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TURBULENCE CHARACTERISTICS IN SUBMERGED
HYDRAULIC JUMP BELOW SILLED SLUICE GATES BESIDES STUDYING ALSO THE
SCALE EFFECTS IN FREE EFFLUX BELOW GATE OF VARIABLE OPENINGS
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ABSTRACT:

In the present research , an experimental set up was arranged to investigate the scale effects in the fres
efflux below the sluice gate of variable openings and also to study the turbulence structure in the
generated submerged hydraulic jump below the silled gate . The objective of the present study research
was is to analyze the collected experimental data on the effect of constructing a sill under a sluice gate
on the free and submerged flow bellow it . Also , this paper presents the results of a laser Doppler
Anemometcy (LDA) study of submerged hydraulic jumps in a horizontal rectangular channel with the
different submergence factor S and different inlet Froude number Fi1 . Measurements include surface

profiles , mean velocity components of @ and »; turbulence intensities ¢ and v and turbulence shear
stress— 1 v'. Major flow characteristics of submerged hydraulic jumps were discussed and analyzed .
The flow in the fully developed region is found to have some degree of similarity . It was also found
that a submerged jump was three dimensional in nature . The maximum vertical velocity in the
recirculating zone for all submerged jumps is about 7% of U;. Also , the results show that the
maximum streamwise velocity near the center plane was smaller than that near the side wall . The
turbulence shear stress near the center is about 46 % higher than that near the side wall . Afler the jump
the flow will recover into a two dimensional flow . The coefficient of discharge becames smaller at
constant opening ratio Y, / by . The results showed that there was a close relatiohship between the scale
effects in the contraction coefficients and in the discharge coefficients . The energy dissipation in
effluxes was also related to the scale effect in the discharge coefficients closely . The scale effects in
the contraction coefficient and in the coefficients of energy loss which are the main factors composing
the discharge coefficients showed the same trend as in the discharge coefficient.

Accepted June 18, 2009.
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1. INTRODUCTION :

. The sluice gates are used in irrigation works in
open channels to control the flow discharge and
to measure it$ rate , and to besides controlling the
water level upstream. Flow through gates may be
free or submerged according to the extent of the
water depth downstream the gate relative to the
gate opening’. They may be used in prismatic or
in non — prismatic channels . It is well known that
notable scale effects occur in the discharge
coefficients of free efflux from an underflow gate
sill obtained by the small scale model . There
were many past. works on the discharge

“coefficient , quantitative characteristics of the
scale effect on the coefficient have not been made
clear . It is one of the reasons that the ranges of
the hydraulic conditions and of the model scales
used in each works are not enough to clarify the
whole aspects of the effect . Both the free. and
submerged flow below sluice gates on horizontal
level floors were studied extensively

[1,8,9,12,13,14,1524] . In many cases -, the
irrigation engineer has to select between a double
/ triple leaf gates or a single/double leaf gate with
sill constructed below. The selection of designing
gates with sill reduces the cost of the gate
miaterial as well as the construction costs and that
for the lifting device, also the power requirements

- are minimized . The effect of constructing sills

under sluice gates on the flow below was
investigated , some of these studies dealt with the
free flow , Ranja Raju and Visavadia [21] , Ranja

Raju [22] . While others dealt with the submerged

flow , El- Saiad etal [4,5] . Other studies dealt
with the effect of the gate or sill configuration on
the flow below the gate . Also , regarding the free
and submerged flow , some studies are available
in the literature , Salama [23] . Generally, it was
found that the sill under the gate increased the
coefficient of discharge of the gate and such rate
of increase depends on the configuration of both
the sill and gate as well as on both the sill and
flow parameters. Hydraulic jumps were studied
extensively because of their importance as energy
dissipators for hydraulic structures. Experimental
investigations have been carried out on-both the
macroscopic and internal structure of the
hydraulic jumps, but most of these studies were
directed to the macroscopic features. Major
contributions of this subject were reviewed by
Rajaratnam [16] and more recently by Mc
Corquodalef11]. The hot — wire study in an air
model by Rouse , Siac Nagaratnam [20] in 1958

was the first attempt to obtain information of
turbulence field in ftee hydraulic jumps . More
than a decade later in 1972, Resch and
Leutheusser [19]used the hot ~ film technique to
make -some limited observations on the
turbulence in free hydraulic jumps in the actual
water model . Both of these observations have
been very valuable for the understanding and
prediction of internal structure of hydraulic jumps
. The experiments described in this research paper
are concerned with submerged hydraulic jumps in
a horizontal rectangular channel of constant

-width. The LDA study was conducted to provide

detailed measurements of the mean velocity
components , turbulence intensity components
and shear stress , which could be used as basis to
improve the prediction methods . If submerged
hydraulic jumps are viewed as transitional
phenomena_bgtween free jumps and wall jets .
This research study would then also serve the
purpose of comparing these three classes of flows
Such research study also examines the three
dimensionality of submerged hydraulic jumps, its
effects on the mean velocity and turbulence fields
and , more importantly , its implication to the
production models . Also , in this research study
through the systematic experiments with several
scale models , it is intended to make clear that the
scale effects appeared in the discharge coefficient
quantitatively , and to indicate the minimum
model size without any scale effects, and
moreover to clarify the hydraulic mechanism of
the scale effects .

2. EXPERIMENTAL ARRANGEMENT :

. The submerged jumps were formed just below a

vertical gate in a horizontal open channel 0.4m
width , 0.5m deep and 9.5m long with glass wall
6 mm thick and steel plate bed . The water was
supplied from a constant head tank to the flume at
the desired discharge that is continuously
monitored with an on — line orifice meter .

A tail vertical gate was provided at the
downstream end of- the flume to maintain a
required water depth of channel flow . The water
was finally collected in a sump tank where it was

‘pumped back to the overhead tank by a 15 HP

pump . Depth measurements were taken using a
needle point gauge with*a reading accuracy of
+0.1 mm. Uniform flow conditions were reached
using a carefully designed inlet tank . A
downstream adjustable gate was used to regulate
the tail water surface elevation. In any experiment
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the dlschm'ge change and the water level in the
head tank were maintained constant so as to keep
Froude number (F;,) constant at the gate . In order
to provide a relatively uniform stream at the gate ,
a special entrance device with curved lower
section (a quarter of circle with 9.15 m raduis )
was fitted to the gate . This inlet rondition nearly
climinates the flow contraction after the gate . By
regulating the downstream level , different
submergence conditions could be achieved for
any given supercritical Froude number . The sill
model was made from prespex sheets with
upstream and downstream slopes of 1:1 . The gate
was located at the center of the flat top of the 3cm
wide sill . The sill was tested with fixed height of
sill 3cm . The experiments were made with
several scale models where gate openings and
channel width were varied , The gate opening
were varied from 1 to 12 cm . The.width of the
channel were 10,20,30, and 40 c¢m . The tailgate
was controlled to create free or submerged flow
below the gate . After attaining the stability
conditions (the upstream depth remain
unchanged) the depth upstream and downstream
the gate were measured . The discharge , the gate
opening and the width were recorded . Different
discharges , different gate openings and different
widths were considered. Adopting the definitions,
the inlet Froude number F,, is defined as U, /
Jg¥1 and the submerged factor S is defined as

(Y:—Y2) /Y, , where Uyand Y are respectively
the velocity and water depth of the supercritical
stream at the gate(see Fig.1) g is the
gravitationel acceleration, Y is the subcritical
. sequent depth of the free jump for U; and Y as
obtained by the Belanger equation and Y, is the
far downstream (or tail water) depth in the flume,
Current investigation covers .the experimental
conditions with the submergence factor S varying
approximately from 0.20 to 1.50 and inlet Froude
number F,, approximately equals to 3 to 8. The
upstream water depth hy was measured. at the
upstream section about 20 Y far from the gate,

3. MEASURING INSTRUMENT:

The experimental data were collected using the
two color back — scatter LDA system. The laser
was a SW Argon — lon laser with actual power of
about 500 mW. The two laser beams, one blue
(488 nm) and one green (514.5 nm), were focused
at a measuting point from one side of the channel
through an optical lens. The focal length lens was
selected for best signal quality and excellent

Any quantitive property ©
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spatial resolution. The nominal measuring probe
volume of the intersecting beams was an ellipsoid
with diameter 0.05 mm and length 0.65 mm.
Counter processors were uséd to evaluate the
Doppler frequencies / Subsequent computer
analysis consisted of velocity bias averaging and
outlier rejection. The number of samples taken at
every point was 6000 bursts. This corresponded
to a sample averaging time of about 100 seconds.
Before acquiring the data, the LDA signal was
checked for its regular Doppler burst that
correspond to a particle passing through the
measuring volume. For submerged hydraulic
jumps with high inlet Froude number and low
submergence, more air is entrained into the flow.
When air bubbles are present, the data acquisition
rate is low. So for a region with relatively high
concentration of bubbles the sampllng time is up
to 300 seconds. :

4. THEORETICAL, ANALYSIS:

The free efflux from a sharp edged vertical gate
on the horizontal open channel shown in Fig. 1
was chosen as the subject of the present research.
Main physical parameters concerning the efflux
phenomenon were as follows: Geometrical
parameters, gate opening (Y)), channel width (B)
and upstream water depth (h;). Kinematical
parameters, discharge (q) and acceleration due to
gravity (g).Dynamical parameters, density (p),
dynamic viscosity (u) and surface tension (a).

The discharge q is uniquely determined when
the upstream water depth hy is given under the
condition that the other parameters remain the
same. That is, h; and q are combined with each
other by a functional relationship. Then, in the
dimensional analysis it is sufficient to consider
only one of them as a characteristic parameter.
of an efflux
phenomenon is related to the above parameters by
a functional relationship.

=fl(YlsBshl,g:P,ll.0') --------- (l)
If q is used as a parameter instead of h;
®;=f2(Y1,B.q,g,p,0.0) ... 2)

Using Y1, g and p as the basic quantities, the 7 —
theorem gives the following non — dimensional
relationships corresponding to the above two
equations
G S
1
Dy = f 4 (F fnos —¥;“

» Re1 , Wer)
» Rel y Wel)
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in which,
Fu=[0/{G¥T - Y1 » Ra=[Je¥1.Y1/(wp)]
and  Wo=[Jg¥i/{ (6/Yi.0)] .o (5)

Consequently, it is understood that quantitative
properties of the efflux phenomenon such as a
discharge coefficient, a contraction coefficient
and so on could be described in terms of the four
non — dimensional parameters Y, / hy (or Fyy),

Y\/B , Ry and We. In explaining the efflux
problem, the opening ratio Y,/h, is used as a
more common parameter rather than the Froude
number. So, in the following, we also use Y / b
as the flow parameter. Two systems of efflux
with different length scale (for. example, model
and prototype, small and large models) are

“dynamically similar each other when four

parameters described above are the same in both
systems. In such 4 case the scale effect does not
occur. But, if the same fluid is used in both
systems as in general hydraulic model tests, the
strict dynamically similarity.could be obtained.
Because as is evident in eq (5), Re; and W,
change with model size. If the degree of the
influence of viscosity and surface tension on the
efflux phenomenon is different in each systems,
these systems are no longer dynamically similar,
Then the phenomena in each systems are
different, that is, the scale effects will occur.
Firstly, the scale effects in the discharge
cocfficient obtained experimentally by several
scale models will be shown, In the experiment,
the model size is expressed by gate opening Y.
When the gate opening is changed, the
parameters R,y and W, change simultaneously as
shown in Fig.2. Therefore, the scale effects
observed in the experimental data must be
considered to be the sum of the influence of the
viscosity and the surface tension. Next, for the
modeling of the efflux phenomenon, we will
consider in what way each dynamwal factors
influence on the scale effect. ‘

The experiments have been made w1th several
scale models where gate opening and channel
width were varied. The discharge coefficient C
was obtained by the following equation.

C=q/B.Y, fight

The characteristics of scale effect in the
discharge coefficient have been made clear to
some extent by the experimental works described
above. However, the mechanism of scale effect is
not yét known. Here, the more detailed hydraulic
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study to clarify the mechanism of scale effect will
be discussed later.

5. SCALE EFFECT IN'THE MAIN
FACTORS COMPOSING
DISCHARGE COEFFICIENT:

The factors composing the discharge
coefficient are obtained by solving the following
two basic equations in the hydraulic analysis. The
energy equation between section 1 and 2.
cq.V;z u.z.V;I

%8 78 (7
the continuity equation can be expressed as follows

q= Bh|V] = BCc.Yl.Vz . (8)

in which,

h; : water depth (i=1.2), and subscripts of 1 and 2
mean ‘upstream and downstream sections
respectively (see Fig.1).

Vi : mean velocity at section i.

a; : energy comection coefficient of Coriolis at
section i.

A : pressure distribution coefficient of Jager at
section i, '

C.: contraction coefficient.

hy : head loss between two sections

Mh; +

= M C.. Y+

+ Iy ..

Introducing the head loss in the form of
\A
2w ¢

the discharge is given by _
QBY, CAIM- Y O/ ) o + ko (Yh G/}, f2 g il

. (10)
Comparing the above equation with equation (6) ,
it is shown that the discharge coefficient is
expressed in the terms of C., o; , A, k ,in
addition to Ylf h;.
In these factors, ¢; and A; are nearly constant if the
influence of their change on the discharge
coefficient is very small even if they change with
the model scale. Then, here, we consider the scale
effect in the contraction coefficient C. and the
coefficient of energy loss k.

h[_ =k

6. RESULTS AND DISCUSSION:

The experimental date of the discharge
coefficient for each gate opening (ie. for each
model size) are shown in Fig. 3. In this figure,
Frangmeier — Strelkoff 's theoretical curve [2] and
Henry's experimental curve [3] are also shown
them together. The former is the obtained by the
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two — dimensional potential flow theory
considering strictly the influence of the gravity.

Observing the data in each model size (except Y)
= 1.0 cm), the influence of the channel width is
not clear, and it is considercd to be negligible
_even if it exists. Then, it seems to be quite all
right to discard the paramefer Y//B from the
present problem. It is also shown that the
coefficient becomes larger as the model size
becomes smaller at constant opening ratio Yy/h;.
This means that scale effects are observed in the
coefficient. To make the characteristics of scale
effect clear, the reprocessing of data for the
change of discharge coefficients to model size
with Yy/h; in Fig.4. The experimental values in
this figure are the average values of data obtained
for several channel widths. From this figure, the
characteristics of the change of coefficient to
model size is explained -as ~ follows ": the
coefficient for each opening ratio increases
sharply as the model size becomes smaller, and it
converges to a constant value with the increase of
model size for each Yy/hi.

The minimum meodel size in which the scale
effect is considered to be negligible becomes
Iarger with the increase of -opening ratio. The
scale effect in the coefficients obtained by the
model where the gate opening is larger than 6.0
cm seems to be very small for Y /hy < 0.5. In Fig
.5, nearly converged constant values for each
opening ratios are compared with the theoretical
and experimental curves described above. These
values agree closely with Henry's experimental
curve. The contraction coefficients obtained in
several scale models are shown in Fig.6 with
Fangmeier — strelkoff's theoretical curve [2]. As
done in the data of discharge coefficient, using
the average values for channel widths, these data
are re-drawn in Fig.7. In Fig.7, the experimental
data by Benjamin is shown. From these two
figures it is known that the scale effect in the
contraction coefficients is similar to that of the
discharge coefficients. That is, the coefficient
becomes larger with the decrease of model size,
and it seems that the scale effect is negligible in
the model where the gate opening is over 6.0 cm.
These results in contraction coefficients suggest
that there is a close relationship between the scale
effects in the contraction coefficients and the
discharge coefficients. Benjamin presumed that
the scale effect in the data of Fig.6 is related to
the boundary layer growth on channel bottom.
But, so for as author's measurement the boundary
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layer thickness is very small, and it is not
sufficient to explain the scale effect. Fig.8 shows
the coefficients of energy loss k obtained in
several scale models. The trend of the scale
effects in this coefficient is the same as that in the
other two coefficients. This fact means that the
energy dissipation in effluxes is also related to the
scale effect in the discharge coefficients closely,
and that the role of viscosity is significant in the
scale effect,

The surface profile and the downstream tail
water depth Y, were measured using point gauge.
Because the water surface along the hydraulic
jump fluctuates, it should be treated as an
averaged depth. The surface profile
measurements for all conditions are shown in
Fig.9. For each experimental condition, detailed
measurements along the centerline at the plane of
zZB = 0.5 were carried out to obtain vertical
profiles” ‘of the flow characteristics.” These
characteristics include the time - averaged.
longitudinal component of velocity @i and vertical
component v, kinematic turbulence shear stress —
u'v" and turbulence intensities u' and v'. The
number of measured sections for each run ranged
from 10 to 14 depending on different
expetimental conditions. More sections were
covered near the silled gate than downstream of
the recirculating ‘zone, As an example, the
measurements are plotted from Fig. 10 to Fig. 14,
It should be noticed that all the relationships are
nondimensionalized by a length scale Y; and a-
velocity scale U;. For each section, extra
measurements were made in vertical planes with
z/B = 0.5 and 0.25. Usually six carefully selected
data points at both these planes were measured to
check the spanwise variation of the flow. Besides
these measurements, another set to indicate
spanwise variation was taken for each section at the
plane of y/Y; = constant. This y / Y, was selected
close to the surface and kept constant for each
run. One example of the spanwise variation plot
is shown in Fig. 15, where only the measurements
for longitudinal velocity profiles are plotted. The
original intension for these extra measurements
was to validate the dimensionality of the flow as
it was previously treated. The longitudinal
velocity and turbulent shear stress profiles from
these measurements are plotted in Fig. 16 and
Fig. 17 respectively. From the flow development
point of view a submerged jump could be divided
into three distinguishable regions. These are the
developing, the fully developed and the
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recovering regions as shown in Fig. 1(b). The end
of the potential core denotes the end of the
developing region and the beginning of the fully
developed region. If the length of the roller Lyjis
defined as the length of a submerged jump as in
reference [16] , Ly denotes the end of the fully
developed region and the beginning of the
recovering region. The developing region in a
submerged jump is similar to that of a wall jet.
One difference is that the flow near the gate in a
submerged jump undergoes acceleration due to
negative pressure gradient caused by falling water
surface. Because this region limited to about 17%
of Ly, the following discussion will concentrate
on the fully developed region which occupies
almost 80% of Ly. The flow in the fully
developed region demonstrates some degree of
similarity. Because the maximum vertical
velocity v in the recirculating zone for all
submerged jumps is only about 7% of Ut. Liu
[26] reported that there were two distinguishable
vortices on the water surface of a submerged
jump at the comers of the gate, but how they
influenced the flow was not clear. The present
study shows not only the existence of such vortex
motion but also its significance. As shown in Fig.
16 (a) the vortex motion near the gate extends
from the water surface to the shear layer.
Therefore, it is reasonable to expected that its
influence will be significant under relatively high
submergence. This vortex motion also alters the
downstream flow development quite
significantly. As shown in Fig.16 (b) at x/¥1 =
30, the maximum velocity (uy) near the center
plane of the channel is about 25% smaller than
that near the side wall. Further downstream at x /
yi = 60, in which, it is near the end of the fully
developed region, the difference between the
maximum fi, near the side wall and minimum G
near the center plane is up to 40% as shown in
Fig. 16 (). Another effect is that the length scale
for u near the side wall is higher than that near the
center plane. This phenomena is called the climb
of a wall jet near the side wall by George [7] and
Rajaratnam [17]. This climbing effect is believed
due to the influence of this vortex motion. As
shown in Fig. 16 (a) the flow close to the bed is
two dimensional shortly after the inlet, but on top
of this region there is vortex motion. This motion
causes reversing flow near the center plane and
forward flow near the side wall. As shown in Fig.
17, the shear stress near the center is about 46 %
higher than that near the side wall. Therefore, this

vortex motion causes faster diffusion near the
centre plane than near the side wall at locations
further downstream. The results are of course that

{i,, near the center plane is smaller than that near
the side wall.

7. CONCLUSIONS:

The following conclusions could be drawn from
the present study of the scale effect in the efflux
from an underflow gate and submerged hydraulic
jumps in a rectangular channel.

The coefficient of discharge becomes larger as
the model size becomes smaller at constant opening ratio
Y/ Iy The scale effect in the coefficients obtained
by the model which gate opening are larger than
6.0 cm seems to be very small for Y1 /Iy < 0.5.
The results show that there is a close relationship

‘between the scale effects in the contraction and

the discharge coefficients. The contraction
coefficient becomes larger with the decrease of
model sizes, and it seems that the scale effect is
negligible in the model which where gate opening
is over 6.0 cm. The energy dissipation in effluxes
is also related to the scale effect in the discharge
coefficients closely. Generally, the results reveals
that the scale effect initiates when the gate

. opening becomes less than 6.0 cm, and that the

degree of effects is notable at the larger value of
the opening ratio. The scale effects in the
contraction coefficient and in the coefficient of
energy loss which are the main factors composing
the discharge coefficient show the same trend as
in the discharge coefficient.

Submerged hydraulic jumps are three
dimensional in nature. The climbing effect of
mean velocity component @ near side wall is due
to the vortex motion near the gate. In the fully
developed region of a submerged jump, which
occupies about 80 % of roller length Ly, the flow
demonstrates some degree of similarity. The
maximum turbulence quantities could be
estimated from Froude number Fy and
submergence S and therefore the major flow
characteristics can be determined, The maximum
vertical velocity ¥ in the recirculating zone for all
submerged jumps is only about 7 % of Uj. Also,
the results show that the maximum velocity Um
near the center plane is smaller than that near the
side wall. The turbulence shear stress — Gv" / u?
near the center is about 40% higher than that near
the side wall. After the hydraulic jump the flow
will recover into two dimensional flow. If a two
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dimensional prediction for submerged jump is
obtained, its limitdtions should be emphasized
and its results should be interpreted properly.

8 .NOMENCL_ATURE:
B : Channel width.

i : Streamwise mean velocity component in x-

direction.
Umax: Max. streamwise velocity component in x-
direction. .
u’ :Syreamwise component of turbulence
" intensity in x-direction (RMS).
¥ : Vertical mean velocity component in y-
direction.

v’ : Vertical component of turbulence intensity in
y-direction (RMS).

Fy( : Inlet Froude number =Uy/ fg¥1 .

Ret: Inlet Reynolds number =U, Y/ v .

U; : Longitudinal velocity component at the inlet.

v :Kinematic viscosity.

Wel : Webber number.

x : Longitudinal axis along channel length.

y : Transverse axis along channel height.

z : Lateral axis along channel.width.

. g Gravitationel acceleration.

Q : Flow discharge.

h; : Water surface depth.

S : Submergence factor = (Yy— Yz)/Ya."

Ly : Length of roller.

Y : Inlet opening.

Y3 : Sequent depth of a free jump.

Y. : Downstream depth.
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