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The sizes of the vortex region befor e the axisymmetric sudden contraction of the circular pipe at
the Newtonian flow have been investigated. Area ratios 0.250 and 0.500 wer e considered. The sizes of
the vortex region have the extreme dependence with a maximum at the transition of the laminar flow
into a turbulent flow one. When the Reynolds number at the laminar flow increase, these sizes also
increase, and they decrease at the turbulent flow. In both cases, the sizes of the vortex region are
proportional tothe Reynolds number. A transition region between laminar flow and turbulent flow lies
in the range of the Reynolds number from 3000 to 5300 and 750-1300, deter mined by the diameter of a
bigger pipe of sudden expansion and a step height cor respondingly.
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Introduction

Dissipative zones of the flow separation from the walls of a channel cause maximum power losses
(Arsirij, 2003). Theoretical analysis of the flows with separation in general isimpossible. Until now, only
one possible way to determine the hydraulic characteristics is an experiment (Tananaev, 1979).

Let us consider the axisymmetric sudden contraction of the circular pipe as one of the easiest local
hydraulic resistance, where the separation of the transit stream from the pipe walls occurs (Fig. 1).
Pressure losses are caused, first, by flow friction at the pipe inlet of the diameter D, and, second, by
appearing the vortex regions with the sizes of (Ly; Hi) and (L H,) (Bajbakov, Bashta, Kirillovskij,
Nekrasov & Rudnev, 1982). Sudden contraction belongs to such local hydraulic resistance, in which
power losses due to occurring ring vortices are the most significant among minor pressure head losses
(Moretskiy, Zholobov & Varybok, 2017).

The vortex region before the sudden contraction occurs due to the presence of this local hydraulic
resistance (Palacios-Sanchez, Noguchi-Machuca, Franco & Moraes, 2010; Bullen, Cheeseman &
Hussain, 1996), when the fluid flow at a wall slows down with further acceleration of its core part (Bullen
et al., 1996). Under these conditions, a so-called hydrodynamic final domain of the length L, occurs,
where fluid flow destabilization with the disturbance of the structure of the uniform mation in the pipe of
the diameter D, (Kvitkovskij, 1986).

According to experimental data for the turbulent flow, the pressure drop of the part of aflow which
is narrowed to the cross-section of the vena contracta C—C (Fig. 1) is relatively small due to decreasing
pulsations of velacities (Chugaev, 1982). Therefore, it is shown (Tananaev, 1979), that pressure drops on
the sudden contraction occur mostly on the region of flow extension after the C—C cross-section.

Let us pay attention to the sizes of the vortex region before axisymmetric sudden contraction at the
Newtonian fluid flow.
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Fig. 1. Szes of vortex regions before and after
axisymmetric sudden contraction

According to kinematic characteristics of the flow at the turbulent flow through the sudden
contraction of different shape (circular, rectangular, segmented), a formula was obtained (Kvitkovskij,
1986):

L
Y qulsl , Q)
Dl

where Rep; is the Reynolds humber determined by a pipe diameter Dy; a is the empirical coefficient; k is
the exponent.
For rectangular and square channels (Samohvalov, 1989):

where b is the width of a channel; K is the coefficient of the final domain depending on the type of
transition zone and rheological of thefluid; w4, o, arethe areas of cross-section of the channel before and
after changing its shape.

Experiments show the independence of vortex length L; from Reynolds number Re and contraction
ratio D,/D; at Re<0.1 and D,/D; <0.25 (Boger, Hur & Binnington, 1986); under these conditions
L4/D; =0.18. Then L; at D,/D; = 0.124-0.144 monotonically decreases, while Re increases to Re< 90
(Boger et al., 1986). In this case at Re=1-90

L 50155 0.0234nRe. @)
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Let us consider the results of numerical modelling. At the laminar flow, the vortex length L,
decreases at the increase in the Reynolds number in a range Rey, = 1-50 and increases at the decrease in
the contraction ratio D,/D; = 0.25-0.8 (Borzenko, Ryltseva, Frolov & Shrager, 2017). At D,/D; = 0.534,
the vortex length L, does not depend on the Reynolds humber within the range Rep; = 23-196, and then
increases up to Rep; = 968, then again does not depend on Rep; up to 1200. The vortex height change Hy
is similar to changing the vortex length L;, and has its minimum at about Rep; = 200 (Krhan & Giorgini,
2016).

The transition region between the laminar flow and turbulent flow lies within the limits Rey, from
3000 to 5000, where Dy, is a hydraulic diameter (Reynaud, Debray, Franc & Maitre, 2005).

At the turbulent flow, the length L; and height H; decrease while the Reynolds number is
increasing within the range Rep; = 4900-24600 at D,/D; = 0.440 (Wendt, 2015).

The considered results were obtained at different relative diameters of the pipe inlet D,/D;, which
complicates their comparison.
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The purpose of the study

The purpose of study is to reveal the regularity of the changes of sizes of the vortex region before
the sudden contraction at the equal relative diameters of theinlet and the motion of the Newtonian fluid.

M aterials and methods

The determination of the sizes of the ring vortex region before the sudden contraction was carried
out according to the data given in Table 1. In this case, a forward directed step conforms to the two-
dimensional case of sudden contraction (Ando & Shakouchi, 2004). The area ratio m>0.250 were
considered, since the measures directed to the decrease in power losses on the sudden contraction of the
circular pipe should be effective at these particular values of the area ratios m (Ord, 2013). It means that
they should be implemented at the design stage.

Table 1
Investigated sudden contr actions
Pipe diameters, .
. P Contraction | Area Step height
Working mm . . .
No fluid ratio ratio Literature source used
D D D,/D; m absolute | reative
! 2 H, mm H/D,
water (Peladios-Sanchez, 2011;
1 + _ 239 | 1215 0.508 0.258 5.875 0.246 Palacios Sanchez et a1, 2010)
glycerine
2 oil 200 100 0.500 0.250 50.0 0.250 (Popov, 2000)
3 30 0.500 0.250 15.0 0.250
4 water 60 34 0.567 0.321 13.0 0.217 (Ando & Shakouchi, 2004)
5 44 0.733 0.538 8.0 0.133
(Barbosa-Saldana, Morales-
. Contreras, Jimenez-Bernal,
6 ar - - - 0.500 200 - Gutierrez-Torres &
M oreno-Pacheco, 2013)
7 water 19.1 10.2 0.534 0.285 4.45 0.233 (Krhan & Giorgini, 2016)

Arearatiois calculated as:
W

m= @

where Q;, Q, are areas of cross-sections before and after the step correspondingly:
— for the sudden contraction

2
w, =P 5)

4
where D; is the pipe diameter before or after section of contraction. Then formula (4) can be written asfollows:

m=22 ®
D’
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— for aforward facing step

W, =H_ b; )

W, =(H.- H) b, ®

where H. is the height of the channd before a forward facing step; H is the step height. Then formula (4)
can be rewritten as:

m=1-—. 9)
Cc
The step height for sudden contraction is:

D; - Dy

H=—to=2 (10)

Results and discussion

A data (Palacios-Sanchez, 2011; Palacios-Sanchez et al., 2010) analysis was conducted in (Orel,
2012). At the arearatio m = 0.250 the existence of laminar flow and turbulent flow is evident (Fig. 2), and
the critical Reynolds number should be in the range Rep ¢t = 3000-5300 (Fig. 2a), which matches values
(Reynaud et al., 2005) and Rey oit = 750-1300 (Fig. 2b), where Rey is the Reynolds number determined
by the step height H.
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Fig. 2. Length of the vortex region before an axisymmetric sudden contraction
(notations match those in the Table 1)

While the Reynolds number is increasing, the point of separation of the fluid flow before the
sudden contraction moves upstream from the section of changing the diameter at the laminar flow, that
shows the increase in L4; at the turbulent flow it moves downstream, showing the decrease in vortex
length L,. At the laminar flow, it conforms to humerical modelling data (Krhan & Giorgini, 2016) at
m = 0.285. At the both flow regimes, the vortex length L; change is proportional to the change of the
Reynolds number.

However, at the turbulent flow, the change of L, is more responsive to the increase in criterion Re,
than at the laminar flow one. The same situation is observed at the flow of the Newtonian fluid through
the sudden contraction (Fig. 3). It is described by the dependence xx/H = f(Rey) (Back & Roschke, 1972),
where Xg is the reattachment length after the sudden expansion; Re; is the Reynolds number determined by
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the pipe diameter d. Described dependences can be approximated by formula (1) with the exponent k
having negative and positive values for the appropriate flow regimes.
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Fig. 3. Reattachment length after the axisymmetric sudden expansion

So, the vortex length L, before the sudden contraction at the area ratio m = 0.250 has the extreme
dependence with maximum at the transition of the laminar flow to the turbulent flow one. Therefore, at
the laminar flow, the value of the Reynolds humber increasing, the length increases and, at the turbulent
flow, it decreases.

The tendency to changing the vortex height H; of the vortex region before sudden contraction at the
arearatio of m=0.250 is similar to changing the vortex length L, (Fig. 4). However, at bigger arearatio
m = 0.500 compared with m = 0.250, the H; is bigger for both flow regimes. Moreover, the vortex height
H, is smaller than step height H (Fig. 1), which indicates partial flow separation before the cross-section
of the diameter change on the sudden contraction.
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Fig. 4. Height of the vortex region before an axisymmetric sudden contraction
(notations match those in the Table 1)
Conclusions

1. The vortex length and the vortex height before the sudden contraction have the extreme
dependence with the maximum at the transition of the laminar flow to the turbulent flow one. With the
increase in the Reynolds number at the laminar flow, the sizes of the vortex region increase, and at the
turbulent flow they decrease.
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2.  The Reynolds number determined by the pipe diameter D, in the transition region between the
laminar flow and the turbulent flow should be in the range from 3000 to 5300. This statement matches
data given in the scientific literature.

3. The vortex height before the sudden contraction of the circular pipe is smaller than the step
height. Therefore, the partial fluid flow separation occurs before the cross-section of the diameter change
on the sudden contraction.

Prospects for further research

It is necessary to investigate the sizes of the vortex region before the sudden contraction of the
circular pipe at area ratios m > 0.250, since for taking measures to reduce power losses, the processes of
flow separation at the approach to the cross-section of the pipe diameter change should be known.
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kadeapa TiIpOTeXHIKK Ta BOTHOI IHKeHepil

T'APOJIUHAMIUHA HECTABLILHICTh IOTOKY HBIOTOHIBCHKOI PIIMHU
HEPEJ] CUMETPUYHUM PAIITOBUM 3BYXXEHHAM TPYBU

© Open B. L., liyuwun B. C., Konux T. 3., 2021

3axomy 31 3MEHINCHHS BTPAT CHEPrii B CHCTeMax TPYOOIPOBIIHOIO TPAHCIOPTY HEOOXIMHO BIPO-
Ba/DKyBaTH B)K€ Ha €Talli NpPOEKTYBaHHsA. 30KpeMa IIe CTOCYEThCS M MICHEBUX TiJpaBIiYHHUX OIOPIB
TpyOoIpoBoAiB. JJoCiimKeHo po3MipH BUPOBOTO MOSICY TMEpe]] CHMETPHYHUM PANTOBUM 3BY)KEHHSIM KPYTIIO1
TpyOH 3a Teuii HpIOTOHIBCHKOI pianHu. PosrisiayTo cryneni 3ByxenHs moroky 0,250 ta 0,500. Amke 3axomu,
CHpsIMOBaHI Ha 3MEHIIEHHS BTPAT €HEeprii Ha panToOBOMY 3BYXEHHI KpYrioi TpyOHW, MaioTh OyTH e(eKTuB-
HHUMHU 32 CTYIIEHIB 3BY)KE€HHsI MOTOKY He MeHImX Hik 0,250. Po3mipu BUPOBOTO MOSICY MalOTh €KCTPEMAIIbHY
3aJIeKHICTh 3 MAaKCHMYMOM TiJl 4Yac Iepexofy JaMiHApHOrO PEXHUMY PYXy piLAMHH B TypOyneHTHHWi. 3i
301JbIICHHSAM 3HA4YCHb KpHUTEpito PeifHONbICa 3a JaMiHAPHOTO PEXHMY Ii PO3MIPH 3pOCTalOTh, a 3a
TypOyJEHTHOTO PEXUMY — 3MEHIIYIOTHCS. Y TIEPIIOMY BHIAIKY TOUYKA BiJJPUBY IMOTOKY 3MIIIyETHCS BBEPX 3a
TEUi€r0 BiJl IJIOIIMHU 3MiHH AiaMETPIB, 10 Y3TOKYETHCS 3 JAHUMH YHCEIBHOTO MOJICIOBAHHS, HABEACHUMHU
B JIITEpaTypi, y IpYroMy BHIIQJIKy — AOHH3Y 3a Tediclo. B 000X BHIIafkax pO3MipH BHPOBOTO IOSICY €
MPOITOPUIHHMMHU 10 KpuTepito PeliHonbpaca. OnncaHa NOBEAIHKA € aHAIOTIYHOIO K VIS JOBXXKHUHH 30HH
MIOBTOPHOT'O TIPUEAHAHHS MOTOKY HBIOTOHIBCHKOI PIAMHM MICIsl panToBOro po3iupeHHs Tpyou. IlepexinHa
30Ha MIX JIaMiHapHUM 1 TypOyJIEHTHUM pexxuMaMu pyxy piauau € B Mexax Bin 3000 mo 5300 ta 750-1300
JUTs KpuTepiro PeliHonbaca, BU3HAYCHOrO 3a JiaMeTpOM OUIbINOI TpyOM Ta ycTymoMm BimmosimHo. Ile
Y3TODKYETHCSl 3 HABEJCHUMHM B JIiTEpaTypi JaHMMHU. BucoTa BHpOBOro IOSCY Iepeln panTOBHM 3BYXKEHHSIM
KpYyriaoi TpyOM € MEHIIOI0 3a BHUCOTY YCTyHy. BinOyBaeThcs HENMOBHHMI BiIpUB IOTOKY DiJUH Iepen
Iepepi3oM 3MiHHU JTiaMeTPiB.

KirodoBi cioBa: pantoBe 3BY:KeHHsI TPyOHW, AiamMeTp TpyOW, BHCOTa ycTymy, BUPOBMIi Mosc,
JOBKHHA BUPY, BUCOTA BUPY, CTYIiHb 3BY’KeHHS MIOTOKY, KpuTepiii PeiiHonbaca.
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