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Abstract

Laboratory experiments to collect adequate and appropriate data were conducted
on the radial gateThe collected data asmalysedfor the aim of simplifying the
methodology of discharge calculation under such gate in practice without losing
the accuracy fothe results. Two new empirical equations for the coefficient of
discharge have been developedffee and submerged flow to achieve this aim.
The dimensional analysis and regression were employed to derive the coefficient
of discharge relationships. Thlution of the derived equations requires the
availability of the influential hydraulic and gewtric parametersThese
parameters are; the upstream flow depth, the downstream water depth near the
lip of the gate, the tailwater depth (in the submerged ftondition), the gate
radius, the gate opening and the gate angle of th&Hips, design cues were
introduced along with those equations for this purpd$e solutions by the
proposed formulas produce@l2% and0.4% residuals with free and submerged
flow conditions respectively. The negative sign is an indication of the
overprediction tenderyc

Keywords Coefficientof dischargeDimensional analysj$ree flow,Radial gate,
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1. Introduction

The accuracy of flow measurements is the overriding concern and the challenge
that motivates researchers to create the easiest vggetitdy different up to date
measurement facilities @, water level measurements by ultrasariajadial gate

is one of the widely used facilities to control heandiflow dischargen hydraulic
applications|n irrigation canals, this type of gates iegent in the head and check
regulators due to its simplicity at operation (need smaller lifting forces than the
other types) resisting the pressure forces through pivot points, produce lower flow
disturbanceinexpensive, and has a specific accuracy.

Seweral factors affet the flow under a radial gateome geometrical and others
are based on hydraulic condition. The geometrical factors related to gate design and
its opening, while the upstream and downstréaads are the hydraulic conditions
having a diect influence on flow feature through the radial gétg which is
classified as either free or submerged. However, the gate opening is the major
geometric factor governing the amount of flow and the floatufee. It also haa
directresponsibility ondsses factors (i.e., discharge and contraction coefficients).

As reported by Clemmens et §l], the discharge calculation errors thfe
calibration method used for gate operating under free and submdoyed f
condition are £5% and up to +50% respectivélgcordingly, itis useful to create
factors atdimensionless forms and testing the accuracy of their impact on the
discharge. However, the reliability of these factors can be determined by closing
the resilts with the measured values.

Several investigatins follow the experimental and numerical techniques as an
attempt to improve the discharge measurements from the radial gate. Clemmens et
al.[1] develop a new calibration method faodularandnon-modularflow based
on the experimental study. The methaks energy and momentum equations on
the upstream and downstream si@spectively. The difficulty of this method is to
resort to using the itative solution to solve these twqueations. Shahrokhnia and
Javan 2] introduced simple relationships baseddimensionless parameters to be
used for discharge calculation in the radial gate operatater a free and
submerged condition iopen channelsetworks. The proposed equations have a
good accuracy by the agreement between their results and the oolidste from
the field and laboratory

Clemmens and WalB] used the laboratory data for a radial gate to evaluate
the energyand momentum proedure for calibration. In this work, the authors
adopted the pressurdistribution andthe coefficients of thevelocity and
momentum distributionThis procedureshowedthat the momentum coefficient
was related to the low and higeubmergence when its value is 1.08 and 1.3
respectively. Whereas, the energy equatiadreliable results when is used with
a freeflow at error location within +2%, while for submerged flow the error was
+5% when the engy-momentum equation is found to be more reliable.

Bijankhanet al.[4] focused on the submerged flawmdera radial gate, in
this contextthe authorgroposeddevdopment on the original dimensionless
formula, which has been presentdyy Ferro[5] by taking the threshold value
of the submergence. Thauthorsarea d o p t i rtlgporémhaadncomplete
selfsimilarity (ISS) conditions to deducan appropriate stagdischarge
relationship. Zahedani et 4b] invested a set acgxperimental and field daia
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derivingempirical equations for both free and submerged ftowditions. The
authors used a dimensional analysis and-liroear regression foderiving the
proposed formulae.

Shayan et al.7] presented different formulaerfcontraction coefficient based
on the shape of a radial gate lip, by using both the erm@a@ynomentum equations.
The authors recognized that, the contraction coefficient decreases as the gate lip
angle and the gate opening increase. However, underesgbdflow condition
this coefficient would be eithatecrease or increasd depending onhie stage of
submergence. AbdelhaleefB] used many field data collected from different
regulators in theéelta irrigation district of Egypt, to calibrate multipleapallel
radial gates. The author follows the dimensional analysis witbpting the
incomplde selfsimilarity concepts to introduce a simple formutg which the
discharge coefficient is implicitly considered to be used for estimating the flow rate
at ssbmerged conditions. Abdelhle€i®] conducted the experimental program on
the radial gate wh and without gate sill at submerged flow condition. The effect
of different gate sill height on the contraction coefficient, discharge coefficient,
submerged jumpength, backwater depth, flow energy dissipation, and velocity
distribution at different hgraulic parameters were ansgg and graphically
presented. The author shows that there is a negative influence of sill under
submerged flow condition.

MenonandMudgal[10] determine theontractioncoefficient andhevelocity
coefficiert for radial ga¢sboth for modular and nonodularflow conditions. The
experiments were conducted to improve the discharge characteristics by modifying
the exit geometry of theadial gate by attaching a quarter of an elliptical lip. The
results show that the velocity efficient is higher for the submerged flow in
comparison with the free flow, and the using of the lip induced to improve the
coefficient of contraction values.

In this study, the aim is to providiesign curves based on the dimensionless
parametersvhich consideredjoverning parameters for the flow through the radial
gate for both free and submerged conditions. However, the -raghession
analysis can also besed to devise the deterministic equation for the coefficient of
discharge based on the resuitom the design curve3he new formulas of the
present study have been created based on the additscted throughthe
experimental prograpwhich wasconducted specifically for this study.

2. Experimental work

The glass side flume available in a hydraui&boratory of theUniversity of
Technologylrag is used as a laboratory channel to install the model of the radial
gate. The capacity of ¢hflume ranged between 1.A.0.5m%hr measured by the
rotameter flow meter. In the present stualyavailable ange of the flume has been
invested in experimealt runs. A raial sector of a radial gate &bn its pivotpoint
installed at a height 3@m above the flume bed has been used as a gate model. The
two pieces of rubber have been glued to the side edge gétibéo prevent leakage
from sideways and ensutkat the flowis passing only under the gate. Six gate
openingsbased on dimensions and geometry of laboratory flange adopted
ranged between 0:3! cm, for each opening the range of the flow rate, ietraam

and the downstream flow depth for botedrand submerged flow conditions and
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the tailwater depth have been conducted in order to accommodate the largest
available flow conditions.

The upstream, the downstream, and the tailwater depths were etehstiie
point gauge at accuracydtl mm. Thetailgate was usei setthedesired tailwater
depth and identifying the modular limit between the free and submerged flow
conditions.The location ofmeasuringvenaContracta downstream the gate was
taken atwoi times the gate opening as recommended byl\Afath ClemmenEL1]
and it was subsequently adoptedBslaud et al. [12] anMaatooq[13]. It should
be notel that, for each gate opening the anglhichis created between the contact
line of the gate sdmce and the bottom surface of the fluthenas been measured
(in degree) by using the protractdhe schematic sketch of identification this angle
isillustrated inFig. 1.

For free flow conditions (modat flow) under the radial gate, the initial depth
of the hydraulic jump was fixed at location equdithes the gate opening by using
the adjustable tailgate. The submerged flow {mmdular limit) is defined to occur
when adjusting the tailgate for tharse discharge of the free flow to drown the
VenaContracta (the location of the initial depth of the hydraulic jump) to become
just in contact with an edge of the gate. This situation when achievedsisiered
as the modular limit,e., the transition tate fom free flow to submerged flaw

Based onstudies by Maatooq [13] and Sunic [14hjst procedure has been
adopted, similar to what was done by previous researgftega waking on the
sluice gatelt is worth to note that the measurements were repeated to accommodate
the change in the tailwater dwheadwater for submerged flow conditions and
distinguished in the datasheet. A schematic definition of geometric the radial gate
and the hydraulic parasters forfree flow and submerged flowonditionsare
illustrated inFig. 2. This figure is intended texplain the hydraulic differences that
arise according to the flow state involved. Thgerimental data are described in
Table 1 for both free and suigrged flow conditions.

Fig. 1. Method of measuring the angle between lip and bed of flume.

Journal of Engineering Science and Technology April 2020, Vol. 15(2)



New Approach to Discharge Calculation under Canal Radial Gates . . . . 796

Submerge flow

A A
Free flow \
\ N | )

M s / “ﬂ 6 N

V3s Yaf

Fig. 2. Schematic definition of geometric
and hydraulic characteristics of radial gate

Table 1. Testmodel Specifications andestconditions.

Submerged N
No. of c* 3q flow* Free flow ar of
models m3/s.m
Yif Yot Y1S Y2S Y3
0.00323
6 0.54 0.02907 3.518.6 0433 4.2223 1255 28116 4053 30 30

*dimensions in (cm)

3. Dimensional Analysis

To be inconsistent with the context of previous studies and in order that the results
of this study are dise to the practical application after the process of analysis, the
dimensionless functional relationship has been adopted. The discharge is a
dependst variable definitelyinfluencead by different hydraulic and geometric
parameters. With the help of thetheorem the general dimensionless functional
relationship takes the following form

— "0—h-h-hKhR-RHY) 1)

At which, g is the unit discharge ariRleis Reynold's numbemvhere it related
to the characteristics of the flow under the gate opefihg other parameters are
illustrated inFig. 2.

As wellknown, the conventional methods for discharge calculation under
gates for both free and submerged flow conditions are derived from energy and
momentum principles. For the raitater flow under gates, the energy loiss
determiningwithin the coefficientof which, takinginto consideration theffects
of the geometric ad hydraulic determinantsof the structureat a specified
operation Often, he coefficient of discharge is adoptesuallyto accommodate
these determinants.
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Forrectangular crossection and when the tailwater does not affect the sequent
depth of the hydaulic jump which is created downstreathe gatethe dscharge
equation takes the form

n 60 ¢ )
whereCyis the discharge coefficient. As stated by Abdelhalg&rthe discharge
coefficient is a function of the contracti@oefficient which in turn varies with

the gate opening, shape and geometry of the gate lip, upstream water depth and
the gate type. All of these parameters are characterized as the dimensarniess

at Eq.(1). In practice, it is highly difficult to detenine the precise value for a
discharge coefficient.

When the flow is drawn towards the lip of the gate, it means the tailwater has a
predominant effect on the flow feature under the ,gtavhich, the flow denoted
as fisubmer gedod. Tohthesamountpfalischarge and tthe stagec t e d
of the flow at upstream. At this situation Eg) being included the effect of the
tailwater, thusake another feature as

R 60cCRA0 (3)

The dischargecoefficient in this case will certainly be affected by the
submergence ratio.

In the presentstudy, the aim is to introducsimple and more practita
relationships between the discharge coefficient anihtheencing parameters for
both free andubmergedlow conditions. The relationships are presented in the
forms of design curves and equations. It should emphasize here that, theldhresh
of submegence, i.e.amodular limithas solely been adoptedrpresent the state
of submerged flow conditions.

Forthefree (modular) flow condition, Eq1) can be reormulated as
6 "Q—h-h-h-hHRY (4)

Usually, in open channel flow, the inertia force dominates the viscous force the
effect of Reynolé& number could be eliminated accordingly without leaving a
significant error. On the other hand, the integration of some factors befipsus
on determining the factors that have a direct impact on the discharge coefficient,
therefore Eq(4) will be:

5 O—Fh- (5)

The parametey./G representing the contraction coeffici&htand it implies
with the angle of lip openind, where there is a relationship between them as
proposed byBijankhanet al.[4], Abdelhaleem[8] and Wahl and Clemmens
[11]. Accordingly, in the present study, this relationship was introduced as a
design curve.

For submerged (nemodular) flow condition, thesame procedure as in free
flow has been followed for extracting a functional relationship between the
discharge coefficient and the most influehparameters, which leads to

6 O Fhh— ©)
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The difficulties of direct measurements of tlye in practice in case of
submerged flow induce to introde the design curve between @& andy,/G,
where the former is simply identified Ilye geometrical design of the gate and the

gate opening. In this basis could permit to excludéher/G from Eq.(6) to take
the final form

6 "O—h—h— @)

The functionarelationships presented in &£d6) and(7) have been used to
derive new empirical equations by using the experimentah dand nodinear
regression analysiswhich could be simply used practically to estimate the
discharge coefficient for free and submerged flituations. However, a design
curve has also been presenteéhtegrate the calculation procedure.

4, Resultsand Discussion

The functional relationships of Eq(5) and(7) have been anadgd by regression
analysis by using the experimental data. The following empirical equations were
developed viMinitab-18 for determining the coefficient of discharge at free and
submerged flow conditions respieely.

6 mowe = —  — ®)

. 8 8 8
0 p® X & — — (9)

The determination coefficients of these formulae &@es 0.688 and 0.855
respectively. The comparison was conducted between the val@swhich is
calculated from the above two empirical etijpras and the counterparts from<q
(2) and(3) for both free and submerged flow (denoted as theor@igal he results
of the comparison are shown irggi3 and 4, from whichit could be observe the
more tendency towards the overprediction. The ayerpercentage values of
residualsconfirmed this observation, where their values é0€2% and-0.4% for
free and submerged flowespectively.
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Fig. 3. Comparison of empirical with Fig. 4. Comparison of empirical
theoretical values ofCdfor free flow. with theoretical values ofCd

for submerged flow.
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The practical application of Bg(8) and(9) is integrated with using the design
curves created based on the governed independent dimensionless parameters of
these equations. These cunesmbleto ddermine the parameters are likely the
site engineefacing difficulties to measure. These difficals are arisedue to
multiple reasons such @sick or loss of thénstrumentatioror maybeit located
under the flow surface, e.g., the angle of the gpteThe availability of the data
from the experimental work has been asatjin accordance with a simplified
and practical functionto enable the practical engineer to overcome these
difficulties throughusingthese design curves. These curves can besiagden
the siteapplications without having to resort to conducting some oreasents
which are difficult to achieve.

The geometric characteristics such as the radius of curvatame the gate
opening G, are oftendeterminedby the design information nal operation
managementespectively. iereforgthese two factors could be identified without
theneedfor thein-situ measurements. The ratiord® can, therefore, be combined
with the angle of the lipfto create a design curve through using the experimental
datag as shown in Figh. From this figure, the dimensionless teifnt 8ad be read
and usedn the application of Eg (8) and(9). Instead, the following relationship
betweerd / Sufidr/G atR?>=0.978can be used

— TBITTP TBIp—- T UG (20)
0.6 -
0.55 -
<
05 -
-]
0.45 - a
0.4 T T T T T T s
0 10 20 30 10 50 60 70
G

Fig. 5. Design curve for determination the
gatelip angle for free and submerged flow

Since the flow depth at upstreamis usually controlled and could be measured
by instrurmentation, the application of E(8) and(9) needs to know the values of
the flow depth just at the downstream of the gatfor both free and submerged
flow conditions. It is rare to get a preciseasure of this depth in sjtaspecially
with the submerged flow. Accordingly, creating a design curve through the
investment of experimental data is yerseful for the solution of E(8) and(9)
for theon-site application.
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