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WIND ACTION ON WATER STANDING IN A LABORATORY CHANNEL

G. M. Hidy
National Center for Atmospheric Research
Boulder, Colorado

and

E. J. Plate
Fluid Dynamics and Diffusion Laboratory
Colorado State University
Fort Collins, Coloraco

ABSTRACT

The processes of wave and current development resulting from wind
action on initially standing water have been investigated in a wind-water
tunnel. The mean air flow over wavy water was examined along with the
variation of several properties of the water motion with fetch, water
depth, and wind speed. Measurements of phase speed and length of signi-
ficant waves, the standard deviation of the water surface, the average
surface drift, the autocorrelation of surface displacement and the
frequency spectra of the wind waves are reported. The experimental
results indicate that (a) the air motion in the channel follows a tkree
dimensional pattern characteristic of wind tunnels of rectangular cross=-
section; (b) the wind waves generated in the channel travel downstream at
approximately the same phase speed as gravity waves of small amplitude,
provided the effect of the drift current is taken into account; (c) the
average drag coefficients for the action of the wind on the water sturface
increase with increasing wind speed, and these data are essentially the
same as the results of previous investigators; (d) the autocorrelations of
surface displacement and frequency spectra are consistent with the visual
observations that the wind waves in the channel consist of nearly regular
primary waves on which are superimposed smaller ripples; (e) energy in the
high frequency range in the spectra tends to approach an equilibrium dis=-
tribution rather quickly while the lower frequency components initizlly
grow exponentially with increasing fetch but, later, tend to reach  state

of equilibrium; and (f) a similarity shape for the frequency spectre developed.



Ls INTRODUCTION

In spite of a long history of effort devoted to the air-water irter-
action problem, the basic knowledge of the mechanisms for transport pro-
cesses near the boundary between the two fluids has developed rather slowly.
A variety of theoretical and experimental studies have been reported in
the literature but, because of the complexities of the physical processes
involved, the detailed nature of the interaction remains inadsquatel-
understood.

Many of the experimental studies of air-water interaction have »een
undertaken on lakes or on the ocean where the conditions of the fluids are
highly variable in time and space. These investigations have contributed
significantly to the knowledge of the atmosphere and the sea. Howev=ar,
their usefulness in elucidating the fundamentzl physics of the exchaage
processes occurring between the two fluids is limited. Therefore, i:
seems necessary to undertake more studies under controlled conditions in
the laboratory to gain new insights into the mechanisms of transport
across the air-water boundary.

Ursell (1956) has reviewed the fundamental laboratory experimen:s
dealing with air-water interaction that were carried out before 1954.
Since the publication of Ursell's paper, a number of new investigations
have been reported which include those of Cox (1958), Wiegel and coworkers
(e.g., Wiegel (1961)), Fitzgerald (1963), Kunishi (1963), Schooley (1963),
Holmes (1963), and Hanratty and coworkers (e.g., Cohen and Hanratty 11965)).
These laboratory investigations have explored & number of special problems
associated with flow in the two phase system such as the mean propercies
of the waves, the mean air motion, or the nature of the wind driven irift
current in the water. With the exception of Cohen and Hanratty's wock,
the experiments were not designed specifically to verify thecretical
conclusions. In the spirit of most earlier experimental work, this study
will deal in a unified way with both the air motion and the water mocion.
In addition, a number of interesting features of the two fluid system

will be discussed in the light of the results of recent theoretical studies.
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Properties of the Fluid Motion. When air moves at moderate velocities

over water, a drift current develops and small waves are generated on the
liquid surface. A schematic picture of the deveslopment of combined cir
and water motion along with the growth of waves in a channel is shown in
Fig. 1. Some of the properties of fluid motion examined in this stucy
are indicated in this drawing. The coordinate system is indicated so
that x is the distance downstream, and z is the vertical direction. The
mean water surface is given by z = d while the surface displacement Zrom
this level is denoted as g . The fetch F denotes the distance from the
leading edge of the water to a particular point somewhere downstream In
terms of a two dimensional model, the velocity distribution in the weter
is u(z), and the drift at the water surface is - The air flow is given
by U(z'), where Ugo denotes the air velocity at approximately 20 cm zbove
the mean water surface, and z' = (z - d). The wave length }~ and the phase
speed ¢ denote properties of significaat waves.

For the purpose of this study, significant waves will refer to the
larger, regular waves observed at a given fetch. 1In general, smaller
ripples are superimposed on the larger disturbances (See, for example,
Plate I).

In this paper, a number of experimental results are discussed which
refer to the mean air and water flow as indicated in Fig. 1. Measurements
of the statistical properties of the wind generated waves, including the
autocorrelation of the surface displacement and spectral density functions,

are examined in the light of other characteristics of the fluid motien.

2 EXPERIMENTAL EQUIPMENT AND PROCEDURE

The experiments were conducted in the wind-water tunnel at Colozado
State University. This facility, shown schematically in Fig. 2, consists
of a tunnel or a closed channel 0.61 m wide by 0.76 m high whose plexi-
glass test section has a length of about 12 m. During operation, the
maximum depth of water is approximately 15 cm. Air is sucked through
the tunnel at velocities up to 18 mps by a large axial fan at the ouzlet.
The inlet cone is designed to give a 4/1 contraction ratio. Two fine
mesh screens are placed in the inlet cone. Honeycombs are placed just
upstream of the outlet diffuser to minimize the axial rotation in the
air induced by the fan. Sloping beaches are placed at the inlet and the

outlet to prevent the reflection of waves. Thke '"beaches'" are constracted
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of aluminum honeycomb. The inclines are shaped in such a way that as
smooth as possible a transition could be affected in the air-water flow.
In this study, the bottom of the tunnel was smooth.

The air flow through the tunnel was measured by a pitot-static tube
placed on a carriage in conjunction with a capacitative pressure trams-
ducer. The probe could be positioned anywhere in the section of the
tunnel from the bottom to a level about 10 cm from the top.

The pressure gradient of the air and the depth cof the water were
measured every four feet down the tunnel with piezometer taps connec=ed
to a set of manometers.

Phase speeds and lengths of waves were determined from photogranohs
teken with a movie camera. The length for successive waves was measired
from the movies by comparing the distance between crests with a rule=
in the picture. The phase velocities of waves referred to a fixed
point were estimated by measuring from adjacent frames the distance
traveled by a given crest during the time between successive frames.
Time intervals between frames were read from a timer that was shown on
the film.

To measure the change in the height of the water, a capacitance
probe was used which is similar to Tucker and Charnock's (1955). This
probe consisted of a 34 gauge magnet wire stretched vertically along the
center line of the cross-section of the tunnel. These wires were placed
at 1.2 m intervals downstream from the inlet of the tunnel. The wir=
itself and the water serve as the two plates of a condenser, and the
insulation material (Nyclad) on the wire provides the dielectric medium.
The capacitance between the wire and the water was measured with an AC
excited bridge; the unbalance voltage from the bridge was linearized,
amplified and rectified so that a DC cutput voltage was obtained which
was proportional to the water depth. The output signal was fed to amn
oscillograph where the gauge response was continuously recorded during a
run. The capacditance bridge-oscillograph combination was calibrated to
give a recorded amplitude linearly proportional to the (varying) water
depth with a flat response to frequency ( *+ 1%) up to approximately
30 cps.

From the continuous records of the surface displacement, data were
read off at equal intervals of 0.025 sec. These data were used for ob-

taining values of standard deviation J of the surface displacement, the
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autocorrelations R(T ) of the surface displacement, and the spectral
density function ‘@(f). The computations were carried out on the
NCAR-CDC 3600 computer.

It was not possible to obtain the vertical velocity distributior
in the water. However, the surface velocity of the water u  was meacsured
by placing a small slightly buoyant particle on the water and observ-ng
the time required for it to move past fixed stations downstream. Val ues
of the surface velocity could then be calculated from the intervals cf
distance of travel and the time of passage.

In this study, attention was centered on the measurement of the
properties of water waves under conditions of steady (mean) air moticn.
In order to attain steady conditions in the air flow, the wave develcp-
ment, and the set up of water in the tunnel, ths fan was started aboit
15-20 minutes before the properties of the fluid flow were to be measured.
After this time interval, the photographs, the pitot tube measurements,
and the wave amplitude data were taken, and a sample of a wave train
corresponding to the passage of 100-200 waves was obtained for a given
run.

Observations of wave development were taken for several differert
conditions. For the condition of water initially standing on a smooth
bottom, air velocities, taken 20 cm above the water surface, were varied
from O to 15 mps, and the depth of water was changed from 2.5 to 10 cm.
The properties of fluid motion in these cases wzre observed at distarces
of approximately 1.8 meters to 12 meters from the leading edge of the

water.

3. THE AIR FLOW OVER THE WATER

Since the air is forced by the fan through the wind tunnel of
approximately constant cross section, a pressure gradient develops ir
the downstream direction. The pressure in the air p, was found to very
approximately linearly with fetch through the channel. Typical values
of the pressure gradient in cm water per cm as measured in the last &
meters of the channel are shown in Fig. 3. The pressure gradient was

found to increase with wind speed, and with depth of the water.

Velocity Distribution in the Air. Measurements of the mean hor--

zontal air motion in the vertical direction and across the channel were

taken at several sections for U, from 6 mps to about 14 mps. Typicel
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data for vertical profiles along the canter section of the channel are

shown in Fig. 4A. The vertical profiles of U(z') indicate that the air
flow generally develops a behavior characteristic of turbulent flow -n

a boundary layer over roughened surfaces.

The vertical profiles for the air velocity taken for increasing
fetch along the centerline of the tunnsl were found to be approximately
proportional to [kz - d)/f]yh, where 5 is the thickness of the bomndary
layer. Near the leading edge of the water surface, n®7. However, over
a wide range of F, and for 6.1< U_ <13.6 mps, the data taken in the
channel fit an exponential rule where n24.5. The shape of velocity
profiles corresponding to this value of n is frequently found in wind
tunnel data for flow over moderately rough surfaces.

Typical measurements of the horizontal distribution of velocity are
shown in Fig. 4B. These data are representative of flow in wind tunmels
of rectangular cross=-section. It is interesting to note that the bound=-
ary layers associated with the side walls can become rather thick. This
thickening had no apparent effect, however, on the development of signi-
ficant waves in the channel. As shown in Plate I, the waves still e=~
hibited a nearly linear crest moving aoproximatzsly normal to the meam
wind direction.

The lines of constant air velocity plotted for a given cross=-section
reveal an interesting feature of the channel f£low as shown in Fig. 5.
Because of a secondary circulation in the tunnel, the lines of constant
velocity are squeezed down in the corners of the cross=section. This
has been observed previously for flow in rectangular ducts (e.g.,
Schlichting (1960)). However, the effect appears to become somewhat more
pronounced when fluid flows over a moving boundary in the CSU channer.

The three dimensional structure of the air flow does not visiblr
affect the waves generated on the water surface. However, the presszng
of the air moving at higher speeds down along the walls seems to be
transmitted to the horizontal velocity in the water. Measurements oZ
the horizontal distribution of velocity in moving water indicated twe
maxima developing just underneath the "ears' of the constant velocity
curves drawn in Fig. 5. Hence, strictly speaking, the local velocity in
the air and in water should be analyzed for variation over the entire

cross-section. However, for the purposes of this discussion the mot-on
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of the air and the water will be treated as two dimensional. That is,
only a narrow, uniform region of fluid flow near the center of the channel

will be considered.

Shearing Stress on the Water Surface. An important parameter for

measuring the action of the wind on the water is the shearing stress

exerted by the air on the water surface, T The average shearing stress

g*
can be estimated from the equation for the momentum balance on the body
of water standing in the channel. Assuming that the fluid motion is two
cimensional, the average of the sum of the surface stress ’ES and the

stress ’tb at the channel bottom is:

—

. 1 d
{ T, + tb)=d,owg\.sw+/awg (—%—)_} : (3.1)

where SW is the slope of the water surface, and d is the water depth
at a fetch F. Since Eq. (3.1) is not sufficient to calculate the surface
stress, a second relation is needed to separat=s %g and :EL .

An equation between the surface stress and the bottom stress was
found by Keulegan (1951) for laminar flow in the water. Keulegan's
result expressed T;/‘Eb as 1.5. For turbulent motion in the water,

however, Francis (1951) indicated that :Fb is very small compared to

Le s
g
for turbulent motion is about 1.25. More recent evidence of Baines and

Keulegan, on the other hand, estimated that the ratio 'Ts/;fb

Knapp (1965) indicates that-'—fb is less than 10% of ?; for cases of
turbulent channel flow. Another attempt to separate the bottom stress
from the surface stress has been made by Goodwin (1965), who considered
a momentum balance on the body of air above the water. His results are
too scattered to be conclusive, but there is an indication that.?b is
again much smaller than T} for turbulent flow in the water.

Ursell (1956) has also criticized Eq. (3.1) in that it neglects the
effect of changes in water velocity resulting from variation in deptk.
Goodwin (1965) calculated the correction to Eq. (3.1) given by Ursell to
account for this effect. He found that for experiments in the Colorado
State University channel, the error in total shearing stress would be the
order of 1% if the effect of varying water depth were included. Therefore,
for the purposes of this study, E; has been estimated from Eq. (3.1) by

disregarding the contribution of T, and the effect of variation in water depth.

b
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The data for Ty are presented with corresponding results of
Keulegan (1951) and Fitzgerald (1962) in Fig. 6. The shearing stress

is presented in the form of an average coefficient of shearing stress:
- 2
I ’ts/fa U““? s (3.2)

where U is the air velocity averaged over the cross-section of the

C\V9

tunnel.

For use as a reference velocity, the values of UMa were cal-brated

against the value of U, taken at a fetch of ¢ meters (U avg % 0.80 U ).

The results of our experiments, taken at several water depths, show some
scatter, but they are quite close to the experimentally derived curves
of both Keulegan and Fitzgerald. The systematic deviation of our da:a
for the depth of 12.7 cm is probably not real because the slope of the
water surface was very small in this case. Measurements of the surface
slope SW provide the largest source of error in Eq. (3.1).

As observed by other investigators, the average drag on the water
surface in channels increases approximately linearly with wind speed
over a fairly wide range of wind speed. There may be a tendency for the
drag to increase more rapidly than the linear value at the highest
values of Uavs . However, the data in Fig. 6 cannot be considered con=-
clusive.

Local values of the coefficient of shearing stress can be estimated
from the growth of the boundary layer in the zir using the momentum
integral technique described by Schlichting (1960). The relation fo-

¢ by this method is:

S
T 2 * dp
. T SR [dwgex.m A ) e
PQUOO Ue fA /

*
where S is the displacement thickness:

z
%*
5 = = g (U - U) dz' (3.4)
co d
is the momentum thickness:
Z"
o= - S U (U - U) dz' . (3.5)
L1 d

and z" is the value of z' where U =1U .
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To accurately obtain values of ¢ from Eq. (3.3), the slope of L’é %,
and the values of g*'must be well esiablished. The contribution of
(Up - U) to the integrals in Eqs. (3.4) and (3.5) depends strongly cn the
region of the vertical profile where the curvature is greatest. In cur
measurements, this is poorly defined because the curving portion of U{(z')
lies too close to the water for accurate measurement with the fixed
probe. Thus, the use of Eq. (3.3) with Eqs. (3.4) and (3.5) may be
expected to give only a first approximation in estimating the coefficient Cge

In addition to the problem of using the experimental data in Egs.
(3.4-3.5) the application of a definition for a proper air velocity must
be considered. Eq. (3.3) applies to flow over a solid boundary. When
the boundary is moving and waves are superimposed on this motion, the
air speed relative to fixed coordinates may be an incorrect estimate
for U(z'). At least two other systems of velocity coordinates can be
used. The air velocity relative to the surface drift may be a better
system, or as Benjamin (1959) has noted, the motion relative to the phase
speed may be better than the fixed system of reference. Introduction of
either one of these reference velocities will affect the definitions
of 8*, 9, S , and consequently, €.

In spite of these difficulties, it is useful as a first approximation
to apply Eq. (3.3) for evaluating Cy- Calculations of the local drag
coefficients based on the data for U(z') were made, and some typical
results for 5*, UO;'e ,» ¢ are shown in Fig. 7. The results indicate
that g decreases somewhat with fetch, but tends to increase with wind
speeds higher than used for the data in Fig. 7. The decrease with fetch
is typical of the variation in g in the context of a growing boundary
layer over a solid surface.

Using the result of calibration, U°”3 = 0.80 U » c  can be estimated
from the data for Cge Seven values at 1.5 metar intervals along the
smoothed curves for e and Uy, were chosen and averaged for two cases.

The resulting values of R estimated in this way for two cases are shown
with the other data in Fig. 6. The average cozfficient of shearing stress
evaluated in these two different ways check satisfactorily. This result
also provides consistent evidence, on the one hand, that the bottom shear
is a small part of the total shear evaluated in Eq. (3.1) over the ramge

of &4 <IIQ~9<.7 mps. On the other hand, this chack suggests that the
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procedure used for flow over solid boundaries may be adequate for
describing the features of air flow over waves moving much slower than

the air.

Similarity in the Horizontal Velocity. It is of interest to see

if the mean velocity profiles along the center line of the channel can
be correlated in terms of the mean shearing stress at the water surface.
Similarity for flow in boundary layers can be expressed in terms of the

velocity defect rule (See, for example, Townsend (1956)), where
%

Uy - Uz =g £(z'/§) (3.6)

o]

*
U 1is the friction velocity

!
U= (T o e, (3.7)

K is Karman's Constant, and f is a "universal" function of the dimension-

less length, z'/§ .

The data for the vertical distribution of air velocity along the

center line have been computed in the form of Eq. (3.6) using i; from

Eq. (3.2) in Eq. (3.7). The velocity curves are shown in Fig. 8. There

exists a rough similarity between the data calculated in this way, but

the correlation is not as good as is observed for some cases of flow in

boundary layers. This result is not surprising since, strictly speaking,

the local value of U* should be used in Eq. (3.6) and there are uncertainties

in the evaluation of S &

4, PROPERTIES OF THE WIND INDUCED WATER MOTION

Wind Generated Waves. Over a wide range of air flow which follows

the patterns described in Sec. 3, only small gravity waves and capillary
ripples were generated on the water standing in the channel. Although
the air reached speeds greater than 14 mps, breaking of waves, in the
sense of forming white caps, was mnot observed. At high air velocities
droplets of spray were observed being shed from crests of the larger
waves, but the waves did not become sharp crested as seen in '"fully
developed" seas.

Up to wind speeds of about 3 mps, taken about 20 cm above the water,

no waves appeared on the water surface. However, very small oscillations
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of the entire water surface could be observed in this range of air flow
by watching variations in reflected ligzht on the water. Above 3 mps,
ripples began to form near the leading edge of the water. These small
disturbances had wave lengths of 1-3 cm. Their direction of propogation
was primarily normal to the wind direction. As the wind speed increased,
the ripples initially present became larger in amplitude and height.
Under the action of the steady air motion, the waves traveled downstream
at an increasing speed, growing in amplitude and length. For wind speeds
in the range U}@ = 3-6 mps, significant waves were observed to run with
crests approximately normzl to the wind direction, with smooth windward
surfaces, and rippled leeward surfaces. Above 6 mps, capillary ripples
were noted on both the windward and the leeward sides of the significant
waves. At any given point downstream from the inlet, groups of 5-20
small gravity waves of nearly the same period passed by. These groups
were separated by relatively calm regions of small ripples having varied
periods. The existence of groups of waves separated by relatively calm
water is probably related to interference between different components
of the wave train giving an appearance of '"beats'.

Typical examples of the development of waves with wind speed are
shown in Plate I. These observations are taken at a fetch of about 8
meters. Note here the presence of the smaller ripples on the larger
regular waves at higher wind speeds, as well as the nearly symmetrical
appearance of the shapes of some waves.

Typical orders of magnitude of the observed wave lengths and phase
speeds for significant waves generated at say Uy,® 6 mps were 10 cm,
and 40 cm/sec. Since the phase speeds were much smaller than the wind
speeds, it is expected qualitatively that the waves generated under our
laboratory conditions were closely related to the action of the air in
the layer near the water surface. Within the framework of the shearing
flow theories of Benjamin (1959) and Miles (1962), this can be confirmed.
For example, following Miles (1962), the parameter z, associated with
transfer of energy through the viscous layer in the air to the water can
be calculated. For a (measured) wave length A = 10 cm and phase speed

c, = 40 cm/sec, U = 6 mps,

= 0.17 ,
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where E is the wave number corresponding to EL. This value of z is
quite typical of wind waves in the channel and is well within the range
where positive transfer of energy to the water surface through the
viscous layer is expected (See, for example, Miles (1962)).

Thus, in view of the previous remarks, it is useful to consider U*
as the important characteristic fluid velocity, rather than Uy or U°ﬂ3‘
In the following sections, the data for the water motion will be discussed
in relation to the friction velocity based on the average shearing stress

at the water surface as calculated from Fig. 6 and Eq. (3.2).

The Development of Waves and Currents. The growth with fetch of

waves in the channel is reflected in two characteristic lengths, the

standard deviation ¢ and the wave length X . The increase with F

and U* of & and i.is shown in Fig. 9. The effect of depth is also
shown in the drawing. Decrease in depth tends to reduce the wave lendth,
and the standard deviation of the (larger) waves generated at higher
wind speeds. Our data for & , and L were compared to those reported
by Sibul (1955), whose results were given in terms of U, . For given
values of Uy, and d, the results of both these studies appeared to te
essentially the same.

Two characteristic velocities are associated with the water motion.
These are the surface ve10c1ty u o’ and the phase speed of significant waves,
Ee' The change with F, U and d of these properties is shown in Fig. 10.
For a given wind speed, the surface drift tends to increase slightly with
increasing fetch over the range of depth shown, except near the ends of
the channel. The measured phase speed is approximately independent cf
depth down to 5.1 cm for U* up to 0.63 mps. However, at higher values
of U*, the water depth begins to affect E;. The values of Ee generally
increase with increasing friction velocity and fetch.

The ratio & (= UO/UaV9) for data in the channel is the order of 0.017.
An analysis in the Eulerian framework of the surface drift associated with
growing laminar boundary layers for infinite depths of air and water
indicates that & should be about 0.025 (Lock (1951)). The method of
tracing buoyant particles on the water surface roughly measures paths of
fluid particles, the fact the flow is steady in the mean implies that

this technique also should indicate crudely the patterns of streamlines,
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Thus, our experimental values of « are at least approximately comparable
to Lock's predictions. It is interesting to rnote that the experiments
and the (laminar) theory are remarkably close in agreement.

For a given ratio of air density to water density, Lock's analysis
predicts that &* should be a constant. The experimental results of this
study and those of Keulegan (1951) and Masch (1963) indicate that
depends weakly on fetch, and more strongly on depth. Lock's analysis
then should be considered a limiting theory. If this type of analysis
were extended to include the possibility that the boundary layers in the
air and the water begin to grow at different fetches, and that the water
has finite depth, one might expect that & shculd depend on the Reynolds
number, say Red (= uod/w)w), where j;w is the kinematic viscosity of water.

Both Keulegan and Masch have found that their data for « can be

correlated in terms of Re, by the same curve. Several values of & were

calculated from our data gor F =5 and 8 meters. Our results were

taken at considerably higher altitude than Keulegan's so that the effect
of altitude on the fluid density should be taken into account. Lock's
theory suggests that X should be proportional to ?AWZ. Using this
relation, our data were corrected to correspond to sea level, and are
shown with Keulegan's curve in Fig. 11. The theoretical value of & of
Lock and Keulegan's asymptotic value of & also are indicated for
comparison. In spite of the assumed correction for air density, our

results are systematically lower by about 16% than the curve of Keulegan

and Masch,

The Phase Speed and the Drift Current. The phase speed of significant

waves as measured with respect to a fixed point (Ee) was compared with
values calculated from the theory for small amplitude gravity waves. The

theoretical phase speed is:
- 1 e 1/2‘
Eo = [(gk ) tanh(kd;] (4.1)

where k = 217/ i. In all cases, the values of Ee were larger than values
calculated by Eq. (4.1). This effect nas alsc been observed by Francis (1951)
and Cox (1958). Francis qualitatively accounted for the deviation by
considering an increase in wave velocity associated with the surface drift,

and the fact that the waves are finite in amplitude. Cox, on the other hand,
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attributed the difference to the combined effects of finite amplitude,
orbital velocity of low=frequency wavelets, drift currents, and dynanic
effects of the wind. Cox only analyzed in detail the finite amplituee
effect as calculated by Sekerzh-Zenkovich (1956). Cox found that the
influence of finite amplitude waves could only explain his observed
increase in phase velocity for waves larger tran j.%7 cm., The observed
differences in phase speed for wavelets of length smaller than about 7 cm
could not be accounted for by the effect of finite amplitude alone.

Although Cox mentioned that the drift current should be conside-ed,
he did not take this feature into account quantitatively in explainimg
differences between Ee and Eo. For strict comparison to Ee, E; shou .d
be measured relative to an average transport in the water. Because -he
orbital movement of water particles associated with the waves extend:
downward to some depth, the surface drift ug is not the proper correction
factor. The correction should be proportional to a weighted average water
velocity over some depth below the surface.

Lilly (1965) has proposed a drift correction for waves traveling on
water at finite depth. Assuming:that the vertical profile of the dr-ft
current is parabolic (laminar flow), and that the waves have infinitesimal

amplitudes, Lilly found that

R Yo 3 1+ 2 cosh(Zid)
v~ % El +c_0 [1 t Z®dY T (Rd) sinh(2kd) (4.2)

For deep water, kd—» o and Eq. (4.2) implies that the waves travel vith
the surface flow only (i.e., ET o) B + uo). However, for shallow weter,

kd = 0, and Eq. (4.2) predicts, as expected, that ET—+ 50.

The values of ET as calculated by Eq. (4.2) were compared to the

corresponding experimental data, and the results are shown in Fig. 1I.
Experiment and theory agree within + 15%. This error is approximately
that expected on the basis of experimental errors in estimation of E;,

d T i .
and ¢, using l.and u,

Systematic deviations between Ee and E& might be expected since

both the effect of surface tension and of finits wave amplitude were

not considered in deriving Eq. (4.2). The corraction in ET for surfece

tension in deep water waves was found to be negligible for the exper-mental

observations. However, the Stokes correction of ¢, for gravity waves of

i
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finite amplitude (e.g., Lamb (1932)) could vary from 1% to 117% (increase)
if it is assumed that the amplitude of significant waves is 3.0 (e.g.,
Sibul (1955)). Thus, Lilly's equation would give values of ET somewhat
larger on the average than the experimental dzta.

The effect of finite amplitudes in the wind waves may be offset
partially by the influence cf turbulence in the water. Dye traces oZ
the motion in the water indicate that the water flow was turbulent and
not laminar. The use of a turbulent velocity profile having a steeper
gradient near the surface than the parabolic curve but having the same
drift velocity at the surface would result in a smaller correction
factor for drift than predicted by Eq. (4.2).

These results indicate, as might be expected, that the significant

wind waves on the water in the channel travel relative to a mean drift

essentially as gravity waves of small amplitude.

5. WAVE SPECTRA

Autocorrelation Functicns and the Frequency Spectra. The time

correlations between displacements of the water surface were calculated
from the digitized depth gauge data. The autocorrelation function R(T)

is defined as:

R(T) g(tl) % (tz) : T = ty, -t (5.1)
where gKtl) and é(tz) are surface displacements taken at the same point
for two different times, ty and tye The averaging technique in Eq. (5.1)
was carried out after the method given in Blackman and Tukey (1958).

The function R( T’) for waves in the channel was found to exhibit
certain interesting features. A typical example is shown in Fig. 13.
R(T) was generally found to oscillate regularly about the R(T') = 0
line with increasing T . Its amplitude decreased sharply initially, but
it became fairly steady at higher values of T , though sometimes it varied
slowly as if a lower harmonic was present. The behavior of R(T) is
consistent with the visual observation that there is a tendency for the
mutual action of the two fluids to force a nearly periodic, regular dis=
turbance to develop on the water at a given fetch in the channel. On the

regular waves are superimposed small, random disturbances which are related

to the larger values of R(T ) for small T .
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It is well known that the autocorrelation of a periodic functiom of
period P is another periodic function with period P and a zero mean.
Hence, the period of the significant waves can be estimated from the
zero crossings of the autocorrelation function at large values of T
where the effects of the random component are small. As seen in Fig. 13,
the components of '"nmoise' tend to damp out rapidly, so that the period
of the significant waves also can be calculated approximately from z=ro
crossings of R(T) over the whole range of % . Typical values of 1/°
found in this manner are listed in Table I.

The energy spectra were calculated by means of the following relation:

@

59 (f) = SR(’[‘) cos2 Trftdt. (5.2)
(o]

The scheme for evaluating the integral in Eq. (5.2) for a finite record
is given by Blackman and Tukey (1958). However, instead of the usual
technique of "hanning', it was preferred to obtain a suitable lag window
by multiplying the function R(T ) by:
o
g(T) = (1 + cosatm ) (5.3)

T
m

where Tm for our data is 3.5. the fading function g(T ) has the adwantage
of suppressing the periodic component in the autocorrelation functimm at
large lags without removing any information at short lags. An examfle
of the faded autocorrelation R'(T ) (=Rg) corresponding to the curwe of
R(T) is shown in Fig. 13.

The spectrum corresponding to the faded autocorrelation R'(T) in
Fig. 13 is shown in Fig. 14. Note that the tendency towards period:zcity
in the wave train also is indicated in this spectrum. Higher harmorics
of the frequency fm for which the energy is maximum appear as indicezted
in this drawing. If the waves were perfectly periodic, the idealized
spectrum based on the R(T ) curve would develop as spikes of infini-e
height at n multiples of fm. However, because the waves are not trmly
periodic, and because of the random components which exist in the s_gnal,
the spectrum actually takes the bumpy shape indicated in Fig. 14.

Assuming that the frequency where the maximum in the spectrum »ccurs

is related to the properties significant waves, fm (= 1/P) can be
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compared to Ee/;.. Typical examples of fm, 1/P and Ee/j“ are shown

Table I. Because of the narrowness of the region containing most of the
energy in the spectra for wind generated waves in the channel, these

three estimates of the frequancy fm are approximately equal. Thus, for
practical purposes, the waves in the channel may be characterized escentially

by the properties associated with the significant waves,

The Growth of Waves in the Channel. The frequency spectra calcelated

at different fetches for the same air velocity indicate how the wave=
grow as they move downstream along the channel. A typical set of spectra
for increasing fetch is shown in Fig. 15A. The estimates of spectra.
density here are denoted by % . These values have been corrected by
subtracting out the noise level, and have been smoothed by a method
similar to that discussed by Hidy and Plate (1965). Near the leading
edge of the water (small fetch), the observed spectrum contains litt.e
total energy and is rather broad. As the waves travel downstream, tae
magnitude of the spectral density function increases, the primary peaks
tend to sharpen up while the values of fm decrease.

The growth of waves in the range of higher frequencies tends to
be limited as indicated in Fig. 15A. The complete mechanism for restrain-
ing the growth of the high frequency components is not known. However,
it can be seen that the limitation in growth, in part, can be the result
of attaining a balance between gains in energy input from the air ard
losses by dissipation. The dissipation of energy in small gravity-
capillary waves is probably related to the action of viscosity, and
surface tension., The loss by viscous forces in waves is proportionzl
to (ak)2 (Lamb (1932)) where a is the amplitude of a wave. As proposed
by Longuet-Higgins (1962), the loss resulting from the indirect effects
of surface tension can be related to the drain of energy from larger
waves when capillary ripples are formed near the crests of the larger
components. This particular mechanism indicates that the energy loess is
proportional to (acz kcz). The subscript ¢ refers to the capillary
ripple on the crest of a larger wave. If the interaction between ccmponents
in the wave train is a second or higher order effect (e.g., Phillips (1963)),
the action of dissipative processes should balance the input of energy from
the air motion in such a way that the net energy at equlibrium is smaller
the higher the frequency range. This is suggested in the behavior =f the

spectra shown in Fig. 15A.
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It is interesting to note that the growth of components in the
lower frequency range, say f £3.5 cps in Fig. 15A is approximately
exponential with fetch. This is illustrated in Fig. 15B. Here the
logarithm of the spectral density for the component of the spectrum
corresponding to fm at F = 10.6 meters is plotted with fetch. TUp to
F22 7 meters, the growth of this component is essentially exponential.
For F 77 meters, the effects of dissipation begin to counteract the
energy input and cause this component to tend to reach an equilibrium
value of 5

Qualitatively the exponential grcwth observed with fetch has been
predicted by the recent instability theories such as those of Miles
(See, for example, Miles (1960)). This particular aspect of wave develop=

ment in the channel will be discussed in more detail in another paper.

Similarity Shape of the Spectrum. An important feature which was

also exhibited by many of the spectra for the channel waves was the
tendency for growth in such a way that a similarity shape in the spectral
density function is maintained. The frequency spectrum can be expressed,

with Eq. (5.2) in normalized form, as:

d fh - Ye/e) (5.4)
o "

where LP denotes a dimensionless quantity representing a "universal"
spectral density function.

Typical spectra which have been smoothed and corrected for noise
level after Hidy and Plate (1965) are plotted in a form corresponding
to Eq. (5.4) in Fig. 16. The spectra in Fig. 16 serve to define the
similarity function \P quite well. The conditions of U*, F and d for
these spectra are shown in Table II along with the values of J, fm
and Q}m. In general, it was found that the channel data followed
quite satisfactorily for the range 0.34<U*§1.3, and for 3<F <12 meters.

Phillips (1958a) has shown 6n dimensional grounds that the equilibrium
or saturation region in the high frequency region of the spectra for
gravity waves should follow the f"5 rule. In contrast, it has been suggested
by Hicks (See, for example,-%gillips (1958b)) that the pure capillary
spectrum should follow an f rule. As indicated in Fig. 16 the dimension-
less spectra for waves in the channel tend to follow the f-5 rule over

approximately two decades in the high frequency range. In the highest
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frequency ratios, there is a tendency for some of the spectra to develop

a slope less than =5. Capillary wave behavior should begin to appea-

above fRJ13 cps in the frequency spectra. Only two cases, 163 and 1=8
shown in Fig. 16 actually reach this range. For case 163, capillary waves
should appear for f/fm = 2.7 to 3.0, while, for case 188, f/fm = 6.8 to 7.0.
Thus, in Fig. 16, tE%if two examples may display the beginnings of a
transition to the £ range.

It should be noted, of course, that if the f-Z@ range exists the
similarity shape Y will not be preserved at high values of f/fm. A
tendency for the curves for cases 163 and 188 to break away from the
average curve at different values of f/f can be seen in Fig. 16.

-%érule cannot be verified

Unfortunately, the existence of the f
generally in these results because the highest frequencies which can
be resolved with some accuracy in the computation scheme used lies
aroung 15 cps. Therefore, these data cannot provide conclusive evid=nce

for the existence of an equilibrium range in capillary waves.
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LIST OF CAPTIONS

Table I. Comparison between frequency of significant waves in cps as
estimated from the ratio:Ee/}: , from R(T), and from @:f).
Table II. Typical properties of waves generated by air blowing ov=r

water standing in a channel.

Fig. 1. A schematic drawing of air and water motion associated ~ith
growing waves on a water surface,

Fig. 2. A general view of the wind-water tunnel.

Fig. 3. Variation in the pressure gradient in air with air speed
in the wind-water tunnel. The pressure gradient is given
in terms of length of water per length of channel.

Fig. 4. Typical distributions of air flow in the wind-water tumel.
A. Vertical profiles teken along the center section, and
B. Horizontal profiles taken at (z - d) ®20 cm.

Fig. 5. Distribution of air velocity at a given cross=-section, in
the channel.

Fig. 6. The variation of average shearing stress coefficient with
mean air velocity.

Fig. 7. A typical example of the properties of the air boundary
layer growing over water in the channel.

Fig. 8. A similarity distribution for ths air velocities along the
center section of the tunnel.

Fig. 9. Variation in characteristic lengths of surface waves with
mean friction velocity, fetch, and water depth.

Fig. 10. Variation in characteristic water velocities with mean

friction velocity, fetch, and depth.

Fig. 11. Correlation of surface drift with Reynolds number, Red_
after Keulegan (1951).
Fig. 12. Comparison between experimental values of the phase speed

of significant waves and values calculated by Lilly's
theory.
Fig. 13. Typical unfaded and faded autocorrelation functions for the

displacement of the water surface.



Fig. 14.

Fig. 15.

Fig. 16.

Plate I.
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The energy spectrum corresponding to the faded autocorrelation
in Fig. 13.

A, Growth of waves with fetch in the channel as indicated

by the changes in frequency spectra.

B. The exponential growth of a low frequency componen:

of the wave spectrum.

The similarity spectrum for wind generated waves in the

channel. After Hidy and Plate (1965).

The development of wind waves on water 10.7 cm deep at 2

fetch of 8 meters along the channel.

A, Uy =4 mps, X % 3 cm

B, Usx = 6.1 mps, 1 N 12 cm;g
C. Uo = 7.6 mps, A ¥ 15 cm;
D. Uy = 9.8 mps, A 24 cm.
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TABIE I.
Case ce/ A 1/p £
21 2.74 2.87 2.91
79 4,62 4,83 4.74
100 5,61 5.71 5.65
113 2.91 2.85 2.76
169 3.24 3:31 3.26
TABLE II.

Case d(meters) U oo (mps) U* (mps) F(metexs)
163 0.0254 6.10 0.27 5.24
175 0.102 10.7 0.61 10.7
188 0.102 17 .4 1.1 8.1€
192 0.0508 10.7 0.61 115
208 0.0508 9.15 0.50 7.8€
212 0.102 10.7 0.61 5.7

2 2
Case dx10 fm(cps) @m(m -sec)
(meters)
163 0.131 4.83 2.90x10:‘3’
175 0.767 2.36 7.99X10_2
188 1.36 1593 2.97x10_3
192 0.538 2.33 5.53x10_3
208 0.614 2.48 8.65x10_3

212 0.457 3.17 4.,15x10
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