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

PRETOCNOST PROSTEGA PRELIVA CEZ ZAKLOPKO: PRISTOP NEHIDROSTATICNEGA
NUMERICNEGA MODELIRANJA

Yebegaeshet T. Zerihun'?

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

Overshot gates, such as the Lay-flat gate, have been used extensively as a flow-measuring structure in open-
channel irrigation conveyance systems. Despite their simple geometric shape, the free flow over such structures
possesses a substantial curvature of streamline and a steep free-surface slope, thereby making the assumption
of a hydrostatic pressure distribution invalid. Accordingly, the shallow-water approach becomes inapplicable
for analyzing their discharge characteristics. Using the depth-averaged Boussinesg-type model, the critical
flow conditions based on this lower-order approach were extended, leading to an equation for the free-flow
coefficient of discharge that implicitly incorporates the flow’s dynamic effects. The developed model was
tested for free-flow cases, with a satisfactory agreement between computational results and experimental data.
Overall, it was shown that the proposed model is capable of accurately simulating a sharply-curved flow over
an overshot gate. The study found that the relative overflow depth prominently affects the characteristics of
the curvilinear transcritical flow and hence the free-flow coefficient of discharge. Furthermore, the angle of
inclination has a moderate influence on the discharge characteristics of a full-width overshot gate with a face
slope flatter than 56°.

Keywords: overshot gate, discharge rating curve, pivot weir, non-hydrostatic flow, discharge coefficient, flow
measurement.

Izvlecek

Ravne zaklopne zapornice z vrtis¢em na spodnjem robu se v veliki meri uporabljajo za merjenje pretoka v
namakalnih sistemih z odprtimi kanali. Kljub svoji preprosti obliki ima prosti preliv ¢ez tak objekt precejSnjo
ukrivljenost tokovnic in strm naklon gladine, zaradi Cesar je predpostavka o porazdelitvi hidrostati¢nega tlaka
neveljavna. Zato je pristop plitvega toka (kot je npr. uporaba po globini povprecenih Navier-Stokesovih enacb)
neustrezen za analizo pretocnih karakteristik zaklopke. Z uporabo Boussinesqovega modela povprecne globine
so bili pogoji kriti¢nega toka, ki temeljijo na tem pristopu niZjega reda, razsirjeni, kar je privedlo do enacbe za
pretocni koeficient prostega preliva, ki implicitno vkljucuje dinami¢ne ucinke pretoka. Razviti model je bil
testiran za primere prostega preliva, z zadovoljivim ujemanjem med racunskimi rezultati in eksperimentalnimi
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podatki. Na splosno se je izkazalo, da je predlagani model sposoben natan¢no simulirati ostro ukrivljeni tok
ez zaklopko. Studija je pokazala, da relativna globina preliva izrazito vpliva na znacilnosti ukrivljenega
transkriticnega toka in s tem na preto¢ni koeficient prostega preliva. Poleg tega ima kot naklona zmeren vpliv
na pretocne karakteristike zaklopke polne Sirine pri naklonih manjsih od 56°.

Kljuéne besede: zaklopka, pretocna krivulja, vrtilni jez, nehidrostati¢ni tok, pretocni koeficient, merjenje

pretoka.

1. Introduction

Open channels are commonly used to convey water
in the surface irrigation methods. For efficient water
management, an adjustable overshot gate such as a
pivot weir or a Lay-flat gate is often used to control
flow and water levels in these channels. Despite its
simple geometric shape, free flow over an overshot
gate possesses sharply-curved streamlines with
steep slopes. Consequently, the flow field is
characterized by the prevalence of non-uniform
velocity and non-hydrostatic pressure distributions.
As noted by Zerihun and Fenton (2007) and Zerihun
(2020), the dynamic effect of a curved-streamline
overflow significantly affects the performance of a
short-crested type of flow control structure.
Apparently, a critical flow theory based on a
hydrostatic pressure approach is unsuitable for
analyzing such structure’s discharge characteristics.
The vertical motion of the curvilinear flow must be
accounted for by a higher-order numerical model so
as to overcome the inherent drawbacks of this
conventional approach. Such a non-hydrostatic
model allows us to obtain detailed information
regarding the complex flow field for a wide range
of parameters without resorting to expensive and
time consuming experiments. It can also offer
insights into the physical processes governing the
flow-structure interactions.

The flow characteristics of an overshot gate or a
pivot weir with a rectangular control section have
been of primary interest to researchers. Bazin
(1898) was probably the earliest researcher to
investigate the free-flow discharge characteristics of
this structure. He performed experiments on
overflow structures with angles of inclination
varying from 14 to 90°. Since then, extensive
experimental studies were carried out to better
understand the key characteristics of overflow.
Wahlin and Replogle (1994) experimentally studied
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the hydraulic characteristics of an overshot gate
under free- and submerged-flow conditions. For
angles of gate inclination between 16 and 55°, they
conducted experiments on flows over contracted
and full-width overshot gates. They also considered
the effect of angle of inclination to extend the
equation for the free-flow discharge coefficient of a
vertical sharp-crested weir (Kindsvater and Carter,
1957). Likewise, Manz (1985) and Hager (1994)
also extended this equation for a similar flow
situation.  Using dimensional analysis and
incomplete self-similarity theory, Di Stefano et al.
(2016) developed a stage-discharge relationship for
a triangular-shaped 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 lowest-order energy and momentum
approaches, Azimfar et al. (2018) developed semi-
theoretical equations for free- and submerged-flow
discharge coefficients. The submerged-flow
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 were also investigated.
Bijankhan and Ferro (2018) employed the
OpenFOAM software, which is based on the
Reynolds-averaged Navier-Stokes equations, to
examine the influence of the angle of inclination on
the discharge characteristics. More recently, the
method of smoothed particle hydrodynamics was
utilized to analyze the two-dimensional (2D)
structure of the gate overflow (Mahdavi and
Shahkarami, 2020). In comparison with previous
investigation results (e.g. Bazin, 1898; Wahlin and
Replogle, 1994); however, this method did not
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accurately simulate the trend of the discharge
coefficient as a function of the gate slope. Both
studies accounted for the effects of a non-
hydrostatic pressure distribution.

The literature review demonstrates that most of the
above studies 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 has been made so far to numerically study the
salient features 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 Boussinesq-type energy 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 (e.g. Fawer, 1937; Matthew, 1991;
Homayoon and Jamali, 2021), the model
incorporates a higher-order dynamic correction for
the effects of the wvertical curvatures of the
streamline and the steep free-surface slope. Hence,
it is eminently suitable for analyzing curvilinear
flow problems with continuous free-surface
profiles. Similar to the free-overfall 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 by
Zerihun (2004, 2021b), such a problem can be
solved by applying both the flow profile and
pressure equations with the aid of auxiliary
boundary conditions. Therefore, the first aim of the
study is to explore the discharge characteristics of a
full-width overshot gate under free-flow conditions
using a depth-averaged Boussinesg-type model.
This also comprises assessing the impacts of the
relative overflow depth h/w (h is the overflow
depth, and W is the gate height) and angle of
inclination on the gate discharge. With the non-
hydrostatic model, the lower-order critical flow
conditions (Bakhmeteff, 1932, pp. 33-35) are
extended to develop an equation for the free-flow
coefficient of discharge as in the case of curvilinear
flow over a round-crested weir (Fawer, 1937;
Hager, 1985; Zerihun, 2017b). Such a physically-
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based equation can offer a realistic solution to real-
life problems related to the accurate prediction of
the discharge of a properly ventilated overshot gate
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 the vena
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 full-width overshot gate under free-flow
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.

2. Numerical modeling methodology

2.1 Governing equations

A schematic diagram of free-surface 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, where x is in the streamwise
horizontal direction; y is in the lateral direction;

and z is vertically upward, are also shown. It is
known that a rapidly-varied transition typically
involves a curvilinear flow with substantial vertical
curvatures of the streamline that lead to a non-
hydrostatic pressure and non-uniform velocity
distributions. As noted by Fawer (1937), Montes
and Chanson (1998), and Zerihun (2004, 2021a), a
higher-order approximation for the vertical
distribution of the streamline curvature parameters
is necessary in order to accurately treat the complex
transition from a hydrostatic to a non-hydrostatic
flow regime. By relaxing the weakly-curved flow
approximation, Zerihun (2017b) deduced a
Boussinesg-type model from the depth-averaged
energy equation. For steady flow in a rectangular
channel, the equation reads as
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where H, denotes the total energy head; H is the
local flow depth measured vertically; g is the
discharge per unit width; g 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; @, =1+(n, ); @, =1+(Z,F; n, is
the free-surface slope; « is the Coriolis velocity
correction coefficient; and Z is the elevation of the
channel bed or the lower nappe of the jet. Equation
(1a) is a higher-order depth-averaged equation for
2D hydraulically steep flow problems, where the
pressure distribution appreciably deviates from
hydrostatic. For quasi-uniform free-surface flows in
a constant slope channel (H,=H, =2, =0 and
a =1.0), Equation (1a) simplifies to the steep-slope
form of the energy equation (Chaudhry, 2022, p.
42),i.e.,

H

+—+7Z.
,

2
_qQw
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e

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

B (1_§)H + qzzxx(l_g)

Y 2] gHo 0, (3a)
q2 Zxx 2
o -
+2gHa)1 [ﬂxx W, J( d )'
1-7Z
= , 3b
(=17 (30)

where y(= pg) is the unit weight of the fluid; p is
the density of the fluid; p is the pressure; n refers
to the free-surface elevation; z is the elevation of a
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Figure 1: (a) Definition sketch and computational
domain for the problem of a non-hydrostatic
overshot gate flow; and (b) an Obermeyer-type
overshot gate system operating under free-flow
conditions  (Photograph courtesy of Knight
Architects, UK). The angle of gate inclination with
the horizontal axis is denoted by ¢ .

Slika 1: (a) Definicijska skica in racunska domena
za problem nehidrostaticnega toka vode Cez
zaklopko; in (b) sistem zaklopnih zapornic tipa
Obermeyer, brez vpliva spodnje vode (fotografija z
dovoljenjem Knight Architects, ZK). Kot naklona
zaklopke je oznacen z 0 .

point in the flow field; 7,, is the second derivative

of the free-surface profile; and ¢ is a non-

dimensional vertical coordinate. The first term on
the right-hand side of Equation (3a) represents the
non-hydrostatic pressure due to the effect of the
steep free-surface gradient, as noted by Lauffer
(1935), while the second and third terms stand for
the dynamic component of the pressure due to the
effects of the vertical acceleration. In the case of a
gradually-varied flow with streamlines nearly
parallel to the mild-slope channel, the free-surface
and bed curvatures terms vanish (7, =Z,, =0 and
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®, =, =1.0), and hence, this equation reduces to

a hydrostatic pressure equation. The pressure at the
bottom of the channel, p,, can be determined from

Equation (3a) by setting ¢ =0 as follows:
2
&:ﬂ'i' 4 [UXX-I'Z_XX\]'
@,

y o 29Ho

As a Boussinesq-type energy model, its application
is limited to the analysis of rapidly-varied flows
with continuous free-surface profiles (see Figure
1Db). For the case of flow with a discontinuous free-
surface profile such as a hydraulic jump, a higher-
order model based on the momentum principle (e.g.
Steffler and Jin, 1993; Zerihun, 2017a, 2021a) can
be employed to analyze the flow problem without a
prior knowledge of the energy dissipation rate.
Equations (1a) and (4) will be employed here to
analyze the free-flow 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
are numerically determined using an implicit finite-
difference scheme. The computed results will be
compared with the experimental data in order to
examine the validity of the equations for the
problem of curvilinear transcritical flow.

(4)

2.2 Discretized equations and solution method

Equation (1a) is a non-linear ordinary differential
equation, and a closed-form solution is available
only for idealized cases. Therefore, it is numerically
solved by specifying two boundary conditions at the
inflow section and at the crest of the gate. The
inflow section is located in a hydrostatic flow
region, so that a lower-order equation can be applied
to compute the total energy head. For the purpose of
developing a generalized numerical scheme,
Equation (1a) can be rewritten in a form as follows:

Ao iHx j +ﬂi,j(Hx,j)2 +4Hyj+4;=0 (5

where the non-linear coefficients A, ;, 4 ;, 4, ;.

and 1, ; atnode j are defined as

9 (62)

/10" = ]
' 3gHjm
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where H,, is the total energy head at the inflow
section, and H, ; isthe head loss between the inflow
section and a downstream section at node j. The

first and second spatial derivative terms in Equation
(5) were discretized using the four-point finite-
difference approximations (Bickley, 1941), which

results in the following expression after
simplification:
+2(H; ,—6H ,+3H,+2H . f -

+6Ax4, ,(H; ,—6H,,+3H,+2H, )
+36(AX)* 45 ; =0,

where AX is the size of the step. For the free jet
portion, the atmospheric pressure existing on the
lower side of the nappe provides an auxiliary
boundary condition. Using this fact in Equation (4),
the following discretized equation for the lower
nappe’s elevation was obtained:

w, +1) 2gH?
(Zjl—zzj+zj+1)( ;;2 JJF qzJ (axy ®)
1]

+(H,,—2H,+H,,)=0.

The above equation was also employed to compute
the curvature of the upper nappe profile at the crest
of the gate. For simulating the lower nappe profile,
the upstream elevation was deduced from the gate
height, but its elevation at the downstream end (
j=N) was specified as an outflow boundary

condition. Given that the channel bed did not have
curvatures, the discretized form of Equation (5),
together with the specified flow depth and
atmospheric bed pressure at the inflow section and
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at the crest of the gate, respectively, was solved for
the upper nappe profile by the Newton—Raphson
iterative method with a numerical Jacobian matrix,
which proceeded from the assumed initial free-
surface position. Based on the relative change in

solution criterion with a specified tolerance of 10°°
, the solution error of the numerical scheme was
minimized. A similar technique was also applied to
predict the lower nappe profile. Further details of
the numerical procedures for the problem of dual
free-surfaces flow can be found in Zerihun (2004,
2021b).

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)
and Curtis (2016), the effects of surface tension and
viscosity on the experimental data were examined.
Accordingly, experimental data with h/w>0.1 and
h>50 mm were considered for calibration and
validation purposes. In the numerical model, the
energy loss due to friction was estimated using the
Darcy—Weisbach equation with an explicit form of
the Colebrook—White formula (Zigrang and
Sylvester, 1982) for the friction factor. In this
method, the effect of the steep gradient of the bed
on flow resistance was taken into account by
considering a drag force tangent to the bed (Berger,
1994), which led to a resistance equation with a
parameter for the wetted perimeter in a plane normal
to the bed. Additionally, the Coriolis coefficient, &
, was computed using Zerihun’s (2004) numerical
procedure from the experimental data of Rajaratnam
and Muralidhar (1971) and Tim (1986) for free flow
over a vertical sharp-crested 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 region. During the simulations, its
value was varied between these extremes along the
computational nodes.
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2.4 Results of the model validations

The results of the numerical model for free-surface
and bottom-pressure profiles were validated using
the test data presented by U.S. Bureau of
Reclamation [USBR] (1948). Some of the USBR’s
experimental work was done on flows over inclined
sharp-crested weirs, which are similar to flows over
overshot gates. Under free-flow conditions, weirs
with angles of inclination varying from 45 to 90°
and spanning the full width of the flume were tested.
The pressure on the face of the weir and the profiles
of the nappe shapes were measured by piezometers
and coordinometers, respectively. The
measurements were accurate to 0.3 mm. Figure 2
shows the free-surface profiles and the pressure on
the upstream face of the gate. In this figure, the
normalized free-surface elevation Q (=7/7,) and

the normalized pressure on the gate face £ = p, /7 h

are plotted against the normalized horizontal
distances X (=x/7,) and X, (=x/h),

respectively, where 7, is the elevation of the free

surface at the inflow section. In the supercritical
flow region where the streamlines have steep slope
and substantial vertical curvatures, the model
satisfactorily predicted the free-surface elevations
of the upper and lower nappes. Upstream of the crest
of the gate, the model correctly reproduced the free-
surface profiles, and its results matched reasonably
well with the experimental data (see Figure 2a-c).
As can be seen from Figure 2d, the trend of the
profile of the pressure on the face of the overshot
gate was correctly simulated, but the predicted
values were slightly lower than the measured ones.
The good correlation between the numerical results
and experimental data demonstrates the suitability
of the proposed model for simulating non-
hydrostatic transcritical flows over overshot gates.

2.5 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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Figure 2: Normalized free-surface profiles for curvilinear transcritical flows over overshot gates: (a)
6=7157"; (b) ¥#=45.0"; and (c) ¥ =56.31". The corresponding pressure profiles in (d) are along the
centerline of the face of the gate. The numerical results are compared with the experimental data of USBR

(1948).

Slika 2: Normalizirani profili proste gladine za ukrivljene transkriticne tokove cez zaklopko: (a) 8 =71.57";

(b) #=45.0°; in (c) 6 =56.31". Ustrezni profili tlaka v (d) so vzdolz srediscne crte sprednje strani zaklopne
zapornice. Prikazana je primerjava rezultatov numericnega modela 7 eksperimentalnimi podatki USBR

(1948).

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 nappe ¢/w with the relative overflow depth
h/w. Since the magnitude of the discharge
influences the slope of the lower nappe at the gate
crest, its relative maximum height decreases as the
relative overflow depth increases. For a constant
h/w, the relative maximum height increases with
increasing angle of inclination, as depicted in Figure
3b. The trend of the analyzed data can be expressed
as follows:

E - —0.005E +0.1126°57 —0.046. (92)
W

The coefficient of determination (r?) 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
following regression equation (r?=0.98) is
obtained:

h

X =0.199 — +22.936 9°% — 22,912, (9b)
W
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where X (=x,/h) is the normalized horizontal

distance of the vena contracta from the gate crest.
Equations (9a) and (9b) are the results of a
regression analysis based on a non-linear
optimization approach (Lasdon et al., 1974). In both
equations, the angle of inclination @ is 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 Rouse (1957) investigation on
flow over a vertical sharp-crested weir. In the next
section, the capability of the depth-averaged
Boussinesg-type model for developing the free-flow
discharge rating curve of an overshot gate will be
examined.
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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 of h/w.
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Slika 3: (a) Korelacija med relativno najvecjo
visino spodnjega obrisa curka in relativno prelivno
visino, in (b) spreminjanje relativne najvecje visine
spodnjega obrisa curka s kotom naklona za razlicne
vrednosti h/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
contracta with the angle of inclination for various
values of h/w.

Slika 4: (a) Korelacija med lokacijo vene kontrakta
in relativno prelivno visino; in (b) sprememba
polozaja vene kontrakta s kotom nagiba zapornice

za razlicne vrednosti hIW.

3. Head-discharge relationship

3.1 Free-flow coefficient of discharge

A critical flow theory based on a non-hydrostatic
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
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hydraulic conditions of the flow. Unlike a rigid or a
movable bed channel, the atmospheric pressure
along its profile provides an auxiliary boundary
condition. As noted by Rouse (1936), conditions of
critical flow occur at the maximum elevation of the
lower nappe profile (Z,=0 and ®,=1), and
hence, the flow attains its minimum specific energy
(Bakhmeteff, 1932, p. 35). Using such conditions
for the critical flow problem of an overshot gate, the
relationship between the minimum specific energy
E(=H, —Z) and the critical depth can be obtained

by differentiating Equation (1a) with respectto H ,

while the discharge is kept constant.
Mathematically, this can be expressed as
2 2 2
L N S WO ML N ST
dH gH, gH,, gH,, dH
3/2
rl:H_xx Lo _ | 2Ry " 4R , (10b)
3 2 6R, R,
2
=0 {a +%J (10¢)

where R, and R, are the radii of curvature of the
streamline at the lower and upper nappes,
respectively, and H , is the critical flow depth at the

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

this condition in Equation (4), the following

expression is obtained:

_ a°R,
2gH2R - @'%q*

b (11)
Equation (10a) is a higher-order equation for critical
flow depth, which accounts for the effects of a non-
hydrostatic pressure distribution. If the geometric
characteristics of the streamline at the upper nappe
are known in addition to the flow parameters, then
this equation gives a useful solution to the problem
of the -curvilinear critical flow. Substituting
Equation (11) into Equation (10b) and simplifying
the resulting expression yields an equation
independent of R, as follows:
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gHZ
3q?

3/2
I = _(“’1 + (12)

6R, J
As mentioned before, a critical flow approach based
on a non-hydrostatic pressure can offer tangible
solutions to real-life flow problems, provided that
the position of a channel section for critical depth
computation is known in advance. For the problem
of free-surface flow considered, Equation (10a) can
be rewritten as

2 2 2
He 300d0, e 30T, 307 L 0
m 29 3

" 2gdH " 29
3/2
o]
r=_%_ 13b
=R, (13b)
3/2
I (20Ror” (y  op (13¢)

dH ~ 3g°R,

In the above equation, the value of T is always
positive. However, the sign of the value of T,

depends on the shape of the streamline’s vertical
curvature. For convex free-surface flows such as
free flow over an overshot gate, I is always a

negative quantity, and T, is too. For this type of

flow, Equation (13a) has only one real-valued
positive root for critical flow depth, and it can be
found by applying an iterative numerical procedure
based on the bisection method that proceeds from
the estimated value of R,. Using this flow depth,

the specific energy of the flow at j=m (E,) can
be computed from Equation (1a), i.e.,

2 2
I, + q F3+2H

E -4 .
20,9H

= m, 14
" gH (14)

3w,

From a practical perspective, the discharge equation
of an overflow structure can be expressed as a
function of the upstream crest-referenced flow
depth (see, e.g. Horton, 1907; Bos, 1989, p. 47).
Thus,

ngcD\/Zhslz,

where C, is the discharge coefficient. Accurately

describing the discharge characteristics of an
overshot gate requires the application of an equation

(15)
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that accounts for the effects of the streamline
vertical curvature and steep free-surface slope.
Inserting Equation (15) into Equation (14) yields the
desired expression for the discharge coefficient as

follows:
1/2
3w, (II-EImj -2
—~ /| (16)

3/2
j 2H, T, + 15

As h/w— +x, the gate flow exhibits the features
of a plane free overfall. For this type of flow, the
above equation can be applied to describe the
discharge characteristics after some mathematical
manipulation following the Rouse (1936) approach.
A simplified computational approach based on a
sound theoretical basis is applied here to solve the
above non-linear algebraic equations. It is apparent
that the magnitude of the relative overflow depth
influences the degree of the vertical curvature of the
streamline. This non-dimensional parameter has a
prominent effect on the free-flow discharge
characteristics, and hence, it has to be implicitly
incorporated in the above equation. By
systematically analyzing the experimental data of
Bazin (1898) and USBR (1948) using a non-linear
optimization technique, the following empirical

equations (0.84 < r? <0.99) were developed for the
various parameters appearing in Equation (16):

En _0.001" 40013005 +1.013, (17a)
m w
H h 0.499
Tm = 0.092(—j +0.73307%12, (17b)
W

1—‘2Hm -

—0.0031In (ﬁj +0.0036%° —0.074, (17c)
W

where @ is in radian. All the regression equations
developed here are valid for 0.1<h/w< 6.5 and for

26° <6 <90°. The results of the validation for
selected parameters are depicted in Figure 5. As can
be seen, the computed results agreed closely with
those values determined from the experimental data
of Wahlin and Replogle (1994) for a full-width
overshot gate. It can be shown from the above
equations that for a small angle of inclination (
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60 <30°)and h/w>5, the gate flow becomes a sill
flow with a critical section in the channel of
approach, as previously noted by Boss (1929). For
a similar overflow structure with a face slope
stepper than 70°, however, the relative overflow
depth can reach an upper limit value of 10, which is
regarded as the borderline between the two types of
flows (Kandaswamy and Rouse, 1957). Compared
to the non-hydrostatic method developed here, the
earlier empirical approaches (e.g. Hager, 1994;
Wahlin and Replogle, 1994; Azimfar et al., 2018;
Bijankhan and Ferro, 2018) did not employ higher-
order critical flow conditions.
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————— | - -
| | \
T | \
: ]
£ [ , . \
5 08 ==~ "7 —Equation (17a) | FT o
- -—| oe=208  r———— ==
p —— [ se=3022 | I
[ I I | \
———— e L B
[ I I | \
04 : | . | :
0.1 0.3 0.5 0.7
hiw
-0.09 | ‘
| \
| \
i j
|
007 I i
£ \ | | \
r  —— Spss— = (B —
- [y
0.05 +———— Sl — Equation (17¢) ~————1
_____ B ol 2 O N
\ | | \
\ | [ \
-0.03 | ! | :
0 0.2 0.4 0.6 0.8 1
hiw

Figure 5: Variations of the (a) relative specific
energy head and (b) curvature of the free surface
with the relative overflow depth.

Slika 5: Variacije (a)
energijske visine in (b) ukrivijenosti proste gladine

relativne  specificne

z relativno prelivno visino.

3.2 Results and discussion

In Figure 6, the discharge coefficients computed
from the present method were compared against the
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Figure 6: Comparison of predicted and measured discharge coefficients for overshot gates discharging under
free-flow 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 izmerjenih pretocnih koeficientov zaklopke za primer prostega preliva.
Rezultati enacbe (16) v (a) so prikazani z neprekinjeno c¢rto z barvami ustreznih eksperimentalnih podatkov.

experimental data of Bazin (1898), USBR (1948),
and Wahlin and Replogle (1994). The results
reasonably follow the trend of the experimental data
over a large range of h/w. The maximum absolute
relative errors of the numerical results vary from
2.12 to 5.84%. The influence of the vertical
curvature of the streamline on the discharge
characteristics is dominant under free-flow
conditions. As depicted in Figures 6 and 7, the
discharge coefficient increases with increasing the
relative overflow depth for the range of gate
operation considered. It attains its maximum value
at a gate slope of about 34°. Compared to a vertical
sharp-crested weir flow, the discharge coefficients
of the overshot gates with &= 30.0, 45.0, 56.31,

and 71.57° are increased on average by 14.2, 10.9,
7.6, and 3.7%, respectively. Such differences
between the capacities of these structures are

attributed to the fact that, with a flatter angle of
inclination, the energy-dissipating corner eddies on
the upstream side of the gate consume less energy.
The result indicates that, for €>56.0°, the
discharge coefficient of the gate deviates from the
corresponding value of the vertical sharp-crested
weir by less than 6% due to the large size energy-
dissipating eddies in the recirculation zone. This
implies that, for a steeply sloping gate, the angle of
inclination slightly influences the free-flow
coefficient of discharge. As a measure of its
hydraulic efficiency, the average relative discharge
of the overshot gate v (=q/q,, where g, is the unit

discharge of a vertical sharp-crested weir) was
computed for different gate slopes and is shown in
Figure 8. The maximum y was found to be 1.14,

quite close to the results of previous investigations
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(e.g. Manz, 1985; Wahlin and Replogle, 1994). The
relative discharge result of Wahlin and Replogle
(1994) is based on the data of a contracted gate flow.
This might be the cause for their result’s deviation
from the prediction of the present method,
especially for 8 between 60 and 90°.
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Figure 7: Discharge coefficient as a function of the
angle of inclination for various values of h/w.

Slika 7: Pretocni koeficient v odvisnosti od kota
nagiba za razli¢ne vrednosti hlw .
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Figure 8: Variation of the relative discharge y
with the angle of gate inclination 6.

Slika 8: Sprememba relativnega pretoka y s kotom
naklona zapornice 4.

The computed discharge based on Equation (16)
was also compared with the results of the empirical
equations proposed by Hager (1994) and Wahlin
and Replogle (1994). Both studies considered the
effect of angle of inclination and extended the
discharge coefficient equation of Kindsvater and
Carter (1957), which was developed for free flow
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over a vertical sharp-crested weir. The modified
Hager (1994) equation can be written as follows:

Q=C,By2gH;", (18a)
2 (3
Cp = chV +0.05sin (5(90 —a)j, (18b)

where Q is the discharge; H,(=E, —w) is the
upstream energy head with reference to the gate
crest; and Cp, is the discharge coefficient of a
vertical sharp-crested weir (Kindsvater and Carter,
1957), which is given by

h

Cpy =0.075—+0.602. (18c)
W

Using a correction factor for the angle of inclination
(Cc), Wahlin and Replogle (1994) proposed the

following discharge equation:

Q =§CCCDV B,/2g h*?, (19a)
C. =1.0333 +3.848x10°9—-4.5x10°9*.  (19b)

As described before, the selected experimental data
are free of size-scale 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
equations is in degrees. As shown in Figure 9, the
computed discharges Q. using the three methods

compare satisfactorily with the experimentally
determined discharges Qg . All computed results

fell within the error bandwidth of +£10%. The mean
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
performance of the proposed method is marginally
better than the earlier methods. It is also capable of
predicting the discharge coefficient of the gate with
an accuracy of +6%. The overall computational
results confirmed that the non-hydrostatic method
presented here is efficient and accurate in modeling
the discharge characteristics of an overshot gate
under free-flow conditions.
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Figure 9: Comparison of discharges computed by
different methods with the experimental data of
Bazin (1898) and Wahlin and Replogle (1994) for
free flows over full-width overshot gates.

Slika 9: Primerjava pretokov, izracunanih z
razlicnimi metodami, z eksperimentalnimi podatki
Bazin (1898) ter Wahlin in Replogle (1994) za

prosti preliv ¢ez zaklopno zapornico polne Sirine.

4. Conclusions

The free flow and discharge characteristics of a full-
width overshot gate were investigated using a
depth-averaged Boussinesq-type energy model.
With this model, the critical flow conditions based
on the hydrostatic pressure approach were extended
and then applied to develop an equation for the free-
flow coefficient of discharge. To simplify the
numerical computations, empirical equations for
relevant flow parameters were developed by
applying a non-linear optimization technique. These
equations are valid for 0.1<h/w<®6.5 and for

26° <6 <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 accurately predicted the free-surface profiles,
including the transition from a hydrostatic to a non-
hydrostatic flow regime. Compared to the
measurements, however, it slightly underestimated
the pressure on the face of the overshot gate. In
general, the proposed model is suitable for
simulating curvilinear transcritical flow with dual
free surfaces, in which the effects of the dynamic
pressure and steep slope are significant.
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Using Equation (16), the free-flow discharge
coefficient of an overshot gate flow was computed
and validated. The results of the validation
confirmed that the equation can be used to predict
the discharge coefficient with an accuracy of
approximately +6%. Close examination of the
simulation results reveals the high dependence of
this structure’s discharge coefficient on the relative
overflow depth, which is a measure of the degree of
the overflowing nappe’s vertical curvature. In
addition, the angle of inclination moderately affects
the discharge characteristics of the gate with a face
slope flatter than 56°. Its impact on the discharge of
a steeply sloping gate is marginal. The proposed
numerical method for predicting the coefficient of
discharge under free-flow conditions can be
extended and implemented for other types of
overflow structures, in which the curvilinearity of
the streamline strongly influences their discharge
characteristics.
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