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SYNOPSIS

Measurements of turbulent currents under the action of wind shear are
presented. In the experiment, V-type wedge shaped hot-film anemometer is used in
order to measure the turbulent fluctuations in longitudinal and vertical components
simultaneously. Modification of mean current distribution, characteristic proper-
ties of turbulent motions and diffusion coefficients have been discussed.

When wind blows on adverse current, turbulent fluctuations and diffusion coef-
ficient increase near the water surface. On the contrary, near the middle of the
flow, they decrease compared with the case of current only. This is closely
related to the mean velocity distributions.

A method of estimating the turbulent intensities and vertical diffusion coef-
ficient in the case that adverse wind shear acts on the water surface is proposed.

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 (15)).

In the coastal region, currents such as tidal currents, local wind-generated
currents 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 Jomsson (14)). On the contrary, turbulence of the water flow interacting with
waves or wind shear has not been studied sufficiently. A few experimental investi-
gations 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 (20); Kemp and Simons
(6,7)). As far as I know, however, no study has been made on the turbulent structure
of currents under the action of wind shear.

This paper describes experiments carried out in a laboratory wind-wave tunnel,
to investigate the turbulent structure of open-channel flow under the action of
wind shear in which wind waves are suppressed. In particular, changes induced in
the mean velocity profiles, turbulent intensities and spectra, and diffusion coef-
ficient are investigated.

EXPERIMENTAL EQUIPMENTS AND PROCEDURES

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 (right hand) side of the test section over the waterway,
and wind is generated by an axial fan driven by a 50 kW variable speed motor. The
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Fig. 1 Wind-wave tunnel

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
rotational speed of the fan.

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, 1In the
present experiments the flow rate was adjusted accurately by means of a venturi-
meter and a manometer, If the reading of the differential pressure head of manome-
ter exceeds *lmm from the setting value, the flow rate was readjusted.

On the leeward, the width of the test section is enlarged in order to diffuse
winds. In this part wooden walls are installed.

The characteristics of the turbulent motion and the diffusion coefficients are
much complicated in the situation where wind waves and currents both exist. 1In
order to simplify the phenomenon and to examine the contributions of wind shear
alone to the mean velocity distribution, turbulent motion and the diffusion coef-~
ficient, the present series of experiments were conducted with wind waves being
suppressed by the application of detergent (CqHp50503Na) to the water. By a pre-
liminary test, it was confirmed that detergent of 1.8kg or 24.5ppm concentration
was sufficient to suppress the wind waves in the flume. 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 at 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 unit. The mean
water flow velocity was set at 23.8 and 30.3 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 stations A and B. 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
a setting accuracy of 0.1 mm. 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 traverse a 1 m length of the tank.  The probe was carefully cleaned by using
a small brush before each measurement. The experimental conditions are summerized
in Table 1. '

The surface drift current velocity was estimated by measuring the time of



floats passing two stations 30 cm upwind
and downwind from the test section re-
spectively. 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 At=1/102.4 s and
the total data number N=16384. Some of
the data were sampled at At=1/204.8 s and
the total data number N=32768. Conse-
quently the time of measurement in both
cases were 160 s exactly.

WIND VELOCITY PROFILE

Figure 2 shows the wind velocity
profiles at stations A,A-2,B,C and D.

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

Uga z .
Uy (2)=—— ln———ZOa (1)

where U,(z)=wind velocity at an elevation
z above the mean water surface; u*a(=

Ta/pg) = friction velocity of the wind;
T, =wind shear stress at the water sur-
face; p,=density of air; « =von Kiarmén
constant usually taken to be 0.4; and

z(pg = roughness length.

Generally, shear stress T in the

fluid is related to the friction veloci-
ty u, by the following relation

T= pu*2 (2)
where p =density of the fluid., As it
has been well confirmed that the veloci-
ty distribution near the wall or water
surface follow the logarithmic distri-
bution as shown by Eq. 1, we can esti-
mate the friction velocity u, by apply-
ing Eq. 1 to the measured data.

The friction velocities u,, were
estimated by applying Eq. 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 rough-
ness parameter zgg and eddy viscosity v
of the wind are 2.946x10™% cm and 0.148
cm?/s at the station A.

Ug (m/s)
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Table 1 Experimental conditions
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CURRENT VELOCITY DISTRIBUTION

The coordinate system to be used here is that shown in Fig. 3. For convenience,
however, the wind direction is considered to be positive only in the theoretical
calculations of mean velocity distributions which will be presented later.

Measured mean velocity distributions of currents with and without wind are
shown in Figs. 4, 5 and 6. They correspond to the cases S~1, S~2 and S-3, respec-
tively and the experimental conditions have already been shown in Table 1. 1In 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. 4).
Although there is some scatter in the case of detergent applied, no significant
effect can be 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. 1 and the mean velocity
distribution for open-~channel flow can be expressed as
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= Ysb . z+4d

U(z) =T1n zop (3)

where U(z) =mean velocity at an elevation z; Uup = friction velocity at the bottom;
zgp = roughness length at the bed; and d=depth of water. Friction velocity and the
roughness length were estimated from the observed velocity distribution near the bed.
The relation 3 is represented in Figs. 4, 5 and 6. As the value of -z/d decreases
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(in the upper layer of the flow), the difference between the experlmental data and
Eq. 3 becomes remarkable.
The 1/7-th power law is

f(2) =, (259177 | O)

where u, = surface velocity. 1In the figures, Eq. 4 is represented as broken lines.
For all cases the agreement between experimental data and the 1/7-th power law is
better than for 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 (16) and Tsuruya et al. (18).
The theories will be explained in order.

Reid (16) derived the generalized formula for velocity profile which takes the
influence of surface stress into account making use of Montgomery's (10) generali-
zation of the Prandtl-von Kdrmdn's mixing length theory. Its theoretical derivation
is outlined below.

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

ldU(z) ldU(z) (5)

where p, = density of water; and £ =mixing length.

For the case of flow in a wide channel with a free surface, the generalized
mixing length hypothesis of Montgomery (10) leads to the following quadratic form
for the mixing length

z) (6)

where z, = characteristic roughness length for the channel bed; and z ;= similar
characterlstlc parameter for the free surface. Near the surface and the bottom
Eq. 6 reduces to the well known relation £=«kz.

Next, the shear stress within the flow is assumed to have a linear distribution.
If 14 is the shear stress at the free surface and Ty, the bottom stress, the shear
stress T can be represented as

d+z z
s 4 'ba (7N

T=1

in which x axis is taken to the direction of t1g. The velocity distribution for the
adverse current condition can be obtained by integrating Eq. 5 making use of Egs. 6
and 7 as ‘

U(z) _ 1 Bo-y | -1

- Um_K,[Bolnto+y+ZBl tan Bl], L<ty (8)

G(z) 1 1y Bi-y

.= “Un—>[2Btan 5, "B lnB+y}, a4 9
_1 BO + ¥ ‘ml _1|/{ml

Um-K, {BolnBO'-VjﬁT - Bltan B 1 (10)
b

m = —
Ts
d+z
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tm = T Il

y=Y|m+ (1-m)g|
By=/|(1-m)ry - m| \ (11)

B, =/[1+(1l-m)r,|

K =K(l+r0+r1)

_Zob
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o 20w
]

where u,, = friction velocity of the water flow at the free surface; t
shear stress at the water surface; and Ty =shear stress at the bed.

If ry,r <<l and m<0 the surface velocity u, can be approximated from Eq. 9,
namely,

= 2y =
o (= Pyt )

w1 4 T 4 Iml
u*w~ - [ln-———-————( T3 )r1+ 2tan~ Y |m| -V |n| {lnm——-—( T+inl )T,
1 ‘
+2tan /TET}] (12)
The mean current velocity U, is defined as
- 1 [0 =
UW:E U(z)dz ‘ (13)
-d

The substitution of Eqs. 8 and 9 in the integral of Eq. 13 leads to

S B
L =—§—[1+/lmi - By{ tan"lo—+7 o+/Tml 4, (14)

+=ln —
Uy By 2 By =V {ml

If the mean velocity is specified for the given m and 1y, the bed roughness
length z,p can be obtained from Eq. 14. The parameters employed in calculating Egs.
8 and 9 are summerized in Table 2 for Figs. 4, 5 and 6. Thick solid curves which
are named as 'Reid' in these figures represent the calculated results making use of
Eqs. 8 and 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 this will be discussed later.
The calculated curves nearly fit to the observed data. Near the water surface and
the bottom, however, they indicate slight difference. In the calculation, Uy Was
estimated so that the calculatéd curve shows a best fit to the experimental data.

Tsuruya et al. (18) obtained the velocity distribution of the drift current,

Table 2 Parameters in calculating Eqs. 8 and 9

. Uy ug U,y
Station (cm/s) " (cm/s) (cm7S)
-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
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assuming that the logarithmic profile can stand near the water surface and the bot-
tom, that is

Uy zw+dnuﬂwnd+z%+z

U(z) =~7:—ln Ry ” Zon (15)
From Eq. 15 mean velocity ﬁw is represented as

= Yay Yap d

vt T gyt 6

If it can be assumed that the bottom is smooth, the logarithmic distribution of the
velocity gives

Z u
“9b*b 111 (17)
W

where v_ =kinematic viscosity of water. The surface roughness length z can be
obtaineg by assuming that the roughness Reynolds number just above and below the
water surface are equal, that is

Py Vw
Zyy = g;;)—a‘zoa (18)

where v, =kinematic viscosity of air. If u,, zyw and ﬁw are known, u,,, u,, and z
are obtained by solving Eqs. 16, 17 and 18. The results are indicated as dash-dot
lines in Figs. 4, 5 and 6. Although there is some difference at the center of the
stream, the agreement is good near the surface and the bottom. The values of parame-

ters employed and estimated in calculating the velocity distributions are summerized
in table 3. The estimated values of u,y in Table 3 are less than that in Table 2.

Table 3 Parameters in calculating Eq. 15

1 4 V] L XlOL}
. U ug uy z5%10 a z %10 Uy b |Z0b
Station (Cmys) (cm/s) (cmig) (cm) (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 0.99 1.09 10.7

Because both estimation contain many assumptions, it is not certain for the present
that which is more reasonable. 1In the later analysis, however, the values of u,
in Table 2 will be used.

The velocity distribution of the flow with adverse wind is similar to that in
the pipe flow. Next, we try to apply the theory obtained for the pipe flow to the
present problem. Zagustin and Zagustin (21) 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

W

EllﬁS.Otanh'l(é—) 3/2 (19)
%

where U=velocity at the axis of the pipe; u=velocity at a given point in the pipe;
u*==friction velocity; r =radial distance measured from the axis of the pipe; and
R=radius of the pipe. If we regard the current in this experiment having the same
mean flow characteristics as a pipe flow, the relation 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 -z/d=0.555. The calculated distribution using the
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Zagustin and Zagustin's theory is represented in Fig. 4. In the upper layer, the
theoretical curve is small compared with the experimental data.

REYNOLDS STRESS

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

U=0+u
- (20)
W=W+w

where U, W (=0) = mean velocities and u, w=turbulent motions in x and z directions,
respectively.

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

12=u2 . 12

T=-p,UW 5 U s ow'Z=yw? (21)
where u', w' =root-mean-square components
From the first equation of 21, the shear
velocity u, can be written as u*2=-ﬁfi

Figure 7 shows the measured Reynolds

in x and z directions, respectively.

1.0 T T T T T T T T T

stress normalized by a surface shear ve- Ua=81m/s  Adverse Wind
locity in the case of adverse wind. In Ow(emss)
the middle part of the flow, three cases o 238 }SmﬁonA
lie close to the one linear distribution. o5l & 303
o 238 Station B

The height at which the Reynolds stress
becomes zero is -z/d=0.555. If we as-
sume that the Reynolds stress follow a
linear distribution, it can be consider-
ed from figure that the bottom shear
stress is about 80% of the surface shear
stress. This is the reason why we adopt

=-0.8 in the calculation of Reid's
distribution.

The conditional sampling technique
as discribed below is used to investi-
gate the detailed characteristics of
the Reynolds stress. The u-~w plane is
devided into five regions as shown in
Fig. 8. 1Imn this figure, the hatched
region is called as a 'hole', and is
bounded by the curves fuw|=constant.

A parameter H is introduced to satis-

fy the relation |uw|=H|T#|( Nakagawa and Nezu (11) ).

the hole size after Lu and Willmarth (8).

The contributions to uw from the four quadrants are computed from the follow-

ing equations;

-UW/ Ufw

-0.5

i i i !

t ! L 1 i

03 0.4

05 06 07 0.8 09

ajn

Fig. 7 Reynolds stress normalized by
surface shear velocity

T
ﬂ a(Ow(D)D; ylu(e),w(t)lde; (i=1,2,3,4)

The parameter H is called

<uw>; =11 22
g g i (22)
where <> represents the conditional sampling and
1, if Iuwl>H§ﬁ§1and the point(u,w) in the
D; H(u,w)=={ i-th quadrant (23)
3

0, otherwise

The contribution rate from the each quadrant to the Reynolds stress is there-

fore
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Si = <uw>q y/uw (24)

The contribution to Gw from the 'hole' region is obtained from

S5 H=—l‘;—%imoo—%~J’ u(t)w(t)D5 H[u(t) w(t)]ldt (25)

where

1, if |uw|<H|Tw| :
D5 g(u,w) = { (26)
0, otherwise

These five contributions are all functions
of the hole size and must satisfy the fol-

lowi lati i i
owing relation Ejection Outwards

juw|= const.
Zsl H+85 g=1 (27)

i=1 "’ o H I

The time fraction during which each con-
tribution is being made is

u
.1 (T
Ti,H=11m——J Di’H[u(t),w(t)]dt; v
; Tre Ty m ]XZ
(i=1,2,3,4,5) (28) Inwards Sweep

where D H is represented by Egs. 23 and

26. It is customary to label the events

defined by the four quadrants i as out- Fig. 8 Sketch of 'Hole' region in the

ward interactions (i=1; u>0, w>0), ejec- u,w plane

tions (i=2; u<0, w>0), inward interac~

tions (i=3; u<0, w<0) and

sweeps (i=4; u>0, w<0), re-
. T T T T T T T T

spectively. 10 — et H_l
Figure 9 represents the et R °

fractional contributions from O,B\ e o ° ]

. o

different events at the eleva- | s

. o6k N o Slalion A

tion z=-40cm in the case of N ° Current only (Jy=23.8cm/s) |
current only. The directions ouk £ b :\i 2o-40cm  N=32768
of the line segments of open
squares in the figure repre-
sent the quadrants to which
squares belong as illustrated
in the caption of Fig. 9. 1In
this figure, contributions

Fraction of time

-z,d=0.89 aT=1/204 8s

-0.2

w

Fractional contribufions to Tw ,

from the second (ejection) and _out [G=1865cmss U =19.97cmss  wyg | {1 -
the fourth (sweep) quadrants Wi=1.184cm/s -OW =0.547cm?/s? b
are remarkable as usually seen -0.6 PL s Y2875
in the boundary layer flow. 0 2 4 6 8 10 12 4 16 18 20 22 2
The theoretical curves by Hole Size, H

Nakagawa and Nezu (11) are
also represented in the figure. Fig. 9 Contributions to Uw from different events

When wind acts on the water (Station A, current only, Uy, =23.8 cm/s,
surface, contributions from z = -40 cm) @ fraction of tlme occupied
the first and the third quad- by i-th event. Observed values; 53 g IZf
rants dominate mear the water S2.H N, S3,u:2, S 8, 85 1:0, Ty JH®

surface (see Fig. 10). It ———,——-——.calculatég curves by Nakagawa

can be deduced from the figure and Nezu's theory
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that the water surface which suffers the wind shear resembles like a wall. Boundary
layer develops from the water surface and in this situation, the contributions from
the third and the first quadrants can be considered as ejections and sweeps, respec-
tively, provided that the water surface is considered as a wall. Near the water
surface, the contributions from the third quadrant is slightly greater than that
from the first quadrant.

TURBULENCE INTENSITIES AND SPECTRA

When detergent is applied, the water properties are slightly varied. For ex-
ample, surface tension decreases to a value of 707 of tap water and wind waves can-
not develop under the action of wind even at relatively high wind speed. Eddy vis-
cosity was also measured but
significant difference could T T ' i ‘ T ' |
not be recognized. As it is
suspected that the detergent
influences the turbulent
structures, turbulent spectra
are examined in a detergent
added water. In the same man-
ner as the mean current dis—
tribution, frequency spectra
of turbulent fluctuations in
the cases with and without
detergent are compared. Fig-
ure 11 shows the frequency

Fracfion of fime

Station A Adverse Wind (Ua=8.1m/s)
z=-05cm Uw=238cm/s |

-z,d=0.01 N =16384

At=1/102.4s |

—04+ w V@=3.12cmy/s U =15.15¢cm/s w1 | To E
spectra of u components in the ‘ /W=1.813cm/s  ~TW =-1.223cm¥/s? | S
cases with and without deter~ ~06 PN Hs

Fractional coniributions to TW ,

ent. Both i he ! L i L ! . L :
8 cases.yleld t O 2 4 6 8 10 12 14 18 18 20 22 24
same spectra. This means that

Hole Size, H
the influence of the detergent
can be ignored in turbulent Fig. 10 Contributions to uw from different events
streams. In the following (Station A, adverse wind, ﬁw==23.8cm/s,
discussions, therefore, we consider z=-0.5cm), Notation as in Fig. 9
that the detergent have nothing to do with
the structures of turbulence intensities and 10" g

spectra. In this section we investigate an
universal relation of turbulent intensities
under the action of wind and the character- 10°
istics of the spectrum of turbulence.

In Figs. 12 and 13, relative turbulence
intensities u'/U and w'/U for the case S-1
are represented. In the figures the data of
McQuivey and Richardson (9) are also plotted.
It is evident that in the case of current
only, distributions of both u and w compo-
nents resemble like the data of McQuivey and
Richardson. Near the water surface, however,
the difference for the u components becomes
noticeable. As experiments by McQuivey and
Richardson were conducted in an open-chanmnel
with 3 cm water depth, it can be considered
that the difference between our data and 10"
that of McQuivey and Richardson is originat-
ed from the variation of the influence of ¥ 28754
surface fluctuations which is called as "in- R B
active component" (Bradshaw (1)). 1In the Lo” 1o’ 1o’ Lo’
present experiment, water depth was 45cm f(Hz)
and no significant surface fluctuations
could be observed.

Nezu (12) has studied the turbulence

et

Station A z=-40.0cm
Ow=238cmrs

N=32768 :
4t=1/204.8s

010”

Su(f) (cm¥s)

— Tap Water

T

-~ Detergent Applied

T
RN

Fig. 11 Longitudinal turbulence spectra
(Tap water and detergent applied)
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intensities in an open channel flow and found the universal distributions of turbu-
lence intensities non-dimensionalized by the shear velocity uy; at the bed.
They are represented as

u'fugy = Dlexp(—-ACIZ) ; Dy =2.30

(29)
' - — . =
w /u*b-—Dzexp( AT/2) D, 1.27
03 T T T T T T T T
Y 2864 -Y 2891
Station A Present experiments with:
Re=115,000 e —— Adverse Wind (Us=8.1mss)
. 300rpm
Fr=0.113 o ——— Current only P
0.2 Uwr23.8em/s ¢ eriments by 7
® —— McQuivey & Richardson(1969)
u
U
23ugpexp(-¢)
uo 5117
Ol -
W
0 ! ! ! L ! ! ! I !
0] Ol 0.2 Q.3 0.4 05 0.6 07 0.8 09 Lo
Z
T4
Fig. 12 Longitudinal turbulence intensities
(Station A, Uy =23.8cm/s)
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Station A Present experiments with!
Re= 115,000 s  — Adverse Wind (Uq=8.Im/s)
Fr=0.113 o —— Current only 00rpm
0.2 Un=23.8cm/s Experiments by . N
&  —— McQuivey & Richardson(1969)
W
0
0.l 1.27ugpexp(-%)
UD z?/7
1 i ! i 1 | i I 1

Fig. 13 Vertical turbulence intensities
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where u',w'=root-mean-square turbulence-velocity components;i =constant and is
taken to be 2.0 after Nezu; and r = (d+z)/d.

Now we use the 1/7-th power law as a mean velocity distribution. With the aid
of Eq. 29, the relative turbulence intensities can be written as

' 2.3u*bexp(-§)

u P e/

v e (30)
W' 1.27u*bexp(—C)

ﬁ U.OCl/7

Equations 30 are represented in Figs. 12 and 13 as solid curves. Except near
the bottom (-z/d=1.0), the agreement between the Nezu's universal functions 29 and
our experimental data is 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 higher than 0.4. Turbu-
lence production by the Reynolds stress can be represented as

___du
BT (31)

From Fig. 7 it is seen that the Reynolds stress at the elevation -z/d=0.55 is
zero. As a result, the turbulence produced by the Reynolds stress would be very
small near -z/d=0.55. This can be confirmed in Fig. 12.

When wind blows on the water surface, the development of turbulence from the
surface can be considered to have thé same form as that from the bottom as repre—
sented in Eq. 29. Comnsequently, the turbulence intensities can be written as

u'2==G1b2u*b2exp(—klc)4—G1w2u*w2exp{kl'(g~l)} (32.a)
w'2==G2b2u*b2exp(—k2C)+-G2W2u*w2exp{kz'(c—l)} (32.b)

It was assumed that the turbulence intensities from the water surface and from
the bottom can be added linearly. Moreover we assume that the constants are the
same as Nezu's constants D, and D,, namely, G 1b= G =2.3, G b'— =1.27. Further-

more, assuming X, ~A1 and A, =2, 7 and making use of the experlmental data, A; and
A, can be obtained as

12 T T T T T
Y2864 - Y2891

Station A Uw=238cm/s

°

uz w2
&

Re=115.000 °

Adverse Wind {(Ua=8.1m/s)

Fe=0113 O & —— Current only -

{em?®/s%)

o

w

]

Ut

4 Eq,(32,Q) Eq.(32,b)
&
~ el
A\\\\\ o
2t e o _ﬂ’//; .
o © o R e
S o 2 &
ol 2 1% ! ! x 1 i \ | |
o} ol 02 03 0.4 05 06 07 08 09 1.0

Fig. 14 Mean square values of velocity fluctuations
(Station A, Uy=23.8cm/s)
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A, =4.86 ~
(33) ‘

A, =3.37 B , R A R

bdetdiid

In Fig. 14 calculated curves (32 a, b) are
shown as solid and broken curves for u and w
components, respectively. The agreement is fair-
ly good. 1In the calculation, u,,=1.15cm/s and
u,..=1.3 cm/s were used.

The one-dimensional power-spectral density
function was computed using the FFT algorithm.
And all the frequency spectra of u components S (k)
are converted into wave number spectra. Some of Se
them are shown in Figs. 15418, They correspond
to the case S~1. Near the water surface, spec—

*W

Station A

tral components in the case of adverse wind are E Due238cmss

exceedingly greater than that in the case of cur— [ 2==10¢cm 1
rent only. On the contraly, in the middle part

of the flow (-25>z>-35cm), spectral components 10" —— Adverse Wind E
in the case of current only are slightly great- 3 (Uq=8.1m/s) Jf

er than that in the case of adverse wind. This -~ Current only
corresponds to the fact that near -z/d=0.555,
turbulence intensities take the lowest values
as we have already shown in Figs. 12 and 13. 3
Near the bottom, turbulent spectra are not so

L

Y2878

affected by the wind. | veses
According to the previous studies in open- e
channel flow, the spectrum of turbulence has an k7

universal form (e.g., Nezu (12)). For simplic-
ity, we consider the one-dimensional energy
spectrum S(k) in the wave number field k,

where k=27f/U, f and U are frequency and mean current velocity, respectively. For
the large Reynolds numbers, the form of S(k) in the inertial subrange can be express-—
ed as

Fig. 19 Normalized energy spectra
(z=-1cm)

S(k) = Ac23k™5/3 (34)

where € = dissipation rate by turbulence per unit mass; and A=absolute constant.
In the viscous dissipation range, Inoue (5) has obtained the relation as
follows

S(k) v evlk—3 . (35)

where v=kinematic viscosity of the fluid. Heisenberg (see for example, Hinze (4)),
on the other hand, has obtained another relation as follows

2

S(k) =6§.

G @V G NED

where o =constant of proportionality; kg=1/n; and n==(v3/s)]/h is the Kolmogoroff
length scale. 1In Figs. 15v18 the shapes of spectra 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, = (ev%)l/” and the Kolmogoroff
length scale n, where v, =kinematic viscosity of water. Figure 19 shows an example
of the normalized wave number spectra. Each spectrum collapses to a single curve
except at the low wave numbers. This figure corresponds to the Fig. 15. This
indicates that in the case of adverse wind, the relations 34 and 35 can hold the
same as in the case of usual open channel flow.
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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 (17) obtained
the expression for the mean square Z°? of a large number of samples

e L
dz?
Fr ZWLZJ wRp(t)dr (37)
0

and

— —— (Tt

z2(T) =2wL2[ j wRr (D) drdt (38)
00

where Z =distance traversed by a particle in time T; sz = Lagrangian mean-square
turbulence-velocity component in z direction; and wh, (1) =Lagrangian autocorrelation
coefficient. The subscript w represents that the autocorrelation coefficient is
calculated for w component. Integration of Eq. 38 by parts gives

_ — (T

7Z2(T) = Zszj (T-1) R (1) dT

0

The coefficient Ry (1) should be unity when 1=0 and effectively zero for large T,
say T>t1. Hence, for small T

(39)

22(1) =;;5T2 (40)
and for large T
22(T) = 2w, 2T (41)
where Ty, is a constant time-scale of turbulence and defined by
TL=J wh, (1) dT (42)
0
100 LA R R T The flux F of the property across a

r Station A y fixed surface due to the turbulent motion is

Us=8.1m/s effectively defined by the following
10 Uw=23.8cm/s | relation
3C
F= *K(T)a p (43)

where K(T) =diffusion coefficient; and
3C/9z= gradient, normal to the surface, of
the concentration of the property undergoing

5 f\ﬂ/ Estimated | diffusion. . . .
/ . K ) The diffusion coefficient K(T) has the
/ ok, | Adverse Wind dimension of [lengthxvelocity] and can be
00l 0 ke JCurrem only - represented as the average of the multipli-
i s ke - cation of the velocities and displacements

of fluid particles which transport any dif-
0.001 . L fl:ISJ}ble property. Thus, the diffusion coef-
O 0l 02 03 04 05 06 0.7 08 09 10 ficient is expressed as
.z

d

Fig. 20 Eulerian diffusion coefficient
(Station A, U, =23.8 cm/s)

R(D) =wz =255 =29 (s
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From Eqs. 37 and 44 the diffusion coefficient can be written as

£
K(T)==WL2J By (T)dt (45)
0

where t1==value of T beyond which Ry (1) remains zero. On the basis of observations
in the atmosphere, Hay and Pasquill (2) concluded that the Lagrangian correlation
fell off much more slowly than did the autocorrelation of the velocity component
measured at a fixed point, and in their later study (3) they adopted a simple hy-
pothesis of the following: )

wBL(E) =yRg(t) 3 when E=8t (46)

where the subscript E refferring to the Eulerian autocorrelation coefficient from
measurements at a fixed point and B is the ratio of the Lagrangian to the Eulerian
time scales.

Consequently, the relation

=]

j WRL(E)d£==8[ wRe(t)dte (47)
0 0

can be obtained.

From the observations of the crosswind
spread of particles and simultaneous meas-
urements of the fluctuations of wind speed,  40F -
they summerized the average value of B as - ) -

. Station A
being 4 with a "scatter range" from 1.1 to 20
8.5 for the diffusion over short distances
in the atmosphere. The error in the esti-
mation of B will often not be serious. If
the true value is B, and the value assumed
is B', it is easily seen that the value of
/,__ derived will be (8'/8)Y 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 (13)). Therefore, B is as-
sumed as unity in the present study. 0.8

Eulerian diffusion coefficient in both 0.6
longitudinal and vertical directions were 0.4
calculated using Egs. 45 and 47. The re-
sults are illustrated in Fig. 20. Near the 02
water surface, diffusion coefficients in
both x and z directions increase in the ol ; N
case of adverse wind compared with that of O Ol 02 03 04 05 06 07 08 09 10
current only. Figure 21 shows the ratio of ——%‘
the diffusion coefficients K, K, in the
case of adverse wind to K.y, K,, in the Fig. 21 Ratio of adverse wind to
case of current only. The ratio increase current only diffusion
up to 20 near the surface. On the contra- coefficient
ry, this ratio becomes less than unity in
the range of 0.3<-z/d<0.85. The tendency is similar to the distribution of turbu—
lence intensities.

Eddy diffusivity K, can be interpreted as the multiplication of the character-
istic length and the Veloc1ty If we choose the mixing length &, as the character-
ristic length and the root-mean-square of turbulence /“Y'as the veloc1ty, eddy dif-
fusivity K, can be represented as

R, = 1,/v? 48)

In general, %, may be the function of the location and the flow conditions.
In practical use, however, it will be very useful if £, does not change appreciably

Ug=8.1m/s
Uw=23.8cm/s

K : E
kxo f
ki
o ke
kzo -
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over the entire range of the flow. :

We examined the value of %, and it was found that in the case of adverse wind,
%, was nearly constant. The relative value of &; to the water depth was £,/d=3.2
x1073. Using this value as the mixing length and making use of Eqs. 32.b and 48,
vertical diffusion coefficient K, was calculated and is illustrated in Fig. 20 as a
broken line. The vertical diffusion coefficient can be estimated by such a simple
way, but the longitudinal diffusion coefficient cannot be obtained easily because
the mixing length is a function of the location.

CONCLUSIONS

Turbulent fluctuations and velocity profiles have been investigated in the flow
field under the action of wind. Contributions of wind to the turbulent structures
and velocity profiles have been discussed together with the Eulerian diffusion co-
efficient.

The following conclusions can be drawn from the present study:

1. When wind blows over the adverse current, turbulent fluctuations and diffu~
sion coefficients in both longitudinal and vertical components increase near the
water surface. On the contrary, they decrease near the central region of the flow.

2. The mean velocity profile is deformed by the action of wind shear. Conse-
quently, in the case of adverse current, a gradient of velocity profile vanish near
the center of the flow and turbulent production by the Reynolds stress also vanish
causing the decrease of turbulence intensities and diffusion coefficient.

3. Mean velocity profile of adverse current under the action of wind shear can
be approximately represented by both Reid's theory and author's equation.

4. A method of estimating the turbulent intensities and vertical diffusion
coefficient in adverse current under the action of wind is proposed.
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APPENDIX -~ NOTATION

The following symbols are used in this paper:

A = absolute constant (=0.47);
B, =/ TA-m)r,-m| ;
B, - TREm T
C = concentration of the property undergoing diffusion;
Di.m = indicator functionj;
D1 = constant (=2.30);
D, = constant (=1.27);
d = water depth;
F = flux of the property across a fixed surface;
£ = frequency;
Gip = constant ( Eq. 32.a );
G1W = constant ( Eq. 32.a );
b = constant ( Eq. 32.b )
Gy = constant ( Eq. 32.b );
R(T) = diffusion coefficient;
Ky = longitudinal diffusion coefficient;
Kxo = longitudinal diffusion coefficient in the case of current only;
K, = vertical diffusion coefficient;
K, = vertical diffusion coefficient in the case of current only;



W(z)
W(z)

WL

Mo M

N

wave number (=27£/0);

(=1/n);

mixing length;

mixing length of diffusion in z direction;

ratio of bottom stress to surface stress (= Tb/TS);

total number of the data used in a computation;

radius of the pipe;

vertical Eulerian auto-correlation coefficient:

vertical Lagrangian auto-correlation coefficient;

radial distance measured from the axis of the pipe;
relative roughness length for the channel bed (==z0b/d);
relative roughness length for the free surface (==zOW/d);
contribution rate from i-th quadrant to the Reynolds stress;
wave number spectrum of u component;

typical power (==€vw5)1/“;

= fraction of time;

constant time-scale of turbulence;
longitudinal current velocity at an elevation z;

wind speed at an elevation z;

longitudinal relative current velocity at L=z, (maximum relative

velocity in the case of negative m);

longitudinal mean velocity at height z;

mean velocity of the section;

longitudinal (streamwise) turbulence velocity fluctuations;
longitudinal root-mean-square turbulence-velocity component
(=/4Z) ;

surface velocity;

friction velocity of the flow;

friction velocity of air (=V1,/p4); v

friction velocity at the bottom (=vﬂa;ﬂi;);

friction velocity of the stream at the free surface;
vertical current velocity at an elevation z;

vertical mean velocity;

vertical turbulence velocity fluctuations;

Lagrangian vertical velocity fluctuations;

vertical root-mean-square turbulence-velocity component
(=V/472);

holizontal axisj

Vim(l-m) g

vertical displacement of the fluid partiéle;

height above the mean water surface;
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roughness length of water surface for wind;

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 B;

data sampling time interval;

dissipation rate by turbulence per unit mass;
relative height measured from the bottom (= (d+z)/d);
height at which shear stress vanishes (= |m|/(1+Im|)); .
Kolmogoroff length scale;

von KArmédn constant (=0.4);

modified von Kdrmdn constant (==K(l+ro+r1));

constant (=2.0);

constant ( Eq. 32.a);

constant ( Eq. 32.b);

constant ( Eq. 32.a);

constant ( Eq. 32.b);

kinematic viscosity of fluid;

kinematic viscosity of air;

kinematic viscosity of water;

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; and

shear stress at the free surface.



