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EFFECT OF COMPRESSIBILITY ON THE PRESSURES AND FORCES 

ACTI JG ON A MODIFIED NACA 65,3-019 AIHFOIL 

HAVING A O. 20-CHORD FLAP 

By W. F . Lindsey 

SUMMARY 

An investigation has been conducted in the Langley 
rectangular high-speed tunnel to determine the effect of 
compressibility on the pressure distribution for a modi
fied NACA 65,3-019 airfoil having a O.20-chord flap. The 
investigation was made for an angle-of-attack range 
extending from _20 to 120 at flap deflections from 00 

to -120 • Test data were obtained for Mach mrnbers 
from 0.28 to appr oximately 0 . 74. 

The results show that the effectiveness of the 
trailing-edge-type contro l surface rapidly decreased and 
approached zero as the Mach nwnber increased above the 
critical value. 

INTRODUCTION 

The available information on the aerodynrunic charac
teristics of airfoils, with and without flaps, at low 
speeds is quite extensive and previous investigations 
have shown the genera l effects of compressibility on air
foils without flaps . For airfoils with flaps, however, 
the available information at high speeds is li~ited. 

The earlier investigations at high speeds demon
strated the limitations of the theoretical methods in . 
extrapolating low-speed data to high speeds (reference 1). 
In addition, the investigations illustrated the inappli
cability of the theoretical methods in the supercritical
speed range , in whi ch pressures and forces change radi-

' cally. These radical ehanges in pressures and forces are 
the adverse effects of compressibility, a knowledge of 
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which is necessary in the design of high- speed airplanes. 
Because of the inadequacy of the theoretical method in 
applications to the supercritical region, recourse to 
eXDeriment is necessary to determine the adverse effects 
of compressibility. 

Data at high speeds were required in connection with 
the design of a specific airplane; accordingly, an inves 
tigation was conducted in the Langley rectangular high
speed tunne l to determine the effect of compressibility 
on the '~)l'essures and forces acting on a modi fied NACA 65,3-019 
airfoil having a 0.20 - chord flap. Pressure-distribution 
measurements were made at ~.;ach numbers between 0.28 
and 0 . 74 for angles of attack from _20 to 120 and flap 
deflections from 00 to -12°. 

APPARATUS AND TESTS 

The tests were conducted in the Langley rectangular 
high-speed tunnel, which is an induction-type tunnel 
without return passages and has an 18-inch by 4-inch test 
section . The variation in the Mach number in the test 
section along the tunnel axis withou t a model installed 
in the tunnel is ±o .4 percent of the stream Mach number. 
In a plane normal to the tunnel axis the variati on is 
±O .S percent of the test-section Mach number at a streruTI 
Mach nll..'Tlber of 0.60 . The direction of the air flow 
appears to be mi salined by -0.10 wi th a po s sible variation 
of to.lo . No correction for misalinement has been made 
for the data presented herein. 

ThB model completely spanned the test section along 
the 4 - inch dimension and was supported by large circular 
end plates which were fitted into the tunnel walls in 
such a ~ay as to rotate with the mode l and to retain 
continuity of the surface of the tunne l walls. The 
juncture between the model and the end plate was sealed . 

The profile of the 5- inch-chord model having a 
0.20- chord flap differed from the modi fied NACA 65,3-019 
airfoil section in that the profile from approximately 
the 8 1- percent station to the trailing edge wa s formed 
by straight lines having an included ang le between 200 
and 21°. Forty pressure orifices were installed in the 

model surface in two chordwise rows t inch from and on 
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either side of the model center line. The model profile 
and pre ssure - orifice locations are shown in figure 1. 
The airfoil ordinates are given in table I. 

Pressure-distribution measurements were made for a 
range of Mach numbers from 0.28 to approximately 0.74 at 
angles of attack from _20 to 120 and flap deflections 
from 00 to -120 (up) . Additional pressure-distribution 
measurements were made for positive (down) deflections of 
the flap at angles of attack of 20 and 40 • These tests 
were supplemented by schlieren photographs of the flow in 
the supercritical speed region for a few of the lower 
angle-of - attack configurations. These photographs show 
density gradients in the flow by changes in light 
intensity. (For details, see reference 1.) 

M 

q 

Po 

p 

a 

P 

SYMBOLS 

Mach number 

Ma ch numb e r at which sonic velocity was obtained 
locally within the flow field (as at the model 
surface) 

dynamic pressure 

free-stream static pressure 

l ocal static pressure (as at model surface) 

angle of attack 

pressure coefficient 
(

p - Po 
q J 

/ 

critical pressure coefficient , corresponding to 
( 0 . 52SE· - (')) 

10 cal Mach number of 1.0 \ -0--------
\. -

H total pressure 

Pu upper-balance-cha~ber pressure coefficient 

PL lower - balance- chamber pressure coefficient 

cn section normal- force coefficient 
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s e ction pi tching-moment coefficient of normal 
force about quarter-chord location 

flap normal-fo rce coefficient 

flap hinge - mornent coefficient (determined by the 
pressure distribution from flap h inge axis to 
trailing edge) 

flap defl ection measured with reference to the 
model chord; ne gative deflection is up 

RESULTS AND DISCUSSION 

Tunnel - Wall Effe cts 

The results of these tests have not been corrected 
for constr i ction o r tunnel-wall effects. The mo st 
import ant constricti on effect on these data in the super 
critical region is t he change i n the Mach numbers g iven 
he r ein t o hi gher effective stream Ma ch numbers. ( See 
refe r ence 2 .) The difference be t ween the t wo Ma ch numbers 
increase s rap i dly as the maximum tunnel speed is approached. 
It is f urthe r shown in ref e r ence 2 that very n ear or at 
t he maximum speed attainab le f or a g i ven model-tunnel 
configuration large gradi e nts in ve l o city oc curr ed at the 
wal ls. The maximmn-speed t e st points g iven here in for 
each angu l a r co nfiguration are therefore considered to be 
o f questionable value. 

Pr es sur e Distribution 

The pressure dist r ibutions along the cho rd of the 
mode l a re presented in f igures 2 t o 31, inclusive. Each 
figur e shows the effe ct of compress ibil i ty on the pressur e 
dis t ribu tion for a g i ven angular confi guration. Th e 
effe c t of ang l e of attack and flap def lection can be 
obtained fr om a comparison of the various figures. 

Subcritical region.- The figures for the lower angl es 
of attack a n d small normal - force coefficients show that 
i ncreases in Mach number in the subcri ti c a l ranges are 
a ccompanied by increa ses in the maximum negative pressure 
coeffi cient , which is in agreement wi th theory. In the 
high ang l e -of-attack and large n or mal-force-coefficient 
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range the change in the maximum negative pressure coef
ficient with Mach number is approximately zero and not in 
agreement with theory, probably as a result of the exist
ence of separated flow . 

A comparison of part (a) of figures 2 to 31 for a 
constant angle of attack and various flap deflections 
shows that the increment in load produced by a deflection 
of the flap is distributed approximately uniformly along 
the chord as could be expected f'rom low-speed tests. It 
can be seen, however, at this Mach number (approx. 0.43) 
that the maximum relative change in loading on the main 
part of the wing occurs near the leading edge. This 
change has an appreciable effect in increasing or relieving 
the pressure peaks that occur near the leading edge for 
some angle-of-attack conditions. (See part (a) of figs. 2 
to 5 and 18 to 21.) 

Supercritical region.- Although it has been shown 
that In the subcritical Mach number range the action of 
the flap in changing the loading along the chord was 
similar to that shown by the low-speed tests, in the 
supercritical range, w}en the region of supersonic flow 
is relatively large, the loading in and ahead of the 
supersonic region is a function only of angle of attack. 
The extent of flow affected by the flap is limited to the 
region of subsonic flow behind the supersonic region and 
to the flow over the flap itself. (See parts (d) and (e) 
of figs. 6 to 9.) The chordwise influence of flap deflec
tion on the flow over the main part of the wing could be 
expected to be limited to the subsonic flow region ahead 
of the flap, since pressures are propagated at the speed 
of sound. This effect of compressibility in producing a 
marked change in the flow over the forward portion of the 
airfoil at supercritical Mach numbers is comparable to 
that which occurs for cambered airfoils, as evidenced by 
the change in the angle of zero lift. The similarity can 
be more clearly seen when the ca>nbered airfoil is con
sidered to be a multiple flapped airfoil. 

Comparison of the pressure distributions for the 
flap deflected and neutral shows that, for this model, 
the chordwise extent of the influence of the flap 
decreases gradually as the speed is increased above the 
critical speed. 

If the fundamental a.spects of the flow are con
sidered, deflections of the flap could produce changes 
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in the pressures in the subsonic flow region, thereby 
changing the shoc ~ ~ location. This effect, however, is 
not apparent in these results because of separated flow ~ 

and the resulting absence of the usual discontinuities in 
the pressure-distribution diagrams which indicate the 
sbocl{ location . 

Schlieren Photographs 

Schlieren photographs of the flow in the higher Mach 
nl~ber range are shown in fisures 32 to 37, inclusive, 
for the model at angles of attack of 00 and 1+0 wi th 
various flap deflections. (Note compressions are white 
on fig. 32, black on figs. 33 to 37.) These photographs 
show that for angles of attack from 00 to 40 the flow 
separates at approximately the 0.60-chord location for 
Mach numbers near the critical values, and with increasing 
Mach number the separation point moves forward. The 
forward movement of the separation point is accompanied 
by a rearward movement of the shock along the separation 
boundary. 

A comparison of the schlieren photographs with the 
corresponding pressure - distribution diagrams shows that 
the existence of separated flow has a serious effect on 
the pressure distribution in the vicinity of compression 
shocks. (See, for example, figs. 9(d) and 35(d).) It 
will be noted that for the condition of a well-defined 
shock and separated flow the pressure-distribution diagram 
indicates smooth compression. In addition, the location 
of the pressure corresponding to the critical pressure 
coefficient generally occurs from 5 to 10 percent of the 
chord downstream from the shock location. This phenomenon 
is probably the result of the existence of large static 
pressure gradients in the separated-flow region between 
the boundary and the model surface where pressures were 
measured. The extent of the separated flow would be 
reduced for an airfoil having a smaller thickness-to
chord ratio. 

Critical Mach Nmnber 

The variation of the cri tical Mach number of each 
surface with flap deflection for constant angles of attack 
is presented in figure 38 . The large decrease in critical 
Mach number that occurs at angles of attack between 60 
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and 80 for the upper surface is a result of a rapid 
increase in the magnitude of the ne gat ive pressure coef
ficients near the leading edge. The difference between 
the critical Mach numbers for the upper and lower surfaces 
for corresponding conditions can be attributed to air
flow misalinement. The highe st critical Mach number for 
this airfoil is approxirl1ately 0.65 and is obtained for 
angular configurations corresponding to a normal force of 
approximately zero . 

Compressibility Effects on Force and Moment Coefficients 

The normal - force, moment, flap r.ormal-force, and 
hinge-moment coefficients obtained from integrations of 
pressure - distribution diagrams are presented in figures 39 
and 40 . Each figure shows the variation in the coeffi
cient with Mach number at a constant angle of attack for 
each flap deflection . These figures are cross-plotted in 
figure 4 1 to s~ow the variation in the coefficients at a 
constant ach number. 

Norma l - force coefficients. - Figure 39 shows that, with 
the flap at OU:-the effect of compressibility on the 
normal-force coeffi cient at subcri tical ','iach numbers is 
in accord with previous experimental and theoretical 
results. ThG variation for the other flap deflections at 
a fixed angle of attack, however, appears to follow, to 
some extent, both in dire ction and magnitude the variation 
for the condition of the flap at 00 , as indicated by a 
lesser divergence of the curves than would have been 
expected from theoretical estimations. (See parts (c), 
(d), and (e), fig. 39.) A variation of this type shows 

dc 
that the effect of c01l1pressibili ty on n is small in 

do 
the subcritical Mach numbe r range. 

In the supercri ti cal I\iach number range u.bove the 
value at which t:Je peak normal - force coefficient occurs, 
the convergence o~ the curves for the various flap 
deflections at a given angle of attack indicates a rapidly 

dCn decreasing with increasing uach number. The effect 
d5 

dCn of compressibility on --- , presented in figure 42, is 
do 

in accord with the variations indicated in figure 39. 
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In the supercri tical ~ach rang3 for angles of attaclc 
not greater than 60 it can be seen in figure 39 that the 
peak normal- for c e coefficient for a given angular configu
ration occurred at a Mach number of approximately 0.65, 
which i ndicates that this airfoil section should be 
restr icted to designs wherein the maximum Mach number 
does not exceed 0 .65. 

A comparison of the various parts of figure 41 in 
which is given the variation of the normal-force coeffi 
cient with angle of attack shows that as the Mach number 

dCn increases increases and r eaches a maximlli~ valu e at 
da 

a Mach number of 0 .65 as could have been expected from 
the preceding discussion. 

A further ext:Lvnination of :Cigure 41 show s that 
deflections of the flap produce a change in the angle 

zero norma l force, but have no appreciable effect on 

fo r the more linear parts of the curves. The effect 
dCn compressibility on for the more linear parts of 
drr 

these curves is presented in figur e 42. 

of 
dCn 
da 

of 

da The f l ap effectiveness - obtained fr'Jm the ratio 
- do' 

dCn dCn of to (fi g . 42) and )resented in figure 1.3, 
do d a 

d ecreased wi th increased Mach m.mJ.be r and ra idly approached 
zero as t h e Mach number was increased above the cri ti cal 
value . 

Moment coeffici ents. - The vari a tion of the moment 
coeffici ent with ,11ac11 numb er in the subcri tical rang e as 
shown in figure 39 is small. In the supercritical region 
the moment co efficients generally increase wi th increasing 
ila ch number. Thi s increase is 1'ollove6. by d. rapid 
decrease, which occurs at a Mach nUl!1b er above the value 
at whi ch the decrease in norma l-force coefficient occurs . 
The presslre-distribution diagrams show that the decrease 
in norma l-force results from a general d ecrease in the 
magnitude of the loading, and at higher Ma ch numbers the 
continued de crease in loading is accompanied by a change 
in distribu tion wr..i ch r e sults in a de crea s ed moment co ef
ficient. 

COlWIDENTIAL 
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At the supereritical Mach numbers at which the normal 
forces for the various flap deflections tend to be approxi 
mately the same, the direction of the change in the moment 
coefficieuts is similar to the direction of the change 
in cn . A variation of similar magnitude, however , could 
not be expected i n these coefficients because of the large 
effect thnt a small change in load at the rear of the model 
has on the moment coefficient . 

A compariso n of the effects of angle of attack and 
flap deflections on the variation in moment coefficient 
wi th normal - force coefficient can be seen in figure 41. 

For constant flap def l ection there is a small positive 
increase in moment coefficient with an increase in norrnal
force coefficient . This slope re~ains approximately con
stant for Mach numbe~s to approximately 0.65 . For Mach 
nu..l11bers above 0.65, the varia tion depends on the flap 
deflect i on . 

At a constant angle of attack between _20 and 60 , 

large changes in moment coeffici ent occur in a negative 
direction with an increase in the normal-force coeffi
cient. These slopes , which are apprOXimately constant to 
a Mach number of 0.6, increase as the Ma ch number is 
further increased to 0.7 . 

Flap normal force. - The flap normal-force coeffi
cients are presented in fi bure 40 . In the supercritical 
region, the variations in the coeffici ents are large and 
irregular, probably being influenced by the effect of flow 
separation . 

Hinge-moment coefficients. - The variation in the 
hinge - molnent coefficients with fl:a ch number, also shown in 
figure 40, are very similar to the variation in flap 
norr.1al force. 

At Mach numbers from 0 . 01 to 0.02 below the maximuIl1 
test value, a flap deflection range is indicated in which 
the flap tends to become or is overbalanced. At the same 
Mach number and for the saDe angular configuration, in 
figure 39, no change occurs in the value of normal-force 
coefficient, and the control would therefore be unresisting 
and ineffec.tive. Althou3h the IVlb.ch number is near the 
maxim1..L.l11 test value, for whi ch the data are of questionable 
value, the possibility of this condition of the control 
should not be overlooked . 

CO li[l:<'IDENT IA L 
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The hinge - moment coefficients are presented in 
figure 41 in the same manner as the moment coefficients. 
It can be seen that for a constant flap deflection the 
magni t~de and direction of change of hinge-moment coeffi
cient with increase in normal-force coefficient depends 
on the absolute value of the flap deflection. The slope 
for a given flap deflection increases positively with 
increases in Mach number to 0.675; further increases in 
La ch number are accompanied by increases in the slope in 
the negative direction. 

At a Ma ch number of 0.40 the changes in hinge moment 
with flap deflection at a constant angle of attack are 
general l y uniform over the flap deflection range. At a 
Ma ch number of 0 . 60 and above in the negative normal
force - coefficient range the changes in hinge - moment coef 
ficient for flap deflections between 0 0 and -40 is very 
small compared with the changes at l a r ger def lections. 
This effect 1s possib l y a result of the reversals in the 
load over ~he fl1:1p produced by the very thick boundary 
layer or separated flow. (See pressure - distribution 
diagrruas and schlieren photographs.) 

Balance- chamber nressure - coefficient differential 
(PL - Pu). - The diffe~ence bet men the pressure coeffi -
cients for the lower-surface and the upper-surface balance 
chambers is presented in figure 44. This figure shows 
the effect of Mach number, .flap de.flection, and angle of 
attack on the pressure - coefficient differential. 

The effect of compressibility on the pressure 
coefficient differential is generally small at Mach 
numoers below 0 . 65 . Tllis small effect could be expected 
when the magnitudes of the individual pressure coeffi
cients are sma l l and are measured a t a station in rear of 
the position of the maximum negative pressure coeff i cient. 
The decrease in the magnitude of the pressure coefficient 
at the high Mach numbers is primarily a result of the 
ef.fects of flow separation. 

The balanced hinge - moment coefficient for this model 
can be obtained by adding the hinge-~oment coefficient of 
fi gure L~o to the product of the balance-chamber prE;ssure
coefficient differential (PL - Pu) and a constant, the 
constant depending on the length of the balance tab . A 
brief comparison of figur ~s 40 a nd 44 indicates that at 
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ION speeds the ef fect of the balance would be to reduce 

as compared with the unbalanced condition. With increasing 
rtach number the effect of the balance decreases for the 
lower angle - of-attack range . 

CONCLUDING REMARK 

The results of the investigation on the modified 
NACA 65,3 - 019 airfo i l having a O. 20- chord flap indicate 
that the effectiveness of a trai l ing-edge control surface 
of small chord ra9idly decreases and approaches zero as 
the Mach number increases above the critical value. 

Langley Jemorial Aeronautical Laboratory 
National Aevisory Cerami ttee for Aeronautics 

Langley Field, Va . 
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TABLE I. - BASIC SECTION ORDI NATES FOR ItODIFIED 

NACA 65,3 -019 AIRFO IL SECTION 

[Stations and ordinates are in percent chord] 

I -----------~ 

I 
Station 

I ---r-
Upper 

surface 

o 0 
.3 1.108 

1 1. 921 
2 2.598 
4. 3. 620 
b 4 .437 
8 5.127 

10 5.723 
14 6.715 
18 7 .525 
22 8 .192 
26 8 .721 
30 9 .113 
34 9 . ~71 
38 9 ·490 
39
2

.5 9.5 00 
LL 9 · ~_71 
L~6 9 .315 
50 9 ·024 
54 8 .597 
58 8 .039 
62 7.370 
66 6.612 
70 ~.791 
74 . 4 .922 
78 \ L~.029 
82 I 8. 128 
86 2.247 
90 1.ll16 

Ordinate 

94 I . 683 

16g ~ __ O .13_
8 
__ ---'-_ 

L.E. radius : 2.139 

Lower ~ 
surf ac e ~ 

o 
- 1.108 
-1 .921 
-2 .598 
-!. 620 
-4.437 
- 5·127 
- 5·723 
- 6·715 
-7· 525 
-8 .192 
-8 ·721 
- 9·113 
- 9. ~71 
- 9.490 
- 9. 500 
- 9 ·471 
- 9 .315 
- 9·024 
-8 .597 
-8 .039 
-7·370 
- 6.612 
- ?791 
-4.922 
- L~. 029 
-8 .128 
- 2.247 
- 1.416 

- .688 
- .132 
o 

1-....--____ _ -------- ---~ 
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Figure 2.- Pressure distribution for a modified NACA 65,3-019 
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Figure 37.- Schlieren photographs of the flow for a modified NACA 65,3-019 airfoil 
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