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Abstract 

More and more consumers are interested in fiber enriched bakery products, but market is 
lacking commercial fibers that are meeting needs of bakery industry and consumer taste. The objective 
of this research is to present the mathematical analysis of the influence of different commercial fibers 
(originating from sugar beet pulp Fibrex, and Jerusalem artichoke inulin HPX and GR) in dough at the 
level of 0 %, 5 % and 10 %, on kinetics of freezing and thawing. Dough freezing/thawing kinetics was 
determined at -28 °C and +30 °C, respectively. Fibers type and quantity are influencing the slope of 
freezing curve but not the trend of the freezing curve. Related to the control, the presence of fibers in 
dough prevents the formation of the solid phase. Freezing/thawing process of dough is defined by the 
Fourier’s equation and tested with three approximations. Experimental data correspond the best to 
unsteady temperature profile, with introduced value of t2 referring to the phase transformation, proved 
by determination coefficient. At freezing/thawing the highest determination coefficient is experienced 
with 10 % of inulin GR (0.975 and 0.985), and the lowest with 10 % of fibrex (0.946 and 0.951). 
Pertinent data point at the possibility of mathematical interpretation of freezing/thawing processes, at 
defined temperatures, that is of a particular interest for the bakery practice, thus positively 
contributing to automatization and computing of the freezing and thawing process at the temperatures 
experienced in the bakery industry. 
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Introduction 
 
Bread has a significant role in human diet regardless of ethnic or religious orientation. It is 
consumed on a daily basis and in all diets. Breadmaking is probably one of the oldest 
technologies known to referring to long time consuming process [1,2]. Fresh bread is 
characterized by: colored and crispy crust, pleasant aroma and unique taste, good 
characteristics at cutting and soft elastic texture of the crumb.  Aging of bread leads to 
physical and chemical changes reflected in the following: crust becomes wet and tough, 
crumb becomes dry, crumbliness increase and aroma is lost. In order to provide consumers 
with fresh bread, bakery industry had to work at night and early in the morning and one of 
solutions to avoid such situation is the production of bread from frozen dough. Fresh bread is 
a product with short shelf life and during its storage a number of chemical and physical 
characteristics are changed [1-4]. Production of bread from frozen dough is characterized by 
the following features: long shelf-life of frozen products provides mass production in one 
place, distribution is easier, investments and production costs are reduced, working 
conditions improved, availability of different kinds of fresh bread to the consumers in market 
can be continual. Besides its positive features, production of bread from frozen dough has 
also negative characteristics, such as: reduced fermentation activity of yeast, decreased 
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rheological features of dough (handling) and quality of final products vary - reduced bread 
volume and crumb structure [1-8]. 
Bread containing dietary fibers has: altered nutritive and sensory properties, positive effect on 
certain functions in the organism, improves physical and psychical condition. Functionality 
of food with increased content of fibers can be seen in positive effect of reducing the risk 
from numerous non-infectious diseases [3, 4, 9-13]. In frozen dough preparation, where a 
prolonged freezing period intervenues between the formation of dough and bread baking, 
many factors adversely influence dough behavior during freezing and thawing resulting in 
loss of consumer acceptability for bakery products. In other experiments the influence of 
fiber characteristics on yeast activity and bread quality during 30 days freezing proved to be 
beneficial [2, 6, 7]. 
Regarding the development of new technologies objective of this research was to present the 
influence of different fibers (fibrex, inulin HPX and GR) at the level of 0 %, 5 % and 10 % in 
dough on kinetics of freezing at – 28 ºC and thawing at + 30 ºC after 60 days of freezing, and 
finding a corresponding mathematical model that can define these processes. The information 
is beneficial regarding the processing parameters needed both for choosing fibers type and 
quantity or to compute freezing/thawing process for certain temperature in order to make 
consume - acceptable fiber enriched bakery product. 
 
Materials and methods 
 
Material 
Characteristics of flour and commercial fibers are described in details in the paper presented 
by Filipović [8].  
 
Methods 
Kinetics of freezing and thawing of dough with fibers 
 
Dough samples preparation and freezing procedure are already described by Filipović   [8]. 
Water was added according to farinograph absorption, (Table 1). 
Table 1 Farinograph characteristics of flour with fibres 
 

Quantity of fibers Water absorption % 
0 % fibres 60.4± 0.00 
5 % Fibrex 68.0± 0.05 
10 % Fibrex 79.6± 0.10 
5 % Inulin 56.6± 0.05 
10 % Inulin 54.5± 0.10 
5 % Inulin 52.3± 0.05 
10 % Inulin 45.5± 0.10 

mean±standard error 
 
Round shaped dough piece, weighting of 150 g, with or without fibers, was placed in the 
freezing chamber (KOMA, Koeltechnishe Industrie, B.V., the Netherlands) at a temperature 
of -28 ºC. After freezing, the samples were packed in PVC bags and stored at -28 °C for 60 
days. The same mass of dough was defrosted and heated up to 30 ±1 °C. The freezing 
chamber was burdened with the same mass of dough pieces of temperature of (30 ±1 °C). For 
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dough freezing kinetic monitoring, the temperature in the centre of dough was measured 
using a digital thermometer. This was done every 10 minutes until the dough center reached a 
balanced temperature of -28 ±0.8 °C. After they had been stored for 60 days at a temperature 
of -28 ºC, at ambient temperature of +30 °C, thawing kinetic was checked every 10 min until 
the core of dough piece reached a balanced temperature of +30±0.5 °C. For each temperature 
measurement, three samples of dough (without or with fibers) were prepared and the average 
temperature was used for describing freezing or thawing process.  
 
Mathematical modeling 
Experimental data were processed in the program Statistica Origin 7.5b. For freezing and 
thawing kinetics, classical Fourier’s equation for unsteady state heat transfer was adopted and 
tested with two approximations. Evaluation of fitting adequacy was done through the 
coefficient of determination R2. 
 
Results and discussion 
 
Kinetics of freezing and thawing of dough with fibers  
Cooling process is quick and then it slows down in the zone of freezing. Parameter that 
influences the cooling speed (until the freezing zone) is thermal conductibility of dough, 
which depends on composition, structure and size of dough, as well as on type and quantity 
of incorporated fibres. Freezing speed of yeast dough without and with fibres has the highest 
value at the beginning of the freezing process, Fig. 1, Fig. 2 and Fig. 3 and decreases with 
moving of the division limit within the product. The division limit is influenced by the 
content and type of incorporated fibers, particularly if inulin GR is incorporated in the dough 
(Fig. 3). Forming of ice is recognized on the freezing curves on the basis of the breaking 
point. In these points liquid phase should be completely solid, however, presence of certain 
substances in dough according to Kulp [14] and Deep [15] prevents formation of the solid 
phase completely. In Figure 3. it can be seen that inulin GR helps quicker freezing of dough 
in relation to dough with inuln HPX and fibrex (Fig. 1 and  Fig. 2). Dough with greater 
freezing speed has less emphasized breaking point, i.e. phase where ice is formed (Fig. 1, Fig. 
2 and Fig. 3). At this temperature dough with high share of fibrex has the lowest freezing 
speed which can be connected with a great ability of absorbing water from fibrex (68.0 % and 
79.6 %), contrary to inulin GR (52.3 % and 45.5 %) (Table 1). These data point that fiber 
characteristics and quantity, as well as, temperature are influencing freezing speed [8]. 

 
Figure 1 Freezing kinetics of dough with fibrex at a temperature of  -28°C 
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Figure 2 Freezing kinetics of dough with Inulin HPX at a temperature of -28°C 
 

 
Figure 3 Freezing kinetics of dough with Inulin GR at a temperature of -28°C 
 
In Fig. 5 and Fig. 6 it can be seen that both types of inulin (HPX and GR) in dough stored at  
-28 ºC have a positive influence on the thawing of the frozen dough. Fibrex has a negative 
influence on dough thawing process (Fig. 4), i.e. dough with fibrex thaws more slowly which 
is probably again due to added quantity of water (Table 1) and a greater quantity of the ice 
formed [16, 17].  Frozen dough either with inulin HPX or GR is characterized by a shorter 
thawing time, which is in direct correlation with dough freezing, conditions, rather than 
storing time and temperature [8]. Frozen dough with inulin HPX and GR thaws more quickly 
than dough without fibers or dough with fibrex. Thawing period of  frozen dough with 5 and 
10 % fibrex, inulin HPX and inulin GR is 290, 240 and 189 minutes, respectively. 



NADA  FILIPOVIC, JELENA FILIPOVIC, VLADIMIR FILIPOVIĆ, 
STEVAN POPOV, DJORDJE PSODOROV 

 

Romanian Biotechnological Letters, Vol. 17, No. 3, 2012 7334 

 
Figure 4. Thawing kinetics of dough with fibrex  at a temperature of +30°C  

 
Figure 5. Thawing kinetics of dough with Inulin HPX at a temperature of +30°C  

 
Figure 6. Thawing kinetics of dough with Inulin HPX at a temperature of +30°C  
 
Based on thawing kinetics it is evident that thawing of dough should be carried out slowly in 
optimum time and at optimum temperature due to re-hydratation of the system, mostly gluten 
matrix and yeast cells. From the thermo-dynamic standpoint, thawing is not reverse reaction 
of freezing. In warm medium, during thawing, a product is warmed up more quickly and 
inner temperature gradients are far lower. Layer of water formed on the surface slows down 
the process of thawing and leads to the disintegration of the product. These variations in 
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temperature above the zone of product freezing are greater if product is stored at lower 
temperatures, reduce its stability and quality. Such condition should be avoided during 
transportation, handling and storage of frozen dough [14, 15, 18, 19].  

 
Thermodynamic measurement of freezing and thawing of dough with fiber 
Kinetics of freezing/thawing of dough with fibers have been tested  in order to automate and 
programing the procedure and enable centralized production. On the basis of experimental 
data obtained at freezing/thawing of dough with fibers in this paper, was tested the same 
mathematical model as before [8] in order to be applied in actual production circumstances.  
Fourier’s law provides the mathematical basis for describing the rate of heat transfer due to 
the characteristics of solid dough constituents. In this paper, the description of 
freezing/thawing process of dough containing different types of fibers is made applying the 
Fourier’s equation for unsteady state heat transfer: 
(1) ∂T/∂t=α∂2T/∂x2 
where T is temperature (C), t is time (s), x is location coordinate (m), and α is thermal 
diffusivity (m2/s). Numerous solutions of this equation are possible, but based on previous 
experience [8] process was described and analyzed using following equatations Y= b0+b1*X 
and Y=b0+b1*X +b2*X2  approximations (Table 2).  
Table 2. Furie’s differential equation for  non-stationary transfer of heat and  
for solution of this equation approximations according to Cangel  
 

Fourier’s equation 
freezing/thawing process 

∂T/∂t=α∂2T/∂x2 

freezing = ln(Tc - Tcr / Ti - Tcr) = b0-b1 * t unsteady temperature profile  
thawing = ln(Tc - Tcr / Ti - Tcr) = b0-b1 * t 
freezing= ln(Tc - Tcr / Ti - Tcr) = b0-b1 * t + b2 * t2 unsteady temperature profile with 

introduced value of t2 thawing= ln(Tc - Tcr / Ti - Tcr) = b0-b1 * t + b2 * t2 
Where: 
t - time (min), 
 tk - time of last measured temperature (min),  
Ti- initial temperature of dough (°C),  
Tcr - temperature in the centre of the dough portion which is the closest, but lower than predicted one 
(°C),  
Tc- temperature in the centre of the dough portion (°C), 
 b0, b1, b2 – unknown parameters that can be estimated from data referring to average measured 
temperatures and adopted mathematical model. 
Assessment of the adequacy of fitting for the follow up of thermo-dynamic measurements of 
dough at freezing/thawing with different quantities of fibers was performed over 
determination coefficient (R2 ). High values of determination coefficient, R2 (Table 3 and 4) 
point out to good fitting of experimental data of polynomial of the second order. It has been 
noted that dough (Table 3) with inulin 5 and 10 % GR has the highest values of determination 
coefficient at freezing (0.969 and 0.97) while dough with fibrex has the lowest values (0.928 
and 0.946). Determination coefficients derived from tested equations point at the most 
suitable mathematical model for freezing kinetics. According to determination coefficients 
which are R2>0.928, profile of unsteady temperature change with introduced value of t2 is the 
most suitable for temperature change determination in the dough regardless the type and 
quantity of fibers and results are in agreement with data concerning other freezing 
temperature [8]. 
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Table 3. Regression parameters of fitting range Ti-Tcr with proposed equations of dough with fibers at freezing 
at -28°C 

Transformed variable 
Y=ln (Tc-Tcr)/Ti-Tcr, X= -t 

Regression equation 
Quantity 
of fibers 

Y= b0+b1*X Y=b0+b1*X +b2*X2 
Fibres 

0 % 
b0=20.162 
b1=-0.392 
R2=0.947 

b0=24.944 
b1=-0.613 
b2=0.002 
R2=0.954 

Fibrex 

5 % 
b0=12.582 
b1=-0.311 
R2=0.900 

b0=17.038 
b1=-0.517 
b2=0.002 
R2=0.928 

10 % 
b0=16.475 
b1=-0.406 
R2=0.917 

b0=21.646 
b1=-0.676 
b2=0.002 
R2=0.946 

Inulin HPX 

5 % 
b0=16.322 
b1=-0.313 
R2=0.939 

b0=19.706 
b1=-0.453 
b2=0.001 
R2=0.952 

10 % 
b0=13.2601 
b1=-0.325 
R2=0.940 

b0=16.956 
b1=-0.496 
b2=0.001 
R2=0.959 

Inulin GR 

5 % 
b0=10.869 
b1=-0.474 
R2=0.899 

b0=17.738 
b1=-0.959 
b2=0.005 
R2=0.969 

10 % 
b0=12.961 
b1=-0.365 
R2=0.916 

b0=19.605 
b1=-0.697 
b2=0.003 
R2=0.975 

 
t- time (min) 
tk- time of last measured temperature (min) 
Ti- initial temperature of dough (°C) 
Tcr- temperature in the centre of the dough portion which is the closest, but lower than predicted (°C) 
Tc- temperature in the centre of the dough portion (°C) 
Tk- temperature in the centre of the dough portion (°C) of last measurement 
b0,b1, b2 – unknown parameters 
 
At fitting experimental data at thawing of dough with fibers (Table 4) based on data 
concerning freezing temperature of -18 °C [8] only determination coefficients of polynomial 
of the second order are presented. The highest determination coefficients (R2>0.961) were 
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found in the profile of unsteady temperature change with introduced value of t2, again 
proving to be the most suitable for temperature change determination in the dough without or 
with different types and quantities of fibers, regardless the storing period. Dough with inulin 
GR and HPX has high values of determination coefficient at fitting square and linear 
polynomial, which corresponds to data obtained by the follow up of kinetics of freezing and 
thawing of dough with fibers, Fig. 1-6.  
 
Table 4. Regression parameters of fitting range Tcr-Tk with proposed equations of dough with fibers at thawing 
at +30°C 

Transformed variable 
Y=ln (Tc-Tcr)/Ti-Tcr, X= -t 

Regression equation 
Quantity 
of fibers 

Y= b0+b1*X Y=b0+b1*X +b2*X2 
Fibres 

 
0 % b0=-12.371 

b1=0.232 
R2=0.868 

b0=-24.123 
b1=0.552 

b2=-0.0013 
R2=0.962 

Fibrex 

 5 % 
b0=-4.172 
b1=0.148 
R2=0.788 

b0=-16.298 
b1=0.408 

b2=-0.0009 
R2=0.961 

10 % 
b0=-3.209 
b1=0.145 
R2=0.781 

b0=-15.058 
b1=0.398 

b2=-0.0009 
R2=0.951 

Inulin HPX 

5 % 
b0=-6.214 
b1=0.1811 
R2=0.808 

b0=-18.214 
b1=0.481 

b2=-0.0012 
R2=0.966 

10 % 
b0=-9.071 
b1=0.203 
R2=0.830 

b0=-21.447 
b1=0.526 

b2=-0.0013 
R2=0.982 

Inulin GR 

5 % 
b0=-11.986 
b1=0.284 
R2=0.882 

b0=-22.009 
b1=0.638 

b2=-0.0019 
R2=0.983 

10 % 
b0=-8.144 
b1=0.229 
R2=0.816 

b0=-20.922 
b1=0.6125 
b2=-0.0018 
R2=0.985 

t- time (min) 
tk- time of last measured temperature (min) 
Ti- initial temperature of dough (°C) 
Tcr- temperature in the centre of the dough portion which is the closest, but lower than predicted (°C) 
Tc- temperature in the centre of the dough portion (°C) 
Tk- temperature in the centre of the dough portion (°C) of last measurement 
b0,b1, b2 – unknown parameters 
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Obtained experimental data have been fitted with proposed mathematical model and relate 
predominantly to experimental conditions, but very high values of adopted determination 
coefficient enable its suitability in large scale industrial production.  
 
Conclusions 
 
On the basis of obtained results, their statistical interpretation the following conclusions can 
be drawn:  
Type of fibers and freezing temperature does not have effect on the appearance of the curve 
of freezing/thawing while together with freezing temperature it has the effect on the speed of 
freezing/thawing. 
Fiber type has the greatest influence on the freezing and thawing kinetics, regardless the 
freezing temperature. 
Freezing and thawing curves can be described the best by square polynomial (Y= b0+b1*X 
+b2*X2) profile for unsteady temperature change with introduced value of t2 referring to the 
phase transformation, regardless freezing temperature and storing time. 
The highest positive effect on freezing/thawing kinetics, confirmed by high determination 
coefficient R2 (0.97and 0.98, respectively), is experienced with 10 % of inulin GR, while 
those coefficients for the dough with the same quantity of fibrex are 0.94 and 0.96, pointing 
at the importance of moisture level of the dough. 
Pertinent data point that mathematical interpretation of freezing/thawing processes can be 
made, based on experimental data and at particular temperature can meet the needs for 
practice.  
Pertinent data positively contribute to automatization and computing of the process, as well 
as to better equipment use. 
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