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ABSTRACT
Nirmalendu Choubey

PRELIMINARY STUDIES ON FLOW PAST A

GATE WITH CYLINDRICAL LIPS

Existing literature related to characteristics of flow
past a sluice gate fitted with a cylindrical lip (Fig. 1) is
very limited. The distinguishing feature of a sluice gate
fitted with cylindrical lip is the uncertainty about the
location of the point of separation. For a cylinder the
point of separation can move far downstream when the Reynolds
number of the flow is large. An effect of this downstream
shift in the separation point is to increase the area of

flow and hence the discharge coefficient for the gate.

In the present investigation, a simple flume was fab-
ricated to study the effects of gate lips on the coefficient
of discharge of the sluice gates. The data reported pres-
ently is related to the preliminary studies in which a
cylindrical lip was mounted on the gates. Both free and
submerged conditions of flow were included during the inves-

tigations.
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INTRODUCTION

Previous Studies:

Normally, discharge underneath a gate of any shape is
related to discharge from an equivalent two-dimensional slot.
The contraction coefficient Cé, described as the»ratio of
the depth of contracted stream—fo—gate opening, was first
approximately measured by Rayleigh(l). He analyzed the
efflux from a slot in the wall of an infinite reservoir.
Later, Von Mises(z) applied jet contraction in a slot to the
sluice gate discharge problem. He made assumptions of
constant velocity along the free streamline and constant
pressure across the jet at infinity. The effect of gravity
and boundry shear were neglected. Pajer(3) was the first
one to consider the effect of gravity. His work was later
followed by several others, including Benjamin(4) and
Larock(s). Some investigators applied the relaxation
techniques and others formulated a non-linear integral
equation to arrive at the solutions to the problem of flow

past a sluice gate.

Due to cur&ed boundaries associated with radial gates,
it has not been possible to adopt the Schwartz-Christoffel
theorem to determine the contraction coefficient. In the
absence of a comprehensive theory, much of the existing
experimental work cannot be generalised. Some systematic
hydraulic model tests have been conducted by Metzler(6),

Toch(7), and Babb(g). These tests provide some guidance



with regard to the characteristics of gate flow. Toch(7)
studied several lip angles for a tainter gate (Fig. 2) during
the course of his investigation. The contraction coefficient
was found to be a function of the lip angle and not a func-~

_ tion of the ratio of slot width to intake head. A critical
appraisal of his work has been done by Henderson(g). Recent-
ly Larock(lo) has presented some analytical work and his
results agree well with the experimental work done by others.

He has included the effect of curvature and gravity on the

flow.

In the present investigation, cylindrical lips (Fig. 6)
of different sizes were fitted to the sluice gate to deter-

mine the discharge coefficient. j

Some Definitions:

Steady, two-dimensional flow of water past a cylindrical

gate lip is considered here.

As shown in Fig. 1, water flows underneath the cylin-
drical gate lip. In the rearward section of the curved
boundry, the flow velocity starts to decrease and is accom-
panied by an adverse pressure gradient. This results in the

separation of flow.

In the case of free flow, the loss of energy in the
passage through the gate opening may be considered to be
small. However, for the submerged flow a considerable part

of the kinetic energy of the flow is dissipated by diffusion



directly downstream from the gate. As the level of water
at the tail end H, (Fig. 1) is increased, hydraulic jump is
formed. The jump moves progressively towards the gate and
eventually submerges the gate opening. This is accompanied
by an increase in the upstream and downstream heads H1 and
H2 for the same rate of flow. Very soon a stage is reached

where Hz is only slightly lower than H, and downstream sur-

t
face waves are reduced to a minimum.

For the flow past the gate shown in Fig. 1,
assume the energy at sections 1 and 2 is the same and that
the pressure distribution is hydrostatic. From Bernoulli's

equation (incompressible flow)
Ul2 U22
Hl+—-2—g=H2+—2-é- ...(l)

2
Uy
Since Ul is small, neglect 33

then U, = /ég(Hl - H eee(2)

2 2)
is the velocity along the separated streamline.

Define ch = a/2g(Hl - H2) ees(3)
where "a" is the slot height.
Using this definition of the theoretical discharge, the

coefficient of discharge C can be set as

ds
Pa °a (sub d flow) (4)
C = e = submerge ow ce e
ds ch a/2g(Hl - H2)
0 Q
a a .
C = e = -———-—/______———_———_= (free flOW) .--(5)
daf ch a 2g(Hl a)

In C definition H, has been replaced by "a".

at



EQUIPMENT AND PROCEDURE

The Test Flume:

A steel flume 18" x 15" (Fig. 3) was designed to
study the characteristics of flow past sluice gates. The
intake section was provided with a filter system to reduce
the level of turbulence in the flow. The tail gate plates
enabled one to vary the level of flow in the section of the
flume which follows the hydraulic jump. Water was circulated
by a centrifugal pump. The flow was metered by an orifice
meter (Fig. 4). A plexiglass face plate (Fig. 5) was com-
posed of two sections. The gate face and the gate lip were
fastened to the steel gate of the flume. The gate could be
raised or lowered to any desired height by a "jack screw"

arrangement.

The Gate Lips:

Three cylindrical lips (Fig. 6) of diameters 2%", 5",
and 8" were used in the experiment. The gate face and

lips were sealed at the side.

For setting the gate openings precisely 12" long,
machined plexiglass strips were used. The widths of the

gate slots chosen were 7/8" and 2" for each lip.

For controlling the downstream depth H (Fig. 1),

t
wooden strips of known width were placed in the tail gate
slot of the flume. This method was also used to avoid

the discharge from overshooting the collecting tank.



Measurements:

The flow going through the gate Qa was measured by
recording the pressure difference in a mercury U-tube mano-
meter connected to the two sides of the orifice meter (Fig. 4).
A specimen claculation has been included in Appendix 1

to illustrate the computation procedure.

The head H, at the intake (Fig. 1) was measured by
noting the level of water at the inside face of the gate.
The head Ht far downstream of the gate (6.1 ft. from the
gate) was measured by a point gage attached to a movable
carriage mounted on horizontal rails (Fig. 7). The head
H, (Fig. 1) was calculated from Ht (see Appendix 2) since
the flow just downstream of the gate was strictly not two-
dimensional. The gate opening a (Fig. 1) was measured by

machined plexiglass strip of fixed width as described

earlier.

| Pressufe measurements were taken by connecting périph-
eral pressure taps set at the lip center (Fig. 6). A
flexible transparent plastic tubing connected the inclined
manometer to the manifold which received the pressure tubes

from the static taps of the gate lip.

Experimental Procedure:

At the beginning of each run, the gate opening was set
to the desired height. The head Hy at the intake section

was maintained at the desired level by regulating the intake



6
gate valve. When the state of steady flow was reached, the
head difference across the orifice was noted to determine
the discharge rate. For free flows Hl was measured. Dif-
ferent levels of submergence were created, placing wooden
strips (numbered) either individually or in combination in
the tail gate slot of the flume. For each submergence, Hl
and Ht were measured. When the level of the flow was un-
steady, an average reading was recorded. Since the velocity
head at the intake was very small (<3"), the H0 reading was
taken to be close to Hl' All the wooden strips were taken
out and higher Hl for the free flow was achieved by requ-
lating the gate valve. The above procedure was repeated for
different levels of submergence for each of the three

cylindrical lips.

Limited pressure measurements were taken to establish
the fact that the flow did not separate ahead of the 90°
location (point A in Fig. 6). Utmost care was taken to
ensure that there were no air bubbles in the connecting
tubes or any part of the measuring equipment. An inclined

manometer was used to ensure precision in pressure measure-

ments. A vacuum pump was used to suck the air bubbles.

All the relevant data has been recorded in Table 1.



DIMENSIONAL ANALYSIS

Using the notations shown in Fig. 1, important variables
characterising the flow past a cylindrical gate lip are com-

bined to give the functional relavcionship
¢ [R,, F, a/d, a/Hl, Ht/a, H2/a] = 0 ees (6)

In equation (6), R.d and F are Reynolds number and Froude
number respectively. For the flow conditions considered, the
Froude number downstream of the gate was always more than
one. Omitting for the time being the effects of F and

including Ht and H2 in the definition of cds’ one can state
Cdf (oxr CdS) = f[Rdl a/d, a/Hl]

In this presentation, it has not been possible to have over-
lapping ranges of Ry (Figs. 1la and 1lb) to study its effects

completely, due to equipment limitations.



DISCUSSION OF EXPERIMENTAL DATA

In all cases upstream of the gate, the flow was sub-
critical (F<1l) while the flow downstream of the gate was
supercritical. At the intake, the existence of a vortex
was noticed. Possibly this was responsible for the flow
out of the gate to be strictly not two-dimensional when

cylindrical lips were mounted (Fig. 8).

Pressure Measurements:

Although the gate lips were provided with a liberal
number of pressure taps around the curvature of the lips
(Fig. 6), only a few nominal measu;ements of pressure were
made to establish the fact that the flow was generally
separating beyond the 90° location (point A in Fig. 6).
For instance for the cylindrical gate 1lip, the pressure at
B (0 =~ 112.5°) was nearly 10.58 in, of water while the
pressure at A was nearly 4.9 in. of water for a particular
flow rate (fun 41) which is indicative of the deceleration
from A to B. If the flow had separated ahead of A, gener-

ally the steady pressure at A and B would be nearly the same.

Effect of Gap~to~Diameter Ratio:

Fig. 9a indicates the variation of the coefficient of
discharge Cdf with the parameter a/d. It is observed that
Cdf is a very slowly varying (decreasing) function of a/d

for the range covered [0.1 < a/d < 0.9]. appears to

Cas
be independent of the diameter of the gate lips tested. It
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is conceivable that the blockage ratio defined as a/Hl will
influence the discharge coefficient. For instance, one
notices about 10% increase in Cdf when a/Hl is increased
from 0.032 to 0.069 as indicated by points 44 and 46 respec-

tively in Fig. 10a.

Fig. 9b indicates the variation of the coefficient of
discharge Cds with the parameter a/d. It is observed that
in the submerged case, an envelope can be drawn to the data
plotted and three distinct curves branch out depending on
the diameters of the gate lips. The dependence of Cds on
a/Hl is less marked (Fig. 10b) when compared to free flow

(Fig. 10a) case.

Effect of Gate Opening to Intake Head Ratio:

Figs. 1l0a and 10b indicate the variatioﬁ of the coef~-
ficients of discharge Cdf and Cds with the parameter a/Hl.
It is seen that the curves rise to the right,. meaning that
the lesser the blockage, the higher is the coefficient of
discharge. It can also be seen that except when the
blockage is very large (a/H1 < 0.06), the value of Cds is
nearly constant (Fig. 1l0b). Observe that a similar remark
cannot be made about C £ since blockage effect and Rd

d
effect cannot be separated as in the submerged case.

Effect of Reynolds No.:

Figs. lla and 1llb indicate the variation of the coef-

ficient of discharge with Reynolds numbers. The range of
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barameters covered did not permit overlapping regions in Rd
vS. Cdf and Cds graphs for different lip sizes although the

data points are plotted as a function of Rd'

In the range of 5.5 < Ry X 10" and Ry X 1072 < 2.5,
the trends of discharge coefficients for both the free and
the submerged flows appear to be the same. In the range of
2.5 < Ry x 107° < 5.5, the variations of the discharge coef-

ficient appear to be limited to the free flow case only.

For a fixed diameter c¢f lip and gate opening, changes
in Rd were brought about by changes in mean gap velocity
Ua (Fig. 1). This immediately indicates that changes in
Rd are associated with changes in blockage for free case
only. Note that for the submerged case, blockage can be
changed independent of Rd‘ In view of the above comment
a reexamination of the four graphs A, B, C, and D (Figs.
1la and 1llb) indicate that variation of blockage in graphs
A and B is much larger than variation of blockage for the
data plotted in graphs C and D. (See also Table 1. The

number on the graphs indicates the run number in the table.)

Note that in Figs. lla and 1llb the discharge coeffi-
cients Cdf and Cds are consistently higher when the gate
opening is smaller. This may very well be due to the
following reason. It is conceivable that the flow separa-
tion occurs approximately at the same angle in the down-

stream section for a given size of the gate lip when the



11

gate opening is varied over a small range. If this is true,
the "run up" denoted by the climbing of the flow associated
with the delayed separation while remaining constant will

become prominent for smaller gate openings.
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SUMMARY AND CONCLUSION

The small flume and the instrumentation designed for
flow past sluice gates was satisfactory in terms of its

performance to provide some preliminary data.

When flow separates in the rearward section of the

cylindrical lip, the conventional contraction coefficient
Cc appeared to assume values in excess of unity. Pressure
measurements on the surface of the lip were taken to con-

firm the fact that flow indeed separated in the rearward

part.

Cdf and Cds are decreasing functions of a/d. However,
the size of the cylindrical lip appeared to influcence

Cds'

Except when the blockage is very large (a/H1 < 0.06), the

value of Cds is nearly constant.
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SUGGESTION FOR FURTHER WORK

The objective of this work was to design a simple flume

to study the characteristics of flow past a sluice gate. To

improve the reliability of data, the following recommendations

are made:

1.

The flow measurements should be done by a water mano-

meter (improved sensitivity).

A more efficient filter system should be provided at

the intake system (reduce large-scale eddy flow).

A larger upstream reservoir is to be provided to

increase the area for settling the incoming flow.

A collapsible tubing should be used for sealing the
gate to reduce time for sealing the inside edges of

the gate.

Attempts should be made to measure turbulent. fluc-
tuations by hot-wire anemometer to study the un-

steady characteristics of the flow fluid.

Lips of different roughness should be used to find
the effect of roughness on the coefficient of dis-

charge.
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DEFINITION

SKETCH

FIG. |

Range of Parameters:

wo omoo=m e

fel}

0

daf

ds

Flow (cfs/ft.)
Gate opening (in.)
Intake head (ft.)
Tail head (ft.)

5

Reynolds number (x10 °)

Lip diameter (in.)

Coefficient of Discharge:
Free

Submerged

are

locations of depth gage

0.494 - 2.26

1.166

R ©
[ IR - 3
=
o
' 1

8.383

0.79 - 1.265

0091 - 103
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POINT GAGE

FIG. 7
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FLOW UNDERNEATH
CYLINDRICAL LIP

FIG. 8
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APPENDIX I

Computation of Orifice Meter Discharge vs. Head Loss

Relationship:

Assume Qa = 2 cubic feet per second (cfs) in the flow
discharged through the orifice. To find the resulting
difference of head in mercury manometer:

flow (cfs) _ 2

velocity (v) = =
pipe area (ft.2) 0.2007

= 9.9652 ft./sec.

il
i

R, (Reynolds number) y-i]—‘p[use n =1.059 x 10" °1 in ft.z/sec.

9.9652 x 6.065

5

= 6 = 4.7560 x 10°
1.0592 x 10 x 12

From Ref. (11) Table 5

1 x 10°

5

at B = 0.8 K = 0.8087 at RD
K

= 0.7948 at RD 5 x 10

By interpolation, assuming linear relationship

K = 0.7957 at Ry = 4.7560 x 10°

using relationship

Q
v2gAh = ——55——— [with proper units]
ndo
——4-XK

for our case of Qa = 2 cfs Ah: 5.2396 in. of Hg.

Above results were used to form a graph (log log)
shown in Fig. 12 to be used to get values of Qa for various

values of Ah.



APPENDIX IIX

Computation of Cdf' Cds,.and Rd:

To compute Cdf in run No. 1:

Diameter of lip = 2% in.
Gate opening a = 2 in. = 0.166 ft.

2.05 + 0.65

Head difference across orifice meter Ah

2.7 in., of Hg
From Qa vs. Ah graph Qa = 1.45 cfs

Width of channel = 18 in. = 1.5 ft.

Hence flow/width = li—% = 0.967 cfs ft.

Head of water measured at intake Hl 100-76 = 24 cm

24 x 0.03281 ft.

I

0.788 ft.
= -—
Q i aJZgZHl a)

0.166 v2 x 32.2 x (0.788 - 0.166)

it

1.05

Q
_ Ta _ 0.967 _
Hence Cdf =5 = T = 0.92

To compute Cds in run No. 2:
Diameter of lip = 2% in.
Gate opening a = 2 in. = 0.166 ft.

2.05 + 0.65

Head difference across orifice meter Ah

2.7 in. of hg

From Qa vs. Ah graph (Fig. 12) Qa = 1.45 cfs

Width of channel = 18 in. = 1.5 ft.

31
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Hence flow/width = —=—% = 0.967 cfs/ft.

Head at intake Hl = 100-67.5 = 32.5 cm = 1.065 ft.

Head far downstream Ht = 12.6+10.1 = 22.7 cm = 0.746 ft.

p 2 - [velocity ;% _ 0.967 x 0.967

t /g x head 32.2 x 0.746°

= 0.07

By application of continuity and momentum equation between

point 2 and t, it can be shown (Fig. 12) that

2

H, H Q
—3=/1+2F2 (1 - %) where r,%2 = —2
H, t a t 3

| g H

By using above relationship
H
2 _ _ 0.746, _
R, " ./1 +2x0.07 (1 - 539zg) = 0.714
H2 = 0.714 Ht = 0.714 x 0.746 = 0.532 ft.
Q

c. =& _ 0.967 = 0.992

ds ch 0.166 v2 x 32.2 (1.065 - 0.532)

To compute Reynolds No. (Rd) in run No. 1:

_ lip diameter x average velocity at the slot

R
d 12 x kinematic viscosity of fluid

Lip diameter = 2.25 in.

flow through orifice meter (cfs)

Velocity at the slot = channel width (ft.) x gate opening (ft.)

- 1.45
1.5 x 0.166
Kinematic viscosity of water = 1.09 x 10—5 ft.z/sec.
Hence Rd'= 2.25 X é'45 = 1.019 x 105

12 x 1.09 x 10 ° x 1.5 x 0.166
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