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TNTR0DuCT;.O~

the stv th of ~er nal waves a*~d r~o ted phe~ ometa~

three methods of attack have been : . ~ e~ ed~ tbeo e ~i~a2, a y ~~~

model studies and I eld expa~ &n~ertd The purpos.e of thS .~ rnemorand~n~

~s to disc~iss the ~e~~’1ts of som~ e~~d.&e~ of th~ ~rope of ~~~~ ~~
-;

with regard to th~ ~se in model ~t’~d~.ei . ~~~~ t n~ cal ~~~morand i:;

is intended for ~se a~ !4EL aM by ~ few persons outBide the L~ahor atory,

~~ The two principal ~ypee of rnoci&. studlee made oz planned am~

‘a) a study of the internal wave system :~r a two 4aver ~~~~~ mod&.1,

die to a moving body 0 ~b’~ the dete natiofl of ~~e th~e~~ a! wave n~aking

drag of a bod~ moving in a ~wo4ayer liq~~d sy~ tem~-~,.,.~~ bc’t~i of the se

cases , dinie~ sionaI analyeis ba.z heen *~eed to show that the p~~ l-

mental ~eøi.i.lt~ can be s~aJed if two diznene5o.~1ees t~ietere. r~c~.g

oth a~ e) ,, Ap!p 4 1. exd F2 
~~ p /APgh. a~~ k~pt &~c~~itant . He th~

p t ~nent 1iq~~Ld p~opert&ea that n~i. et be kr own a~~ the ~3er&.t~

of the lower ~Jq~rid iayer~ and ~ p, the difference batweer c1e~ ~~~~~ of

the two liquid. layers F Froude iiumhe~~ ~ ao~”ce ~~ body

velocity. p a~~ eleration due to gravity 0 b ‘t pp.~r ~ave~ th~.:kr es.

Thus o~ e of the pr&n dple propert~s~s of the liquids u e~ tl ~t

the model studies Is the density of the liqti~\d~ The d fere~ 

density appears explicitly, and tM~ di ffe rence m~ et be q ;~~e ~mefl

~~ 001 gmIem3
~i . Renc.~ the d.ene&ties must be measu-c~d ~~~-y

aci ur atelv o~ alec a method that dete ,mir a the diIferer.ce a’~ densit~~s

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ 
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with adequate a~.curacy (~ 5%~ had to be ~~veloped ,, the 3.r tt~~ wee

do~ e~

~,n scaling an exper~.r~e~4 , •.~are m~ st he taken. that nothing

peculiar to the model system is contrary to the hyd.rodvnam~’.

behaviour existing in the large scale,, C’ne s-” h p - J d ~~ ,s

prope rty of ~uterfacial ~uriare ~e~is~or The effect of this pr rtr

on the velocity of propagation of internal waves has been 84~~W ~‘d ~see

reference fl, ~t was decided that f•.nterfaciaJ surface tens ons c~

greater than 1 di~ue!cm could not be tolerated Dete~ gente were eec~

tO suppress interfacial surface tension, Methods were developed to

determine the amount of suppression ..

~ addition to the above fhi~d chara~ t ~eti ca , th ’~re are a

number of other fluid propertieF whi~.h had to be “~o ide~ ed ~~ the

choice of a fluid pair Some have to do with preser’~v[ng the char~~ te~

of the large scale. hvdrodvnami&~ behavi o~t’,, and sonic have to do w~,th

proposed methods of observat~on

Via~ oe~ty shoW.d be low enoug h to make vai~d the as sumption

of lnvisdd beha~l.ou~’. The differen~e ~~~~
. ~~~~~ o:~ ref ra~.t inn ~~

important ~ optical methods fo~ the ~ i~al~~at~an of intc~ r,al wa.ve~ , .

as are clarity &M rolo r . •
~h~ role of dikfus~on ~rp f ~ ~~~ ea 4,  ~~

model studies has been studied., Th~*~~, moderate immis~ ib&lity of

the liquids is de ~~~~~ al though ~c g.ni’ra ’ a* ~oncom n~t.azit of a

degree of ~mm : h .~l4~ ~ a high ~~terf a~-~aJ aur fa re tension The
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liqu~.ds had ~~~~ be safe , ~ , e . to~~~ a~d r~~~~ ~~~~~~~~~~~~~~ .t’7~~

thu ds had to be available i~ large q~ ar.t~~~ 3 at rea~ on~ b1e ~~~~~~~

(qu~ndtiee of 500 ga1.~ and 1500 gaJ.~ were ~~~~ considered for t.~ e

large model tank

AP’” AR.ATUS

Me ureme ,
~~ 

of L~p ,  c , and p

Several methods of measuring d~ n~~ ty and d~~ s~~ d~ifec~~ arC

of the fluids we re considered, One s . ’i method that was ~r’ ed w’~is

the ‘ise of a ~~merc’ial Weet.p~al ~~~~~~~~~~~~~~~ ~~~ gua .nteed ~~~~~

of t~ue balance wa,s ~‘~~~: e~ ffi en~ for the ~~ -d.a of this ~~~~~~~~~~~~~~~~~~~~ Ci’ L

~~~~ wat~ ~~-e ~hc ~~~~ when a~ e~lab1e comn~ei ~

wpre ~~ ed B~ t1,. aluminum ~ud glass ~~~~~ we~’e ‘~~ ‘d . however e~~’b

cort&,ned relatively ~nr~al& volumes and ~~~ubl~ was e~ co’ r ~e ’~ d ~‘orn

evaporaUon and in f~Uing ~.he’ con~.ainers preei~ e1y~. ~~~~~~~~~ ~~fin~ d

pycnometers and. p~ o~:eélu~ es for using them are di rssed in

reference 9,

A. more a~curate m~tbod of dctn~mining the density of fL.tide

(and espe’~ia1ly the diffe rence in density o:~’ two fbti.ds of almost equal

density : is the method of hydrostati ’ w&ghing. TIh~’ r~ethod involves

weighing a bob wk lle ~mmereed ~~ the one and then ~~~~~~~ other of the

two liquids.. A thermaL y stabl e ‘s~~~~ wh ose weight ~ ..u~ uxn , W

and whose volume V. ~~~~ kuow ’~ ~ required. Fo~ ~~~~~~~~~ the

buoyant effect of ~~ r b~ taken ~~i’r ~ . c~.nt .

~~~~~~ 
__1i~ -~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~ —. ~~~~~~~~~~~ ~~~~~~~~~~~
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Tbe factor ~] - “an be neg~ected

L
The following deaeribf*~ a ?ela~~veJy easy way , whic~h

;~~~~~ ir~~s litti e apparatus , of apph~ng the bv’d.rostatic we~.ghing method

L~ ~neaeu.~ e dei~s~ti thfterens e of two liquids a..~ a ñtnction of tempera-

t r t ~~~ ~~~~~~~~~ ~~~ mperatn~~ range of te~ eet included on .y

room teniperatx~re ~a.ri.ations . no eff.~ i. t was made in con~ro1ling the

1~.quid temperatures . The llqw.d temperature was allowed to follow

the room t u p ~ r~~ ~-e and the only effort made was to ~~~~ rateY~

measure the res~’~t~n.g changes. Thus .. these t~ rnperramres we’re *t

uaeqnel intervals.

A glass bob from the rotnme?ci al Westp ha.) ba~~r’ ~ set

was suspended by a I wire in a glass cylinder con~ain~ng the i~qul d

uoder teøt . The weight of this bot in the flui .d was measured with an

analytical haisnce. The temps rat~#re of the liquid was taken ‘.r4 th a

gYass thermometer ,, ~~ Jib r ated to .? 0, 0 2 C . bef or e  and after the

w1~ight read ng S The tempe~ atur : as so’~*ated w~th the w e g bt o the

-
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this~ a ~~~~~~~~~~~ ~.~~ atan t aripe~ atu ’~ bath ~~~er~ *~ w h ’ .b .~oald

actually be pla’L’ed within the b~J.~ne~e case was ern~lo?ed See

figure 4.. Thie assembly,  supported by a -ring stand , is r~arefmlly

placed Withiu the balance so as not to touch the balai~~~ par ’. or ~ta

suppo rts. The ~‘onst~nt temperature water for thin bath assembly

was supp lied fr om a cromme cka.~ thermostat ~ron~rolled eour~ e wLtb.

built In circulating pump ..

The bath assembly details a~e shown in f~.gure ~~ . The

ae~iexnblv , rouetr~cted from copper ‘~ nsints of a. rec~i val~~” inner

cylinde r a F,, plar cd  in a doubl&— walled outei’ cyliv4er , D . These

~~~ cy linders are separated by a w~~e~- j~ ’. k~et , E The double walled

~yltfl d5~’9 D.. r r&ea the m oving wate . - from the thermostat ‘:c t r &~~d

3Os~~~~’E’ after passing th rough ~~~ ~t~lei e~ be.  B,, down and aro~a,i~d a

beli~ aJ eb-eped baffl e and ~-i~e~~ ~o the outlet ~~~~~~~~~ C The’ r~x~ ~~~ 55 S~~ S

e p~- . :~thd bi~ .hb~~ ~~~~~~~~~~~~~ 3 .  h’~ . ‘o~ k .  a. and h~ a

removable Plexig~as top 5 A. The . -‘be ~ in auspended by w~ppor t

WISfS , h,.. the ~~~~ ~d , H. ~~~~~~~~~~~ ~ ‘S~

Two c 3be8 we e- n~~~le fo~- tWe~ bath assembly. 1i~ - uirrt

cube wa s made from iu.s~ ci qs!;i~~ ’ Quart r .~raa used ~~~~~ a mate

because of ita va ~-v low ‘-oeff i~ ~~~ of tb~ rrnaJ exp af lsion

-
~~~~~~~~~~ - 0, ~4 x 10 ~~ / ( ~ ~~

. This r ’~b~ whj.-b had a volum e of app ”-~ c-

roately S cnh’ ~entirneters was suppo - ted by a 0. 004 inch stai. . ess

~tcei wire .. A emai l wire hook was g1~ ed ~rj the qua~ tz (nb c with
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~~~~~~ ~~~~~~~ A - ‘~~‘~ ceri1e7~~. “ ~~~ ~o~4 5~~~”S~ that w~ ~ s~-’d wa-a S

made f’r~~r~~ ~~‘ ‘r~~r~~rn a~~t was app roxi~-n&t~.ty 3~ r~ubir ~~~~~~~ 
.
~~~~~~~~~~ • ) G ~

~ vol~une Tk: t~ ~~~~~ w~~ ~~~~~~~ ~ ,th  ~Lazninar x- . ~OO” poY ( eth~ re

paint b c  p~ c e~~~ni~ ~ c m  thør i~cp ñds ~r be tested,,

S 

~~1~’5~~’ ~ ‘ & ~~ r . ’ p~~~. b~Ut ’ P  was teed to ‘ € • 5~~ ~i S ~~ ~1~~~~S ?  r~~’ r~

S The ~~~~ ~~ Us~’ ~~~~~~~ was ~~J O ,V~~s~~~ to ‘~m~ ’~ to ~~~~~~~~~~~ at ~br~

dc’r- . .t~ed ~~~~~ :~~~‘i~~e while 5 1S~~~~~~ a t l i r ed  Thc~ Plex~’.glas U~p was

~~ place a.rd ~~~~~~~~~ 
~~~~~~ ~~~~~~~~~~ ~~~~ wa~ p3aced -~~~)d~ ~hr- ba~an~ e

~~~~~ ‘fl ~~ b~ la~’ ~~~~~ ~~~ zeroed ~x~d ~k’~ ~‘ ~~~~~~~~~~ 
5 ( ~~ f~ 

.
~ ~~d The

wP~~ }t  øt ~~be w~~ ~~~~~~~~~ f~~
. Lrd ~~ ~;~;p~~ v’r~ di~

. —‘- u’d.

a~td ~:h’~ b~~~r -~ ~~ 7-o re ’-heck~j d Afte~ ~~‘ 
:-~c~v ,~ ~~~ ~~-r~ h -~ ~ in

~~~ ~~~~~~~~ &~aae , ~he r~~p~~~~. t ’~~-~ ‘~~~ 
‘
~~~~‘~ ~~ç~’ d ~~~~~~~~ ‘~~~h~~ ked i~~. a

as 
~~~~~~~~~

. 
~ pe’~~~ed two r~ c. t~ui~~a ~rd ~i’e ~~~~~~~~ ~~~~

w -~ 1.!.80d f o r  ca 1 .-~ :~at~ -~~~ ~ h ’~ w€~ g L~P ~~~~ ~ • ~~~~ ~~~~~~~~~~ t~

s~~ne s~ ppo’-~ wi,-p . wa s ther~ f~ t z ~4 ~~~~~ & :5~~i~~~ th5~ 7jfls:-~~~~, we’~~h

the cube i~ th~ serond liquid at the ~~~~ t n p ~ ~~~~ ~~ e ‘)
~~~ d s ~~

differe nce was ~a!r~~ated ns~ng f • ~~~3~ 7

5 .-t*~rfa c&al Ten~~~n M . e ~treme~ t

‘$‘~~~~rr  a~’e x’ 75
~~&r , j  th~ da ia~lahl~ h~~ ~~~ m ,~~~~~~-eme--S f  c~’

~‘ .~~~are and ~~te ~~ .~C ~~~~~~~ See ~~~~~~~~~~~~~~ 4 . 3 ~~d 6 S’e.t

~~~~~ s 5~~Ø ‘:~~r. ~ c’ ~~~~~~~~ 
,S~~.3 bi. th~’ ~~~~ xnethc~d . fl. ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~

d -  . p  we~~~~~ i i .~iho~~ ~~~~. 
~~~~~ gI~ r~ -~th~d pe~~d~nt drop me~bod

- ~ ~ p~ -’ rne~ ’ .d. SF.t~~~ ~ ri~ ~~~ f~Jn-~ h~~’,-r -. ~~-~
j
~ .al and hor ont.al ;~
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~ ~~ ~~~~~~~~~~~ ~~ H~~j~’e~~’ ‘~~ both ~ t hese me~I~c’de
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~~M fo rr r j,.~~ aYowls: acd will ~~~~ eeJ~~’ d’-~~~ 
- ~ ~~~“,~~5 r (rerxi the ~~ ~.p d ~aJl

to the ~~.-~tcu-~ ‘1~~ conta r ’~~~
s ~~~S 3~~ 6h . .~ Keow~~g the volunie

~ d~ op. the dens~t~ d3f ~’ “tn . ~ ~~~~~v”~~~’ pbases ,, ind • ‘er~a ’ r

~~~~~~~~~~~~~ the ter fa~,~~~l ‘r~~~~~o ma~ i- ’ Tb~ b ~~~~~

ti~he shown ~~‘ f’tgv.~’- es 6 t  a~ d 6~; h lde “he ru~3-~~ dense ~~~~~ acd ai~~’

provides ax~ e~~~~ w~~~ of ~~~~ ~~~ ‘1~ volume u ’f th~ drop Ti- s

~~~~~~~~ wh e~* ~h-~ dro p tea~ a i~way fro ~n ~~~ t .p prov~deø a

p~~
’r~t ~o take b- ~~~ ~~~~~~~~~ A z e a ~ ~ seve~’aJ d~-~ ps ~ ~aker if ~~

dr op volume ~n small r~~- dro ps i~~~~ ~t hs ’ fo~ ni~ d ~ t a v~~’~~ s~~’v~ r5te

tiauath’ .~~ fo~-rnat~on t.- rn ”~ of 5 to 10 m~r~.J ’~s ~s slow er r uA gh ‘
~~~)
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where r , ~~~t~~~’ S.’tt ~~~
’.~~~~~j  t sio~. dv~’es I~ ~~

V -~~ \‘t) l ’n~ oJ drop ~~~~

P~ Ders~~”— diffe rence between i r .w.~d~ obta ined i~n

hydroetat~c. weigM~ g method .~grf ls / .rn 3
J,

g Ace ieration d~ e ~~ g rav~.t~’ ~mnIse~ ‘~

Radius of tip ~~~~

I ~
— Co ’e~ tion factor given as a f’~~~-~~c~ of ‘

~

Re~-i~L~~ ~-~~d Er,~ors

Ma;~~ resul t s ha~~~ been obtaIned with liquids ~~~‘ ; 3~~~~ as

euzene , several at iciners and ina~~~~ n~ ~~i Addi.t5~ves to t~:~

water phase have included wetting agents su-’h as Naconuol ~~~

Aerossi OT, sodium hyd.rcxide ,. Unoz , Firewarer , and Alc onox A

f ew t~~~cal results are ah~ wn in Table I. Here the top and boLtc~ rL

liquids are shown , al ong with the ~empe.’atvre and the ‘;~J~~ - g  d’-r s~tv

di~f e v ~ -~ a.o(J te.~~~cia3.. t sinx~. Some of the results that ar~ he

pl tted ar e ehow~ in ~gn~~ s ~ . 7. and ~~~~~~~~~~~~~ ~‘c ~h figures 3 a’~d 7

the densit’~’ dii’fe r~-~ e as ~ ~~~~~~~~~~~~~~~~~~ of r r ~~~~ -” ~a ~howr~ whr . Y r  ~n

f~~ ii~~e 7 , the ~r te~- f a ; a i  ~. cr. s~.ou ~‘6 also plot~~~ as a fu,uctior c~t
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~~~~ cn-~. , t h .:. ~~~~~~~~~ ei-r~ r s  -~. U  be Ie .~ tb,an ~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~ ~;i ~~~~~~ ~~~~~~~

~~ ¶;~i~ d:~o~ ‘~ eigh. ~ute ’ ~‘~‘~~~I t~ns~on m ethod were

.~~~~~ v &‘~~~ ~O the volu me z~”i~. ,’ ~ - .1 r~~t eM s~f the ~ fc2s.  For the

•~~~~~~ I~~r i~~~p~ a ~~~~~~ ~~ r-~ ’ge 3 4 ~~ l~i. be used to give mor e ~~~~ . ‘ ‘ k r ~~ tC

~~e readin gs. The ~~~~~~~~ : f t 3~ checked h-~ finding the surface

tru~~ic’~ of d~~~~i~ d water aga~est air . ‘~. 0 3% erroi ’ reo~~Lted as

- .~~~~~ .red ~ ‘~~ h ~ ci~eptod sta.r~dard - ‘ab - ’e~ , The esth~izted p~obab~.e

i-rcr iu the :.nt~~ fa ~il t~~~~~c~- rne~ . ‘ men~s of £~gu~’e 7 ;~ ~ 3%.

The .:har~ge ~o density d3,ffe~~-~ ’ e ~ietween the two ~.5q~~dr

with reapeat to t~ mpeva~ure ~ai: ha relativeh:- J.arge.. For example .

~~~~ fi g~rce 7 , ~ -~e slope of tha strai ght l:r.~ dr3wn through the points

i~ 0. 00060 gin per cm ’s per C , ThSi~ a.~ reea well wit-h a ~~~ ‘~)at ed

ralue of Ci . 000(~ gins per emn~ p c ’  C based on the ~oe1f ’c~ ente of

therirral expansion of the p stb~~~er ~g~ rer rr~ manufacturer  and

of pa re water ,‘th~ ~-.-~ effic~.ex~t of expansion o~ the Aleonox solution

S 
was aB~ 3.Ufled lo be the same as f r r  pura~ wate -r~,,

This meansD in ~~~~~~~~~~~~~~~~~~ that ~f sma.!.1 initini. valus~s of

d e nsity d~ff ~~~”~ . e are desired in the model tanks,. ft may be

necessary to provide some room tempe~.-a~.~~i”  control ~f the

t.a mnperature was lowe~’ed , the density d~fferenr - e would also go down

- and cowid ?.‘. s t~ aJ.~s reach rer~ . cave~ng ~‘ t~ bcJ~tv and pos~~bie
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~~~ d’:~~~- would Serv e ~.S a ~~~t- ’ an~ct the r~i~i t’i t ~~~~~~~~~~~~ ot the

S two 1i~ uids ~ou~d be c omputed sixnpI~ by ~~viding ~h s  wei ght of the

~iu th~’- se~’ond f’l~~.i C’~/ the ~Oi’~rr~ of tb.e drop.

- 

Table 1 -- Tvpica t Den~ it~’ ~ iffe rex~ce ~p ’ - p~ and ~nterfa l’, ia1 Tei~sion
!~es,~i~~ 15 5 ~) ‘5 eflC

2. Pu re water
3~ GP233 P 1aer ,~~~~~~~er

4~ Adipol,. D~ - so- butyl Adipa te Pie st~”i7 er
5. “I)elex 1. ” Di-But4 ’-E thyl .Ad pate

6, 1,, 0% by we~-ght NaQN solution
7~. 1 ., 0% by vM’~me “Unox~’ solvtion
8 10% b’y ~oh*me “Ur~ox” solution
9,, 1,, 0~~ “Firewa ter ” soluilon

10. 0, 1% by weight Nacomzol NR soiut ;:Son

Top bottom Temp, Density Difference ~ terfacta1 Tension
Liq~-~M Liquid ( C ~ ~g i n e f .~rn~

1 2 l9.. O  0, 1181 33 . 6

3 2 23 .  8 0 .~ 0767 22 4

4 2 24,7 0,0~ 0l z o c

5 2 23 .0  0.. 0041 J 4 . 4

5 7 25.5 0 0 0064 c .o

8 25 ,0 0. 0144 2 ,2

c q 25 .0 0 0056 5 . 6

5 10 2 1 .9  0.. 0040 3 . 2
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