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Abstract. At high water stages, obstacles (submerged and
particularly emerged vegetation) in the flood plains of a river
contribute to the flow resistance and hamper the conveyance
capacity. In particular the elevated vegetated parts are ex-
pected to play an important role. The objective of this re-
search work is to determine the form drag due to vege-
tated oblique weir-like obstacles. Experiments have been per-
formed to measure the energy head losses for a range of sub-
critical flow conditions, varying discharges and downstream
water levels. The energy head loss caused by the submerged
vegetated weir-like obstacle has been modeled using an ex-
pansion loss form drag model that has been derived from the
one-dimensional momentum conservation equation and ac-
counts for the energy loss associated with a deceleration of
the flow downstream of a sudden expansion. The results have
been compared with the experimental data and showed an
overall good agreement.

1 Introduction

Water level predictions for extreme events (flood waves) are
very important for the design of dykes and embankments
and the safety of the area behind them. During extreme dis-
charges, the summer dikes are over-topped and a part of the
river discharge flows through the winter bed with several ob-
stacles. The winter bed contains vegetation as well as weir-
like obstacles such as access roads (elevated), summer em-
bankments, submerged groynes, etc. These obstacles affect
the flow levels during floods, especially in cases with veg-
etated areas on them. Understanding of flow characteristics
concerning summer dikes and vegetated weir-like obstacles

can be helpful for river managers. These weir-like obstacles
can be perpendicular or at an angle to the flow direction. The
characteristics and hydraulic behavior of plain or standard
weirs have been studied for a long time and the knowledge
on them is rather profound (see e.g.Chow, 1959). However,
a few studies have been done on weirs placed obliquely in
the flow. The most important difference between an oblique
weir and a plain weir is that the crest of the oblique weir
makes an angle with the flow direction in the channel. An
extreme example is the side weir, a part of the channel em-
bankment, whose crest is parallel to the flow direction in the
channel (Bos, 1989). Its function is to drain water from the
channel whenever the water surface rises above a predeter-
mined level so that the channel water surface downstream of
the weir remains below a maximum permissible level.Aichel
(1953) presented a new relation for the discharge coefficient
of a round crested skewed-weir compared with the plain weir.
De Vries(1959) also did many experiments to examine the
energy loss of the flow over dike-form weirs under different
oblique angles and flow conditions. The main objective of
his research was to examine the influence of the obliqueness
of the weir to the stage–discharge relation and the experi-
ments were done on trapezoidal weirs.Borghei et al.(2003)
derived a relation for the discharge coefficient for oblique
rectangular sharp-crested weirs based on experimental data.
Borghei et al.(2006) improved the previous formula for the
discharge coefficient for oblique sharp crested weirs by us-
ing the incomplete self-similarity (ISS) concept. Borghei’s
formula is an empirical relation and is only applicable for
the sharp crested plate-type weirs and is not useful for the
trapezoidal weirs.Wols et al.(2006) published the numerical
simulations of oblique weirs using a non-hydrostatic finite
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Fig. 1.Plane and side views of the weirs.

elements model FINLAB.Wols et al.(2006) investigated that
the model could reproduce the bulk parameters like discharge
coefficients and the energy head losses due to the trapezoidal
weir, however the flow field in the recirculation zone of the
weir was represented incorrectly.Tuyen(2006, 2007) mea-
sured the energy head loss and discharge coefficients for dif-
ferent trapezoidal weir configurations (for 0, 30, 45 and 60◦

angle of obliqueness) and flow conditions.Ali and Uijttewaal
(2009, 2010) studied the vegetated weir-like structures ori-
ented perpendicular to the flow direction and quantified the
energy head loss caused by such types of obstacles. An ex-
pansion loss form drag model was developed to estimate the
energy head losses.

The main goal of this research is to determine the energy
head loss due to the oblique, vegetated weir-like structures
(rigid and cylindrical vegetation) and to describe the struc-
ture of the flow phenomena related to it. The present study
will also examine the physical processes which play a role.

Definitions

The following terms are used throughout the paper for the
flow conditions.

– Hydraulic jump: the rise in water level, which occurs
during the transformation of supercritical flow to sub-
critical flow, is called hydraulic jump (standing wave).

– Free-flow (perfect weir) conditions: free flow (unsub-
merged flow) over a weir exists when the downstream

water surface is at or below the crest of the weir
(Froude number is 1).

– Submerged-flow (imperfect weir) conditions: sub-
merged weir flow exists when the downstream water
surface is above the crest of the weir (Froude number
above the crest<1).

2 To determine the discharge over a weir

There is an extensive knowledge on the perpendicular (plain)
sharp crested weir in the literature, such asRehbock(1929),
Rouse(1936), Kindsvater and Carter(1957), Kandaswamy
and Rouse(1957), Ramamurarthy et al.(1987), Swamee
(1988), Hager (1984, 1993), Munson et al.(2002), Azimi
and Rajaratnam(2009), which is summarized in standard text
books such asBos(1989) andChow(1959). Flow properties
for an embankment broad crested weir has been discussed by
Fritz and Hager(1998) andSargison and Percy(2009).

Figure 1 shows the configurations for flow over a sharp
crested weir. With the elementary analysis for a plain weir
placed normal to the flow direction, the discharge relation in
case of the free-flow conditions is

q0 =
2

3
Cdf

√
2

3
gH

3
2

0 ,

whereq0 (m3 s−1 m−1) is the specific discharge (discharge
per unit length),Cdf is the discharge coefficient for free-flow
conditions,g (m s−2) is the gravitational acceleration andH0
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(m) is the energy head (Bos, 1989). Using the energy bal-
ance on the upstream side of the weir (Fig. 1), the discharge
coefficientCdf is written as (Wols et al., 2006)

Cdf =
3
√

3Fr1(
2 + Fr2

1

)3/2 , (1)

whereFr1 (Fr1 = u1√
gd1

) is the Froude number above the weir

crest,d1 (m) is the water depth andu1 (m s−1) is the average
velocity above the weir crest.

Depending on the downstream water depth, the weir could
be in a submerged or free-flow condition. The general rela-
tion for the submerged specific discharge (q) of a plain weir
is

q = Cdq0, (2)

q = CdfCd
2

3

√
2

3
gH

3
2

0 = C
2

3

√
2

3
gH

3
2

0 , (3)

where Cd is the discharge reduction coefficient and
C =CdfCd is the discharge coefficient.Villemonte (1947),
Govinda Rao and Muralidhar(1963), Brater and King(1976)
andWu and Rajaratnam(1996) introduced the discharge re-
duction coefficientCd for sharp crested weirs andFritz and
Hager(1998) for the embankment weir with side slopes of
1 : 2 as a function of submergence (S) =H2/H0. HereH2 (m)
is the downstream energy head.

The discharge reduction coefficient (Cd) due to submer-
gence for sharp crested weirs was given by the empirical re-
lation ofVillemonte(1947):

Cd =

(
1 − S1.5

)0.385
.

The more general form for this relation which is used in prac-
tice is

Cd =

√(
1 − SP

)
,

whereP is an empirical co-efficient which is influenced by
the weir geometry.

The geometrical feature of an oblique weir enhances the
efficiency of the weir, increasing the effective weir length
(L=B/cosϕ) and hence increasing the discharge for the
same water head and the same channel width.

The concept of drag/discharge coefficients is fully empir-
ical. Aichel (1953) related the specific discharge (qL) for an
oblique weir (based on the crest length) to the specific dis-
charge of a perpendicular weir (q) in the following way

qL

q
= 1 − βA

d0 − 1

1
,

whered0 (m) is the water depth upstream of the weir,1 is
the weir height andβA is the coefficient depending on the an-
gle of obliqueness. This coefficient increases with the angle
of obliqueness (Fig. 2) and the specific discharge decreases.
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 Fig. 2. βA values as a function of the angle of obliqueness (ϕ◦)
(Bos, 1989).

Borghei et al.(2003) derived the following empirical expres-
sion for the discharge coefficient for the perfect weir (free-
flow conditions) based on experimental data:

Cdf =

(
0.701− 0.121

B

L

)
+

(
2.229

B

L
− 1.663

)
(d0 − 1)

1
, (4)

whereB (m) is the width of channel andL (m) is the length
of the weir. For an imperfect weir (submerged flow)Cdf is
multiplied by a factorCd depending on the submergence of
the weir (d2−1

d0−1
) as follows

Cd =

[(
0.008

L

B
+ 0.985

)
+

(
0.161

L

B
− 0.479

) (
d2 − 1

d0 − 1

)3
]2

, (5)

whered2 (m) is the water depth on the downstream side of
weir. The discharge reduction coefficient (Cd) increases with
the angle of obliqueness as well as the discharge.

3 Mathematical formulation (analytical approach)

The theoretical analyses of weirs are important for the pre-
diction and interpretation of experimental data. The effect of
vegetated obstacles on the flow can be considered to either
induce an energy loss or exert a drag force on the flow.Yalin
(1964) andEngelund(1966) assumed that the effect of bed
forms on the flow is analogous to a sudden expansion in a
pipe flow. The energy loss due to a sudden pipe flow expan-
sion is calculated using the one-dimensional (1-D) linear mo-
mentum and energy conservation equations.Karim (1999)
andvan der Mark(2009) considered the effects of bed form
on flow as sudden expansion for the open channel flow in-
stead of a pipe flow.Ali and Uijttewaal (2009, 2010) also
studied the vegetated weir-like structures oriented perpendic-
ular to the flow direction to quantify the energy head loss. To
determine flow velocity and water depth around the weir-like
structure, such as a submerged groyne or a spur dike, the fol-
lowing assumptions can be made (see Fig. 3).
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Fig. 3.Side-view of the vegetated oblique weir and flow over the weir with rough surfaces.

 

Fig. 4.Velocity decomposition upstream, at the crest and downstream of an oblique weir.

– Energy is conserved over the upstream face of the
groyne or spur dike (between section 0 and 1).

– Momentum is conserved at the downstream side of the
groyne (between section 1 and 2).

At the upstream side the streamlines are contracting and en-
ergy is conserved where as at the downstream side, there is a
sudden expansion and energy is dissipated in this region. On
the downstream side, the momentum conservation equation
in a longitudinal (x) direction has been applied. The continu-
ity (the conservation of the water mass) is valid in the domain
considered in this study. It is assumed here that the flow is
steady, frictionless and incompressible and the pressure dis-
tribution above the weir crest is hydrostatic.

For a weir inclined to the flow, the flow velocity could be
decomposed into two components, parallel and perpendicu-
lar to the flume axis, it can also be decomposed into two com-
ponents parallel and perpendicular to the weir axis (Fig. 4).
Theoretically, it is assumed that the crest parallel component
does not change its magnitude, when the flow reaches the
weir. The accelerating force only acts on the velocity com-
ponent perpendicular to the weir crest and the same holds for
the deceleration process. The angle of flow obliqueness is the
deviation angle of the stream lines from the normal direction
with respect to the weir crest. For the plain weir this angle is
zero. For an oblique weir value of flow direction (ψ) above

the weir crest can be predicted using an energy balance and
the continuity requirement for the flow.

The dimensionless energy conservation (using the perpen-
dicular component of the velocity) for an oblique weir be-
tween section 0 and 1 is written as

d∗3
0 −

(
d∗

1 + 1∗
+ α1

1

2d∗2
1

)
d∗2

0 +
1

2
α0 = 0, (6)

whered0, d1, d2 are water depths,1 is the weir height,g is
the gravitational acceleration,α is the kinetic energy correc-
tion coefficients andu0, u1, u2 are the depth averaged veloc-
ities at sections 0, 1, 2, respectively.∗ represents the length
scales made dimensionless using the critical depth above the
weir crest. The derivation of this equation is given in the Ap-
pendix A. If the value ofd∗

1 is known,d∗

0 can be found as a
root of the Eq. (6).

At the downstream side of weir, energy is dissipated in the
wake region due to the deceleration of the flow. The dimen-
sionless momentum conservation perpendicular to the weir
crest, assuming a hydrostatic pressure distribution and ideal
flow (no friction losses) applied to sections 1 and 2 yields:

d∗3
1 +21∗ d∗2

1 +

(
1∗2

− d∗2
2 − β2

2

d∗

2

)
d∗

1 +2β1 = 0, (7)

whereβ is the dimensionless momentum correction coeffi-
cient. If the value ofd∗

2 is known, d∗

1 can be found from
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 Fig. 5. (a)Cross section of weir with vegetation roughness at Sect. 1;(b) flow around the cylindrical rods on the weir crest (Top view).

Eq. (7). For natural channels, the correction factors (α andβ)
vary between 1.15–1.50 and 1.05–1.17, respectively. (Chow,
1959; Chaudhry, 1994).

3.1 Flow direction and oblique angle

A relation between the angle of obliqueness (ϕ), the flow di-
rection (ψ) above the weir crest and flow conditions is given
below (see Fig. 4).

tanψ

tanϕ
=

(
Fr0p

Fr1p

) 2
3

(8)

This equation is derived in the Appendix B. The flow direc-
tion can be calculated above the weir crest using Eq. (8). As
the velocity increases on the weir crest, the flow approaches
a direction normal to the weir crest. For free-flow conditions
the flow is directed virtually perpendicular to the weir crest.

3.2 Weir with vegetation

3.2.1 Emerged vegetation

In this case the weir has a row of cylinders on the top of its
crest which represents the stem type of vegetation (mature
trees without foliage in the lower sections) which causes ex-
tra energy losses. Energy dissipation in this case is caused by
different processes. First, the wakes downstream of the stems
and recirculation downstream of the weir both contribute to
the head loss. Second, there is an interaction between the
wake turbulence generated by the weir and by the vegeta-
tion. Here the latter interactions have been ignored. The ef-
fect of vegetation on the cross-sectional area is considered
and the depth averaged velocity is calculated in this section
with reduced cross-sectional area (vegetation cross-sectional
contraction and weir effect) (Ali and Uijttewaal, 2013). The
velocities at the three cross sections in Fig. 3 can be written
as

u0p =
qL

d0
u1p =

qL b

d1 (b − D)
=
qL

d1

(
1

1 −
D
b

)
u2p =

qL

d2
. (9)

Hereb is the centre to centre distance between two adjacent
cylinders andD is the diameter of a cylinder as shown in
Fig. 5. The critical flow depth establishes where the cross
section is minimized between the rods on the weir crest and
is given by

d3
1cr(1 − D/b)3 =

q2
L

g
.

The non-dimensionalized (using the critical depth) energy
and momentum conservation can then be written as

d∗

0 + α0
1

2d∗2
0

= 1∗
+ d∗

1 + α1
1

2d∗2
1

(
1

1 −
D
b

)2

(10)

(
1∗

+ d∗

1

)2
+ β1

2

d∗

1

(
1

1 −
D
b

)
= d∗2

2 + β2
2

d∗

2
. (11)

3.2.2 Submerged vegetation

In this case the water level exceeds the height of cylinders
as shown in Fig. 5. The dimensionless energy conservation
and momentum conservation between section 0 and 1 and
section 1 and 2 respectively can be written as

d∗

0 + α0
1

2d∗2
0

= 1∗
+ d∗

1 + α1
1

2d∗2
1

 1

1 −
l∗D
d∗

1 b

2

(12)

(
1∗

+ d∗

1

)2
+ β1

2

d∗

1

 1

1 −
l∗D
d∗

1 b

 = d∗2
2 + β2

2

d∗

2
, (13)

wherel∗ is defined as the dimensionless vegetation height.
By knowing the downstream water depth and the specific dis-
charge, the upstream water depth and the energy head (H0)
can be determined using this analytical approach. Subse-
quently the discharge coefficient can be determined accord-
ing to Eq. (3).

3.2.3 Bed and wall resistance

The total energy head loss (1Ht) in a flume over a distance
Le can be due to the following three sources as explained by
Ali and Uijttewaal(2013);

– form drag due to obstacles (1H ),

– Grain and skin friction of the bed (1HB),

– the side wall friction (1HW).
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The energy losses due to the bed and friction of two side
walls can be obtained as

1HB = cf2

Le∫
0

u

gd

2
d `, 1HW = cf3

Le∫
0

2u

gB

2

d `, (14)

whereLe is the length between the section 0 and 2,B is
the flume width,d is water depth andu is average veloc-
ity. The friction coefficient (cf) and friction factor (f ) can
be related ascf = f

8 . The friction factor is calculated by the
Colebrook–White formula (Colebrook, 1939). To compare
the experimental data with the analytical results, these esti-
mated energy losses (caused by the bed and wall friction) are
deducted from the total energy head loss to get the energy
loss of the vegetated weir-like obstacle.

1H = 1Ht − 1HB − 1HW (15)

3.3 Evaluation of analytical model

3.3.1 Flow direction over the weir

Figure 6 shows the variation of the stream line angle over
the oblique weir against the water depth above the weir
crest for different inclinations. These graphs are plotted using
Eqs. (B1), (B2) and (8). Figure 6a–c are for different dimen-
sionless weir heights. Using a constant discharge implies that
the weir height is constant with respect to the critical depth.
In a critical flow condition (d∗

1 = 1), the water has the high-
est velocity and thus is most sensitive to the effect of weir.
Increasing the water depth gives a submerged weir flow con-
dition and tends toward an unaffected flow direction for large
valuesd1 especially for a low weir (e.g1∗ = 0.5). With a high
weir the upstream velocity is low so the velocity above the
weir is mainly due to the weir and thus almost perpendicular
ψ→ 0.

3.3.2 Energy head loss

Figure 7a shows the variation of energy head loss against the
Froude number on the weir crest for different weir heights
(with α = 1 andβ = 1). It is seen that in all cases the energy
head loss tends to zero whenFr1 goes to zero. The value of
H2/H0 = 1 is not affected by the inclination of the weir be-
causeH0 is compared toH2 and both are defined in the same
way. At the critical flow condition (Fr1 = 1) the upstream wa-
ter level becomes independent of the downstream water level.

As it is assumed that only the velocity component per-
pendicular to the weir is changed, using the energy and mo-
mentum conservation laws perpendicular to the weir crest,
we get a weak dependence of the energy head loss on the
weir inclination to the flow direction. This shows as a smaller
head loss at higher inclination angles apparently because the
larger inclination results in a smaller velocity component per-
pendicular to the weir and a subsequent smaller accelera-
tion/deceleration cycle.
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Fig. 6. Flow direction on the weir crest versus water level on the
weir crest(a) 1∗ (Dimensionless weir height) = 0.5,(b) 1∗ = 2,
(c)1∗ = 10.

Figure 7b shows the variation of discharge coefficient
againstH2/H0. The discharge coefficientC tends to one for
small values ofH2/H0. For low downstream water levels,
the flow conditions over the weir crest become critical and
result in a constant discharge coefficient. Here a problem
arises with the definition ofH0. If one accounts for the to-
tal velocity head, the discharge is overestimated since only
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Fig. 7. Variation of energy head loss against the Froude no. on the
weir-crest(a), Variation of discharge coefficient against the energy
head loss(b), for1∗ = 0.5.

the velocity component perpendicular to the weir contributes
to the discharge. This is especially important for low weirs
where the upstream velocity has a relative large contribution
toH0.

3.3.3 Comparison withBorghei et al. (2003)

A comparison is made between our analytical approach and
the empirical approximation byBorghei et al.(2003) as given
in Sect. 2. It should be noted that for the submerged weir
case the downstream configuration of the flow domain deter-
mines the further direction of the streamlines. The presented
results therefore only hold for the specific configuration used
by Borghei et al.(2003).

For this case, we consider the perpendicular component
of the velocity with respect to the weir, it could straightfor-
wardly be treated as a standard submerged weir. Their analy-
sis only seems to make sense for small values ofH0/1 in that
case the potential head is dominant over the velocity head and
(d0 −1)/1 is approximately equal toH0/1. For the oblique
weir the definition ofH0 does not correspond to the defini-
tion of Cdf which becomes increasingly apparent for higher
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Fig. 8. Discharge coefficient variation according to Borghei et
al. (2003),(a) discharge reduction coefficient for imperfect weir
(Cd), (b) and free-flow discharge coefficient (Cdf).

values ofd/1. For that reason it is not strange that theCdf
value varies. The definition ofCd is a bit simpler. The graph
(Fig. 8) shows the effect that a larger inclination leads to a
smaller loss.

4 Experiments

In order to perform the experiments that are representative
for the processes on a prototype scale, requirements regard-
ing the Froude number and Reynolds number have to be ful-
filled. To this end the prototype conditions are schematized
and down scaled approximately 1 : 75. Doing so, a Froude
number scaling was achieved. The low Reynolds number
is not considered a problem as long as the flow is fully
turbulent.

4.1 Experimental setup

The experiments were conducted in a rectangular horizon-
tal glass flume, 19.2 m long, 2 m wide and 22 cm deep. An
oblique weir was situated (approximately) in the middle of
the flume. To represent the hydraulically rough floodplain,
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8 S. Ali and W. S. J. Uijttewaal: Flow resistance of vegetated oblique weir-like obstacles

!

!

!

!

!
 

Fig. 9.Schematized plane view of the flume and measuring apparatus.

 
Fig. 10.Prototype dyke and model weir (scaled 1 : 75).

gravel of diameter 5 to 8 mm was glued on the flume bed and
over the weir surface. The angle of obliqueness of the weir is
45◦. The flow from a 250 mm conduit was discharged into a
stilling basin and then into the experimental flume. Discharge
of water to the flume was measured by an electromagnetic
flow metre mounted on the conduit (Fig. 9).

For this study a prototype trapezoidal dike of height 6 m
with a crest width 3 m and the side slopes 1 : 4 (both, up-
stream and downstream side) was used. The model was
made of composite, wood and concrete material. The oblique
model weir had a height of 8 cm (crest width 4 cm, scale
1 : 75) with the upstream and downstream slopes of 1 : 4. The
stem type rigid vegetation on the weir crest was modeled by
circular cylinders. The relative vegetation blockage on the
weir crest was 25 %. The height of the model plants was 4 cm
and the diameter was 1.2 cm (Fig. 10).

4.2 Measuring equipment

Point gauges were used to measure the flow depth at the cen-
tre of weir crest. To measure the water depths first the ele-
vation of the water surface and then the elevation of the bed
at that point was measured. To get the value of flow depth,
the later was subtracted from the first. There were two point
gauges mounted on a moveable beam in such a way that the
measurement could be made across the flume. The beam it-
self was mounted on the flume on two side rails. The height
of the free surface and the bed level were measured with an
accuracy of±0.2 mm.

For supercritical flows, the water surface was highly unsta-
ble behind the weir due to undulations and hydraulic jumps
and sometimes due to air entrainment. These aspects to-
gether decreased the accuracy of water level determination to
±1 mm. Far downstream of the weir, the flow surface calmed

down and the accuracy of the depth measurement could be
considered as normal (±0.2 mm).

Laser displacement sensors (ILD1300) were used to mea-
sure the water depth 2 m (from centre of the weir) upstream
and 3 m down stream of the weir. It is an optical sensor for
measurements with an accuracy of±0.2 mm.

The acoustic Doppler velocimeter (ADV) Vectrino was
used to measure the (3-D velocity components) velocity pro-
files at different locations in the vicinity of the weir.

4.3 Experimental programme

Tests were carried out (for an oblique weir) for several dis-
charge conditions by varying the discharge and downstream
water level. The inflow was provided with the discharge
of 20, 25, 30, 35, 40 L s−1. For each discharge the down-
stream water depth was adjusted and gradually varied to give
the 15 different flow states, from completely sub-merged to
the free-flow regime. After adjustment, almost 10 min were
required to stabilize the flow after which the water depth
measurements were performed. The different cases for an
oblique weir (ϕ = 45◦) with a down stream slope of 1 : 4 were

– weir without vegetation roughness, and

– weir with vegetation roughness (25 % blockage area).

For these measurements the dimensionless weir height (1∗)
varied from 4 to 8.

5 Result and discussion

5.1 Non-vegetated oblique weir

The measured data can be used to calculate some dependent
flow parameters. The most important one is the discharge

Hydrol. Earth Syst. Sci., 18, 1–14, 2014 www.hydrol-earth-syst-sci.net/18/1/2014/
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Fig. 11.Discharge coefficient (C) variation versus upstream energy
head – non-dimensioned by weir height(a), discharge coefficient
variation versus Froude no. on weir crest(b).

coefficient (C) as defined in Eq. (3). The discharge coef-
ficient is plotted against the relative upstream water head
(H0/1) in Fig. 11a.

With a certain discharge,C decreases as the relative up-
stream water head increases. In the same figure, the right
graph shows the variation of discharge coefficient with the
Froude number (Fr1) on the weir crest and a comparison with
the analytical results (Eq. 1). When the Froude number is low
(high submergence flow condition), the loss in water head
from the upstream to down stream section is also small.

In Fig. 12 the discharge reduction coefficient (Cd) is plot-
ted against the submergence for the inclination angle of 45◦.
The discharge reduction coefficient based on the oblique weir
length and based on the channel width (B) is plotted and it is
also plotted for the plain perpendicular weir. This figure also
presents the discharge reduction coefficient deduced from

the Villemonte (1947) relationship (Cd =
√(

1 − SP
)
) using

different p values. The graph based on Eq. (5) (Borgei’s
relation) has been drawn in this figure as well. This fig-
ure clearly depicts that the results forBorghei et al.(2003)
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Fig. 12.Discharge reduction coefficient (Cd) versus submergence,
S (angle of obliqueness is 45◦).

have a significant deviation from the experimental data. The
relationship given byBorghei et al.(2003) is highly em-
pirical and also very much dependent on the experimental
conditions.

It can be seen from this figure that if the discharge coef-
ficient is calculated based on the weir length, it is the same
as for the plain weir. On the other hand, if this is calculated
based on the channel width, its value increases by a factor
L/B (1.414 in case of the used oblique angleϕ = 45◦) times
theCd for a plain weir.

5.2 Comparison of energy head loss and discharge
coefficient predicted by the expansion loss form
drag model with experimental data for
non-vegetated oblique weirs

Figure 13 shows the comparison between analytical and ex-
perimental data for the discharge coefficient from this experi-
ment and those ofDe Vries(1959) andTuyen(2006). The re-
sults are plotted for the different inclinations ofϕ = 0, 45 and
60◦. The analytical results are calculated for dimensionless
weir heights (1∗) 4, 6 and 8. The discharge coefficient is
plotted versus the submergence (H2/H0). The experimental
data for the angle of inclination 0 and 60◦ has been taken
from De Vries(1959) andTuyen(2006) for dyke form weirs
(upstream and downstream slopes are 1 : 4). It is clear from
the figure thatC increases with increasing the inclination due
to the increased length of the weir crest which is given as
L=B cosϕ. This limiting value is not measured here, as part
of kinetic energy on the upstream side of the weir (related to
the parallel velocity component) does not contribute to the
discharge. The overall agreement between the analytical re-
sults and the experimental results was quite good, showing
that the expansion loss form drag model can be applied to

www.hydrol-earth-syst-sci.net/18/1/2014/ Hydrol. Earth Syst. Sci., 18, 1–14, 2014
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Fig. 13. Discharge coefficients (based on channel width
(B =L · cosϕ)) for different angles of obliqueness, measured
(De Vries, 1959; Tuyen, 2006) and predicted data is compared for
different downstream water levels; inclination angle 0◦ (a), 45◦ (b),
60◦ (c).

oblique weir-like obstacles considering velocity decomposi-
tion as explained in Sect. 3.

Figure 14 shows the comparison of the discharge coeffi-
cients which are predicted by the expansion loss form drag
model and the experimental data for the different angles of
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Fig. 14. Comparison of predicted and measured discharge coeffi-
cients (based on channel widthB =L · cosϕ).

inclination. For the low angle of inclination, the predicted
results are more accurate. The results showed a stronger de-
viation for higher angles of obliqueness due to the effect of
the velocity component which is ignored and also due to the
strong deflection of the flow and the complex flow structure
in the wake of the weir. The mean relative error in the pre-
dictions for the obliqueness angle 0, 45 and 60◦ is 4, 7 and
11 %, respectively.

Figures 13 and 14 depict significant deviation of predicted
discharge coefficients at higher values ofC typically for sub-
mergence≤ 0.8 andFr ≥ 0.6.

5.3 Velocity direction on the crest of oblique weirs

It is assumed in the theoretical analysis that the weir-like ob-
stacle does not affect the parallel velocity component (paral-
lel to the weir crest). As the measurements byTuyen(2006)
show, the velocity components perpendicular and parallel to
the weir crest are uniform along the weir length and only
show some deviation near the side walls. On the downstream
side of the weir, the deflected flow interacts with the side-
walls of the flume and its uniformity is gradually lost, in
some cases even giving rise to horizontal flow separation.
The above mentioned assumption for the parallel component
is valid for the regions where the wall effects are small.

Figure 15 shows the comparison of the analytically com-
puted flow direction (Eq. 8) at the weir crest with mea-
sured data (Tuyen, 2006). The results are showing satisfac-
tory agreement between measured and predicted values. An-
alytical results for flow directions are based on energy con-
servation at the upstream side of the weir and continuity
equation of the flow. The mean relative error for the predicted
velocity direction on the weir crest in both cases is 15 %.
The predicted results are somewhat lower than the measured
ones which is partially explained in the discussion of Figs. 13

Hydrol. Earth Syst. Sci., 18, 1–14, 2014 www.hydrol-earth-syst-sci.net/18/1/2014/
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Fig. 15.Flow direction on the weir crest versus Froude number at
the centre of the weir crest.

and 14. The experimental results are based on the surface ve-
locities from PTV (particle tracking velocimetry) analyses
instead of the average velocities, which is the reason for de-
viation of data from the theory.

5.4 Comparison of the energy head loss caused by the
vegetated and non-vegetated oblique weirs

Figure 16 illustrates the comparison of the energy head
loss of vegetated and non-vegetated weirs for different dis-
charges. It also shows the analytically predicted results using
the expansion loss form drag model discussed in Sect. 3 for
vegetated and non-vegetated oblique weirs. It is clear from
the figure that the energy head loss increased due to the extra
blockage (vegetation blockage) on the weir crest. The vege-
tation on the weir crest also enhances the turbulence in the
flow which increases the energy head loss. The effects of
some main hydraulic parameters to the energy head loss can
be summarized as follow:

– with the constant discharges, the head loss decreases
with the increase of the downstream water head (in-
crease of the submergence);

– with the constant downstream water depth, the higher
the discharge the bigger the head loss;

– at the free-flow state, the relationship between down-
stream water depth and the energy head loss is linear;
and

– the extra blockage (25 %) due to pseudo vegetation has
significantly enhanced the energy head loss.
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Fig. 16.Comparison of energy head loss for vegetated (submerged
vegetation) and non-vegetated oblique weir (Oblique angle, 45◦),
Q= 40 L s−1 (a),Q= 30 L s−1 (b).

5.5 Comparison of energy head loss predicted by the
expansion loss form drag model with experimental
data for vegetated oblique weirs

The expansion loss form drag model which is developed in
Sect. 3 for the vegetated weir has been used to predict the
energy head loss caused by the vegetated weir-like obstacles.
The weir and vegetation on the crest contract the flow path
in vertical and horizontal direction followed by a sudden ex-
pansion causing a deceleration region behind the weir. En-
ergy head loss is caused due to this expansion region, having
a flow separation region plus additional wake losses in the
lee of the vegetation. The expansion loss form drag model is
based on the assumption that the velocity component parallel

www.hydrol-earth-syst-sci.net/18/1/2014/ Hydrol. Earth Syst. Sci., 18, 1–14, 2014
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to the weir crest remains constant. It is applied to determine
the energy head loss caused by the vegetated oblique weir.
The vegetation is considered as a horizontal contraction of
the flow cross section. In case of submerged vegetation, the
shear layer between slow and fast moving water in and above
the vegetation also contribute to the energy loss. To include
this effect the energy and momentum correction factors (α,
β) are used with values 1.18 and 1.03, respectively (Ali and
Uijttewaal, 2010). Figure 17 shows the comparison of energy
head loss for the vegetated weir between the predicted results
by the expansion loss form drag model and the experimental
data.

The results predicted by this simple model have an approx-
imate mean relative error of 22 %. There is a deviation for
the measured results in case of low energy head loss which
is due to the inaccuracy of measurements. In case of veg-
etated oblique weirs the results are under predicted. In this
simple theoretical model, the velocity component parallel to
the oblique weir is ignored but this component encountered
the vegetated elements on the weir crest, that could explain
why the model underestimates the energy head loss here. For
higher energy head loss, the deviation from the predicted re-
sults is due to the surface curvature and the non-hydrostatic
pressure which starts to contribute typically for a Froude
number higher than 0.6 (Ali and Uijttewaal, 2013).

6 Conclusions

Vegetated weir-like obstacles in the floodplain are impor-
tant features when these are related to determine the flood
flow capacity and water levels in order to design embank-
ments. With a simple expansion loss form drag model which
is based on principle of energy and momentum conservation,
reasonably accurate (15 % error) results related to the energy
head loss and the flow direction over the weir crest have been
obtained.

Some main conclusions that were drawn from this study
are listed below:

– The energy dissipation has its maximum value for the
case of a hydraulic jump behind weir, and minimum
value for the case of completely submerged flow.

– The flow direction changes to an approximately per-
pendicular orientation in the upstream vicinity and on
the weir crest.

– For perfect weir flow conditions the flow was directed
almost perpendicular to the weir crest but for high wa-
ter levels, the flow was less affected and maintained
the direction.

– The discharge of an oblique weir is much higher than
the discharge of a perpendicular weir with the same
channel width because of the higher effective length
and a hardly smaller discharge coefficient.
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Fig. 17.Comparison of energy head loss (for a weir with vegetation,
angle of obliqueness is 45◦), α = 1.18 andβ = 1.03.

– The velocity decomposition is a useful step in studying
the flow over an oblique weir without vegetation. The
velocity component perpendicular to the weir accounts
for most of the change in the total velocity, whereas the
parallel component stays almost unchanged.

– The higher angles of obliqueness cause greater error in
the predicted results due to the ignored parallel veloc-
ity component that becomes larger.

– The energy head loss increased due to the extra block-
age (vegetation blockage) on the weir crest. Vegeta-
tion on the weir crest also enhances the flow turbulence
which increases the energy head loss.

– The expansion loss form drag model can be used to
predict the discharge coefficient and energy head loss
caused by the oblique vegetated obstacles. It is only
applicable to submerged flow conditions where the hy-
drostatic pressure assumption is valid. It gives better
results for low angle of obliqueness and low Froude
numbers.

Appendix A

Energy and momentum balance

Using the assumptions which are discussed in Sect. 3, the
energy balance is applied to the upstream region of the weir
and it is assumed that there is no energy loss in the contrac-
tion region upstream of the weir:

d0 + α0
u2

0

2g
= (d1 + 1) + α1

u2
1

2g
, (A1)

whered0, d1, d2 are water depths,α is the kinetic energy
correction coefficients andu0, u1, u2 are the depth averaged
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velocities at sections 0, 1, 2, respectively. The velocity is de-
composed into two components, parallel and perpendicular
to the weir axis such that

u2
0 = u2

0p + u2
0L, u2

1 = u2
1p + u2

1L, (A2)

where subscript “p” is for perpendicular and “L” for parallel
direction. The continuity equation always holds true for the
flow in our case (as stated before).

Q = u0Pd0L = u1pd1L andqL = u0pd0 = u1pd1 = u2pd2, (A3)

whereQ is the total discharge of the flow cross section,L

(m) is the length of the oblique weir and can be calculated as
L=B/cosϕ (B is the channel width, Fig. 3). The assump-
tion made here is that the velocity component parallel to the
weir crest remains constant in the area of investigation so
u0L =u1L. Using the continuity equation (Eq. A3), the en-
ergy balance (Eq. A4) can be written as

d0 + α0
u2

0P

2g
= (d1 + 1) + α1

u2
1P

2g
or d0 + α0

q2
L

2gd2
0

= (d1 + 1) + α1
q2

L

2gd2
1

,

whereqL is the specific discharge,1 is the weir height and
g is the gravitational acceleration. All lengths can be non-
dimensionalized by the critical water depth at the section 1.
Defining the Froude number as (Chanson, 1999; Jain, 2001)
Fr1 =

u1p
√
gd1

= qL
d1

√
gd1

, it gives the critical depth (dcr1) above
the weir crest:

dcr1 =
3
√
q2

L/g. (A4)

This approach simplifies the equations and reveals that the
dimensionless weir height (1∗) is the only parameter in the
problem (Eq. A5). The dimensionless energy conservation
between section 0 and 1 is written as

d∗3
0 −

(
d∗

1 + 1∗
+ α1

1

2d∗2
1

)
d∗2

0 +
1

2
α0 = 0. (A5)

At the downstream side of weir, the momentum conser-
vation assuming a hydrostatic pressure distribution and ideal
flow (no friction losses) applied to sections 1 and 2 yields:

1

2
ρ g (d1 + 1)2 −

1

2
ρ gd2

2 = ρ q (β2u2 − β1u1) , (A6)

whereβ is the dimensionless momentum correction coeffi-
cient andρ (kg m−3) is the density of water. Velocity is again
decomposed into two components as above in the case of the
energy balance upstream of the weir.

u2
2 = u2

2p + u2
2L, u2

1 = u2
1p + u2

1L (A7)

Assuming the constant flow rate parallel to the weir, Eq. (A6)
can be written as

1

2
ρ g (d1 + 1)2 −

1

2
ρ gd2

2 = ρ qL
(
β2u2p − β1u1p

)
. (A8)

The dimensionless momentum conservation between sec-
tions 1 and 2 can be written as (van Rijn, 1990)

d∗3
1 + 21∗ d∗2

1 +

(
1∗2

− d∗2
2 − β2

2

d∗

2

)
d∗

1 + 2β1 = 0. (A9)

Appendix B

Flow direction

A relation between the angle of obliqueness, the flow direc-
tion above the weir crest can be written as given below;

tanϕ =

(
u0p

u0L

)
, tanψ =

(
u0p

u0L

)
⇒

tanϕ

tanψ
=
u1p

u0p
. (B1)

The continuity equation of flow leads to
u1p
u0p

= d0
d1

and the spe-
cific discharge can be written as

qL1 = Fr1p
√
gd

3
2
1 , qL0 = Fr0p

√
gd

3
2
0 ⇒

Fr1p

Fr0p
=

(
d0

d1

) 3
2

. (B2)

Using Eqs. (B1) and (B2), the relation betweenψ , ϕ and flow
conditions reads

tanψ

tanϕ
=

(
Fr0p

Fr1p

) 2
3

. (B3)
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