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IIpedcmaeneni pesynomamu excnepumeHmanibHUX 00CaI0HCEHb PO3-
2iHH020 pYxYy pidunu 6 uuNiHOpuuHill mpyoi 3i cmany cnokor. 3a npu-
CKOpeHo0z20 pyxy piouHu CnocmepieacmvCs 3amseYy6aHHs JNAMIHAPHOZ0
pesicumy i3 1020 nOOATLUMUM NEPEXO0OM 00 MYPOYIEHMHO20 NPU Mum-
meeux uucaax Re, saxi na xinvka nopaokie nepesuwyromo kpumuine Re
6 cmayionapuux ymoeax. J{nsa eusnauenns 10KaIbHUX XAPAKMEPUCMUK
Hecmauionapnozo NOMOKY GUKOPUCMAHO MEPMOAHEMOMEMPUUHY aANaA-
pamypy. Ak damuuxu 0n3 6UMIpIO6AHHS TOKANLHOT wWeUdKocmi 6 mpyoi
0y6 3acmocosanuii mepmoaremomempunull Koniunuii oamuux, a 0ns
BUMIDIOBAHHA QOMUMHUX HANPYICEHb — OAMUUK, WO 3MOHMOBAHUIL 8Pi-
6€Hb 3 BHYMPIUMHBLOI0 CMinK010 mpyou. /s 06podKuU excnepumenmann-
HUx 0anux Kpim ycepeonenns 3a ancamonem 0yno maxosic npoeedeHo
doodamrioge 3271A09CY68AHNA 0CEPEOHEHHAM 6 HACI 3a N ’Amu Cycionimu
mouxamu. Buseunocs, wo 0ns ompumanns 6Ginew enadxux Qyuruii
0 wykanoi xapaxmepucmuxu neo0Xiono mamu 6 ancamoni nabdaza-
mo Oinvue docaidis, 0co6aU60 6 npucminniu dinanui. Bcmanosneno, wo
3a NPUCKOpenoz0 pyxy piounu 3i cMawy cnokor 00 BUHUKHEHHS myp-
oynenmmocmi 30epizacmocs pisHOMIpHUU PO3N00in weudxocmeii 8 nepe-
pi3i mpybu i auwe 6 MONKOMY NPUCMIHNHOMY WAPi CROCMEPI2alombCs
epadienmu weuoxocmeii. Pizxuil nepexio 6 xapaxmepucmuui 0omu1nozo
Hanpydcenna na cminyi mpyoéu Ty 3a IMIHU LAMIHAPHOZ0 PedcUMYy myp-
OYIeHMHUM CROCMEPi2aEmbCa MAK0INHC 6 XaAPAKMEPUCMUKAX TIOKATIbHUX
weudxocmeii. Y momenm nepexooy 00 mypoyienmnozo pejxcumy 3’sa6s-
EMBbCA NEPEIOMHA MOUKA HA 2PAPIKY 3MIHU GeTUMUHU CEPeOHbOT WEUD-
Kocmi, a po3nodin weudxocmei ma iwmencuenicmo mypoyaenmmuocmi
3a3HAIOMb 3HAMHUX 3MIH 6 NOPIGHAHHI 31 CMAUIOHAPHUMU MYpPOYaeHm-
numu nomoxamu. Typoyrenmuicmo zenepyemocs 6 npucminnii Oinsamn-
Ui ma nowupioemvcsa 00 uewmpy nepepizy mpyo6onpoeooy npaxmuuHo
3 nocmiunoro weuoxicmio. @poum nepexody 6i0 aaminapmozo 00 myp-
OYLeHmH020 pexcumy 3a Heycmanenozo pyxy piounu 6 mpyoi nowupio-
EMBCA Y HANPAMKY UeHmpy nepepizy maiiice 3 NOCMIUHOI0 WEUOKICMIO

Kantouosi crosa: yuninopuuna mpyoa, pyx piounu, cmpyxmypa nomo-
KY, 2eHepayis mypoyieHmnocmi, mepmoaLeMoMempuina annapamypa
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1. Introduction

Unsteady fluid flow is used in modern power devices and
technological equipment. A wide range of applied problems
of unsteady flow causes various approaches and statements
of research of these problems.

There is a need to improve the design of special control de-
vices for automated technological processes of various purpo-
ses and nature. In the existing hydraulic systems used in these
processes, there are no effective calculation methods taking
into account the structural features of the considered flows.

Experiments with unsteady fluid flows will clarify the
physics of the phenomenon. Such experiments require the
development of a special methodology, creation of measuring
and data processing instruments.

Calculation of such systems usually begins with the
development of a physical model and derivation of the cor-
responding mathematical relations describing the behavior
of the working medium in the flow part of the device in the
form of equations. When designing and operating modern
branched pipelines, it is important to ensure the reliability
and durability of pressure pipelines and control equipment.

Based on the experimental results, empirical dependen-
cies are obtained, which allow closing the system of equations
describing the pressure unsteady turbulent fluid flow.

An experimental study of the velocity distribution in
the free cross-sectional area of the pipeline to improve the
method for calculating the structures of unsteady fluid flows
in circular pipelines causes the relevance of work in this
direction.

2. Literature review and problem statement

With accelerated fluid flow, a delay of laminar-turbulent
transition at instantaneous Re numbers, which are several
orders of magnitude higher than critical Re in stationary
conditions is observed. This is taken into account for the
analytical solution of the problems of unsteady flow in pipes
according to the one-dimensional model by the operation
method. A modified version of the operation method — the
method of contour integration in the frequency plane is given
in [1]. Theoretical studies of the compressible fluid flow in
the pressure pipeline are carried out in [2].

The study of the area of unsteady laminar flow is of prac-
tical importance. Since the laminar-turbulent transition with
unsteady flows is more difficult than in steady flows, there
is a need to study the mechanism of this transition. This is
sufficiently substantiated and partly theoretically investi-
gated in [3, 4].




The above works used simplified models and do not con-
sider the fact that with unsteady flow there are volumetric
local inertia forces acting on a fluid. Accordingly, one can
expect the effect of these forces on the phenomenon of lam-
inar-turbulent transition, as well as on the further develop-
ment of flow turbulence.

There few published experimental studies on the un-
steady fluid flow in pipes and they are devoted to measuring
only integral characteristics — pressure or turbulence onset
time. The study of local characteristics is made in [5-8],
which present the results of the study of shear stresses at the
pipe wall when fluid flow occurs in the pipe and some data
on the velocity distribution before the onset of turbulence.

It should be noted that the above theoretical and expe-
rimental works relate to laminar flow, where the dissipative
model of the incompressible fluid flow was further developed.
However, of practical value for engineering practice is to
study the phenomenon of laminar-turbulent transition and
its subsequent development, which has not been investigated
in previous works.

A detailed study of the velocity structure with the propa-
gation of artificially generated disturbances in the transition
from one stationary turbulent regime to another is given
in[9, 10]. In these works, local velocities are determined
electrochemically.

Measurements of the structure in stationary conditions
showed a good agreement with the universal Karman profile.
On the basis of conducted experiments to determine tur-
bulence intensity, the authors raise the issue of turbulence
distribution in time and space. It is concluded that the transi-
tion to a new level of turbulence intensity associated with the
transition process depends on the distribution of coherent
structures having the property of some inertia. Therefore,
redistribution of turbulence intensity occurs over a time that
greatly exceeds the time to establish a steady state.

The considered studies were conducted only for a 51 mm
plastic pipe with electrolyte flow and insufficient accuracy of
measurements.

Experimental studies in [6] show that fluid flow from
rest remains laminar with larger instantaneous values of the
Reynolds number, rather than with steady flow. An impor-
tant issue is the dependence of turbulence onset on the cha-
racteristics of the nonstationary process.

In [12], time graphs of the ensemble-averaged local ve-
locity for different points of the free cross-sectional area are
obtained. The number of experiments in one ensemble ranged
from 25 (r/R=0) to 47 (r/R=0.92). When processing experi-
mental data, in addition to ensemble averaging, smoothing by
time averaging over five adjacent points was made. It turned
out that in order to obtain smoother functions for the desired
characteristic, it is necessary to have much more experiments
in the ensemble, especially in the wall area.

The dependences given in [12] relate to the initial pres-
sure in the system py=1.56-10° N/m2, with the opening
time of the quick-acting valve t=0.01s. As shown by the
measurement data of pressure in the considered unsteady
fluid flow process, wave phenomena caused by fluid compres-
sibility attenuated at the onset of turbulence and the fluid
can be regarded as incompressible. At the same time, both
the velocities at the points and the average velocity change
almost linearly with the acceleration dV/dt=7.15m/s%. It
turns out that flow turbulence occurring in the wall area is
distributed to the pipe section center at an almost constant
velocity. As can be seen, turbulence onset at the change

point of the flow regime causes a sharp deviation of the ve-
locity functions from the linear law, which entails additional
energy losses.

On the basis of the analysis, the conclusion is made on the
necessity of conducting experimental studies to obtain local
characteristics of the accelerating flow in the transition from
one regime of unsteady flow to another and further develop-
ment of turbulence.

3. The aim and objectives of the study

The aim of the work is to conduct experimental studies of
the velocity distribution in the free cross-sectional area of the
pipeline to improve the method for calculating the structures
of unsteady fluid flows in circular pipelines. It is necessary to
determine a connection between wall shear stresses and flow
structure, to analyze fluid flow factors and features leading to
unsteady turbulent flow, in order to take into account pulsa-
tion characteristics. This will provide an opportunity to get
patterns of the vortex formation process.

To achieve the aim, the following objectives were set:

— to determine the velocity distribution in the pipe sec-
tion from rest before the onset of turbulence with accelerated
fluid flow;

— to determine the change in the average velocity at the
moment of transition to the turbulent regime, velocity distri-
bution and turbulence intensity in comparison with steady
turbulent flows;

— to determine the direction of distribution of the lami-
nar-turbulent transition front with unsteady fluid flow in
the pipe.

4. Materials and methods of studying the velocity
distribution in the free cross-sectional area of the pipeline

This work is a continuation of [5—-8], which present
experimental results of measuring the local flow velocities
along the pipe radius with accelerating fluid flow from rest
by the hot-wire method. Experiments were carried out on
an experimental installation, the main units of which are de-
scribed in [11]. The scheme used for conducting experiments
has a closed circuit and is made of stainless steel, the working
section of the installation with a smooth input has a length
L=12.6 m and an internal diameter d=0.0596 m.

To determine the local characteristics of unsteady flow,
hot-wire equipment of the DISA company (Denmark) was
used. For measuring the local velocity in the pipe, a 55R42
hot-wire cone sensor (Denmark) was used, and for measuring
shear stresses — a 55R46 sensor (Denmark), mounted flush
with the inner pipe wall.

5. Results of studies of velocity distribution
in the free cross-sectional area of the pipeline

5. 1. Velocity distribution in the pipe section with ac-
celerating fluid flow

The physical nature of the accelerating flow from rest
in stationary conditions is described by the intermittency
factor y[13—15]. Below, in Fig. 1, the change in the factor y
in the conditions of unsteady flow in the pipe is given. The
factor v is determined as follows:



v=ﬁ=1—(1) , (1)

where S and Sy are the cross-sectional area of the pipe and
the cross-sectional area covered by turbulence at a given
time; R and 7 are the pipe radius and the radius of the point
in the flow regime transition location.

The factor yis expressed as a function of relative time:

r=1(52) @

where At is the time of turbulence distribution from the wall
to the axis; ¢ is the moment of turbulence onset at a given
point; ¢y is the instant of turbulence at the wall.

Velocity distributions along the pipe section are shown
in Fig. 2, 3.

1.0 T.=%

0.8 °°

0'6 a % ox

du/dt
0.4 < o 8.9m/s?
x o « 7.15m/s?
0.2 - = 3,56 m/s? ]
00 02 04 06 08 Loth

At

Fig. 1. Dependence of the interference factor y
on relative time (t—1fy/At)

V)
z

[m/s] o Re=3x10°

115 90% Confidence

055 \ limits
T—.’:\\

[

177

0.2

0.15

0.1

t=0.05s

0 ! | | | | ! | ] LA
0.0 0.2 0.4 0.6 0.8 /R

Fig. 2. Experimental data on the variation of longitudinal
velocities V, in the process of fluid acceleration (§=0.47)
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Fig. 3. Experimental data on the variation of longitudinal
velocities V, (r/R=0.6—0.99)

It is evident that a uniform distribution takes place before
the onset of turbulence, and velocity gradients are observed
only in a relatively thin wall layer. Therefore, before the on-
set of turbulence, due to significant forces of inertia, the fluid
behaves like an elastic body that performs an oscillatory mo-
tion and slides along solid walls. In this regard, shear stresses
are concentrated in a thin wall layer and are characterized by
the value of the wall shear stress 7.

5. 2. Comparison of experimental data of shear stress
79 with quasi-stationary values

As can be seen from Fig. 4, at the onset of turbulence,
measured Ty increases abruptly, which corresponds to an
abrupt change in the velocity gradient at the wall.
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Fig. 4. Comparison of experimental data of shear stress T
and intensity of this value \/i’,z with quasi-stationary values



As a result, fluid stagnation occurs in the wall area.
Experimental data of this phenomenon are presented in
Fig. 2, 3, where it is clearly seen that the closer to the wall,
the greater the velocity reduction after the onset of turbu-
lence \/ﬁ /u

5. 3. Change in the relative intensity of the longitu-
dinal velocity component \/? /u in the process of fluid
acceleration

As shown in [6], the turbulent local characteristic \/E
differs from the same characteristic of steady flow. Fig. 5 shows
the experimental graphs of pulsation intensity of the longitu-
dinal velocity \/? 71{ .

It is shown that the maximum intensity is observed at the
point 7/R=0.88. From the research data it is seen that the
maximum intensity gradually decreases over time, and also
moves towards the pipe axis. Starting from r/R=0.52, the
pulsation intensity practically does not exceed the intensity
observed with steady flow. The dashed line on these diagrams
shows the pulsation intensities corresponding to the final
steady flow.

The change in the flow structure is also reflected in the
change of the instantaneous average cross-section velocity V.
Fig. 5 shows that flow acceleration to the time point t=0.43 s
is almost constant, but Ty begins to increase sharply at the
time ¢=0.55s. Such inconsistency can be explained by the
fact that turbulence does not occur at the wall, and in the
wall area at a certain distance from the solid boundaries
and turbulence distribution to the wall takes time. This is
confirmed by the behavior of the dependence of the standard
deviation of the shear stress pulsation \/? in Fig. 4. At the
time point ¢=0.44 s, overshoot appears, indicating that the
turbulent pulse reached the sensor surface (pipe wall). This
moment is in good agreement with the turning point of the
average velocity characteristic V.

The change in the intensity at different points of the wall
section depending on the time of the experiment is shown in
Fig. 6. The data shown in Fig. 5, 6 confirm that turbulence
is distributed from the wall to the flow axis. Moreover, it is
observed that the intensity changes according to a different
law in comparison with the distribution of turbulence itself.
While in the central part of the flow there is a uniform in-
crease in intensity, in the wall areas there are clear maxima
in the beginning of fluid acceleration. At the same time,
attention should be paid to the measurements made on the
relative radius 7/R=0.88—0.96. Here, the maximum intensity
amplitude of the longitudinal velocity component occurs
earlier than at other points of measurement. Such a change
in the local intensity characteristic should be associated with
the generation of turbulence in the wall areas.

Estimating the process of changes in the intensity W/u
in the wall area, depending on time, we see that the maxi-
mum intensity is observed on the relative radius 7/R=0.96.
The intensity at this point at the time £=0.52's reaches
2.5 times the magnitude of the final stationary regime. It
should be emphasized that the average velocity at this time
is approximately 60 % of the final regime velocity. Conse-
quently, the turbulence intensity of the longitudinal compo-
nent, corresponding to the instantaneous average velocity
with respect to the stationary value of this characteristic,
is even higher.

The above data are experimental confirmation of the
predicted site of laminar flow stability loss and turbulence
generation.
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6. Discussion of the results and directions
of further research

Determination of kinetic energy at any time is gene-
rally reduced to measurement of velocity fields during the
unsteady process throughout the free cross-sectional area.



Measurements cause a number of technical difficulties due to
the unsteadiness of the process.

The corresponding experimental data obtained in de-
termining the structure of the accelerating flow are given.
According to them, it is found that turbulence is distributed
along the free cross-sectional area with the development of
cross-dimensional coherent structures that arise in the pro-
cess of flow regime change.

Before the onset of turbulence there is a uniform distribu-
tion, and velocity gradients are observed only in a relatively
thin wall layer. Due to the considerable forces of inertia, the
fluid behaves like an elastic body that performs an oscillatory
motion and slides along solid walls. Shear stresses are con-
centrated in a thin wall layer and are characterized by the
value of the wall shear stress 1y (Fig. 2, 3).

At the onset of turbulence, measured Tt increases abrupt-
ly (Fig.4), which corresponds to an abrupt change in the
velocity gradient on the wall. As a result, fluid stagnation
occurs in the wall area.

Turbulence occurs not on the wall, but in the wall area at
a certain distance from the solid boundaries and turbulence
distribution to the wall takes time. This is confirmed by the
behavior of the dependence of the standard deviation of the
shear stress pulsation \/f? in Fig. 4.

Results in Fig. 5,6 confirm that turbulence is distri-
buted from the wall to the flow axis. The intensity changes
according to a different law in comparison with the distri-
bution of turbulence itself. While in the central part of the
flow there is a uniform increase in intensity, in the wall areas
there are clear maxima in the beginning of fluid acceleration.
Measurements made on the relative radius 7/R=0.88-0.96
showed that here the maximum intensity amplitude of the
longitudinal velocity component occurs earlier than at other
points of measurement. Such a change in the local intensity
characteristic can be associated with turbulence generation
in the wall areas.

The analysis of experimental data shows that the layer
where energy exchange between the main and disturbing
motions occurs is quite close to the boundary layer edge. As
long as flow velocity is insignificant, disturbance amplitudes
are small and they are rapidly suppressed by the flow. With
increasing flow velocity and energy exchange between the
flow layers, disturbance increases, which affects the distribu-
tion of local velocity over the entire pipe section.

Due to the fact that it is technically impossible to carry
out studies on turbulence onset and turbulent characteristics
simultaneously on the entire flow radius, the ensemble me-
thod was used to determine the local characteristics of the

flow. The number of experiments in it was not always suffi-
cient for generalization, which is a lack of research.

An important moment in solving the problems of un-
steady accelerating fluid flow is the moment of laminar flow
stability loss and the associated accelerating laminar-turbu-
lent transition. In applied calculations of accelerated flows,
this transition corresponds to the change of the mathematical
model for calculation.

The problems of velocity distribution in the free cross-
sectional area with unsteady fluid flow are essential in deter-
mining the loss of mechanical energy. However, both theo-
retical and experimental difficulties do not allow considering
the problem solved.

In existing hydraulic systems used in these processes,
there are no efficient calculation methods that take into ac-
count structural peculiarities of the considered flows. Crea-
tion of reliable methods for calculating complex pipelines is
possible only with the use of mathematical models of nonsta-
tionary processes that take place in such systems.

The direction of further research is an analysis of fluid
flow factors and characteristics, which lead to unsteady tur-
bulent flow, in order to take into account pulsation characte-
ristics. This will provide an opportunity to obtain regularities
of the process of vortex formation for predicting the hydraulic
parameters of these flows in technological processes.

7. Conclusions

1. With accelerated fluid flow (with accelerations from
1 to 12 m/s?) from rest to the onset of turbulence, a uniform
velocity distribution remains in the pipe section and velocity
gradients are observed only in the thin wall layer.

2. A sharp transition in the characteristic Ty with the
laminar-turbulent transition is also observed in the charac-
teristics of local velocities. At the moment of transition to
the turbulent regime, a turning point appears on the average
velocity graph, and velocity distribution and turbulence
intensity undergo significant changes in comparison with
steady turbulent flows. Maximum intensities are observed
on the relative radius 7/R=0.96. The intensity at this point
at the time ¢=0.52 s reaches 2.5 times the magnitude of the
final stationary regime.

3. The front of laminar-turbulent transition with un-
steady fluid flow in the pipe is distributed towards the
section center at an almost constant velocity. The aver-
age velocity changes almost linearly with the acceleration

dV/dt=7.15m/s2.
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