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Abstract
The pasta drying process was studied using an engineering approach. The phenomena of mass and heat exchange between pasta
samples and air was modelled according to the classic transport approach applied to a hollow cylindrical shape pasta. Data from the
literature and from measurements were used to ﬁx the material parameter values of both the air and dough phases. Theoretical correlations were used to obtain a good estimate of mass and heat exchange coeﬃcients between dough samples and air. The proposed
model was set by choosing the mass transfer coeﬃcient as the unique optimisation parameter, determined by best ﬁtting of the
experimental water content data obtained under given conditions in a static dryer. The model was then validated at diﬀerent temperature and air humidity drying proﬁles and a good agreement with the experimental results was found. Finally the model was
applied to diﬀerent process conditions and the drying time was calculated from the simulations.
 2004 Elsevier Ltd. All rights reserved.
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1. Introduction
In the last 10 years, owing to an increased market demand for dry pasta in many countries, the requirements
of both product quality and production rate have increased too. These two aspects are very often considered
in contrast each to the other because it is thought that
high production rates, characterized by somehow severe
process conditions, induce thermal and mechanical
damages into the products. These aspects may strongly
decrease pasta quality as evidenced by nutrient loss,
bad colour, poor texture, marked consistency loss when
*
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overcooking, etc. Of course only a careful control of the
process conditions coupled to a deep knowledge of the
material properties, may avoid those undesired eﬀects,
while still maintaining high production rates. Nevertheless, the production process is currently carried out in a
rather empirical way, because it is still based on the
practical knowledge of pasta-makers, instead of standing on very well consolidated process engineering basis.
In fact, the choice of raw materials and process conditions is made by following ‘‘rules of thumb’’ that do
not allow any control on the product quality, and they
do not match high production rates.
Starting from this point, it clearly appears that an
engineering approach has to be developed establishing
the inﬂuence of the main process variables on the ﬁnal
product quality, in order to apply an eﬀective production control. This objective may be achieved by making
a global model capable of simulating what happens
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Nomenclature
aw
b
C
Cp
D
Ea
F
h
I
Jh
Jm
k
kx
L
M
N
P
p
q
R
r
Rg
SQM
T1
T
t
U
UR1
v1
x
y
yw,1

water activity coeﬃcient, –
gradient pulse of strength in NMR
measurements
heat capacity, J kg1 K1
speciﬁc heat, J kg1 K1
water diﬀusivity, m2 s1
activation energy, kJ gmol1
echo attenuation in NMR measurements
global heat exchange coeﬃcient, J m2 K1
signal intensity in NMR measurements
Colburn factor for heat transfer, –
Colburn factor for mass transfer, –
thermal conductivity, W m1 K1
global mass exchange coeﬃcient, kg m2 s1
pasta sample length, m
molecular weight, dalton
mass ﬂux, kg m2 s1
pressure, Pa
vapour pressure, Pa
thermal ﬂux, W m2 K1
sample radius, m
variable radius, m
universal gas constant, J g mol1 K1
square quadratic deviation, %
air temperature in bulk phase, K
temperature, K
time, s
dough water content on wet basis, w/w
relative water content of air in bulk phase,
w/w%
air velocity, m s1
dough water content on dry basis, –
molar fraction in air, –
water molar fraction in air in bulk
phase, –

during the process and therefore to predict ‘‘a priori’’
the values of the desired properties.
In this work attention was focused on the study and
modelling of the pasta drying process, because during
this step pasta is subjected to rather severe conditions
that are fully responsible for the ﬁnal product quality.
In fact, drying is usually realised by using wet hot air
with temperatures ranging between 80 and 120 C, and
a controlled relative humidity UR ranging between
40% and 70%. The actual industrial trend is to get
rather high production rates over 3–4000 kg/h, that are
obtained by reducing the drying time by means of a
process characterised by high temperature and low
moisture drying air, this choice in turn reduces the
microbiological risk because of the strong heat treatment. Moreover, according to the market request for

Dimensionless numbers
Nu
Nusselt
Pr
Prandtl
Re
Reynolds
Sc
Schimdt
Sh
Sherwood
Greek symbols
D
space variation
a
shrinkage coeﬃcient, –
d
pasta sample thickness, mm
b
theoretical and optimised mass exchange
coeﬃcient ratio, –
k
water latent heat of vaporization, J kg1
q
dough density, kg m3
r
time between 90 and 180 rf in NMR
measurements
w
duration of the gradient pulse in NMR
measurements
f
magnetogyric ratio in NMR measurements
Subscripts
0
initial condition
a
air
d
dough
exp
experimental value
f
ﬁlm condition
i
generic point of calculation grid
sim
simulation value
w
water
Superscripts
eq
equilibrium conditions
ext
referred to external surface
int
referred to internal surface

high quality production, these severe process conditions
may cause a so-called ‘‘thermal damage’’ that is evidenced by a poor texture, a decrease in the mechanical
resistance, a lower nutrient content, a darker colour,
etc. This kind of product obviously does not ﬁt with
consumer expectations, even if safer from a microbiological point of view, owing to the poorness of most
of the quality indices.
Dried pasta production process can be represented
schematically as a rather simple chain of unit operations
(see Fig. 1). Ingredients, basically water and durum
wheat ﬂour, are usually mixed together under vacuum
to give a dough with a water content percentage close
to 30% (wet basis). Then the resulting dough is sent into
an extruder press and ﬁnally extruded through a head in
order to obtain the desired pasta shape.
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Fig. 1. Pasta production process ﬂow sheet.

The drying process is afterward carried out by
exploiting the humidity and temperature diﬀerence between samples and air, causing the water content to decrease inside the sample. Thus the applied external
drying air temperature and humidity must be related
to the pasta properties as a function of time, to determine the optimal process conditions according to any given pasta quality criterion. Therefore the aim of the
present work is to make available a predictive model
that gives the water loss occurring inside the pasta as
resulting from the applied external conditions during
drying, allowing one to know ‘‘a priori’’ the resulting
transient water content proﬁle inside the pasta. It should
be noted that drying of pasta requires several hours,
therefore any predictive model capable of predicting
transient water content is welcome, allowing a strong
reduction of expensive trials needed to ﬁnd the best
operational conditions.

Fig. 2. Geometrical scheme of pasta sample.

Cindio, Brancato, & Saggese, 1992) it was shown that
qd does not reasonably depend on temperature and, in
addition, even a weak dependence on water content
was observed. According to that the following ﬁnal form
may be obtained for the mass-transfer equation if Ficks
diﬀusion law is used to describe the water transport inside the dough:


oU 1 o
oU
¼ 
r  Dd 
ð2Þ
ot
r or
or
In Eq. (2) U is the water content inside the dough expressed on a wet basis (w.b.), i.e., the ratio of water
weight and total weight, and water diﬀusivity (Dd) depends on temperature and water content. Moreover,
the general statement of assuming all the material
parameters as a function of T and U, leads to a system
of linked diﬀerential equations that was solved according to well-determined boundary conditions for both
external and internal surfaces.

2. Mathematical modelling
2.1. Boundary conditions
The drying process of ‘‘short pasta’’ was modelled
using hollow cylindrical shaped pasta that was simpliﬁed
as a cylindrical shell with an inﬁnite length. Because of
the small value of the ratio d/L, border eﬀects can be neglected. In addition, the external surface of the sample
was supposed to be surrounded by hot moist air with
controlled properties (i.e., temperature T1 and relative
humidity UR1). Owing to the considered geometrical
shape, an azimuthal symmetry holds, and therefore only
r-direction variations were considered (Fig. 2). Consequently, the heat transfer balance equations is written
as (Bird, Stewart, & Lightfoot, 1960):


oT 1 o
oT
¼ 
r  kd 
qd  C d 
ð1Þ
ot
r or
or
where the thermal conductivity (kd) and heat capacity
(Cd) are assumed to be both temperature and water content dependent. The dough density (qd) has been assumed as a constant because in a previous work (de

The solution of the diﬀerential equation system (Eqs.
(1) and (2)) needs two boundary conditions and one initial condition both for mass and energy transports. The
main hypothesis is the thermodynamic equilibrium condition at the air–dough interface (Fig. 3) that, in turn, is

AIR

SAMPLE
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T
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Fig. 3. Air–dough interface scheme.
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also assumed to coincide with the evaporation front.
This implies that the air and dough interface chemical
potentials must be equal. By writing this latter in terms
of water-activity it follows:

a consequence of the evaporation. Thus in this case
Eq. (7) becomes:


Py eq
w ¼ p w aw

This phenomenon leads to a constant temperature value
determined as a function of the equilibrium condition
expressed by Eq. (3) and known as the ‘‘wet bulb temperature’’. It should be noticed that temperature does not
rise until this condition holds, i.e., until the amount of
water transported to the evaporating surface is capable
of compensating the drying air heat supply. Drying further, the evaporation becomes insuﬃcient and therefore
the surface temperature starts to rise, and consequently
a temperature gradient is found inside the dough.
The use of the global exchange coeﬃcient hext and k ext
x
both for heat and mass transport at the external surface,
allows the ﬂuxes to be related directly to the temperature
and the water molar fraction diﬀerence between air and
sample (Bird et al., 1960). By taking into account the
equilibrium, according to Eqs. (5) and (6), the two
boundary conditions expressed by Eqs. (4) and (7)
may be combined to obtain the following expression at
the external surface:

oT 
ext
ext
eq
eq
h  ðT 1  T Þ ¼ k  k x  M w  ðy w;1  y w Þ þ k d 
or Rext

ð3Þ

where P is the pressure of the system, y eq
w the water
molar fraction in air at equilibrium conditions, pw the
vapour pressure and aw the water activity. In Eq. (3)
the vapour phase is assumed to behave as an ideal gas
solution, while the liquid phase is considered as a real
mixture, deviating from the Raoult solution chosen as
the reference state. Then the value of aw may be expressed by any constitutive equation relating water
activity to the dough water content U.
The mass boundary condition stands on the continuity of the mass ﬂux at the air–dough interfaces, that at
the external surface reads:

oU 
ext
qd Dd  ¼ N ext
ð4Þ
w ¼ k x M w ðy w;1  y w jRext Þ
or ext
R

where the water mass ﬂux N ext
w on the air side has been
written in terms of a global transport coeﬃcient k ext
x ,
whilst the mass transfer mechanism inside the dough
has been assumed to be diﬀusive. In Eq. (4), Mw stands
for water molecular weight and y1 and yjRext for water
molar fraction of the drying air bulk and the air–dough
interface respectively. Of course, according to the assumed equilibrium conditions at the interface, it follows
that:
y eq
w ¼ y w jRext

ð5Þ

Concerning the heat transfer at the external interface,
owing to the equilibrium assumption at the interface
air–dough, the surface temperature corresponds to the
equilibrium temperature Teq
T eq ¼ T jRext

ð6Þ

At the air–dough interface the continuity of heat ﬂux
holds and may be written as:

oT 
ext

k
¼ qext
 ðT 1  T jRext Þ
ð7Þ
kN ext
d
w
a ¼ h
or  ext
R

where k is the water molar latent heat of evaporation.
The air-side thermal ﬂux qext
a has been written using a
global exchange coeﬃcient hext, and the ﬂux inside the
dough at the interface is expressed as the sum of two
terms: the ﬁrst one is due to water evaporation while
the second one to the heat conduction.
It should be noticed that during simultaneous mass
and heat transport, when it is possible to assume that
water diﬀusion inside the dough is fast enough to transport a suﬃcient amount of water to the evaporating surface, the system behaves like a wet bulb thermometer
(Bird et al., 1960). This means that the heat supplied
by the drying air is just equal to the heat absorbed as

ext
qext
a ¼ kN w

ð8Þ

ð9Þ
The second boundary condition for both heat and mass
transport must be referred to the internal surface. It
should be noticed that the transport phenomena occurring in the hollow of the cylinder is rather diﬃcult to
model because the air velocity is very low, and therefore
the classic transfer coeﬃcients should not apply. The
mass transfer mechanism was divided into two steps: a
radial-axial diﬀusion of water from the internal surface
up to the sample edge, and the water removal by the
air stream that grazes the sample. If the diﬀusive step
prevails, the exchange mechanism may be modelled as
the pure diﬀusive transport in a stagnant ﬂuid (Bird
et al., 1960), and the corresponding expressions for both
heat and mass transfer may be applied. The use of this
rigorous approach is rather complex, whereas the contribution to the total water removal is rather small; therefore, for the sake of simplicity, the transport steps have
been grouped using again an overall exchange coeﬃcient
analogous to that introduced by Eq. (4). For the calcuint
lation of k int
the same method used for the exterx and h
nal transport was applied but the air velocity was simply
assumed to be three orders of magnitude less than the
external velocity. In this way, the evidence that the internal surface was not directly exposed to the air ﬂux was
approximately taken into account.
The initial conditions assume constant uniform values of both temperature (T0) and water content (U0)
throughout the sample.
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2.2. Transport coeﬃcients

ðRmÞa ¼ 20:1

ð20Þ

The global heat transfer coeﬃcient hext was calculated
by means of the Colburn factor Jh (Bird et al., 1960) deﬁned in terms of dimensionless numbers as

ðRmÞw ¼ 12:7

ð21Þ

J h ¼ NuRe1 Pr1=3

ð10Þ

where Re is the Reynolds number, Nu = ha(2 Æ Rext)/ka is
the Nusselt number and Pr = lacpa/ka is the Prandtl
number. By assuming a two-parameter model, the following correlation was used:
J h ¼ aReb

ð11Þ

where a and b are material parameters the values of
which for Re > 100 are (Sherwood & Pifgord, 1952)

2.3. Shrinkage
During drying, dough is subjected to large changes
because water content percentage decreases from 31%
to 11.5% (w.b.), with the consequence of a marked
reduction of the sample radius. This shrinkage was modelled according to a linear relationship between geometrical reduction and water content, (Lang, Sokhansanj, &
Rohani, 1994; Minshkin, Saguy, & Karel, 1984):
R ¼ R0 ½1 þ aðU  U 0 Þ

ð22Þ

where Jm, is the mass Colburn coeﬃcient deﬁned as

This equation was originally proposed for a uniform
water content internal proﬁle, but during drying a water
proﬁle inside the pasta is usually expected, therefore the
shrinkage must depend on radial position. According to
that, a modiﬁed form of Eq. (22) was developed (Suarez
& Viollaz, 1991), by assuming that water content is constant in any radial segment Dri. Thus the geometrical
contraction was evaluated as follows in any segment between two adjacent points of the calculation grid:

J m ¼ ShRe1 Sc1

Dri ¼ Dr0 ½1 þ aðU i  U i;0 Þ

a ¼ 0:4096

ð12Þ

b ¼ 0:4485

ð13Þ

For the determination of the mass transfer coeﬃcient
kx, both for the external and internal surface, the classic
Chilton–Colburn analogy (Bird et al., 1960), was used:
Jh ¼ Jm

ð14Þ

ð15Þ

Sh = kx(2 Æ Rext)/Da is the Sherwood number, Sc = ma/Da
is the Schmidt number. For cylindrical shell in psychrometry problems, kx can be easly derived as (Bird
et al., 1960):
 2=3
hext
Sc
ext
kx ¼

ð16Þ
Pr
Cpa;f
Obviously all the material parameters of the above
quoted dimensionless numbers refer to the air–water
system. The physical properties of wet air were evaluated at ‘‘ﬁlm temperature’’ and at ‘‘ﬁlm concentration’’
Tf ¼

T 1 þ T jRext
2

ð17Þ

y w;1 þ y ext
w
2

ð18Þ

y w;f ¼

In the previous equation the mass diﬀusion coeﬃcient
Da of water in air was calculated using the following literature correlation (Perry & Green, 1984):

1=2
M a þM w
103  T 1:75
f
M a M w
ð19Þ
Da ¼
h
i2
1=3
1=3
P  ðRtÞa þ ðRtÞb
where P [atm] is the external pressure, M is the molecular weight of involved chemical species and (Rt) is a
material parameter that depends on the atomic diﬀusion
volumes. For air and water the following values of (Rt)
are suggested (Perry & Green, 1984):

ð23Þ

The a value was assumed 0.42 according to Andrieu,
Gonnet, and Laurent (1989).
2.4. Solution method
The simulation program was written in Visual Basic
language and Eqs. (1) and (2), coupled with boundary
conditions (Eqs. (3)–(6), for both internal and external
surface) and was numerically solved by using ﬁnite differences (Finlayson, 1980) according to a classical
Crank–Nicholson method. This method requires in
principle an equal spaced calculation grid that is obtained by dividing the radial coordinates in segments
of the same length. However, due to the internal water
content proﬁle a diﬀerential shrinkage inside the sample
is expected. This implies that the segments between three
adjacent points do not have the same length (Fig. 4)
and, therefore the classical Crank–Nicholson method,
that requires equal radial spacing, cannot be used. This

∆ri-1

i-1

∆ri

i

Radial co-ordinate
Fig. 4. Calculation grid.

i+1
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that are not get used to numerical calculation and modelling. Finally, the eﬀort dedicated to make the simulation program friendly represents an important ‘‘follow
up’’ of the present study because the software may be directly connected to the PLC controllers of the entire
production cycle supplying predictive data to the controller with a meaningful reduction of the response time
of the control loop.

Initial Thickness

t=0 X

r=0

Radius

t=t1 X

t=t2 X
Time

3. Materials and methods

Final Thickness

Fig. 5. Schematic representation of radius shrinkage.

3.1. Dough properties

diﬃculty was overcome by assuming at each grid point
an equal radial interval Dr*, obtained as the arithmetical
average of two adjacent segments as follow:
Dr ¼

Dri þ Driþ1
2

ð24Þ

With this assumption, the Crank–Nicholson method
can still be applied. For example, the water content ﬁrst
derivative at any given i-point, may be calculated as:

oU 
U iþ1  U i1
¼
ð25Þ
or 
Dr
i

The adopted method leads to a linear equation system
that was solved by means of the classic Thomass algorithm. In addition, according to the r-grid is timedependency, the Dri value must be supdated at each time
using Eqs. (17)–(24), by considering either the water
content or temperature proﬁle calculated at the previous
time step. In Fig. 5 a scheme of radius contraction during time is reported.
2.5. Simulation software
The solution method of the set of equation has been
implemented in a computer program written in Visual
Basic 6.0 language (Microsoft, USA). The prepared
software allows numerically solving the balance equation, by means of non-accessible subroutines, whilst
either material parameters or process conditions can
be set by the user. The ﬁnal simulation results, i.e., temperature and moisture content proﬁles, are available in a
quick plot and may be converted and analysed by a normal calculation worksheet. In addition some other
important technological parameters linked to the drying
process such as shrinkage value and water activity may
be easily obtained from the main results. The program
has been organised in diﬀerent frames grouping homologous properties and process parameters that can be
changed, also using a small database, according to the
simulative needs. This aspect does not have to be underrated because the software may be easily run, during
industrial production or research work, also from user

Often it is rather diﬃcult to have a good estimation of
thermal and physical properties of food. In the open literature several general semi-empirical model have been
proposed (Saravacos & Kostaropoulos, 1996), even
though all the properties are strongly dependent on
the considered food. Particularly concerning the dough
system, a high level of uncertainty on the properties
measurements is generally found, essentially due to both
a water loss during measurement and a marked diﬀerence between raw materials. Therefore dough literature
data are often very diﬀerent each from the other (Rask,
1989). In fact, many correlations have been proposed to
correlate dough thermal conductivity kd to water content and temperature. In this work the following four
parameters model was used (Saravacos & Maroulis,
2001):



1
E0 1
1
k0 exp 

k d ðx; T Þ ¼
1þx
R T T Rif



x
Ei 1
1
ki exp 

þ
ð26Þ
1þx
R T T Rif
where x is the dough water content on dry basis, ki, k0,
Ei, E0 are dough material parameters (Table 1), T [C] is
the dough temperature and TRif [C] is a reference temperature ﬁxed at 60 C (Saravacos & Maroulis, 2001).
For sake of simplicity, this model was used to obtain
an average value of kd in the range of temperature and
water content used in the process. By considering that
dough temperature ranges between 313 and 353 K and
the relative humidity ranges between 30% and 10%
(w.b.), using Eq. (26) the following value of kd was
obtained:

Table 1
Parameters for pasta thermal conductivity calculation (Saravacos and
Maroulis, 2001)
ki [W m1 K1]
k0 [W m1 K1]
Ei [kJ mol1]
Ei [kJ mol1]

0.8
0.273
2.7
0.0
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k d ¼ 0:41

W
mK
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ð27Þ

The dough density was calculated as function of moisture (de Cindio et al., 1992):
 
1
kg
qd ¼
ð28Þ
4
3
m
ð3:02  U þ 6:46Þ  10
The heat capacity Cd was computed as a weighed
average of the heat capacities Ci of the dough main components, i.e., water, starch and gluten (Andrieu et al.,
1989):
X
C i  xi
ð29Þ
Cd ¼
i

The following values were used for the speciﬁc heat of
the single components (de Cindio et al., 1992):
Water
 
J
C w ¼ 4:184
ð30Þ
gK
Starch



J
gK

C s ¼ 5:737  T þ 1328


ð31Þ

Gluten


J
C g ¼ 6:329  T þ 1465
gK


ð32Þ

Dough composition was obtained from data in Table 2.
Water diﬀusivity in dough was measured by the
NMR technique by using a Bruker NMR Spectrometer
(Bruker, USA), modiﬁed by Stelar (Milan, Italy) working at a protonant resonance frequency of 80 MHz.
The water diﬀusivity determination was carried out
using PFGSE (Pulsed Field gradient Spin-Echo) 1HNMR technique (Coppola, La Mesa, Ranieri, & Terenzi, 1993) with an usual pulse sequence consisting of a
90 radio frequency (rf) pulse at t = 0 followed by a
180 rf pulse at t = r; this results in a spin-echo at
t = 2r. In addition to rf pulses, a pulsed magnetic ﬁeld
gradient is inserted on each side of the 180 rf pulse,
causing the attenuation of echo intensities. The parameters associated with the rf and magnetic ﬁeld gradient
pulse sequence are shown in Fig. 6. Assuming a free
Gaussian diﬀusion, the theoretical expression of echo

attenuation F is given by the well-known Stejskal–
Tanner equation (Coppola et al., 1993)



IðbÞ
w
¼ exp ðnwbÞ2 Dd Q 
F ¼
ð33Þ
Ið0Þ
3
where s is the time between 90 and 180 rf pulses, I(g)
and I(0) are the signal intensities at t = 2r in presence of
gradient pulses of strength b and in the absence of any
gradient pulses, respectively, f is the magnetogyric ratio,
w is the duration of the gradient pulses, H is the time between the leading edges of the gradient pulses (time of
the diﬀusion) and Dd is the water in dough diﬀusion.
The 90 rf pulse length was 9 ls, H and b were held
constant to 0.020 s and 0.50T/m, respectively.
The length of the gradient ﬁeld pulse w was changed
in the interval 0.001–0.006 s while the gradient strength b
was calibrated using a reference sample of pure tridistilled water, with a known self-diﬀusion coeﬃcient.
During the measurement, the gradient pulses direction
was along the concentration and therefore the water in
dough diﬀusion was detected.
The echo amplitude was measured accumulating 32
scans. The temperature was controlled by airﬂow regulation with a stability of ±0.2 C.
The results obtained for samples of vacuumed dough
with water content ranging between 33% and 22% (w.b.)
are reported in Table 3. It was not possible to perform
measurements on samples with a water content below
20%, because the signal was diﬃcult to detect either
for the low intensity or the fast relaxation time due to
the bond water in the sample. Therefore for moisture

Table 3
Experimental water in dough diﬀusivity

Table 2
Semolina ﬂour composition
Water
Protein
Ash
Wet Gluten
Gluten
Starch

Fig. 6. Scheme of the magnetic ﬁeld pulse sequence in NMR
determination of water in dough diﬀusion.

14.78%
13.44%
0.87%
34.97%
11.71%
24.23%

Dough water content, w/w%

Water diﬀusivity, cm2 s1

33
30
27
24
22

2.29 · 105
1.37 · 105
3.17 · 106
2.68 · 106
2.02 · 106
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content below 22% the following semi-empirical model
was applied (Waananen & Okos, 1996):


8  105
7
Dw ¼ 1:2  10 þ e 
P


20x
6:6e
þ Ea
 exp 
ð34Þ
Rg T
where Dd is the water diﬀusivity in dough [m2 s1], P is
the pressure [kPa], x the water weight fraction on dry
basis (d.b.), i.e., the ratio of water weight and weight
of dry components, T is the temperature [K], Ea the activation energy, that was found to be equal to
22.6 kJ gmol1 (Waananen & Okos, 1996), R gas universal constant and ﬁnally e the pasta porosity, that was assumed as 0.26 (Xiong, Narsimnan, & Okos, 1991). By
combining measurements and correlations, water diﬀusivity Dd was obtained as a moisture multi-step function
as shown in Fig. 7.
The water liquid–vapour equilibrium was modelled
according to the classic Oswin constitutive equation
(Schuchmann, Roy, & Peleg, 1990) that relates the water
activity to water content:
 x 1=b00
a00

aw ¼

1þ

x

ð35Þ

1=b00

a00

where a00 and b00 are model parameters containing the
temperature dependence. The following values were
used according to Andrieu, Stamatopoulos, and
Zaﬁropoulos (1985):
a ¼ 0:154–1:22  103  T

ð36Þ

b ¼ 7:8  102 –7:32  103  T

ð37Þ

where T is expressed as Kelvin degrees. Because the proposed model is valid when the water activity is higher
than 0.5, it was ﬁrst checked to ensure that this limit
was not exceeded during drying. The water content
range of interest is between 30% and 10%, corresponding to aw values varying between 0.96 and 0.81, which
are always within the validity range of Eq. (35).

3.2. Drying tests
The proposed model was tested experimentally by
carrying out several drying tests under controlled conditions by means of a pilot static dryer (Pavan S.p.A.,
Italy), equipped with devices capable of giving the average temperature and water content of the samples during the treatment.
Pasta samples were prepared adding 27.5% (of the
ﬂour weight) of water to an industrial semolina ﬂour
(Jolly Sgambaro Godego, Italy) the composition of
which is reported in Table 2. Samples were prepared
using an integrated machine (Mod. PA1, Pavan S.p.A.,
Italy) consisting of a vacuum mixer, a compression
screw and a head-cutter apparatus. Ten kilograms of
semolina and 2.75 kg of water were mixed for 15 min
and the resulting dough was shaped as hollow cylindrical samples, with a radius of 0.5 cm, a length of 3.5–
5 cm and 1 mm thick. By taking into account the water
percentage of the ﬂour, as reported in Table 2, the ﬁnal
dough had a 0.325 w/w of moisture on a wet basis.
Several samples, about 12 kg per run, were loaded in
the static drier (height 2 m, width 1.5 m, depth 1.5 m) laid
down as a single layer on a series of trays. Drying was
obtained by air circulation, and an electronic device controlled its humidity and temperature. During all the tests
the temperature and humidity of the drying hot moist
air was maintained at some ﬁxed constant value. On
the other hand, the air velocity was always the same
by ﬁxing the fan power. A direct measurement was done
during the tests using an anemometer and a constant value of 0.5 m/s was found for all the runs.
Even though the drier was equipped with a weight
cell to measure continuously the total water loss during
the experiment, to get more accurate sample water content values, the average water content was obtained
withdrawing ﬁve samples from the dryer every 10 min
and measuring the weight by means of a thermo-balance
(Sartorius, Germany). Every test was performed three
times and the results obtained were statistically analysed
by the ‘‘Few Sample Theory’’ (Kreyszig, 1970).

4. Model setting and validation
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Fig. 7. Multi-step function of water diﬀusivity in dough.
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To verify the model reliability and check its sensitivity to process parameter changes, the proposed model
was tested at diﬀerent values of the main process variables temperature and humidity, following the experimental program reported in Table 4. The results were
then compared to the simulation results coming out
from the mathematical model set with the geometrical
characteristics and initial conditions reported in Table
5. These conditions have been assumed to be constant
for all the simulation performed for this validation
work.
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Table 4
Experimental plan for set and validation of the model
Treatment type

T1 [K]

UR1 [%]

v1 [m s1]

Verify
Validation 1
Validation 2

353
353
343

68
58
58

0.5
0.5
0.5

In order to overcome this problem, the mass ﬂow
needs to be reduced. Therefore an optimised mass-exchange coeﬃcient k opt
was computed by considering
x
the ratio b between k opt
and the calculated mass-exx
change coeﬃcient kx as an adjustable parameter:
b¼

Table 5
Initial condition and geometrical characteristics in simulation
Length L [mm]
External diameter Rext [mm]
Averaged thickness d [mm]
Initial moisture U [%]
Initial temperature T0 [K]

35
9.4
10
30
303

A ﬁrst experimental test was done in order to verify
the model validity by applying usual operating conditions T1 = 353 K and UR1 = 68% as set points and
maintaining an air velocity value ﬁxed to v1 = 0.5 m s1;
this last value has been maintained constant for all the
performed tests. In addition, the simulation results were
based on the physical properties and transport coeﬃcient previously discussed. The comparison between
experimental and computed average water content proﬁles is shown in Fig. 8. It clearly shows that the transport coeﬃcients computed with the proposed
correlations, gave a simulated water content proﬁle that
largely exceeds the experimental one. This diﬀerence
may be ascribed mainly to the empirical correlation used
for computing the mass-transfer coeﬃcient that assumes
a single inﬁnite cylinder dipped in an inﬁnite mass of
drying ﬂuid. On the other hand, during the experimental
drying process several samples were dispersed throughout the tray, and the amount of water extracted was affected by the particular pasta random orientation with
respect to the air ﬂux, even though the bed was maintained as a single layer. As a direct consequence, the
mass ﬂow was reduced with respect to the theoretical
one and thus the simulated drying process was found
to be much faster than the experimental process.
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k opt
x
kx

ð38Þ

The optimisation technique was performed using a classic goodness test method based on the minimization of
the square quadratic deviation between experimental
and computed average water content. Therefore a percentage deviation SQM was deﬁned as
X U exp;i  U sim;i 2
SQM% ¼
 100
ð39Þ
U exp;i
i
where the sum is extended at any time to all the experimental water content points of the considered assessment drying test.
Diﬀerent simulations were performed, with b ranging
between 0.005 and 0.015, and the SQM% was calculated
for each simulation referring to the considered experimental set up. The result is shown in Fig. 9, and a minimum value of SQM% = 0.63 was found corresponding
to b = 0.0085. Thus this value was chosen as the optimum of b and a new computation was performed with
this value. As expected, a good agreement was found between the simulated and experimental curve (see
Fig. 10), where a maximum error does not exceed 4%.
By the previous optimisation, the model was completely set and therefore it needed only to be validated
to check its sensitivity to diﬀerent process conditions
as reported in Table 4. The ﬁrst experimental trial was
conducted by setting the air moisture to 58% and maintaining the air temperature at 353 K. From these new
process conditions it was possible to check the model
sensitivity to evaporation velocity changes. In fact, by
lowering the air water content, the mass transfer driving
force increases according to Eq. (4), and therefore
dough water content should quickly decrease. The
experimental and simulated data obtained for these
process conditions are reported in Fig. 11. A rather
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Fig. 8. Comparison between experimental and simulated data with
theoretical correlations.
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Fig. 9. b optimisation curve.
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always below 5%. Is clearly appears that the consideration outlined above has been conﬁrmed by the experimental results.
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0.25
0.2

5. Simulation tests and conclusions
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Fig. 10. Comparison between experimental and simulated data with
optimised exchange coeﬃcient (T1 = 353 K, UR1 = 68%).
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Fig. 11. Validation test at diﬀerent temperature (T1 = 353 K,
UR1 = 58%).

good agreement was found with a maximum diﬀerence
between the two curves of less than 12%.
To investigate the inﬂuence of temperature changes a
test was done by setting temperature at 343 K and maintaining water content at 58%. It is expected that the
reduction in temperature decreases the heat ﬂux supplied to the sample and the process becomes slower. In
Fig. 12 the comparison between experimental and simulated proﬁles is reported and again the agreement was
rather good as conﬁrmed by a maximum error that is

In order to show how the proposed model can be
helpful for industrial applications, in this section an
example is proposed. The ﬁnal water content can be obtained by following diﬀerent temperature and water content paths during the process. In particular, the high
temperature and low moisture value of the drying ﬂuid
tend to accelerate the drying process, while slow processes can be realised by using either low temperature
or high humidity values. Depending on the adopted
process conditions, the ﬁnal water content value (ﬁxed
at 0.115 w/w) is reached at diﬀerent ‘‘process time’’, that
can be easily computed by the simulative model when
diﬀerent drying conditions are applied, without making
any expensive experimental test. Starting from the conditions reported in Table 4, simulations were performed
applying the conditions reported in Table 6 that simulate extreme drying conditions. From the results plotted
in Fig. 13, it clearly appears that the model gives large
drying velocity diﬀerences, and as a consequence a wide
range of process time values was determined and reported in Table 7.
Finally it should be noticed that, as shown above, the
proposed simulative model avoids the rather expensive
and time consuming trial error technique of process
assessment, by drastically reducing the experimental
tests to only those considered interesting by the producTable 6
Process condition for simulation
Treatment type

T1 [K]

UR1 [%]

v1 [m s1]

Strong
Mild 1
Mild 2
Soft

363
363
343
343

50
70
50
70

0.5
0.5
0.5
0.5

0.3

0.35

0.25

0.3

0.2

0.25
U [w/w]

U [w/w]

0.35
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0.1
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0
0
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Mild 2
Soft
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Fig. 12. Validation test at diﬀerent air humidity (T1 = 343 K,
UR1 = 68%).

Fig. 13. ‘‘Process time’’ calculation: drying simulations.
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Table 7
Calculated process time
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References

Treatment type

Process time [min]

Strong
Mild 1
Mild 2
Soft

40
90
75
185

tion technologist. In addition, the simulative approach
allows simpliﬁes the experimental plan when a new
product has to processed and diﬀerent operating conditions need to be tested. Concerning this approach, it
should be remarked that this is possible only using a
simulative approach because the ‘‘expert systems’’ currently widely used, and based on some questionable
numerical algorithms and not on physical models, and
are rather stiﬀ in the application.
In conclusion, this new engineering approach for dry
pasta production can be considered as a staring point to
model all the aspects of the process. In fact, the food
quality represents the main new challenge for the manufacturer. The quality concept has to bring together many
aspects such as nutritional control, microbiological
safety and texture-ﬂavour characteristics. As for pasta,
starting from a model able to predict the moisture decrease during the process, all the quality parameters
can be related to temperature and dough water content
and a more accurate process might be realised. Moreover, this approach allows the manufacturers to strongly
push the design of new products and processes, because
the use of simulative tools opens new ideas without
incurring the usual high research costs linked to pilot
tests.
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