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ABSTRACT

The processes of wave end current development resulting from wind sction
on initially stending water have been investigated in a wind-water tunnel.
The mean air flow over wavy water was examined alopng with the variation of
scveral properties of the water motion with fetch, water depth, end wind
speed. Measurements of phase epeed end length of sipgnificent waves, the

‘standard deviation of the water surfece, the average surface drift, the auto-

correlation of surface displacement and the frequency spectra are reported.

The exparimental results indicate that {a) the air motion in the channcl
follows e three dimensgional pattern characteristic of wind tumnels of rectangul
crozs-section; (b) wind vaves generated in the .chennel travel downstream et
spproximately the same speed as gravity waves of smell amplitude, provided the
effect of the drift current is taken into account; (c) the aversge drag co-
efficients for the action of the wind oa the water surfece increagse with in-
creesing wind speed, and these date are reasonably conslstent with results of
previous investigators; (d) the sutocorrelations and frequency spzctra indicate
that the wind waves in the chennel corsist of nearly regular primary waves on
which are superimposed sraller ripples; (e) energy in the high frequency range
in the spectra tends to epproach en equilibrium distribution while the lower
frequency components continue to grow with increasing fetch; end (f) a
similavity shape for the frequency spectra develops. The experiments in this
study were not intended to model the processes of interactioa between the
ocean ond thz atmosphere. Nevertheless, the emsll waves generated in the chan-
rel eppaor to be at least qualitatively related to the development of waves

on much lerger bodlies of water.



237

Y. INTRODUCTICH

In spite of a long history of effort devoted to tha sir-water interaction
‘roblem, the basic knowledge of the mzchanicms for transport processes near
‘he boundary between these two flulds has developed rather slowly. A variety
W theoretical and experimental studies have been reported in the literature,
sut, because of the complexities of the physicel processes involved, the
etailed nature of the interaction remains inadequately understood.

Most of the experimental studies of air-water interaction have been
'ndertaken on lakes or on the ocean wvwhere thz conditions of the fluids are
wighly variable in time and space. These investigations have contributed
significantly to the knowledge of the atmosphere end the sea. However, their
1sefulness in elucidating the fundamentel physics of the exchange processes
ceurring between the two fluids is limited. Therefore, more studles should
. carried out under controlled conditions in the laboratory to gain row
Bnsights into the mechanisms of transport across the air-water boundary.
‘ 1
Ursell (1956) has reviewed the fundarental leboratory experiments dealing
with air-water interaction that wvere undertaken before 1954%. Since the
~ublication of Ursell's paper, a number of new Investigations have been
eported which included those of Sibul (1955), Cox (1958), Fitzgerald (1963),
Schooley (1963) and Hanratty and covorkers (e.g., Cohen end Hanretty (1965)).
With the exception of Cohen and Hanratty's work, the experiments performed

7y these investigators vere not designed spzcifically to verify recent
sheoretical conclusions, or to serve as a starting point for developing
refined ideas about the nature of air-wvater interactica. With this background
‘n mind, a detailed experimental program has been initiated at NCAR end at
:SU to study the relationship between the turbulent flow of eir and water
in a channel.

¢ Properties of the Fluid Motion

When air moves at moderate velocities over water, a drift current develops,
md small waves are generated on ths 1liquid surface. A schematic picture of
<he development of combined air snd wvater motion along with the growth of
yaves in a channel is showvn in Figure 1. The properties of fluid motion
wxamined in this study are indicatc?! in this drawing. The coordinate system
ls indicated so that x is the disteri:e downstream, and z is the vertical
direction. The mean water surfece i3 given by z = d wvhile the surface dis-
vlacerment from this level-is denote:! as £ - The fetch F denotes the distence
‘from the leading edge of the water f¢ a particular point somewvhere dowastream.
terms of a two dimensional mcdel. the velocity distrivution in the water
is u(z), and the drift as the water surfzze is ug. The air flow is given by
J(z'), where U__ denotes the air ve =city at approximately 20 em above the
nrean water surface, and z' = (z - ~!. The wave length ) and the phase
speed ¢ denote properties of s!;nif: -ant waves.

9 For the purpose of this study, :s:gnificant waves will refer to the
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Pigure 1. A schematic dfawing of air and water motion associated with growing waves

on a water surface.
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prger regular waves observed at a given fetch. In general, smaller ripples are
1ptrimposed on the larger disturbances.

In this paper, e number of experimental results are discassed which
sfer to the mean air end water motion as indicated in Figurz 1. Measure-
ants of the statistical propsrties of the wind generated waves, including
ge autocorrelation and spectral ‘density functions, are examined in the light
other properties of the fluid motion. There bhas been no sattempt to model
e ocean—atmosphere interaction with the laboratory equipment. However, it
‘111 be seen that a number of experiments for fluid flow in the channsl are

t Jleas t qualitatively related to the observed small scale interacticn between
"1e sea and the atmosphere.

-
IT. EXPERIMENTAL EQUIRMERT ATD PROCEDURE

The expariments were conducted in the wind-water tunnel at Colorado
itate University. This facility, showma schematicnlly in Figure 2 consists
®t a tunnel or a closed chamnzl 0.6l m wide by 0.756 m high vhose plexiglass
w8t section has a length of about 12 m. During opzration, the meximum depth
of wvater is approximately 15 ecm. Alr is eucked through the tunnel at
‘elocities up to 18 mps by a large axial fen at the outlet. The inlet cone
3 designed to give & 4/1 contraction ratio. Two fine mesh screens arve
laced in the inlet cone. Honeycombs are placed Just upstrecam of the outlet
biffuser to minimize the axial rotation in the eir induced by the fan.
floping beaches are placed at the inlet znd the outlet to prevent the reflec-
ion of waves. The "beaches" are constructed of eluminum honsyccmb. The
nelines are shaped in such a way that es smooth as poz-ible a transition can

se effected in the air-wvater flow. In this study, the bottom of the tunnel
as smooth.

,  The air flow through the tunnel was measured by a pitot-static tube
laced on a cerriage in conjuncticn with a capacitative pressure transducer.

he probe could be positioned anywhere in the section of the tunnel from the
ottom to a level about 10 cu from the top.

The pressure gradient of the air end the depth of the water were measured
every U feet down .the tumnel with piezonster tops connected to a set of
Eanomaters

Phase spseds and lengths of waves verc determined from photographs taken
vith a movie camera. The length for cucce 31 e waves vwas measured from the
‘ovies by comparing the distance betr-en crests with a ruler in the picture.
‘he phase velocities of waves referrc! to a fixed point were estimated by
neasuring from adjacent framss the distance traveled by a given crest during
he time between successive fremes. Time {ntervals between frames were read
£ a timer that was showa ia the fil-

v
st

To measure the changes in the helg't of the water, a capacitance probe
es used vhich is similar to Tucker e & Choranock's (1955). This probe con-

1sted of a 34 gauge magnet wire strufrhed vertically along the center
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Tigure 2. A general view of the wind-water tunnel.
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ine of the cross-section of the . ~21. Thase wires vere placed et 1.2 m
Bitervals downstream from the inle: 7 the tumnel. The vwire itself and the
ater serve as the two plates of a wdenser, and the insulation material
fyclad) on the wire provides the ¢ - ectric medium. The capacltence betwzen
:he wire end the water wes mzasurzd -+ th en AC excited bridge; the unbalence
oltage from the bridge was linearis @, armplified and rectified so that a DC
-atput’ VOlb&Q’ wvas obtained vhich won “iirectly proportional to ths water
!epth The output signal was fed tc =n ogcillegraph vwhare the gauge response
as continuously recorded during a ru:;. The cepacltance bridge-oscillograph

ombination was calibrated to give a rrcorded amplitude linearly plorartiOWal
ko the (varying) water depth with e fiat respomse to frequency  (21%) up
ko approximately 30 cps.

From the continuous records of the surface displacement, data were read
>ff at equal intervals of 0.025 scc. These deta were used for obtaining
alues of standard deviation o of the surface displacemsnt, the autocor-
elations R(t1) of the surface displacemen®, end thz spactral density function
w(£). The computations were carried out on the NCAR-CDC 3600 computer.

. It was not pocsible to obtain the vertical velocity distribution in the
water. Howzver, the surface velocity of the water “o was measured by placing
ke small slightly buoyant particle on the water end observing the time required

‘or it to move past fixed stations downstream. Values of the surface velocity
«~ould then Yve calculated from the intervals of distance of travel and the
Lime of pascage.

In this study, attention was centered on the measurement of the properties
of water waves under conditions of steady (mean) air motion. In order to
attain steady conditions in the air flow, the wave development, and the set
tlp of water in the tunnel, the fan wes started ebout 15-20 minutes before
the photographs, the pitot tube r“aqurcAﬁnta, end the wave amplitude data
vere taken at & particular location in the tunnel. In cases where wave dats
rjere being measured, a sample of a wave train correspondinz to the passage
f 100-200 waves was taken for a glven run.

Samples of wave developmant were taken for several different conditions.
*or the condition of water initially standing on a smooth bottom, air velo-
cities taken 20 cm sbove the water surface, were varied from O to 17 mps,
end the depth of water was changed from 2.5 to 10 em. The properties of
Fluid motion in these cases were observed at distances of approximately 1. 8
n to 12 m from the leading edge of the water.

I1I. THE £IR FLOW OVER THE VATER

f Since the air is forced by the fan through the wind tunnel of approxi-

wately constant cross section, a pressure gradient develops in the downm-

stream direction. The pressure in the air p, vas found to very approximately .

lineerly with fetch through thz chonnel. Typlcal values of the pressure

gredient 1 9P, (ecm water per cm) as mzasured in the last 6 m of the
pwg 8x
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channel erc shown in Figure 3. The pressurc griilent was found to increase
with wind speed, end with depth of the tars

Velocity Diatrivution in the Air

Measurements of the mzanm horizontal air motion in the vertical direction
and across the channel were taken at several sections for U, from 6 mps to
about 14 mps. Typical data for vertical profiles along the center section
of the channel are showa in Figure hA. The vertical profiles of U(z')
indicate that the air flow generally develops a behavior characterigtic of

_ turbulent flow in a boundary layer over roughened surfaces. In a few cases

a small kink in the distribution of U(z') was observed which usually appeqre’
at v5 cn  height above the mean water level. Using pitot tube measurements,
Francis (1951) also observed these kinks. Schooley (1963) was able to find
the kinks by tracing mean trajectories of bubbles over the waves. However,
their measurements indicated that the kinks appeared somevwhat closer to the
wvater surface, z'= 2-3 cmn. The existence of the kinks in the profiles of
alr velocity 1nd1catc that a Jet of high velocity air may sometimes develop
over wavy water in channel flows. To the authors' knowledge, however, with
the possible exception of Sheppard (1952),this phenomenon has not been
observed with any mecasurements over water in the atmosphere.

Typical measurewsnts of the horizontal distridbution of velocity are
shown in Figure UB. These data are representative of flow in wind tunnels
of rectangular cross-section. It is interesting to note that the boundary
layers assoclated with the side walls cen become rather thick. This thick-
ening had no apparent effect, however, on the development of significant
waves in the channel. The waves still exhibited a nearly linear crest moving
spproximately normal to the mean 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 Figure 5.
Because of a secondary circulation in the tunnel, the lines of constant
velocity are squeezed dova in the cornpers of the cross-gection. This has
been observed previously for flow in rectanguler ducts (e.g., Schlichting
(1960)). Howaver, the effect appears to becomz somewhat more pronounced
vhen fluld flows over a moving boundary in the CSU channel.

The three dimensional structure of the eir flow docs not visibly affect
the waves generated on the water surface. However, the pressing of the air
moving at higher speeds down slong the walls seems to be transmitted to the
horizontal velocity in the water. Measurements of the horizental distribution
of velocity in moving water shov two maxima developing Jjust underneath the
"ears" of the constant velocity curves drawn in Figure 5. Hence, strictly
speaking, the velocity in the air and in wvater should be written as U(y,z'),
and u(y,z), instead of U(z'), and u(z). However, for the purposes of this
discussion the motion of the elr and the water will be treated as two
dimensional.
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The vertical profiles for air veloclity t:=-2n for increasing F along -
center line of the tunnel vwere found to fit t:e form:
1/u

wvhere § 1is the thickness of the boundary layer as defined by the value
2' where U(z') = 0.9%U_. Over a wide renge of fetch, and for 6,1<U,<1?
mps the data taken in the channel fit Eq. (1) where n = 4.5. This simile
~distribution is shown in Figure 6. Several typical values of § are g!
in Table I. The shape corresponding to Eq. (1) with n = 4.5 is frequently
found in wind tunnel data for flow over moderately rough surfaces.

Air Flow Close to the Vaves

One of the purposes of this study is to examine the nature of the air
flow close to the water boundary. A key problem in this work centers aro:
the question of separation of flow to the leeward of the wave crests (Urse
(1956)). Furthermore, recent theories for energy transfer to the waves fr
the air plece strong emphasis on the behavior of the region where air
velocity equals the phase speed of waves. For waves generated in the tunn~
this zone is very close to the water surface, much closer than can be reac!:
with a fixed probe. That is, the present equipment can only measure avere.
velocities in the air within ebout 1 cm of the crests of the highest waves.
To observe the nature of the air moticn near y = Z} ~and to trace the
presence of separation, the probe must be placed much closer to the oscille:
vater surface than the fixed probe will permit. Therefore, a moving probe
has been designed which will follow the significant waves and maintain ap- .
proximately a constant level above the water surfeace. The schematic picture
of the design, worked out by one of the authors, is shown in Figure 7. The
probe is maintained et a constant level above the water by a servo-driven
mechanism activated by the depth gavges. This system is currently under
construction, and we expect to begin obtaining data from it sometime next
year. -

IV. PROPERTIES OF THE WAVES

Over & wide range of air flow which follows the patterns described in
sec. III, only small gravity waves and capillary ripples were generated on
the water standing in thz channel. Although the alir reached speeds greater
than 12 mps, breaking of waves, in the sense of forming white caps, was not
observed. At high alr velocities droplets of sprey were observed being shed
from crests of the larger waves, but the waves did not become sharp crested
es seen in "fully developzd" scas. -

Up to wind epszeds of ebout 3 mps, teken about 20 cm ebove ths water, no
wvaves appeared on the water surface. However, very small oscillations of
the entire wvater surface could be observed in this range of air Tlow by
vatching variations in reflected light cn the water. Above 3 mps, ripples
begen to form near the leading edge of the water. These small disturbances
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agation was primarily

>d, the ripples

. ‘Under the action

14 wave lengths of 1 - 3 em. Their direcction of prop
~rinal to the wind direction. As the wilnd speed inc
itially preceat becarz2 larger in amplitude end heigl
. the steady alr motion, th2 waves traveled downstreson at en inecreasing
peed, growing in amplitude and length. TFor wind speeds in the range
% = 3-6 mps, significant waves were observed to run with crests approximately
rmal to the wind direction, with smcooth windword surfeccs, end rippled lee-
.rd surfaces. Above 6 mps, capillery ripples vere noted ou both the wind-
ard and the leewverd sides of the significant waves. At gny given point
wnstream from the inlet, groups of 5-20 sm2ll gravity waves of nearly the
me perlod passed by. Thzse groups vere saparatzd by relatively calm regions
small ripples having varied perlods. The existence of groups of waves
@parated by relatively calm vater is probably related to interference between
"fferent components of the wave a

n, giving an eppsarance of "bsatsc."

g
5

r is

trai
The growth with fetch of waves in the channel is reflected in tug

>ristic lengths, the standard deviation o end the wave length

e increase vith F and Ugp of ¢ end % 18 shown in Figure 8. The effect
depth is alzo showm in tl= drawing. acrease in depth tends to reduce the

e length, and the stemdard deviation of the (larger) waves penerated at

"gher wind speeds. Our date for o and A vwerc compared to those reported
Sibtul (1955). For a given value of Ugo end d, tha results of both these

adies appeared to be essentially the same.

chaorac-

>0

Two charactsristic velocities are assoclated with the water motion. Thece
p2 the surface velomcity ug, and the phase speed of sipaificant waves c¢,. The
ange with F, Ugpo mnd i of these properties.is shown in Figure 9. For a
.ven wind spzed, tle surface drift remains nearly comstzob over the renge of
shown, except nezr tls ends of the channel. The wave spced ¢ is approxi-
tely independeat ¢7 c¢opth down to 5.1 cm, but it increases with both Ugo
A F.

Keulegan (1951) ou:? that the ratio of.the drift veloeity uj to the
p2d speed could be cori-letad with the Reynolds number Reg = ugd/ v y,
ere v is the viscisity of the water. In his calculations, Keulegan
*od en air speed averag 4 over the cross section of his chanuel, Ugyge Goodwin

165) found that Ugy. © 0.35 Uy, for the data in the CSU chazmel. Using this
lation, the values of 1o have boen plotted with Reg es ghown in Figure 10.

4 drift velocitiss fo 2d in this study are correlated satisfactorily in terms
®pes. Our data fall -bout 30 parcent lover than Keulegan's curve for vavy
cer. The differer e vetvsen these <two studles moy be eccounted for in three
ys. First, if it iz assumed that the mass flow of water end alr are related
‘ each other end not the velocitles, the morontum ratio, pyug/p Uay

nld be used in this correlation. Keulegen's data wzre teken at sea level
ile the C5U meesurvuents were made at nearly 1800 m eltitude. If our data
™, corrected for t!: decrease in air density with altitude, they will fell

wmt 12 peresnt below Keulegan's curve. The remainder of the dlffexence

twaen theose experiments moy be related to (a) the effect of non-uniformities
Wo in the y-dircction resulting from the nature of the elr flow showm in
ure 5, end (b) the fect that Keulegen used a value of ug, averaged over the
wth of his chamnel while our values of ug, are teken locally. The effect
‘(b) should be small, however, since ug varies little with fetchs
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The Phase Spcazd and tk~ Drift Current

asureé with respect to a

The phase speed of significant waves ¢, as n
1 o the theory for small

b=
fixed point was compared with veliss colculated T
amplitude gravity waves. The theorstical e

e = [gk t.-;.*;h(};-i".)] . )

L 1)

vhere k = 20/X ., In all cases, the values of E; vere larger than values cal-
culated by Eq. (2). This effect hus alzo been oboerved 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 emplitude. Cox, on the other hand, sttributed
the difference to the cowbined effccte of finite emplitude, orbital veloecity
of low-frequency wavelets, drift currents, snd dynemic effects of the wind.
Cox only analyzed in detail the finite amplitude efTect e&s calculated by
Sekerzh-Zenkovich (1956). Cox found that the finite amplitude effect could
only explain his observed increase in phase velocity for waves larger than

A =7 cn. The observed differcnces in phase speed for wavelets of length

. smaller than ~ 7 em could not be accounted for by the influence of finite

emplitudes elone.

For strict comparison to ¢, ¢, should be corrected for the mean motion
of the water and not the surface drift since ¢y should be measured relative
to an average transport in the water. Because the orbitzl movement of water
particles associated with the waves extends dowavard to somz depth, the sur-
face drift up is not the proper correction fector. The correction should be
proportional to a weighted average water veloclty over some depth below the
surface.

1111y (1964) has proposed a drift correction for waves traveling on
wvater at finite depth. Assuming that the vertical profile of the drift cur-
rent is parabolic (laminar flow), and that the waves have infinitesimal empli-

* tudes, Lilly found that

v

- sh(oT
S = e, 1 * Eg. i % "? . t.2 co-h(gid) (2)
\ o 2(ka)? (¥a)sinn(2¥a)
For deep water, kd = « and Equation (2) implies that the waves travel with
the surface flow only (i.e., cp = c, * ug ). Howvever, for shallow
water, kd -+ 0, end Eq. (3) predicts, es expscted, that eq * €

Tha values ofzﬁ‘as calculated by Eq. (3) were compared to the corres-
ponding experimental data, end the results are shown in Figure 1ll. Experinnnt
end theory agree thin + 15 parcent. This error is epproximately {ihat
expzactsi on the basis of exp:rirental errors in estimation of Cqo, tnd c..

using 3 a1d ey,
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Systematlc deviations between Ee and E} might be expected since both
the effect of surface tension and of finite wave amplitude were not considered
in deriving Eq. (3). The correcticn in E} for surface tension in deep water
vaves was found to be negligible for thz experimental observations. However,
the Stokes correction of ¢p for gravity waves of finite emplitude (e.g.,
Lamb (1932)) could vary from 1 percent to 11 percent (inerease) if it is
essumed that the amplitude of significant waves is 3.0 0 (e.g., Sibul
1955)). Thus, Lilly's equatic: would give velues of cg somevwhat larger on
the average than the experimsntal date.

. The effect of Tinite smplitudes in the wind waves may be offset partially
by the influence of turbulence in the water. Dye traces of the motion in the
water indicate that the weater flow was turbulent 2nd not laminar. The use
of & turbulent velocity profils having a steeper grodient near the surface
than the parabelic curve butl havirg the same drift velocity et the surface
would result in a smeller corrscticn factor for drift than predicted by

Eq. (3).

These results indicate that the significant wind waves on tha water in
the channel travel relative to a mean drift approximately as gravity waves
of small emplitude.. The waves tend to propagzate in this way in spite of the
steady pushing of the moving eilr.

Shearing Stress on the Water

An important paramster for measuring the actlion of the wind on the water
is the shearing stress on the water surfece, Ty This is often calculated
in terms of the drag coefficient

c, =1/ 0,07 ()

vhere p, is the_density of the ailr. An average value of the shearing stress
at the surface 1g can be estimated for the data of the present study by
teking e force balance on the btody of air, or the body of wvater in the chan-
nel at a given time. The shearing stress on the (smooth) walls, on the top

£ the tunnel and on the botton can be_pstimated in well knowa ways (e.g.,
Schlicting (1960)). Then the stress 15 can be calculated from differences
betveen the pressure gradient {on the set up of water), and the shear forces
on the walls, bottom and the top. This bas been done for our data by Goodwin
(1965). His results are expressed ns the average drag coefficient based on -
the average alr velocity in the turnel as defined by:

C =1 o 2 (5)

s s/ Pa avg

Estimates of C_ as they vary with U,y 2re shown for two different depths
. %3 AnE E = -

in Figure 12. For ccrparison, the dat: of other investigators, Franecis

(1951), Keulegan (1951}, and Pitzg-rald (1952) are also indicated. Goodwia

calculations ly tle furee Yo lnnce technique as applied to the water end the
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air are not the same, but somz differences are evI cted, vwhich will result
from estirmations of the stresses on the walls of the tunnel. The data for
d = 5.1 cm appear to be in reasconably good ag rccnvnt with the results of

Keulegan and Fitzgerald. However, Francis' results show & steceper increase

It is worth noting here that all of the values of Eﬂ corraspond to the
cage where the channel bvottom is smooth. Fracis® caleuleticn includes the
effect of the average bottom shear _T 83 well as the surface shear in his
value of the drag coefficient (i.e. Cgap = (Tt 1)/ palays? ). This
is equivalent to essuming that the ratio Tb/ 15 iz zcro for turbulent
flov in the water. Fitzgerald based his data on the sam2 stutuLiOu. How-
ever, Keulegan took tp /T_ = 0.25  in estimating Cg o11y. In view of this,
it is not clear vhy Fltz;:ra]d' data for Cg4p show close egreemznt with the
results of Keulegan end Goodwin for Cq vhile Frencis' results display & con-
giderably larger veriation of Cb‘b with U, Ve It is elso difficult to under-
stand why Goodwin found such e largs c‘ﬂp': “in Cz with depth of the water. At
present, this conclusion cemnot be checked with the findings of other investi-
gators becauce their results epply to cne water dzpth oaly.

Local values of the dreg coefficient (Cz' = TS/anvz) an also dbe
estimated from our data. Although evaluation using the essumption of the
" logarithmic profile cennot be epplied, the momentum integral technique can
be used (e.g., Schlichting (1$60)). The relation for Cg' by this method is:

"da(u_2e) /dp
b : © A
s g2 . 9= P \d J )

—

vhere 6% 1s the displacerent thicknoss:
z"
§ = - (U - u) dz'
0 . z 5 (7)
- d

0 is the momentum thickness:
Z".

A

U2

=]

0= uu,, - uydz' |, (8)

d

and 2" is the valve of (z-d) wvher= U : Ug,.
To accurately obtain values ¢f C,* from Eq. (6), the slopz of Ug

end values of 6% rmust be well ertsblished. The contribution of (Uy,-U)

to the integrals in Eqz. (7) and (€ dep nds strongly on the region of the
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vertical profile where the curvature is grzai- -t. In our measurcments, this
is poorly defined because the curving portion f Ulz') lies too close to the
water for eccurate measurement with the fixed ;rote. Thus, the use of Eq.
(6) with Eqgs. (() and (8) can be expected to give only an order of magnitude
estinmate of Cg'!

In addition to the problem of using the experimentsl deta in Eqs. (7-9),
the applicstica of a definition for proper alr velocity must be considered.
Eqs. (7-9) apply to flow over a solid toundary. When the boundary is moving
end vaves are superimposed on this motion, the air speed relative to fixed
coordinates may be an incorrect estimate for U(z'). Two other systems of
velocity coordinates can be used. The alr velocity relative to the surface

- drift may be a better system, or as Benjamin (1959) has noted, the motion
relative to the phase spzed ¢ may be tetter than the fixed system of
reference. Introduction of elther one of these reference velocities will
affect the definitions of 6% , € , 6§ , and Cg'.

In spite of these difficulties, 1t is useful as a first spproximation
to apply Egs. (7-9) for ev;luauin" Cg'. Calculations of the local drag co-
efficients based on th° data for U(?') ware made, and some typical results

for &% ,0 , and Cg' re showva in Table I. These results indicate that
Cg' decreases somevhat with fetch, but tends to increase with wind speed.

The decrease vith fetch is typical of the variation in Cg' in the coatext
of a growlng boundary leyer over a solid surfece.

TABLE I

F(meters) Nominal Average U (rps) é(cn) §*(cm) € (cm) CS x 10
Air Speed (mps)

2.14 5.2 4.76 7.12 2,00  0.682 3.39
4 .58 5.20 4.0  2.80  1.23  2.65
7.03 5.48 17.8 4,04 2,08  2.33
2,14 7.7 7.20 13.7  2.97  1.44  5.66
4.58 7.95  19.6  4.60 2,28  4.32
7.03 . 8.80 22.8  5.43 2,82  3.31
2.14 11.6 10.8 12.7  3.18  1.40 5,31
4.58 12.1 19.3  4.90  2.35  3.75
7.03 12.8 21.6  5.68  2.74  2.50

Using thgunoﬁinnl averaze velocity (0.85 Ugp measured at large fe‘c,ch)_‘L
estimates of Cy vere calculated by averaging each set of three values of Cg'
for the ranges of Upp in Teble I. As e comparison to Goodwin's results, the
three estimates of Ty by this method are plotted es trianguler points in
Figure 12.\Thz date for Cg by two different calculution check reasonably
vell for the 5.1 ecm depth of water.
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The velocity profiles for ailr were teken primarily at 15.2 em water
depth, but there should be little chenge in air flow at 5.1 cm. ne should
bear in mind, however, that Cs calculated from the data in Table I represents
Tg in a narrow slice along the center section of the channel. Strictly
speaking, Goodwin's estimates of ?g include the varlaticn of Cg' in the
Y direction. From Figure 5, it 1s clear that the shear on the water surface
rear the maxima in the cross-sectional distribution of air velocity will be
larger than that at the center section. This may account for the differences
between values of Cz at d = 15.2 cm &8 estimated by Goodwin's method end the
momentum integral technique.

Y. WAVE SPuCIRA
Autocorrelntion Functicns aend the Frequency Spectra
The time correlations between displacenents of the water surface were

caleutated from the digitized depth gauge data. 1h2 autocorrclation function
R(r) is def:u2d ss:

ROV = Tt )Y ek, RS (10)
W g(r;) and £(ty) are surface displacements taken at the same point

for *wo ¢! ferent times, t] and t2. The averaging technigue in Eq. (10) was
c-rr »d out after the method given in Blackman and Tukey (1958).

fhe function R(7) for waves in the channel was found to exhibit certain
in“~resting features. A typical exsrple is shown in Figure 13. R(t) was
g:nerally found to oscillate regularly about the R(tr) = 0 line with in-
creasing T . Its amplitude decrecsed sharply initially, but it become
fairly steady at higher values of 1 , though sometires it varied slowly
as if a lower harmonic was present. The btzhavior of R (1) suggests that
there is a tendency for the mutuel action of the two fluids to force a
nearly periodic, regular disturbance to cevelop on the water at a given
fetch in the channel. On the regular waves are superimposed small, random

-disturbances which ar» related to the largsr values of R(t) for small 1,

This, of course, is precisely the physicsl picture which developed from
visual observaticns of the development of the significant waves.

It is well known that the autocorreletion of a perlodic function of
period P is enother periodic functioa with period P and a zero mean. Hence,
the” period of the significant waves can be estimated from the zero crossing:
of the sutocorrelation functicn st large values of < where the effects of
the random component are small. £s seen in Figure 13, the components of
"noise" tend to domp out rapidly, so that the period of the significent
waves also can be calculated approximately from zero crossings of R(x)
over the whole range of t . Typical values of 1/P found in this mar . ¢
are listed in Table II.
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TIBLE IT

Case Ee/ ) 1/p fm
21 2.74 2.87 2.91
79 4,62 4,83 4,74
100 5.61 Sk 5+65
113 2.91 2.85 2,76
169 3.24 3.31 3.26 )

The energy epactra were calculsted by means of the following relation:
€

¢(f) = R(1) cos2nft dt . (11)
0

The scheme for evalunting the integral in Eq. (11) for a finite record is
glven ty Blackman rnd Tukey, (1958). However, instead of the usual technique
of "hznxning," 1t was preferred to obtain a suitable lag window ty nultiplying
the functica R{r) 1by:

glt) = (1 + cos -1}.3) ’ ' (12)
m
where T, for our data is 3.5. The fading function g(1) has the advantage

of suppfessing the periodic compcusat in the autocorrelation function at
large lags without removing any information at short lags. An example of
the faded autocorrelation R'(t) (=Rg) corresponding to the curve of R(T)
is shown in Figure 13.

The spsctrum corresponding to the facdzd autocorrelation R'(«) in
Figure 13 is shown in Figure 1k. Note that the tendency toward pariodicity
in the wave train also is indicated in this spectrum. Higher hormonics of
the frequency f, for which the energy is naximum eppear as indicated in this
Figure. If the waves were perfectly periodic, the ideealized spectrum based
on the R(t) curve would develop as spikes of infinite height at n
miltiples of fj. However, bzcause the waves are not truly periodic, end
becauge of the randcm compornents which exist in the signal, the spectrum
nctually tokes the bumpy shape indicated in Figure 1h.

. _Typical values of fj; are shown witk corresponding velues of 1/P and
ca/A in Table II. Because of the narrowness of the reglon containinz
mogt of the energy in the spectra for wind generated waves in the chann«i,

these three frequencies are approximately equel. Thus, for practical
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purposes, the waves in the channel may be characterized essentially by the
properties associsted with the significont waves.

The GrOIbh off Waves in the Chammel

The frequency spectra celculated at different fetches for the same air
velocity indicate how the waves grow as they move downstream slong the
channel. A typical set of spectre for increasing feteh is showvn in Figure 15.
These curves have been correctzd by subiracting out the noise level, and
have been smoothed by a method similsr to that discussed by Hidy and Plate
(1965). Near the leading edge of the water (emall fetch), the observe
spectrum contains little total energy end is rai”\r ”n-_ . As the waves
txdvel downstreanm, the magnitude of the speciral ¢ Ly function increases,

e primary peaks broaden at first, then tend to sharpsn up vhile the values
of fm decrease.

The growth of woves In the ronge of higher frecusncies tends to be
limited as indicated in Figure 15. The complets wochinism for restraining
the growth of the high frequency components 1s not kiowm, ever, it can
be seen that the limitation in growth, in part, can L the )f attain-
ing a Taience bwetween galoms in energy input from the nir es by dis-
sipation. The dissipation of energy in small gravity-capiilary waves ia
prebably related to the action of viscosity end supface u».::cn. The loss
by visci:s forses in waves is proporticnal to (ak)® (Lamb (1932)) where
is the «-pliti's of ‘a wave. As proposed by Longuet-Higgins (1962a), the
loss resalting from surface tension can be related to the drain of energy
from I:rger wvaves vhen capillary ripples are formed near the crests of the
lnrge: conponants . Th;s particuler mechanism Indicates that the energy lo::

s proportional to (a‘ k3 ) The subscript ¢ refers to the capillary riyo.e
A the crest of a ln rr’r Save. If the interaction beltween components in the
wave train is a second or higher order offect (e.g., Phillips (1963)), the
action of dissipative processes should balnance the inmput of energy from the
air motion in such a way that the net energy at equilibrium is smaller the
higher the frequency range. This secems to be suggested in tbe behavior of
the spectra showvn in Figuré 15.

It is interesting to note that the growth of components in the lower
frequency range, say £ < 3.5 cps in Figure 15, 1s approximately exponential.
Qualitatively, this type of growth has been predicted in the recent shearing
flow theories of Miles (see, for example, Miles (1960}).

Similarity Shape of the Spectrum
An important featurc which was also exhibited by many of the spzsctra for
the channel waves was the tendecncy for growth in such a way that a similarit

shape in the spectral density finctlicen is maintained. The frequency spec’. .
can be expressed, with Bq. (ll} in normalized form, =s:

(17}
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@fﬂ = y(i/5,) (13)

vhere V¢ denotes a dimensionless quantity representing e "uriversal"
spectral density function.

Typical smoothed spzctra vhich have bv n cmoothed end corrected for
noise level sfter Hidy and Plate (19565) a plOu.zd in & form corresponding
to Eq. (12) in Figure 16. The spectra i Ilcu_b 16 cerve to define the
similarity function ¢ quite w2ll. TPz ccoditions of Ug,, F end d for these
spectra are shown in Table IIT elong with the values of o , £ end @

In gereral, it was found that tbhe chenne l data followed ¢ quite satis-
factorily for the range 6 <U < 1% mnmps, eand for 3 <F< 12 meters.

-

TABLE III
Case d (meters) U (vps) F(meters) o }:102 f (cps) ¢
o 0 m
. (meters)

163 0.0254 6.10 5.24 0.131  4.83 2.90x10:§
175 0.102 10.7 10.7 0.767 2.36 7.99x10_2
188 0.102 17.4 8.16 1.36 1.93 2.977:10._3
192 0.0508 10.7 11.5 0.538 233 5.53:{10__3
208 0.0508 9.15 7.86 0.614 2.48 8.65X10_3

212 0.102 10.7 5.74 0.457 3.17 4,15x10

According to Phillips (:957:), on dimensionnl grounds, the equilibrium
or saturation region in the hir’. frequency regicn of the spactra for gravity
vaves should follow the £77 rui-. In contrast, it kos been suggested by
Hicks (see, for.example, Pnill: ;s (1958t)) that the pure capillery spectrum

should follow an £~1/3 rule. s indicated in Figure 14, the dimensionless
spectra for waves in the char L t:nd to follow tha £77 rule over epproxi-
rately two decades in the hig frc-;ency range. In the highest frequency
ratioz, there is a tendency T sc. 2 of the spectra to develop & slops less
then -5. Capillery wave beb.-lor ~hould begin to appzar ebove £ = 13 cps
in the frequency spzctra. O.‘y tw. ceges, numbers 163 and 188 as showa in

Figure 16, actually reach th:is rr- 2. For case 163, capillary waves should
eppear for £/f, = 2.7 to 3.C, wh: ¢, for cese 188, £/f, = 6.8 to 7.0. Thus,
in Fipure 16, these two exenples .y display the beginaings of a transition
to the £-1/3 renge. ‘
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Unfortunately, the existence of ti: f'7/3 rule cerwot be verificd
generally in these results because th: hirhest frequencizs vhich can be
resolved with somz eccuracy im the ccujutation schems uced, lie around
15 cps. Therefore, these data cannot provide conclusive evidence for the
existence of an equilibrium range in cepillary waves.

VI. SOME COMPARICCUIS BETWEEN WAVES Il T CUAINEL fITD OCEAN WAVES

This study was not intended specifically to modsl waves at sea. Never-
theless, it is worthwhile to see where the data taoken for the channel vaves
fit into the overall pic‘xlﬁ of xi“d gzenerated waves. ’

The properties of th: wind waves gererated in the chennel easily cen be
placed in perspective with ruch larger scale conditicns dby using well known
pictures of wave behavior. As an illustrattcn, ths channzl data have been
plotted schematically in twn "tt-~al"7‘ " drowinga of Hicks (1953), es shown

in Figures 1T7A c”d B. In Flau ltn, t** lozarithm of the standard deviation
iIs plotted against the loguritim of fetch. The puwmbers near curves or points
refer to vird sSpo ~Js teren in the fleld et somevwliat different anemometer
heightis. The values of wind speed for our data currespond to Ug,. Our

s

dnta for waves in the

e charizl f£it nicely into t?: extrem2 regica of ghort
fetch o’ th1 figure. 5&im!larly, Figure 1TB showd the variatica in £, with
fetch, gain our results for small waves correspcid to fleld data tulisn et
very Bmall fetah. ‘

tnother way of illustr~tins where the wave data for the channel fit intc
the geophysilecal picture cor«s from the correlaticn curves of Wiegel (1653).
On dimesnsional grounds, the me o properties of wind generated waves (cn
deep water) should be reletcd to & Froude paranater with the characteristic
length being the fetch. This :orrelation shows essentislly the varlation
in stenderd deviation, length of siganificant waven, end frequently with
fetch.

&
b &
el

Wiegel's results inclule data teken over an extremaly wide range of
conditions, which includz vesults of som2 laboratory expsriments end field
studies on lakes end on the oOceapn.

A plot of a pumber ¢ values of ¢, A , end £ for the waves in the
CSU channel is showa in Figure 18 along with averege curves estimated from
Wiegel's Fipure 6-5-T7. “he everagad curve for the correlaticn of stendard
deviation (or 0.33 tims: tle significent wave height H1/3) folls approxi-
nately along the mesn of ti2 data from this study. Furthermore, the lines
of maxima end minima in ¢ , as estimated from Wiegel's correlation, encom-
pass all of our values. Ir is intereating to note, hox>ver, that there is
a systematic deviatica with U., for the paramstgr £o/U,,2 in Figure 18.
Thie indicates that the Froud> criterion gT/Uco cennot be the only porametor
for modeling the mean digwiac 2nt of the water surface. Furthermore, it {s
clear from the data in F'.ur- 8 end the points for high wind velocity in
Figure 18 that the wate: dep’' " ghould be included in eorrelating heights for
vaves moving at finite .eptl: in channsls.
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The data for the dimensionless wave length of significant waves in the
channel fit Wiegel's correlation curve satisfactorily. There is a tendency,
however, for our points to lie somevhat above tha2 estimate of Wiegel's line.

A plot of the wind tunnel data for f ix1dlcc.w‘, 'L___' t ;? egel's curve 1s
egain epproached. Howcver, in this case, our data lie somzvhat below the
‘estimated correlatioa curve. This is somevhet misle "Uiﬂb, b, 2ver, since

comparatively little data is presentzd for this value (in terws of P) in
VWiegel's paper.

o
~
<

The dimensionless energy spactrum derived by Eq. (12) can be compared
to the dimensionless form discussed by Bretschneider (1963a and 1953b),
‘provided that it 'is essumzd that o /*'r is epproxirately equal to
2.34 o where ¢n is the maximm value of the spoctral density
function (see, for examples, the velues in Table ITI). This has bzen done
end the compariscon is shown in Flgure 19. Bretscluieider's estimate fOr
the Neumann spectrum corresponding to fully developzd sea is showm alen
with our dimensionless spectrum. For further compariscn, typicrl data of
"Burlin 17 as calculated by Bretschneider are shown in Fipure 19. /o mizht be
expacted, the dimensionless spectrum for waves et very short fetch 1n thz
channel is narrover than Burling's data teken at F = 1030 meters end the
Neumann spectrum for nearly infinite fetch. The thrx- dimensicnal character
of waves developing on the surface of the oceans’or lakes, of coursa, c“;¢ot
e reproduced in the channel.
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