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SYNOPSIS 

The maximum amplitude of shear stress in the bottom boundary layer 
of water waves was evaluated with a Preston probe inclined on a 1 12 5 
slope beach  Near bottom velocity profiles were obtained in laminar and 
developing turbulent flow conditions from which the experimental boundary 
layer thicknesses were evaluated  Agreement between experimental bottom 
velocities and those calculated from Airy theory deteriorate with decreas- 
ing depth on the beach resulting m lower shear stress values than pre- 
dicted by linear theory  The measured boundary layer thickness on the 
slope exceeds the predicted for horizontal bottom, increasing shoreward 
to some critical depth outside the breaker zone from where it decreases 
shoreward  The influence of roughness on the shear stress distribution 
is considerable m the "offshore" region, but becomes negligible near 
the breaker zone  On a smooth bottom the coefficient of friction agrees 
with Kajiura's expression 

INTRODUCTION 

In order to quantitatively evaluate nearshore sediment transport, it 
must be recognized that substantially more is required to be known about 
oscillatory boundary layers, the magnitude of energy dissipation due to 
bottom friction and fluid turbulence and about the effect of permeability 
in various sediments, in other words about the physical phenomena near 
the fluid-solid interface  Our present knowledge on the flow of fluid 
near the bottom boundary is negligible because analytical solutions of 
mass transport exist only for laminar flow and for horizontal impermeable 
boundary  Nature prescribes, in contrast, sloping beaches, loose bound- 
aries and waves undergoing transformation and breaking  Furthermore, at 
this time we cannot yet solve the equations for turbulent boundary layer 
in unidirectional steady flow, let alone when waves are present  One of 
the early efforts of investigating the nature of the oscillating laminar 

269 



270 COASTAL ENGINEERING 

boundary layer was Eagleson's (1959)   Solutions for the horxzontal bound- 
ary were given by Longuet-Higgms (1958), Grosch (1962) and Iwagaki, et al 
(1967)  Turbulent boundary layers were investigated by Jonsson (1963) and 
Horikawa and Watanabe (1968)  The authors of the latter reference employed 
Kajiura's (1968) theory for turbulent boundary layers with some success 
Direct measurement of boundary shear stress and evaluation of the friction 
coefficient have been made by Eagleson (1959) and Iwagaki et_ al   (1965) 
The indirect method of velocity measurements has been applied by Jonsson 
(1963), Horikawa and Watanabe (1968) and Sleath (1968)   Sleath's results 
are particularly interesting because he used a permeable bottom boundary 
One of his conclusions was that increase in the permeability of a sandy 
bottom brings ab out an increase in the near bottom mass transport ve- 
locity  Experiments by Horikawa and Watanabe, employing the hydrogen 
bubble technique, hold out promise toward understanding not only the 
measurement of instantaneous velocities and boundary layer thickness but 
a very critical aspect of boundary layer research, namely phase differ- 
ences between the velocities within and outside of the boundary layer 
and between the local velocities and the boundary shear stress 

The use of the Preston probe for evaluating boundary shear stress 
from measurements of dynamic pressure is well known from literature for 
unidirectional turbulent flows  Its theoretical development is due to 
Preston (1954) who used the probe on smooth boundaries  Evidence for its 
applicability to rough boundaries was presented by Hwang and Laursen 
(1963) and Ghosh and Roy (1970)  Nece and Smith (1970) used an enlarged 
version of the probe on loose boundary of a tidal estuary with partial 
success  The Preston probe, as presented m this report, has not been 
applied to oscillating flows nor to a sloping bottom  In presence of 
waves, pressure gradients will necessarily be present in the direction 
of flow  Hsu (1955) and Patel (1965) have given proof of the probe's 
use in pressure gradients  In addition, Hsu (1955) extended its use to 
laminar flow 

The aim of this paper i& to report on some aspects of the oscillat- 
ing flow near the bottom, in particular about resistance on a sloping 
beach and its manifestation in velocity and shear stress distributions 
near a solid boundary  The theoretical developments of Kajiura (1968) 
for the oscillating boundary layer were followed  Velocity and shear 
stress measurements were obtained for various wave conditions, a fixed 
slope, smooth and a rough boundary in a wavetank, using the indirect 
method of a Preston probe 

THEORETICAL CONSIDERATIONS 

For the case of unsteady flow of a viscous, incompressible fluid 
flow the Navier-Stokes equations of motion, two-dimensional case, is 
given as 

„ -3u     3u    3u.     3D  ,   32u P ("3T + U3l + ^> " " ta + " JJ (1 l) 
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where the x-axxs is positive m the direction of wave propagation, z is 
the vertical coordinate measured positive upward, p is the fluid density, 
y is the viscosity, p is pressure and u, v are the local velocity terms 
in the horizontal and vertical directions respectively, defined 

3<b 
u - - "£ (12) 

3* 
and v = - gf (1 3) 

so that the condition of continuity is met by 

given $ as the velocity potential  Defining d as the local water depth 
positive upward from the free surface, U as the free stream velocity, 
and S  the boundary layer, the boundary conditions are 

z=-d,u=0,v=0 at the bottom 

z = 6 , u = U(x,t) at the outer edge of 
the boundary layer 

z ->- •» , u = U(x,t) at the free surface 

Introducing harmonic velocity components 

U(x,t) = U(x) + U'(x.t) 

U'(x.t) = U(x)elat , a = 2TT/T (1 5) 

U'(x.t) =0 (16) 

u(x,y,t) = u(x,y) + u'(x,y,t) 

v(x,y,t) - v(x,y) + v'(x,y,t) (1 7) 

p(x,t) = p(x) + p'(x,t) 

we integrate Eq 11 over one wave period and obtain 

,3u , —3u .  ,3u'  - 3u ,  ,3u. , 3p   32u   n ,.   „. 

for the flow in the boundary layer  Using the same procedure, the 
averaged expression for the flow outside the boundary layer will be 

p'S^s^-^-'i^+s-ve -° 
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Because xts effect is negligible we can omit the viscous term in Eq 19 
and extract the pressure term 

3p     ,3U , 77 3U  , „,3U\ 

having also neglected the terms containing v, assuming that the vertical 
velocity is small  Substituting Eq 1 10 into Eq 1 8, gives 

3u   ,  - 3u   ,      ,3u       r30x-3U j  „,3U', dzu 
^r + uii + u^-  fi7 + UiI + U^]=V3^ (HI) 

which describes the total velocity distribution 

Based on the parameter 5/L « 1 (where L is the wavelength), we make 
the assumption that the contributions represented by the nonlinear con- 
vective terms (except turbulence) are numerically not significant There- 
fore we rearrange Eq 1 11 to show the defect velocity relationship 

Ft <» - "> = i7 £> (1 12) at 3z  p 

where 3u (1 13) 
T = u rr 

dZ 

and x = K —• (1 14) 
/.   oZ 

are the laminar and turbulent horizontal shear stress relationships 
respectively, and the dynamic viscosity u = pv  Eq 1 12 is the ex- 
pression for oscillatory mean motion in the boundary layer based on 
potential theory  According to Schlichting (1960), the validity of 
Eq 1 12 can be established if the laminar boundary layer thickness 

«L -(2v/a)'
s (1 15) 

The Laminar Case 

Recalling that u is the horizontal velocity in the boundary layer 
and U just outside the layer, so that 

u(x,y,t) = U(x,t) = a/d  C sin (kx-at) 
lira z •+ 6 (2 1) 

where C is the wave celerity, "a" the wave amplitude and k = 2ir/L is the 
wave number  Grosch (1962) has shown that for a/d « 1 or a/d near 
(kx-crt) = 0 the linearized theory in the laminar case provides an adequate 
description of the flow because the sum of all the terms 0(a/d) in the 
nonlinear solution for the bottom shear stress equal the linear solution 
and are hence negligible  The solution becomes analogous to the Blasius 
series for steady flows 
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The steady state solution of the velocity m the boundary layer can 
be written as 

u = U[sin(kx-at)-e~z/ L sxn(kx-at-z/6L)] ,   •. 

where the subscript "o" refers to boundary conditions, §L is defined in 
Eq. 1 15 and 

U = -— smb.  kd 

(2 3) 

is the velocity immediately outside the boundary layer 

Iwagaki,  et al    (1967) based on Grosch's  solution obtained the 
approximate  expression for the bottom shear stress 

T0/(pu0
2) =   l^sin  (kx-ot    - ir/4) 

where the local Reynolds number is 

u 2T 

K = ~ (2 5) 

and the phase difference between U and x0 is irA 

The maximum shear stress was given by Iwagaki, et al  (1967) as 

o max _  /2v"    (—\i^1 

PgH   g sinh kd V (2 6) 

To max = pJ(— > <2 T) 

which shows that the amplitude ",  of the local boundary shear stress is 
a function of the local free stream velocity amplitude (therefore the 
water particle excursion distance) and a boundary layer thickness  The 
wave height H = %a is applicable to sinusoidal wave profiles 

In the laminar case we can describe the flow regime with the 
appropriate Reynolds number, which should contain the parameters for 
the boundary layer thickness, local velocity and viscosity  Hence, 
re-arranging Eq 2 5, we get 

-h    _  1 ,2VTT h _  v  /2 
m        -  U <• T '  " U  &r 

\. TJ6' 
and K2 = _i = IRS (2 8) 

where 6L = ( v/ a) = SjJ /2 for smooth bottom The Reynolds number in 
Eq 2 8 is identical with Kajiura's (1968) and that of Horikawa and 
Watanabe (1968) 
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For laminar flow we now nominally define the wave friction co- 
efficient to be of the form 

Cf UU = n(To/p) (2 9) 

where n must be determined from experiments  For the case of smooth 
bottom laminar flow Kajiura (1968) approximates the amplitude of the 
friction coefficient by 

C = 1/ K  for K < 200 
1      b (2 10) 

for the case of the smooth boundary  Introducing now z , as the charac- 
teristic roughness length, so that when 

D - 30 z0 (2 11) 

we have the equivalent Nikuradse's roughness expressed, we follow Kajiura's 
notation and write the Reynolds number for the rough boundary as 

\=f (212) 

and the friction coefficient can be expressed as 

Cf = 1 70 (-7-)"
2/3 (2 13) 

The Turbulent Case 

From experiments of steady turbulent flow (e g , see Clauser, 1954) 
we know that the turbulent boundary layer structure is threefold, con- 
sisting of the inner or laminar sublayer at the wall, the outer or defect 
layer near its outer edge, the two connected by the overlap layer A 
similar breakdown for oscillatory layers was suggested by Jonsson (1966) 

The general form of the turbulent velocity profile can be written as 

£. - A log <^> + C (3 1} 

which in the presence of roughness on the wall is modified to read 

^ - A log (Si, + C - £ (3 2) 

where Au/u* represents the vertical shift of the logarithmic profile caused 
by the roughness elements, A and C are constants to be appraised experi- 
mentally and 

(u*)2 = T/p ^ ^ 

Similarly       (u*)2 = (T(j/p) % = Q (3 4) 

is the shear velocity 



BOUNDARY SHEAR STRESSES 275 

and the shear stress is given by 

x = K 8u/3z (3 5) 
z 

Kz is Kajiura's (1968) eddy viscosity (1 e , the Boussmesq effective 
viscosity) of the form 

m the inner layer 

K = {. K u* z      in the overlap layer (3 6) 
z   ]    o 

in the outer layer 

where Kj = K U S£, K = 0 2 is a universal constant,<5£ is defined in Eq 
1 15 and K =  0 4 is Karman's universal constant  Eq 3 6 is in relation 
to a smooth boundary  For the rough case the overlap expression of Eq 3 6 
applies for zQ <z < 6, except when (6^/D)< 1 in which case 

K2  - 5 53 KU* ZQ (3 7) 

for the laminar sublayer Kajiura's eddy viscosity assumption is based on 
analogy to steady state flow  It presents the possibility, however, of 
being an improved estimate because it takes the structure of the layer 
into consideration  But as Clauser (1956) pointed out for steady flow, 
"the turbulent eddies introduce shearing stresses for which no reliable 
method of calculation exists", and this phenomenon should only be more 
complex in time periodic flows 

Even small changes in bottom roughness will drastically alter the 
profile of the turbulent boundary layer, which makes the vertical dis- 
tribution of K zdifficult to establish  Liu (1967 , as quoted by Kline, 
1969, vol I, p 529) showed that changing z0 can result in a change 
of Kz by a factor of four in the defect layer  Indeed, Horikawa and 
Watanabe (1968) showed that Kz attenuates with respect to z on both 
smooth and rippled boundaries, therefore further research is needed 
before accepting the formulations given in Eq 3 6, 3 7, and 3 8 

The friction coefficient for the smooth bottom in turbulent flow is 
given by Kajiura as 

Cf = ( Kg myL)"
2 for mg > 200 (3 g) 

Wlth m = 4 \Jf ,  N = Const = 12    assumed    (3 10) 2 
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^L 

/i<N<5L (3  11) 

~* 
DL  = Nv/u (3  12) 

where y, is the distance between the bottom and the lower limit of 
the overlap layer, we obtain the the aid of Eq 2 8 the approximate 
expression 

Cf = (-A 
loN2 

(3 13) 

For rough boundaries Kajiura gives 

KtyR (3 14) 

where y„ is the upper limit of the laminar sublayer 

For U/azQ < 1000 Eq 3 14 can be approximated by Eq 2 13 

The Preston Probe 

Preston (1954) assumed that in turbulent flow on a smooth boundary 
a region must exist close to the wall in which the "law of the wall" of 
the form 

u* ~ fl <—> 
(4 1) 

applies, so that the local shear stress at the boundary T  can be related 
to the velocity distribution by measuring the differential pressure Ap, 
with a modified Pitot tube m contact with the wall  The inter-relations 
are 

f=f2(^> (4 2) 
o 

311(1 To   _ «  ,AEd2 (4 3) 
pv^ - £3 <- 

where f2, 13 denote functional dependence, and d is the outside diameter 
of the probe  The logarithmic expression obtained by Preston (1954) 

T d2 .  ,2 
log,- -r2-? = 2 604 + 7/8 log,-, 7^ (4 4) 610 4pvz 10 4pvz 

was modified by Hsu (1955) for the laminar sublayer (hence for laminar 
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boundary layers)   to read 

y* m % lo8l0  <ife?>  + * x* (4 5) 

and for the turbulent portion 
7 

y* - log10 k + 8 x* (4 6) 

Where y* = log10 (x0d /4pv
2) and x* = logiQ (Apd2/4pv2) , t = the ratio 

of inner to outer diameter of the stagnation tube and should be in the 
vicinity of 0 6, k = I(t) and I(t) is given by Hsu in tabulated form 

Preston also advanced the hypothesis that the relationships presented 
in Eqs 4 2 and 4 3 are independent of the x-wise pressure gradient in 
the turbulent boundary layer  Patel (1965) indicated, however, that for 
severe favorable and adverse pressure gradients the Preston probe over- 
estimates skin friction  The analytical solution given by Yalin and 
Russell (1966) 

p(aU2 + ggSS) 

given g as the gravitational acceleration and a, 6 as empirical constants, 
takes into consideration the instantaneous position of the free surface 
S, thus the pressure gradient  It is clear therefore, that to avoid the 
influence of vertical accelerations on the local static pressure, as well 
as the influence of wave set-down near the breaker zone, initial evalua- 
tion of flow parameters with the Preston probe must be restricted to S=0, 
l e , to the wave crest and wave trough, or approximately (kx- t) » 0 

EXPERIMENTAL APPARATUS AND PROCEDURE 

Experiments were carried out in a fixed level, concrete floor, con- 
crete and plexiglas-wall wavetank designed by the authors and constructed 
in 1968-69 at Louisiana State University  Dimensions of the channel were 
65x3x3 feet and it is shown in Figure 1  A fixed angle beach was con- 
structed at the downstream end of the tank with a slope of 1 12 5, covered 
with aluminum sheet to provide a smooth surface  For part of the tests 
sand of uniform size was attached to the beach face in thickness of one 
grain dimension (z0 = 00123 ft ) 

Resistance type wave gauges and the Preston probe were suspended 
from a forward-reverse gear, variable speed carriage and positioned with 
the aid of point gauges  A Sanborn Model 150 oscillograph served as the 
excitation source and recording unit for the wave and pressure recording 
Waves with fixed periods of T=l 0, 15, 2 0 seconds were generated with a 
bottom-hinged paddle-type wavemaker  The surface configuration of these 
waves were quite asymmetric for low frequencies and high amplitudes, con- 
sequently they were damped using various combinations of baffles following 
recommendations of Keulegan (1968)  An undamped short period wave train 
is shown in Figure 1 



278 COASTAL ENGINEERING 

Figure 1.  Experimental set-up 

showing the wavetank, instrument 

carriage with Preston probe, and 

pressure transducer.  Beach is 

nearest observer. 

Since the Preston probe was to be used in wave boundary layers, the 
calibration procedure had to conform to the oscillatory motions experi- 
enced.  For this purpose a variable stroke, variable frequency calibrating 
apparatus was built whose real time response was recorded by a linearsyn 
differential transformer.  This enabled calculation of both the pressure- 
velocity relationship for the probe and the associated time lag.  Differ- 
ential pressures were sensed by a Pace 90B pressure transducer. 

For the given wave periods the wavemaker stroke was changed to pro- 
vide two wave amplitudes, noted as "large" and "small" in the graphs. 

Water depth was fixed at 2.0 feet in the horizontal floor portion of 
the tank. Waves were measured in this part of the channel as well as ad- 
jacent to the Preston probe, aligned with the sloping bottom (Figure 2). 
The definition sketch for the probe is presented in Figure 3. Measurements 
of the differential pressure were made under the wave crests and troughs 
only by orienting the probe upslope and downslope, keeping other conditions 
the same.  Adjustments for the phase difference between the surface, the 
free stream velocity and the velocity in the boundary layer were recorded. 
Measurements were carried out first on a smooth, then on a roughened bottom 
keeping other conditions the same. Water temperature was regularly recorded 
during the experiments. 



BOUNDARY SHEAR STRESSES 279 

Figure  2.     Preston probe aligned with rough boundary. 
Static probe is  in front. 

Preslon stagnation tube 
b/a't 

ffODOftQDrXI?--^ 
z, = .0026 ft. 

»c zero datum 

grains 

Figure 3. Preston probe resting on rough boundary, 
definition sketch 

EXPERIMENTAL RESULTS 

Rigorous evaluation of the velocity distributions on a slope, rela- 
tive to waves undergoing transformation and without specific knowledge 
about boundary layer structure, growth and separation during a wave cycle 
will have to await further experimentation and a solution to the nonlinear 
phenomena experienced.  Results presented on the velocity profiles on a 
sloping bottom are therefore exploratory only.  In Figures 4, 5, 6, a set 
of profiles are illustrated from one of the experiments conducted on a 
smooth bottom with "small" amplitude waves. 
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•I 

Figure 7.  Boundary layer obtained with injected dye 
on a rough boundary. 

Visual confirmation of the presence of a boundary layer is shown in 
Figure 7, showing displacements of a dye streak upslope, indicative of 
incremental mass transport with successive wave cycles.  The dashed lines 
of Figures 4-6 refer to the elevation of the maximum velocity in the 
boundary layer fl0 max following the procedure of Eagleson, Dean and 
Peralta (1958).  Experimental values of U, were found to agree very well 
for "deep" water on the slope, but the agreement declined for decreasing 
water depth and the linear model was found to overestimate the measured 
values.  It should be noted the maximum reflection (Hr/H^) was less than 
10% for any one test.  Grosch's (1962) criterion for neglecting nonlinear 
terms in the N-S equation was a/d<.01; it was exceeded in all cases.  The 
effect of the convective velocity terms should be additive under the crest 
and subtractive under the wave trough with respect to linear values 
(Eq. 2.3). 

Experimental data on boundary layer thicknesses are presented in 
Table 1 for various combinations of wave amplitude, water depth and wave 
period.  Values of 6 exceed the theoretical 6. (Eq.1.15), by factors of 
3 to 8.  Boundary layer thicknesses were found to be greater under wave 
crests than under wave troughs, this is no doubt influenced by vertical 
accelerations prior to attainment of Umax under the crest.  Growth of the 
layer is also affected by the contribution of upslope mass transport 
which allows a longer excursion distance for its development.  This phe- 
nomenon occurs on both smooth and rough boundaries.  The effect of rough- 
ness is to increase 6. The contribution is more under wave crests and this 
is to be expected because the rate of boundary layer growth accelerates 
with increasing roughness element size. Wave amplitude influence on 6 
was difficult to discern, more tests are needed to evaluate this relation- 
ship.  In some cases, boundary layers were observed to grow to some maxi- 
mum value offshore of the breaker zone from which point 6 diminished 
shoreward, the reversal usually taking place at d = 1.0 foot. 
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Table 1  EXPERIMENTAL BOUNDARY LAYER THICKNESSES Cm 10 ° feet) 

fi SL 

Wave Ampl "Large" "Small" 
Boundary Smooth Rough Smooth Rough 
Wave - Crest Trough Crest Trough Crest Trough Crest Trough 

d/T2 

1 56 11 9 6 9 15 3 13 1 12 5 7 6 12 3 7 0 1 79 
1 42 16 7 7 3 7 5 10 2 12 5 9 4 12 5 7 1 
1 25 15 8 8 0 7 3 12 5 12 5 10 3 17 2 - 
1 083 22 6 6 2 13 5 7 1 16 3 10 6 17 5 10 4 
0 92 8 1 10 6 7 5 - 17 5 17 5 7 5 - 
0 695 14 5 7 5 11 3 7 6 11 5 6 2 12 0 14 5 2 18 
0 629 12 6 8 2 14 6 11 2 15 0 8 4 10 7 - I 
0 555 8 7 8 7 16 1 - 16 2 10 5 13 3 18 2 
0 481 12 6 9 0 16 4 5 7 12 0 13 8 10 5 16 5 
0 407 15 0 9 5 11 1 16 2 7 5 14 4 8 2 13 7 1 

0 391 14 5 12 5 16 8 12 1 6 0 10 1 11 6 5 9 2 54 
0 354 - 14 1 12 4 10 2 14 0 11 2 8 5 10 6 
0 312 12 6 14 1 9 5 7 6 13 5 12 5 10 3 8 2 
0 271 7 0 8 9 15 4 10 7 12 0 17 5 12 2 17 4 
0 229 8 7 5 9 13 0 - 12 5 12 5 16 2 12 5 

The classification of boundary conditions in terms of the prevalent 
flow regime, I e to establish where laminar gives way to turbulent flow 
is a difficult task  Kajiura specified the transition region as 

25 IRg < 650 for smooth bottom 

and 100 < 1RR <1000 for rough bottom 

Collins' (1963) critical Reynolds number of 113 (by transformation) 
is in the range for IRS  Both ranges are wide and until a universal 
velocity distribution for oscillatory boundary layers is established, we 
do not know when to assume inception of turbulence or when full turbulence 
appears  Considerable data fell into the transition ranges specified 
above  The critical Reynolds numbers of Ks = 250 for the smooth bottom 
and IRR = 500 for the rough boundary are proposed 

Evaluation of boundary shear was based on Eqs 4 5 and 4 6, using the 
given critical Reynolds numbers  Maximum amplitudes of the shear stress 
were corrected for phase lag  The distribution of x0 max upslope is 
shown in Figure 8 corresponding to wave crests and m Figure 9 for wave 
troughs 

Although the rate of increase varies depending on wave period and ampli- 
tude, the trends are linear  The dependence on wave amplitude is clearly 
discernible, higher shear stresses are associated with "large" amplitude 
waves  In "deep" water initial values of x0 max are smaller under wave 
troughs than under wave crests  Convergence was noted, however, for both 
cases of boundary conditions on nearing the breaker zone, indicating also 
that the effect of roughness used becomes negligible for very shallow water 
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Smooth Boundary 
Experiments 

T(see)      H„(ll) 

Large amplitude waves 
°        10 480 
"15 284 

°       20 200 
Small   amplitude waves 

• 10 ^28 

• 15 135 
• 20 075 

Figure 10  Relation between the coefficient of friction C^ and 
the Reynolds number Eg for smooth boundary 

The relation between the shear stress and the corresponding velocity 
is dependent upon the coefficient of friction, whose value is a function 
of boundary conditions and the local flow regime For the smooth bottom 
Figure 10^is presented where agreement between Kajiura's curve and the 
computed Cj is very good for n = %  This is in contrast with n=2 for the 
rather widely used Cf ( e g , see Eagleson, 1959)   It is shown that the 
friction coefficient increases for decreasing wave amplitude 

In presence of boundary roughness, Eq 2 13 is applicable when 0/ozo
<1000, 

and this condition is validated for the test cases  In Figure 11 the 
linear trends show that the friction coefficient increases for increasing 
wave frequency, decreasing Reynolds numbers and decreasing wave amplitude 
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II       1— II        1       I      1     1     1         1        1 -i—i 1 r 1— 
Rough Boundary 

- Experiments 
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- Large amplitude waves 

- o       10         441 
A       15         361 

" D      20          179 
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Figure 11  Relation between the coefficient of friction Cf and 
the Reynolds number ]RR for rough boundary 

CONCLUSIONS 

Laboratory investigations of boundary layer thickness, near bottom 
velocity profiles and bottom friction were carried out on a slope with 
the aid of a Preston probe in hopes of initiating greater understanding 
about littoral sediment transport  The use of Preston probe is limited 
under oscillating flow conditions although its simplicity of construction 
and applicability to both laminar and turbulent flows is appealing  Wave 
boundary layers are complex phenomena m time and space and their analysis 
on a sloping bottom presents considerable difficulties  The thickness of 
fully developed layers greatly exceeds the theoretical, and this is proba- 
bly the result of non-negligible vertical accelerations and the presence 
of mass transport  The nonlinear effects could not be appraised for the 
velocity distribution and the agreement between the theoretical and ex- 
perimental reference velocity only occurs for relatively deep water  The 
shear stress distribution appears to have a linear relation to decreasing 
water depth, with higher amplitudes as wave height is increased 
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