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Abstract. The article consideres the analysis of the literature about the development of the water
turbulent flow theory in the pipes. According to the results of analysis and theoretical studies, we
obtained mathematical models. These models described the kinematic structure of the water turbulent
flow in the pipes for different regions of turbulence.

For the first time, the hypothesis was accepted that the dependence obtained from the Navier-
Stokes differential equation for constructing the velocity profile in the laminar regime is suitable for
calculating the average velocities in the turbulent regime of flow, but for this, it is necessary to replace
the molecular kinematic viscosity with the total turbulent kinematic viscosity, which includes kinematic
viscosity on the inner surface of the pipe v and turbulent kinematic viscosity v; , which occurs due to

the movement of masses from one layer into another, as recommended in J.V. Boussinesg.

Based on experimental data I. Nikuradze and F.O. Shevelev, we obtained a distribution of the
total kinematic viscosity in the pipes, including the kinematic viscosity on the pipe inner surface
and the kinematic turbulent viscosity.

For the first time, we used the kinematic viscosity distribution equation in the pipes and
obtained the averaged velocity profile equation. This equation corresponds to the boundary
conditions on the pipe inner surface and on the axis of the pipe. The equation of maximum averaged
velocity, the equation of distance from the axis of the pipe to the points having average velocity, the
equation of the ratio of maximum velocity to average velocity was obtained.

For the first time, the equation of the tangent stresses components (7, 7.,) and the tangent

stresses equation in radial coordinates (7, ) were obtained. The equation of the maximum value of

the tangent stresses located on the inner surface of the pipe was obtained. The tangent stresses
assume a zero value on the pipe axis. The equation of the vortex components (@,, @,) was

obtained. We have shown that vortex lines are concentric circles whose centers are located on the
pipe axis. The equation of angular velocity of flow particles rotation relative to the vortex lines was
obtained. The maximum value of the particle rotation angular velocity on the pipe inner surface is
determined. It decreases monotonically to zero on the axis of the pipeline. It is zero on the pipe axis.

In this article, all equations reveal the kinematic structure of the water flow. We described
these equations by the Reynolds number and the pipe friction factor. Such equations are adopted to
show the dependencies between the regimes and the flow kinematic structure. These equations
make it possible to calculate the distribution profile of the total kinematic viscosity, averaged
velocity, tangential stresses and angular velocity of flow particle rotation.

Keywords: flow theory, laminar flow, laminar flow regime, flow kinematic structure, pipes.

Introduction. During the development of heat, hydropower and hydraulic engineering and water
engineering, there is a growing need to increase the reliability and efficiency of structures, namely
pipelines. Transportation of liquids in pipelines is widely used in engineering practice. The purpose of
hydraulic calculations of pressure pipelines is the calculation of their hydraulic parameters.
Accordingly, the hydraulic calculation of pipes mainly solves three problems: the pressure loss in the
pipe, the flow of fluid during its transportation, and finding the diameter of the pipe.
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Pipes are part of facilities with a high class of consequences (responsibility) and must provide
the reliability of operation in different operating conditions. Therefore, there is a need to improve
the approach to the hydraulic calculation of pressure pipes with different purposes, namely the
development of the theory of the kinematic structure of the flow in them [1, 2].

Analysis of recent research. In the areas of hydraulic flow on the Nikuradze graph, the pipe
friction number depends on the Reynolds number and the inner surface of the pipe. All equations
are recommended only for certain conditions (the type of roughness of the inner surface, material,
height of roughness, and the distance between them, their shape, and location on the surface). An
adequate equation for determining the pipe friction number from all main factors can be established
only experimentally [1, 3-6].

For example, the value of the pipe friction number for the smooth pipes of the turbulent flow
can be calculated by the dependence of I. Nikuradze, which is obtained on the basis of experimental
data [7-9]:

L _2ig(Re7)-08. (1)
Ja

For round pipes from the region of hydraulically smooth turbulence to quadratic resistance
region inclusive I. Nikuradze recommends the following dependence on the basis of the experimental
researches:

1 _oig R, @

Ja Ks
where K —equivalent roughness height, m; R — hydraulic radius, m.

I.K. Nikitin recommended formula for turbulent flow from the region of hydraulically smooth
turbulence to quadratic resistance region [10, 11]:

1 Re &0[0,813 Ig % + 0,706j , (3)

Ja

where Re.;, — the coefficient of proportionality of the thickness of the laminar layer; 4 — absolute

height of roughness, m; h — flow depth, m.

It should be noted that the graph of the dependence of the change of pipe friction number on
the Reynolds number reveals only the regimes, but does not reveal the kinematic structure of the
flow, which must be taken into account in hydraulic calculations of pipes [1].

One of the first scientists of the 19th century to develop the theoretical foundations of the
flow structure was S. Navier, who introduced additional terms into L. Euler's differential equation
to take into account tangential stresses that occur in the presence of a velocity gradient.

J. Stokes obtained the solution of the differential equation of S. Navier and his theoretical
results completely coincided with the data of experiments conducted in pipes of small diameter at
low speeds (laminar flow). After closing the Navier Stokes differential equation, J. Stokes took into
account the continuity equation and accepted the boundary conditions. As a result, the equation of
distribution of the averaged velocity of the fluid for the laminar flow was obtained [1, 2]:

u :lReZL(rz—rz). 4
xl o3 0 4)

It should be noted that for turbulent flow (large pipes diameters and large Reynolds numbers
Re > 2320) a significant deviation of the theoretically determined initial parameters according to
the above dependences on the results of experimental studies was revealed.

Many scientists have worked on the solution of this problem: M.A. Velikanov, J. Taylor,
V.M. Makaveev, A.M. Kolmogorov, O.M. Obukhov, T. Karman, L.G. Jloisgucekuii, O.O.
Friedman, G. Reichardt, D. Rotta, R. Deisler, G.W. Zheleznyakov, S. Kullupailo, A.D. Altshul,
W.W. Smyslov, P.G. Kiselyov, L. Prandtl, V. Tolmin, V.F. Durenda, H.L. Dryden, G. Schlichting,
I.K. Nikitin, and others. [2-8]. They proposed semi-empirical theories of turbulent flows, in which
the unknown connections between turbulent stresses and averaged strain velocities are specified on
the basis of hypotheses, qualitative physical conjectures, and dimensional theories obtained by
generalizing experimental materials.
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Setting objectives. The obtained semi-empirical theories cannot be universal because they are
limited by the range of conditions under which assumptions are accepted.

Models were proposed for power-law profiles and logarithmic profiles. The logarithmic
profile has become widespread, despite the fact that this dependence does not correspond to the
boundary conditions on the axis and on the inner surface of the pipe. In order to ensure the
boundary conditions on the inner surface of the pipe, scientists have developed two-layer and three-
layer models. But along the axis of the pipe, they do not meet the limit conditions.

Due to the fact that the equations of distribution of averaged velocities in the pipe are given
do not correspond to the boundary conditions at the pipe wall (power equations), and the proposed
logarithmic equations do not correspond to the limit conditions not only at the wall but also on the
pipeline axis, the following solution to this problem is proposed.

Research methodology. The accepted hypothesis is that dependence (4) obtained from the
Navier-Stokes differential equation is suitable for calculating averaged velocities also in the
turbulent regime of flow, but for this, it is necessary to take into account the total turbulent
kinematic viscosity, which includes kinematic, in the Navier-Stokes equation instead of molecular
kinematic viscosity on the inner surface of the pipe and turbulent kinematic viscosity, which occurs
due to the movement of masses from one layer to another, as recommended by J.V. Boussinesg.
Then equation (4) takes the form:

2
Uyy :iRe2—3(r02—r2). (5)
64Vt0t ro

where v, — total turbulent kinematic flow viscosity, which takes into account the molecular kinematic

viscosity on the inner surface of the pipe v and the turbulent kinematic viscosity between the flow
layers v, .

The movement of liquid molecules on the inner surface of the pipe is limited, so the kinematic

viscosity on the inner surface of the pipe v is less than the molecular viscosity of the liquid v. As

shown by statistical studies, we can assume that it depends on the coefficient of hydraulic resistance
and is determined by:
Ve =Av. (6)
The turbulent kinematic viscosity between the flow layers, as shown by statistical studies, is also
not a constant physical quantity, and requires the necessary studies.
To obtain a graph of the dependence of the relative total turbulent kinematic viscosity along the
radius based on the experimental data, equations (5) are reduced to:

Viot _ VARE?
Mz—s (roz _r2), (7)
V. 64Uyl

Figure 1 shows a graph of the relative total turbulent kinematic viscosity along the radius.

The graph shows that the relative turbulent kinematic viscosity Yt takes its maximum value
14

on the axis of the pipeline, and the minimum zero value at r = r,. At intermediate points, the graph

has a shape similar to an ellipse.

Therefore, it is advisable, taking into account the canonical equation of the ellipse, to accept
the hypothesis that the sum of the relative turbulent kinematic viscosity at the flow point and the
relative distance to this point in the corresponding order is equal to unity:

1/m n
( "t ] +(Lj -1, ®)
Vimax o
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Fig. 1. Distribution of relative total turbulent kinematic viscosity in the pipe:
1 — experimental points of relative total turbulent kinematic viscosity obtained by the equation (7);
2 — the profile of the relative total turbulent kinematic viscosity is obtained by the equation (13);
3 — circular surfaces with the same total turbulent kinematic viscosity

Given that the flow interacts with the inner surface of the pipe, it is necessary to take into
account the kinematic viscosity on the inner surface of the pipe v = Av in equation (8).

Then equation (8) is reduced to the form:

1/m n /m
Vot + [L] 14| s . (9)
Vtmax o Vtmax
The equation of total turbulent kinematic viscosity will take the form:
1
Viot= —om (Vt]/r;nax(ron —r" )+ Vs mron)m ’ (10)
0
where unknown parameters are determined by a system of equations:
Vimax = KVARe
k =alg Relg(1004)+b
m=clg Relg(1004)+d ¢, (11)
n=2/m

Vs = AV
where v, hax — the maximum value of turbulent kinematic viscosity that occurs on the axis of the
pipe; k, m i n — constant parameters for a certain flow regime; (Ig Re; Ig(100.)) — coordinates on
the Nikuradze graph, which take into account the areas of hydraulic resistance; a,b,c,d — constant

coefficients, which are determined on the basis of experimental data.
If we take into account in equation (11) equation (10), then we obtain:

vA m
Viot = o ((k Re)]/m(ron —r" )+ rO“) : (12)
0
The dependence for determining the relative total turbulent kinematic viscosity will take the form:
Viot — 4 ((k Re Y™ (k) = ¢ )4 £ 13
v ronm(( )]/ (0 ) O)ﬁ' (13)
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From equation (12) it follows that on the axis of the pipeline at r =0 we have the maximum
value of the total turbulent kinematic viscosity in the pipe:

Viot max = V/I((k Re V™ +1Y” , (14)
and at r =ry we have the minimum value of the total turbulent kinematic viscosity in the pipe, which
arises due to the velocity gradient on the inner surface of the pipe:

Viotmin =Vs = AV . (15)
1. If we take into account the equation of the total turbulent kinematic viscosity (12), the
dependence of the distribution of the averaged velocity of the turbulent flow (5) will be:
v Rez(ro2 - r2)
Uyt =

64((k Re V™ (rO” - r”)+ rO”)71 o
Figure 2 shows the profiles of the average velocities of the fluid for laminar flow, for the

region of hydraulically smooth turbulence, almost quadratic resistance region, and quadratic
resistance region of turbulent flow.
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z4 1 2 3
e e e ——— e e et e ————
e N\ X/
ro N \ A
"_04_ 0 x’ux
—
1 |7,
r / J t
4
e e e et s
Uy
U
ry Ul max
U
I Ut max

Fig. 2. Distribution of the averaged velocity of the flow:
1 — laminar flow; 2 — the region of hydraulically smooth turbulence;
3 — almost quadratic resistance region and quadratic resistance region of turbulent flow

2. The maximum averaged flow velocity is determined from equation (16) at r =0.
v Re?

64 ro((k Re V™ +1yn |

and on the inner surface of the pipe - at r =y, then u,, =0.

(17)

Uxtmax =

The maximum averaged velocity of the laminar flow is:

2 V. 2
Uyl max = 4 Re 8d3r0'

3. The relative distance from the axis of the pipe to the points having the averaged velocity 7
is expressed by the equation in implicit form:

Re(r02 - 72)

32((k Re)l/m (r(;q — 7" )+ rélyn
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It is not constant and depends on the pipe friction factor and the Reynolds number. For
laminar flow, the distance from the axis of the pipe to the points having an average velocity is:

F-to
| \/E :
4. The ratio of the maximum flow velocity to the average velocity in the pipe is:
m _
Uxtmax _ (k Re)]/ (rO” - r”)+ ronyﬂ (19)

U (kRe)]/erl)m(ro -7 ) |

For laminar flow, the ratio of the maximum flow rate to the average velocity in the pipe is:

ux_lmax Y
Uy
5. An important parameter that characterizes the kinematic structure of the flow is the tangential
stresses. Using the equation proposed by J.VV. Bossinessq, without theoretical justification for the

laminar regime by analogy with Newton's law, can be written:
duy

= PViot dy ’ (20)
duy

= — 21

x = PViot dz (21)
duy

22

=PViot . ar (22)

where 7, —the tangential stresses on the line, which is normal to axis OY and parallel to axis 0X ;

7, — the tangential stresses on the line, which is normal to axis 0Z and parallel to axis 0X ; 7, —

the tangential stresses on a circular surface of radius r regardless of the azimuth component and
parallel to the axis 0X .

The stress on a circular surface of the radius r (Fig. 3) is independent of the azimuth
component and the parallel to axis 0X has the form:

_ 2 v2Re? (kRel™ (2 —r2fr" )=l = ")) - A (23)
SRR PTA (Re}¥™ (0 =" )+ 1)

The maximum value of tangential stresses in turbulent regime is obtained from equation (23)
at r=rp:

2
ro=pRe2 2V (24)
32r0
and this equation has the same form as for the laminar flow:
2Rev? Av?
TO = p 2 pR 2 .
ro 32r0

The tangential stresses on the axis of the pipe, if r=0 for turbulent and laminar regimes is
zero.
The equation of a circular surface with tangential stress 7, has the form:
y2+22 =r2. (25)
Thus, the surfaces with tangential stress 7, are concentric surfaces with radius r, the centers
of which are located on the axis of the pipe.

108  Bulletin of Odessa State Academy of Civil Engineering and Architecture, 2020, no. 80, page 103-113



UTILITY NETWORKS AND FACILITIES

3 2 1
Feooooes e e
ro
— . — — s — s — — — 00_
r
A
mTmr——— = e ——
Ti0
T
Tt 0 7 , .
Y
y Tr0 3
1 1

Fig. 3. Distribution of tangential stresses:
— laminar flow; 2 — the region of hydraulically smooth turbulence; 3 — almost quadratic resistance
region and quadratic resistance region of turbulent flow; 4 — circular surfaces with the same
tangential stresses

7. The value of the components of vortices (Fig. 4):

(kRe)]/m( y +7 I n2/2) (ron—(y2+22)n/2D—r0” (26)
(s

m+1
(kRe r y +2° )+r0”J

(kRe)j/m[ -y +22)I y2+22)” 2/) (ro”—(y2+zz)”/2D—ro“
(kRe (r y 472 )+r0n)m+1

Vortex lines are concentric circles with radius r, the centers of which are located on the axis of
the pipe:

=0

1(ouy au,) 1vRe?
Wy == = z
2l oz ox ) 2 32r,

Uy duy)  1vRe?
Wy = === y
2 6x oy 2 32r,

y2 yz2 =42, (27)

The angular velocity of rotation of liquid particles of the flow relative to the vortex lines is
determined by the equation:

a):\/a)X2+60y2+6022 ’ (28)
vRe re — kRe)]/m((ro —r Xrn l) (rO —r )) (29)
64, (kRe)]/m(o —r )+ o )m+1
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Fig. 4. Distribution of the angular velocity of rotation of liquid particles
in the cross section of the pipe:
1 — laminar flow; 2 — the region of hydraulically smooth turbulence; 3 — almost quadratic resistance
region and quadratic resistance region of turbulent flow

The value of the angular velocity of rotation of the particles on the inner surface of the pipe
will have the maximum value:
14
64r2
and the value of the angular velocity of rotation of the particles on the axis has zero value.
The angular velocity of rotation of the particles of the laminar flow on the surface of the pipe is:

®max = Re? (30)

Yo =Re.
64r, )

Conclusions and prospects for further research. For the first time, the kinematic structure
of the flow in a turbulent regime is revealed. The hypothesis was accepted that the dependence
obtained from the Navier-Stokes differential equation is suitable for calculating the averaged
velocities for a turbulent flow, but for this, it is necessary to take into account the total kinematic
viscosity in Navier-Stokes equation, which includes kinematic viscosity on the inner surface,
instead of molecular kinematic viscosity pipe v and kinematic turbulent viscosity v, , arising due

to the movement of masses from one layer to another, as recommended by J.V. Boussinesqg.

For the first time on the basis of experimental data I. Nikuradze and F.O. Shevelyov obtained
a distribution profile of the total kinematic viscosity in the pipe, which includes the kinematic
viscosity on the inner surface of the pipe and the kinematic turbulent viscosity between the flow
layers.

For the first time, taking into account the equation of distribution of the total kinematic
viscosity in the pipe, the equation of the distribution profile of the averaged velocity was obtained,
which corresponds to the boundary conditions on the inner surface and on the axis of the pipe. The
equations of the maximum averaged flow velocity, the distance from the pipe axis to the points
having the average velocity, and the equation of the ratio of the maximum velocity to the average
are obtained.

For the first time, the components of tangential stresses 7

Omay = A Re?

e and 7.,

and tangential stresses
in radial coordinates 7, were obtained. An equation to determine the maximum value of tangential

stresses located on the inner surface of the pipe was obtained. The tangential stresses monotonically
decreasing take a zero value on the axis of the pipe. For the first time, the equations of the
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components of vortices @, and @, are obtained. It is proved that vortex lines are concentric

circles, the centers of which are located on the axis of the pipe. The obtained equation of the angular
velocity of rotation of liquid particles of the flow relative to the vortex lines. The maximum value of
the angular velocity of the rotation of particles on the surface of the pipe was determined. The
angular velocity of rotation of the particles decreases monotonically and takes zero value on the
axis of the pipe.

In this paper, all the dependences that describe the kinematic structure are represented by the
Reynolds number and the pipe friction number. This form of formula is adopted in order to show
the relationship between the flow regime of movement and the kinematic structure of the flow.
Thus, having a graph of the dependence of the pipe friction number on the Reynolds number (which
can be obtained only experimentally), the proposed theory makes it possible for any point of the
Nikuradze graph to reveal the kinematic structure of the flow in the pipe. Namely, to construct a
distribution profile of total kinematic viscosity, averaged velocity, tangential stresses, and angular
velocity of rotation of liquid particles.

Future papers will describe linear and angular deformations of liquid flow particles according
to the Cauchy-Helmholtz theorem. The adequacy of the proposed equations, which express the
kinematic structure of the flow depending on the turbulent flow regime, is proved on the basis of
experimental studies by I. Nikuradze and F.O. Shevelyova and will be given in future papers.
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AHOTanig. Y CcTaTTi HaBeIEHO aHali3 JITepaTypHUX JDKEpeN IOJ0 PO3BUTKY Teopii pyxy
MOTOKY B TpyOOnpoBoJax mpu TypOyJeHTHOMY PEKUMi. 3a y3araJbHEHHUMHU Pe3yJIbTaTaMH aHaNli3y
Ta 3a JIONIOMOTOI0 TPOBEJCHUX TEOPETHYHUX JOCHIHKEHb OTPHUMaHI MaTeMaTU4HI MOJENi, SKi
PO3KpHUBAIOTh CTPYKTYpYy TOTOKY B 3aJ€XKHOCTI BiJ 00JacTi TiAPaBIiYHOTO OMNOpPY TpH
TypOYJIIEHTHOMY PEXHUMIi pyXy HOTOKY B TPyOOIIPOBOIAX.

Brnepiie Oyio npuiiHATO TinmoTe3y, Mo oTpuMaHa 3 nudepenmiansHoro piBHsHHS Hap'e-Crokca,
3aJIeXKHICTh TPUJIATHA JUISl PO3PaXyHKY YCepeTHEHUX IBUAKOCTEH 1 U1 TYpOYJICHTHOTO PEKUMY PYXY
piavHu, aje s bOro HEoOXimHO BpaxoByBaTH B piBHAHHI Hap'e-CTokca 3aMiCTh MOJEKYISPHOT
KiHEMaTHYHOI B'SI3KOCTI 3arajbHy TYpOYJIEHTHY KiHEMaTH4HY B'S3KIiCTbh, sIKa BKJIIOYA€ KIHEMATHUHY
B'SI3KICTIO Ha BHYTPILIHIN IOBEPXHI TPYOOIIPOBOAY V¢ 1 KIHEMaTU4Hy TypOyJIE€HTHY B'SI3KICTB V;, sIKa

BHUHHKAE 33 paXyHOK MEPEMIIIICHHS Mac 3 OIHOTO Iapy B iHIINH, K pekoMeHyBaB JK.B. byccinecka.

Ha ocHoBi excnepuventanpHux manux l. Hikypamse i @.A. IlleBenboBa Oyino oTpUMaHO
podiib PO3MOALTY 3arainbHOi TypOyJIEHTHOI KIHEMAaTHYHOI B'I3KOCTI B TPYOOIPOBO/II, sIKa BKIIIOUYAE
KiHEMaTH4YHy B'SI3KICTIO Ha BHYTPINIHIA TOBEpXHI TpyOOHpOBOAY 1 KiHEMaTH4HY TYpOYJICHTHY
B'SI3KICTh MIXK IIIapaMH PiAMHHU.

Brepure, 3 ormsgy Ha pIBHSHHSA PO3MOJUTY 3arajibHOi KIHEMAaTHYHOI B'I3KOCTI B
TpyOomnpoBoi, Oylo OTpUMAHO PIBHSAHHSA NPO(MIII0 OCEpeTHEHOI MIBUAKOCTI, SKE BIAMOBIIAE
rpaHUYHUM yMOBaM Ha BHYTpIIIHIA TOBEpXHI 1 Ha oci TpybompoBoxy. OTpuMaHO piBHSHHS
MaKCHMaJbHOI OCEpeAHEHOI IIBUIKOCTI, BIJICTaHI BiA oci TpyOOmpoBOAY /10 TOYOK, IO MAaroTh
CEepPEeIHIO MIBHUJIKICTh, BIIHOIICHHS MAaKCUMaIbHOI IIBUIKOCTI JI0 CEPEIHBOT MIBUIKOCTI.

BHCpIJ_IC 6y.]'II/I OTpUMaAH1 KOMIIOHCHTH HOOTHYHHX HAIPYXCHb T x 1 7,,, @ TAKOX IOTHYH1

HAIpYyKEHHS B paJialbHUX KOOPAWHATAaX 7, . OTPUMAaHO PIBHSHHS ISl BUSHAUCHHS] MAKCHMAaJIbHOTO

3HAQUEHHS JIOTUYHUX HAIpPYKeHb, SKI PO3TAIIOBYIOTHCSI Ha BHYTPIIIHIN MOBEpXHI TPYOONpPOBOY.
JIOTUYHI Hamnpy)XeHHS, MOHOTOHHO 3MEHIIYIOYHMCh, NPUMMAIOTh HyJIbOBE 3HAYEHHA Ha OCi

TpyOomnpoBoy. OTpUMaHO PIBHAHHS KOMIIOHEHTIB BUXOPIB cBy 1 @, . JloBeneHo, mo BUXPOBI JiHIi €

KOHLEHTPUYHUMH KOJIaMM, IIEHTPHU SKUX 3HAXOJAThCS Ha oci TpyOM. OTpuMaHe PIBHSHHS KyTOBOi
IIBUJKOCTI OOEpTaHHS YaCTMHOK PIIMHM MOTOKY IIO/0 BUXPOBHX JiHIM. BH3HaueHO MakcuManbHy
BEJIMUMHY KYTOBOI IIBHJIKOCTI OOEpTaHHS YAaCTMHOK Ha CTIHLI TPYyOOINpOBOAY, $SKa MOHOTOHHO
3MEHIIYIOYHCh, IPUHMAE HYJIHOBE 3HAUEHHS Ha 0C1 TPyOOIPOBOY.

VY naniif poOOTI BCl 3aJISKHOCTI, 110 PO3KPHUBAIOTH CTPYKTYPY MOTOKY, BUPAXEHI 4epe3 YUCIIO
Peitnonpaca 1 xoediuieHT rigpapiaiuHoro onopy. Takuii 3amuc GopMya NPUUHATO 3 METOR0, 100
MOKAa3aTH 3B'A30K MIXK PEKUMOM PYyXY 1 CTPYKTYpOIO MOTOKY.

Takum ymHOM, MarouM rpagik 3aJeXHOCTI 3MIHM Koe]illieHTa TiApaBIiyHOIO OMOpPY BiX
yucna PeifHonbaca (SIKUM MOXHaA OTpUMAaTH TUIBKHM JOCBIIYEHUM IUIIXOM) 3allPOIIOHOBAHA TEOPist
Ja€ MOXJIMBICTh Al Oynb-sikoi Touku rpadika Hikypaaze po3KpUTH KiHEMaTHYHY CTPYKTYpPY
MOTOKY B TpyOompoBoai. A came: moOynyBatd mNpoduib po3MOALTYy MOBHOI TypOYyJIEHTHOI
KIHEMaTHYHOI B'SI3KOCTi, OCEpEeIHEHOi IMIBUJIKOCTi, JOTHYHUX HANpyXeHb 1 KyTOBOI LIBHAKOCTI
o0epTaHHs YaCTUHOK P1IMHHU.

KurouoBi cioBa: Teopiss pyxy NOTOKY, TYpOyJEHTHHH peXUM, KiHEMaTHU4YHa CTPYKTypa
MOTOKY, 3arajbHa TypOyJIeHTHA KIHEMaTH4Ha B'A3KICTh, TPYOOIPOBO/IH.
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COBEPHIEHCTBOBAHME ITOAXOJA0B U METOA0OB TEOPUH IBUKXEHUA
ITIOTOKA B TPYBOIIPOBOJAX ITPU TYPBYJIEHTHOM PEKUME

Boaxk JI.P., K.T.H., OIICHT,

l.r.volk@ukr.net, ORCID: 0000-0003-1033-6715

Hayuonanenuiii ynueepcumem 600H020 X03AUCMBA U NPUPOOONONb308AHUSA
yi. Cobopnas, 11, r. Posro, 33000, Ykpauna

AHHoOTanus. B cratbe npuBeAeH aHAIU3 JUTEPATYpPHBIX UCTOYHUKOB 10 Pa3BUTHIO TEOPUU
JBIKEHUS TTOTOKA B TpyOOIpoBoaax mpu TypOyineHTHOM pexxume. [1o 006001meHHbIM pe3yibTaTaM
aHaJIM3a U C MOMOILBIO MPOBEACHHBIX TEOPETUUYECKUX HMCCIIEAO0BAHUM IOJyYE€Hbl MaTEMaTUYECKUE
MOJIeTIM, KOTOPBIE PAaCKPBIBAIOT CTPYKTYpPY MOTOKA B 3aBUCUMOCTH OT OOJIACTH T'HAPABIMYECKOTO
COIPOTHUBIICHUS MPU TYpOYJICHTHOM peXXUME JBUKEHHS MOTOKA B TPyOONPOBOAAX.

BriepBble ObLIO MPUHATO THUIOTE3Y, YTO MOJNydyeHHas U3 AupdepeHIHaIbHOr0 ypaBHEHUS
Hasbe-CToKCa, 3aBUCIMOCTb MIPUTO/IHA JJIsl PacueTa OCPEIHEHHBIX CKOPOCTEH M AJIsl TypOYJIEHTHOTO
pEeKMMa JBIDKEHUS KUJKOCTH, HO JJIS 3TOTO HEOOXOIMMO YYMTHIBaTh B ypaBHeHHHn HaBbe-CrTokca
BMECTO MOJIEKYJISIPHOW KHHEMaTHYECKOM BA3KOCTH OOIIyI0 TYpOyJEHTHYIO KHHEMAaTHYECKYIO
BA3KOCTb, KOTOpas BKJIIOYAeT KHUHEMATUYECKYI0 BS3KOCTb Ha BHYTPEHHEH IOBEPXHOCTH
TpyOOIIpOBOAA V¢ M KMHEMATHUYECKYIO0 TYpOYJIEHTHYIO BSI3KOCTb Vi, KOTOpas BO3ZHHMKAET 3a CUET

MepeMEILEHHUS MacC U3 OJJHOTO CJIOsS B IpYroM, kak pekoMenaosai JK.B. byccuneck.

Ha ocHoBe skcniepumenTtanbHbix AanHbix U. Hukypanze u @.A. IlleBeneBa ObUIO MOTYy4EHO
npoduns pacmpeneneHus oOmEell TypOyleHTHOW KHHEMaTH4YeCKOW BS3KOCTH B TpyOompoBoje,
KOTOpasi BKIIOUACT KMHEMATHUYECKYIO BS3KOCThIO Ha BHYTPEHHEW MOBEPXHOCTH TPyOONPOBOAA U
KHHEMAaTUYCCKYIO TYPOYJIICHTHYIO BI3KOCTh MKy CIOSIMH KUIKOCTH.

BriepBble, y4WTHIBas ypaBHEHHE paclpeleiicHuss OOIIeH KHHEMaTHYeCKOH BS3KOCTH B
TpyOompoBoAe, OBUIO TONY4E€HO YypaBHEHHE MpPOGUIs OCPEIHEHHOM CKOPOCTH, KOTOpOE
COOTBETCTBYET T'PAHMYHBIM YCIIOBHSIM HAa BHYTPEHHEH MOBEPXHOCTH M Ha OCH TPYOONpPOBOJA.
[Tony4yeHo ypaBHEHHE MaKCUMAIILHON OCPEIHEHHOI CKOPOCTH, PACCTOSIHUSA OT OCH TPYOONpoBoOAa J10
TOYEK, UMEIOLIUX CPEAHIO CKOPOCTh, OTHOLIEHNE MAaKCUMAJIbHON CKOPOCTH K CPEIHEN CKOPOCTH.

BrniepBbie ObUIM MOJIy4€HBI KOMIIOHEHTHI KacaTeJIbHBIX HAINpsKEHUM fyx U 7, , a TaKXKe

[TomyueHo ypaBHEHME AJIA

KaCaTCJIbHBIC HANPsDKCHUA B palHaJIbHBIX KOOPAWHATAX T, .

OMpPEACIICHUA MAaKCUMAJIBLHOI'O0 3HAYCHHA KaCaTCIbHBIX H&pr[)KCHHﬁ, KOTOpPBIC pacrojiararoTcsa Ha
BHYTpeHHeﬁ MOBEPXHOCTU pr6onp0130na. KacarenbHabIC HaIMpsHKCHUA, MOHOTOHHO YMCHBIIASACH,
MNPUHHUMAIOT HYJICBOC 3HAUYCHHUEC Ha OCH pr60np0Boz[a. HonyquH YpaBHCHHS KOMIIOHCHTOB

BPIXpeﬁ @y n C?)Z . Z[OK%&HO, YTO BUXPCBBIC JIMHUHU ABJIIFOTCA KOHLICHTPUYICCKUMU OKPYKHOCTAMU,

LIEHTPBI KOTOPBIX HAXOAATCS HA ocu TPyObl. [lonydeHHOE ypaBHEHHE YIIIOBOM CKOPOCTH BpallleHUs
YaCTHI] )KUJKOCTH MMOTOKA OTHOCUTEIHHO BUXPEBBIX JTUHUN. OnpeeneHa MakCUMallbHasi BEJIMUYMHA
YIJI0BOM CKOPOCTH BpallleHUs YaCTHIl Ha CTEHKE TpyOOmpoBo/ia, KOTOpasi MOHOTOHHO YMEHbIIASCh,
MPUHUMAET HYJIEBOE 3HAaUYE€HHE Ha OCU TPYyOOIpoBoa.

B nanHoi#t paboTe Bce 3aBHCHUMOCTH, PACKPBIBAIOLINE CTPYKTYpPY MOTOKA, BBIPAKEHBI Yepe3
yucio PeiiHonbpaca w1 k0dPGUIHUEHT THAPABIMYECKOTO COMpoTHUBieHHs. Takas 3amuchk GHopmys
MIPUHSTA C TEJIbI0, YTOOBI TOKA3aTh CBA3b MEXKIY PEKHMMOM JIBIXKCHHS M CTPYKTYpPOH TTOTOKA.

Takum oOpazom, umes: TpaduK 3aBUCHMOCTH M3MEHEHHs K0d()PHIMEHTa THIPABINIECKOTO
COMPOTHUBIIEHUSI OT uucia PeifHoNbACa (KOTOPBIM MOXHO MOJYYUTH TOJIBKO OMBITHBIM TYTEM)
MpeIoKEeHHasT TEOopHusi TAaeT BO3MOXKHOCTH Ui JI000i Touku Tpaduka Hwukypamse packpbITh
KHHEMATHYECKYI0 CTPYKTypy TIIOTOKa B TpyOoOmpoBoje. A WMEHHO: TOCTPOUTH MPOQIIb
pacrmpeiesieHdss TOJHON TypOyJIeHTHOW KHHEMAaTHYECKON BSI3KOCTH, OCPEIHEHHOW CKOPOCTH,
KacaTeJbHbIX HAMPSXKEHUH U YTIIOBOM CKOPOCTH BPAIIeHUS YaCTHI] )KUIKOCTH.

KiloueBble cjioBa: Teopusi JBHKEHHUS TOTOKA, TYpOYJICHTHBIA pEXHUM, KHHEMaTU4decKas
CTPYKTypa MOTOKa, 0011ast TypOyIeHTHasI KHHEMaTHYeCcKasl BA3KOCTh, TPYyOOITPOBO/IBL.
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