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RESEARCH "ORfaDUM 

THE: EFFECTS OF B m G  OVER VARIOUS TRAILING-EDGE FLAPS 
OM AN NACa 0006 A I R F O I L  SECTION, COMPARISONS WITH 

AMD AN ANALYSIS OF FLOW AMD PowHi 
RFLATIONSHIPS FOR BLOWING SYSTEMS 

vmrous ~ E S  OF m s  opi OTHER AIRFOIL SECTIONS , 

By Jules B. Dods , Jr . , and Earl C. Watson 

The  investigation  reported  herein  consilsts of three  phases: 
(I) an experimental  investigation of a thfn airfoil  with  blowing  over a 
trailing-edge flap; (2) a comparison of the  results of the  experfmental 
investigation  with  the  results  of  other similar investigations; and 

.I (3) a theoretical study of  the  relationships among the  air-flow and 
power  parameters  for  the  general  blowing  case. 

L 

The experbental investigation employed. a two-dimensional  model  of 
the NACA ooo6 airfoil  equipped  with 8 nose f lap and six alternate 
trailing-edge f laps.  The  blowing  slot was in  the body of the a i r f o i l  
ahead  of'the  trailing-edge  flap. Gd.y subcritical  blowFng  pressure 
ratios  could  be  investigated.  Lift,  pitching  moment,  and chordwise 
distribution  of  pressure  were  measured  over a range of angles of attack 
for  Reynolds  numbers  from 2.3 million to 4 millicm.  The  variables  Fnves- 
tigated  include flap position and contour, nozzle  height,  and  blowFng 
quantity. 

The cmparison and evaluation  phase of the  investigation used data 
fram this  experimental  investigation  together  wfth  those  obtained from 
other  investigations  which  employed  thicker a i r f o i l  sections. Several 
relationships  for  evaluating  the  effects of blowfng  are  presented.  The 
increments of U t  coefficient  uhich  were o b t a h e d  with the  6-percent- 
thick  airfoil of the  present  investigation compared favorably with those 
obtained  with  the  thicker  airfofls of the  other  investigatians. It was 
found  that  for  flap  deflection  up  to 60° ur TO0, the  theoretical  incre- 
ment of l f f t  coefficient  due t o  flap deflection alme (i-e.,  without 
blowing)  could  be  attained or exceeded,  depending on the  blowing  quantity. 

The  power  and flaw quantities  that may be  requires of a blowing 
d 

system  were  shown  ta vary greatly, depending on the  arrangement of the 
1 flag and  blowing sptem. 
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The  results of the  theoretical  study  of  the  air flow and power 
relationships  are  presented in chart  form and are  applicable to blowing 
systems  employing  either  subcritical or supercritical  pressure  ratios. 

. 

. 
INTRODUCTIQN 

Approximately 30 years ago, Seewald  '(ref. l), Reid and Bamber 
(ref. 2), and  Wieland  (ref. 3) demonstrated  that  the  lirt  of an airfoil 
could  be  increased a substantial  amount by ejecting  compressed air over 
the  upper  surface. The power and equipmeat  necessary  to  supply the  
large  quantity  of  compressed  a-fr-that  was.required  for  lift  augmentation 
deterred  further  investigation.  However,  the  development  of  the  turbo- 
jet  engine, a convenient  source  of  compressed  air,  renewed  interest in 
this  phenmenon.  Later  investigators  (refs. 4 to 12) were  concerned  with 
jets used in conjunctfan with a trailing-edge  flap.  Several  types  of 
airfoil  sections  were used in  these  FnvestigatLons, but one  common  fea- 
ture among them was that all the  applications  were  to  moderately  thick 
airfoils. From these  previous  studies of.blowing over airfoils  it 
became  apparent  that  additional  experimental  data  and  analytical  studies 
of  the  effects of blowing  were needed to prohde the  information  neces- 
sary for practical  applications of blowing to-airplanes. In particular, 
experimental data were required to show the  effects of blowing  over a 
thin  airfoil. A summary and -lysis of the  existing two-dimensional 
data  were  needed ta provide a basis  for mture evaluations  of  the  effect6 
of  blowing.  Comparatively  little  information has been  published on the 
many theoretical  aspects of blowing  over  airfoils,  and  one  important 
aspect in need  of  study  pertains  to  the m e r  in which  the  flow  and 
power  parameters  vary  with  changes in the.blowing-system  pressure,  the 
nozzle  exit  opening, and the  free-stream Wch number. 
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The present  investigation was undertaken to provide  some  of  this 
needed  information.  It  consists of three  phases: (1) an Investigation 
to  obtain  experimental  data for a thfn  airfoil  with bl-g over the 
trailing-edge  flap; (2) comparisons of the  results  of  the  experimental 
investigation with the  result8 of previoua investigations; and (3) an 
analytical  study  to obtain the  theoretical  relationships among the  flow 
and power parmeters for the  general  bl+g ca~e. 

The  experimental  phase  of  the  investigation  included a study of the 
effects  of  changes in the  flap  profile,  flap  poiition,  flap  deflection, 
nozzle  height,  the  air-flow  quantities, a&, to a limited extent, the 
ratio of flap  chord to wing chord.  The  ccinstant~c%ord  model had the 
NACA 006 profile. It completely  spanned  the  4-foot  dimension of the 
4- by  10-foot  test  section of a modified 7- by 10-foot  wind  tunnel at 
Ames  Aeronautical  Laboratory.  The  pressure  ratios  available  with  the 
equipment  supplying  the  air for the blowing system  were  eubcritical, 
resulting, of course, Fn subsonic  Jet  velocities.  However, it was 

. .  
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L possible  to  investigate a range  of  nozzle  hei#ts and nozzle flows of 
Lnterest  for b1-g systems which may operate with supercritical  pres- 
sure  ratios and supersonic  jet  velocities. In reference 13 it was shown 

a given  momentum  coefficient m a  independent  of  the  jet  Mach  number, and 
the wing Reynolds  number in the  range  from 5.8 to 10.1 million. 

c that  for  pressure  ratios  from  subcritical  to 2.9, the lift obtained  with 

h the  phase  of  this  Fnvestigation  concerned with the  comparisons 
and the  evaluation  of  the  effects  of  blowing on lift, only data from 
pertinent  two-dimensional  investigations  were  considered:  those 
obtained with the thfn airfoil of the  present  Investigation, and those 
obtained  with  the  thicker  airfoils of references 4, 5 ,  9,  and 12. 

The  analytical  study  of  the  relationships among the  air-flow  and 
parer  parameters  is  summarized in the form of c h a r t s .  

!! 

A cross-sectional  area, sq ft 

.. a speed  of  sound,  ft/aec 

C WFng chord, ft 
Cf chord of trailing-edge  flap, ft 

CZ section  lift  coefficient, - 90C 
L 

Cm  section  pitching-moment  coefficient  referred to the  quarter 
chord, - m 

9 oc2 

Acz lift-coefficient  increment  at Oo angle  of  attack due to bloxbg 
and  flap  deflection 

( A C Z ) ~  lift-coefficient  increment at the  *'ideal"  angle of attack  due 
to blowing and  flap deflectim (see  sketch (a), page 12) 

(Acz ) th theoretical  lift-coefficient  increment  due  to f lap  deflection 

e aC, pitching-moment-coefficient  increment  due to blo-g and  flap 
defle'ction 

- 
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mass-flow rate of blowing air 
per foot of span section  mass-flow  coefficient, 

pocvo 

P f V j  -+ d P J  - Po) 2 

section  jet-momentum  coefficient.,  (pj  aesumed 
qOc 

equal  to  po  except as noted) 

mass-flow coefficient, mass.-flow rate of blowing;  air 

PO%VO 

PjAjVje + AJ(Pj - Po) 
jet-momentum  coefficient, (ps aseumed 

qcPw 
equa l  to po except aa noted),  see  Appendix A 

coefficients In the  equations  for  wind-tunnel wall corrections 

height of teet  section, ft 

section  lift,  lift  per unit span, lb/ft 

section  pitching  moment,  pitching  moment  per  unit  span,  ft-lb/ft 

Mach number, a V 

pressure, lb/sq f t  

dynamic  pressure, lb/sq ft 

pressure  coefficient, 

radius, in., ar fraction of uing chord 

1 

P - Po 
s, 

Reynolds  number  based on-the wirig chord- 

height  of the nozzle  opening  measured normal to  the wing chord 
line at the minimum  cross-sectional  area  of  the  nozzle,  ft 

height  of the nozzle op- at the  exit  of a convergent- 
divergent  nozzle,  ft 

the  reference wing area  affected by the  nozzle  span, sq ft 

airfoil  thickness,  ft 

%en  used without subscript  t,  the  symbols p, p, and T denote 
static  pressure,  static density, and static  temperature,  respectively. - 
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.) T absolute temperature, OR 

v velocity  f t /sec 
c 

X chordwise distance, in. o r  f t  

Y distance normal to  the  airfoil chord line, in. or ft 
x+, yf coordinates  for  identifying  the position of the nose of the 

t ra i l ing-eae   f lap   percent  of wing chord (see f ig .  7) 

a section  angle of attack,  deg 

(% )cz f h p  effectiveness  parameter, - - 2 8  
czoc 
C 

Y r a t i o  qf ' specific  heats, 1.4 for air  

6 angle of def l ec t im  of the trailing-edge f lap,  deg 

s, angle of deflection of the nose flap, deg 
I 

I h correction  factor for ataospheric  canditims different from 

standard  conditions, - 
( T L ) " T S  

P mass density of airJ2 alugs/cu f t  

a ambient conditions 

i ideal angle of a t tack 

j conditims in the jet  at  the   ex i t  of the  nozzle 

0 free-stream  conditime 

8M sea-level standard cmditions 

s t total conditions (i.e., isentropic  stagnation  conditions) 

U - uncorrected 
%e footnote I, page 4. - 
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Superscripts 

* conditions where M = 1.0 

EXPERIMEWTAL J2?VXSTIGATIOR WITE A TBIN A I R F O I L  

Tunnel, Model, and. Apparatus 

NACA RM A S C O l  

Tunnel.- %cause of the l imi ta t iogs 'o f   the .auxi l ia ry   a i r  supply for 
the Ames 7- by 10-foot wind tunnel, it m s  necessary t o  modify the t e a t  
section of the  tunnel  to  accomodate a mdel  with a reduced span. 
Figure 1 shows the  symmetrically  spaced flow dividers which  were Installed 
in the tunnel  to  provide a 4- by 10-foot test sectian, Each divider 
extended  upstream about 13 f ee t  and domstreaa 12 feet from the center 
l i n e  of rotation of the model. The 6-foot-diameter alumihum turntables 
were supported  flush .with .the surfaces of the  dividers,  as s h a m  i n  .. 

figure 2, and were alined  with, and connec.ted to"the existing  tunnel  turn- 
tables.  Airfoil-shaped  fairings were used to   shield  the model support 
structure from the air  flow between me flow dividers and the or iglaal  
floor and ceil ing of the  tunnel  test  section. mese fairings had the 
NACA 65&+15 a i r fo i l   sec t ion  and a 58.75-inch chord. They were sup- 
ported from the  turntables i n  the floor tind ceil ing of the original tun- 
ne l  and were arranged t o  change angle af .attack  with the mdel.  Pressure 
surveys i n  the  modified test sect ion  kdtcated  that  t h e  f l o w  between the 
dividers in the 4- by 10-foot test aectian w a s  essentially uniform. 
Calibrated  static  orifices on the walls of the  tes t   sect ion approximately 
6 f ee t  upstream from the  center line of rotation of the model were used 
to  indicate  free-stream  static  pressure. 

. .  

. , " 
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Model. - In figuP5 2, the 4-foot- chord model is shown installed in 
the modified t e s t  section. The baeic  airfoil   section of the model was 
the NACA 0006, m d i f i e d  t o  accommodate the  nozzle  used with the air blow- 
ing system and the  various  trailing-edge flaps.  A detailed v i e w  of the 
ex i t  of the  nozzle, which extended along the ent i re  span of t h e  mdel  on 
the u w r  surface, is shown in  figure 3.  Some de ta i l s  of the plenum 
chamber and nozzle shape are shown i n  figure 4 together  with  the 
15-percent-chord noeeelap. The steel   p la tes  forming the nozzle could be 
po8ltioned by means of  19 spacers-and"tightenirig screws located a t  
2-1/2-inch intervals along the span. The'ratio of the  cross-sectional 
area of the plenum chamber t o  the  nozzle exit area was large enough t o  
ensure that  the  velocity of flow i n  the plenum chamber was negligible 
with  respect to  the  exit ing  velocity.  (With a nozzle exit height of 4 

0.053 inch, s/c = 0.00110, thia  area r a t i o  m a  about 20 t o  1.) 

. . .  

. .  

Details of the  trailfng-edge flaps a re  shown in figure 5. Each of 1 

the f h p s  could be deflected and postt imed independently of the wing. 



A removable f a i r ing  which could be inserted in the  nozzle exft was used 

arrangement. (The coordinates  for  flap A are presented in f ig .  4.) The 
plain  flaps w e r e  designed t o  deflect  about  the  hinge  paints shown in 

the unmodified a i r f o i l  contour a t  about the x/c = 0.75 station. Flap B 
provlded the  basic shape t o  which various nose sections were f i t t e d  to  
f o m  f laps  C, D, and E. Flap B m s  synmetrical and was formed  by 
s t ra ight   l ines  from the   t ra i l fng  edge tangent to   t he  nose radius of the 
flap.  A comparison of the  prof i les  of f laps  A, B, and C f o r  the same 
flap  deflection i s  s h m  in f igure 6 t o  emphasize the  different   f lap 
contours  presented t o  the   a i r   ex i t ing  from the  nozzle. The chord of 
f l ap  A w&s 30 percent;  flaps B and C were 22-percent  chord,  and f laps  D 
and E differed slightly from 25 percent, dependhg on the location of 
their   hhge  points.   Flap F provided a l2-percent-chord f lap  based on a 
t o t a l  -xing chord of 42.35 lnches . Thls reduction in w i n g  chord was a 
resu l t  of shortening  the chord of  the  f lap.  T~L?.EI with f l ap  F, the air- 
f o i l  section  profile  deviated from the  NaCA 0006 profile,  the  thickness 
based m the  shortened chord w&s 6.8 percent, and the noee f l ap  was 
17 percent of the chord. A f i l l e r  block and an adjustable  plate were 

the  plain  f laps  (fig.  5 ) .  For all tests w i t h  the  plain  f laps  deflected  or 
undeflected, the gap between the end of the  adjustable  plate and the   f lap  
was 0.1 percent of the WFng chord. 

. in conjunction w i t h  f l ap  A t o  form the  typical  single-slotted  f lap 

* figure 5.  Esch of these p&la f x p s  was designed. so that it fs i red  i n t o  

- attached  to  the main wing t o  provide sfmflar --flap junctures f o r  a l l  

I 

Chordwise pressure  distributions w e r e  obtained f’rm three rows of 
or i f ices ,  me row a t  the midspan, and a row 6 inches from each end of the 
span. Both s t a t i c -  and total-pressure  tubes were installed in the plenum 
chamber along  the span t o  measure pressures of the  internal flow. Temper- 
atures in  the plenum  chamber were measured by shielded thermocouples a t  
three spmw5se s ta t ions.  

Apparatus.- A variable-speed air compressor located  outside of the 
wind tunnel w&s used as  the  source  for  the compressed air. The m~txirmzm 
pressure  ratfos (ratio of phnm-chamber  pressure t o  free-stream s t a t i c  
pressure)  available  with  this equipment w e r e  of the order of 1.7 t o  1.8. 
A section of  f l ex ib l e  piping was included i n  the  ducting between the air 
compressor and the  structure  supporting  the model t o  prevent any of the 
forces in the ducting from acting on the scale system. An *‘O’* r ing  seal  
was used i n  the  ductfng  approaching  the model so  that  the  angle of at tack 
of the model could be varied  without  appreciable loss of a i r  from the 
blowing system. The mass r a t e  of air flow through the  ducting was meas- 
ured by a cal ibrated  or i f ice  meter installed in the line between the 
sea l  and the campressor. 

c 



8 

Test Methods 

NACA RM ~ 5 6 ~ 0 1  

Procedure.- Data were  obtained  for  free-stream  Reynolds  numbers of 
2.3, 3.3, and 4.0 million;  the  corresponding  free-stream Mach numbers 
were 0.C82, O.ll7, and-0.143.  Air flow through  the  nozzle was varied 
from  zero  to  the  maximum  values  obtainable  with  the  air  compressor, and 
was expressed in terms of  the  mass-flow  coefficient, CQ, and the  jet- 
momentum  Coefficient, c . The  rate  of a h  f l o w  measured  xith  the  orifice 
meter  was  used  to calcdate the  mass-flow  coefficient, CQ. In addition, 
measurements  of  the  pressure  and  temperature in the  plenum  chamber  were 
used  to  establish  the  reservoir  conditions  of  the  jet  flow  exiting  from 
the  nozzle  to  calculate  the  momentum  coefficient,  cP.  Isentropic  flow 
from  the  reservoir  conditions in the  plenum  chamber  to  the  nozzle  exit 
and a static  pressure in the jet at  the  exit  equal  to  free-stream  static 
pressure  were  assumed fn order  to  calculate  the  momentum  of  the  measured 
mass  flow  leaving  the  nozzle.  Pressure  qeasurements  taken  along  the span 
in the  plenum  chamber  were  nearly  equal  for a l l  except  the  lowest  operat- 
ing  pressure  ratios,  and,  consequently,  it was assumed  that  the  flow 
ejected  from  the  nozzle was uniform  along  the span. Because of the  limited II 

pressure  ratio  available,  and  because  of  the  range  of  nozzle  heights 
tested,  it was necessary  to  reduce  the  free-stream  velocity frm 160 feet 
per  second (R = 4.0 million) to 92 feet. per secand ( R = 2.3 million) f o r  
some  tests  to  cover  the range of  momentum  coefficients  of  interest. The 
nozzle-height  to  wing-chord  ratios  quoted  herein  are  "effective"  valuee; 
that  is,  they  were  calculated from the  isentropic  flow  relationships  by 
the  use of measured  values of the  pressure  ratio,  the  flow  coefficiente, 
(CQ and  cp) and the  wind-tunnel  dynamic  pressure  for a wide  range  of flow 
conditions.  These  values, in most cases,  agreed  very  well  with  physical 
measurements  of  the  nozzle  height  made  with  pressure in the  nozzle. The 
effect of the maximum  Fnternal  pressure  forces on the  nozzle was to 
increase  the  nozzle  height  by  about 0.002 inch (B/C = 0.00004). This 
increase  due to the  internal  pressure  forces  did  not vary with  changes in 
the  nozzle-height  to  wing-chord  ratio. 

Lift  measurements  were  made  with  the  wind-tunnel  balance  syatem for 
each  flap  at  the varipus free-stream  Reyholds  numbers. Data were  obtained 
for  each flap deflection  with  the  nose of the  flap in various  position8 
relative  to  the  nozzle  exit  (or,  relative  to the fair ing in the  case of 
the  single-slotted  flap).  These  tests,  or  surveys,  as  they will be called 
herein,  were  made  to  establish  the  best  position  of a flap  for  purposes 
of further  testing.  The  nozzle  exit  was  sealed  by  the  fairing  for  the 
tests  with  the  single-slotted  flap.  The.selected  locations  of  the nose 
of  the  single-slotted  flap  are  shown in figure 7(a)  for  each of the f l a p  
deflections  tested.  With  the  other flaps the  survey6  were  made for m i -  
ous blowing conditions.  Extensive  surveys  were made with  flap A, and 
the  various  selected  locations  for the nose  of the f l a p  are shown in 
figure 7(b). Three  categories  of flap position  for flap A were arbitqr- 
ily  established  for purposes of discussion:  these  are  the  extended, - 
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intermediate, and against-the-nozzle  positions  Fndicated i n  figure 7(b) .  
The reasons for  tes t ing   the   f lap  in these  positions are discussed i n  a 
following  section  (Hfect of flap posi t ion) .  Surveys were made with  the 

f laps  with  respect t o  t he   j e t .  In these  surveys,  the  flap was moved 
lmgitudinal ly  the small  amomt required to .close  the ga-p between the 
f l ap  and the  nozzle. - 

. pla in  flaps Ln order t o  determine the ef fec t  of ver t ical   locat ion of the 

Two operating  procedures for  obtaining  the data were employed: 
F i r s t   t he  quantity of air exit- from the  nozzle (i.e.,  CQ or  cw) was 
maintained  constant and the  angle of a t tack W ~ S  varied. Secondly, the 
mgle  of a t tack m e  maintalned  constant  whne  the  nozzle flow was varied 
from high  values of CQ or  cp t o  zero. The hyster is ie   effect  on the 
l i f t  coefficient between increasing or  decreasing  nozzle flows was found 
to be negligible in the  limited,  but  representative, number of tests 
canducted t o  evaluate this effect. 

Corrections.-  Corrections t o  the angle of attack, lift, and pitching 
mment were applied as follows using the  method of reference 14: 

* 
a = au + ClCZU + C2% 

Cm = C4% + %CZu 

. cz = cscz, 

With the  modified  tunnel,  the  ratio of the wing chord to   t es t - sec t ion  
height w a s  0.400 f o r  the model uith 'each of the flaps except flap F. In 
the latter case, the   r a t io  w-as 0.353. Blockage corrections for the 
condition with a blawing j e t  of a i r a r e  unlrnown. However, on the  basis 
of the blockage studies presented in reference 12 fo r  a chord t o  height 
r a t i o  of 0.32, it was assumed that the blockage was smal l  for   the chord 
t o  height ratios of the  present tests. No further analysis of the  change 
in  the  wind-tunnelwall  corrections due t o  the  effects  of a blaring je t  
was made. 
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T e s t   R e s u l t s  
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The lift data are assembled according t o  an arbi t rary grouping of 
t h e  f laps,  and include data wLth .&d without. blowing. Tfie data with 
blowing  over the f l a p  are- presented i n  two forms: (1) section l i f t  coef- 
f i c i en t  as a function of the  angle of attack (for  a given nose and 
trail ing-edge  f lap  deflectim,  aid for various canstant  values of the 
section jet-momentum and the mass-flow co:efficients), and (2) the  section 
l i f t  coefficient as a function of the jet-momentum and the mass-flow 
coefficients  (for a given  nose and trailing-edge  flap  deflection and for 
various  angles of attack).  Representative moment and midspan pressure- 
distribution  data  are  presented only for  flap A .  These typical  pressure- 
dis t r ibut ion  data  should  be of value fo r   f l ap  loading analyses as w e l l '  
as for  their   general  aerodynamic interest .  The test data from t h e  investi-  
gation are presented  in figures 8 through60. For convenience, an index 
to   these data i s  preaented in table I. . . . .  . -  

L 

. .  

Single-slotted flaa.- Data were obtained with the  single-slotted 
f l ap   fo r  comparison with the data obtained w i t h  the bl-g flaps.  
Figure 8 presents  the test  data   for  various nose flap  deflections (for a 
trailing-edge  flap  deflection of 50°], from wbich a nose f l a p  deflection 
of 30° was selected as optimum fo r  use Fn *$her tests of the single- 4 

s lo t ted   f lap  without blowing. The basic  data  for  various.trailing-edge 
flap  -deflections with t h i s  nose flap  deflection, md also with  the nose 
flap  undeflected, are presented i n  figure 9. 

" " . 

" 

Flap A . -  Data showing effecta of blowing with- both  the nose flap and 
the  trailing-edge flap A undeflected  are shown i n  figure 10. A limited 
amount of data with  the  nose  flap  undeflebted is pre8ented in   f igures  ll 
and 12. Figure ll shows the  effect  of deflecting  the  trailing-edge flap 
50' and 60° (In the extended position) wi$hout blowing and with  a  large 
amount of blaring.  Figure 12 shows the  effect  of various amounts of 
blowing f o r  one trailing-edge  flap  defiec€ion (6 = 50'). The effecte of 
deflecting  the nose flap are  shown in figure 13 for  specified blowing 
quantit ies and trailing-edge  flap  deflecti&s. These dak- were used t o  
se lec t  a value fo r   t he  noBe flap  deflecti '&  for use in %he tests with 
blowing. A value of 35O wa8 considered t o  be the optimum value and it 
was wed,  except as noted, i n  the tests wfth blowing. The effects  of 
blowing on the l i f t  coefficients  for varims trailing-edge  flap  deflec- 
t ions  are  shown in figures 14 t o  19 w i t h  the  trailing-ed&e  flap i n  
extended positions (and with  the nose f l a p  deflected 35'). Data obtained 
with the f l a p  against the nozzle and for trailing-edge flab deflections 
of 50°, 60°, and 700 are  presented in figures 20 t o  22. 

.. - - . .  

The effects  of sealing  the  wing-flap.gap, Men the   f lap w88 against "- - 

the  nozzle, are presented 3n figure 23. : 
.I 
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An investigation of the  effects  of changes in  the  nozzle  heights 
was made with flap A against  the  nozzle and the data are  presented Fn 
figures 24 t o  29. 

- 
t In order to   obtain same indication of the   e f fec t  of blowing over 

various  portions of the span of the  f lap,  a brief  investigation was made 
with various spanwise portions of the nozzle blocked off .  The data are  
presented in  figure 30. 

Plain f l a p s  B, C, D, E, F.- Ekcept f o r  a l imited number  of tests 
caducted  with  f lap C with the nose flap  undeflected,  the  tests  with  the 
p h i n  f laps  w e r e  cmducted  with  the noae f l a p  deflected 35O. The ef fec t  
of deflecting  f lap B i s  presented in f igure 31 and the  effects of blow- 
i n g  are given in figures 32 t o  34. Similar data are   p resented   for   fhps  
C and D i n  figures 35 t o  k.  D a t a  of this  type were not  presented f o r  
f l ap  E because the flow over the flap a t  the  larger   f lap  def lect ions was 
separated even f o r  the highest blowing quantit ies.  The e f fec t  of 
deflecting  f lap F is presented in figure 43 and the   e f fec ts  of blatring 
are given in figures 4-4 t o  46. 

- Pitching moment s  and preseure  distributions  Kith  flap A . -  Ty-pical 
changes of the pitching-mament coefficient  associated  with changes of 

t flap  deflection,  nozzle  height, and blowing quantity are presented in  
figures 47 t o  51. Representative wing-f7p pressure  dis t r ibut ions  a t   the  
midspan of the model are given in figures 52 through 59 f o r  f lap  A i n  
both  the  extended  position and against  the  nozzle. 

Discussion of Test Results 

Definitions. - The t e s t  results t o  be  discussed are summarized i n  
figures 60 t o  63. In the  discussion  herein of the  various  effects of 
blowing over the  trailing-edge  flap of a thin airfoi l ,   three  f requent ly  
used q y n t i t i e s  are the  critical momentum coeff ic ient ,   the   ideal  angle of  
attack, and the increment of lift coefficient at  the idea l  angle of attack. 
The c r i t i c a l  momentum coefficient is defined as the value of the momentum 
coefficient at  which a large change occurs in  the  slope (dcz/dcF)a,6 
and above which only  small. increases in cz are obtained  with  additional 
increases h cp f o r  a constant angle of a t tack  and flap  deflection. 
The c r i t i c a l  momentum coefficients  presented  herein w e r e  determined from 
the data for  an angle of a t tack of OQ. Observations of the  pressure 
distribution over the various  flaps  lndicated, in general, that the flow 
over the  f laps was attached a t  values of the momentum coeff ic ient   that  
were s l igh t ly  lower than  the  crf t ical  momentum coefficient as defined 
herein. 

Because of the combined effects of the nose flap,  trailing-edge f h p ,  - 
and the blowing quantity on the lf9t character is t ics  of a thin airfoil, - 
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di f f icu l ty  w&s encountered Fn 
selecting -@;le of attack 

& 

sui table  for cering lift 
fncrements. 31 order to  resolve I 

th i s   d i f f icu l ty   sa t i s fac tor i ly ,  
the increment of l i f %  coefficient 
(labeled (Acz )i in  sketch (a) ) 
-8 measured a t  the  large& neg- 
a t ive  angle of attach f o r  which 
the l i f t  curve was essentially 
linear.  Pressure  distributions 
indicated  that a t  this  angle no 
separation of the flow occurred 
on the lower surface of the air- 
f o i l  with the  trailing-edge f lap 
deflected.  This  angle of attack 
is defined  as  the  "ideal"  angle 

measured a t  this  angle reveal the 

1 a 
(A% ;.I 

/?c&al ' *  angle of ottock 

Sketcb (a) of attack, and the lift increments 

effects  of changes i n  the b1-g paramet;ers and f lap  character is t ics  in 1 

a manner U t  i s  reasonably  independent of interference from other  factors. 
One reason for t h i s  i s  tha t  a t  the  ideal angle of attack  the  pressure 
gradient on the upper aurface of the forward portion of the airfoil i e  a 

the most favorable that exists an t h e   a i r f o i l  for any angle of attack for 
which there is no separatim from the lower surface. The increment of 
l i f t  coefficient was measured from the   Usearly extended l i f t  curve fo r  
the model with  the  trailing-edge  flap  undeflected and with no blowing. It 
wa8 necessary t o  extend t h i s  curve  because the flow separation from the 
lower surface of t h e   a i r f o i l  near the ideal  angle of attack  without blow- 
b g  produced a change i n  the  slope of t h e ' l i f t  curve which WBB otherwiee 
constant  for a wide range of angles of a t k c k .  

The experimental results are also compared with theoretical  l i f t  
increments computed by the  use of Glauert's  relationship for a thin air- 
f o i l  with a hinged f lap   ( re f .  15), without  consideration of the  effects  
of blowing, but  corrected for the   effects  of a i r f o i l  thiclmess  ratio 

Effect of flap position.- Swrveys w e r e  made to  select   the  location 
of each f l ap  for each flap def lec t im.  With the  single-slotted  flap, the 
locations of t h e  f l a p  were selected  to provfde the- optimum lift character- 
i s t i c s .  Shown in figure 7(a) are the  selected  logations of the noae of 
the f l a p  f o r  flap deflections of bo0, SOo, and 60 . It is apgarent  that 
the opt- position of the nose of the f l ap  was always below, and near 
the exit of the   s lo t  lip. 

. -  

. .. 
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L 
The selected  locations  far  the noae of flap A are  indicated in 

figure 7(b) f o r  each of the  specified  f lap  deflections.  With the   f lap  
I n  the extended positions,  the  selected  locations of the nose were 
determined f r m -  survey8  cmducted t o  determine  the optimum lift character- 
i s t i c s   f o r  a high value of the momentum coefficient. Thus, Ln figure 7(b),  
the  line  connecting  the  points locattng the nose of the  f lap  represents 
the   f lap  path requtred t o  &tala the optimum l i f t   c h a r a c t e r i s t i c s   f o r  a 
high  value of the  momentum coefficient.  It i s  worthy of note  that   for 
f k p  deflections of 50° and above, and for   the  f lap in ei ther   the extended 
o r  against-the-nozzle  positions,  the nose of the  f lap always protruded 
into  the jet (see  fig. 7(b)). The surveys  indicated  that at  these  f lap 
deflections  the flaw would not remain attached when the  f l ap  was removed 
from the jet. The e f f ec t  of f lap  posit ion is  evident in  the  basic l i f t  
data ( f igs .  17 through 22) f o r  the   f lap  in the extended and against-the- 
nozzle  positions.  Figure 60 (which includes  the small amount of &ab 
f o r  the  f lap in the  ineermedlate  positians)  presents lift d a t a  f o r  Oo 
angle of a t tack t o  prosrlde a more direct comparison of the ef fec t  of 
longitudFna1 p o s i t i m  of the f lap.  It a p p a r s  from figure 60 that   the  
rate of change of critical momentum coef'ficienk  with  increasing  distance 

with  the  flap  deflected 60°, moving the   f lap  longitudinally 0.5-percent 
chord away from the  nozzle doubled t h e   c r i t i c a l  m a m e n t u m  coefficient, and 

was increased  approximately  eight times. It can a lso  be seen i n  figure 60 
t ha t  t h e  r a t e  of change of the lift coefficient at  the critical momentum 
coefficient with increasing  distance of the  f lap from the nozzle exit was 
approximately  constant. 

A. of the f l a p  from the  nozzle exit continually  increased. For example, 

- with  the  flap in  the extended posi t ion,   the   cr i t ical  momentum coefficient 

The surveys with the  plain  f laps were mde t o  determine the  effect  
of ver t ica l  location of the   f lap  with  respect t o  the jet. The data 
presented in figures 31 through 46 axe f o r  the optimum flap  posit ions 
which  showed tha t   the  upper surface of t he   f l ap  s h d d  be near the  center 
of the   j e t .  However, the  effects of vertical   posit ion were found t o  be 
small s o  long as the upper surface of +e nose of the   f lap  m s  in the  jet  
but below the upper surface of the a i r f o i l  contour. It should be noted 
that the  hinge  pofnts  for which the dab are presented were shif ted 
s l i g h t l y   f r m  the design  hinge  points  indicated In figure 5; the lor@.- 
tud3nal  location was closer t o  the exit of the  nozzle and the   ver t ical  
location was shifted  the s m a l l  amount required  to  place the nose of the 
flap  near  the  center line of the jet. 

31 considerkg  the  effects of flap position (and also the effects of 
flap  profile  presented in the followfng section), it should  be remembered 
that in this  investigation  the  velocity at  the exit of the nozzle w&s 
subsonic and calculated uith the assumptian of isentropic expansion of the 
jet flaw t o  free-stream  static  pressure. With s u p e r s d c  jet v&Locities, 
the  questian arises as t o  whether or not A t  would be desirable  for 

of the  present  investigation which were obtained  with  subcritical  pressure 

- 

- flap t o  protrude l n t o  the jet. However, consfderation of the   resul ts  
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ra t ios ,  and those  of  reference 13 which  were obtained  with  both  sub- - 

c r i t i c a l  and supercritical  pressure  ratios,  suggests  that a t  least with 
plain f laps  and convergent  nozzles,  the  effects of f lap  posit ion determined 
by the  present  investigation would be the same for  pressure  rat€os up t o  .I 

moderate supercritical  values. 

Effect of f lap  profile.-  The effects  of glap profi le   are  shown i n  
figure 61 i n  which the l i f t  coefficients at 0 angle of a t tack are given 
as a f'unction of both the momentum coefficient and the mass-flow coeffi- 
cient.  A study of the flag profiles  (f ige.  5 and 6) i n  conjunction w i t h  
these data indicates  that   the  profile of the   f lap was of importance in  
securing a low c r i t i c a l  momentum coefficient,  but that the   prof i le  was of 
lesser  importance for  values of the momentum coefficient  larger than the 
cr i t ical   value.  For a given flap deflecti.on (see. f ig .  6) the f laps  whose 
profi le  enabled the  exiting  nozzle flow t o  be turned in a gradual manner 
had a lower c r i t i c a l  momentum coefficient  than  the  f lap  hose  profile 
turned  the  exiting  nozzle flow in an  abrupt manner. Although both flap 
A and C turned  the air i n  a gradual manner, f l ap  A had a lower c r i t l c a l  
momentum coefficient  than  flap C, particularly a t  the  larger  f lap 
deflections. This may be due t o  the more'gentle  cur-mture of the profi le  
of f l ap  A compared t o  f lap  C ( i n  the  region away from the nose of the 
flaps),  and it may also be due t o  the  sharp nose shape o f - f l a p  A, which 
projected  into  the je t  close to the exit of the  nozzle. 

. . . . - . . 

I n  addition to i l lus t ra t ing   the   e f fec ts  of f lap  prof i le ,   the  d a t a  
of figure 61 permit the effect  of the r a t i o  of flap chord t o  wing chord 
t o  be estimated.  This can be  done-by 8 comparison of t h e  data fo r   f l ap  F 
(cf/c = 0.15) with the  data  for  the other .flaps (cf/c = 0.25 t o  0.30). 
As a result of the  design criteria Tor f l ap  F (see the discuesion i n  the 
sectian "Model") t h e  prof i le  of the f l a p  Was poor, resu l t ing   in  a high 
c r i t i c a l  momentum coefficient. from the  previous  dfscussion of t h e  
e f fec ts  of f lap  prof i le  it w d d  appear that  with a better fl.ap shape, 
the high c r i t i c a l  momentum coefficient  could be reduced. However, t h e  
important point t o  note  in  figure 61 i s  that at  high values of the 
momentum coefficient, where the  effect  of :the  profile has been shown t o  
b e  of lesser  importance, the l i f t  obtalned  with f-p F compares favorably 
with that  obtained wLth the  f laps  having larger   ra t ios  of f l ap  chord t o  
wing chord. This is  evtdent  particularly .at the  Largest  flap  deflection, 
6 = TO0. Thus, it may be true  that ,   with blowing, the l i f t  is relat ively 
insensit ive  to  the  f lap-chord  ratio.  

EPfect of  changes 5n nozzle  hei@t.- The effect  of changes i n  the 
r a t i o  of nozzle  height t o  wing chord on the l i f t  increment at the  ideal 
angle of attack as a function of the momentum and the mass-flow coeffi- 
cients w&s investigated  ueing flap A i n  its position against  the  nozzle. 
The results  are  presented  for  trailing-edge  flap  deflections of 30' and 
60' i n  figure 62. The large  reduction i n  ]the ma88 -flow coefficient, cQ, 
with  reduction i n  the  nozzle  height  for a givep l $ f t  increment is 
apparent. . In the range of nozzle height to.w-ing-chord ratioa from O.OOOl7 - 



t o  O.ooo65, the   effects  of height-chord r a t i o  on the lift increment for  

- were also tested, and the results shared no ef fec t  of changes in the 

a given momentum coefficient were very small. In the  investigation of 
reference 9 height-chord ra t ios  i n  a low range (s/c = 0.00036 t o  0. ooO72) 

nozzle  height on the  lift increment.  Reference 13, w h k h  presents  the 
resu l t s  of a three-dimensional,  full-scale  investigation of the effects 
of the blowin@; air from a duct  located in the   f lap of a swept-wing air- 
plane,  also  shared  that  the l i f t  obtafned a t  a given momentum coefficient 
was independent of the  nozzle  height  for  the  range of  values  investigated 
( r a t i o s  of  nozzle  height t o  mean aerodynamic  chord between O.Wl7 and 
0.00067). 

In the tests of the  present  investigation, however, an increase i n  
the  nozzle-heigbt t o  wing-chord r a t i o  from O.OO&5 t o  0.00110 resulted 
fn a considerable loss in  the .lie increment obtained at  moanentun 
coefficients greater than  the critical (see f i g  . 62), but  there were no 
significant  effects .of nozzle  height 011 the critical momentum coefficient 
a t  0' angle of a t tack  ( f igs .  20 through 29). Data pe r t a lnhg  t o  the 
effects  of nozzle  height on the  increment of lift coefficient obtatned 

chord r a t i o  from 0.0003 t o  0.009. These results show that Fncreasing 
s / c  from O.OOO5 t o  0.0015 brought  about  a much smaller loss In the Uft 

s /c  from O.ooo63 t o  0.0Ol.lO. The marked effec t  of nozzle heist shown 
in figure 62(~) f o r  hc reas ing  SIC from O . O O ~ ~  t o  0.0050 is question- 
able because of  changes tha t  were made in the  nozzle  design and f l ap  
location.  Since  the  limited amount of data presented  herein indicates tha t  
the  effects of changes in  the  nozzle  height may depend pa r t i a l ly  on the 
particular  nozzle and f lap  cmfigurat ion used, the results obtalned w i t h .  

f lap  A cannot  be  considered as general . However, f o r  any par t icular  
blowing f l ap  arrangement, the  possibility of there  being  effects of nozzle 
height must b e  cansidered. 

- f r o m  reference 12 are s h m  in figure 62(~) f o r  values of the height- 

- increment  than tha t  s h m  in the  present  investigation by changhg 

Effect of nose  f7ap deflection.- Some of the effects  of deflecting 
the no6e f l a n  are contained In the data of figures I 2  and 13 fo r   f l ap  A, 
and in the &ta of figures 36 and 39 f o r  flap-C. The data obtaued  with 
the  plain  f lap C were used t o  show the   effects  of nose flap  deflection 
on the  variation of the lift increment a t . the   idea l   angle  of  a t tack w i t h  
momentum coeff ic ient   ( f ig .  63)- The principal e f fec t  of  deflecting  the 
nose f l ap  was to reduce the l i f t  increment at  small values of the  
momentum coefficient  without  affecting  the  cri t ical  momentum coefficient. 
As the momentum coefficient WE increased,  the  difference 5 n  the  Uft 
increment  caused by deflecting  the nose flap  continually  decreased, and 
at values of the mmentum coefficient  larger than about 0.l6, a somewhat 
la rger  lift incr-ement was measured with the nose flap  deflected than with 
it undeflected. The greater lift increments  with  the  nose flap  deflected 
were due mostly t o  a difference in the  l if t-curve s l o p e  of the base 
curves which were used in  the measurement  of the l i f t  increments. This 
ef fec t  of the different  l if t-curve  slopes of the bsse curves WEIB not 

. 
- 
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significant a t  l o w  values of the momentum coefficient because the  ideal 
angles of attack were small. (The base  curves were those  obtained with- 
out  blaring,  with  the  trailing-edge f lag  undeflected, and with  the nose 
flap  either  undeflected o r  deflected 35 .) 

In the  following  sections, -compmisons will be made with the  resulte 
of other  investigations which  employed a i r f o i l s  having ef ther  no leading- 
edge device, or devices which differed from the nose f lap of the  present 
inveatlgation. The data from the  present  investigation which will be 
used i n  the comparisons were obtained  with  the nose flap  deflected.  
Although this  practice  resulted i n  smaller lift increments in  the low 
range of momentum Coefficient, it i s  believed t o  provide a more r e a l i s t i c  
comparison because th in   a i r fo i l s ,  such as. the one of the  present Invest i -  
gation, would require some forn-of  leading-edge  device t o  delay  leading- 
edge separation a t  high  angles of attack.: . . . 

Effect of blowing on the   p i tchhg mcnnent and pressure  distribution 
with f l a p  A . -  The data of figures 48 and 5l(a)  typify,   for   the  f lap i n  
the extended and against-the-nozzle positiona, respectlvely,  the  large 
changes that occm in  the  pitching  mment.as  the momentum coefficient 
increases. However, as shown in the  following  table,  the change Fn the 
pitching-moment coefficient due t o  a unit  change in the lift coefficient 
w a s  not  significantly  affected by blowing over  the  flap  for  either  posi- 
t ion of the  f lap.  The values of the momentum coefficients are larger 
than  t he   c r i t i ca l  m o m e n t u m  coefficient  ineach  instance.  

Flap A 
FhP 

POEftiOn Against  the  nozzle Extended 
6 

0.03 o 0.03 o 0.175 o 0.27 o 0.12 o cp 
60' 30° 60° 50° 35O 

2 -.19 -.a -.2O -.19 -.22 -.22 -.E -.26 -.22 -.2O 

" 

" 

The very great differences  that  occur in the  pressure  diatributions 
for   the  no-blowing and for  the  high-quantity blowing cases are clearly 
shorn by the  data of figures 52 t o  59. When the j e t   a t t ached   t o   t he   fbp ,  
a low pressure peak develaped  over the nose of the flap and the pressure 
coefficient  near  the  trailing edge became posit ive i n  value (e .g . ,  see 
f igs .  55 and 3) .  Note tha t  a positive  pressure  coefficient on the nose 
of the f l ap  exceeding a value of 1.0 is indicated i n  figures  52(b) and (c> 
for   the  75.10-percent-chord station. Theee high  positive  pressures on 
the nose of the  f lap result frm the  direct  impingement of the   j e t  on the 
f l ap  and occurred with the f lap  undeflected o r  deflected i n  i ts  position 
against  the  nozzle. 
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. The  following  corngarisms of the  effects  of blowln@; 011 lift for  the 
blowing-flap  arrangements of the  present  and  the  referenced  trmestiga- 
tians  are made in terms  of qmtities believed  to  be of most  significance 
for  the  evaluation  of  relative  flap  effectiveness.  These  quantities  are 
(1) the  increment of lift  coefficient st the %deal angle of attack, 
(2) the  critical  momentum  coefficient and the  increment of lift  coeffi- 
cient which was obtained  at the critical mmentum coefficient, (3) the 
rate  of  change  of  increment of Uft coeflicient w=Lth momentum coeffident 
(dAczi/dc,)% for values of  the momentum coefficient  which  were 
greater  than  the  critical  value, and (4) the  momentum  coefficient  required 
to obtain a lift increment  equal  to  the  theoretical  lncrement of lfft 
coefficient  due  to  flap  deflection without blarlng.  These  quantities 
should be  cansidered  together,  not indivldmlly, in order to form a 
complete  picture  of  the  relative lift effectiveness  of blaring-flap 
arrangements.  The  airfofls of the  referenced  Fnvestigations  were  thicker 
than the  airfoil  of  the  present  investigatfon and included types  with  and 

in the  value of the ratio of flap chord to wing chord for  the  various 
flaps  of  the  present  investigation as well  as  for  the  flaps of the  refer- 
aced investigations  (see  fig. 64).- Unfortunately,  sufficient  data  are 
not contained in the reports  of  these  investigations to c l e a r l y  estahllsh 
the  efr"ects  of  changes in the  ratio  of flap chord  to KLng chord. 

J 

- without  leading-edge  devices. It should  be noted that  diTferences  exist 

- 

Lift-Coefficient  Increment  at  the  Ideal  Angle of Attack 

lk comparisons  of  the  Ilft  effectiveness of high-lift  devices,  the 
increment  of  lift  coefficient obtained at a given  angle of attack is 
usually  presented  as a Function of the  deflection  of  the  dev3-ce.  This 
convention  has  been retained for%the  comparisons present& herein of the 
various  arrangements  of  the flap and blowing system. However ,  an m i -  
tfonal  quantity,  the  jet-momentum  coefficient  has  been  Fncluded to show 
the  effects  of  various mounts of  blowing.  The data of the  present 
investigation  and of references 4, 5 ,  9,  and 12 (see  fig. 64 for 
sketches  showing the various arr-ements  of  flaps and blowing-system 
nozzles ) are  summarized in this form in figures 65 through n. The 
increments  of lift coefficient  presented  herein for the  present kvesti- 
gation  were  measured  at  the  ideal  angle  of  attack.  The  increments 
presented  for the referenced  investigatiom  were  measured  at OO angle of 
attack  instead of at the ideal  angle  of  attack  because of insufficient . data  to  define  the  latter  angle. However, because  the  lncrement at Oo 
angle  of  attack was the  largest  that could be  measured, and because  it 
was thought  that it would be  essentially  the  same as that increment . wfiich would OCCLE at the ideal angle  of  attack,  it was decided for the 
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purposes of t h i s  repart t o  refer to   the  increment of l i f t  coefficient  for 
the  referenced data as (Ac,),. Included in figures 65 through 71 are  
theoret ical  increments of l i f t  coefficient due t o  f l a p  def lec t im  x i thar t  
blowing and, also, increments which have been obtained with conventfoaal d 

h igh- l i f t  devices such as single and double s lot ted flaps. Because  of 
the small amount of published data for  these  devices on a i r f o i l s  having 
the same thickness ra t ios  and the same ra t ios  of f l ap  chard t o  wing chord 
as the a i r f o i l s  considered  herein, it i e  d i f f i c u l t   t o  make cornparisone 
of these devices with all of the blorrlng-flap  arrangements; thus, only 
data frm the present investigation and . f r o m  references 16 and 17 are  
considered. Consequently, these data f-& the  single and double s lot ted 
flaps were included Fn these figures only where it w a s  thought that 
cmpar i sms  with the blowing data would have 8ome val idi ty  and interest. 

=. 

The l i f t -coef f ic ien t  increments  obtained a t  the ideal angle of attack 
Kith  the various blowing-flap  arrangements on t he   t h in   a i r fo i l  of the 
present  investfgatian are shown i n  figures 65 through 67; those obtained 
for   the   a i r fo i l s  of the  investigations of references 5, 9, 4, and 12, f o r  
which t h e   a i r f o i l  thickness-chord  ratios were 9, 10, E, and 15 percent, 
respectively, are shard i n  figures 63 through 71. 

It i s  evident from even a cyso ry  examination of figures 65 through 
71 t ha t  large differences exist among the various  airfoils and blowing- 
f l ap  arrangements in regard t o   t h e i r  response to a given amount of blaw- 
ing, and that with a suff ic ient  amount of bloving t h e  theoretical  lncre- 
menta of lift coefficient were exceeded. A study of these  figurea 
reveals that with a given momentum coefficient an increment of lift 
coefficient  could be obtained with the  6-percent-thi-ck a i r f o i l  that 
equaled, o r  exceeded, the  values o b t a h e d  with the th icker   a i r fo i l s  of 
t h e  referenced  investigations. "he data  indicate that f o r  some of the 
configurations additiml l i f t  effectiveness  could be expected fo r   f l ap  
deflections above 60° or  70'. This is particularly  evident from the data 
f o r  the t h i n   a i r f o i l  of the present  investigation  with  the small nozzle 
heights (see f igs .  66(a) through 66(d)). 

C r f t i c a l  Mmentum Coefficient and Increment of Lift Coefficient 

Presented i n  figure 72 i s  .the variation of the c r i t i c a l  momentum 
coefficient with trailing-edge f l ap  defleation f o r  the data f'rcm t h e  
present  fnvestigatian and from the  referenced  iflvestfgatims. A s  sham 
i n  t h i s  figure, the critical m o m e n t u m  coefficient  generally  increased - 

with increasing flap deflection and with movement of the f l ap  away from 
the nozzle ex i t .  This increase Kith flap.deflection m s  small in  some 
cases but very rapid ip  others. The increase with movement of the f3ap 
away from the nozzle exit is shown by comparing the resu l te   for   f lap  A 
in its position  agafnst  the  nozzle rand 2n:the extended position. The 
c r i t i c a l  momentum coefficients  obtained wfth flap A in i t s  position 
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against  the  nozzle  were  smaller than those  measured  for any of  the 
blowing-flap  arrangements  of  the  referenced  investigations  and  did not 
exceed a value of about 0.03 for  flap  deflections up to 700. 

I 

. 
The  increments of lift coefficient  obtalned  at  the  critical  momentum 

coefficients  correspanding  to  those given in  figure 72 are  presented in 
figure 73 together wfth the  theoretical  lift  increments  due  to  flap 
deflection  without blowing. A n  Inspection of these two figures  shows 
that  there  were  large variatims in the  crrtical  momentum  coefficient and 
in the  lift-coefficient  increments  measured at the  critical  momentum 
coefficient  for  the  various bla7ing-flap arrangements. The differences 
between  the  measured  lift  increments  and  their  corresponding  theoretical 
lift  increments also varied widely. For example, at 60° f h p  deflection 
the  largest  critical  momentum  coefficient  for  the data of  the  present 
investigation wa,s about eight  times  greater  than  the  smallest  value,  and 
the  increments of lift  coefficient  varied  from  about 60 to 99 percent of 
their  theoretical  valuee. At first  thought  it mfght be  expected that 
'such  differences in the  increments of lift  coefficient  should not occur 
because,  for  the  critical  momentum  coefficient,  separation  of  the  flow 
aver the  flap was prevented.  Control  of  separation of the flow over  the 
flap, however, is a necessary  but not a sufficient  condition  for  attain- 
ment of the  theoretical lift increment. h additfa,  the amount  of blow- 
ing in the  experimental  case must be  cantrolled  to  provide a circulation 
strength  around  the  afrfoil  equivalent to that  of  the  potential flaw 
solution.  Since  the amount of  blowing  required  to  prevent  separation  of 
the  flow  differed greatly for  the  various  flaps,  the  circulation  strengths, 
and  hence  the  resulting lift increments, also differ  greatly. 

It is  apparent from the  preceding  discussion and example  that in 
evaluations of the  relative lift effectiveness of blowing-flap  arrange- 
ments,  consideration must be e;iven to both the  critical  momentum  coeffi- 
cient ana to  the increment of lift  coefficient  obtained for the  critical 
momentum  coefficient 

Exmninatian of figures 72 and 73 shows, from the  results of the 
present investigation, that  the  critical monaentum coefficient ana the 
associated  increment of lift  coefficient  were unchanged for nozzle-height 
to wing-chard  ratios of 0.00065 or  less.  They  were  also unchanged for  the 
height-chord  ratios d 0.00036 and 0.00072 which were investigated In 
reference 9. The data from reference 12 show 8 large  effect of height- 
chord ratio,  and  the  results o b t a h e d  with  the  smallest  nozzle  heights 
bdicated characteristics  that differd from  those  obtained  with  the 
larger  ones.  It  appears, therefore, that  the  effects  of  changes in the 
nozzle-height to wing-chord ratio are small for small values  of  thia 
ratio (say, for d u e s  of B/C less than 0.001) , but may be  significant 

1 for  larger  values  (say,  for  s/c  greater than 0.001) .. 
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Rate of Change of Increment of Lift  Coefficient 
With Momenturn Coefficient 

The rate of change of the 3ncrement of l i f t  coefficient w i t h  
m o m e n t u m  coefficient (&x i / dc I-1 )ai,6’ measured at values of the momentum 
coefficient greater than the c r i t i ca l ,  is presented in figure 74 as a 
Function of flap  deflection  for the flaps. of the resent and the refer- 
ence investigations. A large  value of  (dAcZi/dcp P %,6 is, of course, 
desirable,  but the  significance of this parameter in assessing  relative 
flap  effectiveness depends also ugcm t he   c r i t i ca l  momentum coefficient 
and the increment  of l i f t  coefficient at t he   c r i t i ca l  momentum coefficient. 

The effects of  changes in the  nozzle-helght t o  wing-chord r a t i o  on 
(dACZi/dC1.L)%, 8 were very mall for   f lap  A of the present  investigation, 
but were large  for  the f l a p  arrmgement of reference 12, which had a much 
larger  variation in the  nozzle height. A considerably higher s lope  was 
measured fo r   f l ap  A i n  i ts  position  against the nozzle compared t o  that 
obtained in i t 8  extended position. It i s  of par t icular   interest   to  note 
the  superiority of plain f l ap  C, wfiich w a s  hinged m the lower surface, 
compared t o  plain f lap  B, which was hinged on the airfoi l   center   l ine.  
There WRB no marked effect of a i r foi l   th ickness   ra t io  an (dAc dc 1 
evidenced by the fact that this parameter n s  a8 large, i n  general, for  
the  various  flaps on t he   t h in   a i r fo i l  of the present  inveatigation as it 
WRS f o r  the f h p s  on the t h i c k e r   a i r f o i l s o f  the referenced  inveetigatims. 

” 

2J  !J q , b  

Momentum Coefficient for Theoretical Increment of Lift Coefficient 

The value of the momentum coefficient required t g  achieve the  
theoretical  lift i n c r a e n t  i0 presented i n  figure 75. The accuracy of 
measuring the momentum coefficient  required  to  achieve  the  theoretical 
lift increment  depends to a great  extent upon the rate of change of the 
l i f t  increment with mamentum coefficient (d& /dcp)ajrG. Although the 

absolute  value of the momentum coefficient in a particular case may be 
d i f f i c u l t   t o  determine  accurately, the values shown in figure 75 were all 
obtained i n  a similar manner providing a cornmoll bas i e  fur comparison. 

21 

Ln general, the  values of the momentum coefficient  required t o  
attain the  theoretical. increment of lift coefficient with t h e  6-percent- 
th ick   a t r fo i l  were of the same order of magnitude as those measured fo r  

similar presentation has been noted in reference 18. The larger 
values of t h e  momentum coefficients  presented  herein  are due to   the  
inclusion of the  a i r f o i l  thfcknesa  correction Fn cdmputing the  theoreti- 
cal l i f t  increments as previously  mentioned. 
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thicker a i r f o i l  sections. In v i e w  of the  variety of the blowing-flap 
arrangements  Considered, the data show very similar trends as a Functfon 
of flap  deflection, ~ L t h  but one exception - the data of reference 5.  

of the  nozzle  (see  fig. 64) and the  large  distance from the  nozzle exit 
t o  the  f lap resulted in  a par t icular ly  poor blowing-flap  arrangement. The 
advantages of the small nozzle-height t o  wing-chord ratios  are  evldent 
f r c m  the  reference  data as w e l l  as the data of the  present  report . The 
values of the momentum coefficient  required  for  the  theoretical. lift 
increnrent f o r  values of s/c  leas than 0.00065 were not  determined in 
t he   t e s t s  of the  present  hvestigation because of limftations of the 
a v a i l a b l e  pressure r a t io .  However, on the basis of an examination of the 
limited amount of data available, no significant changes in the required 
momentum coefficient would be expected for the  range of values of S/C 

from 0.00~65 t o  0.00017. 

I 

For this f l a p  it is believed  that the long overhmg of  the upper surface 

The data of figure 75 Fndfcate that f l ap  A i n  the extended position 
required a smaller'~momentum coefficient t o  achieve  the  theoretical lift 
increment  than it did in i t a  position  against  the  nozzle.  In.practfca1 

* applicatiana where the  available momentum coefficient may be limited, the 
small value of the  momentum coefficient  required  to  achieve the theoreti-  
c&l l i f t  increment  probably would not be as important as the undesirable 
large value of t he   c r i t i ca l  momentum coeff ic ient   that  occurs  with the  
flap i n  the extended position.  Flap F had a flap-chord t o  wing-chord 
r a t i o  of 0.15 campared with 0.25 t o  0.30 f o r  the other  flaps  considered. 
Thus, the  theoret ical  lift increment fo r   f l ap  F was smaller than f o r  the  
other  flaps. As previously shown (see f i g .  61) the lift coefficients 
obtained ( for  momentum coefficients greater than the c r i t i c a l )  with f l ap  F 
compared very  favorably Wlth those of the  other flaps. This combination 
of a smaller  theoretical lift increment and the relat ively g o d  f l ap  
effectiveness resulted in a cmsiderably smaller momentum coefficient 
required t o  achieve  the  theoretical Uft increment fo r   f l ap  F compared t o  
those of  the  other  flaps of the  present  investigation. The superiority 
of plain  f lap C i n  this  regard conrpared to   p la in   f lap  B was due t o  EL 
larger  value of (dAcZi/dcp)ai,S ob tahed  with f l ap  C, s ince   the   c r i t i ca l  

momentum coefficients and the lift increments a t  the   c r i t i ca l  momentum 
coefficient were practically  the same for  these two f laps .  - 

The basic flow coefficients of i n t e re s t   fo r  a blowing system are the 
mas-flow  coefficient, CQ, and the Jet-mmentum coefficient,  cp. 
Figures 76 and '77 are presented t o  show the theoretical   relationship 

L among these  coefficienta and the  operating  pressure r a t io ,  t he   r a t io  of 
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nozzle  height  to wing chord  (proportfonal  to AJ/% for  the  three- 
dimensional  case), and the  free-stream  Mach  number.  Appendix A presents 
the  derivation  of  the  equations  upon  which  the  figures  are  based.  The 
chart of figure 76 is  applicable only where  the  pressure  ratio is less 
than  the  critical.  The  chart of figure 77 presents  the  relationships 
for  pressure  ratios  as high as 10, based on isentropic flow with an ideal 
nozzle. 

It is  to  be  noted  that  the  definition of the  jet-momentum  coefficient 
is  based on the  assumption  that  the mass flow  leaves  the  nozzle  exit with 
the  velocity  that  would  be  obtained  by full isentropic expansim to  free- 
stream static  pressure.  However;"it  should  be  realized  that  the  momentum 
coefficients  calculated on this  basis  do not  always represent  the  true 
total  momentum  of  the flow at the  exit. A difference  between  the  actual 
and  the  computed  value  of  the  momentum  coefficient  occurs when the exit 
pressure  is  not  equal  to  the  free-stream  static  pressure,  or  when  the 
pressure  ratio  is  supercritical  and diffqs from the "design"  value. The 
magnitude of  the  difference.wbich naay occur  for  pressure  ratios  above  the 
critical  is  evident  from  the  ratio  of  the  jet-momentum  coefficfent  for a 
convergent  nozzle  to  that  for a convergent-divergent  nozzle  for  isentropic L 

flow. The  variatiarm  of  the  ratio of these  mouentum  coefficients  with 
pressure  ratio is shown in figure 78 for  pressure  ratios  less  than 10. 
The  derivation  of  the  relationship  is  presented in Appendix A. It  ie 
apparent  that  as  the  pressure  ratio  increases,  the  ratio  of  the  momentum 
coefficients  decreases  until,  at a pressure  ratio  of 10, the  Jet-momentum 
coefficient  that  could  be  obtained with a convergent  nozzle  is 0.93 of 
that  which  could be obtaj.ned  with a convergent-divergent  nozzle. 

A unique  solution of the  two  equations  shown in figures 76 and 77 is 
obtained by drawing a rectangle,  such  as  the  ones  shown in these figwee. 
The  rectangle  connects eqml values of free-etream  Mach  number in the 
upper  and  lower  halves of the  figure  with  the  corresponding  values of cP 
and s/c  for W e  associated values of CQ and  pressure  ratio.  For a 
particular  solution,  two  of  the  parameters, in addition to the Mach number, 
must  be spe~ified.~ A sequence of changes  must  occur among the  various 
parameters shown in the  figures  whenever a change  occurs in the  value of 
any one  of  them. In the  following  examples  the m e  of  the  charts is 
demonstrated. In general,  certain  changes  dependent an the  free-stream 
Mach  number  must  occur in the  values  of  the  various  parameters  if  the 
free-stream  Mach  number  is  changed.  For  example,  consider  the chart of 
figure 76 which  applies  for  the  range of. E.ub.critica1.  preseure  ratios. 
If the  momentum  coefficient and the nozzle height remain  constant  and the 
free-stream  Mach  number  is  changed,  the WsS-flOW coefficient  remains 

4The  lines  of  .coil@tant  dynamic  pres-sure, s, (figs. 76 and 77), are 
based  on an absolute  free-stream  total  pres6ure  equal  to Pstd, and  they 
would  be  changed  for  other  free-stream  conditions.  These  lines a r e  
included  in  these  figures  for  their  general  usefulness  in  problems  con- 
cerned  with  sea-level  atmospherlc wind tunriels. - m -  

a 



- constant and the  pressure  ratio  must  change. Thus, assume  the  initial 
conditions kdfcated by  the  dashed  rectangle  (i.e., c,, = 0.6; 
S/C = 0 -0007; M, = 0.10; gt /po = 1.325; and CQ = 0.0047). NOW assume  the 
free-stream Mach number is hcreased to 0.14. By the  process of succes- 
sive  approximatias  the  required  rectangle  closure yields the  results 
that  the  pressure  ratio  would have to lncrease  to 1.73, and CQ would 
remain  the  same.  The  fact that the  mass-flow  coefficient  is  invariant 
with free-stream Mach number  for  subcritical  pressure  ratios  and  for  the 
conditions  typified  by  this  example  (i  .e., for a constant cp and E/C) 
can be  proved  by  dffferentiating the equations sham in figure 76. For 
supercritical  pressure  ratios  the  mechanics  of solving the  equations  shown 
in figure 77 are identical.to  those  indicated  above for the  subcritical 
pressure  ratios;  that  is,  the  required  closed  rectangle must be  determined. 
With  the  assumption  of  the  initial  conditions hdicated by  the dashed 
rectangle in figure  (cp = 0.08; SIC = 0.00057; M, = 0.14; % /po = 2.33; 
and CQ = 0.004-!3), a change L n  free-stream Mach number  to 0.20 increases 
the  pressure  ratio  to 3.85 and c increases to 0.0053. For  the  range 
of supercritical  pressure  ratios t % e derivatives  of  the  equations  shown 
geometry,  the Z I ~ S S - ~ ~ O W  coefficient will vary w5th  free-stream Mach number. 
The  preceding  examgles  indicate how blowing-system data for  particular 
free-stream Mach numbers can be  properly  modified  and adapted for w e  at 
other  free-stream Mach numbers. 

b 3 

5 

. Fn figure 77 indicate that wlth a glven momentum coefficient and nozzle 

The  inserts in figures 76 and 77 showing typical  scale  changes are 
included  to  indicate  the manner in which the  range  of  values of cp, CQ, 
and SIC can be  modified,  provided  the  range of values of free-stream 
Mach number and  the  pressure  ratio  remain  the  same. With this  provision 
the  values of c ~ ,  cQ, and S/C can be  multiplied  or divided by parers 
of 10 as cleatred. 

Power  Relatianships 

The power  required  to  operate a blowing system  can be used as a 
basis  for  comparing various arrangements of a flap and blowhg system. 
In Appendix B a parer  relatianship is developed  wkich  is  convenient  for 
use in such canpartsons. The final equation  (eq. ( ~ 5 ) )  relates  the 
section nass-flow coefficient,  free-stream Mach number, and pressure  ratio, 
to the  horsepower  required  per  square  foot  of K.ing reference  area.  This 
horsepower  relationship i s  based on the  asaumption  of  isentropic  campres- 
sian f'rm free-stream  total  pressure to the  jet  total  pressure, and is 
shown in figures 79 and 80 for  pressure  ratios  up to 1.9 and 10, respec- 
tively.  It  should  be  noted that the pressure  ratio in these  figures 
pt3/pto  differ8  from  the  pressure  ratio, pt Jp0 aich is  given in the 

figures  are  subject to the  restrfctions  noted in footnote 4. 

- 

* flow charts. The lines  of  constant Qnamic pressures sham in these 
tJ 
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As an i l l u s t r a t ion  of the  application of the power and the flow 
charts, a comparison of the  horsepmer per square  foot of  wing reference 
area, t h e  mass-flow coefficients, and the pressure  ratios  theoretically 
required a t   t h e  value of t h e   c r i t i c a l  momentum coefficient  for  several  of 'it 
the arrangements of the  f lap and blowing.sgstem  previously  discussed ie 
presented in figure 81. The value of the c r i t i c a l  momentum coefficient 
fo r  each  arrangement and the  corresponding lif% increments have been 
preaented i n  figures 72 and 73, respectively. It is evident from 
figure 81(a) t h a t   a t  a given hkch numberthere was a large  variation i n  
the power requirements fo r   t he  various  arrangements, and i n  some cases 
there  were large effects of flap deflection. In general,  there wa8 an 
increase i n  the power  requ-ed with an increase in h c h  number, and the 
magnitude of the  increase  varied  greatly .mmg the  various arrangemente. 
If the air i s  provided by auxiliary compressing equipment, the power 
required is of greatest importance Fn ehe design of a blawing  system. 
However, i f   t h e  air is supplied by bleeding frm a J e t  engine, the mass 
flow, or cQ, is  the more important  quantlty  (fig. 8 1 ( b ) ) .  A large mri- 
a t ian  in the  values of the mass-flow coefficients far the  various flaps 
and blowing systems was evident,  although  for any particular  case 
was invariant wi th  Mach number. Figure 81(c) show that  the  requir 3 d 

pressure  ratio generally increased with increasing Mach number, and, also, 
t h s t  a t  8 given Mach number there.was a large variaticm among the  various 
arrangements. The advantage, fram the  standpoints of parer and mass-flaw ? 

coefficient, of positioning the flap against the nozzle asd using small 

. " 

5 -  

. .  

nozzle  heights i s  apparent  throughout 
figure 81. 

the: comparisons afforded by " . . 
. - " 

The present  report  consists of (1) ai experimental  iri-veatigattan 
made t o  determine the effects  of blowhg a Jet  of comparatively low- 
pressure air from  a duct in the main portion of the wing over  various 
types of trailing-edge flaps on an WCA 0006 a i r f o i l ,  (2) a camparison 
and evaluation of t h e  effects  of blowlng an l i f t ,  using  the  resulta of 
the  present  investigation and those of  previous  investigations, and 
(3 )  an analysis of the a e o r e t i c a l  flow azid power relationships of a blow- 
ing system. 

" . 

Tests of f l ap  A i n  various positions  with  respect to the  nozzle 
showed tha t  (1) the noae of the   f lap  should protrude.into  the  exiting 
nozzle  flow, and (2) t he   c r i t i ca l  momentum coefficimk, and the l i f t  
obtained a t  the   c r i t i ca l  momentum coefficient,  decreased as the gap 
between the f l a p  and the wing m s  reduced: 

Tests of f laps  having di f f  went profilee  indicated  -that  the flaps 
whose profi le  enabled  the  exiting  nozzle  flow  to be turned in a gradual 
manner had a smal le r .c r l t i ca l  mmeitum coefficient-than  the  f laps whose 
profile  turned  the exiting nozzle flow in an abrupt m e r .  - 



NACA RM A s C O 1  

The  lift obtained with  blowing  over a 15-percent-chord  flap  compared 
favorably with 25- and 30-percent-chord  flaps  at  the  higher  values  of  the 
momentum  coefficient.  The  critical  momentum  coefficient was large w i t h  
the  short  chord  flap  but  it  could  probably  be  reduced  by  changes Fn the 
flap  profile . 

- 
.. 

Tests on flap A indicated  that  the  effect8  of  nozzle  height on the 
increment of lift  coefficient  obtained for a given momentum  coefficient 
were small Fn the  range of nozzle-height  to “chord ratios  from 
O.OOOl7 to 0.00065. A further  increase  in  the  nozzle-height to Wsng- 
chord ratio  to O.OOll0, however,  showed a cansiderable loss in the lift 
increment.  There  were no significant  changes in the critical  momentum 
coefficient  with  changes fn the  nozzle  height. 

The change in the  pitching-moment  coefficient due to a unit  change 
in lift  coefficient was not  significantly  affected  by blaring. 

Cornparism of the data for the thin airfoil  of  the  present  investiga- 
tim with  other  data for thicker  abfoil.8  and  somewhat  different  blowing- 
flap  arrangements  showed  that (I) the  increments  of  lift  coefficient 
obtained for a even  momentum  coefficient  with  the  thin  airfoil  were 
comparable  with, or exceeded,  those values obtained  with  the  thicker  air- 

critical  momentum  coefficients  than  the  flap arrangements used  with  the 
thicker  airfoils; (3)  the  rate of change  of  the  increment  of lift coef- 
ficient with momentum  coefficient (measured above  the  critical  value)  for 
the  thin  airfofl was comparable  to  that of the thicker  airfoils; and 
(4) the  momentum  coefficient  required  to  attain  the  theoretical  increment 
of lift  coefficient with the thin airfoil  were of the same order of magni- 
tude  as  those  measured far the thicker  airfoil  sections. 

- 
L foil sections; (2) flap A positioned  against  the  nozzle  had  smaller 

A theoretical  study was presented  which  established  the  relationship 
among  the  air flow and  power  parameters  applicable to the  general  blcrwfng 
case. Charts  were  presented  showing  these  relationships.  With  the  aid 
of  these  charts an analysis was made to show  the  magnitudes  of  the flow 
and power  parameters for several  blowing-flap  arrangements  operating  at 
their  critical momentum coefficients, and also, to show the  effect  of 
changes in the  free-stream Mach number on these  parameters.  It was found 
that  the  horsepower  per  square  foot  of wing reference  area,  and  the  pres- 
sure  ratio,  increased w i t h  increasing Mach number,  but  that  the  mass-flaw 
coefficient  remained constant when  the  pressure  ratio was subcritical. 

Ames  Aeronautical  Laboratory 
National Advisory Committee  for  Aeronautics - Moffett  Field, Calif., Mar. 1, 19% 
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APPENDIX A 

NACA RM A56COl 

DERIVATION OF THE EQUATIONS RELATING THE GEOMETRIC 

In the  subsequent  .development of the. varipus.  .relationships  involving 
the mass-flow coefficient,  the  Jet-momentum  coefficient, and the  ratio of 
nozzle  area  to wing reference  area  (proportional  to  s/c  for  the  two- 
dimensional  case),  it  is  assumed that  the  nozzle  flow is for a perfect 
gas,  that  the flaw is uniform, and that  the  compreeeion from free-stream 
total  pressure  to the jet  total  pressure i a  ieentrqic. 

By definition,  the  jet-mass-flow  coefficient is 

For  adiabatic flaw conditions and for y = 1.4, thfs  equation  becomes 

For  the  assumption of 
the  jet  reservoirs, 

isentropic compression  between  the  free  stream and 

and, in general, 

p t  = p(l + 0.24 ) 2 y - 1  

then the mass-flow coefficient  becomes 

In application,  equation (A5) must  be  modified  to  suit  particular  condi- 
tfons.  With 831 ideal  nozzle,  complete expansion of  the flow occurs to 
pressure po so that p j  = po. Also, for pressure  ratios  greater than 



NACA RM A56COl 

. 

c r i t i c a l ,  the  i d e a l  nozzle must be convergent-divergent and fo r  pressure 
ratios l e s s  than c r i t i c a l  the nozzle must be convergent. Thus, fo r  an 
€deal  nozzle, and pt /po greater than  cr i t ical ,  

5 

(note that AJ/A* and Mj are  functions of pt /po and their  values are 
3 

readily obtainable from tables  such as those i n  reference 19). For the  
two-dimensional caae, the section ma.ss-flow coefficient becomes 

Also, for the ideal nozzle, 

or, for the two-dimensional 

"LA A M  

c Q - " o  

caae the section mass-flow coefficient i s  

With a convergent' nozzle and pressure  ra t ios  greater than   c r i t i ca l ,   the  
s ta t ic   pressure tn t h e   j e t  at the exit of the  nozzle will not equal the 
free-stream  static  pressure (p, f po) , and the  Mach nmber of  the Jet a t  
the   ex i t  of the nozzle w3I.l be 1.0. B y  use of equation (Ab) i n  (A5), the  
jet-mass-flow coefficient bec'mea 

where "J = 1.0. As would be expected,  equations (6) and (A8a) provide 
equal values of CQ at equal values of pt ./po, i f  A-J/& f o r  the con- 

vergent nozzle equals A*/% f o r  the convergent-divergent  nozzle. For 
the  two-dimensional case the  sectfon mase-flow coefficient ie 

J 
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B y  definit ion,   the je t -momentum coefficient i s  

with  the  relationship 

equation (Ag) 

If the  nozzle 
aupercrit ical  

Combined with 

becomes 

expansion is t o  pj = po, then  for  both  subcritical and 
pressure ratios - -  . 

equation (A5), equation (Al2) becomes far  the ca8e of 
iaentrqpic flow 

For the two-dimensional case  the  section jet-momentum coefficient is 

cp = 2CQ 9 
By the use of equation (Al l )  a camparieOn can be made of t h e   t o t a l  momentum 
at the exit of  an ideal convergent-divergent  nozzle  with tha t   a t   t he  throat 
(which w o u l d  be   the  total  m o m e n t u m  for  a convergent nozzle). Thus 



In  the  isentropic  case  for p3 = pot and using  equation (Ab), - 

7Mj 
or 

(Note that (p */po) = (pt,/po), and that both A*/AJ and M j  are a Rznc- 
t i o n  of (p /po) . ) Thus, eqwtion (Kt.6) givee  the  ratio of the t o t a l .  

momentum a t  the exit of a convergent nozzle t o  that at the exit of an 
i d e a l  convergent-divergent  nozzle having the same throat  area as the 
convergent  nozzle. 

t J  
tJ 

- The charts of figures 76 and 77 present a graphic  solution of the 
equations interrelating the mass-flow coefficient,  free-stream Mach number, 
the momentum coe f f iden t ,  the r a t i o  of nozzle  area t o  wing reference area 
(proportional  to  s/c f o r  the two-dimensional case), and the pressure 
r a t i o .  For a nonisentropic  process between the reservoirs of the f ree  
stream and the jet, it i s  necessary t o  take i n t o  account the changed reser- 
voir  conditions of the  nozzle flow. It should be noted in connection with 
these  charts that the theoret ical  m m e n t u m  of t h e  j e t  may d i f f e r  consid- 
erably from the  actual value. For example, t h i s  occurs when the  pressure 
field i n t o  which the j e t  exhausts f r o m  the nozzle is less than the free- 
stream static  preseure.  Then the nozzle flow i s  subject t o  an effect  
similar t o  the Coanda effect   for  a J e t  exhausting i n t o  ambient air; that 
is, the  actual  pressure at the e ld t  of the nozzle i s  reduced below the 
free-stream static  value,  thereby  increasing  the  effective  pressure  ratio. 
Thus, for  pressure r a t i o a  less than c r i t i c a l ,  a reduced nozzle-exit  pres- 
m e  would increase the mass flow and t he  momentum of the J e t  above the 
values  that w o u l d  be computed f o r  a pressure  ratio based on the free-stream 
static  pressure.   For  pressure  ratios above t h e   c r t t i c a l  there w o u l d  be no 
effect  on the mass flow, but the momentum of the   Je t  would increase w i t h  
an increase  in the erdt  velocity,  For pressure r a t io s  less than c r i t i c a l  
the   loca l  pressure f i e l d  at the e a t  of  the nozzle i s  usually unknown, or  
diff icul t   to   obtain,  so that it i s  much  more convenient t o  base the momen- 
tum coefficient on the free-stream static condition; this was the  case in 
the present  report. For pressure  ratios above the c r i t i c a l  the local 
pressure  f ield should only have a small effect  on the  mer-all pressure 

depend on the nozzle  design. Thus, p8rtlcularly at preaaure ratios much 
greater than   c r i t i ca l ,   the  camputation of the mcsnentum coefficient should 

- 

- ra t io .  However, as equation (M.6) indicates, the momentum of the  jet  w i l l  

0 be in accordance  with whether the nozzle is  convergent, or  convergent- 
divergent. - 
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DERIVATION OF TI€E POWER REQUIRED TO COMPRESS TEE AIR FOR 

In a steady-flow  process the pater  required t o  maintain the flow ie 
defined  as  the  product of the mass flow and the work done per  unit of 
mass flow. For isentropic flow relationshipe  the  horsepower  required  to 
compress  the  blowing-system  air  from  free-stream t o t a l  pressure  to  the 
jet  total  pressure  is .. . . 

Substituting  equation (Al) into (Bl) and ,expressing  the  velocities and 
densities in terms of Mach  number,  total  pressure,  total  temperature, 
and stagnation  velocities of sound yields  the  following  equation  for  the 
horsepower  per  square-foot  of w i n g  reference  area  expreesed in terms of 
the  section mass-flow coefficient 

Equation (B4) is applicable  for  use  in  flight or atmospheric  wind  tunnels. 
However,  the  total-ten@erature  ratio a i ~ d  tihe total-pressme  ratio & s t  be 

. - . . . . - - 



evaluated  differently in each application. If A i s  a correction  factor 
f o r  ambient or atmospheric  conditions differ- from standard, 

- 

and by the  use of the approximation that (I + 0.2M02) = 1.0 in equa- 
tion ( B k ) ,  the  corrected horsepower per  square  foot of wing area becomes 

A graphical solution of this equation i s  presented as figures 79 and 80. 
With the assumption that the  Mach number function equals 1.0 there   resul ts  
a mEudmum error  in the  horsepower per square  foot of wFng area of about 
1 and 3 percent  for  pressure  ratios up to 10 for  the flight, and f a r  the 
wind-tunnel  solutions,  respectively. It will be noticed that the  t o t a l -  

pressure  ra t io  3 n  equation (B5) ( pt /pt 7 could be put i n  the form 

@t3/p3T[l./(l- + O.%'],, but in this case  the assumption that 

(I + 0 .w2) = 1.0 resu l t s  in Fncreasingly large  errors as t h e   p r e s m e  
ratio approaches 1.0. Thus, in using figures 79 o r  80 t o  find the  horse- 
power f 'unction,  the  total-pressure  ratio pt./&, must be used. The 
flow charts of figures 76 and 17 give  the  pressure r a t i o  in  terms of 
p /po, which must be  multiplied by po/pto  for  the e v e n  Mach number 
to f i n d  ptj/pto f o r  use with the  horsepower charts. The constast "q" 

l ines  on these power charts are res t r ic ted  to wlnd-tunnel usage for   the  
same reasons discussed in footnote 4 in regard to the flow charts. 

2.2 
Y-1 

t J  

. 
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A-18a40 

Figure 1.- The horizontal dividers 3nstaJled in the 7- by I O - f o o t  wind 
tunnel to provide 8 4- by 10 f o o t  test sectfon; view downstream. 
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A-lDSW 

Figure 2.- Tfie model installed in the 4- by 10-foot t e s t  section. 
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A-la301 

Figure 3. - A detailed v iew of the m o d e l  with flap A showlng the d t  of 
the nozzle. 
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0.70 c The symbols Indtcote the porkion d lha nose 
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(a) Single-alotted fhp. 
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(b) Flap A. 

Figure 7.- The selected locations of the nose of the single-slotted f lap 
and of flap A for various flap deflections. 
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Figure 8.- Effect of nose-flap deflection on the lift of the m o d e l  with 
the single-slotted flap deflected SOo; R = 4.W@. 
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Figure 13.- E f e c t  of nose-flap deflection on the lift of t he  m o d e l  
with f l a p  A in t h e  extended posit ion with and without blowing; 
8/C = o.oollo. 
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Figure 1.3.- Concluded. 



I NACA RM A 5 6 C O l  - 49 

Figure 14.- Effect of blouing on the lift of the meel with flap A 
undeflected; s/c = 0. OOUO; S, = 35 . 
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Figure 17. - Effect of blowing on the l i f t  of the model with flap A 
deflected 50' in the extended position;  8/c = 0.00110; 8, = 35'- 
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Figure 18. - Effect of blaring 011 the U t  of the model with f l a p  A 
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Figure 20.- Effect of blowlng an t h e  lift of the m d e l  with flap A 
deflected 50° in the posltion againet t h e  nozzle; B/C = 0.00110; 
s, = 35O. 
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Figure 36.- Effect of blowing on the lift; of the model with flap C 
deflected 50'; B/C = O.OOll.0; S, = 35'. 
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Figure 40.- Effect of blawrzlg on the lift of the model with f l a p  D 
deflected 500; B/C = 0. OOUO; S, = 35O. 
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Figure 54.- Effect of angle of attack and of b l a r i n g  on tihe chordwiee 
distribution of pressure of the m o d e l  with flap A deflected 35' in 
the extended poeition; B/C = 0.00110; S, = 35'. 
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Figure 54. - Continued. 
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(a) CQ = 0; cp = 0; R = 4.0xlO6 

Figure 55. - EfPect of angle of attack and of blowing on the chordwise 
distribution of pressure of the model w i t h  flap A deflected 50' in 
the extended pos i t im;  s/c = 0. OOILO; % = 35O. 
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(a) CQ = 0; CP = 0; R = 4,Oxl@ 

Figure 56.- Effect of angle of attack and of blaring an the chordwise 
distribution of pressure of the m o d e l  w i t h  flap A deflected 60' in 
the extended position; s/c = O.OOll0; S, = 35O. 
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Figure 56.- Concluded. 
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Figure 57.- Effect of b l a  on the chordwise Ustribution of pressure 
of the model a t  a canstant angle of attack (% = -4,0°) with f lap 
deflected 30° in the extended position; 8/c = 0. O O l l O ;  S, = 35O. 
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Figure 57. - Continued. 
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Figure 58.- Cancluded. 
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Figure 59.- Effect of angle of a t t a c k  and of blowing on the chordwise 
distribution of presaure of the model with f lap A deflected 60' 
against the nozzle; SIC = O.OOU.0; S, =I 35'. 
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Figure 59. - Continued. 
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Figure 61.- Contfnued. - 
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Figure 61. - Concluded. 
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(a) Flap A against t h e  nozzle; 6 = 50°; S, = 35O 9 

Figure 62.- The ef fec t  of nozzle height on the variation of the 
increment of l i f t  coefficient with the mass-flaw and jet-momentum 
coefficients. " 



H MACA RM ~ 5 6 ~ 0 s  0 121 

0 -02 -04 .06 -0 8 . I  0 .I2 -14 -16 

cP 
(b) Flap A against the nozzle; 6 = 60’; En = 35O. 

Figure 62. - Cmtinued. 
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(c) Flap of reference 12; 6 = 60’;. no leading-edge device. 

Figure 62.- Concluded. 
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f igure 64. - Sketchee showing the arrangement of the f l a p  and blowing system for each of the 
referenced investigatlone. 
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(a) s/c = 0.001l0 O Single dotted flap,flg.g (b) S / C  = 0.00065 
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I 8,= 30° 
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8 0 Ref.16 Double stotted flap, 
q = (x306c, 6, = 30° 
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(c) S/C = 0.00036 . .  
! (dl S/C = 0.00017 

Figure 66 .- The effect of the jet-momentum ;coefficient, c , on the varia- 
tion of the increment of lift coefficient with flap dehsction; flap A 
against nozzle; NACA 006 a i r f o i l  section; Sn = 35O. 
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(c) Flap  D. (a) Flap F. 

F i w e  67. - The effect of the jet-momentum  coefficient, on the varia- 
tion of the increment of l i f t  coefficient with flap &&,ion; NACA 
0006 airfoil section; s / c  = 0 .=O; 6, = 350. 



Figure 68.- ?be effect of the jet-momentum coefficient, cp, on the  variation of the increment 
of l i f t  coefficient with f l a p  deflection for the flap of reference 5; OOog-Ek a i r f o i l  
section; sk t  poeitlm 4a (10); a/c = 0.0050. 
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(a) E/C Q 0.00072. ( b )  B/C = 0.00036. 

Figure 69.- B e  effect of the jet-mcrmentum coefficient, c ~ ,  an the variatim of the increment 
of l i f t  coefficlent ath f l a p  deflection f o r  the f lap  o f  reference 9. WCA 6kAOlO a i r fo i l  
section; flap position D; S, GOO. 

8 

.. . 



” Theory 
-Ref .  4 
A Ref.17 Single slotted 

flap, cf 3 0.257 c , 
NACA 2301!2 

s 
20 30 40 50 

(a) Flap type f; elat  p o s i t l m  6e; (b) Flap type e; ilat position 6e; 
6 / C  = 0.0050. a/c = 0.K667. 

Figuxe 70.- me  effect  of the jet-mmentum coefficient, cL, on-the varlsticm of the increment 
o f  lift coefflcient KLth f lap  aeflection for the flaps o f  reference 4; NACA 23012-64 a i r fo i l  
aecticm. 
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Figure 71.- The effect of the jet-mmentum coefficient, cCl, on the  variation of the increment 
of lift coefficient with f lap  deflection f o r  the f lap of reference E; NACA 23013 a i r fo i l  
section; no leadhg-edge high-lift device. 
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(b) S/C = 0.0070 

Figure 71.- Continued. 
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(c)  a/c = 0.0050 

Figure 71. - Cmtinued. 
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(a) s/c = 0.0015 

Figure 71.- Cmtbued. 
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(e) B / C  = 0.0005 

Figure 71.- Concluded. 
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Figure 73.- m e  theoretical  Increments of l i f t  coefficient, and the warned Increments ~t the 
critical  Jet-momentum  coefficient for the m&la af' the  present and the referenced 
Isvesttgatlons. 
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Figure 74.- The rate of change of the Increment of lift coefficient with jet-momentum coefficient 
for values of the m e n t u m  coefficient greater than the c r i t i c a l  value fox the models of the 
present and t h e  refereaced l n v e s t i g a t i m .  
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Figure 75.- The jet-mcmentum coefficients requlrea to achieve the theoretical Increment. of Uft 
coefficient for t h e  mcdds of the piresent and the  referenced hveetigations. 
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Figure 76.- Blowing-parmeter r d a t i ~ ~ m h i p  "" I . for stibcritlcal pressure ratios. 
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Figure 78 .- I h e  variation ~5th the  pressure  ratio  of  the  ratlo of the momentum coefficient 
for a convergent  nozzle to that for a convergent-divergent  nozzle. zi! 
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Figure 80.- Relationships among the blawing and power parameters for pressure ratioa up to 10. 
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Figure 81. - Comparisons  of the power, flow coefficient, and pressure 
ratio for the critical momentum coefficient for several blowing- 
flap arrangements of the present investigation and of reference 12. 
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