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1.    я   
    ,    , 
    ,    

  

И         

         
.   ,     

  ,     
   [1].  [2]    

  ,     .    
     [2]    , 

,  ,  .   ,  
-       , 

 97%   [2].    
  ,      ,   

 ,    [3].     
       

     [4,5]. 

       –   

  ,       
     (   )    

  – ,      .   
   ,    

      25–40%.    
         

   .   [6,7] ,   

         

   .  

    : 
-          

         ,   
,      ;  

-     ,    
      ,  , 

 .           – 

  (1) ; (2)   ; (3)   ; 

-         
  , ,  ,     

 ; 
-       

     ,   
 . 

  ,   

     :  (  
)  ;  ;  ;  

 ;  ;  ;  ; 
 ;  . 
         

 105 °    2.5 .       

   20–150 ,    
  .      
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         100–140 .  

     Pulverissette-14.   
  ,         

 100–140 . 
     -    

.    0.4    -     
  30     5 .      - . 

   12.3 ,   2–3 .     
        

,   .       5%. 
         

 AIBOTE ZNCLBS-2500.    ,   
  ,     .    

  2000 /    10 .      
   15–20       1500 

/ .        BЫШШФПТОХН 
DV3T (   1–6·106 ∙ ,  ±1%,  ±0.2%), 

 LV-2 (    50–100000 ∙ ).  
        

  (water separation ratio (WSR)) [8]: WSR=(m1/m0)∙100%,  m0 –  

   ; Ц1 –  ,    72   
     20±2 ° . 

     . 1.1.    
     (    R50/250/13 

Nabertherm GmbH).       700–900 ° .  
         .    

        
(   Phantom Miro C110    PСКЧЭШЦ CКЦОЫК 
Control).       :  

  (τd1)   (τd2) ;   (τb); 

  (Tign);    (Td
max

).  
           [9]. 

        
 TОЬЭШ 885-2.       

   ,    .  
   Test-1. 

 
. 1.1.          

. 



8 

 

         
     [10]: Vb=d0

2
/τb,  d0 –   

 ; τb –  .       
  m0,    m1    τb  

 : Vm=(m0–m1)/τb. 

   

 ,       «  –
»         (  4.5–5 ) 

      (750–800 °   ).  
    (  3–8 )     

  1  5 .         
      .    

  ≈2        0.18–
0.34 2/  (            

).         
 3     0.5–0.6 

2
.     

     0.0005–0.0018 /    
     5–7 .     
         800 ° .  
        

      . 

40 45 50 55 60

4

5

6

7

8

9

40455055

я   (% .) 

а а ≈800 °С 
иа  а и ≈2 

 
я 

(
)

я  (% .) 

 -  К+  (  )
 я +  (  )
 я +  (  )

60

5 10 15

2

3

4

5

6

4555

я  (% .)

а а ≈800 °С 
иа  а и ≈2 

я  а 40%

 
я 

(
)

я  
  (% .)

  + +  (  )
  + +  (  )
 я + +  (  )
 я + +  (  )

50

 
 

       

. 1.2.          
   ( )          ( ). 
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. 1.3.        :   
   , ,   ( );     

 , ,   ( ). 

 

 
       

. 1.4.    (     ) 
            (a) 

     ( ). 

 

 
       

. 1.5.         :  
    , ,   ( );     

 , ,   ( ). 

 

       «  – » 

    .      

     5% .     
    ( , )    
      .    

        
 .        

       ,    
   .       

       .   
        ,   . 

         
    ,   
  ,         
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.   ,      
      2–3  ,        

 .     

          
     . 

 

 
. 1.6.      ,  
   (      900 °C). 

 

     ,    
.  ,      . 

    ,   
     . 

         .  
     2       

  –  ,    .   
    (  3–6 )     

 .      . 
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,         . 

       
        ,    

 .            
. 

            

     -   ,   
    800 °C.  

       

  450–500 °C. 
     .  

        
,         

  .       
        

     . 
      ,  ,  
     .        

         
. 

          

    ,     
 .  

    ,  -

          
 . 

     (  ½      
)        

     10–15%.    
     . 

        (  
400 ·     100 -1)      
(  ).       

   ,        
      15–20%.   

   .    
    . 

         
  ,   ,    . 

      25–30%   
        . 

   (  , ,  )  
  1% .   «   – »    

  15–25%.  , ,    25–35%. 

  (0.917)   ,   
,    ,   «50% 

 , 49% , 1%  »;  (0.755) –  
«50%  , 49% , 1%  ».  
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 -   ,      
            2  (  

  , -  ,  ).  
 

М       

       :  

         

  ,   ,       

 ,       . 
        

         
  (  ). 

    

   –      -   .  
         

  ,   -       
  0.1   1 .  ,      

     – ,   
,      9-10  9-12,   -7 

  ,    ,  - ,   
   ,      , 
    –   .  

         

    ,    
,    .    

(«  -  », «  -  ») 

   Brookfield DV3T (   1–6·106
 

* ,  ±1 %,  ±0,2 %),  LV-2 (   
 50 – 100000 ∙ ).        
      10    .   

        
     .     

       Drop Shape 

Analysis (Kruss).  -      ГОЭКЬТгОЫ 
NКЧШ ГS   25 º  (4А HО-Ne     633 ).  

 ,      , 
      [8].   
            

    «  » [8].  
        
  .      , 

           
 ,      ,    

   A, B  C.     
     Kiss K6  «Huber», 

 (    –25 °C  200 °C,  –  
     50/50,     

 ±0.05 ° ).      –5 ° , 
0 ° , 5 °   25 ° .        72 , 

         
    . 
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  (  )     
         

    .  
 ,     ,    

,       
  (    ,     9-12, 

  9-10, -7   , ),   ( -

,      ,    
 )     (    ).  

    -       (  
  )         

 .    η100   
          

     ,  -  .  
     η100,     

-        ( . 1.7 )  
 ( . 1.7 ). 

     (   

   , 0.1  1    )  
 ,          -  

    -      
 . 

  
       

. 1.7. ,      , 
-        100 -1,    

 -    ,     ( )   ( ); 
   . 

 

          

  .      
   η100      

1.0–1.2 ∙ ,     .  
       , 

       11   
       72   
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 5  25 ° .         (  
    10 %)    (0 ° )   9  

( . 1.8 )     (–5 ° ) 8  ( . 1.8 ).   
         

      (50 .%)   (  20-%   
      0  -5 ° ) (48 .%)  

        (1 .%) 
     –      9–12 

(1 .%)         
 ,   ,    

      . 

0 10 20 30 40 50 60 70 80 90 100

В
В
В
А
В
А
А
В
А
АА

50% , 48.4% а, 0.6% , 1% 7

50% , 48.6% а, 0.4% , 1%А   9-12

50% , 49.1% а, 0.6% SAPP, 0.3% А  9-12

50% , 49.2% а, 0.5% , 0.3% А  9-12

50% , 49.9% а, 0.1% 

50% , 49.4% а, 0.1% SAPP, 0.5% 7

50% , 49.4% а, 0.1% , 0.5% 7

50% , 49.4% а, 0.1% , 0.5% 7

50%  а , 48% а, 1% SAPP, 1% 7

50%  а , 48% а, 1% SAPP, 1% А  9-12

100-WSR (%)

50%  а , 48% а, 1% , 1% А  9-12

0°C

А

а  

 

0 10 20 30 40 50 60 70 80 90 100

В
В

В

50% , 48.4% а, 0.6% , 1% 7

50% , 48.6% а, 0.4% , 1%А   9-12

50% , 49.1% а, 0.6% SAPP, 0.3% А  9-12

50% , 49.2% а, 0.5% , 0.3% А  9-12

50% , 49.9% а, 0.1% 

50% , 49.4% а, 0.1% SAPP, 0.5% 7

50% , 49.4% а, 0.1% , 0.5% 7

50% , 49.4% а, 0.1% , 0.5% 7

50%  а , 48% а, 1% SAPP, 1% 7

50%  а , 48% а, 1% SAPP, 1% А  9-12

100-WSR (%)

50%  а , 48% а, 1% , 1% А  9-12 -5°CВ

В

В

В

В

В

В

В

а  

 
        

 1.8.      72-    
 0 °  ( )  -5 °  ( );    . 

 

Э      

   ,    
   ,    ,   

. 1.9.     NКЛОЫЭСОЫЦ R 50/250/13.     
     : Testo-340   1. 

      .  
          

        .  
        .  
  (   100–140 )      

       
.           

  ,        
 ,        .  

      . 
        . , 

     ,       
   .      

        «EКЬв ОЦТЬЬТШЧ» 
(Testo-340)  « » (  1). 

        (   
   )        

  ,    .  
  : (Т)   ; (ТТ)   

  ; (ТТТ)      ; (ТЯ) 
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   ; (Я)   , 
     (  1  ).  

     34.02.305-98 «  
         

 ». 

 
. 1.9.        

 

        
,          

.  
 

 1.1.   . 

 

 NO  SO2   CO2  

/  /  /  /  
. . 

/  /  /  /  
. . 

/  /  /  /  
. . 

  100% 
12.75 0.0022 0.23 6.61 6.45 0.0011 0.114 3.35 5650 0.98 100.06 2931 

  50%,  
50% 

4.26 0.0011 0.15 4.29 2.02 0.0005 0.070 2.04 2470 0.63 84.99 2490 

-   
50%,  50% 

3.9 0.0005 0.12 3.45 2.7 0.0003 0.081 2.39 2412 0.32 72.80 2133 

-   
50%,  45%, 

 5% 

3.98 0.0007 0.15 4.32 2 0.0004 0.074 2.17 1938 0.35 71.71 2101 

-   
50%,  45%, 

  
5% 

3.37 0.0015 0.16 4.66 1.74 0.0008 0.082 2.40 1558 0.69 73.66 2158 

 

,          ( , 
,  ,  )    

  ,      . 

,      ,   
,        

 ,       . 
         

          
.     ,    
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        .    
 2, SO2  NOx   12–90%    .  

         
     ( 2, , 2, NOx, SO2), 

   ,       
     .     ( . 1.9) 

      –  100  1000 ° . 
         

  ,      ( . 1.10). 

 
. 1.10.      . 

 

,         
    .      
 200 ° ,         

  550 °           
.   2        

  700–1000 °    25  56%.  
       (  

65% ,   )       (  550 ° ).  

          

 .          
       ,     

 CO. ,    (    
 )         

 .        250–500 °   
            

 28–42%  15–47%, .  ,    
          

    ,     
    . ,   

        
 2,    .    

       12–96%.    2 

         
 H2   ,        . 
 ,       

 SO2  NOx  500 °   400 ° , . ,  
         

       850 °   1000 ° . 
 



17 

 

М      

       

   ,       
      (    

 ) ( . 1.11 ),    203 K.  
           

      τ.    
       .  

 ,      
( . 1.11),       

 : (i) ,      
 ,  ,       

  ; (ii)     
         

.        
   1.11 .  

   
   

. 1.11.      : )  

: 1 –  ; 2 –  ; 3 – , ) 

 , )  : 1 – ; 2 – . 
 

       

   ,  ,    203 K, 

      ,     
(973–1273 K).       .  , 

     ( . 1.11 ),  
        
  .      

     1.11 . 

       

   ,       
 203   .     

     ,      
.      Uv,    0.2–6 

/ .          
 1.11 . 

   

,        , 

  ,   973 . ,    
         

 (  8 %)       0–
200 /( 2∙ ),       0  6 / .   
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 (  29 %)       0.85–0.99,   

         . 
   1100      ,    

          
 .  ,      

        . 
 ,       

     T=973–1273   α=0–200 /( 2∙ ) 
     (0.5 )   30–90%,    

   10–90%.      
            

–       973   1273    
    0.1   0.0076 .       

       
 .  ,      

 ,      ,  
         . 

,     ,    
       ,  127 / 2

; 

   – 149 / 2;    – 424 / 2
. 

         
    .     , 

      ,    
  ,    .      

      ,   
   ,      

       .  
      

     (4.690–2.366    
  973 K  1273 K).      

   3.715   1.568        
 .      

    2.108–0.302 .     
   T  973 K  1273 K     

  2 ,       7 .   
  ,          

         
   .        

        ,    
        . 

   T   873–1273     
 0.85–0.99        

8.776   2.366 .        . 

       (  1073 ).  
  1073 ,      .  ε = 0.85–

0.99  T = 873  τ   8.776   8.763  (   1 %). ,  
         

  (    66 %)      
 0–200 /(

2∙ ),        6 
/ .       0.778   0.319  ( . . 59 %) 

   1073 ,    1273  – τ 
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  0.302   0.088  ( . . 71 %)     α  0  
200 /(

2∙ ).       
    8·101 -1

  8·103
 

-1     
       (    96 %) 

 T = 1173 K.       
  40  70 /         

90 %.         
    Ea = 70 /   k0 = 8·101 -1

   3.809 
.     (τ = 0.013 )  Ea = 40 /   

k0 = 8·103 -1.        
  Ea  k0       

           
  . 

,     ,   
       203    

  ,  110 /
2
,    – 

149 /
2,    – 123 /

2
. 

 

В    ,        
       

 

          
   ( . 1.12),     

   (700–800 °C).    
    , ,    ,  

 .       ,   
    ( . 1.12). 

 
. 1.12.       : 1 – 

; 2 – ; 3 – . 

 

       
         ,  

, ,       .    
   ,        

     Д11Ж,      
    ,         

[12Ж      (    ).  
   ,     ,  

  ,      . 
         
 ( -    ),    

        
  .     
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   (   ,    
      Д13–15Ж,   . 1.2): 

No. 1 – ,      3 ,  
« » -   ,  ; 
No. 2 –   ; 
No. 3 –    2 ,  « » -   

,  ; 
No. 4 –    ,   ,  . 
 

 1.2.     

No. 

    

W
a
, %

 
A

d
, %

 
V

daf
, % 

Q
a
s,V, 

/  
C

daf
, % H

daf
, % N

daf
, % S

daf
, % O

daf
, % 

1 1.20 15.45 8.20 27.06 76.82 1.41 0.76 0.38 3.99 

2 19.80 2.00 73.52 16.45 50.30 6.00 0.20 0.10 43.40 

3 14.11 4.12 47.63 22.91 73.25 6.52 0.79 0.44 18.99 

4 10.09 8.52 40.19 24.82 77.46 6.25 2.27 0.35 13.64 

 

         
         

   ,      . 1.13. 

 

 
. 1.13.    : 1 –  ; 

2 –  ; 3 – ; 4 –     
; 5 – ; 6 –  ; 7 –   

 ; 8 –        
 ; 9 – ; 10 –  ; 11 –  

; 12 –    . 

 

    8    5   
   6 ,      

 4 ( . 1.13)       ,   
 . ,      

    (   )   0.9 , 
      4 ( . 1.13)  

  Phantom V411:   4000 /    
1008×56 , 12 ,    1 .   

    Distagon 1.4/35 ZF.2 T*: 
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     1.4,   
 35 .      

 4    2   .    
    Phantom Camera Control  Tema Automotive. 

       
            

       
   . 

       – 

   (td)        

. - ,     . - , 
          
     , . .  -  

   ( . 1.13)     
  (    ).  ,   

 td       : 
       (t=0);      
  (t=td). 

 , ,          
      (  5  10)  

   (Tg)    (  500–800 °C 

  50 °C)      4 ( . 1.13).   
    (  )   

(220   )    -     
.      (  

L=0),     ,   
  . 

       
td=f(x)      (  40 ; 40–140 ; 140–250 ; 
250–375 ; 375–800 )   ,     

 Д16Ж. ,    (ρp=1500 kg/m
3)   

(        Dp=20 , 
Dp=90 , Dp=195 , Dp=313 , Dp=588 )     Vp=0 

    c  Va=5 / , ρa=0.383 / 3
, 

µa=40.5·10-6
 · .         

    500–800 °C, . .      
    30 %  20 %, .      
          

   0.1    0.02 (   
).        

 ,       .   
         

     . ,   
    .     , 

. .         
 . 

,          
        , . . Re=0.95–

27.80 (         
   Re=0.015–700 [17Ж).     

         Д18]: 
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3/2

2/3
0

6 6 6ν 1 1 Оxp(τ) 1
Re (Re |1 ν |)


  
         

, (1.1) 

 
ρ

Re
a a p

a

V D
 , 

2

12τ
ρ

a

p p

t
D

 , ν p

a

V

V
 . 

 . 1.14        
 ,     (1.1)   ν0=0 

(    Vp=0)    Re=0.95–27.80, 

     Dp=20 , Dp=90 , 
Dp=195 , Dp=313 , Dp=588 . 

 

. 1.14.         
     (  6) : 1 – Re=0.95; 2 – Re=4.26; 3 – 

Re=9.22; 4 – Re=14.80; 5 – Re=27.80. 

 

         
          

  x=0  x=L ( . 1.15a)      
         

 ( . 1.15 ). 

 
        

. 1.15.         
    x=0–0.9  (a)     

      x=0–0.9  ( ): 1 – Dp=20 ; 2 

– Dp=90 ; 3 – Dp=195 ; 4 – Dp=313 ; 5 – Dp=588 . 
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  ( . 1.15 )     
td=f(x),         

   Va=5 / , Ta=500–800 °C, x=0–0.9 . 
   20  (   40 ): 

 td=0.2x+0,0007, R
2
=1. (1.2) 

   90  (  40–140 ): 
 td=-3.6625x

6
+10.774x

5
-12.326x

4
+6.9079x

3
-1.9596x

2
+0.4616x, R

2
=0.9998. (1.3) 

   195  (  140–250 ): 
 td=-8.3543x

6
+24.398x

5
-27.692x

4
+15.422x

3
-4.4134x

2
+0.8496x, R

2
=0.9992. (1.4) 

   313  (  250–375 ): 
 td=-13.469x

6
+39.101x

5
-44.064x

4
+24.331x

3
-6.9074x

2
+1.2469x, R

2
=0.9987. (1.5) 

   588  (  375–800 ): 
 td=-23.697x

6
+68.524x

5
-76.842x

4
+42.164x

3
-11.887x

2
+2.0475x, R

2
=0.9980. (1.6) 

 td      (1.2)–(1.6)  
 x,      ,   

         Phantom Camera 

Control.       td, 

      ,  
 0.5 %  15 %, . 

       
  td=f(Ta): 

 No. 1 ( ): 
  40 , 550≤Ta≤750 °C: td=-0.00068Ta+0.514, R

2
=0.8865; (1.7) 

 40–140 , 550≤Ta≤750 °C: td=-0.00063Ta+0.495, R
2
=0.8991; (1.8) 

 140–250 , 550≤Ta≤800 °C: td=-0.00054Ta+0.448, R
2
=0.8963; (1.9) 

 250–375 , 550≤Ta≤800 °C: td=-0.00038Ta+0.379, R
2
=0.8719; (1.10) 

 375–800 , 650≤Ta≤800 °C: td=-0.00019Ta+0.306, R
2
=0.8932; (1.11) 

 No. 2 ( ): 
  40 , 500≤Ta≤750 °C: td=-0.00063Ta+0.478, R

2
=0.8976; (1.12) 

 40–140 , 500≤Ta≤800 °C: td=-0.00052Ta+0.440, R
2
=0.8965; (1.13) 

 140–250 , 500≤Ta≤800 °C: td=-0.00053Ta+0.457, R
2
=0.8878; (1.14) 

 250–375 , 550≤Ta≤800 °C: td=-0.00027Ta+0.333, R
2
=0.8745; (1.15) 

 375–800 , 650≤Ta≤800 °C: td=-0.00017Ta+0.294, R
2
=0.8653; (1.16) 

 No. 3 (  ): 
  40 , 500≤Ta≤750 °C: td=-0.00060Ta+0.472, R

2
=0.8672; (1.17) 

 40–140 , 500≤Ta≤800 °C: td=-0.00047Ta+0.419, R
2
=0.8732; (1.18) 

 140–250 , 500≤Ta≤800 °C: td=-0.00048Ta+0.436, R
2
=0.8927; (1.19) 

 250–375 , 550≤Ta≤800 °C: td=-0.00022Ta+0.319, R
2
=0.8859; (1.20) 

 375–800 , 650≤Ta≤800 °C: td=-0.00015Ta+0.290, R
2
=0.8531; (1.21) 

 No. 4 (  ): 
  40 , 550≤Ta≤800 °C: td=-0.00050Ta+0.442, R

2
=0.8154; (1.22) 

 40–140 , 550≤Ta≤800 °C: td=-0.00043Ta+0.414, R
2
=0.8763; (1.23) 

 140–250 , 550≤Ta≤800 °C: td=-0.00031Ta+0.356, R
2
=0.8537; (1.24) 

 250–375 , 600≤Ta≤800 °C: td=-0.00022Ta+0.324, R
2
=0.8077; (1.25) 

 375–800 , 700≤Ta≤800 °C: td=-0.00013Ta+0.282, R
2
=0.8279; (1.26) 

я  No. 1 ( ) + No. 4 (  ),  140–250 : 
75 % No. 1 + 25 % NШ. 4, 550≤Ta≤800 °C: td=-0.00046Ta+0.415, R

2
=0.8679; (1.27) 

50 % No. 1 + 50 % NШ. 4, 550≤Ta≤800 °C: td=-0.00040Ta+0.388, R
2
=0.8495; (1.28) 

25 % No. 1 + 75 % NШ. 4, 550≤Ta≤800 °C: td=-0.00034Ta+0.363, R
2
=0.8857; (1.29) 

я  No. 2 ( ) + No. 4 (  ),  140–250 : 
75 % No. 2 + 25 % NШ. 4, 500≤Ta≤800 °C: td=-0.00048Ta+0.436, R

2
=0.8378; (1.30) 

50 % No. 2 + 50 % NШ. 4, 550≤Ta≤800 °C: td=-0.00040Ta+0.398, R
2
=0.8164; (1.31) 
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25 % No. 2 + 75 % NШ. 4, 550≤Ta≤800 °C: td=-0.00034Ta+0.370, R
2
=0.8257; (1.32) 

я  No. 3 (  ) + No. 4 (  ),  140–
250 : 
75 % No. 3 + 25 % NШ. 4, 500≤Ta≤800 °C: td=-0.00044Ta+0.422, R

2
=0.8046; (1.33) 

50 % No. 3 + 50 % NШ. 4, 550≤Ta≤800 °C: td=-0.00038Ta+0.389, R
2
=0.8261; (1.34) 

25 % No. 3 + 75 % NШ. 4, 550≤Ta≤800 °C: td=-0.00034Ta+0.368, R
2
=0.8157. (1.35) 

   ,    
  (1.7) – (1.35),   ,   

         
   ,        

     .  ,  
       500–800 °C  
  -       

     . 
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