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Abstract. Subcritical flows over highway and railway embankments, commonly encountered during
flood events, can be treated like submerged flows over trapezoidal-shaped weirs. In earlier studies, the
equation of the submerged-flow discharge for such types of weirs was developed as a function of the
degree of submergence and free-flow discharge. However, the application of this equation in practice re-
quires a pre-determined discharge from experiments performed under free-flow conditions. In this study,
a discharge equation was deduced from the streamwise momentum balance equation, which overcomes
the drawback of the previous approaches. The results of the validation demonstrated that the proposed
equation is capable of predicting the submerged-flow discharge of a trapezoidal-shaped weir within
+6.0% of the measured value. Furthermore, the most prominent features of the submerged overflows
were examined by systematically analyzing the experimental data. For such flows, the free-surface and
bed-pressure profiles are self-similar only over the upstream face of the weir. Results of this investigation
confirmed that the degree of submergence and the slope of the downstream weir face significantly affect
the characteristics of the submerged flow, but the effect of the latter on the non-modular discharge is
marginal.

Key words: submerged-flow discharge, hydraulic structure, trapezoidal-shaped weir, flow mea-
surement, subcritical flow, modular limit

1. Introduction

Submerged flow occurs when the flow passes over the weir in a subcritical state. For
such tailwater-controlled conditions, the submergence ratio S (= t/h, where £ is the
overflow depth, and ¢ is the crest-referenced tailwater depth) exceeds the modular
limit of the flow. The modular limit is the value of the submergence ratio that cor-
responds to the incipient-submergence tailwater depth for which the approach flow
is not yet submerged (Hager 2010, p. 359). The characteristics of the overflows, sur-
face roughness, and geometry of the weir significantly affect the modular limit. Its
value decreases with increasing roughnesses of the weir surface and approach chan-
nel (Kindsvater 1964) and increases as the downstream-face slope flattens (Thomas
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1966). The influence of the latter factor is the result of the highly dependent of the
dynamic characteristics of the overflow on the slope of the downstream weir face
(Zerihun 2020). It is apparent that a variation of the relative overflow head ¢ (= Hy/L,
where H is the upstream crest-referenced energy head of a modular flow, and L is the
crest length in a streamwise direction) results in a change in the degree of the curvature
of the overflow and thus a modification of the modular limit characteristics. As noted
by Bos (1989, p. 89) and Zerihun (2004), the modular limit of a weir decreases as
the curvature of the streamline increases. In other word, a trapezoidal broad-crested
weir (0.07 < £ < 0.50) has a higher modular limit compared to a short-crested type
of similar weir (0.50 < ¢ < 1.50 to 1.80).

Subcritical flow over highway and railway embankments, which usually encoun-
ters during flood events, can be analyzed by the hydraulic theory of submerged
flows over trapezoidal-shaped weirs. The dynamics of submerged flow over such
weirs have been experimentally studied by many researchers (Prawel 1958, Smith
1959, Kindsvater 1964, Thomas 1966, Fritz and Hager 1998, Zerihun 2004). Prawel
(1958) conducted tests on embankment-shaped weirs discharging under free- and
submerged-flow conditions. The weirs had upstream- and downstream-face slopes
of 26.57° and a crest length of 1016 mm. The influence of embankment shape on
the characteristics of discharge was examined. Likewise, Smith (1959) carried out
experiments on submerged flows over trapezoidal-shaped weirs. He considered two
symmetrical weirs, each having a crest length of 152 mm and slopes of 45° and 26.57°
for both the upstream and downstream faces. For both weirs, empirical equations
for the coeflicient of the submerged-flow discharge were developed using measure-
ments with overflow depths less than 72 mm. For such small depths, however, the
study did not account for the effects of viscosity and surface tension on weir flow.
Kindsvater (1964) investigated the hydraulic characteristics of free and submerged
flows over embankment-shaped weirs with weir heights ranging from 89 to 357 mm.
The investigation was mainly based on compiled experimental data from the litera-
ture. Thomas (1966) studied the submerged-flow characteristics of trapezoidal-shaped
weirs with varying downstream-face slopes. His models had an upstream-face slope
of 26.57° and crest lengths varying from 253 to 610 mm. The effects of the variations
of such weir geometry parameters on the characteristics of discharge were analyzed.
In a similar study on submerged flows over triangular- and rectangular-shaped weirs,
Abou-Seida and Quraishi (1976) examined the effects of rounding the upstream cor-
ner and of the slope of the upstream face on submerged-flow discharge. Recently, Fritz
and Hager (1998) conducted experiments to examine the characteristics of the sub-
critical flow downstream of the submerged weirs. They considered trapezoidal-shaped
weirs with both upstream and downstream faces sloped at 26.57°, and their crest
length varied from 0 to 300 mm. The study showed a considerable improvement
over the aforementioned earlier works by generalizing the global characteristics of
the submerged flow downstream of the weirs. However, the key characteristics of the
subcritical overflow have not been investigated in detail. Zerihun (2004) also carried
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out a series of experiments on flows over trapezoidal-shaped weirs with a symmetrical
face slope of 26.57°. The experiments were conducted on weirs having a height of 150
mm and crest lengths of 100, 150, and 400 mm; they were planned to fill in some of the
more obvious knowledge gaps in the area of weir hydraulics. Both studies (Fritz and
Hager 1998, Zerihun 2004) analyzed the effects of the relative overflow head on the
hydraulic performance of trapezoidal-shaped weirs under free- and submerged-flow
conditions. Furthermore, higher-order numerical models were widely applied to ex-
plore the submerged-flow characteristics of trapezoidal- and ogee-shaped weirs (e.g.,
Huang and Ng 2007, Zerihun and Fenton 2007, Pedersen et al 2018, Qian et al 2021).
The performance of these types of models has been fine-tuned by using the data of
experimental studies that aimed to examine the structure of the flow field (see, e.g.,
Zerihun 2004, Peltier et al 2018, Biegowski et al 2020, Karim and Mohammed 2020).

In addition to analyzing the flow structure, several studies (e.g., Kindsvater 1964,
Thomas 1966, Abou-Seida and Quraishi 1976, Hager 1994a, Hager and Schwalt 1994,
Fritz and Hager 1998, Zerihun 2004, Hakim and Azimi 2017) employed an empiri-
cal method based on the analysis of experimental data to deduce the equation of the
submerged-flow discharge as a function of the degree of submergence and free-flow
discharge. However, the application of the resulting equation requires an additional
measurement of free-flow discharge. As an alternative, Skogerboe et al (1966) de-
veloped a semi-empirical discharge equation. Similar to the Smith (1959) equations,
their equation only directly yields the submerged-flow discharge of a trapezoidal
broad-crested weir.

The above review demonstrates that most of the experimental works have been
performed to provide insights into both the macroscopic structure and the discharge
characteristics of submerged flows over trapezoidal-shaped weirs. Systematic inves-
tigations of the salient features of a submerged flow over such weirs have not been
thoroughly carried out. By analyzing experimental data from the literature, the nature
of the free-surface and bed-pressure profiles under different degrees of submergence
will be investigated here. Furthermore, a discharge equation for submerged-flow con-
ditions will be developed by using the momentum principle in a streamwise direction.
The proposed equation does not require a prior knowledge of the free-flow discharge;
hence, it is easy to apply to a real-life flow problem. Such a physically-based equation
can provide a realistic solution to engineering problems related to the prediction of
discharge over an embankment-shaped weir from post-flood field observations. As
an additional factor, the variation of the downstream-face slope is considered, and
its effect on submerged-flow characteristics will also be examined. In the following
sections, the development of the discharge equation and the results of the analysis of
the experimental data will be presented.
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2. Methodology

In a streamwise direction, the momentum principle was applied to develop a discharge
equation for submerged-flow conditions. This equation was first calibrated and then
validated using a large set of experimental data from the literature (Prawel 1958,
Thomas 1966, Zerihun 2004). The data were further analyzed to examine the effects
of submergence on the local flow characteristics of a trapezoidal-shaped weir. Table 1
summarizes the flow conditions of the selected experimental studies. Also, the Froude
number of the approach flow, F,q, is estimated based on the flow parameters at the
upstream end section. As shown in Table 1, it is relatively low due to the submerged
overflow situation.

Table 1. Summary of scope of experimental studies of submerged flows over
trapezoidal-shaped weirs with symmetrical and asymmetrical face slopes

Experiments S (%) Side slope h/(h + w) F
1. Prawel (1958) 89-99 | 6=¢=2657" | 0.10-0.38 | 0.02-0.11
Series (Models 2 and 7)
2. Thomas (1966) 80-99 6=2657"and | (15057 | 0.03-0.18
Series (Models A-I) 14.04° < p < 45° ’ ’ ’ ’
3. Zerihun (2004) 8498 | 0=¢=2657° | 0.24-0.46 | 0.06-0.18
Series (Models Pn10, Pn15, and Pnd0) = e R

The presence of size-scale effects can affect the physical processes governing the
dynamics of free-surface flow, thus making an accurate prediction of the features of
a prototype flow such as discharge, pressure, and energy dissipation using laboratory
data more challenging. In this study, size-scale effects due to viscosity and surface ten-
sion on the experimental data were examined based on the general criteria suggested
by Hager (1994b) and Curtis (2016). Accordingly, these effects were eliminated from
the final results by averting measurements with overflow depths less than 50 mm.
Additionally, the flow data of trapezoidal-shaped weirs with a minimum structural
height of 150 mm were considered to reduce high measurement uncertainties. The
weir models of the selected experiments had a relative width Ag (= B/L, where B is the
width of the weir) value between 0.75 and 3, which is greater than the recommended
lower limit value of 0.20 (Bos 1989, p. 147). Hence, the reported experimental data
are free of the effects of boundary-layer growth on the sidewalls. It is worth noting
that all measurements were taken along the centerline of the channels owing to the
insignificant transverse variation of the overflow characteristics.

3. Submerged-Flow Discharge Equation

For a unit width of a rectangular channel, a control volume of fluid, which is bounded
by the vertical sections at 1 and 2, the free surface, and the surfaces of the approach
channel and weir, is shown in Fig. 1. Let U and F denote the mean streamwise ve-
locity and horizontal force, respectively. Further, £, stands for the velocity head of



On the Hydraulic Characteristics of Submerged Flow over Trapezoidal-Shaped Weirs 5

the approach flow. The following assumptions are made in developing the discharge
equation for a submerged trapezoidal-shaped weir: (1) the channel bed and the weir
crest are both horizontal; (2) the boundary shear forces along the solid surface be-
tween Sections 1 and 2 are ignored; (3) the velocity distribution at Sections 1 and 2 is
uniform; (4) the surface tension effects are ignored; and (5) the pressure distribution
over the upstream face of the weir and at Section 2 is hydrostatic.

EGL
v ]

Fig. 1. (a) Definition sketch of subcritical flow over a trapezoidal-shaped

weir; and (b) a broad-crested weir flow with a submergence ratio of 97%

(photo taken from Zerihun (2004)). The slopes of the upstream and down-

stream faces are denoted by 6 and ¢, respectively, and EGL represents the

energy grade line for steady flow. The origin of the Cartesian coordinates (x, z)
is at the heel of the weir

Applying the momentum equation in the x-direction for the control volume in
Fig. 1, one obtains

Fi = (Fu + F2) = §Q(U2 — Uy, (1)
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where ¢ is the discharge per unit width; vy is the unit weight of the fluid; F,, is the
horizontal component of the force of the upstream weir face on the fluid; and ¢ is
acceleration due to gravity. Subscripts 1 and 2 refer to parameters at the upstream and
downstream sections of the control volume, respectively. Using the assumed hydro-
static pressure distribution, the expressions for the horizontal forces are obtained as
follows:

ﬂ:§m+w% ®)
nzgﬁ, 3)
Fux =yw (O-h + %), (4)

where w is the height of the weir; 4, is the flow depth at the center of the weir crest;
and o is a correction factor for the effect of the drawdown of the free surface. This
factor can be determined from flow depths measured at the heel and upstream end
of the weir crest. Inserting Equations (2)—(4) into Equation (1) and simplifying the
resulting expression using the continuity equation (U,(h + w) = Ush,, = q) gives the
following equation for the submerged-flow discharge:

1
1}% [[I.O - (%’)2] +2I'1(I'5 — 1)] 2
= \/q_h3 =T, " : (5a)
’ or-%)
r=1-o, (5b)
Ty =y (1 - 8)°, (5¢)
n=1+% (5d)

where ¢ is the normalized submerged-flow discharge; y;, y, and u3 are empirical
constants; and I'; is a coeflicient to correct the deviation from the above simplifying
assumptions and also accounts for the effect of the weir geometry. The degree of
submergence predominantly affects the value of this coefficient. Its average values can
be estimated from the experimental data using a non-linear optimization technique,
which utilizes the generalized reduced gradient method (Lasdon et al 1974). Equation
(5a) is restricted to submerged flow over a trapezoidal-shaped weir with 2 > 50 mm.

3.1. Estimation of Flow Parameters

For simplifying the computational procedures, empirical equations for o and h,,/h
were developed by analyzing experimental data for submerged flows over trapezoidal-
shaped weirs. Fig. 2 shows the variation of o with the submergence ratio S. At a lower
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submergence ratio close to the modular limit, the free-surface profile over the weir
crest possesses small curvatures near the edges, resulting in a value of o < 1.0. How-
ever, increasing the submergence ratio (S — 1) has the effect of changing this flow
behavior into a nearly horizontal flow situation with o = 1.0. The best-fit equation of
o for a subcritical weir flow is shown in Fig. 2. It is pertinent to note that this equation
is limited to the ranges of the flow parameters provided in Table 1. The development of
a similar equation for other weir geometries requires only the generation of additional
data employing experimental studies.

I
|
L
| |
08 o =0.629(S-1.0)+1.0 | —H———————=
o R*=0.84 | |
e T T s
04 b i*****ifffffi o Experiments
I | || —Regression fit
0.2 I i I i :
0.85 0.9 0.95 1

Fig.2. Variation of the free-surface drawdown factor o with the submergence
ratio S

Apparently, the energy loss of a submerged flow is indirectly influenced by weir
geometry such as weir face slopes and crest length. For instance, submerged flow over
arectangular-shaped weir experiences a higher energy loss and hence a lower modular
limit compared to a similar weir with flatter upstream- and downstream-face slopes.
For the type of weir considered, the relationship between the energy loss and the
degree of submergence can be found through the application of an empirical approach,
as was previously done by Skogerboe et al (1966). Fig. 3 depicts the variation of
(= log §) with the relative potential energy loss of the subcritical weir flow w[= (h —
t)/h,]. As S — 1, w approaches zero, which corresponds to a deeply submerged-flow
condition with a negligible energy loss. For the case considered here, the variation of
Y is approximated by a linear relationship with a coefficient of determination R*> =
0.99, as shown in Fig. 3. Further manipulation of the regression equation yields

hy —0.367(1—S)

m " (6)
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Fig. 3. The logarithmic submergence ratio ¢ for subcritical flows over
trapezoidal-shaped weirs as a function of the relative energy loss w

The application of the above equation is limited to submerged flows over weirs
with 8 = 26.57° and ¢ < 45.0°. For other types of design geometries, the preceding
method can be employed to develop structurally similar equations.

3.2. Verification of the Results

As described before, the value of I'; was determined by calibrating Equation (5a) us-
ing the experimental data of Prawel (1958), Thomas (1966), and Zerihun (2004). In
addition, the normalized discharge computed from the calibrated equation was ver-
ified using the remaining experimental data of Prawel (1958) and Thomas (1966).
The results of the validation were also compared with the predictions of the previous
semi-empirical equation proposed by Skogerboe et al (1966). Their equation for sub-
merged flows over an embankment-shaped weir with upstream- and downstream-face
slopes of 26.57° can be written as

g _ 2410°%1-85)'?
/gh3 (_ lOg S)1.20 \/a :

Figure 4 depicts the results of the calibration for submerged flows over trapezoidal-
shaped weirs with varying downstream-face slopes. It compares the numerically com-
puted normalized discharge, ®,, with the measured one, $,,. Note that most of the
computed points collapsed close to the line of best fit, with a maximum root mean
square error of 6.2%. Some of the optimal values of the empirical parameters are
given in Table 2.

The performance of Equation (5a) was further examined by considering symmet-
rical and asymmetrical trapezoidal-shaped weirs. As shown in Fig. 5a, the agreement

)
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Fig. 4. Correlation between predicted and measured normalized discharges

for submerged flows over trapezoidal-shaped weirs with an upstream-face

slope 6 = 26.57°. The data of the test series of Model 7 from the Prawel (1958),

part of Models A-I from the Thomas (1966), and part of the three models from
Zerihun’s (2004) experiments were used for calibration

Table 2. Typical calibrated values of the empirical constants for
broad-crested weir flows

¢ (deg) | L(mm) | H2 M3
18.43 457 0.88 | 7470 | 1.21
26.57 1016 0.82 | 55.30 | 0.40
45.0 610 0.80 | 80.65 | 1.25

between the validation results of the present method and the experimental data was
relatively close, with a mean absolute relative error of 5.3%. For this test case, the re-
sults of the proposed method for a submerged-flow discharge were marginally better
than the results of the earlier semi-empirical equation. Fig. 5b compares the computed
normalized discharges with the experimental data for asymmetrical weirs. As can be
seen, the present method satisfactorily predicted the submerged discharge irrespec-
tive of the steepness of the downstream weir face. The root mean square error of the
computed points was less than 4%, and hence, these points fell in the error band-
width of £10%. Examination of the results also revealed that for the same value of
S, the submerged-flow discharge increases with increasing the relative overflow head
above the upper limit of the range of a broad-crested weir flow, as noted by Zerihun
(2004). This is due to the fact that a short-crested weir generally requires less energy

to discharge a given flow than a broad-crested type.
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Fig. 5. Correlation between measured normalized discharges and simulated

results for flows over trapezoidal-shaped weirs under submerged-flow condi-

tions: (a) symmetrical weir; and (b) asymmetrical weir. The data of the test

series of Model 2 from the Prawel (1958) and Models A-I from the Thomas
(1966) experiments were used in (a) and (b), respectively

3.3. Effect of Downstream-Face Slope

For assessing the impact of the downstream-face slope on the discharge characteris-
tics, the results of Equation (5a) for various values of relative weir height are plotted in
Fig. 6. It can be seen from Fig. 6b that for a given weir height at larger overflow depths
(w/h < 0.5), the submerged-flow discharge varies more gradually with S, especially
for submergence ratio below 95%. A similar trend of discharge variation can also be
seen for a flatter downstream-face slope. This is due to the fact that with a flatter slope,
the energy-dissipating turbulent eddies in the downstream flow separation zone con-
sume less energy. As a result, the flow attains a higher modular limit (Thomas 1966).
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For a constant submergence ratio, increasing the side slope results in more large size
energy-dissipating eddies in the recirculation zone near the channel bottom. The ap-
pearance of similar standing eddies behind a submerged sharp-crested weir was also
reported by Rajaratnam and Muralidhar (1969). Consequently, the submerged weir
gradually becomes hydraulically less efficient as the steepness of the slope increases
(see Fig. 6a). In contrast, the free-flow discharge of a similar short-crested weir sig-
nificantly increases as the slope of the downstream face increases (Zerihun 2020).
Compared to the downstream-face slope, the effects of the degree of submergence
on the discharge characteristics are more predominant. The results of the analysis
for the effect of relative weir height on submerged discharge are consistent with the
investigation results of Vennard and Weston (1943) and Prawel (1958) for submerged
flows over a vertical sharp-crested weir and a highway embankment, respectively.
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RN \ [
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08 f———t-—do— T bt WY 025
| | | T
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0 : : : : : 0
0.7 0.8 09 1
s
0.7 T T T T T )
| | | | | | |
| | | | | | | ( )
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|
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03 +———- ——wh=05 |___L
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S

Fig. 6. (a) Variation of the submerged-flow discharge ¢ with the submergence

ratio S for various values of downstream-face slope ¢ and relative weir height

w/h; and (b) the submerged-flow discharge of a weir with ¢ = 20° as a function
of S. f() stands for a functional relation
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4. Characteristics of Subcritical Overflows
4.1. Free-Surface Profiles

The axial free-surface profile data from the experiments conducted by Zerihun (2004)
were systematically analyzed. Fig. 7 depicts the normalized free-surface profile with
Q = n/ng and X = x/n for various degrees of submergence, where Q2 is the normal-
ized free-surface elevation, X is the non-dimensional horizontal distance, 7 is the
elevation of the free surface above the x-axis datum (see Fig. 1a), and 7 is the
free-surface elevation at the upstream end section. As can be seen, the free-surface
profiles are only self-similar in the flow region upstream from the axis of symmetry
of the crest (X < 1.5). For this region, the free-surface profile can be described by
a hyperbolic-tangent equation as

12 N N R B e B B — — —
| | | | | | | | | | |
| | | | | | | | | | |
[— | "' 'r:'-;'.'. 5:::'." _ ¢ 4 A.XA}‘[ff,
| | | | | | | |
08 -ttt b2 L L L
| | | | | | | | | | |
- [ S A A A I R M N
s I 0S=84% S=87%
| 1 1 | ss=88% $=89% |
04 7177771 L s=91% S = 92%
11 | xs=98% > §=98%
"7 7| | —Equation (8) —Equation (9) | |
| | | [ | | [ | | [
0 | | | 1 | 1 | ! | ! |
4 -2 0 2 4 6 8
X

Fig. 7. Normalized free-surface profiles Q(X) for various values of submer-
gence ratio S. The results were based on the data of the test series of the three
models from Zerihun’s (2004) experiments

X -1.727

Q(X) =0.910-0. h
(X)=0.910 0098tan( 1096

) , X<15. 8)

Over the downstream face, the profiles do not exhibit self-similarity as in the case
of the profiles of free flow over a trapezoidal broad-crested weir (see, e.g., Sargison
and Percy 2009). The level of the tailwater strongly influences the dynamic charac-
teristics of the submerged flow over the downstream face of the weir (Fritz and Hager
1998, Zerihun 2004). For a deeply submerged-flow situation, the weir flow becomes
a hydrostatic free-surface flow with Q(X) = 1.0. In contrast to the above flow pro-
file characteristics, the free overflow profiles of a trapezoidal short-crested weir show
self-similarity throughout the sub- and super-critical flow regimes, as demonstrated
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by Zerihun (2020). For the flow region downstream from the axis of symmetry of the
crest, the normalized free-surface profile is approximately represented by

Q(X) =1.0-0.093 exp(-0.155X), X >1.5. )

4.2. Bed-Pressure Distributions

Using the experimental data of Zerihun (2004), the effect of submergence on the
streamwise variation of bed pressure was examined here. Fig. 8 shows the variation
of the normalized bed-pressure profiles, & = pp/yno (pp is the bed pressure), with
the normalized horizontal distance X,,(= x/w). For the flow situation considered, the
bed pressure is nearly constant in the transverse direction. Therefore, all bed-pressure
measurements were taken along the centerline of the trapezoidal-shaped weir. For flow
with a submergence ratio close to one (S = 1.0), the results clearly reveal a hydrostatic

1.2

0.8 4
o
— Weir profile
0.4 7 S =84%
~~8=88%
-8 =89%
-8 =98%
D T
5 6
1.2
(b)
0.8 | =
[
wp o ——A
|
— Weir profile
e 8§ =89%
-—~8=91%
-—8=92%
-8 =93%
0 i :
6 8

Fig. 8. Variation of the normalized bed pressure ¢ with the normalized hori-
zontal distance X, for various values of submergence ratio S. The experimen-
tal data are from the test series of Models (a) Pn15 and (b) Pn40
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bed-pressure distribution throughout the subcritical flow regime. A similar result was
also reported by Pinto and Ota (1980) for the distribution of pressure on the down-
stream face of a submerged dike. For submerged flows over a trapezoidal-shaped weir
with the slopes of the upstream and downstream faces flatter than 27°, the relative
minimum bed pressure occurs at tapping points located on the weir crest. As noted by
Zerihun and Fenton (2007), the internal structure of the submerged flow over the weir
is strongly influenced by the degree of submergence. Hence, its minimum value de-
pends on the submergence ratio of the quasi-hydrostatic flows (see Fig. 8). Compared
to this, the bed-pressure profile of a short-crested weir under free-flow conditions has
one absolute minimum pressure near the downstream edge of the weir crest due to
the effects of the sharp curvature of the streamline (Zerihun 2020). The result of this
analysis confirmed that the bed-pressure profiles exhibit self-similarity only over the
upstream face of the weir (see Fig. 9).
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Fig. 9. Correlation between the normalized bed pressure and the dimension-
less horizontal distance for flow over the upstream face of the weir

5. Conclusions

In this study, the most prominent characteristics of subcritical flows over trapezoidal-
shaped weirs with sharp-crested edges have been systematically investigated us-
ing a large set of experimental data from the literature. Additionally, the momen-
tum principle in a streamwise direction was applied to develop the equation of the
submerged-flow discharge. Compared to earlier equations (e.g., Prawel 1958, Fritz
and Hager 1998, Zerihun 2004, Hakim and Azimi 2017), the proposed equation does
not require a pre-determined discharge under free-flow conditions. For simplifying the
numerical computation, empirical equations for parameters o and 4,,/h were proposed
as being valid for subcritical flows with the ranges of parameters provided in Table 1.
Such a constraint restricts the range of application of the non-modular discharge equa-
tion. This equation was first calibrated and then validated using available measured
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data. Its predictions were also compared with the results of an earlier semi-empirical
equation (Skogerboe et al 1966). The results of the validation confirmed that the equa-
tion is capable of predicting the submerged-flow discharge of a trapezoidal-shaped
weir within an error bound of +6%. Compared to the semi-empirical equation, its
overall performance is marginally better.

The analysis of the pressure data demonstrated that for a trapezoidal-shaped weir
with face slopes flatter than 27°, the relative minimum bed pressure occurs on the
crest of the weir due to the inconsequential effects of the small vertical acceleration
of the overflow. For the submerged-flow situation considered, the free-surface and
bed-pressure profiles are self-similar only over the upstream face of the weir. Based on
the results obtained, it can be concluded that the degree of submergence and the slope
of the downstream weir face significantly affect the characteristics of the submerged
overflow. However, the effect of the downstream slope on the non-modular discharge
is marginal. Finally, this study attests that the proposed equation can be applied to
determine the submerged-flow discharge of a highway embankment or a levee that
has been overtopped by flood waters.
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