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On the other hand, the bim olecular decom position of acetaldehyde is less 

influenced by hydrogen, and in  a different w ay.

Increasing pressures of hydrogen rapid ly  bring th e propionic aldehyde re

action to  a lim iting rate,w hich is th e sam e as th e  rate reached w hen th e partial 

pressure of the aldehyde itself is increased. Sim ilar pressures of hydrogen  

have no tendency to  m ake the acetaldehyde decom position appear unimolecular, 

and no saturation value is reached.

These phenom ena are shown to  be consistent w ith  th e  conclusion already 

reached th at the activation  of acetaldehyde in vo lves a few  degrees of freedom  

only, while th a t of propionic aldehyde is a m ore com plex process ; and th a t in  

the acetaldehyde reaction there is no tim e-lag betw een  activation  and trans

formation, while in  the propionic aldehyde reaction such a tim e-lag exists.

A. F age and F . C. Johansen.

On the Flow o f  A ir  behind an Inclined  F la t P la te  o f  Inf

B y  A. F a g e , A.R.C.Sc ., and F . C. J o h a n s e n , B.Sc ., of th e Aerodynam ics 

D epartm ent, th e N ational P h ysica l Laboratory.

(Communicated by H. Lamb, F .R .S .— Received May 23, 1927.)

[Pl a t e s  6-8.]

§ 1. Introduction.

The general form of th e flow behind an  in fin itely  long th in  flat p late inclined  

at a large angle to  a fluid stream  of infin ite ex ten t has been known for m any years 

past. The essential features of the m otion  are illu strated  in  th e sm oke photo- 

graph given in  fig. 1, P late 6. A t th e edges, th in  bands of vortic ity  are generated, 

which separate the freely-m oving fluid from  th e “ dead-water ” region a t the  

back of the plate ; and a t som e distance behind, these vortex  bands on account 

of their lack of stability  roll up and form  w hat is now com m only known as a 

vortex street* (see fig. 2). Various theories for calcu lating th e resistance of the  

plate have also been advanced from  tim e to  tim e. One of th e earliest is the  

theory of “ discontinuous ” m otion  due to  K irchhofff and R ayleigh ,$ who

* Benard, ‘ Com ptes R endus,’ vo l. 147 (1 8 7 6 );  also K arm an, ‘ G ottinger N a d ir .’ (1911 
and 1912).

t  * Crelle,’ vol. 70 (1869).

t  “  N otes on  H ydrodynam ics,” ‘ P h il. M ag.’ (1876).
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ob ta in ed  th e  expression  —- -s*n  ~—  pY026 (see sym bols) for th
4 +  7t sin  a

per u n it len gth  o f th e  p la te . More recen tly  K arm an* has ob ta in ed  a  

form ula for th e  resistance o f a  p la te  norm al to  th e  general flow , in  term s of

the d im ensions o f th e  v o r tex  sy ste m  a t  som e d istan ce beh ind  th e  p la te . In  

sp ite , how ever, o f th ese  and  other im p ortan t in vestiga tion s , m uch  m ore  

rem ains to  be d iscovered  before i t  can  be sa id  th a t  th e  phenom enon  o f th e  

flow  is  com p lete ly  understood .

N o  a ttem p t has h ith erto  been  m ade, as far as th e  w riters are aw are, to  deter

m ine exp erim en ta lly , a t  in cidences below  90°, th e  frequency  and speed  w ith  

w hich  th e  vortices p ass dow nstream  ; th e  d im ensions o f th e  v o r tex  s y s t e m ; 

th e  average stren gth  of th e  in d iv id u a l vortices ; or th e  rate a t  w hich  v o r tic ity  

is  leav in g  th e  edges o f th e  p la te . T he present in vestigation^  has been  under

tak en  to  furnish in form ation  on  th ese  features of th e  flow.

§ 2. List of Symbols.

Y  =  average v e lo c ity  a t an y  p o in t in  th e  field.

V 0 =  v e lo c ity  of th e  undisturbed  air re la tive  to  th e  p late.

V 1 & V 3 =  v e lo c ity  in  th e  outer and inner boundaries o f th e  v ortex  band a t  

th e  edge o f th e  p late.

V 3 =  dow nstream  v e lo c ity  o f th e  in d iv id u a l vortices (V 3 =  f.a). 

p 0 =  pressure in  th e  undisturbed  air. 

p  =  pressure a t an y  p o in t of th e  field. 

p m =  m ean  pressure a t  th e  back  of th e  p late, 

a  — angle  of incidence of th e  p late  (degrees). 

b =  breadth  o f p la te.

* * G dttin ger N a ch r .’ (1911 an d  1 9 1 2 );  a lso  H eisenberg , * P h y s . Z .’ (1922).

t  P erm ission  to  com m u n icate  th e  resu lts  w as k in d ly  granted  b y  th e  A eronautical R esearch  

C om m ittee.
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x f y  — the longitudinal and lateral co-ordinates of a poin t in  th e  field.

They are measured from th e centre of th e  p late along and at 

right angles to  the undisturbed w ind direction.

a — longitudinal spacing betw een tw o consecutive vortices in  the  

sam e row.

h — lateral spacing betw een th e  vortex  rows.

f  — frequency per second w ith  w hich  th e in d iv idual vortices leave  

each edge of th e plate.

T =  tim e in terval betw een th e  shedding of successive vortices in  the  

sam e row.

k  =  strength of an individual vortex .

K  — to ta l strength of vortic ity  leaving each edge in  one second.

&N =  normal force coefficient =  (normal force per u n it length) /p6V02.

p =  density  of the air.

A. F age and F. C. Johansen.

§ 3. Forces on the .

(3.1.) The experim ents were m ade on a flat, sharp-edged rectangular steel 

plate. The dim ensions w e r e : length  7 feet (approxim ately), and breadth  

5*95 inches. The cross-section of the p late, norm al to  th e span, is shown in  

fig. 3. To obtain the necessary rigid ity , one surface (the front) w as flat, and

k

F i g . 3.

the other was slightly  tapered from  th e centre— where th e thickness is  3 per 

cent, of the breadth— towards th e sharp edges. The p late w as m ounted  

vertically w ith sm all clearances betw een its  ends and th e floor and roof of one 

of the 7-foot wind-tunnels a t th e N .P .L . O bservations, w hether of p re ssu re  

on the plate or of velocity  in  th e stream  were confined to  th e plane of sym m etry, 

m idw ay between the floor an,d roof, where for all practical purposes th e flow  

is  two-dim ensional.

(3.2.) The forces on th e p late inclined a t various angles to  th e wind were 

estim ated, for two-dim ensional flow, from  observations of pressure taken around 

the m edian section. For th is purpose, a pressure tube of fine bore, in to  which  

19 small holes were subsequently  drilled— the positions are shown in  fig. 3—  

was le t in  flush w ith  the flat surface. The pressure in  th is tube w as conveyed  

through a second tube, a t right angles to  the first and also flush w ith  the surface,
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to  th e  pressure m anom eter, w hich  w as a standard  26-inch  C hattock  tilt in g  gauge. 

T he holes were m ade a irtigh t b y  th in  paper d iscs g lued  to  th e  surface of th e  

p la te . To m easure th e  pressure, each  h o le w as opened, in  turn , to  th e  air, 

b y  th e  rem oval of a  paper d isc. T he pressure d istr ib u tion  over th e  front surface  

w as m easured, a t  a  w ind  speed  of 50 fee t per second , w ith  th e  p la te  a t 18 angles  

of incidence, n am ely , 0 -1 5 ° , 0*85°, 1*15°, 1*85°, 2 -1 5 ° , 3 -8 5 ° , 5 -8 5 ° , 8*85°,
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T he pressure d istrib u tion  over th e  “ back  ” surface w as m easured, a t  th e  sam e  

holes and  a t  th e  sam e angles o f in cidence, b y  ro ta tin g  th e  p la te  through  180°. 

In  th ese  la tter  experim ents, th e  surface facin g  th e  w ind  is  no longer fla t b u t  

s lig h tly  cam bered, so th a t  th e  pressures a t  th e  back  are probab ly  s ligh tly  differ

en t, a t  sm all in cidences, from  th o se  for an  in fin ite ly  th in  p la te . N o  a ttem p t w as  

m ade to  m easure th is  d ifference, sin ce a few  observations tak en  w ith  a to ta l-  

h ead  tu b e  show ed  th a t, a t  large angles o f incidence, th e  pressure in  th e  dead- 

air region  im m ed ia te ly  b eh in d  th e  p la te  w as th e  sam e, w ith in  th e  accuracy o f  

m easurem ent, w hether th e  fla t or s lig h tly  cam bered surface w as presented  to  

th e  w ind.

(3 .3 .) T he va lu es of th e  norm al force coefficient, &N, w ere estim ated  from  th e  

areas of th e  d iagram s ob ta in ed  w hen  th e  pressure coefficients — p 0) /pV 2 

w ere p lo tted  on  a base representing th e  w id th  o f th e  p late. To illu strate  their  

general character, s ix  rep resen tative  diagram s are g iven  in  fig. 4.

ojo-

F ia . 4 .
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174 A. F age and F. C. Johansen.

The estim ated values of JcN are g iven  in  Table I  (colum n A). These results 

show th a t Jcn increases fairly rapidly w ith  oc, un til a value of 0*445 is  reached  

at a =  9°. B eyond th is incidence, &N falls slow ly to  a value 0 • 425 a t a  — 15°, 

and then  increases continuously to  a m axim um  value 1*065 a t a  =  90°,

Table I.

a 0

W ind-tunnel 
values of 

(Pm-PolpVo2)

(D )

. ( v x/ v 0)».

(E)

Wind tunnel.

(A)

Kirchhoff-
Rayleigh.

(B)

R atio of wind- 
tunnel to

theoretical

(C)

0 0 0 _ _ ___

3 0 165 0-040 4*10 — —

6 0-345 0-075 4 -60 — —  •

9 0-445 0-110 4 -05 —
—

15 0-425 0-170 2-50 — —

20 0-470 0-215 2 -20 — —

30 0-645 0-280 2-30 - 0 - 4 6 2 1-92
40 0-785 0-335 2-35 - 0 - 5 4 4 2-09
50 0-900 0-375 2-40 - 0 - 6 1 5 2*23
60 0-985 0-405 2-45 - 0 - 6 6 4 2-33
70 1-035 0-425 2-45 -0 * 6 8 0 2-36
80 1-060 0-435 2-45 - 0 - 6 8 8 2-38
90 1-065 0-440 2-45 - 0 - 6 9 0 2-38

The drag and lift coefficients, and can be obtained directly  from the  

normal force coefficient, &N, b y  resolving along and norm al to  th e undisturbed  

wind direction respectively . N o m easurem ents of th e  tangentia l forces acting  

along the surface of the p late are included. These are know n to  be sm all—  

the frictional coefficient of drag a t a  =  0° is of th e order 0*004— and so 

will only slightly  m odify the values of &D at very  low  angles of incidence. 

Also no corrections have been m ade for either th e constriction or wall 

effects.* The correction when the plate is along the wind is, of course, 

zero.

(3.4.) The comparison betw een the experim ental results and those deduced  

from the K irchhoff-Rayleigh theory of th e discontinuous m otion of a perfect 

fluid past an infinitely long flat plate, is of interest. According to  this th eory ,f

* See pp. 196-7 . 

t  Loc. cit.
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th e  norm al force coefficient is  equal to  sin  a /(4  +  n  sin  a), and is derived on  

th e  assum ptions (a) th a t  th e  air breaks aw ay  from  th e  p la te  a t  th e  sharp ed

and leaves a “ dead-air ” region  beh in d  th e  p late, throughout w hich  th e  pressure 

is  uniform  and equal to  th a t  in  th e  undisturbed  fluid , and ( th a t  b o th  th e  

pressure and v e lo c ity  in  th e  free surfaces separating  th e  sta tion ary  from  th e  

m ovin g  flu id  are equal to  th ose  in  th e  undisturbed  fluid . T he th eoretica l va lu es  

of kj<f are g iven  in  T able I ,  togeth er w ith  th e  experim ental resu lts. I t  is  seen  

th a t  th e  th eory  consid erably  under-estim ates th e  va lu e of &N over th e  entire  

range o f incidence.

(3.5.) A n  exp lan ation  of th e  m arked  differences b etw een  th e  th eoretica l and  

experim ental va lu es of &N m a y  be found  in  th e  fa ct th a t  th e  m axim u m  v e lo c ity  

(Vj) in  th e  boundary of th e  dead-air region  beh ind  th e  p la te  is  appreciably  

greater th an  th e  v e lo c ity  V 0 assum ed in  th e  theory , and th a t  th e  m ean  pressure 

pm behind th e  p la te  is, as a consequence, m uch  low er th a n  p 0. A t va lu es of a  

greater th an  30°, th e  experim ental pressure a t  th e  back  of th e  p la te  is  approxi

m ately  uniform , and variation s from  th e  m ean  va lu e  do n o t exceed  i  3 per cent, 

(see fig. 4). T hese m ean  va lu es of (pm — p 0) /pV 02 are g

Table I. I f  it  be assum ed th a t  th e  to ta l head  o f th e  air, in  th e  outer boundary 

of th e  v o rtex  band  (i.e., band  of d iscon tin u ity) leav in g  an  edge o f th e  p late  is  

equal to  th a t  in  th e  undisturbed  stream , and th a t th e  pressure there is  equal to  

th a t  a t  th e  back  of th e  p la te , th e  v e lo c ity  Y 1 a long th is  boundary is g iven  b y  th e  

relation  (Yĵ /Yq)2 =  2 (p0 — p m) /pY 20 +  1. V alues* of (Vj /Vq)2 estim ated  from  

th is  rela tion  are g iven  in  colum n (E) of Table I . I t  is  rather rem arkable th a t  

th e y  agree very  ap p roxim ately— excep t a t low  va lu es o f a— w ith  th e  ratios of th e  

experim ental to  th e  theoretica l va lu es of I t  is for th is  reason th a t th e y  are 

included in  th e  Table.

§ 4. Frequency of the Velocity Fluctuations behind the Plate.

(4.1 .) T he p late w as m ou n ted  in  th e  m anner p reviously  described (§ 3.1). 

In  addition , stiffen ing wires w ere fitted  betw een  th e  p late  and th e  tu n n e l w alls, 

to  elim in ate flexural v ibrations. R ecords of th e  v e lo c ity  fluctuations were 

tak en  beh in d  th e  central part of th e  p late, where, for all practical purposes, 

th e  flow  is tw o-dim ensional. For th is  purpose, ad van tage w as tak en  of th e  

cooling effect of a current of air on  a  heated  wire of sm all d iam eter .f The

* I t  w ill be show n in  § 6 .3  th a t  th ese  va lu es are in  close  agreem ent w ith  th ose  actu a lly  

m easured.

f  “ A  H ot-w ire In stru m en t for M easuring Speed and D irection  of A irflow ,” b y  L. F . G . 

S im m o n s and A . B a iley , ‘ P h il. M ag.’ (J a n ., 1927).
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current fluctuations in the hot wire circuit due to  the fluctuations of wind speed, 

were passed through an E in thoven  galvanom eter, fitted  w ith  lantern and 

camera, and the displacem ent of the string photographically recorded. Time 

spacings of 1/50  second, obtained from a phonic-w heel tim e marker controlled  

by a 50 L  tuning fork, were included in  th e records.

(4.2.) A sk e tc h  of one  of th e  h o t  w ire s  u s e d  is g iv e n  in  fig. 5 a . The wire— of 

p la tin um  0 - 001 -inch  d iam e te r  a n d  a b o u t  0 -3  in c h  lo ng— w as alw ays m ounted

176 A . F age  and F. C. Johansen.

___ | 4 V a l  v « j _
r  ilrvput O utput i I

! i c -  1--------1 •
j { _ j  R) ] |

, | ,----- w / w w \  • |

Hot Wire.

I in c h

Midi -  JA m m e te i

F ig . 5.

parallel to  a sharp edge of the plate, th a t is, norm al to  the plane of the two- 

dimensional flow, and was therefore influenced only  b y  changes of wind speed, 

not by fluctuations of wind direction. The general m ethod of experim ent can 

best be described by reference to  the diagram given  in  fig. 5b . The wire, m ounted  

in the wind stream at the point where the speed fluctuations were to  be detected, 

was heated to  a dull red glow by an electric current controlled b y  the rheostat
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R j. T he average p o ten tia l d ifference b etw een  th e  ends o f th e  h o t w ire w a s  

th en  ba lan ced  on  a p o ten tiom eter , a m illi-am m eter b ein g  u sed  as an  in d ica tor . 

T he m illi-am m eter w as th en  sw itch ed  o u t an d  th e  flu ctu a tion s in  th e  p o ten tia l  

betw een  th e  ends o f th e  h o t w ire p u t d irectly  across th e  E in th o v en  ga lvan om eter . 

A  second  circu it (show n  d o tted ) con ta in in g  a  fo u r-va lve  resistance am plifier*  

V a s  used  on  a few  occasions, w h en  th e  speed  flu ctu a tion s w ere a  sm all propor

t io n  o f th e  m ean  speed . T he deflection  o f th e  E in th o v en  strin g  w as ad ju sted  

either b y  a lterin g  its  ten s io n  or b y  a  change in  th e  resistan ce R 3.

(4 .3 .) A t th e  ou tse t, records o f th e  v e lo c ity  flu ctu a tion s w ere tak en  a t  a  large  

num ber o f p osition s in  th e  field , w ith  th e  p la te  a t 90°. T he p ositio n  o f a  p o in t  

in  th e  field  is  g iv en  b y  th e  co-ord inates an d  m easured  from  th e  cen tre o f  

th e  p la te , re sp ectiv e ly  a long  and  a t  r igh t angles to  th e  d irection  o f th e  u n d is

tu rb ed  w in d . T he p o s itiv e  d irection  o f x  is  dow nstream , and  th a t  of y  to  th e  

le f t  w hen  look ing dow nstream  (see P la te s  7 and 8). T he purpose o f th is  exp lora

t io n  w as to  determ ine h ow  th e  general character o f th e  v e lo c ity  flu ctu ation s  

varied  in  d ifferent parts o f th e  fie ld , and  a lso  to  see w h eth er th e  freq u en cy  of 

th ese  flu ctu a tion s w as un iform . T he records w ere ta k en  a t  a  low  speed  (19*7  

fe e t  per second) in  order th a t  a n y  la g  in  th e  response o f th e  h ot-w ire— th is  does  

n o t, o f course, a ffect th e  recorded freq u en cy— should  n o t ap p reciab ly  m is

rep resen t th e  general character o f th e  v e lo c ity  flu ctu ation s.

(4 .4 .) R ecord s (w ith o u t am plification ) w ere ta k en  a lon g  a lon g itu d in a l line  

(y =  2 .3  b) som e d ista n ce  ou tsid e  th e  edge of th e  p la te  ; across th e  w ake a lon g  

th e  lin e  x  — 56 ; a t  th e  ed ge ; an d  a lso  in  fron t of th e  p la te . A  rep resen ta tive  

se lec tion  of th ese  E in th o v e n  records is  p h otograp h ica lly  reproduced in  P la te  7. 

R ecord s o f th e  d istu rb ance in  th e  em p ty  tu n n e l w ere also  tak en . I n  th ese  

early  exp erim en ts no a tte m p t w as m ad e to  m easure th e  a ctu a l m agn itu d e o f  

th e  v e lo c ity  flu ctu ation s. Their re la tiv e  m agn itu d es are, how ever, con veyed  

w ith  sufficient accu racy  in  th e  diagram s. T he p o in ts  of in terest w hich  arise from  

th e  records in  fig. 6 (P la te  7) (a =  90°) are sum m arised  below . F or con ven ience  

o f reference th e  records are num bered  ; a lso  a d iagram  is  a ttach ed  g iv in g  th e  

p osition s o f th e  h o t w ire.

(a) T he v e lo c ity  flu ctu ation s in  th e  em p ty  tu n n e l (N o. 1) are very  sm all 

com pared w ith  th o se  a t  th e  back  o f th e  p la te  (N os. 3 to  12). I t  w ill be show n  

la ter th a t  th is  w as th e  case n o t on ly  a t  90° b u t a t  a ll angles o f incidence greater  

th a n  12°.

* A  com parison  of d iagram s ta k en  w ith  an d  w ith o u t am p lifica tion , show ed  th a t  th e  

am plifier d id  n o t  in trod u ce a n y  ap p aren t ex tra n eo u s frequencies.
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(6) The velocity  fluctuations a t the edge of th e p late are large bu t do not 

appear to  be very  regular (No. 2).

(c) There is a region, outside the w ake and a t som e distance behind the  

plate, where th e velocity  fluctuations are very  regular (N os. 5 to  8), also (Nos. 

13 to  17).

(d) The velocity  fluctuations tend  to  becom e less regular as th e  distance  

behind th e p late increases beyond 36 (N os. 3E  to  8E).

(e) The velocity  fluctuations w ith in  the w ake are m ore irregular th an  those  

outside (Nos. 9 to  12).

( / )  A t the same wind speed, th e frequency of th e fluctuations a t all points  

behind th e plate, and a t som e d istance outside w hat were later decided to  be 

the lim its of th e vortex street, is uniform  (N os. 4 to  8).

(g) The frequency of the fluctuations a t th e  centre of th e vortex  street is, 

in  general, double th a t outside (N os. 9 and 12).

In  addition, it  was found th a t th e v e loc ity  fluctuations a t som e d istance for

ward of th e p late (46) were very  sm all com pared w ith  th ose a t th e back ; and  

also th a t th e fluctuations in  the plane of th e  p late and a t som e distance from  th e  

edge were sm all and irregular. I t  should  also be noted  th a t th e  am plitude of 

the fluctuations a t y  =1 *526 (N o. 10) is greater th an  th ose on  either side 

9 and 11). This is of interest because, as w ill be show n later, th e lim it of the  

wake is situated  near the line, yjb  =  1*5.

(4.5.) The m ost im portant conclusion w hich  m ay be drawn from  the above  

sum m ary of results is th a t there is a large region situated  outside th e  wake, 

and at some distance behind th e p late, where well-defined fluctuations of 

velocity  of uniform  frequency can be clearly determ ined. The photograph*  

of fig. 1, and also th e work of previous investigators, leaves no room  for doubt 

th a t these fluctuations are caused b y  th e passage dow nstream  of large vortices. 

The records dem onstrate therefore th a t these vortices are shed from each edge 

of the plate w ith  uniform  frequency ; and also th a t th e frequency w ith  which  

these individual vortices are generated can best be m easured a t som e distance  

outside th e vortex  street, where th e fluctuations are com paratively  steady. 

For brevity, the frequency w ith  which the vortices leave th e edges of th e plate  

w ill be referred to  hereinafter as th e “ frequency.” The variation  of the  

m agnitude of the velocity  fluctuation, at any poin t in  th e field, is considered  

later.

(4.6.) Several records were taken to  show how  the frequency varied w ith  wind

* The sm oke ” was obtained b y  m ix ing am m onia and hydrochloric acid in  front of the  
pla te.

A. F age and F . C. Johansen. ,\
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speed, a t  a  con stan t angle o f incidence (90°). Som e o f th ese  records are g iven  

in  P la te  8  (N os. 13 to  17), in  order to  show  th e  regu larity  w ith  w hich  th e  fluctua

tion s of v e lo c ity  occur. V alues of “ /  ” estim ated  from  records o f th is  character  

are collected  in  Table I I . The la st colum n o f th is  tab le  show s th a t from  

V 0 =  10 to  V 0 =  60 feet per second , th e  frequency is d irectly  proportional to  

speed , w ith in  th e accuracy of observation .
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Table I I .— a =  90°.

V0. / • fb/Vo-

10-6 3 -13 0 -1 4 6
19*7 5 -7 5 0 -1 4 4
30-05 9 -0 0 0 -1 4 8
39-40 11-60 0 -1 4 6
4 9 -25 14-55 0 -146
59-10 17-35 0 -146

(4.7.) A  large num ber of records w as tak en  to  show  th e  varia tion  of frequency  

w ith  th e  in c lin a tion  of th e p late. A  representative se lection  of th ese  records 

for values of a  betw en  12° and 90° is  g iven  in  P la te  8 (N os. 17 to  25). T hey  

show  th a t th e  v e lo c ity  flu ctuations are fa irly  regular, th e  b est diagram s bein g  

obtained  a t  h igh  angles of incidence. T he v e lo c ity  fluctuations a t  th e  low est  

angle of in cidence (12°) are, i t  should  be observed , m uch  larger and easily  

distingu ishable from  th e  v e lo c ity  d isturbances in  th e  em p ty  tu n n el (N os. 1 

and 25). T he va lu es o f th e  frequency, estim ated  from  th ese  and sim ilar records 

and expressed  in  th e  non-dim ensional form  ( /6 /V 0), are co llected  in Table I I I .

T able I I I .

«°. fb/Vo- fb  sin a /V 0. a°. fb /Vo- fb  sin a /V 0.

90 0 -146 0 -1 4 6 24 0 -394 0-160
85 0 -147 0 -1 4 6 O A / 0 - 4 7 8 0 -1 6 4
80 0 -152 0 -150 \  0-503 0-172
75 0-153 0-148 l  a J  0 -548 0-151
70 0 -156 0 -147

lo
\  0 -677 0-187

65 0-163 0 -148 1 A
/  0 -746 0-181

60 0 -173 0-150 \ 0 - 9 0 0 0 -218
55 0-182 0 -149 1 9 /  0 -874 0-182
50 0 -196 0 -150

X A
\ 0 - 8 8 0 0-183

45 0 -205 0 -145
40 0-231 0 -148 f7 0 0 -156 0 -146
36 0-253 0-149 60 0-171 0 -148
32 0 -280 0 -148 *■{ 50 0-193 0 -148
30 0-307 0-153 [ 40 0-233 0 -150
28 0-330 0-155 ^30 0 .3 0 4 0-152

* These observations were taken on the opposite side of the wake to that for the earlier results.

N  2
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A t several angles of incidence, tw o  observations were tak en , one on each side  

of th e vortex  street. In  each case, th e  tw o  va lues were in  close agreem ent and  

th is indicates th a t th e vortices are shed from  each edge w ith  th e  sam e fre

quency. The tab le  shows th a t th e  frequency increases, a t first slow ly  and then  

more rapidly, as th e angle of incidence decreases progressively  from  90°. I t  

w ill also be observed th a t f b  sin  a /V 0 is  approxim ately  constant and equal to  

0*148 for values of a betw een  90° and 30°.

(4.8.) Records of th e velocity  d isturbances (w ith  and w ith ou t am plification) 

were also taken  w ith  th e  p late a t incidences below  12°. The results of th is  work  

are not included in  th e  paper because th e  disturbances were n o t sufficiently  

regular to  allow a reliable estim ate of th e  frequency to  be m ade. This w as  

largely because (at low  incidences) th e  d isturbances in  th e  region of th e  p la te  

were of th e sam e character as those in  th e  w in d  of th e  em p ty  tunnel. There is ,  

however, som e evidence— based on  work done on th e  standard p late and also  

on another p late, 2 ‘3 tim es as w ide— to  show  th a t betw een  0° and 9° th e va lu es  

of (fb /V 0) probably lie somewhere betw een  1 *0 and 1*6.

§ 5. Longitudinal Spacing of Vortices.

(5.1.) The m ethod of m easurem ent is  based  on th e  fa ct th a t th e  v e lo c ity  

fluctuations a t tw o poin ts situ ated  w ith ou t, and on  th e  sam e side of, th e  vortex  

street are in  phase, w hen th e  longitudinal d istance betw een  th e  po in ts is equal t o  

the distance betw een successive vortices in  th e  sam e row , or a m ultip le  of th is  

distance. • To determ ine th e  phase difference betw een  tw o  points, tw o h ot wires  

were used and sim ultaneous records of th e  ve lo c ity  d isturbances taken. The  

average tim e disp lacem ent betw een  th e  tw o  series of crests (or troughs) expressed  

as a fraction (t/T) of th e  periodic tim e gave th e  phase difference.

In  practice, one h o t wire w as fixed , and th e  other, usually  on th e opposite  

side of the vortex  street, w as m oved  up and dow n stream  along a line outside  

the vortex street. R epresentative diagram s, tak en  w ith  th e  p late a t 90°  

incidence and th e  datum  h ot wire (D ) a t th e  position  x\b  =  6*0, yjb  =  —3*0, 

are given in  P late 7 (N os. 4 to  8). Record N o. 4 show s th a t when the  

h ot wires are situated  a t th e sam e d istance behind th e p late, but on opposite  

sides of the vortex street, th e  ve loc ity  fluctuations are 180° (t/T — 0*5) out o f  

phase.

(5.2.) The values in  Table IV  give, for various angles o f incidence, the variation  

of phase difference (t/T) w ith  th e  distance downstream . A t each angle o f  

incidence, these observations p lot fairly  sm oothly on a straight line. The  

longitudinal spacing (a) betw een consecutive vortices in  th e  sam e raw— that is ,

A. F a g e  and F. C. Johan sen .
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th e  change in  th e  va lu e o f x  for u n it phase difference— w as ob ta in ed  d irectly  

from  th ese  lines.
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T able IV .— V alues o f (t/T).

xjb. d =  90°. a  =  70°. a  =  60°. a  =  50°. a  =  40°. a  m. 30°.

2 02 —0*12 - 0 * 1 0 - 0 - 2 3 —0-21 - 0 - 4 0 —0 -5 8
3 02 + 0 -0 7 + 0  10 0 —0 0 1 - 0 * 1 6 —0*13
4 03 0-31 0 -3 4 + 0 - 2 4 + 0 - 2 4 + 0  13 + 0 * 2 0
5 04 0*50 0*50 0 -4 5 0*51 0 -4 2 0*43
6 05 0*64 0*73 0*70 0 -7 6 0*72 0 -9 0
7 0 6 0 -8 3 0 -9 2 0 -9 3 1 0 1 1*04 1*24
8*06 1 0 5 1 1 3 1*15 1*24 1*31 1-55
9*07 1*24 1*29 1*37 1*48 1*49 1*90

10 08 1*41 1*55 - — 1*71 1*81 2*31
11*09 1*62 1*71 — — — —

12 10 1*78 — —— ~ *

T able V.

a° (a/b) (a/b sin  a) (V 3/V0 =  a //V ,)

90 5 -2 5 5*25 0*766
70 4*85 5*17 0*756
60 4*44 5*13 0*761
50 4*08 5*33 0*789

.4 0 3*55 5*52 0*817
30 2*76 5*52 0*840

T he estim ated  va lu es o f (a/6) are g iven  in  T able V. T he longitud inal spacing  

is  seen  to  decrease as th e  angle  o f incidence of th e  p la te  decreases. I t  w ill also  

be n oted  th a t, for va lu es o f a  b etw een  30° and 90°, th e  va lu e of (a/6  sin  a) is  

ap p roxim ately  con stant, th a t  is, th e  lon gitu d in al spacing is  proportional to  

(6 sin  a).

(5.3 .) T he la s t  colum n of T able V  g ives th e  ratio  o f th e  speed  w ith  w hich  th e  

vortices pass dow nstream  (V 3) to  th e  v e lo c ity  of th e  undisturbed  w ind  (V 0). 

E ach  va lu e of V 3 w as d irectly  ob ta in ed  from  th e  product o f “ a ” and “ f,” 

for, in  u n it  tim e, “  f ”  vortices spaced  a d istance “ ” apart pass dow nstream .

I t  is  seen  th a t  th e  va lue o f V 3/V 0 progressively  increases from  0*766 a t a  =  90° 

to  0*840 a t  a  =  30°.

§ 6. Velocity and Vortidty at the Edge of the Plate.

(6.1.) T he experim ents described in  th is  section  of th e  paper were m ade to  

m easure, a t  several angles of incidence, th e  v e lo c ity  d istribution  near th e  edge  

of th e  p late. The purpose of th ese  experim ents w as tw o -fo ld : to  m ake a

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

4
 A

u
g
u
st

 2
0
2
2
 



182

comparison between the velocity  actually  m easured a t th e  edge and th at esti

m ated from the measured pressure im m ediately  behind the p la te ; and to  

estim ate the rate a t which vorticity  is shed from  each edge.

Two series of velocity  m easurem ents were m ade. In  th e  first, Series A, the  

exploration was m ade a t several angles of incidence, across th e  boundaries of 

th e dead-air region, along a line norm al to  th e  edge and th e undisturbed wind  

direction a t a distance of 0*0336 behind each edge of th e  p late. Explorations  

were also m ade for a  =  90° a t distances 0*0846 and 0*1686 behind th e  plate. 

In  the second series (B), th e m easurem ents were m ade in  th e  plane of th e plate  

outwards from each edge. In  each series, th e  h o t wire w as m ounted parallel 

to  the edge and th e tim e average of th e velocity  a t a poin t w as m easured. The 

m ethod of m easurem ent is  illustrated  in  fig. 5c (excluding E in thoven  galvano

m eter circuit). The hot wire formed one arm of a W heatstone Bridge, 

and its  m ean resistance (and therefore its  tem perature) w as m aintained  

constant a t all speeds by an adjustm ent of th e  resistance The potentia l 

difference betw een th e ends of th e  h ot wire, m easured on a potentiom eter, is  

then a function of the mean w ind speed a t  th e poin t. The calibration curve 

was obtained, before and after each set of observations, b y  m ounting the hot  

wire in  the em pty tunnel and recording changes of poten tia l difference as the  

wind speed was progressively changed. The E .M .F . across the potentiom eter 

was m aintained a t a constant value b y  adjusting th e resistance R4, so th at the  

drop of potential along a fixed length  of the potentiom eter wire just balanced  

the constant E.M .F. of a standard cell.

(6.2.) The velocity  w as m easured a t both  th e leading and trailing edges, at  

a =  90°, 70°, 50° and 30° respectively. The observations are p lotted  in  figs. 

8 and 9. These curves show very clearly the rapid increase of .velocity  across 

the dead-air boundary a t each edge of the plate. The narrow band over which  

the rapid change of velocity  occurs w ill hereinafter be called th e “ vortex  band.” 

The more important results in  figs. 8 and 9 have been collected in  Table VI. 

From these results it  is evident t h a t :

(а ) The velocity  Vj— th at is, th e  velocity  in  th e outer boundary of the  

vortex  band— measured in  the plane of the p late (Series B) is in  close agree

m ent, a t both the leading and trailing edges, w ith  th a t m easured about 0*0336 

behind the edge (Series A). Columns (a) to  (e).

(б ) The values of (Vj /Vq) a t both the leading and trailing edges decrease as 

a decreases. Columns (a) to  (e).

(c) A t each angle of incidence, the values of (Vj/Vo) a t the leading and 

trailing edges are in close agreement. Columns (a) to  (e).

A. F age and F. C. Johansen.
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F ig . 8.

S e r ie s  B.

LE . = Leading Edge (+d) 
T. E. * Trailing » ( * d )

m e a su re d  o u tw a rd s  From  
th e  Edge.

cl - 70'

a .-50'

Fig . 9.
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(d) If it  be assumed th at the to ta l head in  the outer boundary of the vortex  

band is equal to  th at in the undisturbed wind, and th at the pressure throughout 

th is band is the same as th at in  the dead-air region, then  the value of (Vj /Vq) 

estim ated from the average pressure (pm) in  the dead-air region is in  close 

agreement (within 5 per cent.) w ith  th at measured in  the outer boundary. 

Further, if the pressure across the vortex  band is uniform, as assumed, then  th is  

close agreem ent indicates th a t beyond the outer boundary there is a near 

approach to  a potentia l flow.

(6.3.) The strength of the vortic ity  shed from each edge of the plate in  unit 

tim e has been estim ated b y  a m ethod  based on th at followed in  th e case of a 

perfect fluid. On the assum ption th at the w idth of the vortex  band is infin itesi

m ally sm all, and th at the velocities on opposite sides are Y 1 and V 2 respectively, 

the circulation around a rectangle containing a length 3s of the vortex sheet, 

whose sides are respectively parallel and normal to  the sheet, is equal to  

(V i — V 2)Ss, that is (Vj2 — V 22)S£/2 since Ss/§£ =  (Vx -f- V 2)/2 . The total 

amount of vortic ity leaving the edge in  unit tim e is therefore (V*2 — V 22)/2 or 

(V12 — V 22)/2V 02 expressed in  non-dimensional units. In  the actual flow, 

however, the vortex hand is of finite and varying width ; the radius of 

curvature also changes w ith  the distance behind the plate. I t  is  necessary, 

therefore, to  determine the shape of the vortex band at some distance behind  

the edge to  see whether the vortex strength can be estim ated w ith  reasonable 

accuracy from the relation K  =  (V12 — V 22)/2V 02. The vortex band was, 

therefore, located for some distance behind the plate at a  =  90°, by  explora

tions of velocity. These results are plotted in  fig. 8. D ata  taken  from this  

figure are tabulated in  Table V II.
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Table V II.— a =  90°.

Distance behind plate (x/b): 0 0-033 0-084 0-168

(y/b) co-ordinate of point of maximum velocity,
0-505 0-570 0-630 0-695

1

(yjb) co-ordinate of point of minimum velocity,
— 0-535 0-570 0-613

2

Ratio of width of vortex band to the breadth of 
the p la te ........................................................... — 0-035 0-060 0-082

Value of (Vj/V,,) ................................................ 1-50 1-49 1-47 1-42

Value of (V2/V0) ................................................ — 0-14 0-17 0-18

Value of (Vi2 -  V a*)/2V#2 ................................. I l l 1-10 1-07 0-99

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

4
 A

u
g
u
st

 2
0
2
2
 



186

T h e o p en in g -o u t of th e  v o r te x  b a n d  w ith  in c rea s in g  d is ta n c e  b e h in d  th e  p la te  

is clea rly  show n  in  fig. 8. T h is  figure to g e th e r  w ith  th e  re s u lts  in  T ab le  V II  

show  t h a t  th e  w id th  of th e  v o r te x  b a n d , a l th o u g h  in c re a s in g  w ith  th e  d is tan ce  

d o w n stream , is sm all com pa red  w ith  th e  ra d iu s  of c u rv a tu re  of th e  c e n tre  line 

of th e  b and , an d  also  t h a t  th e  velo c ities  a long  b o th  th e  o u te r  a n d  in n e r  b o u n d a r ie s  

a re  u n ifo rm , w ith in  th e  accu racy  of m e a su re m e n t, fo r som e d is tan ce  b e h in d  th e  

p la te . I t  is co n c lu d ed , th e re fo re , t h a t  th e  v a lu e  of ( V /  — V 22)/2 V 02 m ea su re d  

close b e h in d  th e  p la te  g ives a  re a so n ab ly  a c c u ra te  a p p ro x im a tio n  to  th e  s tre n g th  

of th e  v o r t ic i ty  leav ing  th e  edge in  u n i t  tim e .

T h e e s tim a te d  va lu e s  of (K /V 02) a re  g iv e n  in  co lu m n s  (j) a n d  (k) of T ab le  V I. 

T hese re su lts  show  t h a t  on ly  a  s lig h t d im in u tio n  in  th e  s tre n g th  of th e  v o r tic ity  

leav in g  each  edge accom pan ies  th e  c o n s id e rab le  d ec rea se  in  a  fro m  90° to  30° ; 

also t h a t  th e  v o r t ic ity  is sh ed  fro m  th e  tw o  ed g es  of th e  p la te  a t  th e  sam e 

ra te .

A. F age and F. C. Johansen.

§ 7. Magnitude of the Velocity Fluctuations behind the Plate.

(7.1.) T h e  e x p e rim e n ts  now  to  b e  d e sc rib e d  w ere m ad e  to  m ea su re  a t  sev e ra l 

ang les of inc iden ce , th e  m e an  sp eed  a n d  also  th e  m a g n itu d e  of th e  v e lo c ity  

flu c tu a tio n s , a t  som e d is ta n ce  b e h in d  th e  p la te . T h e  p u rp o se  in  v iew  was th e  

d e te rm in a tio n  of th e  av e rag e  s tre n g th  of th e  in d iv id u a l v o r tic e s  p a ss in g  d o w n 

s tream  (see § 8). T h e  re su lts  th e m se lv e s  also  b r in g  to  n o tic e  som e g en era l 

ch a ra c te ris tic s  of th e  flow.

T h e m e a su re m e n t of m e an  v e lo c ity  w as  m ad e  b y  th e  m e th o d  d e sc rib e d  in 

§6 .1 . T o m ea su re  th e  am p litu d e  of th e  f lu c tu a tio n s , th e  m e an  p o te n tia l 

d ifference b e tw e e n  th e  e n d s  of th e  h o t  w ire  w as  b a la n c ed  on  th e  p o te n tio m e te r , 

and  th e n  th e  c u r re n t  f lu c tu a tio n s  in  th e  c irc u it  w ere p a sse d  d ire c tly  th ro u g h  

th e  E in th o v e n  g a lv an om e te r  (fig. 5) a n d  a  re c o rd  of th e  m o tio n  of th e  

s tr in g  ta k e n .

To o b ta in  a  d ire c t c a lib ra tio n  of th e  s tr in g , th e  h o t  w ire  w as m o u n ted  in  th e  

em p ty  tu n n e l, an d  th e  w in d  sp eed  a d ju s te d  u n ti l  i t s  v a lu e  (as in d ic a te d  on  th e  

p o te n tio m e te r)  w as th e  sam e as  t h a t  of th e  m ean  sp eed  o b ta in in g  w hen  th e  

reco rd s  of th e  v e lo c ity  f lu c tu a tio n s  w ere  ta k e n . T h e  E in th o v e n  g a lv anom e te r  

was th e n  sw itched  in to  th e  h o t-w ire  c irc u it,  a n d  re c o rd s  ta k e n  of th e  d isp la ce

m e n t of th e  s tr in g  as  th e  tu n n e l  sp eed  w as v a r ie d .

(7.2.) O b se rva tion s  of th e  m e an  sp eed  a n d  reco rd s  of th e  v e lo c ity  flu c tu a tio n s  

w ere ta k e n  b o th  w ith in  a n d  ou ts id e  th e  v o r te x  s t r e e t  a t  som e d is tan ce  b eh in d  

th e  p la te . T he d is tan ce s  w ere 56, 106 a n d  206 a t  a  =  90°, a n d  86 a t  a  =  70° 

and  a  =  40°. T h e m ea su re m e n ts  w ere m ad e  a t  a  low  w ind  speed  (ab ou t 10
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fee t per second), to  m in im ise errors of m easurem ent due to  any lag in  the  

response of th e  h o t w ire to  th e  v e lo c ity  fluctuations. A  com parison of results  

taken  a t  speeds below  and above 10 feet per second show ed th a t if there is  an  

error due to  lag, it  is sm aller th an  th e  usual irregularities in  th e  v e loc ity  fluctua

tion s a t a con stant va lu e of V 0 ; in  fact, th e  records show ed— except a t som e  

distance outside th e  lim its o f th e  vortex  street— th at, a t any poin t in  th e  field, 

there were large variations w ith  tim e, in  th e  values of both  th e  m axim um  and  

m inim um  velocities. The average m agnitude of th e  ve loc ity  fluctuations w as  

estim ated , therefore, from  th e  average d isp lacem ent b etw een  a large num ber of 

crests and troughs. I t  w as also found, from  an analysis of a num ber of records, 

th a t  th e  difference betw een  th e  average m axim um  v eloc ity  and th e  m ean  

v e lo c ity  w as about 45 per cent, of th e  average difference b etw een  th e  m axim um  

and  m in im um  velocities. The m axim um  v e lo c ity  has therefore been taken  as 

th e  sum  of th e  m ean  v e lo c ity  (as m easured on th e  potentiom eter) and 45 per 

cent, of th e  average difference b etw een  th e  m axim um  and m inim um  velocities  

(obtain ed  from  th e  E in th oven  rec o rd s); and th e  m inim um  v eloc ity  as th e  m ean  

v e lo c ity  less 55 per cen t, of th is  average difference. The m axim um  and  

m inim um  velocities could  h ave been determ ined d irectly , w ith  th e  E in th oven  

galvanom eter, b u t th e  reason th is w as n ot done w as because, as w ill appear 

la ter, i t  w as th e  differences betw een  th ese  values, n o t their actual m agnitudes, 

th a t  were needed in  th e  determ ination  of th e  strength  of th e  ind iv idual vortices.

(7 .3 .) T he resu lts of th ese  experim ents are g iven  in  figs. 10 and 11. A t  

a  =  90°, and for all practical purposes a t a  =  70°, th e  v e loc ity  curves were found  

to  be sym m etrical about th e  centre line of th e  w ake ( — 0), so th a t on ly  th e  

curves for th e  positive  values of y  are g iven . This w as n ot 

so th a t  curves have been draw n for both  p ositive and n egative valu es of y. 

T he poin ts on each  curve of m axim um  and m inim um  veloc ity  represent m ean  

values tak en  from  tw o or m ore records.

I t  w ill be observed th a t each set of curves in  figs. 10 and 11 exh ib it sim ilar 

characteristics^ On passing through th e  w ake from  th e outside, th e  m ean  

ve lo c ity  drops slow ly  a t first and th en  m ore rapid ly  u ntil a m inim um  value is  

reached a t  th e  centre of th e  wake. E ach curve of m axim um  veloc ity  rises to  

a pronounced peak w hich , as w ill be show n later, is probably th e outer boundary  

of th e  vortex  street, and th en  falls as th e  centre of th e w ake is approached. The 

difference betw een th e  m axim um  and m inim um  velocities is  sm all a t som e 

distance ou tside th e w ake b u t rapid ly  increases as th e  vortex  street is approached . 

A t th e  centre of th e  wake th e  ve loc ity  fluctuations are large, especially  near th e  

plate (see ex. — 90°, x —  56).
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188 A. F age and F. C. Johansen.

----------- x—  Maximum Vrlocifcy.

------------  —  M ea n  Velocity,

---------- +—  Minimum V e lo c ity .

5-0, V0 b -  8-4

d -- 90°, -r~Z0-0, \I0b

Fi g . 10.

§ 8. Vortidty in Wake.

(8.1.) I t  can  eas ily  be show n  t h a t  th e  am p litu d e  of th e  v e lo c ity  flu c tu a tio n s  

0  max. ^ min.) a t  a  p o in t s i tu a te d  o u ts id e  a n d  a t  a  d is tan ce  y fro m  th e  ce n tre  

of a v o r te x  s tre e t of in fin ite  le n g th  is e q u a l to

K

a

1_______

s in h  g? ( y ~ A/ 2 >
+

_______ 1_______

s i„ h  2J l f e t * . ;2_>
a a
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Of =70* 8-0, V0 5 * 5  0

C en tre of  Wa^Ke y* o  approx

a * 4 0 ° ,  £  = 8 0 ,  V£2>*5-0

Fig . 11.

where k is the strength of each individual vortex, and “ a ” and “ h ” are th e  

longitudinal and lateral spacings respectively  of the vortices. I t  follows then  

th at when the values of “ a ” and “ h ” are known, th e strength of the individual 

vortices can he determined from m easurem ents of the am plitude of the velocity  

fluctuations outside the wake. Further, the outstanding advantage of th is  

m ethod of estim ation is th at the values of (Vmax. — Vmin.) can be measured at
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som e d is tan ce  o u ts id e  th e  v o r te x  s t r e e t  in  a  re g io n  w here th e  f lu c tu a tio n s  a re  

c o m p a ra tiv e ly  s teady . T his  m e th o d  of e s t im a tin g  th e  s t r e n g th  of a n  in d iv id u a l 

v o r te x  w ill now  be d escrib ed .

(8.2.) F u r th e r  c o n s id e ra tio n  is n e e d e d  b efo re  th e  a b o v e  fo rm u la  c an  be app lie d  

to  th e  flow in  th e  w in d  tu n n e l. I t  is n e c e ssa ry  to  e x am in e  th e  d ifferences w h ich  

e x is t b e tw ee n  th e  a c tu a l  flow  a n d  t h a t  p o s tu la te d  in  th e  th e o re tic a l reg im e. 

An o u ts ta n d in g  d ifference  is t h a t  th e  v o r t ic i ty  p a ss in g  d o w n s tre am  is n o t  co n 

c e n tra te d  in  sm a ll w ell-defin ed  cores, su ch  a s  is a ssu m e d  in  th e  K a rm a n  th e o ry , 

b u t  is sp read  over a  fa ir ly  la rg e  a rea . T h is  is c lea r ly  sh o w n  in  th e  p h o to g ra p h  

of fig. 1 (P la te  6). T he  sy m b o l “  h ”  now  re p re s e n ts  th e  la te ra l  sp ac ing  of th e  

cen tres  of th e  v o r t ic i ty  a rea s , a n d  i ts  v a lu e  c an  be  d e te rm in e d  o n ly  w h e n  th e  

la te ra l e x te n t  of th e  v o r t ic i ty  is k n o w n . I f  th e  v o r t ic i ty  is  c o n c e n tra te d  in  

c irc u la r  a rea s  of d iam e te r  d, th e  p o in ts  of m a x im u m  v e lo c ity  in  th e  field  w ill be 

w here th e  lines y — ±  {h -f- d)/2 to u c h  th e  c i

m in im u m  v e lo c ity  w h ere  th e  lines  y =  ̂ ( h  — 2 to

la te ra l d iam e te rs . T h e  d iam e te r  of th e  v o r t ic i ty  a re a  c an  th e re fo re  b e  re g a rd e d  

as th e  la te ra l d is tan ce  b e tw e e n  p o in ts  of m a x im u m  a n d  m in im u m  v e lo c ity , an d  

th e  va lu e  of “  h” a s  tw ic e  th e  m e an  d is ta n c e  of th e se  p o in ts  fro m  th e  c e n

line  of th e  s tre e t.

(8.3.) A n ap p ro x im a tio n  to  th e  v a lu e  of “ h ”  c a n  th u s  be o b ta in e d  fro m  cu rv es , 

such  as  th o se  in  figs. 10 a n d  11, w hich  g iv e  th e  “  ”  co -o rd in a te s  of th e  p o in ts

in  th e  field w here th e  v e lo c ity  h a s  m a x im u m  a n d  m in im u m  v a lu es . T h e  

app ro p ria te , cu rv es  in  each  of th e se  figu res  show  th a t ,  in  each  case, th e  p o s itio n  

of m ax im u m  v e lo c ity  (m a rk e d  M) is q u ite  p ro n o u n c e d . T h e  p o s itio n  of th e  

o u te r  b o u n d a rie s  of th e  v o r te x  s tre e t  is th e re fo re  w ell-defin ed . T h e  p o s itio n  

of th e  in n e r b o u n d a r ie s  is n o t  so c lea rly  d efin ed . T h e y  a re  p ro b a b ly  s i tu a te d  

n ea r  th e  cen tre  of th e  w ake  a t  y — 0, sin ce th e  v e lo c ity  is

reg ion . T he d iam e te r  of a  v o r te x  core is th e re fo re  q u ite  la rg e  a n d  a p p ro x i

m a te ly  eq ua l to  th e  la te ra l  spac in g  b e tw e e n  th e  v o r te x  row s. T h is  conclusion  

is su p p o rte d  b y  th e  p h o to g rap h  of th e  flow  in  fig. 1 (P la te  6). F u r th e r  ev id en ce  

w o rth y  of m e n tio n  was o b ta in ed  fro m  a  s tu d y  of a  la rg e  n u m b e r  of reco rd s, fro m  

w hich  i t  app ea re d  t h a t  th e  v e lo c ity  f lu c tu a tio n s  o v e r th e  reg io n  w ith in  th e  

e s tim a te d  o u te r  b o u n da rie s  of th e  v o r te x  s t r e e t  w ere  m u c h  m o re  irre g u la r  in  

b o th  freq u en cy  an d  am p litu d e , th a n  th o se  ta k e n  o u ts id e .

T he  va lu es  of “ In e s tim a te d  fro m  th e  c u rv es  of figs. 10 a n d  11 a re  g

T ab le  V I I I .  In c lu d e d  in  th e  ta b le  a re  th e  th e o re tic a l v a lu es  o b ta in e d  w h en  th e  

ex p e rim en ta l va lu es  of “ a ” a re  s u b s t i tu te d  in  K a r m a n ’s s ta b i l i ty  re la tio n  

h =  0 *281o. T h e  w in d -tu n n e l va lu es  of (h/b) a t  a  =  90° in d ic a te  a n  app rec iab le

A. Fage and F. C. Johansen.
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opening-out of th e wake w ith  increasing distance from th e plate. A direct 

com parison shows th a t, a t each angle of incidence, th e w ind-tunnel va lu e of 

“ h ” is greater— except a t a  =  90°, x/b =  5— th an  th a t estim ated  b y  the  

K arm dn theory. This m ay  be partly  due to  th e im possib ility  of ascertaining  

from  th e curves of figs. 10 and 11, any extension  of th e vortices beyond th e centre  

line (y =  0). A t th e sam e tim e there appears to  be definite evidence th a t the  

vortices do n ot flow dow nstream  in  parallel rows.

F low  o f  A ir  behind an  Inclined F la t P la te  o f  Infin ite Span. 191

Table V III .

a° (x/b)

W ind-tunnel. Karm&n.

(h/b) (y/b) co-ordinate of point 
in  outer boundary.

(a/6) (h/b)

90 5 1-30 1-3
10 2 0 2 0 y  5 -25 1-48
20 2-75 2*75 J

70 8 1-9 1-9 4-8 5 1-36

40 8 1*3 1-3 3-55 1 -0 0

(8.4.) A nother poin t w hich needs investigation  is th e ex ten t to  which the formula  

given  in § 8.1, w hich has been derived on the assum ption th a t the length  of th e  

vortex  street is infinite, is applicable to  th e street in  th e w ind-tunnel where the  

length  is fin ite. To do th is a form ula w as obtained which gave the m agnitude  

of th e ve locity  fluctuations for th e  actual number and spacing of the vortices  

in  th e  tunnel, when th e plate w as a t 90°. The number of individual vortices  

taken  in  each row w as 5, since th e  d istance betw een the plate and th e after  

end of th e tunnel was about 5 -4a a t a =  90°. The form ula used  was a simple 

sum m ation series and is not included in  th e  paper because of its  cumbersom e 

nature. The vortex  strength estim ated  b y  th is formula is com pared w ith  th a t  

calculated  for an infinite street, havin g th e sam e longitudinal and lateral spacing  

of vortices, in  Table IX . The tw o m ethods give results w hich are in  close 

agreem ent (w ith in 4 per cent.). The agreem ent will, of course, become closer 

as th e angle of incidence decreases and th e value of “ becom es smaller. 

Since only  an approxim ate value of th e vortex  strength is needed it  was con

sidered th a t it  w ould be sufficiently accurate to  use, in  all cases, the simpler 

form ula, i.e., th a t for the infinite street.

(8.5.) The effect of the tunnel walls on the value of (VmaXt — VmjU.) was
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investigated  and found to  be negligible. This result is to  be expected since 

th e lateral spacing betw een th e vortex  rows is sm all com pared w ith  the w idth  

of the tunnel, so th a t the rows of positive and negative vortic ity  in  each image 

neutralise each other in  so far as their effect a t a distance is concerned.

(8.6.) E stim ations of the average strength  of the individual vortices at some 

distance behind th e p late (about 96), w hen a =  90°, 70° and 40° are given  in  

Table IX . To show th e effect on (/c/V06) of a change in  the value of “ 6 ,” tw o  

series of results are given. In  the first, the K arm an values of “ h ” have been  

taken, and in  th e  second, the w ind-tunnel values. In  all cases, the calculations 

were m ade for tw o values of (Vmax. — Vmm.) m easured in  the com paratively  

steady region outside th e vortex  street. The values of the vortex  strength  

are expressed in  non-dim ensional units b y  divid ing b y  the product (V06).

The results g iven  in  Table I X  show t h a t :—

(а ) A t a  — 90°, the value of (k /Y06) calculated for the infinite and finite 

streets are in  close agreem ent.

(б ) A t a =  90° and a =  70° th e values of (k /V06) calculated  for the tw o  

values of (Vmax. — Vmin.)/V 0 at th e sam e value of (h/b) are in  close agreem ent. 

This is, however, not th e case a t a  =  40°.

(c) A t th e sam e incidence, and for the sam e values of (Vmax. — V min )/V 0, 

th e  values of (#c/V06) are sm aller in  Series I I  (wind-tunnel) than  in  Series I 

(K arm an), (about 20 per cent.).

I t  m ay be concluded th a t th e above m ethod of calculation gives a reasonably  

good estim ate of the average strength of the individual vortices, even although  

som e uncertain ty probably arises from  the difficulty of estim ating th e exact 

value of “ h r  I t  is for th is reason th a t the calculations were m ade both for 

th e  K arm an and experim ental values of “ h.”

(8.7.) The m ost interesting results in  Table I X  are those w hich give the values 

of (k/IK), th a t is, the ratio of th e rate at w hich vortic ity  is carried dow nstream

in  th e form of well-defined vortices to  th e rate a t which it  is generated at the  

edge of the plate. There appears to  be no system atic variation of K) w ith  

a, so th a t for the purpose of discussion it  is sufficient to  take the m ean values 

in  each colum n. These are 0*70 (Series I) and 0*55 (Series II). I t  follows, 

then , th a t not all the vortic ity  which leaves the edge travels downstream  in  the  

form of individual vortices. Of the remainder, undoubted ly a part is dissipated  

im m ediately behind the plate, by  a m ixture of the positive and negative  

vortic ity  from th e tw o edges, and th e rest possibly passes downstream as 

“ unattached ” vortices, which are too sm all to  affect appreciably the measured 

velocity  fluctuations outside the wake. I t  has also to  be borne in mind, that
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194

ev en  th e  la rge v o rtices  th e m se lv es  te n d  to  b re a k  u p  a n d  lose th e ir  in d iv id u a lity , 

as  th e  d is tan ce  b eh in d  th e  p la te  in c reases . T h is  is c lea rly  sh o w n  b y  th e  

v e lo c ity  reco rd s  (N os. 3 to  8) g iv en  in  fig. 6 (P la te  7) a n d  th e  p h o to g ra p h  of fig. 1 

(P la te  6). The g en era l conclusio n  t h a t  c an  be d raw n  is t h a t  a t  a  d is ta n ce  of 96 

(app ro x im a te ly ) b e h in d  th e  p la te  a b o u t 60 p e r  c e n t, of th e  v o r t ic i ty  leav ing  th e  

edge is pa ssin g  d o w n stream  in  th e  fo rm  of la rg e  v o rtic e s  h av in g  a  defin ite  

in d iv id u a lity  ; a n d  w h ils t no  p o s itiv e  ev id en ce  is av a ilab le , i t  is h ig h ly  p ro b ab le  

t h a t  an  app re c iab le  d is s ip a tio n  of v o r t ic i ty  occu rs  a t  th e  b a c k  of th e  p la te .

A. F age and F. C. Johansen.

§ 9. A Note on Kdrmdn’s Vortex The

(9.1.) K a rm a n  h a s  g iv en  a  fo rm u la  fo r th e  re s is tan c e  of a f la t p la te  m o v in g  

n o rm a l to  th e  s tream , in  te rm s  of th e  d im en s io n s  of th e  v o r te x  sy s te m  b e h in d  

th e  p la te . T his  fo rm u la , g iv e n  in  th e  sy m b o ls  of th e  p a p e r , is

hv =  0-2 81 a/b [2 -8 3  (1 -  V 3/V 0) -  1 -1 2  (1 -  V 3/V 0)2].

I f  th e  second  te rm  b e  n e g lec te d  th e  fo rm u la  re d u c e s  to  th e  a p p ro x im a te  fo rm  

&D =  0 -7 9 5  . a /6  (1 — V 3/V 0), o r =  0 -2 8 1  (k /V06) (see § 9.2). T h e  d ra g  is  

th e n  p ro p o rtio n a l to  th e  s t r e n g th  of th e  in d iv id u a l v o rtic e s .  A  c o m p a riso n  

b e tw een  th e  m e a su re d  v a lu e s  of d ra g  a n d  th o se  o b ta in e d  fro m  th e se  tw o  form ulae, 

w h en  th e  w in d -tu n n e l v a lu es  of (a/6) a n d  (V 3/V 0) a re  s u b s t i tu te d ,  is g iv e n  in  

T ab le  X .  A lth o u g h  th e  th e o ry  re la te s  to  a  p la te  a t  90° in c id en ce , a d d itio n a l 

c a lcu la tio n s  h a v e  b e e n  m a d e  fo r v a lu e s  of a  below  90° ; th is  a p p e a rs  to  be 

le g itim a te  since ea rlie r  w o rk  (§§ 4.7 a n d  5 .2) h a s  sh o w n  t h a t  th e  flow  p a t te r n  

a t  som e d is ta n c e  b e h in d  th e  in c lin ed  p la te  c lo se ly  resem b les  t h a t  b e h in d  a  

p la te  of w id th  (6 s in  a) m o u n te d  n o rm a l to  th e  w in d .

T ab le  X .

a°

W in d -tu n n el. kD.

Col. B  

Col. A

Col. C 

Col. A
(a /6 ) (V 3/V 0)

^D.

(A )

K  arm a n 5 s 

form u la .

(B )

K a r m a n ’s
ap p rox .
form u la .

(C)

90 5 -2 5 0 -7 6 5 1 -0 6 5 0 -8 9 5 0 -9 8 0 0 -8 4 0 -9 2
70 4 -8 5 0 -7 5 5 0 -9 7 5 0 -8 5 5 0 -9 4 5 0 -8 8 0 -9 7
60 4 -4 4 0 -7 6 0 0 -8 5 0 0 -7 7 0 0 -8 5 0 0 -9 1 1 -0 0
50 4 -0 8 0 -7 9 0 0 -6 9 0 0 -6 2 5 0 -6 8 0 0 -9 1 0 -9 9
40 3 -5 5 0 -8 1 5 0 -5 0 5 0 -4 8 5 0 -5 2 0 0 -9 6 1 -0 3
30 2 -7 6 0 -8 4 0 0 -3 2 5 0 -3 3 5 0 -3 5 0 1 -0 3 1 -08
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The last tw o colum ns of Table X  show th a t fair agreem ent exists betw een the  

w ind-tunnel and the K a r m a n  values of &D ; but a closer agreem ent is obtained  

when the approxim ate form ula is used.

(9.2.) Another theoretical relationship  given  b y  K arm an is :—

(K/V 0b) — 2a / 2 (a/6) (1 — V3/V0).

Table X I  gives the K a r m a n  values of (k /Y06) when the experim ental values  

of (a/6) and (V3/V 0) are substitu ted  in  th is form ula, and also th e w ind-tunnel 

values.

Table X I.

a 0

W in d -tu n n e l. K a r m a n .

(a /6 ) ( V 3 / V 0 ) (* /V 06) (* /V 06)

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

70 4 - 8 5 0 - 7 5 5 4 0 3 - 3 5

4 0 3 - 5 5 0(*815 2 - 1 1 - 8 5

The agreem ent betw een the w ind-tunnel {xjb =  9*0 approx.) and the K arm an  

values of (/c/V06) is reasonably close. I t  has already been shown in  Table ̂ VIII 

th at, in general, th e w ind-tunnel valu es of “ ” are higher than  those of theory.

(9.3.) I t  should be recorded th a t the K arm an values of (a/6) and ( /6 /V 0) 

m easured in  water, w ith  th e p late norm al to  the general stream , are in close 

agreem ent w ith  those m easured in  the present experim ents. The actual values  

are 5 -5 0  and 0 -145  (K&rm&n), and 5 -2 5  and 0 -146  (N .P .L .).

§ 10. Summary.

The periodic flow behind an in fin itely  long flat p late inclined in  an air stream  

is exam ined  by m eans of a heated h ot wire used in  conjunction w ith  an E in thoven  

galvanom eter.

The vortices generated a t each edge pass downstream  w ith  a frequency which  

increases as the inclination of the p late decreases. The frequency is propor^ 

tional to  the wind speed, a t a constant inclination.

The longitudinal spacing of th e vortices decreases as the inclination of th e  

plate decreases. The vortices pass downstream  at a speed which increases as 

the inclination decreases.

V orticity is shed from the tw o edges of the plate a t the same rate. This rate 

falls slow ly as the inclination is decreased from 90°.
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1 9 6  Flow o f A ir behind an Inclined Plate o f Infinite Span.

T h ere is a  la te ra l o p en in g -o u t of th e  v o r te x  s t r e e t  w ith  th e  p assag e d o w n 

s tream .

O nly  a  p a r t  of th e  v o r tic ity  le av in g  th e  p la te  tr a v e ls  d o w n s tre a m  in  th e  fo rm  

of v o rtices  h a v in g  a defin ite  in d iv id u a lity .

K a rm a n ’s fo rm u la  fo r th e  re s is ta n c e  of a  f la t  p la te ,  g iv e n  in  te rm s  of th e  

d im ensions of th e  v o r te x  sy s te m  b e h in d  th e  p la te , g ives  re su lts  in  fa ir  ag re e 

m e n t w ith  th o se  m e a su re d  d ire c tly .  T h e  K irc h h o ff-E a y le ig h  th e o ry  c o n 

s id e rab ly  u n d e re s tim a te s  th e  force a c tin g  o n  th e  p la te .

I n  con clusion , th e  w rite rs  d es ire  to  ack n o w le d g e  th e ir  g re a t  in d e b te d n e ss  to  

D r. H . L a m b , F .R .S ., fo r v a lu a b le  c r itic ism s  a n d  su g g es tio n s  m a d e  d u r in g  th e  

p re p a ra tio n  of th e  p a p e r, a n d  also  to  D r .  S. B . Y o u n g  a n d  M r. S. W a rd , of 

th e  A d m ira lty  R e se a rc h  L a b o ra to ry  (T e d d in g to n ) , fo r th e  lo a n  of th e  E in th o v e n  

g a lv an o m ete r .

[Added, August 1 6 ,1 9 2 7 .— Since th e  p a p e r  w as c o m m u n ic a te d , M r. H . G la u e rt, 

o f th e  R o y a l A irc ra f t E s ta b lis h m e n t, h a s  p o in te d  o u t  t h a t  th e  w in d -tu n n e l 

v alu es  of Ay g iv en  in  T ab le  X  sh o u ld  be c o rre c te d  fo r  th e  in te rfe re n c e  of th e  

w in d -tu n n e l, b ecau se  th e y  a re  c o m p a re d  w ith  K a r m a n  v a lu e s  of kT) fo r a  p la te  

in  a  free s tre a m .  H e h a s  also  sh o w n  fro m  th e o re tic a l c o n s id e ra tio n s  t h a t  th e  

tu n n e l effect m a y  be im p o r ta n t  w h en  th e  p la te  is n o rm a l to  th e  s tre a m .  T o  

d e te rm in e  th e  m a g n itu d e  of th is  effect fo r  th e  6 -in ch  p la te  u sed  in  th e  ab o v e  

ex p erim en ts , a d d itio n a l e x p e r im e n ts  h a v e  b een  m a d e , in  th e  m a n n e r  d escrib ed  

in  § (3 .2), to  m e a su re  th e  d ra g  of f la t  p la te s , of b re a d th s  2, 4 a n d  8 inches 

resp ec tiv ely , se t n o rm a l to  th e  a ir  s tre a m  in  a  7 -foo t tu n n e l .  F ro m  th e se  

m e asu re m en ts , a n d  t h a t  p re v io u s ly  o b ta in e d  fo r  th e  6 -in ch  p la te , a n  a p p ro x i

m a te  v a lu e  of th e  d ra g  coefficien t (k f)for a  n o rm a l 

h as  been  o b ta in e d .  T h e  re s u lts  a re  g iv e n  below , a n d  sh ow  t h a t  th e  o b served  

d ra g  coefficient (&D) of 1-0 65  (6 -in ch  p la te )  w o u ld  be re d u c e d  to  0 -9 2  a p p ro x i

m a te ly  in  th e  ab sen ce  of th e  c o n s tra in t  of th e  tu n n e l  w alls. I t  w as also  e s ti

m a te d  t h a t  th e  p ro b a b le  re d u c tio n  in  7't) fo r th e  p la te  a t  a  =  30° w o u ld  be 

8 p e r  cen t. T he w in d -tu n n e l v a lu e s  of in  T ab le  X  sh o u ld  th e re fo re  be 

red u ced  b y  a m o u n ts  v a ry in g  f ro m  1 3 -5  p e r  cen t, a t  a  =  90° to  8 p e r  cen t, a t  

a  =  30°. T hese co rrec tio n s b rin g  th e  e x p e r im e n ta l re su lts  in to  m u c h  closer 

ag reem en t w ith  th e  K a rm a n  v a lu es  of g iv en  in  co lu m n  B , a n d  th e  g en era l 

ag ree m en t w ith  th e o ry  is s a tis fa c to ry .
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Photosynthesis o f  N a tu ra lly  Occurring Compounds. 197

B read th  o f P la te  in  in ch es .
/B r e a d th  o f T u n n e l\ D ra g  C oefficient.*

kjy.\  B rea d th  o f P la te  /

8 1 0 -5 1 0 7 2

6 14 0 1 0 6 5

4 21 0 1 0 2 5
2 42  0 0 -9 6 4

— X ’ 0 -9 2 0
(es tim a ted )

* T h ese va lu es w ere o b ta in e d  b y  d iv id in g  th e  m easu red  drag p er u n it  le n g th  o f th e  p la te  b y  

(pbV02), w here V 0 is  th e  v e lo c ity  o f th e  u n d istu rb ed  w in d .

I t  w ill be apparent from  th e -context th a t th e com parison of

______ V 12 (wind-tunnel)______  w ith  ______  (w n̂^'^unne )̂_______

V 02 (K irehhoff-R ayleigh Theory) (K irchhoff-Rayleigh Theory)

referred to  a t th e  end of § (3.5) still stands, and th a t th e experim ental values  

of should not be corrected for th e constraint of th e tunnel.]

The Photosynthesis o f  N a tu ra lly  Occur ring Compounds. I .— The 

Action o f  U ltra -V io le t on Carbonic A cid .

B y  E. C. C. Ba l y , F .R .S ., J . B . Da v i e s , M. R . Jo h n s o n , and  H . Sh a n a s s y ,

Liverpool U niversity .

(Received July 28, 1927.)

Introduction.

In  a preliminary paper one of us, in  conjunction w ith  Prof. H eilbron and  

Prof. Barker,* described som e observations on the action of u ltra-violet light 

on  pure aqueous solutions of carbonic acid. I t  was found th at traces of 

form aldehyde were present in  these solutions after insolation, provided that a 

stream  of th e gas were passed through th e w ater during the exposure to  the  

light. These results differed from those w hich had previously been recorded 

by Moore and Webster,]* who had stated  th a t the presence of a cata lyst such as 

colloidal ferric or uranium hydroxide w as necessary.

The observation by Moore and W ebster th at form aldehyde in  aqueous solution  

* ‘ Trans. Chem. Soc.,’ vo l. 119, p. 1025 (1921).

+ ‘ R oy . Soc. Proc.,’ B , vol. 87, p. 163 (1914), and vol. 90, p. 168 (1918).
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