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FROM SINGLE PARTICLE TO FLUID BED. DRYING KINETICS
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on the occasion of his §5th birthday

kay Words and Phrases. drying curves; fluidization;
heterogenecus model, normalization,
3ingle particles; particulates

ABSTRACT

The concept of a normalized single particle drying curve has been
Integrated into a Qeneric, haterogeneous fluid bed model \n order 1o
describe batch fluid bed drying. Drying curves have been measured for
both single particles and fluid beds. Two different coarse-grained
materials, aluminum silicate and a technical product, have been used
in general, fluid bed drying curves appear to be predictibie on the
basis of single particle data and with the help of the model
Dificulties may arise mainly with particles of low sphericity and a
large nitial ‘moisture content. Model parameters are in the range
indicated by qeneral fluidization literature. However, Sherwood
numbers for particle-to-fluid mass transfer in the. fluid bed are
sigmificantly lower than the values for single particles. This can
hardly be attributed to bubbling and bypassing, since these effects
have been explicitly accounted for in the model.
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1402 : TSOTSAS
INTRODUCTION AND SCOPE

In spite of 11s great practical mmportance 1n the chemical
Ingustry and the large volume of Dhterature available on genera)
flurdization 1ssues, the number of papers published on Fiuid bed drying
15 rather limited wWhile some authors adopt an empirical approach [1)
nther workers try to describe flind bed hydrodynamics more precisely
by transferring methods developed for the design of fluid ned reactors
t0 the drying problem [2,3,4] Compinations of flow modelling with
empirical f1indings have also been proposed [5]

One restriction of evisting results 1s that they refer mostly fo
=mall particles. On the other hand, the pool of published data whch
could be used for a reasonable comparison with ‘models s rather
meagre Finally, and this appears to be the most serious shortcoming,
the distinction between gas-side and parficle-side kinetics 15 usually
poor In the present work we attempt o sharpen this distinction by
usIng the concept of normahization as proposed by van Meel (6] and
apphied by various authors, especially by Schiunder ang rco-workers
(7,6] Doing so, three constituent items of the fluid bed drying problem
may be 1dentified
A The fluid bed drying curve, a variable depending on product

properties 23 well as on operating conditions

B - The normalized single particle drying curve According te {6-8)
this 1s - at least approximately - a constant, characterizing
umquely particle-side drying kinetics

C - A model describing fiow, particle motion and gas-side transport
phenomena 1n the fiud bed

On the basis of these three constituents three different types of
investigations may be conducted
1 - Determination of fluid bed drying curves (A) from the normalized

single particle drying curve (B) of the product under consideration
and the flnid bed model model (C) ,

2 - Derivation of the normalized single particle drying curve (B) with
the help of the rluid bed mode! (C) from a set of fluid bed drying
curves (Al

3 : Derwvation of the fluid bed model (C) from fluid bed (A) as well as
single particle (B) data

The above three cases are depicted schematically in Fig 1 Full
circles and arrows denofe known 1tems, empty unknown ones
Evidently, if only one 1tem s known, the derivation of the other two 13
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FIGURE 1. Flud bed drying Kinetics (A), single particle kinetics (B
and fltid bed model (£) are interconnecrted items Two nf them myst be
kpown (rull éirclessarrows) in order to reliably predict the third

ricky Therefore, ana to our knowledge Tor the first tymen hiterature,
we fried to remove one degres of fresgom from the problem Dy
determining two of 1ts three constifuents experimentally In speciiic
terms, the present work tries to reahize the above £ase 3 by measuring
gireclly both single particie 3s well as fluid bed drying curves Our
goal 15 to find out’
- Whether 11 15 possible to connect single particle with fiuid bed
pnenomena with a mathematica! fluid bed mode|
- How comphcated thhs model has to be
- which values the mode!l paramefershave, and if they agree witn
other relevant values from the literature

The successful completion of the investigation would open our
way to case |, which 15 the scale-up to industrial dimensions It
would also open the way to case z, 1.6 to the derwation of the
narmahzed single particie drying curve from lab fluid bed data This s
an mportant step with fine grained materals which can pot be
investigated experimentally on the single parficle fevel The
combination of case | with case 2 1s nothing but the “double-scahng
procedure” as discussed In [9] It comprises all aspects of the design
of convective drvers, not only of the fluid bed type

MATERIALS

a model suhstance and a technical product differing primarily 1n
the particle shape have been used in the present ipvestigation
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The model substance 15 aluminum Silicate 1n Torm of harg,
rapiliary porous and almost perfectly spherical particles while single
particle measurements have been conducted with several particle
s1zes, a narrowly sieved fraction with an average particle diameter of
d = 144 mm has been used n all fluid bed runs The dry parfacle
density 1S 1667 kg/m3, the packed bed density about 1000 kg/m3 with
a tvpical packed bed porosity of 0 40 Pressure drop measurements and
calculations 1ocated the onset of fluidization for the dry substance at
a superficial gas velotity of about u_ = 0.35 m/s

The technical product consists of porous, extremely non-
spherical, flake-1ike particles. [t is lighter than aluminum silicate
and, in terms of equivalent particle diameter, coarser. Fluidization of
the dry bed occurs at about y_ = 1.1 m/s.

With both materiais the same sample has been used throughout
the 1nvestigation, by rewetting after every run The moisture has been
distilled water, the drying agent air The technical proguct as well as
alurmnum sihicate are only shightly hyqroscopic 1n respect of water
This small hygroscopicity has been neglected for the purpose of fhe
present work No negafive impact of particie moisture on the quatity
of Thndization has been ohserved,

EXPERIMENTAL

Three different experimental faciities have been used
e Analyrical balance for single particle runs

Wwet single particies were put on 2 high-accuracy analytical
balance and left to dry out undcr room condittons (about 25 0C, about
B0O% relative humidity) A personal computer connected o fhe balance
calculated ymmediately the <single particle drying curve, e the
functional dependence between the drying rate Msp and the dry-based
particle moisture content X,
¢ [rving channel

Single particles hanging on the downfloor side of a balance were
dried In a channel weignt changes and time were recorded during the
run and then transformed to the singie particle drying curve msp(X)
The measuring section of the drying channel was rectanguiar (150x150
mm) inlet air was dehumidified with zealite and was essentially free
of moisture,
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Accuracy and handling 1imit the applicability of both the channei
and the analytical bafance to particies larger than about | mm.

e Batch fluid bed dryer. _

A flowsheet of the batch fluid bed dryer is depicted in Fig. 2. Air
is supplied by a blower and treated by a dehumidifier (DB) to a dew
point lower than -30 OC before entering the conditioning section (AC).
There the desired flow rate and temperature are adjusted. The
fluidization vessel (FB) is made of glass and has an inner diameter of
150 mm. A perforated plate distributor is used, providing sufficient
pressure drop for a good operation. A secong perforated plate - not
depicted in Fig. 2 - serves as predistributor The valves VI and V2
allow to supply the fluid bed with air or, alternatively, bypass it. A
short bypass period is necessary in order to fili-in the material, just
before starting a drying experiment.

Several temperatures and pressures are measured. However, the
core nstrument of the rig 13 a Rosemount IR-analyzer (GA)
determining the water vapour content in the outlet air continuousty
and without significant time delay. Ta this purpose a small air stream
i3 bypassed at the top of the apparatus and pumped to the gas analyzer.
Conduits, the pump and the analyzer itself are tempered in order to
prevent condensation and increase accuracy. All data are collected by
a data acquisition system Camile 2000 (Trademark of the Dow
Chemical Company). The outlet air vapour content versus time curve is
transformed by the host personal computer to the fluid bed drying
curve mep(X). A sampling tube for the determination of local bed

temperatures and air moisture contents (TI11, MI2) 15 available, but
has not been used In the present work

The calibration of the flowmeter (Fit) and of the gas analyzer
has been checked with very good resuits An overall control has been
conducted for every drying experiment by means of the total water
balance The amount of water 1s determineq by weighing the sohas
beiore and after the run, as well as from the 1ntegral of the water
vapour content in the outiet air measured by the {R The deviation
netween the Twa measurements was aiways within :5%, mostly lower

SINGLE PARTICLE DRYING CURVES

Selected é.mgle particle drving curves are shown in F19s 3, 4 The
aluminum sihicare measurements of Fig 3 were conducted on the
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FIGURE 2 Flowsheer of batch fiund bed aryer

analyfical balance, while the results of Fig 4 with the fechnical
product were gained n the drying channel. Channel data scaiter,
hecause some movement of the particle and 1ts supporting thread n
the air flow ran not be avoided and impacts the balance In spite of
this, reproducibility 15 good on average (compare the fwo runs
conducted at 60 °C 1nFig 4

For both products the firat drying period 1s clearly decernible
Hence, the respective constant drying rate mgp; as well as the

critical moisture content X~ can be dermined. We obtain X = 0. 11 for
aluminum silicate and X.. = 055 for the techmcal product On this
basis the normatization suggested in [6-8] can be carried out. The
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FIGURE 3. Single particie arying curves for aluminum silicate on
analytical halance

narmalized drying rate v and solids moisture content 1 are defined as

v:msp /! msp.| » (I)
N=(X - Xaq) / KXep = Xgg) (21

>:eq 15 the equilibrium moisture content of s0lids at the prevail-

Ing drying conditions In our case of negligible hygrascopicity Xeq =V
Remember that drying 15 assumed to be gas-side controlled n
the first and particie-side controiled 1n the second drying period (at X
¢ X.) By normalization the two periods are separated from each
other. Gas-side phenomena (i.e. the drying rate mgp |) are supposed to

be predictible from first principles Particle-side phenomena are
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FIGURE 4. Single particle drying curves for technical product n
drying channel.

described empirically by the function w(n). Successful normahization
leads to 2 function v(n) which 1s iInvamant upon drying conditions and,
thus, characterizes the drying Dbehaviour of the product under
consieration uniquely

Since the concept of normalization 15 empirical, 1ts applicability
must be tested from case to case. For our products normalization
appears to work quite well As we see 1n Fig. S all aluminum silicate
data from Fi1g 3 can be described within technical accuracy by one 2nd
the same curve AS an approximation, rour straight segments covering
the interval O <n < | are used inFig. 5. For 1> | it 15 per defimtion v
= | eqs( 11,(2)). Drying channei measurements with aluminum silicate
have not been done in the presen{ work. However, a couple of such
measurements have been reported by Schwarzbach [10). Normalization
of these results - not depicted here - revealed a very encouraging
agreement with the fitting curve of F1g. S.
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FIGURE 5. Normalized single particle drving curve of aluminum
silicate

The single particle drying curves of the technical product from
Fig 4 are plotted in F1g. 6 1n their normalized form Again, all curves
collapse with acceptable accuracy On the one hang, the primary data
of Fi1g 4 are already subjected to considerable experimental scatter,
on the other every single particie of a techmcal product 1s somewhat
different than the other particies In Fig. 6 the funciton v(n) is fitted
by v(m) = n, 12 Dby the diagonal of the plot. This 15 a simple
rule-of-thumb choice It appears to shghtly underestimate drying
rates at small moisture contents, being moderately conservative in
respect of practical yse

Dirficulties with npormalization will arise with materals
without @ measurable first drying period In such cases the calculation
of mgq | from first principles 1s be recommended. This IS quite easy
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FIGURE 6. Normalhized siwngle particle drying curve of 1echmeal
proquct

and reliable for drying channel conditions. In a second step, the
measured drying curves can be extrapolated and X.. derived. The
prediction of mgp | for analytical balance conditions 1s uncertain
Presumediy, heat transfer from the plate of the scale to the particle
through the respective gas gap is of importance. This topic is not
followed further in the present investigation.

FLUID BED DRYING CURVES

Fluid bed drying results are presented in Figs 7, 8 and 9. In Fig. 7

fluid bed drying curves for aluminum silicate at three different static
bed heights h, are plotted. Inlet air temperature has been Tqn = 20
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FIGURE 7. Fluid bed drying curves for aluminum silicate. Low air flow
rate )

i, air mass Tlow rate Mg = 145 kg/min in these measurements. The
drying rate myy refers to the total particle surface of the bed.

Decreasing bed height ieads to a lower average vapour concentration in
the gas phase and, therefore, to an increased drying rate. For only one
particie layer maximal drying rates would have been obtained. As Fig
7 shows the fluid bed drytng curves also possess a constant and a
falling rate period. However, these are not identical to the rirst and
the second drying periods of single particle drying Actually, the
"critical” moisture content in 2 fluid bed decreases with increasing
static bed height (hold-up), an effect which has been thoroughly
discussed in [9] As the two different runs at hy = S mm reveal,

reproducibility is excellent.

The measurements of Fig. 7 have been repeated at a considerably
larger air mass flow rate (Mg = .11 kg/min). Respective results are
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FIGURE 8. Fluid bed drying curves for 3luminum silicate High air flow
rate

plotted tn Fi1g 3 As expected, the drying process 1s enhanced by
Increasing the air flow rate. Reproducibility 1s, again, very satisfying
fsee the two runs at hy = 40 mm)

Results for the technical product at Tg s = 40 °C, My = 2.75
s'rg/mm and three different values of hy are depicted in Fig. S Here, the

drying rate experiences a rather sharp decrease at medium salids
moisture contents. At the end, relatively low drying rates are
ohserved which decrease almost linearly with X. The impact of static
height hy is simtiar as for aluminum silicate. Satisfactory, though not

periect reproducibility 1s observed. Further runs with the technical
product - not. depicted here - have been conducted at Tq jn = 80 OC As
expected, the drying rate increases with mcreaémg inlet ar
temperature
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FIGURE 9. Fluid hed darying curves for fechnical produst

The sum of our fluid bed measurements, tagether with
comparable results from the literature, confirm the iarge variability
of fluid bed drving curves upon drying conditions and holg-up The
COMMOEN practice of measuring a couple of fluid bea drying curves In
the 1abh and designing industrial convective dryers based on Lhem can
be severely misieading. As pointed cut 1n the introduction, only single
particle data can be scaled-up 1n a rehable way

THE MODEL

In order to describe the batch Tluid bed drying process fhe
normalized single particie dryng curve 1S ncorporated into 2
heterogensous Tlutd bed model distinguishing between a suspension
and a bubblie phase. A similar approach has been proposed by May (11]
for Tlutd bed reactors and has, since, been further elaborated by
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various authors (see the review by Werther [12]) The model
assumptions, which are schematically recapitutated in F1g. 10 are as
follows: ,
- The bubble phase ts free of particles. The gas 1s flowing in 1deal
plug flow
- Vapour transport takes place between the suspension and the
bubble phase
- All sohids are 1n the suspension phase. They are perfectly backmixed.
- The gas of the suspension phase may be either perfectly backmixed
or 1n1deal plug flow Present results are based on the ideal plug flow
Version
- Mass transfer between the suriaces of the particles and the gas
15 taking place in the suspension
Mass balances are written down locally for each phase and
Integrated over the bed height, accounting for the coupling between
“the phases Closed solutions are obtained. In this way the outlet air
moisture content and the fluid bed drying rate can be calculated for
any given value of X Repeating the caiculation at various solids
moisture contents complete fluid bed drying curves are obtained.
Here, we will refrain from giving deriwations or formulae (see
[13] However, 1t should be pointed out that 21l fiow and gas-side mass
transfer phenomena are described by the following three parameters
- The bypass ratio v which1s the ratio of air flowing through the
bubbles to the total air flow rate
- The number of transfer units for mass transfer between
suspension and bubbles NTU;, defined as

NTU, = pg By Ap / Mg (3

with the mass flow rate of dry gas (air) Mg, the gas density pg, the
total surface area of the bubbles Ay, and the respective mass transfer
coefticient B

- The number of transfer units for mass transfer from the
particle surface to the gas NTUg, according to the definition

NTUq = pg Bg A /Mg (4)
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FIGURE 10. Scheme of the fiuid bed model

NTUg oir NTU ;

Here A and pg are the total particle surface area and the relevant

mass transfer coefficient, respectively

A3 already explained, all intraparticle transfer phenomena are
represented by the normalized single particle drying curve v(n)

The model 1s versatile, including several often used variants as
limiting cases S0, by putting v = O bubbling 15 neglected. A
homogeneous bed 1s obtained also at NTU; going to infinity In

contrary, by setting NTU; = O the bubbles are assumed to cross the bed
without picking up any moisture (inactive bypass)

THE MODEL PARAMETERS AND
THE PREDICTION OF FLUID BED DRYING CURVES

In the preceeding sections considerable progress has been made
In cellecting the material necessary for the calcuiation according to

-

case 3, as discussed In the introduction: Item A (a set of fluid bed

drying curves) as well as item B (the normalized single particle drying
curve) are af our disposal, both from direct measurements, and for
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poth products considered A qgeneric flutd bed model (item C) has 21so
neen deveioped Now, 1t remains 1o find out whether the pieces of the
fluid bed drying problem 1t tegether, and, if they do, what the exact
form of the flud bed model and the values of 1ts parameters must be

For the model substance aluminum sihcate a number  of
preliminary calculanions have peen conducted. These will not ne
presented here; a separate communication 1S planned to this purpose
The result 1s that the fluid bed drying curves can not be satisiactorily
predicted on the basis of the single particie kinetic data by any
simphiied variant of the model (1e no bypass, nactive bypass ete)
Evidently, the bubbling benaviour and the mass transfer between the
suspenston phase and the bubbles have to be accounted for le, 1t 1S
necessary to use the full heterogeneous model With the latter,
predicted fluid bed drying curves can be obtained which are - irom the
pracnical point of view - accurate epough

some preqicted drying curves af tmis knd are plottea and
confronted with the measurements in Figs L1 and 12 Fig |
carresponds fo Fig 7 temall air flow rater and Fig 12 to F1g & (large
air flew rate) The difference 1n the presentation 15 caused by tne
orainate af the qraphs Now, the reauced quantity

Mip™ = Mfp / Mep 5 (%)

1% used in the place of the dimensional fluld bed drying rate myp. The
denominator of eqt3) (mey g} 15 defined as that drying rate which

would correspond to complete saturation of the outlet air. It has been
calculated from the adiabatic saturation temperature for the
prevailing drying conditions. Consequently, mgp* 1s a kind of
afficiency-ranging between zero and unity

The new presentation reveals that a couple of points in the
beginning of each run lie above saturation. However, the effect 1s so
smail, that no spectal effort was undertaken to explain it. Another
resuit of the reduction by mp, 5 1S that the total particle surface area

is eliminated from the ordinate. Consequently, the ihpact of static .
bed height hy is inversed in respect to Figs 7, 8. Now, Lhe drying

curves with a large static bed height l1e - as intuitively expected - on
the top. On the other hand, the distance to saturation 1S enlarged by



DRYING KINETICS 1417

1.6 T — T T T
.| Meas. cale. Po NWg v = 0.10
[~] — 15 mm 2.0 NTU4 = 1
- Q -_—— 40 mm 3.0
*q a 70 mm 4.0 )
1.2 . ﬁ
€ .
et a8 .
4 — T
8 aaa T cg ol dooopuneddonsE Taofy - -5~ -
o2 Q88 " aa
m -
o o.a{ ..
- °
(o]
o -]
D Aluminum
O Gaqls silicate A
3 ' fluid bed
&) d = 1.44 mm
Tgl in= 40 ©¢C )
Mg = 1.45 kg/min
0.0 T L T T T
0.00 0.03 0.06 0.09 012 0.15 0.18

Moisture content X, kg H20 / kg dry solids

FIGURE 11. Measured and calculated flnd bed drying curves
Alyminum silicate, low air fiow rate.

Increasing the air mass flow rate Mg (compare Fig. 11 with Fig 12)

Concerning the mode! parameters the following is of importance:

- According to the fluidization literature (e.q. {14,15]) the
bypass ratio v for small and tight particles belonging to group A of
Geldart's classification should be approximately equal to the excess
ratiovg defined as

Conzequently all air additional to that necessary for incipient fluidiz-
ation should flow through the bubbles. The large and rather heavy
aluminum silicate particles correspond, however, to Geldart's group D.
For such materials v is expected to be only a small fraction of VE,
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FIGURE 12. Measured and calculated flug Dbed drying curves
Aluminum silicate, hgh air flow rate

whereby values of

v 2 (0.20 t0 0.25) vg | -

appear reasonable-[14,1S] InFigs 11 and 12 v = 0.10 and v = 0.20 have
been used for the low and the high air flow rate, corresponding to
superficial velocities at inlet temperature of uy = 1.23 m/s and 2.63

m/s, respectively. Taking into account that the incipient fluidization
velocity for the wet product 15 somewhat larger than for the dry one -
e somewhat farger than the previously mentioned u, = 0.55 m/s - we

see that our bypass ratios cope well with eqs (6),(7). Note that the
program implementing the fluid bed model can follow up the change of
u_and v with decreasing solids moisture content X. However, no use of

this option has been made n the present work. Instead, the values of v
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= 0.10 resp 020 have peen kept constant throughout the drying
process

- A number of mass transfer units between suspension and
bubbles of NTUj= | has been used throughout the calculations. This 1s

located well in the middie of what is known from the literature on
this subject for our actual conditions [12,14].
- The parameters v and NTU, have been rather set on the basis of

ex1sting literature than fitted Real fitting took place only In respect
of the number of units for particle-to-fluid mass transfer NTUg.

Values of NTUg = 1.5 to 40 have been obtained, see Figs 11, 12,
depending on the static bed height hy. These can be assessed best when
converted to Sherwood numbers Shy = Bgd/ﬁ and plotted against the
Reynolds number Re, = uod/vg; (& diffusion coefficient and vy
kinematic viscosity in the gas). Results are shown inFig. 13, as open
cicies Note that three different Shg-values are obtained at each
Reynolds number, because a residual influence of bed height h, is still

present. Such an impact 1s 'theoretlcaHy not permitted and could,
actually, have been eliminated in the fitting procedure without
significantly disturbing the overall agreement with the measured fluid
bed drying curves In Fig. 13 predictions according to the
vDi-warmeatias [16) for a single sphere (porosity = 1) as well as
for a packed bed of spherical particles (y = 0 40) are also depicted
tsohid lines} In the same time the findings of several authors for fiuid
beds, as collected by Schwarzbach [10], are represented by the shaded
area The following should be pointed out:

e Our :hq—values for.aluminum silicate are in good rompany of many

other results from the titerature. However, the agreement should not
be overestimated since differences exist in the experimental methods
and in the models used for evaluation.

e The Sherwood numpers are significantly lower than the predictions
of VDI-Wérmeatlas [16]. Using the latter a satisfactory derivation of
fluid bed drying kinetics from single particle data could not be
attained.

e The small Sherwood numbers can not be explained by bypassing as
suggested in [10,17]. Though bubbling is explicitely accounted for in
the model, small Sherw¢od numbers are still necessary.
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FIGURE 13. Particle-to-gas Sherwood numbers Shg.

e Axlal dispersion in the suspension gas can neither explain the
deviation from the single particle curve completely. Respective
calculations have been conducted by using the ideal backmixing
version of the model and will be presented elsewhere. The results of
these calculations could not be brought into satisfactory agreement
with the measured fluid bed drying curves. In this context differences
In the tehaviour appear to exist between fluid and fixed beds (compare
with [18)]).
e A thorough satisfying theoretical explanation of gas-side mass
transfer in fluid beds can nol be given at this time.

For the technical product accurate fluid bed drying curves can
also been obtained, as illustrated in Fig. 14 (¢corresponding to Fig. 9).
To this purpose, again, the full, heterogeneous fluid bed mode! must be
used. NTU; has been kept at the reasonable value of NTU; = |. And, the

bypass ratio 1s v = 0 10, coptng well with egs (6),(7). In this context,
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FIGURE 14. Measured and calculated fiuid hed drying curves for
techmcal proauct

note that flindization of the wet product wil set on at a larger
velocity than the ! 1 m/s mentioned previously for the dry one

In the beginning of drying the particie-to-gas mass transrer
units pave been Nntted to NTUql = 14,25 and 40, depending on static
bed height hy. The same values have been used also for measurements
at the Jarger injet air temperature of Tq iq = 80 O (not shown here)

In this way, six Sherwaood numbers result which are plotted in Fig. 13
with open squares. Again, a small influence of bed height is still
present in Shg. This could have been eliminated without impacting the

quality of fit sigmficantiy One important difference to alumipum
stlicate 15 that, now, the Sherwood numbers lie there, where fluid bed
data are expected to be. Namely, between the vDI-Warmeatlas
predictions for a packed bed (y = 0.40) and a single sphere (y = 1). This
1S due 1o the fact that the Reynolds numbers are considerably higher
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for the technical product. Similar findings have been reported by
various authors (see [10], among others)

Anofher important, tnough disappointing, difference from
aluminum silicate is that we could not describe the entire fluid bed
arying curves of the technical product by a constant NTUg (or Shg)_ At

the end of drying NTUg had to be reduced by a factor of about 4 down to
NTUq2 = 03, 0.6 and 0.9 In the region of medium soilds moisture
contents tat about 0.4 ¢ X < 0.5) linear interpalation between NTUg,
and NTUgg has been practiced. Only in this way the characteristic

shape of the fluid bed drying curves of Fig. |4 and the good agreement
with the measurements could be attained.

We attribute this effect to the highly non-spherical shape of the
particles in combination with the very large change of moisture
content during drying. Note that initially about 1.2 kg water
correspond to about 1 kg of the dry product. As a consequence, the
particles experience a large change of their mass distribution and
rotational rmomentum during drying. Because of particle shape
rotational movement is very important in the fluid bed, so that 2
change of gas-side mass transfer kinetics may be anticipated during
the drying phenomencn. On the other hand, a deviation between the
particle-side kinetics measured with static or almost static particies
(on the analytical balance or In the drying channel) and the drying
kinetics of particles swept and turned around by the gas flow in the
fluid bed i3 also probable.

The 1atter explanation would impact the validity of our scale-up
and scale-down procedures as discussed in the introduction. However,
it should be clearly kept in mind that our present technical product 15
rather exceptional. In the large majority of cases particies will be
smaller, drier and more spherical, Consequently, most products will be
rather like aluminum silicate and, thus, susceptible to the
"doutle-scaling procedure”

CONCLUSION

Two aspects characterize the present work In comparisen with
previous lhterature
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- The concept of a normalized single particie drying curve has been
integrated Into a heterogeneous fluigd bed model
- Drying curves have been measured for both single particles and fiud
peds Two different products nave been used In the experimental
mvestigarions '

On this basis the following nas been concludea
- It 15, 1n general, possible to predict flind bed drying kinetics from
normalized single particle data with the help of a fluid bed model
- Dirficulties arise with parricles having a low sphericity and a large
initial moisture content. Such particles may show a differeni drying
penaviour when static than 1n the fiuig beq
- In the fiuid bed model bupbling should be accounted for Simpler
Versions (homogeneous, inactive bypass) are not surficient
- The ratio v of air flow rate 23signed to the pubbles a3 well as the
numper of umits for mass transter netween fhe suspension and the
bubbles NTU, which are necessary to predict our fluid bea data are

well in the range indicated by general fluidization literature for thesze
quantities.

- Sherwnod numbers Shg for particle-to-fluid rmass transier 10 the
rlod bed are, in the region of low Reynolds numbers, consideraply
amaller than the values valid for 31ngie particles

- The above effect, which nas been nften reported 1n hiteratyre, s
usually attributed to bypassing. This explanation does not appear to be
satisfactory, since bubbling and bypassing nave been evpiicitely
accounted for in the present model.
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SYMBOLS

A total particle surface area, m<
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total bubble surface area, m-

particle diameter, m
static bed height (without fluigization), m

drying rate of fiuid bed, kg/(mzh)

fluid bed drying rate at saturation of outlet air, kg/(m<h)
reduced drving rate of rluid bed, eq.(%), -

sirgle particle drying rate, kg/(m2h)

single particle drying rate 0 the first drying period,
kg/{mZ2h) -

mass flow rate of dry gas (air), ka/min

number of units for particle-to-fluid mass transfer, -
number of mass transfer units between suspension and

bubble phase, -
inlet gas tair) temperature, K

superficial flow velocity, m/5

superficial veloctty at incipient flutdization, m/s
ratic of air fiow through the bubble phase, -
excess air flow ratio, eq.le), -

solids moisture content, kg HoO/kg dry sohids
critical moisture content, kg H0/kg dry solids
equilibrium moisture content, kg H-0/kq dry solids

mass transfer coefficient corresponding to NTUg, m/s
mass transter coefficient corresponding to NTU;, m/s

difusion coafficient, m2/s

normalizeq sohids moisture content, eq.(2), -
normatized drying rate, eq(| )h—

kinematic viscosity of gas, m</s

gas density, kg/m3
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