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CHAPTER 1
INTRODUCTION

Mass density stratification in a fluid plays an essential role in the

gravity wave phenomenon. As stated by C. S. Yih (1965), “wave motion can

I onl y exist in a stably stratified fluid” . Indeed , a free surface is just

an extreme case of density stratification with a density discontinu ity r
at the surface .

From a physical point of view , the oscillatory wave motion is caused

by the restoring force acting on a fluid particle as the parti cle is dis-

placed from its mean position. The restoring force which causes the

- particle to seek its way to its mean position is the buoyancy force. So

buoyancy forces are the primary forces associated with internal gravity

waves that dppear at the interface between two fluid layers .

Interna l waves are a common and important phenomenon in the ocean as

‘a well as in the atmosphere. They can have a significant effect on both

fixed and float ing submarine structures . Internal waves are thought to
— 

be a major source for the production of turbu l ence in the oceans and

atm osphere. Theoretica l investigations have shown that internal waves

can be generated by a number of difference mechanisms . Under certain con-

ditions shear flows in a stratified fluid can be unstable , and the growth

of this instabilit y can result in interna l waves . Once finite amplitude
‘a 

internal waves exist , they in turn can generate higher frequency internal

— 
-

. 

waves as fol lows .

In internal wav e motion the fluid particle velocity above the inter—

face is in the opposite directi n to the particle veloc i ty below the in- 



terface , thus a argo v~ loci ty uradient occurs at the intert ace. This

can provide t he nec e~ sa ry cond it i mis for a disturbance to grow , i . e. an

unstabi 0 rOt) ~OIi ill I )it~ f low . . D. Woods (1 973) observed such wave in-

duced di sturbances iii t he ocea n and referred t o thorn as w a v e— induced shear

i nst ab i l i t  it’s . Tiil’; is m u  1 ar to those observed by I horpe (I ~u~a )  in

the 1 abor t  tory , and t he cle ar—a i r tu rhu I en -  e iii the atmosph ere identif ied

by Gossard , et. al . (HiO).

In prey iou c cx per i mien ta 1 st rid I vs of the mmm ix i ng due to i ut erna 1 waves

by P. M . Sheppard . I. To nuasol in , and I . Chou , hi gh frequency di sturbancec

(or inter facial waves) wont ’ observed at tilt? interface . The d isturbed

reg ion w as  confined to  a thin 1 ayer w i th  clearly defined boundaries .

Thi s shear f low is uris toady arid tile i U te rfac ia I waves th at have been

observed art’ fIn i t t ’  in ainpi I tude . There has been very li t t le  theoret i r.al

work (lone on non —1 i near St a bill ty in genera l , and to t he knowl edge of tile

an thor • no theoretic a I I rwes ti i~ at ion done on non —lin ear s ta b i l i t y  of uris t eady

stratified shear fl ows • The olij cc t. ive of f lu is thec is is t lieu to otita in

I nfornma tion abou t the physical processes that take place in  th is  compl cx

f 1 ow us i rug tlit’ resri i ts  of the l inear s tabi ii t.y theory as a guide .

~ -
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CII/WTIR II
BACK GROUN I)

- 

— 

Flydrod ymi am i c s t a Lu ii I ty has hoc onto a la rge branch of f l  u i d dynamn icc .

Stab i l i ty  of pa rall el f low of inv iccid fluid was first studied by Helm—

hol ti , Ke lvin and Rayl eigh.

There are severa l di f fer en t modes of Imus t a tu III ty. Brooks Benjanu l n

(I 9t~3) has ci m ss if i i’d uris tat i l  e ii if feronci’s in flex I tile surfaces bound ing

• i nv I Sc Id flows i mu to three d I f f e re n t typos as  fol l OWS :

(1 ) .  C lass  “A in s t a b ility results in Toll ni i en -Sch licht ing waves.

The p rt’si ’mui o of th 1 s t vpe ins tab iii ty causes a d ics i a ion of

energy o I t hit ’ SY S t e rn in  am amount  proport io r ua 1 to t lie anupi I tude

of the waves squared .

( 7 ) .  Class “U” i n s tability is identified w i t h u  fret’ surface  w aves.  r
a

The presence of th is ins tabi 1 1 ty causes a raise i mu energy

leve l , as in the cas t ’ of wi rid qeruer,itod w aves .

(3). Class  “C” is f lue well  known Kclv imu — ltelm ho1 t ~ imust ah i l  ity . It

is 1 cI t? t ’ .(
~t lmJot u ct ’ of conservative forces acting on a sma l l  d i  s—

• t im rba mice . It lead , to a viol nt brea kdown at the inte rface.

The t al t 11  i t  ‘. prolt I emit is nuns t ,‘ead I ly treat NI mu t crit ic of (lie theory

of s t i l l  amurpi i f  ude per’ I ti rh u t i (iris . liii ’ ii neat ’ i :ed st ,dui ii ty equa t ion for

pa ri 11 el flaws of homaq ’ni ’ouc flu i (Is was fi rs t do,’ i ved by Orr and Sonmntc ’ r—

feld . Tb is equa t ion ran be written as

- u ”~ - ~, (~ “ 
- 7k - ’~ 

“ ~ k~~ ) ,

3
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where u IS the primary flow velocity , c the complex wave speed , • the
cross-flow dependence of the disturbance , k the wave number and R the

a
Reynolds number . The primes denote derivatives wi th respect to the cross-

flow coordinate.
d 

The l inearized governing equat ion for the stabi l i ty of inviscid , den-

sity stratified shear flows was first derived by Tay lor and Gol dstein and

can be wri t t en  as
— l  — 2 2 2

~~~“ - [(u-c) u” + (u—c ) (u ’) R1 + k ] 
~
, = 0.

Here the stabi l i ty parameter is the gradient Richardson number , R1,

which is defined as

‘a R.~~ -

1 p( u ’) 2
The mass density is denoted by p .

A sufficient condition for stabil ity according to Miles and Howard

a (1966), is that R
~ 

> 1/4. It should be emphasized that this criterion

applies to inf initesirrial disturbances in a parallel strati f ied shear flow

of an inviscid fluid. Woods , in a series of f ield investigations , found

that transition front turbu lent to laminar flow occurred at Richardson num-

bers of approximately unity .

A number of analyt ical studies have been made using hypothet ical ve•-

loc-i ty and density profiles . Examples include Howard and Drazin ’s sin-

usoidal flow in which the veloc ity profile is a sine function; Taylor and

Gol dstein ’s shear l ayer in which there is a linear variation of veloc i ty

with the vertical coord i nate ; and Holmboe ’s discontinuous density profile

in which the density profile is a step function at the interface. Hazel

(1972) did some numerical studies of the stability of stratified shear

flows . He used hyperbolic tangent functions for the density and veloc i ty

, . :~~ 
— 

____
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prof i les. The t’ r’rom’ func t i on  shear l ayer’ has also been stud i ed . Most

of those results art’ presen ted as neutral curves I mu the k— J plane , where

— k is the wave nuritber at the disturb anc e and J is the overall Richardson ‘ I

number based on the t o t a l  dens it v and vol oc I ty changes

— (A uF

A neutral curve is a line which separates the stable region from the 
—

unstable reg ion. Soutm~ of th e results of these theoretical investi-

gations are given in the appendix (Figures 64 amid 65).

The grad I eru t Rich ardson number can b e wri tten as
‘a

N”R 1 = •  —

• i Ii
4

where N is the so ca l led Brunt-Va isala or buoyancy frequency defined by

N = ( — 

~
- :
~ 

)
1/~

Th is frequency plays an important role in the stability of strati fled

fluids . Note tha t the gradiem it Richardson number is a ratio of buoyancy

forces to int ’ rf hi I r u u ’ ~. Os .

Phi l l i ps (1969) derived the equation

-

~~~ 

)
~~4 ~~w 

~ 
+ M2 (z) ;u~~

~ t” ~ x
’ i z - ’ 1

from the motnen tun~ cqua t Ions .

For suu m all disturbances the vertical velocity w cart be found by taking

w — W(z) exp(i (kx — mi t) )

wh ere k is the hori zontal wave number. Then it follows

(1 14 + 
- N ‘( 1) — n ’ 

~ k~
’t~I 0

— dz~ 
n’
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I f n~N R i s a rm romuo t o ur I c fum uc t ion of ? • the our 1 y modes arc’ sut’face waves.

If n~N, then

14 = w exp ( i nn )
where

a N ’ - m m - 1/ -

mm -

a is the vertical wave n u m ber. W is an oscilla tory fum ictiomu of z , i t

correspomids to I n t or m iu l waves. From the above equation ,

n = N ( - - -  ~~~

k? 4 m it- ’

The denott u I na tor (k -
- i n ‘ ) / - ‘ i s the resultant of the wave number corn—

portents i mu the x 1im i(I i dir ection (see Figure 1)

nit (nu ’ +

Figure 1

So the frequency of t lie internal wave n = Ncost ) where Iii 1/2

This shows th at whom-i mi N , interna l waves travel at an angle e from

thue hon zomu tal di r’e t m u , unt i l they reach a lev el where n = N.

I
T itus the buoyancy frequem ucy N is the upper 1 in t uit of the frequency for

which internal w ave muto t ions can exist in a strati fled fluid. In a fluid

wit Ii var i abi e N , w ave s will he trapped w I thIn the layer ~ihu ere N exceeds

the imposed frequency .

The passage of an in ter’mial wave along a sharp i muto rfac e between str a—

ti fle d layers produces a vortex sheet at the interface. W hen the wave

period is long compared to the time needed for any dist um’hami ce to grow , 
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7

an instab ility of the Kelvin-He lnuholt z (K-H) type is to be expected .

If the energy supp ly to the interna l wave mode continues after the

cri tical m i n imum R
~ 

is attained , a local instability may develop. The

energy acquired by these disturbances is at the expense of the internal
a

wave , so that the occurrence of an instability of this kind can restrict

the amplitu de of the internal wave .

In general the breakdown has two effects, one destabilizing and one

stabilizing . If the breakdown is severe,mixing can occur which reduces the

density gradient thus destabilizes the flow. The velocity gradient is like—

wise reduced but this has a stabilizing effect. It should be pointed out

that stabilit y parameter is more sensitive to changes in veloc ity gradient

than density gradient.

Woods (1969) observed the same laminar-turbulent-l aminar transition

in the ocean. He also represented schematically the evolution of the

spontaneous K-H billows in a thermocline sheet and their subsequent

transition to turbulence. The density and velocity differences across

the sheet did not change during the life time of the disturbances. The

mechanism coul d be described as follows .

After the K-H billow formed and broke , turbu l ence in the sheet

entrained water from above and below thickening the sheet. But the

turbulent sheet died when the Richardson number of the sheet approached

unity . Then the current shear above and below the sheet entrains water

from the th ickened but no longer turbulent sheet so that it slowly thins

and reverts to laminar flow .

Y - ih-Ho Pao (1969) measured the spectra of internal waves and tur-

bulence in a stably strat ified atmosphere and ocean. He classified in-

ternal waves into 3 ranges according to the wave number.

L 

— - 
___________________________________________________________ -- 
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1) . At low wave numbers , bit oya nicy forc t’s domm i i uua to over i muer t i a 1

force s amid t i m e di sturt iu tuc o is i mu the t ortim of intern al waves .

Pan ca l I Ni th is  the i n it em’mial suhranqt ’.

~
‘ ) , At m r t  ei’itk’ii i i  t e wa vt ’ umiuinbe r • tIre buoyancy of t  or t i s st no mug but

u nie rt u al t a t - c t ’s are also it rt portant and turbu l once c am u ex i st. lie

call ed th i -
‘ the buo ammc subranuqe .

3) . A hi qbr wave miutm tbers the i nert i a 1 forces are dorur i nan t . He c a l l e d

4 this the inertial amid vis cou s suhramuqe .

Al though a grea t muum hor of analy tic studies have been made , few exper—

intern t a 1 i ttve~ t t (III t io m n~ have been conduc ted . Scot t  i a mid Corcos (19/ 1)

created a stably stoa t i fied sh ear layer w i th in  the test sect ion of a wind

tu m um uel by mirer’ g I nq t ~-.- s tr ea m n u s of a in a ft or u n i  forimtl y hea t i rug the top

streatut . The two st re w is  were accelerated side h~ s l u t ’. Sttual 1 periodic

disturb ances were imutroduc ed ups trearn of the tes t  sec t ion by a finu e w i r e

osc i ll at m g  imi the t ie r -; i ioc l m e  . The cni t ica l R 1 was found as 0. :‘~~ . The

growth u’a to is a func t io mu of wave nunther . W ang (1 Q7:’ ) f i rs t  used fresh

wa ten and dy ed sal t water to foi’irt twi t layers of f lu iii in a tank. Sh ear

flow was induced by pu nmu p i ng th e  f l u i d  i n ho t l u layers . The velo c ity in t he

1 owen 1 ry t ’r was 1 aruer - . Stnra 11 d i s t u rb an c u’s were gener ated by a v itira t. I mug

ribbon at the interface. Wang cottupared hi is rosin its wit hi 11a ’el  ‘ s nunuieri cal

anal ysis which sfmo ~-,-e~l good c o n f i r m a t i o n . ~rowamud amid W inau ut  (1 91,’) con—

duc ted t h i t ’ sanit ” ox per i m on t  in a two layer sys t ciii , and t lucy observed the

grow thu of t hue di s tim rha nice. At t hue ups t ream . t he R mc h r i’d sour number is snn a 11

(R 1 
= O . 0 ’  ~it x 0.301 in) and the waves col lapsed . lhe Richardsomu i- -‘

ber is approxim irately 0.4 at cm distance of ?3.6 in. Further’ downstream .

the w i v e s  decayed and the sb-tear layer approached an u mid i sturheci laminar

flow.

L- —
- - - -  —- 
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CHAPTER III
DESCRIPTIO N OF THE PROBI EM

The objective of this thesis is to investigate the conditions under

which hi gh frequency interfacial waves will occur in the interfacial l ayer

of longer internal waves. Long waves were generated mechanically in a

two layer system . The upper layer was fresh water and the lower l ayer was - -

sal t  wa ter , dyed with red food color.

The interface is defined as the level where the density gradient is

max imum in the two-layer system . The wave induced veloc i ty above and

below the interface is in opposite directions thus causing a high ye—

loc i ty gradient (and shear stress) at the interface. Accord i ng to the

l inea r , inviscid stability theory , the Richardson number (Ri ), as de-

f i n e d earl ier , is t he  stabi l i ty parameter for an inviscid , stratified

shear flow. From the definition of R
~
, a large density stratification

has a stabilizing influ ence on the flow and a large veloc i ty gradient

has a destabilizing influenc e.

The velocity gradient is maximum at the wave crests and troughs so

these are points of minimum stability . In order to determine if the

hi gh frequency waves can be generated by a shear instability , Richardson

number profiles at the crests and troughs are needed . Veloc ity, conduc—

tivity , and tempera ture profiles must then be nueasured at these points . H
Energy is transferred from the long waves to the interfacial waves

and this results in a reduction in ampl i tude of the long waves. The long

wave ampl i tude is monitored during the experiments to see if this transfer

of energy can be correlated with the stability paranueter.9
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A fi ow dot mu  t I en sketch i -
‘ q I vemu im i h i  gu re ?4

Two ca~ ’-d i nra t o  S v s t t~~c are used • one (7 , the verti cal coord i muat e ) hua~a
i t s  or ig i m u t u  \N1 a t hue hat to rn of the tank and the ot bier ( E. , th~ v e r t i ca l
coord i nat e ’~ has i t s  or - ic r in at t ache d to the in te r face.  t~o t h  i and are

po s i t  I ye upward .

4

i i 

~~~~ 
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Ch APTER IV
FA C ILITIES AND IN STRUMENTATIO N

4

Test Secti on

The experimen ts were conduc ted in the in ternal wave tank in the

Coastal and Oceanographic Engineering Laboratory , at the University of

Flo rida . The test section of the tank is 80 feet long , 6 feet hi gh and

2 feet wide in the l ower portion and 3 feet wide in the upper wind tunnel

section (see Figures 3 and 4). The tank is lined on both sides with

1/2 inch glass panels to facilitate visual observation. The entire wave

tank is el evated 18 inches above the ground to provide bottom access to

the test section . The tank is ca pable of generatin g wi nd waves and shear

flows and mechanicall y generating surface and interna l waves .

y r

-— 
There is an internal wave generator at the north end of the wave

tam-uk (see Figure 5). It is comprised of a horizonta l 38 inch by 38 inch

neoprene rubber disphragm attached to the walls at its outer perimeter ,

and is activated by a vertical shaft at the center . The shaft is driven

hydraulically. A hydraulic power supp ly is used in conjunction with the

hydrau lic actuator and associa ted electronic equipment to drive the dia-

phragm. The frequency and ampl i tude of the waves are adjusted by a Low

Frequency Signal Generator Model 202A , manufactured by Hewlett Packard .

Storage Tanks

Two 4000 gallon storage tanks are located outside the building . These

— 

tanks are connected to the wave tank by 4 inch PVC pipe . The storage

12

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _  _ _ _ _ _ _ _ _ _ _
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ta mks ~rr~’ n’ie m , ,mt i’d so t hue wa ve t am tk  ( Ot t he t I led t u ’ ~ t t bi est ’ t ,u,uks h’\

~ir0\- u t v . A goat pu~~1 i u ~eu ed by a t~ bior -~epo~~’r t ’ l t n - i .  uta h on ~ I iSI ’,I

a ~~i ; m  t P u -  I~ u t or lsm~~. u n t o  the s! (mr ,mn lt ’ t an k- — -

1 o\-: 1 ,unk too blo t  P m i i i  ‘ral’t ’ C m  1 m l um a t io n

A I I ~‘ n u ch u It I ~ I mu Pi t ’ ’ ~
- I~~

’ I m u Pu t ow t~~t ik is ui- -ed tc ’ u0 I i t o - a t e  the

h ot — I II pu-ol e . 1 he t umu ~ is ntm.ude oF p 1 ox t g l a - - .. A I ,- ‘
~ I horse, -~~~‘r ~-ar

iabl e speed not or m ui - ,ed to do ive the can - u - i uge wbu I ch holds t hte hot — P 1 1mm

probe

1 r~uv t’r sn ’ M ‘ c m u  mu i c u r t

ibue I u - e ve n - -, i t ug n: b t t n m ~ ; u I’, e r u p t  I sod nu t ,t 1 / i’ Pu ut ’_ I ’jua wor v~ m m , ut ’ l e

.p& ’m’d 1) . C. ti eto , , a r e m  r-e~luic I ion t’o\ . a ‘- t a i n it ’s - , si  u ’t’l I id’e nc i hr ~

— ‘~u m st 0 rae. k ,umu ~I a mu ato r omi t n u l  I em - - u - - (emit . I he t rav e m si’ st ’ n ’n ’d canu t ’n’

var  i i i  I r - c i ~m ~npr r-o~ h u n t  ol \ u ’ t O  0 1’ . I h1’ di rt ’c i on oP I tie I ra —

verse s h u t t ca n hu e sw m t hn ’d n umamuu i i 11 on cair I’m ’ pii idt ’ to ‘, P utt I t i e  hot wt’emr

,r n v  I n~~’ pa’, it io nic • I he v o l  oc i t  probe . t m s’i ’n ’ra t nt re pi oI’e . and com ud uc -

lvi I \ probe I- n e  nunut i nu t ed ,it P In’ ‘_ t ’ i~ level  ot t I Pte hot P ‘nm oh I Put ’ t m ’ ,n v e m - sn’

I irh e

I iict t mmi i i ’m m t ,t

PO’~ it j on I nub 1 cut t ’r

1 b u m ’ t t t , ’ rsu’ d r ives  a t o n i — tur n . 1 )  
~ p~~ t out uu’i ~i m ’t OF wPt~’mu it mnm ’

I him ’ pet m ’ m n  P 1 at - i’ n ’ m Is ‘ u  oh at 0 0 .~ - C Ot it it ,Pes i ~m ut ’ P to ‘11 \ e ,u i i  11000

t u t i  P pit P u-o it  01 piopOt t u ‘ u i  I to t hur ‘a- — it r out u ’ I t b u t ’ P r O V u ’i - t ’ C, SOt’  1 i l i o n ’

it , itt t hin’ a ppend \ ) . I hi’ ven t i t  01 posI t O f l  am - i he me t  surn’d ,mc e i n rat oh v

to  (1~ 0.’ ~‘ inc  bm

Vt ’  1 c u m ~, I’ln’j stl un ’ i’ m ’ mm I

by tnt t i m , ’ P Iii I , ?  i - - muum ’, t cn i m — ,’~l I’ a I, ’ m u ’ .t inu t 1 (‘ruu ; ’ (’r.u t mut e bla t —

Ti n i’ - - e t t ’ r , m n u m u t i t  ,u~ :red I’ Th u - i - - ’ 5\ ‘te nt’ .. Inn . . 1 Pu’ amm e i imsimu ’b r~

— - - - —f - _ _ - —=•-.——— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — — 
- —



17

‘.vs t em u tnu s s t t’d o f a Model I Oh I Mon i tar and Power Supp ly module , two

No~Pn ’I I lhO Amu , ’n, u t ’  I t ’n  m mm o tu j in’ s , and two Model 1055 1 inear iit ’rs . 1bu~ probe

~
ii iou wi’, i- ann It ’d on the t I p a t t hue t rave rse  was a wedge— type Model 1 :‘3~

~~uC 1 hot - f i l m  s n ’ m l s t ’  • I Pu’ ho t-  P1 lnu prol’n’ was cal ibrated in a tow tank.

Ca It  t’r,u P ion c mt mv es w ’ rt ’ ,t ( t o  j ned for severa l salt com ucen tra t ions (spec i fic

uu n- ,rv it i t ’-, n- ,u n ) u u i n t I  from 1 00 to 1 .03). hue c hua mu qe in thue probe outpu t over

thu i s ra ngt’ o F On ut em it ra t ion s  wa s found to be less than ~~
‘
~ - - Problems

n i t  hr hit t u t u i n ’  P ~‘rtm si t i an ant t hin ’ probe at l ower ye 1 oc It I Cs in the sal t so 1 —

i t t  I or u -~ welt ’ o~ io~n tmmo It l ower I mug t hue over— buoa t rat i o to 1 .05. The cal —

I bra t ion ui-~ es ir e s P m e m t u  i mu t he appendix (Ii gut rm’ 67 and 6l~

I ew pt ’ r- a Pure Mu ’,usuirt ’monr t -;

1 t ’i ipt ’ra lit u n ~ w a s  muo n cii  red w i t h  a g l a s s  emi t -a rsu lot  ed t luerrim i s  tar , cx —

per int e nt t ,u i I ‘. pe 0~I I ~‘ ‘-~0 l muan uu t a c t  ured by Kt ’y~~t one Ca rhomi Company . A

n~ anns t a in t  t eumt pcr~r t i m  r’e hat h with ,t t buer nuom ume t or t ha t could be road to 0. 1 ~‘ I-

was ust ’d to  c,r i i bra t e the t he rm  1 s t  or. 1 ho ca l it’ro t ion CU V O is shown in

t hue append \ ( I  i tm ti r e

Uu’nc it Mt ’aci irn ’nuom u l s

Den t s I t s t r a t i  F b a  t Ian i mu P bm ec e expor it m uenu t s was .ucbuievcd by vary in g

t he co l t t oncetu t i-a t I ot t  • ~
. I nce P he ol ec tn oil condinc P iv I ty and mass den—

ci t v  of a s ,nl P so lt i t  len t va r ies  w i  thu sal t (-o nl- en t r a t ion . thue mass densit y

of t bu t ’ sal uP ionn an be dt ’t u’tliu i n t ’ ~ fr ommr comudu e P iv I ty tnueasurettrenit s . The

conidut I iv it v m’uo a’ ,m i r- I nun ‘ v s  t oni LtsO ~I in the se oxper iment s was developed

for t P r is  work by Ihs . ~b te I u I u ,ird and Doddinu otoni (suhn mm it ted for pitt ’1 Iu~a t  ion

in t h e  Rev iew of Sc letuP it ic in u s tr mitnu ’n uts). It cans Is Is of a tw o e le c—

roth ’ prot’m ’ ( coo I it n ur , ’ ‘ and 1) ,u,id a com is t ant pea k— to - pea k cu rrent s t t j ’—

— p1 v . I bi t ’  f it i  Id t u m ’ i mug me,u cii red i s drawn i nile P hue probe tbirouqh t hu e her i —

.‘o nu I~~l s l I t  at Ibm ’ bu t t  t~u i • t P u m - o ume P t he 0.01 ;‘ I m uc h t i  ia m mne t or bol t’ and I nut a

~~~~~~~ - - - ~~~~-~~~~ IIr ~ 
-- --
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the i nm m ic r c r y i t  ‘, - 1 Pu t ’ f l i t  Id I Pu t-m u uoes out the top of the probe throu q br

p 1 a c t  i c tub i mi n t to  the puunp . Onut ’ ci n ’t~ t rod ’ i s  ioc.tted in tb m e inunw’r t-av —

I t v  a nd t h e  ot her on t h in ’ ox Per ion , oF t)ue probe . 1 he ci cc P r ic ,u 1 cur ren t

denci lv t~otwen ’n t ) m o  (‘1 ect m o d es is s tmnal 1 ex cept  in the 0 .01? inch diamete r
4

ve rt  I t o1  hole , w here it is qui to large. 1 bus th i n’ conduc t iv i t y  of th u e

f lu id in this halt’ at any inst ant dete rmines the ros 1s t once between the

ci oc t rades

Cal ibr a t ic r - i of thuc Con du ctivit Proh~
To mu n itu u j ‘o error . cal l bra tio ~ is dante in t he tank under the condit ions

4
present during a t n ’’; t . A s iphoniinq probe wi t i- i a honi?onta l slot very sini —

liar to t h at  in n the otowluc P iv it v probe i s  mounted on the traverse shaft
4

at  the 50mm ’ el es at i ou  as the other pr-abcs ( co n d u c t i v i t y ,  t Iuornu istor and

hot—f  i lttu ~ . T hue tan k Is t hit ’nu f i ll  i’d i it such 0 nunannier that the inter fac e

betwe en P bre sal  t ~rm ud fres h wo t & ’n’ is very d i f f u s~d . At several points in

t hue in t or f~c i a 1 la V t ’r . I 1 u Id is ci phon ed I noun t he t a mu L a tid conduct iv it v

read ings recorded . A hvdr o mt met t ’ m ’ (wi th u 0.0001 d ivi s ions) is used to utica —

S u m ’  P ho spec i f  i~ pa y  i t t ’  amid a itL ’rcu n t huo rmm mouue t ci’ to muneosuru’ the temp—

• era ture. lire tcmmu lul’ro t u r n ’ in the tank is measured wi th  the thenuii star. A

ca ll bra t i out curve tar P itt ’  r~Init 11’ of sal lii i t i n ’s of in tei’es t can t h c mu he

plot ted (set’ Fiqur ’ 70 in the appendix) .

Imuternuol Wave Gages

Ibm ’ wj vn ’ qo g u ’s usom i m u  I Pm is  ex perinntont wet-c designed to tmioni too the

nmo ( ion of (lie i miter face between the fresh a mu d dyed sal t water layers

T 1c measuring syc tt ’nu cons i s t s  of ,u l ine vol t , rqe regulator , a c o i l  iuua t ed

i i  ~ihi t sour c e a cus I oumi bum lit li ght sensor , a Wbu eats tone hr idge wi tb-i a (P .C.

power supp l y and a r’corder’ . The back edge of t u e l i g ht sensor is para —

ho 1 Ic in shape ( s ee r i  gui- i’ t~ and ‘II . Al I surfac es on th 0 se muc o r 
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except the front and hack are painted black. The parabolic ba ck surface

is polished and coated w i th  a hi gh ly  ref lect ive paint and thue fron t light

admtu ittim u g surface is just polished . A cadmnium sulfide photo resisthr is

placed on the focal p o i n t  of the parabola. The light sourc e which is a

vertical flourescent l annup is centered at the undis turbed i nt erface an d

projects thurough the wa ve tan k to the sensor a s shown in Fi gure 9 .

Honeycotmub is placed in front of the l amps to make the light parallel .

T he sal t wa ter i s dy ed w i th red foo d color to take advan tage of

the low sensitivity of the photo sensor to red light. As the interface
4

moves up and down , the aut moum i t of l ight s t r i k i n g  the li g h t  sensor changes

proport ionately.

In  these expe ritm ne nts . the wave gages are onl y used to nucasure the

wave frequency and wave lenqt hu .

Visicordeu ’
4

All s ignals wer e recorded or-i ,i Visicord er Oscillo graph Model 906A ,

manufactured by h oneywell as wel l as on a magnetic tape recorder. It has

a built-in Tim um e tine Syste r un w h i c h  provides accura t e ly spaced pulses  at

i ntervals of 0.01 , 0.1 and 1.0 second . It conta i ns 17 channels and

records on photo gra phic pa per wi th a high intensit y ultraviolet light
—

reflected by the galvanomuueter mirror. —

Ta pe Recorder

A four-c luanniel • If-I tape recorder , Model 3960A , manufactured by Hewlett

Pack ard was used to record thue output voltage from nu the posit ion indicator ,

• them-nu iistor , hot -fi lnn m probe and condu c t ivity p robe .
4 .  

The Pre -Amplifier and t o - s  ~ i~~ ey~

— 
A four-channel pr-e-am uup l if i e r and low-pass f i l tei  is placed in series witbu

the four semisors. Th i s  ~nnpl i f io r  is des ig ned to f i l ter out elec t rical noi se

- - - ---‘-—
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i nduc ed by equ I pnmien t in - i thu e labora tory . The at mu pl if i em- s were used to

• increase the pu-ohe o u t p u t  to the mum ax inmuu ni a l lowable inpu t voltage of tb re

- tape recorder - - lii i s u n i t  bras a hi I qh input — impedance and low Ott tpu t—

impedance w br ic hu i sel at t ’5 tbre senso r-s fronmu the u-ecord i ng equ i ~nment . The
4

f i l te r -  is f an r t b i — o r d n ’r , t~u t t erwor t h • low—pass filter with a cutoff fre—

quen cy o f 16. 7 Hz. The c i rcui t  is shown sc hen uu a tic al ly in the Appendix

(Figure 71). The low-p ass filter was not used in the hot—film pr obe

circuit.

X -Y Plotter

An t Onuniqraphic 1000 Recorder , type 6, ma nufac tured by Houston In-

str unt uents mac used du r-ing the tests to plot the conductivity vs. posi tion.
d

lii i 5 was used to l oca te  the probe rd a tive to the interface.

a

4

-a

TTI  - - -  --
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4

— CHAP T IR V
PROC{DURF

I n i t i a l l y  the  w av e t a n k  was filled wi th  ?4 inches of fresh water fronui

thue fresh water ’ storaee tank. Salt was dissolved in the salt water stor—

age tan -uk until the speci f ic  qravity of the fluid was about 1.03 . Red food

color was used to dye the salt water , and comuupu-essed air was used to mix 
- -

the sa l t , dye and w ater - . Af ter  the fresh water was filled , the dyed sal t

water was allo wed to f low into the tank very s lowly  from the bottom . After

6 to 7 hour’s , th(’ salt water  reached the des i red  d e p t h  of 24 i n c h e s  and

t he v al ve was closed . This slow filling procedure resulted in a shar-p in—

ten-face bet moon the flu i ids . After the conduct iv ity  pr’ohe was cal ibrated ,

the ex~’en - imen tat I on wa s begun. The condiuct i vi tv probe, the rm i s too , amid

hot—film - it probe u-.-oro m -~o uu y u  ted at the sonic ci eva L i o n  ar-i the traverse shaft

thus  all au-. I ug ca nt i m ’ :teu s i u u u l  t a n t e a t u s  mea s u r o~ on t  of so ii ni t., tempera ture ,

velocity amid pasi tion . The m ureasu jn-e~ ’nt system is shown in Ii (Itj re 10. The

si gm -ia is f m - o n tbu e probe men-c fed into the 4—c hannel amplifier — filter. The

fi t t e r  can (-me sw i tch e d ou t of the c i rcui t and was no t us ed for the ve loc i t y

signal. Tb-ic outpu t sign als were fed to a 4-chammel FM tape recorden- and 
_ -

along w ith  two wave gage outputs to a six—channe l pr e— otump i i fior. The out-

puts frotuu the pre—an up l if leo wore fed into an -i optic al stri p chart recon’der

(vIsicordr’ r- ) . An X—Y p l o t t on- was used to plot conductivi ty vs. position

dun-ing the test.

Am u m i  Hal tr ’ av em - c m ’ 1.-as made to obtain t h e initi a l density am ud temp-

era t turn ’ pr- a f l ies  . ~ he moc han i cal wave genera tar was then sta r - ted and

L __________________ 
- 
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waves of the desired f r e q u e n c y  and arrup l i tude were generated . S i nce in-

stantaneous profiles could not be made with our measuring system , “avera ge ”

pu- of i les ~-iere measured using the fol lowing procedures . The probes were p0-

4 
s i t i o n e d  a t  one point while approximatel y 3 to 5 waves passed , then lowered

to a new posit ion for the next 3 to 5 waves . This procedure was repeated

until the vert ical  f ie ld of interest had been covered . The signal out-

puts varied periodicall y with the wave motion. The point of maximum
4

S.G. indicated the S .C. at the wave crest , and the minimum S .C . indicated

the S. C . at the wave trough. So the velocity at the crest was ob tained

by reading the velocity at the instant when the specific gravity was the

maxi mum and s imila ri ly the trou gh velocit ies were taken at the point

where the S.C. wasa minimum. Since the wedge type hot-film probe used
4

in these experiments can only measure velocit ies in one direction , only

velocities in the direction of the propagating waves could be accurately

ob taine d. Thus onl y prof i les below the crests and above the troughs

coul d be measured .

Specific gravity profi r es were constructed from the averaged values

at each po int ; i.e. the avera ge of the values measured for 3 to 5 con-

secu tive waves .

Due to a high noise level on the magnetic tape (attributed to the

use of ol d tape ) the various outputs could not be plotted on the X-Y

plotter as was ori ginally planned . The visicorder (optical strip chart

recorder) ou tpu t had to bo used , mak i ng the data reductio n a tedi ous pro-

cess . - 
-

—

The output from t I-J o of the optical internal wave gages were recorded .

a ’ Knowing the s pacin g between these gages and the a pp roximate wave len g th

of the waves , the cel erity and exact wave lengths were obtained .

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - — — - .
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se~ o r a l a~ p1 i t  uj os wt ’ u o  e\a- i nod for n’ach t re~uemic y .  Ihis was acco r-p —

i i  s ’ t’~1 ~
-. i t  t~~t t st opp i u~ ~e w a v e g emue m -a Hr . The goner -a to t ’  w as  stopped ,

the fue ~uencv was eha m iqed ani a cent i muons tn- av erse made at

th at t i u~e -

A t  t o~ pt s u-o r ~’ tnad o t o  r- e c o n- d the fr’e~iucn it ’5 of the trapped waves  at

the m t  c m - f a c t ’ hut t ui s I nut a m : ~a t ion w as lost  due to tb- ic noisy tape. A

spect ral am ia1 ~~~is to dot n’rm in ie the arupi I tu~es of th e frequencies preset-m t

had bee ’ni p 1 autnod hat no-~ r u u s  h-a po st  paned

A t a b l e  l i s t  i no the sequence of the va r - io ns runs and the duration

of each t e s t  i s  g iven  in Tabl e 1 . Throughout the expom - i~uent  . v i s u a l

observa t i o ns  1- -o re a udo u m i d r- ecc -
~ ed and phot oq r- a phs wan - c ta ken of

sh adaw - c ra ptus  of th e  i n t e r f a c e .

- I

_ _ _ _ _ _ _ _ _ _  -- - - - -
~~~~

-
~~~~~~~~~~~



29
a

ina C)
CD > C)
‘~r •

iiu 
.~~ ~~~~ . ~~ .~~

4 .— U) in E CV) U) U)
a) >) >-. - ‘  >-. >‘,

4-’ .— ,- U) C, 4~) ,-
(U (U Ci.’ (U 0) (a (U (a

4- C . — O  C
o -i- ’ -,- (U •.- .--- .4—i (U
~ L 4- 4 - . .  ~~

-“f - - 0 - >-, 0 >, 0 CV) (a >.
-4--’ E 0 S.-. U S.— -e--’ E c~ja — in • C 0. C Cl 4-) in • C C

r~. w aI ~-a 0. w a,
C~

) (/) ._ ,— U)
.4—’ a) CT (a CT (a 0- 0) CT O~> a’ w c o  >
C ‘U I.. -~- 4 - ’ (Ci L S..-
-~ < LL. U~ LL. U) ~~ LL

a

a
4-)

0’
—S. ~~~ ‘.0C) • — ~~~

. 
~~
. 

~~= c -
~~~ 

S.— ~~~ - -~~ 
S~~ s S

4 ,_ r— . -  r - r r- N-. F—. C’) C’)
ci) 5—
> .— .— (‘4 C\) C’) C’) .—. .—

>~.— U
Lfl in U) U’)

LU 0) r- ,— .— -‘ -
-.-J ~ N • . . . . . .
ca CT CD C) C) C) CD C) C) C) C) C)

ci) -—
S.-

I-’-

0.
C) - -.
4-’ p5-. C’) C) CV) ~~~

- 0) 0) ~~~ (‘-4 C) C)
L’~ ( 1 )  ~~~~~ (‘4 C’) Lr ) C D ( ’ 4  ~~
w , .— C” ) (‘4 (‘4 C’) CV) C’) CV) CV) ~~~‘ ~~~E —

4-)
5—

• to U) 
~

J- (‘) CV) C)) (V) C’) C’) ~~~‘ 
C) C)

-ê--’ > C-) ~f CD .— C’) ~~~
- CD C’..) CV) c) 4~C) —

U, . . .  • ..
S n r ~~

- (‘4 (‘3 (‘4 (“3 C’) CV) C’) CV) CV) ‘4ci) 5--

E

C) 0 ~
— C’s) C’) ~~~

- U) tO N. CO C) CD .— (‘.4
r— .- —

I
- ~~~~~~~~~~ - -



— 3()

a

_



_ _ _ _ _ _ _ _  _ _ _ _ _  

T i ~T

4

4

Cf tAt ’ r i R  V t

4 
RL SUI.1 S AND 1)1 SCLTSS I DN

Two t vpo ’. of ru - u t  it s are pres cr-i ted here, visual observa t i on and cx —

pe ri u m uentu l u ; ueo cr I r - ea e n ts  • A de scr-iptio n of the visual observations will

a he t- s’senr t t’d f i r s t  .

I t was (~hcu’rved t ha t~ nuec hit ir a 1 iy— qt ’ner’a ted internal waves wi th

smua l 1 st ee pne ss rat i ” -  (N/ L) nra in ta i ned their s n u uoo tb r s inusoidal  shape

bot h in t itm ue and ‘~pac~’. f towe v s -r - . as the steepness ratio was increased

st u ;u u t ’ va 1 Ut ’ • h i qh fr - equenc y w aves a ppeared in  the in te r- fac i a l  layer’ .

ttpo n u t he for uura t i otr o f  t f uese m t  e r fa t - Ia 1 waves the a mm t pl i ttu de of the internal

- 
‘ w ave w as n-educed . Aft er a period of t u n e  tint’ int e r t .uc  ial waves coa ’.t’d

4 
to ox 1st ,nnti the i n u t ormual wa v e ..mnu upl i t inde i ncr-eas ed once a t ta i n .  A s l ro r t

t immr o lo t  or t i r e i nt ort~it ’ lal wa v o ;  rea ppe~u-ed and the cyc 1 e was repea ted

1 iqure 11 ‘- i row ’ ;  s k r t c i m os  of t.h i -
‘ obse rved phcnomnnt ’non

1 hoco high frequ ency wa v t ’~ won-c confi nred to the inter-foc i~ l layer , i . e.

t nt’ t r5itr’ - i t Ion lo ver - f o r ’  the densi ty .  by very d i s t i n c t. bo unda r— ic- ’. (sec h o —

urn’ 1 -
~ 

) . The i nt or -f ,rr~’ w.is counpi et  ely Fil led w i t h w av es w hich f r—out t iruuo to

t i t o  won 1 d rsu l 1 up. beet k and app ear- to ro ut ‘;e stnl’ - f o n t  lal ru m l x i  rig in the in —

tort or t al 1 oyo n ’ ( - ; u o  I iq rln ’o~ 13 and 14)  . The iunt ’asur eu uronts proved this not

to ho trite , hnwov u’ r- , -Juice e r r ] y ur i nor’ u’ f nantqu ’ - ; i t t  th O (i(’tiS i t  pro f i 1 e ;  wet-c

o H; er-v cd oven of ter - several hunt”; of per ferm i tug the cx per im m i out s •

a le a Id in t im ’ di - c u ss  ion of t b  i -‘ phenontonuon , t h e  fo l  l ow I n u u  t oem i nol c sg v

will ho u ‘;eI . I I no i r u t  or i,nc i ii w aves o c cu r -  the long in t ormia 1 w u v u ”~ are

s u  Id t o  ho ‘— 1 .t hl 0. I t  m t  er’ f n i a l w av e- - O t s  t i e  hut only af t or’ a long per’ los t

of t ~ttre t tu i - — w i l l  he r’o I n m ’  ul t a .  t i re  t i -a ir ’ ;  i t  ion c onud i t  I e m s  ,

31 
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No inter f ac ia l  w aves , Large ampli tude

d 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
4 _ _ _

Inter- fac ial wa ves occur , Reduced amp litude

• 
‘ More iriter facjal waves , Small am pli tude

— Inte rfac i al wave s reduc ed , Increased ampl i tude

1: 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

— Inte rfac ial waves disappear , Large annupl itude Veloc ity Profi le

Figure 11. Sketch of Periodical Occurrence of Interfacial Waves
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- that have h ig h  frequency intern al waves appearing at the interface after

a short t ime w i l l  be called unst able waves . The observed r e s u l t s  are

sum mui mar i zed in  latil e ‘

TAIt 1t 7
4

Run No . Wave Length Wave Height Wave Period Wave S t ee p ness Returark
L ( in,)  11 t ( in . )  I (sec) N/L (1O~ ’)

4

2 117.7 1.05 10.15 0.8936 Stable

4 111 ,2 1.8 10.15 1.6187
6 108.0 ? .75 10.15 2.5463 Unstable
9 5? .4 7  0.7 6.85 1.334 Stable

I i  57 .5  1 . 2  6 ,8 5  2 . 7 8 5  T ransit ion
15 40 0(i 0.35 5 .?3 0.8737
17 2~ .6? 0.85 5.23 2.0369 Unstable

a The wav e  fuel g l u ts  • present ted in T a b l e  ~
‘ were tuue a sur ed after allowing

st i f f  Ic ienit t i t r o  f o r - th e  In ter Ior ia 1 waves to fonmr

The ox ~w’n’ i eon t i  1 dot  a i s present ted next. Conup l etc conduct iv i ty a mid

t m?n um l) en - atur e profi it ’ - ~- or ’ t’ umea s ur -od w i t h  t iuc w ave t mno ke r turned off before

and a fter eat-h scq1 uon uc~’ of ex po m’ itm io n t c . The re sul ts of these traverses

wit i ci t are d enott’d as n-n it niumuhers 1 , 5 , 8 , 14 and 1 9 arc presen ted in

I i qnires 1 6 t hreuqh 71 . I or coruupar - i son purposes those prof i les arc plotted - n

together in F it1tlre- ~ ]0  and 2 7

The ~‘o1ec I ty an nu l density pn’ofi les wet-c measured at the wave c i-ests and

troughs. The resul I c are tn-est’ .nted in I iqut-es :‘3 tht-ough 43. Veloc ity

profil es at wav e c r-os  I s won -c obtained bel ow the in  terface only and pr-o—

files at wav e trou iqhs wore obt a i ned above the in ten-face only. Sonic of the

veloc ity profile ’; were lost due to t i u c  chart  paper jamu uuin q in the visi —

c ot ’d er — .
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R U N  ~ I
26 • 

INITIAL PROFILE IN STILL WATER
TIME — 1:26 PM

4

2 5 ’

z
(in)

-‘ S

24

23

22

21 U

20
- 1.00 1.01 1.02 1.03

S P E C I F I C  G R A V I T Y

- Fig ure 16. Initial rie nsi ty Profile. Run #1
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R U N  ~t 5  I:

FINAL PROFI LE A FT E R
4

0.1 Hz WAVES
26 T I M E : 2:33 PM

NO WAVES WHILE TRAVERSING
a i i

2 5 -

Z \ - -

- ( n )

a SI

2 4 -

— 
1.00 1.01 V .02 1.03

S P E C I F I C  G R A V I T Y

- ‘  Fi qnirc 17. F m a ]  [)cnsi ty  Profi le . Run #5 - 
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a

27 •

2 6 .  RUN *t- 8

FINAL PROFILE AFTER L
0,1 Hz WAVES

25 TIME : 3~ 23 PM

Z \., NO WAVES WHILE TRAVERSIN G
(in) “

~“tSn~~~

2 4 .

.4
.

23

22

2 1 ’

20
1.00 1.01 1.02 1.03 - -

SPECIFIC GRAVITY

Fi gure 18. Final Density Profile , Run 1~8 
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4 ’

2 7 -

4

a 26 • RUNS ~t 1 ,5,8 - -

FINAL PROFILES WITHOUT WAVES

RUN 4H - -

2 5 .  
~
—-—-~ RUN ~ t 5

Z t~ ---—-- RUN(I n) ‘

4 -

2 4 -

-.- -E~1- --.

a 
‘

~~~~

23
4

2 2 .

21

- 
20 -. 

-

- 1.00 1.01 1.02 1.03

SPECIF IC GRAV ITY

Figure 19. Com parison Among Runs #1, 5 , and 8
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27 In

RUN ~~I4
76 ANAL PROFILE AFTER .15 I-fr’Wt*/ES

TIME ~~4:44 P. M.
NO WAVES WHILE TRAVERSING

25

1.00 1.0 1 1.02 1.03
SPECIFIC GRAVITY 

-

* Figur e 20. 1 inial f l cn s it~ rn- of i l e .  Run -~1-
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RUN #‘ 19
27 C FINAL PROFILE AFTER .2 Hz WAVES

TIME - 609 P. M.
NO WAVES WH FLE TRAVERSING

2 6’
4

a

25
d 

~~~n

z
( In) p

a

24

2 3- ’

22~

2 1 ’

H 20.
1 ,00 1 .01 102 1.03

-4 ‘ SPECIFIC GRAVITY

F i q u m - e  21. Fi n al Densit y Profile, Run ~l 9
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RUNS ~ 14 ,19 ,8

FINAL PROFILES WITHOUT WAVES

25 0— RUN 4fl4 -

z ~~~~~~~~~~~~~~~~~~~~~~~ RUN * 19

‘-4 

(t in) t~J- —— —— --- --- RUN ~t 8

2 4-

1.00 1.01 1.02 1.03
SPECIFIC GRAVITY

Ii nuu m- o 71 , Comupat’ i son A iianq Runs ~‘S . 11 , and 1 9
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RUN i~ 2
SG. AND VEL .OCITY AT CREST
0— 5.6 .

27. L a— —  V ELOCI TY

TIME l~4 5 P.-M:
L~~II7.7 IN
C - ~ I2.6 IN/SEC

4

H~~I.O5 IN
26- H/L~ .008936

T~~IO.I5 SEC

25-
pa z

(I n)
A

24

23-
I

22

21’
______________________________________________________________________________—

-
~6 -.4 -.2 0 .2 .4 .6 .8

VELOCITY (IN/SEC)

20
1.00 1.01 1.02 1.03

* SPECIFI C GRAVITY

Iiq t un -e 23. Dens i ty  and Veloc i ty Prof i les at Wave Crest, Run / )2

~ 
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RUN ~~~2

S. G. AND VELOCITY AT TROUGH

-~~ 0 S.G.
- .  2 ?  ~)- 

~3 A — — — — -  V E L O C I T Y
4

4~ 
T~~IO.15 SEC.

_ L~~II7.7 IN.

26 C~ 12.6 IN/SEC
a H~ 1.05 IN.

- H/L~ .008936

25- TIME— 1:45 PM 

- 

F

(in) 

I &

24

23-

— 22

21’

- I 1 I I- 
‘ .6 4 -.2 0 2 .4 .6 8

VE LOCITY (IN! SEC)

20
100 LOl 102 1 .03

SPECIFIC GRAVITY

I inu re 2- 1 . Dens i t  v and Vel oc ity Prof i l r -~ at Wave Tn-ouqh . Run /)2

~I:IIIIL~ - — - - ~~ - -  - - - ——--—----— — 
- ‘~~~~~~ --— ~~ .L~~ — — - _ —~~~-~~~ - —- - — ‘-
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‘7 LRUN *2 I
I

S.G .AND VE LOC ITY PROFILE
0— S.G. AT TROUGH

- 2’ S.G. AT CREST

4 0----- — VELOCITY
a 

T~~ IO.I5 SEC.
L~~lI7.7 IN.

• H~~I.O5 IN,I 
H/L ‘008936

4 ~V ELOCITY (IN/SEC)

- .- I I I I

1.00 I.OI 1.02 1.03
- SPECIFIC GRAVITY

Fiqnre 25. Comparison Detween Wave Crest and Trough , Run #2
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RUN *4
28

S.G.AND VEL OCITY AT CREST H
0 - S .G.

C ITY
27 ‘ I )

T~ 10.15 SEC.

L~~III .2 IN.
a

H~ 1.8 IN .
26 - H/ L ~~.0I6 I87

a

2 5 .

2 4 .  N
::~~~~~~ 

i n

21 • U

.6 .4 -.2 0 .2 .4 .6

VELO CITY (IN/SEC)

20 1 a

1.00 1.01 1.02 I.03

- 
SPECIFIC GRAVITY ,

[inure 26 , Density am i Veloc ity Profi les at Wave Crest , Run ~-1
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RUN~~~4
SG.  AND VELOCITY

AT TROUGH
0 5.6. V

- 

27 0- -—- VELOCITY
T~~IO.I5 SEC. 9
L~~IIL2 IN.
}-I~ L8 IN . - 

9

H/L=O.016187
-4

26 D

-: z

25_’

(li -u) -

a
9

- ~~ 24- 

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

- -~~~ 
j
2 ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~

VELOCITY (IN/SEC ) 
—

I - I

1.00 1.01 1 .02 1,03 p

— SPECIFIC GRAVITY

Figure 27. Density and Veloc ity Profiles at W ave Trough , Run #4
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-

~~ RUN *. 4 - 111
-‘ 0 S .G. AT TROUGH

-

~ &--— S,G . AT CREST

‘1””
~” VELOC ITY

T= 0.15 SEC. ~j1

C= I0 .93  IN/SEC
2 .

L= I I I .2  IN.
[
~]

H= I .8 IN.
a

H/L~~O.0 l6 I8 7
I .

L~J

— 2 ’  r

—

- -3.

U
-.6 —.4 .2 0 .2 .4 .6 L

VELOCITY (IN/SEC)

— : I I

- 
100 1,01 1.02 

- 

1.03

a - SPECIFIC GRAV ITY

Figure 28. Comparison Fetween Wave Crest and Trou gh , Run #4
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- a

• RU N * 6
‘ S.G, AND VELOCITY AT CREST

0 S G.

4 A — — — VELOCITY
27 ‘) 1 10.15 SEC

- L~~~lO8 IN
a H/L 0O 2 5463

• a 26’

- ~~~~~~~~~~~~~

4

25’

z 
_ __ _

-
-&

~~ 
.

(in) \

- 24~

-4

23

22 U

21
I I I I I

-.8 -.6 -.4 -.2 0 .2 .4 .6 .8

VELOCITY (IN/SEC)

20 1 I U .
* $00  1.01 1.02 1.03

SPECIFIC GRAVITY

Fiqure 29. De nsi ty  u n u  Veloc i ty  Prof i les  at  W ave Crest , Run #6 
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28 R U N  *~ 6 
-

S.G. AND VELOCITY AT TROUGH —

0 S .G .  -

4 4 
- -

27 . A- - -- - - -VE LOC ITY
- T~~IO .I5 SEC.4 I

L~~lO8 IN. 4
a 26 H~~~2 .75  IN.

H/L 0.025463

-‘II 
25

z
(i n)

- 24~

VELOCITY C IN /SEC)

20 1 I -
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SPECIFIC GRAV ITY
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RUN 4I G

-a 0 S.G. AT TROUGH

A~— -— S G . AT CREST
3 ~-‘:—— —vELoCITY

T~~IO.I5 SEC
-‘ 

L~~~ IO8 Ir~i
H~~~2.75 !N
H/L~ O.O25463

(it ) 

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

‘
\

: -I

I 
-

~~ ~~ ~~ —~~~~~~~~~~

‘

- VELOCITY ( I N / S E C )

a I I
- 1.00 1.01 102 I (~~- 

SPECIFIC GRAVITY
FIgure 31 - Compar I se mi FIr tween Wave Crest a rid Iron 

- 
-, -

~~~T ‘- -- 

-

-- 

~~~~~
_ :
~~

-

a



5?

RU N~~~~~9

SG. AND VELOCITY AT CREST
0— S. G.

27 A---- VELO CITY
T ~ 6.85 SEC
L~~~ 52.47 I N

o H~~O,7IN
H/L 0.01334a 

26

a

ci
4 25-

z
-4 (I n)

L.4

VELOCITY (t N/ SEC )

I I F I —

I~OO 1.01 1.02 1.03
SPECIFIC GRAVITY

Fiq~mn’c 32. Derisi t an~l V e l o c i t y  Profi les at Wiv t ’ (‘n- ec t , Run ~9
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RUN * 9
S.G. AND VELOCITY AT TROUGH

- 
27’ s.G.

a /~r--- — —  V ELOCIT Y
H

Tz 6.85 SEC.

26 L 52.47 I N .

~‘ H~~0.7 iN. -~~

H / L ~~~O . O 3 3 4

VELOCITY (IN/SEC)

— 1 I 1 —

[00 1 .01 1,02 1 .03

-

. 
SPEC IF IC GR A V I T Y
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Figure 3- . Comp ~i r i s o m i  R e t wee n Wav e Cres and Tn - ou ~ h , Run ~9

1PII~~T 
~~~ 

- 

-
~~~~~~~~~~~~~ 

,

~~~

*- - - - 

- 

- 

_ _ _ _ _ _ _  

-- 

- -

68
-A



- — - —--

a

a 

R U N  it I I
a 

- S.G. AND VELOCITY AT CREST

27’ S.C.

A - - — — — —  VE LO C I T Y4

T~ 6.85 SEC.

Lz52 .5 1 N .4 
26 

H= 1 .2 IN,
a 

H /L = .022857

— 

22-

-

2 1 ’  A

— I I I I I I I
.6 .-.4 ~2 0 .2 .4 .6

VELOCITY ( I N / S E C )

I I I
- 1.00 1.01 1.02 [03

- SPECIFIC GRAV ITY

Fi gure 35. Density and Velo city Profiles at Wave Crest . Run ~11
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Fiqure 36 . lHnsitv ~mn d \ e l o c i t y  P ro f i l e s  ~it Wave Trouqh , Run ~‘11
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RUN * 15
S.G. AND VELOCITY AT CREST
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1 1 1 1 1 4 1
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Figur e 38. Pens ity  and Veloc ity Profi les at W ave Crest , Run #15
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Figure 39. D e n s i t y  and ‘el cci ty Prof i les at Wave Trough , Run #15
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RUN 17

• S.G. AT TROUGH
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~~~~ 
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Figure 43. Comparison Petween Wave Crest and Trouoh , Run f l7
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Th e wave h~’ I tu ~ t co n he dc t~ nnn ined by superimposing he d e n s i t y

prof i i Cs a t  t he w-r ~ c rt’s t s and troughs - It could a 1 so tie obtain ed fr -~ n

— the co rudnc t ~ v poc I t ion plot  s~~’ade t y th e X — Y  plott er- durinq the e~ —

per i - - c u t s  ( s e e  Fipure ~: ‘ in the ~ppendi \ )  . The w ov e he i ghts II arc corn-

‘ I rc i w~ th the in i t  f. u 1 wave he i u h t  s ~ in Table 3.

TAPI . I . 3

Run t e  — H II .\ H
0 t

( i n)  (in)

l.0~ 1.05 0.01 Stab le

-1 ~~~
. lb 1.8 0. 45 Tr~n si t io n

2. 15 0.50 Unstable
O. t

~
’ 0.7 0. 17 Stable

• 11 1 .3~ 1.~’ 0.10 T rans it ion

15 0 . t ’ 3  0.~~5 0.10 Trans i t ion
1; 1. ‘s 0. os 0. 41 Unst th~-— 

- - -

A simple cornpu cr ;lu- oura l’ u t i c  w r i tt e n  to c i i  cu la t e  the R icho,-dson

ri;v~t’er . Rich an -d soni riu:’l’~~- and Dn’ unt-Va isal ~ freq uency profi 1 es are rre-

sen ted in i gun-es 11 through Figure 58. The nu in  imu~l value on the

Richardson nunuher prof i 1 c r on - eac h n’\  pen - i non t is tahu lo t  t ’d in  ~ it’l o 4

— Th~ sc ~-a lues w ill be d uct cd by R~~ . - It should he noted that in Fl ciurcs

I I hroniqh I I pure ~~~ t I r e Richardso n number beco~’u’-~ .~cu— o at po i ri t s aha ~-e

and t -e low the I rut ‘ct ac t ’ - This r-osul ts tn -o n the doris i Iv w-ad lent eai n-i

t o  .‘cro at  I he- ; t ’ pci m l  . I on - a hono qoneouc fluid the R i c h nn - J son ruw t’cr

ha- ; no nic~rn inn and hu~ ceases a he a st _ uhi Ii Iv p•iraru’ t en-

I n ten - f oc ial wa ’~ cc w, ’ r-e not :t ’ ne rn t  CLI by wa~ cc w i th  c r uni  1 s I

n a t  i c - ; - A- ; I Inc s eepnesc rot ic was incrca —~eJ t he jut orfac ia I w iv e s for - t -~ed
— 

and 5,’ i nI r’rIna 1 w r y ’  ho i qht was  reduced  Th e cr ier - nv I ti I n i t or- na 1 wa~ e- ; 

- - - . - - - . - - - . -‘- - .
~~

-- -- - -
~~~- - - - ... - - -  
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-( nJ n ft

________

Is i’ it ’pn ’ i~t b i rd t o  the s q n n o i e  of t he  w r v  he ig ht  - Since f n ~ wcvc  r ’ r k er

— 
cons t a r u t 1 su pp1 Os c-n - - n y  t ,~ t ne st ’ ~ I I’- . - 0 i~t~~i n IC  t ion in u-n ye Iou ~ht

* 
~~~~~~~~~~ indir,i t e t ha ’. cni , ’ ron - is her n ia  t i  s - ~ n p_ r I d  or t i - i n n - - I  c ’,—re~I to ar ro t lien —

pa n- I 0 t i c  1~’,. - no ;  i n  l i t ’ i t  rain I - -- t e rn I u.n  I en c ry r e t nc l i on  I ri

a w a v e  he i n 1’ ns.r , ~‘rcctslei  -v t Ine u on - n i , ,  t in of i r u t ‘ i t  nc  i j i  n-. r v ’-~ . I t  t bus

, mt ’ ; ’~’an - s t ho enn ’ iq \  is t r o n s f  erred I - e u  t ine long int c ,-mnai n a v e s  t o  the

in  ci - ~~ iii u.n n-~’n; ~~tc c in is t a b]  c coui d it lor is  ire rco~ l i t ’1 -

TAhi I I

Run ~• - - t a m R - enn .un-k
.4

— 

.~ i S .  ‘4 St o t ’ i e
- 1 1’ ira n- ’it j o i n
p 1 . ‘1n~’ L n n s t a b t

a ii - n’S i n - a n s i  t ~n f l

— 1n ~ i. 1 1  i n - a i r s i t i o r i

- n ;  j ns  t ,uhi

- i-: ’ncnn t n t ’ w av e  hei ,n ’ n t \ -an ~ 0 i ; 10  ~‘J t he s t  n ’e i’ incss ‘-a I to a in - ’ t buns f l it ’

- c i or it ~raJ t en t  i i  n t ’ i mit ,-r I no b j  1 1 eu~ n \- .~‘rc rct lnnct ’J acc o rd i univ.  iii ’ ;

n-.aai I Iian~’ a -~ t a t - i  H..i n - n  of f c c  on t ic flow . As wou ld  be c\pO C I O f , I Sc

j n t r ’ n - f  cc n,n l n- ny c ’ - ç ’ a s , - d o C\ 1-n t a f t e r  a ‘e n - i o i  of t i n - n t ’ ( r p n ’ i ’s i n - a t  ,-l v

S to  10 “ i - nu t  o- .) an I the i n t  er - nn.n 1 w ave he iO n nt I ncrea- ;cd - The st ch ili: in -i

~t i c c  t 0! 1 he i-c~tuc t bonn  inn st eo n - n ess rat i~’ ca used the in t ~ r fac  n i l  u nv e s

to  t ra ins Icr - f i n n ’ ir t ’i Oi~- i \  1-ac ~ n ’  the i ni t en -n i l n av e s . The re u-os n ’n~v i i  -

I ic ~‘ n n , ’ r r n  di su ili,it ‘d in I tirbul once as en’ idomi ced by t ire e s s enn t  ia l in co n —

St tn t den- ; i tn ;‘rot ii e in the lot en - In c no ] la n - en - t Iun - e u nn ’ no nn t t h e  ex por i n ;- om i t
a - 

(ccc  r I O tf l t ’ 1 ‘)~ - 
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a

With tht ~nc ,-ea~.~ d ‘ct i_ ’op ’ i -- s the low I s  ‘ I n ’ - u ii ’-tabl o o n c e  ~r n ~a in

arid the cycle is r- ’s ’,i l H. The en s-rev t r , u n i - ~ f i -n -r , - .~ t~~ the  i n te i - f a c i , i l

a 
weves is p u -oporti onn l to H - II~ . This  ( ‘rin-nO y t r an s f e r  is p l o t  ted

Versus ‘ i n  ii ’ i tn ; n !  Ri c har son uinnn n i1 ’ ~’ u -  in  F i qu u- .’ 5~ - It dppn ’,l rS t 1 .t t

- jnc~- - ~se~ I ’ \ I — ’ u ’ i i t I a ll’,- w it h  i _ l i t’ d e c r - , 1- , in I  I’i u iiir ; n I  R i c h a r d s o n

nnn ’ n t ’ e i — _ 1 hi_ is l i -  n I l nh i ’ I n i n  R i c ha rdso n  nni n - n ~’ ’ - i -  iii t in ’ f l ow a p ; - e a n - s  tn be

* an in id i ca to n-  - if  t he  c or d I t ions necessar y  for the t I- ,unsf er of enar~;v to

an i n t e u— f a c i a l  d i — ~Iui - t ’ , t n i ce _  In other i -ou — ds , t E rn ’ mi ni nwinni  R i c h a r d son n u n s —

b~’r appe a’-s to be ci oo~I I nd ira or of the dcq roe of irs t ab i  ii t y  -

N e x t , an exp l a n a t i o n  of w hy the high frequency w aves are trapi_ ’od in

tIn e in t- ’ r fac ia l  1 an - e r is g iven - In order for a d is turbance to g r e - .- ,

the Rich ard si _ ’ r  i ’ i u --- ,~ -en -  - - i s  t he snu_ ul ler  t h a n  so- iie cr1 ti cal va l i _ i c  - In

add i~ ion , on ly d i s ~ r h - n i L e s  w i t h  f r equen c ies  less than the natura l  fre-
a

qucncy ( I~r u n n t - V a ic - r 14i n~ - e d -iI ’ i1c I c an  exist in the f l u id as pointed o u t

in C h a pt e r  1. Thus i f th e  i nte u- fa c ia l  laye r  becomes i rns t a i ’ le  and interna l

waves of cci- i _ i  iii fr- -~~r~-nc I es (1 ess than natura l frequency ) resu l t  , these

waves au-c confined t o  the i-eq ion i_-~hcrc the Brunt-V u sal a fu-equen cy is

equal t a or o r e a t e n -  than  these f i-equencies.  A definit ion sketch is shown

in  Fi gure I’fl. It i _ - i s  a l so  pointed out in Cha pter 1 that d isturbances

ni_ pu e-_ u t I nq in a s t n - ,u t i fi ed flU id wi 11 have a ver t i ca l  component of pro—

paq a t ion until i t  reaches a level where the Brunt -Vai sal :~ fu-e~ iic’ n~cy coin-

c ides i_-: i t h i t s  f requ e ncy .  Th us d is turbances wi Ui f i-equencies less  than N -- f u ll

(see Fiqun-e 59) will p r - o paqa te  into the s tab le  reg ion and cease to e x i s t .

For th is  rca con only waves w ith frequencies qu-ca ter than ~~~ 
~ 

and less t h in

• N are  hal loved  t o  n ’ \ i s t  in t h e  in t en-faini al layer.

The cr 1 t ica l v,n l ur of the Ri ch uHnnn _ nnr iininnt -e r as din’terini ned by these

— experim ents is 1 au -: ,u than that . predicted by the l inear , invi sc id  theory . 
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Th is is I - r at-abl y due to i nc _ n i l  j ne~ir o f f n ’c t s caused H E u ’  f i n i te  si :e (-it

t n _ n’ - a y e s  - I cc F o n i n i - H t h e  or i t  i a n  1 v ~ul u t ’ of Richard S O_ n i ru -  Hr (R -
4 

- 1C r

- 
- 

i S  a~~n’ ie n\ in i i , 1 el io -

TH chi nes in tt ’iiip e r a t n n i - e  in the in t in-r - f a c ral n- ee ia n  wa n e s n i l  , as

-4
c a - n  H s e a ’  in t he  t , - n - a t - n i - e  ; n a f i l e s  ;nre - ;en ted in F i e u r - e  61 . This

cocci _n ’d - - - i ~h t ho a c t  that t I n e caninw - t  in i t r-eadi e ns in -eu - c found to be

oni~ si i~~ nt ly d n c _ n _ n- n t .  on t t v po rat uu~e ( see Fig ure 6 :’) sade tel l_ n e r a t u n r o

c on -crc  t j i n  of t Ii ~’ c~ n nd ,ct lv i tin un ’ieac ’ss an -n - .

Unf o u-tun ; it e lv t h e  ,n t t et - n’t to ana ln- :e the f reque ncy s p o o f  rn f a i l ed .

The li-equenc i es of the d i s t u r t _ n - c € - s  wcr _ n’ e\~ ec te a t o  i— c in ar I - _ n  na t  n i u c i

e- - in t hi’ m t  n -c faa ia 1 aver - H- -ins t 1 n e Brunt —Va i s - ’  _u f ,-~~ n i c _ n: - j os

pl o t s  in F in : i rec  id thn -~:q h -l ’~. it c a n  he seen t I _ na t t ir e l n n a \ ln - nn innn na t n i r - a l

t r O q I n n~niC v iS 0. 1 H - I i~O5) t i c v i s i c o r - den -  r c c o n - d i n n  of  \ ‘e l oc i  tv  ~sc-~

F in : unu - e ~3 a _ ni t H in Eu’ n~p~nend i \ )  the frequency of be di st urt ’unce i-- n -n

e s t i n a t e d  to he L _ n et  in- - n-en 0 5 a-ut O . f 7  IL , -i-.h ich is n-cry close to the 1- a’ n c _ n’
a

of e n  tu n - al fn - -cnnn ’iic i n ’ s -

-

- - in t no s e e~ -- -r Hen + s t h e  n- - n - - c  s t eoprc - ;s  n-.- u s  r i _ n t  e x c e e  -; I ~ el V hi  cli -

It i S  C\Inec t ed t fn ’ t if th e - ny c Steepne ss is much la n - nc r , the distuu *ai ’ce c

n - - ill h_ ne in he t i n t - - i l n _ n i t  c - i t - n - i n - : - ’ and ciqni f i ca n t  cE n n i n n e s  in th e lens I H

profile i_-: i 11 occnni - . e’ period ic  e x c i n a u i _ n u e  ef e n e n c v  h_ n ’ t  inc’ n ’ni the i it er - S- _ i

and i n n t - n - f a c i a l  ~ u~~’s s 1n o n l d  no longer occur  u - - i n  t h i s  I i , s ; u c n n c f .
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C H A P T F R  V I I
AS P [ CI S 01 I 1II~ RI sru ~iu s

This t hc’~ i ‘~ oni v invest  iqat ed the m i t  j a t ion  of the high frequency

i nte rfac i a I wave ’~ oeiiera ted by long in ternal waves • It is hi gh ly rec—

o~mnenJ ed that the j ut  er f a c ia l w av e spec trum be mea su red and analyzed

in order t o determ no t he frequencies tha t ex iSt  and the energy level of
4

the d is turbanc es.  lo achi eve this • a cyl inder — type hot—f l  in  probe is

needed for meas ur i n~i v ery low f i ii id ve loc i t ies .  Also , a low noi Sc leve l

M tape recorder is requ ired

In t hi sot  of expei ’ intents . coinp i etc ve loc i ty  prof i les were absent

hecau so t ho wodq e— typo ho t. — f i lm probe can only mea sure the veloci ty in

one di rO~ t ion. The c v i i  ndcr.- t y pe ho t — f l  1w probe w i l l  also a l low co w —

p10 t c’ ve l 0(: it .Y prof ii e’~ to be made

Th ere were on 1 v a ii ni ted number of w ave frequencies and hei ghts

exam i ned in t h I s work . Th i s shou id he expanded to i nd tide more internal

w av e frt’ ien io’~ and a q roator ranqe of steepness rat ios.  Wi th  su f—
* t i c ie n t .  da ta . a c r 1 t ica l  Richard son number wi l l  he estahi ished .

1 he qrow t h and dec a ‘~ of the internal waves should he studied by

‘ isur i nq th e ‘. p t t  Ia 1 a .  ~rl 1 as the tempor a l chanqes in the interfacia l

w a s ~ . 1 h is  ca n he i ompl i shed by inov I no the t r avers e al onq the wav e

tan k and by moni 1w’ 1 nq the wav e he iqht. c at  more s t a t  ions us i nq the w ave

It ’’ ’

In t hest ’ s t isd i ‘s . t h~’ tr.i us i t  ion to In rhu 1 enc e is not exa m i ned . I t

Is rot t t i n ~~~’nJ ’d t ha t  I hi ’ sI eepni ’’ rat io be increased and the trans i t  ion in —

— v es t  1i1,l t eti . I I ip t ’ f  i i i i t , a I ~‘~i u .  1 len ;t u aint ’ t~ r an ft p est ~ tt l ished
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adequa to in sco pe and qu~il i t y ,  as a thes  iS  for the dt’(]I’Oc’ of Master of
F no i neer i re~
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I cort I fv th a t  I have read t h i s  stu dy and t hat in my opinion it rconf err’ s to at opt abl e ‘; ta ndar ds of sc ho l an v pr esemi ta t ion and is ful ly

a ado~;i i  te , iii s~ 0110 ililtt qaa 1 i t v  . a’; a thes i s  to r  the deorot ’ ~f Master of
n ’ t ’r i
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A s s i s t a n t  Professor of
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This th e s is  was suhrii t ted to  the Dean of the Col loqt ’ of I nqineerinq and
to t iie’ G iad t ia t e  ~ O~J,It 7 1 and W~I5 i&ce I ’ t  ~ I dS part i,il I ul f i  1 lment of the
requ I , oine rit~ for t h~’ do.i ret ’ of ~-ta ’~tt’r of I no i nec,- inq
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