TURBULENT BOUNDARY LAYER
IN WAVE-CURRENT MOTION

By Jorgen Fredsae'®

AsstrRacT: The mean current velocity profile in the combined wave-current
motion is calculated by use of the depth-integrated momentum equation. The
velocity distribution is assumed to be logarithmic inside as well as outside the
wave boundary layer, but with different slopes. Hereby, it is possible to de-
scribe the flow in the whole range from the pure wave motion (without any
mean current) to the pure current motion (without any waves). The theory
covers an arbitrary angle between wave propagation direction and mean cur-
rent direction.

INTRODUCTION

The flow conditions near the bed in combined wave-current motion
is of interest inside several fields of hydraulic engineering. For instance,
the near-bed flow is fundamental for evaluating the sediment transport
rate in combined wave-current motion, where the sediment normally is
picked up by the waves and transported by the mean current. In recent
years attention has been paid to the near-bed flow for evaluation of forces
on near-bed structures like off-shore pipelines. Finally, knowledge of the
flow in the turbulent boundary layer is of interest for the evaluation of
energy dissipation in waves.

ReviEw oF THEORETICAL DEVELOPMENTS

The work done until now on wave boundary layers can be mainly
divided into two parts: (1) The work done on the pure oscillation flow;.
and (2) extension of theories in item 1 to cover the combined wave-cur-
rent motion.

Oscillating Boundary Layer.—One of the first attempts to describe the
pure oscillating turbulent boundary layer by a mathematical model was
done by Kajiura (10). He adopted the eddy-viscosity concept in a three-
layer model: In the small inner layer the eddy viscosity, €, was taken as
a constant. In an overlap layer, € was assumed to vary linearly with the
distance from the bed and, finally, € was kept constant from a certain
distance away from the bed (the outer layer). By use of the equation of
motion, Kajiura obtained a rather laborious analytical-numerical solu-
tion. Recently, Brevik (4) has simplified the analysis by Kajiura by avoid-
ing the inner layer, where € was kept constant. Hereby, it was possible
to reduce the calculations of Kajiura. The amount of work inherent in
the analytical calculations is, however, still considerable.

Kajiura and Brevik tested their analytical results against the experi-
mental work done by Jonsson (7) [see also Jonsson and Carlsen (8)] and
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obtained reasonable agreement. However, three shortcomings in Ka-
jiura’s and Brevik’s theory must be mentioned: (1) They did not take
into account that the eddy viscosity is a function of time, as well as of
the distance from the wall; (2) the thickness of the wave boundary layer
was also taken as a time-independent quantity; and, finally, (3) the vari-
ation in bed shear stress was assumed to be sinusoidal.

Some of these shortcomings were removed in a later model by Jonsson
and Carlsen (8) who considered the problem from a different point of
view:

By using the momentum equation (integrated over depth) and the as-
sumption that the velocity distribution in the boundary layer is loga-
rithmic, a reasonable estimate for the friction factor was obtained in the
case of a rough wall. However, because the momentum equation was
integrated over a wave period it was not possible to describe the detailed
variation in bed shear stress and the phase between maximum bed shear
stress and maximum outer velocity. Further, the variation in boundary
layer thickness with time was partly neglected so that a constant from
the integration had to be determined from experiments.

Finally, the work by Bakker (1) must be mentioned. Bakker introduced
a mixing length hypothesis like that of Prandtl and assumed that the
mixing length was proportional with the distance from the bed. Com-
bined with the equation of motion, the mixing-length theory involves
the solution of a second oraer nonlinear partial differential equation of

the type

op _ _ &(plp)
ot Y ey

y
in which p = the friction velocity (equal to the square root of shear); y
= the distance from the bed; ¢t = the time; and « = 0.4 (von Kiarman’s
constant). The numerical work is rather complicated and the physical
assumptions introduced by Bakker cannot be shown to be superior to
other assumptions because the mixing length assumption may be ques-
tionable in unsteady flow.

Combined Wave-Current Motion.—Most of the work done on the
combined wave-current motion follows the same line as that for the pure
wave motion. Lundgren (13) utilized the measurements of the eddy vis-
cosity in the pure wave boundary layer from Ref. 7 to establish a theory
for the combined motion by use of the eddy-viscosity concept. Here, the
eddy viscosity was taken as the mean eddy viscosity during one wave
period. The shortcoming of Lundgren’s model is that it is a time aver-
aged model which does not describe the variations with time of the
boundary layer. A simplified model of Lundgren’s theory was later de-
veloped by Fredsee (5).

Grant and Madsen (6) developed a more detailed model of the flow
than that by Lundgren: By also adopting the eddy viscosity concept they
described the combined motion in the boundary layer from the equation
of motion. The calculations of Madsen and Grant are rather laborious
and the model has the same three shortcomings as that of Kajiura and
Brevik concerning the pure oscillating wave boundary layer: The eddy
viscosity is not taken to be a function of time, the boundary layer thick-
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ness is taken as a constant, and all variations with time are assumed to
be sinusoidal.

The model by Grant and Madsen, however, pointed out one impor-
tant feature: The influence of the wave on the steady current above the
wave boundary layer is an apparent increase in the roughness experi-
enced by the current. This could, in fact, also be concluded from Ref.
13.

Some of the shortcomings in the work by Grant and Madsen are avoided
in the paper by Bakker and Doorn (2). Their paper is an extension of
the work by Bakker (1), still applying the mixing length hypothesis, so
they end up with an equation like Eq. 1. In order to solve Eq. 1, bound-
ary conditions are needed. These, however, are not known in advance,
so an iterative procedure must be applied, which makes the solution of
the problem tedious. The improvement introduced through the work by
Bakker and Doorn is the inclusion of the time variation in the eddy vis-
cosity by not applying this concept directly in the calculations. However,
as in the case of a pure oscillating boundary layer, the assumption of a
mixing length hypothesis in a strongly unsteady flow may be questionable.

The work by Bakker and Doorn is restricted to the two-dimensional
case (in which the direction of wave propagation and mean current is
parallel), while Grant and Madsen’s model covers the three-dimensional
situation.

ScoPe oF PRESENT WORK

The main problem arising in the combined motion of waves and a
current is that a thin turbulent wave boundary layer develops at the sea
bed due to the oscillatory wave movement. On the other hand, the flow
formed by the more steady current is turbulent over the entire water
depth and does not have the same boundary layer character as that orig-
inating from the waves. Thus we have two different types of turbulence,
one originating from the wave motion and another, originating from the
mean current. The interaction of the two kinds of turbulence is highly
nonlinear.

For reasons of simplicity, the present theory is developed in two steps:
First we consider the pure oscillating wave boundary layer and, sec-
ondly, the combined wave-current motion is considered.

The theoretical development follows the line of Jonsson and Carlsen
by applying the equation of momentum in the boundary layer and as-
suming the velocity profile to be logarithmic. In case of no mean current
motion, the main idea is to study the development of the boundary layer
when the water from total rest is exposed to a periodic motion outside
the boundary layer. Hereby, the effect of eddies formed by the previous
movement is disregarded.

This is a physically reasonable assumption if the time scale for the
change in outer velocity (equal to the wave-period) is much larger than
the time scale for the decay of eddies formed in the wave boundary
layer. This will normally be the case in nature because the wave bound-
ary layer is very thin, so the side of the eddies is rather small. It must
be pointed out, however, that the theory breaks down at a very fast
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frequency, in which case the memory effects in the turbulence formed
in the wave boundary layer are of importance.

DeveLoPMENT OF WAVE BOUNDARY LAYER
WitHouT ANY MeaN CURRENT

Outside the wave boundary layer, the velocity is assumed to be a pe-
riodic motion with the velocity

Vo = U SIN(OF) oottt e e (2)

in which v;,, = maximum velocity occurring outside the boundary layer
from the wave motion (calculated from potential theory); and w = an-
gular frequency (= 2n/T, T = wave period).

Rough Wall.—In the case of a rough wall, the velocity profile in the
boundary layer is assumed to be given by

uf K i ....................................................
30

in which k = the bed roughness; k = the von Kdrman constant (= 0.40);
Uy = friction velocity; and y = the distance from the bed. In this case,
the momentum equations reads

8+k/30

To 2
—-——= —Uf = —J- — (Uy — U)dy .............................. 4)
p k30 O

in which 7, = bed shear stress; p = fluid density; 8 = wave boundary
layer thickness; and t = time.

It is convenient to introduce the upper limit in the integral to & +
k/30 rather than 3 (as is normally done), because 8 = 0 for f = 0.

The boundary condition at the top of the boundary layer is y = § +
k/30:U = U, or, by the use of Eq. 3

. . Uy
inwhich z=—k ... 6)

f

Now, the integral on the right-hand side of Eq. 4 can be carried out to
u? adu"+1du’k[2( 1) + 1] 7)
U= —+-——[e" -1 +1}.. ...
! dt  « dt 30 (

by using Eqgs. 3, 5, and 6. This relation can be converted into a differ-
ential equation in z, utilizing

¢ U, dt U dt

which is obtained from Eq. 6.
Hereby, Eq. 7 can be written as (eliminating d U;/dt)
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dz sin (wt) z(e*—z—-1) 1 dU,

—p—— ) I ) e 9

d(wt) efz—-1+1 e*(z-1)+1Uyd(wt) ©)
302 Uy,

inwhich p=——1" = 30.8% ................................ (10)
(O]

in which a = the free stream particle amplitude. Normally, B is a very
large quantity. Eq. 9 must be solved numerically. Because of the bound-
ary condition 8 = 0 for t = 0, the boundary condition to z is z = 0 for
t = 0 as seen from Eq. 5. Thus, at small values of t, Eq. 9 can be written
as dz/d(wt) = 2B(wt/z?) — z/wt which has the solution

z= w3/§ B OB = t% (11)

In the numerical solution of Eq. 9, the time, t, has been replaced by
t*, defined in Eq. 11, in order to account for the singularity at t = 0.

In Fig. 1(a), the solution of Eq. 9 is shown for two different values of
B (or a/k, cf. Eq. 10). From the knowledge of z it is easy to calculate the
ratio Uy/U,, (from Egs. 2 and 6) as depicted in Fig. 1(b). The maximum
value of this value defines the friction factor f, by the relation

fw uf,max
o e e e e e e e 12
\/; ulm ( )

in which f,, = a function of a/k as plotted in Fig. 2. The theoretical pre-
diction fits well with experiments (11) for values of a/k larger than about
30. This is nearly the same value, below which it becomes questionable
whether the velocity profile in the boundary layer is logarithmic (Ref. 8,
pp- 57-58).

Like U;, the boundary layer thickness varies with time as sketched in
Fig. 1(c). Jonsson (9) defines the boundary layer thickenss &, equal to
that occurring at wt = w/2. The variation in 3,/a with a/k is given in
Table 1. The present theoretical value of 8, is very near equal to twice
the value suggested by Jonsson and Carlsen (see Fig. 12). This is prob-
ably due to their definition of 8, , which they define as the minimum
distance between the wall and the level where the velocity becomes equal
to Uy . As pointed out by Jonsson (9), 28, should in fact be a more
consistent measure.

o le)

wt

o
~lA
Aa

FIG. 1.—(a) Variation in z; (b) Variation In U,;/U,,, ; (¢) Variation in §/a: With Time,
—:a/k = 10; «--~: a/k = 100
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FIG. 2.—Variation in Friction Factor f, with a/k in Case of Rough Bed

In Table 1, the phase, ¢, between maximum bed shear stress and max-
imum velocity is also given.

Smooth Wall.—If the bed is hydraulically smooth, the velocity profile
in a steady current is given by

u 1 u 1 9.8U
~=57+-In (—fy> =-In (-—”) ........................... (13)
Uy K v K v

in which v = the kinematic viscosity. This expression is valid outside
the viscous sublayer, where the profile is linear. The thickness of the
viscous sublayer, 8, is given by 8, = 11.7(v/U;) in which the velocity
profile is given by

The simplest way to avoid the problem with two different velocity
profiles in two different regions is to replace Eq. 13 by

u 1 9.8Usy
—=mIn | (15)
U « v

This profile is in the following assumed to be valid in the total region
0 =y =3. As seen from Fig. 3, Eq. 15 is nearly identical with the correct

TABLE 1.—Variation in Boundary Layer Thickness and Phase in Case of Rough
Wali

a/k d./a ¢, in degrees
(1) (2) (3)

10° 0.182 27

10 0.074 21 A
10? 0.039 15 M
10° 0.025 11 W
10 0.017 9 Y
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FIG. 3.—Correct Velocity Profile (Broken Line) in Flow Over Smooth Bed Com-
pared with Approximated (Full Line)

profile except for a small deviation in the viscous sublayer. Eq. 15 is
inserted in the momentum equation, which in the present case is

8
d
-Uj = —f p 0 R B Y (16)
0

Hereby, the following differential equation in z, defined in Eq. 6, is
obtained

dz 9.8k> u?

e e o e e 17

dt v oz - 1) 17)

At small values of ¢, Eq. 17 can be written as

dz 9.8k , w’t? (18

= T Ud )

which has the solution

= Ao a(f) = (19)

. ) 9.8x3 U2, 5

in which «a = =98k R ... 20)
v

Here, R is the “amplitude Reynold’s number” (Ref. 9, p. 114) defined
by
_ ulma _ u%m

4 vw

As in the rough bed case, z increases infinitely fast with time at ¢t = 0,
so t must be replaced by t{, Eq. 19, in the numerical solution of Eq. 17.
The solution of z is quite similar to those presented in the rough bed
case in Fig. 1, the parameter now being R instead of a/k. In Fig. 4, the
variation in f, , defined in Eq. 12, with the Reynold’s number is shown
and compared with Kamphuis’ experimental results, which fit well with
th% 2formula fo = 0.065R7%? [Jonsson (9), p. 128, suggested f, = 0.09
R™.
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FIG. 4.—Variation in Friction Factor with Reynold’s Number in Case of Smooth
Bed

For values of R smaller than about 5 X 10*>, we have transition be-
tween laminar and smooth turbulent transition (Ref. 9, p. 117).

In Table 2, the variation of phases & and boundary layer thickness §,,,
defined as in the rough bed case, is given as a function of R.

ComsINeED WAVE CURRENT MOTION

Kinematic Description.—In the present section, the ideas developed
for the pure wave boundary layer is extended to cover the general mo-
tion of combined wave-current motion in the case of a rough bed, which
is the most common in nature. Now, the instantaneous velocity profile
U consists of two parts: a steady component, U, , due to the mean cur-
rent and an unsteady component, U,, due to the wave motion.

The unsteady component is described in the same way as in the pre-
vious section: outside a small boundary layer at the bottom, still called
the wave boundary layer, the velocity from the unsteady flow is cal-
culated by potential theory, so in case of a sinusoidal wave the velocity
is just outside the boundary layer given by Eq. 2. Inside the boundary
layer, the unsteady part of the velocity is assumed to be logarithmic and
given by Eq. 3. .

The steady component, U, is described as follows: outside the wave

TABLE 2.—Varlation In Boundary Layer Thickness and Phase In Case of Smooth
Wall

R S, /a &, in degrees
(1) (2) 3)
10* 0.0322 13
10° 0.0232 10
10¢ 0.0176 8
107 0.143 6.3
108 0.114 5.5
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boundary layer the turbulence is due to the mean current only. Here,
the usual logarithmic velocity distribution
U1 1 y

n
C )
30

is adopted. k, stands for an apparent bed roughness which is different
from the grain roughness as the wave boundary layer acts as a larger
roughness element. Uy in Eq. 22 stands for the current friction velocity
to be determined later.

Inside the wave boundary layer, the mean current velocity profile is
assumed to be given by

u 1
S = (23)

C G
30

The boundary condition at the top of the wave boundary layer (y =
3 + k/30) is that the vectorial sum of the potential flow velocity (Eq. 2)
and the mean current profile (Eq. 23) is equal to the instantaneous ve-
locity at y = 8 + k/30 given by Eq. 3. If the angle between mean current
direction and direction of wave propagation is called v, this condition
becomes

k\ T k :
8+ — 8+ —
U, U
“in 30 =| 2LIn 30 + Uy cos vy
K k K k
30 30
F U ST Y e (24)

cf. Fig. 5, where U, stands for the mean current velocity at the distance,
8, above the bed (given by Eq. 23).
If, as in Eq. 6, we introduce a quantity, z by

<t (25)
2 T T e

uy
in which U} in the present case is given by
1 U Uf cos? 1
R B e (26)
U}" Uf - Ufo (u!' - Ufg) Uf - Ufg

we obtain from Eq. 24 the same relationship as in Eq. 5:

) X (e*—1) (27)
il (2§ T
30

Finally, the angle ¢ between the instantaneous flow direction in the
boundary layer and the mean current direction (Fig. 5) is needed for use
later on: from Fig. 5 it is seen that
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T Mean flow direction

Us

Upcosy

Ugsiny
FIG. 5.—Definition Sketch of y and ¢

Uskcosy + Upglnz

COS D = (28)
Usln z
. Uy .
Finally, sin® = _JLT SNy . e (29)
f

is obtained from Eq. 28 by use of Eqs. 26 and 27.

Dynamic Description.—The momentum equation applied on the
boundary layer in the direction perpendicular to the mean current di-
rection (the x-direction, see Fig. 5) is given by

8+k/30
j P (Usin® — Upsiny)dy = —msin®..................... (30)
k

/30

in which the first term on the left-hand side under the integral sign stands
for the acceleration in the z-direction, the next term is the pressure gra-
dient from the wave outside the wave boundary layer. The right-hand
side of Eq. 30 represents the bed shear stress component in the x-direction.

The principle in the study of the wave boundary layer development
is the same as in the previous study of the pure wave boundary layer:
the development of the boundary layer for 0 = wt = 7 is first studied.
At t = 0, the flow picture is identical with the resulting mean current
velocity profile, U, being zero, and the effect of eddies formed by the
previous movement being disregarded. At wt = m, we return to the orig-
inal flow situation (U, = 0) and a new wave boundary layer, similar to
the former one, will develop during the next half wave period.

The development is calculated from Eq. 30, in which Eq. 29 is inserted.
After integration of Eq. 30, we get

k du, dus
U U+ — (- )= — [z - )+ 1) —L 31
7 Uf 30(6 1) 1 3OK[€ z-1+1] 1i 31)

U7 is defined in Eq. 25, from which we obtain (like Eq. 8)
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T T T T (32)
dt U, dt z dt
Insérting Eq. 32 into Eq. 31, we get after some rearrangements
dz _z(1+z-¢*) 1dU, . 30k \/Kzuﬁ +2%UR + 2zklUs Uy cos vy (33)

dt e*z-1)+1U, df  k ez-1) +1

Like Eq. 9, Eq. 33 is singular at t = 0, which by Taylor expansion can
be written as

dz 1 &2 (U (0f) U, ot z
—— =By -t = | tk—T——zcosyp ——........... 34)
d((!.)t) Z 2 uig y4 Ufo V4 wt
- 60k Uso
in which B, = P (35)
wk

Eq. 35 must be solved numerically for larger values of wt.
The variation in z depends on the two parameters B; and Ui/ Uso -
However, B; can be written as (cf. Eq. 35)

a
_ Ui Upo ;
By = 60k — T 60K Ty (37)

in which a = the free stream particle amplitude. Thus, alternatively z
depends on the two quantities a/k and U,,,/Uj, .

In Fig. 6, an example of the variation in U; and the boundary layer
thickness & is shown for specific values of a/k and U,,,/U, for the special
case where the direction of wave propagation is the same as the mean
current direction. (In Fig. 6 ¢, is the phase between the maximum shear
stress and maximum velocity; and ¢. is the phase between minimum
shear stress and minimum velocity.)

Having obtained the variation in U, with time, the momentum equa-
tion applied in the mean flow direction (Fig. 5) gives the mean bed shear
7 in this direction. The momentum equation in this direction is

8+k/30
f p—(Ucos® — Uycosy)dy = —mcos®+7................ (38)
k/30 d

in which 7 stands for the current shear stress outside the wave boundary
layer, which is directed in the x-direction. Integration of Eq. 38 with
respect to time over one wave period yields

T T
-‘r=pufzc=f~rbcos¢>dt=fpufcoscbdt ...................... (39)
0 0

1113



o
a
~

— &
w
A
S
N
A

|

/2 n 32 2n

o N O o

wt

FIG. 6.—Variation in U,, U,, and 5 During Wave Period for a/k = 10 and U,,./U;,
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because the left-hand side of Eq. 38 becomes zero when it is integrated
over a wave period (no acceleration of the mean flow velocity).

The apparent roughness, k, , is determined by matching the inner and
the outer mean current profile in the mean thickness of the boundary
layer, 3,,, which from Egs. 22-23 gives

k, (308,) 0t
?z( k )

in which 3,, is in the present taken as the mean value of 8(wt = 7/2) and
d(wt = 3mw/2) (Fig. 6).

THEORETICAL RESULTS

In Fig. 7 the variations in k,/k as the function of U,,,/Uy. are depicted
for different values of a/k.

Fig. 7(a) shows the variation for y = 0°, while Fig. 7(b) shows the sim-
ilar variation for y = 90°. It is interesting to note that the curves cross
each other, which means that the apparent roughness at strong current
(small values of U;,,/U) is largest at small values of a/k (that means fast
oscillations), while the reverse is the case at weak current. In Fig. 8, a
comparison is made between the apparent bed roughness for two and
three dimensional flow for the same value of a/k.

It turns out that the apparent roughness is always the largest for two
dimensional flow.

In Fig. 9, the variation in 3,,/k with U,,,/Ux is shown for both 2-D (y
= 0°) and 3-D (y = 90°) flow: The variations turn out to be nearly iden-
tical, the three dimensional boundary layer being slightly larger than the
two dimensional except in the two limits (weak and strong current).
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FIG. 7.—Variation In k,/k with U,,./U, for Different Values of a/k: (a) v = 0°%
(b) y = 90°

Finally, Fig. 10 shows the variation in U /U, with Uy, /Uy for y = 0°
and 90°. From these diagrams, Figs. 7, 9, and 10, it is easy to describe
the flow as explained in the following.

APPLICATION OF DIAGRAMS AND COMPARISON WITH EXPERIMENTS

If the boundary layer thickness §,, is small compared with the water
depth, Eq. 2 yields
v_1 1 D 1 (41
T n & ......................................... )

30
in which V = the mean current velocity.

The diagrams depicted in Figs. 7, 9, and 10 are now applied in the
following way:

Let us assume that V, D, U,, a, and k are known quantities. By
choosing an initial value of U, k, can be found from Fig. 7. If the se-
lected value of Uy is not equal to that obtained from Eq. 41, a new value
of U, must be chosen until agreement occurs.

If the inner solution is also of interest, Uy, is now easily found from
Fig. 10. Only very few experiments are available to verify the theory,
and all are carried out in the special case where vy = 0°. Brevik (3) and
Kemp and Simons (12) have measured the velocity profile in the case of
a hydraulic smooth bed, while Bakker and Doorn (2) have measured the
velocity profile in the case of a hydraulic rough bed.

In Fig. 11, the present theoretical findings are compared with Bakker
and Doorn’s (2) measurements. The dotted lines indicate the inner and
outer solutions. However, because the solution of the wave boundary
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layer is not totally symmetrical around the mean values, the correct mean
profile is in fact not a logarithmic function, but instead the fully drawn
line which is obtained by taking the average value of U over a wave
period.

VARIATION IN FRICTION FACTOR

From the graphs depicted in Figs. 7, 9, and 10, it is, furthermore, pos-
sible to determine the friction factor for the flow. The friction factor for
the mean current motion is defined by

INEIAY
ﬂﬁz(v) ................................................... (42)

in which V/U is found by Eq. 41. Thus, besides the data already given
in Figs. 7, 9, and 10, it is necessary to know the dimensionless water
depth, D/k. The variation in f, is shown in Fig. 12 for y = 0° and vy =
90° for a specific value of D/k and a/k: for strong current, f. approaches
feo, which is the friction factor in pure current, obtained from Colebrook-
White’s formula. For weak current, f, increases to a higher value, which
in the limit is given by

2 1. (D
\/f-%;ln (8_,_1> .......................................... (43)

in which §,, = the pure wave boundary layer thickness. From Fig. 12 it
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is seen that the friction factor is largest for 2-D flow.

Besides the friction factor for the mean current flow, the maximum
bed shear stress during a wave period is also of interest (for sediment
transport). In Fig. 13, the variation in Uy m../ Uf, in which U . = the
maximum friction velocity during a wave cycle, is depicted as a function
of Uy,/Uy, for different values of a/k. From this diagram, together with
Fig. 10, it is easy to find the maximum bed shear stress.

By defining a friction factor by

2
fona = (E:) .............................................. (44)

in which Uy ma« = the maximum flow velocity at the top of the boundary
layer (the vectorial sum of wave velocity and mean current velocity); fmax
can be evaluated from Fig. 13. An example of the variation in f,,, is also
shown in Fig. 12. At weak current, fn., approaches the wave friction
factor f, depicted in Fig. 2.

CONCLUSION

A model for the wave boundary layer in combined wave current has
been developed which takes its starting point on a reasonable guess of
the velocity profile inside and outside the wave boundary layer. By ap-
plication of the momentum equation in the direction perpendicular to
the mean current direction, the calculations are reduced to the solution
of a first order ordinary differential equation. In the case of no mean
current, the theoretical findings agree well with the measured friction
factor in the rough bed case as well as in the smooth bed case. In the
case of a nonvanishing mean current, the calculations are carried out
only for a rough bed, where the calculated mean current profile agrees
reasonably well with the measurements by Bakker and Doorn.
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