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Subj ect Sur f ace  S h i p  Tes t ing_a )r f  0 1  1 r ,as wat r Tunnel

Re fe rence s :  See Page 17.

Abs t rac t :  The 48—inch (121.92 cm) d i n ~cct er  G a r f i e l d  Tlior aao i~ater  Tunne l
of the Applied Research  L ; i b c i n t o r y  win-; r c -cen ti y used to
compare t h e  rc ’lat:i.ve cav i t at io r i  c l ia ract  or i st i c s  of r ropelle1’ i’~
opera t ing  on a s u r f a c e  ship h u l l  . A b r s i c  o bj e c t i ve  of
the in v e st lgnt i o i i  was to dovelup a mc ’thc ~cl Of us ng t h i s
f a c i l i t y  fo r  s u r f a c e  Shi p p :opcl ler  evalua t lons .

E v a l u a t i o n  of a p r o p e l l e r  opera t ed  w it h  a model h u l l  in a
wate r  t unne l  so t h a t  t h e  t h i r e e — d i m e n s ’ i o n a l i t y  of t h e  f low —

is m a i n t a i n e d  i s  one of several tec in l iqu c s  of t e s t i n g  s u r f - c c
ship p rope l le rs . Al t h o u g h  nci  Lher  Fr o u d e  nor R ey n o l d s
number  scaling was appl  i ( f l 1 h e , it was dei ;~o~~st r a t cd  t h a t
meaning f u l  c a v i t a t i o n  r e su l t s  could be ob t a i n e d  i f  the  f low
condi t ions  in  t h e  p iano of t h c  propel  1 or n a t  checi tho se
measured  in towing  t an k  tents wher e  t h e  e f f e c t  of the
f ree  su r face  was p resen t .

Acknowled gm e n t :  The work descr ibed  in  tb -i s  paper  was spon sored  ! t h e
Naval Sea Syst &‘-w~; Coi n, ni d , ( ( ‘c 1 t 037 , S t i 1 - p r ~c~ec t S, \ S  3~ Ol 2 ,
Task 17730 , U.  -

~~. N a v y .  T h i s  r ; ’n iusc r  u t  ~~~~ p 1’ e~ ’ ; i r L  d f o r
s u b mi s s i o n  to  t h e  Soc ie ty  of N a v a l  A r ch i  t ect s  en d Mar  In c
Eng inee r s  f o r  pub I i  cat  ion i n  t h e  J o u r n a l  of Shi 1~ ] n ’ i - - a r c I i
or M a r i n e  i r r ) nn I n ;  V
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D — the propel] er diameter
p

J — the advan ce r a t io

K
Q 

— the torque coeffi d ent

K
T 

— the thrust: coefficien t

n — the s h a f t  r o t a t i o n a l  speed

~T .S .  
— the uncor rec ted  test section static pressure

the vador  pressure  of water  at- i t s  average t empera tu re

— the desinen t  f r ee  s t ream  sta t ic  pressure

Vr 
— the radial  ve loc i ty  component

VT ~~~. 
— the uncorrected test section velocity

V — the long i tud ina l  or axial v e l o c i t y  compon c- nt

V0 
— the p er iphera l  velocity componcnt

— the floiiili nl shi p speed or the  equ iva len t :  f ree  s t r e a m  test

section velocity corrected for model blockage

p — the fluid mass density

— the cavitation index

1. INTRUDUCI’iON

The Fluids Engineer ing  Depar tment  of the A pp ] led  Resea rch  L a b o r a t o r y

(ARL ) pa r t i c ipated in  a program to develop a r e l iab l e  procedure  for

documenting the relative cavitation characteristic~; of a series of

surface ship propellers using the ARL 1 s 4 8— inch  ( 12 1 . 9 2  cri) d i a m e t e r

water tunnel. This experimental facil,it v , the Garfield Tho~;n~; i-MI t er

Tu nnel , is shown in F i g u re  (1) and is  d e s or  [hod in  l~c f c ro nce  ( I )

The model p r o p el i cr a  employed in  the  c u r ren t  pi ’og r ;i~is had been

— p r e v i o u s ly e v a l u a l  d in  t o\- .’i n , ;  - id- . t o s t  ; t h e n - i n , ~1t t ’  i ; r i d c - l  h i u l  ls ,

ali>: i i  I ha rosa • o , i i i I I ; ,  t 1 ’ t - ,~~.: tat l u l l  i sV  I I I .00 i C - f t  c i t  t ’ ;  t i c ’  i i i  i v  f o r

the  t’’, i  i - r t i f l h l O I t ~ ; t P l’ •’ ,’ ’ ? ’ ~~~’I ~~
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T h e  su b j e c t  of I c;~~t :~ng pi -o~~n i l e r s  I.e ho used on a i r f a r e  1 , i ~ Ot a o l

in p a r t i c u l a r  t h e  s i m a l a t i o n  o~ the shi p ’ s ~.‘ake is a very compl ica ted

one. The bes t method  of p e r f o r m i n g  m I — o r a t o r y  t e n t , s of such p rope l l e r s

is a subject of c on t in u i n g  in\ ’ e s t iga t  i o n .  Some t e chn i q u e s  proi- ;c - r. u 1)’ use~-~

by various laborat-ories i n c l u d e :  (1) flow rcguiatio:~ in a water tunnel

by screens or metering devices in which only the axial velocity component

of the ship ’s wake is siznulatc’d; (2) u s- 0. a compic-t  e ship model in an

evacuated towing t ank  which enables the sh ip ’s waite , free surface effects

and cavitation to be simu lated~ (3) moun ting t he  p r o p e l l e r  relative to

a model hull shape in a water tunnel so that the thiree—dimensionalit y

of the flow is maintained.

The f i r s t  technique  can be entendnd in some canes to inc lude  the

simulation of radial and tangential components of veloc i ty  in tile plane

of the pc - apclic- r by iicclining L i k e axis (if t h e  p r o p e l ler  by an a p pr o p r i a r o

amount .  Generally , such an installation requires pout -r i n g  the model

from behind , which negates  any chance of observing the cavitating hub

vortex.

The second technique is, of course , limited to a labora tory lik e t he

Netherlands Ship Model Basin (NSMB) at Wagcnin gcn , R e f e r e n c e  ( 2 ) ,  w h i c h

has such a unique facility. Potentially it offers a means of scaling

Froude nulmi)er and cavitation number. h owever , the model size I imitation s to

which e x p e r i m e n t a t i o n  is usua l ly  res t : r ic tcd makes R eyn o lds  number

scaling near ly  im p o s s i b l e .

T h e  t h i r d  t e c h n i que w h i c h  bait also bern  cm~ l oved at NSNB o f f e r s

another alternative for w a ter  t u n nel  lad l i t  i c ’s. I t  ‘is  l i i i  s t e c hn i q u e

wh i ch has bc ’ c - I I  ap p ]  i cci i n  the  A~~1. ‘ s 48—-in ch (121 . 92 em) di mae t i 1-: ;, t or

t u a i t 4 - I . ‘ t i e  c l i , - , - i  ~~~ a - of I ’ - - i ;i- - -1 ‘ s I i ’  - C I I  N • - ;
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the  in s t ai l a t i c i n  of a model  of r caaouahl .c  s i z e .  T h i n  e --; p ar  i n ~ - n t  al

techni qu c- does not  p e r m i t  com p l et o  Rcyno ld .~ i t c i rbe  r to - a , 1 m r  or , 1,ci: i t - i ’

there  is no f ree  s u r f a c e , F roude  numb er s c a l i n g .  In e f f e c t .  zero I - ’: ’o t t de

nutnl ) er  or a ri g id w a t e r  su r f a c e  i n  assumed.  R ey n o i d o  nm I,er based

on shi p I cunth  does i’cot  appear  to be a c r i t i c a l  s ea l i ng  pa ramete r  f o r

th is  kind of tes t  because the propel ler  is located out s ide  of the c-xpac  ted

hull boundary  layer .

These cons idera t ions  led to the  conc lus ion  t ha t  s i g n i f i c a n t  p r o p el l e r

cavi ta t ion tes t ing  could be conducted in tile ARL ’s large water  tunnel

using a model hull  of appropr ia te  s ize .  One of the objectives of tills

study was to determine, the validity of this  conclusion.  While the

e f f e c t s  of tunnel  wall in te r fe rence  and the i n a b i l i t y  to scale R ey n o l d a

and Froude number were of great  concern , it was f e l t  t i c a t , if the flow

conditions in the plane of the prope:Iier could be demonst ra ted  to

accurate ly  match those previou sly measured in towing tank  tests , L i ce

cavi ta t ion  Lest  resul ts  would he m e a n i n g f u l .  If a model hull  alone

proved inadequate  in producing the correct f l o w  f i e ld  in the v i c in i ty

of the p r o pe l l er , devices such as screens or j u d i c i o u s ly  p laced i ns er t s

could be used to f u r t h e r  a l ter  the f low.

The ARL conducted tes t  programs  to eva lua te  the c a v i t a t i o n  charact c r--

i s t ics  of a series of propel lers  for  two s u r f a c e  ships. T h e  v a l i d i t y

of the  ARL i n s t a l l a t i o n s  were v e r i f i e d  by the close a g r c c -m c -n t  of thic ’

prope] I c r — p l a n e  wake St i rvO y s w i t h  those  me asu red  i n  t o w i n g  t a n k  t u ~~t ~~~.

Compar i son  o I the  th r u st  and t o r q ue  I l i ’ ; I S I I T I - ; ’ i t ’ n t s  i-; i t ic p r ( - d t  et cci fu i l  1—

scale da ta  prov ide d  ach d i  t i onal  cr~’d i i i  1’! 1 V to t i l e -  w a t e r  t u n n e l  i t~~t~~l I at ion .

These t h r u s t  and t o r q u e  da ta  p i - e v c d c -d I h ’ -  r w a n t ;  for  do -i c - n t  l og  1. 1cc

(‘fl~ ’ ~j  a I — a t  i t ’ y ; - ’  ~‘y - - - 
- i ~. I : r- t v- ., -. i i ~~ ,

has  I S.

- 
- - - -- - 

- ~~~~~~~~~~~~~~~
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Due to t u e 1 ict i c d  t c r . ou n t  of f u l l — s c a l e  c i ty  ‘I tot 1011 t a , t hu  r -a . i t ot  i_ on

scal ing laws f rom model, to  f u l l — s o n i c  ar e  not  i~a]  1 defIned.

i t  is possible  to e v a l u a t e  p r o p e l le r  c a v i t a t i o n  c h a r a c te r i s t i c s  on

a r e l a t ive  basis using model  p rope l ler s .  This r e lat ive  p ei f o rn a i t c e

is dependen t upon having the best  p on s i b le  mode l i ng  of t h e  ship ’ s ~.o1,c ,

which  means t h a t  tile pe r iphera l  and radia l  components  s h o u l d  1 � p r e sen t .

It is concluded , t h e r e f o r e , that  the use of a model hul l ,  in the  ARL

48—inch 
- 
(121.92 cm) w a t e r  tunne l , though  not  as good a si:’-~~~at ion as

is possible in a vacuum towing tank , is b e t t e r  than  t ha t  which can

be a t ta ined wi th  a flow r e g u l a t o r  or screens which s imulat e  only t h e  ~
- -

axial wake ve loc i ty .

This i ns  - i l a t i o n  also provides  an o p p o r t u n i t y  to c o i l j a r e , on

a r eI~ 
- 

: , the ef fec ts of sue-il parameters  as rudde r  throw , up st co: i tn

agp (  ~ st , - u t p: ’c c- - . at ry  on ~h c- a-cp~J Icr cavi~~.t i o a  . Wi th ~~~~~~ ‘ - i_

i ns t  icc u c n t a t  ion , the mea ’;ur caen t of the unstead y h u l l  pressure  forces

and the relative noise levels is also possible.

Al though  t h e  quest  ion  of dat a--sca l ing is a i u av s  present , the p ro ap i  ct. s

of o b t a i n i n g  s ig n i f i c a n t  sca l ing  i t  l on - a t i o n  bc- t ~-.’r- c a so de I—scale and

f u l l — s c a l e  da ta  in f u t u r e  programs — c ’c very p romis ing .

Descr ibed in t h e  r i - ; - a i n d e r  of th is documen t is the dc ’vc lopmen t of

the  method -i rp l c~ ed to c i t  ilize the 48— I nc hc (121. 9? cm) d i am et e r  w a t e r  
4

I. unnel for sur :cc - s h u i  p 1 ’r op c -  I i c r  c-va I i n t i o n s .  Wher e  r e q u i r e d  , dot  a or

fi g i i ’ -n froiti ci. ther or hot  h of t he  test Pco i ’, I O s  cc.i 1 1~ be u -cd for

illustr ative pUrp oses .

- 
- - -

~~
-
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2. PODEL DE~ I C  ;:~ i df l)  TALE h ‘V J ’ I OL ,, 

-

For the t e s t  pr ot~n - ct ; cE-se -r i  bed In-s c ’  in  t h e  m o d e l — s e a l  e u— t a eho~-~

to corresp ond to ex is t ing  wooden t c ’ .: ng  t ank  uc -Jein ; wi ci  cii c -r e used

as forms for  f a b r i c a t i o n  of the fiberglass w at e r  tunnel h o ]  is. The

results of powering calculations based on full—scale data , indica t:cd

that a sufficien t range of propeller advance ra t:i os could be obt aine d

at test section velocities of 25.0 ft/nec (7.62 rn/see). The required

model power wa s provided by using two 2 0 — h o r n e p c c t - c r  ( i4 . 9 2  Ew) mo tor s

operated either in tandem or in parallel.

In each case the water tunnel model hull was designed so that

tile overall length was decreased to permit the model to fit tu e test

section. This was accomplished by b l en d i n g  a shortened , s t r eaml ined

nose to tile aft portion of the full mode ] . T u e  shor tened h u ll s

were cons truc ted in three pieces fr on a f iberglass—resin composition

with a minimum thickness of 1/4 inch (0.635 cm). Appropriate parting

lines were made so that assembl y of th e hull over ti-ce model motors

and st rut arrangement could be accomp lished. An assembled model

is shown in Figure (2) and a schematic of tile water  tunne l  in s t a l l a t i on

is presented in Figure (3 ) .

To reduce installation problems the model c-as mounted  in an

inverted position on a one—inch (2.54 cm) thick fiat plate located in

the lower portion of the tunnel test secl:i on sue-hi that the ceiut:er of t i c -

propeller hub was located at the.  cent  cr 1  In c  of t i l e  vat  c i-  t u n ne l  w o rk i ng

see t i on .  The model is longer than the b i s t c h u  covc-r and . thi~ refore , coi l d

not  be a t t a c h ed  to It . If 1 1cc ’ model \ - c S i ’  to be’ att ache ci r i  c h i t  side up to

a plate - in the upper pot t ion of t t ic -  wo oP l u g  n o r  I. I on , tu e node- I c- - au 1 d 1- --
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re .I a L  C -~c ] y  icuccec  t: a i b ] c ~ for  i a !  ,!llOtiF ’) c ;t ’ cc l  ad j i: ; ! c - c i L  once t l j -t ;r ’  s c l p t ’ ; F r l  i - p

plate;; c- - ore in pi cec. The ’ c-:~~i p, h t  of c u e - h i  a I n ’  pc ’ n tii’l n i -t o ~:-~~~‘; - e5

many prob i  ms whct c be i ag In c  - t n o d  ~~
- I t I c  Oct f c rc ’nrci- to al l~ aux i l  i t r y

ha rdware .

Wi th  the mod e-I. mounted  ‘in an i nyc tech posi t~ & a or error in th e

static pressure occurs due to th 4  ~a’c-: n o i  of t he  h y d r ost a t i c  p r en s ur  e

grac h i e t . .  - For tice n odal propellers we’d in the subject progra. t h i s

error was approx i ; n c t c I y two l ercent of tic; ’ ci n i o F : : ;  i T l C O S ( i i ( ’ ( ;  c lvi  t at io n

indices,  in general , th i s  is wit h i n  the  oc c :p tec l  11c C t ;; of the data

sca t t e r .  However , f o r  larger propel lers  a s imp le correct ion could he

included in the da ta  r e d u c t i o n  p rcg ram .

Tile model mo to r s  were mo u n t e d  in w ;i t c -r t i gh t  c o n t a i ner s  w h i c h  u’~-ro

installed inside the  model hu l l .  Because tile motor  casings  were w nt e r t ~~g1ct

and the requl red c-i c-c ! r i rncl and coolictg c- ::ttcr l i n c - o -  ;e  ins~ nI l c  J t I ;r co L

a s t r u t — t u b e  a r rangem ent  the model hull could be flooded. The p r o p e l l e r

sha f t s  were attached to strain—gaged cci] s s-.’ithin the casings for  rtc ; sur e—

ments of thrust and torque.

The propel ler  sha f t  supporting struts for the first model c-crc

Initiall y made as f l a t  p la tes  w i t h  semic i rcu la r  l e o - d i n g  and t r a i l i n g

edges and were ins talled parallel to the m o d e l ’ s cc -nt cr l i ne .  It was

learned after testing began t h a t , On the  p r o t o typ e , tile s t r u ts  wer e

airfoil sh aped and were o r i e n t e d  at  a spc-c- i fied ang le r e l a t i v e  t o  the

centerline of the  r odol  . T h i s  change i i i  s t r u t  design was mach e l a t e r

hut was not insti l c i t c d  ou t  i i  a It er  the  c~~~p 1 c - t i  out  of t i l e  in;i t i n ]  t e a t

il roglalnc . ‘l ice rudd  -on c-: F -r c f l  - c l ea te d  f i c  ‘a a ]  cc ci n , ;  ci t o ok  . P n ’v i  si oil

was macic for  t h e  d e f l e c t  ic ilt of Lilr  i - c o l d ,  r up to 25° i n  b o t h  p or t  ;t i i d

1 c ‘t~e, i i c 1  d i r  ot t  I , i : - . ‘t I c  I ‘ “< ‘ ‘  ‘ ( ‘ f l  ‘ - a : - :;d - i ’  d ’t  ‘ , ice I ! ‘ - f f c c

ot  i i i d , ] - r ‘Jr 1 eeL  0 4  r i  t h e  (‘ t v  i t  a t u i  e; :; C c - c c - a t  c - :  (Fl tie - i - l a F - ( ’

- --
- - - - -- - - - —

~~~~~~~-— - - ,- - - - - - -- -~~~-- 
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Finally .  pr ov i s ion  c-i is made to ~ali  ox-.’ a x-~o , t ~’ n o r v e y  I c~ h i- conduc- C i’d

— in t i ce  p i nn e  01 t h e  p r op e l i  ccc. A e l i - c r c  i p t i o c i  c f  t h e  m c c c ’ s  i si’; used

and the r e s u l ts  of t u e  survey folloc-; -in the Ill”, !  s c:’ e t i O f l .

3. WALE SUR VEYS

To ve r i f y t he  accuracy  of t i-me r ;o-l c - i  in st a l ] a t i o n  and to evaluate

the blockage c h ar a c t e r i s t i c s  inh er e n t  x-i i thc  the : i, . s t a l l a t i  i~~ of large

m o d e l s  in the t e s t  sect ion of t i ic  48—: inc h ( 1 2 1 . 9 2  c r )  d i r r c r  t e a  water

tunnel , veloci ty  surveys were  conduc te d  in tile p r o p e l l e r — c l i n k  plane

of bo th  models .  The r o t a t i n g  wake rake w h i c h  c-.-n s  composed of nix , f i v e —

hole , ang le—tube  probes and is shown ic -i F igures  (4)  and (5) w as  - -ed

to measure the  thrc - e veloct i t -p componen t s .  The design , cal ib r ; ;t 4  n ,

and app l i c a t i o n  of these  probes are discussed in det cc i i  in R e f er en c e

(3) .

The wake rake , whi cil  is shoc-m i n s t a l l e d  in Ti p u r e  ( 6 ) ,  c-as  r o t a t e d

th roug h 3600 in 3.6° increments. At each of theoc  a n g u l a r  - p o s i t i o n s ,

data were recorded from each of the  six probes  located  at t he i r  p resc r ibed

radial positions. The data were aut:cartical ly punched on paper  tape

and processed on the JEll 1130 compute r  system ~-,‘ 1u i c t h  s imu l t aneous ly c a l c u l a t e d

and p lo t ted  the r e su l t i ng  ve l o c i t y  su rveys .  Al l  wake- surveys  were  -ondce  t ed

at a nominal  ship  speed of 16.0 f t / n e c -  (“ .88 r n / n e c ) .

A r e p r e s e n t a t i v e  wake is p r e s en tv d  ~‘r a p h c , [crc i lv in F igu re  ( 8 ) .  Tie

wake data previously nieasui cci during 1 - 0 . - m r  t ank  I es,s have been r e p r e c ’ c : c t  eel

by the piecewise c o n tin u o u s  curves wi  tic l i nea r  r-e , - n: - : - ’ n t cc  l ’ c t u ~’c’ o da ta

p o int s ;  wher e a t , t h e  AR ] . d a t a  c r c ’  p r c - sc ’n t e d  as i n d i v i d u a l  d a t a  p o i n t s .

Tie-se AR L ciat’ :c t i l e  i rescnt :eel as c c - l e d  I y Lad io .-~ , nn ct t - : ’i y ,  (V /V ) (V / ’i )
and (V !V ) \~F! iC .~~ r.

— — 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ -— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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tin-’ i c n c ~~J t u c U c c t c T , or ax ia l , v e l o c i t y  r a t  i ,

V /V = t he  r a d i a l  v e l o c i t y  ra tio ,r

V0 /V~ the pci-ip hcral velocity ratio ,

and V~ = the n o m i n a l  shi 1 speed or the e q u i v a i c : c t  f ree

stre :ccm ve loc i t y  correc ted  for  model b ] o c i z n ’t e .

The data were in i t ia l ly ca lcu la ted  in the  fori ,c (V /V , - ), (V /v , - ~
, )

x L S .  r l~~ ,.

and (V Q /V T s  
) where VT S is ti m e test  s ec t i on  ve loc’  i t ) ’  measured by a

wall moun ted  p i t o t —st at i c  probe in the p r o p e lle r  p la n ’ . The ART. da ta

were ad jus ted  on a ic ons  flow ra t e  basis  to account for  t h e  model hlock a~~ ’

and the growth of the boundary  layers on the model h u l l  and tile test

section wall.

T h e  wake data presented  her e  were r c- : : c t n scc r e d  sc v c c r a l  times ~, ic ’s - . - ,’i c i ”

excellent r e p e a t a bi l i t y .  In an a t t emp t -  to de t e rmine  t ice i n f l u e n c e  of

the shor tened hul ls , the  h ull  b~ u iidary i ,tt ~’c ’r of t u e  f i c ’ ~~t mode ] w a n

altered by adding a 12—inch ( 3 0 . 5 4  cm) sect ion of 1/ 4—inch  ( O .6 ’JS  c m )

mesh screen 33 inch es (83.82 cni) a f t  of the how . A wake survey c o n d u c t e d

wi th  the screen in p lace showed no appreciable  change f rom t h a t  r :~’,-isu rc ’d

wi th  the bare hul l  , t icus , r e a f f i r m i n g  t h e  f a c t  t ha t  t i m e  propc-l I c r  c- a c;

opc-rat ic lg ou ts ide  of the  hul l  bounda ry  l ayer .

In general , i t  ~as f e l t  tha t  the  agreement ’  b e t w e e n  t h e  ARt. and toc- ’i n g

tank wake data  was excel lent  and war ran ted  c o n t i n ua t i o n  of t ime t e s t  p r c - p r o c

wi th  no modi f i c a tio n  to  the model i n s t a l l  a t : ion .

4.  T h ] c ~US T ,\Nl ) l’tT~Q 1JE

Once’ t i m e  over a l l  model  i n s ta l l a t i o n  h i n d  hc ’( -1l v e i l  H ~ ci by t ie ’ r e s ul t  a

of the  wake ’ surveya , pr o pe l ler  silo f t: t h r c c t :  t and t o r que  m e a t — c c  i i  - c i i i  c-tea - c

co nd i c - ( - ‘i - ‘lice i i i  n t  : 1 a cid I ‘ ‘i ’ - t i e ;  d,-ct a x , c - r e  Ti i t ?  i ’c ,’ t i i ’, i l  1 ~ ‘ l ’ O ’ O - I t c  ,~ ( ‘ 1 ,

t:’pe for r~~c l c  -1 t i e ’ s u b j ’ t ;  p i u p e ’I i  ‘ un t i l  t i c i t t t  - el i~d y , t c c & ’ c ’ i _ c t  C

- — ,— ~~~~~~ ‘: - :-:L~~~,_~_ - —--~~~~
-
~~

-.,,, a~_aa . t- — 
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spann h o p  ~ r a ng e  :~m. ~ percc ’nt above tiuwi b low  t h e  ac~~~i i  ‘c- el up - c a t  H g  t F L  a t

r a t i o .  The cus t : o ;c t ~c’ y c o e ff i  ci c-fl t :s dcc f i ne d by t he  fo l  1 cc- . - I c ip eqi  : , C s i l t —

V
Advance R at i o  3 = —i’-- , ( 1)

Thrus t  Coef f i c i en t = KT 
= , (2 )

p n D
and

Torque C o e f f i c i e n t  = K() = ~~~~~~~~~~~~~~~ , (3)
- p u D

where p

n the ro ta t iona l  speed of the p rope lle r ,

D = the p rope l ler  diameter

p = the f luid mass d e n s i t y ,

were ca lcula ted  and p lot:ted v i a  time IBM 1130 computer sys tem .

Data  were measured fo r  noecinal  f r e e  str c ’ac: c v e l o c i t ie s  of 20.0 and

25.0 f t/ s e c  (6. 096 and 7 . 6 2  r n / s e e )  w i t h  no measurab le  e f f e c t  on the  po\- :c ’r i ik ;

data due to tile va r i a t ion  icc Reynolds  number .  A cha rac t e r i s t i c  grap h

of and KQ versus 3 is presented i,n Figure (8) . These data  h ave

not been ad jus ted  to r e f l ec t  fu l l—scale  sici p pe r fo rmance .  hl owev e r ,

a onepoint compari son w i t h  p r e d i c t e d  f u l l -sca l e  power ing da ta

was comp leted . At a g iven fu } , l— nca c ] e  ve loc i ty ,  l< T was compute d  f rom

the p r e d i c t e d  f u l l — s ca l e  dat a .  At th i s  value of KT , the  c o r r e s po nd in g

value of J was d e t e r n i i n c ’ ,l f rom the  ARL model vs J curve to g i~ ’c - n

m o d e l / f u l l— sea l  e t l i r c m s t  i d e n t i t y .  At t h i s  r~ct mc’ va~,u cc of J , u’t ta  d et c - rc : ; i  i l t ’ c t

f rom i lic AlP ,  K
Q 

ver su , s  J c u r v e .  ‘ fb i  a v~ ltce of K
Q 

was then  concp ar ccl

w i t h  t h e  c o m p u t e d  f r c a  t i m e p r e -d i  et ed  f u m i  l—s c ;cl e  d a t  - c .  ‘l i ce p e n c e - ac

i s  d h i n p , l- ; c t ’ c : t t -d on l ’ip c m r -  (P , )  . h - o r  a l l  p r o p e l l e r s  t i m e  a p r c c ’ i ’ i c - l i t  b e t w e e n

t i m e  p r c d i c  1 f~i l l  -~ c i - - ; ‘t ai  l i e  i ’ . t ’ i S i O t ’ il I ‘ i S ’  l — c t C l l c  \ - a l c c c ’t t  of

c-. i t  i n  t i ’ , - c, i c i  c i
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Titus , f o r  i c ~ - c i L  i c -a l  c a l u e t -  of Li d s i , - l’: t ye c c ;- i~c i i i c-tofl d - o n c ’i ’ ; t c , c t -  .1

t h a t  I im ’ , 1t~i .  i - - do ] .  p ” oci c c ’cd e a - : c ’a L i ’ c l l y t h c o  c i ii,:- ; ’ t o rque  (I~Q ) c ’ L a” .:~~’~ —

t n t ,  i cc ;  as in’ echict c ’ d I re:’ t a’,, ’ C op t aut ] - : ; - edc ’l  dci C a .  Thi n ~‘ ; cc t  c t c t  s - c o p ’  i t i p ,

when the  agr L-:t: c ’ c c t  b c ’t ’.-:c ’ c ’ c c  t i m e  /PiL ~ nd to e- c og t a c i t : c-,’akc ’- :- : ~n c- on; ; i d o r t - d .

Once th e’ utoelc i i ng  t . c a - 1 u c f c ~uc h a t ;  been va l i i~: t c - d b y the  c ; v c , c’ e - ’ - : c ; f u l

wak c surveys and p o w e r i n g  t e s t s , a t t e n t i o n  c-a ‘t f e au s c d  on t u e  cavi t a t  c - u ’:

ch m ar a c i e r i s t i c s  of t ime SUi)j oct pro h t - l i e  r a .

5. CAVITA ’i’lo:: (:1 l ,-~Ib ’-,d’1 ’J ’d1 si  ics

The pr imary c o f l a e t m l  of this  t e st  prc cgram ~.‘Os- the  d o c ; ’u ;e i t at i o n

of the  c a v i t a t i o n  c h a rac ter i s t i c s  of t ie ’ sub jec t  p r o p e l ler s .  The cavi t ~:t ion

charac ter i s  tic; : were n-cce c c’d ed b y v i c e ;  I ly (IC t~ - r I :  i n  og t u e  des ’i i c c - u t  cav i t a  t ion

cond i t ion  fo r  t h e  v ar i o u s  f o r m s of c-~c - ~- i  t ,-it ion as a f u n c t ion  of advance

ra t io  and by ske tch ing  t h e  e ; 1 V J t a t ’ i o t i  p a t t e r n s  r i c ar a ct e r i nt i c  of c e r ta i n

pre~ cribeci o p er a t in g  c on d i t i r ’n t ; . Tyj ;ic ;c i cavi t a t i , on form s are s h o wn

in Fi gure  (9) w i t h  the  p rope l  lers opei’at l og  in  tie- wa te r  tu n n e l  cccvi i n . :  - n t .

At  a given v e l o c i t y ,  the c a v i t a t i o n  o hn e ;r v a t i on s  we -r u ’  m ade by

synchr on i z ing  a st roboscop ic -  li ght source wi t h  time r o t a t i on a l  a1 c’ed

of tile p rope l l e r  and t i con r e d u c i n g  t i l l ’  t unne l  press re level  u n t i l  a

p a r t i c u l a r  type  of c a v i ta l  ion  had f e - i c - c d .  The pressure  was then in c ;c a -ase d

u n t i l  t he  de sin e nt  con di t  ion  wccc ; reached , at which  time the ’ per t~ flC :ml t

p a r a m e t e r s  we c- c recorded and s u p p l i e d  as card i n p u t  to tim e ’ c a v i t a t i o n

da t a  r e d u c t i o n  pro gr ;u :d .  The s t a t i c  p re ssu re  
~ 

and t h e  velor  I ty

VT ç m e a s u r e d  b y th e  w ,u I ]  moun ted  p i t  ot — at  i t t  i c ,’ p r  eke in t h e  ~ i ep ~~] 1 c-n

p1 ane c-c rc ’  co r r ec t ed  to f r e- c — - at  i - c acti ( ‘ 1) 01 111  t P O ’  (I’ and V ) i ’v t he p i’i ’v i otcs l v

di scussed b lockage  ef fee-  t:s . Time ca~ i t  a L i  omi i ode -n , 0 , u~’ ; i c ;  ‘ei p c c L a d  Ir e :-:

ci = 
~~~~~ ( - i )

-_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ,
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wh e r e

P the  dea~, n cci ,t  i i ’ ; , — 5 t  c’( - a : c  s - t n t  1 1 ’  p r c ’ ; : c - u i i ’ca ,

the  v a p o r  p r e ss -l ir e ’  of t i m e  c- ’: t r a t  i I c -  r .  I - c o g ’

tempd ’r at  u re .

The cav i ta t ion  data  for  each of 1 I c c  p rope l  ic so me re in c- :)t ed a , ;

curves of a versus P .  A typ ical graph is presc’n t  c - i  in I ’ I p i t i ’ i ’  (13) wb ’ ’:c

the curves r ep resent ing  t ime var ious  cccv i t a t i on  lo r is lea v e; i- c’ ct i de at i f  i c - i .

Also included on the c a v i t a t i o n  f i t ’  ore is th e  “ shi p ’s o~~;:rcc t 1 ng

curv~ ” and the  c ’orre sponding iri cepl :io ;;  speeds fo r  t ime v a r i o u c : -’ ”  : t V j t ( ~~ b i c

forum s. The dcveiopncent of th is  c - u c rv c  for  tu e-ne c a v i t a t i o n  da ta  is ehi scucsc ’d

in de ta i l  in the following s e c t i on .  I t  should h ,c - noted t h a t  C u e  c av i ta t i  on

charac te r i s t i cs  of an i nd iv idua l  bladc c- -ore a f c c n c t - i o u m  of f t c ;  a n g u l a r

pos i t ion .  This e f f e c t  r e su l t s  from t i me u n c ;V r c r c a t r i c  f low f i el d  pro cluca ’-d

by the various ups t ream s t iu L ~~, b h i u f  Lb S li d  .i~cp eIId ~c~~i : ; .  Ti m e c i c a , i c c c - ’i;t

cavi ta t ion da ta  documented  in these p r o p s - c- a co ccc ; , 1 c ’ c ’ d e - d  to t h e  “al l—

clean” condi t ion fo r  the parta i c-ular c a v i t a t i o n  f o m a c .

6. SHIP ’ S OPE RA TiNG CURVES

The cavi ta t ion  cha rac ter i  ct i en of I lie m o d e l  prope l i  ers c-e r c’ cerc] ac ’t I I

w i th  t ima t  of t ime f u l l — s c a l e  p ropc l]er s  on t i c e  has-i s  of “ t h r u s t  i dent i  t c’ , ’

i . e . ,  at the sau ce t h r u s t  c o e f f i c i e n t .  Pr e d i c t e d  d a t a  on t ime  t h ru s t i n g

c h a r a c t e r i s t i c s  c f  Lice f u l l - - c - r o l e -  prop - i i e r s  in Li c e  s e l f — p r o p e l l i n g

s t a t e  we’re o h i c u i m i e d  f rom t o w in g  t ank  In a t , ’;. ‘fime a ’ t h r u st  d a t a  c-n -r e ’ dc i i  va-i

f rom model t c ’’ t i n  t h e  t, d w  I ng t a n k  fo r  cc o~- r i  es of s-hip c;pc’ c . ’ !  a , V

wi t im t he  s-pc ’ ad~~c ; c : t - d  to pc - c’ : ;  i t’  c ; - i f ’ — p c - opc u i sion  a t  each ap ee ’d .  ‘I i ce

t l m r u c t  va l  ue;; l i i i  c m i  ~b ic -e l c a - r i -  o c t  I l i , ” c ; i ; .  h o  i~u~i f — p r o p c c l  c oil \ ‘Sl cci - ; ;  t h a t

c:auc l .d I : c  d c c i ’ ’ ) -i  ~~~~ i h i l ’  i i P  1 i c c , :1 t i n’ t i ’ , - , t ip, t , - a i h  i u L  c o l l i e  i - f l - c t  - i
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‘i’he pu’ c c ~i c ’ t e d , f u ] _ i— ’ a e:c ,m,l c’ t i i r i c ; , L  va ic ic ’s  c c - u i :  then u’ c , - ,j ; c ’t c ’ d  i n  c c c i  f i c i i a i t

f e c i u - c  u c n i  ng unco i -rcc  ted , f u l l — s ca l e  s-pc :: values , d c  i ; : lu W e -t o  also di -  e ira  i ’  J

Ire’:: tou l ng t ~ c ik  model uci eca -cu r ement  s . On the  bas is  of t i c r u m s -  C lelell i l  i t

lj ~ s-c ti -c rus t  c o e f f i c i e n t values \ ‘ i”i ’  e used to c - n t  er the AR k r ode]

vs J c cci  ve t :  to ob ta in  a w a t e r  tunne l ,  model J fo r  each V .  Knowing t l~

o p e r a t i n g  dep th  of tile propel ler  hub pe rm i t t ed  the V values to be eeoc - c - c t , c - i l

i n to  c a v i t a t i o n  indices.  T h e r e f o r e , a a vs J curve  was g e ne r a t e d  for

each model p rope l l e r .  E acic of these curves ( shi p ’ s oper at  - ing  curves)

c.auc t - u p e r im p o s c d  on the app rop r i a t e  model cavi ta t :ion incep t ion  p lot

and i t s  i n t e r s ec t i on  witi’ m a desincot  c a v i t a t i o n  curve det eu :m -[n ed  a

c r i t i c a l  c a v i t a t i o n  index fo r  a p a r t i c u l a r  kic id of c a v i t a t i o n .

A c r i t i cal  or so—c al led  i n c e p t i o n  speed c-ac ;: c a lcula tc :d  f ron t  the

corresponding c r i t i c a l  c a v i t a t i o n  i n d ex .

7. DISCUSS iON 01-’ i’,h i l ’l ’l’S

The da ta  presented in Figure ( )  show c l ue -  e ace- l i  ~c , t  a~’r e ;ement:

between t ime m~ ike da ta  measured in t: h c-’ c- - c a t e r  tuc imicc i a n d  t i c a t  measured

in the towing tank . Al so demons t r a ted  is t u e  f ac t  tha t  t i e  radial  and

peripheral  components  of wake  ve loc i ty  can he as g rea t  as 20 p c - r e e n t

of ti -ce f ree— strea i : c  or shi p v e l o c i t y .  There fo re ’ , in the  c-r:~~ln y ; :c n t  of

screens or f low r e g u l a t o r s  whi cii s ine]  o f t ’  onl y the’ ax i a l  c- cc :c~ o c i cc uI :  of

the wake ve loc i ty  this  peri p he ra l  v e l o c i t y  co m pe rmi en t wi l l  he a b sen t .

For propellers  typ ical of the  ones t e st ed  in t i u t s  program , t h e  ab senc e

of t .hme peri p h e ra l  v e l o c i t y  can lead to  an er r or  in  t ime f low inc idence

to the bl adc ’ t i p  af a p p r o x i m a t e - I  y 0 .5  cl -p r od - . For hi adc n ’r t ions  wi t i m

lom ~’ va lues-  of t i m i c k u ,m e s s — t o — c h o r d  r a t i o  such as c c  i ’l oy ec ]  a t  prupc ’l lcr

i , Iu c dc  l i ps , t ic I a er ror  i s  eu io t ug i c  ~ - : - c ’ - n’ i u c e : ’ c ’r ’ ’ “c i 5i5’, C d’ t i i  1 t y  to

c ’ : cv i t n t i o n .  
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‘ihie r e l a t i ve ’  cay i t a t i o m i  clcar ; -ccte ; ’i : : t i  en  of the  ic ic l iv id ic - I p rop e i  I e - C : ;

we-r i ’  oh a C o e d  by i - t,s- pcm r :i ng t i m e  i n c e p t i o n  speeds.  ‘J’h mc usual  p l c - a :  i t s - C -

face ’  c i t - c d  suc t ion  face  forms of c a v i t a t i o n , as well  as ti p amid hub v o r t c > :

cav i t a t ion , wor d ’  observed . T h e  c har a c ter i r -;t ics  or these  for; - ’;; of c a v i t ;c t  l e a ;

were a f u n c t i o n  of the c ir cunufc ’r c -nt : i a l  f c r i ,t ion  w i t h  the area b e h i n d

time s t r u t s  and in time “ sha f t  shadow ” b eing most c ri t i c a l . .

The c av i t a t i on  pa t t e rn s  sccch as t ’nosc’ shown in F i g u r e  (12) t h a t

were sketched at s p e c i f i c  p o i n t s  on the shi ps o p e rat i n g  curve suppor t ed

the measured cavi ta t ion da t a .  These pat : t er u’m s we re  usual ly recorded at

the most c r i t i ca l  c i r c u m f e r e n t i a l  blade location . In a d d i t i o n , c a v i t a t i o n

pattercis at several angular positions , as in R e f e ren c e  (c) , should be

recorded to illustrate time asymmetric natur e: of the cavitation.

D u r i n g  a second tes t  progra ;c -c involvi ng the f ir s t  model i r m a t ,m l l a t i o n ,

the revised , s t reaml ined  b ar r e l  suppor t  st r u t s  were avai lable .  T hi s

provided an o p p o r t un i t y  to a s s- e n s  the  e f f e c t  of s t r u t  geomet: ry on the

propeller cavitation c h a r a c t e r i s t i c s .  Time r e s u l t i n g  d a t a  are presented

in Figure (13) where a sketch of the c omp ar at i v e  s t r u t  geomet ry  is also

shown , in genera l , the  b lade  forms  of c a v i t a t i o n  e x h i b i t e d  an improved

res i s tance  to c a v i t a t i o n  while  operat ing in the p r e ; :c  ace of s t r e z r c ’ l.ined

s t r u t .

A l i m i t e d  amount  of t e s t in g  was p er f o r c :-s’d w i t h  t hc  rudder  d e f l e c t e d .

TIce ticrust and t o rque  of the pc ’ c ’ pcl  i c r  we ’re  m a c - a s c i i - ed c-i tic the rudder

d e f l e c t e d  25 0 in b o t h  the por t  and  s t a rb oar d  d i r e c t i o n s .  No si gni flC ,3n t

di f fc ’ re mmcc ’s were  rn , iau rcc l  in time ; ac id kQ 
ve r su s  .1 re’] , at i o n sh m i p  f rom

t h a t  u i c e - ; csc , cm - cd ci i  t i u  j un  i u c d c i - r  do l l  ee l  ion . 1 t ’ ,-n ’vci - , c - i  t im t i m e  r u c i d s i -  dc ’f lc-~’t ed

25° to L i c e  p o r t ,  l i c e  !c ’ a i c r - - n t  (‘ - v i t a l  ~ flfl j u i ( l i ’ ’ . e1~ , c i’ ’ ’ t ’ e i st I c  ~1 11cc ’

l ic h yes -  t ‘s c ; cmc i  i i ; -  I i  ,-
~i , . - P t  ‘ ‘ ‘ - - - u ‘ c~ I - a , ’ c- ac - i I a t i ( ‘ cc  c - c  i e- r c, ’ - i ’5’ ,_ - I

I - -~~~~~~
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W imc- r eas , L i c e ” c r i t i c a l  i c m d i c c ~s f o r  t h e i e ’a d ’ f i c p  e- c lp c ;  suc t ion  face  and

t i p  vor tex  c a v i t a ti o n , showed l it t l e  c ima nge - .  Th e’ re scml ,t c ;  at  0 d i i ’ s]  : ‘ ac  P

grap imica il y iii F ig u r e  (13) ‘- -her e  i t  can be sc-i U t h a t  tim e ’  s-uct ’u’n  s c u d  f :c cc -

of t ime rudder  exh ib i ted  t u e  c r it i c a l,  c a v i t a t i on  c har a c tor i  a t  icts f o r

t imis r u d d e r  p o s i t i o n . h’?ith these l i m i t e d  obse rva t ions , i t  is a p p a r e n t

that  the cav i t a t ion  c imar ac t e r i s t i cs  can be a f f e c t e d  by rucider  throw .

Thus, on the basis of the desi,nent cavitation results it was p~csa’1bi e

to recommend a propel ler  design for  the f u l l — s c a l e  ship . This conc lu s ion

was based on the concept of “maxincum speed for  no cav i t a t ion” aim d was

suppor ted  by tim e- powering da ta  and the observe-cl c av i t a t i on  pa t t e rns .

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