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1.INTRODUCTION 

Drying is not only the most complex non-stationary process of heat and mass transfer, but also a 
technological process. The dried product, especially food, must have high quality indicators that are attached to the 

work [1; c.10-14., 2; с.7-8., 3; с.33-43., 4; 5; 6;, 22;.]. 

The drying process should, if possible, be preceded by mechanical removal of free moisture. Bound moisture 
is removed only by applying heat. During thermal drying, moisture is converted into a vapor state, and the resulting 

vapor is removed from the material into the environment. Drying methods differ in the way that heat is transferred to 
the material. 

In drying technology, both traditional methods of drying are used - solar, convective, conductive, and non-

traditional - by thermal radiation, high and ultrahigh frequency currents, etc. [7; с.13-25., 8; с.19-28.]. 
Drying of agricultural products is one of the energy-intensive processes in agriculture. The main energy 

sources for drying are liquid fuels, gas and electricity. The use of intensive farming methods leads to the need to 
harvest crops with a high moisture content, which necessitates artificial drying, and this process is studied in the 

following works [9; с.22-44., 10; с.18-30., 11; с.17-28., 12; с. 21-61., 13; с.11-24., 14; с.13-35., 21; c.80.,22; 

с.202.,23; с.348.,24;ps.151-166.,25;,26;.]. 
 

2. THE PURPOSE OF THE STUDY. 
The drying process we propose is the use of heat pipes, which takes energy from the energy stream of the 

saline. Proceeding from this on this process it is necessary to study the influence of some factors, such as drying 
temperature, drying time, thickness of the studied product, etc. It is possible to study these factors theoretically on 

the basis of mathematical models. 

 
3. METHODS AND MATERIALS. 

As a rule, simulation is carried out to find the optimal parameters of the system. At the same time, after some 
experimental studies, regression equations are obtained on their basis. If the factors influencing the investigated 

value lie in the interval between some upper and lower levels, a full factorial experiment is applied (FFE) [17; с.36., 

20; р. 273-286.]. 
When drying, chopped onions with a moisture content of 89% were selected and it is influenced by the 

following main factors such as drying temperature, drying time and layer thickness of the chopped onions. 
The investigated quantity is the moisture content of onions. During the experiments, the main intervals of 

variation of the factors were established so that for drying at 12% moisture, onions will be at the optimal level. 
On the moisture content of the onion influencing factors 3 experiments were carried out according to the plan of a 

FFE 23 [15; с.62–94., 16; с.50. 17; с.36., 18; с.117-121., 21; с.66-100.]. 

To search for mathematical models, a polynomial algorithm of the type 
 

у=b0+b1x1+b2x2+ b3x3+ b12x1x2+ b13x1x3+ b23x2x3+ b123x1x2x3   (1) 
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Within the framework of a FFE for processing the results of the results presented and further determining the 

coefficients of the regression equation, the factors lead to the same scale. This is achieved by encoding the variables. 
Following the theory of a FFE, we perform the following:  

Z1 – drying temperature (С0), 551 Z , 651 Z ;

 Z
2 – onion drying time (minutes),      2102 Z ,    4502 Z ;

 Z
3 – layer thickness of sliced onions (mm),  

 

23 Z ,    63 Z ;

 It is required to construct a regression equation, taking into account all interactions of factors, to check the 

obtained model for adequacy and to make its interpretation. 
Initial planning matrix for a FFE 23 

Table 1. 

No. 

experiment 
 

Studied factors 

 

Experimental results 

 
z1                 z2                       z3 y1         y2          y3 

1 

2 
3 

4 
5 

6 
7 

8 

+              +                  + 

–              +                  + 
+              –                   + 

–              –                   + 
+              +                   – 

–              +                   – 
+              –                   – 

–              –                   – 

11,8      13,1    12,3 

15,9     16,4     16,1 
  42,7     42,2    40,7 

44,5   46,1     45,7 
5,5        4,8      6,1 

5,7      6,4      5,5 
7,1       7,8       7,4 

12,7     12,5      13,3 

 

 

We carry out the work in the following order: 
1) we encode the variables; 

2) we complete the scheduling matrix in coded variables taking into account pair interactions and supplement 

it with a column of average response values; 
3) calculate the coefficients of the regression equation; 

4) we check the calculated coefficients for significance, having previously determined the reproducibility 
variance, and we obtain the regression equation in coded variables; 

5) check the resulting equation for adequacy; 
6) we carry out the interpretation of the resulting model; 

7) write out the regression equation in natural variables. 

1. For each factor, we find the center, the variation interval and the dependence of the coded variable x
i
 on 

the natural z
i
. 

Based on the equations of the influencing factors on the moisture content of the onion, which were obtained 
during the experiments, we draw up the following factor coding table. We present the results in table 2. 

Table 2. 

 

Factors 
 

Upper level 

+i 
Lower level 

-i 
 

Centre 
Zi

0 

Variation interval 

λi 
Dependence of the 

encoded variable on the 
natural 

 

z
1
 65 55 60 5 ;

5

601
1




Z
Х  

z
2
 450 210 330 120 ;

120

3302
2




Z
Х  

z
3
 6 2 4 2 ;

2

43
3




Z
Х  
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2. We calculate the average of the sample results for each experiment: 
 

 
3

3i2i1i
i

yyy
У


     (2) 

Where i- the number of the experiment. 
We build a planning matrix taking into account all interactions and average response values in coded units. 

Here we present auxiliary graphs necessary for calculating the regression coefficients bij and bijk. 

Planning Matrix for Results Management 
  

 
 

Table 3. 

No. 
experime

nt 
 

 
Factors 

 
Interactions 

 

 
Experimental results 

 
Average 

results 

x
1     x2     x3

 x
1
х

2   x
1
х

3   x
2
х

3   x1
х

2
х

3
 y

1       y
2        y3

 
j
у  

1 
2 

3 

4 
5 

6 
7 

8 

+     +      + 
–     +     + 

+     –     + 

–     –     + 
+     +      – 

–     +     – 
+     –     – 

–     –     – 

+       +       +         + 
–       –         +         – 

–       +        –         – 

+       –         –         + 
+       –         –         – 

–       +        –         + 
–       –         +         + 

+       +         +         – 

11,8      13,1    12,3 
15,9     16,4     16,1 

  42,7     42,2    40,7 

44,5   46,1     45,7 
5,5        4,8      6,1 

5,7      6,4      5,5 
7,1       7,8       7,4 

12,7     12,5      13,3 

 

12,4 
16,133 

41,867 

45,433 
5,467 

5,867 
7,433 

12,833 

 

3. The coefficients of the regression equation are determined by the following formulas. 





n

j

у
n

b
1

j0

1
  (3) 





n

j

ji уx
n

b
1

ji

1
,  i= k,1  (4) 





n

j

ipjr уxx
n

b
1

ji

1
, r<P, r= ki, , P= k,1   (5) 





n

j

jjj уxxx
n

b
1

j3211,2,3

1
 (6) 

Using the values of Table 3 and the formula, we find the coefficients of the regression equation (1) 

Table 4. 

b
0 b

1 b
2 b

3 b
1,2 b

1,3 b
2,3 b

1,2,3 

18,4292 -1,6375 -8,4625 10,5292 0,6042 -0,1875 -6,2292 -0,6458 

 

4. Some of the coefficients in the regression equation written on the basis of table 4. may turn out to be 

negligible and insignificant. To establish whether the coefficient is significant or not, let's do the following: 

calculate the reproducibility estimate  
2

yS .(7) 

 
 

 
 

 

Where n- the number of experiments (the number of rows in the matrix of the FFE); 

   
  

















n

j

j

n

j

m

i

jji

n

j

m

i

jjiy S
n

yy
mn

yy
mn

S
1

2

1 1

2

2

1 1

2 1
)(

1

11
)(

)1(

1
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m- the number of experiments in each experiment; 
yji- the result of a separate i-th observation in the j-th experiment. 

i
у - sample values of observations for the j-th experiment. 

For convenience, we draw up the calculations in the form of table 5. 

Table 5. 

j   y
1      y2       y

3
 

j
у  

2

1 )( jj yy   
2

2 )( jj yy   
2

3 )( jj yy   
2

jS  

1 11,8    13,1     12,3 12,4 0,3600 0,4900 0,0100 0,4300 

2 15,9    16,4    16,1 16,133 0,0544 0,0711 0,0011 0,0633 

3  42,7    42,2   40,7 41,867 0,6944 0,1111 1,3611 1,0833 

4 44,5   46,1     45,7 45,433 0,8711 0,4444 0,0711 0,6933 

5 5,5       4,8      6,1 5,467 0,0011 0,4444 0,4011 0,4233 

6 5,7     6,4      5,5 5,867 0,0278 0,2844 0,1344 0,2233 

7 7,1      7,8       7,4 7,433 0,1111 0,1344 0,0011 0,1233 

8 12,7     12,5    13,3 12,833 0,0178 0,1111 0,2178 0,1733 

 

Summing up the elements of the last column of Table 5, we get: 
 

 

From formula (7) we obtain the reproducibility variance: 
 

  4017,0
8

1 8

1

22  
j

jy SS  

Determine the standard deviation of the coefficients: 

 
1294,0

2





mn

S
S

y

КОЭФ       (8) 

 

From the tables of the Student's distribution by the number of degrees of freedom n(m-1)=8·2=16 at 

significance level α = 0,05 find tкр.= 2,12. Consequently, 

 tкр.  Sкоэф.  2,12  0,1294= 0,27425  0 ,274. 

Comparing the obtained value of  tкр.  Sкоэф  0,274 with the coefficients of the regression equation 

presented in Table 4, we see that all except b1,3  coefficients are larger in absolute value 0,274. Therefore, except for 

b1,3, all coefficients are significant. Assuming b1,3= 0 ,  we obtain the regression equation in coded variables: 
 

у=18,43-1,64х
1
-8,46х

2
+10,53х

3
+0,6х

1
х

2
-6,23х

2
х

3
-0,65х

1
х

2
х

3
 (9) 

 
5. Let us check the obtained equation (9) for adequacy according to the Fisher criterion. Since the 

reproducibility variance was found in the previous paragraph, to determine the calculated value of the Fрасч  

criterion, it is necessary to calculate the residual variance S2
ост. 

To do this, we find the values of the studied parameter according to the obtained regression equation ỹ
j
 (j = 

1, ..., 8), substituting +1 or -1 instead of x
i
 in accordance with the number j of the experiment from Table 4: 

The residual variance 
2

остS  is calculated by the formula (10): 

 

84375,0)~(
78

3 8

1

22 


 
j

jjост yyS    (10) 

 
 

 
 

The calculated value of the Fisher criterion F
расч. is determined by the formula (11): 

 





n

j

jS
1

2 2133,3
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 

1,2
4017,0

84375,0
2

2


y

ост
расч

S

S
F      (11) 

 
Table value of the criterion F

табл. we find from tables the critical points of the Fisher distribution at a 

significance level α=0,05 for the corresponding degrees of freedom k
1
=n–r=8–7=1 and k2

= n(m-1)= 8·2 = 16: 

 F
табл. =4,49 

Since F
расч

=2,1<F
табл.

= 4,49, the regression equation (9) is adequate. 

 

4.RESULTS AND DISCUSSION 
Let us interpret the resulting model (9) 

 
у=18,43-1,64х

1
-8,46х

2
+10,53х

3
+0,6х

1
х

2
-6,23х

2
х

3
-0,65х

1
х

2
х

3
 

The equation shows that the factor х
3
 and х

2
- the thickness of the onion layer and the drying time - have the 

strongest effect, since it has the largest coefficient in absolute value. 

The coefficients for the factors х
1 

and х
2
 are negative. This means that raising the temperature and 

lengthening the drying time will reduce the moisture content of the onions. Moreover, the drying time has a stronger 

influence. 
The coefficient at the factor x3 is positive. This means that moisture loss is prevented by increasing the thickness of 

the sliced onions. Moreover, it has a strong influence than other factors. If we evaluate the effects quantitatively, then 

the free term b0 = 18,43 characterizes the average rate of moisture loss when all factors are at average levels. 
After х

1
,  х

2
, х

3
  in terms of the strength of influence on the response, there are: double interaction of factors 

х
2
х

3
 (drying time and thickness of the onion layer); factor х

1
- chamber drying temperature; after it, triple interaction 

factors х
1
х

2
х

3
 (drying temperature, drying time and onion layer thickness) affect, then double interaction х

1
х

2
 (drying 

chamber temperature, drying time); 

Thus, the use of a full factorial experiment for modeling the drying of products makes it possible to determine 

the degree of influence of factors on the output parameters of the system. The use of this approach in the 
development of drying plants makes it possible to develop flexible management strategies and a comprehensive 

assessment of situations that are implemented in the agricultural sector. 
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