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Summary.--(a) Reasons/or Enquiry.--To measure, at Mach numbers near the critical value, the reduction in drag 
due to boundarydayei suction on the upper surface of an aerofoil. To determine whether this reduction can be obtained 
with an economic use of power. 

(b) Scope of Investigation.--The experiments were made on 2 in. chord aerofoils, NACA 0020 section, at 0 deg. and 
4 deg. Drag was determined from pitot tube traverses at one chord behind the trailing edge of the model. Information 
on the flow over the upper surface was obtained from pitot tube traverses at 0.02 chord behind the trailing edge, from 
visual observation of shock waves, from surface tube observations just forward of the slot, and from normal pressure 
measurements. The cases considered are those for which shock waves cause boundary-layer separation and those for 
which shock waves are not present or are too weak to cause separation. Estimates of the power absorbed by the 
compressor, ignoring duct losses, are Obtained from (i) measurements of the mass of air sucked and the maximum 
stagnation pressure of the air issuing from the slot, and (ii) a boundary-layer relation which includes entry shock losses 
but not the losses in the slot. 

*" (c) Results.--Suction has little effect on the critical Mach numbers, Me = 0.65 for ~ = 0 deg. and 0.57 for ~ = 4 deg., 
but the minimum drags with suction on the upper surface are 40 per cent., ~ ---- 0 deg., and 50 per cent., ~. --  4 deg.. 
lower than the aerofoil drags without suction, 0.45 < M < 0.735. The drag coefficients measured at the critical 
Mach numbers without suction are obtained with suction at Mach numbers which are 0.08. ~ = 0 deg., and 0.105, 

--  4 deg., higher. The drag falls to its minimum value when about 0 .6  of the mass of air in the boundary layer is 
sucked. In the present experiments, the power saved by the reduction in drag due to suction is about the same as the 
estimated power absorbed by the compressor. 

(d) ConcIusion.--The experiments give promise that, at the Reynolds numbers of flight and for an efficient slot and 
suction system, the drag coefficient of a wing at the critical Mach number without suction can be maintained at the same 
value and. with an economic use of power to a higher Mach number, say 0.1 higher, by boundary-layer suction. 

i 

J 

1'. In t roduc t ion . - -The  rapid rise in the drag coefficient of an aerofoil which occurs with an 
increase in speed beyond tha t  at which shock waves are formed is associated with losses of 
mechanical energy across the shock waves and with the effect of the shock waves on the boundary 
layer. If the pressure gradients across the shock waves are sufficiently large the boundary 
layer separates from the surface, and complete separation downstream of the shock waves may 
occur. The inevitable drag increase due to losses of mechanical energy across the shock waves 
can therefore be augmented by losses due to boundary-layer separation. 

Theoretical considerations lead to the conclusion that,  with an increase in Mach number above 
the critical value, the drag due to energy losses across a shock wave is at first small, and that  
this drag increases at a smaller rate than the measured total  drag 1' 3. I t  appears, therefore, 
that  economic flight of an aeroplane beyond the critical Mach number of its wings might be 
possible if boundary-layer separation were prevented. 

Boundary-layer separation due to a shock wave can be prevented by removal of the inner 
part  of the layer by suction behind the wave. The experiments now to be described have been 
made to obtain a measure of the reduction in drag to be expected from this method of preventing 
separation, and to find out whether the reduction can be obtained with an economic use of power. 
The effects of boundary-layer suction at Mach numbers near the critical value for which shock 
waves are not formed, or, if formed, are too weak to cause boundary-layer separation are also 
considered. 
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A 

D 

D~ 
D1 

aerofoil incidence, 
aerofoil chord, 
distance along the chord from the leading edge, 
distance normal to the aerofoil surface, or the lateral distance 

across wake, or the distance normal to axis of the slot, or the 
distance normal to the axis of the discharged jet, 

distance along the aerofoil surface from the stagnation point, 
width of slot, 
velocity of the undisturbed stream, 
velocity of sound in the undisturbed stream, 

Mach number U0 
a0 

critical Mach number at which the drag coefficient begins to rise, 
pressure of the undisturbed stream, 
density of the undisturbed stream, 
kinematic viscosity, viscosity, total energy per unit mass and 

temperature in the undisturbed stream, 

viscosity at the surface, 
atmospheric pressure, density and temperature, 
velocity, static pressure and density inside the boundary layer, 

or at any point in the field of flow,/5 is also the surface pressure, 
velocity, pressure and density just outside the boundary layer, 
velocity, static pressure and density behind the shock wave at the 

entry to the slot, 
velocity, static pressure and density in the slot, 
velocity, static pressure, density and temperature in the discharged 

jet, 
surface tube velocity, 
stagnation pressure in the wake, 
stagnation pressure of the air in the slot, 
peak stagnation pressure of the air in the slot, 
thrust due to the jet reaction per unit span, 
ration of the specific heat of air at constant pressure to the specific 

heat at constant volume, 
boundary-layer thickness, 

p displacement thickness of the boundary layer f i (1  -- ~ ~ / dy, 

momentum thickness of the boundary layer, f~o-~-~Pu ( l _ ~ U ) d y ,  

width of the boundary layer sucked into the slot, 
__ ( ~ 2 ~ U i '  

Uw 
profile drag per unit span measured by the pitot-traverse method, 

without boundary-layer suction, 
profile drag per unit span, with boundary-layer suction, 
effective drag per unit span, 
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mass flow in the boundary layer per unit span per sec. at tile slot 
position, 

mass of air sucked per unit  span of the slot per sec., 
work done per second on the air flowing through unit span of the 
slot to raise the pressure to P0 and the velocity to U0, 
power absorbed by the compressor, 
work done per sec. per unit span of the slot against the friction in 

the duct system (excluding compressor), 
efficiency of the main propulsive system, 
compressor efficiency, 
intensity of the surface friction, 
( u12/77) 
10" 411~ -~ e -°'a91~:, 
absolute coefficients. 

3. Experiments.--The experiments were made on two models, 2 in. chord and 2 in. span. 
The 20 per cent. thick symmetrical section NACA 0020, was chosen to obtain shock waves at 
low incidences, 0 deg. and 4 deg., at speeds well below the highest speed of the tunnel. A 
forward-facing suction slot with faired lips was cut in one surface, the upper surface for 

= 4 deg., of each model, see Fig. lb. The entry to the slot was at x = 0-5c. The slot was 
0.035 in. wide and its axis was inclined at 45 deg. to the chord. Each model was mounted 
between the 5 in. walls of the 5 in. × 2 in. high-speed tunnel described in Ref. 3. The tunnel 
had flexible walls, suitably shaped to minimise wall interference. Shape ordinates of the upper 
surface of each model, designated I and II,  are given in Fig. 1. Model I closely resembles the 
NACA 0020 shape. Model II  is not so good as Model I : the maximum ordinate of the upper 
surface is 5 per cent. greater than that  of NACA 0020 and is at 0.35c. 

The datum velocity of the tunnel was determined from the static pressure measured at a hole 
in the side of the tunnel. This hole was two chords forward of the leading edge of the model. 
Aerofoil drag for the median section of Model I was determined by the standard National Physical 
Laboratory method, 4, ~ from total head and static pressure traverses at one chord behind the 
trailing edge. The drags obtained from traverses ± 0.5 chord from the median plane were 
sensibly the same as that  for the median plane, so that  the flow was two-dimensional. Pitot 
traverses were made at 0.02 chord behind the trailing edge of Model I to obtain information 
on the flow over the upper surface and on changes of flow due to suction. Details of the suction 
system are given in Appendix I and in Fig. 2. 

Model I I  was used to obtain measurements of the normal pressure on the upper surface, with 
and without suction, and of the peak stagnation pressure, He, in the jet of air sucked into the 
aerofoil. The velocity, ul, just outside the boundary layer was determined from the normal 
pressure by the standard relation for compressible flow, on the assumption that  the pressure 
across the layer is constant and equal to the surface pressure. The peak stagnation pressure 
was measured by a small exploring pitot tube within the model, Fig. lb. These experiments, 
and the method of estimating compressor power from Hc and the mass of air sucked, are described 
in Appendix IV. Velocity measurements very near the surface and just forward of the slot were 
also taken on Model II  with a small surface tube of the Stanton type. 

The pressure distributions measured on Model II  without suction differ from the theoretical 
distribution for NACA 0020, because of the difference in sectional shape, but they suffice to show 
the effect of suction on the pressure distribution near the slot, and to allow an estimate of the 
rate of flow in the boundary layer. The difference in the theoretical and measured distributions 
of ul/Uo, for c~ = 0 deg. and M = 0. 630, is shown in Fig. 3a. The theoretical distribution for 
NACA 0020 was determined for the compressible flow pressure distribution, obtained from the 
incompressible flow pressure distribution 6 by the Temple-Yarwood relations given in Ref. 7. 
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4. Drag Result.~.--Figs. 3(b)-6(b) give measured  curves of C,.~ against m,/poUoc where C,.~ is 
the. profile drag coefficient per uni t  span of the aerofoil with suction, m, is the mass of air 
sucked into the slot per  uni t  span per sec., p0 and U0 are the densi ty  and velocity of the undis tu rbed  
s t ream and c is the aerofoil chord. At first, C,~ falls l inearly with  mJpoUoc, and then  at a pro- 
gressively slower ra te  unti l  the m i n i m u m  value is reached. The value of m~/poUoc for (C,,)~,~,,. is 
somewhat  indefinite. For  the present analysis the value taken  will be tha t  obta ined by producing 
the curve of l inear fall of (C,,) to the measured  value of (C~,),,~ .... see dot ted  lines Figs. 3(b)-6(b). 

Figs. 9 and 10 give curves of C, and of (C~,),,~l~. p lot ted against the s t ream Mach n u m b e r  M. 
The critical Mach numbers ,  M,,, for which the drag coefficient wi thou t  suction begins to rise are 
taken to be 0.65,  ~ = 0 deg., and 0.57,  e -- 4 deg. 

These critical numbers  are not  sensibly affected by  suction. For  ~ = 0 deg., (Cv~),,~,~. rises 
wi th  increase ill M above the critical value at about  the same rate  as C,: for c~ ---- 4 deg., the  
initial  ra te  of rise in (C,~),,,~n. is slower. For  ~ = 0 deg., (C,,),,j,,. is about  40 per cent. lower than  
C,, and for e = 4 deg. about  50 per cent. lower, 0 .45 < M < 0.735. Consequently,  for 

- 0 deg. the value of (C,.~),,,~,. for M = 0 .73  is the same as the value of C ,  for M~ =-0 .65 :  
for ~ = 4 deg. the value of (C~)~),n~,,. for M :-- 0. 675 is the same as the value of C ,  for M~ = 0. 570. 
In  other  words, the drag coefficients measured  wi thout  suction at the critical Mach numbers  
are obta ined with suction at Mach numbers  which are about  0.08,  e = 0 deg., and 0. 105, 

-- 4 deg. higher. Fu r the r  analysis of the drag results is given in § 8. 

5. Flow Pattern.--The flows for which detai led analyses will be made  are those for :~ = 0, 
M = 0 .630 and 0.735, and e = 4 deg., M = 0.681 and 0.730. These cases are called I, I I ,  
I I I  and IV respectively. 

In format ion  on the flows, with and wi thou t  suction, for these cases was obta ined  from visual  
observat ion of shock wave position, from observations of surface pressure and from measure-  
ments  of total  head just  beh ind  the trai l ing edge. In addit ion,  surface tube  observat ions just  
forward of the slot were made  wi thout  suction. For  Case I, there  are no shock waves, Fig. 3 (a). 
For  Case II ,  there  are shock waves on both  surfaces, Fig. 4 (a). For  cases I I I  and IV, there  are 
shock waves on the  upper  surface at about  0 .3c from the leading edge, Figs. 5(a) and  6(a).  
The position of the shock waves was not  much  affected by  suction. 

6. For  Cases I - I I I ,  the regions over which the veloci ty ul is affected by  suction ex tend  from 
about  0"2c to 0 .3c in front of the slot, to about  0.15c behind,  Figs. 3 (a)-5 (a). For  Case IV, 
the region extends from about  0.2c in front of the slot to the trail ing edge of the model,  Fig. 6 (a). 
Fig. 8 shows tha t  the entire region beyond  about  0.2c forward of the  slot is also affected by 
suction at the Mach number  0.749, ~ = 4 deg., the change in ~/1 due to suction being greater  
than  tha t  for M =- 0.730, Case IV, cf. Figs. 6(a) and 8. I t  would appear  therefore tha t  for 
Case IV the b o u n d a r y  layer, wi thout  suction, beyond  the shock wave position is separa ted  from 
the surface. I t  is of interest  to notice in Fig. 6 (a) t ha t  a marked  change in the dis t r ibut ion of 
Ul/Uo behind  the shock wave occurs with a small increase in mJooUoc from 1.1 to 1 .45 :  for 
in te rmedia te  values of m,/ooUuc the  dis tr ibut ion was either tha t  labelled 1-1 or tha t  labelled 
1.45 ; the former being obta ined with an increase in suction and the la t ter  wi th  a decrease. 

Figs. 3 (c)-6 (c) give distr ibutions of (PA -- H)/(pA -- Po), where PA is the a tmospher ic  pressure, 
p0 is the pressure in the undis turbed  stream, and H is the total  head measured  at 0.02c behind  
the trail ing edge of Model I for m, = 0 and for values of mJpoUoc about  the same as those for 
which C,,  is a min imum.  The curves for Case I confirm the visual observat ion tha t  no shock 
waves are present.  The curves for Case I I  clearly indicate  the effect of shock waves on bo th  
surfaces, and those for Cases I I I  and IV the effect of shock waves on the upper  surface. Fur ther ,  
the peaks of the curves for Cases I and II ,  m~ --- 0, are sharp and of the kind associated with  
boundary- layer  flow which has not  separa ted from the surface. For  Case IV, m~ = 0, the peak 
of the curve associated with  the flow over the upper  surface is flat, an indicat ion tha t  the flow 
is separa ted  from this surface. The curves for Cases I I - I V  show tha t  the lateral  extent  of the  
shock waves has not  been affected by suction. 
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7. The conclusions drawn from § 6 are that  the boundary layers on the upper surface 
for Cases I and II, no suction, are not separated from the surface, and that  the boundary layer 
for Case IV is separated from the surface behind the shock wave. More information on this 
mat ter  was obtained from velocity measurements taken with a small surface tube of the Stanton 
type. The pitot tube was formed on the end of a 0.08 in. rod, Fig. 13, mounted on model II 
with the tube mouth at 0. 433c behind the leading edge of the model. The external width of the 
tube mouth, i.e. the distance above the surface, was about 0.0035 in. Readings of ( p , -  p) 
and of (p -- P0), where p, is the stagnation pressure at the mouth of the surface tube, ib is the 
static pressure taken at a hole in the surface of the model at a distance 0. 433c from the leading 
edge, were taken at the two incidences, c~ = 0 deg. and 4 deg. over a range of M from 0-62 to 
0.74. Values of us/Uo and of ul/Uo, where us is the tube velocity, calculated from these pressure 
readings, are plotted against M in Fig. 13. 

The values of Us/U1 for Cases I and II,  Fig. 13a, are large and positive : there is, therefore, no 
boundary-layer separation at the tube position, i.e.O. 067c forward of the slot. The abrupt rise 
in the ul/Uo curve at M = 0.685, for which ul is equal to the local velocity of sound, may be 
due to an interference effect of the static pressure tube on the reading of the static pressure hole. 
For Case II, M = 0. 735, there is a shock wave beyond the tube position and probably close to the 
slot. 

Associated with the steep rise in u~/Uo at M = 0.685 is an abrupt fall in uJul. The value 
of us~u1 for Case II  is about one-half of that  for Case I. This lower value may be associated 
with a local thickening of the boundary layer. 

The value of us/u, for Case I is 0.55. For a Blasius laminar boundary layer (A ---- 0) u/u1 = 0.55 
when y/d = 0-25, where u is the velocity at a distance y from the surface and b is the boundary 
layer thickness. The value of d at the tube position, if the boundary layer is laminar, is about 
0.01 in. so tha t  the effective distance, he, from the surface for which the velocity is equal to that  
calculated from the tube pressure is 0. 0025 in. The value of h;/h, where h is the width of the 
mouth, is 0.71. 

For turbulent flow in the boundary layer, the value of h,~/h, estimated on the assumption that  
the velocity profile has the form u/u1 = (y/b)1/7, is 0.11. The value of the tube Reynolds number, 
ush/~,, is about 560. Calibrations of small surface tubes, h----0.0020 in. and 0.0032 in. made 
for a range of low values of ush/v, 8 to 21 and 13 to 34 respectively, are given in Ref. 11. The 
values of hjh for u,h/v = 560 obtained by extrapolat ion of these calibration curves, plotted 
on a logarithmic basis, are 0.65 and 0.55 respectively. T h e  value of he/h obtained on the 
assumption of a laminar boundary layer has therefore tile same order of magnitude as that  to be 
expected from a direct calibration, whereas an improbably low value is obtained on the assumption 
that  the flow is turbulent. I t  is to be inferred, therefore, that  for Case I the flow in the boundary 
layer at the tube position tends to be of the laminar type. 

The value of Us/U:, for Case III ,  M = 0.681, is large and positive, Fig. 13b. The boundary 
layer is not separated, therefore, at the tube position, but  the rapid fall of us/ul immediately 
beyond M = 0.681 to a zero value at M = 0. 705 indicates that  separation is imminent. 

The surface tube reading for Case IV, M = 0. 730, is smaller than the static pressure on the 
surface, so tha t  the boundary layer is completely separated from the surface at the tube position. 

8. The drag of the rear half of the upper surface with suction, calculated for the measured 
distributions of u,./Uo for Cases 1-IV on the assumption that  there is no boundary-layer separation 
beyond the stagnation point on the rear lip of the slot, is 0.00065 poC Uo ~, if the boundary layer is 
laminar, and 0.0015 pocUo ~, if it is turbulent. For Case I, the pitot-traverse drag of the upper 
surface for the condition C,s of the aerofoil a minimum, is 0-00058 pocU,, "~, if the suction on the 
upper surface does not affect the drag of the under surface: for Case II,  the pitot-traverse 
drag of the upper surface is 0.00155 pocU0 ~. The pitot-traverse drag of the upper surface for 
Case I is therefore about the same as that  calculated for laminar boundary-layer flow beyond 
the slot. For Case II, the pitot-traverse drag is about the same as the drag calculated for 
turbulent boundary-layer flow beyond the slot : but  it cannot be inferred that  the flow is turbulent, 
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because the pitot-traverse drag includes the mechanical losses due to the shock wave on the 
front half of the aerofoil. For Cases III  and IV the pilot-traverse drags of the upper surface, 
for the condition C,, a minimum, are 0.0026 pocUo 2 and 0.0041 pocUo ~ respectively, if the pilot- 
traverse drag of the under surface, on which there are no shock waves, is taken to be the same as 
that for Case I (no shock wave). These estimates include the shock wave losses forward of the 
slot, so that  if the flow in the boundary layer beyond the slot is laminar and if it has not 
separated from the surface the increments in drag due to these losses are about 0.00195 pocUo ~ 
and 0. 00345 o°cUo 2 respectively, that is, 21 per cent. and 20 per cent. of the aerofoil drag without 
suction. 

9. Values of ~ a~d m~,. -- Detailed observation of boundary-layer flow could not be made because 
of the small size of tile model, so that it was not possible to measure ~ and m~ at the slot position, 
where mb is the mass flow in the layer per second per unit span. 

Rough estimates of these quantities have, however, been calculated for the measured 
distributions of ul/Uo, for both laminar and turbulent flows at the slot position, on the assumption 
that the layer is not separated from the surface. For the turbulent flow at the slot it was assumed 
that transition occurs at x == 0.18c and that the velocity profile at the slot is given by 
~t/'u, = (y/~)'/'. The results obtained are given in Table 2 (if), Appendix II. The values of 
,~/c and mb/poU,,c for the laminar velocity profile are about one-half of those for the turbulent 
velocity profile. For Case I the flow at the slot is likely to be laminar and the value of mJmb for 
the condition C,~ a minimum is 1.4. For Cases III and IV the flow is turbulent and the value 
of m,/m~ is about 0.6, on the assumption that the velocity profile is given by u/u~ = (y/~)~/7. 
These estimates do not, of course, take into account any effect due to boundary-layer separation 
upstream of the slot. For Case II, there is a thickening of the boundary layer at the slot due to 
the local shock wave. The value of "mJmb for C,, a minimum is difficult to estimate, because 
the state of the boundary layer at the slot is not known, but it may be about 0.5. 

10. Economy of Boundary-Layer Suct ion . - -The  question now arises whether the reduction of 
drag by boundary-layer suction is obtained with an economic use of power. For two-dimen- 
sional subsonic flow past an aerofoil, with limited shock waves, the total drag when the air 
sucked into tile aerofoil is discharged in the direction of its span is D, + m, Uo, where D~ is the 
profile drag per unit span measured by the pitot-traverse method and m, Uo is the sink drag 
per unit span, see Appendix III. Further, it is shown in Appendix III  that, when the air is 
discharged backwards, the total power, i.e. the sum of the main propulsive power and the com- 
pressor power, needed to drive the aerofoil through the air with a velocity U0 is 

Uo ED ~ + m~Uo -- Zl)J 4 - )  [~ 4- ~j~, where 
~1 rll  

,j is the efficiency of the main propulsive system, 

~IL is the compressor deficiency, 

T~ is the thrust for unit span due to jet reaction, 

~: is the work per second per unit span to raise the velocity and pressure of the air entering 
the slot to those in the jet exit, and 

,:j is the work done per second per unit span against the frictional resistance of the duct 
system, excluding that in the compressor. 

For the present experiments a representative value of m~Uo for the condition D~ a minimum is 
0.0055 poUo2c. The sink drag is therefore large compared with the reduction in drag due to 
suction, but this sink drag can be neutralised by the thrust due to jet reaction, if the air sucked 
into the aerofoit is compressed adiabatically and discharged backwards with the velocity Uo 
and the pressure Po of the undisturbed stream. We can therefore write Tj = m~U0. Further, 

on the assumption r t~ -  .~j, the total power is 1 [UoD, 4:- e 4- ejl. 
rt 
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1 [~ + sjl. Suction is beneficialif The effective drag, D~, of the entire system is then D, + Uoo 

e/ e ef D~ < D,  that  is, if D~ + Uo + ~ < D, that  is, if D -- D~ -- ~ > ~ ,  where D is the drag per 

unit span without suction. Writing 

_ _  2D 2D~ 2e 2s/ 
CD - -  p o c U ~ '  CD~ - -  C~ - -  and C ~ : -  , 

pocOo~ ' poc Vo 3 poc Uo ~ 

this relation becomes Cv -- Cm -- C~ > C,:. An estimate of the value of C~: for the present 
duct system has not been obtained, because it is not one suitable for use in flight : but the value 
of (C~ -- C v , -  C,), if positive, gives a measure of the power available to overcome frictional 
losses in the suction system. 

11. Two methods are used to obtain values of C~ for the condition Tj = msUo. Method I, 
described in Appendix IV, allows values of ~/m, Uo 2, and so of C~, to be determined from measured 
values of m, and He, where Hc is the peak stagnation pressure in the jet of air flowing out of 
the slot. These values of C~ take into account slot losses. Method II, described in Appendix V, 
is based on a theoretical relation derived for a boundary layer which has not separated from 
the surface upstream of the slot. This relation does not include slot losses nor the additional 
work to be done if the boundary layer separates from the surface upstream of the slot position. 
Shock wave losses at entry, estimated on the assumption that  the shock wave is plane and 
normal to the aerofoil surface, are included. Curves of ~/mbul 2 against m J m b ,  calculated by 
Method II  for a turbulent velocity profile u/u1 = (y/~)i/7 at the slot position, are given in Fig. 11. 
Curves for a laminar velocity profile are given in Fig. 12. These curves show how the value 
of e/mbu~ ~ depends on the form of the velocity profile and on the value of u~ at the slot position. 

12. Values of C, obtained by each method for Cases I - IV  and the condition Cv, a minimum 
are given in Table 1. Those by Method I are greater than those by Method II, the ratios for the 
four cases being 3.7, 1.5, 3.1 and 2.5 respectively. The values of C~ given by Method I include 
losses in the slot, and they are pessimistic because the slot has a poor efficiency. In fact there is 
definite direct evidence (see Appendix IV), that  separation occurs in the slot for Case III.  On 
the other hand, the values by  Method II  are optimistic for they do not include slot losses, nor, 
for Case IV, any additional work associated with boundary-layer separation upstream of the slot. 

13. Table 1 shows that  all tile values of (C~, -- CD, -- C,) obtained by Method I are negative. 
Excluding Case III ,  because C, is doubtful (see Appendix VI), they are --0.0033,  --C.0012 
and -- 0.0035, that  is, -- 31 per cent, -- 6 per cent. and -- 10 per cent. of the corresponding 
values of C~,, the drag coefficient without suction. The values obtained by Method II  are positive 
for Cases I, II  and IV and negative for Case III.  They are + 0.0020, + 0.0014, + 0.0112 
and -- 0.0003 respectively, that  is, + 21 per cent., + 7 per cent. ( +  16 per cent. if layer is 
laminar), 32 per cent. and -- 2 per cent. of the corresponding values of CD. 

The conclusion to be drawn for Cases II, M : 0.735, ~ = 0 deg. and IV M ---- 0. 730, 
= 4 deg., is that  Cv - -  C.vs - C~. In other words, the power saved by the reduction in drag 

due to suction is about the same as the estimated compressor power. Case I I I  is one for which 
the boundary layer is separating near the slot position, and the results obtained by Method I 
are not satisfactory, because of flow separation within the slot and the related uncertainty in the 
estimated value of C,. Case IV is the most interesting one because it deals with suction behind 
a shock wave which has caused the boundary layer to separate from the surface. 



T A B L E  1 

Values of (CD -- Cvs -- C~) for the Condition C~, a Min imum 

Single Slot in Upper Surface (B) 

Case 

i 

II 

i i i  

IV 

M 
, 
J 

0"630 

0.725 

I i 
[ 
[ 

0-0107 

0.0202 
0.0186 

CDs 
(min.) 

0.0065 

0.0134 t 
0.0122 

0"681 0"0189 0"0104 7-7 

0.730 0"0345 0.0135 5"5 

l 
I 

t m. 108 for 
poUoc 

minimum C~, 

Method I 

m.Uo 2 ] C, 
(Table 4) [ 

6.1 0-62 0-0075 

3-2 1.22 0.0078 

(C~-C~.-C~) 
ul at 
Uo 

x = 0-5c 
~//t b 

(Approx.) 

Method  I I  

f f ts 'b t  12 
C~ 

1"78" 

2-23 

O" 0274" 

O" 0245 

- -0 .0033 

--0.0010~ 
--0-0014 L I 

! 
- - - - - ]  

- -0 .0199 

- -0 .0035 
! 

t "44 

1 "74 

1 "80 

1 "95 

1.40(a)  

0.30@ 
[0.753 

0.67(c) 

0-52(c) 

0 .079  

0-270  
[0- 1 7 9 ]  

0-177  

0-235  

0.0020 

0.0052 
[0.0035] 

0 .0088 

0.0098 

(c~-c..-c~) 

0.0022 

o-oo16~ 
0.0012 

[0"0031t 

- -0 .0003  

0-0112 

(30 

* Doubtful  values. 
.~ Under surface (A). 
(a) Boundary  layer laminar. 
(b) Boundary layer assumed to be turbulent .  
(c) Boundary  layer turbulent.  

The values in square brackets  are for a laminar layer. 
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14. Conclusion.---It must be emphasised that  the experiments were made at low Reynolds 
numbers on a thick conventional aerofoil section and that  no at tempt  was made to design an 
efficient slot, nor to obtain the most effective position of the slot. In view of these shortcomings 
it is not possible to assess from the experimental results the gain in performance to be expected 
from boundary-layer suction under the more favourable conditions associated with the higher 
Reynolds numbers of flight, bu t  the fact that  CD -- C~, -- C, for the unfavourable conditions 
of the experiments gives promise that,  at the Reynolds numbers of flight and for an efficient 
slot and suction system, the drag coefficient at the critical Mach number can be maintained to 
a higher Mach number, say 0.1 higher, by boundary-layer suction with an economic use of power. 
An estimation of the gain to be expected at the higher Reynolds number of flight can be obtained 
from the fact that  for a given value of m,/mb, C~ oc (Uoc/v) -°'~, for a turbulent boundary layer, 
and C~cc (Uoc/v) -°5 for a laminar boundary layer. For the present experiments, Uoc/v -- 6.8 × I05. 

A P P E N D I X  I 

Suction System 
Fig. 2 gives a diagrammatic sketch of the suction system. The air sucked through the aerofoil 

slot flows through a small chamber (a), capacity 0 .9  cubic ft., a plate orifice (b), a control valve (c) 
and a large suction chamber (d), capacity 90 cubic ft. The pressure in chamber (d) was main- 
tained at about 5 in. mercury abs. For this pressure, the valve behaved as a choke and con- 
sequently the flow upstream of the valve was not affected by pressure fluctuations in chamber (d). 
Details of the control valve are given at the bottom of Fig. 2. 

A ½ in. Hodgson plate orifice in a 1 in. pipe was used to measure the rate at which air was 
sucked. I t  can be shown, from relations given in Ref. 8, that  for these dimensions the rate of 
flow is given by 

-[1 -j- 0.43 p~] %/(pl(hl --  h,)} M 0.00192 
• PlJ 

where M is the mass in slugs per sec., p2/lbl is the ratio of the pressure on the downstream side 
of the orifice plate to that  on the upstream side, p~ is the air density, slugs per cubic foot, in the 
pipe upstream of the plate, and (h~ -- h2) is the pressure digerence at the orifice plate, measured 
in inches of water. For the delivery rates of experiment, p~ can be taken to be the same as that  
in the pressure chamber (a). Hence pl --~ 0.0228p/(273 + t), where ib is the pressure in inches of 
mercury and t is the temperature in deg. C., measured in the chamber. 

A P P E N D I X  II  

Theoretical values of mdpoUoc and ~/c at the Slot Position 
1. Values of mb/poUoc and ~/c at the slot position for a boundary layer which has not separated 

from the aerofoil surface have been calculated for values of 0 obtained from a solution of boundary- 
ayer equations for compressible flow' by  the Young-Winterbottom method given in Ref. 9. 

The relation for the momentum thickness, 0, at the slot position is obtained for a laminar 
boundary layer from a graphicM solution of the equation 

f po c ,  (u,/Uo) o  UoJ 

where n ---- 6.28 (1 + 0. 152M ~) 

and /~f,./~*0 ~- 1 + 0. 164M ~. 

At the stagnation point (ul'/~w~) (~0) ~ --= 0.0748 (1 -- 0.294M~). 
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2. The value of 0 at the slot position is obtained for a turbulent  boundary  layer  by  a step-by- 
step in tegrat ion of the equation 

d~ ~_ 6 .13  du~ _ u ~  F(¢), 
ds u~ ds I~w 

where C 2 = ~ul~/T, 
-- in tens i ty  of surface friction, 

F(~') = 10"411 ¢-2g-0.3014~ 
and ¢ = 5.882 log~0 {4.075 (u~NO/t*w). 
Values of F(e) are tabula ted  in Ref. 10. The value of 0~0 at a t ransi t ion point  is t aken  to be tha t  
obtained from the solution of the laminar  boundary  layer  equations for the flow forward of the 
t ransi t ion point. 

3. In  view of the fact tha t  direct measurement  of the values of mb/ooUoc and ~/c at the slot 
position was not possible, because of the small size of the models, it was decided to obtain an 
idea of the magni tude  of these quant i t ies  from calculations made for the distr ibutions of u~/Uo 
measured for the values of m/ooUoc for which Cv, is a minimum,  for two assumed types  of flow, 
(i) a laminar  boundary  layer  and (ii) a layer  laminar  to 0- 18c and turbulen t  beyond.  The values 
of 0 for these conditions were obtained from the relations given above. Fur ther ,  it was assumed 
for the laminar  layer  tha t  the velocity profile at the slot position was the same as the  Blasius 
profile for incompressible flow, A -- 0, and for the tu rbulen t  layer  tha t  the profile was given by  

u/u~ : :  (y/b)~n. The value of m~/ooUoc is given by  ~ u~ ~ 1 --  where 0* is the displace- 
po U0 c ~ ' 

p U 
ment  thickness given by .10 (1 -- i~--))1) dy. 

"fABLE 2 
Results of boundary-layer calculations 

(i) Conditions fgr which curves_of ul/Uo were obtained 

C., m, 10 a u 1 
Case ~° M ,," 10-~ (min.) poUo c Uo at --p0 at 

for C,, (min.) x = 0 . 5 c  x = 0 - 5 c  

I 0 0.630 6.27 0.0065 (A) 6.1 1.420 0.810 
I 1 0 0 '  735 6" 98 0" 0134 3 '  2 1" 605 0 '  632 (A) slot on surface A. 

0 '  0122 (B) (B) slot on surface B. 
I I I  4 0.681 6" 62 0" 0104 7 .7  l" 735 0" 597 
IV 4 0. 730 6- 93 0" 0135 5" 5 1 • 730 0" 546 

. . . . . . . . . .  (ii) V a l u e s  a t s l o t  po_s_i_tio 9 . . . . . . . . . .  
6" 
6 

U 1 
f.p.s. 

0-286 
0"308 
0"309 
0.316 

0.0923 
0.0842 
0.0840 
0.0814 

0.0972 
0-0870 
0.0865 
0.0847 

Conditions Case 

Boundary  layer laminar* I 960 
Blasius distribution of u/u, for I I  1,248 
A - -  0 at x = 0 '  5c. No separ- I I I  1,260 
ation in front of slot. IV .__1_'_335 

Boundary  layer turbulent from I 960 t 
x =  o . J s c t o x  = o . 5 c ~  I I I  I 1,248 t 
u/ul=(y/ 'a) l lTatx=0.5c.  No I I I I  I 1,260 
separation in front of slot. I IV I 1,335 

0"150 
0"182 
0"183 
0.191 

,~ 10 a 
C 

5.3  
6 .0  
6 .6  
7-2 

- -10-~-7  
13.0 
13.6 
13.8 

m, 1 0  a 

Po Uoc 

4-4 
4-4 
4-7 
4 .7  

1 7 4  
10.8 
11.5 
10.6 

rn, for C~s min. 
m ~  

1 "40 
0"75 
1 "65 
1"15 

O' 59 
0"30 
0-67 
O' 52 

* Boundary  layer is likely to be laminar for Case I and possibly for Case II .  
t The layer is likely to be turbulent for Cases I I I  and IV. 
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T A B L E  3 

Theoretical distribution of udU o 
for compressible flow, m, = 0. 

Theoretical distribution of u~/Uo 
for incompressible flow, m, = 0. 

a° M 

0 0.63 

0 --  

Uoc 10-5 
VO 

6"27 

6"27 

U 1 

1- 250 

1-178 

Po 

O. 892 

1 

-T 

i:i i 

0 

0.0948 

O. 100 

7"2 

5"3 

m~ 10 z 

poUo c 

6.5 

5.8 

4. The results of the calculations are given in Table 2. For  each veloci ty profile, 0"/~ 
increases and  0/8 decreases wi th  ul. The values of ~/c and of rndpoUoc for the l aminar  veloci ty 
profile are about  one-half of those for the  tu rbu len t  veloci ty profile u/ut  = (y/b)l/L 

Table 3 gives results which are not  s tr ict ly re levant  to the  present  analysis bu t  they  are included 
because they  show tha t  the value of mdpoUoccalculated for a l aminar  b o u n d a r y  layer  and the 
theoret ical  dis t r ibut ion of udUo for compressible flow, M =  0.63,  differs by  only 12 per cent.  
from tha t  for incompressible flow. This result  is consistent  wi th  tha t  obta ined from a similar 
comparison given in Ref. 9. The theoret ical  dis t r ibut ion of udUo for incompressible flow was 
t aken  from Ref. 6. The dis t r ibut ion of um/Uo for compressible flow was obta ined from tha t  for 
the  incompressible flow by  the  Temple-Yarwood  relations given in Ref. 7. The calculat ions 
are made  on the  assumption tha t  b o u n d a r y  layer  separat ion does not  occur in front  of the slot, 
and tha t  for bo th  compressible and  incompressible flows the  veloci ty profile at the  slot position 
is the same as the Blasius profile, A = 0, for incompressible flow. 

A P P E N D I X  I I I  

Economy of  Bounda~:y-layer Suction 
Two-dimensional  Subsonic Compressible Flow 

I t  can be shown, by the me thod  given in Ref. 4, for two-dimensional  subsonic compressible 
flow past  an aerofoil wi th  a spanwise slot tha t  when  the air sucked into the aerofoil is discharged 
in the  direct ion of its span the drag per uni t  span is 

I(Po --  P) dy + fou  (Uo -- u) dy + m, Uo, 

where p and 0 are the stat ic  pressure and densi ty  of the air at  any  point,  po and  U0 are the stat ic 
pressure and  veloci ty  ih the und i s tu rbed  stream, u is the  componen t  of the  veloci ty  at any  point  
parallel to the und i s tu rbed  flow, m, is the  mass of air sucked into the  aerofoil per sec. per  uni t  
span, y is the  lateral  dis tance across the wake, and the integrals  are t aken  along a s t ra ight  line 
cut t ing  the  wake at r ight-angles to the  und is tu rbed  stream. This relat ion holds when l imited 
shock waves are present.  The sum of the first two terms when the  integrals  are confined to the 
• wake and  taken  at a section where the  pressure is P0 becomes fpu(U0 --  u) dy. The relat ion 
used for es t imat ing the profile drag per uni t  span by  the  pi to t - t raverse  me thod  is der ived from 
this  integral.  

The total  drag is therefore D, + m, Uo, where D, is the  drag measured  by  the  pi to t - t raverse  
method.~ This relat ion holds for an aerofoil m o u n t e d  be tween  tunnel  walls, the  air sucked into 
the  aerofoil being discharged outside the  tunnel ,  as in the  present  experiments ,  provided the 

t The drag per unit span of a transverse line-sink in two-dimensional flow of a perfect fluid between parallel planes is 
m 5 (U o + U1)/2, where ms is the strength of the sink per unit span, U 0 and U 1 are the velocities far upstream and far 
downstream respectively and the image effect due to the walls is ignored. The value of Y(Po -- P) dy +J'pu (U o -- u) dy 
is -- ms Uo (md2phUo), where h is the distance between the walls. The sum of these integrals therefore becomes small 
compared with m, U 0 when m,/phU o is small. The drag obtained by the pitot-traverse method for an aerofoil in a wind- 
tunnel stream is therefore that associated with the frictional losses in the wake provided, as in the present experiments, 
that ,mdphU o is small. 
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velocity due to the sink is negligibly small at the point where the datum velocity is measured. 
When the air sucked into the aerofoil is discharged in the backward direction the power per unit  
span needed to drive the aerofoil through the air with a velocity U0 is Uo/r/" (D, + m, Uo -- Tj), 
where r/ is the efficiency of the main propulsive system and Tj is the thrust  per unit span due to 
the jet reaction. 

The power, P, absorbed by the compressor is 1/th" (e + ~:) per unit span, where ~ is the 
compressor efficiency, ~ is the work per second per unit span to raise the velocity and pressure 
of the sucked air to those in the jet exit, and ~/is the work clone per second per unit span against 
the frictional resistance of the duct system, excluding that  of the compressor. 

The total  power is therefore 

Vo [D, + m s U o -  Tjl + 1__ E~ + ~:l, 

and the effective drag, Dt, is 

[ D.~ + m~ U o - Z : ] -5- -wT(-:-o 

The difference D -- D~, where D is the drag per unit span of the aerofoil without suction, 
is the effective gain in drag due to suction. 

For the present analysis we take 2/" s ----m<Uo and '7/"~h ~= 1. Suction has a beneficial effect, 

therefore, if D ~ +  U0 + U o  < D, that  is, if D - -  D , - -  U > Uo" 

2 D  
relation becomes (Ct, -- C,, -- C,) > Ce z where Cz) = -/ocUo~, Cv.~ pocUo~, 

Ce: 2e s . 
poC Uo a 

Dividing by ½PoC Uo ~ this 

2Ds C~ -- 2~ 
pocUo3 , and 

A P P E N D I X  IV 

Estimation of , / m Y o  ~ from Measured Values of m, and Hc for the Condition Tj : m, Uo 

1. The condition Tj .... msUo is satisfied when the air sucked into the aerofoil is compressed 
adiabatically and discharged backwards with the velocity Uo and the pressure P0 of the undisturbed 
stream. An estimate of the work, ~, done per second per unit span to compress the air 
adiabatically can be obtained from measurements of m, and the peak stagnation pressure Hc 
provided certain assumptions are made. Those made in the present analysis are : - -  

(i) the flow in the slot is axial and two-dimensional, 
(ii) the stagnation temperature, T~, of the air in the slot is constant and equal to that  

in the undisturbed stream, i.e., the total  energy per unit mass is constant and equal to 

7 - - 1  Po 

(iii) the static pressure, P3, is constant across a section of the slot, 
(iv) the stagnation pressure, 1-13, within the slot fails linearly from a peak value Hc on the 

centre-line to P3 at the slot walls, 
(v) the peak stagnation pressure in the slot at the section taken is equal to that  measured 

in the jet issuing from the slot into the aerofoil, and 
(vi) the static pressure, P3, taken is that  for which the calculated and measured values 

of ms are the same. 
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I t  was found that  the value of s/m,  Uo ~ was not very sensitive to the form taken for the fall in 
H3 from the peak value He, and that  the assumption of a linear fall is not inconsistent with tha t  
given by measurements taken in the jet flowing out of the slot, see below. 

On the above assumptions we have 

H s  p ~ ,  since T~ = TA . . . . . . . . . . . . . .  (1) 
PH PA 

Hence, 

P3 ___ H8 . . . . . . . . . . . . . . . .  (2) 
p a ~ p n ~ 

~_, = p .  ( H 4 - ' ; ,  _ ~ (H,T<-";;  
;'~ ~ ' , ~ '  - I>-~ ' , ~ /  . . . . . . . . . .  (8) 

where H3 and pH are the 
in the slot, and Pa and PA 

stagnation pressure and density in the slot, p3 is the density of the air 
are the atmospheric pressure and density. Further, if u3 is the velocity 

in the slot, we have 
I (H3~ '~-');< } 

½t , , u , ' - -  r - - l~ '  p , [ \ ~ /  -- 1 , . . . . . . . . . .  (4) 

and 

aA / ~' - -  1 PA 03 [ \ # a /  - -  

where aA is the atmospheric velocity of sound. 

_ 2 {1 ( t~, 'T-'"~I . 1 } r ~  -- \ ~ ) '  / . (5) 

The work done on the air to increase its pressure to Po and its velocity to U0 is equal to the 
increase of total  energy. 

Hence 

r"' [( (i + s = t  _~1~ y - -  1 P4 - -  1 po 2 J 

; and 

7 - -  1 p0J-'/~' ~ Y ' 

where p4 is the density in the discharged jet. 

_ , .o_  ~ ) =  r, .o<'~.3. ,_ ~] Now H:P" pJP° Hence ( ~  Lp3 \p0/ 

- ,,,,' - ] 
y - -  1 pAaA.J_~/~ Lp3 J>o - -  1 gA'°~ aAU--~ d , 

since a0 ~. _ ~Po 
P o  

r"' (f) Further, m, = taAp~ p, u~ d ,. • . . . . .  
a -1/2 PA G~A 

. .  (6) 

so that  s 
~Yb s U o  ~ 

-i;~ L '-p0/ pA ~-~ 
(~ - a ) M  s [1/~ p3 u3 d ~ y )  

J-:/~ PA aA -{ 

(7) 
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2. The peak stagnation pressure, H,:, of the air flowing through the slot was determined from 
a pitot traverse made across the jet inside the aerofoil, close behind the slot exit. The tube 
axis was parallel to tile slot axis, i.e. at 45 deg. to the inner surface of the aerofoil wall, Fig. 1. 
The external width of the tube mouth was 0.02 in., i.e. 0.6t, and the breadth was 0.06 in., 
i.e. 1.7t, where t is the width of the slot measured normal to its centre-line. The tube was 
mounted near the end of a bar carried within the aerofoil on a pivot 2-in. above the tube. The 
lateral position of the tube was given by a micrometer reading of the position of the end of the 
bar outside the tunnel. 

The pitot-traverse curves had well-defined peaks, provided the mass of air sucked was not 
too small. The stagnation pressure fell linearly with the lateral distance from the peak value, 
except near the boundaries, beyond which the pressure became constant. The pressure diagrams 
were about 70 per cent. wider than the width of the slot, tv/2, in the direction of the pitot traverse. 
The readings near the jet boundaries are suspect because they include unknown effects due to 
wall interference, the relatively large width of the pitot tube and to deviations from an axial 
direction of flow. The measured peak stagnation pressures should, however, be reasonably 
reliable. 

3. Values of ~/m, Uo ~ calculated, on the assumptions made in § 1, from relation (7) for measured 
values of mJpoUoc and H~/p.~ (one slot) are given in Table 4. For Cases I, II and IV, the calcula- 
tions were made for two values of mjpoUoc. The two values of s/msUo ~ obtained do not differ 
much, and mean values can be taken for the condition Cvs a minimum. The value of e/msUo ~ 
for Case III  is doubtful, for it would appear from the narrower width of the stagnation-pressure 
diagram, compared with those for the other cases, and also from the difference in the shape of 
the diagram, that flow separation occurs within the slot. The assum )tions made in the calcula- 
tions do not therefore hold. 

TABLE 4 

Case 3 I  

0.630 

I I  0 0"735 

I I I  4 I 0.681 

IV 0"730 

Measured 

m8 10 ~ He  

p~Uoc PA 

4.1 O. 686 
8 .0  0.845 

3 -8  0-429 
3"0 0.409 

5 .6  0"424 

4 .3  0. 289 
3 .0  0. 289 

Calculated 

P 3 8 

- -  o p~ m,Uo" 

.657 

.568 

0.385 
0.384 

6 1 f  0"62 

Value of 
m, 10 a 
- -  a t  (C.~),,~,.. 
poUo c 

1 

0.270 1.78 

0.189 
0.230 

2"31 - , ,  
2 . 1 5 }  z ' z a  

6.1 

3 .2  

7 .7  

5 .5  

r~ 
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APPENDIX V 

A Theoretical Relation for  ~/m,ul ~ for the Condition Tj = msUo, Applicable to a Boundary Layer 
which has not Separated f rom the A erofoil Surface 

1. The boundary-layer forward of a s lot is  either in contact with or separated from the aerofoil 
surface. When the boundary layer is in contact with the surface, the air sucked into the slot 
comes from the inner part  of the layer provided m, <mb : when the layer is separated, the air 
comes from the " dead air " region between the separated layer and the surface and, if sufficient 
air is sucked, from the inner part  of the initially separated layer. A relation for ~/m,ul ~ which 
does not take into consideration losses in the slot is derived below for a boundary layer in contact 
with the surface up to the slot position. 

2. The velocity in the outer part  of the layer sucked into the slot may exceed the local velocity 
of sound and a shock wave is then formed at the mouth of the slot. It  is assumed tha t  this 
shock wave is plane and normal to the aerofoil surface. The pressure, p, in the boundary layer 
just  in front of the shock wave is taken to be constant and equal to the pressure, p~, just outside 
the layer: 

The condition of constant total energy per unit mass gives 

U 2 U i  2 y P ~  U2 ~ U°= Y P* + -- = , . . . . . .  (1) P0 + _ ~ p~ + 
y - - i p o  2 ~ - - 1  p 2 y - - l ~  2- y - - i p ~  2 

where p and u are the density and velocity in the boundary layer, ~ and u~ are the density and 
velocity just outside the layer and p~, p,~ and u~ are the pressure, density and velocity immediately 
behind the shock wave at the slot entry. 

For u > a, the local Velocity of sound, 

p~ 2y u '  (~, _ 1) yp~ (2) p - ~ : y +  1 a ~ ( y +  1 ) ' w h e r e a  ~ -  p , . . . . . . . . . .  

P2 

and P~ -- 
yl 

. . . . . . . . . . . . . .  (a) 
p, 

For u < a, we write u = u2, p = p~, Pl = P2 where suffix 2 now denotes values just behind 
a plane passing through the shock wave and extended to the aerofoil surface. 

In the same manner as in Appendix IV, we have 

m ,  = ~pAa A __P __u d . . . . . . . . . . . . . .  (4) 
ao PA aA 

* (Y-- 1 ~  pAaA ]'~0 P ° - - I  P u d p A a a  

(y 1~ p AaA ~ k,~o / - - 1  2 U d 
- -  a o  Pa aA 

(s) 

and 
~J~sU 12 - -  

0 ~ ~p0 j --  X ?P-- q'~ d p A  aa 

( 7 -  1) . 

where Y is the thickness of the layer sucked into the slot. 

(6) 
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It is of interest to note that when a shock wave is not present, we have p l / ~ ' =  Po/po:', 
Pl/p '~ = Po/pJ and P0/pa = ,~/P. The relation for the work done can then be expressed in the 
simple form 

J o  U 1 
. . . . . . . . . . . .  (7) - -  • 

For standard atmospheric conditions outside the tunnel, 

E 0 - - ( l l 1 7 ) ~  an}] since ~ ' - - P l =  E 0 - -  ut~and ~ P l -  E o - -  u2 
y - -  1 '  r - -  1 ~  2- ; - ~ Y /  - 2 

[ 1 - - 0 . 2 (  u'-)21 
0 . . . . . .  n j 7  _ 

we have j2- - [1 - - 0 " 2 (  u][17)27 f ° r '  ...... 1"4. 

The range of a0 covered in the experiments is small, 1065 to 1095 f.p.s, and the mean value 
1080 f.p.s, can be taken. 

3. Curves of e/mbu~ ~ against mjm~ for a turbulent velocity profile u/u~ = (y/O)v~ just forward 
of the shock wave at the entry to the slot and for u~ ---- 1,000, 1,250 and 1,500 f.p.s, are given 
in Fig.  11. Curves for a laminar velocity profile, compressible flow, having the same form as 
that for the Blasius incompressible flow, A -- 0, are given in Fig. 12. For m,/mv ---- 0-4,  the 
values of e/mbul ~ for the laminar velocity profile are about 25 per cent. greater than those for the 
turbulent velocity profile : for m~/mb ----- 1.0, the values of e/mbu~ 2 for the laminar velocity profile 
are about the same as those for the turbulent velocity profile. 

The dotted curves of Fig. 12 were obtained by ignoring the shock wave losses at the slot entry. 
The difference between these curves and the full-line curves gives therefore a measure of the 
effect of the shock losses on the value of e/mbu~ ~. 
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