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Abstract:  

The object of research is the issue of studying the hydraulic process of fluid movement in open 
free-flow channels. As is well known in hydraulic engineering construction, open flume-type conduits are 
widely used, where the flow velocity sometimes exceeds the critical ones. Therefore, it is necessary to 
determine the main hydraulic parameters of the fluid flow in a turbulent regime. Of particular interest is 
the movement of the flow in the rotary part of the tray. Method. To determine the main hydraulic 
parameters of the flow in the turning part, we proceeded from the Euler equation for the polar coordinate 
system. Taking into account the Bernoulli equation and subsequent integration of the main formula, 
calculation formulas for the turning part of the flow were obtained. Result. Because of the study, we 
obtained the main expressions by which the turning radius can be determined and compared with the 
critical one. These parameters allow you to analyze the turbulence of the flow in the tray. 

1 Introduction 

When bypassing hills, it is difficult to construct a canal along a slope - large excavations are obtained 
from the side of the hill and large embankments on the slope. These factors affect the increase in the 
volume of construction work and the increase in the cost of the object. In such places, instead of an 
earthen channel, trays with sides in the form of retaining walls are arranged; the bottom of the trays is 
reinforced with concrete slabs or a monolithic concrete coating. The side walls and bottom of the trays 
are equipped with a reinforcing mesh, the section of which is selected from the conditions of deformation 
and stability of structures [1-4]. Scouring flow velocities affect the stability conditions of the structure 
associated with the erosion of the channel and its destruction. 

In the channel of the channel, reinforced with concrete material, it is possible to allow higher speeds 
than in the earthen channel, this is due to the process of channel erosion and mechanical suffusion. 
therefore, its cross section will be smaller than the channel. 

Hydraulic calculation in the flume is similar to the calculation of structures in open channels. where 
on the rounded sections of the tray, one should take into account the increase in the water level at the 
concave side of the tray and the fluid flow rate [5-7]. 

The water velocity in the flume is set to be slightly higher than in the channels adjacent to it, about 
1-2 m/sec, in order to prevent sedimentation in the flume. High speed will cause large slopes of the flume, 
which leads to a change in the main hydraulic parameters of the flow. The movement of liquid in the trays 
is due to turbulence and sometimes proceed in a violent vortex. For hydraulic engineers, the issue of 
reliability and durability of trough-type structures is of great importance. The purpose and objectives of 
research is the process of fluid movement in the turning section of a non-pressure open flume channels 
[8-16]. 
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2 Materials and Methods 

Vortex flow are more common in the turning section of trough-type unpressurized water 
transmission structures. The vortex flow in the turning section can continue to move along the longitudinal 
and transverse slopes of the transmission unit and with the bottom slope equal to zero. 

To determine the hydraulic parameters, we use the expressions of the Euler equations written in 
the polar coordinate system. These equations can be written as follows in a cylindrical coordinate system 
with plane θ, r, which coincides with the bottom plane of the structure in steady motion [17-24]: 
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ur and uθ  – projections of velocity in plane polar coordinate system;  
jr, jθ and jz – space are projections of volumetric force acceleration in a polar coordinate system.  
The plan of the turning section of the structure is given in Fig. 1a.  
Since hydraulic calculations in trough structures are quite complex, it is expedient to solve it on 

the basis of the law of continuity of flow. For this reason, the flow continuity equation in trough-type 
structures is expressed as follows in the plane polar coordinate system [14]: 
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Where, h is the depth of the curve at an arbitrary radius r from the center point “O” of the curve. 
The formation of the bottom slope in the curved part of the trough type of water supply has a significant 
impact on the flow dynamics. In the turning section of the water transmission structure, ur=0 and jr=0 
when the bottom coincides with the horizontal plane. Then the first equation of the system (1) is as 
follows:  
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Given the above conditions, we can simplify the second equation of the system (1) and write it as 
follows: 
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It is recommended to pay attention to the shape of the expression after its integration, using the 
Bernoulli equation. 
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Fig.1 – Turning position parts of the water transmission structure: a) Turning plan; b) straight-
bottomed sloping streams; с) streams of constant depth; d) streams with a horizontal bottom line 

Since the above requirements have no effect on the third equation, it is written as follows:: 
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Considering that the projection of the volumetric force acceleration on the z axis in equation (5) is 

zj g= − , we obtain this equation by integrating:  

 p gz C= − + ,       (6) 

C - is an integral constant and is defined in the form 0atmC P gz= +  by substituting the conditions 

atmp p=  and 𝑧 = 𝑧0 in the equation (6) on the free surface of the flow. When we write this in formula (6), 

the pressure at any point is found by the following formula: 

   ( )0atmP P g z z= + −            (7) 

The bottom line, which is inclined in the curved part of the trough along the road, changes the 
flow parameters by creating an angle 𝛼 = 𝑎𝑟𝑐𝑡𝑔𝑘 with respect to the horizontal line (Fig. 1, b), take into 

account the height of the location 𝑧𝑏𝑜𝑡 = 𝑘𝑧 and the depth of the flow 0 both z z= −  from the coordinate 

origin of any point of the bottom. Using the formula (7), the pressure at any point with coordinates (z, r) 
is determined as follows: 

   ( ) ( )   atm bot atmP P g z h z P g kr h z = + + − = + + −    (8) 

If we differentiate each side of the expression (8) according to the radius of the arbitrary point from 
the center of the curve, we obtain the following expression: 
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If we replace the expression (9) in (3): 
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Differentiating the obtained equation (10), we obtain the following formula: 
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In the polar coordinate system, the projection of the transverse velocity pressure at any point of the 
flow according to the angle of rotation in the turning section is determined as follows according to the 
scheme shown in Fig. 1, b: 
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Considering Equation (12) in expression (11): 
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When the bottom line of the transverse section in the turning section of the water transmission 
structure forms an angle α with the horizontal line, if the depth of the flow in any radius r from the center 

of the curve "O" is h (Figure 1, b), the expression 0y H h= −  (13) is given in the form of a differential 

equation:  

  2 3
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k
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The last expression can also be written as follows: 
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When we indefinitely integrate each side of equation (15), we obtain the expression for the depth 
h by substituting the accepted expression for y in this equation: 

 0 2

C
h H kr

r
= − + ,         (16) 

where: C is an integral constant, taking into account the conditions r=r0 and h=h0 in equation (16) 
is found as follows: 

  ( )3 2

0 0 0 0C kr H h r= − −                       (17) 

Substituting (17) for (16), we obtain the following expression for determining the depth h in an 
arbitrary radius r: 
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 If the slope of the trough in turning section of the trough-type aquifer forms an angle α with the 
horizontal line, in the cross section with the coefficient k=tgα, indicating the tangent of this angle, the 

centrifugal acceleration, taking into account the radius r0 from the center of the curve is (Fig. 2) 

2

0r


  [27-

30]. Due to the fact that the centrifugal and release accelerations along the cross-section of the flow act 
in a direction perpendicular to the k - slope bottom line of the accelerating structure is [25-26]: 
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Fig. 2 – Schematic diagram of the cross-section at curved part of the water transmission structure 
with the bottom line inclined straight. 

Given the expression (19) in (18), the relationship formula between the depth h of the flow at a 
random radius r from the center of rotation and the average velocity pressure is given in expression (20): 
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where: ξd - is the local loss coefficient in the transversely inclined part of the water transmission 
structures, calculated by the following formula: 
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In the case under consideration (Figure 1, b), the bottom slope in the transverse direction of the 
structure: 

 .botdz
k

dr
=      (22) 

If we replace the expression (22) in the first of the formulas (13), we get: 
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If the free surface of the flow in the curve is convex and the depth is constant (h=const), the inner 

bottom line of the device is also convex (Fig. 1, c). In this case, given that 0
dh

dr
=  in Equation (23): 
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Equation (24) can be written as follows: 
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When we indefinitely integrate each side of the last equation, we get 
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where: is a C-integral constant, taking into account the conditions r=r0 və zbot=z0 in equation (26) 
is found as follows: 
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Considering (27) in (26), we can write this equation as follows: 
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If z0=0, the point on the center line of the bottom of the structure coincides with the plane of 
comparison (O-O) and zbot from Equation (28) is found as follows: 
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If the inner bottom line is horizontal in the curved part of the water transmission structure (Fig. 1, 
d), then zbot = const and k = 0. For this case, Equation (13) is expressed as follows: 
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Writing formula (30) on different sides of the equation according to the variables h and r: 
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If we integrate, we get: 

 ( )0  ln 2H h lnr lnC− − = +                     (32) 

Taking into account the integral constant C in equation (32), the conditions r=r0 and h=h0 in this 
equation, we find: 

( ) ( )
( )

1 2

0 0 0 2

0 0 0

1
ln ;       ln H h Cr C

r H h

−
− = =

 − 
   (33) 

If we replace the expression (33) in (32): 
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If r=rcrit, h2=hcrit depth is formed and the flow rate at this depth is determined by the following 
expression: 

 crit critu u gh= =                (35) 

In the curved part of the horizontal bottom line (zbot = const), the total pressure can be calculated 
by the following formula (Fig.1, d): 
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Taking into account the expression (35) in (36), we obtain the expression by the dependence of 
the depth of crisis on the full pressure: 
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When we replace h0 with hcrit and r0 with rcrit in expression (34), we obtain the following expression 
for the depth h from this equation: 
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The last expression is determined by rcrit: 

( )0

0
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−
=                     (39) 

The average velocity along the depth h of the flow from the center of the bend to the radius r is 
determined from the expression of the total pressure (Fig. 1, d). 

 ( )
2

0 0 ;      2  
2

u
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g
= + = −                  (40) 

As can be seen from expression (40), when h=0, the velocity receives the maximum possible value: 
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      02  maxu g H=                     (41)  

By multiplying the numerator and denominator of the square root expression in formula (39) by 2g, 
taking into account formulas (40) and (41), we obtain the following expression for rcrit: 
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g H h u
r r r
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−
=  =      (42) 

Using the latter expression, it is possible to calculate rcrit when the average u, as well as umax 
velocities at a depth h of radius r from the center of the bend of the water transmission structure are 
known, which gives an idea of the flow modes. Thus, if r> rcrit is in the horizontal position of the bottom 
line on the transverse section in the turning section of the water transmission structure, the flow is calm, 
and if r <rcrit is in a whirlpool. 

3 Results and Discussion 

 Thus, the expressions (12) ÷ (42) obtained in the considered issue allow to determine the 
hydraulic parameters and operating modes of the flow in the turning section of unpressurized 
transmission structure. As a result of the research, were obtained the main expressions by which the 
turning radius can be determined and compared with the critical parameters. Based on the analysis of 
the study, it is possible to plot the dependence of the radius and flow velocity in the turning part of the 
hydraulic flume. The dependence graph is shown in Fig. 3. As can be seen from the graph, if r>rcrit., the 
current is calm and this process corresponds to the coordinates between points A-B, if r<rcrit, the current 
will be rough and this corresponds to the coordinates between points B-C. These parameters allow us to 
analyze the turbulence of the flow in the tray during the design. 

 

 

Fig. 3 - if r>rcrit., coordinates between A-B, flow is calm If r<rcrit., coordinates between B-C, flow is 
whirlpool 

4 Conclusions 

The issue of turbulent vortex motion of liquid in the rotary part of an open flume, which are widely 
used in hydraulic engineering construction, is considered. As a result of the research, it was found that 
with known parameters of fluid movement in the turning section of the flume with a radius, an average 
speed and a maximum speed in the depth of the channel, it is possible to determine critical radius as a 
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result of which it is possible to form a position on the modes of fluid movement in free-flow open channels. 
Proceeding from this, it should be noted that along the vertical line of the transverse section of the turning 
part of the flume, if the radius big than critical radius, the flow will be calm, if the radius smaller than 
critical radius the flow will be violent. The proposed method for calculating the channel flow of a liquid 
makes it possible to determine the operating mode and hydraulic parameters of the liquid flow. 

In this article, the results obtained are as follows. 
1. Arrangement of drainage tray structures in difficult foothill areas in order to reduce the volume 

of soil work. 
2. Calculations have shown that in flumes it is possible to develop high flow rates exceeding the 

flow rate in conventional channels. 
3. The results of the research make it possible to choose a more stable design, taking into account 

their durability and operational efficiency. 

5 Acknowledgements 

Linear structures are widely used in hydraulic engineering construction, which include channels 
and trays. Canals are built in the soil environment and from this point of view, this design has a number 
of disadvantages - low water velocity due to channel erosion, - rapid settlement and difficulty in cleaning 
them from sediments. In connection with the expense, it is expedient to use concrete and reinforced 
concrete tray structures. 

The proposed article allows you to determine the main hydraulic parameters of the tray in the rotary 
part. That allows you to design them in difficult sections of the route and ensure the passage of high 
current velocities. At the same time, a reliable design can be designed, which will increase the service 
life and save money on repairs and maintenance. 

6 Fundings 

As you know, the flow rate in open channels affects the reliability and stability of the structure. In 
the rotary part of the trays, the movement of liquid is accompanied by a turbulent flow. This leads to 
erosion of the riverbed. The method for calculating the main hydraulic parameters of the flow makes it 
possible to determine the critical radius in the turning sections. The application of these calculations 
allows you to choose the correct mode of fluid flow. 
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