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A?PLICA'rrON OF THE A'r\.ALOGY By,.rvn~}j~N HJ.TEn FLOW lHTH 

A FPJ];E SURFACE AND TWO-Dn.'IENSI ON.AL 

COHPRESSIBLE GAB FI,OW 

By iI. J 8mefl 0)~lin7 Norman J. Lindnol", 
a.lJ.c. Jaclc G. Bi tte2~ly 

The thOO:C~T of the hydl"auliG b.ll!1~tOGY , Unt ie, tbo enDlo{~y 
betw'ecn v;ator ::'10'1';1 with a :2'80 8-;;,,;,'f.:1C(; and.. blo-din:.Ollrional corerrrcGsible 
gas flml, ru:d.the limi tatL;ns anJ condit,ions of the [.nal o8':'- are 
discnssed.. . A test was n;n 1.,~~i~.r:-G tnt.. h;vc.ra'.'lic 8nuJ..()€y as nprlicd 
t.-:> the 1'lc1-7 about c ircul2.l' cylind,t..>rs of Var~01.:8 di81:lotf 1:'S at subsonic 
veJ oci ties extendtng in ~o the su-gcrcl' i tical rw..g(; . '1'h0 appB~·E.ti.lG UJ.ld 
techniques ~sed in t;his appl:!.cat:i.on are doscribuc. ene. crit.Icizod. 
Reu8011ably sa.tlsf[;.cto1'y ag...·c(;l..'leni.i of p~'eS31.:.re OifJtributionG and 
flow fields ex~.sted betiToen 'tl<.?tel' 8..T1n. air f l ::n-l about corrc8:poncling 
bodias . This 8,£1'eCIDt1nt indicated tho possi'bilitZ· o.~· eztending 
cxp6rimontal comprcosi bil i ty resec.:cch by rlGW Lotl1odn . 

HITRODUCTION 

.A.n El,nc..logy oxists bE-twc.en vlater f l ow 101'1 t Il a freo our 'face and. 
two - (limcnslor18l compresoi blc gae flmr ( lIyd:L'aulic e:lwogy- ). 'l'he 
watpl" must f lol! oyor a mD.oot;h ho~i z'JntaJ. stlrfac0 bOVl1dod by 
vE-rtical wallo aeometricaJ.ly sirni1a:c t'J the wCllls bouncliI1 ... q the 
corresponr::'iI1€ comprcs~d ble gas f l ow . 

The mathemaLf.:aJ. basis of this .b..;rdJ:'au~i(! anaJ.o(;;r 'ivas presented. 
by RiEtbo lch~.nsky 5.n reference 1 , in vrhich he also descrH)(3o. his 
e.pparatu0 for invostigat.ing t .. 18 f1m1 in a LevaJ. nozzle. In 
referenco 2 , he extended the theory .to include a..r.!::.tS considerations 
an<i outl ined the probable u['el'ulnes~3 of th!3 b;:,rdraulic analo€!.'f . 
Biilllie and Hooker, in referonce 3 J obtained .. survoys alon.,! the 
center l ine of e. channel with D. c(;nstriction . B:r employ.ing t he 
chaxa{~teri sties method to calculat.e acc'\..U' ately the flovl j,rl a Lavel 
noz zle , llroiswo:rk , in roference 4, demonetrated conclusively that 
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the methods of gas dynamics can be applied. to i·,de:.' flow with a 
free surface. 

The National Advisory Comnittee for Ael~onautics became interested 
in the hyd:caulic analogy because it secme0. an easy and. i!1.ex:pensi ve 
i.,8Y of studying t"lO - dimensiona1 compressible cas flow; in partic1)~ar , 
:..:>henolllena occ1Jrring in air at s)ceds too high for visual observations 
cou~d be observed at vel~y 1m·, speeds (3 or i~ f~)s ) in a water chrumel . 
Preliminary investigations ,.,ere made in the La.ncley tank no · 1 , 
I-I'here difficulty \1i th the vertical accelerations - assumed negliglbly 
small in the analogy - ,·ras eXferienced. 

A ",ater channel was designed and const~ ... uctecl in the Langl ey 8 - foot 
high-speed tUlmel in the s{'ring of 1940. The che.nnel i-,as so 
constructed. that flO1-T 1'ie10.8 involving both subsonic and supersonic 
velocities about aerodynamic bodies cou~d be investigated . The 
value of the ar-alogy in such flOiv fields has not. been :;;>reviously 
demonstrated. The develo:Qnent of the meaS1.1.:,:inC a):.w:ratus and 
techniques is prese~ted herein. The allplicaCion 0:':" the analogy to 
flolTS through nozzles anc1. about circular cJ'lincle:.'s at subsonic 
velocities extending into the su:percri tical :.'an::;e is also presEmted. 

SYHBOLS 

cp sllecific heat at constant preSSlITO 

Cv specific heat at constant vol ume 

)' adiabat i c gas constant , ratio of c,) to Cv of gas 

T 

p 

h 

q 

(J 

p 

absolute temperature o~ gas 

mass denSity of gas 

pressure of gas 

enthalpy 01' total heat content 

dyn31llic pressure of gas (~pv~) 
surface tension of liqui d 

presoure coefficient (
P2 

q 

viscosity of l i quid 

_~J 
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Il 8pood of sound in SIlS ( Ii!) 
V vc.l::Jc::' ty of fli')~r 

d vrater dopth 

1·1ach munbc:::', Gtr oem 
,- 'T V 
( .!. . for (:,G.s ; -I..-d 
\ .C:'. \I f., 

valuG unl ess 
1'0:'-' v:.tte.L\ 

) 

oth(;l'\'licC' inu.icatod 

g .3.Gc01crnt.ion of 81't::ri ty 

Fe cor:l:prossnilit~' fa.ctor 

x, y rectangul ar coordinato GJeO::; 

U, v cOl11ponencs of vcl oGi ty in x mel y dil:'octionq, ::::'especti vol y 

¢ v6locit;r potEmtio.l in b·TO - clim(;~18ionn.l :Pl oo;, 

A. ,,,a've l ength of sur:t'a~;e 1-raVes in f l uid. 

U vulocity of propo.eation of surfaco YTc..vO;~ ill fll:id 

D dlemetol' of circular cylinder 

Reynolc.s numbeY' (~~~) 
fl / 

c:r..[;ular m.cG.3v.X'cment cloclnrir8 c.bout cy1:'11(1.cl"' ; :).'(. l:rtCt'7l1ut1on 
poin ~ , e = 0° 

Subscris>i.:s : 

No suuscript 

o 

st 

7. 

1, 2 

max 

any vcluo of var'iabl~J 

valuo a~ stagn~ti on (V = 0) 

value :'0J.~ complet.( l y un(lis(.uruoci. stD:':;i condi···.ions ) 
no flow' 1n chrull1el 

l ocal valuo of variable; nll.uo nt mu'f'ace of modul, 
at channel 1'lE.lls , or in fieJ.d of 1~10i1 

val.ue in undistuxbed. stream 

UDj' two v~ues of VEQ'}ablo 

maximum value of variable 

3 
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cr 

x 

y 
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cri tical v a l ue of variabl e , vallle at "IThich 
Mach number of 1 is re~cheQ at Gome yoint 
in flmT 

parF derivative wich respect to x 

eXCllnpl e : ~l ::: 211 . rl. ::: c,2j ) 
'P.- '" 'Pxx ... 2 

.A. ox d:: 

partial deri7ative i·Tith res}ec'c to y 

THEORY 

The following is a condensation of the theo:..'Y end mathematical 
clevel ollment of tlle l1ydraulic enal.c~r as g:i.ven b? :;::~ei8Yle!'k (I'eterenee 4). 

TvlO assumptions are made in the mcbh011atical clevelopment : 

(1) 'rIle flmT is ilTotational . 

(2 ) The vertical nccC'~ el'eticns at tl1e fTee sl.::face are neg1 i{;ible 
c ompared to the accele:::'Q-t. · <'-11 of [ravi ty . The :;:;.'esC1.ll.'O in t:le fluid 
at any point t.b.erefo:re do])ends only on the heisht O:l '::;he free surface 
above that point . 

Tho analogy between the flal-' of ivater vTi tIl fl'ee surface and the 
:fl o,", 0:: a ccm.Ilressi ble sas may be obtaineo. by se'cting up the enerGY 
oqua.ti ::ms for each . 1rcm the enerry eQuation :lo:,,' Hater} the 
velocicy is 

(la) 

and 

(Ib ) 

'1'he corresponc.i ng equation for the velocity of a cas is 

(2a) 

and. 

(2b) 
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Thercfore , if the ratj 0 

for vater , 

or 

f or gas is equated to 

:: l~o_-~ 
rp 
~o - -----

h ,) '1'0 

cl T 
= -.-

r' T 1.0 0 

The equation of continu:!.t;'l for ,vG Ger :i s 

o( vet) 

oy = 0 

The cont:! nui ty eCluat .ion fo:-" t,?o-dim.en Gionnl Ca;J f l m, is 

From c9..'.Hlti ons ( 4) n...'1.d (5), a furthor c.on(l:i.tlon ~'or tho ancllo£:'{ 
!:Kl~r 1.10 dcr-i voa 

O. P = .. _-

Since fr:c adiabatic ~,scnt:!:oy1c :flow i n tho GUs 

--±-
! T ',7-1 = I - -

Po \To.l 

an(l f:l).nee , in the en.::J.ocr , from 0Clue.tionc (3) <mel. ( 6) 

p cl 'r 
=--

d fT1 

Po 0 - 0 

them 1 

T =(~ fl . 
l' ,To 0 , 

(5) 

( 6) 
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BIlrJ .. , therefore , the analogy req.uires that r ·- 2 .0 . 

From the :::'elation 

p ( \ r .- ~o) P:J 

it Il'.la;j: be seen, s :ince y = 2 . 0 , that 

( (3 ) 

The velocity potentiaJ .. for ,.rater j.e given by the equation 

and t he correspondinc equat.ion f'CI' n gas i s 

(10 ) 

From equations (9) a.T).d (10) , the veloc :Lty v/?.d. j .. n t he liCi.u:i.d 
fl o'VT i s seem to cor:;"8sj,1or.d to the 7elocity of sound. in gas flow'. 
In 8. S'.l.D2ey-'uent sect.ion entitled "DisGussion," the vaJxc of ygd 
is 2hc.,m to be t he vcloc:L'cy of pr098.gation of m)xface \ i;.;.ve,'J , the 
,v:::':~/8 lenGths of "Thich are large in compur i son t o the ,rat.e:!:' (lop'Ch . 

Tl:e ~.'atio of 
V 

\/ga. 
in t he liquid. fl ow cOl~.;:espOnu.8 to t h e Ma8h 

V 
nt1.mbe:.' - a in t he Gas f l ow. 

If the velocity of tho Equi d. flOi·r is l e s s than Ijed (1.1 < 1), 
the ",rater- is s aid to bo "streaming ." I f J,:,ne vel ocity of li'luid 
flo,,, ill g.reater tha.T). Ijgd. (M > 1) J the water j, s said to be 
II sl'!ooting . " 
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In shooting >Jeter tU'lcl..er certain concU.tionG, the velocity of the 
:E'lmv may stronr1y deCl'0f.!.8.e f'OT short distances and the clepth may 
increase. 1m u.Ylsteaciy motion of this type is called a hydraulic 
jump . IVdrauli c jumps of small i nteru:i t y are propa8B,ted with 
the veloc:L'l:..y I./Sd. 

The analory may be summe...r izec. as 1'ol101.,s: 

Sil.~:n,i:!:~icant quem-tities 
o.nd ehart:eteristies 
of two - dii11ension81 

comp:r'essi ble gas f lmv, 
1= 2 

Denai ty ratio , .0_, 
Po 

Corresponding vaJ_tl.es 
i n £l!'..alOgOi.1S 

liquid flo,,~ 

~lat el'-depth ratio ) ,ri , 
~ 
(.0 

Hater-depth ratio, i.L. 
clo 

ProeS1-ue r at ].' 0, (' (CL
i
' \).,2 8quc:·.re 0:(' we.Ger-(lepth 

., 0 

Ve1ocit;y of sound, a =/~2 

Mach number Y.. 
J a 

Subsonic f l ow 

SU.9orsonic fl0" 

E;hock WaiTe 

Wave veloei ty , P 
V 118,ch munber J _. ;-~ 

\I {Xc. 

Streaming wate::' 

ShootinG .Tater 

P,yd.raullc jump 

The Mach m1I1lbe~(s in the l :l.quid flovl lD.CliV easil3' be computed. 
If equation (18.) is substituted ill the expression for stream. 
Nach number 

1.11 = ---, 

the expression becomes 

1/2 
(li:>a) 
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'l'he points for H::: 1 are l ocated_ ",,-here the depth is tW'o-thirds of 
the J"otal head as i::J eRsily verified. fl'O)ll e'luat:Lon (12a) . 'rhe 
local M~tch numbers are com.puted from 

The pressuro coefficien:';, a significm:.t 'luar!ti ty 

Pl Tf' (:l .... \-gas 1:'1 ow, may be com~lV:ted. for liCluicl flow . _. lL.) 
in the expression foX' pre8sv:!.~e coefficlent' for 

P2 

the expression bGc~es 

For a cOI!l.pross::' ble gas 

Fe " r:lg2 [(1 ?' - 1 
+-----

2 

I 
\/ -1 

M ~ } 
s J 

( l r - \ c. b) 

in compressibl e 

is substi t'..Ttecl 

an.d. with / = 2.0 , as re'luirec.. by the hydraulic anelo£.y , the 
compressibility factor is exactly 

1 2 
F,.. -- 1 + TMe. 

v 4 --

When the analcgy is applied to tho study of air flow', accurate 
CluantHatiye results \.,ill not be obtained because , for strict 
a@"eement between water flm., and gas flm" / ml'.st eq uDl 2 . 0 , 
whereas for air /' is 1.4 . The relation betvreen pressure ratio and 
l ocal Mach 1l1.lL1ber for the two valUGS of / is shmm in figure 1 . 
A given press1..Lre ratio corresponds to a higher He.ch nV!llber in air 
tha.D in the fictitious Gas vrith /'::: 2.0. The cOYl"esponding depth 
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ro.tios di do shovm in figuro 1 arc eCll:"o.l to the GQ.llo.:;"O root of 

the pressure ~catios fOl' Y = 2.0. With 0. given s'c,:;.'ewn HLch nv.mboJ-' , 
tho o.bsolute val'-'.e of the critical F,·oss1..'.l~e coefficient (fir; . 2) 
is lovror in o.ir than in the ges uith y = 2 . 0. T.le dj.fferences 
are not very lm'{'G) houcvor, <:ond the flo"r )hcnoI:lcnc.. obsorvec. in 
the Vo.tOi: flO1., should be qu0.1i tllti vely the surne 2.S -Chose OCClIT'l'- inS 
in the tvro-dimensiono.l compressible flow 0: ni:: . 

APPARNl'US 

Tho tests .... Tore conducted in the verticc.l ) :,:c'~L'I-n-flov .... ratel" 
channel ""Thich vTD.S desiGned and constructeo. in ';:'110 Lc.nsley 8-foot 
hieh - s!,eed tunnel . FiGure 3 shoils the flov ci:'cl~H, o.nd plan vie .... r 
of the free -vrnter surfaco end aleo the ori:(1ce locations of tho 
\later channel . A motor-c:u:i v(;n ::!ro?}ollor of l··foo'c (~.i urneter fOl'ces 
tre vTater into the €x:9c.nding seetlon o.nd th':-01..'-~:l 0. f:ereen into a 
lm'Ge quieting section. The fhud is accele:.'e.coc. in tho convergent 
Bec tion end flolTs thr01)Eh the test section Q"1mz,c_··eCll1 to the propeller 
so that continuous flovT is meintained. '1'1:e tes:" section could be 
replaced by the nozzles ohovm in figm'es ):. ( 0. ) to ):.(c). 'rho sho.:!?e 
of the channel tes G section is Given for com)a:..'i::'on in figUJ.'o 4( d) . 
The entire floo~{' of tho entro.nce cone Dml test ocction j.s horizontEll 
excej,lt for the diffusel' v'Thich has a 1 0 slo:.)e . :''''0:''' a static de:Jth 
of 1.5 inches, the maxim1..1Il1 volume f lovr i s a:'y:.'ro;:ime-tely 540 cubic 
inches per sceond and tho povel' required is 1/10 ho:.'sepo,·rer. 

vTater depths at points i n the test section "0:,:0 obtained with 
the survey equipment shovm in figm'es 5 and. 6. f. block on .Thieh 
vras mo mted n vertical shaft tipped "Tith a. fine 'ITio:e probe (0. 030··inch 
diameter') could be mov-ed. both parallel and. T)e:,~'·)enC.icular to the 
channel axis . 'l'he probe \-Tas cQ.!.1ab1e of 2~-inci1 ve:.:tical travel con
tinuously measm'able 'oy a stando.rd. rnicromE''Ce:..' -Co the neal'est one -ho.lf 
thousandth of an inch. A small neon lam}) \Tas mot'1l-ced in series .vi th 
the insulaLed probe and the water to provici.e a ::.;osit:lve ni Gn of con
tact behreen the probe and '\-Tate1" level . 

A similar micyemeter unit , movablc alone a single fixed rail , 
vas located. upstream alone the flooy cente:.' line to meam.ll"C total 
head. Viater depths could also be measured. 1>y stacic Ol'ifices on 
the channel ,·ralls end alonG the floor . Each O1:::':;'-ice ilas cOl:nected 
by a valve to a cornm.on s".Jmp and burette . By o: ier1inc onJ.y one valve 
at a time J individual pressures could be obtaineci. in the burette by 
means of a verniel' heicht gase fitted 1-,ith a llci::line mirror sj,ght. 
The locations of these 01'if1ces ar6 shmm in f::'[;l'..:..'e =, . 
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Photoera?hs and motion pictures of the free s lrrface could be 
obtaj.ned by CBllle:-as mounted abovo the test sodion . .A Strobc-lux 
and ~)trobotac were used as the SO"l.1rce of illumin2.tion. A circlliar 
gless pI s,t e , fitted j.nt.o the center of' the £'1001' of t he test section, 
permitted illumination of the water su:cf'aces from below. 

METHODS 

The t'vo-dimensional models 'fere mounted at the center 0:1:' the 
glass plate , one end flush ,-rith the plate and the other end extending 
above the ,'Tater SW'.:'E'.C0 . O:c ificec vTere drJ.11cd In the model a 
fj,xed distance above the glass plate and n O::1ilDl to the model su:cface . 

From t.1Je theo:cy of the h:illra1/.l ic ~n&loC:j , it i s r0adil y seen 
thc:t aCC1'.Tate meaE1').Tcments must be mad.e of 'eile oiepths in all 
measurable pointo in thE! ch8l1J."'1.el. 1"01' ea('h opcl'atiI1[; speed two 
readings were uS1.w.lly obtain80. for each (luta point: one by ehe 
bm'etto ar..d the other by the sUJ:vey C6.i'riaco . 1'he ourotte rc.,ading, 
b;-{ mC2JlS of the hairlino siGht and. vernier, Gould 1)(; td(on aD 
Quickly or as often as nece8s e:.r~" wi th01~t ai.'fectiIlb stream cond5.tions; 
'..rhE.reas , becmwc of the form&tion of capillary lillQ s·~Q.T1ding ,faves, tho 
surfuce probe l'eUdi1l6 was good only at tho i::1StCIlt tho p:2obe touched 
t~1e l·lL-ter . This effoct l,as not serioiJ.8 at 1 0c.:::l su::!orson::'c spoeds e.s 
tho stancUng wavos 'lGrc then UIlablo to ID:)VC Ulls'crcwn from. tho point 
of "Tuter contact . IIhon the distv.rbp.ncc WJ.C r(;movoG. by brc;~inG 
contact with the "rater f31.,U'faco , original strewn concli ti.ons "iero 
restored in about 10 seconds, ut v7hich t ime o.notho:::' roading could. 
bo marIo . 

The micrometer unit movable along a sin('le f::'xcd rail mcasm'ei 
tho depth at the u.pstroam positions and the doptLs L.t the first 
pressure o::.~ifice on the chwJ1el center line . From continuity 
consJ.derations , the total head 

0.1 - d,s 

~ -(~) (~~f 
(14) 

where b is the breadth of tl-:.e chrumel ancl subscri:9t 1 refers to 
the etation at the f irst orince on the center line . The stream 
dopth .:'" viae; measured suffiCiently far allead in the teet section 
to be ll11af fected by the presence oi' the model . The total head, 
hO'\Tovcr , cou~d be m.easUl'ed directly by the upstream micrometer in 
the vicini t;r of t he boundary wall at the uJ?stream end. (fig . j ) . The 

J 
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u.pstl'eam mic:,'ometo-;.' .. ras calibrated against the tost - 3(;ction survey 
:p':"obe before each run . .P']'l (iepths were mGa"'u'~'o(l from the l(:)vol 
floor ct the chaJl':'1Ell . TilE> n(;;"C ac(yvxacy of cll l't;.:~cling8 was wHh~,n 
±O. 002 i:1ch08 . 

OrL'ice pre ssurec W0x'e used t o obtain tho 1vato':' dop t h on the 
surfo.ce: of -che !2.odols and. a~,j the test-scctton 5iLle walls . This 
tY""Q0 of mc a2lLrowont i G nGccssary inasmuch as tho capj.llfll';r rIse 
o( '''[I+ur on all bodict) 'f~hat b:!:'cak the .... ,:;.."Gor su:.:fuce -in\-alid.atcs t he 
usc of tho 81lr yoy probe . The probo is of ~~l'C[lt VD.lUe' howover , in 
obtain:!,ng 8urvo~,-8 at :points vihsre tho j,nfluen~(:) 0::: cu:pill['~c'i ~;f is 
ncgl';'giblc,. which in most CC:"IDOS is e.bOlxt l/l ~ inch £'roDl an cxposod 
cu.::'fo.cE:: . Ext rome cp..;r.o had ~o be tpJ;:on in 0.11 pr8GEr...u'o me3.8"L,rGments 
to l.lolu. cL.pillm:y :C'ise consta.l1t in the b rrcttc , ar. '[cry aliGht 
conGe:ltr-utions of dir'(, on the blase i"lould chtlllgO t he monis8u8 shape . 
Tho 1)1. ~'ct;te \1&8 , t hcrefoj:e: , cl emed at; r egula."!:' intervals vlj. t h 
ch-,-~oll1i ~ acid, 811(: u.. 1 0 pcrcent (;01uc10n of ae:Y'oGol ~IaG pla...:od. on 
thu moniscus to ro(~uc() 8~.J.:!·face t ension and c2.yillC!:!' ity . This 
prOCedl'TE: Gllc~blod consistent rcad,ingc vr:L thin th(: d.ccirl;d Q.ccur .... cy. 

~rhe shado\l'g.t~a:9h still photogJ'E\3)hs wera o-btC.:i.TlCo. 'by a j - 'by "( -inch 
viOl" ~sm():cc~ . Tho "<-.est setv,l) cmd "'chelllatlc d.ia.c:r'::.lu nee ohovm in 
f ipJ.TGE 6 ':_'1d '( ( e:.). In the ::'nHi;D. ~;l i ala it '''1l3 f ·:JliI!d tlwt "[-'h0 

mc'...: t GonvGLi('ni:. liCht GO~:trco , "ri th cAi stIne c )lllme.tol' lenocs ., was 
r;..·:t.:~obol1).x-Strobotac m1i.t; ani b.> Q.(t ,1uotin{, t'1.0 :o.'lc..nll x·J.'eq,"L.enc:", 
" at'loue light intens5.ticf3 couJ.6. b o outaJ.neli. '1'he l'C ~"l'a.Gtl()n 

:?a~to"~n :':o~ed by 0. Yortcx , hycb.'<-,pli r jlT.1) , ani cagillOJ."Y WCYO 
Gr-J show"!l .i.n f i GW't.' s 7 (b) te 7( d.)] and from -chc oe p.-:...tt erllS or 
comc·inations , a q,w:!.l i:~o.tivc £...TlE'.J.yS.LS of sh::tC'LoYi£:'l'aph:J may bc mude . 
In oY'de,r to I'(;dl'cO o':'::(;OGDl v (' patt~rn rEJfraG~. i OIl , ::.ho gr-o'.;.nd - £lClB3 
Ec:cc·en uns plE:.c(;;d. :.S closo to tho i·m,tor 3Ul':·a.~c <....8 DOGS: ble . Motion 
plctuX'<:;s of wc:0.w fl'oquonGi of; elld a.lt crnm,o t:cailing vort. ices 1761'0 
obtuinod by tho same :met hode with no gct'.t c'cil:·ic'~J,ty . 

RE5L'LTS 

In or d.or to a ocE):t'tain the nat-.rro cmd tho r\!?::Il:cCt~bili ty to air 
fl ow of "£l,ta obt:",inod in the wt~te~" charu .(;.l.: teGLS H'Ol"e m[.:de ,·li t h f lO'l" 
tl'rLoUbh nozzles EUld about r.ircl:l a:::· C;.>'lillClo:,: s . '1'1 (;8(' tusts ,.;ere- run 
£.-c vC:.:!:'ions <kpthz [l;arl Hach munbor-s [;,nd wit.h mo0(·1.J of vcrlous sizco 
in the chw.nol. ~rll(; results an.: f :\'-C'bt l)l"'C:"Lll~;\-'J. ·wL.hout dincussion, 

Plote of the vater depths D..Lld .,r~'.to::· - d()pth ::"c.ti::,s clonG t he con'!:. 'r 
line of cOnvol\3cnt -eli .... -c:c£;cnt nozzl,)s as mC['.::'>ill'od bj- t ho tC[:t. -8Gcti:)n 
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micromete!' unH arc shmm j,n figul'es 8 to 1 0 . The shapes of these 
n07.z1es are ohOim in figures lj.(a)? lj,(b) J and l~ ( c) , res:rcctivel y . 
Th e) C .U'7S2 lare1cd "Reynol ds flo.T I axe C t;lilll'~te ;_l_ fl'om one -dimensional 
the er y ; -ch at is] the vclocit::"es at all points ::'n a C1'OS8 section 
arG -9.sol'.11lf; d the Sa"18 in mag':li tude und pm'allel to the center line 
of the chenillel . T!le de:9th at any point is ccu) utcd from tho 
CCluution of continui t~r 

'T )( !trea = COnGto:.lt 

i'There 

Area = B:ceadth of the channel )( Hate:: depth 

The wo.tel'-de:;n')th ro.tios ElT6 seen to increLoe with the increase in 
dej,ith it! f ig;'1.r8 8. The r_oz?le in Ugurc 1i) "7a[3 noo_L'ied to have 
a very 3:r r.d-Lw,l c.:")'o::'oach cec~ion a'1.d_ tl le vTe:~er-C;_e)-ch :c2.tios for 
this nozzle E.re tho f'crr:e at an,,' dol,th . 

The vEE'iatio~l vlith total ncnd ox' the v['.tel' clef0hs and 'fater-depth 
ratloG ab01XG 2. Ci.:.'Cl1.l0.r cylinlcl no :rlC Cl<:ll::cec;'- b~ ' HeMe of tIle 
preE'sUY'e crifices r:':ld bu:.'et-:es is sh')'V.'n in :i.i ::;m'o 11. In this 
case t!:3 de:vth 1. 3tios dec!'ec.se wi 1-,11 :',l'lc. eese :in \;atol' J.ept.h . A 
comI-m'lGOll bct-\·~t ;cn mi Cyo:Wle'c,0:" r.::nd bu;cct:' e ueC'..sl''::-or:.ents is chOim 
for a ~- inch no zz~.e ::'n : 'ic r;: 'e 12) ,,:here it is Eeen ttat tho 
microj,:etcr J:ear::'in..::; r. nre [ r .3 at er thlli1 the b u:e-c-ce l'eadiIl[,s and the 
dL'fel'e!J.ce :i.nc"-'cuoes ,,;1 ~1'1 depe.h . 

Figures 13 Mel 11;, s1"o101' the vnriation -Hi th VTc.te~l' de]!th of the 

shadovTe-'a:-1;.s of tho flow' about a 2t~ - inch diarnet.e:: ci,!'c'.liar cylinder 

at Mach r:.umberc 01 O . )~O end. 0.60 ) ref'j;JE'ctively , ':Chs corresponding 
val'iati'Jn of' ?re:J sure at a = 900 i8 also sl1),m . 1'.dditional 
shado .... Tg-:' O'~!lS 01' the floi'T abeut cil'ct:.la·'" cy2..inl:.e:.' c 0: various sizes 
and vTitll vari01'S ,-ruber (l.ep~hG are shovm in fibl':'~CS 15 te 19 . The 

IJl'essure dif't:;:i b 'vltions about the 2,f- ::.nr::h circula:.' cylilHler in the 
4, 'J 

vrater cha:L::lel \1ith a static de!?th of '4 inch a:ce cODr..?arod for various 

Hach nUrlbe:'.~s in fi€1U' e 20 ,'Tith the pres8uxe C'.J.st::'i'bntions about. 

a 1-inch circular cylinder in ail' . The duta fo:.' tIle circ1l1ar cylindel' 2 ' 
in air 'VTore available f::.~om tests malle in the Lfu'1::::1ey rcctw.gulo.r 
hibh-speed tunr~l. 

Hith "rarious sizes of circular cylinde:.'s in the test section the 
variation of the locd 1-1ach numbers along the chunnel wall for different 
stream I·Iach numbers is chmm ::'n i'igure:J 21 to 2);, ; nnd the corresponding 
stream depths ds and total hoads do 8.l'e given in figtrre 25 . 

1 
i 
I 
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DISClJSSION 

Various factoJ:s influence the resul ts obtaine(l in t he vTate"-' 
ch3.Il.'lel and t he effect of these factors must be ascertained 
be.i:'ore the charmel can bo, usee. for the In-restigation of' the 
an21.o,3(n)_s 8ai~ f l ows . 

From an eX81n:i..nation of fiGuros 15 to 19 i -:, is Geen that 
concentr:!.c raVf)S IJ.EPoe.r in front of the model . 'l'ne fact that 
these W8.cres do not aprem~ in the schlieren photogl'aphs ( n b • ::-~6 ) 

13 

of aij_' flmT taken nt the Lanel e;y rectangular high- s:geed turillel suggest s 
that these w:::.ves a::'C not pm't of t he ['nciogy . 

A ciistl.!J:'bG.nce at flome point in 8. L .quid. genorolly will give 
r i se to tyro types of i·regOO: 8ho:!.~t 81)..r:"a.ce-tension '-Taves calleQ 
cc..pillary w"ves 8..11\1 .:::oI1sid.ol'e.bl;y long!.::::" gr<:;,vity w~~veD (reference 
~, and pp . 353 -402 of Tafel'OnGe 6). ~[,he (;xp::.'ession for the 
-,-elec i ty of pro:pa,s2.t i.m of vater- "\{LweS is 

I(~A §
rtn0 -r '2 '":,rt' -/ . 

u I~ cE.nh 
,_ G. 

(16) = .. - -·-----1 
I 2;: PA I AJ 

Fir:;1..rre ';..7 is a pl 04: u:: U eeaiTls+; I. for watol' depths of 0 , ~ .inch 
QJld ::' .0 inches . Thj.s fi(,uru shovm thnt lTC.70fJ C<L11not eAist . :i th a 
vclochy of :propagation l ess than approximatel y.) . 75 i'oot pcr second . 
Tlis·r,u::.'bances of "av(; l ength l ese t han that corl'eSpOll.C'j.ng "Co t~e 
min:I.m1.11n wave vel ocity ere termed capillary ,,,avos since... tho;y depend. 
pr3_~c;.:r.:~ly on the surface tension of the f luid . y.copacaGi on 'J"Gl 00i"tiios 
grp.:~ter than this minimum velocity correspond to shol'ter capillary 
"avos unc1. lone:el~ gl'aV.Lty w-aYes. 

If (5 = 0 and ,1 < < f., oq 1.C.U on (1(,) De c omeS 

u = ,'ad. ,~' 
(17) 

w"'1d t hi3 vel oc i ty - the yoloc::'I~;r of propagation of l ODe cravi t:,r W·:tVElS 

is "eh::: D3.sic surface W3.ve velocity . The other "aves <iefineu by 
ef),llE'.tion (16) are pvxely vrater sur::ace ;.raves and al'e not cOIlside:::'od. 
i.n the byd:caulic anal ob{ . F~gu:co ~·.7 8ho;.,s ~haJe char.ces i n the 
vater .iepth have Ii ttl 0 e.ffect on the 701 0c1 ty ol propaga.cion of 
,.c.vos ::'or vTa-,re l en3th.J less than 0 .1 l'OOt . 

The wave lengths 01' Dome of the s tancLi11€ 1'TWreC{ a}~pea:L'ing :l.n 
front of' the models in fievres 15 to 19 wey'o IDG8.8 ll'ed from t ho 
photo[!'aphs and \'re:' o plotted in tho 1nset of f'ie;m~e 27 against 
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the local 7el ocity ( 8Q.ual., for stendiu,s wa';es , t o the velocity of 
:propa{~ation) at the point ';r11e:::-o the i·raye occurred. This plot 
3ho1-780. that th':lse ,·raves y!6~'e capilla.;:',Y ivCres . '1'he ~heek marks 
on the inset show 1:.he munDsr of r ee.dings thaG fall on the 
plotted. point 8. Thece cepiJlary ,miTes, al +,1101).g11 t~ley have no 
}:art J.n the hydraulic anal0e.Y.. ha'[8 two ad"{erse effocts on the 
8.1l})licct;ion of the enaloe,y; nrune.l;y, com}lliG8.tio';1 of the flm" 

plnto[a-a;?hs an.:<.. dec:ccase in the accm'a,:-;y of the depth meas'l:rements 
taken "lith t;he test - section IL'obe . 

'I'he resl~ts obta::.::1od in the water cha1!Ilel dope::.1cl to a lc:u'ge 
extent on the de:ptr. a;~ \·rL,icl: the tests are rlUl. . 'Tho effeet of 
d.opth on the format.ion of str..nding cLpillary \T8.\res is shown in 
ficure c:8 . If hi (')1 sti.~eBIll Hach nurn-bers ,,,i thout capillary 'Favos 
in the sJ,~re[:l1l. ~1Y.·o to be ob·;~ cdnea., a shall Oi-T dnpch is prescribed. .• 

1'11e effect ol' depth on the flo,,,, :patto!:'ns an,';' pressure 
coofficients about d:c(mlm' cyJ.indc:m ic: V(;i.~y l)rOnounced ( figs . 13 
end ll~) . Tho ::'Y::'csGu:::e Goeflicient X'i80S to El. m.~l:cimu.'1l Ve~ue 
eG (~8t ~ 0.:;; inG~:. '1.'110 dec:ceaso in I''.'C'€:SS'.D:'0 coo:~'ficier:.t 

at l O";'i€,j.' d.epth~ is boliGved to be cLue tr) the offoct of' bot.tom 
b OlA-"'1da:r'y 12.;/01'; the ic croase at high(:r deTJ!:.hs is tluo to the effect 
of t~1e -..rerticlll accel(.~atiolls. Co~pDrise~ of fi.;rrr'cs 13 and. 14 
~·r.~th f'igure 26 indi.c2..tes that the water flo'V.T most noa:>."ly corl'osponds 
to L.::.r r'low a'(; (lert:i13 t~l5.t are bucI,'oen u. 7:5 inch 2l1d 1 .0 in:.11 . 

The 1'ru.tCY' is a.CCC10l~o.ted 1'l'om the total hcc.d vrhcY'o the fluid 
velocit.y :i.S zoro to a value of zero c.cccle:-cation Dlld. maximum 
v810city in the test section· Tho mot ion 0:;" ehe YTc.:~el' trJI'ough 
this Cj c18 is o.ctuo.tOL. bj the -'::'orcc Oi' grc:;ri cJ wll:i_ch is thus the 
importc.nt fa.Ct01 in Uw i.l~·d.rauli -' cnDlogy. If an ohstr:J.c~lon is 
plL:ced. in the :pat:l 0:: c. l'lu1d at const:..!.n:t. 'Tclo<-it~·) lc\cc.l c.ccole:Cll
ti ons of f l ()vT m '.S t. tw.:o ::!l o.ce in. the l'5.o1cl Lb0'...t Ghe bstl\.cle. If 
there accclCTucionc 8..1'0 10:."[,0, tho vCr' "G j.cr'l com:;;:oncnts, \·Jhich have 
no PD.!'t in the c.mli.. 0 ''V ) nrc nl') lonro~' nocllcibl0 in rOlr.:r['x:i.£'on with 
the acceloratioIJ. 0.1' e;1'2.7itzr ; and (l dif.:'tO.l'~lO:Cl of ~-lLO f l ow rei:n~ts . 

This dis~o:.~tion iR S'\.v~h thc.t in n. rE'gi::m or' UCC01Cl~C.t ion such as 
tho rc;eior:. in '..rhi <~h tJ:0 flow is approc.chinr; stULn~'cioD , the depth 
is l ess (;ra·,.1. th:->.t re~ui[("d in 'tho ancl0GYj c.n-::. t!:e 'lopth indicated 
b~r tho prc.3S1U'() in the stc.t.ic orificvG Is ~:':OCl.to:.. 'c,:wn tho true 
dO:!,'lth . In 0. r( 'gil')Il 0:',: o.(;colc"C'ation 'G hc o:;?pcaH.c e:;:'j'CCG8 occur · 
Diffcrcntic.tj.o:1 of 0quc.ticn (10.) showb that CilC eccolerc:tion 
( in s·cel\.dy :,:'lcil') is proportional to tho GcodioLG 0: tht' depth . 
The slOIle.. 0l' tho froe su:cfo.ce is thorefCl'o a !;lec.au.:,:o o:f' the 
D.ccolcro.tiono . 

If) for ti-TO cases of the sc.:me fltr oC'JD. Hc.ch nun'bor tho wo.ter 
depth is incro08od, tho slope of the; free Bvxfo.cc is l ikewise greeter us 
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ehovm in the folloYTing table in which fer chosen values of M and 
do tho vnlue of ds is compu~ed from equc.tion (12c) : 

- dB ) : ( in . / 8ec] 

300 10 . 78 
330 11 . 29 

---- ---_ .... -

--- -T M do ds dG/do (do 
-

0 .9?6 1 . 000 0 . 700 0 · 700 o . 
. 9r-G 1.100 . 770 . 700 . 

'- -- '-.- --- - -
The term ( do - ds) :LS an indication of the slope of' the free 
surface; the hieher v8l.ue corresponds to a stee)er slope and thus 
to greater vertical accelerations , Pm illu5 cration of' the fore
going statements is given by the results of the nozzle tests in 
which:; as the yrater dopths dec! ease, tho depch rdcios app:coach 
those calculated by Reynolds flow (figs. 8 and 9) ; cll tests ymro 
made at choking Much number. Binnie ond Heokor opserved the SWiO 

effect (reference 3). Ii' the slore of the f 'reo sl::cfacc is smell 
and if the nozzle is so shared that the acr.olecr.tion in the entrance 
can be kept sufficiontly smell, no variation of vTate:r - dopth ratios 
occurs with changing depth (fiC' 10). ~bo 8~~O effect is shown in 
fiGures 11 and 12 as measured by static orifi /Joe: fmd "burettes. 

Th0 effect of vorticD.l ;lGCLJ_o:cntions on c'.epth ~ D.tios docc..nnincd 
by mo.:.ns of stc.tlc orificoD io OpJ..loo: to to the .. "\:. ob~c.ined by "the 
probe . I C, lllay be assvIDod "vhereforo thG.tchio advc;r8c efi'ec t vTO'..ud 
bo ncbl.Lgible i'Thon the 1,i';O metnad.s of rca6.ing pre SS1JTCS coincide . The 
readings takcn at the minim1..1JO. scction of tllO ;.' -inch nozzle ( fiG . 12) 
wilen the, depth "rus red.uced. to 1. 3 inchc s coincided. . If :'hc fl'OU 
surface ::.lopo had boon more abl'uj!t ( sm3.lloI' modol 01' modol having 
a ~harp precsure riso) , e. still ohallmwr depth VTouJ.d havo been 
required to attain this condition; the:coforo l areo modGl s eJld small 
dr)pths shoul d be omployod . Tho minimum dopth is limi tEd, hO~"eifcr , 
by tho cf'foctrJ of' tho boundc.::·y In;yor on tho f l oOl' 0:'" tl10 chrume1. 

The do-{elopmcnt of tho bOUIldu'y layer produceD u volochy gre.d.ient 
along tho cb:mnel similru' to the gradiont in a 'rinG_ tu..rm01 , Thic 
effect em bG comllcnsated in the same \lay by diV"oY'5ing tho yrall s or' 
in tho case of the ,.rater che.nnel by dopine the f l oor dowm.,ard j_n t.he 
dirc-:.:tion of' floi-T . A..Tl effect for YThich compensation docs not appear 
fOllsJble is the thj.clcen::'ng ancl thillJliIlG of t~c boundar;)- layu:c in 
regions of c.oc81erating f.L."ld acceleratil1G flm·, a~out 0. molol , neha-lior 
which causes a dioto:'U.on of the velocity clistribution s ·u.ch as would 
corrospond qualitatively to a thinning of the model. These bounda"':7 
layer E:flects are: partj.cularly serio1..~s in t:'le \·Ta"ter chmmol bocause 
01' tho uI'P::'eciable b01..lnd.a:.7 la;;reJ:' d:i splncement tl ickno8G ( found to 
DO of tllO order of 0 .1 in . ) in compadnon u i th tho total depth vf 
tho fluid . The boundDrJr l,:::;y·e.r c::foctlJ cO.UJ.d ob-:ionsl -- be minimizod 
by incrensinG the water depths , both becauso of the. incrensod ratio 
vf totel depth to boundm~y layor displacement tltickn~88 and 
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becanse of the increased. Reynolds munbers corresponding to the 
highor -J"elocities vrith given Mach numbers. This :;.~equirement is, 
unfOl'tunately, inconsistent "ivi th the minimizing of the effects 
of the capillary v{aves and of the vert"clll accelerations . 

The an.eloe;y is further limi.ted b~T the fact that it applies for 
a r~~otheticel gas having a value of ,=. 2 . 0 ; the effect of this 
limi tation has not been completely detenn:i.ned. The effects shovm 
in figures 1 and 2 are not very large, h01·rever , and can be to...~on 
into account in the interpretc.tion of data taken in the vro:Ler 
channel. Other inves-Gigations suggost that the influenco of the 
value of I in sublJon:i.c com:9ress1ble flow. is not grG8.t . Kaplon 
in reference 7 thus found. that to the third approximation the 
effect of the value of "/ ; T1 the compressi blo f l ovf up co the 
c:citical ape80.. vras !".ecliftihle and yon rcfu"'ID.ii..Tl , roference 8, obtained 
a vridely uso.1 Gx:prese.ion :;.'or char-'BE: or' pr083'1..'re coefficient with 
Mach number b~: u~:i.l13 the ass1Jl.O.ption ,= -1. For super::JOnic flOTtT, 
the characteristics curver.: aro considerably infh.enced by the value 
of ,. The ratio of maxiI!lUIll velocity to tho velocity oi' S01.IDd is 
g:~eator vri th 'l = 1 . 4 than Hi t.h ,= i? 0, and lor a given chc.n{~e in 
flow DI181e , the velocity chanco, as clotermined by the characteristics 
mothod, is also great~r . 

Tho Reynolds munbers 1n tho water channel arG calculated for 
complete submersion and. al~C very 10wj the maximlllll value 01' R for 

the 2~-. nch-d:i.~oter cylindoy ivi th a static i·rator dept.h ef 0.75 inch 

is 15,000 . Tho compcr:i son of the irater -cham 01 a.Tld \'lind- tUlmel data 
(fisc . 15 to 19 and 26) showed that , clthough the cylindor t(;sts 
woro made at considerably hic~or Reynol~s nlunbero in air than in 
water , t he sarno ty po of floY' occurred in both cE:.ses ; tho main 
consideration is agreement of t:10 flow patt~rns rather than 
iCi.entical Heynol ds numbors . 

In a vind tunnel , a choking or maximum stre2ID. Mach number occurs 
whon local Mach numbers of 1.00 extend across the section between 
the Il ofic;l Dnd tunnel vlalls . A similar ofl. ect w·e.s notod in the 
w'atol~ chn...TLTJ.el . Figure 25 shows that t:-to strc&m deIlth decreases and 
the total heud incroaSE;s "i.r:!. th Mach number up to a ma.ximum value 
that dep(;nds on the size of tho model tested . kt this choking 
condl tj.on, both the stream dopth a.Tld the toteu. head increase 'Vri th 
an acldi tional Fover input . FtglU~e 29 8hm'Ts the !i1c.ximum. MQch number 
f or vnr:'ous ratios of cylind0I' di81!l.etor to chmmol ,o[i(lth . VGJ.' iatj.on 
of the data from tho theoretical CUTY C [ might bo expected in.a.smuch 
as the thoorotical values wore computed hy one - dimensional thoory 
(Re;rnolO.s floy,); ivhareas , the actual flm'T is t'·To - dimcnsion:il. . 
Mc.ximum. Mach numbers that occur tn wind twmols , howovei' , a.groe much 
more cl osely "ith the one-<iimensional thoory th£U1 do thoso shovm 
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i n figur'e 29 ( aee r eferenco 9), nnd i t t hercl'ore seens likel y that 
thu divoreenco is due to other factors , such <.:.8 boundary-layer effects 
and 7 erticaJ. <lccelerat:'ons , rather than to the ~'tro-di.mens l·onaJ. nature 
of t~o f l c';! . 

The distm'banc e alone the channel wall \'lith vaL'ious si ze 
cylinQeys : n t_le te s'~ s ection is shown i n figt)X6S 21 to 24 . 'r he 
wall dist-ur'bance is an inclicai.;ion of the severit~,- at high Hach 
numbers of channel -·wall 0::: ;d nCl-h'l1J.16l-1rall interference . As the 
stream I·1ach number appJ:'oaches 1. 00 , the waJ.l disturbal"lCe increases 
until at the choking conOi tion t he interference 1)ecomes l arge even 
for t~:6 smallest cyl i nder . For t he 11_- i nch-d:i.ameter cyl i nder 

2 
(1'ig . 2:~) , t he poj.nt of sonic vel ocity at the wall is 1 0cateJ. 
appraximE'.tel y 3 diametel'S behin d the cyl inder . 'rllis result is in 
ac<.l~eenent with the f l ow photographs ( figs . 15 a.."ld r {) , which shm·; 
a gull -lTi!1.{3 - s hapecl shocx;: starting f'r-om the reGion behind i~he 
cylinde:.:' anJ. extendi:r..g d01'lIlstream tOll@:d. the 1·Ta~ls . lTigul'El 30 
s hm'T8 the l ines of constant Mach number in tho flOl'T field about 
a 6-inch- d.i8llleter cylinder E..t choking HtJ.Cl1 n1.llilbe;. and shm{s cl earl j
the supersoni c f l ow occurrine behini the ~yl:i.ndc;. ' . 

P. compurison of the shadOlrgraphs ( figs . 15 to 19 ) ioTi t;h schlieren 
photographs of f l ow' about circul a.r cyl i nders in c.ir' ( fig . 26) ShOKS 
that the tilO f l m{s are very s iniler . rhe ty po of f l m! :i. S 

tho same ill the' two cases f1nd. i s the type ':jhnt i3 chaJ.':lcteristic 
of Re~molds nunbel's Gom'Jvrhat hel O'w the cri,~ical val ue . At Re;rnolds 
ml:::lb o:r's bet'Teen 50 8!ld 350 , 000 , 3I1 ,-mstabl e cond.ition is sot up 
behind a c i rcul ar cylimwI' i n "Thich vortices c.:>'G shoe.. alternatel) 
frJID. 86.::11 side . IJ£mi.nru:' separat.:~on occ·c.rs at a point app::.'ox i matel y 
80° from the forwtll.'d. staenation point and 8. vortox cheet i s formed 
whi ch extenris doy.'llstre am and. finall y r olls up into a l arge vortex . 
The vor-G:i.ces so shed. arruI1{:;e themsel v e s in1jO a X£t!'TI1El.n street . (See 
reference 6, p~ . 21 7 - 218 .) Figurr' es 16( a ), 1 8 ( a), 1 9( b) , and ~ 6( a) 
sh OY1 this type of f I oH, which i s the same i n the "rater chann el as 
in the ai.r f l ow. Beca.use of t]w OCC1.rrI'enCe of sQ]?8Y'ation, t h e actual 
pressure distribution i s different f;.~om that valc1J~[~ted. by potent ... al 
flov; theor,), . The actual pressures over the forwCU'd rart of t h e 
cylinder are higher and. those ovor the rear' are 1 0ller than those 
c3lc1)~ated by theory . 'J:'he negati'Te l'ressurc peak is gr'eatl y l'ed1:ced . 
F:tgure 20 Sh0~;3 the pressure d.ist;ribution s about circular cylinders 
in eir and. in the "rater channel. Tho qUfu'1.titatiye results obtained 
in t.he vat .. )""· cha..'IDe l E..re very cl ose to th0S0 obtained in air 
(figs . 20{a) -t; o 20 ( c );. '.r1li s cl ose ag.L·ee~nt- is bOli€"ved, however , t ('l 
b e la.rgoly fortuitou s , ::-esulting f rom an int eracti on between the bottom 
b oundary l ayer e ffects and the r ather l a.r ge channe1'"'Wall int erference 
in t he wate r channel . At t he choking .Hach n1.JIll.1>er M = 0· 71 i n the 
water channel (see fi g. 20 (d)) t he' interferenc e effe cts excee d the 
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relieving effocts of t::e thilm.lng of' the boundEU:y layer and the 
negati're presf>1.1X'e coefficients nero: e c 900 exceed those obtained 
in the wind tunnel. 

Bocause of the '\IDnteady nature of the floiT, i nstantaneous 
velocities !?Teater tha:l thoee indicated by tl1e :..,.:essu1'e diDtributions 
OCClE near the surface of a cylinder. The c:cL;ical s~ced may 
the::efore be exyccted to be 10vTer than illc'.icatec1. by the pressure 
dietri-butions , an effect the.c ha~ -been oose:c'vect in air . ]'igure 2 
ohmvs that w'i t h a gi ven :::~e1lk negative prefJ6u.:ce coefficient J the 
critical Mach numbey should be somevThat love::." ir~ the lrater channel 
([ = 2 . 0) than in air (7 = 1. 4) . 

Another effect of the unsteady f l oy1 is t1:e aC~'1:imetrical 
devolo?ment of Gl1ock . lJhen the f l o';>T cl oses in on one side of the 
cyli~a.or ; the inducec. vel ocities increase an<1 ma~r exceed D. Mach 
m 'mber of 1. 00 . A Ghocli: i'laVe :may thus fOlY.Ql on one side ",hile none 
exists on the other J ox' a IDOl'e intonse shoe1: ID8j' e:-::ist on one side 
than on the othe:c . Such aG,YlIilTleJGrical 3hocl;: )acte~:ns are shown in 
figures 16(b) to l 6( d), 17(b) J 1 8(0) to 1 8( (1), OJlct 26(b) to 26( d) . 
Exactly the same phenomenon occurs in the vTe.te:t channel as in the 
air flov . In scree cases, 'Ghe shE'G.ding of these v c...es al tern::<.tel y 
from each Gide of a cylinder has been observed in 'ehe vater channel 
1'Then tho stream Nach number vTas only a little a-Dove the critical value. 
Such behavior is to be exycc ted. if on one s:i,de of the cylinder the 
veloci-:'ies fil'st exceed and then fall below' '(,he s~ced of sOlmd as 
the f l 01{ closes in and then b::.~eak8 c:vray fl'OlJl the suxface . Hi th 
incl'ease in Mach numbc:.: , a strong disturln!nce o:L'icinateG at the 
ec.139 of the weke apl)I'ozimately 1 diamoter bell:i.nd the cylinder and 
extends into the fiel!:, of flm., ( figs . 1 5 ( oj I 13( (1..) 1 and 2G( d) ). This 
distUl~bance oscill ates .,i th the wake , .Thic11 is still vnstable, and 
in its inciriont staGes al tornates from one siela O'i.' the model to the • other . At still hieher s~eedJ the f l ow closeo in behind the cylinder 
so that the cylinder has the appearance of a Gt:.:eQl]'1~ine body with a 
strong 5ull -vTing-shapod disbrrbance at its tl"ailinC; edge (ngs . 15(e), 
15(f ), 1 6( f) , 17( f ), 18(r) , 19 (1'), 26( e) 1 and 2EU)) . 'rhes€! 
features appoar to be essentially the S3ID.e in the 1-rater channel as 
in the air flow . 

Measurement of de:9tll at the sUJ.-face of model s a.'1d at f luid 
boundaries are best made vTit h l)j,"essure 0~:ifice8 811(1.. burettes 
because of the capillary r i so , whereas the lllicrometel' method is 
suited fO!' measurement of field depths ; both metho<'Ls agree very 
i·;ell yrovided the vertical accolerations a::e small . The burette 
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method is best I'or obtaining a-.rerae;e 11r eSs\11'es i n u..Tlstable f l o1>r . A 
method of phot.)~-;ra:phy has been devel ope d t h at i2 simpl e and com;pl etel y 
satisf _.ctory . r:;:he sha6.owgrallhs of the i .... e.tGJ:' f l ow' o..:1:'e strikinr).y 
Gilllllc .. l' tv Ijhe scl1l io:r:en photogra~.,.,hs of air f l oi'" 

The value of the water chw.1le1 l ies mainly 1!- the 1 01,[ cost 
end cOI'venienee of opel·t..~tion . Field. 81.1r:veys a.'El si!lllJly made , and 
v8.l'ious feat1.1X'GG of the flo~T s'.lch as tur1YlllenCe , vorticos , seperation, 
imd shoc~c fOl'lnation ~'e GEJ.0'.ily obser,;ed :md :photoe;ra:phed . Streamlinos 
ab')',).t. a model a.:ce e:..&sil.y obtained by i:r18el~ting streamors of dye in 
the Y/i':::.t e:.:' ahead of tha muclel . 

;~ lu:rcer Ghunnel especicll y desi gnod to miniLli ze pounulJry la,yer 
effects and. to :see ~X'e un j.t'o:!."!l1 flow in the teet section i s desirable . 
The channol shoLlic. b e l argo eno-..::gh to perm:Lt tests at Reynolds 
numbcJ:'l., abovo the cr:LticpJ. auue . 1, l arger chonnol 1V'Oulcl cUso 
bc c:.d':a.rri:.8,foOl!.S in rocluGiI'...g t:ho (lQverNG effects of ~he bound.e·i.'Y 
la;:,cI' or- vertical accelnr:;::',:,j,olJS, or both . 

:;'cldHional In~Te8tisations, both ·::;hGo:;.~etical. e.nd. cxporimenteJ., 
ere neCdf)Q in o:;:0.e:c to cl.cte:;'''.lrD.no the CQ::'l'octions n0c0ssacy to 
convert quc:.ntJ.t.ios obtainod f'.:O!ll eho I'Tator f l oW' to tho values 
chace..cter:tflt i c of t:1C '.ir flmr about c.orr-6s11onc1.inG bodies . 

CONCLlfSIOI\'S 

Itrl expEJrj.mor:.tal a:9~:)Ut~&tus 2nd techniquo have boon dcvel o?od 
fo~' t.ho irrrestiG&tion of t.he enciog)' bet,won i-T~tc:::' flOl·' ,·,i th a 
froo sw:fe.ce and t;'\-TO - climens5.onal comprossiblo gelS flow ( bych~aulic 
anolog;)T); a prelimiIV'lL',Y irr;ost~:t:~Qtion heEl be on lHallc [,.;,..l1d the ro.sul :~S 
of c:.n application of' tho analG~r ~av0 D(,;eri. p18S(;ntcd. The following 
conclusions E.:t't3 indicated f.,:·am this ':lork: 

1. 11'1113 hydl'aruic D.,.'1.alo{:~r p~.·.JYid0s Q. vC~7 in(;xpensi7e nnd 
CO!1'nm.ont meo.ns of invos"f:.igl:1Ging hiSll-6pood "G"To- Qimcnsiomu air 
fl0l7 . 'Fha flow may bo obser ved and photog!'Ulhed, Wid EUTfacG and 
field me8.surements !!lcy bc 6Clsi1y obtEl:!.ned . RCH3.sonub1y satisfactory 
e.gr.oomcnt W'as found between tl18 ~·rator f'lm-r w.d ai:' flow a~out 
C():;,~yo8:ponding boc.iGE'. , althonch cO!1sidcro.bl e vrork in both theory 
alld cx:p6rirtlGnt is neodcc. in or(io::.~ "(.0 c.onve:rt ,-r.l.th qucmtitE..tive 
accuracy from tho 1·ratcr f l Oif to the f l m" in .::.i1' . 
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2. 1-1ith a large:.' channel , difficulties cL ~e to v~rt ical 
accelel'ations and subcri tical Re;ynolds m:unbe:i:s miC;~1t be overcome· 

Langley Memorial Ael·onautj.cal Labo::.~acory 
National A(lviso:.:y Cotrrni ttee for Ae:,onantics 

Langley F'iel(':., Va., August 21 , 19.1~6 

REFEP.EI'TCES 

1. Riabouchinsky , D. : Mecariqy.e <leo flui(Les . Com~.;tes Rendusl 
t . 195 , no · 22 , Nov. 23, 1932, ~?~) . 99C"~)99 · 

2. Riabouchi!1sky , Dimit:ci : I-fecanj.Clye des fh~illes . Comptes Rendus , 
t . 199 , no . lL~ , Oct . 1, 19311" P:?' 632 .. 6') .. 

3. Birmie, A. 1\1 .~ and IIooke!', S . G.: The Flo\l l'TIclo:: Gra~ritJr of 
an Incom:pl~essi ble EL'I1cl Inviscid Fluicl tll:..'oU[;;h a Constriction 
in a liori zontal Channel. P:;:'oc . Roy . Soc . (:'.)l1C.lon), ser . A, 
vol. 159, no . 899, ApY'il 193'7 , - p . 592 - 502. 

4. Preis"Terk, EYnst: Ayplication of the Me-c;lOC.o 0:;: Gas DyneJlLics 
to Fater Fl ovrs vrith Fl'8e SlTface· 
Part 1. Flo"Ts vriti1 No Energy Dissi:98.tion. NACA TM No . 934 , 

19)1-0· 
Pa::t II. Flmrs '\lith Momentum DiscontinuL::'e8 (Hydraulic Jumps). 

NACA TM No . 9~, 5, 19!+0 . 

5· Page , 1"eiCh: Int::"'oduction to Theoreticcl :":1,'/ 3::'CS . D. Ven 
Nos-::'rand Co ., Inc ., 1928, pp . 218-22/-!-. 

6. Rouse, Hunte:L': Fluid Mechanics fOT' l!J'cl':["l.uic jj::1c;ineE'rs. 
McGT8'iv-Hill Book Co ., Inc ., 1938. 

'7. Ka:plan, Carl: T"To -Dimensional Subsonic Com:.:c8sc ible FIO'iv 
l,Jast Elliptic Cylinders . NACA Rep. No . ( 2':,; 1938. 

8. Von Karman, Th .: COffi:;1ressibility Effects in J~e::od3'!1ami cs . 
J ODX . Aero. Sci.) 701. 8, no. 9, Jl.U~ " 194J.., :x> .::'~; 7 - 356 . 

9· Byrne, Robert W. : Experimental ConDt:_'ic-:~ i on :::;:;::ects in High
Speed Hind Tun.'1els . UACA ACR No . L.';.:SC(a, 19\! :· . 



------ .----~- ~-.------- -----

~ 

~ "-
"-

~ 
I 

" 
I , 

( 

'\ ~'" " 
" r-~ ajclo y ", V 

1\ '--./ 

"--- ...o~ for ~ \. "'"', " 
L/ [/' 

f\..,."" 
"'-

I---

'---o 
o 

Y=14-
r:: 2.0-

~ 

1--/ 

.8 

'" ~ , 

1.2 
Loco/ 

"-, 
r-.., 

" 

0 ~ 
i~ 

/.6 
MQch 

NATIONAL ADVISORY 
"'-...... ..... COMMITTEE Fot AERONAUTICS -- -- 1"- __ 

~-- -
~ ~ ....... r=--- r--- ..... -

C. O £.+ Z.8 3.& 
nl.{mbe~ A1/ 

n9t/re /.- Voriotion w)t'/"J /ocol A4Qc/) /?l/hJber of press (.Ire rQt-lo p/Po 
/n Q eOn?pressi.b/e gQSI qnd ~he (.Uqt"er-cTeptl? rQt/o dido 
/) ~he /) ~~rq{///C' Q nQ109!/J (Jorresponding to /p/A, far 

y=c.O. 

~ o 
~ 

I-j 
Z 
Z o 

f-1 
f-1 
OJ 
CJl 

~ ...... 
aq 

I--' 



Fig. 2 

.~ -z 

4-

.0 

'6 

I~ .-

8 

4-

0 

NACA TN No. 1185 

\ 

\ 
\ ~ 

\ 
, 

1.4 
\ V -2.0 

\ 

~ \ 
'l' 

~ \ 
\ 

\ \ \ 
\ \ 

\ 
\ ~\ 

" " " 
"' ~ "-

.5 .6 .7 
SrreQh? /\;loch 

""-"" ~ 
NATIONAL ADVISORV 

COMMITTEE FOR AERONAUTICS 

'~ 
~ 

.8 
.n~/7Jber; 

.... , 
~ 

.9 
M 

-............ 
1.0 

h?v,re2.- Y<7,r/~zt-/on Or c,r/~/C'q/ pressl/re 
coe"l'ic)en~ U//~h ~Qch 
nW/n.6 er. 

-- ----- _ .. - - ------' 



NACA TN No. 1185 

,-------,- IV! ierometer chec k paInts 

Orifices OJ? i 0/11; 
Model p sit ion 

orifices 

Re9/on survey measuremenTs 
(o..)Plan view 

r:-/~~~ >1 
TeST 5eet/on 

l l7ow----J t~~-III----+----1II-~ 
~ 

~ 
,-----Screens ------_+' 

Propeller section =-:J 8 
"--e=~;r-'"~E D ~q L 

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

--Flow 

Screen 
40x40 
mesh 

'--,0 
(b) Eleval/o/? 

Section B-8;C-C D 
Section A-A 

Section 0-0 

Sect/on E-E;F-r 

Screen 
BOx 80 
mesh 

Secf/on G-G 

0/2 
I I I I 

NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 

(c) Cross sections. 

Fig. 3 

n9ure 3. - Schematic view of wafer channel wiTh secfions. 



L 

Fig. 4 

o I "~ Z" ~" 
___ , 

o /" Z,I' 3/1 
...... I.e I 

o I ~ c" .;}" __ w i 

o I~" 2If" 
!wow !wow I 

-+---c 

-r-
4" 

NACA TN No. 1185 

H-----/'1;i7llnvm 6tZCf/on 

(0) Two -inch Laval nO~"it:/e 
(refe r ence 4). 

~:'r7lmUm ,jectlOn 

I I 
I I 

(0) FOur-Inc/) L oval noit:.z:Ie 
(reference 4). 

n~nl:n;m(/m 6eclion 

I I 
I I 
I I 
I I 

(c) Four- inc h Laval no 7: 7: Ie wHh 
modiFied approach. 

NATIONAL ADVISORY 
COMMITTEE fot AUOIIAUTICS 

(d) Twenfy-four-incn nqu/e)finalwallshoPQ· 

rt9ure 4 .-Nozz./e d1ape~ for drzpfh-rafio f/ovv fe4f.$ . 



NACA TN No. 1185 

c... 
o 

s:: 
Q) 
Q) 

en 

Fig. 5 



I 

~-----

j 



NACA TN No. 1185 Fig. 6 

c: 
o 

. ..-i 

~ 

CJ 
(l) 

en 





,--'--- .---~ 

NACA TN No. 1185 Fig. 7 

c:b ......... CamQro lens 
I 
I 
I Gr ound- 9/asS 

: /screen _____ 

C ;'anne / floor \--+'-.....-::'-

Glass plate !J!#' 
,\sour~c~e ______ ~~~ 

(0) Shadow9raph ray diagram . 

Air 

.I 
Water 

I . 
Glo.$~ floor pia fe -.-/ 

(c) Hydraulic jump. 

r \' 

~ V 
_______ Ground 9/0 .... \ 

Ai 

i\ I 
i\ 'j 

- I-

ole,.. 
1\ I 

GICI.1~ 
pia 

v 

(b) Vorfex. 

NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 

Air 

Ft"gure 7,. - Anoltjs/s of rnefhod for pliotoqroph/nq 

f'ree surFace . 



Fig. 8 NACA TN No. 1185 

3 

2. 

. ~ 

't>' 
~"\2. 
~ 

~ 

~ 
I... I 
II) 

1-:> 

~ 
I 

a 

5 

0 

5 

(). 

.5 

f-

o 

10 
~ 

-all .9 

~ 
0" 

" 

" .8 
~ 
:s 
S-
~ 

.7 
I 

I... 
<ll 

" ~ .6 -
-

I 
I 

r-~ I-- /f/nl/num -.. i>- t-- iecf,O~ I'-< r- ., 
t--:-, . 

........ . do -i--~ -.., I-I-- ........ . )-., (i no) _ I-- I--I--t-- ""'"--c .~ 

r-- ...... . 3.0 
........ 

-.. ....... I 
r--.. ~ ........ -.. 

r--~ 2.5 
-...., 
~ 1 

......... 
........ I 

~ b 2.0 r-r--, ~I---
I'- -.., '- I 

--.., 
'-- I 

-.. r- 1.5 

--~ --. I -- -, !-- r--- 1.0 

I 
I 

(oj Vor/c/t'/on o~ wQcer de~,fh 010n9 center line .5 
S/7na, ·nn shone aL free 5ur/'~ I 

.5 1.0 1.5 2.0 2.5 3.0 3.5 
O/srQnce olong noz:zle center //ne.l in. 

;:t:-I--, ..fJ 
~ ~ !;::: t--

I"'""' ~ ~ ~ f:: ~. 

-i~:;)%~r-~ ~ ~ ~ I::::-< 
~-....;; ~ ~ ~ ~. 

1'''' ~ 8:; ~ ~. 
iI' -....;; ~ ~ .0: :::--... . 

I ,~ ~ ::::-- .~ ~ do - r-
~ ~ :::--- :l'- (in) 

II .::::: .~ :" .~ 
- ~ 

"-
"- '" ~ ~.~3.0 

- ~ 
.~ - I--

V ~ ~ 2.5 
~2.0 - I--

t-/'f'eyno/ds flow - ~ /. 5 
'1. 0 - r-

1 .5 - r-
- (b) 1/0/"/0 C/O/7 of" U'oter-r/eyoth mi;/o d/ot;, 
- Q/ong center line for Q'/rreren1: - NATlON~L ~DJISORY 

- - values of -rhe totql heQcY Db. -["!,"TII FOIl AEirr 
~J ~ ~l I I I 

o .5 1.0 1.5 2.0 2.5 30 .:t.s 
Oist"onee olong /70Z zle cenTer line, in. 

//gure a- Err-eet of c/)0/7ge of totol head on flow 
chrou9/J Q convergenc- d/verqen t nozzle. 
ThrooC U//o/e-~ i? //7ches: Run cd chokJn9 
Mach number. Refer if; f/f]Glre 4(0) fbr shape. _ 



~~~------------------ - -- - ................ _--

NACA TN No. 1185 

~ 
"0' 

:£:' 

f 
l.. 

~ 

~ 

~I:l 

'% 
.0 
~ 

e 
~ 
~ 
0 , 
~ 
0 

5 

2.0 

/5 

/.0 

.5 

f-
f-

o 
o 

/.0 

.~ 

.8 

.7 

.6 

o 

f-
f-

I I 
I I 

ecfion -f,"Uf-

r- h ;l-

t-, >- do 
il- l-I-
N~ 

fin.) l-I-

1.34 l-I--

>- h >- f- . 
.7t:>9 l-I--

l-I--

(0) Variation of wale/" depth o/on" I 
ce.nter line. ..$howinq ..shope. of" rrtZ.rt. ~(../rFac<Z.. I 

II 
I 3 4 5" 6 7 
D/.5lanc<Z. along nozzle cenler line, in. 

I I I 
I I I I I I I 

-r-., 
-f7d:~F-

~ r...... 

'- ~ I'::::, .- ~ r-.. 
J ~ 

i' .:--, 

/ h. -- .~ 
r-... ..::::: 

II --" ~ 
-.ee.ynold 6 flow 

, 
~ do l- I--'- r" (in.) 

I I I I I I " "..... l- I--
~ -1.34 

Var/alton or woter-deplh rof/o dido - l- I--
(6) - -r, 

f- I-
o/ol7g clZ-nltZr line for c/lrrerent ' .7Cl9 f- f-
valve..$ of' the 10101 head do· 

I I I 
I I I I I I I I I I I I I I 
I I I I I I I I I I I I I I I 
/ 2 3 5 6 7 

Fig. 9 

D/ .. 1!o nce along cenl,z/" line, in. NATIONAl ADVISORY 
CO""'TTH fOA AERONAUTiCS 

Fig u re S . - E-ff'ecl of' c honqe of 10101 heod on flow fhrouCfh D 

conll~rge/)t- d /verqe/Jf nozzlfZ.. Th r oot IA/ldth ) 4 InchfZ~. 
I2vn of chokin q Moch nvmbey. R efe r to figure 4 (b) for shape . 



Fig. 10 

2. 0 

G 

"'-

I. 0 

I-

I-

o o 

9 

r... .. 
a 
~ 

7 

5 

o 

NACA TN No. 1185 

-llnlmf-secfto 

-'" 

r0-t-k>- I-kl. 
~ r0-t-hi" -t"& ~ I-.;.. 

ra-t-I-a ~ ~ f.a 
~ ~ ~ h -~ 

re-t-1-0 

..., 

(0) )/QrlQtlon of WQter dl/lpt:h Q/ong center I/ne 
shoGU/ng shQpe of free surfQce. 

I 

/ 2 3 4 5 6 7 
O/stQnce 0'10;'9 nozzle center /in~, in. 

do 
(i n.) 

Gl 1.96 l;niml iii 1.77 secfion _ 
~ .~o 

'" .66 

I'tL I:> 
!"'0- -- ¥ 

!~ -..: ~ lP - -Reynolds flow 
? r.:::::. b-,,: 

,..0 / 
~ ...;;:: f:t.l 

t1! ~ 'h jp <; 
u I-' hl 

r-.: ~ " . " M" ~-

r& 

(0) Var/a t/on of' U/ater-depth rQ tio ddo 
0/on9 center line Tor d/fferent yo/~es of 
the !-at-a/ hea d do. 

I I I I 
NATIONAL ADVISORY 

f-
I I <JO""ITTEE FOR AfRONAUTICS 

/ 2 3 4 5 6 7 
D i stance along center line, in. 

h9GfN! 10.- Ef'f'ec"t of c/Jooge of totol /7eod on ,clow rhroLlgn 
Q con~ergenr-divergent nozzle. Throat- u-'/dr~ ~i/7C!Jes 
(/77od//'/ed opprooch sect-ion). k!un a t choklng Mach 
number. Refer To figure <::7(C) -{or shape. 



NACA TN No. 1185 Fig. 11 

~6 

.t::: 
"-

r-
. ""-

""- 'do - f--............ (i n.) _ - f--....... 

0'/2 
-e. 1.72 --f--

r--.. /. /4- - - f--"'<... / / I-, 
;) 
~ 
~ 

, 
{: 
(> 

~ 

.8 

.4-

0 

raj 

.2 

I 
/0 

.= --I-- - r-

~ -- ---
PVo~er de"c~hs 
h!/ 

.4 

I 
20 

burette. 

.6 
O)stance 

I 
30 

........ 
....... 

~ 
\!I' I"----""Q- -- b-

" --~ - -~ 
QS determined 

.8 I,() /. 2 
around 

I t 
40 50 

e, deg 

I 
60 

! 
~ ! 

1'il...... 
.f 1 
....... --. 
.t.. 

-::< 

/,4 

I 
70 

-,8S 

;:::::::: 

---
---, ~ 

--

I 
80 

--

-

--

- f--

1.{3 

I 
90 

. ~ I=::::,.. 
.9~-+~~~~~~+~~~~. ~-+~4-+-~-+~~+-~-+~+-~-+~4-+-~~ 

Rl ~ 

~A~'O~AL 'ADV,SORY R 
.4 ~~-+-+-+-+-+-+-I----I~-+-+-+-+-+-+-HI--I-+-lCOIIMITTfE rca AERONAUTICS H:::>.,J.~-+-+-+--l 

o .2 .4- ,6 .8 1.0 t.e 1.4 1.6 ~.B 
O/s"tanc8 Qround cyllno't!1'j /n. 

I 

o 
I 

/0 
I 

20 
I I I I 

30 ~O 50 60 
e, df?9 

I 
70 

I 
80 

r?gl/re I/.- EI'i'ect 01' chQnge oF cotol head 0" bUrette 
~ eastlren?ents ot -the si/rfoce of 0 

c!-/nch-cliqmet'er circular cylinder . M= 0.70. 

I 
90 



Fig. 12 

.~ 
" 

NACA TN No. 1185 

... 

~/C'....-o/??e-c8r\ ---7, .aU reT If e-----, --
n ! In---~- ~--

--'" 

k: i ')--I--""" -t<> 
l---n 

(Q) }/CTr/o r/o/? ~/c~ Tfot'"Q/ bead ~ 0/ GUQrer-

6 c/ep-ch /"Z7 T/o /'77eQs~red by bur~nfre a/X7 I---
/77/cro/?7 e7fer. 

.6 

I I I I I I I I I I I I I 
o .4 .8 1.2 16 !?o 2.4- 2.8 32 

Total hea~ 0'0, in. 

E.~ / 
/ 

~ 

/ V 
2. / 

/7 :7 
L/ne of /c/ent'kol reoQ;ngs ...... / ./ 

V' V ' 
9/ /-/ 

~ 
V-

I ~ 
/. 

/,2 / 
V 

.8 V 
V 

.J/. V , 
(b) {'o~C7n'son 0';: n7lcroflJet'er Qno' / 

1/1' 
b~rette readings of del'rh. 

/ 

I I I I I I I I I I 
NATIONAL ADVISORY 

1,/ C?MMITTEE FOR ~RONA~T ICS 

0 o .4 .B 12 /.6 20 ?4 2.8 J.2 

r?gt./re /2,- ('oO?parlson 01 n?lcrom et-er CTnd {)urefte 
n7eOsuremen-rs a t the H7ln//77un? seer/or] 
or t'ne c-/nch nozzle. 



NACA TN No . 118~ Fig. 13 

(oj dsf= a so meh. (eI) dsf::: I. SO Inches. 

fb) DJ-f= a 7S inch. (eJoJI" = 2.00 incheJ: 

-1.1-
M= 0 .4-0 

-/.2 

/ "-
~ ~ 

-I. 

-o"!, 
O . .f. 0.8 1..2 1.6 ,21. 

Static wamr depth, dst in. 

(c) dsf= 1.00 inch. (fJ Pressure coefllcient; e·90~ 

figure / J. - Variation with .s totlC depth of flolU 
pattern and pressure coefficient for the 
Ei -incn-diameter cylinder. M =0.40 . 

NACA LMAL 
3'73S 

J 





NACA TN No . 1185 Fig. 14 

(oJdst=aso inch. (d) d.st = I. SO 1i1chIS. 

(e) d.sf' ·2. O() Inch~s. 

-1.4 

M = 0.60 

-/.2 / :--... 
Q. / ~~ 

r--/.O 

-0.8 
Q4- 08 1.2 1.6 2., 

SfrJfle wdfer depfh, ~ in. 

(cJ dst=l.00 inch. (f) Pressure coefficient; 8=90: 

ri"qurel4.-Voriation with static depth of flow 
pattern and plWssure coefficient for the 
Zi-inch-diameter cylinder. M=060 

NACA LMAL 
3'734-



• 



NACA TN No . 1185 

(Q)M=aZ.3. fdJM=O.74. 

feJM-a9Z. 

. (c)M=o.67. f1?M .. a98 . 

fipvre /5 :-ShQdOW9rt1,Phs of /low q/)ovf tnt' Q.30-

inch-diameter cj/#;,tler. Sfqjc ~r ~,dh-, /'()();"Ch. 
NACA LMAL 

36733 

F ig. 15 





NACA TN No . 1185 

(0) M= a.,.,/. (d)M=O.60. 

(IJ)M=a5a (e}M=Q71. 

(c)M=O.SS. (f)M=O.77. 

FlgureI6.-Shaa'owgrophs of" ~w a60uffhe /i
inch-diamefer cylinder. SIofic: wafer d!,tI4 alOiixlJ. 

NACA LMAL 36651 

Fig. 16 





NACA TN No. 1185 

(QIM=o.J~. . fcIJ M=O. 60. 

(D)M=o.46. feJM=O.72. 

(c)M:QSO. fflM=Q78. 

Figure /7 .-ShwbW9rQphS or flow Qboullhl' /J
inclrcliqmeler cybi1der. SMic wdfer ~pfh, /.00 inch. 

N AC A LMAL 36652 

Fig. 17 



1 

~J 



NACA TN No. 1185 

(q) AI.:: Q41. (cI)M=O.6/. 

IDlM=aSI. feJM=QoS: 

(el M= O. SS. flJM=a7/. 

Fi9vre /8 .-SnqobwgrQphs 01" 110* qbovllbe2/
inclrtOol1Jf?/er cyunder. 5/Qbc wqler ~~ a7SindJ. 

NACA LMAL 36671 

Fig. 18 



- - ~- ~J 



( -

NACA TN No. 1185 

(IJ) M.:-0.40. feJM=o.6a 

fcJM=a~9. (f}M=0.71. 

Fifo'/C!' 19 :-ShoQOW9rqphs OT How Qbouf file 21-
inch-diamekr o/H/xler. Sib»," h~r ~ 1.00 Inch. 

NACA LMAL 36654 

Fig. 19 



J 



-/, .-:; ~" ")... 
~ 

~~ ~ .... --i-- . 
i:;:-

f/ V 
'/ 

~ 
/ If 

'r -.8 

~ 
~ 
s:: 
.~ 
.\J 
~ 
~ 
\) 
\J 

~. 
~ 
CI) 
(J) 

~ 
Cl.. 

it-.. 

/ ~ ""'-f--WotBr C.h()nng/ 
II ......... ,RHsr 
I , 

- -, 
1 

I 

) if 
j 

~I 

J/ 
l V" . 

/ / 

V / 

~ / / (0) M=O.41. NATIONAL ADVISORY 

./" I FO~MIVEE I FOIl AE~ON~UTllCS 
I I I I I 

@../ / 

0 , ' m ~ ~ OOe.J~ ~ ~ ~ ~ 
,/ "J ueg 

·/,.·/gure ZO.- Compqrlson of pressure a'/st-r/.Dl/ t/0/15 about q 2i-I"c~ 
circlllor cy//no'er in the wot-er channel with the 
pressi/re c:IIstrllJ"t-ion.s Q'/Jol./t 0 i-Inch Clrculor c!//intler in 
~he LQnyley recta"Y,,/or hh7h-speed twnns/(RHSr). 

, 

-

~ o 
~ 

~ 
Z o 

f....l. 
f....l. 
OJ 
CJl 

~ 
~" 

OQ 

~ 
o 
~ 

l 
I 



-I. 

~-, 

~"'\ 

t 
-~ 
_V 

~ , 
" <) 

o 

~ 
l.. 
:) 
<I) 
II) 

~ 
~ 

2. 

8 

..d . 

0 

4 

~. 8 V 

/J 
j 

/ 
-I , 

/I 
/ 

jl 
V 

L 
I / 

VI 
V/' 
/ 

- f- f--,--
./ -- ..- 1--

/ ...... ..... - I' 
/ r- f-- f- - r f0- r-

/ / 
.I / 

,- / 
I '" '" ~ " - Wq rer chQnne/ 

RHST 

V V / 
(b) M = 0.50. NATIONAL ADVISORY 

r COMMITTEE FOR AERONAUTICS, 
I 1 1 1 I I 

o 20 40 60 80 /00 120 140 160 180 e deq 
~ 

n'gure 20.-Cont"Jnued. 

-------- ------ ----

I-rj 
~. 

oq . 
~ 
0" 

~ 
o 
> 
f-3 
Z 
Z o . 
J--> 
J--> 
(X) 
CJl 



NACA TN No. 1185 Fig. 20c 

." 
~ -

~I-

\ 'I 
g ~ -
."z 
:> i -
Q~ 
~ -
..... 8 
~ ~ -

\ z ... 
o ~_ 

\ ~t: 
z 1-

0 u_ 
\ 
\ , 

1\ 

\ 

); , ~ 
~ 
~ 
~ 
~ 

I \..h. 
I ~V) 

1/ ~~ -
,\ " -'() - -
\'\, \) --

, "" / " ......, ! ~ = 
-

............ ~ 
' . '<J -.JJ 

-
~ 

"- :z -.......; '""'- -
f- -......... ~ --

\J 
'C) ~ 

I:U 
~ -::::-~ -- ........ ....., 

--....... 
~ 

~ 
...... 

~ 
'\.., 

~ ~ 
\) 

....... 
~ 

\..) 

"" ~ 
~ 
~ 

~\ 
. \ \ 

1 
l\J q) " (,J ~- (t) 

I. 
C) 

~ \\l 
\\J ~ , 

~ 

\ ~ b 
..... 
I 



-I 
10-~ -

~v . __ 
./ _~_ -r-

I~ r t---

et=tJt1=l=l=t=~~~~~-+~v~/t-t-~~-i-+-t-t-t-rllj-1-I=t=t=t=tjtJ=1=l= I v 

II 
II) 

-it!. 

- .8 
~ 
.... "1 

(: 

.Q) 
" J!:.4 
~ 
ClI 
o 
", ' 

~ 
;:, 
C/) 
II) 

o 

~.4 
~ 

Ib 
~ ""1::::::::+-WQt er chQ nne/ -t-+-+-I---lH-+-+-+---t-t--r-r-r-U-+--+-+-+---+-+++-r /71-Ttj"""'t:r-..:lM R H S T 

II I 

11 
/ i 

j ~ 
" : 1 I IV 

IJ 
IV J 

~ , 
1 

1" 

'" ~ (d) /vi = 0. 7/. NATIONAL ADVISORY _ ~ V:;l' COMMITTEE fOR AERONAUTICS , 
....... v V I I I I 1 I .. l" _ _ _ _ _ I ~ .. _ I . ~ _ ~ 

.8 

~,- --- o 
&Jder; 

hgl..lre cQ- Conc/~ded. 

f:tj 
.....,-

(JQ 

I::\:l 
o 
Q.. 

~ 
o 
~ 

r-3 
Z 
Z 
o . 
I--' 
I--' 
OJ 
C,Jl 



NACA TN No. 1185 Fig. 21 

10 
rot ,;... M 

~ 
~ ~ ..Q."" '" 

,.,. 
k?98 ~ 

~ 
~ 

0---a (.) r.o. '" "'- .,e.. 

.9 

.8 

".. ".. ".. "" . -w """I:F "'" '" ~ '" .74-
~ 

0--0- .:.. '" ..(:).. -0\.:,1 '" '" 
,.,. 

.41 u I.:} .:.. 
<.;T U \oJ V V "-

NATIONAL ADVISORY 

.3 COMMITTEE FOIl AERONAUTICS 

/ -Cy~/7d'er 

[.). ..G. ""\:}" 
V~ ~ .L:\ "" "" 

C') ..A...a. -A ...A .20 v '" '" ~ 1"( ~ ~ 

.2 
8 12 16 20 24 28 

O/stQ/7ce along rest seer/on) /17. 

hi7ure2/.- VooQrion of /oco/ MQch nU/77ber 
Ok:Jl7g chQ/7nel ?</ql/ w),,"h a 
0. 3-incn-Q'iQmeter c/rculor cy//nder. 



Fig. 22 NACA TN No. 1185 

1.1 

10 

.9 

t 

,5 

/f 

r "n 
/ \ / 

/ \ 
V \ 

~ 
V \ r-I M_ 

e::> ,...-

\O.7T5 
'" 

\,;1 

I 
I 

~ 
u .". .62 

l.-t!r-
"'- .... 

~ ~ 
~ 

4- .41 
{:i> '" j-<>-N 

~ ... c.> 

40 c. 

CyJ/nder I 

( 
J 

NATIONAL ADVISO~Y 
I COMMITTEE fOR AERONAUTICS 

8 12 /6 20 24 28 
D/stonce 0/on9 rest secr/o'?, iJ? 

h5n.,~re ZZ- I/O,./o~/on of' /OCQ/ Moeh /7(//??ber (7/0/79 

cl1onne/ (poll (H)rlJ Q ~-;"ch-d;omf!ter 
c)rc l/-vr cf/I/iu/er. 

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



NACA TN No. 1185 Fig. 23 

1./ 

1.0 

l.. .... 
~ 
~.8 

~ 
~ 
~ 

~ . 7 
() 

~ 
,.6 
~ 
() 

".J 

.5 

.4 

If.A4 
0.72 

I 
1 

! 
~ 

/ 

V 'Co) 

V 
/ 

Y 
V0 

0-~ 
'" J.l 

~ ~ 
-0 ~ -'" 

V 
.60 

~ ~ 
(;Jo "CT'" l:J 

6 .e. A A .,. ~ 

V ~ 
:..¢--o """(r 

.53 
~ 6--6 

V · 

A A "-'!s= -e, ~ 

~ ~-t!<" 
11" 

~ ~ 

A . -~ .4/ 
tr-lir 

'Il> 

-r - ~ ~--R}- '11- --
-v '\f ·V v v " 'r V- . .JfI--v- .3/ NATIONAL ADVISORY 

C ~ /1/7c/er - .. ~ I I ~OHHIT~EE FOR AERONAUTICS --
4 8 /c /6 20 24 28 

//yvrC 23,- /d7,/otJorJ 01- /OCQ/ A-1'och I?unlber 

<,/OI7C/ C/)CNII/e/ U/oi/ tvlt"h 2/-lnch-diomei"er 
r// ci//C/r C:Y/I/7c7(;'r: 



Fig. 24 

10 

.9 

.8 

.3 

.2. 

NACA TN No. 1185 

J M 
/0..50 

/ 
V 

/ 
/ 

!. 

/ 
4'~ 

/ 
v 

j 
~ 

V 
/ 

/ 
jf , 

V 
.~ 

V 

NATIONAL ADVISORY 
COMMITTEE fOR AERONAUTlCS -

l--I--"-' .25 
---.\ '-

~ 
~.) 

I r 
[......--' ~2/ -t--.. 

........, ~ 
I J- Cy//nder ----,~ 

I ..r l 1 l I 

4 8 Ie /6 £10 24 
O)S rO'lCe olong 'test- sectlo,,-, In. 

h9ure 24- Vor/qtioJ? of local Moch nurn6er 
%ng c/Jonr;el woll U/ith 
6-/ncn-chomet"er ~;rc(/Ior cy//nder. 

28 



I 

/ 

" I " 
~ ... 
1.. 
2- / 
C 

~ 
~ 

I 
~ 

'.l C y//ncler \ cfiQm.,2 f /iJ. / " . f-- o.3lnY_ - Em. -

, } J ) 
v [7 

~ 
V 

/ ~ l---
/ -

I I ...-:::::. ~ ---f--
I :::---~ Toro/ hea~ ~ ~ ~ 

I 

I) I dst = /()() "n. 
StreQm clepthJds~ F=:::::-

~ r---::::::: ~ P::: / j 
- , ~ , 

--........... r-=: r---U 
r--.... 
~ If 

I--r-- / 
3 

NATIONAL ADVISORY 
COMMITTEE FOI AEIlONAUTICS 

. I 

./ .2 .3 4 .5 .6 .7 .8 .9 1.0 
Stream Moch nt//n~er; A1' 

h'gvre R5- Vor/Qtion f.tIVit-// srreQ~ /Vlach /7q//7ber of 
oS treC?n? dep t'17 one! tora/ lHlod wirh cJrcu/qr 
cyknders in ~ne t-est- sect-ion. 

, 

~ o 
~ 

1-3 
Z 
Z 
o . 
i---> 
i---> 
ex> 
01 

hj 
1-" 

0'Cl . 
~ 
01 





NACA TN No . 1185 

(0') M--a~o0' R.:-2/~(}Oq· 
O~ /.O//7Ca 

(bJ No:- 0.600,- R --27'0;000/ 
0= /. 0 /nclJ. 

(eJ M'=o.62~· R:JO~OOO/ 
£) - I. 0 //7ch. 

Fig. 26 

(c/) /l4:0.130'//?:33?OOO/ 
o :- /0 Inch 

(e) M -=-0. 880/ /?= 7~OOOJ' 
LJ-=-Q 2 //?ch 

(f) M.: 0.880/' /i'.=- 1 ~ 000)' 
0::: O. 2 inc/? 

(.:some 00$ (e) .:1howin'j fZ.J(/ended F/eld) 

//~ure 26. - Schl/eren p/;otog'ro-p/;s of C'/rcv/O'r 
cy#/7cr'ers //7 the Ltln9/ey yecta/lg~/t7r 
J... • • s. d +. I. NATIONAL ADVISORY 
'1/9u - spee ,unne. COMMITTEE FOR AERONAUTICS 





3, 

V:> C. 

~ 
~" 2-
~' 
.C) 
~ 
\) 
~ /. 

:> 

t:. 

r 

0 

1\ 
.." 

-vw 
d::2in 

,// 
~ ......... 

"../ ~ 
....-

/;:. :----
V 

;.-

/'" 2 V 

./ 

.".. 

--
\ 

\ 

,./'-
~ d=CT:J 

,./" 

v"""'" 

- d s2 il? 
~ --- I I 

I I 

,~.--- --~-----

I 
I 

! 
~ 
o 
~ 

i 
L: 
o . 
t--> 
t--> 
CD 
CJl 

- 17Jeoretico/ fe9Uot/onII 6) 
0 Measurement..s -/rom 

~hQdow9rQfJhs t 
~ / 

/ ~ 
_'V9d T u 

!---' ~}d= iln. ~ ~ 0 ---- ~ I 

~ 
'(; 

~ 
~ 

\.--V"'" 
5 

o 
o .2 

Figure 27.-

.4 ,6 .8 
Wqve /enqt"h) .A.) 

VoriorJon of veloclt'y 
(..VQier surFace (.Q(7ves 

, , ,r" 

°0 .01 .02 ',03 
A.. 

NATIONAL ADVISORY 

COrMITTE, FOIl ~RONAU~ICS 

/0 I.e 1+ 
-It-
of ,.oropo9Qtion of 
w;t~ GU(?ve /en9t'h. 

f-:rj 
t-'. 
aq 

C0 
.....;:J 



r-- ----------------~----------------~---------------------------------------

~ .7 ~ -

" ~ 
~ 
~ .6 

~ 
~ .5 
~ 
C) 

~ 
(I) 04-

~ 
~ 

.~ 3 "' . 

. ~ 

~ 
.2 

o 

\ 

\ 
\ 

1\ 
\ 

\ 

- --- ---

1.0 

1\ 
\ 

1"'-
~ 

'" 'i'--.. 

'--

2,0 
StQ"t'ic 

rigure 28.- /'W/nin']Vn'} 
st-Qnd/ng 

I'- ........ 
...... I"---. 

t-r- -l-t-- -t--t--

NATIONAL ADVISORY 
COMMITIEI '01 AERONAUTICS 
I I . .. 1 . .1 ! J I I 

30 ~O 50 ~o 
water dept'/) ~ dsr ~ /n. 

.stream Mach nUn?ber "t wh;ch 
capi/lor!/ wavtls lorm //1 I're~ srreonJ. 

I 

H 

f-rj 
...." 
aq 

t-V 
(X) 

~ 
o 
::t> 
f-3 
~ 

~ o 
,...... 
,...... 
(X) 
c.n 



I 

1.0 
, 

x 
~ 

~~ 
_9 

"-' ~ 
'<) 

~ .8 ~ 

~ 

" ~ ,7 

§ 
.§ .6 
~ 
~ 

~ 
. 5 

II' -

I~\\ 
\\ \ 

\' 1\ 
\ 

I~~ I". WQter-chonnel cglJnder rest- o'att:J / 

'" I~~ V One- o'imens ianal (-/;eory 
~/ 7:/.4 

"" I'~ V r:2.0 '" " ~ V 

~ b< V , 

~ ,...~ 

~ ~ 
~ .~ 

~ ............ "'" .......... -... 
~ "" ~-. 1' . --

NATIONAL ADVISORY 

.4 
CO~MITTEE FOR AERONAUTICS 

o .10 .20 30 
Ratio of ~yl/"dsr rI)ome"Cer 'fo cj,ann el wio'-tn 

ngllre 29.- Not'er- channel mQ.x/m~m rest- Mach "Glm.6er. 

i 

z 
~ o 
~ 

1-3 
~ 

Z 
o . 
I---' 
I---' 
co 
CJl 

t"Ij 
1-'-
crq 

N 
W 



Row 

J e of 
(oq 

uJO t< e 

~------------ t-

NATIONAL ADVISORY 
COMMITTEE Fa. AERONAUTICS 

Ngure 30.- Lines of constqnt Mach number in the 
-field of f'low about 0' &-Jnch -diameter 
c/rcu/o'r c[j'//nder in t-he tP4-/nch 
a/O'ter c/;qnne/ ut maximum sireQm MQen 
number. M = 0. 5/. 

fIj 
....... 
aq 

~ 

~ o 
~ 

i 
~ o . 
I--' 
I--' 
co 
CJl 


