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ABSTRACT

Theoretical predictions of wave growth by closure modelling
have been hindered by the ambiguity about the interface conditions and
the lack of knowledge of the dynamics of wave-turbulence interaction.
The present experimental program was undertaken in an attempt to
clarify the interface flow structure, as well as the closure relations,
and to study the dynamic response of wave perturbations to the imposition
of air modulations.

The Stanford wind-wave facility was modified to permit generation
of an air modulation with a sinusoidal variation. A wave height gauge
and an X~-array hot-film probe were used to measure simultaneously the
wave height and the wind velocity from a wave-follower operating in a
transformed coordinate system. Four runs were made, all with a 2. 4
m/sec mean free stream velocity and a 1 Hz mechanically-generated
water wave of amplitude 2. 67 cm, but with modulating frequencies at
0.0, 0.4, 0.7 and 1. 5 Hz respectively. Each velocity profile consists
of 18 points ranging in mean elevations from 1. 604 cm to 39.45 cm above
the interface. Theoretical bases were also formed for a better under-
standing of the flow characteristics in the transformed coordinate sys-
tem.

The mean velocity profile was found to be basically log-linear
with a wake characteristic near the free stream. The friction velocity
computed from the profile method agrees with the result obtained from
the measured constant shear stress layer near the interface. The lower
portion of the mean profiles follows the wave form but the upper portion
of the mean profiles seems to be unaware of the existence of the water
wave underneath. Thus, describing the flow in the transformed coordi-
nate system is an appropriate approach. Drift current effects on the

mean flow were also discussed.,




The wave perturbation motion was found to be irrotational near
the free stream and to have a strong shear behavior near the interface.
All the phases of the wave-induced turbulent Reynolds stresses have a
jump of 180° in the middle of the boundary layer, but such jumps do not
occur in the phases of the wave perturbation velocities. The relation-
ships between the observed wave perturbation velocities and the induced
turbulent Reynolds stresses are basically of an eddy viscosity type.

The energy balance of the wave perturbation field showed that
most of the energy transfer occurs in the vicinity of the interface.
Energy was drawn from the mean flow to wave perturbation, and then
from the wave perturbation to turbulence and to the water wave. The
energy transfer from wind to waves is predominantly caused by the wave
perturbation pressure. The measured wave growth rate agrees with
that observed by Dobson (1971), and is one order in magnitude greater
than Miles' prediction. Wave-turbulence interaction is responsible for
this higher growth rate.

The response of the wave perturbation to air modulations when
the modulating frequencies are lower than the frequency of the water
wave is different from that when the modulating frequency is higher than
the frequency of the water wave., Air modulations tend to decrease the
ripple formation over the mechanically-generated water wave under the

same mean flow condition.
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CHAPTER 1

INTRODUCTION

1.1 General

The generation of surface water waves by wind is a classical
problem. To date, although significant advances have been made
toward the understanding of the wave generation processes, our know-
ledge remains incomplete. Recent investigations have suggested that
the interaction between the surface water waves and the background
turbulence of the wind may strongly enhance the momentum and energy
transfer, from the wind to the waves, which ultimately causes the
waves' growth. Unfortunately, when the wave-turbulence interaction is
considered, the so-called '"closure' problem is raised.

The closure problem occurs when an averaging process is applied

to the Navier-Stokes equations in describing statistically the wind fields.

The averaging process recults in the loss of information and introduces
new unknown quantities commonly referred to as turbulent Reynolds
stresses. In order to solve the problem, closure relations, which re-
late the Reynolds stresses to other quantities in the averaged equations,
should be postulated. In wind-wave generation, the closure problem is
associated with the induced turbulent Reynolds stresses that are oscil-
latorily coherent with the surface water waves. A successful closure
modelling for the induced turbulent Reynolds stresses should properly
describe the dynamics of wave=-turbulence interaction, and the results
of its predication should agree with those measured. Hence one rea-
lizes immediately that obtaining reliable data associated with the wave
perturbation against which the model predictions can be compared is
equally important to modelling,

In the past ten years, several closure models have been proposed

to predict wave-induced fields (Long 1971; Davis 1970, 1972; Saeger and

i




Reynolds 1971; Townsend 1972; Norris and Reynolds 1975). Most of
the models are based on ad hoc or phenomenological assumptions.
Very little effort has been made toward understanding basically how
the waves couple with the turbulence in producing the induced turbulent
Reynolds stresses. This basic understanding is now considered one cf
the most important features in the closure modelling. Becausc the
existing turbulence theory is incomplete, direct measurements of the
wave perturbation fields, including the induced turbulent Reynolds
stresses, should be very instructive, not only to the formation of clo-
sure relations in predicting the wind-wave generation but also to the
further understanding of the turbulence structure.

Studying the response of the wave perturbations to a calibrated
unsteady air motion provides one way of investigating the wave-
turbulance interaction. The unsteadiness of air flow can be fixed by
generating a controlled air modulation into the interface {low regime.
The air modulation possesses a pulsating feature, which varies sinu-
soidally with time and has a very long wave length when the modulating
frequency is low. Although it is hard to visualize that the air modula-
tion serves as one frequency-spectral component of turbulence, it is
anticipated that the interaction between the air modulation and the waves
does maintain most features of turbulence-wave interaction. The
analogy is even more profound when the air modulation frequency is low,
because the low-frequency components of turbulence are of large scale
and are sometimes regarded as organized waves. By measuring the
air flows under the conditions with and without air modulations, the
effect of the air modulation on the wave perturbation can be determined.

Aside from the closure problem, there is some ambiguity about
the boundary conditions at the interface arising from the oscillatory
displacement of the water surface and the possible influence caused by

the existence of drift currents. The calculations of closure modelling
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are very sensitive to the interface boundary conditions imposed as
pointed out by Davis (1970) and Long (1971). The interface boundary
conditions should be consistent with the physical process at the inter-
face. Direct measurements of the wave perturbation quantities as
close to the interface as possible are urgently needed in resolving this
problem. Measurements performed at a fixed elevation are generally
believed to be unfruitful since the probe used for data taking can reach
only to a distance approximately equal to the maximum wave amplitude
from the mean water level. This disadvantage of fixed probe measure-
ments is even more serious at high wind speeds where both the diffusive
layer (usually referred to as the momentum thickness) ic much thinner
than the wave height, and the critical height (the distance from the mean
water level to the level where the mean velocity equals the wave speed)
is much lower than the wave height.

A coordinate system using the undulating interface as the ordinate
and asymptotically matching with the undistorted coordinate system
when the ordinates of both systems are away from the interface was
first adopted by Benjamin (1959). In Benjamin's analysis the air flow
extended to infinite height. For air flow with finite height, a trans-
formed coordinate system which resembled Benjamin's was used suc-
cessfully by Norris and Reynolds (1975) in predicting the pressure wave
perturbations. However, no data of the velocity fields were obtained
by Norris and Reynolds for their modelling comparisons, although the
velocity field data usually serves as a more sensitive test than the
pressures. Measurements of the velocity fields as well as of the tur-
bulent Reynolds stresses in the transformed coordinate systems will
not only reveal more information in determining the interface boundary

conditions, but also provide basic data for closure model justification,

1.2 Objectives

The objectives of this investigation are as follows:
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(1) To design an experiment through which one can
(a). investigate the air-water interface flows in a transformed

coordinate system;

(b). investigate the response of the wave perturbations to the
pulsating air modulations.

(2) To obtain some reliable data on flows which may possibly resolve
some aspects of closure dynamics and lead toward the prediction
of wind-wave generation. These experimental data consist of
(a). mean velocity and mean Reynolds stresses to characterize

the flow;

(b). induced velocities and induced turbulent Reynolds stresses
associated with both the surface water waves and the air
modulations;

(c). velocity components produced from the interaction between
the surface waves and the air modulations.

(3) To give some thereotical insights to wave-turbulence interactions
for better understanding of the interface flows in the transformed

coordinate system.,

1.3 Previous Work

Interest in the theory of wave generation by winds was reactivated
by the works of Eckart (1953) and in particular of Ursell (1956). How-
ever, the first significant contribution to the theory should be reserved
to those works of Phillips (1957) and Miles (1957).

Phillips' theory can be regarded as a discussion of an ensemble of
Kelvin wakes, generated by turbulent pressure fluctuations, Its mecha-
nism is based on resonance and the resulting wave growth rate is linear.
But, the later measurements by Snyder and Cox (1966) and by Barnett
and Wilkerson (1967) showed that Phillips' theory, although it is valid,

can not provide correct estimates of the energy and momentum transfer
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from wind to waves, except perhaps in the very initial stages of the
wave generation over a smooth water surface.

Miles' theory describes the coupling between surface waves and
the mean air flow. The growth mechanism mainly depends on the feed-
back of the wave-induced air flow perturbations to the surface waves.
His mechanism bears a strong resemblance to the classical work on
hydrodynamic stability, and the resulting wave growth rate is exponen-
tial. Hence, when wave amplitudes are large, Miles' mechanism is
more effective than Phillips' mechanism in transferring energy from
wind to waves. It was anticipated that Miles' mechanism should provide
the major portion of energy transfer; unfortunately, the measurements
of Snyder and Cox (1966) and later works of Barnett and Wilkerson
(1967), of Shemdin and Hsu (1967), and of Bole and Hsu (1969) showed
their measured growth rates to be one order in magnitude greater than
those predicted from Miles' theory.

In his 1957 paper, although Miles acknowledged the possible sig-
nificance of the induced turbulent Reynolds stresses and the ambiguity
of the interface boundary conditions caused by using a fixed coordinate
system, he based his calculations primarily on the inviscid quasilaminar
assumptions where the viscous and the turbulence effects were neglected.
The difficulty of the interface boundary conditions was overcome by
Miles (1959) and by Benjamin (1959) by using transformed coordinate
systems so that the boundary conditions could be evaluated directly at
the interface. Hence, the viscous effect could also be included in their
calculations. Their main conclusion was that the viscous effect does
not significantly contribute to the momentum and energy transfer from
wind to waves in the flow regime of practical interest.

The significance of the induced turbulent Reynolds stresses was
not only revealed from the failure of the quasilaminar model to predict

the major portion of wave growth, but also proven by Longuet-Higgins
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(1969) following the concepts given by Stewart (1967). Longuet-Higgins
(1969) showed that an oscillating shear stress at the interface could be
of equal importance as the wave-induced pressure in transferring the
energy to the waves. Kendall (1970) indicated experimentally the
strong modulation of turbulent structure caused by the progressive
water waves and the significance of direct energy transfer to the waves
acted upon by the induced turbulent Reynolds stresses.

When the induced turbulent Reynolds stresses are retained in the
linearized perturbation equations, the closure problem impedes any
further theoretical predictions, Closure relations were obtained by
authors using the existing closure theories in turbulence.

Miles (1967) used the mixing length and the similarity arguments
in relating the induced turbulent Reynolds stresses to the induced tur-
bulent verticity. Although no further calculations were performed in
the absence of detailed experimental data at that time, he conjectured
that inclusion of induced turbulent Reynolds stresses in the governing
equations was necessary to improve the predictions.

Davis (1970) followed Benjamin's (1959) suggestion that ''the pro-
perties of the flow are dependent on an appropriate measure of the height
above the instantaneous wave surface' (Davis 1970, pp. 722) and pro-
posed that the horizontal component of induced turbulent shear stress is
directly proportional to the curvature of the mean velocity profile and
to the wavy displacement of the vertical ordinate used by Benjamin
(1959). Numerical predictions based on this model were inconsistent
with Stewart's data (1970) and were inconclusive.

Saeger and Reynolds (1971) adopted an eddy viscosity model to
calculate the induced pressures over a flexible wavy surface. The eddy
viscosity model was originally proposed by Hussain and Reynolds (1970)
to study successfully the behavior of turbulent Tollmein-Schlichting
waves in a straight-wall channel. Experimentally-measured pressure

data of Saeger and Reynolds disagreed with their predictions.
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Details of the closure technique were examined by Davis (1972).
Computations following the BFA scheme (Bradshow, Ferriss and
Atwell 1967) yielded an exponential wave growth rate one order in
magnitude less than the experimental results of Kendall (1970) and of
Dobson (1971). Davis also generalized the eddy viscosity model of
Hussain and Reynolds to include the elastic behavior of fluid by pro-
posing a "'memory' function in characterizing the fluid experience under-
going strain. The eddy viscosity model was subsequently the limiting
case of shortest "'memory.'" Results of Davis' calculations showed no
apparent difference between the eddy viscosity model and the eddy vis-
coelasticity model (the generalized model); the predicted wave growth
rate agreed reasonably with those of Kendall (1970) and of Dobson (1971).

Townsend (1972) modified the BFA scheme to study the distortion
of turbulent boundary layer flow caused by the surface waves running in
different directions from the mean velocity. The constitutive relations
for the induced turbulent Reynolds stresses were constructed from the
concepts of the ''relaxation' response, resulting in changes in the inten-
sity and the direction of the mean Reynolds stresses due to the surface
waves. The wave growth rate was calculated, but was still considerably
less than those measured by Snyder and Cox (1966), by Barnett and
Wilkerson (1967), and by Dobson (1971).

Closure models calculated in a transformed coordinate system
were first proposed by Norris and Reynolds (1975). Even for the simplest
quasilaminar model, their results agreed satisfactorily with their mea-
sured induced pressures. The inclusion of non-zero induced turbulent
Reynolds stresses did not significantly change the quality of their pre-
dictions. They concluded that the quasilaminar transformed coordinate
models of Miles (1959) and of Benjamin (1959) are entirely adequate for
the induced pressure calculations, This conclusion did not claim that

the quasilaminar transformed coordinate model is also adequate in
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explaining the major portion of the wave growth. Since the pressure
measurements of Norris and Reynolds were taken at the fixed wall of
their channel, whether the agreement can also be achieved near the
flexible wavy wall is still unknown. No pressure measurements at the
wavy wall were reported by Norris and Reynolds. Pressure measure-
ments near the interface in a wave-follower system by Yu et al. (1973)
had shown the inconsistency in the wave growth rate between the ob-
served data and the predicted results from Miles' theory. It is be-
lieved that the comparison between such observed and predicted quanti-
ties as the induced velocity and the induced turbulent Reynolds ctresses
will provide a direct test of the adequacy of the Norris and Reynolds'
model.

Measuring the induced turbulent Reynolds stresses was first
attempted by Kendall (1970). His results suggested that the dynamic
response of turbulence to the imposed surface waves is significant. Un-
fortunately, no detailed structure of the induced turbulent Reynolds
stresses can be extracted from his measurements.

The induced turbulent Reynolds stresses were also measured by
Yu et al. (1973) and by Chao et al. (1976) using a wave-follower system
in the Stanford wind-water channel. Data were obtained only in the lower
portion (about one third) of the turbulent boundary layer., Although Chao
et al. also measured the induced turbulent Reynolds stresses in a fixed
frame, these measurements were performed under different flow con-
dition from those of the wave-follower frame, and no direct comparison
could be made between the two. Because of the incompleteness of the
wave-following data and the disadvantage of the fixed probe data as men-
tioned in Section 1. 1, their data could not clarify the structure of the
wave-~induced flow fields,

All the closure models cited above were phenomenological. A

closure model using a dynamical approach was given by Davis (1974).
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The novel aspect of his analysis is that each averaging process is
delayed until the dynamical equations have been solved rather than

the normal procedure which attempts to find equations for averaged
quantities. The constitutive relations hence predicted obey the visco-
elastic law in nature but require the detailed turbulent structure, which
is still absent, for further model calculations.

In Davis' (1974) formulation, the turbulence was decomposed into
two components: one was the original undisturbed turbulent component,
and the other was the ""active'' turbulent component. The active turbu-
lent component is introduced by the wave perturbations and has both the
wavy and turbulent behaviors; hence, the active turbulent component is
strongly correlated with the turbulence in producing the induced turbu-
lent Reynolds stresses. In the present study, the existence and the rela-
tive importance of the active turbulent component were examined.

The controlled air modulations were used in the present experi-
ment to simulate the large scale motions of turbulence in interaction
with the surface waves. The modulated air flows in flat rigid wall
channels had been studied by Karlsson (1959) and by Acharya and
Reynolds (1975). The modulated air flows over wind-generated waves
were also investigated by Wu (1973), Details of the air modulation will

be discussed in Chapter 3.

1.4 Selection of Flow Conditions

The wind-wave channel at the Stanford Hydraulic Laboratory which
will be described in Chapter 4 was modified to produce air modulations
resulting in a perturbation velocity with a slug flow character. The
mean free stream velocity was set at a low value of 2.4 m/sec to give
relatively higher amplitudes of the air modulations. For ease of com-
parison the frequency of the mechanically~generated water waves was

chosen to be 1 Hz, the same as that of Yu et al. (1973) and Chao et al.




(1976), since their experiments were also performed in the Stanford
channel. The frequencies of air modulation were selected at 0. 4 Hz,
0.7 Hz and 1.5 Hz such that the mechanically-generated water wave
frequency was in the range of the modulation frequencies., All the fre-
quencies selected here satisfied the long wave assumption used by Davis
(1974). Velocity data were collected in a transformed coordinate SYSs-
tem equivalent to that of Norris and Reynolds (1975). The small ampli-
tude assumption of water waves was also satisfied by setting the ampli-
tude a of the mechanically-generated water waves at 2. 67 cm to give

a value of ka =0, 1075 where k = 0, 04026 (1/cm) is the wave number of

the water wave.

1.5 Summary of Primary Conclusions

In this study, measurements of the velocity fields as well as of
the Reynolds stresses under the conditions with and without air modula-
tions were taken over most portions of the boundary-layer velocity pro-
file except those in the immediate proximity of the interface. It was
found that the mean velocity profile in the transformed coordinate sys-
tem is basically log-linear with a wake characteristic near the free
stream. A constant mean shear stress was observed near the lower
portion of the mean shear stress layer. The development of the drift
current at the interface affected significantly on the mean velocity pro-
file by releasing partially the shear stress so that the profile in the log-
linear plot has a lower slope and a higher intercept than measured for
the flow over flat plate.

At the wind speed of this study, the wave perturbation motion was
found to be irrotational near the free stream and to have a strong shear
behavior near the interface. A continuous shift of the phase angle of
approximately 180° across the boundary layer was observed for the
horizontal wave perturbation velocity, The phases of the induced tur-

o SiEe
bulent Reynolds stresses have the same jump of 180 at an elevation in
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the middle of the boundary layer. The experimental results showed that
the relationships between the wave perturbation velocities and the in-
duced turbulent Reynolds stresses are basically of eddy viscosity type.

The energy balance of the wave perturbation field indicated that
most of the energy transfer occur near the interface. Kinetic energy
was drawn from the mean flow field to the wave perturbation field, and
then from the wave perturbation field to the turbulence field and to the
water wave field. The energy transfer from wind to waves is predomi-
nantly caused by the wave perturbation pressure. The induced turbulent
Reynolds stress transfer energy from the waves to the wind, but they
are relatively insignificant. The turbulence enhances the energy trans-
fer by the wave perturbation pressure, by changing the structure of the
viscﬁous critical layer. The rate of energy transfer from wind to waves
in this study agrees with that measured by Dobson (1971), and is one
order in magnitude greater than Miles' prediction (1957).

The effect of the air modulation on the wave perturbation was esti-
mated and shown to be important, The air modulation effect consisted
of two parts: one produced from the direct coupling between the com-
ponents of air modulation and wave perturbation, and the other produced
from the indirect changes in the behavior of the correlation of the back-
ground turbulence and the wave perturbation. Both are of equal impor-
tance. An interesting difference in the behavior of the response of wave
perturbations to the additional air modulation was observed between the
modulating frequencies which lie below and those which lie above the
frequency of the mechanically-generated water waves. Further studies
are needed to clarify this difference.

Some theories in wave perturbations and in their interactions with
the air modulations were developed in both the fixed coordinate system
and the transformed coordinate system in this study. The results have
greatly clarified the ambiguity of the interface boundary conditions in

the classical fixed coordinate analysis to the transformed coordinate
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analysis. The concepts and the philosophy of Davis (1974) are rein-

forced and extended in the present analysis.




CHAPTER 2

THEORETICAL ASPECTS OF WAVE PERTURBATIONS

2.1 Averaging

Since randomness is one of the most important features of tur-
bulence, the discussion of turbulent flows is usually conducted entirely
in terms of statistical quantities. The time average 5(3{_) of a flow

quantity, g(x,t), is defined conventionally as

T2
g(x) = lim 1? / g(x, t) dt (2. 1)
~T

T-oo /2

Practically, this average is obtained from a very large ensemble of

'} g()_(_, tn) which are sampled at different times tn. If g(x,t) is stationary,
E(i) does not depend on the starting time of averaging and can be ob-
tained by choosing a sufficiently large value of T or by sampling a suf-
ficiently large ensemble such that no change in g(x) is found by a further
increase in T or in the size of the ensemble. For a sampling process
with a constant sampling interval At, tn = nAt and a digital expression

equivalent to (2. 1) is

glx) = 11m 2N+1 E g(x nAt) (2. 2)

where T = (2N+1)At is applied.

1 When g contains periodic oscillations as are considered in this

study, a conditional average of g, called the ''phase average'' and de-

noted by {(g), is defined by

(glx,t)) = i\ljm 2N+1 Z g(x, t+n7) (2. 3)

13
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where 7 is the period of the organized oscillation. The organized

wave component of g, denoted by F, is defined by

g= (g -8 (2.4)

It is then possible to decompose an arbitrary random signal g into

three different components, viz.,
glx,t) = g(x) + E(lc_.t) + g'x, t) (2. 5)
The new component g' in (2.5) is the backgrcund fluctuation around the

phase average (g). Figure 2.1 shows the schematic of the averages.

The following relations easily follow:

g = 00 <g'\ =0, -g—' = () {2. 6a.b,c)
E - E’ <E> - E (2.6d, e)
gh = gh, (gh)=gh), Gh)=Fh) (2. 7a,b,¢c)

T =0, Gn) -

I
o

(2. 7d, e)

where h has the same form as g in (2. 5).

Comparison of (2. 2) and (2. 3) shows that during digital processing
the time average and the phase average are very similar except for the
difference in choosing At and 7, the intervals between two consecutive
samples. Since in (2, 3) every two consecutive samples are separated
by an interval equal to the period of the periodic oscillation, the value of
t, 0 <t <r, represents different phases of the oscillation. If in (2. 3)
the interval of two sequential samples were m~r instead of ¥, where m

is an integer greater than 1, the results of the phase average are not

14
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changed as long as the process is stationary and the size of ensemble
is large enough. This property should be clear since the multiplication
of + by m does not change the phase of the sample. On the other hand,
this also implies that (2. 3) contains all the information of harmonic
oscillations with period equal to 7/m.,

The similarity of (2. 2) and (2. 3) also suggests that, in order to
yield 2 meaningful time average, the sampling interval At in (2. 2)
should be carefully selected not equal to the periods of organized oscilla-
tions. This condition is usually fulfilled by using a sufficiently small
value of At (or low pass filtering the signal) so that there are no signifi-
cant organized oscillations with period shorter than At. (Actually, the
frequency band limit of the signal should be 1/(2At), as discussed in

Chapter 4, when the alaising problem is considered.)

(¥}

Generalized Definitions of Organized Waves

1Y)

Jecause averaging is equivalent to finding the expectation in prob-
ability theory, the organized wave defined in (2.4) can be regarded as
the difference of the conditional (phase average) and unconditional (time
average) expectations of the first moment. The concepts of an orga-
nized wave then can be generalized by the following definitions: A quantity
g of interest is said to contain an nth moment organized wave of period
7 if there exists a positive integer n such that the nth power of g has

different phase and time averages, i.e.,

1) # ghx) (2. 8)

the lowest integer n to result in (2, 8) is defined as the degree of con-
\ tent; and g is called as an n-degree wavy quantity associated with period
v . Hence, a quantity g is said to contain no organized wave of period r

if the following relation is satisfied for all positive integer n:
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€ )=¢g (2.9)
h _ %
The n= moment organized wave component of g, denoted by g , can be
defined as the difference of the phase and time averages of gn, i.e.

= (gn> - gn . (2.10)

N
g

th
And, similarly for two quantities g and h, the (m+n)  joint moment
—~

s n . 2
organized wave grnh is defined as

n m._n m n
g h" = (g"h™y - g'n (2.11)

Accordingly, the decomposition of gmhn is generalized to

m m, n
g h" = g W4 gm"hn + (gmhn), (2. 12

2.3 Governing Equations
The continuity and momentum equations governing the flowfield,
after normalization by the characteristic velocity Uoo and the charac-

teristic length 0, are

aui

K._ =0 (2.13)
1

aui aui 8 1 azui

el 3 T T Re B dx_ e

where the incompressibility and the Newtonian viscous behavior of the
fluid are presumed. The value Re in (2. 13) is the well-known Reynolds

number defined as

Re = (Z. 15)
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where v is the kinematic viscosity, Uoo is generally referred to as
mean free stream velocity of boundary layer flow and 6§ is the bound-
ary layer thickness. In a fully developed channel flow, Uoo is the
channel centerline mean velocity and § is equal to -Z—H where H is
height from the mean water level to the roof of the channel. The time
scale and the pressure scale used in the normalization are § /UOO and
ono2 respectively.

Decomposing u, and p in a way similar to g in (2. 5), we have

U = u +U +u (2. 16a)

]
i i i i
and

p=;+'5+pl (2.16b)

Substituting (2. 16a,b) into (2. 13) and (2. 14) and taking time averages,
we find that (2. 13) and (2. 14) reduce to

aEi
el 1z, 1)
1
- - By = y e iy :
. axj Bx, Re axjaxj axj (ui By + uiuj) (2.18)

If the phase average is taken before the time average and the time aver-
aged equations are substracted from the phase averaged equations,

using (2. 10) and (2. 11) we have

U,
3= = 0 (2. 19)
1
17
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~ 927y
= b I Y, TONL RN » 20
axi + Re E)xji)xj axj miuj) .()xj (uiuj) (2. 20)

Now, (2.19) and (2. 20) describe the motion of the wave perturbation

fields which are of main interest in this study. In (2.20) the quantities

S~
~

~ 7 ~ ~ ~ ~ o~
o= Ca Y - A, =, ~oua,
1] 1) 1] 1) 3]

2. 21a)

=24

are quadratic and are usually discarded in the linear analysis (we dis-

carded them here). The term ui'uJ! , the main stumbling block in the

closure problem, is given by
’ (2. 21b)

and is also specially denoted as ?ij in the report of Hussain and Reynolds
(1970). To avoid confusion, we will also use the same notation; (2. 20)

ther can be read as

2~

o, _ oW, au, o y oW, BE,

i e gy i) R e e oy e CO

ot j 0x. j ox. ox, Re 9x.0x, 0Ox,

J J 1 1y J
{2,22)
The coordinates x, are x, =x in the direction of the wave propa-

gation, X, =Y in the vertical direction upwards and normal to the mean
water level, and Xy =2 in the lateral direction parallel to the wave

front. The air flows in the x direction, and the resulting channel flow

is assumed fully developed or nearly fully developed so that the mean

18
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flow can be regarded as parallel. The wave perturbations are also
assumed two dimensional (x,y). Under these assumptions, the velocity

uy is expressed as
u, = (U(y) + J(x,y,t) +u', ¥ix,y,t) +v', w') (2.23)

and the pressure perturbation P is a function of x, y, and t only.
Equations (2. 19) and (2. 22) are then reduced to simple forms and are

written explicitly as

ou |, Ov v

St 0 (2. 24)

a0 - ” Be B . O

g—t"-+Ugﬁ+vg_g=-%P-+-§1—<a‘2‘+a‘2‘)-a“-alz (2. 25)
. ¢ Yy X e S ay X Yy

& o 88, 1 %% 3 gh - T Ty i 5t

at ox 9y Re( 2 27 ox ay '

ox oy

Since there are only three equations with six unknowns T, v, P
T T and T,,s» pProper closure relations for rij and suitable bound-
ary conditions for U, ¥V, P, and ;ij are required in solving the system
of equations. The quasilaminar model is obtained by putting ;ij = 0.
Furthermore, neglecting the viscous effect by asumptotically letting

Re = oo wili yield the well-known inviscid model of Miles (1957). Models

with non-zero ;ij are generally referred to as turbulent models.

2.4 Expressions for Travelling Waves
The displacement ?7' of the water surface from its mean equilibrium
position is assumed sinusoidal with a travelling wave property, and is

expressed as
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ﬁ(x,t) = a-.cos(kx=-wt) (2. 27a)
1 H(kx=-w : X
= 7-ra-cl( %=1t + conjugate ] (2. 27b)
where a is the wave amplitude,
k is the wave number = 21/L , (2. 28a)
w is the circular frequency = 2qf = 27 /7 , (2. 28b)

and L, f, and 7 are wave length, wave frequency (Hz) and wave period
respectively., When the wave amplitude is finite, the non-linear effect
on the water wave usually produces harmonic modes resulting in a non-
sinusoidal wave form called '"Stokes waves''., (Lamb 1932, art. 250).

In (2.27a) the small amplitude assumption, ka << 1, is invoked so that
the Stokesian harmonic modes are neglected.

Since the air flow perturbations are associated with the water
surface displacement, 1; is used as a reference signal to estimate the
phase lags of other wave quantities., Accordingly, the origins of x and
t in (2.27a) are properly selected to give N a zero phase. When n is

given by (2. 27a), the velocity perturbations are then represented by

?fi(x,y,t) = |1ii(y)| -cos(kx - wt + 9?1..) + harmonics (2.29)
i

where |ﬁi| and f~ are the amplitude and the phase lag angle with
respect to time of t:hei fundamental mode of Ei' The harmonics in (2. 29)
are now primarily produced from the non-linear effect described by the
convective terms in the Navier-Stokes equations. We have assumed
that the wave perturbations are small such that 'ﬁil /U <<1; hence,
the harmonics in (2. 29) are again negligible because they are of higher
order in IGII /U. This negligibility of harmonics also applies to other
wave perturbation quantities, such as 3 and ?ij , so that the linear

analysis is feasible. The wave perturbations are then generally denoted
by

20
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2lx,vy,t)

- %[ é(y) . ei(kx-wt)

where g(y) is regarded as a complex number, AE' + iB,g ,

A 2 2,1/2
|g(y)| is the amplitude = (A,§+ BE) / . (2.
1 B
and e,g is the phase lag of § with respect to 7, 6,§= tan (Xg) (=
[4
Substituting (2. 31) into (2. 24), (2.25) and (2. 26) and denoting
-:—; by D and —l-w( by ¢, the wave celerity, we have
iki + Dv = 0, (2
ik(U-c)d + (DU)¥ = ‘k15+—1 (D% -k°)§ - ik#, , -Df (2
i c)u v = -i Re 4 - ikf) | 12 ° :
ik(U-c)¥ = =Dp + == (D°-k°)¥ - ik?, - DE (2
i c)¥ = -Dp Re v < ikr,, 52 .
The wave stream function Z(x, y, t) is defined as
e ol e
T e T o e
so that the continuity equation (2. 24) is automatically satisfied. In
terms of the wave expression, (2.37a,b) change to
@ =D§, v =-ikd . (2.

|g(y)] -cos(kx - wt+ OE) (2.

+ conjugate ] (2.

30)

31)

32)

oo

34)

35)

36)

37a,b)

38a,b)

Introducing (2. 38a,b) into (2. 35) and (2. 36) and eliminating }; from the

resulting equations, we obtain
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+ i(D&+k )r]?_‘ (2. 39)

When r.. = 0, (2.39) reduces to the Orr-Sommerfeld equation usually
1)

encountered in the theory of hydrodynamic stability.

2.5 Boundary Conditions

For channel flow the no slip condition at the roof gives W = ¥ = 0.

Hence,

b ' at y=H (2.40a,b)

When the channel height H of the air flow portion is sufficiently large,
the no slip condition at the roof is automatically replaced by the expo-
nentially decaying property of the wave perturbations which also re-
sults in W=V =0 as y - . The value H in (2.40a,b) is now normalized
by the boundary layer thickness 6 so that (2.40a,b) can describe the
upper boundary conditions for flows with either finite or infinite heights.
Thus, H = 2 when the channel flow is fully developed.

At the interface, the high ratio of water density to air density and
the surface tension effect prevent mixing between the air and the water
when the air velocity is not too high, as considered in the present in-
vestigation, The no slip condition also applies, i.e., the air molecules
adhere to those of interface water, which is moving with a circular-
orbit due to the deep water wave motion and with a velocity in the down-~
stream direction due to the drift current. The drift current consists of
the wave-associated drift current and the wind-induced drift current

which usually is predominant. The interaction between the water wave
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and the drift current is assumed to be weak so that the linear and
orbital motions are regarded as independent and superposable. Accord-

ingly, the interface boundary conditions are given by

'\7:%%]-+Ug—:3 '
‘ at y=1 (2.41a,b)
u = kcﬁ

In terms of the wave expression, (2.4la,b) are

A5
1

(c-U)a I )
’ at y=mnm (2.42a,b)

Dz = cka

The dependence of the interface boundary conditions on '1\7' has
profoundly handicapped the theoretical treatment of the problem. Teo
circumvent this handicap, either of the following procedures is necessary:
(1) Transformation of the boundary conditions from y = 5§ to the mean

water level y = 0. (Miles 1957; Davis 1970, 1972; Townsend

1972)

(2) Transformation of the entire problem into a new ccordinate =+ st
such that both the upper and the lower boundaries are fixed relativ
to the new coordinates. (Miles 1959, Benjamin 1959, Norris and
Reynolds 1975, Gent and Taylor 1976)

The second procedure is chosen in the present study because it leads to

less ambiguity.
2.6 Transformation into Moving Coordinates

The difficulty of the interface boundary conditions is overcome by

using the following coordinate transformation,
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‘ tx = ¢t
x¥ = x (2.43a,b, c)

y - fly¥).q

<
3*
1]

The function f(y*) is defined such that

£(0) = 1 and f(H) = 0 (2.44a,b)

The expression,

sinh(kH - ky*)
sinh(kH)

f(y*) = (2. 45)
satisfies the requirements (2. 44a,b) and results in an exponentially-
decaying form which resembles that used by Benjamin (1959) when
H 4 co. The coordinate transformation given above is one to one but is
not orthogonal. Figure 2.2 shows the lines of constant y* in physical
space.

For some quantity g of interest, we have, from the chain rule for

partial derivatives,

9g . 8% 8t*, 98 8x* 28g ., By* (2. 46)

ds Ot 9s = 9x* 8s . Ody* 0s

ot* Ox* oy*
9s ' 9s’ i 9s
from the transformation relations {(2.43a,b,c). The result expressions

where s canbe t, x, or y. The values of are found

are
3% _ 2% _..0M 2
at atk 1 Bt " By Lokl
3g _ %y _ .07, 8g
ax - Ox* "1 9x By* Ao RER
24",




dc 1) ~
L O - (2. 47c)

() y o y ad Y S
2 ) ) 82

¢ a
S “’fl'%g‘*'“ %ﬂmg—
9% dx ox i ¢ 3

e (_a_ﬁ’é 2 o (2.47d)
Ix ay* aY*) .

9’ b 8 o 8y A 2"t
. _EE/(l’La_:z'm '55* 2 "/(1+ ol e
dy By* . dy* oy5

Before transforming the governing equations of flow motions, it is
now assumed that, in the new (x*, y*, t*) coordinate system, the mean
flow follows lines of constant y*, the wave perturbations are two dimen-
sional and function of x*, y%*, and t* only, and the linear analysis is
still valid. Applying (2.47a,b,c,d, e) to the Navier-Stokes equations
(2.13) and (2. 14), substituting the three-component decompositions
generally given by g = G + g+ g' into the resulting equations (G is the
time average), taking the time averages, and discarding the terms with
O(‘ﬁz) or higher yields the mean flow equations, in the (x%*, y*, t*)

system,

.8.1 i __L : oU (] = (
Ix* Ay * (Re dy* i ) =10 (2, 48)
P 9o ,—

- 5;: = 5;* (v'v') (2.49)

Equations (2. 48) and (2. 49) are identical to the mean flow equations in the
(x, y, t) system; however, the physical interpretations are different be-
cause of the different assumptions made and the different physical (geo-
metrical) positions where the mean quantities are evaluated. Equation
(2.49) suggests that the mean-pressure gradient in the x* direction is

= constant, (See similar discussion in Section 3. 3b, )
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If the phase averages are taken before the time averages, the dif-

ference between the phase averaged and the time averaged equations

gives the wave perturbation equations:

Continuity Equation:

o 87 8U . ov _
- B et e B0 (2. 50)

x-Momentum Equation:

o an 8y (ﬁ ?j.w) 5. AU

at* ! at - 8y’”+ u d w o f Ox 9y 3 dy*
2~ SR T T R
i T S T L By B0

- % 4 ¥
Ix ox 9y* Re 8x*2 8x2 ay ay*Z
5, B = 8D B 5. 2U (2. 51)
* *
ay ay*Z ay*Z Ay

y-Momentum Equation:

T ~ T
v o 88 12 0 R e e SN . S Mo
; peet Ui gt Bee Y ae "B ™YY Gew g M GpltT Y )

iy 2~

il g B 3 BE g b ] O (2. 52)
dy*  oy* dy* Re 8x*2 By*z

In (2. 50), (2.51) and (2. 52), the terms with ﬁ' are inhomogeneous

terms because they are known quantities when the mean flow and the
Equations (2. 50), (2.51), and (2. 52) are
The

S water wave are predescribed.
essentially equivalent to those used by Norris and Reynolds (1975).
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appearance of the inhomogeneous terms in these equations has compli-
cated computations employing them. To simplify these equations, the
physics of the flow in the transformed coordinate system was reexamined.
When the control volume shown in Fig. 2,3 was considered, the
continuity equation obtained by balancing the inflow and outflow is
8 o Bo 8¢ 8w . 8N  Ow

(1+57_::-n)- _

B Byt " oyx T Bx* T 3z

The term %\f in (2. 53) is the net flow rate in z-direction and was not
shown in Fig. 2.3. T1he negative term in (2. 53) is produced by the hori-
zontal flow crossing the upper and lower boundaries of the control vol-
ume. If the decompositions given in (2.23) are substituted into (2. 53)

and the componeants of organized oscillations are extracted, we have an

equation which is identical to (2. 50). This control volume analysis

T

shows that the negative inhomogeneous term in (2. 50) comes from the
negative term in (2. 53). This inhomogeneous term is consequently the
result of the non-orthogonality of the (x%*, y%*, t*) system which does

not align with the ¢rthogonal u, v components. However, if the inhomo-
geneous term is combined with the homogeneous term to result in the

following transformations,

~, - 2 fod aU ~ L= ~ .
] ut = uaa=-f-n- 5;* 3 vk = v (2. 54a,b)
then (2. 50) reduces to
l B+ | v
| bxr T Byx 7 V¢ (2. 55)

Equation (2. 55) indicates that the transformed velocities U*, V¥ in the
x*, y* coordinate system satisfy the identical continuity equation as 3,

o . . . . . .
v in a Cartesian coordinate system. Transformations similar to
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(2. 54a,b) for P and ?ij are found to be

~ ~ ~ 0P

—e - . . —_— ‘-)"%
P p-£f-n ay* {2,506}
TE o= - H. = () (2.57)
i = r1J n By* ulu 2

Using (2. 48) and (2.49) and applying the transformations (2. 54), (2. 56)
and (2. 57), equations (2, 51) and (2. 52) then reduce to

o~ o~ ~ 2 2
B IvES o o 9D x 1 (a U EEER
— 4 U o — VK — = - _E. + — + —
ot:x sk 3 5k
ot ox oy 9x Re ax*Z 3y 2 )
oTE OFH
11 12
S By (2. 58)
oY . E o 1 (a?“v 8% ) il O,
ot x* - * R i Wit o
t ox oy Re ax*z ay 2 ox oy
(2.59)

A transformed stream function Z* can be similarly defined (cf., (2.37a,b))
to combine (2. 58) and (2. 59) into an equation which is identical to (2. 39)
except D is replaced by D* = Ed;* , i.e., the transformed stream func-
tion is defined as

e ag* " YL
WM = e M = - — c I
u y* v Fpeo (2.60a,b)

and the combined equation in terms of the wave expression is
2 il (Lrnn # i 2 . 2.29
k.[(U=c)+ (D¥“-k“)= D* U §* = - -Rl—': (D*“ k)"

~ ~ 2 l.’ ~
- MrH - K i £ £ 8
kD (r“ rzz) + i(D* +k )r12 (2.61)
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[lquations (2, 55), (2. 58), (2.59) and (2. 61) have the identical forms as
equations (2. 24), (2.25), (2.26) and (2. 39), respectively. So, u*, v*,
p* and T* in the x%, y* coordinate system are equivalent to W, V, P
and ?ii in the rectangular Cartesian coordinate system. Details of
this are presented in Chapter 6.

The transformation of the wave perturbation fields implies, at the
same time, the transformation of the interface boundary conditions,
Using (2. 54a,b) and (2. 60a,b), the boundary conditions are now trans-

formed into

8::: = 0 I
‘ at y* = H (2. 62a,b)
D% = 0
and
$u = (c-U)a I
at y* =0, (2. 65a. b)

Dskg e cka - aD*U {

Equations (2. 6za,b) and (2. 63a,b) are the same forms as those boundary
conditions obtained by the transformation of the boundary conditions using
procedure 1 mentioned in Section 2. 5 for the untransformed coordinate
system. (See Saeger and Reynolds 1971, p. 13,)

Because g*(y*) in the (x*, y*, t*) system has the identical forms
of governing equation and boundary conditions as those for 8(y) in the
(x, y, t) system, the same results should be obtained for £*(y*) and
3(y) if the same mean velocity profile and the same closure relations
are used in the model calculations. Consequently, the numerical results
of U*, V¥, p*, and ?Jl_] in the (x*, y*, t*) system will be identical to
those of W, ¥V, p, and ?ij in the (x, y, t) system. However, the physical
interpretations of these two sets of predicted quantities are different.
First, when the same mean velocity profile is used, U is assumed to

be parallel to x in the (x, y, t) system so that the mean velocity is
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constant along a horizontal line of constant y: but, in the (x", y¥, t%)
system, U is still the Cartesian horizontal mean velocity but is
constant along an undulating curve where y* is constant. Similarly,
when the same forms of closure relations are used, the flow properties
associated with the closure relations in the (x%, y*, t¥) system are re-
garded to be dependent on the measuring height y* above the instan-
taneous wave surface; however, in the (x, y, t) system, those flow
properties are regarded to be dependent on the height y above the mean
water level.

Secondly, in the (x, y, t) system, the velocities u(x,y,t) and
V(x, y, t) are Cartesian velocities which describe the actual oscillations
of air particles around the mean velocity U(y) and are evaluated at fixed
elevation y; but, in the (x%, y¥*, t¥) system, although u(x*, y¥, t¥) and
T(xt, y*, t*) are also Cartesian velocities, they describe the actual
air particle oscillations around the mean velocity U(y¥) and are evalu-
ated at constant y*. The velocities W¥(x*, y*, t*) and V¥(x*, y*, t¥) are
related to U(x*, y*, t*) and V(x", y*, t*) through the transformation de-
fined in (2. 54a,b). Little physical interpretations can be made from u*
and V¥ because U* and V¥ do not describe the actual oscillations of air
particles. These arguments also apply to other wave perturbation
quantities such as the induced pressure wave and the induced turbulent
Reynolds stresses.

Thirdly, the interface boundary conditions for the (x, y, t) system
are obtained by transforming the boundary conditions from y = n to
y = 0 using the Taylor series expansion. This extrapolation from y = ;f
to y =0 is very ambiguous when 'ﬁ> 0 such that y = 0 is below the
water surface where no air flow exists. (See more insights to this
point in Section 6. 2,) On the other hand, the interface boundary condi-

tions (2. 63a,b) are obtained by transforming the wave perturbation

velocities U(x*, y*, t¥) and V(x*, y*, t*) to U (x*, y¥, t¥) and V¥(x¥, y*, t¥)

so that the boundary conditions are still descr.bed exactly at the inter-

face by (2.63a,b). It should be emphasized that the transformation of
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boundary conditions by Taylor series expansion is only valid for
infinitesimal waves. For small amplitude waves, the series expansion
method is usually not valid when the wind speed is high, because the
wave amplitude is not small relative to the thickness of the air flow
diffusion laver where the mean velocity varies drastically within a
distance much less than the wave amplitude. This is a substantial
limitation to the application of the extrapolation scheme which employs
the series expansion. In the (x%, y*, t*) system, the boundary condi-~
tions obtained by the wave perturbation field transformation do not have
this limitation and apply more generally to small amplitude waves, It
is seen that the ambiguity about the physical meanings of flow quantities
near the interface (below the wave crests) is the common disadvantage in
using the fixed coordinate system. (See the detailed discussion in
Section 6. 2.)

In the (x*, y*, t¥*) system, once the closure relations for ?ij
(x*, y*, t*) are specified, (2. 57) can be used to obtain the closure rela-
tions for ?13 The boundary conditions for ?3“). can be obtained in the
same way after describing the boundary conditions for r (x VR, T
The quantities u*, v*. p ; r"‘J, and d* then can be calculated from the
equations (2.59), (2.60a,b) and 2.61), closure relations, and their
boundary conditions. Consequently, U, ¥, P, and ?ij in (x*, y*, t¥) can
be evaluated from (2. 54a,b), (2. 56) and (2.57). It should be emphasized
that the wave perturbation data measured in the fixed coordinate system
are not comparable to the quantities so predicted because of the differ-
ences in the physical interpretations between flow quantities in the (x*,
y*, t*) and the (x, y, t) systems as mentioned above. (Actually the mea-
sured and predicted results at the fixed wall of the channel are still
comparable because there the wave perturbation quantities are inde-
pendent of the coordinate systems used.)

According to (2.57), a homogeneous closure model for ?ij in

(x*, y*, t*) will result in an inhomogeneous closure model for T-';kj. A
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quasilaminar model with ;ii(x*' y*, t%) = 0 in the (x%*, y*, t¥) system
should predict u*, V¥, and 5 to have the same values as 1, Vv, and f)’
predicted by the model using the inhomogeneous closure relations

given by ;ij(x' y, t) = f- ﬁ % :TUJ' in the (x, y, t) system. The trans-
formed coordinate quasilaminar model of Norris and Reynolds (1975),
which predicted satisfactorily the pressure wave perturbations, implied

the use of the closure relations

(')(I\.':fz 3
~ 12 ~ 1 o U ~ :
S =" ) == e . . — o — sk - &'(J(’}'
1‘11 ’ ay* f-n Pe : 3 5 rZZ 0 ( »4a,b,c)

Hence, if one uses (2.64a,b,c) with *'s dropped for the (x, y, t) system
the satisfactory prediction of the pressure wave perturbations should be
obtained, because Norris and Reynolds compared their predicted and
measured pressure waves at the fixed wall of their channel. The closure
model in the fixed (x, y, t) system proposed by Norris and Reynolds (1975),
which yielded poor predictions of the induced pressure waves, did not
have the inhomogencous feature. One may anticipate that the model pre-
dictions in the fixed coordinate system can be improved by including
some inhomogeneous terms in the closure relations; however, the limi-
tation of the boundary condition transformation by Taylor series expan-
sion still exists and tends to disconnect the predicted results from the
data measured in the fixed coordinate system. Hence, one may con-
clude that the transformation of the coordinate system and of the wave
perturbation fields instead of just the simple extrapolation of the inter-
face boundary conditions is essential in resolving the air flow structure
of interface flows.

Because there has been no data available in the transformed
coordinate system, the present investigation is largely devoted to col-
lecting reliable data of wave perturbation fields in the (x*, y¥*, t¥) sys-

term rather than attempting to calculate a closure model. Since ¥1J
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does not possess too much physical meaning as mentioned above, the
closure model should be directly addressed to ?ij(x*, y*, t*). Mea-
surements of u, v, and ;ii in (x%, y*, t¥*) may not only provide the
details of the air interface.flow structure but also reveal some clues
for closure modelling by subsequent investigators. The details of the
experiments are presented in Chapter 4, and the results of the experi-

ments in Chapter 5.
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CHAPTER 3

DYNAMICS OF MODULATED AIR FLOW
OVER WATER SURFACE WAVES

3.1 General

In order to characterize the response of wave perturbations due
to the unsteadiness of the air flow, air modulations were introduced
into the wind-wave channel by changing the flow exit area of the channel
periodically. The channel and the air modulation generation technique
will be described in Chapter 4. However, some basic characteristics
of the air modulation are discussed in this chapter, together with its
interaction with the water surface waves. In general, the air modula-
tion has a pulsating and a non-dispersive behavior and has a very long
wave length so that its wave number can be regarded as zero when its
frequency is low.

Characteristics of air modulation in a two dimensional channel
with flat-plate walls were studied in detail by Acharya and Reynolds
(1975). The frequencies of the air modulations in their study were 24
and 40 Hz., The interesting phenomena of air modulation in a channel
flow is the existence of a viscous layer called a ''Stokes layer'' near the
channel boundary. For turbulent channel flow, the experimental results
of Acharya and Reynolds (1975) showed that the behavior of the Stokes
layer is very different from that in a laminar flow due to the strong
mixing effect of the background turbulence. In their study, the turbulent
Reynolds stresses perturbed by air modulation were found to be out of
phase with the strain-rates, indicating a viscoelastic type of response.
Air modulations in a wind-wave channel at low frequencies (0,21, 0, 44,
and 0. 77 Hz) were also studied by Wu (1973) to resolve the air modula-
tion effect on the wind-generated waves. The results of Wu's study
were: (a) the air modulations were important to wind and wave struc-

ture, when the regime of the air boundary layer was affected, and (b),
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when the air boundary layer was aerodynamically rough, the air modu-
lation effects on the wind structure were secondary but more capillary
water waves were produced. In Wu's study, the air modulation effect
on the wind fields was inferred from wind-stress coefficient calcula-
tions based on mean flow measurements; no details of air modulation
structure were reported.

Studying flows with air modulation over mechanically~generated
water waves has been one of the most important tasks in the present
study. Results of this study not only provide the detailed structure of
the air modulation in the interface flow, but also reveal dynamic fea-
tures of the interaction between the air modulations and the water sur-
face waves. The effects of air modulation on the wave perturbation fields
can also be resolved. The theoretical aspects of the air modulation and
of its interaction with the water waves are presented in this chapter.
Experimental procedures, data reduction schemes and the experimental

results are presented in the subsequent chapters.

3.2 Description of the Flow
When an air modulation is imposed in the flow regime, the flow

fields are generally expressed as
g =g+g+g +E 5 g (3. 1)

where Ea represents the air modulation component and §+ and §'_

are the wave components produced from the interaction between the air
modulation ga and the wave perturbation g. The wave representations
for ga, E+ and g are very similar to that for § as in (2. 31), and can

be expressed as

g, = 3 [, e 8%+ conjugate ey

36




= 1 ~ i(kx=-wat
g, 5= lE e st

+ conjugate] (3. 3)

where @ = w+ Sw_ with s =+ and w and w,  are the frequencies of
water wave and air modulation respectively, The phase average of g is
denoted by <g>a where the subscript @ can be null, a, or s to indi-
cate the wave perturbations, the air modulations, or the interaction-
produced waves respectively., The period used in the phase average of

the corresponding waves is o 2m/| wa| .  The wave component ga

is defined as

o~ p—

By = ‘Bl 8 (3. 4)
When the phase average (g >a is subtracted from the total flow quantity
g as expressed in (3. 1), the remaining flow component may be regarded

as a background oscillation g& around (g )a and is expressed as

LS - ( 35
g g - g, (3. 5)
Consequently, the decomposition expression

:—}_'\' " -,
8 =gtg,t gg (3. 6)

is feasible, If g is of order ¢ and g is of order € Es is of order

~

(ta because Es is produced from the coupling between g and g,
3.3 Governing Equations

Decomposing u, v, and p in the Navier-Stokes equations into the
form of (3. 6), taking the phase average ( >Ot and the time average
separately, subtracting the time averaged equations from the phase
averaged equations and neglecting non-linear terms in the resulting

equations, we have the continuity equation,
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a’ﬁa ava
+ — =0 3.7
ox Ay X (3% T}
the x-momentum equation,
o o
g + U.ig L (L_ _8_uuun + — u"'v"
ot ax o )y ox O « ) o o
2 2
9 )
Pee. . 1 % Pa & Ny
= - — 4 — i} (3. 8)
ox R 2 2z
0 oy
and the y-momentum equation,
v v
o e e
e ) 2 4 At iv" v
ot ox ox a o dy a o
L 2~
"y p P Y P Yy
gt 3t ! oy 2 2) i
y = ax" oy
where
——————— " PR P
WU 5 LSRR AR R S =l . (3. 10)
1@ jo 1) oo 100 ja

Equations (3. 7), (3.8) and (3. 9) a e the general expressions for the wave
perturbation field, the air modulation field or the interaction-produced
wave field, when & is assigned to be null, a, or s respectively. The
differences in the order of magnitude and in the flow characteristics

among these three fields lead ultiinately to equation systems of different

forms.
3.3a  Wave perturbation field -
If @ refers tothe wave porturbation, equations (3. 7), (3. 8)

and (3. 9) reduce to (2.24), (2.25) nd (2. 26) except that the induced

A
o naer e

- — —




turbulent Reynolds stresses are now given by
‘l\'k f s i - 1;”.1_1.”
. i Ry e ~ Z
(@ +0 +u +u"')") - (U +u, +u +u')
a 1 - a + -
~ (') -uu' + 2@ AN+ 2T ) (3. 11a)
a + a -
T = Gty - T
s ( )

e ~ o~ ~ "o ~ 1 o ~ ~ "o ~ ~ 1
((ua u, +U_+u )(va+v++7_+v )) (ua+u++u_+u )(va+v++ 7 tv )

~ 1t - '-|__' ~ ~ +~ ~ ~ }
a'v') = u'v'+ (ua(v+ v_)) + (va(u++u_)) (3. 11b)
?’)) . <V”V”) - iyt
s (F ST AT 40T AT AT ol
a t - a + -
~ (v -vivt+2F T )+ 2EFY (3. 11c)
a + a -

In reaching (3. 11la,b,c), we have assumed that the frequency of

the air modulation is carefully selected to satisfy 2w # v so that

(4, l'ff_a) does not contain any organized waves of order € at frequency
1a ) PES—
. T TR T : e 2 g
w, i.e., (u,flu,1 )-ug u, s of higher order than €_ andis neglected.
1¢ Je a Jec

The terms (u. u.
¥ ) 1+ j=-

and are neglected in (5. 1la,b,c). The differences between ?ij in

Y, (G’,;J, y and (ﬁi Ej ) are also of higher order

(3.11a,b,c) and in (2. 21b) are attributed to air modulation and can be
identified as two types. One is that produced by the direct coupling
between the air modulation and the wave perturbation, such as terms
('ﬁ'a'ﬁ's) in (3. 11a,b,c). The other is that produced indirectly by the
distortion of the background turbulence due to the existence of air

modulation., This distortion can be regarded as the changes in the
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intensity and the correlation behavior of the turbulence. This implies
that there may possibly be some differences in (ui'u;> - @7 for
those flows with and without air modulations.

The boundary conditions here for the wave perturbations are the

same as those givenby W =v =0 atyv=H andb (2.41a,b) at -n
g ) y vy ¥ =

in Chapter 2.

3.3b  Air modulation field
The independence of air modulation with respect to x as shown

in (3, 2) reduces the continuity equation (3. 7) to

v

ek >

5y 0 (3. 12)
The boundary condition Va =0 at y =H gives Va(y, th= @ for all y.

Hence the continuity equation is satisfied automatically. The momentum

equations are then

5 - P
0
: 0 ~ c Pa P g Ya (3. 13)
at P 2 2 ’
y l2a X Re By
op
T a
By Ry 2 = By (3. 14)
8'§a
As will be seen in (3, 16a,b), the pressure gradient _8_)_: is inde~-

pendent of x, but the pressure Ea is not. The existence of the pres-

sure gradient is necessary to drive the flow system. Because

aua " al.IZa N 61.ZZa 0
ox - ox T 9x &

for fully developed flows, taking derivatives with respect to x to (3. 13)

and (2, 14) results in
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Introducing the wave representation,

A

E)pa el apa —iwgt :

e T3 Nl T e + conjugate
into (3. 15a,b), we obtain

W = gc = constant

Hence, integration of (3. 16a) and (3. 14) gives

pa g pla(y)"«f _gcx

s

and R
= \\

fy0a = PralH P,

where the upper boundary condition for ?ZZa

(3. 16a)

(3. 16b)

(3. 16c)

is assumed to be zero, i.e.,

fzza(H) = 0. Equation (3. 13) is inhomogeneous and the modulation flow

system behaves like a v%sco-elastic oscillator driven by a constant ex-

ternal periodic force, —2. | Note in (3. 13) the system is independent

Ix
of the mean flow.

The turbulent Reynolds stress modulations are given by

T = (u'u") - u'uT
lla a a'a a a

~ {(y'! - 1ttt (i
{u'u >a u'u +2<uu+)a+2(ﬁ'ﬁ'_>a
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T (alixety sttt
12a 1 a’‘a a a
= (u'v! - u'v'+ §'G'(V++'\7' y) o+ W+ )/_l (2. 175)
a - X - e
’I‘.' - <anvv> " V"V—".
22a a aa a a
~ <V'V'>_! - viv' + 2<vv+>_l + 2 G~ )a (3. 17c)

In (3. 17a,b,c), we have assumed that 2w # w, 8o that <U,rﬁ_)d does
L N
not contain organized oscillations at frequency W, - Terms with order

Z
higher than € € are also neglected in (3. 17a,b,c). Although all the

c

11a’ rlZa and rZZ;1 exist in the real flow, the turbulent

shear stress modulation ’FIZ is the only force that requires closure
a

modelling for the prediction of velocity Ea as indicated by (3. 13).

~
components r

The modulated air flow in a channel without surface waves was
studied in detail by Acharya and Reynolds (1975). Because ?ii & His = 0,
the ?ija in their study was then simplified to ?ija = <u;u.'i >a - :;—L::;
Several closures were considered by Acharya and Reynolds (including
the quasilaininar model ?'j = 0 which yields an exact analytical solu-
tion). Their predictions were inconsistent with their experiment data.
Although they suggested that the pressure strain effect is important and
that a turbulent Reynolds stress closure model or a model using an
integral-differential closure relation for pressure strain should be
constructed, the dynamics that describes the interaction between the
wave and the turbulence was still missing.

From the wave-turbulence interaction point of view, the closure
models for ?i' and ’;ija are similar, Since we are more interested
in the interaction of water waves with the turbulent flow, the subject
of air modulation was not pursued further. For those who desire a
better understanding of the air modulation, the report of Acharya and

Reynolds (1975) is recommended.
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I'he boundary conditions for u_ are
a

’Ja = 0 at y=H (3. 18a)

and

Ea =0 at v= 0 (3. 18b)
The lower boundary condition is determined by assuming that there is no
oscillating mode corresponding to the frequency W, at the interface.
This assumption can be justified by the high ratio of water density to
air density. In air modulation flow, the oscillation 'Ja at the interface
is regarded as the oscillating drift current induced by air modulation.
Because (3. 13) and (3. 14) for air modulation are very similar to (2. 48)
and (2. 49) for mean flow except for the appearance of the time varying
term Bl-lt-i in (3. 13), the magnitude of the induced oscillating drift cur-
rent can only be about 2-3% of G’a at the free stream, which is roughly
the same percentage as the mean drift current is of the mean free
stream velocity as reported by Wu (1968). So practically (3. 18b) is a

good approximation to the lower boundary condition.

3.3c Interaction-produced wave field
If the subscript a refers to s in (3.7), (3.8) and (3. 9), the
governing equations describing the interaction-produced wave fields are

obtained. The interaction Reynolds stress ?ijs are then expressed as

‘l‘,‘ = {(g"u" - u''u"
11s s 8's 8 s
=~ (u'u') -utu' +2Q T (3. 19a)
8 a 's
™4 = 18 aptt - Vigapt)
l'125 <usvs s usvs
~ (uv!') -u'v' + @ V) + (av) (3. 19b)
s a '8 a's
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o~ (viy'y - viyv' + 2(v v) (3. 19¢)
S a 's
The terms with <Hi'lﬁj>s serve as the source terms that drive the
c
interaction-produced wave system. These source terms are assumed
dominant in governing the behavior of the interaction-produced wave
components.

. . ~ . . .
The boundary conditions for U and Vv _ are identified as
: s s

"=V =0 at y=H (3. 20a)
S S
and
U =% =9 at y =1 (3. 20b)
S S

Similar to that for air modulation, the lower boundary conditions are
justified from the negligibility of the oscillation mode with frequency
Wy at the interface.
3.4 Systems in the Transformed-Coordinate System

The flow described in the transformed coordinate system given
by (2.43a,b,c) can be obtained in a similar way as in Chapter 2. When
equations (2.47a,b,c,d, e) and (3. 1) are applied to the Navier-Stokes
equations and the non-linear terms are neglected after averaging,
equation systems that govern the mean field, the wave perturbation
field, the air modulation field and the interaction-produced wave field

are found as follows.
3. 4a Mean field

In the transformed coordinate system, the mean flow equations

(2.48) and (2.49) remain unchanged. However, the mean Reynolds
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stresses may be subjected to minor changes due to the effect of air

modulation.

3. 4b Wave perturbation field
The eguations, (2.50) to (2.61), and the boundary conditions,
(2.62a,b) and (2.63a,b), are still applicable to the wave perturbation

field in the modulated air flow except that the ?’,j are now described
i

by (3. 11a,b,c).

3. 4c Air modulation field

The effect of the coordinate transformation to the air modulation
field is only of O(%°). In determining the basic characteristics of the

air modulation, it can be ignored. The equations for the air modulation

are then

T £ B s . Y (3. 21)
At dy* "12a ~ " 9x* ' Re . .2 'a '
dy

p
8 a
— = e — T
By 22a By (3 &5

with boundary conditions,

B =0 at both y*=H and y* =0 {3. 23a,b)

The turbulent Reynolds stresses ?ija are still given by (3. 17a,b, c)
but remember that all of them are now evaluated in the transformed
coordinate system. Note that the same arguments can be made on 'ﬁ'a
and ?Zla as in Section 3, 3b,
3.4d Interaction-produced wave field

In the transformed coordinate system (x*, y*, t¥), the equations

for the interaction-produced wave components are changed considerably
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due to the coupling between the oscillating transformed coordinate
system and the air modulation. These changes in the equations are
very similar to those changes in the equations for wave perturbations
caused by the coupling between the oscillating transformed coordinate
system and the mean flow. In order to simplify the transformed equa-
tions, transformations of the interaction-produced wave field similar
to those given in (2. 54a,b), (2.56) and (2. 57) are very helpful. These

transformations can be expressed as:

~ 9 ~e

N* : 5 oy ( ) . c
et ayk MY, 7 (3. 24a)
Ay (3. 24b)
S S
’f;::t - B’ . f. i <';"”f)' > (3 24C)
s s dy* a’s :
Teo=FL - oo, HELD (3. 244)
ijS = 1_]5 ay:': n rija s 2
Then, the governing equations are
our  ovx
Bxe * ggx = O (3. 25)
au o
e i —_— ik —— B0
atr © Ut ' Vs ayx T B lls | oyx l2s
opt 1 (BZTIZ az'ai)
e * Re + (3. 26)
. . 5
0x Re Bx*z By
9V ovH
S s 0 ~ 9 o
Dok T % — s
TR PR PO P dy* 228
op* y ( aZVZ 92y )
= 3y* ' Re + (3.27)
dy* Re \ o 42 ay*z
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Equations (3,25), (3.26) and (3.27) were obtained in a similar way as
(2.54), (2.58) and (2. 59) except that the role of (2.48) and (2. 49) was

taken by (3.21) and (3. 22). The boundary conditions (3.20a,b) are then

evaluated in a time independent way and are

Tk = 9% = 0 at y*=H (3. 28a)
S S
and
Uk = ¥k =0 at y* =0 (3. 28b)
S S

The interaction-produced wave stream function 65 is defined by

a&; 8%
sk = c— T = - 3. 29¢ ,‘ )
% TEee .t T T ol

Eliminating Ss from (3.26) and (3. 27), substituting (3. 29a, b) into the

resulting equaticn, and applying the wave representation,

~ i - 1 ¥ t:}:
éb i LZif(y*) el(kx wst*) + conjugate ] (3. 30)
we have
2 2 2 ~ i AR NPAL i
- . ¥ - = ok sk —_— (D% - *® = sk ¥
[(u CS) (D*"-k ) = D U]ds +kRe( k) és 47 (3. 31)
where
4% = - D¥(f¥. - £%_ ) + 2 (D""2 + kz)f* (3.31)
s 11s 22s k 12s

and e, = ws/k is the wave speed of the interaction-produced waves.

The boundary conditions in terms of wave expressions are

éz = D*:{S:; =0 at y*=H (3.33a,b)
and
83 = D*Jg =0 at yk=0 (3. 34a,b)
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3.5 Inviscid Quasilaminar Model of Interaction-produced Waves

We will examine the limiting case of Re - oo so that the viscous
effect is important only in the viscous wall layer and in the critical
layer where U = cg As shown by Lin (1955), the solution of (3. 31) as
Re - o can be approximated by the solution of inviscid equation ob-
tained by setting -é—; =0 and taking the frequency Wy to be a complex
number with a vanishingly-small positive, imaginary part.
For the present analysis, we will also neglect the turbulent effect

— o
terms (ulu! - u'u' in the source function q*, One may argue that
s

1 ,; S 1]
(ui‘uJE \s - uiuj might play a similar significant role in determining the
interaction-produced wave field as that role of (u;uJ!‘, - :;—u.; in effect-
ing the wave-perturbation field. Our postulation is that, unlike
(ui'u'.> - @7 which are the only source terms in determining the tur-
bulence effect on the wave velocity, the source terms (TfiTija >s and
?ﬂfia>s have dominantly influenced the interaction-produced wave
field so as to overshadow the significance of (u{u}}s - \-JTLTJ' Thus, the
inviscid quasi-laminar assumption is imposed a priori in the following
analysis.

Under these assumptions, (3.31) reduces to
2 2 Ay
(U - c ) (D* _kZ) - D% U]Z’; = §* (3. 35)

and the explicit expression for ﬁs is

ax = DE(L wpS T P 1 «pS
qé— D(2 f-a Dnr11 d-a - fea.D rZZa)
i 22 ek a8 1 gn B
+ (DK 4 K) (5098 - FE.aD¥FC ) (3. 36)
where the notati W e F° and f£° with s = + are generall
oy bt ) | | i ¢ - g y

expressed as
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g = ¢ 2. 37}

sEl . At : L
and g, 1is the complex conjugate of g, - The no slip conditions that
restricted the horizontal oscillation at the boundaries of the flow are

relaxed. When H - oo, the boundary conditions are

o
1]

w 3%

0 as y¥ a4 m (3. 38)
¢% =0  at yx=0 (3. 39)

The lower boundary condition is actually evaluated outside the viscous
layer which becomes very thin as Re - oo. The viscous layer near the
interface presumably brings D*$’§ to zero, but consideration of this is

outside of the range of the present study.

3.6 Asymptotic Solution under Long Wave Approximation.

The long wave approximation was constructed under the condition
that the diffusive layer in the air flow was very thin in comparison to
the wave length of the water surface waves. The flow then can be divided
into two regions. The first is the region near the interface in the bound-
ary layer of the mean flow where the boundary layer thickness is a pro-
per length scale, the second is the region far from the interface in the
free stream where the curvature of the mean velocity profile (vorticity
gradient) is small. Here the wave decaying phenomena dominantly char-
acterizes the interaction-produced wave field so that the wave length is
a proper length scale.

The mean velocity profile normalized by U00 is given by

1 U . Y o
- - — N - —_— — b
8] 1+ > ko Iny [(2 ko Iny ) + 10 ] (3. 40)

where u, is the normalized shear velocity and ko is the von Karman
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constant which is 0.4 in this study. The term 10“4 in (3. 40) is intro-
duced because we set U = 0,99 at y* = 1; recall that y* is normal-
ized by the boundary layer thickness 6. This velocity profile
corresponds to the log-profile in the wall region and asymptotically
approaches unity when one is far from the interface. Although, in
Chapter 5, a more sophisticated log-wake profile is used in the curve
fitting procedure in the mean flow study, the wake effect does not pro-
foundly change the analysis procedure or the results, and is minor in
this discussion.

Under the long wave approximation, k < <1 when y* = O(1) and

equation (3. 35) is simplified to

(U - C )D:j:zz::: - (D:Z:ZU)$::: - q‘::: (3. 41)
S S S S

and the lower boundary condition is
d:::(o) =0 (3. 4:)

The solution to (3.41) and (3. 42) is

i

dr(y) = (Usc) ] — lcl+ J axdyy |dy’f (3. 43)
0 (U-cs) [o'e)

Equation (3.43) is regarded as the inner solution and the constant C1
will be determined by matching (3. 43) to an outer solution.
To obtain the outer solution, the coordinate y* is stretched by a

factor k, say Y = ky¥*, and in terms of the stretched coordinate (3. 35)

is
2
d 2
(U-cs)(—f-y)-d—%-és:Qs (3. 44)
dy & dy
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where Q (Y) = Eq*(Y/k) is of O(1) in the outer region and d>s is the
S S

outer function defined by @g(Y) = gif(Y/k). Equation (3. 40) gives

-4
i oo ats o, TR
e i SR S 2
dY k dy* (Iny*) k y* (lnY-lnk)ZY
&
As k -0, g——[i -0, U =1, and the first order approximation to (3. 44)
. dY
1S
‘e
(l-c)(—,——d’ ):Q (3. 45)
2
s 4y s s
The outer boundary condition is then
® =0 as Y - (3. 46)

The solution to (3. 45) and (3. 46) is

1 Q
-Y
s 2 -Y
(1_CS) . e dYZ- dY. + A.e

Yy p o 2Y) Y
°s(Y) = e ’g e . {o 1 1

(3.47)

To insure the convergence of the integral term in (3.47), the quantity
00
f QS(Y) dY should be bounded. This is true since physically only
0
finite sources can be supplied by wave perturbations and air modulation.

The result that QS - 0 exponentially as Y - o guarantees that <I>S -0

as Y = oo.

After it is integrated by parts, the integral term in (3.47) can be

expressed as
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Y YI Q v f Y J_Y] J_Y > Q5
S - 1 &
&Y _dY = e e dY r‘\
J(‘) '(lx'w (I-Cs) v l 0 0 0 (I Cs) 3

ZYl 1

Y
j(-)v e Z f (l- dY dY dY]

Ot

Hence, as Y = 0, equation (3.47) can be expanded into

@S-A.-AY& J' f

(1Y dY + triple integral terms.

Rewriting this into the inner variable y*, we have

ey A:
2 I
vt = el - '\ ok ok 3. 48
¢5(1\} ) és(y ) f f dy‘: dy1 + O(k) (3. 48)
[63)
'he asymptotic form as y* w00 for the inner solution (3. 43) is
ol y:i: y
Gs'b-_‘(y ¢y = (l=c ) f (J q'-s‘dy:z" + Cl ’ dY'i‘
l y Y:i: Cl
o sk K m— ik .49
| LA o R R * gy Y i
5 0 oo s
where A
1
G (y:f:) - 5 - l > (3 :’{))
S e
! (U(y*)=c ) (l=c )
{ s s
| 50, (3.49) matches (3.48) if C =0 and
f
L 7'
| :‘
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(o6 v
- 1 b 3 sk
A, = (l-c ) j(‘)(,s .!;) % dyjdy} (3.51)

In summary, we have the inner solution,

Yy
l- ~ U S,
: q:!: dy’r‘ dy:‘: (3- 52)
2 2
5 (U-cs) ";o s 1

Jocs ! sl
Jg(y"*) = (U-c )

and the outer solution given by (3.47) with constant A1 given by (3. 51).

The composite solution can be written as

A ’ ky % y >4 y:,:
dg(y*) = (U-CS) e fo Gs "c;_., < s dy% dy'f
(U-c )?‘ vy 2ky¥ ky*
5 Ly 2ky*  y eyt
s =ky* 1 L B 2
+ 5 f e Iqée dyjdy¥  (3.53)
(I-Cs) 0 (o)

This long wave approximation approach is fundamentally similar
to that of Davis (1974) except that his applications cf the log-profile
mean velocity to the entire flow region and of long wave approximation
to the Fourier components of turbulent fluctuations have raised some
ambiguity in his analysis. Another difference is that the present anal-
ysis is performed over a wavy boundary surface in a transformed
coordinate system, but that of Davis was still restricted to the flat
boundary wall,

As pointed out in the first chapter, the present study emphasizes
experimental studies of the dynamical aspect of the interaction between
wave perturbation and air modulation. Accordingly, numerical calcula-
tions of interaction-produced wave fields will be reserved for subseguent

investigations and are not attempted in this study.
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CHAPTER 4

THE APPARATUS, INSTRUMENTATION AND
DATA REDUCTION SCHEMES

4.1 The Air-Water Channel

The channel used for the experiments was described in detail by
Hsu (1965) and subsequent investigators at Stanford. It was designed
to generate water waves by wind and/or by a mechanical wave generator
to facilitate the experimental study of the wave generation problem. For
the present experiment, modifications were made at the flow exit of the
channel by adding a control unit to generate an oscillating air modula-
tion, Figure 4.1 shows a schematic of the channel. It is 3% m long,

1 m wide and 1.9 m high. The glass-walled test section is approxi-
mately 24 m from the air entrance to the down-stream beach. The data
taking station was located at 13 m from the air entrance.

Wind was produced by drawing air through the test section with a
suction fan at the downstream end of the channel. At the entrance to
the air inlet, fiberglass furnace filters were mounted to prevent large
particles of dust from getting into the channel; a thick honeycomb and a
group of fine-meshed screens were also installed at the exit of the air
inlet to produce a uniform turbulent velecity profile in the test section.
A second honeycomb was located just in front of the fan at the down-
stream end to prevent the vortex motion caused by the fan from extend-
ing upstream into the test section. The maximum possible wind speed
in the test section was 15 m/sec; this was reduced to 8 m/sec when the
air modulator was installed, A mean free stream velocity of 2.4 m/sec
was selected for this study.

The water wave generator is a horizontal-displacement oscillating
plate driven by a hydraulic cylinder and subjected to a closed-loop

ser-o-control system, The input signal for the wave plate displacements
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was provided by an electronic function generator. The wave plite was
situated well upstream from the entrance of test section to form a
forebay, which acted as a transition region for the development of
mechanically-generated water waves. A sloping beach, formed by
series of rectangular baskets filled with stainless steel turnings, was
located at the downstream end to reduce the wave reflection. This
water wave generator can produce sinusoidal waves with frequen
ranging from 0. 2 to 2. 0 Hz. The frequency used in this experiment
was 1 Hz (w= 27 rad/sec). The wave length L determined fro

dispersion relation of deep water waves is

o
& N
oo

L:——H:-

" 1. 561 m {2, 1)

where k is the wave number and g is the gravitational acceleration
)

(9. 807 m/sec ).

4,2 The Air Flow Pulser

Controlled air modulations were produced in the channel by neri-
odically regulating the channel-to-flow resistance by means of an air
pulser unit mounted at the flow exit. Figure 4.2 shows the details of
the unit, which consists of a rotating blade, a fixed blade, a variable
speed motor, amplitude control plates and a supporting frame. The

rotating blade was shaped in a form described by

¥ = Va+b(l+cus&6) (4. 2)

where (r,0) represent the polar coordinates. The configuration of the

2 2 s ;
blade with a = 171 e and b = 1621 ecm™ is given in Figure 4, 3. The
blade was made of half inch thick Douglas fir marine plywood to give a
high ratio of tensile strength to density, and to prevent its distortion

due to absorbtion of moisture in the passing air flow and/or surroundings
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Plywood was used to reduce the weight of the blade for easier handling
and to decrease the inertia force for easier motor starting. The thick-
ness of a half inch was chosen to minimize structural deflection of the
blade during rotation.

The fixed blade is also shown in Figure 4. 3 with the angular cut
of inclined angle « = 1200, symmetric on both sides. When the rotat-
ing blade moved at a constant angular speed, a sinusoidal blockage

area Ab was produced according to the following equation,

Ab = m(atb) - ab + bsina- cos(Zwot) (4. 3)
where w, is the frequency of the blade rotation. In (4. 3), m(atb) -ab

is the mean blockage area for opening angle @ during rotations and is
regarded as wasted area; on the other hand, 2b-sina represents the
maximum variable area which is usable for regulating the blockage.
Hence, an optimum opening angle o should result in larger usable

area with smaller wasted area, As a result, we need to maximize the
ratio y = bsina /(m(a+b)- ab) to determine the optimal angle o Although
theoretically, when a = 1300, the fixed blade would operate most effi-
ciently to give y a maximum value of 0.637, the angle «= 120° which
gives y = 0.628 was used for practical construction. The frequency of
the air modulation is twice the frequency of the blade rotation, i.e.,

w, = Zwo.

A % H. P, d.c. motor, connected to the rotating blade shaft by a
flexible coupling, was operated through a control unit. The motor and
the control unit were manufactured by Electro-Craft Co. The control
unit enables the motor to operate at a constant speed over a range
from 0 Hz up to 20 Hz by means of a feedback control system. The
frequency of the blade rotation was determined within 0. 54 by inputting
the pulse signal from the control unit into a frequency counter. Al-

though the frequency counter readings of two sequential data files were

quite constant, a systematical change in reading caused by drift in the
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control unit circuity was visible in the long term. In order to keep the
air modulation frequency constant during a run, the frequency knob of
the control unit was adjusted approximately every half hour to retain
the frequency reading set at the beginning.

The blade shaft is supported by two self-aligned bearings which
were mounted on an angle-iron structural frame. The frame has a
pyramid shape with a rectangular base. The blade shaft serves as the
ridge of the pyramid. The vertical angle of the frame is 46°. This
angle is less than the angle of the fixed blade (600) to insure that the
frame is hidden behind the fixed blade to avoid possible influence of
the frame on the air flow.

The amplitude of the air modulation is controlled by the ampli-

tude control plates which regulate the ratio of the total blockage area

to the total net open area at the flow exit as shown in Figure 4. 3. This
ratio in turn determines the ratio ¥, the velocity amplitude of air
modulation to the mean free stream velocity. In order to maintain
constant mean flow, no adjustment of the amplitude control plates was
made during each run.

The frequencies of air modulation selected in this experiment
were 0.4 Hz, 0.7 Hz and 1. 5 Hz with ratio Y, approximately equal to

3.54, 2,74 and 1. 59 respectively,

4.3 Wave Follower System
The wave-~follower system developed by Yu and Hsu (1971) was
modified and used as the primary instrument for the measurements.

It consists of mechanical and electrical systems, The mechanical

portion contains a low=-inertia motor and a vertical motion mechanism
that has an aluminum-channel holding a stainless-steel tube guided by
nylon bushings. The tube is driven by the motor through a pulley-and-

cable assembly, The electrical portion is a control panel that
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implements the wave-follower motion and provides the input and output
signal jacks. Figure 4.4 shows the wave-follower system.

The vertical motion mechanism has a range of about 15 cm,
Hence for a 2.67 cm amplitude wave, only about 9 cm is left as the
traverse range of the mean elevation, which is about four tenths of the
boundary layer thickness. In order to extend the range of the wave-
follower system to cover the whole boundary layer, an elevator for the
wave-follower was constructed as shown in Figures 4.4 and 4. 5, The
elevator consists of an aluminum box which is 60 cm high and has
30 cm x 30 cm horizontal dimensions, a movable horizontal aluminum
plate running on three threaded vertical steel rods, a chain and sproc-
ket assembly and a turning handle. The handle was mounted to one
threaded rod which is connected to the other two threaded rods by the
chain and sprocket assembly. The rods are supported on the top and
the bottom plates of the box with ball bearings. When the handle was
turned, the three rods were turned synchronously and the moving plate
with the wave-follower assembly on it moved up and down. Change of
elevation was 2,309 mm for 1 turn (eleven turns per inch). A scale
was fixed to the box to indicate the position of the moving plate.

The elevator was seated on top of the roof of the wind-wave
channel. The wave follower was mounted on the moving plate of the
elevator with the aluminum channel and the stainless-steel tube intrud-
ing into the tunnel through the channel roof. The hot film and the pitot
tube probes were then attached to the lower end of the moving stainless-
steel tube, Figure 4.5 shows the arrangement of measuring probes.

The details for operating the wave-follower system were reported
by Yu and Hsu (1971). Briefly, the system is controlled by two sets of
dials on the control panel. One is the OFFSET dial that pre-sets the
distance from the mean water level to the probes. The other is the

INPUT dial that determines the amplitude of the oscillation of the




stainless-steel tube and the attached sensors. The readings of the
OFFSET dial and of the position indicator on the elevator give the y
values. The accuracy of the y* values is +£0.25 mm.,

Unlike the wave-following system measurements made at
Stanford in the past, the amplitude of the wave-follower oscillation in
our investigation decreases according to Eq. (2.43c). Consequently,
the INPUT dial setting must be calculated for each y* value based on
the calibration constants of the system components. Because the wave
height signal was used as input for the wave-follower system and be-
cause a 10 Hz lowpass RC filter was used before inputting the wave
height signal to the wave-follower to eliminate the effect of ripples, the

INPUT dial setting (I)W scale) was calculated from the calibration

f
constant of wave height gauge (CW volt/cm), the gain of the RC filter

(Gf), the calibration constant of the wave-follower system (wa cm/

volt-scale) and the factor f given by Eq. (2.45), from knowledge of

-

y*, H, and k. The following equation gives the concepts for the calcu-

lation:
i Cw Gf : wa Dwf S
| o
A 1y 2y (3 (4 (5)
where

(1). wave height (cm)
(2). wave height signal (volt)
{ (3). RC filtered wave follower input signal (volt)

’ (4). specific displacements of the wave-follower (cm/scale)

{ (5). resulting displacements of the wave-follower (cm)

\ Hence,
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£
Dt = € G.€

sinh(kH - ky*)
C «G_C _ sinh(kH)
w f wf

(4. 4)

The values used for Cw' Gf, wa, k and H were 0, 2610 (volt/cm),
0.97 (volt/volt) at 1 Hz, 2.540 (cm/volt-scale), 0.04026 (1/cm) for
1 Hz water waves, and 97, 03 (cm) respectively.

For the 1 Hz wave, there is a phase lag of 9. 28° between the
wave-follower displacements and the surface wave displacements due
to the accumulation of the phase lags from the RC filter (6. 580) and
from the wave-follower system (2. 7°). In order to make the velocity
sensors follow the mechanically-generated water waves as synchro-

nously as possible, the sensing wire of the wave height gauge was

placed upstream from the velocity sensors a distance of

928
360

156. 1 x = 4,02 cm

or approximately 4.0 cm.

4,4 Instrumentation and Calibration

The sensors used in this experiment included a wave height gauge,
an X-array hot-film probe and a Pitot-static tube. The hot-film probe
and the Pitot-static tube were mounted on a plexi-glas frame that was
attached to the stainless-steel tube of the wave-follower. An optical
transit was used to align the arms of the hot-film probe and the Pitot-
static tube to be parallel each other to the flow direction and to align
the tips of the sensors to be at the same fetch. The sensor tips were
separated approximately by 5 cm to avoid interference.

The wave height gauge was mounted on an aluminum-angle sup-

port fixed to the channel roof. The wave height gauge was placed at
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one side to the other sensors with a distance separation of about 10 cm.
The sensing wire of the wave height gauge was approximately 4.0 cm
upstream of the other sensors to correct for the phase lag as previ-
ously stated.

In order to determine the sensor elevation accurately, a point
gauge was used. The gauge is a stainless-steel pin mounted vertically
along with the hot-film sensors. The lower tip of the pin was adjusted
to a known distance below the sensors (2,62 cm in this experiment).

The upper end of the pin was connected to an electrical circuit. When
the tip of the pin contacted the water surface, the light indicator in the
circuit was turned on.

The probe arrangements are shown in Figure 4. 5.

& v
4.4a  Wave height gauge
The capacitance wave height gauge is a No. 32 Nylclad insulated
copper wire stretched between the arms of a U-shaped frame. The wire
was aligned normal to the mean water surface with half its length im-
mersed in the water. The upper end of the wire was connected to a
Sanborn 958-1100 capacitance bridge amplifier.

For calibration, the wave height gauge was mounted vertically on
a vertical traversing mechanism. The traverse was used to change the
depths of the wire immersion. For each immersion, the corresponding
voltage output of the Sanborn was recorded on an HP2100A computer.
The data sets consisting of depths and voltage readings were then
linearly least square curve-fitted in the computer at the end of calibra-
tion to obtain the slope (volt/cm) as the calibration constant. Figure 4.6
shows the calibration curve of the wave height gauge. After the calibra-
tion, the wave height gauge was installed on the aluminum=-angle support
and aligned for data taking. Preliminary experiment showed that the
calibration slope is very steady and changed less than 0. 54 Hence, no

additional calibrations were required during the data taking.
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4, 4b Pitot-static tube

There were two purposes for using a Pitot-static tube. One was
to cross check the mean velocity obtained from the hot-film output and
the other was to serve as a reference against which the hot-film probe
could be calibrated.

The outer diameter of the Pitot-static tube is 2. 34 mm. The
leads of the total pressure and the static pressure were connected to a
Pace differential pressure transducer (Model P90D), which was then
connected to a Sanborn 656-1100 carrier amplifier. The pressure
difference of the two leads (dynamic pressure of the flow) was con-
verted to voltage in the Pace transducer and then amplified by the
Sanborn amplifier.

The Pace transducer was calibrated against a Combust micro-
manometer with the aid of the HP2100A computer. The micromanometer
contained a fluid of specific gravity 0. 82 and has a resolution of pressure
head difference of £+0, 0006 cm of the fluid. For each attenuation of the
Sanborn, different readings of micromanometer input to the computer
resulted in corresponding outputs of voltage and then slope of calibra-
tion (volt/cm of 0. 82 fluid) was found by linear least square curve-fit.
Figure 4. 7 shows the calibration curves.

Preliminary data of mean velocity showed that the result of Pitot-
static tube checked very well with that of hot-film. It also showed that
the Pitot-static tube data usually had higher uncertainty. Hence, based
on this preliminary cross check, the signal of Pitot-static tube was not

recorded in the final data taking.

4.4c  Hot-film probe

The velocity fields were measured with a hot-film probe. The
hot-film probe selected was TSI Model 1241-20. It is an X-array hot-
film probe for both the U- and V-components velocity measurement and

is specially quartz-coated to protect the films from possible water
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spray ejected from the interface. As specified by the manufacturer,

the films are 0. 0508 mm in diameter and 1. 016 mm long and have a

frequency response up to 40,000 Hz. The orientation angles of the

films relative to the probe centerline were measured with the aid of

an optical comparator. The values for the angle are shown in Figure 4. 5.
Each hot-film was connected to a TSI model 1010A constant tem-~

perature anemometer where the film acted as one leg of a Wheatstone

bridge. The anemometer drives the film at some pre-set over-heat

ratio. The over-heat ratics used in this experiment were 1. 563 and

1. 561 for the two hot-films. The air flow passing the film will cause a

cooling effect and change the film resistance. The corresponding voltage

output due to the resistance change is amplified and used as a feedback

in maintaining the bridge in balance. Higher air flow velocity results in

higher voltage output and the following experimental relation holds,

2

o

B = A+B-0 (4. 5)
e

ff

where E is the voltage output of the anemometer, Ueff is the effective
cooling velocity normal to the film direction, and A, B and n are con-
stants to be determined from calibration.

The hot-film probe was calibrated against the Pitot-static tube in
the core flow region of the wind-wave channel at a height of 45 cm from
the mean water level, immediately before the data tking. Although
the misalignment of the probe centerline to the mean flow direction was
greatly reduced by using the optical transit, the angle of misalignment
was determined by re-calibrating the hot-film probe after it was
rotated 180°about the probe axis. The misalignment angle so obtained
was then used to correct the hot-film orientation to the mean flow direc-

tion in the data-reduction process. Since calibration constants obtained

from two sequential data takirg days were within 14 of each other no
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correction of the calibration constants was made during the data taking.

Figure 4.8 shows typical calibration results of the hot-film probe.

4.5 Data-Acquisition-Reduction System

The data-acquisition-reduction system consists of an HP2100A
digital computer and its peripheral devices. The computer is the central
processor which can execute basic instructions in 1. 96 microseconds.
It is a multilevel priority interrupt system that allows input/output to
take place simultaneously with program execution. It has 32k core
storage providing a user area of about 25k after all the FORTRAN
support subroutines are loaded into core.

The peripheral devices consisted of: CRT terminal, photo reader,
paper tape punch, scope display, main disc drive, floppy disc drive,
line printer, digital magnetic tape drive and Analog-to-Digital (A/D)
converter. The CRT terminal is an input~output device which supplies
the basic communication with the computer. The photo reader can
read programs and/or data into core at a rate of 500 characters per
second and the paper tape punch can punch programs and/or numerical
data out of core at a rate of 120 characters per second. The scope
display plots curves for data using a 256 x 256 dot matrix. The line
printer output rate is 30C ‘ines of 136 characters per minute. The digi-~
tal magnetic tape drive is an HP7970B 9-track magnetic tape drive.

Its recording rate is 18,000 words per second. The start and stop time
of the unit is 8. 66 msec. Hence the average data transfer rate is de-
pendent on the length of the data blocks. The A/D converter is an
HP2313 A/D subsystem. The sampling rate of the A/D subsystem is
from 0. 0004 samples/secc to 45,000 samples/sec with a 5 mV resolu-
tion and a full scale of +10, 23 volts. The subsystem can sample simul-
taneously up to 32 channels of data line. The main disc drive is an
HP7901A disc drive. The disc used in the unit can store 1,2 million

words of data. The unit has an average access time of 35 milliseconds
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and an average data transfer rate of 125,000 words per second. All
the system and user programs are stored on the disc and are loaded
into core as needed. The floppy disc drive has basically the features
similar to those of the main disc drive but with a smaller capacity and
a slower speed. It provides an easier way to classify and to store pro-
grams and/or files.

The data-acquisition-reduction system was a disc operating sys-
tem (DOS). The programs used to instruct the system can be written
in FORTRAN, ALGOL, BASIC and assembly languages. A symbolic
editor is available to aid the user in correcting or modifying programs,.
The operations of compiling or assembling programs, of modifying
programs, and of running the resulting programs are also greatly sim-
plified by the DOS. Calibration programs, data taking programs and

data reduction programs in this experiment were written in FORTRAN.

4,6 Data Taking Procedures

The output signals of velocity from hot-film anemometers as well
as that of wave height from Sanborn capacitance bridge amplifier were
first conditioned before entering the data acquisition system. The pur-
pose of the signal conditioning is to minimize the errors in digitizing
caused by the A/D converter. Two types of errors are identified. One
is the error due to the 5 mV resolution of the A/D converter and the
other is the error due to the aliasing in the sampling. In order to
minimize the resolution error, the signals must have their d.c. com-
ponents suppressed and the remainder amplified to the levels as close
to the peak of the dynamic range (10, 23 volts) of the A/D converter
as possible, but without any overshoot. The aliasing problem only
occurs when the sampling frequency is lower than the frequency band-
width of the signals, and can be eliminated by using low pass filters.

The signals after conditioning were input into the data acquisition
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system that sampled the signals simultaneously at a rate of 1,000
samples/scc for 184, 32 sec., Figure 4.9 shows the signal processing
procedures of data taking. Since the wave height gauge was well bal-
anced, the wave height signal had a very low d.c. level and a very nar-
row bandwidth; hence, only amplification was needed for the wave
height signal conditioning. For 1,000 samples/sec sampling rate, the
filters for hot-film signals were set at 500 Hz lowpass to satisfy the
Nyquist sampling criterion.
The data taking procedures can be summarized as follows:
(1). After hot-film calibration, set the wind velocity and the frequency
and the amplitude of the mechanically-generated water wave.
(2). Adjust d.c. offsets and amplifiers to obtain maximum dynamic
range.
(3). Initiate the data taking program and input the parameters such as
Cw’ Gf’ cwf'
(4). Input y* to the computer to obtain DW

k, H and sampling rate, etc.
¢ from Eq. (4. 4).
(5). Adjust the offset and the amplitude on wave-follower control panel
according to y* and Dwf'
(6). Instruct the computer to start sampling and to store data on digi-
tal magnetic tape.
(7). Change to new y* and repeat (4), (5), (6) to cover the whole
velocity profile.
Four velocity profiles with the same mean free stream velocity
(2.4 m/sec) were measured for the cases without air modulation and
with air modulations at 0.4, 0.7 and 1. 5 Hz respectively. A mechanically-
generated water wave at 1 Hz with amplifule 2. 67 cm was set throughout
the experiments, Each velocity profile consisted of 18 velocities mea-

sured at different elevations ranging from 1, 604 cm to 39.45 cm above

the interface.
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4.7 Data Reduction Scheme
The purposes of data reduction were mainly to obtain the mean

field, the wave perturbation field, the air modulation field and the

interaction-produced wave field. Three computer programs were
developed for these purposes.

The first program (program A) is to calculate the mean velocities
and the mean water level. The main components and the steps of cal-
culation are as follows:

(A1), Call the data stored in the magnetic tape and convert them into u,
v and n in cm/sec, cm/sec and cm, respectively, by using the
calibration constants.

(A2). Take time average to obtain U, V and ;

(A3). Punch U, V and 7} for later use and print U, V and 17 for
record.

The second program (program B) is mainly designed for calcula-

tions of U, V and ?ij and mean values, TuJ' and ’Jiﬁj. The key fea=-

tures and steps of the reduction precedures are:

(B1). Wave period counting from wave height signal,

(B2). Mean velocity and mean water lavel subtraction,

(B3). Squaring and multiplication,

(b . Phase averaging,

(B5). Phase correction for wave height and probe oscillation correction
for vertical velocity,

(B6). Mean Reynolds stresses calculation and subtraction to give ;:ij'
W, v, ’;ij and the reference 7 are obtained)

(B7). Low-pass digital filtering and re-sampling 4, V, ’Fij and 5 at
Atr = 23 At by cyclically repeating the periodic data.

(B8). Fast Fourier transform to obtain auto-spectrum and cross-
spectrum to give amplitudes of q, v, ?ij and 'ﬁ, and phase lags

of U, V, ?ij relative to 7.
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Because there has no reference signals being recorded for the
air modulation and for the interaction-produced waves the second pro-
gram can not perform proper data reduction of these two fields. Con-
sequently, a third program (program C) was constructed based on |
cross-correlation scheme. The main functions and steps of program C
are as follows:

(C1). Mean velocity subtraction

(C2). Multiplication and squaring

(C3). Low pass digital filtering and re-sampling at Atr =10 At to re-
duce computation time in step (C4).

(C4). Cross=-correlation with cos(an t) for 40 seconds

lzof

(C5). Curve fitting the correlation result to give the power -21- ’ga
the signal
(C6). Calculating the amplitude from the averaged power of several
correlation results
The main component of the third program is cross-correlations
of the interesting signals to an artificial cosine signal. As we will see
in Section 4, 10, the correlation of a signal to a cosine signal is just
equivalent to the application of a band pass digital filter. The time
length of correlation must be carefully selected. Longer time of corre-
lation implies narrower band pass, but may result in loss of informa-
tion due to the frequency 'jitter'" in the air modulation and the possible
mismatch between the frequencies of the air modulation and the artificial
cosine signal, On the other hand, too short a time for the correlation
usually produces results with large background noise due to turbulence,
which gives more uncertainty. In view of this, a period of 40 sec was
chosen in step (C4).
It is seen that time averaging, phase averaging, cross-spectral
slysis and correlation are the four main techniques used in the data
¢tion scheme, A close look at these techniques is given in the next

[n Section 4. 10, we show that the averaging processes and
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and the Fourier transform applied in the data reduction program are
lso equivalent to band-pass digital filters. The fundamental pro-

perties of these processes are thus revealed. The low-pass digital

filter used in steps (B7) and (C3) before the re-sampling process is of

a different kind and is discussed first.

4.8 Low-Pass Digital Filter

Although the signals before entering the A/D subsystem had been
analogly low pass filtered at 500 Hz for the sampling interval 0. 001
sec to prevent alaising error, the alaising problem was again developed
if one re-sampled the digitalized data at a longer time increments, say

mAt. The re-sampling process will change the Nyquist folding fre-

querncy to Tmbt

A recursive digital filter used in the present data reduction
scheme is one adopted from Bendat and Piersol {1971). The filter exe-
cutes according to the following relation,

XS (l-A)xn+A-yn_ (4. 6)

1
where x = x(nAt) is the input signal and : y(nAt) is the filtered
signal. In the frequency domain, the linear transfer function of the

digital filter is

] = A
-i2TfA¢t
e

H(f) = (4. 7)

1 -A.
Hence
(1 - A
(1 +A2) - 2A .cos(2Tflt)

[nin]* - (4. 8)

represents the filter gain of the power spectrum of signal.

70




e

Figure 4. 10 shows the sketch of the characteristics of the low
pass digital filter for A = 0,98 and At = 0.001 seconds, which were
used in the present data analysis programs. The power spectrum of
the digitally-filtered data was then restored by the frequency depen-
dent gain factor given by (4. 8) and the restoration results in a numer-

ical error less than 0. 19,

4.9 Cross-Correlation and Cross-Spectral Analysis
In this and the next sections, all the time varying functions are
regarded as real unless specified otherwise. The cross-correlation

of a signal g(t) to a reference signal h(t) is defined by

T/2
B 1
R (£) = h(Dg(t+E) = lim = - h(t)g(t+£)dt (4. 9)
hg Tt~ -'[r/z

The cross-spectral density of h and g is defined as the Fourier trans-

form of the cross=-correlation, i.e., as

(0 o]

: @ 0= f Rhg(g)—e‘i?‘"fedg (4. 10)
o
= Gyl - 19y (0 (4. 11)

where Ch is the co-spectra and th is the quadrature spectra. The

phase lag of g to h is then given by

(o)
\ -1 th(f) o
“ g Bhg(f) = tan c. 0 + He(-Chg) 180 (4. 12)
hg
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where He(x) is the Heaviside unit step function defined by
He(») = (4.13)

Fourier transformation of (4. 9) also gives
¢hg(f) = G(f) - H*(f) . df (4. 14)

where G and H are the Fourier transforms of g and h and * denotes
the complex conjugate. Hence the cross-spectral density can be ob-
tained by direct transformation of g and h. The auto-spectral density

is obtained by letting h = g, i.e.,

¢ (f) = Glf)-G*¥(f)-df = C_(f) (4. 15)
g8 g8

because, when h =g, R (£) is symmetric and Q (f) =
8 gg £ v g8

(0 0]
J‘ R (¢)sin2qpfgdf = 0 from (4. 10).
J o 88

For two sinusoidal functions h(t) and g(t), which are of main

interest in this study and are given by

h(t) = lﬁal rcos(znf_t) (4. 16)

and

g(t) = ,gal 'COS(?—nfat - ea) ; (4.17)

The cross-correlation of g to h is

R = |M (2nf 6 (4. 18
hg(g) = > cos(2m a&- a) . 18)
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and the cross-spectrum is

ho|-|e . .
® () = l—‘il——‘i‘ [e-lea B(E-f ) + e 00 §(f4f )] (4. 19)
g 4 o o

where O(f) is the Dirac delta function. The phase lag at f = f( is
oy

then equal to

5[ (&,
—_—, [b(f-f Ysinf® -0 (f+f )sine]
-1 4 o « o a
Gh (f ) = tan — J
—_— [O(f -f JcosB -8 (f+f )cosH ]
4 o o o o) 7f=f
o
=1
= tan (tanf )
o
=6 (4. 20)
(07
The amplitude of g is calculated from integrating the auto-
spectrum of g over a neighborhood of f = fa ot 1% Sy
& e f +
|24l o B
4 = & (f)df
¢ -p 88
(47 1
f +A 1/2
o 1
gl = 2 & (f)af (4.21
i, [ ey )
o 1

where Al is a finite value which depends on the length of the data used
in the Fourier transformation. Theoretically, if an infinitely long
record was used in the Fourier transformation, Al can be chosen as
small as one wishes; but, when the finite length Tf of record is used

the delta function distribution of the auto-spectrum is spread into a
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finite narrow band which is proportional to T as we will see in the
f
next section. Hence, a finite Al is required during the practical
5
calculation. The value A] used in this study was T
£
4,10 Band-Pass Digital Filters

In digital processing, the correlation given by (4. 9) is written

M
1

R. (&) = Hm
hg > 2M+1
g M 00 m=-

h(mAtl)g(mAtl-i-g) (4.22)
M

by letting T = (ZM+])ALI. In (4. 22), as long as M is large enough,
Atl

we have assumed the processes are stationary. The actual computa-

need not be equal to the sampling interval of data taking At since

tion of (4. 22) is only possible for finite T, and (4. 22) is changed to

M

1 Z h(mAtI)g(mAtl+§) (4. 23)

2M+1
m=-M

Eh(t)g(t+g)7.r

where the subscript T indicates the finite time calculation. The selec-
tion of the time interval Atl depends on the frequency range of interest,
When M is fixed, a larger Atl was usually required for the lower fre-
quency range to provide better resolution.

It is of interest that, when h(t) = 1 and Atl = At, (4. 23) reduces

to
M
s 1
gT(E) — 2M+1 Z g(mAt + E) ’ (4.24)
m==-M

which is the familiar finite time average. The similarity between the

phase average and the time average stated in Chapter 2 suggests that,
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when h(t) = 1 and At] = 7 (the wave period of the water wave), (4.23)
then describes the phase average,

M

]
€)= 33 Z g(mr + £) (4. 25)
m=-M

Other interesting digital processes such as correlation to cosine waves
can be obtained by replacing h(t) by cos(anat). Before we discuss
the individual processes, the general behavior of the digital filter
corresponding to the correlation described by (4. 23) and the uncer-
tainty inherent due to the finite T are examined.

By introducing the symbolic functions [I(t) and [II(t) (see
Bracewell 1966), i.e.,

1, - 2 <t < 3
it = g A : (4. 26)
0 , otherwise
and
00
aI(t) = 2 §(t-n) , (4.27)

n=-0o

we can rewrite (4. 23) as

(0 0]
z 1 t t
[h(t)g(HE)]T = f T n(?) UJ(A—tl)h(t)g(H'&)-dt (4.28)
-

If we let t+ £ =X, (4.28) is changed to

(o 0]
o 1 o x=K A€
[hit)gle+e) 1, = f T MRS ) W hO-0sax  (4.29)
-
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Since [l and []] are even functions, equation (4.29) may be written

as

TR Nt S o

ih(t)g(t+5)],r = f %n(%}t—) m(%)h(t-g)g(t)dt

- 1
= hp(t) @ g(t) (4. 30)
where
N NS
ho(t) = 5 II<T) m(ml)h( t) (4.31)

and @ denotes the convolution operator.

Denoting the Fourier transform of [h(t)g(t+g)]T by

; |
F" Lh(t)g(t+ g)]T¢, using the convolution theorem and taking the Fourier

transformation of (4. 30), we have
f |
F) [h(t)g(:+g)]T[ = H,(OGl(f) (4. 32)
The similarity theorem given by
Fixa} = ~X() (4. 33)
a a
and the convolution theorem of the inverse transform given by
-1
F {X(f) @ Y(f)} = x(t)y(t) (4. 34)
suggest that Fourier transformation of (4. 31) gives
f
[

b

Ho) = 2| F(n(%)] erF }m(fq)” @ Fln(-t|
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| sinc(Tf)@ AtILU(Atlf)] @ H(-f) (4. 35a)

= [sinc(Tf) @ H(-f)] @ At II(At 1) (4. 35b)
where
F! H(t): = slnelf]) = S—lﬁf— (4. 36)
and
F}m(t){ = I(f) (4. 37)

were used. The plot of sinc(Tf) @ H(-f) and HT(f) when H(f) particu-
larly has a narrow bandwidth is shown in Figure 4. 11(a), (b).
The uncertainty introduced by the finite time T during the data

processing is expressed by calculating the standard deviation of

[h(t)g(t+€)]1,, namely,
1/2

2
o= ; (Lh(t)g(t+5)]T - h(t)g(t+g)) f (4. 38)

Let the error of the correlation at time § be represented by eT(E);

then

(h(t)g(t+£) 1 = h(t)g(t+E) + e (§) (4.39)

The limiting case as T = oo yields

lim [h(t)g(t+£)]T = h(t)g(t+£) (4. 40)
T =0

and
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lim eT(g) =0 (4.41)
T=c0

Hence, (4. 38) can be expressed as

_ 1/2
2
o= |eke)] (4. 42)
‘ o 11/2
= P (f)df (4.43)
| !00 erer f
where ‘Pe = is auto-spectral density of eT(g) defined by
Dl O
o T PR i2mfs
@ (£ = e (e (E+s) - e ds (4. 44)
eTeT ‘-roo T T

Evaluating the inverse transform of (4.44) at s = 0 leads to

i2mfs
e (E)e (t+s) = o e af
T T S:O [a) eTeT S'—'O
s &,
2 (0 0)
e (&) = o (f) - af (4. 45)
T '[oo erer

which also gives (4. 43).

When h(t) and g(t) are band limited in the frequency band
1 . :
-fN <f < fN' where fN = Z._At is the Nyquist frequency, the spectral
density °e H (f) is also limited in this frequency band. Egquation
i
(4.43) can be reduced to
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1/2

f
& z

g = f ® _ (f)-df (4. 46)
L e “erer i

The relative uncertainty is given by

€p © - |1/2 © 1004 (4.47)

St
hoeere)) %

4.11 Digital Filters of Specific Data Reduction Processes
Application of the theory described in Section 4. 10 to some

particular processes is discussed in the following:

A, Time average (h(t) =1, AtI = At)
When h(t) = 1 and At = B, [h(t)g(t+g)]T = ET(E) sadices to
the time average. For a quantity g decomposed into

g=g+g+tg = gtg' , (4.48)

the time average over period T gives

8r = 8 1 g1 (4. 49)

Since H(f) = F{1| = §(f), from (4. 35) we have
HT(f) = sinc(Tf) @ At [1I(Atf) (4. 50)
Figure 4. 11(c) shows the sketch of (4, 50).

The linear relationship given by GT(f) 2 HT(f) - G(f) also suggests
that

79




R

e

GIL(D) = HL(D)G"(f)

Hence, the spectrum density for g‘,i,(t) is
2
S, () = [HLO|T @ .0 (4.51)
g8 g8
Since g and g' are uncorrelated, transformation of g' = g+ g' will
ultimately lead to
@ o) = &) + @ _, (f) (4. 52)
g"'g" gg g'g!

When

n
g(t) = az__l Igal cos(ZTrfat-Ga) :

the spectrum @~ is
gg

n § lz
o
= — a 2
¢,§.§(f) 2 2 [6(f fa) + 8(f+,) ] . (4. 53)
a=1
If T is sufficiently large,
|H (f)|2 ~ sinc 2(Tf) ~ = 8(f) , -f <f<f (4. 54)
a% T : N N ’

Substituting equations (4. 52), (4. 53) and (4. 54) into (4.5!) and identify-

ing that e for time average, we have the standard deviation cal-

T Sp
culated from (4. 45), i.e.,

N ll/z
g = f °§'ﬂ’§n(f)d‘£ ’
-fN ik
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fN '1/1
) f sinc (Tf)[cp gD+ gl0-df
N
~ s 1 o) (0) + Z sinc (Tf ) Iéalz )1/2
I On g| 1 - ’
2 n ’galz 1/2

(28" A g
= ———T—g— + §1 sinc (de) > ‘

(4.

(4.

55)

56)

C 2
where g' is the power of g' and Ag' is the integral time scale of g'
defined by
© R_, (€)
S v
0 g' l

In (4.55), the summation term is usually small compared to the

term when T is large. Then

The relative error is now given by

- 1004

m
i
| ,Q

B. Phase average (h(t) =1, At1 =)

The function HT(f) is now changed to
HT(f) = sinc(Tf) @ 7 [II(~f)
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which is shown in Figure 4. 11(d). For a signal with mean subtracted,
g =g+ g', the standard deviation ¢ can be similarly obtained by the

procedure used above, and the result is

o i RS
g = ' 2 g ‘\gl‘y. T ‘ (4. 60)
where
f m
K @, ()
y = 1+2 _g_g__d) o (4.61)
m=1 g'g'
The relative error €, is
e = —Z— 1009 (4. 62)
T —1/2 :
(%)
g
-12T
G Fourier transform (h(t) = T:-e - fat, Atl = Atr)
- : -i2mf,t . ad
Since the Fourier transform of e a” s 6(f+fa), it is easy

to show that, for this case,

H,, 0 =7 sinc(Tf-Tf ) @ AtrLH(Atrf) (4. 63)

Hence, the Fourier transform itself works like a band-pass digital
filter with a gain factor T and a band width % . Plot of lTHT(f) is
shown in Figure 4. 11(e).

The standard deviation calculation previously mentioned is not
applicable here because h(t) is a complex quantity. But fortunately
this is not significant to the present study. Since the Fourier trans-

form used in the data reduction is mainly to obtain the autospectrum

and the cross-spectrum in determining the amplitude and the phase
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relationship of wave perturbations, the error produced can only be
obtained by directly examining the spectral structure.
The digital form of Fourier transform in finite time T can be

written as

o T/2 -iZﬂfat
FT{g(t+g)§ - f g(t+g) - e dt
= /2
N
5 1 -i2mfondt
= n:Z-:NTg(nAH&)e

Qo .
= f ”(it*')m(AtT) gltg) e 2Tiat 4 (4. 64)
r

=00

= [Tsinc(Tfa) @ Atr H.I(Atrfa)] @ [G(fa)eianaé]
(4. 65)

Taking the complex conjugate of (4.65) and using the relationship de-

noted by (4. 15), we have

(o 0]
2
f) = Alf f -f 4. 66
(@) plfe) !ml @@ (g -Daf (4. 66)

where (‘bgg)T(f) and °gg(f) are the auto-spectra of g corresponding
to the finite time and the infinite time Fourier transforms respectively,

and

A(f) = T-sinc(Tf) @ AtrI.I.I(Atrf) (4.67)

It is easy to show that the cross-spectra have the following relation,
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2
CARMUSTERY B LY R SO E (4. 68)

=00

When g = g + g', the amplitude calculation of wave perturbation
quantities according to (4. 21) will develop an approximate relative
error,

4 A1¢ i fa)

(a = I“ IZ . 1004 (4. 69)
Sa

The uncertainty in phase calculation from the cross-spectrum by using

(4. 12) will produce an approximate relative error,

: 4 |¢h,g,(fa)l. L80° o
I T|hy| |6,  3- 1416
D. Correlation to cosine (h(t) = cos(Zﬂfat), Atl = Atr)

Since H(f) is now
1
H(f) = S08(f-f,) + 8(f+,)] ,
the filter characteristic is then

HT(f) = [ %sinc(Tf—Tfu) + %sinc(THTfa)] @ AtrU_](Atrf)

(4.71)

Plot of (4. 71) is given in Figure 4. 11(f).

For a signal represented as
- - & ]
g = |ga| cos(21r£at Ba) =q
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we have
2l TR de o
g |T* & ‘\g' Yef
where
@, () + @, ()
] = g g a g g a
% d)g'g'(o)
and the relative error Er is
‘r = Jz_l 1004
| &g |
3
i

i G s
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CHAPTER 5

EXPERIMENTAL RESULTS

5.1 General

In Chapters 2 and 3, physical quantities such as velocities and
Reynolds stresses that govern the interface flows have been described,
and in Chapter 4, reliable schemes to obtain data associated with such
flow quantities have also been given. The data obtained are presented
in this chapter, together with a discussion of their features. Compari-
sons of our data to that of other studies are also made when appropriate.

As described in the previous chapters, the data were obtained in
the Stanford wind-wave channel at a station 13 m from the test section
entrance. The mean free stream velocity was 2.4 m/sec with air
modulations at fa =0.0, 0.4, 0.7, or 1,5 Hz where the flow without
air modulation is regarded as fa = 0.0 Hz. The air flows were over a
1 Hz mechanically~-generated, sinusoidal water wave with an amplitude
of 2.67 cm. The reduced data consist of those associated with the mean
flow, the wave perturbation, the air modulation, and the interaction-
produced wave. The effects of the air modulations on the wave pertur-
bations are also presented.

The flow quantities are generally presented in profile distributions
as a function of y* ordinates. The profiles are usually in non-dimen-
sional forms; the mean free stream velocity Uoo and its square Uio
are used to normalize the velocities and the Reynolds stresses respec-
tively. The ordinates y* are generally normalized by 1/k, where k is
the wave number. As shown in Section 5. 3 the boundary layer thickness

is 23,16 cm. Accordingly, a factor of

* e o
=g . L = 1.072 i

y*. k k-0 _ (,04026)-(23.16)
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should be applied to ky* if one wishes to interpret the data in y* /8
coordinates,
Since we have denoted that the wave perturbation quantity
'L','O( - lgalcos(wat - e,é,a) + harmonics ,

~

Sy includes all harmonics, while |éa| and QE are the amplitude and
the phase of the fundamental mode. The phase e GE is the phase lag
with respect to time using the water wave as a rcfereort\cc. In this study,
the harmonic modes are generally weak compared to the fundamental
mode: hence, the wave perturbation quantity can be approximated by its
fundamental mode without changing the overall conclusion.

The ambient temperature during the period of data taking was
auite steady to within +1°C.  The ambient pressure variation was also
less than 0.5 mm of mercury. Thus, the effects of ambient tempera-
turc and pressure are negligible. The data uncertainty is estimated

ind is presented in Appendix L.

5.2 Water Wave Field and Surface Condition

Before presenting the air flow fields, the water wave field and
the surface condition should be identified. A typical result of the phase
average of the mechanically-generated water wave is shown in Figure
5. 1(a), (b), together with the phase average results of W, ¥V, and ?ij
for y* = 1.604 cm. The position y* = 1.604 cm is the elevation
closest to the interface in our data. The phase average result is used
to obtain the amplitude and the phase lag for each mode by Fast Fourier
Transform (FFT) and cross-spectral analysis. When 1024 data points
with sampling interval 0, 001 sec were used, the resolution of the

spectrum was 0,976 Hz, The resolution is improved to 0. 0424 Hz by

artificially repeating the phase average recults, low-pass digital
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filtering and re-sampling at an interval 0. 023 sec as described in
Chapter 4. The result of auto-spectral analysis for n shows that
the harmonic modes produced by the Stokes non-linear phenomena are
less than 54 of the fundamental mode and are negligible. The param-
eter ka is 0.1075 corresponding to a = 2.67 cm,

For UOo = 2.4 m/sec, the ripples riding on the mechanically-
generated water waves are small but visible. If we denote the ripples
by m', the randomness of the ripples results in T—)'= {n'y = 0. How-
ever, the mean square n'z is non-zero and represents the square of
mean roughness of the water surface on the mechanically-generated
water waves. It is anticipated that n'z is perturbed by' the mechanically-
generated water waves in a way similar to that by which the turbulent

Reynolds stresses are perturbed. Hence

2 2 2 2. ]
neli=an + n' + (n') (5. 1a)
and
2 2 2
n'y=n 4+ (5. 1b)
~ e

Figure 5.2 shows the results of n'z with n'z given in the legend. The
values —1:;—'2- 102 are 0.9778, 0.7805, 0,7374 and 0. 7469 cm2 for the
air modulations at 0., 0.4, 0.7, and 1.5 Hz respectively. The root
mean squarej;y_'_z_ is approximately 0. 09 cm which is roughly 34 of
the amplitude of the mechanically-generated water wave.

Wu (1973) observed that the effect of the air modulations was to
produce more capillary waves in a wind-generated wave field. In the
presence of the mechanically-generated water wave, the decrease in
the mean square values of the ripples in the present experiment shows
that the air modulations tend to impede ripple production. This differ-
ence suggests that the mechanism of wind-wave generation over swell

(long water wave) is different from that over a flat water surface. The
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distortion of the wind field due to swell and the interaction between the
ripples and the swell may contributc to this inconsistency. For future
investigation, experiments with modulated air flows over wind-generated
waves, performed at the Stanford wind-wave channel, are needed in
resolving the ripple structure.

The mean square values of the ripples also show that the effect
of the air modulations is prominent when the frequency of the air modu-
lation is close to the frequency of the mechanically-generated water
wave as shown in Figure 5.2. Figure 5.2 shows also that (a) the ripples
ire high at both windward and leeward of the mechanically-generated
water wave, (b) they are moderate in the trough, and (c) they are almost
zero on the crest. The recovery of the ripple roughness for fa = 1.5 Hz
s expected because the ripple structure should return to that of the no
1ir modulation situation when fa is sufficiently high. (At very high fa'
the channel flow does not respond to the air flow pulser, hence the flow
is equivalent to that without air modulation. )

With the aid of T shown in Figure 5. 1(b) at the lowest elevation

12

y* = 1,604 ¢m in our data (Details of ?12 will be discussed in Section

5.4(c).), it is now possible to determine the surface condition over the
mechanically-generated water waves. If the surface is fully rough, we

expect that T _ near the interface should strongly correlate with n'

12
However, the data of T shown in Figure 5. 1(b) indicate that T .
12 ~ 12
strongly correlates to 5 instead of to ' . This implies that ?12
is mainly induced by the mechanically-generated water wave. As

shown in the next section the friction velocity u, in this study is 8. 578

cm/sec, for z, = -n'z =~ 0.09 cm the roughness parameter
o Zos
BT is 4. 95; hence, the surface condition is aerodynamically
smooth.
[
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5.3 Mean Flow Fields

The mean flow fields presented are those for velocities and tur-
bulent Reynolds stresses. These two fields determine the basic mean
turbulent flow upon which the wave perturbations and the air modulations
were irmposed. This basic mean flow should be identified before examin-
ing the wave perturbation and the air modulation fields because different

mean flows result in different wave perturbations and air modulations.

(a). Mean velocity profiles

The mean horizontal velocity behaves like a typical turbulent bound-
ary layer flow. To obtain a better understanding, the traditional log-
linear plot (U versus logarithmic y*) was used and the results are shown
in Figure 5.3. When the linear portion of the profiles in Figure 5. 3 was

used to curve-fit

U= o lngkin (5. 2)
o

the friction velocity W found by assuming ko = 0.40 is approximately
304 greater than that calculated from the direct measurement, i.e.,
u2 = —u'y' (the value of ~u''v'" will be discussed later). We also found
that the results of u, depend on the number of points in the linear por=-
tion of the profiles used for curve-fitting, the variation being as large
as 154 . In addition, when the wall coordinates

u+ = uE- and y = - (5. 3a,b)

+
are used, all the y values corresponding to the data points are greater
than 100, which is in contrary to the argument that the log-linear pro-
+
file exists only in the region where 30 <y < 70. Hence, we conclude

that the simple log-linear curve-fitting procedure is not adequate.
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A better representation of the mean velocity U was achieved by
identifying the wake characteristics near the outer edge of the boundary
layer. The wake behavior was also observed in the Stanford wind-wave
channel by Young et al. (1973) for both the flat-plate and the interface
flows. In the outer region, the profile is the ''law of the wake'' (Coles

1956), which can be written as

0 S W

© ! b i ¢ , 2 l
=t} + — - 5.4
u. el Kk 2 - w( 8 ) (2,28
o
wh is the wake function and Wc is the wake parameter. The

n W can be approximated by (Hinze 1975)
N m -
W(yb—) :]-cos‘—%—) (5. 5)

The wake parameter WC can only vary with x* when the outer layer
profile of the flow is not self-similar., Substituting (5.5) into (5. 4) and

rewriting (5. 4) into the wall variables, we find

W w +

y S * + o + C) EERCH e 8

S lny+(uoo-kln6 -Zk s l-cos(+)J

o o o o 8
(5. 6)
where

U Ou,
u+ ... and 6+= —_—

0 u, 1%

[lquation (5. 2) is the asymptotic form of the inner profile governed by

the "'law of the wall'', and can be written as

Iny +C (5. 7)

7~"|»—-

[0}
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As y* 40, (5.6) asymptotically matches (5. 7) with the matching condi-

tion
W
+ 1 A P
C:uco-rlnG —Zk—c (5. 8)
o o
So, the outer profile
s 1 + Wc | -
e = DRV ER G l-cos<lL) (5.9}
k k +
o o 8

applies also in the log-linear region.

The experimental data for the mean velocity were curve-fitted
to the wake log-linear profile to determine Uoo’ u, and § by the least-
square method. The profile parameters C, Wc and 6+ and then the
profiles described by (5. 9) were calculated. The comparisons between
the data and the curve-fit results are shown in Figures 5. 4(a), (b).

The agreements are excellent. Table 5.1 shows the velocity-profile
parameters and the comparison of u, between the results of curve-
fitting and of direct measurement. The comparison of u, results in an
average difference of 1.234. The measured u, given in Table 5.1 was
computed from the lowest point of the Ut profiles. From Table 5.1,
the parameters UOO/c, u*/U00 and UOOG/V (Reynolds number) which
characterize the mean flow were determined and were 1. 541, 0. 03589,
and 35,700 respectively.

The vertical mean velocity V is shown in Figure 5.5. The nega-
tive value of V indicates that the vertical mean velocity is downward
toward the interface. The magnitude of V decreases to zero when it
approaches to the interface where the boundary condition for V is zero.
The downward vertical mean velocity is regarded as the result of the
drift current at the interface. At the interface, the developing drift

. 8U A .
current results in I 0; hence from the continuity equation,
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we have S 0. So, with V =0 at the interface, V should be nega-
Vi

tive in the boundary layer. The change of V is large near the inter-

face and decays to zero at the free stream as shown in Figure 5. 5.

(b).  Mean Reynolds stresses and turbulent intensity
Since as described in Chapter 4, the subtractior of the air modula-
tion velocity from the total velocity is not feasible, the mean Reynolds

stresses u!'u contain the contribution from the air modulation. For a
1]

fully-developed flow, -u''v'' and v''v'"' are not affected by the air modu-
lation because Va equals to zero and ?ia is not correlated with v'. This

was the case in the study of Acharya and Reynolds (1975) since their flow
was fully-developed and there was no water waves; however, this is not
the case in this study because there exists the interaction-produced
wave component Gis and the component Va may exist. (The existence
of Va may be due to the weak development of the boundary layer.) As
shown in Figure 5.6, the values of “u'v" and v''v'' for modulated air
flows are systematically, but not largely different from those without
air modulation. However, the difference is small,

In Figure 5.6, an almost constant shear layer is observed in the
lower portion of the -u''v'" profiles. The slight decrease of the shear
stress at the lowest portion of the constant shear layer is regarded as
the release of the shear stress caused by the developing drift current.
It can not be regarded as the influence of viscous effects because all
the y+ values corresponding to the data obtained are greater than 87
so the viscous effect can be ignored.

The magnitude of u'"u" shown in Figure 5.6 is approximately
one order larger than those of -u'v" and v''v''; this is as expected.

(Note the different scales used for -u''v'' and v'v'" in the plots.) The
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|
greater values of u''u'" for the air flows with air modulation compared |

to those without air modulation mainly result from the contribution of

the component U U . Hence,
a a

Ty e 4

Iﬁal = [(I&A(u"u")]l/Z (5. 10)

where A denotes the change of a quantity due to inmposing the air modu-
lation. An estimate of Iﬁal from (5. 10) roughly agreces with thovsc
obtained from the cross-correlation technique, thus justifying the usage
of the cross-correlation scheme.

When fa = 0, there is no air modulation, so _JTI‘_J: = W Then,

J
the two-dimensional turbulent intensity is represented by q_z- =u'u'+

2o a2
v'v'. Figure 5.7 shows the plot of oFe = qz/u* versus y+, together
with the data obtained by Laufer (1951) and Klebanoff (1954). Remember
that their data were obtained for flows in two-dimensional solid bound-

ary channels, not for interface flows.

5.4 Wave Perturbation Fields

The wave perturbation fields consist of the wave-induced veloci-

ties u., the wave-associated mean Reymolds stresses uiu. , and the
i

J e

wave-induced turbulent Reynolds stresses ?ij' The stresses ﬁlﬁj E
play a very significant role in the energy transfer between the mean
flow and the wave perturbation field; on the other hand, the stresses
;ij are coupled with G’i in transferring the energy between the wave
perturbation field and the background turbulence. (Ref. Hussain and
Reynolds 1970). When the air modulation is imposed, the effect of the

air modulation is to change the wave perturbation fields. A close ex-

armination of the air modulation effect will be made in Section 5. 6.
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Experimental results for the wave perturbation fields are discussed

in the following three subsections:

(a). Wave perturbation velocities

A typical result for u and vV obtained by phase averaging is shown
in Figure 5. 1(a) for y* = 1.604 ¢m and fa = 0.0 Hz, and the result
deviates from the nearly sinusoidal  as indicated. Spectral analysis
of U and Vv indicates that the magnitude of the harmonic modes con-
tained in the velocity components are about 104 of those of the funda-
mental modes. The higher percentage in harmonic modes than in 75
indicates the relative importance of the non-linear effect of the wave-
perturbed air flow field rather than the non-linearity of the water wave.
This non-linear perturbation may result from the non-linear convection
of the air flow.

The phase average results of U1 and V are used to find the ampli-
tudes |i| and [¥] and the phase lags 6,6 and 6'7 by FFT and spectral
analysis as described in Chapter 4. The plots of the amplitude 'GI
and the phase lag 9H versus ky* are given in Figures 5. 8(a) and (b)
and the plots for |v1 and 6,‘7 in Figures 5. 9(a) and (b). In the proximity
of the interface, the magnitude of [l is clearly one order greater than
that of I¥l, but their amplitudes tend to be of the same order when
they are away from the interface. This suggests that, close to the
interface where the mean flow vorticity and the turbulent intensity are
large, the wave perturbation field strongly depends on the shear flow
behavior and the turbulent mixing. Away from the interface, the wave
perturbation field behaves similar to that in an inviscid flow with al-
most uniform velocity profile. Hence the exponential decay character
is predominant in the free strean, "'As shown in Figures 5. 8(b) and
5. 9(b), the phase difference between 9.;1. and 6‘7 of about 900 provides
a strong evidence for the inviscid potential wave motion of the fluid

particles near the free stream.
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Since a,iai describes the coupling between the wave perturbation
field and the m-;t.'n'l flow, the 90" phase difference between F;TI and &\7
which results in an almost zero value of -:'uTV— indicates that the mean
flow and the wave perturbation field are almost decoupled in the free
stream. On the other hand, an almost 180° phase difference between
3?{ and 8.\7 near the interface shows the strong coupling between the
mean flow and the wave perturbation field. This coupling effect in the
boundary layer results in the different orders in magnitude of Gl and
|¥] and in the phase shifts of GG' and 9,‘7,, as shown in Figures 5. 8(a), (b)
and 5. 9(a), (b).

Because the wave perturbation field is also dependent on the tur-

bulent mixing effect characterized by ?ij’ it is not now feasible to give

an overall structure of the wave perturbation velocities. Details of

£

"Ji and T.. are given in part (b) and (c) of this section. However, a
1 1 i

discussion on the structure of the wave perturbation field is given in

Chapter 6.

If we assume that the drift current at the interface is 34 of Uoo’
the interface boundary condition (2.41a) indicates that 'ULL . lO‘2 =6.67
and 8,‘\; = 270° when y* = 0, The sharp increase in l\;l P at the

lower portion of the l\;I profile given in Figure 5. 9(a) and the phase 6‘7
approaching 270° as y* 4 0 in Figure 5. 9(b) show that the interface
boundary condition for Vv seems to be verified by the present data. The
interface boundary condition for U can not be checked by the results
inferred from the data trend of the |a| and Bﬁ, profiles shown in
Figures 5. 8(a) and (b) because the inferred results are based on inviscid
analysis and the viscous effect is significant for U near the interface.

A systematic change in the wave perturbation velocities due to
the imposition of the air modulation is seen in Figures 5. 8(a), (b) and
5.9(a), (b). The change in amplitude caused by the air modulation is not

large but still visible. An interesting difference in change in the phase
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lags is observed between those with the air modulation frequency larger
than and smaller than the frequency of the mechanically-generated water
wave. The air modulations at 0.4 and 0. 7 Hz tend to increase the phase
lags of the wave perturbation velocities, but the air modulation at 1.5

Hz just behaves in an opposite way. Details of the air modulation effect

are given in Section 5, 6,

(b). Wave-associated Reynolds stresses

Figures 5. 10, 5.11, and 5, 12 show the distributions of the wave-

associated Reynolds stresses Tfi'ffj. When the harmonic modes are
relatively weak compared to the fundamental mode, they can be approxi-
mated by
~ ~ Lons ~
u.a, = = |u.‘- Iu,‘-cos(9~ -6.) (5.11)
1] 2 i i u, u,
L J
The data of lﬁil and fy were used to estimate ’Jiaj based on (5. 11).
i
The results agree with those shown in Figures 5.10, 5.11, and 5. 12 to
within 54, Hence, the harmonic modes are negligible and the linear
analysis described in Chapters 2 and 3 is feasible.

According to Miles' theory (1957), the wave-associated shear

stress is equal to the average of the wave perturbation pressure sup-

ported by the water wave form, i.e., S%}Z— =-p UV (Phillips 1966,

p. 94). The energy transfer from the wind to the wave is then given by

(see the more detailed discussion in Chapter 6)

- ~(09 , 9q % ~ 08
“pPV| _~ = -p( 230! ) = (c-U ) p
y=m ot ox y¥=0 ox =0

= -(C-Uo)pﬁ'V (5. 12)
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When (5. 12) is normalized by pUa)' we find
. Tl:' =0 C Uo i
E = ~—2I— = ( - = (5.13)
p -3 U :
pt @ (e} U
@ 0
: ; 4 =l . . :
To find an estimate of I , the value of -uv/UOO at y* = 0 is obtained

l)
by extrapolation of the data plotted in Figure 5. 11 with the result being
-4
approximately 11.0- 10 ., With ¢/U_ =0.649 and U /U =0.03,
oo o o

the value of E is 6.81-10" An alternative but direct estimate of
p

~ N . :':: 1 S -
E can be obtained by correlating p to v, i.e., PV = E'P“V| -cos(ef),-a\;,).
p :

The wave perturbation pressure was measured by Yu et al. (1973). The
~ 1 2

values of C_(=|p|/ =pU° ) and 6~ corresponding to U_/c = 1. 541

P & a0 P Q@ o
are now found from Figure 44 in their report to be 0. 048 and 60 respec-
tively. The variation of P in the boundary layer is small so these val-
ues can be regarded as those at the interface. The interface boundary
condition for ¥ gives |¢|/U_ = 0.0667 and 6 = 270°. So the direct

calculation of Ep bascd on the correlation of P and V results in

E:—%-C-‘A 4

ccos(Bf~ - 6) =6.93-10
p p PV

C:|

(0 0]

which agrees with the calculation based on -UV. This agreement sug-
gests that the Miles' inviscid theory may describe adequately the
energy transfer from the wind to the wave due to the wave perturbation
pressure even there is turbulence in the wind. A detailed investigation
of this aspect is needed. Because additional energy transfer from wind
to waves may be produced by the wave-induced turbulent Reynolds
stresses, the total budget of the energy transfer can only be evaluated

when these turbulent effects are known. This is given in Chapter €,
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The wave-associated Reynolds stresses are significant not only
in transferring the encrgy across the interface to cause the growth of
water wave, but also in transferring the energy from the mean flow to
the wave perturbation field. The rate of energy transfer pei unit

volume from the mean flow to the wave perturbation field is given by

= au 18] _ P
-uve —— , DBecause — 0 in the boundary layer as shown in Figure
avy:* oy’

5.3, Figure 5. 13 shows that the energy transfer rate is negative (from
the wave perturbation field to the mean flow) in the upper portion of the
boundary layer (0. 18 < ky¥) and is positive (from the mean flow to the

wave perturbation field) in the lower portion (0 < ky* < 0. 18). The

= . U

distribution of -uv - was obtained from the averages of the | |
i

o) y s e

and 6y profiles using (5.11) to calculate Uv and from the curve fitted
mean velocity profile. The energy production is confined to the bound-

ary layer and is concentrated near the interface.

(c). Wave-induced turbulent Reynolds stresses
The phase average results for T, for y* = 1,604 cm are also
1)

shown in Figure 5. I(b). Near the interface, ;11 and ?22 are coherent
and oscillate in phase., Thus, the oscillatory turbulent intensity

—~

qd = 17ll i ?ZZ is also in phase with ?ll and ?&2. The turbulence is

enhanced by the presence of the mechanically-generated water wave on
the lee-ward side of it with a peak occurring about 15" ahead of the
wave crest. Turbulence is reduced on the wind-ward side. When ky*
is large, we will see that this structure is changed. The oscillatory
shear stress FIZ shown in Figure 5. 1(b) indicates that, for y* = 1.604

cm, the turbulent Reynolds stress -={u''v''y = =u''v'' = F is relatively

12
high on the lee-ward side and relatively low on the wind-ward side of
the water wave (-W is shown in Figure 5.6). This is consistent with
the turbulent intensity ;]—) t ;Fi because higher turbulent intensity
usually results in higher turbulent shear stress, although their peaks

are not necessarily matched., This consistency between the turbulent
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intensity and the turbulent shear stress holds uniformly through the
turbulent boundary layer, as shown later in profile distributions. The
distribution of '1712 along the wavy surface for small y* is contrary
to what expected from the form drags caused by flow scparation over
the wave crests. If the flow separation occurs, the maximum turbu-
lent shear should be positioned on the wind-ward side of the waves.
Thus, we conclude that there has no flow separation and that the shel-
tering effect of Jeffrey's hypothesis (1925, 1926) is insignificant for
the flow of this study.
The phase average results were used to calculate ';i'l and

9?” by FFT and cross-spectral analysis. The distributions of ’;iil

ij :
and 9?- are shown in Figures 5. 14, 5. 15, and 5. 16. The amplitudes

ij
-~ . e e
lr,,l are large near the interface; they decrease as ky* increases.
1)

They all decrease to a "minimum' at ky* = 0.6 and regain their ampli-
tudes when further away from the interface. Finally they decrease
again and tend to zero in the free stream. Physically, the "'minimum"
should be zero because there is a phase jump of 180° at ky* = 0.6 in the

6y . profiles. The non-zero values of |;ijl at ky* = 0.6 are caused
1]
perhaps by misalignment between the oscillatory probe positions and

the positions where the flow has a constant value for (u;'uJ!). If the
amplitudes |§ij| are considered as positive near the interface and the

phase shifts of 6? are considered as continuous across the boundary
ij
layer, the amplitudes of ?'j for ky* > 0.6 can be taken as negative.
i
This means that the oscillatory turbulent stresses just above ky* = 0.6

act in the opposite direction to those stresses just below. The contin-

uous phase shift across the boundary layer is approximately 270°.

~

However, r and T, have almost the same phase distribution as a

11 Lt

function of ky*, while T _ has an approximately constant phase differ-

12

ence of 90° compared to those of ?11 and ?22 throughout the boundary

layer.
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The dip-down to a "minimum'' behavior resulting in the double
peaks in the profiles of ,flJl and in the phase jump of 1807 at ky*

0.6 were not observed by Yu i‘_f,l_ (1973) and by Chao et al. (1976).

The experimental data obtained by Yu et al. were in the wave-follower
mode operated with a constant amplitude oscillation instead of the
present y¥ coordinate. In addition, their measurements only extended
to ky = 0.4 which is about one third of the thickness of the boundary
layer. Therefore, they were unable to give a clear structure of the
wave perturbation flow. In the measurements of Chao et al, (1976),
although they used probes in both the fixed and the wave-following
frames to obtain the velocities, their wave-follower measurement had
the same disadvantage as that of Yu et al. It was expected that the fixed
probe measurement which covered the whole boundary layer should pro-
vide a usable picture of the structure of the wave perturbation flow,
despite its inferiority in describing the interface flow. Unfortunately,
the correlation scheme used by Chao et al. (also by Yu et al.) to re-
duce Ifijl and B contained the contribution of i?li'j which may mask
the real behavior of lfijl and G?i_ in the upper portion of the boundary
layer where the signals of ?ij are weak.

Gent and Taylor (1976) used an isotropic eddy viscosity model to
calculate the interface flow in a curvilinear coordinate system under
finite-amplitude wave conditions. They predicted that the amplitudes
of the induced turbulent Reynolds stresses would have double-peak
profiles and that the phase distributions of the induced turbulent Reynolds
stresses shift 180° in the downstream direction through the boundary
layer. However, their model also predicted that near the interface the
maximurmn turbulent intensity and the maximum turbulent shear stress
occur windward of the water wave. This is contrary to our observation.
The phase jump of 1807 at ky* = 0.6 in Ay again was not predicted by
their model. To improve the prediction, Sirhaps an eddy viscosity

model with an anisotropic behavior should be considered.
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The changes in the induced turbulent Reynolds stresses due to
the effect of the air modulations are clearly seen in Figures 5. 14,
5.15, and 5.16. The changes of both the |;1J| and 6';” distributions
due to air modulations depend on whether the air modul}"{)tion frequency
is larger than or less than the frequency of water waves. The differ-
ence is shown more clearly in the phase distributions of 6% . More
refined results and discussions on the air modulation t-ff('t‘flzgr(- pre-
sented later in this chapter.

Consideration is now given to the wave-turbulence interaction.
The cnergy drain from the wave perturbation field to the background
turbulent field is given by W—J— . The profiles of lﬁi] . F)'Ji 3
|;ij| and 9‘1:-1' shown in Figures 5.8, 5.9, 5.14, 5,15 and 5. 16 were
averaged and then used for calculating the energy drain. The results
of the calculation are shown in Figure 5.17. The horizontal stress-
strain correlation contributes dominantly to the energy drain near the
interface. The net energy drain indicated by the line segments in
Figure 5. 17 shows that for ky* < 0,68 the wave-induced turbulent
Reynolds stresses convert the kinetic energy of the wave perturbation
into background turbulence. For ky* > 0.68 the energy is transferred
from the turbulence to the wave perturbation. The amount of the energy
drawn from the wave perturbation field to the turbulence in the lower
portion of the boundary layer is much larger than the amount of the
energy given to the wave perturbation field from the turbulence near the
free stream.

Liu and Merkine (1976) studied the interactions between the wave-
like large-scale structure and the fine-grained turbulence in a free
shear flow, Their prediction on the wave-turbulence energy transfer
(Figure 3 in their paper) resembles our observations. They showed
that the horizontal stress=-straia correlation is predominant, How-

ever, their predicted total transfer is uniformly from the wave field

(large-scale) to the turbulent field (fine-grained turbulence). Since our
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results are related to a boundary layver flow where there are inter-
actions between the large-scale turbulence and a wave, this may
cause the difference between our results and their predictions, In

general, our observations and their predictions seem to be consistent,

5.5 Air Modulation Fields

In Chapter 3, we denoted a4 quantity g in the air-modulated flow

g =G+g +g"
a a

Sy . : ;
where g is the air modulation component given by

I8

2

|8,] - coslw,t - 6g )

and g'" is the background oscillation with respect to Ei. When g is
a <

correlated to cos(uqt) for a time period T, we find

' R & ot (0 1o
‘um(wat)g(ua) T |gn| Los(wag -Gga) + > lgal cos((baé-e 5

(5. 14)

I'Mme second term on the right hand side of (5. 14) is the residual error
produccd by the background oscillation. This error can be reduced to
a negligible level if T is sufficiently large. Unfortunately, the 'jitter"
ind the drift in the frequency of the air modulator, as described in
Chapter 4, has prevented us from making such a long time correlation,
Because no reference signal for :’;1 was registered, the phase Sga was

not reducible. The amplitude Ig_l| can be calculated based on the

averaged power of the correlated signal, i.e.,

5 |2 (5. 15)

1 "

a

104




! oy 1 4,12 .

Fo eliminate = I;_{ '| from I’E , the same data reduction precedure
2 a 5a

(Program C in Chapter 4) was performed over the data record without

the air modulation, which gives

B, = el (5. 16)

where the subscript ""o'" refers to the case of fa = 0. Taking the differ-~
ence between (5.15) and (5. 16) gives
IZ

a1 = zlg, %+ zadel® (5.17)

a

The second term on the right hand side of (5. 17) now includes the
residual error due to the background turbulence and the distortion of
the turbulence at the frequency w, due to the air modulation. This
term represents the uncertainty of the air modulation signal. The dis-
tortion of the background turbulent spectrum is considered significant
SO A(Pg—l) can be negative if the air modulation effect results in a de-
crease u(f the power spectrum of the turbulence at w, and if the signal of

g_l is also relatively weak. Hence, we define a quantity "§a|| as

C

24(Py ) 12 4t APxi s 0
a 81 ~
£l - (.19
& 1/2
. |2A(p~ )] i AlP) <0
g, g, g

which characterizes both the amplitude |§a| and the distortion of the
background turbulence. When the distortion is relative weak, we have
"Ea" = léal . The arguments given above apply not only to the air
modulation field but also to the interaction-produced wave field, be-
cause the same data reduction precedure was used. The data pre-

sented in this section are those of "’J " and "?’ " . The best
ia ija
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interpretation curves accompanying the data were obtained by locally
smoothing the l‘E and (P~ ) profiles before the subtraction and
a °a ©

then using Chebyshev polynomials to fit the subtracted results,

(a). Air modulation velocities

The profiles of “Tf’_‘” are shown in Figure 5. 18, For Tf_l, the
background distortion of the turbulence is relatively weak so “'lTJI
is approximately equal to |ﬁ‘ . From Figure 5. 18, the amplitude

a

of the air modulation decreases as the frequency of the air modulation
increases. Because the amplitud- control plates of the air flow pulser
were not adjusted during cach run, the decreasing amplitude reflects
the dynamic response of the aiv flow to the flow pulser; a higher fre-
quency results in a lower amplitude response.

For each t", the "'ﬁ' “ profile remains almost constant except
near the interface where the role of the Stokes layer becomes predomi-
nant. The present results for “ G;‘|| agree with those measured by
Acharya and Reynolds (1975). For each profile, there is a peak near
the interface followed by a dip-down as ky* increases. The position
of the peak shifts to higher clevation as the frequency of the air modu-
lation increases. This is not consistent with results predicted in a
larminar flow; the laminar flow prediction gives a peak closer to the
boundary for a higher frequency. This peak and dip-down feature was
also observed by Acharya and Reynolds (1975) in their 40 Hz modula-
tion, but not in their 24 Hz modulation. According to their data trend,
it is conjectured that there might exist a similar feature for their 24 Hz
modulation in the vicinity of their channel wall where they could not
measure,

Figure 5. 19 shows the profiles of "?;a" . Since Va is primarily

due to the developing boundary layer, it is estimated that

l A.ll Vv |G:\I

U >~ -L-] T—— >~ (0, 0008
(0 9] (8 8)
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Because v is s0 weak, the data for "v “ shown in Figure 5. 19

1 a
contain mainly the background turbulence distortion, which gives a
large uncertainty., Near the free stream where the turbulence inten-

. . i el " .
sity is weak, we have ” v H = |v | . The order of magnitude of
a

a

”v ” /U near the free stream agrees with our estimation.
a 169) -

(b). Modulated turbulent Reynolds stresses

The profiles of " ?iia“ are shown in Figures 5. 20, 5,21, and
5.22. Three components.are responsible for ” ?ija” : the first com-
ponent is produced from the direct interaction of the air modulation
with the background turbulence, the second component is produced from
the interaction between the air modulation and the wave perturbation,
and the third component results from the distortion of the turbulence

due to the imposition of the air modulation. The first two components

contribute to ?ija ; the third component is picked up by the data reduc-

tion precedure and is not the desired. The negative value in " ?ija”
results mainly from this third component.
The relative orders of magnitude among ” ?l la“ > “ ?123” and

“;ZZa” are basically consistent with those measured by Acharya and
Reynolds (1975). The general features of “?ija“ are as follows:
highly peaked near the interface; dipped down at the middle portion of
the boundary layer; and relatively flat near the free stream. This
structure is similar to that of the induced turbulent Reynolds stresses
given in Section 5. 4(c). This similarity suggests that the response of
the turbulence to the organized oscillations is pr‘incipally by the same
mechanism. The locations of the dip-down for H ;‘ija“ are relatively
higher than those of ”T{a“ ; this was also observed by Acharya and
Reynolds (1975). However, with the differences in the data reduction
scheme (they used the correlation to a registrated reference signal),
in the flow condition (their flow is a solid-boundary channel flow), and
in the range of the air modulation frequency, no further comparison
can be made, With the relatively high uncertainty in ;ija' we will not
examine further the data results for the air modulation field.
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5, 6 [iffects of Air Modulation on Wave Perturbation

When air modulation was imposed on a wave perturbed flow, the
wave perturbation field was changed. If ('g)A and (?;')0 denote the wave
perturbation quantities with and without the air modulation, respectively,

the effect of the air modulation on the wave perturbation is given by

g.= AT = ®, - @ 5.19
g4 AN @, - @, ( )

Introducing the wave expression (2. 31), we find

ga = B)a- (2), (5. 20)

Since él' (g), and (g) are complex numbers, Equation (5. 20) may be
C (8]

A
expressed as

- g Sk \2 A A - 3 1/2
|g4] = HIED, + (gD - 218D A (18D jeoslity) - (8 1}
(5.21)
and
G = t:ln-l ‘ (lQI)ASin(QE)A-('gl)OSin(eg)o ' (5.22)

g, [ <|él)Acos<eE>A-<|gT>ocos<e§>o f
FEquations (5. 21) and (5. 22) were used to calculate the amplitude and the
phase of Ed’ which may represent ’Gid or ?ijd' The results of the cal-
culation are shown in Figures 5.23-5,27. The profiles of ('g’)A and (?g')o
were locally smoothed before these calculations.

From these figures, we see that the response of the wave pertur-
bation to the air modulation near the interface is different from the
response near the free stream. Near the free stream, the response
is strongly dependent on the frequency of the air modulation compared
to the frequency of the water waves. The cases of f(' = 0.4 and 0. 7 Hz
have similar features and belong to the lower {requency range where

the air modulation frequencies are smaller than the water wave fre-

quency. The case of f)‘ = 1.5 Hz belongs to the upper frequency range
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where the air modulation frequency is larger than the water wave fre-
quency. Near the free stream, the phases of 1, | and r.., for these
ic ijc

O s s .
two frequency ranges are almost 180 different as shown in the figures.
The difference between these two frequency ranges is 2lso shown in the

1
amplitude distributions of U. ., but not for .. .

id ijd
Near the interface, the response of the wave perturbation seems

to be relatively insensitive to the frequency of the air modulation, com-
pared to the response near the free stream. In the proximity of the

interface (ky* < 0.2), the profiles of 'uidl g ey |rijd| , and 6?

have similar characteristics for all the three :1irldmod|_1lation fr(‘qllkfi{lcdi('ﬁ.
(Note that a 360° different in phase is of the same phase.) Although

a‘id and e?ij(l show some different trends between the two frequency
ranges, for the intermediate values of ky*, their structure is regarded
as different from that near the free stream because there is no persis-
tent 180° phase difference near the interface between these two ranges.
The elevation where the {ree stream and the interface regions are di-
vided is located approximately at ky* = 0.6, The apparent existence

of these two regions occurs both in the profiles of Eid and ?ijd; on

the other hand, we have shown in Section 5.4 that similar behavior was

observed for ?‘j at ky* = 0.6, but not for Ei'
1
: . The effect of air modulation on the wave perturbation is of two

types. The first is the direct interaction between the air modulation
and the water wave, and the second is the indirect changes in the coup-
ling structure between the basic flow (the mean flow and the turbulence)
and the wave due to the air modulation. The first process is demon-
l strated by the production of the interaction-produced waves. When the

interaction-produced waves couple further with the air modulation, the

wave-induced turbulent Reynolds stresses are increased and the velocity
| perturbation field is modified. This type of process was first suggested
by Hasselmann (1967, 1968) in describing the wave-turbulence interac-
tion, which was one of the original motivations of our present study.

As shown by Hasselmann (1968), this type of coupling process is
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parametric and the coupling parameter is dependent on the intensity

(power) of the air modulation and on the air modulation frequency f'1

relative to the water wave frequency f. It is reasonable to assume

that Hasselmann's interaction process may be responsible for the ob-

served behavior in both U, , and T, depending on whether f <f or
:

id ijd

f,1 - f. Because this process is described by the interaction-produced
waves with frequencies f:l + f, a more intuitive insight to this process
can be obtained by examining the propagation directions of the interac-
tion-produced waves, When f:\ < f, both components of the interaction-
produced wave propagate downstream in the same direction as the water
wave. When f:\ . f, the component with frequency f + fa still propagates
downstream, but the other component with frequency fa - f propagates
upstream. Hence, the direct interaction between the air modulation and
the water wave should be different for these two frequency ranges.

The second process results mainly from the perturbation of the
basic flow structure due to the air modulation, i.e., the coupling of
the basic flow to the water wave is changed by the imposition of the air
modulation. It was shown by Hall (1975) and Seminara and Hall (1975)
that laminar flows were destabilized by the air modulation without regard
to the frequency range of the air modulation. No analysis similar to
Hall's has been performed for a turbulent flow; however, the air modu-
lation must have an effect on its stability., Since the turbulence is
usually considered to be the consequence of flow instability, the turbu-
lence characteristics may be more strongly affected by the air modula-
tion than the mean flow characteristics. Consequently, the change in
the turbulent structure due to the air modulation is assumed to be the
dominant mechanism which governs the second process. As inferred
from Hasselmann's interaction theory (1968), the second process is
characterized by the intensitics of the air modulation and the turbulence
and is due to higher order interactions, Hence, the second process is

relatively weak in comparison to the first process if the air modulation
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and the turbulence are of the same order of magnitude in their inten-
sities; this is the case near the frece stream. However, near the inter-
face, the turbulence is considerably stronger than the air modulation
so the second process may be of equal importance to or even dominant
over the first process. The second process is also governed by the
relative location of the air modulation frequency to the frequency band
with high turbulent energy. All the air modulations in the present
study are located on the lower side of the energetic frequency band of
turbulence, so their effects on the wave perturbation based on the second
process are presumably similar.

The characteristics discussed above are consistent with the data
of U., and T . . Itis surprising that the data of Ei and ;ij have

id 1jd

similar trends on the phase distributions to the data of Gi and ;i'

d jd
for fa = 1.5 Hz:; the similar trends include the direction and the range
of phase shift across the boundary layer. This similarity supports
our arguments given above, because the energetic frequency band of

the turbulence in this study and the frequency of the air modulation

(fa = 1.5 Hz) are both located above the frequency of the water wave.

5.7 Interaction-Produced Wave Fields

The data reduction scheme used for the interaction-produced
wave is the same as that used for the air modulation. So the results
for His are presented as “ a'is" as given by equation (5. 18) where
the subscript ''a'" is replaced by ""'s'"'. As mentioned previously, be-
cause no reference signal for Ea was recorded, no phase information
of Eis is available. The profiles of " ?ijs“ are not presented be-
cause they are basically equal to the amplitudes of (ﬁ'iff,a )S. Figures
5.28 and 5.29 show the distributions of ”Hs“ and “ '\75" . Again the
best interpretation curves in these figures are obtained by locally
smoothing and curve-fitting with Chebyshev polynomials as described

in Section 5. 5,
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I'he magnitudes of “’G\“ arc relatively higher than those of
“\75” as expected; the ratio of “ ;Is“ / “'\78" is approximately of the
order of the ratio || / Ivl. According to the inviscid linear analysis
given in Chapter 3, the order of Iﬁsl /Um is approximately of 10-3;
this is found in the present data. However, the consistency should be
regarded as only qualitative because of the uncertainty in the data.
The data suggest the existence of the interaction-produced waves, i.e.,
the existence of the direct interaction between the air modulation and
the water wave. Unfortunately, no conclusive or quantitative results

could be found due to unfavorable data quality.
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CHAPTER 6

DISCUSSION

6. ) Preview

Because specific discussions of the experimental results were
given in Chapter 5, the discussions presented in this chapter are con-
centrated on the general aspects of turbulent flow over a wave-perturbed
air-water interface. The topics include: a close look at the quantities
measured in the coordinate systems (x, y, t) and (x*, y*, t*), a dis-
cussion of the mean flow structure, an energy consideration of the wave
perturbation field, an insight to the interaction between the wind and the
wa-—es, a general picture of the interface flow structure, and finally an
overview at the closure modelling of ?ij' Because the data were col-
lected in the (x*, y*, t*) coordinate system and because there exist dif-
ferent physical meanings for quantities expressed in the (x, y, t) and
(x*, y*, t*) coordinate systems, a realistic understanding of the flow
structure can be obtained only when the difference in these two coordi-

nate systems is recognized.

6.2 Quantities in (x, y, t) and in (x*, y¥*, t*) Coordinates

It is seen from equation (2.4) that the wave-induced quantity g is
only defined when the mean of g, now denoted by G, exists. In the fixed
frame the mean quantity G does not exist for y <a because it is im-
possible to perform any time average process for fixed (x, y) if y <a.
Hence, the wave quantity E(x, y, t) can not be determined experimentally
from equation (2.4) for y <a. However, in the transformed coordinate
system, G(x*, y*) is experimentally obtainable for y* <a since G(x%*, y*)
represents the time average performed along curves where (x*, y¥) is
constantly in the air regime. So the quantity g(x*, y*, t*) is defined.

Despite of the difference in E in (x, y, t) and in (x*, y*, t*) systems,
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the phase average result {g)is well behaved in both the (x, y, t) and
(x*, y¥,t*¥) coordinate systems; <g>(x, y, t) and <g>(x=:‘-, y*, t*) are
identical only if (x, y) and (x¥, y*) represent the same physical posi-
tion. As a result, equations given in the previous chapters that de-
scribe the wave perturbation field in the fixed frame are not valid for
v < a unless we can give a proper description for g(x, y, t) in this re-
gion. On the other hand, equations for g(x*, y*, t*) in the transformed
coordinate system do not have this difficulty because they are derived
from the equations for <g» and because F(x*, y¥, t*¥) exists for

v¥ > 0,

When x* = x, equations (2.43a,b,c) indicate that (x*, y*=h) and

(x, y=h+f7j) represent the same physical position, so we have

(g Y(x*, y*, t¥) PN (g ¥ixe, 'y, ©) ymHE (6. 1)
Taylor series expansion yields
(g)x, vy, t)iy_h
= {gV¥(x, h+fF - {7, t)
= (g)(x, htfy, t) - aa—ilgl(x, h+f%, t)fR
2 22
¢ 2582 e,  EL 4 o0 (6. 2)

dy

Equation (6. 2) is only valid when M is sufficiently small. Criterion
for its validity will be discussed later, Applying the relations (2.47c¢)
and (2.47e) and substituting (6. 1) into (6. 2) we find
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, ~0(g) |
\E\(\’ ¥ t) =h Q>(X’7', y::' t:::) 'yﬂ::h - fT’ ay:.'f 'y'f':h
2
~2 0 (f 3(g) ) 3 S
+ L + O 6., 3
n ay* 2 By* y:!::h (77 ) (6 )

For h > a, the time averages can be obtained both in (x, y, t) and
(x*, v¥, t¥). So the decomposition of (g) into G + E is feasible. Thus,

by equating the mean and oscillatory portions of (6. 3), we obtain

= 2 ——
= % yx) - f7 08 L E ( £  28G )~2
G(X, y)ly:h [G(X ’ y ) fn ay:;: + 8y::: 2 ay:f: n

V% =h

+ O(ﬁ:‘}) (6. 4)
and

— = oG ~ o0y £
s = K :f:’ st iy ¥ + 5, B)
g(\, y, t*y:h g(\ ’ Y t ),y*:h ay* f n ly*:h O(n ) (Q

-

Equations (6, 4) and (6. 5) show the relationships between quantities
measured for the same physical variable in the two coordinate systems
at the same mean elevation. The difference between G(x, y) and G(x*, y*)
is of second order in 7 so that they can be taken as the same unless the
curvature of the mean profile is too large. The difference in g(x, y, t)
and 'g(x;-", y#, t¥) is of first order and can not be neglected unless W—
' is relatively small.

Let us consider the case where g is the horizontal velocity u.
If the mean velocity profile follows the wave form and has a sharp
velocity gradient, L f. 7 is large because it represents the oscil-

oy
l latory velocity picked up by a fixed probe due to periodically upwards

and downwards translation of the mean velocity profile. For low wind
i speeds we also expect u(x*, y*, t¥) to be relatively weak so u(x, y, t) is
{ mainly caused by - %:’i - f-%. On the other hand, if the mean velocity
profile does not follow the wave form, the roles of u(x, y, t) and
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Ulx, y*, t*) are interchanged. At high wind speeds, U(x, y, t) and
u(x*, y*, t¥) are usually large. So %}-L]]— -f-7% cannot be used as a
sensitive test to determine whether the mean velocity profile follows
the wave form.

For h <a, the decomposition of (g) into G+¢g is only feasible
in the transformed coordinate system. To obtain an interpretation of
G(x, y) and g(x, y, t), it is reasonable to extend the relations (6. 4) and
(6.5) from the region h > a to the region h <a by continuation. In
this manner, G(x, y) and g(x, y, t) at y <a are calculated from G(x*, y*)
and g(x*, y*, t¥) according to (6. 4) and (6. 5), not by taking the time and
phase averages of g at fixed (x, y). With this extention, G(x, y) and
g2(x, y, t) have a physical meaning for y <a which is consistent with
the result of a traditional perturbation scheme. The boundary condi-
tions (2. 41la,b) at the interface now should be described as those for
u(x*, y*, t*) and V(x*, y*, t*), not for u(x, y, t) and V(x, y, t). The diffi-
culty of using a fixed coordinate system is that the interface boundary
conditions for 'J(x, y, t) and ¥(x, y, t) must be obtained by extrapolation
using the Taylor series expansion and the series expansion is not in
general valid. The advantage of using a transformed coordinate system
is immediately seen because it does not require the validity of the Taylor
series expansion.

To insure the validity of the Taylor series expansion, the follow-

ing condition must hold, viz.,

(@) (®, y4,t4) >> 17 - %Sl (6. 6)

As an example, let (g) as (u). For typical turbulent boundary layer
flows,

9lu) . auU
dy* T dy*
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und or the small amplitude wave assumption. The greatest rate of
change in U occurs near the interface where the laminar sublayer

gives a linear mean velocity profile. We have

t|-::-‘:r\=

Um U(DU

0, = ( 3U o o (6. 7)
_*) Uy
oy E

The most stingent condition for (6. 6) is at the interface where f(0) = 1;

this results in

<] (6. 8)

5+ v Gou* 3 U00
o 2 v = u

+
Note that 60 is also the reciprocal of the root square of the drag
coefficient. The wall-coordinate parameter for a is given by
14

and is the non-dimensional roughness of the water wave. Condition

(6. 8) is now

< <1 (6.9)
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For typical turbulent boundary layer flows, 60 = —2 ~ 25~ 30

which corresponds approximately to the lower edge of the‘log-linear
profile. To insure the validity of the linear analysis in the fixed
coordinate system, the amplitude of the water waves must be less
than thickness of the viscous sublayer, i.e., the roughness produced
by the water waves should be small enough to guarantee that the sur-
face condition is still aerodynamically smooth. Condition (6. 9) is not
satisfied in a laboratory in general, because the wave amplitude has to
be maintained large enough to give a reasonable signal-to-noise ratio.
For instance, 60 =0.51 cm and a = 2. 67 cm in this study, so 6; =28
A 146, and :—14’/6+ =5.24 > 1.

We now compare the differences among g(x, vy, t), Z(x*, y*, t¥)
and g¥*(x*, y¥, t¥). Equation (6. 5) shows that g(x, y, t) e and
glx*, y*, t%) y*=h are always different by the amount fn BG |
no matter how small the wave amplitude is (unless a = 0 such that

glx, y, t) = g(x , Y%, t¥) = 0.) When g(x, y, t) is evaluated at the time

varying position y = h+fn , we have

~ ~ ~l

glx, v, t)ly:*1+fﬁ = Bbx, v, th , + O (6. 10)
Hence, g(x, vy, t)l ~ can be approximated by g(x, vy, t) a0 but not
by glx*, y*, t* )I o* s we have remarked for the mterface boundary

conditions. Equatlon (2. 56) provides us

~ o~ BG
b3 - %k 5 - sk H) -
gx(x*, y*, t*) glx*, y*, t¥) - fNn — By * (6.11)

Recall that (6. 11) is exact (no higher order terms were neglected) and

that g*(x*, y*, t*¥) is evaluated at y* = constant. If condition (6.9) is

satisfied, from (6.5), (6.10) and (6. 11) we have
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gHlx*, y*, t¥) shsh g(x, y,t)ly:h+0(?[ ) (6. 12)

= glx, v, t)|y=h+fﬁ + O('ﬁz) (6.13)
The value of g¥*(x*, y¥*, t*) evaluated at y* = h can be regarded as

the value of g(x, y, t) evaluated at y = h in (x, y, t) coordinate system.

It may be visualized that the coordinate transformation can be achieved

by stretching the undulating curve of y* = constant into a horizontal

line, if ka < < 1. When condition (6.9) is satisfied, the stretching pro-

cess and the extrapolation by Taylor series expansion have little differ-

ence, so E(x, y, t) and E*(x*, y*, t*) can be taken as the same. How-

ever, when condition (6. 9) is not satisfied such that g(x, y, t) can not

be obtained, the transformed quantity g*(x*, y*, t*) still has meaning

and we assume that g¥*(x*, y*, t*) will take an equivalent role to E(x, y, t)

under this condition.

6.3 Mean Flow Structure

As shown in Chapter 5, the mean velocity has a wake log-linear
profile. This profile holds to the vicinity of the interface below the
crests of the mechanically-generated water wave. The mean Reynolds
stresses measured in the transformed coordinate system as shown in
Figure 5.6 also have a structure similar to that observed by others in
flat, solid boundary channels. This suggests that the interface flow
characteristics are dependent on the instantaneous height above the water
surface as first proposed by Benjamin (1959), and not on the height above
the mean water level.

In Section 6., 2, we showed that, when the wind speed is low, com-
paring ulx, y, t) and U(x*, y*, t*) should give a direct test to whether
the mean profiles follow the wave form. Chao et al. (1976) measured

U in a fixed frame and in a wave-following frame (yf=y - 7). The
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present measurement in the transformed coordinate system is equiva-
lent to the wave=-following measurement near the interface and matches

the fixed frame measurement in the free stream. The results of Chao

et al. showed that u(x, y, t) is substantially larger than U(x, Yer t) near

the interface when U /¢ is low. The order of magnitude of u(x, y, t)
0
s OH

is also consistent with that of N3y Unfortunately, their data in the
two frames measurement was ubt:'x'inud at different elevations under dif-
ferent mean flow conditions so that no direct check could be made of

the relation between u(x, y, t) and u(x, Yer t). In order to fulfill this
specific objective, a separate experiment has been performed, in which
ve measured the interface flow in the three coordinate systems (y =y,

Ve y-ﬁ, and y*=y-ff) at the same mean elevation and under the same
flow condition. The results of that experiment show a clearer picture
of this wind-following-wave character. Detailed results of this separate
experiment will be presented in a later report.

We conclude that the mean flow follows the wave form if the mean
sind speed is not too high. This is true for the flow in this study be-
cause no flow separation is observed and because the mean profiles are
simmilar to the well-behaved turbulent flows in solid wall channel.
Hence, describing the interface flow in the transformed coordinate sys-
tem is an appropriate approach.

Let us now give attention to the velocity profile parameter C
given in equation (5. 9). The average value of C is found to be 8. 26
(Table 5. 1) in this study. Stewart (1970) measured the velocity profiles
over smooth water surfaces and over a 1, 96 Hz mechanically-generated
water wave under a low wind condition (similar to this study). He found
C /.2 for smooth flat water surface and C = 3,7 for generated water
waves, He stated that the lower value of C = 3, 7 resulted from the
roughness created by the mechanically-generated water waves. We

disagree. If the generated water waves are considered as portions of

the boundary roughness, the form drag exhibited by the wave-associated
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Reynolds stress -=pTUV  should be incorporated with the mean turbulent

Reynolds stress -pu'v' to give the total resistance of the water sur-

face. Our measurement and the measurement of Kendall (1970) showed

that -p uv varies drastically near the interface. When -p UV and

-pu'v' are combined, the structure of the constant stress layer is
totally distorted.

The lower value of C = 3,7 in Stewart's results was a consequence
of his fixed probe measurements. If he had measured the flow in the
transformed coordinate system, we expect that the value of C would be
relatively high (near 7.2) because the mean profiles were following the
waves and the water surface was relatively smooth with respect to the
water waves. All the second-order correction terms appearing in the
right-hand side of (6.4) are negative, so the mean velocity measured in
the fixed frame is smaller than that measured in the transformed frame.
The difference between these two frames of measurement is small near
the free stream and generally increases as one approaches to the inter-
face. As the result, the value of u, determined from the profile method
should give a higher value for fixed frame data than for transformed
frame data. The value of C for fixed frame measurement is then con-
siderably lower than that for transformed frame measurement. The
argument stated above is confirmed by our measured results in the three
coordinate systems, where we found that u, and C were about 10, 8
em/sec and 7.5 for transformed frame data and 18.3 cm/sec and -2, 7
for fixed frame data at Um/c = 1. 88. Chao et al. (1976) observed that
u, = 9.3 cm/sec and C = 0.9 for fixed frame data at Uoo/c = 1. 12,

The u, values reported by Stewart (1970) also showed 10 to 259 higher
values for the generated wave cases than for the smooth flat water
surface cases, If the generated water waves are regarded as surface
roughness, we also expect that the C value should continuously de-

crease as the wind speed is increased when the wave amplitude is kept
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constant because the relative roughness given by ;1+ = au‘:c/V is larger
at higher wind speed. This was not observed by Stewart.

For flows over smooth flat plate, measurements of Young iﬂ
(1973), of Hussain and Reynolds (1970), and of Acharya and Reynolds
(1975) showed that C is approximately 5.0, and Coles' (1954) data
showed that C is about 6.2. These values are considerably smaller
than our 8. 26 and Stewart's 7. 2 values of C, Agreement is obtained if
we account for the effects of the drift current. The effects of the drift
current release a portion of the turbulent shear stress to give a lower
value of u, for interface flows than that for smooth wall (flat or wavy)
flows. Accordingly, the curve-fitting by profile method results in a
lower slope u*/k() and a higher intercept C. Let the mean velocity for
a no drift flow be f't:n by

4 COUZ (6. 14)

where C° is 5.0 or 6.2 as described. When a drift current UO exists
on the interface, the velocity excess is transporied across the boundary
layer by the existing turbulence due to mixing and the turbulent shear
stress is partially released. The transport of the excess momentum

is similar to the transport of an excess temperature or humidity
appearing at the interface. So the current-induced velocity is also

given by a log-linear profile, i.e.,

Uy 1 Y*\l* o
U -U, = — In + C%uy (6. 15)
0 d k v d
O
where U i is the current-induced velocity and Wity is the characteristic
C

friction velocity of the drift current. Since U = U+ Ud’ combining
(6. 14) and (6. 15) and comparing the combined result to (5. 2) and (5. 7)

yields
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u, = u, - ux (6. 16)

d
and
U u?, u? Uk ol
o o 1 = b3 b p A
C=6C + —+——-(—-'ln--—+-——-ln—~) (6.-17)
1 PR k (355 151 u, U
o b3 8 d

Because UO > 0 and ui > u, > u:,.d , all the correction terms on the

right-hand side of (6. 17) are positive. So, C > c® To give a quanti-
tative estimate of C, let us assume the drift current to be 37 of Uoo'
1. €, Uo = 7.2 em/lsec for Uoo = 2.+ m/sec. The value of u:(: can be

obtained from the empirical formula given by Moffat et al. (1967), i.e.,

o 2

u
- % -1/4
(U—) = C, = 0,013(Re, )
(o o]

2

¢ 5 (6. 18}

where (Tf is the shear stress coefficient for smooth plate and R952 is
the Reynolds number based on the momentum thickness. For Re =
35700 (Table 5. 1), R“-GZ = 3470 from the 1/7-th-power law (Schlichting
1968, p. 599). So we have u:o:: = 9,89 cm/sec from (6. 18) and u, = 1.3l
cm/sec from (6. 16) when Wy = 8. 58 cm/sec (Table 5.1). When : ui,
u*d, 5 UO, and ko (=0. 40) are substituted into (6. 17), we find

C=6.92if C°=5,0and C =8,12 if C° = 6.2. Considering the scatter

; o . } : :
in C7, our result for C is not inconsistent with Stewart's.

6.4 [Energy Budget of Wave Perturbation Field

In a turbulent shear flow, there is continuous dissipation of tur-
bulent kinetic energy into internal thermal energy due to viscous stress
and an accompanying transfer of energy from the mean field by turbu-
lent Reynolds stresses acting against the mean velogity gradient for
replenishment of the turbulent kinetic energy. There'is also continuous
diffusion of turbulent kinetic energy by fluctuating motions. With the

addition of wave perturbation, the interaction between the mean flow
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and the turbulence is subjected to modifications. There are additional
interactions between the mean flow iind the wave perturbation and be-
tween the turbulence and the wave perturbation; these interactions pre-
sumably establish the evolution of the wave perturbation field. Conse-
quently, the energy budget among these three fields is re-adjusted. In
this study, we consider only the energy budget of the wave perturbation
field. Because g¥%(x¥, y¥, t¥) is equivalent to g(x, y, t) when (6. 9) is
satisfied, the energy consideration is focused on g¥*(x*, y*, t*) for
generalization.

The kinetic energy K of the wave perturbation field is

| s PSS
K = —Z-( utkuk 4 vy ) (6. 18a)
e : ’ : o e | =0~
mergy balance equations for the horizontal kinetic energy > VESCES
I =~ : 5 -
and the vertical kinetic energy = v¥*v* can be obtained by multiplying

the momentum equations (2. 58) and (2. 59) by u* and V¥, respectively,

and then taking time averages. The results are

——— ~ 2 ~  ~
d (.]_ ~:':~:': ._(L gy e aU e __au* _L a L az) u~=u
atx \2%" )T Tagx P VT 3yx TPk TRe\, .2 2
{ ox* ay.
Y
L (a_ﬁ_--)2+ (@_) L2 e
" Re |\ ox* Dy oxk 11
~ 8'\‘1‘* 0 ~ A ~ a’J:}:
W s g S sl qe O + % _— ((). 19)
TRk "oyt Tl2 12 Dy*
]
~ 2 & ~'~
1 (1 ~~, ) B, e BVR L ( 9 42 ) VEVE
e LS VENE s e, PYY P™ ok e :
dt= \ 2 ay oy Re ax*z 3y*2 %
l! ..l_ ( & )& + (ﬁ’k_ )2 o a— :;:::;::: + ;::}: 3?_:
" R Dxt dy* Bx* 12 12 9x*
(continued)
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On the right-hand side of (6.19), the first term is the energy transport
due to pressure work; the second term is the energy production from
the mean field by the wave-associated Reynolds stress; the third tern
is the energy transfer to the vertical wave motion due to the pressure-
strain; the fourth term (with _RLL ) is the diffusion by viscosity: the fifth
term (with —RLC ) is the viscous dissipation; and the last four terms are
the energy transport and the stress-strain work due to the wave-induced
turbulent Reynolds stresses. Their overall effect results in the change
in the horizontal kinetic energy. Similar interpretations can also be
given to the vertical kinetic energy balance equation (6. 20). Note that
the energy production only appears in (6. 19) for parallel shear flows.

T'he pressure-strain terms in (6. 19) and (6. 20) form a compensatory

. . . . =t . .
pair as the result of continuity, i.e., when p¥* is a source term in

ax:::
¢ - BV : :
(o 19Ty b= 8_:— is a drain term in (6. 20) so that the energy is trans-

ferred from ;'(trti(.‘éll oscillation to horizontal oscillation, and vice versa.
If the flow is fully or almost fully developed, the change of aver-

aged quantities with respect to x* is relatively small. Accordingly,

the terms with 5% in front of averaged quantities can be dropped

from (6.19) and (6. 20). We find, after taking the flow to be stationary,

—— U .~ 0er 1 95 (1== 1 (aa) (a;;':::"l
St R 8 R:j;z(zu“)‘ﬁ el
(1) L (3)
it © g_:? ' 53- urry, + 7, 5;17: B (6.21)
(5) (4) (6)
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T ayx PV P™ oy e TR g Re |\ 9x* y
dy*
(1) (2)
~ OV* 8 = ~, OvF
b3 - — b W — = 0 l.‘»_ 22
12 ax* ~oy* © T 22" T229y* ‘ )
(4) (3) (5)

Our measured data were used to calculate each term in (6. 21) and (6, 22)

except those with p*. Because no pressure data were obtained,

p %3—- was calculated by balancing (6. 21) by summation of all other
terms. p %;Li equals -p* gﬁ— by continuity. Then, a—;,—- PV
was obtained by balancing (6.22). The calculation results are given in
Table 6. 1. The horizontal energy balance is plotted in Figure 6.1 and
the wvertical energy balance in Figure 6.2. It is seen that the transfer
processes are cencentrated in a region very near the interface. The
lines on each graph represent the sum of the terms shown there. Thus,

if one adds the values at any point on these two lines, one obtains the

_q_ DGk
ay::: Py

pressure transport value (Note the different scales used

in Figures 6.1 and 6.2.) In Table 6.1, it is interesting to see that

AT |2 (a‘a* 2 __ (a?;* )2 (aV*)-’-' i
dy* | s ax*) — \ 9y* *> ok ]

energy dissipation is, therefore, mostly due to

near the interface, (

ou*
Re (

&
_ay*) . As

au* \2 AV \ L T —_—
6—x7) o ( W) , the continuity equation is apparently satisfied by

the measured data., Near the free stream, all these four dissipation
terms are of the same order so the motion of the wave perturbation is
irrotational as we have argued in Section 5.4. Table 6.1 shows that

the viscous effects are of higher order (in magnitude) and are negligible.
The turbulent energy transport and the energy drain to turbulence of

the horizcontal kinetic energy are one order in magnitude greater than
those of turbulent energy transport and energy drain of the vertical

kinetic energy.
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A general structure of the energy flux in the region near the
interface is as follows, The energy source of horizontal kinetic
energy in a control volume is mainly provided by the turbulent energy
transport from the control volume lying below and the energy produc-
tion from the mean field. This energy source is partially balanced by
dissipation into internal thermal energy and energy drain into back-
ground turbulence; however, the largest portion is converted into the
vertical kinetic energy by the pressure perturbation. This vertical
kinetic energy source is then balanced partially by the dissipaticii and
the energy drain of the vertical kinctic energy, the remaining and
largest portion of the energy source, combined with the additional
-.:nern:;\; source caused by turbulent transport from the control veclume
below, is balanced by the downward transport due to the pressure per-
turbation.

The equation for the total kinetic energy K given by equation

(6. 18a) is obtained by adding (6. 21) and (6. 22), which gives

Bt e BM. R (3_3”_‘)2+(§E)2 b (1‘7’_“)2+ (&%
ay:(:p Y Ve ay::: Re ay:':z Re ax>:: ay::: 8)(* 8Y:::
. gL s o, ~, ou*
3 - — + e sk !
v tubrls ® wREL,) £ E) B
IR LR ~, VX
p : x 2X0 - ¢ 6.23)
Pz oyr T Tl ox* T T3z oyn (

Integrating (6. 23) irom y* to the free stream yields

' aU 1 [ ( aur\ . [amx\P . [ovx\% . (owx )
. S U ¢ cmmm—— W o s . — + (—T) + (_'- ) dv
f L Ay dy Re / Ox* ) + ( Ay ) ox Ay b4

(continued)
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Now the control volume is a slice of width dx* with the lower boundary
at y* and the upper boundary at the free stream, When (6. 24) is evalu-

ated at y* = 0, the right-hand side of (6.24) represents the energy

transfer across interface by the wave-induced forces p*, T#* and
Tt i
e By ° The left-hand side of (6. 24) is then the power supply from

the wind field. Because our measurement closest to the interface was
at y* = 1.604 cm, the energy balance of (6.24) was calculated down to

that point; the result is shown in Table 6. 2,

It must be pointed out that -?’i‘zﬁ'* y#=0

energy transfer to the water wave by the wave-induced turbulent shear

does not represent the

stress, because u¥* —_— does not describe the wave motion of the
water particles. The horizontal oscillation of the water particles at
the interface is described by u(x*, vy, t*)ly*_o as shown in Section 6. 2.

When the flow is described in the fixed or in the stretched transformed

coordinate systems, the mean turbulent shear stress -u'v' over the

~ 0 =
undulating water surface produces an oscillatory force -fn 5; et

which combines with -?’i‘z to give the energy transfer when they acted

on the oscillatory surface-water particles. The energy transfer from

wind to waves by horizontal turbulent shear stresses is given then by

A— o 0 —_— e
- { < — 1!, = -
( rlzu)y*zo + (-f By u'v u)y*=0 r ,u y%=0

This argument was proven by the authors in the report of Wu et al.

(1977) where the derivation for the energy transfer was based on the
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phase average results and the derived results were not affected by
which coordinate system was used. An additional argument can also
be obtained by considering a flow over a solid wavy wall. There is no

energy transfer across the solid wavy wall because the wall is sta-

tionary; however, there is non-zero value of -;TZE* %=0"
y*=
ment shown above applies also to the other oscillatory forces such as
\ IVES
o~ ok P 1 N X o
P rzz and —R_c 5‘/—- , so the energy transfer to the water wave is
given by

The argu-

N —

- ~ 1 =< ==l
= -pv-~-r u-r,,v+——'—:l=-(zuu+ ,vv)‘
y::::0

(6. 25)

Table 6.3 shows the energy transfer calculated for each terms of
(6.25) using our measured data. As in Section 5. 4(b), the information
of the pressure perturbation was inferred from the measurement of Yu
et al. (1973). Note that Table 6. 3 is obtained for y* = 1.604 cm, not
for y* = 0. Because the energy production and the wave perturbation
velocities change drastically near the interface, the value given in
Table 6. 3 are not an exact representation of the surface values. How-

i

ever, Table 6. 3 does show that -'f)’ir' 1s dominant over other transfer

terms. The domination of the -pv term should remain valid at the

interface. A better interpretation for -';\7 at the interface was given in
Section 5. 4(b).

Regarding the energy transfer by the induced turbulent Reynolds

——
~

stresses, Table 6.3 shows that -rlz'fi is one order in magnitude greater
than —rzz?i , but is one order in magnitude smaller than _p:,—?,, . Both

-';123 and -?22'\7 are negative, i.e., the energy is transferred from

the water wave to the wind. The negative transfer in -;12: and -;227
and the relative orders of magnitude among -pv, -?12'5, and -?22'\7
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were also observed by Wu et al, (1977) for wind-waves. Because the
turbulent oscillations are presumably damped at the interface by vis=-
cosity, the role of the induced turbulent Reynolds stresses is gradually
taken by the viscous oscillatory stresses when one approaches the
interface. It is known that the viscous effect at the interface tends to

attenuate the water wave and results in the energy transfer from the

water wave to the wind. So -FIZU and -;ZZ; are expected to be
negative.

Based on the integral energy balance (Table 6, 2) and the discussion
on the energy transfer from the wind to the water wave, the energy
budget for the wave perturbation field is illustrated graphically in Figure

6. 3. The arrows in Figure 6. 3 indicate the directions of the energy

transfer.

t.5 Interaction between Wind and Waves

We now attempt to discuss the physics that describes the interac-
tion between the wind and the waves. In order to do this, we need to
start with the case of zero wind to show the basic behavior of the wave
perturbation field and the phase shift of U due to the existence of a
Stokes layer near the interface. Then the wind is introduced, but the
wind speed is still within the range of Uu) < ¢, to show the first-step
effect of the wind on the wave perturbation field and how the Stokes
layer is affected by turbulence, Finally, the wind speed is further in-
creased to the range of Uoo > ¢ to produce a critical layer. The criti-
cal layer mechanism which describes the energy transfer from wind to
waves, the changes in the structure of the critical layer due to the in-
fluence of the turbulent wind, and the interaction between the critical
layer and the Stokes layer are examined. The discussions given in
this section are for an infinitely extended air flow, i.e., H = oo,
Results for air flows with finite height are expected to be similar to

those for H = oo,
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The wave-induced velocities for the no wind condition are de-
scribed by irrotational motion so that

Ry cos(kx - wt) (6. 26a)

-kac e

22
H

bac s T ginfls - ui) (6. 26b)

<
i

Equation (6. 26a) does not satisfy the interface boundary condition (2. 41b),
so the viscous effect should be considered. The viscous effect results

in a Stokes layer near the interface, and there

~ -k -
u = -kac e ycos(kx-wt) + 2kace Bycos(kx-wt+ﬁy) (6. 27a)

<«
1

-k
= kac e y sin(kx - wt)

k P m m
- kac - (E)' Le 5ycos(kx-wt+ﬁ'y- Z)-cos(kx-wt- Z)T
6, 27b)
i

1
where f = (-Z%) is the reciprocal of the Stokes layer thickness
(Phillips 1966, p. 34), u is changed drastically by the viscous effect
near the interface. The phase lag of U increases from 0° to 180°

when one moves from the interface across the Stokes layer; ¥ is only

slightly modified because % = (;T)l/z is small, where Rew =
}

LZ. is the wave-Reynolds number,

vk

When a wind with Uoo < c is introduced into the flow field, the
wave perturbation is affected by the mean velocity and the turbulence

l of the wind. The mean velocity causes the wave perturbation to decay

more rapidly. This is represented by multiplying Vv by an approximate
decay factor (1 - %). as suggested by Miles (1957) and Lighthill (1957).
' The turbulence introduces turbulent mixing as described by eddy vis=-
cosity, so the wave perturbation motion is no longer irrotational in the

boundary layer. The range of turbulent mixing depends on the diffusion
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layer thickness 60 of the mean flow (local scale) and the thickness of
the boundary layer 6 (global scale). When the Stokes layer thickness
of the wave perturbation is thicker than 60, ReiCl 606 << 1, the upper
portion of the Stokes layer is dominated by turbulent mixing. Turbu-
lent mixing outside the Stokes layer usually results in a more uniform
profile of the wave perturbation near the free stream and a steeper
profile near the interface. This can be justified by comparing the
mean velocity profiles in a turbulent flow and in a laminar flow. The
phase of § and ¥V in the boundary layer is not so strongly affected by
turbulence when Uoo < ¢, Outside the turbulent boundary layer, the
wave perturbation motion is still irrotational. An additional effect of
the turbulence is the production of the induced turbulent Reynolds
stresses., Details of the induced turbulent Reynolds stresses are dis-
cussed in Section 6, 7,

When one observes the flow with U00 < ¢ in a travelling-wave
coordinate system given by X, =X - ct, the wave form is stationary.
The mean wind flows from right to left with a velocity c-U if the water
wave propagates from left to right. The flow confined in the boundary
layer can be regarded as flowing over a series of convergent and diver-
gent regions. Above the wave crest, ¢ - (U+d) is a maximum because
that is the narrowest passage of the flow. Therefore, U must be a
minimum and negative above the crest. Similarly, U must be a maxi-
mum and positive above the wave trough. Hence the phase lag of U is
1807 with respect to 7.

If the wind speed is increased such that Uoo > ¢, the interac.tion
hetween the mean flow and the wave is complicated due to the introduc-
tion of an interaction scale, called the 'critical height" ¥ The criti-
cal height is measured from the mean water level to the elevation where
U(yc) = ¢. Above the critical height, the mean wind flows from left to
right with a velocity U-c when one observes the flow field in X,

g . . ~ . e
Above the wave crest, U+u=-c is a maximum, so U is positive; above
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the wave trough, U+u-c isa minimum, so u is negative. Flow below
the critical height is similar to that for the case of Uoo <c. Hence
there is a phase change of 180° for T below and above the critical
height. The classical hydrodynamic stability theory showed a discon-
tinuity in U at Ve The viscous effect is significant near Y. in smooth-
ing the discontinuity, if there has no turbulent mixing. As a result,
the viscous effect produces a critical layer near Vo The thickness of

the critical layer is given by

e v 1/3 e
c 100 S e
i 8
where the primes denote the derivative with respectto y . 6 is

c
usually very thin for a log-linear mean velocity profile. The viscous

effect leads to a continuous phase shift of U across the critical layer.
The phase of U shifts in the wave propagating direction; this is differ-
ent from that produced by the Stokes layer at the interface.

We now consider the situation where Ve is high enough that the
critical layer and the Stokes layer are well-separated. Outside the
critical layer, but above the Stokes layer, the wave perturbation
motion is inviscid. A good approximation to vV is given by (Phillips

1966, p. 99)
~ ’ky »
v = Tka.(U=c)- e sin(kx - wt) (6. 29)

where T = -1 for y e and I“2 o % for y g Equation (6. 29)
shows that the amplitude |¥| decreases as Rk A from both sides of
the critical layer. As a result, there is a minimum value of |%| in
the critical layer.

The most significant result of the quasilaminar (or inviscid)

analysis is the production of the wave-associated Reynolds stress -uv
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in the critical layer; this provides the energy transfer mechanism

for the wave's growth. According to Miles theory (1957), -uv has
the form

0 for y > ) ¢
av = f (6.30)

U N2
(—) v for vy =Y.
Y=Y¢

rom equation (5. 13), the energy transfer due to the pressure pertur-

ation is given by

U AN
e = I(&-5>)- (:_U_")('v' (6. 31)
“p 2T U kU'/\U :
o0 0 169} "
Y=y,
\ccording to the curve-fitted mean velocity profile given in Figure 5.4,

the critical layer occurs at y: = 46,7 where u+ = 18.2. We have then
e 0. 849 cm and kyC = 0.0342 for the present experiment. We also
have |vi /U00 =2.1-10"% at % from Figure 5.9(a). Hence, the value
of £ found from (6. 31) is 1, 26 - 10'2, which is almost 20 times greater
than those estimated in Section 5, 4(b), The main reason for this dis-
crepancy is that (6. 31) is based on the viscous critical layer mecha-
nism, but here is applied to a turbulent flow. In (6.31), it is seen that
the location of the critical height is the key to this mechanism. In a
turbulent flow, the critical layer structure is distorted by turbulent
mixing and the critical height in the turbulently-mixed critical layer
is not clearly defined. Hence, (6.31) is not adequate for a turbulent
flow unless we can locate the critical height in the turbulently-mixed
critical layer. We will come back to this point after the turbulent
~ffect on the wave perturbation is discussed.

Before we examine the turbulent effect, let us take a quick look
't the case where y < (bc + 1/#). In this situation, the critical layer

and the Stokes layer overlap. Since the upper portion of the Stokes
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layer is affected by the critical layer, the 180° phase shift of U in
the Stokes layer is usually not completed before the critical layer be-
comes predominant, The effect of the critical layer pushes the phase
shift back into the downstream dircction. As a result, one will not
observe the 180° phase lag of W near the interface but outside the
Stokes layer.

Let us now examine the role of the turbulence. In a turbulent
flow, the smoothing by viscous cffects of the discontinuity in the wave
perturbation is replaced by turbulent mixing. Hence, the critical layer
structure is greatly distorted by the turbulence. One may visualize
that the location of the critical height is shifted up and down by turbu-
lent fluctuations according to U+u'-c = 0, Although U can also shift
the critical height, it was shown by Davis (1969) that this is a result
of nonlinear effects and is not responsible for the wave's growth
because no energy transfer was found; hence, it is not considered here.
The instantaneous, local viscous critical layer is further thinned or
thickened by the turbulent fluctuations; this can easily be seen from
(6.28) where the velocity gradient is changed when the mean profile U
is replaced by the instantaneous profile U+ u'. The structure of the
instantaneous critical layer is also subjected to changes due to vertical
convection by v', which was not considered in Miles (1957) analysis
where V = v' = 0 due to parallel flow and inviscid quasilaminar
assumptions. The statistically averaged result of this turbulent mixing
is a turbulently mixed critical layer.

The turbulently mixed critical layer is thick and may extend over
most of the boundary layer, The thickness of the turbulently mixed
critical layer should depend on the intensity and the statistical proper-
ties of u', instead of being given by (6. 28). When Vs is low, the tur-
bulent critical layer overlaps the upper portion of the Stokes layer.

Thus, the phase lag of U near the interface is not 180°; we observed

9.11, approximately 85° (see Figure 5, 8(b)). The phase lag of 857 in W
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is expected to decrease at higher wind speed because nore

Stokes layer is affected by the turbulent critical layer. This 1s con-
firmed by our three coordinate-systems measurement where we ob-
served that 9?1,\ 55° for Uw/c = 1, 88. Contrary to the prediction of
(b. 30), the distribution of UV is cxpected to be continuous and
smoothly varying over the whole boundary layer; this behavior was
observed in this study.

Suppose now we let ;C represent the averaged effective critical
height and assume that it depends on the magnitude as well as the
distribution of the u'-component in the boundary layer. Then, )-C car
only be determined experimentally. However, it can be argued that
since the magnitude of the u'-component increases drastically at the
interface as y increases and then decreases when near the free stre oo,
;-c tends to be located at higher elevation than yC[U(yc) = ¢ | for small
¥ and at lower elevation than ¥ for large y, near the free stream.
As inferred from the quasilaminar result, it is reasonablc to assume
that ;c is located at a position where |v|] has a minimum. Details
of the turbulent effect on the critical layer structurc are now being
experimentally determined by the authors and will be reported in the
near future.

From Figure 5. 9(a), we found the minimum value of vl /jt £
is approximately 1.3 10-2 at k;c = 0. 26, Ep calculated by (6. 31) is
then equal to 6. 3- lO_4 which is consistent with those values obtained
in Section 5. 4(b). We now conclude that the estimate of lz.P based on
(6. 31) from the viscous critical layer mechanism is entirely ina‘dcquas
for a turbulent flow. A better estimate can be obtained by rcplacing
the viscous critical layer by the turbulently mixed critical layer. B -
cause the energy transfer rate given by (6. 31) is independent of v,
replacing V by eddy viscosity Ut for the closure modelling of ?ii
not significantly change the energy transfer rate. Our present :';puri—

mental results indicate that the turbulence produces major effects only
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on the wave perturbation by distorting the critical layer structure and

has only minor effects on the direct transfer of the energy from the

wind to the wave by T... It is still possible that Miles inviscid theory
i
; ~07n =
may properly predict the energy transfer rate because p e - TPUV
b Lt ~2 . !
as shown in Section 5. 4(b) and because v predicted by Miles

Y=Yc
theory might be comparably smaller than what we had measured. Un-

fortunately, this is not the case. In Miles theory (1957), the wave per-

turbation pressure is expressed as
Bly) = (& +if )p U'ka
2 p gt 1

rpt g Al 2
where U1 = 2,5u,. Since Cp = Ipl/Eono' the wave growth parameter

is

. ( U 2. ka Sl

1 i y*=0

for the flow of this study. The corresponding value of Bp based on the
inviscid theory (using equation (6. 31) but with 2 — calculated
numerically) was found to be 2.9 for kyC = 0. 0342 (Figure 1 in Bole
and Hsu 1967). Our value of 24, 3 is consistent with Dobson's (1971)
field data (run 4b in their measurements) where he found ﬁp =19 for
c/u* = 17, and is 8 times larger than the 2.9 value predicted by Miles'
theory. This indicates that the distortion of the critical layer by tur-
bulence is responsible for the higher measured growth rate. Turbu-

"

lence produces little direct energy transfer, but works like a ''catalyst"

in producing -uv as pointed out by Stewart (1967).

6.6 The 9%tructure of Interface Flow
Based on the discussions given in the previous sections, a general

structure of the interface flow is now described in three categories by
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the consideration of flow scales. When there is no air flow, the wave
perturbation field is characterized by three scales, i.e., wave ampli-
tude a, wave length 1/k, and thickness of the viscous Stokes layer 1/f.
a and 1/B8 are local scales and 1/k is a global scale. For a turbu-
lent flow, the boundary layer thickness 0 is a global scale and the
viscous sub-layer thicknees 50 is a iocal scale. Another scale is H
which measures the extent of the air flow. Our present discussion is
restricted to small amplitude waves where ka < <1, and infinitely ex-
tended air flow where kH > > 1. The global scales form a nondimen-
sional parameter k6. If k§ <« <1, the long wave approximation de-
scribed in Chapter 3 applies. We do not consider the situation where
the wave length is short and comparable to the local scales.

The local scales form the non-dimensional parameters :1/6“ and
Ba. The condition a/bo < <1 is required for the validity of using a fixed
coordinate system as described in Section 6. 2 when there is a turbulent
wind, The parameter ga interprets the relative scale between the water
wave and the Stokes layer of the wave perturbed flow; hence it is a
parameter for non-linear behavior. Under no wind conditior, condition
(6. 6) does not reduce to a/GO < < l; instead, it reduces to fa < <1
which is required for the validity of using a linear analysis in a fixed
frame. Hence, when fa >>1, a transformed coordinate system must
be used to improve the linear analysis., However, a/b( < <1 usually
insures fa < <1 in a typical turbulent interface flow.

There are also the velocity scales of the wind and of the wave,
which form the parameter C/Uoo' This parameter determines the posi-
tion of the critical height yc. When c/UOOZ 1, the turbulent shear flow
travels behind the travelling water wave. We call this interface flow
""sub-critical''. Almost no cnergy transfer fromn the v.1ud tu the wave
is produced by the wave perturbation pressure for this case. There
may be some energy transfers by viscous force and ’;ii' but they are
insignificant. When 0 <« (:/UOD < 1, the upper portion of air flow travels

faster than the water wave but the lower portion still lags behind.
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There is a critical layer. We call this interface flow "critical'. The
energy transfer by the perturbation pressure is small when the criti-
cal height is large. The transfer increases as ¥ decreases. How-
ever, when 4 is submerged into the viscous sublayer, the transfer
rate decreases as yc decreases. (Here we consider decreasing yC
by decreasing c.) When ¢ = 0, there has no energy transfer because
there is no wave motion at the boundary wall (the case of wavy solid
wall). When C/Uoo< 0, the wave propagates against the wind., We call
this interface flow '"super-critical''. In this situation, energy is
transferred in the opposite direction, i.e., from wave to wind by the
pressure perturbation.

The situation of c/Uooz 0 can not be obtained in an air-water
interface flow because the minimum wave speed is 23 cm/sec at a wave
length of 1.7 cm. Wave lengths shorter than 1.7 cm are for capillary
waves, which are not in the range of the present study. To give a com-
plete and systematic examination of the interface flow structure, an
experiment performed at c/UOO: 0 is required. Studying the flow over
a stationary or flexible wavy wall, as accomplished by Kendall (1970)
and Saeger and Reynolds (1971), provided the complementary portion
of the intcrface flow study. It is even more instructive to measure the
air flows over water surface waves and over a stationary wavy wall in
the same wind-waves channel. A current experimental program is

being undertaken at Stanford toward this end.

6.7 Closure Modelling of ?ij

A satisfactory closure model of ?ij should not only result in good
predictions, but also describe the physics of the flow. Here we examine
the forms of closure model which are most realistic in comparison to
our experimental results. A new closure model of ’;ij is proposed.
Calculation of the proposed closure model will be made in a subsequent

investigation and is not attempted in this study.
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It has been pointed out in Chapter 2 that the closure modelling

of the induced turbulent Reynolds stresses should be addressed to

T (X, v, t) not to TR (x¥, y¥, t¥), The equivalence between
1] 1)
)

?il'(x' y, t) and T’i:‘],(x’ff, y¥, t¥) as described in Section 6. 2 indicates
th:’lt ?’ii(x, ¥, t) is‘not a suitable quantity for closure modelling. This
can :115.0 be inferred from the physical result that the mean profiles
follow the wave forms. Therefore, the flow properties such as the
mixing length, the eddy viscosity, etc., must be measured from the
instantaneous distance above the interface.

Let us re-examine the experimental results of ;',1.. Figures 5. 14,
5. 15 and 5. 16 showed that the phases of ;ll and ?ZZ are almost the
same and are approximately 90° in the lead of the phase of U, while
the phase of T , is about 90° out of phase with those of ¥, and T,
for ky* « ().P(J; This indicates that ?11 and ';22 are linearly related
E)_:‘* and 3—‘:* . There is a possibility then that an eddy viscosity
model may be adequate for the flow. We consider now only T

to

it
Closure models for 1'71_, and ;ZZ can be easily found after the model
[ ~ ~
< 1 )
for T is completed. Since only 5—:— and ﬁ:.: produce 90° phase

differences, the following relation is proposed,

ou U
IF - e T 1l o

bl

(6. 32)

To characterize All and Bl 1 let us consider the flow over a stationary
U

B_t* = 0 and we have

wavy wall. In this case,

g ou_
11 11 Ox*

i

il

The flow over a stationary wall is similar to that over a flat plate if
the curvature of the wavy surface is small. The phase averaged results

for the mean velocity and the turbulent Reynolds stresses are to be
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related by the familiar rule of eddy viscosity. So we find

where l./t is the eddy viscosity. Another limit case to be considered
is the situation where k 4 0. This corresponds to the flow with air
modulation. Equation (6. 32) becomes

oW
11 11 9t

)

It is well known that the turbulent intensity is decreased in an accelerat-
ing mean flow. Since higher turbulent intensity is associatcd with de-

celeration, the value of A should be negative. A consequent result

Il
is that the air modulation velocity leads the modulated turbulent

(8] O ~ ~
§ 90 . > S X i (<
l1a by 9 The 90 phase lead of u to r 112 ® th

flow region outside the viscous Stokes layer was observed by Acharya

Reynolds stress T

and Reynolds (1975) for both f’l = 24 and 40 Hz. Unfortunately, no
phase relation was available in this study for confirmation. Although
it is realized that the air modulation in an interface flow is similar to

that in a solid wall channel, a re-check of this phase relation by mea-

suring the phases of ?{a and ?111 in a wind-waves channel is required.
If we let A” = -Zvd/c, equation (6. 32) can be expressed as
A S ~
~ ok d ou , du
£ SRS e U
11 e Otx t ox*
o ;
= =2(v. - v o G 35
Wy = Va) oxx s

Equation (6. 33) is apparently an eddy viscosity model but the eddy vis-

cosity is now given by Ut- Ud. This eddy viscosity is different from the
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nean flow eddy viscosity Vl by an amount of Ui' The data shown in
¢

Figure 5. 14 requires that Ut -Vl when ky* < 0.6 and Ut /Vl when
C c

. o} ) -
ky¥* > 0,6 to produce a phase jump of 180 at ky* = 0,6, Closure

relations for r  and r can be found from the eddy viscosity law

12 22
as
2y IV v
= (P - —_  — 6. 34)
rl& (Ut Ud) ( Ay ox* ) (6 4
T v -V ) i (6. 35)
= =4 = e . s
Y22 t~ 7 d ay+
Beca ou >> ov (6.34) shows that T.. is almost in phase with u
Y@C¢ G s — Ye show s B\
& use 8y* E)x* N S NS a 12. 1 Os 1I‘lp se u

as indicated in Figure 5.15. There are two inconsistencies between

the eddy viscosity model and our experimental data: (a) equation (6. 35)
predicts that ?’22 is 180° out of phase to ?l
r _ predicted by (6. 35) is of the same order of the amplitude of ?'“

1’ and (b) the amplitude of

(&Y
(g%

according to continuity. To correct these discrepencies, the following
model 1s considered.

It is well known that the eddy viscosity nodel is a simplified form
of the constitutive relation which describes the turbulent stresses by
the analog of molecular viscous stresses. The constitutive relation

attributed to Prandtl in 1925 and Von Karman in 1930 is expressed as

|
R. = 3-8 -2v75, (6. 36)
i) 3 i) 1
where o o
=, | 8ui ou, ,
S.., = =|— 4+ —L 6.37
ij & ox, ox, ( )
J L
and Vo is the eddy viscosity. For the interface flow with a watcer wave,
Eij' qz, and gij should be replaced by the phase averaged quantities,
1e €a
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(R..N = R..+ 1, (6. 38a)
ij ij ij
2 . 2

Q") = q“+4g° (6. 38b)

(6. 38c)

S =S . 4SS = = +
( ij> ij ij 2 ( ox 0x.

And, the coordinate should be one which moves with the wave speed to
eliminate time dependence. Since (6.33) is also regarded as observed
in the coordinate system moving with the wave speed, we have

V.. =v-vV.. The constitutive relation for the wave perturbation

37 t d
quantities is now found as

-
rij 3 Gij ZVT ij (6.39)
where
o ; (aai du, )
S, = =|=—4+ L .
i~ 2 \ox, i ox, o2

~

If (6.39) is taken to be in the transformed coordinate system, qZ: 0
will result in (6. 33), (6. 34) and (6. 35). Our measurement of ?11 and

showed that ‘(;2 has the same phase distribution as T . and ?22.

*22 11

So we propose that

e DY
q = -6A(y, - v)) T (6.41)

The relation (6. 39) is based on homogeneous isotropic turbulence. To
characterize anisotropic behavior of the shear flow, the value of A in
(6.41) can be taken as different for ;ll and ?22. So the final results
for ¥,, and T__ are

11 22
S n e 2fIeA N v ) B (6. 42)
11 1"t d” ax* '
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GO RV TR = o (6. 43)
7 d 2 dx* dy
and (6. 34),
~ U v
Tp = WV (55 T o)

remains unchanged.

The closure model given above is basically an eddy viscosity
model, but with features distinct from that proposed by Norris and
Reynolds (1975). In the model of Norris and Reynolds, the eddy vis-
cosity was regarded as due to an organized wave with the mean eddy
viscosity equal to the one corresponding to the flow without the surface
waves. The wave component of the eddy viscosity ;; is combined with
the mean strain 0U/dy"¥ to produce an additional wave-induced tur-

bulent shear stress ’ljtr')U/'(Jy %, Thus their model is

2
(2"
R
(oo Hob
\<a
(o 4
(a5} Hab
¢ IE
(5] o5
Al<

In our model, we postulate that the change of the mean eddy viscosity
from Ut to Ut- Ud due to the propagating property of the surface wave
is of significance in describing the induced turbulent Reynolds stresses.
This model does not contradict to Norris and Reynolds' but is comple-
mentary, When c = 0, Ud = 0 according to our model but ;t need not
cqual zero. Combination of these two modelling schemes should give
a better description of the wave perturbation flow. However, we will
not investigate this combination untill we have tested our present model.
Detailed calculation of the wave perturbation field based on these models
is reserved for subscquent investigations.

From our present data for ’;ij' it is also seen that U and 'f:“ are

of the same phase near the free stream; this is not consistent with the

closure relation (6.42)., In the free stream, the turbulent mixing is
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weak and the turbulent fluctuation is intermittent and of large scale.
Hence, the fluid motion is shear free and irrotational. According to

the Bernoulli equation, we have

00
F (6. 44)

Ly l{(u-c)2+v2+w2} =
p 2

where € is the potential function. Substituting equation (2.23) into

(6. 44) and extracting the wave component, we obtain

(F..+T _+Tr..)=0 (6. 45)

b}vl
+
| —
c
1)
(o]
22
+

In (6.45), both (U-c)d and ('i’ll+ ?22+ ?33) are the responses of velocity

to the pressure perturbation P, so they are of the same phase. Hence,

Tay 3 cl(U-c)u
T, = -cZ(U-c)u
r,, = c3(U-c)u

where the relation for ?12 is proposed based on the fact that higher
turbulent intensity results in higher turbulent shear stress. With the
adjustment of the closure relation near the free stream, the more com-

NS .
plete expressions for r,j are now given as
i

- ¢ N ~

7 -2(1+Al)(vt- Vd) Bk + cI(U-c)u (6. 46)

N o |, ¥ "

Fiz " WV ek T gy | - SpiMeo il

~ o v o

rZZ = -Z(Ut- Ud)(AZ m + a—y?) + CZ(U-C)u (6. 48)
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Thus, our proposed model for T . combines the features of the
1]
mean eddy viscosity characterized by Vt’ the time-dependent visco-
elastic response characterized by !./l due to propagating waves, the
g -

anisotropy of the turbulence characterized by A, and A, and the

1

l; > f 3>
] 2 and c3 near the free

stream. Ut can be determined by relating the mecasured U and -u'v'

potential flow behavior characterized by c_, ¢

by mean eddy viscosity model, vV, and c_ by curve-fitting the measured

d 2
?l’ to (6.47), and Al and <, and A, and c, by curve-fitting the mea-
sured values of ?ll and ?22 to (6.46) and (6.48) respectively.
D
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

The overall objectives of this study were largely accomplished.
Based on the results and the discussions presented in Chapters 5 and 6,
the following conclusions can be drawn:

(1) The mean flow basically follows the water wave form in the
vicinity of the interface. However, the flow in the free stream tends
to be unaware of the existence of the water wave underneath. This con-
clusion is supported not only by the measured mean velocity which per-
sists as a log-~linear profile to the region below the wave crests, but
also by the observed eddy viscosity type of the induced turbulent
Reynolds stresses as described in the transformed coordinate system.
The constant stress layer of -pu'_v' near the interface provided
another evidence of this wave-form following property of the mean
flow. Describing the interface flow in the transformed coordinate sys-
tem given by (2.43a,b,c) is clearly an appropriate approach.

(2) The drift current affects significantly the mean velocity pro-
file parameters by partially releasing the mean shear stress. As a
result, the value of C is higher than and the value of u, is lower than
those measured for turbulent air flows over a flat plate. The mean
flow in a wind-wave channel possesses a slightly Couette turbulent flow
behavior.

(3) The ripples are strongly modulated by the mechanically-
generated water wave. However, at the wind speed of this study, the
roughness produced by the ripples is not large enough to interfere with
the wind field. Hence, with respect to the wavy surface of the gener-
ated water wave, the surface condition is still regarded as aerody-
namically smooth. At high wind speeds, the ripple effect must be

taken into account.
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(4) The mechanically-generated water wave produces an addi-
tional form drag to the wind field as described by p 3 |vi=0" We

The value of -p uv decreases

~0n
found that p 21

= uv
a < ¢ p

y*=0 =
rapidly as the distance from the interface increases, so the total

Reynolds shear stress -p(u_'\—r—' it TL_V) does not have a constant stress
layer. Measuring the total shear stress at any distance above the
interface usually results in a value much lower than that at the inter-
face. The ratio 7 of the momentum flux supported by the wave to
the total momentum flux supported by the interface is given by

I AT/ (u'v' + AV ). Hence, if the wave supported momentum flux
-pY_I—?/: is determined by measuring p and n (correct value) and the
total momentum flux is inferred from the concept of a constant stress
layer by measuring the velocity fluctuations (including turbulence and
wave perturbation velocities) somewhere above the interface (too low a
value), the ratio ¥ then is too high (and indeed may be found to be in
excess of unity.) The high value of the momentum transfer ratio re-
ported by Dobson (1971) is the consequence of using this evaluating
scheme. It is now concluded that estimating the portion of momentum
transfer across the interface based on the constant total shear stress
layer assumption, as made by Stewart (1961), is entirely inadequate
when the wave field is highly peaked near the dominant frequency,

(5) Because -pT.{V - is dependent on the square of the wave

=0
amplitude under the same wind condition where -pu'v' is constant,

the ratio of the momentum supported by the waves to the total momentum
across the interface can vary from zero when there is no mechanically-
generated water wave to approximately 0, 83 when the generated water
wave is saturated (ka ~ 0, 29) at the wind condition of this study. (The
measured ratio is 0. 42 for ka = 0. 1075,) It is concluded that the
momentum transfer ratio depends on the wave field, on the wind field,

and on the fetch; it can not be regarded as a fixed value.
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(6) At the wind speed of this study, the wave perturbation motion
is irrotational in the free stream, so there is no wave-associated
Reynolds stress -p 3V produced. But, in the turbulent boundary
layer, the wave perturbation motion is rotational due to the turbulent
mixing. Across the boundary layer, a phase shift of approximately
180° in U was observed. The phase shift is continuous over the entire
boundary layer, not sharp as predicted by Miles' theory (1957) which
gives a 180° phase jump at the critical height. We observed a phase
jump of 180° for ?ij approximately at ky* = 0, 6. This phase jump is
not related to Miles' theory, but can be interpreted as the result from
the time-dependent viscoelastic response of the turbulent air flow to
the propagating wave. The relationships between Gi and ;ij according
to our measurement are basically of an eddy viscosity type. However,
the effects of the propagating wave and of the potential flow behavior
near the free stream have to be counted of if one looks for better rela-
tionships between Ei and ?ij'

(7) Estimating the energy budget for the wave perturbation field
showed that the kinetic energy transferred to the wave motion is mainly
drawn from the mean flow field to the wave perturbation field by the
wave=-associated Reynolds stress -pﬁ—'_\}', from the wave perturbation
field to the background turbulence field by ?i' and from the wave per-
turbation field to the water wave field by the wave-induced pressure p.
The result of the energy balance also showed that most of the energy
transfer processes occur in a close proximity to the interface. There-
fore, in evaluating the energy transfer from wind to waves either by
using the energy balance scheme or the extrapolation from the mea-
sured profiles, data information near the interface is important. For

the data obtained in this study, the extrapolation produces not only an

excellent agreement between ng y*=0 and -puv y#=0 but also

between our wave growth rate and that measured in the field by Dobson
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(1971). Hence, we conclude that the measurement in the transformed
coordinate system using a wave-follower system, as performed in
this study, seems to be essential in resolving the physical processes
of the interface flow, especially for the flow over a mechanically-
generated water wave. Interpreting the flow fields in the transformed
coordinate system and formulating a realistic closure model for ?ii
are crucial to th.e ultimate theoretical prediction of the wave gencr;;tion
processes. To measure the air flow in closer proximity of the inter-
face than in this study could provide additional information, but is not
critical to the theoretical modelling of the interface flow; such data
may, however, be useful to the final confirmation of theoretical pre-
dictions.

(8) The energy transfer from wind to water waves is predomi-
nantly caused by the wave perturbation pressure p. The induced turbu-
lent Reynolds stresses transfer relatively small amounts of energy
directly to the waves. However, the turbulence plays an important
role in changing the structure of the viscous critical layer into a tur-
bulently-mixed critical layer which greatly affects the rate of the energy
transfer through the pressure p. It is found that Miles' theory is en-
tirely inadequate in describing the energy transfer from wind to waves.
Substituting the measured values of IGI s Uand U at 4 into Miles!
formula (6. 31) results in a transfer rate 20 times higher than the mea-
sured transfer rate caused by P. On the other hand, using the mea-
sured log-linear mean velocity profile, one predicts theoretically an
energy transfer rate 8 times too small.

From our measured energy transfer rate and the consistant re-
sultant transfer rate observed by Dobson (1971), it is clear that the
direct input of wind energy by pressure perturbation provides a main
energy source for wave generation, This direct energy source from
wind is of significance in explaining the high wave growth rate ob-

served by Snyder and Cox (1966), by Barnett and Wilkerson (1967),
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and by Bole and Hsu (1969). It was also found by Wu ﬁﬂ (1977)
that the energy transfer from wind by pressure perturbation is

strongly correlated with the wave height for a wind-wave spectrum.

The evolution of the wave spectrum is determined by the air energy
input, the non-linear wave-wave interaction within the wave spectrum,
and the white-cap dissipation of wave energy to current (including
turbulence). This was observed by JONSWAP (Hasselmann et al.,
1973) in the field and by Wu et al. (1977) in the laboratory. The net
energy transfer in the wave spectrum can be divided into three fre-
quency ranges. In the low frequency range, the air input and the trans-
fer of non-linear wave-wave interaction are positive and the dissipation
is weak so the positive transfer results in the waves' growth and the
continuous shifting of the dominant wave to lower frequency. The inter-
mediate frequency range lies between the dominant wave frequency and
approximately twice the dominant wave frequency. In the intermedi-
ate frequency range, the net energy transfer is negative because the
wave-wave interaction transfer and the dissipation are negative and
their sum is larger than the positive transfer from wind. This indi-
cates the recovery from the overshoot phenomena. In the high fre-
quency range (or the equilibrium range), the positive transfer of wind
and of wave-wave interaction are balanced by dissipation.

The ratio of the positive energy transfer by wind to that by wave-
wave interaction at the low frequency range depends on the wind and the
wave conditions, Measurement of Wu Et_a_l (1977) showed that a
larger ratio corresponds to higher wind speed and longer fetch (well-
developed wave field). Hence, bcth the air input and the wave-~wave
interaction are responsible for the waves' growth. Barnett (1971) con-
cluded that from 304 to 904 of the waves' growth is accounted for by
the wave-wave interaction. However, for an unsaturated mechanically-
generated water wave such as that in this study (or for a swell in the
ocean), the air input is the unique energy source for waves' growth be-

cause no non-linear wave-wave interaction occurs,
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(9) The wave perturbation field is definitely affected by the air
miodulation. Air modulation with a modulating frequency lower than
the frequency of the water wave has a different effect on the wave per-
turbation from that with a modulating frequency higher than that of the
water waves. The overall effect of turbulence on the wave perturbation
is similar to that of air modulation with a modulating frequency higher
than the frequency of the water wave, because most of the energetic
components of the turbulence are of higher frequency than that of the
water wave.

(10) The effect of air modulation on the ripples is a lower sur-
face roughness (with respect to the mechanically-generated water
wave) than that without air modulation. Wu (1973) observed a different
result when there was no mechanically-generated water wave. Further

examinations of the air modulation effect are required.

7.2 Recommendations

For 2 better understanding of the air-sea interaction, the follow-
ing recommendations are made:

(1) For a complete measurement of a wave perturbation flow,
the measurement of the pressure field should be incorporated with the
measurements of the velocity and the wave-height fields.

(2) To obtain a clearer picture of the interface flow in the trans-
formed coordinate system, the flow at other wind speeds should be
studied. However, the =<pecial case of ¢ = 0 can only be investigated
for a flow over wavy solid wall. These basic studies and the study of
the air modulation are crucial to the closure modelling of the wave-
induced turbulent Reynolds stresses.

(3) As the viscous critical layer is strongly influenced by the
background turbulence, to obtain direct insight to the energy transfer
mechanism from wind to waves the detailed structure of the turbulently-

mixed critical layer must be examined.
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(4) For a better understanding of the turbulent effect on the wave
perturbation flow, a refined measurement of the air modulation field
is required. This includes a registration of a reference signal for the
air modulation to permit education of the phase relationship between
the modulated quantities. The air modulation can be incorporated witl

studi~s under suggestions (1), (2) and (3), or with the flows over wind-

generated waves.
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APPENDIX I

UNCERTAINTY ANALYSIS

Measurement uncertainty generally occurs during data acquisition
and reduction. Uncertainty in data acquisition usually results from
improper performance of instruments, limitations in probe sensitivity
and frequency response, and inaccuracy of instruments. Because the
same probes and instruments were used for both calibrations and data
taking, uncertainties of this type propagate and enter into a final re-
sult as calibration uncertainty.

The uncertainty due to data reduction results mainly from the use
of a finite data record in calculating a statistical mean. This type of
uncertainty also depends on which of the data reduction schemes used.
Formulas used to estimate the data reduction uncertainty are given in
Section 4. 11,

Kline and McClintock (1953) proposed that the combined uncer-
tainty 6g of a measured quantity g(xi) due to independent eifects X,
is expressed as

g '1/2
(A. 1)

¥

N
Ox.
3 )

i=1

Since the calibration and the data reduction errors are the most signi-
ficant errors involved, the combined uncertainty determined by (A. 1)
is mainly contributed from these two uncertainties.

For the measured data in this study, the uncertainty is also
dependent on the elevation y* where the data were collected, because
different signal-to-noise ratios occur at different elevations. For
instance, 9? at ky* =~ 0.6 usually has very high uncertainties be-

~ lJ
cause rij ~ 0 there. The following list shows the overall uncer-

tanties estimated for the present measured data, but does not represent
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TABLE 6, 1

Energy Balance for Wave Perturbation Field

The short notations used in this table represent quantities de-

scribed as fol

DIFU =

DIXY =

DTRU

DRAUV

DPOW =

DISY =

DRAVU

DRAY

DISS =

DRAT

All quantities are normalized by pkU;

lows:

~.~. 0U
Oy:j:
2
1 é] FoRTSTR
T L g nent)
dy:,:
1, (T2
Re ( By*)
- ._l)~ T [
By 12"
. du*
T2 oy
o— - S:::;zjz
1 i ( Qv )2
Re ox*

DIYX + DIYY

. v
12 ox°*

= DRAVU + DRAVV

DISX + DISY

= DRAX + DRAY
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o g O
PRES = p e
T ( Ut )_’
BEs. = Re "\ 9x*
DISX = DIXX 4 DIXY
~, aa’:f:
DRAUU = T pye
DRAX = DRAUU + DRAUV
2
T = ! 9 T
DIFV = >Re = (Vv
Ay
1 AV \2
e s = Re ( oy )
d =
DERY = w——= g 3
oy*x 22
~ SO
DRAVV = 5 _ay’:"
DIFF = DIFU + DIFV

DTTR = DTRU + DTRV

2
= 6.715° 10 erg/cm3-sec.
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TABLE 6. 2
Energy Balance for Equation (6. 24)
(h = 1.604 c¢cm)
Transfer Transfer Rate Normalized by %
Mechanism pUgo: 1.668- 104 erg/Cm‘)'-su.c
[ ]
@
R G A . -5
(1) Jf DAE S gyt 6.112- 10
oy
h
Wave - - =
(2) i PR -3.357.10°° 1,692 10
Dissipation®
; -5
(3) Drain to -4.084.10
Turbulence
1 09K -6
b, O =5 :
(4) Re ay* 066 - 10
(5) T Gh - T T 5.031.107° 1,693 107"
-Th, wk - T v -5. . : .
i ~.~ ) -5
(6)%s3 - P fo 231 » 10

Q = i g, e
B P 1 (au*)z (au*)a (Bv*)& (av*)z] .
Wave-=dis e e —_— —_— —_— dve
ave=-dissipation Re ‘/}: [ Py + ay* th pyer ' Dy vy

A J
[0 0] ~ ~ ~ ~
Drain to ~ ousr i R IVES ad Vo to OV )
= W ——— b PN — + W — r*, — d
lurbulence (r“ Ix 12 oy* r12 ox 22 9y* 2!

(1) + (2) + (3) - (4) = (5)
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TABLE 6.3

Energy Transfer from Wind to Water Wave

(Evaluated at ky* = 0. 0646)

Transfer
Mechanism

- pv

1
H

Im
m—
N | —
gt
S

w Ll
o
=
A
N~
l
|

E
(Total)

5,
%N lized t U
ormalized by pu

Normalized Transfer Rate**

= 1,668

169

T e~

1.603. 10°%

=2, 324 107>

-3. 766 - 10'6

2.594- 10

-6.993- 10

1 38500 10

4
10 erg/cmz—sec
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The Stantord wind-wave facility was modified to permit generation of an
tir modulation with a sinusoidal variation. A wave height gauge and an X-array
hot=tilm probe were used to measure simultaneously the wave height and the wind
velocity from a wave-tollower operating in a transformed coordinate system.
Four runs were made, all with a 2.4 m/sec mean free stream velocity and a 1 Hz
mechanicallv-generated water wave of amplitude 2.67 cm, but with modulating
frequencies at 0.0, 0.4, 0.7 and 1.5 Hz respectively. Each velocity profile
consists of 18 points ranging in mean elevations from 1.604 cm to 39.45 cm
above the interface. Theoretical bases were also formed for a better under-
standing of the flow characteristics in the transformed coordinate system.

I'he mean velocity profile was found to be basically log-linear with a wake
characteristic near the free stream. The friction velocity computed from the
protile method agrees with the result obtained from the measured constant shear
stress laver near the interface. The lower portion of the mean profiles
tollows the wave form but the upper portion of the mean profiles seems to be
unaware of the existence of the water wave underneath. Thus, describing the
flow in the transformed coordinate system is an appropriate approach. Drift
current effects on the mean flow were also discussed.

The wave perturbation motion was found te be irrotational near the free
stream and to have a strong shear behavior near the interface. All the phases
of the wave-induced turbulent Reynolds stresses have a jump of 180° in the
middle of the boundary layer, but such jumps do not occur in the phases of
the wave perturbation velocities. The relationships between the observed wave
perturbation velocities and the induced turbulent Reynolds stresses are basi-
cally of an eddy viscosity type.

The energy balance of the wave perturbation field showed that most of the
energy transfer occurs in the vicinity of the interface. Energy was drawn from
the mean flow to wave perturbation, and then from the wave perturbation to
turbulence and to the water wave. The energy transfer from wind to waves is
predominantly caused by the wave perturbation pressure. The measured wave
prowth rate agrees with that observed by Dobson (1971), and is one order in
magnitude greater than Miles' prediction. Wave-turbulence interaction is
responsible for this higher growth rate.

The response of the wave perturbation to air modulations when the modu-
lating frequencies are lower than the frequency of the water wave is different
from that when the modulating frequency is higher than the frequency of the
water wave. Air modulations tend to decrease the ripple formation over the
mechanically-generated water wave under the same mean flow condition.
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