610.0

5.0 195,0 18.0 270,0 680,0

630.0
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TABLE A6

SLURRY SAMPLE FROM: MASON

Temperature ©c) Thermal Conductivity wW/M/°C
Experimental | Calculated
55.0 0.1164 0.1360
87.0 0.2941 0.2073
120.0 0.1909 0.2911
195.0 0.5427 0.4949
260.0° 0.6372 0.6612
335.0 0.8331 0.8218
410.0 0.9678 0.9503
515.0 1.0965 1.1259
560.0 1.1715 1.2295
600,0 1.4491 1,3539
660,0 1.6016 1.6285
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TABLE A7

SAMPLE OF SLURRY FROM: NORTHFLEET

Thermal Conductivity (W/M/°C)
Temperature (°c)

Experimental | Calculated

62.0 0.4880 0.5339

120.0 0.7357 0.6059
195.0 0.6787 0.7985
265.0 0.9879 0.9951
320.0 1.1528 1,1244
390.0 1.2823 1.2366
500,0 1.2449 1.3174
530.,0 1,3742 1.3363
620.0 1.4690 1.4747
660,0 1.6198 1,.6178
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TABLE A8

SLURRY SAMPLE FROM; WESTBURY

Thermal Conductivity %\Z\o C)
Temperature °c)
Experimental | Calculated
105.0 0.3318 0.3263
195,0 0.5521 0.5641
270.0 0.7124 0.7239 _
335.0 o.m.\»& 0.8420 M
420.0 0,9685 0.9787 |
515.0 1,1285 1.1232
560.0 1.1488 1.1938
600.0 1,3051 1.2603
660,0 1.3601 1,3692




TABLE A9

SLURRY SAMPLE FROM:; SHOREHAM

Thermal Conductivity w/m/c)
Tenperature (°C) ,

Experimental | Calculated
125,0 0.3975 0.4364
175.0 0.6134 0.5282
270.0 0.5676 0.6273
350.0 0.6356 0.6805
425,0 0.8402 0,7481
498,0 0.8424 0.8666
550,0 1.0017 1.0018
630.0 1,2797 1,3242
660,0 1.5210 1.4887
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TABLE ALO

SLURRY SAMPLE FORM: HUMBER

o | Thermal Conductivity wW/mM/c)
Temperature (C)
. Experimental | Calculated

60.0 0.2181 0.2209

95,0 0.2228 0.2202
117.0 0.2504 0,2367
125,0 0,2272 0.2453 m
190,0 0.3518 0,3467 |
255,0 0.4843 0,4694
337,0 0.5921 0.,6043
415.0 0.6476 0.6991
485,0 0.8513 0,7815
565,0 | 0.9619 0.9454
610,0 1.0604 1,1149
680.0 1,5917 1,5744




Program Listing for the calculation of thermal

conductivity of slurry samples by the Modified Lee's

disc experiment,
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luy
114y
124y

2y

3u

31

MASTEx CIN
PTJUHAH T] EvALURTE [RE TAExMaL CJINDLCTIVITY JF SPECIMEN LULSING
TAE LATA CILLECIEL FxIM LEE'S DISC EXPEXRIMENT.

DIMENST IN TEAP T CSU), TEMP2CSU), TEAR3(S0) > xTEAP(50), E41SC5U)
DIMENSIIN AMPCOU) 5 vIL TS0, CINDTYCSU) > BETACSU)» X1 (200, r2(20)
DIMENST IN Y120 ARCIUL 1) 5 ALY Y3502, XML 0),B8CC10)

CALL JPENGINJGPW

DIAM=S. J6E=-2

PIE=3.14l2 '

FIxSTY=e«45u

AREAl=4401E-3

AREA]1=3.33E-2

AREA2=2.U00E-3

AREA3= 4. 01E-3

StMl=yey

SUMe= e U

5U£‘43=U-U

SuM4=U. 0

SUMS=0. U

SLM6=U.U

READCL, LUUIN

REALDCIS TTUYCTERAPICID) > I=10N)
KEADCL, 1T CTEMP2CI), [=1,0N)
READCL, 11U CTEMAP3CL)Y» I=1,N)
READCIL 1IIUW (RTEAP (LY 12150
READCIL 1 IU) CAMP(T)» I=1,N)
READCIL TLIO)CVILTCIDS I=15N)
KEADCLIL 11TU) (BETACI)» 1=1,0N)
REALDCL, 12UIN4G, CAM D) I=1oN4)
FImMATCIZ2D

FIrMATCLI2F0eU)
FIrMAT (12, 6EU.UD

AF=T7500

A2C1)=5U.U

NZ2= (AF=x2C1))/50.

AREAZZ2zAREAZ2x(1=-PIrSTY)

D1 10 I=1l,N

AREAS= (1-PIRSTY))4PIE«DIAM«BETACD)
IFCyILTICI)=-20.U022U,2U5 30

AREAE= (1=-PlrSTY)#«2.01E-3

<1 T1 31

AREAlI=ARERA]L]

AREAZ=RAREAZZ
AREAEzFIE«(U]AaM«x2) =« (-2 IxSTY)/ 4. Ul
GJ 11 3i

A= AREALCTEAFP I (D) ~RTEAPCID)
B=aREAZx (TEAPZ(I)=rIEMP L))
UshARER2<C [EAP3CI)-rIEAFP (L))

TEAr= (1empP2 1)+ TEAr3CIN)/72.
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C=AREAS* (TEMP-RTEMP (L))
EMISCID= CAPCID«VILT L))/ (A+p+Ce)
AZAREAS* (TEMPF2CII+TEMP3 (1) = (24 TEAP (1)) / 44 0
Y=AREA3* (TEMP3CI)=xTEYP (1))
CINDTYCI)=EMISCI)*BETACL) «(C+24D)/ (2. xAREAE« (TEAP2C1)
U CINTINUE
M=
Ml=m+ ]
M2zM+d
vl 11 J=1,M1
L)J 12 I=1sN
SUMI=SUMI+TEMP L (D) = (J=-1)
SLMZ2=SUM2+ TEMP 1 (1) xxJ
SUM3=SUM3+ TEMP 1 (D) x5 (J+ 1)
SUMO=SUMS+CINDTY (L)« TEMP LI (1) %% (J=-1)
12 CINTINUE :
ARGy 1)=5uMd
AR (J,2)=5LM2
ArRCJs 3)=5UM3
Ax(JsM2)=5LM5
11 CINTINUE
CALL GAUSS(Ax»M 1 AR)
D) 14 I=l,n2
X2CI+1)=X2C1)+5U.4
D} 13 L=lanN4
SUM 6= SUM G+ AM (L) # (X2 (1) xx(L=-1))
13 CINTINUE
Yl1Cl)=5uMe
SkMé=U. U
l4 CINTINUE
1 15 I=1,-N
D) 16 MU=1,N4
SUM 4= SUM 4+ xid (MUY« CTEME 1T (L)« %GAU=- 1))
16 CINTINUE
Y3C(Id)=5uM4
SuMa=0.0
15 CINTINUE
Call SAIFT2ClIude, 100D
CALL CRAsSLZ(2.652.3)
NPTl=znN2
NFETS=N
NSYM=T
NSYMI=5
NSPACE=(
AC=AMAKL (Y 1(ve), CINDTY (N
ACl=rnC+0.1U
CALL AAIPISC(lsUesUesrl25¢51)
CALL AKLPISClsUesUss 150.52)
CAaLlLL AxISCAC3: 5, DessUdenrl)
CALL AXISCAC3,5, U.UJHClle)
CaLlL AAlURACL, 15 1)
CALL AAIDRAC-1,-152)
CaLl mlvTl205y.U0,200.U)
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CALL CHAHIL C12HFIGURE Solxe)

CaALL ™M IVvTI2C(15.0,190.0)

CALL CHARJL(33HCIRRELATED THERMAL CINDUCTIVITY#.)
CALL MIVTI2C15.0,18U0.0)

CALL CHAHIL(33rFIr SLURKRY SAMPLE Frl4 WESTBUKY*.)
CALL CHAANG(9(0.0)

CALL MJIvTl2(-15.0,20.0)

CALL CHAHJL(4THTRERMAL CINDULCTIVITY (WATTS/METERS/DEC.C
CALL CHAANG(Q.0)

CALL ™MIvTJ2(3U0s0Us-15.U)

CALL CHARIL(30HTEMPERATURE(DEG. CENIIGRADEY«.)
CALL MIvilda2(8U.0s40-0)

CALL SyMpIL(NSYM)

CALL MIvTJl2(5S.0,40.0)

CALL CHAMIL (1 6HE«L APERIMENTAL*4)

CALL CraSYM(TEMPL, CINDTIY>NPIS,NSYM,NSPACE)Y

CaLll GrACURCAZ,YI»NPTID

CALL “iviJde(-950.us=-40.0>

CaLL LINIJ2(-S0.0s250.0)

CALL LINTIZ2C16U-0U52%50.0)

CALL LINTIZ2C16U0s=-40.U)

CALL LINTIZ2(=50.s=4U0s)

CaLL DEVEND

STAP

END

SUBJUTINE CAUSSC(AsN, X)
DIMENSIIN AC1U,102, aC1U)
NAsN+ |
DY 10 Jd=1lsnN=1
Lp=J+ 1
KA=J
C=aBS(ACIJ))
UVl 2u I=KbBs,nN
IF(C-ABS(ACI, U)X 30,20,20
33U C=ABS(ACI,JI))
KA=1]
20 CINTINUE
D] 4d L=Jd,nN+1|
g=A(JsX)
A(JsK)I=A(KA,X)
4y A(LKA,KX)=D3
U_] 1 U [=Ko, N
D:A(IJJ)/H(JJJ)
D] 11U A=doiN+]
Iy ACLsK)=A(]K)~A(Js<) =D
D) SU I=slon-1
NIT=NA-]
= AN ] I)NH)/H(NITJNIT)
L=1+1
Ul 64 AK=Low
J=NAR-K
6U A(J;NH)=A(J;NA)‘h(J;NIl)‘b
AlNTT,NTTY=1.
Sy AWNTITINAI=D
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ACL,NA)Y=ALC 1>NAY/&AC 1>1)
Alls1)=1.
bl 1usS Jd=1,N
ACI)I=ACTsNA)D
1uS CINTINUE
~ETURN
END
FINISH
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APPENDIX B

1. Tables Bl - B75, Data from the Single Drop Experiments.

2. Fortran IV program listing for calculating drying

characteristics of slurry samples.
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Table Bl

Sample: NORTHFLEET SLURRY
Drying Air Temperature: 200°C

Initial Drop Moisture Content: 30%, wt/wt

Initial Drop Size: 5.0 x lO—Bm

Air Flowrate: 1.0 X lO—3 kgs_l

DRYING HUMIDITIES (KG/KG)
TIME (MIN) [ ypsmpeaM x 1070 | DOWNSTREAM x 107°
0 . 0.8253 1.1312
1 0.8253 1.3923
2 0.8253 : 1.2821
3 0.8253 1.2821
4 0.8253 ' 1.2821
5 0.8253 1.2821
6 0.8253 1.1797
7 0.8253 1.1797
8 0.8253 1.1797
9 0.8253 ' 1.1797
10 0.8253 1.1797
15 0.8253 1.1312
20 0.8253 1.1312
25 0.8253 1.1312
30 0.8253 1.1312
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Table B2

Sample: NORTHFLEET SLURRY

Drying Air Temperature : 300°C

Initial Drop Moisture Content: 30% wt/wt

3

Initial Drop Size: 3.8 x 10~ m

Air Flowrate:

1.0 x 10—3 kgs-l

HUMIDITIES (KG/KG)

DRYING
TIME (MIN) } ypsTREAM x 107> | DOWNSTREAM x 1073
0 0.8253 0.9960
1 0.8253 1.1312
2 0.8253 1.7742
3 0.8253 1.8461
4 0.8253 1.5731
5 0.8253 1.5731
6 0.8253 1.6378
7 0.8253 1.6378
8 0.8253 1.2821
9 0.8253 1.1312
10 0.8253 1.1312
15 0.8253 1.0394
20 0.8253 1.0394
25 0.8253 1.0394
30 0.8253 1.0394

~-176-




B3

Table

Sample: NORTHFLEET SLURRY

O

Drying Air Temperature: 400 C

Initial Drop Moisture Content: 30% wt/wt

Initial Drop Size: 3.0 x10

Alr Flowrate:

3

1.0 x 10"~ kgs

3

m
-1

DRYING HUMIDITIES (KG/KG)
TIME (MIN) " perneam x 1073 | DOWNSTREAM x 1073
0 0.8253 0.9960
1 0,8253 0.9960
2 0,8253 2,6174
3 0.8253 2,0773
4 0,8253 1.8461
5 - 0.8253 1.7742
6 0.8253 1.7048
7 0.8253 1.6378
8 0.8253 1.6378
9 0.8253 1.6378
10 0.8253 1.6378
15 0.8253 1.5107
20 0.8253 1.5107
25 0.8253 1.5107
30 0.8253 1.5107
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Table B4

Sample: NORTHFLEET SLURRY
Drying Air Temperature: 200°¢C

Initial Drop Moisture Content: 35% wt/wt
3

Initial Drop Size: 4.5 x 10 " m
Air Flowrate: 1.0 x 10“3 kgsml
DRYING HUMIDITIES (KG/KG)
TIME (MIN) | ypsTREAM x 107> | DOWNSTREAM x 107>
0 0.8253 2.0773
1 0.8253 3.0431
2 0.8253 2.6174
3 0.8253 2.3336
4 0.8253 $2,2452
5 0.8253 . 2.2452
6 0.8253 2.2452
7 0.8253 2.2452
8 0.8253 2.2452
9 0.8253 2.2452
10 0.8253 2.2452
15 0.8253 - 2.2452
20 0.8253 2.2452
o5 0.8253 2.2452
30 0.8253 2.2452

-178-



Table BS

Sample: NORTHFLEET SLURRY
Drying Air Temperature: 300°C

Initial Drop Moisture Content: 35% wt/wt

Tnitial Drop Size: 3.0 x 10 °

Air Flowrate: 1.0 x lO_3 kgs-~l

DRYTING HUMIDITIES (KG/KG)
TIME (MIN) =3 =3
UPSTREAM x 10 DOWNSTREAM x 10
0 0.8253 0.9542
1 0.8253 0.9960
2 0.8253 1.0394
3 0.8253 1.2300
4 0.8253 1.3923
5 0.8253 1.5107
6 0.8253 1.5107
7 0.8253 1.2300
8 0.8253 1.1797
9 0.8253 1.1312
10 0.8253 ' 1.1312
15 0.8253 1.0844
20 0.8253 0.9960
30 0.8253 0.9960
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Table B6

Sample: NORTHFLEET SLURRY

Drying Air Temperature: 400°¢

Initial Drop Moisture Content: 35% wt/wt
Initial Drop Size: 2.2 X lb-3m

Air Flowrate: 1.0 x 107 ° kgs_l

DRYING HUMIDITIES (KG/KG)
TIME (MIN) UPSTREAM X 10° > | DOWNSTREAM X 107 °

0 0.7673 0.8019

1 0.7673 0.8019

5 0.7673 1.1312

3 0.7673 1.3923

4 0.7673 "~ 1.4504

5 0.7673 1.3923

6 0.7673 1.5107

7 0.7673 1.7048

8 0.7673 1.1312

9 0.7673 1.0844

10 0.7673 0.9960

15 0.7673 0.9960

20 0.7673 0.9960

30 0.7673 0.9960
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Table B7

Sample: NORTHFLEET SLURRY
Drying Air Temperature: 200°C

Initial Drop Moisture Content: 45%, wt/wt

Initial Drop Size: 4.0 x 10—3 m

Air Flowrate: 1.0 X 1073 kgs—l

DRYING HUMIDITIES (KG/KG)
TIME (MIN) | ypgrpEaM x10 > | DOWNSTREAM X 1073
© 0.8253 1.7742
1 0.8253 1.9205
2 0.8253 1.9205
3 0.8253 1.9205
4 0.8253 1.9205
5 0.8253 1.9975
6 0.8253 2.0773
7 0.8253 2.0773
8 0.8253 1.9975
9 0.8253 1.9975
10 0.8253 1.9975
15 0.8253 1.8461
30 0.8253 1.7742
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Table BS8

Sample: NORTHFLEET SLURRY

Drying Air Temperature: 300°C

Initial Drop Moisture Content: 45% wt/wt

3

Initial Drop Size: 3,0 x 10 "m

Air Flowrate:

1.0 x 10 ~ kgsal

HUMIDITIES (KG/KG)

DRYING
TIME (MIN) | yporRrEAM x 107 ° | DOWNSTREAM x 10 °
0 0.8253 2.1598
1 0.8253 2.6174
2 0.8253 2.8231
3 0.8253 2.8231
4 0.8253 2.8231
5 0.8253 | 2.8231
6 0.8253 2.9313
7 0.8253 2.8231
8 0.8253 2.8231
9 0.8253 2.8231
10 0.8253 2.6174
15 0.8253 2.6174
20 0.8253 2.6174
30 0.8253 2.1598
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TABLE B9

Sample: NORTHFLEET SLURRY
Drying Air Temperature: 400°C

Initial Drop Moisture Content: 45% wt/wt

Initial Drop Size: 2.2 % lO“3 m
Air Flowrate: 1.0 x lO_3 kgsml
DRYING HUMIDITIES (XG/KG)
TIME (MIN) | yoompEaM x 1072 | DOWNSTREAM x 10~
0 0.8253 3.1586
1 0.8253 3.4015
2 0.8253 4,2333
3 0.8253 3.7970
4 0.8253 : 3.5290
5 0.8253 3.4647
6 0.8253 3.4267
7 0.8253 3.4015
8 0.8253 3.4015
9 0.8253 3.4015
10 0.8253 3.4015
15 0.8253 3.2781
20 0.8253 3.2781
30 0.8253 3.1586
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TABLE B1lO

Sample: NORTHFLEET SLURRY

Drying Air Temperature: 200°¢

Initial Drop Moisture Content: 50% wt/wt

Initial Drop Size:

Alr Flowrate:

1.0 x 10~

3

4,0 x 10 " m

-1

kgs

DRYING HUMIDITIES (KG/KGY
TIME (MIN) | UPSTREAM X 107° | pownsTrEAM x 1073
0 0.8253 1.6378
1 0.8253 1.7742
2 0.8253 1.9205
3 0..8253 1.9975
4 0.8253 1.9975
5 0.8253 1.9205
6 0.8253 1.9205
7 0.8253 1.9205
8 0.8253 1.9205
9. 0.8253 1.9205
10 0.8253 1.9205
15 0.8253 1.6378
20 0.8253 1.6378
30 0.8253 1.6378
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T

ABLE B11l

Sample: NORTHFLEET SLURRY

Drying Air Temperature: 300°cC

Initial Drop Moisture Content: 50% wt/wt

Initial Drop Size: 3.0

Air Flowrate:

1.0 x 10~

x,10_3 m

3 kgs~L

DRYING HUMIDITIES (XG/KG)
TIME (MIN) | UPSTREAM x 10 ° DOWNSTREAM x 10"3
0 0.8253 3.1586
1 0.8253 3.4015
2" 0.8253 3.4015
3 0.8253 3.4015
4 0.8253 3.4015
5 ‘0.8253 3.4015
6 0.8253 3.4015
.7 0.8253 3.4015
8 0.8253 3.4015
9 0.8253 3.4015
10 0.8253 3.4015
15 0.8253 3.2781
20 0.8253 3.2781
30 0.8253 3.2781
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Sample: NORTHFLEET SLURRY

Drying Air Temperature: 400°C

Initial Drop Moisture Content:

Initial Drop Size: 2.6 x 10
-3

Air Flowrate: 1.0 x 10 kgs

TABLE B12

50% wt/wt

DRYING HUMIDITIES (KG/KG)
TIME (MIN) | ypgrREAM x 107° | DOWNSTREAM x 107 °
o 0.8253 3.1586
1 0.8253 4.0832
> 0.8253 4.2333
) 0.8253 4.2333
4 0.8253 4.2333
c 0.8253 3.5290
6 0.8253 3.4015
. 0.8253 3.4015
g 0.8253 3.4015
5 0.8253 3.4015
10 0.8253 3.1586
15 0.8253 3.1586
o 5.8253 3.1586
30 0.8253 3.1586
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TABLE B13

Sample: NORTHFLEET SLURRY

Drying Air Temperature: 200°C

Initial Drop Moisture Content: 55% wt/wt

3

Initital Drop Size: 3.0 x 10 - m

Alr Flowrate:

1.0 x 1072 xgs™t

DRYTING HUMIDITIES (KG/KG)
TIME (MIN) | jporREAM x 107° | DOWNSTREAM x 10 °
0 0.8253 3.2781
1 0.8253 3.3147
2 0.8253 3.4015
3 0.8253 3.4267
4 0.8253 3.4267
5 0.8253 3.4015
6 0.8253 3.4015
7 0.8253 3.4015
8 0.8253 3.3765
9 0.8253 3.3765
10 0.8253 . 3.3765
15 0.8253 3,3147
20 0.8253 3.2781
30 0.8253 3.2781
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TABLE Bl4

Sample: NORTHFLEET SLURRY

Drying Air Temperature: 200°C

Initial Drop Moisture Content: 55% wt/wt

Initial Drop Size: 2.5 x lO_3m

Air Flowrate: 1.0 x 10_3 kgs_l

DRYING HUMIDITIES (KG/KG)
TIME (MIN) | ypgTREAM x 107° | DOWNSTREAM x 10>
0 0.8253 3.5290
1 0.8253 3.5290
2 0.8253 3.7970
3 0.8253 3.7970
4 0.8253 3.5290
5 0.8253 . . 3.5290
6 0.8253 3.5290
7 0.8253 3.5290
8 0.8253 3.5290
2 0.8253 3.5290
10 0.8253 3.5290
15 0.8253 3.5290
20 0.8253 3.5290
30 0.8253 3.5290
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TABLE B15

Drying Air Temperature:

Sample: NORTHFLEET SLURRY

400°¢

Initial Drop Moisture Content: 55% wt/wt

Initial Drop Size: 2.0

Air Flowrate:

1.0 x 10

X lO—3m

-3 kgsml

DRYING HUMIDITIES (KG/KG)
TIME (MIN) | upsTREAM x 107> | DOWNSTREAM x 10>
0 0.8253 3.4015
1 0.8253 4.0823
2 0.8253 4.2333
3 0.8253 6.4652
4 0.8253 7.6768
5 0.8253 4.2333
6 0.8253 4.2333
7 0.8253 3.5290
8 0.8253 3.5290
9 0.8253 3.5920
10 0.8253 3.5920
15 0.8253 3.5920
20 0.8253 3.5920
30 0.8253 3.5920
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TABLE Bl6

Sample: MASON SLURRY

Drying Air Temperature: 200°C

Initial Drop Moisture Content: 30% wt/wt

Initial Drop Size: 5.0 x lO—'3 m
Air Flowrate: 1.0 x 10_3 kgs-'l
DRYING HUMIDITIES (KG/KG)
TIME (MIN) =3 3
UPSTREAM x 10 DOWNSTREAM x 10

0 0.9542 3.0659

1 0.9542 3.1586

2 0.9542 3.1704

3 0.9542 3.1704

4 0.9542 3.1586

5 0.9542 3.1586

6 0.9542 3.1586

7 0.9542 3.1586

8 0.9542 3.1586

9 0.9542 3.1586

10 0.9542 3.0431

15 0.9542 3.0431

20 0.9542 3.0431

25 0.9542 3.0431

30 0.9542 3.0431
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TA

BLE B17

Sample: MASON SLURRY

Drying Air Temperature: 300°C

Initial Drop Moisture Content: 30% wt/wt

Initial Drop Size: 5.0 x 10

Air Flowrate: 1.0 x10 3 kgs~

3

A

1

HUMIDITIES (KG/KG)

DRYING
TIME (MIN) [ yoorrEAM x 10°° | DOWNSTREAM x 10~ °
0 0.9542 3.0431
1 0.9542 3.4015
2 0.9542 3.4015
3 0.9542 3.2781
4 0.9542 3.1586
. 0.9542 3.1586
c 0.9542 3.1352
7 0.9542 3.1352
8 0.9542 3.1352
5 0.9542 2.9313
Lo 0.9542 2.9313
15 0.9542 2.9313
20 0.9542 2.9313
o5 0.9542 2.9313
0 0.9542 2.9313
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TABLE B18

Sample: MASON SLURRY

Drying Air Temperature: 400°C

Initial Drop Moisture Content:

Initial Drop Size: 5.0 X 10
3

Air Flowrate: 1.0 X 10 kgs

30% wt/wt

DRYING HUMIDITIES (KG/KG)
TIME (MIN) — —
UPSTREAM * 10 DOWNSTREAM * 10
0 0.9542 2.9313
1 0.9542 3.5290
2 0.9542 3.5290
3 0.9542 3.4015
4 0.9542 3.2781
5 0.9542 3.2781
6 0.9542 3.1586
7 0.9542 3.1586
8 0.9542 2.8231
9 0.9542 2.8231
10 0.9542 2.8231
15 0.9542 2.8231
20 0.9542 2.8231
25 0.9542 2.8231
30 0.9542 2.8231
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TABLE B19
Sample: MASON SLURRY

Drying Air Temperature: 200°C

Initial Drop Moisture Content: 352 wt/wt

Initial Drop Size: 4.0 x lO_3m

Air Flowrate: 1.0 x 10—3 kgs—l

DRYING HUMIDITIES (KG/KG)
TIME (UIN) | ypsrREAM x 1073 | DOWNSTREAM x 10~ 3
o 0.9542 3.0659
1 0.9542 3.1586
, 0.9542 3.1586
5 0.9542 3.1352
A 0.9542 3.1352
. 0.9542 3.1352
. 0.9542 3.0431
. 0.9542 3.0431
5 0.9542 3.0431
5 0.9542 3.0431
" 0.9542 3.0431
15 0.9542 3.0431
. 0.9542 3.0431
o 5.9542 3.0431
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TABLE B20O

Sample: MASON SLURRY
Drying Air Temperature: 300°c

Initial Drop Moisture Content: 35% wt/wt

Initial Drop Size: 4.0 x lO_Bm

Air Flowrate: 1.0 x 10°° kgs—l

DRYING HUMIDITIES (KG/KG)
TIME (MIN) | ypsrREAM x 1073 | DOWNSTREAM x 10~
o) 0.9542 3.0431
1 0.9542 3.2781
2 0.9542 3.2298
3 0.9542 3.2298
4 0.9542 . 3.1586
5 0.9542 3.1586
6 0.9542 3.1586
7 0.9542 2.9313
8 0.9542 2.9313
9 0.9542 2.9313
10 0.9542 2.9313
15 0.9542 2.9313
20 0.9542 2.9313
30 0.9542 2.9313
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TABLE B21

Sample: MASON SLURRY

Drying Air Temperature: 400°C

Initial Drop Moisture Content:

Initial Drop

Alr Flowrate:

Size: 3.5 x 10

“

1.0 x 10 ~ kgs

35% wt/wt

m
-1

DRYING
TIME (MIN)

HUMIDITIES (KG/KG)

UPSTREAM x 10

3

DOWNSTREAM x 10

3

W O N oy U W N = O

w N
o O u O

0.9542
0.9542
0.9542
0.9542
0.9542
0.9542
0.9542
0.9542
0.9542
0.9542
0.9542
0.9542
0.9542
0.9542

2.9313
3.5290
3.2781
3.2298
3.2298
3.1586
3.1586
2.8231
2.8231
2.8231
2.8231
2.8231
2.8231
2.8231
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TABLE B22

Sample: MASON SLURRY

Drying Air Temperature: 200°C

Initial Drop Moisture Content: 453 wt/wt

Initial Drop

Air Flowrate:

3

Size: 4.0 x 10 “m

3 -1
S

1.0 x 10 kg

DRYING HUMIDITIES (KG/KG)
TIME (MIN) | ypsTREAM x 107 | DOWNSTREAM x 10

0 0.9542 3.1004

1 0.9542 3.1586

5 0.9542 3.2781

3 0.9542 3.1586

4 0.9542 3.1586

5 0.9542 3.1586

’ 0.9542 3.1586

7 0.9542 3.0431

8 0.9542 3.0431

9 0.9542 3.0431

10 0.9542 3.0431

s 0.9542 3.0431

20 0.9542 3.0431

.- 0.9542 3.0431

30 0.9542 3.0431
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TABLE B23

Sample: MASON SLURRY

Drying Air Temperature: 300°C

Initial Drop Moisture Content: 453 wt/wt

3

Initial Drop Size: 3.5 x 10 “m

Air Flowrate:

3 -1

1.0 x 10~ kgs

DRYING HUMIDITIES (KG/KG)
TIME (MIN) | ypsrREAM x 1070 | DOWNSTREAM x 1072
0 0.9542 2.9867
1 0.9542 3.5290
2 0.9542 3.5290
3 0.9542 3.4015
4 0.9542 3.2781
5 0.9542 3.1586
6 0.9542 3.1586
7 0.9542 3.1586
8 0.9542 2.9313
9 0.9542 2.9313
10 0.9542 2.9313
15 0.,9542 2.9313
20 0.9542 2.9313
25 0.9542 2.9313
30 0.9542 2.9313
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TABLE B24

Sample: MASON SLURRY

Drying Air Temperature: 400°c

Initial Drop Moisture Content: 45% wt/wt

Initial Drop Size: 4.30 x lO—Bm

Air Flowrate:

3

1.0 x 10"~ kgs

DRYING HUMIDITIES (KG/KG)
TIME (MIN) [ opcremam x 10-3 | DownoTREAT » 3
O 0.9542 2.8767
1 0.9542 4.0832
2 0.9542 4.2333
3 0.9542 3.7970
4 0.9542 3.5290
5 0.9542 3.2781
6 0.9542 3.1586
7 0.9542 3.1586
8 0.9542 2.8231
9 0.9542 2.8231
10 0.9542 2.8231
15 0.9542 2.8231
20 0.9542 2.8231
25 0.9542 2.8231
30 0.9542 2.8231
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TABLE B25

Sample: MASON SLURRY

Drying Air Temperature: 200°C

Initial Drop
Initial Drop

Air Flowrate:

Moisture Content: 50% wt/wt

Size: 3.5 x 10 °m
1.0 x 1073 kgs ™t

DRYING HUMIDITIES (KG/KG)
TIME (MIN) | ypsrRrEAM x 107> | DOWNSTREAM x 1073
0 0.9542 3.1004
1 0.9542 3.2781
2 0.9542 3.2781
3 0.9542 3.1586
4 0.9542 _ 3.1004
c . 0.9542 3.1004
6 0.9542 - 3.0888
. 0.9542 3.0888
8 0.9542 3.0431
9 0.9542 3.0431
10 0.9542 3.0431
15 0.9542 3.0431
20 0.9542 3.0431
95 0.9542 3.0431
20 0.9542 3.0431
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TABLE B26

Sample: MASON SLURRY

Drying Air Temperature: 300°C

Initial Drop Moisture Content: 50% wt /wt

Initial Drop

Air Flowrate:

Size: 4.8

1.0 x 10

X lO-3m

-3 kgs‘l

DRYING HUMIDITIES (KG/KG)
TIME (MIN) | GpsopEaM x 1073 DOWNSTREAM x 107>
© 0.9542 2.9867
1 0.9542 3.7970
2 0.9542 4.7138
3 0.9542 5.0608
4 0.9542 4.0832
> 0.9542 3.7970
6 0.9542 3.5290
7 | 0.9542 3.2781
8 0.9542 2.9313
9 0.9542 2.9313
10 0.9542 2.9313
15 0.9542 2.9313
20 0.9542 2.9313
25 0.9542 2.9313
30 0.9542 2.9313




TABLE B27

Sample: MASON SLURRY

Drying Air Temperature: 400°c

Initial Drop Moisture Content: 50% wt/wt

Initial Drop Size: 4.5 x lO_Bm

Air Flowrate: 1,0 x lO"3 kgs"l

DRYING HUMIDITIES (KG/KG)
TIME (MIN) | ypsrrEAM x 1072 | DOWNSTREAM x 103

0 0.9542 2.8767

1 0.9542 ' 5.0608

2 0.9542 4.7138

3 0.9542 4.0832

4 0.9542 3.7920

5 0.9542 3.2781

6 0.9542 . 3.4015

7 0.9542 3.4015

| 8 0.9542 2.8231

i 9 0.9542 2.8231

10 0.9542 ‘ 2.8231

15 0.9542 2.8231

20 0.9542 2.8231

30 0.9542 2.8231
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TABLE B28

Sample: MASON SLURRY

Drying Air Temperature: 300°C
Initial Drop Moisture Content: 55% wt/wt
Initial Drop Size: 4.0 x lo—3m

Air Flowrate: 1.0 x 10_3 kgs“l

DRYING HUMIDITIES (KG/KG)
TIME (MIN) | ypsrpEam x 1073 | DOWNSTREAM % 10~ 3
0 0.9542 2.9867
1 0.9542 4.0832
2 0.9542 4.0832
3 0.9542 3.7970
4 0.9542 3.7930
5 0.9542 3.5290
6 0.9542 3.5290
7 0.9542 3.5290
8 0.9542 2.9313
9 0.9542 2.9313
10 0.9542 2.9313
15 0.9542 2.9313
20 0.9542 2.9313
30 0.9542 2.9313
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TABLE B29

Sample: MASON SLURRY

Drying Air Temperature: 200°C

Initial Drop Moisture Content: 55% wt/wt

Initial Drop

Air Flowrate:

Size: 4.0 x 10

1.0 x 10

-3

kgs

DRYING HUMIDITIES (KG/KG)
TIME (MIN) | o % 10-3 | DOWNSTREAM = 10~ 3
0 0.9542 3.1004
1 0.9542 3.2781
2 0.9542 3.2781
3 0.9542 3.4015
4 0.9542 3.2781
5 0.9542 '3.0888
6 0.9542 3.0888
7 0.9542 3.0888
8 0.9542 3.0888
9 0.9542 3.0431
10 0.9542 3.0431
15 0.9542 3.0431
20 0.9542 3.0431
30 0.9542 3.0431
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TABLE B30

Sample: MASON SLURRY

Drying Air Temperature: 400°c

Initial Drop
Initial Droop

Air Flowrate:

Moisture Content: 55% wt/wt
Size: 4.0 x lO_3m

1.0 % 10-3 kgs—l

DRYING HUMIDITIES (KG/KG)
TIME (MIN) | (oomprns 10-3 | DownSTREAN x 10-3
0 0.9542 2.8767
1 0.9542 5.4307
2 0.9542 4.7138
3 0.9542 4.0832
4 0.9542 3.5290
5 0.9542 3.5290
6 0.9542 3.5290
7 0.9542 3.5290
8 0.9542 3.5290
9 0.9542 3.5290
10 0.9542 3.5290
15 0.9542 3.5290
20 0.9542 3.5290
30 0.9542 3.5290
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TABLE B31

Sample: HUMBER (S/R) SLURRY

Drying Air Temperature: 200°C

Initial Drop
Initial Drop

Air Flowrate:

Moisture Content: 30% wt/wt
Size: 3.0 x lO—Bm

1.0 x 1073 xgs ™t

DRYING HUMIDITIES (KG/KG)
THME (M ypsrRrEAM x 1070 | DOWNSTREAM 1072
0 1.4504 2.7185
1 1.4504 3.1586
z 1.4504 3.2781
3 1.4504 3.4015
4 1.4504 3.4015
5 1.4504 3.1586
6 1.4504 3.1586
7 1.4504 3.1586
8 1.4504 3.0431
9 1.4504 3.0431
10 1.4504 3.0431
15 1.4504 3.0431
20 1.4504 3.0431
30 1.4504 3.0431
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Sample: HUMBER (S/R)

Drying Air Temperature: 300°C

TABLE B32

SLURRY

Initial Drop Moisture Content: 30% wﬁ/wt

Iniital Drop

Air Flowrate:

Size: 3,

5 x 10~

3 -1
S

1.0 x 10"~ kg

3

DRYING HUMIDITIES (KG/KG)
TIME (MIN) =3 p—
' UPSTREAM X 10 DOWNSTREAM X 10
0 1.1797 2.7185
1 1.1797 3.7970
2 1.1797 3.6609
3 1.1797 3.5290
4 1.1797 3.4015
5 1.1797 3.1586
6 1.1797 3.1586
7 1.1797 3.1586
8 1.1797 3.0091
9 1.1797 3.0091
10 1.1797 3.0091
15 1.1797 3.0091
20 1.1797 3.0091
30 1.1797 3.0091
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TABLE B33

Sample: HUMBER (S/R) SLURRY

Drying Air Temperature: 400°C

Initial Drop Moisture Content: 30% wt/wt

Initial Drop Size: 3.5 x 105 n

Alir Flowrate:

1.0 x 1073 kgs™?t

DRYING HUMIDITIES (KG/KG)
TIME (MIN) | ypsTREAM x 1073 | DOWNSTREAM x 10~ 3
0 1,1797 2.7185
1 1.1797 4.0832
2 1.1797 4,.0832
3 1.1797 - 3.7970
4 1.1797 3.7970
5 1.1797 3.7970
6 1.1797 3.1586
7 1.1797 3.1586
8 1.1797 2.9979
9 1.1797 2.9979
10 1.1797 2.9979
15 1.1797 2.9979
20 1.1797 2.9979
30 1.1797 2.9973
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TABLE B34

Sample: HUMBER (S/R) SLURRY

Drying Air Temperature: 200°C

Initial Drop
Initial Drop

Air Flowrate:

Moisture Content: 35% wt/wt

Size: 3.3 x 10 °m
1.0 x 1073 kgs ™1

DRYING HUMIDITIES (XG/KG)
TIME (MIN) | ypgrREAM x 1072 | DOWNSTREAM x 1073
0 1,1312 ©2.7185
1 1.1312 3.1586
2 1.1312 3.4015
3 1.1312 3.4015
4 1.1312 3.5290
5 1.1312 : | 3.1586
¢ 1.1312 3.1586
7 1.1312 3.0431
g 1.1312 3.0431
9 1.1312 3.0431
10 1.1312 3.0431
15 1.1312 3.0431
20 1.1312 3.0431
30 1.1312 3.0431
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TABLE B35

Sample: HUMBER (S/R) SLURRY

Drying Air Temperature: 300°C

Initial Drop Moisture Content: 35% wt/wt

3

Initial Drop Size: 3.00 X 10 "m

Alr Flowrate:

3 -1

1.0 x 10~ kgs

DRYING HUMIDITIES (KG/KG)
TIME (MIN) | ypgrrEAM x 107> | DOWNSTREAM x 1073
© 1.3923 2.7185
1 1.3923 3.7970
2 1.3923 3.5944
3 1.3923 3.6609
4 1.3293 3.5290
5 1.3293 3.1586
6 1.3293 3.1586
7 1.3293 3.0091
8 1.3293 3.0091
9 1.3293 3.0091
10 1.3293 3.0091
15 1.3293 3.0091
20 1.3293 3.0091
30 1.3293 3.0091
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TABLE B36

Sample: HUMBER (S/R) SLURRY

Drying Air Temperature: 400°C

Initial Drop
Initial Drop

Air Flowrate:

Moisture Content: 35% wt/wt

Size:; 3.0 x lO-3m

1.0 x 1073 kgs™!

DRYING HUMIDITIES (KG/KG)
TIME (MIN) UPSTREAM x 10™° | DOWNSTREAM x 1073
0 1.4504 2.7185
1 1.4504 4.2333
2 1.4504 4.2333
3 1.4504 3.7970
4 1.4504 3.7970
5 1.4504 3.7970
6 1.4504 3.1586
7 1.4504 3.1586
8 1.4504 2.9867
9 1.4504 2.9867
10 1.4504 2.9867
15 1.4504 - 2.9867
20 1.4504 2.9867
30 1.4504 2.9867
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TABLE B37

Sample: HUMBER (S/R) SLURRY

Drying Air Temperature: 200°C

Initial Drop Moisture Content: 45% wt/wt

3

Initial Drop Size: 3.5 x 10 °m

3 -1

Air Flowrate: 1.0 x 10 kgs

DRYING HUMIDITIES (KG/KG)
TIME (MIN) —3 —3
UPSTREAM X 10 DOWNSTREAM x 10
o) 1.4504 2.7185
1 1.4504 3.2781
2 1.4504 3.2781
3 1.4504 3.3393
4 1.4504 3.3393
5 1.4504 _ 3.4015
6 1.4504 3.0431
7 1.4504 3.0431
8 1.4504 3.0431
9 1.4504 3.0431
10 1.4504 3.0431
15 1.4504 3.0431
20 1.4504 3.0431
30 1.4504 3.0431
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TABLE B38

Sample: HUMBER (S/R) S

LURRY

Drying Air Temperature: 300°C

Initial Drop Moisture Content: 45% wt/wt

Initial Drop Size: 3.0

X lO—3m

3 -1

Air Flowrate: 1.0 X 10 ~ kgs

HUMIDITIES (KG/KG)

DRYING
TIME (MIN) | yporREAM x 10 ° | DOWNSTREAM x 10 °
0 1.2300 2.7185
1 1.2300 3.1586
2 1.2300 3.1586
3 1.2300 3.1586
4 1.2300 3.1586
5 1.2300 3.1586
6 1.2300 3.0091
; 1.2300 3.0091
8 1.2300 3.0091
5 1.2300 3.0091
o 1.2300 3.0091
Lo 1. 2300 3.0091
o 12300 3.0091
. 12300 3.0091
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TABLE B39

Sample: HUMBER (S/R) SLURRY

Drying Air Temperature: 400°C

Initial Drop
Initial Drop

Air Flowrate:

Moisture Content: 45% wt/wt

Size: 3.0 x 10 °m

1.0 x 10—3 kgs_l

DRYING HUMIDITIES (KG/KG)
TIME (MIN) | ypsTREAM x 107> | DOWNSTREAM x 10 °
0 1.2300 2.7185
1 1.2300 4,3102
2 1.2300 4.3102
3 1.2300 3.7970
4 1.2300 3.7970
5 1.2300 3.1586
6 1.2300 3.1586
v 1.2300 2.9867
8 1.2300 "2.9867
5 1.2300 2.9867
10 1.2300 ' 2.9867
15 1.2300 2.9867
20 1.2300 2.9867
30 1.2300 2.9867
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Initial Drop

Initial Drop

Air Flowrate:

TABLE B40

Sample: HUMBER (S/R) SLURRY

Drying Air Temperature: 200°c

Moisture Content: 50% wt/wt
Size: 3.5 x 10°3 @

1.0 x 1073 kgs™ 1

DRYING HUMIDITIES (KG/KG)
TIME (MIN) — —
UPSTREAM X 10 DOWNSTREAM X 10
0 1.1513 2.7185
1 1.1513 3.2781
2 1.1513 3.2781
3 1.1513 3.4015
4 1.1513 3.4015
5 1.1513 3.4015
6 1.1513 3.0431
7 1.1513 3.0431
8 1.1513 3.0431
9 1.1513 3.0431
10 1.1513 3.0431
15 1.1513 3.0431
20 1.1513 : 3.0431
30 1.1513 3.0431
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TABLE B41

Sample: HUMBER (S/R) SLURRY

Drying Air Temperature: 300°¢

Initial Drop Moisture Content: 50% wt/wt

Initial Drop Size: 3.0 x 10—3m

Air Flowrate: 1.0 x 10—3 kgs—l

DRYING HUMIDITIES (KG/KG)
TIME (MIN) UPSTREAM x 10™° | DOWNSTREAM x 103
0 1.1513 2.7185
1 1.1513 3.1586
2 1.1513 3.1586
3 1.1513 3.5290
4 1.1513 3.5290
5 1.1513 3.5290
6 1.1513 2.9644
7 1.1513 12,9313
8 1.1513 2.9313
9 1.1513 2.9313
10 1.1513 2.9313
15 1.1513 2.9313
20 1.1513 2.9313
30 1.1513 2.9313
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TABLE B42
—-———-—-__._

Sample: HUMBER (S/R) SLURRY

Drying Air Temperature: 400°c

Initial Drop
Initial Drop

Alr Flowrate:

Moisture Content: 50% wt/wt

Size: 3.0 x lo_3m

1.0 x 10—3 kgs-l

DRYING , HUMIDITIES (KG/KG)
TIME (MIN) UPSTREAM x 1073 DOWNSTREAM x o3
0 1.1513 2.7185
1 1.1513 4,3883
2 1.1513 4.3883
3 1.1513 3.7970
4 1.1513 3.7970
5 1.1513 3.7970
6 1.1513 3.5290
7 1.1513 3.1586
8 1.1513 2.8767
9 1.1513 2.8767
10 1.1513 2.8767
15 1,1513 2.8767
20 1.1513 2.8767
30 1,1513 2.8767
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TABLE B43

Sample: HUMBER (S/R) SLURRY

Drying Air Temperature: 200°C

Initial Drop Moisture Content: 55% wt/wt

Initial Drop Size: 3.0 x 10°°

3 -1

Alr Flowrate: 1,0 x 10~ kgs

m

DRYING HUMIDITIES (XG/KG)
TIME (MIN) , — =3
L UPSTREAM x 10 DOWNSTREAM x 10
o} 0.9960 2.7185
1 0.9960 3.2781
2 0.9960 3.5290
3 0.9960 3.5290
4 0.9960 3.5290
5 0.9960 3.5290
6 0.9960 3.5290
7 0.9960 2.9313
8 0.9960 2.9313
9 0.9960 2.9313
10 0.9960 2.9313
15 0.9960 2.9313
20 0.9960 2.9313
30 0.9960 2.9313
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TABLE B44

Sample: HUMBER (S/R) SLURRY

Drying Air Temperature: 300°c

Initial Drop Moisture Content: 55% wt/wt

Initial Drop

Air Flowrate:

Size: 3.5 x lO—3m

1.0 x 1073 kgs™!

DRYING HUMIDITIES (XG/KG)
TIME (MIN) [ porrmam x 10-3 | DOWNSTREAN x 103
0 0.9960 2.7185
1 0.9960 4.5484
2 0.9960 4.5484
3 0.9960 3.7970
4 0.9960 3.7970
5 0.9960 3.5290
6 0.9960 3.5290
7 0.9960 2.8767
8 0.9960 2.8767
9 0.9960 2.8767
10 0.9960 2.8767
15 0.9960 f 2.8767
20 0.9960 2.8767
30 0.9960 2.8767
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TABLE B45

Sample: HUMBER (S/R) S
Drying Air Temperature

Initial Drop Moisture

LURRY
: 400°¢C

Content: 55% wt/wt
3

Initial Drop Size: 3,0 x 10°m

Air Flowrate: 1.0 x 10

-3 -
kgs 1

DRYING HUMIDITIES (XG/KG)
TIME (MIN) | ypgrrEaM x 1072 DOWNSTREAM x 10 °
© 1.0844 2.7185
1 1.0844 5.0608
2 1.0844 4.7138
3 1.0844 4,3883
4 1.0844 4.0832
5 1.0844 3.7970
6 1.0844 3.2781
7 1.0844 2.8231
8 1.0844 2.8231
9 1.0844 2.8231
10 1.0844 2.8231
15 1.0844 2.8231
20 1.0844 2.8231
30 1.0844 2.8231
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TABLE B46

Sample: WESTBURY_SLURRY

Drying Air Temperature: 200°C

Initial Drop Moisture Conteént: 30% wt/wt

Initial Drop Size:

Air Flowrate:

1.0 x 10

3

4,5 x 10 m
-3 -1

kgs

HUMIDITIES (XKG/KG)

DRYING
TIME (MIN) | ypSTREAM x 1073 | DOWNSTREAM x 1077
0 0.7673 2.9313
1 0.7673 3.5290
2 0.7673 3.52%0
3 0.7673 3.4015
4 0.7673 3.3393
5 0.7673 3.2781
’ 0.7673 3.1586
; 0.7673 2.8231
8 0.7673 2.8231
o 0.7673 2.8231
10 0.7673 2.8231
15 0.7673 2.8231
20 0.7673 2.8231
o 0.7673 2.8231
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TABLE B47

Sample: WESTBURY SLURRY

Drying Air Temperature: 300°%¢

Initial Drop Moisture Content: 30% wt/wt

Initial Drop Size: 3.5 x 10—3

Air Flowrate: 1.0 x 10-3 kgs
DRYING HUMIDITIES (KG/KG)
TIME (MIN) | UpSTREAM x 1073 | DOWNSTREAM x 1o
0 0.7673 2.9313
1 0.7673 3.1586
2 0.7673 3.2178
3 0.7673 3.2781
4 0.7673 3.7970
5 0.7673 3.3393
6 0.7673 3.1586
7 0.7673 2.8231
8 0,7673 2.7185
9 0.7673 2.7185
10 0.7673 2.7185
15 0.7673 2.7185
20 0.7673 2.7185
30 0.7673 2.7185
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TABLE B48

Sample: WESTBURY SLURRY

Drying Air Temperature: 400°c

Initial Drop Moisture Content: 30% wt/wt
Initial Drop Size: 3.0 x 10_3 m

Air Flowrate: 1.0 x 10~° kgs ™t

DRYING HUMIDITIES (KG/KG)
TIME (MIN) ) ypSTREAM x 1070 | DOWNSTREAM x 10-3
o 0.7673 2.9313
1 0.7673 3.2781
2 0.7673 3.4015
3 0.7673 3.5290
4 0.7673 4.0832
5 0.7673 3.9379
6 0.7673 3.4015
7 0.7673 2.9313
8 0.7673 2.6174
9 0.7673 2.6174
10 0.7673 2.6174
15 0.7673 2.6174
20 0.7673 2.6174
30 0.7673 2.6174
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TABLE B49

Sample: WESTBURY SLURRY

Drying Air Temperature: 200°¢

Initial Drop Moisture Content: 35% wt/wt
Initial Drop Size: 5.0 x 103

Alr Flowrate: 1,0 x lO“3 kgsml

s S U

DRYING HUMIDITIES (KG/KG) i
TIME (MIN) — — |
UPSTREAM x 10 DOWNSTREAM x 10 H
0 0.7673 2.9313 &
1 0.7673 3.0431
2 0.7673 3.1586
3 0.7673 3.2781
4 0.7673 | 3.5290
s 0.7673 3.7970
6 0.7673 3.5290
7 0.7673 3.1586
8 0.7673 2.8231
9 0.7673 2.8231
10 0.7673 2.8231
15 0.7673 2.8231
20 0.7673 2.8231
30 0.7673 2.8231
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TABLE B50
“‘-—————_..__.

Sample: WESTBURY SLURRY

Drying Air Temperature: 300°c

Initial Drop Moisture Content: 35% wt/wt
Initial Drop Size: 3.5 x 1073y

Air Flowrate: 1,0 x 1073 xgg~l

HUMIDITIES (KG/KG)
DRYING
TIME (MIN) | UPSTREAM x 1073 | DOWNSTREAM X 1073
0 0.7673 2,9313
1 0.7673 3.9379
2 0.7673 4,3883
3 0,7673 4.2333
4 0.7673 3.9379
5 0.7673 : 3.9146
6 0.7673 3.7970
7 0.7673 3.2781
8 0.7673 2.9313
9 0.7673 2.7185
10 0.7673 2.7185
15 0.7673 2.7185
20 0.7673 2.7185
10 0.7673 2.7185
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TABLE B51

Sample: WESTBURY SLURRY

Drying Air Temperature: 400°C

Initial Drop Moisture Content: 35% wt/wt

Initial Drop Size: 3.0 x lO_3m

Air Flowrate:

1.0 x 1073 kgs ™t

DRYING HUMIDITIES (KG/KG) |
TIME (MIN) | ypsTREAM x 1073 DOWNSTREAM x 107 °
O 0.7673 2.9313
1 0.7673 4.8845
2 0.7673 4,7138
3 0.7673 4.3883
4 0.7673 3.0832
5 0.7673 3.9146
6 0.7673 3.4015
7 0.7673 3.0431
8 0.7673 ©2.6174
9 0.7673 2.6174
10 0.7673 2.6174
15 0.7673 12,6174
20 0.7673 2.6174
30 0.7673 2.6174
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TABLE B52

Sample: WESTBURY SLURRY

Drying Air Temperature: 200°¢

Initial Drop Moisture Content: 45% wt/wt

Initial Drop Size: 4.0 x lo—3m

Air Flowrate:

1,0 x 1073 kgs™?

DRYING HUMIDITIES (KG/KG)
TIME (MIN) — —
UPSTREAM x 10 DOWNSTREAM x 10
0 0.7673 2.9313
1 0.7673 3.0431
2 0.7673 3.2781
3 0.7673 3.4015
4 0.7673 3.7970
5 0.7673 3.1586
6 0.7673 3.0431
7 0.7673 2.9313
8 0.7673 2.8231
9 0.7673 2.8231
10 0.7673 2.8231
15 0.7673 | 2.8231
20 0.7673 2.8231
30 0.7673 2.8231
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TABLE B53

Sample: WESTBURY SLURRY

Drying Air Temperature: 300°C
Initial Drop Moisture Content: 45% wt/wt
Initial Drop Size: 3.0 x lO—3m

Air Flowraté: 1.0 x 10_3 kgs_l

|
HUMIDITIES (KG/KG) %
DRYING %
TIME (MIN) UPSTREAM X 107> | DOWNSTREAM x 10™3 i
0 0.7673 2.9313 ;3
1 0.7673 3.2781 i
2 0.7673 3.4015
3 0.7673 3.4015
4 0.7673 3.7970
5 0.7673 4.3883
6 0.7673  4.2333
7 0.7673 3.4015
8 0.7673 2.7185
9 0.7673. 2.7185
10 0.7673 2.7185
15 0.7673 2.7185
20 0.7673 2.7185
30 0.7673 2.7185
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TABLE B54

Sample: WESTBURY SLURRY

) ) o
Drying Air Temperature: 400 C

Initial Drop Moisture Content: 45% wt/wt

Initial Drop Size: 2.5 x 10_3

Air Flowrate:

3 -1

1.0 x 10"~ kgs

DRYING HUMIDITIES (KG/KG)
TME (MIN) UPSTREAM x 10 ° DOWNSTREAM x 10>
O 0.7673 2.9313
= 0.7673 4.0832
2 0.7673 4.3883
3 0.7673 5.0608
4 0.7673 4.7138
5 0.7673 4.0832
6 0.7673 3.5290
7 0.7673 3.1586
8 0.7673 2.6174
9 0.7673 2.6174
10 0.7673 2.6174
15 0.7673 2.6174
20 0.7673 2.6174
30 0.7673 2.6174
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TABLE B55

Sample: WESTBURY SLURRY

Drying Air Temperature; 200°c

Initial Drop Moisture Content: 50% wt/wt
Initial Drop Size: 3.5 x 107° g

Air Flowrate: 1,0 x 1073 kgs ™t

|
DRYING HUMIDITIES (KG/KG) %
TIME (MIN) | ypSTREAM x 1073 .| DOWNSTREAM x 1073 |
© 0.7673 2.9313 |
1 0.7673 3.0431
2 0.7673 3.2781
3 0,7673 3.4015
4 0.7673 ‘ 3.7970
5 0.7673 3.1586
6 0.7673 3.0431
7 0.7673 2.8231
8 0.7673 2.8231
9 0.7673 2.8231
10 0.7673 2.8231
15 0.7673 2,8231
20 0.7673 2.8231
30 0.7673 2.8231
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TABLE B56

Sample: WESTBURY SLURRY
Drying Air Temperature: 300°¢

Initial Drop Moisture Content: 50% wt/wt

Initial Drop Size: 3.0 ><Alon3 m

Air Flowrate: 1.0 x 1073 kgs—l

5
|
DRYING HUMIDITIES (KG/KG) %
TIME(MIND 1 upsTREAM x 1073 | DOWNSTREANM x 10-3 %
o) 0.7673 2.9313 g

1 0.7673 4.5484

2 0.7673 4.3883

3 0.7673 4.0832

4 0.7673 . 3.7970

5 - 0.7673 3.2781

6 0.7673 3.0431

7 0.7673 2.9313

8 0.7673 2.7185

9 0.7673 2.7185

10 0.7673 2.7185

11 0.7673 2.7185

15 0.7673 2.7185

20 0.7673 2.7185

30 0.7673 2.7185
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TABLE B57
Sample: WESTBURY SLURRY
Drying Air Temperature: 400°C
Initial Drop Moisture Content: 50% wt/wt
Initial Drop Size: 2.0 x lO-Bm

Air Flowrate: 1.0 x 10°° kgs™*

g
g
<
i
|
{
§
1

HUMIDITIES (KG/KG)

DRYING (
TIME (MIN) | UPSTREAM x 107> | DOWNSTREAM x 10 ° é
0 0.7673 2.9313 L

1 0.7673 5.2428

2 0.7673 5.0608

3 0.7673 4.7138

4 0.7673 4.3883

5 0.7673 4.2333

6 0.7673 4.0832

7 0.7673 3.7970

8 0.7673 2.6174

9 0.7673 . 2.6174

10 0.7673 2.6174

15 0.7673 2.6174

20 0.7673 2.6174

30 0.7673 2.6174
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TABLE B58
\

Sample: WESTBURY SLURRY

Drying Air Temperature: 200°¢

Initial Drop Moisture Content: 553 wt/wt
Initial Drop Size: 3,0 x lo'3m

Air Flowrate: 1,0 x lO"3 kgs-l

I HUMIDITIES (KG/KG) - |
| TIME (MIN) UPSTREAM x 107> DOWNSTREAM x 107> E
: i
0 0.7673 2.9313 |
1 0.7673 4.2333 ”
2 0.7673 4.0832
3 0.7673 3.7970
4 0.7673 3.2781
5 0.7673 3.1586
6 0.7673 2.1586
7 0.7673 2.9313
8 0.7673 2.8231
9 0.7673 2.8231
10 0.7673 2.8231
15 0.7673 2.8231
20 0.7673 2.8231
30 0.7673 2.8231
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TABLE B59
-\

Sample: WESTBURY SLURRY

Drying Air Temperature: 300°C

Initial Drop Moisture Content: 55% wt/wt
Initial Drop Size: 2.0 x 10 7y .

Air Flowrate: 1,0 x 1072 kqs™t

DRYING  HUMIDITIES (KG/KG) o §
TIME (MIN) 4 4psrREAM x 1073 | DOWNSTREAM x 10~ 3 -
0 0.7673 2.9313 |

1 0.7673 4.8845

2 0.7673 4.5848

3 0.7673 4.3883

4 0.7673 3.7970

5 0.7673 3.1586

6 0.7673 3.0431

7 0.7673 2.9313

8 0.7673 2.7185

9 0.7673 2.7185

10 0.7673 : 2.7185

15 0.7673 2.7185

20 0.7673 2.7185

30 0.7673 2.7185
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TABLE B60

Sample: WESTBURY'SLURRY
Drying Air Temperature: 400°c

Initial Drop Moisture Content: 552 wt/wt
3

Initial Drop Size: 2.0 x 10 °nm
Air Flowrate: 1,0 x 10—3 kgs"l
DRYING HUMIDITIES (KG/KG)
TIME (MIN) | ypSTREAM x 107> | DOWNSTREAM x 10~
0 0.7673 2.9313
1 0.7673 5.4307
2 0.7673 5.2428
3 0.7673 5.0608
4 0.7673 4,7138
5 0.7673 3.7970
6 0.7673 3.4015
~ 0.7673 3.1586
. 0.7673 2.6174
5 0.7673 2.6174
10 0.7673 2.6174
15 0.7673 2,6174
20 0.7673 2.6174
30 0.7673 2.6174
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Sample:

TABLE B61

SHOREHAM SILURRY

Drying Air Temperature: 200°¢

Initial Drop Moisture Content: 30% wt/wt

Initial Drop Size: 5.0 x 10™°p

Air Flowrate: 1.0 x 10™3 kgs™t

HUMIDITIES (KG/KG)

DRYING
TIME (MIN) | UPSTREAM x 10™° | DOWNSTREAM x 1073
0 1,0844 2.6574
1 1.0844 2.7185
2 1.0844 2.8131
3 1.0844 2.8659
4 1.0844 2.8659
5 1.0844 2.8767
6 1.0844 2.8767
7 1.0844 3.0431
8 1.0844 2.8231
9 1.0844 2.8231
10 1.0844 2.8231
15 1.0844 2.8231
20 1.0844 2,8231
30 1.0844 2.8231
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TABLE B62

Sample: SHOREHAM SLURRY

Drying Air Temperature: 300°C

Initial Drop

Moisture Content: 30% wt/wt

Initial Drop Size: 4.5 x 10 °p
Air Flowrate: 1.0 X 10-3 kgs_l
DRYING HUMIDITIES (KG/KG)
TIME (MIN) | upSTREAM X 1073 | DOWNSTREAM x 1073
0 1.0844 2.8231
1 1.0844 3.1586
2 1.0844 3.1586
3 1.0844 3.1586
4 1.0844 2.8231
5 1.0844 2.8659
6 1.0844 - 2.8767
7 1.0844 2.8767
8 1.0844 2.8659
9 1.0844 2.8659
10 1.0844 2.8659
15 1.0844 2.8659
20 1.0844 2.8569
30 1.0844 2.8569
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TABLE B63

Sample: SHOREHAM SLURRY

Drying Air Temperature: 400°C

Initial Drop Moisture Content: 303 wt/wt

3

Initial Drop Size: 5.0 x 10 "m

Air Flownate:

3 -1

1.0 x 10 ~ kgs

DRYING HUMIDITIES (KG/KG)
TIME (MIN) | ypgrrEAM x 1073 | DOWNSTREAM x 10~ °
0 1.0844 2.8231
1 1.0844 3.4015
) 1.0844 3.2781
3 1.0844 3.0431
4 1.0844 2.9867
: 1.0844 2.9313
6 1.0844 2.8767
; 1.0844 2.8231
; 1. 0844 2.8231
. 10844 2.8231
10 1.0844 2.8231
15 1.0844 2.8231
o 1. 0844 2.8231
30 1.0844 2.8231
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TABLE B64

Sample: SHOREHAM SLURRY

Drying Air Temperature: 200°C

Initial Drop Moisture Content: 35% wt/wt
Initial Drop Size: 4.0 x 10™3p

Air Flowrate; 1,0 x lO'-3 kgs"l

DRYING HUMIDITIES (XKG/KG)
CTIME (MIN)  ypsrREAM x 1073 | DOWNSTREAM x 10~ 2

0 1.0844 2.7185

1 1.0844 3.0431
2 1.0844 2.9313
3 1.0844 2.9313

4 1.0844 2.9867

5 1.0844 © 2.9867

6 1.0844 3.0431

7 1.0844 3,0431
8 1.0844 2.9313

9 1.0844 | 2.9313
10 1.0844 2.9313
15 1.0844 2.9313
20 1.0844 2.9313
30 1.0844 2.9313
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- TABLE B6S5

Sample: SHOREHAM SLURRY
Drying Air Temperature: 300°c
Initial Drop Moisture Content: 35% wt/wt

Initial Drop Size; 4.5 x 10 °p

Air Flowrate: 1,0 x 10_3 kgs"l

DRYING | . HUMIDITIES (KG/KG)
CTIME (MIN) | ypsTREAM x 1073 | DOWNSTREAM x 1073
0 1.0844 2.7185
1 1.0844 3.1586
2 1,0844 3.2781
3 1,0844 3.2781
4 1.0844 '> 3.1586
5 1.0844 3.0431
6 1.0844 3.0431 .
. 1.0844 2.9313
8 1.0844 2.9313
. 1.0844 2.9313
10 1.0844 2.9313
L5 1.0844 2.9313
20 1.0844 2.9313
30 1.0844 2.9313
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TABLE B66
_.—-—_——“

Sample: SHOREHAM SLURRY

Prying Air Temperature: 400°c

Initial Drop.Moisture Content: 35% wt/wt
Initial Drop Size: 4.0 x lO_3m
Air Flowrate: 1.0 x lO—3kgs"l

7

DRYING HUMIDITIES (KG/KG)
TIME (MIN) | ypsrREAM x 107> | DOWNSTREAM x 10 %
0 1.0844 2.8231 :
1 1.0844 3.4015 %
2 1.0844 3.5290
3 1.0844 3.4015
4 1.0844 - 3.2781
5 1.0844 3.1586
6 1.0844 3.0431
7 1.0844 2.8767
8 1.0844 2.8231
9 1.0844 2.8231
10 1.0844 2.8231
15 1.0844 2.8231
20 1.0844 2.8231
30 1.0844 2.8231
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TABLE B67
—.'—_"'—'————_._

Sample: SHOREHAM SLURRY

Drying Air Temperature: 200°C

Initial Drop Moisture Content: 459 wt/wt

Initial Drop

Air Flowrate:

Size: 3.5 x 10~

3 -1
s

1.0 x 10~ kg

DRYING HUMIDITIES (KG/KG)
TIME (MIN) =3 =3
UPSTREAM x 10 DOWNSTREAM x 10
0 1.0844 2.7185
1 1.0844 3.1586
2 1.0844 3.1586
3 1.0844 1 2.9867
4 1.0844 2.9867
5 1.0844 2.9867
6 1.0844 2.8231
7 1.0844 2.8231
8 1.0844 2.8231
9 1.0844 2.8231
10 1.0844 2.8231
15 1.0844 2.8231
20 1.0844 2.8231
30 1.0844 2.8231
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TABLE B68

Sample: SHOREHAM SLURRY

Prying Air Temperature: 300°c

Initial Drop Moisture Content: 453 wt/wt
Initial Drop Size: 4,0 % lO—3m'

Air Flowrate: 1,0 x 107> kgs ™+

3

DRYING . HUMIDITIES (KG/KG)
TIMEUHRY ) ypSTREAM x 1070 | DOWNSTREAM x 10~
© 1.0844 2.8231
L 1.0844 3.4015
2 1.0844 3.2781
3 1.0844 3.1586
4 1.0844 3.1586
5° 1,0844 3.1004
6 1.0844 3.0431
7 1.0844 2,9313
8 1.0844 2.9313
9 1.0844 2,9313
10 1.0844 2.9313
15 1.0844 2,9313
20 1.0844 2.9313
30 1.0844 2.9313
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TABLE B69
-.-—"——‘——

Sample: SHOREHAM SLURRY

Drying Air Temperature: 400°¢

Initial Drop Moisture Content: 45% wt/wt

Initial Drop Size: 4.5 x lo-3m

Air Flowrate: 1.0 x 107° kgs™ L

HUMIDITIES (KG/KG)

DRYING
CTIME (MIN) | ypgrREAM x 10-3 DOWNSTREAM x 107>
0 1.0844 2.8231
1 1.0844 3.5290
5 1.0844 3.7970
3 1.0844 3.5290
. 1.0844 3.4015
: 1.0844 3.2781
; 1.0844 3.0431
. 1.0844 2.8767
g 1.0844 2.8767
9 1.0844 2.8767
o 1.0844 2.8767
15 1.0844 2.8767
20 1.0844 2.8767
o 10844 2.8767
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TABLE B70

Sample: SHOREHAM SLURRY

Drying Air Temperature: Zoooc

Initial Drop Moisture Content: 50% wt/wt

Initial Drop Size;

Air Flowrate; 1,0 X lo_‘3 kgs

3.5 x lO—Bm

DRYING

HUMIDITIES (KG/KG)

TIME (MIN) | UPSTREAM x 107 | DOWNSTREAM % 107>
o) 1.0844 2.6675
1 1.0844 2.7185
2 1.0844 . 3.5290
3 1,0844 3.7970
4 1.0844 3.5290
5 1.0844 3.2781

5 1.0844 3.1586
7 1.0844 3.1586
8 1.0844 3.0431
9 1.0844 3.0431

10 1.0844 3.0431

15 1.0844 3.0431

20 1.0844 3.0431

30 1.0844 3.0431
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TABLE B71

Sample: SHOREHAM SLURRY

Drying Alr Temperature: BOOOC'
Initial Drop Moisture Content:
Initial Drop Size: 4,0 x 10-3

Air Flowrate:1l.0 X 10_3 kgs"l

50% wt/wt

HUMIDITIES (KG/KG)
DRYING
TIME (MIN) UPSTREAM X 1072 | pownsTREAM x 1073
0 1.0844 2.7185
1 1.0844 2.8231
2 1.0844 4.0832
3 1.0844 3.7970
4 1.0844 3.5290 °
5 1.0844 3.4015
6 1.0844 3.2781
7 1.0844 3.1586
8 1.0844 2.9313
9 1.0844 2.9313
10 1.0844 2.9313
15 1.0844 2.9313
20 1.0844 2.9313
30 1.0844 2.9313
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TABLE B72
—.'\‘

Sample: SHOREHAM SLURRY

Drying Air Temperature; 400%

Initial Drop Moisture Content; 50% wt /wt

Initial Drop Size: 3.5 x 1073

Air Flowrate: 1,0 x 10?3 kgs

-1

DRYING HUMIDITIES (KG/KG)
TIME (MIN)
UPSTREAM x 10”° | DOWNSTREAM x 1073
0 1.0844 2.9313
1 1.0844 3.0431
2 1.0844 4,2333
3 1.0844 4.0832
4 1.0844 3.7970
5 1.0844 3.5290
6 1.0844 3.2781
7 1.0844 3.1586
8 1.0844 2.8231
9 1.0844 2.8231
10 11.0844 2.8231
15 1.0844 2.8231
20 1.0844 2.8231
30 1.0844 2.8231
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TABLE B7

Sample: SHOREHAM SLURRY
Drying Air Temperature: 200°C

Initial Drop Moisture Content

3

: 55% wt/wt
Initial Drop Size: 3.0 x lO~3m
Air Flowrate: 1.0 x 107° kgs ™t
DRYTING HUMIDITIES (KG/KG)
TIME (MIN) | ypsTREAM x 1070 | DOWNSTREAM x 1072
0 1.0844 2.6675
1 1.0844 2.8231
2 1.,0844 3.7970
3 1.0844 3.5290
4 1.0844 3.1586
5 1.0844 3.0431
6 1.0844 2.9867
7 1.0844 2.9313
8 1.0844 2.8231
9 1.0844 2.8231
10. 1.0844 2.8231
15 1.0844 2.8231
20 1.0844 2.8231
30 1.0844 2.8231
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TABLE B74

Sample: SHOREHAM SLURRY

Drying Air Temperature; 300°c

Initial Drop Moisture Content - 55% wt/wt

Initial Drop Size: 4,0 x 10’3

m
Air Flowrate:; 1,0 x 107° kgsﬁl
DRYING - HUMIDITIES (KG/KG)
TIME (MIN) 4 ypsTREAM x 1070 | DOWNSTREAM x 10~ 3
0 1.0844 2.7185
1 1.0844 4.3883
2 1.0844 4.2333
3 1.0844 4,0832
4 1.0844 3.7970
5 1.0844 3.4015
6 1.0844 3.1586
7 1.0844 3.1586
8 1.0844 2,8231
9 1.0844 2.8231
10 1,0844 2.8231
15 1.0844 2.8231
20 1.0844 2.8231
30 1.0844 2.8231
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TABLE B75

Sample: SHOREHAM SLURRY
Drying Air Temperature: 400°C

Initial Drop Moisture Content: 55% wt/wt

Initial Drop Size: 4.5 x 10 °m

Air Flowrate: 1.0 x 10—3 kgsml

DRYING HUMIDITIES (KG/KG)
TIME (MIN) | ypSTREAM x 107° | DOWNSTREAM x 107 °
0 1.0844 2.9313
1 1.0844 4.7138
2 1.0844 4.4677
3 1.0844 4.0832
4 1.0844 3.7970
> 1.0844 3.2781
6 1.0844 3.1586
7 1.0844 2.9313
8 1.0844 2.8231
9 ; 1.0844 2.8231
10 | 1.0844 2.8231
15 1.0844 2.8231
20 1.0844 2.8231
30 1.0844 2.8231
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MASTEx CrUST
PrIGrAM FIx THE EVALUATIIN JF DRYING CHARACTERISTICS JF A
SLURRY SAMPLE

C.JMM-IN TIME:KC)K{)KEJKCZJBJI;J:CJJTC}KN;SZ
CIMMIN/BLICKI/H]l,H2, i3, H4

REAL LAMDALMI UK KCsrk1,K[1,KC1sKC2,KE»XKGsKTr»<E15K

DIMENSI IN UM(IU):DH(AU:10):KH(4UJlU):hhl(ﬂU:IU):PRS(AU):RE(IU)
DIMENSIIN DFCC40,100,8040,10),A804U,10),KCC40510),TCC10),TKC10D
DIMENSIIN HUC40, 10X HDC40,10) xkaDC1IU), TIMEC40),DHC40,102,C1C1 0D
DIMENSION TCICI0)»SCCI0), vISCI),TCKCIUI»KEC4AU, 10),KE1C40,10)
DIMENSIIN HSC4U0, 10),DHSC40,10),AACLI0)> TC1UD)KGCA0,10),KTC40,10)
DIMENSIIN MIUCIU)>RHICIO)LLENCLU)SDFCI0)KCals,100,K1040,10)
DIMENSITIN KC1 (40, 10),AM(S)sbBMCS) X1(S0),Y1C(50),<AT1¢40,10)
DIMENSION X2(SUJ» Y2(5U),ANC(S), BN (S5), S1(5),82(9), RN (S)H» ST1C(T70)
DIMENSIAON KC2C€aU 10)»rMCI0)RETCS)HLDM1I(S),ST2C70D

DIMENSIAON TIMEL C40)

CALL JPENGINJGPW

CALL DEVPAP(20U0.0, 7200, 1K)

INPUT ALL CINSTANTS,Alwx AND SLURRY PrIPERTIES

TIMECI)=60.0
E={J«395
ICC1Y)=200.0
1C(2>)>=300.4
TC(3>=400.U
GC=9.81
TA=293.16
xC=8.3143
PIE=3.1416
xT7=2« S4E-2
G=l.UE-U3
LAMDA=2256. 7
<= 5.0E-3
Ml==0.35053E~1
H2=0«39491E-2
H3=-(e52239E-5
Ha=z U 37338E-58

INPUT THE AIR AUMIDITY KEADING, DENSITY,VISCISITY,ETC

READCL, 102> CJ
READ(IJIUU) ((NH(I,J),I=1,8),J=I,3)
KEADC1, 101X (xaADCII>J=153)
READCL, 10U CTCICII»J=153)
READCS9, 1U2) (rHICII»J=153)

10U FAMAT(8FU.U)

LUl FIrMMATCEEU.UD

1U2 FIcMAT(3F0.UD
D) lu L=9,32
xh(Ls1ld==-4.00
mH(L, 2)== 4 SU
HH(LJ3>:‘5-U

lu CINTINUE
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bJ 25 J=1,3
DJ 20 1=1,32

EVALUATIIN JF UPSTREAM AND DJUNSTREAM mUMIDITY VALUES

12=1C1¢J)

Ti=rHCI, J)

RA1C1,J)==20.10

13=RA1 (1, J)

CALL TINUL(T3sPr)

CALL TINUCIZ2,F1)

CALL TINULC(TisPrI1)
HUCL> )= HUM (PR

HS (1, J)=HUM(P1)

HD (1, J)=HUM (PK1)
TK(J)=TC(J)I+273. 16
1CK(J)=1CA(JI+273. 16
FLI=G/ Cle U+HUCTSJ))

AD= (o 22E- 4

DM (J)=AD*C(TK(J) /273 16)x%x1.75
D1 (J)=ALK CTCK(J)/2T3 16)%k%1.75
DR(I,J)=ABS(HD(I, J)=HUCI,J))
DHS (1, )= ABS(HS (1, J)=HU(1,J))
Bz ABS(DHS (1, J)=DH(1,J))
C1(J)=CINDCI2)
1CJ)= 1K (J)=TCK CJD
AACUIZDMI(J) % (Ex42. 5)*LAMDAXAB/ (C1(J) = (1. 0-ED)

PREDICTING CrUST GROWIH RATE

FD= 3%FLJ*DACL,J)*TIMECI)/ (2. 0E3*P1E*CI)
AFD=ABS(KAD(J) *x3-FD)
BCl,Jd)=RADCI)- CAFD)*%xU.333

TIMECI+1)=TIMECL)+60.0
CIRRELATIJIN OF GRS PHASE IKGNSFEx COEFFICIENT FrJIM
THE SYSTEM REYNJLD'S AND SCH4IDT'S NLMBEKXS

DEN(J)=1.2929%273167/TK0J)
MIU(J)=8.8E'6*(9.232E2/(TCK(J)+6-bEZ))*((TCK(J)/273.16)**1.5)
vIS(J)=1.TE-5%«TK(J)/273.16
KE(J)=G*KAD(J)/(VIS(J)*PIE*(R7*#2))
KEI(J)=G*KAD(J)/MlU(J)*PlE*(K7**2)

SC(JI)=VvIS(J)/ (DENCII=DMCI))

EvaLuATION OF THE CRUST MASS TrANSFErR CIEFFICIENT
FrIM THE FrOPOSED MIMENTULM - TRANSFEx #JDEL

HL:U-7‘2*:}'(1;J)*(].-(Z*KK«D(J)-.":(I,J)))**U.S

Cl=AL*(C ,
S=3-UxAL*zﬁ(bJ)/(RAU(J)uB»(nAD(J)-b(l,Jn**g)
H(I,J)=2*P1E4=(mAD(J)**E.—(mAD(J)-b(l,J))**Z. Y/ E
KC(I,J)=(E**B)*RHJ(J)*GI/(S,U*((l.G-E)**2)*(5**2)*M1U(J)*B<l:

KC2 (15 J)=FLI*DHC1,J)/Z7ACLS D
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EXPERIMENTAL MASS TRANSFER CJEFFICIENT

KECI>J)=FLI*DH(ILJ)/(ACI,J)xAB)
Al=TCId)X/ TA
A2=-0.U0Ub
Bl=Us 44 (Al xxA2)
Be=srECJ)xx{.5
B3=SC(J)**{J. 333
B4a=DM (J)/ RADCID
KGCI,Jd)=bBax (2. U+Blxg82xB3)
KTCloUd=sKCUIL ) *sKG(1,JX/ (KCCIL,UI+KG(IsU))
DFC(1,J)=KC2(1,J)/KC(L1,JD

20 CUNTINUE

25 CINTINUE
DJ 37 J=1,3
D3 3¢& 1=1,32
X2 (Id)=KTCI,UJD
Y2(1)=KECI,»J)

36 CIONTINUE
CALL APPLE(X2,Y2,32,BC,AC>rx2,8535)
AN (J)=AC ’
BN(J)=BC
KN (J)=Rr2 .
S2(J)=58S

37 CANTINUE
D3 35 J=1,3
WRITEC25,92)

95 FIRMATCLIHLY,//777520K, "SAMPLE - WESTBURY SLUKRY "57)
WRITE(2,99) TC3(JIY>CL1CD)

99 FIRMAT (/20X "MEAN SAT. DKJP TEMPURATURE= "> F1U.2,2X, *DEGsC" 577/
1, 'CrUST THERMAL CINDUCTIVITY=',2K,F5.4, " w/Mm/DEG. C*'/)
WrR1ITEC(2,200) 1C(J)» kAD(IIH>CIKGCL,JD

20U FOrMAT (204, '"AlR TEMPERATURE = LF10.2,2%, "DEG. C's//7520X%, "DR]
3ERNAL DIAMETER = ':FonA:ZK)'METEHS'://:2UK:'INITIAL MIJISTURE
DCONTENT = '»F10e3s "KG/KG's /75208 "GAS FILM TRANSFER CIEFFIENT
15X IPELUJeds2Ks "M/75%57)

WrR1ITE(2,96)

96 FARMAT(/5 134, 'DrYING TIMEC(SEC) *» 5x5 'KC "' 10X, *KT'5> 10X, "KE™)
WRITE(2:2US)(TIME(1);KC(I:J);KT(IJJ):KE(I)J);1=l:2U)

205 FAORMATC(1SX, IPELD. 4 5)()IPE100412X11PE1004:2}K:1PElU-4:/)
WKITEC6,206) (TIMECI)»B(1,J)sKCC1sJ)»KECL, J)sKC2CL,J)s
11=1,38)

206 FIRMATCLI0A, SCSX, 1PELD. 4D
Wl TEe(6,97)

97 FIRMATCLHL,/Z77)

35 CONTINUE
V.RITE(2:l)(T(J)JAA(J);RE(J))BM(J):KEI(J):Jz1;3)

1 FJHMRT(IHI:ZUK;S(SA)1PE10-4))
CALL PLIT
S1JpP
END
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N
[

30
40

SubBPRIGRAM TJ CIRKELATE THE ~Aad £ AP Ju ~ SUKE i R
S LTINE 1IN A RELAT E PARTIAL VAPJUR PRESSUKE JF THE AlKR
IK=T1+273.16
AA:—EAAS.5646/TK+(6-2312¥ALJE1U(TK))-(0.01677UUé*TK)+(1-2U514E
A=S*x(TKxx2))=6. 757169

PR=EXPLIUC(AHAD
bbz-(l.1469*T1)/TK-1-33E-5*(11**2)+9.Ub4*IUE-b*(T1**3)
VPRES=FPR*(EAPIU(BEB))

IFCIK-273:.16) 20,20, 30

DELP=VPRES/ (5%TK)

GJ TJ1 40

DELP=VPKES*(UoU775°(3-13E-4*Tl))/lUU

vP= VPRES+DELP

~ETuURrN

END

FUNCTIIN HUYCA)

FUNCTIIN EVALUATES THE HUMIDITY JF DRYING AlK FKIM
THE KNJWN PARTIAL VAPJUK PRESSUKRE CALCULATED IN
SEGMENT TINU

HUM= 18 %A/ ((T760.0-8)%2858.9)
RETURN

END

FUNCTIJIN CAONDCTD

FONTION COrRRELATES THE THEmMAL CINDUCTIVITY JF THE
CrUST FrJM THE PrJIPJISED PILYNJMIAL wWl1TH THE PRE -
DETERMINED CJEFFICIENTS SUPPLIED FRJM THE MAIN SECGMENT

CIMMIN/BLICKIZA,B,CD

CIND=A+ (BxT)+ (Cx(T*%x2))+ (Dx(Tx%3))
RETURN

END

THAE GrRAPHICS SEGMENT FJlr PLITTING Jul THE DRYING

CHARACTERISTICS EVALUATED IN THE MAIN SEGMENT

SUBRJUTINE PLIT |
CIMMIN TIME>KC,KT,<XEsKC2,8,1,J5,C1,1C5rN, 52

REAL XC,K1,XE,<C2 , , , '
DIMENSION TIMEC(40)»KCC4ls 10),KEC4Us 1U)>AKC2C4U-102,B040,10)

DIMENSIJN D6(50)»A1(50),A42(50)5,A3C50),A 40501, TCCI0),RN(S)
NSYM(l)=8

NSYM(g2)=2

NSYM(3)=7

NSFACE=(

NPIINT=20

A3 1)=0.0

AJB=AMAX] (B(3U, 1), R(3U,22,B8(3053))
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FLJT THE CRUST GrJWTH AT vAx11IUS DRYING
TIME AND AIR TEMPERATURES

CaLl SHIFT2C100.0,100.0)
CALL CHASIZ(3.5,3.75)

CALL GrABUX(-30.05,-40-.0-C1)
CALL SHIFT2C4aU.0,50.0>

CeLL AXISPLITC(120.05,150.052.0E3,A48)
CALL CHASIZ(2.5,2.5)

p3 10 J=1,3

MS=NSYM (J)D

Dd 2 I1=1,30

AlCI)=BC(1,d)

COINTINUE

CALL GRASYM(TIME,Al,3U»MS, 1)
CANTINUE

KJUTINE PLJTS CrUST MASS TRANSFER CJIEFFICIENTS
EVALUATED BY PRIPJISED MJDEL

CALL SHIFT2(0.0,225.0)

CALL CHASIZ (3455 3.75)

AC=AMAX1 (KC (1, 1),KCC152),KCC153))
AKC=1.25%AC o ‘

CALL AXISPLOT(120.05150.051+5E3,AKC)
DI 11 J=1,3

MS=NSYM (J)

D3 3 I=1,NPJINT

A2 (1)=KC(1,J)

CON TINUE

CALL CHASIZ(2.5,2.9%)

CALL GRASYM (TIME,A2,NPIINT,MS,NSPACE)
CONTINUE

<JUTINE PLITS THE JVERKALL EAPERIMENTAL MASS
TRANSFER CJEFFIENTS AT VARIJUS DRYING AlR
TEMPEKATURE AND TIME

CALL SHIFT2(190.0,000)

CALL CHASIZ(3.5,3.75)

AE=AMAX]L (KEC1, 1),KEC1,2),KECT>3))
AKE= | . 2 S#AE

CALL AXISPLJITC120+05 150005 1¢5E3sAKED
DJ 13 J=1,3

MS=NSYM (J)

DJ 5 I=1,NPJINT

A4CII=KECLSd)

CANTINUE

CALL CHASIZ((2.552.5)
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CALL GRASYM(TIME, A4,NPIINT,MS»NSPACE)
CINTINUE

CALL SHIFT2(0.0,-225.0)

CALL CHASIZ(3.5,3.75%)

DF=AMAX]T (KC2C1,2),KC2C15,1),KC2C1,3))
ADF=1.25%DF

CalLL AXISPLITC(120+05, 150051« 5E35ADF)
DJ 14 J=1,3

MS=NSYM(J)

DJ 6 I=1,NPIJINT

D3CI)=KC2 (5D

CAONTINUE

CaALL CHASIZ(2¢652+7)

CALL GrRASYM(TIME, D3,NPJINT,MS,NSPACE)
CIONTINUE

DI 15 J=153

MS=NSTYM(J)D

T1=TCC(U)

=N CJ)

S=8200)

DA 7 I=1LNPJINT

DICI)=XTC(I»J)

D2CI)=KE(I»JD

CINTINUE

AKZAMAX T (KC (1, J)sKECTSJ))
AJK=1].25%AK

CaLl SHIFT2(300.0,0.0)

CALL AXISPLIT(130+.0,130.0,AJK>AIK)
CALL GRAPJIL (D2, D2,NPJINT)

CALL GRASYM(DI,D2,NPJINT»48,1)

CALL GKABJKI(-SO.Ua-AO.UaCJ;TI:R;S)
CINTINUE

CALL DEVEND

KETURN

END

SUSRJUTINE TJ SET UP AXES Flr GRAPH PLITTING

SUBRJUTINE AXISPLIT(Rs XsYs2)
CALL AXIPJIS(1,0e0,0.05r51)
CALL AXIPIS(15,0.0,0e05%52)
CALL AXISCA(355,0+05Y51)
CALL AKISCA(3:5:0-U)Z:2)
CALL AXIDxACI»1,1)

CALL AXRIDRA(~1,-1,2)

RETURN

END
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SUBRJUTINE FJdr A LINEAR REGRESSIIN ANALYSIS IN EXPERIMENTAL DATA

SUBKRIJUTINE APPLE(X,YsNs85A5R5S)
DIMENSIIN X(50),Y(5U)

suMx=U.0

suMy=0.90

sutx2=0.0

suMY2=0.0

SMXxY=0.4

D3 10 I=1.N

SUMX=SUMX+ X (1)

SLMY=SMY+Y (1)
SUMX2= SM X2+ X (I )% %2

SUMY2= SUMY2+Y (1) *%x2.
SUMAY=SUMXY+ACID) =Y (D)

CANTINUE

AN=N

XM= StM X/ AN

YM=SUMY/ AN

B (SUMXY=AN® XM AYM )/ (SLMX2=- AN® XM 4420 )
Az YM - Bx AM

KlI= (SUMXY=-SUAX®SUMY/AN ) xx2

R2= SUM X2~ SUM X*x2/ AN

k3= SUMY2-SUMY**2/ AN
K=R1/(R2%R3) :
S= SQRTC(SLMY2-A=SLMY-B*SUMAY)/ (AN=-2))
RETUKRN

END

SUBRJUTINE TJ LABEL AXES AND SET UP A FrAME
AxJUND THE AARES

SUBRJUTINE CGrABIXCA, Y, Cd)
C=100.0=%CJ

CALL
CALL
CALL
CALL
CALL
CALL
CALL
caLL
CALL
CAaLL
CALL
CALL
CALL
CALL
CALL
CaLl

MIVTI2(XxsY)

LINTJ2Cx, 5400

LINTJI2(390+0,540.00

LINTI2C(390.05Y)

LINTJ2(X5Y)

MIVTI2(S50e 0, 48000

CHAHJL ( 43HDRYING CHARACTERISTICS 1F WESTBURY SLURRY*.)
MAVTI2(200.0, 4800

CHAAHIJL (33HSAMPLE WITH aN INITIAL Me Ceo JF=s)
MIVTI2(315.05480.0)

CHAFIX(C» 652)

MIVTI2¢340. 05, 480.0)

CHAHJIL (1 OHPER CENT=.)

MJIvTd2 (X, YD

MJIvTl2C6U«0,210-0)

CHAHRJL (2 THEFFECT JF Al TEMPERATURE#®.)
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CALL MJVTJ2¢60.0,200.0)

caLk CrHAHJIL (1 7HUN CrUST GrJIWTH*.)

CALL MJIVTI2¢60. 0, a40.0)

CaLl CHAHJL (33HCKUST MASS TRANSFER CJEFFICIENT*.)
CALL MUVTJI2(60.05430.0)

caLL CHAHJL (38HAT ALL EXPERIMENTAL AIrR TEMPEKATURES*.)
CaLL MIVTJI2(250«0s 440.0)

CALL CHAHIL (3SHJVERALL MASS TRANSFERK CJEFFICIENT#®.)
CaLL MAVTI2(250.0s, 43000

CALL CHAHOL (38HAT ALL EXPERIMENTAL AlR TEMPERATURES*.)
CALL ™MJIVTJ2(250.0,210.0)

CALL CHAHJIL(27THEFFECT JF AIK TEMPERATURE«*.)

CALL ™MIVvTJ2(250.0,200.0)

CALL CHAHJL (1 6HIN DKRYING RATE*.)

CALL MUVTI2(60.05,30.0) '

CALL CHAHJL (22HDRYING TIMEC(SECINDS) *+)

CALL MJvTJ2(6l.0,260.0)

CALL CHAHUL (22HDRYING TIME(SECINDS)*.)

CaLL MJIVTI2(255.0,260.0)

CALL CHAHJL (22HDRYING TIMECSECINDS)*.)

CaLlL MJvTJd2(20.0,80.0)

CALL CHAANG(90.0)

CALL CHAHJL (25HCKUST THICKNESS(METERS)*.)

CALL MJIVvTJ2(20.0,290.0)

CALL CHAANG(90.0)

CALL CHAHJIL (38HCRUST MASS TRANSFEX CJEFFICIENT(M/S5)*.e)
CALL MJVTJI2(210.0,290.0)

CALL CHAANG(90.0)

CALL CHAHJIL ( 4UHJVERALL MASS TRANSFEK CIEFFICIENT(M/S)4.)
CALL MQVuTJ2(210.05 75.0)

CALL CHAANG(90.0)

CALL CHAHJL (33HDRYING RATE(KG/ SUeMETER=SECINDI*.)
CALL CHAANG(0.0)

CALL MJIVTJ2(255.0,30.0)

CALL CHAHIL (22HDKYING TIMEC(SECINDS)=*.)

CAaLL MJIvTIl2(Xx, YD

RETURN

END

SUBRJUTINE GrRABJIX1(X1,Y1,Cls Tlsrs3)

C=100.0%Cd

CALL MJvTI2(X1,Y1)

CALL LINTJ2(Xx1,25U.0)

CALL LINTJ2(160+0,250.0?

CALL LINTJ2¢160.0,Y1)

CALL LINTJI2(x1>Y1)

CaALL MJvTJ2(35.0,220.02

CALL CHAHIL (33HEXPExIMENTAL VERSUS THEJRETICAL 4.)
CaLL MJIvTJ2¢(3S«0s,210.0)

CALL CHAHIL (31HMASS TrANSFER CJEFFICIENT Flr%e)
CaLlL MJvT12(35.0,200.U2

CALL CHAMIL (2 4HWESTBURY SLURRY SAMPLE®.)

CaLL MJIvTl2(4aS.Us 1500
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20

CALL
CALL
CALL
CALL
CALL
CAaLL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
cAaLL
CALL
CaLL
CAaLL
CAaLL
CALL
CaLL

CHARJL (31HAXL I K *UT*LEMPERATURE(DEG.C)=%.)
MIvTJd2 1050, 1500

CHAFIX(Tl, 652)

MJIvTI2045: 0, 145.0)

CHAHJL (35HM*L ]I STURE =UC*LINTENT(PER CENT)=%.)
MIvTd2C115.0,1450)

CHAFIX(Cs 652)

MIVTI2( 450514060

CHAHJIL (2 7HS*L TANDARKD #=UD*LEVIATIIN=%.)
MIVTJ2C100.Us140.0)

CHAFLJ(S, 10

MAIVTI2045.05135.0)

CHAHOL (30HC*LIRKRELATIIN *UC*LJEFFIENT=#.)
MIVTd2Cl 1205 135402

CHAFIX(Rs 65 4)

CHAANG(90.0)

MIVTI2(~-15U05 1060

CHAHJOL ( 4SHEXPERIMENTAL MASS TRANSFER CJEFFICIENT(M/S)*.)
CHAANG((. 0D

M:IvTd2(30e05-15.0)

CHAHJL ( 44HTHEJRETICAL MASS TRANSFER CIEFFICIENT(M/S)*.)
MIVTA2(X1s Y1)

RETURN
END
SUBRIUTINE LINTERCXs YsNs XIN, YAUT)

PrRIGRAM FJR INTERPJLATION Flr WATEK vAPJUR DENSITY
5Y THE LANGRANGIAN INTERPILATIIN METHID
DIMENSIIN XC703,YCTU)D

YJUT=0.0

DJd 20 I=1,N

TERM=Y (I

bl 10 J=1,-N

IFCI-J) 9,10.9
TERM=TEHM*(XIN‘X(J))/(X(I)‘X(J))
CANTINUE

YJUT=YJUT+ TERM

RETURN

END

FINISH
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APPENDIX C -

Figures C1-ClO, Graphical plots of the effect of drying
air temperature on the Drying Characteristics of the

slurry samples.

Figures Cl1-C26, Graphical plots of the effect of the

initial moisture content of slurry samples on theilr

Drying Characteristics.
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SAMPLE #[TH AN INITIAL 1. C. OF
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(M)

CRUST THICKNESS

FIGURE C11

EFFECT OF INITIAL MOISTURE CONTENT ON CRUST

GROWTH RATE FOR SHOREHAM SLURRY
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CRUST THICKNESS (M)

FIGURE C12
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CRUST THICKNESS

FIGURE C13
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FIGURE Cl14

EFFECT OF INITIAL MOISTURE CONTENT ON THE CRUST GROWTH
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CRUST MASS TRANSFER COEFFICIENT

FIGURE C15

EFFECT OF INITIAL MOISTURE CONTENT ON CRUST MASS

TRANSFER COEFFICIENT FOR SHOREHAM SLURRY
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FIGURE Cl6

EFFECT OF INITIAL MOISTURE CONTENT ON CRUST MASS

TRANSFER COEFFICIENT FOR NORTHFLEET SLURRY
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CRUST MASS TRANSFER COEFFICIENT

FIGURE C17

EFFECT OF INITIAL MOISTURE CONTENT ON CRUST MASS

TRANSFER COEFFICIENT FOR MASON SLURRY
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CRUST MASS TRANSFER COEFFICIENT

FIGURE C18

EFFECT OF INITIAL MOISTURE CONTENT OF CRUST MASS

TRANSFER COEFFICIENT FOR HUMBER SLURRY
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gFFECT OF INTTIAL MOISTURE CONTENT ON EXPERIMENTAL MASS TRANSFER

...l)

FIGURE C19

EXPERIMENTAL MASS TRANSFER COEFFICIENT (MS
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FIGURE C20

gFFECT OF INITIAL MOISTURE CONTENT ON EXPERIMENTAL MASS TRANSFER
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EFFECT OF INITIAL MOISTURE CONTENT ON EXPERIMENTAL MASS TRANSFER
COEFFICIENT FOR MASON SLURRY
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FIGURE
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EFFECT OF INITIAL MOISTURE CONTENT ON EXPERIMENTAL MASS TRANSFER

FIGURE C22
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EFFECT OF INITIAL MOISTURE CONTENT ON THE DRYING

-2 -1
DRYING RATE (KGM “S 7)

FIGURE C23

RATE FOR SHOREHAM SLURRY
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FIGURE C24

EFFECT OF INITIAL MOISTURE CONTENT ON THE DRYING

-2.-1
DRYING RATE (KGM “S ™)
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EFFECT ON

FIGURE C25

INITIAL MOISTURE CONTENT ON THE DRYING

DRYING RATE (KGM~ZS_1)
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FIGURE C26

EFFECT OF INITIAL MOISTURE CONTENT ON THE DRYING

RATE FOR HUMBER SLURRY
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APPENDIX D

Tables D1-D44, The computer printout from the
comparison of the Crust Mass Transfer Coefficient,

Experimental Mass Transfer Coefficient and the Theoretical

Mass Transfer Coefficient.

~Figures D1-D15, Graphical Plots of Linear Regression

for drops dried at ZOOOC,

Figures D16-D30, Graphical Plots of Linear Regression

for drops dried at 300°cC,

Figures D31-D44, Graphical Plots of Linear Regression

for drops dried at 400°cC.
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SAMPLE -

MEAN SAT.

CrUST THERMAL CINDUCTIVITY=

TABLE D1

MASIN SLURRY

DrJP TEMPERATURE=

Alr TEMPERATURE

INITIAL

MIISTURE CONTENT

GAS FILM TRANSFER CJEFFIENT =

DRYING TIMECSEC)

6. 0000E 01
1.2000E 02
1.8000E 02
2. 4000E 02
3.0000E 02
3. 6000E 02
4.2000E 02
4.BUDUE 02
S.4000E 02
6. 0000E 02

6. 6U00E 02

B.4000E 02
9.0000E 02
9.6000E g2
1.0200&8 U3
1.0%00E U3
t«1400E 03

1.2000e U3

KC
1. 0446E 08

4.9197E-01
3.2902E-01
2+3353E-01
1.9581E-01
1. 7695E-01
1.5052E-01
1. 3056E-01
1.1770E-01
1. 0490E-01
9. 4384E-02
e 5596E-02
%o 1722E-02
7.8141E-02

7. 4822E-02

beBBE2E-U2
6. 6176E-02
6. 3663E-02

6o 1304E-02

-287~-

9.2145E-02

g.3750E-02

g.0037E-02

7. 6600E-02

7. 3407E-02

7.0435E-02

6. 1662E~-02

6. S0E6BE-02

6.2636E-02

€. 0352E-02

8. 58 66E-02
7.9008E=02
7.5991E-02
7.3207E- 02
7.0630E-02
6.5237E-02
6. 6010E-02
6. 3931E~-02
6. 19BBE-02

. 0166E-02

178.00 DEG.C
<4487 WM/DEG. C
z 200.00 DEG. C.
= 0.300 KG/KG
3.8835 M/S
KT KE
§.2320E-01 9.1034E-01
403666E-01 4. 5ST16E-01
3.0332E-01 3.0601E-01
2.2029E-01 2.3065E-01
| 8641E-01 1.8S511E=01
L. 6924E-01- 1.5459E-01
L. 4490E-01 1.3301E-01
1.2632E-01 1.1682E-01
1.1423E-01 1.0416E-01
. 0214E-01 9. 4098E-02




TABLE D2

1.2000E 03

6.2837E-02

SAMPLE - MASIN SLUKRY

MEAN SAT. DRJIP TEMPERATURE= 280

CRUST THERMAL CINDUCTIVITY= .7086

AIR TEMPERATURE = 30

INITIAL MJISTURE CINTENT = 0

GAS FILM TRANSFER COEFFIENT =

DRYING TIMECSEC) KC KT

6.0[)00; 01 1.3586E 00 1.0824E 00
1.2000E 02 4. 0846E-01 3.7936E-01
1.8000E 02 2.6176E-01 2.4950E-01
2.4000E 02 2.1126E-01 2.0320E-01
3.0000E 02 1. 6406E-01 1. 5916E-01
3.6000E 02 1« 4905E-01 le 4499E-01
4.2000E 02 1.2462E~01 1.2177E-01
4.8000E 02 1.06456-01 1. 0436E-01
5. 4000E 02 1.2642E~01 1.2349E-01
6. 0000UE 02 1. 11€68E-01 1. 0939E-01
6. 6000E 02 9.9701E-02 9.7869E-02
7.2000E 02 §.9776E-02 B.8287E-02
7.3000E Q2 g. S428E-02 g.4079E-02
2. 4000E 02 §.1426E-02 8.0199E-02
9. 0000E 02 7.7731E-02 7.6612E-02
9.60U0UE U2 7.4309E-02 7.3286E-02
l.02U0CE 03 7.1132E-02 7.0195E-02
1. 0800E U3 6.8175E-02 6. T313E-02
1. 14008 83 6. 541 6E-02 6o 4623E-02

«50 DEG.C
WM/ DEG.
000 DEG.
« 300 KG/K

5. 3250

KE
9.1016E-01

4e 58 44E-01

3.0731E-01

2.3129E-01

1. 8596E-01

1.5531E-01

1. 3374E-01

1o 1756E-01

1. 0398E~01

9.3910E-02

8. 5677TE-02

7.8817E-02

7.5800E~02

7.3015E-02

7.0437E-02

6. S815E-02

6. 3736E-02

6. 1 792E~02

5.9969E-02

c

G

Ce

M7S




TABLE D3

SAMPLE - MASIN SLURRY

MEAN SAT. DrIP TEMPERATURE= 319.00 DEG.C

CxUST THERMAL CAONDUCTIVITY= 7905 WM/DEG.e C

7.20002 02
7.3000E U2
Be4000UE 02
9.000U0z U2
9.60U00E L2
l.U200E U3
1. 0&00E 03
l«1400E 03

1.2y0UE U3

9.7657E~02

9.2723E-02

G.8194E-02

8. 4023E-02
g.0171E-02
7.6603E-02
7.3289E-02
7.0205E-02
6. 7328E-02

-280~

9. 6299E-02
9.1498E-02
%, 7085E-02
8. 23016E-02
7.9253E-02
7.5765E-02
7.2522E-02
6.9500E-02

7.8633E~-02

7.5615E~02

7.2830E~-02 -

7.0251E-(02
£e T85TE-02
6. S628BE-U2
€. 3549E-02
6.L603E-O2

S.9780E-02

ALR TEMPERATURE - 400.00 DEG. Ce

INITIAL MJISTURE CINTENT = 0300 KG/KG

GAS FILM TRANSFER CIEFFIENT = 609257 M/S

DRYING TIME(SEC) KC KT KE

6.0000E 01 1.7122E 00 1.3728E 00 9.0999E-01
1.2000E 02 1. 8443E-01 1.7965E-01 4 6424E-01
1.8000E 02 |.3645E-01 1.3382E-01 3.1157E-01
2.4000E 02 1.2980E-01 1.2741E-01 2.3398E-01
3.0000E 02 1.2212E-01 1.2000E-01 1.8748E-01
3. 6000E 02 1.5515E-01 1.517SE-01 1.5531E-01
4.2000E 02 1.2845E-01 1.2611E-01 1.3374E-01
4.8000E 02 |.0880E-01 1.0711E-01 1.1756E-01
S.4000E 02 1.3973E-01 1.3697E-01 1.0380E-01
6.0000E 02 1.2271E-01 1.2058E-01 9.3729E-02
6. 6000E 02 1.0897E-01 1.0728E-01 8.5494E-02




SAMPLE -

MEAN SAT.

CrxUST THERMAL CANDUCTIVITY=

TABLE D4

MASIN SLURKRY

DRIP TEMPERATURE=

Al TE4APERATURE

INITIAL

MJISTURE CINTENT

i

CAS FILM TRANSFER CJEFFIENT =

DRYING TIMEC(SEC)

6+ QUUOE U1
1.2000E 02
1.8000E 02
2. 4000E 02
3.0000E 02
3. 6000E 02
4.2000E 02
44 8000E 02
5. 4000E 02
6+ 0UDDE 02
6+ 6000E 02
7.2000E 02
7.8000E 02
. 4000E 02
9. 0U00E 02

9.6000E 02

KC
7.8030E-01

4. 01 60E-01
2. 6063E-01
2.0783E-01
1. 6698E~01
1.3914E-01
1.1891E-01
1.0350E-01
9. 6745E~02
e 6443E-02
7. 7933E-02
7.0782E~-02
£. 761 TE-02
6o 4686E-02
6. 1963E-02
S.9427E-02
. 7059E~G2
S. 48 44E-02
S.2766E~02
S.0814E-02

-290-

KT

3. 639 7E-01
2. 4425E-01
1.9727E~-01
1. 6009E-01
1.3433E-01
1.1538E-01
1. 0082E-01
9. 439 4E-02
8. 4561E-02
7. 6400E-02
6.9515E-02
6. 6460E-02
6. 3626E-02
6. 0990E-02
S.8532E-02
5. 6233E-02
S.4080E-0C2
S.2059E-02

S.U158E-02

180.00

200.00

0. 450

DEG.C

« 4542 W/M/DEG.

DEG.
K G/K

3.8843

KE

3. 7452E-01
2.5106E-01
1.8904E-01
1.5195E-01
1-2724E-ﬁ1
1.0959E~-01
9. £352E-02
8. 5866E-02
7.7637E-02
7.0907E-02
6. 5301E-02
6.2836E-02
6. 0561 E-02
S.3455E-02
S. 6500E~-02
S.4680E~02
5.2983E-02
S. 1395E-02

4., 9908E~-02

Py
T

C

Ce

G

M/ S




TABLE D5

SAMPLE - MASIN SLURRY

MEAN SAT. DrdP TEMPERATUKE= 281.00 DEG.C

CrUST THErRMAL CIONDUCTIVITY= .7098 wM/DEG. C

Al TEMPERATUKE = 300.00 DEGe. Ce

INITIAL MIISTURE CONTENT = 0450 KG/KG

GCAS FILM TRANSFER CJEFFIENT = 59899 M/S

DxYING TIMECSEC) KC KT KE

6. 0000E 01 9.7781E-01 8.4059E-01 8.5226E~01
1.2000E U2 4.0458E-01 3.7898E-01 4.2938E-01
l.8000E 02 2, 7200E-01 2.¢019E-01 2.8807E~01
2. 4000E 02 2.1447E-01 2.0706E-01 2.1716E-01
3.0000E 02 . be 7998E-01 1. 7473E-01 le 7452E-01
3. 6000E 02 1. 5728E-01 1 5326E-01 le 4601E-01
A.QﬁUUE g2 1.3360E-01 1.3068E-01 1.2585E-01
4.8000E 02 le1564E~01 1. 1345E-01 1.1073E-01
S.4000E 02 1 1449E-01 1.1234E-01 9.8467E~02
6.0000E Q2 1.0191E-01 1.0021E-01 8.9065E-02
6. 6000E 02 9.1552E-02 9.0174E-02 8.1377E-02
7.2000E 02 g.2870E-02 &.1739E-02 7. 49 T4E-02
7.8000E 02 7.9035E-02 7.8005E-02 7.2158E-02
8.4000E U2 7.5487E-02 T.4547E-02 6.9559E-02
2.0000E 02 7.2195E-02 7.1336E-02 6s 71 54E-02
9. 60u0E 02 6.9133E-02 6.8344E-02 6. 4922E-02
1.0200E 03 6. 6277E-02 6.5552E-02 6. 28 44E-02
1.0800E U3 6.3608E-02 6.2940E-02 c.0906E-02
1. 1400E 03 6.1108E-02 6.0491E-02 S.9093E-02
1.2000E 03 S.5761E-02 S.8190E-02 Se. 739 5E-02
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SAMPLE =

MEAN SAT.

CRUST THErRMAL CIONDUCTIVITY=

TABLE D6

MASUIN  SL URRY

DrIP TEMPERATURE=

AR TEMPERATURE

INITIAL

MJISTURE CIONTENT

CAS FILM TRANSFER CJEFFIENT =

DRYING TIMECSEC)

6.3000E 01
1.2000E @2
l.8U0UE 02
2.4000E 02
3.0000E 02
3. 6000E 02
4.2000E 02
4.8000E U2
S. 40(00E ﬁ2
6.0000E 02
6. 6000E 02
7.2000E 02
7;8000E 02
g.4000E 02
9.0000E 02
9. 6UUUE 02
1.0200E U3
1.08008 03
l.1400E 03

1.2000E 03

KC
9.8886E-01

2.8774E-01
le 7646E-01
1.5032E-01
1.3084E-01
1.1957E-01
1.0653E~01
9.1343E-02
9. 6450E-02
g. 5332E-02
7.6269E-02
6.8745E-02
6. 5443E-02
6.2401E-02
5.9589E-02
S, 6984E-02
5. 4562E-02
5.2306E-02
5. 0200E-02
4.%229E-02

-292-

320.00 DEG.C
. 7925 wW/M/DEG. C
= 400.00 DEG. Ce.
= 0.450 KG/KG
be S646 M/S
KT KE
e 59 40E~01 7.0109E-01
2.7566E-01 3.5361E-01
1. T184E-01 2.3745E-01
1o 4696E-01 1. 78 64E-01
1.2828E~01 1o 4335E-01
l.&743E-01 1.1972E~01
1. 0483E~01 1. 0294E-01
9.0089E-02 9.0478E-02
9.5054E-02 8.0291E-02
g.4237E-02 7.2541E-02
7.5394E-02 6. 6202E-02

6.5032E-02
6. 4797E-02
6. 1813E-02
S.9053E-02
S. 6493E-02
5.4112E-02
5. 1893E~-02
4.9819E-02

4. 787TE-02

6. 0922E-02

5. 8599E-02

S. 6456E-02

Se. 4471E-02

5.2629E-02

S.0914E~-02

4,931 4E-(2

4. 7% 17E-02




SAMPLE -

MEAN SAT.

CrRUST THERMAL CINDUCTIVITY=

TABLE D7

MASIN SLUKRY

DRIP TEMPERATURE=

Alr TEMPERATURE

INITIAL MIISTURE CANTENT

1]

GAS FILM TRANSFER CJEFFIENT =

DRYING TIMECSEC)

6.0000E 01

1.2000E 02

1.8000E 02

2.4000E 02

3.0000E 02

3.6000E 02

4.2000E 02

4.8000E 02

S.4000E 02

6.0000E 02

6. 6U0UVE 02

7.2000E 42

7.8000E 02

8.4000E 02

9.0000E 02

9.6000E 02

1.9200z 03

1.0s00E U2

l.1400E U3

1.2000E U3

KC
3.8317E-01

2.0232E-01
1.4027E-01
1.0780E-01
g. 7880E-02
7.3753E-02
6.3367E-02
S.5385E=02
S.1860E-02
4 645BE-02
4.1967E-02
3.8170E-02
3. 648 4E-02
3. 4918E-02
3.3460E-02
3.2099€E-02

3. U825E-02

2, %510E-02

2. T454E-02

~293-

KT
3¢ 4219E-01

1.9029E-01

1.3438E-01

1. 0429E~-01

8« 5531E~-02

7.2092E-02

6.2136E~-02

Se 4443E-02

S.1033E-02

4. 5793E- 02
4, 1 423E-02
3. 7720E- 02
3. 6072E~-02
3. 4541E-02
3.2113E-02
3. 1780E~02
3.0531E-02
2.9360E-02
2. 8256E-02

2. 7220E-02

170.00

200.00

DEG.C

¢ 4268 WM/ DEG.

DEGe.

31997 M

KE
3.9790E-01

2.0012E-01

1.3419E-01

1.0122E-01

801431E'02

6.8252E-02

S.8842E-02

S.1789E-02

4. 61 78E~-02

4. 1793E-02

3.8207E~-02

3. 5222E~02

3.3909E-02

3.2697E-02

3. 1576E-02

3. 0536E-02

2.9568E-02

2.3664E-02

2. 7820E-02

2.7029E-02

C

0. 550 KG/KG

/S




TABLE D8

9.000UE 02

3.3539E-02

2. 3284E-02

5.6000E 02 3.2140E-02 3. 1905E-02
1.0200E 03 3. 0833E-02 3. 0617E-02
l.0300E 03 2.9610E-0¢2 2.9411E-02

l.14U(0E 03

1.2000E 03

2,8463E-02
2,7386E-02

-294~

2.8279E-02

2.7215E-02

3. 1447E-02
3. 0406E-02
2.9437E~02
2.8533E-02
2. 7688E-02

2. 6896E-02

SAMPLE - MASON SLURRY

MEAN SAT. DRIP TEMPERATUKE= 270.50 DEG.C

CxUST THERMAL CINDULCTIVITY= . 68658 w/M/DEG. C

AlrR TEMPERATURE = 300.00 DEG. Co

INITIAL MIISTURE CINTENT = 0.550 KG/KG

GAS FILM TRANSFER CJEFFIENT = 4.3790 M/S

DRYING TIMECSEC) KC KT KE

6. 0000E U1 4o 1069E-01 3.7548E-01 3.978&E-01
1.2000E 02 l.88276-01 1.8051E-01 2.0037E-01
1.8000E 02 |.2836E-01 1.2470E-01 1.3443E-01
5. 4000E 02 1.0214E-01 9.9810E-02 1.0133E-01
3.0000E 02 §.6312E-02 e 4643E-02 §.1431E-02
3.6000E 02 7. 1820E-02 7.0661E-02 6.8252E-02
4.2000E 02 6.1945E-02 6.1081E-02 5.8817E-02
4.3000E 02 S, 381 BE-02 Se3164E-02 5. 1763E-02
5. 4000E 02 S.0692E-02 5.2065E-02 4. 6055E-02
6.0000E 02 4. TQ0TE-02  4e 652TE-02 4. 1668E-02
6. 6000E 02 4 D342E-02 4. 1936E-02 3.8081E-02
7.2000E 02 3. 5402E-02 3.8068E-02 3. 5094E-02
7.8000E 02 3. 66576-02 3.6353E-02 3.3781E-02
. 4000E 02 . SU41E-02 3. 4762E-02 3.2569E-02




TABLE D9

SAMPLE - MASIN SLURRY

MEAN SAT. DRIJP TEMPERATURE= 325.00 DEG.C

CrUST THAERMAL CIONDUCTIVITY= .8024 W/M/DEG. C

Alxk TEMPERATURE

2.4000E 02
3.0000E 02
3.6000E 02
4.20U0E 02
4.8000E 02
S.400UE 02
6. UUUULE U2
6. 6000E 02
7.2000E 02
7.8000E Q2

g.4000E 82

9.6000E 02
1.0200E 43
1.0800E 03
le14UUE 03

1. 2000E 03

9. 5440E~02

7.9914E~-02

6. 5906E~-02

S.9078E-02

S.1027E-02

4. 781 1E-02

3.8836E-02

3. 7030E-02

3.5360E-02

3.3811E-02

~

3.2370E-02
3.1027E~02
2.9772E-02
2,859 7E~02

0, 749 4E-02

_OQE

9. 3866E-02
7.8808E-02
6.5152E-02
S.8471E-02
5. 0573E- 02
S.3243E-02
4e T413E-02
4.2605E-02
3.8572E-02
3. 6790E-02
3.5141E-02
3.3611E-02
3.2187E-02
3. 0859E-02
2.9617E-02
2. 8454E- 02

2. 7362E-02

101 46E~01

8. 1558E~02

6. B83B1E~-02

S.8843E~-02

S 5. 1789E-~02

4. 5936E-02

4.1548E-02

3. 7960E-02

3. 4972E-02

3. 3658E-02

3.2445E-02

3. 1323E~-02

3.0281E-02

2.9311E-02

2.8407E-02

2.7561E-02

2. 6766E-02

= 400.00 DEG. C.
INITIAL MOISTURE CIONTENT = 0.550 KG/KG
GAS FILM TRANSFER CJEFFIENT = 5.6920 M/S
DRYING TIME(SEC) <C KT KE
6.0000E 01 40 5369E-01 4.2020E-01 3.9776E-01
1.2000E 02 1 &8133E-01 1.7573E-01 2.0050E-01
1.8000E 02 1.2138E-01 1.1885SE-01 1.3456E-01




SAMPLE -

MEAN S5AT.

CruUST THERMAL CINDUCTIVITY=

TABLE DI1O

DrelP TEMPERATUKRES=

Alx TEMPERATURE

INITIAL

MJIISTurE CINTENT

SHIREHAM SLUrKY

CAS FILM TrANSFER CJEFFIENT =

DXYING TIMECSEC)

6.0000E U
l.2UUUE 02
l.8UJUOE 02
2.4000E U2
3.0000E Q2
3.60U0E U2
4.2U00E 02
4.8000E 02

S.4000E 02

no

6. 0UUUE U

b« 6UUUE U2

7.2000E 02

7.8000E 02

%« 4UUUE U2

.40U0UE U2

S.6000E U2

ley2U0E 03

f.lUoult U3

lelaluE 03

l.20UUE U3

KC
1. S046E 00

Te 4269E-01
3.3823E-01
2+8355E-01
2.67T4E-U1
2.3687E-01
2.0922E-01
le8841E-0U1
1.5715E-01
l.4067E-01
l.27U02E- U1l
l.21U3E-UI
1. 1552E-01
l.1U43E-U1
1.0570E-UI
1.0131E-01
9.7219E-02
9.3394E-02
B.9&12E-02
8. 6450E-02

-296-

17400 DEG.C

« 5267 W/M/DEG.

= 200-00 DECo

= 0e3U0 KG/KG
4.9967

. KT K E

e 1564E 00 l1.2165E 00
6e 4658E-U1 6. 1111E-01
3.1679E~-01 40 1251E-01
2. 6832E-01 3. 1045£-01
2.5412E~-01 2.4856E-01
2.2615E~-01 2.0777E-01
2.0081E-01 1« 7T874E~01
l.3156E-01 1. 5693E-01
1.5236E~01 1« 4047E-01
1«3682E-01 1.2703E~01
1.2387E-01 le 1603E-01
l. 1817E-01 lo1125E~01
1. 1291E-01 - 1.0687E-0U1
le U8U4E-01 1. 0284E-01
1 U351E-01 9.9120E-02

9.1681E-02
Be.5226E-02

%o 49T9E-C2

9. 5678E~02

9.2484E-02

.9511E~02

. £737E-02

“eaulal3E=-02

C

Ce.

M/ S5




TABLE D11

6« 6UUOE U2

T.20U0UE (2

7.80U00E U2

ge400UE U2

9.0000E 02

9. 600UE U2

l.02yUE U3

leyglue U3

lel4UUE U3

l.2000E 03

9. 781 4E-02
9.2g20E~02
. 8253E-02

o 4060E-02

8. 0198E-UZ

7. 6630E-02
7.3325E-U2
7. 0253E-02
6. T393E- 02
6. 4aT23E-02

-297-

9.1229E-02

e 6813E-02

g.2753E-02

7.9008E-02

7.5543E-02

7.2328E-02

[}
AV

BE-

()

£.93

6. 655UE-02

. 3945E-02

SAMPLE - SHIREHAM SLUKKY

MEAN SAT. DrJP TEMAPExATURE= 275.00 DEG.C

CrUST THERMAL CINDUCTIVITY= 6309 w¥/DEGe

Al TEMPEATUKRE = 300.00 DEG.

INITIAL ¥JISTUKE CSNTENT = 0.300 KG/KG

GAS FILM TRANSFEK CJEFFIENT = 5.3224

DRYING TIMECSEC) <C <T KE

6.0000E Ul 1.SU04E 00 1.1704E 00 9.1173E-01
1.2000E g2 3.4362E-01 3.2278E-01 4. 6107E-0]1
l.&000E 02 0.3297E-01 2.2320E-01 3.0883E-01
2. 4U00E U2 1o 78685E-01 1. 7303E-01 2.3261E-01
3.0000E U2 1.5579E-01 1.5136E-01 1.8652E-01
3.6U00E 02 1.5143E-01 1.4724E-01 1.5543E-01
4.2000E 02 l.4413E-01 1.4033E-01 1.3332E-U1
4.wU00E 02 . 4128E-01 1.3762E-01 1.1667E-01
S.4000E u2 | 2349E-01 1.2069E-01 1.0405E-01
6. UUUUE 02 L U934E-U1 1.0T14E-01 9.3950E-02

. 5692E-02
g.2103E-02
7.8812E-02
7.5786E~02
7.2993E-02
7.0407E-02
6.8006E-02
6. 5TT1E-02
6+ 3635E~02

6o 1734E"02

C

C.

M/ S




DrRYING

SAMPLE -~

MEAN SAT.

CxUST

TABLE D12

DRIP

ITRErRMAL CINDUCTIVIIY=

Alx TEMPERATURE

INITIAL MJIISTURE CINTENT

TEMPERATURE=

SHIREAAM SLURKY

GAS FILM TRANSFER CIEFFIENT =

6. 0000E Ul
le2U0UlE D2
les000E 02

2. 4UU0E U2
3.4000E 02

3.600UE 02
4.2000E 02

4.8000E @2

S.4ulE 02

6. UUUUE (2
6. 6UU0E U2
7.2000E 02
T.3000E 02
g.4000E 02
9.U0000E U2
9. 6000E 02

1.0200E 03

TIMECSED)

KC
1.3125E 040

2. 782TE~01
1.8832E-01

1o 5459E-1U1
1.3352E-01

.3831E-01
1.2296E-01
1.2038E-01
1.1231E-0U1
9.6827TE-02
&. T938E-02
&.3247E-02
7.8972E-02
7.5061E-02
7.1470E-02
651 62E-02
6.5106E-02
6.2275E-02
S.9646E-02

-298-

320. 50

DEG.C

<6609 w/M/DEGs
= 400.00 DEG.
= 0.300 KG/KG
6242 4
KT <E
l.U645E 00 ®e1072E-01
2.6640E-01 4.0994E-01
1. 8280E-01 2.7442E-01
l.5085E-01 2.0628E-01
1.3072E-01 1o 6536E=-01
1.3531E-0U1 1.3760E-01
1.2058E-01 le.1817E-01
|.1810E-01 1.0340E-01
1. 1032E~-01 9.2024E-02
9.7287E-02 &.3050E-02
§.6717TE-02 7.5T08E-02

g.2152E-02

7.4169E-02

7T.0661E-02

6. 1660E-02

5.9081E~02

S. £679E-02

7.2516E-02

6.9591E-02

6. 689FE-02

6. 441 6E-02

6.2116E-02

5.9981E-02

5. 7993E-02

5. 6138E-02

5. 4403E-02

C

C.

M/ S




SAMPLE -

MEAN SAT.

CrUST TAErMAL CINDUCTIVITY=

TABLE D13

DkAP TEMPERATURE=

Al TEMPERATURE

INITIAL MJISTURE CINTENT

SHIREHAM SLUKRRY

GAS FILM TKANSFER CIEFFIENT =

UDRYING TIMECSEC)

6. JUUUE Ul
l.2000E d2
1.5000E 02
2.4000E 02
3.4000E U2
3. 6ULUE 02
4.2000E U2
4.5000E 02
S.4y0UE u2
€. 0U0UE U2

6. 60UUE (2

no

uad

™
(ol
no

7-

7.8000E U2

BealUUE U2

9.0000E U2

9.60UUE 02

l.U20UE 03

l.0sUUE U3

l.140U0E U3

l.2(UUE U3

KC
9.3890E-U1

4. 179 1E-01

2.9097E-01

2.3584E-01

1.9699E-01

1. 6579E~01

le a704E~0U1
1.2900E-U1
1. UB07E~D01
9., 6973E-02
8. 7751E-U2
e 3698E-02
7.9959E-02
7. 6497E-02
7.3253E-02
7.0291E-U2
6. T498E-U2
bo 4B 4UE-UZ
be2434k~-U2

-299-

1726 50

DEG.C

e 5244 W/M/DEG.

= 200.00 DEG.
= 0. 450 AG/KEC
4. 3621

KT <E
7.7261E~01 8.5349E-01
3.8138E-01 40296T7E-01
2.727%E-01 2.8790E-U1

2.2374E~01

le 8848E-01

1. 5972E-01

1.2530E-01

l.US46E-01

9. 4865E-02

&.6U021E-02

Be2122E-02

7.8519E-02

7.5179E-02

7.2072E-02

6.91TEE-UZ2

6. b4e9E-L2

£.3933E-02

6. 1553E-02

5.9314E-02

2. 1675E-01
1« 7410E-01
1.4577E-01
l1.2541E-01
1.1024E-01
9.8714E-02
8. 928 4E-02
e 1573E~02
7.8222E-02
\7.5151E-02
7.2326E-02
6.9720E-02
6. 71307E-02
6. SUBBE-02
6,298 4E~-02
6. 1040E-02

5.9222E-02

C

Ce

M7S




TABLE D14

SAMPLE < SHIRKEHAAM SLUKKRY

MEAN SATe Dr]P TEMPERATURE= 270.00 DEG.C

CrUST THErMAL CINDULCTIVITY= « 6273 Ww/M/DEG. C

Alx TEMPERATUKE =

= 300.00 DEG. C.
INITIAL MJISTUKE CINTENT = 0.450 KG/KG
GAS FILA TRANSFEXK CIEFFIENT = 5.3205 M/S
DrYING TIMECSEC) <C KT KE
6. JUUUE 01 S.TUB1E-01 7Te4a833E-01 7.4673E-01
1.2000E 02 3.4412E-U1 3.2321E-01 3.7602E-01
lesUUUE U2 2.4486E-01 2.3409E-01 2.5168E-01
2.40U0E 02 1. 9483E-Ul 1e8795E-01 1.8942E-01
3.0000E 02 1.5579E-01 1.5136E-01 1.5%222E-01
3. 6UUUE 02 1.3318E-01 1.2993E-01 1.2731E-01
4.2000E 02 1e1699E-01 1l.1447E-01 1. U950E-01
4.8U00E 02 1.U818E-01 1.0603E-01 9.6015E-02
S. 4UUUE 02 9.5503E-02 9.3819E-02 H.5692E-02
6. UUUOOE 02 Be 5279E~U2 %o 3934E-02 7. 7T437E-02
e.eudos P 7. e856E-02 7.57&13-02 7.0684E-02
7.20U00E 02 G 3176E-U2 T.2184E-02 6.7750E-02
7.5000E 02 6.979 4E-02 6.8890E-U2 6.5060E-02
g. 4000E 02 6o 66T4E-02 6. 5349E-02 6.2586E-02
9.0UUUE 02 6.3787E-02 6.3032E-02 6-0302E-02
9.600UE 02 b, 1 108E-U2 6.U4l4E-02 S.8189E-U2
1.0200E U3 S.s615E-02 S5.79T6E-02 5.6227E-U2
1. UBUUE U3 S.629UE-02 S5.5T0UE-U2 5. 4400E-02
le1400E 03 . 4115E-U2 5.3570E-02 S.2696E-02
{.200UE U3 S.pQ77E-U2 S.1573E-02 S.1102E-02
-300~




TABLE D15

C

Ce

M/ S5

SAMPLE - SHIREHAM SLURKY
MEAN SAT. DrJP TEMPERATURE= 315.00 DEG.C
CRUST THERYMAL CJINDUCTIVITY= 6974 WwWM/DEG.
Alk TtMPEmATUKE = 400.00 DEG.
INITIAL MJISTURE CINTENT = 0. 450 KG/KG
CAS FILM TRANSFEK CJEFFIENT = 6.2416
DRYING TIMECSEC) KC KT KE
6.0000E U1 Be S404E-01 7.5124E-01 6.6373E-01
1.2000E 02 3.1065E-01 2.9593E-01 3.3410E-01
1.8000E 02 1.8069E-01 1.7561E-01 2.2421E-01
2.4000E 02 l.4804E=-01 1.4461E-01 1.6862E-01
3.0000E 02 1.2289E-01 1.2052E-01 1.3533E-01"
3.6000E 02 C1.0665E-01 1.0486E-01 1.1310E-01
4.2U00UE U2 1.0186E-01 1.0022E-01 9.7008E-02
4.8000E U2 9.6843E-02 9.5363E-U2 8.4963E-02
S.4UyU0E 02 §.7724E-U2 ©.6508E-02 7.5708E-02
6. 00UUE 02 7.7774E-02 T.6817E-02 6.8367E-02
6+ 600UE U2 6.96S8E-02 6.8889E-02 6.2363E-02
7.2000E 02 6. 6137E-02 6e5444E-02 5.9753E-02
7.8000E 02 6.0915E-02 6.2287E-02 5.7361E-02
8. 4000E U2 $.9955E-02 5.9385E-02 5.5160E-02
9.0000E 02 5. 70027E-02 S5.6707E-02 S.3129E-02
9. 6UUUE U2 o, 4705E-U2 S.4230E-02 S.1249E-02
I« U2UUE U3 §.2367E-02 S5.1931E-02 4.9503E-02
L. UsUUE U3 5. 193E-02 4.3793E-02 4.7878E-U2
lel40UE 03 481 68E-U2 4. 7799E-U2  4.6362E-02
l.20UUE 03 4y 62 TEE-U2 4+ 5935E-02 4. 4944E-102

-301-




SAMPLE

MEAN SAT.

CrUST

TABLE D16

UDrJP TEMPERATUKE=

THE~MAL CINDUCTIVITY=

Alk TEMPERATUKRE

INITIAL MJISTURE CINTENT

SAJREHAM SLUKRY

CAS FILM TRANSFEx CIEFFIENT =

DrYING TIMECSEC)

6. 0000E U1

l.20008 (2

1.80U0E 02

2.4000E U2

3.0000E 02

3. 6000E 02

4.2000E U2

4.8000E 02

S.4000E U2

6. UU0UE U2

6. 600UE 02

7.2000E 02

TesUDUE (02

ge.40U0E 02

9.000UE 02

9.6000E 02

1.U200E 03

l.0suue 03

1. 1 400E u©3

1.2000E 03

KC
3.7068E~01

2.0729E-U1

le 4169E-01

1.0923E-01

9.0285E-02

7. 6602E-02

‘6. 6T63E~-02

Se8144E-02
4. 5TIBE~-U2
4, 4003E-02
4.0US0E-02
3.8303E-02
3. 6685E~U2
3.5181E-02
3.3781E-02
3.2472E-02
3.12a7E-02
3.0098E-02
2.9016E-02
2, 7998E-U2

-302-

175« 50

DEG.C

e 5289 w/M/DEC.

= 200.00 DEC.
= Ve 550 KG/AG
3.2011

<T AE
3.3221E-101 3.9827E~01
l.9468E-01 2.0002E-01
1.3569E-01 1o 3404E-01
l.0562E-01 1.0103E-01

%o 7809E-02
7. 4512E-02
6.5399E-Ué
5.7107E-02
4. 7983E-02
4. 340 6E-02
3.9555E-02
3. 7850E-02
3. 6269E-02
3. 4799E-02
3. 3428E-02
3.2146E-02
3.1945-02
2.9817E-02
2.8756E~02

2. 7755E-U2

8. 1200E-02
€. 799 4E-02
S.8554E~-02
S« 1515E-02
4. 61 69E-02

4. 1770E-02

3.8172E~02

3. 6609E-02

3. 5176E-02

3.3859E-02

3.2643E~02

3. 15188-02

3.0473E-02

2.9501E-02

2.8595E~02




TABLE D17

SAMPLE = ShIxEHAM SLUKkY

MEAN 5AT. DrlP TEMPERATURE=S
CrULST THExMAL CINDUWCTIVITY=

Alx TEMPERKATURE =

250.00

3.6U000E 02

4.2000E U2

4.8UULDE 02

5. 400UE 02

6. 0000E U2

6. 6UUGE U2

7.2000E 02

7.3000E 02

g« 40U00E (2

9. U0U0E uz

9.6UUUE U2

leuy2yuk 03

leUsUuUE U3

l. 1 40UE U3

1.2000E U3

ge.7012E-02
7. 4617E-02
6« 5455E-02
5. 6423E-02
S5.0620E-02
4. 5789E-02
4. 3663E-02
4.1700E-02
3.9852E-U2
3.%133E-02
3. 6620E-U2
3.5150E-02
3.3775E-U2
3.2485E-U2
3. 1272E-U2

-303—

6. 4573E~-02
S.5767E-02
5. 0091E-02
4, 5355e-02
4, 3269E-02
4.1341E-02
3.9553E-02
3. 7891E-02
3. 6342E-U2
3-&8545—02
3.3539E-02
3.2266E-02

3. 1069E-02

DEG.C

« 6119 W/M/DEGe

300.U00 DEG.

INITIAL MIISTURE CINTENT = 0550 KCG/KG

GAS FILM TRANSFER CIEFFIENT = 4. 7943

DRYING TIMECSEC) KC KT KE

. 000UE O 403170E-U1 3.9604E-01 40 4305E-01
1.20U0E (2 2. 0494E-01 1.9654E-01 2.2317E-01
1.8000E 02 1. 4321E-01 1.3905E-01 1o 4966E~01
2.4000E 02 1.1028E-01 1. 0780E-01 1. 1292E-01
3.0000E 02 1.055%E~01 1. U332E-01 9.0392E-02

7.5769E~02
6. S299E-02
S. T438E~-02
S. 1405E-02
4.65Y9E-02
40 2524E-02
4, 788E-02
3.9197E~-U2
3. 7734E-02
3. 6384E-0U2
3. 5134E-02
3. 3975E~02
3.2896E-02
3. 1889E-02

3. J948E-U2

C

~
e

M/ S




TABLE D18

SAMPLE - SHJIKEHAM SLUKRRY

MEAN SAT. DrRJIP TEMPERATURE= 320.50 DEC.C

CRUST THErRMAL CINDLCTIVITY= « 6609 wM/DEG. C

Alx TEMPERATURE

3.0000E 02

3.6000E 02

4.,2000E 02

4.8000E 02

S« 40U0E g2

6.0000E U2

6. 6UUC0E U2

7.2000E u2

7.5%000E 02

g. 4000E U2

9.0000E 42

9.60UUE 02

1. 0200E U3

1.0800E U3

1« 1400E O3

i.20U0E 03

8.5313E-02
7.3169E- U2
6. 4453E-(2
S.6110E-02
S.1165E-02
4.5706E-02
4. 1197E-02
3.9224E-02
3. 7T4U8E-02
3. 5732E-02
3. 4180E-02
3.2738E-02
3. 139¢6E-02
3.0 142E-02
o2, 8970E-U2
2. 78 TUE- 02

=304~

8. 4US3E~-02
7.2241E-02
6. 3732E-02
S. 5562E-02
S.0710E-0B2
4. 5341E-02
4.U9DGE;U2
3.8955E-02
3. 71 64E-02

3. 5509E-02

3.3976E-02

3.2551E-02

3. 1224E-02

2.9984E-02

2.3823E~02

2o 7734E-02

8. 1343E-02

6.8058E-02

S.8554E-02

S.1477E-02

4. 59 12E~-02

4. 1512E~-02

3. 7913E-02

3. 6349E-02

3. 4916E-02

3. 3597E-02

3.2381E-02

3. 1255E-0U2

. 3. 0209E-02

2.9236E-02
2.8329E-02

2. T480E~0D2

= 400.00 DEG. C.
INITIAL MJISTUxE CINTENT = 0.550 KG/KEG
CAS FILM TRANSFER CJEFFIENT = S. 6913 M/S
DRYING TIMECSEC) KC KT KE

6. UUUUE 01 4,2533E-01 3.9576E-01 3.9855E-01
1.20UU0E @2 1« 7122E-01 1. 6622E~-01 2.0094E-01
1.8000E 02 1.2246E~U1 1. 1988E-01 1. 3461E-01
2.4000E 02 1.U333E-01 1.014%9E-01 1. 0125E-01




TABLE D19

SAMPLE - HUMBER SLURKY

MEAN SAT. Dx1IP TEMPEXKATUKE= 13150 DEG.C

CRUST THERMAL CINDUCTIVITY= «+2530 W/M/DEG. C

l.UsUulE O3
l«1400E 03

l.200UE 93

6o S8 TTE-02
6. U930E-02

5.5679E~-U2

-305-

6.2417E"02
6. J089E~-(2

S. 7898E-02

AIR TEMPERATURE - 200.00 DEG. C
INITIAL M1ISTURE CINTENT= 0.450 KG/KGC
GAS FILM TRANSFEX CJEFFICIENT = 4.3543 M/S
DRYING TIMECSEC) <C KT KE
6. QUUOE 01 1+ 0SB4E 00 8.5144E-01 8.4792E-01
1.200UE 02 402950E-01 3.9094E-01 4.2676E-01
1.8000E 02 209433E-01 2.7569E-01 2.8601E-01
2. 40UUE 02 2.1774E-01 2.0737E-01 2.1577E-01
3.0000E 02 1. 7506E-01 1.6830E-01 1.7357E-01
3. 600UE 02 l.4185E-01 1.3737E-01 1.4557E-01
4.2000E 02 1.2109E-01 1.1781E-01 1.2549E-01
4e8O0UE 02 1 2594E-01 1.2240E-01 1.0964E-01
S. 40UUE 02 1o 1140E-01  1.0862E-01 9.7926E-02
6. UDUOE U2 9.9616E-02 9.7T388E-02 &.8561E-02
6. 6UDDE 02 §.9865E-02 S.8048E-02 &.0902E-02
7.2000E 02 K 1659E-02 8.0155E-02 7T.4523E-02
7.8000E 02 7.8023E-02 7.6650E-02 7.1717E-02
&.4000E 02 G 4654E-02 T.3396E-02 6.9129E-02
9. U000E 02 £ 1522E-02 T.0366E-02 6. 6732E-02
9. 6U0UE 02 6. 560 4E-02 6.7540E-02 6. 4508E-02

€.2438E-02
6. 0507E~02
S5.8701&E-02

5. 7008E-02




DRYING

SAMPLE -

MEAN SAT.

CkuUST

TABLE D20

AUMBER SLURKY

DrJP TEMPEKATUKRE=

THERMAL CINDUWCTIVITY

Alr TEMPERATURE

INITIAL

MJI3TUxE CINTENT=

(1}

GAS FILM TrRANSFER CIEFFICIENT =

TIMECSES)

6.00U0E

1.2000E

l.5000E

2. 4000E

3.0000E

3.6000E

4.2000E

4.800UE

5.4000KE

6.0000E

6. 6000E

7.2000E

7.8000E

8.« 200UE

9.00U00E

9.6000E

1. U200k

1. UsUUE

1. 1400E

1.2000E

V!

0e

u2

ua

ge

02

Uz

ue

02

02

02

u3

03

g3

03

KC
lel621E 00

S.1245E- 01
3.5569E-01
2.4514E-01
1.9784E-01
1.6525E=-01
1. 4133E-01
1.2298E-01
1.3255E-01
1o 1865E-101
1.0710E-01
9.7353E-02
9.3023E-02
§.9005E-02
. 5264E-02
go1774E-02

-02

™M

To85110
7.5451E-02

7.2578E-U2

= 300.00 DEC.
0.450 KG/KG
60851 4
KT KE
9.9356E-01 9.9358E-01
4.7679E-01 S.0029E-01
3.3614E-01 3.3547E-01

2.3667E-01
1.9229E-01
1.6135E-Ul
1.3847E-01
1.2081E-01
1.3004E-01
l.1663E-01
1. 0546E~01
9.5989E-02
9.1777E-02
. 7863E-02
. 421 6£-02
z.0810E-02
7.7621E=-02
7.2€629E-02
7. 1817502

6.9 168E-02

225.00

« 4128 W/M/DEG.

DECG.C

2.5378E-01
2.0437E-01
1. 7144E-01
1. 4793E-01
1.3032E~01
l.lSAlE-Dl
1. 0445E-01
9.5485E-02
%.8023E-02
e 4T42E-(2
%.1715E-02
7.8913E-02
7.€6212E~02
7.3892E-02
7.1635E-02
6.9524E-02

~
|9

(@]

M7 S




TABLE D21

SAMPLE - HUMBEK SLUKRY

MEAN SAT. DrIP TEMPERATUKE= 308.00 DEG.C

CxUST THERMAL CINDUCTIVITY= « 5610 W/M/DEG. C

Al TEMPERATURE =

400.00 DEC. C

INITIAL MIISTURE CINTENT= 0450 KC/KG

GAS FILM TRANSFER CJEFFICIENT = 89477 M/S

7.8000E 02

8. 4yUUE 02

9.00U00E 02

9.6000E 02

1. 020Uk 03

1.0800E U3

1.2000E 03

9. 4388E-U2
9.0116E-U2
B.6151E-02
He2461E-02
7.9018E-02
7.5800E-02
Te2 T8 4E~-02
6e9952E~U2

...307..

9. 3402E-02
8.9217E-02
§e.5329E-02
g. 1 708E-02
7.8327E-02
7.5163E~02
7.2196E-02

6.9 4U9E~02

DrYING TIMEC(SEC) KC KT KE
6. 00UUE 01 1.3605E U0 1.1810E 00 9.9358E~01
1.2000E ue 3.6920E-01 3.5457E-01 S5S.0359E-01
1.8000E 02 2,.4697E-01 2.4033E-01 3.3881E-01
2.4000E 02 2.2032E-01 2.1503E-01 2.5495E-01
3.0000E 02 le 7470E-01 l. 7136E-01 2.0555E-01
3.6000E 02 1.9216E-01 l.8812E-01 1. 7071E-01
4.2000E U2 1. 6334E-01 l. 6041E-01 1.4720E-01
4.3000E U2 1« 5564E-01 1.5298E~01 1.2905E-01
S.4000E Ue 1 3697E-11 1. 3491E-01 1. 1534E-01
6. 0000E Q2 1.2189E-U1 l.2025E-01 1. 0438E-01
6. 6U0UE 02 1. 0944E-uU1l e U812E-U1 9«5415E-02
7.2000E U2 9.9003E-U2 9.7920E-02 . 7952E-02

8. 4671E-02

8. 1 643E-02

7.8840E~02

7.6239E-02

7.3819E-02

7.1561E-32

6.9 450E-02

6e T4T2E-U2




SAMPLE -

MEAN SAT.

CrUST THExRMAL CJIONDUCTIVITY=

TABLE D22

HUMBER SLUKKY

DrJF TE4PERATUKRE=

AlR TEMPERKATURE

INITIAL MJISTURE CAONTENT=

CAS FILM TRANSFER CIEFFICIENT =

DKYING TIMECSEC)

6.0000E

1.2000E

1.8000E

2. 4000E

3.0000E

3.6000E

4.2000E

4. %5000E

5. 4000E

6.0000E

6. 6UDUE

8. 4000E

9.0000E

9.6000E

1.3200E

leUsUUE

1« 1400E

1.2000E

T

ge

g2

02

pe

02

g2

02

ue

uz

02

02

g2

1p2

g2

ue

U3

g3

03

03

<C
6. 6962E~-01

3.2530E-01
2.2366E-01
1.6680E-01
1.3663E-01
1.2847E-01
1.1104E-01
9. 7386E-02
9.1872E-02
§.2378E-02
7.4391E-02
6. TSTUE-02
6. 451BE=-02
6. 16T4E-02
5.9015E-02

5. 6524E-02

4.9918E-02
4. 7963E-02

-308~

.2453 WM/DEGe C
= 200.00 DEG.
0.550 KG/KG
4.9869
KT KE
S.9035E-01 6+5793E-01
3.0538E-01 3.3239E-01
2.1406E-01 2.2384E-01!
1.6140E-01 1.6979E-01
1.3299E-01 1.3718E-01
1.2524E-01 1.1470E-01

1.0862E-01
9.5520E-02
9.U210E-02
8. 1040E-02
7.3297E-02
6. 6666E-02
6.369 4E-02
6. 0920E-02
S.8325E-02
5. 589 1E-02
S. 360 4E- 02
S.1452E-02
4.9 423E-02

4. 7506E-02

125.00

DEG.C

9.9192E-02

8. 7571E-02

7.8175E-02

6. 5066E-02

6.0163E-02

5.8009E-02

S. 6023E-02

S.4186E-02

S.2482E-02

5.0898E-02

4. 3042E-02

4. 67S51E-02

C

M/S




TABLE D23

SAMPLE - HWBER SLURKY

MEAN SAT. DRJIP TEMPEPATUPE=
CrUST THERMAL CJILDUCTIVITY=

Alx TEMPERATURE

235. 00

4.8000E 02
S.4000E 02
6. 0000E 02
6. 6000E 02
7.2000E 02
7.8000E U2
e 4000E 02
9.0000E 02
9.600U0E 02
1.0200E 03
1.0800E 03
1. 1400E 03

l.2000E 03

8. 1754E-02
T.8449E-02
7.0110E-02
6. 3158E-02
S.7271E-U2
S. 4651 E-U2

4. 7832E-02
4o S8S0E-(2
4.3991E-02
4.2244E-02

4. 0599E-02

~300-

8. 0651E-02

7. 7433E-02

6.9297E-02

6.2498E-02

S. 6727E-02

S. 41 56E-02

S.1765E-02

4. 9536E-02

4. T452E-02

4. 5501E-02

4, 3670E-02

4, y325E- 02

DEC.C

s 4319 w/M/DEGe.

= 300.00
INITIAL MJISTURE CJINTENT= 0.550 KG/KG
GAS FILM TRANSFER CJEFFICIENT = 5.9763
DRYING TIME(SEC) KC KT K E
6. 0UU0E 01 6. S80BE-01 S.9281E-01 S.6835E-01
1.2000E 02 2.3318E-01 2.2443E-01 2.8805E-01
1.8000E 02 1.7006E-01 1.6535E-01 1.9362E-01
2.4000E 02 1.3696E-01 .1+3389E-01 1.4628E~01
3.0000E @2 1.1669E-01 1.1446E-01 1.1778E-01
3.6000E 02 1.0933E-01 1.0737E-01 9.8434E-02
4.2000E 02 9.3769E-02 9.2320E-02 &.5010E-02

7. 4950E-02
6. 6785E-02
6. 0534E-02
S. 5425E~-02
Se1172E~-02
4.9303E-02
4. 7579E-02
4. 598 4E-U2
4. 450 4E-02
4. 3127E-02
4. 1843E-02
4. 0 £43E-02

3.9519E-02

DEG. C




DRYING

SAMPLE -

MEAN SAT.

CRUST THERMAL CINDUCTIVITY= .

TABLE D24

HUMBER SLUKRY

DRIP TEMPERATURE=

Alk TEMPERATURE

INITIAL

MJISTURE CINTENT=

GAS FILM TKRANSFER CJIEFFICIENT =

6.0000E 01

1.2000E 02

1.8000E 02

2.4000E 02

3.0000E 02

3. 6000E 02

4.2000E 02

4.8000E 02

S.4000E 02

6.0000E 02

6. 60GU0E 02

7.2000E 02

7.8000E 02

Be4000E 02

9.000UE 02

9.60U00E 02

l.0200E 43

l.0800E U3

le 1400E U3

1.2000E (3

TIMECSEC)

KC
T.5802E-01

2.3193E-01
1+ 5770E-01
1.3147E-01
1. 0469E-01
8. 62 T8E-02
7.2799E-02
Be 5467E-02
7.5086E-02
60 6654E=U2
6. 5835E-02
5.9 493E-02
5. 6680E-02
5. 4073E-02
5.1648E-02
4.9388E-02
4.7277E-02
4.5300E-02
4. 3446E-02

=310~

305.00 DEG.C
.« 5562 W/M/DEG. C
= 400.00 DEG.
0.550 KG/KG
7. 7953
KT KE
6.9085E-01 Se 6835E~01
2.2523E-01 2.8866E-01
le 5457E-01 1« 9453E-01
1.2929E-01 le 4687E~01
1.0331E-01 l. 1866E~-01
8. 5334E-02 9.9880E-02
7.2125E-02 8.6481E-02

8. 4540E-02
7. 4370E~02
6. 6U89E-02
6. 5284E-02
S.9042E~02
S.6271E-02
S.3700E~-02
S. 1308E-02
4.9077E-02
4e 6992E-02
4.5039E-02
4.3205E-02

4. 148 1E-(02

T« 4950E-02
6. 7133E~02
6. 0887E-02
5. 5398E~(02
S« 1145E-02
4.9276E-02
4, 7552E-02
4. 5956E-02
4o 44T76E-02
4+ 3099E-02
4. 181 5E-02
4. 061 4E-02

3.9490E-02

C

M/S




SAMPLE -

MEAN SAT.

CrRUST THERMAL CJINDUCTIVITY

TABLE D25

HUMBEK SLURKY

DrRIP TEMPERATURE=

Alx TEMPERATURE

INITIAL MJISTURE CINTENT=

GAS F1LH

DrYING TIMECSEC)

6.0000E
1.2000E
1.8000E
2.4000E
3.0000E
3.6000E
4.2000E
4.8000E
S. 40U00E
6.0000E
6. 6U00E
7.2000E
7.8000E
. a4al00E
9. 0000E
9. 6000E
1.02UUE
1. J8C00E
1. 14U0E

l.2000E

Ul
ue
ge
g2
g2
ge
b2
e
ue
Q2

02

g2
02
g2
02
03

03

u3

TRANSFER CJAEFFICIENT =

KC
1. 6872E 00

60 STT4AE-{U 1]
3.9600E-01
2.9507E-01
2.3360E-01
1.9215E-01
l1e 6228E-01
1. 8821E-01
1o 6542E-01
1« 4709E-01
1.3202E-01
1. 1942E-01
l1.1386E-01
1.0873E-01
1.0397E-01
9.9542E-02
9.5418E-02
9.1566E-02
5. 7960E-02
. 4576E-02

~-311-

=  .2575 W/M/DEG. C
= 200.00 DEG. C
0.300 KG KGl
4. 9882
KT KE

1.2608E 00 1.2112E 00
Se&111E-01 6+0963E-01
3. 6687E-01 4.0931E-01
2.7859E-01 3.088&2E-01
2.2315E-01 2.4854E-01
1.8502E-01 2.0837E-01
1.5717E-01 1.7969E—61
1.8136E-01 1.5639E-01
1+ 6011E-01 1.3966E-01
l.4287E-01 1.2628E-01
1.2862E-01 1.1534E-01
1.1663E-01 1.0623E-01
1.1132E-01 1.0222E-01
1.0641E-01 9.8522E-02
1.0184E-01 9.5099E-02

9. 7594E-02
9.3627E-02
. 9916E-02
“o 643E6E-02

g.31682-02

135.00

DEG.C

9.1921E-02
8. 8963E~-02
Be. 6204E-02
8. 3623E-02

g.1205E-02

M/ S




DRYING

SAMPL

M EAN

CxUST THERMAL CJINDULCTIVITY=

E -

SAT.

TABLE D26

HUMBER SLURKY

LDkJP TEMPERATURE=

Alr TEMPERATURE

INITIAL

MJISTUKRE CINTENT=

GAS F1LM TrRANSFER CJEFFICIENT =

6. UUOOE 01
1.2000E 02
1.800UE 02
2. 4000E 02
3.0000E 02
3.6000E 02
4.2000E 02
4. $000E 02
S. 4000E 02
6. 0000E 02
6. 600UE 02
7.200UE 02
7.8000E 02
&.4U0E 02
9.0UU0E 02
9.6000E 02
1. 0200E U3
1. 0800E 03
1. 14U0E

1.2000E

[em)
(]

TIMECSEC)

KC
1. 7169E 00

3.8524E-01
2.4703E-01
2.3345E-01
1.8155E-01
1. 6530E-01
1.3826E-01
1. 6709E-01
1. 4584E-01
1.2892E-01
1.1514E-01
1.0371E-01
9.8693E-02
9. 4076E-02
§.9810E-02
&.5857E-02
§.2185E-02
7.6T66E-02
7.55T4E-02

7.2589E-02

-312-

o« 4442 W/M/DEG. C
= 300.00 DEG-
0.300 KG/KG
5¢9775
AT KE

1.333%E 00 1.0400E 00
3.6191E-01 5.2561E-01
2. 3723E-01 3-5292E~Dl
2.2468E~01 2.6498E-01
1. 7620E~01 2.1319E-01
1. 6085E-01 1. 7810E-01
1.3513E-01 1. 5345E-01
1. 6255E-01 1. 3353E-01
1.4237E-01 1. 1915E-01
1.2620E-01 1. 0765E-01
1.1296E-01 9.8245E-02
1.0194E-01 9.0409E-02
9.7090E-02 8. 6962E-02
9.261%E-02 8.3781E-02
g.3480E-02 8.0836E-02

g. ab4lE-02
g.1071E-02
7o TT7T42E-02
7. 4631E-02

7.1718E-02

241. 50

DEG.C

7.5557E-02

7.3182E-02

7. 0961E-02

6. 8880E-02

C

M/ S




SAMPLE -~

MEAN SAT.

CRUST THERMAL CINDUCTIVITY=

TABLE D27

AUMBER SLURKY

DrIP TEMPERATUKE=

AKX TEMPERATURE

INITIAL MJIISTURE CIONTENT=

GAS FILM TRANSFER CJEFFICIENT =

DrYING TIMECSEC)

6. 0000E 01
1.2000E 02
1.8000E 02
2.4000E 02
3.U000E 02
3.6000E 02
4,2000E U2
4.8000E 02
5.4000E U2
6.0000E 02
6. 6000E U2
7.2000E 02
7.8000E 02
8. 4000E 02
9.0000E U2
9.6QOUE o2
1.0200E 03
1.0800E 03
l«1400E 03

1.2000E 03

KC
2.1297E 00

4e 03EEE-01
2.8294E-01
2.2572E-01
1.9 402E-01
l.7533E-01
l.4556E-01
l.5864E-01
1. 7973E-01
|.5840E-01
l.4105E=01
|.2668E-01
|.2038E-01
1. 1459E=-01
1. 0924E-01
|.0429E-01
9.9691E~02
9.5412E-02
9.1421E-02
g. 7690E-02

-313~

©5642 W/M/DEG. C
= 400.00 - DEG.
0.300 KG/KG
8.9 480
KT KE

1.7203E 00 1.2140E 00
3.8644E-01 60161 4E=01
2.74276-01 4.1370E-01
2.2016E-01 3.1206E-01
1.8990E-01 2.5076E~01
1.7196E-01 2.0966E-01
l.4323E-01 1.8092E-01
l.5588E-01 1.5780E-01
l.7619E~01 1.3966E=01
1.5564E-01 1.2625E-01
L. 3BS6E-01 1.1528E-01
1.2491E-01 1.0614E=01
1 1879E-01 1.0212E-01
1 1314601 9.8412E-02
1 0792E-01 9.4979E-02

1.0309&E-01
9.8592E-02
9. 4405E-02
9.0496E~02

%. 6839E-02

310.00

DEG.C

9.1792E~02

%.8826E-02

. 6058E-C2

%.3470E~-02

8o 1044E-02

C

M7S




SAMPLE -

MEAN SAT.

CrUST THERMAL CINDUCTIVITY=

TABLE D28

DrIP TEMPERATURE=

Al TEMPERATURE

INITIAL MIISTURE CINTENT

WESTBURY SLURRY

CAS FILM TKRANSFER CJEFFIENT =

DrRYINC TIMECSEC)

6. 0U00E
1.2000E
1.8000E
2.4000E
3. 0000E
3.6000E
4.2000E
4. 800UE
S. 4qUU0E
6. 0U00E
6. 6000E
T.20U0E
7.8000E
%o 4000E
9.0UbUE
9.6U00E
1. 020U0E

l«UsU0E

le2000E

Ul

VP>

e

62

g2

e

g2

62

e

ue

ge

02

e

ga

ue

U3

J43

KC
1. 7526E 00

Se 1 T88E-01
3. 4968E-01
2.8072E-01
2.6980E~01
2.3182E-01
1.9398E~01
1. 8649E=-01
1. 7242E-01
1.5202E~01
1.3539E-01
1.2818E-01
1.2159E-01
1.1553E-01
1.0995E-01
1. 0480E=-U1
1.0003E-01
9.5591E-02
9.1460E-02
. 76U5E-02

~-314~-

163« 50

DEG,C

« 4873 M/M/DEG. C

= 200.00 DEG. Co.
= 0.300 KG/KEC
49935 ™M/S
KT <E
1.2973E U0 1.2164E 00
40 6922E-01 6. 1550E-01
3.2680E-01 4. 1323E-01

2. 6578E-01
2.5597E-01
2.2153E-01
1.8672E-01
1. 7977E-01
1. 6666E-01
1« 4753E-01
1.3182E-01
1.2497E-01
1. 1870E-01
1. 1292E-01
1.0759E-01
1.02€65E-01
9.58062E-02
9.3795E-02
g.9815E-02

g. 6095E-02

3.1147E-01

2. 4935E~01

2.0867E-01

1. 7989E-01

1. 5760E-01

1o 4048E-01

1.2707E-01

l1.1610E-01

1.1 133E-01

1. 0696E-01

1. 0294E-01

9.9232E-02

9.5800E-02

9.2614E-02

B.9€49E-02

8. 6882E-02

%o 429 6E-D2




MEAN SAT.

CRUST THERMAL CINDUCTIVITY=

SAdpPLE -

TABLE D29

WESTBURY SLURKY

DrJP TEMPERATURE=

AIR TEMPERATURE

INITIAL MJISTUKE CINTENT

CAS FILM TRANSFER

DRYING TIMECSEC)

6. U0U0OE 01

1.2000E 02

1.8000E 02

2. 4000E 02

3.0000E Q2

3.6000E 02

4.2U00E 02

4, 8000E 02

S.4000E 42

6.0000E (2

6. 600U0E U2

7.200U0E (2

T.8JU0E U2

. 4000E 02

9.0000E 02

9.6000E 02

1.0200E U3

1. 0800E 03

lel4gyUE 03

«C
2. 6174E 00

e 6550E-01
4. 6806E-01
3.5383E-01
3.3565E~01
3. 5776E-01
3.1627E-01
2.8622£~Dl
2.8130E-01
2.4713E-01
2.1919E-01
2.0706E~01
1.9594E-01
1.8573E-01
1. 7632E-01
1. 6762E-01
1. 5955E-01
1.5205E-01
1.4507E-01

1.3855E-01

-315-

3. 0646E~01
2.7816E-01

2. 7351E-01

“2.41102-01

2.1443E-01
2.0281E-01
1.9213E-01
1.8231E-01
1. 7323E-01
1. 64562E-01
1.5701E-01
1. 4975E-01
1.42972-01

1.3663E-01

268. 50

DEG.C

2, 7456E-01
2. 41 45E-01
2.1479E-01
1.9472E-01
1.7831E-01
l. 7118E-01
le 6466E-01
1.5866E-01
1.5312E-01
1.4800E-01
1. 4325E~01
1. 3883E-01
1.3471E-01

« 7210 W/M/DEG. C
= 300.00 DEGe C.
= 0300 KG/KG
CIEFFIENT = 9.8807 M/S
KT KE
2.0692E 00 1.8292E 00
6.2351E-01 9+3558E-01
40 4689E-01 64 3060E-01
3.4160E-01 4. 7833E-01
3.2466E-01 3.8346E-01
3. 4526E-01 3. 1849E-01



SAMPLE -

MEAN SAT.

CrUST THErMAL CINDUCTIVITY=

TABLE D30

DRIP TEMPERATURE=

Alx TEMPERATURE

INITIAL MJISTURE CIONTENT

GAS FILM TRANSFEx CJEFFIENT

DrYING TIMECSEC)

6.0000E 01
1.2000E 02
l.80G0E 02
2. 4000E 02
3.0000E 02
3.6U00E 02
4.2000E 02
4.8000E 02
S.4UUUE 02
 6.0000E 02
6. 60U0E 02
7.2000E 02
7.5000E 02
§.40UUE 02
9. UUUUE 02

9.6000E 02

l.ds00E U3
1. 1400E 03

1.2000E 93

<C
2.9528E 040

6. 0112E~-01

3.9094E-01

2.86814E-01

2. 4097E-01
2. 6798E-01
2. 6312E-01
2.5089E~-01
2.9964E-01
2. 6199E-01
2,3141E-01
2.1819E-01
2.0612E~-01
1.9505E-U1
1. 5488E-01
1. 7550E-01
1. 6682E-01
1. 5677E-U1
1.5129E-Q1
1.4433E-01

-316-

WESTBURY SLURRY

.8187 w/M/DEG. C
= 400.00 DEG. C.
= 0.300 KG/KG

= 12.9183 M/S
KT KE

2.4034E 00 1.8292E 00

S.7440E-01 9.3956E-01

3.794SE-01 6.3565E-01

2.8185E-01 4.8328E-01
2.3656E-01 3.9023E-01

o 62 54E-01  3.2314E-01

2.5787E-01

2. 461 1E-01

2.9285E-101

2.5679E-01

2.2734E-01

2. 1457E~01

2.0288E-01

1.9215E-01

1.8227E~01

1. 7314E-01

1. 6469E-01
1. 5684E-01

321.50

DEG.C

2. 7717E-01
2. 4311E-01
2. 1406E-01
1.9397E-01
1. 7756E-01
l. 7043E-01
l. 6389E-01
1. 5769E-01
1. 5235E-01
1. 4722E-01
1o 42 46E-01
1.3804E-01
1;3391E~01




TABLE D31

SAMEFLE - WESTBURY SLUKKY

MEAN SAT. DURIP TEMPERATURE=

158. 50

1.2000E 02
1.8000E 02
2.4000E 02
3.00U00E 02
3.6000E 02
4.2000E 02
4.8000E 02
5. 4000E U2
6. 0UUO0E 02
6. 600UE 02
7.2000E 02
T.8000E 02
8o 4UUUE U2
9.0000E U2
9. 60008 U2
l.U200E U3
1.080UE U3
1. 14UUE 03

l.20U0E U3

402457E‘Ul

2+ 5693E-01

1.8223E-01

1.2419E-01

1.31658-101
l.1762E-01
1. 0742E-01
9.9523E-02
g.8743E-02

To9643E-02

7.2035E-1U2
6.8682E-02
6. 5583E~02
b.2710E-02
6. D04lE-UZ
9. 7554E-U02
g, 5232E-02
5.3USBE-U2

-317-

3.8268E~-01
2. 4097E-01
le 7406E-01
1.2034E-01
1.2733E-01
l.1416E-01
l1.0452E-01
9.7319E-02
K. 6758E~-02
7.3040E-0U2
7. 4228E-02
7. 0722E-02
6. 748 TE-02
6. 4492E- 12
6.1713E-02
5.9 12€E-02
5. 6713E~02
5. 4456E-02

5. 2342E-02

DEG.C

3. 749 7E-01

2.5162E~-01

1.8996E-01

1o 5354E-01

1.2768E-01

1.0981&£-01

9. 6371E-02

8. 5883E~02

7.0912E-02

6. 7985E~02

6. 5302E-02

6.2834E-02

CrUST THERMAL CINDUCTIVITY= .4745 W/M/DEG. C
Alr TEMPERATURE = éUQ.UD DE Go
INITIAL MJISTURE CINTENT = 0. 450 KG)KG
GAS FILM TrRANSFEx CJIEFFIENT = 3.8785 M/S
DrYING TIMECSEC) <C £T KE
6« JOUOE Q1 Be TSTOSE-UI 7o 1443E-01 7. 4607E-01

6. 055TE~02

5.8450E- 02
5. 649 3E- 02
5. 4672E-02
S.2973E-02

5.1384E-02




TABLE D32

SAMPLE = WESTBURY SLURRY

MEAN SAT.

CrUST THERMAL CINDUCTIVITY=

DrlP TEMPEKATUKE=

Al TEMPERATURE

INITIAL

MJISTURE CINTENT

CAS FILM TRANSFER CJlEFFIENT =

DRYING TIMECSEC)

6. 00OUE U1
1.2000E 02
1.8000E U2
2. 4U00E 02
3.0000E 02
3.6000E 02
4 2000E 02
4. BUUDE 02
S.400UE U2
6. 0000E 02
6.6U00E 02
7.2000E 02
7.8000E 02
. 4000E 02
9.0000E. 02
9.6000E 02

l.0200E 03

l.14aQUE 03

l.2000E U3

KC
1.2056E 00

S5.3451E-01
3.3958E-01
2.5228E-01
1« 7077E-01
1« 1315E-01
9.9127E-02
1.1730E-01
1o 4476E-01
1.2832E~-01
1o 1479E-4U1
1.0890E-01
1.0348E-11
9.549 4E-02
9.3883E-U2
$.9610E-02
Be 5638E-02
g.1937E-02
7.8 482E-02

-318-

26000

DEG.C

. 7042 W/M/DEG. C
= 30000 DEG. Co
= g. 450 KG/KG

6.8589 M/S
AT KE
1.0254E 00 9.9635E-01
4.9586E-01 S.0237E-01
3.2356E-01 3.3773E-01
2. 4333E-01 2.5524E-01
l.6662E-01 2.0703E-01
1. 1132E-01 1.7601E-0]
9.77156-02 1.5201E-01
1.1533E-01 1.3167E-01
1«41 77E-01 1.1577E-01
1.2596E-01 1« 04&0E~01
| 1290E-01 9+ 5831E-02
L. 0720E-01 9.1935E-02
1.0194E-01 “eB364E~02
9. 7100E-02 8.5081E-02

9.2616E-02
4.8 4S4E-02
&.4582E-02
g.U970E-02
74759 4E- 02

7. 4432E-02

%.2052E-02

7.9249E-02

7. 4226E-02

7.1968E~-02

6. 985TE-02




TABLE D33

SAMPLE - WESTBURY SLUKKY

MEAN SAT. DrIP TEMPERATUKE= 308,50 DEG.C

CxUST THExMAL CINDUCTIVITr= 7957 w/M/DEG. C

9. 60UU0E 02

1.0200E U3

l.Ub0dE U3

le laylE 03

1.200UE 03

l.1288E-01
1. 0749E-01
1.0249E-01
9. 7828E~-U2

9.3479E-02

-319-

1« 1168E-01
. U64alE-01
1.0150E-01
9.6929E-02

5.2656E-02

9.3045E-02

9.0147E-02

Ge 49 18E-02

Al TEMPERATUKE = 400.00 DEG. Ce.
INITIAL MIISTURE CINTENT = 0.450 KC/KG
GAS FILM TRANSFER CIEFFIENT = 105451 ™/S
DRYING TIMECSEC) AC KT K E
6. 0000E 01 1. 7050E 00 1.4677E 00 1.1971E 00
1.2000E 02 S.3547E-01 5.0960E-01 £é.0827E-01
1.8000E 02 3.1144E-01 3.0250E-01 4.1164E-01
2.4000E 02 1.8203E-01 1.7894E-01 3.1589E-01
3.0000E Q2 1.5323E-01 1.5104E-01 2.5501E-01
3.600UE 02 1.5165E-01 1.4950E-01 2.1255E-01
4.2000E 02 1.5723E-01 1.5492E-01 1.8175E-01
4.8000E 02 1.5931E-01 1.5693E-01 1.5888E-01
Se400UuE 02 | .8902E-01 1.8569E-01 1.3992&E-01
6. UU0O0DE U2 l.66U9E-01 1.6351E-C1 1.2677E-01
6;6UUDE 02 1.4737E-01 1.4534E-01 1.1602E-01
7.2000E 02 1.3925E-01 1.3743E-01 1<1135E-01
7.8000E 02 1.3181E-01 1.3019E-01 1.0708E-01
se.4aU(0E U2 1.2499E-01 1.2352E-01 1.0314E-01
9.0000E 02 1.1869E-01 1.1737E-01 9.9517E-02




TABLE D34

3.6000E 02
4.200UE 02
4.8000E 02
S.4000E 02
6-DUOUE.02
6. 6000E 02
7.2000E 02
7.50U0E 02
S.AOUUE pe
9.0U00UE U2
9. 6U000E 02
1.0200E U3
l.UgUUE O3
lelaluE U3

le2U0UE U3

7. 6143E-02

6. 7991 E-02

© 6.9302E-U2

6. 0929E- 02
S. 4158E-02
4.8567E-02
4. 6122E-02
4.3872E-02
4.1796E-02
3.9874E-02
3.8089E-02
3. 6428E-U2
3. 4878E-02
3. 3429E-02

3.2071E-U2

-320~-

7. 4523E-02
6. 669 6E-02
6. 7957E-02
5.9887E-02
5.3333E-02
4. 7903E~02
4. 5522E-02
4.3329E-02
4. 1303E-02
3.9425E-02

3.7679E-02

3. 6U053E-02

3. 4535E-02
3. 3113E-02

3.1780E~-02

7. 6631E-02
6. 6005E-02
S. 7693E~02
S. 1597E-02
4. 6724E~-02
4.2741E-02
4. 1010E-02
3.9424E-02
3. 7966E-02
3. 6620E-02
3. 5375E-02
3. 4220E~02
3. 3145E-(2
3.2142E-02

2. 1205E-02

SAMPLE = WESTBURY SLUKRY
MEAN SATe DRJIP TEMPERATURE= 160.00 DEG.C
CRUST THErMAL CIONDUCTIVITY= e 4784 W/M/DEG. C
Alr TEMPERATUKRE = 200.00 DEG. C.
INITIAL MJISTUKE CINTENT = 0550 KG/KG
GAS FILM TRANSFEK CJEFFIENT = 3.5018 ™M/S
DRYING TIMECSEC) L C KT KE
6. JU00E U1 40 95TIE-01 4.3424E-01 4.4280E-01
1.2000E 02 2. 0741E-U1 1.9581E-01 2.2362E-01
l1.800GU0E 02 1. 4013E-01 1. 3474E-01 1. 5027E~-01
2. 4000E 42 1.1027E-01 1. 0690E-01 1. 1344E-01
3.000U0E U2 5.9919E-02 8.7667E~02 9.1365E-02




TABLE D35

SAMPLE - WESTBURY SLURKRY

MEAN SAT. DrJIP TEMPERATURE= 309.00 DEG.C

CrUST THERMAL CINDUCTIVITY= .7966 W/M/DEG. C

ALR TEMPERATURE = 400.00 DEG. C.

INITIAL MJISTURE CINTENT = 0.550 KG/KG

CAS FILM TRANSFER CJEFFIENT = B.9478 M/S

DRYING TIMECSEC) KC KT KE

6. 0000E 01 7. 1386E-01 6.€112E-01 6.6629E-01
1.2000E 02 3.3631E-01 3.2413E-01 3.3734E-01
1.800UE 02 2.1902E-01 2.1379E-01 2.2776E-01
2.4000E 02 1.5670E-01 1.5400E-01 1.7322E-01
3.0000E 02 1.0122E-01 1.0009E-01 1.4213E-01
3.6000E 02 8. 6382E-02 8.5556E-02 1.1977E-01
4.2000E 02 §.9594E-02 &.8706E-02 1.0235E-01
4.8000E 02 9.6366E-02 9.5340E-02 8.90635E-02
S.4000E U2 1.0073E-01 9.9610E-02 7.8915E-02
6.0000E 02 Be.9248E-02 8.83665-02- 7.1628E-02
6. 6000E (2 7.9727E-02 7.9023E-02 6. 5676E-02
7.20U0E 02 7.5552E-02 T.4920E-02 6.3092E-02
7.8000E 02 7.17U7E—02 7.1137E-02 6.0725E-02
g.4000E 02 6.&8153E-02 6.7638E-02 S.8550E-02
9.0U00E 02 6. 4560E-02 6.4393E-02 5.6544E-02
9.6000E G2 6.1799E-02 6.1376E-02 S.4689E-02
L U2U0E U3 S.4949E-U2 5-8563E-02 5.2968E-02
1. 0800E 03 5. 6288E-02 5.5936E-02 S5.1369E-02
1.1400E U3 5.3798E-02 5.3477E-02 4.9877E-02
1.200UE 03 5. 1465E-02 5, 1170E-02 4.8484E-02

-321~




TABLE D36

SAMPLE - NJIRTHFLEET SLUKRY

MEAN SAT. DRIP TEMPERATURE=

150.00 DEG.C

CrUST THERMAL CINDUCTIVITY= 6768 w/M/DEG.

Alrk TEMPE<ATURE = 2y0.00 DEG.
INITIAL MIISTURE CONTENT = 0. 450 KG/XG
GAS FILM TRANSFER CJEFFICIENT= 3.8

DRYING TIMEC(SEC) KC LT <E

6.U000E 01 9.3538E-01 7.5357E~01 7.4360E-01
1.2000E 02 4o 4565E-01 3.997UE-01 3.7266E-01
1. 8000E 02 2.8772E-01 2.6784E-01 2.4901E-01
2. 4000E 02 1.9804E-01 1« 8841E-01 1.8730E-01
3.00U0E 02 1.5262E~01 1.4684E-01 1.5023E-01
3.6000E 02 1.1571E-01 1.1235E-01 '1.2564E;Ol
4.2000E 02 9., 7278E-02 9.4896E-02 1.0798E-0i
4.8000E 02 9.0160E-02 H.8111E-02 9.4603E-02
S.4000E 02 7.8820E-02 7.7250E-02 8.4303E-02
6. 0000E 02 6.981 6E-02 6.8581E-02 T.6064E-02
6. 6000E 02 6.2500E-02 6.1508E-02 6.9324E-02
7.2000E 02 6. 429 4E- (2 6.3245E-02 6.6263E-02
7.8000E 02 6.1180E-02 6.0230E-02 6.3577E-02
8.4000E 02 6£.3389E-02 6.2369E-02 6.0979E-02
9.0000E 02 6.0551E-02 S.9620E-02 5S.8698E-02
9.6000E 02 .7932E-02 5.7079E-02 5.6587E-02
1.0200E 03 Q. 6465E-02 5+5655E-02 S5.4601E-02
1. 0800UE U3 S.4177E-02 5.3430E-02 5.2775E-02
1« 1400E (3 5. 583U0E-02 5. SU38E-02 S.0974E-02
l.2000E U3 S.3711E-U2 5.2977E-Dé 4. 9380E-02

-322-

C

C

770 M/5S




TABLE D37

-323~

SAMPLE = NIRTHFLEET SLUKKY
MEAN SAT. DRIP TEMPERATURE= 238.00 DEG.C
CrUST THERMAL CINDUCTIVITY= .9258 w/M/DEG. C
Alx TEMPERATURE = 300.00 DEG. C
INITIAL MJISTURE CINTENT = 0. 450 KG/KG
GAS FILM TRANSFER CIEFFICIENT= 68537
DRYING TIMEC(SEC) KC KT KE
6. UOUUE Ul 1.3260E 00 1.1110E 00 9.9485E-01
1.2000E 02 5.5226E-01 S.1108E-01 S.0061E-01
1.3000E U2 3.5123E-01 3.3410E-01 3.3564E-01
2.4000E 02 2.5306E-01 2.4405E-01 2.5318E-01
3.0000E 02 1.9523E-01 1.8982E-01 2.0371E-01
3.60U0E 02 |.4755E-01 1e4444E-01 1.7108E-01
4.2000E 62 | 30USIE-01 1.2807E-01 1.4721E-01
4.8000E 02 1 1069E-01 1.0893E-01 1.2957E-01
S. 4000E 02 {.0221E-01 1.0071E-01 1.1552E-01
6. JUO0E 02 9.5948E-02 9.4623E-02 1.0423E-01
6. 6000E 02 6. 4935E-02 B.3896E-02 9.5261E-02
7.2000E 02 §.0182E-02 7.9255E-02 9.1363E-02
7.8000E 02 7.5846E-02 T.5016E-02 8.7791E-02
g.4000E 02 2. 1876E-02 7-1130E-02 8.4506E-02
9.00U0E 02 L. 5207E-02 6.755SE-02 8. 1474E-02
S5.6000E 02 6o 4865E~02 6. 425TE-02 T.8669E-02
1.0200E 03 5. 1273E-02 9.0073E-02 7.4589E-02
1. 0800E 03 G.7260E-02 ©.6163E-02 7.2159E-02
1.1400E 03 4.3529E-02 5.2523E-02 €.9892E-02
1.2000E 03 we0050E-02 7.9126E-02 6. 7772E-02

M/ S




TABLE D38

SAMPLE = NJIRTHFLEET SLURRY

MEAN SAT. Dk1IP TEMPERATURE=

305.00 DEG.C

CRUST THERMAL CINDUCTIVITY= x1.0994 WM/DEG. C

AIR TEMPERATURE

1.200U0E 03

-324~

= 400.00 DEG. C
INITIAL MJISTURE CINTENT = 0. 450 KG/KG
CAS FILM TRANSFER CJEFFICIENT= 118406 ™M/S
DRYING TIMECSEC) <C KT < E

6.0000E 01 1.2900E 00 1.1633E 00 1.3639E 00
1.2000E 02 S.9452E-01 5.6609E-01 6.93T4E-0]
1.8000E 02 4.7342E-01  4.5522E-01 4. 6622E-01
2. 4000E 02 3.9937E-01 3.8634E-01 3.5226E-01
3.0000E 02 3.3277E-01 3.2367E-01 2.8451E-01
3. 6U00E 02 2.83456-01 2.7683E-01 2.3942E-01
4.2000E 02 5. 4547E-01 2.4049E-01 2.0727E-01
4.8000E 02 5.1369E-01 2.0990E-01 1.8331E-01
S. 4000E 02 | 8812E-01 1.8S18E-01 1.6471E-0]
6. 0U00E 02 . 6707E-01 1.6474E-01 1.4987E-01
6.6000E 02 . 4942E-01 1.4756E-01 1.3775E-01
7.2000E 02 |.4163E-01 1.3996E-01 1.3250E-01
7.8U00E 02 |.3442E-01 1.3291E-01 1.2769E-01
&.4000E 02 |.2773E-01 1.2637E-01 1.2328E-01
9.0000E 02 |.2151E-01 1.2027E-01 1.1921E-01
9.6000E 02 |.1571E-01 1.1459E-01 1.1545E-01
1.0200E 03 L. 1768E-01 1.1652E=01 1.1110E-01
1.0800E 03 . 1239E-01 1.1133E-01 1.0785E-11
1.1 40UE 03 | 0743E-01 1.0646E-01 1.0483E-01

| 0276E-01 1.0187€-01 1.0200E-01




SAMPLE -

MEAN SAT.

CxUST THERMAL CINDULCTIVITY=

TABLE D39

DRIP TEMPERATURE=

AIR TEMPERATUKE

INITIAL MJISTURE CINTENT.

NIRTHFLEET SLUKKY

GAS FILM TRANSFEK CIEFFICIENT=

DRYING TIMECSEC)

6. 0000k

1.2000E

1.8000E

2.4000E

3.0000E

3. 6U00E

4.2000E

4.8000E

S« 4000K

6.0000E

6. 6000E

7.2000E

7.8000K

Be4l0UE

9. 0000k

9. 6000E

1. 0200k

1. 0600E

l. 1 400K

1.2000E

Ui

02

ge

ge

02

g2

g2

g2

ge

e

U3

g3

03

KC
5.9085E-01

le 4399E-01
1. 1831 E-01
Be 6934E~-02
6.8381E-02
7. 4525E-02
6+ 3114E-02
Se 462 7E-02
4.8073E-02
4,2863E-02
3.8625E-02
3. 6791E-02
3. 5113E-02
3.3573E-U2
3.2156E-02
3. 0846E-02
2.9632E-02
2.8505E-02
2, 7454E-02

-325-

« 6910 w/M/DEG. C
= 200.00 DEG. C
= 0.550 KG/KG
3. 1968

KT KE
4,9868E-01 3.9584E-01
1.3778E-01 1.9836E-01
1.1409E-01‘ 1.3231E-01

e 4633E~02
b« 6949E-02
7.2828E~02
6. 1893E-02
5.3709E-02
4. 7360E-02
40229 6E-02
3.8164E~02
3. 6372E-02
3. 4732E-02
3. 3224E-02

3. 1835E-02

3. 0551E-02

2.9360E-02
2.3253E-02
2, 7221E-02

155. 50

DEG.C

9.9344E-02
7.9565E-02
6. 62T1E=-02
5. 6854E-02
4.9791E-02
4. 429 TE-02
3.9903E-02
3. 6307E-02
3. 4744E-02
3.3311E-02
3.1992E-02
3.0775E-02
0.9649E-02
0.8602E-02
2.7628E-02
2.6719E-02

2. 5869E~02




TABLE D40

SAMPLE = NJIRTHFLEET SLURRY

MEAN SAT.

CrUST THERMAL CINDUCTIVITY=

DrJIP TEMPERATURE=

Alr TEMPERATURE

INITIAL

MIISTURE CINTENT

CAS FILM TRANSFER CJEFFICIENT=

DRYING TIMECSEC)

6. 00UUE
1.2000E
l.8000E
2. 4000E
3.0000E
3.6000E
4.2000K
4.8000E
S. 4000E
6.UUdUE
6. 6000E
7.2000E
783000
e 400K

9.00uUCE

T

9. 6000

{

l.0200E

l«JBUUE

l.1400E

1.2000E

ol
de

02

pe
g2
g2

02

uz
e
g2
g2

pge

KC

1.8124E-01

S.3733E-02

4. J192E~Q2

403318E-02

3. 7359E-02

3.0689E-02
2.7438E-02
4. 04T2E-02
Se1914E-02
4.8109E-02
4o 6425E-02
4. 4863E-02
4o3412E-02
S. 678 7TE=-02
S.5112E-02
5.3542E-02
S.2068E-02
5;0679E-U2

4.9369E-02

-326-

« 8886 W/M/DEG. C
= 300.00 DEC. C
= 0.550 KG/KG
S. 5563

KT KE
40 S184E-01 5.2073E-01
1. 7552E~01 2. 6076E-01
S5.3218E-02 1.7522E-01
3.9903E-02 1.3196E-01
402983E-02 1. 0543E-01

3.7109E-02
3.0520E-02
2. 7303E-02
4.0179E-02
5.1&34E~U2
40 T69 6E-02
4e 60 40E-02
4. 4504E-02
4.3075E-02
5. 6212E-02
5. 4571&£-02
s.3031E-02
5. 1584E-02
5.0221E-02

4.8934E-02

225.00

DEG.C

8.8075E~-02

7. 5802E-02 .

6. 6508E-02

5. 8624E-02

S.2566E=-02

4. 7835E-02

4. 5778E-02

4. 3892E-02

4.2158E~-02

4.0391E-02

3.3908E~-02

3. 7531E-02

3. 6249E=-02

3. 5053E-02

3. 3934E-02




TABLE D41

SAMPLE - NJIRTHFLEET SLURRY

MEAN SAT.

CrUST THERMAL CINDUCTIVITY=

DrJIP TEMPERKATURE=

Alk TEMPERATURE

INITIAL MJISTURE CONTENT

CAS FILM TRANSFER CJEFFICIENT=

DRYING TIMECSEC)

6. 0000E

l.20U0E

1.8000E

2.4000K

3. UU00E

3. 6000E

4.2000E

4.80U00E

Se 40U0E

6. 0000E

b 6UUUE

7.2000¢K

TeU0UE

8. 4al00E

9.0000k

9.600U0K

1. 240K

l.08U00KE

1o 1400E

1.2000K

Ul

gz

02

ge

g2

e

ge-

ge

ge

02

02

ue

g2

e

03

03

U3

g3

KC
Be3479E-01

5«3927E-01
Bo 4240E-(2
B« 8819E~-02
Be TTH6IE-U2
B. 1195E~02
7.6764E—02
7.3829E-02
6. T634E~ 02
6.2441E~-02
S.8008E-02
S.9832E-02
5. 788 TE-02
6. 0080E-02
S.8280E-02

9. 658 6E-02

5.3477E-02
5. 2046E-U2

5. 0689E-UZ

=327~

*1.0868 Ww/M/DEG. C
= 400.00 DEG. C
= 0. 550 KG/KC
Be 9464
KT KE
Te 6354E-01 6. 59 69E~01
5. 0861E-01 3.3006E-01!

§.3455E-02
§e 79 46E- 02
K. 6916E-02
§. 0 465E-02
7.6111E-02
7.3225E-02
6. T126E-02
6.2008E-02
S. 7635E-02
5.9435E-02
5. 751 4E= (2
5. 9680E-02
5.7903E-02
5. 6230E-02
5., 4651E-02
S.3159E-02
5, 1745E-02

5.0403E-02

299. 50

DEG.C

2.2506E-01
1. 6846E-01
1.3480E-01
1.1261E-01
9. 6709E-02
ge4T39E-02

7.5587E-02

6. 8268E~02 .

6.2260E~02

S.9480E-02

S. 709 4E-02

S.4709E-02

5.2683E-02

S. 0807E-02

4.9065E-02

Lo THL4E-]2

4. 5931E-02

4e 451 5E-(2

M/ S




TABLE D42

SAMPLE = NIXRTHFLEET SLURKY

MEAN SAT.

CRUST THERMAL CINDUCTIVITY=

DrkdP TEMPERATURES=

Al TEMPERATURE

INITIAL

MIISTURE CINTENT

GAS FILM TRANSFER CJEFFICIENT=

DrYINCG TIMECSEC)

6. 0000KE
1.200U0E
1.8000E
2.4000E
3.0000E
3. 6000E
4. 2000E
4.80U0E
S«4l00E
6. UUOUE
6« 60UUE
T« 2000E
7.8000E
8. 4000E
9.0000K
9. 6UdUE
1« U200EK
le UBUOE
114008

1.200UE

01

ge

u2

02

g2

ue

[esn]

2

g3

g3

KC
1.2821E 00

6. 6722E-01
4.5813E-01
3.5054E-01
2.8593E-01
2.3918E-01
2. 489E-0]
l.7658E-01
1.5938E-01
| 4228E-01
1. 2808E-01
1.2185E-01
le 1aglE-01
1.1079E-01
1.0586E-01
1.0127E-01
9.9879E- 12
9. 5792E-02
9.1963E-102

g.8368E-02

-328-

160.00 DECG.C
<7030 W/M/DEG. C
= 200.00 DEG. C
= 0.300 KG/KG
4.9927
KT KE
1.0202E 00 1.2171E 00
Se88STE=01 6.1244E-101
40 1963E-01 4. 1084E-01
3.2754E-01 3.1002E-01
2. 7044E-01 2.4947E~01
2.28256E-01 2.0917E-01
1.9681E-01 1.8040E-01
l. 7241E-01 1.5883E-01
1o 5445E-01 1.4199E-01
l.3833E-01 1.2859E-01
1 .2488E-01 1.1763E-01
1.1895E-01 1.1287E-01
1.1223E-01 1.0859E-01
1. 0838E-01 1.0450E-01
1.0366E-01 1.0080E-01

9.9258E-02
9. 7920E-02
9.3988E-02
9.0299E-02

9.7379E~02

9. 3993E-02

9. 1035&-02

8. 8277E-02

8. 5698E~02

M7 5




TABLE D43

SAMPLE - NJIRTHFLEET SLUKKY

CrUST THERMAL CINDUCTIVITY=

DrxJP TEMPERATURE=

Alrk TEMPERATURE

INITIAL

MJISTURE CONTENT

GAS FILM TRANSFER CJEFFICIENT=

DRYINCGC TIMECSEC)

6. 000U0E Ul
1.2000E 02
1.8000E 02
2.4000E {2
3.0000E 02
3.6000E U2
4.2000E 02
4,5%000E 02
S.4000E (2
6. 00U00E 02
6. 6000E U2
7.2000E 02

7.8U000E 02

g.4000E 02.

9.0000E 82

9.6000E 02

l.020UE U3

l.0%00E U3

loe1400& 03

l«2000E (3

KC
1.3455E (U

7+ 7354E~01
S.0968E-01
3:9664E-01
3. 5346E-01
2.9868E~01
2.5777E-01
2.2593E-01
2.0036E-01
1.7933E-01
1.6170E-01
1.5392E-0U1
le4671E-01
l.4002E-01
1.3379E-01
1.2797E-01
1.22535;01
j.1744E-01
1.1265E-101
1. 0s14E-01

-329~

220.00 DEG.C
« 8741 WM/DEG. C
= 300.00 DEG. C
= 0.300 XC/KG
8. 0655
KT KE
1. 1531E 00 le 4635E 00
7+ 0585E-01 7.3731E-101
4. T93BE~-01  4.9652E-01
3. 7804E-01 3.7555E~01
3.3862E-01 3.0180E-01
2.8801E-01 2.5347E-01
2.4979E-01 2.1897E-01
2.1977E-01 1.9312E~-01
1.9550E-01 1. 7304E-01
1« 7543E-01 1. 5699E-01
1. 5853E-01 1. 4388E-01
1.5104E-01 1.3819E~-01
1. 4409E-01 1.3298E~01
1.3763E-01 1.2819E-01
1.3160E-01 1.2377E-01
1.2597E-01 1.1968E-01
1.2070E-01 1.1588E-01
1. 1575E-01 1.1236E-01
1. 1110E-01 1. 0907E-01
1. 0671E-01 1.0600E-01

M/ S




TABLE D44

SAMPLE - NIRTHFLEET SLURRY

1.2000E 03

| o489 7E-U1

=330~

MEAN SAT. DRIP TEMPERATUKE= 321.00 DEG.C

CRUST THERMAL CINDUCTIVITY= «1.1341 W/M/DEG. C

AIR TEMPERATUKE - 400.00 DEG. C
INITIAL MJISTURE CINTENT = 0.300 KG/KG

GAS FILM TRANSFEx CIEFFICIENT= 12.9182

DRYING TIMECSEC) <C KT KE

6. U0OOE U1 2.0U38E 00 1.7347E 00 1.8319E 00
1.2000E 02 9e 652BE-01 B.9816E-01 9.2911E-01
1.8000E 02 6. 6015E-01 6.2806E-01 6.2770E-0!
2. 4000E 02 3.1058E-01 3.0329E-0! 4.9331E-01
3.0000E 02 1.9280E-01 .1.8996E-01 4.1314E-01
3. 6000E 02 3.4%50&-01 3.3555E-01 3.2580E-01
4.2000E 02 2.9309E-01 2.5658E-01 2.8285E-01
4.8000E 02 2.5302E-01 2.4816E-01 2.5071E-01
S. 4000E 02 0.8718E-01 2.8094E-01 2.2027E-01
6. 0U00E 02 2.5569E-01 2.5072E-01 2.0029E-01
6. 6000E 02 5.0926E-01 2.2526E-01 1.8398E-01
7.2000E 02 5.1758E-01 2.1398E-01 1.7690E-01
7.8000E 02 5.0677E-01 2.0351E-01 1.7042E-01
&.4000E 02 1.9673E-01 1.9378E-01 1.6447E-01
9.U000E 02 | §738E-01 1.8471E-01 1.5899E-01
9.6000E 02 |.7867E-01 1.7623E-01 1.5392E-01
1. U2U0E 03 {.7052E-01 1.6830E-01 1.4922E-01
1. US00E 03 |.e288E-01 1.6085E-01 1.4485E-01
1+ 1400E 03 . 55718-01 1.5386E-01 1.4078E-01
. 4728E-01 1.3699E-01




MASS TRANSFER COEFFICIENT(M/S)

EXPERIMENTAL

FIGURE D1

EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

SHOREHAM SLURRY SAMPLE

Moisture Content(per cent)= 30.99

Standard Deviation= .4385E -1
Correlation CoeFFient= .91868
.64,
.31
.98
o)
.B6_
. 334
o)
o)
.09 T Ty
.'28 ‘33 66 .38 1-31 1
THEQRETICAL MASS TRANSFER COEFEICIENT(M/S)

-331-

.64




FIGURE D2

. EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

SHOREHAM SLURRY SAMPLE

Mcisture Content(per cent)= 45.00

EXPERIMENTAL MASS TRANSFER COEFFICIENTC(M/S)D

TRANSFER

Standard Deviation= L1733E —-1
Correlation CoefFFient= .9800

.97 _

.85

.64 ]

.43

21

.99 : : y 7

0 21 ik .64 .85

COEFFICIENT(M/S)

.07




EXPERIMENTAL MASS TRANSFER COEFFICIENT(M/S)

FIGURE D3

EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

SHOREHAM SLURRY SAMPLE

Moisture Content(per cent)= 55.90

Standard Deviation= .6795E -2
Correlaticn Coeffient= .9918
33,
43
324
L2
o)
Py
.29 : : . — -
.22 L 21 .32 .43 .53

THUEQRETICAL MASS TRANSFER COEFFICIENT(M/S)




RIMENTAL MASS TRANSFER COEFFICTENT(M/S)

XPE

E

FIGURE D4

EXPERIMENTAL VERSUS THEOR-TICAL
MASS TRANSFER COEFFICIENT FOR

NORTHFLEET SLURRY SAMPLE

Moisture Content(per cent)= 30.90

Standard Deviation= .S788E -1
Correlation Coeffient= .9712
'597
.90
.50
.20
59
.99 : , : , -
.29 .50 1.29 1.59 2.00 2.50
THEQRETICAL MASS TRANSFER COEFFICIENT(M/S)
-334-




“ER COEFFICIENT(M/S)

RIMENTAL MASS TRANSE

EXPE

1.364

.68

FIGURE D5

EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

NOITHFLEET SLURRY SAMPLE

Moisture Content(per cent )= 45.20
Standard Deviation= ©.302%E -1
Correltation CoefFFient= .9857

w
N
(6)]

THEORETICAL MASS TRANSFER COEFFICIENT(M/S)
~335-

.88 1.22 1.36 1.

79




EXPERIMENTAL MASS TRANSFER COEFFICIENT(M/S)

.04

FIGURE D6

EXPERIMENTAL VERSUS THEOR-TICAL
| MASS TRANSFER COEFFICIENT FOR

NORTHFLEET SLURRY SAMPLE

Moisture Content(per cent)= 55.90
Standard Deviation= .3805E -1
Correlation Coefflient= .9950

.21 .42 .63 .83 .

THEQRETICAL MASS TRANSFER COEFFICIENT(M/S)




CXPERIMENTAL MASS TRANSFER COEFFICIENT(M/S)

FIGURE D7

EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

HUMBER SLURRY SAMPLE

Moisture Content(per cent)= 30.90

Standard Deviation= L7222 -1
Correlation CoefFFlent= ©,83997
.661
13
.60
.06
.53
. \
20/ » . , _— -
.29 .53 1.96 1.69 2.13 2.66

THEORETICAL MASS TRANSFER COEFFICIENT(M/SO

-337-




FIGURE D8

EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

HUMBER SLURRY SAMPLE

Moisture Content(per cent)= 45.99
Standard Deviation= .4261E 1
Correlation Coeffient= .9477

1.36.

EXPERTHENTAL MASS TRANSFER COEFFICIENT(IM/S)

.29 | 3 , |
.02 .34 .58 .22 1.36 (.70

THEORETICAL MASS TRANSFER COEFFICIENT(M/S)

-338-




FICIENT(M/S)

EXPERIMENTAL MASS TRANSFER COE

FIGURE D9

EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

HUMBER SLURRY SAMPLE

Moisture Content(per cent)= 55.09

-339-

Standard Deviation= .2138E -1
Correlation Coeffient= .9596
951
L76._
.57
.38
.19
.20 ‘ ; = = |
.8@ .19 .38 .97 .76

.S5

THEORETICAL MASS TRANSFER COEFFICIENT(M/S)




EXPERIMENTAL MASS TRANSFER COEFFICIENTC(M/S)

714

.28

.86

.09

O

.20

FIGURE D10

EXPERIMENTAL VERSUS THEORETICAL

MASS TRANSFER COEFFICIENT FOR

MASON SLURRY SAMPLE

Standard Deviation= .7296E -1
Correlation Coefflient= .81883
o
e : I T
.36 1.28 1,71 2.1

Moisture Content(per cent)= 30.929

| MASS TRANSFER COEFFICIENT(M/S?

~340~




“XPERTMENTAL MASS TRANSFER COEFFICIENTC(M/S)

t

FIGURE D11

EXPERIMENTAL VERSUS THEORETI AL
MASS TRANSFER CCEFFICIENT FOR

MASON SLURRY SAMPLE

Moisture Content(per cent)= 45.00

Standard Deviatinn= .2764E -1
Correlation Coeffient= .9558
.24 ’
.93
.74
49
.25
-@r‘ Y T v i
.29 .25 .49 .74 .95 1.

THEORETICAL MASS TRANSFER COEFFICIENT(M/SD

-341-




EXPERIMENTAL MASS TRANSFER COEFFICIENTC(M/S)

FIGURE D12

EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

MASON SLURRY SAMPLE

Moisture Lontent(per cent)= 35.90

Standard Deviation= .7138E -2
Correlation CoefFient= .393968
.57
.
.45
, 34
.23
114
.2934 \ : . ‘
.30 11 .23 .34 .45 .57

THEORETICAL MASS TRANSFER COEFFICIENT(M/S)
~342-




FIGURE D13
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FIGURE D14

EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

WESTBURY SLURRY SAMPLE

Moisture Content(per cent)= 45.90

Standard Deviation= .549%E -1
Correlation Coeffient= .93397
2.131
1 .73
]
o)

EXPERIMENTAL MASS TRANSFELR COEFFICIENTC(M/S)

P Y —— . ‘
e 3 .35 1,28 1.79 2.13

THEQRETICAL MASS TRANSFER COEFFICIENT(M/SD

-344~




EXPERIMENTAL TMASS TRANSFER COEFFICTENTC(M/S)

~!

FIGURE D15

EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

WESTBURY SLURRY SAMPLE

Moisture Content(per cent)= 55.9209

Standard Deviation= L1313E -1
Correlation CoefFient= .9888
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EXPERIMENTAL MASS TRANSFER COCFFICIENT(M/S)

FIGURE D16

EXPERIMENTAL "YERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

MASON SLURRY SAMPLE

Moisture Content(per cent)= 30.90

Standard Deviatlion= .2957E -1
Correlation Coeffient= .9790
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CXPERIMENTAL MASS TRANSFER COEFFICIENTC(M/S)

FIGURE D17

EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

MASON SLURRY SAMPLE

Moisture Content(per cent)= 45.00

Standard Deviation= .1940E ~-1
Correlation CoefFient= .9958
.221
.98
.73
.49
24 /
o
,2@//§#A . T 1
KL 24 .43 .73 .38 .22

THEQRETICA MASS TRANSFER COEFFICIENT(M/S)
-347-




E

EXPERIM

NTAL MASS TRANSFER COEFFICIENT(H/S)

FIGURE D18

EXPERIMENTAL VERSUS THEORS=TICAL
MASS TRANSFER COEFFICIENT FOR

MASON SLURRY SAMPLE

Moisture Content(per cent)= 55.09

Standard Deviation= .3B611E -2
Correlation CoeffFient= .93876
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FIGURE D19

EXPERIMENTAL VERSUS THEQORETICAL
MASS TRANSFER COEFFICIENT FOR

SHOREHAM SLURRY SAMPLE

Moisture Content(per cent)= 30.00
Standard Deviation= .436%E -1
Correlation Coeffient= .83493
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EXPERIMENTAL MASS TRANSFER COEFFICIENTC(M/S)

FIGURE D20

EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

SHOREHAM SLURRY SAMPLE

Moisture Content(per ceht)= 45.90

Standard Deviation= .1B25E -1
Correlation Coeffilent= .93846
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EXPERIMENTAL MASS TRANSFER COEFFICIENTC(M/S)

FIGURE D21

EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

SHORESAM SLURRY SAMPLE

Moisture Content(per cent)= 55.90

EFFICIENT(M/S)
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EXPERIMENTAL FMASS TRANSFER COEFFICIENTC(M/S)
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FIGURE D22

EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

NORTHFLEET SLURRY SAMPLE

Maisture Content(per cent)= 30.90
Standard Beviation= .3798E -1
Cerrelation CoefFient= L9895
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EXPERIMENTAL MASS TRANSFER COEFFICIENTCHM/S)

FIGURE D23

EXPERIMENTAL VERSUS THEORFTICAL
MASS TRANSFER COEFFICIENT FO-~

NORTH=LEET SLURRY SAMPLE

Moisture Content(per cent)= 45.00

Standard Deviation= .1563E -1
Corretation Coefflent= .9823
-
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TRANSFER COEFFICIENT(NM/S)

EXPERIMENTAL TMASS

FIGURE D24

EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

NORTHFLEET SLURRY SAMPLE .

Moisture Content(per cent)= 55.20

*HEORETICAL MASS TRANSFER COEFFICIENTCM/S)
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EXPERIMENTAL MASS TRANSFER COEFFICIENT(M/S)

FIGURE D25

EXPERIMENTAL VERSUS THEORETICAL -
MASS TRANSFER COEFFICIENT FOR

HUMBER SLURRY SAMPLE

Moisture Content(per cent)= 30.00

Standard Deviation= .5093E -1
Correlation CoeffFient= .9320
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EXPERIMENTAL MASS TRANSFER COEFFICIENTCHM/S)
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FIGURE D26

EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

HUMBER SLURRY SAMPLE

Moisture Content(per cent)= 45.00
Standard Deviation= .80Q8E -2
Correlation Coeffient= .9981
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EXPERIMENTAL MASS TRANSFER COEFFICIENT(M/S)

FIGURE D27

EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

HUMBER SLURRY SAMPLE

Moisture Content(per cent)= 53.00

Standard Deviation= .1432E -~
Correlation Coeffient= .9818
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FIGURE D28
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FIGURE D29

EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

WESTBURY SLURRY SAMPLE

Moisture Content(per cent)= 45.09

Standard Deviavicn= L2223E -1
Correlation CoefFFient= .9882
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EXPERIMENTAL MASS TRANSFER COEFFICIENT(NM/S)
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FIGURE D30

EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

WESTBURY SLURRY SAMPLE

Moisture Content(per cent)= 55.00

Standard Deviation= .7344E -2
Correlation Coefflient= .99852
.73_1
.28 g 5

.20 : , : !

.29 1S .25 a4 .53 73
THEQRETICAL MASS TRANSFER COEFFICIENT(M/S)

~360-



2.11
'
w
N
b
S
5 1.69
0
—
|65
—
L
i
0
o

1 .27 ]
%
w
w
w
=
<
&
}_—
n .84
w
<
=
_
<
}_—
;E
= .42
%
e,
O
>
[

FIGURE D31

EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

HUMBER SLURRY SAMPLE

Moisture Content(pér cent )= 30.00
Standard Deviation= L 1748E -1
Correlation Coeffient= .9941
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EXPERIMENTAL MASS TRANSFER COEFFICIENT(M/S)

.32

.06 ]

.79

FIGURE D32

EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

HUMBER SLURRY SAMPLE

Moisture Content(pér cent )= 45.90
Standard Deviation= .8241E -2
Correlation Coefflient= .9973
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EXPERIMENTAL MASS TRANSFER COEFFICIENT(M/S)

FIGURE D33

EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

HUMBER SLURRY SAMPLE

Moisture Content(per cent)= 55.09

Standard Deviation= .7627E -2
Correlation Coeffient= .9361
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FIGURE D34

EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

MASON SLURRY SAMPLE

Moisture Content(per cent)= 30.99
Standard Deviation= .9301E -2
Correlation CoefFient= .9979
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FIGURE D35

EXPERIMENTAL VERSUS THECRETICAL
MASS TRANSFER COEFFICIENT FOR

MASON SLURRY SAMPLE

Moisture Content(per cent)= 45.00
Standard Deviatli n= L1962 -1
Correlation Coefflent= .9542
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FIGURE D36

EXPERIMENTAL VERSUS THEQRETICAL
MASS TRANSFER COEFFICIENT FOR

MASON SLURRY SAMPLE

Moisture Content(per cent)= 55.90
Standard Beviation= .6P66E -2
Correlation CoefFient= .9934

TWECRETICAL MASS TRANSFER COEFRICIENTC

-366—



EXPERIMENTAL MASS TRANSFER COEFFICIENT(M/S)

FIGURE D37

EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

NORTHFLEET SLURRY SAMPLE

Moisture Content(per cent )= 39.00
Standard Deviation= .2497E -1
Correlation CoeffFient= .9887
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EXPERIMENTAL MASS TRANSFER COEFFICIENTC(IM/S)

FIGURE D38

EXPERIMENTAL VERSUS THEORETICAL

MASS TRANSFER COEFFICIENT FOR

NORTHFLEET SLURRY SAMPLE

Moisture Content(per cent)= 45.90

THEQRETICAL MASS
-368-

Standard Deviation= .B7B7E -2
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FIGURE D39

EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

NCRTHFLEET SLURRY SAMPLE

Moisture Content(per cent)= 55.90
Standard Beviation= L1874 -1
Correlation Coeffient= .9491
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FIGURE D40

EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

WESTBURY SLURRY SAMPLE

Moisture Content(per cent)= 38.90
Standard Deviation= .3638E -—1
Corretation CceffFient= .3744

s .88 1,31 1.75 2.18

wn
—{
A
pg
Z
Sp]
n
m
A
O
O
m
m
mn
(]
——t
m
P
—
~
=
AN
wn
N4

THEORETICAL [MAS!

-370-



EXPERIMENTAL MASS TRANSFER COEFFICIENT(IM/S5)

, 44

1.99

-

.88

FIGURE D41

EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

WESTBURY SLURRY SAMPLE

Moisture Content(per cent)= 45.00
Standard Deviation= .8658E -2
Correlation Coeffient= .9961
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FIGURE D42

EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

WESTBURY SLURRY SAMPLE

Moisture Content(per cent)= 55.90
Standard Deviation= .BRS2E -2
Correlation Coeffient= .9946
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FIGURE D43

EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

SHOREHAM SLURRY SAMPLE

Moisture Content(per cent)= 39.00

Standard Deviation= .2264E —1
Correlation CoefFfient= .9901
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FIGURE D44

EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

SHOREHAM SLURRY SAMPLE

Molisture Content(per ceht)= 45.99

Standard Deviation= L1977 -1

Correlation CoefFFient= .93954
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FIGURE D45

EXPERIMENTAL VERSUS THEORETICAL
MASS TRANSFER COEFFICIENT FOR

SHOREHAM SLURRY SAMPLE

Moisture Conteni(per cent)= 55.00
Standard Beviation= .8045E -2
Correlation CoeffFient= .8883
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APPENDIX E -

Tables E1-E10, Experimental Data from the Spray Drying

of Water Drops.

Tables E11-E20, Experimental Data from Spray Drying of

Cement Slurries.

Typical Mass Balance and Enthalpy Balance Calculations.
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TABLE E1

EXPERIMENT NUMBER: SD 1

AIR

INLET FLOWRATE (KGS™ 1)

INLET TEMPERATURE (°c)

INLET HUMIDITY (KG/KG)

OUTLET FINAL TEMPERATURE (°C)
OUTLET INITIAL HUMIDITY (KG/KG)

OUTLET FINAL HOUMIDITY

FEED

INLET FLOWRATE (xes™h

INLET TEMPERATURE (°C)
FEED SAMPLE

OUTLET TEMPERATURE (°C)
DRYING TIME (minutes)

PRODUCT AMOUNT

~-377-

0.13
170.0
5.9556
75.0
8.1165

2.4960

. 4,15 X

25.00
WATER
40.0

13.08

2500 ml

x 10
x 1073
x 1072
1073



TABLE E2

EXPERIMENT NUMBER: SD 2

AIR
INLET FLOWRATE (KGs'l)
INLET TEMPERATURE (°C)

INLET HUMIDITY (KG/KG)

OUTLET FINAL TEMPERATURE (°C)

QUTLET INITIAL HUMIDITY

OUTLET FINAL HUMIDITY

FEED

INLET FLOWRATE (KGS—l)

INLET TEMPERATURE (°C)
FEED SAMPLE

OUTLET TEMPERATURE (°C)
bRYING TIME (minutes)

PRODUCT AMOUNT

(KG/KG)

-378-

0.13

285.0
6.3841 x 10
140.0
8.1165 x 10O

2.6646 x 10

4.5 x 1073

20.0
WATER
51.0
10.683

385.0ml



AIR

INLET FLOWRATE (kas™ 1)
INLET TEMPERATURE (°C)
INLET HUMIDITY (KG/KG)
OUTLET FINAL TEMPERATURE
OUTLET INITIAL HUMIDITY (KG/KG)

OUTLET FINAL HUMIDITY

FEED

INLET FLOWRATE (KGS—l)

INLET TEMPERATURE (°C)

FEED SAMPLE

OUTLET TEMPERATURE (°C)
DRYING TIME (minutes )

PRODUCT AMOUNT

TABLE E3

EXPERIMENT NUMBER: SD 3

°c)

~379-

0.16
260.0
5.8322 x 10

135.0

7.5820 x 107 °

5. 4158 x 102

4,15 x 107>

30.0
WATER
49.0
7.783

90.0 ml



TABLE E4

EXPERIMENT NUMBER:

AIR

INLET FLOWRATE (KGs"l

)
INLET TEMPERATURE (°C)

INLET HUMIDITY (KG/KG)

OUTLET FINAL TEMPERATURE (°C)

OQUTLET INITIAL.HUMIDITY

OUTLET FINAL HUMIDITY

FEED

INLET FLOWRATE (KGs'l

)
INLET TEMPERATURE (°C)
FEED SAMPLE

OUTLET TEMPERATURE (°C)
DRYING TIME (minutes)

PRODUCT AMOUNT

(KG/KG)

-380-

0.16

225.0
6.3841 x 10
113.0
6.6088 x 10

2.4960 x 10

4.5 x 1073

20.0
WATER
47.0
13.20

740.0ml



EXPERIMENT NUMBER SD 5

TABLE E5

r AIR

INLET FLOWRATE (KGS 1)

INLET TEMPERATURE (°C)

INLET HUMIDITY (KG/KG)

OUTLET FINAL TEMPERATURE (°C)

OUTLET INITIAL HUMIDITY (KG/KG)

OUTLET FINAL HUMIDITY

FEED

i)

INLET FLOWRATE (KGS
INLET TEMPERATURE (°C)
FEED SAMPLE

OUTLET TEMPERATURE (°C)
DRYING TIME (minutes)

PRODUCT AMOUNT

-381-

0.19
220°C
5.9556
102.0
7.0801

2.4158

4,15 x

28.5

WATER

1900m1l

10



TABLE E6

EXPERIMENT NUMBER: SD 6

AIR

INLET FLOWRATE (KGS 1) 0.19

INLET TEMPERATURE (°C). \ 205.0

INLET HUMIDITY (KG/KG) 6.9834 x 10°°
OUTLET FINAL TEMPERATURE (°C) 90.0

OUTLET INITIAL HUMIDITY (KG/KG) 6.8407 x 1073
OUTLET FINAL HUMIDITY (KG/KG) 2.2631 x 10°°
FEED

INLET FLOWRATE (KGS™ ') | 4.5 x 107>
INLET TEMPERATURE (°C) 20.0

FEED SAMPLE WATER

OUTLET TEMPERATURE (°C) 45.0

DRYING TIME (minutes) 9.667

PRODUCT AMOUNT 3900ml

-382-




TABLE E7

EXPERIMENT NUMBER: SD 7

AIR

L

INLET FLOWRATE (KGS
INLET TEMPERATURE (°C)

INLET HUMIDITY (KG/XG)

OUTLET FINAL TEMPERATURE (PC)

QUTLET INITIAL HUMIDITY (KG/KG)

OUTLET FINAL HUMIDITY

FEED

INLET FLOWRATE (KGs'l)

INLET TEMPERATURE (°C)
FEED SAMPLE

OUTLET TEMPERATURE (°C)
DRYING TiME (minutes)

PRODUCT AMOUNT

-383~

0.21

245.0

6.3841 X 1073

125.0

7.3271 x 10

2 5790 x 102

20.0
WATER
47.0
9.833

265ml



TABLE E8

EXPERIMENT NUMBER: SD 8

AIR
INLET FLOWRATE (KGS 1) 0.21
INLET TEMPERATURE (°C) 245.0
INLET HUMIDITY (KG/KG) 6.8407 x 107 °
OUTLET FINAL TEMPERATURE (°C) 122.0
OUTLET INITIAL HUMIDITY (KG/KG) 7.5820 x 107°
OUTLET FINAL HUMIDITY 2.5790 x 10~°
FEED
INLET FLOWRATE (KGS ) | " 4,15 x 1073

% INLET TEMPERATURE (°C) 195.0

f FEED SAMPLE WATER

i OUTLET TEMPERATURE (°C) 45.50

% DRYING TIME (minutes) 10.633

! PRODUCT AMOUNT | 410.0 ml

i -384-



TABLE E9

EXPERIMENT NUMBER: SD 9

AIR

INLET FLOWRATE (KGS™ T) 0.23

INLET TEMPERATURE (°C) 210.0

INLET HUMIDITY (KG/KG) 6.6088 x 107>
OUTLET FINAL TEMPERATURE (°C) 128.0

OUTLET INITIAL HUMIDITY (KG/KG) 7.8450 x 107 °
OUTLET FINAL HUMIDITY 2.4960 x 1072
FEED

INLET FLOWRATE (KGS™ 1) 4.50 x 1073
INLET TEMPERATURE (°C) 20.0

FEED SAMPLE - WATER

OUTLET TEMPERATURE (°C) , 45.0

DRYING TIME (minutes) 11.350
PRODUCT AMOUNT 410.0ml
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TABLE E10

EXPERIMENT NUMBER: SD 10O

AIR

INLET FLOWRATE (KGS T) 0.23

INLET TEMPERATURE (°C) 200.0

INLET HUMIDITY (KG/KG) 6.3841 x 107>
OUTLET FINAL TEMPERATURE (°C) 115.0

OUTLET INITIAL HUMIDITY (KG/KG) 6.3841 x 10 °
OUTLET FINAL HUMIDITY (KG/KG) 2.4158 x 1072
FEED

INLET FLOWRATE (KGS 1) 4.5 < 1073
INLET TEMPERATURE (°C) 20.0

FEED SAMPLE WATER

OUTLET TEMPERATURE (°C) 45.0

DRYING TIME (minutes) 10.323
PRODUCT AMOUNT 490.0 ml

~386-



TABLE E11

EXPERIMENT NUMBER: SD11 -

AIR
Inlet Flowréﬁe (KGS-l) | 0.13

Inlet Temperature (°C) 250.0

Inlet Humidity (KG/KG) 4.9960x10"°
Outlet Final Temperature °c) 115.0

Outlet Initial Humidity (KG/KG) - 8.2275x10 >
Outlet Final Humidity (KG/KG) 3.4649x1072

FEED

Sample: , Northfleet Slurry
Inlet Flowrate (KGS_l) 3.25><lO_2
Temperature at the Nozzle (°c) 85.0

Inlet Temperature (°c) 20.00

Initial Moisture content (%, wt/wt) 33.50
Final Moisture content (%, wt/wt) 24.56
(©

Temperature of Powder (~C) 42°cC

Drying Time (minutes) 20.00

-387-




TABLE E12 -

EXPERIMENT NUMBER: SD12

AIR

Inlet Flowrate (KGS_l) 0.13

Inlet Temperature (°c) 255.0

Inlet Humidity (KG/KG) 4.9960x107°
Outlet Final Temperature (PC) 115.0
Outlet Initial Humidity (KG/KG) 8.6857x10"°
Outlet Final Humidity (KG/KG) l.9223><lo-_2
FEED

Sample: Northfleet Slurry
Inlet Flowrate (KGS T) 1.862x10" 2
Inlet Temperature (°c) 15.00
Temperature at the Nozzle (°c) 86.0

Initial Moisture content (%, wt/wt) 33.50
Final Moisture content (%, wt/wt) 26.30

(e]

Temperature of Powder (°c) 40°C

Drying Time (minutes) 21.00

-388— |



TABLE E13

EXPERIMENT NUMBER: SD13

AIR
Inlet Flowrate (KGSml)
Inlet Temperature (°c)

Inlet Humidity (XG/KG)
Outlet Final Temperature (°c)
Outlet Initial Humidity (KG/KG)

Outlet Final Humidity (KG/KG)

FEED -

Sample:

Inlet Flowrate (KGS—ll

Inlet Temperature (°C)

Temperature of the Nozzle (°C)
Initial Moisture content (%, wt/wt)
Final Moisture éontent (%3, wt/wt)

Temperature of Powder (°C)

Drying Time (minutes)

-389~

0.16
240.0

' -3
4.9960%10
100.0

8.2275x10" >

3.4649x10" 2

Northfleet Slurry
3.25%x10 2
15.00
86.00
33.50
22.10
41.0

25.00



TABLE E14

EXPERIMENT NUMBER: SD14

AIR

Inlet Flowrate (KGS-ll 0.16

Inlet Temperature (°c) 246.00
Inlet Humidity (KG/KG) 4.9960%10"°
Outlet Final Temperature (°c) 120.0
outlet Initial Humidity (KG/KG) 8.9840x10 >
Outlet Final Humidity (KG/KG) 1.9861x10 2
FEED

Sample: Northfleet Slurry
Inlet Flowrate (KGS 1) 1.862x10" 2
Inlet Temperature (°c) 15.0
Temperature of the Nozzle (°c) 88.0

Initial moisture content (%, wt/wt) 33.50

Final moisture content (%, wt/wt) 23.80
Temperature of Powder (°c) 40.0
Drying Time (minutes) 18.00
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TABLE E15 -

EXPERIMENT NUMBER: SD15

AIR

)

Inlet Flowrate.(KGS—
Inlet Temperature (°cy

Inlet Humidity (XG/KG)

Outlet Final Temperature (°c).
Outlet Initial Humidity (KG/KG).

Outlet Final Humidity (KG/KG)

FEED

Sample:
Inlet Flowrate (KGS-l)
Temperature at the Nozzle (OC)

Inlet Temperature (°c)

Initial Moisture content (%, wt/wt)

Final Moisture content (%, wt/wt)

Temperature of Powder (°c)

Drying Time (minutes)
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0.19
225.0

-3
5.1758%10
125.0

9.9373x10 >

2.0520x10'2

Northfleet Slurry
3.25x1072
89.0
16.0
33.50
26.89
41.0

21.50



TABLE E16

EXPERIMENT NUMBER: SD16

AIR

Inlet Flowrate (KGS 1) 0.19

Inlet Temperature (°c) 220.0

Inlet Humidity (KG/KG) 4.9960x10™>
Outlet Final Temperature (°c) 105.0
Outlet Initial Humidity (KG/KG)  8.2275x10"°
Outlet Final Humidity (KG/KG) 2.2631x10"2
FEED

Sample: Northfleet Slurry
Inlet Flowrate (KGS“l) l.86ZXlO—2
Inlet Temperature (°C) , 20.0
Temperature at the Nozzle (°c) 87.0

Initial Moisture content (%, wt/wt) 33.50
Final Moisture content (%, wt/wt) 19.02

o
Temperature of Powder (~C) 42.0

Drying Time (minutes) 10.00
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TABLE El17

- EXPERIMENT NUMBER: SD17

AIR

Inlet Flowrate (KGS ') - o.21

Inlet Temperature (°c) 208.0

Inlet Humidity (KG/KG) 4.6530x107°
Outlet Final Temperature (°c) 112.5
Outlet Initial Humidity (KG/KG) 7.3271x10"°
Outlet Final Humidity (KG/KG) 1.7427x10" %
FEED

Sample: Northfleet Slurry
Inlet Flowrate (KGS™ 1) 3.25x10 2
Inlet Temperature (°c) 16.0
Temperature at the Nozzle (°c) 88.0

Initial Moisture content (%, wt/wt) 33.50

Final Moisture content (%, wt/wt) 27.50
Temperature of Powder (°c) 40.0
Drying Time (minutes) 20.00

-393~



TABLE E18

EXPERIMENT NUMBER: SD18

AIR

Inlet Flowrate (KGs'l

)
Inlet Temperature (QC)
Inlet Humidity (KG/KG)
Outlet Final Temperature (°c)
Outlet Initial Humidity (KG/KG)

Outlet Final Humidity (XG/KG)

FEED

Sample:

1

Inlet Flowrate (KGS )

Inlet Temperature (°c)

Temperature at the Nozzle (OC)

Initial Moisture content (%. wt/wt)

Final Moisture content (%, wt/wt)

Temperature of Powder (°c)

Drying Time (minutes)
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0.21
218.0

-3
5.1758x%10
100.0

8.3966x10 >

2.4960x10 2

Northfleep Slurry
1.862x10" 2
18.0
90.0l
33.50
12.30

44.0

26.0



LB

- TABLE E19

EXPERIMENT NUMBER: SD19

AIR

Inlet Flowrate (KGS_ll

Inlet Temperature.(PCL
Inlet Humidity (KG/KG).

Outlet Final Temperature (°c)

Outlet Initial Humidity (KG/KG)

Outlet Final Humidity (KG/KG)

FEED

Sample:

1

Inlet Flowrate (KGS )

Inlet Temperature (°c)
o

Temperature at the Nozzle (7C)

Initial moisture content (%, wt/wt)

Final moisture content (%, wt/wt)

Temperature of Powder (°c)

Drying Time (minutes)

~395~

0.23
200.0

-3
4.8217x10
127.0

9.9373x10" >

1.8605x10 2

Northfleet Slurry
3.25x107 2
19.0

90.0
33.50
26.32
46.0

25.00



TABLE E20

EXPERIMENT NUMBER: SD20

ATR

Inlet Flowrate (Kcs'l

)

Inlet Temperature (°c)

Inlet Humidity (KG/KG)

Outlet Final Temperature (°c).
Outlet Initial Humidity (KG/KG)

Outlet Final Humidity (KG/KG)

FPEED

Sample:

1

Inlet Flowrate (KGS )

Inlet Temperature (°c).

°c)

Temperature at the Nozzle
Initial moisture content (%, wt/wt)
Final Moisture content (%. wt/wt)

Temperature of Powder (°c)

Drying Time (minutes)

~396~

0.23
205.0

-3
4.6530%x10
140.0

8.3966x10 >

2.9397x10" 2

Northfleet Slurry
1.862x10"2
15.0
92.0
33.50
13.50
45.0

25.00



A TYPICAL MASS AND ENTHALPY BALANCE CALCULATION

FOR THE PILOT PLANT SPRAY DRIER

=397~



Gw,lwi o

Gp, Two

FIGURE E! Data for Enthalpy and Mass Balances
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The Enthalpy and Mass balances over the drier have been
calculated with reference to Figure EI1. Ga Kgsnl of water

at temperature Tw is fed into the spray drying chamber. After

i
evaporation, Gp Kgs 1 of the water is effluent unevaporated
at a temperature T . The drying air flowing at G, Kgs™ T
o

enters the chamber at a temperature Ti and humidity of
Hi Kg/Kg. It is exhausted at an outlet humidity of HO Kg/Kg

and temperature To'

Mass Balance

Moisture entering in hot air = GaHi
Moisture entering in feed = Gw
Moisture leaving in exhaust air = GaHO
Moisture leaving in unevaporated water = Gp

For no product accumulation, the following relationship holds.
Input = Output at Steady State

Then:

G + GH. - (G + G H ) = Accunmulation
W a i 1o a’o

Using the data collected in experiment SD2, presented in

Table E2, yields:

2

4.5x10"3+(0.13x6.3841x10 2) = (0. 13x2. 6647x10™ %) 0. 385 = Accumulation

Thus:
Total Moisture into the Drier = 5,3299x10"° Kgs—l
Total Moisture evaporated in Drier = 3.4641xlo_3 Kgs—l
Accumulation = 1_18658><1o"3 Kgs_l
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Enthalpy Balance

Enthalpy of air entering drier = Ga(Qa)i

Enthalpy of feed entering drier = Gw(Qw)i

Enthalpy of exhaust drying.air = Ga(Qa)o

Enthalpy of unevaporated water = Gp(Qw)o
Similarly:

Heat Input = Heat Output + Heat Loss

That is:

C_ () %6, (@), = G,(Q,) +6,(Q) +0y

by

where Qa' the enthalpy of the drying air is expressed in terms
of the humid heat, CS, absolute humid heat, and the latent

heat of evaporation of water, A.

Thus:

Qa = CSAT + HA

and Qw’the enthalpy of the water feed is expressed in terms of

its flowrate, heat capacity, Cw and temperature.

Thus:

Qw = CwAT.

Using data collected from experiment number SD2, steam tables

and a datum temperature of 0°c,

(), = (285.0-0) x1.0398+(2500.8x6.3841x10"°)
(0,) = (140.0-0)x1.0135+(2500.8x2.6647x10 )
Q) = 4.5%x10">x4.183% (20,0-0)
Q)4 =1.8658x10°x4.183x (51.0-0)
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Thus:

1.-1

5™

Total Heat input into drier 40.398 KJKgm

1.-1

I

Total heat output from drier 26.661 KJKg ~S
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APPENDIX F -

Tables F1-F5, Experimental Data from Tracer Response

Analysis on Pilot Plant Spray Drier.

Tables F6-F7, Typical Experimental Data from Tracer

Analysis on Humber Spray Drier.

"Fortran IV" pogram listing for Normalisation of

RTD data.

"Basic 16" program listing of the mathematical model

simulating tracer response from the spray drier.

-402-



TABLE F1
Experiment Number: SD21
Air Flowrate 0.13 Kgsul
Volume of Tracer Used, AX 0.5053 m3
Mean Residence Time; E 16.7879 seconds

..............

TIME | DIMENSIONLESS | EXIT CONCENTRATION, Cp .
(8) TIME (8) | EXPERIMENTAL | SIMULATED .
0 | 0.0000 0.0000 0.0000
10 | 0.5957 0.0787 0.1582
20 | 1.1914 0.2698 0.2912
30 | 1.7870 0.3709 0.3413
40 | 2.3827 0.2726 0.3662
s0 | 2.9784 0.2023 0.2689
60 | 3.5741 0.1349 ' 0.1017
70 | 4.1698 0.1068 0.0647
g0 | 4.7654 0.0731 0.0272
90 | 5.3611 0.0422 0.0118
100 5.9568 | 0.0337 0.0051
110 | 6.5525 0.0253 0.0022
120 | 7.1482 0.0197 0.0011
130 | 7.7438 0.0112 0.0004
140 | 8.3395 0.0112 0.0002
150 | 8.9352 0.0084 0.0001
155 | 9.2330 .| 0.0028 0.0001
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TABLE F2 -
Experiment Number SD22
Air Flowrate 0.16 Kgs_l
Volume of Tracer Used, A_x 0.5045 m3
Mean Residence Time, t 14,0468 seconds

,,,,,

TIME | DIMENSIONLESS | EXIT CONCENTRATION, Cg
(8) ~ TIME (8) ) pXPERIMENTAL | SIMULATED
o | 0.0000 0.0000 0.0000
10 | 0.7119 0.0701 0.2055
20 | 1.4238 0.2806 0.2813
30 | 2.1358 0.3354 0.3144
10 | 2.8477 ‘ 0.2074 0.3292
50 | 3.5596 | 0.1464 0.2093
60- | 4.2715 0.0976 0.0755
70 | 4.9834 0.0793 0.0240
80 | 5.6954 0.0488 0.0081
90 | 6.4073 0.0366 0.0028
100 | 7.1192 0.0244 0.0010
110 7.8311 0.0183 0.0003
120 | 8.5430 0.0122 0.0002
130 | 9.2500 0.0122 0.0001
140 | 9.9669 0.0091 0.0001
150 |10.6788 0.0030 0.0001
155 |11.0348 0.0030 0.0001
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TABLE F3
Experiment Number SD23
Air Flowrate 0.19 ‘Kgsml
volume of ﬁTracer Used, AX 0.5039 m3
Mean Residence Time, t 12.1426 seconds

TIME | DIMENSIONLESS | EXIT CONCENTRATION, Cp
£ & ,,,?;ME,CQ) | EXPERIMENTAL | SIMULATED
0 0.0000 0.0000 0.0000
10 0.8236 0.0770 0.1932
20 1.6471 0.2337 0.2815
30 2.4707 0.3081 0.3045
40 3.2943 0.2231 0.2748
50 4.1178 0.1328 10.1097
60 4,9414 0.0691 | 0.0283
70 5.7649 0.0505 0.0073
80 6.5885 0.0319 0.0018
90 7.4121 0.0239 0.0005

100 8.2356 0.0159 0.0002

110 9.0592 0.0106 0.3248E-4
120 9.8828 0.0106 0.8394E-5
130 |10.7063 0.0053 0.2170E-5
135 {11.1181 0.0027 0.1103E-5
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TABLE F4
Experiment Number sh24
Air Flowrate 0.21 Kgs-l
Volume of Tracer Used, A‘X 0.5039 m3
Mean Residence Time, t 11.1453 seconds

TIME DIMENSIONLESS | EXIT CONCENTRATION, -CE'
(1} TIME (O] | EXPERIMENTAL | STMULATED .

0 0.0000 0.0000 0.0000

10 0.8973 0.1016 0.2222

20 1.7945 0.2272 0.2923

30 2.6198 0.3049 0.3079

40 3.5890 0.2152 0.1469

50 4,4863 0.1106 0.0382

60 | 5.3835 0.0598 ' 0.0085

70 6.2808 0.0329 0.0038

80 7.1780 0.0239 0.0019

90 8.0753 0.0149 : 0.0002
100 8.9725 0.0090 0.0001
110 9.8693 0.0090 0.5627E~-4
120 10.7671 0.0060 0.1342E-5
130 11.6643 0.0060 0.3230E-5
135 12,1129 0.0030 0.1580E-5
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TABLE F5 -

Experiment Number SD25

Air Flowrate 0.23 Kgs™+
Volume of Tracer Used, Ax 0.5041 m3

Mean Residence Time, t 10.3475 seconds

TIME DIMENSIONLESS : EXIT CONCENTRATIQN,vCE
(8) | TIME (®) | pxpERIMENTAL | SIMULATED
o | 0.0000 0.0000 0.0000
10 | 0.9664 0.0718 0.2134
20 | 1.9329 0.2154 0.2808
30 | 2.8993 0.2924 0.2922
40 | 3.8657 0.1821 0.1964
50 | 4.8322 0.0872 0.0446
60. | 5.7986 0.0590 0.0705
70 | 6.7651 0.0333 0.0014
80 | 7.7315 0.0272 0.0003
90 | 8.6979 0.0128 0.6768E-4

j 100 | 9.6644 - |-0.0103 0.1583E-4

110 [10.6308 0.0077 0.3759E-5

120 |11.5972 0.0051 0.8990E~6

130 |12.5637 0.0051 0.7089E-6

135 |13.0469 0.0026 0.5588E=6

-407-



Experiment Number

Air Flowrate

Volume of Tracer Used, A 4,1295 m

Mean Residence Time,

TABLE F6

H1

4

2.606x10% m>/HR

3

£ 54,2616 seconds

TIME DIMENSIONLESS.,.EXIT:CONCENTRATION,,CE
, (8) TIME (ZQ), . EXPERIMENTAL | SIMULATED
0 0.0000 0.0000 0.0000
10 0.1843 0.0659 0.0663
20 0.3686 0.1648 0.,1609
30 0.5529 0.2637 0.2439
40 0.7372 0.3955 0.3284
50 0.9215 0.4615 0.4651
60 1.1058 0.5274 0.5612
70 1.2900 0.5933 0.6581
80 1.4743 0.5933 0.6121
90 1.6586 0.6592 0.5633
100 1.8429 0.5274 0.5212
110 2.0272 0.3955 0.3986
120 2.2115 0.2307 0.3105
130 2.3958 0.1978 0.1672
140 2.5801 0.0659 0.1130
150 2.7644 0.0330 0.0820
160 2.9487 0.0330 - 0.0600
170 3.1330 0.0330 0.0469
178 3.2804 0.0330 0.0388
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TABLE F7 -

Experiment Number

Air Flowrate

Volume of Tracer Used,

Mean Residence Time,

t

H5

2.606x10% m>/HR

A, 1.90 m>

54,2616 seconds

TIME

DIMENSIONLESS |

EXIT CONCENTRATION, C

t (S) TIME (8) E
‘ S .EXPERIMENTAL SIMULATED
0 0.0000 0.0000 0.0000
10 0.1843 0.1791 0.2030
20 0.3686 0.2686 0.2943
30 0.5529 0.3582 0.3450
40 0.7372 0.5373 0.5221
50 0.9215 0.6268 0.5770
60 1.1058 0.6268 0.6198
70 1.2900 0.4477 0.5449
80 1.4743 0.4477 0.4565
90 1.6586 0.3582 0.3990
100 1.8429 0.3134 0.3621
110 2.0272 1 0.2239 0.2190
120 2.2115 0.2239 0.1809
130 2.3958 0.1791 0.1377
140 2.5801 0.0895 0.1163
150 2.7644 0.0895 0.0989
168 2.0961 0.0895

0.0750
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"Fortran IV" programm listing for

Normalisation of RTD data.
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lua

304
2uu
21U

IRACE 2

MASTER HULL

DIMENST N X300, Yy (3U0)Y,PHC30UD
DIMENSIIN Xx1C2002,Y1¢200)

B - CIrxECTIIN FACTIr Fidr GAS rRISEr TEMPERATURE JF 650 DEG.
ACI)=U.0

wT=7.239

VI=3.928E2

TBAR=VI/WwT

A=101E"2

KEADCL, LUU) NLASA, DT,NKULN
B=3.1502

FIRMATC(I3,2F0.0,12)

READCLI 110) (PHCODD)» I=150)
FIMATCIUFU 0D

Nl=aN=1

L2=DT/ TBAK

DJ 10 I=1i,N
YCID)=Axu@ T« (PHCL)-ASH)Z7ASH
CINTINUE

DI 11 Jd=1,N152
SUM=SM+2e Y (1) +2.%xY(J)+ 4eoxY (J+ 1)
CIONTINUE

AREA=U.33334«0DT%SU

D] 12 I=1,N

AlLCI+1)=x1C1)+D2
YICI+1)=TBAR*Y (] )/AREA

CIONTINUE

vilL=AKEA*Y

WRITEC(2,200) NrUnNs TBAR> VIL> VT
WRITECZ2,21U)CACI) X1 CI) Y CD) Y1 CIYs 215N
WrRITECE, 3UUY (ALCLD)> Y[ (L) I=15N)
FIrRMAT(2A,F 1055 *'s "5 FlU6)
FIRMAT (10X, 14, 3F1Ue 4)
FIRMAT(25X5, 4F 1 U« 4)

STiP

END

FINISH
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"Basic 16" program listing of the mathematical model

simulating tracer response from the spray drier.
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9
te
1]
12
14
c0
2t
2z
23
o4
25
2¢
27
8
29
3¢
31
32
33
<
45
47
<9
<@
52
55
€0
€4

c

-

e
70
7l
75
R4
85
9@
91
95
e
104
125
11e
115
122
121
125
13a
24
125
pan
14
145
5

REAL F,E, 1

DIM U(lS@):Y(lSﬂ),T(15@);W(15@
[€=¢: GOSUE 9¢gp

READ W,yv2, v

Ef=8:N@= 43

Le=INT(E/P+. 5)

GOSUE 7aeg
PRINT "kiN
IF F4=@ THEN 25
GCSUEB g@zce

XL
[

INPUT Fe

FCOk II=QJL2:U(II)»Y(II)JT(II),W(II)=@:

[F Fe=p THEN 21¢
FRINT "INPUT As Es JsXKuoM,aN,L":
FRINT "™FULL DISFLAY 2. INFUT
PKINT "ZEKO ST0ORAGE INFUT
IF Fsi=@ THEN 32
GOSUE 7¢e¢e
SOSUR 4p@e
[F A=@ THEN
GCSUE 1¢pe
FOR 11=@,L2:1C11)=Ww(I1): NEX1
IF AES(J+XK+M+N+L=~1)<. |E~QP2 THE
REM C
K1=A/(1-J-K=-M-N=-L): GOSLE 20e0
GOSUE sSeee
FOR T1=@,L2:0CI1)=WCTL 1)
[F J=2 THEN 8¢
FEM D
FCR T1=@,L2: TCI1Y=ULCTI 1) NEX T
D=INT(J/(A¥F)+.5): GOSUEBE 3eee
SOSUE S¢on '
FOR I1=@,L2:UCI1)=W(C]])s
REMm
FOR T1=@,L2:TC11)=UCL]):
K1=A/K: GOSUB 2¢¢¢
G0SUB 5g@9
FCR T1=0,L2:UCI1)=wCI]):
[F B=g¢ THEN 15¢
REM
GOSUE l1gge
FOR Il=@,L?:Y(11),7(I1)=h(11)
[F M=z@ TIHEN 130
D:IVT(%/(E*F)+-S):
G LE Seee

2,

1ee

NEXT

NEX1T

NEXT

NEXT

GOSuk 3ger
S
K

Y

NEXT

<

[1=0,L2:T7¢11y=y(1y): NEXT

e/N: GCSUE 2¢eQ
LE Seee
D1=0,L2:Y L )=W(l 1)

LE 1zee

X MG o= M G
D= DM DO

f

T

NEXT

7
D
o T n NoT
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NEXT 11

IVPU] A: E:J:KJMJNJL

F3
Fa

11

N 55

STR Al
I1

ELAY A2
Il

I
DELAY EI

:ONEXT 11

Il

It



151 FOR L1=@,L2:7CI1)=wCl1): NEXT 11

152 IF AESC1-A-E)<.lE-22 THEN 157

153 kKEM CELAY C1

15¢ D=INT(L/(Fx(1~A-B))+.S): COSUEB Cege

155 GQ0SuUk SA20

156 KREM CALCULATE KESPONGSE

157 FOR I1=@,L2:W(I1)=A*LCI 1) +EB*Y (L 1)+ C1=A-Ed*xw (1) NEXT I1
158 GOSUE S@@s

159 CaLL ¢(7,2,E/8,Y1/71.1,L1): CALL (8,7)

167 GQOSUE 902¢@

168 CALL (9)

177" S=W (@) +W(L2)

172 FOR Il1=1,L2-1,2:8
173 FOR [1=2,L2~2,2:5
174 PRINT @ PRINT F
179 S4a=¢

17¢ PKINT *A="3A: PRINT "B='"3;B: PRINT 'J="3J: FRINT "K="3X
177  PRINT "M='"3M: PRINT "N=":N: PRINT "L=";L

178, PRINT “TIME', "EXFERIMENTAL", "SIMULATED"

18 FOR N4=1,N5S

185 PRINT C(N4), L{N&L)»WIN4)

199 Sa= S4+ (DN LY =WINL) I (D(N4) = (N L))

195 NEXT N4

2@ PRINT 'SUM 0OF SQUARED EKKQKE='";5 54

205 §S5S=S5&/(NS-1)

21¢ PRINT "VARIANCE="3055

2¢5 FRINT "S10P ?2": INFUT Fe

=S+ 4%l 1) NEXT 1
S+2%¥w (Il 1): NEXT I

1
= 1
FINT ¢ PKINT

2EE [2=0
272 IF Fe&=@ THEN 22
275 ST0F

o8@  GOSUE €000

285 IF 14=@ THEN 265

29"  FOR [1=@,14-1:17=17-1

£o95 FOR 12=0,L2+8:\V(ZC(11),12)=@: NEXT I[2: NEXT I1
30p  FOK [1=0,9

25 1F \(L1,7)<>@ THEN 33¢

3190 FOK 12=11+1,10

a1s  IF V(12,7)=¢ THEN 325

32¢  FOR 15=@,L2+8:V(I11,15=v(l2,15
391 L(12,1%)=¢: VEXT [S: G010 33¢
325 NEXT I2: 5010 33%

3¢ NEXT It

325 IF 18<>@ THEN 265

329  5CTO 175

345  DATA «3€S€E-@1s 4 &

35¢ DATA 1.2,.85, 1

1020 FOR J2=¢,L2

1205 1F Je>T2 THEV w(J2)=@: GOI0 1¢15
1¢1¢ WeJ2y=vye

1215 NEXT J2: FEIURN

202 J2=¢:C=¢

cees  CALL (1, 1)

2r1e Dl=x1%(1(J2)-0)

oP*'S  CALL (2, FrE,F1,F2)
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oeeo
2225
2a3n
2035
eq 4@
eps4s
2650
2nss
322@
2ees
r1e
3215
3ez2e
3e2s
e
40 92
45
£a1@e
<0 11
@12
4713
2016
017
4018
<319
020
€21
4022
5200
5¢95
sele
5¢12
5013
5¢1S
seee
were
7€ 92
7205
Caee
8025
PR
¢RPS
Srie
or12
eca
72
Eiels
9035

[F F2=1 THEN
WJer=C
Je=Je+1

[F J2>L2 THEN
[F F1=2 THEN
CALL (351,P,1
CALL (4,C,D1)
GOIC 221

[F D<l THEN
[F E>L2 THEN

FOk J2=L2, 9, -

Ul=@

2045

KETURN
KRETURN

)

FOR J2=@,L2:w(J2)=T(J2): NEXT J2: KETULAN

FOk

Je=@,L2:w(J2)=¢: ~NEXT J2: RETURN

1: IF Je<L THEN 3e¢ze
Ult=T¢J2-LCr: GOT0O 3@25

WOJ2)=L1: NEXT J2: RETURN

CALL (%)

CALL (€,-E/€,22%E/18+E/€5»-e2S,Y1+.25)

REM

cAaLL (752,@,0,L1):

18 CM=Ek 1S CM=Y1 (ON SCREEN)
CaLL (7, 1,E,€,L 1)

CaLL (7, 2,@,Y1,L 1) caLL (75 1,0,0,L1)

FCR 19=1,E+1
NéE=[9=-1

CALL (7,2,Né€@,L1): CALL (8,7): FrINT *t*
CALL (7:?:(NE’E/]Q):“-75E‘@]JL]): CaLL (8, 7

PRINT Né: NEX

T [9:

FOK 19=1,¢

CALL (7,2,@,CI9-1)%x.2,L1): CALL (8,7): FRINT "=t
CALL (752,-E/7&,C19=1)%.2,.1): CALL (8, 7

FRINT (19-1)+
KETURN .
IF F3=¢ THEN

FOR Je=1,L2
[F [@=1 THEN
NEXT Je:1@=@g:

NEXT J2: NEXT
[7=@: RETULRN

o 2

FETURN
CALL (7,2,€,w(@),L 1)

[F J2=1¢+11%«5S THEN CALL (8,ZCI1)+N®)
cAaLL (7:2:(J2‘1)*F;N(J2'l),Ll)

CaLLu (751, J2xF,W(J2)50L 1)

KETURN

FCR J1=0,10:2CJ1)=@: IOk JZ=@,L2+8:\(J1,J2)=0

J1

T2=INT(W/F+.5)

FRETURN
PRINT "INFULT
INFUT NS

FOR N4=|,NS

10TAL NO OF EAFERIMENTAL FOINTS™

INFUT N1,N2,:CON4Y=N T L(NAIMND: NEXT N &

FOR Na=1,NM5:
CaLL (%, 4%)
NEXT N«
FETURY

CaLL

(75,2, C(N &)y, L(\H-');Ll)
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NOMENCLATURE

area of hemispherical drop (2ﬂR2) (m2)
total volume of input tracer (m3)

total volume of output tracer (m3)

moisture content (kg moisture/m3 solution)

initial drop moisture content (kg moisture/m3

concentration driving force

drag coefficient

specific heat (kJ/Kg/°R

dimensionless group (p/pvi)

diffusivity of water vapour in air (m2/s)
drop diameter (mg)

surface mean diameter (m)

outlet orifice diameter (m)

mass flowrate (kg/s)

Grashof Number ((D;QgchAG)/UZ)

acceleration due to gravity m/s.-2

air humidity (kg/kg)

Henry's Law constant

thermal conductivity(W/mstk)

crust mass transfer coefficient (m/s)
experimental mass transfer coefficient (m/s)
gas phase mass transfer coefficient (m/s)
theoretical mass transfer coefficient (m/s)
mean pore length (m)

sheet length (m)

number of pores

rate of mass transfer (kg/mzs)

-416-
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Sc

Sh

drying rate (kg/s)
evaporative capacity of spray drier

number of drops in size range i

Nusselt Number for heat transfer (thp/pG)

Nusselt Number for mass transfer (KGMDpr/DVpG)

vapour pressure (N/mz)

Prandtl Number (Cpu/k)

total air volumetric flowrate (m3/s)

slurry flowrate (kg/s)
external drop radius (m)
internal drop radius (m)
universal gas constant

Reynold's Number (pGUDp/u)

. s -1
specific surface area of pores (m )

humid heat (kJ/Kg°k)
Schmidt Number (U/QGDV)
Sherwood Number (KGDp/DV)
slurry temperature (°c)
alr temperature (°c)

mean residence time (S)
vapour velocity (m/s)

sheet velocity (més)
dv

OS)

Weber Number ( 5

C

dimensionless input tracer concentration

dimensionless output tracer concentration
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amb

d,ad

u,au

Greek Letters

crust thickness (m)

radius of pore (m)

porosity

dimensionless time

semi-cone angle

droplets residence time (s)
residence time in zone, J,K,L

total residence time (s)

density

(kg/m3)

viscosity (N/smz)

latent heat (kJ/kg)

thermal efficiency

drying efficiency

constant (3.1416)

temperature coefficient of expansion for gas

air
ambient
gas
downstream
upstream
liguid
slurry
saturation
inlet

outlet

Subscripts
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