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ZA BSTRACT

°Comb|ned hydraulic structure play an important role in controlling flow in open
2 channels. This study was based on experimental and numerical modeling investigations
;for combined hydraulic structure. For this purpose three physical models of combined
%sharp crested trapezoidal weir with bottom opening and one physical model of sharp
5 s crested trapezoidal weir separately were used and tested by running eight different flow
£ rates over each model. In which three configurations of bottom opening were tested; the
2 first configuration is a rectangular gate while other two configuration were trapezoidal
==W|th two different side slopes of (1V:4H) and (1V:2H). The water surface profiles
g passing through weir-gate system were measured for all thirty two runs of all models
“’WhICh show uniform flow at 2.11h from the upstream of weir. The commercial
mcomputatlonal fluid dynamic software ANSYS CFX was used to simulate flow
g numerically. The verification of the numerical model was based on water surface profiles

Joul

Discharge coefficient ETand discharge which showed acceptable agreement. Also, the results showed that
E discharge coefficient Cd varies from (0.52-0.58). Furthermore, it was shown that both
S models with trapezoidal gate pass a higher discharge of flow than the model with
% rectangular gate with average percentage increase of discharge (40.78% and 19.40%) for
= trapezoidal side slopes (1H:2V and 1H:4V) respectively. In addition, the combined

g system with milder trapezoidal side slopes of bottom opening had a better performance
% for discharging weir flow which is about 40% as compared with traditional one. Finally,

£the empirical equations for stage-discharge relationship were estimated for all models
2and discharge coefficients were estimated for all runs.
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1. INTRODUCTION

Weirs and gates have been widely used in
irrigation or open channels for flow control and
discharge measurements. Weirs can be combined with
gates at the bottom in one device system to solve the
problems of sedimentation that accumulated upstream
of this structure. The combined weir gate system
represents the new hydraulic structure also the hydraulic
characteristics in the combined system will be different.
The use of the new system is the cheapest and easiest to
construct as compared to the use of the weirs and gates
separately. A combined rectangular sharp crested weir
with inverted triangular opening at the bottom has been
made by (Alhamid et al., 1996)[1] to obtain a nonlinear
equation for simultaneous discharge. The test results
found that the angle of the inverted triangle opening at
the bottom has a significant effect on the discharge for
the combined weir gate system and the larger capacity
of flow founded with the increase of angle in the
inverted V-notch gate. (Negm et al., 2002)[2] tested
nineteen models with a horizontal bed and eighteen
models with sloping bed of combined rectangular weir-
gate system. A discharge equation is developed with an
average absolute error of about 5%. Further, they
presented the effects of surface tension and viscosity and
both have significant effect on the combined discharge
for narrow openings. The effect of dimensionless
parameters on the performance of combined device has
been studied by (Hayawi et al., 2008)[3] via testing nine
combined models with rectangular weir and a semi-
circular bottom opening. They estimated an equation of
discharge coefficient for combined device with absolute
percentage error 10%. (Dehghani et al., 2009)[4]
investigated experimental work to study the scour
characteristics at the downstream of combined flow over
weir and through bottom opening. They founded that the
ratio of the scour depth to the approaching water depth
increased with the decrease of the ratio of head over weir
and vertical distance between weir and gate to the gate
opening. An experimental study was carried out by (Al-
saadi, 2013)[5] to investigate the discharge coefficient
for different cases of combined flow over weir and under
gate, this study shows that the discharge coefficient Cd
in the compound semicircular weir with semicircular
gate performs the best in being Cd higher values of
discharge coefficient than the other notches. (Khassaf
and Habeeb, 2014)[6] studied the flow characteristics
for combined trapezoidal weir and rectangular bottom
opening for a wide range of trapezoidal weir angle and
the vertical distance between lower edge of weir and
upper edge of bottom opening. This study gives a new
empirical formula of discharge coefficient with the
relative the effect of trapezoidal weir and vertical
distance. The hydraulic characteristics of Cipolletti weir
with rectangular gate was conducted by (Al-Suhili and
Shwana, 2014) [7]. For this purpose thirty models were
tested experimentally and the discharge coefficient was
founded for all configurations. The hydraulic
characteristics of combined rectangular sharp crested
weir-gate  has been evaluated using numerical
simulation (Fluent software) by (Arvanaghi, 2014)[8]
showing that the flow of the combined weir-gate was
divided into two parts, upper flow and lower flow and
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showing that discharge coefficient increased using the
combined system. (Al-suhaili et al., 2014)[9] studied the
flow characteristics of combined rectangular weir with
three rectangular bottom opening using laboratory
experiment. The discharge coefficient was founded for
different flow cases showing the discharge coefficients
for all three cases of flow increases with the increase of
the head over the weir crest. (Duru, 2014)[10]
conducted numerical modeling for contracted sharp
crested weirs and combined weir-gate structure using
Flow 3D, results show that computational fluid dynamic
software is a powerful tool for simulating hydraulic
problems related to the measurement structures of flow.
A series of experimental models of combined curved
weir and rectangular gate were conducted by (Obead
and Hamad, 2014)[11], these models that the weir angle
has a significant influence on the combined flow
through the weir-gate system. They founded that the
average value of discharge coefficient was decreased
with the increase of weir angle. The (Parsaie et al.,
2017)[12] proposed a cylindrical weir-gate structure to
improve the performance of flow behavior of weir-gate
structure. (Qasim et al., 2018)[13] studied the hydraulic
characteristics for combined weir-gate of composite
shape showing that the shape of weir and gate had an
effective role in estimating the dimensional and non-
dimensional factors.

As discussed above, many researchers developed a
combined structure of weir with different shapes of
bottom openings such as rectangular, circular and
triangular gate opening. While, this investigation was
carried on trapezoidal weir with inverted trapezoidal
bottom opening. The hydraulic performance of flow
through combined structure is studied, experimentally.
Also deeper analysis of flow phenomena based on
simulation may be introduced.

2. THEORETICAL BACKGROUND

To estimate the discharge through compound weir-
gate system, the following theoretical equation (Quw) is
obtained by adding the discharge flowing over weir
(Qw) and through the gate (Qy):
ch :Qg + Qw

1)

The discharge through trapezoidal weir is obtained
by (Bos, 1989)[14]:

Qw :Qrectangular + Qtriangular

2 8 o
Qv =3 b(\/)Z_g h¥/2 + 2 [2gtan(;) *h’/2
2

The discharge through the gate is calculated as
following[14]:

Qg =y/2gH*A
©)

From above consideration, the theoretical and actual
discharge passing over weir and under gate is equal to:

ch(combined): \/Z_g
2 tan(3) h¥/?) (4)

H72A  +  Zbh¥2+
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H'2A  +

Ca+/28

5 tan(3) h¥%) ()

2
Qact(total) = 3 bh3/2 +

where,

A: is cross sectional area of bottom opening,

b: bed width of weir,

g: acceleration due to gravity,

H: total head and itisequaltoH=h+y +d

h: height of water over weir crest

y: vertical distance between weir and gate

d: height of gate, and

Cq: combined discharge coefficient (for flow over weir
and under gate). All dimension parameters are defined
in Fig. (1).

e ———
—

H=d+y
<

<

W

Figure. 1. Definition sketch for combined flow over
weir and through gate where (n) is 0,2,4.

The computational fluid dynamic software was
used to solve the Reynolds Averaged Navier-Stokes
equations (RANS). The solution of equations was based
on the finite volume technique discretization method
[15]. These equations satisfy the mass and momentum
conservation equations for the fluid flow [16]:

Mass conservation equation

ap [7] _
;‘l‘a—xi(PUi) =0 (6)

Momentum conservation equation
90U . 9 (Y= 9P 9| (9Vi_ 9Y
a T ax; (pU:U}) = dx; + % [“ <6xj + ax; +

a ——
o, (Pl @)

0

where,

p = The density of fluid, t= time, x = axis
coordinates, U; = mean component of velocity, P =
means pressure, u = dynamic viscosity and w; =
fluctuating part of the velocity.

The volume of fluid method VOF equation was applied
to define the free surface between fluids (water and air)
[17,18]:

day,
at T ax;

Where,

ow: the volume fraction of water, and ui: is the velocity
in xi-direction.

The sum of the water and air volume fractions is equal
to unity; therefore the volume fraction of air (aa) can be
given as:

aazl—aw (9)

=0;0<aw<1 (8)

3. METHODOLOGY

The experimental setup of this study was carried
out at the hydraulic laboratory of Engineering College
of Duhok University. The experiments were conducted
in a rectangular horizontal flume of a working length of
5 m with a cross section 0.3 m wide and 0.45 m deep.
Three models of combined weir-gate system with one of
weir model separately were constructed from 6 mm
thick perspex plate with height and width of 0.3 m. The
crest shape of the weir for all four models was kept as
trapezoidal sharp crested weir with side slopes of
(1H:2V). The bottom opening shape of the first two
models was fixed trapezoidal and the third one is
rectangular. The side slopes of trapezoidal bottom
opening was changed two times as (1H:4V) and
(1H:2V). The width of bottom opening were taken as
(15 and 20 cm) respectively, while, the height of bottom
opening was kept as 0.1 m. The height and width of third
rectangular gate is 0.1 m. Details of the models tested
during the experimental work are shown in Table 1.

Each model was set horizontally and fixed at the
middle of the flume. The testing started by allowing
eight different flow rates and the flow rates were
recorded via a calibrated electromagnetic flow meter
with an accuracy of 0.01 I/s. For each run, water surface
profile measurements were recorded along the center
line of the flume and the water depths were recorded at
the upstream and downstream of weir-gate model using
a point gauge with a scale reading up to 0.1 mm. A total
of thirty two runs were conducted during the testing
process.

To model the flow numerically, ANSYS Design
Modeler was used to create 3D dimensional open
channel with weir-gate system for the same dimensions
as mentioned above. The automated mesh type which
consists of tetrahedral elements was built with
maximum element numbers of (467600), steady state
with RNG k-¢ turbulence model derived from the Navier
stokes equations was selected [19]. The RNG k-¢
turbulence model predicts more accurate performance
for complex flows involving rotation, separation, and
recirculation [16,20]. The initial conditions were
adopted at the inlet using values of water volume
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fraction, air volume fraction, and pressure and velocity
components. Non slip smooth walls have been selected
as boundary conditions at the two sides and bottom of
open channel flume. While, flow rate and pressure were
selected at the inlet and outlet boundary respectively. At
the top section, as shown in Fig. (2), the opening

boundary condition with air entrainment was selected
for the case of free surface flow. Further, mesh adaption
was applied in order to make the mesh size finer in
locations when solution variables change rapidly. After
the mesh adaption the total number of elements became
(1,809,582) see Fig. (3).

Table 1
Details of the tested models
Height of gate (d) Bottom width of Bed width of .

Model Shape (cm) gate (by) (cm) weir (b) (cm) Side slope of gate
Weir-rectangular gate 10 10 10 0
Weir-trapezoidal gate 10 15 10 1H:4Vv
Weir-trapezoidal gate 10 20 10 1H:2V

Trapezoidal weir - - 10 -

Inflow

v,
ra; T

1T
Faolay
TR

Figure 3. Mesh Adaption

4. RESULTS AND DISCUSSION

The experimental measurements of water surface
profiles for all physical models for twenty four runs
along the center line of channel were plotted in order to
visualize flow shape and the upstream and downstream
behavior of the crest model. The water surface profile
shows approximately the uniform profile at the
upstream locations with slight decrease near the
upstream face of the combined weir-gate models. The
water surface profile then drops sharply at the
downstream of the model as shown in Fig. (4). Y is the
upstream water depth measured above the flume bed at
any distance X and X is the horizontal distance from the
upstream face of the crest. The surface profiles fall into
smooth curvature at the maximum distances of 2.11h
from the upstream of weir crest for all combined weir-
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gate models. This distance indicates the nearest location
to measure an accurate water depth above crest (h).

In this study the numerical model was verified by
comparing the measured values experimentally and
predicted numerically in terms of water surface profile
and total discharge. Fig. (5) shows the acceptable
agreement between experimental and numerical profile
of water surface with average mean absolute percentage
error equal to (1.98%) for all models.

Table 2 illustrates the measured flow rate
experimentally and the summation of the predicted flow
rate passing over weir (Qw) and through the gate (Qy)
numerically. This table indicates that the difference
between the measured discharge and predicted one was
very small with average mean absolute percentage error
(0.37%).
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Figure. 4. Water surface profiles through combined weir-gate system
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¢ CFX x Experimental
039 % % & v v & sssssvnn 7
0.25 “’3‘
g 02 9 t‘ 5
0.15 *
2
0.1 © T Q T Q
-0.6 0.4 -0.2 0 0.2

Distance X ()

Water.Volume Fraction

Figure. 5. Water surface profile comparison between experimental and numerical data for combined weir with

trapezoidal gate (1H:2V), (h = 8.5 cm)

Table 2
Comparison of Qmeasured aNd Qpredicted fOr the combined weir-gate system
£ % Quw 6.58 5.14 4.26 2.98 2.22 1.57 0.85 0.63
; ; Qqg 13.35 13.08 12.77 12.48 12.19 11.89 11.53 11.01
_i % Qut+Qq 19.93 18.22 17.03 15.46 14.41 13.46 12.38 11.64
% g Qmeasured 20 18.28 17.09 15.52 14.47 13.52 12.42 11.70
8 MAPE% 0.33 0.34 0.37 0.40 0.41 0.44 0.35 0.53
£ % 3 Quw 6.83 5.10 4.22 3.17 2.30 1.61 1.02 0.60
; m E Qg 16.33 15.97 15.72 15.38 14.98 14.63 14.25 13.67
; 3 QuwtQg | 2316 | 21.07| 1994 | 1855| 17.28| 1624 | 1527 | 14.27
é g_ Qnmeasured 23.25 21.15 20.01 18.62 17.28 16.28 15.34 14.32
8 § MAPE% 0.37 0.38 0.34 0.35 -0.02 0.22 0.44 0.35
£ &3 Qw 6.74 5.36 4.52 3.25 2.59 1.78 1.27 0.73
; m E Qg 19.44 19.17 18.89 18.43 17.93 17.49 17.19 16.46
; g Qut+Qq 26.18 24.53 23.41 21.68 20.52 19.27 18.46 17.19
'.é .E’_ Qmeasured 26.28 24.64 23.54 21.76 20.60 19.35 18.54 17.28
8 £ MAPE% 0.38 0.44 0.57 0.37 0.37 0.41 0.43 0.50
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The relationship between the head of water over
crest (h) and the discharge (Q) is illustrated in Fig. (6).
It is shown from this figure that the flow rate is increased
with increasing the upstream head of water and both
models with trapezoidal bottom opening have a higher
capacity for discharging flow than model with
rectangular bottom opening with average percentage
increase of discharge (40.78% and 19.40%) compared
with the actual increase in the surface area of the gate of
(50% and 25%) for trapezoidal side slopes (1H:2V and
1H:4V) respectively. In addition, the model with milder
side slopes gives higher percentages increase of flow
about 17.86% as compared to steep side slopes. This
demonstrates that gates of milder side slopes have larger

area of bottom opening related to the head. From this
figures, the best fit were determined to estimate
equations for stage-discharge relationship for each
models which was tested in this study as shown in Table
3.

The combined weir-gate system with milder
trapezoidal side slopes of bottom opening has a highest
efficiency for discharging weir flow Qw which varies
between 20% to 40% as compared to the traditional one
and this is accepted with (Sarhan and Jalil, 2018) [21],
see Fig. (7). This is one of the gate advantages in
combined structure that increases the weir flow due to
the reduction of separation zone at the downstream of
combined structure.

+ Combined Weir with

Rectangular gate
# Combined Weir with

Trapezoidal Gate 1H:4V
A Combined Weir with

Trapezoidal Gate 1H:2V

e Trapezoidal Weir without

5 /v.—-b/'
0 T bottom opening

0.00 0.02 0.04 0.06 0.08 0.10
h (m)
Figure. 6. Stage-Discharge relationships
Table 3
Stage-discharge equations for all models
Model Empirical equation R?
Trapezoidal weir with rectangular gate Q =116.57 h +9.5581 0.9889
Trapezoidal weir with trapezoidal gate 1H:4V Q=122.48h+12.288 0.9921
Trapezoidal weir with trapezoidal gate 1H:2V Q =130.06 h + 14.986 0.9925
Trapezoidal weir without bottom opening Q=88.033h+1.7683 0.9787

Where, h=head of water over crest (m) and Q= discharge (l/s)

Zgg A Combined Weir with Trapezoidal Gate 1H:2V //
5,00 ® Trapezoidal weir without bottom opening //
é 00 R?=0.9993 -
2 3.00 — T
o 2.00

1.00 =

0.00 — . , ,

0.00 0.02 0.06 0.08

0.04 h (m)

0.10

Figure. 7. Comparison of discharging weir flow between combined structure and traditional weir.
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The flow structure and separation of vectors into two
different zones is one of the essential points that affect
the efficiency of weir discharge in combined structure.
The percentage of separation depth to the total flow
depth (Hs/H) is decreased about 7.57% with increasing
the bottom opening area 50% for a constant head, see
Fig. (8), and for more details see the relation between
(Hs/H) and the percentage of flow depth over crest to
the total flow depth (h/H) in Fig. (9). This means the
a. Rec

tangular bottom opening

reduction of lower separation depth Hs due to the
increase of weir flow Qy which increases the upper
separation depth hs.

The variation of discharge coefficient with flow
rate for all three models is plotted in Fig. (10). It is
shown from this figure that the discharge coefficient Cq
varies between (0.52 to 0.59) for all models of combined
weir-gate system.

b. Trapezoidal bottom opening 1H:2V

Sl

Figure. 8. Vector visualization for combined structure and constant head.

1.0 @ Combined weir with rectangular gate
0.9 B combined weir with trapezoidal gate 1H:2V
) ®
- )
= 0.8 & = *
+ -
0.7 *
[
0.6 ] T
0.00 0.10 0.20 0.30 0.40
h/H
Figure 9. Relation between (h/H) and (Hs/H)
0.65 4 Combined Weir with
0.6 Rectangular gate
3 o ®® * % \ 4 A-&- A AA A . Comblngd Weir Wlth.
0.55 .‘ a® 4 A Trapezoidal Gate 1H:4V
. A Combined Weir with
0.5 . T Trapezoidal Gate 1H:2V
10 15 20 25 30

Q(l/s)

Figure 10. Relationship between discharge and discharge coefficient

The water velocity vectors at the middle (d/2) of
bottom opening for combined system are shown in Fig.
(12). It is illustrated from this figure that the velocity
vector directions have a direct effect on increasing the
discharge for the same upstream head of flow. The
combined weir with trapezoidal gate of side slopes
(1H:2V) has a larger velocity jet area vector angle that
happens from different directions of vectors to pass over
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weir and under gate. It is believed that the separation
zone which reflects the energy losses is not proportional
to the area of bottom opening. Moreover flow
streamlines were drown at middle (d/2) of horizontal
cross-section for combined weir-gate system in Fig.
(12). This figure shows that the flow lines pass more
smoothly under gates of larger area.
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Water.Velocity [m s?-1]

B Flow direction

C. Water velocity vectors for combined weir - trapezoidal gate (1H:2V)
Figure. 11. Water velocity vectors at middle (d/2) of horizontal cross-section for combined weir-gate system (h = 8.5

cm)

Water. Superficial Velocity [m s”-1]

I _ Flow direction

a. Water velocity streamlines through rectangular gate
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Water.Superficial Velocity [m sA-1]
Q Q Q Q 7 7 7 <
.00 .G] .6:;> .07 .‘3& .‘5\) .@0 .‘30
&S
—e———
\..\"—_——

b. Water velocity streamlines through trapezoidal gate (1H:4V)

Water. Superficial Velocity [m s”-1]

B T G % e % % s
EEEE— T N
- ~ X

AR

yorr 7
T - 74y
T /r //7/ y

R il

c. Water velocity streamlines through trapezoidal gate (1H:2V)

5. CONCLUSIONS

From the experiments and as ANSYS-CFX was

capable for simulating flow through combined weir-gate
system with mean absolute percentage error of (1.98%
and 0.37%) for water surface profile and total discharge

respectively,

the following conclusions can be

summarized:

1.

Water surface profiles through the center line of the
flume were smooth and showing a slight decrease at
the maximum distances of 2.11h from the upstream
face of weir with a steep drop at the downstream.
Discharge coefficient Cq varies between 0.52 — 0.59
for all combined weir-gate models.

The combined weir with trapezoidal gate has a
higher capacity for discharging flow than model of
rectangular gate with average percentage increase of
discharge (40.78% and 19.40%) for trapezoidal side
slopes of (1H:2V and 1H:4V) respectively.

The combined system with milder side slopes of
trapezoidal gate gives higher percentages increase of
flow about 17.86% as compared to steep side slopes.
The combined system with milder trapezoidal side
slopes of bottom opening has a highest efficiency for
discharging weir flow Qw which is about 40% as
compared with weir model separately.

49

Figure 12. Water velocity streamlines at middle (d/2) of horizontal cross-section for combined weir-gate system (h =
8.5cm)

6. Empirical equations for stage-discharge relationship

were developed for
deterministic coefficient.

each model with good
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