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ABSTRACT
LABORATORY MEASUREMENTS G ATR FLOW OVER WIND

CWAVES FOLLOWING Thi MOVING WATER SURFACE

This dissertaticn presents a laboratory study of the dynamic
properties of air flow over small wind-genorated water waves, Thfough
the mcasurements of mean velocity profiles, turbulent fiuctuation
profiles and encfgy spectra, the detailed structure of turbulent wind
imncdiately above and between the crests of progressivc water waves
has been examnined.

A sclf-adjusting probe positioner was designed, which allowcd a
velocity sensor (2 hot wire gncemometer) to mcasure instantansous air
velocities at a fixaed distance from a2 moving water surface wita woves
of a dominant frequency, 2 to 3 Hz. With the aid of a digital corputer,
the desired paramwcters of ai: ilow were obtained by a statisticel
technique which was developed to sample and average simultanecus
recordings of water surface displacements and instantaneous air
velocities.

The statistical properties of water surface which include wave
spectra, probability distributions of water surface elevation and its
tire derivatives, give good @greement with the results obtained by
previous investigators. The waves investigated have the ratio of wave
celerity and air friction velocity on the average close to one. For
those waves, the effect of the moving surface seens to cause little
deviation in the dynamic properties of the velocity field from those

found over solid boundarics.
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Mean propertics of the turbulent air flow referred to the mean
water level were obtained by continuous sampling of the air flow over
many waves with a sensing probe either at a fixed distance from the
- mean water level (fixed probc mcasurement) or at a constant distance
from the moving water surface (moving probec measurement).

It was found'that for continuously averaged mcasurements the
fixed probe yielded results which deviate less from the local mean
than the moving probe rcsults, This nolds for the mean velocity
distributions and especially for the turbulent quantities.

The results of local air properties indicate that, on the
average, air flow separates from the wavy water surface just behind
crests and reattaches somewhere on the windward face of the next wave,
The measured turbulent quantities consistently show the characteristics
of a scparated air flow. The scparation phenomenon suggests that,
without scme modification, the Benjamin-Miles' shearing flow mechanism
is inapplicable to the growth of fully developed small water waves.
The observed flow configuration tends to support the separation mecha-
nism of energy transfer originally outlined by Jeffreys, and later
explored further by Stewart.

This study demonstrates the usefulness of using a wave following

probe to obtain a more complete description of the dynamic properties

of both air and water near the interface. In principle, the methods
developed here could be used to further explore the properties of air
flow over undulating surfaces, including the determination of the local

Reynolds stresscs.

Po-cheng Chang

Fluid Mechanics Progrem
Civil Engineering Department
Colorado State University
Fort Collins, Colorado 80521
December 1968
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Ch apter 1

INTPODUCT1ON

1.1 Furpese

The problems involved in air-water interaction such as mementum,
heat and mass transfer across thc interface are complicated by the
fact that the interface boundarybis not prescribed but deforms continu-
ously and irrcgularly as a consequence of the dynamic interaction of
the air and water., During the past 50 yeurs, a number of theoretical
and empirical efforts have been made to rclate the water waves to the
wind, These cfforts have met with partial success. Further theoretical
progress can be expected only when the characteristics of the wind field
above and very close to the water surface have been determined in more
detail experimentally.

With this in view, Deacon (1963) appcaled for "as scrious a study
of the flow of turbulent air over a water surfacc as is made of the
flow of air over the wings of an aircraft". Stewart (1967) pointed
out the "crying need" for measurements in the air below the level of
the wave crests. Thus far such experiments have not been performed
because the difficult experimental techniques required by the undulating
boundary were not available,

In an attempt to improve the available experimental mcthods for
measuring ;ir flow over water waves, a new technique has been developed,
and is described in this dissertation. A self-adjusting probe positioner
was designed, and the data taken using it were then analyzed for statis-
tical properties of the air flow with a digital computcr. The servo-

controlled probe pesitioner made it possible to measure with a hot wire



ancmometer the instantancous air velocity at a fixed distance from the
surface. By digitizing the signals of the hot wirc ancmometer and the
water wave gauge and by sampling and averaging simultancous recordings
of instantancous air velocities and watcr surface displacements one can
obtain the statistical structurc of turbulent air near the moving water
surface.

This technique is applied to a study of the dynamic properties of
air flow over small wind-generated water waves in a wind-tunnel flumec.
Specifically, mecan velocity profiles, turbulent fluctuation profiles,
and encrgy spectra at various positions along a defined average wave
are obtained. From thesce results, the flow field above the water
surface is reconstructed and its interaction with the waves is inferred.
Certain statistical properties of the water surface are calculated to
specify the characteristics of the lower boundary for the air flow.
Included are such properties as the probability distribution of the
water surface and of the first and seccond time derivatives of water
surface elevation, as well as wave amplitude spectra.

Also included in this study is a discussion of the overall mean
properties of the air flow with reference to the mcan water level.
These properties are obtained by continuous sampling of the air flow
over many waves with a sensing probe either at a fixed distance from
the mecan water level or at a constant distance from the moving water
surface, fhe results are compared to those obtained by previous investi-
gations over both water and solid surfaces. There also is included a
discussion of the contributions of local mecan veclocity fluctuation to
thc experimentally obscrved mean turbulent fluctuation, as mecasured by

the moving prote.
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Finally, thc applicability of the existing thcorectical models of
wave generation by wind arce hricf{ly examined by comparing the underlying
physical assumptions with the experimental rcsults of this study.

1.2 Litcraturc Revicew

1.2.1 Wave generation by wind

D)

a. Theoretical background.--Scveral hypotheses have been

proposcd to explain the physical processes involved in the generation
of waves by wind. Each hypothesis ignores onc or more aspects of the
problem and only attempts to describe a certain stage of wave growth.
Since energy can be transferred from the air to the surface through the
action of the normal pressurc fluctuations in the air or by the
shearing stress at the interface, the problem can be treatced either as
a stochastic process or a stability problem.

The group of hypotheses which explains the growth of waves in
terms of stochastic fluctuations of the normal pressure have been
advanced by Eckart (1953) and Phillips (1957). The other group of
hypothesecs considers the wave growth as a consequence of the instability
of a small perturbation applied to thc air-water interface. This group
includes the work of Helmholtz (186S), Kelvin (1871), Wuest (1949),

Lock (1954), Jeffreys (1925), Benjamin (1959) and Miles (1957, 1959,
1962a, 1962b, 1967).

Among the theories mentioned above only the models of Jeffreys,
Phillips and Miles-Benjamin are of realistic interest to the generation
of water waves by turbulent wind. Therefore, only these mechanisms will
be described further. For comprehensive surveys of the other thceories,
the reader is referred to Ursell (195¢), Kinsman (1965), Phillips (1966),

Shemdin and Hsu (1966), and Drake (1967).



(i) Jeffreys' scparation mechonisn,--By analogy to

flow scparaticen ncar the downstreum region of a bluff body, Jeffreys
(1925) divided the energy transfer rates frqm the wind to the waves
“into two parts: (a) form drag associated with flow scparation in the
lee of the wave crest and, (b) tangential stresses associated with
skin friction. Neglccting the rcaction of skin friction, Jeffreys
postulated a "sheltering cocfficient'", s, to account for the flow
scparation,

In Jeffreys' mathematical nodel, a complicated air-water
interface n(x, t) has bcen idealized into a simple harmonic wave
train of length 2n/k , traveling with a phase speed ¢ , written as

n= a cos k (x - ct) (1-1)
where t is time, and a amplitudc. Only the periodic component of

wind-exerted pressure in phase with the wave slope is considercd in

the calculation of work done by the wind on the wave. This is

P, (u - c)2 an
. ax (1-2)

where p, is air density and wu> 1is free stream velocity. Jeffreys
indicated that s < 1, but no method of calculating the cocfficient

was given.

The work done by the wind on the water is then

gy_ =S Py (v - c)2 cf f (ar,/ax)2 dx dy (1-3)
t

(ii) Phillips resonance mechanism.--Phillips (1957)

suggested that energy may be transferved to the water by the direct
resonance action of the nornmal pressure fluctuations in the air with

free modes of oscillation in the water. The water was assunmcd to be



inviscid and thus irrotational, There is no coupling between air and
watcr motion; i.e., the statistical propertics of the pressure fluctua-
tions arc assuned to be indepciadent of the wave gencrated by the air

. flow itsc1f, Wave growth is a rcsult of a resonance between the water
wave components and the pressure fluctuations having the samc wave
lengths and wave speed, Under such conditions, the predicted growth
rate is lincar in timc, or, for a steady wind, with fetch.

(iii) Miles-Benjamin shear flow mechanism.--Using the

same pressure distribution as Jeffreys, neglecting the viscous effects
in the air and water and assuming no interaction between the turbulent
components in the air and in the water, Miles (1957) formulated a
wave generation mechanism which does not consider flow separation,
The feedback of waves induces a lincar coupling between the water
surface and the acrodynamic pressure, but the air flow causing the
waves to grow is considercd not to be altered appreciably by the motion
of the wavy surface.
- The chosen free surface profile, n , is a sinusoidal function

expressed in complex notation as

n=exp [1k (x-ct) ], kac<<l (1-4)
Following Miles (1957), the aerodynamic pressure Pa is assumed to have

the form

Pa =0, ui ka [acos k (x-ct) - B sink (x-ct) ] (1-5)

where o and B are dimensionless pressurc coefficients which are in-
phase and out-of-phase with the surface wave respectively, Uy is a

rcference specd for the air. The resulting total energy growth is then

_ (9 9.2
E Eo exp (2/¢g oa/cw k uj 8 x)» (1-6)
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where E_ is cnergy at  t=0 or x=0, p  is the nass density of
0 W
water, and g 1is thc gravitational acceleration., Only the out-of-
phasc pressurc component B  transmits encrgy from the air flow to the
wave and the growth rate is exponcential, On the basis of the inviscid
Orr-Sommerfeld equation, Miles (1957) obtaincd an approximate sclution

of B for a shcar flow with logarithmic velocity distribution. The
u" (yc)
magnitude of B8 depends on ——~-— , where u'(y ) and u"(y) are,
© u (yc) c -

respectively, the first and second derivatives of the mean velocity
profile wu(y) at the critical layer i where the mean air velocity
equals the phasc specd of the surface wave.

If Jeffreys' mechanism is expresscd in terms of growth rate, it
is given by

E = EO exp [Z/g pa/ow kz (um-c)2 s xJ (1-7)

Although Jeffreys' sheltering coefficient s must be determined
empirically, it is believed s 1is greater than B so that a larger
exponential growth rate is expccted for separation mechanism,

Miles inviscid theory has been explained physically by Lighthill
(1962). According to Lighthill, Miles' mechanism requires a vortex
distribution such that an enclosed streamline pattern (a'cat's eye')
appears over the wave crest in the neighborhood of the critical height
in the reference system of u-c.

On the basis of obscrvation that the air flow does not secem to be
wave-like at a short distance above the waves, Stewart (1967) argucs
that Miles' model cannot be correct and proposed a streamline pattern,
in Lighthill's wu-c¢ reference system, where the Lighthill cat's eye

is pulled away from crests down into troughs. Therefore, an eddy will



exist only between and below the crests. Thus, the transfer of momen-
tum and growth of the waves is caused by a kind of scparation mechanism.

Miles (1960) in a later paper incorporated Phillips' mechanism into
his inviscid modcl in an attempt to give a comprchensive model over the
complete spectrum of waves. Miles (1962) also considercd the possibil-
ity of encrgy transfer by a shear flow to short surfacc waves through
the viscous Reynolds stresscs in the closc vicinity of the surface and
o?cr a certain range of the spectrum, through resonance between the
water waves and the air Tollmein-Schlichting waves. This mechanism has
also been considered by Benjamin (1959). This viscous mechanism of
Benjamin and Miles is applicable to the waves with critical layer in
the air and very closc to the water surface. In this study, c/u* - 1,
the critical layer lics on the avcrage in the laminar sublaycr, thus
only the Benjamin-Miles shear flow mechanism is relevant to the waves
investigated herc.

b. Experimental background.--Many experiments have becn made

in an attempt to verify the revicwed hypotheses, and to provide informa-
tion to expand the theoretical models. The experiments of Stanton et al.
(1932), Motzfeld (1937), Thijsse (1951), Bonchkovkaya (1955), Larras

£

and Claria (1960) have been aimed at verifying the underlying assump-
tions of Jeffreys' model. They simulated the air flow over watef by
blowing air over stationary, solid, and sinusoidal surface and measured
pressurc distribution above the boundary. All of the above experiments,
with the exception of Thijsse's rcsults, gave sheltering coefficients
too small to generate waves. Becausc these experiments disregard all
dissimilaritics of the dynamics of energy transfer between water

surface and a solid boundary, an experimental verification of Jeffreys'

model is still missing.
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The most dircct approach to test the theories of Phillips and
Miles is to compare the thcorctical growth rate with that obtained
from spectral meosurcments.  Such measurements have been performed
by Cox (1958), Humada (1963), Holmes (1263), Hidy and Plate (1966),
Wiegel and Cross (1966), Bole and Hsu (1967), and Plate et al. (1968).
Shendin and Hsu (1966), on the other haid, have examined Mile's (1957)
theory dircctly by measuring the pertursed pressure distribution with
a scnsor following the waves. By comparing the experimental results
with the thcoretical models, the agrccrcnt between theories and experi-
ments is still far from satisfactory. In general, no direct evidence
is found for turbulent pressure fluctuations to be responsible for
the wave generation., Miles (1962) viscous shear flow mechanism is
only applicable to very short fetches after the first visible wave,
and the cxponential growth rates arc coisistently greater than that
predicted by Miles (1957) inviscid theory. Many investigators
attribute the growth rate discrcpancies from Miles (1957) theory to
flow separation but nonc of them have sabmitted any direct experimental
evidence for the existence of scparation.
' The deficicncies of the wind wave 2eneration theories are partly
duc to a very incomplete state of knowledge of acrodynamic properties of
air flow near the air-water intcrface. It is thcrefore the purpose of
this study to explore the detailed strusture of air flow above wéves.
A short review of the known properties of air flow over the water
mainly in the aspect of thc experimental work is given below.

1.2,2 Air flow over water wecves

Miles (1957) assumed a logarithmic air velocity profile above

the mean water level in his shear flow model, and also a wave pattern
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which was so low in amplitudc that it did not penctrate the viscous
sublaycr. In marine physics the Jogarithmic profile has been uscd as
a working formula to describe the air flow in the atuespheric boundary
-over water, Stewart (1961), in considering the effcct of the transfer
of moncntum to surface waves from wind blowing over water, was led to
a contrary conclusion, suggesting that the mean velocity profiles ncar
the water surface need not be logarithmic below the critical layer
where u = c. Miles (1965), from quontitative calculations, found the
eficct dﬁc to the Stcwart's monentum transfer to be small. This
discussion scems to be the first time the profiles of air flew over
water has drawvn serious consideration, by accounting the dynamic
properties of a deformablc boundary.

Recently laboratory studics of Ilidy and Plate (1966), Plate and
Hidy (1967), Shendin and Hsu (1966), Hess (1968), Plate ct al. (1968)
and gcophysical studies of Takeda (1963), Hamblin (1965), Weiler (1966),
bhave indicated that the velocitics ncar the surface are greater than
expected from the corresponding logarithmic form drawn through the
upper portion of the profiles. The logarithmic profiles scem to hold
only during the very early stages of wave growth, Phillips (1966) and
Shemdin (1967) suggested that the technique of measuring mean velocities
with a fixed probe above wavy water surface requires correction for
the effects of shii'ting streamlines and of wave-induced perturbation.
However, both Shemdin and Phillips predict that the measured velocity
distriﬁution would be 16wer than the logarithmic distribution while the
duration of the actual profile is in the opposite direction. The shape

of the obscrved prefiles has thus not been explained as yet,
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The structurc of turbulence in the air above the water has been
investigated only recently. The geophysical studics of Grant ct al.
(1962), Pond ct al. (1963), Pond ct al. (1966) and Weiler (1966)
provide some preliminary information on the turbulent structure above
the sca through various correlation and spectral calculations from
data on the air velocity field. Measurements in the laboratory have
been performed by lless ct al. (196S), Karaki and Hsu (1968) and Plate
Eﬁ al. (1968). Those investigations gencrally show no streng difference
in u' and v' that would distinguish the turbulent structurc of air
flow over the water from that over the flat plate. Only the shearing
stresscs show a marked departurc from shearing flow over solid surface
and over water waves.

A1l of the experimental data mentioncd above were taken with a
probe fixcd rclative to mcan surfuce by continuous sampling, and thus
yicld information whigh is of little use in dcfining the details of the
air flew pattern necar the water surface. Before the investigation of
this study, Schooley's (1963) local mean velocity profiles at secveral
positions along water waves appcar to be the only mecasurements con-
cerning the instantancous local properties near the air-water interface.
This type of data yields flow configuration in the vicinity of air-
water interface, 'which give a direct test of the validity of theoreti-
cal models. It secms appropriate therefore to investigate the boundary
layer over.watcr in more dctail with particular attention to the region

close to water surface.
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Chapter 11

OBSERVATIONAL CONSIDERATIONS

The properties of air flow over a moving water surface can be
observed from scveral different points of view. In this chapter the
differences in measurements with a fixed probe and a probe which
follows the wave motion will be discussed, and methods developed for
obtaining the velocity parameters for the two different rcference
coqrdinatc systems, will be described.

2.1 Notation

An orthogonal Cartesian coordinate system (x,v,z) will be used to
specify the positions in the physical space. x is the longitudinal
downstrean direction, and the original x = 0, is located at the down-
stream edge of the aluminum plate that covers the water ncar the inlet
of the tunnel. y 1is the vertical direction taken upwards from the
mean water level. p is\thc lateral direction. For the measurements
taken with respect to the moving water surface, the distance from the
point of mcasurement to the moving water surface is defined as £.
The velocity components are (u,v,w).

2.2 Interpretation of Air Flow Mecasurcments over a Moving Water Surface

Three types of measurcments can be performed to determine the
air velocity field above progressive water waves. The first type of

measurcment, which will be called fixed probe measurement, is made at

a fixed point reclative to a fixed reference frame. The height of this
point is defined as the average distance above the mean water level.
Quantitics obtained for this casc arc identified by the subscript f.

The main portion of previous mcasurements over water have been taken
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by this method. The sccond type of measurement, which will be called
moving probe measurenent, and deaoted by the subscript 0, is made
at a poiﬁt that has a fixed distance from the moving water surface at

any instant. The third typc of mecasurciment, which will be called

short time local mecasurcment, is made at a point that has a defined

position with respect to the crest of a particular wave.

The first two types of mcasurements yicld overall mcan properties
of air over a wavy surface containing many Fourier components. Both
pertain to the samec mean water level, but the air flows encountered
by them are different. This is illustrated in Fig. 1.

These two reference frames can be made the same by suitable
transformations of coordinates. Suppose the surface wave-form is
described by the real part of the following equation

n =a exp [ik(x - ct)] £2-1)

Then the transformation between the two frames of reference is:
x=x"; y=y'" + a exp(ikct); z = 2"; t = t! (2-2)

where (x,y,z,t) and (x',y',2',t') arc the space and time coordinates
in both the fixed and the moving frames respectively. Shemdin and Hsu

(1967) have shown that a function f(x,y,z,t) can be described by

f(x,y,z,t) = flx(x',y',z',t), y(x',y',z",t"), Z(X',y’,Z',t').,
tix',y',2',t")] . (2-3)
1t follows that
of _of ,af _af . 3f  3f
ax  ox' 7 3y' Jy' ’ sz  az'’
%% = 3 - ikac oxp [ikct]—g—;, (2-4)
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Shcmdin and Hsu (iOO?), also conc]udod that the solutions of the lincar-
ized boundary-valuc problem of infinitesimal waves, such as that ob-
tained by Miles (1957), arc chually valid for the flow ficld in a {ixed
or é moving frame of rcference, since the Orr-Sommerfeld equation and
thc boundary conditions for a flow arc the samec in both situations.

The local properties of air flow can be obtained from the moving
reference frame by the simultancous mcasurements of the instantancous
velocities and water surface displacements, with suitable sampling
and averaging. Before the detailed procedurc of determining the leocal
properties can be described, the concept of moving probe measureacnts
neccds to be further explored. In the following the primes of.tho
space and time coordinates in the roving framc will be dropped and the
y' will be replaced Uy £ . The coordinates of the moving refcrence
sysicm bcccmc'(x,g,z,t).

2.3 Velocities Obtained from Moving Probe Experiments

The instantaneous velocity of air in the direction of wave propa-
gation as obtained by a moving probe consists of a time mean ﬁ;, a
randon component duc to turbulence ué » a velocity componcnt ﬁo,
duc to inviscid streamline displacement and duc to mean velocity

variation along probe motion. Thus,

u (x,6,2,1) = U (x,6,2) + ul(x,8,2,t) + §_(x,E,2,t) (2-5)
Here the quantity uy is highly ovganized and is assumed to have no
correlation with turbulence. For fixed probe measurements, the

instantancous vclocity can also be expanded into a similar expression,

bearing in mind that the components at y = ¢ ave not nccessarily equal

to the corrvesponding comnonents of the moving probe mcasurements.
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The contribution of the inviscid streamline displacement from

N

potential flow thecory would decay os c_k’ . Most of the contribution
to Go results, however, from mcan velocity variations along probe
motion and is duc to the existence of velocity gradients, i.e., is a
viscous effect. It must be determined experimentally. But at large
distances away from the air-watcer interrace the inviscid streanline
squcezing is no longer important, and the mecan velocity profiles can
be considered stationary and spatially constant. 7Then, the magnitude
of the velocity component duc to probe motion can be estimated from an
assuncd velocity profile above mecan water level. Let the vclocity

profile be described as

u
u(y) = 2* 1n Z- (2-6)
B Y
o
wvhere u, is friction vclocity, x von Karman's universal constant,

and Y, @n effective roughness parameter. Then, the amplitude of

-

i al t
u, 1s equ to

"
!I-
—
T
|+
| e
!

SO+ @) - uly - 2],

= e [ :g]y—g . (2-7)
For '§'< 1, Eq. (2-7) may be expressed in a series:
PR N MR 1. - (2-8)
Evaluating the rms of Go from Eq. (2-8), one has
@212 207 PGy e (2-9)

This component depends on the friction velocity and the ratio of the
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amplitude of the water waves to the height of the probe above the nmeun
water level. The component is independent of the wave frequency.

If a hot-wire probe is usced as a scnsing element in moving probe
measurencnts, and the vertical distance traveled by the probe is de-

noted by p(t), the velocity scased by the wire held normal to- the niean

flow is

. ; > dp >

L = e ' ~ z ) : 9Py -

u = (uo Ul uo) i+ (\o * v, # dt) j (2-10)
or

-> s

_ o 1 NP ' 7 S]_Il 211/2
Iuol [(uO +ul+ uo) + (vo + v+ 59 ] (2-11)

' dp . : . "
where a%— is the probe velocity which is the rate of change of water

surface elevation at the given point, i.e.,

%¥-= - akc sin ket . (2-12)

Equation {2-12) can be expanded as

e
ugl = L@, + 802 + 20, + 8 () + )7 + (v) + v+ 211/
2(u") (U2 + (v!' + v+ dp/dt)2
= (o, + G )01+ L. Dved 1Y% (2-13)
et e
(u0+d0) (UO ¥ uO)

By the binomial expansion, Eq. (2-13) can be expressed in a series

- (u") (u') + (v' +v_+ dp/dt)?
lu | = (0 +a)[1 + 2 B ot g g + === .
° A (u +u) 2(u_ + 0 )2
(o] (o] 0o (o]

(2-14)

This expression can be approximatcd to the following, under the

. — o - dp
ssun s tha + >> v it v g e hi
assumptions that (uo uo) Vos Ugs Vos Jp 3 and that the high

order terms can be neglected:

->
lu | = fu, +ul o+ u | (2-15)



17

- = . : . dn
The result shows that the effect of probe-induced perturbvation, a%',

is not important. From now on u, will be designated as fluctuetion
duc to the cowbination of wave and probe motions.

2.3.1 Mcasurcd mean anﬂq}lgpglcnt gyﬂgtitigs

From Eq. (2-15) the mcan velocity Gg, and the necasured root-

1/2

mean-square of

velocity fluctuations [uém] obtained from continuous
sampling by use of a hot wirec at a fixed distancc from the moving water

surface, are equal to

T
— .1 N 7
u (x,6,2) = lim o5 [ u (x,£,2,t) dt (2-16)
T =T
and
Z = " o-
[uém] {[(u_ + u o+ uo) uo] }
- (6% + 20 + ur?]}/?
oo 0
'".‘2" Z.1/2
= ! ~17
[u0 +ul ] (2-17)

since uou' = 0 according to assumption.

Eq. (2-17) indicates that the contribution of ﬁg nust be

——

determined independently to separate -:33 from ﬂo?. The presence
of the ﬁo component also will be found in the spectral density if a
long record of roving probe measurcments is consjidered as a sample
rccord of a stationary time scries. A possible method of scparafing

the turbulence from the probe and wave induced motions is considercd

in the next section.

2.3.2 Separation of ué‘ fron uo2

The turbulence can be separated from the measured quantity by

corrclating the compenents of velocity u' = u' + u_ with the
© ‘ onl o o
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simultancous wave record, provided that the fluctuation ug is lincarly
related to water surface un'nlation n , and turbulent wotion u' is
not correlated with the surface undulation. The experinental results
which are shown later (p. 88) indicate that the phasc shifts between

-~

(o] . . .
u, and n are less than 107, With the lincar assumption, we can

~

express u_ as

Go(x,g,z,t) = bn(x,0,z,t) (2-18)

where n(t) 1is water surface clevation and b is a transfer

cocflicient with dimension [T]-1 then,
un = un = V) V2 (2-19)

or

= el (2-20)

Consequently, Rﬁ n(%,0) decnotes the fraction of the measured turbu-
: o

lent intensity at a point which is associated with the wave and probe

motions. The turbulent kinctic encrgy ué? then can be estimated from
12 o gyt 2 . 2 12
= u -u- = (1 -R u . -2
Yo om 0 ( uon) on (2-21)

2.3.3 Estimation of turbulent encrgy spectrum from moving probe

measurcrnients

If the lincar rclation betwecen Uy and n 1is extended to every
Fourier component, we can scparate the turbulent energy spectrum

Su,u,(f) from the measured spectrum Su . (f). This type of analysis
00 0o ‘



19
was adopted by Lubasik and Crosch (1963), and Bowden and khite (1966)
to scparate the turbulence {rom orbital velocities associated with the
waves thenmsclves,
The cross spectrum of velocity u0 and water clevation n can

now be assuned as

Sy o () = Sg

J R (f) =b' (f) Srm (£) (2-22)

n

where b' (f) 1is a transfer function. The spectrum of necarly periodic
fluctuations associated with wave and probe motions is equal to

: - b'? (F )
sGouo () = b2 (£) s (£) (2-23)

Corbining Eq. 2-22 and Eq. 2-23, onc finds

- 2 ‘
[Su n (f) ] b'? (f) o2 () Sﬁ 4 (f)
o T M m . Too
Su . (f) Sn” (f) Su u (f) Sn” () Su u (1)
0O 0 O O 0O 0

(2-24)

This quantity is the coherency Coh{J " between velocity and surface
o

elevation, which denotes the fraction of measured turbulent cﬁcrgy at
a certain frequency which is associated with the wave and probe
motions. By Schwartz's inequality, the coherency is always bounded by
unity (Lumlcy and Panofsky, 1964), Its'value is achieved only when
the Fourier components of ﬁo and n have proportional amplitudces
throughout the cnscrble. Once the cohercency is known the spectrum of

turbulencc can be obtained from the relation:

Syrar () = S, (0) - S5 () = [1-Cohy (D] S, (£ (2-25)
00 O 0 0O 0 O 00

2.4 Observation of Local Air Flow Proportios

As the Iover boundary of air flow moves and the water surface

is composed of a great number of wave compoacnts which are different
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in size, shape, and velocity. Thercelore, the characteristics of the
air flow over a wave is of JTittle statistical significance. Neverthe-
less, the wind generated waves consist of a pattern in which a particu-

lar wave appcars rcpeatedly. Thesc waves, called dominant waves con-

stitutc a well defined entity for which an associated velocity ficld

can be defined. Individual waves of the "dominant'" class deviate only
slightly from a mean dominant wave, and the mcan of the enscmble of
thesc waves can be found from well known statistical methods, applied
for examplo,.to a sample of the n highest waves in a recording of
water surface displacement. Thesc waves may be identified in the record
and the associated velocity ficld can be obtained from simultanecus wave
and velocity rccords. The detailed procedure is described below.

2.4.1 Avcrage dominant waves

Since the large amplitude dominant waves in a wave record usually
have a better defined shape than other groups of waves, and the air
flow above them is least affected by the neighboring waves, the average
dominant waves arc defined from a samplc of the highest waves. To
derive an average dominant wave, a sufficient number of the highest
waves, say n, is picked from the record by scanning the wave peaks.
The average dominant wave is obtained by aligning the peaks of the
chosen highest waves at the samc reference abscissa and averaging the
ordinate valucs.

If thé time of passage of thé peak of each chosen wave, as measurcd

by a wave gauge, is denoted by , then the average dominant wave,

Tpi

n , can be found by convolving the water surface elevation record

n(t) with a Dirac delta function and obtaining the averages by writing

(sce Fig. 2 as follows:)
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] N T
n(T_ + jat) = — I [ n()6(r . + jat - t)de (2-26)
- P T i=10 P
where T is the duration of wave rccord, At is the spacing of data
points obtained in thc process of digitizing the wave record, the under

bar indicated the ensemblc averuge defined as n = n, and j = 0,

) 83 ™

1, 2, ..., q 1is chosen so that qAt 1is larger than a dominant wave

~

period.

The resulting lowest avcrage points on both sides of the peal. arec
then defined as troughs, and the distence between them is defined as
the average period. The average frequency, the reciprocal of the
average period, will be equal to the dominant frequency associated with
the spectral peak.

2.4.2 Local air flow properties

After a sample of dominant waves is obtained and identified in
the digital rccord, the air velocity data corresponding to the choscen
waves are deternined over a specified time range at various positions
above the water waves with respect to their crests, as shown in Fig. 2.
Over this short piece of instantancous velocity record, the mean, the
turbulent intensity and the spectrum can be calculated. This time
range At' for short time averaging should be short enough to reveal
local mcan flow characteristics in the air and to avoid trend problems
in spectral analysis. The so-called trend problems are due to the
existéncc of a slowly varying component of velocity which always keeps
the auto-correlation function from going to zero. On the other hand,
the record should be long enouzh to includc the fluctuating componcents

in the frequency range of intercst. The duration of this time range

will be determined in the next chuapter whercin At'  is chosen as  2At.



The local nean velocity U [, T+ (2) + 1)at], at given

points with respect to the peal of average dominant waves, is found

by the following

' " 1 Tpii(2j+2)At
u 6,7+ (2] + Do) = w ¢ 50 / ug; (E,t)dt
T .+2jAt
p -
T

where uoi(g,t) is the instantancous velocity reccord corresponding
to the ith chosen wave. The usc of time Tp + (2j+1)at  is to
identify the position of the velocity record with respect to the wave
pcak, not to show the "time" dcpendence of mean velocity at a certain
point. We regard EO[E, Tp + (2j+1)4t] as equivalent to the velocity
distribution uo(E,x) above a particular wave in a spatial basc.

Each short time-local mcan G;i may deviate {rom cnsenble local

n

A | . .
mean u_, the quantity — T (u_. - u)2 = 02 which will be called
-0 no oi - a

the variancc of the short time mean. If the velocity deviation from

the mecan uoi[é, 1pi + (2j+1)4t]  is denoted by uoi[g, Tp + (2j+1)at],

the enscrble mean of turbulent kinetic energy at a certain point is

obtained from the following relationships (sec Fig. 2):
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. T_.+(2j+2)6t
;T;-[C,T, (2j+1)at] - L g ?}{) /p (ﬁ;}lu”i-u )2dt
= P | T .+2jat oL &
pl
¥ P 27 L
1 " 1 Tpit (eIt 2 1 - 2
_— o n x "
" n 'El (£ 2At [ (uoi) o " a iEl (uoi EEB
A= T .+2jAt -
pl
— , > e A i
ug [f,,'rp (25 + 1) ot] + o7 [£,Tp t (2) + 1) bt] (2-28)

The second term is the variance of individual short time mean, in
relation to enscmble mean, which represents the contribution of kinetic
energy from the low frequency range.

In a similar manner, the enscable mean Su'u'
0 0

[£,6,T,£(25+1) ot]

of turbulent energy spectrum at a point, in rciation to the pecak of

the average dominant wave is obtained from the relation:

n
’ . . 1 . & . .
SU'U' [f,E,’lpi(ZJ'*l)l;t] = =4 .2, Su'-u'. {f,c,,']pii’(?_]-fl)[\t] (2-29)
0 0 i=1 "ol oi
S , ., is the spectral estimate from a single picce of short time
oi oi

record. The technique of Blackmen and Tukey (1958) will be used to

|
calculate S | .

oi oi
For the above computations, quantities obtained from each individual
piece of record are not very reliable. However, after an ensemble
average of many cstimates is obtaincd from the data over many almost
idcntica1~wavcs, the reliability should be improved greatly, The

reliability of estimations will be calculated in the next chapter,

’



25

Chapter T1I
APPARATUS, EXPERIMENTAL PROCEDURLE AND DATA
REDUCTION TLECHNIQULS

This chapter presents a detailed description of the facility and
the associated instrumentation, actual experimental procedurc, and the
data rcduction techniques, The experiments were performed in the wind
tunnel flume combination at the Fluid Dynamics and Diffusion Laboratory
of Colorado State University. The cquipment consisted of the basic
facility, the devices for measuring air velocity and turbulence, the

water surface geuge, and the self-adjusting probe positioner,

3.1 The Wind Tunnel Flume ngpiﬂgtion

The wind tunnel flume combination shown in Fig, 23, has bcen
described in detail by Plate (1965). It consists cssentially of a
water tunncl over which a wind tunnel hLas been constructed so that
the air flow joins the water surface tangentially, The tunnel is
0.61 meters wide by 0.76 meters high, and has a plexiglass test
SC;tionabout 12 meters long. The flume is hydraulically smooth
everywhere., Sloping béachcs of aluminum honeycomb at the outlet
prevent reflection of water waves., A smoothly sanded aluminum plate
standing on legs 10.6 cm above the floor of the tunnel was extended
from the inlet of the tunnel to 5.0 m of the test section. At the
junction point, the water was blocked by a vertical aluminum wall so
that a standing body of water was obtained downwind from the edge of
the plate., The water depth was adjusted in such a way that a continuous
and snooth transition from the plate to the water surface was provided

when the air was blowing., An axial fan controlled the air discharge
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ihrougﬂ the tunncl. The presence of the plate alineed the dcvc]épLont
of air flow to an cquilibriun condition before approaching the water
surface. Together with a sct of finc mesh screens and o honeyconb at
the tunnel inlct and.just upstream of the outlet diffuser, it tendad to
ensure that various features in the air velocity ficld such as mean
velocity profile turbulent intensity, scale, and distribution at the

beginning of the water surface, corrcsponded to that obtaincd over a

smooth flat platc (tless, 1968),

5.2 Nessusemen(y of betey Surfece Dlevations

The disﬁlacencnt of the water surface was mcasured with a
cepacitance gauge and a measuring circuit which had been developed
especielly &s a signal scurce for the sclf-adjusting probe positioncr,
The probe consisted of a 32 gauge nyclad insulated magnet wire which
wac stretched vertically across the tunncl in the center of the
cross section, The copper wirc and the water acted as two coidenser
plates with the insulation coating as the dielectric mediun, The bare
ends of the positive conductor were completely insulated from water
with General Electric Company's RTV-108 Translucent Silicone Rubber
" to prevent any short circuits due to direct contact with the water,

The bridge is a solid state instrument which gives a varying
D.C. voltage output proportional to water level, The D.C. level and
the A.C. gain wvhich control the seansitivity are controlled by two ten
turn dial potentiometers on the front panel. The schematics and block
diagramsbbf the capacitance bridge are shown in Fig. 4, The output of
the Wien bridge oscillator is féd to the input of the zero suppression
and filter beard. The signal from the probe is applied to a low

impedance transforier., The resulting signal is amplified by an A.C,
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amplifier (#A.5) and is then rectificed by the diode and capacitor
. nctwork of the filter and suppression board. The resulting D.C. vol-
tage is amplified by the D.C. amplifier (#A.6) and fed through a low
pass filter to become the output of the capdcitance gauge.

The wires werc calibrated before and after each series of experi-
ments. The wetting effect caused by the wire insulation watcr absorp-
tion, which changed the calibration curve slightly, was practically
eliminated b} submerging it for more than onc day. A lincar relation-
ship betwcen water depth and the output voltage of the capacitance
bridge was obtained by changing the water depth slowly and steadily.

A typical calibration curve is shown in Fig. 5.

The output signal was fed to an Ampex F.M. tape recorder, type
FR 1300. The analog data were then digitized for statistical analysis
with a CDC 6400 digital computer. The detailed procedure will be
described in the last section of this chapter.

3.3 Measurements of the Mcan Velocity and Turbulent Fluctuations

Wind velocity profiles in rcference to the mcan water level were
measured by a pitot-static tube fixed in space in conjunction with a
Trénsonics Equibar Type 120, electronic micromanometer which had been
calibrated against a standard water manometer. The actions of the wind
on the water, which was initially at rest, resulted in a change in the
mcan water level from the initially horizontal condition. The change
in the mean-water-level was determnined from readings of piezometer taps
spaced 1.22 meters apart along the floor of the tunnel. The difference
was added to the original water level to yicld the mcan-water-level
under the action of wind. A 0,318 cn 0.D. pitot-static tube was mounted

on a carriage vhich could be positioned anywhere in the tunnel. The
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driving mechanism of the carriage allowed the probe to traverse
vertically.

Velocity profiles were taken at two stations along the flume,
one over the plate, the other onc at 8.5 m from the dewnstream edge
of the aluminum plate. The velocities were calculated from continuous
plots of pressure difference versus time for onc minute at various
heights on a Moseley, Typc 135, x-y plottcr. All data in this study
were taken at two reference velocities of 7.7 m/scc and 9.8 n/sec which

are called case 1 and casc 2 respcctively. These reference velocities

verc measurcd by a pitot tube located 1.3 m upstream from the edge of
the plate at a height of 30 cm abeve the plate. A constant valuc of
air density was uscd to convert pressures into wind-stream vclocity
profiles.

Fluctnations in the longitudinal componcnt of air velocity were
mcasured with a constant tempcraturé hot-wire anemometer, Disa Model
55 AOl1. The hot wire sensing elenecnt was made of 0.0005 cm diamcter
tungsten and was mounted on steel prongs held by a ceramic probe. The
hot wire was calibrated against a standard pitot tube in the free
stream at scveral mean velocities in the range of interest. A typical
calibration curve is shown in Fig. 5. The pitot tube and the wire
were nounted side by side in the tunnel, and care was exercised fo
assurc that pitot tube and hot wire probc were scparated by sufficient
distance to prcvent either onc from disturbing the flow past the other.
The best fit straight line woas drawn to reclate the square of the voltage

2 : : .
output e and the square root of corresponding air velocity Ju :

ez = AVu + B



The sensitivity, du/sc , calculated from the above cquation was then
uscd to convert analog outputs back to actual physical quontities.

The ancmomcter output was rcad on a Bruel and Kjaer, Model 2416,
truc rms voltmeter, which measurcs 99% of the fluctuation signal
above 2Hlz, and the turbulent signal was recorded on an Ampex, Type FR
1300, tape recorder for spectral analysis. The spectra of these
records were determined with a Brucl and Kjacr, Model 2109, analog
spectrum analyzer with proportional one-third octave filters. The
lov frequency range of the spectrum was determined with a Technical
Products, Type TP 627, spectrum analyzer which hes constant band width
filters of 2Hz with a continuously variable center frequency.

3.4 Measurcments of Air Velecity by the Moving Probe

3.4.1 The system for the self-adjusting positioner

To measure air velocity above the interface of progressive wind
waves under unsteady conditions, a servo-controlled probe positionor
was developed. It consisted of a mechanical system and an electronic
circuit, which allowed a velocity sensor to always mecasurc velocities
at a fixed distance from the water surface within small error limits.
The self-adjusting probe positioner was built on a principle of a
negative fcedback control system. The signal from the capacitance
wave gauge is the forcing input and the position of the probe is the
response output. The control electronics and the mechanical system
of the positioner arc shown in Figs. 6 and 7, respectively.

The mechanical system consists of a hot-wire probe, a position
potcentiometer, a drive motor, a drive drum, and two nylon pulleys which
are attached to a T-shape rigid brass rack. Efforts were made to

mininize the weight of cvery moving component., A thin and rigid
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ceramic hot-wire prebe scerved as velocity scnsor in this specia)l
experiment. The probe was inserted into a stainless stecl support
tube which could move frcely up and down between two Teflon guide
bearings. The position potentiometer was made of two brass resistive
coils attached to a phenolic frame. The drive motor used was a
Moseley, Type 10822, 12 volt D.C. motor as used in x-y plotters. The
complete mechanical system was clamped to the carriage of the wind
tunnel flume.

During the operation the relative elevation between the sensing
probe and the perturbed water surlace could be preselected by con-
trolling the traverse position of the carriage and D.C. level of the
capacitance gauge.

The principle of operation is shown schematically in the block
diagram of Fig. 8. As soon as the water surface elevation changed,
the comparator would detect an error voltage between the control
voltage from thce capacitance gauge and the potential coming from the
position potentiometer. Through a power amplifier, this error voltage
drove the motor in a way tending to restore the presclected relation-
ships. The motor, accompanied with reduction gearing and friction
clutch, actuatced the rotary motion of the drive drum. A cord with
tension springs over the drive drum and nylon pulleys in turn caused
the wiper mounted on the support tube of the hot-wire probe to slide
along the position potentiometer. The signal from the position
potentiometer was again fed back to the comparator. In this fashion,
the distance between the hot-wire probe and the instantancous water

surface was kept the same at all times.
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A'diffcrcnt design of a wave follower was uscd by Shemdin and
Hsu (1966). This device was uscd to hold a pressure scnsor at a
fixed distance above mechanically generated waves. The basic prin-
ciple of their oscillating device is similar to that of the sclf-
adjusting probe positioner used in this study., Although Shendin and
Hsu did not give detailed inforiation on the dynamic characteristics
of their system, it is rather likely that the considerable inecrtia
cffects associated with their mechanical system restrict its applica-
biiity to simple mechanical waves where the phasc lag between a sensor
and water waves can be externally adjusted. For small wind waves,
the dominant frequency is much higher and the dynamic response of a

wave follower is rcquired to cover a wide range of frequencies,

3.4.2 Dynamic calibration of the self-adjusting positioner

~

It was assumad that the fecdback system of the probe positioner
was lincar. The signal for the water surface clevation from the
capacitance gauge was the input to the system, and the signal for the
position of probec positioner from the position potentiometer was the
output, The ideal wave follcwer should follow water surface contours
instanteneously without phase shift and without any amplitude attenu-
ation or amplification. The dynamic characteristics of the real system
could be evaluated from relationships between known inputs and outputs,
The transfer function of the lincar system was obtained from the cross
correlation of water waves and positioner position. The input-output
corrclation function is the convolution of the input autocorrclation

with the unit inpulse function responsc (Plate, 1967),
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where subscripts w and p  denote the s_gnals of water waves and
probe position respectively., The corrclation function of x and y
variables is defined as

o

Rxy(1) lim %T‘ [ x(t) y(tet) dr . (3-3)
T~

-

. According to the convolution theorer: of lincar system, the Fourier
transform of a convolution is the product of the Fourier transforms

of the two convolved functions, but the fouricr trensforus of RVP(T)
3

are ZnSwp(w), that of R is Znva(w), and that of h(1) 1is the

W’ \.'7

transfer function H(w). Here, Svp(u) end Swv(u) are cross spectrum
. ¥

of water waves and probe positons, and spcctrum of water waves

respectively, Mathematically, the cross spectrun  Sxy(w) is defined

as

Sxy (w) = %;—f: Rxy(r) e ¥Tar (3-4)
Consequently

Swp(w) = H(w) S, (w) . (3-5)

The gain |H(w)| and phase angle ¢(w) of the transfer function H(w)
were then determined from the input power spectrum Sww(w), and the
cospectrun Cowp(w) and quadraturc spectrum pr(w) of the output
were determined respectively by Fourier transforming of the even and
odd parts of the cross correlation function pr(r), Ewp(t) and
OWP(T). The relationship anong these functions is given by the
following:

(==}

Cowp(w) = 5= / Ewp(r) cos wrtdt (3-6)

-
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pr(u) = -%»“— f Ow;)(l') sin ot dr (3-7)
Rapttd = B tx) # 0 (o) (3-8)
@) | = e~ (i, @17 + (o (@] 5-9
Sww(u)) \/ wp “ [Q‘,p w) ] ( )
and
-1 \'n(w)
¢(w) = tan E‘EL"(—E) . _ (3-10)
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An example of such a calculation is shown in Figs, 9 and 10,
The data was taken during actual experimental measurcnents,

The results indicuic that in the neighborhood of the dowinant
frequency of the wave spectruw, 2,2 Hz, the gain of amplitude is
within 5% and thc phasc lag is less than 0,05w, These errors arc
mainly duc to incrtia cffects of the mechanical system., The bump in
gain at frequencies around 15 Hz could casily be reduced by adjusting
the darmping cocfficient of the system, It was considered that thc
appecarance of this bump would not affect the performance of the self-
adjusting positioncr at the chosen experinental conditions,

The squarc of the spectral correlation, that is, the squared

coherence was defined as:

2 . 270 2
Coh  (u) = 18,17 Cop ") * @00
wp S S o“w(w) bpp(w)

WW pp

(3-11)

This relation is also shown in Fig. 10, The simultancous Brush
recorder traccs of the signals of water waves and positions in Fig. 11
demonstrate visually the excellent performance of the self-adjusting
positioner over the waves of interest.

.3.4.3 Data collection procedure

To measure air velocities at a fixed distance from the instan-
taneous water surface, simultanecous records of air vclocities, water
surface elevations, and locations of probe positioner were required,

A block diagram of the data collection system is shoun in Fig., 12

Before any actual measurcments were made, the hot wire probe, the

wave capacitance probe, and the position potentiometer were carclully

calibrated. The principle of the feedback systewm of the sclf-
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adjusting positioner is to muintain a presclected relation by
always attempting to climinute the crrer voltage. Hence, the
scnsitivities of wave gauge and positicn potentiometer should be the
samc, so that the difference between the real physical quantities,
the distance between probe and water surface, could be maintained.
An attcnuator was introduced to regulate the sensitivity of the wave
gauge to get identical changes in water surface elevation and the
problc positioncr,

The mcan D.C. output of the hot wire ancinonecter, which gave the
mcan air velocity at a fixed height above the instantaneous water
surface, was rcad directly from a digital voltmeter through an
eclectronic intcgrator. The time mean of velocity fluctuations was
obtained with a Disa, Type 55035, RMS valtmeter, which has a built-in
time integrator and measures 99% of fluztuation signal in the range
of 1 Hz and 400 KHz. The intcgration time constant used in mecasurc-
ment was 30 sec. Since the D.C. level carried by the hot wire
ancmometer exceeded the dynamic range o the Ampex FM tape rccorder,

a known D.C. level was bucked out with a suppression circuit, so that
the signal could be recorded properly and reccovered later for data
analysis.

At every chosen height with respect to instantancous water level,
the signals of air velocity, water waves, and positions of moving
probe were recorded simultancously on megnetic tapes at the spced of
30 ips for 5 minutes. Each picce of recording was called a "run". The
intervals of heights among runs were chosen in such a way that the
mecan velocity of turbulent air in the vicinity of the air-water inter-

face could be mapped out. The smallest height intervals were 0.25 cm.
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The lowest clevation above the water which could be obtained with the
probe position was about 1 cm, Below this height, occasional water
droplets began to disturb the hot wire signal. For each casc there
were 36 runs,

3.4.4 Digivization of snalop data

Continuous magnetic recordings of air velocities, water waves,
and probe positions at fixed heights above instantaneous watcr surface,
were digitized by the Analog to Digital Data Conversion System (ADDCS).
Model 751, produced by the Electronic Emgincering Company of California
for the National Burecau of Standards, Boulder, Colorado.

This unit can convert data at retes up to 40Kz and preparc
magnetic tapes in a format compatiblce with CDC 6400, CDC 6600, IBM
7090, ctc. Recording may be either low density (200 characters per
inch) or high density (556 characters per inch). Block length may be
preset to contain a maximum of 1024 digits.

On the CDC 6400 of Colorado State University, which was used for
digital sampling and computation, the maximum blocking factor is 512
60-bit central nenory words per physical record, of which 510 words
a;e data items. Based on the specificetions of the units and the
range of interests in data analysis, the 5 Kz sampling rate, high
density reccording, and a block length cf 90 60-bit words were chosen.

For every run, simultancous analog rccordings of 3 signals from
hot wire, capacitance probe, and position potentiometer were digitized
in sequence for 2 minutes; i.e., every signal was digitized at the

ratc of 1667 points/scc. resulting in 200,000 total data points with

0.0006 scc. spacing between points.
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3.4.5 Statistical sonnling and averaging of digital data

In the digital analysis, all quantitics were always converted
back first to their real physical values through proper calibrations
before any sampling or calculation was made. Hence, the signal dis-
tortion which might arise from the nonlincarity of hot wire ancmomcter
for other techniques will not be encounzered. This technique had
previously been used by Karaki (1968).

By trcating the whole rccord of digital data for a run as a
sample record of a stationary time series, onc can analyze many sta-
tistical properties of thc air and water mctions. The results of this
analysis such as probability distributicns, statistical moments, various
corrclation functions, and cnergy spectra will be discussed in the
following chapters. The matheinatical ard physical foundations for
analyzing these random data will be described with the presentation
of results.

The technique for the computation cf spectral density functions
was the same as that used by Hidy and Plate (1966), who essentially
followed the method discussed by Blackman and Tukey (1958). The
digital data of the water waves were first pre-smoothed by using the
mean of every twenty-five data points. This filtering process retains
the real encrgy produced by the water waves, but removes most of the
noisc picked up by the signal during the measuring, recording, and
digitizing process; th¢ interval betwecen average data is still only
0.015 scc. and the encrgy contained in frequencies greater than the
folding frequency of 30 Hz is not believad to be significant. The

maximum lag tmﬂx was chosen at t _ 100At  yiclding degrces of

<. <
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200,000 L, < :
~Or { I = 2 SR, koA - - . 'I R - ” 5 %
freedom q ( 2% % 107 4) 160 he final results have an 80
confidence bund of approximately £ 15%. For the calculation of the

spcctra of air velocity fluctuctions, ~he number of maximum lag was
400. For each spectral estimate, there were 1000 degrces of freedom
with a resulting 80% confidence band o * 5%. Thesc figures were
obtained from Rlackman and Tukey (1958, under the assumption that
the cnsemble of spectral estimates is given by a chi-square distribution,

The most important information obtained from thesc data relates
to the local properties of air at diffcrent heights and positions with
respect to water waves. The local mear velocity, turbulent intensity,
and energy spectrun, at a specified point with respect to the pecak of
an average dominant wave, were calculated with the statistical method
which was developed in Scction 3 of Chapter II. In the actual data
reduction process, the sample nwrber n  was chosen as 20, and the
time spacing At as 0.015 sec. The timne range At' for calculating
local air flow properties was 24t = 0.03 scc.; which was equivalent to
approximately cne-twelfth wave period axd contained 50 digitized data
points., The maximum nunber of lags for local turbulent spectrum cal-
culations was choscn as 25, yiclding a frequency range from 33.3 Hz to
833.3 Hlz. The reliability of estimating the local properties through
the enscmble averaging is discusscd in zhe following section. |

If the 20 short picces of record ace assuned equivalent to a

single reccord with 20 At' duration, the degrce of freedom for local

20 x 0.03 1

spectrum calculation, will be cquivalent to q = z(ig*i‘ﬁ"bﬁﬁz" 2

)= 80.

Under the assumption that the enscwble of spcctral cestimates is given

by a chi-squarc distiibution, the result will have an 80% confidence

band of + 20%. Sincce cach piece of short rccord is independent of the



48
others, the reliability of the experimental result would actually
be better than the calculated variation of £ 20%. We may expect the
same confidence band for thc turbulent intensity estimations. For
the mecan velocity, if 20 cvents of local mean velocity approximately
obey a normal probability law, we will have 80% confidcnce that the
sample averages will be within % 0.28¢ of the enscmble average, where

o 1is the standard deviation.
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Chapter IV

EXPERIMENTAL RESULTS

The ckpcrimcntal investigations performed in this study were
restricted to a fixed fetch where wind gencrated waves were fully
developed in the scnsc of Plate et al. (1968) and the average ratio
of wave celerity and air friction velocity is closec to one. In this
stage of growth, only wavc components with spectral densities lower
than the limit denoted by Phillips equilibrium curve (to be cxplained
later) tend to increasc with fetch so that the wave spectrum is main-
taincd ncar equilibrium in the high frequency range of the spectrum,
The typical geometry of the water surface which specifies the lower
boundary for the air flow is prescnted first.

4.1 Geonctry and Statistical Properties of the Water Surface

A typical record of surface displacements is shown in Fig. 13.
Such records demonstrate how the water surface displacements vary
continuously and irrcgularly with time. The waves appear in groups
which usually contain about 8 waves of ncarly constant frequency.
Thé appcarance of a modulation envelope means that the waves oscillate
many times while their maximum amplitude slowly decreases and then
increasecs as a conscquence of the interfercnce among several Fourier
components.

To describe the geometry of water surface undulation, the proba-
bility distributions of water surface elcvations, their rates of

change, and frequeicy spectra of waves were calculated.
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4.1.1 Probubility distributions of water surface elevation

and their rates of_chnn;c

Measured probability distribution of water elevations are shown
in Figs. 14a and 14b. T7The probability density is plotted against
units of standard deviation. Two sets of data represented by dif-
ferent symbols are presented for cach case. The solid lines represcent
the Gaussian distribution.

The results consistently show that the water surface displacement
is only approximately Gaussian. This fact may indicate a weak inter-
action among different frequency components. The various Fourier
components can no longer be considered as linearly independent
(Phillips, 1966), thus violating the conditions required by the central
limit thecorem for thec tendency toward a Gaussian distribution. Kinsman
(1960) found empirically that the Gram-Charlier distribution gave a
better description of the water surface displacements. The Gram-
Charlier serics:

-2 -1/27? 1

(1 + em Ho + . . L) (4-1)

1
P(y) = (5;9 3ts

is shown by thec broken curve in Fig. 14. This form of distribution
also gives a slightly better representation of the data. Here, r is
equal to n/(ﬁ?)l/z, Hy = r3 - 3r is the Hermitc polynominal of

degree 3, and my is the skewness mg = 537(37)3/2

In Figs. l4c and 14d, thc probability distributions of the rate
of change of the watcr'surface displacement ©on/d3t = n,, ata
fixed fetch arc drawn. The rate of change of the water clevations at
a fixed fetch represents the vertical velocity of water particles at

the surface. Compared with the distribution for water surface
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displacement, the distribution of vertical velocity is closer to
Gaussian distribution,

The spatial slope 3n/3x of the wave train sccus to be a better
~quai tity to rcveal the nonlincar effects in the shorter components
and the significance of the ripples for the air-water encrgy transfer
(Phillips 1967). Although it is not possible to obtain spatial slopes
from single capacitance wire mcasurements, its distribution still can

be inferred from that of vertical acceleration, 32n/3t? = The

e
vertical acceleration of an elementary wave, a-cos (kx - 2w ft),
has an amplitude of (2wf) a., For gravity waves, this equals gka

The spatial slopc has an amplitude Kka. Therefore, the distribution

of accecleration (in units of g) and of slope (in radians) arc
equivalent,

The probability distributions of the vertical acceleration or the
inferrcd spatial slope are shown in Figs. l4e and 14f. Herc a Gaussian
distribution is no longer a proper epproximation. The most probable
vertical acceleration appcarcd as a narrow and sharp pecak, and is not
zero but 0.1 g, dirccted downward, The acceleration is taken as posi-
tive in the down-wind dircction. From the point of view of spatial
slope, the most probable value of 23n/3x 1is about 6 degrces, with
the azimuth of ascent pointing dovmwind, This result agrces in
general with Cox and Munk's (1954) results, They mcasured the sur-
face slopes directly from sun glitter on the sea surface and their
results are reproduced in the figure with a broken line. In the
present study, the most probable valuc observed is much higher than
theirs, Such a discrepancy might be the result of the contribution
from capillary ripples which are comparatively significant in producing

surface slope for laboratory wind waves,
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Plate ct al. (1968), in deriving the -5 envelope for the dom-
inant waves of the spectra, postulated that the maximum acceleration
is a fraction of the gravitational acceleration, a'g. It is inter-
esting that thc average standard deviation of vertical acceleration
obtaincd in this study is 344 cm/secz, which is equivalent to 0.34g,
which agrees well with semi-cmpirical value of a! = 0.29.

4.1.2 The frequency spectra of wind waves

The spectral energy function Sww(f) is the Fourier transform
of the calculated autocorreclation function for water waves. The
laboratory water wave spectrum has bcen studied extensively by such
investigators as Hidy and Plate (1966), Suthcrland (1967), Plate ct al.
(1968). The techniques of digitizing and filtering employcd by this
study, however, assurcd a sct of better data than thosc obtained in
other experiments for spectral estimations.

The results are shown in Fig. 15. The local maxima appear at
frequencies close to twice and triple that of the dominant peak
frequency fm. The best fit power law has been drawn over three
distinct regions at high frequency and of spectra, i.e., fm < f < me,
2fm < f < fc and f > fc' Here fc’ about 8 Hz in this study,
denotes the frequency where surface tension and the dissipatioﬁ caused
by viscosity became important. The resulting slopes in a double
logarithmic plot are -8 or -9, -5 and -3 for the indicated three

regions respectively.
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4,1,3 Average dominant waves

Average dominant waves were defined experimentally according to
the procedurc described in'Scction 3 of Chapter II, These arc the
waves above which local properties of air floﬁ are investigated. Two
typical average dominant waves with confidence band of estimation are
shovn in Figs. 16 and i7. The positions along the waves arc designated
by nurbers, so that they can easily be referred to later,

. The time axis can bé converted to a space axis by introducing the
phasc velocity, which is 0.5 m/scc and 0,65 m/scc computed from gravity
wave thcory bascd on H and p for casc 1 and casc 2 respectively,

As far as the local air vclocity properties above water waves are con-
cerncd, the space and timec presentations would not show any differcnce,

There is little differcnce between the levels of the troughs on
windward and leeward sides of waves, Their elecvations are represented
by a mean value., The distances arc defined as follows: average wave
height H = distance (crest, trough); average wave period p = distance
(windward trough, leceward trough); E; = distance (crest, windward trough);
5; = distance (crest, leeward trough). In case 1, H is 1.8 cm, and
5', 0.33 sec. In case 2, I is 2.7 cm, and ﬁ', 0.42 sec, By intro-
ducing phase velocities from gravity wave theory, the corresponding
calculated wave lengths are 16.5 cm and 27.3 cm, yielding the steepness
H/ ) , 0,092, for the first casc and 0,10 for the second case. The

ratio of the average slopes on both sides, i.e., Aw/l 3 XL/H = XQ/AL
= E@/ﬁL , approximately equals to 1.25, The average frequencies,
reciprocals of the average period, which are 3 Hz and 2.4 for cases 1

and 2 respectively, just equal the dominant frequencies associated

with thcir spectral peaks,
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Although the ripples riding over the dominant waves do not appear
in the profiles of the average waves, their influence on the air
flow propertics arc still rectained. The rcason is that the air veloc-
ity data were takcnvbcforc the averaging process was applied to obtain
avcerage dominant wave.

The set of average design waves calculated from several different
runs are considered to be the same. Ten average design waves for
each case arc superimposed on each other in Fig. 18 and Fig. 19. The
only difference results from the different D.C. levels of the capaci-
tancec probe.

4.2 Propertics of the Turbulent Air Flow over Water

In'this section, thc mecasured properties of air flow over the
water are prescnted, which include the mean velocity, RMS of turbulent
fluctuation and cnergy spectrum. The local properties over average
dominant waves are given first, The overall mean properties over the
mean water level, for both fixed probs and moving probe refercnces are
then inferred from the local values. The inferred values are compared
with thosc obtained directly by continuous sampling over many different
wiﬁd waves. In this manner, the sclf-consistency of the experimental

data are checked.

4.2.1 Sinultancous visual records of turbulent
~air and water waves

Figurc 20 shows a typical set of simultancous time records of
water surface displacement and instantancous air velocity taken with
a moving probe. The sequence of records were taken with the Brush
strip chart rccorder as function of diffcrent heights from the

instantaneous shape of the water surface under the conditions of case 2.
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They were recorded in arbitrary D.C. levels so that only the instan-
tancous velocity fluctuuation appears,

At a height well above the air-water interface (about four times
the wave height of 2 cm) air flow is completely free from the effect
of water surface motion (figs. 20a, 20b) and is characterized by weak
irregular oscillations with constant intensity. As the height de-
creases, the velocity fluctuations becomc larger, particularly above
wave troughs. The instantancous velocity then begins to reveal its
dependence on the relative position with respect to the wave. The
mean velocity corresponding to crests is higher than that corresponding
to troughs (Figs. 20c, 20d, and 20¢). Thz wave dependence is especially
evident in the air flow over higher amplitude waves in the wave train.
Thus, the air velocity at a constant height above the water surface
shows a vclocity ficld coupled with the wave pattern. With further
decrcase in height, the coupled appearance becomes more pronounced
(Fig. 20f and 20g). The air flow over the windward and lecward side
valleys has a completely different character, (FFig. 20h and 20i). A
much larger velocity fluctuation occurs over the leceward side of
crests., At places just behind the crests (leceward) the air velocity
reaches a maximum value and then falls sucdenly. The instantancous
velocity behind the crest is apparently laver than that in front of
the corresponding crest. These obscrvations give a strong suggestion
of flow scparation from the wave crest.

From previous qualitative observations, it is scen that the texture
of the air flow is considerably altered by the oscillations of the
water surface. The propertics of the air flow are significantly

different from position to position above zhe wave profile. To



66
understand the physical processes which occur at the air-water inter-
face, the determination of local turbulent air propertics above and
around water waves becones nccessary.

4.2.2 Mcan velocities

a. Local mecan vclocity profiles.--The local mean velocity

is the sum of the overall time mcan valuc and the fluctﬁating com-
ponents associated with wave and probe motions. The local mcan veloc-
ity profilcs along an average dominant wave, at 11 positions in casc 1
and at 14 positions in case 2 arc shown in Figs. 21 and 22. The
corresponding data arc also listed in Tables 1 and 2. Thesc profiles
are constructed at the corresponding positions with zero velocity

axes vertically through the poiﬁts they represent. The air flow
direction is from right to left with reference to the figures. At the
lowest elevations, the signal at the lee side of waves was occasionally
disturbed by the water droplets, thus those data were not accepted.

In case 2, two velocity profiles with different symbols are shown at
the lowest trough position (position 4 or position 18). They are
estimated independently by using the data in the two troughs on the
windward side and lee side. But they actually represent the same
position with respect to the wave, thus, illustrating that the con-
sistency between the two profiles is good.

To show the estimated confidence level of the ensemble average of
the 20 short time-cvents, the confidence band; i.e., the standard
deviation of 20 data points, of the estimated velocity profiles at
position 4 of casc 2 is shown in Fig. 23, the corresponding skewness
factors, 337(37)3/2 , and flatness factor u“/(u?)? - 3, which

describe the symmetry and width of data distribution arc both
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Mean Velocity Data

(m/sec) Case 1.

U,

= 9,26

m/sec H=1,8 cmp = 0,33 sec

Table 1. Local
. ] Loc
flcm)
Posi-
tions
along
waves 16.35 15,10 15.81 12.55 11.28 10.65 10.11 8.7¢ 8.10 7.46 6.20 5.69 S5.18 4.68 4.17 3.66 3.40 3,15 2,90 2.64 1.88 1.63 1.%7 112
6 9.2438 9.2945 9.1559 9.0337 8.6424 8.5255 8.5460 8.6334 8.3852 8.3887 7.9711 7.9220 7.7619 7.4967 7.2993 7.5129 7.7266 7.3395 6.2 91 7.29064 4.7424 4.1845 4.0462 2.1857
7T 9.2700 9.3528 9.1348 9.0375 8.6610 8.6976 8.6223 8.7250 8.5043 8.3662 8.1273 8.0597 8.1295 7.5764 7.6253 7.6468 7.7344 7.2334 6.3890 7.0886 4,3920 4.3847 4.6270 2.7692
X 9.2659 9.3735 9.2946 9.0792 8.8204 8.8133 8.6953 8.7718 8.4927 8.5608 B.3641 8.1138 8.3543 7.7763 7.9836 7.6689 7.4915 7.2989 7.0170 7.1211 4.4370 4.3452 4.2104 5.5517
49,3035 9.3454 93352 9.22,7 8.7725 8.9225 B.7725 8.8534 B.5848 B.643% 8.4072 8.1609 8.3533 8.1399 8.1291 7.5878 7.8619 7.3720 7.8339 7.2297 6.8131 5.5602 5.8011
10 9.2970 9.3437 9.2703 9.2219 8.8322 8.9670 8.8509 8.8697 8.6620 8.7805 8.4951 7.9546 8.4295 8.0801 8.3083 7.5023 7,9855 7.4064 7.8468 7.1356 8.1952 7.8213 8.2482
1 9.3141 9.2473 9.2679 5.9269 8.8177 8.884]1 8.9394 8.5810 8.6706 8.3469 8.1238 8.0531 7.7062 7.9268 7.5744 7.8800 7.2858 7.5821 7.1756 7.9346 7.0374 £.2370
I 9.3140 9.2182 9. 1662 B.6459 8.7883 B.6946 B.7489 R.6222 8.6349 8.1117 8.1486 8.1295 7.5889 7,5502 7.5461 7.8002 7.2727 7.2724 7.28564 7.04483 7.2547 7.6650
13 5 9.3017 9.1554 9.0888 B.7356 B.6859 B.5999 8.6561 8.4597 8.4737 8.0234 7.9107 7.9170 7.3277 7.2279 7.4420 7.8859 7.2900 6.9170 7.0508 6.3823 6.3606 6.6533
14 9.3246 9.0997 8.9408 8.5991 B.6586 8.5074 5.6056 8.4608 8.3904 7.8635 7.5628 7.7626 7.0283 7.0861 7.4883 7.947) 7.3572 6.5507 7.0852 6.0345 5.5830 5.1577 7.6955
15 9.25K6 9.1599 9.0117 8.5831 8.4888 8.5236 8.4172 B.2736 B.4412 7.8363 7.8457 7.5200 7.0961 7.0863 7.6350 7.6873 7.3566 6.7526 7.1370 S.4111 4.9584 4.3499 6.1169
16 9.24939 9.1998 8.9585 8.4360 8.5747 8.5214 B8.3905 #.4239 8.3871 7.7939 7.7394 7.480% 7.0311 7.1620 7.7626 7.7443 7.2613 6.4513 7.2334 4.8016 5.0413 4.3223 4.2584

Table 2.

Local Mean Velocity Data

(m/sec) Case 2,

U,

= 11,48 m/sec H = 2.7

cmp = 0.42 sec

Loc

(em)

Posi-

tions
along
waves 184 17.1 15.9 4.6 13.3  12.05 10.75 10.15 9.52 8.89 8.26 7.63 6.98 5.57 4.93 4.35 3.u 3.66 3.07 2.82 2.57 2.3 1.81 1.68 1.42 1.04  0.915
4 11,4912 11,2106 11.1663 10.8660 11.0704 11.2705 10.1500 10.7028 10.0886 10.4301 9.5581 9.6119 11,0210 9.0435 B8.8958 8.3271 7.5159 B8.1788 6.7188 8.8809 6.2364 6.3507 5.5812 4.749% 4.9227 3.3479 2.6950
S 11,5105 11,1341 11,1278 10.8106 10.9860 11.1176 10.0186 10.7932 10.2081 10.5717 9.7153 9.7540 10.9270 9.2547 9.0217 B8.3242 7.4686 7.689% 7.1536 B.7667 6.1152 6.4899 5.4582 4.6393 4.5307 2.0454
@ 11.4700 11.1362 11.1086 10.7745 10.9391 11.3079 10.2533 11.0080 10.5233 10.6705 9.8414 10.2349 10.8108 9.5824 9.3358 8.6149 7.9328 7.4491 6.9994 B.7501 5.7646 S5.7857 4.6546 4.1939 4.5088 2.7912
7 11,4927 11,2240 11.0403 10.8362 10.9741 11.2114 10.3672 11.0602 10.5829 10.6153 10.1200 10.1463 10.9530 9.7428 $.8320 9.1304 8.5438 7.9309 7.9230 B8.6850 5.7037 5.8l66 4.7211 3.6766 3.9772

8 11.4543 11,2279 11.1227 10.839 10.9482 11.1936 10.6118 11.1312 10.8591 11.012S 9.8294 10.3769 10.6524 10.0900 10.3835 9.6997 9.4359 8.6805 8.5238 E.3913 6.4072 6.9836 4.8137 5.2951 4.7467

9 11.4013 11.1805 11.0727 10.8628 11.1067 11.1207 10.5925 11.0605 11.0183 11.1863 10.1130 10.5231 10.8836 10.1346 10,4994 10.2553 10.0150 9.8207 9.6338 7.6320 9.059% B8.3835 9.0887 10.9987 10.527S

100 11,4879 11,2355 11.0602 10.8524 10.9861 11.3518 10.7057 11.1612 11,2267 11.2953 10.2323 10.7125 10.6580 10.5036 10.2884 10.1166 10.1056 9.9001 9.8816 8.0080 10.0394 9.8586 11.1413 13,0302 12.2287

11 11,1548 11.2075 10.9964 10.8854 10.9453 11.4760 10.5645 11,1432 11,0215 11.0462 10.1357 10.8003 10.7328 10,2801 10.2187 10.1360 9.7074 9.8093 9.5941 7.4434 9.7598 9.3369 10.6875 12.7778 12,0084

12 11,4356 11,1907 10,9407 10,8412 10.9798 11.4773 10.4985 11.0022 11.0324 11,0330 10.0581 10.4675 10.8340 9.9716 9.6486 9.6466 8.9501 9.2704 8.8542 7.2103 9.0056 8.7349 9.3341 11.0500 10.8042

13 11.5069 11,1575 10.9672 10.8490 11.0741 11.3924 10.2956 10.859 10.5707 10.6517 9.7700 10.0%10 10.7365 9.4976 9.6318 9.1163 8.7176 8.9904 B8.5840 6.8178 B8.2853 B8.464] 8.1322 9.5318 10.7256 7.9395

14 11,5122 11,1820 10.9950 10.7636 11.0115 11.3837 9.9421 10.8536 10.1152 10.2271 9.3631 9.8,595 10.6442 9.1248 9.0666 8.709 8.6948 B8.8197 8.2419 7.3086 7.5763 7.9491 6.2366 6.9805 8.1109 4.7053

15 11,4843 11.1898 11.0534 10,6883 11.1013 11.4088 9.8633 10.6543 10.1118 10.1535 9.3206 9.7107 10.8970 B.6660 8.9345 8.3531 7,.7953 8.2514 7.6092 7.1913 6.7344 7.1168 5.4078 4.8023 o.6346 11,7234

Lo 11,5025 11,1612 11.0286 10.9124 11.0296 11.3742 9.6892 10.7026 9.9718 10.0916 B8.9895 9.4654 10.8280 8.4989 B8.5021 8.3674 7.5992 7.9431 7.5621 7.4850 6.6621 7.2398 4.8670 3.78% 5.2806

11,4923 111828 11.0662 10.8176 10.9276 11.1842 9.8836 10.5041 9.9105 10.2254 9.0710 9.6870 10.9428 8.5038 B8.9364 8.2599 7.7306 7.6628 7.2666 7.8497 6.2411 6.9520 4.9690 3.3141 4.187% 1.6042

183 115114 11.2052 11.0397 10.8140 11.0363 11.1735 9.8587 10.4847 10.0518 10.0786 9.0899 9.6197 10.5885 8.5820 B8.5530 8.3316 7.5696 7.7826 7.4013 B.5124 6.3744 7.0522 5.2041 3.9266 3.4050 3.6270 2.9301
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around + 1, Therefore, the distribution of data is only approximately
Gaussian for which both factors are zero.

The air velocity profiles are plotted over average dominant waves
which arc assumed stationary. This is not éxuctly truc since the
air-water interfacce is a morc complicated boundary than a solid boun-
dary becausc of (a) the presence of moving waves, (b) water particle
motions duc to the waves, and (c¢) wind driven drift currcﬁts. The
apparent mecan air velocitics would therefore be modified if they are
plotted against a coordinate system moving with the wave celerity so
that the wave profile becomes stationary. However the phase velocity
and water particle velocity arc one order of magnitudc smaller than
the lowest air velocity measured. Thus, in these cases, they arc not
significant for our purposes as far as the mcan velocity profiles are
concerncd.,

With a single hot wire probe as a sensor, only the magnitude of
the velocity vector could be mcasured. The measured quantities are
hence subject to the correction of the attack angle to yield the
velocity in the direction of wave propagation. The velocity profiles
shown have been corrected for flow direction which was estimated from
thc streamline pattern. The construction of streamlines will be
described in the next chapter (p.105). The angle correction was
important only in the layecr closc to the air-water interface.

The results shown in Figs. 21 and 22, clearly indicate that the
mecan velocity profiles at heights lower than onc wave amplitude from
the crests are substantially different from position to position
above the water waves. The most evident phenomena is thé appearance

of a strong "jet" flow around the wave crests. At the windward side
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of waves, the air flow begins to be accelerated, and the jet becomes
most pronounccd at a short distance behind the wave crests. The
maximum velocity is even higher than the free strcam value.

As was discussed for the visual record,‘Fig. 20, thcvdcpcndcncc
of air velocity on the relative positions with respcct to wave crests
is getting weaker as the heights incrcase. In order to sec quanti-
tatively how the mecan air velocity at a given point varies with the
passage of underlying water waves, Figs. 24a and 24b have bcen pre-
pared. In thesc figures the air vclocities at several positions above
the average dominant wave of case 2 are superimposed on one another
in both moving probe and fixed probe framcs of rcference. The air
velocity (4 times above that of wave height (2.7 cm)) scen by the
probes is invariant with time. Below that lcvel, the characteristic
of velocity profiles varies from position to position with respect
to wave peak, especially from the point of view of the moving probe
framc.

b. Mecan velocity profiles with reference to the mean water

levcl.--To measure the instantancous properties of turbulent air flow
along water waves is a very eclaborate and time consuming task. Field
and lahoratbry necasurcments are therefore usually restricted to
observations with reference to the mean water level.

Before the results of overall mean velocity are presented. the
mean vclocity profiles of air flow over the aluminum plate are first
shown (Fig. 25a). They arc logarithmic with height. This assures a
well-defined turbulent air flow approaching the water surface.

From the instantancous local velocity data over average dominant

waves in Fig. 22, temporal mean velocities can be inferred by
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calculating the arithmetical mean of the available local mean

velocity data at fixed heights cither from the mecan water level
(constant y's) or from the instantancous water level (constant &'s),
The results correspond to the measurcments in fixed probe and moving
probe reference frames, respectively. Such results are shown in Figs.
25b and 25c. A weak kink is obscrved over the mean velocity profiles
for fixed probc measurcnents (Fig. 25b). The data points for moving
probe experiments (Fig. 25¢) are comparatively scattered, so that only
an arbitrary averagec curve can be dravn. In Fig. 25c, the profiles

of fixed probe mcasurcments indicated by a dashed curve, arc also
shown for comparison. Near the edge of free strecam thesc two sets of
data do not show significant differences {rom each other. On]y>at
heights close to thc water surface, the mean velocity at a given §
is about 5% smaller than the mean velocity at the equivalent vy, i.e.,
at y = £. Similar results were found for flow over solid wave models
by Roll (1949), who compared the result of fixed probe measurcment

and moving probe mcasurement with Motzfeld's (1937) data over solid
wave model and found the mecan wind spced values gained Qith moving
probe reference are about 5% smaller than those determined for the
sanc fixed hecight at the vicinity of the boundary.

Under the same conditions of case 1 and case 2, the ovcrali mean
velocity profiles werc also obtained directly from continuous sampling
over many differcent wind waves. The fixed probe measurement was taken
with a pitot-static tubc and the movinz probe measurement was taken
with a hot wire probe. The profiles constructed in terms of the

logarithmic height above the mcan wate~ level are shown in Fig. 25d and

Fig. 25c¢. Thesc results. agree fairly well with those inferred from the
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velocity data over the cnscmble of the highest waves. Again, the
data for moving probec mecasurciicints arc riore scattered ana show a
lower velocity than those obtained by Fixed probe mcasurcment at the
heights closc to the water surface; bu: the égreomcnt between these
two types of measurement still appears satisfactory.

The wind profiles from direct fixed probe measurement show the
existence of two distinct logarithmic regions (Fig. 25d), onc over
the data points at the upper portion of the boundary and the other
over the data points ncar the air-water interface. The inlerred
fixed probe ﬁcasurcmcnts have a similaxr tendency but not so evident
as obscrved here. The fact that the vclocities ncar the surfacc arc
grecater than the corresponding upper logarithmic profile indicates
the reduction of the slope su/ay , 1.e., of turbulent shear. This
result is consistent with that observed by lidy and Plate (1966),
Plate and HHidy (1967), lless (1968), Shendin and Hsu (1966) and Shemdin
(1967) over laboratory wind waves, Takeda (1963), Weiler (1966) over
ocean waves, and Motzfeld (1937) and Moere and Laird (1957) over
solid model waves. However, there has mot been any conclusive physical
explanation for this kind of bchavior.

4.2.3 Longitudinal turbulent fluctuation

a. Local u'? profiles.--The local 282 was calculated

from the experiments by mcans of Eq. (2-30). The profiles of longi-

tudinal turbulent fluctuation along an everage dominant wave, at

11 positions in case 1 and 14 positions in casc 2 are shown in Figs.

26 and 27. The corresponding data are listed in Table 3 and Table 4.
These profiles are constructed at the corresponding positions with

zero axcs vertically through the points they represent. The direction



Cose !

— —_—
—y { SRS ———i—m . a
.
T
. Te YT

T Tt — e —— — -0

77

15

Direction of Wind

I e X B el
.
[e]

. | . Il ‘III' O -1
e —8— v b N
g ——— = - .0 e
. v — ——a
S A | || 8 1

== —t———y————y— e ——
.

S

\

= 006 sec

(@

Time —

Local turbulent RMS profiles (I).

Fig. 26.



78

| WSS DS NS WU N DR SN SRS G RIS SRR SN S § L L 1 1 1 1 .

ud | = @ UdNDrA]



Table 3. Local V u'ﬂ Data of Case 1,

§] = 9,26 m/sec H=1,8 cm p = 0,33 sec
Loc
£ (cm)
Positions
along waves 16.35 15.10 13.81 12.55 11.28 10.65 10.11 8.74 8.10 7.46 6.20 5.69 5.18 4.68 4.17 3.66 3.40 2.15 2.90 2.64 1.88
6 0.231 0.213 0.407 0.472 0.492 0.564 0.563 0.605 0.662 0.63 0,856 0.81 0.712 0.819 0.765 0.857 1.064 0.759 1.561 0.856 2.02
7 0.234 0.181 0.471 0.492 0.491 0.539 0.498 0.626 0.523 0.679 0.78 0.797 0.699 0.928 0.951 0.811 1.12 0.840 1.528 1.156 2.135
8 0.178 0.164 0.252 0.476 0.521 0.550 0.692 0.599 0.630 0.67 0.702 0.651 0.693 0.858 2.816 0.780 1.053 0.808 1.461 1.010 2.630
9 0.206 0.200 0.165 0.463 0.528 0.431 0.560 0.539 0.653 0.598 0.673 0.646 0.684 0.585 0.759 0.764 0.887 0.711 0.864 0.932 2,245
10 0.172 0.175 0.208 0.291 0.443 0.458 0.462 0.611 0.608 0.609 0.615 0.818 0.691 0.699 0.635 0.945 0.860 0.795 0.711 0.941 0.930
1l 0.188 0.136 0.163 0.230 0.361 0.444 0.468 0.533 0.65 0.602 0.584 0.634 0.790 0.770 0.681 0.770 0.900 0.899 0.786 1.136 1.146
2 0.148 0.129 0.218 0.328 0.525 0.4€0 0.450 0.551 0.649 0.68! 0.643 0.661 0.781 0.875 0.700 0.726 0.919 0.926 0.810 0.978 1.23
X3 0.160 0.182 0.280 0.387 0.466 0.525 0.449 0.585 0.609 0.694 0.761 0.699 0.745 0.840 0.733 0.798 0.863 0.771 0.994 1,093 1.073
14 0.193 0.221 0.308 0.496 0.595 0.519 0.549 0.584 0.56 0.689 0.544 0.678 0.752 0.846 0.856 0.839 0.809 0.892 1.118 1.014 1,251
15 0.197 0.206 0.310 0.527 0.605 0.540 0.428 0.678 0.646 0.661 0.676 0.751 0.692 0.822 0.927 0.700 0.898 0.896 0.864 0.945 1.920
16 0.228 0.200 0.273 0.417 0.590 0.489 0.495 0.630 0.666 0.688 0.686 0.661 0.760 0909 0.851 0.730 0.875 0.792 1.086 0.879 2.062
Table 4, Local V u'® Data of Case 2. ULoc = 11,48 m/sec H= 2,7 cm p = 0,42 sec
£ (cm)
Positions
along waves 18.4 12.1 15.9 14.6 13.3 12.05 10.15 9.52 8.89 7.63 6.98 5.59 4.93 4.35 3.84 3.66 3.07 2.82 2.57 2.31 1.81
4 0.180 0.254 0.281 0.502 0.644 0.695 0.801 0.881 1.097 1.285 0.688 1.381 1.045 1.69 2.085 1.56 2.28 1.62 2.03 2.27 1.98
5 0.233 0.369 0.307 0.502 0.572 0.710 0.867 0.981 1.103 1.30 0.711 1.14 1.298 1.75 1.98 1.92 2.105 1.69 2.165 2.42 2.43
6 0.222 0.276 0.398 0.540 0.626 0.581 0.758 1.051 0.862 1.11 0.870 1.053 1.36 1.64 1,80 2:27 2.69 1.68 2.48 2.29 1.965
S 0.198 0.234 0.376 0.582 0.638 0.603 0.754 1.045 1.068 0.914 0.734 1.014 1.03 1.74 2,145 2,12 2.64 1.91 2.60 2.41 2,235
8 0.231 0.255 0.340 0.518 0.685 0.677 0.693 0.869 0.888 1.06 0.8. 1.17 0.95 1.615 1.60 1,53 2.46 1.47 2.96 2,74 3.10
9 0.264 0.286 0.458 0.540 0.575 0.696 0.771 0.824 0.850 1.005 0.75 1.201 0.846 0.972 1.37 1.05 1.575 1.755 2.265 2.66 3.76
10 0.22 0.220 0.507 0.524 0.582 0.521 0.746 0.689 0.679 0.833 0.826 0.883 0.87 0.881 0,95 0.902 1.14 1.78 1.0 1.07 2.42
11 0.254 0.265 0.456 0.421 0.639 0.541 0.642 0.720 0.728 0.914 0.938 0.911 0.801 0.915 0.966 0.917 1,02 1.58 1.01 1.075 2.40
12 0.219 0.198 0.525 0.544 0.587 0.501 0.723 0.630 0.840 0.887 0.659 1.03 1.02 0.996 1.005 1.001 1.247 1.69 1.16 1.071 2.17
13 0.218 0.204 0.527 0.432 0.506 0.626 0.751 0.756 0.726 1.065 0.762 1.13 0.891 0.993 0.97 1.17 1.19 2.055 1.23 1.44 2,08
14 0.212 0.226 0.421 0.574 0.611 0.594 0.671 0.970 0.874 0.965 0.888 1,22 1.12 1.230 1.05 1.09 1.30 2.14 1.48 1.275 2.72
15 0.228 0.252 0.388 0.586 0.470 0.526 0.749 0.930 0.995 1.06 0.688 1.255 1.40 1.32 1.51 1.145 1.84 1.98 1,655 1.55 3.14
16 0.246 0.326 0.444 0.437 0.636 0.693 0.675 1.015S 0.975 1.02 0.666 1.330 1.36 1.42 1.77 1.480 1.74 2.33 1.740 1,85 2.64
17 0.195 0.249 0.379 0.546 0.680 0.688 0.85 1,005 1.0S 1.09 0.670 1.505 1.245 1.64 1.64 1.580 1.99 2.34 2,07 2.065 2.46
18 0.184 0.293 0.378 0.465 0.619 0.611 0.924 0.934 1.11 1.21 0.840 1.405 1.375 1.35 1.92 1.49 1.73 2.12 2.24 2.05 2.50

6L
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of the air flow is from right to left with refercnce to the figures.
In casc 2, two W/ggz profiles at position 4 and position 18, which
correspond to the lecward side trough and the windward side trough,
respectively, are expected to be the same since they are actually at
thc same position with respect to the crests of the water waves. The
supcrimposcd profiles are shown with two differcnt symbols. They are
in satisfactory agreement with cach other.

The local \/ggg- profiles indicate that thec values of intensities
increase with decreasc in hcight. This is characteristic of turbulent
shearing flows. When the height is lower than about one wave height
from the wave crests, the intensity begins to reveal its strong
dependence on the relative position with respect to the wave crests.
The most evident phenomenon is the appecarance of an extremcly strong
maximun intensity at the place a short distance from the wave crests.
This is also the place wherc the strong jet flow was observed. Follow-
ing the maximum intensity, the turbulent fluctuation consistently
decrcases as thc air flow moves down to the trough and up to the
crest. At the crest, the turbulent intensity in the vicinity of the
interface seéms to reach its lowest value. This type of turbulent
profiles is characteristic of the disturbed turbulent flow over a
separation region behind an obstacle, for example, see Arie and.

Rousc (1956). Plate and Lin (1965) and Plate et al. (1968a). In
_ such flows, the region of maximum turbulence coincides with the onset
of the mean strcamlines dividing the main flow from that in the zone

of scparation.
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b. Longitudinal u'? profiles with reference to the mean

water level,--Following the same averaging proccedure of obtaining
overall ncan velocity profiles, thc general u'2 profiles with
respect to the mean water lecvel can be inferred from the local turbu-

lent fluctuations above the average dominamt waves. Such profiles in

fixed probe and moving probe reference frames 7/ Egg' and 7/ ggg‘
respcctively, are shown in Fig. 28a and Fiz., 28b respectively, They
have been nondimensionalized with the local friction velocity wu, and
plotted against y/S§, where & , the boundafy layer thickness, is’
defined as the height where the mecan air vzlocity is equal to 99% of
the free stream air velocity, The friction velocity was obtained

from the following equation:

3/2

u, = 0.0185 u’ (4-2)

is given in m/sec.

where vu_ 1is free stream velocity in m/sec, wu,

This empirical formula was ovriginally given by Hidy and Plate (1966).
They derived this relation from a direct momentum balance relating
the average slopc of the water surface to the pressure gradient in
thev?ir towards the downstream dircction for a well developed pattern
of sﬁall wind waves. In these figures the result of Corrsin and
Kistler (1954) for flow over a flat plate roughened by corrugated
paper is also shown for comparisbn.

These {esults based on the two reference frames are in perfect
agreenent, For y/§ > 0.2, it seems that the profiles reach an
equilibrium stage, since they exhibit a close similarity in shapes to
that found in the equilibrium shearing layer of Corrsin and Kistler

(1954) . This result is consistent with that obtained by Hess et al,
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(1968), and Platc ct al. (1968), in the same facility. They have
also found that away from the surfacec the rates of production and
dissipation arc very ncarly cqual. For y/é < 0.15, the normalized
turbulent intensity significantly exceeds the valucs found in an
equilibrium laycr. The scaled profiles of longitudinal fluctuation
secm to be similar under equilibrium conditions only at heights
greater than the height of the roughness elements or wave hcights.
Since the profiles are nondimcnsionalized by the average friction
velocity over many wave components, one might attribute the increased
values to the stronger disturbance in the air flow caused by the
dominant waves. Hess ct al., and Plate ct al., did not observe any
anomalous behavior in the longitudinal turbulent intensity ncar the
water surface. Howcever, their data were taken principally above
y/é * 0.15,

The results obtained with a fixed probe from the continuous
sampling over many different wind waves are shown in Fig. 28c. The

fixed probe u'?2 profiles arc consistent with those inferred from

the local data over average dominant waves. Unfortunately, the fact
thaé the lowest level the data extended to is y/§ = 0.2, does not
permit a check of the anomalous bchavior that was noticed in the
inferred profiles. The average curve of this result is also shown»

with a broken linc over Figs. 28a and 28b. The agrcement betwcen

these results is remarkable.

The moving probe Ué; profiles, shown in Fig. 28d where the
i
subscript om denotes the uncorrected quantitics obtained directly
from moving probe mcasurement, are consistently higher than thosc

obtained directly with the fixed probe. This is due to the fact

3
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mentioned in Scction 2 of Chapter II, that mecasured turbulent energy

obtaincd with a moving probe through continuous sampling is the sum of

truc turbulent encrgy and the contribution from probe and wave motions.
The effect of wave and probe motions can be fufthcr explained

by thc curves shown in Fig

o

28c¢. The curves rcpresented by open
circles and solid circles were obtained from the instantancous data
= =
over average dominant waves. Open circles dcnotc\/agz (&) which
is the square root of the enscumble mecan of the 20 variances of veloc-

ity fluctuations with respcect to their corresponding sample mean.

Solid circles show the ué; which is the square root of the sum of

>

u;7 (¢) and the variance, og

—_—

of the 20 sample means with respect
to their enscmble mean., The open square shows the combination of
turbulent fluctuations and the fluctuations duc to wave and probe
motions, which is consistently higher than the inferred turbulent
intensity.

It should be pointed out that the effect of wave and probe
motions on turbulent fluctuation, the quantity Q , does appear in
continuous fixed probe measurement also, although the extent is
coﬁparativcly smaller. This is illustrated with Fig. 29, where the
velocity at a given point at a fixed height from mecan water level or
moving water surface arc drawn as a function of positions with réspcct
to wave peaks and troughs. The results were obtained under the
experimental conditions of casc 2.

A method of separating ué from ﬁo through linear correlation
of air motion and water waves has been developed in Chapter II. The
correlation cocfficients of the water surface displacements and wave-
probe induced air motions arc defined and calculated by the following

cquation -
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u o(E,1)n(0,1+1)
R. (&,t) = SEemTe. a0 - 5 (4-3)

fi \/ Garury? o ]

Sonic calculated corrclation cocfficients arc.shcwn in Fig. 30, wherc
the normalized autocorrelation cocfficient Rnn(x) 1is also shown
for reference. Again, we sce that the variation of mean velocity at
a given point is wave like and in phasc with water waves within small
€rrors.

By applying Eq. 2-33, the true turbulent rms value can be
determined from the measured valuce, ué;, and the corrclation
cocfficient kﬁon(g,o). The results are shown with a broken line in
Fig. 28c. The calculated turbulent rms values are close to the
inferred profile, although the calculated valucs arc in gencral sone
5% higher. The differcnce can be attributed to the nonlincar relation
betwecen air motion and water displacement. The velocity variation
due to probe motion Go’ at the height greater than 4I1 , obtained
experimentally from Rﬁon’ is in good agrcement with that calculated
from Eq. 2-8; for example, at § = 13.8 cm, the valuos'\/iéi obtained
from two mcthods are 6.5 cm/sec and 5.8 cm/sec respectively.

4.2.4 Turbulent encrgy spectra

a. Local enercy spectra.--A set of ensemble averapge spectra
gy g p

over various heights and positions above average dominant waves are
shown in Fig. 31. The data werce obtained under the flow conditions
of case 2. The positions of the spectra are identified in the figure.
The solid lines arc the best fit éurvcs with the slopc of -5/3 in the

double logarvithmic plots
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In the very short picces of sample rccord, the velocity fluctu-
ations were measurcd with respect to their own sample mean
E;i[g, Tpi + (2n+1)At] so that sample spectra might be considerably
different from one another. The average locél sp=ctra shown were

obtained by averaging the 20 valucs of sample spectral density

S (g, Tpi + (2n+1)At] at the corresponding frequencics. Con-
oi oi '

sidering the possible cffects of the diffcrcnt sample variance Egz
another averaging process was also taken. The alternate method first
normalized every sample spectrum with its sample variance ﬁg{ 3

and then averaged the 20 valuecs of normalized sample, spectral density
at the corresponding frequencies. In this fashion, the scattering due
to different sample variances, Gg; ,>can be climinated and only the
normalized spectrum shape will be counted in averaging. The final
local spectrum was obtained by multiplying the avcrége normalized
spectrum with its local variance E: . Put into a mathematical

equation, the procedure corresponds to:

S 'ul[fsgx TP :_(2n+1)At] =

=u
oo
20 SU'.U'.[f’E’Tpi :~(2n+1)At]
_ n2 5 1 01 01
= 0 (g,lp + (2n+1)4t) %0 z (4-4)
i=1 uoi[i,Tp.1 + (2n+1)4t]

The results obtained by these two methods did not show any distinct

difference.
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Surprisingly, the results indicated that Kolmogorof('s
incrtial subrange exists almost everywhere. According to Kolmogoroff's
hypothesis, (Hlinze, 1959), the non-viscous incrtial subrange varies as
f-s/3 . Only at the lowest height, the spectra have the tendency to be
stecper at the low frequency end. This tendency could be duc to a
slight trend in the data even though the sampling time was chosen as
small as 0.03 sec., The region of inertial subrange covers almost
the whole frequency domain cbtaincd from the digital data. This
behavior may be associated with the relatively high Reynelds number
of the flow (llinze 1959), and the complete mixing of air causcd by
the water surface undulation, By this mixing, the turbulence loses
its identity with the origin and the motion cvidently becomes locally
isotropic.

Although the limitations on sample length and digitizing rate
restrict the frequency range of local spectrum, it is still possible
to infer the whole spectrum, from which the important turbulent
paramcters like micro-scale and dissipaticn ratc can be estimated.
Since the most important portion of spectrum has been provided, the
inference of the low frequency end and high frequency end can be made
without too much uncertainty. Evidently the energy at the low fre-
quency end should be equal to the variarce of the 20 sample meun, 0;,
with respect to their local (enscemble) mean. As a first approximation,

it can be assumed that the energy or the variance 02 is equally

distributed over this frequency ronge, i.e.,

fl
[ 7S 0 () dF = S
(o) o0 0 0

(£) £, = o2 (4-5)
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vhere fk is thc cut-off frcquency and is cqual to 33 Hlz here. The
spcctral shape at the high frequency end also can be inferred from
spectra obtained from a long continuous record. Sincce the effect of
wave and probe motion docs not appear over the high frequency range,
thc characteristic of local and overall spectra should be idential
there. Thc results of overall spectra which will be presented in

the next section, show the high frequency end follows an f—7 law
vefy wcll, This behavior controlled solely by the viscous dissipation
has been well established in many other turbulent shearing fiows also;
for exampie, sec Sandborn and Marshall (1965).

The complete inferred spectrum at position 10 and & = 4,35 cm,
is shown in Fig. 32a wherc -5/3 region and -7 region are assumed
to intcrscct at 1000 Hz. This spcectrum has also been nondimensional-
ized to scc whether it follows a similarity profile recported by other
investigators. The scaling paramcters were those rcquired by

Kolmogoroff's inertial subrange., This dimensionless spectrum is

~given by
k, u 5.-1/4
SE_L‘:‘_'_(.E-S) = 'i"' (EZ Ua ) S_u_'_li'_(f) 3 (4'6)
o . L -3.1/4 .
where k = 2uaf/u 1is the wave number, ks = (sua ) is the

refercnce wave nunber of the inverse of Kolmogoroff's length, ) is
kinematic viscosity of air and € 1is the rate of encrgy dissipation.
If the turbulence is assumcd to be isotropic at the frequencies
responsible for dissipation, the dissipation rate € could be

evaluated from the inferred spectrum with the following relation:
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k* 8§ (k)dk . (4-7)

e =15 u'? v R
utu!

a

O+— 8

The nondinensional spectrum is shown in Fig., 32b.  The Kolmogoroff's

constant Ck as defincd by

k., _ .k .-5/8
SG) = €, () ; . | (4-8)
S S

is found to be 0.88 which deviates from the valuc of 0,46 reported dy
Pond et al. (1963). However, Plate ct al. (1968a), found that
Kolmogoroff's constant could vary from 0.46 to 1.2 over the laborotory

wind waves of limited fetclies,

b. Energy spcctra of longitudinal velocity fluctuations over

mean water surface,--The encrgy spectra of longitudinal velocity
fluctuationg were calculated from magnetic tape recordings of the hot
wirc signal, By combining the results from the Brucl and Kjaer
analog spectrum analyzer and the Technical Products spectrum analyzer,
or the digital computer, the frequency domain of spectrum was ex-
tended from 1 Hz to 7000 Hz. 1In Fig. 33 arc shown the energy spectra
of longitudinal velocity fluctuations from fixed probe measurcnents;
i.e., turbulent energy spectra. These spectra arc still in arbitravy
anzlog units. They could easily bc put into a nondimensional similar-
ity profile by using suitable scaling paramcters, All spectra indi-

g ' ; " : . : -7
catec the existence of a viscous dissipation region varying as f ° at

-7

1y

the high frequency end. Adjacent to the low frequency extrene of

. : : -5/3
range, an extensive nonviscous subrenge varying as £ / appeared .

The results also indicate the increase in the length of -5/3 region with
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incrcasing air velocity or Reynolds nurbier (llinze 1959), From Fig. 29
it is noticced that the air motion scen by a fixed probe is wavy,
Therefore, an incrcasce in cnergy near the frequency of dominant wave
in the spectrum may be anticipated. However, no significant modifi-
cation of the encrgy spectrum is discerned. The band width of the
analog filter, 2Hz, may be still too wide to detcct a spectral peak
around 2 to 3 Hz,

- Turbulent encrgy spectra from moving probe measurements are shown
in Fig. 34, Since the probe was following the waves the component ﬁo
was also found in the spectral density. This component however should
concentrate its cnergy distribution around the dominant frequency of
water wave spectrum and causc a distortion of air velocity spectrun
at the low frequency end only. 7The shape of spectrum at frequencices,
say, higher then 20 Hz should remain unaltered and should reveal the
same choracteristics of '"purc" turbulent spcctrum., As the experi-
rmental spectra show, this is indced the case.

At the heights close to the water surface, the distortion caused
by the motion of the probe and the water surface is particularly
profound and a peak appears at the frequency corresponding to dominant
waves which arc 3.0 llz and 2.3 Hz for case 1 and casc 2 respectively.
At larger heights from the water surface, the distortion can still
be found, but the cnergy distributes itself more uniformly over the
low frequency end and no encrgy peak directly associated with dominant
wave frequency can be discernced. At the highest position, the con-
tribution from ﬁo scems to be so weak that the whole spectrum reveals
only the characteristics of an ordinary turbulent encrgy spectrum over

fixed boundury,
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By applying the lincar correlation rethod develeped in Chapter IT,
the tusbulent spectrum has been estimated.  The result is shown in
Fig. 35. The ncasured spectrum, or the uncorrected spectrum, is de-
noted with open circles and the estimated turbulent (t) spectrun,
or the corrected spectrum, is denoted wita solid circles. Comparing
thc estimated turbulent spectrum with that obtained directly with a
fixed probe, it scems the technique can oaly correct for the component
of.thc dominant wave pcak. The correction to the other low frequency
components is apparcently too small. Again, this can be attributed to
the appcarance of nonlincar cffect between surface wave and the

fluctuation components of ﬁo
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Chapter V

DISCUSSION

In this chapter the physical picture of the air flow over fully
developed wind generated waves will be inferred from the experimental
results described in the previous chapter, The applicability or the
effcctiveness of the existing theoerctical wave gencration mechonisnms
at this stage of development will be discussed in the light of the

deduced physical process for encrgy transfer from wind to waves,

5.1 General Charccteristics of the Water Surface Scrving as the Lower
Boundary of Air Flow

The turbulent boundary layer over watcer differs in many respects
from the comronly encountered boundery layers., ‘'ilere the nature of
the boundary is not prescribed but is essentially part of the solution."”
(Stewart 1967). Due to the defori-bility of water surface, there is
encrgy transfer from air to water., FEnergy is partitioned between
randon surface waves and drift cerrents, Thus the resulting boundary

is not only changing it

U
w

hape irregularly but it is also moving., In

the coordinate systen which is stationary relative to the form of the
waves, the zero wind speed occurs at the critical height where u(y) = c,
which plays an essential role in encrgy transfer from air to water,

In this study, the resulting phase velocity and surface current

that causc the critical height occurrcd on the average in the viscous

>

sublayer of the air flow, Although this distance is small, thc

~

dissimilarity ir encrgy transfer still may make the air flow over

water essentially different from that over a solid boundary.
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5.1 ,S,>'ﬂ;;f1<:'s_r}'. of wind wave shape

From thce calculated probability distributions of the water surface
displaccucnts and their tine rates of change (see 4.1.1), it is found
that waves huve a tendency to form sharp crests and shallow troughs.

The waves arc also skewed, with longer and smoother upwind sides thean
downwind sides.

The above properties can also be scen from the comparison of the
average dominant woves and theorctical wave forms., In Fig. 36 the
average dominant waves are nondimcensionalized by their corresponding
average wave amplitudes and wave lengths and compared with a sine wave
and a trochoidal wave profile (/X = 0.09) from finite amplitude thcory.
The trochoidal wvave or Gerstner-Rankine wave is the only gravity wave
vhich satisfies the constant pressure, surface dynamic boundary cendition
ckactly, rather than approximately., Its sharper crests and longer,
flatter troughs, appecar to be a little morc realistic than the sinusoid
as a description of water surface waves. The equations of wave shape
in dimensionless forix with the origin cf the coordinates at the crest

and the vertical dimension measured negatively downward are (Wiegel

1965 p. S58):

3
P
"

1/2 (1 - cos 6) - (5-1)

>

~
>
"

t/T = 1 - (rad 0/2n - H/2X sin 0) (5-2)

In Fig. 36, waves arc superimposcd on one another in such a way that
their prodghs arc coincident. The sine wave apparently has a broader
crest than an actual wind wave and significantly over-estimates the
water clevation at the windward side (positive x ). The theoretical

trochoidal form over-estimates the water elevation at the windward
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side 5nd under-cstinates the water clevation at the other side. The
experimental data are skewed in contrast to a simple since wave and
the theoreticul trochoidal shape. It was noticed in the last chapter
that the lecward facc is 253% stecper than the windward one. This
asymuctry scems to favor a separution of the air flow on the lecward
face of the crests. All theoretical simple wave foris arc symmectrical,
but if non-zero skewness can be taken into account, a better description
of wind waves should be obtaincd.

5.1.2 Propcerties of the frejquency spectra

of wind waves
Phillips (1958), considering the breaking of waves, found that

the spectrum of the gravity waves has an equilibrium range denoted by

Sww (f) = yg? f_s (5-3)

&

over the high frequency end of the spectrua. Here, g 1is the gravity

acccleration, f 1is frequency given in Hz, and constant y has boon
- . -6

found enpirically equal to approximately 7.5 x 10 . TIn contrast,

Hicks (Phillips, 1958) has pointed out that the equilibrium range for

pure capillary waves is, on dimensional grounds, of the form

/3 ~7/3

suw (£) = v'(1/0)° (5-4)

where T is the surface tension, and p is the mass density of water.
The results shown in TFig. 15 indicate Phillips equilibrium range
holds only for 2fm = £ :_fc. Considering the equation of motion to
sccond order, Picrson (1958) qualitatively predicted that Phillips
equilibrium is valid for 2fm < f i~fc' This prediction is consistent

with the experimental result.

At fm < f < me, the slope of wave spectra is closc to -9 or -8.

This trend was also found by Sutherland (1967) and Plate ct al., (1968a).

Phillips cquilibriuwa range apparently cannot be applicd to this range.
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For > fc , it is doubtful that there exists a stable equilibriuu
range for "purc" capillary waves as predicted by Hicks. The capillary
vaves which emerged on both the windward and lccward.sjdcs of the
dominant waves, may not be frece frem the influcncé of gravity. Thus,
there would be 2 region which displays the joint effects of gravity
and cepillary. Thc experimental slope for f > fc appro&imatcly
proportional to f-s tends to be the conscquence of these cffects,
In.othcr words, the Phillips' -5 law and Hicks' -7/3 law are
respectively the upper and lower limits of the wind-generated waves
in this region; but, in the frequency range of the present experincental
data, thc exact -7/3 law has not shown up.

5.2 Tinbulent Air Flow over Water

=.2:1" Separvatien and the streamling pattern
With the velocity profiles over a serics of positions along average
dominant waves, as shown in Figs. 21 and 22, thec arcas ¢ = f udy
encloscd by these profiles can be calculated graphically as the function
of vertical distance from the water surface. This calculation, hence,
permits the dctermination of successive streamlines for a sclected
increment  A¢ by employing mass continuity.
Since the flow pattern necar the air-water interface was not known,
a horizontal line at a height y , that equaled four times the wave
height was selccted as a refercnce streamline. This was the place
: ' 4
where the measurcement of the integrel ¢ = f udy was started. It
'
has been scen (Fig. 24) that the flow at such a height is free from

the effect of surface undulation and is parallel to mecan water level,

thus the location of the reference streanline is well defined.
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With. a single hot wire probe as a scnsor, ounly the magnitude cf
the vclocity vector normal to the hot wire could be measured.  This
measurcd velocity was at first assuned te be indicative of the Tongi-
tudinal conponent only, The strcamlines cevaluated by the measured
quantities yicld the inclination of the velocity vector as a first
approximation, frem which the horizontal velocitics could be determined
to a second approximation. With this sccond approximation the streanm-
lines were determined again, and the resilting horizontal velocitics

~compared with the sccond approximation., They were found to be in
closc agreciient.,  The velecity profiles shown in Fig. 21 and Fig. 22
have all been corrected for flow directien which was important only at
the boints below the wave crests,

In Fig. 37 and Fig. 38 arec shown the strcamline patterns obtained
by this technique. The increment Aq is 0.048 m3/sce. Tﬁe streamlines
were constructed as if the boundary were stationary, The results
indicate the presence of a stationary eddy or a scparated region
behind the wave crests. The construction of the streamline pattern
insidq the bubble was not attempted due to> insufficient data, The
flow cvidently scparates just behind the zrests but not right at them,

Just like the well Kknown scparation odrocess, the fluid particles
in the boundary layer, after passing the vave crests arc rctarded by
the adversc pressure gradient that develodss along the surface., At
the scparation point thp particles can no longer penctrate into the
region of increcasced pressure owing to their small kinetic encrgy. The
fluid in boundary layer thus scparotes from the water surface and
moves into the main streon.  Considering —he effect of the critical

layer on the flow configuration, Stewart 71967) has postulated a
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streamline pattern in u-c  coordinate system, very similar to what
has been observed.

From the previous obscrvation, onc maylanticipatc that the
scparation cddy occurs on the average on the lec side of large wave
crests and stays stationary with respect to wave motion., If this is the
casc, the separation eddy accompanying a particular wave will grow in
size as the wave travels downstream. This growth will result from
the entrainment of air into the layer formed along the bubble boundary
through turbulent mixing with the higher velocity flow. In this fashion,
one may spcculate the same growth rate for both waves and their
associated separation bubbles.

It is intercsting to consider the possible configuration of
strecamlines if the motion of the boundary is taken into account,

In fact, for the water waves where the interface is in motion, a basic
question arises about the proper definition of scparation to be applied.
The conventional definition of separation involves a boundary point
vhere shear stress vanishes., This is no longer sufficient. If the
coordinate system moves with the phasc celerity ¢ , the surface
configuration becomes stationary, the water particles at the boundary
may movc relatively upstrcam or downstrcam depending upon the magnitude
of the wind driven drift current Us , and the water particle motion
due to wave Up' x 1f ¢ » US + Up' , the boundary is moving upstrean
in u-c coordinate system, which is the generally encountered case.
Moore (1958) has formulated a criterion of separation for a wall

moving downstrcam and a wall moving upstrecam. According to him, if

the wall is moving downstrcam, it is expected that the separation bubble

will be lifted off the surfuace and its lcading edge will be signified
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by the simultencous vanishing of shear and velocity at some point in
the boundary layer awzy from the surface. If the wall is moving uj-
strcam, it appcars that the velocity profile, where it crosses through
zero, should dccay to zero over an cktcnsivé portion of the boundary
laycer, yiclding a bubble with a "shoulder' which may be identified as
a scparation point (sce Fig. 39b). The upstrcam end of this '"shoulder"
is a loug, thin bubble fully embedded within the boundary layer and to
be regarded as part of the boundary layer. If the picture Moore pro-
posed is corrcct, then the streamline pattern of the scparation of air
flow over wind waves would be as shown in Figs. 39a and 39t, where
sone velocity profiles at typical positions are also shown. For the

casc ¢ > U + U

" pt corresponding to a wall moving upstream, two

types of scparation bubble appcar, one over the troughs and the other
over the crests. For this casc, another possibility for the develop-
ment of a scparation point is in the manncr as shown in Fig. 39c¢ where
the scparation bubble is lifted off the surface. This picturc is
indeced similar to that proposed by Stewart (1967).

a. The conscquences of separation.--With the flow pattern
shown, the pressurc distribution should be in such a fashion that the
high pressurc is on the windward side of thc wave and the low pressure
is on the leceward side. The existence of this difference of normal
pressure will allow an energy transfer from air to water.

The prescnce of separation leads to the conclusion that the
process of interaction between the turbulent shearing flow and
underlying water waves is ncnlincar. Many fecatures observed in the air

flow above water can now be explained in the light of flow scparation,
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(b) C > uygt Uy

(c) c>ug+uy

Fig. 39. Possible configuration of straamlines above progressive
water waves.,
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Hoss é&_gl: (1968) have discusscd the rol2 of sepurotion in the
modification of air flow above smull water waves. TFor cexample, the
prasurements of the mcan flow indicate that the lower portion of the
air vclocity profile deviates from the logarithmic profile drawn over
the data points at the upper portien of the boundary. In the presence
of separation, the air flow in the scparazion rcgion is dccc]cratcd.by
an adverse pressurc gradient. Most of the drag then becomes form drag,
the corresponding skin friction stress evidently becowes smaller than
that-without scparation. Thus the velocity gradient in layers of air
ncarest the surface becomes less intensive.
Although the experimental program has been limited to mcasurcments

£ mean velocity and longitudinal turbulent fluctuation of the air
flow, we can still infer the shearing stress distribution qualitutively
fron the z2ir flow pattern just described. By comparison of the scquence
of mean veclocity proliles and turbulent irtensity profiles along water
waves with those of a separated air flow (Arie and Rousc, 195¢ , and
Chang, 1966), it was found that sinmilarity exists between the air flows
over water waves and solid obstacles. Arie and Rousc's and Chang's
measurements of the turbulent intensity 1U'? and shearing stress
u'v'’ behind a normal plate or a ridge, indicate the profiles u'Z
and -u'v' are similar in shape; i.e., the higher the valucs of u'Z,
the higher the absolute valucs of u'v' , and the region of maximun
turbulence and maximum shecar coincide near separation with the mcan
strcamline dividing the main flow from that in the zone of separation.
Although the difference in gowmetric boundary makes the quantitative
comparison of the turbulent data of this study and their data difficult,.
they still suffice to infer that the shearing stress is high around

the wave crests and swall in the treughs.
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Lin ct al. (1966) have shoun that the L%chnlntcxlishcarjng strcss
profile over a rough solid surflace vhere flow was kgown to be scparating
aarces with Kicbanoff's result. Dircctly measuring u'v' over wind
waves, Hess ct al. (1968), and Karaki and lisu (1967), howcver, found
that the measurcd shecaring stress was somewhat smaller than that over
solid surfaces. Perhaps this dissimilarity is associated with the
property of momentum and encrgy exchange between aif_and water. For
further exploring the local Reynolds stresses along a particular wave,
in principle, the technique developed in this study can be applied by
fixing a crosscd hot wire ancwoncter on the sclf-adjusting positioner.

Despite the fact that the dynamic nature of the water surface js
differcnt from that of a solid boundary, there ave still many similar
fcatures between the air flows over the two types of boundary. The
structurc of mecan air flow has been studied extensively over sclid
wavy models. In the following scction, the mcasured local velocity
profiles arc comparced with thosce obtained over water and over solid
boundaries which simulate wind gencrated waves.

5.2.2 Conparison of meusured local velocity profiles with other
experinents

Schooley's (1963) mcasurcments scein to be the only available local
wind profiles along the actual wind waves. He measured the wind profiles
above various places along waves gencrated by a 9-to IO-mctcr-soc-l
rind in a short-fetch water-wind tunnel by evaluating photographs of
small, neutrally buoyant soap bubbles. Schooley's data for the
horizontal wind profiles at folur points along an average wave are
reproduced in Fig. 40a. He drew the average wave profile from the

profiles of 30 individuul woves, but the detailed description of
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sampling and averaging process was not given. lis ratio of H/A s
approximately cqual to 0.08 which is slightly swaller than the values
of average design waves adopted in this study. The ratio of average
slopes on the windward side and lec side, in our notation that is
5&/EL , is equal to 2.43; this is significantly differcnt from the
value of 1.25 for this study., At the level of about two wave heights
from the mean water surface, Schooley found a maximum velocity '"jet" at
all points along the water waves. This result is not quite the same
as thc obscrvations of this study, Here a stronger jet was found in
the layer very close to the air-water interface, which only appears
around thc wave crests in contrast to Schooley's case. This difference
may be the result of the diffcrent character of average wave form and
a different method for analyzing the data. Despite these differences,
the fact that he found separation of air flow bchind the wind crests
(leeward) is at least qualitativcly coasistent with the present
obscrvations.

Experinents over solid models were primarily designed to mecasure
the pressurc distribution along a wavy boundary and werc performed by
Stanton et al. (1932), Motzfeld (1937), Thijsse (1952), Bonchkovskaya
(1955), Larras and Claria (1960), and Zagustin et al. (1966).

Zagustin et al. simulated the moving deformed boundary conditions in

a flume with running water and a moving flexible boundary. This seems

to be the closest simulation of flow over progressive water waves.

Unfortunately, there are not cnough velocity profiles along wave form
o :

available for detailed comparison. Ameng the quoted experiments,

Motzfeld's and Bonchkovskaya's measurcients on velocity profiles arc

most complete,  Fig. 41b reproduces the air velocity profiles over
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Motzfeld's nearly trochoidal wave nmodel, Motzfeld's waves had a
height of 1.45 ciz and a height to length ratio of 0.096. His
experiments werce perforiied in a wind tunncl 20 ¢m high, 60 cm wide, and

€00 cm long

o

-1 . :
m-sec . In Tig. 41b, Bonchkovskaya's result over trochoidal wave

The nunber of waves was 6 and the ambicent velocity was

[3S]

profiles with a wave height of 4 cm and a height to length ratio of
0.1 is also reproduced, Her experiments were made in a wind tunnel

of hexagonal cross section with a width of 160 cm and a length of 14 .
Therc were seven waves and the auwbient velocity was 5 m/scc.

Both of thesc results taken over solid boundaries rcveal the
cxistence of a strong jet avound the crest of the waves. At the
lecward side of crest, Motzfeld found that the maximum velocity of
the jet was higher than the ambient value. This jet flow is very
similar to the present findings over wind waves which resemble a
trochoidal wave. Even with such qualitative correspondence, Motzfeld
found no scparation of air flow behind the wave crest as has been
observed in this study. This differcnce may wcll be duc to the
symnetry of the solid model, and the low frec strean velocity used
in his study. Although Bonchkovskaya's model shows the existence
of jet flow around the crest and separation bechind the crest, the
similarity between her mean velocity profiles along the wave and those

observed over actual wind waves in this study is still far from complete.

Modols

—— —

5.3 Comparison of Experimental Results with Existing Theorctical

With the experimental rgsults and the inferred physical picture
of air flow over the waves, the applicability of the existing theorcti-

cal models for the encrygy trans{er from turbulent air to small water
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wiaves is examined.  Since the meesurementzs werce nade at a fixed
fetch, the effort will be concentrated om checking the basic assump-
tions of the models rather than checking the actual growth rate. The
comparison then can only be made on a qua]ifativc basis.

In Phillips' model, thcre is no coupling between air and water
motion and the statistical properties of the pressurc fluctuations
inherent in a turbulent wind arce assumed to be independent of the
waye generated and statistically howogencous over the water surface.
The cipcrimcntal results indicate that the turbulent air in the vicinity
of air-water interfacc responds to the appearance of the waves.

Thus the basfc assumption of neglecting 11 interactions betwecen

the pressure fluctuation in the air and water surface fails for the
waves studied. This confirms other results found by different methods;
for example, by Plate ct al. (1968).

Since the air flow separates from the wave crests and the
velocity profiles rcferrced to the instantaneous water surface are
substantially different from position to position, the flow configuration
differs completely from that assumed by Miles (1957, 1962) in his
calculations. Hence, Miles' lincar theory now must be modified to
accounting for the nonlincar effect associated with flow separation.
The flow separation may also explain the discrepancy between the
other obscrvations and Miles' thcorctical prcdictions; Indeed, the
results of Hamada (1963), Hidy and Plate (1966), Snyder and Cox (1966)

and Bole and Hsu (1967) suggest that the -liles thecory systematically

OO0
N
underestimates the input of encrgy from air to water compared with

observed rates of growth. Hess (1968) mcasured the turbulent air

flow over small water waves and found the effect of air flow by the
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prescnce of the waves were not in any way predictable quantitatively
if Miles' (1957) mechanism was assumed to be responsible for the
disturbances added to the air turbulence alrcady present.

Jeffrey's separation model has in tho past been considered
inapplicable because there was not any reil proof of his postulate of
separation of air flow, and thc laboratory experiments on solid wave
models, gave values of the pressurc difference across the wave which
arc much smaller than Jeffrey's cstimate for the sheltering cocf-
ficient s for the casc of the smallest wind-velocity capable of
raising waves. Since the prescnt experimzntal results give cvidence
for scparatidn of flow necar thc crest of wind waves, the precssure
differencc on thce windward side and leeward side of waves can certainly
produce wave growth. Unfortunatcly, no r:liable pressure distribution
along waves can be inferred as yct so no quantitative cevaluation of
the amount of cnergy transferrcd by this pressure differcnce can be
made. However, the fact that separation would causc a larger phase
shift and hence a larger exponential growz-h rate than Miles (1962)
result predicts, scems to be consistent with the observations of
growing wind waves by Hamada (1963), Hidy and Plate (1966), and Bole
and Hsu (1967). At any rate, the importance of Jeffrey's theory in
the stage of fully devcloped water waves cannot be overlooked.

Although Stewart's (1967) flow configuration is the consequence
of the appearance of a critical layer which is the order of wave
height away from mecan dépth, the basic mechanism drawn scems to be

N
the same as Jeffrey's proposal. The streamline pattern suggested by

SO

Stewart is similar to that obsecrved in th’s study over the waves with

critical height in the sublayer. The experimental data thus at least
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appears to fuvor Stceruri's concept, though it is difficult to tell
from Stewart's first peper what he really means by his form of

leceward eddy, as comparcd with Jeffreys' idea cr Miles' model,
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Chapter V1

CONCLUSTONS

This investigation is a first dircct attempt to measure the
detailed structurc of turbulent air flow above and between crests of
progressing wind waves., A spccially designed sclf-adjusting posi-
tionct allowed a velocity scnsor to measurc instantancous air veloci-
tics at a fixed distance from a water surface with waves of a dominant
frequency of 2 to 3 Hz. With the aid of a high speed digital computer,
a spccial stqtlstical technique was developed to sample and average
simultancous rccordings of instantuncous air velocities and water
waves, The mean velocity profiles, turbulent intensity profiles, and
turbulent encrgy spectra above various poéitions along a defined
average wave werc obtained through censemble averaging.

The mcasuved mean velocity profiles were significantly different
from position to position along water waves, but were substantially
the samc as the characteristics of turbulent air flow over a bluff
body. A well-defined streamline pattern was obtained from the
measured mecan velocity profiles, the configuration clearly indicated
the prescnce of a scparation region below the crests. The air flow
separated on the average from the water surface at a short distance
behind the crest and reattached to the water surface somewhere on the
windward face of the next crest. The observed flow configuration sug-
gests that the well known shsnr flow mechanism proposed by Miles nceds
revising to be applicable for predicting the growth of fully developed
small water waves where U, T c. The experimental results scem to
support the validity of flow configurations proposcd by Jeffreys (1925)

and move recently by Stewart (1967).
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The profiles 0_-:\/:'_-2 show thit the maxiumum intensity appears
ncar the scperation point; The region of maximun turbulence coin-
cides with the onsct of the strcamline dividing the main flow from‘
that in the zonc of separation, The measurcd turbulent encrgy spectra
at various points above watcr waves show that Kolmogoroff's inertial
subrange exists cverywhere.

In addition to finding the local propertics above waves, two
kinds of overall average propertics of turbulent wind with reference
to the ncan water level also were obtained. One consisted of
averages of the air propertics at a fixed distance from the mcan
water level (fixed probe measurcients) and the other was obtained by
averaging the air propertics at a fixed distance from the moving
water surface (moving probc measurcments). The results of fixed
prove mecasurciient are in agreement with what has been observed by
previous investigators for both solid surfaces and water waves. The
mean velocitices obtainced by the two methods are comparable, but the
rioving probe yiclds mcasurcments of the fluctuations secn by the
probes, which differ somewhat from those obtained with the fixed
probe. The fixed probe measuremcnts also yicld lower spectral den-
sitics at low frequencies than the measurements from moving probe.

A linear corrclation method was applied to scparate the turbulent
velocity fluctuations from those duc to probe and wave motions.

Except for an apparcntly wecak neonlincar effect, the lincar correlation
technique was fairly successful. In view of the experimental feasi-
bility and the measurcment crror, the fixed probe mcasurement scems

to be a better nethod to measure the overall air flow properties,

through continuous sampling.
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The water surface was found to consist of random asymmetrical
vaves with sharp crests and shallow troughs as determined from proba-
bility distributions of watcr clevation and its time derivatives. The
experimental wave spectra indicate that Phillips cquiiibrium range
holds only for 2 fm < f < fc » where fm is the dominant peak, and
fc is the frequency where surflace tensjon and the dissipation
causcd by viscosity become important. The rangc is succecded by an
f°  rcgion characterizing the joint effect of gravity and capillary
waves. The slope of spectral density between dominant and secondary
pcaks is closc to -9 or -8.

This stuﬁy showed that the sclf-adjusting positioner is a useful
device for observing the iocv] properties of air in the vicinity of
the air water interface. In principle, the technique developed can
readily be applied to measurc the pressurc or shecar stress distribu-
tions above and around progressive wind waves, by fixing a fast
response pressure scnsor or a crossed hot wire ancmometer on the
self-adjusting positioncer. This technique could also be applied to
the surface layer in the water. Such measurements should greatly

aid the understanding of the mechanics of air-water interaction.
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