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RESEARCH- . 

By Albert E. von Doenhof f and  Laurence K. Loftin, Jr. 

- A survey has  been made of the  present statu of research on 
boundary-layer control and its possible  applications  in  aeronautics. 
The applications of boundary-layer control  considered me: 

(1) Reduction of prof i le  drag by the  elimination  of  turbulent 
separation and by increasing  the  relatfve  extent of laminar f low.  

(2) Increase of the maximum lift coefficient through control of 
laminar and turbulent  separation. 

(3)  The use of Suction and blowing s l o t s  near the tralling edge 
of an airfoi l  as a means of la teral   control .  

(4) The use of bounm-layer  control a8 a means of increasing 
the  efficiency of diffusers and bends. 
U 

( 5 )  The use of boundary-layer control  to  influence  shock4oundary- 
layer  interaction at high aped.  

The possible improvements in  airplane  chaxacteristics  resulting 
fromthese  applications of boundary-layer control  are  discussed and the 
general   l ines of future research ere indicated. 

Since  Prandtl's first paper on boundary layers, removal of a portion 
of the boundary layer o r  the  FnJection of high energy air under the 
boundary layer has been  considered as possible means f o r  avoiding 
boundary-layer sepssation. More recently, removal of a portion of the 
leninar boundary layer either through discrete s l o t s  o r  through a 
permeable surface h m  been  proposed a8 a means of increasing .the 
s tab i l i ty ,  and thereby  the  relative  extent of the laminar layer at high 
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Reynolds nunibere, so that t h e  skin f r ic t ion  drag is  reduced. It has 
been suggested that the ef fec ts  m the potential  flow field of d t h -  
d r a w i n g  o r  edecting mall quantities of air near the trailing edge be 
used as a means of vaqying the  l i f t  of an airf'oil. 

A great deal of research has been canducted . a n  various phases of 
bounda;t.$--layer control  but very few reaul t s  of t h i s  vast quantity of 
resewoh have  found practical  application. The purposes or the  present 
paper are t o  s t a t e  brief ly  the present s ta tus  of Fnformatirm ree;asding 
various t ypes  of boundary-layer control, t o  d i s C U s 8  the possibi l i ty  of 
improving the chmacterist ics of aircraf't by boundarplayer  control, 
and to indicate  the  general lines of future researrch on t h i s  subject 
that appear t o  offer the  peatest  pramise of' producfng useArl results. 

The possibi l i ty  of wing boundary-lwer cantrol exists each time 
that the avoidance of sepaxation  or the maintenance of extenafve ltminar 
flow becanes a problem. Because of the laxge nlmiber of ways Ln d i c h  
boundary-layer colltrol  can ccarceivably  be applied, PO general concluefops 
regarding  the  applicability of boundary-mer  cantrol  can be drawn. The 
scope of the  present  paper is, therefore, l5rdted t o  the cons idera t la  
of propo~ed methods of boundary-layer control a8 they af fec t  the indi- 
vidual aerodyPELmlc characterist ice of an aircraft. The applicationrr 
considered are: 

(1) Reductfan of prof i le  drag by the e lh imt ion  of turbulent 
separatian and by increasing  the relative extent of lam5nar flow. 

(2 ) mrease of the mar~nrum lift coefficient through control of 
laminar and turbulent  separatian, 

(4) The use of boundmy-layer control &B a meazuj of increasing the 
efficiency and the range of e f f i c i en t   ope ra t ing   cd i t i ons  of diffUi3ers 
and bends. 

( 5 )  The use of boundwy-layer c m t r o l  to influence ahmk boundary- 
layer interaction at high  speeds, and in pazt icular ,   to  elIm5na.k 
boundary-layer sewat im following the ahock. 

The u8e of slots represents In all c&ses m e  method of applying 
boundary-layer cOntrol and fn such casea the e;aina r8sultFng fram the 
use of bmndarplayer  control may depend in large measure on the 
desi@ of the slots. For t h i s  reason, a short discussion of the 
status of reseerch on the developnent of e f f i c i en t   s lo t s  le. included 
at the end of the paper. 
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The possible use of jet engines as boundary-layer control pumps is 

also discussed  briefly. 
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As mentioned in the  introduction,  reductiolvr in the  profile  drag 
can  be  achieved by boundmy-layer control through control of the  turbulent 
layer and through  extending  the length of the laminar layer. TTumerous 
design  calculations have Indicated the c m m t i v e l y   l a r g e  improvement8 
in  airplane performance t o  be  expected from reductions in the  prof i le  
drag. The improvenaant in performasce that can be expected from reduc- 
tions in the prof i le  drag through the maintenance of extensive laminar 
layers i s  shown t o  be even more w k e d  fo r   J e t  than for propellel.Ldriven 
aircraft (reference 1). m e  effecti+anees of control of the turbulent 
boundary lapr a B  a means of reducing the profile drag i a  caneridered 
first . 

Control of the Turbulent bye r  

Ln the absence of separation,  theoretically, same reduction  in 
the net drag can be  obtained by sucsking the boundary W e r  in to  the 
interior of the a i r f o i l  at the trail- edge asd discharging the air 
thus withdrawn at f ree-s t rea   to ta l   p ressure .  It seems unlikely that 
any net gain could r e su l t  from such a process  because of the necessary 
losses associated with t h e  Internal flow. E, however, fairly  extensive 
regions of separated flow exist, cantroll ing the turbulent boundarr 
layer in such a way as t o  elhninate sepazatian results in substantial  
reduction of the  prof i le  drag even when the  necesflaqy pump- power is 
included in the drag coefficient (references 2 and 3 ) .  Such separation 
occurs on a i f l o i l s  of moderate thickness a t  lift coefficients approaching . 
the maximum and on extremely  thick  airfoil  sections  throughout  the  entire ' 
range of operating lift coefficients. The reduction in drag observed 
at the  higher l i f t  coeff ic ients   for  the thin sectfans urnally cams 
about as a by-product  of attempts  to improve the lift by bomdary- 
layer  control.  For wings having  aspect r a t io s  108s than 10 or 12 and .- 

a i r f o i l  sectianrr of less than 20-percent  thiclcness,  such savings in 
drag are particularly marked cmly for lift coefficients above those for 
maxfmum L/b, Bsd hence are of re lat ively m o r  importance. 

The u8e of aspect  ratios of the order of 15 t o  25 has alwayrs 
appeared a t t r a c t i w  fram t he  point of view of lower  induced drag but 
has not been pract ical  because, for  structuraJ.  rea8ou,  the  root  sectim8 
of such wings m e  quite  thick so tha t  flow separation occurs at a l l  
useful l i f t  coefficients and the  aseociated  increase in prof i le  drag 
equals or  exceeds the saving in induced drag. Under euch circwnf3tances 
the  prevention of separatim by boundary-layer control would seem t o  
offer  the possibi l i ty  of realizing  net . d r a g  sa-~ings and increased 
values of L/b on WFngs of high  aspect  ratio. With this thou@ in 
mind an experimental  investigation has recently been made at the NACA of 
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the  characterist ics of three NAGA k e r i e s  airfoils of 24-, 32-, and 

t o  prevent  separation of the turbulent boundmy layer. !Phe a i r f o i l s  
were cambered t o  have theoretical  design lift coefficiehts of 0.4. The 
suction was applied through a single slot at or sl ight ly  behind the 
mldchord position of the airfoi l   sect ions.  Ib order that the  resul ts  
ahould correepond  approxhately t o  the very limited extent of laminar 
flow that is  usually obtained on airplane wlngs under practical  operating 
conditions, t h e  t e s t s  were made with the leading edges of' the models 
roughened sufficiently to cause inrmsdiate t rass i t ian .   L i f t  and drag  
data are now available for the 24"percentAhick  section  (reference 2) 
and m e  being prepared for  publication f o r  the 32- and 4&percant  Chick 
sectians. The data f o r  the three thick  section8 togethey with those 
for aikfoi ls  of l2- t o  =-percent thickness e m p l o m  buundary-lapr 
control  (references 4, 5 ,  and 6) are sufficient t o  enable designers t o  
determine the desirabi l i ty  of employkg boundary"1ayer control f o r  the 
purpoae of rZnprovFng the characterist ics of high+mpect-yatio wings. Ib 
order t o  supply  detailed des ip  information, huwever,- further research 
will be necessary Lo determine o-ptimm s l o t  &apes, pitchinwoment 
characteristics, and the behavior of three-dimansiond wings employing 
boundary-layer cmtro l .  

c 40-percent thickness r a t i o  employing boundaq-layer control by suction 

lh order t o  give same indication of the possible fmprovemement in 
wtug characterist ics which can be realized by amploy- boundary-layer 
control on wings of high aspect r a t io ,  a comparison is made in figure 1 
of a group of wings having a taper r a t i o  of 0.4 and a varying aspect 
ratio wlth and without boundazy-layer control. %e wings are  canrpos~d 
of NACA &series   a l r foi ls  with leading edgee roughened sufficiently t o  
cazf[e m d i a t e  transiticm. The root  section  thiclmess ratios were 
based on the structural   design  cri terion that the ratio of the span t o  
root  thickness  should be 35 t o  1, but in no case was the root section 
thickuess=ratio made less than 12 percent. In all cases   the  t ip  had a 
12-percen3. thickness r a t io .  A linear spanwlse d i s t r ibu t im  of thickness 
ratio was assumed. The drag values used in ccmrputlng the values of L/D 
included the wake drq plus the drag equiva3ent of the suction power. 

A cornparisan of the data for the wings shown fn figure 1 ind_pcates 
that the opt- aepect ratio for L/D i e  increased from approxi- 
mately U. t o  20 by the usa of boundaxy-leyer control with an accompanying 
increase in d a p p r o m t e u  19 percent. The sustion power  con- 
sidered in the  calculations is that required t o  remove the necessary 
quantity of air from the &ace of the WFng through the s l o t  but does 

- not include any eatinate of the losses which would occur in the ducting 
and pumping equipent  of an airplane. The resu l t s  f o r  the two se ts  of 
wings given  figure 1 are, however, ' s t r i c t l y   c m p a b l e  if the net , 

' efficiency of the pumping system from the bomdmy-layer control  slot  
"to the discharge  outlet 1s equal t o  the propulsive  efficiency of the 
main driving  unit. * 

. 
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Despite the fact tha t   the  L/D of the uing with boundmy-layer 
control i s  higher  than that of the wing without boundary-layer control, 
the  value of the profil-ag coefficient at (Lb)- is greater for 
the wing with boundmy-layer control. Comequently, the addition of a 
given  increment of' pwasi te  drag coef'ficient will make the  cmp&rison 
more favorable f oy the wing with boundary-byer cmtrol .  Figure l(b ) 
gives a comparison between the two sets of win@ when an arbi t rary 
increment of parasite drag coefficient of 0.0100 has been added t o  
each. B s p e c t i m  of the d&ta of figure 1( b) Indicates that the optimum 
aspect  patio is now slightly  higher than 20 for the xings xith boundary- 
layer  control and that the um of boundary-layer control gives as 
increase in (L/D)- of approximately 30 percent. 

d 

It should be noted that the maximum l i f t  coefficients of the thick 
sections m e  quite  high, and &a is shown subsequently, it is on wings 
of high  aspect  ratio that high maximtlm lift coefficients can be moat 
effectively mployed. 

This application of bouncbry-layer c m t r o l  would be of prlmmy 
intereet  for re lat ively lar-speed afrpianes where ratlge I s  of the 
greatest importance.  For example, the c r i t i c a l  Mach number obtained 
fram law-speed presaure-dietribution diagrams for the kC+percenGthick 
a i r fo i l   sec t ion  at canditirme  correspondfng eo majclmum l&J of the 
wing is 0.450. In spite of a number of obviouer di f f icu l t ies ,  it is 
thou@t that the possibi l i ty  of increasing  this limiting speed 0-t 
by the  use of a moderate amount  of sweep should be  investigated. 

Control of the Iamlnac Layer 

The first attempts t o  obtain  reductions in the profile drag by 
increasing the re la t ive  extent of laminar flaw consisted of the design 
of new a i r f o i l  shapes having the position of mininum pressure far back 
along t h e  surface. The r e m d  pract ical  l W t  of the poeitiau of 
m i n i m  pressure was dictated by the  avoidance of turbulent  separation 
over the rear portion of the airfoi l ,   par t icular ly   for  l i f t  coefficiente 
outeide the lowLdrag range. Three general type13 of boundary-layer 
control have been proposed t o  increase the possible  relative  extent of 
lamim flow: first, mult iple   s lots   to  limit t h e  growth of the boundary- 
layer  thickness and eliminate laminar sepaxation; second, special a i r  
fo i l   sec t ians  having the poeitfon of minimm pressure extremely far 
back, together with a s ing le suc t ion   s lo t   to  eliminate separation a t  a 
pressure  discontinuity; and third, cantinuous borlnaFLry-layer suc t im  
through a poroue surface. 

The use Gf w t i p l e  slots.-  Multiple a l o t s  have two diet inct  and 
interrelated  ef'fects on the boundary layer;  they  decrease the value of 
the boundary-layer Reynolds number &d delay OT- prevent laminar 



7 

c 

I 

C '  



8 NACA RM No. L8J29 

than  the boundary-layer thickness. For the model under consideration, 
t h i s  s l o t  width was approximately 0.005 inch. 

Three parameters, namely, the maximum value of the boundwplayer 
Reynolds number, the   ra t io  of the s l o t  wfdth t o   t h e  boundary-layer 
thickness, and the Reynolds number r u n  between s lo ts ,  axe suff ic ient  
t o  determine the  design of a s lo t   ins ta l la t ian .  W the values of theae 
three  parameters are held constant, the s l o t  spacfng and s lo t  width 
expreeeed a8 fraotims of the chord will be f’unctims of the  design 
Reynolds number. For example, the  slot  spacing and s l o t  width on the  
NACA 64AOlO a i r fo i l  model would be 5 inches and 0.034 inch,  respectively, a t  
a Reynolds number of 25 x 106 if the chord  of. the   a i r fo i l  were increased 
t o  20 f ee t .  If, however, with  the 20-foot chord the  design Reynolds 
number were increased t o  83 x 106, the s l o t  spacing and s l o t  wldth would 

be 11 inches and 0.010 inch  respectively, and the number  of s l o t s  would 
increaae i n  proportion t o  the Reynolds nulziber. 

2 

The theoretical  pressure  distribution  together with the s l o t  loca- 
tions me given in figure 2 f o r  the 3-foot-chord ACA 64AOlO a i r f o i l  
model designed for a Reynolds number of 25.0 x 1 8 . Great pains were 
taken in the  construction of the model t o  maintain the machined aluminum 
Burfaces i n  a amooth snd fair condition. A photograph of the m o d e l  
partially dieassambled is shown in figure 3. Preliminary test resu l t s  
indicated  that  not much d i f f icu l ty  was encountered in obtaining laminar 
flow over  subf3tantially the entire  surface of the model up t o  a Reynolds 
number of about 3.0 X lo6. As the Reynolds number was increased, 
however, the l& flow in the boundary lager became exceedingly 
sensi t ive  to  minute changes in the shape of $he slot   entry and flow 
quantity removed. It w a ~  found that honing the edges of the   s lo t  
s l ight ly  w i t h  a lead pencil produced suff ic ient  changes in the   s lo t  
contour to   a f f ec t  markedly the maximum Re$nolds nmiber at which laminar 
flow could be obtained  over the slot .  The maxfmLun Reynolds number at  
which lamtam flow could be obtained  over  substantially t h e  ent i re  upper 
surface was 10.0 x 106 whereas the correspmding mximum RepoldB 
number f o r  the lower surface was 5.5. X lo6. These Reynolds numbers, 
although  not as high as expected flight values, are considerably  higher 
than those for which complete laminar flow w a ~  obtained in the  inveatiga- 
t i m e  of Holstein (reference 8)’- pfennlnger (reference 91 and were 
obtained only after a great deal of effort had been expended in   t ry ing  
t o  eliminate minute irregularities from the s lot   catours .   Since  the 
airfoi7: was symmetrical, the differences in results between the upper and 
lower &aces a re   a t t r ibu ted   to  amall  variations in the  contours of 
individual  slots.  llhese variations were so s l ight   that   they could be 
observed o n l y  wlth  the  aid of a powerful  magnifying glass. It waa also 
observed that once t ransi t ion had occurred, no amount of suctian.applied 
downstream of the tranerition  point  restored  the boundary layer   to  the 
laslinar state .  The conclusion drawn from this investigation i s  that, 
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&thou& the  possible  region of laminar flaw may beledended  to  the 
t r a i l i ng  edge of an a i r f o i l  through a region of adverse pressure gradient 
at f a i r l y  high Reynolds numbers, the 1- layer becomes increasin&y 
sensitive t o  surface  irregulaxities as the Reynolds nuniber is -creased. 
This resul t  is entirely  consistent  with  those of a previous flight 
investigation  (reference 1 3 )  in which no decrease in sensi t ivi ty  of the 
laminar boundasy layer   to   surface  i r regnlmit ies  was obsemed t o  result 
from the installatian of a number of suction  slots on a WFng panel. In 
view of the obsemed  increasing  sensitivity of the laminar layer t o  surface 
i r regular i t ies  with Increasing Rewolds numbers and the difficulties that 
have  been experienced in the  past in obtaining  the  design  extent of 
lmtmr flow on low4rag airfoils m operational  airplanes, the uae of 
suction  slots  to  increase the possible  extant of laminar flow does not 
appear t o  be  very attractive. The pract icabi l i ty  seems especially,lfmited 
when consideration is given t o  the extreme d i f f icu l ty  of manufacturing 
and maintawing  sufficiently  accurate s l o t  contours. 

A i r f o i l s  desi@ped especially for bound&ry-layer control.- The second 
method of overcoming the l imitat iom on the design extent of laminar flow 
Imposed  by the  consideration of turbulent  separation a t  the rear of the 
a i r f o i l  was suggested by Qiffith and discussed in some detail by Goldstein 
Fn h i s  Wright Brothers lecture  (reference 14). The original  basic  idea 
of t h i s  method of approach w a ~  t o  design as a i r f o i l  that had favorable 
pressure  gradients  over the antire region frmleading edge t o   t r a i l i n g  
edge. In order to   obtain a closed &ape c m i s t e n t  with this  condition, 
it was necessary that the pressure increase  discontinuously at sane 
point  along  the a i r foi l  surface.  Suction was t o  be introduced at this 
singular point in order t o  enable the flaw t o  follow the contour  without 
separation. A typical  velocity  distribution and corresponding a i r f o i l  
profile  (taken from reference 14) Eu'e shown in figure 4. Because of the 
necessarily concave nature of the surface douratream of the pressure 
discantinuitg and the  correspanding Goertler ty-pe of instabi l i ty ,  it 
was not  possible t o  obtain 1- flow downstream of the  suction  slot  
except a t  very low Reynolds numbers. Cansequently, in sp i te  of the 
favorable pressure gradient over . the rear portion of t he   a i r fo i l ,  laminar 
flow could  be  eqpected only in t h e  region  upstrean of the slot.  Later 
airfoils of this type were, therefore, designed with the presme 
discont-ity and associated  suction  slot at a more reasward position 
than shown in f i p e  4. More res3wasd positions of pressure aniL 
correspondingly  lower drag coefficients would be feasible   with  this , type 
of airfoil  sectian than, for example, w i t h  NACA 6-series  sections  without 
boundary-layer control, provided 1ambm.r flow were obtaiped up t o  the 
s l o t .  E, however, lambar flow w e r e  not  obtained up t o  'the slot it 
seems very unlikely that the suction a i r f o i l  would &ow an appreciably 
lower drag coefficient  than  that of a p la in   a i r fo i l   sec t ion   des i sed  t o  
have minimum p r e s n e  at t h e  assumed forward  positfon of transit ion.  
Practical a i r f o i l s  can be designed wlth t he   pos i t im  of p r e s m e  

..- 
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as far back  as 60 percent of the  chord. Experience wlth operational 
airplanes having low-drag wings, however,  indicates that laminax flow 
usua l ly  extends mer a distance of no more- thEan 15 to 20 percent of the 
chord  back f rom the leacling edge  (reference 15 ) . The difficulty  appears 
to  be  not only the  presence  of  inaccuracies in constructian  but  also  the 
accmmlation of insects and d i r t  associated  with t h e  necessarily exposed 
nature of the  wing  surfaces.  There  is no reaBaT1 to  expect  that  the 
laminar boundary layer over the  forward  portion of suction  airfoils of 
the Gsifpith  type would be noticeably less sensitive  to andl &ace 
irregularities than  the  corresponding  region for RACA Leries airfoils 
without  suction. Wess the certainty  of  obtaining  ertensive 'IRm.fnA.r 
flow mer more  than  the first 60 percent  of t he  airfoil  chord  can be 
made consideratly  greater  than  it is at present,  it $8 not  likely that an 
airplane designer would feel  inclined  to  compromise  the  deaign  of  his 
airplane  to  the  extent  of using this  type  of  suction  airfoil.  Since t h e  
advantages  of  extensive laminar flaw are well knm and t h e  drag corre- 
sponding  to vmious extents of laminar flow can  be  calculated  theoretically, 
further  research on the  design  of  Griffith t n e  airPoils end on their 
experimental  characteristics under ideal  conditians  is m c h  less urgent 
than is  research on methods of insuring the  realization of extensive 
1- flow. 

Area  suqt1m.- A basic  difficulty of obtaining Iamlnar flaw on 
airplanes  is  the  sensitivity of the laminax boundary layer  at  high 
Reynolds  numbers  to surf'ace  defects  that are suffic1entl;g ~ELU as to 
be  almoat  unavoidalble. The anly method of Boundary-hyer  control that 
offers even any theoretical  hope of reducing  the smitiviky of the 
laminar layer to such m a U  disturbance~l  consists of ccmtinuous suction 
through a porous surface. The theory of the  stability of lmxhmr boundary 
layers  to 6mall tWc4imenerimLL disturbances  was developed by Tollmien 
(references 16 and 17) and SchlichtFng  (reference 18) and checked 

- experimentally  for  the  Blasius  velocity  dietributian  by  Schubauer  and 
Skrmtad (reference 19). The theory was extended by Schlichting and 
others  (references 20, 21, 22, 23, 24, and 25) to  include  the  effects of 
variations in presERzre gradients and the  effects of blaring or  sucking 
through a porous  surface on the  stability of t h e  laminar layer. &e of 
the  most  important  canclueions of this theoretical work (deal- only 
with e m l l  "dimeneianal.  disturbances)  is t b t  continuous mction 
through a porous &ace markedly stabilizes the lamimx layer  wlth 
respect ts rrmall diSturbanCeS  and  that t h e  q-tity of air that has to 
be removed  to  achieve  this marked stabilizing  effect  ie  extremely mall. 
For example, the  theory  indicates  that  the lower critical boundary-layer 
Reynolds number  based on the  displacement thichess for t he  flaw mer a 
flat plate  with  zero  preseure gradtent is increased f r o a n  a value of 
approximately 420 without  suction  (reference 26) to an aspptotic value 
of 55,000 (reference 23) to 70,000 (reference 22) with an amount of 
suc-tion  corresponding to a ccrmponent of  velocity noMnal to t h e  plate of 
the  order of 0.01 of 1.0 percent of the  free-stream  velocity. 

. 



An experfmental  Investigation t o  determine  the  effects of continuous 
suction on the &ag of an HACA 64AOlO a i r f o i l  of 3-foot chord is now 
being  carried  out by the NACA In the langley two-dimansianal low- 

turbulence  tunnels. The skin of t h e  model is a -- inch-thick  sheet of 32 
porous  bronze ~ i c h  is made up of powder ccmsisthg of approximately 
spherical  particles of such size   that  dl t h e  part ic les  will pass through 
a 20~neah  screen  but none through a 4 - 0 ~ s h  screen. The sheet is 
wrapped in one continuous  piece f r o m  the   t r a i l -  edge on the upper 
surface around the  lea- edge t o  t h e  t r a i l i n g  edge on the lower surface. 
The porous region  has a span of one foot situated In the center of the 
+foot span model. A photograa  of the model is shown in figure 5. 
Although same waviness was present in the model, the chordwise mves 
were actually much less severe  than a e m  t o  be indicated in this 
photograph. 

Typical  results in the form of drag coefficient against flow coeffi- 
cient are ahawn ‘ i n  f i gwe  6 f o r  a Reynolds number of 6..0 X ld. Boundary- 
layer  surveys taken near the tram% edge indicated that laminar flaw 
waa obtained  over vlrtua3ly the ent i re  porous surface of the model f o r  
flaw r a t e s  corresptmding t o  t he  lowest drags obtained. These data show 
that  substantial  net  savings in drag can  be  obtained and that completely 
laminar flow can be maintained even when the model is not  quite aerp 
dynamically m o t h  and f a i r .  The f a c t  that the model was not  quite 
aerodynamically -0th asd fair is shown by the coqazison of the drag 
coefficient f o r  the boundary-layer control model with sealed  surface 
and the  corresponding  drag  coefficient of the solid, fair, and -0th 
model of the samk a i r f o i l  section. B sealing the porous model the 
surface  texture was not  altered. A t  Reynolds numbers substantisl ly 
higher than 6.0 X 106, it was not  possible t o  obtain an$ net  reductian 
of drag. This  adverse  scale  effect appears t o  be associated w i t h  t h e  
pazticular sample of material  used in the investigation. ’phe pressure 
drop across the porous material is dfrectly proportianal t o  the flow 
velocity  through it, so that the chordwise distribution of inflow 
velocity becomes increasingly nonuniform not only w i t h  decreasing f l o w  
coefficient  but also with  increaa3ng Reynolds auniber. The flow coeffl- 
cient  corresponding t o  cam at a Reynolds W e r  of 6.0 X lo6 is 

somewbat greater  than that indicated as theoretically  necessary with a 
uniform inflow velocity t o  obtain the desired  stability.  Relative t o  
f’ree-atream velocity, the minimum inflow velocity  necessary t o  avoid 
local  regions of outflow  Increased  with  fncreasing Reynolds number. A t  
high  values of the flow coefficient, it was ra ther   d i f f icu l t  t o  judge 
whether the b0undaz-y layer wa,s laminar or  turbulent. Ib general, however, 
the resul ts  seem t o  Indicate that complete lmdnar flaw was obtained 
provided  there were no local  regions of outflaw over the surface. A t  
Reynolds nunibera much above 6.0 x 10 6 , the flaw coefficient  necessary t o  
s’atisfy th i s   condi t fm was so &ge that no net saving in drag was 
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obtained in   sp i t e  of the f ac t   t ha t   t he  internal structure of the model 
was dlvida.1  into a number of compartments w i t h  separately  adjustable 
suction  pressureo. It i.s planned t o  continue the investigation using a 
much  more dense  porous material. It should be pointed  out  that  the 
pressure drop through the porous surface itself ie   suf f ic ien t ly  small 
cornparad with  the free-tream m i c  pressure for   the flow rates of 
in te res t  t h t  the  pressure drop can be increased  several  fold  witliout 
materially  affecting  the  szction power requirements. 

In addi t ion  to  the stabil izing  effect   indicated Fn the  discussion 
of the data of f igure 6, a further  indication of the  stabil izing  action 
was obtained by spanwise drag surveys in  the neighborhood of the  juncture 
betwaen the porous and eolid  portions of the  surface of the model. This 
Juncture was not c q l e t e l y   m o t h .  As a result, transftion  spread 
inward frm the  juncture over the porous regIan ‘and decreased the span- 
wise extent of the low-drag region  behind the model. It was noticed 
tha t   the  spanwise extent of the low-drag region  increased  with  increasing 
inflow velocity which indicates  that  continuous suctim  decreases  the 
a n g l e  of spread of turbulence. 

Before any  recommendations can be made regarding  the  use of continuous .. 
s x t i o n  on airplane w-8, not only must the feas ib i l i ty  of obtaining 
substmtial  reductions in drag be d e t e m e d  at higher Reynolds number 
b u t ,  more importantly,  the  effects of surface i r r e g u l a r i t i e ~  such as # 

-e l i k e l y   t o  be present under practical  operating  conditions muat  be 
found . 

Usable rnxxirzaun lift c,oefficiGt.- One of the ewliest .appl icat ions 
of boundary-layer control  to  receive  attantian is that of increasing  the 
maximum l i f t  coefficient. The gains in performance associated  with such 
an 1nproveEn-L i n  wing characterist ics were thought t o  be obvioun. It 
ia not a t  elll certafn, however, that such is the  case. For r.xam-ple, a 
recant  malytical  investigation of a cmventimal, low-apeed airplane 
having a pa-.. load of’ 5000 pounds (reference 279 has indicated that, the 
gains  in ttike-off performance resul t ing from increasing the  available 
Ir&ximm l i f t  coefficient from values of the order of 3.0, which can be 
oi~kainsd  without boundary-layer control, up t o  a value of approximately 5.0, 
which can be obtained only with bounclary-layer control, did not  result  in 
a proportionate  decrease  in the total  take-off  distance. Tne improve- 
man2 i n  take-off performance  appeared t o  be relat ively unimportant f o r  
acpact, r a t io s  much less than 15. Ths r e sa l t s  of the  analysis are  con- 
slstent w i t h  resu l t s  of Germm f l i g h t   t e s t s  of twa airplanes  incorporatfng 
bmndary-layer control  to  increase maxhm~ lift coefficient  (reference 28). 
1% 63ould be pointed out that the t&e-off dietance  considered t o  be of’ 
pY’Ir&zrjr Fmportance in  these  investigations was the distance  required to 
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Clem a 50-f oot obstacle. Ln nearly all cases,  increases in the 
l i f t  coefficient  resulted in decreases i ~ t h e  ground run, which might be 
of considerable Fmportance in epeciel problems such as those encountered 
in the  design of a i rc raf t  f o r  carrier operation. 

These investigations  served to clmif'y  considerably  current  concepts 
regazding  the usefulness of high m a x h m  lfft coefficients f o r  the 
particular  take-off problem studfed. SFmflax studies of both take-off 
and landfng performance a m  badly needed for other  typee of aircraf t ,  
p r t i c u l a z l y  those designed  primaxily f o r  high-speed perforplssce and. 
having  extremely th in  ~ b g s  or w i n g s  of musue2 plan form. Although the 
usable marhmxa lift coefficients f o r  most of the proposed high-speed w i n g  
configurations axe probably lower than those of w i n g s  of more cmvantional 
plan form ,because of the associated  high induced drags and law take-off 
thrusts, there does seem to be a possibil i ty of Fnrprwing the  landing and 
take-off characterist ics of such high-speed  canfiguratima by increasing  the 
maximum lift coeff  icients .above the  present  extremely low values. There 
appear  then t o  be two pomible   f ie lds  of application for boundary-layer con- 
t r o l  t o  increase  the mFl.a.fmlrmlift coefficiant: first, t o  re la t ively low-apeed 
airplanes having w i q p  of extremely high aspect r a t io ;  esd s'econd, t o  hi&- .. speed airplanes with that have extremely low mR.K-rrmlm lift coefficients. 

Low-speed cmfigurations.-  For  cmtventiond wings of high  aspect .. ra t io ,  methods exis t  for predicting the uing characterist ics from airf 
section  data. The discussion of methods of Improving the maxbmnlift 
of conventional wings is, therefore, concerned with results which have 
been obtained f r o m  twc-dAmmsicmXl investigations of a i r f o i l s  with 
boundary-layer control asd other high-lift devices. 

For smooth airfoils at a l l  reas-bly high angles of attack, 1aminm 
separation  occurs near the 1e-g edge, but below the maximum l i f t  coeffi- 
cient  the flow reattaches itself to the surface forming a turbulent 
boundary layer. The amount  of pressure recovery that ces occur before 
the turbulent boundary layer sepwates depends markedly on the deta i l s  
of the flow canditions  associated with the initial forming of the turbulent 
boundary layer.  Turbulent  separation near the   t ra i l ing  edge and the 
1-r separation near the le- edge have a regenerative  effect upon 
each other (reference 29). Maximum l i f t  finally OCCWB either as a 
resul t  of a progressive  forward movement of separation frcm the   t ra i l ing  
edge or  pemnm-t separation of t he  laminar boundmy layer near the 
leading edge. Because of the regenerative  effect,  increases of mxlmmu , . . .  
lift coefficient on W e t  any given a i r f o i l  can be  obtained by de lay ing  
either form of separation. The larger effect, hmewr ,  is generally 
obtained by delaying  the  type of separation that finally resu l t s  in 
c q l e t e  f l o w  breakdown. For example, the  thicker a i r f o i l s  with blunter 
leading edges wkich have round-top l i f t  curves  generally  can be improved 
most by delaying  separation of. the turbulent boundary layer; whereas the 
largest  increases in m a x t a m  lift of the  thimner  sections can be obtained 
by controlling  separation near t he  leading edge. In any case, if 
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b o w " h p r  control is used t o  prevent m e  type of separation, maxi-. 
l i f t  will  then  be  limited by the  other t a e .  

L 

The type of boundary-Lapr control that has received the most 
attention has been that which d e w s  turbulent  separation over the rem 
portions of a i r f o i l s  of l2-prcent  thickness a d  greater. Turbulent 
separation can be delayed either by ramovLng a portion of the 1- 
energy air  in the boundary layer or by injecting high-era air under 
the boundary layer. Boundmy-larer control i s  effective in increaslng 
the  maxFmum lift coefficient  ei ther with or  without  other  hid-lift  devices. 
Their use in connection  with boundasy-lager control, however, generally 
has two advantages: first, the values of the nmximmlift which can be 
obtained are  greatly  increased; and secmd, the angles of a t tack   lo r  
maximum lift are not  exceseive when trail-dge high"1if't  devicea are  
employed. A cmqarison of t h e  moat  ccnm~m methods of controlling the 
turbulent boundary layer is given in figure 7. The figure shm a plot 
of mxiruum lift coefficient as a functicm of blower parer  for a given 
wing loading. The data were obtained frcm references 5,  30, and 3. The 
choice of the most effective method of bomdary-layer control is seen t o  
depend  upon the power eqenditure per unit #Fng mea. The data are seen 
to   Indicate   that  for the lowest parer  expenditures t h e  midchord suction 

effective. Egtramsly  high maxfmum lift coefficients can be obtained w i t h  
an arrangement whereby air is blown mer the flap, but only w3th relat ively 
large expenditure of power. The arrangement w h e w  air is withdrawn in 
the neighborhood of the  f l ap  hinge may be s l igh t ly   be t te r  than the other 
two arrangements f o r  intermediate power expenditures. 

- 

-<.slot in comblnation with a trailwdge double-elotted  flap is most 

Same of the results of a systematic  investigation of bomdary-layer 
control on m o t h   a i r f o i l s  of vmioua  thicknes~  ra t ios  a m  given in 
figure 8 (references 2, 4, 5,  and 6). Ln each case  boundary"layer c m t r o l  
was applied throu@;h a s ing le  suction d o t  located at the approximate 
nfdchord positian. The Increment of maximum lift coefficient due t o  
boundm-y-layer control  increased  progressively with airfoi l   th ickness  
ra t io .  The reason for   the  re la t ively Bmall increments in maxhm l i f t  
observed fo r   t he  thinner sections is that f o r  these a i r f o i l s  m x l " l i f t  
was originally  l lmited by permanent 1- separation near the leading 
edge. lh all cases with suction  applied, m a l m m  lift finally occurred 
as a re su l t  of permanant 1- separation  near the lead- edge. , -  

An obvious method of further  increasing the mazlmum lift coefficient 
is t o  delay  or eliminate leading-edge sepazatian. This can  be done  by 
the use of leading-edge slats or flaps or  by the uae of boundarplayer 
control. The effect  of the   addi t im of a lead-dge slat t o   t h e  U-perceng; 
th ick   a i r fo i l  with boundmy-layer cantrol and double-slotted flap (refez- 
ence 4) can be seen In figure 9. It is  seen that substantial  increments 
i n  maximum lift axe gained by the use of the l e a d w d g e  slat such that 
maximum lift coefficients of the order of 4.0 are possible for a~ of 
the airfoils of l2- to   2bpercmt  thickness ,  

. 
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Ih the hope that some form of bomckry-layer control might be more 
5 effective or convenient in controlling l e a d w a g e  sepmation than slats 

.or flaps,  several inve~ti@;ations have been made. ! B e  types of boundaryi 
lapr control  investigated Include the location of s lo t s  new the leading 
edge a;nd the use of a porous leading edge (refermces 32, 33, and 34 asd 
the work of the  British  investigators Cheers, Douglas, and m r  discussed 

. .. in reference 14). All' data that are  available fram these  investigations 
m e  f o r  a i r f o i l s  emgloyw leadlng-edge bounda3-g"layer control a l m e  
without means for controllfng  separation mer the rear of the airfoil. As 

&t have been expected,  the boundary-layer control eliminated le- 
edge.separation  but  turbulent  separation  mer  the  rear of the a i r f o i l  
llimited the maximm lift; to  values of the  order of those obtainable with 
. /a ala;. Further  research' is needed in order t o  determine wbether boundary- 
-layer  control  applied t o  the lea- edge of the th imer  sectians will 
p r w e  more effective than le-dge s l a t s  when used in conjunction 
with other types of b--layer control and high-lift devices. 
Bounaarg"1ayer control by conttnuow  suctian new t h e  leading edge may 
have some advastages mer discrete s l o t s  or le-e slats in that, 
presumably, detailed  lnvestiga.tion of indivTdual s e c t i w  would not be 
necessmg t o  obtain opt- canf igmat ias .  

-l"i 

High-speed c&igura t im. -  W i n g  configurations which ham been 
designed p r h a r i l y  t o  obtain good aeraiynamlc characterist ics at hi& 
Mach numbers generally have airfoil section t h i c b s s  ratios of less 
than 12 percent and may have considerable amounts of sweep. Both of 
these  characteristics lead to low values of the -lift coefficient. 
The low maximm lift of the  thin  sectians is caused by re la t ive ly   ewly  
separation of the flow f ' r m t h e  leading edge. The largest improvements 
in the mn.a.ttmrm lift would, therefore, be expected to occur aa a result of 
control of t h e  flow separation near the leading edge. fbvestigatime 
have sham that the  use of a plain,  drooped lead-dge f l ap  in con- 

. junction with a plain trail-age f lap  Fncreased the maximum lift of 
a f%percent"thick airfoil section fram 0.78 t o  1.89 (refermce 35). A t  
l ea s t  equal ly  large increments in the  section maximm lift coefficient 
could probabu be obtained by Bubstitutfng bmndary-layer control for 
the f lap  at the  leading e d s  but the pressure difference through which 
the boundary-layer-control blower would  have t o  operate would be very 
large.  This  pressure difference would probably be a substantial 
fraction of the absolute  pressure with normal l"ng speeds f o r  airfoils 
of the  order of &percent  thickness. It is questimable whether t h i s  
application of boundasy-layer control would be sufficiantly more effec- 
tive than the s-le l e a w d g e  f l a p   t o  warrant its w e .  No final 
conclusion  can be reached, however, u n t i l  data are  obtained on the pressure 
and flaw-quantity  requirements. 

.. 

The maximum lift coefficients of the 8wept"type w i n g s  now being 
used f o r  high-qeed  aircreft m e  generally low. The flow 
phenomena believed t o  resul t  in the occurrenca' of maxirmmL lift on swept 
wings is brief-  discussed in order t o  by w h a t  mags the ~XLIIUU 

, "- .. . 



16 

lift of  such  wings  might  be Improved. Accord- to  the concepts of 
simple sweep theory,  the  characteristics  of  individual  sections  of an 
infinite  yawed wing depend  upon  the  component  of  velocity normal to t h e  
leading edge. The characteristics of finite  sweptback  wings are, how- 
ever,  rather  strongly  influenced  by  three-dimensional  effects  not 
present in the  case >f the  infinite  yawed wing. 

The  distribution of shed vorticity has two  important  adverse  effects 
upon  the  characteristics  of t h e  meptback w i n g :  first,  the  induced 
vertical  velocity  field &ifts the  Bpanwise  center of pressure  outboard 
as the  eweepback  is  increased; asd second, an effective  negative  camber 
is  induced in the  sections near the tip. The resultant  effect  upon t h e  
flow ie that  pressure peaks ne= the leading edge of the  outboard sectiw 
tend  to be accentuated. As a result,  the  tip  sections  of mptback wings 
usually stall sooner than do  those near t h e  root, and the stall  originates 
with  separation new tEe  leading  edge. Emly tip  stalling is further 
provoked  by t h e  fact  that  the spanwise pressure gradient  exercises a 
measure of boundary-layer  control on t h e  sections near the  root,  and by 
the  fact  that t h e  distributian  of ahed vorticity  fnauces an effective 
positive  camber in these  root  sections.  Consequently,  the  first  etep in 
attempting to improve  the  law-apeed  characteristics of such w i n g s  &ould 
be t h e  delay of leadingpdge separatian on the  outboard portions of t h e  
a- 

A preliminary investigation  has been made in the Langley fLU- 
scale tunnel of a 45O sweptback wing having boundary-layer  suction  slots 
to  control  turbulent  separation  over t he  rear ,of approximately  the outer 
half of the-wing (reference 36) .  As might haTe been expected f’rom the 
preceding  qualitative  discussion of the maximum lift  of  swept  wings,  the 
increases in maximum lift  coefficient  resulting f rom this  type  of 
boundmy-layer  cantrol  were  relatively mall. The use of a leadiwdge 
flap to control lead-dge separation  together with the boundary- 
layer  control  slots over the rear delayed the stall  of  the otltbossd 
section6  such  that the undesirable  longitudinal  stability  characteristics 
associated with tip s t a l l i n g  were eliminated.. The asoociated  increases 
in maximum lift, however, mre relatively e m d l  because  stalling  of  the 
inboard  sectians  occurred  at a lift  coefficient only slightly  higher 
than  that  at  which the tip  sections  previously  stalled. A more extensive 
British  inveBtigatinn  (reference 37) of boundary-layer  control on a 
meptback wing gave  generally  similar redts, as  did a short German 
investigation  (reference 38). 

The ultFmate  desirability of using bounm-lqer control  to improva 
the low-qpeed chmacteristics of Bweptback wings has not  yet been 
demonstrated  b3caus8, for example, stable stalling characteristics  were 
obtained  in  the Langley 194 oot pressure tunnel for several meptback 
wlngs  by the use  of l e a d m d g e  devices of proper deaign  (for example, 
reference 39). 
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A t  the  present time, some f'urther  investigations of eweptback and 
Bweptforward wings with  bomikrplayer  control are being plasned f o r  
the Langley full-scale and Ames b by 8 s f o o t  tunnels,  respectively. 
Descriptions are also available  (reference 40) of a B r i t i s h  taillem 
airplane having swept wings with boundary-lapr c m t r o l  applied throu@F 
a s ing le suction  slot  located  near  the midchord pos'ition just  ahead of 
the outboard control  surface. There do not  appew, howaver, t o  be 
available any experimmtal data on  this airplane at  t h e  present time. 

. 
LATERAII CONTROL 

The effectiveness of bounm-layer  control as a lateral.+ontrol 
device depends upon the s a m i t i v i t y  of the lif-t of an a i r fo i l   s ec t ion   t o  
de ta i l s  of t h e  flow canditiane at  the trail Various  Investiga- 
tions have  been mde in ~erman$  (reference 38 of the effect upon the 
direction of the  streamline leaving the   t ra i l ing  edge, esd consequently 
the l i f t ,  of discharging and withdraxhg air two- different axrange 
lnsnts of s l o t s  located a t  or near the tra-3 edge. several of these 
devices proved quite  effective  fn.chasg€ng  the L i f t  coefficient at a 
given angle of attack in much the a m  way as an aileron  acts.  A device 
having a sMlm effect has bean proposed by "sites ( re fe races  41 
and 42). This device  cansists of forming the t r a i l fng  edge of a mall- 
cylinder of porous material  with a short tab  attached t o  control the 
direction of flow leavtng t h e  t r a i l i ng  edge. Suct im is applied 
through the porous material Fn order t o  make the flow fol low the  contour. 
Althou& there is l i t t l e  reason t o  doubt the effectiveness of these 
devices, at l ea s t  at subcrit ical  spemis, o r  the f a c t  that they might 
lead t o  extremely li&t control  forces, it is not evident  that they 
would prove t o  be simpler or more re l iable  than cmventianal  lateral-control 
devices  with  booBters where necess-. 

Y 

Efficient  diffusers are even more haportant on 3e-kty-p airplanes 
t h a n  on airplanes w i t h  conventional power plants because any losses in 
the diffuser would not d y  represent an wcrement of drag but would 
also p e a t l y  decrease the efficiency and output of the Jet  engine i t s e l f .  
It is extremely d i f f i c u l t   t o  determine any general rule's or  desi* 
criterions for the use of bomdary-layer c m t r o l  on diffusers because of 

entrance of the  diffuser on the  preeeure-recwery  characteristics and 
t h e  rapidity  with which the  diffusion can be accomplished without 
encountering  serious losses. In many cases the entrance t o  the duct is 
s i tuated  fa i r ly   wel l  back on a body as f o r  exaznple a scoop i n l e t  on a 
fuselage. In these  cams, imprwements in the  efficiency of the 
dif€%ser  can be obtained by r m v i n g  a porticm of t he  bound8q"layer 

. the marked effect  of the initial condftims of the boundary layer a t  the 

- .  
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air ahead of the  duct as w e l l  as within  the  duct  itself. The removd of 
boundmy-layer air thr- a suc t im   s lo t  situated immsdiately  ahead of 
the  entrance t o  a duct is now being investigated a t  the Ames snd 
Langley Aeronautical  Laboratories Jn connection  with  scooptype inlets 
for  transonic and Bupersanic speeds. The by-pasaing  of low-energy 
boundarp-layer air from the duct  entrance is now gene- pract ice   for  
nearly a l l  scooptype air inlets. The uae of suction t o  avoid  separation 
within a diffuser i s  not a new principle.  Unfortunately, however, 
generalized data giving the quantity and pressure  requirements are not 
available.  .Such data for  several  specific  canfigurations, however, are  
gimn in reference 43. In gereral it appears that high-efficiency  diffusion 
can be obtained  with  the  use of a srzl@;le auction  slot withdra-g a 
quantity of air of the  order of 5 percent of the total   quantity of air 
passing  through the duct. Ih many cases, the hprovement in airplane 
performance gained as a result of the Fmprwed efficiency of diffusion 
might more than counterbalance  the losses associated  with withdrawing the 
required boundary-Layer air. Because in generd t h e  s t a t i c  pressure within 
the   d i euse r  i s  higher than fie-tream static  pressure,  no atmili-y 
pumping equipment is necessary.  This  application of boundary-lwer control 
appears  quite  attractive and should be considered wbenever the problem of 
e f f ic ien t  diffusion in =short distance mises. Because of the varied 
nature of individual  applfcations, however, it is d i f f icu l t   to   ou t l fne  a 
systematic  research program that would provide adequate data. Future 
resemch would probably moat profitably dea l  with proposed specific 
i n s td l a t i ans .  

The application of suction t o  prevent ae-ptwatian in bends does not 
appear as a t t rac t ive  as that just  discussed because t h e  local  pressure 
at the pain% where boundary-layer control i e  required is generally 
f z i r l y  low ae compared with fk.ee+tream static  pressure. Furthermore, 
cons,iderable improvement in  the  efficiency pf bends can  be  obtained by 
the proper use of guide  vanes. 

Lit t le  detailed  informatian fs available 011 the use of blowing s lo te  
t o  improve the flow in  diffusers and bends. One mch  instal la t ion has 
been made, however, in the exit cone of the Langley high-speed 7- by 
10-foot wind tunnel, where a comparatively amal l  amount  of air, having 
a total   pressure  equal  to  that  in  the  center of the  tunnel, i s  introduced 
un3er the boundary layer   in   the   ex i t  cone. It was found that these 
blowing s l o t s  had l i t t l e   e f f e c t  on the energy r a t i o  of the  tunnel,  but 
they  eliminated  the  unsteadiness of the flow in the tunnel. It is 
posaible that a  corresponding arrangement In the  entrance  diffuser of a 
jet-engine  installation mlght have a beneficial  influence on the 

‘ 1  steadiness of the flow entering  the compressor. . 
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Another possible  application of boundazy-hyer control is the  control 
of separation f ollowlng a shock at  hi& Mach numbers. It is fairly well 
agreed that one of the principal.  reasons  for the r a p i d  increase in drag 
above t h e   c r i t h a l  Bhch number is &e separation of the flow from the  
surface that accompanies shock formation  rather than the losses in the 
shock itsslf, at lea& at  low supercrit ical  Mach nu?&ers. It also s e e m  
l ikely that the  position of the shock is  strongly  affected by boundary- 
layer  conditions. Boundazy-layer control as a method f o r  preventFng 
separation  following a shock has  been  investigated in Germany and England 
(references 4-4 and 45) and at presant is being  investigated In f l i g h t  m 
an F-80 sirplane at the Ames Aeronautical  Iaboratory. These tests 
indicate that the e x t e r n a l  drag can  be  reduced at some Mach numbers, but 
In many cases the power requirements were about equivalent t o  the saving 
fn wake drag. These investigations however m e  not  necessarily  conclusive. 
In each  case  boundmy-lwer  control was applied through a single suction 
s l o t .  If the primary purpom of the boundary-lapr  conkrol is t o  
e l U t e  the flow separation  associated with &ock formation, there is 
some doubt as t o  the  effectiveness of any single s l o t  canfiguratim because 
of the large  vmiation of the shock position w i t h  Mach  number and angle of 
attack. Tie possible  reductions in drag coefficient and e l b i n a t i o n  of 
buffeting, and the   fac t  that bomdarplayer  control may tend. t o  reduce o r  
at l ea s t  postpone t o  higher Mach numbers the large er ra t ic  changes in 
l f f t  and pitching moment makes further investigations of boundary-layer 
control at high Mach numbers seem very important. These investi@jatims 
should include  not only the effects  of individual  suctfon and blaring 
s l o t s  b u t  also the effects  of suction through a porous surface. The 
purpose of the porous s u r f ~ c e  in t h i e  case woul& not be 80 much t o  
maintain extensive 1- flow as t o  Insure that suction would always 
be applied in the  vic-initg of the shock. 

' The appl icat im of boundmy-layer control at  supersonic  speeds is  
not very  clear. On the m e  hand, analysis  indicates that for bodies of 
optFmum fineness  ratio the skin  f r ic t ion accouzltB f o r  0ndxil.f t o  tw- 
thi rds  of the t o t a l  drag. The data of reference 46 indicate that the 
l a w s  for turbulenGboundezy-lqpr  skin  friction  are not greatly different 
at supersanic speeds then at  subsmic  speeds.  Reductions of t h e  skin- 
f r i c t ion  drag must, therefore, as at  subsmic  speeds, come about  throu& 
an increase in the re lat ive extent of lau~nar flow. c81 the  other hand, 
the deta i l s  of the shock formatian at the   t ra i l ing  edge of a sizpersonic 
a i r f o i l  section  appear to have a lazge effect  on t h e  bag. Ih general, 
thickening of the boundary layer  near  the trail- edge appears t o  
increase  the trail-age pressure and thereby  reaults in a decrease of 
the  pressure drag (reference 47). Bomhrplayer   control  or  any other . 
affect that would tend t o  increase  the extent of 1- flow and decrease 
the .ska friction  drag would appear  therefore t o  have a tandency t o  
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increase the pressure drag. Hence, boundasy"1ayer c m t r o l  at supersonic 
speeds  presents a much more complex problem than at subeollic  speeds and 
is badly i n  need of thorough investigation. 

The requirements f o r  a good suction  slot  depend upm whether the 
s l o t  is t o  be used for remwing a portian of the 1- or  turbulent 
boundary layer. The primary  requirement f o r   s l o t s  designed t o  extend 
laminar f l o w  i s  that   the  a l o t s  themselves shall not Fntrcduce any 
disturbance which will cause transit ion.   Slots have been designed that 
sat isfy  this   condi t ion in the inveatigatians of referencea 7, 8, 9, and 
13 .  Further work on t h e  design of m c t i m  slots for laminar layers  i B  
discussed in references 48.a.nd 49. Losses In sots d e s i w d  t o  control 
the 1apim boundary layer are usually not of c r i t i c a l  importance 
because the amount of air  withdrawn at a single s l o t   i e  mall in a 
correctly designed instal la t ion.  Furthemre, the velocity with which 
the air is withdrawn cannot be very lmge without  disturbing  the laminas 
layer and causing  transitfon. It is necessary of c o u r ~ e   t h a t  the flow 
into the s l o t  be stable  and th i s   ques t im has been investigated in 
reference 1. 

The condftims  affecting  the  design of s l o t s   t o  operate In a 
turbulent boundary layer are quite different. Ln t h i s  case  the external  
flow is  relatively  insensit ive t o  detailed changes in the  slot   design 
and is  affected p r h a r i l y  anly by the quantity of a f r  withdrawn. Changes 
in  the  design of the  suction slot do however have a marked effect  on 
the internal lossee. These losses are  more important  than for 1mhar 
layers because of the re lat ively large quantities of air withdrawn i n  
each slot.  Lnvestigations  to develop eff ic ient   s lot   configurat ions  for  
turbulent boundary laprs a r e  $iven in references 50 and 51. The problem 
of reducing the losses fol lowing entry of the air I n t o  the s l o t  is 
prfmarily that of desigzring efficient  difRzsers and bends. This problem 
is considered in sarme detail in  reference 52. 

The suggestion has been made repeatedly  that jet-type power plants 
be used as a p~mrp f o r  boundmy-layer control. An investigatim  carried 
out by Wilsted and Stemples (reference 53) indicates that the loss of 
considerable ram such as is associated with any means of boundmy-layer 
control by suction caums serious lossee in the performance of Jet - 

engines. Final conclusions regarding the use of Jet  engines a8 a .pump 'c 

cannot be drawn, however, because of the lack of detailed information 
regarding the quantity and pressure requirements for boundazy-hyer 
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control. The question mst f h a l l y  be  decided by compzing the  decrease 
in performance of the  Jet engine with the  aerodynmnic gains. Up to the 
present  time, no marked gaFns in the  aerodpmmic performance of typical 
hi&+peed  Configurations that would  require  jet  engines  have  been 
demonstrated to result fram the  use of boundary-layer  control. More 
detailed  research on the use of a jet engine as a pump would  therefore 
seem to be  premature. 

Consideration of t h e  present  statue of t h e  application of various 
methods of boundary-layer  control  indicates t he  following conclusions: 

1. For  relatively low-peed, 1-range  aircraft,  boundary-layer 
control may be  effectively employed to el5mhat.e  turbulent  separation on 
thick  root-section  airPoils  such that w i n g s  of higher  aspect  ratio may 
be  employed to give  improved  values of the lif't+t&ag ratio. The data 
an which  the  analysis was based  were  obtained f o r  afrfoils havlng c- 
pletely  turbulent b o w  layers extending back frm t h e  leading edge. 

2. In order to obtain  extensive  reglans of laminar flow and  corre- 
spondingly low profile4rsg coefficients  such as might be obtainable with 
MACA 6-series  airfoils or airfoils of the  Griffith  type, same mans 
nust  be  found  for  decreasing  the  sensitivfty of %he laminar boundary 
layer to surface  lmperf'ections  that are apt to occur  under  practical 
operating  conditions. The U B ~  of multiple  slots  does not appear to 
decrease  the  sensitivity of laninar boundary layer. Although 
information regwdlng t h e  effects of mea suction  is  not  sufficiently 
complete to  be conclusive,  such data as  are  available  indicate that 
area  suction  does  have same stabilizing actim and that t he  suction 
power  requiremants are mall. Further  research should be carried out 
on boundary-layer  control by  area  suction. 

3. By the  appropriate use of boundary-layer  control maximum lift 
coeffzcients of t h e  order of 4.0 can be  obtained for airfoil  sectians 
of 123ercent thickness and above  without the expenditure of excessive 
amounts of power. Maximum lift  coefficients of the  order of 3.0 or 4.0 
a m  effective in decreasing the tdce-aff  distance anly for airplanes 
having wings of extremely  high  aspect  ratio. The use of boundasy-layer 
control on thin meptback wings has to date  resulted only in relativel$ 
a n a l l  increments of the mayimumlift coefficient although considerable 
improvement in the  longitudinal  stability  characteristics at the stall 
has  been  obtained.  Because of the  relatively low aepect  ratio and take- 
off thrm~t which usually characterize  hi&+peed  configurations, an 
analytfcal Investigation &odd be made of the effectiveness of increasing 
t h e  maximum lift,  above the mlues now obtainable, as a RWUIS of 
improving  the  t@ke+ff asd landing  c-acteristics of typical  configura- 
tions of high-speed  aircraft. 
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4. The use of boundmy-layer control  as a means of increasing o r  
decreasing  the lift of an a i r f o i l  independently of the angle of attack 
has been the  subject of several investigations. These methods proved 
t o  be quite  effective. It is  not  clear, hawever, that they w o u l d  be 
any sfmpler o r  more effective than cmventianal  control surf~ces. 

5. The use of suction t o  cmtro l   sepaza t im apyears t o  be a 
particularly convenient method of Fncreasing the efficiency of short 
diffusers because the pressure at the suc t im s l o t  usually is sufficiently 
high t o  eliminate  the need f o r  auxi l iary pumping equipment. Because of 
t h e  w i e d  nature of individual  applicatims, however, future  research 
on t h i e  problem would probablr most profitably deal  with proposed 
apecific  installatime. 

6 .  Several short  fn.pestigations have been made of the effect of 
boundary-layer ccmtrol on the drag at  supercr5tfcd Mach ILumbers. These 
tests shmed l i t t l e   n e t  decrease in the &mg. The mathod employed fo r  
applytng the bounderplayer control, h m e r ,  did not  appem t o  be the 
0pthn.m. Further  research on boundary-layer control at supercritical 
 speed.^ is necess- in order t o  explore m e  ccoqpletely the  pO88ibilitieB 
of the  apylicatim of bounda,ry-layer control  not o w  f o r  reducing the 
drag but a lso  f o r  impraping the lift and moment characteristics. Ln 
particular, it is felt that the w e  of cmtinuow or mea  mcticm should 
be investigated at high Mach numbers. 

Lasgley Aeronautical  Laboratory 
R a t i o n a l  Advisory Camittee for Aeronautics 

I m g l e y  Field, Va. 
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w i t h  and without suction through the eurface of sintered bronze. 
R = 6.0 x lo6. 
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Figure 8. - Effect upon the maximm 'lift coefficient of airfoil thichess 
ratio for NACA 65-series  airfoils with and without  boundary-layer 
control by euction and- double  slotted fkps. R = 2.2 x lo6. 
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