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An Experimental Determination of the Intensity of Friction on the

Surface of an Aerofoil.

By A. F a g e , A.R.C.Sc ., and V. M. F a l k n e r , B.Sc .

(Communicated by L. Bairstow, F.K.S.—Received July 18, 1930.)

[Pl a t e  20.]

In troduction .

1. The principal p a r t  of the  present investigation* is concerned with an 

experim ental determ ination of th e  in tensity  of friction on the  surface of an 

aerofoil from  the  well know n relation f  — [i (3V J d x _ 0, where /  is the 

in tensity  of friction, (j. th e  coefficient of viscosity, and  V the  velocity parallel 

to  th e  surface a t  a norm al distance z  from  the  s

changes rap id ly  near th e  surface, so th a t  the  velocity gradient (0V /dz) 2 = 0 

can only be predicted reliably when the  velocity observations are taken  very 

close to  the  surface. A review of the  instrum ents available for the  measurement 

of th e  velocity very  close to  a surface led to  the  conclusion th a t  the most 

suitable device would be a surface tube  of the  type  designed by Sir Thomas 

S tanton, and  used to  exam ine th e  conditions a t the  boundary of a fluid in 

tu rb u len t m otion .f The special feature of th is  tube  is th a t  the  inner wall of 

th e  tu b e  is form ed by  the  surface itself. Three surface tubes were used in 

th e  present experim ents, th e  w idths of th e  openings being 0*0020, 0*0032 

and  0*0044 inch respectively. These tubes were calibrated in the  known 

lam inar flow in a pipe w ith a rectangular cross-section, and w ith them  it 

was possible to  m easure th e  velocity a t  points situated  about 2 to  3 

thousand ths of an  inch from  th e  surface. The observations taken  with the 

th ree tubes were found to  be m utually  com patible and  allowed predictions 

to  be m ade of th e  velocity gradients a t  th e  surface, and so of the frictional 

intensities. A check on th e  general accuracy of these values of frictional 

in tensity  was obtained from  a com parison of the  resu ltan t frictional drag of 

th e  aerofoil predicted from  them , w ith th a t  obtained when the  form drag

* T h e  w o r k  d e s c r ib e d  i n  t h i s  P a p e r  w a s  c a r r ie d  o u t  i n  t h e  A e r o d y n a m ic s  D e p a r t m e n t  

o f  t h e  N a t i o n a l  P h y s i c a l  L a b o r a t o r y ,  a n d  p e r m is s io n  t o  c o m m u n ic a t e  t h e  r e s u lt s  w a s  

k i n d l y  g r a n t e d  b y  t h e  A e r o n a u t i c a l  R e s e a r c h  C o m m it t e e .

t  4 P r o c .  R o y .  S o c . , ’ A ,  v o l .  9 7  ( 1 9 2 0 ) .  B y  T .  E .  S t a n t o n ,  M iss  D .  M a r sh a ll  a n d  M rs. 

C . N .  B r y a n t .
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due to  the  norm al pressures on th e  surface was su b trac ted  from  th e  to ta l 

drag deduced from  th e  to ta l head  losses in  th e  wake. In  addition, explorations 

of to ta l head  in  th e  boundary  layer, th a t  is, th e  th in  layer ad jacen t to  th e  surface 

throughout which th e  re ta rd ing  influence extends, were m ade w ith  sm all 

tubes. I t  was found th a t  th e  velocities m easured near th e  surface w ith  these 

tubes were com patib le w ith  those m easured still closer to  th e  surface w ith  th e  

surface tubes. The frictional d rag  of th e  aerofoil was also determ ined from  

the changes of m om entum  along th e  boundary  layer.*

2. The experim ents were m ade on a large m odel aerofoil m ounted  horizontally  

w ith very  sm all clearances, betw een th e  vertical walls of a  7-foot w ind tunnel. 

The observations were ta k en  m idw ay betw een th e  walls, where th e  flow was 

closely tw o-dim ensional. To ob ta in  a sm ooth surface in th is  region, th e  

middle p a r t  (6-inch span) of th e  m odel was form ed from  a hollow gunm etal 

casting accurate ly  m illed to  shape and  polished. The rem ainder of th e  m odel 

was a ligh t b u t stiff wooden fram ew ork b u ilt up  of tw o longitudinal spars, 

nose and  ta il pieces, and  transverse  ribs, w ith  a hand-finished surface covering 

of three-ply  wood.

The section of th e  m odel was sym m etrical and  of th e  Joukow ski ty p e  (see 

fig. 1). The chord was 39*7 inches and  th e  m axim um  thickness of th e  section

Intensity of Friction on Surface of Aerofoil. 3 7 9

F i g . 1 .— A e r o f o i l  S e c t io n .

5*98 inches. D etails of th e  construction  of th e  m odel and  also of th e  shape 

of the  section are given la te r in § (28) and  Table V.

3. L is t o f  Sym bols.

V0 = V elocity of th e  und isturbed  a ir stream  relative to  the  model.

V = Velocity a t  any  po in t in  th e  field. 

p Q = Pressure in  th e  und istu rbed  a ir stream . 

p  = Pressure a t  any  poin t in th e  field.

H 0 = T otal head  in  th e  undisturbed air stream .

H s  T otal head  a t  any  point in  the  field.

* T h e  o b s e r v a t io n s  g i v e n  i n  t h e  P a p e r  h a v e  n o t  b e e n  c o r r e c t e d  f o r  t h e  in t e r f e r e n c e  o f  

t h e  t u n n e l  w a l l s  o n  t h e  f lo w  a r o u n d  t h e  a e r o f o i l .

2 DV O L . C X X IX .— A .
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3 8 0 A . F a g e  a n d  V . M . F a lk n e r .

p s  D ensity  of the  air.

p = Coefficient of viscosity.

v = Coefficient of k inem atic viscosity.

Kd  = D rag coefficient (drag per u n it length/pCV 02). 

x and y  = Co-ordinates of a po in t on the  surface of th e  aerofoil. The origin 

is tak en  a t  th e  nose of th e  section, and  th e  axis OX along the 

chord.

z = N orm al d istance of a po in t from  th e  surface.

3 s  Thickness of th e  boundary  layer, m easured norm al to  the  surface.

s = Peripheral distance'of a po in t on the  section m easured from  the  n

z  = D istance of th e  effective centre of a  surface tu b e  from  the  surface. 

C = Chord of aerofoil section (39*7 inches).

A = Area.

/  = In ten s ity  of surface friction.

V j = M ean velocity  in  calib ration  pipe.

W  = W id th  of th e  opening of a surface tube. 

d  = D ep th  of th e  section of th e  calib ration  pipe. 

w  = W id th  of th e  section of th e  calib ration  pipe.

D eterm ination  o f the In te n s ity  o f  Surface  F ric tion  ( f )  fr o m  the Relation

f  =  {A (3V /0z)z = 0.

4. Sir Thom as S tan ton*  has shown th a t  in  tu rb u len t m otion in pipes there 

exists a t  th e  boundary, a layer of fluid in  lam inar m otion, which has zero 

velocity a t  th e  boundary . The in tensity  of surface friction f  is therefore 

given by  p (3V/3z) z«. o where th e  origin is tak en  in  the  bound

m easured along th e  norm al, V is th e  velocity parallel to  the  boundary, and 

p is th e  coefficient of viscosity of th e  fluid. This relation  can  be used to  

determ ine th e  surface friction  from  th e  shear in th e  fluid w hether the  general 

m otion in  th e  boundary  layer is lam inar or tu rbu len t.

5. Surface Tubes.—I t  is ap p aren t th a t  to  determ ine th e  value of (3V/3 = o 

i t  is essential to  ta k e  m easurem ents of velocity very  close to  the  surface. 

To allow th is  to  be done, Sir Thom as S tan ton  designed a special form of P ito t 

tube , which was such th a t  th e  inner wall of th e  tu b e  was form ed by th e  surface 

itself, an d  for which th e  w idth  of th e  opening could be varied by moving the 

ou ter wall. Tubes of a  som ew hat sim ilar type  have been used in the  present 

experim ents. A departu re  in  design had, however, to  be made, for since 

num erous observations h ad  to  be taken  a t  different points on the  surface,

*  Loc. cit.
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Fage and Falkner. Proc. Roy. SocA, vol. 1 2 9 , p

0 0<5 10 
m illim etres

Fr o n t  v ie w s  o f  

Su r f a c e  t u b e s

N? 3 s e t  in  p o sitio n

N- 5 Slightly ra ised  above Surface

F i g . 3.

381 . )(F a r in g  P-
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Intensity of Friction on Surface of Aerofoil. 3 8 1

the labour involved in  fitting a tube  for which th e  opening could be varied a t 

will would be excessive. I t  was decided therefore to  use several tubes w ith  

very small fixed openings, each tube  being constructed on th e  to p  of a circular 

rod of diam eter 0 • 2 inch, designed to  pass w ith  a very  sm all clearance th rough  

holes in the  surface of the  model, and  to  m ount each tu b e  so th a t  the  top  surface 

of the rod was flush w ith th e  surface of th e  model. Three tubes of th is  ty p e— 

designated hereinafter Surface Tubes Nos. 1, 2 and  3—were constructed, th e  

widths of the  openings being 0 0020, 0 • 0032, and  0 • 0044 inch respectively. 

The outer wall of each tube  was form ed by  a  th in  steel cap, rectangular in p lan  

form, ground a t  th e  fron t edge to  a thickness of abou t 0*0006 inch. A hole 

of fine bore drilled along th e  axis of the  rod served to  transm it the  pressure a t  

the m outh of a tube  to  the  m anom eter.

6. Great care was tak en  in setting  a surface tube . The m ethod of setting  

is illustrated  in th e  diagram m atic sketch of fig. 2. A sm all reflecting glass

F i g . 2.

prism with a sharp edge in  con tact w ith the  surface was used as a m irror to  

sight along the  surface. The image obtained was viewed under a microscope 

(magnification 40). A t the  outset, the  carrier rod was slowly lowered un til 

its top surface was ju st above the  surface of the  aerofoil. The rod was then  

tapped until its  fron t edge ju s t disappeared. The top  of the  rod, and so the  

inner wall of the  tube, was th en  flush w ith the  surface. A check on the  

accuracy of m ounting was obtained from  a m easurem ent of the  w idth of the  

tube opening on a graticule carried in  the  eyepiece of the  microscope. To obtain  

a clear image a beam  of light from  a Pointolite lam p was focussed on to  the  

mouth of a tube. Two of the  photographs in fig. 3 (P late 20) show a tube 

just raised above the  surface and also ju st m ounted in place.* Photographs 

of the mouths of the  three tubes are also shown. The device, m ounted w ithin 

the aerofoil, which held a surface tube in place is described la ter in § (20). 

This method of setting a surface tube  was found to  work satisfactorily in 

practice.

*  R e f le c t e d  im a g e s  i n  t h e  b r ig h t  s u r f a c e  a r e  a l s o  s e e n .

2 D  2
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3 8 2 A . F a g e  a n d  V . M . F a lk n e r .

7. Calibration o f T ubes .—I t  is know n th a t  when the  opening of a surface

tube  is very  small, the  speed deduced from  th e  pressure a t  the  m outh is not 

th e  same as th a t  a t  th e  geom etrical centre of the  opening. Each tube had 

therefore to  be calib rated  to  determ ine th e  position of th e  “ effective centre,” 

corresponding to  th e  speed deduced from  th e  m easured pressure. These 

calibrations were m ade in  a long pipe of rectangular cross-section, which had 

lam inar flow a t  th e  cross-section where a tu b e  was placed. The m ean flow 

and th e  velocity d istribu tion  a t  th e  wall were calculated from  th e  measured 

pressure drop down th e  pipe. The inform ation needed for th e  design of the 

calibration  pipe was obtained  from  a paper by  S. J . D avies and  C. M. White,* 

on an  experim ental s tu d y  of th e  flow of w ater in  pipes of rectangular section. 

The re levan t d a ta  tak en  from  th a t  paper are given in the  curves of fig. 4.

M ean E xpcrw nm bJ Cun/e(Davie* & White) 

for Sections w  > Tod > 14 approx. 
S. A nd E n t r a n t  l e n g th  > 5 4 -d

--- —Calibration Range dr — —

S u rfa ce  Pitot tu b es. \
I I I I.

Lam inar Flow Infinite parallel plates

F i g . 4 .— R e s i s t a n c e  t o  F l o w  t h r o u g h  P i p e s  o f  R e c t a n g u l a r  S e c t io n .

They show th a t  when th e  ra tio  of the  w idth  (w) to  the  depth  (d) of the  cross- 

section of a rec tangular pipe exceeds 70, th e  coefficient of frictional resistance 

a t  a d istance from  th e  m outh greater th a n  54 d  has th e  same value as th a t for 

th e  lam inar flow betw een infinite parallel plates a t the  distance (d) apart, provided 

*  * P r o c .  R o y .  S o c . , ’ A ,  v o l .  1 1 9  ( 1 9 2 8 ) .
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Intensity of Friction on Surface of Aerofoil. 3 8 3

the value of (m V 1/v ) does n o t exceed 450 ([logi0 (m Vj/v) =  2*65]), where m 

is the hydraulic  m ean dep th , th a t  is th e  area  of th e  section divided by  th e  

periphery, and  Y 1 is th e  m ean ra te  of flow in  th e  pipe.

8. The dim ensions of th e  pipe used for th e  calib ration  of th e  surface tubes

w ere:—Overall leng th  17-0 inches, w id th  of th e  section 1*97 inches, dep th  

of the section 0*0300 inch. E ach  tu b e  was m oun ted  on th e  cen tre  line of 

one of the  w ider walls a t  a d istance of 10 inches (en tran t length  330 d), from  

the m outh, and  calib ra ted  over a speed range 10 to  54 ft./sec. [log10 (Vjm /v) =  

1*9 to  2*63.] The conditions necessary for lam inar flow were therefore 

satisfied, and  th e  flow betw een th e  tw o w ider walls could be tak en  as th e  sam e 

as the lam inar flow betw een para lle l p la tes  of infinite ex ten t a t  th e  distance 

d  apart. The m ean ra te  of flow dow n th e  pipe was therefore given by  th e  

expression Y 1 = f d /Q y .  =  (d2/12y.) d p /d  w here (d p /d l)  w

gradient down th e  p ip e ; and  th e  distance from  th e  w all corresponding to  

a velocity V was given b y  th e  re la tion  £ =  [1 — V l  — (2 V /3V j)]. d/2.

The determ ination  of th e  effective d istance £ involved therefore only tw o 

m easurem ents. F irst, th a t  of th e  pressure drop (d p /d l)  from  which the  m ean 

velocity Y ± was estim ated  ; and , second, th e  difference betw een th e  pressure 

a t the m outh  of th e  surface tu b e  an d  th e  s ta tic  pressure in  th e  pipe, from  

which th e  velocity Y  was deduced.

I t  should be added th a t  a p a r t  (of length  12 inches) of th e  wall on which 

a tube was m ounted  was m ade detachable, to  facilita te  th e  m ounting  of th e  

tube : th a t  th e  a ir was sucked th rough  th e  pipe by  a centrifugal blower of th e  

ordinary ty p e  : and  th a t  a  few velocity observations tak en  w ith  a sm all P ito t 

tube a t th e  centre  of th e  pipe were found to  be in  reasonably close agreem ent 

with those p red icted  from  th e  pressure drop on th e  assum ption th a t  the  flow 

was lam inar.

9. The results obtained  from  several calibrations of each surface tube  are 

given in fig. 5. Values tak en  from  th e  curves in th is  figure are also collected 

in Table I , in  a form  which readily  reveals some in teresting characteristics 

of these tubes. Reference to  th is  tab le  shows th a t  the  effective centre of 

Tube No. 3 was w ithin  th e  opening and  ju s t beyond its geom etrical centre, 

whereas th e  effective centre of Tube No. 1 was beyond th e  outer edge of the  

opening. The ra tio  of the  effective distance £ to  the  w idth  of the  opening W  

increased therefore as th e  w idth  was decreased.* Table I  also shows th a t  

there was a pronounced outw ard m ovem ent of the  effective centre of each 

tube, as the  speed a t the  m outh  was decreased. B ut the  m ost im portan t

*  S e e  S t a n t o n ,  loc. cit.
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3 8 4 A . F a g e  a n d  V . M . F a lk n e r .

Table I .—W  s  W idth  of th e  Opening of a Tube.

V e lo c i t y  c a lc u la te d  
f r o m  t h e  p r essu r e  a t  

t h e  m o u t h  o f  t h e  t u b e .  
V  f t . / s e c .

V a lu e  o f  z ( in c h e s ) .

N o .  3 .

W  =  0 - 0 0 4 4  in c h  
(m e a n  v a lu e s ) .

N o .  2 .

W  = 0 - 0 0 3 2  in c h .  ; 
C u r v e  E .

N o .  1.

W  =  0 - 0 0 2 0  in c h  
(m e a n  v a lu e s ) .

8 0 - 0 0 3 2 0 0 - 0 0 3 2 0 0 - 0 0 2 7 0
11 0 - 0 0 2 9 8 0 - 0 0 2 9 6 0 - 0 0 2 5 3
1 4 0 - 0 0 2 8 1 0 - 0 0 2 7 6 0 - 0 0 2 3 8
17 0 - 0 0 2 6 8 0 - 0 0 2 5 8 0 - 0 0 2 2 4
2 0 0 - 0 0 2 5 5 0 - 0 0 2 4 1 0 - 0 0 2 1 7

characteristic  exhibited  in  Table I , in  so fa r as the  present work was concerned, 

was th a t  a lthough th e  opening of Tube No. 1 was less th a n  one-half of th a t  of 

Tube No. 3, y e t th e  effective distance was only about 15 per cent, smaller. 

Tube No. 1 w ith  its  sm aller opening did not, therefore, allow observations to  

be tak en  m uch closer to  th e  surface th a n  either of the  Tubes Nos. 2 and 3. 

Tube No. 1 was used to  a very  lim ited ex ten t on th e  aerofoil.

In  view of th e  tendency  for th e  m outh  of a tube  to  become partia lly  blocked 

w ith  fine dust, i t  was necessary on occasions to  clean ou t th e  m outh, and, 

w henever th is  was done, th e  tu b e  was re-calibrated. The results of these 

calibrations, and  also th e  dates a t  which th e y  were made, are given in fig. 5. 

The curves for Tube No. 3 show system atic changes w ith tim e ; and it  is not 

im probable th a t  these changes are connected w ith small a lterations in the  

shape of th e  m outh  which occurred when i t  was cleaned.

The relatively  large differences betw een th e  calibration curve E  for Tube 

No. 2 and  th e  curves F  and  G tak en  a t  earlier dates arise however from another 

cause. A fter th is  tu b e  has been in  use for some tim e a very  small leak was 

discovered a t  an  edge of th e  ou ter wall, and  afte r th is  edge had  been coated 

w ith “ N ew skin,” th e  upper curve E  was obtained. There was, however, no 

need to  discard th e  observations tak en  on th e  aerofoil w ith th is  tube before 

th e  discovery of th e  leak, for th e  appropriate  calibration of the  tube  for its 

condition a t  th e  tim e of observation was used to  estim ate the  velocity a t the 

surface. I t  m ay be concluded, however, th a t  th e  curves given in fig. 5 clearly 

illustra te  th e  need for frequent calibrations of th is  type of small surface tube.

Some values tak en  from  th e  calibration curves obtained by  Sir Thomas 

S tan ton  for a surface tube  w ith a m ovable ou ter wall are p lo tted  in fig. 5. 

These have th e  same character as those obtained for the  tubes used in the
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3 8 6 A . F a g e  a n d  V .  M . F a lk n e r .

presen t experim ents. A very  close agreem ent betw een th e  tw o series of 

values would n o t be expected, since th e  tu b es  were n o t geom etrically similar.

10. Velocity  near the surface .—M easurem ents of velocity  near th e  surface of 

th e  aerofoil were m ade w ith  th e  surface tu b es  m oun ted  a t  seventeen positions 

betw een x  = 0  *0524 0  an d  x  =  0*956 C. 

th e  velocity  m easurem ents w ere ta k e n  on one surface only, referred to  as 

surface “ A ,” see fig. 1. The holes th ro u g h  w hich th e  carrie r rods passed were 

carefu lly  d rilled  norm al to  th e  surface, an d  near th e  m edian  section of the 

gunm eta l cen tre  piece. These holes w ere ream ed  to  a d iam eter which would 

ju s t  allow a rod  to  pass  th ro u g h  w ith  a n  exceedingly fine clearance. S tatic- 

pressure holes of sm all d iam eter were also d rilled  in  a  section s itu a ted  a t  a small 

la te ra l d istance  from  th e  m ed ian  section. I t  was possible therefore to  m easure 

d irec tly  th e  difference betw een  th e  pressure a t  th e  m o u th  of a surface tu b e  and 

th e  corresponding  s ta tic  p ressure  a t  th e  surface. These pressure differences 

were m easured  on  a  26-inch C h atto ck  T ilting  Gauge. Surface holes when 

n o t in  use w ere p lugged  up  w ith  a  p rep a ra tio n  of w ax an d  resin, scraped  to  th e  

con to u r of th e  m e ta l surface.

M easurem ents of th e  velocity  n ear th e  surface A were m ade a t  a w ind speed 

of 60 ft./sec ., w ith  th e  aerofoil a t  incidences — 6*18°, — 3*18°, — 0*18°, 

2*82° an d  5-82°, a n d  also a t  a  w ind  speied of 80 ft./sec . w ith  th e  aerofoil a t  

— 0 • 18°. To allow  th e  general accu racy  of observation  to  be assessed, th e  

com plete  ve locity  resu lts  (tim e-average values) ta k e n  a t  a  =  — 0 • 18° 

fo r th e  speeds 60 an d  80 fee t p e r second are  p resen ted  in  Table I I .  I t  will be 

observed  th a t  th e  ve locity  resu lts  are  a rranged  in  pairs. The first value of 

each  p a ir  w as o b ta in ed  w hen th e  velocity  of th e  general s tream  (V0) was 

slow ly increased  to  th e  s tead y  value a t  w hich th e  m easurem ent was m ade ; 

w hilst th e  second value  was o b ta in ed  w hen th e  general velocity  was slowly 

decreased to  th e  s tead y  value. Of these  tw o values, th e  first was alw ays 

g rea ter th a n  th e  second. M ean values have, how ever, been taken , since a t 

th e  speeds V 0 =  60 an d  80 feet p e r second, th e  differences betw een th e  values 

of th e  pa irs  were n o t large, an d  since th e re  was no reason to  favour one value 

of a p a ir ra th e r  th a n  th e  o ther.

W ith  only  a few exceptions, th e  velocities m easured  w ith  th e  surface tubes 

lie betw een 7 an d  20 ft./sec ., th a t  is, th e  velocity  range covered in th e  calibra­

tions of th e  tubes.

V alues of th e  effective d istance ~z are also given in  Table I I .  The calibration 

curve of fig. 5, selected for th e  de term ination  of was th e  one tak en  a t  the  

d a te  nearest to  th a t  a t  w hich th e  velocity  m easurem ents were m ade on the
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Intensity of Friction on Surface of Aerofoil. 3 8 7

Table I I .—-Values of ( / / p V 02), V, and Surface A. a

z = effective distance (inches).

0 - 18° .

(x/c).
.2 .

6 i i
rQ
P
H o

V e lo c i t y ,  V 0 =  6 0  f t . / s e c .

V , f t .  /s e c .

0 - 0 1 6 7

E  /  

A J }

1 3 - 0 '

1 2 - 2

13-

13 -

1 2 - 6

1 3 - 5

( /  X 10*)

pVo2
(z X 10*).

V e lo c i t y ,  V 0 =  8 0  f t . / s e c .

V , f t . / s e c .

2 - 3 7

2 - 3 9

2 - 3 8

2 - 8 6

3 0 3

(/ x 10»)
pVo*

2 •2 4 ')

^ 2 - 2 2

2 - 2 0  J

(5  X 10*).

4 9

f
(_2- 73

0 - 0 3 3 0

2 - 7 2 )

V 2 -7 5

2 - 7 7 J

2 - 7 6

2 - 9 4

20-6
20 -2
21

2 2 • • ! }

2 - 5 8 )

2 2 - 0 2 - 5 0 r
2 - 3 9

2-66

0 -0 5 0 4 ^

2 - 1 7 )

2 - 8 8

2 - 5 4

> 2 - 5 3

f  2 - 5 6  

2 - 2 0  

( 2 - 7 1

2 1 2

2 - 6 7

2 - 3 7

V 2 -3 9

f 2 - 2 8

2-00

(^ 2-42

0 -0 7 5 6

2 -2 1 )

S -2 -19  
2 - 1 7  J

2 - 3 0

2 - 7 9

: - 8 \  

: * 4  f  
1-0 

1 7 - 2

1 4 - 8

14  < 
1 8 - 0 \

V

1 4 - 6

1 7 - 6

2 1 1 )
> 2 * 1 3  

2 - 1 4  J

2 - 0 8

2 - 4 8

0 - 1 0 0 7 )

0-1511-1

2 -0 0 )

2 - 0 7

1 - 8 0

> 1 - 9 6

f  2 - 6 0  

2 - 3 2  

(_2 - 8 9

1 - 9 5 )

1 - 8 7

1 - 7 0

> 1 - 8 4

1 - 8 3

1 - 6 9

1 - 5 6

> 1 - 6 9

f 2 - 6 4

2 - 4 0

1^2-96

1 - 9 4 )

1 - 3 6

1 -5 2

>1 • 61

f 2 - 3 2

2 - 1 4

(^ 2-62

2 32  

2 - 2 2  

^ 2 - 6 8

0 -2 0 1 5
7-5

2  
•6 7 - 9

1 - 6 8 )  

1 - 4 0  J

2 -  4 0

3 -  0 2

1 - 9 0

1 - 6 8

1 - 7 9

2 - 1 4

2 - 6 3

0 -2 5 2
1 - 7 3

1 -6 1

1 -6 7

2 - 3 9

2 - 9 5

2 - 4 1

2 - 2 4

2 - 3 3

2 - 0 4

2 - 4 6

0 - 3 0 2
1 - 9 7

1 - 8 6

1 -9 2

2 - 4 5

2 - 9 8

1 9 - 2

19

2 1

2 2r2 2 -0

2 - 8 0 )
V 2 -7 4

2 - 6 8  J

2 - 0 7

2 - 4 8
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3 8 8  A . F a g e  a n d  V .  M . F a lk n e r .

Table I I — (continued).

(x/c).
T

u
b

e
.

C
a

li
b

r
a

ti
o

n

C
u

r
v

e
.

V e l o c i t y ,  V 0 =  6 0  f t .  / s e c . V e lo c i t y ,  V 0 =  8 0  f t . /  s e c .

V ,  f t . / s e c .
(/ X  1 0 8) 

p V 02
(z X  1 0 8) .

1
V , f t . / s e c .

(/ X 108)

p V  o2
(2 x 108).

0 - 3 5 3

2

3

12-3\u .9 
1 1 - 5 / 11 y

2 - 7 7 1

> 2 - 7 3  
2 - 6 9  J

T 2 - 3 0

\ 2 - 7 7 ^ } 2«-°

3 - 3 4 1  

3 - 2 4  J
► 3-29

T2-02

\ 2 - 4 2

V-
V--

/

C
O

fo 2

3
A

111}128 3 - 0 5 1

> 2 - 9 3

2 - 8 1 J

J 2 - 2 6

\ 2 - 7 5

S!.}**-*

“ 'J } 250

3 - 2 9 1  

3 - 1 1 J
>-3-20

T 2 - 0 4

\ 2 - 4 3

1 
° 1

t—
K—

\

2

3 11:|>13 8

3 - 0 5 1

> 2 - 8 5  
2 - 6 5  J

T2-21

l_ 2 -7 9 I ? : ? } 20-®

2 - 8 0 1  

2 - 5 2  J
j-2 -6 6

T 2 - 0 7

\ 2 - 5 0

0 - 6 0 5  /
2

3
A

1 2 -0 1 . ,  A 
1 1 -2 / 11 6

111}13-2

2 - 7 0 1

> 2 - 6 1  
2 - 5 2  J

T 2 - 3 1

\ 2 - 8 1

1 6 - 8 1  _  
1 6 - 6 j 16 7
i 9 - 4 \  1 9 4  
1 9 - 4 / Ay *

2 - 3 8 ]

2 - 3 0 J

j -2 - 3 4

J 2-12

\ 2 - 5 4

0 - 7 0 6  I

l

2

3

p  (  

0 i

1 0 -2 T 10*8 
1 2 - 6 \ lf> . 
1 2 - 2 / 1 2 ' 4

2 -4 6 1
S-2-39 

2 -3 2  J

r 2 - 3 5

\ 2 - 8 6

1 6 -5 1  1fi o 
1 6 - 1 / 16 3 
1 8 - 4 \ . Q . 
1 8 -4 J 1 8 *4

2 -3 2 ^  

2 -1 5  J
j-2-23

J 2 - 1 3

\ 2 - 5 9
*—

v
--'

§o 2

3
b  {

7 * 7 \  7 -3  
6 - 9 /  '  A

T e }

1 -5 4 1
> 1-62  

1 -7 0  J

J 2 - 5 6

\ s - 0 7

n  n l l> 7
1 1 -7 J  11 
1 4 -6 i . .  „ 
1 4 -6 1 1 4 ' 6

1-531 

1 -57  j
j-1-55

T 2-30

\ 2 - 8 0

0 -8 6 8  /  

l

2

3

p  {  

b  {

7 0

1 1 }

'1 * 4 3 1
> 1 -5 4

1 -6 2  J

J 2 - 5 8

\ 3 - 1 0

11 6 \  11-2 
1 0 - 8 / 11 Z

1 3 '9 \ i 3 - 9  
1 3 - 9 /  Ay

1 -4 4 '' 

1 -47  j
j-1-46

T 2-35

[ 2 - 8 4

0 -9 5 6 3 8 ; ^  7 -8  1 -22 3 -4 5 U -9 1 .1 2 -9  
1 3 - 9 /  U

1-27 3-06

T h e  f ir s t  v a lu e  o f  V  w a s  m e a s u r e d  w h e n  t h e  t u n n e l  s p e e d  w a s  s lo w ly  in c r e a s e d  t o  i t s  s t e a d y  
v a lu e  ; a n d  t h e  s e c o n d  v a lu e  w h e n  t h e  t u n n e l  s p e e d  w a s  s lo w ly  d e c r e a s e d  t o  i t s  s t e a d y  v a lu e .

aerofoil. T be values of 5 are  seen to  be very  small, and  alm ost all of tbem  

lie betw een 2 an d  3 th o u san d th s  of an  inch.

I t  should be added  th a t  experim ents were m ade a t  th e  tu n n e l speeds of 

60 and  80 feet per second only, because th e  definite im pression was formed 

th a t  reliable accuracy  w ould only  be ob ta ined  w ith  a  sm all surface tube, 

w hen th e  pressure to  be m easured  was n o t too  sm all.

11. T he  in te n s ity  o f  surface fr ic t io n .— I t  has ju s t been shown th a t  meas
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Intensity o f Friction on Surface of Aerofoil. 3 8 9

m ents of velocity  have  been m ade very  n ear th e  surface a t  norm al distances 

5 of 2 to  3 th o u san d th s  of an  inch. The in ten s ity  of surface fric tion  has been 

estim ated  from  these  resu lts  on th e  assum ption  th a t  th e  velocity  increases 

linearly from  th e  zero value  a t  th e  surface to  th e  value  V  m easured a t  th e  

sm all d istance z. The in ten s ity  of surface fric tion  is th e n  given b y  th e  re la tion

/  =  [ i ( V / z ) .  E vidence will be given la te r  to  show th a t  th is  assum ption  of 

linearity  can n o t be v ery  fa r  from  th e  tru th . The value  of (x ta k en  was 

3*82 X 10~7 (slug-feet sec. un its), w hich was th e  m ean  value for th e  te m ­

pera tu re  range (19*5° C. to  22*5° C.) covered in  th e  experim ents.

The values of (//p V 02) estim ated  from  th e  velocity  observations ta k en  on 

the  aerofoil a t  — 0*18° incidence are  given in  Table I I .  A n exam ination  

of these resu lts shows th a t  th e  values for Tube No. 2 ten d ed  to  be slightly  

greater th a n  those fo r T ube No. 3, b u t in  general th e  agreem ent betw een th e  

tw o series of values was close ; an d  also th a t  th e  few values for Tube No. 1 

did no t g rea tly  differ from  those  for e ith e r T ube No. 2 or Tube No. 3. A ccord­

ingly, th e  m eans of th e  values of (//pV o2) for th e  th ree  tu b es  were ta k en . 

E xcep t in  a  few cases, an  ind iv idual value differed from  its  m ean value by  

less th a n  i  6 per cen t.

12. The d istribu tions of surface fric tion  over surface A  a t  incidences — 6 • 18°, 

— 3*18°, — 0*18°, 2*82° an d  5*82° are  show n in  figs. 6-8 . I t  will be noticed 

(see fig. 1) th a t  since th e  section is sym m etrical th e  frictional curves m easured 

on surface A  a t  a  negative incidence can  be ta k e n  as those for th e  under surface 

of th e  aerofoil a t  a  positive incidence. The curves in  fig. 7 do n o t therefore 

differ g rea tly  from  those for th e  upper and  under surfaces of th e  aerofoil a t  

3°. The experim ents were in  fac t conducted  a t  nom inal incidences of ±  3°, 

b u t a  correction of — 0*18° h ad  to  be applied  afterw ards. S im ilarly th e  

curves in  fig. 8 are  n o t g reatly  different from  those for th e  upper and  under 

surfaces of th e  aerofoil a t  an  incidence of 6°.

Reference to  figs. 6 -8  shows th a t  th e  frictional curves for th e  upper surface 

(surface A a t  a  positive incidence) have tw o m axim a, one s itu a ted  near th e  

nose and  th e  other, a g reater one, some d istance beyond th e  first. As the  

incidence is increased bo th  m axim a become g reater and  th ey  m ove tow ards 

the  nose. The curves for th e  under surface (surface A a t  a negative incidence) 

also have tw o m axim a, b u t th e y  are sm aller th a n  those for th e  upper surface 

and move tow ards th e  ta il  as th e  incidence is increased. M easurem ents of 

the  velocity d is tribu tion  in  th e  boundary  layer (see la ter) suggest th a t  a 

transition  from  lam inar to  tu rb u len t flow takes place in  th e  p a r t  of the  boundary 

layer situa ted  betw een th e  tw o m axim a. The first m axim um  is therefore
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3 9 0 A . F a g e  a n d  V .  M . F a lk n e r .

associated  w ith  lam in a r flow, a n d  th e  second w ith  tu rb u le n t flow in  the  

b o u n d a ry  layer. I t  m u st, how ever, be m en tioned  th a t  i t  w as no ticed  when 

ta k in g  observations of p ressu re  a t  th e  nose of th e  aerofoil th a t  th e  m otion
o
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w as d is tu rb ed , an d  i t  is d o u b tfu l w h e th e r in  th is  lim ited  region th e  flow was 

lam in ar.

A n o th er fe a tu re  ex h ib ited  in  th e  figs. 6—8 is th a t  beyond  th e  second m axi-
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Intensity of Friction on Surface of Aerofoil. 3 9 1

mum, on e ither th e  upper or th e  lower surface, th e  frictional in tensity  steadily  

falls w ith  th e  d istance  from  th e  nose. The fric tional in ten sity  does no t,

<3
£

however, fall to  zero on any  p a r t of the  surface, even on the  ta il of the  aerofoil 

a t 5*82° incidence.
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3 9 2 A . F a g e  a n d  V .  M . F a lk n e r .

I
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Intensity of Friction on Surface of Aerofoil. 3 9 3

r* -c
13. Values of I ( //p V 02C) ds, th a t  is th e  in teg ra l ta k en  over the

surface of th e  frictional intensities, and  also of I (//p V 02C) dx, th a t  is
J

the  force parallel to  th e  chord due to  th e  friction on th e  surface, are given 

in Table I I I .  As would be an tic ipa ted  from  th e  shape of th e  surface, th e  

values of th e  first series (Col. a) are only slightly  g reater (about 2 per cent.) 

th an  those of th e  second series (Col. b). The frictional force parallel to  th e  

chord (Col. b) is seen to  increase w ith  incidence. The ra te  of increase is m uch 

greater a t a  positive incidence th a n  a t  a  negative incidence.

Table I I I .— S urface  A .

A n g le  o f  
I n c id e n c e .  

a ° .

V 0
f t .  p e r  s e c .

10*  f  °  (flpV0-C)ds. 
J x=0

1 0 * | ° (flpV0*C)dx.
J x=0

(C o lu m n  a . ) (C o lu m n  b.)
- 6 - 1 8 m 1 - 9 7 1 - 9 6

- 3 1 8 2 - 0 6 2  0 2

- 0 - 1 8 ► 6 0  - 2 1 5 2 1 0

2 - 8 2 2 - 5 0 2 - 4 5

5 - 8 2 - s. 2 - 8 1 2 - 7 9

— 0 * 1 8 8 0 2 - 2 0 2 1 6

The frictional d rag  of th e  aerofoil can  be predicted  from  th e  values given 

in Col. b of Table I I I ,  for a t  a  sm all angle of incidence the  frictional drag has 

alm ost th e  same value as th e  frictional force acting  parallel to  th e  chord. 

Values of th e  frictional drag  coefficient obtained  in  th is  m anner for incidences 

of — 0 • 18°, 2 • 82° and  5 • 82°, are given in  Table IV . I t  is there  seen th a t

Table IV .

V 0
f t . / s e c .

a °

C o n tr ib u tio n  t o  f r ic t io n a l  
d r a g  c o e f f ic ie n t . F r ic t io n a l

d r a g

c o e f f ic ie n t .

S u r fa c e  A . S u r fa c e  B .*

r — 0 - 1 8 0 - 0 0 2 1 0 0 - 0 0 2 1 5 0 - 0 0 4 2 5

6 0 2 - 8 2 0 - 0 0 2 4 5 0 - 0 0 2 0 5 0 - 0 0 4 5 0

l 5 - 8 2 0 - 0 0 2 8 0 0 - 0 0 1 9 5 0 - 0 0 4 7 5

8 0 — 0 1 8 0 - 0 0 2 1 5 0 - 0 0 2 2 0 0 - 0 0 4 3 5

* T h e s e  v a lu e s  w e r e  o b ta in e d  b y  in te r p o la t io n  f r o m  t h e  v a lu e s  f o r  S u r fa c e  A  a t  a  n e g a t iv e  
in c id e n c e .
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3 9 4 A .  F a g e  a n d  V .  M . F a lk n e r .

th e  frictional d rag  coefficient increases slowly w ith  incidence from  0*00425 a t  

c l  =  — 0*18 to  0*00475 a t  c l  =  5*82 j and  also th a t  th e  upper su rface  

m akes a g rea ter frac tional co n tribu tion  to  th e  frictional d rag  of th e  aerofoil 

as th e  incidence is increased.

M easurem ent o f  the fr ic tio n a l drag o f the aerofoil — 0*18°.

14. I t  is know n th a t  th e  fric tional d rag  of an  aerofoil can  be determ ined 

by  su b trac ting  th e  form  drag, th a t  is th e  d rag  due to  th e  norm al pressures 

on th e  surface, from  th e  to ta l  drag . A n estim ate  of th e  frictional drag of 

th e  aerofoil a t  a  =  — 0*18° has been ob ta ined  in  th is  m anner, and  com pared 

w ith  th a t  p red ic ted  from  th e  fric tional in tensities ( / / pV02) given in  Table I I .

15. T o ta l drag.— The to ta l  d rag  w as estim ated  from  th e  in tegra l of the 

to ta l-h ead  losses m easured  in  th e  w ake beh ind  th e  m edian  section of th e  m etal 

centre  piece. This m ethod  was used in  preference to  th a t  of d irect m easure­

m ent, because th e  la t te r  m ethod  w ould h ave  involved th e  m easurem ent of 

th e  d rag  of th e  com posite m odel, w ith  w ooden and  m eta l surfaces of different 

tex tu re , w hereas i t  was th e  d rag  of th a t  p a r t  of th e  m odel w ith  th e  m etal 

surface th a t  was needed. I t  was also know n from  some earlier experim ents* 

th a t  th e  resu lts  ob ta ined  b y  th e  to ta l-h ead  m ethod  would be in  close agree­

m en t w ith  those  o b ta ined  b y  d irec t m easurem ent.

The to ta l-h ead  losses were estim ated  from  explorations of to ta l head  taken  

along lines no rm al to  th e  u n d is tu rb ed  s tream  and  s itu a ted  a t  distances 1 • 1 C. 

behind  th e  tra ilin g  edge, an d  0 • 6 C. in  fro n t of th e  leading edge of th e  aerofoil. 

Curves of th e  to ta l-h ead  losses are  given in  fig. 9. The values of K D determ ined 

from  th e  areas of these  d iagram s are  given on th e  diagram s. The drag 

coefficient of th e  aerofoil a t  an  incidence of — 0*18° is seen to  be 0*0054.t

16. P ressure experim ents.— E xperim en ts  were u n dertaken  to  m easure the 

pressure d is tribu tions (a) a round  a section of th e  aerofoil a t  an  incidence of 

— 0*18°, fo r th e  speeds 60 an d  80 f t . / s e e . ; and  (b) over th e  surface A a t 

incidences of — 6*18°, — 3*18°, — 0*18° (a rep ea t m easurem ent), 2*82° and 

5*82°, for th e  w ind speed 60 ft./sec . In  experim ents (a), th e  pressure was 

m easured a t  39 holes drilled  th ro u g h  th e  up p er surface and  th e  sam e num ber 

th ro u g h  th e  lower surface. In  experim ents (6), th e  pressure was measured 

a t  th e  17 holes used in  th e  experim ents of §10, and  in addition  a t  th e  first

*  E x p e r i m e n t s  o n  a  S e r i e s  o f  S y m m e t r i c a l  J o u k o w s k i  S e c t i o n s .  B y  F a g e ,  F a lk n e r  

a n d  W a lk e r .  A e r o n a u t i c a l  R e s e a r c h  C o m m i t t e e ,  R .  a n d  M . 1 2 4 1  ( T a b le  I I ) .

-j- T h e  d r a g  c o e f f i c i e n t  i n  a n  i n f i n i t e  s t r e a m  w o u l d  b e  a b o u t  0 * 0 0 5 2 ; s e e  R .  a n d  M . 1 2 4 1 .
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10 holes (a t th e  nose) used in  experim ents (a). T he pressure a t  each hole was 

m easured on  a  26-inch C h attock  T ilting  G auge ag a in s t th e  s ta tic  pressure 

(pQ) in  th e  u n d is tu rb ed  w ind. T he experim ents were m ade a t  nom inal

Intensity of Friction on Surface o f Aerofoil. 3 9 5

<X«5°.fl2 Vo*60 F /s 

h n  * 0-0059

" 0 X 5

k n  -  0-0054

O- 1C

F i g . 9.— C u r v e s  o f  T o t a l - h e a d  L o s s e s  i n  t h e  W a k e .

incidences of — 6°, — 3°, 0°, 3° and  6°. An analysis of all the  pressure 

observations showed th a t  a t  a  nom inal incidence of 0°, th e  tru e  incidence was 

■— 0*18°. This correction was therefore applied to  th e  nom inal values of 

incidence.
2 eVOL. cx x ix .— A.
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3 9 6 A . F a g e  a n d  V .  M . F a lk n e r .

The pressure results from  th e  tw o series of experim ents, expressed as non- 

dim ensional coefficients ( p  — p 0) /pY02, are collected 

The curves obtained  by  p lo tting  values of (p  — ^ 0)/pY02 against are given 

in  figs. 6-8. The general features of these curves are commonplace, and no 

discussion of them  is needed. A tten tion  m ust, however, be directed to  the

Table V .—Values of (p  — p 0) /pV02.

Incidence =  — 0 * 18°. [U ncorrected for th e  interference of the  tunnel

walls.]

x/C. y / c . s /C .

S u r fa c e  A . S u r fa c e  B .

V 0 =  6 0 . V 0 =  8 0 . <
i

© ii P

600IIO
>

0 0 0 0 - 5 0 4 0 - 5 0 2 0 - 5 0 4 0 - 5 0 3
0  0 0 0 2 0 - 0 0 2 5 0 - 0 0 2 5 0 - 5 0 3 0 - 5 0 0 0 - 4 8 5 0 - 4 8 7
0 - 0 0 0 8 0 - 0 0 5 0 0 - 0 0 5 1 0 - 4 7 7 0 - 4 7 2 0 - 4 4 2 0 - 4 3 8
0 - 0 0 1 5 0 - 0 0 7 3 0 - 0 0 7 5 0 - 4 2 5 0 - 4 2 4 0 - 3 8 0 0 - 3 7 7
0 - 0 0 2 7 0 - 0 0 9 6 0 - 0 1 0 1 0 - 3 8 1 0 - 3 7 8 0 - 3 2 6 0 - 3 2 6
0 - 0 0 3 9 0 - 0 1 1 8 0 - 0 1 2 6 0 - 3 3 2 0 - 3 3 3 0 - 2 6 8 0 - 2 6 8
0 - 0 0 5 3 0 - 0 1 3 9 0 - 0 1 5 1 0 - 2 6 5 0 - 2 6 2 0 - 2 0 7 0 - 2 0 6
0 - 0 0 6 9 0 - 0 1 5 9 0 - 0 1 7 7 0 - 1 9 7 0 - 1 9 7 0 - 1 4 4 0 - 1 4 1

0  0 0 8 5 0 - 0 1 7 7 0 - 0 2 0 1 0 - 1 4 0 0 - 1 3 9 0 - 0 8 8 0 - 0 8 3
0 - 0 1 0 3 0 - 0 1 9 5 0 - 0 2 2 6 0 - 1 0 5 0 - 1 0 4 0 - 0 5 0 0 - 0 5 0

0 - 0 1 2 3 0 - 0 2 1 2 0 - 0 2 5 2 0 - 0 6 1 0 - 0 5 9 +  0 - 0 2 0 4 -  0 - 0 2 1
0 - 0 1 6 2 0 - 0 2 4 3 0 - 0 3 0 2 +  0 - 0 0 7 +  0 - 0 0 5 — 0 - 0 2 8 — 0 - 0 2 9

0 - 0 2 0 4 0 - 0 2 7 0 0 - 0 3 5 2 — 0 - 0 2 0 — 0 - 0 2 2 — 0 - 0 6 9 — 0 - 0 6 6

0 - 0 2 7 0 0 - 0 3 0 8 0 - 0 4 2 8 — 0 - 0 5 8 — 0 - 0 5 8 — 0 - 1 0 8 — 0 - 1 0 7

0 - 0 3 3 7 0 - 0 3 4 3 0 - 0 5 0 4 — 0 - 1 0 0 — 0 - 0 9 9 — 0 - 1 3 8 — 0 - 1 4 1

0 - 0 4 0 5 0 - 0 3 7 5 0 - 0 5 7 8 -  0 - 1 4 3 — 0 - 1 4 3 — 0 - 1 7 5 — 0 - 1 7 4

0 - 0 5 0 - 0 4 1 3 0 - 0 6 8 2 — 0 - 1 7 8 —  0 - 1 7 9 — 0 - 2 1 1 — 0 - 2 1 1

0 - 0 6 0 - 0 4 4 8 0 - 0 7 8 8 — 0 - 1 8 6 — 0 - 1 8 8 — 0 - 2 1 7 — 0 - 2 1 9

0 - 0 8 0 - 0 5 0 8 0 - 0 9 9 7 — 0 - 2 2 0 — 0 - 2 1 7 — 0 - 2 3 6 — 0 - 2 3 7

0 - 1 0 0 - 0 5 5 9 0 - 1 2 0 2 — 0 - 2 4 2 — 0 - 2 4 3 — 0 - 2 5 5 — 0 - 2 5 7

0 - 1 2 0 - 0 6 0 1 0 - 1 4 0 6 — 0 - 2 5 1 —  0 - 2 5 0 — 0 - 2 6 6 — 0 - 2 6 6

0 - 1 4 0 - 0 6 3 6 0 - 1 6 0 9 —  0 - 2 5 8 — 0 - 2 5 8 — 0 - 2 7 5 — 0 - 2 7 4

0 - 1 6 0 - 0 6 6 4 0 - 1 8 1 2 —  0 - 2 6 1 — 0 - 2 6 2 — 0 - 2 7 9 — 0 - 2 7 8

0 - 1 8 0 - 0 6 8 7 0 - 2 0 1 5 — 0 - 2 5 8 — 0 - 2 5 9 — 0 - 2 7 1 — 0 - 2 7 0

0 - 2 0 0 - 0 7 0 6 0 - 2 2 1 5 — 0 - 2 5 4 — 0 - 2 5 0 — 0 - 2 6 5 — 0 - 2 6 2

0 - 2 5 0 - 0 7 4 1 0 - 2 7 1 5 — 0 - 2 5 8 — 0 - 2 5 7 — 0 - 2 6 8 — 0 - 2 6 7

0 - 3 0 0 - 0 7 5 3 0 - 3 2 1 5 — 0 - 2 4 6 — 0 - 2 4 2 — 0 - 2 4 9 — 0 - 2 4 6

0 - 3 5 0 - 0 7 5 0 0 - 3 7 1 5 — 0 - 2 3 3 — 0 - 2 3 3 — 0 - 2 3 5 — 0 - 2 3 6

0 - 4 0 0 - 0 7 3 3 0 - 4 2 1 5 — 0 - 2 1 1 — 0 - 2 1 0 — 0 - 2 0 7 — 0 - 2 0 6

0 - 4 5 0 - 0 7 0 2 0 - 4 7 1 5 — 0 - 1 8 0 — 0 - 1 8 0 — 0 - 1 7 9 — 0 - 1 7 9

0 - 5 0 0 - 0 6 6 3 0 - 5 2 1 5 — 0 - 1 5 8 — 0 - 1 5 8 — 0 - 1 6 0 — 0 - 1 6 1

0 - 5 5 0 - 0 6 1 7 0 - 5 7 1 8 — 0 - 1 4 5 — 0 - 1 4 4 — 0 - 1 4 4 — 0 - 1 4 4

0 - 6 0 0 - 0 5 5 9 0 - 6 2 2 0 — 0 - 1 1 5 — 0 - 1 1 6 — 0 - 1 1 5 — 0 - 1 1 6

0 - 6 5 0 - 0 4 9 8 0 - 6 7 2 3 —  0 - 0 9 8 — 0 - 0 9 9 — 0 - 0 9 3 — 0 - 0 9 3

0 - 7 0 0 - 0 4 3 3 0 - 7 2 2 5 — 0 - 0 7 2 — 0 - 0 7 2 — 0 - 0 7 2 — 0 - 0 7 2

0 - 7 5 0 - 0 3 6 5 0 - 7 7 3 0 — 0 - 0 4 9 —  0 - 0 4 9 — 0 - 0 4 8 — 0 - 0 4 8

0 - 8 0 0 - 0 2 9 2 0 - 8 2 3 5 — 0 - 0 2 4 — 0 - 0 2 5 — 0 - 0 2 3 — 0 - 0 2 3

0 - 8 5 0 - 0 2 1 8 0 - 8 7 3 7 — 0 - 0 0 1 — 0 - 0 0 2 +  0 - 0 0 5 4 -  0 - 0 0 4

0 - 9 0 0 - 0 1 5 0 0 - 9 2 3 9 +  0 - 0 1 8 +  0 - 0 1 8 +  0 - 0 2 4 -j- 0 - 0 2 3

0 - 9 5 6 0  0 0 7 7 0 - 9 8 0 1 4 -  0 - 0 4 7 +  0 - 0 4 6

R a d iu s  a t  N os©  =  0 * 0 1 8 9  C. 
R a d iu s  a t  T a i l  =  0 * 0 0 2 5  C.
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Intensity of Friction on Surface of Aerofoil. 397

Table V I.—Values of — _Po)/pVo2-

Surface A. V0 =  60 ft./sec. [U ncorrected for the  interference of the

tunnel walls.]

a-/C. yic. a =  5 - 8 2 ° a =  2 - 8 2 ° d =  - 3 - 1 8 ° a =  - 6 - 1 8 °

0 0 -  0 - 1 0 1 0 - 3 7 7 0 - 3 3 3 -  0 - 1 7 2

0  0 0 0 2 0 - 0 0 2 5 -  0 - 3 0 2 0 - 2 7 5 0 - 4 2 6 +  0 - 0 0 9

0 - 0 0 0 8 0 - 0 0 5 0 -  0 - 5 0 9 0 - 1 5 9 0 - 4 8 1 0 - 1 9 5

0 - 0 0 1 5 0 - 0 0 7 3 -  0 - 6 3 1 +  0 - 0 4 8 0 - 5 0 4 0 - 3 3 7

0 - 0 0 2 7 0 - 0 0 9 6 — 0 - 6 7 7 -  0 - 0 1 5 0 - 5 0 7 0 - 4 1 1

0 - 0 0 3 9 0 - 0 1 1 8 -  0 - 7 3 1 -  0 - 0 7 4 0 - 5 0 1 0 - 4 4 8

0 - 0 0 5 3 0 - 0 1 3 9 -  0 - 8 7 0 -  0 - 1 9 4 0 - 4 8 1 0 - 4 8 2

0 - 0 0 6 9 0 - 0 1 5 9 -  0 - 9 5 0 -  0 - 2 7 3 0 - 4 5 7 0 - 4 9 9

0 - 0 0 8 5 0 - 0 1 7 7 -  1 - 0 0 5 -  0 - 3 3 0 0 - 4 2 0 0 - 5 0 4

0 - 0 1 0 3 0 - 0 1 9 5 -  1 - 0 0 9 -  0 - 3 5 9 0 - 3 9 6 0 - 5 0 0

0 - 0 1 6 7 0 - 0 2 4 5 -  0 - 9 8 8 -  0 - 4 1 6 0 - 3 1 0 0 - 4 6 8

0 - 0 3 3 0 0 - 0 3 4 0 — 0 - 8 7 3 -  0 - 4 4 7 0 - 1 6 8 0 - 3 6 1

0 - 0 5 0 4 0 - 0 4 1 7 -  0 - 8 5 9 -  0 - 4 8 7 0 - 0 6 9 0 - 2 6 4

0 - 0 7 5 6 0 - 0 4 9 5 -  0 - 7 5 3 -  0 - 4 6 3 +  0 - 0 0 7 0 - 1 8 5

0 - 1 0 0 7 0 - 0 5 6 0 -  0 - 7 1 4 -  0 - 4 6 5 -  0 - 0 4 5 0 - 1 2 2

0 -1 5 1 1 0 - 0 6 5 1 -  0 - 6 2 9 -  0 - 4 4 1 - 0 - 1 0 0 0 - 0 4 6

0 - 2 0 1 5 0 - 0 7 0 7 -  0 - 5 5 6 -  0 - 4 0 0 -  0 - 1 1 6 +  0 - 0 1 0

0 - 2 5 2 0 - 0 7 4 2 -  0 - 5 1 7 -  0 - 3 8 2 -  0 - 1 3 7 — 0 - 0 2 5

0 - 3 0 2 0 - 0 7 5 3 -  0 - 4 7 2 -  0 - 3 5 0 -  0 - 1 4 0 -  0 - 0 4 1

0 - 3 5 3 0 - 0 7 4 9 — 0 - 4 2 7  ' -  0 - 3 2 8 -  0 - 1 4 1 -  0 - 0 5 2

0 - 4 0 3 0 - 0 7 3 1 -  0 - 3 7 9 -  0 - 2 9 4 -  0 - 1 3 0 -  0 - 0 5 2

0 - 5 0 4 0 - 0 6 5 9 — 0 - 2 8 1 -  0 - 2 1 9 -  0 - 0 9 3 -  0 - 0 3 4

0 - 6 0 5 0 - 0 5 5 3 -  0 - 2 0 2 — 0 - 1 5 6 -  0 - 0 6 4 -  0 - 0 1 7

0 - 7 0 6 0 - 0 4 2 6 -  0 - 1 3 3 -  0 - 1 0 1 -  0 - 0 3 4 0

0 - 8 0 7 0 - 0 2 8 1 -  0 - 0 6 0 -  0 - 0 4 0 +  0 - 0 0 5 +  0 - 0 2 8

0 - 8 6 8 0 - 0 1 9 5 -  0 - 0 2 0 -  0 - 0 0 6 +  0 - 0 2 7 0 - 0 4 3

0 - 9 5 6 0 - 0 0 7 7 +  0 - 0 3 1 +  0 - 0 4 0 +  0 - 0 5 3 0 - 0 5 7

curious waviness in these pressure curves, especially a t the nose of the aerofoil. 

No explanation of th is waviness can be offered. There were, however, good 

reasons to  believe th a t  it was not due to  local irregularities, or to  slight burrs 

at the edges of the pressure holes, for no irregularities on the m etal surface 

could be detected either by touch or by m easurem ent. Moreover, the  waviness 

was observed on both  the  upper and lower surfaces, a t all speeds and incidences ; 

and also a t two sections of surface A. I t  m ay be th a t  the waviness arose 

from general disturbances in the wind of the tunnel, bu t no a ttem p t was made 

to determine w hether th is was the cause.

17. Form drag.—The form drag of the aerofoil a t a  =  — O’-18° was obtained 

directly from the area* of the diagrams obtained when the values of the 

pressure coefficient (p — p 0)/pV02 for each surface were plotted against C). 

Although a large num ber of observations (37) was taken  on each surface, it

* This area gives the longitudinal force, which can be taken as equal to  the drag at an 

incidence of — 0 - 18°.

2 E  2
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3 9 8 A . F a g e  a n d  V . M . F a lk n e r .

was no t possible to  determ ine the  form drag very accurately, for the pressure 

diagram s for each surface consisted of tw o loops of opposite sign, and the 

difference between th e  areas of these loops was small in  comparison with the 

area of either loop. The m ean value of K D obtained from two estimations 

was 0*00145 for 60 feet per second and also for 80 feet per second. There 

m ay be an  error between ±  19 per cent, in  th is  estim ated value of K D. An 

error of th is  m agnitude in  the  estim ation of th e  form drag will give an error 

between ±  4 per cent, in  the  predicted value of frictional drag. The press

d a ta  obtained from the  experim ents were no t sufficient to  allow the  form drag 

a t  the  incidences 2-82° and  5*82° to  be predicted, for a t  these incidences 

only th e  pressure distributions over surface A were measured.

18. Frictional drag.—The value of the  frictional drag coefficient obtained 

when the  form  drag coefficient was sub tracted  from the  to ta l drag coefficient 

was 0*00395 for th e  wind speed 60 ft./sec. and  the  same value for 80 ft./sec. 

The values of th e  coefficient of frictional drag obtained from the  measured 

frictional intensities were 0*00425 (Y0 =  60) and 0*00435 (V0 =  80) (see 

Table IY). The differences betw een th e  tw o sets of values are small, and 

am ount to  0*0003 a t  60 ft./sec. and  0*(5004 a t  80 ft. /sec. There is therefore 

a close agreem ent betw een th e  values of th e  frictional drag obtained by the 

tw o entirely  different m ethods. Evidence has therefore been obtained which 

indicates th a t, in  general, th e  velocities m easured w ith the  small surface tubes 

are reliable, and  also th a t  th e  assum ption m ade to  predict the  in tensity  of 

th e  surface friction—th a t  is, th a t  w ithin  2 or 3 thousandths of an  inch from 

th e  surface th e  velocity increases a t  a  linear ra te  from the  zero value a t the 

surface—cannot be very  far from  th e  tru th .

E xplorations o f Velocity in  the B oundary layer (a =  — 0*18°).

19. Explorations of velocity were m ade near the  Surface A of the  aerofoil 

a t  an  incidence of — 0*18° for th e  tw o wind speeds 60 and 80 ft./sec. This 

work was undertaken  to  ob ta in  some general inform ation on the  flow in the 

boundary layer, th a t  is th e  th in  layer which is re tarded  by  the  surface ; and 

also because i t  was considered necessary to  show th a t  the  velocities measured 

very  close to  the  surface w ith th e  small surface tubes could be connected in a 

satisfactory m anner w ith velocities m easured a t  a  greater distance from the 

surface. The additional velocity m easurem ents have also allowed a third 

prediction of th e  frictional drag to  be m ade from a consideration of the 

m om entum  and pressure changes in  the  boundary layer.

20. Velocity experiments.— T he  velocity distributions were predicted from
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observations of to ta l  bead  ta k en  w ith  tw o sm all tubes, here inafter referred 

to  as P ito ts  A and  B. The sm aller P ito t A was used for th e  explorations 

made a t  th e  fro n t p a r t  of th e  aerofoil, =  0 *052 C to  0*40 C, and  th e  larger 

P ito t B for those  a t  th e  rea r p a rt, x  —  0*5 C to  0*956 C

structed  from  a  sh o rt leng th  of fine hypoderm ic steel tu b e  (ex ternal d iam eter 

0*0197 inch), pressed a t  one end  in to  a rec tangu lar form , of ex tern a l dim ensions 

0*029 inch X 0*010 inch (w idth). The w id th  of the  opening was 0*0024 inch. 

P ito t B was m ade from  a tu b e  of larger b o re ; th e  w idths a t  th e  m ou th  being 

0*0135 inch (external) and  0*0071 inch (opening). E ach  tu b e  was m ounted  

with its  axis in  th e  tan g en tia l d irection, and  w ith  a  longer side of th e  m ou th  

parallel to  th e  surface. A t a d istance of ab o u t one inch from  th e  m outh , each 

tube h ad  a right-angle bend, and  th e  stem  so ob ta ined  passed th ro u g h  a sm all 

hole in th e  aerofoil. This s tem  was soldered in to  a stiff cylindrical tube , 

which in  tu rn  was clam ped to  th e  screw of a s tan d a rd  m icrom eter. A ttached  

to  the  n u t of th e  m icrom eter was a wheel w ith  25 tee th , w hich was tu rn ed  b y  a 

pawl controlled b y  an  electrom agnet.*  B y  m eans of th is  device m ounted  

w ithin th e  aerofoil, th e  exploring tu b e  could be m oved ou tw ard  from  th e  

surface in  steps of abou t 0 • 001 inch.

A prelim inary  tr ia l  of th e  device showed th a t  th e  reading of th e  m icrom eter 

scale did no t give a sufficiently reliable m easure of th e  distance of a tu b e  from  

the surface w hen th is  distance was sm all. Calibrations of th e  m icrom eter 

scale were therefore m ade before and  a fte r each exploration  of to ta l head  by  

measuring th e  distance of th e  cen tre  of th e  m ou th  from  th e  surface w ith  a 

travelling m icroscope w ith  cross-wires focussed on th e  m outh. To ob ta in  

clear definition, th e  m ou th  of th e  tu b e  and  th e  neighbouring surface was 

illum inated w ith  a beam  of ligh t from  a Poin to lite  lam p.

21. C alibration o f  P ito t tu b e s— I t  is know n th a t  th e  pressure a t  th e  m outh  

of a very  sm all P ito t tu b e  differs from  th e  to ta l head  in th e  a irstream  im pinging 

on th e  m outh . E ach  of th e  P ito ts  A and  B were therefore calib rated  in  a  

uniform wind, for th e  speed range covered in  th e  aerofoil experim ents. The 

observed values of (2P/pV 02), where P  is th e  excess of th e  pressure a t  th e  

m outh of a P ito t over th e  to ta l head  in th e  wind, are given in  Table V II. I t  

is there seen th a t  th e  value of P , and  so th e  pressure a t  th e  m outh  of a tube, 

depended on w hether th e  speed of th e  tunnel wind had  been raised or lowered 

to the  steady value of o b serv a tio n ; and  th a t  in  general the  observations of

* T h e  e l e c t r o m a g n e t  c o u ld  n o t  b e  a c c o m m o d a t e d  w i t h i n  t h e  a e r o f o i l  a t  t h e  t a i l ,  a n d  

i t  w a s  t h e n  n e c e s s a r y  t o  m o u n t  t h e  e x p l o r i n g  t u b e  o n  a  d e v ic e  c a r r ie d  o n  t h e  a e r o f o i l  

s u r fa c e .

Intensity of Friction on Surface of Aerofoil. 3 9 9
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4 0 0 A . F a g e  a n d  V . M . F a lk n e r .

pressure tak en  when the  tunnel speed was raised to  its  steady value were 

greater th a n  those tak en  when i t  was lowered to  th e  steady value. The 

m ean values of P  were, however, sm all provided the  velocity a t the  mouth 

of a  P ito t was greater th a n  abou t 30 ft./sec. Since alm ost all th e  velocities 

m easured in th e  aerofoil experim ents were greater th a n  30 ft. /sec., i t  was 

decided th a t  the  corrections to  be applied to  th e  observations should be taken 

from  th e  curves obtained  when th e  m ean values of P  given in Table Y II were 

p lo tted  against V.

Table Y II .—C alibration of P ito ts  A and  B in  a uniform  wind.

P  5  excess of th e  pressure a t  th e  m ou th  of a  P ito t over th e  to ta l head in

th e  wind.

The values given are th e  m eans from  several calibrations.

V e lo c i t y ,  V ,  
a t  t h e  m o u t h  

o f  P i t o t ,  
f t . / s e c .

V a lu e s  o f  ( 2 P Ip V 2).

P i t o t  A . P i t o t  B .

8 0

6 0

4 0

2 2 * 5

M e a n .

(а ) 0 * 0 2 0 1  0 * 0 1 8
( б )  0 * 0 1 5 /

(а ) 0 * 0 1 8 1  0 * 0 0 3
( б )  — 0 * 0 1 3 /  U UlM

( а )  0 * 0 2 8 1  q

( б )  - 0 * 0 3 0 /  U UUA

(а ) 0*0401 q  028
( б )  — 0 * 0 9 6 /  V

M e a n .

0 - 0 0 8 \ o  n n s  
0 * 0 0 8 / °  0 0 8

n i s } 0'005

- o - m } 0 006

(а ) T u n n e l s p e e d  s lo w ly  ra ised

t o  i t s  s t e a d y  v a lu e .

( б )  T u n n e l  s p e e d  s lo w ly

lo w e r e d  t o  i t s  s t e a d y  
v a lu e .

To determ ine to  w hat ex ten t th e  P ito ts  were suitable for observation in a 

region of steep velocity gradient, such as th a t  near a surface, observations were 

ta k en  w ith  P ito t A m ounted  in  th e  lam inar flow ad jacen t to  a  wall of th e  pipe 

used in  th e  earlier experim ents described in  § (8). The velocity gradient a t 

thew all of th e  pipe was such th a t  th e  theoretical velocity a t th e  outer edge 

of th e  P ito t m outh  was abou t 50 per cent, g reater th a n  th a t  a t  its  centre. The 

results of th e  calib ration  are given in  Table Y II I . They show th a t  provided 

th e  velocity calculated from  th e  pressure a t  th e  m outh  exceeded 26-8 ft./sec. 

—th e  m inim um  velocity m easured w ith  th e  P ito t in  th e  boundary layer of 

th e  aerofoil was abou t 30 ft./sec .—th e  effective centre was situa ted  a t a 

constan t d istance of abou t 0*0054 inch from  the  wall. The effective centre 

was therefore s itua ted  a t  a  la te ra l d istance of abou t 0*0005 inch from the
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Intensity o f Friction on Surface o f  . 401

Table V I I I .— O bservations ta k e n  w ith  P ito t  A  in  tb e  lam in ar flow a t  th e  w all

of a  p ipe.

i  =  d istance  of effective cen tre  from  w all.

V =  velocity  ca lcu la ted  from  tb e  p ressure a t  tb e  m o u th  of tb e  P ito t  tu b e .

D istance of tb e  geom etrical cen tre  of tb e  P ito t  m o u th  from  tb e  w all w as

0*0059 inch.

y.
f t . / s e c .

Theoretical v e l o c i t y  
a t  t h e  o u t e r  e d g e  
o f  P i t o t  m o u t h .

z
i n c h e s .

4 8 - 9 7 5 0 0 - 0 0 5 3

3 7 - 5 5 6 - 8 0 - 0 0 5 3

3 1 - 6 4 7 - 3 0 - 0 0 5 4

2 6 - 8 3 9 - 6 0 - 0 0 5 5

poin t (z —  0-0059 inch) w hich w as ta k e n  as  tb e  geom etrical cen tre  of tb e  

m outh.* N o corrections fo r “  w all ” in terference w ere applied  to  tb e  

observations ta k e n  on tb e  aerofoil w ith  e ith e r P ito t  A o r B. Tbe resu lts  in  

Table V I I I  ind ica te  th e n  th a t  a  sm all e rro r in  z  of ab o u t 0 -0005 inch  is 

possible w hen a  tu b e  is touch ing  tb e  surface. A ny e rro r in  z  should, how ever, 

rap id ly  decrease as tb e  d istance  from  tb e  surface is increased.

22. Velocity resu lts .— E xp lo rations of to ta l  bead  (tim e-average values) were 

m ade in  tb e  b o u n d ary  layer, along 12 lines no rm al to  surface A. The first 

exploration was a t  x  =  0-0524 C an d  th e  tw e lfth  a t  =  0-956 C. Tbe w in

speeds were 60 an d  80 ft./sec . Tbe incidence of tb e  aerofoil w as — 0-18°. 

Tbe velocity  d is tribu tions were estim ated  from  tb e  to ta l-b ead  exp lora tions 

(corrected as described in  §21) on tb e  assum ption  th a t  tb e  s ta tic  pressure 

along each no rm al line was co n stan t an d  equal to  tb e  value m easured  a t  tb e  

surface.

The velocity  coefficients (V/Vo) ob ta ined  w ith  tb e  P ito t tu b es  A  an d  B are  

p lo tted  (as dots) against (2/C), a t  a  co n stan t value of (x/C ), in  figs. 10 and  11. 

These po in ts  are seen to  lie closely on sm ooth curves. Tbe resu lts  ob ta ined  

in § 10 w ith  tb e  sm all surface tu b es  are  also p lo tted  in  figs. 10 and  11. These 

results are seen to  lie very  closely on tb e  curves draw n th ro u g h  th e  resu lts  

obtained w ith  tb e  P ito ts  A and  B . The tw o sets of resu lts  are therefore 

compatible.

*  S o m e  s m a l l  u n c e r t a i n t y  i n  t h e  p o s i t i o n  o f  t h e  g e o m e t r i c a l  c e n t r e  e x i s t e d ,  o w i n g  t o  

ir r e g u la r i t ie s  i n  t h e  s h a p e  o f  t h e  m o u t h .
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4 0 2 A . F a g e  a n d  V . M . F a lk n e r .

• Exploring p itot tu b e

•  S u rface  tu b e  Nc I.

x  «  ”  N 2  2 .

© » »  (M® 3 .
fa\007

S h o r t  vertical lin es  g ive  exp erim en ta l 
• lim it o f  b o u n d o rc j l&ijer.

0 605

F ig . 10.—V e l o c i t y  D i s t r i b u t i o n  i n  B o u n d a r y  L a y e r .  S u r f a c e  A ,  < x =  — 0 - 1 8 °  V 0 =  8 0  f t . / s e c . .  V alues

o f  x/C g i v e n  o n  c u r v e s .
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Intensity of Friction on Surface of Aerofoil. 4 0 3

(% X . 10*)

|   ̂ e lo c it y  D is t r ib u t io n  i n  B o u n d a r y  L a y e r . S u r f  a c e ’A , a  = — 0 * 1 8 °  V 0 = 6 0  f t .  / s e c .  V a lu e s  o f  x /C

g iv e n  o n  c u r v e s .

( %  X i o s)

2 3 4 i

• E x p lo rin g  P ito t l u b e  —  

® S u r fa c e  "Tube No. I.

X  U K  No. 2 ——

© * No. 3

(%)x io3

-  o----------------- i----------------- i  -------

i 1 H i  i  i
5 H o rb  Vertical Line© m a r k  ----------
E x p erim en ta l Limit oF B o u n d a ry Laiicrr
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4 0 4 A . F a g e  a n d  V .  M . F a lk n e r .

23. Thickness o f  boundary layer.— The to ta l h

aerofoil increased w ith  th e  distance from  th e  surface u n til eventually  a constant 

value was reached, w hich was very  closely th e  same as th a t  in  th e  undisturbed 

stream . F o r all p rac tica l purposes therefore th e  re ta rd ing  influence of the 

surface was confined to  a th in  layer of a ir ad jacen t to  th e  surface (the boundary 

layer). I t  was how ever difficult to  estim ate  th e  th ickness of th is  layer, because 

of th e  easy g rad ien t of to ta l head  near th e  ou ter lim it of th e  layer. Although 

i t  was know n th a t  some u n ce rta in ty  was inevitable, an  a tte m p t was made to 

estim ate  th e  th ickness of th e  boundary  layer. To lessen th is  uncerta in ty  the 

experim ental observations of to ta l  head  were faired. The m ethod followed 

was first to  p lo t th e  experim ental values of to ta l head  for each section against 

z, an d  to  determ ine th e  lim iting  value to  which th e  curve tended. These 

lim iting  values (H 0') were found to  differ very  slightly  from  th e  value of the 

to ta l  head  in  th e  und is tu rb ed  s tream  (H 0). A t each section th e  value of H 0' 

was ta k en  as d a tu m  an d  th e  experim ental values of (H  — H 0') tak en  just 

w ith in  th e  lay er were faired , first b y  p lo ttin g  them  against a t  a constant 

value of x, an d  th e n  against xat  a  co n stan t value of 

boundary  layer (8 )a t  an y  section was ob ta ined  by  ex trapo la tion

obta ined  w hen th e  faired  values of (H  — H 0') were p lo tted  against z.

24. Curves of boundary -layer th ickness for th e  speeds 60 and  80 feet per 

second are given in  fig. 12. A t each speed, th e  b oundary  layer rap id ly  thickens

F i g . 1 2 .— T h i c k n e s s  o f  B o u n d a r y  L a y e r .

betw een th e  regions of m axim um  suction and  of m axim um  thickness. This 

rap id  th ickening  is a  com m on fea tu re  of th e  flow in  a boundary  layer and, in
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Intensity of Friction on Surface of Aerofoil.4 0 5

the absence of a breakaw ay  o r a sudden change of cu rv a tu re  of th e  surface, 

m arks th e  region w here a  tran sitio n  from  lam inar to  tu rb u len t flow takes 

place. I t  appears th e n  th a t  th e  tran s itio n  (a =  — 0 • 18°) began ju s t beyond 

x  —  0 • 25 C an d  th a t  i t  was com pleted n ear =  0 • 35 C. Some general 

evidence th a t  a tran s itio n  of flow occurred in  th is  region is given in  th e  curves 

of fig. 13, which have been ob ta ined  by  p lo ttin g  values of (V/V0) against

F i a .  1 3 .

(2/8), a t  a  constan t value of x  (V0 =  80 ft. p er sec.)*. B roadly  speaking, these 

curves fall in to  tw o groups ; first, those for th e  fron t p a r t  of th e  surface 

( x  <C 0-25 C), which resem ble th e  shape associated w ith  lam inar flow, and  

second, those for th e  rea r p a r t  (x> 0 • 3 C) which are typ ic

obtained for tu rb u len t flow. I t  will be no ted  th a t  th e  curve for th e  first 

section x  =  0 • 052 C is ra th e r odd, for i t  appears to  have some resem blance 

to  th e  curves for th e  tu rb u len t flow a t  the  rea r of th e  aerofoil. I t  was probable 

th a t  th e  flow in th e  boundary  layer a t  th is  section was no t com pletely lam inar, 

for i t  was observed th a t  th e  pressure on th e  surface in th e  im m ediate neigh­

bourhood of th e  nose was very  disturbed. As would be expected, th e  thickness 

of the  boundary  layer over th e  fron t p a r t  of th e  aerofoil was greater a t  

V0 =  60 feet per second th a n  th a t  a t  V0 == 80 feet per second ; and  also 

the transition  occurred la te r a t  th e  lower speed. I t  will be observed th a t  

there was no indication of any  rap id  thickening of th e  boundary  layer near

*  T h e  c u r v e s  f o r  V 0 =  6 0  f t . / s e c .  ( a  =  —  0 * 1 8 ° )  s h o w e d  s im i la r  c h a r a c t e r i s t i c s .
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the  tail, such as would have occurred if the  layer had  separated from the 

surface.

25. E stim ation  o f the surface fr ic tio n  fr o m  the m om entum  in  the boundary

la y e r —The changes of m om entum  in th e  boundary  layer as i t  flows around 

the  aerofoil are d irectly  re la ted  to  the  norm al and  tangen tia l components of 

the  pressure on its surface. The surface friction can therefore be predicted 

from  the  observations of velocity in th e  boundary  layer, and  the  normal 

com ponents of the  pressure on th e  surface, which are given earlier in the 

paper. The form  of th e  m om entum  equation  used for these predictions was 

k indly  suggested to  th e  w riters by  Prof. G. I. Taylor. This equation was 

found to  be m ore convenient for num erical calculation th a n  the  equation in 

an  a lternative  form  used by  von K arm an.*  F o r th is  reason it  has been 

though t desirable to  give th e  steps which led to  th e  final form  of Prof. Taylor’s 

equation.

A t any  po in t p  on th e  surface a t  a peripheral distance s from t

p s  and  p z  respectively tangen tia l and  norm al to  th e  surface are taken. A 

consideration of th e  equilibrium  of a rec tangular elem ent of w idth ds and 

height 2 (2 in th e  first instance is tak en  greater th a n  $ th e  thickness of the 

boundary  layer) leads to  th e  expressionf :—

— / .  d s/ p =  I (p /p ) .1  .d a  -f-1 -f- mv) . .
J c Jc

where/  represents th e  in tensity  of surface friction, p  th e  pressure, p the  density, 

u  and  v  th e  tan g en tia l and  norm al com ponents of velocity, and  (l, m ) the 

direction cosines of th e  norm al to  an  elem ent da  of the  contour of the  element. 

The in tegrations are tak en  around  th e  contour c. The expression is then 

recast in to  th e  form,

-  / .  ds = £  (p  +  IpV 2) l . da  + £  f> L v u  +  

where V2 =  u 2-J- v2.

Neglecting v2 and  w riting vz —  — d /ds  f Y dz, th e  above expression becomes
Jo

- •  f”  h  1 > + ipv2)*  -  pv‘ i  f >  + i P I O "
*  ‘ Z . A n g e w .  M a t h .  P h y s . , ’ v o l .  1 ( 1 9 2 1 ) .

f  S e e  G .  I .  T a y l o r .  ‘ P h i l .  T r a n s .  R o y .  S o c . , ’ A ,  v o l .  2 2 5 ,  p .  2 3 9 .

4 0 6  A . F a g e  a n d  V .  M . F a lk n e r .
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4 0 7Intensity of Friction on Surface of Aerofoil.

I t  then  follows th a t  

since

v - ? i  ! .* ■*  +

if the  value of e be constan t.

F urther, th e  above equation  also holds w hen is variable and  equal to  8, 

the thickness of th e  boundary  layer, provided  th e  to ta l head  H 0 outside th e  

boundary layer be ta k en  as th e  d a tu m  from  which to ta l head  +  |p V 2) 

w ithin th e  boundary  layer is m easured, since i t  m ay  be assum ed th a t  

(V =  Y») ju s t outside th e  boundary  layer.

I t  follows therefore th a t

1 =  I f > °  -  H )^  -  P• v s | f o( v . - V ) *  +  i P£ -  V*).,

F urther |p  (Vs2 — V2) =  (H 0 — H ), if i t  be assum ed th a t  th e  pressure is 

uniform across a section of th e  boundary  layer and  th e  sam e as a t  th e  surface 

and therefore

Finally, i t  follows th a t

f V . ds =  2 f (H 0 -  H ) — [S V«. dMi,
Jo Jo Jo

where

Mi =  ( p (Vs -  V) dz. 
jo

26. Since th e  velocity values given in figs. 10 and  11 were determ ined from  

the observations tak en  when th e  to ta l head was m easured directly  against 

the pressure a t th e  surface, i t  follows from  the  m ethod of derivation of the

above equation for [ f  ds, th a t  th e  da tum  to ta l head* m ust be the  value 
Jo

measured ju s t outside th e  layer. Values of I / .  ds calculated in th is  m anner
Jo

from the  experim ental d a ta  tak en  a t  the  wind speeds 60 and  80 ft./sec. are 

plotted against s in  fig. 14. The values obtained from  the  in tegral of the

* T h e  d a t u m  t o t a l  h e a d  m e a s u r e d  j u s t  o u t s i d e  t h e  l a y e r  o c c a s i o n a l l y  d i f f e r e d  v e r y  

s l i g h t ly  f r o m  t h e  t o t a l  h e a d  i n  t h e  u n d is t u r b e d  s t r e a m .
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4 0 8 A . F a g e  a n d  V .  M . F a lk n e r .

fric tional in tensities given in  Table I I  are also p lo tted  in  th is  figure. The 

curves draw n th ro u g h  th e  tw o series of poin ts are seen to  lie fairly  close

- 9*—x  x  Fronrx v a lu e s  oF  M easu red  WitK sm all surface tu b e s

- o —o —©- Frorrv nr\orr»er\fcurr» E q u a t io n  (§

Fig . 14.

together, excep t n ear th e  nose, a t  sections s =  0-068 C an d  0-120 C. T hat 

th e re  were differences a t  these  sections is n o t surprising, fo r th e  value of 

Cs
I fo r th e  section s  =  0-068 C h ad  to  be ob ta ined  by  extrapolation,
Jo

for no m easurem ents of velocity  were m ade in  th e  boundary  layer forw ard 

of th is  section. Also i t  is n o t certa in  th a t  th e  condition  assum ed in  the 

deriva tion  of th e  m om entum  expression, nam ely, th a t  th e  s ta tic  pressure a t 

all po in ts  in  a section  of th e  bo u n d ary  lay er is uniform  an d  th e  sam e as th a t  

a t  th e  surface, holds w ith  sufficient accu racy  a t  th e  nose, since th e  curvature  

of th e  surface is rap id ly  changing  in  th is  region. I t  is of in te rest to  m ention 

here th a t  observations ta k e n  in  th e  section —  0 • 956 C a t  th e  ta il showed 

th a t  th e  s ta tic  pressure w ith in  th e  b o u n d ary  layer was con stan t and  th e  same 

as th a t  a t  th e  surface.

27. I t  is show n in  § 13 th a t  a t  a  =  — 0-18° th e  d rag  of th e  aerofoil obtained

from  th e  in tensities  of surface fric tion  was only 2 per cen t, sm aller th a n  the

sum  of th e  values of J S/ . ds  fo r th e  tw o surfaces. 

th e  surface A ob ta ined  from  th e  m om entum  equation  of § 25 were 0-00209 

pCV02 (80 ft./sec .) an d  0-00200pCV02 (60 ft./sec.). Since a t  a  =  — 0-18°

th e  value of f f  .d s  for surface B can  be ta k en  as th e  same as th a t  for Surface A,

th e  values of K D (frictional) are 0-00410 (80 feet per second) and  0-00390 (60
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Intensity o f  Friction on Surface of Aerofoil.4 0 9

feet per second). These values of K D are com pared in Table IX  with those 

obtained in § (13) from the  frictional intensities m easured w ith the small 

surface tubes and those obtained in § (18) from the m easurem ents of the to ta l 

and form drags. The three series of results are seen to  be in reasonably close 

agreement. In  general, then, the accuracy of the  experim ental work described 

in the paper is satisfactory.

Table IX .—Values of K D (frictional), a  =  — 0-18°.

Source of Results. V0 =  60 ft./sec. V0 =  80 ft./sec.

From observations taken with the small surface 
tubes. §(13) ....................................................... 0-00425 0-00435

From measurements of total drag and form drag 

§(18) ..................................... - ......................... 0-00395 0-00395

From observations of velocity in boundary layer. 
(Momentum Equation.) §(25) ......................... 0-00390 0-00410

28. Details o f aerofoil section .—The section was derived from a circle by a 

conformal transform ation of the  generalised Joukowski type given by the 

expression (£ — wc)/(£ +  nc) =  (z — c)n/(z  +  c)n. An outline of the

of calculating the  shape is given in the  paper referred to  earlier in § (15). 

The values of the  shape param eters were (a/c) =  1*10 and 1-95. This 

theoretical section had a ta il which tapered  gradually to  a sharp edge ; and 

since th is was a shape which could not be reproduced w ith great accuracy 

on the model, a small p a rt of the  ta il was cu t off and the shape completed 

by rounding off the  trailing edge. The chord length of the theoretical shape 

was 40-52 inches, and th a t  of the  section used in the experim ents 39-7 inches. 

The maximum thickness was 5 • 98 inches and occurred a t one-third of the chord.

As mentioned earlier in § 2, the central p a rt of the aerofoil of span 6 inches 

was cut from a hollow gunm etal casting. The shape of surface A of the 

finished model was checked on a milling machine before the experim ents were 

commenced. I t  was found th a t  the shape from the nose to  the maxim um 

ordinate agreed, w ithin the accuracy of measurement, with the theoretical 

shape, but th a t there was a small difference from the theoretical shape over 

the region x —  18 inches to  27 inches. The maxim um difference occurred 

at about x  =  22-5 inches, and was such th a t the  actual value of y  was about 

b • 996 of its theoretical value. Only the contours for the theoretical shape have 

been given in the paper (Table V), for it is unlikely th a t the small departure of the
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actual shape from  th e  theoretical shape, which occurs ju s t beyond the  maximum 

thickness, will effect to  any  m easurable ex ten t th e  flow around th e  surface

29. S u m m a ry .— The in tensity  of friction over th e  surface of a  large sym­

m etrical aerofoil of th e  Joukow ski ty p e  (chord 39*7 inches) has been deter­

m ined from  m easurem ents of velocity  ta k en  very  near th e  surface w ith small 

surface tubes of th e  S tan ton  type . The characteristic  featu re of th is  type of 

tu b e  is th a t  th e  inner w all of th e  tu b e  is form ed by  th e  surface itself. Three 

tubes w ith  openings 0-0020, 0-0032 and  0-0044 inch respectively were used. 

These tubes allowed m easurem ents of velocity  to  be tak en  a t  distances of 

0-002 to  0-003 inch from  th e  surface.

The velocity  g rad ien ts a t  th e  surface (3V /8z)z=0 were determined 

from  these velocity  m easurem ents, and  th e  in tensities of the  surface friction 

( / )  from  th e  well-known re la tion  /  =  p. (3V /d z)z„ Q.

The results ob ta ined  showed th a t  on each surface th e  frictional intensity  

h ad  a m axim um  value a t  a  sho rt d istance from  th e  nose, and  a second and 

larger m axim um  value ju s t beyond th e  first. As th e  incidence was increased 

(0° to  6°), th e  m axim um  values on th e  upper surface increased and  moved 

nearer th e  nose, w hereas those on th e  lower surface decreased slightly and 

m oved tow ards th e  ta il. The first m axim um  value was associated with 

lam inar flow, and  th e  second w ith  tu rb u len t flow in  th e  boundary  layer.

M easurem ents of velocity  in  th e  boundary  layer were also m ade w ith small 

exploring tubes, and  these m easurem ents were found to  be com patible with 

those m ade nearer th e  surface w ith  th e  surface tubes.

Evidence on th e  general accuracy  of th e  values of th e  frictional intensity  

was ob ta ined  from  a com parison of th e  frictional drag of th e  aerofoil estim ated 

from  th em  w ith  values ob ta ined  by  tw o o th e r m ethods. In  th e  first method, 

th e  frictional d rag  was determ ined by  sub tracting  th e  form  drag, obtained 

from  th e  norm al pressures on th e  surface, from  th e  to ta l drag estim ated from 

th e  to ta l-h ead  losses in  th e  w ake ; and  in  th e  second, th e  frictional drag was 

estim ated  from  an  equation  derived from  a consideration of th e  m om entum  

and  pressure changes in  th e  boundary  layer. The values of the  frictional 

d rag  obta ined  by  th e  th ree  different m ethods were found to  be in reasonably 

close agreem ent.

30. In  conclusion, th e  au tho rs  wish to  express th e ir g reat indebtedness to 

Messrs. J . H . W arsap  and  C. Scruton, who assisted in  the  experim ental work ; 

to  Mr. A. Monk, who m ade th e  m eta l aerofoil and  the  exploring P ito t tu b e s ; 

and  to  Mr. J .  B arber, who successfully overcam e the  g reat difficulties involved 

in  th e  construction of th e  sm all surface tubes.
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