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Ĉ . (Chapter IV)
' 2 ? t  

0

15
C X R dR d6 P itch ing  Moment C o effic ien t 

P



X X X

(Chapter IV)

(Chapter V)

(Chapter V)

m

E

X (Chapter IV)

P je t On "  P jet  Of f  
^00

Pressure C o effic ien t

" 1
7T

" I
7T

2n
Cp R iR dG Suction Force C o effic ien t

3ttA 5
C R dR dS Suction Force C o effic ien t

K (Chapter V)

CD

%  
2naVoo

V

Sink Entrainraent Parameter

Source Outflow or Blockage Parameter

which s im p lif ie s  to  (Section  A«1)

VOQ

^0 " 
%E "

V elocity  R atio

T o ta l Pressure C o effic ien t used to  

determine the T o ta l Pressure Decay along 

th e  J e t  C en tre line

2n f1 5

0 J R. P
C X R dR dO

Centre of Pressure
2/t r i5

C R dR dO
0 J R̂  P

Ac (Section  5.6)



XX

Summary»

Wind tunnel experiments were conducted to  determ ine the complete 

lo n g itu d in a l in te rfe re n c e  c h a ra c te r is t ic s  of a tu rb u le n t j e t  exhausting 

from a f l a t  p la te  in to  a tu rb u len t subsonic frees tream . The apparatus 

was designed so th a t  the  trends from system atic v a r ia tio n s  in  one para­

meter, w hile the o thers remain fixed , could be e s ta b lish e d . The v a riab le  

param eters were j e t  in c lin a tio n , the p la te  incidence and the  r a t io  of 

the j e t  e x it  v e lo c ity  to  the freestream  v e lo c ity  (the v e lo c ity  r a t io . )

The angles of j e t  in c lin a tio n , measured from the normal to  the 

p la te  su rface , varied  from 0 to  60 degrees downstream in  increm ents of 

15 degrees. The angle of incidence of th e  p la te  to  th e  freestream  

d ire c tio n  v aried  from 0 to  8 degrees in  increments of 2 degrees. The 

values of the v e lo c ity  r a t io  ranged from 4 to  12, values th a t  are  p e r t­

inen t to  th e  range of in te re s t  fo r  V/STüL a i r c r a f t  in  t r a n s i t io n a l  f l ig h t ,

The su rface  pressu re  d is tr ib u tio n  about the  j e t  and the j e t  t r a ­

je c to ry , defined as th e  locus of the  maximum t o t a l  p ressu re , were meas­

ured fo r  each co n fig u ra tio n . In ad d itio n , the surface  p ressure d i s t r ib ­

u tion  was in teg ra te d  num erically  to  provide a sui’face fo rce  d is t r ib u tio n  

about the  j e t ,  a suction  fo rce  c o e f f ic ie n t,  a p itch in g  moment c o e ff ic ­

ie n t  and th e  cen tre  of p ressu re . The re s u l ts  are  summarised by pre­

sen ting  th e  v a r ia tio n  of th e  suction  force c o e f f ic ie n t ,  cen tre  of p re ss -  

ure, p itch in g  moment c o e f f ic ie n t and j e t  t r a je c to ry  w ith the v e lo c ity  

r a t io  fo r a given j e t  in c lin a tio n  and p la te  inc idence. These curves 

can be c ro ssp lo tte d  to  provide the v a r ia tio n  of these  q u a n titie s  w ith  

the j e t  in c lin a tio n  or the  p la te  incidence as the independent v a r ia b le .

In ad d itio n , se lec ted  isobar p lo ts  are presented .

The ex ten t of the low pressure f ie ld  in  the l a t e r a l  and forward 

regions was reduced as the j e t  in c lin a tio n  in creased . The co n trib u tio n  

from th ese  reg ions to  the l i f t  lo ss  and the magnitude of the l i f t  lo ss
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decreased. The cen tre  of p ressure moved downstream accord ing ly . The 

j e t  p enetra ted  the  freestream  le s s  and was d e fle c ted  le s s  as th e  j e t  

in c lin a tio n  increased . These observations were a t t r ib u te d  to  a change 

in  th e  entrainm ent r a te  of the j e t .  The j e t  entrainraent r a te  decreased 

as the  j e t  in c lin a tio n  increased .

The changes in  the  surface  pressure d is t r ib u t io n  re s u l t in g  from

a change in  incidence of the  p la te  were d e ta ile d  ra th e r  then g ro ss .

The v a r ia tio n  of th e  l i f t  lo ss  w ith  incidence ex h ib ited  a maximum be- 
o o

tween 4 and 6 incidence. The change in  j e t  p e n e tra tio n  and d e f le c tio n  

was sm all. The cen tre  of p ressure appeared to  be independent of in c id ­

ence. A change in  incidence appeared to  cause an e f fe c tiv e  change in  

the  in c lin a tio n  of the  j e t .  The entrainment r a te  of the j e t  was only 

moderately a ffe c ted  by a change in  incidence.

The low p ressu res  spread to  the  l a t e r a l  and forward reg ion  as the  

v e lo c ity  ra t io - in c re a se d . The co n trib u tio n  of these  reg ions to  the 

l i f t  lo ss  increased  while th a t  from, the wake reg ion  decreased. The 

magnitude of the l i f t  lo ss  increased  as the  v e lo c ity  r a t io  increased» 

The cen tre  of p ressu re  moved upstream accordingly . Both the l i f t  lo ss  

and th e  cen tre  of p ressure showed a weak dependence on the  v e lo c ity  

r a t io  fo r la rg e  values of the v e lo c ity  r a t io .  The j e t  penetra ted  the 

freestream  more and su ffe red  a le s s  severe i n i t i a l  d e f le c tio n  as the  

v e lo c ity  r a t io  was in creased . These observations were a t t r ib u te d  to  

an increase  in  th e  entrainm ent r a te  of the j e t  as the  v e lo c ity  r a t io  

increased .

A two-dim ensional p o te n tia l  flow model was proposed to  p re d ic t 

the  surface  pressu re  d is tr ib u tio n , the surface fo rce  d is t r ib u t io n  and 

the suc tion  fo rce  c o e ff ic ie n t on the  f l a t  p la te  fo r  the normal j e t  a t  

aero incidence* The model su ccessfu lly  p red ic ted  the surface pressures 

and surface fo rces c lose to  rhe j e t  in the l a t e r a l  and forward reg ions,
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fo r  v e lo c ity  r a t io s  le s s  than 10* The agreement between the  p red ic ted  

and experim ental value of the suction  force c o e f f ic ie n t was p a r t ic u la r ly  

good fo r  v e lo c ity  r a t io s  le s s  than 10* The model was unable to  allow 

fo r the in creasin g  three-d im ensional e f fe c ts  at. high r a t io s .  The trends 

in  the v a r ia tio n  of the  model param eters w ith the v e lo c ity  r a t io  agreed 

w ell w ith th e  experim entally  observed trends of the p h y s ica l ch a rac te r­

i s t i c s  which they rep resen ted .
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Chanter 1.

In tro d u c tio n .

The flov; f ie ld s  produced by je t s  have been in v e s tig a te d  fo r  nearly  

a century* The m ajo rity  of th is  e a r l ie r  work cen tred  on j e t s  exhaust­

ing in to  a quiescent ex te rn a l medium. J e ts  exhausting in to  moving streams 

were r e s t r i c te d  to  p a r a l le l  flow s. Ilore re c e n tly  in te r e s t  in  the  flow 

crea ted  by je t s  issu in g  in to  a non p a r a l le l  freestream  has been gener­

a ted . This flow arrangement has sev era l sp e c ific  p ra c t ic a l  a p p lic a tio n s ;

1. The d ischarge and d isp e rs io n  of e fflu e n t e i th e r  in to  the atmos­

phere from chimneys or in to  r iv e rs  and oceans from waste d isp o sa l p ip es. 

This a p p lic a tio n  has re su lte d  from p o llu tio n  co n sid e ra tio n s .

2. In je c tio n  of cooling gases in to  c e r ta in  gas tu rb in e  engines.

3. R eaction co n tro l j e t s  in  m iss ile  guidance system or c e r ta in  types 

of a i r c r a f t .

4 . Flov; f ie ld s  produced by V/STOL a i r c r a f t  employing d ire c t  j e t  l i f t  

during the t r a n s i t io n  phase of f l i g h t .

This study is  p rim arily  aimed a t  the l a t t e r  app lica tion*  Such a i r ­

c r a f t  su ffe r  s ig n if ic a n t l i f t  lo sses  in  the t r a n s i t io n  to  forward f l i g h t ,  

from re q u irin g  a v e r t ic a l  component of t l i ru s t .  These l i f t  lo sses  a:re 

accompanied by adverse changes in  p itch in g  moments. These e f fe c ts  can 

be a t tr ib u te d  to  the  aerodynamic in te rfe ren ce  crea ted  by the  in te r ­

ac tio n  of the  l i f t i n g  j e t  and. th e  freestream . This work is  aimed a t  

improving the  understanding of th is  phenomenon.

1.1 L ite ra tu re  Review.

1.1.1 A irc ra f t Configura tio n  T e s ts .

References 1 to  10 rep resen t the te s t in g  th a t  has been conducted 

to  observe the e f fe c t  of the  aerodynamic in te rfe re n c e  of the j e t  and 

freestream  on sp e c if ic  a i r c r a f t  co n fig u ra tio n s , dross aerodynamic in te r ­

ference phenomena are  repo rted  but add l i e  t i e  to  th e  basic understanding
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of the problem. References 11 and 12 review th e  induced e f fe c ts  on the  

aerodynamics of j e t  V/STOL a i r c r a f t .  More fundamental in v e s tig a tio n a  

are  reviewed below and are  divided in to  surface  p ressu re  and je t, plume 

and s tru c tu re  in v e s tig a tio n s . D e ta ils  of th e  experim ental con figu ra tions 

are  given, in  which a l l  dimensions are  expressed in  j e t  r a d i i  where 

a p p ro p ria te .

1.1.2. Surface P ressu res .

The su rface  p ressure  d is tr ib u tio n  around a j e t  exhausting in to  a 

freestream  has been th e  su b jec t of sev era l in v e s tig a tio n s . Most in v es t­

ig a tio n s  were lim ited  to  the  normal c irc u la r  a i r  j e t  exhausting sub- 

so n ic a lly  in to  a subsonic frees tream . S im ilar conclusions were s ta te d : 

the  problem was symmetrical about the  p la te  c e n tre lin e  p a r a l le l  to  the 

freestream  d ire c tio n ; the  Reynolds Number (based on frees tream  v e lo c ity  

and j e t  s iz e )  e f fe c t  was d e ta ile d  but not g ross; the r a t io  of j e t  moment­

um flu x  to  freestream  f lu x , or th e  e f fe c tiv e  v e lo c ity  r a t io ,  was the  

dominant flow param eter; the  r e la t iv e  importance of e n tra inment increased  

as the  v e lo c ity  r a t io  increased ; the  increased  entrainm ent reduced the  

maximum p ressu re  and ex ten t of the  high pressu re  reg ion  immediately up­

stream of the j e t  and increased  the  ex ten t of the  l a t e r a l  reg ion  of low 

p ressu res ; the  p ressu re  recovery in  the wake became more rap id  and the 

minimum pressure  po in t moved upstream; th e  p itch ing  moment changed from 

nose up to  nose down as the  v e lo c ity  r a t io  increased .

Vogler ( re f  13) in v estig a ted  the  p ressures induced on a p la te  of 

dimensions 80x48 j e t  r a d i i  by a normal j e t  exhausting in to  a working 

sec tio n  of 168 x 240 j e t  r a d i i .  Pressures were recorded on the p la te  

w ith both i t s  longer side normal and p a r a l le l  to  th e  freestream  d ire c tio n , 

The p o s itio n  of the convergent nozzle e x it  producingthe j e t  was and 

24 j e t  r a d i i  behind the  leading  edge. The clearance between the  p la te  

and f lo o r  was 84 j e t  ra d ii*  No d e ta i ls  were given of the  uniform ity  of
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the  e x it  p ro f i le s  or whether the  process was iso therm al or n o t. The 

v e lo c ity  r a t io  ranged from 1 to  3. The surface p ressu re  d is t r ib u t io n  

about a c y lin d r ic a l  rod of the same rad ius as the  j e t  e x i t  was compared 

to  th a t  about the j e t .  S im ila r ity  of the  upstream surface  p ressures 

w ith  la rg e  d iffe ren ces  downstream was ev iden t.

Bradbury and Wood ( re f  14) conducted a s e r ie s  of fundamental 

experiments to  determ ine the dominant param eters of th e  problem. Atten­

t io n  was confined to  the  normal c irc u la r  j e t  exhausting from a f l a t  

p la te .  The p la te ,  dimensions 144 x 168 j e t  r a d i i ,  was mounted above 

th e  f lo o r  boundary lay er in  a working sec tio n  276 x 2o4 j e t  r a d i i .  The 

j e t  e x i t  was a t about 60 j e t  r a d i i  from the  lead ing  edge. The p la te  

boundary lay e r was co n tro lled  by applying suc tion  to  a porous surface 

upstream of the  j e t .  No d e ta i ls  of the nozzle were given except th a t  

a pipe connected th e  nozzle e x it  to  the  p la te  surface . The v e lo c ity  

p ro f i le  could be expected to  have been not unlilce th a t  asso cia ted  w ith 

developed pipe flow . No tem perature measurements were provided to  as­

c e r ta in  whether the process was isotherm al or n o t. C om pressib ility  

co rrec tio n s  were app lied  to  the higher values of the v e lo c ity  r a t io  

which ranged from 2 to  12. The r e s u l ts  ind ica ted  th a t  the  e f fe c t  of 

the boundary lay er th ickness was measurable but was d e ta ile d  ra th e r  

than gross and, provided the  j e t  and p la te  boundary lay e r were tu rb u le n t, 

the Reynolds Number e f fe c t  would be sm all. An in te g ra te d  surface fo rce  

and suc tion  fo rce  c o e f f ic ie n t were defined . The su iface  fo rce  d i s t r ib u t ­

ion id e n tif ie d  th e  angular reg ion  providing the major c o n trib u tio n  to  

the suction  fo rce  c o e f f ic ie n t .  This region moved upstream as the  veloc­

i ty  r a t io  increased . The suc tion  force c o e f f ic ie n ts  were found to  be 

of the r ig h t  order of magnitude to  account fo r  the  l i f t  lo ss  measured 

on a d ire c t  j e t  L if t  VTOL a i r c r a f t  ( re f  4)* The su c tio n  fo rce  c o e ff ic ­

ie n t increased  w ith increasing  v e lo c ity  r a t io .  At higher values of the



v e lo c ity  r a t io ,  the dependence became weak although the cen tre  of p ress­

ure was changing. Bradbury and Wood id e n tif ie d  the momentum, f lu x  r a t io  

as being the dominant param eter.

Gelb and M artin ( re f  15) measured the surface pressure d is tr ib u tio n  

on a p la te , 56 x 68 j e t  r a d i i ,  mounted in  the tunnel c e ll in g  and in  the 

tunnel boundary lay er ana on a p la te , 48 x 48 j e t  r a d i i ,  mounted on the 

tunnel c e n tre lin e . The height of the p la te  surface from the f lo o r  was 

144 and 72 j e t  r a d i i  re sp e c tiv e ly . The sec tio n  width was I 44 j e t  r a d i i .  

The nozzle in  the c e ilin g  p la te  produced a normal j e t  w ith a uniform 

v e lo c ity  profile^ whereas a pipe extending from th is  nozzle to  the  cen tre ­

l in e  p la te  produced a j e t  w ith a v e lo c ity  p ro f i le  sLmilar to  th a t  pro­

duced by developed pipe flow . The range of v e lo c ity  r a t io  was from 3 

to  63 and no tem perature m onitoring was recorded. The surface pressures 

induced on the two p la te s  a t the  same v e lo c ity  r a t io ,  but d if fe r in g  fre e ­

stream  and j e t  v e lo c i t ie s ,  were s im ila r  w ith major d iffe ren ces  occurring 

only f a r  from the j e t  e x it  re s u l t in g  from a Reynolds Numoer e f fe c t .  

Impingement of the j e t  on the f lo o r  occurred a t  the  higher values of 

v e lo c ity  r a t io ,

Mosher ( re f  16,17,18) extended the in v e s tig a tio n  to  n o n -c ircu la r 

j e t s  in  an attem pt to  iso la te  the entrainm ent e f fe c t  and the so -ca lled  

blockage e f fe c t  of tne j e t  on the freestream . C onsiderations wore lim­

ite d  to  normal j e t s .  The j e t s  exhausted through a p la te  of dimensions 

48 X 66 j e t  ra d ii;  mounted 12 j e t  r a d i i  above the wind tunnel flo o r, in to  

a c irc u la r  sec tio n  108 j e t  r a d i i  diam eter. The j e t  was positioned  a t  

24 j e t  r a d i i  behind the leading edge. The turbulence fa c to r  of the 

freestream  was 1,04 and the j e t  e x it  t o t a l  pressure was uniform to  w ith­

in lyü across i t s  span. The e x it c one i t  ions were determined by assuming
p

an iso therm al process, however, the  j e t  tem perature s e tt le d  a t  160 F I 

The v e lo c ity  r a t io  ranged from 4 to  12. Mosher concluded tn a t the
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surface p ressu re  d is tr ib u tio n  induced vas a combined r e s u l t  of the 

blocking and en tra in in g  p ro p e rtie s  of the j e t  w ith  entrainm ent be­

coming more dominant as the v e lo c ity  r a t io  in c re a se d . This dominance 

brought about an a tten u a tio n  of l i f t  lo ss  and caused a r i s e  in  the low 

pressures in  the  wake reg ion .

F ricke , Wooler and Z iegler ( re f  19) extended the  in v e s tig a tio n  

to  include surface pressures induced by an in c lin ed  j e t  and m ultip le  

j e t s .  The e f fe c ts  of s id e s lip  were a lso  included. The s in g le  j e t  data 

was obtained by exhausting a j e t  through a c irc u la r  p la te ,  diam eter 96 

j e t  r a d i i  mounted above the  f lo o r  boundary lay e r , in to  a sec tio n  168 x 

240 j e t  r a d i i .  The j e t  e x it  was positioned  40 j e t  r a d i i  behind the 

leading edge. Because the co n trac tio n  r a t io  of the  c irc u la r  nozzle 

was 1,666 to  1, i t  would be expected th a t  the  v e lo c ity  p ro f i le  would 

resemble th a t  r e s u lt in g  from developed pipe flow . The angles of incliln- 

a tio n  varied  from 30̂ ’upstream to  30 degrees downstream in  increments 

of 15 degrees. The j e t  v e lo c ity  was sonic and no tem perature da ta  was 

provided. The surface  pressures were found to  decrease in  magnitude 

and s h i f t  downstream as the angle of in c lin a tio n  changed from an up­

stream to  downstream d ire c tio n . This Is the only da ta  fo r  the  surface 

p ressure d is tr ib u tio n  induced by an in c lin ed  j e t .  U nfortunately , the 

surface  p ressure contours were not given,
fj

Fearn and Neston (re f  20) in v estig a ted  the su rface  pressure  

d is tr ib u tio n  induced by a normal c irc u la r  j e t .  The j e t  exhausted from 

a p la te , 48 x 54 j e t  r a d i i  and mounted above the f lo o r ,  in to  a sec tio n  

87 X 130,5 j e t  r a d i i .  The nozzle was designed to  give a uniform veloc­

i ty  p ro f i le  and employed a 20,'1 co n trac tio n  r a t io ,  a pipe extended from 

the nozzle to  the  p la te  su rface . The e x it was 18 j e t  r a d i i  behind the 

leading edge. The range of v e lo c ity  r a t io  was from 2 to  10 and the j e t  

tem perature was ad justed  to  ensure an isotherm al process* I t  ŵ as observed
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th a t  a slower p ressu re  recovery in  the wake occurred a t  a v e lo c ity  r a t io  

of 4 than fo r th e  o ther values of v e lo c ity  r a t io  te s te d ,  Measurements 

of the  boundary lay e r in d ica ted  th a t  the lead ing  edge should be a t  le a s t  

16 to  20 j e t  r a d i i  upstream of the j e t  fo r  a s ta b le  boundary lay e r to  

e x is t  in  the reg ion  of in te r e s t .  A comprehensive comparison w ith  o ther 

works showed th a t  the agreement was g en era lly  good c lose  to  the  je t#

The d iffe ren ce  between the  p o s itio n  of low magnitude contours was found 

to  be two j e t  r a d i i  a t  most, but the  e rro r in creased  as Ic ^ l  decreased.

The lin k  between the  id e a lise d  in f in i te  f l a t  p la te  and the j e t  l i f t

model is  provided by the  two dim ensional wing w ith  exhausting j e t ,  Peake

( re f  21) measured the  p ressure d is tr ib u tio n  induced on a wing surface  by

a j e t  issu in g  normal to  the  frees tream . Non c ir c u la r  and c irc u la r  j e t s

were te s te d . The wind tunnel sec tio n  was 60 x 120 e f fe c tiv e  j e t  r a d i i  and

the  wing was positioned  60 j e t  r a d i i  from the f lo o r .  The j e t  exhausted

13,5 j e t  r a d i i  from the c irc u la r  leading edgE. The flow from the plenum

chamber passed through a bellmouth and a pipe to  the  j e t  o r i f ic e .  No

d e ta i ls  of the uniform ity  of the  e x it  p ro f i le  or whether the process

was iso therm al or not were given. The v e lo c ity  r a t io  ranged from 2 to  8o
/

Peake concluded th a t  the increase in  Reynolds Number (in c rease  in  j e t  

sca le  or freestream  v e lo c ity ) had a n eg lig ib le  e f f e c t .

Mikolowsky ( re f  22 ,23) conducted a s e r ie s  of experiments to  in v e s t­

ig a te  the  aerodynamic in te rfe re n c e  re su ltin g  from a j e t  issu in g  normal to  

the  chordal plane of a NACA 0021 wing in  crossflow . Measurements were 

made of the  surface  p ressure d is tr ib u tio n  and the  gross in te rfe re n c e  fo rce  

and moment c o e f f ic ie n ts  fo r  a v a r ia tio n  of j e t  e x i t  lo ca tio n , e x i t  areas 

and wing incidence* This is  the  only ex is tin g  d a ta  fo r  the e f fe c t  of 

incidence on the surface pressure  d is t r ib u t io n .  The c irc u la r  wind tunnel 

sec tio n  varied  from a diam eter of 72 to  144 j e t  r a d i i .  The wing chord 

varied  from 10 to  20 j e t  r a d i i  and the p o s itio n  of the j e t  from 2,5 to
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13 j e t  r a d i i  behind th e  lead ing  edge# The e x it  v e lo c ity  p ro f i le  waa 

uniform but no tem perature m onitoring was performed# The angle of in ­

cidence ranged from 0 to  9 degrees and the  v e lo c ity  r a t io  ranged from 

2 to  8# A comparison between th e  in te rfe re n c e  surface p ressu res  on the  

wing and f l a t  p la te  revealed  good q u a lit iv e  agreement a t  higher values, 

of the  v e lo c ity  r a t io  ( in  th a t  authors* opinion)#. The d is s im ila r i ty  

increased  as th e  v e lo c ity  r a t io  decreased because of th e  growth of an 

ex tensive high p ressu re  reg ion  upstream of the j e t  which had no counter­

p a r t on th e  f l a t  p la te .  This provided a n o ticeab le  l i f t  augmentation 

fo r  a v e lo c ity  r a t io  le s s  than 6. A tten tion  was a lso  drawn to  the 

d if f e re n t  flow f ie ld  c h a ra c te r is t ic s  a t  high and low v e lo c ity  ra tio s#

The p ressu re  recovery in  th e  wake was slower a t  a v e lo c ity  r a t io  of 6 

than fo r  th e  o ther cases#

1#1#3 Jet._Plume . and. S tru c tu re  ( f ig  1.1)

Niunerous experhnents to  determ ine the j e t  t r a je c tro y  and to  in v es t­

ig a te  the flow s tru c tu re  have been rep o rted . Some in v e s tig a tio n s  have

been concerned w ith  determ ining only the  j e t  path  but th e  d e f in it io n s
(

of the  j e t  centicLine have ranged from the  locus of the  maximum t o t a l  

p ressu re  in  the p lanes normal to  the freestream  d ire c tio n  to  a median 

drawn between th e  boundaries of th e  j e t  as observed from flow v is u a l is ­

a tio n  stud ies*  Other in v e s tig a tio n s  have been concerned w ith  a p a r t ic ­

u la r  experim entally  determined c h a ra c te r is t ic  to  enable the  evaluation  

of an em pirica l or a n a ly t ic a l  model. The v e lo c ity  r a t io  emerged as the  

dominant param eter determ ining the p o s itio n  of the j e t  path#

Jordinson ( re f  24) determined the path  and shape of the  plume w ith  

a s e r ie s  of t o t a l  p ressu re  tra v e rse s  downstream of th e  je t#  The stream  

in c lin a tio n  was a lso  measured# The c irc u la r  j e t  exhausted normally from 

a p la te , mounted above the f lo o r  boundary la y e r , in to  a sec tio n  120 x 24 

and 240 X 48 j e t  ra d ii*  The j e t  e x it  was 3 and ô j e t  r a d i i  behind the
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leading edge* No da ta  fo r the e x it p ro f ile  or tem perature of the j e t  

w-as provided. The v e lo c ity  r a t io  ranged from 4 to  8, The r e s u l ts  in ­

d ica ted  th a t  the c ro ss -sec tio n  was horse-shoe shaped away from the o r i ­

f ic e .  The p ressure d iffe ren ce  across the j e t  o r if ic e  was thought to  

be responsib le  fo r  the i n i t i a l  d e f le c tio n  of the j e t  bu t, w ithin  a few 

r a d i i  of t r a v e l  from the e x it ,  the  e f fe c t of entrainm ent was predominant. 

The f lo o r  boundary lay er might be expected to  considerab ly  in fluence 

the flow beneath the plume, Jordinson observed a reg ion , behind and 

below the  plume, w ith  a t o t a l  pressure lower than th a t  of the f re e -  

stream ; a i r  was being drawn up from the boundary lay e r in  th is  region,.

The stream  in c lin a tio n  ind icated  th a t  the flow had a component opposed 

to  the freestream  d ire c tio n  in  th is  reg ion . Entrainment, of the boundary 

layer immediately in  f ro n t of the j e t  was a lso  observed,

Gordier ( re f  25) in v estig a ted  the j e t  t r a je c to ry  and l a t e r a l  spread 

of a c irc u la r  water j e t  exhausting normally to  a water flow* The nozzles, 

co n s is tin g  of bellm ouths, were positioned  in  the f lo o r  28 j e t  r a d i i  from 

the working sec tio n  en trance. The je t s  exhausted in to  a sec tio n  48 x 

72 j e t  r a d i i .  The p en e tra tio n  and l a t e r a l  spread of the j e t  were meas­

ured from photographs of coloured water j e t s .  T o ta l pressure surveys 

were a lso  conducted to  determine the j e t  shape, a comparison of the 

r e s u l ts  w ith those of re f  24 (fo r a i r  je t s )  revealed  a v i r tu a l  indepen­

dence of Reynolds Number, Measurements of the p o te n tia l  core showed 

th a t  the core leng th  decreased w ith decreasing v e lo c ity  r a t io ,  Gordier 

observed th a t  the e x te rn a l f lu id  was en tra ined  only through the wake a t  

low v e lo c ity  r a t io ,  whereas, a t  high v e lo c ity  r a t io ^ f lu id  was en trained  

from a l l  s id e s . Entrainment from the wake of the j e t  proceeded in  a 

p erio d ic  manner, Gordier concluded th a t the p ressure  f ie ld  induced and 

the t r a je c to ry  were dependent on the v e lo c ity  r a t io ,

K effer, Baines, F la tte n  and F ra tre  ( re f  26 to  29) conducted a s e r ie s
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of experiments to determine the s tru c tu re  of the flow , A s e r ie s  of an­

a ly t ic a l  models were in troduced  to a id  the in te rp re ta t io n  of the r e s u l ts ,  

K effer and Baines ( re f  26) in v es tig a ted  the flow of a c irc u la r  j e t  d i r ­

ected  normal to  a uniform crosswind. The j e t  exhausted from a c irc u la r  

p la te , 52 j e t  r a d i i  diam eter, in to  a sec tion  246 x 496 j e t  r a d i i .  The 

p la te  was mounted I6 j e t  r a d i i  above the f lo o r  and the j e t  was positioned  

16 j e t  r a d i i  behind the leading edge. No d e ta i ls  were given of the j e t  

e x i t  p ro f i le  or tem perature. The v e lo c ity  r a t io  ranged from 4 to 6 .

Mean v e lo c ity  contours were obtained using a hotw ire anemometer, K effer 

and Baines observed th a t  the length  of the p o te n tia l  core increased  as 

the v e lo c ity  r a t io  in creased  but was always le s s  than th a t of the free  

j e t  and th a t  the a x ia l v e lo c ity  decayed more ra p id ly  than th a t of a fre e  

j e t ,

P ra tte  and Baines ( re f  27) in v estig a ted  the bulk p ro f i le  charac t­

e r i s t i c s  of the f a r  f ie ld  o r vortex  zone of the flow . O il aeroso l was 

in je c te d  in to  c irc u la r  j e t s  exhausting normally from a c irc u la r  p la te  

varying from 66 to 152 j e t  r a d i i  in  diam eter in to  a sec tio n  varying from 

530 X 260 to 1230 X 595 j e t  r a d i i .  The heigh t of the p la te  v aried  from 

44 to 102 j e t  r a d i i  and the p o s itio n  of the j e t  v a ried  from 35 to 76 j e t  

r a d i i  behind the lead ing  edge. The v e lo c ity  p ro f i le  was uniform and the 

process was iso therm al. The smoke j e t  was photographed and the j e t  

c en tre lin e  was assumed to be midway between the j e t  boundaries measured 

normal to the c e n tre lin e . The p o te n tia l core leng th  was found to be 

s trong ly  a ffe c te d  by the crossflow  and approached the f r e e je t  value 

slowly as the v e lo c ity  r a t io  increased . The leng th  a lso  increased  with 

o r i f ic e  s iz e  suggesting a Reynolds Number e f fe c t  (which was sm all).

The re s u l ts  in d ica ted  the onset of the vortex zone a t  a value of S/m o f  

10 or Z/m of 6 , 4 * '

F la tte n  and K effer ( re f  28 ) in v e s tig a te d  the entrainm ent of in c lin ed
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j e t s  exhausting in to  a crossflow# An a n a ly t ic a l  model was proposed to

sim ulate the two entrainm ent mechanisms ( f r e e je t  and v o r tic i ty )  observed

in  the experim ents. The j e t s  exhausted from a 96 j e t  r a d i i  diam eter

c irc u la r  p la te  in to  a sec tio n  of 768 % 384 j e t  r a d i i .  The turbulence

le v e l of the uniform crossflow  was 1^« The p la te  was positioned  48 j e t

r a d i i  above the  f lo o r  and the j e t  e x it  was 48 j e t  r a d i i  behind the  leading

edge. The j e t  e x i t  tube was 20 j e t  r a d i i  long and the  e x i t  p ro f i le  could

be assumed to  be th a t  of developed pipe flow . The process was isothermal^
0 0

the angles of in c lin a tio n  ranged from 45 upstream to  45 dpynstream in  
0

increm ents of 15 and the v e lo c ity  r a t io  ranged from 4 to  8* The maximum 

and average i n i t i a l  j e t  v e lo c it ie s  of the  vaz'ious in c lin ed  je t s  were 

co n s tan t. V elo c ities  were measured w ith hotwire anemometers. The 

r e s u l ts  of the an a ly sis  applied  to  the experim ental da ta  ind ica ted  th a t  

the  vortex  entrainniantcoefficient so defined was an order of magnitude 

g rea te r  than th a t  of the  f r e e je t  c o e f f ic ie n t .  The vortex  induced v e l­

o c ity  exh ib ited  an i n i t i a l  f i n i t e  value fo r zero d e f le c tio n  and increased  

to  a maximum as the  d e f le c tio n  increased  ( a t %  z 3o'') and then decreased 

to  zero at0% %9O\ i t  was evident from the measured t r a je c to r ie s  th a t 

the  j e t  in c lin ed  a t 15 in  the upstream d ire c tio n  experienced the la rg e s t  

d e f le c tio n  of i t s  i n i t i a l  cen tre  l in e .  The model demonstrated th a t  the 

observed vortex  p a ir  was resp o n sib le  fo r th is  secondary and more s ig ­

n if ic a n t  mechanism of entrainm ent. P ra tte  and K effer ( re f  29) extended 

th e  in v e s tig a tio n  to  sw irlin g  tu rb u len t j e t s  in  order to  study the 

mechanism of th is  vortex  entrainm ent. The entrainm ent r a te  and angle 

of spread of the  sw irlin g  j e t  was found to  be about tw ice th a t  of a non 

sw irlin g  j e t .

P a tric k  ( re f  30) determined the  t r a je c to ry  of a normal c ii’cular* 

j e t  exhausting from the tunnel f lo o r  in to  a sec tio n  varying from 91& x 

30i to  282 X 94 j e t  r a d i i  using v e lo c ity  and concen tra tion  measuring
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techniques and th e  S ch lie ren  method of flow v is u a l is a t io n . The j e t  

tem perature was ra ise d  by 50 degrees C to  ob tain  th e  S ch lie ren  photo­

graphs. The th ree  techniques re su lte d  in  th re e  d if f e re n t  t r a je c to r ie s .

R e illy  ( re f  31) stud ied  the  flow s tru c tu re  of non c irc u la r  J e ts  

exhausting normally in to  a crossflow . Smoke was in je c te d  in to  th e  j e t  

and the r e s u l t in g  flow was photographed. The j e t s  exhausted from a p la te , 

56 X 80 e f fe c tiv e  j e t  r a d i i  mounted 14 j e t  r a d i i  above the  f lo o r ,  in to  

a sec tio n  60 x 60 j e t  r a d i i .  The j e t  e x it  t o t a l  p ressu re  p ro f i le  v aried

by 1% over 85% of the j e t  span and the j e t  was p o sitioned  24 j e t  r a d i i

behind the  lead ing  edge. A tem perature c o rrec tio n  was app lied  and the  

v e lo c ity  r a t io  v aried  from 1 to  5. A j e t  c e n tre lin e  was defined  by 

drawing a media l in e  between the j e t  boundaries. The photographs r e ­

vealed the ex istence  of two d i s t in c t  groups of eddies shed p e r io d ic a lly  

from d if f e re n t  reg ions of the  plume. The f i r s t  group was shed a l te rn a te ly

from each side  of th e  j e t  and appeared to  merge w ith  th e  main j e t  body

10 r a d i i  downstream. The form ation and p e r io d ic ity  of these  eddies 

suggested an analogy to  the von Karman S tre e t shed from a s o lid  body#

The second and la rg e r  group appeared to  be shed over th e  top  of the  j e t  

having been formed about 2 to  3 r a d i i  above the  e x i t .  Two eddies (clock­

wise and an ti-c lockw ise) were shed sim ultaneously and caused the flow 

f i e ld  to  be unsteady in  the v ic in i ty  of the j e t .

i'largason ( re f  32) measured the paths of a j e t  exhausting in to  a
0

sec tio n  168 x 240 j e t  r a d i i  a t  in c lin a tio n s  varying from 90 upstream 
0

to  60 downstream. The j e t  consis ted  of a m ixture of w ater and compress­

ed a i r .  The paths were determined from photographs. The e x it  p ro f i le

of the  j e t  was not p a r t ic u la r ly  uniform and no tem perature measure­

ments were recorded. The v e lo c ity  r a t io  ranged from 2 to  10. An 

em pirica l formula was f i t t e d  to  the data  ob tained . The rep o rted  t r a ­

je c to r ie s  to  date  were summarised and Margasons formula g en era lly
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described  th e  mean path  of a l l  these  r e s u l t s .  Considerable s c a t te r  was 

ev id en t,which was not su rp rising^considering  the  d if f e re n t  d e f in it io n s  

employed to  determine the j e t  path»

M cA llister ( re f  33) in v estig a ted  the flow- s tru c tu re  of a water 

j e t  exhausting in to  a crossflow . The boundaries of a j e t  exhausting 

in to  a sec tio n  16 x 24 and 32 x 48 j e t  r a d i i  were made v is ib le  by the 

in je c tio n  of red  in k . The j e t  c e n tre lin e  was determined from photo­

graphs of the flow . The e x it  p ro f i le  of the c irc u la r  j e t  was th a t  of 

developed pipe flow and no tem perature m onitoring was noted, A strong 

vortex  s t r e e t  was observed to  be shed a l te rn a te ly  from each s ide  of th e  

j e t .  Most of the  en tra ined  f lu id  was observed to  en te r  the  real' of th e  

j e t ,  induced by the strong  a ttached  v o rtice s  e x is tin g  a l te rn a te ly  each 

side  of the j e t .

Confusion a r is e s  between the  repo rted  flow phenomenon of r e f s  26 

to  29 and th a t  of r e f  31 and 33» K effer and Baines observed a s trong ly  

attached  p a ir  of v o rtic e s  formed ju s t  above the j e t  e x it  and tra v e l l in g  

in  the j e t  d ire c tio n . R e illy  and M cA llister observed v o rtic e s  being 

shed a l te rn a te ly  from each s ide  of the  j e t .  McMahon, Hester and P alfrey  

( re f  34) in v es tig a te d  the wake behind the j e t  to  reso lv e  the  confusion. 

Their r e s u l ts  in d ica ted  th a t  vortex  shedding occurred and th a t  the 

c h a ra c te r is t ic s  of the vortex  system were in  q u a li ta t iv e  agreement w ith  

those corresponding to  th a t  behind a b lu ff  body. The shed v o rtic e s  

appeared to  be t ra v e l l in g  in  a downstream d ire c tio n  along the p la te  

s u rfa c e ,ra th e r  than in  the j e t  d ire c tio n .

In t h i s  authors opinion the  two systems observed by R e illy  appear 

to  be fe a s ib le .  The d i f f i c u l ty  w ith smoke v is u a lis a tio n  i s  thau the  

v e lo c it ie s  must be reduced considerab ly  such th a t  th e  mainstream is  

lam inar. Ctherwise the tu rbulence rap id ly  d iffu se s  the sraokre and o b l i t ­

e ra te s  the r e s u lt in g  flow f ie ld ,  a t  the low Reynolds Numbers necessary
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fo r  v isu a lis a tio n  t e s t s ,  the  smoke probably d ep ic ts  the tu rb u le n t 

flu c tu a tio n s ,w h ich  are  more apparent, and makes th e  v o r tic e s  appear 

detached o r, on th e  o ther hand,the v o rtic e s  appear a ttached  by v irtue , 

of the f a c t  th a t  they t r a v e l  in  the  j e t  d irec tio n *  In ad d itio n , the 

smoke in  th e  j e t  w i l l  not mix in to  the  mainstream s u f f ic ie n t ly  to  make 

the  freestream  eddies v is ib le  and, a lso , the  j e t  en tra in s  th e  wake 

f lu id .  Therefore, i t  i s  d i f f i c u l t  to  determ ine whether th e  v o rtic e s  

shed from the  s ides of the j e t  are  composed of freestream  f lu id  as they 

must be fo r  th is  vortex  system to  be a von Karman,s t r e e t .  Borne of these  

v o rtic e s  w il l  be en tra ined  in to  the j e t  as observed by R e illy ,w h ile  

o thers  w i l l  escape th e  in fluence of the j e t  and t r a v e l  downstream*

Extensive experiments (of which r e f  35 and 36 are  re p re se n ta tiv e )  

have been conducted in to  the d e ta ile d  s tru c tu re  of th e  c irc u la to ry  flow 

downstream of the je t*  The d is tr ib u tio n s  of v e lo c ity , tem perature end 

turbulence in te n s i ty  have been measured and the  r e s u l t s  used as an aid  

to  a n a ly t ic a l  modelling of the  vortex  flow f ie ld  produced by the  je t#

The vortex  cui've or c en tre lin e  was found to  be below the  t o t a l  p ressu re  

c e n tre lin e  ( re f  36) and i t  i s  tne vortex  c e n tre lin e  which i s  probably 

measured in  flow v is u a lis a tio n  techniques*

1*2 Research Obje c t iv e .

The above experim ental configurations ex h ib it a number of sh o rt­

comings* Confusion has a r ise n  over the d e f in it io n  of a nozzle and of 

an o r i f ic e .  The determ ination  of th e  e x it  c h a ra c te r is t ic s  of the  je t s  

have r a re ly  been mentioned* The degree of un iform ity  of the e x it  pro­

f i l e s  improves as th e  nozzle leng th  in creases ; th i s  increases the  pen­

e tra t io n  of the je t*  This can be q u a li ta t iv e ly  explained by examining 

the d ire c tio n  the  f lu id  p a r t ic le s  must have as they exhaust from the. 

plenum chamber* The f lu id  exhausting from a nozzle has a more ordered 

d ire c tio n  because of the  guiding e f fe c t  of the nozzle w a lls . Data fo r
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nozzles of varying leng th  to  rad iu s  r a t io s  in d ic a te  th a t  as the len g th  

of the nozzle decreases the  range of uniform ity of the  t o t a l  p ressu re  

p ro f i le  over the nozzle w idth a t  e x it  decreases ( re f  31)» The le s s  the  

range of uniform ity the le s s  the j e t  p en e tra te s  th e  freestream  because 

the  mean momentum a t e x it  i s  le s s ,  i e .  a nozzle flow p en e tra te s  fu r th e r  

in to  the  freestream  than an o r if ic e  flow fo r  id e n t ic a l  mass flows and 

e x it  v e lo c i t ie s .

The p o te n tia l  core len g th  of the  j e t  depends on the  e x i t  Reynolds 

Number (not s trong ly ) and th i s  can be expected to  in fluence  the  i n i t i a l  

d e f le c tio n  of th e  c e n tre lin e . In view of th e  r e s u l t s  of r e f  20, i t  i s  

doub tfu l i f  the  boundary lay e r was s ta b le  in  th e  reg ion  of in te re s t*

The su rface  cond itions surrounding the  e x it a f fe c t  th e  d a ta  reported»

For in stan ce , a th ic k e r  boundary lay e r around the  j e t  e x it  w i l l  provide 

more f lu id  w ith  a lower momentum and more su scep tib le  to  being en tra ined  

in to  the  j e t  and hence a ffe c tin g  the i n i t i a l  deflec tion#  Any sm all 

change in  th e  i n i t i a l  d e fle c tio n  r e s u l ts  in a la rg e r  s h i f t  in  th e  j e t  

t r a je c to ry  w ith  increasing  d is tan ce  from the e x i t .  Care must be exer­

c ised  in  the  d e f in it io n  employed in  determ ining the c e n tre lin e . For 

in stan ce , th e  vortex c e n tre lin e  l i e s  below the v e lo c ity  cen tre lin e#

The determ ination  of the e x it  conditions i s  r a re ly  mentioned.

The tem perature d iffe re n c e  between the j e t  and freestream  could incur 

s ig n if ic a n t e rro rs  in  the  quoted v e lo c ity  r a t io  i f  expansion to  f re e ­

stream  s ta t i c  cond itions is  assumed, constant d en s ity  being im plic it#

The re s u lt in g  e f fe c tiv e  v e lo c ity  r a t io  change could lead  to  the wrong 

conclusion as to  th e  observed tre n d s .

The su rface  p ressures induced appear not to  be g re a tly  a ffe c ted  

by these  d i f f i c u l t i e s  but the s c a t te r  of da ta  evident from the com™ 

pai'isons of j e t  c e n tre lin e  da ta  s trong ly  suggest th e  re v e rse . These 

shortcomings malce the  development of a th e o re t ic a l  model to  describe
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th e  lo n g itu d in a l c h a ra c te r is t ic s  of th e  problem d i f f i c u l t .  There i s  a 

need fo r  an experim ental programme to  be conducted under the  same lab o r­

a to ry  cond itions using c a re fu lly  determined j e t  e x i t  c h a ra c te r is t ic s*

There i s  a lack  of da ta  in  sp e c ific  areas:, more su rface  p ressu re  measure­

ments a re  req u ired  fo r  in c lin ed  je t s ;  the surface  p ressu re  d is t r ib u t io n  

on a f l a t  p la te  a t  incidence and the j e t  c e n tre lin e s  re q u ire  in v e s tig a tin g .

Experim ental t e s t s  were conducted under id e n t ic a l  lab o ra to ry  cond­

i t io n s  to  determ ine the  complete lo n g itu d in a l in te rfe re n c e  c h a ra c te r is t ­

ic s  of a subsonic tu rb u len t j e t  exhausting through a p la te  in to  a turbu­

le n t  subsonic freestream . The apparatus (described  in  chapter 2 :  ) was 

designed so th a t  the trends from system atic v a r ia tio n s  in  one pararaeter 

w hile the  o thers remain fix ed  could be estab lished*  The angle of in c l in ­

a tio n  v a rie s  from 0 to  60 degrees downstream in  increm ents of 15 degrees; 

the angle of incidence of the p la te  v aries  from 0 to  8 degrees in  in c re ­

ments of 2 degrees w ith  r e s t r ic t io n s  fo r  in c lin a tio n s  of 30, 45 and 60 

degrees, th e  incidence being lim ited  to  6, 4 and 2 degrees re sp e c tiv e ly ; 

the range of in te re s t  fo r  V/STO.L a i r c r a f t  suggested v e lo c ity  r a t io s  in  

th e  range of 4 to  12. The surface  p ressure  d is tr ib u tio n s  and j e t  cen tre ­

lin e  (the locus of maximum t o t a l  p ressure ) i s  measured fo r  each config­

u ra tio n .

The su rface  p ressu re  d is t r ib u t io n  i s  in te g ra te d  to  provide a sur­

face  fo rce  d is t r ib u tio n , a suc tion  fo rce  c o e f f ic ie n t ,  a cen tre  of p ressure 

about the e x it  and a p itch in g  moment c o e f f ic ie n t .  These q u a n titie s  a re  

compared to  those prev iously  rep o rted  where a p p lic a b le . Trends are  estab ­

lish ed  fo r  the v a r ia tio n  of these  q u a n titie s  w ith  each p a ren e te r.

The u ltim ate  aim of th is  research  is  to  be able to  p re d ic t, in  some 

sense, th e  lo n g itu d in a l c h a ra c te r is t ic s  of a V/STOL a i r c r a f t  employing 

d ire c t  j e t  l i f t .  The experim ental r e s u l ts  should provide co n s is ten t 

and coherent da ta  fo r  evaluating  and assessing  fu tu re  th e o re t ic a l  models
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which do attem pt to  describe  these  c h a ra c te r is tic s*
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Chapter 11 o

Equipment and I n s ta l l a t io n .

The experim ental apparatus described in  th is  chap ter consis ted  

of a f l a t  p la te  of v a riab le  incidence equipped w ith  a j e t  exhausting 

a t  various angles to  the freestream . A ll dimensions are expressed in  

j e t  r a d i i  where ap p ro p ria te , the  j e t  rad ius being 0.25 inches (see 

sec tio n s  2 .5  and 2 .6 ) .

2,1 Wind Tunn e l.

The closed re tu rn  wind tu n n e l had a working sec tio n  132 j e t  r a d i i  

high and 180 j e t  r a d i i  wide. The working sec tio n  v e lo c ity  was con tin ­

uously variab le  w ith  a maximum speed of 100 f e e t  per second. The 

s e tt in g  of the tu rbu lence g rid s  a t  the  entrance to  th e  working section, 

gave a tu rbu lence le v e l  of 4*4% a t  the leading edge of the  p la te .

The wind tu n n e l was equipped w ith two s ta t i c  p ressure taps 

to  enable the working sec tio n  dynamic p ressure to  be monitored, w ithout 

the  use of a p i t o t - s t a t i c  tube in  the  working se c tio n . One tap  was 

s itu a te d  in  the w all of the s e t t l in g  chamber and th e  o ther j.n the w all 

immediately upstream of the  working se c tio n ,

2*2 A ir^ S u p p ^ .

The crossflow  was provided by the uniform stream  of the  wind tunnel. 

The j e t  a i r  ŵ as supplied  by two tanks, of 750 cubic f e e t  capacity  each, 

i n i t i a l l y  p ressu rised  to  250 p s i .  The a i r  passed through a reg u la tin g  

valve, used to  c o n tro l the j e t  e x it  cond itions, and in to  a 0.75 inch 

in te rn a l  diam eter f le x ib le  hose connected to  the  j e t  plenum chamber.

The e x it  cond itions req u ired  a low mass flow such th a t  th e  change in  

e x it  conditions was n e g lig ib le  fo r  the  d u ra tion  of the  t e s t .

2*3 General Test Arrangement, (p la te  2.1 and 2 ,2 , f i g  2 ,1)

S everal fa c to rs  determined tiie general azTangement of rhe apparatus 

and lim ited  the niunber of con figurations th a t  could be te s te d .  The
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s i tu a t io n  of the fo rce  balance under the working sec tio n  f lo o r  d ic ta te d  

the  mounting of the f l a t  p la te  and j e t  plenum chamber in  the  working 

sec tio n  c e i l in g . I t  was considered d es irab le  to  p o s itio n  th e  j e t  plenum 

chamber ou tside of the  working sec tio n  to  minimise the flow d istu rbance 

fo r  a l l  c o n fig u ra tio n s . An increase  in  j e t  in c lin a tio n  angle req u ired  

an in crease  in  the leng th  of the  j e t  p ipe. The heigh t r e s t r i c t io n  above 

the  working sec tio n  req u ired  th a t the  j e t  chamber and nozale block be 

p iv o tted  about the  support p la te  (sec tio n  2 .5) ra th e r  than about the 

j e t  e x it  plane as o r ig in a lly  in tended. Each nozzle b lock req u ired  a 

j e t  pipe of a d if f e re n t  len g th .

A la rg e  angle of incidence together w ith a la rg e  j e t  in c lin a tio n  

angle e n ta ile d  a considerab le  lowering of. the  p la te .  This was considered 

to  be undesirab le  as i t  would in te r f e re  w ith  the flow conditions w ith in  

the. working sec tio n  and consequently, a l ira it  was imposed on the  maximum 

angle of incidence fo r  a given j e t  in c lin a tio n  ang le.

The p la ts  was kept as close as p ossib le  to  the  working sec tio n  

c e ilin g  to  minimise any f lo o r  in te rfe ren ce  e f fe c ts  on the j e t  flow .

The em pirica l formula from r e f  32 was used to  decide on the  range of 

magnitude of j e t  r a d i i  th a t  could be employed w ith in  the  given working 

se c tio n . Having decided on a j e t  rad iu s  (sec tio n  2 .6 ) , the formula was 

u t i l i s e d  to  determ ine the  maximum height above the working sec tio n  f lo o r  

a t  which the p la te  could be positioned  so th a t  the j e t  did not impinge 

on the f lo o r .  These considera tions placed the  j e t  e x i t  plane a t  26 j e t  

r a d i i  below the working sec tio n  c e i l in g . At th is  p o stio n , i t  was f e l t  

th a t  i f  th e  topside  of the p la te  was kept reasonably  ’clean*, th a t  i s ,  

the  p ressure  l in e s  were kept to  one deep and a ttached  firm ly  to  the p la te , 

then the only blockage incurred  would be th a t a r is in g  from the p la te  

th ick n ess , supports and j e t  p ipe; the flow over the  p la te  sui’face would
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then not be in te rfe re d  w ith .

The p la te  and i t s  asso cia ted  support and j e t  pipe f a ir in g s  were 

in s ta l le d  in  the  working section* A t e s t  was conducted w ith  the j e t  

o ff  and a t  zero incidence to  v e r ify  th a t in  the reg ion  of in te r e s t  ( -  20 

<  Z <■ 48, - 4O <' y<  40) the  flow over the  p la te  surface  was uniform. The 

t e s t  revealed  th a t  th is  was so (see a lso  Appendix B).

F urther t e s t s  were conducted to  determine how se n s itiv e  the  sui’face 

p ressure  d is t r ib u t io n  was to  very sm all changes in  p itc h  and bank of the 

p la te .  These te s t s  revealed  th a t  the  a c tu a l p ressu re  readings were very 

in se n s itiv e .a n d  zero incidence was defined as th e  postion  of th e  p la te  

when i t s  11 plane was p e rfe c tly  h o rizo n ta l as determined by a clinometer*, 

The flow over the p la te  in  th is  p o s itio n  was uniform (see a lso  Appendix 3 ), 

The boundary layer was measured on the p la te  su rface  ( a t  Z= -7 ,

3) and was found to  be approxim ately 3«0 j e t  r a d i i  th ic k  w ith  a ty p ic a l  

one-seventh power p r o f i le ,

Platej. (P la tes  2 « 1 , 2 , 2  )

The dimensions of the f l a t  p la te  were 144 jo t  r a d i i  spanwise and 

192 j e t  r a d i i  chordwise. The p la te  m a te ria l was 0<>5 inch th ic k  perspex 

su ita b ly  s tif fe n e d  w ith  two chordwise alurainiujû angle b a rs . These bars 

provided attachm ents fo r the  supports and p ressu re  lines*  The j e t  ex­

hausted a t  a p o s itio n  40 j e t  r a d i i  from the leading  edge and on the  p la te  

c e n tre lin e , A leading edge t r i p  was f i t t e d .

The p la te  was supported by four logs each of 0 ,5  inch diam eter 

screwed rod* The screw p itc h  was 0 ,05inch, Each leg  was f i t t e d  through 

a hole in  the wind tunnel roof and w ith the aid  of ad ju stin g  n u ts, the 

p la te  could be s e t  to  some d esired  angle of incidence up to  a maximuin 

of approxim ately 8 degreeso The two f ro n t legs were each housed in  a 

KACa 0025 faiu 'ing of chord 24 j e t  r a d i i  (co -o rd in a tes  from re f  37)*

The p o rtio n  of the j e t  pipe pro trud ing  below the  working sec tio n  c e ilin g
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and the nozzle block pressure- l in e s  were housed in  a Nn,Ga 0025 fa ir in g  

of chord 40 j e t  r a d i i .  The fa ir in g  around the  re a r  legs and pressure  

lin e s  from the p la te  was a i\hiCa 0030 of chord 60 j e t  r a d i i .

2 .5  J e t  Plenum Chamber (P la te  2 .1 .2 .2  and f ig  2 .1 )

The j e t  plenum chamber was designed to  be positioned  outside of 

the  working sec tio n  fo r  a l l  con figurations to  minimise the blockage 

between the top s id e  of the p la te  and the c e i l in g .  The chamber co n s is t­

ed of a 4 inch in te rn a l  diam eter s te e l  cy lin d e r. The t r a n s i t io n  from 

the 4 inch diam eter chamber to  the 0,5" diam eter e x it  was achieved by- 

using one of the fam ily of curves, s l ig h t ly  m odified, from r e f  38.. The 

o ther end of the chamber contained the f i t t i n g  fo r  th e  f le x ib le  hose.

The chamber contained screens to  aid  flow .uniform ity  a t  e x i t ,  a s ta t i c  

pressure tap  ( in te rn a l  diam eter O.O4O inch) and a thermocouple*

The chamber supporting p la te  was s lo tte d  so th a t  the chamber could 

b e 'ro ta te d  to  a desired  p o s itio n  and clamped by means of a b o lt passing 

through one of these s lo ts  and a bracket a ttached  to  the  chamber.

The supporting p la te  was able to  s lid e  along an angle bar care­

f u l ly  positioned  in  a plane p a r a l le l  to  the plane con tain ing  th e  p la te  

c e n tre lin e  to  ensure th a t  the j e t  exhausted sym raeirically w ith  re sp ec t 

to  the  p la te .

2 .6  J e t  Nozzles (fi.r  2 .1 )

Each j e t  nozzle block consis ted  of a block of perspex J.l j e t  r a d i i  

chordwise and 7 j e t  r a d i i  spanwise and was machined to  be a t ig h t  f i t  

in  an e x is tin g  recess  in  the p la te .  Wo leakage was d e tec ted  through the  

d isc o n tin u ity  in  the p la te  su rface .

The copper j e t  pipe of 0.5 inch in te rn a l  diam eter was fixed  in  the  

nozzle block"which had been prev iously  d r i l le d  a t the  requ ired  angle fo r  

the given j e t  in c lin a tio n . Care was taken to  ensure th a t  the pipe was 

f lu sh  w ith the surface  of the  nozzle block and th a t  i t s  c e n tre lin e  was
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a t  the sp ec ifie d  angle to the Z ax is  in  the XZ plane of the p la te  and 

th a t  the p ro je c tio n  of the pipe ce n tre lin e  onto the YZ plane of the 

p la te  was p a r a l le l  to the Z ax is ( i . e .  the pipe was no t yawed). The 

leng th  of the j e t  pipe was determined by the p o s itio n  of the plenum 

chamber. The j e t  pipe was attached  to the plenum chamber by means of 

a gas f i t t i n g  nut bearing down on to a flange a t the end of the pipe. 

The various c h a ra c te r is t ic s  of the j e t s  are given in  Appendix A.

2.7 Pressure Measurement In strum en ta tion .

The working sec tio n  dynamic pressure was monitored on a water 

micromanometer» The working sec tio n  was c a lib ra te d  with the model in  

p o s itio n  and fo r  each model configuration . The freestream  stagna tion  

tem perature was measured using a bulb type mercury thermometer and the 

ambient atm ospheric p ressu re  v/as measured using a F o rtin  barom eter.

The plenum chamber p ressure tap was monitored with a P randtl 

manometer (range 0 to 600mm). This tap  was loca ted  immediately upstream 

o f the convergence to the exi.t plane ( f ig  2 .1 ), A vacrum-eureka thermo­

couple was in s ta l le d  in  the plenum chamber to monitor the stagnation  

tem perature. M elting ic e  was used a t the reference ju n c tio n  and the 

output was d isp layed  on a d ig i ta l  voltm eter.

The p la te  was instrum ented with 557 s ta t i c  tap s . The pressure 

taps were lo ca ted  on a rec tan g u la r g r id  of v a riab le  spacing, th a t i s  

the spacing d istance  decreases with decreasing d is tan ce  from the j e t  

e x it  (see Table 2 .1 .1 ) , This was to allow fo r  the la rg e  pressure 

g rad ien ts  in  the immediate v ic in i ty  of tne j e t .  The im portant fa c to r  

in  lo ca tin g  the taps was to ensure th a t adequate in te rfe re n c e  pressure 

contours ana s u f f ic ie n t  p o in ts  on contours fu r th e r  away from .the j e t  

coula be ob tained . A rec tan g u la r g rid  f u l f i l l s  these  conditions more 

s a t i s f a c to r i ly  than a p o lar g r id . P ressure taps were also  provided to 

check the symmetry ana tne uniform ity of flow cond itions and to aid the 

in s ta l la t io n  of a gi.von configuration  (see ena of Taole 2 .1 ,6 ) .
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The pressure  taps consis ted  of P.V.G. tubing ( in te rn a l  diam eter 

0.035 inch, ou tside diam eter O.O6O inch) in se r te d  in to  a hole d r i l le d  

through the perspex, i n i t i a l l y  undersize then opened out using a tap er 

d r i l l .  Care was taken to  ensure th a t  the  hole was normal to  the ^ la te  

su rface . A sp e c ia l P.V .C/perspex adhesive was app lied  to  bond the 

tubing to  the p la te .  The pro trud ing  end of the tube was s lic e d  f lu sh  

w ith the p la te  su rface . The tap s  were observed under a microscope to 

check th a t  no burred edges e x is te d . The P.V.G. tubing  was s u f f ic ie n t ly  

f le x ib le  to  undergo a 90 degree bend of sm all curvatu re  w ithout any 

adverse e f f e c ts .  The tubes were a ttached , one deep, to  the p la te  upper 

surface and led  to  the n ea res t s t i f f e n e r .  The tubes were routed along 

the s t i f f e n e r s  to  the  re a r  legs and out of the tu n n e l.

The s ta t i c  p ressu re  taps were positioned  as c lo se  as was physic­

a l ly  p o ssib le  on the nozzle blocks and to  the j e t  periphery  but s t i l l  

m aintaining the  c o rre c t g rid  p o s itio n  (Tables 2 .1 .2  to  2 .1 ,6 ) .  The 

nozzle block p ressu re  l in e s  were routed along the  ou tside  of the j e t  

pipe and out of the tu n n e l.

a l l  the  p ressure  l in e s  were fed  in to  the  r e a r  of a ’p re ssu re ’ 

console . The purpose of th is  console was to  f a c i l i t a t e  the handling 

of a la rg e  number of pressure ta p s . The console co n sis ted  of J4 rows 

of holes, each row conta in ing  36 holes in  4 banks of 9 ho les. Each 

bank was sealed  w ith  a blank cover. Four ’connecting b lo ck s’, each of 

9 connections, were connected to  hexane m ultitube t i l t i n g  manometer.

The incoming p ressure l in e s  were arranged so th a t  the taps giving the 

various d is t r ib u tio n s  (end of Table 2 .1 .6 ) fo r symmetry and uniform ity  

of flow cond itions could be observed to g e th e r. The j e t  c h a ra c te r is t ic s  

and the j e t  p en e tra tio n  in to  the crossflow  were measured w ith a t o t a l  

p ressure probe. This pressure was monitored on a P ran d tl manometer.
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2.8 T raversing Mechanism (P la te  2.2)

The to ta l  p ressu re  probe (dimensions: 0,051 inch diam eter head 

and re in fo rced  stem of 0.125 inch diam eter) was supported by a tra v e r ­

sing mechanism so th a t  i t s  stem was p a ra l le l  to the plane of the &late 

and perpend icu lar to the freestream  d ire c tio n . The probe head was 

p a ra l le l  to the freestream  d ire c tio n . The probe could be moved v e r t­

ic a l ly  along a lead  screw (20 tu rn s  to the inch o r a p itc h  of 0 .2  j e t  

r a d i i)  and ro ta te d  about i t s  stem. The number of rev o lu tio n s  of the 

lead screw and the angle of ro ta tio n  of the probe determined the v e r t­

ic a l  p o s itio n  of the probe head re la t iv e  to the p la te .

A small r a i l  was attached  to the p la te  su rface  a t  a p o s itio n  Y = 

“21,125 j e t  r a d i i ,  p a r a l le l  to  the X ax is . This r a i l  provided ex tra  

s ta b i l i t y  to the mechanism. The r a i l  was u r i l le d  every 2 j e t  ra d ii  and 

thumb screws were used to f ix  the mechanism a t  a p a r t ic u la r  p o s itio n  

along the X d ire c tio n . The o th er end of the tra v e rs in g  mechanism passed 

through a, s lo t  in  the wind tunnel f lo o r . This end was clamped to the 

f lo o r  of the working sec tio n  and, using the clinom eter, the clamp was 

p o sitioned  such th a t  the ax is  of the mechanism was always normal to the 

p la te  su rface  ( i . e .  p a r a l le l  to the Z ax i.s), The h o riz o n ta l p o s itio n  

of the probe head was determined from the p o s itio n  of the mechanism 

along the r a i l  and the angle of ro ta tio n  of the probe.

The range of operation  of the tra v e rs in g  mechanism was as follows: 

h o rizo n ta l movement -6 6 X 18 depending on the angle of incidence of 

the p la te ;  v e r t ic a l  movement 6,25 6’ Z 5; 102; ro ta tio n  through approx­

im ately 150 degrees.
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Tap Number X Y Tap Number X Y

1 “52 0 28
1

-16 j 8

2 “52 8 29 -16 10

3 “52 16 50 -16 12

4 -52 24 51 “ 16 14 1

5 “52 52 52 -16 1b

6 “52 40 55 -16
\

20 j

7 “ 52 60 54 -16 24

8 “ 24 0 - - « ! 52

9 “24 4 56 -16.. _40_|

10 s 3. -14 0 1

11 “ 24 12 58 “ 14 2 I

1 - 2 4 ! 16
* 59 —14 4 !

1 “24 20 40 -14
‘  1

14 “24 24 41 -14 • i
' 15I

“24 ; 52 42 -14
f

10 ;

1.......... —24 40 45 “ I4
j

12 1

17 -20 0 44 -14
1

14

i
-20 4

!
_____ 45____ “ I4

1
i

19 -20 8 46
° 1

20 -20 12 47 -12 2 1

21 -20 48 “ 12
M

22 -20 20 49 -12 6

23 -20 24 50 -12 8 1
<

24 —16 0 51 ' -12 10 i

25 - « 52 -12 12 .
(

26 -16 4 53 -12 14 :

27 -16 ! 6 54 -12 16 •

-8  0

! —8 40
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Table 2 , 1 , 1 ,  Continued,

Tap„.Nuinb.ex._Tan_Number

0 20

04 24

—6 1 10

-6  i 14

! “6 ; 16

2 : 12

-2  I 14

2 16

2 ! 10

-4  4 8

- 4 i  10

-4 : 12

-4  1 14

-4 16

-4  20

-4  24

.-5  _4 4 7
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nued,^ — j ..... ------ T
X__ _]L_ Tap,Number ^

'

_Y
163 4 8 190 7 2 217 9 2

164 4 10 191 7 3 218 9 5

165 4 12 192 7 4 219 9 4

166 4 14 193 7 5 220 9 5

167 4 16 194 6 221 9 ( 6

168 4 20 195 7 7 222 9 7

169 4 24 196 7 8 223 ________ ,,9 ______8̂
170 5 4 197 8 0 224 10 0

171 5 5 198 8 1 225 10 1

172 5 6 199 8 2 226 10 2

173 5 7 200 8 3 227 10 3

_________174 5 8 201 8 4 228 10 4

175 6 0 202
. 8 5 229 10 5

176 6 1 203 8 6 230 10 6

177 6 2 204 e 231 10 7

17B 6 3 205 8 8 232 10 8

179 6 4 206 8 10 233 10 10

180 6 5 207 8 12 234 10 12

181 6 6 208 8 14 235 10 14

182 6 7 209 8 16 236_____ 10 16

183 6 8 210 8 20 237 11 0

184 6 10 211 8 24 238 11 1

185 6 12 212 8 32 239 11 2

186 6 14 213 8 40 240 11 3

187W#tKf33Ka»®«rtn m’î«mpiw»rMtW'. MriKvnpmV', '

6
«uKmrveatMrrw

16 214 8 60' «'•A'f'wsn "f ft Kï\'j
241 11 4

188 7 0 215 9 . 0 242 11 5

189 1 7 1 216 9 1 243 11 6
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Tap Nimber X I Y__
!

Tap Number
'

X Tap Number_ X
1î

Y 1
î

244 11
! ^ 271 16 12 298 24

1
4 i

245 11
!
; 8 : 272 16 16 299 24 6 1

246 12 0 273 16 20 300 24 8

247 12 1 274 16
■

24 501 24 12

248 12 2 275 16 32 302 24 16

249 12 3 . 276 16 40 303 24 20

250 12 4 277 18 0 304 24 24

251 12 5 278 18 2 305 24 32

252 12 6 279 18 4 306 24 40

253 12 7 280 18 6 307 48 0

254 12 8 _ 281 18 8 3O8 48 8

255 12 10 282 20 0 509 48 16

256 12 12 285 20 2 310 48 24

257 12 14 284 20 4 311 48 32

258 12 16 285 20 6 312 48 40

259 12 20 286 20 8 313 48 60

260 12 287 20 12 314 148 0

261 14 288 20 16 315 148 20

262 14 2 1 289 20 20 316 148 40

265 14 4 iï _______ ,20__ ____ __________ 148_

264 14 6 j 291 22 0 318 28 60

265 : 14 8 1 292 22 2 319 68 60

266 16
t

0 293 22 4 320 88 60

267 16 294 22 6 321 108 60

268 16 2i5_ 22 8 522 1 2 ^

269 296 24 0 323 ”32 -8

. 270 - J 6 8 ! 2̂ jL ■ 2 324______ ”32.. -16
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Table 2 , 1 . 1 .  C ontinue.

Tap_Number X Tap Number_ L x ^ Y Tap Number _Y__’

325 -32 -24 336 ■ 0 -12 347 48 “24 ,1
326 -32 "32 337 0 -14 348 48

. 327 -32 -40 338 0 -16 349 48 -40 j

328 -32 -60 339 0 -20 350 48 —60 1

329 . -12 -60 340 0 —24 351 68 -60

330 0 -4 341 0 -32 352 88 -60

331 0 -5 342 0 —40 353 108 -60

332 0 -6 343 8 -60 354 128 -60

333 0 -7 344 28 -60 355 148 -20

334 0 -8 345 48 -a 356 148 -40

335 0 -10 346 48 -16 357 148 -60



able 2 .1 .2 . 

Tap Number

s ta t ic

X

Pre

Y

8sure Tap Location 

Tap Number X

il^ Io z z le  Jlock,„^ 

Y Tap Number X

2.13

Y

358 “ 5 0 385 "3.5 i t ' : 412 -1 .5 2.5

359 -5 0.5 386 "3 0 413 j-J^.5 3.0

560 "5 1.0 387 -3 0.5 414 1.0

361 "5 1.5 388 "3 1.0 415 1.5

362 “ 5 2.0 389 -3 1.5 416 2.0

363 -5 2.5 390 "3
■

2.0 417 2.5

— 3^4.. _ — 391 "3 2.5 . 418

365 - 4 .5 0 ___392_____ -3 ^ 3.0 419 "0 .5 1.5

366 - 4 .5 0 .5 393 "2.5 0 420 —0 • 5 2.0

367 - 4.5 1.0 394 - 2.5 0 .5 421 "0 .5 2.5

368 - 4.5 1.5 395 - 2.5 1.0 422 _“_0;_5 3^0

369 - 4.5 2.0 396 "2 .5  1 1.5 423 0 1.5

370 - 4 .5 2.5 397 "2.5 2.0 424 0 2.0

371 3^o„. 598 -2 .5 2.5 425 0 2.5

372 -4 0 I 3)99 "2.5 426 0 3.0

373 -4 0.5 400 0 427 0 .5 1.5

374 ”4 1.0 401 -2 0.5
'

428 0 .5 2.0

375 -4 1.5 402 1.0 429 0 .5 2.5

376 -4 2,0 403 -2 1.5 430 0 .5 - l iL
377 -4 2.5 404 ■"2 2.0 431 1 1.0

378 -4  _ .3.0 405 -2 2.5 432 1 1.5

379 "3 .5 0
.

406 -2 3.0 433 1 2.0

380 - 3.5 0.5 407 "1.5 434 1 2.5

381 - 3.5 1.0 408 "1.5 0.5 _  ____________ 1 3^
382 "3 .5 1.5 409 "1.5 1.0 436 I 1.5 0

383 "3 .5 2,0 410
,

"1.5 I 1.5 437 1.5 0.5

___ 384___ _ - 3.5 ...... 411....... ^1..5_ 438 \—1„..5- —1 ' . 0_ _



2. 14

Table 2 . 1 . 2 .  Continued,

Tap Number X Y Tap Number X Y i Tap Number

439 1.5 1.5 457 3 0 475

440 1.5 2.0 458 3 0.5 476

441 1.5 2.5 459 3 1.0 477

442 1.5 3.0A ‘4’'*V*‘ 4T[*r
460 3 1.5 478

443 2 0 461 3 2.0 479

444 2 0 .5 462 3 2.5 480

445 2 1.0 463 3 3.0 481

446 2 1.5 464 3.5 0 462

447 2 2.0 465 3.5 0 .5 483

448 2 2.5 466 3.5 1.0 484

449 2 3 . 0^ 467 3.5 1.5 485 1

450 2.5 0 468 3.5 2.0 486 j

451 2.5 0 .5 469 3.5 2.5 487

452 2.5 1.0 470 j .5 ^ i A 'l 488

453 2.5 1.5 471 4 0 489

454 2.5 2.0 472 4 0.5 490

455 2.5 2.5 473 4 1.0 491

456 2.5 3.0 474 4 1.5 492

X ï

4.5j

4.5

4 .5

4 .5

4.51

4 . 5:

4.5

5 

5 

5 

5 

5 

5 

5 

0

Y

2.0

2.5

3.0

0

0.5

1.0

« !

2 .0  j
2 . 5  j

!
0

0.5  j

1.0 I

2.5 ,
i

3.0

—2.0^
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Table 2 ' 1. 3 . S ta t i c P ressu re  Tap Locations; Nozzle Block, é

Tap Number X 1 X Tap Number Tap Number _ x .... __

358 "5
'
'0 385 3.0 ' 415 - 1.0 ’ 1.5

359 -5 So. 5 386 "3 0 ; 416 - 1.0 ' 2.0

360 -5 1.0 387 "3 0 .5  1; 417 - 1.0 ! 2 .5

361 -5 1.5 388 "3 1.0 ! 418 - 1.0 ‘ 3.0

362 -5 2.0 ;
389 :-3 1.5 1 419 "0 .5  11.5

363 -5 2.5 390 "3 2.0 ; 420 - 0 .5  : 2.0

364 -5 3.0 391 -3 '2 .5 1 421 " 0 .5  12.5

365 - 4 .5 0 392 {-3___ 3.0 I 422 " 0 .5  j 3.0

366 " 4 .5 0 .5 393

394
M 423 0 i 1.5

367 - 4 .5 1.0 “2.5 ,0 .5  j 424 0 2.0

368 " 4 .5 1.5 395 “2.5 1.0 ! 425 0 2.5 '

369 - 4 » 5 2.0 ! 396 " 2.5 426 0 | 3.0

370 - 4 .5 2.5 1 397 " 2.5 2.0 j 427 0 .5 1.5

371 " 4 .5 3.0 1 398 " 2.5 '2 .5 428 0 .5 2.0

372 "4 0 399 “ 2.5 429 0 .5 2.5

373 -4 0.5 I 400 -2 0 430 0.5 3.0

374 -4 1.0
!
j 401 -2 0 .5 431 1 1.0

375 "4 1.5 1 402 -2 1.0 432 1 1.5

376 "4 2.0 403j
-2 |1.5 433 1 2.0

377 -4 2.5 404 -2 Î2.0 434 1 2.5

378 -4 3.0 j 405 —2 |2.5 435 3.0

379 " 3.5 0 [  406 -2 13.0 456 1 0

380 " 3.5 0 .5 ! 4091 " 1.5 h . o 437 1.5 iO.5

381 " 3.5 1.0 j 410 - 1.5 h .5 438 1.5 1.0

382 - 3.5 1.5 ! 411 " 1.5 .2,0 439 1.5 1 . 5 ;

383 " 3.5 2 .0 j 412 " 1.5 440 1.5 2.0

384 - 3.5 2.5 [  413 - 1.5 3.0 441 !2. 5_
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Table 2 , 1 . 3 .  Continued

y ; Tap Number
t

.0 * 476

477

478

Tap Number X

459442

460443

4.52 ,0444

462 479445

480

481447 2 . 0

482448

449

484

468 2.0451

486469

487470453

4882 .0454

489472455 2.0

490473

491474457

475 492458 2.0 - 2 . 0
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s t a t i c  P ressure Tap Locations; Nozzle Block , 0,Table 2 .1j^4^

Tap_̂  Number Y_ i Tap NumberTap Number

0 .5 , 3.0\..

- 4 .5  ;o

-4 .5  :o.5 1.0 i

-4 .5  11.0

- 4 . 5  : 2.0

4.5 Î2.5

-4 .5  :3 .0

2.0

2 . 0  ;
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Table 2 . 1 . 4 .  Continued

X _Tap_, Number^ Tap  ̂Number ^ ....X . Y ,

448 2 |2 .5 463 i 5 3Æ_ 478 4.5 0

2 3 . 0 ,, 464 3.5 0 479 4.5 0 ,5

450 2.5 0 465 3.5 0 .5 480 4.5 1.0

451 2.5 0 .5 466 3.5 1.0 481 4.5 1.5

452 2.5 1.0 467 5.5 1.5 482 4.5 2.0

453 2.5 1.5 468 3.5 2.0 483 4.5 2.5

454 2.5 2.0 469 3.5 2.5 484__ _ _,4.5 3.0

455 2 ,5 2.5 ___^470____ .3.o„ 485 5 0

___ ^56______ 5, 3-9, 471 4 0 486 5 0 .5

457 3 0 472 4 0 .5 487 5 1.0

458 3 0 .5 473 4 1.0 488 5 1.5

459 3 1.0 474 4 1.5 489 5 2,0

460 3 1.5 475 4 2.0 490 5 2.5

461 3 2.0 476 4 2.5 4 9 1 _ _ ._ _ 3,9

462 3 £ • 1 . 477---- --------------- 4__ 2 : £ 492 0 - 2.0
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Table 2 .1 ,5* S ta t ic  P ressure Tap Locatio n s; Nozzle Block, -  _45ü»,

Tap Number X Y T̂ ap̂ Jîumb er __X_ _ y  ; Tap Number X Y !

358 "5 0 390 l o ' 427 0 .5 1 .5 :

359 -5 0.5 391 “ 3 428 0.5 2,0  ;i
360 -5 1.0 392 “3 3.0 429 0.5

1
2.5 j

361 -5  ̂ 1.5 396 - 2.5 1. 5 ! 430 _ 0.5 J - o J

362 -5 ; 2.0 397 “2.5 2.0 431 1 1.0

363 -5 2.5 398 “2.5 2 .5 : 432 1 1.5

364 -5 3.0 399 “2.5 3.0 433 1 2.0 j

365 “4.5 0 403 -2 1.5 434 1 2.5 1
366 “4.5 0.5 404 "2 2.0 435 1 3.0 j

367 - 4.5 :i.O 405 -2 2.5 438 1.5 1.0 !

368 “ 4.5 1.5 406 “2 3.0 439 1.5 1-5 !
369 “4.5 2.0 410 “ 1,5 1.5 440 1.5 2.0

370 “4.5 2.5 411 “ 1.5 2.0 441 1.5 2.5

371 “4.5 3.0 412 “ 1.5 2.5 442 1.5 3.0

372 “4 0 413 : T 1 3.0
..

443 2
'  1

373 “4 0.5 415 “ 1 1.5 444 2 0,5

374 “4 1.0 416 -1 2,0 445 2 1.0

375 “4 1.5 417 “ 1 2.5 446 2 1.5

376 “4 2.0 418 -1 3.0 447 2 2.0

377 “4 2.5 419 -0 .5 1.5 448 2 2.5
378 “4 3.0 : 420 “0.5 2.0 449 2 3.0

381 “ 3.5 421 - 0,5 2.5 450

582 “ 3.5 1.5 422 - 0.5 3.0 451 2 . , 0.5

383 “ 3.5 2.0 423 ° 452 2.5 1.0

384 “ 3.5 2.5 424 0 ■
2.0 453 2.5 1.5

385 “ 3.5 _3^o_ . 425 0 ' 2.5 454 ' 2.5 2.0

389 “ 3 1.5 426 _ 0 ___ : 3.0 455 2.5 2.5
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Table 2 .1 .5*  Continued.

Tap Number X Y Tap Number X 1 Y Tap Number X ' Y :

456 2.5 3.0 469 3.5 2.5 482 4.5 2.0 '

457 3 0 470 3.0 483 4 .

458 5 0.5 471 4 0 484 _ 4 .5

459 3 1.0 472 4 0.5 485 5 0

460 3 1.5 473 4 1.0 486 5 0.5

461 5 2.0 474 4 1.5 487 5 1.0

462 3 2.5 475 4 2.0 488 5 1.5

463 }  _ 3.0 476 4 2.5 489 5 2.0

464 3.5 0 ^ _ 4 7 7  ^ 4 _ 3j^^ 490 5 2.5

465 3.5 0.5 478 4.5 0 491 5 3.0

466 3.5 1.0 479 4.5 0.5 492 0 - 2.0

467 3.5 1.5 480 4.5 1.0

468 3.5 2.0 i 481 4* 5 1.5
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S ta t ic  P ressure Tap Locations; Nozzle Plock, 0 =  6o'^.Table 2 ,1 .6

Y . .. Tap. N.umberTap NumberTap Number

2.0  ;

i-1 .5  2.5

1.5 3.0

- 4 . 5  ■: 2.0

4.5 , 2.5

-4 .5  : 3.0

-0 .5  1.5

'-0 .5  12.0
 ̂ !
:-0 .5  2.5 i

-0 .5  13.0

3.5 2.0

. 2 . 0  i

0.5  n . 5

0 .5  12.0

0,5  2.5

0 .5  3.0

5.5 1 0

3.5 . 0 .5

3.5 1.0

1.5
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Tap Number X " 7 1 Tap Number X Y Tap Number X Y

468 3.5 1 7 477 4 ; 486 5 0.5

469 3.5 2.5 478 4.5 0 1 487 5 1.0

470 3.5 479 4.5 0.5 i 488 5 1.5

471 4 0 460 4*. 5
1

1.0 489 5 2.0

472 4 0.5 481 4.5 1.5 490 5 2.5

473 4 1.0 482 4.5 2 . 0 1 491 ..5.... 3.0

474 4 1.5 483 4.5 2.5 492 0 -2 .0

475 4 2.0 484 4.5 3.0

4 2.5 485 5 0 I

N otes.

1. Taps 328, 327, 326, 525, 323, 1, 2, 3» 4» 5» 6 and 7 provided the 

leading  edge pressure  d is tr ib u tio n .

2. Taps 357» 356, 555» 317» 316, 315 und 314 provided the t r a i l in g  

edge p ressu re  d is t r ib u t io n .

3. Taps 350, 349, 348, 347, 346, 345, 307, 308, 309, 310, 311, 312 

and 513 provided the spanwise p ressure d is t r ib u t io n  a t X = 48.

4 . The chordwise p ressure  d is tr ib u tio n  a t  the p la te  t ip s  was given 

by taps 7, 57, 214, 318, 313, 319, 320, 521, 322 and 317 a t Y = 

60, and by 328, 529. 343, 344, 350, 351, 352, 353, 354 and 357 

a t  Y = —60 ,

5. The spanvdse p ressure  d is tr ib u tio n  along the Y ax is  was given by 

taps 342, 341, 340, 339, 338, 337, 336, 335, 334, 333, 332, 331,

330, 492, 423, 424, 425, 426, 127, 128, 129, 130, 131, 132, 133,

134, 135, 136, 137, 138 and 139.

6 . Taps 1, 8, 17, 24, 37, 46, 58, 67, 358, 365, 372, 379, 386,

393, 400, 407, 436, 443, 450, 457, 464, 471, 478, 485, 175, 188,

197, 215, 224, 237, 246, 261, 266, 277, 282, 291 and 296 provided
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Notes.  Continued.

the p la te  c e n tre lin e  p ressu re  d is tr ib u tio n .
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NOZZLE BLOCK

"    CTET PIPE

2.24

•fGAs Retain;(NÔ h/UT

SEALING6  RING

-- CTET PLENUM CHAMBER

PLENUM PRESSURE 'TAP

.THEmOCOUPLE,

Figure 2*1, C ross-sec tion  of the Plenum Chamber and Nozzle Block*
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3 .1

Chapter ,,111

^ périment a l  method and Ac curacy

The p la te  was ad justed  to  th e  requ ired  angle of incidence by 

lowering the  re a r  legSo The nozale block was in se r te d . The j e t  plenum 

chamber was ro ta te d  to  the  requii'ed angle, s e t  by the clinom eter, and 

clamped to  th e  support p la te .  The support p la te  was moved along the  

roof of the tunnel and the  j e t  chamber was o ffered  up to  th e  flanged  

end of the j e t  pipe ( f ig  2 .1 ) .  Further adjustm ents ware made to  the  

p la te  supports u n t i l  th e  j e t  pipe flange was lo ca ted  w ith in  the recess, 

in  the j e t  chamber. The p la te  was f in a l ly  ad justed  to  the co rrec t 

incidence and h e ig h t. The nozzle block surfs.ce was now f lu sh  w ith  the 

.p la te  su rface .

The req u ired  p ressu re  d iffe re n c e  (Pp_~rw) was taken from the  c o rr­

esponding c a l ib ra t io n  ch art fo r  the given co n fig u ra tio n  and fo r a dynamic 

pressure  of 0.576 inch of w ater. This pressuxe d iffe ren ce  was monitored 

on a Water micromanometer and th e  wind tu n n e l speed brought up accord­

ing ly  o

The atm ospheric p ressu re  was measuxed by a F o rtin  bai'ometex and

the  value of was taken from the curve of versus P fo r^ un a A
the req u ired  v e lo c ity  r a t i o ,  (see Appendix, a) .  The p ressu re  d iffe ren ce

(Pg -  P^) in  the j e t  plenum chamber was read  from the c a l ib ra t io n  of

P -P , versus P_-P, fo r  the j e t  under co n sid e ra tio n . This p ressu re  Oil, A. o A
d iffe ren ce  was monitored by a i'Xandtl manometer*

The tu n n e l freestream  dynamic pressure  and the j e t  plenuia pressui'e 

were co n sta n tly  m onitored. The change in  mass flow r a te  a f te r  the j e t  

plenum tem peratixe had s ta b i l is e d  a t  ambient was neg lig ib le*  The use 

of sto rage tanks fo r  the j e t  a i r  supply obviated the unwanted tem peratixe
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in crease  which would have a r ise n  i f  the a i r  was fed  d i r e c t ly  from a 

compressor.

3.3 Surface P ressu res .

A ll d a ta  from the p la te  su rface  was measured on the m ultitube 

manometer in c lin ed  a t  20 degrees to  the  h o riz o n ta l. This da ta  was 

s to red  on melinex sh ee ts .

The f i r s t  wind tu n n e l run was to  determ ine the  j e t  o ff p ressu re  

d is t r ib u t io n  on the p la te  su rface . The second run was to  determ ine 

th e  in te rfe re n c e  p ressu re  d is t r ib u t io n .  The raw d a ta  had th e  form

(^Je t on "  ^Â  "  (^ Je t o ff  "  ^
and was in p u tted  in to  a computer programme (Appendix B) which reduced

the  d a ta , c a lc u la ted  the  in te rfe re n c e  p ressu re  con tours, in teg ra te d

the  p ressu re  d is t r ib u t io n  and p lo tte d  the con tours, various se le c ted

pressu re  d is tr ib u tio n s  and in te g ra te d  d is t r ib u t io n s .

3 .4  P en e tra tio n .

The p la te  and nozzle block su rfaces were covered w ith a s e lf  

adhesive sh ee t. The tra v e rs in g  mechanism support r a i l  was a ttached  to  

the  p la te  su rface  (see P la te  2 .2 ) .  The mechanism was i n i t i a l l y  p o s it­

ioned on the  r a i l  such th a t  the  probe head was as c lo se  to  the nozzle 

e x i t  as p o ss ib le . The l a t e r a l  p o s itio n  of the probe was ad justed  such 

th a t  the probe head lay  in  th e  plane which, from symmetrical consid­

e ra tio n s , was assumed to  con tain  th e  j e t  c e n tre l in e .  A search was made 

to  determ ine the  X and Z co -o rd in a te , r e la t iv e  to  the  p la te  axes, a t  

which th e  t o t a l  p ress iu e  was a maximum* The tra v e rs in g  mechanism was 

then moved to  the next p o s itio n  along the r a i l ,  a d is tan ce  2 j e t  r a d i i  

downstream.

The clinom eter could be read to  the n ea re s t 0*5 of a minute* The 

P i'andtl manometer and the F o rtin  barometer were accu ra te  to  + 0.01 mm of



mercury. The c a l ib ra t io n  ch art of dynamic p ressure  in  the working sec tio n  

versus the p ressu re  d iffe ren ce  across the two p ressu re  taps f i t t e d  to 

the tunnel w all (p^- p^) as mentioned in  Section 2.1 could be read to 

+ 0,002 inch o f w ater. The working sec tio n  was. c a lib ra te d  with a, 

standard  p i t o t - s t a t i c  tube, the e rro r  involved being 0.5% of Xo or 1% 

of ( re f  59).

S ta t ic  p ressu re  taps in troduce an e r ro r  because of th e i r  f in i t e  

s iz e . Ref 40 suggests th a t  the e r ro r  i s  of the o rder o f + 0,005 .

Turbulence a lso  a f fe c ts  the accuracy of the mean s t a t i c  p ressu re  

measurement ( re f  41)* This reference  suggests th a t the e rro r  i s  of the 

same order as th a t  incu rred  by the f in i t e  diam eter taps*

The response time was of the order of 60 secs. This was f e l t  to 

be reasonable considering  the physical r e s t r ic t io n s  involved because 

o f the s iz e  of the p ressure  l in e s  and tap s . No f lu c tu a tio n  band of the 

readings was ev iden t even in  the wake reg ion .

The o rder o f accuracy of the m ultitube manometer was d i f f i c u l t  

to  es tim ate . The d istance  along any tube was measured to the n e a re s t 

0.016 inch . However, the angle of t i l t  d id  in troduce e r ro rs . Since 

the manometer was viewed^ from above^then the fu r th e r  the meniscus was 

from the eyes^ the g re a te r  was the amount by which the p ressu re  was 

underread. However, the p ressu re  reading was g re a te r  the fu r th e r  away 

from the p o s itio n  of the eyesj so in  a l l  p ro b a b ility  the percentage e r ro r  

in troduced  was v i r tu a l ly  co n stan t. In  converting the p ressu res  to inches 

o f v e r t ic a l  h e ig h t, these m ultitube manometer e rro rs  were reduced by a 

fa c to r  p ro p o rtio n a l to the s iz e  of the angle of t i l t  ( in  th is  case about

0 .3 3 ).

F igures 5*1 to 5*3 show the e f fe c t  on the su rface  p ressure d i s t ­

r ib u tio n  and the surface fo rce  d is tr ib u tio n  (see in tro d u c tio n  to Chapter 

IV) of the u n c e rta in ty  in  the m ultitube read ings. These f ig u re s  were
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obtained by varying th e  readings by + 0.016 inch e i th e r  s ide  of the 

recorded read in g . The e rro r  band increases as |C^| decreases and as 

th e  d is tan ce  from the  j e t  in c re a se s . The e rro r  band i s  la rg e r  fo r  the  

upstream surface p ressu res  than those in  th e  l a t e r a l  or wake reg io n s.

The e r ro r  band of the  surface  fo rce  d is tr ib u tio n  over an area of f iv e  

j e t  r a d i i  i s  n e g lig ib le . The corresponding changes in  the  suc tion  

fo rce  c o e f f ic ie n t  over an area  of f iv e  and ten  j e t  r a d i i  were + 3a and 

+ 4*5;^ re sp e c tiv e ly  and the changes in  cen tre  of p ressu re  and p itch in g  

moment c o e f f ic ie n t  were + 5.5a and 11]̂  re sp e c tiv e ly  (see in tro d u c tio n  

to  Chapter IV fo r  d e f in i t io n s ) .

No wind tunnel w all co rrec tio n s  were made in  th i s  work. I t  has 

been suggested th a t  the  parameter ma/h ( where m i s  the  v e lo c ity  

r a t io ,  a i s  the  j e t  rad iu s  and h is  the clearance between the  lower 

su rface  of the p la te  and the working sec tio n  f lo o r )  can ac t as an 

app ropria te  w all e f fe c t  c r i te r io n  ( r e f  42 ). For a j e t  in c lin ed  a t  

8 degrees upstream (corresponding to  a p la te  incidence of 8 degrees) 

a value of ma/h ^  0 .4  was req u ired  to  prevent sep a ra tio n  of the f re e ­

stream  flow on the wind tunnel w alls  forward of th e  model. With a 

v e lo c ity  r a t io  of 12 and a c learance of 105 j e t  r a d i i  ( i . e .  105a) then 

ma/h = 0 .1 1 . Since th is  c r i te r io n  i s  considered to  be conservative 

i t  was assumed th a t  adverse w all e f fe c ts  would be in s ig n if ic a n t .

The c a l ib ra t io n  of the working sec tio n  fo r  the  various model 

co n fig u ra tio n s  j e t  o ff , was aimed a t  allowing fo r  blockage e f fe c ts  

incurred  fo r  the  basic  model. The oni.y o ther blockage a r is e s  from the 

p o te n tia l  core of the j e t  and the separated  reg ion  behind the j e t .  Using 

a one-dim ensional approach, th a t  is

V , “ 1 t  where h -  f ro n ta l  area  of core and wakec o rrec t ~— r-;-----------—:---------- —  v:------;—;------- ----- -------- working sec tio n  area  -  f .re n ta l area
in d ica ted

w ith  a very conservative estim ate  of the f ro n ta l  a rea  of the p o te n tia l
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core and separated  reg ion  from r e f  24, i s  of the order of 0.004*

The r e p e a ta b i l i ty  of readings from one t e s t  to  the  next was found 

to  be w ith in  0*08 of the G v a lu es . This was expressed as a mean
P 4

r e la t iv e  e rro r  such th a t  the r e p e a ta b i l i ty  was much b e t te r  than th is  

value nearer th e  j e t  where the magnitude of the  read ings was h igher.

Far away from the j e t  the e rro r  bond of the  read ings was g rea te r  than 

the  a c tu a l magnitude ( fo r  1 C (̂ < 0 .1) so th a t  th e  p o s itio n  of p ressu re  

contours of low magnitude was not r e l ia b le  (see a lso  f ig  3 .1 ) .  The 

r e p e a ta b i l i ty  in  these  reg ions was a lso  bad. F igures 3*4 to  3 ,6  show 

a comparison of the p ressure d is t r ib u t io n  and su rface  fo rce  d is tr ib u tio n  

obtained from two sep ara te  t e s t s  under id e n tic a l  c o n d itio n s . The 

symmetry was found to  be w ith in  0.04 of the value (checked along the  

Ï  a x i s ) . Again th i s  was expressed as a mean r e la t iv e  e rro r  and the  

above comments are  a p p lic a b le . Figure 4*^9 shows a comparison of th e  

su rface  p ressu re  d is t r ib u t io n  obtained from th is  work w ith  th a t  of r e f ­

erence 14 and 20.

The t o t a l  p ressu re  reading  f lu c tu a tio n  w ith in  the  j e t  plume was 

of the order of 0.001 of the read ing . The t o t a l  head probe was insens­

i t iv e  to  a ro ta tio n  of j: 5 degrees w ith in  the plume and f ig u re  3*7 shows 

a ty p ic a l  p lo t from which the plume c e n tre lin e  was deterniined. The un­

c e r ta in ty  in  determ ining th e  plume c e n tre lin e  in creased  w ith  in creasin g  

d is tan ce  from the  nozzle e x it  as the to t a l  p ressu re  decreased and was 

a maximum of + 0 .5  j e t  r a d i i .  The determ ination  of the j e t  plume was 

rep ea tab le  from one t e s t  to  another (see f ig  3 .8 ) .  D'oring the f re e  j e t  

t e s t s  (Appendix a) the head of the probe when placed a t  the cen tre  of 

the  nozzle e x it  plane w ith a j e t  e x i t  v e lo c ity  of 600 f e e t  per second, 

was found to  be d isp laced  by about 0 ,2  j e t  r a d i i .  The f lu c tu a tio n  in 

the j e t  chamber s ta t i c  p ressure ta p  reading (F^-?^) was ty p ic a l ly  of 

the  order of 0.005 of the read ing .
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Figure 4*102 shows a comparison of the j e t  plume measurements 

from th is  work w ith  th a t  of re fe ren ces  19,24,27 32 fo r  a normal j e t .

A comparison of the in c lin ed  j e t  c e n tre lin e  w ith th a t  of re fe ren ce  28 

i s  made in  figur-e 4*56.

Figure 3*9 shows the  e f fe c t  of the v e r t ic a l  support and probe 

holder on the t o t a l  p ressu re  reading  w ith  th e  j e t  o f f .  At a p o s itio n  

w ith in  th e  12. plane the e f fe c t  of the mechanism was to  reduce the  t o t a l  

head by about 3%, However, the  in te rfe re n ce  c a l ib ra t io n  was fo r  a 

uniform and e s s e n t ia l ly  incom pressible flow . The e f fe c t  on the probe 

reading of the mechanism in  an incom pressible reg io n  and the probe head 

withjui a com piessible region of the flow f ie ld  was not known. Reference 

41 suggests th a t  the  com pressib iity  e f fe c ts  of the t o t a l  p ressure read - 

i].ig would be n e g lig ib le  except when the jWach number was close to  u n ity . 

As the com pressible reg ion  of the flow was considered to  be more domin­

an t , i t  was assumed th a t  th e  mechanism in te rfe re n c e  could be ignored.
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Chap ter IV
R esu lts and D iscussion 

Table 4*1 summarises the c o lle c te d  d a ta . The d a ta  was obtained 

fo r  a system atic v a r ia tio n  of each parameter ( j e t  in c lin a tio n  0  , p la te  

incidence <4 , v e lo c ity  r a t io ,  m ) while the o ther param eters remained 

f ix e d . The su rface  fo rce  d is t r ib u tio n , suc tion  fo rce  c o e f f ic ie n t and 

cen tre  of p ressu re  were derived from the surface p ressu re  d is t r ib u t io n .  

These q u a n ti t ie s  are defined below. The sui’faoe p ressu re  d is t r ib u tio n  

is  p resented  in  the  form of isobar p lo ts .

The surface fo rce along a r a d ia l  i s  denoted by where 

rR.

Of

2
R dR , where i s  the in te rfe re n c e  p ressu re  c o e f f ic ie n t

R̂  R i s  the  r a d ia l  d is tan ce  from th e  j e t  e x it

centre, non-ddjnsnsionalised w ith  re sp ec t 

to  the  j e t  ra d iu s .

The lower lim it  of in te g ra tio n  , R. re p re se n ts  the j e t  periphery 

and v a rie s  w ith  th e  e x i t  geometry, e .g  fo r  the  normal j e t ,  R^ is  u n ity . 

The upper l im it  of in te g ra tio n , R^ was assigned two v a lu e s ,5 and 10«

Both and are  non-d lnensionalised  w ith  re sp e c t to  the j e t  radius* 

The su rface  fo rce  d is tr ib u tio n  re fe r s  to  the v a r ia t io n  of w ith  in -  

creasing  & , where B i s  the  angular displacem ent in  degrees from the 

p o s itiv e  X ax is  (see f ig  2 .2 ) ,

The su c tio n  fo rce  c o e f f ic ie n t is  denoted by G wheres .

G — —1
S , TV

r 2'jT

d6

rTT rR^

-2
n

G R dR d0
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The upper l im it  of in te g ra tio n , R.p was 10. The su c tio n  fo rce  

can be thought of as the fo rce  obtained by in te g ra tin g  the surface  p ress­

ure d is t r ib u t io n  over a c irc u la r  area w ith a rad ius of 10 j e t  r a d i i  

(but excluding the  j e t  e x i t  area) and a cen tre  co incid ing  w ith th e  j e t  

e x it c e n tre . The v a r ia tio n  of the  suction  fo rce  c o e f f ic ie n t w ith 

increasing  v e lo c ity  r a t io  fo r  each angle of in c l in a t io n  and incidence 

is  summarised in  Figures 4*1 to  4*5. These curves can be c ro ssp lo tted  

to  give the  v a r ia tio n  of th e  suction  force c o e f f ic ie n t  w ith angle of 

incidence or angle of in c lin a tio n .

The cen tre  of pressure is  denoted by X, where

0 J

15

R,

G X R dR d6 , where X is  the  d is tan ce  in  the X 
P

d ire c tio n  ( X -  R cos G ) .
2n

0

15

G R dR d6 
P

R

The upper l im it of in te g ra tio n , R  ̂ = 15, was chosen to  include as 

la rge  an area  of the  p la te  surface as p o ss ib le . The l a t e r a l  low pressu re  

region extends w ell beyond R  ̂ = 15 a t  moderate v e lo c ity  r a t io s .  I t  was 

f e l t  th a t ,  by using th is  value, a more accurate v a r ia tio n  of the cen tre  

of p ressure a t  higher v e lo c ity  r a t io s  could be obtained w ithout in c u rr­

ing too la rg e  an e rro r  a t  low v e lo c ity  r a t io s  ( see Section 4 .1 * 2 .3 ).

A p o s itiv e  value of X can be thought of as rep re sen tin g  nose up p itch in g  

and a negative value as nose down p itch in g . The v a r ia tio n  of the cen tre  

of pressure w ith increasing  v e lo c ity  r a t io  fo r  each con figu ra tion  is  

summarised in  Figures 4 .6  to  4 .10 . These curves can be c ro ssp lo tted  to  

give the v a r ia t io n  of the cen tre  of pressure w ith in c lin a tio n  and in c id ­

ence.

The p itch in g  moment c o e ff ic ie n t is  denoted by G  ̂ where
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«H

z k

0

i  15

G X R dR dÔ.; 
P

RI

The v a r ia tio n  of p itch in g  moment c o e f f ic ie n t w ith  the suc tion  

fo rce  c o e f f ic ie n t  ( in teg ra te d  over a c irc u la r  a rea  of rad iu s  15 j e t  r a d i i )  

i s  stumnarised in  F igures 4*11 to  4 .15 , These curves can be thought of 

as the  pitcKing moment c o e f f ic ie n t versus I jjf t  c o e f f ic ie n t  v a r ia t io n .

The j e t  t r a je c to r ie s  fo r  each co n fig u ra tio n  are  sumiriarised in  

F igures 4 .16 to  4*34* Theme curves can be c ro ssp lo tte d  to  show the  

v a r ia tio n  of each t ra je c to ry  w ith  one independent param eter while 

the o thers  remain co n sta n t. I t  should be noted th a t  body axes were 

employed throughout th is  work. The j e t  t r a je c to r ie s  are p lo tte d  w ith  

re sp ec t to  the p la te  axes (defined in  f ig  2*2). The advantage of 

using these  axes is  th a t  the  r e la t iv e  d e f le c tio n  of the j e t  cen tre ­

lin e  is  more d isc e rn ib le .

In the fo llow ing d iscussion  the  e f fe c t  of in c reasin g  the angle 

of in c lin a tio n , 0  (sec tio n  4*1), increasing  the angle of in c id e n c e ,<4. 

(sec tio n  4*2) and increasing  the  v e lo c ity  r a t io ,  m (se c tio n  4*3) on 

the  surface p ressure d is t r ib u t io n ,  surface fo rce  d is t r ib u t io n ,  suc tion  

fo rce  c o e f f ic ie n t  and j e t  t r a je c to ry  i s  considered* F igures 4*1 to  4*34 

w i l l  be d iscussed  in  sec tio n  4*3

4 .1  E ffec t of In c reas in g the  Angle of I n c l in a t io n .0 (Figures 4*35 to  4.37) 

4*1.1 Surface P ressure s .

4*1*l o i  Forward and L a te ra l Reg-ions.

The isobar p lo ts  ( f ig  4*35 to  4*39 which are drawn fo r  an in c id ­

ence of zero and v e lo c ity  r a t io  of 32) are considered f i r s t .  The ex ten t 

of the low pressure f ie ld  to  the side of the  j e t  was reduced as the 

in c lin a tio n  increased* At the higher v e lo c ity  r a t io s  (m > 6 ), the 

ex ten t of the low pressure f ie ld  upstream of the j e t  was dim inished.
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At low v e lo c ity  r a t io s  (ra 6  6 ), l i t t l e  change was observed upstream.

As th e  angle of in c lin a tio n  is  increased  the  j e t  e x i t  geometry in  the 

plane of the  p la te  changes. The e x it  dimension in  the  p o s itiv e  and neg­

a tiv e  X d ire c tio n  is  increased  and the p o s itio n  of any su rfa c e ' p ressu re  

contour (eg -2  contour) very c lo se  to  the j e t  i s  changed accord ing ly . 

This occurence i s  lo c a lise d  because of the c lo se  proxim ity of th e  j e t  

and caused, l i t t l e  e f fe c t  on th e  o ther derived q u a n t i t ie s .  The upstream 

c e n tre lin e  surface  p ressu re  d is t r ib u tio n  ( f ig  4^40 fo r  oC = m -  12) 

suggested th a t  the flow d ece le ra ted  le ss  immediately upstream of the  

j e t  as the  in c lin a tio n  was increased* I f  a s tag n a tio n  po in t a c tu a lly  

ex is ted  a t  the  higher angles of in c lin a tio n  then i t  was c e r ta in ly  very 

lo c a l .  I t  seems probable th a t  the lay ers  of f lu id  immediately above the  

p la te  su rface  were given a v e r t ic a l  component of v e lo c ity  by the entrain* 

ment e f fe c t  of the j e t .  As the in c lin a tio n  increased , th e  f lu id  p a r t­

ic le s  re ta in e d  more of th e i r  h o riz o n ta l component of v e lo c ity  and the 

induced v e r t ic a l  component was reduced. The d e c e le ra tio n  of the  f re e -  

stream  was lessened , i . e .  the  blockage e f fe c t  was reduced,

A comparison between the r e s u l ts  of th is  work and those of Refer­

ence 19 was made in  Figure 4*41 (fo r 0 =  30^, m = 8, <4 ~ 0^ ), The qual­

i t a t iv e  agreement was reasonab le . The q u a n tita tiv e  agreement improved 

c lo se r to  the j e t .  The d iscrep an cies  were probably due to  the  d if f e re n t  

lab o ra to ry  conditions (see Section  1 ,1 .2  and 1 .2 ) .  The da ta  from Refer­

ence 19 appeared to  have a higher e f fe c tiv e  v e lo c ity  r a t io  than th a t  of

th is  work as was in d ica ted  by the  more ex tensive low p ressu re  f i e ld .

This is. the only other e x is tin g  da ta  fo r in c lin ed  j e t s .

The o v e ra ll e f fe c t  was an apparent movement downstream of the  low 

pressure f i e ld  as the in c lin a tio n  increased ,

4 ,1 .1 .2  Wake : .eg io n

Allowing fo r  the above mentioned geometry e f fe c t ,  the surface
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pressu re  contours on th e  wake c e n tre lin e  have moved l i t t l e  w ith a 

change of in c l in a t io n . Further to  the sides of the wake reg ion , because 

of the  apparent downstream movement of the l a t e r a l  low pressure f ie ld ,  

the  angle between the wake c e n tre lin e  and the wake contours was decreased. 

The low p ressu res  occupied more of the wake reg ion  fo r la rg e  values of 

in c l in a t io n . The wake and l a t e r a l  reg ion  changes gave the  low p ressu re  

f i e ld  a ‘swept back lo b e ‘ appearance (see f ig  4*35 to  4*39). This 

c h a rac te rised  th e  e f fe c t  of in creasin g  in c l in a t io n .

There was a s ig n if ic a n t change in  the downstream c e n tre lin e  su r­

face  p ressu re  d is t r ib u t io n  ( f ig  4*4-2) as the in c l in a t io n  in creased . In 

the case of the  normal j e t ,  th e re  was a s te a d ily  decreasing  r a te  of 

p ressu re  recovery . I n i t i a l l y ,  the  r a te  of recovery was rap id  in  the 

c lose  proxim ity of the j e t  but moderated w ith  d is tan ce  away from the  

j e t .  For an angle of in c lin a tio n  of 30 degrees and more, th e  i n i t i a l  

p ressu re  recovery r a te  was very rap id  followed by a p ressu re  lo s s  in 

the  reg ion  3 ^ X < 6 and a fu r th e r  p ressure recovery  a t a more gradual 

r a te  fo r  I  > 6. At low v e lo c ity  r a t io s  (m = U)> the  p ressure  did in 

f a c t  become p o s itiv e  fo r  X >  6 before su ffe rin g  a gradual p ressu re  lo ss  

( f ig  4*90 fo r  0  ~ 45^, d  = 2 ° ) . G enerally, in  the  c lo se  proxim ity of the  

j e t ,  the  p ressures were lower fo r  a lower angle of in c l in a t io n . For X 

> 6, th e re  was l i t t l e  observed change in  p ressu re . The p o s itio n  of the  

occurrence of the p ressure  lo ss  (except fo r  low v e lo c ity  r a t io s )  appeal's 

to  have coincided w ith the t r a n s i t io n  from the  p o te n tia l  core to  the 

c u rv ilin e a r  region  (see f ig  1,1 fo r d e f in it io n  of reg ions of j e t  f lo w ).

The j e t  i s  c lo se r to  the p la te  surface  as the in c lin a tio n  in c reases .

This observed e f fe c t  is  probably caused by the s tro n g er in te ra c tio n  of 

the  v o r t i c i ty  entrainm ent and p la te  boundary la y e r . I t  is  expected thau 

th e re  would be an in creasin g  ra te  of entrainm ent of the  boundary ].ayer 

e sp e c ia lly  close to  th e  re a r  of the  j e t .  The r e s u l ts  tend to  confirm  th is*
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4 .1 .2  In teg ra ted  E ffec ts
■^■1.  ■■ I 111 I M ilia Mil Ainmii im ,« n#    

4*1,2.1 Surface Forces (Fig 4 . 43 -  4.52 fo r  m -  12, = 0°)

The most s ig n if ic a n t  observation  from the  sui'face fo rce  d i s t r i b ­

u tion  was th a t  the p o s itio n  a t  which the minimum su rface  fo rce  occurred, 

6^ (the  angular displacement)^ decreased as the in c lin a tio n  in creased .

This e f fe c t  was more n o tic e a b le .fo r  an in c lin a tio n  g re a te r  than 15

degrees. The mindjmuin su rface  fo rce , increased  ( i . e .  became le s s

n eg a tiv e ), e .g . fo r  <4=0  y m = 12, G^^changed from about -18 to  ~12(R2.= 1o) 

w hile 0^ changed from 90° to  30°* as 0  increased . The negative surface 

fo rce  c o n tr ib u tio n  from the walce increased  w hile th a t  from the  forward 

and l a t e r a l  reg ion  decreased. This was expected from the su rface  

p ressu re  changes.

Care must be exercised  in  the in te rp re ta t io n  of the su rface  fo rce

d is t r ib u t io n .  The in te g ra l  G  ̂ con tains the product of 0^ and R. a

p a r t ic u la r  o rd in a te  could have the same value i f  composed of a sm all 

value of R and a la rg e  value of G  ̂ or a la rge  value of R and a sm all

value of G .
P

The su rface  fo rce  d is tr ib u tio n  fo r  0 of and 15 ( f ig  4*43 and 

44-) in d ica ted  th a t  0^ has decreased but has changed l i t t l e .  The 

increase  in  the negative surface fo rce  co n trib u tio n  from the wake region 

was balanced by the  decrease in  the  l a t e r a l  and forward reg io n s . This 

suggested th a t  the o v e ra ll e f fe c t  of a moderate d ev ia tio n  about the 

normal was sm all.

There were no d is c o n tin u it ie s  in  the curves and the g rad ien t a t  

0 ~ O'̂  and 180^ was zero v e rify in g  the assumption th a t  the  f lo w fie ld  

was symmetrical about the p la te  c e n tre lin e . The major change occurring 

was th a t  the  reg ion  bounded by 0 = 0  and 50 co n trib u ted  more to  the 

su rface  fo rce  d is t r ib u t io n  w hile the region bounded by G = 60*̂  to  170^ 

co n trib u ted  le s s  as the in c lin a tio n  increased .
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The e f fe c t  of varying the  in te g ra tio n  l im its  can be observed by 

comparing f ig s  4.43 and 4*48, 4*44 and 4.49 e tc .  ^ t  8= Cf and 180^ the 

magnitude of 0^ in creases  as the  upper l im it  in c re a se s . The magnitude 

o f' Ĉ m in creases  and the r a te  of change of w ith 8 increases»

4 .1 .2 .2  Suction Force C o e ff ic ien t.

The curves i l lu s t r a t in g  the v a r ia tio n  of Ĝ  w ith  0  , a t  th e  higher 

v e lo c ity  r a t io s ,  show th a t  Ĝ  decreases w ith in creasin g  0  throughout 

the  range of in v e s tig a tio n  ( f ig  4*53). At a lower r a t io  (m ^6), Ĝ  

changes very l i t t l e  over the range c / to  15Î Ĝ  decreases as 0 in creases  

beyond 15°. There appears to  be an asymptotic value as 0 approaches 90Î 

This i s  expected, a value of 90°repre8ents the  case of a p ropulsive 

j e t  exhausting close to, or along a h o riz o n ta l su rface , th e  only type 

of entrainm ent being th a t  of the  f re e  j e t  type, vo rtex  entrainm ent be­

ing zero , as th e  v e lo c ity  r a t io  in creases , the curves become more 

bunched e sp e c ia lly  a t  low in c lin a tio n  angles and do not d iverge u n t i l  

0 is  g re a te r  than 30t

ti p r a c t ic a l  po in t a r is e s  from these curves. In general Ĝ  decreases 

as 0  in c rea se s . I f  i t  i s  d e s irab le  to  m aintain a constan t v e r t ic a l  

component of th ru s t ,  the  v e lo c ity  r a t io  would have to  be increased  

i n i t i a l l y  as the  in c lin a tio n  is  increased . In f a c t ,  the  j e t  v e lo c ity  

r a t io  i s  increased  p ro p o rtio n a lly  to  / 7 e c 0  » The re s u l t in g  l i f t  lo ss  

incurred  from th is  co n fig u ra tio n  change can be le s s  than th a t  incurred  

fo r  the corresponding lower in c lin a tio n  case. ( e .g .  by going from 

m = 4 a t  0 = 0°to m = 6 a t ^  = 60°). Fig 4.53 in d ic a te s  th a t  the  l i f t  

lo ss  can be reduced by applying as much in c lin a tio n  as soon as p o ss ib le . 

The a d d itio n a l h o riz o n ta l component of v e lo c ity  w i l l  c re a te  some wing 

borne l i f t  reducing the  need fo r  the given le v e l of v e r t ic a l  thrust*.

The in c lin ed  j e t  induces a more extensive low pressure  f ie ld  in  the 

wake reg io n . P lacing the j e t  to  the re a r  of the  su rface  w il l  reduce
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the  l i f t  lo s s .

The suc tion  fo rce  c o e f f ic ie n t  v a r ia tio n  w ith  (0 , e s ta b lish e s  the  

angle of in c lin a tio n  as a primary param eter.

4 .1 .2 .3  Centre of P ressure , ^

The most s ig n if ic a n t observation  from the curves describ in g  the  

v a r ia tio n  of Z w ith  0  was the increase  in  X as 0  increased  (see f ig .  

4 .5 4 ). G enerally, an in crease  in  0  did not change the  sign  of X. A 

change of sign  was caused by a change of v e lo c ity  r a t io .  I t  i s  conceiv­

able th a t  a curve of v e lo c ity  r a t io  between 6 and 8 could experience a 

sign  change as th e  in c lin a tio n  increased .

The curves suggest th a t  the lower the v e lo c ity  r a t io  (m 6) the 

more rap id  the increase  in  the  cen tre  of p ressure as 0  increased* This 

could cause handling problems near to  the t r a n s i t io n  to  wing borne f l i g h t  

where the tr im  req u ired  i s  expected to  be excessive. The curves show 

the in c reasin g  ex ten t of the  induced low pressu re  f ie ld  w ith in  the wake.

Considerable s c a t te r  of da ta  was ev id en t. This a r is e s  from the 

value of the upper l im it  of in te g ra tio n  and the above mentioned e rro r  

in  Gp The fu r th e r  away from the  j e t  the g rea te r  is  the r e la t iv e  e rro r  

of the  p ressu re  read in g s. This e f fe c t  i s  worse fo r  3,ower v e lo c ity  r a t io s  

where a g re a te r  p a r t of the  p ressure  f ie ld  under co n sid e ra tio n  c o n s is ts  

of p ressu res  having magnitudes l i t t l e  d if f e re n t  from zero. These la rg e  

r e la t iv e  e r ro rs  are then m u ltip lied  by a la i’ge value of R (fo r a la rg e  

d is tan ce  from the j e t )  to  form the o rd ina tes  req u ired  to  evaluate

4 .1 .3 J e t  T ra je c to r ie s

The p en e tra tio n  decreased and the d e f le c tio n  decreased as the  

in c lin a tio n  increased  (see f ig  4*55 and 4 .5 6 ). The t r a je c to r ie s  were 

d e flec ted  3.ess in  the  i n i t i a l  reg ion  from th e i r  i n i t i a l  in c lin a tio n  as 

p  increased . At lower v e lo c ity  r a t io s  (m £  8, f ig  4*56) the 15 and
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0
0 curves converged downstream. This observation  was a lso  noted in  r e f  

28, Data a t  the l im it  of experim entally  determ ined t r a je c to r ie s  exhib­

ite d  a degree of s c a t te r .  As the  j e t  asym pto tica lly  approached the  

undisturbed freestream  d ire c tio n , the t o t a l  p ressu re  excess decreased 

malting i t  d i f f i c u l t  to  determ ine the c e n tre lin e  a c c u ra te ly . This 

s i tu a t io n  worsened as th e  in c lin a tio n  decreased. The t o t a l  p ressu re  

decay curves, presented  as fgi/Pg versus Sjwhere

= Pq -  P^ , pQ i s  the  t o t a l  p ressure a t  the p o in t, i s  the
~p

B OE A t o t a l  p ressu re  a t  the j e t  e x it  and S is  the d is tan ce

along the  j e t  c e n tre lin e  non-dim ensionalised w ith

re sp e c t to  the  j e t  ra d iu s .

ind ica ted  th a t  the p o te n tia l  core len g th  increased  as the  in c lin a tio n
o

increased  reach ing  a maximum fo r  the 60- j e t  (see Fig 4*57 drawn 

fo r  ra = 12, d  = (f) .  The curves a lso  suggested th a t  the  decay r a te  

was le s s  as the  in c lin a tio n  increased . Data fo r  P^/ sinall, exhib­

ite d  s c a t te r  as mentioned above. The s c a t te r  of p o in ts  fo r  P^ /  P̂^

of about u n ity  arose because of the  d i f f ic u l ty  in  determ ining th e  

c e n tre lin e  w ith in  the. p o te n tia l  co re .

Comparisons w ith  the r e s u l t s  of r e f  28 ( f ig  4*56 fo r  = 0  ̂

m = 8) revealed  considerab le  d iscrepancies  as did th e  comparisons fo r  

the normal j e t  w ith  o ther work (sec t 4*3 .3). The problem of comparing 

c e n tre lin e  da ta  was the  d if f e re n t  d e f in itio n s  used by various authors.. 

For in stan ce , P a trick  ( re f  30) determined the c e n tre lin e  from a concen­

t r a t io n  p ro f i le ,  a v e lo c ity  p ro f i le  and S ch lie ren  photographs, K effer 

and F la tte n  ( re f  28) u t i l i s e d  the v e lo c ity  p ro f i le  measured w ith  a hot 

w ire . Jord inson ( re f  24) and Mosher ( re f  IS) used the  locus of maximum 

to t a l  head (as. does th is  work) w hile water vapour flow v is u a l is a t io n  

was employed by M r gas on ( re f  32). The t e s t  cond itions were a lso  

v a r ia b le , P a tric k  exhausted a normal j e t  through the wind tunnel f lo o r
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.ijito a sec tio n  varying from 3 \ j x  BO^to 2^2 x R4‘. j e t  r a d i i .  K effer and 

F la tten  exhausted j e t s  a t  vexious in c lin a tio n s  t  biro ugh a c irc u la r  p la te  

of 96 j e t  r a d i i  diam eter mounted above the  wind tu n n e l f lo o r  in to  a 

sec tio n  3B4- x 768 j e t  ra d ii*  Jordinson employed a p la te  mounted above 

the  tunnel f lo o r  and a sec tio n  of 240 x 4-8 and 120 x 24 j e t  r a d i i  w hile 

Fjargason suspended the j e t  in  th e  wind tunnel and exhausted i t  in to  a 

sec tio n  of 168 x 240 j e t  r a d i i .  I t  i s  very doub tfu l whether some of 

th ese  sec tio n s  allowed fo r  adequate l a t e r a l  spread of th e  j e t  or pre­

vented impingement a t  the higher v e lo c ity  r a t io s .

O rific e s , tubes and nozzles have been employed a l l  w ith  d if fe r in g  

e x it p ro file s*  The p ro f i le s  of a l l  the j e t s  in  th i s  work were very 

uniform (see Appendix A). The le s s  uniform the  p ro f i le s ,  the more severe 

the i n i t i a l  d e f le c tio n  as noted in  sec tio n  1 .2 , This does not appear 

to  be th e  reason fo r  the  discrepancy. Repeat experiments were performed 

fo r  the  normal j e t  (see sec t 4»3*3) a t  a lower freestream  turbulence 

le v e l ( 0 ,7 ^ ) .  These r e s u l ts  compared w ell w ith  those of previous 

works. I t  seems lo g ic a l  to  argue th a t  an increase  in  tu rbu lence le v e l 

of the frees tream  in creases  the  d e fle c tio n  r a te  of the  j e t ,  i . e .  the 

entrainm ent r a te  i s  augmented and the p en e tra tio n  is  dim inished. This 

suggests th a t  the v o r t ic i ty  entrainm ent in  the c u rv ilin e a r  region is  

augmented by the in te ra c tio n  of the j e t  and a tu rb u len t frees tream .

This re q u ire s  fu r th e r  in v e s tig a tio n . The e f fe c t  of th i s  phenomenon on 

th e  sui'face p ressu res  fo r  the normal j e t  appears to  be secondary ( f ig  

4*89 and sec t 4*3 .3 ).

.4Jui&In&ëlR^%kaM on.

The above observations in d ic a te  a lowering of, the  entrainm ent 

r a te  as in c lin a tio n  in c re a se s . The j e t  d e f le c ts  le s s  ( f ig  4*55) u n t i l ,
y  &

a t  P  = 60, t r a je c to ry  has hard ly  been d e flec ted  from i t s  I n i t i a l  

in c l in a t io n . The t o t a l  p ressu re  decay r a te  a t  60 is  lower than th a t  .
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of the  o ther j e t s  ( f ig  4*57). D eflection  and t o t a l  p ressu re  decay a re  

synonymous w ith  entrainm ent. I t  i s  lo g ic a l to  conclude th a t  the  prim­

ary  e f fe c t  of in creasin g  in c lin a tio n  is  a reduction  in  the entrainm ent 

c h a ra c te r is t ic  of the j e t .

I t  was s ta te d  in  the In tro d u c tio n  th a t a counter rotaddng vortex  

p a ir is  produced in  th e  flow because of the  la rge  shearing  stream 

ac tin g  on th e  j e t  sides* For a normal j e t ,  or one whose in c lin a tio n  

d if f e r s  l i t t l e  from the normal, th i s  production of v o r t ic i ty  would be 

most pronounced in  the i n i t i a l  s tages where the uniform stream  compon­

ent normal to  the j e t  i s  a maximum.

The in crease  in  entrainm ent r a te  w ith v e lo c ity  r a t io  is  not pro­

p o rtio n a l to  th a t  of momentum flux* This f lu x  is  transform ed by the  

uniform stream  f lu x  a t  a lower r a te  and the d e f le c tio n  of the t r a j e c t ­

ory is  l e s s .  The p o te n tia l  core is  extended. The p ro f i le  may be expec­

ted  to  be r e la t iv e ly  unchanged sin ce , g en era lly , the p o te n tia l  core i s  

not g re a tly  d e fle c ted  by the  p ressure  f i e ld .  The t r a je c to r ie s  demonst­

r a te  th a t  th e re  i s  an i n i t i a l  p o rtio n  which i s  aLnost l in e a r .  The 

l in e a r i ty  is  most evident as the in c lin a tio n  in c reases , where f r e e je t  

and vortex  shear type entrainm ent are a minimum. This would account 

fo r  the observed ch arac te r change in  the surface p ressu re  f i e ld  be-
0 Q

tween 0  = 15 and 30, The t o t a l  p ressure decay curves in d ic a te  th a t
0 o

th e  decay r a te s  of 0  '1 5  and 0 are sim ilar* For in c lin a tio n s  g re a te r  
0

than <0 = 15, the  decay r a te  i s  lower. This behaviour of the  i n i t i a l  

p ro f i le s  in d ic a te s  the  importance of v o r t ic i ty  entrainm ent.

The f r e e je t  entrainm ent i s  expected to  increase as th e  in c lin a tio n  

is  d ire c te d  upstream ( i . e .  fo r  negative values of 0 . ,  see r e f  28) be­

cause the  p a r a l le l  freestream  component i s  augmented. The d e f le c tio n  

r a te  of the  t r a je c to ry  is  a measure of the t o t a l  entrainm ent r a te  and 

the  p ro f i le s  suggest th a t  the  v o r t ic i ty  entrainm ent in  the  i n i t i a l
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reg ion  is  a minimum a t  0= 60° ( and zero a t  90 where the entrainm ent 

mechanism is  com pletely f r e e je t  and no d e f le c tio n  occurs) and a maximum 

a t  zero . This would be co n s is ten t w ith the f a c t  th a t  the  normal j e t  

experiences a maximum crossflow  shearing component fo r  the  g re a te s t 

d istan ce  along the  i n i t i a l  cen tre lin e*

Comparison of th e  flow exhausted normally w ith th a t  a t  0=
O

and 60 suggests th a t  the generation  of v o r t ic i ty  is  more in tense  fo r 

the  normal j e t  (see a lso  r e f  28). N atu rally , the  g re a te s t  cross-stream  

shear occurs and the  vortex  shear entrainm ent should be a maxiiûujû fo r  

th is  configuration*. The normal j e t  t ra je c to ry  is  expected to  demonstr­

a te  the  maximum ra te  of approach to  the h o rizo n ta l where th is  type of 

entrainm ent predom inates. The r e s u l ts  tend to  confirm th i s .

4*2 E ffec t of In c reas in g the  angle of Incidence, (Figs 4.58 to  4 .8 2 .) 

4*2*1 Surface f r e s s ures (F igs 4 ,5 8-4*62 drawn fo r 0 =  15°and m = 8) 

4*2*1.1 Forward and L a te ra l Regions

I t  was d i f f i c u l t  to  draw any sp e c ific  conclusions from the data  

c o lle c te d . I t  was apparent th a t  the e f fe c t  of a v a r ia t io n  in  the angle 

of incidence was of secondary importance because most of the observed 

p ressu re  changes were a t  best only ju s t  outw ith the  e r ro r  band of the  

read ings. The lower p ressu res  c lose  to  the j e t  were le a s t  a ffe c te d . 

These were s l ig h t ly  more ex tensive to  the f ro n t and s id es  of the j e t .  

The higher p ressu res  (contours - .5  to  - .1 )  experienced a g rea te r  change 

but i t  must be remembered th a t  th e  lower the  magnitude of the pressur-e 

and the  g re a te r  i t s  d is tan ce  from the j e t  then the g re a te r  i s  the s h i f t  

in  the  contour due to  the u n c e rta in ty  in  the p ressu re  read in g s. These 

higher p ressu res were more extensive to  the s ides-and  f ro n t (see Fig 

4 . 58- 4*62). The upstream c e n tre lin e  pressure d is t r ib u t io n  in d ica ted  

l i t t l e  change w ith  in creasin g  incidence (Fig 4«63)*-

A comparison of the in te rfe re n c e  surface pressu re  contoui's on
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th e  f l a t  p la te  of th i s  work was made w ith the corresponding contours

on th e  lower surface of a wing (see Fig 4*64 *” 4*67), these  bejng the

only e x is tin g  da ta  i l l u s t r a t in g  the  e f fe c t  of incidence change ( re f  22).
o Ô

The q u a li ta t iv e  agreement a t  hf- 8, ^  = 0 and 6 was reasonab le . The 

q u a n tita tiv e  agreement was poor. The wing contours were le s s  ex tensive 

to  the  f ro n t of the j e t  but more to  the s ide  (except - . 1  con tou r).

Closer to  the j e t ,  the agreement between corresponding contours improved.

The p ressu re  in  th e  wake recovered more ra p id ly  fo r  th e  f l a t  p la te .
0 0

The comparison a t m = 4, < 4 = 0  and 6 revealed  la i'ge d is s im i la r i t i e s .

The low p ressu re  f ie ld  was f a r  more extensive to  the  s id es  and re a r  of

the  j e t  of the wing. Immediately upstream of the  j e t ,  a s ig n if ic a n t 

spreading of the p o s itiv e  p ressure  f ie ld  on the  wing was evident® This 

spreading was lo c a lise d  on the f l a t  p la te  to  the immediate area  upstream 

of the  j e t .  This f ro n ta l  p ressu re  region on the wing has no counter­

p a r t on the f l a t  p la te  ( re f  11). I t  would be expected th a t  the su rface  

p ressu re  d is t r ib u t io n  of the  two cases would become s im ila r  as the 

v e lo c ity  r a t io  in c reases . The je t/c ro ss f lo w  in te rfe re n c e  would become 

predominant. At high v e lo c ity  r a t io s ,  the f l a t  p la te  should be a reason­

able rep re se n ta tio n  of the l i f t i n g  case . In the l i f t i n g  case, the 

surface p ressu re  changes w ith  in creasin g  incidence were more n o tic e ab le . 

The contours were le s s  ex tensive to  the sides w ith  l i t t l e  change up­

stream . In the wake reg ion , the contours moved c lo se r  to  the j e t .  The 

wakes in  the  two cases bear l i t t l e  resemblance to  each o th e r . These 

changes d isag reed  w ith  those of the f l a t  p la te .

There was one source of e rro r  in  the wing d a ta  which would a f fe c t

the  in te rfe re n ce  p ressu res on th e  wing to  a g re a te r  ex ten t than those

on the. p la te .  The j e t  e x it  dynamic pressui’e was determ ined by assuming 

th a t  the j e t  e x it  s t a t i c  p ressu re  was the freestream  s ta t i c  value,w hich 

in  tu rn  was the  ambient. The technique employed ( id e n tic a l  to  th a t  of
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th i s  work) in  obtain ing  the requ ired  stagna tion  pressu re  always re ­

su lted  (reg ard less  of angle of incidence) in  the same value fo r the 

plenum chamber stag n a tio n  pressu re  because th is  was referenced  to  the 

freestream  s ta t i c  value . The s ta t i c  pressure a t  j e t  e x i t  was increased 

by the w ing/freestreara in te ra c tio n  as x. increased (symmetrical wing) 

causing a lower j e t  e x i t  dynamic pressure and an e f fe c tiv e  v e lo c ity  

r a t io  decrease . The f l a t  p la te /fre e s tre am  in te ra c tio n  caused a much 

sm aller increase  in  the s ta t i c  value a t  e x i t .  No allowance was made 

in  e i th e r  work fo r  th is  e f fe c t  which was considered to  be of secondary 

im portance. The c o lle c te d  da ta  ind ica ted  th a t  the e f fe c t  of a change 

of incidence was secondary and th is  could explain, the d iscrepancy be­

tween the  r e s u l ts  of the wing and the f l a t  p la te .

4 .2 .1.2 Wake Region

The su rface  pressu re  d is t r ib u tio n  w ith in  the wake was not g re a tly  

modified by an increase  in  incidence, as the contours in  the l a t e r a l  

region spread, the angle between the contours and the  wake ce n tre lin e  

was decreased. The downstream c en tre lin e  p ressure d is t r ib u t io n  in d ic ­

a ted  a lowering of p ressures immediately to  the  re a r  of the  j e t .  The 

p ressure recovery was more rap id  fo r  the higher incidence cases ( f ig  

4*68). The e f fe c t  of varying the incidence appeared to  have l i t t l e  

s ig n ifican ce  in  the wake reg ion .

4 .2 .2  In teg ra ted  E ffec ts

4,,.„2.2cl Surface Forces (Fig 4*69-4®78 drawn fo r 15% rn = 8)

There were no s ig n if ic a n t changes in  the surface fo rce  d is t r ib u ­

t io n , The value of the minimum surface fo rce , G„ decreased as in c id -F in,
ence increased  from 0° to  about 4^and then increased fo r  a. g rea te r  than 6« 

The surface fo rce  a t  the c e n tre lin e s  (6 =  O'^and 180) showed very l i t t l e ^  

i f  any change. The p o s itio n  of the minimum surface  fo rce , <9,m,
appeared to  remain co n stan t. The grad ien t (d /  d 6 )  was
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zero a t  the  c e n tre lin e s  and no d is c o n tin u it ie s  occurred. These observ­

a tio n s  were a n tic ip a te d  from the above co n sid e ra tio n  of the  surface 

pressures*

A%2.2.^2_Suction„Force £ g ^ ,iG ien t,_ C g

The su c tio n  fo rce  c o e f f ic ie n t ,  G reached a maximum a t  an in c id -
0 o

ence of between 4 and 6 and then decreased (see f ig  4*79, where the
0

maximum occurred a t  6 ) .  The curves became more bunched as the v e lo c ity  

r a t io  in creased . The change in  Ĝ  w ith  JL was not as s ig n if ic a n t as 

th a t  w ith  0  as can be seen from f ig s  4«>S0 and 4*1° No d a ta  ex is ted  

fo r  the v a r ia tio n  of the in te g ra te d  suction  fo rce  c o e f f ic ie n t w ith  in ­

cidence, The gross aerodynamic fo rces  fo r  the wing were measured in  

r e f  22 but because of the above mentioned d isc rep an c ies  no comparison 

was made,

4*2*2,3 Centre of P re ssu re ,_ X

The cen tre  of p ressure appeared to  be independent of incidence 

( f ig  4*81), The e f fe c ts  of a v e lo c ity  r a t io  change or an in c lin a tio n  

change were f a r  g re a te r  (see f ig s  4*6 and 4*54 )* These r e s u l t s  tend 

to  confirm th a t  the importance of incidence changes was secondary* 

& r& ^ l_ J e l^ W e c tp r ie ^

The r e s u l ts  fo r  th e  normal j e t  ( f ig  4*82) showed th a t  the Ji
o

= 4 and 8 cases su ffe red  a g re a te r  i n i t i a l  d e f le c tio n  than the normal
0

j e t  a t  aero incidence. In f a c t ,  the < 4 = 4  case appeared to  have 

su ffered  the maximum d e f le c tio n  in  i t s  i n i t i a l  region* For in c lin a tio n s  

g re a te r  than zero, th e  t r a je c to r ie s  a t  higher incidence tended to  su ffe r  

a g rea te r  d e f le c tio n  in  th e i r  i n i t i a l  reg ions than those a t  lower in ­

cidences. I t  must be remembered th a t  the axes employed in  the  t r a je c ­

to ry  measucements were body axes. The advantage was th a t  the ra te s  of 

d e f le c tio n  of the  vai'ious t r a je c to r ie s  can be more e a s i ly  compared*

No other da ta  ex is ted  fo r j e t  t r a je c to r ie s  from a p la te  a t  incidence
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so comparison w ith  o ther work was not p o ssib le ,

4 .2 .4 In te rp re ta tio n

The r e s u l ts  obtained can be explained by an e f fe c tiv e  change in  

in c lin a tio n  of the  j e t .  Increasing  incidence decreases the angle of 

in c lin a tio n  of the j e t  to  the freestream  d ire c t io n , as mentioned in  

the  sec tio n  concerning the  e f fe c ts  of varying j e t  in c l in a tio n , in c reas­

ing the  angle of in c lin a tio n  decreases the  f r e e je t  and vortex  e n tra in ­

ment, In other words, as the e f fe c tiv e  j e t  in c lin a tio n  is  decreased 

by an increase  in  incidence the f r e e je t  and vo rtex  entrainment. in c rease . 

This i s  r e f le c te d  in  the  su rface  pressu re  contour changes. Considering 

th e  normal j e t  alone, an increase  in  incidence dii*ects the j e t  upstream 

fu r th e r .

K effer and F la tte n  ( re f  28) observed th a t  the  t r a je c to ry  of a j e t  

d ire c te d  15""upstream s ’uffered  the  maxijnum d e f le c tio n . The v o r t ic i ty  

entrainm ent was a maximum because the j e t  su ffe red  the  maximum c ro ss -  

flow shear component fo r  the  g re a te s t d istan ce  along the i n i t i a l  c en tre ­

l in e .  The r e s u l ts  from th is  work suggest th a t  the  maximum d e fle c tio n  

occurred a t  A = 4^to  6 upstream. This makes no allowance fo r  the p la te /  

freestream  in te ra c t io n . The i n i t i a l  reg ion  of the  j e t  w i l l  be subjected  

to  a non uniform freestream . Further out from th e  p la te , the f re e ­

stream  w il l  be more uniform. I t  i s  expected th a t  the  je t /f re e s tre a m  

in te ra c tio n  w i l l  become more predominant as the v e lo c ity  r a t io  increases, 

I t  i s  a lso  expected th a t  the p la te /fre e s tre a m  in te ra c t io n  w il l  be more 

s ig n if ic a n t  as incidence increases and th is  is  probably the reason why 

0^ decreases f o r 4.^8 (Fig 4*79)* The e f fe c t of th e  p la te /fre e s tre a m  

in te ra c tio n  would appear to  cause the  maximum d e f le c tio n  to  occur a t 

a low er. upstream in c lin a tio n .

The S'urface force d is tr ib u t io n  and suction force  c o e f f ic ie n t s
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o
give more support to  th is  theo ry . The normal and (p ~ 15 j e t  show a

o 0
maximum value of C between an oC of 4 and 6. R esu lts  fo r higher in c l in -  

a tio n s  d id  not extend to  as high values of eC as fo r  p  = 0  and 15.

I t  i s  expected th a t  0^ w i l l  not show a maximum a t  higher in c lin a tio n s  

as the incidence w i l l  p lay  a much le s s  dominant ro le  than in c lin a tio n *

The tren d  of the versus oL curves c e r ta in ly  suggest an increase  in  

w ith  in creasin g  <4 but the occurrence of a tu rn ing  po in t cannot be 

dism issed u n t i l  fu r th e r  da ta  fo r  high incidences a t  high in c lin a tio n s  

is  a v a ila b le .

A comparison of f ig  4*82 w ith  f ig  5 of r e f  28 rev ea ls  d is t in c t

s im i la r i t ie s  between the re sp e c tiv e  t r a je c to r ie s  e sp e c ia lly  a f te r

allow ing fo r  an axes change ( f ig  5 uses wind a x e s )* The d e f le c tio n

r a te  of the t r a je c to ry  is  a measure of the t o t a l  entrainm ent r a te  and

the p ro f ile s  obtained suggested th a t  the v o r t ic i ty  entrainm ent was a
0 e

maximum a t  an 4, of 4“ 6 incidence of the normal j e t  configuration*

This would be c o n s is ten t w ith  the observation th a t  th is  co n fig u ra tio n  

i s  sub jec ted  to  th e  maximum crossflow  shearing component fo r  the 

g re a te s t  d is tan ce  along the i n i t i a l  cen tre lin e*  The o ther p ro f i le s  

fo r  o ther angles of in c lin a tio n  give a d d itio n a l evidence to  suggest 

th a t  the je t/c ro s s f lo w  in te ra c tio n  dominates th a t  of the  p la te /c ro s s -  

flow in te ra c tio n , e sp e c ia lly  a t  high v e lo c ity  r a t io s .  An in crease  in. 

incidence can be considered as. causing an e f fe c tiv e  decrease in  the 

in c lin a tio n  of the  j e t  w ith re sp e c t to  the freestream . The change in 

incidence m odifies th e  e f fe c tiv e  entrainm ent r a te .

4 .3  E ffec t of Increasing  t he V elocity  R atio , m ( f ig  4 .83-4.103 and 4 .1 -4 .3 4)
0 o

4 .3 .1  Surface P ressures ( f i r  4.83 to  4*87 drawn fo r  p  -  45, <4 = 2 ) 

AisJj<I.*A-Xo.rwa?:d_andJ^ei:^

The most s ig n if ic a n t  change was the spreading of the  low pressures 

. to  the s id es  and f ro n t of th e  j e t  as the v e lo c ity  r a t io  increased . The
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s rm ll  h igh p re ssu re  reg io n  ijimiediately upstream of th e  j e t  was diminished* 

This h igh  p re ssu re  re g io n  was e v en tu a lly  enclosed by th e  low p re ssu re  

f i e l d .  These o b se rva tions  suggested an in c rease  in  en tra inm ent as the  

v e lo c i ty  r a t i o  in c re a se d .  The upstream c e n t r e l i n e  d i s t r i b u t i o n  ( f i g  4*89
, 0  O

f o r  0 =  45, <L~ 2 ) showed t h a t  a s teady  in c re a se  in  p re s su re  occurred 

as th e  j e t  was approached a t  low v e lo c i ty  r a t i o s  (m = 4)* At h igher 

v e lo c i ty  r a t i o s  (m >  8), a p re s su re  lo s s  occurred followed by a p ressu re  

recovery  as th e  j e t  was approached. In g enera l ,  the  p re ssu re  was lowered, 

a t  a given p o in t  as th e  v e lo c i ty  r a t i o  was increased*

These o b serva tions  have been noted before  ( r e f  14,20) and a su r­

fa c e  p re ssu re  comparison i s  made w ith  these  works in  f i g  4*89 (drawn 
9 o

f o r  0 = 0 ,  cbr: 0, m = 8 ) .  The agreement i s  good and c e r t a i n l y  w ith in  

th e  e r ro r  bands shown in  f i g  3*1* The agreement i s  no t so good c lo se  

to  th e  j e t  but the  p ressu re  read ings  a re  suspect because of the  la rg e  

p re ssu re  g ra d ie n ts  which the  p re ssu re  taps  exper ience .

■ The o v e r a l l  e f f e c t  was an apparent ex ten s io n  and upstream move­

ment of th e  low p re s su re  f i e l d ,

4 .3 . 1 *2 Wake Region

The p ressu re  d i s t r i b u t i o n  a long the  wake c e n t r e l i n e  in d ic a te d  a 

dec reas ing  r a t e  of p re s su re  recovery  as d is ta n c e  in c reased  from the  j e t  

a t  low v e lo c i ty  r a t i o s  ( f i g  4*90). At h igher v e lo c i ty  r a t i o s ,  the  

p re ssu re  recovery  was very  ra p id  c lose  to  the  j e t  and very  g radual 

f u r th e r  away from the  j e t .  Generality, the  lower v e lo c i ty  r a t i o s  

produced lower p re s su re s  c lose  to  the  r e a r  of th e  j e t  whereas the  

h igher v e lo c i ty  r a t i o s  produced lower p re ssu re s  f u r th e r  away from the  

j e t .

The pressure contours moved c loser to  the j e t  as the v e lo c ity

r a t io  increased . The l a t e r a l  spread of the low pressure f i e ld  lessened

the angle between the %)ressure contoiu's and the wake c e n tre l in e .  The
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contoui'S were normal to  the wake ce n tre lin e  a t  low v e lo c ity  r a t io s  ( f ig

4 .8 3 ). Above a v e lo c ity  r a t io  of 6, the. angle between the  c e n tre lin e

and the contours became le s s  as the v e lo c ity  r a t io  increased  and ty p if ie d

the  wake reg io n  a t  high v e lo c i ty  r a t i o s ,  K ~ 6 was a s p e c ia l  case fb r

0 = 0  and 15. As th e  v e lo c i ty  r a t i o  inc reased  from 4 to  6, the  wake

contours  spread downstream. The wake contours moved upstream as the

v e lo c i ty  r a t i o  in c reased  above 6. The i n i t i a l  r a t e  of p re ssu re  recovery

f o r  m = 6 was l e s s  and the  contours  extended much f u r th e r  downstream
0

than  t h e i r  c o u n te rp a r ts  f o r  o the r  va lues of m f o r  a 0  of 0 or 15 (see 

f i g  5*6, 5 . 9 ,5 .12 ,5*15?5.18). This e f f e c t  was noted by Mikolowsky, a l ­

though not d i r e c t l y  ( r e f  22) and by Fearn (but f o r  m = A, r e f  20), both  

f o r  the  normal j e t .  The reason  fo r  t h i s  observa tion  was not known. The 

j e t  pa th  was n o t ic e a b ly  f u r th e r  away from the  p la t e  su rface  a t  h igher 

v e lo c i ty  r a t i o s  (ra '-F-S). At lower v e lo c i ty  r a t i o s  (m = 4 ) th e  j e t  was 

very  c lo se  to  the  p3.ate ( f ig  4*16- 4*25. ) , In  t h i s  l a t t e r  case , th e  

v o r tex  en tra inm ent must have a co ns ide rab le  e f f e c t  on th e  wake boundary 

la y e r ,  a t  the  h igher v e lo c i ty  r a t i o s  t h i s  e f f e c t  could be l e s s  as r e ­

f l e c t e d  in  the  wake c e n t r e l in e  p re ssu re  c lo se  to  the  j e t .  The case of 

m = 6 rep re se n te d  the  t r a n s i t i o n  between th ese  two c o n d it io n s  and t h i s  

i s  p o s s ib ly  re sp o n s ib le  f o r  t h i s  observed e f f e c t .

The s ta g n a t io n  p o in t  observed in  some previous works ( r e f  43) was 

not apparen t in  the  wake region® The co n sid e rab le  q u a n t i ty  of da ta  

c o l le c te d  in d ic a te d  t h a t  t h i s  s ta g n a t io n  p o in t  d id  no t e x i s t  on the  

p la te  s u r fa c e ,

443.2 I n t e g r a t ed E f fe c ts
b o

4 .3 .2 .1  Surface Forces ( f ig  4 .9 1 -4 .95  drawn fo r  0  = 45. 2 )

The value of the  minimum su rface  fo rc e ,  and i t s  angu lar  d i s ­

placement, @ ^  were inc reased  fo r  an upper l i m i t  of intcgration,il.^ , = 5< 

The sixrface fo rce  in  the  wake reg io n  was inc reased  and t h a t  in  the
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forward and l a t e r a l  reg ion  was decreased ( i . e .  more - v e ) , This was 

a n t i c ip a te d  from the  observed su rface  p re ssu re  changes. The sa,me 

o b serv a tio n s  a p p l ie d  f o r  an upper l im i t  of 10 except t h a t  decreased  

in  v a lu e .  Tlie d i s t r i b u t i o n  was continuous and the  g r a d ie n t  approached 

zero a t  the  c e n t r e l i n e  in d ic a t in g  the  symmetry of the  problem.

The su rfa ce  fo rce  d i s t r i b u t i o n  of the normal j e t  e x h ib i te d  a 

maximum value (F ig  5*11) f o r  a l l  in c id en ces  a t  m = 6 and an upper l im i t  

= 10 w ith in  the  wake reg io n . This was p o ss ib ly  connected w ith the 

above mentioned wake c h a r a c t e r i s t i c s  a t  m -  6, This maximum p o in t  a lso  

e x is te d  a t  approxim ate ly  the  same p o s i t io n  in  the  d a ta  o f  r e f  14 (but 

a t  an m of 2 and 4)*

4 «'j.2 ,2  Suct i o n Force C o e f f ic ie n t ,  G_ (Fig 4«1 to 4 . 5)

The s u c t io n  fo rc e  c o e f f i c i e n t  in c reased  as m in c re a s e d .  The r a t e  

o f  change o f w ith  m decreased  f o r  ra ^  8 ( the curves suggested th a t  

Ĉ . was co n s tan t  i n  va lue  f o r  m ^ 1 2  f o r  a  normal j e t ) .  The reason  why
o

the  curves fo r  the  normal and 15 in c l in e d  j e t  e x h ib i te d  a cons tan t 

value was th a t  the  upper linu.t o f  i n t e g r a t io n  was s u f f i c i e n t  to  in c lu d e  

the  major p a r t  o r  a l l  o f the  low p ressu re  f i e l d  w ith in  the  wake. At 

h ig h e r  i n c l i n a t i o n s ,  only p a r t  o f  t h i s  low p re s su re  f i e l d  was inc lu d ed . 

A comparison o f the  d a ta  ob ta ined  was made with t h a t  o f  r e f  14 which 

used an i d e n t i c a l l y  defined  su c t io n  fo rce  c o e f f i c i e n t  (see  f i g  4»1),

The d a ta  from tM s  work was of a  h igher  magnitude and d id  no t show the 

above co n s tan t  va lue  of u n t i l  a  much h ig h e r  v e lo c i ty  r a t i o .  This 

i l l u s t r a t e d  th a t  la rg e  d i f f e r e n c e s  could occur in  the  va lue  o f  f o r  

su r fa ce  p re s su re s  t h a t  were i n  reasonable  agreement. These d i f f e r e n c e s  

a rose  from the e r r o r  in lie ren t in  the su rface  fo rce  e v a lu a t io n  mentioned 

p re v io u s ly .



4.21

^ 2 ,.Qentre J hr e8 )

The c e n tre  of p re ssu re  decreased  as th e  v e l o c i t y ■r a t i o  in c re a se d .  

The s ign  of the  c e n tre  of p re ssu re ,  X changed from p o s i t iv e  to  negative^ 

a t  a v e lo c i ty  r a t i o  between 6 and 7 .  This co incided  w ith  th e  change 

in  the  su rface  p re ssu re  d i s t r i b u t i o n  noted above. For X g re a te r  than 

zero, the  r a t e  of change of X w ith  ra was f a r  g re a te r  than  fo r  X le s s  

than  zero . The curves showed a tendency f o r  the  c e n tre  of p re ssu re  to  

become very  la rg e  as th e  v e lo c i ty  r a t i o  decreased  (an in c re a s in g  down­

stream  movement of the  c en tre  of p r e s s u re ) .  At low va lues  of th e  v e lo ­

c i t y  r a t i o ,  the  wake c o n t r ib u t io n  to  the  su rface  fo rc e  was g re a te r  be­

cause of the  c lo se  proxim ity  of th e  j e t  and th e  g r e a te r  en tra inm ent 

in c u rre d .  The c en tre  of p re ssu re  would be expected to  move down­

s tream . This was a lso  supported by the  su rface  p re s su re  changes. 

I n t u i t i v e l y ,  the  cen tre  of p re ssu re  would be expected to  be zero a t  

m = 0 s in ce  th e re  would be no in te r f e r e n c e  e f f e c t .  For t h i s  to  happen, 

th e re  must be a sudden decrease  in  the  value of X, i . e .  a maximum 

tu rn in g  p o in t  between ra = 0 and 4 or a d i s c o n t in u i ty  in  the  v a r i a t i o n  

of X w ith  ra. Large tr i jn  and la rg e  t r im  changes a re  re q u ire d  as th e  

t r a n s i t i o n  to  wing borne f l i g h t  i s  approached.

The curves appear to  have an asym ptotic  value f o r  v e lo c i ty  r a t i o s  

g re a te r  than  12 and th e  c en tre  of p re ssu re  shows a weak dependence on 

v e lo c i ty  r a t i o  fo r  high v e lo c i ty  r a t i o s .  This weak dependence in d ic ­

a te s  the  a t te n u a t io n  of th e  l i f t  lo s s  as the  en tra inm ent causes a r i s e  

in  the  low p re s su re s  w ith in  th e  wake re g io n .  I n t u i t i v e l y ,  the  c e n tr e  

of p re ssu re  ought to  be zero as the  v e lo c i ty  r a t i o  becomes very  l a r g e .  

The j e t  would dominate th e  f lo w f ie ld  which would e f f e c t i v e ly  become 

t h a t  surrounding a f r e e j e t .  Since the  p ressu re  d i s t r i b u t i o n  about a  

f r e e j e t  i s  uniform, then  the  c en tre  of p ressu re  would be zero . The.

p la te  or a i r c r a f t  i s  n e u t r a l l y  s ta b le  in  the  hover mode.

C onsiderable  s c a t t e r  of d a ta  was e v id en t .  This a rose  from the
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e rro r  mentioned in  previous d iscussions of the cen tre  of p ressu re . A 

comparison of the r e s u l t s  from th is  work w ith those of r e f  18 are shown 

in  f ig  4 .6 , The q u a li ta t iv e  agreement was good but the data  from re f  

18 was of a lower magnitude in  X»

4»3 .2 .4  P itch ing  Moment C o effic ien t (F ig 4 .11- 4 .1 5 )

The p itch in g  moment c o e f f ic ie n t was computed so th a t  a p itch in g  

moment c o e f f ic ie n t v a r ia tio n  w ith  l i f t  c o e f f ic ie n t could be determ ined. 

The s ig n if ic a n t  fe a tu re  of these p lo ts  was the la rg e  r a te  of decrease 

of p itch in g  moment w ith  increasing  suction  fo rc e . The r a te  of decrease 

increased  as increased . The s c a t te r  of d a ta  observed arose from the  

same source as the  cen tre  of p ressu re  s c a t te r  noted previously*

The most s ig n if ic a n t observation  was th a t  the' p ro f i le  underwent 

a le s s  abrupt d e f le c tio n  on en te rin g  the freestream , or more su cc in c tly , 

the p e n e tra tio n  increased  as the v e lo c ity  r a t io  in creased . The j e t  

p ro f i le s  have been in v es tig a ted  before and a comparison w ith  o ther da ta  

i s  made in  Fig 4*102. At f i r s t ,  the comparison appears to  be ra th e r  

poor. However, f ig  18 of r e f  32 shows considerab le  s c a t te r  which is  

ty p ic a lly  of the order of 5 j e t  r a d i i  a t  a p o s itio n  X = B, fo r  the  same 

co n fig u ra tio n  as f ig  4*102 0% k,= 0* m = 8)«. This s c a t te r  i s  not

su rp ris in g  considering  the  d if f e re n t  d e f in it io n s  of th e  j e t  c e n tre lin e  

used (as d iscussed  in  sec tio n  1.2 and 4*1*3)• The d a ta  from th is  work 

l i e s  ju s t  on the lower l im it  of the data  shown in  f ig  18 of r e f  32.

I t  was thought th a t  th e  discrepancy between th i s  and o ther works was 

a t t r ib u ta b le  to  an e f fe c tiv e  v e lo c ity  r a t io  change brought about by. 

th e  d if f e re n t  lab o ra to ry  conditions ( fo r  in stan ce , r e f  19,24, 32 r e ­

port no tem perature m onitoring but r e f  28 does). The good agreement 

between r e f  19,24, and 32 tends to  exclude th is  reason . The s ig n if ­

ic an t cond ition  th a t  did d i f f e r  between th is  work and o thers was the
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le v e l  of tu rbu lence of the freestream  (4 . 4^).. Data was recorded fo r 

two d if f e re n t  con fig u ra tio n s ( 0 =  0, 4= 0, m = 10 and m -  12) and is  

shown ( f ig  4 . 103) w ith  the corresponding r e s u l ts  from r e f  IB and 32 

fo r  a freestream  turbulence le v e l  of 0.7%. The c o r re la tio n  of data  is  

much improved. The higher freestream  turbulence le v e l  appears to  in ­

crease the  r a te  of entrainm ent of the freestream  f lu id  in to  the j e t  and, 

hence, the d e f le c tio n  increases and the j e t  p en e tra te s  le s s  ( see a lso  

sec t 4*1*3). The da ta  rep o rted  in  r e f  28 shows a sm aller d e f le c tio n  

than th a t  of r e fs  19,24 and 32 ( f ig  4 .102). The reason fo r  th is

is  not known. However, since the normal j e t  t r a je c to ry  l i e s  above th a t  

of th i s  work, then th is  does exp la in , in  p a r t, th e  d isc rep an c ies  noted 

in  sec t 4*1*3 and f ig  4*36*

At lower v e lo c ity  r a t io s  (m = 4 ), the p ro f i le  was not a tangent 

to  th e  Z ax is  ( f ig  4*16). The p o te n tia l  core had been d e flec ted  by the 

p ressure f ie ld  around the j e t  (see r e f  26). The t o t a l  p ressure decay 

curves ( f ig  4*101) showed a fam ily  of qu ite  evenly spaced curves having 

a s im ila r  decay r a t e .  The curves agreed with the general trend  observed 

in  r e f  26 and suggested th a t  the  t o t a l  p ressure decay r a te  would be 

u n iv e rsa l i f  a v i r tu a l  o r ig in  was su b s titu te d  a t  the  end of the  p o ten t­

i a l  core. The p o te n tia l  core leng th  increased  w ith  in creasin g  v e lo c ity  

r a t io .  The re sp ec tiv e  values of the  core leng th  (from f ig  4*101) were 

approxim ately 3 *5, 4 *0, 4*5 and 5*5 fo r v e lo c ity  r a t io s  of 6, 8,10 and 12, 

The decay curves exh ib ited  the  fa m ilia r  s c a t te r  in  the  i n i t i a l  j e t  r e ­

gion a t t r ib u te d  to  the  d i f f ic u l ty  in  determ ining the c e n tre lin e  in  the 

p o te n tia l  core and in  the  fa r  f ie ld  reg ion  a t tr ib u te d  to  the  d i f f i c u l ty  

in  determ ining th e  c e n tre lin e  where the excess t o t a l  head was sm all, 

A.sl*A_lnterpretaj^,pn

Entrainment and j e t  p en e tra tio n  increase  as the v e lo c ity  r a t io  . 

increases because the i n i t i a l  mean momentum flu x  of the j e t  ha.s been
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in creased . The in c rease  in  entrainm ent ra te  w ith v e lo c ity  r a t io  i s  no t 

p ro p o rtio n a l to th a t of momentum flux« The uniform stream  flu x  a l te r s  

the g re a te r  j e t  momentum flu x  to a le s s e r  ex ten t in  the i n i t i a l  reg ion .

The d e f le c tio n  of the j e t  tra je c to ry  i s  le s s  ,severe . For the same rea ­

son the p o te n tia l core i s  extended. F re e je t entrainm ent in c reases  as 

the d iffe ren ce  between the j e t  v e lo c ity  and the p a r a l le l  freestream  

component i s  augmented. This w ill in crease  with in c reasin g  v e lo c ity  

r a t io .  The su rface  p ressu re  contours c le a r ly  show the e f fe c t  of th is  

in c reasin g  entrainm ent ra te  and the le s s  severe i n i t i a l  d e f le c tio n  as 

the v e lo c ity  r a t io  in c re a se s . The flo w fie ld  a n a ly s is  of r e f  18 in d ic ­

a ted  th a t  the e f fe c t  of in c reas in g  the v e lo c ity  r a t io  was to p rim arily  

in c rease  the j e t  entrainm ent. I t  was a lso  concluded th a t  the e f fe c t  of 

the change in  j e t  t ra je c to ry  was secondary. This seems co n trad ic to ry  

because the vortex  entrainm ent and j e t  d e fle c tio n  are  synonymous and 

the vortex  entrainm ent i s  g re a te r  than the f r e e je t  entrainm ent and in ­

creases with v e lo c ity  r a t io  in  the i n i t i a l  region ( re f  28). The surface  

fo rce d is t r ib u t io n  shows a decreasing co n trib u tio n  ( i . e .  fo rce in c reases  

( le s s  -v e)) from the wake reg ion  as the entrainm ent causes a r i s e  in  the 

low p ressu res  in  the wake as the v e lo c ity  r a t io  in c re a se s . At low v e lo c ity  

r a t io s ,  the j e t  d e f le c tio n  i s  abrupt on en tering  the freestream  and the 

e f fe c t  of the vortex  entrainm ent on. the wake f lu id  boundary lay e r i s  

g re a te r .  This process has le s s  e f fe c t  on the wake as the i n i t i a l  de­

f le c t io n  becomes le s s  severe and the j e t  begins to e n tra in  more f lu id  

from the l a t e r a l  reg ion . With fu r th e r  in creases  in  v e lo c ity  r a t io ,  more 

and more f lu id  i s  en tra in ed  from the l a t e r a l  and forward regions u n t i l  

the lim itin g  cond ition  i s  reached. F re e je t entrainme.nt predominates 

and f lu id  i s  en tra in ed  uniform ly from the surrounding f lu id .  The 

r e s u l ts  tend to  confirm th is*
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Table 4«1* Summary o f  Data,

y oL m

0 0 4
:

8

10

12

2 4 1

6 I

8

10

12_  !

4 ! 4

8

10

12

6 4

6

8

10

12

4

Comments

4.80, 5. 6 , 5 .7 , 5.8

F igures; 4*1, 4 , 6 , 4 .11, 4 .16, 4*53, 4*54» 4*80, 5.9» 

5. 10, 5.11

F igures; 4*1, 4*6, 4 .11, 4*16, 4 . 53, 4*54» 4*56,

4 . 66, 4 . 80, 4.89, 4 . 102, 5. 12, 5. 13, 5.14 

F igures; 4 . I ,  4 . 6 , 4 .11, 4*16, 4*53, 4.54» 4 .80,

4*103, 5. 15, 5. 16, 5.17

Figures: 4 . I ,  4*6, 4 ,11, 4*16, 4*35» 4*40, 4*42,

4 . 43, 4*48, 4 . 53, 4 . 54» 4 . 55, 4. 57, 4 . 80,4.0%

Figures; 4 . I ,  4 , 6 , 4.11, 4*17

Figures; 4 ,1 , 4*6, 4*11, 4.17

Figures; 4 . I ,  4 . 6 , 4 .11, 4.17

Figures; 4*1» 4*6, 4*11» 4*17

F ig u res: 3 .7 , 4*1, 4*6, 4 .11^ 4 ,17

Figures: 4 . I ,  4 .6 , 4*11, 4*18

F igures; 4 t 1, 4 . 6 , 4 ,11, 4 .18

F igures: 4.1 , 4 . 6 , 4 .11, 4 .18

F igures: 4 .1 , 4. 6 , 4 .11, 4 .18

F igures; 4 . I ,  4*6 , 4 ,11, 4,18,^ 4,82

F igures: 4 . I ,  4 , 6 , 4.11, 4*19, 4*65

Figures; 4 . I ,  4 , 6 , 4 .11, 4 .19

F igures; 4 . I ,  4 , 6 , 4 ,11, 4 .19, 4*67

F igures; 4 . I ,  4 , 6 , 4 .11, 4 .19

F i g u r e s 4 . 1 ,4 .6 ,  4* 11 ,,.,4*19 

F igures: 4*1, 4*6, 4*11, 4*20
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Table 4 . I ,  Continued.

0

15

15

d,

&

m

6

8

10

12_

4

10

12

8

Comments 

F igures: 4*1, 4*6, 4*11, 4*20 

F igures: 4*1, 4^6, 4*11, 4*20 

F igures; 4*1, 4*6, 4*11» 4*20 

F igures: 4*1» 4*6, 4*11, 4 .20, 4.82 

F igures: 4 . 2 , 4 . 7 , 4 . 12, 4 . 21, 4 . 53, 4 . 54, 4 . 79,

4.80, 4.81

F igures: 4 .2 , 4 .7 , 4 .12, 4*21, 4 .53 , 4 .54, 4*79,

4 . 80, 4.81

F igures: 4 .2 , 4 .7 , 4 .12, 4 .21, 4*53, 4 .54, 4*56, 

4 .58, 4 . 63, 4 . 68, 4 .69, 4 .74, 4 .79, 4 . 80, 

4.81

Figures; 4 .2 , 4 .7 , 4 .12, 4 .21, 4 .53 , 4 .54, 4 .79,

4 . 80, 4.81

Figures: 4 .2 , 4 .7 , 4 .12, 4 .21, 4*36, 4*40, 4*42,

4 . 44, 4 . 49, 4 . 53, 4 . 54, 4 . 55, 4 . 57, 4 . 79,

4 Figures: 

6 Figures;

Figures;

10 jF igures:

I 12 Figures:
!

4 4 Figures;

6 'F igu res:

8 I Figures:

10 , Figures;

4 . 80, 4.81

4 . 2, 4. 7 , 4 . 12, 4 . 22, 4 . 79, 4.81

4 . 2, 4 . 7 , 4. 12, 4 . 22, 4 . 79, 4.81

4 . 2, 4 . 7 . 4. 12, 4. 22, 4. 59, 4 . 65, 4 . 68,

4 . 70, 4 . 75. 4 . 79, 4.81

4 .2 , 4 . 7 , 4 . 12, 4 . 22, 4 . 79, 4.81

4 . 2, 4 . 7, 4 . 12, 4 . 22, 4 .79 , 4.81

4 . 2 , 4 . 7 , 4 . 12, 4 . 23, 4 . 79, 4.81

4 . 2 , 4 . 7, 4 . 12, 4. 23, 4 . 79, 4.81

4 . 2, 4 . 7 , 4 . 12, 4 . 23, 4 . 60, 4 . 63, 4 . 68,

4 . 71, 4 . 76, 4 . 79, 4.81

4 .2 , 4 . 7 , 4 . 12, 4 .23, 4 . 79, 4.81
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Continued,

oL m Comments

15 4 12 Figures: 4_.7,^4^J2^,^ j^ 2 3 ,^ 4 j7 9 . 4.81^_

6 4 Figures; 4 .2 , 4 .7 , 4.12, 4 . 24, 4 .79 , 4.81 *

6 Figures: 4 .2 , 4 .7 , 4 .12, 4 . 24, 4 . 79, 4.81

8 Figures: 4 .2 , 4 .7 , 4 .12, 4 . 24, 4 . 61, 4 . 63, 4 . 68,

4.72 4.77 , 4.79, 4.81

10 Figures: 4 .2 , 4 .7 , 4.12, 4 . 24, 4 .79, 4.81

12 F ig u res: 4 .2 , 4 .7 , 4.12, 4 . 24, 4 . 79, 4.81

8 4 F ig u res : 4 .2 , 4 .7 , 4.12, 4 . 25, 4 .79, 4.81

6 Figures: 4 .2 , 4 .7 , 4.12, 4 . 25, 4 . 79, 4.81

8 Figures: 4 .2 , 4 .7 , 4.12, 4 . 25, 4 . 62, 4 . 63, 4 . 68,

4.73, 4 .78, 4 .79, 4.81

10 Figures: 4 .2 , 4 .7 , 4.12, 4 . 25, 4 . 79, 4.81

12 Figures ; 4 .2 , 4 .7 , 4 .12, 4 . 25, 4 . 79, 4.81

30 0 Figures: 4 .3 , 4 .8 , 4.13, 4. 26, 4 . 53, 4 . 54, 4.80

Figures : 4 .3 , 4 .8 , 4.13, 4 . 26, 4 .53, 4 . 54, 4.80

'  1
Figures; 4 .3 ,

4.56

4 .8 , 4.13, 

, 4.80

4.26, 4 . 41, 4 . 53, 4 . 54,

10 Figures; 4 .3 , 4 .8 , 4 .13, 4 . 26, 4 . 53, 4 . 54, 4.80
I

12
1

Figures: 4 .3 , 4 .8 , 4.13, 4 . 26, 4 . 37, 4 . 40, 4 . 42,

i 4.45 , 4 . 50, 4*53, 4 .54, 4 .55, 4 .57, 4.80

2 ‘ 7 1 Figures: 4 .3 , 4 .8 , 4.15, 4.27

'  1 Figures; 4 .3 , 4 .8 , 4 . I 3 , 4.27

4 Figures: 4 .3 , 4 .8 , 4 . 13, 4.27

10 ! F igures: 4 .3 , 4 .8 , 4 . 13, 4.27
3

12 ! Figures: 4 .3 , 4*8, 4 . 13, 4.27

4
I

4 ;I
Figures: 4 .3 , 4 . 8 , 4 . 13, 4.28 . ' 1: 1

6 : F igures: 4 .3 , 4*8, 4 =13, 4.28 1
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Table 4*1* Continued.

A

.30

45

d-

4

m Comments

8 F igures; 4 . 3, 4 . 8, 4 . 13, 4.28

10 Figures: 4. 5, 4 .8 , 4 . 13, 4.28

12 Figures: 4 . 3, 4.8 , 4 . 13, 4.28

4 Figures: 4 . 3 , 4 .8 , 4. 13, 4.29

6 Figures: 4 .3 , 4.8 , 4 . 13, 4.29

8 Figures: 4 . 3, 4 .8 , 4 . 13, 4.29

10 Figures: 4 . 3, 4 .8 , 4 . 13, 4.29

12 Figures; 4 . 3, 4 .8 , 4 . 13, 4.29

4 Figures: 4 . 4 , 4 . 9 , 4 . 14, 4 . 30, 4 .5 3 , 4 . 54, 4 . 80,

10

12

10

Figures; 4 . 4 , 4 .9 , 4 .14, 4.30, 4 .33 , 4 .54, 4 .80,

4.101

Figures: 4 . 4 , 4 .9 , 4 .14, 4 .30, 4 .53 , 4 .54, 4 .56,

4. 80, 4.101

Figures; 4 .4 , 4 .9 , 4.14, 4.30, 4 .55 , 4 .54, 4 .80,

4.101

F igures: 3 ,1 , 3 .2 , 3 .3 , 4 .4 , 4 .9 , 4 .14 , 4 .30, 4.38,

4 . 40, 4 . 42, 4 . 46, 4 . 51, 4 . 53, 4 . 54, 4 . 55, 

4 . 57, 4 . 80, 4.101 

Figures: 4 .4 , 4 .9 , 4 .14, 4 .31, 4 .83 , 4 .88, 4 .90,

4 . 91, 4.96

Figures: 4 , 4 , 4 . 9 , 4 . 14, 4 .31, 4 .84 , 4 .88, 4 .90,

. 4 . 92, 4.97

Figures: 4 .4 , 4 .9 , 4 .14, 4 .31, 4 .85 , 4 .88, 4 .90,

4 . 93 , 4.98

Figures; 4 .4 , 4 .9 , 4 .14, 4 .31, 4 .86 , 4 . 88, 4 .90,

4 . 94, 4,99
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Table 4 -1•  Continued.

0
45

60

m

12

 ___   „„.„Çpminent.g,

F igures; 4.4» 4 .9 , 4 .14, 4.31, 4 .87 , 4.88, 4 .90,

4.95 , 4.100

" T " Figures: 4 .4 , 4 . 9, 4 . 14, 4.32 "

6 Figures: 4 .4 , 4 .9 , 4 . 14, 4.32

8 Figures; 4 .4 , 4 . 9, 4 . 14, 4.32

10 Figures: 4 .4 , 4 . 9 , 4 . 14, 4.32

12 F igures: 4 . 4 , 4 . 9 , 4. 14, 4.32

4 Figures: 4 .5 , 4.10, 4 . 15, 4 . 33, 4 . 53, 4. 54, 4.80

6 F igures: 4 . 5 , 4.10, 4 . 15, 4 . 33, 4 . 53, 4 . 54, 4.80

8 Figures: 3. 4 , 3. 5, 3. 6 , 4. 5, 4 . 10, 4 . 15, 4 . 33, 4 . 53,

4.54 , 4.80

10 Figures: 4 . 5 , 4 .10, 4 . 15, 4 . 35, 4 . 53, 4 . 54, 4 .80,

B.2, B .3, B.4

12 Figures: 4 : 5, 4 . 10, 4 . 15, 4 . 33, 4 . 39, 4 . 40, 4 . 42,

4.47 , 4 . 52, 4 . 53, 4.54 , 4.55 , 4 .57, 4.80

F igures: 4 . 5, 4 . 10, 4 . 15, 4.34

6 Figures; 4 . 5 , 4 . 10, 4 . 15, 4.34

8 Figures: 4 . 5, 4 . 10, 4 . 15, 4.34
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Chapter V 

Ana]J/t ic a l  Mode l

5.1 In troduction  I Kil l Ow r  II I11—  I i Tf «  ̂ i-fci iiiii.ii .11.1

The j e t  in te rfe re n c e  problem is  so com plicated th a t  i t  has d efied  

a d e ta ile d  th e o re t ic a l  trea tm en t. Several a n a ly t ic a l  models have been 

proposed which attem pted to  p red ic t the in te rfe re n c e  e f fe c t  based on 

some em pirica l inform ation concerning p a r t ic u la r  c h a ra c te r is t ic s  of the  

flow (u su a lly  the j e t ) .  These models use a p o te n tia l  flow rep re sen ta tio n  

of the in te rfe re n c e  f lo w fie ld  but d i f f e r  from each o ther in  the way in  

which the  f lo w fie ld  i s  rep resen ted  and the fa c to rs  in fluenc ing  the flow- 

f ie ld  th a t  are  accounted f o r .  References 44; 43, 4^ and 47 rep resen t 

the s ta te  of the  a r t .

5.2 I n i t i a l  Con s id e ra tio n s  Involved in  Forming_an A n aly tica l Model

The experim ental r e s u l ts  given in  Chapter IV have shown th a t  a 

f l a t  p la te  through which a tu rb u le n t j e t  exhausts experiences aero­

dynamic in te rfe re n ce  e f fe c ts  which r e s u l t  in l i f t  lo sse s  and adverse 

p itch in g  moment changes fo r  v e lo c ity  r a t io s  re lev an t to  the VTOL 

tr a n s i t io n  phase* Low p ressu res developed on the surface  of the p la te .  

The low p ressu res  became more extensive and moved upstream w hile the 

p itch in g  moment changed from nose up to  nose down as the  v e lo c ity  r a t io  

increased . I t  i s  of in te r e s t  to  be able to  p re d ic t these  trends.. The 

ob jec tive  of th is  chapter i s  to  demonstrate the use of a simple two- 

dim ensional steady p o te n tia l  flow model to  study the  in te rfe re n c e  e f fe c ts  

re s u l t in g  from a c irc u la r  j e t  exhausting normally from an in f in i te  plane 

in to  a crossflow .

The s im p lic ity  of a two-dimensional p o te n tia l  flow model makes 

the  approach to  the an a ly s is  of the problem very a t t r a c t iv e .  P o te n tia l 

flow s in g u la r i t ie s  can be se lec ted  to  rep resen t the gross e f fe c ts  

obseived and ai*e q u ite  d is t in c t  so th a t  the e f fe c t of each element can



be analysed se p a ra te ly . The model should aid  the in te rp re ta t io n  of the 

experim ental r e s u l ts  and can be used as a b asis  fo r  the development of 

a th ree-d im ensional model.

The experim ental r e s u l ts  show an extensive low p ressure region 

behind the  j e t .  The surface flow p a tte rn s  of re fe ren ce  14 in d ica te  th a t  

a separated  reg ion  e x is ts  behind the j e t .  The t o t a l  p ressure surveys 

of r e f  24 show th a t  a low t o t a l  pressure region  e x is ts  behind the  j e t  

and extends above the surface as w e ll. The r e s u l ts  of more recen t 

experiments w ith in  the  wake reg ion  ( re f  31,33 and 34) suggest th a t  a 

von Karman vortex  s t r e e t  e x is ts  and th a t the freestream  separa tes  from 

the s ides of the j e t  as in  the case of a so lid  body. The ex ten t of the  

separated  reg ion  is  not known. The entrainm ent of the  freestream  f lu id  

in to  the j e t  predominates beyond the p o te n tia l  core reg io n . This f re e -  

j e t  and vo rtex  type entrainm ent i s  probably s u f f ic ie n t  to  prevent any 

sep ara tio n  away from the p o te n tia l  core and the  measurements of r e f  48 

suggest t h i s .  I t  appears lo g ic a l to  argue th a t  the  crossflow  separates 

around the p o te n tia l  core because of the adverse p ressu re  g rad ien t 

experienced around the core surface  as in  the case of sep ara tio n  about 

an equ ivalen t so lid  body. The p o te n tia l  core length  increases and the  

core p resen ts  a la rg e r  f ro n ta l  area  to  the oncoming freestream  as the 

v e lo c ity  r a t io  in c rea se s . The separa tion  po in t moves forward because 

of the  increased  blockage and because th e  p o te n tia l  core i s  le s s  de­

f le c te d  than a t  lower v e lo c ity  r a t io s  (see r e f  26), The flow photo­

graphs of r e f  14 in d ica te  a more extensive sep ara tio n  a t  higher veloc­

i ty  r a t io s ,

A p o te n tia l  flow model cannot sim ulate th e  flow in  reg ions of

energy lo s s .  The surface flow photographs of r e f  I 4 in d ic a te  th a t  the
0

wake covers a reg ion  of a t  le a s t  ^  30 e ith e r  s id e  of the wake cen tre ­

l in e ,  The re p re se n ta tio n  of the e n tire  freestream  by a constan t t o t a l
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pressure  p o te n tia l  flow model is  too strong a requirem ent and consequent*
0

l y  a reg ion  downstream of the j e t  covering a t o t a l  angle of 90 has been 

excluded from the analysis*

Before ending the d iscussion  on the wake reg ion , i t  i s  in te re s t in g  

to  note the  co n trib u tio n  of the  wake region  to  the suc tion  fo rce  co­

e f f ic ie n t  obtained from experiment w ith the wake reg ion  excluded. The 

c o n trib u tio n  from the wake is  expressed as a f ra c t io n :

C (Wake Included) -  C (Wake Excluded) = AĜ8

G (Walœ Included) Gs s

The v a r ia tio n  of th is  f ra c tio n  w ith v e lo c ity  r a t io  i s  i l lu s t r a te d  

in  f ig  5 .1  covering areas up to  f iv e  and ten  j e t  r a d i i  from the j e t  

e x i t .  For a c irc u la r  a rea  extending up to  f iv e  j e t  r a d i i  the maximum 

co n trib u tio n  from the wake region is  15/̂  a t  a v e lo c ity  r a t io  of 4 and 

decreases w ith  increasing  v e lo c ity  r a t io  to  3% a t  a v e lo c ity  r a t io  of ■ 

12* The corresponding values fo r  the la rg e r  area  are  12g-% and 2-̂ %*

The exclusion of th i s  reg ion  should s t i l l  provide a u se fu l model fo r 

studying the in te rfe re n c e  e f fe c ts  a t  a l l  values of th e  v e lo c ity  r a t io  

observed in  the experim ents.

The experim ental observations (Chapter IV) in d ic a te  th a t  the 

j e t  plume i s  c lose  to  the sui'face downstream of the  j e t  a t  low values 

of the v e lo c ity  r a t io .  As the v e lo c ity  r a t io  in creases  the j e t  penet­

r a t io n  i s  in c reased . The proxim ity of the plume to  th e  surface a t  

low v e lo c ity  r a t io  ( i,e ,m  = 4) has a s ig n if ic a n t e f fe c t  in  the wake 

reg io n . The im portant fe a tu re  i s  the lin k  between entrainm ent and 

d e f le c tio n . The more rap id  the  d e f le c tio n  r a te  th e  higher the  e n tra in -  

ment r a te  (see GhaptlV and r e f  28), The proxim ity of the plume to  the  

surface causes th e  entrainm ent of more f lu id  from the  separated  reg ion  

of flow and the  boundary lay er than a t  higher v e lo c ity  r a t io s  where the
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^deflection i s  le s s  severe. This i s  re f le c te d  in  the  p o s itiv e  cen tre  

of pressui'e observed experim entally  a t  low values of v e lo c ity  r a t io ,  

as the v e lo c ity  r a t io  in creases , the d e fle c tio n  of the  i n i t i a l  cen tre ­

l in e  is  le s s  severe, the  plume is  le s s  close to  the  surface  and con­

sequently , le s s  f lu id  is  en tra ined  from the wake reg io n . This i s  

supported by the upstream movement of the cen tre  of p ressu re  observed. 

The three-d im ensional e f fe c ts  of the j e t  d e f le c tio n  a t  low values of 

the v e lo c ity  r a t io  can be expected to  be confined to  the  excluded

reg ion  and have l i t t l e  e f fe c t  elsew here.

The j e t  deforms a t  the end of the p o te n tia l  core given by Z / îif=

0 ,4  ( r e f  24 ). The change in  j e t  shape occurs fu r th e r  from the  sur­

face  as the v e lo c ity  r a t io  in c reases . The e f fe c t  of the j e t  deform ation 

can be expected to  be le ss  a t  higher v e lo c ity  r a t io s  than lower v e lo c ity  

r a t io s .

The experim ental observations showed th a t  th e  p o te n tia l  core 

leng th  increased  as the v e lo c ity  r a t io  in creased . The core p resen ts 

a la rg e r  f ro n ta l  area  to  the oncoming flow. As noted above, th is  

causes a wider sep ara tio n  reg ion  i . e  the  blockage e f fe c t  of the core 

on the oncoming freestream  increases as the v e lo c ity  r a t io  in c reases . 

This has a s ig n if ic a n t e f fe c t  on the surface p ressure d is tr ib u tio n  

as was observed in  the experim ents. The blockage due to  the j e t  plume

beyond th e  core can be considered to  be n e g lig ib le  because entrainm ent

predominates in  reg ions beyond the core. In these reg ions the s ta t i c  

p ressu re  d iffe ren ce  across the  j e t  is  n e g lig ib le  and, as noted above, 

i t  seems u n lik e ly  th a t  the  freestream  separa tes  in  these reg io n s.

The only o ther three-d im ensional e f fe c t  to  be considered i s  the 

increase  in  the v e r t ic a l  component of v e lo c ity  c lose  to  the  j e t .  This 

component in creases  in  magnitude w ith increasing  v e lo c ity  r a t io .  The 

upstream c e n tre lin e  pressure d is tr ib u tio n  obtained experim entally  along



5 . 5

w ith th e  observations of r e f  24 in d ica te  th a t  th i s  induced v e r t ic a l  

component becomes s ig n if ic a n t a t  high v e lo c ity  r a t io s  and the  two- 

dim ensional model cannot be expected to  allow fo r  th i s .

The entrainm ent p ro p e rtie s  of the d e flec ted  j e t  dominate the  

f lo w fie ld  as seen from the  experiments and from o ther observations 

( re f  14. and 28). The su rface  f lo w fie ld  photographs of r e f  I 4 show 

the  term ination  of s tre a m lin e ra t the j e t  periphery  and a t  the  wake 

boundary. The entrainm ent in to  the wake was a lso  observed in  r e f s  25, 

31 and 33. I t  would be d e s irab le  to  obtain  inform ation about the  

entrainm ent ra te s  d i r e c t ly .  No experiments have been devised which 

c o n tro l the entrainm ent r a te  d i r e c t ly .  Experim ental re su lts ,w h ic h  

have been in te rp re te d  by matching, to  those r e s u l ts  obtained from 

em pirica l models involving p o stu la ted  entrainm ent fu n c tio n s ,in d ic a te  

th a t  the entrainm ent of the j e t  causes the  j e t  to  d e f le c t  and deform 

which in  tu rn  induces the observed p ressure f ie ld  ( re f  28). The 

entrainm ent r a te  increases w ith  increasing  v e lo c ity  r a t io  and two types 

occur: f r e e je t  entrainm ent and vortex  entrainm ent.

Analj>t/ical models proposed in  the past which did not take account 

of entrainm ent showed poor c o rre la tio n  w ith  experim ental d a ta . In 

p a r t ic u la r  the  models proposed in  references 49 and 50 requ ired  an 

excessive drag c o e ff ic ie n t and j e t  spread re sp e c tiv e ly  to  p re d ic t 

the experim entally  determined c e n tre lin e . The r e s u l ts  of re fe ren ce  

28 in d ic a te  th a t  th e  f r e e je t  entrainm ent c o e f f ic ie n t  i s  roughly indep­

endant of v e lo c ity  r a t io  and the order of magnitude agrees w ith th a t  

of re fe ren ce  51. The vortex  entrainm ent c o e f f ic ie n t  was found to  be 

an order of magnitude g rea te r  than the f r e e je t  and dependent on the

v e lo c ity  r a t io .  The vo rtex  induced v e lo c ity  reached a maximum a t  a
O

d e f le c tio n  of about 30 from the i n i t i a l  c e n tre lin e  before decreasing . 

I t. appears th a t  the entrainm ent r a te  w ill  vary s ig n if ic a n t ly  in  the



5*6

reg ion  c lo se  to  the  su rface . This i s  a lso  supported by the r e s u l ts  of 

the an a ly s is  of re ference  45 in  which the  entrainm ent c o e f f ic ie n ts  were 

allowed to  vary in  the  p o te n tia l  core reg ion .

F in a lly  a co n sid e ra tio n  of the e f fe c t of th e  su rface  boundary 

lay e r must be made. Fig 5 of re ference  14 in d ica te s  th a t  th e  surface 

p ressu re  d is t r ib u t io n  i s  a ffe c ted  by the  boundary lay er th ick n ess .

This e f fe c t  appears to  be sm all under experim ental cond itions as w it­

nessed by the  comparison of various reported  experim ental r e s u l ts  (see 

chap terlV ). However, the p o te n tia l  flow model takes no account of the  

boundary lay e r or th e  changes in  boundary lay e r th ick n ess th a t  occur 

in  the  v ic in i ty  of th e  j e t .  The d iscrepancies noted c lose  to  the j e t  

in  re fe ren ce  45 and in  p a r t  in  reference  4*6 can be a t tr ib u te d  to  th is  

change in  boundary lay er th ick n ess .

The proposed model should account fo r these observed trends w ith­

in  the l im ita tio n s  noted above. The freestream  is  expected to  be inv- 

is c id  ou tside  the  j e t ,  the  separated  region and the  boundary la y e r ,

A p o te n tia l  flow model to  d escrib e  the freestream  would seem reasonable, 

For s im p lic ity , the  entrainm ent parameter is  assumed to  be constant*. 

This i s  not co rre c t but th e  o v e ra ll trends p red ic ted  should agree qual­

i t a t iv e ly  w ith  those observed experim entally* The entrainm ent is  

rep resen ted  by a s in g le  sink  placed on the c e n tre lin e  downstream of the  

j e t .  This i s  in  accordance w ith  the  experim ental observation concern­

ing the  inflow  of freestream  f lu id  through the  wake boundaries. This 

sink  accounts fo r the gross e f fe c t  of entrainm ent due to  th e  v o r t ic i ty  

and f r e e je t  e f f e c ts .  I t  seems reasonable to  assume th a t  th e  e f fe c ts  

of the p o s itio n  of the plume re la t iv e  to  the su rface  downstream of the 

j e t  can be accounted fo r  by vaz'ying the p o s itio n  of the s in k . The 

movement of the  sinlc as a fu n c tio n  of v e lo c ity  r a t io  should be in  the 

same d ire c tio n  as th a t  of the cen tre  of p ressu re . .
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Since th e  wake i s  not amenable to  a n a ly s is , th e  blockage e f fe c t  

can be sim ulated by a source s itu a te d  on the j e t  periphery  or down­

stream  of the j e t  in  the manner of re ference  52» The r e s u lt in g  a f t e r -
■»

body shape should rep resen t the sep ara tio n  poin ts and width of the sep­

a ra ted  reg io n . The separa tion  po in ts  should move upstream and th e  a f te r ­

body w idth should increase  as the  v e lo c ity  r a t io  in c re a se s . The e f fe c t  

of the ad d itio n  of an afterbody was noted in  re fe ren ce  47 and Wooler 

( re f  45) s ta te d  th a t  some improvement was expected in  th e  p red ic tio n  

by p lacing  a source d is t r ib u t io n  a t  the re<ar of the j e t  periphery . 

Bradbury and Wood ( re f  14) observed th a t  the su rface  p ressure  d i s t r ib ­

u tion  about a c irc u la r  cy linder obtained experim entally  bore l i t t l e  

resemblance to  th a t  p red ic ted  by p o te n tia l  flow because of the separated  

reg ion  causing an area  of low pressure  downstream* Fig 5.3 i l l u s t r a t e s  

a considerable  improvement in  th e  two-dim ensional p red ic tio n  outside 

the wake reg ion  by the  use of an afterbody*

The proposed two-dim ensional model can be expected to  give reason­

able r e s u l ts  i f  the wake reg ion  i s  excluded. The surface pressure 

contours are expected to  show good agreement f a r  from the j e t  where 

th e  th ree-d im ensional and boundary lay er e f fe c ts  are  very sm all. Poor 

agreement is  expected near the j e t  where the induced v e r t ic a l  component 

of v e lo c ity  is  la rg e  and the e f fe c t  of boundary lay e r th ickening  is  

m easureable. The r e s u lt in g  surface fo rce  d is t r ib u t io n  and su c tio n  fo rce  

c o e f f ic ie n t would show very poor agreement w ith  experim ent. I f  the 

agreement of the  surface p ressure  d is tr ib u tio n  is  s a c r if ic e d  then the  

surface fo rce  and suc tion  fo rce  p red ic tio n s  can be improved considerab ly .

Consider a two-dim ensional, incom pressible, i r r o ta t io h a l  steady 

flow, uniform a t  in f in i ty ,  p a s t a body, symmetrical w ith  re sp ec t to  the  

in c id en t flow in  the plane (z^ = x ^ i  y)» The basic  flow past the
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c i r c le  ( f ig  5 .2) i s  the  fa m ilia r  combination of a uniform flow in  the

d ire c tio n  of the r e a l  ax is  plus the  flow from a su ita b le  doublet a t  the

o r ig in . To th i s  i s  added the  flow from a source of s tre n g th  2Q  ̂ lo ca ted

a t  the  in te rs e c tio n  of the c i r c le  and the p o s itiv e  x ax is  ( a, O)

and from, i t s  image sink  a t the o r ig in . ( The combination of a double

source on the c ir c le  and a sink a t  the o rig in  s a t i s f i e s  the  boundary

cond ition  on the  c i r c l e .  I t  is  the lim itin g  case of th e  combination

of a source ou tside  the c i r c le  and i t s  image source and sink  in s id e . )

S im ila rly  the flow from a sink  of s tre n g th  lo ca ted  on the

p o s itiv e  X ax is  a t  a d is tan ce  h from the o rig in  (where h a) and the.

flow from i t s  image sink  and source in s id e  the  c i r c le  i s  added. The

complex p o te n t ia l  of the r e s u l t in g  flow is  
2\ . ^ / 2(z-j) = Voo(ẑ  + a ) + Q^(lnz^ ™ ln(z^ -  a ) -  ln(z^ -  h))

+ Q^(21n(z^ *- a) “ Inz^ )

2n

and the complex v e lo c ity  in  the  plane is

q(z^) = u(z^) -  iv (z^ ) = di^Zyl
dz^

= V^d -  A )  + Q (1 -  1 ~ _ 1 ____) + QU  2 -  1_)
2 ;̂ (z , -  a !)  ^  "l

' h
The upstream flow from the source c rea tes  symmetrical s tag n a tio n  p o in ts

on the  c i r c le  lo ca ted  a t  3^ and These are  found by s e tt in g  .qjiz^)<u\d

= 0 from which a r e la t io n  between 6^ and i s  ob tained . The complex

p o te n tia l  i s  non-diraensionalised w ith  re sp ec t to  th e  j e t  rad iu s  a and

the freestream  v e lo c ity  Hence

_il(2) = (Ke+ + K.(ln(Re^®) -  ln(R e^*) -  ln (R _ e^ h ) +
R ‘ ^

K^(21n(R^e^^) -  ln(Re^^})
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ifhere , rep resen ts  the sink entrainm ent
2nV%a

Kg = Qg , rep re sen ts  the source outflow or blockage 
ZnVooa

and in  the usual n o ta tio n

Z = Re^^ where R = r / a  and Q ~ a rc ta n (ï/X ),

~ R^e^^ where R̂  = \/(X -  1 and a rc ta n (l/(X  -  1))

Zp = RpO^^ where Rp = v/(X -  H)^ + Ŷ  and p> = arctan(Y /(X  -  H))

Zg = R_e^% where R_ = /(X  -  + Ŷ  and = srctan(Y /(X  -  l/R ))
3 3 3 .

The s tag n a tio n  p o in ts  and Sp are  found to  occur a t  

Z^ -s- Z(Kp -  2 )  + 1 =  0

or Z = -  (Kp -  2) 1  i  yii -  (Kp -  2)^ fo r  Kp < 4
_  V " ™ 4 ~

and 0 = arctan(Y  /X ) where Y_ -  + /1  -  (Kg -  2)^S S S 3  j  _______
4

X, = "  (Kp -  2)

The v a r ia tio n  of 0^ w ith  Kp is  i l lu s t r a te d  in  f ig  5.4« The stream 

fu n c tio n  is  given, in  non-dim ensional form, by 

lp(Z) = sin6(R -  1/R) + K ^(6-p> -ÎS) -c K p ( 2 ^ -0 )  + rr(K^ -  Kp)

The a d d itio n a l constan t 7T(K̂  -  Kp) ensures th a t  th e  value of fo r Q 

= 71 is  zero* A g rid  of values of the  stream fu n c tio n  can be generated 

and the  stream lines and SpSp' can be found (see Appendix 3)*

These s tream lin es, passing through the  stag n a tio n  p o in ts  S^and Sp, 

correspond to  the  boundary of the afterbody rep resen tin g  the  wake e f fe c t  

on the  freestream * I t  i s  analagous to  the  re p re se n ta tio n  of the wake 

behind a c irc u la r  cy lin d er ( re f  52). and 3p are  the  equ ivalen t sep­

a ra tio n  p o in ts . To keep the model simple no transfo rm ation  i s  performed 

so th a t  the re s u l t in g  in te rs e c tio n  of the afterbody  and the  j e t  occurs
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a t r ig h t  angles in stead  of a t  a tan g en t. The flow close  to  th e  s tag ­

nation  p o in ts  w i l l  be a ffec te d  and i r r e g u la r i t ie s  w i l l  occur in  the 

su rface  fo rce  d is t r ib u tio n  e sp e c ia lly  when 6^ 3  45 > i . e .  3^and Sp are 

outside of the excluded region* ■*

The complex p ressure c o e f f ic ie n t can be determ ined a t  any po in t

and is  given by B e rn o u il l i’s equation
2

P . 2

Or in  non-dim ensional form where Q(Z) = U(Z) -  iV(Z)

Op = 1 -  U(Z)^ -  V(2).^

where U(Z) = 1 -  cqs20  ̂ K (cgsÔ -  cgs|?> -  cgs)$) + K p(2cqs^- cgsG)
_2 ' R Rg Rg R, RR 2  3  1

and V(Z) = -  sin2Q + K. (sjjiÔ -. sinfe -  sinl^) Kg(2sinl- -  sinO)
^2 ' R Rp iy  "R  ̂ R

The p ressure c o e f f ic ie n t can be determined a t  any po in t in  the flow 

fie ld *  The reg ion  bounded by |z  | = 1 and 0 = f  TT/4 is  excluded. The 

p o s itio n  of the  surface  contours can be found using Isomet (see Append 

- ix  B).

I f  values of Kp and H are supplied then the average value of K̂

can be obtained by comparison w ith  the experim entally  determined press-

c o e ff ic ie n ts  along the r a d ia l  6 = i?T , For th is  cond ition  V(Z) = 0 and

U(Z)^ -  1 -  G From the above equation fo r  C and U(Z)
. P'  P

K, = - I t  /  £■ " c ’
^ 2 J  4

where F = (2(1 -  \ / ' r ? )  ?  2K^(2/R^ -  l/il))/D

C = ((1 -  1/K^)^ + Cp -  1 -I- i c f  ( 1/a  -  2/K f̂ -c 2%2(1 -  1/R^)

(1 /a  -  2 /a p ) /D  

and D = l/R^ + 1/k -  l/R
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only the ro o t > 0 i s  p h y sica lly  meaningful. The value of i s  

determined a t  each p o in t, considered from the experim ental value of 

a t  th a t  p o in t, and the average value of i s  computed (see Table 5 .1 ) . 

The su rface  fo rce i s  given by d ire c t  in te g ra tio n  from

[RR

C,-, Kt 1 C R dR where HR has the values 5 and 10 F p
J l

and the su c tio n  fo rce  c o e f f ic ie n t i s  given by d ire c t  in te g ra tio n  of

a/4

5c4 Model Param eters.

The method of choosing the model param eters which portrayed  the 

experim entally  observed r e s u l ts  was as follow s:

1. A speed r a t io  was se le c ted .

2. Avalue o f Kg was chosen by re fe r r in g  to  the f lo w fie ld  photo­

graphs of r e f 14 and ob ta in ing  an estim ate of 0 ^ .  The value of Kg was 

determined from f ig  5 .4 .

5, A value of H was se le c te d .

The entrainm ent param eter was ca lcu la ted  by matching the experim ental 

upstream c e n tre lin e  p ressu re  d is tr ib u tio n  (6  = n ) (see Section 5*5).

This method was chosen because the re su ltin g  c a lc u la tio n s  were g re a tly  

s im p lified  by the f a c t  th a t the flow d ire c tio n  fo r  (9 = ô i s  in  the X 

d ire c tio n  ( i . e .  V(z) = O).

I f  the p la te  p ressu res  p red ic ted  by the model are  to c o rre la te  

w ith the experim ental d a ta  then the v e lo c ity  u must equal the lo ca l t e s t  

v e lo c ity  along © = K , However, as mentioned in  Section 5 .2 , there  i s  a 

v e r t ic a l  component of v e lo c ity  induced in  the v ic in i ty  of the j e t .  The 

pressure  c o e f f ic ie n t  p red ic ted  must try  and re p re se n t th is  a d d itio n a l
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component.

Id e a lly , th e  ca lcu la ted  value of should be th e  same fo r  a l l  

X. However, th e re  was a v a r ia tio n  of w ith  X, increasing  as the  

j e t  was approached (see ta b le  5 . 1 ) ,  Table 5 , 1  in d ic a te s  the increasing  

e f fe c t  of entrainm ent as the j e t  i s  approached. The value of used 

to  c a lc u la te  the  induced surface pressure  d is t r ib u t io n  was taken to  be 

th e  average of the  values ca lcu la ted  from the experim ental d a ta . B ette r 

r e s u l ts  were obtained by considering po in ts  c lo se ly  spaced near the j e t  

and sp a rse ly  spaced f a r  from the  j e t .  This i s  reasonable because th e  

th ree-d im ensional e f fe c ts  are  more in f lu e n t ia l  c lose to  the j e t .  Fig 

5.5 i l l u s t r a t e s  the  comparison between p red ic ted  and experim ental d a ta .

The model p red ic ts  lower p ressures fa r  from the  j e t  ( j x | > 5 )  

and higher p ressu res near the  j e t  fo r  [ x l < 5 .  These higher p ressures 

r e s u l t  because the flow s tagna tes  a t  the f ro n t of the j e t  whereas the 

experim ental d a ta  suggests th a t  th e  r e a l  flow does n o t. This i s  caused 

by the  a d d itio n a l component of v e lo c ity  which co n trib u tes  to  the  sur­

face p re ssu re s . I f  th i s  v e r t ic a l  component d id  not e x is t  and the r e a l  

flow was t r u ly  two-dim ensional then i t  seems l ik e ly  th a t  the  r e a l  flow 

would a lso  s tagnate  i . e .  the  model can only rep re sen t th e  h o riz o n ta l 

and l a t e r a l  components of v e lo c ity  of the r e a l  flow and to  match the 

surface  p ressures the values of the  magnitude of these  components must 

be increased  to  allow fo r  the  ad d itio n a l co n trib u tio n  from the v e r t ic a l  

component.

A fter the model param eters had been se le c te d , the surface  pressure 

d is t r ib u t io n ,  th e  surface  fo rce  d is tr ib u tio n  and the suc tion  fo rce  co­

e f f ic ie n ts  were ca lcu la ted  and compared to  the experim entally  determined 

r e s u l t s .  G enerally, the ca lcu la ted  d is tr ib u tio n  d id  not c o rre la te  w ith

the experim ental d a ta . The values of the param eters (K-, K. H) were
-L, 2 ,

ad justed  u n t i l  good agreement w ith experiment was obtained . The



c r i te r io n  fo r a 'b e s t  f i t '  model was th a t  the surface fo rce  d is t r ib u t io n  

and suc tion  force c o e f f ic ie n t  over an area  up to  f iv e  .jet r a d i i  from 

the o rig in  agreed w ell w ith  the experim ental measurements. When th is  

agreement was obtained, th e  param eters were ad ju sted  s l ig h t ly  to"improve 

the surface p ressure d is t r ib u t io n  as much as p o ssib le  w ithout losing  

the good surface fo rce  and su c tio n  force c o r re la tio n . The 'best*  model 

obtained was the r e s u l t  of considering  a wide range of sink  s tren g th s , 

sink  p o s itio n s  and source s tre n g th s .

The c o n s ti tu tio n  of a 'b e s t  f i t '  model is  d i f f i c u l t  to  define» 

a d ire c t  comparison of d e ta ile d  pressu res may appear to  be the  most 

d ire c t  means but the experim ental u n ce rta in ty  of the p ressure  f a r  from 

the j e t  could r e s u l t  in  d iffe ren ces  between the  p re d ic tio n  and the  

measurements of se v e ra l hundred per cen t. The experim ental e rro r  band 

increases as the magnitude of the pressure decreases (see Chapter 111).. 

I f  the same experim ental e rro r  band is  considered based on the bound­

a r ie s  of the experim ental band in  Chapter 111 i . e .  the new e rro r  band 

is  tw ice th a t  of the experim ental band, then th is  band seems a reason­

ab le  measui*e by which the  p re d ic tio n  can be compared to  the measure­

ments f a r  from the j e t .  An e r ro r  band c r i te r io n  appears to  be the  only 

d ire c t  means of assessin g  the r e s u l t s .  However, th e re  w i l l  be regions 

where the agreement can never be good. The obvious example is  immedia­

te ly  upstream of the j e t  or c lose to  the wake reg io n . Since the accur­

acy of the  model decreases w ith d istan ce  from, the j e t ,  a l l  assessm ents 

of the p red ic ted  in teg ra te d  d is tr ib u tio n s  were based on an area  covering 

a r a d ia l  d is tan ce  of f iv e  j e t  r a d i i .  The problem w ith  these in teg ra te d  

q u a n ti t ie s  i s  th a t  the inaccu rac ies  occurring f a r  from the j e t  are  

m u ltip lied  by the  corresponding r a d ia l  d is tan ce  (see Chapter IV) to  

form the product 0^ R. The la rg e r  the area  of in te g ra tio n  the more 

suspect these  q u a n titie s  become and hence the  r e s t r i c t io n  to  the area
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baseion f iv e  j e t  rad ii* . T he 'best f i t '  model f in a l ly  produced p re d ic ts  

reg ions in  which the  agreement w ith  the  experim ental da ta  i s  bad be­

cause of the  in a b i l i ty  of the two-dim ensional model to  rep resen t th re e -  

dim ensional e f f e c ts .

5*5 R esults

The su rface  p ressure  d is tr ib u tio n s  and su rface  fo rce  d is tr ib u tio n s  

r e s u l t in g  from the 'b e s t  f i t '  models are shown in  F igures 5.6 to  5*20 

where the so lid  curves rep resen t the p red ic ted  r e s u l ts  from th e  model 

and the  broken curves rep re sen t the corresponding experim ental data*

The values of the entrainm ent param eter, IL th e  blockage param eter,

K„ and th e  sink  p o s itio n , H , are  shown as fu n c tio n s  of the  v e lo c ity  

r a t io  in  Figures5*22, 5,23 and 5*24* The p red ic ted  suc tion  fo rce  co­

e f f ic ie n ts  are  compared to  the  corresponding experim ental values, both

evaluated  over a c i r c u la r  area  of rad ius f iv e  j e t  r a d i i  and excluding
o a

the  wake reg ion  (45 ^  0  t  ISO ,)in  Figure 5*21*

The surface  p ressu re  d is tr ib u tio n s  (Figs 5*6,5*9,5*12,5*15,5*18)

show a f a i r  c o rre la tio n  w ith th e  experim ental r e s u l ts  fo r  a range of 
0 0

0 ,  90 ^ 0  -  180, and fo r R ^ 5 ,  e sp e c ia lly  th e  contours of value -1 , 

- .5  and -.3*  Contours of value - .2  and » . l  g en e ra lly  l i e  ou tside  th is  

reg ion  and show poor agreement* The model i s  unable to  p re d ic t the 

l a t e r a l  spread of the low pressu re  region and the agreement f a r  from 

the  j e t  worsens as the v e lo c ity  r a t io  increases* This poor agreement 

was a n tic ip a te d  because of the in a b i l i ty  of the model to  describe  the  

th ree-d im ensional e f fe c ts  (see Sect 5*2) and because the  good agreement 

of th e  su rface  p ressu re  d is t r ib u t io n  in  reg ions f a r  from the  j e t  was 

s a c r if ic e d  to  improve the agreement close to  the j e t  so th a t  the su rface  

fo rces  and the suc tion  fo rce  c o e ff ic ie n ts  ( f o r  upper l im its  of in te g ra ­

t io n , RR = 5) showed a good c o rre la tio n  w ith  the  experim ental values.
. Ü

The su rfa ce  p ressure d is tr ib u t io n  i s  g r e a t ly  a f fe c te d  in  the reg io n  90
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O ' .
4 9  45 by th e  c lo se  proxim ity of th e  s in g u la r i t ie s*  The r e s u l ts  

show poor agreement in  th is  reg io n . The use of a d is t r ib u t io n  of 

s in g u la r i t ie s  ra th e r  than the  use of d isc re te  s in g u la r i t ie s  would 

probably improve the  agreement in  th is  reg ion  bu t would a lso  majke the 

model more com plicated.

The surface fo rce  d is t r ib u t io n  (Fig 5 .7 , 5.10, 5.13, 5.16, 5.19) 

fo r  an upper l im it  of in te g ra tio n , ilR = 5, shows good c o rre la tio n  

between the  model and experiment in  the l a t e r a l  and forward reg ions and 

fo r  v e lo c ity  r a t io s  le s s  than 10. The r e s u l ts  fo r  the  near wake reg io n  

do not agree w ell w ith  experiment because of the c lo se  proxim ity of the  

s in g u la r i t ie s .  As the v e lo c ity  r a t io  increases above 8, the agreement 

between the  model and experiment worsens (Fig 5*16, 5.19)* The f i r s t  

reason fo r  th is  poor agreement is  the expected in a b i l i ty  of the model 

to  allow fo r  the la rg e  induced v e r t ic a l  component of v e lo c ity , c lose 

to  the j e t  (see S ection  5*2). The second reason is  the in a b i l i ty  of the 

model to  p re d ic t adequately  the dim inishing reg ion  of low pressu res  in  

the  near wake reg ion  as the  v e lo c ity  r a t io  in c re a se s . This a r is e s  be­

cause the  sinlc has too g rea t an e f fe c t  on th is  reg ion  and the values 

of the entrainm ent parameter requ ired  to  p re d ic t th e  su rface  pressures 

in  the l a t e r a l  and forward reg ions, over p re d ic ts  the  surface  p ressu res  

in  the  near wake reg io n .

The su rface  fo rce  d is t r ib u t io n  (Fig 5 * 8 ,5 .1 1 ,5 .1 4 ,5 .1 7 ,5 .2 0 ), fo r  

RR = 10, shows a poor agreement between experiment and the p red ic ted  r e ­

s u l ts  fo r  v e lo c ity  r a t io s  le s s  than 10, For v e lo c ity  r a t io s  g rea te r  than 

10, the  c o r re la tio n  of data between experiment and the model improves 

(see Fig 5*20),

The p red ic ted  suc tion  fo rce  c o e f f ic ie n ts ,  in te g ra te d  over an area of

5 j e t  r a d i i ,  show ex c e lle n t agreement w ith the corresponding e::merimenval

r e s u l ts  fo r  v e lo c ity  r a t io s  le s s  than 12 (Fig 5 .2 1 ), For
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v e lo c ity  r a t io s  g rea te r  than 10, the model appears to  be unable to  pre­

d ic t  the  weak dependence of the suction  force c o e f f ic ie n t on the veloc­

i t y  r a t io .  The reason fo r th is  ex ce llen t agreement i s  not d i f f i c u l t  

to  f in d . The sui'face fo rce d is tr ib u tio n  curves (see above) show th a t  

the  p red ic ted  curves l i e  above and below the experim ental curves and 

the  summation involved in  the evaluation  of the su c tio n  force c o e ff ic ­

ie n t cancels or hides the regions of poor agreement.

The v a r ia t io n  of the entrainm ent param eter, K, w ith  v e lo c ityr ,
r a t io  (Fig 5.22) shows th a t  the value of the entrainm ent parameter is  

an order of magnitude g rea te r  than th a t  of the equ ivalen t f r e e je t .  This 

a r is e s  because the entrainm ent parameter rep resen ts  the o v e ra ll e n tra in ­

ment and c o n s is ts  of the  v o r t ic i ty  entrainm ent, which i s  an order of 

magnitude g re a te r  than th a t of the  f r e e je t  (Kef 28), and the f r e e je t  

en trainm ent. The value of the entrainm ent parameter increases w ith 

in creasin g  v e lo c ity  r a t io  and shows a weak dependence on v e lo c ity  

r a t io  a t  high v e lo c ity  r a t io s  (m>B),  as the  v e lo c ity  r a t io  increases 

the v o r t ic i ty  entrainm ent w il l  have a reduced e f fe c t  on the p la te  sur­

face because the j e t  i s  d e flec ted  le s s  and the v o r tic e s  are fu r th e r  away 

from the  p la te  su rface . In the lim itin g  case, the  only entrainm ent 

mechanism w il l  be the f r e e je t  type and i t  is  expected th a t  the e n tra in ­

ment parameter w i l l  ra p id ly  approach the equ ivalen t f r e e je t  value as 

the v e lo c ity  r a t io  becomes la rg e . Fig 5.22 tends to  confirm  th i s .

The blockage param eter, K,. increases w ith in c reasin g  v e lo c ity  

r a t io  (Fig 5.23) and, l ik e  the entrainm ent param eter, shows a weak 

dependence on v e lo c ity  r a t io  fo r  high values of the  v e lo c ity  r a t io .

The blockage increases as the v e lo c ity  r a t io  in creases  because the 

length  of the p o te n tia l  core increases (see Fig 4.101 and Section 5 .2 ) ,  

The increase  in  p o te n tia l  core f ro n ta l  area causes a la rg e r  separated  

reg ion  to  form behind the j e t  (see Sect 5*2 and the flo v /fie ld  photo-
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graph of r e f  14). The p o te n tia l  core leng th  approaches th a t  of the 

f re e  j e t  a t  high v e lo c ity  r a t io s  and. th e  blockage par'ameter can be ex­

pected to  show a weak dependence on v e lo c ity  r a t io .  F ig 5.23 shows th is  

to  be so although po ssib ly  a l i t t l e  prem atirrely.

The v a r ia tio n  of the sink p o s itio n , H, w ith  v e lo c ity  r a t io  (Fig 

5.24) shows th a t  the  sink  p o s itio n  approaches the re a r  of th e  j e t  as 

the v e lo c ity  r a t io  in c re a se s . This is  in  accordance w ith  the  experi­

m entally  observed s h i f t  in  the  cen tre  of p ressu re  (Fig 4 .6 ) a r is in g

from the dim inishing co n trib u tio n  to  the su rface  fo rce  from th e  wake

reg ion  as the v e lo c ity  r a t io  in c reases .

An in te re s t in g  comment a r is e s  from a co n s id e ra tio n  of F igures 5.22,

5.23 and 5*24* I t  appears th a t  two separa te  fu n c tio n s  could be used to

r e la te  the  change in  model parameter w ith v e lo c ity  r a t io :  one function  

would d escrib e  the changes fo r  a v e lo c ity  r a t io  le s s  than 8 and the 

o ther would describe  the changes fo r a v e lo c ity  r a t io  g rea te r  then 8 

w ith  a d isc o n tin u ity  e x is tin g  between 6 and 8. This observation  co­

incides w ith  the experim ental observation  concerning the change in  

surface p ressure  d is t r ib u t io n  fo r  v e lo c ity  r a t io s  below and above 8 

(Section  4 * 3 .1 .2 ). Figure 5.9 shows very poor agreement between the 

p red ic ted  and experim ental p o s itio n  of the  -0 .1  contour which a r is e s  

because the model attem pts to  p re d ic t the e f fe c t  of the  more ex tensive 

low pressure  reg ion  in  the near wake and wake reg ions observed a t  a 

v e lo c ity  r a t io  of 6. The agreement of the higher magnitude contours 

i s  g en e ra lly  good along w ith  the p red ic tio n  of the su rface  fo rce 

d is t r ib u t io n  (Fig 5.10) and suc tion  fo rce  c o e f f ic ie n t  (Fig 5 .2 1 ),

D espite the lim ita tio n  of the two-dim ensional model i t  is  capable of 

p red ic tin g  the surface fo rce  d is t r ib u t io n  and suc tion  fo rce  c o e f f ic ie n t  

(both fo r  upper l im its  of i n t e g r a t i o n , -  5) fo r  a v e lo c ity  r a t io  le s s  

than 10 w ith  good agreement between experiment and p re d ic tio n . The c o r re la tio i
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of da ta  fo r  th e  surface p ressu re  d is t r ib u tio n  is  good in  the reg ion  K 

<  5 and 90 -  0  ^  180* The trend  in  the v a r ia t io n  of the model para­

meters w ith  in creasin g  v e lo c ity  r a t io  accord w ith  the experim entally  

observed tren d  in  those physica l c h a ra c te r is t ic s  which the param eters 

rep resen t*

5*6 Param etric Study*

I t  i s  in te re s tin g  to  examine the e f fe c t  of varying the param eters 

of the model in  a co n tro lled  manner. The values of the param eters 

obtained fo r  the  'b e s t f i t '  model to  p red ic t the experim ental d a ta  fo r 

a v e lo c ity  r a t io  of 8 were chosen as the  refe ren ce  v a lu es . The values 

were: = 1.82; Kp = 0.71; H = 3; 0^ = 14*95* These w i l l  be denoted

by the  su b sc rip t 0 . and were varied  by ±  10 per cen t of the value

of anf KpQ re sp e c tiv e ly . The e f fe c tiv e  s ink  lo ca tio n , H, was varied  

between 1 and 5 ( i . e .  ^ 66J % of . )  For a p a r t ic u la r  v a r ia t io n  in  

one param eter, the o thers remained fixed  a t th e i r  re sp ec tiv e  re fe ren ce  

value. The surface fo rce  d is tr ib u tio n  (Figs 5*25,26 and 27) and the

su c tio n  fo rce  c o e f f ic ie n t ,  0^ (both in teg ra ted  to  an upper l im it  of 5)*

were ca lc u la ted , neg lec tin g  the wake region as b efo re . The values of Cg 

obtained are  compared to  the  re fe ren ce  value by the f ra c t io n  a, 

where

A =AC X 100 = -  G „ X 100s s sQ
^  " T T ”

The percentage change in  i s  then divided by the  corresponding 

percentage change in  the parameter under co n s id e ra tio n . These values 

are presented  as a f ra c t io n  3, where

À (Param eter) x 100 
(Param eter)q

^sO ^1 ” S o

fo r  example, i f  was being considered then
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These va lu es  are presen ted  in  Table 5*2

The entrainm ent param eter, K ,̂ has the  g re a te s t in fluence on the 

suc tion  force c o e f f ic ie n t .  The value of the suc tion  force c o e f f ic ie n t  

increases as the  entrainm ent in c reases . The surface fo rce  d is tr ib u tio n  

(Fig 5*25) shows th a t  the sink has a g rea te r  e f fe c t  in  the near wake 

region and a le s s e r  e f fe c t  upstream. This is  expected because the sink  

induced v e lo c ity  is  p ro p o rtio n a l to  the inverse of the d is tan ce  from 

the s in k .

The blockage param eter, is  the next most in f lu e n t ia l  para- 

meter (see Col 3, Table 5*2). The suction  fo rce  c o e f f ic ie n t  decreases 

in  value as th e  blockage in c reases . The source induced v e lo c ity  is  a lso  

in v erse ly  p ro p o rtio n a l to  d istan ce  from the source and consequently the 

e f fe c t  of the source is  g rea te r  in  the near wake reg ion  than upstream 

(Fig 5 .26 ).

The sink  p o s itio n  has the le a s t  e f fe c t  on the  suc tion  fo rce  co­

e f f ic ie n t ,  The suction  fo rce  c o e f f ic ie n t decreases as the sink  moves 

downstream (Col A and B, Table 5 ,2) .  The surface fo rce  d is tr ib u tio n  

(Fig 5, 27) shows the g re a te s t e f fe c t  of a change in  H occurs in  the 

near wake and l a t e r a l  reg io n . This i s  expected since a forward move­

ment of the sink  w il l  in fluence the  near wake and l a t e r a l  reg ion  more 

than the upstream region  because the sink induced v e lo c ity  is  in v e rse ly  

p ro p o rtio n a l to  the d is tan ce  from the sink . The change in  slope of the 

surface fo rce  d is t r ib u tio n  (Fig 5.27) as the sink  moves away from the  

j e t  appears to  be caused by i r r e g u la r i t ie s  in  the p ressure  d is t r ib u tio n  

around the a f te rb o d y /je t in te rs e c tio n  and Figure 5.27 suggests th a t  some 

form of coupling between the sini{ p o s itio n  and the blockage is  respons­

ib le .

In p ra c tic e , i t  was found th a t the sink s tre n g th  and p o s itio n  ware 

more im portant than th e  blockage. The source outflow, K,. was of an
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order of magnitude le s s  than th a t of , A ten per cen t change in  

w ill  th e re fo re  have a g re a te r  e f fe c t  on the p red ic ted  f lo w fie ld  than 

a ten per cent change in  and th is  i s  re f le c te d  in  column A of Table 

5 .2 . G enerally , the a c tu a l changes in  and Kg were le s s  than lO^oj 

whereas the change in  H was g re a te r  than 10/j when determ ining the 'b e s t  

f i t '  models. and Kg were used as f in e  adjustm ents to the p red ic ted  

flo w fie ld  and H was a coarse adjustm ent. Column A o f Table 5*2 r e f le c ts  

the ’p r a c t ic a l ' changes in  0^ with the various param eters ra th e r  than 

Column B which shows the a c tu a l changes.
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Table 5*2. E ffe c t of the V aria tion  in  Model Param eters on the Suction 

Force C o e ffic ien t,

Comments' A 3

Increase  k1 by 10% 17.56 17.4 1.74

Decrease k1 by 10>u 12.45 -16.7 1.67

Increase  k2 by 10% 15.84 -7 .4 "0.74 .

Decrease k2 by 10% 16.09 7.6 -0.76

Increase  H by 66%% .10.49 - 29.8 -0 .45

Decrease H by 66%% 20.08 54.4 - 0.52
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Chapter VI

Conclusions and Recommendations•

6 el Conclusions.

The experim ental da ta  c o lle c te d  has id e n tif ie d  the  j e t  in c lin a tio n  

angle and the  v e lo c ity  r a t io  as being of primai’y importance in  determ in­

ing th e  in te rfe re n c e  c h a ra c te r is t ic s  of a tu rb u le n t j e t  exhausting in to  

a subsonic freestream . The incidence of the su rface  through which the 

j e t  exhausted was of secondary importance»

The ex ten t of the  low pressure f ie ld  to  the  s id es  and f ro n t of 

the  j e t  was decreased as th e  j e t  in c lin a tio n  increased  downstream. The 

surface fo rce  was increased  (ie* became le s s  negative) in  the upstream 

and l a t e r a l  reg io n s. The suc tion  fo rce  c o e f f ic ie n t was decreased and 

the cen tre  of p ressu re  moved downstream. The j e t  penetra ted  the  f r e e -  

stream  le s s  and the d e f le c tio n  of the  j e t  was decreased as the  j e t  

in c lin a tio n  increased* The p o te n tia l  core leng th  of the  j e t  increased  

and approached the  f r e e je t  value and the  t o t a l  p ressu re  decay r a te  

along the j e t  c e n tre lin e  was lowered. The entrainm ent r a te  of the  j e t  

was decreased as the j e t  in c lin a tio n  increased .

An in crease  in  th e  incidence of the su rface  through which th e  j e t

exhausted caused changes in  th e  surface p ressure  d is t r ib u t io n  and the

surface fo rce  d is t r ib u t io n  which were w ith in  the  e rro r  band a r is in g

from th e  u n ce rta in ty  in  the  p ressu re  read ings. The v a r ia t io n  of the

su c tio n  fo rce  c o e f f ic ie n t w ith  incidence ex h ib ited  a maximum a t an
o Ù

incidence of between 4 and 6. The v a r ia tio n  of the  cen tre  of p ressu re  

was independent of incidence. The d e fle c tio n  of the  j e t  t r a je c to ry  

gen era lly  increased  as incidence increased  except fo r  the normal j e t  

where the  incidence caused the j e t  to  be d ire c ted  upstream and the 4 

case su ffe red  the  maximum d e f le c tio n .

An increase  in  incidence caused an e f fe c tiv e  change in  the  j e t
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in c lin a tio n  and modified the  entrainm ent r a te  accordingly , At sm all 

incidences the j e t  flow dominated the f lo w fie ld . a t r e la t iv e ly  la rg e  

incidences, the p l a t e / j e t  in te ra c tio n  became more im portant and caused 

the e f fe c tiv e  entrainm ent r a te  to  f a l l .

a comparison between the surface p ressure d is t r ib u t io n  on the f l a t  

p la te  w ith  th a t  on the lower surface of a tw o-dim ensional wing fo r the  

case of the  normal j e t  showed th a t  the f l a t  p la te  d a ta  was not e n t i re ly  

app licab le  to  the wing. The q u a li ta t iv e  agreement was reasonable and 

the  q u a n tita tiv e  agreement improved c lo se r to  the j e t  fo r  v e lo c ity  

r a t io s  g re a te r  than 8. At lower v e lo c ity  r a t io s ,  a la rg e  increase  occur­

red  in  the  ex ten t of the high pressure  region upstream of the j e t  which 

had no coun terpart on th e  f l a t  p la te .

The low pressu res spread to  the l a t e r a l  and forward reg ions of 

the  f lo w fie ld  as the v e lo c ity  r a t io  increased . The surface fo rce  was 

increased  in  the  wake reg ion  and was decreased ( i . e .  became more nega­

tiv e )  in  the l a t e r a l  and forward reg io n s. The suc tion  fo rce  c o e f f ic ie n t  

increased  w ith increasing  v e lo c ity  r a t io  but showed a weak dependence 

on v e lo c ity  r a t io  a t high values of the v e lo c ity  r a t io .  The cen tre  of 

p ressu re  moved upstream and a lso  showed a weak dependence on v e lo c ity  

r a t io  a t  large  values of v e lo c ity  r a t io .  The j e t  p enetra ted  the Trea­

sure am more and su ffered  a le s s  abrupt i n i t i a l  d e f le c tio n  as the v e l­

o c ity  r a t io  increased . The p o te n tia l  core leng th  increased  but the 

t o t a l  p ressure decay r a te  along the j e t  c e n tre lin e  remained about the 

same. The entrainm ent r a te  was increased  as th e  v e lo c ity  r a t io  increased , 

A two-dimensional p o te n tia l  flow model was developed to  rep resen t 

the im portant p h y sica l c h a ra c te r is t ic s  of the j e t  in te rfe re n c e  problem 

which governed the surface pressure d is t r ib u t io n .  The c h a ra c te r is t ic s  

rep resen ted  were the entrainm ent and the blockage a r is in g  from the 

p o te n tia l  core of "Che j e t  and the separated  reg ion  behind the
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j e t .  The surface fo rces  and the surface p ressu res  p red ic ted  close 

to  the j e t  and in  the  l a t e r a l  and upstream regions c o rre la te d  w ell 

w ith  the corresponding experim ental data  fo r v e lo c ity  r a t io s  le s s  than 

10. The r e s u lt in g  suction  force c o e ff ic ie n t was found to  agree very 

w ell w ith the experim ental v a lu e . For v e lo c ity  r a t io s  g rea te r  than 10, 

the  two-dim ensional model was unable to  allow fo r  the th ree-d im ensional 

e f fe c ts  which began to  dominate the f lo w fie ld . The trends in  the 

v a r ia tio n  of the model param eters w ith increasing  v e lo c ity  r a t io  were 

s im ila r  to  the  trends in  the v a r ia tio n  of th e i r  p hysica l coun terparts  

w ith in creasin g  v e lo c ity  r a t io .

6 .2  neeommendations.

1 . The ex ten t of the low pressure f ie ld  induced on the surface by the 

j e t  causes serious l i f t  lo sses  and handling problems. Where the a i r c r a f t  

allows fo r  a STOL c a p a b ili ty , the problem can be p a r t ia l ly  overcome by 

employing as la rg e  an angle of j e t  in c lin a tio n  as po ssib le  w ith the

j e t  e x i t  placed to  the re a r  of the su rface . However, the  close proxim ity 

of the plume, which p en e tra te s  the freestream  le s s  in  th is  case, to  

the a i r c r a f t  could induce an adverse f lo w fie ld  about the  ta i lp la n e .  For 

a d ire c t  j e t  l i f t  VTOL a i r c r a f t ,  th is  so lu tio n  is  not p o ss ib le , a method 

of reducing the ex ten t of low p ressure f ie ld  is  re q u ire d . The invest'^^- 

ig a tio n  could talce two d if f e re n t  forms. The f i r s t  approach could 

in v e s tig a te  ways of reducing the spread of the low pressure  f ie ld  by pro­

viding attachm ents to  the su rface ; the second approach could in v e s tig a te  

ways of modifying the  j e t  flow such th a t the e f fe c tiv e  entrainm ent ra te  

i s  reduced. This approach could a lso  include methods of suppressing 

the low p ressure reg ion  formed behind the j e t .

2 . The e f fe c t  of turbulence c h a ra c te r is t ic s  of the freestream  on the 

j e t  flow req u ire  fu r th e r  in v e s tig a tio n . The surface  p ressure d i s t r ib ­

u tion  appears not to  be a ffe c te d . The j e t  appears to  p en e tra te  le s s
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as the turbulence le v e l in c reases . The atm ospheric tu rbu lence le v e l 

is  g rea te r  than th a t  of the freestream  in  the experim ental t e s t s  and 

i t  i s  im portant to  know how much le s s  the p en e tra tio n  w il l  be because 

the plume w il l  be c lo se r  to  the ta i lp la n e .

3. There is  a need fo r  a comprehensive survey of the  f lo w fie ld , in  the 

forward as w ell as the  l a t e r a l  and wake reg ions, induced by in c lin ed  

je t s  and je t s  exhausting through su rfaces a t incidence to  a id  the 

development of any fu tu re  mathem atical modelling..
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appendix A ■

J e t 0harac te r  i  s t  ic  s 

I n i t ia l -  experiments were conducted to  determ ine the f r e e je t  

c h a ra c te r is t ic s  of the f iv e  j e t s .  The t o t a l  p ressu re  d is t r ib u t io n  

across each j e t  e x it  and the  t o t a l  pressure decay along each j e t  

c e n tre lin e  were In v e s tig a te d . These i n i t i a l  t e s t s  were m otivated by 

the conclusion of r e f  A1,‘ which s ta te d  th a t  the  j e t  induced e f fe c ts  

were s tro n g ly  influenced  by the j e t  pressure decay c h a r a c te r is t ic s .

I t  was considered d e s ira b le  to  ensure th a t  th e  c h a ra c te r is t ic s

of a l l  the  j e t  e x it  geom etries were s im ila r .

The j e t  plenum chamber was placed on a c rad le  po sitio n ed  in  the  

working sec tio n  of th e  tu n n e l such th a t  the j e t  c e n tre lin e  and tunnel 

c e n tre lin e  were co in c id en t. The j e t  could exhaust some 12 to  15 fe e t  

before encountering any o b s tru c tio n . The a i r  supply was id e n tic a l  to  

th a t  described  in  S ection  2 ,2 .

The tra v e rs in g  r ig  was in s ta l le d  in  the working sec tio n  complete 

w ith  the t o t a l  p ressu re  probe (Section 2 .8 , P la te  2 .2 ) .  The f i r s t  

experiment was to  c a l ib ra te  the  reading of the  s ta t i c  p ressu re  tap  

w ith in  the j e t  plenum chamber (p^ -  p^) ag a in st th a t  of the e x it  t o t a l  

p ressure (p^^ -  p ^ ). The t o t a l  p ressure probe was p o sitioned  a t  the  

cen tre  of the  j e t  e x it  p lane. The second experiment determined the j e t  

e x it  t o t a l  p ressu re  d is t r ib u t io n  in  the e x i t  plane normal to  the  j e t  

c e n tre lin e . Using the c a lib ra tio n  from the  f i r s t  experiment, the 

d es ired  e x i t  conditions were s e t  (u su a lly  Vj -  2 0 0 f t/s e c ) , The e x it  

plane was tra v e rse d . The r e s u l ts  are given in  f ig  to  A.5. In f ig  

A.1 an a d d itio n a l tra v e rse  i s  given fo r  a j e t  e x i t  v e lo c ity  of 6 0 0 ft/sec , 

The r e s u l ts  are presented  in  the form of a t o t a l  p ressu re  c o e f f ic ie n t :

P.-n „ Pn " P. where p. i s  the t o t a l  p ressu re  a t  any po in t and 

%  -̂ QE ” p^p is  the  e x it  t o t a l  p ressu re  a t  the j e t  centre­

- l in e  .
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The j e t  e x i t  t o t a l  p ressu re  p ro f ile s  were uniform to  w ith in  fo r  

-0 .6  ^ 0 .6  or 0 .6 . This was considered to  be s a tis fa c to ry

e sp e c ia lly  as the  j e t  e x it  geom etries were d is s im ila r .

The th ird  experiment measured the j e t  t o t a l  p ressu re  decay along 

the  j e t  c e n tre lin e . The r e s u l t s  a re  presented in  f ig  A.6 to  A.10 using 

the  above t o t a l  p ressu re  c o e f f ic ie n t .  The f r e e je t  t o t a l  p ressu re  decay 

curves were very s im ila r  fo r  a l l  geom etries. The p o te n tia l  core leng th  

was about 11 j e t  r a d i i  which agreed w ell w ith  the  r e s u l ts  of r e f  ù2 

(p o te n tia l  core leng th  quoted as about 12 j e t  r a d i i ) ,

A.1 J e t  Dynamic Fressure

The method of determing the j e t  dynamic p ressu re  was as fo llow s: 

the freestream  dynamic p ressure was se lec ted  ( in  th is  work q ^ =  1,07mm 

of mercury). The j e t  e x i t  dynamic p ressure was given by

% = «h ere  m = j  j 7  ë ÿ j ^
u

now i f  the  j e t  and crossflow  f lu id  are the same and obey the  id e a l 

gas equation of s ta te  and the p ressure a t  the j e t  e x i t  i s  the  same as 

the freestream  p ressu re  ( s ta t ic )  and i f  the j e t  i s  unheated ( i . e .

= ^ j)  then m simply becomes, fo r  Vj constan t, m = '

Using the  ise n tro p ic  p ressu re  r a t io  a t the j e t  e x i t

Assuming p̂ , = p = p, (wind tunnel b reather should give p = p. ) 

where and a^ is  the  acoustic  v e lo c ity  a t  the j e t  e x itJÜ J J J

“• •2m q ^ /6p^

Hence p^^ -  p^ = p^(l + ( 1Î -  1 )m^qyX'p^) " ^ -  p^
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using a value of 1 .4  fo r  %

3.5
Poe -  Pa = Pa ‘̂‘ "

From th is  l a s t  equation , curves of Pqv,-“ versus p ^ ’fo r  various + 

values of the  v e lo c ity  r a t io ,  ra, w ith  q^ = 1 .07ram of mercury were 

co n s tru c ted . These curves showed a very l in e a r  r e la t io n s h ip  between 

Pntr "  P a p , , th e  discrepancy being le s s  than any e rro rs  incurredvl-f «fil
experim entally* No allowance was made fo r  the  n o n - is e n tro p ic ity  of 

the j e t  flow .
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Computer Programmes

B»1 Experim ental Programme

A m u ltis tep  programme w ritte n  in  PLl was implemented on the ERGO 

system 370/158 and l a t t e r l y  th e  IRIMO System 370/l6S. This programme

processed th e  da ta  generated from the  wind tunnel t e s t s ,  evaluated  the

surface fo rce  d is tr ib u tio n , suction  fo rce  c o e f f ic ie n t ,  cen tre  of p ress­

ure and p itch in g  moment c o e f f ic ie n t (fo r d e f in it io n s  see Chapter IV) 

and presented  c e r ta in  of th e  r e s u l ts  in  a g rap h ica l manner. The input, 

d a ta  co n sis ted  of the values of the param eters (see Table B .l  fo r  an 

example of the input da ta) which defined the wind tu n n e l t e s t  follow ed 

by a stream  of d a ta  co n s is tin g  of the  height of hexane recorded a t  a  

p ressu re  ta p  (measured from the melinex sheet see S ection  3*3) along 

w ith  the coord inates defin in g  the  lo ca tio n  of th a t  p ressu re  ta p . ' These 

coord inates ( I  and J )  defined th e  p o s itio n  w ith in  th e  a rray  rece iv in g  

the  d a ta . The re la t io n s h ip  between the p h y sica l p o s itio n  and a rray  

p o s itio n  was

X = ( I  -  65 )/2  fo r  0 ^ 1  S l1 3

Y = (J -  l ) / 2  fo r  0 6 81

The p ressu re  he igh ts  were converted in to  in te rfe re n c e  p ressure  

c o e f f ic ie n ts .  The pressure  c o e ff ic ie n ts  were smoothed using an ortho­

gonal le a s t  squares cui've f i t t i n g  ro u tin e  (F o rsy th e 's  Method see r e f  

B 1).. This ro u tin e  was a lso  employed to  ' f i l l  th e  h o le s ',  by in te r ­

p o la tio n , in  th e  s ta t i c  p ressure tap  d is t r ib u t io n  caused by th e  con­

s t r a in t s  on a p a r t ic u la r  co n fig u ra tio n , (e .g . m issing tap  a t  X

Y = 0 and g en e ra lly  upstream of th e  in c lin ed  nozzles in  the  region

see a lso  Table 2 » l) .  The input a rray  of p ressu re  c o e f f ic ie n ts  

was completed by in te rp o la tio n  between the  e x is tin g  values to  form a 

g rid  of values w ith  a mesh s iz e  of -g- ( je t  r a d i i )  fo r  -32 - X *24,
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0 ^ ï ^ 4 0 .

■ C erta in  columns and rows of the input a rray  co n sis ted  of da ta  

showing the  c h ra c te r is t ic s  of the f l a t  p la te  w ith  the  j e t  o ff  and of 

d a ta  showing the  symmetry of the problem. These p ressu re  d is tr ib u tio n s  

were presented  in  g rap h ica l form (see f ig s  -  B . l l  and end of Table

2 .1 ,6 )

The p ressure  c o e f f ic ie n t  a rray  was passed as inpu t to  a procedure 

c a lled  isomet ( re f  B2), This procedure generated the  coord inates of 

isom etric  contours from the data  co n sis tin g  of values on a rec tan g u la r 

g rid  and of the value fo r  which the contours were req u ire d . The contours 

of constan t p ressu re  were p resented  in  g raph ica l form (see f ig  B*1 and

B.2)

The d e f in it io n  of the surface fo rce  and suc tion  fo rce  involved a 

po lar coord inate  system (see Chapter IV), I t  was decided, fo r  comput­

a tio n a l  s im p lic ity , to  generate pressure c o e f f ic ie n ts  based on a 

reg u la r po lar coordinate system by in te rp o la tio n  from the  C artesian  

system used by the  pressure tap  d is t r ib u t io n ,  a ta b u la r  in te rp o la tio n  

ro u tin e  was used* A ll num erical in teg ra tio n s  were performed using 

Simpson's r u le .  The lower l im it  of in te g ra tio n , R, was taken to  be
X ,

the j e t  periphery  (R^ = 1 fo r  th e  normal j e t )  and the  r a d ia l  s te p s ia e  

was taken to  be one tw en tie th  of the d iffe ren ce  between the upper and 

lower l im its  of in te g ra tio n . The angular s te p s iz e  was th ree  degrees.

The suc tion  fo rce  c o e f f ic ie n t to  upper l im its  of in te g ra tio n , R  ̂ =5 and 

10(including  and excluding th e  wake region (see Chapter V)),  the  cen tre  

of p ressure and the p itch in g  moment c o e ff ic ie n t were ca lcu la ted  (see 

Table B ,2),. The surface fo rce  d is tr ib u tio n  was p resen ted  in  g raph ica l 

form (see f ig s  B,3 and B,4 and a lso  Table 3 ,2 ) ,

The graphs p lo tted  were as follow s: 

th e  surface p ressure  d is t r ib u t io n  fo r  the range -20 i f ? ' 24? 0 < Y ^ 40
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(Fig B.,1);

the surface  pressu re  d is t r ib u t io n  fo r  the range 0 6 Y 18 (F ig ,3*2);

the  surface fo rce  d is t r ib u t io n  fo r  an upper l im it ,  -  5, ( f ig  B .3);

the su rface  fo rce  d is t r ib u t io n  fo r  an upper l im it ,  ”  iO, (Fig B .4);

the in te rfe re n c e  p ressure d is t r ib u t io n  along the I  ax is  (Fig B .5);

the p ressure  d is tr ib u tio n  along the 1 ax is  ( j e t  o ff  ) (Fig B .6);

the p ressure  d is t r ib u tio n  a t the leading edge ( je t  on )(F ig  B .7);

the  p ressu re  d is t r ib u t io n  a t  the t r a i l in g  edge ( j e t  on) (Fig B .7);

the  in te rfe ren c e  p ressu re  d is t r ib u t io n  along the X ax is  (Fig B*8);

the  p ressure d is t r ib u t io n  along th e  X ax is  ( j e t  of f )  (Fig B»9);

the p ressure  d is t r ib u t io n  along the p la te  t ip s  (Y = ±  60, j e t  on) (FigB.lO);

and the p ressu re  d is t r ib u t io n  along X. « 4^ ( j o t  on) (Fig B » ll) .

The d is t r ib u t io n  along the X and Y ax is  recorded the  f l a t  p la te  d is t r ib u ­

t io n s ,  These were tned to  ensure th a t  no adverse e f fe c ts  occurred on 

th e  p la te  in  the reg ion  of in te r e s t  (-20 S:X£'24, O f Y f'40 and in  p a rt­

ic u la r  the  area  included in  a r a d ia l  d istan ce  of about 15 j e t  r a d i i  from 

the j e t  cen tre ),. In f a c t ,  a l l  the above d is tr ib u tio n s  were used to  

check th e  p ressure d is tr ib u tio n  on the f l a t  p la te  ( j e t  of f ) ,  whenever 

a co n fig u ra tio n  change d ic ta te d  adjustm ent to  the  p la te ,  p r io r  to  an 

experim ental t e s t .  Fig B,.9 shows a f a l l  in  p ressu re  over the leading 

edge which a f fe c ts  the reg ion  X< -2 5 , Fig B,10 shows a f a l l  in  pressure 

towards th e  re a r  of the p la te  along the t i p s .  This i s  caused by the  

r e a r  fa ir in g s  in te r fe r in g  w ith the lower surface flow . This appears 

to  be confined to  the  t ip s  and of no consequence. The conditions in  

the reg ion  of in te r e s t  appear to  be uniform as s ta te d  in  Section  2 .3 .

The j e t  induced flow appeared not to  a f fe c t  the  lead ing  edge, t r a i l in g  

edge or t i p  d is t r ib u t io n  and these can be considered as re p re se n ta tiv e  

of the f l a t  p la te  pressure d is t r ib u t io n .  The p ressure  d is t r ib u tio n  

along the Y a>iis and X = 4& shows the symmetry of the problem.



The complete programme requ ired  100 GPU seconds fo r  execution*

B*2 Theory Pro.^ramiae

This programme was w ritte n  in  PLl and implemented on the ERGO 

system 370/158 and the NUMAG System 370/168. The programme was s im ila r 

to  the experim ental programme described  above. The input s tep  of th a t  

programme was rep laced  by a procedure which generated  the a rray  of 

p ressure c o e f f ic ie n ts  and stream  function  values ( to  determ ine the  

afterbody  shape) from the theory  given in  Chapter V* The s tagna tion  

p o in ts  were computed to  give the separa tion  angle, <9  ̂ Isomet comp­

uted the  afterbody  shape and the  constan t p ressu re  contours.

The num erical in te g ra tio n  of the surface fo rce  and suction  fo rce  

c o e f f ic ie n ts  employed Simpson's Rule. The r a d ia l  s te p s iz e s  were 0 .5 , 

0.25, 0.125 and 0.0625 and the surface fo rce  value was converged more, 

ra p id ly  using R ichardson 's E x trapo la tion , The in te g ra tio n  converged 

a f te r  four i te r a t io n s .  The angular s tep s ize  was 3 degrees.

The surface  pressure d is tr ib u tio n  and su rface  fo rce  d is t r ib u tio n  

were presented  in  g rap h ica l form (see f ig s  5 .6 , 5.7 and 5.8 fo r  example). 

The complete programme requ ired  40 CPU seconds fo r  execution .
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Computing Methcxis fo r  S c ie n tis ts  and 

Engineers.

OUP, 1968,

Isomet,

P riv a te  Communication, September 1974.

B1 Fox, L.

Mayers, D.F.

B2 Nonweiler, T.R.F.
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Table B . l .  Example o f  Input Data.
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101 5 0*0160 0 . 0 0 6 5

101 9 « 0 . 0 0 1 0 « 0 * 0004

101 13 - 0 * 0 6 3 0 - 0 * 0 2 5 4

101 17 « 0 . 0 7 8 0 « 0 . 0 3 1 5

105 1 0*0310 0 . 0 1 2 5

105 . 5 0 . 0 1 6 0 0 * 0 0 6 5

105 9 0 . 0 0 1 0 0 . 0 0 0 4

105 13 « 0 . 0 6 3 0 « 0 . 0 2 5 4

105 17 - 0 . 0 6 3 0 « 0 . 0 2 5 4

105 25 «0*0630 - 0 . 0 2 5 4

105 33 « 0 . 0 4 7 0 - 0 . 0 1 9 0

105 41 «0*0310 - 0 . 0 1 2 5

105 49 « 0 *0310 - 0 . 0 1 2 5

109 1 0 . 0 3 1 0 0 . 0 1 2 5

109 5 0 . 0 3 1 0 0 . 0 1 2 5

109 9 0 . 0 0 1 0 0 . 0 0 0 4

109 13 « 0 . 0 1 6 0 - 0 . 0  065

109 17 « 0 . 0 4 7 0 - 0 . 0 1 9 0

113 1 0 . 0 3 1 0 0 . 0 1 2 5

113 5 0 . 0 6 3 0 0 . 0 2 5 4

113 9 0 . 0 3 1 0 0 . 0 1 2 5

113 13 - 0 * 0 0 1 0 « 0 . 0 0 0 4

113 17 «0*0310 - 0 . 0 1 2 5

113 25 « 0 . 0 3 1 0 —0 * 0 1 2 5

113 33 - 0 * 0 3 1 0 - 0 . 0 1 2 5

113 41 « 0 . 0 1 6 0 « 0 . 0 0 6 5

113 49 -O.Ol^'O «0 . 0 0 6 5

113 65 - 0 . 0 0 1 0 « 0 . 0  00^

1 13 61 , 0 . 0 0 1 0 0 . 0 0 0 A
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Table B.2, Example of the Evaluation o f the Surface Forces, Suction 

Force C o e ffic ien t, Centre of P ressure and P itch in g  Moment 

C oeffic ien ts*
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Table -B.2. Continued*
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Figure B.1. Surface P ressure D is tr ib u tio n  ( 6 0 ° , ^ =  0*,m = 10).
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Figure B . 2 ,  Surface P ressure D is tr ib u tio n  { 0 -  60* , 6̂ = 0*,m -  10)
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Figure B.5* Surface Force D is tr ib u tio n  (0 =  60^ = 0°,m = 10,Rp = 5)*
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Figure B . 4 .  Surface Force D is tr ib u tio n  ( 0  = 60°,  0 = 1 0 , =  10) ,
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Figure B,5» In te r fe r e n c e  P ressure D is tr ib u tio n  a long the Y A xis

= 6 0 °, ^ = 0 *, m = 10 ) .
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Figure B .6, P ressure D is tr ib u tio n  along the Y Axis ( J e t  Off ) 

( ^ s s 6 0  , «6=0°» ms= 10 ) ,
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Figure B.7» P ressure D is tr ib u tio n  a t  the T ra ilin g  Edge (above) and

Leading Edge (below) fo r  Je t On ( 60°,>L= 0°, m = 10),
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Figure B.8, Interference Pressure Distribution along the X Axis

( ^  = 60^, cL ~ o' f̂ in ss 10 ) ,
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Figure B,9, P ressure D is tr ib u tio n  along X Axis ( J e t  Off )

( 0  = 60°, 0=, m = 10 ) .
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Figure B.10, P ressure D is tr ib u tio n  along P la te  Tips Y = -60 (above) 

and Y = 60 (below) fo r  J e t On ( 0 -  60^, cC- 0°,m = 10),
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Figure B.11, P ressure D is tr ib u tio n  along Span X = 48 ( J e t  On)

( 0  = 60*, ^  = 0*, m = 10 ) .


