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Abstract: Regularities of viscous fluid flow in the hydrodynamic entrance region of a round pipe under
turbulent unsteady flow conditions were studied, taking into account the tangential stresses that
develop between the fluid layers. What distinguishes the proposed research is the method for
generating tangential tensions between fluid layers, which impacts the accurate monitoring of the
current hydrodynamic events. The study was based on the system of differential equations of viscous
fluid flow, where viscous forces in turbulent flows were calculated using the Prandtl calculation
method for stationary turbulent flows. Nevertheless, this formula could also be used in the case of
unstable turbulent flows. This theory about the appearance of viscous forces in turbulent flows led to
the creation of a mathematical model of the issue and the development of a method for its integration.
Integration throughout the length of the inlet transition section led to the derivation of calculation
formulas for the hydrodynamic properties of the current. These calculations showed the ongoing
phenomena. In order to accurately design the transition sections of automatic hydrocontrolled
equipment, it was crucial to understand the inlet transition section. Conclusions were drawn from the
analysis of the results of computerized experimental research using the obtained analytical solutions.
Scientific research and engineering applications may benefit from the study’s findings.
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1. Introduction

A large number of studies of regularities of viscous fluid flow in the hydrodynamic entrance
region of a round pipe under conditions of turbulent unsteady flow is stipulated with a need to increase
the reliable set of design tools for automatic control of hydraulic systems. In applied fluid mechanics,
unstable turbulent pressure flow is an issue that is extensively researched. The variety of unsteady
pressure flow issues under investigation is large, notwithstanding the many and varied studies carried
out, the outcomes obtained, and the use of contemporary computer techniques. This is explained by
the fact that when developing methods for solving characteristic equations of unsteady pressure flows,
it is often necessary to make assumptions that significantly limit the applicability of the obtained
solution results. The results of solving the problem are often applicable to special cases of pressure
flow, and new studies are needed to clarify or improve computational approaches. New research is
required to explain or enhance computational methods, and the solutions to the problem are frequently
relevant to specific instances of pressure flow. The study of hydrodynamic phenomena occurring in
fluid-carrying channels is based on equations of motion of incompressible fluids, for the possible
integration of which assumptions are made that limit their applicability. Very often, the proposed
mathematical model of the problem reveals the picture of the ongoing physical phenomenon with
acceptable accuracy. This will enable the proper construction of a specific hydrodynamic entry region,
guaranteeing the structure’s seamless, continuous operation. An applicable problem is the investigation
of variations in the hydrodynamic characteristics of turbulent unstable flow at the entry of circular
cylindrical pipes. To achieve this goal, a mathematical model of the problem was developed, based on
the system of equations of one-dimensional unsteady flow of a viscous fluid. The friction forces
developed between the fluid layers were calculated using the formula suggested by Prandtl for
stationary turbulent flows, which is also acceptable for unsteady flows. The formulated boundary
problem was integrated using the discontinuity method, as a result of which the patterns of changes in
the hydrodynamic parameters of the flow were obtained in the studied domain. Based on the need of
guaranteeing smooth operation, our findings revealed the primary challenges of accurately designing
hydrodynamic entry regions of automatic systems.

A study was conducted to identify the patterns of change in the hydrodynamic parameters of a
viscous fluid in the inlet region of a round cylindrical pipe during unsteady laminar flow [1]. However,
the flow of a viscous fluid is mainly turbulent in nature; therefore, this study requires further development.

A comparative analysis of the results of analytical and numerical solutions of unsteady laminar
flow at the inlet section of a round pipe was carried out [2]. Discrepancies between analytical and
numerical solutions were revealed. Extensive experimental studies on unsteady laminar flows were
carried out with comparative analytical and approximative analyses, and the intervals for using these
solutions were determined [3]. A study of transient processes with a change in wave velocity along the
length was conducted. Analytical solutions of laminar flow were obtained using the method of
characteristics [4]. However, laminar flow is rarely encountered in practice. Additionally, viscous
fluids usually move in a turbulent mode. In axisymmetric pipes, depending on the change in viscosity
and pressure gradient, a method was developed for solving a boundary value problem to identify
patterns of hydrodynamic parameters of laminar flow [5]. The general solution was obtained using the
finite Hankel transform method. In [6], the unsteady laminar flow of a viscous incompressible fluid at
the inlet section of a circular cylindrical pipe under general initial and boundary conditions was
considered. In the area of sudden expansion of the cross-section of a cylindrical pipe, the patterns of
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change in the hydrodynamic parameters of a viscous fluid under general boundary conditions were
investigated [7]. The length of the transition section, which depends on the initial velocity distribution
in the inlet section, was estimated. However, in [6,7,8], the research was conducted for laminar modes,
which narrows the area of practical application of the results. Based on the research results, patterns
of changes in speeds and pressure along the length of the transition section depending on time were
revealed. Graphs of changes in the indicated physical quantities were constructed. A similar problem
for stationary plane-parallel pressure flow was considered in [8].

The linear stability of steady flow in a round cylindrical pipe with a sudden increase in flow
rate was considered. The characteristics of stability with stepwise changes in flow rate were
investigated [9]. Based on the results of experimental studies, it was revealed that, depending on the
Reynolds number, localized turbulent spots are formed behind the expansion [10]. An analysis of the
mechanism of development of turbulent spots was given.

The numerical integration method was used to study the oscillatory plane-parallel pressure flow
of a Newtonian fluid in the inlet region [11]. A calculation formula was obtained to determine the
length of the hydrodynamic entrance region. In pressure systems, sections of sudden expansion of
channels were often encountered. Based on the practical significance of the results of studying
hydrodynamic processes at the site of sudden expansion of the channel, experimental studies of
turbulent flow of fluid through channels of sudden expansion were conducted [12]. The characteristics
of the recirculation zone flow in a sudden expansion pipe were obtained. Moreover, turbulence is the
main cause of friction losses, and distortion of the velocity profile leads to the complete disappearance
of turbulence. It has been shown that the return to laminar flow was achieved by an initial increase in
turbulence intensity or a temporary increase in wall shear [13]. The flow characteristics in the
recirculation zone in a pipe with a sudden expansion of 1:2 at a Reynolds number of 20,000 were analyzed.

The unsteady flow of an incompressible fluid in a round pipe with an arbitrary change in the
kinematic viscosity coefficient over time was studied [14]. The results of the analytical solution were
compared with the direct numerical solution of the momentum equation, and the difference was 1%.
The presented analysis mainly relates to the study of hydrodynamic processes occurring at the entrance
region of a circular cylindrical channel. Changes in the hydrodynamic parameters of the flow also
occur at other transition points in the pipe: At the site of sudden widening of the section (D/d = 4),
changes in the velocity and pressure of the viscous fluid in the axial direction were determined by
numerical integration [15]. In [16], modeling the equations of flow of an incompressible fluid was
carried out in areas of sudden changes in live shear, as a result of which the patterns of changes in the
hydrodynamic parameters of the flow were revealed, and quantitative estimates were given [17]. Under
conditions of symmetrical and asymmetrical expansions of the section, a dynamic change was realized.
Changes in the hydrodynamic parameters of the flow also occur in other transition areas of the pipe.
At the site of sudden widening of the section (D/d = 4), the changes in the velocity and pressure of the
viscous fluid in the axial direction were determined by numerical integration [15] and numerical
integration of differential equations [18]. Experimental studies were conducted to obtain quantitative
estimates of the integration results [19]. The study was carried out for Newtonian and non-Newtonian
fluids. Calculation formulas for the tangential stress components in turbulent flows were proposed
in [20]. It has been shown that the turbulent tangential stress approaches faster in the flow direction
than in the normal direction [21]. The reasons for this trend are explained by the formation of wall
vortices. An analysis of the logarithmic profile of the velocity distribution in turbulent flow was
performed in [22]. In the area of sudden widening of the section, researchers have measured the
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changes in velocities in the direction of flow [23], which makes it possible to have an idea of the
changes in velocities and draw conclusions. This is important for studying the properties of the flow.
Moreover, using Prandtl's formula for the mixing path length in a smooth boundary layer, a smooth
boundary turbulent flow simulation was performed [24], which resulted in the velocity distribution law
in the boundary layer. However, these generalizations are not applicable to cylindrical or smooth pipes.
In [25], the results of the transition period and turbulence were analyzed. However, despite the
achievements, the results of studies identifying the emerging turbulent stress remain relevant. In [26],
a method for controlling turbulent flow with the aim of reducing hydraulic resistance was developed.
This was achieved using uniform and traveling wave oscillations of the wall, which reduces turbulent
frictional resistance. Furthermore, numerical modeling of accelerated flow demonstrated that applied
accelerations can significantly dampen oscillations [27]. In [28], a general method for the numerical
solution of the problem of unsteady flow of a viscous incompressible fluid in flat channels of arbitrary
shape was developed. The mathematical model of the flow was based on the two-dimensional Navier-
Stokes equations and the Poisson equation for pressure, which were solved using the finite difference
method.

The following tasks were solved to accomplish this goal:

1) Create a boundary value problem and devise a solution based on the Prandtl hypothesis
regarding shear stresses of a turbulent flow,

2) Create graphs showing how axial velocities change over time and determine the requirements
to identify out how long an axisymmetric pressure flow’s inlet section should be during unsteady
turbulent flow.

2. Materials and methods
2.1. Choosing a calculation scheme

The study of turbulent unsteady flow in the hydrodynamic entrance region of a round pipe is of
important theoretical and applied interest (Figure 1). The analytical solution of the proposed problem

was obtained based on the differential equations of non-deformable real fluid flow. The boundary
conditions of the problem were defined in accordance with the conditions of flow.
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Figure 1. Hydrodynamic entrance region diagram for relevant calculations.

It is of significant theoretical and practical importance to investigate turbulent unsteady flow at
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the hydrodynamic entry area of a circular pipe (Figure 1). The differential equations of non-deformable
real fluid flow served as the foundation for the analytical solution of the suggested issue. The problem’s
boundary conditions were established in compliance with the flow conditions.

In the case of a linear approximation, the system of differential equations for the unsteady flow
of a viscous fluid [29,30] will be:

a—u+U06—u 1-6p+—1 (wQJrrj, (1)

ot 0z p 0z p-r or
p
—=0, 2
o (2)
ou 1 0
—+——(r-V)=0, 3
oz r Gr(r ) )
2 R AT
U. = reu-dr-dt, 4
: R%Arll (4)

where z axis is, and its origin is at the center of the initial cut. # and V are the velocity components in
z and r axes, respectively. Eqs (1)—(3) are approximated differential equations for the axisymmetric
flow of a viscous fluid in a circular pipe, whereas Eq (4) represents the cross-sectional average velocity.

u= u(z, r,t), V= V(z, r,t), (%)

p=plzt) (6)

where p is the pressure along the z-axis, which depends on the z and t coordinates, p is the density of
the fluid, and 7 is the shear stress developing between the layers.

For the differential equations of flow, the initial and boundary conditions are given, which, for
the given problem, will be:

u=0, at r=R, (7)
u="(r), V=0, atz=0, 0<r<R, t=0, (8)
aa_U»o, V=0, u—>u', at z—>o, ®)

Z

where u'= u'(r,t) is the solution to the equation of unsteady, axisymmetric one-dimensional flow.

The axisymmetric unsteady equation has the following form [29]:
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(10)

ooz or? I’E

ou' 1 oP T 62u'+l ou'
ot p oz p

The shear stresses arising between layers due to active mixing of fluid particles in a turbulent
flow are determined by the Prandtl formula [29]

2
du
7= pf? , 11
p [dyj (1)

where £ is the length of the fluid particles mixing path,

l=ey, (12)

where y is the distance of the layer from the fixed wall, as shown in Figure 1, and ¢ is the coefficient

of proportionality, which is equal to 0.4 [29].
By inserting the calculation formula for turbulent shear stresses into Eq (1), we get

oy R-y

8u(z,y,t) LU 8u(z, y,t) B _l 8p(z,t) _l Gr(y,t) r(y,t) (13)
ot & p Oz o, '

Let us introduce some dimensionless variables:

2
=F(o,t),r= pgng(xd—Uj .(14)
dx

The differential equation of the flow with dimensionless variables (13) will take the following form:

ot B ox Ox -X ox

2 2 2
au(a,x,z)+U0 aU,(;;?t) _p;;;] ép(’g:t)_ﬂ{aﬁx(x 6U(0,x,t)j _lx [aU(a,x,t)j } (15)
0

2
where f = Uy .

2.2. Statement of the problem and formulation of the system of differential

The initial conditions for the integration of the differential equation (15) will be

U=0, at x=0, >0, (16)
U(0,x,t)=¢(x),at =0, 0<x<1, =0, x=1. (17)
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The solution to Eq (15) is presented in the form of a sum [31]

U(O',x,t):Ul(a,x)+U2(0',x,t) (18)

where the function U, (O', x) is the solution of the homogeneous Eq (19)

M: e { d (x ou, (a,x)j2 ~ lx2 (5U1 (a,x)jz} (19)

oo 5 Ox -X Ox

and the function U, (O', X, t) is the solution to the inhomogeneous differential equation (20)

ot R oo :_pRUO oo ox ox -Xx Ox

ou, (O',x,t) N U, avu, (G,x,t) P, 6p(a,t) B ﬂl: 0 (x oU, (o-,x,t)J2 ) lxz (aU2 (G,x,[)jz:l(zo)
The solution to Eq (19) will be
U (o,x)= V(x)-exp(—gzo'), (21)

then, we have

X dx —-x\ dx

()= expl- 820{ di (x dV(x)jz ) lxz (dV(x)jz} 2

The last equation is presented in the form of a system:

W(x) — dV(X) ,
dx 23)
2
V(x)=2am(x) dW () —a W (x)
X I-x

where a = exp(— 5200).
The solution of the above system according to [31] will be:

w(x)=C, +[&r(s)ds (24)

By inserting this value of W(x) into the Eq (23) system, we obtain the following equation for

determining the function V(x)
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V'(x)+xV"(x)= xV"(x) (25)

The solution of Eq (25) is

V(x)=C, j ?dﬁ +C, (26)

0.01

Considering the boundary condition of the problem V(O) =0,we get C, =0. Therefore,

V(x)=C, j ?dcf (27)

0.01

The solution to Eq (20) looks like this:
U,(o.x.1)=plo.1)V (x), (28)

and hence, we get

op(o,t) U, dplo,t)] B, dplo,t) , d; v @7y
V(x)[ ot +? oo __pRUO oo ~fy’lo) E(XV)_ 1—x | @)

Taking into account Eq (22), the last equation will take the following form:

R
where
B oplo)
F@ﬂ—Mu)ao. (31

Integrating Eq (28) over the interval [0.01, 1], we get:

oplo,t) U, dplo,t) B . 10
o TR oo ta?l@t)rr=o. ©2)

here
y= 0900y (a (33)

We will get the solution of Eq (32) in the following form:
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go(a, t) = exp(— 520)//(1). (34)

After this assignment, Eq (32) will be transformed into the following form:

exp(— gza)ég—t(t) - igoexp(— 520'>//(t)+ gexp(— 2826»2 (t)+ y=0. (35)

Taking into account that exp(— 820) =1 when o =0, we get:

- By (6)+ Zy’ )+ y=0. (36)

The resulting equation has real roots when a = exp(— 820') =1. In this case, we have:

w(r) = 1{1 Y it Tan|:\/f( 4y~ BC, |4y - ﬂz)} 37)

By substituting the values of the functions qD(O',Z) and !,//(t) into Eq (28), the function U: (o, X,

t) is determined:

Uz(O',x,t)=%exp(—gzo'>{l+ /47ﬁ_'BTan|:\/f\/4;/—ﬂ(Co —t)}}l/(x). (38)

Having the values of the functions Ui(o, x) and Uz(o, x, t), we obtain the final solution to the problem:
Uloxt)= {exp( s Lenl- gz(,%l | 7 Tanﬁf S5 B, - t)my(x). 39)

From the boundary condition of the problem (17), it follows U (0, x,O) = ¢(x) Therefore,

U(0,x,0)= {% + %\/4}/,3_ ﬁTan{\/ﬂ@; ~4) C, }V(X) = ¢(x). (40)

Integrating the resulting Eq (40) on the interval [0.01, 1], we get:

j $(x )dx

3.1 ’47_13 _ 001
2+2 7 Tan[Z] b , (41)
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7 MCO 42)

Considering the value of the function V(x) from Eqs (23) and (33), we determine the values b

and y of the coefficients:

1 f el 0.235f(o,1)
e ’
b= |V =||C | —d =4.205C,, = 43
O.J(.)l (x}]x 0.'([1|: 107‘(-)1 § é}dx 1 ! Cl ()
With these determined values of the coefficients, we get:
1
0.471/8 [(x)dx

Tan[z]= ! i _3/7| (44)

1

f(O',l)_ Cl
\/0.942 B

Equation (44) has real roots if Z = 1. Based on the general solution of the problem, we obtain

solutions for particular cases, assuming f=0.1, F (G,t) =1, and (o(x) =1, and we obtain C; = 0.842.
Substituting these values into Eq (39), we obtain the solution to the problem:

Ulo,x,t)= {exp(— &0 )+ %exp(— 2o |l +0.344Tan(1 - 0.0172z)]} 10.842 &(y)dy (45)

0.01

The resulting equation enables us to obtain a picture of the change in velocities in the entrance
transition area. Based on the pattern of velocities, we obtain the formula for the distribution of
tangential stresses arising between the fluid layers.

T:{ llexp(—520')+;exp(—€2a{l+ \=p+4y Tan{ ﬂ(_ﬂ+47/)(—HCo)JHeXP(X)} (46)

JB 2

Using calculations carried out through computerized experimental research, graphs of
instantaneous velocities and tangential stresses arising between fluid layers were plotted, which
graphically express the regularities of their change.

3. Results

Graphs of changes in axial velocities and shear stresses along the length of the hydrodynamic
entrance region of an axisymmetric pressure flow were created using numerical calculations based on
the regularities of changes in the hydrodynamic parameters of an incompressible fluid at the inlet

section of an axisymmetric pressure flow. The following geometric parameters U(O, x,O):¢(x):1
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were used in calculations. Figures 2 and 4 were plotted based on Eq (45) and Figure 5 was based on
Eq (46). Table 1 provides the numerical values of the curves displayed in Figure 2.

Table 1. Numerical values of Figure 2 curves’ coordinates are of the function U, (o, x,?).

X —a_ 0.1 1.0 5 10 15
0.1

3.31 3.02 2.03 1.23 0.75
0.2 4.42 4.04 2.71 1.64 0.995
0.4 5.7 5.21 3.50 2.12 1.28
0.6 6.62 6.05 4.05 2.46 1.49
0.8 7.42 6.78 4.54 2.75 1.67
1.0 8.17 7.47 5.00 3.04 1.84

Graphs showing variations in axial velocities were plotted for various cross-sections in the
hydrodynamic entrance region based on the data in Table 1.

QqQaQQqQ
IIpTL
wo =

Figure 2. Graphs of changes in the axial velocities U(O', x,t) along the hydrodynamic
entrance region of axisymmetric unsteady turbulent flow at F(o,7)=1, ¢(x)=1,8=0.1,
t=10,0—1{0.1,1,5,10,15},ande” =0.1.

The resulting graphs indicate regularities in velocity change throughout the entrance region. This

makes it possible to evaluate the amount and pattern of velocity change at various points in time, which
is crucial for fluid power system entry region design.
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Figure 3. Schematic spatial representation of the change in axial velocity u[x,t] ato =
10,{t, 0,15}, {x,0.1,1}].

The 3D view of the time-dependent variation of the axial velocity at a fixed point of the cross-

section in the entrance region was plotted. The numerical values of curves shown in Figure 4 are given
in Table 2.

Table 2. Numerical values of Figure 4 curves’ coordinates are determined by U (O', x,t).

X3 0 10 20 30 40 50
0.1

0.3
0.5
0.7
0.9

3.48 1.28 0.47 0.17 0.064 0.023
5.39 1.98 0.73 0.27 0.099 0.036
6.49 2.39 0.88 0.32 0.12 0.044
7.38 2.71 1.00 0.37 0.14 0.05

8.19 3.01 1.11 0.41 0.15 0.055

Graphs showing variations in axial velocities were plotted along the length of the hydrodynamic

entrance region based on the data given in Table 2.

—winaloo

ool
Soooo-

10 20 30 40 50
g

Figure 4. Graphs of changes in axial velocities U (O',x,t) along the length of the
hydrodynamic entrance region in the interval {o, 0; 50} at F(o,r)=1, #(x)=1,8=0.1,
£=10,x—{0.1,03,0.5,0.7,09,1}, and 8> = 0.1.
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Estimating the length of the pipe’s stabilized section and designing the entry region to ensure
smooth operation were made possible by the obtained graphs of the velocity change along the entrance
region. The numerical values of the curves shown in Figure 5 are given in Table 3.

Table 3. Numerical values of Figure 5 curves’ coordinates are determined by function _ %

PRU;
o—x_ 0,1 0.2 0.4 0.6 0.8 1.0
0.1 12.06 9.88 6.62 4.44 2.97 1.99
1.0 10.78 8.83 5.92 3.96 2.66 1.78
5.0 6.82 5.58 3.74 2.51 1.68 1.13
100 420 3.44 231 1.55 1.04 0.69
150 285 233 1.56 1.05 0.7 0.47

Graphs showing changes in tangential stresses between layers of the fluid at different cross-
sections of the hydrodynamic entrance region were plotted based on the data in Table 3.

QqqQQq
i1l

hoS

L]
by Eq. 46
.

0.2 0.4 0.6 0.8 1.0

Figure 5. Graphs of changes in tangential stresses in different sections of the

pRUG
hydrodynamic entrance region of a round pipe at F (O',t) =1, ¢(x) =1, f=0.1, & =0.1,
t=10, x(O;l), and a—>{0.1,1.5,10,15} .

Estimating the length of the pipe’s stabilized section and designing the entry region to ensure
smooth operation were made possible by the obtained graphs of the velocity change along the
entrance region.
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Figure 6. Schematic spatial representation of the change in tangential stresses % when

0
(6:0,50}, {x0.L1},F(o,t)=1,8(x)=1, B=0.1, £ =0.1,and ¢=10.

The obtained graphs provide an opportunity to gain an idea of the patterns of changes in the
hydrodynamic parameters of the flow in the entrance transition area under conditions of unsteady
axisymmetric flow. Based on the nature of the revealed patterns, it is necessary to design the transition
sections of automatic control systems in such a way that they will ensure smooth flow of current,
ensuring precise operation of the equipment.

The formula used to calculate the tangential stresses that develop between liquid layers in
turbulent flows was chosen solely to formulate the boundary problem and provide analytical solutions.
We believe that this research is valuable from a theoretical and applied points of view. The problem
under discussion is one of the classical problems of applied hydromechanics. Therefore, its solution
can contribute to the correct design of the hydrodynamic entrance region of automatic control hydraulic
equipment. Further studies of the mentioned problem can be carried out, considering the refined
patterns of the kinematic coefficient’s variations of fluid viscosity. However, the introduction of
complex models of the kinematic viscosity coefficient leads to a more complex boundary value
problem, the integration of which can lead to insurmountable difficulties.

Almost no research has been done on this practical issue. The mechanisms of developed tangential
stresses in turbulent flows were the subject of most research. We have studied a related issue for
stationary flow and published a paper [32]. The outcomes of the aforementioned work were compared.
To do this, graphs of the velocity change under stationary flow were plotted for the regions of
c—{1,6,10}.

The below equation of stationary flow

X

U(o, x)={(e~%1 + 1.14184Tanh[0.1141840 — 1])(1.80583 f

0.01

e
5 4} (47)

was used to plot coordinates of the graph of velocity change in the sections 6— {1,6,10} (Table 4).
A graph of the change in velocity under stationary flow was plotted using the coordinates provided
in Table 4 (Figure 7).
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Table 4. Coordinates of the velocity change graph under steady flow conditions.

6 —x_ 0.1 0.2 0.4 0.6 0.8 1.0
1.0

0.41 0.55 0.71 0.82 0.92 1.01
6.0 0.87 1.17 1.49 1.74 1.94 2.14
10 2.29 3.05 3.94 4.57 5.12 5.65

In the case of unsteady flow, the patterns of change of the hydrodynamic parameters of the flow
over time tend to the patterns corresponding to the conditions of stationary flow under the same
conditions. Therefore, the comparison of the parameters should be performed when t—o0 in the case
of the unsteady flow equation, which is derived from Eq (45) by setting t = co.

x oy
U(o,x,t =) = {1.229966_0'1“(0.842f 7dy)} (48)
0.01
Equation (48) determines the coordinates of the velocity change graph for the sections 6—{1,6,10}
(Table 5).

Table 5. Coordinates of the velocity change graph in case of unsteady flow.

6 ——x_ 0.1 0.2 0.4 0.6 0.8 1.0
1.0

. 0.91 1.22 1.57 1.82 2.04 2.25
6.0 1.36 1.82 2.34 2.72 3.05 3.36
10 2.24 3.00 3.86 4.49 5.03 5.54

A graph of the change in velocity in case of stationary flow was plotted using the coordinates
provided in Table 5 (Figure 7).

LR
=}

aaqa
cU\

.
® by Eq. 45

0.2 0.4 0.6 0.8 1.0
X

graphs for steady-state conditions
graphs for unsteady-state conditions

Figure 7. Graphs of velocity in the hydrodynamic entrance region 6—{1,6,10}.
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From the comparison of the obtained graphs, we conclude that deviations are observed in the
sections close to the entrance (6—1.6). At a certain distance from the entrance, the mentioned
deviations disappear, and the graphs coincide (6—10). The comparisons made prove the reliability of
the conducted research.

4. Discussion of the findings on the development of a viscous fluid unsteady flow at the round
pipe inlet section

A boundary value problem was developed based on Eqgs (1)—(4) that were obtained by a linear
approximation of the system of differential equations of unsteady flow of a viscous fluid in a dense
medium. Prandtl’s formula was used to determine the tangential stresses that developed between the
fluid layers (11). The boundary conditions of the problem were defined as (16) and (17). A method was
developed for the integration of the formulated boundary problem, as a result of which the dynamics
of the change in axial velocities (45) and tangential stresses (46) developing between the fluid layers
were determined. Axial velocity and tangential stress variations’ graphs were plotted for different
points of the effective cross-section on the basis of performed computer-aided experimental studies
(Figures 2—6).

Due to the deformation of the diagrams and the impact of the pressure gradient, the velocity
diagrams’ shapes in each fixed segment of the input region vary over time (Figure 2). The flow of
viscous fluid is unstable when there is unsteady flow in the hydrodynamic entrance region. The
pressure gradient is what causes the velocity profile to change outside the hydrodynamic inlet area.
Turbulent shear forces were taken into consideration when examining the evolution of the viscous fluid
flow in a round pipe’s entrance area. The precision of the integration findings is acceptable to
engineering practice. Moreover, our findings may be used to the design of hydraulic systems' input
units for a variety of machinery and mechanisms, guaranteeing more dependable and seamless
functioning. Additionally, to identify the patterns of change of hydrodynamic parameters of unstable
turbulent flow in the hydrodynamic entrance region of a round pipe, if the change in the kinematic
viscosity coefficient is considered, a thorough analysis of the problem is required due to its significance.
We were able to ascertain the length of the first part by analyzing the outcomes of numerical
computations and the resulting graphs. The axial velocity variation in the transition section at x = 1
should not be greater than 1% of the stable section's varying velocity. Further studies of the mentioned
problem can be carried out, taking into account the refined patterns of the kinematic coefficient’s
variations of fluid viscosity. However, the introduction of complex models of the kinematic viscosity
coefficient leads to a more complex boundary value problem, the integration of which can lead to
insurmountable difficulties.

The use of more intricate models of the fluid flow regime at the hydrodynamic entrance region
and the related consideration of the shear stress between the fluid layers would further improve the
suggested study. Integration presents unsolvable mathematical challenges when considering intricate
shear stress models. The suggested issue is one of the traditional problems in classical hydromechanics,
and its solutions produce a number of conclusions that are helpful for engineering applications and
scientific study.
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5. Conclusions

1) The regularity of changes in the hydrodynamic characteristics of the flow under general
boundary conditions may be obtained using the suggested universal technique to calculate the
rearrangement of velocities in the transition section of the round pipe inlet. The estimated equations of
flow of a viscous fluid serve as the foundation for the problem's mathematical model, which uses the
Prandtl formula to calculate the viscous forces. The patterns of axial velocity variations in the inlet
transition area were found for broad boundary conditions by formulating a boundary value problem
and developing an integration technique.

2) In order to determine the process of deformation of the velocity field in the transition section
of the cylindrical pipe inlet, it is crucial to calculate changes in the hydrodynamic parameters of the
flow and make generalizations. Thus, computer experimental studies were conducted based on the
obtained analytical solutions, and distribution profiles of axial velocities change and tangential stresses
were constructed. Furthermore, correctly building the corresponding units of hydromechanical
equipment was made possible by identifying regularities of velocity field changes in the transition
section and the graphs built on their basis.
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