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SUMMARY 

An examination has been  made  of  limitations to the  use of  the  jet 
momentum  coefficient as a correlating  factor in canparing  tests of 
blaring-type  boundary-layer  control. A theoretical  analysis  indicates 
that  this  parameter  should  be  acceptable.where  the  duct  pressures  are 
large. At low pressuree,  when  the  jet  velocity  ia of the  order of the 
l o c a l  stream  velocity,  the  correlating -meter should  include a term 
involving  the f l o w  quantityand  ratio  of  the local velocity at the nozzle 
to  the  free-stream  velocity.  Experimental data are shown to subatantiate 
this  conclusion. 

IMTRODUCTION 

Experimental  results of blowing-type  boundary-layer  control  investi- 
gations  are  often  presented  aa a function  of  the  jet  momentum  coefficient 
which is proportianal to the  product of the mass flow and  the  velocity of 
the  jet.  The  choice  and use of this  parameter  haxe been baed on a limited 
amount  of  experimental data (refs . 1 and 2, for  example ) and on phmical 
reasoning.  (It would be  inferred frcm consideration  of  mixing  and  injector 
processes  that  the  jet mentum would  be one of  the  most  significant param- 
eters.) The results of the  investigations  reported fn references 1 and 2 
indicate  that, for a given  geometrical  configuration, a given  value of 
momentum  coefficient will enable a given  amount of boundary-layer control 
to be  realized,  regardless of the  particular  combination of maas f l o w  and 
jet  velocity  chosen to obtain this  momentum. 

This  concept is of canaiderable  importance  since  it  egables a much 
wider  application  to  be  %de  of any one  group of experfmental  results. 
Thus a desfgner  .considering  the  ua,e of this  form of boundary-layer  control 
need nnly find data applicable to his  particular  geometrical  configuration, 
from which  he can then  compute  the  required  values  of m88s f l o w  and  jet 
velocity  consistent  with  his  particular pumping system. 
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While  the  data  presented in references 1 and 2 indicated  very good 
correlation  with  the  momentum  coefficient ae a parameter,  this  result has 
by no means  been  obtained in all other  experimental  investigations ( e . g . ,  L 

ref. 3). These  results,  together  with a general  uneasiness  over  the  fre- 
quent  uae  of  the  mmel?tum  coefficient  concept to extrapolate  wind-tunnel 
data  to  combinations of mass flaw and jet  velocity  outside  of  the  range 
covered by the  experimental  investigations,  prompted a more  detailed 
analysis of the problem. It  is  the  purpose of this  paper  to  present  this 
analysis and the  conclusions  drawn  therefrom. 

It  is  emphasized  that no attempt  is  made here t o  predict in a quanti- 
tative m e r  the  effects of blo- jets  into  the boundary layer. In 
particular, no attempt i s  made to predict  the  combinatiopa  of mass flow 
and  jet  velocity  required to prevent flow separation on a particular  con- 
figuration.  Instead,  this  analysis  consists  only of the  derivation of 
the  momentum  Integral  equation  descrrblng  the flow of the  boundary layer 
over a surface containing a blowlng slot, and .  of  exagi-nation of the; 
terms  of  this  equation in an attempt  to  select a parameter  which will 
satisfactorily  correlate  the  experimental  data. 

NOTATION 

area, sq ft 

jet  area, sq ft 

characteristic  length  of wing chord, ft 

blowing boqdary-layer 

lift  coefficient 

control  parameter, -3 

w - J J j  flow  coefficient, 
p .u .h 

P&,C PCaUaP 
- 

momentum  coefficient, 2cQ 9 
urn 

acceleration of gravity, 32.2 ft/sec2 

height .of nozzle  opening,  ft 

. 
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static  pressure near jet  nozzle,  lb/sq  ft 

t o t a l  pressure  of air in blowing nozzle, Ib/sq f t  

static  preesure of air jet at nozzle  exit, lb/sq ft 

free-stream  static pressure, lb/eq ft 

'd - 'a 
9, 

duct preesure  coefficient, 

P - P, 
local King surface  ppessure  coefficient, - 

Jet pressure coefficknt, pj - p w  

9, 

free-stream  dynamic  pressure, Ib/aq ft 

@s constant  for air, 1715 ft2/aec2 % 

total  temperature of air in jet  nozzle, 41 
velocity of air in boundary layer, ft/sec 

velocity ~f air at exit of jet  nozzle,  ft/sec 

average  velocity of afr at  outer edge of boundary layer near 
blowing nozzle,  ft/sec 

free-stream  velocity,  ft/sec 

average  vertical component of velocity  at y = h, ft/sec 

jet  velocity assuming isentropic expansion to  free-stream 
pressure,  ft/sec 

component of velocity n o m  to control  surface,  ft/sec 

I weight  rate of flow of air through blowing nozzle,  lb/sec 

angle of atkck, deg 

ratio of specific  heats, 1.4 for air 

boundary-layer  thickness 9 ft 

density  of air at exit of jet  nozzle, slugs/cu f t  
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free-stream  density,  SlugS/cu ft 

skin frictlon  per  unit  area, lb/sq ft 

THEORETICAL ANALYSIS 

The momentum  integral equation for the boundary layer  flowing over a 
surface  containing a blowing slot may be  derfved by equating  the  pressure 
and skin-friction  forces  acting  on  the boundary layer to  the  change in 
momentum  of  the  air in the boundary layer. In the  control  eurface shown 
In figure 1, the prepaure a.pd 8M-g frict&.on._#wxsa .are..given by 

= hj(pj - p) - 4 ( h  + hj) - T Ax 

If it is  assumed  that  the  term Ap(h + hj 1 is approximately  equal  to Ap(h), 
then " 

F, = hj(p3 - p)  - Aph - T Ax (2) 

The rate  of change of momentum  flowing  across  the  control  surface fa I 

where s" denotes  integration  from  the  surface out to h, and the  angle 

cp has been  assumed  to  be small so that COB Cp 1.0. The vertical  cam- 
ponent of velocity, vh, of the f lu id  leaving the  upper  boundary of the 
control  eurface m y  be evaluated by the condition of continuity 

Wall 
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With the above expression f o r  p v , p x  equation ( 3 )  becomes 

Since the change In momentum of the f luid fluwing across the  control s u r -  
face must equal the net  force impressed on  the control surface 

., Fx =J puvrppL 

ABCD 
( 6 )  

hj(p3 - P )  - Aqh - TAX = - ,Ihpu dy + p - u - h  J J j  ( U  - u j )  
Wall wall 

If equation (6) is made dimensionless by d-ividing through by - p,U,*c, the I 
2 result is 

. 
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This  equation  relates  the  change.in  momentum  of  the  fluid  floxing  across 
the  control  surfaces  upstream and downstream  of the slot  to  the  momentum 
lost through  the  upper  control  surface,  the  external  pressure  gradient, 
the skin friction,  and  the  characteristics of the 
indicates  that two blowing boundary-layer  :cantrol 
equivalent  effect on the  momentum only if the sum 
right-hand  side  of equation (7) is  held  constant. 

jet.  The  above  equation 
systems will have an 
of the  terms on the 
The sum of the  terms 

represents  the  momentum  of  the  jet in dimensionless  form, and, as will be 
shown  later, fa approxfmately  equal  to Cp. The term, -2CQ(U/Ua), repre- 
sents  the  momentum  lost  through  the  upper  control  surface due to  the Jet 
flow  into  the lower control  surface  as  indicated by equations (4) and (5). 
The mfluence of the  jet on the terms involving  the  change in ~ & B B  of 
fluid  flowing  across  the  upstream  and domatream control  surface^, the 
external  pressure  gradient, and the s M n  friction, is unlmown and depends 
upon a lmowledge of the  distribution of turbulent ahearing stresses  across 
the  boundary  layer, and on the  relation  between  these  stresses and the 
mean  velocity  profiles,  Since a continuation of the analysis to  develop 
these  relationships  would be a formidable  task,  it ie assumed  that, to a 
first  approximation,  the  influence  of  changes- in the j e t  on these terms- 
can be  neglected  for  the  type  of  changes in the Jet charackeristice  being 
considered,  Within  the  limits of these  restrictions and assumptione, then, 
the  parameter CBLC defined a6 . .. . 

should  specify  the  characteristics  of  two  different  jets  which wlll impazt 
equal  momentum  to  the boundary layer  and,  presumably, will provide  fdenti- 
cal  boundary-layer control effectiveness for simflar geometric arrange- 
ments.  Specifically,  if  the  boundary-layer  control  effectiveness of a 
particular  jet  having a. given mass flow and velocity has been  experimen- 
tally  determined.,  the  parameter, CBW, should  describe  other  combinatione 
of mss flow and velocity  giving  the  same  degree of boundary-layer control. 
This will be  fnvestigated  empirically in a later  section of the  report. 

For  the  subsonic  jet  velocities, Pj ='P ,  and  the  above  expression 
reduces to .. . . . .  . " _. ._ . . " "  

U.: T T  

'BLC = 2c& A - 2 c  U, - U 

VaJ 

The  momentum  coefficient is customarily defined  by 
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where VJ has, for  convenience only, been  arbitrarily  assumed  to  be  the 
jet  velocity  resulting  from  isentropic expansion from the  total  pressure 
i n  the  duct  ahead of the  blowlng nozzle to  free-stream  static  pressure 
rather  than l o c a l  static  pressure.  With this definition of Cp, equa- 
tion ( 9 )  can be written 

if incompressible f l o w  through  the  nozzle is assumed. If the  actual  jet 

velocity, u is approximately  equal  to VJ, then  the  factor J- 
in equation (ll} apprmches 1.0 a d  this equation  caa  be  approximated by 

j’ 

For the  case of a s i p p l e  convergent blowing nozzle operat ing at 
supercritical  pressure  ratios, it c m  be shown that  the  jet  velocity 
obtained by the  nonisentropic  free  jet  expansion is 

( 1 3 )  

if mixing  losses  at  the  jet  boundary  are  ignored.  Further,  it can be 
ehown that for  the  pressure  ratto  range of practical  interest,  the  jet 
velocity  computed  from  eqgation (13) is nearly e q d  to that which w o u l d  
be  obtained f r o m  isentropic flow relationships,  the  difference being 
about 8 percent at a pressure  ratio of 10. If Vj can be  approximated 
by P a ,  then 

. If the  above  relationship is substituted in equation ( 8 )  then the boundary- 
layer control parameter, C B ~ ,  f o r  supersonic  jet  velocities is approxi- 
mately given by 
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which  is  the  same as gtven by equation (12) for  subsonic  jets. 

SUNWRY OF RESULTS OF AXALYSIS 

The main result  indicated  by  this analpie is that  the parmeter, CP, 
alone is not  sufficient t o  specify  entireiy  the  effecte of blowfne;  on  the 
momentum of the  boundary  layer.  'The  effects of b l m n g  are  more  adequately 
described by the  parameter, -e,,,. defined' by 

- 

CBLC = 2 (Pj - E;) c - 6) 
If  the  actual  jet  velocity, uj, is approximately  equal to that  which w o u l d  
be  computed for an isentropic expaneion from  the  duct  total  pressure  to 
free-stream  static  preesure,  then CBLc Can be  expressed by 

This  result  jndicates that the  momentum  coefficient will correlate blowfng- 
type  boundary-layer  control  results  only to the extent that changes in the 
quantity ZCQ(U/&,) can  be  neglected. 

The  practical  significance  of  this  result iB Ldicated in figure 2, 
which shows the CP required  for a constant  value of C B ~  of 0.03 ae 
a Function of duct  preasme.-coefficient, Pdb (Wh-lle  these  curves  were 
computed assuming incompressfble f l o w  through the  blaring  nozzle,  they 
are  at  least  qualitatively  correct  for  systems for which  the  assumption 
of  incompressible flow in the nozzle cantrot-be  made.) 

Figure 2 indicates  that,  for blowing boundary-layer  control  systems 
which  utilize  relatively  high-preasure a+, the  same  correlation would be 
obtained  wlth  either C B ~  or CP. However, fo? low-preasu2e  blowing,  this 
is no longer true. - . ". . . - " .- - -  - "- 

In order  to  check  the.boundary-layer control parameter  suggested by 
the  theoretical analysis, data from the  Investigation of reference 4 



!P 
NACA FM A56Fl2 9 

have been used. These particu3.m data w e r e  chosen because relatively 
low-pressure air (maxirmun Pa = 1 2 )  was used for  the boundary-layer con- 
t r o l  system, and, hence, discernible  differences ehould exist  between 
correlations based on Cp and CBE. Further, a sufficient number of 
nozzle sizeEi were tested (and therefore sufficient combinations of m e a  
flow and j e t  velocFty w e r e  axailable) t o  demonstrate  uhether these differ- 
ences did, in fact ,   exist .  

Figure 3 shows the variation of CL at a = 0' with Cy for various 
nozzle  sizes  with  the  nozzle exit a t  53.9-percent  chord. It is seen that 
the initial effect of blowing waa t o  came a lose in l i f t .  Thie would be 
expected since  the  theoretical  analysis  indicates that blowing would 
decrease  the boundary-layer momentum unleas  the jet  velocity exceeded the 
local velocity  outside of the boundmy layer. The variation of CL with 

are  restricted to values of uJl" below 1.2 t o  1.4. A value of U/& of 
about 1 . 3  would appear reasonable at  the  location of the   s lot  on th i s  air- 
foil at 0' angle of attack, so it would appear that the  detrimental  effects 
of blowing are  restricted t o  values of u3/U less thas 1.0. However, it 
should be noted that the data presented in figure 4 Tndicate t2m.t the  value 
of UJ/& required t o  nullify the initial loss Fn llft due t o  blowing 
depends, t o  some extent, on the  sfze of the nozzle opening; that  is, the 
value of uj/& required to obtain the same CL - as was obtained d t h  no 
blowing varied frm about  1.2 for  hs/c = 0,00667 t o  about 1.4 f o r  
hj/c = O.OOl67 .  V a r i a t i o n s  of the eane magnitude o r  greater were found 
in the d a t a  presented in reference 4 for  configurations havfng the nozzle 
at other chordwise positions. There is not sufficient information avail- 
able to  determine whether th i s  var-latian ia due t o  the  experimental  tech- 
nique  used or to effect8 which were assumed negligible in the analysis 
(such as changes in the lo&l  preasure  coefficients and skln frictfon  with 
changes in nozzle opening).' 

u j / b  shown fn figure 4, indicates that the  detrimental  effects of blowing 

The variation of CL with CBu: is presented in figure 5 ,  with C B ~  
evaluated by eqwtion (8) and with U/&, assumed equal t o  1.3. The degree 
of correlation demonstrated in  figure 5 was not obtained f o r  all of the . 
configurations  te6ted i n  the  fwestigation  reported in reference 4, due, 
prfmarily, to   the apparent  variation  with  nozzle  size of the  value of 
uj/U, required to nullify  the init= l o s s  in uft due t o  blowing, as 
previously  discussed. However, the experimental data appear to verify 
a t  least partially the  theoretical  conclusion that, for low-preseure 
blowing boundary-layer control systems, the parameter Cp may not 
adequately  correlate  the  effects of blowing on the boundary layer. 

A further check on the conclusions  obtained from the  theoretical 
&pis may be obtained by utilizFng  the da ta  of reference 1 for a wing 
employing high-pressure blowing over a tr&iling-edge  flap, The variation 
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of CL with Cp obtained. f r o m  this  investigation  is shown in figure 6. 
It is  seen  that good correlation  with Cp was obtained.  This  reeult is 
in agreement with the.theoretical analysis which  indicated  that f o r  high- 
pressure  blowing systems such  as that used in the  investigation of refer- 
ence 1, reasonably good correlation d t h  momentum  coefffcient  should  be 
obtafned.  The v a r i a t i o n . a f  lirt  coefficient mth the  parameter CBu= 
is shown in figure 7, and it  is seen thalt good correlation  is also obkined 
using t h i s  parameter. 

- 

A final po in t  worthy of note concernsthe choice between subsonic and 
aupersonic  jets f o r  blowing  boundary-layer  control syatem. There  have 
been a considerable numb-.  of statements W e  inferring  the  superiority 
(with  respect to momentum  coefficient  requirements) of blowing  systems 
using  supersanic J e t s  over  those  employing  subsanfc j e t s .  However,  experi- 
mental  results  show no particular  significance assocbted with  the  attain- 
ment of sonic velocity  by  the  jet. This is  demonstrated  quite  well in fig- 
ure 6 ,  where  the Cp values  at  which  the  blowing Jet reaches sonic  speed 
are  Fndicated.  It  can  be  seen that, in the Cp range fram 0.04 to 0.08 
the  smaller  jet  (h/c = 0.00036) is  supersonic,  while  the  larger  jet 
(h/c = 0.00072) is subsanlc, yet no discernible  difference Fn the  effec- 
tiveness of the  boundary-layer  control is evident.' 

. -  

CONCLUSIONS 

The following conclusions are drawn fr.m the theoretical analysis and 

=A second  reason  which has been  given f o r  the use of supersonic b l w  
experfmental d a t a  presented In thii report. 

h g  is that  this  automatically  fnsures a uniform spanwlse  distribution of 
blowing,  since  the  nozzle is choked.  This  is  not  strictly  correct.  The 
weight'  rate of flow which can be  driven thrcrugh a choked nozzle  is given 
by the  equation 

where (p/pa)*= 0.6339 and (a/aa)*= 0.9129 for air flow in choked  nozzles. 
This equation showa that uniform spaswise distribution of blowing from a 
choked  nozzle cau be obtained on ly  When  there is no significant. spanwise 
variation of duct pressure. The real criterion  that- must be satisfied, if 
a reasonably  uniform spanKise distributionpf blowing is to be  obtained, 
is  that  the  spanwise  duct  pressure drop m a t  be  small compared  to the 
pressure drop acros8  the  blowing  nozzle. As long as  this  condition  is 
satisfied,  the  spanwise  variation of blowing wLll be small regardless of 
whether or not the nazzle is  choked. 

. 
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1. The increase in momentum due t o  blaring a j e t  of air into the 
boundary layer is more adequately  deacribed by the product of the maas 
flow of the  je t  and the  difference between the  jet   velocity and the loca l  
stream velocity  than it is by  the jet  momentum. 

.) 

2. For most of the  high-pressure blowing boundary-layer control 
systems of current  practical interest, variations in the local stream 
velocity  are small re lat ive  to   the  je t   veloci ty  and, therefore, good 
correlation of results KLth j e t  momentum should be obtained. 

3. For very low-pre.ssure blowing boundary-layer control systems 
where the  jet   velocity is of the  order of the local stream velocity good 
correlation of results wlth jet momentum may not be obtained. 

4. Both theory and experiment hd ica t e  that, if  the jet  velocity 
is less  than the local stream veloc€ty over the  &foi l  near the  nozzle, 
the  effects of blowing will be t o  reduce the boundary-layer momentum and 
presumably will be destabilfzFng  rather than stabilizing. 
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F’igure 2 .- Variation of C, with . Pd fo r  a constant value of Cm. 
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Figure 3.- V a r h t l o n  of CL with Cp aata from reference 4. 
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