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Abstract. The purpose of this work is to analyze the coefficient of hydraulic resistance in the separator of a 

direct-flow control valve with a rotary lock  according to the approximation of the superposition of pressure 

losses in elementary local resistances. In contrast to the known methods of constructing simulation models, 

the proposed analytical method of calculation is based on a qualitative assessment of the specified 

coefficient in the implementation of throttling of fluid flows in the "separator-rotary lock" unit, depending 

on the design and operating parameters of the process. It was found that, within the selected range of 

variation of the separator parameters, an increase in the valve opening degree from 20% to 50% leads to a 

decrease in the hydraulic resistance coefficient by 19.6 times, and an increase in this degree from 20% to 

100% is associated with a 42.4-fold decrease in the studied characteristic. This circumstance justifies the 

effectiveness of the proposed method for throttling the flows of the working medium. The results obtained 

are used to study the influence of the main design parameters of the “separator-butterfly valve” unit on the 

flow capacity of the control valve and are relevant for stochastic modeling of the hydrodynamic cavitation 

process. 

1 Introduction  

The process of regulating fluid flows during the 

operation of pipeline valves requires the fulfillment of a 

number of regulatory conditions, which, first of all, 

include various conditions for selecting the flow rate 

characteristics and throughput of valves [1,2]. The 

presence of cavitation [3-5] during the operation of 

regulating devices additionally complicates this choice 

and leads to the need to make constructive decisions 

aimed at preventing the negative consequences of this 

phenomenon [1,2]. The presence of cavitation [3-5] 

during the operation of regulating devices additionally 

complicates this choice and leads to the need to make 

constructive decisions aimed at preventing the negative 

consequences of this phenomenon [1,2]. In particular, 

devices for throttling fluid flows using single [6,7] or 

stepped [8] perforated elements are widely used, for 

example, in direct-flow valves [6-9], including those 

with various shapes of throttling channels. 

 The actual problem of ensuring a given profile of 

the flow characteristic of a control valve when changing 

the degree of its opening [10] at the design stage of 

control equipment is directly related to the calculation of 

the hydraulic resistance coefficient for fluid flows in the 

flow part [11-13]. In addition, the methods for 

calculating the rational ranges of changes in the values 

of the parameters of the throttling process of liquid flows 

are also based on data on the coefficient of hydraulic 

resistance in the main unit of the control valve [14,15]. 

The purpose of this work is to analyze the coefficient 

of hydraulic resistance in the separator of a direct-flow 

control valve with a rotary lock [16] according to the 

approximation of the superposition of pressure losses in 

elementary local resistances. 

The study of the dependence of hydraulic resistance 

in laminar and turbulent flow regimes of working fluid 

media on various factors is devoted to many works [13, 

17-21]. However, the theory of turbulent flows belongs 

to a developing scientific direction, which contributes to 

the development of several types of methods for 

calculating the hydraulic resistance coefficient: 

theoretical and experimental [11-13,17], simulation [18-

21], analytical [13]. 

The first group of methods [11-13,17] is 

characterized by active involvement of experimental data 

in calculations, including in the form of empirical 

dependences of a tabular and graphical nature. In 

particular, in [17], an empirical formula was proposed 

for calculating the value of the hydraulic resistance 

coefficient in smooth channels taking into account a set 

of criteria (Reynolds, Froude and the degree of flow 

propagation). 

The second group of methods [18-21] uses both 

ready-made software products and various difference 

schemes to obtain a numerical solution of the system of 

classical equations of continuity, motion and energy 

conservation for an incompressible working medium 

with special properties in channels of various shapes. For 

example, in [18], the case of the dependence of the local 
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hydraulic resistance in a flat channel with a sudden 

narrowing on the temperature parameter was numerically 

investigated. Within the framework of numerical 

modeling in [19], the influence of wall roughness and 

rotational effects on the formation of turbulent flows in 

the channel was studied. 

The third method [13], like the first group of methods 

[11-13,17], involves the implementation of the principle 

of superposition of pressure losses in elementary local 

resistances. This takes into account the features of the 

flow of the working fluid in the flow channels of specific 

devices of a simplified form, depending on the design 

parameters [13]. The advantage of analytical methods is 

the clarity of the results and the possibility of their 

application, for example, in stochastic modeling of 

hydrodynamic cavitation [22-24] in the working part of 

the control valve. In particular, for a direct-flow device 

with a movable external gate [25], the description of the 

integral characteristics [26] of the process under study is 

carried out taking into account the results of calculations 

[13] for the indicated coefficient. 

In contrast to the known methods of constructing 

simulation models [18-21], the proposed analytical 

method of calculation is based on a qualitative 

assessment of the specified coefficient in the 

implementation of throttling of fluid flows in the 

"separator-rotary lock" [16] unit, depending on the 

design and operating parameters of the process. At the 

same time, the analysis of the simulation results obtained 

by the authors [13, 22-24] for the case of throttling of 

fluid flows in the separator of an axial valve [25] allows 

us to put forward a working hypothesis about the most 

significant factors affecting the process under study in 

the main valve assembly [16]. These circumstances are 

decisive in the design of pipeline valves [27-30]. 

2 Description of a set of design 
parameters of the main unit of a direct-
flow valve with an external rotary valve  

The main unit of the direct-flow valve [16] consists of 

two coaxial perforated cylindrical shells: a fixed inner 

(separator) and a movable outer (gate) with the 

possibility of rotating the latter relative to the 

longitudinal central axis of symmetry. The degree of 

opening of the separator changes with the rotation of the 

shutter due to the overlapping of the round holes on both 

shells with the formation of throttling holes in the form 

of a double segment or circle. We give the following 

designations for the structural parameters of the 

elements. Let the set of the specified parameters of the 

separator include: the diameters of the separator: 

external
1extD  and internal

1intD ; the length of the 

perforated part 
1 =L L ; diameter of radial throttling 

holes 
01 0=d d ; distances: between rows of these holes 

11 1 =   and between holes in any row 
21 2 =  ; wall 

thickness
1 ; the number of throttling holes in one row 

1q ; the number of these rows 
2q . The set of design 

parameters of the external butterfly valve includes: wall 

thickness
2 ; the length of the perforated part 

2 =L L ; 

diameter of radial throttling holes 
02 0=d d ; distances: 

between rows of these holes 
12 1 =   and between holes 

in any row 
22 2 =  ; bevel angle . The parameters of 

the cylindrical parts of the outer and inner valve bodies 

include: their outer diameters 
01extD  and 

02extD , 

accordingly, the wall thickness 
01 02 0 =  =  . 

Then the independent parameters of the main unit of 

the direct-flow valve are the following components of 

the set 
11 1{ }, 1,= =v UU U v n : 

 
1 1 01 02 0 1 2 1 2 1 2{ , , , , , , , , , , , }.=     int ext extU D D D L d q q (1) 

Taking into account (1), the dependence of the 

nominal sectional area of the separator ( ) =  y y
 and 

the nominal bore diameter ( )= y yD D  on the valve 

opening degree [0;1]  are determined by the 

expressions 

 
2

0 1 2( ) / 4  =  y d q q ; 
1/2( ) [4 ( ) / ] =   y yD  (2) 

In this case, the angle of rotation ( )  =    for the 

outer perforated shell (gate) is related to the value   by 

the following relationship 

 
1( ) 2 [ ( )] /   =   intH D  (3) 

Here, the value of the segment center angle ( )   

for the open part of the throttling hole with the radius 
0d  

corresponds to the solution of the equation 

sin  =  −  . The following designations are 

adopted: 

 
0[ ( )] sin[ ( ) / 2]     W d   

 [ ( )] [ ( )]tg[ ( ) / 4] / 2        H W   

3 Modes and methods  

The calculation of pressure P  losses in the unit 

"separator - external rotary lock" for a direct-flow valve 

[16] can be performed by taking the approximation of 

the validity of the superposition principle for pressure 

P  losses in elementary local resistances [10-12] 

 
1 =

 = 
s

P P  (4) 

based on the Weisbach formula [10] 

 
2

1
( / 2)  =

 =  
s

LP w  (5) 

Expression (5) contains designations for the average 

flow velocity 
w  for the working medium with density 

L
 in the case of local resistance in the section 1, = s  

with a coefficient
 . 
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The primary assessment of the Reynolds criterion 

when fulfilling (2) is carried out according to the 

empirical expression 
1max 1Re 353 / ( )= y yQ D  [11]. This 

criterion connects the operating parameters of the 

throttling process: the nominal diameter 
yD  from (2) 

and the maximum attainable flow rate 
1maxQ , m3/h  

through the valve for a working fluid with kinematic 

viscosity 
1 , cm2/c at temperature 

1t , ℃. In particular, 

we give set 
22 2{ }, 1,= =v UU U v n  as set for operating 

parameters  and a complex 
33 3{ }, 1,= =v UU U v n  for the 

physic mechanical characteristics of the working 

medium where 
minP  is the minimum pressure drop; 

0 , 

g⨯c/cm3 is the volumetric weight. 

Taking into account the existing modes of fluid flow: 

laminar ( Re 10 ) and turbulent (
4Re 10 ), a 

qualitative assessment of the coefficient of hydraulic 

resistance 
12  for the transition region (

410 Re 10  ) is 

made by summing the corresponding linear 
1  and 

quadratic 
2  components according to [10] 

 
12 1 2 =  +  (6) 

Taking into account the Darcy-Weisbach formula for 

laminar flows [10-12] and the equation of fluid flow 

continuity, the following calculation of the specified 

linear component of the required hydraulic resistance 

coefficient 
1 1( ) =    with pressure loss for total 

number of throttling passages 
1 2=N q q  is proposed 

using dependence (3)  

 

2

1 2 1 2

1 2

0

( )4
( )

Re [ ( )] ( )


 

  + 
  =  

   

y m

y

D Wq q

dW H
 (7) 

where is denoted: [ (1/ 2)] / 2 mW W .  

The second component 
2 2 ( ) =    from (6) for the 

quadratic part of the hydraulic resistance coefficient 
12  

corresponds to the turbulent flow of the working fluid 

and takes into account several stages of its formation. In 

particular, the following main stages are highlighted: (a) 

rotation by the bevel angle; (b) movement in channels of 

variable cross-section, annular and slotted. In case (b), 

the Borda formula [11] is applied in the approximation 

of equality of the areas of the narrowed and throttled 

channels. In addition, this takes into account the 

relationship between the inner and outer diameters of the 

separator from (1) with the nominal cross-sectional area 

of the wide channel during the annular and slotted 

movement of the working medium. Taking into account 

(1), (3), from (4) it follows 

 

4

1
2 0 2 2 2

01 0 02

2 2 2 2

01 0 1 1

6

2

1 1 1 2

/ 20
( )

90 [( 2 ) ]

[( 2 ) ]2

20

( ) /{20 ( ) ( )} 1



 


  = +

−  −

−  −
+ 

   −     − 

y

ext ext

ext ext ext

y

int m

Dq

D D

D D D

D

D L q q W H

 (8) 

where the compression ratio of the jet ( ) =    

depending on the value of the central angle of the 

segment ( )   for the open part of the throttle hole is 

calculated using the modified formula 

 
0 1 2( ) / [ ( )]   = + − mс с с n  (9) 

obtained on the basis of the Alshtul formula [12, 30]. 

Here, the compression ratio of the jet in the modified 

form 
1 2( ) [ ( ) ( )] / 2   =  + m m mn n n  takes into 

account, respectively, the annular and slotted nature of 

the movement of the working medium according to (1), 

(3) 

 
1 1 1 2 2 0

0 2 2

1 1 01 0 1

( ) ( ){ [1 ( )]}

(1 / ) /{90 [( 2 ) ]},

    +   + −  

 + −  −

m

int ext ext int

n q d z

D D D D
 (10) 

 
2

2 1 0( ) 8( ) ( ) / ( )   −  mn L H d  (11) 

Thus, summing the obtained components from (7), 

(8) for the desired coefficient of hydraulic resistance in 

accordance with expression (6), we have 

 

2

12 1

2

2 4 3

( ) /{ ( )[ ( )] }

{ / [ ( ) ( )] 1}

  

 

  =   +

+ +    −

g H W

g g g H
 (12) 

where given (9) - (11) accepted 

 
0 1 2 6 51 52( ) /{ [ ( )] / 2}   = + − + −  с с с g g g ,  

 ( ) ( sin ) /    =  −   , 
51 1 2 0( ),=  +g q d   

 
2 2

1 1 2 1 2 04 ( )( ) / (Re )  +  y m yg q q D W d ,  

 
4 0 2 2 2

2 1 01 0 02( / 20){90 [( 2 ) ] }  −  −y ext extg q D D D ,  

 
3 1 1 1 2( ) / (20 )  − int mg D L q q W ,  

 2 2 2 2 6

4 01 0 1 12[( 2 ) ] / (20 ) −  −ext ext ext yg D D D D ,  

 
50 1 1 2 2 0

0 2 2

1 1 01 0 1

( ){ [1 ( )]}

(1 / ) /{90 [( 2 ) ]},

  +   + −  

 + −  −int ext ext int

g q d z

D D D D
,  

 
51 1 2 0( ),  +g q d 52 50 0g g d .  

The proposed analytical method for calculating the 

coefficient of hydraulic resistance 
12 ( )   using (12) 

makes it possible to analyze the dependence of the 

conditional throughput of the valve ( )vyK  on the 
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central angle of the segment ( )   for the open part of 

the throttle hole using the known relationship [10-12] 

 
4 2 1

12

/2( ) 5.04 10 ( )[ ]−  =   Vy уK D  (13) 

Therefore, using (13), it is also possible to estimate 

the throughput characteristic of pipeline fittings of this 

class and solve the corresponding problem of profiling. 

4 Results and Discussion 

We will present an illustration of the results of this study 

using the example of a qualitative assessment of the 

hydraulic resistance coefficient 
12  for the transitional 

region of the flow of the working medium (
410 Re 10  ) in the flowing part of a direct-flow valve 

with an external butterfly valve [16].  

According to the proposed expression (12) for 

12 ( )  , the character of the functional dependence of 

the sought coefficient on the design parameters of the 

liquid throttling process from the set (1) for 

11 1{ }, 1,= =v UU U v n is studied for within the selected 

limits of their change.  

In accordance with the accepted requirements for 

industrial testing of control valves, it is considered that 

the working fluid is water with the following physical 

and mechanical characteristics 
33 3{ }, 1,= =v UU U v n : 

density 310 =L
 kg/m3; kinematic viscosity 

2

1 0.81 10− =   cm2/c and bulk density 
0 0.995 =  

g⨯c/cm3  at temperature 
1 30=t  ℃.  

The values of the operating parameters 

22 2{ }, 1,= =v UU U v n  for the process of throttling of the 

working fluid are different: the maximum attainable flow 

rate through the valve 
1max 0.8=Q  m3/h; minimum 

pressure 
min 1.3 =P  kPa; temperature 

1 30=t  ℃. 

 From a set of design parameters, we indicate values 

for (1): 2

1 3.68 10−= extD  m; 2

1 3.4 10−= intD  m; 

2

01 6.5 10−= extD  m; 2

02 5.3 10−= extD  m; 

22.35 10−= L  m; 3

0 2.0 10−= d  m; 3

1 1.0 10− =   m; 
4

2 3.9 10− =   m; 3

1 2 2.8 10− =  =   m; 2

0 1.2 10− =   

m; 
1 24=q ; 

2 7=q ; 045 = .  

The obtained values for the central angle of the 

segment 
  for the open part of the throttle hole, the 

data for the nominal diameter 
yD  and the Reynolds 

criterion Re y
 depending on the degree of valve opening 

  are given in Table 1. 

As can be seen from Table 2, in the indicated ranges 

of change in the values of the separator parameters, an 

increase in the degree of valve opening from 
1 0.2 =  to 

2 0.5 =  leads to a decrease in the value 
12  by 19.6 

times, and when changing from 
2 0.5 =  to 

4 1.0 = , a 

decrease in the studied characteristic by 42.4 times is 

observed. At the same time, an increase in the degree of 

valve opening from 50% to 100% provides an increase 

in the value of its conditional throughput 
VyK  by 2.9 

times. These facts prove the effectiveness of the 

proposed method for throttling the flows of the working 

medium in the main unit of the control valve "separator-

rotary lock" [16].  

Table 1. Results of calculating for the central angle of the 

segment 
  for the open part of the throttle hole, the data for 

the nominal diameter 
yD  and the Reynolds criterion Rey

 

depending on the degree of valve opening   . 

     , rad yD , 10-2, m  Re y , 104 

1 0.2 1.627 1.159 6.6754 

2 0.5 2.309 1.833 4.2219 

3 0.8 2.824 2.319 3.3377 

4 1.0 3.142 2.592 2.9853 

The calculated values of the hydraulic resistance 

coefficient 
12  for the transitional region of the flow of 

the working fluid and the conditional throughput of the 

valve 
VyK  according to expressions (12), (13) are 

contained in Table 2. 

Table 2. Results of calculating of the hydraulic resistance 

coefficient 12  for the transitional region of the flow of the 

working fluid and the conditional throughput of the valve 
VyK  

depending on the degree of valve opening    

    12 , 101 VyK , m3/h 

1 0.2 61.832 0.214 

2 0.5 3.159 2.367 

3 0.8 1.532 5.437 

4 1.0 1.459 6.964 

According to the data obtained [13], to estimate the 

specified coefficient in the case of throttling of the fluid 

flow in an axial valve with a movable external lock [25], 

a number of the most significant design parameters have 

been identified, which makes it possible to carry out 

similar reasoning in this work. The calculations 

performed for the dependence 
12 ( )   allowed us to 

analyze the influence of various design parameters on 

the process under study in the flow part of a direct-flow 

valve with an external rotary valve [16]. The group of 

surfaces for the functions 
12 0 2( , ) d q , 

12 0 1( , ) d , 

12 1 1( , ) intD q  obtained using expression (12) are shown, 

respectively, in Fig. 1a, 1b; Fig. 2a, 2b; Fig. 3a, 3b. 

Moreover, the graphs in Fig. 1a-3a are plotted for the 

value of the valve opening degree 
1 0.2 = , and on the 

others Fig. 1b-3b are for values from a range 

[0.5;1.0] . There is a smooth drop in the hydraulic 

resistance coefficient 
12  with an increase in the values 

of the diameter 
0d  of the throttling holes (graphs 1-3, 

Fig. 1b; graphs 1-3, Fig. 2b), as well as their number 
1q  

in one row on the cylindrical surfaces of the separator 
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and the outer rotary valve shell (Fig. . 3a; graphs 1-3, 

Fig. 3b).  

 

Fig. 1. Relationship between the coefficient of hydraulic 

resistance 12 , the diameter of the throttling holes 0d  and the 

number of their rows 2q : 1 24=q ; 2

1 3.4 10−= intD  m; 

3

1 2 2.8 10− =  =   m ;  a)  0.2 = ; b)    1 – 0.5 = ; 2  – 

0.8 = ; 3 – 1.0 = . 

The indicated tendency is more pronounced at small 

degrees of valve opening - near the value 
1 0.2 =  (Fig. 

1a; Fig. 2a; Fig. 3a). In particular, with the following 

fixed values of design parameters 
1 24=q ; 

2 7=q ; 

2

1 3.4 10−= intD  m; 3

1 2 2.8 10− =  =   m an increase in 

the diameter of the throttling holes within 
3

0 (1.8 2.1) 10−= − d  m leads to a drop in the value of 

the hydraulic resistance coefficient by 1.12 times. 

Significant upward changes in coefficient values 
12  are 

associated with a reduction in the number of rows of 

throttling holes 
2q  (Fig. 1a; Fig. 1b).  

In addition, there is a tendency to a decrease in the 

value of the hydraulic resistance coefficient with a 

decrease in parameters 
1  (Fig. 2a; Fig. 2b) and (Fig. 3a; 

Fig. 3b). These facts create conditions for finding 

rational ranges of changes in design parameters.  

 

Fig. 2. Relationship between the coefficient of hydraulic 

resistance 12 , the diameter of the throttling holes 0d  and the 

wall thickness of the separator 1 : 1 24=q ; 2 7=q ; 

2

1 3.4 10−= intD  m;  a)  0.2 = ; b)    1 – 0.5 = ; 2  – 

0.8 = ; 3 – 1.0 =  

The influence of the function 
12 ( )  obtained based 

on the proposed expression (12) on the parameters of the 

conditional throughput 
VyK  are presented in Fig. 4. In 

particular, the calculation 
12 ( )   according to (12) 

made it possible, when using (13), to trace the tendency 

of an increase in the throughput characteristic with an 

increase in the valve opening degree (see Table 2, Fig. 

4). 

In addition, in Fig. 4 shows a clear increase in the 

throughput of the separator with an increase in the 

diameter of the throttling holes, and more significant at 

values of the valve opening degree  , in the vicinity of 

unity (graph 4, Fig. 4). 

Thus, the estimation of the nominal throughput 
VyK

depending on the design parameters of the direct-flow 

valve can be used in the analysis of its throughput 

characteristics and the choice of profiling for the 

efficient operation of control valves. 
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Fig. 3. Relationship between the coefficient of hydraulic 

resistance 12 , the inner diameter 1intD  of the cage and the 

number of throttling holes in one row 1q : 2 7=q ; 

3

0 2.0 10−= d  m; 3

1 2 2.8 10− =  =   m ;  a)  0.2 = ; b)    1 – 

0.5 = ; 2  – 0.8 = ; 3 – 1.0 =  

 

Fig. 4. Relationship between the conditional throughput of the 

valve 
VyK , the degree of valve opening    and the diameter of 

the throttling holes 0d : 1 24=q ; 2 7=q ; 2

1 3.4 10−= intD  m; 

3

1 2 2.8 10− =  =   m ;  1  – 0.2 = ; 2  – 0.5 = ; 3  – 

0.8 = ; 4  – 1.0 =  

5 Conclusions  

In the present work, a qualitative assessment of the 

hydraulic resistance coefficient is carried out when the 

throttling of fluid flows in the “separator-butterfly valve” 

unit [16] is carried out, depending on the design and 

operating parameters of the process by an analytical 

method. The results obtained are an integral part of the 

theoretical basis for the design of pipeline valves and 

contribute to the modeling of the throttling process, 

including on the basis of a stochastic approach [31], and 

the choice of rational ranges of change in the design 

parameters of the process under study.  

The main results include the theoretical confirmation 

of the effectiveness of the proposed method for throttling 

the flows of the working medium in the main unit of the 

control valve "separator - external rotary lock". In 

particular, it was found that, within the selected range of 

variation of the separator parameters, an increase in the 

valve opening degree from 20% to 50% leads to a 

decrease in the hydraulic resistance coefficient by 19.6 

times, and an increase in this degree from 20% to 100% 

is associated with a decrease in the studied characteristic 

42.4 times. In addition, conditions have been created for 

assessing the throughput characteristics of pipeline 

valves of the specified class and solving the 

corresponding problem of profiling.  

The results obtained are used to study the influence 

of the main design parameters of the “separator-rotary 

lock” unit on the flow capacity of the control valve and 

are relevant for stochastic modeling of the hydrodynamic 

cavitation process. 

So, the conclusions and results of the work include 

the following: 

• An analytical method is proposed for calculating 

the hydraulic resistance coefficient in the flow path of a 

control valve with a rotary gate, taking into account the 

sets of design and operating parameters, as well as the 

physical and mechanical characteristics of the working 

medium. 

• The efficiency of the proposed method of throttling 

the flows of the working medium in the main unit of the 

control valve "separator - external rotary gate" [16] is 

shown on the basis of the calculation of the hydraulic 

resistance coefficient. 

• A set of the most significant design parameters of 

the liquid flow throttling process for the specified control 

valve assembly was identified when analyzing the 

corresponding dependencies for the hydraulic resistance 

coefficient. 

• Preconditions have been created for calculating the 

flow characteristic of a direct-flow control valve of the 

specified class and solving the problem of profiling. 

• An integral part of the theoretical basis for 

modeling the process of liquid throttling in the 

"separator - external butterfly valve" control valve unit, 

including the stochastic one, has been formed. 
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