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FREE-FLOW DISCHARGE CHARACTERISTICS OF AN OVERSHOT GATE : A NON-
HYDROSTATIC NUMERICAL MODELING APPROACH

PRETOLNOST PROSTEGA PRELI VAPRIEZT @PAKNEXPIKICROSTATI L N
NUME R L N EGDELIRANJA

Yebegaeshet TZerihun?

David & James$ Engineering and Environmental Consultancy, 204 Albion Road, Victoria 3350, Australia
Abstract

Overshot gatg such as the Laflat gate,have been use@xtensivelyas a flowmeasuring structure in open
channel irrigation conveyance systems. Degpé#& simple geometric shape, the free flow osechstructures
possesses a substantial curvature of streamline and a stesprfeee slope, thereby making the assimnpt

of a hydrostatic pressure distribution invakdcordingly, the shallowwater approachecomesnapplicable

for analying their discharge characteristics. Using the deptbraged Boussinedygpe model, the critical
flow conditions based on this lowerder approach were extended, leading to an equation for thiicinee
coefficient of dischargéhat implicitly incorporates thd | o dybamic effects. Thelevelopedmodel was
tested for fredlow casesyith a satisfactory agreememttweercomputationbresults anéxperimental data.
Overall, it was shown that the proposed model is capable of accurately simulating a-civagadlyflow over

an overshot gate. The study found that the relative overflow depth prominently affects the characteristics of
the curvilinear transcritical flow and hence the fftmwv coefficient of discharge. Furthermore, the angle of
inclination has a moderate influence on the discharge characteristics ewidthliovershot gate with a face
slope flatter than 56A.

Keywords: overshot gate, discharge rating curve, pivot weir,-hgdrostatic flowdischarge coefficienflow
measurement

l zvl el ek
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Ravne zakl opne zaporn

namakal ni h sistemih z odprti mi kanal i . Kl'jub svoj
ukrivljenost tokovnic in strm nakl on rgd atdatniel, ne@a
neveljavna. Zato je pristop plitvega -Stokkae  &kwith jen
neustrezen za analizo pretolnih karakteristik zak]|
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podat ki . Na splodgno se je izkazal o, da je predlag
|l ez zakl opko. Gtudija je pokazal a, dnasti ukevijeaega v n a
transkritilnega toka in s tem na pretol ni koefi ci
na pretolne karakteristike zabklbdpke polne girine
Kl'julne zhdd opp& a, pr ettiolnnia jkerzi,vunghai,drvorst ati | ni ta
pretoka

1. Introduction the hydraulic characteristics of an overshot gate

under free and submergetlow conditions. For
angles of gate inclinatodpet ween 16 and !
conducted experiments on flows over contracted
andfull-width overshot gates. They also considered
the effect of angle of inclination to extend the
equation for the freflow discharge coefficient of a
vertical sharpcrested weiKindsvater and Carter,
1957). Likewise, Manz (1985) and Hager (1994)
also extended this equation for a similar flow
situation. Using dimensional analysis and
incomplete selsimilarity theory, Di Stefano et al.
(2016) developed a stagiéscharge relatiorsp for

a triangularshaped weir with a vertical downstream
face, which is, obviously, applicable for analyzing
the overshot gate flow. By introducing additional
correction factors that account for the inadequacies
of the lowestorder energy and momentum
approaches, Azimfar et al. (2018) developed semi
theoretical equations for freand submergetiow
discharge coefficients. The submerghmv
characteristics of a similar overflow structure were
also experimentally investigated by Bijankhan and
Ferro (2020. However, the overall accuracy and
application range of the discharge -coefficient
equations stemming from these studies depend on
the scope of the experimental tests. By applying
numerical models, the various aspects of free flow
over an overshot gate wee also investigated.
The flow characteristics of an overshot gate or a Bijankhan and Ferro (2018) employed the
pivot weir with a rectangular control section have OpenFOAM software, which is based on the
been of primary interest to researchers.ziBa Reynoldsaveraged NavieBtokes equations, to
(1898) was probably the earliest researcher to examine the influence of the angle of inclination on
investigate the freflow discharge characteristics of  the discharge characteristics. More recently, the
this structure. He performed experiments on metrod of smoothed particle hydrodynamics was
overflow structures with angles of inclination utilized to analyze the twdimensional (2D)
varying from 14 to 90 Astuct§id bfctee ghtd everflow &Mahdavin aridVv e
experimentalstudies were carried out to better Shahkarami, 2020). In comparison with previous
understand the key characteristics of overflow. investigation results (e.g. Bazin, 1898; Wahlin and
Wahlin and Replogle (1994) experimentally studied Replogle, 1994) however, this method did not

Open channels are commonly used to convey water
in the surfacarigationmethods. For efficierwater
managementn adjustable overshot gatech as a
pivot weir ora Lay-flat gateis often used to control
flow and water levels in these channels. Despite its
simple geometric shape, free flow over an overshot
gate possess sharplycurved streamlines with
steep slopes. Consequently, the flow field is
characterized by the prevalencé mon-uniform
velocity and norhydrostatic pressure distributions.
As noted by Zerihun and Fenton (2007) and Zerihun
(2020), the dynamic effect of a curvetteamline
overflow significantly affects the performance of a
shortcrested type of flow control micture.
Apparently, a critical flow theory based on a
hydrostatic pressure approadf unsuitable for
analyangs u ¢ h s tdisechardge charactesstics.
The vertical motion of the curvilinear flomustbe
accounted for by a higherder numerical modelo

as to overcome the inherent drawbacks of this
conventional approach. Such a FAuoydrostatic
model allows us to obtain detailed information
regarding the complex flow field for a wide range
of parameters without resorting to expensive and
time consumingexperiments. It can also offer
insights into the physical processes governing the
flow-structure interactions.
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accurately simulate the trend of the discharge based equation can offer a realistic solution to-real
coefficient as a function of the gate slope. Both life problems related to the accurate prediction of
studies accounted for the effects of a son the discharge of a properly védated overshot gate
hydrostatic pressure distribution. from field data. The second aim is to evaluate the
performance and applicability of the model in
predicting the mean flow characteristics of the
curvilinear transcritical flows, including the
prominent features of the free jet at thena
contracta. The qualities of the simulation results are
thoroughly examined by using a set of experimental
data from the literature. It is worth noting that the
method presented herein is limited to the analysis of
flow over a fullwidth overshot gatender freeflow
conditions. In the following sections, a short
summary of the derivation of the governing
equations and their numerical solution procedures
will be presented first, followed by a discussion of
the validation results.

The literature review demonstrates that most of the
above stdies devoted empirical methods to develop
the discharge coefficient equations rather than
applying a critical flow theory based on a non
hydrostatic pressure approach. Furthermore, little
effort hasbeen madeo farto numerically study the
salient feature of the curvilinear transcritical flow
over an overshot gate. All these deficiencies
highlight the need for a comprehensive numerical
investigation of the problem of the gate flow.
Recently, Zerihun (2017b) developed a depth
averaged Boussinegygpe energ model based on
the assumption of a linear variation of streamline
geometry parameter across the flow depth. Unlike
the governing equations derived from a potential
flow theory €.g. Fawer, 1937; Matthew, 1991; 2. Numerical modeling mettodology
Homayoon and Jamali, 2021), the model
incorporates a higheorder dynamic correction for
the effects of the vertical curvatures of the
streamline and the steep fregrface slope. Hence,
it is eminently suitable for analyzing curvilinear
flow problems with continuous fresurface
profiles. Similar © the freeoverfall problem, the
numerical treatment of the free jet part of the
overshot gate flow is challenging due to the
presence of dual free surfaces. As demonstrated bya@nd z is vertically upward, are also shown. It is

solved by applying both the flow rgfile and involves a curvilinear flow witlsubstantial vertical

pressure equations with the aid of auxiliary curvatures of the streamliniat lead to a nen

boundary conditions. Therefore, the first aim of the h.ydr.osta.ltic pressure and raniform velocity
study is to explore the discharge characteristics of a distributions.As noted by Fawer (1937), Montes
full -width overshot gate under fréw conditions ~ @nd Chanson (1998), agerihun (2004, 2021a), a

2.1 Governing equations

A schematic diagram of fregurface flow over an
overshot gate is shown in Figure 1a, in which a
subcritical incoming flow becomes a supercritical
flow over a short length of the channel. Cartesian
coordinates, wherex is in the streamwise
horizontal direction;y is in the lateral direction;

using a deptiaveraged Boussinedgpe nodel. higherorder approximation for the vertical
This also comprises assessing the impacts of the distribution of the streamline curvature parameters
relative overflow depthh/w (h is the overflow is necessary in order to accurately treat the complex

transition from a hydrostatic to a nbiydrostatic
flow regime. By relaxing the gakly-curved flow
approximation, Zerihun (2017b) deduced a
Boussinesdqype model from the deptaveraged
energy equation. For steady flow in a rectangular
channel, the equation reads as

depth, andw is the gate height) and angle of
inclination on the gate discharge. With the non
hydrostatic model, the lowarder critical flow
conditions (Bakhmeteff, 1932, pp. -35) are
extended to develop an equation for the -flees
coefficient of discharge as the case of curvilinear
flow over a rounecrested weir (Fawer, 1937;
Hager, 1985; Zerihun, 2017b). Such a physically
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where H, denotes the total energy head; is the
local flow depth measured verticallyg is the
discharge per unit widthg is acceleration due to

gravity; Z, is the local bed gradient of the channel;
S; is the friction slope;Z,, and H, are the

second derivatives of the bed profile and flow depth,
respectively; w;, =1+(h, ), w, =1+(Z 7; h, is

the freesurface slopea is the Coriolis velocity
correction coefficient; and is the elevation of the
channel bed or the lower nappe of the jet. Equation
(1a) is a higheprder deptkaveraged equation for
2D hydraulically steep flow problems, where the
pressure distribution appreciably deviates from
hydrostaticFor quastuniform freesurface flovgin

a constant slope channedH(=H, =7 =0 and

|

Figure 1: (a) Definition sketch and computational
domain for the problem ofa nonhydrostatic
overshot gate flow; and (b) an Obermeygpe
overshot gate system operating under -ilows
conditions (Photograph courtesy ofKnight
Architects, UK. The angle of gate inclination with

a @.0), Equation (1a) simplifies to the steslope
form of the energy equation (Chaudhry, 2022, p.

42),i.e., the horizontal axis is denoted ly.
e:q 2 +—+27. 2) Sikal(a) Definicijska skica
2gH" w Za probl em nehi drostati €n

zaklopko; in (b) sistem zaklopnih zapornic tipa
Obermeyer, brez vpliva spodnje vode (fotografija z
dovoljenjem Knight Architects, ZK). Kaoiklona

The pressure equation of Zerihun (2017b) for flow
in a rectangular channel can be written as follows:

p_{-2)H , g°Z,(1- 2) zaklopke pe oznad&en z
w; Hw,w,
g o grimn? (3a) point in the flow field;#, is the second derivative
+ % - L gl z) of the freesurface profile; andz is a non
2gHW1 o, 2 . : . : ,
¢ dimensional vertical coordinate. The first term on

z-7 the righthand side of Equation (3a) represents the
Z= ’ (3b) northydrostatic pressure due to the effect of the
steep freesurface gradient, as noted by Lauffer
where g(= rg) is the unit weight of the fluidr is (1935), while the second and third termsneitéor
the density of the fluid;p is the pressure) refers the dynamic component of the pressure due to the
effects of the vertical acceleration. In the case of a
graduallyvaried flow with streamlines nearly
parallel to the mileslope channel, the frerurface
and bed curvatures terms vani¢h,(= Z,, @ and

to the freesurface elevationz is the elevation of a

104



Zerihun Y.:Freeflow discharge characteristics of an overshot gate: Amahrostaticnumericalmodeling approach
Pretol nost pr ostkeoga Ppriesltiova nleehzi dzraoksltoapt i | nega nume
Acta hydrotechnic8563 (2022), 101-115 Ljubljana

w, =w, @.0), and hence, this equation reduces to ;= q? (6b)
a hydrostatic pressure equation. The pressure atthe "' 6gH?’
bottomof the channel,p,, can be determined from
Equation (3a) by setting =0 as follows /= q’ Z,), (6¢)
1 2gHZ *
LT B W M (4)
g wo2gHME w2 /= Pl +22), a2 B2m, 13
As a Boussinestype energy model, its application i ZgHjZ BgH 88 i 2 (6d)
is limited to the analysis of rapidiaried flows +i+z. ) (H “H )
with continuous fresurface profiles(see Figure w, v

1b). For the case of flow with a discontinuous free
surface profilesuch as a hydraulic jump, a higher
order model based on the momentum principlg.( section, andH, ; is the head loss between the inflow
Steffler and Jin, 1993; Zerihun, 2017a, 2021a) can gection and a downstream section at ngdeThe
be employed to analyze the flow problem without a
prior knowledge of the energy dissipation rate.
Equations (1a) and (4Ayill be employed here to
analyze the freélow discharge characteristics of a
full-width overshot gate. In these equations, the
unknowns are the flow depth, elevation of the lower
nappe, and the pressure on the face of the gate. They 36/0,(H .1~ 2H; +H )

are numerically deterined using an implicit finite +/, (Hj ,- 6H,., +3H, +2Hj+1)2
difference scheme. The computed results will be
compared with the experimental data in order to
examine the validity of the equations for the +36(Dx)*/ 5 =0,
problem of curvilinear transcritical flow.

where H,, is the total energy head at the inflow

first and second spatial derivative terms in Equation
(5) were discretized using the fepoint finite-
difference approximations (Bickley, 1941), which
results in the following expression after
simplification:

(7)
+6Dx/, (H,.,- 6H, , +3H, +2H )

where Dx is the size of the stefor the free jet
portion, the atmospheric pressure existing on the
2.2 Discretized equations and solutionmmethod lower side of the nappe provides an auxiliary
Equation (1a) is a nelinear ordinary differential boundary condition. Using this fact in Equation (4),
equation, and a closddrm solution is available  the following discretized equation for the lower
only for idealized cases. Therefore, it is numerically napp@® slevationwas obtained:
solved by specifying two boundary conditions at the

2 ~ 2
inflow section and at the crest of thyate. The (Z]__l_ 27, +Zl_+l)‘:j‘pW2,j 18 29|2‘|j (Dx)?
inflow section is located in a hydrostatic flow Ewy 2 q (8)

region, so that a lowasrder equation can be applied + (H 1~ 2H; +H j+1): 0.
to compute the total energy head. For the purpose of
developing a generalized numerical scheme, The above equation was also employed to compute

Equation (1a) can be rewritten in a form asdia: the curvature of the upper nappe profile at the crest
5 of the gate. For simulating the lower nappe profile,
TojHu * 14 (Hx,i) /oy +13;=0, (5) the upstream elevation was deduced from the gate

height, but its elevation at thdownstream end (
j=N) was specified as an outflow boundary

condition. Given that the channel bed did not have

where the noilinear coefficients/,;, /,;,/,;,
and/,; atnode | are defined as

5 curvatures, the discretized form of Equation (5),
/o, =ﬁ, (6a) together with the specified flow depth and
9h; W | atmospheric bed pressure at thitoiw section and
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at the crest of the gate, respectively, was solved for 2.4 Results of the model validations

the upper nappe profile by the Newt&taphson  The results of the numerical model for frmarface

iterative methOd W|th a numel’ica| JaCObian ma'[I‘iX, and bottompressure prof”es were Va“dated using

surface position. Based on the relativeaige in Recl amation [USBR] (1948).

solution criterion with a specified toleranceldr ° experimental work was done on flows over inclined

, the solution error of the numerical scheme was sharpcrested weirs, which are similar to flows over
minimized. A similar technique was also applied to overshot gas. Under freeflow conditions, weirs
predict the lower nappe profile. Further details of wi t h angl es of inclinati or
the numerical procedurder the problem of dual and spanning the full width of the flumeere tested
free-surfaces flow can be found in Zerihun (2004, The pressure on the face of the weir and the profiles
2021b). of the nappe shapes were measured by piezometers
and  coordinometers, respectively. The
measurements wecurateto 0.3 mm.Figure 2
shows the fresurface profile and the pressure on
the upstream face of the gate this figure, the
normalized freesurface elevationV(=//+,) and

2.3 General remarks on model application

In the next section, the accuracy of the proposed
model will be systematically examined by
comparing its solutions for the problems of an
overshot gate flow with the experimental data.
Using the criteria proposed by Hager (2010, p. 291) are plotted against the normalized horizontal
and Curtis (2016Yhe effects of surface tension and distances X (=x/#,)  and X, (=x/h),
viscosity on the experimental data were examined. respectively, wheréy, is the elevation of the free
Accordingly, experimental data with/w? 0.1 and surface at the inflow s#ion. In the supercritical

hz50 mm were considered for calibration and fiow region where the streamlines have steep slope
validation purposes. In the numerical mod@e t  and substantial vertical curvatures, the model
energy loss due to friction was estimated using the satisfactorily predicted the fremurface elevations
Darcyi Weisbach equation with an explicit form of  of the upper and lower nappes. Upstream of the crest
the ColebrookWhite formula Zigrang and  of the gate, the modebrrectlyreproduced the free
Sylvester, 198p for the friction factor In this surface profiles, and its results matched reasonably
method, the effect of the steep gradient of the bed well with the experimenta| data (See FigurecZa

on flow resistance was taken into account by As can be seen from Figure 2d, the trend of the
considering a drag force tangent to the bed (Berger, profile of the pressure on the face of the overshot
1994), which led to a resistance equation with a gate was correctly simulated, but the predicted
parameter for the wetted perimeter in a plane normal values were slightly lower than the measured ones.
to the bed. Additionally, the Coriolis coefficiera, The good corelation between the numerical results

, was computed using Zegnd dxpeinbstal datd debndnstrat8sitia uitdbifit? |
procedure from the experimental data of Rajaratnam of the proposed model for simulating Ron
and Muralidhar (1971) and Tim (1986) for free flow  hydrostatic transcritical flows over overshot gates.
over a vertical sharprested weir. The result
indicated a minimum value of 1.01 near the inflow
section and a maximum value of 1.2 in the
curvilinear flow regionDuring the simulationsits
valuewas varied between these extremes along the
computational nodes.

the normalzed pressuren the gate face = p,/gh

25 Crest of the lower nappe profile

Information on the location of the crest of the lower
nappe is vital for the application of a critical flow
theory. As described by Jaeger (1956, p. 134),
critical flow conditions can occur only at this local
maximum of the bottom profile. Because of this
fact, the effects of the angle of inclination and
relative overflow depth on the maximum height of
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this nappe above the gate crest were examined by
analyzing the numerical results and the test data of
Bazin (1898) and USBR (1948). Figure 3a shows

the variation of the relative maximum height of the
lower nappee/w with the relative ovélow depth
h/w. Since the magnitude of the discharge
influences the slope of the lower nappe at the gate

proste

of i Ii t

E --0005" +0.1127°°"- 0,046
w

gl adi:@eg=71H67"ukr i v I

aka v (dzaklopre vzda

zr eksperimdntalninoi ypodatkiu WSBR i € n «

(9a)

The coefficient of determinatiorrt) leading to the
above equation is 0.94. Likewise, the variation of
the location of the vena contracta (flow section at
the crest of the lower nappe) was examined, and the

crest, its relative maximum height decreases as the following  regression equation r{=098) is
relative overflow depth increases. For a constant obtained:
h/w, the elative maximum height increases with
increasing angle of inclination, as depicted in Figure
3b. The trend of the analyzed data can be expressed

as follows:

h

X, =0.199— +22.936¢°°%- 22912
w

(9Db)
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where X,,(=x,/h) is the normalized horizontal ~Slika 3: (@) Kor el aci ja med rel

distance of the vena contracta from the gate crest.
Equations (9a) and (®) are the results of a
regression analysis based oma nonlinear
optimizationapproach{Lasdoret al., 1974)In both
equations, the angle of inclinatignis in radian. As
shown in Figure 4, the relative overflow depth and
angle of inclination influence the relative position
of the vena contracta. Its position shifts further
downstream as the relative overflow depth

increases. A similar trend can also be seen as the ™

gate slope becomes steeper. The results of the
analysis for the key features of the lower nappe
profile are consistent with the results of the
Kandaswamy and Rougd957) investigation on
flow over a vertical sharprested weir. In the next
section, the capability of the depdlveraged
Boussinesdype model for developing the frdlew
discharge rating curve of an overshot gate will be
examined.

elh (%)

— Equation (9a)

© USBR (1948) [0 = 71.57°]
| |

|
4
hiw

-+ hlw=1.0
=<hlw=15
—hlw=2.0

70

10 20

6 (deg)
Figure 3: (a) Correlation between the relative
maximum height of the lower nappe and the relative
overflow depth; and (b) variation of the relative
maximum height of the lower nappe with the angle
of inclination for various values df/w.
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Figure 4: (a) Correlation between the location of

the vena contracta and the relative overflow depth;
and (b) variation of the position of the vena
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Slika 4: (a) Korelacija med lokeijo venekontrakta
in relatvnopr el i v non () isgfemanta
p ol o z a koatraktas ko®m nagiba zapornice
za razlichle. vrednost.

3. Headdischargerelationship

3.1 Free-flow coefficient of discharge

A critical flow theory based on a ndrydrostatic
pressure approach is applied here to develop an
equation for the discharge coefficient. For this
purpose, the lower nappe profile is treated as a bed
of a channel in which its elevation varies with the

numt¢
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hydraulic conditions of the flow. Unlike a rigid or a 3 1/2 gH2

movable bed channel, the atmospheric pressure G=- R 2
. . . ol g 3

along its profile provides an auxiliary boundary

condition. As noted by Rouse (1936), conditions of As mentioned before, a critical flow approach based

critical flow occur at the maximum elevation of the on a nonhydrostatic pressure can offer tangible

lower ngppe profile ¢, @ and w,=1), and solutions to realife flow problems, provided that
hence, the flow attains its minimum specific energy the position of a channel section for critical depth
(Bakhmeteff 1932, p. 35). Using such conditions computation is known in advance. For the problem
for the critical flow problem of an overshot gate, the Of freesurface flow considered, Equation (10a) can
relationship between the minimum specific energy De rewitten as
E(=H,- Z) and the critical depth can be obtained o, 304G )

(12)

-QOO

MG, NG g (139)

by differentiating Equation (1a) with respectlb, mi2gdH ™ 2g 29
while the discharge is kept constant.
Math ically, thi /2
athematically, this can be expressed as G =- m6/l3RS ’ (13b)
2 2 2
E:l_ qzq_ q3g+ 9 dq:o, (10a)
dH  gH; ~ gH; ~ gH, dH dG, _2gR "
i @ air (Hn+2R,) (13c)
2 /2 5 q
G=uy Zos RUTARE g, | |
2 c 6RR, = In the above equation, the value Gf is always

5 (H )26 positive. However, the sign of the value &

G =W1% +X 8 (10c) depends on the shape of thet r e a madrticat e 6 s
¢ - curvature.For convex freesurface flove such as

free flow over an overshot gat& is always a

where R, and R, are the radii of curvature of the

streamline at the lower and upper nappes, negative gantity, and G, is toa For this type of

respectively, and . is the critical flow depth atthe ~ flow, Equation (13a) has only one reailued
positive root for critical flow depth, and it can be

found by applying an iterative numerical procedure
based on the bisection method that proceeus fr
the estimated value oR,. Using this flow depth,

crest of the lower nappe profile. A closure relation
for the above equation can be obtained by applying
the auxiliary boundary condition at=m. Using

this condition in Equation (4), the following

expression is obtained: the specific energy of the flow gt=m (E,,) can
5 be computed from Equation (1a), i.e.,
R = o ay) e @
gHLR; - ' °q E, = G+ G +—0. (14)
wmaH;, 2mgH;, 3

Equation (10a) is a higharder equation for critical

flow depth, which accounts fthe effects of a nen From a practical perspective, the discharge equation
hydrostatic pressure distribution. If the geometric of an overflow structure can be expressed as a
characteristics of thetreamline at the upper nappe function of the upstream crestferenced flow
are known in addition to the flow parameters, then depth (seeg.g. Horton, 1907; Bos, 1989, p. 47).
this equation gives a useful solution to the problem Thus,

of the curvilinear critica flow. Substituting

2
Equation (11) into Equation (10b) and simplifying CI:gCD\/Zghs/Z, (15)
the resulting expression vyields an equation
independent oR, as follows: where C,, is the discharge coefficient. Accurbte

descrbing the discharge characteristics of an
overshot gate requires the application of an equation
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that accounts for the effects of the streamline g<30") andh/w>5, the gate flow becomes a sill
vertical curvature and steep freerface slope.  flow with a critical section in the channel of

Inserting Bjuation (15) into Equation (14) yieldsthe 3 ppr oach, as previously no
desired expression for the discharge coefficient as 3 similar overflow structure with a face slope
follows: stepper than 700, however
5 8E 6 &' depth can reach an upper limit vahfel0, which is
L g™ g 20 regarded as the borderline between the two types of
Co =igeH_m8 Sg_QLg (16) flows (Kandaswamy and Rouse, 1957). Compared
2J3¢ h = x2H,G+G 4 to the norhydrostatic method developed here, the

OB 8B
e

earlier empirical approaches.§. Hager, 1994;
Wabhlin and Replogle, 1994; Azimfar et alQ13;
Bijankhan and Ferro, 2018) did not employ higher
order critical flow conditions.

As h/w- + g, the gate flow exhibits the features
of a plane free overfall. For this type of flow, the
above guation can be applied to describe the

discharge characteristics after some mathematical 12 : I I ‘ :
manipulation following the Rouse (1936) approach. |- i ' ? ‘ {:—

A simplified computational approach based on a 11 : RS : :
sound theoretical basis is applied here to solve the |- i,,,,ﬁi,,,,ﬁi,,,,%,,,,:r,,,,
above norlinearalgebraic equations. It is apparent E 08 +———— [ —Equation(17a) [~~~ o
that the magnitude of the relative overflow depth — | ———— I-—| ce=208  [-———— —
influences the degree of the vertical curvature ofthe o6 |~ - c8=3%02 F————
streamline. This noedimensional parameter hasa | ———— i,,,,#g,,,d;,,,,T,,,,:F,,,,
prominent effect on the freflow discharge 04 ‘ : : : ‘
characteristics, andehce, it has to be implicitly 0.1 0.3 0.5 0.7
incorporated in the above equation. By hiw

systematically analyzing the experimental data of 0.00

Bazin (1898) and USBR (1948) using a dear
optimization technique, the following empirical

equations 0.84 ¢ r? ¢ 0.99) were developed for the e
various parameters appearing in Equation (16): z 4:
|
E h 0.05 ———— 4 — Equation (17¢) - ————1
H_m = 0.0017\/ +0.0137°°%°+1.013 (17a) l - os2a00
mo T T T
| | | |
o 1o 0499 -0.03 | ! | 1
Hn_000Al8  +07330 (17b) o 02 04 06 08 1
h cW+ hiw
aho Figure 5: Variations of the (a) relative specific

GH,, =-0.003In&-6+0.0037%'*°- 0.074, (17¢)

cW+ energy head and (b) curvature of the free surface

with the relative overflow depth.
where g is in radian. All the regression equations

developed here are valid forl ¢ h/w< 6.5 andfor Slika 5 Va riactl ?. (a) T elat
energijske visSine gladine( b) u
26"¢g<90". The results of the validation for ., | o| ati vno. prelivno visgin

selected parameters are depicted in Figure 5. As can
be seen, the computed reswdggreedclosely with

those values determined from the experimental data . _ o
of Wahlin and Replogle (1994) for full-width In Figure 6, the discharge coefficients computed

overshot gate. It can be shown from the above from the present method were qoanedagainsthe

equations that for a small angle of inclination (
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0611 | <usBR(1948)[8=56.31] | | ' — Equation (16)
} ~ Bazin (1898) [6 = 71.57°] 05— © Wahlin and Replogle (1994) [68 =25.9°] | |
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Figure 6: Comparison of predicted and measured discharge coefficients for overshot gates discharging under
freeflow conditions.The results of Equation (16) in (a) are shown in solid lines with the colors of the
corresponding experimental data.

Slika 6. Primerjava predvidenih in izmerjenipr et o ¢ ni h zdklopke Zza pdmegprostegar preliva
Rezultatien a € b e ( 1 Gikazamiz ( @mé p s ® k pbajvannustrezhih ¢kgperimentalnih podatkov.

experimental data of Bazin (1898), USBR (1948), attributed to the fact thatvith a flatter angle of
and Wahlin and Reploglg€1994). The results inclination, the energglissipating corner eddies on
reasonably follow the trend of the experimental data the upstream selof the gate consume less energy.
over a large range df/ w. Themaximumabsolute The result indicates thatfor ¢>56.0" the

relative erros of the numerical resultsary from discharge coefficient of the gate deviates from the
2.12 to 5.84%. The influence of the vertical Corresponding\/ajue of the vertical Sha.rq;rested
curvature of the stamline on the discharge eir by less tha6% due to the large size energy
characteristics is dominant under fifémw dissipatiy eddies in the recirculation zan€his
conditions. As depicted in Figures 6 and 7, the implies thatfor a steeply sloping gate, the angle of
discharge coefficient increases with increasing the inclination slightly influences the freflow
relative overflow depth for the range of gate coefficient of dischargeAs a measure of its
operation consideredt attains its maxnum value hydraulic efficiency, thaverageelative discharge

at a gate s l|Comppareddoia veticad u bfthé dvéfshot gate (= q/q,, whereq, is the unit
sharpcrested weir flow, the discharge coefficients

. discharge of a vertical shagpested weir) was
of the overshot gatewith g =30.0, 45.0, 56.31,

computed for different gate slopasd is shown in
and 71.57" are increased on average by 14.2, 10.9, Figure 8 The maximumy was found to be 1.14,

7.6, and 3.7%, respectively. Such differences quite close to the results of previous investigations
between the capacities of these structures are
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(e.g.Manz, 1985; Vdhlin and Replogle, 1994)he over a vertical sharprested weir. Thenodified
relative dischargeesult of Wahlin and Replogle Hager (1994) equatioran be written as follows:
(1994)is based on the data of a contracted flate.

— 3/2
This might be the cause for the r eeviatibnt 6 s Q=C,By2gH;"”, (18a)
from the prediction of the present method > 33 5
especialjfforgybet ween 60 and 90 UC =§CDV +O.055inaez(90- g)o (18b)
(; -

1 T T T T

where Q is the discharge;H,(=E, - w) is the
upstream energy head with reference to the gate
crest; andCp,, is the discharge coefficient of a

vertical shargcrested wei (Kindsvater and Carter,
1957), which igjiven by

----- —hiw=05 --hiw=15 T~~~
04 +————-— —hiw=25 hiw=35 h
,,,,, —hiw=456 -—-Ww=568 | Cpy =0.075— +0.602 (18c)
e T T T "
10 40 70 100 Using acorrection factor for the angle of inclination
0 (deg) (Cc), Wahlin and Replogle (1994) proposed the
Figure 7: Discharge coefficienas a function ofhe following discharge equation:
angle ofinclination for various values oh/w.
Q =3cccDV B,/2g h*?, (19a)
Slika7: Pr et oC ni v kdoignbsii adi ketan t 3

nagi ba za ralw.i ¢ne vred rbgélb§33+3.8483 10%g- 45310°g%.  (19b)

As described before, the selected experimental data
are free of sizescale effects attributed to viscosity
and surface tension. Therefore, a correction factor
for such effects is not necessary for the above
empirical equations. Also, the angle in these

|
7: B equations is in degreeAs shown in Figur®, the
07 ____ﬁ:__ - Wahlin and Replogle (1994) |-~ computed discharge®. using the three methods
||| ——Presentmethod ] compare satisfactorily with the experimentally
} | | | } } } determined discharge®.. All computedresults
| | | | | | | ~
04 ' ' W fell within the error bandwidtio f 10%| The mean
10 30 50 70 90

0 (deg) absolute relative errors are 2.3, 3.0, and 2.8% for the
present, Hager (1994), and Wahlin and Replogle
(1994) methods, respectively. This indicates that the
with the angle ofjateinclination g . performance of the proposed method is marginally
Slika 8: Sprememba relativnega pretokas kotom better than ta earlier methodst is also capable of
predictingthe discharge coefficiewf the gatewith

an accur adlye oewfal chtpetational
The computed discharge based on Equation (16) results confirmed that the ndrydrostatic method
was also compared with the results of the empirical presented here is efficient and accurate in modeling

equations proposed by Hager (1994) and Wabhlin the discharg characteristics of an overshot gate
and Replgle (1994). Both studies considered the under freeflow conditions.

effect of angle of inclination and extended the
discharge coefficient equation of Kindsvater and
Carter (1957), which was developed for free flow

Figure 8: Variation of the relative dischargg

naklonazaporniceq .
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Figure 9: Comparison of discharges computed by
different methods with the experimental data of
Bazin (1898) and Wahlin and Replodli994) for
free flows over fullvidth overshot gates.

Slika 9@ Pri mer j ava pretoko

razli ¢ni mi met odami , Z
Bazin (1898) ter Wahlin in Replogle (1994) za
prost.i preliwv

4. Conclusions

The free flow and discharge characteristics of a full
width overshot gate were investigated using a
depthaveraged Boussinedgpe energy model.
With this model, the critical flow conditions based
on the hydrostatic pressure approach were dgigbn
and then applied to develop an equation for the free
flow coefficient of dischargeTo simplify the
numerical computations, empirical equations for
relevant flow parameters were developed by
applying a nodinear optimization technique. These
equationsare valid for 0.1¢ h/w<6.5 and for

26°¢ g <90*. The results of the computation for
local flow characteristics were verified using a set
of experimental data from the literature.

For the problems of an overshot gate flow, the
model acarately predicted the fresurface profiles,
including the transition from a hydrostatic to a non
hydrostatic flow regime. Compared to the
measurements, however, it slightly underestimated

Cez S4 ak In®pHarActedsBcB.Or Ni C O

Using Equation (16), the freflow discharge
coefficient of an overshot gate flow waomputed
and validated. The results of the validation
confirmed that the equation can be used to predict
the discharge coefficient with an accuracy of
approxi mately N6 %. Cl
simulation results reveals the high dependence of
this stric t u disliage coefficient on the relative
overflow depth, which is a measure of the degree of
the over fl owi nverticain eupvgiueed
addition, the angle of inclination moderately affects
the discharge characteristics of the gate with a face
slope flatter than 56A.
a steeply sloping gate is marginal. The proposed
numerical methodor predicing the coefficient of
discharge under freow conditions can be
¥xtended Zrid aifipleménted for other types of

numt¢

os e

|l t s

SditRW Kriictud® Simihied tihel ciiViline®ify @fa t K i

the streamline strongly influences their discharge
pol ne
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