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Abstract

This experimental study deals with the effect of externally generated turbulence on the oscillatory boundary layer to simulate
the turbulence in the wave boundary layer (WBL) under broken waves in the swash zone. The subject has been investigated
experimentally in a U-shaped, oscillating water tunnel with a smooth bottom. Turbulence was generated ‘externally’ as the flow
in the oscillator was passed through a series of grids that extended from the cover of the water tunnel to about mid-depth. Two
different types of grid porosities were used. Direct measurements of the bed shear stress and velocity measurements were
carried out. For the velocity measurements, mean and turbulence properties were measured in both the streamwise direction and
in the direction perpendicular to the bed. A supplementary measurement for the undisturbed (without grids) case was also
carried out, for comparison with the grid results. The mean and turbulence quantities in the outer flow region are increased
substantially with the introduction of the grids. It is shown that the externally generated turbulence is able to penetrate the bed
boundary layer, resulting in an increase in the bed shear stress, and therefore the friction coefficient. Other features related to the
bed shear stress, such as transition, the friction factor and phase lead, are discussed. The range of the Reynolds number studied
is Re=1x10*-2x 10°.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction flow beneath the surface roller. The turbulence decays

and spreads downwards in a way that may resemble a

In the natural environment, the wave boundary layer
is very often subject to some momentum exchange
process between itself and the flow in the outer fluid
layer. This momentum exchange process is brought
about by the presence of an externally generated
turbulence field. A very strong candidate for production
of external generated turbulence is the spilling breaker
where turbulence is generated in the strongly sheared
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wake (Peregrine and Svendsen, 1978). The sheared
flow in the spilling breaker is associated with a strong
near-surface shear stress, the magnitude of which is
related to the rate of energy dissipation in the breaking/
broken wave, see e.g. Fredsge and Deigaard (1992).
The near-surface shear stress corresponds to a forcing
in the direction of the wave propagation. The mean
shear stress decreases towards the bed; it is zero at a
distance above the bed to attain a small negative value
at the bed. This mean shear stress distribution deter-
mines the mean velocity distribution of the vertical
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circulation pattern in the surf zone with a relatively
strong offshore directed undertow near the bed. In such
a situation the externally generated turbulence field can
penetrate the wave boundary layer. Obviously, when
this happens, the characteristics of the wave boundary
layer will change. An experimental investigation was
therefore undertaken to investigate the effect of exter-
nally generated turbulence on the wave boundary layer.
To the authors’ knowledge, a study of this nature has
not been undertaken before.

The characteristics of boundary layer is of large
importance for sediment transport (Grant and Madsen,
1986) since the sediment has to be picked up from the
bed by the turbulence in the boundary layer; features
like turbulence characteristics and phases between the
outer flow and boundary layer flow are necessary
information for a correct description of the sediment
transport pattern in the boundary layer.

In recent years, detailed field measurements have
contributed to the understanding and quantification of
the hydrodynamic processes in the surf zone. As
shown by Feddersen et al. (1998), the longshore force
balance in the surf zone involves mainly the gradient
in the shear component of the wave radiation stress
(the driving force) and the mean bed shear stress (the
retarding force). The prediction of the friction coeffi-
cient related to the mean current in a surf zone is
difficult (e.g. Feddersen and Guza, 2000), and it may

ﬁTunnel roof

be improved when more details are known about the
structure of the turbulence in the near-bed oscillatory
boundary layer and the interaction with the turbulence
generated by the wave breaking.

One problem encountered in the experimental in-
vestigation of the wave boundary layer (WBL) is that it
is very thin, of the order of 0—5 cm. In the laboratory, it
is usually difficult to get the boundary layer turbulent in
an ordinary small wave flume. For this reason, the
WBL is quite often studied in an oscillatory tunnel
where much larger near-bed orbital velocities can be
obtained. Examples of such tunnels are the Danish
oscillating water tunnel (Lundgren and Serensen,
1958), the Dutch one (see e.g. Ribberink and Alselaam,
1995), and the Japanese oscillating wind tunnel (Hino
et al., 1983).

The problem when employing an oscillating tunnel
is that one cannot produce a spilling breaker. So, an
investigation of the boundary layer must be done either
in a large-scale facility (like the Delft Hydraulics Delta
Flume), or—as selected in the present work—in an
oscillating water tunnel but in an artificial manner. In
the present investigation, we have decided to employ
the oscillating water tunnel to get Reynolds numbers
high enough so that the field conditions can be attained.
Furthermore, we have decided to create the external
turbulence by introducing a series of vertical grids in
the upper half of the tunnel (Figs. 1 and 2b—d). In
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Fig. 1. Definition sketch.
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Fig. 2. (a) Test set-up. (b) Close-up view of the test section. (c) Photograph of perforated plates used in the low-porosity grid experiments.
(d) Photograph of perforated plates used in the high-porosity grid experiments.
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this way, we can control the externally generated
turbulence for instance by changing the size of the
holes in the grids. Turbulence will be generated by
the flow though the grid, and due to the flow
resistance the mean velocity in the grid will be
reduced relative to the free-stream velocity in the
region between the grid and the bed. The velocity
difference between the flow through the grid and the
flow outside will cause a significant rate of produc-
tion of turbulence in the almost uniform shear bound-
ary layer formed along the lower edge of the grid.
The length scale of the turbulence in this boundary
layer is not restricted by the proximity of a wall and it
will typically be much larger than the length scale of
the turbulence generated in the oscillatory bed bound-
ary layer. The outer turbulence, which spreads down-
wards to interact with the near-bed oscillatory
boundary layer, will be a combination of the turbu-
lence generated by flow through the grid and of the
turbulence generated in the upper boundary layer. The
thickness of this upper boundary layer is large as the
turbulence spreads over the entire cross section of the
oscillating tunnel, to reach the boundary layer at the
bed.

The turbulence generated in this fashion may be
different from that generated by a spilling breaker, and
the present experimental investigation can therefore
be considered to be an investigation of the more
general problem of externally generated turbulence,
rather than looking specifically at the turbulence
generated by wave breaking or flow past structures.
Nevertheless, the present investigation can shed light
into the processes, which take place in the WBL when
external turbulence is present. Rough bed boundaries
are not considered in this investigation, and a purely
oscillating flow is adopted to avoid complications
caused by real waves, such as wave nonlinearity,
wave asymmetry and the nonuniform external-turbu-
lence generation, etc.

Numerous studies on smooth-wall, boundary layer
flows were carried out in the past. The reader is referred
to Jensen et al. (1989) for a review of the works on this
subject. Jensen et al. (1989) complemented the previ-
ous works in that they conducted their experiments at a
higher range of Reynolds numbers:

Uoma
Re = 2% 1.1

where Uy, is the maximum value of the outer-flow
velocity, a is the amplitude of the motion in the outer-
flow and v is the kinematic viscosity.

2. Experimental set-up

The measurements were carried out in a U-shaped
oscillating-water tunnel. This tunnel is the same as
that described by Jensen et al. (1989). The working
section was 0.29 m in height and 0.39 m in width. The
walls of the working section were made of smooth
transparent perspex plates. The bottom of the flume,
made of PVC plates, acted as a hydraulically smooth
surface.

Fig. 2a shows a schematic description of the
experimental set-up while a detailed sketch of the test
section is shown in Fig. 2b. The difference between
the present set-up and that used by Jensen et al. (1989)
is that a series of grids, of dimensions 0.15 m in height
and 0.39 m in width, were placed 5.5 cm apart and
mounted to the top of the tunnel to generate external
turbulence. The total length of the grid section was 6
m, located at the central part of the oscillating water
tunnel, with 1.0 m contractions at the ends (Fig. 2b).

The grids were made of 1-mm-thick perforated
plates. Two different grid porosities were used, with
perforations made up of 0.5 X 0.5 cm and 4 X 4 cm
square holes, for the low-porosity (Fig. 2c) and the
high-porosity (Fig. 2d) grids, respectively.

The oscillatory flow in the tunnel was driven by an
electronically controlled pneumatic system. In the
tests, the period of oscillation was held constant at
9.72 s. This period is the same as that in the earlier
WBL study, and corresponds to the tunnel’s natural
frequency. Although the natural frequency of the
tunnel in the present study increased by up to 10%
due to the presence of the grids (10.02 and 10.60 s in
the case of the high-porosity and low-porosity grids,
respectively), the frequency of 9.72 s was adopted to
make comparisons on the same basis.

Two kinds of measurements were carried out:
velocity and bed shear stress measurements. The
velocities were measured by Laser-Doppler Anemom-
eter (LDA). Two LDA systems were used in the study:
a two-component system and a one-component sys-
tem. The former consisted of 400 mW Argon laser in
forward scatter mode with two Dantec 55N12 frequen-
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Table 1
Test conditions
Test Period Uy a(m) v Re= Res= Ut Quantity measured Apparatus N Ar(s)

() (m/s) (em?/s%)  aUgm/v OUsm/v  (cm/s)
1 9.72 0.085 0.133  0.0101 1.1x10* 148 0.84 To,\/ T2, Us Hot film, ID-LDA 50  0.027
2 9.72 0.121  0.188 0.0101 22x10* 210 1.06 To,\/ T2, Us Hot film, ID-LDA 50  0.027
3 9.72 0.160 0.245 0.0101 3.9 x 10* 280 1.24 To, I(TZ, U, Hot film, ID-LDA 50 0.027
4 9.72 0.223  0.344 0.0101 7.6x10° 390 1.48 Zo,\/ T2, Us Hot film, ID-LDA 50  0.027
5 9.72 0.287 0.460 0.0101 13x10° 510 1.80 Zo,\/ T2, Us Hot film, ID-LDA 50  0.027
6 9.72 0.345 0.534 0.0101 1.8%10° 600 2.18 o, \/ 142, Uy Hot film, ID-LDA 50  0.027
7 9.72 0.380 0.610 0.0101 23%x10° 678 2.56 %o, \/ 2, Us Hot film, ID-LDA 50  0.027
8 9.72 0.442  0.702  0.0101 3.1%10° 787 2.88 %o, \/ T2, Us Hot film, ID-LDA 50  0.027
9 9.72 0.637 1.030 0.0101 6.5x10° 1140 4.17 Zo,\/ T2, Us Hot film, ID-LDA 50  0.027
10 9.72 1.040 1.669 0.0101 1.7x10% 1840 6.35 To, 107, U, Hot film, ID-LDA 50 0.027
11 9.72 1.065 1.650 0.0101 1.7x10° 1840 i, Vu'2, Vv'2u'v, U, 2D-LDA 50 0.027
12 9.72 1.065 1.650 0.0101 1.7x10° 1840 i, Vu'2, Vv'2u'v, U, 2D-LDA 5 0.0012
Low-porosity grid.
Table 2
Test conditions
Test Period Uypy a(m) v Re= Res= Usin Quantity measured ~ Apparatus N At (s)
(s) (m/s) (em*s?)  aUgm/v Upm/v  (cr/s)
1 9.72 0.088  0.137  0.0105 12x10* 153 0.86 o \/ T2, Uy Hot film, ID-LDA 50  0.027
2 9.72 0.107  0.165 0.0105 1.7x10* 184 0.97 o \/ T2, Us Hot film, ID-LDA 50  0.027
3 9.72 0.139  0.215 0.0105 2.9 % 10* 241 1.08 T, \/ 12, Us Hot film, ID-LDA 50  0.027
4 9.72 0.209 0324  0.0105 6.5x10* 360 1.33 o \/ T2, Us Hot film, ID-LDA 50  0.027
5 9.72 0291  0.450 0.0105 1.3%10° 510 1.57 o \/ T2, Uy Hot film, ID-LDA 50  0.027
6 9.72 0399 0.617 0.0105 23x10° 678 2.10 o \/ 102, Us Hot film, ID-LDA 50  0.027
7 9.72 0.467 0.722  0.0105 32x%10° 800 2.56 T, \/ 12, Us Hot film, ID-LDA 50  0.027
8 9.72 0.553  0.855 0.0105 45%10° 950 3.19 o, \/ T2, Us Hot film, ID-LDA 50  0.027
9 9.72 0.651  1.007 0.0105 6.2x10° 1110 3.91 o \/ T2, Us Hot film, ID-LDA 50  0.027
10 9.72 0.763  1.180 0.0103 8.7x10° 1320 433 o \/ T2, Us Hot film, ID-LDA 50  0.027
11 9.72 1.087 1.681 0.0103 1.79 x 10° 1890 6.26 To 1:(72, u, _2, Hot film, 2D-LDA 50  0.027
V2 UV, Uy

12 9.72 1.342  2.076  0.0105 3.0x 10° 2450 7.47 o \/ T2, Us Hot film, ID-LDA 50  0.027
13 9.72 1.659 2567  0.0105 44x10° 2970 8.48 T, \/ 12, Us Hot film, ID-LDA 50  0.027
14 972 1.087 1.681 0.0103  1.79x10° 1890 - a, Vu'2, \V/v'? Hot film, 2D-LDA 5 0.0012

High-porosity grid.



160 J. Fredsoe et al. / Coastal Engineering 49 (2003) 155-183

cy shifters and two Dantec 55N21 frequency trackers.
To minimize the mismatch of the two pairs of laser
beams in the two-component velocity measurements,
the laser beams were set at an angle of 45° to the flow
direction. The one-component laser system was main-
ly used to measure the reference horizontal velocity
signal. The one-component system consisted of a 15
mW Argon laser in forward scatter mode, using a
similar frequency shifter and a frequency tracker.

The bed shear stress was measured, using a Dantec
55R-46 hot film probe (similar to Jensen et al., 1989).
The probe was flush-mounted to the bed close to the
centre line of the tunnel, as shown in Fig. 2b. The
working principle of the hot film technique is that if the
hot-film element is fed with a current source, the
voltage required to maintain a constant temperature
is related to the gradient of the instantaneous velocity
at the wall and hence the wall shear stress. This
relation is expressed as 13 =4E*+ B in which 1, is
the wall shear stress, 4 and B are constants which have
to be found by calibrating the probe, and E is the
voltage. The calibration of the hot-film probe was
carried out in-position, using a three-sided channel
(1.5 mm in depth and 30 mm width), which was placed
over the probe and water pumped through the channel.
Details regarding the hot-film probe, the calibration,
and other pertinent information can be found in Sumer
et al. (1993).

The movement of the free surface in the open riser
was monitored with a wave gauge. This signal was
used as a reference signal in data processing.

In a majority of cases, the sampling interval, A,
was 27 ms (corresponding to 1° sampling interval in
phase). The total number of cycles, N, sampled was
50. This was changed in Test 12 (Table 1) and Test 14
(Table 2) for both experiments with the grids and Test
2 (Table 3) for a supplementary test carried out for the
undisturbed case. In these cases, a sampling interval

of 1.2 ms was used, and the number of cycles sampled
was N=5. The specific goal of these tests was to
obtain information on the correlation of turbulence.

Mean and r.m.s. values of the measured quantities
were calculated through ensemble averaging.

3. Test conditions

Tables 1 and 2 present the test conditions for the
low-porosity and high-porosity grids, respectively.
Table 3 presents the test conditions for the undisturbed
case. u and v are the velocity components in the x- and
y-directions, respectively (Fig. 1). Uy, is the ampli-
tude of the velocity at the outer edge of the bed
boundary layer defined by:

U, = Uymsin(wt) (3.1)

in which o is the angular frequency, w=2n/T (T
being the period of the oscillatory motion). Further-
more, a is the amplitude of motion corresponding to
a=UynT/(21), 7, is the bed shear stress, u’, v/ and 7/,
respectively, are the fluctuating values of u, v and 7,
while quantities with an overbar are ensemble aver-
aged quantities, defined by:

N
Bon) =D dlofi+ (- )T]) (.2)
i=1

(0 = ﬁiw{ww (i~ )7}

= ploft+ (i - DTNY (3:3)

where the symbol, ¢, is used to denote a measured
quantity.

Table 3
Test conditions—undisturbed case
Test Period Uy a(m) v Re= Res= Ufin Quantity measured  Apparatus N At (s)
(s) (m/s) (em®s?)  aUu/v OUpm/v  (cr/s)
1 9.72 1.097 1.697 0.0108  1.72x10° 1855 5.13 Ty, 0/1d2,@,Vu'?, Hot film, 2D-LDA 50  0.027
NAERTENIA

2 9.72 1.097 1.697 0.0108 1.72x 10° 1855

- a,Vu'2, V"2 Hot film, 2D-LDA 5 0.0012
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Res is the Reynolds number based on the laminar
boundary layer thickness,

UomO

Re(j =
in which 6, the laminar boundary layer thickness,

5o
)
Note that the relationship between Re (Eq. (1.1)) and
Res is Res = \/2Re.
Uty 1s the maximum value of the bed shear
velocity given by:

T’-Om
34
) (3-4)

Usn =

in which 7, is the maximum value of the bed shear
stress defined by:

To = Tom/f (0 + @) (3.5)

In Eq. (3.5), ¢ is the phase lead of the zero up-
crossing of the bed shear stress over the velocity U,

4. Bed shear stress
4.1. Transition to turbulence

Fig. 3 presents the time series of the bed shear
stress for four different Re numbers together with
those of the reference velocity U, (Fig. 1). For brevity,
only the result for the experiments with the low-
porosity grid is presented. Transition-to-turbulence
occurs in the form of spikes in the bed shear stress
signal (marked with arrows in Fig. 3b,c) just prior to
flow reversals, in exactly the same fashion as that
described in Hino et al. (1976) and Jensen et al.
(1989) (the undisturbed case). The way in which the
transition occurs in the case of the high-porosity grid
is the same as in Fig. 3.

The present experiments show that the transition-
to-turbulence in the bed shear stress first takes place
when the Reynolds number reaches a value of
7 % 10*. For the high-porosity grid, the corresponding
Reynolds number for transition-to-turbulence was
found to be 1.3 X 10°. The critical Reynolds number

for transition-to-turbulence in the undisturbed case is
around 1.6 x 10° (Jensen et al., 1989). As can be seen,
the present value obtained with the low-porosity grid,
7 X 104, is a factor of 2.3 smaller than the critical
value found in the undisturbed case while that
obtained with the high-porosity grid, 1.3 x 10°, is
only 1.2 times smaller. This illustrates the influence
of the outer flow turbulence on the transition-to-
turbulence in the bed boundary layer, in agreement
with the results obtained from steady boundary layer
flow research (Schlichting, 1979, p. 451).

4.2. Mean and fluctuating bed shear stress

Figs. 4 and 5 present the phase variation of the
mean bed shear stress, 7,, and r.m.s. value of the
fluctuating bed shear stress, ‘co_’z, for the low-
porosity grid experiments for different Re numbers.
Also included in Fig. 5h are the corresponding results

of \/2 for the high-porosity grid and undisturbed

cases. \/1t¢? is not normalized by 7., in Fig. 5, to
emphasize the increase in the r.m.s. value as the
Reynolds number is increased.

The features observed in Figs. 4 and 5 are quite
similar to those of the undisturbed case reported in
Jensen et al. (1989), namely (i) the phase lead of the
bed shear stress decreases with increasing Re (Fig. 4),
and (ii) turbulence spreads towards the smaller phases

with increasing Re (Fig. 5). ——
Fig. 6 presents the maximum value of Q‘ 7492
normalized by 7,y as a function of Re, both in the

present case with grids and in the case of without
grids (Jensen et al., 1989). The result obtained for the
supplementary test, for the undisturbed case, at
Re=1.72 x 10° is also shown. The figure reveals that:
(1) the transition to turbulence occurs earlier in the
present grid cases; and (ii) the relative intensity of
turbulence in the bed shear stress increases with the
presence of the grids. It is seen that the externally
generated turbulence is able to penetrate the bed
boundary layer, and this penetration of turbulence
near the bed would result in changes to the resistance
characteristics of the flow, as will be seen in the
following subsection. (It may be noted that the max-
ima experienced at Re=2.3 x 10° are due to the
presence of turbulent spikes in the transition regime;
see arrows in Fig. 3c.)
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Fig. 3. Time series of the reference velocity, U,, and the bed shear stress, |z,/p |. Low-porosity grid, Tests 2, 4, 5 and 9.

To be able to observe the way in which the
externally generated turbulence penetrates the
boundary layer, a flow visualization study was
conducted. Dye was released through a nozzle

located at the tip of the grids (Fig. 7), and the flow
made visible by the dye was videotaped during one-
half cycle of the motion. The grid was the high-
porosity grid in the test. Fig. 8 displays a sequence
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of video frames illustrating the flow from wr=84°
to 140°. For comparison, a video frame (corres-
ponding to w¢=100°) obtained in the case of the un-
disturbed flow is also given (Fig. 9). The flow
conditions in this latter test were exactly the same as
in Fig. 8.

It is seen from Fig. 8 that coherent vortices (R,
S,...) emanating from the grid region penetrate the

boundary layer. It is clear from the figure that these
vortices can reach the bottom, and therefore influence
the bed shear stress. Fig. 10a reveals this. Successive
crests and troughs (Crests A’, B’, C’,..., H’ and
Troughs J/, K’, L/, ..., P’) in the bed-shear-stress
signal are the “signatures” of the vortices reaching the
bed. Notice the same features in the velocity signal,
namely the “signatures” of the latter vortices. (Note
that the measurement point was located at y=29 mm.)
Clearly the bed shear stress associated with the bound-
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Fig. 5. Phase variation of the r.m.s. value of the bed shear stress
fluctuations over one-half cycle of the motion for various Re. Low-
porosity grid, Tests 1, 4—10. Also included in (h) are the
corresponding results for the high-porosity grid case (dashed line)
and undisturbed case (dashed-dotted line).
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noted that the mean period of the quasi-cyclic signals Fig. 8, namely about 0.4 s.
Measurement
Section
| 0.28 m 0.44m
e <
1
Roof
S ¥ \{:"’Z“’v/(,_
N5 mm b

Bottom

Fig. 7. Sketch illustrating the arrangement for the flow visualization study.
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Fig. 8. A sequence of video frames illustrating the way in which turbulence is generated. Vortices R, S,. .. are shed from the tips of the grids.

High-porosity grid. Re=1.72 x 10°.
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Measurement Section

(Velocity & bed shear stress)

Fig. 9. A video frame illustrating the flow/turbulence in the case of the undisturbed flow. Re=1.72 x 10°.

4.3. Friction coefficient and phase lead
The friction coefficient:

. o Tom/P 4.1
5 0 (4.1)
obtained in the present study with grids is compared
with that corresponding to the ordinary oscillatory
boundary layer (Jensen et al., 1989) in Fig. 11. The
result obtained for the present undisturbed test, at
Re=1.72 x 10, is also shown. The solid line repre-
sents the laminar solution f, = 2/ V/Re. The friction
factor in the present grid experiments, when the flow
ceases to be laminar, undergoes a substantial increase
over the results of turbulent WBL (Jensen et al.,
1989). This is linked to the increased momentum
exchange caused by the external turbulence, which
is able to penetrate the bed boundary layer, as dem-
onstrated in the previous section. In the case of
laminar regime boundary layer flow, however, no
change in f;, occurs, due to the absence of an external
turbulence field revealed by the LDA measurements
as will be discussed later.

Fig. 12 presents data related to the phase lead, ¢, of
the bed shear stress over the velocity at the outer edge
of the bed boundary layer (see the definition sketch in
Fig. 11). The data from Jensen et al. (1989)
corresponding to the case of the normal oscillatory
boundary layer, together with the theoretical solutions
for the laminar boundary layer and the fully developed
turbulent layer (Fredsee, 1984), are also included for

comparison. The ¢-versus-Re curve for the experi-
ments using the grids is shifted towards the left of
Jensen et al.’s (1989) data. This is again linked to the

150

1007

%3
<

u (cm/s), To/p (cm?/s?)

t(s)

(b)

100
0

50

u (cm/s), To/p (cm?/s?)

0 T T
0 1 2 3¢ (s) 4 g‘

Fig. 10. Time series of the velocity at the outer edge of the boundary
layer and that of the bed shear stress over one-half cycle of the
motion. Flow conditions are exactly the same as in Figs. 8 and 9. (a)
High-porosity grid (cf. Fig. 8). (b) Undisturbed case (cf. Fig. 9).
Re=1.72 x 105,
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Fig. 11. Friction coefficient versus Re. The solid line represents the laminar solution f;, = 2/+/Re. See Fig. 6 for the symbols.

early transition to turbulence. The data in the figure
further show that the phase lead becomes rather small,
O(5°), at large Reynolds numbers. This is caused by

le—

60 0

(deg)
50

/]
-
\J

40

Low-porosity grid
30

20
High-porosity grid

4 5 6 7
10 10 10 10 10

Fig. 12. Phase lead of the bed shear stress over the outer-flow
velocity. (i) The laminar flow solution is indicated by a horizontal
line at ¢=45°. (i) Solution for the fully developed turbulent
boundary layer (Fredsee, 1984). See Fig. 6 for the symbols.

the enhanced momentum exchange between the bed
and the outer flow. The larger the momentum ex-
change, the smaller the phase difference.

5. Mean and fluctuating velocity profiles
5.1. Outer-flow representation

Fig. 13 presents the mean velocity distribution for
the present grid measurements (Test 11, Table 1 and
Test 11, Table 2). As a comparison, the velocity
distribution for the undisturbed case (Test 1, Table
3) is also included. Figs. 14—16 display the turbulence
quantities, u'v’, u'? and \/v?2 , respectively. The
following observations can be made:

1. The velocity distribution is significantly altered
due to the presence of the grids. It can be seen that
in addition to the bed boundary layer, a shear layer
exists near the grids;

2. The velocity distributions for the two grid cases are
similar; and

3. ulv, \/u_Tz_ and \/V_Tz_ are increased significantly
over the undisturbed case.

1t may be noted that though the u'v’, Vu'? and
V' v’? values for the grid experiments are similar for
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Fig. 13. Mean velocity distributions. Squares: low-porosity grid, Test 11, Table 1, Re=1.74 X 10°; diamonds: high-porosity grid, Test 11, Table

2, Re=1.79 x 10 triangles: undisturbed case, Test 1, Table 3, Re=1.72

the two cases, the high-porosity grid values, from
wt = 150° to 60°, appear to be slightly larger than
the low-porosity grid values. No clear explanation has
been found for this behavior.

Figs. 17 and 18 present the near-bed close-up
pictures of the mean velocity and the Reynolds
stress distributions, respectively (cf. Figs. 13 and
14).

x 10°.

5.1.1. Discussion on the shear stresses in the outer
flow

The generation of turbulence due to the grid is, to a
large extent, associated with the growth of a thick
boundary layer adjacent to the grid at each half cycle.
The development of this outer boundary layer can be
seen in the time evolution of the mean velocity and
the Reynolds stress depicted in Figs. 13 and 14. After
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Fig. 14. Distributions of u’v'/U2,. Squares: low-porosity grid, Test 11, Table 1, Re=1.74 x 10°; diamonds: high-porosity grid, Test 11, Table 2,
Re=1.79 x 10% triangles: undisturbed case, Test 1, Table 3, Re=1.72 X 10°.

the flow reversal, from wz=30°, the growth of the
boundary layer from the lower edge of the grid can be
seen (1) in the deficit in the mean velocity and (2) in
the positive values of u'v’.

As seen, there are significant shear stresses in the
outer boundary layer. Therefore, the development in
the shear stress and the velocity distribution in the

outer boundary layer has to be taken into account

when considering the force balance of the flow.

Three elements in the horizontal force balance are

considered:
ou 1 9p ouv’
ot p dx Az

(5.1)
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The force balance has been analyzed by integrating
the above equation over a near-bed layer. The terms in
the integrated force balance during one cycle of the
motion are obtained from the measurements, and
displayed in Fig. 19 for the two grid cases, namely
for the low-porosity and high-porosity grids. The
thickness of the near-bed layer in this exercise has
been taken as 0.02a. (The acceleration term has been
calculated from the measured velocity profiles. The
Reynolds stress term has been calculated from the
measured Reynolds stress profiles. Given the acceler-
ation and the Reynolds stress terms, the pressure-
gradient term has been calculated from the integrated

force-balance equation.) To check the sensitivity to the
thickness of the near-bed layer, the previously men-
tioned exercise has been repeated for another thickness
of the near-bed layer, namely for 0.06a. The results for
this latter exercise have also been plotted in the same
diagram (Fig. 19) (The empty triangle symbols in Fig.
19 indicating —(1/p)(d/p/0x) for the near-bed layer
thickness of 0.02a, and the filled triangle symbols the
same quantity for the near-bed layer thickness of
0.06a.) It should be noted that, except around wt=
90° and wr=270°, the bed shear stress is of minor
importance for the total balance, and that the viscous
stress at the top of the layer is negligible.
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Now, as seen from Fig. 19, the Reynolds stresses
give a maximum contribution corresponding to about
25% of the maximum flow acceleration. A significant
lag is introduced between the acceleration and the
pressure gradient, indicating that the energy is deliv-
ered to the system through the work of the pressure
gradient to compensate for the energy dissipated
through the Reynolds stresses.

The time variation of the Reynolds stress contri-
bution to the force balance is related to the develop-
ment of the outer boundary layer. It is changing sign
during the first quarter cycle while the free stream
velocity is accelerating and the near-bed boundary
layer is being formed. This in agreement with the
observation that the outer boundary layer does not
reach and interact with the bed boundary layer until
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after the free stream velocity has peaked. The impact
of the Reynolds stress associated with the outer
boundary layer on the bed boundary layer can be
assessed from Fig. 18. Just after the flow reversal, the
Reynolds shear stress outside the boundary layer is

positive as a remnant of the outer boundary layer in
the previous half cycle. At wt=60° and 90° the near-
bed shear stresses are almost identical for the situa-
tions with and without an outer grid. At 120°, the
shear stresses inside the bottom boundary layer begin
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to deviate from the shear stress without a grid, and the
shear stress associated with the outer boundary layer
does not reach the bed until at 150° phase angle.
The turbulence generated by the grid in the
oscillating water tunnel will deviate from the con-

ditions in a surf zone. One difference is found in the
shear stresses. In the present experiments, the two
half cycles are symmetrical with reversal of the shear
stress and a mean shear stress of zero. In a surf
zone, the outer turbulence is mainly generated in
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every second half cycle, as the surface roller passes
the location considered, and the associated shear
stress is in on direction only, corresponding to an
onshore directed surface shear stress. The magnitude
of the time averaged near-surface shear stress in a
surf zone can be estimated from the energy dissipa-
tion in the breaking/broken waves, see e.g. Fredsoe
and Deigaard (1992). It is found that the estimated
vertical gradient in the mean shear stress in a surf
zone is significantly smaller (about a factor 5) than
the maximum vertical gradient in the Reynolds
shear stress found in the present experiments. Even
though the shear stress in a surf zone may vary
through a wave period the near-bed vertical gradient
is in any case expected to be smaller than in the
experiment.

As a conclusion the free stream velocity (the
velocity at the top of the boundary layer) is practically
the same in the experiment with and without grids. In
order to attain this outer velocity in the grid experi-
ments the horizontal pressure gradient is modified
(mainly in the form of a phase shift) to balance the
shear stresses associated with the outer boundary layer
formed under the grid at each half cycle. The outer
boundary layer does not reach the near-bed boundary
layer until after the peak in the outer flow velocity,
and the influence of the outer shear stress on the near-
bed boundary layer during its formation in the accel-
eration phase is expected to be small.

5.2. Inner-flow representation

Another way of plotting the results is to use the
inner-flow parameters, which gives a better picture of
the boundary layer behavior near the bed, and fur-
thermore relates the oscillatory boundary layer to the
familiar steady boundary layers.

5.2.1. Mean velocity profiles
Fig. 20 compares the mean velocity profiles at
wt=90° for the grid experiments with the corres-

Fig. 20. Velocity profiles at wt=90° plotted in inner flow para-
meters. Squares: low-porosity grid, Test 11, Table 1, Re=1.74 x 10%;
diamonds: high-porosity grid, Test 11, Table 2, Re=1.79 x 10%;
triangles: undisturbed case, Test 1, Table 3, Re=1.72 x 10°. Solid
line: van Driest (1956) profile (Eq. (5.4)) for k; <4 (hydraulically
smooth).
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ponding velocity profile for the undisturbed case in
terms of the inner-flow parameters. Here

= 52
=7 (52)
and

yUs
y* = o (5.3)

in which Uy is the bed shear velocity at wf=90°. Note
that the directly measured values of Uy are used in the
plotting. In the figure, the van Driest (1956) profile for
the case of a hydraulically smooth wall is also plotted:

dy*

: :2/0 14 {1+ 4x2y12[1 — exp(—y* /A)]* )2
(5.4)

Here, x is the von Karman constant (x=0.4) and 4 is
the van Driest damping factor, where, 4=25 (i7" tends
to the logarithmic distribution & =(1/x)lny" +5 for
large y* values, the straight line portion of the curve).

Fig. 20 clearly shows that the present grid-case
velocity profiles are displaced upwards, and they
cannot be represented by the smooth-wall van Driest
profile.

The effect of the externally generated turbulence
on the velocity profiles may be parameterized by
introducing an “‘apparent roughness” in the formula-
tion of the van Driest velocity profile. To determine
the value of this apparent roughness for the measured
velocity profiles, the rough-wall form of the van
Driest profile:

/y* dy+
Joo 14 {1 + 42 (y+ Ay [1—exp((yt +Ay ) A) P}

(5.5)

ut =2

is fitted to the measured velocity profiles. Here Ay",
the coordinate shift, is given as:

Ay = 0.9[\/AT — K exp(~k} /6)] (5.6)

in which k{ is the normalized Nikuradse equivalent
sand roughness:

kU

v

k+

S

(5.7)

(Rotta, 1962; Cebeci and Chang, 1978). This exercise
gives an apparent roughness of k{ =20 and 40 for the
high-porosity and low-porosity grids, respectively.
Fig. 21 displays the measured velocity profiles to-
gether with the van Driest rough-wall profiles for
ki=20 and 40. Note that the van Driest rough-wall
profile tends to the familiar logarithmic distribution
i =(1/1)In(30y/k,) for large distances from the bed. In
the aforementioned exercise, the coordinate shift (Eq.
(5.6)) is found to be Ay"=5.6 and 3.4 for the low-
porosity and high-porosity grids, respectively. (In the
plot of the measured velocity profiles in Fig. 21, the
respective Ay’ values were added to the actual y
coordinates measured from the bed. This small coor-
dinate shift makes, however, practically no change in
the calculation of kY).

The preceding result, namely, the existence of an
“apparent roughness”, in the presence of externally
generated turbulence, is consistent with the finding
that the friction coefficient increases with the presence
of the grid (Fig. 11).

It may be appropriate at this point to include some
discussion related to the previous interpretation of the
results in terms of an “apparent roughness”. There are
analogies between the conditions in the present experi-

Fig. 21. Velocity profiles at wt=90° plotted in inner flow
parameters. Squares: low-porosity grid, Test 11, Table 1,
Re=1.74 x 10% diamonds: high-porosity grid, Test 11, Table 2,
Re=1.79 x 10°. Solid lines: van Driest (1956) profile (Eq. (5.5)) for
ki =20 and 40, for high-porosity and low-porosity grids, respec-
tively.
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ments and the interaction between a turbulent oscilla-
tory boundary layer and a steady current. Due to the
nonlinearity in the relation between the near-bed flow
velocity and the bed shear stress in a turbulent bound-
ary layer the time averaged bed shear stress is in-
creased when an oscillatory motion is added to the
mean current (provided that the oscillatory flow is in
the turbulent regime and the combined flow is in the
“wave-dominated” regime, Lodahl et al., 1998). This
has been quantified as an increased flow resistance for
the mean current and may be expressed by an apparent
‘wave roughness’ that determines the character of the
mean current velocity distribution outside the oscilla-
tory boundary layer. Quantitative models for the com-

bined wave—current boundary layer have until now
only been presented for a rough bed condition (e.g.
Grant and Madsen, 1979; Fredsee, 1984) but, for a
smooth bed, the flow resistance for the mean current
could just as well be expressed as an apparent wave
roughness. This is a way of quantifying the effect of
the wave—current interaction, and does not imply that
the actual instantaneous flow conditions at the bed
deviates from a hydraulically smooth wall.

In the present experiments, the oscillatory flow
interacts with the externally generated turbulence with
a time scale much shorter than the oscillation period.
In an analogy with the wave—current boundary layer
the present oscillatory motion corresponds thus to the
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steady current while the external turbulence plays the
role of the wave induced motion. The effect of the
turbulence on the oscillatory boundary layer is there-
fore quantified in the above analysis as an “apparent
roughness” parameter.

Fig. 22a—c presents the velocity profiles plotted in
terms of the inner-flow parameters at successive phase
values over one-half period of motion for the low-
porosity grid, high-porosity grid and undisturbed-flow
cases, respectively. The directly measured, temporal
values of Uy are used to normalize the quantities iz and
. The rough-wall van Driest profiles for k& =40 and 20
(Fig. 21), together with the smooth wall van Driest
profile are retained in Fig. 22a—c, respectively, as a
reference line, for all the phase values. The figures
show that the logarithmic layer, the straight line portion
of the velocity profile, first emerges when wt ~ 15—

30°, and subsequently grows in thickness, similar to
the observations made by Jensen et al. (1989, Fig. 15)
for a normal boundary layer flow. The only difference
between the present grid results and that of Jensen et
al.’s (1989) is that, in the present case, the logarithmic
profile is shifted, which can be parameterized by
introducing an apparent roughness, as described above.

5.2.2. Fluctuating velocity profiles

Figs. 23-25 present the turbulence quantities,
u'v', \/;_/«2 and \/\_/Tv2 in terms of the inner-flow
parameters. It is interesting to note that the data for
all the turbulence quantities in the phase interval
60°swt<120° practically collapse although the un-
disturbed V/ «/? appears to be slightly smaller than that
in the grid case. This may indicate that, for these phase
values, the process of turbulent momentum exchange

[
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Fig. 26. Boundary layer thickness. Circles: low-porosity grid; dashed line: from Jensen et al. (1989); and dotted line: laminar flow solution

(Eq. (5.8)).
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in the boundary layer, in the case of the grids, occurs in
much the same way in the case of the undisturbed
boundary layer.

5.3. Boundary layer thickness

The nondimensional bed boundary layer thickness,
d/a, for the present low-porosity grid case is presented
in Fig. 26 as a function of Re. The definition of J is
included in the figure. The laminar boundary layer
solution (Batchelor, 1967)

o0 3mn[/2)\2

a 4 (Re) (58)
is presented as well. The boundary layer thickness for
the high-porosity grid is similar to the low-porosity grid
case. The boundary layer thickness is apparently larger
in the present case than in the case without the grids, at
moderate Reynolds numbers (7 x 10*<Re<1 x 10°).

This is linked with the early transition to turbulence in
the bed boundary layer, at Re=7 x 10%.

6. Autocorrelation and macro-time scales

The autocorrelation coefficient is defined by:
('(y, )u’(y, 1+ 7))
()

where u’ is the fluctuating component of the velocity,
u'=u—1u, and u is the ensemble average defined by

Rxx(,ya T) = (61)

1

0.8

0.6 coarse grid
04

02 F

Eq. (3.2). In the preceding equation, 7 is the time lag
and the brackets, ( ), indicate time averaged quantities
over a phase interval of 45°. The phase interval was
chosen after a sensitivity study showed that conver-
gence of the results was achieved for a phase interval
of 40°.

A typical result obtained for the high-porosity grid
case is shown in Fig. 27, at wt=90° calculated over
the 45° phase interval of 67.5°<wt<112.5°. Also
included in the figure is a typical result for the
undisturbed case.

The macro-time scale, T, is defined by

Ii(y) = /Oto Rue(y, 7)de (6.2)

where ¢, corresponds to the first zero crossing of the
autocorrelation function (Fig. 27). The first zero
crossing was chosen rather than oo for the upper
bound of the above integral because of the uncertainty
in the value of R, for large values of time. Recall that
the entire length of the phase interval over which the
correlation is calculated is only 45°. See further
discussion in the following paragraphs.

As mentioned earlier, five cycles were sampled for
the autocorrelation measurements (Tables 1-3). A
mean value of the macro-time scale is calculated by

Ti(y) = %Zn:Tx(y) (6.3)

in which 7 in the present case is 10 (corresponding to
the five sampled wave cycles).

0 \V/
02 F

0.4 - undisturbed

-0.6 “

Fig. 27. The autocorrelation function calculated for a typical half cycle of motion, at wt=90°, for velocity measurements taken at y=6.5 cm;
high-porosity grid: Test 14, Table 2, Re=1.79 X 10° and the undisturbed case, Test 2, Table 3, Re=1.72 x 10°.
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Fig. 28 presents a comparison of the time scales for
the high-porosity grid case and the present undisturbed
case. The standard deviations, o7, corresponding to the
statistics are also depicted in the figure. The large value
of o7 is due to the finite sample size (n=10). Unfor-
tunately, larger number of cycles in the correlation
measurements proved difficult due to the very small
sampling interval used in the experiments, which was
necessary for sufficient resolution of the autocorrela-
tion function. Nevertheless, despite the large values of
o7 the sample size used in the experiments is deemed

sufficient to obtain significantly different results, from
the two cases tested (see Fig. 28).

First of all, the macro-length scales for the undis-
turbed case, determined from /.=uT, and [,=uT,
compare favorably with the result obtained from
[=ky. (The latter relationship, known from the steady
boundary layer research, has been revealed from
Sumer et al., 1987 for an oscillatory boundary layer.)

Secondly, the time scales obtained, with the grid, is
presumably attributed to vortices generated by the
grids.
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Fig. 28. Comparison of macro-time scales. Diamonds: high-porosity grid, Test 14, Table 2, Re=1.79 x 10°; triangles: undisturbed case, Test

2, Table 3, Re=1.72 x 10°.
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Thirdly, it is seen from Fig. 28 that the time scale
increases with increasing distance from the bed, as
expected.

The autocorrelation and time scale measurements
have also been made for the low-porosity grid, for a
few cases. (Basically, these measurements were not
included in the original experimental program.) Nev-
ertheless, these limited measurements show that the
time scales obtained for the low-porosity grid are a
factor of 2 larger than that for the high-porosity grid.
This may be attributed to the smaller velocities expe-
rienced in the grid region in the case of the low-
porosity grid, meaning that 7, should, in this case, be
larger.

6.1. Discussion

The near-bed conditions for the turbulence in a surf
zone corresponds in many respect to a shear free
boundary layer where externally generated homoge-
neous turbulence interacts with a solid wall (Deigaard
et al., 1991). Shear free boundary layers (SFBL) have
received considerable attention during the last 30 years
in experimental, theoretical and numerical investiga-
tions. Some of the important references are: Thomas
and Hancock (1977), Uzkan and Reynolds (1967),
Hunt and Graham (1978), Hunt (1984), Biringen and
Reynolds (1981), Perot and Moin (1995), Aronson et
al. (1997).

A conceptually simple model based on rapid dis-
tortion theory was introduced by Hunt and Graham
(1978) and further discussed by Hunt (1984). This
model represents the characteristics of the turbulence
in an SFBL in many respects. The principle of the
rapid distortion model is to obtain a zero velocity
normal to the wall (by introducing a potential flow
field that cancels out the wall-normal velocity fluctua-
tions at the wall). The total flow field is thus a
superposition of the homogeneous turbulence with
an irrotational velocity field driven by a distribution
of sources at the bed, which cancels the vertical
velocity fluctuations there. This source field decays
away from the wall over a length scale of the order L,
the integral length scale of the turbulence away from
the wall. The wall normal velocity fluctuations thus
gradually decay to zero at the wall over this layer with
a thickness scaled by L,. The deflection of the flow
towards the wall causes a gradual increase in the

turbulent velocity fluctuations parallel to the wall. In
the case of isotropic turbulence away from the wall the
rapid distortion theory predicts that the mean-square
value of a wall-parallel velocity fluctuation increases
gradually to 1.5 times the mean-square value of it away
from the wall.

Due to the nonslip boundary condition at the wall
unsteady boundary layers are formed when the turbu-
lent eddies “scrape” along the wall, these boundary
layers can be laminar or—in the case of a very large
Reynolds number of the free stream turbulence—they
may become turbulent.

If a mean boundary layer flow is formed along the
bed, turbulence is generated in the boundary layer in
addition to the free stream turbulence. Hunt (1984)
argues that there is statistical independence between
the turbulence generated in the shear flow along the
wall and the externally generated turbulence, which
varies through the source layer.

As described earlier the free stream turbulence in
the present experiments formed partly by the flow
through the grid and partly in the shear layer beneath
it. The free stream turbulence is therefore not isotro-
pic. It is still relevant to interpret and compare some of
the results in the present experiments with the pre-
dictions by the rapid distortion theory, particularly
since the conditions in an SFBL may be representative
for the near-bed conditions in a surf zone.

The magnitude of the integral length scale can be
inferred from the macro-time scale (Fig. 28). Away
from the bed, the transverse macro-time scales are
about 0.06—0.07 s, the time scales are determined over
phase interval of 45° around the peak velocity at 90°,
and with a free stream velocity amplitude of 1.09 m/s;
the transverse free stream length scale, /0, is estimat-
ed to be about 0.07 m.

In Fig. 28, the transverse time scale (and therefore
also length scale) with the grid present is seen to
decrease almost linearly towards a value close to zero
at the bed. The decrease occurs over a height approx-
imately equal to # ), in agreement with the prediction
of the rapid distortion model of Hunt and Graham
(1978).

The vertical velocity fluctuations with the grid
present decreases towards zero at the bed (Fig. 16);
the decrease is more pronounced within the distance
4y (yla ~ 0.04) from the bed as would be expected
from the model. Quantitative comparison with the
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model results is difficult due to the combined effect of
decay of the grid generated turbulence with the dis-
tance from the grid, the turbulence generated in the
near-bed oscillatory boundary layer with a thickness
less than ¢ and the decrease of the grid generated
turbulence due to the proximity to the bed.

The characteristics of the longitudinal time and
length scales and the horizontal velocity fluctuations
are less clear. With the grid present the horizontal
velocity fluctuations (cf. Fig. 15) increase toward the
bed as would be expected from the rapid distortion
theory, but the increase is not more pronounced than
found without the grid due to the production of
turbulence in the oscillatory boundary layer. The
longitudinal length scale, Fig. 28, does show decrease
towards the bed as expected from the rapid distortion
theory of Hunt and Graham (1978). As in the experi-
ments of Brumley and Jirka (1987), who studied
turbulence near a free surface, the quantitative agree-
ment for the longitudinal length scale is less good than
for the vertical.

7. Conclusions

1. The level of turbulence, throughout the entire depth
of the oscillator, was substantially increased as a
result of the introduction of the grids. The
externally generated turbulence penetrated the
bed boundary layer, giving rise to an increase in
both the mean and r.m.s. values of the bed shear
stress, when compared to the undisturbed case.

2. The critical Reynolds number where transition-to-
turbulence occurs reduces as the level of turbulence
in the flow is increased. This is in accordance with
results obtained from steady, boundary layer flow
research. The onset of transition is accompanied by
the appearance of spikes in the bed shear stress
measurements, just prior to flow reversals, similar
to that observed in previous studies for the un-
disturbed case.

3. Other features, such as: (i) the change in phase of
the mean bed shear stress with changing Re; and
(ii) the spreading of turbulence (the r.m.s. value of
the bed shear stress fluctuations) towards smaller
phase values, with increasing Re are also observed.

4. The friction coefficient increases with the increase
in turbulence in the flow.

5. The enhancement in the momentum exchange be-
tween the bed and outer flow results in a reduction
of the phase lead of the bed shear stress over the
velocity at the outer edge of the bed boundary layer.
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