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TECHNICAL NOTE 2796 

EXPERIMENTAL STUDY OF THE EFFECTS OF FINITE SURFACE 

DISTURBANCES AND ANGLE OF ATTACK ON THE LAMINAR . 

BOUNDARY LAYER OF AN NACA 64A010 

AIRFOIL WITH AREA SUCTION 

By Milton A. Schwartzberg and Albert L. Braslow 

SUMMARY 

A Langley low-turbulence wind-tunnel investigation was made of an 
NACA 64A010 airfoil section with continuous suction (area suction) 
through its porous surfaces to determine its ability to maintain exten
sive laminar flow behind finite surface disturbances and at angles of 
attack other than 00 • 

Although full -chord laminar flow can be obtained at large values 
of the Reynolds number through the use of area suction, application of 
area suction permitted only a small increase in the size of a finite 
disturbance required to cause premature boundary-layer transition as 
compared with the nonsuction airfoil. The results indicated that the 
stability theory for the incompressible laminar boundary layer, which 
is derived for vanishingly small, two-dimensional, aerodynamically possi
ble disturbances in the boundary layer, is of little practical signifi
cance in determining the sensitivity of the laminar boundary layer to 
surface projections. Combined wake and suction-drag coefficients lower 
than the drag coefficient of the plain airfoil were obtained through a 
range of low lift coefficient by the use of area suction. 

INTRODUCTION 

A two-dimensional experimental and related theoretical investigation 
of the use of continuous suction ('area suction) through porous surfaces 
on an NACA 64A010 airfoil section has been made (ref. 1) to determine 
whether area suction sufficiently stabilizes the laminar boundary layer 
to permit attainment of full-chord laminar flow at large values of the 
Reynolds number. The investigation of reference 1 indicated that the 
theoretical concepts regarding area suction are valid and that Reynolds 
number itself should not be a limiting parameter in attainment of 
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full - chor d laminar flow provided that the air foil surfaces are main
tained sufficiently smooth and fair. The quantitative effects of finite 
disturbances on the stability of suction-type boundary- layer velocity 
pr ofiles , however , we r e not determined in this pr evious investigation . 

The purpose of the pre sent investigation is to provide quantitative 
information on the stabilizing effect of area suction in the presence of 
delibe r ately added two - and thr ee - dimensional surface disturbances . This 
information is also used to determine whether the laminar -boundary- layer 
stability theor y is valid when small but finite sur face irregularities 
ar e pr esent . In addition, the pr evious experiments on a r elatively smooth 
airfoil model (ref . 1) were extended to angles of attack other than 00 

to determine whether area suction improved the airfoil drag character 
istics at lifting conditions . 

The present investigation was conducted at a free - stream Reynolds 

numbe r of 6 x 106, except fo r an initial series of drag measurements 
through a range of Reynolds numbe r which served as a basis for compari 
son of the pr esent sur face condition of the model with that during the 
pr evious investigations . Measurements that were made included wake drags , 
suction-flow quantities , suction- air pr essur e losses, boundary- layer 
velocity pr ofiles , and stethoscopic indications of the position of t ran
sition from laminar to tur bulent flow . 

SYMBOLS 

a section angle of attack 

c air foil chord 

b span of por ous sur face 

x distance along chord f r om leading edge of air foil 

s distance along surface from leading edge of air foil 

y distance normal to sur face of air foil 

Po free - str eam mass density 

f r ee - str eam velocity 

f r ee - str eam dynamic pr essure, 
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Ho f r ee - str eam total pressur e 

p local static pressur e on air foil surface 

U local velocity parallel to surface at outer edge of boundary 

s 

u 

v 

R 

Q 

t 

6p 

d 

l ayer 

air foil pr essure coefficient) 

local velocity par allel to surface and inside boundary 
layer 

kinematic viscosity 

f r ee - str eam Reynolds number based on airfoil chor d) Uoc/v 

total volume rate of flo w through both airfoil surfaces 

suction-flow coefficient ) Q/bcUo 

total pressur e in model inter ior 

suction-air pressure - loss coefficient) (Ho - Hi)/qo 

section wake -drag coefficient 

section suction-dr ag coefficient ) CQCp 

section total - drag coefficient ) Cds + cdw 

absolute viscosity 

thickness of porous material 

velocity thr ough air foil sur face (fo r suction) va < 0) 

static pressur e dr op acr oss porous surface 

por osity factor) 1 ~~I~t ) length2 

chordwise extent of roughness p r ojection 
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k 

5* 

e 

R5* 
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height of r oughness pr o j ection normal to sur face of airfoil 

local velocity inside boundary layer at a distance k from 
the surface 

projection Reynolds number, based on projection height and 
velocity in boundary layer at a distance k from the 
surface , kUk/V 

value of Rk for which an abrupt forward movement of tran
sition occur s 

displacement thickness of the boundary layer, foOO (1 - ij)dY 

momentum thickness of the boundary layer , 100 

ij (1 - ij) dy 

boundary- layer Reynolds number , U5*/V 

value of R5* at which disturbance is neither damped nor 
amplified 

MODEL DESCRIPTION 

The model tested was the same 3- foot - chord, two - dimensional NACA 
64A010 airfoil model of r efer ence 1 with new sintered-bronze surfaces 
of a por OSity equal to that of the surfaces used for configuration 3 

of reference 1 (cvo = 0 . 0525 X 10 -10feet2). The airfoil ordinates are 

presented in r eference 2 . The theoretical pressur e -coefficient distr i 
bution of this airfoil at 00 angle of attack, when mounted in the Langley 
low-tur bulence pressur e tunnel (not the free - air pr essure distribution) , 
is pre sented in figure 1 . 

The sinter ed-bronze skin occupied the center 12 inches of the 
36- inch span of the model on both the upper and lower surfaces . The 
leading edge of the model was fo rmed by a sheet of dur alumin butted to 
the b r onze . Both sur faces were glazed and faired with har d-drying putty 
f r om the leading edge to the 5 -pe r cent -chord station, so that the suc 
tion was applied f r om this station to the t r ailing edge. 

The internal model str uctur e corresponded to the uncompartmented 
configurations descr ibed in r eference 1 and shown in figu r e 2 ; conse 
quently , the model internal pressure was substantially uniform . 
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An indication of the smooth sur face condition of the model is pr o
vided by the waviness measurements of the sintered-bronze skin taken 
both chordwise and spanwise and presented in figures 3 and 4. The 
waviness measurements pr esent relative rather than absolute variations 
from the true airfoil profile . The degree of waviness of the bronze 
surfaces can be estimated by comparison with the measurements on the 
cast-aluminum end sections where the profiles varied by no more than 
±O.003 inch from the t rue airfoil profile. 

APPARATUS AND TESTS 

The model was tested at a Mach number of approximately 0 .3 in the 
Langley low-turbulence pressure tunnel described in reference 3 . Wake 
drags, suction- flow quantit ie s , suction-air pre ssure losses, and 
boundary-layer velocity profiles were measur ed as described in refer 
ence 1 . The r egion of boundary-layer tranSition, both on -the smooth 
model and behind the roughness elements, was determined aur ally by 
means of a stethoscope attached to a O. 003-inch-internal - diameter total
pr essure tube mounted at the end of a rigid r od which was inserted into 
the boundary layer and moved manually. Movement of the total -pre ssure 
tube on the sur face of the solid end sections of the model from the 
region of favorable pressure gradient where the flow was laminar to the 
region of adverse pressur e gradient where the flow was turbulent revealed 
a ve ry obvious distinction in sound between the laminar and turbulent 
flow . After the observer 's ear had been "calibrated," it was a simple 
matter to differentiate between a laminar and turbulent boundary layer 
on the porous sur faces . 

Boundary-layer velocity pr ofiles were determined from measurements 
of the total pr essures through the boundary layer and the local static 
pre ssure with a group of nine total -pre ssure tubes and one static -pressure 
tube . Four of the total -pr essur e tubes, which differed in exte rnal and 
inter nal diameter , were placed in contact with the airfoil sur face to 
permit the measurement of the total pre ssure s close to the surface . 
Reference 4 pr esents a correction that must be applied to the measure
ments of tube heights for total -pr essure tubes in contact with the sur
face. This correction, which was determined from measurements on an 
air foil without boundary- laye r suction, was applied to the measurements 
made on the present model which had inflow through the surfaces . This 
sur face inflow probably has an important influence on the effective 
height of the total -pressure tubes . Inasmuch as the tubes in contact 
with the model were located in the steepest portion of the boundary -
layer velocity gradient , small error s in the me a surement of and correc
tions t o the tube heights r esult in large errors in the measurement of 
the velocity gradients near the model surface. 
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Roughness effects were simulated at two chor dwise stations on the 
upper surface of the model : 0.30c in the region of the favorable pres 
sur e gradient and 0 . 75c in the r egion of the adverse pr essure gradient. 
The two - dimensional roughness elements consisted of tape strips of 
various heights which spanned the br onze portion of the model . The 
three -dimensional roughness element was a smooth, headless, cylindrical 
nail of 0 . 024- inch diameter driven into the bronze surface to various 
pr ojection heights . 

Frequent vacuum cleaning and light sanding of the bronze skin was 
performed in an effort to maintain the model pores dust -free and the 
sur face imper fections at a minimum. No measurable change in the porosity 
of the br onze skin occurred dur ing the course of the investigation . Wake 
dr ags wer e measur ed periodically in or der to check the condition of the 
model surface . 

RESULTS AND DISCUSS ION 

Investigation of Model Without Deliberately Added Roughness 

Before any sur face irr egularities were added to the present model, 
wake - dr ag measur ements and stethoscopic indications of the location of 
t r ansition on the smooth model we r e obtained to provide a comparison of 
the present porous surfaces with those of configuration 3 of reference 1 
and to pr ovide a basis fo r determining the effect of the deliberately 
added sur face disturbances . 

Afte r an initial ser ies of spanwise surveys of section wake - drag 
coefficient (fig . 5), all fur ther measurements were obtained within a 
2 - inch r egion about the model center line wher e the flow is believed to 
be unaffected by any distur bances or iginating at the chordwise junctur es 
between the sinter ed -br onze skin and the solid end sections of the model . 
In gene r al, figur e 5 indicates that the right side of the model was 
somewhat less smooth than the left, an indication that was confir med a 
number of times during the tests . 

Wake - drag measurements through a range of suction- flow coeffi 
cient CQ were made at three values of the Reynolds number at an angle 
of attack ()f 00 (fig. 6) . Fairly good agreement with the results for 
configur ation 3, r efer ence 1 , was obtained at Reynolds numbers f r om 

6 x 106 to 15 x 106. At a Reynolds number of 20 X 106 , however, the 
minimum section wake - dr ag coefficient was greater than that of refer 
ence 1 and the dr ag rise with decr easing suction-flow coefficient 
occur red at a higher value of CQ . These differences may be attributed 
to a greater degree of surface waviness of the present model. Although 

( . 



., 

NACA TN 2796 7 

surface waviness surveys were not made for the model of reference 1, it 
is believed on the basis of visual observations . that the present model 
sur face was more wavy . Quantitative information on the effects of sur
face waviness on the stability of the suction- type laminar boundary 
layer was not obtained in this investigation, but a comparison of the 
r esults of the pre5ent investigation with the results for configura
tion 3 of reference 1 (fig. 6) does indicate that improved surface fair 
ness over that shown in f i gur es 3 and 4 might have avoided a forward 
movement of transition with an increase in Reynolds number . 

The sudden rise in dr ag coefficient with an increase in suction
flow coefficient above a value of 0 . 0016 at the Reynolds number of 

20 x 106 (fig. 6) is probably caused by the increase in size of the 
imper fections in the sintered-bronze surface relative to the boundary
layer thickness at the large values of suction-flow coefficient and 
Reynolds number. Because of the sensitivity of the laminar boundary 
layer at large values of the Reynolds number to imperfections inherent 
in the bronze skin, all the tests with deliberately added roughness were 

made at a free - stream Reynolds number of 6 x 106 so that the effect of 
the inherent skin irregularities was negligible through the range of 
suction- flow coefficients investigated . 

The variation of the position of transition of the boundary layer 
f r om laminar to turbulent flow with suction-flow coefficient at a 

Reynolds number of 6 x 106 is presented in figure 7 for the model upper 
surface devoid of any deliberately added roughness elements . These 
r esults are the basis for the determination of the effect of the deliber
ately added surface disturbances . The trend of the data of figure 7, 
which were obtained by the use of the stethoscope, is consistent with 
the variation of section wake -drag coefficient at the same Reynolds 
number (fig. 6); that is, a gradual rearward movement of the position 
of t r ansition with an increase in suction-flow coefficient occurs simul 
taneously with a gradual reduction in drag coefficient, and the value 
of CQ at which the minimum value of drag coefficient is reached coin
cides with the suction- flow coefficient required for full - chord laminar 
flow . 

In order to calculate the parameters involved in an analysis of 
the results obtained with the deliberately added surface projections) 
knowledge is required of the boundary- layer profile on the smooth model 
at the position at which the projection is to be added. 

The boundary- layer velocity profiles measured on the smooth airfoil 
at the 0 . 75c station for several values of suction-flow coefficient are 
shown in figure 8 . It is of interest to note that the value of CQ at 
which turbulent flow occur s at 0 .75c , as indicated by the velocity 
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profiles (CQ = 0 .00079 and 0.00076) , agrees very well with the value 
of CQ for transition at the same station as indicated by the stetho 
s cope (fig . 7) . 

The boundary layer at the 30-per cent-chord stat ion was too t hin 
for reliable measurement. The velocity profiles at 0 .30c, therefore, 
were calculated by the approximate method of reference 5 through the 
use of calculated chordwise inflow-velocity di s tributions and are pre
sent ed in f igure 9. The inflow-velocity dist ributions were calculated 
from the air f oil external pre s sur e coeffici ents (fig. 1) and the measured 
suct i on -air pressure - l oss coeff icients Cp by means of the following 
relat ion from appendix A of reference 1: 

Cv o 
2ct R( Cp - S ) (1) 

Values of CQ obtained from integrations of t hese estimated chordwise 
i nflow-velocit y distributions agreed very closely with the me asured 
values of suct ion-flow coeff icient as shown i n the f ol l owing t abl e : 

Me asured CQ Estimated CQ 

0.00310 0.00317 

.00117 . 00110 

Effects of Fini te Sur face Distur bances 

An investigation of the quantitati ve effects of two - dimensional 
tape strips and t hree -dimensional cylindrical pr ojections on the chor d
wise position of boundary-layer t ransition from laminar to tur bulent 
flow on an airfoil without boundary-layer control is repor ted in refer 
ence 6. The results indicated that, with projections present, t r ansition 
occurred either at the usual position found without surface p r ojections 
or at a position close behind the r oughness elements. Whether t r ansition 
occurr ed at the one place or the other was found to be a function of the 
projection fineness ratio d/k and the value of a Reynolds number Rk 
based on the projection height and the velocity in the boundary layer 
at the top of the projection as measured without the projection present. 
An experimental correlation of the value of the projection Reynolds 
number required to cause transition close behind the projection Rkcr 
and the pr ojection fineness ratio is given in reference 6. 
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The present tests were made to determine whether any increase in 
the size of the roughness, over that found to cause transition on an 
airfoil without suction, could be tolerated with area suction applied 
at the airfoil surfaces. Any increase in the permissible size of the 
roughness would be evidenced by a corresponding increase in the value 
of Rkcr ' A comparison of the values of Rkcr obtained in the present 

investigation with those presented in reference 6, therefore, is used 
as a basis for determining whether the use of continuous suction per
mits an increase in the size of tolerable roughness. In order to facili
tate a direct comparison with the results of reference 6, two-dimensional 
tape strips and three-dimensional cylindrical projections were used in 
the present investigation. 

The projection Reynolds number Rk which was varied by changes in 
the projection height and in the suction quantity was calculated from 
the measured quantities by means of the following relation: 

(2) 

Three-dimensional roughness elements.- Figure 10 shows the extent 
of laminar flow behind a nail of 0.024-inch diameter and various pro
jection heights located 1 inch left of the model center line at the 
0.7Sc station. The values of CQ at which premature boundary-layer 
transition occurred because of the presence of the nail were determined 
from the stethoscopic findings. 

A nail height of 0.OS2 inch which extended well into the boundary 
layer was found to cause transition immediately behind the nail at all 
values of CQ. This same condition prevailed for all decreased values 
of the nail height tested down to and including a nail height of 
O.OlS inch. For a value of the nail height of 0.012 inch) laminar flow 
extended behind the n~il to a chordwise position that was the same as 
the location of transition for the airfoil without the roughness element 
for values of CQ up to 0.00135, a result which indicated that the nail 

was not causing premature transition at these values of CQ. An increase 
in suction flow coefficient from 0.00135 to 0.00149 was found to cause 
a large forward movement of the position of transition from 0.97Sc to 
0.785c. Further increases in the suction quantity advanced transition 
to a position very close behind the nail. 

Full -chord laminar flow existed at a value of CQ of 0.0016 for a 
nail height of 0.010 inch. A small increase in suction-flow coefficient, 
however, produced bursts of turbulence in the boundary layer between 
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o.85c and the trailing edge . A further increase in suction-flow coef
ficient to 0 . 00182 pr oduced an unsteady roaring between 80 and 85 per 
cent chor d with fully developed tur bulent flow from 85 percent chord to 
the trai ling edge . Higher values of CQ moved transition close behind 
the nail. 

A nail height of 0 . 008 inch permitted laminar flow to extend to 
the model trailing edge through a large range of CQ up to the maximum 
obtainable with the available blower system. At a value of CQ of 
0 .00307 , bursts of turbulence were heard in the boundary layer in the 
region f r om 0.78c to the t r ailing edge. In all probability, a further 
increase in suction would have instituted fully developed turbulent 
flow behind the nail. Inasmuch as the highest available suction- flow 
coefficient was insufficient to attain a critical projection Reynolds 
number with a nail height of 0.008 inch, full -chord laminar flow proba
bly would have existed up to the maximum test value of CQ for further 
decreased values of the nail height. 

Inasmuch as the movement of transition from a downstream position 
on the airfoil to a position close behind the disturbance takes place 
through a r ange of suction- flow coefficient, and, therefore, of Rk, 
selecti on of the critical value of Rk may appear difficult. Figure 11, 
however, computed by means of equation (2) and the boundary-layer 
velocity pr ofiles of figur e 8, shows that the change in Rk corre 
sponding to the change in CQ r equired to move the transition point 
from its downstream position to the region of the disturbing element 
is slight, so that any inaccuracy in the measurement of Rkcr associated 

with uncer tainty in the deter mination of the critical suction-flow coef 
ficient is small . 

Figur e 12(a) depicts the extent of laminar flow behind a nail of 
0.024- inch diameter located on the model center line at the 0.30c station 
for two values of the projection height through the available range of 
suction-flow coefficient . Tested values of the projection height of 
0 . 007 inch and greater produced immediate transition regardless of the 
suction-flow coefficient . 

A nail height of 0 . 0055 inch was found to permit continuation of 
laminar flow behind the nail for values of CQ up to 0 . 00126. At this 
value of CQ turbulent bursts were heard behind the nail extending from 
the 0 . 30c station to the 0 . 80c station behind which the flow was fully 
turbulent . The flow was fully turbulent from close behind the nail to 
the trailing edge at a value of CQ of 0.00139 and for all higher values . 

A nail height of 0.0045 inch did not alter the extent of laminar 
flow over the airfoil below a suction-flow coefficient of 0.00261. At 
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this value of CQ, scattered bursts of turbulence were heard behind the 
nail to the 40-percent-chord station beyond which they were no longer 
detected and the flow remained laminar to the trailing edge. A suction
flow coefficient of 0.00282 produced the characteristic roaring sounds of 
tur bulence interspersed with bursts behind the nail to the 0.45c station. 
In this case, the bursts heard with the stethoscope can be interpreted 
as an occasional return to the laminar condition of the flow behind the 
projection which was primarily turbulent. Between the 0.45c station 
and the 0.50c station, the roaring was eliminated and replaced by light 
bursts of turbulence. From the 0 . 50c station to the trailing edge, all 
signs of turbulence had disappeared and laminar flow was found to extend 
all the way to the trailing edge. At a suction-flow coefficient of 
0.00310 , fully turbulent flow existed behind the nail to the 42 -percent 
chord station. Between this station and the 51-percent-chord station, 
fully tur bulent flow was no longer detected and only bursts of turbu
lence were heard. From the 0.51c station to the trailing edge, undis
turbed laminar flow existed. These indications of the return of a 
turbulent flow to the laminar condition are believed to be the first 
experience of this type to be reported in the literature. It should be 
noted that these phenomena were observed only in the wake of a single 
cylindrical projection situated in the region of favorable pressure 
gradient at high suction-flow coefficients and when the flow about the 
roughness element was such that probably only slight increases in CQ 
or Rk would be required to establish complete turbulence from the 
projection to the airfoil trailing edge. A nail height of 0.003 inch 
was found to permit continuation of laminar flow behind the nail to 
the trailing edge within the range of suction-flow coefficients 
available. 

Although a specific choice of a critical value of CQ may again 
seem difficult to make on the basis of these data, it is found (fig. 13) 
that the variation of Rk with CQ is so slight as to make a specific 
choice of a critical CQ relatively unimportant. The assumption has 
been made that only a relatively small increase of CQ beyond the maxi
mum test value of 0.0031 would be required to produce fully turbulent 
flow behind the nail of 0.0045-inch height. The airfoil wake-drag coef
ficient with a nail of 0.0055-inch height at the 30-percent-chord station 
increased substantially with the large forward movement of transition on 
the model upper surface and permits evaluation of the critical projection 
Reynolds number on this basis. These drag measurements are shown in 
figure 12(b) and they are seen to be in close agreement with the observa
tions made by means of the stethoscope. 

Two-dimensional roughness elements.- Two-dimensional roughness ele
ments were simulated by tape strips of O.250-inch width glued to the 

- ----- - -- -- -~- - - - -- - -
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model surface across the span at the two chordwise test stations. At 
the 75-percent - chord station) a tape strip of 0.0095-inch height pro
duced transition at or near the strip at all test values of CQ. A 
tape strip of 0 .008-inch height permitted laminar flow no farther back 
than the 0 . 82c station at any value of CQ . Laminar flow to the 
trailing edge at some spanwise stations existed at a value of CQ of 
0.00112 with a strip of 0.005-inch height. This condition corresponds 
to a value of Rk of 139 for a fineness ratio d/k equal to 50. 
Increases in the value of CQ) however) moved the position of transi
tion progressively forward on the airfoil to the strip so that a criti
cal Reynolds number could not be established. A value of Rkof 269 
for this fineness ratio caused immediate transition at the strip. A 
tape strip of 0.0035-inch height permitted laminar flow to the trailing 
edge up to the maximum available CQ . This indicates a value of Rkcr 

greater than 149 for a value of d/k of 71.4. 

At the 30-percent - chord line) a two-dimensional strip of 0.005-inch 
height permitted laminar flow to only the 0.50c station at a value of 
CQ of 0 . 00087 . Higher suction quantities again moved the transition 
position gradually forward on the airfoil to the neighborhood of the 
strip . A possible range of Rkcr from values of 320 to 440 is indi-

cated by the data . Increased strip heights caused immediate transition 
at the strip throughout the range of suction quantity available. A 
tape strip of 0.0035-inch height did not change the extent of laminar 
flow from that which existed on the model without the roughness elements. 
At a suction- flow coefficient of 0.00310) the value of Rk for this 
strip height is 398 for a value of d/k of 71.4. The critical value 
of Rk is then greater than 398 . 

Comparison with results for nonporous airfoil.- Most of the results 
obtained with the finite two - dimensional roughness elements can be inter
preted as lying within the range of scatter of the data similarly obtained 
on surfaces without suction as presented in figure 15 of reference 6. 

d 
The value of Rkcr greater than 398 for k = 71.4 obtained at 0.30c 

for the tape strip of 0.0035-inch height is the only point suggesting 
any notable increase in Rkcr due to suction with two-dimensional finite 

disturbances present. The values of Rkcr obtained for two-dimensional 

roughness elements on the airfoil with suction are comparable to those 
obtained for the airfoil without suction since the 0.250-inch-wide strips 
used in the present tests extended over a chordwise region of the air
foil dlc that corresponds closely to that covered by the strips of 
reference 6. Other strip widths would require a correlation involving 
the additional parameter dlc to account for the blanketed chordwise 
region that is not subject to suction. 
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For three-dimensional distur bances the variation of the square 
root of the critical projection Reynolds number with prOjection fine
ness ratio for airfoils wit hout boundary-layer control is presented in 
figure 14 as obtained from the faired curve of figure 12 of refer
ence 6. Also presented in the same figure for comparison are the 
re sults obtained in the present investigation with three - dimensional 
projections and continuous suction. Although the data are sparse) the 
indicated trend of VRkcr with d/k is of the same type as that of 

reference 6. 

Application of area suction increased the critical projection 
Reynolds number over that measured without boundary-layer control only 
by a factor of approximately 2 . This increase in Rkcr corresponds 

to an increase in permissible height of the projection of less than 
40 percent for a given value of the - boundary-layer thickness. At a 
given chordwi se position) however ) the boundary layer would be thinner 
with area suction than without area suction so that the increase in 
allowable projection height would be even smaller. 

The stability theory fo r the incompressible laminar boundary layer 
indicates that the stability of boundary- layer velocity profiles obtained 
with area suction when only vanishingly small ) two - dimensional) aer o
dynamically possible disturbances are present in the boundary layer is 
much greater than that of nonsuction profiles. The experimental results 
just presented indicate that area suction as applied in the present 
investigation resulted in only a small incr ease in the allowable size 
of small but finite surface irr egularities . This result suggests very 
strongly that the small-disturbance) laminar- boundary-layer stability 
theory is inapplicable wher e small but finite surface irregularities 
are present. The applicability of this theory can be judged more pre 
cisely) however) on the basis of a comparison of the values of R5* at 
which transition was found to occur in the presence of finite surface 
disturbances and the theoretical value s of (R5*)cr calculated for the 

boundary-layer velocity pr ofiles obtained on the model . 

De t ermination of the value of ( R5* )cr for a given boundary-layer 

velocity profile) on the basis of the laminar-boundary-layer stability 
theory) requir es an accurate knowledge of the second derivative of the 
velocity profile. The data points of figure 8) through which the velocity 
profiles have been faired ) are not sufficiently accurate to permit a pre 
cise determination of the second derivatives of the profiles. Values of 
boundary-layer thickness) such as e and 5*) however) depend upon an 
integration of the fai r ed velocity profiles and) therefor e) can be deter
mined with a satisfactor y degree of accuracy . 
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Measur ed val ues of 8 , chor d Reynolds number, and local airfoil 
pr essur e gr adient can be employed i n the Schl ichting method of defining 
suction velocity pr ofiles (ref . 5 ) to determine the local inflow velocity 
that would be r e quir ed ' under the specified measur ed conditions to obtain 
the asymptotic suction pr ofile . The critical boundar y - layer Reynolds 
number pr edicted by the laminar boundar y - layer stability theor y for the 
asymptotic pr ofile is of the or de r of 40,000 . Through the r ange of 
suction- f l ow coeffic i ent i n which cr itical values of Rk were measur ed, 
the actual local infl ow ve l ocities wer e found to be gr eater than the 
local inflow vel ocities r equir ed for the asymptotic suction profile as 
shown in the following table : 

Calcul ated CQ Value of -vo/uo Value of -vo/uo 
Measur ed fVo s at 0 . 75c r equired d -' voluo at 0.75c f r om 

CQ UO 
, 

fo r asymptotic c e quation (1) 
f r om equation (1) suction profile 

0 . 00310 0 . 00317 0 . 00170 0 . 00082 

. 00172 . 00169 . 00092 . 00059 

. 00141 . 00136 .00076 . 00055 

The values of ( R5* ) cr' ther efor e , fo r the exper imental velocity pr ofiles 

we r e apparently of the or der of magnitude of the value for the asymptotic 
shape . This conclusion is fur ther ver ified by figur e 15 whe r e data points 
fo r the measur ed velocity pr ofiles of figur e 8 agr ee ver y closely with 
the asymptotic suction pr ofile except for the exper imentally inaccur ate 
values cl ose to the airfoil sur face . The boundary-layer Reynolds number s 
fo r which t r ansition occur red immediately' behind the finite sur face i rregu 
larities varied from appr OXimately 1500 to 3000 . Inasmuch as these exper i 
mental values of (R5*) cr are so much smaller than the theor etical value 

of (R5*) cr' the significance of ( R5*) cr as calculated by the small 
distur bance , laminar -boundary- layer stability theory is evidently very 
differ ent f r om that of the exper imentally determined minimum cr itical 
Reynolds number fo r laminar flow in a pipe . In the latter case , if the 
Reynol ds number of the flow, based on the pipe diameter , is less than 
about 2000 , the flow will return to the laminar state regardless of the 
magnitude or natur e of any disturbance intr oduced into the flow . 

The natur e of the surface irr egularities to which the boundary layers 
of the pr esent investigation and those of r eference 1 were subjected may 
be classified into two types : (a) those having a minimum r adius of curva
tur e much larger than the boundar y -layer thickness, that is, surface 
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waviness, and (b) those having a mlnlmum radius of curvature of the 
order of or less than the boundary-layer thickness, that is, surface pro 
jections. In the former case, the theory of small disturbances may well 
be applicable as the effect of the irregularities could be calculated 
through their known effect on the pressure distribution. In the latter 
case, however, the theory of small disturbances appears to be of little 
practical value in determining the sensitivity of the laminar boundary 
layer to such surface irregularities . 

An evaluation of boundary-layer - control effectiveness in the main
tenance of extensive laminar boundary layers can be attempted on the 
basis of this investigation and that of reference 1 as well as other 
investigations employing a numbe r of discrete suction slots (for example, 
r ef. 7). The application of continuous suction resulted in only a slight 
stabilization of the boundary layer on an airfoil with small but finite 
surface irregularities. The investigations of multiple suction slots 
indicated that the difficulty involved in the maintenance of extensive 
laminar boundary layers on airfoils incorporating such a system would be 
at least as great as that encountered in the past in the maintenance of 
extensive laminar layers on low- drag airfoil sections without boundary
layer control. Both methods of boundary-layer control offer the possi
bility of maintaining extensive laminar flow at large values of the 
Reynolds number, but each method requires the maintenance of extremely 
smooth air foil surfaces . 

Effect of Angle of Attack 

The final group of tests in the present investigation was made on 
the smooth model through an angle - of -attack range from -30 to 60 to deter 
mine whether area suction pr ovided an extension of the low- drag range. 
The airfoil wake- and total - drag coefficients obtained with suction through 
the angle -of -attack range fo r values of CQ of 0.0010, 0.0016, and 0 . 0020 
are pr esented in figure 16. The suction- drag coefficients Cd which have 

s 
been added to the wake-drag coefficients to obtain the total-drag coeffi-
cients were based on the minimum values of airfoil suction-air pressure 
loss coefficient Cp necessary to prevent outflow at each of the dif
ferent angles of attack . These values of Cp are included in figure 16 . 
For this particular model, which is not subject to outflow in the low
pr essur e region over the nonporous leading 5 percent of the model surface , 
the minimum permissible value of Cp assumed for each angle of attack 
is that corresponding to the maximum value of the airfoil pressure coef
ficient over the porous surfaces . The airfoil pressure-coefficient distri 
bution existing at each angle of attack was calculated by the method out
lined in reference 8. 
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The r esults pr esented show a decr ease in the total dr ag of the air
foil with suction as compar ed with that of the air foil without suction 
through a r ange of angle of attack f r om -30 to 20 . The unsymmetrical 
natur e of the r esults emphasizes the differ ences in sur face condition 
existing between the upper and lower surfaces of the model . The higher 
values of wake - dr ag coefficient measur ed at 00 angle of attack in this 
series of tests as compared with the earlier measur ements shown in fig 
ur e 6 are a fur ther indication of the sensitivity of the porous sur face . 
If the or iginal model condition had been maintained , a general lower ing 
of the dr ag coefficients would have been achieved . It is also conceivable 
that impr oved sur face conditions would have resulted in lower total -drag 
coefficients over a wider r ange of angle of attack of the airfoil . This 
observation is based on a comparison of the r esults obtained at positive 
and negative angles of attack . 

This decr ease in the total - dr ag coefficient of the airfoil at 
lifting conditions will enhance the lift -drag- ratio characteristics of 
the airfoil in the r ange of low lift coefficients if the surfaces are 
maintained sufficiently smooth. The indications , however, are unfavor
able to the application of ar ea suction at higher lift coefficients where 

~ figure 16 shows an incr ease in the total -drag coefficient of the air foil 
with suction over that of the air fo i l without suction. 

CONCLUSIONS 

A Langley low-tur bulence wind - tunnel investigation of an NACA 64A010 
airfoil section with porous sur faces was made to determine the effective
ness of continuous suction in maintaining full-chord laminar flow behind 
finite disturbances and at angles of attack other than 00

• The results 
of this investigation indicate the following conclusions: 

1. The use of area suction resulted in a relatively small increase 
in the size of a small but finite surface disturbance required to cause 
premature boundary-layer transition as compared with that for the airfoil 
without suction. With or without continuous suction, the maximum size of 
a protuberance that will not cause premature transition is small with 
respect to the boundary-layer thickness. 

2. The laminar-boundary-layer stability theory, which is based on 
vanishingly small, two-dimensional, aerodynamically possible disturbances 
in the boundary layer, appears to be of little practical significance in 
determining the sensitivity of the laminar boundary layer to surface 
projections~ 

3. By the use of area suction it was possible to restore the flow in 
the boundary layer from the turbulent to the laminar state in the wake of 
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a single cylindrical projection situated on the airfoil in the region 
of favorable pressure gradient at high suction-flow coefficients. The 
flow about the projection, however, was such that probably only slight 
increases in suction quantit y or projection Reynolds number would have 
been required to establish complete turbulence from the projection to 
t he airfoil trailing edge. 

4. Combined wake and suction drag coefficients lower than the drag 
coefficient of the plain airfoil can be obtained through a range of low 
lift coefficient by the use of area suction, provided that the airfoil 
surfaces are maintai ned suff iciently smooth. 

Langley Aeronautical Laboratory, 
National Advisory Commi ttee f or Aeronautic s , 

Langley Field, Va . , July 7, 1952. 
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Figure 15 .- Comparison of boundary- layer velocities measured on the 
NACA 64AOIO airfoil at O. 75c with the asymptotic suction and the 
nonsuction flat plate types of boundary- layer velocity profiles . 
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Figure 16.- Variation of section wake - drag and section total- drag coef
fi c ients measur ed a t model center line, based on the minimum suction
air pressure - loss coefficient r e quired to prevent outflow, with angle 
of attack for several suction- flow coefficients for the porous - bronze 
NACA 64AOI O airfoil model . R = 6 X 106 • 
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