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ABSTRACT

Water tunnel tests are described of a NACA 16—309
section equipped with a 25% flap—chord ratio , simple , sealed
flap. Lift and pitching moment coefficients are given for a
range of angles of attack , flap angles and cavitation numbers.
Drag data are not considered reliable and only a few values
are presented. The results are also g iven of limited tests
for the dependency of force , moment and cavitation inception
data on Reynolds number over the range from 1.25 to 3.98 x 106 .
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SOMMA IRE

On décri t les essais qu ’on a fait subir en galerie
hydrauli que a une section du profi l aérodynamique NACA 16—309
munie d’ un volet hypersustentateur étanche simple ayant un
rapport volet /corde de profil de 25%. On présente les co—
efficients de portance et du moment de tangage pour une gamtn e
d ’ angles d’attaque , d’angles d’inclinaison du volet et de
nombres de cavitation. On estime que les données relatives a
Ia tratnée ne sont pas fiables et on n ’en donne que quelques
valeurs. On présente également les résultats d’essais limités
ayant trait a la dépendance de la force de sustentation , du
moment et de la cavitation sur une gamme de nombres Reynolds
a l l a n t  de 1.25 a 3.98 x 10 6 .
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NOMENCLATURE

C
d 

section drag coefficient

C~ section lift coefficient

C .~ rate of change of lift coefficient with ang le of
-1attack (degrees )

C , rate of change of lift coefficient with flap ang le
— 1(degrees )

Cm section quarter chord pitching moment coefficient

C~~ rate of change of pitching moment with flap ang le
(degrees ’)

Re Reynolds number

a ang le of attack (degrees)

flap angle (degrees)

0 cavitation number

f flap chord ratio

x abscissa of point on section surface

y ordinate of point on section upper surface

y~ ordinate of point on section lower surface
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1. INTRODUCTION

The NA CA 16 Sertes of •~ ir foi 1 sections was designed
o r i g i n a l l y  for hi gh speed airfoil applications , where a uni form
d i s t r i b ~~tLon of pre ssure is desired on t h e  upp e r surface at de—
sign l i f t  coefficient. This condition also gives favourable
cavitation characteristics , a factor of great importance in
hy drofoil section design since cavitation sets practical Limits
to the maximum speed , take—off speed and degree o f  control which
can be obtained. Consequently, the section has found consider-
able use in full y—s ubmerged hydr o fo i ls , bo th with incidence
contro i and with a simple , sea led f lap  for control p urposes.

Res ults were published in 1948 of wind tunnel tests
on ~ series of Type 16 sections , cov er in g a fa irly w ide range
of :ft coefficients and thickness—to—chord ratios , but no data
w e r e  ~iva iL •~ble giving the basic characteristics of the section
e q iti pp cd w i t h  a c o n t r o l  f l a p  f o r  h y d r o f o i l  u s e .  S u c h  d a t a  a r e
J . s i r a h l e  f o r  h y d r o f o i l  s h i p  d e s i g n  m d  p~~r f o r m • u i c e  p r e d i c L i O I L ~

c •i n p r o v i d e  a v~~L u a b l e  c h e c k  on t h e  •~ c c u r a c y  o f  p r e d i c t i o n
t e t l i n ~~q u e s  b e i n g  d e v e l o p e d  f o r  t h e  d n a l y s i s  o f  f l o w  o v e r
t l i p p ed h y d r o f o i l s .  They can dso  be  e x p e c t e d  t o  provide ~i

s t l n d a r d  for comparison with new h yd r o f oi l se cti ons  d ev e l o p e d
t o  ta&e advantage of improved analytical techniques.

To meet the requirement for basic data , a p r o g r a m o f
t c s~~~~~S w i s  undertaken on a NACA 16—309 section with an a = 1.0
m c I n  imb e r line and with a 25~ flap—chord ratio , simple , se a l e d
f l i p .  Th is particular section was selected because it is fitted
on L S S  “H I G H P O I N T T ’ (PCH—l), a 128 ton auw hy d r o f o il sh ip used
extens ivel y by DINSRDC fo r  hydrofoil resear ch. It consequently
presents the best oppor tunity for comparison with three—
d im ensional model tests and with full scale operation.

The section test program included both water tunnel
and w ind tunnel tests. The primary objective of water
tunn el tests , carried Out at the California Institute of Tech-
nology (CIT) , was to de termine the cavitation characteristics
f o r  a range of  f lap ang les and angles of a tt ack , and their
effects on the lift , drag and p itching moment characteristics.
Th e wind tunnel tests were made to obtain more accurate force
and moment data and also to obtain the pressure distribution
characteristics , s ince these are ob ta ined much more readi ly
in the wind tunnel.
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T h e  p u r p o s e  o f  t h i s  r e p o r t  is t o  p r e s e n t  i n
t h e  d a t a  f r o m  t h e  w a t e r  t u n n e l  t e s t s .  T h e  m o d e l , e x p e r i m e n t a l
f a c i l L t v , i n s t r um e n t a t i o n  a n d  test proced ure are d e s c r i b e d  in
some d e ta i l .  A f a i r l y  extensive anal ys is of the e x p e r i m e n t a l
d a t a  is Then p re sente~~, f rom which a number o f  significant con—
o L u s i o n s  are d r a~~n. For comp Letene ss , the test d ata plots are
given in ful l in A p p e n d i x  1.

A c o n s f i e r a t i o n  of fundamental importance in any model
t est progr i m  is the inf luence of scale effect s . Recent work2 ’ 3

i n d i c a t e s  t h i t  c a v : r a r i o n  ince~~tion t s  n o t  s i m p l y  d e p e n d e n t  on
the lo c a l s t a t i c  pr oss u r e. it can originate as a result of
f i i r l v  La r g e pre ssure f l u c t u a t i o n s  associated with transition
from l am i n a r  to tu r b u l e n t  flow. The location of the transition
po i nt along the l e n g t h  of the chord is Reynolds number dependent
and thus , th e inception of cavitation can also be Reynolds num-
ber dependent. The CII tests were made mostly at a tunnel
water speed of 50 ft /sec , g iving a chord  Rey nolds numb e r of
2 .  ~~ x 106 . T h e  hig hest R eynolds number possible was 3.98 x
l0~ which , although high by model test standards , is still
si gnificantly smaller than the representative value for USS
HIGHPO INT of 2.5 x IO~~. Tests were therefore made to investi-
gate the sensitivity of cavitation occurrence to Reynolds number
over th e available range. Reynolds number sensitivity tests
..ere also made on the force and moment data.

Th e wind tunnel test series~~, whi ch was r un on a
similar model of 30 inches chord at Reynolds numbers up to
4 x l0~~, p rovides further data on scale effects. Use is made
of these d a t a  in discussin g scale effects arising from d i f f e r e n t
bou nd :ir ; layer flow characteristi cs.

2 . MODEL D E S C R I P T I O N

The s ix inch cho rd , six inch span water tunnel model
was made from 17— 4PH steel hardened to the H900 condition. It
is shown in Figure 1., comple te with tunnel wall fairing disc
a n d  re a d y  for installation. Tb ’ flap could be positioned at
d is c r e t e ang le set tings of: —10° , —5° , 0° , 2.5° , 50

, 7 . 5 ° , 10° ,
15° and 200 . The setting plate and the hole ali gnmen t s u sed
to ob tain the required flap ang les are illus trated in Fi g u r e  2
wh ich shows the model with fairing disc removed. A separa te
sec uring plate was required at the free e d of the model for
each flap angle setting.

The sec tion coordinates were derived from the standard
da ta g iven by Abbott and Von Doenhoff S , using a cubic spl ine f it
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~~ ro i e i : L n g o i g e  r-~~ i i ~~ s o f  0 . 4 T . - ~n r h. The c a a r ~~i n a t e s  a r e
g~~v e n  i n  T a b l e  I .  P r r f ~~ L c  a e a s u r e - n c n t s  .~c r c  r n a : e  cc  t h e  co -n —
p et e :  m o : e L  d v  C I T . a l o n g  t h e  a x e s  o w r .  i n  F i g u r e  3. ~ e r e—
n e n t s  a i o n  a x ~~s A , B a n i  C L rr :~~c a t e  v i r t u a l l y n o  t c s t  a l o n s
t h e  s p a n .  D e v i a t i o n s  f r o m  t n e  s p e c i f i e c  s e c t i o n  p r o f i l e s  a l o n g
3 , E a n :  F a r e  :l u s t r a t e d  n F L g ~~r e  ~

. . T h i s  sh o v s  t h e  e r r o r —
to— chor i r a t i o  to be gener a ll y l e s s  t h a n  0.0005. I n  t h e  v i c i n i t y
o f  t h e  h i n g e — I d n e , t n e r e  is .a d e v i at i o r  in  t h e  s u r f a c e  c o n t o u r
~h ~cd is high er and steeper than desirable. There is a second
: e v i a t i o n  at .a:o t 5 1  chord , not as large in a m p l i t u d e  b u t

- a l l y s t e e p .  T h e  m odel finish was general ly fine and polished.
C as t :ngs o f  t h e  L e a  rt g ed ge , sectioned at rn~~o — s p  an , were in—
specte c o n  a n  opt i ca l c o m p a r a t o r  at a m a :n i f i c a t i o n  of 20X and
r e v e a c :  to rocg hne ss or ciscon t inu it y in t h o  c i r -J ~~ture. It is

~Lf f i c~~it to o b t a i n  very h i g h  p r o f i l e  accuracies in the s n a i l
S i Z e  O f  m o i e L  r e ; u i r e d  for w a t e r  tunnel t e s t i n g .  T h e s e  p r o f i i e
erro r -s ire cons id ered to be w i t h L n  the norm a l range of expec t—
it ion for a r e l a t i v e L ~ coni p I icated m o d el in c orporating a h i n g e d
f l a p .

~~ . ~i~~i_ I ~-kN~ INSTRUMENTA I ION

T h e  H i g h  S p e e d  W a t e r  T u n n e l  in t h e  G r a d u a t e  A e r ~~—
c i i t i : a l  Laboratories of the California Institute of Techno lo gy
(G\LC IT )6 r~as u sed in the performance of this experiment. For
these tests , th e tunnel was equipped with the two—dimensional

~or- k i n g  section shown in Figure 5. Test section pressure and
d a t e r  v e l o c i t y  cou ld be controlled inde pende n tly over a w ide

i n g e  and gases releas e d by c i v  i L . a  t ion on t h ~ moth-  I were r i —
r a d be lo r e r he low eOn t r ~l t Ii ~ wi) r k I n e, H e  e ( I o ml •

he mm , tIC I w .15 v I e w cml t h r u g  Ia a f o m i  r — I m a c h  ( 13 1 c k ‘I’ I e x I —

~~l i s ” window , the inside surf a ce of which was p a ra l le l to the
th eo r e t i c a l  centerline of the tunnel. The opposite wall was
a .~j a s t ab 1 e  and rigidl y atta ched to the tunnel at the upstream
end . The position of this wall was adjusted to compensate for
t ue effects of long itudinal pressure grad ient due to wall
bou ndary layer growth. The model fairing plate was fitted flush
w ith the wall and great care was taken to avoid spurious flow
disturbances due to discontinuities.

The h ydrofo il model was supp o r ted as a can ti lever fro m
a three—component strain gage balance equi pped with interchange—
able load cells. The highest ranges available were used for
these tests. These were: lift ± 800 lbs , drag ± 200 ibs , p itch-
ing moment + 1200 inch—lbs. Each of the three output signals
w a s  a m p lified , digit ised and simultaneousl y time—averaged.

3

_______

~
w.-w —

~~ 

--— - — 

~~

- - - ‘~. ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ s , ,~.- ~~~~~~ — 
-

~~~~—. - .



S i g n a l s  t e r e  d i s p l a y e d  on p a n e l  m e t e r s  a n d  r e c o r i e  : on p u n c h e :
c a r  I S .

k o r k  in g  section v e L o c i t y  w a s  d e t e r m i n e  b y me a sur ing
the s t a t i c  press u re iiff erence between the settling chamber
upstr e am of toe nozzle and the entrance to the wo rking s e c t io n ,
u s I n g  a m e r c u r y — w a t e r  m a n o m e t e r .  N a ’c o m e t e r  r e a d i n g s  w e r e  c o n —
ver:ed to velocity throug h an e x p e r i m e n t a l l y— d e t e r m i n e d  cali-
b r a t i o n  factor , based on measurements made with a P r a n d t l  t y p e
p i t o t— s t a t i c  tube. W ork in g section pressure was measured b y
means of a m ercury baro meter connected to the piezome t er row
at the entrance to the working section and referenced to the
h o r i z o n t a l  centerline of the working section.

The axia l  t u r d a l e n c e  level , me a su red on the centerline
at the b a l a n c e  station was Less than 0.251 and was estimate i by

C I T ~ to b e 0 . 2 1 .  The dissolved gas content was measured it  be—
t~~o e n  12 a o l  14 p a r t s  per million.

?ROCE~ URE

The mode l was mounted wit ’ its chord line parallel to
the centerline of the working section for an ang le of attack of
z€ ro degrees. The working section wall was set to give a nearl y
z e r o  h o r i zo nt al  pre ssure gradient over the range of water vel-
oc ities.

At the start of the program , the conventional “Plexi-
glas ” v i e w i n g  wi ndow was used , w i t h  the gap between it and the
I r~-e e ta d o I t Ia i- ito tiC I se t o 0 . 030 1 n ch . T Ii 1 s g .m p v i  s req ii I r e d
Lu p r e v e u l  i n t e r f e r e n c e  as the w i n d o w  d o t  l u i t ~ u n d e r  ~I 1 i f e r e u t  [ m l
p r e s sure when t h e work ing s e c t i o n  pressure was reduc ed. For t h e
l a t e r  p a rt of the program , the “Pl ex ig las ” sidewall was replaced
by a str onger , aluminum p late , 1.75 inches thick , with a small ,
7.5 inch diameter viewing port. The tip gap was reduced to
0.020 inch for this installation. The type of window used is
l isted in Table II for the given test conditions. The aluminum
p lat e was used for all Reynolds number dependence tests , wher e
pos itive tank pressures were involved and , as a matter of co n-
venience , for all tare runs. Measurements of window deflection
as a function of working section pressure are presented in Fig-
ure 6.

Since the model had to be removed from the tu n n el
each time that the flap ang le was adjusted , test series were
run wi th fixed flap angle and with angle of attack , Reynolds
or cav itation numbers as variables. For the Reynolds number

4
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S u r v e y s , r n a  c e r e  - n a 1 ~ a t  f : x c : a n g l e  o f  a t t a c k  a n :  f l a p  a 0 2 e

~: s p e e d s  o f  2 5 , -0 , 50 , 10 o n I  :~Q f t / s e c . g i v i n g  o h o r ~ F e y n o l l s
n . m b e r s  o f  1 . 2 5 , 1. ~~~~~ , 2. - l a , 3. e 9  a n d  3. ~~ x ~~~~~ r e s p e c t i v e l y .
T u n n e l  p r e s s u r e s  ~~e rc  i n c r ea s -~ o r  d e c r e a s e d  as  r e q u i r e d  t o
o b t  ~i n  . v i t i t i o n — f r e c ’  r u n n i n g  an d to m e a s u r e  t h e  c a v i t a t i o n
t a u m b e  r s f o r  I n e e p  i i o n  a n d  d e s  i n e n c  e a t  t h e  c a d  i n g  e d g e  a nd
h lia ...e — l i r a c .  The c o r r e sp o n d i n g  b a l a n :e  m~~as i rern~~nt s cere then
r e c o r  l e d .

For tIe cavitation surve y , runs were made a: a con-
stant c a t e r  speed of 50 fr/ sec . a c nrn pro m ise speed which al—
l o A T h  r e a s o n a b l e  r a n g e s  of  f l a p  a n g le a n d  a n g l e  of  a t t a c k , w h i l e
g e n e ra l ly  k e e p i n g  w i t h i n  b a l a n c e  l o a d i n g  r e s t r i c t i o n s .  I n  e a c h
c a s e , force d a t a  were measured at cavitation numbers of 2.0I ,
l.2 n , 0.30 , 0.53 , 0.33 and 0.22. Data were also taken for the
c svi t ~~tion numbers associated with incipient and desinent cav i t—

t :on .

‘mhe n the cavity extend ed past m i d — c h o r d , Large ~.nste ad y
forces ievel op~~d , with pe aks observed by oscilloscope to be two
to fo ur times steady state. These overl adeu the balance and
m a d e  i t  i m p o s s i b l e  to make measurements over the w i d e  ranges of
f l a p  ang le and ang le of attack originall y p lanne~~. An a l d i t i o n a l
r e s t r i c t i o n  occurred at high flap ang les , when the working section
pressures required to suppress cavitation exceeded the m a x i m u m
all wib le.

5. CORRECTIONS AND ACCURACY

T h e  f o r ce b a l a nc e , manometer , physical constants and
other l a ta  w ere recorded on punched cards and reduced us in 2
: i g i t a l  c o m p u t e r  p r o c e s s i n g .

The  b a l a n c e  z e r o  v a l u e s  w e r e  d e p e n d e n t  on t h e  m o d e l
attitude , makin g corrections necessar y for these “grav ity tare ”
v a l a e s  ror each run. The measured data were also corrected for
the eff ect of balance interactions by the app lication of an in-
verse calibrati on matrix. Finall y, the data were cor rected for
t h e  i n f l u e n c e  of  the forces acting on the fairing d isc , the
“b alance tares ’ . These were determined for each model test con-
d ition using the following procedure. The model was removed
f r o m  t h e  f o r c e  b a l a n c e , i n v e r t e d  a n d  i n s t a l l e d  in a s u p p o r t
f ixture on the opposite wall. A dummy fairing d isc was then
mo unted on the force balance and the tip of the model brou ght
t o withi n  ).002 inch of the disc. This clearance was maintained
b y me chanicall y ad justing the hydrofo il model to compensate for
ch anges due to working section pressure. The disc forces could
the n be measured for each test condition in flow conditions
similar in many respects to those applying in practice.

5
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The se b a Thoce tare val ues were reasonable for lif t
an d m oment , r e p r e s e n t i n g  a t th e i r  w o r s t , less than 1% and 3¼
of the ma x i r n ~~m re:orded values. This was not the case for the
:rag nea s reme nt. ~!iximum drag tare values were abo ut 25% of
m a x i m u m  r e c o r i e :  ~~~a g  and appear to have varied sys tema ti call y
~ :th t~~nn el pr essure. This is illustrated in Figure 7 which
shows th e ~r a g t a r e  values for the 0°~~, 0°~ and 0°~~, 5°5 ca ses
p T h : : e d  a g a ~~r .st t u n n e l  press ure for various speeds. The tare
m a s reo ent i r n a n g e m e n t  was a close approximation to and not
a n  e x a c t  : p l i o a t i o n  of meas uremen t condi ti ons , and it is difficult
t a  s a y ~h~~t i n f l u e n c e s  were present in practice. The fact that
dr ag t a r e  v a ues c o a T h  be large and variable is considered to
p r e j T h i c e  s i g n i f i c a n t l y  the reliability of the drag results.

No t u n n e l  boundary corrections were app lied and the re
w - r ~ rio co rrections for model deflections under load.

M an omet -’ r ::dications of velocit y In the work ing
s e c t i o n  e x h i b i t e d  a fluctuation which varied from approximatel y
— 0 . 5 T  a t  10 ft/sec to ± 1% at 60 ft/sec. The period was long

~n d there w ere f r e q u e n t  occasions when the reading was virtuall y
s t e a d y .  D a t a  w e r e  recorded d ur ing these occas ions and as a
r e s u l t , v e l o c i t y  d a t a  presented here are believed accurate to
w j T h i f l  ÷ 0.51. Wa r k i r i g  section pressure Indicators exhibited
s i m i l a r , though s m a l l e r , fl uctuations and these measurements
are also believed accurate to within ± 0.5%.

C I T  e s t i m a t e s  f o r  o t h e r  total measurement errors are
as follows:

ang ie of attack: ± 0.1 deg

d a t a reduction: ± 0.1% of indicated value

l ift  force: ± 2.1 Ibs , giving

C
Q 

= + .0035 at 50 ft/sec

p itching moment: ± 3.1 in—lbs , giving

C = ± .0051 at 50 ft/sec

6. DISCUSSION OF RESULTS

6.1 General Note on Boundary Layer Flow Conditions
and Effec ts

The NACA 16 Ser ies section is designed to have an
ext ensive region of laminar flow for a range of lift coefficients
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aro und the des ign val ue , givin g compara t ivel y low drag under
normal steady state conditions. The location of the point of
t ransi t ion to tur bulen t flow moves forward suddenl y when C~
is either decreased or increased beyond the laminar range ,
lead ing to a sharp increase in drag. Flow is then said to have
become turbulent. The range of C~ val ues for which laminar

flow cond itions are realised becomes narrower with increasing
Reynolds number.

The compan ion series of wind tunnel tests~ shed con-
side r able li gh t on the boundary layer conditions app lying to the
wind and water tunnel models. Laminar flow conditions were
ob tained as expected in the wind tunnel but there was an ad-
d itional complication because transition to turbulent flow was
accompan ied by flow separa tion over the trailing edge of the
flap. This in turn led to sharp decreases in the effectIve
camber of the sec ti on , decreas ing the section lift. The largest
decreases occ urred for higher flap angles at the posi t ive limi t
of the laminar C~ range bu t similar , smaller changes occurred

at the negative limit.

W ind tunn el lift coefficicnts are shown plotted agaInst
a n g le of attack in Figure 8, both wi th and without roug h n e s s
strips. App lication of roug hness strips to the upper and lower
surfaces of the section at the 5% chord points fixed the points
of transition over the whole C

g range and established the turbu-

len t flow condition artificially. This changed the nature of the
force and moment characteris 1ics because trailing edge separation
th en took place comparatively smoothly with increasing and de-
creasing flap ang le and angle of attack. The lift values were
red u ced over the fo rmerl y unsepara ted range but the sharp dis—
on t i i a u l t l es associated with delayed transition to turbulent

flow were eliminated.

The lift data from the water tunnel are also shown in
Figure 8. These have values which lie between the transition—
fixed and transition—free wind tunnel data , over the formerl y
unseparated part of the wind tunnel range of angles of attack.
The indications are that for the water tunnel model , separation
spread smoothly over the trailing edge with increasing angle of
attack in a manner somewhat similar to the transition—fixed wind
tunnel model. The reason for this is not clear since the free
stream turbulence levels are thought to be similar in both
facilities and chord Reynolds number was lower in the water
tunnel. However the surface roughness Reynolds number may well
have been higher for the water tunnel model. This and the
relatively large section profile errors could have been factors
in promoting more rapid transition and spread of trailing edge
separation.

7
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6.2 Lift Characteristics

Lift coefficient is p lotted against ang le of attack
in Figure 9 for the full range of flap angles and for a cavit-
ation number of 2.04, representing the largely uncavitated con-
di tion . The curves are linear for small ranges of angle of
attack and flap angle, but show a trend to increasing non-
linearity as angle of attack and flap angle approach the test
range limits. The zero—lift angle of ~2.10 for 0° flap ang le
is less negative than that obtained in both the available sets
of wind tunnel data ’’~ which gave a value of —2.6° for the
transition—free test condition. The non—linearity of the data
and less negative zero—lift angle are both attributed to flow
separation over the trailing edge of the flap , as discussed
earlier in Section 6.1.

Lift coefficient is shown plotted against flap angle
with angle of attack as a parame ter in Figure 10, for the same
cavitation number of 2.04. The curves depart substantially
from linear for both positive and negative flap angle , again
apparentl y as a result of flow separation on the upper or lower
surface of the flap.

The typical effect of cavitation number on lift co-
ef ficie n t at 00 angle of attack is shown in Figure 11 for the
full range of flap angles. The cavitation inception limit lines
on the diagram show that leading edge cavitation could be fol-
lowed by an Increase in lift as cavitation number decreased
(see also Figures A13 to Al9 in Appendix A). Presumably the
effect of a small amount of leading edge cavitation was to
increase the effective section camber. As the cavitation number
of the flow was decreased , cavitation spread chordwise over
the section until it reached the mid—back or hinge—line when
the forces tended to become very unsteady. Marked decrease of
lif t coefficient was normall y associa ted with extension of
hinge—line or leading ed ge cavitation beyond the trailing
edge , when the effective camber would be much decreased.

The travelling, growing bubble type of cavitation
was the type most often observed but at high angles of attack
or flap angle , sheet cavitation could occur in a band at the
leading ed ges of both the foil and flap.

The foil and flap lift—curve slopes are plotted
against flap angle In Figure 12. These are defined as the
rates of change of lift coefficient with angle of attack and
flap angle respectively and are shown for the uncavitated con—
dition at 00 angle of attack. The foil lift—curve slope has

8
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a val ue of 0.096 per degree for a sm all range of flap angles
close to 0° (about 4% less than the corresponding wind tunnel
value) but falls off sharpl y for flap angles greater than 5° .
The flap lif t—curve slope has a maximum value of about 0.06
for a very small range of flap ang les close to zero.

The corresponding flap effectiveness ratios , defined
as the ratio of flap lift—curve slope to foil lift—curve slope ,
are plotted in Figure 13 for a constant lift—curve slope of
0.096 per degree. The theoretical value can be approximated
for the unseparated flow condition by 7

C~~
= -~/?T= 0.64

C~

This value is achieved , but only for a very small range of flap
ang les close to zero.

6.3 Drag Characteristics

Drag coefficient is plotted against lift coefficient
in Figure 14 for a range of flap angles at a cavitation number
of 2.04. Data from the companion wind tunnel tests , included
fo r comparison , show the wa ter tunnel da ta to be hig her in
value except for a small range of C~ values close to the design

point. The wind tunnel values were obtained for a large , ac-
curate model , using the comparativel y precise wake survey method.
Despite the care taken with the water tunnel force and moment
meas uremen t s, the balance and the model mounting arrangements
seem likely to have introduced errors , as indicated by the com-
paratively large drag tare values mentioned in Section 5. Con-
sequentl y, with the exception of Figures 14 and 19 no drag data
are included here.

6.4 Moment Characteristics

The quarter—chord p itching moment , C , is plotted as

a function of lift coefficient in Figure 15 for the range of
flap angles at a cavitation number of 2.04. C

m can be expected

to become more negative as flap angle increases owing to the
increase in effective camber. The rate of change can be estim-
ated from the thin aerofoil theory of Glauert 8 as

C
6 

= —2/f (1 — f ) 3  = —0.011 per degree.

Figure 15 shows that a C
m 

change of approximately 0.055 results

from a 5° flap angle change at values of close to 0.2. How—
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ever , there is also a marked change of C with C .  This is pre-
m

sumably due to increasing separa tion and straigh tening of the
flow. Because of this , a 22% chord location for the aerod ynamic
center appears to be a better compromise than the standard value
of 25% for an unflapped section.

Figure 16 shows the effect of flow cavitation number
on p itching moment coefficient for 0° angle of attack. The
data are generally consistent with the lift data , increasing
sharply as cavi tation number decreases to very low numbers , but
not n’~cessarily changing immediately with the onset of cavitation.

6.5 Reynolds Number Dependence of Force and Moment
Coefficients

The variation of lift with Reynolds number is shown
in F Igure 17 for the four foil and flap ang le combinations given
by = 0° and 2° and ~ = 0° and 5° . The lift values for the
0° i, 5°5 case show a comparatively sharp decrease with Increas-
ing Reynolds number. This is seen from Figure 8 to be a likely
result of increased flow separation at the flap trailing edge.

There is little change at the other angle settings.
Figure 8 shows that any change due to increasing separation at
the 0° flap angle settings would be comparatively small. At 2°c&,
5° 5, flow separation is apparently well established even at the
lowest Reynolds number setting.

The corresponding quarter chord p itching moment data
of Figure 18 are generally consistent with this analysis. There
Is a small increase in the 00 flap angle data values with Rey-
nolds number , whil e the (J ° ~~, 5°~S values approach those for the
2°~~. ~~~ setting. Tht s ~s to be expected since quarter chord
p itching moment coe t f i c i e n t s  cre dependent on effective section
camber and will be similar foi the same flap angle , when the
boundary layer conditions are similar.

The variation of drag coefficient with Reynolds number
is shown in Figure 19 for the O°a, 00 6 case , the only angle
setting combination for which the drag data may be reasonably
representative. The C

d values increase with Re for Re < 2.49

x 10a  and then tend to follow the well—established trend line 7

for smooth surfaces in turbulent flow , Indicating that at this
angle setting , transition to turbulent flow occurs at about
Re — 2.49 x 106.
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6.6 Rey nolds Number Dependence of Cavitation

Tests were made fo r cavitation dependence on Reynolds
n umber at the same four angle settings , using the proced u re
described in Section 4. The flow cavitation numbers at which
incep t ion and des inence occ urred are p lo tted in Figure 20 for
the 0° i, O °d se tting. For this case , cavi tation took place virtu-
all y simultaneousl y on the upper surface at the flap hinge—line
and at section mid—back , with little hysteresis a-’4 virtuall y
no var iation with Reynolds number.

For the a = 0°, 6 = 5° c a s e , shown in Figure 21 , hinge—
l ine cavitation occurred first as cavitation number was decreased ,
followed for Re < 2.49 x 10 6 by m id—back cavitation. For Re >

2.49 x 10 6 , however , although hinge—line cavitation still
occ urred first , it was followed by leading ed ge cav itation.
For th is particular setting, wind tunnel data show the pressure
d istribution to be very flat over the first half of the chord ,
so that little change would be required in the flow to alter the
cavitation characteristics. In fact , the lift and moment co—
ef t i c i e n t  values undergo fairly large changes with Reynolds number ,
as no ted in Section 6.5 above , indica ting a significant change to
the flow pattern. In these circumstances , the switch from mid—
back t o leading ed ge cavi tation is not surprising.

Cav itation took p lace only at the upper surface lead-
ing edge for the a = 2° , 6 = 0° setting, as shown in Figure 22.
Some of the data exhibit considerable hysteresis and there are
large dirferences between the data points obtained during the
Reynolds number survey and those obtained during the general
survey at Re = 2.49 x 106. There are too few data points to
es tablish the trends with certainty but the cavitation inception
n umber appears to switch in value over the Reynolds number test
range , with some uncertainty at intermediate Re values.

Cavitation also occurred onl y at the upper surface
leading edge for the a = 2°, 6 = 5° setting and Figure 23 in-
dicates a strong Reynolds number dependency. For this setting,
cavitation spread chordwise with decreasing Reynolds number
until it reached the mid—back when it spontaneously oscillated
between there and the trailing edge of the flap. The resulting
violent force fluctuations prevented testing over the full
Reynolds number range.

These tests for Reynolds number dependence of cavit-
ation indicate that mid—back and hinge—line cavitation are in-
dependent of Reynolds number over the test range. Leading
edge cavitation occurrence does seem to be Reynolds number
dependent but there are insufficient data to assess the extent
to which this dependence is systematic.
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6.7 Cav itation Limit Diagrams

The limit lines for cavitation inception are given
in Figure 24 for all flap ang les tested. The hinge—line (or
occasionally mid—back) limits , represented by the lower lines
of the bucket curves , increase with flap angle as would be ex-
pected. The Reynolds number dependency tests described in
Section 6.6 indicate that these lines will be relativel y in-
dependent of Reynolds number.

The leading edge cavitation limits (represented by
the right hand lines) on the other hand , will be affec ted by
Reynolds number. They seem likely to move to the left with
increasing Reynolds number , narrowing the range of uncavitated
C~ available at the higher full scale Reynolds numbers.

7. CONCLUSIONS

Tests on a 16—309 section equipped with a 25% flap
c hord ra t io , s i m p le , sealed flap show the characteristics to
be infl uenced greatl y by turbulent flow separation over the
flap trailing edge. This greatly decreases the lift available
over much of the normal range of flap ang le and angle of attack.

Values of foil lift—curve slope and flap effective-
ness are close to theoretical at 0° flap angle but decline
fairly rap idl y as flap ang le increases or decreases.

The drag coefficient data are undul y high and are con-
sidered suspect excep t for a narrow range of lift coefficients
between about zero and 0.25. The reason for this is not known
but may have been due to difficulties in accounting for balance
tares.

The pitching moment data indicate the aerodynamic center
to be at about 0.22 chord. For flap angles greater than 50 ,

considerable increase in the quarter chord pitching moment co-
efficient occurs with increasing Cg •

Comparison with companion wind tunnel test data , to-
gether with Reynolds number sensitivity tests indicate that
transition to turbulent flow occurs fairly readil y in the water
tunnel. Turbulent flow is well established on the model at the
main test Reynolds number of 2.49 x 106 but the indications are
that some forward movement of the transition point continues
as Reynolds number is increased .

Despite well—established turbulent flow , leading
edge cavitation occurrence is sensitive to Reynolds number ,
making the data useful only as a general guide to full—scale t
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performance. M id—back and hinge—line cavitation proved to be
insensitive to Reynolds number over the test range.

For the higher angle of attack cases , where lead ing
edge cavitation occurs well ahead of mid—back or hinge—line
cavitation as cavitation number decreases , leading edge cavit-
ation does not lead to immediate loss of lift or increase of
drag. Marked force and momen t changes are more normally
assoc iated with the extension of the mid—back or hinge—line
cavi ty beyond the trailing edge.

I
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TABLE I: MACA 16— 309 HYDROFOIL MODEL COORD INA TES

x 
~
‘u y~ xc Y ç

(ins) (ins) (ins) (ins) (ins) (ins)

0.000 0.00301 0.00301 0.360 0.15714 —0.08945

0.001 0.00987 —0.00385 0.420 0.16995 —0.09487

0.002 0.01260 —0.00658 0.480 0.18181 —0.09977

0.003 0.01463 —0.00861 0.540 0.19290 —0.10424

0.004 0.01628 —0.01026 0.600 0.20331 —0.10834

0.005 0.01767 —0.01165 0.750 0.22684 —0.11730

0.006 0.01890 —0.01286 0.900 0.24744 —0.12493

0.007 0.02007 —0.01292 1.050 0.26576 —0.13175

0.008 0.02122 —0.01488 1.200 0.28213 —0.13786

0.009 0.02235 —0.01574 1.500 0.30981 —0.14812

0.012 0.02561 —0.01814 1.800 0.33155 —0.15616

0.015 0.02871 —0.02038 2.100 0.34815 —0.16244

0.018 0.03165 —0.02248 2.400 0.35989 —0.16700

0.024 0.03715 —0.02628 2.700 0.36693 — 0.16979

0.0i() 0.04219 —0.029 65 3.000 0.36927 — 0 . l l O f l

0.045 0.05322 —0.03660 3.300 0.36680 — O . 1 h 9 6 4

0.060 0.06253 —0.04207 3.600 0.35900 —0.16609

0,075 0.07056 —0.04657 3.900 0.34527 —0.15954

0.090 0.07761 —0.05050 4.200 0.43496 —0.14943

0.120 0.08964 —0.05729 4.500 0.29735 —0.13524

0.150 0.10008 —0.06299 4.800 0.26130 —0.11674

0.180 0.10978 —0.06798 5.100 0.21580 —0.09375

0.210 0.11887 —0.07243 5.400 0.16086 —0.06602

0.240 0.12742 —0.07652 5.700 0.09310 —0.03456

0.270 0.13547 —0.08005 6.000 0.00540 —0.00504

0.300 0.14308 —0.08339

I
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TABLE It: TEST C ONDI TIO N S U M M A R Y

W I N D OW TYPE

ANGLE WATER SPEED ANGLE OP A AC ” (DEGS .L SURVEY TYPE REMARKS
(DEGS (FT/SEC) ~! —4 i ~ T 0 1 T 3 T 6

—10 50 P P C a v i t a t i o n

— 5 50 P P P Cavitation

0 50 P P P P P P P A Cavitation Flow State
Photographs

2.5 50 A A A * A A A Cavitation

5 50 P P P P P P P P Cavitation

30 A A A A A A Cavitation

10 50 P P P P P P P P Cavitation 
- 

Flow S t a t e
Photograph s

0 2 5 ,40 .50 , 7O .8( A A Reynolds No.

5 15 ,40 ,50 ,70 ,8( Reynolds No.

P — “P l e x i g las ” si d ewal l
A — A lumlnu a sidewall
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Fi g. 1: Model Read y for Installation
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Fi g. 2 : Model with F a i r i n g  Plate Removed
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Fig. 8: Comparison of Water and Wind Tunnel Lift
Cha r a c t e r i s t i c s
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Fig. 9: Variation of Lift Coefficient with Angle of Attack
for 2.04 Cavitation No.
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Fig. 10: Variation of Lift Coefficient with Flap Angle for
2.04 Cavitation No.
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Fig. 12: Lift Curve Slopes at 00 Ang le of Attack
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Fig. 15: Variation of Quarter Chord Pitching Moment Coefficient
with Lift Coefficient at 0° Angle of Attack
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Fig. 16: V ariati on of Quarter Chord Pitching Mome nt Coeffic ient
wi th Cavitatio n No.
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