Journal of Applied Mechanics and Technical Physics, Vol. 49, No. 6, pp. 926-933, 2008

BORE IMPACT ON A VERTICAL PLATE

V. I. Bukreev and V. V. Zykov UDC 532.532.4+532.59

This paper describes the technique and results of an experimental study of the longitudinal force
component, the vertical coordinate of its application point, and the overturning moment for the
impact of a bore on a vertical plate. The bore was generated by removal of a shield which produced
the initial free-surface level difference in the channel (in the model formulation of the dam-break
problem). It is shown that the greatest forces and overturning moments occur at the ratio of the
initial headwater and tailwater levels at which a bore with a developed head roller is formed.
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Introduction. The term bore is used to refer to a moving hydraulic jump [1]. Waves of this type are
produced by dam break, tsunami entering shallow water, high tidal waves entering a river, large bodies falling on
shallow water, bank landslides, rapid stop of a container partially filled with a fluid, and other intense perturbations
of fluid of finite depth. A review of studies devoted to the force exerted by small-amplitude, standing, solitary, and
wind waves is contained in [2]. Investigation of the force exerted by bore type waves is at an early stage.

The present paper deals with bores formed upon rapid removal of a vertical shield which produces the initial
free-surface level difference in a rectangular channel with an even horizontal bottom. In this model problem of full
dam break, the kinematic characteristics of the waves have been studied well both theoretically and experimentally.
In particular, the corresponding analytical solutions based on the first shallow-water approximation are given in [3,
4] and the results of a detailed experimental verification of these solutions are reported in [5, 6].

Bore impact on a vertical wall was studied in [7, 8], where bores were also generated by removal of a shield
producing the initial free-surface level difference in a rectangular channel. However, the channel had an inclined
bottom and a relatively small length. As a result, the kinematic characteristics of the bore in experiments [7, 8]
differed from theoretical dependences [3, 4].

The main goal of the present study was to add to available experimental information on the force action
of bore type waves. It is important that, in a certain time interval, the kinematic characteristics of the waves
incident on an obstacle are accurately described by analytical solutions [3, 4]. Additional experimental data were
also obtained on the effect of the free surface on the body drag under steady-state and unsteady conditions.

Kinematic Characteristics of Incident Waves. A diagram of the experiment, the basic notation, and
the motionless coordinate system used are shown in Fig. 1. The dam-break problem splits into the cases of the
initially dry (h+ = 0) and flooded (h4 > 0) tailwater bottom [4] (h— and h4 < h_ are the initial headwater and
tailwater depths of quiescent fluid, respectively). The wave propagation characteristics over a dry bottom differ
significantly from those over a flooded bottom [5, 6]. In the present paper, the wave impact in the case of a dry
bottom is not considered. A distinction is also made between the nonsubmerged and submerged states of head and
tail conjugation after removal of the shield. According to theoretical studies [3, 4], the nonsubmerged state occurs
at hy < 0.138h_, which is confirmed by experiments [5, 6]. In the present paper, both states are considered.

The theoretical free-surface profile [3, 4] some time after removal of the shield is shown in Fig. 1. A level-
depression wave propagates downstream, and a discontinuous wave propagates upstream. The following notation
is used: cg is the propagation speed of the level-depression wave; D is the propagation speed of the discontinuous
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Fig. 1. Experimental setup: 1) channel bottom; 2) theoretical free-surface profile; 3) plate.

waves; hy and Up are the fluid depth and velocity behind the leading edge of the wave; ¢; is the propagation
speed of the point at which the level-depression wave becomes the discontinuous wave. The theoretical wave profile
depends only on the ratio 2/t (the corresponding formulas are given in [3, 4]). If the length and width of the
channel are infinite, the above-mentioned kinematic characteristics of the theoretical wave do not depend on time
and are determined by three specified parameters of the problem: h_, hy, and the acceleration due to gravity g.
These parameters can be integrated into only one dimensionless complex h /h_. The free dimensional parameter g
determines the characteristic velocity and time scales of the processes considered.

The longitudinal coordinate of the flow cross section at which the level-depression wave becomes the dis-
continuous wave is given by the relation x; = ¢1t (see Fig. 1). If x; > 0, the state of head and tail conjugation
is nonsubmerged, and if z; < 0, the state of head and tail conjugation is submerged. At z; = 0, the critical
depth h. = 4h_/9 and the critical velocity u. = 2(gh_)'/2/3 are established at the shield location. In the non-
submerged and critical states, the specific discharge of the fluid moving downstream is ¢ = 8(gh_)3/?/27 (per unit
width of the channel), and its specific energy is e = h, +u2/(2g) = 2h_ /3 (per unit mass of the fluid).

Experimental and theoretical bores have a number of differences. At the leading edge of the theoretical
bore, the fluid velocity, depth, and pressure change suddenly. In reality, the change of these parameters from one
constant values to others occurs in the interval Az &~ 5(hy — hy) [9]. There are five versions of the experimental
bore [1] that differ, in particular, in the degree of development of undulations — gradually degenerating oscillations
in the free-surface level behind the leading edge [10]. The degeneration of these nonlinear oscillations is due to
the dispersion of gravitational waves. The first shallow-water approximation does not describe wave dispersion and
undulations. The present experiments studied the force action of all versions of the experimental bore.

Experiments [6, 11, 12] have shown that the initial stage of the decay of the free-surface level discontinuity
is not described in the classical first approximation of shallow-water theory; therefore, theoretical solutions [3, 4]
are applicable only at a distance downstream of the shield location. In the present work, the value of xy was chosen
large enough so that the parameters hy, Uy, and D; differed from their experimental analogs by not more than 4%.

Experimental Technique and Result Processing. The experiments were performed in a rectangular
channel of length 8.2 m, height 0.23 m, and width B = 0.2 m with an even horizontal bottom. The initial free-
surface level difference H = h_ — h; was produced by a flat shield located at the channel cross section x = 0. At
some time ¢, the shield was removed vertically upward. The lower edge of the shield left water in no more than
0.04 sec.

A vertical plate of width b = 3 cm and thickness 6 = 0.4 cm (see Fig. 1) was located in the tailwater at
identical distances from the side walls of the channel and at a distance 2o = 1.4 m downstream of the shield. In all
experiments, the height of the plate exceeded the greatest height of fluid rise on the frontal face.

Generally, the hydrodynamic force acting on an obstacle has three components. The coordinates of the
point of its application are unknown. In this work, only the longitudinal component of the force F' and the vertical
coordinate of the point of its application zp were studied (see Fig. 1). The influence of the other components of the
force was eliminated by suspending the plate in the manner shown schematically in Fig. 2.
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Fig. 2. Diagram of suspension of the plate: (a) suspension of the plate on a horizontal axis of rotation
[channel bottom (1), axis of rotation (2), plate (3), and force transducer (4)]; (b) suspension of the
plate on a vertical axis of rotation [side wall of the channel (1), axis of rotation (2), plate (3), and
force transducer (4).

Figure 2a shows the section of the measuring system by the longitudinal plane of symmetry of the channel.
In this case, the plate is suspended on the horizontal axis of rotation parallel to the y axis and has only one degree of
freedom — rotation in the longitudinal direction which is prevented by the rigid force transducer. The parameters
zo and zp given in Fig. 2a are specified, and the force acting on the transducer P; is measured. The condition of
equality of the moments of the forces with respect to the axis of rotation leads to the equation

(20 — zr)F' = (zp — 20) 1, (1)
which contains two unknown values F' and zp. Additional data can be obtained by three methods, in each of which
experiments should be performed under the same conditions.

In the first method, two experiments are performed with only the coordinate zg being varied. If in the

second experiment, zp = zg1, the transducer records the force Py;. Then, for F' and zp, we obtain the independent
equation
(zo1 — zr)F = (zp — z01) P11

In the second method, successive approximations are used to find the value of zy5 = zp at which the force
acting on the transducer P, = 0.

In the third method, the force F' is measured directly. The corresponding measuring system (top view) is
shown in Fig. 2b. The plate is fixed on a vertical axis of rotation parallel to the coordinate axis z by means of
a cantilever located above the channel. The axis of rotation is shifted transversely by a distance yp relative to
the vertical axis of symmetry of the plate, and the transducer is shifted by a distance yp relative to the axis of
rotation and measures the force P,. The condition of equality of the moments of the forces with respect to the axis
of rotation leads to

F = Poyp yr. (2)

In the present work, experimental data were obtained using Eqgs. (1) and (2). All elements of the measuring
system were outside the flow and did not cause additional perturbations. The other methods were used for control.

The force was measured by a Honeywell transducer with a linear static calibration characteristic and a natural
frequency of about 100 kHz. The frequency characteristic of the entire measuring system is determined primarily
by the natural frequency wg and the damping decrement « of plate oscillations in the fluid. These parameters were
determined as follows.

The plate placed in a quiescent fluid at a specified depth was subjected to a short-term impact. As a result,
the impact pulse reached the input of the measuring system. We recorded the response of the system to this impact
Y (t), where ¢ is time. This response is described by the function [13]

Y (t) = aexp (—at) sin (t\/w(z) —a?).
The parameters wy and « of the function Y (¢) depend on the depth of immersion of the plate in water. The values
wop = 80 rad/sec and a = 2.9 sec™! were obtained under conditions of the greatest frequency distortions. Spectral
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analysis of the forces showed that, for such values of wy and «, the error due to frequency distortions, did not exceed
0.5%.

The depth of the flow incoming on the plate as a function of time h(t) was measured by wavemeters using the
technique described in [6]. The frequency characteristics of the wavemeters were determined from their sinusoidal
oscillations in the quiescent fluid at various frequencies. For the wavemeters, the values wy = 36 rad/sec and
a = 22 sec”! were obtained. Spectral analysis of the incident waves showed that the wavemeters did not cause
frequency distortions.

In the absence of the plate, the fluid flow velocity u(z,t) at @ = x¢ and y = 0 was measured by the so-called
PIV method using Dantec Dynamics equipment. We will further use information only on the time-independent
velocity U,s averaged over z at a distance behind the leading edge of the bore at which the flow is steady-state.

Generally, the parameters F' and zp (see Fig. 1) depend on t, xo, B, h—, hy, b, g, the density p, and the
dynamic fluid viscosity p. If the parameters h_, g, and p are used as characteristic scales, then in experiments, the
examined functions F' and zp will depend on the following dimensionless arguments:

g )1/2 0o T o B o hy 0 b g2 H?/?
T t(h, , T o B hy o b B Re 3

Here v = p/p is the kinematic viscosity; Re is the Reynolds similarity criterion determined using the specified initial
level difference H and the characteristic initial fluid velocity V' = (¢gH)'/2. Below, we will use the dimensionless
complex Re = Ub/v. In addition to the specified parameters b and v, it contains the incoming-flow velocity U,
which also depends on the specified parameters, in particular, the similarity criterion Re. Complexes of this type
are called numbers. In our case, the complex Re is the Reynolds number.

In the problem considered, the set of similarity criteria is interesting in that it contains only one element
Re dependent on fluid viscosity. In the cases where the viscosity effect can be ignored, the results of laboratory
experiments can be extended to full-scale conditions with only geometrical similarity taken into account. Experi-
ments [5, 6] have shown that for the kinematic characteristics of the waves considered, this is valid for B/H > 0.8
and Re > 3.5 - 10%. In the present work, these conditions are satisfied.

As regards the influence of fluid viscosity on the force action of the waves, we note the following. In the case
of unbounded steady-state flow over a body, the expression for the total drag includes two terms: the friction drag
due to viscosity and the vortex drag dependent on the body shape. For a plate, the second term is much larger
than the first [14]. In the case of unsteady flow, one more term dependent only on the inertia of the incoming flow
is added. The assumption of a weak influence of viscosity on the drag force at large Reynolds numbers is indirectly
supported in the present work.

Results of Experiments. Figure 3 shows the profiles of the waves incident on the plate recorded by a
motionless wavemeter located at the section @ = xo [t = (t — t0)(g/h-)"/2, h° = h/hy B = hy/h_, where t is
the reference time chosen arbitrarily and different in different cases]. Some time after the removal of the shield, the
wavemeter records a constant value of the initial tailwater depth. An increase in the depth is observed beginning
at the moment the wave arrives at the point x = xy.

In Fig. 3, it is evident that the head of the waves considered differs from the head of the theoretical wave
shown in Fig. 1. However, the fluid depth reaches a constant value h,. In theoretical studies [3, 4], the same
parameter was the constant depth h{ = h;/h_ which was established instantaneously and depended only on the
parameter h?r = hy/h_. Curve 1 in Fig. 3 refers to the range of values of h(jr for which the wave head has the form
of a classical hydraulic jump with a developed roller and negligibly small undulations. Curve 2 in Fig. 3 refers to
the value of hY for which undulations prevail and the roller at the leading edge is developed only slightly. Above a
certain value hY, the waves take the form of a smooth undular bore (curve 3 in Fig. 3).

Figure 4 shows the dimensionless force F° = 2F/(pgbh? ) versus t°. The time reference is arbitrary. After the
passage of the wave head, the force reaches the constant value F,s dependent on hi. During the time of existence
of unsteady flow, the behavior of the force is determined by the form of the incident-wave head. If the head has
the form of a hydraulic jump with a developed roller (curve 1 in Fig. 3), the force reaches a constant value after
irregular fluctuations (curve 1 in Fig. 4). If the incident wave is dominated by undulations (curves 2 and 3 in Fig. 3),
the fluctuations of the force have a regular nature and follows in frequency the depth variation (curves 2 and 3 in
Fig. 4).
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Fig. 3. Results of depth measurements at hY = 0.186 (1), 0.419 (2), and 0.605 (3).
Fig. 4. Results of force measurements at h% = 0.186 (1), 0.419 (2), and 0.605 (3).

Fig. 5. Flow over the plate at h% = 0.186: (a) initial stage; (b) steady-state regime.

The flow pattern over the plate is presented in Fig. 5. Figure 5a corresponds to the time when the bore
with a developed head roller begins to flow over the plate, and Fig. 5b to the moment when the force reaches the
asymptotic value.

On the frontal face of the plate, the free-surface level increases, and on the rear face it decreases, resulting in
generation of waves similar to ship waves. In the vicinity of the plate, oblique waves prevail. The level depression
is also retained at some distance downstream of the plate in an internal region bounded by oblique waves. Further,
the free-surface level is almost restored to its value at a large distance upstream, and the waves become weak.

Figure 6 shows curves of the asymptotic Fys and maximum Fi .y forces versus the parameter h9r (for better
illustration, the force are presented in dimensional form). The experimental points were obtained by the method
described above, in which F' was measured separately from zp [see Fig. 2b and formula (2)]. The dimensionless
coefficients of the forces are considered below.

Curves of the coordinate of the point of application of the force on hY are given in Fig. 7 [h§ 5 = h1/(2h_) is
the dimensionless half of the depth hy behind the theoretical wave front; 20 and 20 are the experimental coor-
dinates of the points of application of the forces Fps and Fiax normalized by h_]. Curve 1 is calculated using the
algorithms given in [4], and curves 2 and 3 are obtained using formula (1). The force F was specified by analytical
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Fig. 6. Asymptotic (1) and maximum (2) forces versus parameter hY: points correspond to the
experiment, and curves to the results of approximation by the Gauss function of errors.

Fig. 7. Theoretical depth of the incoming flow (1) and the vertical coordinates of the points of
application of the asymptotic (2) and maximum (3) forces versus parameter hY.
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Fig. 8. Asymptotic (1) and maximum (2) overturning moments versus parameter hJ..

expressions corresponding to curves 1 or 2 in Fig. 6. The force P; in the computation formula (1) was measured in
a repeated series of experiments using the setup shown schematically in Fig. 2a. The values of the force P; obtained
by approximation of experimental data by the Gauss error function were substituted into formula (2).

In Fig. 7, it is evident that the point of application of the force is above the half-depth of steady-state
incoming flow established at a large distance from the leading edge of the bore. This agrees with the features of the
free-surface flow over the plate (see Fig. 5).

The analytical dependences obtained by the approximation were used to calculate the characteristic values
of the overturning moment acting on the cylinder M,s = Faszas and Max = FinaxZmax (see Fig. 8).

In the case of steady-state flow, the drag force of the plate Fj is represented in the following form [2, 14]:

F, = CypblU?/2.

Here U is the incoming-flow velocity, [ and b are the length and width of the plate, and Cj is the dimensionless
drag coefficient. If the incoming flow is unsteady, at least two coeflicients are used, as, for example, in the Morison
formula [2]:

Cspbl|U|U 72l OU

Ch ;
9  TO

where [}, is the unsteady drag force and C), is the coefficient characterizing the inertia of the incoming flow.

In unbounded incompressible fluid flow, the coefficients Cs and C,, depend on time, the relative plate
length 1/b, the Reynolds number Re = Ub/v, and the Strouhal number Sh = UT/b (T is the characteristic time
scale). The presence of the free surface significantly complicates the problem. In this case, it is necessary to take
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Fig. 9. Coefficients of the forces versus parameter h: curves 1, 2, and 3 refer to Cas, Cmax, and
C, respectively.

Fig. 10. Coefficients of the overturning moments versus parameter hg_: curves 1 and 2 refer to K.s
and Kmax, respectively.

into account the influence of the Froude number Fr = U?/(gh) (h is the incoming-flow depth) and the fact that the
parameters U, T, and h = [ depend on the type of waves.

Bearing in mind that unsteady flow occurs only at the relatively short head of bore waves, we introduce the
following time-independent coefficients to make the forces and the overturning moments dimensionless:

2Fas Fmax 2Mas Mmax
Con = pbh U}’ Cona = Fos ' fra = pbhiU?’ Fomax = Mas
The first of these coefficients, which is similar to the standard drag coefficient Cj, uses the fluid depth and velocity
in the time interval in which the incoming flow is steady-state. The remaining coefficients are specific to the problem
considered. In particular, the last two coefficients are meaningful only for the overturning moment with respect to
the channel bottom.

The definitions of the above coefficients use the theoretical quantities h; and Uy, which, as noted above,
are slightly different from the experimental quantities h,s and U,s. The differences between the theoretical and
experimental depths and velocities are allowed for in empirical coefficients for the forces and moments.

Figures 9 and 10 show experimental curves of the coefficients of the forces and the overturning moments versus
the parameter hY in the following ranges of other parameters: 0.021 < Fr = UZ/(gh1) < 0.700, 3.5 < hy/b < 6.3,
and 3.8 -10* < Re = bU; /v < 9.5-10% Curve 3 in Fig. 9 corresponds to the value of the drag coefficient of the
plate in unbounded steady-state flow Cs = 2 [14]. The data in Fig. 9 show that, in the asymptotic regime, the drag
coefficient of the plate C,s slightly exceeds the drag coefficient Cs in the case of unbounded steady-state flow. In
addition, the coefficient C,g depends weakly on hg_, and hence, on the Reynolds number Re and the Froude number
Fr, which, in the problem considered are uniquely related to h(}r.

In free-surface flow, the total drag is due to forces of the viscous, vortex, and wave natures. The weak
dependence of the coefficient C,s on Re is a consequence of the weak influence of fluid viscosity, and the weak
dependence on Fr indicates that an increase in the wave drag is accompanied by almost the same decrease in the
drag due to the pressure gradient on the frontal and rear faces of the plate. The wave drag is determined by the
free-surface level difference on the plate (see Fig. 5): the larger the difference , the greater the wave drag. However,
in this case, part of the rear face of the plate is in air, resulting in a decrease in the pressure difference on the frontal
and rear faces compared to the case of unbounded flow.

Conclusions. The experimental data obtained show that the maximum value of the force can exceed its
asymptotic value by a factor of 2.7 (see Fig. 9). A significant excess is observed in the range of hg_, in which the
incident wave has the form of a smooth undular bore. However, one should take into account that in this range of
h(jr, the values of the forces (see Fig. 6) are relatively small. The most significant force is exerted by a bore with a
developed head roller. A similar result is obtained for the overturning moments (see Figs. 8 and 10).

This work was supported by the Russian Foundation for Basic Research (Grant No. 07-01-00015) and Inte-
gration Project of the Russian Academy of Sciences No. 4.14.1.
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