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WIND ACTION ON WATER STANDING 6N A LABORATORY Cl!ANN§L 

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-~ater 

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 sur face, the average 

surface drift, the autocorrelation of surface displacement and the 

frequency spectra of the wind waves are reporced. The experimental 

results indicate that (a) the air motion in the channel follows a tl::ree 

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 yaves of small amplitcde, 

pr ovided the effect of the drift current is taken into account; (c) the 

average drag coefficients for the action of t he wind on the water sc rface 

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 ~isual 

observations that the wind waves in the channe l consist of nearly r egular 

primary waves on which are superimposed smalle= ripples; (e) energy in the 

high frequency range in the spectra tends to approach an equ i libriua dis

t r ibution rather quickly while the lower frequency components initic lly 

grow exponentially with increasing fetch but, later, tend to reach E state 

of equilibrium; and (f) a similarity shape for the fre quency spectre developed. 
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I. INTRODUCTION 

In spite of a long hi story of effort devoted to t he air-water i ter

action problem, the basic knowledge of the mechanisms for transport t ro

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 proc sses 

involved, the detailed nature of the interaction remains inad equatel~ 

unde rstood. 

Many of the experimental studies of air-water interaction have - een 

undertaken on lakes or on the ocean where the conditions of the flui s are 

highly variable in time and space. These investigations have contri~uted 

significantly to the knowledge of the atmosphere and the sea. Howev _r, 

their usefulness in elucidating the fundament~l physics of the excha~ge 

processes occurring between the two fluids is limited, Therefore, i : 

seems necessary to undertake more studies under controlled condition> in 

th·e laboratory to gain new insights into the mechanisms of transport 

across the air-wa t er boundary. 

Ursell (1956) has reviewed the fundamental laboratory experimen: s 

dealing with air-water int eraction that were carried out before 1954 

Since the publication of Ursell's paper, a number of new investigati ~ns 

have been reported which include those of Cox (1958), Wiegel and cowJ rkers 

(e.g., Wiegel (1961)), Fi t zgerald (1963), Kunishi (1963), Schooley ( 1963), 

Holmes (1963), and Hanratty and coworkers (e. g ., Cohen and Hanratty ~1965)). 

The se laboratory investigations have explored a number of special pr ~blems 

associated with flow in t he two phase system s~ch as the mean proper =ies 

of the waves, the mean air motion, or the nature of the wind driven 1rift 

current in the water. With the exception of Cohen and Hanratty's wock , 

the experiments were not designed specifically to verify thecretica L 

conclusions. In the spirit of most earlier experimental work, this 3tudy 

wi ll deal in a unified way with both the air notion and the water mo=ion . 

In addition, a number of interesting features of the two fluid syste~ 

will be discussed in t he light of the results of recent theoretical 3 t udies . 
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Properties of the Fluid Motion. When air moves at moderate veloci ties 

over water, a drift current develops and small waves are generated o the 

liquid surface . A schematic picture of the development of combined £ir 

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 

chat xis the distance downstream, and z is the vertical direction. The 

mean water surface is given by z = d while the surface displacement =rom 

chis level is denoted as ~. The fetch F denotes the distance from the 

leading edge of the water to a particular point somewhere downstream In 

ce rms of a two dimensional model, the velocity distribution in the w£ ter 

is u(z), and the drift at the water surface is u • The air flow is g iven 
0 

by U(z'), where Uo:, denotes the air velocity at approximately 20 cm above 

the mean "7ater surface, and z' = (z - d). The wave length l and the phase 

speed c denote properties of significa~t waves. 

For the purpose of this study, significant waves will refer to t he 

la rger, regular waves observed at a given fetch. In general, smalle 

r ipples are superimposed on the larger disturbances (See, for example , 

Plate I). 

In this paper, a number of experimental results a r e discussed w ich 

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 fun~tions , 

are examined in the light of other characteristics of t he fluid motion. 

2. EXPERIMENTAL EQUIPMENT AND PROCED"JRE 

The experiments were conducted in the wind-water tunnel at Colo~ado 

State University. This facility, shown schematically in Fig. 2, cons ists 

of a tunnel or a closed channel 0.61 m wide by 0.76 m high whose ple~i

glass tes t section has a l ength of about 12 m. During operation, the 

maximum depth of water is approximately 15 cm. Air is sucked throug~ 

the tunnel at velocities up to 18 mps by a large axial fan at the ou~let. 

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 ju3t 

upstream of the outlet diffuser to minimize t t e 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. TJ:·_e "beaches" are constra cted 
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of aluminum honeycomb. The inclines are shaped in such a way that a ~ 

smooth as possible a transition could be affected in the air-water £~ow. 

In this study, the bottom of the tunnel was smooth. 

The air flow through the tunnel was measured by a pitot-static tube 

Jlaced on a carriage in conjunction with a capacitative pressure tra•s

ducer . The probe could be positioned anywhere in the section of the 

t unnel from the bottom to a level about 10 cm from the top. 

The pressure grad i ent of the air and the depth of the water were 

:neasured 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 photogra?hs 

taken wit a movie camera. The length for successive waves was meas J red 

from the movies by comparing the d i stance between crests with a rule~ 

in the picture. The phase velocities of waves referred to a fixed 

point were estimated by measuring f rom 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 Jn 

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 pl3ced 

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 prov ~des the dielectric medium. 

The capacitance between t he wire and the water was measured with an AC 

excited bridge; the unba lance voltage from the bridge was linearized, 

amplified and rectified so that a DC output vo l tage wa s obtained which 

was proportional to the water depth. The output signal was fed to a:n 

oscillograph where the gauge response was cont i nuously recorded during a 

run. The capacitance bridge-oscillograph combination was calibrated to 

give a recorded amplitude linearly proportional to the (varying) water 

depth with a flat response to fre quency ( + 1%) up to approximately 

30 cps. 

From the continuous records of the surface displacement, data ,;;;ere 

read off at equal intervals of 0.025 sec. These data were used for ob

taining values of standard deviation <f of the surface displacement :l the 
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autocorrelations R('C) of the surface displacement, and the spectral 

density function (p (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 meaEured 
0 

by placing a small slightly buoyant particle on the water and observ~ng 

che time required for it to move past f i xed stations downstream. va =ues 

of the surface velocity could then be calculatei from the intervals c f 

dis tance of travel and the t ime 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 t he tunnel, the fan was star~ed aboLt 

15-20 minutes before the properties of the fluid flow were to be mea Eured. 

After this time interval, the photographs, the pitot tube measuremen s, 

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 giv n 

run. 

Observations of wave development were taken for several differeLt 

conditions. For the condition of wate~ initially standing on a smoo h 

bottom, air velocities, taken 20 cm above the water surface, were va ied 

from Oto 15 mps, and the depth of water was changed from 2.5 to 10 cm. 

The properties of fluid motion in these cases were observed at distaLces 

of approximately 1.8 meters to 12 meters from the leading edge of the 

water. 

Since the air is forced by the fan through the wind tunnel of 

approximately constant cross section, a pressure gradient develops i L 

the downstream direction. The pressure in the air PA was fou~d to v~ry 

approximately linearly with fetch through the channel. Typical value s 

of the pressure gradient in cm water per cm as measured in the last • 

neters of the channel are shown in Fig. 3. The pressure gradient wa! 

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

Velocity Distribution in the Air. Measurements of the me an hor ~

zontal air motion in the ve r tical direction and across the channel were 

taken at several sections for U00 from 6 mps to about 14 mps. Typicc l 



- 5 -

data £or vertical profiles along the center section of the channel a r e 

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 

fe t ch along the centerline of the tunnel were found to be approximately 

· 1 [(z - d) ,' ("'J Yn, where ~ h h k f h b d proportiona to o o is t et ic ness o t e o~n ary 

layer. Near the leading edge of the water surface, n ~ 7. However, over 

a wide range of F, and for 6.1< U
00

<.13.6 mps, the data taken in the 

channel fit an exponential rule where n~4 .5. The shape of velocity 

profiles corresponding to t his value of n is frequently found in wind 

tunne l 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 tun•els 

of rectangular cross-section. It is i~teresting to note that the bomnd

ary layers associated with the side walls can become rather thick. ~his 

thickening had no apparent effect, however, on the development of signi

f icant waves in the channel. As shown in Plate I, the waves still e=

hibited a nearly linear crest moving a?proximately normal to the mea• 

'Wind direction. 

The lines of constant air velocity plotted for a given cross-section 

reveal an interesting feature of the channel flow as shown in Fig. 5 _ 

Because of a secondary circulation in the tunnel, the lines of constant 

ve_ocity 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 channe ~. 

The three dimensional structure of the air flow does not visibl~ 

affect the waves generated on the wate~ surface. However, the press ~ng 

of the air moving at higher speeds down along the walls seems to be 

transmitted to the horizontal velocity in the water. Measurements o= 

the horizontal distribution of velocity in moving water indicated two 

naxima developing just underneath the "ears" of the constant velocit;" 

curves drawn in Fig. 5. Hence, strictly speaking, the local velocit~ in 

the air and in water should be analyzed for variation over the entir~ 

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.£!! 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, 15 . The average shearing stress 

ca be estimated from the equation for the momentum balance on the body 

of water standing in the channel. Assuming tha t the fluid motion is two 

d imensional, the average of the sum of the surface stress t 5 and the 

stre ss t 6 at the channel bottom is: 

where S is the slope of the water surface, and dis the water depth 
w 

(3. 1) 

at a fetch F. Since Eq. (3.1) is not sufficient to calculate the sur face 

stres s, a second relation is needed to separate 't'$ and "t:_1,. 

An equation between the surface stress and the bottom stress was 

fond by Keulegan (1951) for laminar f l ow in t he water. Keulegan's 

result expressed t\ / i\ as 1.5. For turbulent motion in the water, 

however, Francis (1951) indicated that "'t' b is very small compared to 

r( 5 • Keulegan, on the other hand, estimated that the ratio 1'5 /'tb 

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

Knapp (1965) indicates that "t 6 is less than 10% of '"C' 5 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 cone lusive, but there is an indication that 1'. b is 

again much smaller than L5 for turbulent fl ow 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 deptt. 

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 dept h were i ncluded . The refore, 

for the purposes of this study, Ts has been estimated from Eq. (3.1) by 

disregarding the contribution of 't'b and the effect of variat ion in ~ater depth. 
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The data for ts 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: 

C 
s: 

(3.2) 

where U~v~ is the air velocity averaged over the cross-section of t he 

tunnel. 1 

1 
For use as a reference velocity, the values of U~~~ were cal: bra ted 

against the value of U00 taken at a fetch of 9 meters (U "'"~ ~ 0.80 U o::, ) • 

The results of our experiments, taken at several wate r depths, show ~ome 

sca tter, but they are quite close to the experimentally derived curve s 

of both Keulegan and Fi tzgera l d. The systematic deviation of our da =a 

for the depth of 12.7 cm is probab l y not real because the slope of t ~e 

water surface was very small in this case. Measurements of the surface 

slope S provide the largest source of error in Eq. (3.1). 
w 

As observed by other investigators, the average drag on the wate r 

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 a t the highest 

values of U~~~. However, the data in Fig. 6 cannot be considered c~n

clusive. 

Local values of the coefficient of shearing stress can be estimated 

fr om t he growth of the boundary layer in the c.i r using the momentum 

integral technique described by Schlichting (1960). The relation fo ~ 

c by this method is: 
s 

C = 
s 2. 

f,_, uo0 
= 

1 

[
d(u:e) 

dx 

C j•~ • 
whe re o is the displacement thickness: 

is the 

S * = 1 
U00 

(U00 - U) dz' 

momentum thickness: 

e = 
1 ):" U (Uco - U) dz' 

and z" is the value c:if z' where U = U co • 

(3 .3) 

(3 .4) 

(3.5) 
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2. 
To accurately obtain values of c from Eq. (3.3), the slope of [CO 8 

* s 
and the values of 6 must be well established. The contribution of 

(Uco - U) to the integrals in Eqs. (3. 4) and (3.5) depends strongly en the 

region of the vertical profile where the curvature is greatest. In cur 

measurements , this is poorly defined because the curving portion of [(z') 

lies too close to the water for accura te measurement wi th 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 

In addition to the problem of using the experimental data in Eqs. 

(3.4- 3.5) the application of a definition for a proper air velocity trust 

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 nay be a better 

system, or as Benjamin (1959) has noted, the motion relative to the µbase 

speed may be better than the fixed system of reference. Introduction of 

either one of these reference velocities will affect the definitions 
r~'(, r-, C 

of o o, o, and consequently, c • 
s 

In spite of these difficulties, it is useful as a first approxirrBtion 

to apply Eq. (3.3) for evaluating c • Calculations of the local drag 
s 

coefficients based on the data for U(z') were made , and some typical 
r-~'( 2 e 

re sults for o , U00 , c are shown in Fig. 7. The results indicate 
s 

that c decreases somewhat with fetch, but tends to increase with wioo 
s 

speeds higher than used for the data in Fig . 7. The decrease with fetch 

is typical of the variation inc in the context of a growing boundary 
s 

layer over a solid surface. 

C • 
s 

using the result of calibration, Uo.v~ = 0.80 UCO, cs can be estimated 

from the data for c • Seven values at 1.5 meter intervals along the 
s 

smoothed curves for cs and u00 were chosen and averaged for two cases. 

The resulting values of c estimated in this way for two cases are s hown 
s 

with the other data in Fig. 6. The average coefficient 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 r ange 

of 4 <. U 0..'1/ 3 <. 7 mps. On the other hand, this check sugge sts 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 

* 
UCO - U(z') : = i f(z'/b') (3. 6) 

,'( 

U is the friction velocity 

,'( Y2, 
U = (t'S /f A ) (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 't5 from 

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

exists a r ough 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 b. 

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 not 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 £~ow 

by watching variations in reflected light on t he water. Above 3 mps, 

ripples began to form near the leading edge of the water. These sma~l 

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 

: n the range U~ = 3-6 mps, significant waves were observed to run with 

crests approximately normal to the wind direction, with smooth windward 

surfaces, and rippled leeward surfaces. Above 6 mps, capillary ripp l es 

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 

spe eds for significant waves generated at say Uco'::::l 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 j = 10 cm and phase speed 

C = 40 cm/sec, 
e u <CJ) = 6 mps, 

c ek J/3 -v/'3 
,~ 4/3 

u 
= 0.17 
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where k is the wave number corresponding to ).. • 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, Y-iles (1962)). 

* Thus, in view of the previous remarks, it is useful to consider U 

as the important characteristic fluid velocity, rather than U00 or UQvj• 

In tpe 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 cf and the wave length ). • The increase with F 
·k 

and U of a and ~ is shown in Fig. 9. The effect of depth is also 

shown in the drawing. Decrease in depch tends to reduce the wave len~th, 

and the standard deviation of the (larger) waves generated at higher 

wind speeds. Our data for cf , and l were compared to those reported 

by Sibul (1955), whose results were given in terms of Uc:c • For giverc 

values of Uco and d, the results of both these studies appeared to be 

essentially the same. 

Two characteristic velocities are associated with the water motion. 

These are the surface velocity U, and the phase speed of significant waves, 
- * 0 
c • The change with F, U and d of these properties is shown in Fig. 10. 

e 
For a given wind speed, the surface dr i ft tends to increase slightly with 

increasing fetch over the range of depth shown, except near the ends of 

the channe 1. 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 c. The values of c generally 
e e 

increase with increasing friction velocity and fetch. 

The ratio 0( (= u
0

/U~v~) for data in the channel is the order of 0.017. 

An analysis in the Eulerian framework of the s·J~face 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 ~ate 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 

redicts that o( 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 analys i s 

we re 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 f i nite depth, one might expect that o( should depend on the Reynolds 

number, say Red (= u d/~ ), where -V is the kinematic viscosity of water . 
0 W W 

Bo~h Keulegan and Masch have found that their data for~ can be 

correlated in terms of Red by the same curve. Several values of~ were 

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

taken at considerably higher altitude than Keulegan's so that the effe ct 

of altitude on the fluid density should be taken into account. Lock ' s 
Vz. theory suggests that ol should be proportional to fA . Using this 

re l ation, our data were corrected to correspond to sea level, and are 

shown with Keulegan I s curve in Fig. 11. The theoretical value of o{ of 

Lock and Keulegan's ~symptotic 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 signi ficant 

waves as measured with respect to a fixed point (c) was compared with 
e 

values calculated from the theory for small a~plitude gravity waves. The 

theoretical phase speed is: 

- -
where k = 2 Tt' / i\.. 

ca l culated by Eq. 

and Cox (1958). 

(4 .1) 

In all cases, the values of c were larger than values 
e 

(4.1). This effect i as also been observed by Franc i s (1951) 

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 amplitud~ , 

orbital velocity of low-frequency wavelets, drift currents, and dynan ic 

effects of the· wind. Cox only analyzed in detail the finite amplitu e 

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 ttan A ~7 cm. The obs rved 

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 explaini~g 

di f ferences between ce and c
0

• For strict comparison to ce, c
0 

shou _d 

be measured relative to an average transport in the water. Because ~he 

orbital movement of water particles associated with the waves extend · 

dmmward to some depth, the surface drift u is not the proper corre tion 
0 

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 traveline on 

water at finite depth. Assuming :that the vertical profile of the dr ~ft 

current is parabolic (laminar flow}, a~d that the waves have infinite simal 

amplitudes, Lilly found that 

\ u o [ 3 1 + 2 cosh(2kd)] ( 
cT = co l l + c

0 

1 + 2(kdf - (kd) sinh(2kd) ) <4 -2) 

For deep water, kd-'1co and Eq. (4.2) implies that the waves travel -c:-ith 

the surface flow only (i.e., cT ~ c + u ). However, for shallow We ter, 
0 0 

kd~O, and Eq. (4.2) predicts, as expected, that cT➔ c0 • 

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

corresponding experimental data, and the results are shown in Fig. 1: . 
Experiment and theory agree witnin ± 15%. This error is approximate ly 

that expected on the basis of experimental errors in estimation of ce ' 

and cT using )._ and u
0

• 

Systematic deviations between ce and cT might be expected since 

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

not considered in deriving Eq. (4.2). The corre ction i n cT for surfEce 

tension in deep water waves was found co be negligible for the exper ::mental 

observations. However, the Stokes cor ~ection of cT for gravity wave c of 
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fi _ite amplitude (e.g., Lamb (1932)) could vary from 1% to 11% (increase) 

i f it is assumed that the amplitude of significant waves is 3.00 (e.g., 

Si' ul (1955)). Thus, Lilly's equation would g ive values of cT somewhat 

larger on the average than the experimental data. 

The effect of finite arrplitudes in the wind waves may be offset 

partially by the influence of turbulence in the water. Dye traces o= 

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 smal l er correct i on 

fac tor f or drift t han predicted by Eq. (4.2). 

These results indicate, as might be e xpected, that the significan t 

wi nd waves on the water in the channel travel relative to a mean dri ft 

essentially as gravity waves of small amplitude. 

5. WAVE SPECTRA 

Autocorrelation Func t ions and the Frequency Sgectra. The time 

correlations between displacements of the water surface were calculat e d 

from the d i gitized depth gauge data. The autocorrelation funct i on R(t) 

is defined as: 

R('t') = 'L = t - t 2 1 
(5 .1) 

where E;'(t
1

) and ~(t
2

) are surface displacemen ts taken at the same uoint 

f or two different times, t
1 

and t
2

• 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 t ypical example is shown in Fig. 13. 

R( t") was generally found to oscillate regularly about the R(t') = 0 

l i ne with increasing t'. Its amplitude decreased sharply initially, but 

it became fairly s teady at higher values of 't', thoug h sometimes it varied 

slowly as if a lower harmonic was present. The behavior of R('t') is 

consistent with t he visual observatioL that t he re is a tendency for the 

mutual action of the two fluids to force a nearly pe r iodic, regular iis

turbance to develop on the water at a given fetch in the channel. On the 

regular waves are superimposed smal l , random disturbances which are re lated 

to the larger val es of R('t) for small 1:'.. • 
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It is well known that the autocorrelation of a periodic functio~ of 

period Pis another periodic function with period Panda 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 "noise'' tend to damp out rapidly~ so that the peri :Jd 

of the significant waves also can be calculate d 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 re ation: 

~ (f) = 

cc 

) R('t) cos2 n'ftdt, 

0 

(5. 2) 

The scheme for evaluating the integral in Eq. (5.2) for a finite rec::>rd 

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: 

n'"t' 
g (t') = (1 + Cl.IS T ) (5. 3) 

m 

where T for our data is 3.5. 
m 

the fading function g('t) has the ad"\.cl.ntage 

of suppressing the periodic component in the autocorrelation functi01 at 

large lags without removing any infornation at short lags. An examtle 

of the faded autocorrelation R'('t) (=Rg) corresponding to the cur-...e of 

R('t) is shown in Fig. 13. 

The spectrum corresponding to the faded autocorrelation R'(f) in 

Fig. 13 is shown in Fig. 14. Note that the tendency towards period =city 

in the wave train also is indicated in this spectrum . Higher harmoLics 

of the fre quency f for which the energy is maximum appear as indic~ted 
m 

in this drawing. If the waves were perfectly periodic, the idealiz d 

spectrum based on the R(t) curve would develop as spikes of infini~e 

height at n multiples off • However, because the waves are not tra ly 
m 

periodic, and because of the random components which exist in the s _gnal, 

the spectrum actually takes the bumpy shape indicated in F~g. 14. 

Assuming that the frequency where the maximum in the spectrum ccurs 

is related to the properties significant waves, f (';::I 1/P) can be 
m 
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compared to c / A Typica 1 examples oi f , 1/P and c / A are shown :::n 
e m e 

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 frequency f are approximately equal. Thus, : or 
m 

practical purposes, the waves in the c:ianne 1 rrny be characterized es! entially 

by the properties associated with the significant waves. 

The Growth of Waves i n the Channel. The frequency spectra calc lated 

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. lSA. Tte 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 leadin~ 

edge of the water (small fetch), the observed spectrum contains litt _e 

total energy and is rathe r broad. As the waves travel downstream, t,e 

magnitude of the spectral density function increases, the primary pe3ks 

tend to sharpen up while the va lues off decrease. 
m 

The growth of waves in the range of higher frequencies tends t D 

be limited as indicated in Fig. lSA. The complete mechanism for res~rain

ing the growth of the high frequency components is not known. Howe~r, 

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 proportionaJ. 

to (ak)
2 

(Lamb (1932)) where a is the amplitude of a wave. As proi:;osed 

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 largET 

c omponents. This particular mechanism indicates that the energy loEs is 

proportional to (a 
2 

k 
3

). The subscript c refers to the capillary 
C C 

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., Phill ipE (1963)), 

the action of dissipative processes should balance the input of ene gy from 

the air motion in such a way that the net energy at equlibrium is snaller 

the higher the frequency range. This is suggested in the behavior •f the 

spectra shown in Fig. lSA. 
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It is interesting to note that the growth of components in the 

lower frequency range, say f 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 f at F = 10.6 meters is p~otted with fetch. Up to 
m 

F~ 7 meters, the growth of this component is essentially exponential. 

For F ~7 ~eters, the effects of dissipation begin to counteract the 

energy input and cause this component to tend to reach an equilibrium -value of ~. 

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 t he 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: 

~ (f / f ) 
m 

where 4J denotes a dimensionless quantity representing a "universal" 

s pectral density function. 

Typical spectra which have been smoothed and corrected for noise 

l evel 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 ~ quite well . The cond i tions of u*, F and d for 

these spectra are shown in Table II along with the values of 0, f 
m 

and <I? • In general, it was found that the channel data followed 
m 

(5.4) 

* quite satisfactorily for the range 0.34"-U <..1.3, and for 3<F<l2 meters. 

Phi lips (1958a) has shown 6n dimensional grounds that the equilibrium 

or saturation region in the high frequency region of t he spectra for 

gravity waves should follow the f- 5 rule. In contrast, it has been suggested 

by Hicks (See, for example, Phillips (1958b)) that the pure capillary 
_ 7/3 

spectrum should follow an f rule. As indicated in Fig. 16 the dimension-
-5 less spectra for waves in the channel tend t o follow the f rule over 

approximately two decades in the high freque ncy range. In the highest 
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fre quency ratios, there is a tendency for some of the spectra to dev lop 

a slope less than -5. Capillary wave behavior should egin to appea~ 

above f ~ 13 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 

Thus, in Fig. 16, 

transition bo the 

f/f = 2.7 to 3.0, while, for case 188, f/f = 6.8 to 7.0. 
m m 

these two examples may display the beginnings of a 
- 7/3 

f range. 
- % It should be noted, of course, that if the f range exists th 

similarity shape If' will not be preserved at high values of f/f . A 
m 

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. 

Unfortunately, the existence of the f-~Jrule cannot be verified 

generally in these results because the highe st frequencies which can 

be res.olved 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 -------
Tab le I. 

Table II. 

Fi g. 1. 

Fi g. 2. 

F i g. 3. 

F i g. 4. 

Fig. 5. 

Fig. 6. 

Fig. 7. 

Fig. 8. 

Fig. 9. 

Fig. 10. 

Fig. 11. 

Fig. 12. 

Fig. 13. 

Comparison between frequency of significant waves in cp~ as 

estimated from the ratio~:c / )-. , from R( 't), and from <p '"' f). 
e 

Typical properties of waves generated by air blowing OV= r 

water standing in a channel. 

A sc hematic dr~wing of air and water motion associated ~ith 

growing waves on a water surface. 

A general view of the wind-water tunnel. 

Variation in the pressurE gradient in air with air speed 

in the wind-water tunnel. The pressure gradient is gi~ n 

in terms of length of water per length of channel. 

Typical distributions of a f r flow in the wind-water turt:1.el. 

A. Vertical profiles t aken along the center section, 3 nd 

B. Horizon ta 1 profiles taken at (z - d) ~ 20 cm. 

Distribution of air velocity at a given cross-section, i n 

the channe 1. 

The variation of average shearing stress coefficient WLt h 

mean air velocity. 

A typical example of the properties of the air boundar ),

layer growing over water in the c hannel. 

A similarity distribution for the air velocities a l ong the 

center section of the tunnel. 

Variation in characteristic lengths of surface waves wr th 

mean friction velocity, f etch, and water depth. 

Variation in characteristic water velocities with mean 

f riction velocity , fetch, and depth. 

Correlation of surface drift with Re ynolds number, Red ~ 

after Keulegan (1951). 

Comparison between e xperimental values of the phase sp e d 

of significant waves and values calculated by Lilly 's 

t heory. 

Typical unfaded and f aded autocorrelation functions fo _ the 

displacement of the wate~ surface. 



Fig. 14. 

Fig. 15. 

Fig. 16. 

Pl ate I. 
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The energy spectrum corresponding to the faded autocorre lation 

in Fig. 13. 

A. Growth of waves with fetch in the channel as indic~ted 

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. Af t er Hidy and Plate ( 1965). 

The development of wind waves on water 10. 7 cm deep at 3 

fetch of 8 meters along the channe 1. 

A. Uo::i = 4 mps, ,A. IV 3 cm; ~ 
B. Uo:i - · 6.1 mps, ). I\J 12 cm; "' 
c. Uc:o = 7.6 mps, 5. "J 15 cm; __, 

D. Uco = 9.8 mps, 1 ~ 24 cm. 
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TABLE I. 

Case c I). 1/P f 
e m 

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) U00 (mps) U~'<' (l!lPS) F (meta:s) 

163 0.0254 6.10 0.27 5.2lc 
175 0.102 10.7 0.61 10 .7 
188 0.102 17.4 1.1 8.lE 
192 0.0508 10.7 0.61 11. .': 
208 0.0508 9 .15 0.50 7 .SE 
212 0.102 10.7 0.61 5. 74-

Clxl02 
f (cps) 

2 
Case 4> m (m -sec) 

(meters) 
m 

163 0.131 4.83 -4 2.90xl0_ 3 175 0.767 2.36 7.99x l0_ 2 188 1.36 1.93 2.97xl0_ 3 192 0.538 2.33 5 .53x l0_ 3 208 0.614 2.48 8,65x l0_ 3 212 0.457 3.17 4 .15x10 
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