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ABSTRACT

Bressani, Gina. M.S.A.B.E., Purdue University, May 2014. Prediction of pasta shrinkage.
Major Professor: Dr. Martin R. Okos.
Shrinkage models from different fields of study were reviewed. Pasta was used as
a model to further develop the hypothesis of predicting shrinkage in terms of the rate of
relaxation and the rate of moisture loss. An extended literature review of pasta properties,
such as isotherms, diffusivity, glass transition, rheological properties, and shrinkage was
conducted. Isotherm and glass transition models were developed from the literature data
acquired. Creep was tested with a 25 mm-diameter flat plate at 20 to 40°C at varying
moisture content. Viscoelastic parameters for the Burgers model for creep were
determined, where higher moisture content samples resulted in higher creep values. A
super-sensitive balance with controlled temperature and relative humidity environment
was used to obtain drying curves of extruded semolina at 60°C. Samples of different
thicknesses were submitted to relative humidity steps from 80% to 0%. The drying
kinetics show similar behavior throughout all thicknesses, and discrepancies between
curves suggest shrinkage is occurring. The diffusivity constant was shown to increase
with decreasing moisture content, while diffusivity has been shown to decrease, which
suggests that shrinkage has a significant effect on the drying curves. Diffusivity values
obtained based on constant initial length are comparable to literature data obtained. The
values were between 1.18×10-12 and 2.84×10-11 m2/s. Shrinkage curves obtained suggests
that shrinkage during pasta dehydration is not linear, which is contrary to the typical
linear-shrinkage assumption. Although it was hypothesized that the Berens and
Hopfenberg model was applicable for this study, diffusivity and relaxation occur
simultaneously and not separable from the data obtained. Further research with longer

xi
test times, as well as the application of creep data, and other mathematical models, could
help further develop the concept.
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CHAPTER 1. INTRODUCTION

Dehydration processes have been used throughout history to preserve the
organoleptic and physical properties of agricultural products. Dehydrating food products
has been especially popular due to its numerous added benefits. The decrease in water
weight simplifies food logistics, and it decreases the overall transportation costs. The
lower water activities of dehydrated foods help prevent microbial decay and conserve the
nutritional properties of the product. Some products are now even customary to eat as
dried-products, such as sun-dried tomatoes and raisins. Although dehydration has brought
many benefits to the industry, it also has some undesirable side effects. Depending on the
dehydration process and the product that is being dehydrated, some of the disadvantages
may include changes in taste, color, texture, and overall appearance. Additionally, heated
processes may promote some chemical reactions that decrease the product’s nutritional
quality. To some extent, all foods are subject to some degree of dehydration, especially
when the storage and packaging environments of the food products are at lower relative
humidity levels than the food itself. It is essential to understand how the dehydration
process can affect the overall quality of biological products in order to optimize product
processing, as well as to maximize desired product qualities.
One of the key product quality factors is the structure and texture of the product.
As a product is dehydrated, shrinkage and the change of structure is natural, as water, and
therefore volume, is being removed from the product. Shrinkage is the reduction of
volume and change of structure of a product during dehydration processes.
As dehydration has become a common practice in the industry, it has also become
a very prominent area of study. Throughout history the different dehydration methods
have been studied and compared. The main purpose of drying research is to optimize the
process and minimize energy consumption while maximizing the product quality. Some
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researchers focus on modeling the product properties as it is dehydrated. There are
numerous studies available in which the product’s properties, such as its isotherms,
moisture profiles, diffusivity, glass transition, rheological properties, porosity, density,
and overall quality, are modeled as a function of the process parameters, such as
temperature, relative humidity, and time. Some models are based on empirical data,
others on fundamental theories, and there is also a combination of both, semi-empirical
models. Many of these models are also based on negligible shrinkage, which is not an
accurate assumption, as many products shrink as much as twenty percent of their original
volume. Accurate shrinkage prediction, as well as the determination of process conditions
that cause a product to shrink, are essential to any dehydration model. Globalization has
caused exchange of different products, where different textures and nutritional aspects are
demanded. Higher quality and lower costs are essential to any successful business. Being
able to accurately predict shrinkage may increase product quality, maintain product
standards, decrease energy consumption, decrease product development time, and most
importantly, increase the accuracy of many models based on constant volume.
In this study, an extended literature review of pasta properties (isotherms,
diffusivity, glass transition, shrinkage, and rheological properties) and shrinkage models
was conducted. From the literature model it was determined that a comparison of the rate
of moisture loss versus the rate of relaxation was essential to the determination of the
actual shrinkage of the product during dehydration. It was hypothesized that if the rate at
which moisture is lost is greater than the rate at which the structure relaxes, no shrinkage
is expected. On the other hand, if the rate at which moisture is lost is less than the rate at
which the structure relaxes, shrinkage is expected. The objectives of this study were to:
(1) Conduct a literature review of pasta properties and pasta dehydration (process
conditions and how properties change during dehydration).
(2) Conduct a literature review on shrinkage measurements and models for
dehydration processes of different products.
(3) Determine the rate of moisture loss of pasta during dehydration.
(4) Determine the rate of pasta relaxation during dehydration.
(5) Compare the rate of moisture loss and relaxation to determine shrinkage.
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CHAPTER 2. LITERATURE REVIEW

2.1. Isotherms

2.1.1. Introduction to isotherms

In the analysis of any dehydration process it is important to understand the effects
of water content on the agricultural product, since it can affect both the physical structure
of a sample as well as its chemical stability (Bell and Labuza, 2000). The effect of water
in a sample can be described by either the moisture content or the water activity. The
moisture content  is the weight fraction of water in a sample, and it can be given in
one of two forms (Okos et al., 1992):
  





 

 






 



 



(2.1.1)
(2.1.2)

  
  
    
    
Water activity ( ) is a measure of the energy status of water in the system,
where pure water has a water activity of 1. Samples with high water activities (closer to
1), will contain water that acts as free water. Samples with lower water activities (closer
to 0), on the other hand, will be characterized as strongly bound water. It is crucial to
know and control the water activity of a food, since reactions and microbial growth only
occur within certain ranges of water activity. Most chemical reactions stop at   ,
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bacterial growth stops at   , mold and yeast growth stop at   , enzymatic
reactions do not occur at   , and Maillard browning reactions peak between
     (Bell and Labuza, 2000). In general, dehydrated products have low water
activities, in which microbial growth is delayed or eliminated, but are subject to higher
lipid oxidation rates. Water activity is defined as (Bell and Labuza, 2000):
 









(2.1.3)

  
  
  
Moisture sorption isotherms describe the relationship between moisture content and water
activity of a particular material. A typical shape of an isotherm is shown in Figure 2.1,
below.
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2.1.2. Semolina durum isotherms

Andrieu, Stamatopoulos, and Zafiropoulos used an equilibrium method with
sulphuric acid to develop an isotherm for durum wheat pasta between 40 and 90°C, and
water activities between 0.10 and 0.90 (1985). Based on previous research, the data
obtained from their research was fitted to three different relations: (1) Bradley, (2)
Henderson, and (3) Oswin. The Oswin relation was found to be the best fit, with a 7%
mean absolute relative error. They proposed the following Oswin relationship, and
product parameters:
      

 



  




   
  

   

  

(2.1.4)

(2.1.5)

        
  
  
  
  
  
Litchfield and Okos examined the moisture diffusivity in pasta during drying, and
derived a desorption isotherm using data obtained from the drying tests (1992). They
tested several existing desorption isotherm equations, and the following provided the best
results: (1) Oswin equation, (2) the Henderson equation, and (3) Guggenheim-Andersonde Boer (GAB) equation.
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The best fit to the data obtained was a modified Henderson equation (sum of squares =
0.29):
      









 

 


   



(2.1.6)
(2.1.7)

  
  
  
  

Cummings also examined the isotherm of extruded pasta at 40 to 60°C, and
relative humidity between 75 and 95% (1981). He found the best fit was another
modified version of the Henderson equation:
 

     
 







   



(2.1.8)
(2.1.9)

  
  
  
  
Ponsart et al. chose to evaluate the Oswin and GAB equations to determine the
pasta desorption isotherms at temperatures 20, 50, and 80°C using saturated salt solutions
(2003). The Oswin equation resulted to be a better fit; the resulting model parameters are
as follows (sum of the squares 0.007545):
  
  
  
  
No specific values for the GAB equation parameters were given.
De Temmerman, Verboven, Nicolai, and Ramon also determined experimental
desorption curves, and tested five different models: (1) GAB, (2, 3) GAB-like (ViollazGAB and Timmermann-GAB), (4) Ferro Fontan, and (5) Oswin equation (2007). They
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used the hygrometric instrument method, in which an electronic measurement of the
conductivity of a salt solution is taken at temperatures from 40 to 90°C. The authors
conclude that the BET, GAB, and Timmerman-GAB equation were not appropriate for
pasta since the root mean square errors and average residuals were significantly high, and
no specific model parameters were published (De Temmerman et al., 2008). The ViollazGAB equation is defined as follows:









  


 

 

(2.1.10)

  
  
  
  
    





       
       
     
           
  
    
   
   
  

(2.1.11)
(2.1.12)
(2.1.13)
(2.1.14)

The resulting fit gave a root mean square error of 0.038 and average residual of 0.024,
with the following parameters:
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The Oswin equation was determined to be the most accurate, with a root mean square
error of 0.012 and average residual of 0.010. The following model parameters were
determined (De Temmerman et al., 2008):
  
  
  
  
Villeneuve and Gelinas studied the drying kinetics of whole durum wheat pasta,
at temperatures 40, 60, and 80°C, and relative humidity of 65, 75, and 85%. They also
modeled their isotherm based on Oswin’s equation (R2 = 0.95), and proposed the
following parameters (2007):
  
  
  
  
Chumas et al. determined the sorption and desorption isotherms of durum
semolina at 30 to 80°C using the equilibrium method with various saturated salt solutions
(0.10 to 0.85) (2012). They also evaluated the isotherm of pasta at 60°C, and concluded
that there was no significant difference between the isotherm of durum semolina and that
of extruded pasta. Chumas et al. focused on applying the isotherm data to the GAB
equation. The GAB equation is defined as follows:
  


  

(2.1.15)

9
The parameters are as defined previously for the Viollaz-GAB equation. The constants
determined for the tested temperatures are given in Table 2.1 below.
Table 2.1. GAB equation constants for durum semolina desorption isotherms (Chumas et al., 2012).
T

Xm

C

k

°C

db

-

-

30

9.47

17.7

0.450

40

8.52

16.3

0.629

50

7.69

14.7

0.657

60

7.69

9.9

0.657

70

7.37

9.7

0.657

80

5.62

8.0

0.643

Willis fit IGAsorp data of extruded durum pasta at  to the GAB equation; the
following constants were obtained (2001):
  
  
  
Table 2.2, below, summarizes the Oswin parameters determined by the various authors.
Table 2.2. Literature Oswin equation constants for pasta desorption isotherms.

T range
aw range

Andrieu et al.
1985
40-90°C
0.10-0.90

Xiong et al.
1991
25-40°C
0.02-0.95

k0

0.154

0.176

0.171

0.152

0.138

0.158 ± 0.015

k1

-0.00122

-0.00175

-0.00131

-0.00125

-0.00104

-0.00131 ± 0.00026

no

0.078

0.182

0.205

0.088

0.396

0.190 ± 0.128

n1

0.0073

0.0069

0.0048

0.0079

0.0012

0.0056 ± 0.0028

Source

Ponsart et al. Villeneuve and Gelinas De Temmerman et al.
2003
2007
2008
20, 50, 90°C
40-80°C
40-90°C
0.30-0.96
0.65-0.85
0.05-0.95

Average
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Experimental data from literature regarding semolina pasta desorption isotherms at
varying temperatures were collected. Figure 2.2 shows all the raw data collected. The
data point values are given in Appendix A.
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Figure 2.3 shows how the different models compare at 60°C.
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2.2. Diffusivity

2.2.1. Introduction to Diffusivity

Effective diffusivity (De), as defined by Mittal (1999), is the parameter that
describes how the different transport mechanisms affect the overall moisture transport
rate. The effective diffusivity is particularly useful in the analysis of many foodprocessing operations, including dehydration. Several methods for measuring and
predicting the effective diffusivity in agricultural products have been developed. The
results obtained from the different methods are highly inconsistent, as the effective
diffusivity depends on a variety of factors, such as chemical composition and physical
structure of the sample (Mittal, 1999). Effective diffusivity measurements are typically
conducted by labeling and monitoring a moving component, or by measuring average
concentration or surface flux. High (fast) values of moisture diffusivity are typical of
porous materials, whereas low (slow) values are typical of gelatinized materials. There
are three main experimental methods that are used to determine the effective diffusivity
of food samples: (1) drying data analysis, (2) sorption kinetics, and (3) permeability
measurements. Most of the diffusivity models reported were developed using drying data
analysis, which are typically determined by either of three different methods: (1.1) slopes
of the drying curves, (1.2) optimization technique, and (1.3) regular regime technique.
The slopes of the drying curves (1.1) and the optimization technique (1.2) are typically
used for systems where liquid diffusion predominates (low porosity samples with gradual
diffusivity decreases at low moisture contents). The regular regime technique (1.3), on
the other hand, is particularly used for systems with concentration-dependent
diffusivities. The slopes of the drying curves (1.1), consists of graphing


 
 

 and obtaining the slope(s) at a given moisture range (Karathanos,

Villalobos and Saravacos, 1990). The optimization technique (1.2) consists of using
optimization methods to reduce the variability between the experimental data and
predicted values (Mittal, 1999). The effective diffusion coefficient has been expressed in
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a variety of mathematical relationships, including the exponential model, power law
function, and gamma functions. The relationship used depends mainly on the material,
and the material's porosity. Non-porous materials that are usually modeled using an
exponential model or power law function (Mittal, 1999):
       
       
        
   

(2.2.1)
(2.2.2)

Moisture diffusion in porous materials, on the other hand, are typically dominated by
vapor diffusion through the material pores and modeled using a gamma function (Mittal,
1999):
   

  
 

   

(2.2.3)

   
    
   
In porous materials, the effective diffusivity is also modeled as a function of porosity and
tortuosity (Mittal, 1999):
 

 


(2.2.4)

  
  
  
Other theories and correlations, such as the capillary theory, liquid diffusion
theory, Fick's law for diffusion, Wilke-Chang correlation, and the Stokes-Einstein
correlation have also been used to describe moisture transport in dehydrating agricultural
products. The capillary theory is based on the molecular attraction between the liquid and
solid parts of the sample, and is particularly accurate during the early stages of drying,
where the water loss is mostly unbound water. The liquid diffusion theory, on the other
hand, refers to the water transfer due to concentration gradients produced during
dehydration, and therefore used for later drying stages (Mittal, 1999). Fick's law is
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typically used for grains with spherical, and some other non-spherical geometries (Mittal,
1999). The Wilke-Chang correlation is used for small molecules and the Stokes-Einstein
for macromolecules (Mittal, 1999). Additionally, temperature effects on diffusivity are
described using the Arrhenius equation (Mittal, 1999):


   
(2.2.5)
  
   
  

2.2.2. Diffusivity of semolina durum

Many authors have attempted to determine and model the effective diffusivity of
semolina durum. Many different approaches and models have been used, Piazza et al., for
example, determined pasta diffusivity by first considering radial shrinkage (1990). The
relationship between moisture content and shrinkage was first determined. From the
shrinkage data, three drying stages were detected: (1) incarto (incarto is an Italian word
meaning “to wrap,” and used here to describe the drying process in which the external
layers are made rigid enough to prevent shape distortion), (2) drying, and (3)
stabilization. Finally, Fick’s law was applied to determine a constant diffusive coefficient
for each of the three drying stages. They found that the transition from incarto to drying
tended to occur at the same moisture content, regardless of the temperature. The
transition moisture content from drying to stabilization, on the other hand, was strongly
related to temperature (transition moisture content decreased with increasing
temperature). Once the pasta was in the stabilization stage, no relationship was found
between temperature and diffusivity (Piazza et al., 1990).
Andrieu and Stamatopoulos evaluated the effective diffusivity during pasta
dehydration (1986). The effects of temperature, relative humidity, pasta geometry, and air
velocity on the rate of drying were examined for the temperature range of 40 to 90°C,
relative humidity of 0.005 to 1.0 kg/kg, and air velocity of 1 to 5 m/s. Data analysis was
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based on five assumptions: (1) moisture transfer is monodimensional, (2) shrinkage is
negligible, (3) the rate of heat transfer is much larger than the rate of mass transfer, and
therefore the process is isothermal, (4) diffusion is constant over a moisture content
range, and finally, (5) pasta is homogenous and continuous medium with relatively low
porosity. Data results showed that drying rate depends on (1) Temperature (diffusivity
and equilibrium moisture content), (2) pasta thickness/radius, and (3) the amount of free
water still remaining (   ) (Andrieu and Stamatopoulos, 1986). Drying rate increases
as temperature increases, and it decreases with increasing relative humidity and
increasing thickness/radius. Air velocity, on the other hand, had no effect on the drying
rate. The assumption of internal resistance to mass transfer controlled by a moisture
gradient was verified since the drying rate is strongly related to air temperature and pasta
thickness/radius. A plot of 

 
 

 results in a straight line with a slope

, and furthermore, a plot of    can determine the effect of the
radius on the drying rate. The data obtained showed that the plot of    
resulted in a linear relationship with a slope  . The authors therefore concluded that
Fick’s-type law diffusional model was appropriate.
The mass balance conservation equation, and initial and boundary conditions for a
slab are (Andrieu and Stamatopoulos, 1986):



 

  

(2.2.6)

 

          
          

     


  
The corresponding solution is as follows:

 








 

  

 

  

(2.2.7)
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For a cylinder they propose the following:



 

  
 



 
 

(2.2.8)

          
          

     


  
with the following corresponding solution:

 



 
 



  


(2.2.9)

  
According to the data obtained, the diffusion coefficient values changed for three
different ranges of moisture content: (1)   , (2)     , and (3)
    ; the values ranged from   . Furthermore, the
diffusivity values at each moisture content range was the same regardless of the pasta
geometry, and therefore it can be said that the values are an intrinsic transport property
and characteristic of pasta (Andrieu and Stamatopoulos, 1986).
Waananen examined the mass transfer mechanisms during drying of pasta with
different porosities (1989). Temperature measurements during drying showed that the
center of the sample reached the drying temperature within 10 minutes. It can be
concluded that the rate of energy transfer is much greater than the rate of mass transfer,
and therefore pasta drying can be considered an isothermal process (uniform internal
temperature profile) (Waananen, 1989).
There are several mechanisms in which mass transfer can occur during a drying
process, in which typically internal mass transfer is the controlling resistance. Internal
mass transfer can occur within the solid phase or within the pores. Additionally, several
mechanisms may contribute to the mass transfer, and the degree of mechanism
contribution can also change as the product is dehydrated (Waananen, 1989). If internal
mass transfer resistance is controlling, the average moisture content of a
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cylindrical sample can be determined as follows:


 




 

 


(2.2.10)

Conversely, if external mass transfer resistance is controlling, then the average moisture
content is determined using the external mass transfer coefficient  :


  

 



 


(2.2.11)

Following the same methodology as described for Andrieu and Stamatopolous, they
plotted of    with slope  that is inversely proportional to  . If   ,
then internal mass transfer is controlling, and if   , then external mass transfer is
controlling. According to data obtained at different moisture contents pasta drying is
characterized by internal mass transfer control (Waananen, 1989).
Waananen examined the microstructure of extruded pasta by using scanning
electron microscopy (1989). In unpuffed pasta no channel shrinkage was observed during
moisture loss. Alternatively, macroscopic and microscopic changes are seen in puffed
pasta, where channels are formed during puffing and some starch granule gelatinization is
evident. The presence of channels and pores is particularly important since it may have
effects on the type of diffusivity evident in the dehydration process. As mentioned
previously, internal mass transfer can occur in the solid or the void space, and the
contribution of diffusion in each phase may vary as the product is dried. If the diffusivity
is affected by operating pressure, then the controlling mass transfer mechanism is in the
vapor phase diffusion. In this case, diffusivity will be inversely related to pressure
(Waananen, 1989):
 




(2.2.12)

Conversely, when a drying process is dominated by internal liquid/adsorbed phase
diffusion, the diffusivity will not depend on the operating pressure (Waananen, 1989).
Waananen examined the effects of pressure on both puffed and unpuffed pasta samples
(1989). According to drying data, total pressure had no effect on drying of unpuffed
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pasta, and therefore internal mass transfer of unpuffed pasta drying can be considered
liquid or adsorbed phase diffusion. Drying data on puffed pasta showed different results:
vapor phase diffusion could contribute from as low as 30 to 38% of the total diffusion
when drying at 55°C, and as high as 62 to 100% when drying at 71°C (Waananen, 1989).
According to Waananen the diffusivity values obtained in their study were two to three
times greater than values obtained in previous studies, and claim that the differences are
due to differences in the structure of the samples (possible higher porosity) (1989).
Waananen and Okos conducted a further study on the effect of porosity on the
moisture diffusivity of pasta dehydration (1996). Data was obtained for both dense
(  ) and porous samples (  ), at a temperature range of 40 to 120°C and
pressure range of 77 to 202kPa. The study confirmed that pasta dehydration is isothermal
and controlled by internal mass transfer diffusion. Additionally, for dense pasta, pressure
had no effect on moisture diffusivity, and therefore considered liquid or adsorbed phase
diffusion (negligible vapor phase water diffusion). For porous pasta, on the other hand,
vapor phase diffusion may contribute to a significant amount of water diffusion. At 55°C
and 77kPa, vapor phase diffusion contributed to 34% of the total diffusion, and at the
same temperature and a pressure of 202kPa vapor phase diffusion contributed to 17% of
the total diffusion. At 71°C and 77kPa, 22% of the total diffusion was vapor phase
diffusion, and at a higher pressure, 202kPa, only 10% of the total diffusion was vapor
phase diffusion (Waananen and Okos, 1996). Diffusivity values obtained for dense pasta
(ɛ = 6%) ranged from 8 to 106 × 10-12 m2/s, and for porous pasta (ɛ = 26%) ranged from
36 to 221 × 10-12 m2/s. Waananen and Okos compared the values obtained of effective
diffusivity to other studies, and determined that at lower moisture contents the values
measured were typically greater than the ones in other studies, but had similar values at
higher moisture contents (1996). The differences could be due to: (1) different structures
(porosities), (2) different methods for controlling drying relative humidity, and/or (3)
different measurement techniques for measuring equilibrium moisture content (lower
equilibrium moisture contents result in lower values of effective diffusivity). Waananen
and Okos developed a semi-empirical model for predicting effective diffusivity of porous
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pasta as a function of porosity, temperature, and pressure:
 















 


(2.2.13)


  


  
    

The model accounts for both liquid and vapor contributions, and the parameters
determined are:




    


    


  

    

The model shows the following relationships between the variables and effective
diffusivity: (1) higher porosity is characterized by higher diffusivity, since there is a
higher contribution of the vapor phase diffusion, (2) as moisture content decreases,
effective diffusivity decreases, since the binding energy is higher at lower moisture
contents, and (3) as pressure increases, the effective diffusivity decreases, since at higher
pressures there is a decrease in vapor contribution (Waananen and Okos, 1996). The
model was tested at a moisture content range of 0.02 to 0.23 (dry basis), and at higher
moisture contents the model reasonably predicted the data. At lower moisture contents,
on the other hand, the model was less accurate. The higher deviation can be due to the
fact that the model is based on the assumption that vapor is in equilibrium with the liquid,
and at lower moisture contents, the rate of vapor desorption becomes rate-controlling
(Waananen and Okos, 1996).
Litchfield and Okos also examined the moisture diffusivity and transient moisture
profiles of pasta during drying (1992). Data was obtained for a temperature range of 40 to
85°C and moisture content (dry basis) of 0.015 to 0.26, which resulted in effective
moisture diffusivity values of 1.5 to 48 × 10-12 m2/s. The data was used to predict drying
curves and moisture profiles at the given temperature range. Additionally, moisture
profiles were measured by freezing samples in liquid nitrogen, and slicing the frozen
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samples for moisture content determination. The diffusion equation used was based on
the assumption that moisture concentration was the main driving force, and therefore
gravitational, temperature, and pressure effects were assumed negligible. Therefore
diffusion predicted was based on the solution for Fick’s first law for a slab.
    
  

   


(2.2.14)


    

(2.2.15)
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The solution was obtained based on the following assumptions: (1) uniform initial
moisture distribution, (2) immediate surface equilibrium, and (3) no flux through the
center of the slab. The effective diffusivity was obtained using the following relationship
based on the half-time technique:
 



(2.2.16)

   

The half-time technique consists of determining the time at which half of the total
moisture change is accomplished (Litchfield and Okos, 1992). Resulting data showed that
effective diffusivity increased with increasing moisture and temperature, in which the
effect can be described as follows:
    

(2.2.17)

The temperature dependence is known as the Arrhenius temperature equation:


    

(2.2.18)
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The moisture content dependence is expressed as follows:
      



 

(2.2.19)

Litchfield and Okos determined the following model parameters (1992) based on the
effective diffusivity values measured:
  
  
  
  
  
The values for the effective diffusivities obtained by Litchfield and Okos suggests
that at higher moisture contents the effective diffusivity increases dramatically (1992).
The dramatic increase in diffusivity coincides with the transition moisture content in the
isotherm, which suggest that there is a structural change in pasta once critical moisture
content is reached. Litchfield and Okos propose that the structural change is given by a
large change in porosity due to shrinkage during pasta dehydration. The values obtained
for effective diffusivity were further used to predict drying rates and moisture profiles.
The model values were compared to actual values for both drying curves and moisture
profiles, and the model only accurately predicted the values for low temperatures and
long drying times. The authors conclude that the Fickian diffusion model does not
accurately predict the drying of pasta (Litchfield and Okos, 1992).
Xiong, Narsimhan, and Okos studied the effect of composition and pore structure
on the effective diffusivity of pasta (1991). Effective diffusivity was obtained from
drying curves at temperatures between , for semolina pasta with porosities
of 6.12% and 26.86%. They found that effective diffusivity of the porous pasta was
constant at high moisture contents (  ), and decreased at lower moisture contents
(less water molecules available for diffusion). Xiong et al. related the isotherms, with
binding energy to determine diffusivity. Based on the assumption that effective
diffusivity is proportional to the fraction of available free water, the following
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relationship was proposed (Xiong et al., 1991):
   


 






 



 

(2.2.20)

      
  
  
  
 and  are depend only on the pore structure of the sample, and are obtained from a
plot of    at high moisture contents. They found that effective
diffusivity of porous pasta was greater than less porous pasta, showing that porosity has
an effect in diffusivity.
Villeneuve and Gelinas evaluated the drying kinetics of bran-free and bran-rich
pasta according to temperature and relative humidity (2007). The authors assumed
Fick’s-type law, although aware of non-Fickian behavior near glass transition. According
to the data obtained, the effective moisture diffusivity was affected by both temperature
and relative humidity, but the effect of relative humidity was more significant. The
authors determined that diffusivity was temperature dependent and proposed the
following relationship with an Arrhenius-type equation:


       

(2.2.21)

     
  
      
  

(2.2.22)

De Temmerman et al. used a mix of approaches to model water diffusivity in
semolina pasta (2007). The authors chose to use a simple approach, and applied an
exponential equation:
     

(2.2.23)
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The model parameter, , was found to have an Arrhenius-like behavior. The relationship
used, and the determined parameters determined were (De Temmerman et al., 2007):





 

   
  
  
  
       

(2.2.24)

As mentioned previously, effective diffusivity values can be quite variable since it
is highly dependent on several factors. Figure 2.4 shows the different values determined
and reported in literature.
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2.3. Glass transition

2.3.1. Introduction to glass transition

Glass transition ( ) is the phenomena observed when an amorphous material
changes from a brittle to a rubbery texture, which is usually due to a moisture or
temperature change within the structure (Champion, Le Meste, and Simatos, 2000). The
glass transition is characterized by a change in physical, mechanical, electrical, or
thermal properties as a function of temperature (Rahman, 2011). The process is
considered a second-order thermodynamic transition, where the material changes state
although not necessarily a change in phase. It is recommendable to refer to the change as
a glass transition (and not a second-order transition), since the materials are not at a
thermodynamic equilibrium and are unstable relative to the crystalline form (Kasapis,
2005; Bhandari and Howes, 1999). A material that is brittle, strong (storage modulus of
 , viscosity of    ), and has a low molecular mobility is said to be in the
glassy state and has an amorphous, non-crystalline microstructure (Champion, Le Meste,
and Simatos, 2000; Kasapis, 2005; Bhanadari and Howes, 1999). A material that is
rubbery, on the other hand, is said to be in a viscoelastic state (viscosity of
    (Champion, Le Meste, and Simatos, 2000; Bhandari and Howes,
1999). The glass transition is typically described as the temperature range in which the
transition occurs, but some authors also choose to describe it as the moisture content in
which the transition occurs (Rahman, 2011). Additionally, the glass transition is
sometimes given as the onset, middle, and end of glass transition (Rahman, 2011). Glass
transition studies usually describe the structure, texture, and reaction kinetics of a specific
material (Roos, 2011). As the temperature is increased above the glass transition many of
the material’s physical properties change, some of the most critical are: increase in the
free molecular volume (volume not occupied by the solid matter, volume available for
free movement), increase in heat capacity, increase in thermal expansion coefficient,
increase in the dielectric coefficient, and change in the rheological properties (Bhandari
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and Howes, 1999). Knowledge of the glass transition of products is specifically useful for
the determination of sensory properties (hardness, crispiness, flavor release, etc), stability
during storage, and for the control of certain processes, such as drying (Roos, 2011;
Rahman, 2011). In dehydration processes, it can help control the structure of the final
product, including its overall strength, porosity, and possible crack formations (Xing et
al., 2007).
Several methods have been developed for experimental glass transition
determination in which most are centered on the measurement of a change of either the
rheological or thermal properties of the material. In terms of the rheological approach,
viscosity is the simplest parameter to measure, although not necessarily the most
appropriate. As the material loses moisture, and therefore becomes more rigid, it is
increasingly difficult and inaccurate to measure the product’s viscosity (Kasapis, 2005).
Thermal mechanical analysis (TMA) is therefore typically used, and is based on the
measurement of elastic modulus as a function of temperature (Bhandari and Howes,
1999). In terms of the thermal properties, the main methods used are: differential
scanning calorimetry (DSC) and differential thermal mechanical analysis (TMA), which
focus on the measurement and change of the material’s heat capacity (Bhandari and
Howes, 1999). One of the most recent measuring methods is the thermal mechanical
compression test (TMCT), which consists of heating and compressing a sample with a
texture analyzer probe. The TMCT has been determined to be a simple, reproducible,
economical, and flexible method for glass transition determination (Rahman, 2011).
Rahman et al found that the various methods can yield significantly different results, and
concluded that mechanical methods tend to show glass transitions of  higher
than the other methods (2011).
The glass transition of a specific product can vary according to several factors,
one of which is its molecular composition. Most foods are composed of protein,
carbohydrates, and fat, of these, carbohydrates have the most significant effect on the
glass transition of the food (Bhandari and Howes, 1999). Carbohydrates usually have
very low glass transition temperatures, and therefore tend to depress the glass transition
of foods (Bhandari and Howes, 1999). Plasticizers can also have a significant effect on
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the structure, general rheological properties, and therefore the glass transition of a
specific product. Plasticizers, such as water, usually increase the workability, flexibility,
and/or extensibility of the material. High molecular weight polymers (high glass
transition as compared to the diluent) are usually plasticized by low molecular weight
diluents (low glass transition) (Kasapis, 2005). Therefore, since water has a very low
glass transition temperature (  ), it is usually a strong plasticizer and
critical to the determination of the glass transition of any food (Bhandari and Howes,
1999). According to Roos the glass transition of high molecular weight food polymers
(proteins and starches) are hard to determine experimentally, since they start to
decompose before the glass transition is reached (1995). Past research has therefore
determined different ways of predicting the glass transition of specific materials
according to its composition (Bhandari and Howes, 1999). The Gordon and Taylor
proposed the following relationship (Bhandari and Howes, 1999):
 

   
 

(2.3.1)

  
  
  
Alternatively, Chouchmann and Karasz proposed an extension of the Gordon and Taylor
equation (Bhandari and Howes, 1999):
 

  
 






 


(2.3.2)

  
The model can be extended to an n-component system (Bhandari and Howes, 1999):
 


   
  

 

(2.3.3)
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Additionally, many properties that are related to molecular mobility and are above the
glass transition have shown to follow William-Landel-Ferry (WLF) kinetics (Bhandari
and Howes, 1999):





  



  

(2.3.4)
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2.3.2. Glass transition of semolina durum

Several authors have examined the glass transition of semolina wheat pasta. Cuq
and Icard-Verniere (2001) used a DSC with a modulation extension apparatus to
determine the glass transition of durum wheat semolina as a function of moisture content.
Two different models were evaluated, the Gordon Taylor and the Kwei model. Cuq and
Icard-Verniere concluded that when heating wheat durum semolina, the Kwei model
(  ) showed a better fit:
 

   
 

  

(2.3.5)

   
   
The following model parameters were determined for the Kwei model:
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The Gordon Taylor model parameters (  ) for heating semolina determined by
Cuq and Icard-Verniere were (2001):
  
  
  
The glass transition was determined with data within a temperature range of 30.7113.7°C and water content of .
Rahman, Al-Marhubi, and Al-Mahrouqi measured the glass transition temperature
of pasta through several methods: differential mechanical thermal analysis (DMTA),
differential scanning calorimetry (DSC), modulated DSC (MDSC), water diffusion, and
density (2007). Glass transition by DMTA was measured in the linear viscoelastic region
and was determined to occur when (1) there was a change in slope or break in storage
modulus (  ), (2) peak in loss modulus, and/or a peak in  (  ). The
glass transitions determined with DMTA were given as function of frequency. DSC and
MDSC experiments were performed at different rates with temperatures from
, and the onset, midpoint, and end of glass transition were determined. The
glass transition determined through these methods was given as a function of heating rate,
where the glass transition increased exponentially until it reached a constant value of
 at . Diffusivity data showed a clear change in diffusive behavior at
. The diffusivity increased linearly while in the glassy region until the rubbery
region was reached. Material density data also shows a change in behavior at . The
moisture content of the pasta was not specified by the authors (Rahman, Al-Marhubi, and
Al-Mahrouqi, 2007).
Rahman et al. determined the glass transition of pasta at a moisture content (wet
basis) range of , with a corresponding water activity range of 
(2011). The authors used thermal transition by Differential Scanning Calorimetry and
Thermal Mechanical Compression Test (TMCT) to determine the glass transition. The
DSC method was used at different heating rates (), and the data showed
that the glass transition increased reverse exponentially until it reached a constant
temperature value (at and above  and a moisture content of
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 it increased to a constant value of ). Higher heating rates
caused higher glass transition temperatures, which, according to Rhaman et al., was due
to sample stiffness and that it required a longer time for the molecules to relax at the
higher heating rates (2011). Both methods showed that at low moisture contents the glass
transition increases as moisture is lost. Additionally, the data showed that the glass
transition temperature was constant when the water content was below
. Rhaman et al. found significant differences in the glass transition
range within the different methods used (2011). At low moisture contents
(), TMCT resulted in higher values than the DSC
method (a difference of ). At even lower moisture contents
(), TMCT resulted in lower values than the DSC
method (a difference of ). The data obtained by both methods were
fitted to a modified Gordon-Taylor equation:
 

   
 

(2.3.6)

   
   
The following model parameters were determined (Rahman et al, 2011):
  
  
  
Takhar, Kulkarni, and Huber examined the glass transition of pasta using a
dynamic mechanical thermal analyzer (DMTA) at a moisture content range between
, and temperature between  (2006). The glass transition was
determined based on a change of the storage modulus (  ) and the damping factor ( )
as a function of moisture content and temperature. The study results show that molecular
mobility increases at higher temperatures. The glass transition was lower for pasta with
higher moisture contents, since the higher moisture contents enhance molecular mobility
(due to the plasticizing effect of water).
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Figure 2.5 shows the glass transition data as well as the different models
presented in literature. All raw data points are given in Appendix B.
Bell and Tauma, 1996 - DSC

Liu, Qi, and Hayakawa, 1997 - Rheology

Cuq and Verniere-Icard, 2001 -DSC

Kulkarni, 2005 - DMTA

Takhar et al., 2006 - DMTA

Rahman et al., 2007 - TMCT

Rahman et al, 2011 - TMCT

Rahman et al, 2011 - DSC

Willis, 2001- DMTA

Cuq and Verniere-Icard, 2001 (Gordon Taylor)

Cuq and Verniere-Icard, 2001 (Kwei)

Rahman, 2011 (Gordon Taylor)
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Figure 2.5. Literature experimental data and models for glass transition of pasta.
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2.4. Shrinkage, porosity, and density

2.4.1 General definitions

Several physical properties of a material change as it is dehydrated, some of the
most critical being density, porosity, and shrinkage. These three properties are highly
related, since they are all affected by the change in volume of a sample. Density is simply
the mass of a sample per unit volume. There are various forms of density reported, in
which they all differ depending on the volume considered for the sample (Michailidis et
al., 1995). Some of the relevant forms are: (1) true density  , (2) particle density  , (3)
apparent density  , and (4) substance density  . The true density of a pure substance
(or combination of substances) is calculated from the density of its components. Apparent
density is the density of the unmodified sample, in which the volume includes all closed
pores but not the externally connected pores. Apparent density is the density of a sample,
including all pores in the material. Finally, substance density is the density of the material
that has been thoroughly destroyed, and no closed pores remain (Michailidis et al., 1995).
Porosity is defined as the volume fraction of void space per unit total volume. As
with density, there are various forms of porosity reported, in which they will differ on the
void volume and total volume considered (Michailidis et al., 1995). Some of the relevant
forms of porosity are: (1) open pore porosity  , (2) closed pore porosity  , and (3)
apparent porosity  . Open pore porosity is the volume fraction of void space on the
exterior boundary of the sample, and can be expressed as:


    



(2.4.1)

Closed pore porosity is the volume fraction of void space in the interior of the material,
and can be expressed as:


    


(2.4.2)
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Apparent porosity, is the ratio of total volume fraction of void space (interior and
exterior) to the total volume of the material, and can be expressed as:


         


(2.4.3)

Madiouli et al. calculated initial porosity as follows (2007):
    


  









(2.4.4)

Shrinkage is the volume change of a sample. Similar to density and porosity, several
forms of shrinkage are reported, but it is mainly calculated as the apparent shrinkage.
Apparent shrinkage ( is the ratio of the apparent volume to the initial apparent volume.




(2.4.5)



  
  
Where    is the overall volume shrinkage fraction of the sample, whereas  is
the percent of the initial apparent volume that remains (Michailidis et al., 1995). The
apparent shrinkage is also sometimes referred to as the bulk shrinkage coefficient
(Madiouli et al., 2007). Other expressions for the shrinkage parameters are (1) collapse
 , (2) specific volume, and (3) percent shrinkage  (Madiouli et al., 2007). The
collapse parameter is used to follow the progress of shrinkage as compared to the final
volume of the sample:


   




(2.4.6)

The specific volume is useful to compare the progress of identical samples, and will give
additional information regarding porosity:


  



  

(2.4.7)
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Finally, percent shrinkage measures the percent of volume loss (Madiouli et al., 2007):
 

  


(2.4.8)

Other authors simply use a shrinkage coefficient  (De Temmerman et al., 2007):





(2.4.9)

2.4.2. Shrinkage in dehydration processes

When an agricultural product is subject to a dehydration process some degree of
shrinkage is expected. It is natural for the product to shrink, since water, and therefore
part of the product volume, is being removed from the structure. The degree of shrinkage
will depend on the dehydration process; it is typically more prominent in convective
dried products, and not as evident in freeze-dried products (Krokida and Maroulis, 2007).
Shrinkage in agricultural products is usually seen as a quality detriment, as the product
will tend to change shape, decrease in volume, and harden. It has also been determined
that non-uniform shrinkage within a structure can cause non-uniform stresses and
eventually cause product failure (Mayor and Sereno, 2004). There are cases where these
changes are desirable. In pasta, for example, shrinkage is desirable, as complete collapse
of the material will seal any inner pores (that can possibly become the source of
microbial decay), and it will also increase the product hardness (and therefore increase
the critical breaking strength and reduce cracking). Considering shrinkage during drying
complicates drying modeling, since it converts a regular drying problem into a moving
boundary problem (Katekawa and Silva, 2006). Although shrinkage complicates the
dehydration model, shrinkage is rarely negligible, as many products will shrink beyond
just the volume amount of water removed (Mayor and Sereno, 2004). According to
Curcio and Aversa, using literature correlations for drying modeling significantly limits
the accuracy of any model prediction (2013). Shrinkage affects moisture and temperature
profiles, which are key to any successful drying model (Curcio and Aversa, 2013). It is
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imperative that shrinkage due to dehydration is completely understood and incorporated
in any dehydration model.
In general, there are two main approaches to shrinkage modeling: empirical or
fundamental modeling. There are advantages and disadvantages to each of these methods.
Empirical models are based on experimental data and are relatively simple to develop,
but are usually just applicable to the process and material properties used to develop the
model parameters. Empirical models typically correlate shrinkage with moisture content,
and sometimes include process conditions such as, temperature and relative humidity
(Mayor and Sereno, 2004). Fundamental models, on the other hand, are based on laws of
conservation of mass and property definitions. Although usually quite useful, these can
be slightly more complicated, and sometimes less accurate. Both empirical models and
fundamental models have been defined with either linear or non-linear relationships
(Mayor and Sereno, 2004).
Dehydration shrinkage has been examined within several realms of study,
including polymer, concrete, ceramic, soil, and food science. Each of these has taken
different approaches, although some similarities are evident within the different sciences.
Some authors consider that shrinkage due to moisture loss is sometimes already
considered in the diffusivity coefficient, since diffusivity is a “lumped factor” that
includes all moisture transport effects (direction, moisture content, temperature, and
shrinkage) (Katekawa and Silva, 2006). Shrinkage is typically considered in one of three
ways. (1) Shrinkage is equal to the volume of water loss: this is the simplest approach,
and a dimension (or dimensions) or density is typically related to moisture content.
Another approach within this type of shrinkage is to consider shrinkage as a solid
movement velocity that is derived from stress-strain relationships. (2) Shrinkage occurs
with some degree of porosity: this typically occurs at high temperatures, low moisture
contents, or an initial porosity is present. In this case, shrinkage is nonlinearly related to
moisture content. (3) Shrinkage is a combination of liquid water removal and is affected
by mechanical interactions (Katekawa and Silva, 2006). Ratti suggests that shrinkage
should be related to the mechanical laws, including the stress of the material,
deformations, its structure and elastic properties, as well as the moisture content and
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temperature of the system (1993). Past research has shown that shrinkage is highly
dependent on the matrix mobility, which is why a structure is more prominent to shrink
during the constant and the falling rate periods (Curcio and Aversa, 2013).
Within the different realms of study, some have taken a phenomenological
approach, in which no assumptions are made regarding the transfer mechanisms. The
change in moisture transfer is sometimes related to moisture, temperature, and/or
pressure gradients. The different models within the phenomenological approach are
highly controversial, in which some argue that these may not have any physical meaning
(Katekawa and Silva, 2006). Engineering science, on the other hand, has typically
considered chemical potential gradients as the force for moisture flux. This approach
typically shows the relationship between moisture content, temperature, and mechanical
deformations (Katekawa and Silva, 2006). Soil science uses a combination of Darcy’s
and Fickian laws, in which stress gradients are sometimes considered the driving force
for moisture transfer. Soil science has also typically focused on Biot’s research, in which
the deformation is based on the idea of an elastic porous media that is filled with a
viscous fluid. Further research within this approach later included anisotropy and
viscoelasticity to this theory. Others have used energy transfer as a mode to include
shrinkage in the drying model, but this is not typical (Katekawa and Silva, 2006).

2.4.3. Shrinkage in gels

Smith, Scherer, and Anderson developed a model for predicting shrinkage of gels
during dehydration (1995). The model is based on the main idea that capillary pressure in
the pore fluid promotes shrinkage, and the solid matrix modulus resists shrinkage. There
are several factors that can affect the degree of shrinkage: (1) change in pore size, (2)
change in solid bulk modulus, (3) pore size distribution, (4) unknown pore shape, (5)
pore fluid and how it is affected by sol-gel chemistry, and (6) chemical reactions that can
occur that may strengthen or weaken the gel (Smith et al., 1994). The authors focus on
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the effect of the first two factors. The capillary pressure is defined as follows:
 



(2.4.10)



  
  
  
  
A negative capillary pressure indicates that the fluid is in tension. The variation of the
bulk modulus with density has been studied extensively, and for silica gels, a power-law
dependence was determined to be appropriate:
  

 

(2.4.11)



  
        
        
Additionally, the authors use constitutive equations developed by Biot, where the total
stress is defined as follows:
        
(2.4.12)
  
  
  
  
  
The total stress,  , is equal to zero under static conditions, when the gel is saturated and
no evaporation is occurring. In gels, it has been found that it has a reversible elastic phase
(bulk modulus is constant:    , and an irreversible, plastic range (bulk modulus
follows the power-law behavior). The stresses on the solid during the reversible and
irreversible phases, respectively, are defined as follows:
  
 

 











  
  

    
  

(2.4.13)
(2.4.14)
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The shrinkage model was developed based on the pore size relative to the thickness of the
adsorbed film. If the pore size is much greater than the adsorbed film thickness, the
critical capillary pressure pore size ( ) may be approximated by the pore size ( ) (Smith,
Scherer, and Anderson, 1994). Shrinkage is then defined as follows:





 













    





  

  
    

(2.4.15)
(2.4.16)
(2.4.17)
(2.4.18)

This model shows that the degree of shrinkage depends on two dimensionless parameters:
(1) , the relative magnitudes of capillary pressure and gel stiffness, and (2) , the
variation of stiffness with density. If the thickness of the adsorbed layer is significant
compared with the pore size, on the other hand, the adsorbed layer has to be taken into
account. This tends to happen when the gel has a large surface area, or it shrinks
significantly. The following can be used to calculate the critical pore size:
       

  


(2.4.19)

   
  
Higher capillary pressure in the pore is expected when the adsorbed layer is considered.
As the material is dried, the capillary pressure increases and is inversely proportional to
the pore size. The model of shrinkage is based on the idea that as the gel is dehydrated
the gel stiffness increases, and shrinkage stops when it reaches the critical point of
drying: “where the gel network can support the capillary pressure associated with the
fluid menisci” (Smith, Scherer, and Anderson, 1994). Shrinkage will continue as long as
the pores are smaller than the thickness of the adsorbed layer (the pores collapse since 
is so large that the modulus cannot overcome the capillary pressure). Although the model
provides an acceptable prediction for shrinkage it has the following limitations: (1)
applies only to materials with power-law dependence of modulus on density, (2) the
characteristic pore size must be identified, and (3) viscoelastic relaxation was neglected.
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2.4.4. Shrinkage of food and biological products

Regarding Food Science, Mayor and Sereno conducted a thorough review of
different shrinkage models developed for convective drying of food materials (2004).
Based on their review there are four main causes of shrinkage: (1) water loss, (2) solid
matrix mobility, (3) drying rate, (4) other effects, such as temperature, air velocity, and
relative humidity. These causes may be combined, and depending on which dominates,
the material may shrink or not. In some cases, the amount of shrinkage is equal to the
volume of the water removed, and this is typically called “ideal” shrinkage. In other
cases, though, the volume of water removed is larger than the amount of shrinkage. In
this case, there is a decrease in solid matrix mobility once the critical moisture content is
reached. Defining and considering the solid matrix mobility is, then, crucial to determine
the rate and extent of shrinkage. At high moisture contents, biological products are
expected to be in the “rubbery” stage and follow a viscoelastic behavior, and therefore
have a “high” solid matrix mobility. At low moisture contents, on the other hand,
biological products tend to be glassy and behave as an elastic material, and therefore have
“low” solid matrix mobility. According to the review performed, many authors relate the
matrix mobility and the extent of shrinkage to the difference between the test temperature
and the glass transition temperature (   ) (Mayor and Sereno, 2004). At high moisture
contents, the material will tend to follow the “ideal” shrinkage behavior
(   ). As the moisture content decreases, the glass transition
increases, and the material transitions onto a glassy state. At this point, matrix mobility
decreases, and shrinkage decreases significantly and some pore formation may be
expected. Matrix mobility may also be affected by moisture gradients. High moisture
gradients are typically observed at high drying rates, in which a crust is formed around
the material. The crust forms as the outer edges dry and are allowed to transition onto the
glassy stage. Once this crust is formed, the material volume becomes fixed, and shrinkage
is minimized. If low drying rates are applied, on the other hand, the diffusion of water
from the inner to the outer layers occurs at a similar rate than the evaporation rate at the
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surface. In this case, uniform shrinkage is expected as the material will typically have
uniform moisture (and therefore a uniform matrix structure). The effects of temperature,
air velocity, and relative humidity on the degree of shrinkage are highly controversial as
many authors have found that increasing or decreasing this factor can either increase or
decreases shrinkage. No clear conclusions have been determined, as the effect of these
parameters should be related to how these may affect the structure of the material as it is
dehydrated.
The review conducted by Mayor and Sereno has a vast collection of both
empirical and fundamental models (2004). Within the empirical models, linear models
were frequently applied. Linear models were found to be especially useful to model
products with negligible or no porosity, as well as for products that develop a uniform
porosity. Products with drastic porosity changes were typically non-linear, and modeled
with an exponential model, two linear approximations, or a quadratic model (Mayor and
Sereno, 2004). Two linear approximations were applied when there were two different
rates of shrinkage, in which the intersection occurred at a critical moisture content at
which the rate of shrinkage changes. This is the case of many products such as potatoes,
garlic and apples (Ratti, 1996). Exponential models resulted in high deviations, and the
two consecutive linear approximations typically resulted in the best fit (when applicable).
Although empirical models result in a good fit, they have a limited use (as they are
dependent on the drying conditions and the material characteristics), require extensive
experimental testing, and cannot be extrapolated to fit other conditions not tested (Mayor
and Sereno, 2004). Fundamental models were typically based on mass balances, density,
porosity, as well as the additivity of the volume of the different components.
Fundamental models can be applied to calculate moisture content and volume, and
experimental shrinkage at every condition is not required. The fundamental models
examined show good accuracy, and have similar deviations to the ones found from
empirical models. When large deviations were detected, it was unclear if it was due to the
quality of data or the quality of the model (Mayor and Sereno, 2004). The authors
conclude that models that do not include porosity effects typically show larger deviations.
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They also propose an equation for shrinkage prediction, which is modification of the
Perez and Calvelo model:












  
  

 

(2.4.20)

They offer this as an appropriate model for shrinkage prediction, in which no
compositional data of the solid phase is required, includes initial porosity, and presents a
good fit to the experimental data (Mayor and Sereno, 2004).
Following a different approach to shrinkage Khalloufi, Almeida-Rivera, and
Bongers (2009) define the total shrinkage into two phenomena: collapse and shrinkage.
Collapse refers to the loss of initial air within the medium, and shrinkage, in this case,
refers to the decrease of volume due to water loss, which can be partially replaced by air.
The figure below shows a representation of the possible collapse and shrinkage
phenomena that can occur during a dehydration process:

PRODUCT

AIR
WATER
SOLID

AIR

SOLID

AIR
SOLID

AIR
SOLID

SOLID

NO / NO
PARTIAL / NO
TOTAL / PARTIAL
TOTAL / TOTAL
SHRINKAGE / COLLAPSE SHRINKAGE / COLLAPSE SHRINKAGE / COLLAPSE SHRINKAGE / COLLAPSE

Figure 2.6. Representation of different degrees of shrinkage and collapse that can occur
during dehydration.

According to the authors, other existing models have not considered the change of initial
air volume within the sample. They therefore developed a collapse function, , which
can be constantly or monotonically decreasing within the range     . There are
three possible scenarios for the collapse function: (1) no collapse:    , (2) some
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collapse:     , and (3) total collapse:    . They suggested the following
for the collapse function:
            
  
   

(2.4.21)

The shrinkage function should also stay within the range     ; the following
polynomial was proposed for the shrinkage function:
          
      

(2.4.22)

The change in volume, can therefore, be evaluated based on the degree of collapse, and
the degree of shrinkage. Where the volume of air is determined as follows:
       
  
  
  
  

 


  

(2.4.23)

(2.4.24)
(2.4.25)

Where porosity can: (1) continuously decrease, (2) continuously increase, (3)
continuously decrease until the critical concentration of water is reached, and it begins to
increase, or (4) continuously increase until the critical concentration of water is reached,
and it begins to decrease. The model proposed by Khalloufi, Almeida-Rivera, and
Bongers (2009) gave good predictions of porosity for several existing data regarding
shrinkage of air-drying and freeze-drying products. Additionally, the proposed model
helps determine the contribution of each phenomena separately: collapse and shrinkage.
As a continuation of their study, Khalloufi et al. provided a summary of available
empirical and theoretical models regarding the shrinkage coefficient (2012). The study
shows that, based on experimental data, shrinkage typically follows four main behaviors
(not including puffing). (1) Linear: no or uniform porosity development. (2) Two
consecutive linear approximations: follows a linear relationship with a change of slope
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once a critical moisture content is reached. (3) Exponential: porosity increases during the
last stage of drying. (4) Limited decrease: little to no decrease at the beginning, and
continues to decrease after a critical moisture content is reached (Khalloufi et al., 2012).
Regarding the models available for shrinkage, empirical models and data are discussed
but the study focuses mainly on four theoretical models: (1) Lozano, Rotstein, and
Urbicain proposed a model based on the weight fractions of sugar, starch and cell wall
matter, as well as the moisture content and density of the material (1983). This model
requires eight fitting parameters that are based on complex data that does not include
porosity. (2) Perez and Calvelo (1984):







 




   
  

 

(2.4.26)

Includes porosity, but does not take into account initial porosity. (3) Mayor and Sereno
(2004), on the other hand, includes initial porosity, but does not have porosity as a
function of moisture content (model discussed previously). Finally, the model developed
by (4) Madiouli et al. (2007, 2012) is as follows:










  









    
   
    

     




(2.4.27)
(2.4.28)

and have the same disadvantage as the Mayor and Sereno (2004) model. Khalloufi et al.
argue that the four models mentioned above are linearizable and fit the typical linear
equation (2012):
    
The main difference being the values of  and , for each model.

(2.4.29)
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The model proposed by Khalloufi et al. (2012) is based on the shrinkage and collapse
mentioned previously (Khalloufi et al., 2009), where the variation of porosity during
drying is taken into account. The linear model is also listed in Table 2.3.
Table 2.3. Linearity of shrinkage models (Khalloufi et al., 2012).
Model

a

b

Source

intercept

slope

Lozano et al., 1983
Perez and Calvelo, 1984
Mayor and Sereno, 2004
Madiouli et al., 2007
Khalloufi et al., 2012

Khalloufi et al. show that their model provides a good fit to empirical data, and in
some cases a better fit that the proposed empirical and theoretical models (2012).
Additionally, the model involves parameters that have a physical meaning, take into
account initial porosity and how it varies during dehydration, and is based on five
attainable parameters. On the other hand, some extreme conditions can significantly
affect the accuracy of the Khalloufi et al. (2012) model. At a high value of initial porosity
  and high moisture contents   : the shrinkage coefficient is
significantly affected by the collapse function, especially at the beginning of the drying
process, and therefore can cause some variations. Another scenario where high variation
is possible is when the product is at low moisture contents   . This can be
due to: (1) a high value of the shrinkage function (significantly affects  prediction), (2)
a low value of  causes the shrinkage and/or collapse functions to generate values
outside the  of the experimental values of  , and/or (3) a high value of the
gradient of moisture content    , where the effects of the shrinkage function will be
highly significant (Khalloufi et al., 2012). Khalloufi et al. (2012) proposed, then, a fairly
accurate pseudo-linear relationship for the shrinkage coefficient as a function of critical
and current moisture content, initial porosity, solid density, as well as water density.
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Within biological shrinkage data, several methods have been used to visually
represent shrinkage and/or porosity changed due to dehydration. There are two main
methods used to represent shrinkage graphically, the one used by Madiouli et al. (2007)
and the one used by Mayor and Sereno (2004). Madiouli et al. chose to graph apparent
shrinkage ( ) versus reduced moisture content ( . Figure 2.7 shows the different
possibilities of volume change during dehydration: (1) ideal shrinkage (volume loss is
equal to the water loss volume), (2) total collapse (total volume loss is equal to initial
porosity and all water volume loss), (3) no shrinkage (water is lost, but the initial volume
does not change), and (4) puffing (increase in volume due to increase in porosity). Note
that the area marked as “shrinkage” can have a combination of shrinkage due to water
loss and possible loss of initial porosity.

Mayor and Sereno, on the other hand, graph the ratio of removed water volume versus
the fractional decrease in sample volume  , and compared how the experimental data
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compared to the ideal shrinkage curve (2004). The equivalent of 2.7 is given in Figure
2.8, below:

More recently, Curcio and Aversa proposed a theoretical model for predicting
shrinkage of fresh vegetables during convective drying (2013). The model considered the
conservation laws of both the food (liquid water, vapor, and energy) and the drying air
(vapor and energy), as well as the structural deformations due to moisture loss. This
model differed from other models by including the anisotropic change of dimensions and
the interfacial heat and mass fluxes. The structural changes were modeled by combining
the transport model to a structural mechanics model. The total strains ( ) were said to
be a combination of mechanical strains ( ) and shrinkage strains ( ) (Curcio and
Aversa, 2013):
    

(2.4.30)
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The mechanical strain is defined as “the constrained deformation due to mechanical
elastoplasticity,” whereas the shrinkage strain is said to represent “the free deformation
due to moisture loss.” The following elastoplastic matrix (in cylindrical coordinates)
relates the stress-strain relationship of the structure (mechanical strain) (Curcio and
Aversa, 2013):






 



 

   









         






  


   










     

   
 




 
   

      






(2.4.31)

     
    
    
  
   
       
         
    
     
  
       
The shrinkage strain was assumed to be linearly related to moisture content (Curcio and
Aversa, 2013):
 






(2.4.32)

  
The structural mechanics model was completed by applying the virtual work principle:
 



   

(2.4.33)

Curcio and Aversa’s model successfully predicts different drying parameters as function
of time. The dimension prediction was somewhat accurate, and more accurate for smaller
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initial radii. The authors acknowledge, though, that a different relationship for the
shrinkage strain and water concentration should be evaluated (Curcio and Aversa, 2013).
A table with different empirical and fundamental models used in several foods is
given in Appendix C.

2.4.5. Semolina durum shrinkage

There are limited studies available specific for pasta shrinkage due to dehydration.
Andrieu, Gonnet, and Laurent observed pasta shrinkage with equilibrated pasta samples
(1989). They used a linear relationship to describe radial shrinkage:
         

(2.4.34)

Where they determined that   , which leads to the volumetric shrinkage
coefficient     .
Cummings, Litchfield, and Okos also modeled pasta shrinkage based on a
shrinkage coefficient (1993). They determined two separate coefficients, one based on
the effect of moisture:
  



(2.4.35)



and the other based on thermal effects:


   



(2.4.36)

Piazza et al. measured radial shrinkage of pasta in order to determine the different
stages of drying of pasta (1990). Although they did not attempt to model shrinkage, their
data showed that the shrinkage rate decreased with increasing temperature. It is important
to note, though that before the experiments were conducted, the pasta went through an
“incarto” process, in which case hardening of the pasta is conducted. The data provided
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was used to represent the shrinkage effect with the two graphical methods mentioned
previously.

Migliori et al. initially modeled pasta shrinkage according to a linear relationship
between geometrical reduction and water content (2005):
        
  
  
   

(2.4.37)

This model was based on the assumption of uniform moisture content profiles, which is
not particularly true for pasta dehydration. Therefore Migliori et al. modified the model
to have shrinkage depend on the radial position, and assuming constant moisture content
in any radial segment,  (2005):
        
  
      
Migliori et al. used the shrinkage coefficient determined by Andrieu, Gonnet, and
Laurent:    (1989).

(2.4.38)
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De Temmerman et al. proposed another approach for accounting for the effects of
shrinkage in pasta: modeling the Fickian diffusion equation and the thermal equation in
Langrangian coordinates which include factors that are a function of moisture content and
density of the components (2007, 2008). The proposed unidirectional Fickian diffusion
and the heat transfer equations are as follows:















  













(2.4.39)



(2.4.40)

   
   
   
    
The shrinkage coefficient used is as defined previously—the ratio of the dry solid density
to the water density. In this study, De Temmerman et al. used      and
     (2007, 2008). Similar approaches have been taken by other
researchers, such as Chemkhi, Zagrouba and Bellagi in the modeling of drying of
potatoes (2004).
Actual experimental data on pasta shrinkage during drying with complete process
parameters is also limited. Mercier et al. studied the change of porosity, shrinkage, and
density of fortified pasta as it is dried at different temperatures (2011). Shrinkage was
calculated based on the percent change in apparent volume, and a collapse phenomenon
was evaluated as follows:
   

 
 

(2.4.41)

This parameter represents the amount of volumetric water loss that has been replaced by
air. A value > 1 represents swelling, ≈ 1 no shrinkage, < 1 some shrinkage, and a value of
< 0 indicates collapse (Mercier et al., 2011). Based on Fick’s law, the authors propose the
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following shrinkage model:
   





 

  

 

     



   


  




(2.4.42)
(2.4.43)

The pasta was dried at two different conditions: 40°C and 80°C, both at 65% relative
humidity and air velocity between 1 and 2 m/s. Based on the data provided, the shrinkage
effect is shown using the two typical shrinkage graphical methods in Figure 2.10:

Higher temperature drying caused a higher degree of shrinkage, and therefore resulted in
a denser, less porous, and smaller pasta. Although the pasta dried at higher temperatures
was overall less porous, it had higher internal porosity. The higher degree of shrinkage at
the higher temperature may have occurred since the glass transition transpires at a lower
moisture content, and therefore the pasta will shrink until the glassy state is reached
(Mercier et al., 2011). The degree of shrinkage in the radial and longitudinal shrinkage
was evaluated, and for drying at 40°C the results are as follows: overall volumetric
shrinkage ( ) was about 21%, radial shrinkage was 8%, and longitudinal shrinkage was
5%. Drying at 80°C, as mentioned previously, resulted in a higher degree of shrinkage:
overall volumetric shrinkage ( ) was about 28%, radial shrinkage was 11%, and
longitudinal shrinkage was 9%. In general, longitudinal shrinkage contributed to 30% of
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the total volumetric shrinkage (Mercier et al., 2011). Additionally, the data showed that
the higher drying temperature caused an increase in effective moisture diffusivity. This,
in turn, causes a faster change in the pasta properties (as compared to the lower
temperature).
Some authors have used different imagining techniques to observe moisture
content profiles and shrinkage of pasta during dehydration processes. Hills, Godward,
and Wright used fast radial NMR microimaging studies of pasta drying (1997). The study
resulted in inconsistent data, with non-uniform radial shrinkage. The authors conclude
that case hardening, as well as signal loss due to relaxation, affected the accuracy of their
data.
Zhang et al. used X-ray microtomography (μCT) as a non-destructive, 3D
imaging technique to examine pasta shrinkage under drying conditions that are typical
within the industry (2013). The authors observed both radial and axial shrinkage by
monitoring the movement of aluminum particles within the pasta samples. The images
show that pasta began to shrink torsionally, and eventually shrank towards the center (this
could be due to non-homogeneous moisture contents at the beginning). Radial shrinkage
also tended to be higher than axial shrinkage. The cylinder shapes were divided into four
regions: separated from the core to the outer edge. At the beginning, the surface shrank
faster than the core. As the moisture moved through the structure, and at later periods, the
core shrank faster than the surface. This suggests that the surface lost moisture first, and
then the core expanded outwards as moisture was distributed.
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Figure 2.11 shows how the radial shrinkage develops.

From the figure it is evident that shrinkage is minimal when the structure is in the glassy
state. Shrinkage of the core is at its greatest when the structure is clearly in a rubbery
state for an extended period of time (130 minute line). Shrinkage also decreases and
levels as the drying is completed (356 minute line). When viewing the four different
sections axially, the inner layers shrank faster than the outer layers. Overall, the inner
area shrank more than the surface, suggesting that some case hardening occurred under
these drying conditions. Figure 2.12 shows the data from this study in the typical forms
used to represent shrinkage data.
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The graphs show that the industry drying conditions tends to follow the “ideal” shrinkage
curve, with some possible collapse (which is the desired effect for strong, dense pasta).
Overall, the study conducted by Zhang et al. clearly shows that the drying conditions
determines the structure (whether it is glassy or rubbery) of the different sections of the
pasta, and this clearly affects the shrinkage of the sample (2013).

2.5. Rheological properties

2.5.1 Rheology and dehydrated products

Rheology is the science that focuses on measuring and modeling the flow of
matter, whether it is for liquids or for solids. Both empirical and fundamental test can be
used to measure rheological properties. If the parameters were measured through
empirical tests, the resulting properties are somewhat associated to the test conditions,
such as, sample size, shape, and specific equipment used. Data obtained from
fundamental tests, on the other hand, are not subject to variations in test conditions
(Steffe, 1996). Some rheological properties are also time, temperature, and/or
concentration dependent. Due to the high variability of Rheological results, rheological
data analysis should be performed cautiously.
Dehydration can cause a large range of textural changes in food products, and
therefore rheological properties are essential to the analysis of any incurred textural
changes to the biological product going through the drying process. The rheological
properties of concern in this case can be numerous, and would vary depending on the
product and desired final texture: it can produce a hard and thick shell with a “chewy”
inside (as is the case of hot air drying of tomatoes, prunes, and raisins), and on the other
side of the spectrum, it can also produce a uniformly “crunchy” product (as is the case of
freeze-dried fruits). Drying process can usually encompass the glass transition
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temperature, where the product will typically transition from a soft, viscous, “rubbery”
state, to a more solid “glassy” state.
How the different textures are affected and formed can be quite complex, due to
the large number of factors that can potentially affect the rheological parameters of these
biomaterials. The main factors of concern for dehydrated biomaterials would be
temperature, time, water content, and composition.

2.5.2. Temperature effects

In general, rheological properties of any polymer can be highly susceptible to
changes in temperature and time. Morrison explains that the temperature dependency of
polymers can be due to several factors, but mainly due to the strong decrease in
relaxation times with increasing temperatures. He also explains that the moduli associated
with the various relaxations in a polymer are proportional to the absolute temperature
(2001). It has been shown that for several materials, the functional dependence on
temperature is the same, and therefore the temperature dependence of the rheological
properties can be suppressed by following the time-temperature superposition (TTS)
principle methodology:
    

  ref ref
 

(2.5.1)

Where the Rheological Parameter can be substituted by parameters such as G’, G’’, J’,
J’’, η*, and G*; ref and ref are the reference absolute temperature and density,
respectively; ω is the frequency, and   is the function of the temperature dependence of
material relaxation times. Morrison suggests that for temperatures within 100 K of the
glass transition temperature, the Arrhenius equation is appropriate, which would probably
not be appropriate for drying purposes.
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The Williams-Landel Ferry (WLF) equation, therefore, might be more appropriate since
it can be used for temperatures closer to the glass transition temperature:
   

ref

WLF equation       

ref



(2.5.2)

Where  and  are model parameters. Kasapis, in his analysis of glass transition
temperature for dehydrated foods found the WLF equation to be an appropriate fit for the
glass transition region, and the Andrade for the glassy state region (2004). The Andrade
function is as follows:



    









(2.5.3)

This concept of thermorheology may be useful in any analysis involving rheological
parameters of biological products going through a temperature-dependent drying process,
since it might help eliminate any temperature discrepancies.
The importance of temperature effects is especially crucial when dealing with
temperatures within or around the glass transition temperature. According to Telis, TelisRomero, and Gabas, solid biological materials can be in an amorphous metastable state
that can be classified as either a viscous glass or a liquid-rubber state. This change is
marked by the decrease in molecular mobility, which will ultimately affect the behavior
and interactions of the polymers. At temperatures higher than the glass transition (or at
high moisture contents) the solid can be characterized as a viscoelastic, rubbery material.
At temperatures lower than the glass transition (or at low moisture contents), on the other
hand, the solid can be characterized as an elastic, glassy material (Telis et al., 2005).
Measurement techniques for the glass transition have been studied extensively for several
food products. Meste et al. cover this topic extensively in their article, “Glass transition
and food technology: A critical appraisal” (2002). Kasapis, on the other hand, offers a
different perspective, where the mechanical glass transition temperature can be
determined for biological materials through the graphical representation of the storage
modulus on shear versus the temperature profile (2004). The minimum of the first
derivative  as function of sample temperature is determined as the index of
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monitoring changes in a glassy structure. These, and other methods focused on the glass
transition of dehydration processes are further examined by Kasapsis, in his article,
“Glass transition phenomena in dehydrated model systems and foods: A review” (2005).
The measurement techniques and effects of the glass transition on the physical and
rheological properties of the food products during dehydration must definitely be
considered and fully understood to successfully determine any relationship between the
initial and final parameters of dehydrated products.

2.5.3. Composition and moisture content effect

As noted previously, rheological properties can also be affected by the initial
water content in the biological sample, as well as how much water is being removed, and
under what circumstances it is being removed. In general, it is expected for products with
high moisture contents to follow a rubbery behavior, whereas products with low moisture
contents are expected to follow a solid elastic behavior. This is due to the plasticizing
effect that water tends to have in products at high moisture content. Seow et al. explain
that water does not always have to have a plasticizing effect, since several studies on food
products and some related polymers have shown that water can have an antiplasticizing
effect on the food properties. This increase in rigidity can be due to the presence of an
added plasticizer (such as water or low molecular weight nonelectrolyte solutes) at very
low concentrations. Several graphs of toughness, hardness, and compressive strength
versus concentration show that at low (to medium) concentrations, the modulus actually
peaks, and then decreases with increasing concentrations. The range of moisture content
at which this “antiplasticization” occurs will depend on the product itself, and its major
composition. Seow et al. explain that this may be due to short range reorganization of the
molecules due to an increase in molecular mobility induced by that small amount of
water, which is just enough to allow the reorganization to occur, but not high enough to
cause any plasticizing effects (1999).
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It is also important to note that most biological systems are heterogeneous in
structure, shape, and composition, which can further complicate rheological property
analysis. Composition is important in the sense that different conformations will have
different reactions to the dehydration systems. How these products react to the system
can highly influence the overall texture, and therefore rheology of the biological material.
The different effects can be observed from the viscoelastic analysis of several food
sources under different drying conditions.

2.5.4. Rheological properties and mathematical modeling

Rheological properties are typically measured in terms of stress and strain. Stress
(, Pa) is a force (, N) applied on a given area (, m2) (Steffe, 1996):




(2.5.4)



Strain (), on the other hand is the percent change in length (, m), and in the case of large
strains, it is calculated as a Heckel strain (Steffe, 1996):
  




(2.5.5)

Several mathematical models based on rheological properties have been proposed
to represent certain rheological behaviors. In the case of drying, Maxwell, Kelvin,
Burger, and the Differential Operator Equation, amongst others have been used
(Morrison, 2005). The mechanical analogs that have been developed consist in using
representations for both solids and liquids. An ideal solid can be modeled as a spring
obeying Hooke’s law:
  
  

(2.5.6)
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An ideal fluid can be modeled as a dashpot that follows Newtons law (Steffe, 1996):
  
    
  

(2.5.7)

Combining springs and dashpots in several ways can help represent viscoelastic material
behavior. The generalized Maxwell model consists of a spring and dashpot connected in
series, and results in the following (Steffe, 1996):
    




















(2.5.8)



(2.5.9)



  

    

(2.5.10)



(2.5.11)

The generalized Maxwell model has been extensively applied to the representation of the
rheological parameters of dried food products (Telis et al., 2005).
An alternative model is the Kelvin (or Kelvin-Voigt) model, which consists of a
spring and dashpot connected in parallel (Steffe, 1996):
    
    
 
 






(2.5.12)



   

(2.5.13)



(2.5.14)

There are several important parameters determined from these models, one of them being
the relaxation and retardation times of the material, which will be further discussed in the
Deborah number section.
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2.5.5. Stress relaxation

Several rheological tests have been applied in the measurement and determination
of the rheological properties of pasta, some of which include stress relaxation test,
uniaxial compression test, and some oscillatory tests. Stress relaxation (or step-strain) is
probably the most common used to measure and model rheological properties of
dehydrated biomaterials (Telis et al., 2005). The test consists of applying a sudden step
increase in strain. The resulting stress is measured, as the strain is kept constant. Ideal
representations of the relaxation test curves are shown below (Steffe, 1996):

The Maxwell model is typically used to depict the results obtained from a stress
relaxation test. Since a constant shear strain is applied until the desired strain is obtained
(  , in which it is then kept constant (   ,   ), the Maxwell model is as
follows (Steffe, 1996):
    





   






(2.5.15)

If several Maxwell elements are required, the elements can be connected in parallel with
an independent spring:
   

  






(2.5.16)
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2.5.6. Creep tests

Creep tests are similar to stress relaxation tests, but a constant stress is applied for
a given amount of time and the resulting strain is recorded. The stress can then be
removed, and the creep recovery (how much of the original measurement is retained) can
be recorded. Stress relaxation and creep can be conducted in shear, compression, or
tension (Steffe, 1996). Creep is usually measured in terms of compliance ( ):




(2.5.17)



Compliance is the willingness of a material to deform or the rate of deformation (Menard,
1999). In the case of a perfectly elastic solid, the creep compliance is equal to the
reciprocal of the shear modulus (Steffe, 1996):
 



(2.5.18)



Ideal representations of the creep test curves are shown below (Steffe, 1996):

The Kelvin model is typically used to describe the creep behavior (at any time before the
recovery period). Since a constant stress is applied ( ), the change of stress with time is


zero (



 ) (Steffe, 1996):











    






(2.5.19)
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Due to the complexity of biological products, the Kelvin model is sometimes not quite
applicable. The Burgers model, which is a Kelvin model in series with a Maxwell, is
somewhat more successful (Steffe, 1996):




       











 

(2.5.20)



The Burgers model can be given in terms of creep compliance by dividing through by the
initial stress ( ) (Steffe, 1996):
       










(2.5.21)



The first term,  , represents the instantaneous compliance, the second term is typically
referred to as the retarded elastic compliance, and the last component is sometimes
referred to as viscous flow (Fabbri et al., 2007). Additional Maxwell models can be
added if necessary (Steffe, 1996):
   

 













(2.5.22)

Figure 2.15 gives an example of viscoelastic creep and recovery behavior curve, as well
as its corresponding Burgers model parameters.
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2.5.7. Semolina durum rheological properties

Many studies have been made regarding pasta rheological properties. For the
purposes of this study several rheological measurements may be useful, such as the
elastic modulus, material viscosity, relaxation and creep. Rao et al. evaluated the stressrelaxation properties related to the mixing characteristics of different durum wheat
varieties (2001). They used semolina-water Mixograph doughs to obtain the storage
modulus (), loss modulus (),  at 25°C in terms of frequency. The stressrelaxation spectra of the different varieties showed a broad distribution of relaxation time,
which can be related to their different compositional properties. Stronger varieties had
longer relaxation times (Rao et al., 2001). Dexter, Matsuo and Morgan evaluated the
effect of drying semolina at low and high temperatures on the pasta properties (1981).
They found that drying at high temperatures produced spaghetti that was stronger, with a
higher color and cooking quality. Zweifel et al. also found similar results, in which high
temperature drying produced a pasta that was stronger, with less surface stickiness,
higher cooking times, and less water uptake indices (2002). Although these properties
may be useful to evaluate the overall quality parameters of pasta, fundamental data from
tests relaxation and creep tests may be more valuable for the purposes of this study.
Cummings and Okos determined the reduced relaxation modulus and failure
stress as a function of temperature and moisture content (1983). The results are based on
the tensile stress-strain experiments conducted at constant rates of elongation at 42 to
58°C. The data was modeled based on the following form of the Maxwell model:
  

 






and resulted in the following model parameters:





  
  
  
  






  
  
  
  

(2.5.23)
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In order to include the effects of temperature and moisture, the following shift factors
were determined (Cummings et al., 1993):
        
       
      
    
    

(2.5.24)
(2.5.25)
(2.5.26)

Willis used a three-point bending test to measure the relaxation modulus of pasta
at different temperatures (25, 65, and 100°C) and moisture contents (0.03 to 0.15 wb)
(2001). The relaxation modulus decreased with increasing time, temperature, and
moisture content. Willis normalized the data based on the initial relaxation modulus.
Using temperature and moisture shift factors a general master curve for relaxation
modulus was determined (Willis, 2001):
            
       
      
    
    

(2.5.27)
(2.5.28)
(2.5.29)

Edwards et al. used an alveograph and a micro-mixograph to determine some
physical dough properties that were related to oscillatory and creep tests conducted in a
dynamic stress rheometer (1999). A 25 mm diameter serrated parallel-plate geometry was
used to conduct creep tests at 25°C under a 100 Pa shear stress for 300 seconds.
Mixograph dough of four wheat varieties at absorptions of 48, 50, and 52% were handrolled and placed between the plates. Oscillatory tests were conducted first, which were
then followed by creep testing. The shear stress was held for 300 seconds, since it was
determined that steady state was reached and sample drying was minimized during that
time frame. Creep curves showed that higher water absorption resulted in larger strains,
and stronger varieties had lower compliances than weaker ones. Creep data was not
modeled, and specific moisture contents during creep testing were not reported (Edwards
et al., 1999).
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Fabbri et al. conducted flow experiments as well as some creep tests on durum
wheat semolina dough (2007). A 25 mm diameter parallel-plate geometry was used to
perform creep tests at 20, 30, and 40°C. The applied shear stress was of 30 Pa, and it was
held for 3,000 seconds. The Burgers model was applied to fit the data, which showed that
the elastic component was much smaller than the flow component. The authors
concluded that the pasta rheology for engineering purposes could be modeled based on
viscous flow models. Fabbri et al. did not report any creep model parameters (2007).

2.6. Deborah number

2.6.1. Introduction to Deborah number

After an extensive review of dehydration, shrinkage, glass transition, rheology,
and diffusivity, it was evident that a comparison of the rate at which the structure
naturally relaxes versus the rate at which water is lost was critical to the prediction of
shrinkage. The rate of relaxation should depict how the drying conditions affect the
structure of the material. The rate of diffusion, on the other hand, should depict how the
drying conditions affect the rate at which water is removed. By comparing both rates, it
should be apparent whether a material will tend to collapse or tend to maintain their
original structure. If the rate of relaxation is greater than the rate of diffusion, the material
will tend to collapse, whereas, if the rate of relaxation is less than the rate of diffusion,
the material will tend to maintain its original structure. A form of the Deborah number
can be used for this purpose.
The Deborah number relates the critical material time to the critical process time:
 




(2.6.1)
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The concept of the dimensionless number was developed by Marcus Reiner (1964) to aid
in the determination of whether a sample could be considered a solid or a liquid. The
number is named after the prophetess Deborah that said: “The Mountains flowed before
the Lord.” Meaning that the mountains flow in God’s point of view, but not for man,
since the observation time for God is infinite and man’s time is much shorter. The
Deborah number aids in the determination between liquids and solids by using the
process time as a measure of observation time (Steffe, 1996). The critical material time,
as well as the critical process time can be defined in numerous ways, and is highly
dependent on the application. A summary of these proposed times and their definition are
given in Table 2.4 at the end of this section.

2.6.2. Rheological approach to Deborah number

Steffe argues that depending on the type of material, the material characteristic
time to use may vary. He suggests that for a Maxwell fluid, the relaxation time,  , is
appropriate, whereas for a Kelvin solid, the retardation time,  , should be used (1996).
If a material is an ideal viscous material, the material relaxes immediately:   ,
whereas for an ideal elastic solid, there is no relaxation:   . The characteristic
process time, on the other hand, is slightly more complicated, and should be related to the
time scale of the deformation. In a moving sample, for example, the process time can be
defined as follows:
 




(2.6.2)

In an oscillating surface, the process time can be defined as the inverse of the frequency:
 




(2.6.3)

The characteristic process time is dependent on the process and how the material
is being deformed (Steffe, 1996). Low Deborah numbers,   , usually characterize
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a viscous liquid, and a Newtonian model may be the most appropriate. Whereas high
Deborah numbers,   , usually characterizes an elastic solid, and a model for a
Hookean solid may be the most appropriate. Additionally, a Deborah number that is
   typically characterizes a viscoelastic material (Steffe, 1996).

2.6.3. Deborah Number in Polymer Science

Vrentas, Jarzebski and Duda applied the concept of the Deborah number to
diffusion processes in polymer-solvent systems (1975). Their research offers a
relationship between the viscoelastic properties and the diffusive times, and how these
are affected by the material and process properties. They provide the following classical
Deborah number for viscoelastic flow behaviors:
 



(2.6.4)



Where  is the time needed to cause a significant change in the kinematic conditions of
a material particle, and is dependent on the type of flow:
Steady: time particle is in the nonviscometric portion of the flow field
Unsteady: time needed to move from one steady state to another
Periodic: time related to the oscillation period
The authors, then, propose an analogous version of the Deborah number applied to a
diffusive process:
 



(2.6.5)



They define the material time as the mean relaxation time of the polymer-solvent system:
   


  


   







 



    
    

(2.6.6)
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Where the shear relaxation modulus can be determined with transient or periodic
experiments. The mean relaxation time can also be calculated by applying the Laplace
transform of   , valid for sufficiently small :
        

(2.6.7)

In a later study, Vrentas and Duda propose the following for the mean relaxation time
(1977):
   
   

(2.6.8)

The characteristic diffusion time for unsteady, one-dimensional mass transfer is defined
as:


   

(2.6.9)

The diffusive time,  , is defined with self-diffusion coefficients  and  that exist for
each temperature, pressure, concentration, and molecular weight:
      

(2.6.10)

The self-diffusion coefficient is “an indication of the rate at which a concentration
gradient of the labeled species is dissipated in an otherwise uniform solution” (Vrentas,
Jarzebski, and Duda, 1975). In the case that a mutual diffusion coefficient, , can be
explicitly determined, the following should be true:
      
      

(2.6.11)
(2.6.12)
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Vrentas, Jarzebski, and Duda thoroughly explain the relationship between the penetrant
concentration, temperature, and Deborah number (1975). The expected effects are
summarized in Figure 2.16, below.

According to the theory developed by Vrentas et al., there are three main zones for
diffusion. At temperatures lower than the elastic temperature (   ), the material tends
to behave as an elastic solid, and depending on the penetrant concentration, the diffusion
can be one of three ways: at low concentration (large  ), Fickian diffusion is expected,
at higher concentrations, anomalous and sometimes extreme anomalous diffusion effects
are expected. When the material is within the glass transition region (     ), the
Deborah number will lie between 0.1 and 10 and the polymer will behave as a binary
viscoelastic mixture, an anomalous diffusion processes is expected in this case. At
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temperatures greater than the viscous temperature (   ), the polymer behaves as a
viscous fluid, and the diffusion coefficient is similar to that of classical theory, where it is
strongly related to concentration (Vrentas, Jarzebski, and Duda, 1975). These
relationships and some additional trends were confirmed by experimental data obtained
by Vrentas and Duda in a later study (1977). Figure 2.17 provides a general depiction of
these:

As described for Figure 2.16, Figure 2.17a, shows the three zones of diffusion and the
relationship with the glass transition. The data shows that the three types of diffusion can
occur at above and below the glass transition and that the type of diffusion is highly
dependent on how low/high the moisture content and temperature is. Figure 2.17b shows
that    decreases with increasing temperature, as the material will tend to become
more viscous as the temperature increases. It also shows that    also decreases with
increasing moisture content, which is also due to the material becoming more viscous
with increasing moisture content.
Vrentas and Data claim that for glassy polymers the surface moisture does not
reach equilibrium moisture immediately, although a small amount may be absorbed
immediately,   (1977). At large Deborah numbers, two types of diffusion processes may
occur. If   is greater than the equilibrium moisture content, Fickian diffusion is
expected. If, on the other hand,   is less than the equilibrium moisture content, the
transport process will initially be Fickian, and since diffusivity in this case is quite quick,
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diffusion will be complete before the moisture changes. Once uniform moisture
distribution is reached, the surface moisture will slowly approach the equilibrium
moisture content. Mass transfer will not be complete until the material is completely
relaxed.
Mueller, Krüeger, and Sadowski (2012) applied the Deborah number concept
introduced by Vrentas et al. (1975) to Toluene in Polystyrene to determine whether the
behavior was Fickian or non-Fickian. They observed sorption at increasing pressure
steps, at different thicknesses and different temperatures above the glass transition. The
interval sorption tests show that above the glass transition the behavior seems Fickian,
whereas below the glass transition non-Fickian behavior is evident. Diffusion was
calculated based on two-sided film diffusion:
 







   

  


(2.6.13)

It is important to note that Mueller et al. recalculated the thickness after each pressure
step based on equilibrium volume increases, in which one-dimensional swelling in the
diffusion direction was assumed (2012). A semi-log plot of calculated diffusion
coefficients versus total weight showed that, although all tested temperatures were above
the glass transition and Fickian diffusion is expected, a non-Fickian behavior was evident
at a temperature just above the glass transition (30°C). This was evident due to the fact
that diffusion seemed to be affected by thickness (the other Fickian behaviors had an
overlap of diffusion for all thicknesses). The authors also graphed “reduced sorption
curves” in which the thickness effect is eliminated by dividing the time,   , by the
thickness. If the reduced sorption curves coincide, Fickian behavior is assumed. Mueller
et al., found that, again, at 30°C, the curves did not coincide and thinner films had flatter
curves, showing non-Fickian behavior. The effect of the thickness is important since the
relaxation time is not related to thickness, whereas diffusion is related to the thickness
squared (Mueller et al., 2012). Thicker films tend to have a fast relaxation as compared to
the diffusion time, and relaxation should not have an effect on diffusion. Thinner films,
on the other hand, have shorter diffusion times, and relaxation has a greater effect on the
transport process. As the film has to relax to allow more water to be absorbed, delaying
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the absorption process. Diffusive time was calculated in the same way as proposed by
Vrentas et al. (1975), but for the non-Fickian 30°C, the data was extrapolated to infinite
film thickness to obtain the mutual diffusion coefficient. Mueller et al. used creep data
and concentration and temperature shift factors to calculate the different relaxation times
(2012). Consequently, the Deborah number was calculated with the obtained diffusive
and relaxation times. The data shows that increasing concentrations of penetrant, and
increasing temperature, caused a decrease in Deborah number, meaning that the
relaxation time decreases as compared to the diffusive time. Decreasing thickness, on the
other hand, caused an increase in the Deborah number. Prediction of Fickian or nonFickian behavior was successfully predicted based on the Deborah number alone, but an
extensive analysis is advised (Mueller et al, 2012).
Krüeger and Sadowski, in an earlier study, explored the transport behavior at
temperatures below the glass transition (2005). They found that in the glassy region,
Pseudo-Fickian and sigmoid behaviors were evident, although they noted that because of
the film thickness and the large pressure steps the two-stage behavior may not be evident
in all cases. Non-Fickian behavior can be due to two reasons: (1) when the characteristic
relaxation time approaches the diffusive time, swelling influences the mass transport, (2)
concentration gradients cause different swelling potentials and stresses within the film.
To avoid the effect of differential swelling interval sorptions should be conducted with
small concentration changes at medium concentrations (Krüeger and Sadowski, 2005).
Two-stage sorption is when at the beginning the transport is Fickian, and diffusion takes
place into an elastic swelling polymer. Once the matrix is filled, the polymer relaxes into
an equilibrium configuration, allowing additional solvent to enter the polymer. Krueger
and Sadowski take a different approach to calculating the characteristic relaxation time
(2005). They suggest that when relaxation is dominant, the characteristic relaxation time
can be calculated as:
   

(2.6.14)

Where   is the time at which the inflection point occurs in the sorption curve. They note
that a steeper decrease in the characteristic relaxation time is shown in amorphorous
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polymers as compared to semicrystalline polymers, and less soluble penetrant tend to
have shorter relaxation times. In order to determine whether a single and constant
relaxation time can be used for each pressure step, the authors plotted     
versus time. A linear slope shows first-order kinetics, and therefore, a single relaxation
time can be used. A curvature towards the time axis is a sign of two-stage sorption
(relaxation time is dependent on concentration), and a single independent relaxation time
cannot be used (the concentration interval may be too large). If the curvature is away
from the time axis, a spectrum of relaxation times is evident, where the polymer slowly
creeps towards the equilibrium concentration (Krüeger and Sadowki, 2005).
Berens and Hopfenberg, also within the realm of polymer science, examined the
separation of diffusion and relaxation parameters for glassy polymers (1977). Although
they do not explicitly mention the Deborah number, the same concept is applied. Their
research is based on the non-Fickian behavior observed in sorption of glassy polymer
powders, in which it is hypothesized that more than one mechanism is superimposed in
the process. Rapid Fickian diffusion processes are observed when small molecules take
place of pre-existing or dynamically formed spaces. Swelling, on the other hand, is
observed with incremental sorption where the polymer relaxes and additional free volume
space is made available for sorption (Berens and Hopfenberg, 1977). Berens and
Hopfenberg propose a model based on the assumption of linear superposition of
phenomenogically independent processes: Fickian diffusion and polymer relaxation (in
amount of sorption per unit weight of polymeric microspheres):
     
     
    




 

  

  




 

(2.6.15)
(2.6.16)







(2.6.17)

  
   
    
Here the Fickian diffusion is based on the ‘uniform sphere model’, and the relaxation
process is assumed to be first order in the concentration difference, which drives the
relaxation. In polymer science, it is typical to describe the total mass transfer as a single
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Fickian diffusion, and two relaxation times. The first relaxation time is fast and tends to
follow diffusion kinetics, whereas the second relaxation time is much slower and is said
to cause irreversible alterations (Berens and Hopfenberg, 1977). The Berens and
Hopfenberg model can only be used when the process of diffusion and relaxation are well
separated (  ). Diffusion-controlled sorption directly proportional to the square of
the polymer dimensions, whereas the relaxation processes is independent of the polymer
dimensions. Therefore polymers with small dimensions can be used to make sure there is
a distinct separation of the diffusion and relaxation processes (the diffusion time scale is
reduced,   ), and the Berens and Hopfenberg model can be used. Large polymer
dimensions result in the superposition of the two processes (  ), and can be used to
determine the diffusion coefficient (Berens and Hopfengerg, 1977).
Davis et al. applied the Berens and Hopfenberg model to the water diffusion in
polylactide at temperatures below the glass transition (2013). They used three different
methods to measure the diffusion at a various water activities, temperature, and
thicknesses: (1) QSM, quartz spring microbalance, (2) QCM, quartz crystal
microbalance, and (3) FTIR-ATR time resolved Fourier transform infrared-attenuated
total reflectance spectroscopy. They conducted multiple water sorption kinetic curves at
water activities between 0.00 and 0.85 with steps of 0.10, at three temperatures below the
glass transition (25, 35, 45°C). To obtain the water diffusion coefficient, Davis et al.
plotted mass versus time and regressed it to Fick’s second law (one dimensional diffusion
of a film with rectangular coordinates):





 

(2.6.18)

 

with the following boundary conditions:
     




     ;

      

This resulted in the following analytical solution (the same as Mueller, Krueger, and
Sadowski, 2012, originally from Crank, 1958):










  

  


(2.6.19)
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If the diffusion occurs on both sides,      and    is the center, whereas
if the diffusion is on one side only,    and    is at the boundary with the
non-diffusive side (Davis et al., 2013). If the material is tested at a temperature above the
glass transition (rubbery), the material would react instantaneously, and the relaxation
reaction could not be detected over the experimental time scale. If the material is tested
below the glass transition, on the other hand (glassy), the relaxation is much slower and
should be detected over the experimental time scale. The time frame of the experiment
itself has a direct effect on whether the diffusion appears Fickian or non-Fickian. Shorter
experimental times yield Fickian diffusion behavior, since it should not be long enough to
allow the polymer to relax. It is crucial, then, to run the experiment for an appropriate
amount of time to detect the non-Fickian diffusion-relaxation phenomena. Therefore,
Davis et al. chose “short” and “long” experimental times to obtain both Fickian and nonFickian effects (2013). The time for “short time” experiments are related to the thickness
of the film. Long times should be long enough to show two-stage sorption kinetics, and
for the experimental procedures conducted by Davis et al., these experimental times went
for as long as 20 hours (2013). Diffusion and the pseudoequilibrium sorption ( 
were therefore obtained from the short time experiments. In which these values were then
used to obtain the relaxation times ( ) and the equilibrium mass due to relaxation
(  by regressing the full equation (      with the data from long time
experiments. Davis et al. also chose to normalize their data by dividing the absorption
curves by   , to determine if the diffusion was in fact thickness-dependent for short time
experiments, and thickness independent for long time experiments (showing that there is
a relaxation effect). Davis et al. also compared the diffusion time      to the
relaxation time,  (2013). They explain that for Debroah numbers close to unity
(   ), the two-stage sorption is not clearly separated. Whereas, at large Deborah
numbers (   ), a rapid Fickian first stage followed by a slower separated second
relaxation-controlled sorption is expected (which was the case of the experiments
performed in their research). The authors conclude the results obtained from the three
different experimental methods were consistent and applicable to the Berens and
Hopfenberg model (Davis et al., 2013).
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Potreck et al. also applied the Berens and Hopfenberg model with both absorption
and desorption of water diffusion in S-PEEK. A plot of the sorption concentration versus
water activity showed that it was concave at low water activities (Dual Mode sorption or
extended energy side distribution model), and at water activities above 0.5 an inflection
point turning convex with an exponential increase was detected (Flory-Huggins model)
(2009). Throughout the water activity range, the diffusion coefficient tends to increase
with increasing concentration. Comparisons of desorption and absorption isotherms show
that desorption concentration values were higher than absorption. The authors explain
that his could be due to a hysteresis effect, in which new free volume is introduced and
the free volume is filled during sorption. Desorption, in the other hand, tends to be
quicker than the collapse of the free volume, and therefore more free volume is available
in desorption and higher concentrations are reached (Potreck et al, 2009). Potreck et al.
also aim to test at high Deborah numbers in order to keep the Fickian diffusion and
relaxation processes separate (2009). They found that at high concentrations the diffusion
coefficient levels off, and explain that this could be due to the measurement techniques in
which thin films were used and diffusion occurs extremely quick and cannot be
accurately measured. The diffusion coefficient doubled with increasing water vapor
concentration. A comparison of the mass uptakes due to Fickian diffusion,  , and the
mass uptake due to relaxation,    , shows that at low water activities, the mass
sorption is almost entirely Fickian. As the concentration is increased, the Fickian
diffusion effect decreases, and the sorption due to relaxation increases. In order to view
the relaxation effect of    separately, they must also be well separated, but this
was not possible in Potreck et al.’s investigation as both relaxation effects overlap (2009).
The authors also discuss the glass transition effects on the sorption kinetics. During
sorption, the glass transition decreases as the concentration increases. As explained
previously, for rubbery materials (   ) the material should be fully relaxed, and
Fickian diffusion is expected. Glassy materials (   ), on the other hand, Fickian and
relaxation effects change during sorption. A plot of    versus    ,
shows that the relaxation effect increases as the experimental temperature approaches the
glass transition (    ). The fact that solely Fickian effects are expected
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at temperatures above the glass transition (rubbery), can be proved by (1) running
sorption experiments at higher experimental temperatures or (2) testing at water activities
higher than 0.9 with small step-wise increases (Potreck et al., 2009). Potreck et al. did not
perform these as they find these experimentally intricate, and a challenge for future
research. Potreck et al. successfully applied the Berens and Hopenberg model, and were
able to compare the Fickian diffusion and the relaxation contributions for both absorption
and desorption of water in S-PEEK (2009).

2.6.4. Deborah number in Biological Engineering

Achanta, in the realm of Biological Engineering, studied shrinkage during gel
dehydration (1995). He examined several dimensionless numbers, one being the Deborah
number, which he defined as follows:
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(2.6.21, 2.16.22)
(2.6.23)

  
    
     
  
   
The mixture viscosity parameter is based on a moisture dependence expression for the
mixture viscosity:
    
  

(2.6.24)

In the glassy region,  is expected to be in the order of    , and  would be
very low. During the transition period,  would be very high (), and in the rubbery
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region



is expected to be around    , and  would, again, be very low. Achanta

claims that this Deborah number definition is consistent with those in polymer science
literature (1995). According to Achanta, at high Deborah numbers, viscous relaxation
determines the rate of moisture desorption, and moisture transport will appear nonFickian (1995). Whereas at low Deborah numbers, the relaxation time is fast and
diffusion is negligible, making moisture transport appear Fickian. These conclusions are
similar to the ones discussed previously.

3.6.5. Deborah number in other realms of study

Finally, authors that study the brittle fragmentation of magma and silica melt also
use the Deborah number concept to make a distinction between viscous-brittle transitions.
Cordonnier et al. define the relaxation time as the ratio of the liquid shear viscosity to the
melt elastic shear modulus:
 







 



(2.6.25)

and define the characteristic process time as the deformation time (inverse of the shear
rate of creep tests) (2012):
     



(2.6.26)



Kameda et al. offer similar definitions, where the relaxation time is defined as:
 









(2.6.27)

and the characteristic process time used is the decompression time (2013).
As discussed above, many definitions for the Deborah number are available.
There are numerous definitions for both the characteristic material time and the
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characteristic process time. The one to use will depend on the material, and the process
application. Table 2.4 summarizes these findings.
Table 2.4. Deborah number definitions used in literature.
Realm of Study/Application
Rheology
General

Source
Steffe, 1996

tmate rial
Maxwell fluid, λrel
Ideal viscous, tm=0, immediate relaxation
Kelvin solid, λret
Ideal elastic solid, t m=∞, no relaxation

Chemistry, polymer science
Diffusion in polymers

tproce ss

Vrentas, Jarzebski, and Duda,
1975

Mean relaxation time for the polymersolvent system:

oscillating surface, 1/frequency
Diffusive Deborah number:

Mutual and self-diffusion coefficients:

Chemistry, polymer science
Polymer-Solvent Deborah
number diagrams

Vrentas and Duda, 1977

Chemistry, polymer science

Krüger and Sadowski, 2005

Zero-shear rate material viscosity, η
Steady-state compliance for viscoelastic
liquid, Je
t*= time of inflection of sorption curve

Chemistry, polymer science
Diffusion of glassy polymer

Mueller, Krüeger, and
Sadowski, 2012

Crank definition for Fickian diffusion.

Creep compliance data:

Transfer to shear modulus:

Concentration and temperature shift
factors applied
Chemistry, polymer science
Diffusion in polymers

Berens and Hopfenberg, 1978
Potreck et al., 2009
Davis et al., 2013

Biological Engineering
Gel dehydration

Achanta, 1995
Consistent with polymer
science literature: Ferry, 1980 Intitial water volume fraction, ϵ w,0
Viscosity of mixture, ηm,0
Elastic modulus of material, E

Geology
Viscous-brittle transitions of
crystal-bearing silica melt

Cordonnier et al., 2012

Geology
Kameda et al., 2013
Brittle fragmentation of magma

Crank definition for Fickian diffusion.
l changes for everyy step:
p
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CHAPTER 3. MATERIALS AND METHODS

3.1. Sample preparation

3.1.1. Mixing

Pasta dough was prepared using Bob’s Red Mill semolina flour and distilled water at
40°C. The semolina flour was determined to have an initial moisture content of 15% db.
The flour was mixed using a flat beater attached to the KitchenAid® Artisan® Series 5Quart Tilt-Head Stand Mixer at 64 rpm (“stir” speed). The distilled water was added as a
fine mist (at about 3.3 g/s) to the flour to achieve a final water content of 53% db. The
mixing time was minimized and kept between 60 and 120 seconds. The resulting dough
mixture looked as shown in Figure 3.1 below. The figure shows that the dough was not
completely allowed to form, and left in “clumps” which was more suitable for extrusion.

80
Since creep samples had to be equilibrated for long periods of time, propionic acid
was included as an antifungal agent for all semolina-water mixtures used for creep
testing. Propionic acid (0.35% of the flour weight) was first dissolved in the distilled
water that was then added to the flour (Willis, 2001).
After mixing semolina flour-water mixture was then placed in an air-tight container,
and left to equilibrate for at least 24 hours at 4°C.

3.1.2. Extrusion

A single screw Brabender extruder (Type 2523, No. 1997, C.W. Brabender
Instruments, Inc., Hackensack, NJ) with a slit die was used to form the semolina flourwater mixture. Figure 3.2 below shows the extruder and die used, as well as the different
temperature controlled zones.
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The extruder was temperature controlled by four thermocouples: the first three zones
(from entrance to exit) within the barrel were set to: 40°C, 53°C, and 57°C, and the die
was set to 57°C (Cummings, 1981). The screw within the barrel was kept at constant
speed of 40 rpm. The extruder formed the pasta into a continuous strip 100 mm wide and
1.4 mm thick, the strip was then cut into pieces 150 mm long. The strips were stored in
individual air-tight containers to maintain the moisture and structure of the pasta. The
pasta moisture content after extrusion was at 43% db, which is an industry standard
(Willis, 2001).

3.1.3. Sample geometry

3.1.3.1. Creep testing

Flexible sheet metal was shaped into varying diameters to cut samples used for creep
testing into 250 to 270 mm diameter circles. The strips and samples were numbered to
maintain a record of when during the extrusion process the strip was obtained, and where
within the strip the circle was cut (left edge, middle, and right edge). The pasta thickness
was kept as extruded: 1.2-1.4 mm.

3.1.3.2. Isotherm, diffusion and relaxation testing

A sharp blade was used to cut pasta slabs that were 6 mm wide and 8 mm long. These
were typically used in the IGAsorp to obtain isotherm, diffusion, and relaxation data. The
slabs were then cut into smaller thicknesses using a vibratome sectioning system (Lancer,
Series 1000). The vibratome consists of a base where the sample is placed and a moving
arm where blades of different sharpness can be attached. The arm then moves towards the
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sample at a set speed and oscillating amplitude. The samples were attached to a fix block
by using a minimal amount of super glue. The vibratome was then set to slice the slabs to
300 and 600μm thick. Figure 3.3 shows a picture of the vibratome used.

3.1.4. Equilibration

3.1.4.1. Creep testing

Desiccators with different salt solutions were used to equilibrate creep samples to
the desired moisture content for testing. Literature isotherm models were used to choose
the relative humidity required to obtain the different equilibrium moisture contents. Creep
samples were to be tested at 40°C, therefore the different salt solutions were chosen
based on their relative humidity at the same temperature. Four salts were chosen: Sodium
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Bromide, Potassium Chloride, Potassium Nitrate, and Potassium Sulfate, which created a
relative humidity of 53.2%, 82.3%, 89.0%, and 96.4% at 40°C, respectively (Greenspan,
1977). Table 3.1 summarizes the salts, relative humidity, and their corresponding
expected and actual moisture contents obtained.
Table 3.1. Salt solutions with their corresponding relative humidity and pasta equilibrium moisture content at 40°C.

%

Expected Moisture
Content
%, db

Sodium Bromide

53.20%

10.13%

8.93% ± 0.73%

Potassium Chloride

82.30%

19.05%

14.55% ± 0.62%

Potassium Nitrate

89.03%

22.70%

18.91% ± 0.61%

Potassium Sulfate

96.40%

41.64%

38.31% ± 1.33%

Salt Solution

Relative Humidity at 40°C

Measured Moisture Content
%, db

To minimize errors and cracks during creep testing, samples were kept as flat as
possible. The samples were placed on ceramic plates with a Teflon disk (315 grams) on
top of the samples to avoid any surface irregularities. A 1.5 mm thick separator was used
to minimize the amount of pressure placed on the samples by the Teflon disk (samples
were on average 1.4 mm thick, but would tend to shrink radially and increase in height).
The sample arrangement with the Teflon disk and separator are shown in Figure 3.4.
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3.1.4.2. Isotherm, diffusion and relaxation testing

After slicing the samples for isotherm, diffusivity, and relaxation measurements,
they were equilibrated at room temperature (20°C) in a desiccator with a Potassium
Sulfate saturated salt solution. The Potassium Sulfate solution was expected to create a
97.6% relative humidity and a sample moisture content of 35% db at 20°C (Greenspan,
1977).

3.2. Isotherms

3.2.1. Measurement

An automated gravimetric analysis system was used to obtain the isotherm of
pasta at 60°C. The system used was IGAsorp moisture sorption analyzer from Hiden
Isochema Analytical (Warrington, UK). The IGAsorp precisely regulates temperature and
relative humidity, and measures mass with an ultrasensitive balance. The operating
parameters such as temperature, relative humidity and time are set and controlled by
Microsoft software. The software serves as an interface to monitor sample conditions and
sorption kinetics. A water bath is used to set the sample temperature, and it can be set
from 5 to 80°C (accuracy of ±0.05°C). The ultra-sensitive microbalance has a range of 1
to 5,000 mg with a resolution of 0.2μg (0.0002 mg).
The sample relative humidity is controlled by mixing two nitrogen gas streams:
(1) wet and (2) dry, and it is modified based on readings obtained by the relative
humidity sensor located in the bottom of the sample chamber. Relative humidity between
0 to 90% (accuracy of ±0.1%) can be obtained through this system. The IGAsorp will
continuously record mass readings until either (1) the maximum run time set is completed
or (2) equilibrium is achieved according to kinetic mass data calculated by the system.
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The IGAsorp was used to obtain the pasta isotherm at 60°C. The following
desorption relative humidity step sequence was followed: 80, 70, 60, 50, 40, 30, 20, and
10%. To determine if thickness had an effect on isotherm data, the isotherm was obtained
at different thicknesses. The final solid mass was determined by drying the sample at
150°C and 0% relative humidity for one hour immediately after testing.

3.2.2. Model

Data from this study as well as raw data collected form literature regarding pasta
desorption was used to obtain a model for pasta desorption isotherms. The data obtained
ranged from 25 to 105°C and 0 to 95% relative humidity. Since most authors in literature
determined that the Oswin equation provided the best fit for pasta desorption isotherms,
the Oswin model was used to fit the pasta desorption data:
      



  



(3.2.1)

For comparison purposes, the constants for the GAB equation were also determined:
  


  

(3.2.2)

The different model parameters and the fit statistical analysis were determined with the
curve-fitting feature in OriginLab® OriginPro 8.6. The models were compared using the
model comparison option also in OriginLab® OriginPro 8.6.
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3.3. Diffusivity and kinetics

3.3.1. Measurement

Kinetic data from the isotherm IGAsorp experiments was used to determine pasta
water diffusivity at 60°C (as explained in 3.2.1)
Sample thickness was recorded before starting all IGAsorp tests. Thickness was
measured using a Mitutoyo 323-350 digimatic micrometer that has a resolution of 1 μm
and an instrumental error of 4μm. The micrometer consisted of a rotating spindle with a
measuring 20 mm-diameter base disk. It was equipped with a ratchet stop with a constant
measuring force of 3 to 8 N, once the micrometer exerted this force and the ratchet stop
“clicked,” the measurement was recorded. Three thickness measurements were taken and
the average was used as the initial thickness measurement of each test.

3.3.2. Mass transfer mechanism

It is essential to determine whether the mass transfer is internal or external
controlling resistance since the average moisture content as a function of time will
change depending on the resistance type. The two relationships are as follows:
Internal resistance:
 
 






(3.3.1)

External resistance:
 
 



 


(3.3.2)

 is the external mass transfer coefficient (Waananen, 1989). The slope, m, of the line


 
 

 should be inversely proportional to   . Therefore, these slopes

were obtained at different thicknesses, at given temperature and moisture content, and
compared to the length. A plot of  versus , would have a slope n, that
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determines whether the mass transfer is internal or external resistance controlling. If the
slope is equal to one (n=1) then it is external resistance controlling, otherwise, if the slope
is equal to two (n=2), mass transfer is internal resistance controlling.

3.3.3. Desorption kinetics

Time, mass, relative humidity, and temperature data was collected during
isotherm testing. Data of samples of different thicknesses were analyzed in order to
determine the effect of thickness in desorption. Moisture content was plotted versus a log
scale of time to show the different behaviors at each relative humidity. The curves were
then normalized by dividing time by the square of the initial thickness.

3.3.4. Calculation of diffusive constant

Slab-shaped samples were used in IGAsorp experiments, and therefore the
equation for slab diffusivity was used (Crank, 1956):
 
 





 
   

 

 


(3.3.3)
(3.3.4)

The samples were placed in a thin permeable mesh basket, and water was assumed to
diffuse from both sides. The value for  used was the entire slab thickness,  is the
equilibrium moisture content at a given relative humidity, and  is the initial moisture
content. All moisture content values used were in dry basis only.  is the term referred
as the diffusive constant, in which neither diffusivity nor length are assumed to be
constant. Since some samples did not seem to reach full equilibrium or went beyond the
equilibrium determined from literature isotherms, the equilibrium moisture content was
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initially determined by the “dynamic equilibrium moisture content” concept (Waananen,
1989). The concept consists of determining the equilibrium moisture content that yields a
straight line for 

 
 

. Special care should be taken in this process as a

small error in the chosen equilibrium moisture content can cause considerable differences
in the slope of the line. If the first term (n=0) of the series solution for slab diffusion is
determined to dominate, then:


and the slope of 

 
 

 
 

   

(3.3.5)

 is equal to  (Waananen, 1989). The time used to

determine the value of  through this method was the minimum amount of time in
which the ratio of the first term (n=0) to the second term (n=1) was less than 1%. Ideally,
this concept should only be applied when an absolute equilibrium is reached, as a small
error in the equilibrium moisture content can yield large errors in the determination of the
diffusivity constant. The nonlinear curve fitting tool in OriginLab® OriginPro 8.6 was
also used to calculate  values from the solution of Crank’s equation for slab diffusivity
(the series was expanded up to n=20). The values obtained through the “slope” method
were compared to the values obtained through the optimization method. Due to the high
probability of error in the slope error, only optimization method  values are reported.
The concept of “early time” data became an issue in the determination of the
diffusivity constant, as the diffusive constant varies considerably with time. This is
especially true when diffusion is above the glass transition, and closer to pure Fickian
diffusion. The assumption of diffusion occurring before relaxation is not necessarily
applicable in this case, as both diffusivity and shrinkage occur simultaneously. Therefore,
values of the diffusivity constant were then attained using the optimization method at
different time intervals.
Diffusivity values reported are based on equation 3.3.4, calculated based on a
constant initial length. For these calculations, the final moisture content was assumed to
be the equilibrium moisture content. These values would then be comparable to values
reported in literature where shrinkage is not considered.

89
3.4. Glass transition

3.4.1. Model

Raw data regarding pasta glass transition based on several methods was collected
from literature. The data obtained ranged from temperatures from 10 to 150°C and
moisture contents from 0 to 0.30 dry basis moisture content. The data was used to obtain
parameters for both the Gordon Taylor model:
 

   
 

(3.4.1)

and the Kwei model (Cuq and Verniere-Icard, 2001) (the water glass transition was to
   for both models):
 

   
 

  

(3.4.2)

The different model parameters and the fit statistical analysis were determined with the
curve-fitting feature in OriginLab® OriginPro 8.6 software. The models were compared
using the model comparison option based on Akaike’s Information Criterion Test (AIC)
in OriginLab® OriginPro 8.6.

90
3.5. Shrinkage

3.5.1. Measurement

Due to a limited resources and time, complete shrinkage data was not obtained.
Ideally, shrinkage would be measured with slabs cut as explained in 4.1.3.2 and placed at
different conditions in the IGAsorp. The conditions can be chosen based on Figure 3.5
that shows the glass transition curve and isotherm curves at constant relative humidity as
a function of moisture content.
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The objective would be to measure shrinkage in at least three different states: (1) rubbery
state, (2) transition state, and (3) glassy state. The figure shows the transitions at a test
temperature of 60°C since it is one of the highest temperatures that can be consistently
tested with the combination of the water bath and IGAsorp available in these facilities.
Ideally, tests could be run at different temperatures, including industry operation
conditions (80°C).
In order to measure shrinkage the IGAsorp would have to be stopped at
determined times to measure the thickness of the pasta slab. A new slab should be placed
for each time step and the IGAsorp experiment should be re-started from the beginning
and stopped at the next determined time step. The different time intervals should be
determined based on the diffusive and relaxation data obtained in the Deborah number
experiments (explained in 3.7.). The intervals should be chosen based on the time at
which most moisture is lost, as well as when relaxation is clearly evident.

3.5.2. Shrinkage Calculation

Diffusive constant values calculated as described in section 3.3.4 (equation 3.3.4)
and diffusivity values based on the model proposed by Waananen (1989) were used to
calculate the thickness of pasta:


 

(3.5.1)



Since diffusivity was assumed to occur mostly through the faces of the plate (not the
edges), shrinkage was only considered to occur in the direction of the thickness. The
calculated length values were plotted versus moisture content, and shrinkage was
calculated as follows:





 
  






(3.5.2)
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3.6. Creep testing

3.6.1. Measurement

A texture analyzer TA-HDPlus (Scarsdale, New York) with the 500 kg load cell
(±10 gram resolution) was used to measure creep-recovery of the pasta samples at
various moisture contents. The samples were originally kept at 40°C inside the
desiccators, and since temperature controlled-testing was not possible the tests were
conducted at room temperature. Sample thickness and weight was first recorded. Sample
thickness was measured with a digital vernier caliper. The samples were then placed on a
flat platform and a 25 mm cylindrical flat plate probe was used to compress the samples
at a fixed force. The texture analyzer then recorded the strain caused due to the fixed
stress on the sample as a function of time. For each of the moisture contents forces of 1,
5, and 10 kg were exerted on the samples. These forces were determined to be outside of
the linear viscoelastic region. The force was exerted for a minimum of 200 seconds,
followed by a zero-force recovery period for the same amount of time. A test time of 200
seconds was determined to be sufficient time to reach equilibrium. Several repetitions
were carried out for the different moisture contents and force combinations.

3.6.2. Model

The texture analyzer recorded time, mass, force, and distance traveled. Since the
force exerted is not instantaneous, there is a “ramp-up” region that was not considered in
creep calculations. Data analysis was considered for points after the set force was
reached. Based on the thickness measured before testing and the distance traveled, the
Heckel strain was calculated for each time step (Steffe, 1996):
  




(3.6.1)
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Creep compliance was then calculated by dividing the Heckel strain by the set fixed
stress (Steffe, 1996):




(3.6.2)



An average of at least three repetitions was used to model the different parameters for
each moisture content and force combination. The resulting curve of compliance versus
time was used to model creep based on the Burgers model (Steffe, 1996):
   

 













(3.6.3)

The instantaneous change in compliance,   was taken as the initial compliance of the
test curves. Then, the linear part of the curve was used to calculate the Newtonian
viscosity ( ) and the retarded compliance (  ). The slope of the linear fit was is equal to
 , and the intercept is equal to    as shown in the Figure 3.6 below:
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The model was then completed by calculating the retardation time,  with the
nonlinear curve fitting feature in OriginLab® OriginPro 8.6. The fit was first attempted
with one retardation time only, but they resulted in R2<0.90. Therefore creep was
modeled using two retardation times. The values for  ,  ,  , and  were then all
calculated using the nonlinear curve fitting feature in OriginLab® OriginPro 8.6 with the
added constraint that      must equal the intercept calculated from the linear
portion of the curve. The parameters determined were compared to the different applied
forces and moisture contents tested.

3.7. Deborah number

3.7.1. Measurement

Kinetic data obtained from IGAsorp testing at 60°C was considered for Deborah
number analysis (the IGAsorp testing was as described in section 3.2.1).

3.7.2. Model

Ideally, the Berens and Hopenfenberg model would be used to determine Deborah
Number:
     
    



 
   

(3.7.1)


 

    

(3.7.2)

From the data obtained only one relaxation was observed. The total amount of water lost
was assumed to be the difference between the initial moisture and the equilibrium
moisture determined in section 3.3.2. The total amount of water lost due to diffusivity
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( ) would be determined by fitting the series expansion (up to n=20) to the entire data
using the early-time  (explained in 3.3.2) with OriginLab® OriginPro 8.6. The amount
of water lost due to relaxation ( ) would then the difference between the total
amount of moisture lost and the moisture lost due to diffusivity. Finally, the relaxation
time would be determined by fitting the entire equation in OriginLab® OriginPro 8.6
with only  as the unknown value. Finally, the Deborah Number was determined from:
 









(3.7.3)

Ideally, the different curves and curve fittings would look as shown in Figure 3.7 below.
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4. RESULTS AND DISCUSSION

4.1. Isotherms

4.1.1. Data

Complete isotherm data was obtained for three initial thicknesses: 1275µm,
622µm, and 310µm. The values, as well as the average and standard deviation are given
in Table 4.1.
Table 4.1. Experimental data for extruded durum semolina isotherm at 60°C.
Xdb, dry basis moisture content (g/g )
average
l 0 = 622 μm
l 0 = 310 μm

aw
-

l 0 = 1275 μm

0.8

0.1391

0.1361

0.1539

0.1430  0.0096

0.7

0.0968

0.0956

0.1119

0.1014  0.0091

0.6

0.0773

0.0732

0.0909

0.0805  0.0093

0.5

0.0617

0.0601

0.0762

0.0660  0.0088

0.4

0.0544

0.0505

0.0656

0.0568  0.0078

0.3

0.0440

0.0408

0.0548

0.0465  0.0073

0.2

0.0315

0.0268

0.0454

0.0346  0.0097

0.1

0.0263

0.0198

0.0322

0.0261  0.0062

The values for thinner samples are expected to be lower than the values of thicker
samples, as is the case of 1275µm versus 622 µm. This is not the case for the 310 µm
sample since the set maximum equilibrium test time was not as long as the other two
samples.
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The values are comparable to literature data as shown in Figure 4.1. Some valued
obtained are lower than the ones found in literature. It is possible that the relative
humidity recorded was actually lower than the one reported, or the temperature was
higher than 60°C. Since the IGAsorp was serviced and calibrated within a month of all
tests conducted (which included a new relative humidity sensor), it is more likely that the
temperature was actually higher than the one reported.
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4.1.2. Model

The determined parameters for the Oswin equation at each temperature are given in Table
4.2. The data used was obtained from literature, and the data from this study was included
in the determination of the parameters for 60°C.
Table 4.2. Oswin model parameters determined for pasta desorption isotherms
at varying temperatures.
T
°C
25
30
35
40
50
60
70
75
80
85
90
105

k
0.1334
0.1252
0.1124
0.1109
0.0975
0.0798
0.0648
0.0466
0.0614
0.0470
0.0417
0.0506

±
±
±
±
±
±
±
±
±
±
±
±

n
0.0047
0.0024
0.0034
0.0022
0.0029
0.0036
0.0043
0.0008
0.0038
0.0026
0.0084
0.0028

0.3219
0.2841
0.4265
0.3749
0.3943
0.5029
0.4324
0.5240
0.5948
0.2722
0.7428
0.4753

±
±
±
±
±
±
±
±
±
±
±
±

Adj. R
0.0185
0.0115
0.0252
0.0142
0.0172
0.0326
0.0447
0.0129
0.0422
0.0237
0.1170
0.0512

2

0.9819
0.9882
0.9890
0.9632
0.9223
0.9262
0.6975
0.9972
0.9367
0.9583
0.8206
0.9840

The overall relationship between ,  and temperature for the Oswin equation are given
in Table 4.3.

Table 4.3. Oswin model parameters determined for pasta
desorption isotherms.
Parameter

Value

k0

0.1571 ± 0.0079

k1

-0.0012 ± 0.0001

n0

0.2076 ± 0.0475

n1

0.0043 ± 0.0009

Adj. R2
0.9065
0.7473
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The GAB equation parameters for each temperature are given in Table 4.4.
Table 4.4. GAB model parameters determined for pasta desorption isotherms at varying temperatures.
T
°C
25
30
35
40
50
60
70
75
80
85
90

m
0.0778
0.0830
0.0629
0.0663
0.0527
0.0519
0.0609
0.0270
0.0334
0.0467
0.0242

±
±
±
±
±
±
±
±
±
±
±

C
0.0028
0.0075
0.0007
0.0037
0.0034
0.0075
0.0289
0.0000
0.0037
0.0058
0.0071

89.0833
35.5000
38.4293
30.8955
30.1942
8.0021
4.0905
14.4761
12.4133
13.0120
6.7393

±
±
±
±
±
±
±
±
±
±
±

k
50.3593
26.7305
5.0277
15.1426
19.2093
4.8191
3.2414
0.0076
10.0643
3.0662
13.5454

0.8004
0.7270
0.8716
0.8202
0.8631
0.8694
0.7294
0.9100
0.9575
0.5831
0.9917

±
±
±
±
±
±
±
±
±
±
±

Adj. R
0.0118
0.0361
0.0041
0.0202
0.0178
0.0403
0.1461
0.0000
0.0223
0.0515
0.0372

2

0.9950
0.9696
0.9998
0.9555
0.9152
0.9241
0.7098
0.9999
0.9373
0.9911
0.8115

The results of the model comparison (between Oswin and GAB) at each temperature are
shown in Table 4.5.

Table 4.5. Preferred model for isotherm modeling.
T
°C
25
30
35
40
50
60
70
75
80
85
90

Prefered
Model
GAB
Oswin
Oswin
Oswin
Oswin
Oswin
GAB
GAB
Oswin
Oswin
Oswin

It is clear that for most temperatures the Oswin model provides a better fit, which is in
agreement with most literature data found regarding pasta desorption (Andrieu et al.,
1985; Ponstart et al., 2003; De Temmerman et al., 2008).
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The determined Oswin model is graphed with the raw data in Figure 4.2 below.
0.30

 Cummings, 1981

Andrieu et al., 1985
Waananen, 1989
Xiong et al., 1991
Litchfield and Okos, 1992
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Figure 4.2. Determined Oswin model graphed with literature and current study data.

4.2. Diffusivity and kinetics

4.2.1. Data

Due to software failure, the relative humidity step sequence was not always the
same, the data times were not consistent, and some relative humidity step data was lost.
This caused some discrepancies between sample repetitions, but some of the sample data
was still comparable and useful to some extent for the purposes of this study.
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4.2.2. Mass transfer mechanism

Data from the highest moisture content was taken to define whether the mass
transfer is controlled by internal or external resistance. The samples chosen went from
similar initial to final moisture contents (X0= 0.2821 ± 0.0016, XF = 0.1601 ± 0.002 db),
and were taken at 60°C and 80% relative humidity. Moisture content data from three
different thicknesses (1.152, 0.626, and 0.310 mm) were used and plotted versus time, as
shown in Figure 4.3 below. Only data conducted until absolute equilibrium was reached
were used for this purpose, as to avoid the large errors that can be obtained by using the
“dynamic equilibrium moisture content” concept.
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To determine the relationship between moisture content and thickness, the slopes
determined in Figure 4.3 were then plotted versus ln(initial thickness). The plot is shown
in Figure 4.4 below.

This resulted in a slope of 1.85 which shows that mass transfer, in this case, is controlled
by internal resistance and is inversely related to the square of the thickness. The same
result was obtained by Andrieu and Stamatopoulos (1986) and Waananen (1989).

4.2.3. Desorption kinetics

In order to evaluate the effect of thickness, data from three different thicknesses
were analyzed and compared: 0.310, 0.622, and 1.275 mm. Figure 4.5 shows moisture
content versus time in a logarithmic scale. The logarithmic scale in this case helps show
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the moisture behavior of the three samples. Data obtained from the 0.310 mm sample did
not start with an initial 90% RH step, which is why the data begins at a higher moisture
content than the other two samples shown. Data of 0% RH step for the 0.622 mm sample
and the 20% RH step for the 1.275 mm sample was not recorded.

The Figure shows that although the thicknesses are different, the general behavior within
each relative humidity step is the same for all three thicknesses. For example, the 80%
relative humidity step seems to begin to lose moisture with a typical Fickian behavior,
and then ‘dips’ and reabsorbs moisture until it reaches its equilibrium. The reason for the
dip is that when a relative humidity is changed in the IGAsorp, it shoots down and then
recovers. The hypothesis as to why this same behavior is not seen in the other relative
humidity steps is that at this higher moisture content, the pasta is still viscous enough to
react to the sudden decrease and increase of humidity. The relative humidity step from
80% to 70% resulted to be the humidity at which the pasta goes through the glass
transition for all three thicknesses. For all other relative humidity step changes the
behavior is clearly no longer purely Fickian and slow relaxations become more evident.
The step change from 90% to 80%, 60% to 50%, and 30% to 20% were conducted for
longer time periods (~24-36 hours) for the 0.622 mm and 1.275 mm samples. This was
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done in the attempt to completely observe the behavior of the pasta at the different states:
‘rubbery,’ ‘glass transition,’ and ‘glassy’.
Due to the missing 90% relative humidity step on the 0.310 mm sample, the other
two samples were chosen to show the effects of thickness on the drying curves. The
drying curves were plotted on the same graph as shown in the left side of Figure 4.6
below. On the left side (a), the drying curves are plotted versus time, with the black
curves being the 1.275 mm, and the grey curves the 0.622 mm.

At a first glance, Figure 4.6 (a) suggests that there are several differences between the
two thicknesses, in terms of both moisture content and behavior. Especially at relative
humidity steps such as 60% and 50%. Figure 4.6 (b) are the ‘normalized’ drying curves,
in which they are plotted versus time divided by the square of the initial thickness. The
plot shows that the behavior is clearly similar within each relative humidity step, and that
there is in fact an effect due to thickness. The effect of initial thickness can be seen as a
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horizontal shift, in which the thicker samples take longer to dry and longer time data is
required to attain equilibrium and relaxation effects.
The amount of time each humidity step was conducted was adjusted according to
thickness, taking into consideration as well if more data was desirable for a specific
humidity step. It is clear from Figure 4.6 that shrinkage is occurring, but due to the
difference between the initial moisture content at each humidity step of both thicknesses,
it is quite uncertain how much the effect is due to shrinkage and how much is due to the
amount of time the previous steps were held for. Ideally, in order to compare moisture
content and thickness effects, each humidity step should be conducted for equal amounts
of time regardless of the thickness. The time each step should be held for should be long
enough that the thickest sample reaches equilibrium and shows relaxation effects.
Alternatively, each humidity step could be held until a certain moisture content is
reached—that is if the initial moisture content is known and quite accurate. It is possible
that if this data is obtained the different shrinkage rates of the samples can be determined.

4.2.4. Diffusive constant values

The values of the diffusive time constant were quite variable with time. Initially,
it was suspected that it could be that it was due to an error or an effect of the optimization
fitting function used to determine the diffusive constants. Therefore data obtained from
Mercier et al., 2011 (pasta drying data that included shrinkage measurements) was used
to prove that it was an effect of the fitting function. Mercier et al. claim constant
diffusivity throughout the drying process, therefore data calculated based on constant
diffusivity was attained and plotted (constant  )—note that although Mercier et al. claim
constant diffusivity, this is highly unlikely as it has been shown by many researchers that
diffusivity does in fact change with moisture content. Data was then also generated based
on the constant diffusivity reported, but also taking into account the effect of the change
in radius of the sample (variable  but only due to a change in radius). Both  
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data was generated for both assumptions, (1) constant diffusivity, constant thickness and
(2) constant diffusivity with shrinkage, and were plotted versus time as shown in Figure
4.7 (a). To clarify, the numbers were calculated based on data obtained from Mercier et
al. (2011), where the “No Shrinkage” curve was generated based on the diffusivity that is
reported, and the initial radius reported. The “Shrinkage” curve is based on the diffusivity
value reported and the change in radius reported in the same research article. The case of
constant  values is an unlikely case, since both diffusivity and length have been shown
to change with moisture content. The case of constant  values was chosen to show that
the change in  was not an effect of the methods chosen to determine  . The difference
in the curves is shown in Figure 4.7 (a), where shrinkage causes an increase in the rate of
moisture lost. The optimization method was then applied to compare the  values
obtained and are given in Figure 4.7 (b). The constant diffusivity with no shrinkage data
showed that in fact, the optimization method resulted in the same and constant  value
throughout time. The constant diffusivity with shrinkage data showed that the  values
obtained were in fact changing because of the shrinkage effect and not necessarily due
only to the optimization method used.
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Figure 4.8 shows a graph of the diffusivity constant values obtained from the
optimization fitting function for both (1) constant diffusivity, no shrinkage, (2) constant
diffusivity with shrinkage, as well as the values obtained from direct substitution of the
 function (constant diffusivity, with shrinkage data reported in the article).

The graph shows that there is a discrepancy between the  values from direct
substitution and the values obtained from the optimization method. This difference may
be due to the number of series expansions used (up to n=10 was used for this purpose)
and that the fitting data was not necessarily continuous.
The slope method gave considerably different results depending on the
equilibrium chosen and the amount of data points used for the fitting (even with data that
was based on a constant  value). The “dynamic equilibrium moisture content” concept
also caused large errors depending on the equilibrium chosen, and the amount of time
considered to determine the equilibrium moisture content. Figure 4.9 shows a data set
that according to the IGAsorp program had reached equilibrium with up to 99% accuracy.
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If all the data is considered to determine the equilibrium point based on the best linear fit
obtained, then the equilibrium would be    (green line).

The black markers are based on the minimum moisture content measured, and according
to Müeller et al. a curve that follows this behavior means the product has a spectrum of
relaxation times (2012). The blue markers are based on the last recorded equilibrium
moisture content. The green line provides the result for the best linear fit (minimum R2).
The orange and red markers are at equilibrium moisture contents beyond the ones
obtained. This trend, according to Müeller et al., depicts the behavior of a product with a
single relaxation (2012). The resulting  values and R2 values are given in Table 4.6,
below.
Table 4.6. Dynamic equilibrium moisture content possible results and errors (0.310 mm, 70% RH, 60°C, 3000
seconds ).
Xe
db
Final moisture content

Xe
db
0.11183

kF
-/s
0.00156

R2
0.9053

Minimum error

0.11173

0.00148

0.9897

Difference Xe Difference kF
%
%
0.09%
5.44%
-

-

Minimum moisture content

0.11500

0.00001

0.0000

2.93%

-100.45%

Lower moisture contents

0.11000

0.00092

0.9141

-1.55%

-37.87%

Lower moisture contents

0.10000

0.00041

0.7936

-10.50%

-72.60%
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As the table shows, a difference of less than 2% of the equilibrium moisture content can
cause a 40% difference in the diffusivity data. The errors can be even larger when
considering “short time” data. Figure 4.10 shows the same data discussed earlier in
Figure 4.9, but considering only 500 seconds of the data.

As shown in the figure, most of the equilibrium moisture contents chosen depict a linear
trend. The percent difference and error data are given in Table 4.7:
Table 4.7. Dynamic equilibrium moisture content possible results and errors (0.310 mm sample, 70% RH, 60°C,
500 seconds possible results and errors).
Xe
db
Final moisture content

Xe
db
0.11183

kF
-/s
0.00185

R2
0.9942

Difference Xe Difference kF
%
%
0.09%
-9.69%

Minimum error from long term data

0.11173

0.00205

0.9971

-

-

Minimum moisture content

0.11500

0.00260

0.9993

2.93%

26.75%

Lower moisture contents

0.11000

0.00186

0.9957

-1.55%

-9.35%

Lower moisture contents

0.10000

0.00122

0.9887

-10.50%

-40.73%

The data shows that the original equilibrium moisture content chosen from the long-time
analysis would not, in this case, produce the best fit line, and the equilibrium moisture
content to choose would be the minimum moisture content measured (0.1150 db).
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Choosing this moisture content would result in a percent difference in  as large as
26.75%.
The optimization method, on the other hand did not demonstrate to be as highly
sensitive to the chosen equilibrium moisture content. A 5% change in equilibrium
moisture content and the Regardless, it is recommended to run samples long enough
where a stable equilibrium is reached.
Given these findings, the optimization method was used with a series expansion
of up to twenty terms. All  values were determined at several time intervals, and were
only calculated for relative humidity steps with long-term equilibrium. For comparative
purposes, the  values of three different thicknesses at 80% relative humidity and 60°C
were further analyzed, as shown in Figure 4.11.
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The figures above show the diffusivity constant in a normal scale versus both time (a)
and moisture content (b). The plots below show the diffusivity constants plotted in a
logarithmic scale, again, versus time ((c), logarithmic scale) and moisture content (d).
The figure shows that the diffusivity constant increases with time at a given relative
humidity step. The thinner samples, as compared to the thicker samples, show to have
larger diffusivity constants, and change at a higher rate. Diffusivity should typically be
decreasing with decreasing moisture, and therefore, the diffusivity constant shows that, in
this case, the effect of change in length is much grater than the effect of decreasing
diffusivity. Figure 4.11 suggests that the difference between the different thicknesses are
given as a shift in the diffusivity constant, that can be due to the different shrinkage rates.
The diffusivity constant values were also obtained for the 0.310 mm sample at the
rubbery to glass transition state of pasta (diffusivity values for each relative humidity step
from 80% to 50%).
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The plots suggests that the diffusivity effect is in fact decreasing with decreasing
moisture content, and that shrinkage is in fact occurring as well. The data also suggests
that the shrinkage effect decreases with each change in humidity, and with decreasing
moisture content. If length values are solved for a given diffusivity (from literature), the
values are similar to the ones measured, but seem to decrease at a larger rate than
physically reasonable. Therefore, it is imperative to further consider the actual diffusivity
effect due to moisture lost.
Both Figures 4.11 and 4.12 show that  increases with decreasing moisture
content. Past research (and data shown in the next section) has shown that diffusivity
tends to decrease when a product is dehydrated. Recall that the diffusive constant is
defined as:
 

 

(3.3.4)



and therefore is a function of both diffusivity and length. Since D decreases, the thickness


has to decrease significantly (  has to increase) to cause  to increase.


   






(4.2.1)



  


 

This clearly shows that shrinkage does have a significant effect on drying curves.

(4.2.2)

113
4.2.5. Calculated diffusivity

The diffusivity values calculated based on a constant initial thickness are shown
in Figure 4.13.

Since the diffusivity values for the different thicknesses do not coincide, the data shows
that pasta diffusivity is not purely Fickian and that some shrinkage is occurring. A steep
decrease in diffusivity is also evident at moisture contents between 0.09 and 0.13 db,
which is consistent with glass transition data obtained from literature (predicts a glass
transition of 0.11 db).
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All calculated values with the corresponding moisture contents and relative humidity are
given in Tables 4.8, 4.9, and 4.10 (thicknesses 1275μm, 622 μm, and 310μm
respectively).
Table 4.8. Diffusivity values calculated based on constant initial thickness (l= 1275 μm) at 60°C.
RH
%
80%
70%
60%
50%
40%
30%
20%
10%

X0
db
0.2184
0.1343
0.0950
0.0763
0.0610
0.0537
0.0306

XF
db
0.1391
0.0968
0.0773
0.0617
0.0544
0.0440
0.0263

Xavg
db
0.1787
0.1156
0.0862
0.0690
0.0577
0.0489
0.0285

kF
1/s
1.69E-04 ± 3.99E-07
1.09E-04 ± 2.87E-07
4.41E-05 ± 2.55E-07
9.08E-05 ± 7.38E-07
5.34E-05 ± 2.94E-07
9.62E-05 ± 8.96E-07

D (constant l)
m2 /s
2.78E-11
1.80E-11
7.26E-12
1.49E-11
8.80E-12
1.58E-11

R2
0.9954
0.9969
0.9896
0.9851
0.9912
0.9879

Table 4.9. Diffusivity values calculated based on constant initial thickness (l= 622 μm) at 60°C.
RH
%
80%
70%
60%
50%
40%
30%
20%
10%

X0
db
0.2205
0.1282
0.0920
0.0724
0.0590
0.0498
0.0399
0.0260

XF
db
0.1361
0.0956
0.0732
0.0601
0.0505
0.0408
0.0268
0.0198

Xavg
db
0.1783
0.1119
0.0826
0.0663
0.0547
0.0453
0.0333
0.0229

kF
1/s
6.24E-04 ± 6.49E-07
2.29E-04 ± 6.89E-07
1.94E-04 ± 2.93E-07
1.93E-04 ± 1.62E-07
1.51E-04 ± 7.83E-08
4.42E-05 ± 2.44E-08
1.76E-04 ± 2.09E-07

D (constant l)
m2 /s
2.45E-11
8.98E-12
7.59E-12
7.55E-12
5.92E-12
1.73E-12
6.89E-12

R2
0.9958
0.9037
0.9269
0.9957
0.9965
0.9894
0.9804

Table 4.10. Diffusivity values calculated based on constant initial thickness (l= 310 μm) at 60°C.
RH
%
80%
70%
60%
50%
40%
30%
20%
10%

X0
db
0.2839
0.1396
0.1059
0.0873
0.0738
0.0638
0.0533
0.0440

XF
db
0.1539
0.1119
0.0909
0.0762
0.0656
0.0548
0.0454
0.0322

Xavg
db
0.2189
0.1257
0.0984
0.0817
0.0697
0.0593
0.0494
0.0381

kF
1/s
2.92E-03 ± 2.25E-05
1.49E-03 ± 1.64E-05
1.14E-03 ± 1.26E-05
6.99E-04 ± 8.19E-06
6.62E-04 ± 4.91E-06
2.84E-04 ± 5.17E-06
1.66E-04 ± 1.32E-06
1.21E-04 ± 1.17E-06

D (constant l)
m2 /s
2.84E-11
1.45E-11
1.11E-11
6.80E-12
6.44E-12
2.77E-12
1.62E-12
1.18E-12

R2
0.9682
0.9845
0.9895
0.9916
0.9968
0.9799
0.9959
0.9940

The values not reported are due to system failures during the individual runs, or
inconsistent experimental data (such as a clear effect of an overshoot at 80% relative
humidity).
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Figure 4.14 compares the diffusivity values obtained in this study to literature data. The
values are consistent with literature, and seem to follow the same trend described by
several authors (Waananen 1989, Xiong et al. 1991, and Litchfield and Okos,1992) where
diffusivity decreases after glass transition occurs (0.11 dry basis moisture content). The
data also shows that if shrinkage is not considered, diffusivity values can be consistent
with the ones reported in literature.
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4.3. Glass Transition

4.3.1. Model

Glass transition data from literature was used to fit the Gordon Taylor model as
well as the Kwei model. The fit of both models was conducted based on a water glass
transition temperature of -135°C. Table 4.11 summarizes the model parameters and
statistical fit results.
Table4.11. Glass transition model parameters.
Model Parameter

Gordon-Taylor

Kwei

Tg,s

121.06 ± 6.10 °C

135.27 ± 9.64

°C

Tg,w

-135.00 ± 0.00 °C

-135.00 ± 0.00

°C

k

2.54 ± 0.27 -

q
2

Adjusted R

5.36 ± 1.31

-

-

295.63 ± 100.28 -

0.7303

0.7447

Although not a perfect fit, considering it is based on data from several authors under
different conditions and methods, it is an appropriate fit. The determined parameters are
comparable to the ones determined by Cuq and Verniere-Icard (2001). Based on a model
comparison conducted in OriginPro, the Kwei model provided a better fit.
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Figure 4.15 shows how the models developed compare to the literature experimental data.
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4.4. Shrinkage

4.4.1. Shrinkage calculation

Different length values calculated at 80% relative humidity are given in Figure
4.16 below. The data from the highest relative humidity was used for these purposes
since higher degrees of shrinkage are expected at higher moistures. The data shows that
thickness decreases with both time and decreasing moisture content. As it may be
evident, the initial thickness predicted is larger than the actual measured value. The
thickness values given are based on diffusivity values calculated from the model
developed by Waananen (1989). With additional data, other models, especially
theoretical models, should be considered to improve the accuracy of the thickness values.
The three different thicknesses show the same decreasing thickness behavior, even given
that diffusivity decreases with moisture content.

A plot of shrinkage versus moisture content lost is given in Figure 4.17 (alternatively:
normalized length versus normalized moisture). The plot shows that the shrinkage
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behavior coincides for all three different initial thicknesses. Although a 50% decrease in
volume seems unlikely for pasta, again, other diffusivity models could possibly improve
the actual thickness prediction. Lastly, as opposed to the typical linear-shrinkage
assumption made in literature, the data obtained suggests that shrinkage is not linear with
moisture content lost.
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4.5. Creep

4.5.1. Data

The data from three to seven repetitions within each moisture content and applied
force were averaged. For the lowest moisture content samples data was only taken for the
highest stress, since the lower forces were not high enough to record any consistent data.
Creep recovery data was also disregarded as it was highly variable—the probe would
retract as it went to a ‘zero’ force and would begin to vibrate over the sample. Samples
that cracked were not considered. Figures 4.18, 4.19, and 4.20 show the averaged raw
data for each of the applied forces of 1, 5, and 10 kg.

Figure 4.18 shows that pasta is highly viscoelastic at a force of 1 kg even at the lower
moisture contents. As expected, pasta at higher moisture creeps more than the lower
moisture content samples, but at a 0.05 significance level, no statistical difference was
found between moisture contents of 0.261 and 0.147 db (overlapping in the figure). At an
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applied force of 5 and 10 kg (Figures 4.19 and 4.20), on the other hand, there is a
difference between all moisture contents tested.

The continuously increasing creep at the higher moisture content of 0.385 db in Figure
4.20 clearly shows how pasta tents to be more viscoelastic at higher moisture contents.
The flatter slopes on the lower moisture content samples show how pasta is increasingly
more elastic at decreasing moisture contents.
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4.5.2. Model

The determined Burgers model parameters for creep are given in Table 4.12.
Table 4.12. Burgers model (with two Kelvin elements) parameters for creep compliance of pasta at varying moisture
content (T= 25-40C).
2

X
σ
J0
db kPa
1/Pa
0.385 20 5.88E-06 ± 3.07E-07

J1
1/Pa
1.13E-06 ± 3.43E-09

J2
1/Pa
1.02E-06 ± 3.27E-09

λ2
λ1
s
s
2.237 ± 0.020 27.485 ± 0.110

Adj. R
µ0
Pa ·s
2.96E+08 ± 1.07E+06 0.9986

0.385 100 1.87E-06 ± 3.92E-08

1.19E-07 ± 2.26E-09

2.16E-07 ± 2.22E-09

2.058 ± 0.140 24.425 ± 0.206

1.20E+09 ± 5.08E+06 0.9917

0.385 200 1.16E-06 ± 9.38E-09

7.55E-08 ± 2.56E-10

1.21E-07 ± 2.16E-10

3.324 ± 0.023 30.179 ± 0.111

1.45E+09 ± 3.33E+06 0.9994

0.261 20

4.50E-06 ± 4.11E-07

1.14E-06 ± 3.44E-09

7.67E-07 ± 3.30E-09

1.705 ± 0.024 26.527 ± 0.122

3.45E+08 ± 1.12E+06 0.9973

0.261 100 1.63E-06 ± 7.43E-08

1.45E-07 ± 9.53E-10

1.56E-07 ± 9.14E-10

2.282 ± 0.051 25.780 ± 0.154

1.42E+09 ± 5.20E+06 0.9968

0.261 200 9.75E-07 ± 2.28E-08

6.66E-08 ± 4.59E-10

6.08E-08 ± 4.44E-10

2.348 ± 0.061 29.458 ± 0.220

4.16E+09 ± 2.00E+07 0.9949

0.147 20

4.08E-06 ± 6.25E-07

1.52E-06 ± 6.21E-09

8.57E-07 ± 6.10E-09

1.737 ± 0.036 26.658 ± 0.165

4.67E+08 ± 2.40E+06 0.9933

0.147 100 1.28E-06 ± 5.42E-08

1.40E-07 ± 5.42E-10

8.86E-08 ± 5.18E-10

2.304 ± 0.038 27.707 ± 0.176

3.28E+09 ± 1.82E+07 0.9954

0.147 200 7.42E-07 ± 1.89E-08

5.73E-08 ± 2.62E-10

5.03E-08 ± 2.49E-10

2.466 ± 0.037 27.656 ± 0.155

5.25E+09 ± 2.17E+07 0.9970

0.089 200 5.29E-07 ± 3.07E-08

4.86E-08 ± 2.66E-10

2.57E-08 ± 2.50E-10

2.397 ± 0.070 27.039 ± 0.297

1.46E+10 ± 1.64E+08 0.9820

The resulting fitted models are shown in Figure 4.17 below (note that the creep
compliance axis is plotted on a logarithmic scale).

Since creep compliance is the strain over the stress, it is expected that larger applied
forces result in lower creep compliance. The data also shows that higher moisture
contents tend to creep more than lower moisture contents for all applied forces.
Figure 4.22, 4.23, 4.24, 4.25, and 4.26 show the relationship between force
applied and the determined parameters, as well as the effect of moisture content on each
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of the parameters. Initial compliance, equilibrium compliance, and the Newtonian
viscosity parameters all show a relationship with both force and moisture content.

As discussed earlier, the higher moisture contents depict higher compliance, and
the compliance decreases with decreasing moisture content. The viscosity increases with
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applied force, and decreases with increasing moisture content. This is as expected since
viscosity is supposed to decrease at these higher moisture contents.
No direct or consistent relationship was found with both the first and second
retardation time.
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4.6. Deborah Number

Since  was determined to change dramatically with time, and the point where
“early time” occurs was not evident enough to determine the separation between
diffusivity and relaxation, no Deborah numbers are reported. As suggested in literature,
the method was not applicable for higher moisture content samples, as the diffusive and
relaxation effects occur simultaneously and the effects are not clearly visible in the
drying curves. The theory, though, and the idea of separating the diffusive and relaxation
effects in drying curves, is clear, and should be further analyzed to determine how the
effects can be separated at both elastic and viscoelastic phases.

126

CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
RESEARCH

It is clear that shrinkage is a complex problem that requires complete
understanding of both the rheological properties and the moisture transfer mechanisms.
This study shows that the diffusive constant increases with decreasing moisture content,
while diffusivity decreases, suggesting that shrinkage has a significant effect on drying
rates. The diffusivity values obtained based on constant thickness are comparable to the
data obtained from literature. This contributes to the theory that classical diffusivity
values published are ‘lumped parameters’ that include the effect of shrinkage.
Additionally, the shrinkage curves obtained suggest that shrinkage is not linear, which
contradicts the linearity-assumption made by many authors. At small relative humidity
steps, where moisture content does not change significantly, diffusivity can be assumed
to be constant.
Finally, there are several alternatives that can be evaluated to complete the
concept developed in this study. The idea of separating the diffusive and the relaxation
mechanisms based on the drying curves obtained with the IGAsorp can be further
evaluated. The following are suggestions as to what can be acquired, and what should be
evaluated as to improve the concept and calculation methods.
(1) Obtain data at smaller relative humidity steps in order to have smaller changes in
moisture content, and therefore assume constant diffusivity. All data should be
taken for long periods of time, to the extent that absolute equilibrium is reached.
(2) Obtain diffusivity values from theoretical models that do not depend on thickness.
For example, data can be obtained at different temperatures in order to apply the
concept developed by Xiong, Narsimhan, and Okos regarding the diffusivity of
pasta as function of binding energy (1992). The diffusivity constant values can
then be evaluated based on these diffusivities.

127
(3) Obtain additional creep data for pasta at different moisture contents at the
temperature and relative humidity at which the drying curves are obtained. The
creep data can then be compared to the relaxation of observed in the drying
curves. Creep should be obtained for long periods of time at a controlled
environment. DMA can be used for these purposes.
(4) Diffusivity based on finite element analysis can also be considered to show
differences in shrinkage due to case hardening or other moisture content gradient
phenomena.
(5) Different calculation methods for the effective diffusivity should be evaluated.
Methods such as the use of fractional calculus to improve diffusivity modeling in
food products developed by Simpson et al. are highly recommended (2013).
It is suggested that if additional data is collected, measuring data at different thicknesses
should be considered in order to compare the different drying curve behaviors and relate
them to shrinkage.
Once this concept is developed, actual shrinkage data can be compared to the
model and also applied to other biological products to further prove the model.
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Appendix A. Literature isotherm data
Source No.
[1]
Authors
Andrieu, Stamatopoulos, and Zafiropoulos
Year
1985
T(range)
40-90°C
aw(range)
0.10-0.90
Andrieu et al., 1985
T
40°C
50°C
60°C
aw
MC (db)
MC (db)
MC (db)
0.05 0.04228
0.06
0.03296
0.02023
0.07
0.10 0.05303
0.04363
0.12
0.0283
0.13
0.16
0.18 0.06307
0.05098
0.03762
0.21
0.22
0.23
0.27
0.06236
0.28 0.07374
0.05169
0.30
0.31
0.32
0.37
0.0784
0.38 0.09113
0.06505
0.40
0.41
0.43
0.47
0.1052
0.0965
0.48
0.08315
0.51
0.52
0.57
0.11658
0.58 0.12527
0.10117
0.60
0.61
0.66
0.13729
0.67 0.14329
0.12259
0.69
0.71
0.74 0.17009
0.75
0.15934
0.1493
0.77
0.79
0.19277
0.80
0.18013
0.82 0.21419
0.83
0.2002
0.84
0.87
0.24296
0.88
0.89
0.26635
0.90

70°C
MC (db)

80°C
MC (db)

0.01352

0.00751

0.02158

0.0162

90°C
MC (db)
0.00356

0.01486
0.02355
0.03359
0.01889

0.04228
0.03225
0.0283

0.05833
0.04568
0.04094

0.07912
0.07042

0.06236

0.09113
0.09848

0.11721

0.08109

0.10852
0.10852

0.14266

0.13665

0.12591

0.17412
0.17941

0.16005

0.23695
0.22763
0.22423
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Source No.
Authors
Year
T(range)
aw(range)

[2]
Litchfield and Okos
1992
40-125°C
0.20-0.94

T

40°C
313 K
MC (db)

aw
0.94
0.81
0.72
0.59
0.46
0.44
0.43
0.36
0.33
0.32
0.31
0.26
0.23
0.18
0.13
0.09
0.08
0.05
0.02
0.01

Source No.
Authors
Year
T(range)
aw(range)

55°C
328 K
MC (db)

70°C
343 K
MC (db)

85°C
358 K
MC (db)
0.097

105°C
378 K
MC (db)

115°C
388 K
MC (db)

0.099
0.13
0.132
0.117

0.065
0.053
0.11

0.044

0.06
0.14
0.23
0.26
0.32
0.35
0.38
0.43
0.44
0.46
0.5
0.57
0.59
0.61
0.66
0.7
0.73
0.82
0.85
0.87
0.93

0.019

0.094
0.043
0.009
0.099
0.083
0.091
0.086

0.031
0.024

0.037

0.022

0.076
0.063
0.04
0.063
0.054

0.019
0.011
0.011

[3]
Xiong, Narsimhan, Okos
1991
25-40°C
0.02-0.95

T
aw

125°C
398 K
MC (db)

25°C
MC (db)
0.06885

35°C
MC (db)

45°C
MC (db)

50°C
MC (db)

0.06027
0.08501
0.06027
0.06027
0.08591
0.10686
0.08591
0.11824
0.08402
0.10686
0.10686
0.14578
0.10686
0.14578
0.14578
0.18478

0.14487
0.21801
0.2209

0.2646
0.29693
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Source No.
Authors
Year
T(range)
aw(range)

[5]
De Temmerman et al.
2008
40-90°C
0.05-0.95

T
aw
0.08
0.20
0.21
0.24
0.27
0.56
0.64
0.68
0.77
0.79
0.85
0.91
0.91
0.94
Source No.
Authors
Year
T(range)
aw(range)

48°C
MC (db)
0.02152
0.04161
0.04031
0.03494
0.04837
0.10068
0.11817
0.1148
0.14771
0.16182
0.18599
0.23094
0.24367
0.29339

[7]
Waananen
1989
55-110°C
0.04-0.92

T
aw

55°C
MC (db)
0.04
0.04
0.1
0.11
0.16
0.19
0.2
0.21
0.22
0.23
0.29
0.3
0.31
0.32
0.33
0.37
0.39
0.39
0.42
0.42
0.44
0.47
0.56
0.58
0.66
0.68
0.7
0.74
0.8
0.85
0.9
0.92

70°C
MC (db)
0.00911
0.00588

90°C
MC (db)

110°C
MC (db)

0.00711
0.0022

0.03711
0.03509

0.03903

0.02422
0.02016
0.01463
0.0162
0.02182
0.02818
0.03058
0.02652
0.03288
0.03214
0.03528

0.06547
0.03454
0.0385
0.04643
0.05039
0.0456
0.04882
0.05841

0.03133

0.10958
0.03981
0.0377
0.07583
0.06873
0.03852
0.07343
0.2095
0.11877
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Source No.
Authors
Year
T(range)
aw(range)
Cummings, 1981
T
aw
0.907
0.898
0.889
0.851
0.845
0.833
0.791
0.785
0.782
0.749
0.745
0.744

[8]
Cummings
1981
42-58°C
0.74-0.907
42°C
MC (db)
0.265

50°C
MC (db)

58°C
MC (db)

0.24
0.227
0.194
0.192
0.19
0.169
0.16
0.156
0.158

Source No.
[9]
Authors
Chuma
Year
2012
T(range)
30-80°C
aw(range)
0.10-0.85
Chuma et al., 2012
T
30°C
aw
MC (db)
0.1
0.11
0.06184
0.19
0.21
0.22
0.09045
0.26
0.27
0.29
0.3
0.31
0.32
0.10342
0.36
0.42
0.43
0.12239
0.44
0.45
0.49
0.5
0.51
0.52
0.13192
0.53
0.56
0.13192
0.65
0.66
0.68
0.69
0.71
0.75
0.16139
0.76
0.77
0.78
0.79
0.8
0.81
0.83
0.84
0.85

0.149
0.143

40°C
MC (db)
0.05841

50°C
MC (db)

60°C
MC (db)

70°C
MC (db)

0.04459

0.03290

0.06327

0.04723

80°C
MC (db)
0.02161
0.03438

0.07834
0.04544
0.06062
0.06327
0.08034
0.04964
0.09131
0.07777

0.07295
0.07675

0.05736

0.11028
0.09474
0.09989

0.07862

0.11981
0.08883

0.09014

0.10837
0.071
0.12506
0.0812
0.10342
0.11095
0.13307
0.15443
0.16396

0.13822

0.12287

0.12725
0.10332
0.09903
0.12630
0.10332

0.1365
0.1612
0.18122
0.14499
0.17397

0.13304

0.11119
0.21712
0.32304
0.4316
0.51885
0.56378
0.75463
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Source No.
Authors
Year
T(range)
aw(range)

[10]
Willis
2001
75°C
0.00-0.85

T
aw
0.00
0.15
0.35
0.45
0.55
0.65
0.75
0.85
Source No.
Authors
Year
T(range)
aw(range)
Kulkarni, 2005
T
aw
0.78
0.92

75°C
MC (db)
0.00000
0.02176
0.03452
0.04158
0.05057
0.06309
0.08239
0.11684
[11]
Kulkarni
2005
30, 58°C
0.78-0.92
30°C
MC (db)
0.25300

58°C
MC (db)
0.19100
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Appendix B. Literature glass transition data
Source No.
Authors
Year
T(range)
X(range)
X
db
0.10

[1]
Δ
Bell and Tauma, 1996 - DSC
1996
50 °C
0.092 wb
Tg
°C
50

±

1.4
0.101 db
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Source No.
Authors
Year
T(range)
X(range)
X
db
0.1250
0.162
0.17
0.18
0.197


[3]
Takhar et al., 2006 - DMTA
2006
35-90
°C
12.5-20
db
Tgi
°C

Tge
°C
48.7
48.3
44.5
37.1
36.9

>90
>90
68.2
63.1
57.3

Source No.
Authors
Year

[4]
Rahman et al. 
2007
Rahman et al., 2007 - TMCT
X
X
Tgr
wb
db
TMCT
0.0680
0.0730
64
0.0880
0.0965
65

Source No.
Authors
Year
T(range)
X(range)

X
wb
0.0000
0.0087
0.0220
0.0283
0.0350
0.0400
0.0440
0.0488
0.0570
0.0668
0.0763
0.0848
0.0863
0.0908
0.0986
0.1299
0.1338
0.1395

[5]
Rahman et al. 
2011
42.7-142.8
°C
0-0.70
wb

X
db
0.0000
0.0088
0.0225
0.0291
0.0363
0.0417
0.0460
0.0513
0.0604
0.0716
0.0826
0.0927
0.0945
0.0999
0.1094
0.1493
0.1545
0.1621

2.3333 db
Rahman et al, 2011 - DSC
Tgi
Tgp
DSC
DSC
142.8
152.3
130.7
139.8

aw
-

Tge
DSC
156.6
145.4

Rahman et al,
Tgr
TMCT

87.3
128.1

130.8

141.5

92.1

97.9

118.6

0.12

56.9

60

66.4

0.24
0.33
0.45
0.54
0.57
0.73

50.3
47.1
59.5
62.9
55.5
56.7
38.1
35.6
42.7

56.3
56.2
68.4
66.8
62.9
60.1
44.5
42
48.9

62.6
61.1
71.6
70.4
66.4
63.8
54.4
49.2
48.8

80.5
76
66.3

0.87
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Source No.
Authors
Year
T(range)
X(range)
X
wb

[8]
Willis
2001
°C
0.7 wb
X
wb

2.3333 db

3.1
5.9
8.6
9.6
14.8
15.8
18.9
22.9
23.2

3.0
5.8
8.6
9.6
14.7
15.8
18.9
22.8
23.2

X
wb
0.0306
0.0586
0.0858
0.0964
0.1472
0.1576
0.1889
0.2285
0.2321

X
wb
0.0381
0.0447
0.0665
0.0760
0.1143
0.1328
0.1568
0.2089

X
db
0.0396
0.0468
0.0712
0.0822
0.1290
0.1531
0.1860
0.2641

Tgi
K
285.6
274.2
258.7
268.5
249.0
261.6
259.3
258.2

X
db
0.0316
0.0623
0.0939
0.1067
0.1726
0.1871
0.2329
0.2961
0.3023
Tgi
°C
12.6
1.2
-14.3
-4.5
-24.0
-11.4
-13.7
-14.8

Tgi
K
304.7
295.7
282.8
307.3
279.7
270.8
268.3
267.3
266.3
X
wb
0.0442671
0.0655669
0.0755244
0.1142992
0.1332251
0.1559097
0.2084008

Tgi
°C
31.7
22.7
9.8
34.3
6.7
-2.2
-4.7
-5.7
-6.7
X
db
0.0463
0.0702
0.0817
0.1290
0.1537
0.1847
0.2633

Willis, 2001 - D
Tge
Tgi
K
°C
400.1
127.1
381.6
108.6
343.1
70.1
350.7
77.7
343.1
70.1
319.7
46.7
303.8
30.8
283.2
10.2
290.7
17.7
Willis, 2001- D
Tgi
Tgi
K
°C
380.5
107.5
374.9
101.9
373.1
100.1
309.1
36.1
318.2
45.2
311.4
38.4
296.5
23.5

DR = a + bX for (0≤ X < Xc)

Slab (mango), parallelpipeds Length

DR/DR0 = ΔDRf + (1 - ΔDRf)X/X0

ΔDRf = fraction of the initial characteristic length for diffusion at the end of drying period

ΔDRf = exp(-k21 DR0 )

Volume

Cylinder

DR = (k17 T+ k18 )+ (k19 T + k20 )ΔX

Volume
Bed volume

Sphere

DR0 = 1 + k12 exp(-Ea/RT)X

ΔDR = k13 + (k14 + k15 RH + k16 T)ΔX Sphere

Volume
Thickness
Volume
Thickness

Cylinder

Cube
Slab
Cylinder
Slab

DR = k10 + k11 X for X ≥ Xc
Volume

Volume

Volume

Thickness, width, length

DR0 = 1 +βX

Xc = (a-c)/(d-b)

DR = c + dX for (Xc≤ X < X0 )

Cylinder

Cylinder

k5 + k7 (X - Xc) for X ≥ Xc

Slab

DR = k3 Xν +k4

k5 for X < Xc

Volume

Cylinder
Cylinder
Cylinder

DR/DR0 = k1 + k2 (X/X0 )
Thee sections: A, B, C

Volume
Volume
Radius
Volume
Volume

Cylinder
Cube, cylinder
Parallelepiped cylinder
Cylinder
Sphere

Thickness, length
Volume
Diameter
Area, perimeter, diameter

Reduced dimension
Volume
Radius
x, y, z co-ordinates
Volume
Volume
Radius (r2≥r≥r1)
Thickness, width, length
Thickness
Volume
Volume (0.2≤X/X0≤1)
Volume, radial, axial
Volume
Volume
Thickness, width, length
Volume

Geometry
Cylinder
Sphere
Ellipsoid
Cylinder
Cylinder
Sphere
Slab
Slab
Sphere
Cylinder and slab
Cylinder
Sphere
Sphere
Slab
Cylinder

Cylinder
Slab
Slab
Irregular
Slab

DR/DR0 = ρ0 (1 + X)/ρ(1 +/X0 )

Linear empirical models
Type of model
DR = k1 X +k2

Mango, cassava

Potato

Wheat and canola

Grape

Apple, carrot, potato
Gelatine gel
Apple, carrot, potato, banana
Carrot

Amylose gel

Apple, potato, carrot

Amylose gel

Fish muscle (ocean perch)

Material
Apple
Soybean
Apricot
Carrot
Amylose starch gel
Apricot
Potato
Apple
Grape
Potato
Green bean
Grape
Potato
Fish muscle (shark)
Broccoli stem
Apple
Apple
Potato
Banana
Carrot
Cherry
Pear
Sweet potato
Carrot
Carrot
Eggplant
Green bean
Carrot
Potato
Shrimp
Potato

Convective dryer

Convective dryer

Convective dryer

Convective dryer

Convective dryer
Convective dryer
Convective dryer
Convective dryer

Convective dryer

Convective dryer

Convective dryer

Convective dryer

Dryer Type
Convective dryer
Convective dryer
Convective dryer
Convective dryer
Convective dryer
Convective dryer
Convective dryer
Convective dryer
Convective dryer
Convective dryer
Convective dryer
Convective dryer
Convective dryer
Convective dryer
Convective dryer
Osmotic dehydration
Convective dryer
Convective dryer
Convective dryer
Fluidized bed drying
Convective dryer
Solar drying, air dryer
Convective dryer, fluidized bed
Spout-fluidized bed
Convective dryer
Convective dryer, vacuum
Fluidized bed drying
Convective dryer
Convective dryer
Convective dryer
Thin-layer dryer

Hernández, Pavon, García

Mcminn and Magee

Lang and Sokhansanj

Gabas, Menegalli, and Telis-Romero

Zogzas et al.
Bonazzi, Ripoche, and Michon
Krokida and Maroulis
Bouaziz and Belghith

Akiyama et al.

Ratti

Tsukada, Sakai, and Hayakawa

Balaban and Pigott

Reference
Lozano et al.
Misra and Young
Vagenas and Marinos-Kouris
Ratti
Izumi and Hayakawa
Mahmutoglu, Pala, and Unal
Wang and Brennan
Kaminski, Szarycz, and Janowicz
Simal, Mulet, Catalá, Cañellas, Rosselló
Khraisheh et al.
Rosselló, Simal, SanJuan, and Mulet
Azzouz, Jomaa, and Belghith
Mclaughlin and Magee
Park
Simal et al.
Mavroudis, Gekas, and Sjoholm
Moreira et al.
Mulet, Garcia-Reverter, Bon, and Berna
Queiroz and Nebra
Hatamipour and Mowla
Ochoa, Kesseler, Pirone, Márquez, and De Michelis
Guine
Hatamipour, Kazemi, Nooralivand, and Nozarpoor
Zielinska and Markowski
Madiouli et al.
Wu et al.
Souraki and Mowla
Liu, Chen, Liu, and Wan
Mohan and Talukdar
Hosseinpour, Rafiee, and Mohtasebi
Yadollahinia, Jahangiri

Mayor and Sereno, 2004

Mayor and Sereno, 2004

Mayor and Sereno, 2004
Mayor and Sereno, 2004
Mayor and Sereno, 2004

Mayor and Sereno, 2004

Mayor and Sereno, 2004

Mayor and Sereno, 2004

Mayor and Sereno, 2004

Mayor and Sereno, 2004

Mayor and Sereno, 2004
Mayor and Sereno, 2004
Mayor and Sereno, 2004
Mayor and Sereno, 2004
Mayor and Sereno, 2004
Mayor and Sereno, 2004
Mayor and Sereno, 2004
Mayor and Sereno, 2004
Khalloufi et al. 2012
Mayor and Sereno, 2004
Mayor and Sereno, 2004
Mayor and Sereno, 2004
Mayor and Sereno, 2004
Mayor and Sereno, 2004
Khalloufi et al. 2012
Khalloufi et al. 2012
Khalloufi et al. 2012
Khalloufi et al. 2012
Khalloufi et al. 2012
Khalloufi et al. 2012
Wang and Brennan, 1995
Design of an experimental set up fo
Application of Image Processing to
Shrinkage of potato slice during dr

Mayor and Sereno, 2004
Mayor and Sereno, 2004
Mayor and Sereno, 2004
Mayor and Sereno, 2004
Mayor and Sereno, 2004
Mayor and Sereno, 2004

Mayor and Sereno, 2004

2000

Analytical solution of mass transfer

1997a Mayor and Sereno, 2004

1993

1999

1994
1997
1997
1998

1997

1994

1991

1986

1980
1980
1991
1994
1995
1995
1995
1996
1996
1997
1997
1998
1998
1998
1998
1998
2000
2000
2001
2002
2002
2006
2007
2007
2007
2007
2008
2012
2013
2011
2009
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Appendix C. Shrinkage models in literature

3

Surface area to volume ratio
Surface area to volume ratio
Surface area to volume ratio

Cylinder
Sphere
Sphere

DR(X) = DR0 Φ + DR0 (1 - Φ)Xm
Slab
Length
m = 0: negligibl shrinkage; 0≤m≤1: concave;m = 1: linear; m>1 convex
Φ = resulting fraction of the initial characteristic length for diffusion at the end of the drying process

Volume
Chayote

Green bean
Apple, carrot, potato, squid
Ber fruits

Apple, carrot, potato, squid
Carrot
Ber fruits
Mango, banana, pineapple

Cylinder
Cylinder, slab

Volume

DR = a + b(X/(1+X)) + c(X/(1+X))2

Cylinder, slab
Cylinder, slab

Garlic

Cauliflower

Potato, squash
Apple

Apple, carrot, potato
Carrot

Apple, carrot, potato
Potato
Cherrie

Volume, diameter, length, density Apricot

Thickness

Dryer Type

Convective dryer

Fluidized bed
Convective dryer
Sun drying

Convective dryer

Convective dryer
Low pressure steam dying, vacuum
Sun drying

Osmotic dehydration

Convective dryer

Convective dryer

Convective dryer
Convective dryer

Convective dryer
Microwave Vacuum Dryer

Convective dryer
Convective dryer
Convective dryer

Carrot, garlic, pear, potato, sweet
Convective dryer
potato

Material

DR = a + k43 exp(k44 X/X0 )

DR = k40 + k41 X/X0 + K42 (X/X0 )

2

Slab
Irregular sphere

Diameter, length

Hemisphere, cylinder

DR = a + bexp(cX) + dexp(eXf)

Surface area
Thickness

Slab
Slab

Bed volume
Radious

Volume

Cylinder, slab (garlic)

Cylinder
Cylinder

Reduced dimension

Geometry

DR = k35 + k36 X + K37 X3/2 + k38 exp(k39 X)

DR = k29 + k30 exp(-k31 t)

DR = k25 + k26 X + K27 X + k28 X

2

Non-linear empirical models
Type of model

Ruiz-López, Ruiz-Espinosa, Arellanes-Lozada,
Bárcenas-Pozos, García-Alvarado

Senadeera, Bhandari, Young, and Wijesinghe
Mayor and Sereno
Kingsly et al.

Yan et al.

Mayor and Sereno
Panyawong and Devahastin
Kingsly et al.

Turk Togrul and Ispir

Vásquez, Chenlo, Moreira, and Costoyas

Mulet, Tarrazo, García-Reverter, and Berna

Rovedo, Suarez, and Viollaz
Kaminski et al.

Ratti
Nahimana and Zhang

Ratti
Mclaughlin and Magee
Ochoa et al.

Lozano et al.

Reference

Mayor and Sereno, 2004

2012 Analytical model for variable mo

2000 Khalloufi et al. 2012
2004 Mayor and Sereno, 2004
2007 Khalloufi et al. 2012

2008 Khalloufi et al. 2012

2004 Mayor and Sereno, 2004
2007 Khalloufi et al. 2012
2007 Khalloufi et al. 2012

2007 Effect on effective diffusion coef

1999 Mayor and Sereno, 2004

1997

1997 Mayor and Sereno, 2004
1996 Mayor and Sereno, 2004

1994 Mayor and Sereno, 2004
2011 Shrinkage and color change dur

1994 Mayor and Sereno, 2004
1998 Mayor and Sereno, 2004
2002 Mayor and Sereno, 2004

1983

Mayor and Sereno, 2004
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Linear fundamental models
Equations

Material
Vegetables

Reference
Kilpatrick, Lowe, and
Van Ardsel

1955

Mayor and Sereno, 2004

Volume

Sugar beet root

Vacarezza

1975

Mayor and Sereno, 2004

Cube

Area

Carrot, potato, sweet
potato, radish

1976
Suzuki, Kubota,
Hasegawa, and Hosaka

Mayor and Sereno, 2004

Core drying model

Cube

Area

Carrot, potato, sweet
potato, radish

Suzuki et al.

Mayor and Sereno, 2004

DR/DR0 = 1 - β(X0 - X)

Cylinder

Volume

Banana

Talla et al.

2004

Shrinkage and density evolution du

β¡=(1-Vi/V0i)/(X0i-Xi)

Cylinder
Half sphere

Volume
Volume

Fresh green beans
Longan fruit

Souraki, and Mowla
Janjai et al.

2007
2008

Shrinkage and density variations o
Finite element simulation of drying

Uniform drying model

Geometry

Reduced dimension

Model A

Model B

1976
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Non-linear fundamental models
Equations
Semi-core drying model

Inclusion of initial porosity

Geometry
Cube

Reduced D
Area

Material
Dryer type
Carrot, potato, sweet Convective dryer
potato, radish

Reference
Suzuki et al.

1976

Mayor and Sereno, 2004

Cylinder

Volume

Apple

Convective dryer

Lozano et al.

1980

Mayor and Sereno, 2004

Cylinder

Volume

Cassava root

Convective dryer

Sgroppo, Gabitto,
Aguerre, Fusco, and
Avanza

1990

Mayor and Sereno, 2004

Cylinder, slab
(garlic)

Volume

Carrot, garlic, pear, Convective dryer
potato, sweet potato

Lozano et al.

1983

Mayor and Sereno, 2004*

Cylinder, slab
(garlic)

Volume

Carrot, garlic, pear, Convective dryer
potato, sweet potato

Lozano et al.

1983

Mayor and Sereno, 2004

Slab

Volume

Beef meat

Convective dryer

Perez and Calvelo

1984

Mayor and Sereno, 2004*

Squid
Potato
Calamari

Convective dryer
Convective dryer
Convective dryer

Rahman and Potluri
1990
Wang and Brennan
1995
Rahman, Perera, Chen, Dr1996

Khalloufi et al. 2012
Khalloufi et al. 2012
Khalloufi et al. 2012

Convective dryer

Rahman et al.

1996

Mayor and Sereno, 2004

Mayor and Sereno

2004

Mayor and Sereno, 2004*

Slab

Volume

Squid

Cylinder

Volume

Apple, potato,
carrot, squid

DR = ((1-ε0 )/(1-ε))((1+βX)/(1+βX0 ))

Slab
*Linearizable according to Khalloufi et al., 2012 DR= a + bX

Carrot, Banana

Convective dryer,
freeze-drying

Madiouli et al.

2007

Khalloufi et al. 2012*

Eggplant

Convective dryer

Brasiello et al.

2013

Mathematical modeling of eggplant dr

