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1. Effects of Wind Shear and Waves on the Structure of Turbulent Streams

Hiroichi TSURUYA*
Hiroya TERAKAWA**
Yoshikuni MATSUNOBU***

Synopsis

Interaction of wind shear or waves and a current was investigated in a wind-wave
tank. In the experiment V-type wedge shaped hot-film anemometer was used in order
to measure the turbulent fluctuations in longitudinal and vertical components simul-
taneously. Modification of mean current, characteristic properties of turbulent motions
and diffusion coefficients have been discussed.

When wind blows on adverse current, turbulent fluctuations and diffusion coefficient
increase near the water surface. On the contraly, near the middle of the flow, they
decrease compared with the case of current only. This is closely related to the mean
velocity distribution. '

In the case that only wind shear acts on the water surface and there are no waves,
the way how to predict the turbulent intensities and diffusion coefficient have been
proposed.

Under the adverse current condition, turbulent structures which originate in wave-
current interaction was investigated. Irregular waves were generated by a plunger
type wave maker. Flow velocity was measured with the laser-Doppler anemometer
and mean velocity distributions for regular waves in adverse current were discussed
with the finite-amplitude wave theory. Frequency response functions for irregular
waves propagating on a current were derived. From the experimental data it was
confirmed that the linear theory between surface elevations and orbital velocities can
hold only near the peak frequency of the waves.

Finally, diffusion of small particles (mixture of chlorobenzene and xylene) in the
field where waves and a current coexist was investigated. It became evident that
diffusion coefficient in the flow direction increase when waves propagate against the
current, but in the vertical direction it does not increase remarkably.

* Chief of Hydrodynamics Laboratory, Marine Hydrodynamics Division
** Formaly, Member of Hydrodynamics Laboratory, Marine Hydrodynamics Division
***+ Member of Hydrodynamics Laboratory, Marine Hydrodynamics Division
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Effects of Wind Shear and Waves on the Structure of Turbulent Streams

1. Introduction

Turbulence plays an important role in the transport processes in the ocean.
Energy, mass and momentum are transported across the air-sea interface which is
exposed to the wind shear and surface waves. In the ocean, turbulence is produced
both directly from the interfacial stress by the wind and indirectly by the rate of
momentum loss from the surface waves by such process as wave breaking (Phillips,
1977, p. 256).

In the coastal region, currents such as tidal currents, local wind-generated cur-
rents and wave-generated currents are usually observed. Interaction of waves or
wind shear and currents is important in many applications. Deformation of surface
waves by currents has been investigated by many researchers (e.g., see Peregrine
and Jonsson, 1983). On the contrary, turbulence of the water flow interacting with
waves or wind shear has not been studied sufficiently. A few experimental investiga-
shear and currents is important in many applications. Deformation of surface
tions have been made on the alteration of the mean and turbulent flow parameters
due to the wave interactions (e.g., see van Hoften and Karaki, 1976; Kemp and
Simons, 1982, 1983). As far as we know, however, no study has been made on the
turbulent structure of currents under the action of wind shear.

This paper describes an experimental program carried out in a laboratory wind-
wave tunnel, to investigate the interaction between wind shear or gravity waves
and a turbulent current. In particular, changes induced in the mean velocity profiles,
turbulent intensities and spectra, and diffusion coefficient due to the interaction
are investigated.

2. General Description of Experiments

The experiments were conducted in a wind-wave tunnel, whose sketches are shown
in Figs. 1(a) and 1(b). The dimensions of the test section are 2850 cm long, 150 cm
wide, 130 cm deep. The side walls consist of glass plates. A wind blower is located
on the windward side (right hand) of the test section over the waterway, and wind
is generated by an axial fan driven by a 50 kW variable speed motor. The wind
tunnel is fitted with guide vanes, a fine mesh screen and honeycombs in order to
provide uniform velocity profiles. The wind speed is set up by regulating the rota-
tional speed (rpm) of the fan. The maximum wind velocity is nearly 30 m/s for
the water depth of 50 cm.

The water currents are generated by a pump and a pipeline system. Current
direction in the flume can be controlled by the operation of valves. In the present
experiments the current condition in each run was controlled by adjusting the flow
rate accurately by means of a venturi-meter and a manometer. If the reading of
the differential pressure head of manometer exceed = 1 mm from the setting value,
the flow rate was readjusted.

On the leeward of the uniform test section, an enlarged part is fitted in order to
diffuse winds. In this part wooden walls are installed. The width between them
is 150 cm, the same as that of the test section. In this part a plunger-type irregular
wave maker is installed. This is controlled by a low-inertia DC motor (0.77 kW), the
movement of which is directly proportional to the input signal supplied from the

— 7 —
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Fig. 1 Wind-Wave Tunnel

analog data recorder. The maximum wave height is 10 cm in the case of wave
period of 1.0s. At the windward end of the channel, a piston-type wave maker is
equipped to generate regular waves of relatively long period.

Measurements were made in the experiments at the stations A, A-2, A-3, B, C,
and D. The fetches at these stations were 0.75, 2.25, 5.25, 9.75, 18.75 and 27.75 m,
respectively.

3. Turbulence Structure and Diffusion Coefficient of Streams
under the Action of Wind

3.1 Experimental Equipments and Procedures

The characteristics of the turbulent motion and the diffusion coefficients are much
complicated in the situation where wind waves and currents both exist. In order
to simplify the phenomenon and to examine the contributions of wind shear alone
to the mean velocity distribution, turbulent motion and the diffusion coefficient, the
present series of experiments were conducted with wind waves being suppressed.

Some detergent was applied to the water in order to suppress the generation of
wind waves. By a preliminary test, it was confirmed that 1.8 kg of detergent was
sufficient to suppress the wind waves in the flume. In this condition the concentra-
tion of the detergent was 24.5 ppm. It was decided to keep the water depth at the
measuring section constant at 45 cm.

The revolutions of the wind blower was kept constant of 300 rpm. In this case
the free stream wind velocity near the inlet of wind was 8.1 m/s. Wind velocities
over the water surface were measured with a pitot static tube and a MKS
BARATRON type 310BH differential pressure head and type 170M-6B electronic

— 8 —
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unit. The mean water flow velocity was set at 23.8 and 80.3 cm/s. Measurements
of current velocity were made with a DISA type 55R72 wedge-shaped V-type hot-
film anemometer at various elevations at the station A and B. The anemometer was
operated at an overheat ratio of 1.05. It was calibrated by towing it at constant
speed within still water in a calibration tank. The carriage speed was determined
by measuring the time that it took to traverse a 1 m length of the tank. In the
experiment the V-probe was attached to a self-elevating system which could be raised
and lowered a distance of 110 cm with an setting accuracy of 0.1 mm. The probe
was carefully cleaned by using a small brush before each measurement. The effective
fetches of the stations A and B were 0.75 and 9.75 m, respectively. The experimental
conditions are summerized in Table 1.

Table 1 Experimental Conditions

. Ua vw
Case Station (m/s) Cem/'s)
S-1 23.8
I A I
S-2 8.1 30.3
S-3 B 23.8

The surface drift current velocity was calculated by measuring the time of floats
passing two stations 30 cm upwind and downwind from the test section respectively.
Thin circular papers of 0.56 cm diameter punched from computer cards, saturated
with paraffin, were used as surface floats.

A digital data recorder (DATAC-2000B, Iwatsu Electronic Co., Ltd.) was used
for recording the output signals from the measuring instruments on the on-line
basis. The sampling time interval of turbulent velocities was usually 4t=1/1024s
and the total data number N=16384. Some of the data were sampled at 4t=
1/204.8 s and the total data number N=32768. Consequently the time of measure-
ment in both cases were 160 s exactly.

3.2 Wind Velocity Profile

Figure 2 shows the wind velocity profiles at stations from A to D. The fetch of
each stations is represented in Chapter 2.

The mean velocity profiles near the air-water interface follow a logarithmic
distribution

Us() =22 1n 2, G.D
K 0

20a

where U,(z) is the wind velocity at an elevation z above the mean water surface,

uxa (=\/7./p,) the friction velocity of the wind, r, wind shear stress at the water
surface, p, the density of air, x the von Karman constant usually taken to be 0.4
and z,, the roughness length.

Generally, shear stress r in the fluid is related to the friction velocity #s by the
following relation

=p G2
where p is the density of the fluid. As it has been well confirmed that the velocity

__g_.
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distribution near the wall or water surface follow the logarithmic distribution as
shown by Eq. (3.1), we can estimate the friction velocity u4« by applying Eq. (3.1)
to the measured data. In the same way as the air flow over the water surface, we
can define the friction velocities u4, and uy, for the water flow at the water surface
and the bed, respectively.

The friction velocities ux, were estimated by applying Eq. (3.1) to the measured
data. They are 29.2, 27.8, 29.0, 27.1 and 34.3 cm/s for the stations A, A-2, B, C and D,
respectively. The roughness parameter z,, and eddy viscosity v, of the wind are
2.946 X 10¢cm and 0.148 cm?/s at the station A.

3.3 Current Velocity Distribution

Mean velocity distributions of currents with and without wind are shown in Figs.
3, 4 and 5. They correspond to the cases S-1, S-2 and S-3, respectively and the
experimental conditions have already been shown in Table 1. In order to examine
the influence of detergent to the mean velocity distribution, velocity measurements
without wind were made for both with and without detergent (Fig. 3). Although
there is some scatter in the case of detergent applied, no significant effect can be

— 10 —
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found.

In open-channel flow, the well known velocity distributions are logarithmic and
1/7-th power laws. Logarithmic law has the same form as Eq. (3.1) and the mean
velocity distribution for open-channel flow can be expressed as

U= 1n 212, 3.3
£ 20
where J(z) is the mean velocity at an elevation z, uy, the friction velocity at the
bottom, z,; the roughness length at the bed and d the depth of water. Friction
velocity and the roughness length were estimated from the observed velocity dis-
tribution near the bed. The relation (3.3) is represented in Figs. 3, 4 and 5. As
the value of —z/d decreases (in the upper layer of the flow), the difference between
the experimental data and Eq. (8.3) becomes remarkable.
The 1/7-th power law is

- 1
T@=u(ZEL)', (3.4
where u, is the water surface velocity. Equation (3.4) is represented as a broken
line. For all cases the agreement is better than the logarithmic distribution.

The velocity distribution in an open-channel turbulent flow in the presence of
a surface wind stress has been investigated by Reid (1957) and Tsuruye et al.
(1983). The theories will be explained in order.

Reid (1957) derived the generalized formula for velocity profile which takes the
influence of surface stress into account making use of Montgomery’s (1943) generali-
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zation of the Prandtl-von Karman's mixing length theory. Its theoretical derivation
is outlined below.

According to Prandtl’s one-dimensional mixing-length theory (e.g., see Hinze
1975, p. 364), the shear stress at the elevation z can be represented as follows

I dU(z) dU2) @3.5)

v=pol’ dz ’

where p,, is the density of water and I the mixing length.

For the case of flow in a wide channel with a free surface, the generalized mixing
length hypothesis of Montgomery (1943) leads to the following quadratic from for
the mixing length

@3.6)

l=

where z,, is a characteristic roughness length for the channel bed and z,, is a
similar characteristic parameter for the free surface. Near the surface and the
bottom Eq. (3.6) reduces to the well known relation l=«z.

Next, the shear stress within the flow is assumed to have a linear distribution.
If z, is the shear stress at the free surface and 7, the bottom stress, the shear
stress r can be represented as

r=r.i;i—n —;~, @D
in which  axis is taken to the direction of z,. The velocity distribution for the

adverse current condition can be obtained by integrating Eq. (3.5) making use of
Eqgs. (3.6) and (3.7) as

U2 _

Ukw

-
~ Un——3{ Baingi7%+2 B tan "gT]’ <l (3.8

_IJC_Z)—':_UM_'# 2B0tan-l_y‘+Bl In §+y] C>C<m, (3-9)

Uskw £ L B,
Um=—1—[Boln */ﬂ 2 By tan™! “/—'—m—_‘} (3.10)
K —m B,
T
Ts ’
(=4,
_ Im!
o =T Tml
y=Im+QA—m)l > (3.1D)

Boy=/TQ—mro—ml,
B\=yT1+Q-mni,
£=s+r+nr),

200
"=
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20w
= d ]

where sy, is the friction velocity of the water flow at the free surface, z, (= puttxw®)
the shear stress at the water surface and r, is the shear stress at the bed.

If 7y, < 1 and m < 0 the surface velocity %, can be approximated from Eq.
(3.9), namely,

o _ 1 4 T ——{ 4|m|
Usw K [ln (1+Iml)n+Ztan Viml=VIml\ln +1mDr
+2 tan Jimi )] 3.12)
The mean current velocity U, is defined as
— 0
Uw=%s U(2)dz. 3.13)
-d

The substitution of Egs. (8.8) and (8.9) in the integral of Eq. (3.13) leads to

BﬁVW}}

U, 2 1 imi
Bo—v m|

— 1
—_ = . -1 —_
[1+l/lml Bo{tan B, + 5 In

Ukw K (.14

If the mean velocity is specified for the given m and z,, the bed roughness length
Zep can be obtained from Eq. (8.14). The parameters employed in calculating Eqgs.
(3.8) and (3.9) are summerized in Table 2 for Figs. 8, 4 and 5. Thick solid curves

Table 2 Parameters in Calculating Eqs. (3.8) and (3.9)

. Tw Ug Uxw
Station (em/s) " (em/s) (em/s)
—23.8 — 0.8 3.84 1.30
A
—30.3 — 0.8 —3.70 1.41
B —23.8 — 0.8 —0.85 1.30

which are named as ‘Reid’ in these figures represent the results making use of
Egs. (3.8) and (3.9), but the sign is reversed. The reason that we adopt m=—0.8
is based on the experimental data of the Reynolds stress and will be discussed in
Section 3.4. The calculated curves nearly fit to the observed data. Near the water
surface and the bottom, however, they indicate slight difference. In the calculation,
%y, was estimated so that the calculated curve show a best fit to the experimental
data.

Tsuruya et al. (1983) obtained the velocity distribution of the drift current,
assuming that the logarithmic profile can stand near the water surface and the
bottom, that is

U= Uxw In 2wta _ Uk In a+Zob+Z.
K ZOw—d K 20b

(3.15)

From Eg. (8.15) mean velocity U, is represented as
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7o Uk __ Uk (4
T e 24 (1n =1 ). (3.16)
If it can be assumed that the bottom to be smooth, the logarithmic distribution of
the velocity gives

Zovthd 0, 111, 3.17)

Yuw

where v,, is kinematic viscosity of water. The surface roughness length z,, can be
obtained by assuming that the roughness Reynolds numbers just above and below
the water surface are equal, that is

ZW':J& V_sza’ (3.18)

Pa Va

where v, is kinematic viscosity of air.

If u,, 24, and U,, are known, wy,, us, and z,, are obtained by solving Egs. (3.16),
(8.17) and (38.18). The results are indicated as dash-dot lines in Figs. 3, 4, and 5.
Although there is some difference at the center of the stream, the agreement is
good near the surface and the bottom. The values of parameters employed and
estimated in calculating the velocity distributions are summerized in Table 3. The
estimated values of u4, in Table 3 are less than that in Table 2. Because both

Table 3 Parameters in Calculating Eq. (3.15)

Station Tw ) Uxg 20a X 10* Va 200X 10% U Ugp 205X 10*
(cm/s) | (em/s) | (am/s) | (ecm) |(cm¥/s)| (cm) | (em/s) | (em/s) | (cm)
—23.8 3.84 5. 31 1.17 1. 10 9. 89
A 29.18 2.95 0. 158
—30.3 —-3.70 11.1 1. 25 1.35 8.08
B —23.8 —0. 85 29.04 5.69 0. 156 5.31 0. 992 1.09 10.7

estimation contain many assumptions, it is not certain for the present that which
is more reasonable. In the later analysis, however, the values of %4, in Table 2 will
be used.

The velocity distribution of the flow with adverse wind is similar to that of pipe
flow. Next, we try to apply the theory obtained for the pipe flow. Zagustin and
Zagustin (1969) studied the turbulent flow in a smooth pipe using a “balance of
pulsation energy” equation. They obtained an expression for the universal law of
the velocity distribution

Uu*u =5, Otanh“(%)g, 3.19
where U is the velocity at the axis of the pipe, u the velocity at a given point in
the pipe, uy the friction velocity, » the radial distance measured from the axis of
the pipe and R the radius of the pipe. If we regard the flow in this experiment
with the wind shear behaving similar with a pipe flow, the relation (3.19) can be
used by separating the flow field into two regions at the height where the velocity
gradient diminishes. This condition is satisfied when —2z/d=0.555. The calculated



Hiroichi TsSURUYA * Hiroya TERAKAWA * Yoshikuni MATSUNOBU

distribution using the Zagustin and Zagustin’s theory is represented in Fig. 3.
For the upper layer, the theoretical value is small compared with the experimental
data.

3.4 Reynolds Stress

Turbulent motion may be defined as a randomly fluctuating motion superimposed
on a mean motion. Instantaneous velocity is then given by

U=U+u,
W=W+w,

where U and W (=0) are the mean velocities and % and w represent the turbulent
motions in x and z direction, respectively.

The Reynolds stress ¢ and the intensities of the turbulent motions can be written
as

(3.20)

r=—puuw, w=u, w’=w’ 3.2D

where % and w’ are the root-mean-square turbulence-velocity components in the
z and z direction, respectively. From the first equation of (3.21), the shear velocity
ux can be written as y42=—wuw.

-Uw (cm¥s®)
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Fig. 6 Reynolds Stress (Station A, U,=23.8cm/s)

Figure 6 shows the distribution of the measured Reynolds stress for both adverse
wind and current only cases at the station A. In the case of adverse wind, the
Reynolds stress lie close to the linear distribution except near the water surface
and the bottom. The height at which the Reynolds stress becomes zero is —z/d=
0.555. The distributions of the Reynolds stress in other cases are represented in
Figs. A-1 and A-2. Figure 7 summarizes the Reynolds stress normalized by a
surface shear velocity. In the middle part of the flow three cases lie close to the
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one linear distribution. If we assume that the Reynolds stress follow a linear dis-
tribution, it can be considered from the figure that the bottom shear stress is 80%
of the surface shear stress. This is why that we adopt m=—0.8 in the calculation
of Reid’s distribution in Section 3.3.

Ejection

I

Outwards
Jluwi= const

i v

Inwards Sweep

Fig. 8 Sketch of ‘Hole’ Region in the u, w
Plane

The conditional sampling technique as described below is used in order to in-
vestigate the detailed characteristics of the Reynolds stress. The w-w plane is
devided into five regions as shown in Fig. 8. In this figure, the hatched region is
called as a ‘hole’, and is bounded by the curves | uw |=const. A parameter H’ is
introduced so as to | uw |=H’w'w’. The parameter H' is called the hole size after Lu
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Fig. 10 Contributions to —#w from Different Events
(Station A, Current only, Up=23.8cm/s, z .
=—10 cm). Notation as in Fig. 9

and Willmarth (1973).
The contributions to ww from the four quadrants are computed from the follow-
ing equations:

<uw>‘b H'= 1}2—%—8: u(t)w(t)Dl, H [u(t)’ W(t)]dt, (i:: 11 21 31 4)r (3- 22)
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Fig. 12 Contributions to —%w from Different Events
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z=—0.5cm), Notation as in Fig. 9.

where <> represents the conditional sampling and

1, if |uw|>H'sw'w and the point(w, w) in the i-th
Dy, 5'(u, w)={ quadrant, 3.23)
0, otherwise.

The contribution rate from the each quadrant to the Reynolds stress is therefore



The contribution to uw from the ‘hole’ region is obtained from

where
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z=—10cm). Notation as in Fig. 9.

Si, 7= <{uw)s, at/uw.

Ss, H'=

1

uw

lim 7+, 4(Dw(®)Ds, w2, wB)dt,
T 0

@3.20)

(3.25)
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Fig. 16 Contributions to —zw from Different Events
(Station A, Adverse Wind, Uy,=23.8 cm/s,
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Fig. 16 Contributions to —zw from Different Events
(Station A, Adverse Wind, U,,=23.8cm/s,
z=—40cm), Notation as in Fig. 9.

1, ifluw|<H'yw'w’,
Dty =] (3. 26)
0, otherwise.

These five contributions are all functions of the hole size and must satisfy the
following relation

4
¢2=1 S, a’+Ss, g'=1. @G.2D

The time fraction during which each contribution is being made is

—2] —
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Tiy wr=lim 3. Dy, wlu(®, wDldt, (i=1,2,3,4,5), (3.28)

where D;,,’ is represented by Egs. (3.23) and (3.26). It is customary to label the
events defined by the four quadrants ¢ as outward interactions (i=1; u>0, w>0),
ejections (1=2; u<0, w>0), inward interactions (¢i=3; u<0; w<0) and sweeps
(t=4; u>0, w<0), respectively.

Figures 9~11 represent the fractional contributions from different events at
various elevations for the case of current only. The directions of the line segments
of open squares in the figures represent the quadrants to which squares belong as -
illustrated in the caption of Fig. 9. In these figures, contributions from the second
(ejection) and the fourth (sweep) quadrants are remarkable as usually seen in the
boundary layer flow. When wind acts on the water surface, on the contrary, con-
tributions from the first and the third quadrants dominate (see Figs. 12~16). It
can be deduced from the figures that the water surface which suffers the wind shear
resembles like a wall. In this case, the contributions from the third and the first
quadrants can be considered as ejections and sweeps, respectively. Near the water
surface, the contributions from the third quadrant is slightly greater than that
from the first quadrant. The contributions in Fig. 156 was measured at z=—25cm
and the Reynolds stress was nearly zero as can be confirmed from Fig. 6. It is
noticeable that when the Reynolds stress is nearly zero, contributions from the
second and the third quadrants are balanced. Moreover, contributions from the
first and the fourth quadrants are also balanced.

3.5 Turbulence Intensities and Spectra

When detergent is applied, the water properties are slightly varied. For example,
surface tension decreases to a value of 70% of tap water and wind waves cannot
develop under the action of wind even at relatively high wind speed. Eddy viscosity
was also measured but significant difference could not be recognized. As it is
suspected that detergent influence the turbulent structures, turbulent spectra are
investigated in a detergent added water. In the same manner as the mean current
distribution, frequency spectra of turbulent fluctuations in the cases with and with-
out detergent are compared. Figure 17 shows the frequency spectra of u component
and Fig. 18 shows that of w component. In the figures both cases yield the same
spectra. This means that the infiluence of the detergent can be ignored in turbulent
streams. In the following discussions, therefore, we consider that the detergent
have nothing to do with the turbulence intensities and spectra. In this section we
investigate an universal relation of turbulent intensities under the action of wind
and the characteristics of the spectrum of turbulence.

In Figs. 19 and 20, relative turbulence intensities »'/ U and w’/U are represented.
In the figures the data of McQuivey and Richardson (1969) are also plotted. It is
evident that in the case of current only, distributions of both % and w components
resemble like the data of McQuivey and Richardson. Near the water surface, how-
ever, the difference for the u components becomes noticeable. As experiments by
McQuivey and Richardson were conducted in an open channel with 3 cm water
depth, it can be considered that the difference between our data and that of
McQuivey and Richardson’s is originated from the variation of the influence of
surface fluctuations which is called as “inactive component” (Bradshaw, 1967A).
In the present experiment, water depth was 45 cm and no significant surface fluctua-
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Fig. 20 Vertical Turbulence Intensities (Station A, U, =23.8 cm/s)

tions could be observed.

Nezu (1977) has studied the turbulence intensities in an open channel flow and
found the universal distributions of turbulence intensities non-dimensionalized by
the shear velocity uy, at the bed.

They are represented as



Effects of Wind Shear and Waves on the Structure of Turbulent Streams

w' /uso=D1 exp(—2L/2), Dy=2.30,
w' [uxy=Ds exp(—2L/2), D:=1.27

where % and w are the root-mean-square turbulence-velocity components, 1 the
constant and is taken to be 2.0 after Nezu and {=(d+z2)/d.

Now we use the 1/7-th power law as a mean velocity distribution. With the aid
of Eq. (8.29), the relative turbulence intensities can be written as

3.29

w _ 2.3uxexp(—0)
U wolV7 4

(3.30)
w’ _ 1 27 uss exp(—0)

g ol

Equation (3.30) are represented in Figs. 19 and 20 as solid curves. Except near
the bottom where —z/d=1.0, the agreement between the Nezu’s universal functions
(3.29) and our experimental data are fairly good.

When adverse wind acts on the surface of the stream, turbulence intensities near
the water surface increase compared with the case of current only. On the other
hand, they decrease where the relative depth —z/d is lower than 0.4. As will be
discussed later, turbulence production by the Reynolds stress can be represented as

— pw W% @3.3D

From Fig. 6 it is seen that the Reynolds stress at the elevation —z/d=0.55 is
zero. As a result, turbulence intensities produced by the Reynolds stress would be
very small as confirmed in Fig. 19.

When wind blows on the water surface the development of turbulence intensities
from the surface can be considered to have the same form as that from the bottom
as represented in Eq. (3.29). Consequently, the turbulence intensities can be
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Fig. 21 Mean Square Values of Velocity Fluctuations
(Station A, U»=23.8cm/s)
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written as
#'%= G 1’uxs* exp(— 210) + G 1us® exp {1/ (C— 1D},
w'2= G 2s2uxo® exp(— 220) + Gavtesn® exp {2/ (C— 1} .

(3.32)

It was assumed that the turbulence intensities from the water surface and the
bottom can be added linearly. Moreover we assume that the constants are the same
as Nezu's constants D, and D,, namely, G,;,=G,,,=2.3, G,;,=G»,=1.27. Furthermore,
assuming 1,=24," and 2,=2,” and making use of the experiental data, 1, and 2, can
be obtained as

At =4, 867
A=3.37.

(3.33)

In Fig. 21 calculated curves (3.32) are shown as solid and broken lines for =
and w components, respectively. The agreement is fairly good. In the calculation
uxp=1.15 cm/s and u4,=1.3 cm/s were used. The relative turbulent intensities and
the mean square values for another cases are shown in Figs. A-3~A-6.

The one-dimensional power-spectral density function was computed using the
FFT algorithm. Figures 22 and 23 show an example of the frequency spectra of the
cases with and without wind. Figure 22 shows the power spectra of » and w com-
ponents for the case without wind and Fig. 23 shows that of the case with wind
(U,=8.1m/s). It can be considered that the sharp peak in Fig. 23 is caused by
the wind vibration of the pipe attatched to the traverse system to which v-probe
was furnished.

For the isotropic turbulence, one-dimensional spectra of » and w components
have the following relation

[ oy 38u( ]
Sty =3 SuCy—- 22| (3.30)
where k=2 7f/U is a wave number (Hinze, 1975, p.204). In the inertial subrange

S, (k) has the slope of —5/3 and Eq. (8.34) reduces to

Sulk) =§su(k>. (3. 35)

In Figs. 22 and 23 we admit that in the inertial subrange the relation (3.35) can
hold approximately. All the frequency spectra of u component are converted into
wave number spectra and some of them are shown in Figs. 24~35. They correspond
to the case S-1. Near the water surface, spectral components in the case of adverse
wind are exceedingly greater than that in the case of current only. On the contrary,
in the middle part of the flow (—25>2>—385 cm), spectral components in the case of
current only are slightly greater than that in the case of adverse wind. This corre-
sponds to the situation of turbulence intensities we have already shown in Figs. 19
and 21. Near the bottom, turbulent spectra are not so affected by the wind.
According to the previous studies in open channel flow, the spectrum of turbulence
has an universal form (e.g., Nezu, 1977). For simplicity, we consider the one-
dimensional energy spectrum S(k) in the wave number field k, where k=2f/U, f
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and T are frequency and mean current velocity, respectively. For the lérge Reynolds
numbers the form of S(k) in the inertial subrange can be expressed as

Sk =Ackk-8, (3.36)

where e is the dissipation rate by turbulence per unit mass and A is an absolute
constant.

In the viscous dissipation range, Inoue (1952) have obtained the relation as
follows

S(k)~ev k73, (3.3

where v is kinematic viscosity of the fluid. Heisenberg (see for example, Hinze,
1975, p.245), on the other hand, have obtained another relation as follows

2 (a\? T/ k

S(k)=6—3'(—2—) ‘(eu5> '( ke

where « is the constant of proportionality, k3=1/9 and n=(v3/e)/* is the Kolmo-

goroff length scale. In Figs. 24~35 spectral shapes are remarkably similar and

each spectra has the —5/3 law for the inertial subrange and the —3 law for the
viscous dissipation range.

The coordinates are non-dimensionalized using S,= (¢ v,,°)1/* and the Kolmogoroff
length scale 5, where v,, is kinematic viscosity of water. Figures 36 and 37 show
an example of the normalized wave number spectra. All the spectral profiles collaps
to a single curve except at the low wave numbers observed near the water surface

) (3.38)
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Fig. 36 Normalized Energy Spectra (z=—1cm)
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Fig. 37 Normalized Energy Spectra (z=—10cm)

(e.g., 2=—1cm). This indicates that in the case of the adverse wind, the relation
(3.36) and (3.37) can hold the same as in the case of usual open channel flow.

The dissipation may be calculated directly from the measured spectral-energy
function (Panofsky and Dutton, 1983, p. 333)

e=15 uwS:szu &) dk, (3.39)

where k%S, (k) is usually called a “dissipation spectrum”. The dissipation spectrun
is illustrated in Fig. 88 in the case S-1 and the elevation z=—1.0 cm in the loga-
rithmic coordinates and in Fig. 89 in the case S-2 (¢2=—1.0cm) in the normal
coordinates. In calculating e using Eq. (8.39) from the observed spectrum, it is
difficult to determine the limit of integration. If the wave number spectrum has
the —3 law and does not have the —7 law in high wave number region, the dissipa-
tion spectrum does not decrease rapidly as the wave number increases and the
integral value in Eq. (3.39) changes according to the limit of integration.

There is an another way to evaluate the viscous dissipation rate e, which uses
the spectral function (3.36). If the universal constant A is previously known, we
can evaluate ¢ making an application Eq. (3.36) to the inertial subrange of the
calculated wave number spectrum. Based on the many experimental investigations,
Bradshaw (1967B) concluded that the constant is

A=0.5%0. 05, (3.40

in the range of R.,=V'3Z Az/v=100~10000,
where 2 is the Taylor’s microscale. In this study, A=0.47 is adopted (Grant et al.,
1962), (Imamoto, 1977). In order to compare the two methods, e is calculated by

— 35 —
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both methods. In the case of Fig. 39, spectrum function in the inertial subrange
and viscous dissipation range for the case of adverse wind are

Su=152k"% o0<k<s.12,
—17.0k°, 6. 12Sk<ks.

(3.4D

The dissipation spectrum using Eq. (8.41) is represented in Fig. 39 as a solid
curve which intersects at k=6.12. The substitution Eq. (3.38) in Eq. (3.39) leads
to
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ke
16ua{ * BSu(K)dk=150u(17 In kx—18.0), (3.42)

where ky is the upper limit of the integral and v,=0.00877. On the other hand,
applying Eq. (3.36) to the observed spectrum we can get

e=b5. 82. (3.43)
Equating Eq. (3.42) and Eq. (3.43) yields

kx=38.9. 3.44)

This exceeds the observed range. Because of the difficulties stated above and the
scatter of the dissipation spectrum as recognized from Fig. 39, the relation (3.39)
was not used in calculating the dissipation.

For two-dimensional flow, the turbulent kinetic-energy equation reduces to

puwd—(z/= %[pw(u2+v2 +wH)+wpl+ #w(%) (xﬁ,)’ (3.45)

where v? is the turbulence intensity in y direction perpendicular to x-z plane and p
the pressure (McQuivey and Richardson, 1969). The left hand side of Eq. (3.45)
represents the production by the Reynolds stress. The first term on the right hand
side is the energy diffusion by turbulence, and the last term is the dissipation e by
the breakdown of large eddies into small ones. The distributions of each term in

10 -
8 Station A Wind U.=8.Im/s .
Adverse Current U,=23.8¢cm/s

& - Detergent Applied

O Production

e Dissipotion
= Diffusion
2 nius

Energy (cm¥s®)

[o] 0.2 0.4 0.6 08 10
! | : : c-z/d ' ] s

Fig. 40 Distribution of Terms Appearing in the Mean Energy Equation
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Eq. (3.45) are shown in Fig. 40. As the diffusion term could not be measured
directly, it was calculated by making use of Eq. (3.45). Near the water surface,
production and dissipation term become great. This can be deduced from Fig. 3,
because velocity gradient near the surface becomes very large when adverse wind
blows on the surface.

3.6 Diffusion Coefficient

In the case that the turbulence is homogeneous and stationary, i.e. if the average
properties are uniform in space_and steady in time, Taylor (1921) obtained the
expression for the mean square Z2 of a large number of samples

A
%=ZWL2 S:wRL(T)d‘l'y . (3.46)
and
JU— — (Tt
75T =20 | oRu(dedt, (3.47)

where Z is the distance traversed by a particle in time T, w,? the Lagrangian mean-
square turbulence-velocity component in z direction and ,R, (z) is the Lagrangian
autocorrelation coefficient. The subscript w represents that the autocorrelation
coefficient is calculated for w components. Integration of Eq. (8.47) by parts gives

7D =22 (T—DuRu(de 3.48)

The coefficient ,R;, (r) should be unity when z=0 and is effectively zero for large
7, say t>t,. Hence, for small T

Z2(D=wiT% (3.49)
and for large T
Z(T)=2Twi?T, (3.50)

where T, is a constant time-scale of turbulence and defined by

T.= S:wRL (o)dr.

The flux F of the property across a fixed surface due to the turbulent motion is
effectively defined by the following relation

——K(D3C
F=-K(T)5>, (3.51)

where K(T) is the diffusion coefficient and dC/dz is the gradient, normal to the
surface, of the concentration of the property undergoing diffusion.

The diffusion coefficient K (T") has the dimension of [length X velocity] and can be
represented as the average of the multiplication of the velocities and displacements
of fluid particles which transport any diffusible property. Thus, the diffusion coeffi-
cient is expressed as
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e 7 4Z _1 dZ*
K(D=w.Z=2 aT -2 aT" (3.52)
From Egs. (3.46) and (3.52) the diffusion coefficient can be written as
(3.53)

— th
K(T)=w,fso wRL(2)dr,

where ¢, is the value of r beyond which R, (r) remains zero. On the basis of
observations in the atmosphere, Hay and Pasquill (1957) concluded that the Lagran-
gian correlation fell off much more slowly than did the autocorrelation of the
velocity component measured at a fixed point, and in their later study (1959) they

adopted a simple hypothesis of the following:

wRL(E)=wRe(®), when ¢=p4t,
where the subscript E referring to the Eulerian autocorrelation coefficient from
measurements at a fixed point and g is the ratio of the Lagrangian to the Eulerian

time scales.
Consequently, the relation

3.54)

| wRu@de=p Rs(Ddt (3.55)

can be obtained.
From the observations of the crosswind spread of particles and the simultaneous

measurements of the fluctuations of wind speed, they summerized the average value
of g as being 4 with a “scatter range” from 1.1 to 8.5 for the diffusion over short
distances in the atmosphere.

Baldwin and Mickelsen (1962) have demonstrated that the parameter g is pro-
portional to the ratio of the mean velocity to the turbulence intensity. The error
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Fig. 41 Eulerian Diffusion Coefficient (Station A,

Uw»=23.8cm/s)
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0.1

in the estimation of g will often not be serious. If the true value is g, and the

value assumed is g’, it is easily seen that the value of 4/'Z2 derived will be (8’/ )¢
times the true value, where q will vary from zero when T is small to a maximum
of 0.5 when T is large (Pasquill, 1962). Because of the reason stated above, g is
assumed as unity in the present study.

Eulerian diffusion coefficients in both longitudinal and vertical directions were
calculated using Eqs. (3.53) and (8.55). The results are illustrated in Fig. 41.
Near the water surface, diffusion coefficients in both # and z directions increase
in the case of adverse wind compared with that of current only. Figure 42 shows
the ratio of the diffusion coefficients K,, K, in the case of adverse wind to K, K,
in the case of current only. The ratio increase up to 20 near the surface. On the
contrary, this becomes less than unity in the range of 0.3< —2/d<0.85. The tendency
is similar to the case of turbulence intensities.

Eddy diffusivity K, can be represented in terms of the mixing length I, and the

root-mean-square of turbulence v/ w?, namely
Kx= lz ‘/w=2. (3. 56)

In the case of adverse wind I, was nearly constant and the relative value to the
water depth was l./d = 3.2x1073. Using this value as the mixing length and making
- use of Eqgs. (3.32) and (3.56), vertical diffusion coefficient K, was calculated and is
illustrated in Fig. 41 as a broken line. Diffusion coefficients for another cases are
shown in Figs. A-T~A-10.
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4. Interaction of Waves and a Turbulent Current

4.1 Experimental Equipments and Procedures

In this experiment, two types of waves makers were used. The locations of them
are shown in Fig. 1. At the windward end of the channel, a piston type wave maker
is equipped to generate regular waves of relatively long period.

A plunger type wave maker is equipped at the enlarged part of the channel. In
that place, wooden walls, the distance of which is the same as that of the test
section are installed.

Irregular wave signal having the shape of Bretschneider-Mitsuyasu spectrum was
computed by ACOS 1000/10 digital computer system. The result was recorded on
a magnetic tape in a digital form. This digital data was transformed by the D-A
converter (DATAC-2000B, Iwatsu Electronic Co., Ltd.) into analog data with the
time intervals of 1/128.0 s and was recorded on a cassete type data recorder (R-61,
TEAC Corp.). At every experiment concerning irregular waves, this analog data
recorder was used to supply a wave signal to the irregular wave controller. The
irregular wave maker is driven by a low-inertia DC motor (0.77 kW) through a
ball-bearing screw. The movement of the plunger is directly proportional to the
input signal supplied from the analog data recorder. The maximum amplitude of
the plunger movement can be easily set by setting the three digit dials.

Surface displacement was measured with a resistance-type wave gauge. Current
velocities were measured with a Laser-Doppler Anemometer (LDA, DISA 55X
system). A 25 mW He-Ne laser was used as a light source. The focal length of
the front lens 55X58 is 600 mm and taking into consideration of the beam refraction
in water, it is enough to measure the velocity at the center of the channel (75cm
from the side walls). The depth of the water was kept at 50 cm.

4.2 Deformation of Surface Waves

Figure 43 shows the change of the wave height of regular waves without current.
The total dissipation for regular waves propagating over a distance « in deep water
can be expressed in terms of a damping coefficient 4 by

10 T
s}
8l
7 -
6= —
5 I ) ) ) : - .
—~ 4} )
E Fully contaminated /
x o T:‘ 1.0s -
(—L—)°=O.O38
2F .
d=50cm
' 10 20 30

x (m)

Fig. 43 Wave Dissipation (Regular Waves, T=1.0s)
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H=H, exp (—4x), 4.1

where H, and H are the initial and final wave heights respectively.
In a channel of uniform width b and depth d the damping coefficient 4, due to

boundary dissipation at side walls and a bottom of the flume has been given by
Hunt (1952) as

dy= 2k (ﬂ)é kb+sinh 2kd

5 \2) Zdtsinh2id’ )

where o is an angular frequency and the relation (4.2) is shown by broken line
in Fig. 43.

Van Dorn (1966) has investigated the surface wave damping due to the surface-
film effect. Assuming the free surface to be horizontally immobilized (fully con-
taminated), the surface damping coefficient 4, can be expressed as

_ 2k {vw\} kbsinh®kd :
4.=5(32) Sidt snre i .3
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The total change of the mean wave height by the viscous damping (4.2) and the
surface damping (4.3) is shown by dash-dot line in Fig. 43. Figure 44 shows the
change of the wave height of regular waves propagating on adverse current. The
mean velocity of the current is 20 cm/s. Sato (1975) has investigated the wave
damping propagating on a shear current. In his theory the influence of wave
amplitude on the damping coefficient is not included. It can be read from the figure,
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however, that if the initial wave height is large the damping coefficient is also
large. The straight lines in Fig. 44 are drawn by the least-square methods applied
to the present experimental data. They agree well with Sato’s experimental lines
especially for the case of smaller wave height.

Figure 45 shows the change of the relative power of irregular wave components
without current. The detailed properties of the irregular waves will be discussed
later. For the higher frequency components, damping coefficients are much larger
than that by viscous damping (4.2). Tanimoto et al. (1983) have investigated the
irregular wave damping in a concrete channel. Present results are in approximate
agreement with Tanimoto’s data. Next, the change of the irregular wave heights
in a current were investigated. Figure 46 shows the change of the relative total
power. There is no significant difference between no current, adverse current and
favourable current conditions. In the figure the straight line represents the viscous
damping Eq. (4.2). In calculating Eq. (4.2), significant wave period T,,; was used
as a representative wave period.

Figure 47 shows the power spectrum of irregular waves without current observed
at station C. The observed spectrum agrees well with Bretschneider-Mitsuyasu
spectrum. A correction of the operation signal of the plunger was made using the
observed spectrum at station C. The spectra observed at stations lateral distances
of which are 50 cm from the center of the channel to the left (450 cm) and to
the right (—50 cm) looking in the wind direction are shown in Fig. 48. Figures 49
and 50 show the wave spectra in the case of adverse current and favourable current
respectively. The movement of the irregular wave maker was the same as that of
the case of no current. In the case of adverse current (Fig. 49) the peak becomes
sharp and large compared with that of the case without current. It will be partly




Effects of Wind Shear and Waves on the Structure of Turbulent Streams

Adverse Current?
Station C
Uw=20 cm/s 3

10°E

107}

E(1) (cm's)

[ vioic

L A
10" 10° 10%,”
f(Hzy M

1o”

Fig. 49 Wave Spectra Generated on
Adverse Current (U»=20cm/s)

because of the increase of wave breaking of higher frequency components. On
the contrary, in the case of favourable current (Fig. 50) the power near the peak
slightly decreases compared with that of the case of no current. But in the higher
frequency regions the power decrease rapidly the same as the case of adverse
current.

Figure 51 shows the statistical properties of irregular waves without current
analized by the zero-up crossing method. In the left of the figure shows a relative
wave height distribution. The time of measurement is 160s. Sampling time is
4t=1/102.4 s and the total number of discrete data points N is 16384. The total
number of waves is 189.

The observed data obeys a Rayleigh distribution:

S T2 =

)= 5% exp( 7 ) z=H/H, 4.9
where H is the _mean wave height. Probability density distribution of the relative
wave period T/T can be expressed as

A2

p(T’) =2[§2+ (‘:,_ 1)2)3/2) T’= T/ Ty (4- 5)

(e.g., see Goda, 1977, p. 181).
In the middle of Fig. 51 shows the probability density distribution of the relative
wave period and Eq. (4.5). The value of  was estimated in order to fit the observed
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data. In the right of Fig. 51 shows the probability density distribution of the
surface displacement. The observed data obeys a Gram-Charlier distribution:

= C2xm)? exp(—2 1)1+ 5V B il ) 4.6)



Effects of Wind Shear and Waves on the Structure of Turbulent Streams

Y3126A

@
Irregular Waves 251 05 é
Adverse Current Hi/3=5.8cm JB1=0186 =
Uw=20.0cm/s T13=1.04 s B:=2.78 1
10T station € 201 04 W
— Rayleigh distribution_ .
108}l — i— V=02 Gram~-Charlier
ol 151 w distribution D3
z Lo ~J
Qo6 o i
10 021
04
o 1
0.2 05 0
0= 0 - .
0 1.0 20 300 05 1.0 15 3-2-101 23
H/H T/T 7/Mtms
Fig. 52 Statistical Properties of Irregular Waves (Adverse Current, U=
20.0cm/s)
U 1
60 . I r ~ 10
sol Station C-2 H=4.0cm T=16s :mz
- Adverse Current Uw=20cm/s 2=0cm o,
w40 _
N . ~
5 30 \ l/ \\ 1/‘\\ ‘//‘\\ /,\ I/\\‘ I/‘\\\ l/ \\ /"\\ [\ /,\\ l/\\ 1/\\\- g ﬁ
o ‘\/ \\/ \\j ‘\_,/’ \\ /I ‘\’/ ¥ \\/ \\/ \\J / V; \\ /1 ‘\\I/ k s ‘;‘
= 20 b
J-s
to drop-out signal J_g
o nononnonfon I
S 10 15 20

Y3048
t ¢s>
Fig. 53 Surface Elevation and Longitudinal Velocity Component Measured
at the Higher Level than the Wave Trough with LDA (Adverse
Current, T=1.6s, 2=0cm)

U ]

60 T T T 10

sob Station C-2 H=40cm T=16s . g

2 40 Adverse Current Uw=20cmss Z=-2cm b
> i ] ~

~ ~ ~ ~ -~ ~, ~, ~, I 9 2
E) :I \\ / \\ /A 1/ \‘\ 1’ \\ / \\ / \\ 1/ \\ :I \\ :/ \\ ! \\ / \\ ." ﬁ
S 30 H 08
s - _2 -

> 20 4

. -8

10 drop-out signal 8

0 A1 T 10

0 5 10 s 20
Y3045
t s

Fig. 54 For Legend see Fig. 53 (Adverse Current, T=1.6s, z=—2cm)



Hiroichi TSURUYA ¢« Hiroya TERAKAWA + Yoshikuni MATSUNOBU

U(2) (cmyss)

<fea o . 10 30
0 S-SR iy i TE— ‘
oo T I
-0k T T=1.6s - .
€ | o0 — '
£-201 4006 —— | BRINK-KJAR b
M e 0.033 ----
-30F Station C-2 |
40 Adverse Current L=256.6cm )
-50 L a8 '

Fig. 55 Measured Longitudinal Velocity Distribution and BRINK-K]JAR's

Theoretical Curve

U n

1s . 1o

Station 'C-2 ' Hi3=5cm T||/3=1.Os J s

1ok No Current Z=-10cm i

Ly MM(\M\ TPIIIRE
o 22
5 0 VV A A VV A 08
i W i W ikl \%;r

-10 ,—drop-out_signal E ::

-15 ' 5 s 20'°

Y3168
t s>

Fig. 56 Surface Elevation and Longitudinal Velocity Component without

Current
W 1
1s — T ~10 v
Station C-2 Hi/3=5¢cm Tin=10s 4 8
10 No Current =-10cm 1 s
1 e
~ 5
g 2 2 :
5 0 oS
o —2:
= -5 -4
-10 -6
-8
- 1 1 L 1
150 [ 10 15 20 0
Y3156
t ¢s>

Fig. 67 Surface Elevation and Vertical Velocity Component without
Current



Effects of Wind Shear and Waves on the Structure of Turbulent Streams

where =2/, ma=7%, v/ i=7°/(7)¥2 the skewness and H,=t,>—3t, is the Hermite
polinomial of degree 3 (Phillips, 1977). As in this case 4/3,=0.0136 the probability
distribution function (4.6) is not so different from the Gaussian distribution.
Figure 52 shows the statistical properties of irregular waves generated on adverse
current. The mean velocity is 20.0 cm/s. As can be considered from Fig. 49 that
the spectrum has the sharp peak, the probability density distribution of the wave
period has a sharp crest and the value of § is 0.2. This means that in this case the
concentration of the wave period is very high.

4.3 Wave-induced Velocities and Turbulence

Making use of the piston type wave generater, regular waves were generated on
adverse current. The mean velocity of the current was 20 cm/s. Velocities were
measured with the LDA system at station C-2. The station C-2 is located at the
middle point between stations C and D.

Figures 53 and 54 show the surface elevation 5 and the velocity U in the case
without current with a drop-out signal at the elevation of z=0em and —2em
respectively. It should be pointed out that in the case of adverse current the direc-
tion of the flow is taken to be positive.

When laser beams are scattered by the surface waves or there is no particle in
the measuring volume, the output signal is locked and the drop-out signal becomes
zero. In Figs. 53 and 54 when laser beams go out of the water near the trough of
waves drop-out signal becomes zero. When drop-out signal is zero, output signal
of the current is not taken into account.

BRINK-KJZR (1976) has investigated the interaction of gravity waves and a
current having the profile with a straight line. Figure 55 shows the mean velocity
distributions of adverse current on which regular waves are propagating. The open
circle represents the mean velocity in the case of no waves. The curves in the
figure are the theoretical relations based on BRINK-KJZR for the finite amplitude
waves propagating on currents which have constant vorticity, i.e. the linear current
profile.

Although velocity distribution cannot be approximated by the linear profile, the
agreement between experimental data and the theory is good for the elevations
higher than the wave trough especially when the wave slope H/L is small.

Figure 56 shows the surface elevation 5 and the horizontal velocity U of irregular
waves without current and Fig. 57 for the vertical velocity W.

Figures 58 and 59 show the velocities and the surface elevation in the case of
adverse current. If the linear wave theory can be applied for the description of
the velocity field in irregular waves, the water elevation 5(t) and the horizontal
and vertical orbital velocity components # (t) and i (t) are related by

= h) ly(t—o) +1lt+o} e,
- @D
@)= b ot =) +7Ct+0h dr,

where h, (¢) and h, () are impulse response functions. The corresponding fre-
quency response functions are given by

— 49 —
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Ho(o) =2 cosh &' (d+2)
* sinhk'd

4. 8)
_ . wsinh¥'(d+2)

@)= i grhwa

where w (=27z/T) is the angular frequency, ¥’ (=2x/L) the wave number, L the
wave length and d the water depth (Vis, 1980). If the water current exists, .
it is assumed that U (z) at the elexation z is constant with respect to the waves
and it can be represented as U. In this case, » can be replaced by o —k'U and Eq.
(4.8) becomes

(o—k'U) cosh k’ (d+z)

Hulw )= sinh k'd
. (@—KU) sinh K(d+2) “4.9
Bulw U= sinh k'd

where H, (o, 0D and H, (o, U) are frequency response function in the case of
uniform current velocity {7 and o—k U is the angular frequency observed from the
coordinate system relative to the flow.
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Figures 60~62 show the measured and computed frequency response functions
without current. For the frequencies higher than the peak frequency of the wave,
experiental values agree well with the theoretical results. Figure 63 shows the
measured and computed frequency response function in the case of adverse current.
It can be seen from the figure that the linear theory hold only near the peak of the
wave spectra.
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Figure 64 shows the surface displacement 5 of regular waves and the horizontal
velocity U. The velocity was measured with a one channel fiber film prove (DISA
55R18). Frequency spectra of the velocity fluctuations were calculated for both
with and without current, and they are represented in Fig. 65. Over the frequency
range spectral components increase when waves exist. Except the peak and the
second peak frequencies spectral densities of both cases have similar shape. In order
to investigate the phase variation of turbulence, Fourier analysis was applied to the
velocity fluctuations of adverse current. Fourier components higher than 2 Hz are
recomposed and divided into every one period of waves and finally they were averaged
to yield the ensemble mean. Figure 66 shows the ensemble mean turbulence fluctua-
tions %,2 and orbital velocity #i. The wave period is 1.6 s and the height of the
measuring point is z=—5 cm and mean velocity at that point is 26.4 em/s. Turbu-
lence components in the adverse current condition are greater than that of the no
wave condition and they have the maximum value at the peak of the wave induced
components which correspond to the trough of surface waves. Figure A-11 shows
the turbulent fluctuations higher than the frequency of 2 Hz. The time period is
1.5s. The phase variation of turbulence component is not remarkable. The turbu-
lence component is much more greater than that in the current only case.
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4.4 Dispersion of Particles in Waves and a Turbulent Current

G.I. Taylor (1921) considered the diffusion of marked fluid from a point source
in a field of homogeneous and stationary turbulence. The theory is called as the
“one-particle analysis” and was already discussed in section 3.6. The dispersion of a
transferable property by turbulent motion has been the object of many investiga-
tors. In the coastal zone, it is usual that waves and currents both exist. Moreover,
the flow field is not homogenious and has the velocity gradient in the vertical
direction.

In this study experiment on the dispersion of particles were conducted. The test
section and the particle charging mechanism is shown in Fig. 67. The test section
is located between the stations C and D. Fluid particles were made by mixing
chlorobenzene (CcH,Cl) and xylene (CsH,(CH;),), so as to the specific gravity be-
comes unity. Before the experiment the temperature of the water in the flume was
measured and the specific gravity of the mixture of two liquids was checked in the
water the temperature of which was the same (not differ more than 0.1°C) as the
water in the flume. The boiling points of chlorobenzene and xylene are 132°C and
140°C respectively. As the boiling point is very close each other, specific gravity of
the mixture kept constant for a long time. If the water temperature of the flume
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]
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Fig. 67 Test Section of Dispersion Experiment
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change more than 0.2°C, however, specific gravity was checked and the mixture was
prepared once more.

Small particles were formed when the tracer was released from the injector which
was consisted of glass pipe tapered to a point. The injection point was set at the
elevation of 15 cm below the water surface at the center of the flume. At the
measuring stations, vertical displacement of the specific particle was checked by
eye and the distance from the initial elevation was read with the time at which
the tracer had passed through the station. The diameter of the particle was about
2 mm in average.

The velocity profile at station 1 with current only case is illustrated in Fig. 68.
The root-mean-square turbulence fluctuations in longitudinal and vertical directions
are also shown as straight line segments in both directions. The velocity was meas-
ured with LDA. The measurements were performed with 4t=1/51.2 s and N=8192.
The drop-out rates for the longitudinal components were ranged from 1.37% at z=
—9 cm to 0.02% at z=—48 cm. In open channel flow, longitudinal turbulence fluctua-
tions are usually greater than vertical one as we have already shown in Figs. 19
and 20. Strictly speaking, in such a situation the relatively simple approach to
dispersion process in a homogeneous isotropic turbulence is no longer applicable.
As a first approximation, however, the concept of isotropic turbulence is useful
because of its relative simplicity.

According to Hinze (1962) but taking into consideration of waves, we will dis-
cuss the dispersion of a marked fluid particle starting at time ¢, from a point (z,,
z,) of the flow field where the turbulence flow pattern is not homogeneous.

At any time the Lagrangian velocity of the marked fluid particle is equal to the
Eulerian velocity at the point that is passed by the fluid particle at the instant of
passing. Namely,

Up(t; tOy To, 20)= l_](x, z)+ﬁ(t; z, Z)+u(t, z, Z)’

_ (4.10)
Wp(t; tD: Zo, ZO)= W(z) Z) +171(t, &, Z)+w<t, x, Z),

where U, and W, are the Lagrangian particle velocity, U, W (=0) the Eulerian
mean velocity components, #, i the wave-induced velocity components and u, w are
the turbulence velocity components at the point (zx,z) passed by the fluid particle
at time ¢.

Consider the displacement of the fluid particle (X(t), Z(t)) from the initial
position (z,, 2,). The position of the fluid particle at time ¢ is, then

(D) =z0+ X)),

(4.11)
z2(O=20+2ZC).

On the other hand, the values of X and Z are given by the Lagrangian notation:

t
X(t; tO’ Zo, zo)=Sg Up(t,; to, o, Zo)dt',

: (4.12)
Z(t; to, Zo, 20)=S: Wyt ; to, o, 20)dt’ .

Notice that the particle velocities U, and W, are not stationary random functions
of time, since U (x,2z) and # (¢, x,2) and @ (¢, z,2) vary with time because the
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coordinates = and z of the particle vary randomly with time.

In a flow field where surface gravity waves are propagating, the flow cannot be
considered as steady. Then the average displacement at time ¢ can be represented
as

— t ___
X(t; tOr Zoy 20)=St Up(tl ; tOy o, Zo)dt',

. (4.13)
Z(t; to, Zow Zo)=St Wolt'; to, T 20)d2,

where ﬁ,, and -Wp are the ensemble average values of the Lagrangian velocity com-
ponents.

In the z-direction, the dispersion of the fluid particles about their average dis-
placement is

D;2(t; to, o, 200 =[X(; to, o, 20)— X (#; to, To, 20))*
tot? —
=2 §, T to, 70, 20— U 3 fo, o0, I 075 B 20,20 (4:14)

—U,(t"; to, o, 20))dt'dt"’.
Similarly for the dispersion in the z-direction
D:(t; to, o, 20)

tot”
=2 § TWs To 0,20~ Wt 5 ta, 20 200 I W83 B B0, 20) (416

—Wo(t'"; to, o, 20))dt'dt’".

In practice the flow field where waves and a turbulent current coexist is so com-
plicated that we assume that for long time of dispersion the contribution from
waves can be neglected and the flow can be regarded as approximately steady. -

If the flow is steady, the average displacement does not depend on the time ¢,
but only on the initial position (x,,2,) and the elapse of time {—t,. Without loss
of generarity we can take ¢, as zero. Then, the average displacement and particle
velocity in Eqgs. (4.14) and (4.15) do not depend on t,. Furthermore, if the turbulent
flow is homogeneous and with a constant mean velocity, then the velocities of the
fluid particles are stationary functions of time.

Let U=constant and W=0, we obtain from Eq. (4.10) by the assumption

Up,=0U and Wp=0. ' (4.16)
From Eq. (4.13) we obtain for the average displacement '
X()=Ut and Z=0. 4.17)

Introducing the Lagrangian correlation coefficients

. uRL(T) — uL(t)uL(t_T)

ur'? ’ :
R (4.18)
wRL(T) =——————WLO) wl;z(t_t),
wr

where uz'= v ui? wi'=vwz? and =t —¢",
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the expressions (4.14) and (4.15) reduce to

b?=ﬁ=2ES:(t—r)uRL(r)dr, (4.192)

Dit=Z— 27 =2w| (t—DuRu()dr. (4.19b)

Equation (4.19) is analogous to Eq. (3.48). ‘

Next, we consider the dispersion in a homogeneous shear flow. The flow is
assumed to be an unbounded homogeneous parallel isotropic turbulent flow with a
mean velocity in the z direction and which has a constant gradient dU/dz.

For the case of U=0 at z=—d, and for very short diffusion times so that the
Lagrangian correlation coefficients are approximately equal to unity, Hinze obtained
the dispersions of the fluid particles as

dU

XA(D= uz,’zt2+—18§w;,’2(—d7>t‘, (4. 202)

RO i (4. 20b)

In this experiment dispersion of neutral buoyant particles was examined in the
field where waves and a current coexist. In most cases the number of the particles
used was from 30 to 40. When the wave amplitude becomes great, however, some
particles reach the water surface. In this case the number of observed particles
is decreased to about 25.

The mean-squared displacements D,2(¢) and D,%(t) in z and z direction are shown
in Figs. 69 and 70 respectively. Theoretical relation (3.49) is also shown in the
figures, assuming that the Lagrangian and Eulerian turbulence intensities are equal.
In Fig. 69 theoretical relation in a shear flow (4.20a) is also illustrated.

From the figures, we can admit the Taylor’s theory (3.49) and (3.50), that is,
for the early stage, the dispersion is proportional to the square of the time and later
it is directly proportional to the time. The asterisks in Fig. 70 are the data read
from the photos in order to check the accuracy of the data in the current only
condition. In the photos, from 139 to 239 particles were read. The despersions read
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Fig. 69 Longitudinal Dispersion of Particles
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by eye and from the photos are nearly equal.

When the wave slope is small (H/L=0.0168) mean-squared displacements in
both = and z directions do not change compared with the case of current only. As
the wave slope becomes large the slope of D,2(¢) becomes also large, but the slope
of D,2(t) does not change appreciably. When wave motions exist the turbulent
flow field cannot be considered as homogeneous and stationary. It is asumed, how-
ever, that Taylor’s one-particle analysis can hold for a long period of observation.
Then we can evaluate the diffusion coefficient from Eq. (8.52). Estimated diffusion
coefficients are shown in Fig. 71. It can be said from the figure that as the wave
slope become large, the diffusion coefficient in the z direction rize suddenly. The
diffusion coefficients in the 2z direction, on the contrary, scarcely change with the
wave slope.

5. Conclusions

Turbulent fluctuations and velocity profiles were measured in the flow field under
the action of wind by using a V-type hot-film anemometer. Contributions of wind
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to the turbulent structures and velocity profiles were discussed together with the
Eulerian diffusion coefficient.

In order to investigate the interaction of waves and a current, a plunger type
irregular wave maker and a piston type regular wave maker were used. Diffusion
experiment was also performed using small neutral buoyant particles.

The following conclusions can be drawn from the present study:

1. When wind blows over the adverse current, turbulent fluctuations and diffusion
coefficients in both longitudinal and vertical components increase near the
water surface. On the contrary, they decrease near the central region of the
flow. The reason become clear from the experiment in which waves were
suppressed by adding detergent. According to this experiment the mean
velocity profile is deformed by wind shear. Consequently in the case of
adverse current, a gradient of velocity profile vanish near the center of the
flow and turbulent production by the Raynolds stress also vanish causing the
decrease of turbulence intensities and diffusion coefficient.

2. Mean velocity profile of adverse current under the action of wind can be
approximately represented by both Reid’s theory and author’s experimental
equation.

3. The way to predict the turbulent intensities and diffusion coefficient in the
adverse current under the action of wind have been proposed.

4. Velocity distribution above the level of the wave frough was measured by
LDA in adverse current conditions. It can be well explained by the finite
amplitude theory when wave steepness is small.

5. Linear response function of wave orbital velocity in the current have been
derived. According to this theory and experimental data of irregular waves
propagating in adverse current, linear theory can hold only near the peak
frequency of irregular waves.

5. It is found from the diffusion experiment in which waves propagate against
the current, that with the increase of wave steepness longitudinal diffusion
coefficient also increase, but vertical diffusion coefficient does not appreciably.
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List of Symbols

A : absolute constant (=0.47)
By : V/IA—m)re—ml
B NI+ A=m)n|

b : channel width .
C : concentration of the property undergoing diffusion

Dy, 5’ indicator function

D;*  :dispersion of particles in z direction

D;*  : dispersion of particles in z direction

D, : constant (=2.30)
D, : constant (=1.27)

d : water depth

E(f) : frequency spectrum of waves

F : flux of the property across a fixed surface
I : frequency

fe : cut-off frequency

G : constant (Eq. 3.32)

G  : constant (Eq. 3.32)

Gz :constant (Eq. 3.32)

G2w  : constant (Eq. 3.32)

H : wave height

H,(w) : frequency response function for # component
H,(w) : frequency response function for w component
H, : initial wave height

H;  :Hermite polinomial of degree 3
H ! mean wave height
H' : hole size

hu(z) :impulse response function for # component

hu(z) :impulse response function for w component

K(T) : diffusion coefficient

K : longitudinal diffusion coefficient

Kzo :longitudinal diffusion coefficient in the case of current only

K. : vertical diffusion coefficient
(z0 : vertical diffusion coefficient in the case of current oniy
k : wave number of flow (=2z f/U)
ka 1 (=1/p) :
E : wave number of waves (=2z/L)
kx  :upper limit of integration (Ep. 3.41)
L ! wave length . .
) : mixing length
Iz : mixing length of diflusion in z direction
m : ratio of bottom stress to surface stress (=7,/7,)
Mme : mean square of surface displacement
N : total number of the data used in a computation
P : pressure
R : radius of the pipe

«Rr  :longitudinal Lagrangian aut-correlation coefficient
wRe  :vertical Eulerian auto-correlation coefficient
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wRe  : vertical Lagrangian auto-correlation coefficient
R.;  :Reynolds number(=+/3Z 2z/v)

7 : radial distance measured from the axis of the pipe
70 : relative roughness length for the channel bed (z05/d)
71 : relative roughness length for the free surface (=zu./d)

S (k) : wave number spectrum of turbulence

Si,n’ : contribution rate from i-th quadrant to the Reynolds stress
Su(k) : wave number spectrum of # component

Su(k) : wave number spectrum of w component

So  :typical power (=e&,®)*

Ti,u’ : fraction of time

T ! constant time-scale of turbulence

T.s :significant wave period

U(z) : longitudinal current velocity

Ua : free stream wind velocity
U.(2) : wind speed at an elevation z
Un  :longitudinal relative current velocity at {=C» (maximum relative velocity

for the case of negative m)
Up : longitudinal partice velocity
U(z) : longitudinal mean velocity at height z

U : mean velocity of the section

u : longitudinal (streamwise) turbulence velocity fluctuations

uL : Lagrangian longitudinal velocity fluctuations

u : longitudinal wave-induced velocity fluctuations

uw : longitudinal root-mean-square turbulence velocity component (372 )

#r/  :Lagrangian longitudinal root-mean-square turbulence velocity component
%o : surface velocity

: ensemble averaged turbulence components higher frequencies than 2 Hz
Ux : friction velocity of the flow

uxa - friction velocity of air (=V'z,/p,)

usxo - friction velocity at the bottom (=V'z,/p,)

#xw - friction velocity of the stream at the free surface

v : turbulent velocity fluctuations in ¥ direction perpendicular to z-z axis
W(z) : vertical current velocity

Wy  : vertical particle current velocity

w : vertical mean velocity

w : vertical turbulence velocity fluctuations

we : Lagrangian vertical velocity fluctuations

w : vertical wave-induced velocity fluctuations

w : vertical root-mean-square turbulence-velocity component (/7% )
wt'  :Lagrangian vertical root-mean-square turbulence-velocity component
X : horizontal displacement of the fluid particle

x : horizontal axis

Zo : z component of initial position

Y D=V Tm+A—m)|

4 : vertical displacement of the fluid particle

z : height above the mean water surface

2 : z component of initial position

200 : roughness length of water surface for wind
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: roughness length for the channel bed

: roughness length for the free surface in water

! upper bar denoting overall time average

: conditional sampling

: Heisenberg constant in relation to the eddy viscosity
: ratio of the Lagrangian to Eulerian time scale

: assumed value of g

: skewness of surface elevation

: damping coefficient

: damping coefficient due to boundary dissipation at side walls and a bottom
: surface damping coefficient

: data sampling time interval

: dissipation rate by turbulence per unit mass

: relative height measured from the bottom (=(d+z)/d)
: height where shear stress vanishes (=|m|/(1+|m|))
: Kolmogoroff length scale

: von Karman constant (=0.4)

: modified von K4rman constant (=«(1-+7o+71))

: constant (=2.0)

: Taylor’s microscale

: constant (Eq. 3.33)

: constant (Ep. 3. 33)

: constant (Ep. 3.32)

: constant (Ep. 3.32)

: kinematic viscosity of fluid

: kinematic viscosity of air

: kinematic viscosity of water

: parameter showing the bandwidth of spectrum (cf. Eq. (4.5))
: density of fluid

: density of air

: density of water

: shear stress within the flow

: wind shear stress at the water surface

: shear stress at the bottom

: shear stress at the free surface

: angular frequency of waves (=2z f)
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