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ABSTRACT

Recently, both the free and the submerged flow through combined weir and gates were
analyzed. But the flow in the zone between free and submerged flow has not analyzed
yet. This paper presents the resulis of an experimental investigation to study the effect of
varying tailwater depth on the characteristics of the combined flow over contracted sharp
crested rectangular weirs and below contracted rectangular gates of sharp edges. The
experiments were carried out in a flume using vartous geometrical dimensions under
different flow conditions. The effects of both flow and geometrical parameters are
discussed and presented in graphical form. The dimensional analysis principles were
employed to correlate the combined discharge to the geometry and flow parameters. The
experimental data were then used to develop a general non-dimensional equation for
predicting the discharge through the combined notch knowing its geometry and the head
of water over the weir. The predicted discharges agreed well with the experimental ones.
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INTRODUCTION

Gates and weirs are used extensively to control and measure water flows in open
streams. Many works have been dealt with the use of sluice gatelin discharge
measurements such as Henery [1], Rajaratnam and Subramanya [2], Rajaratnam [3],
Subramanya {4]. Swamee [5] developed a generalized discharge equation for the sluice
gates based on Henry's curves. One disadvantage of the sluice gates is the retaining of
the floating materials behined the gate. This can be overcome by providing an opening
in the top of the gate thus allowing simultaneous underflow and overflow conditions,
Concerning the flow over weirs, many works have been found in the literature such as
Ackers, et al. [6], Bos [7], Kindsvater and Carter 8], and Swamee [9]. Some of these
works discussed the specifications and the proper ways of installing and using weirs in
flow measurements, BSI [10], USBR [11]. Many problems concerning sedimentation
and depositions could be minimized by combined weirs and gates flow, Alhamid, et al,
[12].

Few works dealing with the combined overflow and underflow as flow
measurement devices are available in the literature [13-23]. Negm, et al. [14] discussed
the characteristics of the combined flow over rectangular contracted weirs and below
inverted iriangular weirs, In 1995, El-Saiad, et al [15] investigated the effect of the angle
of a triangular opening when it is used above and below the rectangular opening. They
found that the use of a triangular opening above a rectangular one is more efficient than
the reversed case for different angles. Alhamid, et al. [16] presented regression equation
to predict the flow passing over contracted rectangular weir and below triangular gates,
Negm [17) analyzed the characteristics of the combined free flow over contracted weirs
and below contracted gates of rectangular shape with unequal contractions. A discharge
prediction model for combined flow over suppressed rectangular weirs and below gates
was presented by Negm [18]). Negm, et al. [19] discussed the effect of downstream
submergence on the combined flow and presented discharge prediction equations for
triangular weir above rectangular contracted gates and contracted rectangular weir above
triangular gate. The combined free flow over weirs and submerged flow below gates of
unequal contractions was investigated by Negm [20]. Recently, Alhamid [21] provided
an equation for predicting the combined free and submerged flow through the combined
V-notch-gate device to overcome some of the deficiencies of the developed equation by
Alhamid et al. [12].

The characteristics of free flow through combined rectangular weir and below gates are
discussed by Al-Brahim, et al. [22] while those of the combined submerged flow are
analyzed by Negm, et al. [23]. In this study the transition from free flow to subimerged
flow is discussed. This means that the effect of tailwater depth variation on the flow
characteristics s analyzed. One aim of this study is to provide a relationship between the
tailwater depth beyond which the submergence ratio affects the combined flow. Also,
empirical equations are provided to estimate the combined discharge in terms of
geometry and flow parameters.
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2. THEORETICAL BACKGROUND

Figure (1) shows a definitions sketch for the free flow over contracted sharp
crested weir and below contracted rectangular gate of sharp edges. The flow equation for
the contracted sharp crested weir is given by [4]:
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Figure [. Definition sketch for combined flow over weirs and below gates
2
Qu =3Cw2g(b-0.1nh) ' (1)

Where Q, is the discharge passing over the weir, h is the head over the weir measured
upstream the weir at about 0 cm, C,, is the coefficient of discharge of the weir, b is the
widih of the weir crest, n is the number of side contraction, and g is the acceleration due

to gravity.
Also, the flow equation for the gate of sharp edges can be written as [2):
Q, =Cybd\2g @+ y+h) 2)

Where Q, is the flow rate under the gate, b is the gate width (which is the same for the
weir), C; is the coefficient of discharge for the gate, d is the gate opening, and y is
vertical distance between the gate top and the weir bottom.

Assuming that one coefficient of discharge, Cy, can be applied for the combined
flow. Adding Eq. (I) to Eq.(2), the discharge equation for the combined flow may be
expressed as:

0.= Cubd T ATy +2Cu 780 -0. 21 | 6)

Q. is the combined flow over the weir and below the gate
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which can be rewritten as:
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On the other hand, the dimensional 5na1ysis is employed and the following
equation is derived:

O _{Hhyhb 8) &)
J2gba* d’d'd’b’d’ B

Egs. (4) and (5) are valid for free flow. In order to take the effect of tailwater
depth on the combined flow, Equation (5) should contain the tailwater depth-gate
opening ratio, h/d (the submergence ratio). Also, the bottom slope, S,, should be
included to enable the study of the effect of the bottom slope on the tailwater depth
variation. Therefore, Eq, (5) becomes:

Aizalihs) ©

3. EXPERIMENTAL SET-UP

Experiments were conducted in a glass sided tilting flume of 9 m long working
section. The flume bed width as well as the maximum allowed water depth is 305 mm.
Water depths were measured by means of point gauges. Discharge was measured by a
pre-calibrated V-notch installed in a measuring tank located below the outlet of the
flume. The flume is equipped with a tailgate to control the tailwater depth variations.

Nine combined flow models were tested. An additional two models were
considered, one model for the gate flow only and another model for the weir flow only,
to discuss the relative contribution of gate flow and weir flow to the combined flow.
Model dimensions and moedel dimensionless parameters are given in Table (1). Models
are made from Plexiglas sheet of 10 mm thick beveled from all the edges at 45° with
sharp edges of thickness 1 to 2 mm, The sides of the models are provided with mbber
sheets to prevent [eakage. Models are fixed to the flume using Plexiglas supports. Tests
are carried out in a flume at horizontal bed. The selection of model materials and flume
slopes is based on the available facilities.

"In each test, flow rate, Q., upstream depth, head over the weir, h, and the
tailwater depth, h,, are measured under free flow conditions. The position of the tailgate
in changed to increase the tailwater depth. Waiting for stability conditions, the tail and
upstream water depihs are measured again each time the gate is changed. When the flow
conditions upstream the weir/gate starts to be controlled by the downstream flow, the
tailwater depth and the upstream depth are measured. This final tailwater depth is termed
the limiting tailwater depth,




Mansoura Engineering Journal, (MEJ}, Vol. 25, No. 2, June 2000, C.36

Table 1 Dimensions of the models

Model | bem|.yem |.dem| b/d y/d b/B Remarks
1 9.75 | 7.0 15 0.65 0.47 0.330 CF*
2 10,0 | 5.0 10 1.00 0.50 0.330 CF
3 20.0 | 5.0 7 2.86 0.71 0.660 CF
4 200 { 10.0 | 10 | 2.00 1.00 0.660 CF
5 20.0 | 7.0 5 4,00 1.40 0.660 CF
6 16.0 | 15.0 | 10 1.60 1.50 0.525 CF
7 16.0 | 10.0 5 3.20 2.00 0.525 CF
8 16.0 | 15.0 7 2.29 2.14 0.525 CF
9 100 | 150 7 1.43 2.14 0.328 CF
10 2001 0 10 | 2.00 - 0.660 GF

11 20.0 | 20.0 0 - - 0.660 WF

* CF=combined flow, GF=gate flow alone and WF=weir flow alone

4, DISCUSSIONS AND ANALYSIS OF RESULTS

4.1Combined Discharge Cocflicient

Equation (4) may be used to predict the combined discharge in terms of four
parameters, h/d, h/b, y/d and C, provided that the assumption of one C, for both gate and
weir is valid, Therefore, it is important to check the validity of assuming same Cd for
weir and gate. Figure (2) presents the typical results of testing model No. 4 for combined
flow (b/d=2, y/d=1) and models No.10 for weir flow (b=20 ¢cm) aione and No. 11 for
gate flow (b=20 c¢m and d=10 cm) alone. This figure highlights the nature of the
combined discharge coefficient, CyIt is observed that combined C, is closer to the gate
discharge coefficient, C,, than that of the weir, C,,. This can be explained by the fact that
the contribution of the gate discharge to the combined discharge is more than that of the
weir. This fact is well demonstrated by Figure (3) that shows the variations of discharge
with the upstream head ratio (H/b) for the three cases of combined flow, gate flow and
weir flow. The variations of Q and H seem to be linear (which is not true). This is
because the range of H tested in this work is small (according to the test flume and
models facilities). From figures (2) and (3) it may be deduced that the average Cy can not
be used directly in Eq.(4) to predict the combined discharge as this will result in
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underestimation of the weir flow. The average value of Cd is 0.5707, 0.5770 and 0.5838
for bottom slopes of 0.0, 0.77% and 1.161% respectively. Inserting these values in
Eq.(4) and comparing the calculated values with measured, a maximum error of 10% is
obtained and higher than 10% in few cases. This result corporates with that obtained by
Nepm et al. [16]. For this reason the regression analysis is used to correlate the
combined C, with the parameters of Eq.(6a):

Cé;f[.{’._[ilﬁﬁ_b..}igj (6a)

The following equation is obtained:
H H b b
C‘*=C°+C'F+C’F+C’E+C‘§+C’E+C"§ O
where the coefficients of Eq.(7), the coefficient of determination, R?, and the standard

ertor of estimate, SEE, are given in table (2) for different slopes:

h

Table 2. CoefTicient of Eq.(7)

C C C, C; G Cs Cs R? SEE S,
0.1866 0.1775 0.0353 -0.1406 -0.1811 0.0066 0.1947 0.9230 0.0086 0.0
0.3378 0.1077 0.0153 -0.0627 -0.1040 -0.0018 0.1303 0.9106 0.0094
0.77%

.0.0526 0.4054 0.0414 -0.3706 -0.4132 0.0140 0.2094 0.8793 0.0112

1.161%
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Figure (2) Typical variation of Cy4 with H/b for gate floe (¢) S=0%,(+)0.77%,(@)1.61%,
weir flow (0)0%,(3)0.77%,(*)1.61% and combined flow (b/d=2, y/d=1) (A) 0%, (*)
0.77%, {x)1.61%. ’

Figures (4a), (5a) and (6a) show the measured combined discharge coefficient versus.the
prediction of Eq.(7) for bottom slopes of $¢=0.0, 0.77% and 1.161% réspectively. These
figures show good agreement between the measured discharge coefficient and the
predicted ones with maximum absclute error equals to 3%. Figures (4b), (5b) and (6¢)
that presents the predicted discharges using Eq.(7) and (4) for S0=0.0,0.77% and
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1.161% respectively versus the observed cnes. These figure show good agreement
between predicted and measured results with maximum absolute error equals to 3%.
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Figure (3) Typical variation of Q with H for gate flow (0), weir flow (0) and combined
flow (A), (b/d=2, y/d=1).

4.2 Effect of Taildepth Variations on Flow Parameters

It is known that the taildepth has no effect on the discharge characteristics of the
gate or the weir when the flow through them is free flow. Consequently, the upstream
flow depth is not affected. Increasing the taildepth yields backwater effect that increases
the depth of flow downstream the combined flow system. When the flow depth
downstream the combined weir-gate-device just exceeds the gate opening depth, d, the
flow is termed submerged flow. Any further increase in the taildepth will lead to further
increase in the depth just downstream the gate. In turn this will affect the upstream depth
by increasing it at the same d scharge due to the transfer of the energy from kinetic
energy to pressure energy [19]. These discussions can be easily noted from the variations
of bh/d with hyd for different Qr as in Figure (7). This figure shows that for the same Qr,
h/d is constant upto a certain value of h/d. Beyond which, h/d increases with the
increase of hyd. This value of hyd is the maximum limit of free flow. Any further
increase in it, the flow becomes submetged and the upstream head ratio is affected. This
limiting hyd is being fixed for each model and is independent of the flow parameters as
can be seen from Figure (7). The variations of /b with h/d show the same trend as in
Figure (7) because for any particular model, b and d are fixed and hence the data for any
Qr will be only shifted up or down according to the relative dimensions of b and d. The
analysis of all the data shows that the limiting tailwater depth ratio, h/d, varies between
1 and 3.5 for the range of the tested models in the present study.

4.3 Effect of Bottom Slope on h/d.

It was observed that h/d increased with the increase of Q¢ at particular bottom
slope as shown from Figure {(8). This figure indicates also that the increase of the botiom

slope increases h/d at the same Qr-
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Figure (4): Measured values versus prediction for (a) Cd and (b) Qc,
for S0=0.0, m=measured and p=predicted, Eq.(7 )
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Figure(5) Measured vaues versus predicted ones for (a} Cd and (b) Qc,
for S0=0.77 %, m=measured and p=predicted, Eq.(7 )
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Figure (6) Measured values versus predicted ones for (a) Cd and (b) Qc,
for So=1{61%, m=measured and p=predicted, Eq.(7 )
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Figure (7) Typical variation of h/d with h/d for different Qr for b/d=2, y/d=1,(0)
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Figure (8) Typical variation of hy/d with Qy for different bed slopes at b/d=2, y/d=1, (O)
8,=0%, (0) 0.77% and (a) 1.161%.

4.4 Estiwmation of the Limiting h,/d for Free Flow

It is possible to predict the limiting tailwater depth ratio, h/d, beyond which the
flow becomes submerged (and the flow characteristics is affected) using different flow
and geometry parameters. The data of the 9 models of table (1) are used through
multiple linear regression analysis. Eq.(8) is found to fit the data well with coefficient of
determination of (R?= 0.952) and standard error of estimate of (SEE = 0.143).

h

i b h Yy aa D
=—0.1447 + 0.987 — 04 +0. ) Z 3864 2926 —
l 0.1 0.9877Q 0.435— +0.1693— + 0.1571=; + 34.3864S _ + 0.2929 (8)

The prediction of Eq. (8) is shown in Figure (10) compared to the experimental data.
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Figure (9) Comparison between measured and estimated values of hy/d using Eq. (8), m
for measured and p for predicted.

4.3 Estimation of Discharge

Based on Eq. (6), the correlation and the multiple linear regression analysis are
used to correlate the non-dimensional discharge both the flow and geometry parameters.
Several trials are attempted using all the parameters of Eq.(6) and using subsets of them.
The insignificant parameters are excluded from the regression analysis. The following
equation is found to fit the data well.

Q p138 . y
¢ __|-05298+ 0.5628(—) - 0.0077[-) +0, 1459( )+ 00679 -t | 9)
J2gbal? d b d

Eq. (9) have R? of 0.997 and SEE of 0,0286. As can be seén from the ¢oefficients
of the different terms in Eq. (9), the contributions of h/d and y/d to Qr are major while
that due to h/b and hy/d are minor. The comparison between the predicted values (Qp)
using (9), with the measured values (Qry) is presented in Figure (9). This figure shows
close agreement between the observed and the predicted vaiues Eq. (9) is an empirical
equation and is valid within the following limitations:
047<y/d £2.14,065<b/d <4,09< i/d 3.7, 1< h /d £3.5, h>0 and d>0.

When h=0 the flow is due to gate alone and the when d=0 the flow will be due to weir
only. In both cases, Eqs.(8) and (9) are not valid and the developed equations for both
devices and presented in the review [2,3,6,7,8,11] can be used,
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Figure (10) Comparison between measured and estimated Non-dimensional discharge term
using Eq. (9, (0) b/d=0.65, v/d=0.47, b/B =0.32, ()1, 0.5, 0.33, (4)2.86, 0.71, 0.66, ()2,
i, 0.66, (+)4, 1.4,0466,(0)1.6,1.5,0.53,(M)3.2,2, 0.5, (%)2.29, 2.14, 0.33 and (x)1.43,
2.14,0.33,

5. CONCLUSIONS

An experimental investigation is conducted to study the effect of taildepth
variation on flow characteristics through combined weir-gate device. It is observed that
none of the flow characteristics is affected by increasing the taildepth for free flow
range. The flow characteristics begins to change when the depth just downstream the
device exceeds the gate operings. The submergence ratio may have a value of more than
1.0 without affecting the frec flow characteristics depending upon the model geometrical
parameters b/d and y/d. It is observed that asthe bottom slope increases the limiting
submergence ratio increases. The regression analysis is used to correlate the limiting
submergence to the flow and geometrical parameters and Eq. (8) is developed to
estimate h/d. Also, Eq.(9) can be used to estimate the combined discharge in terms of
Wd, Wb, y/d and h/d. Both of Eqs.(8) and (9) are onty valid within the following
limitations: 0.47< p/d <2.14, 0.65<b/d <4, 0.9<h/d €3.7, 1£h/d<3.5 ,h>0and

d>0.
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NOTATIONS

b width of the weir crest, (L).
B width of flume, (L).
Cq  the discharge coefficient for the combined flow, {-).
C,  discharge coefficient of the lower opening alone, (-).
Cw  discharge coefficient of the contracted rectangular weir alone, (-).
d gate opening, (L).
g acceleration due to gravi'y, (LT?.
h the measured head over the weir, (L).
hy the head just downstream the gate, (L).
hy the maximum tail water depth for free flows conditions, (L).
Q.  the combined flow rate, (L*T").
Qr  the nondimensional discharge term (Tm for measured and Tp for estimated (-).
Qw  discharge over the suppressed rectangular weir alone, (L°T™).
Qf discharge below the gate alone, (L>T™).
Multiple coefficient of determination, (-).
S submergence ratio, y/d.
y the vertical distance between the top most weir edge and the bottom most gate

edge, (L).
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