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RESUME

La montée du niveau des nappes d'eau due aux vents est'présentée'

d'une nouvelle fagon faisant appel & des ré&sultats analytiques et

'expérimentaux. Des solutions'théoriques de la monté&e non

dimensionnelle des eaux due aux vents dans des conditions
d'interface air-eau lisses et trés rugueuses montrant que
la plupart des résultats obtenus en laboratoire et sur le terrain

valent pour la zone de transition rugueuse. Une nouvelle

apprdche analytique est pr&senté&e pour le coefficient de friction



A GENERALIZED APPROACH TO WIND SET-UP
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ABSTRACT

The wind set-up of water bodies is presented in a novel approach involving analytical
and experimental results. Theoretical solutions for nondimensional wind set-up for
smooth and fully rough air-water interface conditions delegate the majority of laboratory
and field results in the transitionally rough region. A new analytical approach for the

drag coeiricient is presented and the results are verified by field and laboratory experi-
ments. :

INTRODUCTION

The wind acting on the water body jsurface generates waves and causes a surface 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. Detailed knowledge of wind set-up in lakes

and ocean bays is essential for flood control, safe navigation and shore protection.

Both field and laboratory experiments may be condiicted to study the wind set-up.
Model studies in the laboratory are very much smphﬁed replicas of actual flows and are
conveniently executed in systems combmmg air and water tunnels, i.e., "air-water”
models. Simulation of this flow condition is possible with "solid-air" models where the
shear stress is applied directly by a moving belt [6] or a moving bench seen from the
moving bottomless box’s reference system [13] while the sheared fluid is air, and the
equivalent set-up is determined from the pressure gradient.

This paper provides new mformanon by approaching the problem. in a g:neralized way
involving theoretical, laboratory and field results. In particular, analyucal expressxons
for the wind set-up and the drag coefficient are presented and results from field experi- -
ments in the Great Lakes and from laboratory experiments are used for verification.



ANALYTICAL DEVELOPMENTS

For a steady two-dimensional condition depicted in Fig. 1a, the balance between shear
stresses and pressure forces after disregarding terms hxgher than 0(dz), results in
dp dP, g_g_ Tow + wa

dx dx dx h ()

- in which the subscnpt w stands for water, where P =P, + p,, g (h + {) is the piezometric

pressure, P, is the atmospheric pressure, p,, is the water density, g is the acceleration
due to gravity, h is the water depth, { =z — h is the displacement of the surface from the
mean water level and T, and T, are the surface and bottom shear stresses, respecnvcly,
exerted on a fluid element of height z and length dx. Eq. (1) can be written in nondlmcn-
sional form as follows : _
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where 1 = Tpw/Tsw is the bottom to surface shear stress ratio; Usgy = (Tae/Pw)? is the
water shear velocity at the interface, f,, is the dynamic viscosity of the water and

u.m h

3)

Re, =
$ Vw .
is the Reynolds number of the wind-induced flow expressed in terms of the water shear
velocity at the interface, the water depth h and the kinematic viscosity of the water
Vw =H,/Py. Since the shear stress exerted by the air on the water surface must be con-
tinuous across the interface, the water shear velocity usy,, is given by [15]
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in which p, is the air density, us,, = (T;4/p,)?2 is the air shear velocity at the interface,
Tsa iS the air shear stress at the interface and 1,4 is the momentum flux extracted by long
waves due to the growth of waves in the wind direction, the so-called wave drag [17].

The presentation of mean velocity data in the neighborhood of the shearing wall, in
terms of the coordinates of the universal inner law of velocity distribution, involves the
wall shear stress. The logarithmic pornon of the velocity profile is given by

u_-“"_u“'. =A log M_‘f_’!_ +B ()

Ussy " Vw . '

in which uy, is the Lagrangian surface velocity or the so-called drift velocity, z is the
upwards vertical coordinate from the lake bottom, see Fig. 1b, &, is the mean water
velocity at a distance (h=z) from the still water surface, (us, — i,) is the current relative
to the water sufface and A and B are constants determined by the slope of the loga-
rithmic profile and the state of the interface, respectively. The constant A is equal to
2.30/x where x is the von Kdrman constant ( a common value of x is equal to 0.4 which
results in a value of constant A equal to 5.75) and the constant B is equal to 5.5 and -2.1
for hydrodynamically smooth and fully rough condition, respectively [11].

The position of zero velocity, i.e., #,=0atz="h- z, or at z,=1-2, in terms of the
nondimensional vertical coordinate zj =z/h, ie., (z,4 =2z,/h), for Reynolds number
Ry =ug,hiv, expressed in terms of surface velocny, greater than approxlmate 5x103, is
on the logarithmic portion of the velocity profile. The value of z,, is equal to 1/3 for the
laminar flow case and presumes values as low as 1/6 for the turbulent flow case [13].



Thus, forz=h -z, Eq. (5) yields

Z, Us '
um =4 log vV > +B . (6)
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or in terms of the Reynolds number R,

u Us ey
= =A log(R; —

Ussy sw

From the definition of the nondimensional skin friction coefficient cs

z,4)+B 0))
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it follows that
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Combining Eq. (7) and (9) yields
172 12 : : .
2 c f .
(-67) =A log (R (_i-) )+ B + A log (z,4) | (10)
or in terms of R,

9 12 '
(E) =A log (R+;) + B + A log (zyp) (11)
The nondimensional wind set-up in terms of the drift velocity i, is given by

ht dP ¢f : _
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Finally introducing the Froude number of the wind-induced fluid motion (7], [9]

Fr=—2
(g
Eq. (12) becomes
11 dp
Fr? p,g dx
The above expressions for the skin friction coefficient and the nondimensional pressure

gradient will be compared later in this paper with laboratory and field experimental
results.

(13)

_Cr '
=(‘-2-) (1+m) (14)

EXPERIMENTAL APPROACHES |

Air-water tunnels were used in [1],[2], [14] and [4] in order to simulate the wind-induced
currents. The wind set-up was calculated by balancing the pressure and shear forces. A
photographic method using spherical shaped particles was used in [1], slightly buoyant
spherical particles and thin disks in [14] and laser-doppler velocimetry in [2] and [4] for
the mean velocity measurements. The surface shear stress was obtained directly from the
static pressure drop in the air passage of the wind-water tunnel (1], from the logarithmic
velocity profile in both air and water sides [14] and [4] and from direct measurements of
shear stress close to the interface [2). Solid-air models were used in [6] and [13], a belt-
type system in [6] and a moving air volume contained in a bottomless box above a



stationary bench in [13]. Hot-film anemometry was used in [6] and hot-wire
anemometry in [13] for mean velocity measurements. The shear stresses were deter-
mined from the logarithmic velocity profile in [6] and from the velocity gradient in the
viscous sublayer in [13). In field studies in lakes St. Clair [10), Erie [5] and Ontario [3]
the wind set-up was measured directly with water level gauges.

RESULTS AND DISCUSSION

Experimental results obtained from the laboratory and field studies are in good agree-
ment with Eq. (2) as illustrated in Fig. (2) for three values of n, i.e., 0.0, 0.1 and 0.2
reflecting the balance of the shear and pressure forces. Another presentation of these
results is in terms of surface velocity which can be related to wind velocity [14] as fol-
lows : :

Usy =0 Uy ‘ - (1)

where U is the wind speed measured 10 m above the mean water level in the field stu-
dies and 10 cm in the laboratory studies and a is a constant with a commonly accepted
value of 0.03 [14] and is relative insensitive to fetch [8], with R, and is given in Fig. 3.
The skin friction coefficient ¢y for hydrodynamically smooth and fully rough conditions
is determined by means of Eq. (10) with A =5.75and B = 5.5 and -2.1 respectively,

12 o C 12 A
(‘%) =575 log (Rs (L) ) +5.5+5.75 log (z) 6
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(-Z_-f-) =5.75 log (R, (?) )=2.1+5.75log (z,) 17)
where the value of the constant B = -2.1 corresponds to a roughness Reynolds number
R = usg, k/vy, =70, k is the roughness length of the water-side shear layer. The curves
(F1) and (F ) are plots of Eqgs. (12) for n =0.1 and two values of Zup, i€, 0.2 and 0.33,
while the different symbols represent experimental points from the laboratory and field
experiments. The experiments from [2] are adjusted for consistency using the Lagrangian
surface velocity which is 3% of the wind speed rather than the Eulerian velocity which is
about 2% of the wind speed. This diagram shows that most of the results from the labora-
tory and field studies lie between the theoretical curves (F1) and (F,) in Fig. 3, which
represent the smooth and rough surface conditions for these Reynolds numbers. This is
proof for the transitionally rough state of the air-water interface apart from occasions
where it is fully rough mainly due to wave breaking in which case the entire concept of
the roughness length is questionable [16].

The nondimensional pressure gradient involving the Froude number of the induced flow,
according to Eq. (14) for hydrodynamically smooth and fully rough conditions is given
in Fig. 4 together with the results from laboratory and field experiments. This presenta-
tion shows the transitionally rough nature of the air-water interface and the relative
insensitivity of the nondimensional pressure gradient to Reynolds number and surface
roughness [9].

Finally, the skin friction coefficient ¢y as a function of Reynolds number R, is presented
in Fig. 5 from the laboratory and field studies (the skin friction for the field experiments
is determined by equating shear and pressure forces using a cross-sectionally averaged
depth by means of Eq. 12) together with analytical solutions based on logarithmic velo-
city profiles for the smooth and rough regime, i.e., Eqs. (16) and (17) for three values of



Z,, i.€., 0.20, 0.25 and 0.33. This presentation also illustrates that the majority of the
experimental results lie in the transitionally rough regime although it seems that the
present analysis underestimates both wind set-up and skin friction coefficient for Rey-
nolds numbers R, greater than 1x10% when it is compared with the field results. One
possibility is that the slope of the logarithmic profile is lower than 5.75 possibly due to
the wave dynamics, especially in cases where the RMS of the wmd-mduccd velocity
component # is larger than the RMS of the fluctuating velocity component u’ [2]. This
is shown in Fig. 5 by the curve (F3) where the skin friction coefficient is calculated by

" means of the following equation

(?-) =5.11 log (R, (—) ) =2.1+5.11log (z,;,) , (18)
¢

which is equivalent to Eq. (17) with a milder slope of the logarithmic velocity profile (A
=5.11 corresponds to x = 0.45) and z,, =0.20. The other possibility is that the air-water
interface is fully rough with B < -2.1. This is also shown by the curve (F4) which is the
plot of the equation similar to Eq. (16) with B = -4.0 which corresponds to a roughness
Reynolds number R, = 150 and z,, =0.20. A combination of the above possibilities for
K =0.50 and R, = 100 yields the curve (Fs) which is the plot of Eq. (10) with A = 4.60,
B = -2.6 and z,, =0.20. A change of constants A and B by 20% causes an up to 45%
and 6% change in the value of the skin friction coefficient, respectively. This demon-
strates that the present analysis is more sensitive to the changes of the slope of the loga-
rithmic profile rather than the state of the air-water interface. Finally, it is evident from
Fig. 6 that the laboratory and field values of skin friction coefficient are inside an
envelope consisted by the curves (F,) and (F s) except the results from Lake Erie [5] and
[7] which are above this range. The reasoning for this discrepancy is due to the fact that
the water surface displacement is inverse proportionally to the local depth and is sensi-
tive to large irregularities present in both depth and plan of the lake. As a result an error
is introduced when a cross-sectionally averaged depth is used for the calculation of the
skin friction coefficient from the wind set-up, which is more pronounced in long shallow
lakes (Lake Erie) [S] rather than in short narrow (Lake St. Clair) [10] and long deep lakes
(Lake Ontario) [3].

A relation between skm friction coefficient and aerodynatmc drag coefﬁcxent defined as
[3], C4=1,/(Pa U 2), can be provided by using Egs. (4) and (15) and the relation
between wave drag and air shear stress at the interface 1,4 =P t5; Where P has a value
around 0.2 in the field [12], {17] and is as high as 0.5 in the laboratory [4], [8]. This
results in

Pw O
—_—
20, (1-B)

which becomes C, = 0.47 ¢y for the field and Cy4 =(0.47 - 0.75) ¢4 for the laboratory
Using the above relations the aerodynamic drag coefficient can be determined and is

Ca= (19)

presented in Fig: 6 as a function of Reynolds number R;.

The above results can be used by engineers for calculation of the wind set-up and the
aerodynamic drag coefficient C4. A simple example is presented herein. Suppose the
steady state wind set-up and the aerodynamic drag coefficient C, is to be estimated for a
lake 200 km long and 20 m deep (cross-sectionally averaged depth) for a wind speed of
Uy =10 m/s. The drift velocity ug, can be calculated using Eq. (15) with a=0.03.
From Figs. 3 or 4, after calculating the Reynolds number R, and assuming negligible
variations of the atmospheric pressure, one can then calculate the values of the wind set-
up for the smooth and fully rough conditions. In the above case the wind set-up lies
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between 9 cm and 16 cm. From Fig. 6 one can determine the values for the drag
coefficient C, for the smooth and fully rough conditions. In the above cases the values
of the drag coefficients C4 are 0. 90x1072 and 1.55x1073, respectively. In the present
case due to the high wind speed, it is more likely to have a rough air-water interface with
B < -2.1 and probably a milder velocity profile slope. An example using the values from
curves (F4) and (Fs) ylelds for the wmd set-up, 17.5 cm and 24.5 cm, and for the drag
coefficient C4 1.75x1073 and 2.40x1073 , respectively.

The present analysis_ does not involve a direct fetch and wind velocity dependence on the
drag coefficient; it is known that in the field the drag coefficient decreases with increas-
ing fetch and increases with mcreasmg velocity [16] while in the laboratory the drag
coefficient due to the short fetches is much larger than that determined in the field with
long fetches and increases with increasing velocity [14] and fetch [8). Also, knowing that
whitecapping occurs at wind velocities higher than 8.5 m/s in the laboratory [14] and
higher than 7 m/s in the field (visual observations) and that the air-water interface condi-
tions are smoother for longer fetches one can use for the calculation of the drag
coefficient and wind set-up; the values between curves (F;) and (F,) for velocities
between 2.5 to 8.5 m/s and between curves (F) and (F s) for velocities higher than 8.5
m/s in the laboratory; the values closer to the curve (F,) with 1 =0.1 for long fetches
and velocities less than 7 m/s in the field and between curves (F3) and (F3) or (F4) for
velocities higher than 7 m/s. For more accurate determination of the value of the drag
coefficient more experiments are required in order to provide information about the slope
of the velocity profile for high velocities and long fetches and on the proper roughness
height to be used for the wind set-up determination.

CONCLUSIONS

A new analytical approach for calculating the wind set-uip and the drag coefficient is
presented and successfully compared with field and laboratory results.
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