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The details of flow at the tip of a viscous swash front are important to describe the propagation of the wave, the
bed shear and to estimate material transport rates and impact forces. This paper presents novel experimental
data illustrating the convergence of fluid at swash fronts generated by dam-break flows. Very viscous fluids (de-
tergents) were used to slow the flow sufficiently to enable video tracking of particles on the free surface and
within the interior of the flow. The experiments were performed both up a slope and on a horizontal bed. The
particle tracking shows that surface particles travel faster than the mean flow, converge on the swash tip and
then rapidly decelerate, a process that will induce a high bed shear stress at the swash tip as observed in recent
experiments. Particles also converge on thewall boundaries because of the no-slip condition. A simple analytical
model is developed to estimate the ratio of the velocity of surface particles and thewave front. For laminar flows,
this ratio is found to be 3/2, independent of the bed slope and flow depth, and is in good agreement with the ex-
perimental data. The samemodel approach suggests a ratio of 8/7 for turbulentflows. Thisflowconvergence does
not appear to be included in either analytical modeling of the tip region or in basal resistance laws for the swash
front and would modify the momentum equation at the swash tip [c.f. Hogg and Pritchard, 2004] and the kine-
matic boundary condition at the shoreline. The flow convergence is consistent with observations of the behavior
and build-up of buoyant debris at the leading edge of tsunami wave front and can be observed in natural swash
flows on beaches.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

More accurate descriptions of the flow details at the tip of a swash
front are of relevance for improving models for the propagation of
waves on beaches and in dam-break flows, for determining the
basal resistance in the tip region, and for estimating sediment trans-
port rates and impact forces (Emmett and Moodie, 2008; Hogg and
Pritchard, 2004; Othman et al., 2014; Yeh, 2006). Current models,
based around the application of an empirical semi-analytical force
balance (Hughes, 1995; Puleo and Holland, 2001) or the non-linear
shallow water equations assume that the wave-tip region propa-
gates as a solid tip with a uniform flow in the region immediately
behind the tip (Chanson, 2006; Whitham, 1955). This assumption
also leads to the assumption that the kinematic condition at the
wave tip (shoreline) is that fluid particles at the shoreline stay at
the shoreline, or equivalently that the velocity of the shoreline and
fluid velocity are equal at the shoreline (e.g., Brocchini et al., 2002),
which is the most widely adopted shoreline boundary condition for
coastal numerical models. The effects of resistance are modeled
with a friction coefficient that is applied to the interface between
ng, University of Queensland,
the wave and the bed. The effect of this simplification is that the
surface particles propagate at the celerity of the swash tip, as does
the momentum. In practice, there is shear in the velocity profile
and a boundary layer occurs at the front (Ancey et al., 2009, 2012;
Andreini et al., 2012; Hogg and Pritchard, 2004).

Both swash anddam-breakwave fronts are one class of awide range
of shallow water flows which are influenced by friction, see Chanson
(2006) for a comprehensive review. However, direct measurements of
the shear stress at the tip of swashwave fronts do not show good agree-
mentwith conventional friction coefficients (Barnes and Baldock, 2010;
O'Donoghue et al., 2010); the shear stresswithin the tip region is partic-
ularly high and then decreases very rapidly away from the front. Barnes
and Baldock (2010) suggested that this might be because the no-slip
condition at the bed leads to flow convergence at the swash tip, which
is then overrunby thefluid behind. Thismechanismwill lead to the con-
stant injection of high momentum fluid into the boundary layer at the
swash tip, potentially generating high bed shear stresses.

Prior studies have shown that dam-break velocities increase non-
linearly away from the bed (e.g., Ancey et al., 2009, 2012; Andreini
et al., 2012; Hogg and Pritchard, 2004). Here we show that this vertical
flow structure in a dam break leads to convergence near the leading tip.
While a non-uniform velocity profile does not necessarily ensure flow
convergence, with hindsight, flow convergence can be readily inferred
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from such prior observations. However, we are unaware of previous
experiments that present observations of such flow convergence, or a
simple theory to determine the rate of convergence.

This paper considers this issue and presents new experiments that
aim to illustrate the details of the flow at the tip of a viscous wave
front induced by dam-break swash flows. Inspired by observations of
the creeping and rolling motion of lava flows (see e.g., Griffiths, 2000),
very viscous fluids (detergents) are used to slow the flow sufficiently
to enable video tracking of particles on the free surface and within the
interior of theflow. An analytical description of rate of flow convergence
at the wave front is developed, and is compared to the measured data,
with good agreement. This provides a basis for extrapolation to turbu-
lent flows inwater. The paper is organized as follows. Section 2 outlines
a new theoretical analysis to predict the rate of flow convergence
toward the tip, which is found to be consistent with the viscous flow
solution of Huppert (1982). Section 3 presents the details of the exper-
imental setup and particle tracking technique. Results, including photo-
graphs and particle trajectories are summarized in Section 4. Final
conclusions follow in Section 5.

2. Theory

The present work is concerned with the flow on the free surface of
the fluid and in the interior of the flow, rather than the details at the
contact line. Consequently, it is not necessary to consider the contact
line dynamics for an overall description, consistent with the approach
of Huppert (1982). The key assumption is that there is a quasi-steady
self-similar flow condition at the swash front, defined in Fig. 1. With
this assumption, from continuity, and with discharge per unit width
q(x), the tip celerity, c, will be equal to the mean flow velocity behind
the front, u:

q xð Þ ¼
Z h

0
udy ¼ ch ¼ uh: ð1Þ

Viscous basal dragwill result in a non-uniformvelocity profile. Taking
zero shear stress on the free surface yields a parabolic velocity profile for
a laminar flow of fluid with density ρ, and dynamic viscosity, μ:

u yð Þ ¼ 1
2μ

ρg sinα h2−y2
� �

ð2Þ

with y measured downward and perpendicular to the free surface.
Substitution into Eq. (1) gives the mean velocity

u ¼ ρg sinαh2

3μ
¼ c: ð3Þ

The velocity of surface particles is obtained from Eq. (2) with y=0.
Taking the ratio of the velocity of the surface particles, Us, to the mean
flow velocity or the tip celerity gives:

Us

c
¼ Us

u
¼ 3

2
ð4Þ

which is independent of the bed slope and the flow depth and is a well-
known result for uniform free surface laminar flows. The surface
curvature can be accounted for by including a correction term of −cot
α ∂h / ∂x in Eq. (2), e.g., Ancey et al., 2012; Hogg and Matson, 2009.
c h

y

xα z

Fig. 1. Definition sketch and the coordinate system for a wave front progressing up slope.
However, on integration, the same term occurs in Eq. (3) and therefore
cancels in Eq. (4), giving no change in the rate of convergence. It should
be noted that very close to the intersection of the wave tip and the bed
the assumption of a shallow flow with negligible vertical component
becomes invalid, and the horizontal velocity will reduce compared to
the theoretical laminar solution. This can be observed in the data of
Andreini et al. (2012). A power law can be used as an alternative
(approximation) for parabolic or logarithmic boundary layer profile,
which simplifies the algebra in the latter case. Taking z measured per-
pendicular upward from the bed,

u
Us

¼ z
h

� �1=n ð5Þ

yielding

u ¼ Us
n

nþ 1
ð6Þ

and hence

Us ¼ c
nþ 1
n

: ð7Þ

For n=2, Us = 3/2c, corresponding to laminar flows, and for n=7,
Us = 8/7c, corresponding to higher Reynolds number turbulent flows
(e.g., Daugherty, 1977). Therefore, while it is well known that surface
particles travel faster than themean flow in steady flows, it is the appli-
cation of this principle at the swash tip that is relevant here, and which
yields a near constant relative velocity between the surface particle and
the swash tip, the magnitude of which is controlled by the shear in the
velocity profile. Clearly, the relative velocity between the fluid particles
and swash tip then depends on the elevation of the fluid within the
boundary layer. Basal fluid is left behind the wave front, whereas fluid
near the surface converges on thewave front. As a uniform velocity pro-
file is approached, the surface velocity approaches the mean velocity
(and the tip celerity), which is the conventional model assumption for
the leading edge of swash (Hogg and Pritchard, 2004) and dam-break
flows (e.g., Chanson, 2006; Whitham, 1955).

Huppert (1982) provided a laminar solution for the far field swash
tip position for the problem of a viscous wave front, in that instance
propagating downslope:

xtip ¼ Dt1=3; D ¼ 9A2g sinα
4υ

 !1=3

ð8Þ

where A is the initial cross-sectional area of the flow and ν is the kine-
matic viscosity. The swash tip speed can be derived as:

dxtip
dt

¼ 1
3
Dt−2=3

: ð9Þ

Huppert (1982) also provides an expression for the depth just be-
hind the swash tip, but not for the surface velocity or the flow profile:

htip ¼ 1:5A
xtip

: ð10Þ

However, Huppert's governing equation is the exact laminar form of
theNavier–Stokes equation, so it is assumed here that the surface veloc-
ity in that solution is again given by Eq. (2). Combining Eqs. (2), (8), (9)
and (10) givesUs/c=3/2, as before, and independent of slope. Thus, the
solutions are consistent and Eqs. (4) and (7) are expected to hold
regardless of slope and viscosity. Ancey et al. (2009) provide amore de-
tailed solution for the position of the wave tip and flow depths, includ-
ing the shape of the surface in the swash tip, which tends quickly to a
self-similar shape. Thus the approximation of a quasi-steady self-
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similarwave front (Fig. 1) in amoving reference frame appears justified.
Note that the boundary layer profile may differ from that assumed in
Eq. (2) or Eq. (5), e.g., forwave fronts propagating overmobile sediment
beds, or very close to the wave front (Ancey et al., 2012), changing the
value in Eq. (4) or Eq. (7), but the principle remains the same.

For a non-uniform velocity profile, the true momentum flux is simi-
larly greater than that based on the mean flow velocity. Therefore, for a
steady tip velocity, c=u, an excess flux of momentum enters the tip re-
gion compared to that based on themean flow rate. This excess is given
by the usual momentum correction coefficient for shallow water flows
(e.g., Hogg and Pritchard, 2004).

β ¼ 1
hu2 : ð11Þ

For a parabolic laminar flow profile given by Eq. (2), β=6/5, and for
a power law profile given by Eq. (5), β ¼ nþ1ð Þ2

n nþ2ð Þ : For a turbulent 1/7
power law, β= 1.015. In both cases, the momentum is advected faster
than the mean flow, leading to the injection of fluid with a higher mo-
mentum toward the fluid tip and toward the bed boundary (Barnes
and Baldock, 2010), providing a mechanism for the relatively high
sheer stresses observed at the leading edge of swash flows (Barnes
et al., 2009; O'Donoghue et al., 2010).

3. Experiments

3.1. Apparatus

To study the flow convergence at the swash tip, experiments were
performed in a dam-break flume that measured 0.4 m deep, 0.4 m
wide and 3.0 m long (Fig. 2), with glass sides and a PVC bed. A lever
operated gate, positioned normal to the bed, divided the flume into a
1.01m long reservoir and a 2m long ‘dry’ flat bed. To obtain the desired
gradient, α, of the flume, thewhole flume pivots about the downstream
end, and a pulley system was used to raise and lower the flume. A
pivoting handle was attached to the gate, and this enables the gate to
open to a height of 0.2 m in about 0.15 s, which provides near instanta-
neous release conditions. The edges and base of the gatewere linedwith
a silicon seal built in-situ around the gate. Together with the addition of
some silicon grease, this ensured an excellent nearwatertight sealwith-
out any protruding elements in the flow. Experiments could therefore
be performedwith “dry” (zero fluid depth) bed conditions downstream
from the gate. Two digital video cameras (Panasonic NV-GS300; Canon
IXUS 801S; 720 by 576 pixels) were used to capture the propagation of
the viscous swash tip and tracer particles. The cameras sampled at 25
and 30 Hz and were mounted looking side-on to the flume (with over-
lapping field of view if necessary) and looking top-down and front on,
with both focused on the swash tip and the region immediately behind
ELEVATION VIE

2000mm

Direction of Flow
Reference Grid 
(20mmx20mm)

Fig. 2. Schematic of d
the tip. PIVwas not adopted due to the requirement to track surface par-
ticles, the lack of transparency of the Newtonian fluid, and the need to
track the same particle over distances of order 1–2 m.

Two types of detergentwere used in the experiments, one detergent
being transparent to enable tracking of particles within the interior of
the fluid. Table 1 provides a summary of the fluid properties of the de-
tergents usedwith reference to thematerial safety data sheets. The den-
sities of the detergents are of the same order as water and their surface
tension is lower. Therefore, the primary difference in the fluid proper-
ties compared to water is viscosity, as intended. The majority of the ex-
periments were performed with the (green) lower viscosity detergent,
which is a Newtonian fluid. Unfortunately, a clear detergent with simi-
lar properties could not be obtained in bulk in the required quantities.
Selected experiments were performed with the clear detergent to
track particleswithin the body of theflow and at the flume bed. Howev-
er, given the much higher viscosity of this detergent, the same tests
could not be reliably repeated using both detergents, sowe cannot com-
pare identical paths of surface particles and interior particles for the
same tests. This detergent also exhibited non-Newtonian behavior at
higher shear rates, however, it is not anticipated that this significantly
alters the conclusions drawn from the data. Temperature variations
within the fluids during the experiments were less than 4 °C.
3.2. Experimental procedure

The flume was set to the desired angle of tilt and the reservoir was
filled to the required level, with the depth of fluid in the reservoir at
the gate (do) measured perpendicular to the bed. Most tests were per-
formed with an upward tilt, to further slow the propagation speed of
the tip. This also avoided overtopping of the detergent at the end of
the flume and the need to collect and recycle the detergent back into
the flume, which introduces dirt and bubbles. A range of different parti-
cles were used for flow tracking, from small light Styrofoam balls for
surface flows to near neutrally buoyant plastic beads for internal flows
and the basal regions. Particle diameters ranged from 3 to 8 mm.
Given the densities of the clear detergent and appropriate plastics, in
combination with the high viscosity, particles could be suspended at
the mid-depth of the reservoir for sufficient time to perform the exper-
iment and with sufficient transparency for video tracking. Similarly,
near neutrally buoyant particles were placed downstream of the gate
to track flow in the basal region after the initial particle location was
overrun by the swash tip. Typically, particles were spaced 25–50 mm
apart, on the fluid surface along the flume center line, and on the reser-
voir side of the gate. The initial spacing of the surface particles could be
set accurately by ruler; the spacing of the subsurface particles was less
uniform since they move slightly after the initial placement. A sketch
of the typical initial position of the particles is provided in Fig. 3. Light
W

1000mm

Reservoir
Gate

400mm
Test fluid

am-break flume.



Table 1
Fluid properties.

Detergent Detergent 1 Detergent 2

Density (kg/m3) 1020–1040 935
Surface tension (mN/m) 34 18
Viscosity (Pa·s) 0.8–0.9 ≈4–5
Color/transparency Green Clear
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particles were also placed on the fluid surface within the reservoir, in
lines across the flume and in lines parallel to the side walls. The tracks
of these particles were used to investigate the influence of the side
wall boundary layer. Before running each test, the region downstream
of the gate was cleaned of excess fluid; any small seepage just down-
stream of the gate was wiped out immediately before the gate was
opened. Each test therefore corresponds to a swash tip propagating
over an initially dry bed (zero fluid depth). Multiple re-runs were per-
formed if high quality video records were not obtained and a number
of repeatability tests were conducted to check the consistency of the
results.

3.3. Data and video analyses

Manual selection was performed to identify the center of each
particle and was adopted over automated tracking because of com-
plications induced by the recirculation region, which need to be ex-
cluded, and for the purposes of this study, was the simplest
approach. Reference coordinates for image processing were set at
fixed points on the flume. The particle diameters varied from
3 mm–8 mm. It is estimated that the center of the particle could be
identified to an accuracy within 2 mm.

The particle and swash tip displacements are measured parallel to
the bed surface and time is measured from the instant of the initial
gate opening. Instantaneous particle velocities were determined using
the change in displacement between each time step, with averaging
over 5 frames. Data is non-dimensionalized as follows (e.g., Chanson,
2006):

t ¼ t �
ffiffiffiffiffi
g
do

r
; x ¼ x�

do
ð12Þ

where the dimensional variables are starred.
Fig. 3. Illustration of initial positions of particles for video tracking. Surface particles were al
4. Results

To illustrate the convergence of the flow on the swash tip, a se-
quence of three still images extracted from the video is shown in
Fig. 4a–c. In Fig. 4a, five particles are visible on the fluid surface behind
the swash tip, and this reduces to four and three particles visible behind
the swash tip in Fig. 4b and c, respectively, as the swash tip progresses
forward. The “missing” particles have converged on the tip and tend
to remain there if sufficiently buoyant. Denser but still buoyant particles
circulate via the basal layer before rising to the surface, forming a recir-
culation eddy. The recirculation is not directly relevant to the conver-
gence rate investigated here, but is perhaps indicative of the motion of
buoyant debris in such flows. The swash tip progressed forward with
a “rolling”motion at the surface, in conjunctionwith a no-slip condition
at the bed. Dussan and Davis (1974) described this “rolling” motion at
the front of a single viscous drop, although their focus was the contact
line dynamics. Data showing this convergence of the surface particles
on the swash tip was initially presented by Baldock et al. (2010), but
the theory in Section 2 was lacking at that time. Park et al. (2012) like-
wise discuss a rolling motion at the contact line during wave reflection
on a vertical wall and show that particles are pulled into the wall as the
contact line progresses. Goodwin and Homsy (1991) similarly noted
that a recirculation fieldwill occur at awave frontwhen viewed in a ref-
erence frame moving with the wave tip.

Displacement time-histories of the swash tip (black line) and five
particles are illustrated in Fig. 5. The first three of the five tracked parti-
cles are observed to progressively approach the swash tip. Note that
both the swash tip and the particles are slowing over time since the
wave was progressing upslope in this case. The third particle does not
quite reach the tip before flow reversal occurs at the surface. Particles
4 and 5 initially converge on the swash tip, but the rate of convergence
slows as the time of flow reversal approaches. Hence, full convergence
only occurs over a finite distance behind the tip for a wave propagating
up-slope. Fig. 6 shows the displacement of the same particles relative to
the swash tip. Initially, the rate of convergence on the swash tip is sim-
ilar for all particles close to the swash tip; again, those further behind
converge more slowly for a wave propagating up slope. At t ≈ 10 the
leading tracked particle reaches the swash tip, and then decelerates
very rapidly; similarly for particle 2 at t ≈ 20. Particle 3 reaches the
swash tip at approximately the time of flow reversal when the forward
velocity is nearly zero. The rapid deceleration of the fluid particles due
to the no slip condition at the bed imparts momentum transfer to the
so placed in three lines parallel to the flume walls to investigate boundary wall effects.



Fig. 4. Snapshots of surface particles behind the dam-break tip progressing up a 1:10 slope.
do = 0.09 m.
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Fig. 5.Displacement time-history for five surface particles behind the swash tip.α= 0.05,
do = 0.12 m. Detergent 1.
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Fig. 6.Relative displacement of the swash tip and surface particles in Fig. 5. α= 0.05, do=
0.12 m. Detergent 1.
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bed, and is therefore likely to generate a strong localized bed shear
stress, as proposed by Barnes and Baldock (2010). A supplementary
video of the initial stages of this test is available with the online version
of the paper.

For this experiment on an upward sloping bed, the particles that
reach the tip of the wave initially converged on the tip at a relatively
constant rate (Fig. 6). However, the rate of convergence slowed as the
time of flow reversal approaches. This is because the fluid behind the
tip reverses flow direction prior to the reversal of motion at the swash
tip. This slowing of the rate of convergence does not occur on a horizon-
tal or downward sloping bed. The convergence of the flow on the tip
region appears due to the no-slip condition retarding the fluid at the
wet–dry interface, which is then overrun by the fluid above and behind
the tip region (Barnes and Baldock, 2010). Clearly, near surface sedi-
ment will also be advected toward the wave tip. Similarly, buoyant
debris close to a wave tip boundary region will also converge on the
tip, leading to a build-up of debris at thewave front. Indeed, this conver-
gence of debris toward the wave front can clearly be seen from video
footage taken during the Japanese 2012 tsunami at Sendai, see http://
youtu.be/J2hUwFo6Vpc. For typical swash flows on beaches, foam
patches can be seen to similarly converge on the run-up tip, albeit at a
relatively slow rate, consistent with Eq. (7). Further work is required
to determine if a parameter exists to define the extent of the conver-
gence zone on upward sloping beaches. If so, such a parameter is likely
to depend on the swash boundary conditions, whichdetermine the time
of flow reversal (Guard and Baldock, 2007; Pritchard et al., 2008). The
rate of convergence is also likely to be higher on highly permeable
beaches as a result of loss of fluid at the wave tip.

Consistent with the analysis in Section 2, only particles at elevations
where u exceeds u converged on the swash tip; particles at locations
where u≈ u held station relative to the swash tip and particles at loca-
tions where u b uwere left behind. The latter are clearly the particles in
the basal region. This is illustrated in Figs. 7 and 8, which show the rel-
ative displacement of particles in the upper and central parts of the fluid
and those at the bed, respectively. The particles suspended atmid-depth
in the flow maintain the same position relative to the swash tip, while
the basal particles are left behind, clearly at a rate approximately
equal to the tip celerity. Fig. 9 shows the ratio of the surface velocity
(estimated from the particle tracking), Us

c for the three leading particles
illustrated in Fig. 5.While there is somenoise in the estimate, clearly the
data are in very good agreement on average with the estimate of Us

c ¼ 3
2

http://youtu.be/J2hUwFo6Vpc
http://youtu.be/J2hUwFo6Vpc
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Fig. 7. Relative displacement of the swash tip and surface particles (square, triangle) and
three particles at mid-depth (dot, plus, cross). α = 0.033, do = 0.16 m. Detergent 2.
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Fig. 9.Ratio of the velocity of surface particles to the swash tip celerity,Us/c, for particles 1–
3 in Fig. 5. α = 0.05, do = 0.12 m. Detergent 1.
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from Section 2. Note that this ratio drops to a value of 1 once the parti-
cles reach the swash tip and are trapped in a recirculating eddy.
Although the flow is slowing as flow reversal approaches, the mean
value of the ratio Us

c remains remarkably constant until this occurs. Sim-
ilar particle trajectories and a similar rate of convergencewere observed
in other tests.

A similar pattern of convergence was observed to occur along the
side-wall boundaries. In this region the no-slip condition retards the
fluid in the wall boundary layer and the adjacent interior fluid again
overruns the wall layer at the wet–dry interface. Fluid particles
therefore also converge on the side walls from the center part of the
flow. This is illustrated in Figs. 10 and 11, which show snapshots taken
from the downstream end of the flume, looking back toward the
reservoir, and demonstrate the effects of the wet–dry wall boundary
on lines of particles placed along the flume. Reflection in the flume
walls has been removed by cropping along the side walls. The particles
adjacent to the wall converge both on the swash tip and the wall;
particles along the center line only converge on the swash tip. As the
wave front propagates, fluid continually moves toward the side walls
and remains there due to the no slip condition; the tracking particles
are therefore left behind along the wall boundary. Again, sediment
and debris in suspension or on the flow surface are likely to behave
similarly and converge toward the sides of the channel at the wave
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Fig. 8. Relative displacement of the swash tip and two particles at the bed. α = 0.1, do =
0.11 m. Detergent 2.
front. The influence of the side wall friction on the propagation velocity
of the wave front has been considered by Andreini et al. (2012) via the
classical concept of hydraulic radius (Rh) and a uniform wall shear. For
the present experiments, the channel is relatively wide compared to
the depth, d, so Rh ≈ 0.9d instead of Rh = d, and the overall influence
of the side walls on the momentum balance is therefore also of the
order of 10%. To the authors' knowledge, a full analysis of the effect of
the convergence of flow toward the side walls does not exist.

Based on the observations over many such tests, a new conceptual
model for the flow close to the swash tip is proposed and illustrated in
Fig. 12, which shows the relative motion of fluid particles relative to
the swash tip. This model ignores the sidewalls, where amore complex
three-dimensional motion occurs at the dual contact line. As the wave
tip is approached, the wave front tends toward the vertical, and since
the surface is a streamline, propagation of the wave front then requires
a rollingmotion at the tip. The rollingmotion at the tip, somewhat anal-
ogous to a caterpillar track, suggests that the front can roll over rough-
ness elements at the bed, as well as flow over or through roughness
elements. This suggests that the flow may be less sensitive to increases
in bed roughness than would be the case for a steady uniform flow. For
example, Baldock andHolmes (2007) observed only small differences in
run-up of swash over fixed sediment beds with a factor 3 grain size
difference.
Fig. 10. a) Three lines of surface particles shortly after dam release. Initially, the particles in
each line are the same distance from the side walls; b) the same particles a fewmoments
later; the leading particles have converged on both thewave front and the side walls. α=
0.05, do = 0.12 m. Detergent 1.



Fig. 11. a)A line of surface particles across the flume shortly after dam release; b) the same particles a fewmoments later. Theparticles have converged onboth thewave front and the side
walls; particles are left behind at the wall boundary. α = 0.05, do = 0.12 m. Detergent 1.
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5. Conclusions

Novel experiments have been performed to track themotion of sur-
face particles close to the wet–dry interface at the bed and walls during
viscous swash flows. The experiments clearly show that the no-slip con-
dition at the bed andwalls leads to flow convergence at thewet–dry in-
terface at the swash tip. These results are consistent with a simple
theoreticalmodel that provides estimates of the rate of thisflow conver-
gence. This model is consistent with the earlier work of Huppert (1982)
and the boundary layer structure observed by Andreini et al. (2012).
The fluid and additional momentum converging on the swash wave
tip provides a mechanism to generate the high localized bed shear
stresses observed in recent experiments (Barnes and Baldock, 2010).
The model and experiments provide useful insights into the likely be-
havior of suspended sediment and buoyant debris at the leading edge
of swash and dam-break flows. This study aimed to demonstrate the
convergence effect, rather than provide data for natural swash flows.
However, the surface tension is lower in these fluids than for water
where turbulent effects should be accounted for by a different boundary
layer structure, as outlined in Section 2. Further work is however re-
quired to quantify the convergence rate on natural beaches.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.coastaleng.2014.02.008.
Acknowledgments

Graham Illidge designed the reusable dam gate that seals the reser-
voir without the need for side-wall fixings that could lead to flow
disturbance.
Fig. 12. Sketch of proposed new swash tip model. Arrows indicate relative motion of particle w
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