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The length of the arc of the filled sector also can be ex-
pressed as:

1 1AE A E d zp= = ⋅ ⋅ ,                                               (2)

where z is degree of filling of the material supply tube con-
cavity. It can have values: 1/2, 1/3, 1/4, that corresponds to 
angles φ: π /2, π /3 and π /4.

The right members of (1) and (2) can be equated:

360
d d zp

j p
⋅

⋅ = ⋅ ⋅ ; φ = 360·z             	               (3)

For convenience of the further conclusions we accept 
symbols: 

 
A0E10 = a; E10E0 = b; A0E0 = l.

Use the theorem of sine:

sin sin
t l
g a
= ;  sin

sin( )
tl a
a b
⋅

=
+

,

where γ  = π - (α + β), and t is the lead of spiral wind.
From Figure 3 it follows :

sin
al
b

= .

Having equated last two expressions the following is re-
ceived:

tantan
tan
a

t a
a

b
a

⋅
=

⋅ −
.				    (4)

From Figure 3 is also derived: 

tan
ab
b

= .

Using the expression (4):

tan
ab t
a

= − . 				    (5)

where the lead of spiral wind is  
tan

dt p
a
⋅

= ,  
and α = π . d . z. Then:

(1 )
tan

db zp
a
⋅

= − .				    (6)

Designating the number of starts of spiral winds sn , the 
shift value equals to:

(1 )
tans

dc z
n
p

a
⋅

= −
⋅

                                                 (7)

Calculating the shift value for parametres: α = 60°, ns = 4; 
d = 40 mm;  and z =1/4.

3.14 40 1(1 ) 13.61
44 3

ñ ⋅
= − =

⋅
 mm.

The received value precisely corresponds to the graphi-
cally constructed, on the accepted dimensions.

Transported by a stream of air material concentrated on 
the outer side of bow section of the distributor, is exposed to 
whirling and is mechanically divided by spiral winds, on de-
layed from each other parts. Passing a vertical site, the mate-
rial arrives further to the dividing head where it is distributed 
on offsets which are arranged in the trajectory of movement 
of the material particles. 

Depending on air velocity, certain influence on preserva-
tion of a rotating stream and its rectangular distribution on 
offsets, obviously, will be had by height of a vertical site. For 
its substantiation fertilizer movement on sites of the material 
supply tube is to be considered. The material supply tube can 
be divided into four sections - I, II, III, IV (Figure 4). 

It is known that for maintenance of uniform movement of 
a liquid (gas) in the horizontal pipeline (section I) it is neces-
sary to support pressure difference which is defined by Dar-
cy-Weisbach equation:

2

1 2 ,
2

lp p p
d

r u
l

⋅
∆ = − = ⋅  			   (8)

where ρ is density of the liquid (gas); λ – resistance factor; 
р1 and р2 – pressure in cuts 1 and 2; d and l  – diameter and 
length of the material supply tube; υ – average velocity of the 
liquid; 

2

2
r u⋅  – dynamic pressure.

In (8) it is possible to substitute λ with factor of aerody-
namic resistance xk  and ratio  dl  - with midsection area 

rA . For a two-component stream dynamic pressure is cal-
culated by means of a difference of velocities of each of the 
components. Thus force of aerodynamic resistance in the rec-
tilinear pipeline from (8) looks like:

 21
( )

2�o x r�J k A �b�U �X� �˜ �˜ �� ,			   (9)

where υ and и are the average velocities of two components 
of the stream.

In the horizontal pipeline on a firm component of a two-
component stream the force of a friction also operates, propor-
tional to normal pressure on the lower wall. Therefore, the dif-
ferential equation of such stream on the section I looks like:

 
�o
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m �J f N

dt
� �� �˜ .				    (10)
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Taking into account (9) and having equated N on m g⋅
, it is received:

 21 ( )
2 x r

dum k A и f m g
dt

        		  (11)

In the beginning of movement velocity of a firm compo-
nent u0 = 0, hence  0

dt
du . Then from the equation (11) it 

is derived:
 

0
2

x r

f m g
k A




 


  ,				    (12)

where υ0 is initial velocity of the air stream at which the par-
ticle is in suspension.

Define xk  from (12) and substitute it in (11):
 2

0

1du uf g
dt




      
    .			 

(13)

Solution of the equation (13) under initial conditions  u0 = 
0 and t0 = 0 :
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	 (14)

Equation (14) gives dependence of the velocity of a parti-
cle in the pipeline from its aerodynamic properties and trans-
iting time on the pipeline. Knowing it, it is possible to calcu-
late length of the.

For convenience of calculations factor of overfall of a ve-
locity of an air stream is introduced:

 0 


 .

Thus expression (14) becomes:
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	 (15)

Consider section II. On a fertilizer particle the gravity 

m g⋅ , aerodynamic motive power 
 

dt
dumPx  , normal 

pressure of a wall of pipeline N  and force of a friction frF  
influence (Figure 5).

Equation of movement of a particle in system of natural 
axes n  and t  looks like:

 

2

0

sin 0;

cos 0.

x frP F m g

un N m g m
R

 



     

     




		   (16)

From the second equation (16) it is discovered:

 2

0

( cos )fr
uF f m g
R

    .			    (17)

Taking into account (17) and values Рx from the first equa-
tion (16) it is discovered:

 2

0

cos sindu f u f g g
dt R

 


      		  (18)

Reduce (18) in angular co-ordinate φ:
 

d
du

R
u

dt
du


0

.

Fig. 4. Sections of the material supply tube
Fig. 5. Forces operating on the  
fertilizer particle in section II 
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In this case the equation (18) will become:
 2

0 0cos sinduu f u R f g R g
d

 

         	 (19)

Integrating (19) under initial conditions u = u1 and  
φ = 0 we will receive expression for definition of velocity of 
a particle:
     2 2 2 2 2 2

0 1 2
2 2

1 1 2 cos 3 sin 2 (1 4 )
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 (20)

where u1  is calculated from expression (15).
Obviously, the particle velocity u2 - on the output from the 

bow section II to the vertical section III is to be found, where 
φ = π/2. Thus (20) looks like:
 2 2

2 1 0
2 2

(1 4 ) 6
(1 4 )

f

f

f u f g R eu
f e









    



		  (21)

On the section III the screw is installed, which whirls the 
two-component stream. Operations of forces on a particle 
M of mineral fertilizer can be presented schematically, as in 
Figure 6. Here the normal reaction 1N  is counterbalanced by 
a centrifugal force

2m u
R
⋅ . Normal reaction of basic surface N  

is directed on a binormal and counterbalanced by the force of 

gravity m g⋅ . Aerodynamic motive force xP  is counterbal-
anced by force of friction F.

The set of equations, particles characterising particles 
movement on natural axes x, y, z will be noted as follows:

 
2

1

cos 0;

0;

sin 0.

xm x P F m g
m um y N

R
m z N m g




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
   

     







		 (22)

From system (22) define N, N1, F and with the account:

 

dt
dumPx 

,

rewrite the first equation in (22):
 2

sin cosdu uf g g
dt R

 
 

     
 

		  (23)

It also is a differential equation of movement of a fertilizer 
particle on the wind surface under the influence of aerody-
namic moving force.

Transform the equation (23) accepting designations:

( sin cos )g f Aa a⋅ + = ; f B
R
= 		  (24)

Thus equation (23) becomes:
 

2

du dt
A B u


 

.				    (25)

Differential equation from the divided variable is derived, 
which solution looks like:
 1 arctan Bu C t

AА В
 


.			   (26)

At  t = 0, u = u2

 
2

1 arctan BC u
AА В




.

Value C is substituted in (26):
 

3 2arctan arctanB Bu A B t u
A A
    	 (27)

Equation (27) connects such parametres of a twisting 
wind surface as its radius and a circular helix angle of wind 
with which help it is possible to calculate its lead and length.

Fig. 6. Forces operating on the fertilizer particle  
in section III

α α
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Discussion

To verify the calculated results, the particle velocity is cal-
culated at each stage of its passage through pneumopipeline. 
This requires parameters, some of which can be taken from 
the literature and some are established in preliminary labora-
tory experiments:

υS = 5 m·s-1 – initial velocity of the particle in a pneumos-
tream;

υ = 20 m·s-1 – working velocity of the air stream;
f = 0.5 – coefficient of external friction of the fertilizer;
d = 0.1 m – internal diameter of the pipeline;
R0 = 0.5 m – radius of the bow section;
 α = 60° - circular helix angle of wind.
Having substituted the accepted parameters in the equa-

tion (15)
 

2 9.811
5

2 9.811 2 9.811
5 5

1

1 0.25 1 0.2520 5
1 0.25 1 0.25

14.87
1 0.25
1 0.25

е е
и

е
 

       
          






m·s-1

have received a particle velocity on the section I.
Value of this velocity is necessary to know to define time 

for which fertilizer particles reach maximum velocity, and 
consequently, certain stable distribution on the material sup-
ply tube’s cross-section. From (15) and Figure 7 it follows that 
time of particles acceleration varies within 1 – 1.4 sec.  

Equation (21) gives a particle velocity on an exit from a 
vertical tap (exit of section II):
 2 2 3.14 0.5

2
2 2 3.14 0.5

(1 4 0.5 ) 14.87 6 0.5 9.81 0.5 38.71
(1 4 0.5 )

eu
e





       
 

 

2 6.22u =  m·s-1.

It is apparent from last evaluation, that at the 90⁰ turn 
(bow section), the particle loses the velocity, for more than 
two times.

From the analysis of equation (21) and Figure 8 it is visible 
that with reduction of radius 0R  of bow section, the particle 
velocity 2u  decreases.

To calculate a particle velocity on the twisting wind sur-
face, the equation (27) is used. For this purpose beforehand 
factors A and B are calculated using formula (24):
 

3
1 1arctan 9.15 1 arctan 6.22 1.921

9.15 9.15
u     ;

3 5.82u =  m·s-1.
Considering vertical section IV (Figure 9).
In (11) r  is density of load-carrier. It is equal to weight 

of its individual volume ( 31mm q⋅ ). In this case having 

introduced designation 1
2 x rk A q a⋅ ⋅ = , the equation will 

come to the form:
 

gua
dt
du

 2)( .				   (28)

A differential equation with divided variables is received. 
Then it is transformed in:
 

dt
gua

du


 2)(
.				   (29)

Equation (29) is table mode. Its solution looks like:

 ( )1 ln
2 ( )

g u a
t C

a g g u a




 
 

  
		  (30)

Fig. 7. Dependence of a particle movement velocity on time
Fig. 8. Dependence of particle velocity on  

an angle of rotation
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At 3,0 uut ==  from (30) it is received: 

 
3

3

( )1 ln
2 ( )

g u a
С

a g g u a




 


  
.

Substituting the received expression in (30):

 
4 3 2

4 3

( ) ( )

( ) ( )
t a g

g u a g u a
e

g u a g u a

 

 

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            

(31)

Calculate the velocity of a particle value in the vertical 
pipeline with the equation (31). For a turbulent condition, at 

0.5R =  m, accept factor 0.43xk =  and Ar = π · R2. In this 
case the factor a  is equal:

0.5 0.43 3.14 0.0025 9.81 0.15a = ⋅ ⋅ ⋅ ⋅ = .
Taking into account losses on I, II and III sections, air ve-

locity is taken equal to 10 m·s-1, and the particle in section IV 
arrives with a velocity of 5.82 m·s-1.

Substitute values of the constitutes in the equation (30):

 
2

9.81 (10 ) 0.15 9.81 (10 5.82) 0.15

9.81 (10 ) 0.15 9.81 (10 5.82) 0.15
t a g

u
e

u


           
          

As a result of calculations it is found that и4=2.55 m·s-1. 
Hence, the particle velocity in the vertical pipeline will de-
crease to this velocity.

Knowing the necessary velocity of particles at the out-
flow, satisfying transportation and uniform distribution on 
taps, by means of velocity and time in a way it is possible to 
calculate possible height of the vertical pipeline. 

Conclusion

The offered mode of turn of a transport line ensures the 
stable distribution law of particles of mineral fertilizers in 
a cross-section of material supply tube on an input in the 
working organ, concentrated on the exterior side of the 
turn (bow) section. Installation of a whirler on a way of the 
stabilised stream, made in a form of  quadruple helical spiral 
with linear shift of the beginning of winds, transfers the first 
a rotation which promotes distribution of particles by an 
equal stratum on an internal wall of the material supply tube. 
Theoretical substantiations of displacement of the beginning 
of winds, velocities of particles in four sections – horizontal, 
bow, with a whirler and in vertical (before a dividing head), 
allow to fulfil calculations of their design parameters.
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