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ABSTRACT

Introduction. In this article, we describe a method for sediment control in damless water intake hydraulic units consisting in
artificial transverse circulation (ATC) generated by redistributing specific water flow rates in the cross-section of the supply
channel. One of the simplest and most effective anti-sediment elements working according to this principle is the submerged
vane (SV). The intensity of the ATC formed in the flow depends on the flow regime and the planned-geometric characteristics
of the vanes. Available recommendations on the selection of the rational characteristics of SV under the conditions of river
damless water intake appear to be contradictory, thus requiring clarification. This study is aimed at examining the interac-
tion between SV and a model flow without water trapping under various planned-geometric characteristics of the vane and
experimental hydraulic regimes of its work using a physical model of the errosion-resistant channel. In addition, we set out
to assess the effect of essential parameters on the intensity of the ATC generated in the flow.

Materials and methods. This research was based on physical modelling hydraulic studies and theoretical calculations. Five
hydraulic modes of vane operation with different planned-geometric characteristics were studied using a physical model of
the erosion-resistant channel. Multiple regression analysis of the obtained experimental data was carried out.

Results. The results of laboratory hydraulic studies on the SV operating conditions are presented. Experimental dependen-
cies characterising the intensity of the ATC generated in the flow are plotted. A multiple regression equation is derived for
the amount of the data obtained.

Conclusions. It is established that the relative height of the vane and its angle to the side of the flume (coastline) has a
significant effect on the intensity of the generated ATC. It is experimentally confirmed for the first time that SV shows little
efficiency in high water horizons in terms of in-flow ATC generation.
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AHHOTALUMA

BBeneHue. PaccmotpeH cnocob 60pbbbl ¢ HaHOCaMK Ha 6eCnNOTUHHBIX BOA03abOPHbIX rMApoy3nax B BUAE UCKYCCTBEHHOMN
nonepeydHon uupkynauum (UML), Bo3byxgaemor B NoToke nepepacnpeneneHnemM yaenbHbIX pacxo4oB BOAbl MO LUMPUHE
nogsoAsiero pycna. OgHum n3 Hambonee nNpocTbix U 3PPEKTUBHBIX HAHOCO3ALUMTHBIX 3MIEMEHTOB, paboTatoLyx No AaH-
HOMY NPUHUMNY, SBASETCA KOCOHAaMNPaBneHHbIN AOHHbIV LMPKYNAUunoHHbIn nopor (KOUIM). MHTeHcmBHOCTL dhopmupyemon
B notoke WIIL| 3aBMCUT OT pexnma BogoTOKa M MNAaHOBO-reOMETPUYECKUX XapaKTePUCTUK AOHHON nperpaapl. Vimetowmecs
pekoMeHaaumm no BelIbopy paumoHanbHbix xapaktepucTuk KOLIM ansa ycnosuii 6ecnnoTtuHHoro 3abopa BoAbl U3 pek HocAT
NPOTUBOPEYMBbLIN XapakTep n TpebytoT yTouHeHus. Lienb nccnenosaHust — ndydeHne xapakrtepa B3aumogencrans KOLIM ¢
MopernbHbIM NOTOKOM 6e3 BOA0OTAENEeHUs NPU pasfnyHbIX NITaHOBO-TEOMETPUYECKUX XapaKTepPUCTMKaxX nopora v aKkcnepu-
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MeHTarnbHbIX TMAPaBINYECKNX PEXMMaXxX ero paboTbl Ha hU3nN4ecKon Modeny ¢ Hepa3MbiBaeMbIM PYCIIOM, a Takke oLeHKa
CTeneHn BNUSHUS ONpeaensiowmnx NnapaMeTpoB Ha MHTEHCUBHOCTbL BO36yxaaemoi B notoke WML,

MaTepuanbi u metoabl. Vcnonb3oBaHb! huanyeckre MoAenbHbIE MMApaBMyeckue UccrieqoBaHusi, TEOPETUYECKUE pac-
yeTbl. N3yyeHbl NSTb rmapaBnnyeckmx peXxmmoB paboTbl JOHHBLIX Nperpaj ¢ pasnuyHbIMy NaHOBO-reOMETPUYECKUMU Xa-
pakTepucTMKaMu Ha nsnyeckon Moaenu ¢ HepaaMmbiBaeMbIM pycriom. [poBedeH MHOXECTBEHHbBIV PErpeCCUOHHbBI aHanu3
NOMyYEeHHbIX 3KCNEPUMEHTANbHbBIX OAHHbIX.

Pe3ynbTathl. [MpeacraBneHsl pesynsrathl TabopaTopHbIX rMApPaBIMYECKUX uccnegoBaHui ycnosun padotel KOLIM. Pas-
paboTaHbl 3KCNepuMeHTarnbHble rpadnyeckme 3aBUCUMOCTU, XapakTepuayoLlne NHTEHCUBHOCTb BO3byxaaemMol B NOTOKe
WML, CocTaBneHo ypaBHeHWE MHOXECTBEHHOW perpeccun B 06beme nonyyYeHHbIX MaTepuanos.

BbiBoAbI. YCTaHOBNEHO ONpeaenstoLllee BNUsIHNE Ha MHTEHCUMBHOCTL Bo306yxaaemown UIML|, oTHocUTENbHOM BbICOTLI NOpora
1 yrna ycTaHOBKW nperpagbl kK 60pTy notka (6eperoBon NMHMM). SKCNeprMeHTanbHO AokadaHa HedHEKTUBHOCTb paboThbl
KOLM B ycnoBusix BbICOKMX FOPU3OHTOB BOAbI C TOUKM 3peHusi Bo3byxaeHust B notoke WML, 4yTo He Halino oTpaxeHus B
paboTax npeALlecTByOLLMX UccreaoBaTenen.

KNIOYEBBIE CITOBA: Bogo3abopHble ruapoysnbl, pycrioBble HAHOChI, ICKYCCTBEHHasA NONepeyHas LMPKyNaums, Koco-
HanpaBneHHbIN AOHHbBIN LMPKYNALMOHHBIA NMOPOT, PErPeCCUOHHBIN aHanm3

ona UMTUPOBAHMWA: Knosckuli A.B., Kosnos [].B. Generation of artificial transverse circulation in an open channel
flow by submerged vanes // BectHuk MI'CY. 2019. T. 14. Buin. 9. C. 1158-1166. DOI: 10.22227/1997-0935.2019.9.1158-1166

INTRODUCTION

One of the most difficult problems in ensuring
a guaranteed supply of river water of the required qual-
ity to irrigation and drainage systems consists in the
struggle against the sediment capture by water intake
hydraulic units, primarily bottom ones [1-7]. In order to
solve this problem at a design stage, during operation or
reconstruction, various anti-sediment systems or their
individual elements are included in the composition
of the layout schemes for water intake hydraulic units.
The experience gained in operating low-pressure water
intakes on rivers of the mountain foothill zone trans-
porting a large amount of sediment has shown the ef-
fectiveness of applying protective systems and elements
redistributing the specific water duty along the cross-
section of the supply channel due to artificial transverse
circulation (ATC) generated in the water flow [8, 9].

In the domestic hydraulic engineering science,
theoretical foundations of ATC generating in an open
channel were laid by R.Zh. Zhulaev, who, on the basis
of a set of theoretical and experimental studies, showed
that any displacement of the dynamic axis of the flow,
including one due to the redistribution of specific dis-
charge along the cross-section of the supply channel,
leads to its stratification and, hence, to the appearance
of transverse movement of water masses in it (trans-
verse flow circulation) [10, 11].

A critical analysis of available publications showed
that the submerged vane (SV) is one of the most effec-
tive and simplest in both constructive and operational
terms of a anti-sediment element [12, 13]. This element

received its name in the works of foreign researchers
[14-18]. Such a submerged barrier located at a certain
f angle to the coastline generates artificial transverse cir-
culation in the flow by providing an effective redistribu-
tion of specific water flow rates along the cross-section
of the supply channel. In the area of the protected water
intake structure, straight after the specific consumption
curve, the sediment curve is also transformed in the di-
rection necessary for practice. The criterion for assessing
the intensity of the generated ATC in the supply chan-
nel with a width of B is presented as the relative value
for the displacement of the flow dynamic axis, A = f/B,
where f'is the difference in the position of the centres of
mass of the unit discharge curves in the cross-section
and in the area outside the influence zone of the vane.

G.V. Sobolin [12] found that the ATC inten-
sity is affected by the P vane angle to the coastline,
P’= P/H, relative vane height (where P is the average
vane height, H is the water depth of the domestic chan-
nel), i slope of the upper edge of the vane from its base
(root) near the shore to the end of the vane, as well as
the n = b /B= Isinf/B flow restriction (where / is the
geometric length of the vane) and ¥ average flow rate,
when approaching the water intake.

In accordance to the recommendations of G.V. So-
bolin and I.K. Rudakov, submerged vanes should be
straightforward, mounted at B = 15...30° angle to the
flow, with the 2B length, restricting the channel by
60...80 % (n=0.6...0.8) and with i = 0.005...0.20 longi-
tudinal slope of the upper edge of the vanes to the river
bed. It should be noted that these recommendations are
more true for the vane operation in the composition of
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dam water intake facilities under conditions of high
water intake coefficients (o > 0.7). For the operating
conditions of damless water intake facilities at small
values of a coefficient, the installation of vanes of such
a design is not always justified, which was noted by
G.V. Sobolin [12, 13].

According to V.S. Bondarenko, under the condi-
tions of damless water intake at a < 0.2, it is advisable
to increase the B vane angle up to 40...50°, while the
n restriction value should be determined for specific
conditions of water intake using the recommendations
given by A.S. Obrazovskiy [19].

Taking into account the existing contradictions
in the recommendations on the design of SV geomet-
ric features regarding the conditions of damless water
separation, in this study, we undertook a series of labo-
ratory hydraulic studies under the operating conditions
for the submerged vanes of this design.

MATERIALS AND METHODS

In this work, we studied SV operating under the
conditions of an unmodified flow pattern. A particular
focus was the intensity of the ATC generated in the flow
for various planned-geometrical characteristics of the
vanes and the hydraulic modes of its operation.

Our research aim was two-fold:

+ astudy of the interaction between a SV and a mod-
el flow without lateral intakes for various planned, geo-
metric characteristics of the vanes and hydraulic modes
of its operation using a physical fixed-bed model;

+ an assessment of the effect of the P’ relative vane
height, the » channel constriction, the i slope of the up-
per edge of the vane, as well as the V' relative value of

the average flow velocity (V' =V, /V, _, where V is
the average flow rate for the correépoﬂding experimén-
tal mode, Vo mmax is the maximum value of the average
flow velocity under experimental conditions) on the in-
tensity of vane-generated ATC.

To this end, the following objectives were ad-
dressed:

1) a methodology was developed for conducting
laboratory hydraulic studies for the operating condi-
tions of SV on a physical fixed-bed model at a = 0;

2) an experimental installation was designed and
built; laboratory hydraulic studies were carried out
across a wide range of changes in the boundary condi-
tions of the submerged vanes;

3) experimental data were obtained, a generalisa-
tion and multiple regression analysis of which provided
for the assessment of the effect of the considered pa-
rameters on the ATC generating conditions by vanes of
various design types, as well as for the formulation of
the main conclusions.

The studies were performed using an experimental
installation described in (Fig. 1) using the facilities
of the Hydraulics Laboratory of Culverts at the
Department of Hydrotechnical Structures at the Russian
State Agrarian University — Moscow Timiryazev
Agricultural Academy.

Considering the need to compare the results with
experimental data of other authors, as well as the possi-
bilities of the experimental installation and the available
data on the effective range of the relative height of the
vanes (P'=0.25...0.5) [2, 13, 19], five operating modes
were studied for each type of vane (Table 1).

Vanes were manufactured of organic glass with
a high degree of accuracy with their planned and ge-
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Fig. 1. Schematic view of the experimental installation: / — drain tank; 2 — diffusion grid; 3 — transversal scale; 4 — measur-
ing spillway; 5 — diffusion device; 6 — hydraulic flume; 7 — moving transversal scale; § — miniflowmeter; 9 — submerged
vane; /() — vane installation area; 1/ — louvre damper; /2 — downshaft; /3 — dynamic axis of the flow before generation of
the ATC; /4 — dynamic axis of the flow after generation of the ATC (in meters)
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Table 1. Experimental hydraulic threshold (vane) operation modes

Experimental mode P, m H,m | P'=P/H, V,, m/s V'= VIV 0, m¥/s - 107
1 0.06 0.12 0.5 0.25 0.833 30
2 (P,=007,£,=0.05) 45 0.4 0.20 0.667 30
3 0.15 0.4 0.25 0.833 37.5
4 0.15 04 |030(%,,.) 1 45
5 0.15 0.3 0.25 0.833 50

ometric characteristics determined considering the
intended volume of research. The model studied the
hydraulic operating conditions of the SV located at
B = 15...75° angles to the side of the flume (B incre-
ment step is 15°). The n = 0.2...0.8 range of flow restric-
tion was applied (n increment step is 0.15), reflected in
n = 0.2 and n = 0.35 values regarding the capabilities
of the laboratory installation with f =15°. Under the
experimental conditions, the i slope of the upper edge
of the vane varied from 0.0125 (n = 0.8; = 30°) to
0.0966 (n = 0.2; B =75°). The P average height of the
vane comprised 6 cm, while the P’ relative height of the
vanes possessed values of 0.3; 0.4; 0.5.

To assess the intensity of the ATC generated in
the flow, for each design case, a curve of specific dis-
charge in the cross-section was constructed and the
A =f1B relative displacement of the dynamic axis of the
flow was determined. Plotting of the specific discharge
curves was carried out for 11 verticals in the cross-sec-
tion with a step of 10 cm across the width of the flume
on the basis of flow velocities obtained by a miniflow-
meter (for n = 0.35 and n = 0.65, at a distance of 35
and 65 cm from the bottom of the vane, respectively,
an additional 12th measuring vertical was introduced).
Depths at design points were measured using moving
transversal scales.

RESULTS

Figure 2 presents dependences plotted using the
results of laboratory experiments characterising the
intensity of the transverse circulation generated in the
flow by vanes of various structural types. An analysis
and generalisation of the results of laboratory studies
showed that both a decrease in the B angle and a de-
crease in the P’ relative height of the vane lead to a de-
crease in the ATC intensity.

An important circumstance is the inefficiency of
submerged vanes established through laboratory studies
with the f = 15...60° installation angle in conditions of
high water horizons from the point of view of the ATC
formation in the flow. In the general case, for SV with
B angles of the indicated range at values of P’ < 0.35,
the artificial transverse circulation of the flow changes

direction to opposite (towards the part of the channel
blocked by the vane).

In order to identify the actual degree of influence
for each of the essential parameters on the ATC gen-
eration conditions, a multiple regression analysis was
applied.

For a reliable assessment of the degree of influence
of the P’ relative vane height, following parameters
were required at the initial stages to exclude multicol-
linear variables from the multiple regression equation:
V" relative value of the average flow velocity, n flow
restriction, i slope of the upper edge of the vane and the
B angle of its installation to the side of the flume. For
this, a correlation matrix was compiled with the analy-
sis resulted in the following:

1) the velocity mode of the main flow demonstrate
no effect on the nature of the phenomena studied, since
the correlation coefficient between the A and 7’ values
is equal to 0.006;

2) a weak correlation between A and i (—0.150
correlation coefficient) was noted and multicollinear-
ity in pairs of i — n and i — 3 essential parameters was
revealed; a close correlation is observed between the
value of A and the B angle of the vane.

The multiple regression equation in coded factors
takes on the following form:

x:B0+lel+BZx2+B3x3’ (1)
where the x, independent variables are the relative
height of the vane P’, x, is the n flow restriction and
x,1is the B angle of installation of the vane to the side
of the flume. The methodology for conducting multiple
regression analysis is described in detail in [9].

For equation (1), the values of the B free term and
the B,, B, and B, coefficients before the independent
variables are as follows:

%= 0.0375 + 0.0369x, + 0.009x, + 0.0181x,. (2)

Statistical estimates (multiple correlation coef-
ficient and determination coefficient is R = 0.8411
and R* = 0.7075, respectively) demonstrated the high
quality of the multiple regression equation. The calcu-
lated adjusted determination coefficient turned out to
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Fig. 2. Experimental dependences of flow restriction on the relative displacement of the flow dynamic axis, A = f{n): « — mode
No. 1; 5 — mode No. 2; ¢ — mode No. 3; d — mode No. 4; ¢ — mode No. 5

be = 0.6992. The significance of the equation by the
Fisher test comprises F'= 85.4497 > 2.6903 (p < 0.05).
The coefficients for all independent variables are found
to be statistically significant (p < 0.05), and the relation-
ship is direct. The most significant coefficients for the
variables were x, and x; (p < 0.0001). Therefore, the
main influence on the intensity of the generated ATC
is exerted by the P’ relative height of the vane and the
B angle of installation of the. Moreover, with increasing
values of P’ and f3, the value of A also increases, indicat-
ing the formation of a more stable transverse circulation
in the flow.

DISCUSSION AND CONCLUSIONS

1. Regardless of its planned and geometric char-
acteristics, the submerged vanes installed in the flow
permit the redistribution of specific discharge in the
cross-section of the supply channel, which is a neces-
sary and sufficient condition for the generation of ATC
in the flow.

2. A decrease in the B angle of the vane leads to
a decrease in the intensity of the ATC. An important
circumstance is the inefficiency of vanes established
during laboratory studies with the § = 15... 60° installa-
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tion angle under the conditions of high water horizons
in terms of the ATC formation in the flow. In the most
general case, for vanes with B angles from the indicated
range, at values of P’ < 0.35, the artificial transverse
circulation of the flow changes direction to opposite
(towards the part of the channel blocked by the vane).
3. The results of the performed multiple regression
analysis indicate the actual absence of the influence of
the average flow rate on the ATC generation conditions.
The P’ relative height of the vane and the B angle of

installation are of decisive importance: increased P’ and
B values result in an increased A value, which indicates
the formation of a more stable transverse circulation in
the flow.

Future research should address the development
and study of effective sediment protective devices as
part of water intakes on rivers with sharply varying
levels, as well as the study of channel processes in the
upper and lower pools of water intakes, which feature
submerged vanes in their design.
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