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I. Research Progr.am Plan

The object ive of our rc’ s ea rch  has  been to  de s i gn and deve  I ’~J) a
continuous r e t u r n  s t r a t i f i e d  flow wa ic r  t u n n e l  sui t  a ble fo r  bo th  fundan~c ft  al
and app lied stuclie s of fluid m e c h a n i c a l  pli c  nornena with s i g n i f i c a n t  buoyancy
e f fec t s .  The fundamental  studies planned arc  m e a s u r e m e n t s  of u n i f o r m
densi ty g r ad i en t , uniform velocity s h e a r  b e h i n d  a turbule nce gene r a t i n g  gr id .
Par t icular  at tent ion will he paid to thc buoyancy and momentum flux t e r m s
in the gove rn ing  turbulent ene rgy  ba lance  eq u a t i o n s . Other  m e a s u r e m e n ts
are to be made in various wake fl ows such as cy l i n d e r s  and axi symmet  n c
bod ies.  Exper iments  with both fundamenta l  and applied i n t e r e s t  are  to be
pe rformdd on the sol i tary wave field induced by p ro t rus ions  extending below
the wate r surface . This expe r imen t  i s  m o t i v a t e d  by obse rva t ions  made  in
the s t ra t i f ied  flow beneath keels in pack ice.  M a n y  i n t e r e s t i ng  expe r ime nt s
are planned to study the in t e rac t ion  of the i n t e r n a l  wave field and velocity
shear.

The long- t e rm objective s of our r e s e a r c h  has dictated b reaking  new
ground in water  tunne l  des ign .  Turbulence m e a s u r e men t s  requi red  rela-
tively long run t imes to permit  meaningful  s t a t i s t i c a l  d a t a  to be ga thered .
Tow tank s are not well sui ted to hi gh quali t y turbulence m e a s u re m ent s of a
quant i ta t ive  nature (requir ing use of measurement techni que s such as hot -
film anemometers  and capac i t ance  d e n s i t y s e n s o r s )  because of the  amount
of time required to gather  a suf f ic ien t  num be r of e n s e m b l es .  Since un-
limited amount s of wate r  are not o rd ina r i ly available necess i t a t ing  the
continuous re turn  approach. This in turn r equ i re s  careful  control  of the
inlet veloci ty  and densit y prof i les  so tha t  the proper s t a t i on a r i t y c o n d i t i o n
is achieved. An ea r l i e r  tunnel desi gn did not include adequate  p rovis ions
for density profile control so a dec is ion  was made early in 1 976 to modify
the design to reach the object ive s descr ibed  he re in . Unfor tuna te ly , thi s
choice did not  pe rmit producing quick s c i e n t i f i c result s , however  l imi ted
the re suits would have been.  We s t rong ly e m p has i ze  t h a t  hi gh qua l i t y t u rbu —

• lence measurements in sheared  s t r a t i f i ed  flows w i l l  not. be made withou t a
development similar to the one we present  in this  r epor t .

II. Major Accomplishments

The s ta tus  of the UCSD s t r a t i f i ed  w a t e r  tunne l  Pro j ec t  up to
Novembe r 1 976 was included in the renewal  proposal  s u b m i t t e d  to  ARPA

• las t  yea r . The tex t  of th i s  proposal and one of t h e  appe ndi cc s i s  pre —

sented in the A ppe ndix to this repor t . We shall r ev iew t h e  p r o g r e s s  that
• has been macic since t h i s  t ime and p re sen t  an overall  jud gment of the
• approach to the ori g inal design objectives.

The bas ic  tunnel s t r u c t u r e  is comp lete  and we have been able to
opera te  the tunnel  since Decembe r of 1 ‘)7 6 . I n i t i a l  l e ak  ft St i n L ? . p l ’Oc Ce( l cd
smoothly and the tunnel  i n t e g r i t y  has  proven to be excel l en t .  Ad ju s tab le
outlet  we ir s  were  ins ta lled , and the tunne l  has  been op era ted  for  p e r i o d s
of 1- 1 / 2  hours  without diff icul ty. Hot - f i lm veloci ty signals have proven to

: 
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he v ibra t ion  f ree ,  a g rea t  improvem ent  ove r t h i ”  old wate r tunne l des ign .
A sensor  t r a v e r s i n g  system c o n s i s t i n g  1)1 a ste l )p c r m o t o r  and a st rea m —

lined probe holder has  been comp le ted  g iv i n g  0 . 003 inch r esohit  i on  ove r
the en t i r e  10 inch wa te r  depth.  Float gages  have  b een c on s t r u c te d  I o
moni t or t h e  depth  of wa t e r  in the lower r e s e r v o i r  t a n k s  and will  provide
the accurate flow informat ion  needed to ad ju s t  the out let  wei rs  to  m a t c h
any des i red  inlet valve s e t t i ng s .  P r e l i m i n a ry  v( loc i I  y mea sur e i n en t  S S h OW

that  the backg round turbulence i n t e n s i ty  u / / U to be about 5 to R ~ with no
at tempt at turbulence management  via s t raws , sc reens , an d foam . We
an t ici pate no problem in  reducing t] ic tu rbulence  level to well 1,elow I ‘

~~~

and possibly below a few tenth s of a percent , suitable for laminar flow
measu remen t s.  The turbulence management  sec tion  is  readi l y access ible
and can be ta i lored to meet  any pa r t i cu l a r  expe r in i en t a l  needs.  We a r c
about to begin a series of run s with s t r a t i f i c a t i on  to de te rmine  the level
of mixing in the tunnel with time . These measuremen t s  will include
velocity and dens i ty profile s at seve ral long i tud ina l  s t a t i ons  in the test
section . The measurements will be done at a number of d e n s i t y prof i le s
and velocity shears  in orde r to p roper ly cove r the  ope r at ine. range of the
water  tunne l . These measurements  will provid e the important necessar i ly
empirical information needed to complete installation of the density con-
trol sys tem . The mic roprocessor  (a Motorola M6800) has been assembled
and a digital  acquisition front end has been developed suitable for  moni tor ing
the dens i t y at the in le t  to the tes t  so c t ion  of t he  wate r tunne l .  The d e n s i ty
control will be accomplished by opening and closing solenoid valve s mounte d
ove r the wa te r tunne l outlet manifold to control  the flow rate of f r e sh  and
salt wate r into the sy stem. The s t ruc tu re  and flow sys t em for  the f r e sh  and
salt wa ’•c r  l ines has  been comp leted and only r equ i res  the r e s u l t s  of the
preliminary mixing experiments  before being instal led on the water  tunne l .

The present  wate r tunnel  desi gn has  been made as la r ge as possible
cons i s ten t  with space and building r e q u i r e m e n t s .  A blow-down tunne l des ign
would eliminate some difficult  control  problems, but the amount of water  and
there fore  space required for the t es t  sect io~i and veloci tie s our des i gn is
capable of a t ta in ing  would not be possible in any th ing  but the l a r g e s t , prob-
ably industr ia l, facility . The use of cons tan t  he ad gravity dr iven flow has
proven successful .  Thi s technique r equ i r e s  l a rge r  volumes of wate r in the
system (a large f ract ion o .  the water  must  res ide  in the  uppe r r e s e r v o i r
tank),  but the elimination of the swi i ling fl ow d o w ns t r e a m  of pump dr ive n

• systems is worth the extra wate r r equired . At p resen t  our sy s tem  is  l i m i te d
to about 50 c m/ s ec  in the (‘St sec t ion  ( fo r a n y  one l .ave r ) ,  in t l  t h is is a I i  m i  I —

a t ion  of the pumping capacity and not a limit at ion  of the  pre ssure head or
other tunnel  pa ramete r s .  T h e r e  doe s not appea r  t o  be any lowe r flow l i m i t

• as might he present  in a pum p driven sys tem.  The ove r flow l ines  f rom the
upper r e se rvo i r  tanks  are able to d ra in  the  m a x i mu m  flow r a t e  I h i e PUmP S
can deliver . The choice of i n s t rumen ta t i on , hot — f i l m  an d  c o n d u c t i v i ty
se n sors , is a conservat ive one . While some (lcve lopmnent  work  w i t h  t h e
conductivit y sensor has been deemed impor t an t , we beli e ve tha t  n o n i n t  rus ive
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technique s such as laser  anentorric l ~y ,  a i~e not ap p r op r i a t e  for  us at t h i s
t in ie . We decided to concentrate our developm e n t a l  e f f o r t s  on the w a t er
tunnel facil i ty i tself  as much as possible . Laser  t echn i que s ma y p rove to
be appr op r i a t e  even i n s t rong ly s t ra t i f i ed  f lows , a l thoug h a demonstra t ion
of a hig h qualit y commercial laser anemometer  sys tem in our wate r tunne l
did not appear to perform well because of the large index of refract ion
fluctuations.

III. Problems Encountered

No major problems have appeared with the p re sen t  tunnel, des ign.
Current experience verifie s that the water  t e mp er a t u r e  doe s r i s e  s ig n i fi-
cantl y as anticipated and discussed in the proposal  included in the Ap pendix .
Formation of bubble s on the ho t - f i lm sensor  may still be a problem , but
we will not know until the water tunnel  has been operated in the s t ra t i f ied
mode . The saturat ion point: of air in water  decreases  as the salinit y in-
creases  thu s making ho t - f i lm velQcit y probe s more subject  to bubbling.
Progress with the tunnel fabr icat ion was good desp ite the limited tech-
nician time available to us (50% of a m a n - y e a r ).  The remainde r of the
work which remains could be easily accommodated by a technic ian at the
same level.

L IV. Future Plans

While sonic inve stment in capi tal equi pment and fabr ica t ion is still
needed , the UC SD strat i f ied water tunnel is read y for a number of sc ient i f i -

• cally important  experiments .  Desp ite the break in fund ing ,  work will con-
tinue on several of these problems as time permi t s .  A numbe r of fac i l i ty
tes t experiment s must be accomplished be fore ins ta l la t ion of the density
control  system, but useful experimentat ion is expected to beg in by
May 1977.
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C. ~V . Van Atta
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ABSTRACT

‘Fhc c o n t r a c t o r  s h a lt  c o m i c l u c t  cx 1,  r i m m m e m m t a l  reel  t h ~:oi • t i c ; 1 s l u ] i ( ’ S

of s t r a t t f l e ( l  t u r b u l e n t  f l o w s .  ih e  goal  of t h e s e  s l t i d i , , ~ i s  t o  s i m m n t h ; ’ h
f l o w s  w i t h  im p o r t  a n t  h u oy a m i c  y e f f e c t  s OC’ ( :11~~~ i ic, ~~i i i  ci e m  a a pp l i e ; t  —

t i d ) n s  and , in  m a n y  c a s e s , a l so  of i in p o r t a n e  i n  I i i n d r t t i m e n t a l  o c r a n o —
g r a p hic pm oh Ic ms . The cx per i me n t a l  p i o g  ma i i i  fo r  l i i i ’ Sc s I  m id  i t ’  s s h a l l
i n c l u d e  d e v e l o p r n e i m t  and  c o n t r o l  of a c o n t i n u o u s l y o p e r a t i n g  s t r a t i f i e d

~v a t  em c h a n n e l  a 0(1 Os t -r u r n e  n t a t i o n  capal )  Ic of th ea sit r i n g  t v.0 co ml) e 1) e nt s
of  v e l o c i t y  and  d e n s i t y .  M e a s u r e m e n t s  v i i i  he .m .idr ~ of t h e  I iou ’  and
s p a t i al  b e h a v i o r  of  t u r b u l e n c e  in d e c ay  b e h i n d  c , r i c l s , t in ’ c h a r a c t e r i s t i c s
of m n o r n e n t u t r i  and  s a l i n it y  w a k e s  b e h i n d  ;m~ : i : ~v n i m n t I n e  b d i c s  and  v l i m i d c r s ,
b eh i n d  s e l f —  prop e  lied b o d i e s , a mi d n f l o w  f l  e ids w i t  Im u ndo  r mu ye  Ee c i t  y and
d e n s i t y  g r a d i e n t s .  P a r t i c u l a r  emp h a s i s  v i i i  he g t v . ii t o  t h e  ? i i e n s t i r e —
meri t :  of the  b u oy a n cy  f lux  t e r m s  as w e l t  a s  e t h e r  m n e . m ~-n i r a h 1 e  t e r m s  in
t h e  g o v e r n i n g  t u r b u l e n c e  d i e  r g y  b a l a n c e  qii :m l i ’ n s . !) c t a  i l e d  i n c - i  s u r e n i e n l s
of t i m e  n e a r — f i e l d  i n t e r n a l  wrm ’,-e f i e l d  ;m r ) i m n ( l  U~i s v m t 1 i m f mm b o d i e s  ~~i h i  be
made  • Thu mc a s’urumm: n t s  u i  ii be corn pa ru cl ‘ c i t  ii ru l a t e  (1 cx pt r m n h m  m i t  a I w o r k
a nd wi th  thee  m c l i  cal  mode l s  fo r  mn ix i ng a iid wa ve r c 1 ga l i o n  in  s t r a t i  fi ccl
f lows.
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R E S E A R CH  I ’LAN

I. S u m m a r y

Expe r i me  nt a i  s t i n h i t ’ s and t t  s u i t  m g  t e  ( I t  ii m a  I a pp hi c a t  i o n s  n~-o ] vi fl

s t r a t i f i e d l  tu rhu l e  mi t s hea r  flows and wave cli s l i t  r i ) r I  nec  s mica r i ) O c J i P  S h ave  been
severe ly ii m i t e  d b y ( ‘oli ve nt in n a  1 t.oivi iig I a u k  ccii  Ii gi,  ra t  ~ t nis . \V a me p it l-su i ng
a uni que a l t e r n a t i v e  app roach  u t i l i z ing  a c o n t i n u o u s l y f l o w i n g  closed r e tu r n  —

s t ra t i f i ed  sy s t e m .  The p r e s e n t  ma in  expe r i r n e i t t a l  f a c i l i t y  (F ig .  1- , p. 16)
is a cont i nu ousl y ope r a t i n g  10 l a y e r  s t r a t i f i e d  ~‘.‘a t e m ’  (‘11:1 mu n ch , 25 cm
40 cm in c r o ss  se ct i on  and 500 cm i i i  l e n g t h - i . E a c h  of t h e  11) s a l i n i t y s t r a t i -
f i ed  f low l ay er s  i s  supp l ied  by a s e p a r a te  m i x i n g  l a n k  a n d  i s  g r a v i t y c h r i v t ’n
by a sepa rate  uppe r me se r v o i r  t ank . fl y v a r y i n g  the  fl ow va lve  O p e n in g  and
the salt  c o n c e n t r a t i o n s  in the supp ly tanks , va m i ni s i n i t i a l  flow v e loc i t y  and
fluid d e n s i ty  p ro f i le s can be ge ne r a t  cc ! t o  s i n i m i l a t  c ( l ’ s  i r ed  s t r a t i  f led c( n d i  —

t i ons .  A snnalle r c a l i b r a t i o n  flow cha mmc l is used  for  probe c a l i b r a t i o n s
• and i n s t r u m ent  au on (It ’ vu lopmn e u t  . A n i i m  be r of new p m el t i m ’ i l ls  a rt’  a S S ( t  —

c iate d wi th  lb is i n n o va t i o n , and  flew roi l  uiul  i m i s t  is’ b r oLe n i i i  i-i ’ i t ’ r a l
a r e a s , i n c l u d i n g  suppre 5 S ion  of b a c k gr o u n d  t i i r l ,u l e  I l l ’ ’  l ( ’v ( ’  1 and  c e n t  rd of
mnulti laye r shea r  and d e n s i t y  p r o f i l e s  i n  t h e  In r e t ’  ch i a  noe l , and  as  Soc m a t e d
i n s t r u m e n t a t i o n .  The po ten t i a l  b e n e f i t s  of t h i s  ‘,vo rk  I t )  fu t u r e  s t u d i e s  of
s t r a t i f i e d  flow problems  a re we ll we i - t b  I l i t ’  d i  f f i  cu l t  i t ’ s  he l u g  f a t  m d  iii our
n e c e s s a r i ly pi000e r i n g  a n d  ( ‘xp lc)ra t  tu . y sI 11( 111 ’S . I t  u s  m y  d1 si  ra He t h a t
c o n t i n u i n g  s u p p o r t  be a v a i l a b l e  over  a 

~~ 
r m o r i  t t f  r i - ’ I c fou r yea  r s . a s

the. p r o b l e m s  a i-c of a dj f f i  ( ‘lilt na tu re . \~ e a r ’ - , -e r v  I u n i t e d  in pe r s o n n e l
(1 f acu l t y membe r , one r e s e a r c h  en mz i nec r , • ‘ i i d t w o  she l i ’ m i t  ), oi d we
need to be s u r e  of a s t u d e n t ’ s suppor t  th r ou g h i ou l  b i~ t h e  si s  t e n u r e  in  o r d e r
to p r o c e e d  e f f i c i e n t ly .

II .  Outline of P r e s e n t  Plans  -

1 . Subjec t  D e s c r i pt ion

The pre sen t  wo rk  is d i r e c t e d low - : t  i’d l a bo r a t o r y  m e a s u r e m e n t s  of
tu rbu len t  shea r  f lows tha t  a r e  s t r o n g ly i n f l u e n ce d  by d e n s i t y s t r a t i f i c a t i o n
on the o rde r  of that  found  in the ocean .  T h e  j m i t e  i - a c t i o n  of t i i r h m l c n t  s hea r
and s t r a t i f i c a t i o n  andi the g e n e  ra t ion  of ra 11(10111 i n t e r n a l  wave f i e l d s  a r e
d o m i n a n t  i n  many  proce  SSI’  s of in t e  m t st , e - - , in I he w a k e s  of ui ’i de r sea
vehic le s t r a v e l l i n g  i n  the  l l i e r m u c m c h m n e , in  t i m e  r i i i e c h i u i e  m i x i n g .  f o r u i i at i c i
of n m i c r o s t r u c t n r e  in lie oce ’ ;in  and a l n os pIe ’ r ’ - , a n d  i i i  c l i m e  r e n v i  m c m i i —
m en ta l l y important a reas  of a pp lir d  t e c h n o l o g y .  In  e n t it rast - I c >
u n i v e r s a l  su c c e s s  of M o u i i i m -  Qiyukhiov si n ij i a  mi t  y s c a l i n g  as  a pp h i e d  t o
St  r a t i f ied  f low in th o  ea rt :h ‘ s a t r n o s  pime n c  boii nda m •y lay ( ’  r t h e r e  has  Is en
conipa r a t  i ye ly l i t t le  advance  i n  gene  1-al ~inde r s t  .1 nd b ig l ) f  ( ‘( ‘( ‘an ic  p r n h ) 1  r i i i s

• On [he same level , w h i c h  ( mild he u se fu l l y  a pp 1 m c d  I n  p r ob l e m s  of cur  r e n t
i n t e r e s t .  Field expe r i m e n t s  are  much I nu r e  d i f f i c u l t  in  the ocean , and to
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date have aiway s been  st ye re l y Ii  i i i  (SI in  scop e , so t h a t  a l l  t lie pa ra ii~~~’ t t ’  i S

n e ce ss a i-y  f o r  a c o m p le te  a ‘;l h y i4 i 5 l i - t i e  i l t ’\ ’ t ’ r h e m - n  O i i u i i i I t . t u i e t ) l i s l y  ; m v a i h a b l t ’ .
In t h e  l a I ) ( ) r i l t o r y ,  CO n d i t i o n S  a me i ) ( t l ( ’  r , bitt t h e r e  i s  s t i l l  ri st ’ m i n u s lack of
develope d i n s t r u m e n t a t i on  fo i  n i ea s ur t -r n e n -t  s in lic 1uids and  a lack of su i t a b l e

e r t u n n e l  fac ’i l i t  le s w i t  ii adequa te  long Ic r u n  n u n  sui’eni c i i i  c a p a b i l i t i e s .
In p a r tic u l a r , d i r e c t  r n ea su r en i en t s  in  l i qu ids  of t h e  v e r t i c a l  f lux of die n s i t y,
a quan t i t y of p r ima  m .y un po r t ance  , have  not 1)C en  ru p o r t e  ci in  t h e  l i t  t-  ra hi re
Tow t a n k s  a r e  comm onl y used  for  l a b o r a t o r y  m e a su r e m e n t s  i n  s t r a t i f ie d
flows , but  many  im p o r t a n t  problems cannot  be n m t s l e l l e d  in such f a c i l i t i e s ,
e . g. the p roduc t i on  of a flow with both undo  i-ni d e n s i t y a mi d v e l o c i t y s he a r
g r a d i e n t s and s u f f i c ien t  da ta  for  s l : i t i  st i c - n ]  s i g n i f i  ( O n c e  ~fl wake  fl ows is
ext remely d i f f i cu l t  to obtain in towed expe m - i i i u - u i t s .

2. O b j e c t i v e s

2. 1 Measu remen t s  in s tr a t i f i ed  flow s

Grid flow : Measure  the e f f e c t s  of v a r y ing s t r a t i f i c a t i o n  ( s t ab i l i t y )
on the decay  of the turbulent  dens i t y and veloci t y f l uc tua t ions  and the gr o w t h
of Tay lor m i c r o s c a l e s. Compare  the l i m i t i ng  case  of v e ry  weak s t ra t i f i c a -
tion with the s eve ra l  exper iments  r epor t ed  on p a s s i v e  s c a l ar s  in a i r .

Wake fl ows and mix ing  l a y e r s :  E x ami n e  the b e h a v i o r  of l e n g t h
• scale s , rms  velocity and dens i ty  f luc tua t ions , c o r r e l a t i o ns  i n c l u d i ng

Reyno lds  s t ress  u ’w ’ and buoyancy  f lux  n ’w ’ . E v e n t u a l l y m e a s u r e -
n-tents a re  needed f ur  all  t e r m s  except p r e s s i j  re v e l o c i t y cor  r e l a t , i o n s  to
obtain complete en e r g y  ba l ances  for  hi r b i i l en t  v e l o c i t y  and d en s i t y f lu c t u a -
t i ons .  Examine  the n e a r - f i e l d  ge n e r a t i o n  of i n t e r n a l  wave s by the bod y
and wake .

U n i f o  rn g r a d i e n t  shear  flow (5cc ’ l” imtt i  ro P l an s  Pa i- a g r ap hi 4 . 1:
M e a s u r e men t s  of the development  of m ean  v t ’ lo c  it  y ~~iid d e n  s- m t y 1 m r o f i  ic ’ s ,
ve loc i ty  and d e n s i t y f l uc tua t ions , Reyno ld s s tr e s s  and buoyancy  f lux  a r e
d e s i r e d  to see if stead y state values a r e  a p p r o a c h e d . l)e t e rmine  the  i n f lu -
ence of b u o y a n cy  on l a r g e r  scale s of lii rb i i l ence  and g m  myth r a t e  of T a y l o r
m i c r o s c a l e s. Compar i sons  a re  to l)e made wi th  g r o w t h  r a tes  of p a s si \ ~e sca la r
f luctuat ions obtained in grid exper imen t s  and in o t h e r  exper imen t s  in a i r
wi th  a l inear  mean t emp e ra tu r e  p r o f i l e  and n o m i s t r a t i f i e d  s hea r ed  t u r b u l e nce .

• A n ove r y l e w  of ( ‘ l i t  i- e m i t  kn o w le d ge of t u i r l u t h - m i t  I~l c t ’ vri i t  f l o w  h a s  iss’ n
g i v en  b y St u h i n ih l , cr  ( 19 7 6 ) .  Sonic ve ry b a s i c  ( ‘ x p e l - m n i e c ) t a l  i n f n n u i i r m t i c n i  i s
r e q u m  red t o  gu ide  the deve loprn e  mi t of nuii ie  r i c r u l m m i o d t ’  is on such ii’m i p or t a  ii i
p rob lems  as the r ad ia t ion  of i n t er n a l  waves  f r o m  axi s y m met r i c  b o d i e s  and
the in te  r a c t i o n  of tu rbulence  and the g e n e  ma l i o n  of i n te  m u m  1 wave  f i e l d s  l)v

• w a k e s .  M e asu r e m e n t s  of t u r b u len c e  c h a r a c t e r i s t i c s  i n  va r irm s f lows  ivill
provide  va l ida t ion  data  for compute r code s ivh i c - l i  a i.e beg i n i u i n g  t o  app ly
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l i ig lie r — un cle  r mnoc lel l  i ng t echn ique s to si i-at i f i  ed f low  s ( se e  Gibs  cii ~ •-

Launde ~ ( 1  9 7 5 ) ) .  The hi g h e r —  orde i~ i node  i i i  ng a PP~ i~ i’s to  Ia ’ both  compu —

t a t iona l ly fea s ib l c m  and lie cc s s ar y  to a( l eq u a te l y s in i u l a t e  - con ip lex tu i-hu le i’t t
f lows.  The c ruc ia l  -leni c’ nt requi  red i s  ( l i r e  ct ex p ( - r i m c’n t a l  i n f o r m a t i o n
t o a s s i t  i t - i  d e f i n i n g  su i t ab le  t’u rbu iemi c’e  i’iio d i ’i  s . Ce r t a i n  r e a l m  z a l ) i l i l y cond i  —

t ions app ly (Schumann ( 1 9 7 6 ) ) ,  1)’Ut tb  se t ec h ni que S c a n n o t  be us ’cl to de r i ve
specifi c te i~ms n e e d e d  to  m odel the  a p p r o p r i a t e  d i f f u s i o n , pr c’ s su re , a n d
t r a n s  por t  Ic r m n  s a n d  s t i ll  r c’mai  n s in ip ie e n o ugh  so t l i ; c t  t h e  c or n  pute r code
is not ove mc v i i i ’ irne d by e X C ( ’ s s ive d e t a i l  -

2 . 2 W a t e r  tunnel  fac i l i ty

Deve iop a coot i nu,iou s f low st i-at i f ie  d w i t  e r t u n  i i e l  c a p a b le  of n -i i n t a i  n —

in ~ d e s i r e d  d e nsi t y an d  v e l o c i t y p i - o f i l o ’ s  f o r  : e i f f i e i , ’n t  t i u i ~~’ t o  n i a ) -’c’ s t~c t i s t i -
cally m e an i i i ’ f u l tu rbu lence  r ciea sur . ’ i m u ’n t  5 . T b ’  ii pp end i  x c o n t a i n s  a de s c rip - -
tion of a s i m ple m i x i n g  m o d e l  needed t o  coot  m i i i  t h e  r h ’ i u s i t  v p r o f i l e .

2 . I n s t r u m e n t a t i o n

D e v e l o p  a ho t — f i h i - n p r ob e  capab le  of n i ea~ac1’ i n g  o’w ’ fo r  m e a s u r e —
rnent  of b u oy a n cy  flux . lnve  sti ga te  t h e  n’c ix ’d  s e n s i t i v i t y t o v e l o c i t y and —

dens i t y of the h o t - f i l m  s e n s o r .

3. R e c e n t  P t -o gr e s s

3. 1 W a t e r  tunne l  f a c i l i t y

3 . 1 . 1 Problems encoun te red  in p rev iou s d c  si gn

The old wate r tunne l  is c u rr e  nt l y b e i m i g  m o d i f i e d  t o  i’nect oum’ 
~~~ sen t

and fu ture  r e s e a r c h  goals  in s t r a t i f i ed  s h e a r  fl ow t u m - i m l e n c e  s t u d i e s  a s
d e t e r m i n e d  f r o m  our work  d u r i n g  t h e  pas t  y e a r . Sc’ve r a l  p r o b l em s  w i t h  t h e
previ ou s wa te r  t u n n e l  d i c t a t e d t h a t  c h a n g e s  be made ’ t o  o b t a i n  t in ’ d e s i r e d
operat ing c h a r a c t e r i s t i c s . The p r o b l e m s  ice t ’n e o u i i t t ’  c’ - i I  w e re
bubb l ing  of the hot — film v e l o c i t y s en so r s ,  la r ge  i c t - u i s i l y  b a e k gr o i v n l  t u m r l ) u —
le nce leve ls , i nadequa t e  capab i l i t y for  c - on t c’c t l l b i t , m  t h e  d t ’ c i s i t y p r o f i l e  w i th
t ime , and  r ela t ive ly low m a x i m u m  m o r a n  c n ’l o c i t o ’  S.

Ti m e  i n i bh l i ng  (I f f l u ’  h o t — f i lm s ’ n s ,m s  w a s  n i l  m ’ x t r e u i u ’ l v  - o ’ r i c n m s  p m - oh ) —
l eu i i  wh ich  r equ i  red i_i s t o  c h e c k  s t - i - c  m a ]  p e s s i b l c ’ - a u i m - i t ’ s .  U l t i m i m a t r ’ i v  a sn i ah l
t e s t  loop cvii S con st  ructed u s in g  s e c t  i n ’ s  of c I t ’n  1’ p l c - x i g la S Pj P ’  to  pm ’ r r n i t
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obse rva I ion of t lie flow i i i  s ( ‘y e ral  c c - i t  i ‘ ;m I m e  g i ‘ i t s  - 
( ) c i t ’  of l i i i ’ p r op e l I t ’

Pit1 1iPS f r o m  t h e  p r e viou s  w a l e r  t i m n c i t h \c ;l s in  s t i l l e d  I i )  s u c r i u l ; t t e  t h i  c on d i —
iOI’I S in t h e  old - w a te r  t’i c n n e i . Nunu .’ r oc,c s  r x p t ’ m - i t i i e n t s  ic-cr c pe c’fo m ’n n ’d  w i t h

hot — f i l ms  a n d  v i sua l  o b s e r v a t i o n s  n i ad e  of t h e  fi ow i n i m i i e d  m a t  el y c l own  —

5 t r eam of t h e  p ro  pe lie i - Tin ’ t e s t  m o p  dt ’ t o o  li s t  c- a l e c] 1 1 c c ’  Sd ’ ye re 1)111) 1) Ii ng
problem Ol) se  rved in [lie w a t e r  I urine 1, a mi d it wa s appa t ’ ( ’ c i t  t in t  I I - i c ’ s i - i - i a i l
h igh  spec’ ci p i’o pe 11cr was  cI r iv i  ng cl-i s soivi - (I air out of s ol-n t i  on a cid c- me a t  log
a sizeable stream of bubble s win cli  cou ld t i n t  bc q u i c k l y  mc di  s s o l v e d l  ic - i to  the
iv a te  r hem me a r r i v i ng  a t  [lie ve loc i t y se n s o r s.  T h e  se t e s t s  suggested t h a t
in orci e i- to i-un a m - i  ope n syst en -i  ( that  is , the lest ,se ci m c c i  o f  t he  u - a t e  i- t u n n e l
hay i u ig  a free s’u r fa cc)  a cli lie re cit me t l ~ o r] of f l iov i  ng  t lie wale r liar ] t o  In ’
adopted . Our ex p e r I e n c e  wi th  on i’ s ma l l  c’al i brat iou  w ale  i- t unc ie I wide Ii
ope m-ates  as a c o n s t a n t  head ove rf locv s y s t em  suppl ied  by a c e c - i t r i f u g a l  pum p
sugge sted tha t  we t ry  thi s method  on a l a r g e  s ca l e  fo r  the  u v a t c -  r tucinci
i tself . ‘We have tic ye r Ii ad a inibbi ing  pin tHe  i i i  on t i n ’  l i t  it — fi m i  s e n s c )  r s
o c c u r r i ng  in ti - ic ’ c a l i b r a t i o n  tunnel.  A g r a v i t y clr i c - ’c’ n s y s t em  was mocked
up to expe ri rue u t  wi th the  cli ffe r e n t  v o l u t t i e ’  s 1) 1 wale  r r e q u i r e d  t o  ‘ l imo i ciate
bubbl ing  of the  h o t — f i l m  s e n s o r s , cspc ’cial l y t i n ’  v ol , i mvn ’ of w a t e r  in  t i - i c ’
‘uppe r r e s e r v o i r  ta nk . A n y  p1cm-np uvi I i  t e n d  t o  ( ‘t ie  i-ate bubb les  so a s t t l i m i g
c h a m b e r  is needed  which  would allow a ny  a i m -  b u b b l e s  t o  r i s e  to t In ’  su r f a c e
of the s e t t l i n g  c hambe r and separate  f ro m  the w o r k m  ii g f l u id  - Tlii  s f e a tu r e
is  a ut o m a t i c a l ly p rov ided  by a g r a v it y fc’c ’cl sy s t c ’ m n  w i t h  uppe r at id I o c c - - r
r e s e r v o i r  t a n ks .  The uppc’ r rese  rvoi r  t a n k  se I’ve sas a s e t t l i ng  chai ’ci be m ’
to h e l p  sep a r a t e  the bubble s fi- ecm t h e  woricitig flui d si ’ m t t  t o  l i m o ,  t e s t  s ec t i o n .
The n - iock  u p  t c ’st s  of the  g r a v i t y  feed  s v s l c ’n i  w e r e  h i g h l i ’  s u c ce s s f u l i n
p r e v e n t i n g  the f o r m a t i o n  of ai t- bubble s on t h e  l i n t  — f d m - i i  s e n sor s  -

C o n t r o l  of the d e n s i ty  p r o f i l e s  is r e q u im - e d  to Con n i e  m a c t  t H e  c o n t i n u —
(~~~~S i l l~~~’s J i ~~~ c’.- h i c h i  w il l  ta 1~~’ place  i r ~ t i i t ’  t c ’ &~t s c - I  ion , I\h’asurem -nts fr i t o ,  t h e
t i d  v a t  or  f u n n e l  s h o w ed  t bat mlxi i a ii ppn c x  m m  t e l  c’ I inc a-i’ in  i i  m e , a m i d

t i m e r ’  i s  no p e r i o d  du r i n g  i~}i d :h t  t i c , ’  den~~i l c- pro f it  i~ s l a t i o u m a i - y .  ‘H u ’ ~~ -
r u s ; m l t s  a r e  c hj s c u m c s e c ]  in  t h e  app e m i d i x  a s  pa m t  of a s i m p le a c i a l u - f i t - a l  l i i o ( l e l
f o r  p r e d i c t i ng  t i -ic flow ra t e  of water  need ed  to c o n tr o l  [lie st a t i o n a i - i t y of
t} o- d e n s i t y  p i -o f i l e . I t  i s  shown in t i me ’  mi ppeimdi.\ t h - i a~ i~~ 1 ii- o v id im c g a a
sy s t e m -n  for  f m - e s l u  w a t er  and  h i -inc  t h a t  a r , ’ l - m i ~ \ ‘I v siiii p li ’ c m ’ r ol  s v s t c - i , i  i s

s si  h i t ’ . T in-  o l d  w - t i e i  t i c  n i l e  1 di d  no t  h a ye pr  ‘vi si  ciii f o r  l i i i  s m i w  t i n  1 of
co n t r o l . a c H  ~ v m S  1, 11 t i ~~, t tin’ pi’ o l h ’ i i i  of f l ow  c - t m i l i ’ t i l  s h i c n c h l  lit ’ ov id , ’ a i m
i n t e g ra l  pa rt  of the new w a l e r  ton mid ole si gn .

l i l t  ni: i x i  mmi i i  v e l o c i t y  i i i  t b ’  1) 1( 1 w a I t ,  r I u m i t i m , ’  I s~ - ste mu was l i n t  i t  sl to
about  4 ~ cm / se c  a n d  t h e  l) ackg round t’trbule nec i n t e n s i t y a p p rn a  c’hed i o
Some se vi ’  r t ’  n , t - c l i a n i c - a !  p r nh l ’ni s \i’t ’i- t ’ ‘ i c - i cun t ” reel ‘vi th t h e  p i c i m i p  ~ e 1  s
ove r h e a t i n g  and !  l a r g e  v i b r a t i o n s  uv ’ m. t ’ I m u  - u ’ u ’ f t t ’ c j  t o  t I n -  w a t i  r h i m n e l  st i ’ m  -

- l i t r e . T in ’ n ’ i ’ . - w a f e r  t u , m n i ’I w i l l  e l i n m i m m i t i ’  l i i ’ s ’  l i l f i c i i l l j e s  H, \us ing
t ime  g r a v i t y c l r i i - i ’ n s y s h’i u . The pl - e ssum-e  i t -  1d I i , , ~ a l r - a ’ i ’ ,- I n n - n  1i 1-ovt m,
capable  of d r i v i n g  the uv a t e  1- in  the  mock  i m p  to  abou t  70 cm / see an d  i s
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me sc’ oIl y o n ly  t i n - i  lIm - d hi’ I l i e  piini p u t ~c Ii i c - l i  I r , , , m  -; to ‘ t i c ’  - \‘;;m I ‘ i’ I r ’ m u l l  liii ’
I t  mwe m me st mit ’ , 1 Pm ~ i , I i i  l b ,  ltppt’ m I a i i ,  - I ‘h ’ - t i c , ’ , - r i  r i i s t  h i  t c m  ‘‘1 -

so’ cori d punt p I’ a l l a in higlo ’ m (low i -t b ‘c it i ‘‘5 i i i  t i n ’  f c t lii im ’ if Ib m’ y a In’ it m c d
to he ole si rabie

3 . 1 . 2 New water tunnel d e s i g n

The ui’~’m I c c  tumic ’ l ~~ l i - i  t h e  miew n o t ’I I f i  c - a l  i o n s  i s  sbov, -n  in  pc’ m’s ~ i ci ive
j r -i Fi g.  I - Sonic pi m o t o g r a p l u s  of com m - i pon c ’ c ’t t  p a m t s  i f  [l i i ’ v,-ater t u n n e l  m m ’ ’ -
shown in  P l a t e s  I am - ic ]  2 . ‘l’bc s t r u m c t m , ir a l  mt m oc i i fi c - a l i , n s  at -c  ( - m m t ’ m’ ( n f l u  i c c- a t-
com p le t ion . The t e s t  sec t i o n  is  25 ecu  ~‘ 40 ci’n ~

‘ 500 co-i (w et t e d )  w i t h  a 90 cm
e n t r ance  sec ’ tion  t o  c on t a i n  lam -ge aspect rati o (5(1 Ic, I i  s ti-aws  used to
s t r a i gh t e n  o u t  the flow and t-eniove Ia 1-ge se a l ’-  mm ~~m t i m n , s  dl oui ’mi to t i m e  Si: ’e m l
the sti-aw d ian e te i- - Ti-ic st m - au vs  w i l l  b i- c-ak mc i )  I a i’gi ’ r sea  l i -  n io t  j o l t s  uvIn cit
resu l t  f rom mium er n’u s  t u r n s  a r-m d pr ooluc e  a f u l l y n e  u - e l  opm~d ‘ ‘ pipe ’ turbulence
in ti-ic st r a u v  w i t h  scale s on the ord ‘ r of  t i - c’ s t r a w-  chain ,? I c r . If  t i - i t ’  st  raw ’s
ui-c re not  fo l lowed by a d d i t i o n a l  t -u r h mi l  e nce mit t n a g e  rue n I  t e ch  ni qui c’  s,  t b ’ -  —

numerou s j e t  — l i k e  f lows fi-oni the st i-au ’ s v;ould eoaii’ see and gene r a t , ’  la ge
sca le  mnot.i ons  ag a i n . The me fore thc , st maui ’s w i l l  In ’ fo I louv ed by f r om  I tt )
4 i nche s of ope ru pore  ret  icu la tc ’ d m ar t -i (Sc’ ot t  Rope  m- Co - 1- The foa mi - i  i n
ava i l ab le  in a u -id e  r amige  of ~n, c ’o s i t i t ’ 5 a n d i s  i c i t p e  1-vi ous to di ’ g i -a cla l  i o t
f r o i n  salt  u-ate r. The foam u i - i l l  se c-ye to h i’ ’aU up l ’i’ j e t s  i x i t i  ng fi-om’nm t u e
hank of st -aws a n d  p roduce  a st - i io oth  l i eu :  a t  t h e  i n l e t t o  th i c ’  t e s t  section .
An a d d i t i o n a l  f u n c t i o n  of t h e  foam is to pr ovi dm ’ a i m  i n i t i a l  m i x i n g  of t i - ic d i s  —

cont inuou s d c t i s it y  g r a d i e n t s  caused by t I n ’  fi cu P’ n m c m b c  t~ of s t - p a  r a t e  i-c’ t-inrn
l ine s (in thi s case 1 0~ - The sc’pa i-a~e i’et’im r i - i  l i n e s  a m ’ ’ mc”ce s sa my t o  r e d u c e
ti - i c m i x i ng  d u r i ng  the  r e tu r n  loop. Ti-i l S at  ‘‘p st m m c c l  i t t - c  l e f t  u t c i m i x e m l  uvo ,mlci
p e r s i s t  th -oug hou t ti-i c entire l e n g t h  of t i n ’  t e s t  s m - c t  1 ( 1 1 1  - - i s  o b s e r ve d  in  t in ’
old uvate m- t u n n e l  , T i e  s teps  w’’n ,t ld i c t I  t ’o c imtce  a c ’ lm a i-a c l i -  r i  st  i t ’ it’ m i g t  Ii i n t o
the  flow w h i c h  i s  p m - o h a h l y not of s c i e n t i f i c  i n t o ’ m e  sI , a l thoug h thc des i gm i of
I b m ’  s ti -aw and  fc,ai-n s ec t ion  of t:hc uu ’atc r tunnel d i m e s not. pre elude sthdu ’i ng
t i m e  se kinds ‘f pr ob lems  if t h e y  a r e  d e e m e d  useful. Since u-c aie pa rtic u c—
la r l y i nt e  r t ’ s f e d  in e x a m i n i n g  (b uy s such as n c - i b m -ni s i - i c -a r , u n i f o  i- ri m d e n s i t y
g ra d i e n t  p r oblen-t s , and wave gene  r a t i o - i n  f r o m  hodj e  s , ti -ic a r t i f i c~al l eng th - i
scale mus t  he e l imina ted .

L 

Ti’m cu out let  manifold  c o n s i s t s  ctf a se mi i ’s  of 10 uu- t ’ir s I n  pro~’io1e coci —
s t a n t  back p r e s s u r e  on the f low i n  t h e  t e s t  s e c t i o n .  Ti-ic’ w a t e r  f h i ’ u v s  ove r
t h e  uve i r a n n  returns to ti -ic ’ lowe r r cse i-v o ir  t - ’icik by g r a v i t y ,  \V a l e m -  u i  I 1 e
iow’ tm r t a n k  i ~ ~~~~ p ad to t h e  ii ppe r t a n k , a n d  a c - iy cxc, ’  ss w a i t ’  r ic - i  f l - i c ’  impp c ’ r
t a n k  is  a l l  owe di i t t  ccc- i-fl ow I , me  k d ow-nc to l i i i  I ’  tuv~ ‘ r 1, -i i - Ic - For s af e  i i’ . tly ’

uppe r ou-t’ i-fIt-nv dr -t i m- i i s  i n  pnhl i ’  of ha m i l l  ci ii  I l - i t ’ ni m x i m m c m i m  p i c il - ip f l o w - i ’ ;m  t o ’
w i t  hi i - ic )  f low iri t 0 t h e  lmn im’tel to-sI se cl in t - i - ‘1’ i m t ’  l m p p c ’ r I an ic  c oo l  a i n s  a s e n t ’s

- ‘ of baffles uvh ic ;Ii st-pa -i~alt ’ the prim p supp l y l i m i t ’  I m m m i i i  l i c e  I c  st s e c t i o n  m b ’  I
Ii i-ic . The baf f l e s  are c- i ’ qi mi in’ d t o  p u- c ’ ye c - i t  a n y  lnmb b l e s  p m odu cccl iii tin ’ pimt n p—
ing  ope r a t i o n  fm ’on i  r e a c h i n g  th e t e s t  S(’ of i o n .  Tin’ w a ler  i s  g r a v i ty  fc ’c i to
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the be sI Si ’ cli i t t - i  I h i r o t i g i m  a m m m l  I i  l u r m i  ~;t t m ’ va l u - ’  i i - l m i  i i i  p u - m t - i l l  s a i ’ m ’  m y f i m n
adi ,ustnient of tIm ’ ’ fP ’w ’ maP - _ A flow m i t t e n i s  c m t t c u m i l t ’ t I  i m p a l  m ’  i c c  of I b m -
valve - Gum-rent ly wi hi av ’ cci ,’ flow- I ma ns dmnc’ c ’ r (( oi -iI m ’ ’ l u I  ron) -,‘:I,i, i i mutt at
I )~’ nu ove d  t m - o n i  l i t - i c  t o  i i  n it- dim u — i ng I I n ’ s e l l  i mn ~ c c l  1 1 m m ’  ‘:;, I i ’ s. 1 I~ j p c  i t  i c c  —

lar  f l cm u ~’ u i i c t t ’  r was  c i m o s t ’ t i  fo r  i t s  u v i n i m ’ op i ’ i- al  i c U ! , m ’ a l a 1 t ’  ; i m t d h i g h  i c c u m n a m y
at b u y  fl ou v r a t e  s . T t - an s du t c c ’ r s  Ofl ‘ ‘ac ’h i  l i m i t ’ u-h ic ’ b  sha rc- a coi ’nrnon flow ’
r a t e  con-ipu l( ’  r l)y ui’mu i l i ple xim ’t g uvo’nl cl p ro i ’idc  0) 1) 1 i m i u m m n l  a c l ju s tn - ie  nt foi a l l
t o i l  line s - ‘l’tue flow- ’ mi mi - i s  iii  a 3’’ pipe t i’i ro im gh i  1 1 m m ’  i-a  h u t ’  , thc - ii t o  a I r a  ns i  —

t ic imi se c t i  ( mc i  ui ’hi cii s i iioo t  l i l y ciia n g( ’  -i I ro n - i  a 3’ ’ squa no- to  a 2 . 5 - I  c - c i t
-10 cm r e c t a mi g h’ , and  fi na l ly  the  r’o ’ c l a n c g i i h a  m- s e c t i o n  i s  t i t m n e d  t h r oug h a
rad ius  of I’l l to a r r i v e  at the e n t r a n c e to the  s ti -aw  s e c t i o n .

Extra storage t a n k s  fo m f - t -  sh m u-a 1e -i- a ‘md 1) 1-i ni ’ u i - i l l  be cue ci’s sa r~’

durin g a 1u m 1  t o  supp l y the  appm ctpriate sa l  l i - i l k ’  f t m c  c o n t r o l  of t h e  c it- m is it y
p i-ofi le  uu ’ith t i n ie , c o u m i t e r a c t i n g  t i - i c  - t t n l i m i r c o u i s  m m i i x i n g  l a k i m i g p l ace  i n  t h e
t e s t  s ect i on .  The d e n s i t y  of each l a y m ’  r \u i i l  i ) m -  m i - i o n s in-at-I  at tuu’o p o i n t s , at
ti-ic i n l e t  and omitle t to) t h e  Ic  st s~m c t  j o t - i  - Ti m ’ ‘s i  n m e a  s c m m m ’  c - i - ic ’ ni t s mn ath ’  ic - i  each
layer w i l l  supp ly the  n ece ssa i -y  i m i f o  t n a ii o n  I t - )  ad j u st  the  ra te  (if f -c’ sh
u-ate r a cid b r i n e  i n t o  e a c h - i  l ay t’  r r e qu i  r ed  t o  ho ld  a s t a t i o n a ry  de n s i t y pro-
f i l e. Each  of t h e  lowe -i- i-c Sc’ m-\ ’oi r t a n k s w i l l  hau’ t ’ l i n es supply ing  bo th  f r e s h
and br ine  wate r which uv ill  he m e t e r e d  Lb rough  sole noici v a l ves  - The 501 —
enold i  va lves  u~-ii l  ho ’ dut y c y - i e d  a t  a u - a t e  i - i t t - i l  c - ’ ’ l I e d  by a f l u  c ’ r o p m t t o ’e s s or
which w i l l  a l so)  m o n i t o r  I lie ole n s i l .y  c i a  m i g e  1m m ‘‘a t ’h 1 aye  i . The ui- a I t ’  r a dclcd
to the l o w er  re se i’voi r t a n k  u- i ll dis  lil a cc a i- i e o 1um iva  l e n t  vo lum’n c of u’, a t e  r
thus maicitaining ti-ic systeni at consta nit v o l u me - The i o u - cm  r re se rvcm i
t a n k s  uvi ll  hc’ i - i - i a i m m t a i m - i c c l  at constant l i i i  ui -i l l - i a n  i , u ’ i ’m - f l o w ’  l i n e  u’ h i i e h  dumm ’n ps
t ’x c e ss u v a l e r  out of t i m e  sy sh ’mui , T b ’  I mm t ~~’io11s u ’ n t ’ ’ i -  t i m c m m i t ’ l  h a m ;  p m o v n i o ’ d  i s
wi th  da ta  (see ti - i c  ap p e n d i x )  w h i c h  c a n  i ’ m ’ ‘i sed  t o  - s l i i m - i a l e  t h e  flow r a t e s  of
f r e s h  w’at i ’m a n d  b r i n e  t o  ea c h  l ay e r  n m - i d  liii’ i- al ’ s a lm pc -a i’ I n  i- to uvt~’ Ii v - i t h i n
l imi ta t io n s  on s torage space am - id pumpin g r a t e s .  1-V e exp ec t  t ha t  3 h o u r  r u n s
will he possible .

3. 2 Ho t - fi lm  s e n s o r s

The clesi g c-u changes  inc o rp cu-a l ed  i c - i  f l i t ’ t t u o t h i f i , ’ d  u’ m i t e r  l u u ’u m i e l  uvi l l
c- l ir n ina te  t h ’  ga s b ’ubbl(’ o’nnta~~-ii nil ii ‘ mm p r t ’ iil ’ ’ mu i n  i ‘m ’ il , ’ m ’ ’ d v - i t l i  l i i , ’ ~ i’(’ —

vious uvater tucmn t ’I design. Figum - e ~ siu’’w s t hot  — f i l m  u- m ’ l ic - i t v

signal duri mig bubble fo r un a t i o n  a m i d  s i cdd o ’ n s i ’p ;u  n i l  ic c n . ‘ l i c e  i n m h h h c ’  i s  ma i -el y
swe pt . av,’ay b y Ih ’ m c ’ f l o w  so t h a t  t i n ’  m t p p m i i’c ’ n I loss of  c ’ ’ i ’’ c - i lv c on f! m ilmes t m
g r o w  u i - i l l - i  I - i ole . E l i  n i  nat  I mu g l i m e son all im i gh  s pt ’ t ’d l~ u ’ op , ’ l i t ’  rs I t - o n-i l i i i -  u i -a te i
t unne l  1oop and us imig  a g i-a cit y d r iu ’m ’  cm sy s te  i i i  l i i i  s pe i -m i l l  c d  n - i - u  c _ i ’ h m m - i t t- s of
1)111)1)10 —f ree opc i - a i i o m u  jim t h e  u - a l ’ ’  m t i cnn ’ ’i ntt mo ’In imp. ‘ l i l t ’ hubbl o ’ f ’ c n m u m . u l i  m c m i
p r o b l e n m  was  one c-il l i - ic  run j o t ’  i- ’’ mu semi s 1 m m -  u~m at i I f y l w  Ib~ u i a l t ’  r t m m n  nm c ’ I~ ~~ s i g m u -

A need  fü r  to ’ flu P r - i r a  tu re ci t - i f t  cot-i -i p en s a  l i o i t- inn in a h flum e ye r - Ti t’ I nm ’’ au ,’ —

he at -i -al it ,5 required for operation iii  s a l t  u’, i t , ’ I’ 1 - 0 ~ s ay )  en m i s c ’  a r - in I iu ’ t ’I y
h i g h s e n s i t i v i t y to ten ipe  m a t i m c ’ , -  c l ia tw o ’s .  ‘I h i s  ~s t i n t  a m u i a i w -  pr oi,it’ m ’m a n d
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i- nfl he s m , h i ’ , ’tl in st ’i’ c- rat ways. ‘I ii ’ s i u t i p t i - s t  m i m t ’l l - i o c i  m m m i v  In ’  i t t  l ; t  p’
m’( ’ C (m) t~(l tIn ’ l i l t - m u m - i I c ’ 011)1’ ra h it -c ’ c-I- ia mu ‘~ ‘ - ii t I l t  I l n i m  - a mi d ‘ o i  i’ t - e I I l - i t ’  ‘ - e l ,  a -  Iv
(and d - n s i t y ’) semisors durimu g data au i mut y sis. We c-x p m - c I to ic st - l Id 5 h -cu —
niqu (’ at fi t-st , 1)111 am -ia l u g  ( ‘ i,m pe nsa t I ( ) ~ (if Ibm ic too’ it v (a mud dcii sit y
c i r c u i ts may bum’ d c  sirablc’ in the futu ri -

3. 3 Conductivit y in s t ru n ut - im m t at 10mm

()t 1 g i nab ui’orlc h-ia s bc-c nm pe rio c- mi t ’ ti to d’ v ‘li m b ) m c nm’ ’,m Si ’  m ms ‘ ‘ t ’  a c u d
cm le c troni  es Inn Il- ic nica Sur ei ’tiC m t  of si - i - i a ll semi 1” , In  c- L i ’  ha n d wj  cliii coot-hue —
t ivi ty (or dc’ c m s i t y )  f l m m c t u c a t i o n s  iii sail w’atc’r. f u r  eam l i t ’r ii - it -m utio c i In uvork
wi th  the siri g ic’ ccm iuductivit y semusor w i t h - i  limo’ m’t -’~t micI l)la mio’ at infinit y ( S i c

Gibson l-- Scliuva t. s. (1 963)) h a  ~ i)c’c’ cm cli sc -a i’do’ ii i)m~ ca-its t’ m ) f  Sc Vi’  1 i’  (hr ill pr oil) —
lcms inhe rami l i n  ti -ic ’ sing le s e m m s o r  sy s l i ’ n ’ c . II has I) t ’ c ’u ’m i m p ossibl e It)
O I ) i ’ r a te a nnia]i s i n g le st’nsor c’o mid l t -Ii v iI y systc’m tim- i lL—ft -ce for sufficient
d u r a t i o n s  ccmmpat ib l c ’  w i t h  t he  long run  h i m ’s ui- i’ s - t Ic iii a (-t i c - i l ic - iul o um s — f l o w
u;’a Ic r t u mm m’u e 1 . Us c’ of t h e  si mug id g e m - i s o  m a pp roa c im 1 m m  t h t ’  v -a  to ’ r t um i  no ’ I uvou ld
necc’ s sitale e labo rate c’aiib m - at io u iu 1)-i’ ’ ‘‘, ‘‘dim m-e s t o  iii  o n i  b r  I hi t ’ cl -ia ng ’’ S in  t he
calib ration. Ti-me sc’ di ff1 cii i Ii i ’ s a rc corn p m w m n d e d  by l i i i ’ n omi l i n c a  ri I v  m f
sicigle scm - i so  m- system s. Com ’mductivi ty s t ’n so r s  a r’’ su so - i’ptiblc to ci n f l s
caused by both t e n - i pcr a t n i -e  and d o-c t rod , ’ s i m m f a c - t ’  chiac ge s . \V l I l t  a si m ’m~~lt ’
si’nso r Sy sic iii , 1)0111 k- tn pe ma lure a c - i t - i  sim m-ia cc c l i n t - i  g ’ s at tim e ( ‘1 m o - I rode l i p
appear  as fa lsc ’ r c ’adings  of conduct i u - ’i l y (or de cc si t v ) - m m  a c t  o ’ f f t c r t  to i-i u n  —
m ate ti-ic sm t r f a c c ’  e f f e c t s , u-i ’ h ave t ’x p e r i m u i e n l  cci u v i t i m  b o th  4 and 2 t’lc’ c-t rode
s e n s o r s  in spj r e d  by 4 —uv i i. c’ inupedanct ’ b r i d ge l e c l i m u q u c s  wlui cl- i c l i r n i m ’i a t i ’
lead r e s i s t a n c e  e r r o r s .

Early uvork ui-i tim 4 — w i t - c  s e n s o  c-s pi oui ’ oh hi Lit ly o’ ti c’ on -i-ag ic -ig - pr ovi  cl-
ing good i ncle i-ic mmdc ’ nec fronu ci H ft c,’tu si’ t- l 1 )u’ ~

‘ i - ia  ii gi’ S itt I l i um ’ i - I t ’  c I i’ t ) d h , ’ sri mimi cc’ -
Th’ 4—wi me a P1)1-ciaCh toes h ave a draw-bac’ Ic iii I h a t  s pall a~ rc’ sohi t ion and
f r eq u e n c y  r e s p o n s e  are sti- origly dep endent mmmi Il - it ’ plm ys lea ! sim’,t’ of Il - i c’ sen s o r
c’lectroc] e S so It  is d i f f i c u l t  to achieve tin’ suim a ib physic -ui dinn’nsions of lim e
single senso r  sy s t e m s . For t h i s  reaso-im i, ui- m -  hay,’ de vm ’  l oped  mm 2— wi re su’ s —

tern which  provid e 5 i)otii good insensitivit y t i c  sum -f;m c m ’  d r i f t  p r o b l t ’m u i s  mc nt -I
ablows s ig n i f ica i -m t l y smallc’ i- phys i ca l  s c m - i s  i m g  m ’ ’ c h u c n i e  - \ n  i c u- ip o  mI mimul “ ;j~ f-
benefit  of both the 2 and 4—wire  sy s t e m s i s  th~ a b i l  I t  v l i t  en n s t  r i mc l  ‘“- n s o  r
circuits wh ese  re spc)mise is n-more nearl y ii mm t ’m u m - to ) clii tmi ~ ’’ S i f l  t iu n s i t  y . J h t ’
li m - i ear i t y c-if the ci’mnsit y measuring sys io ’imm po’ i-mi! s r I - i ll u-ely s m n m p lc i ’ ’ r t- e c —
lions to be iiuack- to ti-ic calibrations ui— i -i cl-i cha mm gi ’ w i t  Ii I t ’ i m u p e  r a l u m ’ o ’ - Tim e

— t empe rature ch a mi ges in t u e  uvate i- tut-imi (’l art’ sicn ,y a t ici tIm e t t ’m uip~’ ia hin t’
c ’o r r ec t i ons  can he e a s i l y n - m a c ic- i e i thc  t- e l i - i  ci - o c m i c a  l i v  mi r di g i lall v chum - i mug data
anal ysis .

A c i r c u i t  for operatirt g the Z—uv in’’ c’t-i n d i tct ivi h y si’cisor h a s  bco ’mu d i - v e l —
ope d an d i s  c - m c m - m- i- m - i l b y h e l m - m g t e s t e d .  Li flea il ~ a mud d r i f t  l~ r o i ) o ’ r I  i t ’ s  mi i-c shown
in  Fi g. 3 - Dy n a m i c  coni pa i-i son t e s t s  am - c c u m - n i ’ m u l i v  be i m ig i-ic r f o r m m ’ m e d  t o
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u’xamniiu t’ l iii ’ s pei ’I i -a l  r i ’ sp i m n s e  of l~ - -~—u v i i i ’ ~ l t - i t  , u g , c l d l t - l  l Ime i — i c i g l c  uvi rm -

s y s te n i .  An  i ’N I ) e n i m i m ( - m t t  I ’ ’  C t ) i i t ~~ mi ~-e f l i t ’  t ’ ,’, - t m  - - ‘ - ~~~~~, c -  ~~ 
- 4 ’ -,mi ~m “ i s  im ’ ’ m - f o n m t t t - d

i t - u a Ic - I of i ’ : a t - m —  i s m 4 u i m m g  v e m I i ’ ~m -t h J y - i m p ’ - ’ - m m - t i m m I t t  c i i  iumu ’l ’ t ’ ’ n t  h i - I d
of a i-nu ll s o lu t i o n  (m on t ’  ti m - m u s t ’  b ‘( ‘l it ’  h~ - i- m s d ‘ ‘ ‘ t m ’ ’ ~‘ - 1 l l i i c t h  I ’ ’  m i l l s

to risc ’ I I )  I Ice su r In ci’ c cl Ilium ’ co mit ui i c c ’ 1 m rid i’ - i i ~ - t- - c i t c m immm ti I ty I h m m ’  jt’t

d o ’s  nob t - r m m m t a m t i i m m a t m ’  b l u e  s i g n a l  at  l i i i ’  u n m ’ ; m s ’ m u ’  u t u , - n t  ~~~~~~~~~ ‘I his l e t  i t —

m - i i q ’ue a l i n u v m ’c I  su u i f i c i t ’  rut ‘ ‘ x h ) t ’ n i m u m e u i l  mc .! 1— it c m  t i c ’’ - c-c I ’ m  ~t p t -  m - m I  m ’  s’ 1 m  m mm l cl~ ti n-

s i n g le amid  double uvi i - c s c ’n s or  s y s t m ’ n u s  u c - i t i m ’ , c ’ S i  ‘ m - m c  h it ’ t ’ I m m t g c s iii l i i i ’
e x p e r i m e n t a l  c o m - i c h i t i o m s . T h e  N- su itS - cm ’ ’ s h c ” : m m  I i  F i e .  ~~. li m e sp ’ ’c t r ab

r e su l t s  to  (late h ave h e em i  st ;t i iou c - i i at  p m m ; / 1 t m u L ~ f o m r  I t -  ti c ’ s’~- st ’ ’miu s impp .’ai- In

con ta in  l a rge  ciifIc r ence  s , esp e c i a l l y mit  f r t ’ m t u -  ‘0 m m  - s h’ It  uuv 1 1 , 1 )  I l , . 1 in-

cliffe re nce S a m i ’  cli S turbi m - ig a mmd must In’ c ’  ‘< p la l i t - m i  b, - f t  m m ’  m i t  h e r s i-r i  ~tc r sy s —

te rn  cam - i  be ‘used w i t h  c o n f i c l e m i u c  b i t  m i t t ’ d c-ec u n ’ spi el i m i  : t c m d  cot -  m ’ e l c l i t m c m m ’  i i i  a
s t r a t i f i e d  flow. The tuv o cl ’e mis i i  y m l t t ’ ,u su m m i  d i g  s ‘, sI t ’ m t m s  s l i t  m ui d h t ,’m it ’ p t-oduuce ti

nea r l y i c l e i - i t i c m i i  s pe ct l - a , t ’ spm ’ c i a u l y i t  I i , m ’ i m ’ i ’ i u ’ ,  c ’ m m m i m n b t ’  ~s,  ‘T ’lce i l j f f ~ r -

etuces  arc  t o t  l ar g e  to be i ’x p l a i m m t ’ c l  i c y , -  ( m e t  c’ ’ ’ H c -  c - i r o  ‘ u i t m ’ v a l i m m u t ’ . T h i s  was
c ’O )nf i r n’lecl by nu m a s u n i  tug t iu ’ fn ’ c 1 i t i ’ m m m  ~

- r m ’ s  p m ’  m u m i ’ ’ c m l  b - I !  I 11 m - i m i c , m l c  a n d

d ouble u i - i r e  c i r c u i t s  uvi t h  a s i m m m i m i a t , ’ t i  s - ’ t c s ’ ’ r  mu i d  a i’;’ rcd’’rcu ‘‘:hitt’ muo l sum -

ge ncr a l ot - , and the r e su l t s  shciuved f i a t  f r e q u en c y  r e s p o n s e  for both s y s t e m s

to beyond 1 k h {z .

We suspec t  tha t  a t  h ’ a s t  par t  o f  the I i — < t i t N ’ ’  i i - i ’ m y i i , ’  w i t h  t i c ’ - d i f f i —
cu l t ie  s in c a l i b r a t io n  oi f t in - sing le ui-i i’ i ’  Sn i l s O )  m - , u’,i c i c ’i m is S i t l ) I t - ( t  In  t im e m ’ipid

d r i f t  probbe rim . Nc  wil l  a l l  em - i - i  pt Id )  rmm ’duic ’(’ limo’ tim - ill 1 m m time sim g I - ui -i i- i’ sm ~’s —

ten-i in cu-d c 1~ to be t t e r  co rn pa i- cm tho ’ s in g l i ’ ar m c i  ( h d ) L m i ) l t ’  u’, i i~i~ 5’yi s te in  S -

second kin d of t e s t  will 1-ic’ pc i-forn’c.eci s u m b s t  i tu t  ic - i c z k’mui pc’ i-aI -cm rt - flmuc t um a li 0) 1) 5

for  dens i t y flue tua f i ons  and a fb i i-ti s o - c m  so t  u- cu - i I I  bt~ mcs e d  t o  tie It ’ m m c m i n i ’ ‘u -hi  c i t

conductivit y sem u s o r  systerro is c o r r e c t . A fibe r fi lm s m ’ c - i s o r  w i t h  a s l i g h t
ove rheat u u i l l  ho ’ used  to nm c a sun - c  the temperature fluc’lucatinns . Tim e tv -n

conduc t iv i t y c it -cu i t s  will then be conup ar c -d  ui ’ i l im t h e  tempe rat ’ui - im sm’nsOr

by u s i n g  ti -ic knouv n r e l a t i o n sh ip  hctuv o ’t ’n  c o n d u c t i v i t y  am - m ci  t e m per a t u r e  fo r
salt uvater .

Bipolar  c o n d u c t i v i t y  e l e c t  rook’ s a e c onim o ’ rci  al l y available  f r o m

DISA ( m ed i c a l  i n s t r u m e n t a t i o n  d i v i s i o n ) ,  ac - i t - i  uvi ii be t e s t e d  to see i f  ti-icy

a re  suitabic’ as dens i t y se n s o r s .  Thc’y a m- c- i t - c - I a l i v t - ’l y cxpe mm s i v c ’  c orn pa red

to the 2 — w i r e  se n s o r s  ui-c a mi ’ able I c )  c o m i s l n u c c ’ l b itt  i m a u ’ i n g  a c ’ c r i u l n u e  i - j o ’m u l i v

available s cn s om  is h ighl y d c  si ral)ie - Since i ) ISA a i so  n i a m - i m t f a c t u r t ’  s h u t ’
l i n t — f i lm v m ’ l c c i l y s, ’n so i s , a f m t u m r t ’ p i c s s i l c i i i l y w , tu m i c l  Ihc ’ i t - x i s I  1m m ’ i ci - i m iu m—

faclurc of lii ,’ i ’ m i I l  i- c’  2 — i ’ i ’b o e i ty  c o m v I I ) ( i t - i c f l (  m in i  i l ’ ’t i s i t  y probt’ — m u c I c . ’ s i  m’ ab le

opti on in m a pp l I cii 11 0 ) 1- i s uv luc ’ m ‘ I i i  gh I y t i ; t  i c - i c ’  d I t ’  c’ 1 m m - i c - i a  mis a m’m - m m ’  ‘ I n ’. a i i  m u l t i  (‘

to con st nu tc - t  tim e 1-c tat  j u t ’  b y cou-n p l icat e d  sc’ m i s t - u i -  m’ i’qu i i-cd m m -  l i i i s t v I ’ ’  c u f

fl’tca su r en - ic  mi t -
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4 , Fu tu re  Plans

4 . 1 M e a s u r e m e n t s

4 . 1 - 1 Flow a ro u mud axi syrncnc t i - i c  bod io ’  c-i

M o ’a s u u i - i ’m c ’ m it s cmf  l imo ’  i rite c-i - ia ]  wave  s ys k ’n u  gm i t e r a t e d  by the bod y
uc i  11 be c omupa i - c-cl uu ’it lu cx i  s t i  m h z  th ’ ’t t r i e  S to  ye r i f y or di s p r o \ - m ’  t h t ’ i  r u’a l i d i t y .
Th’’ Se e xp e m - i rne n t s  will i-el y Fic’ avil y on flow’ vi sua Ii  s a t i  d un t e c h n i ques  (e .
shu ac iouv uz i - a l - m i - i ) as uve 11 as  cocuduc t iv i  b y and hit - i t  — f i lm t c r t m i a ’  s I ’ m c it - -Ic in mi in’ the
mean am id f i uc - tuat i  ng ole i ts  i ty  a mud v ’- ’ Inc i b y f i e  Id --i , 1 ’ he se run’ a sum r t ’ me i- i t s  will
be c o n c e n t r a t e d !  on the n e a r  f i e ld  of ti - ic - i uvavc- sy s t e m .  The stead y state
c o n d i t i o n s  of t h e appara tus  wil l  a llouv us to make bot h ti - i c q u a l i t a t i v e  o b s e r —

‘ vat ions  and i de ta i le d quan t i t a t ive  m’n casu i-emc i- i ts  r e l a t i v e ly qu ick l y corn —
pared with - i s imilar measureme nt s in toui ’ing faci l i t i e s .

4 . 1 . 2 Wakes  of ax isymm etr ic  bocl ic-i s

O b s e r v a t i o n s  and in oi-e d - t a i i e d  m - i u t ’ a s ’ u t ’ i ’ i m u i ’ mm l s  of t h e  w m i i c m ’ d ev e b o p ~
me nt w i l l  he compa red w i t h  th e pr edi c t i  orm s ‘m l  u u ’ i o lm ’ ig u tm’ufli ct mu g wa Ice
t h e o r i e s  uv i t m h ti n t ’ goal  of de lcrrn inirm g u’-hicb t l i c ’ m i c ’ v  i s  ph u - s i c a i i v  r e i i a b i e
for ‘useful  t ’  x lc  n si c~ii to l i - ic  fui l  so ,m i t ’ i cc ’i ’ml m ) p m oh i c c c i ,  ‘l iii ’ mj,t’ ice i a —

t i o n  of nonst ead y inte  rnal  wavt- nioliom u s h~’ the turbu lent wake
c olic- r e n t  sl rmm ct ’ure w i l l  bo’ s t n m d i c d l  vi sumal I y a ri d w i t h  cic ’ m t s i l y au i d i  vt’  l o c i l y
r n c a s u r e m n e i u t s  to a s sc-- s s  the  d e g r e e  of i r m i p o m t a u m c - c’ of ‘t u c i u  e f f e c t s  fo r
f u r t h e r  t h e cu r e t i c a l  s t u d i e s ,

4 . 1 . 3 Stratified shear flows

M e a s u r e m e n t s of t h e  la m-ge sca le  at -u t - i smal l  sca le  tu r b c .ml e r i ce sI ruc-
tu re , including transport of salt and m’nocnc ’ m-itun -u a c r o s s  ti -ic- sIm ea  r ed  r e g i o n
a s a func Li on of Richardson nu rnbe r and n t  he r p -  ope -i_ I ie s of l i i i ’  ii ow- p m c ’  f i l e  s
will be comnpa -ed with availab le the o i- e lic ’ni ui- rio , ul ti el t ic - c still i- - i l l - it- n i i i —
complete at t h i s  time . TI-ic resuited theor etic -al ass um mu ip l iom mus a no’ a li m t>s t
co n-ipleteb y un te ste d , at-id ve ry few e f f o r t s  a mc’ lim cnicziut In cit rre ti y im’ -ciu dm’
the effects of interactions of t u e ol-gaim izi ’ (l a n d  r an d ttri p a r t s  of the into ’  r n a l
wave f i e ld  and the r e m a i n i ng  tu rbulc ’nt  st r u c t u i - t’ -

‘Time ex p er i me n t a l  stu d y of a 1 c m  r i - m u m  1 cal s l ien  m’ f i t u w  iv i th  a I i t m e a  r m r c m ’ a n
p r c c f i l e  has pr o v e n  to be v e r y  f r u i t f u l  in the  n o n —  s t r a t i f i e d  c a st S  ( C i u a m c m ~uagne
et al . 1970) .  In the uns t r a t i f i ed  case , ti -ic t c  i s  no cha r a c te r i s t i c  length
sca le , and in the asy m p totic state fa r  dow n strc ’a i-n of the orig in of t I m e  sh ea r
J avu ’ r s t h e  t a y l o r  m r t i c r o a c m a l t ’ s  c o r i t i m m m m e  t o  m- i c \v  I nearl y ‘ ‘c c i i  l l m m m u 1 _ mh t u e
rm s v e l o c i t y  f luc tuat ions , R e y n o l d s  s I r e  s s e c - , and u - e l o o ’i t y p i- o f i l i ’  a r e  cot -i —
stan t a c r o s s  and along th e f l o w . W i t h  s t m - a l i f i c a i i , - i m m , an i n i p n r l a i m t  p I- i y s i o :a l

t~j f fe  r en -c i c-c t h a t  nnuv l i m ~’ me i , s  a cha  i - mi c- I  t ’  m i st Ic’ It’ im g th c - c t  mc li ’ , t l u ’-
R i c h ard son ii’ n g t  in , and t h e  dc’ve lopn’mc ’ ni of t i - i c  ur m I Ii’ m m u  s i -ut ’  a m- f l ow  en n I c ’ t’ x —

pe c ted to be r ad i ca l l y al to ret -i b y s t r a t i f i c a t i o n . W i t h  i m u c r e a s e  of turbulence
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scales , bwuyanc y effects in ‘ cmtmn-  mc) a m i u p o r t a n t  f i t  r t int ’ t u r b u l e nc e , and it
nuay be 1-m o s s  ib le  to t - s t a b i i  s i t  a t rue  ~ - -J 1— i- i m - ’ si ’ c- u-i m m g  1] nw  in v i i i c l i  l Im e s c a l es
(to not continue to grow as they do in t i n ’  mu on — sI r a t i f i -d c aSe .  ‘I’ho g m nuvth of
the sca]a r  f l uc tua t ion  i t s e] f  is of i n t e r e s t . Expe  m - i n i e t u t s  in  g r i d  t u r b u l e n c e
with a u n i f o r m , but i-ia~~si~’~~, t e mp er a t u r e  g i - ac l i e t i t  am i d no s h e a r  (\ ‘,‘i skinc l ,
I 962)  show tha t  the t e mp er a t u r e  f lu c t u a t i o n s  c o n t m i n u a ] ]  y i n c r e a s e  in s i z e .
The p roduc t ion  of scalar fluctuations b y ti m e mean t e mp e r a t u r e  g r a d i e n t  f ie ld
(alwa y s posit iu - ’e) is c o n s i d e r a b l y la rge r than the deca y term s fo r  scalar -

f luc tua t ions  - Expe nirnent:al  r e s u l t s  r e l a t i ng  the  pi- e s s u m - c - ve l o c i ty  cc)r r e l a t io n
t e rms  andi ti m e Reyno ld s s t r e s s  t ensor  obtained in the uni f o r m  sluear  f l ow have
been used as j u s t i f i c a t i o n  f o r  model l ing  a s sump tion s fo r  t iuese  t e r m s  in
th eQreti ca l  calculat ions of s t r a t i f i e d  shear  f l c w s , e . g .  L u mley  at-id Klua i eh-
Noun (1974). Neither  Wiskind t s measureme nts nor late r at temp ts to stud y
this t ype of f low have mea suit -ed the crucial f lux  t e rm  n ’ iv ’, the  c o r r e l a t i on
between the u-c r t i ca l  v e l o c i t y and sca la  r I l u e l  < c a l  i c m c m _ ‘l l u i  s c a l l s  f u r  t h e  new
instrumentation d evelop m ent descr ibe r l  in the  fo l ]ouo ’ing i- ma r a g r ap h.

A c o r r c ’ c t t v  f t t r m i i u l m i t c ’c l t l i < ’ ij m - i ’ l i o , i l i m u c t d t - t  m i t u m s t  n E s t - , < h e a l  u v i l i c  t i n ’
rern a rkabb y ‘ubi qu i tous  ab i l i t y of s t r a t i f i c a t i o n  t o  do st m o y  t u r b u l e n c e , uu ’hi ch
a p p a r e n t l y a c co u n t s  for  Il - i c s t r o ng ly i n t o - i  r n -mitt  oc t -it c l - i a  r a c te  r of t u rbu le  i-icc
found in the  ocean .  Ph ys ica l ly ,  turbule nt nui x im ’u g l ay e r s  a re  d e s t r o y e d  by
time s t ab i l i z ing  inf luence  of g r a v i t a t i on  on t !’u e l a r g e s t  sca le  turbulent struc —
ture  s - If thc -i initia l Richardson numbe r’ is sm all , t i -ic  t -urhul e tuce  uvi 11 grow
until ti-ic len gth -i scale s are bargo’ enough lot’ b u t o y a m i c v  to 1-me inipot-tant - then
collapse uvi l l  occuc’ . W in e r eas  f ie ld  obse t -u ’at ioc i s  a no ’ macI c u n d o’ r um m cn c  —

t rol led  and ofte  mu not uvel l  -e n oug lu d on -umn e nI cd c o n u c h i l i o n s , car c’ fuu l l a b o r a tory
cx pe r ime mit s Pc r f o rr n c  d fom - a va r i c t y of uu’i ’ 11 C omit r oIled a rid nut -a  sar i ’  ci c omi t - l i —

t ion s  may  be abic’ to clel .c’ i-ni l nc’ thc’ m i m e c - l i m o i i i  s c u m  by u-h i  c’h (ho ’ ~~i’ loIc r m u u i t i  e m i t
p roces se s  cc)nt ro l  the overal l  flow s t r u c tu r e  and i t s  evo lu t ion .

4. 2 Ins t rume  n t a t i o n  deve loprne nt

T c c h m u i que s e x i s t  fo i- t he  sepa l-ate mn c ’as u r c ’mu -m c n t  of v e l o c i t y ,  to ’mpe ra-
ture , and d e n s i t y. Corrum erc ia l  v e l o c i t y  probe s a m c  r c ’ad i lv  ava i lab le  for ti - ic
measure rne mi t of one or two con ponent s  c - i f  u ’c’ioc il y .  i -loui c- u’c r , tit ’ mc appear
to he no r ep o r t s  ic -u t h -  ope n l i t e r a t u r e  om ‘xpe id n n ’m u t s  wh i c h  h a m - , ’ nn ’a suc ’d ,
s imul taneous l y , vr - loc i tm y  an di dc - i n s i t y  im w m m l ’  1 at a sing - ic’  poim u t  - Such iu ’m e a  sure  —

ments  are nec o - ss a ry  to c ic termimn ’  ti -ic v e r t i c a l  em -ic rm z v am - i c] m om e iu t u t -m -u f luxe s
in st r a t i f i e d  flow .

The double —uv i r e c omiduc ’t  iv i t y  i-c s im il  s w i l l  he c o m uu pa r ’t - l wi t ic I in m i s t ’  of
h u e  s ing le — iv i r t ’  prob e I n do’ t ( ’ u-rn i m e  who’ t h e m .  ( i t 0 ’ re a me a iiy s o- 1 - IC ci s ope i-mm Ii omu a 1
prob lems  in m e a s u r i n g  d y n a m i c  si gmua l s  w i t h - u  t i n -  Iv , n— w i i.e c o n c l u c l i u - i t y c - c e n s o r .
We e x p e c t  tha t  when  the p m n b l c r ~u s  a r c  s u t l u ’ i ’ d , the d I o m m i ) l ( ’ — ui-i re s t ’m u - c o r  u v i h l  1)0’
a si g n i f i c a n t  advance  ove r the u s u a l  s ing le — uv i ro’ c o n d u c t i v i ty  s e m u s o r s  , The
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good l inca  r i ty  a mu di dm1  ft  pm’opo’ ml le s  ‘ i l l  ma In- ( I t  I c-c k im - id t f S i ’  0 5 0) 1 ’  h i  }~i c 1 y
(he s i ra b le  . Tin’ low’ d r i f t  p rope  r t y is pm - t u b a Ny t s sc  u - it  in  1 fo m I lit ’ l o n g  — I c  i-rn
ru tu mu in g t i m es  a m - m t i c i pate d fou r the  w a l e  i t cm nmn’ l o h m ’  r : t tic m cm. T I c t ’  e l i ’c l  mu m u ic
c i r c u i t  m- o ’qu i -i-i ’d to ope r a h t ’  ti’me t u o ’ c m — w i  i~c’ sec ’isoi -  i s  im n l v  s l i gh t l y m m l t - t r o ’
cortup l icaled  t h a n  t h a t  r o ’ q m t i i - c ’ c i f o r  t i t ’ s i m u g l i ’  ui-i re st’ risoi-s a rid is n c t  a
serious proh ien i  - Once ti c ’ double — w i  re se r i so i  is  opc-i i - at  i omua l  , we W i l l
e xp e r i m ’ n em u t  w i t h  o p e r a t i - m u g  l v i ,  or mo no’ c’ ( i m u o l u c t i m - - i l y sm ’n s i ’r s  i n  c lt mc - c i-

— proxim it y - This  i s  do’ si rab It’ fom- mu ic a s-ut rin g i - n i- ic  v t  rn -c di  s l a t - i - ,’ s mu ~m - c~ 11
as the U s u a l  5 pam -c — tj n u t ’ Cu r i - c ’  lat  0 r i 5  u t - it - i 5 I~ 

ti n I g i-a d i c m l  s -

A iueuv p r o b e mv i i i  he d i ( ’\ c ’ i o 1c ( - c i  iii stages . l”ir sl , a c-c i n g h ’  o ’ o i m u l n c n e n t
vel ocit y p robe w i l l  be ope ra ted  in c lo se  p m  o x - h t m l  Lv to a i - oncluctivit y pr o b e  to
determine if there are an y serious el ec t r i c a l  in t e rac t i o iu  e f fe c t s , The con-
duc t iv i t y probe r eq u i r e s  a g round  removed to in f i n i t y so time v e l o c i ty  s t- n s o r
and suppor t  n-iust be ful l y imusu la te c i . The two s e n s o r s  mus t  be c a l i b ra t e d
t o g e t h e r , and the ca l ib ra t ion  wate r tunnel  is essen t ia l  fo r  these  c a li b r a t i o n s
and tes t  p r o c e d u r e s . The small s ize  of the tunnel  p e r m i t s  a rap id change  in
the w a t e r  comucentra t io c-i  (de mu s i t y )  to be made and I l - ic - i  t h er m a l  con t rol  sy s t e m
provides  a rap id re turn  to the des i red  opera t ing  t e m p e r a t u r e. Second , ti -me
tuv o s enso r s  mvi ii  be mounted to gethe r to obtain  op t i m a l  spa t i a l  i -es olu t icuu ,
Finally, if t i m e prev ious  e f f o r t s  prove  s u c c e s sf u l. , the  c o n d u c t i v i ty  s ensor
will be mounted d i rect l y on a two—component ve loc i t y s e n s or . M e a su r en u e m ut
of velocit y and dens i t y in uvater appeal’ s p o t e iu t i a l l y s tr a i g h t f or w a i -c l  acid n - a n y
ideal . That is , the veloci t y and dens i t y s e n s o rs  may be capable of nicasur-
ing each quantit y independ ent l y over su f f i c i en t l y l a i g e  densit y va c - i a t i o t u s  to
be of i n t e r e s t  in s t r a t i f i ed  f low . If a mixed s e n s i t i v i ty does  r e su l t , time
ca l ib ra t ion  procedure  is much more  d i f f i c u l t  but can be handled  by di gi ta l
p rocess ing .

4 . 3 Faci l i ty development

Th e re  have been few at tempts to bui l o l  s t r a t i f i e d , cont inuous  flow ’
wate r tunnels . The most  si g n i f i c a n t  p r o h i en u  is the  cluamuge of the dens ilv
and the veloci ty  pr o f i l e s  with t ime . A co n t r o l  sy s t e m - u i  is m - e qu i  red tm - u make
a continuous fiouv s t ra t i f ied l  tunne l us ’fu l  b y n u a i n t a i i - i i n g  the  m ean d e n s i t y
and veloci ty  p ro f i l e s  constant  to p e r m i t  r e c o r d i ng  s u f f i c i e n t  da ta  fo r  st a t i s t i -
cal si gnif icance . A par t icular  advantage  of cont inuou s op e r a t i o n  om -er  a toni ’
tank sys tem is ti -me ab i l i t y to use  feuver  pr o b e s  in t i n -  e x m n ’r i n - n ’m u t a l  s tu d y.  It
is e x t r em el y d i f f i c u l t  to -u ob ta in  abso lu t e  ca ] i b r a (  i o i m 5  f o r  iu ’u i l t  ip lc ’  i~~’~~

1
~~’s y s t e m s  o f t e n  used  in tow t a n k  ( ‘x p e r u i u n ’m i l s  t o )  r t ’t lu c ’e t h e  m l u m n i ) ( - j- of t i m e s

t h e  ex p e r i m e n t  has  to be rt pt’ato’d to get  s m u f f i  c i t - i - i t  s t a t  i s$ i c a l  s a i t m p l in g  - A
s ing le pi-oho ’ u si’ d to ) t 1 -av t r s t ’  I - I - m o - i  f low ’  is  sith jt ’tct to a h c - c c d t i l i ’  c i ’m n r , lou t t i n t ’
re la t ive  e r r o r  may he g r e a t ly r educed  at - i t - h pc r n u i t  in’cpi’ino ’d d a t  a in  nua mi v
cases , for  i n st a n c e , in the  rn e a s u r e r n c’nt  of v o ’ I o c i t y  am - i t - I  r l e m i s i t y  r ot s  d ec a y
p a r a m e t e r s .

1 3  

-

- ‘t

_ _ __ _ _ _  -



r ‘ 

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

Am -u i dea l  corm t t -ol s y s ( t - n u  we I i i  t ’ ’ t t ’ u c - c j s t  t l  uult ’ as ’mm rc ’nn ’rits ccl m ’t lu
m e  t r i c  flc t ’m v r a t e s  and de m usit y uvhi ch u m - n u m i r l  i c ’  f t - r i  I ’ ’  a n c ’ t o  c - e m i l  p - i t t ’ r s y s —

tern to dc’ te rn u i n e  t ime r o ’qu i  red c l -m a n g e  s i uu ope u - a l l  ml ‘m i d i i  i o n s  - N i cu r io ’  no-in s
coro pl i c a t e d i  i n t e r a c l i o c u s c)ccu m’ . foi  i t i s t u m n c , -  a C h I ; m  m e ’ ’  i i i  ( l ’ ’ m s i t y  u i - i l l  i n t c -  r —
ac t  to son -ic  d egr e t ’ um - i t i t  l i i i ’  v t ) E u n m i - t  u - j o -  f l o w  ‘ , u l t ’  c - c , ,  I l m - , ~ j u t  ‘ m ol t ’ i t o
ta m a c o m - i s t a n t  v o l u u n e h r i c  f l ow i - a t m -  ( r eq u i  r i d  I t t  i t o k l  t i n t ’  t o - s i  s - c l i o u u
ve loc i t y c o n s t a n t ) the f low i ’alm’t ’  npc’ m u i t ’ e  i n i u s t  c l m u m i e m ’  c m  ‘ m d i m g l y .  J Iie
d e n s i t y m u -ill 1-me c o n t r o l l e d  by st ’le cl-ivt ’ ad d itio n a u - it - i  u m - i l l u d r , m v .  - ml  of t I ’ m ’
re tm t r n  uu ’atc m- - Tin’ uvatt r to bc-i added would bt ’ m u - i l  -‘ : , - t l  a s  t’c - o 1u i r ed li-nm
t a n k s  of f r e  si-i uvat c’ r am - i t - I  I - m u - i n c  by sole f l o t i  (I c- , ,n t rc i l  I c t - I  u n  lv i ’s , a l l  n u n  ni —

to m-ed b y t he  ml  c rop  roc( ’ 55Cr . TI -ut - i o oru t ro t  sm sI (‘in w o u l d  hi ’ riot d i  Sc-’  i m n i  la r
to cc-rtai iu type s of p r o c e s s  cont ro ul  in i u uohu i s l  r u m  I p l m m t t  s - Such mu sy s t em -n
could be run  u m u t i l  some l in’u i t i u ’ug c o m n i i t i o m - u i s  r c a c l n -d , such as t i n ’  c a p a c i ty
of the f re  sin wate r am -m d b -i-inc supp ly tanks -

At f i r s t , the s y s t e n u  uv i l l  hi’ m u c i m u u i m u i i y i t p e r m u t t ’ d .  i h - c l i m i n a  u - v i-a m - u s
w i t h  s eve ra l  t ype s of s t i - a t i f i c - a t i o m u  c c t m m f i g u m m - ,n l  i t o - i s  h a y ’ -  e i v t - m - u  t - s l i m i i a l , ’ s  t u f
the mix ing  r a t e  in  t i-ic t u m u m - i c i  without t’xtt ’ i-na 1 alIt-nt 1)1 5 t o  ut (~t i v t ’ l y c o n t r o l
ti -me d e n s i t y and  ve loc i ty pr of i lc ’  s - Si mu I-mid’ n i a h b t ’m i - m a  Ii cal m o d el s  of tin’
t u n n e l ,  supp ly t au iks , ant -I m i x ing  pm’opt’ r t i o ’  5 t - li  s c u m s s e d  i n  Secti  on 3 . 4
i n c o r p o r a t e d  i n  the m i c r op r o c e s s o r  wi l l  pr ou’ ide  an  i n i t i a l  m e a n s  fo r
ad jus t ing  ti-m e flow rate of f r e s h  w a ler  or b r i n e  to c ’ach layc ’ r .

5 . Poss ib le  app licat iocu s

The re a r t - i  a nun— the r of p o s s i b l e  app li c a t i  omu s fo r  w h i c h  lii i  s p r i n i c ’  ct
could suppl y useful cxpc’ i - im e n t a l  i n f o t - n m u t u I  ion  - ‘I’i-ie f t - i l l  o w i n g  i s  a pci r l i a l
l i s t  of pos si l -m l c ’  app l i ca t io cu s r a d i a t i ou  of i u - i t t ’  m c a l  um ’avt ’ f i c ’l d s  f r o m m i  ax i  —

s y rnn i et r i c  b o d it ’  s a n d  mu ’ake s;  t m m r b u l t - u u t  c l i f f u s i o c u  i n  s t r a t i f ie d  f lnuvs ;  grou c,’th
and col lapse of a wake in  a s t r a t i f i e d  fiouv ; d i s h - m c i-si on of p o l i u t t a  u - i t s  b y
turb’uh ’nct -  do n s i ty  cu r t- c mi t s  e stahl ishc’ d f r o m  o u t f a l l s  ; t i u c  sel i-  c t i vc  wi t l i  —

d mau i-al f r o m  a s t r a t i f i e d  ha si m -u . The se a pp l i c a t i o mu s  uvoul d involve a mmt nbe  r
of dif fe  re nt exper i mn e n t a l  a r  r angeme  u - i t s  p o s s i b l e  uvith i mu t i i e  lit ~~i ts  of the
water  channe l  as it is p r e s e n t ly c o n c e i v e d .
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Plate  1 . I~h o t o  of u i - a t ’t ’  t lm nm u ( ’ l c t - c m n p c ’ n~’n t s .  ( a )  P l e x i g l a s  t i ’ s t  ~r c t l o n ,
( ic ) fab r i c a  I i  ouu of h i lt - I  tvm a iii fo ld .
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Veloc i ty

Temperature

- T i rnc ’

Fi gure Z . Veloc i t y and tempe i-at -n r c ’  rc- c’c ) r d .  TI-u i ’ v e loc i ty
- 

- si gnal  shouv s a slouv dcc i-ease as a bubble f o r ms
on the h o t - f i lm  follouvcd by a sudden  i m u cr e a s e  as
the bubble is shed . Even  t h o u g h  t he  t e m p e r a t u r e
t race  is near ly c o n s t a n t , t i - ic  v e l o c i t y s e n s o r  doe s
i-tot r e t u r n  to the ori g inal value af te r t iue bubble

-
‘ uva s s i -med .
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- ‘ Figure 3 . Some pr ope i - t i e s  of (li e t w o — w i  rm ~’ con du c ’t  l u - i  l y se n s o r .

— 
(a )  Co nu p a r i son  of the d i ’g n t ’ c’ of l i r e - a  ritv hu’Iwc,’cii lie,’ sing le

ant -I  d o u b l e — w i  me s e n s o rs , ( h )  vmu m i n t i u ~tu of t in ’  Iwo— w ir e

s e n s o r  with -u lc ’rn pe i-atui r~’ - — re s po n st ’  is l i n e a r  and sluow- s
neg lig ible d r i f t  a f t e r  a t h r e e  hou r P~’ 

r i o t - I .
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APPE” i)lX

Sh a d y Stat’- - M ixiu mp N-led-1

A dc’ t a i l e d  mccdcl fc c u t in ’ m i x i  mi~ w i t i m i  n I l - i c  I t ’ s  I s m - c - t i  oui r cqu i  m l ’ s  t i m e

s o lu t iou - i of t in t ’  full  Nav i c ’  i — Stokes e q u m ; c t  ion s wi t  lu at  l e a s t  simm - i  p it- mode li rue

of ti -me i n u p o r l an t  turb u mle c - ice  t e r m s - ‘i ’iu i s e f f o r t ,  is clea n y  i n ip om -t a n t , but

is t int yet  feasibic ’  - A sim p ler m u - u o d m ’ l  i s  r i ’( J u ir c ’ d fr i  m’ i n i p l e n u e t u t a t i o m i  on

t h e  m i c r o p roc e  s so m - , wh ich will, be ‘used to ni c - i m u i l o i -  (lie de ti s it i c  s of each

layer  and con t ro l  ti -me clut - y cycle  of t iut ’ s o l en o i d  v o l  i -i ’s  w h i c h  im i - Ic  1’ t l t e

flow of fr e  slu wate r and briiu e ic-ito t h e  ui— a lc ’ i l u i m n e l  sy s t em .

The r l c-n s i ty  p rof i le will be s t a t i o m u a r y  in t ime if thc -  d i em - i s it y of each

laye r at the t c - s t  s e c t i c u n  i n l e t  rermlaici s cons tan t. . By m o t u u t o r i n g  t I -ic i t - icc -mm —

i l-m g ant -I o u t g o i ng  d c ’n s i t i e  i c - i  (i-me louv e t u - i ’ servo i  r to u k  at - i t - i  contro l l ing  the

flouv rate s c)f f r e s h  ui -ate i- and in-inc  to  i -me n d t - l e c I  t o  ti ic ’ low-c r t a u u k , we should

be able to bo lt-I the d e ns i t y p i- o f i l e  c o m i s t a n t  at  t i - ic ’  t e s t  sc ’c t iouu i m u l c t .  A

ske tch  of the i e  se rvo i r  t ank  wi th  ti -m e i n p u t s  amid outputs  is sho w -mu in Fi g. B 1 -

We make the fo l lowing a s s u m p t i o n s :  I ) t i n t ’  l-c ’seru’oir  tac u k  is well  m i x e d ,

L 

m e c h a n i c a l  s t i r r i n g  may be rc-qui u-c d t~ a c h i e v e  t h i s  in p r a c t i c e , 2) the

added w a l e  i ( P o )  is c-jibe i- all  Ire Th ( P P
1 

= i - o g /c n -i  
3

) or a l l  i n i  iii ’

p p 1~ 2 g / cm
3

) d ep en d i n g  oi u v l m t ’ t h c ’  u or m i n t  t h e  tamu k dc’mus i lv (w h i c h

is  a l so  tin -  d ’ ’ m s i t y at  t in ’ - t e s t  sec t i o n  j n i c ’ t ,  n . )  i s  above  or l)c- low the

die Si i-cd d e n s i t y ,  3) the u i -ci t e i- l u n m u e l  sy s t e m  ope u ’ at e s  iii c t - t n s l a m m t  vo l umuu c- . 
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T i n t ’  se as simm pt i o n s  c c ’  s im i t i i i  t i e -  I t ’ l l ’  ‘i’; i r ig  n m - I  c m l  -n m i t  i t rt s

kl -m s s -c uns ec -u - a l t mi - . - - ~ Q I - p C~ -- , ( I  I 
~‘ Q ,  ( l i i )

0 c m a , I  u ‘I

V o l u m u m i ’  en cisc r v a t i on  . . -  Q 4- Q Q I 0. - (B  2)
o a (I u

C o m - i s t  a n t  v e l o c i t y - - -  0 = (133)

(volunuc tn  c flouv r a t e )
iii  a m y  l ayc ’  r

Note  that  t i -m is  s y s t e i m u  of e qu a t io n s  a pp l i e s  t o  -“ ither h ut -’ c-a s’’ u i - I - i c - r e  t i - m e

dens i t y is tot -)  low and salt y u i-ate r niust be added or ui-he t-e the  d e u u s i t y  is too

iu i g h and f re s lu  wate r is r e q u i r ed .  Sct lv im u g Ec 1ns Pc i  — 133 for  the  r a t i c  of ihr -

flowrate  to be added to the flowratc of water in (lit - laye i- Q /0. giu ’c ’ s

Q
= j — --

~~
— ( 134)

wine re ~ = C — p . is a quanti t y which  is cuuca  scar ed b y two de ns it y s~’ mi sons

at the appropr i a t e  places  in ti-ic uvater  t u u n m u e l  s y s tem .  De pend ing  on w h e t h e r

the added uvate r is frc’ sin oc- salt :y , t uie i - a t m  c- if t h e  floui’rale s 
~~a

”
~~i 

may

have greatly diffe rent magnitudes. The n&-suIts for Q
1
/Q. are sluown in

Fig. BZ and those for Q /Q. a re  shouviu li -u F ig .  133. Tlue fami ly of c-un -e s

in each fi gur e r e p r e s e n t s  v a r i o u s  values of t i n -  n u i x i m u : z  p a r a m e t e r  ~~o/ o . -

The curve s foi- botlu Fig . B I au - i t - i  Fi g - 112 wou l d  ht ’ i n o re  n( ’a 1-1)- al i k e  i f  ui-c.

uvc ’ re to  np c ’  i-cite the t u m uuuc - 1  about a t t i e o  i i  d1 ’ m i n i  Ii ‘ I f  I - l g / t - m m m , bitt liii ni i v

ruot be d e s i r a b le  s i n ce  the sli g h t ’ ’ s t  i ’v a p n u - z u l i n n  occ i mr i - i u - ie  when  Ih e  u i - a l t - I -

(IC nsit y approac he s ti - me sat u rat ed den sit  V f I - 2 g /cn-i cam cause  a rapid

build up of solid salt parti cle s which i i i  11 I c ’ mud to c l o p  the sI i- a ui’ a nt i  foam-n

L a

—I

_ _ _ _ _ _ _ _ _ _ _  

-

~~



r 
‘ -

~~~~

‘ - - —

~~~~~~~~~~~~ ~~~~~~ 
____ - -

~~

---—-- —

~~~~ 

- —

~~~~~

- --- -

t u r b u l e n c e  r ( ’c l u t c t i o l ’ m t ’ l e i - i i u -  nt S. i i i’ t i n s  i ’ e a s i ) m - u , V t ’  (‘X pt’(’l to ~ I p c - i m i t c ’

mo s t  t ’xp e t ’imu e u m ( s  c l o n c ’ i c c  t ime ’  f i - e s h  u i ’aler  c o n r l m l i o r u . ‘1 i t - us w’ i n ’ mm t i e ’

d e n s i t y at t i m e  t e s t  si ’ct i o r i  i n l c ’ t p .  ~~~ ~ t n m  low ’ ci t - u t - i  s a l t y w a t e r  m u s t  be

at-idled to t h i s  l a yc  - , I h c ’u i  F’i p - 113 shouv s t h a t  t i m e  V t -  l o t  i v ’  - f lm u v r a t t ’  of

salt ( say  at P .  1 . 03 , hp/p. = — 0 . 0 1)  i s  0 /0. = 0 . 0~, , but uvhe u u  I h u e
S i

d e n s i t y  is too hi g in i-my the  same am’)u cu t (~ P In . = 0 . () 1 ) ,  h u e  f i o w i - a t c -  of

f r e s h  watt - ’  r i s  Q
f
/Q. = 0 . 34 . ‘l’he f low r ; u t c ’ of fi- t- s im iv~~l c t r ( - ( i u m i i -t -d i s

much  la rgc ’ r ti - t am - i  t he  f lowratc  for  salt w a t t -’ t a s s u n i i m i _~ ti - i c- s ann ’  n u a gn i t u d e

devia t ion  f r o n t  a d t ’s i r ed  d e n s i ty. T h i s  r ecj i t i  nc- s a ca p a c i h y f o r  n -much

l a r g e r  s to rage  r c ser v o i i - s of f r e s h  wale  r c o m u - u  pa u - i ’d to  thn sc ’  r e c 1uui red fo r

salt  uvate r -

Fi gum re s 132 a u -md 113 n - iay  be ‘used t o  t- n t i n  m a t e  t i u t ’  11 c’uv ma t i ’ s  of f mo t ’  sin

-cu-ate r ant -I b ri  mie wi-u i c -h  ii ’t-nmhi have  be c - u - u  1- e q u mi  u -ed I i )  i m o l d  l i i - de i - i s  i t  v p i o f i  le

s t a t i o n a r y  iii the  old w a t e r  ( i t t - mu - mel  ant - i  tiic ’ r t ’b y a i d  i n  t in -  die s ign  of ti - me cot -i —

t ro l  sys tem for  the neuu- ui-at e -i- t unne l .  An expe i- imec ut :  wa s  run in th e  nit -I

wa te r  tunne l  u s i n g  a bi plane g rid of lucit e rods  ca-i t i m  a n-ic sh It ’ n p l h  of 2 ’’

to de s t roy  ti -me d i s c r e t e  laye r i n g  at t h ( ’  i n i c ’t  t o  t h e  tc ’  n I  s e c t i o n .  Ti - u t -  m t - t n

sp’ -ed of a l l  1 2  l a y e r s  ui-c-i s a p p m - o x i n u a t c ’ i v  ~~ m ’ l ’ f l / t - o - c  ( e n i I ’ c m - m - i i  t - , - h , c H I i-

prof i le ) an t - i  t uc e  u n i f o r m  d e ns i t y g r a d ie n t  ~‘p /  ,. u rn s  -0 , 00 1 ~ 3 c / c m
4

(B r u n l - Vi a s s al a  f r eq u e n c y,  N 1 . 3-I sec 
1

) 11 m m -  d e n s i t y  of t i c - l i  l a y ’ - m- a s

a f - u n c t i o n  of h it -n t -’  is s iu n u vu - i  i m u  F i g .  11-I . We t a n  i’ - i l i i n i I p  t i e ’  m n m m x i m n ’ u m

n -m i x i n g  ra te  h-my u s ing  ti -me slope of laye r I fm - nm - i - u  F ’ic  - 114 , say

3
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3 _ m i n

h 
au - i t - i  a t  I (  c m — s c - c 1 

and a h-st  s e c - l i o n

length of ~ 10 cm. ~ 
p ip

1 
—1 0 ~~

. The vo lum -m u ct  n c  f low ra t e  of each l ay t ’  r

ui-a s about 40 g a l s / n u i u i  (Q. ’t so ti -mat for  a d e n s i t y  n u i x i r i g  i-ma i - a n m c ’t e r

to/p. = - 1 0  ~~, Q /Q. = 7 X 10 fromuu E q i - u  114 g i v i n g  a sa l t  flow r at e  of

about 0. 03 gal/mnin . Thus a 1 00 gal rc t - se rvo i  r t ank  of salt wale  i’ ~vould

last about I i  hour s assuming that  5 l ay e r s  r e q u i r ed  t luis maxinuut-n Ilowrate .

However, if wc- c o n s i d e r  ti -me r a te  of m i x i n g  in laye r 1 1 , s o / - m t +1 - 38

~ 10 g m — c m  
3

— m i i u  auu t - 1 a m i x i n g  p a r a i u i c ’ t - m -  of ~~p/ o . = ~~ 0 ~~, the n

the flow rate of fresh water rc’qui red is Q~ /Q~ 0 . 0 1 f r o m  F qn 114 g i v i ng

a f r e s h -  uvate r flouvrat e of abo u t 0 . 3 g a l / n - i n . A s  su mm im i rig 5 iayc’ i-s i’equi r(’

this flowrate of f re sh  wate r to maintai n c o mu stamu t d ens i t y ,  a s torage

reservoi r  of 300 gals would last 3 . 3 h o u r s .  The s l o r , m g c ’  r e s e r v o i r  for

f resh wa t e r  could be doubled or trip led , but c - l e a  n y  t he  l i m i t i n g  f a c t o r  t , m

the statiom u a ry n,m u - in ing  tim - u - me s is ti -me an-ioun l  of f r e s h  ui-ate r w h i c h  can  be

s tored . Time se es t imate s a i- c’ probably somruc’ uu-lm,u l c on s e  ru -al  i i’ c ’ , but t h ey

serve to i l l u s t r a te  son-i c of the lim i t a t i on  s ( - m u t i - me cc - mm - ut  m l  of a c o n t i n u ou s

flouv s t r a t i f i e d  wate r tunne l .
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whe re o = d e n s i t y

O = vol ’umc-t r ic  [low rate

and the subscr ip t s  decuote :

i = inpu t to ti -me t e s t  sec t ion

o = output f rom tlu e test  se c t i o u u

d = d i scha rge  out of the uva t er  t u mum uel  s y s tem

a = uva t e r added to s y s t em  e i th c  r f for li-c si-i ui-ate r,
or s for salt wate r ( b r i m - i c )

Fi gure 111 . D i a g r a m  of louver m c ’  n m - r v o i  r to rik iuu di c-au rig the  v a i  ous
flo-v~’s int o a mmd out (If tine s y sI i’m -
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Fi gure 112 . Fre si m ut - ~i Ic r f louu ’ rat  C’ r c - q u u i  r ed t o i’e di m c c ’  t int -’ dt-’ c is i  I y ga i ne d
by mixing  to the de s i r ed  t e s t  s e ct i o n  i n l e t  d e ns i t y ~~~ -
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F i gu r c ’  133 . SaIl  w -atc ’  r I l n w m o t c ’  m m q i m i  i e t - 1  t m  i m i c  i - i -cm n t  t i n t ’  d c ’ m s i t y los t by
m i x i ng  to the d e s i r e d h -st  sc’ c- t i on  i np u t  d e n s i t y  o~ -
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