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Abstract

The current problem is the provision of different coun-
tries with food products for the health and dietary 
purposes. For patients with celiac disease with a vio-
lation of the protein metabolism the treatment means 
exclusion of products containing gluten from the diet. 
A promising direction for expanding the range of such 
products is the development of the technology of pas-
ta from corn flour. 

The properties of corn pasta in comparison with wheat 
pasta are investigated in this work. The kinetics of dry-
ing and indicators of quality of wheat and corn pasta 
for convective, thermo-radiative and thermo-radi-
al-convective methods of energy transmission have 
been studied. Different variants of combined drying 
methods, their influence on product quality and ener-
gy consumption during drying have been investigat-
ed: with the use of thermo-radial-convective drying in 
the first period, and subsequently - convective drying; 
with application of the thermo-radiative method in the 
first period to reaching the first critical humidity, and in 
the future - convective method; with application of the 
thermo-radiative method to reaching the first critical 
humidity, in the second period - 15 minutes of drying by 
thermos-radial-convective method and post-drying by 
convective way.The strength of pasta was determined 
on a Stroganov device, in Newtons (N). The transfer of 
dry matter into cooking water was determined after 
cooking until done, in% of dry matter (DM).

Application of thermo-radial-convective drying in the 
first drying period, and in the second period - convec-
tive drying promotes the obtaining of wheat and corn 
pasta of the best quality. The strength of wheat prod-
ucts is 3.7 N, and the rate of transition of dry substances  

to the cooking water - 10.7% to DM. The strength of 
gluten-free corn products is 3.5 N, dry matter transi-
tion - 13.9% to DM. This method also contributes to 
a reduction of energy consumption for the drying of 
wheat pasta by 1.1 times compared to the convective 
method for corn pasta by 1.35 times and is, respective-
ly, 2.28 and 1.72 kW / kg of raw products.

It is proved that the use of thethermo-radial-convec-
tive method in the first period of drying of gluten-free 
pasta, and in the second period of the convective 
method allows to reduce energy consumption by 1.5 
times and to ensure good quality of products. 

Key words: Gluten-free pasta, Thermo-radiative drying, 
Energy consumption.

1. Introduction

Nowadays humanity needs the provision of food prod-
ucts for health and dietary purpose in sufficient as-
sortment. Recently, the number of diseases with met-
abolic disorders, including protein substances, such 
as phenylketonuria and celiac disease, has increased. 
Prevention and treatment of these diseases is provided 
by special diet. In particular, for patients with celiac dis-
ease, it means exclusion of products containing gluten 
from the diet.

Gluten-free pasta can be practically made from corn, 
rice, or buck wheat flour. Use of different raw materials 
requires the improvement of technological production 
regimes.
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Different authors developed the technology of glu-
ten-free pasta from corn flour [1, 2]. The most important 
process in pasta manufacturing is drying [15, 17, 18, 19, 
24, and 26]. Predominantly, the convective method of 
drying is used in the pasta technology. From correctly 
selected parameters of this process, the following indi-
cators of quality of finished products depend to a large 
extent: strength, vitreousness, breakage condition and 
cooking properties [21, 22, 25, 30, and 31]. However, 
drying of pasta is the longest process of production 
and it is the most energy intensive.

Promising direction in drying food products is the use of 
infrared radiation [16, 31, 32, 33, and 34]. In thermo-ra-
diative drying, process of removing moisture is intensi-
fied due to a significant increase in the density of the 
heat flow on the surface of the irradiated material, and 
the penetration of infrared rays to the middle of the 
material. Infrared heating is more intense when heat is 
transferred from the heated drying air [3]. Consequently, 
the intensification of the processes of drying pasta can 
be achieved by using thermo-radiative drying method. 
However, the thermo-radiative method of drying has 
not found significant distribution in pasta production.

Many authors [4, 5, 10, 12, 14, 29, 33, and 34] have es-
tablished the feasibility of using intermittent infrared 
irradiation, or a combined thermo-radial-convective 
method for drying pasta [31], but data on the use of 
these methods is limited. It is known [6], that with pro-
longed action of infrared radiation, moisture from pas-
ta is removed more quickly, which can lead to cracks. 
This is primarily due to peculiarities of pasta dough 
and raw pasta as objects of drying. Pasta dough from 
wheat flour is a colloidal capillary-porous body, and 
during its drying moisture gradient crosses the prod-
uct and a shrinkage of the product occurs, which leads 
to stress in various layers of products and their cracking 
[7]. Therefore, to justify different methods and modes 
of drying pasta, it is important to know their character-
istic as an object of drying [13, 20, 23, 27, and 28]. 

Pasta dough and products from corn flour do not 
contain gluten - the main structure-forming compo-
nent. They are structured by the use of various struc-
ture-forming agents [8]. 

Therefore, the aim of this paper: to study properties of 
pasta dough from corn flour as an object of drying and 
to investigate progressive methods of drying pasta, 
aimed at improving their quality, reducing the length 
of the process and reducing energy costs is an import-
ant task in the pasta field.

2. Materials and Methods

Experimental part of the work was carried out in the lab-
oratory of the Department of Processes and Apparatus 
of Food Production and the Department of Technology 

of Baking and Confectionery products at the National 
University of Food Technologies in Kyiv, Ukraine.

Pasta was made in the laboratory pasta press «MAK-
MA-M» in the form of short cut noodles. Dough with 
moisture content of 36% was mixed for 10 minutes, a 
warm basal was used at a temperature of 70 0C. Glu-
ten-free pasta was made from corn flour of fine grind-
ing and extruded corn flour with dosing extruded flour 
20% to the mass of the mixture. Dried corn and wheat 
pasta was spread out in a thin layer (1 cm) on a special 
grid in a box-shaped net basket that was mounted in 
the drying chamber. Weight of pasta was 200 g. Raw 
pasta was dried in a thermo-radial-convective drying 
apparatus [9], to a mass fraction of moisture in prod-
ucts of 13%. Mass reducement was determined every 
5 minutes with the help of a registration node made on 
the basis of technical scales.

In the first series of experiments for comparing proper-
ties of pasta from wheat and corn flour, was drying by a 
convective method with air temperature in the cham-
ber 40 0C, air velocity was 1.5 m/s, and relative humidity 
was 70%. Changes in the characteristics of the process 
for wheat and corn pasta were also studied in the ther-
mo-radiative drying process, which was carried out in 
a pulsating mode - the irradiation and detaching time 
was 41 and 136 s. respectively, as well as with the use 
of the thermo-radial-convective method while simul-
taneously supplying the heat of infrared rays and the 
external convective heating, when the irradiation and 
detachment time was 32 and 121 s., respectively.

In addition, different variants of the combined drying 
method were studied with application of thermo-radi-
al-convective drying in the first period, and in the sub-
sequent - convective drying (option I); or with applica-
tion of the thermo-radiative method in the first period 
until the first critical humidity, and in the subsequent 
- the conventional method (option II); or with the ap-
plication of the thermo-radiative method until the first 
critical humidity, in the second period - 15 minutes of 
drying bythermo-radial-convective method and after-
drying by convective method (option III). In all exper-
iments, the influence of technological modes of dry-
ing on the quality of pasta was determined based on 
organoleptic, physical and chemical parameters and 
cooking properties, as well as energy costs.

3. Results and Discussion

3.1 Kinetics of drying and indicators of quality of 
wheat and corn pastaat convective, thermo-radia-
tive and thermo-radial-convectivepower delivery

In Figure 1 are displayed graphs of drying kinetics and 
drying speed of wheat products when using different 
drying methods, and in Figure 2 the same for the corn 
products.
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It was established (Figure 1a) that the duration of dry-
ing of wheat pasta to 13% of humidity at convective 
method was the largest and was 400 min. at thermo-ra-
diative - 335 min., and in the thermo-radial-convective 
method - 155 min. A similar dependence for different 
drying methods is observed when drying corn pasta 
(Figure 2a), but it was dried faster than wheat products 
and reached a moisture content of 13% for 350 min., 
335 min., and 125 min. at convective, thermo-radiative-
and thermo-radial-convectivemethods, respectively.

Data on the parameters of the drying process in the 
first period with constant drying speed are important 
for characterizing the product’s properties as a drying 
object (Table 1).

Figure 1. Curves of drying kinetics W = f (τ) (a) and drying speed dW / dτ = f (W) (b) of wheat pasta at: 
1 - convective method, 2 - thermo-radiative method, 3 - combined method

a

a

b

b
Figure 2. Curves of drying kinetics W = f (τ) (a) and drying speed dW / dτ = f (W) (b) of corn pasta at: 

1 - convective method, 2 - thermo-radiative method, 3 - combined method

Table 1. Characteristics of the process of drying wheat and corn 
pastaby different ways

Method of 
drying

Pasta
wheat corn

Drying speed in the first period, %/min.
Convective 0.11 0.14
Thermo-radiative 0.39 0.41
Thermo-radial-
convective 0.32 0.34

Value of the first critical humidity of 
products, %

Convective 24.3 22.3
Thermo-radiative 28.3 28.1
Thermo-radial-
convective 23.4 23.9
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Drying speed of both wheat and corn pasta in the first 
period was the lowest at the convective drying method 
and amounted to 0.11%/min. and 0.14%/min. respec-
tively, and the largest at the thermal-radiation method: 
0.39%/min. and 0.41%/min. In the case of a combined 
method, the drying speed was lower by 17 - 18% com-
pared to the thermo-radiative method. However, the 
speed of drying of corn pasta at any drying method 
was somewhat higher, which obviously indicates a 
lower energy of binding of moisture in corn pasta.

Value of the first critical humidity for wheat pasta at the 
convective method was 24.3%, at thermal-radiation 
method - 28.3%, and at the combined - 23.4%. For corn 
products, in the case of using convective drying method, 
it was 22.3%, and it was lower by 2% compared to wheat 
products. However, when applying thermo-radiative and 
combined drying methods, the value of the first critical 
moisture content of corn products was slightly different 
and amounted to 28.1% and 23.9% respectively.

Thus, in spite of the growth of the drying speed in the 
first period, the drying process in general during the 
thermo-radiative method is intensified insignificantly. 
The energy of infrared radiation is mainly absorbed by 
the surface of the dried material, and in order to prevent 
its cracking and deformation and deterioration of the 
quality of the finished product, it is necessary to reduce 
the amount of supplied energy, although it reduces the 
drying speed and worsens the economic indicators of 

Table 2. Temperature in the chamber and in the layers of wheat and corn pasta during drying by different ways

Method of drying Temperature, 0C, in the chamber l and in different layers of products
ir in the chamber in the upper layer in the middle layer in the lower layer

Pasta made from wheat flour
Convective 40.9 41.3 40.7 40.2
Thermo-radiative 38.9 80.7 66.2 51.6
Thermo-radial-convective 41.5 45.2 44.9 44.6

Pasta made from corn flour
Convective 40.7 41.9 41.1 40.9
Thermo-radiative 39.7 82.4 67.6 52.7
Thermo-radial-convective 42.3 43.2 42.9 42.5

the process. Continuous supply of energy of infrared radi-
ation worsens the same indicators, which creates a tem-
perature gradient in the surface and near-surface layers, 
directed inside the product. This prevents heat transfer, 
which impairs the conditions of movement of moisture 
from the internal layers to the external. Water molecules 
that are on the surface of the material absorb rays and are 
heated [3, 7, 9, and 15]. Obviously, the air in the chamber 
during thermo-radiative drying is heated from the prod-
uct of drying, so the heat that is lost is to be compensated 
for by additional irradiation, which leads to a deteriora-
tion of the quality of pasta. This dependence can be ob-
served in Table 2, which shows the temperature of the air 
in the chamber and in different layers of pasta.

At the thermo-radial drying process, the temperature 
in all layers of products is considerably higher (about 
4.0 - 11.5 0С) compared to the convective drying meth-
od, and the air temperature in the chamber remains 
lower by about 1 - 2 0С. At the combined heat transfer 
method, temperature of products in all layers is higher 
compared to the convective method by an average of 
1.5 0C for corn products, and 4.0 0C at wheat flour prod-
ucts. The air temperature in the chamber is higher by 
0.6 - 1.6 0С compared to the convective drying method. 
This dependence occurs both during the drying of pas-
ta from wheat flour, and from corn flour.

Indicators of quality of wheat and corn pastaduring differ-
ent methods of drying are given in Table 3. 

Table 3. Indicators of quality of pasta and energy costs at different drying methods

Indicators

Pasta
from wheat flour from corn flour

Used method
Convective Thermo-

radiative  Combined Convective Thermo-
radiative  Combined

Organoleptic characteristics
Color Creamy Light yellow
Surface Smooth
The presence of microcracks Absent
Fracture Glassy
Taste, smell Inherent for wheat products Inherent forcorn products

Physical and chemical characteristics
Strength, N 4.1 2.0 2.9 5.0 2.2 3.2

Cooking properties
Preservation of the form Stored, products do not stick together
Weight increase coefficient, Кm 1.8 1.5 1.6 1.8 1.6 1.7
Volume increase coefficient, Кv 1.9 1.6 1.7 1.8 1.7 1.7
Transfer of dry substances into 
cooking water, % to dry matter 8.5 12.9 10.8 13.5 15.5 14.8

Energy costs, kW/kgof products 2.51 2.58 2.26 2.32 2.54 2.04
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Experimental data show that corn pasta has slightly higher 
levels of strength than wheat products. But, according to 
the cooking properties, in particular, the indicator of the 
transition of dry substances into cooking water is the best 
for wheat products. Such a pattern is observed at different 
ways of drying of pasta. Obviously, this is due first of all to 
the chemical composition of corn flour - the higher con-
tent of carbohydrates, in particular, starch.

The best quality was achieved for the convective method 
of drying both wheat and corn products. Products had, 
in comparison with other drying methods, the smallest 
indicator of the transition of dry substances to the cook-
ing water and the highest index of strength: for the wheat 
products, the transfer of dry substances into the cooking 
water was 8.5% to DM, and the strength - 4.1 N, for corn 
transition dry matter is 13.5% to DM, and strength - 5.0 N. 
Energy costs for convective drying are 2.51 and 2.32 kW/
kg of raw products from wheat and corn flour, respectively. 
The worst quality products had at thermo-radiative meth-
od. Strength of wheat and corn products was the lowest, 
and the transfer of dry substances to the cooking water 
was the highest - 12.9 and 15.5% to DM, respectively. Ener-
gy costs at this method were the largest and amounted to 
2.58 and 2.54 kW/kg of raw products, respectively. Appar-
ently, this can be explained by the fact ththat for providing 
the humidity of 70% the chamber was filled with moisture, 
sprayed by ultrasound, to improve the quality of the prod-
uct, but, according to different authors [3, 11], steam over 
the product delay the penetration of infrared rays to pasta, 
which leads to an increase the cost of the drying process.

When drying by the combined method, the physi-
co-chemical parameters and cooking properties of the 
products are somewhat worse than by the convective 
drying method, but they are better than at the ther-
mo-radiative method. For wheat products, the strength 
index is 2.9 N, for corn - 3.2 N, the speed of transition 
of dry substances to the cooking water is 10.8% to DM 
and 14.8% to DM for wheat and corn products, respec-
tively. Energy costs, in comparison with other meth-
ods, are the lowest and are reduced to 2.26 and 2.04 
kW/kg of raw products, respectively. 

Consequently, the use of thermo-radiative drying method 
worsens the quality of pasta and is the most energy-con-
suming. It is obvious that the rapid removal of moisture from 
the surface of products by using infrared irradiation creates 
a moisture gradient, which leads to tensions in products and 
a decrease in the quality of pasta products. Fact that during 
the thermo-radiative method the drying speed is significant-
ly increased, but the value of the first critical humidity is high 
- 28.3% and is reached in a short time - 20 minutes which 
is negative. Reducing energy consumption in the case of 
using thermo-radial-convective method is conditioned by 
uniform heating of the layers and intensification of the dry-
ing process due to the simultaneous heating of the product 
with infrared radiation and air in the drying chamber. Quali-
ty of products in the case of using the combined method is 

somewhat reduced compared to drying by convective way, 
but it is quite high. Consequently, application of the ther-
mo-radial-convective method for drying pasta requires the 
establishment of rational modes of drying process: first of all, 
the duration and sequence of drying periods by thermo-ra-
diative and convective methods.

3.2 Investigation of the influence of different vari-
ants of the combined method of energy transfer on 
the kinetics of drying and indicators of quality of 
wheat and corn pasta

In the next series of experiments, the thermo-radial-convec-
tive drying method was used in the first period until the first 
critical humidity was reached (within 35 minutes), and in the 
future - convective drying to the end of the removal of mois-
ture (option I). Option II - in the first period until the first critical 
point of humidity was reached, thermo-radiative drying was 
applied for 20 minutes, and in the future - convective drying. 
In variant III, as in the previous one, thermo-radiative drying 
was used for 20 minutes until reaching the first critical hu-
midity, after which another 15 min. thermo-radial-convective 
method (removal of osmotically bound moisture) was ap-
plied and in the future - convective until the required humidity 
was reached. Drying was carried out for the following param-
eters: relative humidity of air - 70%, air velocity - 1.5 m/s, and 
air temperature - 40 0С. With the use of infrared rays, wetting 
of products was not carried out. Curves of kinetics of drying 
and drying speed of wheat pasta are shown in Figure 3, and 
for corn products in Figure 4. 

Main characteristics of the drying process of wheat and 
corn pasta in different drying modes are given in Table 
4, and the influence of the modes of drying pasta on the 
temperature in different layers of pasta is given in Table 5.

It has been established that in the case of using first 
option of the combined drying mode, the speed of re-
moval of moisture to the first critical humidity is the 
lowest, and the lowest values ​​are for wheat and for 
corn products. In general, corn pasta is dried faster and 
in a shorter time.

Application of the thermo-radiative method of dry-
ing for 20 minutes in the first period, although it sig-
nificantly increases the temperature in all layers of 
products, in the second period, the temperature in the 
upper layer of products decreases and becomes prac-
tically the same as in the first option, and in the middle 
and lower layers it is slightly higher (3.0 - 3.5 0C). 

Corn products for the first drying mode have higher 
temperature than in the second period, due to the ac-
tion of infrared irradiation, which intensively heats up 
the top layer. Corn products have higher temperature 
than wheat products in the middle and lower layers of 
products due to different structural and mechanical 
properties and as a result of the temperature conduc-
tivity and bond of moisture with colloidal pasta dough.
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Table 4. Main characteristics of the drying process of wheat and corn pasta using different options of the combined 
drying method

Drying 
method 
option

Characteristics of the drying process

Time to remove free moisture, 
min

Drying speed in the first 
period, %/min Total drying time, min

Wheat pasta

І 35 0.26 250

ІІ
20

0.38 380

ІІІ 0.39 350

Corn pasta

І 35 0.32 180

ІІ
20

0.46 300

ІІІ 0.52 125

Figure 3. Curves of drying kinetics W = f (τ) (a) and drying speed dW / dτ = f (W) (b) for wheat pasta at: 
1 - option I, 2 - option ІІ, 3 - option III

a

a

b

b
Figure 4. Curves of drying kinetics W = f (τ) (a) and drying speed dW / dτ = f (W) (b) for corn pasta at: 

1 - option I, 2 - optionII, 3 - option III
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Table 5. Influence of drying modes on temperature in layers of pasta

Method of drying

Temperature in layers of pasta, 0C
 І option ІІ option ІІІ option
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Wheat pasta

in the first period
Thermo-radial-convective Thermo-radiative Thermo-radiative

42.5 41.0 39.9 54.0 48.9 42.5 64.7 52.3 49.6

in the second period

Convective Convective
Thermo-radial-convective

(15min.)

42.3 38.4 36.5 42.3 41.1 39.7
48.7 47.5 46.2

Convective
42.5 41.4 40.1

Corn pasta

in the first period
Thermo-radial-convective Thermo-radiative Thermo-radiative

42.9 40.9 39.7 56.2 49.0 46.3 64.3 51.0 49.5

in the second period

Convective Convective
Thermo-radial-convective

(15min.)

46.5 45.0 37.1 44.1 40.3 37.6
47.3 42.3 39.8

Convective
47.8 46.2 37.9

Table 5 shows that the use of infrared rays in the first pe-
riod increases the temperature in all layers of products, 
indicating an increase in the coefficient of potential 
conductivity. Obviously, the use of thermo-radial-con-
vective drying is advisable to the starch gelatinization 
temperature (62 0С) and the denaturation of proteins 
(70 0С), since it contributes to the growth of the internal 
moisture transfer velocity (Figures 3b and 4b).

Table 6 shows the quality of pasta products for a com-
bination of different drying methods. 

Table 6. Indicators of quality of pasta and energy costs when different drying methods are combined

Parameters

Pasta

from wheat flour from corn flour

Drying modes

І ІІ ІІІ І ІІ ІІІ 

Organoleptic characteristics
Color Creamy Yellow Light yellow Pale yellow
Surface Smooth
The presence of microcracks Absent Singles Absent Singles
Fracture Glassy Floury Glassy Barelyfloury
Taste, smell Inherent for wheat products Inherent forcorn products

Physical and chemical characteristics
Strength, Н 3,7 3,3 2,3 3,5 3,1 2,1

Cooking properties
Preservation of the form Stored, products do not stick together
Weight increase coefficient, Кm 1.8 1.7 1.5 1.9 1.7 1.7
Volume increase coefficient, Кv 1.9 1.7 1.6 1.8 1.8 1.7
Transfer of dry substances into 
cooking water, % to dry matter 10.7 11.8 13.4 13.5 13.9 14.7

Energy costs, kW/kg of raw 
products 2.28 2.47 2.36 1.72 2.10 1.95

It was found that the products with the lowest qual-
ity are the products of the third option of drying: for 
wheat pasta, the strength is 2.3 N, and the transfer of 
dry substances to the cooking water - 13.4% to DM; for 
gluten-free corn pasta strength is 2.1 N, and dry matter 
transition - 14.7% to DM. Application of infrared irra-
diation for 35 min. in the third option of drying results 
in a high speed of removal of moisture, which leads 
to the formation of microcracks and reduced strength 
of products. Somewhat better quality was for wheat 
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products which were dried in the II option. They had 
cream color, glassy scrap, the transition of dry sub-
stances was 11.8% to DM and the strength - 3.3 N. 

The best quality of wheat pasta is achieved with the 
use of option I, or in other words, use in the first period 
of the thermo-radial-convective method helps to ob-
tain pasta with the best quality. Strength of products is 
3.7 N, and the speed of transition of dry substances to 
the cooking water is 10.7% to DM.

Quality of gluten-free pasta from corn is not signifi-
cantly different from the strength indicators and the 
transition of dry substances to cooking water when 
using I, and II options. Obviously, for corn products, 
use of infrared irradiation in the first period does not 
significantly affect the quality of products.

Lowest energy costs are achieved when using option I, 
compared to other methods, which for wheat products 
is 2.28 kW/kg of raw products, for corn - 1.72 kW/kg of 
raw products. When using these drying options, com-
pared to the convective method, energy consumption 
for wheat products is reduced by 1.1 times, and for 
corn by 1.35 times.

Consequently, when using thermo-radial-convective 
method in the first period of drying, and convective 
drying in the second period, it is possible to obtain 
products of satisfactory quality and to substantially re-
duce energy costs for the production of pasta.

4. Conclusions

- It was found that the drying speed of corn pasta at any 
drying methods is slightly higher, and the value of the 
first critical humidity is lower, indicating a lower bind-
ing energy of moisture in corn pasta. The energy costs 
for corn pasta drying are lower for all drying methods.

-  Use of combined thermo-radial-convective drying 
method contributes to the reduction of energy con-
sumption due to the uniform heating of the layers and 
the intensification of the drying process due to the si-
multaneous heating of the product with infrared irra-
diation and air in the drying chamber. The quality of 
products in the case of using the combined method is 
somewhat reduced compared to drying by a convec-
tive way.

- Application of thermo-radial-convective drying in the 
first drying period (with the removal of free moisture), 
and convective drying in the second period promotes 
obtaining wheat and corn pasta with the best quality. 
The strength of wheat products is 3.7 N, and the speed 
of transition of dry substances to the cooking water 
- 10.7% to DM. The strength of gluten-free corn prod-
ucts is 3.5 N, dry matter transition - 13.9% to DM.

-  Application of thermo-radial-convective drying in 
the first period, and convective drying in the second 
reduces energy costs for the drying of wheat pasta by 
1.1 times compared to the convective method, for corn 
pasta - by 1.35 times and is respectively 2.28 and 1.72 
kW/kg of raw products.
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