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Abstract—In this work, simulation algorithms for contact drying 

of agitated particulate materials under vacuum and at atmospheric 
pressure were developed. The implementation of algorithms gives a 
predictive estimation of drying rate curves and bulk bed temperature 
during contact drying. The calculations are based on the penetration 
model to describe the drying process, where all process parameters 
such as heat and mass transfer coefficients, effective bed properties, 
gas and liquid phase properties are estimated with proper 
correlations. Simulation results were compared with experimental 
data from the literature. In both cases, simulation results were in good 
agreement with experimental data. Few deviations were identified 
and the limitations of the predictive capabilities of the models are 
discussed. The programs give a good insight of the drying behaviour 
of the analysed powders. 
 
Keywords—Agitated bed, Atmospheric pressure, Penetration 

model, Vacuum 

I. INTRODUCTION 

ONTACT dryers have been used successfully to dry a 
wide variety of products ranging from food and dairy 

products such as baby food, potato flakes, buttermilk powder, 
and coffee grounds sludge to chemical and other 
miscellaneous products such as carbon black, colloidal clay, 
pigments, peat, and many kinds of sludge. In general, contact 
dryers are drying equipments in which the heating medium, 
e.g. steam, hot gas, thermal fluids, does not come into contact 
with the product being dried. Instead, wet material is dried by 
contact with a heated surface; thus, heat transfer to the wet 
material is mainly by conduction from this surface. Contact 
dryer can, in principle, be operated both in presence of inert 
gas at atmospheric pressure (atmospheric contact drying) or in 
pure vapour atmosphere at reduced pressure (vacuum contact 
drying). A thorough comparison between convective and 
contact dryers in terms of advantages and disadvantages can 
be found in Kemp [1] and Menshutina and Kudra [2]. 
Contact drying may be regarded as an operation controlled by 
the efficiency of heat transfer from the wall to the particulate 
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material [3,4]. Different modelling techniques for contact 
drying simulation have been proposed in the literature. The 
task of models is to reliably describe the supply of heat by 
contact of the assemblage of particles with the hot wall. This 
task can be accomplished either by continuous or by discrete 
models. Continuous models that assign effective properties to 
the bed of particles, especially the penetration model, are the 
present industrial standard. Intelvi [5] has summarised the 
penetration model developed by Schlünder and co-workers in 
the years 1975 to 1990. Schlünder and Mollekopf [3] have 
firstly investigated the vacuum contact drying of powder 
agitated bed in detail for a non-hygroscopic free flowing 
granular material and next extended by others authors to more 
complex cases including poly-dispersed materials [6], 
hygroscopic materials [7,8], materials with a binary mixture 
[9], modelling with particle intrinsic water transfer resistance 
[10], modelling with sticking particles and crust formation at 
heated wall [11]. As concerns atmospheric contact drying of 
powder agitated packed bed, some experimental data and 
theoretical analysis have been published by Tsotsas and 
Schlünder [12], Gevaudan and Andrieu [13] and more recently 
by Arlabosse and Chitu [14]. Although, the theoretical basis of 
contact drying, both vacuum and atmospheric, is established 
and available in the literature, there is a need for stable and 
reliable models to quantify and predict drying rates and drying 
times with a satisfactory accuracy for designing and 
optimising drying processes. The purpose of this study is the 
implementation of computer algorithms to simulate the contact 
drying process of particulate materials at atmospheric and 
vacuum conditions under a range of operating conditions and 
to demonstrate its use in an integrated methodology for 
process identification at the lab scale and prediction of drying 
times at the pilot or manufacturing scale. The validity of the 
models is tested by comparison of model predictions with 
experimental data from the literature. 

II. MODEL FORMULATION 

Two simulation algorithms one for vacuum and one for 
atmospheric contact drying of particulate materials are 
developed. In both cases, besides a mathematical model based 
on differential heat and mass balances in the wet bed of 
specified geometry, several models are used to estimate 
physical and thermodynamic properties [15], effective bed 
properties and heat and mass transfer coefficients. A 
qualitative scheme of the developed structure is shown in Fig. 
1. 
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Fig. 1 Qualitative graphical representation of general hierarchical structure of the developed contact drying simulation models 
 

A. Vacuum Contact Drying 

A model for vacuum contact drying of agitated particulate 
materials based on the penetration theory is used [6]. The main 
model assumptions are: 

• The bed is assumed as a quasi-continuum with effective 
properties. 

• Temperature at the heating surface is assumed to be 
known. 

• Distinct heating front parallel to the heating surface is 
move through the bed. 

• Between the heating surface and the drying front the 
particles are dry, and beyond that the particles are still wet. 
In the wet part of the bed, the temperature is uniform and 
equal to the saturation temperature (Ts) of the liquid at the 
operating pressure. In the dry part of the bed, a temperature 
profile exists between the heating wall at Tw and the drying 
front at Ts (see Fig. 2). 

• After a time period call contact time, instantaneous perfect 
macro-mixing is assumed inside the bed (mixing period), 
then the drying front penetration start again (contact 
period). 
Also, the following transport phenomena are included: 

• Contact heat transfer (from the heating wall to first particle 
layer). 

• Penetration heat transfer (across the bed). 
Internal mass and heat transport is neglected in the general 

case; thus, they are not modelled. Vapour mass transfer across 
the particle bed is also neglected. Other mass transport 
phenomena are not taken into account because of the vacuum. 
In the first instant, the whole bed is at saturation condition 

therefore no heat penetration resistance occur. The only 
resistance is the heat contact resistance and the heat flux 
shows a maximum value. This value is the maximum drying 
rate for vacuum contact drying and it can be calculated by: 
 

Ý m max =
Ý q 0

∆hev

=
αws Tw −Ts (P)( )

∆hev

           (1) 

 
where Ý q 0  is the heat flux at the heating wall and αws is the 

contact heat transfer coefficient and it is estimated as a sum of 

conduction in the contact point, conduction in the gas-filled 
gaps and radiative heat transfer [16]. 
 

 
 

Fig. 2 Graphical representation of contact period and mixing period 
in penetration theory (after [3]) 

 
After this phase, the moisture content of the bed starts to 

fall down and the presence of dry particles in the bed produces 
a resistance in the heat penetration inside it. Thus, 
 

Ý m =
Ý q zT

∆hev

=
αov Tw −Tb( )exp −ς 2( )

∆hev

         (2) 

 
where Ý q zT  is the heat flux at the drying front that is lower 

than the heat flux at the surface by the factor exp(ς) , because 
of the overheating of the already dry particles. ς  is the 
reduced position of drying front and it can be evaluated using 
the penetration theory [3]. αov  is the overall heat transfer 
coefficient during vacuum contract drying, gives by: 

1

αov,vac

=
1

αws

+
1

αsb,vac

              (3) 

 
where αsb,vac  is the penetration heat transfer coefficient 
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across the dry bed, from the heating wall to the drying front, 
calculated by: 
 

αsb,vac =
2

π

λ /ρc p( )
dry,bed

tR

1

erf ς( )
        (4) 

 
The dry bed specific heat capacity cp,bed is assumed equal to 

the specific heat capacity of the particulate solid. The bulk 
density of the bed ρbed is calculated from the density of the 
non-porous solid by the following equation: 
 

ρdry,bed = ρs 1−εb( ) 1−ε p( )             (5) 
 
where ε is the porosity, the subscripts b and p denote bed 

and particle, respectively. The dry bed thermal conductivity 
λbed is estimated using the parallel cell heat flux model 
developed by Zehner [17] and Bauer [18]. In this approach, 
the thermal conductivity of dry bed is a function of the thermal 
conductivity of the solid, the thermal conductivity of the gaps 
between the particles and two equivalent thermal 
conductivities due to radiation and molecular flow. Finally, tR 
is the contact time and it is estimated as: 
 

tR = tmixNmix                   (6) 
 
The first term can be assumed equal to the inverse of the 

stirring frequency, the second one, Nmix, is the mixing number 
and for it only empirical correlations are available in the 
literature. The correlation and the value of the coefficient 
proposed by Schlünder and Mollekopf [3] are used in the 
simulations. 
An energy balance gives the temperature rise during each 

contact period. The equation used is: 
 

∆Tb =
∆hev

cp, l

1− exp −ς 2( )
exp −ς 2( )

∆X             (7) 

 
where T is the temperature and X is the solid moisture 

content in dry basis. The subscript l denotes liquid phase. 

B. Atmospheric Pressure Contact Drying 

The approach proposed by Tsotsas and Schlünder [12] is 
used to describe the atmospheric contact drying process (see 
Fig. 3). The main model assumptions are: 

• The bed is assumed as a continuum with effective 
properties. 

• Temperature at the heating surface is assumed to be 
known. 

• The effect of particle mixing on drying rate is modelled 
following penetration theory. In this case, during contact 
period, there is no distinct drying front in the bed; whole 
bed is assumed partially wet. 

• Unit value of Lewis number about the heat and mass 

transfer from the free surface of the bed to the bulk of the 
gas phase. 

• No total pressure gradient exists within the bed; thus, no 
mass transfer resistance is assumed across the bed. 
Also, the following transport phenomena are included: 

• Contact heat transfer. 
• Heat penetration transfer. 
• Heat transfer to the gas phase above the bed. 
• Mass transfer to the gas phase above the bed. 

 

 
 

Fig. 3 Qualitative representation of temperature profiles and 
heat fluxes in contact drying at atmospheric pressure (after 

[12]). 
 

Internal mass and heat transport is neglected in the general 
case and they are not modelled. Also mass transport 
phenomena across the particle bed are not taken in account. 
Evaluation of drying rate and the surface temperature T0 can 
be done by simultaneous iterative solution of the following 
equations: 
 

αsb,atm Tb −T0( )[ ]− αc +αr( ) T0 −Tg( )[ ]= Ý m ∆hev

Ý m =
MW liq

MWgas

αc

c p

P − pg

P − ps (T0)

 

 
 

 

 
 

    (8) 

 
The first equation is an energy balance, where αsb,atm  is the 

heat penetration transfer coefficient at atmospheric condition 
given by: 
 

αsb, atm =
2

π

λ /ρc p( )
wet,bed

tR

           (9) 

 
The wet bed specific heat capacity cp,wet is calculated by 

taking into account both the solid cp,s and moisture cp,l specific 
heat capacities: 

c p,wet = cp,s + X c p,l              (10) 

 
The bulk density of the wet bed is calculated from the 

density of the non-porous solid and the density of the liquid by 
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the following equation: 
 

ρwet,bed = vsρs 1−εb( ) 1−εp( )+ v lρl        (11) 

 
where v is the volume fraction. The wet bed thermal 

conductivity λwet,bed is estimated according to Zehner and 
Bauer model that is used also in vacuum contact drying 
modelling. In order to take into account the presence of the 
liquid phase, the model developed by Krischer is used [19]. 
In (8), αc is the convective heat transfer coefficient in the 

gas phase estimated by empirical correlations from the 
literature; αr is the radiative heat transfer coefficient. The 
second one equation is the interphase moisture mass transfer 
equation from the bed surface to the inert gas phase with a 
logarithmic drying force and unit Lewis number. If the 
saturation pressure is expressed as a function of T0 by Antoine 
equation, the system has only 2 unknown variables Ý m  and T0 
and the solution can be reached. The values of Ý q out , Ý q l  and 
Ý q lat  can be calculated from other thermal balances [12]. 

III. ALGORITHM IMPLEMENTATION 

The algorithms are based on a main iteration cycle, starting 
with initial moisture content and temperature of the bed. At 
each cycle, instantaneous moisture content, bed temperature 
variation and instantaneous drying rate are computed. The 
moisture content and temperature variation are used to 
calculate the new bed temperature for the next cycle. Every 
cycle represent a time step and its length is the maximum one 
for a stable and accurate solution. At every cycle, the value of 
all the physical properties of gas and liquid phases are updated 
at the new temperature; and also the effective properties are 
updated at the new value of physical properties, temperature 
and moisture content. The calculation cycle continues until the 
bed is totally dry (X � 0) or the time reach the "end time" of 
the simulation fixed as an input datum. 
All calculations are made in several programs. There is a 

main program where the mass and energy balances in the 
dryer are solved and therefore drying rate and bed 
temperatures are calculated. The required heat and mass 
transfer coefficients and the effective properties are estimated 
in several sub-programs. At the end, a set of programs for 
physical and thermodynamic properties evaluation gives the 
value of the required properties. A graphical representation of 
the iteration cycle and the connection between the programs is 
shown in Fig. 4. 
More detail about the algorithm structure for the vacuum 

and atmospheric cases can be found elsewhere [5]. 
 
 
 
 
 
 
 

 
Fig. 4 Graphical representation of the iteration structure in contact 

drying programs 

IV. RESULTS AND DISCUSSION 

A. Vacuum Contact Drying: Comparison with 

Experimental Data 

A comparison between the simulation results and 
experimental data from the literature was conducted. The 
material under consideration is talc (indicated as MgSi). 
Details of the experimental procedure can be found elsewhere 
[3]. Drying rate curves of contact drying of the two talc 
powders wetted with water under vacuum in three kind of 
contact dryers are reported in the identified work. In this case, 
drying rate curves in the stirred disc dryer of 240 mm diameter 
were chosen and the program for vacuum contact drying of 
agitated beds was used to simulate the experimental data. 
Most of the input data for the simulations are reported in 

[3], other data, in particular about the solid phase properties 
are taken from [20] and [21]. Further details on input data can 
be found in [5]. 
The results are depicted in Figs. 5 to 7 where experimental 

data of drying rate curves (dots) are compared with simulated 
drying rate curves (lines). The main input data for the 
simulation are reported in Table I. 
Fig. 5 illustrates drying rate curves at three different heating 

wall temperatures. A good agreement between simulation 
results and experimental data is observed. 
An enhancement of the drying rate is observed with the wall 

temperature increase. The rising in the wall temperature 
produce a increase in the temperature gradient between 
heating wall and particle bed that is the driving force to the 
heat transfer to the bed. Thus, with the rise up of the heat flux, 
a largest value of drying rate is obtained. 
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TABLE I 
MAIN INPUT DATA FOR VACUUM CONTACT DRYING SIMULATION 

  Units Fig. 5 Fig. 6 Fig. 7 

Initial 
values 

Moisture content kg/kg 0.25 0.18 0.25 

Operating 
parameters 

Pressure kPa 1.60 4.5 / 7 / 17.5 0.19 

Wall temperature °C 50.5 / 70.6 / 85.8 80 70.9 

Stirring frequency rpm 15.4 30 0.2 / 1 / 45 

Particle 
geometry 

Diameter mm 6 1.1 6 

Roughness µm 20 2.5 20 

Time length of one calculation 
step 

s 0.2 0.05 0.01 

 

 
 

Fig. 5 Drying rate curves during vacuum contact drying of MgSi 
wetted with water at different heating wall temperatures 

 
Fig. 6 depicts drying rate curves at three different pressures. 

In this case, the mixing number estimated by the correlation 
proposed by Schlünder and Mollekopf [3] is 16.4 when the 
best fitting mixing number on this experimental dataset was 
found at 7.5. Graphical comparison between experimental data 
and simulated curve with the best fitting mixing number is 
reported elsewhere [5]. Pressure variation causes evident 
variation in the drying behaviour. The pressure effect is not 
direct, but is the variation of saturation temperature due to the 
pressure change that cause the different drying behaviour. In 
particular, when the pressure is fall down, the saturation 
temperature is fall down as well; then the bed temperature 
falls and the temperature gradient between heating wall and 
bed rise. This phenomenon produce an increase of the drying 
rate with the pressure falls. 
Fig. 7 shows drying rate curves at three different stirring 

frequencies. Two simulations at 0.2 and 1 rpm show good 
agreement with the experimental data. The simulation at 45 
rpm shows a small over-estimation of the drying rate. 

 
 

Fig. 6 Drying rate curves during vacuum contact drying of MgSi 
wetted with water at different pressures 

 
 

 
 

Fig. 7 Drying rate curves during vacuum contact drying of MgSi 
wetted with water at different stirring frequencies 
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In this case, no better results are obtained by changing the 
mixing number. Probably, there is a limit in the penetration 
theory to describe the effect of the particle motion on the 
drying rate at high stirring frequency. The stirring frequency 
variation caused a variation in the contact time, and then in the 
value of the heat penetration coefficient. In particular, if the 
stirring frequency rises up, the bed mixing is improved and the 
contact time become shorter and then the heat penetration 
coefficient rise up. Consequently, an increase in the drying 
rate is observed. 
 

B. Atmospheric Contact Drying: Comparison with 

Experimental Data 

A comparison between the simulation results and 
experimental data from the literature was conducted. The 
material under consideration is kaolin (indicated as AlSi). 
Details of the experimental procedure can be found elsewhere 
[12]. Experimental drying rate curves of AlSi wetted with 
water and dried in presence of air at atmospheric pressure are 
studied. The reported experimental data were obtained from a 
disc dryer of 100 mm diameter with a rotary stirring device, 
filled with a particle bed until 50 mm level. Also in this case, 
most of the input data for the simulations are reported in [12], 
other, in particular about the gas phase conditions are taken 
from other similar experiments of the same authors, see [5]. A 
summary of simulation input data is shown in Table II. 

 
TABLE II 

MAIN INPUT DATA FOR ATMOSPHERIC CONTACT DRYING 
SIMULATION 

  Units Fig. 8 

Initial values 
Moisture content kg/kg 0.18 

Bed temperature °C 20 

Operating 
parameters 

Pressure kPa 101.325 

Wall temperature °C 50 / 70 / 90 

Stirring frequency rpm 63 

Solid hold up kg 1.5 

Gas velocity m/s 0.3 

Gas temperature °C 40 

Gas abs. humidity kg/kg 0.024 

Particle 
geometry 

Diameter mm 4.353 

Roughness µm 2.5 

Particle porosity - 0.375 

Computational 
parameters 

Number of steps - 558 

Step time length s 5 

 

The results are reported in Fig. 8, where experimental data, 
indicated by dots, are compared with the simulation results, 
indicated by lines. 
The results show, in general, good agreement between 

experimental and simulated data. A deviation appeared for 
each one-simulation curve at the end of the process, for 
relative moisture content less than 0.1. In particular, as the 
moisture content goes to zero, the drying rate should go to 
zero as well, but in the simulated profiles did not happened. 
This behaviour was also noted by [12]. Probably, this 
deviation of the drying behaviour is due to the assumption of 
the used contact drying model. At the last stage of the drying 
process, when the moisture content is low, the intra-particle 
heat and mass transfer resistances could become the 
controlling resistances, but these phenomena were not 
modelled. 

 

 
 

Fig. 8 Drying rate curves during the atmospheric contact drying of 
AlSi wetted with water in presence of air at different heating wall 

temperatures 
 

An increase of drying rate is observed with a wall 
temperature rise-up. The reason of this behaviour is connected 
with the vaporisation mechanism. As the wall temperature rise 
up, the bed temperature rise up as well, then the saturation 
temperature of the moisture inside the bed increase. In this 
way, the partial pressure gradient between the moisture in the 
bed and the moisture in the gas phase increase and then the 
moisture vaporisation increase as well. 

V. CONCLUSIONS 

Two algorithms for agitated particle beds contact drying 
simulation, under two different operating conditions vacuum 
and atmospheric pressure, were developed. Penetration theory 
was used as the model to describe the drying process, mass 
and heat transfer coefficients and effective bed properties were 
estimated with different models from the literature, the liquid 
and gas phase properties were evaluated by proper 
correlations. Simulation results were compared with 
experimental data from the literature. For vacuum contact 
drying of agitated beds, in general, good agreement was found 
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with drying rate data of MgSi wetted with water and dried in 
an agitated disc dryer. The comparison of simulated drying 
rate curves with experimental drying rate data at atmospheric 
pressure show good agreement for most of the drying process. 
Only below the 0.1 % of moisture content, a deviation 
appeared. At this level of moisture content, internal resistance 
against mass transfer is probably not negligible. To extend the 
model to describe a process controlled by internal mass 
transfer, transport parameters of the solid are required. The 
main limitation on the application of the programs is the 
mixing number estimation. Only few empirical correlations 
are reported in the literature, referred to contact dryers. For 
industrial application, drying experiments should be done to 
find a proper empirical correlation or the empirical parameters 
for literature correlations. With further experimental 
validation, these programs could be a useful tool for design, 
analysis, optimisation and control of industrial contact dryers. 

NOMENCLATURE 

A Heating wall area m2 
cp Specific heat capacity J kg-1 K-1 
∆hev Latent heat of vaporisation J kg-1 
Le Lewis number – 
Ý m  Drying rate kg m-2 s-1 
Ý m max  Drying rate, constant period kg m-2 s-1 

ms Solid hold-up kg 
MW Molar weight kg kmol-1 
Ý n  Molar drying rate kmol m-2 s-1 

Nmix Mixing number – 
p Partial pressure Pa 
P Pressure Pa 
Ý q  Heat flux J m-2 s-1 

R Universal gas constant J kmol-1 K-1 
t Time s 
tR Contact time s 
tmix Mixing time s 
T Temperature K 
v Volume fraction – 
X Moisture content, dry basis kg kg-1 
 
Greek symbols 

α Heat transfer coefficient W m-2 K-1 
αc Convective heat transfer coefficient W m-2 K-1 
αov Overall heat transfer coefficient W m-2 K-1 
αr Radiative het transfer coefficient W m-2 K-1 
αsb Heat penetration coefficient W m-2 K-1 
αws Contact heat transfer coefficient W m-2 K-1 
ε Porosity – 

ς  
Reduced instantaneous position of 
drying front 

– 

ρ Density kg m-3 
κeff Effective thermal conductivity m2 s-1 
 

Subscripts  

atm 
Atmospheric 
case 

 
lat Latent 

 

b Bulk of the bed 
 

o 

At the free 
surface above 
the bed 

 

bed 
Referred to the 
particulate bed 

 
out Outside 

 

dry bed Dry bed property  p Particle  

eff 
Effective 
property 

 
s 

Solid phase or 
saturation 

 

g of the gas phase  vac Vacuum  
gas in the gas phase  w At heating wall  

in Inside 
 

wet bed 
Wet bed 
property 

 

l Liquid phase  0 Initial  
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