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Abstract 

The influence of diameter dispersity on the drying rate curve during vacuum contact drying of multigranular packings 
is discussed. Experimental investigations have been carried out in a disc dryer using free flowing bi- and polydispersed 
packings of porous granular material. The theoretical evaluation is based on an extended version of the penetration 
model introduced by Mollekopf and Schliinder for packings of equal particles. De-mixing occurring during mechanical 
agitation seems to be of great importance for the drying process. In order to calculate drying rates the de-mixing 
patterns must be known. These patterns can differ depending on the geometry of the apparatus. 

Kurzfassung 

Der Einfluss der Dispersitlt des Schiittgutes auf die Trocknungsverlaufskurve bei der Vakuum-Trocknung in Kontakt- 
apparaten wurde experimentell und theoretisch untersucht. Rieselfahige bi- und polydisperse Schtittungen aus 
kapillarporosen, keramischen Partikeln wurden in einem Tellertrockner getrocknet. Zur Beschreibung der Versuchs- 
ergebnisse ist das von Mollekopf und Schliinder fur monodisperse Schiittungen eingeftihrte Penetrationsmodell 
erweitert worden. Es stellte sich heraus, dass bei der Kontakttrocknung polydisperser Schiittungen eventuell auftretende 
Entmischungserscheinungen die Trocknungsverlaufskurve stark beeinflussen. Das gleiche gilt fur Schiittungen, deren 
Partikeln sich in Dichte, Form oder Beschaffenheit unterscheiden. Urn solche Einfliisse rechnerisch zu erfassen, miissen 
die von der Bauart des Trockners abhlngigen Entmischungsmuster bekannt sein. 

Synopse 

Die Vakuum-Kontakttrocknung wird gewohnlich 
in Teller- oder Trommehtpparaten durchgefihrt, wobei 
die Schuttung mechanisch durchmischt wird. Zur Aus- 
&ung solcher Kontaktapparate beniitigt man 
Trocknungsverlaufskurven. Eine Methode zur Voraus- 
berechnung dieser Trocknungsverlaufskurven wurde in 
dieser ZeitschrifI ausfChrlich prtisentiert (Schliinder und 
Mollekopf, ref 5). Diese Autoren nehmen an, dass von 
den Warmeiibergangs- und Stofftransportwiderstanden, 
die bei der Vakuum-Kontakttrocknung van Bedeutung 
sein konnen (Bild I), nur der Kontaktwiderstand 
zwischen Heizfl&he und Schiittung IICY,, sowie such 
der W&meeindringwiderstand der Schiittung ~/cQ, mass- 
geblich sind. Der Wriimeeindringwiderstand der Schiittung 
ist eine Funktion der Intensitdit der Durchmischung, die 
mit einer Mischgiite-Kennzahl Nmix beschrieben wird 
(Gl. (1)). Nmix ist eine rein mechanische Eigenschaft des 
Systems und wurde fiir verschiedene Trocknerbauarten 

anhand von Messungen ermittelt. Zur Berechnung von 
(Y,,, wird die Neumannsche L&ung der Fourierschen 
W&meleitungsgleichung herangezogen. Ziel dieser Arbeit 
ist es, dieses Modell, such Penetrationsmodell genannt 
(Bild 21, fir bi- und polydisperse Kugelschiittungen zu 
en&tern. Fiir solche Falle, bei denen das zu trocknende 
Granulat eine merkliche Durchmesserdispersitat aufiveist, 
sind weder experimentelle Untersuchungen noch 
theoretische Berechnungsansatze bekannt. 

Bei polydispersen Schuttungen wird grundsatzlich 
zwischen stochastisch homogenen und unterstochas- 
t&hen Schiittungen unterschieden. Bei einer stochastisch 
homogenen Schuttung ist die lokale Zusammensetzung 
uberall die gleiche, bei einer unterstochastischen ist diese 
Bedingung nicht gewiihrleistet, d.h. es treten Ent- 
mischungserscheinungen auf 

Das Zumischen feinen Granulats in eine grobe 
Schiittung sollte eine erhebliche Verbesserung der 
Trocknungsgeschwindigkeit bewirken, falls der Zustand 
stochastischer Homogenitdt vorliegt (Bild 5). Die 
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iYocknungsverla.ufskurven in Bild 5 sind mit dem 
unveninderten Penetrationsmodell berechnet worden. 
Es wurden geeignete Armitze verwendet, urn den Einfluss 
der Schiittungszusammensetzung auf die Warmeleit- 
fihigkeit (I 01, auf die Schiittungsporositat bzw. -dichte, 
(II, I2j und Bild 3, sowieauchaufden Warmeiibergangs- 
widerstand Wand-Schuttung, Bild 4, zu beriicksichtigen. 

Es stellt sich die Frage, ob unter praktischen Dock- 
nungsbedingungen eine polydisperse Schuttung als 
homogen angesehen werden darf Urn diese Frage zu 
beantworten, wurden experimentelle l/ntersuchungen 
durchgefuhrt. Es wurde ein absatzweise betriebener 
Tellertrockner mit einem Heizplattendurchmesser von 
240 mm verwendet. Als Riihrorgan diente ein zweiarmiger 
Besenriihrer (Bild 7). Die Versuchsanlage ist im Bild 6 
schematisch abgebtiet. Beim Versuchsmaterial handelte 
es sich, wie such bei ftiheren Untersuchungen(l5, 4, I], 
urn kapillarporose, kugelfonnige Aluminiumsilikat- 
partikeln im Durchmesserbereiah von 0,4 bis 5.0 mm. 
Dieses Material i*st kaum hygroskopisch und wurde 
immer in rieselfahigem Zustand in die Anl;zge eingespeist. 
Es wurden bkiisperse und polydisperse Schuttungen bei 
konstanter Heizplattentemperatur, Kammerdmck und 
Riihrerdrehzahl getrocknet und die IYocknungsverlaufs- 
hurven aufgenommen. 

Typische gemessene Trocknungsverlaufskurven fiir 
bidisperse Schiittungen sind in den BiIdern 11 und 13 zu 
sehen. Die I/e&ii&e sind gmndsatzlich verschieden von 
den im Bild 5 dargestellten berechneten Kurven. Der 
Grund dafur sind stark ausgepragte Entmischungs- 
erscheinungen, die im Tellertrockner auftreten. Die 
Entmischung hat den Charakter einer weitgehenden 
Schichtung, wobei das feine Granulat die Heizjhiche 
belegt und das grobe dariiber liegt. Dieses Verhalten 
konnte such optisch sehr gut beobachtet werden 
(Bild 12). Polydisperse Schiittungen weisen einen 
ahnlichen Trocknungsverlauf wie die bidispersen auf 
(Bild 14). 

Von der Annahme ausgehend, dass die Entmischung 
den Charakter einer vollkommenen Schichtung der 
zwei Einzelfraktionen hat, kann man den gesamten 
Trockungsvorgang in zwei Bereiche unterteilen. Im 
ersten Bereich trocknet die feine Schicht aus; das 
urspriingliche Model1 ist unmittelbar anwendbar. Im 
zweiten Bereich muss die War-me durch die schon 
trockene, durchmischte Schicht aus feinen Partikeln an 
die in der groben Schiittung wandemde Trocknungs- 
front iibertragen werden (s. Bild 16). Eine leicht 
abgeanderte Form der Neumannschen Lbsung kann 
angewendet werden, und der Trocknungsvorgang ist im 
Rahmen des Penetrationsmodells berechenbar. Zur 
Wiedergabe der Versuchsergebnisse (durchgezogene 
Linien in den Bildem 17(a)-(c) (s. such Lit. 1411, 
wurde der Wtirmeeindringkoeffizient der feinen Schicht 

%b, f dry (Gl. (6a)) ‘t ml einem Korrekturfaktor versehen 
(Gl. (I 6b)). Dieser sol1 der Abweichung der Realitat vom 
angenommenen Zustand der idealen Schichtung 
Rechnung tragen und hatte fir alle Versuche den Wert 2. 
Die zur Erfassung des Einjlusses der mechanischen 
Durchmischung notwendigen N,,,i,-Werte fir die g-robe 
und die feine Schicht (Gln. (I 6a) und (16b)) wurden von 
Versuchen mit den entsprechenden morwdispersen 

Schiittungen iibernommen (Bikier 8, 9 und 10 sowie 
such Tabelle I). Diese Werte sind ausserdem von experi- 
mentellen Daten bei der Warmetibertragung an trockene 
durchmischte Schiittungen (8,15/, sowie such bei der 
Kontakttrocknung in Inertgas-Atmosphere / 9 J fir den 
eingesetzten Trockner und das Riihrorgan belegt. 

Im letzten Abschnitt werden die aus der Literatur 
bekannten /I 6J, in einem Trommeltrockner auftretenden 
Entmischungsmuster diskutiert und mogliche Wege der 
Vorausberechnung der T?ocknungsverlaufskurve unter- 
stochastischer Schiittungen in solchen Apparaten kun 
angesprochen. 

1. Introduction 

In contact drying the heat needed to vaporize the 
water or other liquid is transferred to the particulate 
material through a wall. Contact drying is commonly 
carried out in disc dryers and in drum dryers. In order 
to achieve unifomr drying the particle layers are 
agitated mechanically. The agitating elements in a disc 
dryer are stirrers, scrapers or paddles. There are rotating 
drum dryers with or without additional stirring elements 
as well as static drum dryers with flyers inside. Contact 
dryers can be run without an inert gas atmosphere 
(vacuum contact drying). This may be advantageous in 
many cases or imperative. 

For the design of all kinds of contact dryers the 
‘drying rate curve’, which correlates the drying rate 61 
(in kg vapour per m2 hot surface area per hour) with the 
average moisture content X of the product (in kg liquid 
per kg dry material) is needed. The drying rate is 
apparently affected by both the heat supply and the 
vapour removal. In general, the heat supplied must over- 
come three heat transfer resistances: the contact 
resistance at the hot surface, the penetration resistance 
of the bulk, and the penetration resistance of the 
particle. On the other hand, the vapour to be removed 
must overcome two mass transfer resistances: the 
permeation resistance of the porous particle and the 
permeation resistance of the bulk. In the absence of 
inert gas, the mass transfer resistances are flow 
resistances. For a non-agitated packed bed all the above- 
mentioned resistances lie in series (Fig. 1). However, if 
the particulate material is mechanically agitated, we 
expect a random distribution of dry, partly wet and wet 
material, thus forming a random distribution of transport 
resistances partly in series and partly in parallel. 

In order to describe the rather complicated situation 
by a suitable model, all authors take into consideration 
some of the resistances which are assumed to be rate 
controlling. The classical approach is that of the single 
sphere. A sharp drying front is supposed to move into 
a spherical particle which is considered as representative 
for the whole bed. The heat and mass transfer resistances 
in this particle are supposed to be rate controlling. 
An additional heat transfer resistance from the heating 
surface to the particle can sometimes be identified as 
a contact resistance. Other authors try to introduce in 
this resistance penetration terms which must be 
empirically correlated [l-3]. 
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Fig. 1. Heat and mass transfer resistances in contact drying. 

The model of the single sphere may be appropriate 
for very coarse particles and very high inner resistances. 
In all other cases another approach introduced by 
Mollekopf and Schliinder [4,5] seems to describe the 
process better. This model, sometimes called the 
penetration model, will be the basis of this paper and is 
therefore briefly outlined in the next section. Thereafter 
this model, which was initially derived for monodispersed 
material, is extended to multigranular packings. The 
restrictions of the material being free flowing and not 
hygroscopic remain. 

2. The model for monodispersed packings 

Mollekopf and Schhinder [4,5] regard vacuum 
contact drying of free flowing mechanically agitated 
particulate material as a purely heat transfer controlled 
process. They consider the contact resistance at the 
hot surface and the penetration resistance of the bulk to 
be rate controlling. 

The contact heat transfer coefficient 01,~ can be 
predicted from first principles [S, 61 and is a strong 
function of the particle diameter. Its value remains 
constant with good accuracy during a drying process 
at constant pressure and heating plate temperature and 
sets an upper limit for the drying rate. 

Unlike 1 /oW8, which is completely independent of 
mechanical agitation, the bulk penetration resistance 
l/o,,, is a function of mixing intensity. Hence, in order 
to evaluate osb a model adequately describing the effect 
of random particle motion is needed. For this purpose 
Mollekopf and Schliinder use the so-called penetration 
theory. The steady mixing process is replaced by a 
sequence of unsteady mixing steps. During a certain 
(fictitious) period of length t, the bulk is static. 
A distinct drying front penetrates from the hot surface 
into the bulk. Between the moving front and the hot 
surface all particles are dry; beyond the front all particles 

are wet. When the static period ends at t = tR the bulk 
is perfectly mixed. Thereafter, the drying front moves 
again into the bulk. This time, however, there are some 
particles which have already been dried during the first 
period. This situation is illustrated in Fig. 2. Assuming 
that the packed bed may be considered as a quasi- 
continuum obeying Fourier’s law of heat transfer, one 
can make use of Neumann’s solution to calculate the 
location of the drying front, the transient temperature 
profiles, the bulk penetration resistance and finally the 
drying rate during each static period. The overall heat 
conductivity of the dry packed bed, hi,& needed for 
the calculation can be predicted from standard equations 
r5,71. 

The remaining problem is to estimate the length of 
the fictitious static period. This length tR is postulated 
to be a function of the time scale of the mixing device 
(reciprocal stirrer speed in mm-‘, drum revolutions 
per unit time, etc.) and has been defined as 

tn = tmrxNmi* (1) 
The quantity Nmix, the so-called ‘mixing number’, is a 
mechanical property of the mixing device connected 
with the mechanical properties of the product, and a 
function of the time scale of the stirrer. It must be 
fitted to experimental results. Nmix simply says how 
often the mixing device must have turned around before 
the product has been ideally mixed once (within the 
scope of the penetration model). 

The model briefly outlined above yielded very good 
agreement between experiment and calculation for 
numerous drying rate curves measured in various 
contact dryers. The pressure was varied between 1 and 
200 mbar, the overall temperature difference between 
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Fig. 2. Illustration of the contact drying model for mono- 
dispersed material. 
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10 and 200 “c, the particle diameter between 170 and 
6600 ym and the speed of the stirrer betpeen 0.2 and 
130 rev min-‘. The granulate material dried was 
magnesium silicate, aluminium silicate, Perlkontakt and 
PVC. The mixing number was found to lie between 2 
and 25 and has been correlated for each dryer type to 
the Froude number. The same values of Nmix can be 
used to describe the heat transfer from the surface of 
immersed bodies to stirred beds of dry particulate 
material [8], as well as for contact drying in an inert gas 
atmosphere [9]. 

3. Contact drying of multigranular packings 

In order to apply Neumann’s solution to calculate 
the drying rate, the properties of the dry bed, such as 
the density pbed, the specific heat capacity c’,,~ and the 
effective thermal conductivity Abed, must be constant 
(independent of temperature and independent of the 
length coordinate perpendicular to the heating surface). 
The same must be valid for the product X Ah,, which 
describes the intensity of the latent heat sink in the wet 
bed. In the following we shall discuss whether these 
assumptions are fulfilled in the case of multigranular 
packings. We distinguish between stochastic homoge- 
neous and understochastic (inhomogeneous) packings. 

3. I. Stochastic homogeneous multigranular packings 

A multigranular packing is said to be stochastic 
homogeneous if the probability of a particle lying at a 
specific location in the bed is the same for all possible 
locations. From this definition it follows that all physical 
properties of such a packing are independent of the 
length coordinate. Neumann’s solution can thus be used 
to predict the bulk penetration coefficient and the 
drying rate. One should, however, dispose of adequate 
equations for the calculation of the dispersity dependent 
properties of the packing. Such properties are the 
effective thermal conductivity Abed, the density pbed or 
the corresponding bed porosity $, and the wall-to-first- 
particle-layer heat transfer coefficient (Y,,. 

3.1.1. Prediction of X,,, li/ and 01,~ for homogeneous 
multigranulur packings 
To predict the heat conductivity of the dry bulk 

material, the method introduced by Bauer and Schliinder 
was used. In ref. 10 calculated values of the overall heat 
conductivity of binary mixtures of spheres are compared 
with measured values. For a constant volumetric com- 
position of the mixture the number of contact points 
between spheres and consequently the heat conductivity 
of the bed increases with increasing diameter ratio of the 
fractions involved. For a constant diameter ratio the 
number of contact points changes with the composition 
of the mixture, so that in each case a maximal value is 
attained. 

A model first proposed by Wise [l I] (see also ref. 12) 
was used for the calculation of the bed porosity. Assum- 
ing that all spheres touch their neighbours the structure 
of a random packing of spheres of different size can be 

reduced to a system composed of known tetrahedral 
sub-units. The frequency distribution of these sub-units 
can be calculated from the sphere size distribution using 
simple statistics and geometry. The overall porosity is 
then given by the sum of the porosities of the individual 
tetrahedra weighted by their relative frequencies. The 
absolute values obtained are unrealistically low, but can 
be corrected using a multiplying factor to simulate a 
moving apart of all the spheres. When corrected in this 
manner, the model yields at least a qualitatively correct 
description of the relatively well-known variation of the 
porosity with composition for binary mixtures of 
spheres. The porosity of the packing is maximal for 
equal spheres ($ = 0.40), diminishing with any distribu- 
tion in particle size. 

Plotting the porosity of a binary mixture over the 
mixture proportion yields non-symmetric V-curves. The 
addition of a few small spheres to a packing of large ones 
produces a large change in porosity. This change is all 
the more marked the greater the diameter ratio. The 
model briefly outlined tends to underestimate the 
porosity of beds containing a small amount of fines 
(see Fig. 3), although it has been regarded as advanta- 
geous in comparison to other more exact approaches 
(see ref. 13), because no fitting on experimental data 
is needed. The calculation for polydispersed packings 
becomes cumbersome. In order to save calculational 
effort such packings have been simulated by bidispersed 
ones (see also ref. 14). 

A very similar method has been used to predict the 
heat transfer coefficient 01,~ of bidispersed stochastic 
homogeneous packings. The elementary unit of the 
structure in this case is an orthogonal triangular prism. 
The contact heat transfer coefficient calculated in this 

Fig. 3. Porosity of binary mixture of particles. Calculated 
porosities (from ref. 12, Fig. 5) compared with measured data 
from ref. 13. o, d,/df s 2; l , d,/df = 4; -, limiting CUIWS 
according to ref. 13 ; - - -, calculated according to ref. 12. 
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way is a monotonically increasing convex function of 
the proportion of fine-grained product in the mixture 
(Fig. 4). Although experimental values of 01,~ for such 
cases fail, the calculated curves appear to be reasonable. 

Fig. 4. Calculated wall-to-bed heat transfer coefficients for 
stochastic homogeneous packings of unequal spheres. Qf is the 
amount of tines in the packing. oiws, f is the heat transfer coeffi- 
cient to the monodispersed bed of fine granulate. 

3.1.2. Calculated drying rate curves for stochastic 
homogeneous multigranular packings 
Figure 5 shows calculated drying rate curves for a bi 

dispersed stochastic homogeneous packing. Qi is the 
mass proportion of fines in the packed bed. For Qt = 0 
we have the drying rate curve of the coarse granulate. 
Adding fine product causes a rapid increase of drying 
rate (see curve for Qi = 0.05). This can be explained 
with the increased density, thermal conductivity and 
contact coefficient of the bidispersed packing in com- 
parison to the coarse monodispersed one. A maximal 
drying rate is attained for a Qf of about 0.45. Further 
addition of small particles to the mixture results in a 
decrease of the drying rate. This effect is due to the 
effective bed conductivity and the bed density decreasing 
after having reached a maximum. For Qi = 1 we obtain 
the drying rate curve of the fine product. 
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Fig. 5. Calculated drying rate curves for several stochastic homo- 
geneous bidispersed packings. 

The behaviour illustrated in Fig. 5 could be of great 
practical interest, for mixing of small particles in a bed 
of coarse material would drastically diminish the time 
or heating area required to accomplish the drying duty. 
It must, however, be borne in mind that this is the case 
only if the stirring device can provide and maintain a 
random distribution of particles in the bed. In the 
following sections, whether or not this is likely to 
happen in conventional technical apparatus will be 
discussed. 

3.2. Understochastic multigranular packings 

When the particles composing a mixture differ in size 
and/or density, mixing is accompanied by de-mixing. 
Continued operation of the mixer leads to an equilibrium 
state in which the components are in most cases partially 
separated. We shall call such packings understochastic. 

A multicomponent packing in a contact dryer is very 
likely to be understochastic. This would have the 
following consequences: 

(1) The physical properties of the packed bed, such 
as density and thermal conductivity, would be functions 
of the distance from the heating plate. 

(2) The mixing at the end of the contact time assumed 
by the penetration model would no longer be able to 
level the moisture profile. The moisture content, and 
consequently the intensity of the heat sink, would thus 
be a function of the distance from the heating plate. 

Under such circumstances Neumann’s solution cannot 
be applied to calculate the drying rate. In order to 
develop a model predicting the drying rate curve, 
information about the exact character of de-mixing is 
necessary. This will obviously depend on the type of 
dryer used. The following sections contain a detailed 
experimental and theoretical investigation of a disc dryer 
and a brief discussion about drum dryers. 

3.2.1. Experimental set-up 
The experimental investigations reported have been 

made with the apparatus shown in Fig. 6 (also see refs. 
1, 4 and 14). The drying is carried out in a tubular 
container (2). The bottom of this container consists of 
an aluminium plate with a thickness of 5 mm and a 
diameter of 240 mm, which can be heated by an 
electrical resistor (4). In order to avoid heat losses a 
second heating plate is situated below the first one and 
is kept at the same temperature. For this reason also, 
the side walls of the container are insulated. The con- 
tainer is placed on a pneumatic device and can be 
moved down onto a balance (3). In this manner the 
drying rate can be calculated from the mass change of 
the entire packing. This procedure excludes mistakes 
connected with collecting samples and is thus especially 
advantageous for the multigranular packings used in this 
investigation. Container and balance lie in an autoclave 
(1) in order to maintain an atmosphere without inert 
gas. The granulated product can be mechanically 
agitated by a stirrer (6) driven by an electric motor (5) 
through a vacuum-tight coupling (7). The periphery 
mainly consists of two vacuum pumps (15, 16) and two 
methanol-cooled condensers (17), to remove the vapour 
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1 

Fig. 6. Experimental set-up (disc dryer). 

during the drying process. The methanol is pumped from 
a storage vessel (19) through two cryostats (18) to the 
condensers. The temperature of the heating plate and 
the pressure in the autoclave can be held constant for 
the duration of a run. 

The stirrer shown in Fig. 7, equipped with bristles 
directly contacting the heating surface, was used as 
the agitating unit. This provided a good mixing intensity 
and minimized the grinding of particles between stirrer 
blade and heating plate. 

Fig. 7. Stirring equipment (bristle stirrer); dimensions in mm. 

3.2.3. Measured and calculated drying rate curves of 
monodispersed packings 
In Figs. 8-:O some measured drying rate curves of 

monodispersed packings are compared with calculated 
ones. The parameter in the runs shown in Fig. 8 is the 
particle diameter. The drying rate for fine material is, 
as expected, much higher than that for coarse material. 
This results from the contact heat transfer coefficient 
strongly increasing with decreasing particle size. Figure 9 
shows the effect of heating temperature on the drying 
rate curve. The runs depicted in Fig. 10 demonstrate 
how intensification of product mixing affects the 
drying rate. The effect of mixing on the drying rate is 
low when the actual drying rate comes close to the 
maximal one. This is the case for coarse-grained material. 
For such material the contact resistance is rate control- 
ling. The drying rate of fine product is, on the contrary, 
rather sensitive to variation of the mixing intensity. 
The bulk resistance of a file-grained packing tends to 
become drying rate controlling (for more details see 
ref. 5). The values of Nmix used for the calculation are 
presented in Table 1, 

The values for PZ = 15 min-’ were fitted to experi- 
mental data. In order to determine ivmix for other stirrer 

” 

0 0.05 0.1 0.15 
X 

a2kg Hz0 Q25 

kg dry mat. 
Fig. 8. Influence of particle diameter on the drying rate curve of 
monodispersed packings. 

3.2.2. Material 
The granulated material used for the experiments 

was porous aluminium silicate with a diameter range of 
0.4 to 5.0 mm. Narrow fractions of this material gained 
by sieving were regarded as monodispersed and used to 
produce bi- and polydispersed packings. The density of 
dry monodispersed beds, slightly varying with the 
particle diameter, was about 1000 kg mm3 and the 
specific heat capacity about 800 J kg-’ K-‘. The 
particle porosity, being a weak function of particle 
diameter, was about 0.33, the thermal conductivity of 
the particles was estimated as 1.0 W m-l K-’ and the 
particle roughness as 2.5 pm. The mean pore diameter, 
measured by means of mercury porosimetry, was found 
to be about 0.6 m. In order to guarantee the flowability 
of the heap, the surface moisture of the particles was 
removed before each run. 

0 0.05 0.1 0.15 
X 

‘.’ kg I420 a’5 

kg dry mat. 

Fig. 9. Influence of hot surface temperature on the drying rate 
curve of monodispersed packings. 
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Fig. 10. Influence of the number n of revolutions of the stirrer Fig. 11. Measured drying rate curves of bidispersed packings: 
on the drying rate curve of monodispersed packings. variation of the composition of the packing. 

TABLE 1. Values of Nh used to calculate drying rate curves 
of monodiiersed material 

n (min-1) d (rm) 

4353 2413 1120 525 

30 19.8 4.0 4.0 
15 15.0 10.0 3.0 3.0 

1 5.1 - _ 1.0 

velocities the correlation given by Mollekopf [4] for 
disc dryers was used. The mixing quality obviously 
depends on the particle diameter. This dependency is 
not due to flow or heat penetration resistances in the 
interior of particles, It is, on the contrary, a mechanical 
property of the stirring device used here, and was not 
observed for other forms of agitators. The value of 
Nmi, for fmegrained material is almost the same as that 
used by Schliinder [8] in order to correlate heat transfer 
measurements made by Wunschmann [ 151 in an identical 
disc apparatus equipped with a bistle stirrer. 

3.2.4. Drying rate curves of bi- and polydispersed 
packings 
The upper curve depicted in Fig. 11 is the drying rate 

curve of a fine-grained monodispersed packing (d = 
0.525 mm) and the lower the drying rate curve of a 
coarse-grained one (d = 4,353 mm). The remaining three 
curves are drying rate curves of bidispersed packings 
produced by mixing of the fine and the coarse mono- 
dispersed granulates in various mass proportions. The 
drying conditions were the same for all runs in Fig. 11. 
These results are typical for the form of drying rate 
curves of bidispersed material in the disc dryer. The 
drying rate, being at the beginmng of drying almost 
equal to that of fine-grained monodispersed product, 
decreases more or less steeply with decreasing moisture 
content of the bed. A bend-point can be observed in all 
three curves. The location of this point is obviously 
directly proportional to the proportion of fine product 
in the bed. The drying rate after the bend-point keeps 

I 
P = 20 mbor bristle -stirrer 
Tw = 60.6 OC n : 15 llmin 

15 I I I o-0 q 

kg Hz’J X- kg dry mat. 

on decreasing, at first slowly and then for small moisture 
contents more steeply, approaching null at the end of 
drying. 

The form of the measured drying rate curves is 
obviously radically different from that expected for 
stochastic homogeneous packings. The mechanical 
agitation of multigranular packings in a disc dryer is 
evidently accompanied by de-mixing leading to a 
strongly understochastic packing. Visual observation of 
the packed bed revealed a far-going segregation of the 
two monodispersed fractions. The fine particles formed 
a layer lying on the heating plate and blocking it to 
coarse material (Fig, 12). ‘Ibis observation can be used 
to explain the form of the drying rate curves, being 
divided into two rather distinct regions. In the first 
region the drying rate is dictated by the drying of fine 
product in contact with the heating plate, in the 
second by the drying of coarse particles, the fine ones 
having already been dried out. 

Fig. 12. De-mixing of a binary mixture of spherical particles in 
a disc apparatus photographed through the bottom of the con- 
tainer (IJ = 240 mm). The packing was stirred by a bristle stirrer 
(Fig. 7) with a velocity of 15.0 rev min-‘. It contained fine 
particles (d = 0.525, white) and coarse ones (d = 2.413, painted 
dark). Mass proportion of fines 0.50. The bottom of the con- 
tainer (heating plate of a disc dryer) is almost exclusively 
covered by fine granulate. 
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The assumption of drying taking place in two far- 
reaching distinct regions is supported by the data 
shown in Fig. 13. For the runs depicted with the 
triangles dvy fine product was mixed with wet coarse 
material. The resulting drying rate curves are identical 
to the drying rate curve of the fully wetted packing 
after a moisture content of about 0.12. From the 
practical point of view the question arises whether 
mixing of fine product to a coarse packing would 
increase the drying rate of the latter or not. The 
presence of fme granulate would in all cases considerably 
diminish the contact resistance between wall and 
packing, but would also give rise to an additional heat 
transfer resistance (heat penetration through the fine 
layer) not existing for the monodispersed coarse material. 
The sum of these two resistances is to be compared with 
the contact resistance of the coarse material, and can, 
in principle, be lower or higher than this. For the system 
examined in this work the fine granulate generally 
caused a slight improvement in the drying rate of the 
coarse one (see Fig. 11 and ref. 14). 
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Fig. 13. Illustration of the initial moisture content of fine- 
gmined product having no influence on the drying rate of coarse 
material, during contact drying of bidispersed packings in a disc 
dryer. 

20 I ril bristle - stirrer 
A I 
m*h 1 P=20n!bor.T,+=60.6’C .n=lS llmin 

15 fraction - I I I 
0 c 

rb. cl 

0 b 4 . 
lO-- 

. 1-L 
OAA- 

0 0 

P 
beA q  q  

5- &B&++ 
.O D 

Q’Q@ Q,.O.S d, = 0.525 mm . 
d, = L.353 mm 

0 I I 
0 0.05 0.1 0.15 0.2 025 

X kg H$ 
kg dry mat 

Fig. 14. Measured drying rate curves of polydispersed particulate 
material in a disc dryer. 
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Fig. 15. Composition of the polydispersed packing, whose drying 
rate curves are shown in Fig. 14. 

Figure 14 shows drying rates obtained for some poly 
dispersed packings. The composition of the packings is 
depicted in Fig. 15. The form of the curves is very 
similar to that of bidispersed material (compare the 
drying rate curve of packing a to that of the bidispersed 
one). 

3.2.5. Model of contact drying of hidispersed packings 
in a disc dryer 
Iu order to calculate the drying rate curves of bi- 

dispersed packings in the disc dryer we idealize the 
existing de-mixing, and assume a complete stratification 
of the two fractions. We further subdivide the drying 
process into two parts: (1) drying of the fine layer con- 
tacting the heating plate; (2) drying of the coarse layer 
lying on the fine one. These will be discussed separately. 
The boundary between fine and coarse product is 
assumed to be parallel to the heating plate, distinct and, 
during the drying of fine granulate, adiabatic. 

(1) Drying of the ,fine layer contacting the heating 
plate. The drying rate of the packing during this period 
will be equal to the drying rate of the fme layer. The 
process will proceed as if no coarse material exists. The 
solution of Mollekopf and ScNiinder can thus be applied 
in unchanged form. 

(2) Llrying of the coarse byer. The drying rate of the 
packing will now be equal to that of the coarse material, 
We continue to think in terms of the penetration theory 
and attempt to calculate the drying rate for the first 
static period after complete drying out of the fine 
product. At the beginning of this period the fine 
granulate will be at a temperature 7”. o and the coarse 
one at rs (saturation temperature). During the static 
period a drying front is assumed to penetrate into the 
bulk of the coarse material. The situation is illustrated 
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Fjg. 16. The stratification model for the description of contact 
drying of bidispersed packings in a disc dryer. Assumed tempera- 
ture profiles during the first static period after drying out of the 
fine-grained layer. 

in Fig., 16. The general form of the temperature profiles 
on both sides of the layer boundary will be 

Tf=A +Berf ’ 
2G 

(24 

T,=C+Derf ’ 
2&zJ 

Using the boundary conditions 

~-t-=~limT~=T~,~ 

z=zT’Tc=Ts 

and 

.z=O*T,=T* 

and 

x aT, aT, 
bed.e - = Abed.! - 

az az 
one can calculate the constants A, B, C and D: 

A=C= 
Ts+Ferft Tf,, 

1 +Ferf{ 

B= 
Ts - Tf, o 
1 +Ferfc 

D _ FKs - G, 0) 
l+Ferff 

(4) 

F is the ratio of the heat penetration coefficients of the 
two layers 

Pb) 

(34 
(3b) 

(3c) 

(3d) 

(3e) 

(4a) 

(4b) 

with 

(5) 

c is the reduced instantaneous position of the drying 
front, 

{= zT 
b&i3 (7) 

and can be calculated from 

fit exp(J”)( 1 + F erf <) = 
Cbed.cF@f.o- Ts) 

X, AL 
(8) 

The time-averaged heat flux at the layer boundary as 
well as at the drying front can be calculated from the 
gradients of the temperature profie at the respective 
positions. It follows that 

+ + -l(Tf,o - Ts) 
%b, c 

(9 

h, = (fbo exp(-t2) (10) 

The average drying rate during the fictitious static period 
observed can be calculated from ii,*: 

F?i = rirat.lAL (11) 

The decrease in moisture content of the packing is then 

AX = ~t,A/i&. (12) 

The change in the average bulk temperature of the (dry) 
fme product is 

AT _ (cio- 6bo)tRA 

f - Qf*dryCbed. f 

(13) 

with Go the time-averaged heat flux at the heatingsurface 

io= --& + --&z 04) 
5 , 

Assuming that, after perfect mixing, there is no heat 
transfer at all from dry and warm to wet and cold 
particles (see also ref. 4) the change in average bulk 
temperature of the coarse material can be calculated 
from 

AT, = 
(Gbo - 4lat)frtA 

QcMdry(Cbed,c +'k&) 
(1% 

Equations (12) (13) and (15) provide the values of 
moisture content and bulk temperature at the beginning 
of the second static period. The entire drying rate curve 
can thus be calculated stepwise. 

The length of the static period tR can be correlated 
with the time constant of the mixing device using the 
mixing number N,, (see eqn. (1)). In order to avoid 
renewed fitting on experimental data, we make the 
sweeping assumption that Nmix has the same value for 
each layer as for the corresponding monodispersed 
packing (see Table 1). It is then 

(W (169 



(16b) 

Kr is a factor to correct the heat transfer coefficient of 
the fine layer for the deviation of reality from the 
assumed state of perfect stratification. By comparison 
of the calculated and measured drying rate curves the 
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Fig. 17. Measured and calculated drying rate curves of bi- Fig. 18. De-mixing patterns in a rotating drum dryer, as 
dispersed packings in the disc dryer. reported in ref. 16. 

value Kt = 2 was found. This value was used successfully 
to correlate all existing measurements and appears to be 
not only independent of heating temperature and 
pressure, but, for the apparatus investigated, also of 
packing composition and stirrer speed. 

The comparison between measurement and calcula- 
tion is illustrated in Figs. 17(a)-(c) using some represen- 
tative runs. The same method was used with fairly good 
results to predict drying rates of polydispersed packings. 
In order to do this, the polydispersed packing had to be 
divided into two parts, each of them assumed to be 
stochastic homogeneous (see ref. 14). 

3.2.6. Drying of muitigranular packings in the rotary 
drum dryer 
No measurements have been made in a drum dryer. 

We will, however, attempt to discuss briefly the situation 
likely to exist in such an apparatus, the line of attack of 
the problem remaining basically the same. 

The de-mixing of multigranular packings in a rotary 
drum dryer need not and will not be the same as in the 
disc dryer. Possible de-mixing patterns are given by 
Donald and Roseman [ 161 (see Fig. 18). The radial 
de-mixing, depicted in Fig. 18 as pattern A, can be 
interpreted as a sort of series arrangement of mono- 
dispersed or stochastic homogeneous polydispersed 
regions with respect to the heating plate. It is the inverse 
of the case in the disc dryer, for the coarse particles are 
now in contact with the heating wall, thus blocking the 
fine granulate. The coarse granulate should thus dry 
first. Drying of the fme material would follow sub- 
sequently, the drying rate being radically decreased in 
comparison with that of monodispersed fine product. 
The stratification model presented in this paper would 
be suitable for the prediction of the drying rate. 

Pattern C is an axial de-mixing, dividing the packing 
into monodispersed or stochastic homogeneous poly- 
dispersed bands, each of them in direct contact with 
the heating plate (arrangement in parallel). The drying 
rate can obviously be predicted as an average, weighted 
with the corresponding volume proportions or surface 
coverages, of the drying rates of fine and coarse products. 
Pattern B is a hybrid situation between pattern A and 
pattern C. It can be handled as a combination of mono- 
dispersed regions arranged partly in series and partly in 
parallel to each other. According to Donald and 
Roseman the de-mixing pattern predominating depends 
on the static angles of repose of the components of the 
mixture. 

A 0 
Y/h smaller (or heavier) component 

I I 
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4. Concluding remarks 

Contact drying of granular material is commonly 
carried out in agitated units. If the particles of the 
packing differ in size or density, the mechanical agita- 
tion is likely to lead to segregation (de-mixing) of the 
components of the mixture, which will have a strong 
influence on the drying rate curve. Under certain 
circumstances, mixing of dry fme-grained material in 
a bed of coarse-grained product can improve the drying 
rate of the latter. 

bo 

:ry 

The model introduced by Mollekopf and S&hinder 
to predict the drying rate during vacuum contact drying 
of free flowing mechanically agitated particulate 
material can be extended in order to describe such cases. 
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