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E x p e r i m e n t a l  s t u d i e s  w e r e  c o n d u c t e d  at  the  St. A n t h o n y  F a i l s  
H y d r a u l i c  L a b o r a t o r y  to  i n v e s t i g a t e  the  s c a l e  - e f f e c t  p r o b l e m  a s s o c i a t e d  
w i t h  the v e n t i l a t i o n  of v e r t i c a l ,  s e m i s u b m e r g e d  c y l i n d r i c a l  r o d s  and  
s t r e a m l i n e d  l i f t i n g  s u r f a c e s .  Two t y p e s  of v e n t i l a t i o n - - c r e e p i n g  o r  
p a r t i a l  and  a f l a s h  or  d e l a y e d  v e n t  f o r m a t i o n - - h a v e  b e e n  o b s e r v e d  fo r  
t h e s e  s h a p e s .  D a t a  fo r  the  l a r g e - d i a m e t e r  r o d s  c a n  be c o r r e l a t e d  w i t h  
the  F r o u d e  n u m b e r  a nd  s u b m e r g e n c e  r a t i o ,  w h e i " e a s  u n c o a t e d  r o d s  of 
s m a l l  d i a m e t e r  r e q u i r e  c o n s i d e r a t i o n  of s e v e r a l p a r a m e t e r s .  The  u s e  
of T e f l o n - c o a t e d  r o d s  i m p r o v e d  the  F r o u d e  n u m b e r  c o r r e l a t i o n  fo r  t he  
r o d s  of s m a l l  d i a m e t e r .  

V e n t i l a t i o n  of v e r t i c a l ,  l i f t i n g  s t r u t s  i s  p r i m a r i l y  a f u n c t i o n  of 
v e l o c i t y ,  yaw  a n g l e ,  s u b m e r g e n c e ,  a nd  s t r u t  s h a p e .  V e n t i l a t i o n  d a t a  of 
s e v e r a l  s t r u t  s h a p e s  a t  h i g h  y a w  a n g l e s  c a n  be c o r r e l a t e d  w i t h  the  
Frouc~e n u m b e r  b a s e d  on c h o r d .  

INTRODUCTION 

As a s u r f a c e - p i e r c i n g  body m o v e s  t h r o u g h  a l iquid ,  a t  a c e r t a i n  v e l o c i t y  an  a i r  
p o c k e t  wil l  f o r m  tha t  wi l l  e x p o s e  p a r t  o r  a l l  of the  r e a r  p o r t i o n  of the  body to the 
a t m o s p h e r e .  The  f o r m a t i o n  of t h i s  p o c k e t  of a t m o s p h e r i c  a i r  wi l l  be  c a l l e d  v e n t i l a -  
t ion,  a l though  in s o m e  r e f e r e n c e s  i t  i s  a l so  r e f e r r e d  to a s  a i r  l eakage .  Knowledge  of 
the  i n c e p t i o n  and m e c h a n i s m  of v e n t i l a t i o n  i s  of c o n s i d e r a b l e  i m p o r t a n c e  a s  v e n t i l a -  
t i on  c r e a t e s  a d i s t i n c t  change  in the  h y d r o d y n a m i c  c h a r a c t e r i s t i c s  of the  body. 

To i n v e s t i g a t e  the  v e n t i l a t i o n  p h e n o m e n a ,  i t  was  c o n s i d e r e d  d e s i r a b l e  to conduc t  
e x p e r i m e n t a l  s t u d i e s  on m o d e l s  and  e x t r a p o l a t e  the  m o d e l  da t a  to p r o t o t y p e  c o n d i t i o n s  
by  m e a n s  of su i t ab l e  m o d e l i n g  p a r a m e t e r s .  D u r i n g  the  c o u r s e  of m o d e l  t e s t s  on  
inc l ined ,  s t r e a m l i n e d  b o d i e s  p i e r c i n g  a f r e e  s u r f a c e ,  i t  was  found t h a t  a s c a l e  e f fec t  
e~ i s t ed ;  i .e . ,  the  e x t r a p o l a t e d  da t a  f r o m  the  mode l  d id  not  a g r e e  wi th  the  da ta  f r o m  
the  p ro to type .  As  s c a l e  e f f e c t  i s  a s e r i o u s  d e s i g n  p r o b l e m ,  an  a d d i t i o n a l  s e r i e s  of 
t e s t s  w a s  i n i t i a t ed  to s tudy  the  v e n t i l a t i o n  of e l e m e n t a r y  body s h a p e s ,  s u c h  as  c i r -  
c u l a r  c y l i n d e r s  in a v e r t i c a l  pos i t i on .  In t h e s e  t e s t s  wi th  c i r c u l a r  c y l i n d e r s ,  the  
e f fec t  of g rav i ty ,  s u r f a c e  t e n s i o n ,  and  v i s c o u s  f o r c e s  on v e n t i l a t i o n  was  i n v e s t i g a t e d .  
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The studies were la ter  extended to include ver t ica l ,  yawed s t ruts  of s t reamlined 
shape. This paper summar i ze s  the resu l t s  of this s e r i e s  of tests,  which were par t  
of a fundamental r e s e a r c h  p rog ram conducted at the St. Anthony Fal ls  Hydraulic 
Laboratory under the sponsorship of the Office of Naval Research.  

GENERAL CONSIDERATIONS 

A re la t ively  large amount of data has been published on the flow about semi-  
submerged cyl inders  of finite length. Hay (1) has done considerable  work in this 
field, although his p r imary  in te res t  was the res i s tance  of cyl inders  ra ther  than the 
mechanics  of ventilation or  the scale  effect  associa ted with ventilation. However, 
some of the data presented  can be extrapolated to a useful form for comparison 
purposes.  Several  papers  are  also available f rom NASA (2) and the California 
Institute of Technology (3,4) regarding venti lat ion of s t reamlined shapes in the 
p resence  of a f ree  surface;  the la t ter  papers  descr ibe  p re l iminary  tes ts  on struts.  

In general,  two dist inct  types of venti lat ion on a ver t ica l ,  semisubmerged  body 
can be observed:  (a) a "c reep ing"  or par t ia l  venti lation where the air  pocket gradu- 
ally inc reases  in depth with increas ing  velocity,  and (b) a "f lash" venti lation or 
"delayed vent formation" where the a i r  pocket fo rms  very  suddenly at a cer ta in  
velocity, with li t t le or  no previous  depress ion  being observed  behind the body. The 
size, submergence,  and orientat ion of the body will general ly determine which type 
of venti lation will normal ly  occur.  

In the case of the ver t ica l ,  yawed strut,  venti lat ion can usually be obtained for a 
given angle by increas ing the veloci ty of the strut. For high yaw angles, as the 
veloci ty  is increased to a cer ta in  value (which is  dependent on foil shape and sub- 
mergence)  a pocket opens on the suction side but does not extend completely to the 
bottom of the strut. A re la t ive ly  large amount of aerated water  is p resent  in the 
lower port ion of the pocket. As the veloci ty is fur ther  increased,  the pocket will 
eventually extend to the bottom of the strut  and full venti lat ion is attained. 

For  the lowyaw angles, a i r  en te rs  the suction side of the strut  suddenly, creat ing 
a very  marked change in the lift  force.  The water  separa tes  completely f rom the 
s t rut  near  the leading edge and fo rms  a ra ther  wel l-defined spray sheet. If the 
veloci ty of the strut  is reduced slowly, the sheet will not reat tach i tself  until a 
re la t ively  low velocity is obtained, indicating a considerable  hys te res i s  effect. The 
yaw angle that separa tes  the par t ia l  and delayed venti lat ion is p r imar i ly  dependent 
on strut  shape but may change slightly with submergence.  By considerat ion of wel l -  
known modeling pa rame te r s ,  it is possible  to co r re la te  ventilation data for var ious  
body s izes  and submergences ,  although best  r esu l t s  a re  obtained for the creeping 
ventilation. 

EXPERIMENTAL FACILITIES 

The studies were  conducted in a c i r cu la r  s teel  tank of 10-foot d iameter  and 2- 
foot depth. The tank was equipped with a ro t a t ing -a rm mechanism as shown in Fig. 1. 
The rotat ing a rm was driven by a 5-hp hydraulic motor through a Vickers  t r a n s m i s -  
sion, with fluid at high p r e s s u r e  being provided by a hydraulic tes t  stand. Such an 
a r rangement  provides  a wide range of ve loc i t i es  up to a veloci ty of about 20 fps w i t h  
an a rm length of 3.5 feet. The maximum veloci ty is r e s t r i c t ed  because of excess ive  
turbulence and waves c rea ted  by the moving body. The velocity was de termined  by a 
cal ibrated f lowmeter  on the hydraulic tes t  stand and also by a tachometer  generator  
dr iven by a gear  fastened to the drive shaft of the a rm mechanism. The rotat ing a rm 
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Fig. I - Photograph of rotating-arm tank 

can  be  a d j u s t e d  to v a r i o u s  l eng ths ,  and  the  o u t e r  end  i s  c o n s t r u c t e d  to r e c e i v e  a 
v a r i e t y  of t e s t - b o d y  s h a p e s .  

The c i r c u l a r ,  i m p e r m e a b l e  b e a c h  a b s o r b e r  p l a c e d  a r o u n d  the  c i r c u m f e r e n c e  of 
the  t ank  i s  v e r y  e f f ec t i ve  in a b s o r b i n g  the  w a v e s  c r e a t e d  by  the  m o v i n g  t e s t  body fo r  
v e l o c i t i e s  u n d e r  20 fps .  A 5 - f o o t - d i a m e t e r  p e r m e a b l e  wave f i l t e r  c o n s t r u c t e d  of 
h a r d w a r e  c lo th  h a s  b e e n  p l a c e d  in the  c e n t e r  of the  t ank  to r e d u c e  wave  a c t i o n  
f u r t h e r .  The m a g n i t u d e  of the  c i r c u l a t i o n ,  o r  s w i r l ,  c r e a t e d  by  the  m o t i o n  of the  
body t h r o u g h  the  w a t e r  w a s  s m a l l ,  bu t  in  s o m e  c a s e s  was  t a k e n  into c o n s i d e r a t i o n ,  
p a r t i c u l a r l y  fo r  the  s t r e a m l i n e d ,  l i f t ing  s t r u t s .  A s u f f i c i e n t  p e r i o d  of t i m e  e l a p s e d  
b e t w e e n  r u n s  for  the  c i r c u l a t i o n  and  e x c e s s i v e  t u r b u l e n c e  to be  d i s s i p a t e d  b e f o r e  the  
nex t  t e s t  was  begun.  

C y l i n d r i c a l  r o d s  w i th  n o m i n a l  d i a m e t e r s  f r o m  1/32 i n c h e s  to 2 i n c h e s  w e r e  
t e s t e d  a t  v a r i o u s  s u b m e r g e n c e s .  S e v e r a l  of the  r o d s  w e r e  c o v e r e d  w i th  a coa t i ng  of 
Tef lon  < t e t r a f l u o r e t h y l e n e  r e s i n )  s p r a y e d  to a l - m i l  t h i c k n e s s ;  t h e s e  r o d s  wi l l  h e r e -  
a f t e r  be  r e f e r r e d  to a s  T e f l o n  rods .  A s u m m a r y  of the  rod  d i a m e t e r s  and  r o d  m a t e -  
r i a l s  u s e d  in the s tudy i s  g iven  in T a b l e  I. All  the  r o d s  had  s m o o t h  s u r f a c e s ,  and the  
ends  w e r e  m a c h i n e d  p e r p e n d i c u l a r  to t h e i r  l ong i t ud ina l  axes .  F o r  the  Te f lon  rods ,  
the  coa t i ng  c o m p l e t e l y  c o v e r e d  the  s u b m e r g e d  p o r t i o n  of the  rod,  i nc lud ing  the  
m i l l e d  end. 
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Table 1 

Rod Diamete rs  (in.) 
and Mater ia l s  Used 

Steel ] Brass  ILuci te  ITef lon  

0.031 0.124 1.500 0.052 
0.050 0.187 2.000 0.064 
0.062 0.250 0.127 
0.078 0.500 0.254 
0.095 1.000 0.503 

0.753 

J. M. Wetzel 

The s t reaml ined  struts  used in the ven-  
t i lat ion studies were  of NACA 0012 and NACA 
0024 prof i les .  T w o - a n d  3-inch chord  s t r u t s  
were  available for the NACA 0012 section, and 
a 2-inch chord for the NACA 0024 section. 
The foi ls  were  made of aluminum with a special  
mil l ing cutter ,  hand finished and polished. An 
NACA 0012 s t rut  of 2- inch chord  s p r a y e d  with 
Teflon was also used for  the tests .  The s t rut  
was fastened to a mount ingbracket  attached to 
the end of the arm. The b r a c k e t  w a s  c o n -  
s t ruc te d  to pe rmi t  adjustment of the yaw angle 
(to within 1/2 degree) and submergence.  

EXPERIMENTAL PROCEDURE 

Data were  taken by visual  observat ion of the complete venti lat ion to the bottom 
of the body, and the ve loc i t ies  for this condition were  noted. Repeat t e s t s  have 
indicated that this point could be observed accurately  and data could be r e p r o d u c e d  
sat isfactori ly.  Cylindrical  rods with nominal d iamete rs  of l e ss  than 1/4 inch were  
braced  to reduce la te ra l  vibrat ions.  Most of the rods  were  tested in tap water  and 
also in water  with a l te red  surface tension and viscosi ty.  The surface t e n s i o n  w a s  
reduced by addition of commerc i a l  detergents ,  such as Alconox or  A l l .  By varying 
the concentrat ion of detergent,  the surface tension could be reduced f rom about 72 to 
35 dynes /cm (0.00495 to 0.0024 l b / f t ) .  The solutions were  careful ly mixed, and 
surface tension measurements  were made severa l  t imes  during the tes t  by the r ing 
method, using a Du No~iy tens iometer .  The viscosi ty  was changed by heating the 
water with heating coils  placed on the bottom of the tank. With this method, the 
kinematic viscosi ty  could be reduced by a factor  of nearly one-third.  

With the struts,  a submergence and a yaw angle were  set  for a pa r t i cu la r  shape 
and the veloci ty increased in small  increments  until complete venti lation was attained. 
The occur rence  of complete venti lat ion was determined visually with l i t t le  difficulty. 
Attempts were  made to obtain the data for smooth-water  conditions in the tank; 
therefore ,  in most  cases  boom rotat ions were confined to one or  two. A br ie f  s e r i e s  
of spot checks was made with the towing ca r r i age  to ver i fy  the data taken in the 
ro ta t ing-a rm facility. 

DISCUSSION OF RESULTS--CIRCULAR CYLINDERS 

Effect of Froude Number 

The ve loc i t ies  for complete venti lation were used to compute the Froude number 
based on e i ther  the rod submergence,  H, or the rod diameter ,  D. Data showing the 
relat ionship of the Froude number and a dimensionless  submergence rat io,  H/D, for 
the uncoated rods are  plotted in Figs. 2 and 3. The ve r t i ca l  brokenl ine  is  taken f rom 
resu l t s  by Hay (1). His resu l t s  indicate that the ventilation velocity for cer ta in  rod 
submergences  and d iamete rs  canbe computed with sufficient accuracy by V/d-~ = I. 7. 
The St. Anthony Fal ls  data, par t icular ly  for the l a rge r  rods at all but the smal les t  
submergences,  appear to verify Hay's data. Data for the sma l l e r  d iameter  rods  do 
not agree so well except at the large submergence rat ios;  a definite scale  effect  
exis ts  for the lower submergence ra t ios  when plotted in this manner.  The Froude 
number of approximately 1.7 must be approached f rom the decreas ing  side before  
complete venti lation of e i ther  basic type would occur for most  of the r o d s  tes ted .  
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F i g .  3 - R o d  v e n t i l a t i o n  a s  f u n c t i o n  o f  F r o u d e  n u m b e r  
b a s e d  o n  d i a m e t e r  

F i g u r e  3 i l l u s t r a t e s  the  s a m e  da ta  p l o t t ed  a s  a f unc t i on  of the  F r o u d e  n u m b e r  
b a s e d  on  d i a m e t e r .  F o r  the  s m a l l e r  rods ,  the  v e n t i l a t i o n  F r o u d e  n u m b e r  i s  n e a r l y  
i n d e p e n d e n t  of the  s u b m e r g e n c e  r a t i o ,  i .e . ,  fo r  a r od  of g iven  d i a m e t e r ,  the  v e l o c i t y  
fo r  c o m p l e t e  v e n t i l a t i o n  r e m a i n s  e s s e n t i a l l y  cons t an t .  As  the  rod  d i a m e t e r  i n c r e a s e s  
the  s a m e  t r e n d  i s  t r ue ,  bu t  o v e r  a s m a l l e r  r a n g e  of s u b m e r g e n c e s  (low s u b m e r g e n c e s ) .  
D u r i n g  the  t e s t s  i t  w as  o b s e r v e d  t h a t  the  v e n t i l a t i o n  of the  s m a l l - d i a m e t e r ,  u n c o a t e d  
r o d s  o c c u r r e d  in g e n e r a l  a s  f l a s h  v e n t i l a t i o n ,  wi th  an  i n c r e a s i n g  t e n d e n c y  fo r  c r e e p -  
ing v e n t i l a t i o n  a s  the  d i a m e t e r  and  s u b m e r g e n c e  i n c r e a s e d .  F o r  the  l a r g e  rods ,  no 
f l a s h  v e n t i l a t i o n  was  o b s e r v e d . . R e l a t i n g  t h i s  o b s e r v a t i o n  t o  the  da t a  of Fig. 3, it i s  
a p p a r e n t  t h a t  the  v e l o c i t y  fo r  c r e e p i n g  v e n t i l a t i o n  i s  d e p e n d e n t  upon the  s u b m e r g e n c e  
r a t i o ,  w h e r e a s  the  v e l o c i t y  fo r  f l a s h  v e n t i l a t i o n  i s  r e l a t i v e l y  i n d e p e n d e n t  of the  s u b -  
m e r g e n c e  ra t io .  

E f f ec t  of W e b e r - N u m b e r  C o r r e c t i o n  

As  the  da ta  fo r  a l l  r o d  d i a m e t e r s  and  s u b m e r g e n c e s  w e r e  not  s u c c e s s f u l l y  c o r -  
r e l a t e d  wi th  the  F r o u d e  n u m b e r ,  i t  w as  dec ided  to d e t e r m i n e  the  s i g n i f i c a n c e  of 
s u r f a c e  t e n s i o n .  The e f f ec t  of s u r f a c e  t e n s i o n  on v e n t i l a t i o n  w a s  i n v e s t i g a t e d  by 
a d j u s t i n g  the  s u r f a c e  t ens io l l  of the  w a t e r  to m a i n t a i n  a c o n s t a n t  r a t i o  of the  F r o u d e  
n u m b e r  to the  W e b e r  n u m b e r  fo r  a p a r t i c u l a r  g roup  of r o d  d i a m e t e r s  (D~ 2 = wr, w h e r e  
D r = d i a m e t e r  r a t i o  and  ~r  = k i n e m a t i c  c a p i l l a r i t y  ra t io ) .  R o d s w i t h  n o m i n a l d i a m e t e r s  
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of l e s s  t han  1 /4  inch  w e r e  u s e d  m o r e  e x t e n s i v e l y  in t h e s e  t e s t s ,  a s  the  s m a l l -  
d i a m e t e r  r o d s  e x h i b i t e d  a r e l a t i v e l y  l a r g e - s c a l e  ef fec t .  The  r e s u l t s  of t h i s  s tudy 
a r e  shown in Figs.  4 and  5. As  shown in Fig. 4 fo r  the  s m a l l e r  rods ,  a r e d u c t i o n  of 
s u r f a c e  t e n s i o n  d e c r e a s e s  the  v e n t i l a t i o n  v e l o c i t y  to s o m e  ex ten t ,  but  the  r e d u c t i o n  
i s  not  su f f i c i en t  for  s a t i s f a c t o r y  da ta  c o r r e l a t i o n .  F o r  e x a m p l e ,  c o n s i d e r  the da ta  
for  the  0 . 0 9 5 - i n c h  rod  in Fig. 4. Two s e t s  of da ta  a r e  shown fo r  t h i s  d i a m e t e r ;  one 
s e t  ( so l id  symbol )  r e p r e s e n t s  da ta  fo r  a l o w e r e d  s u r f a c e  t ens ion ,  the  o t h e r  (open 
symbo l )  r e p r e s e n t s  da ta  t a k e n  wi th  tap w a t e r .  The  l a t t e r  s e t  of da ta  i s  i nc luded  to 
c o m p a r e  d i r e c t l y  the  e f f ec t  of l o w e r i n g  the  s u r f a c e  t e n s i o n  on the  v e n t i l a t i o n  ve loc i t y  
fo r  a r od  of g iven  d i a m e t e r .  To s a t i s f y  the  a s s u m p t i o n  t h a t  s u r f a c e - t e n s i o n  f o r c e s  
a r e  s i g n i f i c a n t  ( c o n s t a n t  F r o u d e / W e b e r  n u m b e r  r a t i o ) ,  the  da ta  f o r  the 0 . 0 9 5 - i n c h  
rod  and  ~ = 42 d y n e s / c m  (c losed  symbo l )  shou ld  a g r e e  f a v o r a b l y  wi th  the  da ta  fo r  the  
0 . 1 2 5 - i n c h  rod  in tap w a t e r  wi th  c = 72 d y n e s / c m .  I t  i s  ev iden t  t ha t  t h i s  a s s u m p t i o n  
i s  not  c o m p l e t e l y  c o r r e c t ,  a s  the  da ta  do not  f o r m  a c o m m o n  cu rve .  The r e d u c e d  
s u r f a c e  t e n s i o n  did not  l o w e r  the  v e n t i l a t i o n  ve loc i t y  of the  0 . 0 9 5 - i n c h  rod  su f f i c i en t ly  
to m a k e  the  F r o u d e  n u m b e r s  equal .  F i g u r e  5 c o n t a i n s  da ta  fo r  l a r g e r  d i a m e t e r  rods .  
It  i s  e v i d e n t  t ha t  s u r f a c e  t e n s i o n  h a s  l e s s  e f f ec t  on the  v e n t i l a t i o n  ve loc i ty ,  p a r t i c u -  
l a r l y  fo r  the  l a r g e r  s u b m e r g e n c e s .  T h i s  i s  in  a g r e e m e n t  wi th  the  F r o u d e  n u m b e r  
c o r r e l a t i o n  p r e v i o u s l y  found for  the  l a r g e r  d i a m e t e r  rods .  

E f f ec t  of R e y n o l d s - N u m b e r  C o r r e c t i o n  

To s c a l e  the  i n e r t i a ,  v i s c o u s ,  and  g r a v i t y  f o r c e s  s i m u l t a n e o u s l y ,  i t  was  n e c e s -  
s a r y  to m a i n t a i n  a c o n s t a n t  r a t i o  of the  F r o u d e  and  R e y n o l d s  n u m b e r  (D r = ~ 2/3 r , 
w h e r e  ~r = k i n e m a t i c  v i s c o s i t y  ra t io ) .  T h i s  w a s  a c c o m p l i s h e d  by a d j u s t i n g  the  
v i s c o s i t y  of the  w a t e r  in the  t ank  as  d e s c r i b e d p r e v i o u s l y .  A g a i n t h e  s m a l l e r  d i a m e t e r  
r o d s  w e r e  used ,  a s  v e n t i l a t i o n  of the  l a r g e r  r o d s  w a s  c o r r e l a t e d  wi th  the  F r o u d e  
n u m b e r  a lone  for  m o s t  s u b m e r g e n c e s .  F i g u r e  6 i l l u s t r a t e s  the  t yp i ca l  e f f ec t  of the  
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v i s c o s i t y  c o r r e c t i o n .  F o r  m o s t  r o d s  two s e t s  of da ta  taken in wa te r  with d i f fe ren t  
v i s c o s i t i e s  a r e  shown fo r  a p a r t i c u l a r  d i a m e t e r .  The so l id  l ine  i s  f a i r e d  through 
data  taken in unheated w a t e r  at 17°C. The b roken  l ine  is  f a i r e d  through data taken 
in wa te r  heated  to ma in ta in  a cons tan t  F r o u d e / R e y n o l d s  ra t io .  As  an example ,  con-  
s i d e r  the 0 .062- inch  rod.  The data  for  th is  rod  with a l o w e r e d  v i s c o s i t y  (open 
t r i ang l e s )  should a g r e e  f avo rab ly  with the 0 .095- inch  rod  in unheated wa te r ,  a s  the 
r a t i o  of the F roude  to the Reynolds  number  has  been  kept  e s s e n t i a l l y  constant .  It is  
ev iden t  that  the ven t i l a t ion  ve loc i ty  has  been  reduced ,  as  shown by the b roken  and 
sol id  f a i r e d  l ines  fo r  the 0 .062- inch  rod,  but  not suf f ic ien t ly  to p e r m i t  s a t i s f ac to ry  
F r o u d e - n u m b e r  c o r r e l a t i o n  with a l a r g e r  d i a m e t e r  rod  as  d e t e r m i n e d  f r o m  the 
o r ig ina l  assumpt ion .  

Tef lon  Rods 

In an a t t empt  to r educe  f u r t h e r  the ex i s t i ng  d i s c r e p a n c y  be tween  data fo r  rods  of 
d i f fe ren t  s i ze s ,  s e v e r a l  of the r o d s  w e r e  coa ted  with Teflon. P lo t s  of f a i r e d  c u r v e s  
of the data  for  the s u b m e r g e n c e  r a t i o  H/D aga ins t  the F roude  n u m b e r s  a r e  shown in 
Fig. 7. The data  for  rod  d i a m e t e r s  above 0 .254- inch  fa l l  on e s s e n t i a l l y  the s a m e  l ine 
for  m o s t  s u b m e r g e n c e  r a t i o s ,  ind ica t ing  that  the F roude  n u m b e r s  can be c o n s i d e r e d  
the p r o p e r  mode l ing  p a r a m e t e r  fo r  these  p a r t i c u l a r  s u b m e r g e n c e  r a t i o s  and d i am-  
e t e r s .  F r o m  c o m p a r i s o n  of Fig. 7 with Fig. 2 o r  Fig. 3, i t  i s  ev ident  that the use of 
Tef lon  g rea t ly  i m p r o v e d  the F r o u d e - n u m b e r  c o r r e l a t i o n .  

One of the m o s t  s ign i f i can t  ven t i l a t ion  c h a r a c t e r i s t i c s  of the Tef lon rod  was  that  
de layed  ven t  f o r m a t i o n  was  p r a c t i c a l l y  nil ,  w h e r e a s  with the uncoated r o d s  of sma l l  
d i a m e t e r  it  was  the p r e d o m i n a t i n g  type of vent i la t ion .  It would be expec ted  that the 
e f fec t  of the Tef lon would b e c o m e  l e s s  apparen t  for  the l a rge  rod  d i a m e t e r s ,  as  
above 0.254 inches.  Th i s  a l so  can be noted f r o m  a c o m p a r i s o n  of the p r e v i o u s  graphs .  

454 



Ventilation of Bodies Piercing a Free Surface 

32 i , , 
Rod i To 

Syfd0ol Oiometer, in. Compare W~th lJ x 10 -5 fl~ 

28 0 0050 Q062 ot r/'c O~ 
& 0 0 6 2  0 0 9 5  a l iTC  061 
{3 0 0 9 5  (1124 o! 17C 0 7 7  

2 4 - -  cr 72 dynes/cm - -  

0 

o 

16 

CO 0.124 Ot 17C" 

K- 0 .095  
0 I 

0 4 B I0 12 14 

Froude Number~  V / ~ ' ~  

I t ' . 

D-= I  ,.-- 

I 
- 0 . 0 6 2  ot 17C 

I 
I 

I 
t 

ol 17C 

16 18 

(a) 

24  

20  

~ 16 

.9 
o 

12 

~ 8 
~g 

0 
0 

Rod To 
Symbol Diameter, in. Compare With 

0 0.124 0.187 at 17(; 
& 0.187 0.2500117C 

/ 

0 2 5 0  o1 17C. t H 
._._L 

/ D - - I - I - -  

4 6 8 I0 12 14 16 

Froude Number  V / g / ~  

O" • 72  dyneslcm 

I 

X - 5  f t  ! v I0  

0 .62  
0.77 

(b) 

Fig. 6 - Effect of constant Froude/Refnolds ratio 
on rod ventilation 

455 



24 

0 
0 

2O 

"1- 
16 

o 

~ 12 g 
c~  

4 

J. M. We tz e l  

Hoyb]---I 

I 3 4 5 6 

Froude Number, V/,/~-H 

-~01.,- 

I I Rod I 
Symbol Diomeler-in. 

0 0 .052  
0 .064  

~' 0 .127  
(~ 0 .254  

-- z~ 0.503 
0 0 ,753  

I I 1 
7 8 

(a) 

2 4  

2O 

-r 
._o" 16 
3 

E 

E 8 .ID 

I IRo d I 
Symbol Diameter-in. 

- 0 0 .052 
" 0 0.064 

0.127 , 
_ ~ 0.254 

z~ 0.503 

D 0.753 

I 
5 

/ 

/ 
/ i 

4 5 6 7 8 9 I0 
Froude Number, V/g4~ 

(b) 

Fig .  7 - Ven t i l a t i on  of Te f lon  r o d s  as  a func t ion  of 
the F r o u d e  n u m b e r  and s u b m e r g e n c e  r a t i o  

In o b s e r v i n g  the  v e n t i l a t i o n  of the  c y l i n d r i c a l  r o d s ,  it w a s  no ted  tha t  a c o n s i d e r -  
able  h y s t e r e s i s  e f f ec t  e x i s t e d  fo r  the  u n c o a t e d  r o d s  of s m a l l  d i a m e t e r ,  a s  i s  t yp i c a l  
of f l a s h  ven t i l a t i on .  The  Te f lon  r o d s  exh ib i t e d  no h y s t e r e s i s ,  a s  the  v e n t i l a t i o n  
a p p e a s e d  and  d i s a p p e a r e d  a t  e s s e n t i a l l y  the  s a m e  ve loc i ty .  It a l s o  w a s  found t ha t  the  
v e l o c i t y  a t  wh ich  the  v e n t  c l o s e s  w a s  i n d e p e n d e n t  of the  r o d  m a t e r i a l .  
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DISCUSSION OF RESULTS- -  
YAWED STRUTS 

The b a s i c  da ta  t h a t  have  b e e n  
ob t a ined  inc lude  h2e v e l o c i t y  for  
c o m p l e t e  v e n t i l a t i o n  f o r  a p a r t i c -  
u l a r  s u b m e r g e n c e ,  and yaw angle .  
T y p i c a l  da ta  a r e  shown in Figs .  8 
and  9 for  v a r i o u s  s u b m e r g e n c e  
r a t i o s .  In the  c o u r s e  of the  v e n -  
t i l a t i o n  s t u d i e s  i t  was  no t ed  t ha t  a 
wide r a n g e  of s c a t t e r  was  p r e s e n t  
for  v e n t i l a t i o n  of t h e  s t r u t s  at  a l l  
bu t  the v e r y  h igh  yaw ang le s .  T h i s  
s c a t t e r  was  b e l i e v e d  to be  c a u s e d  
by the  cond i t ion  of the w a t e r  s u r -  
f ace  o r  t u r b u l e n c e  in the  r o t a t i n g -  
a r m  fac i l i ty .  I t  a p p e a r e d  t ha t  if 
the  fo i l  s t r u c k  any  s u r f a c e  d i s -  
t u r b a n c e ,  p r o v i d e d  the  foi l  w as  
m o v i n g  at  a su f f i c i en t  ve loc i ty ,  i t  
would i m m e d i a t e l y  v e n t i l a t e ,  even  
though  v e n t i l a U o n  would not  o c c u r  
f o r  s m o o t h - w a t e r  cond i t i ons .  It 
was  a l so  found t ha t  a m i n i m u m  
ve loc i t y  could be ob t a ined  fo r  wh ich  
the  s t r u t  would not  v e n t i l a t e  u n d e r  
any cond i t ions .  The d i f f e r e n c e  in 
m a g n i t u d e  of t h i s  m i n i m u m  v e l o c -  
i ty and the  ve loc i t y  r e q u i r e d  for  
v e n t i l a t i o n  in s m o o t h  w a t e r  w as  
v e r y  c o n s i d e r a b l e ,  the  d i f f e r e n c e  
i n c r e a s i n g  wi th  d e c r e a s i n g  yaw 
angle .  T h i s  can  be  r e a d i l y  s e e n  
f r o m  Figs .  8 and 9. 

The  r o u g h - w a t e r  c u r v e  r e p r e -  
s e n t s  t h e m i n i m u m  v e n t i l a t i o n  
v e l o c i t i e s  tha t  could  be  ob t a ined  
by f o r c i n g  the  v e n t i l a t i o n  to occu r .  
The  v e n t i l a t i o n  w a s  f o r c e d  by 
c r e a t i n g  a d i s t u r b a n c e  t h r o u g h  
which  the  s t r u t  p a s s e d .  It  a l so  
was  p o s s i b l e  in  m a n y  c a s e s  to 
s t a r t  v e n t i l a t i o n  by c r e a t i n g  a 
d i s t u r b a n c e  in the wake  of the  
s t r u t ,  t h e r e b y  p e r m i t t i n g  a i r  to 
e n t e r  t h i s  r e g i o n  and  m o v e  f o r w a r d  
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Fig. 8 - Effect of water-surface conditions 
on ventilation velocity (2-inch chord) 

to the  foil .  Wi th  t h e s e  a r t i f i c i a l  d i s t u r b a n c e s  i t  was  p o s s i b l e  to ob ta in  v e n t i l a t i o n  at  
r e l a t i v e l y  low yaw ang l e s ,  a s  c o m p a r e d  to s m o o t h  wa te r .  In a s e n s e ,  the  d i f f e r e n c e  
b e t w e e n  the  r o u g h -  and s m o o t h - w a t e r  c u r v e s  r e p r e s e n t s  the  h y s t e r e s i s  e f f ec t  fo r  the 
s t r u t s ,  a s  the  f o r c e d - v e n t i l a t i o n  da ta  a r e  e s s e n t i a l l y  the  p o i n t s  w h e r e  c o m p l e t e  
v e n t i l a t i o n  d i s a p p e a r s .  

The  e f fec t  of s u r f a c e  t e n s i o n  h a s  a l s o  b e e n  b r i e f l y  i n v e s t i g a t e d  in  the  r o t a t i n g -  
a r m  tank.  The s u r f a c e  t e n s i o n  was  l o w e r e d  and r e p e a t  r u n s  w e r e  m a d e  wi th  the  
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s a m e  s t r u t  g e o m e t r y .  In g e n e r a l ,  
i t  a p p e a r s  t h a t  t h e  v e n t i l a t i o n  
v e l o c i t y  was  r e d u c e d  s l i gh t l y  f o r  
the  s i z e s  of s t r u t s  u s e d  i n  the  
t e s t s .  However ,  t h i s  w a s  r a t h e r  
d i f f icu l t  to a s c e r t a i n  c a r e f u l l y  a s  
the  c o n d i t i o n s  of t h e  w a t e r  t h r o u g h  
wh ich  the  s t r u t  p a s s e s  h a v e  a l s o  
b e e n  shown to h a v e  a v e r y  m a r k e d  
e f f ec t  on  the  v e n t i l a t i o n  ve loc i t y .  
The  r e d u c t i o n  of s u r f a c e  t e n s i o n  
d i d c r e a t e  a d i f f e r e n t p a t t e r n  i n t h e  
s p r a y  f o r m a t i o n  a b o u t  the  s t r u t  bu t  
a p p a r e n t l y  did no t  g r e a t l y  i n f l u e n c e  
the  f a c t o r s  t h a t  a r e  r e s p o n s i b l e  
f o r  the  t r i g g e r i n g  of ven t i l a t i on -  
Su r f ace  t e n s i o n  m a y  e f f e c t  v e n -  
t i l a t i o n  of s u r f a c e - p i e r c i n g  b o d i e s  
in  s e v e r a l  ways .  I t  m a y  p e r m i t  
a i r  to l e ak  in to  the  l o w - p r e s s u r e  
s ide  of the  s t r u t  m o r e  e a s i l y ,  o r  
i t  m a y p e r m i t  a i r  to  e n t e r  the  wake  
a r e a  m o r e  e a s i l y  t h r o u g h  the  t r a i l -  
ing v o r t e x e s ,  in  b o t h  c a s e s ,  i t  
would be  e x p e c t e d  t h a t  l o w e r i n g  
the  s u r f a c e  t e n s i o n  would  r e d u c e  
the  v e l o c i t y  f o r  c o m p l e t e  v e n t i l a -  
t ion.  M o r e  t e s t s  a p p e a r  n e c e s s a r y  
to s e p a r a t e  c o m p l e t e l y  the  e f f e c t s  
of s u r f a c e  t e n s i o n  and  r o u g h - w a t e r  
o r  t u r b u l e n t  c o n d i t i o n s  o n  t he  
a e r a t i o n  of the  f low in  the  r e g i o n  
of the  s t r u t .  

P r e l i m i n a r y  a n a l y s i s  h a s b e e n  
d i r e c t e d  t o w a r d  c o r r e l a t i n g  d a t a  
f o r  the  s e c t i o n s  u t i l i zed .  A t t e m p t s  
a t  c o r r e l a t i n g  da t a  o v e r  the  e n t i r e  
r a n g e  of yaw a n g l e s  h a v e  not  b e e n  
s u c c e s s f u l ,  bu t  b e t t e r  r e s u l t s  have  
b e e n  o b t a i n e d  by d iv id ing  the  v e n -  
t i l a t i o n  in to  two t y p e s  w h i c h  a r e  
d e t e r m i n e d  by  the  yaw ang le  f o r  a 
g iven  s t r u t  g e o m e t r y .  A s  s e e n  in 
F igs .  8 and 9 f o r  a p a r t i c u l a r  s u b -  
m e r g e n c e  r a t i o ,  t he  v e n t i l a t i o n  
ve loc i t y  i s  e s s e n t i a l l y  c o n s t a n t  f o r  
the  h igh  a n g l e s  of yaw. A s  the  
ang le  i s  d e c r e a s e d ,  a p o s i t i o n  i s  
found w h e r e  the  v e l o c i t y  b e c o m e s  
v e r y  s e n s i t i v e  to  s m a l l  ang l e  

changes .  The  s h a r p  b r e a k  in the  c u r v e  o c c u r s  o v e r  a r e l a t i v e l y  s m a l l  r a n g e  of yaw 
ang les .  F o r  yaw a n g l e s  be low the  b r e a k  in the  cu rve ,  v e n t i l a t i o n  was  v e r y  d i f f i cu l t  
to o b t a i n  in  r e l a t i v e l y  s m o o t h  w a t e r  a t  the  v e l o c i t i e s  a v a i l a b l e  in  the  r o t a t i n g - a r m  
fac i l i ty .  The  h i g h - a n g l e  v e n t i l a t i o n  ( ang l e s  above  the  b r e a k )  i s  e s s e n t i a l l y  i n d e p e n d e n t  
of yaw ang le  and  can  be  c o r r e l a t e d  by  the  F r o u d e  n u m b e r  b a s e d  e i t h e r  on  s u b m e r g e n c e  
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Fig.  10 - C o r r e l a t i o n  of h i g h - a n g l e  s t r u t  
v e n t i l a t i o n  da ta  

4.0 

o r  on  c h o r d  and  the  s u b m e r g e n c e  r a t i o  (depth  in cho rds ) .  T h i s  c o r r e l a t i o n  i s  shown 
in  Fig. 10 fo r  the  NACA 0012 and  NACA 0024 s e c t i o n s  and fo r  two c h o r d  s i z e s .  A l so  
no te  t h a t  the  da ta  fo r  t h r e e  fo i l s  t end  to g roup  t o g e t h e r  fo r  the  h i g h e r  s u b m e r g e n c e  
r a t i o s  a t  a s u b m e r g e n c e  F r o u d e  n u m b e r  of abou t  1.6, Fo i l  t h i c k n e s s  o r  shape  
a p p a r e n t l y  h a s  l i t t l e  e f f ec t  for  t h i s  r a n g e  of yaw ang les .  S t ru t s  of a r e c t a n g u l a r  
c r o s s  s e c t i o n  have  b e e n  u s e d  in p r e l i m i n a r y  t e s t s  and  have  e x h i b i t e d  e s s e n t i a l l y  the  
s a m e  p r o p e r t i e s .  

Some work  of a p r e l i m i n a r y  n a t u r e  h a s  b e e n  done r e g a r d i n g  the  r e l a t i o n s h i p  of 
the  s t a l l  ang le  to h i g h - a n d  l o w - a n g l e  ven t i l a t i on .  A b r i e f  s e r i e s  of t e s t s  was  con -  
duc ted  to m e a s u r e  the l i f t  f o r c e  wi th  a d y n a m o m e t e r  and t h e r e b y  d e t e r m i n e  the  
w e t t e d - f l o w  s t a l l  ang le  fo r  the  p a r t i c u l a r  s e c t i o n s .  In g e n e r a l ,  i t  was  found t ha t  the 
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angle that separated the two regions of venti lat ion was approximately the stall  angle 
for the st~'ut. Therefore,  in the case of smooth water, it was difficult to obtain 
ventilation below the stall  angle at the available velocities.  However, if the flow 
pat tern was disturbed by some external  conditions, venti lat ion was achieved. 

CONCLUSIONS 

Based on the tests  described in the preceding sections,  it is possible to derive 
.the following conclusions: 

1. Two dist inct  types of ventilation occurred- -creeping  and flash ventilation. 
The predominat ing type was determined by body size, submergence,  and, for struts ,  
angle of yaw. 

2. Creeping ventilation predominated for l a rge-d iameter ,  uncoated rods and 
also for Teflon-coated rods. Flash venti lat ion predominated for the small ,  uncoated 
rods at all but very large submergences.  

3. Creeping-vent i la t ion data could be corre la ted with the Froude number and 
submergence ratio. In general,  f lash-vent i la t ion corre la t ion necessi ta ted considera-  
tion of other paramete rs .  

4. Little hys te res i s  effect existed for creeping ventilation. A very pronounced 
effect was found for flash venti lat ion as the formation of the air  pocket was con- 
siderably delayed. 

5. The two dist inct  types of venti lat ion that occurred for vert ical ,  lifting s t ruts  
were dependent on the angle of yaw. Above a cer ta in  yaw angle, ventilation was 
p r imar i l y  a function of submergence and body shape, and the ventilation velocity was 
essent ia l ly  independent of the yaw angle. Below this angle, the venti lat ion velocity 
became increas ingly  dependent on yaw angle, and less  dependent on submergence.  
High-angle ventilation data were successfully corre la ted with the Froude number  and 
submergence ratio. 

2. 

3. 

4. 
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DISCUSSION 

J. P. Bres l in  (Stevens Institute of Technology} 

This exper imenta l  investigation should be of paramount  importance to al l  con- 
cerned with small  model studies of venti lat ion and cavitation phenomena. Mr. 
Wetze l ' s  resu l t s  r evea l  the major  effect of surface tension fo rces  on the charac te r  
and degree of ventilation of rods up to a d iameter  of 3 / 4 i n c h .  The use of Teflon 
apparently prevents  the development of highly curved junctures  between the body and 
the cavity. Consequently, the re la t ive ly  large sur face- tens ion  fo rces  are  avoided. 
Mr. Wetze l ' s  Figs. 2 and 7(a) should be presen ted  s ide-by-s ide  and to the same 
scale to do just ice to the remarkable  difference in behavior  wh ich  the use of Teflon 
provides.  

The discovery of this large effect  opens the question of the influence of surface 
tension on the equil ibr ium location of vapor cavi t ies  on curved sect ions and bodies. 
It may be that the extent of cavitation will  be found to be remarkably  affected since 
the radii  of curvature  at the forward  cavity body juncture should be very  small .  
Perhaps  there  are  r e s e a r c h e r s  who have done such exper iments .  In any event the 
effect of a non-wetting mate r ia l  will  be invest igated in a study of venti lation of smal l  
scale dihedral foils  at the Exper imenta l  Towing Tank. 

In r ega rd  to the remaining scale effects  exhibited in Fig. 7(a), possibly the 
curva tures  at the bottom of the venti lated pocket are  smal l  enough for the smal les t  
rods to provide sufficiently large surface f rac t ions  to inhibit full cavity develop- 
ment. In addition, the effect of v iscos i ty  at low Reynolds numbers  may also be 
expected to prevent  scaling of the veloci ty  distr ibution about the fore par t  of the 
smal les t  cylinders.  

T. Kiceniuk (California Institute of Technology) 

There were  no photographs of the two r eg imes  of operation. I waswonder ing  if 
the two could be distinguished visual ly once ventilation was established, or whether 
they remained different. 

Although the effect on the surface tension of the added detergent  was repor ted,  
no mention was made of the contact angle between the water  and the model  before  and 
after  the detergent  was added. Also were  the su r face - t ens ionva lues  or  contact angle 
affected by change in water  t empera tu re  which was being used to secure  Reynolds 
Number var ia t ion ? 

In past studies at the C.I.T. Hydrodynamics Laboratory we t r i ed  waxing the sur -  
face of planing cyl inders  to determine what effect this would have on the spray-shee t  
formation and on the fo rces  acting on the model. Surprisingly,  the spray sheet  st i l l  
clung to the cylinder and t ra i led  aft, and no significant change in the force  picture  
could be detected. 

P. Eisenberg  (Office of Naval Research) 

It may be of in teres t  to revea l  how Mr. Wetzel was led to examine the effects  of 
a mate r ia l  such as Teflon on the sur face- tens ion  influences found to be of importance 
in the venti lation process .  Some yea r s  ago, I was told of the d iscovery  of a mate r ia l  
or coating that was purported to allow slip at a fluid boundary and, therefore ,  to 
lower the fr ic t ional  res i s tance  below expected values for  a hydraulically smooth 
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surface.  The evidence cited was the remarkab le  acce le ra t ion  of a hydroplane rac ing 
boat on which the planing sur faces  had been coated with this mater ia l .  

Doubting the slip hypothesis, I natural ly looked for a more  rat ional  explanation 
of such exceptional per formance .  It occur red  to me that, if the step in the planing 
surface could be venti lated at a lower speed than would normal ly  happen, it would be 
possible  to achieve the ful l-planing condition much ea r l i e r ,  and, therefore ,  to acce l -  
e ra te  more  rapidly since the hump res i s tance  would thus have been lowered. 

It was found subsequently that Teflon did indeed exhibit small ,  in ter fac ia l  tension 
re la t ive  to water  at the a i r - w a t e r  interface.  I bel ieve it was Mr. Tulin, then in 
ONR's Mechanics Branch, who suggested that we could both tes t  my hypothesis of the 
effect  of a ma te r i a l  such as the one mentioned above and, at the same t ime,  show 
perhaps  that the surface tension effects  could be e l iminated in this way, thus making 
it  possible  to tes t  at smal l  Froude numbers  models  for which venti lat ion phenomena 
are  important  on the prototype. We therefore  a r ranged  for Mr. Wetzel to ca r ry  out 
the tes t s  descr ibed in his paper,  with the resu l t s  fully confi rming the postulated 
behavior  and so ably reported.  We se lec ted  Teflon only because we were  already 
acquainted with its p rope r t i e s  in some detail. 

K. L. Wadlin (National Advisory Commit tee  for Aeronautics)  

Mr. Wetzel  has c a r r i e d  out a comprehensive  study of the pr incipal  p a r a m e t e r s  
influencing the inception of ventilation. The answers  to many of our questions about 
the mechanics  of the inception p r o c e s s  are  undoubtedly available in the data obtained 
by him. It is  in teres t ing to note that f lash venti lat ion and hys te res i s  only occur red  
when the Reynolds number was low. Also the effects  of viscosi ty ,  surface tension, 
and Teflon were  noticeable only at low Reynolds numbers.  That is, only these influ- 
enced venti lat ion inception when conditions were  such that the flow probably was 
c lose  to the t ransi t ion f rom fully attached flow around the cylinder to separa ted  flow. 
These effects  then probably influenced the separat ion point on the cylinder,  pa r t i c -  
ular ly in the region of the water  surface.  This would lead to separated regions  being 
available to provide paths for the air  as soon as the p r e s s u r e  gradients  were  suf- 
f icient  to draw the a i r  down. This r e su l t s  in creeping venti lat ion instead of f lash 
venti lat ion occurs  when the p r e s s u r e  gradient is p resen t  before separation.  

E. R. Tirmey (State College of Washington) 

The careful  exper imenta l  work pe r fo rmed  by Mr. Wetzel has c lar i f ied  many 
points par t icu lar ly  with r ega rd  to some of the "sca le  effects"  that can be expected in 
laboratory tes ts  on ventilation. The wr i t e r  suggests  that a different  manner  of p r e -  
senting the data on cyl inders  (par t icular ly  Fig. 2 of Mr. Wetze l ' s  paper) would add 
to the understanding of the venti lation phenomenon. 

At incipient venti lation it is a necessary ,  though undoubtedly not a sufficient, 
condition that the p r e s s u r e  be a tmospher ic  in the venti lation region. That is, 

f rom which 

(D1) pgH + C,~5 -- = o ,  

v --V'--~, (D2) 
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For  the Reynolds numbers  at which the author conducted his tes ts  (R~ between 1.5 x 
103 and 1.5 x l0 s, based on diameter) ,  the value of Cp at a point on the cylinder 90 
degrees  f rom the line of the approaching flow is  approximately -0.8 for long cyl inders  
deeply submerged. Substituting this value into Eq. (D2) gives 

V_~ = 1 .58 .  (D3) 

This value of 1.58 ag rees  well  with the minimum value of 1.6-1.7 which the author 
finds as the asymptotic value for all  cyl inders  deeply submerged. 

The value of Cp is affected by the f ree  surface to a degree that is probably 
dependent upon Reynolds number. It s eems  logical,  therefore ,  to plot V / ~  as a 
function of Reynolds number for constant values  of H/D. This is done in Fig. D1 
which shows that Eq. (D3) applies for all  the cyl inders  tested, if the Reynolds number 
is g rea te r  than 5 x 104. This provides  a lower l imi t  for laboratory tes ts  if " sca le  
effect"  due to viscosi ty  is to be avoided. The l imit ing value of Reynolds number is  
seen to depend on the value of H/D. 

At lower values of Reynolds number an empirical relation can be developed 
which indicates the relative significance of both Reynolds number and submergence. 
This relation is 

V 1.8 x 10 5 
(D4) 

This equation is plotted in Fig. D2 together with all  the data given by the author on 
his Fig. 2. F rom Fig. D2 it appears  that the influences of submergence and Reynolds 
number on ventilation are  insignificant for values  of the p a r a m e t e r  H/D (Re) 3/2 grea te r  
than l0 S . 
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