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ABSTRACT

Relationships between the discharge coefficientafte) the ratio of head on and radius of

the morning -glory spillway have been determinedm®ans of hydraulic models (Wagner W.E.
1956; USBR, 1987) for three conditions of approflow depths (P). These experimental curves
show that the discharge coefficient increases iselgr with head on the crest, contrary to what
happens for a straight edge overfall spillway. Ttuefficient differs from a straight edge crest due
to the effects of the submersion and the conveggehthe flow lines toward the center of the funnel
and the existence of vortices. A precise valuasahdrge coefficient for relationships H/R and P/R
not tested previously are needed for design andatipe diagnosis. These values have to be
obtained through laboratory tests in order to detere discharge rating curves under free-flowing
and drowned conditions.

This paper uses artificial neural networks as a Imeatatical tool of interpolation and
extrapolation of non-linear curves to encapsuldte tiniverse of laboratory experiments carried
out in hydraulic models. This technique has alrebdgn successful in other applications such as
the computation of correction factors for Penmampmoration equation and also in generating
designs storms.

The mathematical model was compared with expermhelata. Results show that a trained
neuronal network is able to interpolate and extriap® correctly values of C for relationships H/R
and P/R not previously tested in laboratory. Valida of the neural network was made comparing
the results of the model with existing spillwayeslations: morning glory of lake San Roque and
Dique Potrerillos in Argentina and with the hydrauiodel of El Toro spillway in Chile.

Results indicate that an artificial neuronal netkaonstitutes a valuable support tool in the
design and diagnosis of operation of morning glgpyllways, allowing to contrast the operation of
spillways of any geometry with spillways of equlio and approach depth. This capacity helps to
diagnose discharge problems caused by defect®ipribfile form of the crest of the spillway.
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INTRODUCTION

Discharge of a morning glory spillway is a functiohcrest radius, diameter and length of
outlet pipe, geometry of the crest and crest ligh attner variables. (Figure 1).
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Figure 1.-Section of a Morning Glory weir.

The flow discharge can be computed using equatipij British unit§ when the crest and
form of the lower lip adjust to the trajectory ofrae overfall:

Q=C,LH,” [1].
Where:

Hq. Head over the crest measured from the lower lihefweir, assuming negligible the approach
velocity

L : total length of weir 2[n[R )

R : external radius of outlet pipe

Co : Discharge coefficient, function &fy/R

Wagner (1956) performed laboratory experimentsrampce empirical curves relating the
discharge coefficient witkl¢/R for different values oP/R (beingP the height of the weir) Figure 2.

The discharge coefficient calculated using expental results is realistic if the following
conditions are met:

1. The weir crest and the form of the transition cgpand to the trajectory of a thin circular
weir with head equal to H

2. The nappe is aerated so that no pressures beloatti@spheric on the lower nappe are
present.

Wagner performed laboratory experiments for valok®/R equal to 0.15, 0.3, 2.0. The
curves show that the coefficient decreases whehehd increase. This behavior is contrary of what
is observed in rectangular weirs.



Coefficient Co

3,8
3,4
3,0
2,6
2,2
1,8

1,4

—

00 02 04 06 08 10 1,2 14 16 18 20
Hd/R

Figure 2.-Discharge coefficien€, versus H, /R and P/R

ARTIFICIAL NEURAL NETWORK (ANN)

Wagner experiences, published by the U.S. BureaRemlamation (USBR, 1987), were
used to formulate a neural network which would escate the information of the discharge
coefficient for different values d?/R andHy/R. This model is able to interpolate and extrapolate
laboratory results. This interpolation and extrapioh scheme using ANN was used in a different
setting with good results. (Toro, Délling and Varag05).

An artificial neural network is a mathematical mbéemed by units called neurons and
links or connections between neurons. Each newosives an input, which is the weighted sum of
the outputs of other neurons. The neuron acts isrirtput by means of an activation function and a
bias value. Activation functions are continuous aliferentiable and can be linear or non linear.
Neurons are arranged in layers. A network has patitayer, one or more hidden layers and an
output layer. The weight assigned to each linkeitednined in such a way as to minimize the errors
to reproduce the desirable result or output.

Wagner experimental results were captured with BiNAaving 2 input neurons, 5 hidden
neurons and one output neuron. A sigmoid activafiemction was used and weights were
calculated using a back propagation algorithm. Me@dehitecture can be summarized as an ANN
2-5-1. The final output is represented by equaijnThe algorithm is detailed in Figure 3.
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Where
X, 1=12 ........ input variables (2 input neurons)

I
w. . = weight for the connection between neuroand neuron;

i
w, . = weight for the connection between neurprand neurork
8. j= 3456y 7 bias of neuron;

J
6, = output neuron threshold

Osg = output of ANN = calculated value
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Figure 3.- Mathematical formulation of the neuronal network ®MIg-5-1 for Co calculation

The ANN was trained using 880 input-output setshBoput and output were scaled to be
in the range [0, 0.7] using equations 3a, 3b an&8aling is useful for extrapolation purposes.

Scaling equations:
X1=(H4/R) (0.7 / 2) [3-a]

X,=PIR(0.7 / 2) [3-b]
0, = a(y,)[0.7/4.0452 [3-]



The Stuttgart Neural Network software (SNNS)(Zelbk, 1995) was used to compute the
weights and bias factors that minimize errors sndhbtput variables. Best solution was reached after
25,000 cycles. Final weights and bias are presanté&dbles 1 and 2.

Table 1.-Weights of the links between neurons.
HIDDEN LAYER

INPUTS 3 4 5 6 7
1 -0.14195| -0.00682 -3.7862p -0.53570  12.991y7
2 0.55902 | -0.70691] 0.00098 -0.40084 0.16541
OUTPUT 8 | -0.63498| -0.17337 2.4000%5 0.77311 -1.516%8

Table 2.-Biasof the neurons
HIDDEN LAYER
3 4 5 6 7 8
4] -0.88173| -0.48617 2.89108 -0.22619 -3.20135 -1.83|/8

MODEL VALIDATION.

Figure 4 compares model results with experimerdhles forP/R= 0.15 andP/R = 2.
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Figure 4.- Dispersion Diagrams. Wagner results and ANN 2-B+hputations

Interpolation and extrapolation capabilities of thedel are illustrated in Figure 5. It can be
observed that computed curves follow closely tiselte presented by Wagner.
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Figure 5.-Interpolated and extrapolated curves @y using ANN 2-5-1.




FLOW CONDITIONS

Free flow conditions prevail for head-radius ratiess than 0.45. As head increases partial
submergence is presented and flow is controlledutymerged weir conditions. When Hd/R ratios
approach unity the weir operates completely subatkeand the flow is represented by an orifice
flow condition. If head continues to increase therweperates under pipe flow conditions.

The point where the annular nappe joins the s@idg called the crotch. Once the flow
forms a solid jet, a boil will form above the crotAs the flow increases both the crotch and the
boil will reach the surface and a slight depressiod/or eddies will show at the surface. At this
point the weir is drown out. Vortex action mustr&imized so that the flow converges into the
drop. Orifice flow is governed by equation [4] fmNing the Torricelli principle. Discharge
coefficient in this case takes into account endogges due to the formation of vortices, changes in
flow direction and friction. Discharge coefficiemalues will depend on the geometry of the weir,
pipe and vortex characteristics.

Q=Cptﬁﬂ5%j 0/20g [{hf + Hd) [4]

Q=1EAERh”3Bﬁ; A=(9—sin(9))EP—2; Pm=D: Rh=" [5]
n 8 2 Prr

Variables are defined in Table 4.

Figure 6.- Boil formation in Santa Juana hydraulic model fer 200 ni/seg.

To determine the point when the weir is drown dtigre 6) a recursive algorithm was
formulated. This algorithm compares the dischargader pipe flow conditions (equation 5) with
orifice flow conditions (equation 4). When both wa$ are equal the program continues to use
equation 4 as head increases. In this case a deeffiG; is introduced to take into account minor
energy losses in the outlet pipe.

CASE STUDIES

Real hydraulic and physical data of morning glosire of San Roque dam in the Province
of Cordoba, Argentina; Potrerillos dam in Menda&ggentina, and Santa Juana Dam, Chile, were
collected in order to validate model behavior. 8ahtana dam finally did not include a Morning
Glory weir as a discharge structure, so the inféionaavailable corresponds to the hydraulic
model.



San Roque Spillway

San Roque weir (Figure 7a) has a radius of 10.2& rheight of 10 m (P), and a 4m
diameter. The outlet pipe has a total head of 2a fm diameter, a slope of 2.5% and a Manning
roughness coefficient of 0.014.

The crest circumference is not complete due tofabethat the structure is anchored in a
rock formation. This fact produces an additionatregy loss, which must be taken into account in
the discharge introducing a contraction coefficient
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Figure 7.-Morning Glory weirs.: a) San Ro

Potrerillos Spillway

Potrerillos weir (figure 7-b) has a crest radius R6.75m, weir height P = 15m and a total
head in pipe outlet of hf = 65 m. Outlet pipe hadiameter of D = 12 m., a Manning roughness
coefficient n = 0.014 and a slope i = 0.12 %. Mnsr has a complete crest circumference, however
there is a rock outcrop close to it, which causetange in streamflows which needs to be taken
into account when modeling the flow.

Santa Juana Spillway

Physical hydraulic model studies were undertakerStmta Juana dam (Fernandez, 1989),
(figure 7-c). This weir has a crest radius of R=818), weir height P= 10.62 m. Outlet pipe has a
total difference in elevation of 74.8 m a Manniogighness coefficient of n = 0.014 and a slope of
0.2%. The weir crest has a complete circumferemzk v@as tested with guiding vanes, which
improve flow conditions but slightly diminish wdength.

EXTEND MODEL

The ANN model was implemented in EXTEND (Imagineaf,h2002), (Figure 8). The
program requires as input the geometric data ofvisie and calculates de discharge coefficient and
discharge for different values of the available cheld includes a module to transform units of
measurement to Sl system, a module to input the etairacteristics and a module to present the
output graphically. Table 4 and Figure 9 show thtails of the required input data and the dialog
screens.

MurningiGIury

Figure 8.- Morning Glory EXTEND Model



Table 4 summarizes input data.

Table 4.-Input Data..

Variable Sl Units
Radius (R) m
Weir height (P ) m
Contraction coefficient (Cc) %
Energy Gradient (i) M/m
Manning roughnesscoefficient (n) Métri¢
Total head in pipe (hf) m
Pipe diameter (D) m
Pipe energy loss coefficient (Cp) none

| Datos del Vertedero | Datos del Conducto |

VERTEDERO MORMING GLORY

| Datos delVertedera| Datos del Conducto I

=
[ o]
EEN

RADIO 10.28
Fendiente del! "canal 0025
ALTURA DEL de desague "I
10
S ISR _ Coef. de rugosidad _
) Sistema de Unidades de Manning 0.014 metrica
Cotraceitn % Dif. de allrura entre el
lahio del vertedero y
la desembocadura
Comments Coeficiente
| perdida energia
Figure 9.- Dialog screens of Morning Glory Block.

Figure 10 shows a comparison between observed @amguted results for the three case
studies, San Roque, Potrerillos and Santa Juara.inflection point in the curves indicates the
point where hydraulic behavior changes due to tbevding condition of the structure. The average
and standard deviation of errors between computednaeasured discharges is indicated in each

graph.
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Figure 10.-Experimental versus Computed Discharge a) San Rbgug b) Potrerillos Dam y ¢) Santa
Juana Dam.

In the case of San Roque a 10% minor energy los8icient was used to represent losses
due to aeration problems in the intake and bendkdroutlet pipe. In some cases a vertical jet of
water and air was observed, as shown in FigureA7eantraction coefficient was also used to take
into account the effect of the rock outcrop, whigltrease the effective length of the weir crest.

Potrerillos Dam laboratory results do not includewhing conditions. A contraction
coefficient of 15.5% was used to represent theceffiéthe rock that influences the development of
a symmetrical streamflow pattern.

In Santa Juana the contraction coefficient takes agcount the presence of guiding vanes,
and the energy loss coefficient was 0.53. Laboyatexperiments indicated that drowning
conditions were observed for relatively small hedwls to poor aeration conditions.

CONCLUSIONS

The study cases show that the ANN model repregbetobserved measurements quite
closely. The model includes the possibility of adesing contraction effects, additional energy
losses and drowning conditions as head increasgsird=work will address the mathematical
modeling of energy loss phenomena in the intakéhefweir and in the outlet pipe in order to
improve the performance of the model to treat ttmevding effects. The ANN model has shown to
be a valuable support tool to analyze and reprdkemtconditions in morning glory type spillways.
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