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ABSTRACT. This paper presents a series of experimental investigations on low
head sluice gate models considering the simultaneous underflow-overflow and
underflow or overflow alone. The dynamic behaviour of the gates was studied
in terms of pressure and gross force fluctuations on gate bottom or top for both
vibrating and stationary gates. Spectrum analysis of force fluctuations was also
made to identify the existence of resonance by comparing the natural frequen-
cy of the gate with the dominant frequency of force fluctuations. Analysis of
the results revealed that pressure and force fluctuation coefficients are consid-
erably higher for the simultaneous conditions of underflow-overflow, both on
the gate bottom and top due to coupling effects and the coefficients are larger
for vibrating gate than those of stationary one due to interaction of flow with
gate movement. The effect of coupling or interaction seems to be further am-
plified due to quasi-resonance.

1. Introduction

Low head vertical lift sluice gates generally operate under conditions of underflow.
While occasionally they may have to operate with overflow or simultaneous underflow-
overflow leading to vibration in their own plane under certain circumstances. For exam-
ples: During flood when the head greatly exceeds the gate height, during lifting of lower
leaves of a multi-leaf gate running in a single groove, and handling of stoplogs in run-
ning water. Although such conditions may exist only for a short duration of time, it is
necessary that the gate system withstands them. Perhaps because of rare occurrence of
such conditions, little attention has been given in the past to the problems of gates re-
sulting from the conditions of simultaneous underflow-overflow. In the past, because of
action of flow on the gate bottom or top, the in-plane gate vibration has attracted much
attention by the investigators. While earlier researchers have suggested bevelling of the
gate as one of the methods to reduce vibration, flat bottom gates are still in use. Flat bot-
tom gates alone can provide insight into the causes and mechanism of in-plane vibra-
tions. The characteristics of such vibration depend upon the nature of hydrodynamic

51

JKAU: Eng. Sci., vol. 11 no. 1, pp. 51-67 (1419 A.H. / 1999 A.D.)



Delwar Husain52

loading, which consists of mean and fluctuating pressures acting on gate bottom or top
as the case may be. The dynamic response of such gates depends upon their own iner-
tial, elastic and damping properties besides hydrodynamic loading[1]. It is a well-known
fact that flow past the gate interacts each other with gate bottom and the hydrodynamic
loading in turn is influenced by the gate movement. In other words, there is an “interac-
tion” phenomenon between the flow induced hydrodynamic loading and the vibration of
the gate itself. Further, in the case of simultaneous underflow-overflow, the hydrody-
namic loading on the gate bottom due to underflow is likely to influence the hydrody-
namic loading on the gate top due to overflow and vice versa. The influence of such
loading on gate bottom and top is termed as the “coupling” phenomenon. Thus in the in-
dividual cases of underflow or overflow, there is interaction alone while in the case of
simultaneous underflow-overflow, there are both interaction and coupling which some-
times may lead to quasi-resonant conditions.

Among the studies available in literature on the vibration of gates, the case of under-
flow has received maximum attentions[2,3,6], [9,10], [12-16]. The studies on overflow on
the other hand, pertain mostly to the oscillation of nappe and its preventions. The stud-
ies have also been considered by few investigators[4,12,13,17]. Simultaneous underflow-
overflow case have received very little attention by the researchers like Petrikat[16] in
1958, Naudascher[11] in 1961 and Abelev et al.[1] in 1977. While Petrikat’s study was
based on drum or flat gates, Naudascher’s study was based on a particular design of pro-
totype double leaf gate and on the other hand Abelev et al’s study was also a specific
case of a vertical lift gate considering two basic categories of self excited vibration, one
due to flow separation at gate lip and the consequent eddy shedding synchronizing with
gate movement and the other due to overflow discharge fluctuations between the gate
and the skinner wall on account of horizontal vibration. In spite of the fact that the vi-
bration of the vertical lift gates during underflow-overflow could be far more severe and
sometimes even disastrous, somehow it has not attracted much attention.

So far, the three cases of flow with respect to gate, i.e., underflow, overflow and si-
multaneous underflow-overflow have been studied independently without making an at-
tempt to identify the effect of overflow on hydrodynamic loading of the gate bottom and
the effect of underflow on the hydrodynamic loading of the gate top, when both flows
are present. This effect termed as “Coupling” between underflow and overflow and
which can be quantified through the following equivalences: Hydrodynamic loading on
gate bottom due to simultaneous underflow-overflow  ≡  hydrodynamic loading due to
underflow alone + coupling effect of overflow on gate bottom, and hydrodynamic load-
ing on gate top due to simultaneous underflow-overflow ≡ hydrodynamic loading due to
overflow alone + coupling effect of underflow on gate top. This can be done by measur-
ing the hydrodynamic loadings for all the three cases of flow and comparing them. The
possibility of resonance or quasi-resonance to exist can be ascertained by comparing the
dominant frequency of measured hydrodynamic fluctuations of forces with the natural
frequency of the gate. The determination of the natural frequency of the gate requires
the knowledge of added mass (the additional mass of water surrounding the gate takes
part in the gate acceleration) due to in-plane vibration[5]. 
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Thus the present study has been planned with low head sluice gate models of flat bot-
tom and top to identify the interaction, the coupling and quasi-resonance effect on si-
multaneous underflow-overflow in a more general matter.

2. Experimental Programs

The studies were carried out in a fixed bed rectangular flume 10 m long, 0.24 m wide
and 0.6 m deep (Fig. 1) using gate models 0.3 m wide, 0.3 m high, and having 0.25,
0.05, and 0.1 m thickness in the direction of flow. The test section consists of a vertical
groove and 1 mm clearance between the model and the wall to allow the gate to vibrate
freely. A flexible horizontal beam of mild steel strap was suspended and held between
two knife edges on each side. Downstream face of the gate was supported by freely ro-
tating wheels mounted on grid frames which are anchored to flume walls. Pressure tap-
pings were provided at close intervals at bottom and top of the gate and the pressures
(mean and fluctuating components) were measured by using electronic inductive type
differential pressure transducer (HBM, Germany). For gross force measurement, a strip
of 85 mm × 15 mm was cut at center of 10 cm thick gate bottom, a thin phospher bronze
sheet was fixed on the groove. Two semiconductor strain gauges were pasted on the in-
ner surface of the sheet one at its end and the other at its centre to measure the strain de-
veloped in it due to turbulent flow below or above the gate resulting hydrodynamic
force. The strain gauges are connected to the half-bridge circuit of the universal amplifi-
er and strip chart recorder. Records of hydrodynamic force fluctuations on gate bottom
and top were obtained independently and for simultaneous underflow-overflow, force
on gate bottom or top were also measured separately (Fig. 2) and net force was not pos-
sible to measure due to laboratory limitations. The gate was tested for both vibrating
and stationary conditions for comparison purposes. All the dynamic pressure and force
recordings were precalibrated. The tube length for the pressure fluctuation measure-
ments was also tested by checking the RMS value of known pressure fluctuations using
variable tube lengths from 10 to 120 cm. The RMS values were found unchanged upto
95 cm above which the value starts to reduce due to damping effect for longer tube
lengths. The height of gate was kept limited keeping in view the depth of flume, maxi-
mum gate opening and overflow head. Froude number of underflow ranged between 1
and 5 approximately and damping of gate suspension system was not varied using the
same gate for force measurement during the investigations. The space behind the gate
has been ventilated in order to exclude excitation due to nappe oscillation during over-
flow and simultaneous underflow-overflow cases. From the records it was seen that
both pressure and force fluctuation data follow normal distribution and hence the mean
and RMS values of the fluctuating components of the pressure and force were obtained
and the coefficients Cp and CF computed as follows:
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(2)

FIG. 1. Plan of experimental setup (not to scale).

b) For gate top (overflow)

(3)

(4)

where, ρ is the mass density of fluid, γ is the unit weight, v1 is the velocity of flow un-
der the gate and hg is the overflow head above the gate top, H1 and H2 being the up-
stream and the downstream water depths respectively.

3. Discussion of the Results

3.1 Quantitative Evaluation of Interaction

Since the vibration in gates is primarily influenced by the fluctuations in the loading, the
effect of interaction due to hydrodynamic loading on gate bottom or top during underflow
and overflow or simultaneous conditions has been studied in terms of pressure and force
fluctuations only using the following nondimensional functional relationships (Fig. 2):
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FIG. 2. Definition sketch (a) Underflow, (b) Overflow, (c) Simultaneous underflow-overlow.
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ii) On Gate Top

(7)

(8)

In which η refers to dynamic parameter of gate (i.e, its natural frequency and damp-
ing), Fg is Froude number for low under the gate                       is the location point
where the pressure is to be measured, B is the gate width, b is the gate thickness and a0
is the gate opening.

The typical variation of Cp′b on gate  bottom during underflow for different ranges of
Froude number is shown in Fig. 3 for both oscillating and stationary flat bottom gate
(B/b = 6.0). As it is clear from the figure that the Cp′b value for vibrating gate is quite
large compared to the same for stationary gate at comparable value of Fg, which clearly
demonstrates the interaction of flow with the gate oscillation. It is also seen that the value
of Cp′b  attains an overall maximum at a0/b = 0.6 to 0.7 due to flow reattachment and eddy
shedding which also corroborates with earlier reporters on models and prototype gates
[3,11]. The variation of force fluctuation coefficients, CF ′b     with gate opening ratio, a0/b for
different ranges of Froude number is shown in Fig. 4 & 5 and it is noted that CF′b value
for vibrating gate is much larger than that for a stationary one due to interaction. To ex-
amine the interaction effect between the flow and the gate, a spectral analysis of force
fluctuation was also carried out. The spectrum showed many peaks of varying magnitudes
at different frequencies. It is understood that if a spectral peak occurs at a frequency close
to the natural frequency of the gate, one can expect some kind of “quasi-resonance” re-
sulting in increased amplitude of gate vibrations thereby increasing hydrodynamic force
fluctuations. It is also seen that CF′b was larger for vibrating gate even in cases with no
dominant frequencies although having spectral energy peaks close to the natural frequen-
cy of the gate (Fig. 6), thereby showing the interaction effect. The variation of pressure
fluctuation coefficient on Cp′t  gate top for different overflow head to top width ratio hg/b
is shown in Fig. 7, (B/b = 3.0)  and it is seen that Cp′t   increases with hg/b and also Cp′t   in-
creases with x/b showing a peak which occurred due to the coincidence of the point of
flow reattachment on gate top surface. Also, Cp′t  is higher for vibrating gate than those for
stationary one due to interaction. Similarly, Fig. 8 presents the variation of force fluctua-
tion coefficient, CF′t   on gate top with hg/b for different overflow heads and reveals that
CF′t   is larger for vibrating gate than those for stationary one due to interaction. It is inter-
esting to study the magnification of Cp′b  and CF′b on gate bottom due to gate vibration
with relevant parameters for underflow and simultaneous under-flow-overflow.

3.2 Quantification of Magnification and Coupling Effects for Underflow and Simul-
taneous Underflow-Overflow.

The magnification factor, M[ = CF ′b   for vibrating gate/CF′b  for stationary gate] of CF ′b
has been studied for one gate only (B/b = 3.0). Figure 9 shows the variation of M with
Fg  for all the data at different gate opening conditions with underflow gates. There ap-
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pears an unmistakable trend in the figure, i.e., the magnification factor (M) decreases
with increased value of Fg and here it is further interesting to note that Froude number
has also significantly affected the ratio of CF′b  for vibrating and stationary gates[8].

FIG. 3. Variation of CF′ 
b            with x/b for underflow.

FIG. 4. Variation of with CF′ 
b                   a0/b for vibrating rate.
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FIG. 5. Variation of CF′ 
b with a0/b for stationary gate.

FIG. 6. Typical spectrum of force fluctuation on gate bottom.
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FIG. 7. Variation of Cp′ 
t  with x/b for overflow.

FIG. 8. Variation of CF′ 
t  with hg/b for overflow.
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The variation of Cp′b on gate bottom for both simultaneous underflow-overflow
shows a variation similar to that for underflow alone as in Fig. 10. While the magni-
tudes for simultaneous underflow-overflow gates are, however, greater than those for
underflow alone, other conditions remain the same. Similar results were obtained for the
variation of pressure fluctuation coefficient,  Cp′t , on gate top as shown in Fig. 10. As
can be seen, the coefficients Cp′t are  always higher for simultaneous underflow-
overflow which indicates the effect of interaction and coupling. Figures 12 &13 also
show the variation of gross force fluctuation coefficients on gate bottom and top due to
simultaneous underflow-overflow and revealed that both CF′b and CF′t are larger for si-
multaneous underflow-overflow than those of underflow or overflow alone indicating
the effect of both interaction and coupling. It may also be mentioned here that the simul-
taneous flow cases  have other variables such as a0/b and Fg besides those for overflow
alone and the separate influence of each of these parameters was not isolated in the
above figures. The quantification of the effect of coupling during simultaneous condi-
tions is thought to be essential for better understanding. In order to isolate the effect of
interaction and coupling as well as quasi-resonance effects during simultaneous under-

FIG. 9. Variation of magnification due to interaction, M  with Fg.
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flow-overflow. The magnitudes of force fluctuation coefficients CF′b or CF′t were com-
pared with those of individual underflow or overflow alone on gate bottom or top re-
spectively. For quasi-resonance, the natural frequency of the gate (fg) was compared
with the dominant frequencies of force fluctuations (fd) as well as their peak values of
spectral energies (sf).

FIG. 10. Comparison of Cp′ 
b variation with x/b on gate bottom for simultaneous underflow-overflow with un-

derflow alone for vibrating gate.

FIG. 11. Comparison of Cp′ 
t  with x/b for simultaneous underflow-overflow with overflow alone on gate top.
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Earlier while studying the variation of Cp′b , Cp′t and CF′ t for both simultaneous un-
derflow-overflow and underflow or overflow alone for vibrating gates in previous sec-
tion, it was brought out that these coefficients are magnified appreciably for simultane-
ous cases than those of underflow or overflow alone. In other words, there is coupling
of underflow on overflow and vice versa during simultaneous cases of flow conditions.
It may be interesting to study the magnification factors for the peak values of the coeffi-
cients, Cp′p  m   , Cp′t   m  , CF′b  m   and CF′t   m with the relevant parameters such as Fg on gate bot-
tom  and hg/b on gate top. The magnification factors, 

Mbp [ = Cp′b  m for simultaneous case / Cp′b  m for underflow alone] of Cp′b  m on gate bottom,

MbF [ = CF′b  m for simultaneous case / CF′b  m for underflow alone] of CF′b  m on gate bottom,

Mtp [ =  Cp′t  m for simultaneous case / Cp′t  m for overflow alone] of Cp′t  m  on gate top and

Mtf [ = CF′t  m for simultaneous case / CF′t  m  for overflow alone] of CF′t  m on gate top.
These values were obtained from the experimental data for the cases of underflow, over-
flow and simultaneous underflow-overflow.

FIG. 12. Comparison of CF′ 
b with a0/b for simultaneous underflow-overflow with underflow alone.

FIG. 13. Comparison of CF′ 
t  with hg/b for simultaneous underflow-overflow with overflow alone on gate
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FIG. 15. Magnification of CF′ 
b  for simultaneous underflow-overflow to underflow alone showing coupling effect.

Figure 14 shows the magnification of pressure fluctuation on gate bottom with Froude
number indicating that almost all the data for simultaneous conditions have a Mbp value
higher than unity demonstrating coupling effect. While Fig. 15 presents the variation of
magnification factor for force fluctuation on gate bottom during simultaneous conditions
revealing that two cases lie on the same level which are slightly above the unity line indi-
cating coupling effect only, also, one value for MbF lies above all showing large magnifi-
cation which is due to quasi-resonance as well as coupling effects. The variation of mag-
nification factors of pressure fluctuation, Mtp with hg/b on gate top for simultaneous
cases are shown in Fig. 16 and it is observed that all the values lie above the unity line
demonstrating coupling effect. Figure 17 shows the variation of MtF with hg/b on gate
top for simultaneous underflow-overflow. It reveals that four values of MtF are slightly
above the unity line and almost lie on the same level indicating that the magnification is
due to coupling only, while two values lie at significantly higher levels than those of oth-
er cases demonstrating the effect of quasi-resonance as well as coupling.

FIG. 14. Magnification of Cp′ 
b  for simultaneous underflow-overflow to underflow alone showing coupling effect.
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FIG. 16. Magnification of Cp′ 
t  for underflow-overflow to overflow alone showing coupling effect.

FIG. 17. Magnification of CF′ 
t  for simultaneous underflow-overflow to overflow alone showing coupling ef-

fect.
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Conclusion

1. The coefficient of pressure fluctuation Cp′b on gate bottom at gate opening ratio,
a0/b, equals to 0.6 to 0.7 due to flow separation and reattachment. The coefficients of
pressure fluctuation, Cp′b   , and force fluctuation, CF′b , on gate bottom for underflow
have been found to be much larger for vibrating gate compared to the stationary one sig-
nifying the effect of interaction.

2. For simultaneous underflow-overflow, the coefficients of pressure and force fluc-
tuations are considerably higher for both on gate bottom and top compared to corre-
sponding values for underflow or overflow alone, which are due to coupling effect.

3. The effect of coupling or interaction seems to be further magnified, if and when,
dominant frequency of force fluctuations is close to the natural frequency of the gate re-
sulting in quasi-resonance.
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Notations

a0 gate opening.
b gate thickness
B gate width.
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CF′ coefficient of force fluctuation.
CF′ 

b CF on gate bottom.
CF′

t CF on gate top.
Cp″ pressure fluctuation coefficient.
Cp′ 

b Cp on gate bottom.
CF′ 

t Cp on gate top.
F force.
f1-f4 functions.
F mean force.

RMS value of force fluctuation
Fg Froude number for underflow below the gate.
fd dominant frequency of force fluctuations.
fF frequency of force fluctuation data.
fg gate natural frequency.
g acceleration due to gravity.
H1, H2 upstream and downstream heads.
hg overflow head.
m peak value.
M magnification factor.
p the pressure.

RMS value of pressure fluctuation.
Sf spectral energy.
v1 velocity under the gate.
x location point of pressure measurement.
γ unit weight of water.
η dynamic parameter.
ρ mass density of fluid.

F
2

′p 2
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