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11 est essentiel de cOmptehdre le processus du transfert d'€nergie
mécanique entre les vents et les courants pour mod&liser correctement la
circulation et les processus de m&lange dus au vent dans les lacs. Des.travaux
antérieurs portant sur la question sont examins, une nouvelle mEthode de
simulation des courants en laboratoire est présentée et une nouvelle solution
analytique est vérifige.
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RESUME

Ce document passe en revue les méthodes expérimentales théoriques et
traditionnelles d'&tude des courants produits par le vent et présente une
nouvelle m&thode de simulation de ces courants en laboratoire. Les profils de
vitesse moyenne obtenus dans les ensembles air-eau classiques, quand ils sont
&tablis en fonction des coordonnées de 1la loi de 1la diéttibution des vitesses,
placent toutes les expfriences dans le domaine de la rugosit® transitoire. Les
lacunes.des ensembles air-eéau simul€s en laboratoire, tels 1'impossibilité& de
régulariser la rugosit® de surface et le caract2re tridimensionnel de
l'écOulemént, sont corrigées par la mise en oeuvre d'une nouvelle méthode
expérimentale qui permet de représenter la masse d'eau considérge par le volume
d'air contenu dans une bolte qui se dé€place et 1'interface air-eau par la
surface d'un mur fixe. Les profils de la vitesse moyenne produits par cette
méthode servent 3 vérifier une solution analytique fond&e sur la distribution
parabolique de la viscosit® tourbillonnaire. .
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Simulation of Wind-Induced Water Currents
By Ioannis K. Tsanis, MASCE
Abstract: This paper presents a review of theoretical and conventional experimental approaches to stu-

dies of wind-induced water currents and introduces a new method for simulating these motions in the

laboratory. Mean velocity profiles obtained in conventional air-water systems when plotted in terms of

" the coordinates of the "smooth inner” law of velocity distribution, delegate all of the experiments into

the region of transitional roughness. The shortcomings of laboratory air-water systems such as uncon-
trollable surface roughness and three-dimensionality of flow are overcome with a novel experimental
approach in which the actual water body is represented by the air volume contained inside a moving
box, and the surface of a stationary wall constitutes the actual air-water interface. Mean Qelocity
profiles obtained with this apparatus are used to verify an analytical solution based on the parabolic dis-
tribution of the eddy viscosity.

Introduction

* Turbulent mixing in reservoirs and lakes is primarily caused by wind which is the principal source of the
required mechanical energy. The wind acting on the water body surface causes a drift current in the direction it

~ blows thus producing a windward lowering of the water level and a leeward rise, which is called wind set-up

(Hellstrom 1979). This tilt of the surface creates a pressure gradient which induces a bottom flow in the opposite
direction to that generated by the wind which ensures zero net mass flux in the vertical plane, for 2-D flows only,
but not necessarily in lakes of variable bathymetry. | |

Both field and laboratory experiments may be conducted to study wind effects on water bodies. Although
field experiments are most desirable, laboratory experiments are usually preferred because they are less costly,
iess complicated, and the physical variables can be more readily controlled. The types of flow of interest are
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chxractenzed as "nearly horizontal flows" due to their large horizontal extent and relatively shallow depth. How-
ever, the topographical details, i.e., irregularities in depth and plan, and the large number of physical variables
involved in actual environmental flows make it very difficult to incorporate all of them in laboratory éxéerix‘riems.
Therefore, most model studies of wind-induced water currents are simplified replicas of actual flows, and are exe-

cuted in laboratory systems combining air and water tunnels.

The existing experimental data were obtained in conventional laboratory air-water tunnels of water depth to
width ratio of 1:1 10 1:4. Results obtained in these systems are 3-D on both the air side and the water side of the
interface due to side wall friction effects. This leads to velocity profiles at the centre of the experimental facility
which have nonzero net mass flux. On the other hand, the analytical models of wind-induced water currents which

are based on the previous experimental findings, are all 2-D in nature.

Recognizing the shortcomings of conventional modelling systems, a néw approach toward the physical
simulation of the wind-induced currents is undertaked and is schematically depicted in Fig. 1. In this approach,
the water body is represented by the air volume contained inside the moving bottomless box, and the surface of
the stationary bench constitutes the air-water interface. The simplified flow under consideration is homogeneous,
2-D in a vertical plane, comprising a shear-induced current at the exposed surface, and an opposing pressure-
driven curfent near the bottom. Shear is applied directly to the subject fluid volume (air in the present instance) by
sliding it relative to a stationary plane surface representing the actual air-water interface. The model overcomes
some of the problems plaguing the conventional laboratory systems; (a) the velocity d_isttibulion in the transverse
direction is essentially uniform because of minimized side-wall effects and, as a result, continuity is preserved
better than the conventional models; (b) the ratio of the surface velocity to the surface shear velocity is of the same
order of magnitade as the corresponding ratio in the conventional systems; (c) the roughness , i.e., the waviness of
the free surface can be controlled; and (d) the hot-wire velocimetry technique can be used for turbulence measure-
ments because the working fluid is air. The present study is restricted to hydrodynamically smooth interface condi-
tions, since the aqueous boundary layer in the field is generally in the hy’dmdyrwnically smooth regim§ (Wu

1973) while in the laboratory it s in the transitionally rough towards the smooth regime (Wu 1975).

A literature review is undenaken considering both the analytical and experimental approaches to the prob-

lem. The analytical background for the analysis of wind-induced currents for both the laminar and turbulent case

is described. Experimental results of mean velocity profiles obtained in conventional air-water systems are




compiled, presemed and discussed. Measurements of mean velocity profiles obtained with the new modelling
approach are described and compared with ones obtaine‘d in the conventional air-water systems and with analyti-
cal ones. A simplified distribution law for the vertical eddy viscosity is proposed for application to prototype prob-

lems.

Theoretical Background of Shear-induced Flow

Steady Laminar Shear-induced Flow: This flow has a parabolic velocity distribution and a linear shear
stress distribution (Hellstrom 1941 & Keulegan 1951). The bottom to surface shear stress ratio 1 = t,/1, = -0.50,

meshearstmsismgtzlhélB.andﬂnevelocityu:OoccmSatz‘/h:Oandz/h=2f3.

Steady Turbulént Shear-Induced Flow: The applicable equations for this flow are

7:0; ie, u=u(2) | 1)
oo L3P d% _ diw | |
0= p ox 'fv : a4 @
o=-4“'lf'd;“'i ie. v =vw(z) fe))
1 0F a2 ' ‘ '
e i S— ’ 4
% ,. | @
with the boundary conditions
G=uw=vw=0 at z=0, i=u, and ¥'W=VW=0 at 2=h ®)

Integration of Eq.(5) with respect to z yields P + pw? = P, (x) where P, is the piezometric pressure on the flow

P dP, L
‘boundaries z = 0 and z = h, Accordingly, %‘:— =_E° and integration of Eq. (2) with respect to z yields
dP, dul ==5¢ ‘ '
ik dz.lo—p“w'L-t(z)-t’ ‘ . 6)

which describes a linear var'iationAfa' the total shear stress, (i.e., the sum of viscous and turbulent cbn'uibun‘ons) in
the vertical direction. Close to the flow boundaries at z = 0 and z = h, the viscous stresses are predominant and the
Reéynolds stressés are negligible. On the other hand, inside of the flow field proper it is the Reynolds stresses

which gre;nl'y exceed the viscous contribution.



The velocity distribution & = %(z) follows from a solution of Eq. (2) and depends on the distribution of the

wrbulent shear stress with z which is provided by introducing appropriate "closure” hypotheses.

Models of Reynolds-stress Distribution, and Resulting Soliitions

Various classical closure hypotheses for expressing the turbulent shear stress in terms of the mean velocity

are applied to the solution of Eq (2) which describes the shear-induced flow under consideration.

Boussinesq's Eddy Viscosity: In analogy with laminar flow, the Reynolds stresses are represented as

1=l = v, 2 | ™
where v, = W /p is the kinematic eddy viscosity which is a property of the flow. A constant over the depth eddy
viscosity p, leads to a parabolic velocity distribution as in the laminar case. The eddy viscosity is a function of z
for the case of urbulent flow. For instance, the assumption of a logarithmic velocity distribution suggests a para-
bolic distribution of the eddy viscosity over the depth of the flow as demonstrated by Elder (1959) and Lau &
Krisnappan (1981) in analytx:al and numerical studies of turbulent nuxmg phenomena. Similarly, Pearce &
Cooper (1981) used a linearly varying eddy viscosity in their numerical model of wind-induced water currents.

Prandil's Mixing Length: The mixing length hypothesis, gives the relation between stress and the velocity

gradient as follows

t="pl,,,?|%| % . ®

where [, is the mixing length which is related via Eq. (7) to the eddy viscosity as (v, = [.2| % ). The mixing

length, like the eddy viscosity, is a-property of the flow and, in first approximation, is supposed to be a purely local
function. Reid (1957), in his analytical study of turbulent channel flow subject 1o surface wind-stress, assumed a
parabolic distribution of the mixing length in the vertical. This approach yields a series of ‘solutions for the velo-
city distribution in terms of different shear-stress ratio. In  order to satisfy the continuity requirements, i.e., zero
net-mass ﬂux.hefoundthattheshearsu'essraﬁomustbeeqmltoﬂ=-0.097whichisvayclosetothevﬁlneof
—0.10 or less (Van Dom 1953).

One-equation, or k—-L, Model of Turbulence: According to this model the tarbulent mean velocity could be
déte:mined by directly solving the differential transport equation rather than by relying on phenomenological rela-



tions such as the ones given by the Egs. (7) and (8). Introducing the time-averaged turbulent kinetic energy per
unit mass, k = 122 (&% + v + w?) in the eddy viscosity concept, results in, v, = ¢, k¥ Lo in which L, is the dissi-
pation length scale (Rodi 1978). The dissipation ¢ is usually modelled by the expression € = ¢4 k¥2/L,, where c,
and c, are numerical constants with a value around 0.3 (Koutitas & O'Connor 1981). The form of the equation
for turbulent kinetic energy for 2-D nearly horizontal flows at high Reynolds numbers is

Xy g’:) (95)’+c‘-’4‘;=o ®
where o, is an effective turbulent Prandtl number with a value approximately equal to unity. The mixing length
hypothesis is a special case of the k—L, turbulence model if both the corivective and diffusive transport terms are
negligible, in which case I, = (¢,*/c)" L,.

The one-equation model was used for the modelling of wind-induced flows under the assumption of steady
and uniform by Koutitas & O’Connor (1981) under the assumption of steady and uniform conditions, i.e., Dk/Dt =
0. With the aid of a complicated expression for the dlss1pauon length scale they arrived at a solution for the eddy
viscosity which is described by the following empirical relation v, = 0.1249 ke, h 2, (2 - 2,) where us, = (t,/p)"
is the surface shear velocity. This solution is not satisfactorily close (o the air-water interface. A modified distribu-
tion of the dissipation length scale L, based on experimental observations solved this inconsistency, and led to an
improved distribution of the eddy viscosity over the depth v, = 0.1249 u., h (1 =2,) (52— 1)

Two-equation, or k—-e Model 6]Tﬁrbulen,c¢: The k—¢ model includes an expression for the eddy viscosity |
and two coupled diﬁ'e;éntial equations for the turbulent kinetic energy k and the dissipation of this energy, & which
for 2-D nearly horizontal lows at high Reynolds numbers are, respectively, (Svensson 1978) |

2 '
vi=e, & | | : (10)
Dk _ 9 V*Vi ok, 2
Di~%'s, alt ‘(a) -e an
De _3 Vi [
e =3 ¢ 5 )+¢ I.V.k » o e & T (12)

in which o, = effecuve Schmidt number; ¢, = numerical constant in eddy viscosity expressxon. and cie and cy =
m_xme’:ical constants in the dissipation of turbulent kinetic energy equation. The standard & —€ model was used by
Svensson (1978) with model constant values ¢, = 0.09, 6; = 1.0, 0; = 1.3, ¢, = 1.44 and 5, = 1.9. 10 calculate 3

wind-induced channe! flow. He considered the free surface as a moving wall at which the shear stress is prescribed
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and used as ﬁ)e input variables surface shear velocity ., = 0.092 N /m? and the depth & = 0.30 m from (Baines &
Knapp 1965) experiments. He found a surface velocity ratio i,, =22, a zero mean velocity at the normalized
depth z, = 0.65 and a maximum eddy viscosity, normalized by the surface shear velocity i, and the depth b, of
0.08 at z, = 0.55.

Mean velocity profiles based on the above numerical techniques are presented in nondimensional form in
Fig. 2. The calculated, or pre-defined eddy ‘viscosities used in the various numerical models, normalized by the
surface shear stress and the channel depth, are depicted in Fig. 3. All the numerical models require knowledge of
the surface shear velocity u., and the depth h. The assumed distribution of eddy viscosity used in the linearly
varying eddy viscosity model is based on observations of open channel flow (Pearce & Cooper 1981). In the mix-
ing le,ngth model, the vertical distribution of the mixing length is defined empirically, using as a guide the values
of this length that successfully described other shear flow experiments (Reid 1957). The shortcoming of this
approach is evident that a zero eddy viscosity is yielded at the position of zero mean velocity gradient.

The k~L, model overcomes this problem. Here the vertical distribution of the dissipation length L, is
predefined based on empirical relations similar to those. used for the mixing length. The eddy viscosity is calca-
lated by solving the differential equation for the turbulent kinetic energy. The diffusion effects, represented by the
second term on the left-hand-side of Eq. (9), act as a spreading and smoothing mechanism. Thus, discontinuities in
the solution are avoided as can be seen in Fig. 3. For this reason the k-L, model is preferred to the mixing length
model in problems related to countercurrent flows. The eddy viscosity based on the modified £-L, model has beea
successfully used in calculating the water circulation of the Gulf of Thessalomh in the Aegean sea of Greece
_(Ga’noul_is et al. 1980). The eddy viscosity based on k—¢ is calculated by solving the two coupled differential equa-
ﬁom for the turbulent kinetic energy and its dissipation. This mode! is more complex than the other ones but does
not require a priori knowledge of the distributions of mixing or dissipation lengths. All of the eddy viscosities
based on the foregoing models are mutually consistent in their overall magnitudes, and are .in good agreement with
those found in open channel flows (Pearce & Cooper 1981). |

The analytically predicted velocity profiles compiled in Fig. 2 differ significantly from each other. The rea-
son for this rests in the fact that the constants used in these models are based on experimental findings of varying
quality and different theories. For example, Pearce & Cooper (1981) and Svensson (1978) used Baines & Knapp's |
(1955) experimental results to justify their predictions. Similarly, Reid (1957) used existing experimental results
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and Koutitas & O'Connor (1981) used their experimental results to justify their predictions. Furmennorg, there 'is} '
always some scatter in the experimentally measured mean velocities. Reasons for this ihclude the 3-D nature of
conventional laboratory flows, the possibility that the flows are not fully developed, and the difficulties in measur-

ing velocities close to a wavy surface.
A New Analytical Solution for Turbulent Shear-induced Flow |

The concept of eddy viscosity is used to describe the Reynolds stresses. In order o calculate the velocity
distribution in turbulent flow, it is necessary to specify a vertical distribution of the eddy viscosity. A parabolic
distribution in the vertical suggested by an anticipated logarithmic velocity profile in previous studies, yields the
following algebraic form for the kinematic eddy viscosity
A,

=

V2 ——2(2+2)(z,+h-1) (13)
In this, A = numerical parameter; and z, and z, are characteristic lengths determined at z = 0 and z = h, respec-

tively. The characteristic lengths 2, and z, are very small compared to h and are a measure of the thickness of the
viscous sublayer. Eq. (13) very close to the moving and stationary boundaries reduces to,
vl ) V, | .
—=A(2+)=A2y at =0 and —=A(z,+h-2)=Az, at z=h (14)
lh, . u"
Eq. (14) indicate that the characteristic lengths vary linearly with distance from the boundaries. The ratio between
the bottom and surface characteristic lengths and shear stresses are assumed to be related as follows, 2, = 7k,
or in terms of |
n=z|0 | (15)
Using the nondimensional variables, 2 = 2y/h, 2, = 2,/h and %, = ii/u., in Eq. (7), and with Eq. (13) yields

v=phie (542 ) (a4 1-2) S | | ae)
in which 2, is the nondimensional depth. Further, using the linearity of the shear stress distribution with Eq. (16)
yields | '

du, n+(1-n) 2,

a”n

dZ‘ - l(l. + 2“) (2“ +1- I‘)
which, after intergration, yields the distribution of the mean velocity
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- 1 l—lh
U =- m[«l ) 2 - ﬂ)lll 2+~ Tl)lu+l)1n—'—"—+l

] (18)
The boundary condition at the surface, z, = 1, is &, = &,, = &,/u., Applying this to Eq. (18) gives the surface

velocity ratio

- 1
oo = AL+ 2 + 200)

1+
(-2 -n)ln 2 (1 -Mza+1) ln -] : (19)

The average velocity follows from me‘imegrat.im of Eq. (18) with respect to z, frorn 010 1, and yields

= 1

I S 1 1 In l+2,.
""‘”w+z.,.+z,.)“‘-""“""‘)‘“'*) -

= ((1-M)zpa+1) 2. ln T+ M-1) (1 + 2 +24)) =0 . (20

In order to satisfy continuity requirements, the average velocity 5,, must be equal to zero. Knowledge of
the surface velocity ratio &,,, and the botiom to surface shear stress ratio 1} makes possible the determination of the
mean velocity distribution in the vertical direction through Eqs. (15), (18), (19) and (20). The three unknown 2y,
z, and A are involved implicitly in Egs (15), (19) and (20) afld can be determined from the solution of these three
equations. The mean velocity distribution is realized by using the determined values z,, 2, and A in Eq. (18).

Values for the numerical parameter A = 0.125, 0.175, 0.25, 0.35, 0.60, and a typical value of the surface
velocity ratio i,, = 18.0, are depicted in Figs. 4 and 5. These diagrams show, for different bottorn-to-surface shear
stress ratios, the velocity distribution normalized by the surface velocity, and the corresponding parabolic eddy
viscosity distﬁbutidn normalized by the surface shear velocity and the depth of flow. Close inspection of the velo-
city profiles reveals that the surface and bottoni cmtéﬁsdc lengths decrease with increasing Reynolds number

 having similar behaviour with their corresponding viscous sublayers.

The relation between the characteristic lengths and the shear stresses given by Eq. (15) is mher arbitrary
and needs verification. The drift current is larger than the return bottom current which suggests a thinner viscous
sublayer and larger shear velocity than the carresponding ones at the bottom, i€. 2y and i, are smaller in magni-
tude than the z,, and u., respectively. It was found by Van Dorn (1953) that the bottom characteristic length z,, is
of the order of 10~* 1o 107 while Reid (1957) determined in his analysis that z,, has a v’alﬁ,é around 1/30(1)._ These
values are incorporated in this model through the relations z,ue, = zylep, 2, = 2p, 2,Uep = 2Zyls, Which yield the
velocity profiles po_miy’ed in Figs. 4, 6 and 7. The change in the relation between these parameters influence
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mainly the return portion of the flow.

Physical Background of Wind-induced Water Currents

Air-water lmrface: The wind acting on the water body surface generates waves and causes a drift current.

At low wind velocities, where the wind stress is supported by viscous drag and by the form drag of the capillary

waves, the wind drives the surface current directly of through the micro-breaking and viscous dissipation of the
capillary w;veQ. in which wave energy is lost to turbulence and eventually dissipated and the corresponding wave
momentum enhances the surface current. At higher wind speeds the breaking of gravity waves (whitecaps) adds
considerably to the total energy dissipation and contributes to the mixing of the surface waters. Based on field data
Stewart (1962) estimated that the momentum flux retained by the waves, the so-called wave drag, i.e., the portion
of the wind stress extracted by the increase of wave momentum in the growing phase, is 20% of the total wmd
stress but becomes 0% as the waves become fully developed, (Donelan 1979). In laboratory tanks due to the short
fetch present the waves are steeper than the natural waves and the wave drag is in the range of 30 - 50% of the
total wind stress (Goossens et al. 1982).

Surface drift velocity 1, has been measured in the Iabomory by Baines & Knapp (1965), Keulegan (1951),
Masch (1963), Hellstrom, Forssblad and Holmgren (all mentioned in Reid 1957), Wu (1975), Lin & Gad-El Hak
(1984), Tsuruya et al. (1985) and others. Such results are typically presented as a fraction of the mean air speed.
The drift velocities were determined by timing the passage of floating sawdust, current meter (Reid 1957), neu-
trally buoyant particles (Baines & Knapp 1965 ; Keulegan 1951), slightly buoyant sphéﬁcgl particles, thin circular
disks (Wa 1975), paper disks (Lin & Gad-El Hak 1984) and thin circular papers punched from computer cards
(Tsuruya et al.1985), over a given distance in combined wind and water wnnels. An asymptotic value of 0.033 for
the ratio of water surface velocity to mean air velocity with increasing Reynolds number was found by Keulegan
(1951). Experiments by Wa (1975) resulted in values of this ratio as high as 0.052 but these were found to

decrease with an increase in fetch to an asymptotic value of 0.035. Experiments by Lin & Gad-E!l Hak (1984) and

- by Tsuruya et al. (1985) resulied in values of this ratio of 0.032 and 0.038, respectively. The commonly accepted

valiie of the ratio of water sirface velocity to wind velocity is about 0.030 (Wu 1975).
Replotting the results for the surface drift velocity obtained by others as a fraction of the wind shear velo-

City, Ue, = (th,)” Wu (1973) proposed an approximate ratio u,.,_lﬁ.. =0.55. In terms of water shear velocity the



10

ratio u,,,/u,, in the laboratory presumes values between 15 and 25 for a wide range of Reynolds number and flow
conditions. In the field Reid (1957) proposes a value of 18.2 while experiments in Great Lakes suggest values as
high as 24.0 (the surface velocity is taken as 3% of the wind velocity). The bottom to surface shear stress ratio 7
presumes values between -0.15 to -0.07 in the previous laboratory studies and as low as -0.20 in the field (Donelan
1974). |

Laboratory findings of wind-induced currents have been reported by Baines & Knapp (1965), Goossens et
al. (1982), Koutitas & O'Connor (1980), Masch (1963), Lin & Gad-El Hak (1984), Tsuruya et al. (1985) and oth-
ers. All of these investigations were conducted in air-water tunnels of rectangular cross section and uniform depth.
A photographic method using sphe:icaj shaped particles as tracers (Baines & Knapp 1965), laser doppler velo-
cimetry (Goossens et al. 1982) and (Koutitas & O’Connor 1980), hot-film anemometry (Tsuniya et al. 1985), and
an array of X-film probes (Lin & Gad-El Hak 1984), were used for mean velocity measurements.

Distributions of mean velocity, normalized by the surface velocity u,,, determined in some of the above
mentioned experiments are compiled in Fig. 8. The various centre-line profiles do not coincide with each other and
the discrepancies are due to differences in Reynolds numﬁer. roughness of the air-water mwrface and unequal drift
to return current volume fluxes (the volume flux of the drift current is about 70% of the flux of the return current
(Baines &kKnapp 1965)). In order to overcome some of the above described shoricomin_gs of the conventional

models, a new approach for simulating wind-induced currents is used in this study.

Experimental Apparatus

An exisﬁng experimental facility (Audin & Leutheusser 1979). consisting of a moving box propelled by the
carriage of a towing-channel installation, and a fixed stationary beach, was modified to meet the needs of the
present simula;ion (Tsanis 1986). In this facility, the moving wall is propelled'by‘ the carriage of the towing-tank
installation (maximum velocity of 3 m/s) and the fixed wall is the surface of a stationary bench which is con-
structed alongside lhe towing channel.
| For the purpose of the preserit investigation, the moving wall of the existing facility is closed on all sides
with plexiglass plates, thus forming a moving box. Clearances between box sidewalls and the stationary bench are

~ closed by fiexible seals to prevent the air from escaping and keeps the box pressurized during its motion. The

moving box is a 2.40 m long and 0.95 m wide pi-shaped plexiglass. The depth of the box, and its inclination
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r‘claﬁvetoﬂiesta&nary wall canbeadjustedbetweenaminhnmnofom m and a maximum of 0.15 m. The
maximum anamableReynolds number R, with 4, =3.0m/sandh=0.15m is 30(!)0 The stauonary wallis31 m
long and begins and terminates 14.5 m away from the two end points of the 60 m long towing channél. The
requn'ed distances for accelerating and decelerating the carriage to and from its maximum velocity of 3 m/s are
less than 14.5 m. Based on this, the whole 31-m length of the stationary bench is available for testing purposes
under steady state conditions over the whole range of carriage velocities. For the case of fully established flow of

interest herein, the final 10 m of the box travel over the stationary wall were used for testing purposes.

. The schematics of experimental equipment used in the present work are depicted in Fig. 9. The velocity and
the position of the towing carriage, and the speed of the 2-D traversing mechanism is determined by using inter-
rupt and reflector type optical switches. Flow properties are measured with standard hot-wire velocimetry equip-
ment and guided by the Smoke wire-technique used for flow visualization. Single wire probes are used fér measur-
ing the velocity. The hot-wire probe can be moved vertically and horizontally by means of a sweep drive unit and

‘a 2-D traversing mechanism, respectively. A DC-componesit to the turbulent signal is provided by moving the

probe horizontally in the region of flow reversal to avoid rectification. The calibration of the hot-wire sensors is
done by means of the carriage itself. Details for the calibration of the hot-wire sensors, the smoke-wire technique
and data acquisition can be found in Tsanis (1986).

Results and Discussion

A 1ol of seven velocity traverses for different Réynolds numbers betweqn 2000 and 20000 were performed |
and presented together with the experimental data by Huey & Williamson (1974) and the analytically obtained
mean velocity profiles based on a parabolic dism'buﬁon of the eddy viscosity, m Fig. 10. The theoretically
predicied curves are based on a surface velocity ratio of 18.0, while the experimental data for Reynolds numbers
of 3000, 5000, 8000, 38600 and 109200 have surface velocity ratios of 15.63, 16.91, 17.92, 21.29 and 23.60,
respectively, which are shown in Fig. 11 together with other laboratory and field results. The ratio i, appears
only in Eq. (19) where it is multiplied by a constant A. Thus, after matching the experimental profiles with the
theoretical predictions, and taking into account the variation of the ‘surface velocity ratio, the empirical relation
bétween the constant A and Reynolds number R, is obtained, see Fig. 12.' which provides a simple method for d-
culating velocity profiles in turbulent shear-induced flow. |
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A better presentation of the mean velocity profiles is in terms of the coordinates of the "smooth™ inner law
of velocity distribution. In Fig. 13, curve (A) represents the viscous sublayer portion of the velocity profile
described by (4, — &) / (ks,),, = (h,~2) (), / Vy, and curve (B) represents the logarithmic portion of the velo-

city profile for hydrodynamically smooth condition, described by

tw = e =5.75 log el +

(“.‘n)" Vi

The logarithmic portion of the veloéity profile for hydrodynamically rough interface condition, is described by

6.0 (21)

i,
=5751o
(), o 20w

if z,, is expressed as equivalent sandgrain roughness (Schlichting 1968). Introduction of the roughness Reynolds

Upw — h,-z

+8.5 22)

number Ry, = (4s,), 2o/, Where z,,, is the absolute roughness, or roughness length of the water-side of the air-
water interface lead to data presentation shown in Fig. 13 by means of curves C; i=1,2,3,4 parallel to (B), which

are plots of the following equation

Upy =Ty (A2 (), _
. - 575 log ———— +8.5-5.75 log Ry, (23)

The experimental data lines have values of R,,, between § and 70. This finding suggests that most of the existing

experimental results compiled in Fig. 13 are in the region of transitional roughness.

The rouéhness length z,,, for the water-side shear layer can be calculated from the values of the roughness
Reynolds numbers R,,,. The calculated roughness lengths from Baines & Knapp's (1965) and Goossens et al.
(1982) experiments, and the water surface shear velocities for some of the above experiments are depicted in Fig.
14, together with the data by Wu (1975) on wind-induced drift currents. The surface shear velocities determined
by Wu (1975), Baines & Knapp (1965) and Goossens et al. (1982) are in good agreement with each other, but

there are small disrepancies in the roughness lengths due to different fetches in which the experiments were per-

" formed.

A new presentation of the data by Baines & Knapp (1965) and Goossens et al. (1982) in terms of the coordi-
nates of the "rough” inner law of velocity distribution are depicted in Fig. 15. Curve (A) represents the logarithmic
portion of the velocity profile and curve (B) is the upward shift of curve (A) by a value of (k,, = &.)/(k.,)_ = 1.0

representing thé upper lirit of the transitionally rough regime for Nikuradse’s sand roughness (Schlichting 1968).
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The experimetal points, being in the transitionally rough regime, are located mainly around the curves (A) and
(B) (results by Baines & Knapp (1965) and were corrected for a wave drag equal to 20% of the total shear stress,
i.e. reduction in (,) by 10%). Details on the turbulence characteristics of the wind-induced currents in air-water .
tunnels and with the present approach can be found in Tsanis & Leutheusser (1987).

The experimentally determinéd mean velocity profiles shown in Fig. 8 were obtained for different Re’ynpkk
numbers, and under aifferent characteristics of surface roughness. From Fig. 13 it is apparent that the experimen-
tally examined flows are in the region of transitional roughness in v;fhich the value of the von Karman constant X is
not necessarily equal to 0.4. A value of x = 0.4 was used in almost all of the numerical models. All of this contri-

butes to the discrepancies between the numerical and experimental mean velocity profiles.

After an assessment of the previous and present experiments, analytical and numerical models, the present
model with i} =-0.134 and @,, = 21.0 (the lower and upper values of these parametexs are -0.20 t0 -0.08 and 15 to
25 respectively) and a parabolic vertical eddy viscosity distribution with A = 0.30 (center line value of v,/(u.,h) =
0.075) is proposed for applications to prototype problems (the same velocity profile can be obtained with the pair
%, = 18.0 and A=0.35). The characteristic lengths z,, and z,, for this case have values of 22x 10 and

" 0.6 10~ which are in agreement with values in previous studies. The corresponding velocity profile and eddy

viscosity distribution are shown in Figs. 3 and 8 for comparison. This model is in overall agreement with the pre-
vious modéls but is preferable for its simplicity in that the mean velocity distribution is determined from a simple
algebraic equation involving two logaﬁthms. It may be noted that in cases of developing wind-induced currents,
i.e. where there exist separate shear layers at bottom and sm;face. the eddy viscosity distribution is parabolic only

in the surface boundary layer, and is essentially constant in the rest of the flow (Goossens et al. 1982).

Conclusions

A comprehensive reviev; of wind-driven water currents was undertaken, considering both the analytical and
experimehtal approaches to the problem. The existing velocity profiles when plotted in terms of the coordinates of
the “smooth inner” law of velocity distribution, delegaie all of the experiments into the region of transitional
roughness, This conjecture is confirmed when the roughness lengths are calculated and the profies are found 10
be consistent with the "rough inner” law of velocity distribution. The shortcomings of conventional laboratory

air-water systems are identified to be due to uncontrollable surface roughness and three-dimensionality of flow.
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A new experimental system was developed and applied to the simulation of wind-induced water currents.
In this approach, the actual water body is represented by the air volume contained inside a moving box, and the
siurface of a stationary wall constitutes the actual air-water interface. This shear-induced flow oveicomes many of
the problems plaguing the conventional systems, i.e., continuity is better preserved, surface roughness is controll-

able and measurements of turbulence quantities by hot-wire anemometry becomé possible.

Results of measurements of mean velocity profiles in steady turbulent shear-induced flow are foind to com-
pare very well with the predictions of a new analytical model based on a parabolic distribution of the eddy viscos- -

ity which is pmposéd for prototype applications.
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Appendix I1. - Notation

The following symbols are used in this paper: .

Cles €2 = constants;

d | = width;

g = acceleration due to gravity;

h = depth of flow;

k = turbulent kinetic energy;

L, = dissipation length scale;

In = mixing length;

R, = bulk Reynolds number;

Ry ' = roughness Reynolds number;

P = piezometric pressure;

u,v,w = velocity components in, respectively, x, y and z directions;
u, = velocity normalized by the surface shear velocity;
e : = shear velocity; |

Xy, z ' = Cartesian length coordinates;

N : = bottom characteristic length;

EN - length coordinate normalized by flow depth;

2, , = absolute roughness, or roughness length;

2, = surface characteristic length;

€ _ = dissipation of rbulent kinetic energy;:

= bottom to surface shear stress ratio;

numerical constant;
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Subscripts

t

w

Superscripts

A prime denotes a fluctuating quantity, and an overbar signifies a temporal mean value.

dynamic viscosity;
kinematic Qiscbsity‘:
density;

Prandtl , Schmidt numbers;
shear stress; and

wave drag;

air;

walter,
bottom.
turbulent; and

water;
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Paper Reprint Summalj'y

~ Simulation of wind-induced water currents, by Ioannis K. Tsanis. Analytical and experimental
approaches to wind-induced water currents are presented. A novel experimental approach is used to simulate
these motions in the laboratory. An analytical solution was found to verify the mean velocity profiles obtained
with this apparatus.
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" Information Retrigvai Abstract

SIMULATION OF WIND-INDUCED WATER CURRENTS Ioannis K. Tsanis ( Visiting Fellow,
National Water Research Institute, Canada Centre for Inland Waters, Burlington, Ontario, L7R 4A6,
Canada).

A review of theoretical and conventional experimental approaches to studies of wind-induced water
currents is presented. Mean velocity profiles obtained in conventional air-water systems when plotted
in terms of the coordinates of the "smooth inner” law of velocity distribution, delegate all of the
experiments into the region of transitional roughness. The shortcomings of laboratory air-water sys-
tems such as uncontrollable surface roughness and three-dimensionality of flow, are overcome with a
novel experimental system. In this approach, the actual water body is represented by the air volume
contained inside 2 moving box while the surface of a stationary wall constitutes the actual air-water

interface, Mean velocity profiles obtained with this apparatus are used to verify an analytical solution
based on the parabolic distribution of the eddy viscosity.



