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AJ~STRACT

Theore t i ca l  pred ic t ions  of wave growth by closure modelling

have been h indered  b y the ambiguity abou t the in te rf ace cond it ion s and

the lack of knowledge of the dynamics of wave -turbulenc e interac t ion .

The present  experimental  program was undertaken in an at tempt to

clarif y the in ter face  flow structure , as well as the closure relat ions ,

and t o stud y the dynamic response of wave pe rturbations to the imposi t ion

of air modulations.

The Stanford wind-wave facili ty was modified to permit  genera t ion

of art a i r  modulation with a sinusoidal variation. A wave height gauge

and an X -array  hot-film probe were used to measure  simultaneously the

wave he ight  and the wind velocity from a wave-follower operating in a

t ransformed coordinate system. Four runs were made , all with a Z . 4

r n / s e c  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 in ter face .  Theoretical bases were also forme d for a bette r under-

standing of the flow characteris t ics  in the t ransformed coordinate sy~-

tern.

Th e mean veloci ty profile was found to be basically log-linear

with a wake character is t ic  near the free stream. The friction velocity

computed f rom the profile method agrees with the result obtained f rom

the measured constant shear stress layer near the interface.  The lower

portion of the mean profile s 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 t ransformed coordi-

nate system is an appropriate approach. Drift current effects  on the

mean flow were also discussed.
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The wave perturbation motion was found to be irrotatiorial  near

the free stream and to have a strong shear behavior near the interface.

All the phases of the wave-induced turbulent Reynolds s t resses  have a

jump of 180° in the middle of the boundary laye r , 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 t ransfer  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 wate r 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 (197 1) ,  and is one orde r in magnitude greater

than Miles ’ prediction. Wave -turbulence interaction is responsible f o r

this hi gher 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 frequenc y 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

IN T R O D U C T I O N

1 . 1 G en er a l

The g e n e r a t i o n  of s u r f a c e  wa te r  waves by wind  i s  a c l ; i s s i c a l

p rob lem.  To date , a l though s ig n if i c a n t  advances  have been n e de

toward  the u n d e r s t a n d i n g  of the wave  gene ra t ion  p r o c e s ses , our  know-

ledge r em a i n s  incomplete. R e c e n t  inve stigations have sugges t ed  tha t

the i n t e r ac t ion  between the su r face  water  waves and the back ground

tu rbu l ence  of the wind may s t rong ly enhance the m o m e n t u m  and ener~~v

t r a n s f e r , f r o m  the wind to the wave s , which u l t ima te ly c a u s e s  the

wave s ’ growth.  U n f o r t u n a t e ly,  when the wave - tu rbu lence  i n t e r a c t i o n  i s

cons ide red, the so-called “c losure” problem is ra ised .

The c losure  problem occurs  when an averaging p r o c e s s  is app lied

to the Navier-Stokes equation ’3 in descr ibing stat ist ically the  wind f ield s .

The : iveraging process  resu lt s  in the loss of in fo rmat ion  and in t roduces

new unknown quan ti t ies commonly r e f e r r ed  to as turbulent  Reynolds

stresses. In order  to solve the problem , closure relations , which re-

late the Reynolds s t resses  to o ther  quant i t ies  in the averaged equat ions ,

shou ld be postulated. In wind-wave generation , the closure problem is

associa ted wi th the induced turbulent  Reynolds s t resses  that are oscil-

latoril y coherent  with the surfac water waves.  A success f ul c losure

model l ing  for  the induced  turbulent  Reynolds s t resses should properl y

describe the dynamics  of v ye-turbulence interaction , and the resu lts

of its predicat ion should agree with those measured .  Henc e one rea-

lizes imm ediately that obtaining reliable data associa ted 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

—— L— ~~~~~~~~~~~~~~ — -“ - 
—-



Re v io1d~ I i ;  I ow n s e n d  I ~~2;  \ ,r r i s  a n d  R e \ i I u l d s  107 I .  ~ I st of

t he  ‘ e d t - i s  a r ~ based e ad l i e  or  p h e i i o t i u - n o l o~~ic t 1 ; t s s i t n j i t ’ i i i s .

V e  r v  l i t t le  e f f o r t  h a s  been made t o \ v ar d  u n d e r s t a n d i n g  b ; s i c a l l y hov.

the \~ ave  s coup le v. ith  t he  t u r b u le n c e in p r o d u c i n g  t h e  i n d u c e d  t u r H t l e i i t

R e y n o l d s  s t re s s es . T h i s  b . s i c  u n d e rst a n d i n g  is  now c o n s i d e red  um-

the most  i m p o r tan t  f e a t u re s  in  the  c l o su re  m odel l ing .  B eca us~ the

e x i s t i n g  t u r b u l e n c e  t h e o r y  is i n c o mp lete , d i rec t  m e a s u r e m e n t s  of the

wave  p e r t u r b a t i o n  f i e ld s , in c l u d i n~z the  induced  t u r b u l e n t  R ey n o l d s

,t r ~~sse s , should be v e r y  i i i s t r u c t iy e , not onl y to the f o rm a t i o n  of clo-

s u re  r e l a t i o n s  in p r cd i c t i i i~ the  v,’ i i a i — w a v e  gene ra t ion  but  also to the

f u r t h e r  u n d e r s t a n d i n g  of the t u r b u l e n ce  s t r u c t u r e .

~ t ; ;J y ing the r e s p o n se  of the wave  p e r t u r b a t i o n s  to a c a l i b r a ted

u n st ’- ; dy a i r  motion p r o v i des  one way  of inves t iga t ing  the wave-

t u r a u l a i ~~ e i n t e r a c t i o n .  Th~ u n s t e a d i n e s s  of air flQw can  be f ixed  by

~en e r : i t i n g  a cont r~~11ed a i r  modula t ion into the interface flew r e g i m e .

The a i r  modulat ion posses ses  a pu l sa t ing  fea ture , which v a r i e s  sinu-

soidal l y with t ime and has  a very  long wave length when  the  modula t ing

f r e q u e n c y i s  low. Although it is hard  to v isual ize  that the a i r  modula-

t ion serve s as one f r e q u e n c y - s p e c t r a l  component  of tu rbu lenc e , i t  is

an t i c i pa t e -I  that the in te rac t ion  be tween  the air modula t ion  and the w a v e s

does m a i n t a i n  most  f e a t u r e s  of t u rbu lence -wave  in terac t ion .  The

an a logy is even more  profound  w h e n  the air  modulation f r e q u e n c y is low ,

b e c a u s e  the l ow- f r equency  components  of tu rbu lence  a re  of la rge  scale

and  are  s o m e t i m e s  r ega r d e d  as organized  waves.  By m ea s u r i n g  the

a i r  f lows under  the condit ions with and without a ir  modula t ions, the

e f fe c t  of the air  modulation on the wave per turbat ion can be de te rmined .

—\ s ide  f rom the closure problem , there is some a m b i g u i t y  about

the b o u n d a r y  condi t ions  at the interface ar i s ing  f rom the o s c i l l a t o r y

disp lacement  of the wa ter  surface and the possible influenc e c a u s e d  b y

the ex i s tence  of d r i f t  c u r r e n t s . The calculations of c losure modelling

2

_ _ _ _ _ _ _  
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arc  v e r y  sensi t ive  to the in ter fac e boundary condition s imposed as

poin ted out b y Davis  ( 1 9 7 0 )  and Long (197 1) .  The in te rf ace boundary

conditions should he cons is ten t  with the ph ysical process  at the inter-

face.  Direct  measurements  of the wave perturbation quant i t ies  as

close to the in ter face  as possible are urgent l y needed in resolving t h i s

problem. Measurements  performed at a fixed elevation are general l y

believed to be unfr uitf ul since the probe used for data takin g can reach

only to a distanc e approximately equal to the maximum wave amp litude

from the mean water level. This disadvantage of fixed probe measure-

ments  is even more serious at high wind speeds where both the d i f fus ive

layer (usually re fer red  to as the momentum thickness)  iC much th inner

than the wave height , and the crit ical height (th e distanc e f r o m  the mean

water  level to the level where the mean velocity equal s 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 f rom the interfac e was

first adopted by Benjamin (1959). In Benjamin’s analysis the air flow

extended to infini te  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.  Howeve r , no data of the velocity f ie ld s we r e obtained

by Norr i s  and Reynolds for their modelling comparisons , although the

velocity f ie ld  data usually serves as a more sensitive test than the

pressures .  Measurement s  of the velocity fields as well as of the tur-

hulent Reynolds stresses in the t ransformed coordinate systems will

not only reveal more information in determining the interface boundary

conditions , but also provide basic data for closure model jus t i f ica t ion.

1.2 Objective s

The objectives of this investigation are as follows:
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( 1 )  ~~~ des ign ui ex p er i i i i en t  t h rough which one can

( a ) .  i nves t i gate  the  a i r - w a t e r  i n t e r f a c e  flow s in a t r a n s f o r m e d

coord ina te  s y s te m ;

(b) .  investigate the response  of the wave p e r t u r b a t i o n s  to the

pulsa t ing a i r  modula t ions .

(2 )  To obtain some r el iable  data on flow s which  may poss ib l y reso lve

some aspects  of c losure  dynamic s and lead toward the predict ion

of w i n d - w a ve  g en e r a t i o n . These exper imenta l  data cons i s t  of

(a) .  mean  v e l o c i t y  an d  mean Reynold s s t r e ss e s  to c h a r a c t e r i z e

the flow ;

( b ) .  i nduced  ve loc i t i e s  and induced tu rbu len t  Reynold s s t r e s s e s

a s s o c iat e d  with bo th  the surfac e water waves and the air

modula t ions ;

( c ) .  ve loci ty  componen t s  produced f rom the in te rac t ion  be tween

the su r f ace  wave s and the air modulations.

(3)  To give some thereotical  ins ights  to wave -turbulence in te rac t ions

for  be t t e r  unders tand ing  of the in ter face flow s in the t r a n s f o r m e d

coordinate  sys tem.

1. 3 Previous  Work

In t e r e s t  in the theory of wave generation by winds was reac t iva ted

by the works  of Eckar t  ( 1953) and in part icular  of Ursell  (1956) .  How-

ever , the f i r s t  s ign i f i can t  cont r ibut ion  to the theory should be r e se rved

to those w o r k s  of Phillips (1957)  and Mile s (1957) .

Phillips ’ theory can be regarded as a discussion of an ensemble of

Kelvin wakes , genera ted  b y tu rbu len t  pressure  f luctuat ions .  Its mecha-

n i s m  is based on resonance and the resul t ing wave growth rate  is l inear.

But , the l a t e r  m e a s u r e m e n t s  b y Snyder and Cox (1966)  and b y f l a rne t t

;t nd  W i lk e r s o n  (1967) showed that  Phillips ’ theory,  although it is valid ,

cur t  not provide correct  es t i r ria te s of the energy  and momentum t r a n s f e r

4

— —~~~— —
-

~~~~~~~~~
- ‘-~~~~~
. —

~~~~
=-—~~- 

— .  —— ‘ 
- -J



- -fl ~~~~- - --

1 m m  wind  to waves , except  perhaps  in the very  ini t ia l  s tages  of the

wave g e ner at i o n  over a smooth water  surface .

M i l e s ’ theory  d e s c r i b e s  the coupling between su r face  w a v e s  and

the mean a i r  flow. The growth mechanism mainly depends on the feed-

back  of the wave- induced  a i r  flow per turbat ions  to the sur face  wave s .

His mechanism bears  a strong resemblance to the classical  work on

h ydrod ynamic stabil i ty,  and the resul t ing  wave growth rate is exponen-

tial. Henc e , when wave amplitudes are large , ~~~~~~~ mechan i sm is

more effect ive than Phillips ’ mechanism in t r ans fe r r ing  ene rgy  f rom

wind to waves.  It was anticipated that Mile s ’ mechanism should provide

the major  portion of energy t ransfer ;  unfortunately, the measu remen t s

of Snyder and Cox (1966) and later works  of Barnett  and Wi lker  son

( 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 Mile s acknowledged the possible sig-

n ificanc e of the induced turbulent Reynolds s t resses and the ambigui ty

of the inte rface boundary conditions caused by using a fixed coordinate

system , he based his calculations primarily on the inviscid quas i larn inar

assumptions where the viscous and the turbulence effects  were neg lected.

The difficulty of the interface boundary conditions was overcome by

Mile s (1959) and by Benjamin (1959) by using t ransformed coordinate

systems so that the boundary conditions could be evaluated directly at

the in terface.  Hence , the viscous effect  could also be included in their 
- ‘

calculations. Their main conclusion was that the viscous effect  doe s

not significantly contribute to the momentum and energy t r ans fe r f rom

wind to wave s in the flow regime of practical interest.

The significance of the induced turbulent Reynolds s t resses  was

not only revealed from the failure of the quasilarninar model to predict

the major portion of wave growth , but also proven by Longuet-Higgins

5
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( I  b ’)) f o l l o w i n g  the concep t s  g iven  b y S tew ar t  ( 1  lt 7). L o n g u e t — H i gg ins

(1  ~
) t

-t 9 )  showed  t h a t  an osc i l la t ing  shear  st r e s s  at the inte r l ; c u  could be

of equal impor tance  as the wave- induced  pre s su re  in t r a n s f e r r i n g  the

en er gy  to the waves .  K e n d a l l  (1970)  i nd ica t ed  e x p e r i m e n t a l ly the

strong modulat ion of turbulent  s t ruc ture  caused by the p r o g r e s s i v e

w a t e r  waves  and the si gn i f i cance  of direct  ene rgy  tr a n s f e r  to the w a v e s

acted upon b y the induced  tu rbu len t  Reynolds s t r e s ses .

W h e n  the induced  tu rbu len t  Reynolds  s t r esses  a re  re ta ined  in the

l i n e a r i z e d  pe r tu rba t i on  equa t ions , the c losure  problem impede s any

f u r t h e r  theore t ica l  p red ic t ions .  Closure  relations were  obtained b y

au thors  us ing  the exist ing  c losure  theories  in turbulence .

M i l e s  (1967)  used the mixing length and the s imi la r i ty  a r g u m e n t s

in r e l a t ing  the induced turbulent  Reynolds  s t r e sses  to the induced tur-

bulent  vcr t ic i ty .  Although no fu r the r  calculations were  pe r fo rmed  in

the absenc e of detailed experimental  data at that time , he conjec tured

that  inc lusion of induced turbulent Reynold s s t resses  in the governing

equations was necessary to improve the predict ions .

Davis (1970)  followed Benjamin ’ s (1 959 )  suggestion that “the pro-

per t ies  of the flow are dependent on an appropriate measure  of the hei ght

above the instantaneous wave surface” (Davis 1970, pp. 722) and pro-

posed that the horizontal component of induced turbulent shear s t ress  is

di r ect ly proportional to the curvature  of the mean velocity profile and

to the wav y displacement  of the vert ical  ordinate used b y Benjamin

(1959) .  Numerical  predictions based on this model were inc onsistent

with Stewart’ s data (1970) and were inconclusive .

Saeger and Reynolds (1 97 1)  adopted an edd y viscosity mode l to

calc ulate the induced p res su res  over a flexible wavy sur face . The edd y

viscosity model was originally proposed by Hussain and Reynolds  ( P ) 7 0 )

to stud y successfull y the behavior of turbulent Tol lmein-Schl icht ing

waves in a straight-wall  channel. Experimentally-measured  pressure

data of Saeger and Reynold s disagreed with their predic t ions .

6
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Details of the  c lo s u re  technique were examined by Davis ( 1972).

Computations following the BFA scheme (Bradshow , Fer r i s s  and

Atwell  1967) yielded - i n  exponential wave growth rate one order in

magnitude less than the experimental results of Kendall (1970)  and of

Dobson (1971) .  l ) av i s also generalized the eddy viscosity model of

Hussain and Reynolds to include the elastic behavior of fluid b y pro-

posi ng a “ m~-rnory ” function in character iz ing the fluid experience under-

going strain.  The eddy viscosity model was subsequentl y the limiting

case of sho r tes t  “memory. ” Results  of Davi s’ ca lcula tions showed no

appa r ent diIf erer~ e be tween the eddy vi scosity model and the edd y vis-

coelastici t y mode l (th e generalized model) ; the predicted wave growth

rate agreed reasonably with those of Kendall (1970) and of Dobson ( 1 9 7 1 ) .

Townsend (1972)  modified the BFA scheme to study the dis tor t ion

of turbulent  boundary layer flow caused by the s irface wave s running in

d i f fe ren t  direction s f rom the mean velocity. The consti tutive relation s

for the induced turbulent Reynold s s t resses  were constructed f rom the

concepts of the “relaxation ” response , resulting in changes in the inten-

sity and the direction of the mean Reynolds s tresses due to the surface

wave s. The wave growth rate was calculated, but was still considerably

less than those measured  b y Snyder and Cox (1966),  by Barnett  and

Wilkerson (1967), and by Dobson (1971) .

Closure  models calculated in a transformed coordinate system

were f i r s t  proposed by Norris  and Reynolds (1975) . Even for the simplest

quas i l aminar  model , thei r  results agreed satisfactorily with their  mea-

sured induced pressures .  The inclusion of non-zero induced turbulent

Reynolds s t resses  did not si gnificantly change the quality of the i r  pre-

dictions. They concluded that the quasilamiriar t ransformed coordinate

models of Mile s (1959) and of Benjamin (1959) are entirely adequate for

the induced pressure calculations. This conclusion did not claim that

the quasilaminar t ransformed coordinate model is also adequate in

7
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exp la in i i u ,~ the  m a j o r  p o r t i o n  of the wave g rowth .  Since the  p r e s s u r e

i l i ca s u r e m e n t s  of N o r r is  and  Reyno lds  were taken  at the  f i x e d  wal l  of

t h e i r  channe l , w h e t h e r  the a g r e e m e n t  can also be a c h i e v e d  n e a r  the

f l e x i b l e  wavy wall is still unknown. No pressure  m e a s u r e m ents  at the

w a v y  wal l were  reported b y N o r r i s  and Reyno lds .  P r e s s u r e  measu re -

m e n t s  n e a r  the i n t e r f ac e in a w a ve — f o l l o w e r  sys tem b y Yu et al . ( 1  ‘173)

had shown the i ncons i s t ency in the wave growth rate  b e t w een  the  ob-

s e r v e d  data and the pred ic ted  resu l t s  f r o m  Mi le s ’ theory .  It is  be-

l i e v e d  tha t  the compar i son  be tween  such observed  and p red ic t ed  quanti-

t i e s  as  the induced veloci ty and the induced  tu rbu len t  Reyn o lds  — t r e s s e s

will provide a direct  tes t  of the  adequacy  of the Nor r i s  and Reynold s ’

model .

M e a s u r i ng  the induced turbulent  Reynolds s t r e s se s  was f i r s t

a t t e mp t e d  b y Kendall ( 1 9 7 0 ) .  His resu l t s  sugges ted  that the dy n am i c

r es p o n se  of t u rbu lence  to the  imposed sur face  waves  is si gni f ican t .  Un-

f o r t u n a t e ly, no detai led s t ruc tu re  of the induced turbulent  Reynold s

s t r e s se s  can be extracted f rom his measurements .

The induced turbulent  Reynolds s t resses  were also measured  b y

Yu et al. ( 1 9 7 3 )  and b y Chao et al . (1976)  us ing a wave-fo l lower  sy s t e m

in the Stanford w ind -wa te r  channe l . Data were obtained only in the lowe r

port ion  (about one th i rd )  of the tu rbu len t  boundary layer.  Al though Ch ao

et ii . also measured  the induced tu rbu lent  Reyn old s s t r e s s e s  in a f ixed

f ra m e , these  measu remen t s  were  per formed unde r d i f fe ren t  flow con-

dition f rom those of the wave-fol lower f rame , and no di rect  comparison

co uld he made between the two. Because  of the incom pleteness  of the

wave-fol lowing da ta and the d i sadvantage  of the f ixed probe data as men-

t ioned in Section 1. 1 , t he i r  data could not clarif y the s t r uc tu r e  of the

w a v e — i n d u c e d  flow f ie lds.

All the closure models c i ted  above were phenomeno logical . A

closu re model us ing  a dynamica l  approach was given b y Davis (1974) .
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The novel a s p e c t  of h i s  ana l ys i s  is that each a v e r a g i n g  p roces s  is

d e lay ed  u n t i l  the  dy i l l mical  equation s have been  solved r a the r  than

the normal  p rocedure  which at tempts  to find equations for a v e r a g e d

q u a n t i t i e s .  The const i t u t i ve  relations hence predic ted  obey the visco-

e las t ic  law in na tu r e  but require  the detailed turbulent  s t r u c t u r e , wh ich

is s t i l l  a b s e n t , for  f u r t h e r  model calculations.

In Davis ’ (1974)  fo rmula t ion , the turbulence was decomposed  in t o

t w o  componen t s :  one was  the or iginal  undis turbed turbulent  c om p o n e n t ,

and the oth er 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

strong ly correlated with the turbulenc e in producing the induced turbu-

lent Reynold s s t resses .  In the present study, the existence and the rela-

tive importanc e of the active turbulent component were examined.

The controlled air modulations were  used in the presen t  experi-

men t  to s imulate  the large scale motions of turbulence in interact ion

with the surface waves. The modulated air flows in flat ri gid wall

channels  had been studied by Karis  son ( i 9 5 9 )  and by Acharya  and

Reynolds (1975) .  The modulated air flows over wind-generated waves

were also  investi gated b y Wu (1973) .  Details of the air modulation will

be di scussed  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 produc e air modulations

resul t ing in a perturbation velocity with a slug flow character .  The

mean f ree  stream velocity was set at a low value of 2. 4 m/ sec  to give

relat ively h ighe r  amp litude s of the air modulations. For ease of corn-

parison the f requency of the mechanically-generated water wave s was

chosen to be 1 Hz , the same as that of Yu et al. (1973) and Chao et al .
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(1  ~7o) ,  s i n c e  t h e i r  e x p e r im e n t s  were a lso  p e r fu r r ed in the d nfur ’l

channel. The I r e q u en c i e s  of a i r  m o d u l a t i o n  w e re ’  s e l e c t e d  a t  I ) . 4 l I z ,

0. 7 l I z  and 1 . ~ Hz s u c h  t ha t  the  m e c h a n i c a l ly — g e n e r a t e d  w a t e r  wave

f r & - e u e n c v  w a s  in the  r ange  of the m o d u l a t i o n  f r e q u e n c ie s . Al l  the  f r e —

clu enc ies  s e l e c t e d  he re  s a t i s f ie d  the  long wave  a s s u m p t i o n  U s e d  b y I ) ; i v i s

( 1 17 4 ) .  Ve loc i ty  data w e re  co l l ec t ed  in a t r a n s f o r m e d  c o o r d in a t e  sys-

te r n  e q ui v lt -n t  to t h a t  of N o r r i s  and  Reynold s (197  5). The sn ail arn p li —

tude  a s s u m p t i o n  of w a t e r w a v e s  w a s  a l s o  s at i s f i e d  b y set t i n g  t h e  ~ i r i p l i —

t u d  - a of t h e  m e c h a n i c a l ly— ge n e  r~ t e d  w a t e r  w a v e s  it  2 . ( i7  C i i i  t - g ive

a v lue of k ’i = H . 1( 175 w h e r e  k = U . )4 ( ) 2 6  ( I / c m )  is the w a v e  n u mb e r  of

the w at e r  wave .

1. ~ S u m m a ry  of P r i m a ry  C o n c l u s i o n s

In t h i s  stud y, m e a s u r - r i ’ n t s  of the  veloci ty  f ie lds  as wel l  as of

the Reyn o lds  s t r e s s e s  unde r the condi t ion s with and wi thou t  a i r  modula-

t ions  w er e  t aken  over  mos t  p o r t i o n s  of the b o u n d a r y - l a y e r  ve loc i ty  pro-

f i l i -  e xcep t  those in the i nr r n e d i ;t t e  p r o x i m i ty  of the i n t e r f a c e .  It was

found  that  the mean  ve loc i ty  p ro f i l e  in the t r a n s f o r m e d  coord ina t e  sys-

t n - i is bas i ca l ly l o g — l i n e a r  wi th  a wake cha rac t e r i s t i c  n e a r  the  f r e e

s t r e a m . A constan t  m ea n  shear  s t r e s s  was observed nea r  the l ow er

por t ion  of the mean  shear  s t r e s s  layer.  The deve lopment  of the d r i f t

c u r r e n t  at the i n t e r f a ce  a f fected  s ignif icant ly on the mean  ve loc i ty  pro-

f ile b y re leasing part ia l ly the shear  s t r e s s  so that the p rof i l e  in the log-

1m m - a r  plot has  a lower slope and a h i g h e r  in tercept  than m e a s u r e d  fo r

th e  f low over flat plate.

At  the wind speed of this  stud y, the wave p e r t u r b a t i o n  m o t i o n  w a s

t I ) i l f l d  to he i r ro t a ti ona l  n e a r  the  f r e e  s t r e a m  and to have  a s t r o n g  s h e a r

I A ’ h a v l o r  near  the i n t e r fa c e . A c o n t i n u o u s  sh i f t  of the phase  a n g li of

a p p r o x i m a t e ly 180 0 
a c r o s s  the b o u n d a ry  layer  was  observed  fo r  the

• h o r i z o nt a l  wave per turbat ion  velocity. The phases  of the induced  tur-

b e l , ’n t  Reyno lds  s t re s se s  have  the same jump  of 180
0 

at an  e l e v a t i o n  in
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the i n id d i ’  - ~ I t h e  b o n i n d a  rv  I i  ~ er .  The e x p e r i m e n t a l  re sn i l t s  sh u v .- e d  t lni

the r e l a t i o n s h i ps b e t w e e n  the  wa v e  per tu rba t ion  ve loc i t ie s  and  the in-

duced  t i m  r I i m l e n t  P e y t i o l d s  s t re s se s  a r e  bas ica l ly of edd y v i s c os i ty  typ e .

The e n e rgy  ba l ance  of the wave per turbat ion  f ie ld  i n d i c a t e d  t h a t

most  of the  e n i - r g v  t r a n i s i i - r  occur near  the in t e r face .  K i n e t i c  - i m e r ~t~-

was  d r a w n  f r o m  the mean flow f ield to the wave p e r t u r b a t i o n  f i e ld , and

then f r o m  the wave p e r t u rb a t i o n  f ield to the turbulence f ie ld  and to the

w a t e r  wav e  f ield.  The ene rgy  t r ans f e r  f rom wind to waves  is  predomi-

nant l y c aused  b y the wave per turba t ion  p re s su re .  The induced t u r b u l e n t

Reynold s s t ress  t r a n s f e r  ene rgy  f rom the wave s to the wind , but  t h ey

are  re la t ive ly ins ign i f i can t .  The turbulence enhances the e n e r g y  t rans-

f e r  b y the wave per turba t ion  p re s su re, by changing the s t r u c t u r e  of the

viscou s c r i t i ca l  layer.  The rate of energy t r a n s f e r  f rom wind to wave s

in this s tud y a g r e e s  with that measured  b y Dobson ( 1 9 7 1 ) ,  and is one

order  in magnitude g rea te r  than Miles ’ prediction (1957) .

The e f f ec t  of the a i r  modulation on the wave per turbat ion was  esti-

mated and shown to he impor tant .  The air modulation e f fec t  cons is ted

of two pa r t s :  one produced from the direct  coupling between the corn-

— 
ponents  of a i r  modulat ion and wave per turba t ion, and the other p roduced

f rom the ind i r ec t  changes  in the behavior of the correla t ion of the back-

ground turbulence and the wave perturbation.  Both are of equal impor-

tance.  An i n t e r e s t i ng  d i f f e r ence  in the behavior of the response  of wave

pe rtu rba t ions  to the add i t iona l  air modulation was observed be tween  the

modulat ing f r e q u e n c i e s  which lie below and those which lie above the

f r equency  of the mechan ica l ly -gene ra t ed  water  waves.  Fur ther  s tud ies

ar e n eeded to cla r i f y this  d i f fe rence .

Some theories in wave perturbations and in their in terac t ions  wi th

the air modulations were  developed in both the fixed coordinate sys tem

and the t ransformed coordinate system in thi s study. The results have

gr eatly clarif ied the ambigui ty  of the in ter face  boundary condi t ion s in

the classical  f ixed coordinate analysis to the t ransformed coordinate
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ana lysis. The concepts and the philosophy of Davi s (1974) are rein-

forced and extended in the present analysis.
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C H A P T E R  2

T H E O R E T I C A L  ASPECTS OF W A V E  P E R T U R B A T I O N S

2 . 1 A v e r a g i n g

Since r a n d o m n e s s  is one of the most  impor tan t  f e a t u r e s  of tur-

bu lence , the discuss ion of turbulent  flows is usuall y conduc ted e n t i r e l y

in t e r ms  of s t a t i s t i ca l  q u a n t i t i e s . The t ime average ~ (x)  of a flo ’-~

quan t i ty ,  g (x , t ) ,  is de f ined  conventionally as

T/ Z

j (x) Urn -4- f 
g(x , t) dt (2 . 1)

T-.w - T f Z

Pract ica l ly,  this average  is obtaine d f r o m  a very large ensemble  of

g(x , t )  wh ich  are sampled at d i f fe ren t  t imes t .  If g(x , t) is s t a t iona ry ,

j (x) does not depend on the s tar t ing  time of averaging and can be ob-

ta ined by choosing a suff ic ientl y large  value of T or by samp ling a suf-

f i c ien t ly l a rge  ensemble  such that no change in ~ (x) is found b y a f u r t h e r

inc rease  in T or in the size of the ensemble. For a sampling process

with a cons tan t  sampling interval  At , t = nAt and a digital  express ion

equ iva l en t  to (2 . 1) is

N

~ (x) lim 
ZN+ 1 

g(~ ,~~~t) (2 .2)
n - N

where  T = ( Z N + 1) A t  is app lied. 
-

When g contains  periodic oscillations as are considered in this

stud y, a conditional average of g, called the “phase ave r a ge ” and de-

noted b y “ g~~, is defined by

N

(g(x , t ) >  = 
~~~~~ 2N+ 1 n — N  

g(x , t+nT ) (2 . 3)

13
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wh er ’-  - i s  the p er i ed  of the  organized  oscillation. The o r g a n i z e d

w a v e  c o mp o n e n t  of g ,  deno ted  b y ~~~, is def ined b y

= — (2 . 4)

i t  is  t h e n  p o s s ib l e  to decompose  an a r b i t r a r y  random signal  g in to

t h r e e  d i f f e r e n t  componen t s , v iz .

g ( x , t) - - 

~ (x)  + ‘~‘(x , t) + g ’(x , t) (2 . 5)

The new c o m p o n e n t  g ’ in (2 . 5) is the background fluc tuation around the

phase  a v e r a g e  ‘ g ) .  Fi gure  2 . 1 shows the schematic of the a v e r ag e s .

The following relat ions easily follow:

g = 0 , g ’~ 0 , ~~~
‘ = 0 (Z . 6a , b , c)

= g, g~ = g (2 . 6 d , e)

gh , (gh ) = g ( h ) ,  ~~ h)  = ‘
~~(h)  (2 . 7a , b , c)

= 0 , ( gh’ = 0 (2 . 7d , e)

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

Comparison of (2 . 2) and (2. 3) shows that during digital  pr ocess ing

the time average and the phase average are very similar except for  the

di f ferenc e in choosing At and i~~~, the intervals between two consecutive

samples. Sinc e in (2 . 3) every two consecutive samples a r e se pa r ated

by an interval  equal to the period of the periodic oscillation , the value of

t , 0 <t < -r , rep resen ts  d i f fe ren t  phases of the oscillation. If in (2 . 3)

the in te rva l  of two sequential  samples were ml instead of r. where  n-i

is an in teger  grea ter  than 1 , the results of the phase average are not

14
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e h~~n~~n ~- l i i i  a ~ t he  ~ir  - e s s  is s t a t i o n a ry  and the s i ze  of e n s e m b le

i s  Ia r g e  - n i  n i g h . l’h i s p r o p e r t y  should be c lear  s ince  the mu l t i p l i c a t i  on -

of — iii (1 es not eh a I 1 1~e t h e  phase of the sample. On the o ther  hand ,

t h i s  a l s o  i m p l i es  ft ~~t , (2 . 3) c o n t a i n s  all the in format ion  of h a r m o n i c

o s c i l l a t i o n s  wi th  p e r i o d  equal  to f m .

I h e  s i m i l a r i ty  of (2 .  2) and (2 . 3) also sugges t s  that , in o rde r  to

~ it ’ld a n n i - i n i n g f u l  t in e a v e r a g e , the sampling in te rva l  At in (2 . 2 )

should  be car e f u l l y se lected not equal to the period s of o rgan i zed  osc i lla  -

t i on s .  Th i s  c o n d i t i o n  i s  u s u a l l y fu l f i l led  b y us ing  a su f f i c ien t ly smal l

v a lu e  of At (or b . c  pass  f i l t e r i n g  the signal) so that the re  are  no si gnifi-

c an t  o r g a n i z e d  o s c i l lat i o n s  with period shorter  than At. (Actually,  t h e

f r e q u e n cy  band l imi t  of the signal should be 1/ ( ZAt ) , as d i s cus sed  in

C h ap t er  4 , w h e n  the ala i s in g  problem is considered. )

2 . 2 ~~~n ie r ;~1 it e d  . t i n i t ions  of Organ ized  Wave s

F 3 e c i o s e  . i v e r . i g i n i g  is  e q u i va l e n t  to f ind ing  the expec ta t ion  in p r o b —

i ’~~l i t y  t h e o r y ,  t h e  o V g i n i Z C - ( l  wave de f ined  in (2 . 4 )  can be r e g a r d e d  as

t h e  d i f f e r e n c e  of the condi t ional  (phase ave rage )  and uncondi t iona l  ( t ime

a v e ra  ge)  e x p e~ t a t i o m i s  ut  the f i r s t  moment.  The c oncepts of an orga-

n ized  v.- av e tb -n  c ,i in b .-  ~~~n -  r n  h i z e d  b y the fol lowing d e f i n i t i o n s :  A qu a n t i t v

g of i n t e r e s t  is s . t id  t O  conta in  an ~th moment organized wave of per iod

-r if t h e r e  ex i s t s  a pos i t ive  i n t ege r  n such that the n
th 

power  of g h a s

d i f f e r e n t  ph a s e  and  t ime  ave rages , i. e . ,

n
Kg (x , t ) )  ~ g (x) ; (2 . 8)

k
the lowest in teger  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

Hence , a quant i ty  g is said to contain no organized wave of period T

if the following relation is satisfied for all positive integer n:

15
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n n -
- g  \ g ( 2 . 9 1

The ~ th momen t organized wave component of g, deno ted b y g
fl , can  be

def ined as the difference of the phase and time averages  of g
fl

, i. e.

g
fl 

= (g
fl

) - g
n (2 . 10)

And , s imi lar ly for two quantit ies g and h , the (m+n)
th 

jo int  m o m e n t

organ ized  wave g
m

h
n 

is def ined  as

r n n  rn n m
g ri ( g  h ) — g h (2 . 1 1 )

Acco rdin gly, the decom posi tion of g
mhn 

is g ene r ali zed to

g
m

h
n 

= g~~~~~ + g
m

h
n 

+ (g
m

h
n

)
F (2 . ~~~

2 . 3 Governing Equations

The continuity and momentum equations governing the flowfield ,

af ter  normal iza t ion by the character is t ic  velocit y U and the charac-

ter is t ic  length 6, are

au .
= o (2.  13)

2au . au . a u .
—

~
- + u —i- - + _.!_ . 

1 
‘~~

) 14
at j ax . ax . Re Bx .Bx .J 1 J .1

where the incompressibi l i ty and the Newtonian viscous behavior of the

fluid are presumed. The value Re in (2. 13) is the well-known Reynold s

number defined as

U o
Re = (2 , 15)
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w h e r e  ~ i s  t h e  I.. i n i e n i i . i t i c  v i scos i ty ,  U is general ly r e f e r r e d  to as

mean f r ee  s t r e i t o  v e l o c i t y  of boundary layer flow and 8 is the bound-

a ry  layer  th ickness .  In a full y deve loped channel flow , U is the

channel center l ine  mean velocity and ~ is equal to fH  where  H is

height f rom the mean  wate r level to the roof of the channel.  The tim-

scale and the p ressure  scale used in the normalization are  6 Lu and
a

p U respec t ive ly.

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

u . u . + ~~~ . + u ’ (2.  i b a )
1 1 1 1

and

p p + ~~~ + p’ (2 . l6 b)

Subs t i tu t ing  (2. 16a ,b )  into (2. 13) and (2 . 14) and taking time averages,

we find that (2 . 13) and (2 , 14) reduce to

au .
= 0 (2 .  17 )

- 8x .
1

— 2 —au . — 8 u . _ _  _ _

U . = - + 1 
- (

~ Y~ + u !u~) (2.  18)
~ Ox . Ox . Re Ox .Ox , ax . i - 1

3 1 3 3  3

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 . 1 1 )  we have

a~.
0 (2 . 19)

Ox .
1

17 
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a~i . aTi’. a~ .
+ ~i. ~~~ + ~~ _!.

j ~)x . I a~.
1 

- J

_ _  _ _ _ _  ~~ 
.
~~~~~~= — + — - — — ~~ , u .) - (u~u~ ) (2 . L O t

ax . Re ax .dx . ax . 1 3 O x  1 j
1 3 3  3 3

Now , (2 . P3) and (2 . 20) d e s c r i b e  the motion of the wave  p e r t u r b a t i o n

f i e l d s  w h i c h  are  of n n a i n i  i n t e r - s t  in th is  stud y. In (2. 20) t h e  q u a n t i t ie s

- . = ~~~~~~~~ 
- ~~ (2 . 2 1 : i )

1 3  1 3  1 3  1 3  1 3

- n r c  quadrat ic  and a re  usually discarded in the linear analy s i s  (w e  dis-

car d e d  them h e r e ) .  The tern -n u !u ! , the main s tumbl ing  b1oc 1~ in the
1 3

c losure  p rob lem , is g iven b y

u !u ! Ku !u ! i  — ~~~~~ (2 .  2 1 b )
1 3  1 3  1 3

and is also specially deno ted as ‘

~~~~~

. in the repor t  of H u s s a i n  ari d R e y n o l d s

( P370) .  To avoid co nfu sion , we wi ll also use the same notat ion;  (2 . 20)

then can be r ead as

a~ . a~ . a~ . ~~~ a~ . -

+ ~~ + ~~ —i- = - + 1 
-at ,j O,~ . j Ox . Ox . Re Ox .Ox . Ox .J j  1 3 3  3

(2 . 2 2 )

The coordinates  x . a r e x 1 = x in the direction of the wave propa-

ga t ion , x 2 = y in the vertical direct ion upwards and normal  to the mean

wate r leve l, and x
3 

= z in the lateral  direction parallel to the wave

front .  The air flows in the x d i rec t ion , and the resul t ing  channel flow

is assumed full y deve loped or near l y fully developed so that the mean

18
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flow c a n  Inc r e e rded  as  paral lel .  The wave perturbations are  also

a s s u m e d  to. o d i m e n s i o n a l  (x , y). Under  these assumptions , the ve loci ty

U . i s  e x p re s s e d  as

u . = ( U ( y )  + ~(x,y,t) + u’ , ~(x,y,t) + v’, w’) (2. 23)

and the pressure perturbat ion ~ is a function of x , y, and t only.

Equation s (2. 19) and (2. 22) are then reduced to simple forms and are

wri t ten  exp licitly as

- 0  (2 24)
Ox O y

~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
(2. 25 )

at Ox O y Ox Re Ox 2 ay2 1 Ox O y

_ — -~~ 
2_, 2..~. ~~

+ u~-~ - + ~~ (-~--~ + O v \  
- 

12 
- 

22 (2 2 b )
Ox O’~ 

Re 
‘Ox 2 8y

2 / Ox

Since the r e ar e on ly three equations with six unknowns Z~, ~~~ , j ,
- - 

~ 1l ’ ~~~~~~~~~ 

and 
~~~~~~~~~~ 

proper closure relations for and suitable bound-

ary condit ions for ~i, ~~, ~~, and i~..  are required in solving the sys tem

of equations.  The quasilaminar model is obtained by putting 
~~~

.. = 0.

Fur the rmore , neg lecting the viscou s effect  by asumptotically letting

Re w wili yield the well-known inviscid model of Miles (195 7).  Models

with non-ze ro  are generally referred to as turbulent models.

2 . 4 Expressions for Travelling Wave s

The displacement ~~
‘ of the water surface from its mean equilibrium

position is assumed sinusoidal with a travelling wave property, and is

expressed as

19
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~~(x , t )  = a cos(kx— t jt )  (2 . 2 7 a)

1 r i(kx-ijt) . -= - -  ‘ Ia c + con juga te  j (2 . 2 ib)

w h e r e  a is the wave a m p l i tude ,

k is the wave n u m b e r  = 2~~ /L  , (2 . 2 8a)

~~‘ is  the c i r c u l a r  f r e q ue n cy  Z lT f = 2~ I T , (2 . 2 8b )

and L, f, and T a r e  wa ve length , wave frequenc y (Hz) and wave period

r e s p e c t i v e ly. W h e n  the wave  a i n i p litude is f in i te , the n o n — l i n e a r  e f f e c t

on the w a t e r  w a v e  usua l l y produces  harmonic  m odes r e su l t i ng  in a non-

s inuso ida l  wave f o r m  cal led  “ -Stokes  wave s” . (Lamb 1932 , a r t . 2 50 ) .

In (2 . 2 7 a)  the smal l  arn p l i t u d n -  as sumpt ion, ka < <  1 , is invoked so tha t

the Stoke sian h a r m o n i c  modes  a re  neg lected.

Since the air  f low p e r t u rb a t i o n s  are associa ted  with the w a t e r

s u r f a c e  d isp l acemen t , ~ is  used  as a r e f e r e n ce si gnal to es t imate  the

phase lags of other wave  q u a n t i t i e s .  According ly, the o r i g in s  of x and

t in (2. 27a) are properly selec ted to give ?7 a ze ro  phase . When 17 is

give n by (2. .L7a), the veloc ity perturbation s are then represented by

y, t) = tI.(y)f cos(kx — L’t + 6 . )  + harmonics (2. 29)

wher e and ~~ are  the amp litude and the phase lag angle with

respect  to time of the
1 fundamen ta l  mode of ii . . The ha rmon ic s in (2 . 29)

a re  now pr imar i ly produced f rom the non-l inear  ef fec t  descr ibed b y the

convect ive t e rms  in the Navier-Stokes equations. W e h ave a s s u m e d

that the wave per turba t ions  a r e  small such that I~• I  LU < < 1 ;  hence ,

the harmonic s in (2 . 29) ar e  a gain neg ligible because they are  of hi gher

order  in ~~~ /U.  This  neg lig ibi lity of ha rmonics  also app lies to other

wave per turba t ion  quant i t i es , such as ~ and ~~~. ., so that  the l inear

anal ysis  is feas ib le .  The wave pe r tu rba t ions  are then generally denoted

by

- .4
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‘
~ (x ,y , t) I~~

(y) I ‘-cos(kx - w t +  &~) (2 . 30)

1 r i(kx. I~,)t) . -

= ~~~L g ( y ) . e  + conj ugate J (2 . 31 )

whe re ~ (y) is regarded as a complex number , A + iB~~~,

is the amplitude (A~~+ B~~)
h / 2  

~~ 32 )

and is the phase lag of ~ with respect to ~~~~, ~~~= tan_ 1(~~~~) (2.  33)

Substituting (2. 31) into (2. 24) , (2. 25) and (2. 26) and denoting
d u
~~

— by D and -
~~ by c , the wave celerity, we have

iki~ + D G  = 0 , (2. 34)

ik(U-c)ii + (DU)~ -ik~ + j~
- (D2 -k 2 )i~- ikf 11 -Dr

12 
(2 . 35)

— 

ik (tJ -c) ’~ = -Dj~ + ~~~~
-. (D

2 -k 2 )’~ - iki~12
- D~~~ . (2. 36)

The wave stream function ~ (x , y, t) is defined as

= ~~~~~~ , ~~~= _~~~~ -~~ (2.37a,b)
Ox

so that the continuity equation (2. 24) is automatically satisfied. In

terms of the wave expression , (2 . 37a , b) change to

= , ‘~~ = -ik~ . (2. 38a,b)

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

resulting equation s, we obtain

. 
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k i ( U - c ) .  ( [ ) ~~-k
4

) - = -~~~~~~~ ( 1 ) 2 _ k 2
)

2
~ - k D (~ - r

Re 1 1 2~

- 2. 2~~ -
+ i ( D  + k  ) r

12 
(2 . 3 9 )

When  = 0 , (2 . 39) r educes  to the Or r -Sommer feld  equa t ion  usual ly

e n c o u n t e r e d  in the t h eor \  of h ydrod y na r n i c  s tabi l i ty .

2 . 5 Boundary  Condit ions

For channel  flow the no sli p condit ion at the roof give s Ti
. 

= = 0.

Hence ,

= 
at y = El ( Z . 4 0 a , b)

Dq~~= 0

W h e n  the channel  hei ght H of the air  flow portion is su f f i c i en t ly la rge ,

the no slip condition at the roof is automatically rep laced b y the expo-

nen t i a l ly decaying proper ty  of the wave per turbat ions which  also re-

suits in Ti’ = = 0 as y -. x .  The value H in (2. 40a , b) is now norma l i zed

b y the boundary  layer  th i ckness  6 so that (2.  40a , b) can desc r ibe  the

upper  boundary  cond i t ions  fo r  f lows with either f ini te or infini te heig h t s .

Thus , H 2. when the channe l  flow is fully developed.

At the imt erf  i c i - , the h igh  ra t io  of wate r densi ty to air dens i ty  and

the sur face  tension e f fec t  prevent  mixing between the air and the water

when the air  velocity is not too h ig h , as considered in the present  in-

ves t i gat ion,  The no slip condition also applies , i. e. , the a i r  molecule s

a d h e r e  ten those of in te r fac e wate r , which is moving with a c i rcu la r -

orbi t  due to the deep water  wave motion and with a velocity in the down -

s t r e am  di rection due to the dr i f t  cu r r en t .  The drif t  cur ren t  consis ts  of

the wa ve-associa ted  dr i f t  c u r r e n t  and the wind-induced d r i f t  cu r r en t

which usuall y is p redominant .  The in te rac t ion  between the wate r wave

2.2.
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and the d r i f t  c u r r e n t  i s  a s t a i n r i e d  to he weak so that the l inear  and

orb i ta l  mot ions  ar e  r e g ;n  rd~-d as independent  and supe rposab l e . Accord-

ing ly, the i n t e r f a c e  b o u n d a r y  condition s a re  given b y

at Ox
at y = 17 (2 . - I I a , b )

In t e r m s  of the wave expression, (2. 41a , b) are

= (-c-U)a
at y = (2 . 42a , b)

D~~= cka

The dependenc e of the interface boundary conditions on has

profoundly handicapped the theoretical  t reatment  of the p rob lem . T-

c i r c u m v e n t  this handicap,  either of the following p rocedures  is  n i - c e s s a r  -

(1) Transformation of the boundary conditions from y ~ t u  n t ~ - me t n

water level y = 0. (Mile s 1957 ; Davis 1970 , 1972 ; 1 own —. e ’nd

1972)

(2)  T r a n s f o r m a t i o n  of the en t i r e  problem into a new cc r d i r a t e  ‘- ‘s ~ t ~~~

such that both the upper and the lower boundaries a re  ~i’a - :  r e1~~

to the new coordinates. (Mile s 1959 , Benjamin 195~~, N o r r i —  ar i d

Reynolds 1975 , Gent and Taylor 1976)

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

less ambiguity.

2 . 6 Transformation into Moving Coordinates

The difficulty of the interface boundary conditions is overcome b y

using the following coordinate transformation,

23 
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t* = t

x (2 .43a , b , c )

y * y -

The func tion f(y~ ) is defi ned such that

f(0)  1 and f(H) = 0 (2 . 4 4 a , h )

Th e express ion,

f( *) = 
s inh(kH - ky *) (2 45 )y sinh(kH)

satisfies the requirements (2. 44a , b) and results in an exponentially-

decaying form which resembles that used by Benjamin (1959) when

H _. 
~~~~~. The coordinate transformation given above is one to one but is

not orthogonal. Figure 2. 2 show s the line s of constant y* in ph ysical

space.

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

partial derivative s,

= 2.a ~!! + ~.a . + .~f (2 46)Os Ot* Os Ox * Os 0y* Os

Ot* Ox *where a can be t , x , or y. The value8 of ~~
— 

, i— , and Os are found

from the transformation relations (2. 43a , b , c). The result expressions

are

= ~~ ~~~~~~ ~L (2 47a)at at* at Oy*

= ~~ .& - f. 
~~~~~~~ ‘ ~~~~~ (2 .47b)

Ox ax * Ox Oy*

Z4~
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p

= 
~~ : / ( 1  ~~~. L .  

~~ 
(2 , 17c)

= ~~
-
~
-

~~~
--  - ~~~

. .~.1 1. ~~ - Z f .  8
2.

g
2 - - 2 2. ~~V ’~

- Dx Dx~~D y ’~Dx O x t . t Ox -

+ f ’  (
~~~~2 

.. ( f ~ -~~ ) ( 2 . 4 7 d )
Dx D y - -- D y ”-

D
2

g 
/ (i  + 

Of 
- 

~~~~~~ 
____ . + 

O af .
~ ) (2 .  47e)

D y D y- -- Oy~C

Be fo re  t r a n s f o r m i ng  the governing equations of flow mot ions , it is

now assum ed that , in the new (x *, y*, t*) coordinate system , the mean

flow follow s lines of constant  y e , the wave perturbations are two dimen-

siona l and funct ion of x * , y ti~, and t~’ only, and the linear analy sis is

still valid. A pp lyin g (2 .47a , b , c , d , e) to the Navier-Stoke s equations

( 2 . 13) and (2 , 14), sub stituting the three-component decompositions

general l y given b y e G + ‘
~
‘

+ g t into the resulting equations (G is the

time a v e r a ge),  t akin g the ti me ave r a ges , and discarding the te rms  with

Q(~ 2) or higher  yields the mean flow equations , in the (x *, y*, te)

system ,

- OP 0 - 1 DU — -
- ~~~~~~~~ + 

~~~~~~~~~ ( -k— . -

~~

.—- - = 0 ( 2 . 4 8 )

Op a —

— — — — l i t  -- 

O y* ’

Equations (2 . 48) and (2 . 49) are identical to the mean flow equation s in the

(x , y, t) system; however , the physical interpretations are d i f fe rer t  be-

cause of the d i f ferent  assumpt ions  made and the different  ph ysical (geo-

metrical)  positions where  the mean quantities are evaluated. Equation

(2. 49) suggests that the mean-pressure  gradient in the x * direction is

constant , i. e. , 
~~~~~~~~ 

= constant ,  (See similar discussion in Section 3. 3b .)

_____________ 
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I f the phase avera ges are taken before  the t ime ave rages , the di f-

ferenc e between the phase ave raged and the time averaged equations

give s the wave perturbat ion equations:

Cont inui ty  Equation: -

- f .  ~~~~. ~~~~~~ + = 0 , (2 . 50)Ox 4 Ox D y- - D y 4

x-Momentum Equa tion:

~~~~~~~~~~~~~~~~~~~~~ ...1.~IJfl÷~~. i!JOt O y * ~Ox * Ox & y */

a~Y a  — D . . ... Of 0 —+ ~
—

~r 11 - f~ . s— .. (u ’u ’) + ~~~~~~~~ r 12 
- — ‘ 7 7 .  ~~~~~~~~ (u ’v’)

= - + f .  ~~~~ ~~~~~~ + ~L 8 
- ~ + 

a 2tr
Dx * Ox O y* Re Ox *

2 
Ox 2 0’~’ O y *

2

Of 8
2

U 8 2f DU (2 . 5 1)
- 2 ’  ~ :~‘ 17 ’  

O y*
2 

- 

8y*~

— 

y-Momentum Equation:

~ a~~ _ 
‘

-~12. ~ 0 — 22 Of .... 3 —
— + U - ’ — + - f ’  . — (u ’v ’) + - — . — (v ’v’)Ot* Ox * Ox * Ox O y* O y* O y * O y*

= - 

~~~~* 
+
~~~*~~~“ ~~~~* 

+ ‘ 1  ~~~~ 
+ 
:~ *

2 J (2 , 52)

In (2. 50), (2. 51) and (2. 52), the terms with are inhomogeneous

terms because they are known quaz~titie a when the mean flow and the

water wave are predescribed. Equations (2. ~n 0) ,  (2. 51) ,  and (2. 52) are

essentially equivalent to those used by Norris and Reynolds (1975) .  The

_____________________ 
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a p p e a r a n c e of the i n h on io g e neo u s  t e rms  in these equa t ions  h a s  comp li-

ca ted  c o m p u t a t i o n s  employing them. To s implif y these  equa t ions , the

physic s of the flow in the t r a n s f o r m e d  coordina te  sys tem w a s  r e e x a m i n e d .

When  the control  volume shown in Fig. 2 . 3 was  c o n s i d e r ed , the

c ont inui ty  equation obtained b y balancing the inflow and  outf low is

(1  + . 
~~

‘ ) .  
~~~~~~ 

+ 
~~~~~~ 

- ~~~~~. f .  ~~~~~~~ + 0 . (2 .  53)
Dx - -- D y-’- D y-’- Dx - -- Dz

The t e rm ~~~~~
-
‘ 

in (2.  53) is the net flow rate in z -d i rec t ion  and was not

shown in Fig. 2. 3. ‘z i e  ne gative term in (2.  53) is produced b y the hori-

zonta l  fL o w  c ross ing  the upper  and lowe r boundar ies  of the con t ro l  vol-

ume. if the decompos i t i ons  given in (2.  23) are subst i tuted in to  (2 .  53)

and the c ;- i -npone~its of o rgan ized  oscillations are ext rac ted, we have an

• ‘ q i i a t r o r  w h i c h  is  ident ica l  to (2 . 50). This control  volume anal y s i s

sh ov ~ , tha t  the n e g a t i v e  i n h o m o g e n e o u s  te rm in (2.  50) comes  f r o m  the

‘e t e r m  in (2 . 53) .  This inhomogeneous  te rm is consequen t ly the

r e s u l t  of the n o n - o r t h o g o n a l i t y  of the (x ’~, y 4 , t*) sys tem which does

not al ign with the ...-rthogonal u , v components. However , if the inhorn o-

geneous t e r m  is combined  with the homogeneou s t e rm to resul t  in the

following t r a n s f o r m a t i o n s ,

= - ~~~
. ~~~~ . .~.Y ~~~

-
~‘ = (2.  54a , b)

then (2 . 50) reduces to

+ ~ .!.
‘ 0 ( ‘  55)

Ox * Oy *

Equation (2. 55) indicate s that the t ransformed velocities Ti” , ~~~~ in the

x*, y~C coordinate system satisf y the identical continuity equation as

~ 
in a Cartesian coordinate system. Transformations similar  to
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(2 . ~- 1;i , b ) for  ~ and 
~~~

, . a r c f ound to he

-~~ 
Op —p t - t = — f~ 7 7 ’  s— , (2 . -a,)

f_ D —

r: - - . = r . . — 1’ 77 . —~ (u !u !) (2 .  ~n 7 ~
i t  13 D y- - - 1 3

U s i n g  (2 .  48) and (2 . 49) and applying the t r a n s f o r m a t i o n s  (2 . 54) ,  (2. . 56)

and (2 .  57 ) ,  equa t ions  (2 . 5 1) and (2 . 52) then reduc e to

p.., 2_.. ,

~~ U + v * D y* Ox * R e \  , 2Ox- - - D y’-

~‘ ‘ e a’?’e
- 

1
,,,

1 
- 1! (2 . 58)

Ox - -- O y~t

+ ~~~~ 

~~~~~~~ 
+ 

0
2\~~~~ 

- 

Dr
~~2 

- 

D~~~2
Dt ° Dx ’~ D y e Re ‘Ox *

2 a ye2 / Ox * D y e

(2 . . 59)

A t r a n s f o r m e d  s t ream function ~~* can be similarly def ined (cf .  , (2 . 37 a , h ) )

to combine  (2. 58) and (2 . 59) into an equation which is identical to (2. . 39)

exc ept D is replaced by D* = —
~~ --~~, , i. e. , the t r ans fo rmed  s t ream func-

tion is def ined  as

= — ç  , ~~‘,:c = — — (2 . . 60a , h)
O y-’

and the combined equation in t e r m s  of the wave express ion is

k .  t I (U - c )  . (De 2 _ h 1)-  D~C 2
U]~~* = —

- kD’~(~~~1 
- ~~ + i(D*

2
+k~ )~~~2 

(~, 6 1)
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--~~~

- q n . i  t e n s  (2 . 5~~),  (2 . n R )  , (2 . 5’ ))  and (2 . o 1) h a v e  the i d e n t i c -n  1 f o r m s  - i s

t ( ] U I t i Of l S  (2 . 2 4 ) ,  (2 . 2. 5) , (2 . 2.6 ) and (2 . 39) ,  r e s p e c t i v e ly. So , - 
,

~ and ~~~~~~ . in the X~~~~ , ~~ coo rd ina t e  s y s t e m  are  equ iva len t  to ~~
‘
, v ,

and 
~~~

. .  in the  r e c t a n g u l a r  C a r t e s i a n  coord ina te  s y s t e m .  Deta i l s  of

t h i s  ar e  p r e s i -n t e d  in C h a p t e r  6 .

The t r a n s f o r m a t i o n  of the wave pe r tu rba t ion  f ie lds  imp lies , - i t  if

- i - im e  t ime , the t r ans fo rma t ion  of the in te r face b o u n d a r y  c o i i r 1 i t ~ on~~.

U s i n~ (2 .  54— i , b) and (2. 60a , b) ,  the b o u n d a r y  cond i t ions  a r e  now t rans -

f o r m e d  into

= 0
at y~ = H (Z. 62a , b)

= 0

and

( c — U ) a
at y ° = 0 . (2 . 6 3 a , h)

= cka - aD*U

Equ z t i o n s  (2 . 62a , b) and (Z . 6 3 a , b) are  the same forms as those boundary

cond i t ions  obtained b y the t r a n s f o r m a t i o n  of the boundary  condi t ions  us ing

procedure  1 mentioned in Section 2. 5 for the unt ransformed coordinate

system.  (See Saeger and Reynolds 1971 , p. 13 . )

Because  ~~t (y tt )  in the (x e , y t:t , te) system has the identical fo rms

of gove rn ing  equat ion  and boundary condition s as those for ~ ( y) in the

(x , y , t) sy s t em , the same results  should be obtained for ~~ (y t~) and

~ (y ) if the same mn ’an velocity profile and the same closure relation s

are  used ~ri the model calculations. Consequently, the numerical  resul ts

of ~~~ ~~~~~~~ i~ t~ and ‘i’~;J in the (x*, y C , t*) system will be identical  to

those of Zi., ~~, 3, and ‘p. .  in the (x , y, t) system. However , the ph y sical

interpretat ions of these t*o sets of predicted quantit ies are different .

¶ Firs t , when the same mean velocity profile is used , U is assumed to

he parallel to x in the (x , y, t) system so that the mean velocity is

__________ ___  
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c t u i s t , i n t  - i l o n i i ~ a h o r i -zon t : 1 l i n e  of c o n s t a n t  ‘, - ;  l e t , in  f l~~- (x  , v ” , t~~~)

s vt- ~t i - n n , U n s  s t i l l  the  C a r t - s i n h o r i z o n ta l n i t - - i l ,  v i i i  m v  .~ ‘ I s

C o n t ~t a n t  a long an u n d u l a t i n g  c u r ve  w h - r n - ‘,- con  ~t n t .  ~i n r i m I a r l ’ ,

~ - h n -n t he  s a m e  f o r m s of c l o s u r e  r - i . i t n i e n s - i r e  u s e d , - f l ’ ’ ’ p r op r t i - ~

a s s o e i . i t i - d  wi th  the c losu re  r i - I t . i o n - , in t h e  ( X t
~

t
, v , t e )  s ’,,t , - n ~~ a r e  r - - —

r l~-d to be d ep e n d e n t  on the men  su r in g  he i  m~h t  v - - i  bo vi ft , - I n e s t - n —

t - t i i 01k5 wa ve  s u r f a c e ;  h o w e v e r , in the N , y ,  t )  sv~~t i - n - , H - - c f 1u~

p r o p e r t i e s  are  r e g a r d e d  to be d e p e nd e n t  on t h e  h e i g h t  v v i -  -

~‘~z i t t r 1-~ve l.

-~ e c ( ) i i ( I l y ,  in the N , y ,  t) s ys t e m , the  v ’ - l f t i t - s  
~~~

( - . ,  v , n )  i n t l

v , t)  a r t -  C a r t e s i a n  v e l o c i t i e s  ‘- - h i c h  d e - s C r i l i e  t he  i l  o s c i ! l  - n un s

of a i r  p ar t ~- c 1 i - s  a r t ’ t m n d  t h e  n i t - a n  v e lo c i t y  U ( v ~ an d  a m -  e v ; i l i  - ,  a n

e leva t ion  y ; hu t , in the  N , y ’1’ , t ) s’,- st en ~ , i 1 t h , , i ~~h ~T ( ’ . , v~ ’ , ) a n d

~~(x ~ ’ , y t:t , t - )  a r e  a l a o  C : ir t , s i ; i  m i v ’ -  h i c i t i e s , t h n - v  di sc n h -  t h e  ; t c t r i t i l

i i  r p a r t i cl e  o s c i l l a t i o n s  ar o u n d  t h i -  mean  v e l o c i t y  t ’ ( ’, - ’l  - n n i d  a m - --

at ~-d at  c o n s t a n t  y t . , The v - l o c i t i n r s  ~~~~ (x °, y ,  t i  m d  ~~~t :t ( x  , y t . t , t

r~- 1a t~- m !  to ~~(x t t , y -  , t - )  an d  ‘
~ (x  - , y , t - ) t h r o u g h the t r - n n s f o r n i i . n t i t m n  dc - —

f i n e d  in (2 . 54a , b) .  L i t t le  ph y s i c - t i  i n t e  r p r m - t i t i o n s c an  be n n :i di - f r om  ‘
~~~‘~

and ~~ b e c a u s e  ~~: and ~~ do not d e s c r i b e  the a c t u a l  o s c i l l a t i o n s  of a i r

p a r t i c l e s .  Th e se  z i r i~i m i n n - nt s  a l so  app ly to o ther  wav e-  p e r t u rb a t i o n

quan t i t i e s  such as the i n d u c e d  p r e s s u r e  wavia and the ind uced  t u r l ) u i e n t

Reyno ld s st r t - s - e - s .

T h i r d l y,  the  i n t e r f i c e  b o u n d a ry  condi t ions  fo r  the N ,  ‘,- , t )  s y s t em

ar e  ob ta ined  b y t r an s f o r m i n g  th e  b o u n d a ry  condi t ions  f ro m  v — to

y = 0 u s i n g  the Tay lor s e r i e s  n - x p ; i n s i o n .  This  ex t r apo la t i on  f r o m  v =

to y = 0 is  very ambi guous when ~~~ > 0 such that  y = () is  below the

v.— : i t c r  s u r f ac e wh e re  no a i r  flow ex i s t s.  (See more- i n s i g h t s  to t h i s

po in t  in  -b , c t ion 6 . 2.. ) On tF. e other hand , the i n t e r f ace  b o u n d a r y  condi-

t~~ar s (2 . ~m ~a , h) a re  ob ta ined  b y t r a n s f o r m i n g  the w ; m v t -  p e r t u rb a t i o n

v m - l u c m t o - s  ?i(x ~~, y ’~, t )  and ~~~~~~ ~~~, t i  to ~ ( ‘  , v , t i  and ~~~~~~~ y t t ,

so t h a t  the boundary  cond it i ons  a r t -  s t i l l  de sc r~bec1 t - x a c t l v  i t  the i n t e r —

f i c  i -  b y (2 . 6 ~~~i , h) .  It should  h r  e n np ha s ized  that  th i -  t r ; m n s f o r m i i : m  t i  m i n i  of

~ ( I
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b o u n d a ry  c o n d i t i o n s  b y Tay lor se r ies  n - xp a n s i o n  is  onl y val id  fo r

i n f i n i t e s i m a l  waves .  For small  a m p litude wave s , the s e r i c s  exp a n s ion

method is  usual ly not val id when the wind speed is h igh , b e c a u se  the

wave amp litude is  not small  re la t ive  to the t h i c k n e s s  of the  a ir  flo\ ’.-

d i f fu s ion  l a vt - r  w h e r e  the mean veloci ty  va r ies  d r a s t i c a l ly w i t h i n  a

d i s t a n c e  much  less  than  the wave amplitude. This is a s u b s tan t i a l

l i m i t a t i o n  t o the app l i cat ion  of the extrapolat ion scheme w h i c h  e m p loys

the se r i es  expansion.  In the (X t
~~, y ,  t~~) sys t em , the b o u n d a ry  condi-

t ions  obtained b y the wave p e r t u r b a t i o n  f ie ld  t r a n s f o r m a t i o n  do not  h Vt

t h i s  l imi ta t ion  and app ly more genera l ly to small  ampli tud i-  wave s . I t

1 is seen tha t  the am b i g u i t y  about  the ph ys ica l  mean ings  of f low q u a n t i t i es

nea r  the i n t e r f a c e  (below the wave c r e s t s )  is the comm on d i s a d v ; t n t ~~~t - i n

u s ing  the fixed coordinate  sys t em . (See the detai led d i s c u s s i o n  in

inaction 6. 2.

In the (x~’, y t - , t ’~) system , once the c losure  r e l a t i ons  fo r  i~.
(x ’~’, y *, t t ~t )  a re spec i f ied , (2. .  57) can he used  to obtain the c lo su re  r~- 1 a-

t ions  for  ~~
‘

.. The bounda ry  condi t ions  for  ~~~~~‘. can be obta ined  in the
U 13

same  way  a f t e r  desc r ib ing  the boundary condit ions for  ~~
‘
. . ( X t t , ~~ t ),

The quan t i t ies  ~ *, ~~~~ ~~n:, 
~~~~~~~~ and ~~‘l’ then can be calculated f rom the

equati ons (2 . 59), (2. 60a , b) and 2 . 61),  closure relations , and th ei r

bo undary condit ions.  Consequently, ‘~~~, 
‘
~~~, ~~, and 

~~~~

. .  in (x *, y ’~ , u)  can

he evaluated f rom (2. 54a , b) ,  (2 . 56) and (2 . 57) . It should be emph a s i z ed

that  the wave per turbat ion data measured in the fixed coordinate sys tem

are not comparable to the quantit ies so predicted because of the differ-

ences in the ph ys ica l  in terpre ta t ions  between flow quant i t ies  in the (x~~,

~~~~ t t n t )  and the (x , y, t) sys tems  as mentioned above, (Actuall y the mea-

sured and predicted resul ts  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  i’.. in

(r e , y ’~, t*) will result in an inhomogeneous closure model for ~~~ .. A
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q u - m s i l - ’ n m u n i r  m i m i c 1  W i t h  r . k ,  y~~~, t )  = 0 in the (x tt , 
~~ 

: - , t t : )  s v at -m
1 _ i 

-

should p r ed ic t  ~~~ ~~~~~, a n d  j~~: to have  the s a m e  va lues  ; m  S LI , V , an d ! i~
p r e d i c t e d b y the  m o d e l  u s i n g  the m n h o n m i o g e n c o u s  c l o s u r e  r e i n  t i  on s

g i v m -n  b y ~ . .(x , y ,  t~ = f ’  ~~ . ~~~ u~u ! in the (x , y, t) s y s t e m .  I h e  t r an s -

f o r i ne d  c o o r d i n a t e  q u a s i l a r r m i n a r  m m d i i of N o r r i s  and R e y n o l d s  ( 1 ) 7 5 ) ,

w h i c h  p r ed i c t e d  s a t is fa c t o r i l y the i r e s s u r e  wave p e r t u rb a t i o n s , i m p lied

the u s e  of the c losure  re la t ions

____ 

i a 3u
r -

11
0 , 

0 
= - f . 1 7 .~~~-— . r ,- , 0 (2 . n - l , L ,c)

D y ”

Henc e , if one uses  (2 . tm - l a , h , c) w it h  “‘ s dropped for  the (x , y ,  t) s v st , -m

the s a t i s f a c t o r y  p r e d i c t i o n  of the p r e s s u re  wave p e r t u r ba t i o n s  should }~~~‘ -

obta ined , b e c a u s e  N o r r i s  and  Reyno lds  compared the i r  p r ed i c t e d  and

m e a s u re d  p r e s s u r e  w a v m - s  a t  the f i x e d  wall of the i r  channe l .  The c l o s u r e

model  in the f ixed  (x , y,  t) s y s t e m  proposed b y Nor r i s  and Reynold s ( l -~7 d ,

w h i c h  y i e l d e d  poor p r e d i c ti o n s  of the induced  p r e ss u r e  w a v e s , did not

h av e  the i n h o m n o g m - m i m - o u s  f e a t u r e . One may ant ic i pate tha t  the model  pre-

d ic t ions  in the fj x t - d  coord ina te  sys t em can be improved b y inc luding

some i n h om o g e n e o u s  t e r m s  in the c losure  re la t ions;  however , the limi-

ta t ion  of the boundary  condi t ion  t r a n s f o r m a t i o n  by Tay lor se r ies  expan-

sion still  ex i s t s  and t m - n d s  to d i sconnec t  the predicted !  r e su l t s  f r o m  the

d a t a  n n i t - a s u r e d  in the f i x e d  c o o r d i n a t e  sys tem. Henc e , one may  con-

clude t h a t  t h i -  t r a n s f o r m at ion  of the coord ina te  s y st e m  and of the wave

p er t u rb a t i o n  f ie lds  i n s tea d  of jus t  the  s imple ext rapola t ion  of the i n t e r -

face  boundary  condit ions is  essent ia l  in resolving the a i r  flow st ruc tu re

of i n te r f a c e  f lows .

Because  there  has been no data available in the t r a n s f o rm e d

c o o r d i na t e  system , the p r e s e n t  inves t iga t ion  is largely devoted to c o l —

l e c t i n g  r el i a b l e  data of wave pe r tu rba t ion  f ields in the (x u ’ , y n:n , t : )  
~~~~~~~~~

t ’ m r a the r  than at tempting to calculate a closure model. Since
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does not po ssess  too much ph ysica l meaning as mentioned above , the

c losure  model should be direct ly addressed to ~.. (x *, y ” , t~’). Mea-

s u r e m e n t s  of ~~ , ~~ , and ?.. in (x ’~’, y ’~, t”) may not onl y provide the

details of the air in t e r f a c e  flow s t ructure  but also reveal some c lues

for  c losure  model l ing by subsequent  investigators.  The detai ls  of the

expe r iment s a r e p resen ted  in Cha pt e r 4 , and the r e su l t s  of the experi-

ments  in Chapter  5.

L
‘-I 
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C H A P T E R  3

1)Y~~A M I C S  OF MODU L A T E D  AIR FLOW

OVER W A T E R  SU R F A C E  WAVE, S

~~. I G e n e r a l

In order  to c h a r a c t e r i z e  the response of wave per tu rba t ions  due

to the u n s t e a d i n e s s  of t h e  a i r  flow , air  modulat ions were  in t roduced

into the wind-wave  channel  by chang ing the flow exit  area of the c h a n ne l

- - - 
periodically. The channel  and the a i r  modulation genera t ion  technique

will  be desc r ibed  in Chapter  4. However , some basic cha rac te r i s t i c s

of the air modulation are d iscussed  in this chapter , together with its

in te rac t ion  with the wa te r  s u r f a c e  waves.  In general , the air modula-

tion has a pulsa t ing  and a non-d ispers ive  behavior and has a very  long

wave length so that i ts  wave number  can be regarded as zero  when i t s

f requenc y is low.

C h a r,m c t e r i st i c s c if  air modulation in a two dimensional  channel

with f l a t - p late  walls  we r e  studied in detail by Acharya and Reynolds

(1975) .  The f r e q u e n c i e s  of the air  modulations in their study were  24

and 40 Hz . The i n t e r e s t i n g  phenomena of air modulation in a channel

flow is the exis tence of a viscous layer called a “Stokes layer ’ near the

channel  boundary.  For turbulent  channel flow , the experimental  results

of A c h a r y a  and Reynolds (1975)  showed that the behavior of the Stokes

layer is very d i f ferent  f rom that  in a laminar flow due to the strong

mixing ef fec t  of the back groun d turbulence. In their study, the turbulent

Reynold s s t r e s s e s  per turbed b y 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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w h e n  then a i r  b o u n d a ry  l a y m - r  was  a m - r o d ynamica l l y roug h , the a i r  modu-

la t ion  e f f e c t s  on the w ind  s t r u c t u r e  w e r e  s e c o n d a ry  but  more  cap i l l a ry

w a t e r w a ve s  w e r e  p r o d u c ed .  In \-V u ’s study, the a i r  modu la t i on  e f f e c t

on the wind  f i e l d s  was  i n f e r r e d  f r o m  w i n d - s t r e s s  c o e f f i c i e n t  calcula-

t ions  based  on m ean  flow m e a s u r e m e n t s ;  no detai ls  of a ir  modula t ion

struc tur e w e r e  repor ted .

Stud y ing f lows wi th  air  modulat ion ove r mechanica l ly -gene ra t ed

wat e r  wave s has  been one of the most  impor tan t  tasks in the p r e s e n t

study. R e s u l t s  of th i s  stud y not only provide the detailed s t r u c t u r e  of

the a i r  modulation in the i n t e r f a ce  flow , but also reveal dynamic f e a—

t u r m - s  of the i n t e r ac t i on  be tween  the air  modulat ions and the w a t e r  sur-

face  waves .  The e f f e c t s  of a i r  modulat ion on the wave p e r t u r b a t i o n  f ie lds

can also be resolved. The theore t ica l  aspects of the air  modulation and

of i ts i n t e r a c t i o n  with the wate r  waves  are  p re sen ted  in this  chap te r .

Expe r imen ta l  p r o c e d u r e s , data reduct ion  schemes and the exper imental

r e s u l t s  a re  presented in the subsequen t  chapters .

3. 2 Descr i ption of the Flow

Wh e n  an a i r  modulation is imposed in the flow r e g i m e , the flow

fie lds  are  generally exp re s sed  as

( 3 . 1)

w her e  
~ 

r e p r e s e n t s  the air  modulation component  and and ~
are  the wave Components  produced f rom the in teract ion be tween  the air

modulat ion 
~ a 

and the wave per turbat ion ~~. The wave represen ta t ions

for  
~a ’ ~~+ 

and ~ a r t -  very  s imi lar  to that  for ~ as in (2 . . 31 ), and can

he expressed as

1 ~~~~~ ‘ l U a t .
= ~~~

. i g (y)  e + conjugate - (3 , 2)
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1 ~ i ( k x — n , ~5 t) .
L g (y )  en + c o n j u g a t e -n (~~

. 3)

w h e r e  e’ w + sw w i t h  s = ± and Li and Li a re  the f r e q u e n c i e s  of
s a a

w a t e r  wavi -  and a i r  mod ulat ion respect ive ly. The phase ave rage  of g is

denoted by (g)~~ where the subscript c~ can be null, a, or s to indi-

cate th e wave per turba t ions , the air  modulations, or the in t e rac t ion -

produced wave s r e s pec t i v e ly. The period used in the phase  average  of

the c o r r e s p o n d i n g  waves is 
~~~ 211/ I  wc~ 

. The wave component  ~~

is de f ined  as

= K g ) ~~~ - g  (3. 4)

W h e n  the phase average (g )~~ is sub t rac ted  f rom the total flow quant i ty

~ as e x p r e s s e d  in (3. 1), the remain ing  flow component may be r ega r d e d

as a back ground osc i l la t ion  g~ around and is expressed as

= — 
~

‘
U~~ ) (3. 5)a - - a

C o n s e q u e n t ly, the decompos i t ion  expre ssion

g g 1 

~
+ g (3. 6)

is f eas ib le .  If ~~
‘ is  of order ~

- and ~ is of order 
~a ’ ~~ 

is of order

Et  beca u se 
~ 

is produced from the coupling between ~~
‘ and 

~~~~
.

3. 3 Governing Equa tions

Decomposing u , v , and p in the Navier-Stokes equations into the

form of (3 . 6), taking the phase average ( and the time average

separately, subtracting the time averaged equations from the phase

averaged equations and neg lecting non-linear terms in the resulting

equations , we have the continuity equation ,
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(3. 7)
dx

the x — m o men t u m  e q u a t i o n ,

U i U  & ‘— —-‘ a - ~~~--.
— + U - ~--—----—~~ v - - ~~~~+ — u ’’ u ’’ + — u ’’ v ’’dx ~ 1 y Dx a a D y a a

D’
~ 

~~~~~ (1 1~~~ + a::~~) 
( 3 . 8 )

and the y — n i o m m i e n t m i m m i  ‘u ~m m n t i t ’ e ,

0— + U — —-—--- + — d v ’ + — v’’ v°
Dt Dx Dx a a

= - + ~ 

a : 
+ 

) 
(3. 9)

when -

= = K u ” u ” ) — u ” u ” . (3. 10)
~a j a ij a ia j a a ~a 3a

E q u a t i o n s  (3. 7 ), (3. 8) and (3 . ~~) a -e ti m e general  expressions for the wave

per tu rba t ion  f ield , the a i r  m o d u l a t i o n  field or the in teract ion-produced

wave field , when a is ass i gned to he null , a , or s respectively. The

d i f fe rences  in the order of m a g n i tu d e  and in the flow characteristics

amon g these three f ie lds  lead  m i f l i  - - i a t m ly to equation systems of d i f f e r e n t

f o r m s .

3. 3a Wave  per turba t ion  f ie ’d

If a r e f e r s  to the w a v e  p~~-r t u r b a t i o n , equations (3. 7), (3. 8)

and (3. 9) reduc e to (2 . 24) ,  (i ’ . 2. ) n d  (2 . 26) except that the induced
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-4 
- 

. 
- — —.- - - ——- — ———

~~~ 
—

~ ~2 ~~~~~‘



t i i  r m )u l e nt  R - - v i t o h !  s si r e  s- s e  s .m r i  now given b y

- ) — m m ’’ u ’’

(~~~~+ m j  +~~~~~-1 i i ’ ) )  - (
~~~ a

+
~~~~ +

+
~~~~ _~~~~~~~~

t )
2

~u ’nm ’ ) — u ’u ’ + 2 K~T ~r ) + 2 (~ ~ ) (3.  1 I a )
a +  a-

(u ’’ v ’ ) — u ’’ v’’

= ((~ ~ + ‘~T + u ’)( ~~ +~~ +~~ +v ’)) - (~~ +~T +~i +u ’)( ~~ +~~ +~ +v ’ )
- a + - a + - a + -

(u ’v ’)  - u ’v ’+ 
~~~~~~~~~~~~ 

+ 
~~~~~~~~~~~~ 

(3 .  l l b )

= ( v v ”) -

‘(
~~ +~~~ -

~
-
~~~~ + v ’)

2 ) - (~~ +~~~ +~ +v ’)
2

a + - a + -

(3. l l c )
a +  a-

In r e a c h i n g  (3. 1 Ia , b , c ) ,  we have assumed that the f requency  of

the a i r  m m  od~i ! t i on  i s  i:a i fu l l y selected to satisf y 2 L i
a 

� C’ so t ha t

( t o e S  not con ta in  any organized wave s of order at frequency

w , i. e. , . mm , ) - 
~~~ . i~. is of h igher  orde r than and is neg lected.

i - - i j a i-  j a a

The t e r m s  ~ i ~~~~. 
) , ~~~ . 

) and (a’. ~~ . ) are also of hi gher order
i i  3+ 1+ 3 — 1 3—

and a rt -  r i m - g lee 1em ~I i i i  (
~~~. 

1 la , h , c). The di f ferences  between ?. . j~
(3 . 1 Ia , b , c) and in (2 . 2. Ib )  a re  attr ibuted to air modulation and can be

identified as  two t~m p c s .  One is that produced by the direct coupling

be tween  the a i r  m o d u l a t i o n  and the wave perturbation, such as t e rms

in ( - i . I l m , h , c) .  The other is that produced indirectl y by the

dis tortion of the back ground turbulence due to the existence of air

modulation. This distortion can be regarded as the changes in the
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i r i t~~n s i t~ and  t h m ’  co r r e l a t i o n  behavio r  of the t u rau le nc e .  This  i m m i p l i m - s

t h a t  t her e  may  p o s s i b l y  be some d i f f e r e n c es  in ~u !u !  ) — u~ u ! for- 
1 )  1 )

t h o se  flow s with and wi thou t  a i r  modulat ions .

The b o u n d ar y  condi t ions  h e r e  for  the wave p e r t u r b a t i o ns  t n m ~ ft -

s a m e- as those given bv ~~ =~~~ = 0  a t y = H  and h y ( 2 . 4 1 a , b) at y =

in Chapte r 2 .

~~
. ~~ A i r  modu la t i on  f i e l d

The i n d ep e n d en c e  of ;m i r  modulat ion with r e spec t  to x as  s he ,  -

in 0. 2) r e d u c e s  the  c o n t i n u i t y e q u a t i o n  (3. 7) to

V

= 0 (3 . 12)Dv

i ’hu b o u n d a r y  c o nd i t i o n  ~ = 0 at y = H gives ~~~(y , t) 0 f o r  all y.

! I enc e  the c o n t i n u i ty  i - q m m : m t i o n  i s  s at i s f i e d  automat ical ly. ‘I’he m o n - m e n t u m --

- ‘ n ~~~tj o f l s  a re  then

- S.
Di i  d pa c) -

~~ a 1 a+ -b—- r 
1 Za - + . —i- ( - . 1 3)

D y

= — —i (3. 14)D y ~~~~~~;t D y

A s  wil l  be seen in ( 3 . H a , b ) ,  the p r e s s u r e  g rad i e n t  —
~~---~~ is  m dc-

am r i m t e n t  of x , hut  the p r e ssu r e  
~ a is  not. The ex i s tence  of ft p rc n s-

:-i un e  g r a d i e n t  is n e c t -  s s ;t r y  to d r i v e  the flow syste m . R e C l u S e

a 
— 

12a 
— 

22a 
—

Dx 
- 

Dx 
- 

Dx 
-

for  f ull y developed f lows , t a k i n g  der iva t ives with respect  to x to ( 4 . 1 4 )

a n d  ( ?
, 14) re su1t ~ in
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-4
- , D p \ ~ 1 D p

4 ( —
~~

- ) = 0 , -

~~~

— I~ —k) = 0~~ (3.  15a , h )
D y Dx

In t roduc ing  the wave r ep reseota t ion ,

A
O p D pa 

— 
1 a

Dx 
- 

2 
-

~~
— ‘  e + conjugate

into (3. 15a , b ) ,  we obtain

~1
= constant (3 . 16a)

Dx c

Hence , integrat ion of (3. l6a) and (3. 14) give s

- 

(3. l6b)

and - -

r
12 

= 1~ia
(1

~~~
” P ia

(Y) 
- 

(3. 16c)

where the upper boundary condition for r ZZa 
is assumed  to be zero , i. e , ,

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

syste m behaves like a visco-elastic oscillator driven by a constant ex-

ternal  periodic force , —
~~
-

~~
- , Note in (3. 13) the system is independent

of the mean flow.

The turbulent Reynolds  s tress modulations are given b y

/ _

= (u ’’u ’’) —
h a  a a a  a a

cU ’u’ )  - u ’u ’ + + 2 < ~~~~) (3. 17a)
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r - n v  — u ’’ v ’’
1 2 , m  a i a a a

— u ’v ’+  K~~ ’ +~~ ) ) + K’~~~ +~~ ) ~ (3 .  17 h )a + - a + - a

( v v ’ )  —
,2a. a ; m a a a

~ (v ’v ’)  - v t v t + 2~~~~ ) + 2 (~~~ ) (3 .  17c)
a + a  - a

In (3. 17a , b , c ) ,  we have  a s s u m e d  tha t  Z L i  � Li so that  (‘
~~~~~.)  d o i - s

a
not con t a in  o rgan i zed  osc i l l a t ions  at  f r eq u e n c y Li a~ 

T e r m s  with o rder

hi ghe r  than E 2
f

a 
ar e  a lso  neg l m - c t e d  in (3. l7a , h , c) .  Althoug h all the

c o m p o n e n t s  ~~ , ?‘ and ~~
‘
. - ex i s t  in the real  flow , the t u r b u l e n t

h a  l 2 a
s h e a r  s t r e s s  modula t ion  

~~1Z - i  is the only force that r e q u i r e s  c losu re

model l ing for  the p r e d i c t i o n  of ve loci ty  
~ 

as ind ica ted  b y (3 . 13).

The modula ted  air  f low in a channel  without su r face  waves  was

s t u d i ’- d  in detai l  by A c hary a  and Reynolds ( 1 9 7 5 ) .  Because  
~~~

. = = 0 ,

the ? ,. in t h e i r  stud y w a s  then s impl i f ied  to ~~~.. = Ku~u~ > - u!u! .
ija ija i j  a i j

~ ev er a l  c l o s u r e s  w e re  c o n s i d e r e d  b y Achary a  and Reynolds  ( i n c l u d i n g

the quas il~~in i n a r  model  
~~~~~ . 

= 0 which yields an exact analytical  solu-

t ion) .  Their  p red ic t ions  were  incons i s t en t  with their  e x p e r i m e n t  data .

Al thoug h they s u g g e s t e d  that  the p r e s s u r e  s t ra in  e f fec t  is im p o r t a n t  and

that  a tu rbu len t  Reyn olds  s t ress  closure model or a model us ing  an

i n t e g r a l-d i f f e r e n t i a l  c l o s u r e  relat ion for  p re s su re  s t ra in  should be

c o n s t r u c t m - d , the dynamics that  d e s c r i b e s  the in te rac t ion  be tween  the

wave and the turbulence was still miss ing .

F ro m the- wave- tu rbu lence  interact ion point of view , the c losure

m o d e l s  for  ~i. and ~~~.. are  s imi l a r .  Since we are more interested
ija

in th e  i n t e r ac t i on  of water  waves with  the turbulent  flow , the subje ct

of a i r  modulat ion was not p u r s u e d  f u r t h e r .  For those who des i re  a

b et t e r  u n d e r s t a n d i n g  of the a i r  modula t ion , the report  of A c h a r y a  and

Reyno lds  ( 1 9 7 5 )  is r e c o mm ended .
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The b o u n d a r y  condi t ions  for 
~a 

ar c

0 ,it y = H (
~~~

. 1~~ t )

and

= 0 at y = (3,  1~th )

The lower boundary  condition is de t e r m i n e d  b y a s s u m i n g  that  t h e r m -  i s  no

osci l la t ing mode cor responding  to the f requency  Li at the i n t e r fa ce .

This assumption can he jus t i f ied  by the high ratio of water  dens i ty  to

air densi ty .  In air  modulation flow , the oscillation 
~ a 

at the i n t e r f a c e

is r ega rded  as the osci l la t ing d r i f t  cu r r en t  induced b y air  modula t ion .

Because (3. 13) and (3 . 14) for air modulation are very s imi la r  to (2 . 4 8)

and (2. 49) for  mean flow except for  the appearance of the t ime  va ry ing
Du a

term —
~~~~

—
~ in (3. 13), the ma gnitude of the induced oscillat i~~ d r i f t  cu r-

rent  can only be about 2 . _ 3 1~ of 
~ a 

at the f r ee  s t ream , which is  r ough l y

the same percentage  as the mean dr i f t  current  is of the mean free

s t r eam velocit y as reported by Wu (1968 ). So prar t ica i ly (3. 18b) is a

good approximation to the lower boundary condition .

3. 3c I n t e r a c t i o n - p r o d uc e d  wave f ield

If the subscript a r i - f e r s  to s in (3. 7), (3 . 8) and (3. 9),  the

govern ing  equations dc - sc r ib ing  the interaction-produced wave fields are

obta ine d . The in ter ac t ion  Reynolds stress ~~~~ are then expressed as

= u ’ u ’’ ) — u ’’ u ’’I t s  s 5 S S S

~~~ Ku ’u ’) — u’u’ + z ( ~ ~
) (3 ,  1 L i ~s a 5

- 
; . 

,

~~ 
= Ku ”v” )  - u°~~’

l Z s s s s s $

~~~ (u ’v ’) - u’v’ + (
~ ~

) + (~T~ ) (3. 19h)
5 a 5 a s

~~~~~~~~~~~~ - 
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- - - - -

- m = ‘ ‘
“ ‘ >  —

s s  S s S

— v’v ’ + 2.~~~~ ( 3 .  j~~~-~s a s

The t e r m s  w i t h  (
~~~~, ~I~~~) s e rv e  as the source t e r m s  t h a t  d r i v e  the

S

in t e r a c t i o n - p r o d l i m c e d l  wave s y s t e m .  These  source t e r m s  are  a s s u m e d

d o m i n a n t  in  governing the b e h a v i o r  of the i n t e r a c t i o n- p r o d u c e d  wave

c o m p o n e n t s .

The b o u n d a ry  c o n d i t i o n s  for  ‘
~~ and ~ a re  iden t i f i ed  as

. - S S

= = 0 at y = H (3 .  ZO a)
5 S

~m f l ( !

= = 0 at y = (3 .  2 0 h )

Sim i l a r  to t ha t  f o r  a i r  modula t ion , the lower b o u n d a r y  condi t ions  a r e

j u s t i f i e d  f r o m  the neg li g ib i l i ty  of the oscil lat ion mode with f r e q u e n c y

~ m at  the i n t e r f a c e .
5

3 . 4 ~ s t e m s  in the T r a n s f o r m e d - C o o r d i n a t e  Sys tem

The flow desc r ibed  in the t r a n s f o r m e d  coordinate  sys tem g iven

b y (2.  43a , b , c)  can be obtained in a s imilar  way as in Chapter  2 . When

equat ions  (2 . 47a , b , c , d , e) and (3. 1) are app lied to the Navi er~ Stoke s

e q u a t i o n s  and the non - l i nea r  t e r m s  a re  neg lected a f t e r  ave rag ing ,

equat ion sy s t e m s  that govern the mean field , the wave per turba t ion

f ie ld , the ai r modulation f ield and the in te rac t ion-produced  wave f ield

a re found as follows.

3. 4a M ean  f ie ld

In the t r a n s f o r m ed coord ina te  system , the mean flow equat ions

(2 . 48) and (2 . 49) r e m a i n  u n c h a n g e d .  However , the mean Reyno ld s

44
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~t r e s — ,t ’s ma y he s m d i j m C t ’ ’ t  t o  m i i m n m i r  - h i m g m - s  due to the e f f e ct  of ; m i r

in ,  i t i m l i  ( i i ,

-lb \\ a ve  p e r t u r b a t i o n  f i e ld

1! i - e c m m m - m t i o n s , (2 . 50) to (2. .  ~ ‘ I ) ,  and the boundary  cond i t ons ,

(2 . o2a , b) and  (2 . 63a , b) ,  a r e  still  app licable to the wave p e r t u r ba t i o n

~i , - l d  in  the  m o d u l a t e d  a i r  f lo~’~ except  that  the ?‘. - are  now d e s c r i b e d
13

1
~~~

,- ( 3 .  l l a , b , c ) .

4 . 4c Air modulation field

The e f f ec t  of the coo rd ina t e  t r a n s f o r m a t i o n  to the air m odulatio n

f i e ld  is  onl y of O(i~~ ) . In determining the basic characteristics of the

a i r  m o d u l a t i o n , it can  he i gnored .  The equations for  the air  modula t ion

are  then

2
+ 

D y~~~~12a 
- 

~~Dx~ 
+ Re  0 , 2 ua 

(3. 2 . 1)

D
~~a -— , r , - —-— - (3 . 2.2 )

D y- - - ~a

~v i t h  h u m i - m d a  ry  c o n d i t i o n s ,

0 at both y e = H and y~ = 0 ( 3 . 2

The t , m r h m l m - n t  R e~rnold s s t r e s s e s  
~ ij a 

are still given b y ~3. 17a , h , c)

bu t  r e m e r i i h m - r  tha t  al l  of them are now evaluated in the t ransformed

c o o r d i n a te  s y s t em . Note that the same a rgumen t s  can be made on

and ~~
‘ as in Section 3. 3b.
22 a

3. 4d Interact ion-produced wave field

In the t r ans fo rmed  coordinate system (x *, y~ , tx ’) ,  the equat ions

for  the in t e r ac t ion -p roduced  wave components  are changed cons iderab l y
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due t o  the c o u p l i ng  h m - t w m - m - t m  t h m -  o s c i l l a t i n g  t r a n s f o r m e d  c m u r d i n a t e

sy s t e m  and the a i r  n i o d u l a t i o r m . rh e se  c h a n g e s  in the  e q u a t i o n s  a r c

v e ry  s i m i l a r  to those  c h a n g e s  in the  equa t ions  fo r  wave p e r t u r b a t i o n s

c a u s e d  by the coup ling L m e t we ’emi  t l~i m - o sc i l la t ing t r a n s f o r m e d  coo rd ina t e

sy s t e m  and the r i m e a n  f l ow . In o r d i -r  to s implif y the t r an s f o r m e d  equa-

t ions , t r a n s f o r m a t i o n s  of the i n t e r ac t ion -p roduced  w a ve  f ie ld  s i m i l a r

to those g iven  in (2. . 54a , U ) ,  (2 . 5t~~ and (2. . 57) a re  ve ry  hel pfu l . These

t r a n s f o r m a t i o n s  can  be e x p r e s s e d  a s :

= - f .  -
~~~~~ , (

~~~ ~ (3 .  14 a )
s s D y - - a s

(3.  24b )
S 5

= 
~~s 

- ~~ 
~i ~ a~~s 

(3 . 24c)

= - f .  —p- , 
~~~~~~~~~~~~ ~ 

(3 . 24d)
ijs ij s D y - - ija s

Then , the govern ing  e q u a t i o n s  a re

~~~~ Dv”
—4 + —

~~
- = 0 ( 3 . 2 5 )

D x- -- D y - --

a —
— + U— ~- + v- - — - - + — r ” + —

Ox ;’ s D y’- Dx * u s  D y--’ l 2s

D2II* a~~*
= - ~~~~~~~~~ + 

~~~~~~ 

( 
~ 

+ (3 .26)
Dx ”

+ U + Dx ~’~
’
~~Zs +

~~~
= - ~~~~~~~~ + 

~~~~ ~ Dx~~~ 

+ 
Dy ’~~ 

) (3 . 27)
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~ ;q U ~ l t i m m T 1 5  ( 4 . 2 - ’) , ( 3 . 2 r m )  n d  ( 3 . 2 . 7 )  w ( - r m - o b t a i n e d  in a s i m i l a r  w ay  as

(2 . ~- 1 ) ,  ( .  a~~) m m m d  ( 2 .  ~J i  \ C m p t t h a t  the role of (2 . 48) and (2 . . 4 ) )  w a s

t i k m -~ by  (3 .  2 1 )  , m n . l  ( 3 .  2 2 ) .  The l ) ou n d a r y  condi t ions  (3.  20a , b) a re  t h e n

e v~ l i ia  te m l  in  a t i  I n c  h i m ! ,  p t ,  mi dent  w a y  and are

= = 0 at y ’~ = H (3. 2~~~m )
S S

a nd

= ‘
~~ = 0 at y ” = 0 ( 3 ,  2 - SLm )

S S

The in te rac t ion-p roduced  wave s t ream function ~
,‘ is def ined b y

S 5
u - - = — — , v- - = — — - —  (3 . 2J~a ,

s D y--- s

E l i n -t i n a t i n g  ~~~~ ‘ f rom (3. 2 .h )  and (3. 2 7 ) ,  subs t i tu t ing  (3.  29a , b) into the

r e s u l t i n g  equat icn , and app lying the wave represen ta t ion ,

= . [~~ m ( y O) e
1
~~~

C ~~) St 
+ conjugate  1 (3.  30)

we have

U U — c ) . (D ~~
’

2.
— k

2

) - + 
i~~~e 

(D*
2

_ k
2

)

2

~~~~ ’i’ = (3. 31)

wh e r e

= - D’~(f
1 1  ~~~~~ 

+ ~ (D*
2 

+ k
2

)f ~~2 
(3. 3 1 )

and c s 
= ~~~/k  is the wave  speed of the in terac t ion-produced waves.

The b o u n d a r y  cond i t i ons  in t e rms  of wave expressions are

= = 0 at y* = H (3.  33a , b)

and

= = 0 at y* 0 (3. 34a , b)
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4 , 5 Inv i sc id  Q ua s i l am i na r  Model  of I n t e r a c t i o n - p r o d u c e d  W a ve s

We  ~v i l l  e x a m i n e  the  l i m i t i n g  case  of Re ~ w so that  the v i scous

ef fec t  is i m p o r tan t  onl y in the v i scous  wall l ayer  and in the  c r i t i c a l

l ay er  w h e r e  U = c , A s  shown l)v Lin ( 1 9 5 5 ) ,  the solut ion of (3. 31)  as
- 

S 
-

Re  m n c a n  be- a p p r o x i m a t e d  by the solut ion of invisc id  equa t ion  ob-

t a i n e d  by s e t t i n g  0 and t a k i n g  the f r e q u e n c y w to be a co m p lex

n u m b e r  with a v a n i s h i n gly - s m a l l  posi t ive , i m a g i n a r y  par t .

For the  p r e s e n t  anal ys is , we will  also neg lect the  t u r b u l e n t  e f f e c t

t - r e i s  \u !U !)  - u~u~ in the source  func t i on  q ~~. One m a y  a rgue  tha t
i J s  i j  s

(u !u ~ ,
~ 

- ~~~ m i g h t  play a s imi la r  S ign i f i can t  role in d e t e r m i n i n g  the

i n t e r a c t i o n - p r o d u c e d  wave f ie ld  as tha t  role of (u~u ! ‘ - u~u! in effect-
1~~ J 1 3

i ng  the w a v e - p e r t u r b a t i o n  f ie ld . Our postulat ion is that , unl ike

(u ’u !)  - ~~~~~~~~~ which are the only source  t e rm s  in d e t e r m i n i n g  the tur-

bulenc e e f f ec t  on the ;vavc ve loc i ty ,  the source t e rms  ~~~~~~~ )  and
i j a S

have  dom inant l y in f luenced  the in te rac t ion-produced  wave

f i e l d  so as to ove r shadow the s ign i f i cance  of (u !u !~ - u~u !. Thus , the
1 J S  1 3

inv isc id  q u a s i -l ar i i i n a r  a s s u mnp t i o n  is imposed a pr ior i  in the fo l lowing

anal ys i s .

U n d e r  these assumpt ions , ( 3 . 3 1) reduces to

[(U - c )  . (D*
2 _ k

2
) - D~

2
U1~~* = (3.  35)

and the explicit  exp res s ion  for  4~
’ is

- 1 ~s ,., s 1

+ 
~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~ (3, 36)

whe re the notation s ‘
~~~~~~

‘ 

~~~la ’ ~~ 2a and 
~~ Za with s = ± are generally

exp r esse d a s
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= (3. 37)

and ~ is the c o m plex conjugate of ~~~~. The no slip condit ions that

r e s t r i c t e d  the hor izonta l  oscillation at the boundaries of the flow are

re laxed.  When  H ~~~~, the boundary conditions are

= 0 as y* (3 ,  38)

= 0 at y ’~ = 0 (3 . 3~~)

The lower boundary condition is actually evaluated outside the viscous

laye r which becomes ve ry  thin as Re w. The viscous layer near  the

interface presumably br ings  D*~ * to zero , but con side r at ion of th is  is

outside of the range of the present study.

3. ~ Asymptotic  Solution under Long Wave Approximation.

The long wave approximation was constructed unde r the condition

that  the di f fus ive  layer in the air flow was very thin in comparison to

the wave length of the water surface waves. The flow then -~an be divided

into two reg ions. The f i r s t  is the region near the inte rface in the bound-

ary layer of the mean flow where the boundary laye r thickness is a pro-

pe r len gth scale , the second is the region far  from the interface in the

f ree  stream where the curvature of the mean velocity profile (vorticity

gradient)  is small. Here the wave decaying phenomena dominantly char-

ac ter izes  the interaction-produced wave field so that the wave length is

a prope r length scale .

The mean velocity profile normalized by U is given by

a 1/2
~ 

u ,, 1
= 1 + ~~~ . 

j~
— .ln  y~:m - (

~
. - .  ‘in + 10 (3. 40)

where U ,, is the normalized shear velocity and k0 is the von Karman
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e t m n s t m n t  wh i ch  is  0 .4  in th i s  stud y. The t e r m  I0~~ in (3.  -40) is intro-

m i m i c e d  m - m a u s c  we  set  U = 0 . 99 at  y~ = 1; recall  that  y e is n o r m a l —

iz , - m l  b y  t h e  b o u n d a ry  l ay e r  t h i c k n e s s  6. This veloci ty p ro f il e

c t m r r , - sp u n d s  to the log -p ro f i l e  in the wall region and a sympto t i cal l y

he s  u n i t y  w h e n  one is fa r  f r o m  the in te r face .  Al though , in

- ; t - -r , a m o re  soph i s t i c a t e d  l og -w a k e  prof i le  is u sed  in the c u r v e

f i t t  ui~~ p r o c e d u re  in the  m o m - an  flow stud y, the wake e f fec t  does not p r o —

t m m n ( 1 l v  c t i ; m m i c m -  t h e  m m i a l v s i s  p r o c e d u r e  or the r e su l t s , and is m i n o r  in

t h i s  di s c i m s s i o n .

U n d e r  the icing w av e  a p p r o x i m m i - t t i o n , k < < 1 when  y ” 0( 1) and

equa t ion  (3.  35) is s imp l i f i e d  to

(U - c ) D ~
2
~~~ - (D’:’

2.
U)~~ ’ = (3.  4 1)

and the lower  b o u n d a ry  condi t ion  is

= 0 (3. 4 2 . )
5

The solution to ( 3 . 4 1 )  and (3. 42) is

= (U-c ) j  
1 

~~~ ki 
+ f ~~-d y~ dy ’~ (3 . 43)

0 (U-c  )
5

E quation (3. 43) is regarded as the inner solution and the constant  C 1
wi ll be determined b y matching (3 . 43) to an oute r solution.

To obtain the outer  solution , the coordinate y ” is s t re tched by a

f acto r k , say Y ky ’~, and in t e rms  of the s t re tched coordinate (3. 35)

is

d
2 c~ 2

( U _ c ) (  ~~~~~~~~~~~~ ) _ ~ L—~~. 4  = Q  (3 .44)
S d Y 2 

dY
2 ~ S
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;;-h e r e  Q ( Y )  = -
~
-- ~~‘( Y / k )  is  of 0( 1) in the oute r region and ~ is the

ou te r  f u n c t i o n  d e f i n e d  by ~~~(Y) = ~~‘( Y/ k ) .  E quation (3. 40) g ives

d
2.U I d

2
U 

k 

2 ’ 
io~~ - 

k .  ~~~~~ 
2

dY k dy~ (lny ’~) k y” (lnY-lnk) Y

k ~~0 , 0 , U 1 , and the f i r s t  order  approximat ion  to (3.  -1 -1 )

d2
~~

( 1 - c  )  ( S 
= ( 3 4 ~~)

dY
2 ~ /

The outer boundary condition is then

= 0 as Y . . w (3. 46)
S

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

Y 
~ 

1 Q

•5
(Y)  = e f e ‘ f 

~~~~~~~~~~~

• e dY 2.’ dY 1 + A
1
e

(3 47)

To insure  the convergence of the integral term in (3 . 47 ),  the quantity
w
f Q (Y) dY should be bounded. This is true sinc e physically only

f in i te  sources can be supplied by wave perturbations and air  modulation.

The result  that Q _. 0 exponentially as Y -. w guarantees that c1 0

as Y — ” w.

Af te r  it is in t eg ra t ed  by parts , the integral term in (3. 47) can be

expressed as

su

_________ ______ 
4
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y Y 1 Q Y~~~ Y 1 Y ,  Q

f f ~

—

~

---

~~ 
~~ Y , CIY~ - -

‘

~ f e I f f T
dY

3~~~~~~~ l
0 (1) S 0 0 0

Y )y  Y 
~ 

Y 2 Q
+ , -

~~~~~~ f e~~ f e 2 f ~~~ 
dY

3
dY 7 dY

1

I-lenc -t’, as 1 0, equation (3. 4 1) can  be expa nded into

I ~~i Q
= \ 

~~

— A~~Y + 5 f 
~~~~~~~~ 

dY 2. dY~ + tr i ple in t e g r a l  t~- rm s .

R e w r i t i n -,~ t h i s  i n t o  the  i n n e r  v a r i a l m i - -  y ’’, we have

= = + ~~~~ 
L~ 

S 
dy~’d y~’ + 0(k) ( 3 . -I ~~)

he  a sy mp t o t i c  f o r m  as y ’~ ~w for t he  i n n e r  so lu t ion  (3. 43)  is

~~~ : ( y e )  = (1-c ) ‘ f G f ’ ~~~dy~’ + C
1 

dy~’

1 
C

+ (1 -c ) f f ~~~dy~’dy ~’ + (1-c ) y~ (3. 47)

G ( y e~) = 
1 

- 
1 (3 50)

( t i ( v - ~)-c )~ ( l - c )~

4 C ) )  m a t c h - s  (-4 . 1-k ) i f  C
1 

= I )  a nd

52.
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CXJ y ’~’
A

1 
= (1-c ) f G ’  f dy~~dy~ (3. 51)

0 dX)

In s u m m a r y ,  we have the inne r solution ,

= (U-c ) 
~~ :e 

2 ~~~~‘ dy~’ dy~’ (3 . 52)
0 (U-c )

5

and the oute r solution given by (3 . 47)  with constant  A 1 
given by (3. 51 ).

The composi te  solution can be wr i t t en  as

= (U-c ) 
-ky~’ f G f c~ ~

‘ dy~ dy~j ’

(U-c )

4 

y° Zk y* ~~* -k y~’

+ 

~ 
e ’

~~~
’ f e ~ f ’~~~ e dy~~dy~j~ (3. 53)

( I - c  )  0
5

This long wave approximation approach is fundamental ly simila r

to that of Davi s (1974) except that his applications cf the log-profile

mean velocity to the entire flow region and of long wave approximation

to the Four ier  components  of turbulent  fluctuations have ra ised some

ambiguity in his  analysis.  Another differenc e is that the present  anal-

ysis is per formed over a wavy boundary surfac e in a t ransformed

coordinate system, but that of Davi s was still restr ic ted to the flat

boundary wall .

As pointed out in the f i r s t  chapter , the present  study emph as izes

experimental  studies of the dynamical aspect of the interact ion between

wave perturbation and air modulation. Accordingly, numerical  calcula-

tions of interaction-produced wave fields will be reserved for subsequent

investi gation s and are not attempted in this study.
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CI-IA P TE R  4

T !ll  \ I ‘P;\ R -\ TU ~— , I \ ’~ TR U \ m  i- ;NTAT 1ON A Ni)

D-\ F -\ R E D U C T I O N  SCHEMES

I . I The  A i r — \ ~ - m t e r ( h ; m m n i m - l

The c h a n n e l  u s e d  for  the e x p e r im e n t s  was  desc r ibed  in d e t a i l  by

1 -i su  ( 1  9 m -  5) a m m d  s m d m s - m 1 i m m - m i t  i n v e s t i ga tors  at Stanford.  It w a s  desi geed

to g e n e r a t e  \ e a t t - r  wav e s  b y wind a n d / o r  b y a mechan ica l  wave g e n e rat o r

to f a c i l i t a t e  t h e  t -x p e r i m n e n t a l  stud y of the wave genera t ion  prob l em . For

the present -xperi im m ent , ~i modifications were made at the flow exit of t he

c ha n n e l  by addi ng a control unit to geilerate an oscillating air rnodula-

t ion.  F ig u r e  -1 . 1 show s a schemat ic  of the channel .  It s 3~ m long,

1 m w i d e  and 1. ‘) m h igh .  The glass-wal led  test  section is approxi-

mately 24 m f r o m  the air  entranc e to the down-s t ream beach. The data

tak in g s t a t i o n  w a s  located at 13 nfl f r o m  the air  ent rance .

W i n d  ;~‘as p roduced  b y d r a w i n g  air through the test  section with a

suct ion fan  m t  the downs t ream end of the channel. At the en t r ance  to

the air  in le t , f i b e r g lass fu rnace  f i l t e r s  were mounted to prevent  large

par t i c l es  of dus t  f rom get t ing into the channel;  a thick honeycomb and a

g roup of f i m o - -me shed sc reens  were also installed at the exi t of the air

in let  to produc e a un i form turbulent veloc i ty profile in the tes t  section.

A second honeycomb  was located jus t  in f ron t  of the fan at the down-

s t r m - a n m  end to p r even t  the vo r t ex  motion caused b y the fan f r o m  extend-

ing u p s t r e a m  into the test  section. The maximum possible  wind speed

in the test  sect on was 15 In/sec ; this was reduced to 8 r n / s e c  w h e n  the

air  modulator w a s  ins t a l l ed .  A mean f ree  stream velocity of 2. -1 r n / S e c

was  selected for this stud y.

The water  wave genera tor  is  a horizontal-displacement  osc i l l a t ing

plate driven by a hydraulic cylinder and subjected to a closed-loop

ser -o-control  system . The input signal fo r  the wave plate disp lacements
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\ V - e ~~ p r m V I ( I m -d L v  a n  m l e C t r C - T l j c  f u n c t i o n  g ’-n e r tor . Tht ’ e,’a V  p l - t ’ - ~- - ; e - ,

s i t u a t e d e,a-ll u~ m s t r - a i i m  f m ~ m r m ]  t i m -  m - n t r a n c e  of test sec t i on  to fore a

t o r m - h a ~ ’ , which - i c t -d  a s  a t r a n s i t i o n  r m - g i o n  for  t h e  d m - v e l o p ~i m e m m t  >1

m e c ha n i c a l ly  —~~ m - n m - r ; m  ted w ; m  te- r \ v ;m v e  s. -\ s lop ing  Leach , fermi m m - c l  L m y  a

S e r i e s  C Cf r m - c t  n g ul ar  i m ~ sk~- t s  f i l l e d  w i t h  st ;m in l e  ss s te e l  t u r n i m - g s  , v ; m  s

i m m e  ted at  the  d o w n s t r m - m m  e n d  to r educ e t h e - w a v m -  r e f i m .~e tj o n .  h i s

w a t e r  ~- - a v e  ~ m - n m ’r a to r  c a n  p r o d u c e  sinusoidal  w;- m v e s  w i t h  f r e m~~- :  I L C  .- - S

r n ~~i ng  f r o m  0 . 2 t m m  ~~. 0 l I z . Thm’ frequenc y used in t h i s  e x p e r i m m e e m

1 Hz (L’ 2 -1r r a d / s e c ) .  Hi v - a v e  length  L d e t e r m i m i m : e d  I r e -  b

(l i S T ) ’ r S i O l l  r m - l at i on  of deep  w a t e r  w a v e s  is

L = 1. C ( C 1  m (-1 . 1)

‘s - . h - r e  k is t h e  w av e  nu m b e r  and g is  the g rav i t a t i o n a l  i m e c e l e  r a t i on

(7 . 8 0 7  m/ e ,e c  ) .

4 . 2 “he \ i r  Flow I - ’u l s e r

Con t ro l l ed  air  m i o d u l a t i o n s  w er e  produced in the channe l  by  ~o - 1 ~1 -

odica llv r egu la t ing  the c -h a n n e l - t o — f l o w  r e s i s t a n c e  b y m e a n s  of a i m

p u l ser  un i t  m o u n t e d  at  the  f low e x i t .  Fi gure  4 . 2 show s the d e t a i l s  of

the uni t , which  cons i s t s  of a r o t a t i ng  blade , a f ixed biC e d u , a var i a b l e

sp ’-ed m m m o t o r , ; m i m m p litude control  p la tes  and a support ing f ram e .  Fhe

r t t i m m g  L l ;m d e  was shaped in a f o r m  ii described by

r ~~~~~~ b ( 1  + cos Z & )  ( 1 2. )

w h e re  ( r , &)  r m - p r e s e m m t  th m- polar coordinates . The con f i gu r ~m t i o n  of ‘he
2 2. - -b l a da -  w i t h  a 17 1  c m i i  and 1, I ~~~ 1 cm is given in F i g u r m -  -l - 3. The

blade w a s  r m m a d m -  of half  inch  t h i c k  Doug la -
~ fir  m n i a r i m m m e  p l~ ~ nod I e m  g ive a

hig h ratio of t en s i l e  s t reng th  to d e n s i ty , and to p r e v e n t  i t s  m l i s t o r t i o n

r i m m i -  to l m I , S O r l ) t i o Y m  of m m m o i  s tore  iii the- pass ing air  f low m o d / m r  s u r roundings
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Pl ywood w a s  used to r c du cm - the we igh t  of the blade for  ea s i e r  h a n d l i n g

and to dec rease  the ine r t i a  force  for  easier  motor s ta r t ing .  The thick-

ness  of a haIl inch  was  chosen to min imize  s t ruc tura l  def lec t ion  of the

b lade during ro t a t ion .

The f ixed blade is also shown in Figure 4. 3 with the angu lar  cut

of inc l ined ang le a = 120
0

, symmetr ic  on both sides.  When the rotat-

ing blade m m o v c c l  at a constant  angular  speed , a sinusoidal blockage

area  A b ~‘ -t~~~ p roduced according to the following equation ,

A = ~~(a+b) - ab + bsina ’ c o s( 2 w  t) (4. 3)
b o

w h e r e  is the frequency of the blade rotation. In (4. 3), ~ (a+b) -

is the mean b lockage  area for  opening angle & during rota t ions  and is

r ega rded  as wasted area;  on the other hand , Z b -  sina represen ts  the

m a x i m u m  var iable  area which is usable for  regula t ing  the blockage.

Henc e , an op timum opening ang le a should result in l a rger  usable

area  with smaller was ted  area . As a result, we need to max imize  the

ratio y = b sin a/ ( ,r (a+b ) - ab) to de termine  the optimal ang le a. Although

theo retically, when a = 130°, the fixed blade would operate most  effi-

ciently to give y a maximum value of 0. 637 , the ang le a 120 0 which

gives y = 0. 628 was used for practical construction. The f requency  of

the air  modulation is twice the f requency of the blade rotation , i. e.

L = 2 w .
a 0

A -ij- H. P. d. c. motor , connected to the rotating blade shaft by a

f lexible  coup ling,  was operated through a control unit. The motor and

the control unit were  manufactured by Electro-Craft  Co. The control

unit  enable s the motor to operate at a constant speed ove r 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. 5 m ~ by inputting

the pulse signal from the control unit into a frequenc y counter. Al-

though the frequency counter readings of two sequential data files were

quite constant , a systematical change in reading caused b y drif t  in the
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c o n t r o l  u n i t  c i r e u i t ~- wa s  v i s i b l e  i n  the long t e r m . In o r d e r  to I~m e p  t h e

d r  n m m m h m l a t m o n  f r e q u e n cy  c m m m m s t a n t  d u r i n g  a r u n , the f r - q m e - m m e y  knob of

the control unit w a s  ;m d j m m s t m -d approximately eem -ry half hour to retain

t h e  f r e q u e n cy  r e a d i n g  set a t  the i n-g i n n i n g .

ihe blade sha f t  is s up p o r t e d  b y two self—aligned bearings which

w e re  m o u n t e d  on a r e  a m1i ~le - i r o n  s t r u c t u r a l  f r a m m - . The f r a m e  has  a

pyra m id shape with a rec tangula r  base .  The blade sha f t  s e rves  as the

r i d g m ’ of the pyr ;immm id. The ver t ica l  ang le of the f r a m e  is 46
0
. Th i s

ang le is  l e s s  t han  the ang le  of the f ix ed  blade (60 °) to i n s u r e  tha t  the

f r a m e  is h i d d e n  b e h i n d  the f i x e d  blade to avoid possible  in f luenc e of

the f r a m e  on the air  flow .

The amplitude of the a ir  modula t ion  is cont ro l led  by the amp li-

tude control plates which regulate the ratio of the total blockage a r ea

to the total net open area  at the flow exit as shown in Figure 4. 3. This

r at i o  in t u r n  d e t e r m i n e s  the ra t io  y ,  the velocity a m p l i tude  of a i r

modula t ion  to the  m i m e a n  f r e e  s t r e am velocity.  In o rder  to m a i n t a i n

con taf l t  me-an flow , no a d j u s t m e n t  of the amp litude cont ro l  plates was

made d u r i ng  each r u n .

The f r e q u e n c i e s  of a i r  modulat ion  selected in t h i s  e x p e r i m e n t

w er e  0 . 4 I-Iz , 0 . 7 Hz and 1. 5 Hz with ratio 
~
‘a 

approximate ly equal to

3 . 5~~, 2.. 7~ and 1. 5~ r espec t ive l y.

4. 3 Wave Follower Sys t em

The wave - fo l lower  sys tem developed b y Yu and Hsu ( 1 9 7 1 )  was

modi f ied  and used as the p r imary  ins t rument  for the measurements .

It consis ts  of mechanical  and electrical systems.  The mechanical

po rtion conta ins  a low-iner t ia  motor and a vert ical  motion mechanism

that  h a s  an  a l u m i n u m  -channel hold ing  a s t a in less - s t ee l  tube guided b y

ny lon b u s h i n g s. The tube  is d r ive n b y the motor throug h a pu lley-and-

cable a s sembly. The electr ical  portion is a control panel that
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i i np le m e -  m t  t h e  w a v e  — f m  l lo \~a- r mo t ion  and provides  the i n p u t  m m d  o u t p u t

si~~m m - m l  j : m c k s .  l - i g m i r e  4 . 1 shows the w a v e — f o l l o w e r  sys te m .

The  ~e - e f i e , m  I n o l  d o r m  n) eC h a n i s m n  h a s  a range  of abou t  1 5 c I a .

Henc  m -  f o r  a 2 . f m  7 cm m m mup l i t u d e  wave , onl y about 9 cm is lef t  as the

traverse r a ng e  of the mean elevation , which is about four  tm ’n th s of th-

boundary  [a v e r  t h i c k n e s s .  In order  to extend the range  of the way ’-  -

fo l lower  sys tem to cove r the whole boundary  layer , an e leva tor  for  the

wave -fol lower was  cons t ruc t ed  m i s  shown in Fi g u r e s  4 . 4 and -1 . ~~. The

e leva tor  cons i s t s  of an a luminum box which is 60 cm high  and has

30 cm x 30 cm h o r i z o n t a l  d i m e n s i o n s, a movable h o r i z o n t a l  ; m l m t r n i n u m

plate running  on three threaded ver t i ca l  steel rods , a cha in and sproc-

ket a s sembly and a t u r n i n g  handle .  The handle was  moun ted  to om-

t h r e a d e d  rod which is  connec ted  to the other two threaded rods b y the

cha in and sprocket  a s s e m b l y. The rods are supported on the top and

-~~ the bottom plates of the  box w i t h  bal l  hear ings .  When the handle  was

turned , the t h r ee  rods  \ \ m ’re t u r n e d  synchronous ly and the moving plate

with the w a v e - f o l l o w e r  ;m s sm - m b l y ‘ m i t  it moved up and down. Change of

e levat ion wa s 2. . 309 mm fo r  1 tu rn  (eleven tu rns  per inch) .  A scale

w a s  f ixed  to the box to i n d i c a t e  the posi t ion of the moving plate.

The elevator w as  seated on top of the roof of the wind-wave

channe l. The w av e  fo l lower  was mounted on the moving plate of the

elevator with the aluminum channel and the stainless-steel tube intrud-
a 

ing into the tunnel  th rough the channel roof.  The hot f i lm and the p itot

tube probes were  then attached to the lower end of the moving stainless-

steel tube.  F igure  4. 5 shows the a r r a n g e m e n t  of measur ing  probes .

The detai ls  for  opera t ing  the wave-follower system were repor ted

by Yu and Hsu (1 971 ) .  Briefl y, the syste m is controlled b y two sets of

• dials on the control panel. One is the OFFSET dial that pre-sets the

distanc e f rom the mean water  level to the probes.  The other is the

INPUT dial that determine s the amplitude of the oscillation of the

L
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s t - m i n l e - s s — s t e e - l t ub e  and the a t t a c h e d  s e n s o r s .  The r e a d i n g s  of the

OF F S ET  dial  and of the posi t ion i nd i ca to r  on the e levator  give the y~
va lues .  The a c c u r a c y  of the y values i s  ±0 . 2. 5 mm.

Unl ike  the w a v e - f o l l o w i n g  sys t em m e a s u r e m e n t s  made at

Stanford  in the past , the amplitude of the wave- fo l lower  osci l lat ion in

our i n v e s t i g a t i o n  d e c r e a s e s  a c c o r d i n g  to Eq. ( 2 .4 3 c ) .  Consequen t ly,

the INPU T dial  s e t t i n g  m u s t  be calcula ted for  each y~ va lue based  on

the c a l i b r a t i o n  c o n s t a n t s  of the sy st e m  components .  Because  the wave

hei ght si gnal  w a s  used  ; m s  i npu t  for  the wave-follower sys tem and be-

cause  a 10 Hz lowpass RC f i l t e r  was  used  be fo re  input t ing  the wave

hei ght si gnal  to the wave  - fo l lower  to e l im ina t e  the e f f ec t  of ripples , the

IN P U T  dial  se t t ing  ( I )  scale) w a s  calcula ted f rom the ca l ibra t ion
wf

cons tan t  of wave he ig ht gauge (C v o l t/ cm ) ,  the gain of the RC f i l ter

(C ) ,  the calibration constant of the wave-fol lower sys tem (C cm!
f wf

vol t -scale)  and the f a c t o r  f g iven b y Eq. (2 . 45 ),  f rom knowledge of

~~~~ H , and k . The fol lowing equation g ive s the concepts for  the calcu-

lation:

~~~. C  ~~G . C  ‘ D  -
w f wf wf

( 1 )  (2)  (3)  (4) (5)

where

( 1 ) .  wave height  ( cm)

(2) .  wave height  signal (volt)

( 3). RC f i l tered wave follower input signal (volt)

(4) .  specific displacements  of the wave -follower (cm/sca le)

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

Hence ,
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f
D

Wf 
- 

C .G ‘Cw f wf

— 
s inh(kH — ky~~) 14- 

C - C ‘C  . sinh(kH)
w f wf

The values used  for  C , C , C , k and H were  0. 2610 ( v o l t/ c m ) ,
w f wf

0. 97 (vol t /vol t )  at 1 Hz , 2 . 540 ( cm/vo l t-scale) ,  0. 04026 ( 1 / c m )  for

1 Hz wa te r  waves , and 97 , 03 (cm) respect ively.

For the 1 Hz wave , there  is a phase lag of 9. 28° between the

wave- fo l lower  displacements  and the surface wave disp lacements  due

to the accumula t ion  of the phase  lags f rom the RC f i l ter  (6. 58°) and

from the wave-fol lower  system (2. 7
0

) In order to make the veloci ty

sensors  follow the mechanical ly -genera ted  water  waves as synchro-

nously as possible , the sens ing wire  of the wave height  gauge was

placed u p s t r e a m  f rom the velocity sensors  a distance of

9. 28
156. 1 x 

360 
= 4, 02 cm

or approximately 4. 0 cm.

4. 4 Instrumentation and Calibration

The sensors used in thi s experiment included a wave height gauge ,

an X-a r r ay  hot-film probe and a Pitot-static tube. The hot-f i lm probe

and the Pitot-static tub e were mounted on a plexi-g las f rame that was

attached to the stainless-steel  tube of the wave-follower. An optical

t ransi t  was used to align the arm s of the hot-fi lm probe and the Pitot-

static tube to be parallel each other to the flow direction and to ali gn

the t ips 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-ang le sup-

port f ixed to the channel roof. The wave height gauge was placed at
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one side to the o ther  s m - n s o r s  with a d i s t a n c m -  s epara t ion  of abou t  10 cr u .

The s e n s i ng  w i re  of the w a ve  he i ght gauge was app rox ima te ly 1. 0 c m

u p s t r e a m  of the other sensors  to cor rec t  for the phase la g m i s  p revi-

ousl y s ta ted.

In o rder  to de t e rmine  the sensor  elevat ion accura te ly,  a point

gauge  was used.  The gauge is a s t a i n l e s s - s t e e l  pin mounted  ve r t i ca l ly

along wi th  the ho t - f i lm  sensors. ‘rhe lowe r ti p of the p in was ad jus ted

to a known dis tanc e below the s e n s o r s  (2 . 62 cm in this  exper iment) .

The upper  end of the pin was connec ted  to an e lec t r ica l  c i r c u i t .  When

the ti p of the p in contac ted  the w at e r sur face , the l ight i n d i c a t o r  in the

c i r c u i t  was turned on.

The probe a r r a n g e m e n t s  a re  shown in Figure 4. 5.
- 4’- .

~~~
---

~~~

,• --

4. 4a Wave he ight  gauge

The capacitance wave height  gauge is a No. 32 Nylc lad insu la ted

coppe r wire  s t retched between the a r m s  of a U-shaped f r a m e.  The w i r e

was  a l igned  normal  to the mean water  surfac e with half i t s  length  im-

mer sed  in the water.  The upper end of the wi re  was connec ted  to a

Sanborn 958-1100 capacitance brid ge amplifier.

For calibration , the wave height gauge was mounted ver t ica l ly on

a ver t ica l  t r a v e r s i ng  m e c h a n i s m .  The t r ave r se  was used to change the

depth s of the wi re  immers ion .  For each i m m e r s i o n, the cor responding

voltage output of the Sanborn was recorded on an HPZ100 A computer .

The da ta sets consisti ng of dep ths 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. b

shows the calibration curve of the wave height gauge. After  the calibra-

tion , the wave height gauge was installed on the aluminum-ang le support

and aligned for data taking. Prel iminary experiment  showed that the

calibration slope is very steady and changed less than 0. 5~~ Henc e , no

additional calibrations were required during the data taking.
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4 , 4b I ‘r i o t  — -~i ; m t r m t r e e-

Th e r e - ‘a m - r ~ t’- .  m m  p u r po s es  fo r  using a Pi tot—static  tube .  One was

to c ros s  check  the m e a n  v e l o c i t y  ob ta ined  f r o m  the h o t - f i l m  output  and

the oth e r was to ~u r v L -  a s  a r e f e r e n c e  against  which the h o t - f i l m  p robe

could he c a l i b r a t e d .

The outer  d i a m e t e r  of the P i to t—sta t i c  tube is  2 . 34 mm . The-

l ead s  of the total p r es s u r e  and the static p r e s su re  were  connec t e i to a

Pace d i f f e r e n t i a l  p r e s s u r e  t ra n s d u c e r  (Model P9OD) , which  was  then

connect ed to a Sanborn 656-1100 ca r r i e r  ampl i f i e r .  The p r e s s u r e

d i f f e r e n c e of the two leads (dynamic p r e s s u r e  of the f low) was  con-

ve r t ed  to voltage in the Pace t ransduce r  and then amplified by the

Sanborn a m p l i f i e r .

The Pace t ransducer  was calibrated against  a Combust  micro-

m a n o m e t e r  with the aid of the HP2 100A computer .  The mic romanome te r

contained a f lu id  of specific gravi ty  0. 82 and has a resolution of p r e s su r e

head d i f f e r e n c e  of ±0 . 0006 cm of the fluid. For each attenuation of the

Sanborn , d i f f e r e n t  r e a d i n g s  of mic romanometer  input to the computer

resu l ted  in c o r r e s p o n d i n g  outputs  of voltage and then slope of calibra-

tion (vo l t / cm of 0. 82 fluid) was found b y linear least square c u r v e - f i t .

F igure  4. 7 shows the cal ibrat ion curves.

P r e l i m i n a r y  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 Pi to t -s ta t ic  tube data usually had higher uncertainty. Henc e , based

on this p r e l i m i n a r y  c ross  check , the signal of Pitot-static tube was not 
-

•

recorded in the f ina l  data taking.

4. 4c Hot - f i lm probe

The velocity fields were measured with a hot-film probe. The

hot-f i lm probe selected was TSI Model 124 1-20. It is an X-ar ray  hot-

film probe for both the U- and V-components velocity measurement  and

is specially quartz-coated to protect the film s from possible water
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s p ray  ej e c ted t r o r r i  t h e  i n t e r f a c e .  As specified b y the r m m r r n f a c t u r -r ,

the f i l m s  ar e - 0. 0508 mm in d i a m e t e r  and 1. 016 mm long m i n d  h a v e  a

f requency  response  up to 40 , 000 Hz . The or ien ta t ion  ang les of the

f i lms  relat ive to the probe cen te r l i ne  were  m ea su red  with the  a id  of

an optical c o m p a r a t o r .  The values for  the ang le a r m -  shown in Fi gure  -1 .  5 .

Each h o t - f i l m  was connected to a TSI model  I 0 1 0~\ c o n s t a n t  t e r n -

pe ra ture  anemomete r  w h e r e  the f ilm acted as one leg of a W h eat st o n e

br id ge. The a n e m o mi - t e r  drive s the f i lm at some pre-set  ove r -hea t

ra t io . The ove r -hea t  ratir ’ s used  in th is  e x p e r i m e n t  w e r e  1 . 5~~3 and

1. Sd for  the two ho t - f i lms .  The a i r  flow passing the f i lm will  cause  mi

cooling e f f ec t  and c h a n g e  the f i lm res i s t ance .  The c o r r e s p o n d i n g  vo l t age

output due to the r e s i s t a n c e  change  is amp l i f ied  and used as a f e e d b a c k

in ma in t a in ing  the b r i d ge in ba lance .  Higher  a i r  flow velocity rm -sult s  in

hi gher  voltage output and the  fol lowing exper imenta l  r e l a t i on  hold s,

E
2 

= A + B . U ~ ( -1 . )
e ff

whe re E is the voltage output of the anemometer , U
eff 

is the e f f e c t i v e

cooling velocity normal to the film direction , and A , B and n a re  con-

stants to he d e t e r m i n e d  f r o m  calibration.

The hot-f i lm probe was cal ibrated against  the Pi tot-s ta t ic  tube in

the core flow reg ion of the wind-wave channel  at a hei ght  of 45 cm f r o m

the mean  water  level , immediately before the data ~~k i ng .  Although

the misa l ignment  of the probe centerline to the mean flow direct ion was

grea tl y reduced by us ing  the optical t rans i t, the ang le of m i s a l i g n m e n t

was de te rmined  b y re-cal ibrat ing the hot-f i lm probe af ter  i t  was

rota ted 180°about the probe axis. The misal ignment  ang le so obtained

was then used to correct the hot-film orientation to the mean flow direc-

tion in the data-reduction process.  Since cal ibrat ion cons tan ts  obtained

from two sequential data takirg days were within 1% of each other no
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c o r r e c t i o n  of t h m ’  c a l i i m r m m t ; i n n  c o n s t a n t s  was made d u r i ng  the d m m t ; m  t a k i r -~.

Fi gure  4 . ~ sh o w s  ty p i c a l  c a l i b r a t i o n  r e s u l t s  of the h o t — f i l e  - probe .

4. 5 D a t a -A c q u i s i t i o n -R ~ - m -k m c t i o n  Sys te m

The d a t a - a cq u i s i t i o n - r e d u c t i o n  sys tem cons i s t s  of an HP2  I O O A

dig i ta l  c o m p u t e r  and i t s  per i ph e r a l  dev ices .  The compu te r  is the c e n t r a l

p roces so r  which  can  e x i - c u t e  bas i c  i n s t r u c t i o n s  in 1. ‘)6 m i c r o s e c o n d s .

It is a mul t i leve l  p r i o r i t y  i n te r r u p t  s y s t e m  that  allow s i n p u t / o u t p u t  to

take  place s imul t aneous ly with p r o g r a m  execu t ion .  It has  32k co re

st o ra ~~e ’ p r o v id i ng  a u s e r  a r e a  ml a bou t  2 5 k  a f ter  all th e -  F O R T R A N

suppor t  su b r o u t i n e s  a r e  loaded into core.

The p e r i p h e ra l  d ev i c e s c o n s i s te d  of: CRT t m - r n ~ i n a l , photo r e a d er ,

pap e r tape pu nch , scope d i s p l a y ,  m a i n  disc d r ive , f loppy disc d r ive ,

l ine  p r i n t e r , di g i t i l  m a g n e t i c  tape drive and Analo g—to-Digital (AID)

c o n v e r t m -r .  The CR F t e r m i n a l  is an inpu t -ou tpu t  d e v i c e - which  supp l ies

th e  b a s i c  c o m m u n i c a t i o n  w i t h  the compute r .  The photo r eade r  can

re ad p r o g r a m s  a n d / o r  data i n t o  cor - at a rate of 500 cha r m t c t e r s  per

second and the pap~-r tape punch can punc h pr g r - m r l i s  a n d/ o r  n u m e r i c a l

data  out of core at a ra te  of 120 c h a r a c t e r s  per second. The scope

di splay plots cu rves  fo r  data u s i ng  a 256 x 2.56 dot ma t r ix .  The l ine

p r i n t e r  output  r a t e -  is  30C i ne s  of 136 char ac t e r s  per  m i n u t e .  The d i ~~i -

ta l  m a g n e t i c  tape d r i ve  is an 11P7970B 9 - t rack  magnet ic  tape d r i v m ’ .

Its record ing  r a t e -  is 18 , 000 words  per second . The s t a r t  and stop t i m e

of the uni t  is 8. 66 msec.  Henc e the a v e r - m g e  data t r a n s f e r  r a t e  is de-

pendent  on the length of the data blocks. The A / D  c on v e r t e r is an

H P2 3 1 3  A / D  subsystem. The sampling rate of the A/ I )  subsystem is

f rom 0. 0004 samp l e s/ s e c  to 45 , 000 samp les / sec  with a 5 mV reso lu-

tion and a full  scale of ± 10 . 23 volts . The subsystem can sample simul-

taneously up to 32 channels  of d at a  l ine.  The main disc drive is an

11P7901A 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 millisecond s
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and  an a v e - rag e  data t r a n s f e r rate of 12. 5 , 000 words  per second.  All

the sys tem and user  p rograms  are stored on the disc and are  loaded

into  c o r e  as needed.  The floppy disc d rive has basi cally the f e a t ur e s

s i m i l a r  to those of the main  disc drive but with a smalle r  capac i ty  and

a slower speed. It provide s an eas ie r  way to classify and to s tore pro-

g r a m s  a n d / o r  f i les .

The da ta-acquis i t ion- reduct ion  system was a disc opera t ing  sys-

tem ( DOS). The programs  used to ins t ruc t the sys tem can he wr i t t en

in FORTRAN , A LGO L, BASIC and assembly languages.  A symbolic

editor is available to aid the user in correcting or modifying p r o g r a m s.

The ope rations of compiling or assembling programs , of modif ying

programs, and of running the resulting programs are also great l y sim-

plified by the DOS. Calibration programs , data taking p rograms  and

data reduction programs in this experiment were wri t ten in FORTRAN .

4. 6 Data Taking Procedures

The output signals of velocity f rom hot-fi lm anemometers  as well

as that of wave height  f rom Sanborn capacitance bridge amplifier were

f i r s t  conditioned before entering the data acquisition system . The pur-

pose of the signal conditioning is to minimize the e r rors  in digi t izing

cau sed by the A I D  converter. Two types of e r rors  are identified. One

is the er ror  due to the 5 mV resolution of the A I D  converter and the

other is the error due to the aliasing in the sampling. In orde r to

minimize  the resolution er ror , 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 I D  converter

as poss ib le , but without any overshoot. The aliasing problem only

occurs when the sampling frequency is lower than the f requency band-

width of the signals , and can be elimina ted b y using low pass f i l ters .

The signals af ter  conditioning were input into the data acquisition
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sys tem th-  I sai m p l e -  I t h e  si  g r i m Is  s i m u l t a n e o u s ly m i t  a r a  t m -  of 1 , ( 100

samples / sec  fo r  l h - 1 . 32 S e - C .  I - i e u r c  4 . 9  shows the s ignal  p r o c e s s i n g

procedure -s of dat a t m k i n g .  S ince ’  the wave he ight gauge was well bal-

anced , the wave hei ght si gna l had a very low d.c. level and a very nar-

row bandwidth ; henc e , onl y am p lif icat ion was needed fo r  the wave

height signal condit ioning.  For 1 , 000 samples /sec  sampling rate , the

f i l t e r s  for hot- f i lm signals were set  at 500 Hz lowpass to sat is f y the

Nyquis t  sampling c r i t e r ion .

The data taking procedures  can be summar ized  as follows:

( I ) .  Af ter  hot- f i lm cal ibrat ion , set the wind velocity and the f r e q u e n c y

and the amplitude of the mechanica l ly -genera ted  water  wave.

(2 ). Adjus t  d. c. o ff s e t s  and amp l i f ie rs  to obtain maximum dynamic

range.

(3) .  Initiate the data taking program and input the pa r ame te r s  such as

C , C , C k , H and sampling rate , etc .

(4) .  Input y~ 
to the compute r to obtain D

f 
f rom Eq. (4. 4) .

(5) .  Adjus t  the of f se t  and the amplitude on wave-fo l lower  con t rol  panel

acco rd ing  to y~’ and D
f
.

(6) . Ins t ruct  the compute r to start samp ling and to store data on dig i-

tal ma gnetic tape.

(7) .  Change to new y~ and repeat (4) ,  (5) ,  (6) to cover the whole

velocity profile .

Four velocity profi le s with the same mean free stream velocity

(2 . 4 m / s e c) were  measured  for  the cases without air modulation and

with air modulations at 0. 4 , 0. 7 and 1. 5 Hz respectively. A mechanical ly-

generated water wave at 1 Hz with arn plifule 2 . 67 cm was set t h r o u g h o u t

the experiments .  Each velocity profile consisted of 18 veloci t ies  mea-

sured at different elevations ranging f rom 1. 604 cm to 3 9 . 4 5  cm above

the interface.
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-C ,

4 , 7 I ) m i t . m  R1 ’duct ion  a c h e - r i m e -

l h m :  p u rp o s e s  of data  r e d u c t i o n  w e r e  n m a i n l y to obt  ir r t h e -  i i  m e a n

f ie l d , the w a v e  p e r t u r b a t i o n  f i e ld , the air  m odulat ion f i e ld  m m  m e l  the

i n t e r a c t i o n -p r o du c e d  wave f ield.  Three c o m p u t e r  progra  m s  ‘ a m r e

b ’v e l up e d  fo r  t h e s e ’ pu rposes .

The f i r s t  p r o g r a m  ( p r o g r a m  A) is to calculate the r i m e - a n  v e loc i t i e s

and the mean w a t e r  level. The main  components  and the st e ps  of cal-

cu la t ion  a re ’ as fo l lows:

( A l t . Call the data s tored  in the magnet ic  tape and conve r t  them into u ,

v and 
~ 

in c m/ s e c , c m/ s e c  and cm , respec t ive ly,  b y u s i n g  the

ca l ib ra t ion  cons tants .

(—\2). Take t ime  average  to obtain  U , V and ~~~.

(A3) .  Punch U , V and fo r  l a te r  use  and p r in t  U , V and fo r

rec ord.

The second p rog ram (p r o gr a m  B) is mainly des igned  for  calcula-

t ions  of ~ , ~~~ and i’. .  and mean values , u~u ! and ~~~~~~~~~. . The key fem e -
13 1 3  1 3

t u r~~s and s teps  of the reduct ion  p r e c e d u r e s  a re :

(B 1). \V ave per iod count ing f rom wave height  signal ,

(B 2 ) .  M e a n  velocity and mean wa te r  le4vel subtract ion,

(B 3). Sq u a r i n g  and m ulti plication ,

( 1 . Phase av e r ag i n g ,

( B S ) .  Phase  c o r r e c t i o n  for  wave he igh t  and probe osc i l l a t i on  c o r r e c t i o n

for  ver t ica l  ve loc i ty ,

( B t ) .  Mean  Reynolds s t resses  calculation and subtrac t ion  to g ive r .,

(~~~, 
~~~

, 
~~~ 

and the re fe rence ~ ar e obtained)

(B 7) .  Low-pass  dig i tal  f i l t e r i n g  and r e - s a m pling ~~ 
~~~

‘ 
and ~~~

‘ at

2. 3  ~ t by cycl ica l ly repeat ing the periodic da ta .

(B8) .  Fast  Fou r i e r  t r a n s f o r m  to obtain au to - spec t rum and cross-

spect rum to give a m p l i t udes  of ~~~, 
~~~

‘
, i~~~. and ~~~, and phase l ags

of ~~~~‘ 
~~~~

‘ 
re la t ive  to ~~ .

t 8

—~~- -~~~
-- - m~~~-~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-- 
- ~~



B e c a u s e  there  has no r e f e r e n c e  signals be ing  r eco rded  for  the

air modulation and  fof the interaction-produced waves the second pro-

gram can not pe r fo rm proper data reduction of these two f i e lds .  Con-

sequently, a th i rd  program (program C) was const ructed based on

c r o s s - c o r r e l a t i o n  scheme.  The main funct ions  and steps of p rogram C

are  as fol lows:

( C l) .  Mean velocity subtraction

(C2).  Multi plication and squaring

(C 3). Low pass digital f i l ter ing and re - sampling at ~ t = 10 ~~t to re-

duce computation time in step (C4).

(C4), Cross-correlat ion with cos(Zir f t) for 40 seconds

(C5) .  Curve fitting the correlation result to give the powe r f 2 
of

the signal

(C6) . Calculating the amplitude from the averaged power of several

correlation results

The main component  of the third program is c ross -cor re la tions

of the in te res t ing  signals to an ar t i f ic ia l  cosine signal. As we will see

in Section 4. 10 , the correlation of a signal to a cosine signal is jus t

equivalent to the applicatico of a ba nd pass digital f il ter .  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 f requency ‘jitter ” in the air modulation and the possible

mismatch between the frequencies of the air modulation and the artificial

cosine si gnal . On the other hand , too short a time for the correlation

usual l y produces results with large background noise due to turbulence ,

w h i c h  g ives  more uncertainty. In view of this , a period of 40 sec was

- h m e s e n  in step (C4).

It  i s  seen that t ime averaging, phase averaging, cross-spectral

n.alysis  ~r md co r re la t ion  are the four main techniques used in the data

- . ‘ - ~~~ scheme .  A close look at these techniques is given in the next

[ mm ~,t~ct ion 4. 10 , we show that the averag ing processes and
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and the Fourier  tr ans fo rm applied in the data reduct ion p rogram are

O s O  equivalent to band-pass  dig ital f i l ters .  The fundamental  pro-

pe rt ies of these processes are thus revealed. The low-pass digital

f i l te r  used in steps (B7)  and (C3) before the re -sampling process  is of

a dif fe ren t  kind and is discussed f i r s t .

4 . 8 Low -Pass Digital Filter

Althoug h the signals before entering the A / D  subsystem had been

analog ly low pass f i l tered at 500 Hz for  the sampling in terval  0 . 001

sec to prevent alaising e r ro r , the ala ising pr ob lem was again deve loped

if one re - sampled the digitalized data at a longer time increments , say

mat . The r e - s a m pling process  will change the Nyquist  fo lding f re-

quency to 
2m~~ t

A r ecu r s ive  digi tal  fi l te r used in the p resen t  data reduct ion

scheme is one adopted f r o m  Bendat and Piersol ( 1 9 7 1 ) .  The f i l t e r  exe-

cu tes  acco rd ing  to the following relation,

y (1 - A)x + A ’  y (4. 6)
n n n — i

where  x = x (nAt )  is the input si gnal and y = y ( n A t )  is the f i l tered

signal. In the f requenc y domain , the linear t ransfe r  function of the

digital f i l ter  is

H’~’ — 
— (4 7‘ ‘ — 

—i 2~~f A t

Hence 

I - A . e

= 2 
(1  - A) 2 

(4 , 8)
(H- A )  - 2A . co s(2 11fAt)

represents  the f i l ter  gain of the power spectrum of signal.
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F i gu r e  4 .  10 show s th e sketch of the characteristics of the low

pass  di g i tal  f i l t e r  for  A = 0 . 98 and ~~t 0 . 00 1 seconds , which we re

used  in the p re sen t  data ana l y s i s  p rog rams .  The power spec t rum of

the dig itally- f il te red  data was then res tored by the f r e q u e n c y  depen-

dent  gain f ac to r  given b y (4. 8) and the res torat ion resu l t s  in a numer-

ical e r r o r  less  than 0. l~~ .

4~ ) C ro s s - C o r r e l a t i o n  and Cross-Spectral  Analys is

In this and the nex t  sect ions , all the time vary ing func t i ons  a r e

r ega rded  as  real  unless  specif ied otherwise.  The c ro s s - co r r e l a t i on

of a s ignal  g( t )  to a r e f e r ence  signal h(t)  is defined by

_ _ _ _ _ _ _  

T / 2
R

h 
(~~~) = h ( t ) g ( t +~~~) lim 4 ‘ 5 h ( t ) g ( t +~~)dt (4.  9)

g T ...w - T /2

The c r o s s - s p e ct r a l  dens i ty  of h and g is def ined as the Four ier  t r a n s —

f o r m  of the c ro s s - c o r r e l a t i o n, i. e. , as

~~h g~~~ 
= 1 ~~~~~~~~~~~~~~~~~ (4. 10)

-w

= C
hg

(f)  - 

~~~~~~~ 
(4. 11 )

whe r e Chg is the co-spectra  and 
~ hg 

is the quadrature spectra. The

phase lag of g to h is then given by

Q ( f )

0hg~~ 
= tan Ch

(f) + He (_ C
hg

) 180° (4. 12)
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w h e re  H e ( x)  i s  the 1-leavis ide uni t  step funct ion defined b y

1 , x > 0
I-Ie(~~) = (4 . 13)

0 , x

Four ie r  t r a n s f o r m a t i o n  of (4. 9) a l so g ive s

~ hg~~ 
= G(f) . H~~(f) . df (4. 14)

wh e r e  C and H a re  the F o u r i e r  t r a n s f o r m s  of g and h and denote s

the complex con juga te . Henc e the c ros s - spec t r a l  densi ty  can be ob-

ta ined b y d i rec t  t r a n s f o r m a t i o n  of g and h. The au to -spec t ra l  dens i ty

is obtained b y lett ing h = g, i. e.

4 ( f)  = C(f) . C*(f)  . df = C (f)  (4. 15)
gg gg

b e c a u s e , when h = g, R
gg

(U  is symmetr ic  and Q
gg

(f) =

f R gg
(~~)S1fl2~~f~~d~ 0 f rom (4. 10).

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

in te res t  in this study and are  given by

h( t )  = J h - cos ( 2 ,~f t )  (4. 16)

and

g (t ) . c o s( Z~~f t - 9 )  , (4.  17)

The c ross -cor re la t ion  of g to h is

R
hg

(
~~

) = 2. ~ cos(2 ir f~~~- 9a~ 
(4. 18)

H 
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and the c r o ss - s p e c t r u m  is

~~h g
W = 

I~~l 
[e~~~

8a ô ( f- f ) + e’8a 6 (f+f )] (4 .  19)

whe re 8( f )  is the Dirac delta function. The phase lag at f = f is

then equa l to

-1 

Ih~~~ I, 
[o ( f - f  )s in9 - 8( f + f )sin9 a] ~

9 ( f ) = t a n
hg cy h .~~~~~a a )cos9 -8 (f+f )cos9 14 a cx a cxj f f a

= tan 
1
(tan9 )

= 9 (4. 20)
a

The amplitude of g is  calculated f rom integrat ing the auto-

spec t rum of g ove r a ne ighborhood of f = 
~a ’ i. e.

2I~~I
~ (f)df

f - A  gg

f + ~~ 1/2

= ~ I L-~ 
~gg

(f)df J (4. 21)

where  is a f ini te  value which depends on the length of the data used

in the Fourier  t ransformat ion .  Theoretically, if an infinitely long

record was used in the Fourier transformation, A 1 can be cho sen as

small as one wishes;  but , when the finite length Tf of record is used

the delta function distr ibution of the auto-spectrum is spread into a
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f i n i t e  mm r r m ~~ b a i r d  ~
-. h i c h  i s  p ropor t iona l  to , as we wi l l  see in the

n e x t  se -c t i o m r . I le r i c e , m m f i n i t e  is r e q u i r e d  du r i n g  the p rac t i ca l

c a l c u l a t i o n . Th e ’ v mm l m m m ’ used in th i s  stud y was
I

-1 . 10 h a n l —  I ’ m ss Di g i t a l  F i l t e r s

In d i g i t a l  p r o ce s s i n g ,  the corre la t ion given by (4 . 9) is wr i t t en

as

R
hg (f l  l im h(mAt 1) g(mAt 1+~~ (4. 22 )

Ni ~.m o

by le t t in g T = ( 2 N i + 1 ) A t
1
. In (-1 . 2 2 ) ,  as long as M is la rge  enoug h ,

At 1 
need  not b e- e q u a l  to the  s a m p l i n g  i n t e rva l  of data taking At sinc e

we have a s s u m e d  the- p r o ce s s e s  a re  s t a t i o n a r y .  The actual  computa-

tion of (4. 22. )  is onl y p o s s ib l e  fo r  f i n i t e  T , and (4. 22) is changed  to

Ni

~~ 
h(rn~~ t

1
)g(m~~t

1+~~) ( 4 . 2 3 )
-- - m - M

where  the s u b s c r ipt T i n d i c a t e s  the f in i t e  time calcula t ion. The selec-

tion of the time interval  At 1 
depends on the frequency range  of in te res t .

When  M is f ixed , a l a rger  At 1 
was  usual ly r equ i red  for  the lower fre-

quericy range  to provide bet ter  resolution.

It is of i n t e r e s t  that , when h( t)  = 1 and ~~~ = At , (4. 23) reduces

to

= 
ZM+1 

g(mAt + ~~) , ( 4 .2 4 )

I i  m s  t I m ’ -  f i i m - i i l i m m r  f i n i t e  t ime average. The s imilar i ty  be tween the

ph i s e  - m v ~- r - m ~~. ’ ;I rl(I the  t ime average stated in Chapte r 2. suggests  that ,
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~-h en  h( t ) = I and  At 1 
= — (th e w a ve  per iod  of the  w a t e r  w a v e ) ,  (4. 2 3)

the -n d e s c r i b e s  the ph m m s e  m m v e r a g e ,

= 
2M+1 

m~~~M 
g(m~ + ~~ ) (4. 2 5)

Other  i n t e r e s t i n g  digital  p rocesses  such as corre la t ion  to cosine w a v e s

can he obta ined b y replacing h( t )  by c o s (Z i ~f t ). Before  we discuss

the individual  p r o c e s s e s, the genera l  behavior  of the di g ital f i l t e r

c o r r e s p o n d i n g  to the correlat ion desc r ibed  b y (4. 23) and the uncer-

ta in ty  i n h e r e n t  due to the f in i te  T are  examined.

By int roducing the symbolic func tions f l ( t )  and 111(t) (see

Bracewell  1966) ,  i. e.

1 11 ,

11(t ) = (4.  26)
0 , o the rwi se

and

UJ (t ) = 

n - w  
6 ( t-n )  , (4. 27)

we can r ewr i t e  (4 . 23) as

[h ( t ) g ( t+ ~~) 1~~ = 1 4 ’ ~ ~~~~~~ UJ (~~~~~)h(t )g( t+~~) - dt (4. 28)

If we let t + = X , (4. 28) is changed to

[h(t) g (t+ ~ ) i~ = 1 4 - 11 ~~~~i) )h( X -~ )g( X ) d X (4. 29)
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-t
Since 11 and  ~jj a r e  even f u n c t i o n s ,  equation (4. 2 9) may he wr i t t en

as

f 4 n 
(
~~~~L)  ui (.~~~ )h ( t _ ~~)g (t)dt

= h
T

(t) ~ g( t )  (4. 30)

whe r e

h T (t) = ~ ~
(
~
) w(~~~_)h _ t )  (4.  31)

ar -id @ denotes the convolu tion operator.

Denoting the Fourier t r ans fo rm of [h(t)g(t+ ~ )]~ by

F) [h( t )g( t+ ~~fl.~~~ us ing  the convolution theorem and taking the Fourier

t ransformat ion  of (4. 30), we have

F~ [h( t )g( t+ ~~)]~~~ H
T

(f)G(f )  (4. 32)

The similarity theorem given by

F~ x(at) } = -~- X ( 1) (4. 33)

and the convolution theorem of the inverse transform given by

F 1 {X(f)  @ Y( f )  } x(t )y( t )  (4. 34)

suggest that Fourier t ransformation of (4, 31) give s

HT(f) = 4 IF i’~(4~ 
@ F @ F

~
h(-t) 1

ii 
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- s i n c ( T f ) @  At 1LU ( A t 1f ) 1  @ H ( — f )  (4 ,  35a)

= [s i nc (T f )  @ H ( - f )~ 
@ At

1
1JJ(At

1
f)  (4.  35h)

w h e r e

F 11 (t )  = s inc ( f )  = 
si r -m IT f (4 . 36)

and

F i L L I ( t )~ 111(f) (4.  37)

w e r e  used .  The p lot of s inc(Tf)  ~ 
H ( - f )  and H

T
(f) when H(f )  particu-

la r l y h a s  a na r row  bandwidth  is shown in Figure 4. 11(a) ,  (b).

The u n c e x t a in t y  in t roduced by the finite time T during the data

p r oc e s s i n g  is e x p r e s s e d  b y ca lcu la t ing  the standard deviat ion of

[h (t ) g ( t + ~~) ]~~ , n a m e l y,

____________________________ 
1/2

a = ~~~h ( t ) g ( t +~~) 1~~ - h (t )g ( t+~~) I (4. 38)

Let the e r ro r  of the co rrelat ion at time ~ be r epr esen ted by eT
(
~~

);

then

i ih ( t )g ( t+~~) i ~~ = h(t)g( t+~ ) + eT (4) (4 ,  3~ )

The l i m i t i n g  case as T w yields

u r n  E h( t )g (t +~ )]~ h( t )g( t+~ ) (4. 40)
T~~w

and
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lim e T
(
~~

) 0 (4 . 41 )
T -

~w

Henc e , (4 . 38) can be exp ressed as

~) )
l / 2

a = ~e , ( U ~ 
(4. 42 )

w 1/2
= :‘:~ 

eTeT 
(4. 43)

whe r e 
~ e e 

is auto-spectral  density of eT (
~~

) defined by
T T

e Te T 
= f eT (t)e T

(
~~

4-s ) -i2 I T f S~~ (4. 44)

Evaluating the inverse t r ans fo rm of (4. 44) at s = 0 leads to

eT
(
~~

)e T
(
~

+s) 

~s 0  
= f e TeT

i .e .  
___

e~,(~ ) = f e TeT 
(4. 45)

which also give s (4. 43).

When h(t)  and g(t) are band limited in the f requency band

where -
~~

-
~~~~~ is the Nyquist f requency,  the spectral

densit y ~ (I) is also limited in this frequency band. Equation
eTeT

(4. 43) can be reduced to
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‘C

a = ( 4 . 4 6 )
e T

e
T

The relat ive u n c e r t a i n ty is given by

= 
a ( 4 . 4 7 )

r ft 12 1 ’
I 1h(t ) g(t+ ~~)J I

4. i i  Dig ital Fi l ters  of Specific Data Reduction Processes

A pp lication of the theory desc ribed in Section 4. 10 to some

part icular  processes  is discussed in the following:

A . Time average (h(t)  = 1, At 1 
= At)

When h(t) = 1 and At 1 At , Eh( t )g ( t+ ~~) J  T = ~~~~~~~~~ reduces to

the t ime average. For a quantity g decomposed into

g = g + ~ + g ’ g +  g” , (4 .48 )

the time average ove r period T gives

= g~~~~~f 
(4 . 4 9 )

Sinc e H(f) = Fl  1 8 (f) , f rom (4. 35) we have

H T (f) s inc(Tf) ~ At LU ( Atf)  (4 . 50)

Fi gure 4. 11(c) shows the sketch of (4. 50).

The linear relationshi p given b y GT (f) = H T
(f )  ‘ G (f )  also suggests

that
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C~j , ( f )  =

Hence , the spectrum densi ty  for  g~j .(t ) is

= I H
T

(f) 1
2 . ~~~, , ,, (f ) (4. 51)

Since ~ and g ’ a re  unc orr elated , t ransformation of g” = + g ’ will

ultimately lead to

~~g ei g i t (f)  = ~~~ f) + ~~g t g i (f)  (4. 52)

When

j(t) = 

c i  
I~ a I c05(2 cx t 9a )

the spectrum ~~~~-...._ is
gg

n A 

1
2

= E —i— ‘ ~~ô f - f )  + 
~~~~~~~~ 

‘ 
(4. 53)

If T is sufficiently large ,

I H~~(f)~ 
~ ~ sinc 

2 (Tf)  ~~~J 4 8 (f) , 

~~N <
~ 

< 1N 
(4. 54 )

Substituting equations (4. 52), (4. 53) and (4. 54) into (4. 51) and identif y-

ing that eT gj ~ for time average , we have the standard deviation cal-

culated f rom (4. 46), i. e.

1/2

= 

~ 
“E N 

T T

— — 
~~1~~~ ~ r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 

-
~~~ ~
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~~ 
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f . 1 / 2

= f  sinc
2

(Tf ) E~~ ~(f)  +
-f 

g g  gg
N

4 ~~g t g i (0) + 

~ 
sinc

2 (Tf
a

) 
I a I  

1/ 2 .

= 
~ 2~~~~~t g t 

+ ~~~~ sinc
2

(Tf ~~ 
j A )

2 

p
1 /2  

(4. 55)

where  g ’
2 

is the power of g t and -~ g ’ is the integral  t ime scale of g ’

defined b y

c n R  (~~
)

= 5 R
,~~~~~~ (O) d~~~ 

(4.  56)
0 g g

In (4. 55) ,  the summat ion  t e rm is usua l ly small compared to the f i r s t

term when T is large. Then

1/22. g ~
T 

g (4. 57)

The relative er ror  is now given b y

E r = -s-- ‘ ~oo~ (4. 58)
g

B. Phase average (h(t)  = 1, At 1 = -r

• The function H T (f) is now changed to

H T
(f) = sinc(Tf) @ ‘,. Jjj ( -r f) (4. 59)
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which  is shown in Figure  4 . 1 1 ( d) .  For a signal with mean sub t r ac t ed,

g = ~ + g ’, the s tandard deviation a can be s imilar ly obtained b y the

procedure  used  above , and the resu l t  is

I Z 1 1 1 / 2a = 1 2 g ’ \g I V ’  1 I ( 4 . 6 0 )

w h e r e

= 1 + 2 ~~ ~~g ’g ’~~?~ ( 4 . 6 1 )
m = l  g g

The relat ive e r ror  E r

= 
a (4 . 62)r 

(
~~~~

)
l / 2

C . Four ier  t r an s f o r m  (h(t)  = T .  e
12lT

~~~
t

, At 1 
= A t )

-i2-ir f t -Since the Fourier  t ransform of e is ô(f+f a ), it is easy

to show that , f or th i s case ,

H
T 

(f) T .  s i nc (Tf_ Tf
a

) @ At~.L U ( A t f) (4. 63)

Hence , the Four ier  t rans form itseLf works like a band-pass digital

filte r with a gain factor  T and a band width . Plot of 4 H T
(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 for tunately

this  is not si gnif icant  to the present  study. Since the Four ier  trans-

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

and the c ross - spect rum in determining the amplitude and the phase
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r e l a t ionsh i p of wave per turbat ion s, the error  produced can onl y be

obta ined b y di r ect ly examin in g the spectral s tructure.

The di gital form of Fourier  t r ans fo rm in finite t ime T can he

writ ten as

T/ 2
F~~{g(t+~~)~ = f g(t+ E~) .  e

_ 121
~~~

t dt
- T / Z

= 

~~~~

= f ii(4.)w(~ — ) g(t+~~) e
_ 1Z1

~~~
t dt (4 . 64~

= [Tsinc(Tf ~~) @ 
~

tr 
W(~~t f ~~)]  ~ [G(f ~ )e

i2
~~~~~ ]
(4. 65)

Taking the complex conjugate of (4. 65) and using the relationship de-

noted by (4. 15) , we have

H
gg~T~~a~ 

= f I~~ I~ ~~gg
(f

a
_ f)dI (4. 66)

where 
gg~T~~ 

and ~~gg
(f) are the auto-spectra of g corresponding

to the finite time and the infinite time Fourier t ransforms respectively,

and

A(f)  = T •  sinc(Tf)  @ ~ t L1i (~~t f )  (4. 67)

It is easy to show that the cross-spectra have the following relation ,
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hg~T~~a~ 
= J IA(0 I (4 . 68)

When g = ~ + g ’, the amplitude calculation of wave perturbation

quantities according to (4. 2 1) will develop an approximate relative

er ror ,

= 
g 

. (4 .69 )

The uncertainty in phase calculation f rom the c ross - spec t rum by using

(4. 12) will produc e an approximate relative error ,

- 

~~ k~h ’g~~&l 1800
C e 

- TI cia I I ~~ I 3. 1416 
(4. 70)

D. Correlation to cosine (h(t)  cos(Z lT fa t) ,  ~~~ = ~ t )

Sinc e H(f) is now

H(f) f [O ( f_ f a ) +

the filter characteristic is then

H T(f) = [ f sinc ( Tf-Tf ~~) + f sinc(Tf+Tf a)]  @ ~ t LIj(~~t f )

(4. 71)

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

For a signal represented as

g = 

~~ 
cos(2ir f~~t - + g’
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we have

( 2  ~7 ,
1/2

a 
~~~ A g t~ “c (  (4. 72)

where

+ ~ ‘
‘ / -  

~~~ (0)
g ’g ’

and the relative error C isr

Er = 
a 100% (4. 74)Ig~I
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CHAPTER 5

E X P E R I M E N T A L R E S U L T S

5. 1 General

In Chapters 2 and 3, physical quantitie s such as velocities and

Reynolds s t resses  that govern the interface flow s have been descr ibed ,

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-

Son s of our data to that of other studies are also made when appropriate.

As descr ibed in the previous chapters , the data were obtained in

the Stanford wind-wave channel at a station 13 m from the tes t  section

entrance. The mean f ree  stream velocity was 2. 4 m/ sec  with air

modulations at f 0. 0 , 0. 4 , 0. 7 , or 1. 5 Hz where the flow without

air modulation is  regarded as f = 0. 0 Hz . The air flows were over aa
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 pre8ented in profile dis t r ibut ions

as a function of y~ ordinates. The profiles are usually in non-dimen-

sional forms;  the mean f ree  stream velocity U and its square U 2

are used to normalize the velocities and the Reynolds stresses respec-

tively. The ordinate s 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

_____ 
1 

— 
1 

- 1 072k — k .  6 — (. 0402 6) .  (23. 16) —

—
Pp..,
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i i p p l ied  to L y~ i i  un \ v F S h o s  to i n t e rp r e t  the dat a  in y~~/~~

~ ne r d n  ‘h ’s .

‘ i l i c . ’ we h a v e  ~h ’no t ed  tha t  t in ’ wave 1)ertur l) lt ion q u a n t i t y

= I~~~I c o s ( w a t - e.~. )  + h a rm o n i c s

inc  I t i d e  ~ a l l  ha r i i i o ni c  s , v ;h i l c  
~ 

and ~~ a re  the a m p l i t u d e  and
g

t~~~’ p ha of t h e  f u n d am en t a l  rnodt ’ . The phase  ~ 0-.. is the ph a s e  lag

wj f t  r~~~~~ et  to t im e  u s i n g  the w a t er  wave as a r e f er e n c e .  In t h i s  s t u dy ,

U n ’  h a r i i n i c  n~~ de s  I r e  genera l l y weak  compared  to the f u n d am e n t a l

‘n o d ’ :  h ~~~~~ t h e  \\ : tv ( ’  p e r t u r b a t i o n  q u a n t i t y  ca n  he a p p r o x i i t i : i t t d by i t s

n i  i t ,  I m d c  wit h o u t  c h a n g ing  the overall  conc lus ion .

I h  n n I l , i ( ’ n t  t u ip i ’r a tur e  d u ri n g  the per iod of data  taking “as

( ? u : t  st ( ’d v  t I  v : i t h ~ ii + 1 °C . The a m b i e n t  p r e s s u r e  va r i a t i on  w a s  a lso

i~~ t ~ . 5 i n t l  of F a r c u r y .  Thus  • the e f f ec t s  of a t u b i en t  t emp e r a  —

i r e  a t ! p r e s s u r e  ar  n e g li g ib le .  ‘rhe data u n c e r t a i n t y  i s  e s t i m a t e d

~~t m U  i s p r s i i t i ’ d  in ~\ ppe n d ix  1.

.~ \\ a t r W a v e  Field and S u r f a ce  Condit ion

f ’ . ofor c  p r e sen t i n g  the a i r  f low f i e lds , the wa te r  wave  f ie ld  and

U.  s u r f a ce  c o n d i t i o n  should be i d e n t i f i e d .  A typ ical resu l t  of the phase

a’; r i g  of the  t t e c han i c a l l y - g c n & ’r a t e d  wa t e r  wave i s  shown in F ’igure

5. 1( a ) ,  ( t f l , t o g e t h e r  w i th  the  ph a se  a v e r a ge  r e s ul t s  of ‘
~~~, 

‘
~~~, and

fo r  y ’• I .  n h - I  C I I I . The pos i t ion  y ’ = 1. ~ 04 cm is the elevation

c lo s e s t  t i ,  the i n t e r f a c e  in our da t ;i .  The phase  a v e ra g e  r e s u l t  i s  used

~,bt a  i i i  I h r i i p l it u de  and the phase  lag for each mode  b y l a s t I o~i n c r

r ‘ t i s f i , r i r i  ( F F 1 )  afl( 1 c r o s s — s p e c t r a l  anal ys is .  When lO~~1 data points

.‘;ith  sa 01 1) 1] a g  i n t e r va l 0 . 001 sec were  used , the r e s o l u t i on  of the

s i s ’t t r u r n  wit s 0 . ‘ i 7 ~ l iz . The r esolut ion  is improved to 0 . 04.~4 Hz by

a r t i f i c i a l l y r e p eat i n g  the phase  av e r a g e  r e s u l t s , low — pass  d ig i ta l
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f i l t e r i n g  and r e — s a m p l i n g  a t  an  in te rva l  0. 02 3 sec as d e s c r i b e d  in

Chapter  4 . The r e s u l t  of au to - spec t r a l  anal ysis  for  ~ shows that

the h a r m o n i c  modes  p r o d u c e d  by the  Stokes non- l inear  ph e n o m e n a  a re

less  than 5~ of the f u n d a m e n t a l  mode and are neg ligible.  The param-

eter  ka is 0. 1075 c o r r e s p o n d i n g  to a = 2 . 67 cm .

For U = 2 . 4 r n / s e c . the ri pp les r iding on the mechan ica l ly-

gene ra t ed  wa te r  waves  are  small l)ut visible . If we denote the ri pp les

by ‘i ’
~ 

the random n e s s  of the ri pples resul ts  in ?7 ’ Ki ~ ’ ”, 0. How-

ever , the mean square  is non-ze ro  and represents  the square  of

mean roug hness  of the wa te r  s u r f a c e  on the mechanica l ly -g en e r a t e d

wa te r  waves .  It is ant ic ipated that  is p er tu rbed  b y the m e c h a n i c a l ly -

genera ted  wate r waves in a way s imi la r  to that b y which the t u r b u l e n t

Reynold s s t r e s se s  a re  per turbed .  Hence

-

2 2 2 2 ’
~~ 1 = ~~ + ~~~ + (~~~‘ ) (5 . la)

and

~~~J 2
) = ~~,

2
+ ?7 ’ (5. i b )

* 
Figure  5. 2 shows the results of ~~ ‘ with ~~ ‘ given in the legend. The

va lues  ~~~~~~~~~~ io 2 are  0. 9778 , 0. 7805 , 0 . 7374 and 0. 7469 cm
2 

for  the

air modulat ions  at 0. , 0 . 4 , 0 . 7 , and 1. 5 Hz respectively. The root

mean square  is approximate ly 0. 09 cm which is roughly 3’~ of

the a m p li tude of the mechanica l ly-gene ra t ed  water  wave .

Wu (1973)  observed that the effect  of the air modulat ions was to

produc e more  cap i l la ry  waves  in a wind-genera ted  wave field.  In the

presenc e of the mechanica l l y-genera ted  water wave , the decrease  in

the mean square values of the ripples in the present experiment show s

that  the a i r  modulations tend to impede ripple production. This diffe r-

ence suggests  that the mechanism of wind-wave generation ove r swell

(long water  wave) is d i f fe ren t  f rom that over a flat  water surface.  The
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d i s tor t i o n  of the w ind  f i t - i d  due to swel l  and the in te rac t ion  be tween  the

r i p p les and the swell m a y  con t r ibu te  to this inc onsistency. For  fu tu re

i n v e s t i ga t ion , e x p e r i m e n t s  with modulated air flows ove r w i n d - g e n e r a t e d

w a v e s , p e r f o r m e d  at  the Stanford wind-wave  channel , are needed in

r e s o l v i n g  the ri pp le s t r u c t u r e .

The me a n  s q u a r e  va lues  of the  ri pples also show that  the e f f e c t

of t h e  a i r  n a n I ’i l a t i o n s  is  p rominen t  when the f requency  of the a i r  modu-

1 t O O l  is C l o s e  to the f r e q u e n c y  of the mechanical ly - g e n e ra t e d  wa te r

a s  shown in F i gu r e  5. ~~. Figure  5 . 2  shows also th at (a)  the ri pp les

i r e  h i g h  i t  b o t h  w i n d w a r d  and leeward  of the mechanically - g e n e r a t e d

“. i t r  ‘..~ i~ . 
- , (b )  t h ey  a rt ’  m o d e r a t e  in the trough , and (c)  they a re  a lmost

t , r  ‘ii t he  c r est .  The r ecovery  of the ri pple roughness for f = 1 . 5 Hz

- • . : -  t ’ d  I~ t ’e  I U S O  th e  ri pp le s t r u c t u r e  should re turn to that  of the no

1 r rn d i i  1 . 1  t ion s i t  Ii I i  an w he n  f is suff ic ient ly high. (At very  h igh  f ,

It  ‘ -  e h ’ t i i i l f I a ~ does not respond to the air flow pulser , hence the flow

is  t ’ q u tv ~ l e nt  to t h a t  wi thou t  a i r  modulation.

\\ i t h  the  a i d  of shown in Figure 5. 1(b) at the lowest elevation

1 . n a - I  cm in our  data (De ta i l s  of 
~~~~~~~~ 

will be d iscussed in Section

5. ~( c ) . ) ,  it is now possible to determine the surface  condit ion over the

m ec h a n i c al ly - g e n e r a t e d  water  wave s. If the surface is fully roug~~~~ye

i~\ p c Ct  tha t  
~~~~~~~~ 

nea r  the in ter fac e should strongly correla te  with ~~‘

l i u w t ’v e r , the data of ‘I~ shown in Figure 5. 1(b) indicate that i~12 12
s t rong ly co r re l a t es to ~~

‘ i n s t ead  of to ~~‘ . This implies that

is ma i n l y induced  by the mechanical ly-genera ted  water  wave. As

shown in the next  section the f r i c t i on  veloc ity u ,, in this study is 8. 578

c nn / s e c . for z = J 0. 09 cm the roughness  parameter

z
+ 

is  4. 95; hence , the surface condition is aerod ynamical ly

smooth.

1)0
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5. 3 M e a n  Flow F ie ld s

The mean  flow f i e lds  p resen ted  are those for ve loc i t i e s  and tu r-

bulent  Reyn o ld s s t r e sses .  These two f ie lds  de te rmine  the bas ic  m e a n

turbulent  flow upon which  the wave pe r tu rba t ions  and the air  m o d u l a t i o n s

were  i ’~iposed. This basic  mean flow should be ident i f ied  before  e x a m i n -

ing the wave pe r tu rba t ion  and the a i r  modulation f ields  because  d i f f e ren t

mean flows re sult  in d i f f e ren t  wave per tu rba t ions and a i r  m o d u l a t i o n s .

(a) .  Mean  velocity profi le s

The mean  hor izonta l  velocity behave s like a typical t u r b u l e n t  bound-

a ry  layer  flow. To obta in  a bet ter  unde r s t and ing ,  the t rad i t iona l  lc~-

l i nea r  plot (U ve r sus  logar i thmic  y~~) was used and the resul ts  are  shown

in F igure  5. 3. When the l inear  portion of the profi le s in Fi gure  5. 3 was

used to c u r v e - f i t

U

U . in y* + D (5 . 2)

- . the f r i c t ion  veloci ty u , found by a s suming  k 0. 40 is approximately

30 ~ g r ea t e r  than that calculated f rom the direct  measu remen t , i. e.
— 

u ’
~ = -u ”v” (the value of -u ”v” will  be discussed later) .  We also found

that the resul ts  of u ,, depend on the number  of points in the l i nea r  por-

tion of the prof i les  used fo r  c u r v e - f i t t i n g ,  the variat ion being as l a rge

as 1 5 3~ . In addition , when the wall coord ina tes

+ ~ + y~i u ,
u = — and y = ( 5 .3a , h)

+ .a r e u sed , a ll the y value s corresponding to the data po ints are grea te r

than 1 00 , which  is in con t ra ry  to the a rgumen t  that the log- l inear  pro-

fi le  ex i s t s  onl y in the region where 30 < y~ < 70. Henc e , we conc lude

t h a t  the sim ple log-l inear  curve-f i t t ing  procedure is not adequate.
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A b e t t e r  r ep r e s e n t a t i o n  of the mean velocity U was  a c h i e v e d  b y

i d e n t i f y i n g  the  w ak c  c h a r a c t e r i s t i cs near  the oute r ed ge of the b o u n d a r y

l ay er .  The wake  behavior  was  a l s o  observed in the Stanford wind-wave

c h a n n e l  by Y oung  et al. ( 1 9 7 3 )  for  both the f l a t -plate and the i n t e r f a c e

f lows .  In the outer region , the prof i le  is the law of the wake ’ (Coles

1~~~b ) ,  which  can be wr i t t en  as

U - U  
-~~~-- ln f + E r z . w ( c ) I  (5 . 4)

is the wake func t ion  and W is the wake pa ramete r .  The

in W can he approximated  by (Hinze 1975)

W ( Y~-) = i - cos (5.  5)

The wake p a r a m e t e r  W can onl y vary  with x~ when the outer layer

prof i le  of the flow is not se l f - s imi la r.  Substituting (5. 5) into (5 . 4) and

rewr i t ing  (5 . 4) into the wall va riables , we find

u~ = j~
— in y~+ ( u ~ - j~

— in - 2 ~-E_ ) + 
~~~~~~~

_ 

~ i - cos( !-~~ )j
(5. 6)

wh e r e

U 6u ,
+ cx +

u — and 6 = —
w u~, 11

‘~qu ;it ion (5. ~
) is the asympto t ic  fo rm of the inner profile governed b y

the ‘law of the wall” , and can he w rit ten as

+ 1 +
u = j~— I n y  + C  (5. 7)

‘12



a - - - . - -

~-\s v -. I) , (5 . n )  sv i ’ i pt o t i c a i l y ma tch~- s ( 5 . 7) wi th  the I I I ;  h -h o g c a n d i  —

ti on

W
+ 1 + CC = u  - — l n ó - 2 - - -— -  ( ‘ m . R)
~~ k k

0 0

So , the ou te r  prof i le

u
+ _L j ~ y

+ + C + 1 - ~~~~~ 
/ 

(5 .  ~

applies also in the log-l inear  reg ion.

The expe r imen ta l  data fo r  the m e a n  velocity w e r e  c u r ve - f i t t e d

to the wake log- l inear  prof i le  to de t e rmine  U , u , and 6 b y the l e a s t -

s q u a r e  method.  The prof i le  p a r a m e t e r s  C , W and and then  the

p r o f i l e s  d e s c r i b e d  b y (5 . o) ) were  ca lcula ted .  The c o mp a r i s o n s  b e tw e en

the data and the c u r v e - f i t  r e su l t s  a re  shown in F igures  5. 4 ( a ) ,  ( h ) .

The a g r e e m e n t s  are  excellent .  Table 5. 1 shows the v e l o c i t y -p r o f i l e

p ar a m e t e r s  and the compar i son  of u ,,, between the resu lt s  of c u r v e -

f i t t i n g  and of d i r ec t  m e a s u r e me n t .  The compar i son  of u , r e su l t s  in an S

a v e r a g e  d i f f e r e n c e  of 1. ~~~~~ The measu red  u ,,, given in Table 5. 1 was

compu ted  f r o m  the lowes t  point  of the -u ”v” prof i les .  From Table 5. 1 ,

the p a r a m e t e r s  U Ic , u / U  and U 6/ i-’ (Reynolds  n u m b e r )  whicha) i,i a) a)
c h a r a c t e r i z e  the m e a n  flow were  de te rmined  and were  1. 541 , 0 . 035!~~ ,

and 35 , 700 respect ive ly.

The ve r t i ca l  mean velocity V is shown in Figure 5. 5. The nega-

t ive value of V ind ica te s that the ver t ical  mean veloci ty is d o w n w a r d

toward  the in te r face .  The magnitude of V decreases to zero w h en  i t

a p p r o a c h e s  to the  in te rf ace whe r e the bounda ry condi t ion f or V is z e ro .

The downward ver t i ca l  m e a n  ve loc i ty  is regarded as the resul t  of the

d r i f t  current at the interface. At the i n t e r f a c e , the developing d r i f t

c u r r e n t  resu l t s  in ~~ 0: henc e f rom the cont inui ty  equat ion ,

__________________ _________ 
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we have  < 0 .  So , wi th  V = 0 at the i n t e r fa c e , V should be nega-

t E v e  in the b o u n d a ry  l a y e r .  The change of V is la rge  near the in ter-

face  and decays  to zero  at  the f rt .- a s t r eam as shown in Fi gure 5. 5 .

(b ) .  M e a n  R ey n o l d s  s t r e s s e s  and tu rbu len t  in tensi ty

Since  as d e s c r i b e d  in Chap te r  4 , the sub t ract io r .  of the a ir  modula-

tion ve loc i ty  f r o m  the to ta l  ve loci ty  is not feas ible , the mean  Reyn old s

s t re s s e s  u Y u ’.’ con ta in  the con t r i bu t i on  f rom the a i r  modula t ion . For a
1 3  

____  ____

fu l l y -deve loped  flow , -u ’ v ” and v”v” are  not a f f ec t ed  b y the a i r  modu-

la t ion  because  ~~
‘ equals  to zero and ~ is not corre la ted wi th  v ’. Thisa a

w a s  the c a s e  in the stud y of A c h a r y a  and Reynolds ( 1 9 7 5 )  sinc e the i r  flow

was  f u l l y - d e v e l o p e d  and the re  w a s  no wa te r  waves;  howeve r , th i s  is not

the case in th i s  stud y because  there  ex i s t s  the in te rac t ion-produced

wave componen t  and the  componen t  
~ 

may exist .  (The exis tence

of 
~ 

may  be due to the weak  development  of the bounda ry  layer .  ) As

shown  in Fi gure  5. 6 , the va lues  of -u ”v” and v”v” for  modula ted  air

f lows  a r e  sy s t ema t i ca l ly,  but not largel y d i f f e r en t  f r o m  those  wi thout

a i r  modula t ion . H o w e v e r , the d i f f e r e n c e  is small.

In F i g u r e  5. n , an a lmos t  cons tan t  shear  laye r is observed in the

lower  p o r t i o n  of the  -u ”v” p ro f i l e s .  The slight dec rease  of the shear

stness at the lowest portion of the cons tan t  shear layer  is r e g a r d e d  as

the relea-, - of the shear stres s caused by the developing drift current.

It c an  not he regarded as the influence of viscou s effects because all

the  y
f 

va lues  c o r r e s p o n d i ng  to the data obtained a re  g r e a t e r  than 87

so the v iscous  e f f ec t  can he ignored.

The m ag n i t u d e  of u ”u ” shown in Fi gure 5. 6 is approximate ly

one ) rder  l a r g e r  than those of - n v ” and v”v” ; this is as expected.

( N ot e  the  d i f f e r e n t  scales  used  fo r  -u ” v” and v”v” in the plots. ) The
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g r e a t e r  v a l u e s  of u ”u ” for  the  a i r  f lows with a i r  m o d u l a t i o n  c o rn p a r e ~

to those  w i t h o u t  a i r  m o d u l a ti on  m a i n l y resul t  f r o m  the c o n t r i b u t i o n  of

the c o m p o n e n t  ~ . Hence ,
a i

f J~a V
i. e.

I~a l [(2 ~~~(u u u h I ) ]
l / 2  (5 . 10)

\‘.‘here  ~~ denotes the change of a quant i ty  due to in~~ osing  the a i r  rnodu-

la t ion.  An e s t ima te  of h~a I f r om (5 .  10) roughly ag i~~es with t h o s e

ob ta ined  f r o m  the c ro s s - co r r e l a t i on  technique , thus jus t i f y ing  the u s a g e

of the c r o s s - c o r r e l a t i o n  scheme.

W h e n  f = 0 , t he r e  is no air  modulat ion, so uYu ’.’ = u ’u t . Then ,
a i j  1 3  

—

the t w o - d i m e n s i o n a l  tu rbu len t  i n t ens i t y  is represented  b y = u ’ u ’ +

v ’v ’ . Fi gure  5 . 7 show s the plot of Q+ 2 
= q 2 /u

2 
ve r sus  y4 , together

~‘. i t h  the  data obtained b y Laufer  ( 1 9 5 1)  and Klebanoff  (1954) .  R e m e m b e r

that  t h e i r  data  w e r e  obta ined for  f lows in two-d imens iona l  solid hound-

: ,rv  c h a n n e l s , not for  i n t e r f a c e  f lows.

s~ 4 W a v e  Pe r tu rba t ion  Fields

The wave p e r t u r b a t i o n  f i e l d s  cons is t  of the w a v e - i n d u c e d  veloc i-

t i e s  
~~~~~

, the w a v e - a s s o c i a t e d  mean Reyr ~olds s t r e s se s  
~~~~~~~~~ 

, and the

w a v e - i n d u c e d  tu rbu len t  Reyn o lds  s t r e s s e s  ‘i~’. . . The s t r e s se s

play a ve ry  si g n i f i ca n t  role in the e n e rg y  t rans fe r be tween  the mean

flow and the wave per turba t ion  f ield ; on the other hand , the s t r e s se s

a re  coup led with ~T. in t r a n s f e r r i n g  the ene rgy  he t \k - e en  the wave

pe r tu rba t i on  f ield and the back ground turbulence.  ( R e f .  H u s s a i n  and

Reynolds  1970).  W h e n  the air modulation is imposed , the effect  of the

a i r  modulat ion is to change the wave perturbation fields. A close ox-

a r n i n a t i o n  of the a i r  modulat ion e f f e c t  will be made in .,ect ion 5 . h .
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}a xp e r ir n e n t al  r e s u l t s  for  the  wave p e r t u r b a t i o n  f i elds  a r e  d i s c u s s e d

in the  f o l l o w i ng  t h r ee  s u b s ect i o n s :

( a ) .  Wave  p e r t u r b a t i o n  ve loc i t i e s

A typ ical  r esu l t  for  ~~ and ‘
~~ obta ined  b y phase  a v e r a g ing  is shown

in F i g u r e  5. 1 ( a)  for  ~~ = 1 . 60- 1 c n n  and f 0 . 0  Hz , and the r e s u l ta
( l e v i a t e s  f r o m  the n e a r l y  s i n u s o i d a l  ~ as ind ica ted .  Spec t ra l  ana l y s i s

of ‘
~~ an d  ~ i n d i c a te s  t h a t  the m a g n i t u d e  of the h a r m o n i c  modes  con-

t a i n e d  in the  ve loc i ty  componen t s a re  about l0~ of those of the funda-

: i en t a l  modes .  The hi gher  pe r cen t age  in ha rmon ic  modes  t h a n  in ~

ind i ca t e s th , - r e l a t i ve  impor t a nce of the non - l i nea r  e f f ec t  of the wave-

p e r t u r b e d  a i r  flow field r a the r  than the non- l i nea r i t y  of the w a t e r  wave .

This  n o n - l i n e a r  p e r t u r b a t i o n  may  resul t  f rom the n o n - l i n e a r  convect ion

of the a i r  flow .

The ph a s e  ave rage  resu l t s  of ‘
~~ and ‘

~~ are used to f ind  the ampli-

tudes  ~~~ and I~ l and the phase  lags ~~ and S... b y FFT and spectral

ana l y s i s  as d e s c r i b e d  in Chapter  4 . The plots of the amplitude It~I
and the ph a s e  lag S.,. v e r s u s  ky~ are given in Figures  5. 8(a) and (b)

and the plots for  I~ I and S~ in F igures  5. 9(a)  and (b) .  In the p r o x i m i t y

of the i n t e r f ace , the magni tude of Ii~I is clearly one order  g r e a t e r  than

that  of ~~ I , but their  amplitudes tend to be of the same order  when

they a re  away f r o m  the in te r face .  This suggests  that , close to the

i n t e r f a c e  w h e r e  the mean  flow vort ic i ty  and the tu rbu len t  in tens i ty a re

large , the wave pe r tu rba t ion  field s trongly depends on the shear  flow

behavior and the turbulent  mixing. Away f rom the interface , the wave

pe r tu rba t ion  field behave s similar to that in an inviscid flow with al-

mos t  u n i f o r m  velocity prof i le . Hence the exponential decay character

is p redominan t  in the f r ee  s t rearr . ~As shown in Figures 5. 8( b) and

5, ‘~(h) , the phase d i f fe renc e between S... and 5.. of about 90° provides

a st rong evidence for  the inviscid potential wave motion of the fluid

S 
par t ic le s near the f ree  s t ream.
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~) j f l C e  U . U . I C S I  r i b es  H~~- c oup li ng  b e t \ \ e e n  the ~v ;ive  1 a - r t ’ i r b ; ’t o , n .

~icld a n d  t h e  , m i e a  i n  f l i e , ’ , t I . - 5 10
0 

ph a s e  d i f f e r e n c e b e t w e e n  1~_, :i n (j 
~~~

wh i c h  r e s u l t s  in an . i l n n o s t  z n - r u  v a l u e  of —
‘
~~~~~ i nd i ca t e s tha t  the  n a e a n

t i u w  and the wave  p e r t u r b a t i o n  f i e ld  a r e  a lmost  decoup led in the I r e

s t r e a m . On the o the r  h an d , an n l r i m a s t  180
0 

phase  d i f f e r e n c e  la tw en

and &~ n e a r  the i n t e r f a c e  shows the s trong coupling b e t w e e n  th e

m e a n  flow and the wave p e r t u rb a t i o n  f ield.  This  coup ling e f f e c t  in tb -

b o u n d a r y  l a y e r  r e s u l t s  in the  d i f f e r e n t  orders  in m a g n i t u d e  of I~~l and

~~ and in the phase sh i f t s  of O~~ and 9~~, as shown in F i g u r e s  5. 8(a ) ,  (b )
ii v

and 5. 9 ( a) ,  (b) .

Because  the wave per turbat ion  f ield is also dependent  on the tur-

)u lent  m i x i n g  e f f e c t  c h a r a c t e r i ze d  b y ‘p’.., it is not now feas ib le  to g ive

an overal l  s t ruc tu re  of the wave  per turba t ion  veloci t ies .  Details of

~~~ 
and 

~~~~~

. are  g iven in part  (b) and (c) of this section. However , a

d i s cus s ion  on the s t ructure  of the wave perturbation field is given in

Chap te r  6 .

If we a s s u m e  tha t  the d r i f t  c u r r en t  at the in te r face  is 3~ of U

the i n t e r f a c e  b o u n d a r y  condi t ion  (2 . 4 1a)  indicate s that . 10 2 
= 6 . 6 7

and S.... = 270 when  y ” = 0 . The sharp inc rease  in l v i  at the

lower port ion of the I & I  profi le  given in Fi gure 5. 9(a) and the phase f~ ,

a p p r o a c h i n g  ~ 70 ° as  y~ 
1) in Figure  5. 9(b) show that the i n t e r f a c e

b o u n d a r y  condi t ion for  ~ seems to he ver i f ied b y the pr e s e n t  data . The

i n t e r f a c e  b o u n d a r y  c o n d i t i o n  fo r  can not be checked b y the r e su l t s

i n f e r r e d  f r o m  the data t r e n d  of the 1n and 0... prof i les  shown in
u

Fi g u r e s  5 . 8(a)  and (b )  because  the i n f e r r e d  resu l t s  are based  on inv i sc id

anal ys i s  and the v iscous  e f f e c t  i s  si gni f icant  for  ~ near  the i n t e r f a c e .

A sys t ema t i c  change  in the wave per turbat ion veloci t ies  due to

the impos i t ion  of the air  modu la t ion  is seen in F igures  5. 8(a) ,  (b) and

5. 9 (a) ,  (h) .  The c h a n g e  in ampli tude caused  b y the a i r  modulat ion is not

large  hut  still  v i s ib le .  An i n t e r e s t i n g  difference in change  in the phase

- - 
.
~~~ 

-. - 

~~~~~~~~~~~~~~~~~~~ 
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l a g ~s i s  ‘i s, - r v - !  ~t w ,~, - n  t h o s ’-  w i t h  the a i r  modula t ion  f r e q u e n cy  l a rg er

t h i n  n ud ~m : n 1 ln -r  t h a n  the  f r q t i e n c v  of t h -  m e c h a n i c a l ly — g e n e r a t e d  w a t e r

a v e . The a i r  n n i o d u l a c i o n s  n t  ( ) • - 1 and  0. 7 Hz tend to i n c r e a s e  the phase

l a g s  of the  wa v e  p er t u r b a t i o n  ve loc i t i e s , but  the a i r  modu la t ion  a t  1. 5

}.1~ !~.I5 t  b eh a v e s  in an oppos i te  w a y .  Detai ls  of the a i r  m o d u l a t i o n  e f f e c t

:i r ~~iV e n  in “ac t ion  ‘
~~. I .

( E m ) .  W a v e — a s s o c i a t e d  Reynolds  st r e s s e s

Fi gu r e s  5. 1 ) , 5 . I I , and 5. I~ show the d i s t r i bu t i ons  of t b -  w a v e —

a s 5 oc i a t ed  R ey n o l d s  st r e s s e s  ~~~~~~~ - . When  the h a r m o n i c  modes a re
- 

1 3

r e l a t i v e ly  weak  c o m p a re d  to the  f u n d a m e n t a l  mode , they  can  be app rox i

m n : t t e d  b y

! 
~~ ~~~

. 
~~ ~~~~~~~~~~~~~~~~~~ 

- 0~~
) (5 . 1 1)

1 3  i 3 u . u .

Th.~ ( l I t ~ of n~. and ~~—. w e r e u s e d  to e s t i m a t e  ~~~~~~~~~ b a s e d  on (5 . 1 1) .
1 U~ 1 3

‘The r e su l t s  ag ree  with those  shown in F igures  5. 10 , 5. 11 , and 5 . 1..~ to

wi th in  5 . Henc e , the  h a r m o n i c  niode s are neg ligible and the l i n e a r

- 
an a l y s i s  d e s c r i b e d  in Chap tc r s  2 and 3 is feas ib le .

A c c o r d i ng  to Mi les ’ t heo ry  ( 1 9 5 7 ) ,  the wave-assoc ia ted  shear

s t re s s  i s  equal to the average  of the wave per turba t ion  p r e s s u r e  sup-

po r ted  by the water  wave fo rm , i . e .  , =-p ~~~~~~~ (Phillips 1966,

p. ‘14). The ene rgy  t r a n s f e r  f r o m  the wind to the wave is then given b y

(see the more detailed discuss ion  in Chapter 6)

~~~~~~~~~~~~~~~~~~~~~~ 

= -~(~~ + u~~~~ )~~~~~~
0 

= (c -U
0

)

- ( c - U ) 0 ’
~~’1y m:eo (5 . l f l

98

.4
_________________ - —‘-- .,._s~~~.-,- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 2’



\ \ h e n  ( S . I . ~) is  n o r n n , Ei ~ I~~~ p U
3
. we f in d

U -~~~~~~~~ -

E ~
‘ -M ( -s-——— — ~~~ ) 

~~

‘ 
( 5 . 13)

p 3 U U
a) a) Ur (X~

To f i n d  a n  - s t i n n a t e  of I . , th va lue  of —~~~ /U
2 

at y = 0 is  o b ta i n e d
a)

by ex t r apo la t ion  of the  d a t :  p lotted in F i g u r e  5. 11 with the r e su l t  b e i n g

a p p r o x i m a t e ly  1 1 .0 ~ 10 W i t h  c / U a) = 0 . 649 and U / U  = 0 . 03 ,

the v a l u e  of E i s  ‘ - . M l  . 10 . An a l t e r n a t i v e  hut d i rec t  e s t ima te  of

E can  b~- o b t a i n - I  by  eu r r e l a t i n g  ~ to ~~~ , i. e. , = f I~ I~~I . c o s( 0~~-~~~ .

rhe \ v aV n . - p e r t ’ i r b . t a  P l~~- s . s i 1 ~ w a s  measu red  by Yu et al . ( 1~? T 3 ) .  The

v a l u es  of C ( = I ~ f/ ~~o ~ ) and 0..... corresponding to U I c  = 1. 54 1
p 5 , )  p a)

a re  now f o u n d  I r o n :  F:~~’i r s - I - I  in the i r  repor t  to be 0. 048 and 60 0 
respec-

t ively. The v a r i ; t i u n  s o  ~ in  the boundary  layer  is small  so t h e s e  val-

ues  can Em r e g a r d I ~ t h o s e  at the in ter face .  The i n t e r f a c e  h o u n dary

cond i t ion  fo r  ~ ~z ive s  ~~ I L U  = 0 . 0667 and S.... = 270 °. So the d i r e c t
w v

ca l cu l a t i on  of E ba s i on the cor re la t ion  of ~ and ~ r e s u l t s  in
p

E = - . C . . cos(0 .~ - S....) = 6. 9 3 .
p 1 p U p v

(1)

which agrees with the c : 1  i l ;it ion  based on -~~~~~~~. This  a g r e e m e n t  sug-

ges t s  that the Mile s’ inviscid theory  may describe adequate ly the

energy transfe r from t h e  w i n d  to the wave due to the wave p e r t u r b a t i o n

p r e s s u r e  even there  is t n i r l i u l e n c e in the wind. A detai led i n v e s t i ga t ion

of th i s  aspect  is needed . Because  additional energy t r a n s f e r f r o m  wind

to waves may be produced b y the wave- induced turbulent  Reyn olds

s t r e s ses, the total h n i - I gn t. of the  energy t rans fe r can onl y be evaluated

when these  tu rbu len t  eff - e t s  ar e  known.  This is given in Chapter  6.
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l ila w . s v , - — . s 5 4 0 C 1 , n t i eI  i~~i - y t i u l d s st r es se s  n v -  s i g n i i L n .- n t  ‘ I I  o n l y

i nn t r a n i ~~f - r r i n ~ t i , - a ,-~~y a c r o ss  t i n , -  i n t e r f a ce  to c a n i s n  t i n  gri’ - . -~ Li of

\ v ;n t , - r  w - n v n - , hu t  ;n i ’ a , i i i  ~r : n n s f - r r i n i g  t h e  e n e rg y  f r o m  t i -  n i - a n  f low t i

the  w . t v , -  pn - r t u r h ; n t i u n  f i e l d .  I i i , -  r t i ’ of e n e rg y  t r a n s f e r ja ;- i i : t

v o l n i n i e  f r w n i  t h e  n o -  i s  f i & i \ ’ ~ t i n  t i n ’ -  v. n y c  p e r t u rb a t i o n  11, 1( 1 i i  g i v e r s  b y
t i

. . I n v .  “ ‘

~7 . P n n C , I t l S n . ’ ~~~~~~~~ in t b -  i ,ounda r~’ la~ - - r  a s  s h s -,; r i  u ni ) v - . - -
~‘ . ~~ , Fi g n i r n -  i . I sh o v s t b - i t  H:  n - i n n - v  gy  t r a n s f e r r a t e  i s  n g t i v i -  ( f r ’ - .

t h i - \ - ; v i - p i - r t n i r l , t i n > i -  f i e l n i  lii t h i -  i n e : n n i  f l o w )  in t h e  n ip p e r pi r t i o r s  of tb -

h o u n ( l : n r \ -  l a y - r  ( n ) . I M ~
- k v )  and i s  pos i t ive  ( f r o m , t h e  n s - ; s f l  f lu ’., to t he

\ \ - a v n - p e r t u r h ;n t i ’  f l - I d )  in  t~ n -  l n e .’ - - -r  po r t ion  (0 < k~~-~- < 0 . ix . Lb

di st r i b u t i o n  of —T~~ - -
~
—— , w ;n s  n i i s t : s i n s - d  f r o m  the a v e r ag e s  of ~ h s  

~~~~~sl y . - 
— 

1
an d  ~~ p r o f i l e s i s i ,  ( 5 . I I ) t i s  n a  Ic n i a t e  i~~~ and f r om  the  cur v e  f i t t i - d

n - - i n n  v e loc i ty  p r o f i l e .  I h i . - e n e rg y  p roduc t ion  is  c o n f i n e d  to the  b o u n d-

a r v Ia ‘ - r ;i i n  d is n o ,  se l i t  r -  t n - i  I nea  r f l i t  - i n t e r f a c e

( c)  . a vi ’ — in i d u c  n i l  t o r i  i i i  l en t  R eyn o l d s  s t r e s  s n - s

The ph ase  a v e r ; s c i -  r e su l t s  for  ~~
‘
, . fo r  ~~ = I .  61) 1 C i i i  a r e  a l so
13 

-

sh o wn  in Fi g u re  5 . 1( h ) .  y e ar  the i n t e r f a c e , 
~~~~ 

and ~~~~, , a r e  c o h e ren t

and  o s c i l l ; n t , -  in n h : ,  s . I h u s , t b ,  o s c i l l a t o r y  t u r b u l e n t  i n t e n s i t y

I’ is  a lso  i n n  ph a s e  w i t h  
~~ 1 

and r~~. , . i N ,  t u rbu l enc e i s

e n han c ed  b y th e pr ( s ( - n c e  of t he  i n ie c h a n i c a l l y — g e n e r : n t e d  w a t e r  \v :nv , - on

t h e  I - c — w a r d  s i d e  of i t  w i t h  a p i n k  o c c u r r i ng  about  I ah e a d  of the

way  - c r - st . l u r h u i n  - nc - i s  r - ( IU C ad on the ~v i n d — wa rd si ( I , - . \\ h e n  ~~~~
- s:

i s  l a r g n - , v, n . w i l l  s n - i ’  t i n - i t  t h i s  s t ruc tu re  is changed .  The o s c i l l a t o r y

s h ear  s t r n - s s  r
12 

shown  in F igure  5. 1(h )  i n d i c a t e s  that , fo r  y~’ = 1 . 60-i

cii , the t u r b u l e n t  l~ a v n i n .n l d s  s t r s :  s s — (u ’ ‘ v ’’ ) — u ’’v ’’ — r 1 ~ is .r i ’ l a t iV e l \ ’

h i g h  ‘on t he  l i - a — w a rd -n ‘ i n -  ; i i i d  r e l at i v e l y low on the  w i n d — w a r d  s ide of

t h n -  w a t er  w av e  ( — u ’ v ’’ i s  s h i n v , n i i n  F j n ’ i i r , ’  5. i s ) .  Th is  i s  c o n s i s t e n t  ~~i th

t h n -  t i n r h s n ’ n . nt i r i t n - n s t v  (~~ I q ”  I f l - ( : s i i S , -  h i g h er  t u r b u l e n t  i n t e n s i t y

s n - s I n :  I l y r n - s u i t s  i n  i i i  h r  t i i r l n i i l , s t  s i n - a r  st r e s s , a l though  t h e i r  in - ak s

a r -  not  r . . c e s s n r i l y r , i ; n t a i n - - i I . h i s  co n s i s t e n cy b n - t w , -en  the t u r b u l e n t

I ( i t )

-‘—-S ~~, _ .‘—~
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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1

i n t en s i ty  and the t u r b u l e n t  s h e a r  st r e s s  holds  u n i f o rm ! - t h r o u gh  t h e

t u r b u l e n t  b o u nd a r y  laye r , :55 shown l a t e r  in p rof i l e  d i s t r i b u t i o n s .  i N n

d i s t r i b u t i o n  of 
~~~~~~~ 

along the w a vy  s u r f a c e fo r  small  y ’~ i s  c o n t ra r y

to what  e x p e c t e d  f r om  the f o r m  dr ; i g s  c a u s e d  b y flow sn pa r a t i o n  ov ,-r

the  w a v e  c r e s t s .  If the flow separa t ion  occurs , thn  m a x i m u m  tur b in -

lent  s he ar  should be pos i t ioned  on the w i n d - wa r d  side of the w av e s .

Thus , wi - conc lude  that  t h e r e  h a s  no f low sepa ra t i on  and t h a t  the sb -i-

t - r i n g  e f f e c t  of J e f f r e y ’ s h ypo thes i s  ( 1 9 2 5 , 1’~~ b)  is i n s i g n i f i c a n t  f o r

the f low of th is  stud y.

The ph a s e  average  resu l t s  were  used  to ca lcu la te  i j~~i and

by FFT and c r o s s - s p e c t r a l  analy s i s .  The d i s t r i b u t i o n s  of :

ii
and 9~.... a re  shown in F i g u r e s  5. 14 , 5. 15 , and 5. 16. The amp l~tudcs

are  large  near  the i n t e r f a c e ;  they  decrease  as k y i n c r e a s e s .

They all dec rease  to a “minimum ’ at k y~ = 0. 6 and r ega in  the i r  a m p li-

tudes  when f u r t h er  away f rom the i n t e r f a c e .  Finally they d e c r e as e

again and tend to zero in the f r ee  s t ream.  Physica l ly, the “ min imum”

should he zero because  t he re  is a phase  jump of 180
0 at ky~ = 0. 6 in the

O j e. .  p ro f i l es .  The non-ze ro  values of r . .
~ 

at ky~’ = 0. 6 a re  caused
13 13

perhaps by misa l ignmen t  between the oscillatory probe posit ions and

the posi t ions  where  the flow has  a constant  value for  (u !u !) .  If the

amp li tudes 
~~ 

are considered as positive near the i n t e r f a c e  and the

phase shift s of 9.... are considered as continuous across the boundary

13

lay er , the am plitudes of for ky~ > 0. 6 can be taken as nega t ive .

This  means  that the osc i l l a to ry  tu rbu len t  s t r e s ses  jus t  above k y ’~ = 0 . o

act in the opposite direction to those st r e s s e s  jus t  below . The contin-

uou s phase shift across the boundary layer is approximately 270
0

.

However , 
~~ 1 and have almost the same phase dis tr ibut ion as a

funct ion  of k y 0 , wh i l e  has an approximately cons tan t  phase  differ-

enc e of 90° compared to those of 
~~ 1 

and throughout the boundary

layer.
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I h e  ( I i } n — d o W n i  t i n  a ‘ i i n j i i i n s n n I l i n ’ ’ h i - h a v i o r  r i - s u I t i n g i n  t i ;  - I o i n b l e

peaks  i i i  t he  p r o f i  I n - s  of r~ . and i i i  the ph a s e  j u mp  of 150 ° a t  ky

V~- n r n ’  t i n t  obs n . r v , ’ d I  b y Yu et al . ( 1 ) 7 3 )  and b y (~h :o, at  ;il . ( 1 ’ i 7 ~~) .

The exp i r i i i i en t a l  data  e l i t a  b i n d b y lu  et ;il .  W i - r n . : in  the v, - ; n v e — fu l l o v ; , - r

5 0 0 d m ’ n n p n - r a  ted  ‘a i th a c o n s t a n t  amp l i t u d e  o s c i l l a t i o n  j u s t - ; ,  d of t b  -

pr n ’ s a n i t \ ‘‘ coo rd ina t e , in a d d i t i o n , t he i r  i n i e a s u r - n i i n - n n t i ~ o n ly  , :< t n - n d e r l

t o  kv = I) . -4 wh ich  is nb o u t  one t h i r d  of the t h i c k n e s s  of the b o i i r d:i rv

I: ;  v i . . T h e r e f o re , t h e y  ~\ ‘n re u n a b h -  to give a c lear  s t r u c t u re  i i f  the

~-a v e  i n - r t u r l n a t i o n i  f l o e . . Tn t in - r n i a s u r e r n e n t s  of Chao at  :,l . ( 1 ) 7 6 ) ,

a l t h ou g h  th n -y u sed  I )ro i ) e  s in both the  f ixed  and the wa v e — f o l l o w i n g

f r a m e s  to ob ta in  the v e l o c i t i e s , t h e i r  wave —fol lower  me:i s u re men i t  h — d

t b -  sam . - di s ac lv ant :, sg -  a s  tha t  of Yu at  al. It was exp c c tn .:d tha t  thn .’ f i x e d i

prohe m e a s u r e m e n t  which  c o v e r e d  the whole boundary layer  should pro-

vi ( I . .- a u sab l e  p i c t u r e  a n t  t in - s t r u c t u re  of the wave p e r t u r bat i o n  f low ,

desp i te  i t s  i n fe r i o r i t y  in  d e s c r i b i n g  the in te r face  flow . U n f o r t u nat e ly ,

the c o r r e l a t i o n  schem a  u s ed  b y Chao et al . (also b y Yu et al . )  to re-

duce I~ . 1 and 8— c o n t a i n e d  the con t r ibu t ion  of ~~~~~~~~ which  m a y  m a s k
13 ~~~ 1 3  

-

the  rea l  b e h a v i o r  of I~~. .1 and 0~ - in the upper  por t ion  of the b o u nd a r y
13 13

l a yer  ~‘- in - r i ’  the s i g n a l s  of ~i .  are  weak.

(di nt  and Tay lor ( l n 7 h )  u se d  an i so t ropic edd y v i s c o s i ty mode l  to

c a l c n i l a t i -  the  i n t e r f a ce  f low in :i c u r v il in e a r  coord ina te  sys tem u n d e r

n i t e  -:n t n i p l i t n i d e  w a v e  c o n d i t i o n s .  They p red i c t ed  that  the a mp l i tudes

of the  i n d u c e d  t u r b u le n t  R ey n o l d s  s t r e s s e s  would have d o u b l e —p e a k

prof i l e s and tha t  the p hase  d i s t r i b u t i o n s  of the induced tu rbu len t  Reyno lds

s t re s s ’ s  s h i f t  150
0 

in the d o w n s t r e am  d i rec t ion  th rough the b o u n d a r y

1: ‘.‘ ‘ -  r . h owever , t he i r  t i n  ide!  a i so  p r e d i c t e d  that  ne ;s r the  i n t e r f ;n c ’ -  ti n -

1 , 1 : ,  x i  n i u n i  i t u r b u l e n t  i n n t n n  i n s  i ty and the  n i a x i n n i u n i  turbulent s h e a r  s t r e s s

o c cur  w i n d w ar d  of the wa te r  w a v e .  This  i s  c o n t rary  to our o b se r v at i o n .

l i n . -  ph ;n  sn j u m p  of 180° at  k y~ 0. b in 0~ - 
. 

aga in  w a s  n u t  p r ed ic t ed  b y
13

t h e i r  model . To i m pr o ve  the  p r e d ic t i o n , p e r h a p s  an n - d d y v iscos i ty
r i r u del  v . 1 t h  ~Lfl  ;n n i  sot rop ic  b n h;s v ior  should be considered.

I ~~

- . .
~~~ ~~~~~~ . - .-- -
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4,
I’he c h i n g -s  in t h e  i n d u c i ’ i  t i i r l i u l n . -n t R i ’ vn i o l d s  s t r e s s , -s  s -; i ,  to

i N , - e l f - c t  of t h n  a i r  i n s n i h n ; i - t ; n ’ n s  a r -  c l ear l y S e C f l  i n  F i g i i r i - s  ~~ . I I ,

~. I~~, and  5 . I i . I t : - c h n n g i ’ s  s i t  ‘n i h  the  l v i  - n o d  9~~ d i s l r i ’ n : t ; o r r s
13

s i t u -  t n  a i r  m o d u la t i o n s  dn - p - n d  On ‘. ‘. h s t I ; , : r  t h n ’  : n r r  i ; n , d u l a t n o r ;  f r s - n u n - n i cv

i s  l a r g e r  t h a n  or l i - - n-n th r nn i  t h -  f r i - q s i - i n c y  of ‘a ’ ; n t , - r  w a v es . The n I : f t - - r —

n - t i c  a i s  sho ’a ii m o r e  a ln , ; n n v  in th - d ; a s n ’  d i s t r i b u t i o n s  of 0 ‘?
~ 

\~ or -

1 _j
r e f i n e d  r -  s u i t s  a n d  d i s c u s s i o n s  on a a i r  m o d u l a t i o n  - f l , - ;  a r  p r ’ — -

n n t C d  la t e r  in t h i s  c h a p t e r .

C o n s i d e r a t i o n  is  now g i v e n  I n ’  the  ‘a-ave — t u r b u l e n i c  i - j u t s  - r i  C i O f l .

Th- ’ ~. ne r g \ -  d r a i n  f r o m  the w a v ~- p er t u r b a t i o n  f i n .’ld to the  b : n c k g r i u t i n s~

t u r b ul e n t  f i e l d  is  g i v n - n  by  -? . .1)11 / s ) v *  . The p r o f i l e s  of J i ~. J ,

and 9~~ shown in F i g ur , -s  ~~ . 5 , 5 . 9 , 5. 14 , 5. 15 and 5 . 1s \vers -

a v e r i c ~, - d  an d then  ‘ i - ’nn- d  for  c a l c u l a t i ng  the n n n r g y  u r a i n .  The i n ’su lt s

of the c a l c u lat i o n  ar ’  sh o w n  in Fi gure  5. 17 . The h o r i z o n t a l  s t r e s s -

s t r a in  co r re l a t ion  c o n t r i b u t e s  d om i n a n t ly to the e n e r g y  d r a i n  n i - a r  t h e

i n t e r f a c s .:. The net i - n n - rg y  d ra in  i n d i c a t e d  by the l ine sn . -gn i en t s  in

F i g u r n .’ 5 . 17 shows tha t  for  ky~ <‘ 0 . ( 8  the w a v e - i n d u c e d  t u r b u l e n t

Reyno lds  s t re s s e s  c o n v e r t  the k i n e t i c  ene rgy  of the w a v e  p e r t u r b a t i o n

in to  back g r o un d  t u r b u l e n c e . For ky~’ 0 . 68 the e n e r g y  is t r a n s f e r r e d

f r o m  the t u r b u l e n c e  to the wave per turba t ion .  The amount  of the i ’ n n - r g v

d r a w n  f r o m  the ‘a-ave p e r t u r ba t i o n  f ie ld  to the  tu rbu lence in the lown .’r

por t ion  of the b o u n d a r y  l aye r  is much l a rge r  than the amount  of the

e n e r g y  g iven  to the  w ay s ’ p e r t u r b a t i o n  f ie ld  f r o m  the tu rbu lenc e near  t h e

f r i - i :  s t r um .

Lj u  an d  M n :r k i n e  ( 1 ) 7 6 )  stud ied the i n t e r a c t i o n s  be tween  the way , ’ —

l i k e  l a r g e - s c a l e  s t r u c t i i r n ’  and the f i n e-g r a i n e d  tu rbu lenc e in ii f re e

s h ” ;n r  f low . T h e i r  p r e d i c t i o n  on the w a v e - t u r b u l e n c e  en e r g y  t r a n s f e r

t’ F i g i i r n -  3 i n  t h e i r  p a p n ’r )  rn sn mbles  our observa t ions .  They  showed

t h at  t N -  h o r i z o n t a l  s t r e s s — s t r a i ’ i co r re l a t ion  is p r e d o m i n a n t .  1-Tow —

‘ - v n - r , t h n i r  p r e d i c t n - i I  total transfer is uniformly from the wav e - f~n - l d

(Ia r g  - — sca le )  to the turbulent field (fins: —grained turbulence). Since our

______________________ - 
~
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r i - a o l t s  ;t r~ - r , - l a t , -d i i -  ;n I i n i n d ; i r y  l : y er  flo~ v- h i t - r i -  t b - r i - i r e  ; r ; t e r —

n a t i o n s  bi ’ t w n - e i i  t h e  I: , r g i -  — sca le  t i ir b u l e n c e and  a ~vn  ye , th i S sn ;n y

cause  the d l i f f e r e ? l C n ’  i > n ’ t ~~:’’ i - i i  ou r  r e s u l t s  and t h e i r  p r a d i c t i n i n s .  In

g e n e r a l , our  o bs , - r v ;s t i u n , s  a n d  t h e ir  p r e d i c t i o n s  s eam to h i -  c o n s i s t ’ - : - t .

~ ‘ -- \i r  \ l o d lu l a t i o n  f d n d ~l s

In C h - n pte r 3 , we d en o t i .’d a q u a n t i ty  g in the : i i r — n i i o d u l a t i - d  1 1w

~~

‘ + ~~~~
-

~ 
is tIn - a i r  n n s i n l i n l ; l t i o t i  i : o n i ip o n e n t  given b y

n o s ( i ~~, t — 9
~~a~

i n n - I g i - ~ t h e  baa  I- gr o u n d  o s c i l l a t i on  with respec t  to ~~
‘

. W h e n  g is

i n s i ~ r - l : n t , - d  t s s  co s (c , j  t )  f o r  a t i t i i i ’ pe r iod  T , we f ind
-‘1

c s n s ( ~~~~~ t ) g ( t f ~~~ ) 
~
‘ = T kn 1 C O S (

~~
)
a~~ 

- 6~~~) + f I~,;;I 
cos(~~1~~ -O

g~~)

(5 . 1-1 ’

I ~s . • - - ( n  ~~~ t i  in ’  - ‘~~I t i ~ - r i g ht h a n d  S i d l e  of (5 . 14) is the res idua l  e r r o r

m y t h e  h : s e k g r o t i n d  o sc i l l at i on,  This  e r ro r  can he r educed  to

- ‘ n -  ti l l  ~~i i l n e  1ev, -1  if I i s  su f f i c i e n t l y large.  Unfor tunate ly, the ‘‘ j i t ter ’’

- n - I  t 1 : . -  d r i f t  i n  th ’-  f r ( ~qu e i I c \  of t h e  a i r  modulator , as desc r ibed  in

N s p u r I , h a s  p r n - v ’ - n t e d  u s  f r o m  making  such a long t ime co r r e l a t i o n .

us ) r i - r o a n -  - ( d n n s 1 f o r  ~ was  r e g i s t e r e d, the phase 9~ - w a s

n t  r i - r i n s e  j i , l n : .  1 h o a i n i p l i t ude  can  be calculated N : ,  sod on the

a - i - r i  g i rl l n n ~ ; n - r  (.)f t h n -  n i , r r i - l : n t e d l  n~i gna l , i. e . ,

~ I~ L + ~ ~~~~~~~ (5 . ~~~
- - n  a

I t t - I

-- -—‘- -~~~ ‘ -‘ . . 
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i i i  n -h  i n s t ; -  t - - 
~ 

f r o m  P~~~, t h e  s ame  data r e d u c t i on ;  pr - r i - - or-

(P r o g  r i or  ( i n  Ch : n p t n ’r 4) w a s  p e r f o r m e d  over the d a t a  r eco rd  w i t h o u t

the a i r  m o d u l a t i o n , w h i c h  g ives

~ I~~I~ 
( 5 . 1”)

‘ a h n ’r ’  t h n -  s u l) s c rip t  ‘‘ o ’ r e f e r s  to the case  of 
~a 

= 0. T a k i ng  the  d i f f e r —

enc n - b e t w e e n  (5 . 15) and (5 . 16) give s

+ 
~l~~h (5 . l7~

The second t e r m  on the ri ght hand side of (5. 17) now i n c l u d e s  the

r es idual  e r ror  due to the back ground turbulence and the d i s t o r t i o n  of

the t u r b u l e n c e  at the f r e q u e n c y  w due to the air  modulat ion.  Th is

t e rm r e p r e s e n t s  the u n c e r t a i n ty of the air modulation signal .  The dis-

tort ion of the background turbulent  spect rum is cons ide red  s ign i f ican t

so ~~(P~ r ) can be negative if the air  modulation e f f ec t  resul ts  in a de-

c r e a s e  of the power spec t rum of the turbulence  at w and if the signal  of
- 

~a 
is also relatively weak. Henc e , we define a quantit y 11~

’
at ’ as

if 0

ll~alI = (5 . 18)

- I 2~P~ j l / 2 if Pg ) < 0

which charac ter izes  both the amplitude I~al  
and the d is tor t ion  of the

bac k ground turbulence.  When the distort ion is relative weak , we have

ll~all = I~aI  The arguments  given above apply not onl y to the air

modulation field hut also to the interact ion-produced wave field , be-

cause the same data reduction precedure was used. The data pre-

sented in this section are those of i lt i. ~ 
and 

~~

‘

~~

‘
• . The bes t

1 
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n - t , - r j r , - t - n t : s i n i  e i i r v t -~ - i i i ,  o n n y i ng  t h i n ’  d a t - s  w i - r i - o b t ; n  i;,,: !  n v  i n c - d i v

s n - n - - I t  i n g  t h e  I ; i n r l  ( 1 t ~~ ) n n r s ’ l i l e s  n - f o r  i i i - - s ; L I i .  s - t i , , n  a i d
(n

tb - t n  u s i n g  ( ‘ h , - l i v S h i - \  p n 1 ~~i n i n - ; i  - I . - to f i t  t b -  su b t r : ic tn - c I  r n  o n i t s .

( ;iL \ i r  t i i o i . l u l a t i o t n  v e h i n  j t i n ~~

I t i , p r !  I n s  n t  IV’ II n r -  -n h n s sa ’n  in  Fi gure  5. i S . l- ’or ~T , the

b - n c  k ~ r e d  i i i  t o r t  ‘e s  i n f  t h i n  - t i  r - ‘ i i -  c ,  - is ri  i - n t  vi  - lv a. n - - - I- o

i~~ i p p r s i x i n n s - t n - l v  - n I n e I t o  . 1- ro nir Fi g n i r s - 5 . I S , t h e  : u n n i p l itu d i -

of t h e  s i r  i ; n i I n i l t n o n -  d - s i - s  a s  the  f r e q u e n c y of the a i r  m o d u l a t i o n

i t c r r- s S i - s . h , - e : i i i s i  I t o -  : n i n p l ; t n i d  - con t ro l  p l a tes  of t he  a i r  f l o w  p i l l i ’ n ’ r

‘a- s - r i - l a s t  i ’ I j ’ n - t - ’ ’ I  d u r i ng  e - i c h  r u n , I t o . - d e c r e a s i n g  : n n i n j n l i t i n r l i - r e f l e c ts

I i - — k n u n s i c  r n - s i n e - s n -  i t  t h e  : , j r  f low to the f low I~~i 1 5 n ’r  a h i g h -  r f r ’ —

qu ena - v r i - s u i t s  in  a l i - a r  a t i n l n l i t u i l n  r e s p o n se .

1- o r  - - n a b  f , t , s~~ 
~~~ 

p ,- I - - r a n i i a i l i s  a l n o n s t  con  -~t : i n ; t  ex c e p t

ne :n r th i  j n t s r t  i \ \ ! ; s i n  t i n e  r n ! - -  , ,f t h i n -  Stokes  l: i\ - i - r  h n - c n n n n i , - s  n r ’ d o u n i —

I l i i -  pr e s - - n s t  r i - s i l t -  f o r  
~. Ji o g r e wi th  those n n ; n - n s u r e c l  by

i t o !  R ey n o l d s ( 1 1 7 5 ) .  !- ‘or , - ; i ch  p ro f i l e , t he r e  i s  a peak n i e : n r

t 1 e j -  t i - r f  - i -  f o i l .i w , - r I  h\  - i  di 1 n — d n .,v ,- n i  a s  k y~ i n c r e a s e s. The ‘posit ion

of I N -  ps - - i l: ~} ; i f t ~ t n  h i g h -  n t i n  n a t i o n  as  the  f r eq u e n c y  of the a i r  n n o d u —

I t i n , n  i n i n ’ r e a s , - s . h i s  i s  ‘ s , t , , n , n s j - s t n n n t  w i t h  r e s u l ts  p r e d i c t n - i l  in a

i:n  m u on r f l n n ’ a  t h e  1 : i r , i  i t i n. r 11 a. p r e d i c t i o n  g ives a peak c loser  to the

,u i m n , r l : i r v  f o r  a b o L ,’h i e r  f r n : q ’ I e n I c \ . I b i s  peak and d i p — d o w n  f e a t u re  w a s

:n l s i n  o h s i - r v n - ’ !  n v  - \ c h : s r v . - a nd  P n v n i o l , l s  (1 175)  in t h e i r  40 Hz modula —

t i n ; , bu t  r i o t  in ~i n n - i r  .~ - h L i z  n i n i , , I s i l , i t i o n .  A c c o r d i ng  to t h e i r  data  t r enc h ,

it i s  C i i t n j n ’ C  t u r n - i l  t h a t  th ( -  r ’- mi g h t  - -x i s t  a s i m i l a r  f e a t u r e  for  t h e i r  ~ - 1 l iz

n n s o d u i - s t  l i l t ;  in  tIn - v i c i n i t y  t n t  t h i n  i r ch a n n e l  wal l  ~v h n - r e  t h ey  cou ld  n o t

I - ’i g n s r n -  a~ 1 1  s ln o ~n - s  the  p r u f i l n : s  of 
~~ 

. Since is p r i m : ir i l v  
—

-I ; - - t n  t he  ~l - -v ~ - l up i r n 4 b oun d .  r v  I n  y - - r , it is  n - s t i m a t n .~d t h - i t

I ‘~:j V I ~I
u 
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~~ 
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—
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v i i ’  so ~& n - n k , t h i - s l a t - i  f ’ n r  - I : n - ~~~n n i i  l - i g i m r -  5. I

c n ’ n r t  n u t  i i i ; :  . ; I \  ( t n  b a n N g r o n s n d  t n n r n , n s l en ice  ~!t -~ i i n ~~~t l i n t i , ‘a -h u N g i v e s  a

1~i r g -  i ; e i - r t . n . i n t y. ~-l - - - r  t h n -  I r s - n -  s t i a - a t r i  ~a h n i - r i -  t h e  t s n r h i l ’ - n ; a e  i t ; t i ’ r : —

~~i t y  is  w n : a k , w i -  have  
~~ 

. The o r d e r  of t n a g n i t n n d n -  of

h I ’ a hl I U ) t i n - I n r the  f r i - n -  s t r e am  a~~re , : s  with  our - s t i n i a t i o r i .

(N ) .  Mo d u l a t e d  t u r b u l e n t  Reyn ol ds  s t r e s s e s

The p r o f i l e s  of . a r e  shown in F ig u r e s  5. 20 , 5 . 2 1 , and

5. ~~ . T h r & - e  com ponents  are r .- sp o n s i b le for fl ’~..  11 : the f i r s t  corn-
ija

portent  is p roduced  f r o m  the d i r e c t  i n t e r a c t i o n  of the a i r  m o d u l a t i on

wi th  the back ground tu rbu lence , the second componen t  is produced f r o m

the i n t n -r a c t i o n  be tween  the air  modula t ion  and the wave p er t u r b a t i o n ,

.e;d the  t h i r d  c o m p o n e n t  r e s u l t s  f r o m  the d i s to r t ion  of the t u r h u l e n c, :

due to the i mp o s i t i o n  of the a i r  modula t ion . The f i r s t  two c o mp o n e n t s

c o n t r i b u t e  to ‘
~

‘
ija 

the third component  is picked up by the data reduc-

t ion p r” c” du r e  and is not  the des i red .  The negat ive  value in ~~~~~ .i ja
ri - s u i t s  m a i n ly f r o m  t h i s  t h i r d  component .

The r e lat i ve  o r d e r s  of m ag n i t u d e  among H 1 II ‘ H ~ 
and

a r -  b a s i ca l l y co n s i s t e n t  with those measured  b y Acharya  and

Reyno ld s ( 1 5 1 7 5 ) .  Thn - - g n -n e r a l  f e a tu r e s  of II~i j a I I  are as fo l lows:

hi ghl y peaked nea r  the i n t e r f a c e;  di pped down at the middle port ion of

f b i -  b o u n dary  l ay e r ;  and r i - 1 :n . t i v e l y f l a t  near  the f r n n e  s t ream.  This

s t r u c t u r e  i s  s i m i la r  to tha t  of the i nduced  turbulent  Reynold s s t r e s s e s

g i v n - n  in  S i - c t  ion 5 . 4 ( c ) .  This a im i l a r i ty  sugges t s  that the r n -spon se  of

the t u r b u l e n c e  to th n:  o rg a n i z e d  osc i l l a t ions  is pr inci pally b y the same

; u i - c h ; n n i s n r .  Thu l o c a t i o n s  i n f  t h e  di p—down fo r  ~~

‘
. . a re  re la t ive lyija

h i g h n : r  t h a n  t hose  of 
I l ir il ; t h i s  was also observed b y Achary a  and

Reynold s ( 1 9 7 5 ) .  f E o ~~ever , wi th  the  d i f f e r ences  in  the data reduc tion

S Ch ( T i i s -  ( t hey  used the corre la t ion  to a reg i s t ra ted  r e f e r e n c e s igna l ) ,

in the  f l o ~’, c o n d i t i o n ;  ( t h e i r  f low is a so l id -boundary  c h a n n e l  f l o w) ,  and

in the  r ; n n g - of th e  ;n i r  modu la t i on  f r eq u e n c y ,  no f u r t h e r  c o m p a r i s o n

can  he n , . n d n - . Wit J ’  t h -  relatively h igh uncer ta in ty  in 
~ ija ’ we will  not

e x a m i n e  f u r t h e r  th , -  da ta  r n - s i l t s  for  the air  modulat ion f ield.
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of \~ r \ l ’ i d u l a t i o n n .  on \~ ave P e r t u r bat i o n

\\ I n - t n  a i r  n n , n n i l s i l ; n t j o t i  ‘ a n s  i n i 1n , i s c d  n i t ;  a ‘a - :nve p e r t u rb e d  flow , the

‘a- :n. vi ’ j n ’ r t u r h : n  t i  on fi n - h I  tv; n -n cha  r i g i d. ~ ~~~~ 
and (~~) denote  the way ’

p e r t n i r } ) n t i o n  q c t a n t i t i s -  s w i t h  a rich ‘a i t :hou t  the a i r  m o d u l a t i on , , rn  s p e c t i v n - I v ,

the  e f f e c t  of the a i r  niiodim lation ot t  t he  wave p e r t u r ba t i o n  is g iven b y

= - 
~~~~~~~~ 

(5 .  10 1

I n t r o ’ I u c i n n g  t h n .’ ‘ a - : n v ’ -  i - x l n r s s i , n n i  ( 2 .  3 1) ,  we f ind

~ iI (~ ) ,\ — (~ )~ (~~. 
g o )

S i n cn . - 
~~~ ~~~~ 

and  (g) ~, a t i  c o n n p lex  nu mb e r s , E quat ion (5 . 20) m ay  he

ex p r n : s se d  as

I L d I  ~( I~~I y + ( I ~ I ) ~ - 2(J~j )A (I~~I)Ocos[(e~~A~~(e~)O 1I
h/ 2

( 5 . 2 1 )

;n nd

-I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -= tan 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
H. 22)

E quation s (5 . 2 1)  and (5 . 22)  were  used  to calculate the amp litude and the

phase  of 
~ d ’ which  n i i ay  r e p r e s e n t  U id or r..d . The resu l t s  of the cal-

cula t ion - i r e  shown in  Fi gu re s  5. 2 3 - 5 . 27 . The profi les  of (g)~~ and (‘~ )

.vere  locally smoothed  N t - f o r e  t h e s i -  ca lcula t ions.

From these  f i g u r e s , we see that the response of the wave p e r tu r -

N a t i o n  to the a i r  n i od u l a t i o n  near  the  i n t e r f ace  is d i f f e r e n t  f rom the

r e sp o n sn :  n ear  the  f ree  s t r n : a r - n n . ~~n - ;lr  the f r e e  s t r c - ;n n n , the r e sponse

is s t rong ly dep e n d e n t  on i t h n -  f r n n q n .n -n cy  of the air modulation compared

to the f requenc y 1)1 t he  ‘a at er  waves. The cases  of = 0. 4 and 0. 7 1-Iz

have s i m i l a r  f e a t u r n - s  m u  b e l on g  to the lower f r equency  r an g e  whe re

the  a i r  m o d u l a t i o n  f r e q u e t n n -  i n n s  :n r i  smal ler  than the water  wave fre-

quenc y. The case of I I . S l i z  b e longs  to the upper f r e q ue n c y  r an g e
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‘a-h e r e  I t - - n i t ’  - , . n i h n m l :it i n - i n  I r n - q i i n : n i c v  i s  I : r u - i  r t h o r ,  t h i s -  ‘e ;n l -a ‘ s  f m - —

quencv .  N - - - ’r  h i ’  f r i - n -  . t e -  i i i , t~~l n  pha s i - s  n i l  n , a nt i  r . - I i n r  ( h i -se
it ! i~i i I

two  f r e q u e n c y r a n - g i n s  a ri  a lu m i s t  I 5fl
0 

‘ l i f f n -  rent a S s h o v . i n  i i i  t h n -  f i gu r e

The n i i f f e m n . n t i n  - L~ - t ~~ e el ,  th ese  I \ \ ti I r s - ’ p i n .’ t iC y  r a n g e s  i s  : n l s o  s h n i ’ , ’ r ;  i nn  - -

amp l i tude  d i s t r i l i u t i o n : s  of ~i . , h .n i i  n o t  f o r  ~~~ .id i jd i

N ear  the  i n te r f a c n  , the r e s p o n ; n s :  of t h i -  wa v e  p n - r t : ; r h n i t i i n n  5 n - e t i ; S

to be r e l a t i v e ly  i n s e n s i t i v e  to t h n -  f rn : q u e n c v  of th in  a i r  n i o du l a t  on , c -a : - ~ —

pa red  tc th u r n  sponsi  - mi ca r the  f r e s . - s t r e n n  i n n . In ii; - proximit y n f  t h e

i nt er f a c e  (k v ;
~ < 0. 21 , the p r u f i ln ’s of 

H I r . j cl I a n d  
~~

h av n - s i m i l a r  c h a r a c t i -  ri  sf 1 . s f n n r  :n l l  the th ree  a i r  in i o d u l a  t ion  f r  - q n i -  - n~ci as .

( N o t e  tha t  a 3tM ° d i f f e r e n t  in ph a s n :  is  of the  same ph a s n - . I - \ l t h o c n g h

6u ’d and  show s i n n i c -  d i f ( e r s - i ~t t rt n n e i s  bn -t ~v c n .-n  t 1~;e t \ . ’o f r n - 1u~-n c \
1 i jd

ranges , for the in ~tern ;;ed i: n t e  values of ~~~~~ t h e i r  s t r u c t u r e  is ri g ar d e d

as d i f f e r e n t  f r o m  t h - n t  u n - a r  thn - f r e e  s t r eam because there  is no persis-

t -  - at 180
0 

pha se d i f f e r i - i n e - - n e a r  t he  i n t e r f a c e  be tween  the se  two r a n i g n ’
The ain-vation \thn ; re i N n ’  free str,::n n-i and the inter f;ncs - regions o r - -  di-

vided is  h.ie :s  t n -cl ap p r ox i  m a I nl y at k y~ = 0. In The a p p a r e n t  s. Xi  st e  ti c a

of these  t wn . r n - g ions  n s n ’cu r ,~ both ~ t the p r o f i l e s  of ‘

~~~. and i’. .  ; on
i j d

the other  h a n d , we have shown in Section 5 . 4 that  s i m i la r  b s - h a v i o r  \v ;n S

observed  for  i~. . at  k y ” 0 . 6 , but  not for  ~~~ . .

n ij  1

• The n - f f t n c t  of :t i  r m o d u l a t i o n  on the wave  perturbation is of Iv;,’

types.  The f i r s t  i s  the  dir,- c t  i r n t c :r a c t i o n  I ) e t w n - n - n  the a i r  m o d u l a t i o n

and the w ; n . t - r  wave , t n m n I  t h i -  sn :con dl  i s  the i n d i r n - c t  c h a i s n - s  in t he  coup-

ling structi iri - bet- , em il the b as i c  f low (the mean flow :-n .n d  the t u r b u l e n c e )

and the w av e  due to the  ; m i r  in n o d u l a t i o n .  The first p r o cu - s s  is d n - n i i o n —

strated b y the  production of t b , e  i n t e r a c t i o n — p r o d u c e d  waves .  W h e n  t i n e

i f l t e r a C t i o f l— p r O ( I u c e d  w i v e s C oni p le f u r t h e r  with the :n. i r  m o d u l a t i o n , the

w a v e — i n d u c e d  t u r l m n i l n - n t  Re y n o l d s  . t m u - s s e s  : n r i -  in c  r - : n  sed : n n i d  t h 5 - v e l o c i ty  
- -

p e r t u r ba t i on s  f i e l d  is  n t m n o - l i f i e - l . T h i s  type of procn -ss was first su g g e s t i - ( i

by F la s se lr n a n n  (1 167 , 1 ‘J tm ~~) in  d~ sc r i b i ng  the w a v e — t u r b u l e n c e  i n ter a c  —

t i on , w h i c h  was  one of the  ori g i t i : n l  mot iva t ions  of our present  s t u dy .

As shown b y h a  sn l n i i ; i n i i  ( 196 8 ) ,  t h i s  type of coup l i n g  p r o c e s s  i s

1 0 1
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p :n r  s t u n t n c  m i n d  t h e  t’ n n u p li n n g  ;m - r a n n i c t e r  i s  d e p e n m d i - r s l  o t t  the i n m t n n s i t y

poin n-ri of the  - n i t -  m i ; u n h i ; I t ‘ n m  and ‘ i n  the a i r  m o d u l a t i o n  f r e q u e n c y  
~~

r~- la  t i  y e  t o  the  a;:, t o  r -.‘. a y n  - f r et ;  it  m r y  f.  It is r n - I n  sonab le  to a s s u m  e

tha t  1-l a s s e ln n i a n n ’s i n s t s - r ; i c t i o n  p rocess  may  be r e spons ib l e  fo r  the o N —

st :r v n : d  h . eh av io r  in bo th  tr. and ?~~. depending on w h e t h e r  f ~ f or

I f . I h n c a u s n -  t h i s  p r n d ’ n .- s s  is  n I - s C  r ibed by the i n t e r a c t i o ns— p r o d u c e d

-a ay e s  w i t h  f r e q u e n c i n - s  I t f , a n o i r e  i n t u i t i v e  in s ig ht  to t h i s  p roces s

can be n n i , t ~~i n n - i I  b y t x :’ n i m i i i i  n ; g  t h i n -  p m n n p a g a t i o i i  d i r e c t i o n s  of the i n t e rac —

t i o n s — p r o d u c e d  w : n ve s~ ~\ I n n - m n  I ~ 1, 1)0th c o m p o n e n t s  of th in  i n t e r a c t i o n —

h.)rodl ucn- ii ‘a - l i v e  n r n i p a : n t n  do~~- n - n 1 r - - ; n n ,  in the same d i r e : t i o n  ; m s  the v.- li t s - r

‘a- ave . ~\ hi -ni f e . f , thn ’ a n - n - i  ; i o r - -  - n ml .  ‘a- i th f reque ncy f + f still p r n i p a  gI n  tn ’ s

c l o w ;n st r e a  r i m , b ut  fb i - o t b i n t  i~ e n n n m m 1 i n  - i n -  n t  with frequency I — f propagate s

u p s t r e : n  i n . Henic - - , t i n i -  i h i r n ’ c t  i n t e r ;n c t i o n  be tween the : m i r  mn i odu la t i o n i  and

t h n -  ‘a f i r  ‘a - av e  s b - m i m i -  I Ni i ; t ! m -  r i - i t t  t m n r  t h e s ’-  two f r eq u e n c y  r ; i t i g i : s .

‘l b .  su -cond  p n - n n i - n -  -~ s r- - s ilt s i nm nn inl y Irons the perturbation of the

Na sic Il -- a ; stri ,c f u r -  I i i , -  to ti n - - n i r i m o du la t i on , i . c. , the coup l i ng  of

t t -  n : i n - n i r  I l o n w  I n -  t N t . - a, : - ? -  r ‘a n~ ; s -  is i ln:tnged by the i n n p o s i t i o n n  of the a i r

n i od u la~ i i a n n . It v _ - i s  — i l s m n ~ , ni b m ~ H i l l  ( 1 5 1 7 5 )  and Sn I l l i r u I r l i  a m i d  h a l l  (1 175)

t t s - - t 1 .mnm in: i r I lov ~ -~ w a r m - i l i - -~t : - N i I i ? i - s h  b y t h i n -  a i r  n i o d u l a t i i i n m  w i t h o u t  r e g : t r d

t n i  the f r e q u e n c y  r ;miige n il tin e n i r nimo dulation. No analysis sinmi ilar to

Hal l ’ s has  I n - n - n i  p u - r f n n m n m i n uI  f i r  - n  t u rb u l e n t  f low; h o w u - v . - r , the a i r  m n o d u —

lot i o n  m u s t  hav e nt ; n :ff i -~~t i n n .  i i ’ - -, t , n I n i h n t ~~. ~ j t i C t  the  turbulenc e is

u s r o m i l y c o n s i d e r m n i l  t n  Nt th n- cn t nn s n quenc .n ii f low i n s t ab i l i t y ,  the turbu-

lence  c h a r a c t e r i s t i c s  n i i ; n v  I n n -  n i m o r - - n - I  r n n n i g lv affected by the a i r  n n o d u l a —

3 t j n ~n than  the n i can  flow ( - h a r a c t u r i s t i e s .  C o n s - q u en t l y ,  the c h a n g e  in

the  t u r h u l i : nt  s tr u c t u re  d u n  to t h e  a i r  m o d u lat i on  i s  a s s u n m i n -c I t m m  h)e the

don n iin ant nme cha nis nnm ‘a h i c h  gui - n - I S I S  t h i - Sec on n ( l  p rocess . A s inferred

fr ninn n Fiasselmann ’s i n i t n - r : m n t i n m , s  l b s - s r i -  (I’HiH), the  s u n - u m i i d pr oce s s  is

ch:,r: i et , :r i zn- ’h by f l i t -  i m i t - - n i ~~i t i e s  ‘ i i  the a i r  n isod ula t i on i  ~mIi (I the t u r b u l e n c e

a ntI is due to hi gher ord er interactions. lIa is e,- , the second proem- ss is

r .-l ativel y weak in co nmn p ;n ri son to the f i r s t  process if the - n i r  m o d u lat i o n i

l I t )
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a n d  the  t u r b i s l i -  n n C n  - a r -  - of I h i .  - s m ,  n i  - m~ rde r u t  i i i ; ?  g u i  tude  i i i  I h i - i  r i n  - I - - n —

s i t i e s ;  t h i s  is  t h e  c : m s e  n n u a r  t b -  f r i - c  s t r n - : n n s . h owever , i n n a r  t h e  i n t - - r —

f a c e , the t u r b u l e n ce  is c o f l s i ( l n r - I I .t l y s t r o n g n - r  t h a n  the  a i r  n i s o d i n l a l  n o ;

so the second p roces s  n n n ; n v  t o -  of n -qua !  i n ~i p or t an cm ~ to or m - v . - n i ( I n , o s i m , - n I

ovn -r  the f i r s t  p rocess . The second process  is also g n o i n n r r n n . d  n m t he

ru l : n t i v e  loca t ion  of the ’ - a i r  m o d u l a t i o n  f r e q u e n c y  to the f r e q un n cv  b a n r l

‘a- i th h i gh  t u r b u len t  - - r ’ -  r -g \- . A l l  11 i ,  I i r  m o d u l a t i o n s  in t h e  p r n ~ si -n t

s tu dy  a m -  loca ted  n - t n  t b -  I n i w u r sid - of the -n n - r g e t i c  fr e q u e n c y  en r id of

t u r b u len c e , so the i r  ‘if - c t  s on the  w : nv e  p e r tu r b a t i o n  N a s n if on the sn .’cond

process  i r e  p r - s u n n ; n l n l i ’  s im i l a r .

The n ’ h ; m r - n c t - r i s t i c s  d i s c u s s n - d  - ‘b ove 1 m m -  c o n s i s t e n t  w i t h  the  data

of ~~~, and ?. - . It i s  - -_ ‘ i r p r i s i n g  t h ; - t  the  data  of ~~ and ?~~. h av e
id ij d 1 i j

s imi l a r  t r e n d s  on the pN a s t  d i s t r i b u t i o n s  to the data of u . and ~~~, -id s i - s

for  f = 1. 5 Hz ; the s i m i l a r  t r ends  inc lude  the d i r ec t ion  and the r - a n i~n-
a

of ph a s e  sh i f t  a c ro s s  the bounda ry  l ayer .  This s i m i l a r i t y  suppor t s

n i ; m r  a r g u m e n t s  g i\ ’n ’t i above , because the energetic frequency band of

the tu rbu lenc e in th i s  stud y and the f r e q u e n c y  of the a i r  modula t ion

= 1. 5 l I z )  a re  both located above the f requenc y of the i~- a t n - r  w a v e .

5. 7 In te rac t ion-Produced  Wave Fields

The data reduct ion  scheme used for  the i n t e r a c t i o n - p r o d u ce d

wave i s  the same as that used for the air modulation.  -So the resu l t s

fo r  are  p resen ted  as 11~~~IS 11 as given by equation (5 . 18) whe re

the subsc r ipt “ a” is  rep laced by “ s” . As mentione d previously, be-

cause  no r e f e r e n c e  si gnal for 
~~~~~ 

was recorded, no phase  in format ion

of ~~~ . is available. The profiles of I~ -~ I a re not presented  be-
is 1J s I

cause  the y ar e basica lly equal  to the amp litudes of ~~~~~~~~~ F igures

5. 28 and 5. 29 show the d i s t r ibu t ions  of (j ’~ ~ and 
~ 

. A gain the

best  in terpreta t ion curve s in these f igures  :re obtained b y locally

smoothing and curve- f i t t ing  with Cheb yshcv polynomials  as descr ibed

in Section 5. 5 .
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l i i i ’ n i m n g t i i t n m d n - s  of I~ i n  rel ative ly h i g h e r  that - s  t h o sn  of

n s e x p e c t e d ;  t h n -  r;ntio of 
~ ~ S 1I / II~~~S

II is - ap p r o x i n i ;n t n .- l y  of the

o rde r  of the r a t io  
~~~ / ~~~ . Accor’. h i n g  to the i nv i s c id  l i n e a r  ana l y s i s

g i y n - n i  in Chap te r  3 , the o rder  of J i~ I / U  is approx imate ly of

t h i s  is  found in the p r n s i -n t  data.  Howeve r , the c o n s i s t e n cy  should be

re g n rd - m l  as  onl y q u a l i t a t i v e  b e c ; sn s s e  of the u n c e r t a i n ty  in the data .

I h e  data sugges t  the e x i s t n - i m c n of the in te rac t ion-produced  waves , i. i - .

t he  e x i s t e n c e of the  d i r e c t  i n n t e r a c t i o n  be tween  the a i r  snodulat ion and

the  w ah - r  w ;n v e .  U n f o r t u n a  t h y ,  no conclusive or quantitative result s
e ould Ni f ound  due to unfavora  h)le do t :m qua l i ty .
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( I IA l~~F l - R  ti

J) ISC I ’ S SJ O N

i s , I P r ev i e ’a -

B e cau s e  spec i f ic  d i s c u s s i o n s  of the e x p e r i m e n t a l  r e s u l t s  ia- r n

g i v e n  in C h a p t e r  5 , the d i s c u s s i o n s  p r e s e n t e d  in t h i s  c h a p t e r  ;n r e  con :-

c n n t r - i t e d  on the g e n e r a l  a spects  of t u r b u l e n t  f low ove r n n v ; l v n  — 1 ” ’  r t u r L ’ i - ’ t

a i r - w a t e r  i n t e r f a c e .  The top ics i n c l u d e :  a c lose look a t  the  q u a n t i t i e s

m ea s u r e d  in the coord ina te  sy s t e m s  (x , y ,  t) and  (x ’ , y 5 1 5 , t~~),  a dis-

c u s s i o n  of the mean  flow s t r u c t u r e , an e n e r g y  cons ide ra t ion  ‘ m l  t h e  ‘a ; n y i n

p e r t u rb a t i o n  f ie ld , an in s i ght to the in te rac t ion  be tween  the w i n d  and t h e

wa - ;e s , a g e n e r a l  pic ture  of the i n t e r f a c e  flow s t ruc ture, and f i n a l l y

o v e r v i e w  at the c losu re  model l ing  of ? .. Because the data w e r e  col-
1J

l ec ted  in t he  (x~~, y i
~, t o)  coord ina te  system and because  the re  ex is t  dif-

f e r e n t  ph \ - s i c .’il m e a n i ngs  fo r  q u a n t i t i e s  e x p r e s s e d  in the (x , y, t) and

(~~~~
-

, ~~~~~~, t~~: )  coord ina te  sys tems , a rea listic unders tand ing  of the flow

s t r u c t u r e  c a n  be ob ta ined  onl y w h e n  the d i f f e r e n c e  in these  two coordi-

nate  sy s t e n r i s  is r ecogn ized .

Qu a n t i t i e s  in (x , y ,  t) and in (x *, y*, t~~) Coordinate s

It i s  seen f r o m  equation ( 2 . 4 )  that the wave- induced  quant i ty  ~ is

onl y d e f i n e d  when  the mean  of g, now denoted by G , ex i s t s .  In the f ixed

f r a m e  the m e a n  quant i ty  G does not exist  for y < a  because  it is inn -

poss ib le to per form any t ime average process for  f ixed (x , y) if v ~
- a .

Hence , the wave quantity ~
‘(x, y, t) can not be de te rmined  e x p e r i m e n t a l ly

from equation (2. 4) for y < ;n . H owever , in the t ransformed coo rd in a t e

s y s t e m , G(x~~, y °) is  exper imental ly obtainable  for y
~~ ~ a since G(xO , v

r e p r e s e n t s  the time average  per formed along curve s where  (x ° , y 5 )  j~

c o n s t a n tl y in the a i r  regime.  So the quanti t y ~~(X 0 , y 5~ , t o )  is  d e f i n e d .

Desp i te ‘of the d i f fe renc e in j  in (x , y, t) and in (x x’ , y ° , t *) sys tems ,

1 1 3  
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p h- si - . n n ’ e r n g s -  r e s u l t  <~ > n s  well }ieh avn .nd in  both t h e  ( I I , y ,  t )  ; m n s l

( ‘1 , \‘‘‘ , t - l  c o i n r d in s a t e  s v n - i t i n i m n s ;  ( g > ( x , y ,  t) an t i  (g> (x 5 , y • t t  are

i n i e n s t i e  al  on 1-i ,- i f  ( \  , v - i r id  ( x~~ , 
y s m )  r n p r e  sen -st  the same ph y s i ca l  posi —

t i o n , . .- \ s  a r e s u lt , a c l n i : m t i o n i s  g i v n t I  i t s  the p r ev ious  c h a p t e r s  t h a t  d e —

scr i b e  the  \ v n v e  p e r t u rb a t i o n  I ie ld in - s the f ixed  f r a m e  a re  not val id  fo r

V -- - n u n le ss we  a I n  g i v e  a pr o p e r  r u t  scr i pt ion for  ~ (x , y ,  t) in t h i s  re-

g i o n s .  ( i n the  o th e r h a i m c h , ed l i m : m t i n , t s s  fo r  ~~(x o , y ° , t °)  in the t r a n s f o r m e d

s u m n r s l i i ; . m t r ’ sv-s t i i n , d i n  i n n ?  Ii:, i- i - t h i s  - l i f f i c u l t y because  they  a re  de r i v e d

f r o m  the  e q r s : n t i o n i s  for  -‘ g -
, n m - I  [n e c - n  u s e  ~~~~~~~ ~~~~~ t~~) e x i s t s  for

v* . . ‘ I .

\ V h e n  x ’’ = “i , . ‘~~s i i t I u m n i S (~ , --I I n n , N , c) i nd i ca t e  that  (x °, y =hi  a nti

(x , y=h+f~~) repr esen nt t he  s n m n m e  ph y s i c a l  posi t ion , so we have

( g ) ( x ~~, v 0 , t )
~~~~ h 

( g ) ( x , 
~~~
, t ) 1 h+ f ~ 

(6 . 1)

Tay lo r  s e r i e s  e x p a n s i o n  y ield s

(g ’( x , y ,  t ) ’  
-v h

= ( g~~(x , h + fj ~ — f ~~, t)

~g ) ( x , h + f ~~~, t) - 
d ( g )  

(x , h+f ~~, t)f ~~

+ (x , h+f ~~, t) + O(~~~ ) (6 . ~)

I
E quat ion  (6 . ~) is onl y va li’i when  ~ is suff ic ient l y small.  Cr i te r ion

fu r  i ts  val idi ty w i l l  be d i s c u s s e d  l a t e r .  A pp ly in g the re la t ions  (2 . 17c)

- n tel (2 . 47e) and s ub s t i t u t i n g  (6 . 1) in to (6. 2) we find
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- 
.-. O K g ) -

= ( g ) ( x O , y , t t )
y h y- - -h ay’- - y- - - -h

+ ~ ~~~~~,•. 
(
~ 

. ~~~ ) 
~y O=h 

+ O(~~~ ) (1 ) ,  3)

For h ~ a , the t ime ave rages  can be obtained both irs (x , y,  t ) anti

(~~~ ‘s
, v ” , t~~ ) .  So the d e c o m p o s i t i o n  of K g )  into G + ~ is f e a s i b l e .  T h u s ,

by e q u a t i n g  the  mean  and o sc i l l a tory  por t ions  of (6. 3),  w~ o b t a i n

G(x , 
~~~~~~ 

- G(x °, y °) - 

~~~ 3y m:m + 5~~ m (  ~ }~
, 

~ 1y ~~~h

+ O(~~~ ) ( I s . -l~

a i m d

y ,  t)~ ~~~~~~ y 5~, to
) J y o,,h 

- 
~~~~~~~~ 

. ~~ + O(~~
’) (a . ~~

E q u a t i o n s ( n . 4)  and (6. 5) show the re la t ionships  between quan t i t i e s

m e a s u r e d  fo r  the same phys ica l  var iable  in the two coordinate  s y s t e n is

at the s O n i C  mean  e levat ion.  The d i f f e r e n c e  between G(x , y) and G(x - , \o: ’b

is of second order  in ~1 so that they can be taken as the same unless  the

c u r v a t u r e  ‘ m l  the m e a n  prof i le  is too large.  The d i f f e r e n c e  in ~ (x , v , t b

and j(x~~, y 55 , to)  is of f i r s t  order and can not be neg lected un less

is r e l a t i v e ly small.

Let us consider  the case where  g is the hor izontal  veloci ty u.

If the m e a n  velocity profile follows the wave form and has a sharp

velocity g r a d i e n t , f .  ~ is large because it represen ts  the oscil-

la tory  veloci ty  picked up by a f ixed probe due to periodical ly u pw a r d s

and d o w n w a r d s  t rans la t ion  of the mean velocity profile.  For low wind

speeds we also expect ~
‘(x 0 , y o , to) to be relatively weak so ~~(x , y,  t) is

m a i n l y caused  by - . f -  ~~~
‘
. On the other hand , if the mean ve loci ty

prof il e  does not follow the wave f o r m , the roles of ~i(x , y, t) and

‘I s
, 

I
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~j’ (~~~::n , y~~, t~~) ar e  i n t e rch a n g e d .  At  h i gh wind  speeds , ~ (x , y, t) a n d

~~~~~ y~~, t~~) a r e  u sua l l y l a r g e .  So . f .  ~ cannot  be u s e d  as a

sensi t i ve  t e s t  to d e t e r n -n n i n e  w h e t he r  the  mean veloci ty p ro f il e  fo l lows

the \~‘ay e  f o r m .

For h < a , the decomposi t ion  of K g )  into G + ’
~ is onl y f e a s i b l e

in the t r a n s f o r m e d  coord ina te  s y s t em .  To obtain an i n t e rp r e t a t i on  of

G(x , y) and ~ (x , y, t ) ,  it is r e a s o n a b l e  to extend the re la t ions  (6. 4) and

(a . ~) fr o n - m the reg ion h - ;m to the reg ion  h < a  b y cont inua t ion .  In

th i s  n i a nn e r , G(x , y) and ~ (x , y,  t) at  y < a a re  ca lcula ted  f r o m  G(x °, v~~)

and  ~ (x ’ , y 0 , t o) a c c o r d i n g  to (6 . 1) and (6. 5), no t by t ak in g the t ime and

phase  a v e r a g e s  of g at f ixed (x , y).  With this extention , G(x , y) and

y, t) have a ph ysica l  m e a n i n g  fo r  y < a  which is cons i s t en t  w i t h

the r e su l t  of a t rad i t iona l  pe r tu rba t ion  scheme.  The boundary  condi-

t ions  ( 2 .  4 Ia , N) at the i n t e r f a c e  now should be desc r ibed  as those  for

~i(x 0 , ~~~, t °) and ~~(x ° , ~~~ to) ,  not  for  ~ (x , y, t) and ~~(x , y ,  t) .  The d i f f i -

cu l ty  of u s ing  a f ixed coord ina te  sys t em is that the i n t e r f ac e  b o u n d a r y

condi tion s for ~ (x , y,  t) and ~ (x , y, t) must  he obtained b y ex t rapo la t ion

u s i n g  the Tay lor se r ies  expansion and the ser ies  expansion is not in

gene ra l  valid. The advantage of us ing  a t r a n s f o r m e d  coordina te  sys tem

is i m m e d i a t e ly seen because  it does not requ i re  the validity of the Tay lor

se r i e s  expansion.

To in su re  the va l id i ty  of the Tay lor series  expansion, the follow-

ing condi t ion mus t  hold , viz. ,

K g ) ( x ’~, y*,t O) > >  f~~ • ~.
) 

(6. 6 )

A s an examp le , let K g )  as K u )  . For typical turbulent boundary layer

f lows ,

a (u ) au
— 

a y *
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- I n - -  r ¶ h -  $ n i s a l l  :n i s i p l i t u d e  ~k ’ave as  sumption.  Thi n g r eat e  ~ t i-a t m  r ,f

c ’i : n n ~~e it’, U o c c u r s  n e a r  the i n t e r f a c e  where  the l a m i n a r  s u b lay e r

g iv e s  a l i t - s e a r  n - s - sean  ve loc i ty  p rof i l e . We have

2
j a u  ~ — 

ii ,;,
— 

LI

The length scale of a u / a y* at the interface is

U U I ’
a) a)o = = (6 . n)1 8 U \  2

u~

The most stingent condition for (6. 6) is at the in ter face  where f ( O )  1;

th is  resul ts  in

< <  1 (6 . 8)

In t e rms  of the wall coordinate , (6 . 7) can be writ ten as

8 u  U
- 

0 * 
-

o 1’ 
- 

u~,,

Note that 8+ is also the reciprocal of the root square of the drag

coef f i c i en t .  The wall-coordinate parameter for a is given by

+ 
au

*a

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

(6. 8) is now

+a 
< < 1  ( 6 . 9 )

8
0
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U
For t y p i c - n i  t u r b u l e n t  bounda ry  l ayer  flow s, = —

~~~~~ 25  30

which co r r e sponds  approx imate l y to the lower ed ge of the log-linear

profile. To insure the validity of the linear analysis  in the fixed

coordi nate system , the amp l i tud e of the water  waves must  be less

than thickness of the viscou s sublayer , i. e., the roughness produced

b y the iva t e r  wave s should he small enough to guarantee that the sur-

face  condition is still aerod ynamically smooth . Condition (6 . 9) is not

s a t i s f i e d  in a l abo ra to ry  in  general , because  the wave ampli tude has  to

be ma in t a ined  la rge  enoug h to give a reasonable s igna l - t o -no i se  rat io.

For in stance , 8 = 0. 51 cm and a = 2. 67 cm in this stud y, so = 28 ,

a
+ 

= 146 , and a+/O
+ 

= 5 . 2 4  1.

We now com pare  the  d i f fe rences  among ~
‘(x , y, t ) ,  ~ (x 0 , y ’~, t O)

and ~~‘~ x*, y °, t °) . E quati on (6. 5) shows that j(x , y, t) —h and

~~(x , y°, t0)~~~5~~h 
are always different by the amount 

y- 

~~

no ma t te r  how small th~~ wave amplitude is (unless a = 0 such that

y, t) = ~‘(x *, ~~ s: , t O )  0.) When ~ (x , y, t) is evaluated at the time

v a r ying position y h+f~~ , we have

~~~ ‘ t ) 1  y 1i+f ~~ ~ (x~ y, t ) j h + O(~~2) (6 . 10)

Hence , ~ (x , y, t) 1 3j. can be appr oximated by j (x, ‘
~~~ t ) I y o but not

by ~ (x *, y*, t *)I y * 0 ’ as we have  r emarked  for the interface boundary

conditions. Equation (2 . 56) provide s us

~ *(x *, y *, t*) ~(x ’~, y*, t*) - f~~~~~~
. (6. 11)

Reca l l  that (6. I i )  i s  exact (no h i gher order terms were neg lected) and

tha t ~‘~ (x *. y *, t*) is evaluate d at y~ constant. If condition (6. 9) is

satis f ied , f rom (6 . 5), (6. 10) and (6 . 11) we have
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~~-(x~- , y~~, t : ) j , h  = ~ (x , y, t ) I h 
+ O(~~

2
) (6 . 12)

= ~ (x , ~~ t)
~~y=h+f ~ 

+ O(~~
2

) (6 . 13)

The value of ~ °(x °, y 0 , to) evaluated at y* = h can be r eg a rd e d  as

the value of j(x , y ,  t) eva lua ted  at y = h in (x , y, t) coordinate system.

It may  be v i s u a l i z e d  that  the coordinate t ransformat ion  can be achieved

by s t re tching the undulating curve of y° = constant into a horizontal

line , if ka < < 1. When  condition (6. 9) is satisfied , the s t re tching pro-

cess  and the extrapolation by Taylor serie s expansion have little differ-

en ce , so ~
‘(x , y, t) and ~

‘0( ~~ 0 , y°, to) can be taken as the same. How-

ever , when  condition (6 . 9) is not sat isf ied such that ~
‘(x , y, t) can not

be obtained , the transformed quantity j *(x *, y°, tO) still has meaning

and we -~ ssume that  ~~*(x O , y0 , to) will take an equivalent role to j(x , y, t)

under  thi s condi t ion.

tn . 3 ~“de an  Flow St ruc ture

As shown in Chapter 5 , the mean velocity has a wake log-l inear

profi le .  This profile holds to the vicinity of the interface below the

c r e s t s  of the m echan ically -gene ra ted  water wave . The mean Reynolds

stresses measured in the transformed coordinate system as shown in

Fi gure 5. 6 als3 have a structure similar to that observed by others in

f lat , solid boundary channels. This suggests that the interface flow

character is t ics are dependent on the instantaneous height above the water

surface as f i r s t  proposed by Benjamin (1959),  and not on the height above

the mean wa ter level.

In Section 6. 2 , we showed that , when the wind speed is low , corn-

paring ~i~(x , y , t ) and ~T(x °, y*, tO) should give a direct test to whether

the mean profiles follow the wave form, Chao et al. (1976) measured

~T in a f ixed f rame and in a wave-following f rame (Y f = Y  - ~V) . The
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i n r ~ - a - n i t  n n i i - : n s i n r i - n m i c t n t  i i i  l i n e  t r : m , o J n n r n n m e c l  c o o r d i n a t e  s y s t m n n i m  i s  n - n u l i v ; n —

l en - s t  t n  t h e  ~i : n v e — f o l l o v i n n g  n m n n - : i  so r n - t i n - n i t  n i c a r  t h e  i n t e r f a c i -  - n  nd m : - t m h i - s

t I -  f i x n - s I  f r a n n i -  n m n c , m s u r n - i m s - - n n t  i n  t h i -  f r e e  s t r eam . ‘rise r e s u l t  of c : h n m n ,

- t  1. sho~v e m I  t i n t ir( x , v , ) i s  s n m l i s t : i n t i a l l y la r g e r  t h : n i n  ?~(x , t I ne :m r

¶ h - a i t -  - r f a c  e i - l i t ’ s  I c  is  lou . I h e  order of magnitude of ~ (x, y, t)

i s  ~~is o  e n m n m S i s t , -~~ t u-H1 1 i h a t  of ~~~~~~~~~~~~~~~ U n f o r t u n n m t c lv , t h ( - i r  d at a  ~ i t b ’

t \ v n i  f r , n n m e s  n s s n t n s s o r i n n n e n i t  wa s  m i n i  m m m d at d i f f e r e n t  e lev a t i o n s  m i n i - I n - n  d i f —

I -  r -  m i t  i i  m a n ,  f i n  t n u t i d  ‘ 1  i ’ n t n  S S n ,  th at n io d i r e c t  c l a c k  could h i - - m a d e  of

f I nn n i - 1 ; m t  t o n i  l e t —  n i s ( ’ : , ~ , t )  m i n d  ~~~~~ t ) .  I n o r m l i - r  to 1 n l f i l l  t h i s

- pi - c i f i c  n m h j i - c t i - - n - , a s 0 1 - : n  n - n t -  e y 1n e r i n i i e n i t  ha s  been  p e n l u r n i e d , i n ,  a: I ich

u . ~n t n m e ; m s i m r i - c I  H i m ’  j , i ( n n f : n e ,  f low  i i ,  t b -  t h r e m  c o o r d i n : n t n-  s v s f n - n n , s  ( v  =

- - y — I ~, a n d  v - v - t ~~ ) - i t  the s:, r ise t i m e a n  e l eva t ion  and  u n m l i - r  t h i -  sn I n n :

11.- nv c o n d i t i O n i .  Tb - -  r~- s u I t  s of t h a t  e xp e r i m e n t  show a c l i - O  r - - r  p i c t u re

- f t h i s  w i n u d — f o l l i i u u  ‘ t s g — ’ u  - i v e  c h a r a c t e r .  Detailed r e s u l t s  of t h i s  s n n ~~n~ r a t e

- - \ j i i - t v n n e n m t  w i l l  be p r - s i - i m t n - i l  i n  ni I n t e r  r epor t .

We conc lude  tha t  the s s i e a n  fb i-: fo l lows the wav e  f o r u m  if the i i  c a l m

i t i d  —
~ ‘- - - - ‘ I  i s  n i u t  t o n  l i i  g i n .  Th i i s  is  t r u e  fo r  the flow i n  t h i s  s tud y be —

e O ’ i : - n -  no f le a  s e p : n r ; n t i n n n m  i s  i i b s m : r v e i l  a n d  b ecause  the I n e : n r m  p r o f i l e s  a i’ m ’

I I - n  r I n  t b ’  -
~~, n l l — l m n - h a v n - i I  turbulennt flow s irs solid ui -t i l l  c han n e l .

i l e t i c ’ ’ , c h o s e  ril) ini g the i n m t n - r f a c e  f low ins the t r a n s f o r m e d  coordinate  s y s —

t i n ,  i s  a n t  a p p r i m p n i ; m t n -  approach .

Let  n u ’ ;  g i v e  ; i t t n ns t ion  t i  t h e  ve loc i ty  prof i le  pa r a n i a t e r  C

gi ven  i t ,  i - q n , i t m o r s  (5 .  1). 1 hi : av i s- m g i -  va lue  of C is  found  t o  I n n -  8. Z n ,

( 1  a l i l - ~. 1) i n n  t h i s  s tud y. St e w a r t  ( 1 9 7 0 )  m e a s u r e d  the ve loc i ty  p rofi l e s 

r -
~ n n a n o t h  wa  t n r s u r f :n  C n n  s and ow- r a 1. 96 lIz m e c h a n i c a l ly —  g e n i e  r n  t ed

v,-ni t ’ - r  \ . i y n  u n d e r  a J ( i \ ~ u i , , 1  ( n e I s I I t i n ) ! 5  ( s i n- s i l a r  to  t h i s  ‘- t n i n I ~~) .  I T , -  f o n s n s d

- - 1 . ~ f i r  ~~n i n o i n t h m  f l a t  u -j u t - v  s i i r f : n c n -  and C = 3. 7 for  g e n e ra t e d  w a ter  

s. T b -  st : t n - d  t h a t  t he  l o u u - n - r  u - a l o e  of C = 3. 7  res ul ted f r o t i n  t h i n

i’ - i i n g t - ess  r r n - - n t i - d  b y t h i n ’  t n m n m ( n l c n l i K ’ : i l l y — g e r s i - r t i t e d  wate r w a v e s .

d i - u g r i - - - . if t i m - -  g n : n m e r : m t m - i l  w ; n t - r  w :n v C 5  a r e  considered n i s  p o r t i o n s  of

t h n -  n m m n i n i r l ; n r y  r u m n g h m n n - - s - , t h i n -  f n i n , i n  s l n v m g  ex h i b i t e d  b y the  u u - n v e — : n s s o r i a t i -d

- - .- ,
~ 

- _ . .. . . _.. - - -________________ 
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R n - v n , m l n i s  st r e s s  — p TR s l n , n m m l d  be incorpora ted  with the m e a n  t u r b u l e n t

Revn n il d s stress — p  mn ’v ’ to g ive the total r e s i s t a n ce of the uu’ : mter  s u r —

f ; n c e .  Our m e a s u r e m e n t  a n d  the m ea s u r e m e n t  of Kendall  ( 1 9 7 0 )  s h o w-n d

that -Q T~ ’ vari es drasticall y near the interface. When -p ~~~

-p u ’v ’ a r e  combined , the s t r u c t u r e  of the constant  s t r e s s  layer  i s

totally distorted.

The lower value of C = 3. 7 in -Stewar t ’s resu l t s  was a consequence

of h i s  f i x e d  probe m e a s u r e m e n t s .  If he had measured  the flow in the

transformed coordinate system , we expect that the value of C would he

r e l a t i v e ly  high (near 7. 2) because  the mean prof i le s were  fol lowing the

iu ’au -e s  a n d  the w a t e r  s u r f a c e  was  relat ively smooth with r e spec t  to the

w a t e r  waves. All the second-order correction terms appearing in the

ri~~ht-hand side of (6. 4) a r e  negat ive , so the mean velocity m e a s u r e d  in

the f i x e d  f r a m e  is smal ler  than  that m e a s u r e d  in the t r a n s f o rm e d  f r a m e .

The d i f f e r e n c e  l ) i : t u y m - e n  these  two f r a m e s  of measurement is small near

the  f r i - v  s t r e a m  and genera l ly i n c r e a s e s  as one approaches to the inter-

fac -- . A s  the  r e s u l t , the value of u ,~ de te rmined  f rom the profi le  method

should give a higher value for fixed frame data than for t r ans fo rmed

f r a me  data . The value of C for fixed f rame measurement  is then con-

s i m i i - r ; n h l y lower than that for t r ans fo rmed  f rame measurement .  The

ar g u m e n t  s ta ted  above is con f i rmed  by our measured  results in the three

c ’ n o r r l i n n n n t n -  sy s t ems , whe r e we found that u ,, and C were about 10. 8

c m/ s c ‘n d  7 . 5 for  t r a n s f o r m e d  fran- se  data and 18. 3 c m / s e c  and -2 . 7

f o r  f i x n n m i  f r a m e  data at U /c  = 1 . 88. Chao et al. ( 1976 )  observed th a t
(1) — —

u ,, ) .  3 c m / s e c  and C = 0. ) for  f i xed  f r a m e  data at U /c = 1. 12.
a)

The mj 
- va lues repor te d  by Stewart ( 1 9 7 0 )  also showed 10 to 25~~ h igher

values for the genera ted  wave cases  than for the smooth flat wate r

surface  c — n s n - s . If the generated water wave s are regarded as surface

roug h n e s s , we also expect that the C value should c on tinuou sly de-

c r - ; ,  se as th e wind speed is increased  when the wave amp litude is kept

1 2 1
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C m i m n  -; t - I n i t  h - c  - i n n  5 -  the  i. - 1 - n i  v i - r u u -g l n I ’ ’ s  s g i v e n  b y a = an  - - / V is  l a r  g i -  r

mt hi ght- r w i n d  sp t - e i l . l i i i  s ui-tn s n m n m t  observed by St e w a r t .

For  f louu  s ove r s n n i i - n n t t ,  f l a t  p late , measuremen t s  of Young i t  a)..

l u ,’ ~~ m n f  I l u s s ; n i n i  a n i d  1U-~ - n m , n 1 d s  ( 1 1 7 0 ) ,  and of A c h a ry ;n  and R ey n o l ds

(1 ~7 5) sh o w e d  tha t  C is n p p r n i x i r n i a t e l y 5. 0 , and Coles ’ ( 1 154) data

shouv ed t h a t  C is ; m h n i i , t  0 ~~• T b - s i ’ value s a re  c o n s i d - r ;n h l y sn n a l l c r

th a n s  our  ~~. ~6 and - t ,  - ui-a r t  s - . ~ ~ i n i e  s of C . A greemen t  is  o b ta i n e d  i f

uu -e ; , c c o n , n i t  for  the , f f , e t  s n - I  t l m n  d r i f t  current. The effects of the drift

c u r  r -  - nt  r e li : a si - ’ a p o r t i u n m  n i l  t h i n - t m  n r l ,u l e n t  shear  s t r e s s  to gi  Vt: a buuv un r

va lue  of u for i n n t i - r f ; n c i -  f low s tb i n tha t  for  smooth  wall  ( f l a t  or w a v y)

f lows . \ c c o r d i n i g lv , t im - e u r v e — f i t t i n g  b y prof i l e  method r e s u l t s  i n  a

lou ’ , m r  s in  pt - n i / k  a n a l  ;n h i  g h i - r  i n t e r c e p t  C. Let the l i - s ean  ve loc i ty  fo r

no d r i f t  f low O n ’  1$i i m  h .

i i  - 0
y i- iu

• 1 ° j— m m  + C°u~, (~~. I - I )

uu- h n - r e  C” i s  5 . 0 or u s  d n - s c r i b e d .  Wher s  a d r i f t  c n , r r n - n i t  U e x i s t s
0

on t i n - -  i n t e r f a c e , t i t i ’  i- n ’ I o c i ty  i - x c e s S  is t ranspor ted  ac ros s  t i n ’  b o u n d a r y

l ; m~ - m ’r  b y the  n - x i s t i n i g  t n i r l , m m h i - , n m m -  I n n ’  to m i x i n g  and the t u r b n t l m - n t  s h y

s t r e s s  is pa r t i a l ly r e l ea s ed . The t r anspo r t  of the excess moniientunii

is  s imi la r  to t h n -  I m i n i  sport  of i n n  exc ess temperature or h u n m i c l i t y

; n p p - ; m r i n g  a t  the i n n t - r f a c n - . So the c u r r e n t — i n d u c e d  ve loc i ty  is  a lso

g i v e n n  by a l o g — l i n e a r  profile , i . e .

y Ouo
— = ~~~~ . in , 

d 
+ C°u0 ( I i . 1 ~)

(I k ,, V d

- i -h  H
1 

i s  the c u r r e n t — i n i d n , e e d  ve loc i ty  and u
~~d 

is the c h a r a c t e ri s t i c

f r i c t i o n  u - loc-ity of t h e  - I r i f t  c n i r r m - n s t . Since U = U° + U
d . ( ( i n i n l ) i n i n g

( n ~~ I H - m i d  (6 . 15) and e n o s n p a r i n g  the  combine d resul t  to (5 . 2) and (5 . 7)

y im-  I r i s
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U , — u - - ( i n . l i - i
I

ti nici
0 0

Ii U ,,, u u,~ u ,,,
(~~~ C° + -

~~~ + 
.L . ( _ . i n _ + _ ._ ~~.j n __.-.. ) ( . - 17 )

u , k ‘u , u , u , u .:.
0 -~ ~-‘ ~ d

B e cau s e  11 a 0 and ns ~~ - u - 
- . U - - - , all the co r r ec t i on  t e r m s  on the

0 - 1
r i g h t - h a n d  side of (0 . 17) a r -  p o s i t i v i - . So , C -> C°. To give a quant i -

t ;n t i v e  i - s t i r s - s a t e  of C , let us a s s n s r n n , - the  d r i f t  c u r r e n t  to be 3’ of U
a)

i. a ,  . U 7 . 2 c m /se c  for  U = 2. - rn/sec. The value of u~ can
0 a)

o b t : m m n n - d  f r o m  the empi r ica l  f o r m u l a  g iven b y M o f f a t  et al. ( 1 9 6 7 ) ,  i . e .

0 2

(-
~~

) = C
f 

0. 0 l 3 ( R e
6

)~~~~~ ~t j~

-a:h er- - C
f 

is the shea r  s t r e s s  c o e f f i c i e n t  for  smooth plate and R eô 2 
is

the Rey nolds number based on the momentum thickness. For Re =

35700 ( T a b l e  5 . 1), R e~~, = 3470 f r o m  the l / 7-t h - p o w e r  law (Schl icht ing

1~~~8 , p. 599).  So we have u~ = 9.89  cm/sec from (6. 18) and U~~ ~~ 31

c m/ se c  f rom (6. 16) when u , = 8. 58 cm/sec  (Table 5. 1). When u°,,

u -  , u - ,  U , ari d k (=0 . 40) are substi tuted into (6 . 17),  we find

C 6. 92 if C° = 5. 0 and C = 8. 12 if C° = 6. 2. Cons ider ing  the sca t t e r

in C°, our  result for  C is  not incons is ten t  with Stewart’s.

tn . 4 Energy Budget  of Wave Perturbation Field

Irs a turbulent shear flow , there is  continuous dissipation of tur-

‘ m o l t -nt kinetic ener gy into internal thermal energy due to viscous s t ress

an n -I an accompany ing t ransfer  of energy from the mean field b y turhu-

l i - n t  Reynolds  s t r e ss e s  acting against the mean velo~~ity gradient  for

rep lenishment  of the turbulent kinetic energy. There is also continuous

d i f f u s i o n  of turbulent  kinet ic  energy by flu ctuating motions.  With the

addition of wave perturbation , the inte ract on betwee n the mean flow
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and the  t i - n rh)ulensc i - is sill) jn -c t ed  to n , s o d i f i c a t i o n s . There  a m :  a d d i t i o n a l

nn t m -r ;nction ss between t h i n  n i s e a n  f l ow rid the wave p e r t u r b a t i on s  ann - i  he —

t w a i n the  tu rbu lensce  ; m n , d  t he  way ’-  p e r t u r b a t i o n ;  these  i n t e r a c t i o n s  pm

sumably establish the i-volution of thin wave p e r t u r b a t i o n  f i t - i d .  Cons ’-  —

qut - ritl y,  the en i n -r g y  bud ge t  among  t b n m - s e  t h ree  f ie lds  is re —adju st i--d i. In

t h i s s tud y ,  ui-c c o n s i d e r  onl y the  e t n i - r g y  bud get of the wave  p e r t u r b a t i o n

f i e l d .  Beca u se x ’~, y ’
~ , t~ ) is  eq u i v a l e n t  to ~‘(x , y, t) when  (o . 1) is

i - - l i e n ! , the n - t s t n r g y  c o n s i d i - r t t t i o n  i s  focused  on ~~~(x 0 , y~~, t~ ) for

- n i - - r n l i za t j o n .

The k i n e t i c  - n t - r g y  H of ti -se uv ;Iv e pe r tu rba t ion  f i e ld  is

K ‘ni- ( ~~~~~ i~~~~ i~ i + ~ oy :;i ) ( n  I K a ~

n m n - r g y  b a l a n c e  n - q u a t i o n i s  f o r  the  h o r i z o n t a l  k ine t i c  e n e r g y  ~

a n d  the  v e r t i c a l  k i n e t i c  e n m t -r g \ -  ~ can he o b t a i n e d  b y mul t i ply i n g

t i m -  n i s o n s e n t u nn  n - ( l l n a t i o s s s  (2 . ~i a )  a n d  (2 . 59) by ‘
~~~~ and ~~~: , r e spec t ive ly,

- t n i d  then - s t ak ing  t i n - ’ a ver a g e s .  Ti-se r e s u l t s  a re

‘I ( i ~~~~~~. \  I ~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~ 1 1 8 2 
_ _ _  _ _ _

1~~~~~~~~~ U ’ U
) ~~~~~~

‘

~~~~ - 
p i - ’  - i t - v -  + p’- -~~—~ +

R e k ~&x e2 +
2 / i

2- I ( ~-~-~;)  + (}
~~

‘) 
_
~~~Ji~.:n~ j n1

3~~ ’ 3 , , ~~~~~ 3u~~ -

+ 1: — - — u nm r ),~ + r - -- — ( i i  19)
1 1  Ox~ 3y im 12 12 a y n :m

-~ 2 2 ~~~~~~~~a — — , , , 8v~’ 1 / 8  3
t,~: 2 ~~~ T V )  ~ P ’”~’ + p- j—- . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~ 2

-~~ 2 ... 2
1 1 3v~ / 8v * \ 8 — , ---~~, ‘— ,

~~ L~ : - J ~‘ 

~a~ i - J  _ 5_
~v’~rT z ~~~~~~~~~

(continued)
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( n . 2 1) )

ivh e  re
I I + u  I
It - It

On the ri gh t — h a n - i  s i l t -  of (6 . 19) ,  the f i r s t  t erm  is the e n e rgy  t r a n s p n r n

due to pr i - s  s i r e  w o r k ;  t h -  second t e r m  is the e n e r g y  p r o d u c t ion  f r o m

the mean fielci by the u u -n v e - a s s o c i a t c d  Reyno lds  s t r e ss :  the t h i rd  t n ;

is the i -tn- -r~~y transfe r to the vertical wave motion due to the pre s smi r i --

s t ra i n ;  th~ - f ou r th  t e r m  (with 
~~~~

- ) is  the d i f fus ion  b y v i s cos it y :  the  f i f t h

1- - r n ;  ( w i t h  I is th e vi scous di ssi pation; and the last fou r  t n - m is  ar-

the energ-,- transport and the  s t r e s s - s t r a i n  work due to the w a y - - i n d u ce d

t n i r~n i i I , - n t  R ey n o l d s  s t r e s s e s .  The i r  overall ef fec t  r esu l t s  in the chance

in  t O n ’ h n r ~ z m , n t a l  k i ne t i c  ene rgy .  S imi lar  in te rp re ta t ions  can  a l so  l~-

n k o - n  l i i  t i - n --  i- , r t i e ; n  I k i m - n - t i c  e n n - r g y  balanc e equat ion (6. 20) .  N o t e  f ) ; - f

t h i ’  - - m n e r g y  production on iy  appears  in (6. 19) for parallel shear flow s .

Fhe p r - - s  sn n n m - s t r t m i n  t e r m s  in (6 . 19) and (6. 20) f o r m  ;n c o mp e n s a t o r y

- i r  n m s the r n suit of continuity, i .e. • when ~~ ~~~~~~~ is  a source  te rn - s

( m i . 19) ,  ~~“- —

~~~~~~

--

~ 
is a d r a i n  t e rm  in (6. 20)  so that  the e n e r g y  is  t rans-

f m - m i n d  f r i m n i ~ i- t n r t i < ~~m l  oscillation to horizontal oscillation , and vice u-ers

I f t he  f l i i u u  i s  f u ll y or ; m l m n i o s t  f u l l y developed , the c h a n g e  of aver-

t g e r i  qu an t i t ie s  w i th  r e spec t  to x is relatively small . A c c o r d i ng ly ,

the tn ~r m s  wi th  —
~
—-

~ in f ront  of avera ged quantities can be dropped

f r i , n m  1~ n . 19 )  nmn d (o . 21) ). W e  f ind , a f t e r  t a k i n g  the flow to be s t a t i o n a r y ,

~~
- z-- IU  ~~~~~-: i a 2 

~~~~~~~~~ 1 / a ~3.n :n 1 2
- i i  

~~~~~~~~~~~~~~~~~~ ~~~~~ , 2 ~u mi u i - ) _~~~~ ‘~~ x , - /  ~t a ~n- :~)

( 1 ) (2~ (3)

-~~ a~~~
m:c I z — ~+ r I 

~~~
—-  - u m~r :~ + r~n —— = 0 (i - i . 2 1 )

i t  8x- - - d y -  l~ IL  8y ;-

(5)  ( 4 ) ( 6 )
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_ _ )  -+- [(
~

--) + (
~
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Iv-

( 1 )  (2 )

a~~:- ~ 
‘ -

~~~~~~
‘-

r i-  — — — v r i- + r -  — = 1) ~~~ - ~~~~~~12 Dx mn ly ” 22 22 1v ’1

(-1 )  (3)  (5)

Our m e a s u r e d  data  u-~- n n r c  u sed to ca lcu la te  each t e r m  in (6. 2 1 )  n o d  ( n ~~ 2 2 )

en-a’ ept those  wi th  ~~~ b e c a u s e  no p r e s s u r e  data w e r e  o h t a b m e m ’i ,

~~~ 
-
~
-
~~

---— wa s  c al c uia t c d  b y ha lanc  i - r i g  (6 21)  b y s u m m a tio n  of a u ’  t O r

t e r m s .  p ;~ ~~~~~~~~ 
ec iu a l s  _ p ; 

~
j — ’ b y cont inui ty .  rhen , i—- p - ’v - m

u i - u s  obtained by b a l a n c i n g  U- . 2 2 ) .  The calcula tion resul ts  are  g iven  in

O , n ! , le u . 1. The h o n  ,— i n t i tal  e t m e r g y  ba l ance  is plotted in Fi g u r e  ~i . I a n n d

the  v e r t i c a l  e n e rg y  b a l a n ce  in Fi gure  6 . 2. It is seen that the t r a n s f e r

processes  a re concen t r a t ed  in a reg ion very  near  the in t e r f ace .  The

l ines  on each  g r ap h r n- p m -sent the sum of the t e rms  shown there .  Thus ,

if one acids the value s at  a ny  - i t n t  on these t w o  l ines , one obtains the

pressure  t ranspor t  value - p—, ~~~~~~ (Note the d i f ferent  scale s used
‘3 y

in Fi gures tm . 1 aT -n ( l ~~ 2 . ) In Tab le  0 . 1, it is i t itere sting to see that
— 

l~~ ’ ~ a~~e 2 / a~ * ~2 / a~~e 2
nea r the in ter face , 

(~~
— )  ‘n ’ > 

~

-

~

—- ,) ~~ ~~~~ 
a ” ~~~~~~~) ; the

- a~r~ ~
-

energy rlissipatioi-s i s , t he re fo re , mostl y due to 
~~

— ( .
~

) . As

~~~~~~ 2 a~~* L

~ ( 
~
—
~

) , th e con t inu i t y equation is apparentl y sa t is f ied by

the measured  data. Near the f ree  stream , all these four diss i pa t ion

t er m s  are of the same order so the motion of the wave pe r tu rba t ion  is

ir rota t ional  as we have argued in Section 5. 4. Table 6 . 1 show s that

the v i scous  ef fec t s  a r t -  of hig her order (in magni tude)  and are neg ligible .

The turbulent  ene rgy  t r a n sp o r t  and the energy  drain to turbulence of

the horizontal  kinetic ener gy a r t -  one order in magnitude grea ter  than

those of turbulent en - se  r gy  tr a nsport  and energy drain of the ver t ica l

kine tic ene rgy .
I 26
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\ g.- nm , - n ’ - !  i r - n ,  t .  n- - - i f  t h e  i - n m n-r g\ flux in the reg ion n e a r  tO-

i m i t i -  r f i c t - is us f o i l m i w  ~~~. rh1 - nn ne i~gv source of horizontal kinetic

~- nc r g v i - f l  a C u n i t  rn  i i  v t n  lii in i i -  i s  t i m - m i  n l y p rov ided  b y the  t u rb u l e n t  i :ne r ~y

t r - m n s p o r t  r i m -  — t O - -  e n n u i 1’ 1 v o l u m e  ly i n g  below and the e n e r g y  p roduc  —

t i o n  f r i m u n ;  1 - n - - m m c m f i e l d . This  e n e rg y  source is par t i a l ly b a l a n c n - d  Liv

d is  ~i ;~~ t i o n  in to  m i t t - m a! th e r m a l  i - n t n r g y  and ene rgy  d ra in  in to  b ack-

g r o u n d  I i i  r (  - i - l i e  nc i n ;  i i ouu n - v t ’  r , the l a r g e s t  portion is converted into the

vertical kinetic energy b y the p r e s s u r e  per tu rba t ion .  This v e r t i c a l

kinetic e n e rg y  source i s  then  b a l a nc e d  partially by the d i s s i pa t ir  - m  and

the - - n i ~-r ~ - I r m i n  of the  ve r t i c a l  k inct i c  ene rgy ,  the r e m a i n i n g  and

l a r 1e st  por t ion  f t O t  en e r gy  s o u s r c i n , combined  with the addi t ional

ener~~’,
- s ou r ce  c a u se d  b~ turbulent transport from the control volume

i s  b a l a n ced  b y the  downward  t r anspor t  due to the p r e s s u r e  per-

t u r i , a t i i  -a

T a m - equation for the total k ine t ic  ene rgy  K give n by equa t ion

(6 . 18a) is ob ta ined  b y add ing (6 . 21) and ~6 . 22) ,  which give s

2 2 2

~~ ~~~
_
~~~~~~~~~~

+
~~~~ ) + (~ :~:i± (

~
.
~)H

—j ,
- 

~~
—-  

(~~ i - r -  + ~- n - - ) + r ’-’12 22 11 8x ~

8u~ ,, . —~ 8v *
= 0 (6 .~ ,3)

Integrat ing (6.  2 3 )  from y ’~ to the free stream yields

j~
X~ :-~~~~~ . ~~~,~ dy * 

~ 
+ (~:~)~ + (~~~ :~ )

2
÷ (
~-~- ) 2L’~

( con t i nued )
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— — - , t _ . . t A . .,_ —

+

• 
(~ : ! ~IL + r~~, 

~~~~ 
+ + r ~~~:

= — + ~~~ — ~~~-~~~ -- — u, s i ~~~ — (6 . 2-1 )

Now the control  volume is a s l ice of width dx e wi th the lower boundary

at y~~ and the upper  b o u n d a ry  at the f r e e  s t ream . When (6 . 2-1 ) is evalu-

ated a t  y~~ 0 , the ri gh t - h a n d  side of (6. 24) r ep r e s e n t s  the n - n e  rgy

t r a n s f e r  a c r o s s  i n t e r f a c e b y the wave- induced  f o r c e s  ~~~~~~~ ~~~~~~. and

—. 
8y i~ 

The l e f t - h a nd  side of (6 . 2- -I )  is then the power supp ly f r o m

the wind f ield.  Because  our n i m e a s u r e m e n t  c loses t  to the i n t e r f a c e  w a s

n i t  y m~ = 1 . 604 cnn , the e n e r g y  balanc e of (6 . 24) was  c a l c u l a t e d  clown to

tha t  point;  the r e su l t  is shown in Table 6. 2 .

It m us t  be pointed out that  _ r ~~2
u~ f y * 0  

does not r ep resen t  the

energy  t r ans fe r to the  w a t e r  wave  b y the wave- induced  t u r b u l e n t  shear

s t r e s s , because  ~~~~~~ ,,~ doe s not describe the wave rrsotiorA of they - - - -’O
wate r part icles .  The horizontal  oscillation of the water  part ic les  at

the i n t e r f ace  is desc r ibed  b y ~i~(x m~, y mi , t *)j ~~* 0  as shown in Section 6 . 2 .

When  the flow is descr ibed  in the f ixed or in the s t re tched t r a n s f o r m e d

coo rdinate sys tems , the mean  turbulent  shear s t ress  -u ’v ’ over the

undulat ing water  su r f ace  produces an oscillatory force  -f ~~ i-,. u ’v ’

which combine s wi th .-
~~~~ 

to give the energy t ransfer  when they acted

on the osci l latory sur face-water  particles. The energy t ransfe r  f rom

wind to waves b y hor izonta l  tu rbu len t  shear s t resses  is given then by

+ ( - f
~~ i- u ’v’ .

~~~
)
~~~~0 = - 

~ 12~~~y ’’=O

This a rgument  was proven by the authors  in the report of Wu et 
~~

( 1  ‘1)77) w her e  the der iva t ion  for the energy  t ransfer  was based on the
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pha su -  a v er  n - V ~ u m  I t  S -H ~id th i n  d e r i v e d  r e s u l t s  wi r -  n iot  a f f i - c  t -  -I b y

wh i c h  c n i , n r i i i n i , i t - -  s - v s t n , i i i u - m  s i i  s e m i .  An add i t iona l  a rg u m e n t  c ;n n  n i i n-o n

be obtai nsend Lv C O n q i d i -  i - i  t i g  a f lo w  over a solid wavy wal l .  T h er - - i s  rio

n- - n er gy  t r a n s f e r  a c r o s s  th i -  solid wavy wall  h e c a u st -  the w i l l  i s  St -

t i o n a r y ;  ho- . e t - v n - -r , t h e re  i s  n o n — z e r o  value of ~~~~~~~~~ 
~~~~~ 

Fhe - i r g i m -

men t  shown above app lies a lso  to the other osc i l la tory  f o r c e s  such  as

- 
ari d ‘—

~~~~
‘ , so the  e rm n ’rgy t r a n s f e r  to the w a t e r  w a v e  is

-~~~~ R e  0 y - -

g iven b y

- —- z~— -~~ I 1 / 1 1 I
-p v  - r 1 2

n ,  - r 2 2 v + 
~~~~~~~~~~ ,

i- ~‘ u u  +

(u- . 2 5)

Table t n ~ 3 show s the e n e r g y  t r a n s f e r  calculated for  each t e r m s  of

(6. 25 )  u s i n g  our m ea  ~u r i - ’ l  data.  As  in Section 5. 4( b ) ,  the i n f o r m a t i o n

of the p r e s s u r e  p e r t u r b a t i o n  was  in fe r red  f rom the m ea s u r e m e n t  of Yu

et al . ( 1 9 7 3 ) .  Note that Table 6. 3 is obtained for  y i~ 1 .604  cm , not

for  y~’ 0. Because  the e n e rg y  product ion  and the wave p e r t u r b a t i o n

ve locities chai ’ige d ras t ica l ly near the interface , the value g iven in

Table 6. 3 are  not an exact  representation of the surface values.  How-

eve r , Table 6 . 3 does show tha t  -
‘
~~~~~ is dominan t  over other  t r a n s f e r

te rms.  The dom in ation of the -j~~ term should remain  valid at the

inte rface .  A be t ter  i n t e r p r e t a t i o n  for -~~~~~~ at the in ter face  was g iven in

Section ‘i . 4(b).

Regard ing  the energy  t r ans fe r  by the induced turbulent Reynolds

stresses , Table .-
. 3 shows that ~ii-’

12~i is one orde r in ma gni tude g r ea t e r

than 
~~~~~~~~~~~~~~ 

, but ic onc order in magnitude smalle r than -~~~~~~~~~ . Both

r 12 u and ‘~~~u ’ are negative, i. e-- , the energy is t r ans fe r red  from

the water wave to the wind. The negative t ransfe r in 
~~~~~~~~~~~~~ 

and

and the relative orders  of magnitude among -

~~~~~~

, 

~~~~~~~~~~~~~~ 

and
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u , e r ’ - m i st ,  n n b s t - r u t - d  b y  V~ ~ e t  aj .  ( I  n 7 )  for  ut l n m ( I — w n V i - s . b e c ; t m i ~~u - t li t-

t m m r - i i l e n m t  t a s c j l l , n t s n n n m - s  u r i S  p r i - s un n h l y d a n i m p e i l  n u t  the  i n t e r f a c n -  b y v i s —

eos ity , the ro ln - - t n f  t h t ~ i n s d u c n - m )  t u r b u l e n t  Reynold s s t r n - s s e s  i s  g radual l y

n l t . - n s  by the v i s c t n n n s  i n s c i i l n t m i r y  — t r e s s e s  when  one app roaches  the

m i t -  n f a c n - - . it i s  known t h a t  the v i s c o u s  e f f e c t  at the in t e r face  tends to

n t t , - u m m t n u t e -  t 0 -  ut m t n  r w a y - - - m d  r i - s i l t s  in  the e n e r g y  t r a n s f e r  f r o m  the

w ; m t n - r  uu n v -  t t n  t h e  u v i n m i l . 5o - r 1 2 u and — r 2 2 ~~ are expec ted  to he

- L~ l i v e .

f t t  se• cJ m i e n  t h e - i n t . - m ~ r 1 i - n m n - r g y  balance (Table 6. 2) and the discussi on

- i n  t O - - e - n c r g v  t r a n s f n - r  f r o n n i  the wind  to the w a t e r  wave , the e n e r g y

m n m d g i -t  for  t h e  w a v e -  p - r t i - n r b m t i o n  f ie l d  is  i l l u s t r a t ed  graphically in F i g u r e

The a r r o w s  in Fi~~m i r t -  t n . 3 ind ica te  the di rection s of the ene rgy

t r ;n  i - i s  f n - r .

S In t e r ac t i o n  b u - t - ,- - i - i - t m  W i n d  and Waves

W e  now a t tem p t  to d i s c u s s  the ph ys ics  that d e s c r ib e s  the interac-

t j i n t i  b e t w u ’-n the ~v i  nil arid t !~i i -  waves.  In order  to do th i s , we need  to

s ta r t  wi th  the case  n i l  z e ro  wind  to show the basic behav ior  of the wave

; m i - r t m n r b a t i o n  f i e l d  and the phase  shif t  of ~ due to the exis tence of a

-~t i l ’ n - s  l ayer  near  the i n t e r f a c e .  Then the wind is introduced, but the

m c i  speed is still w i th in  the r a ng e  of U < c , to show the f i r s t - s t e p

• - f f e c t  of the wind on the wave perturbat ion field and how the Stoke s

I ; n v e r  i s  a f fe c t e d  b y t u r h u s l e n c n - . Finally, the wind speed is  f u r t h e r  in-

c r e a s e d  to the range of U -. c to produce a critical layer.  The criti-

cal layer mechanism which descr ibes  the energy t rans fe r f rom wind to

w a v n - s , the changes  in the s t ruc tu re  of the critical layer due to the in-

L int- ri c e of the t u rbu len t  w i n d , ar id  the in teract ion between the cr i t ica l

layer and the Stokes laye r are examined. The discussions given in

t h i s  section are for an infinitel y extended air flow , i . e . , H

R esu1 t ~ for air flows with finite height are expected to be similar to

thuse  for U
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Th e -  uc ; m v e — i n i d u n  n - t i  vn - - l m u ’i t i es  for the no wind condi t ion are  d e —

scribt -d Liv irrotational isiotion so that

-kac n-
-k y cos(kx - wt)  (6 . 2 6 m m )

= kac e kY sin(kx - ~ t) (6. 26b)

Equation (6 . 2 6a)  does not sat isf y the in te r face  boundary condi t ion  (2 . 4 l h ) ,

so the v i scous  e f fec t  should be considered.  The viscous e f f ec t  r e su l t s

in a St ok e s  l aye r  near  the in te r face , and there

= -kac a 
k Y cos(kx _ wt)  + 2kac e ~~~cos(kx - u t + ~~ y) (6 . 2 7 a)

v = kac 
k y 

s in(kx - ut )

- kac . ( -
~~~

) .  [ a  ~~cos ( k x - w t + ~~y -  ~~) - c o s ( kx - w t -  -~~) i

(6. 27b)

whe re is the reci procal of the Stoke s layer thickness

( Phil l i ps 1966 , p. 34), 7 is changed dra stically by the viscous e f fec t

nea r the in ter face .  The phase lag of ~ increases from 0
0 to 180

0

when one move s f rom the inte rface across the Stokes layer; ~ is  on ly

sli ghtl y modi f ied bec ause = (~~~~~ ) h I 2  is small , where Re w =

— is the wave-Reynolds  number .

When a wind with U < c  is introduced into the flow field , the

wave perturbation is affected by the mean velocity and the turbulenc e

of the wind. The mean velocity causes the wave perturbation to decay

more rap idl y. This is represented by multi plying ~ by an approximate

decay factor ( I  - i i),  as suggested by Mile s (1957)  and Lig hthill ( 1 9 5 7 ) .

The turbulenc e introduces turbulent mixing as described by edd y vi s-

cosity, so the wave perturbation motion is no longer irrotational in the

boundary layer. The range of turbulent mixing depends on the diffusion

1 3 1
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la vn -r thin - kise ss 6 of t h -  n n i e a n  f low (local scale) and the t h i c k n e s s  of
0

t h e  n n u n d a r v  l a y e r 6 (g lobal s c a l e) .  W h e n  the Stokes layer  t h i c k n e s s

t n f  the \ v av t - perturbation is thicker than i. e. ‘ ~~< 1 , the uppe r

p o r t i o n  of the Stokes l a y t -r  is cionminated b y turbulent mixing. Turhu-

l i - n t  m i - i x i n g  i~~ m t s i m - l t - th n -- Stokes  l a y n - r  usua lly resul ts  in a more u n i f o r m

p r m i f i l e  of the w av e  p e r t u r b a t i o n  n i t - a r  the f r e e  s t r e am and m m steeper

n i r n i f i l t -  near the i t i t . - r f a c e .  This can Li e j u s t i f i ed  by compar ing  the

u u m ~- ; I n i  ve l o c i ty  p r o f i l es  in  a t u rbu l en t  flow and in a l am i n a r  flow . Th~

-h f ~ an d  ~ in the boundary iayt-r is not so s t rong ly a f f e c t m -d b y

i c r  r m n m i I - - n c e  when  I T ~ c . Outs ide  the turbulent boundary  layer , the
n- i - i

w a v e  p n - r t u r b a t i o n  n -notion is still  i r ro ta t ional .  An addit ional  e f f e c t  of

t O m - t u r b u l e n c e i s  t h -  p roduc t ion  of the  induced tu rbulen t  Reyno lds

— t n - n - s - s t - s . Details of the induced turbulent  Reynolds s t r es se s  are  dis-

cus  s t -r i  i n  Sec t ion  u ) . 7~

W h en  one ob s e r v t - s  the flow with U < c in a t ravel l ing-ui -ave

c: - i n d i u m - i t t -  s y s t i - n i  g iven  b y x~ = x - Ct , the wave form is s ta t ionary .

l a -  m e an  wind  f lows f rom rig ht to left  with a velocity c- U  if the wate r

-i- nm u- n -  p ropaga te s  f r o n n i  l e f t  to r ight .  The flow c onfined in the boundary

l aye r can  he r e g a r d e d a s  flowing over a series of convergent  and diver-

g e - n t  r eg ions .  Above the wave c res t , c - (U+~~) is a maximum because

t i n ; 1 t  is  the na r rowes t  passage  of the flow. Therefore , ~ must  be a

u n m i n i m u r m i  and negat ive  above the crest .  Similarly, ~ mus t  be a maxi-

n u n - i - r n  and  posi tive above the wave trough. Henc e the phase lag of 
-

~~~ is

180 ° wi th  respect  to

If the wind speed is increased such that U > c , the interaction

- - t u v e e n  the mean flow and the wave is complicated due to the introduc-

Ij O t i  of an int~ raction scale , called the “critical height” 
~~~ 

The criti-

c a l  he ight  is measured  f rom the mean water level to the elevation where

= c. Above the critical height , the mean wind flow s from left to

r i ght with a velocity U-c when one observes the flow field in x~.

-\b ove the wave crest , U + ~~~~~
- c is mm maximum , so ~ is positive ; above
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t h e  w i  V u  I r t . c i g m , I i  + u  — c is  a m i n im u m , so u is nega t ive .  Flow below

t h e - critical hn --igh t is si nu iilar to that for the case of U < c. H e n c e

the -ri - is mm phase - change of 180
0 for  ~ below and above the c r i t i c al

hei~z h t . The c l a s s i ca l  h y drod ynan -m ic  s tabi l i ty theory  showed a discon-

t i n t s i t v  in  7~ at The v iscous  e f fec t  is  s ignif icant  near y in s n- i - i tO -

I rm .z th~-~ discontinuit y, if there has no turbulent mixing. As a result .

the  ‘-b a c o u s  u - f i t - c t  p roduces  a c r i t i c a l  laye r near  The t h i c k n e s s  i f

Lie critical in ver is g i v e - n  by

1/ 3
(6. 2 - ~)

y = y
~

w h e r e  the  p r i m e s  de n o t e  the derivative with respect to y . 6 is

u s u a l ly  ;e - r\  th in  fo r  a log- l inear  mean velocity profile.  The v i scous

e f fec t  leads  to a cont inuous  phase shift of ~i across the critical layer.

The phase  of t1 s h i f t s  in the wave propagat ing direction; this is d i f f e r -

n n t  f r o m  tha t  p roduct - i l  by the Stoke s layer at the in terface .

e now cons ide r  the situation where  y is high enough that the

c r i t i ca l  laye r and the Stoke s laye r are well-separated. Outside the

critical layer , but ab ove the Stoke s layer , the wave perturbation

m otion i s invisc id. A good approximation to v is given b y (Philli ps

1966 , p. 99)

rka . ( U- c ) .  e
_ k Y 

sin(kx - ut )  (6. 2 9)

w h e r e -  r = - 1 for y <
~~c and l~ 

2 
-
~~ for y > ‘

~c~ 
Equation (6. 29 )

shows that  the amp litude I~~ I decreases as y -.y from both s ides  of

the c r i t i ca l  layer. As a result , there is a minimum value of I I in

the e r i t i c ; m l  layer.

Th e most significant result of the quasilaminar (or inviscid)

ana lys i s  is  the produc tion of the wave-associated Reynolds stress -~~~~~~~

— 
- - 
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I t - c r i t k -  m l  l a y e r ;  t h i s  provide s the e n e rgy  t r a n s f e r  m e c h a n i s m

m y  the  \V~~ Vt 1 s g rowth . .\ c c o r d i ng  to Mile s theory  ( 1 9 5 7 ) ,  -~i~~ has

I n -  f o r m

(I fo r  y~~~~y
— I c

— T1?’ = 
— 

( e m . 3 ) )

( / - u -~ -~2
TT v fo r  y < y

~y =

V m i T T i  c - t i n - i l t i ( m u T  ( i e . I ‘u~~ , t i m ’  i - n e  r ig y t r a n s f e r  due to the p r e s s u r e  p e r t u r —

t i on  i s  g i v i - n m  L i v

F • ! (~~~ ~~~~ 
(6 .31)

y =

.-\c - m i r ! i n l g  to the c u r v e - f i t t e d  n o n - a n  ve loc i ty  profile given in Fi gure ~~. 4 ,

the critical layer occurs at y~ - - i i - . 7 where  u + 
= 18. 2 . We have then

- ) . ~ - 1 l  cm and k y 0 . 0’- l Z  f u r  the p resen t  exper iment .  We also

l i - v t .- I v I  / U  = 2 . 1. 1 0.2  a t  y f r on i  Fi gure  5. 9(a) .  Hence , the value
w C

if E f o u n d  f r o m  (6. 31) is 1. 2 6 -  i o _ 2 , which is almost 20 t imes  g r e a t e rp
-. t O - i n  t hose  es t imated  in Section 5. 4(h) ,  The main reason for this dis-

c repanc y is that  (6. 31) is based  on the viscous cr i t ical  laye r mecha-

ni s u n , hut  h t u r e -  is applied to a turbulent  flow. In (6. 31), it is seen that

the  location of the cr i t ica l hei gh t is the key to th is  mechan i sm.  In a

t u r b u l e n t  flow , the c r i t i c a l  l ayer  s t ruc ture  is d is tor ted  b y turbulent

n - m i x i n g  and the c r i t i ca l  he ig ht in the turbulently-mixed critical laye r

i s  not c lear l y def ined . Henc e , (6. 31) is not adequate for a turbulent

L i v :  un l e s s  we can locate  the  cr i t ical  height in the turbulent ly-mixed

e: r i t i c a l  layer .  We will  come back to this point after the turbulent

• f t - c t  on the wave pe r tu rba t ion  i s  d i s c u s s e d .

Before we exam ine the turbulent effect , let us take a quick look

I ‘m m  case where 
~~ ~~~~~ . 

+ i / f f l . In this situation , the crit ical laye r

a n - I  th e St ok e s  layer ove r lap .  -Si n ce  the uppe r portion of the Stokes

13 4
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1 u v t - r  i s  ; i i H - c t , - d  by t h u  c r i t i c a l  i n- u’ n - r , t O m ,  HO ° ph~m s m n  s h i f t  of ~ in

ti-m e - - t o k e  s l u  ‘ n - r i s  n-s s ua l ly  not  C n n  - - i i  - - t m - d  b e f c , r n  tht - c ri  t i c ;u  1 1-a y ’r  n m -  —

c o m es p r u - u l n e n i u m m m n t .  T Om  i f l u n l  n i ~ t h u  c r i t i c a l  l a ye r  p u s h e s  t O -  pha si-

— h i  f t  b e c k  in - i t t )  the cI own s t re n m d i r  c t i on .  A s  a r i - s u i t , one ui - i l l  not

observe - the 1~~0~ phas- - lag of ~ n - - a r  the i n t e r f a c e  b u t t  o m i t s i r i n -  the-

St o L e s  Ia Vt  r .

L n - t  us n e u w  0 ‘- m m m i  no t O n  - ro le ,  of t h e  t u rbu lence .  In a t u r l  n i  I~~nt

f low , t h e  s m n m u i t h i n g  b y v i s c o u s  n _ n f f u - ct s  of the d i s c o n t i n u i ty in the w a v e

~a - r t u m  r b :m I i n n  i s  r n - n p l a c n -d by t u r b u l e n t  m i x i ng .  Hence , th e-  critical lavi -r

~t r u c t u r e -  i u r n -  t lv  d i s t o r t e d  by the -  t u r b u len c e .  One n -may  v i s u a l i z e

t O  m l t O - - l o c ; m t i o u n  of the  c r i t i c a l  h e n i m n l n t  i s  s h i f t u -d up an -m d down b y t ur b o —

i e n n t  f i t i c t i ~~i t i u n s  i c c u n r d i n g  to U -
~~ u ’ — C = 0 . A l t h o ug h n-i can also shift

t 0 -  c r i t i c - e l  h e i g h t , i t  w a s  shown b y Davis (1969)  that th i s  is a rt-sult

of i n d i a - a r  e f f e - c t s  an d  i s  not  r i - sp o n si b l e  for  the wave ’s growth

O u t - c a i n - s i -  no n - n e - r g y  t r n cn s fer  was found;  hence , it is riot considered hero .

The i n s t a r i t a n i n _ u m u i s , local  v i s c o u s  c r i t i c a l  layer  is f u r t h e r  t h inned  or

t h i c k t - n t -d iv t h en  t u r b u l e n t  f luc t u a t i o n s;  this  can easily he seen f r o m

( m . ~ $) \ - : l n i - r e  t h e -  v e loc i t y  g r a d i e n t  is  changed  when the mean  p ro f i l e  U

is r i - p laced by the  i n s ta n t a n e o u s  p ro f i l e  U + u ’. The s t r u c t u r e  of the

i n s t ; n t - i u e t n o u s  c r i t i c a l  layer is  a l so  subjec ted  to changes  due to ve r t i ca l

C i n t Vi . - C t ! O f l  by v ’ , wh ich  was  not c o n s i d e r e d  in Mi le s  ( 1 ) 5 7 )  analys i s

0- - r t -  V = v ’ = 0 due to para l lel  flow and inviscid q u a s ila m i n a r

-es sumrnt ion s . The statisticall y averaged result of this turbulent mixing

is  u t u r b u l e n t l y m ixed  c r i t i c a l  layer .

t h e  t u r b u l e n t ly mixed  c r i t i c a l  layer is thick and may  extend ove r

i r m o s t  of t h n  boundary  layer. The th ickness  of the turbulent l y mixed

c r i t i c ;u l  l ayer  should depend on the n i n t e n s i t y  and the s t a t i s t i ca l  proper-

t i e s  of i i ’, i n s t e a d  of Li m ing g iven  b y (6 . 28).  When y is low , the tu r-

)u lent  c r i t i c a l  laye r over laps  the uppe r portion of the Stokes layer .

T h u s , t h m -  ph ; m s c  lag of ~ near  th ( -  i n t m - r f a c e  is  not 180 °; we oh se rv t -d

~~ u l ) T n r u ) x i m a t e l y 85° ( see  F igu r e  Ou . 8(b)). The ph a s e - l ag  of 5
0 

in ~
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is -x p e ctu - l t i m  l i - n - r e - S m i t  n i~~h i l. un- i n-id spec ! b c  u S e  i~ or--

St o L~-s  l m n \  - - r  i s  j f i e c t u d  b y t l m L n  t u r i n u d e n t  c r i t i c a l  1mm \ - e -r . l h n ~ . i s  c o o —

firmed by our three - coordin mn -tc- —s y s t - -m s  n e a s u r e - u : i u - u i t  u-. h e r -  u - c  o b —

se r v n - i l  t h a t  a....~ 55 ° fo r  U / c  1. 85 . C o n t r a r y  to t h e n  p r e -  I n C t j o i  ol

(u . 30),  the  d i s t r i b u t i o n s  of —~~~~~~ is ~ xpec ted  to l i e  c o n t i n u u m

si -nooth l \  v ; i r v i n m g  ove r the whole b o un d a r y  l aye r ;  t h i s  b e h a vi or  u i - n -  -i

o b s n - - r v n - - d  irs th i s  stud y.

Supp ose now w e - let  y r i -~~~r m - s en t  the a v e rm e g e d  e f f t - c t i v n - n  c 1 - : ~ i n _ n i l

he -icht and assume that it depends on the magnitude as un- ~-ll m m  t h i-

d i s t r i b u t i o n  of the u ’-component  in - i  the boundary  l a yer .  Then , ‘-. c

only  be d e t e r m i n e d  exper imen ta l ly. Howeve r , it can be n m r g u u d  t O u t

sinc e the magni tude  of the u~ _ comp of len t  i n c r e a s e s  d ras t i ca l ly at the

interface as y increases and theis decreases when n ea r  th en -  f i - - - nn u s t r i

v te nds  to be locate d at  hig h e r  elevation than y [U(y ) = e T  h r  ~~u a t n

m n _ n d  at lower elevation than for large y near the I r e - n - :  u s t r c - a n i  n .

~-\ s i n f e r r e d  f r o m  the q u a s i l am i n a r  r e s u l t , it is r e a s o n a h l n - -  to m e 5 5 1 1 1 1 m m

that  y is located at a posit ion w h e r e  I ~ I has a m i t t i n s i u n i . I ) e - t t i l s

of the  t u rbu l en t  e f f e c t  on the c r i t i ca l  laye r struc tu re  a r e  n io u n -

expe r imen ta l ly d e ter m i n e d  by thu  au thors  and will he r e p o r t e d  i i .  tn-

u i - ar  f u t u r e .

From F i g u re  5. 9 (a) ,  we found the m i n i m u m  value ui I / U

i s  a p p r o x i m a t e ly 1 . 3~ lO
Z 

at k y = 0. 26. F calcula ted b y ( L i .  ~ i )  i s

then equal  to 6. 3- 10 which is c o n s i s t e n t  with those va lues  ob t a i n e d

in -Section 5. 4( h ) . We  now conclude that  the e s t i m a t e  of I - - bas~-d on

(6. 31) f r o m  the v i scous  c r i t i ca l  l ay er  m e c h a n i s m  is  e n t i r e l y m u !  ! - -q

fo r  a t u r b u l e n t  f low .  A be t t e r  e s t i m a t e  can be obtained by r ep l a c i m i

t O - -  v i s c o u s  c r i t i c a l  l a y e r  b y the  t u r b u l e n t ly mixed c r i t i c a l  I i ~ n -  r .  ~ —

ca i .s Se n the m n n e r g y  t r an s f e r  rate  g v n n - n  b y (6 . 31)  is  i n d e p e n e t t m n t  t~ ! i

r e - p l a c i n g  ~ by edd y v i s c o s i ty  
~~ 

fo r  the c losure,  u m o d e l l i n g  of ‘

~~~

. . u-

n m - u t  si g n i f i c a n t l y c h a n g e  the en e r n - gv t r a n s f e r  rate .  Our  p re se nt  - -  ) n -  L i  —

r n n - n t a l  results  indicate that the turbulence produces major e ffects onslv
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on the w - i v e  p e r t u s r l n - i t i o n  by  r l i s t o r t i n g  the c r i t i c a l  l ay e r  s t r u i c t i s r i -  an d

h a s  u n i v  n i - m i n o r  e f f e c t s  on the  d i r -mt  t r a n s f e r  of the e n e rcy  f r _ n u n t h e

un - - m d to  t he  -~ ave  b y 
~~

‘
. I t  is st i l l  poss ible  tha t  M i l e s  i n v i s c i d  t h i n n r v

—

m ay  p r op e r l y p red ic t  the el i - r m g v t r a n s f e r  ra te  b e c a u s e  p ~~~~~~

- 
- as  shown in Sect ion 5 . 4 ( b )  and b e c a u s e  p r e d i c t e d  b y M i l e s

Y= Yc
t h e o ry  mi ght be c o m p a r a b ly s n-m a i l e r  than wh m m t ui -c had measn - s r ed .  TTh~

f o r t u n a t e ly, t h i s  is  not  the case .  In Mile s theory (1)57), the wave pe r-

t n - m r l , a t i o n  p r e s s u r e  is exp re s sed  as

~ (y) = (~ + i~~~ )p  U~~ka

w h e r e  = ~~. So , . Since C = I~ t / ~ p u~ , the wave  growth  p a r a m e t e r

~~U ~
2

C . sine~p p = 2 4 3
Pj y = ~~ \ U 1 

2 .  ka 
y * O

for  the f low of this stud y. The co r r e spond ing  value of fi ba sed  on the

i n v i s c i d  t h e o r y  (us ing  equa t ion  (6.  31)  but with ~2 I - 
c a l c u l a t e d

— - Y Y c
n u m e r i c a l ly) was  found to be 2 . 9 for  k Yc 

= 0. 0342 ( F i g u r e  1 in Bole

and Hsu 1967).  Our value of 24. ~ is consi s t en t  with Dobson ’s ( 1 ) 7 1 )

f ie ld data ( run  4h in t he i r  n -m e a s u r e m e n t s )  where  he found = 19 for
p

C / U , = 17 , and is 8 t imes  l a rge r  than the 2 . 9  value pred ic ted  b y Mi le s ’

t h e o r y .  Th is  ind ica tes  that  the d i s tor t ion  of the c r i t i ca l  layer by tur-

bu l e n c e  is responsible for  the hig he r measured  growth ra te .  Turbu-

lenc e produces  little direct  energy  t r a n s f e r , bu t works  like a mu ca ta l yst~
u

in p r oducin g -~~~~ as pointed out by Stewart ( 1 9 6 7 ) .

6 . 6 The ~itructure of Interface Flow

Based on the discussions given in the previous sections , a general

structur e of the interface flow is now described in three categories  b y
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t O n -  c o u : s u m l ~ - r a t i e m u e  e e f  I l u n u i . S n _ ; i l c S .  W h ~- n  P u - r i  i s  n -so m u i r  f i u u ~ - . , t h i n  i - - V - n

p e r t m m r ! n . - t m e m l i  f i e l d  i s  c -ti - i r m c t - n  1~~ e i l  n v  t h r e i -  s c n - I - ~~, l . u , V -~~ u i - l ) I J

t n - i de  mm , un-- a u - n- n l e n g t h  I / k , : n t u n _ 1  t h i c k n i e s s  of t h e n  viscous . , t e u I — m - ~~ I u - r  I /~~~.

m u a n d I J ~~~~ m e re l i m e - a l  s c a l i - s  a u n t I / k  j 5  m m ~ 1 m i - n ; n l  S C ; t l n -  1- u u r  ml t u l r m ) n _ i —

le n t  f l u u u u , ti-me-  h o n - n n d n u r v  t h u - m r  t h i c k n e s s  ô is  a g l o l n n n l  - nm u i n -  i u m i ~ th-

v i s c o u s  s u b — l a v u - r  t h i c k n i e n - s  ~ is  a ~oca1 s i - n i l e .  .- \ u i e i t h - - r Sn - - n u lu - i u s  I !
0

w h i c h  m e a s u r e s  the ex t e n t  of t h e  a i r  f l o w . Our  p r i m  s e n m t  d i s c n n s  s i o n n  i s

r e st r i c t i -d to s nn a l l  a nip l i t u i d e n  w a v e s  u i -h er e  ka ~
— ~ 1 , m i n d  i n i f i n i t e l v  u - n - :  —

t e n d e d  a i r  f low u u h e r n - n  ki -! -
~ 1 . H - - g l o t n ; n l  sc -d es  f n i r  u a o u i c i i n . e n u - —

s iona l  p i r a u u m i - t m - r  k ô .  If  1<6 ~ < I , t h e  long w m m v e  m e p 1 n r e o ~J n u n n t 1on cl i —

sc r i b n - n n_ i f l  C h a p ter  3 :m p p lie s. ~\ e do no t  c o n s i e l n u r  the s i t u n - a u i e o m  u - ; h e n r m i

the wave  l e n g t h is shu r t  and c o n u n p a r u O u l e  to the  l oca l  s ca l e s

The loca l  s c a l e s  f o r m  t h e  n o n — e l i m e n s i o n a l  p r a m - n t - - r s  : e / O  ne uH

$a . The c o n d i t i o n  a / ~ < I i s  r e q u i r e d  fo r  the validit y of usire m m f i x u - ’ l

c o o r d i na t e  s v s t e n i m  I t S  d~ sc ribed i n  S ,c t ion f u . 2 w h e n  t h e r e -  is  a

-:~ n c1 . Th i n  i i r m ~ u Ti i - t u n r  a in te rpret s the r e l a tiv e  s c n m l t -  !,m , t v : e e n  the -
~- m e 1 u - -

un - -ave m u  n i l  t h u  atu i - :  en s  l ay e -r  of the  w ieve  p e r t u rb e d  f l o w ;  h o  r ice it  is  mm

p a r a u m n u n t m n r  f o r  n o n — l i n e a r  b e h a v i o r.  U n d e r  no uu -ind  C n m m i d i n - i o n , ci- - n d i t i o t n

( t , . tn)  does sm ut  r educe  to a / ô  ~ <- 1: i n s t e a d , it r en - luc n-n 3 I n _ u  fla < < 1

m u - h i c  in is r e q u i r e d  m r  the- v n n _ l i d m t - :  of using a linen ar ;mnm - il-~ us i s  in  1 f i ’me d

f r a m e. I lenc e n , w h e n  1d a -, n’ I , a t r ; e n - s f o rn i c-cl e n u u r d i n i : e  I i :  ~ ~ m s t - -rn  m u s t

be u t s u - d  to i m p r o ve  the  l i n e a r  ; m n n i l y s is .  I l o w n u n - - e r , a! 6 ~
- < 1 u s u a l ly

i n s u r e s  ~3 m i  < < 1 in mm t yp i ca l  t u r b u l e n t  i n t e r f a c e  flo un - .

T h e r e  a r e  a l so  the  v e l o c i ty  scale s -j f t h e - wind m u  of the  w : u v e ,

u- . h i c h  f o r m  the p a r a m e ter  c / U . This  p a r a met e r d e t m n r ; i u n n - s  t he  p o s i -

t ion of the  c r i t i c a l  he i ght  y . W h e m n c / U  - - 1 , the  t u r n , m i l e n n t  sh e i -u  r f low
c

t r a v e l s  beh ind  the t r a v e l l i n g  w n m t n .u r u i - a v e .  n-n ca l l  t h i s  i u u t e - r f m c u n  l i n e -

n sU h c r l t i m ~ a l u ?  A l m o s t  no - u r m m n r g \  t r ; n n u s f e r  l i n i ~ t I u - u .  L f l O  I t  Ihe u~ive
is p roduced  b y the  uu - m mv e  p n - r t - : r t n t u m m u  m r e s s n l r n :  t u , n -  t h i s  e m s - .

ho mey be some i - n l u u r g y  t r m m n m s f n n r s  b y v i s c o u s  t n - n r c c u  m u  r • . ,  n e t  t h e - \  m n - -

i nsi g n i f i c  n u t .  W h en  0 ~
- c / U  < 1 , the uppe r p o r t i o n s  of a i r  f lou -  t r a ve l s

fri s l u r  t h a n  the  w a t e r  wave  but  t h t -  l ower  p o r t i o n  st i l l  l ag s  beh ind .
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Thi u r t -  i s  a e - r i t i c m m l  l u  y e r .  W i n  ca l l  t i -m is  i n ter f a c e  flow c r i t i c a l . The

e n e r g y  t r a n s fe r b y then p er t u r~u m t i o n  p r e s s u r e  is sma l l  w h e n  the criti -

cal he ig ht is l a rge . The t r m n n s f e r i n c r ea s e s  as y d e c r ea s e s .  How-

ever , when  y is s u b m e r g e d  into the  v iscous  sub l aye r , the t r a n s f e r

ra te  d e c r e a s e s  a s  y d e c r e a s e s .  ( H e r e  we cons ider  d e c r e a s i n g  
~~

b y d e c r n - - a  s ing  c. ) W h e n  c = 0 , t he re  has  no e n e r g y  t r a n s f e r  b e c a u s e

the re  is no wave  mot ion  at the b o u n d a r y  wall (the case  of wavy so l id

wal l ) .  W h e n  c / U  < 0 , the wave  p ropaga tes  a g a i n s t  the u n - -m d. We cal l

this i n t e r f a c e  flow u n s u p er _ c r i t i c a lu . In this  s i t ua t i on , e n e r g y  is

t r a n s f e r r e d  in the opposi te  di r ec t ion , i. e. , f r o m  wave  to wi nd  b y the

p r e s s u r e  p e r t ur l ) a t io n .

The s i tua t ion  of c / U  0 can not he ob ta ined  in an a i r- -n- - e t e r

i n t e r f a c e  flow b e c a u s e  the m in imum wave speed is 23 c m / s e c  at a u i- ave

length of 1. 7 c m. Wave length s shor ter  than 1. 7 cm are  fo r  cap i l l a r y

wave s , which  a re  not in the r ange  of the p resen t  study. To give a com-

plete and s y s t e m a t i c  examina t ion  of the i n t e r f a c e  flow s t r u c t u r e , an

e x p e r i m e n t  p e r f o r m e d  at c /U~~~~ 0 is required.  Stud yin g the flow over

a s ta t ionary  or f l ex ib le  wavy wall , as accomplished by Kendal l  ( 1 ) 7 0 )

— and Saeger  and Reynolds  ( 1 9 7 1 ) ,  provided the comp lementary  portion

of the i n t e r f a ce  flow stud y. It is even more  ins t ruc t ive  to m e a s u r e  the

air flow s over wate r  s u r f a c e  waves  and over a s ta t ionary  wavy uvall  in

the same wind-wa ve s channe l .  A c ur r e n t  expe r imen ta l  p rog ram is

being u n d e r t a k e n  at S tanford  toward this end.

6. 7 C losu re  Model l ing of ir. .ii
A sa t i s fac tory  c losure  model of ~~~~. sh ould not only resul t in good

pr ed ic t ions , bu t also desc ri be the ph ysic s of the flow. Here we examine

the f o r m s  of c losure  model which a re  most r ea l i s t i c  in c om p a r i s o n  to

our experimental  results.  A new closure model of ‘i’~ i s proposed.

Calculation of the proposed closure model will be made in a s ub s e q u e n t

inves t igat ion and is not at tempted in this  stud y.
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It h ; m s  me - e n  p u n i u t m -d o m i t  i n s  H l m n p t e u r  2 t h m m t  t h e  c l o s m i r i -  n i m o d e l l i n c

of t h e  i n - d e s —  end t u r b u l e - n i t  R e  y n i o l d  s s t r u n g  sen s should be -m d dr n -n s send to

r (\  , 
~

- , t~~ u m n u t to ~~~~: ( .
~~~ ~u 

, tm l ). The en cjuiva lenc u- t,i, tu m e m nn
ij  - H

? ( \ , t )  ~ nd ~ (‘S. t ) - m s  de  sc r ib o d  in ~~~ ction indic nt 5
i _I 1J

t i i m t  
~~~

. (x , v , t)  is not a s u i tab l e  q u a n t i t y fo r  c l o s u r e  m o d e l l i n g .  T h i s

d i n  a l so  n i -- inferred f r o m  t h e  ph y s i ca l  r e s u l t  t h a t  t h e  n s e m m n i  p r o f i l e s

fo l low the w a v m m  f o r m s .  T h e r e f o r e , the flow p r o p e r t i e s  such as  the

m i x i n g  l e n g t h , th e e d d y v i s c o s i ty , etc . , m u s t  be m e a s u r e d f r o m  the

i n s t a n t a ne o u s  di s tanc  en a b o v e  the i n t e r f a c e .

Let us r e - e x a m i n e  the e xp e r i m e n t a l  r e s u l t s  of ? . . . F i g u r e s  5. 14 ,

5. 15 an d  5 . lu  showed  t h a t  the phase - s of and a r e  a lmos t  the

s a m e  and nmre approximately 90~ in the lead of the phase  of ~~ , while

the n ph a s e -  of i s  ab o u t  mw ° out of phase  with those of 
~~ 1 

and 
~~

for ky - .- 0 . o . T h i s  i n d i ca t e - s t ha t  and r )2  are l i n e a r ly re la ted

to 
~~~: a n d  - T h e r e  is a poss ib i l i t y  then that  an edd y v i s c o s i t y

model m ay  bn ~ a d eq u -m t n _ - f o r  the f low.  We cons ide r  now onl y ~~

C l o s u r e  u m u u d m - l s  f o r  
~ l - 

a nd  can be eas i l y found  re f t u r  the model

for  
~~ 

i s  c o m pleted . Sinc e only 
~~~~~~ 

and produce ~b O
0 

ph a s e

differ ences , them f o l l o w i n g  r e n l r m t i o n  i s  proposed ,

r
11 

A
11~~ —~- +  B

11~~ —- (6 . 32 )

To c } - u n m r ; u c t e r i z e  A
11 

and B let us cons ide r  the flow over a s t a t i o n a ry

wavy wal l .  In - i t h i s  cnn  se , —
- 0 and we have

~~~~~~~~~~~~~~~~ d

a

~~

It
1 1

Th i ,  f b n u .  ove r I n st a t i o n a r y  wa i l  is s i m i l a r  to t h a t  ove r a f la t  p late  if

the c u r v a t u r e  of the wavy  s u r f a c e  is small .  The phase ave raged  resul t s

for  the  m r : e a n  ve loc i ty  and  the t u r b u l en t  Reynold s s t resses  a re  to be

1-1 0
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r e l a t e d  0v t h u  f n s n i l m m r  r m m l e u  i f  n - u l r l y  u - s -u- m n s m t - : . ~ i)  un - en l i n t

B = - ~~~Li
1 1  t

whe re  Li
t 

is th en e d d y u i s e e) s i t y .  An o t h e r  l i m i t  c a s n -- I ’ m  Len ( o n s i d n - r u ’d

is the s i t ua t i o n  n - m i n e - r e  k 0. This  c o r re sp o n d s  to t h e -  f~ n , - :  u n - i t !  a i r

n -sodula t ion . - q ecn i  t I  on ( r m . 3_ ~) b e c e u r n e  5

r = A
11 1 1  dt-

it  is  un --eli knowis  thm ’ t. th ur  t u r b u l e n t  i n t e n s i ty  is d e c r e a s e d  in an  a c c n ] u -  r n ! —

i ng  mean - - i  f low. S n l c m r  h i g h e r  t u r b u l e n t  i n t e n s i ty is n s s o c i a ~ ci - i t O  den —

c e l e r a t i o n, the v a lu e  of -

~~ 1 1 
should ben n eg a t i v e .  A c O n S e q u i u - u t r n  su l t

is that  the a i r  m o d u l a t i o n  ve loc i ty  l eads  the  moduht ecl  t m i r , m l u - - m t

Reynold s s t r e s s  r
11 

1J~ 0 . l h t ~ 
m~ O° ph a s e  i n u n e m i  of ~ to 

~~l I a  
in

flow r eg ion outs ide  t h e -  v i scous  Stokes l aye r  was  i ) I ) s e -r v e r I  b y A c h a r v- -

and Reynolds  ( 1 9 7 5 )  f o r  both 
~a 

= 24 and 40 Hz . 1 r e f i r t m i u m m t - l v , ti e)

phase  r e l a t i o n  was a v a i l a h m i e  in th i s  stud y for  c u n f i r u n n - i t i n i m .  A l t h m m m i z l n

— 
it i s  r e a l i z e d  that  the a i r  modu la t ion  in an i n t e n r f - e c t ’ f low i s  n - m j l n i l m e r  t m

that  in a solid wall  c h a n n e l , a r e — c h e c k  of t h i s  ph a s e ’ r e - l m t i e m n m  by  I n c - a —

su r ing  the ph a s e n s of Ii’ m e n d  
~~ 

in a u i - m d _ u i - m v - -s  ch ms t i n t - i  i s  r e q u i r e d .

If we let A
11 

= _ c i L i
d /c , equa t ion  (6 . 3~~) c a n  -u - i - x p r n _ - s s n - -d

?~I) —
— cl 8ur = - ---—— —

1 1  ~ at - - t a,~

- 
—

= — ~~~ — ii ) —
, (6 . 3 - 1

t d 8x- - -

¶ Equation (6 . 33) is i e I ) p m n  r n ’ n i t l y an edd y v i scos i ty  model  bu t  t h e -  eddy vi s-

cosi ty  is now give n b y I i
1~~ 

V
d• This  eddy v i scos i ty  i s  d i f f n - - r e n t  f r o m  the

1 4 1

- 
~~~~~~ — .e~~ _—— — -~ —-----~~~ -_ .....,., ,.n -nm-mn -

- 
~~—.~---— — — — - —— —



- n- - i n  f l o un - -  n- - def t  v i s c e , s i t v  Li
1 

b y a n  n m n n o u n t  of Li
d

. T h n _ - d a t  o \ - ;u e  in

Fi~~m s rn - n ~~. 1-1 r e q u i r e s  t h a t  Li - 11 un--h e n  ky  < 0 . 6 and Li — L i  n -vhen
t dl - t ci

ky - 0 . i n  t o  p r o d u c e  a 1)101 Se- ~un ip  of 180
0 

at k y m ’ = 0 . f u . Closure

re -I - m t  ions for ?~ n and r , - 
c m n  be r ound  f r o m  the edd y v i s c o s i t y Ime u n -

as

8v
r 

- 
= — ( L i  — ii ) ( -

~~~~~
— + — )  ( u ,~ - P

1~ t d 3v - - & x - --

- 
= - 2 ( L i  - Li ) — (6 . 35)

t d a ~

i 3 e n c n m u s e  ~~
-
~~~

-
~
- > >  , ft .  34) s h u n-u - s that  ~ is a l m o s t  in  ph a s e  uvi th

n_~y -  8x mm 12
as  i nd i ca t ed  in - i  Fi gure  5. 15 . The re  m i r e  two i n c o n s i s t e n c i e s  b e t w e e n

t h i n  c d _ t v  v i s c o s i t y  mode l  mn _ nd  our expe r imen ta l  data:  (a)  equa t ion  (6. 35)

p r e d i c t s  tha t  ~~~ , , is 180
0 

out  of phase  to 
~ l l ’  and (b)  the amp l i t ude  of

- 
predicted b y ( ( n . 35) is  of the same order of the a mp l i tude  of 

~~
n m c c o r d i n g  to c o n t i n u i t y .  To c o r r e c t  these  d i s c r e p e n c i e s, the fo l lowing

f l i O d l e l i s  cons ide r ed .

It i s  uve l l  known tha t  the edd y v i scos i ty  i-model is a s impl i f i e d  f o r m

of the  c o n st i t u t i v e u  r e n i n t i o n  which  d e s c r i b e s  the tu rbu len t  s t r e s s e s  b y

t h e -  a n : u i e u ~ of mo lecu la r  v iscous  s t r e s s e s .  The cons t i tu t ive  r e l a t i o n

a t t r i b u t e d  to P ran d t l  in I~~2 5 and Von K a r m a n  in 1930 is e x p r e s s e d  as

R . - = - .  - ‘ Li S . ft . i
3 ij  T i j

t u e - r i -

/ a .
- 
! I ~~~~~~~~ + —1. I (0 . ~7iz \ a~~. ~~~ /

- m nd  i s  the edd y v i scos i ty .  For  l i i i -  i n t e r f ace  flow u n - - i t O m n w a t e r  wave ,

and S~~. s~~ouj~~1 t~n r ep l u c  e d  by the ph a s e  ave m n  ged qu a n t i t i e s ,
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- R  ‘- = - + i~~. (6 . 3 8a)
13 ij

(q~~) = ( t ~
-
~ ~ d~~ (6 . 38h)

j a ~~u . )  8(u . ’~
= + = !~ 

I 

+ ) f t.  3~~c)
13 ~~ ~ 2 \ 8 ~~. 8x . /

And , the coord ina te  should be one which  moves with the wave speed to

e l imina te time dependence.  Since (6. 33) is also regarded  as o b s e n r v e n d

in the coordinate  sys tem moving with the wave speed , we have

= v Li

d
. The cons t i tu t ive  re la t ion  for  the wave pe r tu rba t ion

quant i t ies  is now found as

2
= 8 - Z &~ S . .  (6.  39)

13 3 13 T i j

wh e r e

~~au . au . \
= !~~~...L ÷ ~~L) ( 6 . 40)

13 z ax . 8x .
J I

- 

If (6. 39) is taken to be in the transf ormed coordinate system , q ’ ’ 0

will result in (6 . 33 ) ,  (6. 34) and (6. 35) . Our measure ment of 
~~l ~ 

and

showed that has th e same phase distribution as 
~~~~ 

and

So we propose that

= - 6A( &i ~ - Lid
) 5~ 

( 6 . 4 1 )

The relation (6.  39) is based on homogeneous isotrop ic turbulence , To

characterize anisotrop ic behavior of the shear flow , the value of A in

(6 . 41 )  can be taken as different for and ~~~~~~ So the final results

for and are

i’l l  = _ Z ( l + A
l )(v t

_ I -
~d

) au ( 6 . 4 2 )

143

— -~~~~ - -~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ J-”  -
~~~~~ 

-- — -
~~~~~~~~ 

- -



m i m i  m) v
V = — ~~( t i  — ti ) ( \  + —_— — ) h . 1 I i

I ci -~ m I \ - -~ ci

and ( C m  - 
-
~ - )

a~T a~r = — ( L i - L i  ) (—  F n~~~~~ )
1.. t d in - — - m i x - --

r n - u  i a i n s  u n c h a u e g -c I.

The c l o s u r e  n e m o d e l  g ive n m u b o v n - n  i s  b a s i c a l ly m e n  edd y v i sc o s i t y

n -c o i l , m e e t  wi th fe-aturen -~ di stinct fro n im that proposed by N o r r i s  and

R u  v u e n _ u l d s  ( 1 175 ) .  In the  u i o d - 1  of N o r r i s  and Reyno lds , the edd y vis-

c o s i ty  w a s  r m - g m i r d u - d  m e s  dun -n to nm u r g ; n n i z e d  wave with the m e a n  e m i d y

y i s c o s it V  u - q m m n e l  t o the  u n n m - c o r r e s p o n d i n g  to the f low w i t h o u t  the s u r fa c e

u -cave  -~~. I~h m - un --m eve c u m u u - p m n n e i - n t  of l i i - e d d y v i scos i ty  L~ i s  c o m b i n ed w i t h

t t n i - m e - ; m n  s t ra i n  i i U / a y ~~~
, produce  an  a d d i t i o n a l  w a v e - i n d u c e d  tur-

u n _ i l e n e t  s h ear  s t r e - ,s ~~1
t / m -c - 

- F h m t s  t h e i r  niod e- l i s

-. u ) U  iTT
r - - Li —

~
- - Li ( + —

~~
- )

1 2 t 1v -~ t c iy ’- - m i x - -

:~ m m s r  l c m u ( l e - l , we p o s t u l ; n t m - t h at  the  ch ange n  of the rn -- mean s  edd y viscos i ty

f r u m u n  Li
~ 

tu  Li
t

_ L i
d 

due to t h e n  prop ag ;mting property of the- surface

i s m , f  s ign i f i c a n c e  in d e s c r ib i n g  th e  i n d uc e d  t u r b u l e n t  R e y n o l d s  s t r e s s e s .

This  u u t e u j m - l  does not c o n t ra d i c t  tn-s Ne,rris mend Reynolds ’ but is comple—

u u m e u m f n n r y .  W h en C = 0 , 11
d 

0 e e < o r < l i n g  to our model  bu t  Li need  not

- - q m s a l  ze ro. C o m b i n a t i o n  of t h e s e -  two model l ing  schemes  should give

a m , - t t i n r  r i n - s c r i ption of the wave pe r tu rba t ion  flow . However , we will

t i n t i n v e s t i gate  th i s  c o m l ) i n s ; n t i e e - m  unt i ll un-- c have t e s ted  our present  model.
- - ) t ; m  s l e d  c m e l c u l a t i o n u  of t h e -  un - u v e -  pe r t u r b a t i o n  f ie ld  b a se d  on these  n i - i u d e t s

i s  r e s e r v e d  for  su b s -  - i 1 m i i - n e t  i n i v u - n - t i g a t i o f l s .

F r o r i m  o u r  p m - n - a - u t  u i n t u  f o r  ? , it is nml so sn - -n - -ni that and ~~

(if th en s a u c e - ph a s e  r u n - , ! r t h u  f re e  s t  I- c - n o ! ;  t h i s  is not cons i  st~-nt  wi th  the

c l ( , s I i r I n  r - l n e t i o r i  ( i . 4 2 ) .  In the f r e e s t r e m u n e , the tu rbu len t  mix ing  is

I- I - ;

-a
- ~~~~~~~~~~~~~~~~ u~. - _ - - _ ~~~~~~~~~~~~~~~~~ 
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weak and the t u r b u l e n t  f luc tua t ion  is i n t e r m i t t e n t  and of la rge  scale.

Hence, the fluid motion is shear free and irrotational. Accordi ng to

the Bernoul l i  equat ion , we have

+ ~~
- ~(u-c)

2 
+ v

2 
+ w

2 
= f t.  44 )

2 at

w h e r e  €1 is  the potential  function.  Substituting equation (2.  23)  into

(6. 44) and e x t r a c t i n g  the wave component, we obtain

- 

+ ( U - c) ~T + 
~ 

(r ~ 
~ 

+ r
22 

+ r
33

) 0 (6. 45)

In (6. 45) ,  bot h ( U - c ) ~ and C?’
1 ~

+ 
~~~~~ 

r
3~~) are the responses  of veloci ty

to the pressure perturbation ~~
‘
, so they are  of the same phase.  Hence ,

c
1

(U-c )~~

I
~iz = -c 2 (U-c)~

= c
3

( U — c ) ~~

where the relation for 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 cons-

plete expressions for 1.  are now given as

= _ Z ( l + A
1 )( l

~’~
_ Lid

) 
~~~~~ 

c 1 (U- c)~ (6 .46 )

= _ ( L -1
~

_ ii
d

)( 
~~~~~~ 

+ }!~~) - c
2

(U-c ) ~ (6.  47)

r 22 = _ Z ( L i
~

_ vd
)(A

z }~~ç + ~~~~~~~~ + c 2 (U-c ) ~~ (6 . 48)
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T h u s , our p roposed  model for  ~i .  c o n i i b i n e s  t h u  f e a t m i r e s  of th e

m e a n  edd y v i s c o s i t y  c h a r a c t e r i z e d  b y Li
t . 

th en t i m e - dep e n d e n t  v i scu -

e l a s t i c  r e s p o n s e  c h a r a c t e r i z e d  by Li
d 

due to p r o p a g a t i n g  wave s , the

anisotropy of the t u r b u l e n c e  c h a rac t e r i z e d  b y A
1 

and -\
, , m m nd the

potent ia l  f low behavior  c h a r a c t e r i z e d  b y C
1
, c2 ,  and c

3 
nea r  the f r e e

s t r e m i n e . Li
t 

can be d e t e r m i n e d  by r e l a t i n g  the m e a s u r e d  U and -u ’v ’

b y m c m i i i  e d d y v i scos i ty model , 11
d 

and c
2 

by c u rv e - f i t t i n g  the  m e a s u r e d

to ft. - 1 7 ) ,  and A
1 

and c
1 

and A ., and c
3 

by curve-fitting the l i n e n ; -

su red  va lues  of 
~~l 1 

and to ( 6 . 46)  and (6 . 48) r e sp e c t i v e ly.

i - l i)
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CH A P T E R  7

CONCLUSIONS A N D  R E C O M M E N D A T I O N S

7. 1 C o n c l u s i o n s

The overal l  objec t ive s of t h i s  stud y were  la rge ly a c c o m pl i shed .

Based on the r e su l t s  and the d i scuss ions  p re sen ted  in Chap te r s  5 and ti ,

the fo llowing conc lusions can be drawn :

( 1 )  The mean flow basical ly follows the wa te r  wave fo rm in the

v ic in i ty  of the in t e r face .  However , the flow in the f r e e  s t ream tends

to be unaware of the existence of the water wave underneath. This con-

c lus ion  is suppor ted  not onl y by the measured  mean veloci ty which  per-

sis ts  as a log-l inear  prof i le  to the reg ion below the wave c r e s t s , but

also by the observed edd y viscosi ty type of the induced tu rbu len t

Reynolds stresses as described in the transformed coordinate system .

The cons t an t  s t r e s s  layer  of -p  u ’v ’ near  the in t e r f ace  provided

ano ther evidence of this wave-form following proper ty  of the mecm n

flow . Describing the interface flow in the transformed coordinate sys-

tem given by (Z . 4 3 a , b , c) is clearly an appropriate approach.

(2)  The drif t  current  affects  significantly the mean velocity pro-

file p a r a m e t e r s  by part ial ly re leas ing  the mean shear s t r e s s .  As  a

result , the value of C is higher than and the value of u~ is lowe r than

those measu red  for  tu rbu len t  air flows ove r a f lat  plate.  The mean

flow in a wind-wave channel possesses  a slightl y Ccuette turbulent flow

behavior.

(3)  The ri pp les are strong ly modulated by the mechanicall y-

generated wate r wave. However , at the wind speed of this stud y, the

roughness produced b y the ripp les is not large enough to interfere with

the wind field. Henc e , with respect to the wavy surface of the gene r-

ated water wave , the surface condition is still regarded as aerod y-

namicall y smooth . At hig h wind speeds , the ri pp le effect  must he

taken into account.
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( - I The e u  me - cha  inc m m l i v  — n e -  r ; mt e c l  n-n - - i  t en r un - - m i vn -n p r o d u c  n- n s m m  u - - m d c l i —

t i on a  1 ti n r n u  ci n - mm g to the  u n - m d f i e l d  as  den sc r i bc -d b y 
~ ~~~ 

We

f e m m i n i d  t h a t  P )~~~~~ : f l  The v a lu t e  of — p  ~~~ d e n c r m - n m s m n s

r a p id ly as  then d i s t a n c e - f r u , n - n  the i nt e  r f a c e  i n c r e a s e s , so the  t o t a l

R n -~yn eu lc1 s shear st r n_ - -us -p ( u’v ’ + TI~ ) does not have a c o n s t a n t  s t r e s s

l ay e r .  ~‘ 1 ca s u ri n g  the  total  shear  s t r e s s  at  any d i s t anc e above the

n u c t e -r f a c e  u sua l l y r e s u l t s  in a value much lower than that  at the  in te r -

f a ce .  The- r a t i o  -y of the m o m e n t u m  f lux  suppor ted  b y the un --ave to

the to ta l  m o m e n t u m  f lux  suppor ted  b y the i n t e r f a c e  is g iven  b y

= ~~~~~/ (  u ’v ’ + ~~ ) .  Hence , if the wave suppor ted  m o m e n t u m  f lux

-p ii~~ is  d e t e r m i n ed  b y m ea s u r i ng  j~ and ~ (co r rec t  va lue)  and the

t o ta l  m o m e n t u m  f lux  is  i n f e r r e d  f r o m  the concept  of a c o n s t a n t  s t r e s s

layer  mv m e n u  suring the velocity fluctuations (including turbulence and

n-n -- ave p e r t u r b a t i o n  ve loc i t i e s)  someuvher e  above the in t e r f ace  (too ion - n - - a

v e l e l e ) ,  the r a t i o  y then  is too hi gh (and indeed may lie found to he in
m

e x c e s s  of u n i ty .  ) Then hi gh value of the m o m e n t u m  t r a n s f e r  ra t io  re-

po r t ed  b y Dobson ( 1 9 7 1 )  is the consequenc e of us ing  this  evaluat ing

sche me ; .  It is now conc luded  tha t  e s t imat ing  the por t ion  of momentum

t r a n s f e r  ac ross  the i n t e r f a c e  based on the cons tant  total  shear  s t r e s s

lay e r  a s s u n i p t i o n , as made by Stewart  ( 1 9 6 1 ) ,  is  e n t i r e ly i n a d e q u a t e

n - n - h e n  the wave f ie ld  is  hi ghl y peaked near  the  dominan t  f r e q u e n c y .

(5 )  Because  
ø f y : = o  

is depende nt on the square  of the uvave

a m p l i tude  under  the same  wind  condi t ion  where  -p  u ’v ’ is c o n s t a n t ,

t h n n  r a t io  of the n -momentum suppor ted  b y the waves  to the to ta l  m o m e n t u m

a c r o s s  the i n t e r f a c e  can  va ry  f r o m  zero  when  the re  is no mechanica l l y-

g e n e r ;m t e d  w a t er  wave to approx imate ly 0. 83 when the genera ted  w a t e r

wave  is  s a t u r a t e d  (ka ~ 0. 2 9) at the wind  condit ion of this  stud y. (The

m e a s u r e d  ra t io  is  0 . 12 for ka 0 . 1075. ) It is concluded that the

momentum trmnnsfe r ratio depend s on the wave field , on the wind field ,

and on the f e t c h ;  it c an  not be regarded  as a f ixed value.
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( t u )  A t  the n-n - i r iel speed  of t h i s  stud y, the  u v a v n _ u  p e r t u r b n m t i o n -m m e u t i o u m

is i r r o t a t i o na l  in t h e n  t r u n e n  s t r e a m , so t h e r e  is  no w a v e — m n  s s o c i n e t n n ; i

R e y n o l d s  s t r e s s  -p ~~~~~
‘ produced . But , in the t m s r h u l e n t  b o n - m n m d a r v

l aye r , the n -n - -a ve p e r t u r b a t i o n  n -motion is ro t a t iona l  due  to thu  t u r b u l e n t

mix ing .  A c r o s s  the  b o u n d a ry  layer , a phase  sh i ft  of a p p r o x i m a te l y

180
0 

in ~I w a s  o b s e r v e d .  The ph a s e  sh i f t  is c o n t i n u ou s  av er  the  en t i r e

boundary  l a y e r , not  sharp  as pred ic ted  by M i l e s ’ t h e o r y  ( 1 0 5 7 1  n-n - h i c h

give s a 180
0 

phase  j u n i p  at the cr i t i c a l  he ight .  We o b s e r n - - u n d  a ph as m-

j u m p  of 1 80
0 

f o r  
~~~

. a p p r o x i m a t e l y  at ky~ 0 . 1, . This  ph a s e  j u m p  is

not r- - l a t e ’d to M i i n n s ’ t h e o r y ,  but can  be i n t e r p r e t ed  as the r e su l t  f r o m

the t i n i n e - d e p e n d en t  v i s c o e l ;m  st ic  re sponse of the t u r b u l e n t  a i r  flon -u - to

the p r o p a g a tin i~ wave .  The r e l a t ion s h i ps be tween  TT . and  
~~~~~

. a c c o r d i ng

to our n -m e a s u r e m e n t  a re  bas i cal l y of an edd y v i scos i ty  type.  T I o n - n - - m - v n n r ,

the  e f f e c t s  of the  p r o p a g a t i n g  wave mmcl of the  p o t en t i a l  f low b e h a v i o r

near  the f r e e  s t r e a m  have  to be coun ted  of if one looks fo r  be t te r  rela-

t ionshi ps between u . au -m d ? . - .
1 1

(7 )  E s t i m a t i ng  the e n e r g y  bud get  for  the  wa v e  p e r t u r b a t i o n  f i e l d

showed tha t  the k ine t ic  e n e r g y  t r a n s f e r r e d  to the wave n io t i on  is  m a i n ly

d rawn  f r o m  the mean flow f ie ld  to the wave p e r t u r b a t i o n  f ie ld  by the

w a v e - a s s o c i a t e d  R ey n o l d s  s t res c-u  -p~~~~, f r o u i c  the w a v e  p e r t u r b e t ion

f i e ld  to the back ground tu rbu lence  f i e ld  by 
~~

. .  and f r o m  the wave per-

tu rba t ion  f ie ld  to the w a t e r  wave-  f ie ld  b y the u - - av e - i n d u c e d  p r e s s u r e

The resul t  of the energy  balanc e also showed tha t  mos t  of the m n e r g n - -

t r a n s f e r  p r o c e s s e s  occur  in a close p rox imi ty  to the i n t e r f a ce . There-

fo re , in eva lua t ing  the e n e r g y  t r a n s f e r  f rom wind to wave s e i t h e r  b y

us ing  the energy  balanc e scheme or the ex t rapola t ion  f r o m  the n-me a-

sured profile s , data information near the interface is important. For

the data obtained in this stud y, th e ext r apo lat ion pr oduces  not on ly an

exc e llent agreement between p — 
- an d -p uv -- but  a l soax * y~n u O  y -  =0

between our wave growth rate and that measured in then f ield by Dobson i
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(1  ~7 1) .  l le n c n - -  , un-- c- c o n cl un - le  tha t  the n n m e n m  su r e r n e n t  in the  t r a n s f o r m ed

c o o r d in a t e  s y s t e m  u s i n g  a w m e v e - f o l l o w e r  sy s t em , as p e r f o r m e d  in

th i s  stud y,  seems to be e s s e n t i a l  inn  r e so lv ing  the ph y s i c a l  p r o c e s s e s

of the i n t e r f a c e  flon -v , e spec ia l ly for  the f low over a mechan ica l ly-

g n - n n e r n m t n --d uva t e r  n - v m m v e - . I n t e r p r e t i n g  the flow f ield s in the t r a n s f o r m e d

coord i n ;m t e  Sy st e - u i e  and f o r m u l a t i n g  a rea l i s t ic  c l o s u r e  model  fo r  ~T

m i r e  c r u c i a l  to the u l t i m m m t e -  t h e o r e t i c a l  p red ic t ion  of the wave g en e ;  r n u t i o n

p r o c e s s e s .  To m e a s u r e  the m u i r  f low in c loser  p rox imi ty  of the in te r -

f a c e  than  in th is  stud y could provide  addi t ional  i n fo rma t ion , but  is not

c r i t i c a l  to the t heo re t i ca l  mode l l i ng  of the in te r fac e flow ; such data

! e e n e v , hun -u eve r , be u se fu l  to the f i n a l  c o n f i r m a t i o n  of t heore t i ca l  pre-

d ic t ions .

(8) The e n e r g y  t r a n s f e r  f r o m  wind to w a t e r  waves  is predomi-

nant l y c a u s e d  b y the wave pe r tu rba t i on  p r e s s u r e  ~~~ . The induced turbu-

lent R e y n o l d s  s t r e s s e s  t r a n s f e r  r e I n  t i v e l y small amounts  of e n e r g y

u l i r . n c t l y to the waves .  However , the tu rbu lence  plays an important

role in  c h a n g i n g  the s t r u c t u r e  of the viscous c r i t i ca l  layer  into a tur-

bu len t l y -m i x e d  c r i t i c a l  layer  which great ly a f f e c t s  the rate of the energy

t r a n s f e r through the- p r e s s u r e  ~~~ . It is found that Mile s ’ theory  is en-

t i r e l y inadequate  in de sc r ib ing  the ene rgy  t r a n s f e r  f r o m  wind to waves .

Su b s t i t u t i ng  the m e a s u r e d  va lues  of , U ’ and u n at y into M i l e s ’

f o r m u l a  (6. 3 1) r e s u l t s  in a t r a n s f e r  rate  20 t imes  h igher  than the mea-

sured t r a n s f e r  rate caused by ~~~ . On the other hand , us ing  the mea-

sured  log- l inear  mean  velocity prof i le , one predicts  theoretically an

e n e r g y  t r a n s f e r  ra te  8 t imes  too small .

From our m e a s u r e d  energy t r an s f e r  rate  and the cons is tant  re-

su l tan t  t r a n s f e r ra te  observed by Dobson ( 19 7 1) ,  it is c lear  that  the

di rect  input of wind e n e r g y  by p re s su re  perturbat ion provides a main

ener gy  source for wave generation. This direct energy source from

wind is of significanc e in exp laining the high wave growth rate ob-

serve d by Snyder and Cox (1966), by Barnett and Wilkerson (1967),

150

— —- -~~r-—- ~ - ~~~~~~~~~~ 
- 

- - -~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ - - — - - -----—- - - -  ~-~~~~~
-—



-

and b y B ole - n nd 1-1 su ( 1  hm m ) )~ It n - n - - mi s also found by \\ - m n t  al. ( 1 1 7 7 )

that the e n e rgy  t r ; e i m s f e r  f r o m  wind  by pressure p e r t u r i n n - m t i o n  i s

s t rong ly c o r r e l a t e d  wi th  ti-m e wave hei ght  for  mm w i n d - w a v e  s pec t r um .

The evolut ion of t h u  ‘n- nl n - e l ;  sp n - c  t ru n i  i s  d e t e r m i n e d  m y the  tm m i r en ! n m m  r

i npu t , the n o n — l i n e a r  u-~ u y e —~- m u  v u -  i n t e r a c t i o n  un -— i t h in  th en u m r ; n v e  s J e n ; c t  r .  - i i ,

and the w h i t e - c a p  d i s s i p a t i o n  of wave e n e r g y  to c u r ren t  ( i n c i m u d i m m e

t u r b u l e n c e) .  Th i s  was o b s e r ve d  by J O N SW A P  ( l i m e s s e n l i e m n  nn  m; t ni l.

1°73) in th en f i e ld  an - md le> - Wm j et al . ( 1 ) 7 7 )  in the l ab o r a t o r y .  T} -n r m m n t

u n e rg y  t r n m u e s f e - r  i n  t h n - -  un - - m n - r e  s p e c t r u n n - i  can be; d iv i d e d  i n t o  t h r e n e  f r ; —

nuenc y r an i z e - s .  In t he  io n - :  f r e q u e n c y r a n~~un , thm ; a i r  i n p u t  a nd  the  t r ans -

f~- r  of n o n — l i n e ;  r u n - - m i v e — u n - - m m v e  i n t e r a c t i o n  a re  posi t ive  and the de si p ;m t i o n

is  w e a k  so t h e  pos i t i ve  t r a n s f e r  r e - sa l t s  in the wave s ’ g r u u n - th an - m d the

con t inuous  s h i f t i n g  of the d o m i n a n t  wave to lower f re q u e n c y .  The inter-

med ia t e  f r e q u e n c y r - m n m i ~ u; l i e s  be tween  the d o m i n a n t  w a v e  f r e q u e n c y  and

a p p r o x i m a t e ly twice the dominant  wave f r e q u e n c y .  In the i n t e r m e d i -

at e  f r e quenc y r a n g e , th e  net  e n e r g y  t r a n s f e r  is n - g e t i m : e - bn - ; c ; m i i s e ;  the

\n -- n n - r e ; _ v - [ i v e  i n t e n r m i c t i o n  t r a n s f e r  and the d i ss i pa t ion  n m r n - m  ne gat i v e  and

the i r  sun -i  is  l a r g e r  than  the posi t ive  t r a n s f e r f ron - m w i n d .  This  indi-

c a t e s  the r e c o v e r y  f ron -m the overshoot  phenomena. In the hi gh fre-

quenc y r ange  (or the equi l ib r ium r a n g e ) ,  the posi t ive t r a n s f e r  of n-n -- i n-md

and of n - v m m v e - w a v e  i n t e rac t ion  ar e  balanced b y d iss i pa t ion .

The ra t io  of the positive ene rgy  t r a n s f e r  b y wind  to tha t  b y wave-

wave interaction at the low frequenc y range d e p n - - n d s  on the n -vi ie d and the

wave condi t ions .  N - b - as u rem e n t  of Wu et al. ( 1 9 7 7 )  showed tha t  a

l a rge r  ra t io  co r r e spond s to hi g h e r  wind speed and l o n i g e r  f e t ch  (wel l -

developed wave field). l !--nc e, b c-th the a i r  i npu t  and the  wave -way> -

inte r action are  responsible  for  the w a v e s ’ ‘growth. B arn ie t t  ( 1 > 1 7 1 )  con -

— c luded that  f r o m  30~ to 90~ of t h u -  wavn -s ’ growth  i s  accoun ted  for b y

the wave-wave  in te rac t ion .  I ! o u n - n - v t - r , fo r  an u n s a t u r a t e d  m e c h a n i c a l ly -

generate d water  wave such as t h a t  in  t h i s  stud y (or for  a sn -vei l  in the

ocean) ,  the air  input  is the un ique  n - n e r g y  - m a c n r c - e n  for  n-u--aye s’ growth  be-

C a u s e -  no non- l inea r  wave-wave  i n t er a c t i o n  occurs .

15 1
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( 1 )  The un - m n - u n  p e r t u r b a t i o n  f i e l d  is d e f i n i t e ly  a f f e c t e d  b y then  - m i  r

f l io d u l a t i o n .  - \ i r  n u m o d u l a t i o n  wi th  a n -modula t ing  f r e q u e n c y I o n - n - e r  t h a n

the f r e q u e nc y  of t h e n  n - v ; m t e - r wave has  a d i ff e r e n t  e f f e c t  on th e- wave pe r-

t u r h - u t i o n  f r o n - m  t h a t  uvith a n -m o d u l a t i n g  f r e q u e n c y  hi gh e r  t h a n  tha t  of the ;

w at e r  w a v es .  The overa l l  e f f e c t  of turbu lence-  on the wave  p e r t u r b a t i o n ;

is s i m i l a r  to t h a t  of a i r  modula t ion  with a modulating f r e q u e n c y h i g h e r

t C-~~ u-i the  f r e q u e n c y  of the w ; m t e - r wave , because  mos t  of the e n e r ge t i c

c o m p o n e n t s  of the t u rbu l enc e a r e  of hig her  f r e q u e n c y than  tha t  of the

wate r n-n- - - V n - .

( 1 0 )  The e f f ec t  of a i r  modula t ion  on the ri pp les is  a lower sur-

f a c e  roug h n e s s  (with r e s p e c t  to the mechan ica l l y - g en e r a t e d  wa te r

w a v e )  than that  w i t h o u t  a i r  modulat ion.  Wu ( 1 9 7 3 )  observed a d i f f er e n t

resu l t  when  th e r e  n-v :m - - m r i o  m e c h a n i c a l ly - g e n er a t e d wa te r  wave. Fur the r

e x a m i n a t i o nn ,  of the ai~ n -modula t ion  e f f e c t  a re  r equ i red .

7 . 2 R e c o mm e n d a t i o n s

For a be t t e r  u n d e rs t a n d i n g  of the a i r - s e a  in te rac t ion , the follow-

ing r e c o m m en d a t i o n s  a r e -  made:

( 1 )  For a complete mea s u r e m en t  of a wave p e rt u r b a t i o n  flow ,

the measurement of the pressure field should be i ncorpora ted  n - v i th  the

m e a s u r e m e n t s  of the ve loc i ty  and the wave -he ight f i e l d s .

(Z )  To obtain a c l e a r en  pi c tu re  of the in te rface  f low in the t rans-

formed coo rd ina t e  sys t em , the flow at other wind spee ds should be

studied.  Howeve r , the ~pecial case  of c = 0 can only be investig ate d

for a flow over wavy solid wall. These basic studies and the s t m u e i v  of

the a i r  n-modulation are  crucial  to the c losure model l ing of the  wave-

induced tu rbulen t  Reynolds  s t r e s se s .

(3) A~~
’ the viscou s cr i tical  layer is strong ly in f luenced b y the

back ground turbulenc e , to ob tain di rect  i n s ig ht to the ene rgy  t r a n s f e r

me chanism f r o m  wind  to wave s the detailed s t ruc tu re  of the turbulent ly-

mixed c r i t ica l  l a y e r  mus t  he examined.

- 
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(4)  For mc b e t t er  u n d e r s t a n d i n g  of the t u r b u l e n t  n - f f e n c t  on t h u  wave

p e r t u rb a t i o n  f low , m i r e f i n e d  m e a s u rem e n t  of the a i r  m o d u l a t i o n  f ie l d

is r e q u i r n - d . This  inc ludes  a r e g i s t r a t i o n  of a r e fe r e n c e-  s i g n a l  for  the

a i r  modu la t ion  to p e r m i t  educat ion of the phase  re l at i o n s h i p b m - f n - e e u mn

the modula ted  q u a n t i t i e s .  The a i r  modulat ion c ;n n  b i n c o r p o r - u t e e l  n - n - - i t h

s t ud i-  s und~-r  s ug g e s t i o n s  ( 1 ) ,  (2 )  and  ( 3 ) ,  or w i t i .  - f l o v s  ove r w ind-

gu n n e r - n t e d  w a v e s .

I
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U N C  R [A I N  ~y ; \ N \  LY -d~

N1t - m c s u r c n n e n t  u n c c r t m i n t v  g e - n u m - r e  l i v  e c cu r s  d u r i ng  d a t a  ; e c d l u i s i t i o n e

and r e d u c t i o n .  U n c e r t ; e i n ; t y in data  a c q u is i t i o n  usua l l y r m - s u l t s  f r o n n

i m p r op e r m m - r f u r m n ; m n~c -  of in~~t r u rn e n t s , l i n e m u t - a t i ons  in pr i ’ ~~e 1 l ~~~n t ! V i~~~V

and  f r e q u e n c y  r e s p o ns e , and i n a c c u ra c y  of i n s t r u m e n t s .  Be c e  u s e -  the

same probe -s and i n s t r u m e n t s  w e r e ;  u sce l  f o r  both c a l i l e r - e t i o n s  and d mm ta

ta lCng,  un c er t e in t i e s  of this  type p ropagat e  mine ! e m n t ’ r in to a f i nn l  r u —

sui t  as c a l i b r a t i o n  unc e - r t m i  i n ty .

The  u n c e r t m m  in ty  d u i c  I u~ data r~-du c t i on  r e s u l t s  m a i nl y f r o m  t~~ e us

of a f i n i t e  dat a  r e c o r d  in c a l cu l a t in g  a s t a t i s t i ca l  mean .  This type of

u n c e r t a i n t y  also Cu  p ends  on w h i c h  of the data reduct ion  s c h e m e s  used .

F o r m u l a s  used  to e s t im a t e  the data r e du c t i o n  u n c e r t a i n t y  ar e  g iven  in

Section 4.  11 .

Kline and N lc C l i n t o c k  ( 1 9 5 3 )  proposed tha t  the combined  n ince r -

ta inty O g  of a m e a s u r e d quant i ty  g(x .) due to i ndependen t  e f f e c t s  x .

is  c xp r e ;s s e d  as

I 
2 ~l / Z

I 
~~.&_ . _

~
) (A . I)

U - 8x . g
i~~l -

Sin ce the cal ibrat ion and the data reduction e r ro r s  are the most  si gni-

f i c a n t  e r r o r s  involved , the combined unce r t a in ty  de te rmined  b y (A . 1)

is mainly con t r ibu ted  f rom these  two u n c e r t a i n t i e s .

For the mea s u r e d  data in this  stud y, the uncer ta in ty  is also

dependent  on the elevation y ” whe re  the data were  collected , because

di f f e r e n t  s ignal - to-noise  rat ios  occur at d i f fe ren t  elevations.  For

i n s t a n c e - , 0 ... at ky >~ ~ 0 . 6 usual ly has  very  high u n c e r t a i n ti e s  be-

ii
cause ~~~~~ . ~ 0 there.  The following list show s the overall uncer-

‘3
tant ies  es t imated for the present  measu red  data , but does not represent
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the ’ v - m l u e - s w h e r e - t h e  s ign a l is  wea k  in c o m p a r i s o n  to th e  noi  st - :

U

V

u ’u~ ± 7mZ
1 3

7;
-

~~~

± 2 0 ’
13

lul ~ -V
± 1 °

~~~3
0

13

~~~4
0

13

I a
-

~~~a

ija

II~~ II ± 3oc ~

II ~~S II ± 30-’~
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I ’ABLE 1a I

- :ne - r g ~- Ba lanc e for  W a v e  P e r t u r b a t i o n  F ie ld

The shor t  n o t a t i o n s  u s e d  in th is  tab le  r ep r e s e n t  q u m m n t i t i c s  de-

sc r ibed  as fo l lows:

P R O I )  - 7; ~ ~~~
-
~~

---- P RE S  = ~~~~~‘ 
~~

-
~~~----

DIFU = 
a (7; 7; ) Dlxx = 

~~~~~~

r) Ixy = ~_L~ DISX = r ) IXX + DIXY
Re dv~~

I ) T R U  —- ~~~e 7; : DRAUU = ;:-~ ~2~i—
c y - - - 1~~ 11 3 x -

DR -\UV = D R A X  = D R A U r  + DR~-~ UV
11 ~)v ’:’

______ 2 ______

)} ) ( )\ ~ = — ---p-— ~~ -:~~~~: DIFV = —
~
--- 

~~u ) ’~~ - 2R e  - 2a 
~~

-

D I Y X  = ~~~~~~~~~~~~~~~~ DIYY = ~
R~ ,)x : Re dv /

DI S’. = DI Y X  + l)IYY DTRV = — ~~~~
21

D R A V U  = 

~ I ’ 2~~~ 
DRAVV = ;~~~~~~~~~~~~

_-

DRAY = [)RAVU + DRAVV DIFF = DIFU + )IFV

DISS = DISX + DISY DTTR = DTRU + DTRV

D R A T  = DRAX + DRAY

All q u a n t i t i e s  are n o r m a l i z e d  by p kU
3 

= 6. 715 ’ i0~ e r g / cm 3-se c.
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T AB L E  6. 2

Energy  Balanc e for Equation (6. 24)

(h = 1. 604 cm)

T r a n s f e r  T r a n s f e r  Rate N o r m a l i z e d  b y
M e c h a n i s m  p U 3 = 1. 6 6 8 -  iO ~ e r g / cm 2 -sec

(1)  
f 

_ije~~~~e 

~~~~~~~ 

dy~’ 6. 112 .  l0~~

( 2 )  
W av e - 

- ~~~3. 357 . l0~~~~~ 1 . 692~~~ 10~~~~~~Dissipat ion- --

(3)  
I)rain to -4 . 084 . lO~~
Turbu lence

(4) —~ — - ~~~~~-~~~~~- _ 5 . 066 . I 0

_ 6

Re ay- --

(5 )  7; ’~’ - r
22

v -5 . 0 3 1.  l0~~ 1 . 6 9 3 .  10~~

( 6 ) e : u ~~~e:e — p e e v* 7 . 231 . 10~~

W a v e - d i s s i pation = - 
~~~ .r [(~~~::)

2 + + (~~~ -)z + ( )2]~ 1~~

- ) r m m  - I to / ~~~ , , , a~~~ u:e

- m r e l l e nce 
= f  ~~~~ ~~~~~~ 

+ r -j~2 ~~
—-  + r ’m;2 ~~

—
~
- + r -~2 ~~~ ) dy-’

- ( I I  + (z )  + (3)  — (4)  — (5)
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TABL E 6. 3

E n e r g y  T r a n s f e r  f rom Wind to Wate r  Wave

(Evaluated at ky * 0. 0646)

T r a n s f e r
Mechanism Normalized Transfer Rate

-~~~~~~~~ 1. 603 .  10~~

- r
12

u -2. 324 ’ l0~~

- r
22

v -3. 766~ ~o
_ 6

.i..... . 
~~~~~~~~

. ( ! 
~~~ 

) 2. 594 . 10
Re a y ’-~ 2

.-L_ ~~~~~~~~~ (!~~ ) -6. 993~ l0
8

Re a y~-e 2

E 1 . 3 3 5-  l0~~~
(Total)

‘~~Normalized  by p U 3 
= 1. 668 .  ~~~ e r g / c m 2 -se c
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I I I ,  I . ~~ ’ , - . i ?  I I I !
- t  I. , A ’ > .  1 S N I ‘ n IS ’ £ , I a,. .  ; o s  P - ‘ a ’ . .]

I
the l ilt - - I d  w i n . I— ~~. s v i - t i 1  i I i t  v w i ’ > modi ied to p ermit p & ’n e r a t  ion of an

I I1I1’dII it It ’l l W I t h  .1  s illIi’-;Il I d a !  V I I  l at  Ion . A wave h e i g h t  g a u ge  and an X— arr av
. , I ( — t  jim ‘Fl I tS ‘ s t I r  u , . , I t o  me l - -s ire s i mu l t a n e o u s l y t h e  wave’ heig ht and t h e  wind

r.rm - s  s’ . I V i - — I o l  l t r w t - r  ‘p s ’ r a t i n C  in a transformed coordinate system .
I - O u t  r u n s  ~c re’ m.idt- , - II I w i t hi .l 4 rn/sec mean free stream velocity and a 1 Hz
iCt- ~ ( I I I )  C , ’ i i  v— ,~ I -ns r .i t ~-d w, l t  ~ ‘ r WaV e l it

’ amp I i tude 2.67 cm , but with modulating
I r  C I I I I C C i t ’~~ st LU , ( ) . .~~ , 0.7 sod I . “ Hz respectivel y. Each velocity pr o file

- - . - I ~ po jil t s r a n g i n g  in mean el  evat  i o n s  f r o m  1 .604 cm to 39.45 cm
It ’ int e ’rt . 1 1 1- . Theore t  i c , s l  b~~si’~ were also formed for a b e t te r  under—

s t , I I 1 J I I ) c  . ‘t  t h e ’  t l ,’w s hia ract e r i stics in tile transformed coordinate system .

T t I I - mc I)) V I I I ’ ] l t v  p r o t  Iii was found to be basical ly log—linear with a w a k ]
- l te t 1st  I c  n e a r  t h e  fr5 - t- stream . The friction velocit y computed from t h e
i i t - met hod ag re es  s-i t h  th e ’  r e s u l t  obta i ned from the measured constant s he a r

st  r1 ~.s l i ’ .’ e’r He ir  t h e ’ in t e ’r l  al - I’ . Tile lowe r p o r t i o n  of t h e  mean p r o f i le s
tsIl. ’w’> t i l t - w , l v ~- I l I r m  b u t  the upper portion of the mean profiles seems to he

I I !  t i l l ’ x i s t e ’ n c e ’  o f  t he  water wave underneath. Thus , describing tile
low in tilt ’ t r a n s f o r m e d  c o o r d i n a t e  sy s t e m  i s  an a p p r o p r i a t e  approach . D r i f t

current I t  te , t s tin the mean flow were also discussed.

The ’ wave’ perturbation motion was found to be irrotational near the free’
St  ~.- ,Ifl ) (lnd ti> have a strong shear b e h a v i o r  near  the interface. All the phases
o~ t h e ’ w , IV1- — l n d t l I s’d turbulen t Reynolds stresses have a jump of 180° in t h e
:~ i d d l ’  St  t h e -  boundary l,ive’r , hut such jumps do not occur in the phases of
t he ’ w , R & ’  pe’ rturb at ion V (’II)(jt it’s. The relationships between the observed w;sve ’
: 11-i:  ir b a t ,  ion veloci t I t ’ s and t i l e  induced  t u r b u l e n t  Reynolds  s t resse s ’I r i ’  b a s i —
i ’Sl l v  o t  an eddy viscos ity type .

Ilie’ energy balance of tile’ wave perturbation field showed that most of the
p- I l l  rgv t r , l l l sf e r  occurs in the vicinit y of the interface. Energy was drawn from
t he -  ‘C e- I l l  f low to wave perturbation , and then from the wave perturbation to
t u r 5 .i I - nce ’  and to the water wave . The energy transfer from wind to waves is
I r e - d o m i n a n t l y  cause’d by the wave perturbation pressure. The measured wave

~- r  s-t h r I t e ’ agrees with that observed by Dobson ( 1971) , and is one order in

~‘!.l ~~r ) i t u d e  greater than Miles ’ prediction . Wave—turbulence interaction is
r 1.-~. ; I . ’n s i b l ( -  for this higher growth rate.

i } s e  response of t h e  wave perturbation to air modulations when the modu—
sting f requencies are lower than the frequency of the water wave is different

t rom that when  the modulating f r equency is higher than the frequency of the
w at e r wave . Air modulations tend to decrease the ripple formation over the

~.s - hCl ni ~~l ll y—generated water wave under the same mean flow condition .
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