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AERONAUTIC SYMBOLS 

1. FUNDAMENTAL AND DERIVED UNITS 

Metric English 

Symbol 

Unit Abbrevia- Unit Abbrevia-
tion tion 

Length __ ____ I meteL _____ ________ ____ m foot (or mile) __ _ ft. (or mi.) 
Time __ ______ t second ___ ______________ s second (or hour) _______ sec. (or hr.) 
Force ______ __ F weight of 1 kilogram _____ kg weight of 1 pound ___ - lb. 

-

Power __ _____ P horsepower (metric) _____ ---------- horsepower ___ - - -- hp. 
Speed ___ ____ V {kilometers per hOUL _____ k.p.h . miles per hour _______ m .p.h. 

meters per second _______ m.p.s. feet per second - - -- f.p.s. 

2. GENERAL SYMBOLS 

Weight=mg 
Standard acceleration of gravity=9.80665 

m/s2 or 32.1740 ft ./sec.2 

vF 
Mass=-g 
Moment of inertia=mk2

• (Indicate axis of 
radius of gyration k by proper subscript.) 

Coefficien t of viscosi ty 

v, Kinematic yiscosity 
p, Density (mass per milt volume) 
Standard density of dry air, 0.12497 kg_m-4_s2 at 

15° C. and 760 mm; or 0.002378 Ib.-ft. -4 sec.2 

Specific weigh t of "standard" air, 1.2255 kg/m3 or 
0.07651 lb ./eu . ft. 

3. AERODYNAMIC SYMBOLS 

Area 
Area of wing 
Gap 
Span 
Chord 

Aspect ratio 

True air speed 

Dynamic pressure=~p V2 

Lift, absolute coefficient OL= :s 
Drag, absolute coefficient GD = ~ 

Profile drag, absolute coefficient ODO=~S 

Induced drag, absolute coefficient ODj= ~S 

Parasite drag, absolute coefficient OD"P=~S 

Cross-wind force, absolute coefficient Oc= q~ 

i" 

Q, 
n, 

Vl 
P -';' 

Angle of setting of wmg (relative to thrust 
line) 

Angle of stabilizer setting (relatiye to thrust 
line) 

Resultant moment 
Resultant angula.r velocity 

Reynolds Number, where l is a linear dimension 
(e.g., for a model airfoil 3 in. chord, 100 
m.p.h. normal pressure at 15° C., the cor­
responding number is 234,000; or for a model 
of 10 cm chord, 40 m.p.s., the corresponding 
number is 274,000) 

Center-of-pressure coefficient (ratio of distance 
of c.p. from leading edge to chorcl lengtb ) 

Angle of attack 
Angle of downwash 
Angle of attack, infmite aspect ratio 
Angle of attack, induced 
Angle of attack, absolute (measured from zero­

lift position) 
Flight-path angle 

R, Resultant force 
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THE COMPRESSIBILITY BURBLE AND THE EFFECT OF COMPRESSIBILITY ON 
PRESSURES AND FORCES ACTING ON AN AIRFOIL 

By JOH r "rAcK, YV. F . LIN DSEY, and ROBEH'l' E . Ll'l"l'ELT. 

S MMA RY 

Simultaneous air-flow photographs and pressure-clis­
tribution meaSU1'ements we1'e made oj the N. A . O. A. 
;";"12 ai1'joil at high speeds to detmnine the physical 
natU1'e oj the comp1'essibility burble. The te ts we7'e 
conducted in the N. A. O. A. 2;"-inch high-speed wind 
tunnel. The flow photograph were obtained by the 
schlieren method and the pressures were simultaneously 
measured JOT 5;" stations on the 5-inch-chord ai1:foil by 
means oj a multiple-tube manometer. Following the 
general program, a jew measurements oj total-pressure 
loss in the wake oj the airjoil at high speeds were made to 
dlustrate the magnitude oj the losses invvlved and the 
extent oj the disturbed region; and, finally, in order to 
relate this work to earlier j01'ce-test data, a force test of a 
5-incl~-chord N. A. 0. A. ;";"12 ai1'joil was made. 

The data presented include the results oj preSSUl'e­
disi?'ibut-ion measurements and jorce tests jor three low 
angles of attack for a speed mnge extending fl'om one-tenth 
the speed of sound to speeds in excess oj the critical 
values at which a bl'eakdown oj the flow, or compressi­
bility bU1'ble, occurs. 

The results show the general nature oj the phenomenon 
known as the compres ibility burble. The source oj the 
increased dmg is shown to be a compression shock that 
occurs on the airjoil as its speed approaches the speed oj 
sound. Finally I it is indicated that considemble expe1'i­
mentation is needed in order to understand the phenomenon 
completely. 

I TROD CTIO 

The development of the knowledge of compressible­
flow phenomena, particularly a I' lated to aeronautical 
applicntions, has been attended by con iderable diffi­
culty. The complicated nature of the phenomena ha 
resulted in little theoretical progre and, in general, 
recour e to experiment has been neces ary. ntil 
recently the most important experimental results have 
been obtained in connection with the science of ballistics, 
but this information has been of little value in aero­
nautical problems because the range of speed for which 
mo t balli tic experiment have been made extend from 
the peed of sound upward; whereas, the important 
region in aeronautics at the present time extend from 
the speed of sound downward. tudies of flow in 

nozzle. have yield ed some valuable re ul t , although 
tbe avai lable data do not appeal' to allow a reliable 
prediction of the nir-flow phenomena associated with 
airfoils. Previous published aeronautical experimen ts 
have generally consisted of measurement of the forces 
experienced by airfoil section and propeller at high 
speeds. The e data demonstrate that eriou detri­
mental flow change may occur a speeds approach the 
speed of ound but have not shown the character of such 
flow changes. 

The principal result of the propeller te ts appears to 
be the e tablishment of the critical speeds for many 
standard blades. The force tests of airfoils have per­
mitted a wider interpretation of the propeller data and 
have indicated the effects of certain shape changes on 
the value of the critical speed. The theory of Glauert 
and Ackeret has been sub tantiated in fair degree by 
airfoil te ts for speeds below the cri tical, but their 
theory give no clue as to any flow changes that may 
occur. This deficiency is important becau e tests of 
both airfoils and propellers have hown the existence 
of a critical peed above which re istance to motion 
become impracticably large. Taylor's electric anal­
ogy appears to give the bes t indication of the speed 
at which these flow changes occur but gives little in­
sight into the phenomena. 

It therefore appeared that the natme of the flow 
change mu t be discovered in order to explain the com­
pre sibility effects which have been measured in previ­
ous experiments. A research program was outlined to 
obtain this information, to establi h the limitations of 
available theoretical work, and to obtain information 
upon which developments of practical significance for 
aeronautical applications could be based. The pro­
posed experiments included pressure-distribution meas­
mements for a typical airfoil and flow-visualiza tion 
e periments. 

Preliminary flow observation by the schlieren 
method were originally made for a cylinder and an . A. 
O. A. 0012 airfoil in the J. A. O. A. ll-inch high-speed 
wind tunnel. The ob ervation with the aU'foil were 
correlated with previou force te ts and the result 
were fir t shown at the N. A. O. A. Engineering Re­
search Oonference in 1934. A more general program 
was then formulated that included pressme-di tribu-

1 
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tion measurements and schlieren photographs. These 
experiments were made in the . A. C. A. 24-inch 
high- peed wind tunnel with an . A. C. A. 4412 air­
foil section of 5-inch chord. After the main program 
had been completed, some additional tests were made 
to study the magnitUde of the energy losses associated 
with high- peed flows; the e test comprised measme­
ments of the total-pressme loss that occurred in the 
compression shock, which was shown to exist in the 
flow. In order to correlate the data with previous 

J' IG URE J.- L ongiLudinal section or tho N . A. C. A. 24·incb ;' igb-spced wind tunnel. 

work, force tests of a 5-inch-chord N. A. C. A. 4412 
airfoil were also made. 

Mo t of the experiments were carried out during 1935 
and 1936. All the te ts were made in the J . A. C. A. 
24-inch high-speed wind tunnel. orne of the outstand­
ing results have been publi hed in preliminary form as 
reference 1 and 2. 

APPARATUS A D METHOD 

The N. A. C. A. 24-inch high-speed wind tunnel 
(fig. 1) in which thi inve tigation wa conducted i an 
induction-type wind tlU1llel. Compres ed air from 
the variable-den ity 'wind tunnel di charged through an 

annular nozzle located downstream from the test sec­
tion induces a flow of air from the atmosphere through 
the test section . Velocities approaching the speed of 
sound may be obtained at the test section. The tlU1llel 
is located outside the building that houses the variable-
len ity wind tlU1llel. Except for certain modification 

arising from it outside location and its size, the method 
of operation are the same a for the ll-inch high-speed 
wind tunnel (reference 3). The essential air pas ages 
are geometrically similar to those of the ll-inch high­
speed wind tunnel, and the general air-stream charac­
teri tic of the tunnel are equivalent to those of the 
ll-inch tunnel except for the sta tic-pre sure gradient, 
which is zero. 

The method for flow observations and photography 
is the schlieren method devised by Topler; the funda­
mental principles are de cribed in reference 4. A 
implified diagram of the apparatus used in these 

experiment is given in figure 2. Light from a ource 
located at C, the principal focus of lens D, emerges 
from lens D as a parallel beam, passe through the 
converging lens D', and is brought to focus at E, the 

W-=--, 
Q' A D 

I 
B 

\ 

J 
~' 

\ 

F IGURE 2.-Sirnplified diagram showing Lbe scblicren method . 

principal focus of lens D'. At E a knife edge i located 
so as to cut off most of the ligll t from the source C. 
The model B is placed in the parallel beam that crosses 
the test section A between the lenses so that its cross 
section is perpendicular to the light beam and an image 
is formed on the screen F. When air pa e over the 
model, its density, and therefore its optical index of 
refraction, change. Thus, portions of the parallel beam 
of light are bent and some of the rays that were pre­
viou ly interrupted by the knife edge now pass over 
the knife edge at E to the screen F or, if desired, to a 
photographic plate. The illumination on the screen 
th n shows regions of varying density. 

For these experiments the source light was a high­
intensity spark. Lenses D and D' are of 5-inch 
diameter and 26-inch focal length. The screen F wa 
replaced by a photographic plate mounted in a tandard 

- by 10-inch tudio-type camera from which the lens 
bad been removed. The camera was mounted so tha.t 

~-----~------~---------- _ .. _------ --- - - - - ---- - - -- -- --- - - _ ._ . ---
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the shutter was near the knife edge; photographic 
operation was then similar to the method normally 
used in making photographs. Because of the small 
diameter of the len e in relation to the airfoil chord, 
it was nece sary to u e the full field of the len e ; and, 
further, becau e of the curved transparent wall ections 
by which the model was supported (described later), 
the resulting pictures, particularly near the leading and 
the trailing edges of the model, are not of high quality. 
The results obtained, however, are satisfactory in that 
they illu trate clearly the type of phenomenon which 
occurs. 

The pressures acting on the airfoil were mea ured by 
means of a multiple-tube photol'ecording manometer 
described in detail in reference 5. The manometer 
contains 60 tubes arranged in a semicircle with a neon 
light parallel to the tubes located a,t the center of the 
emicircle. Photo tat paper is drawn from a roll, 

located at the back of the manometer, around tho tubes; 
and the expo ed lengths of paper are drawn up on 
another roll [1,lso located at the back of the manometer, 
A mecbani m for automatic remote control is contained 
within the manometer. Dming the test throe manom­
eter liqui 1 were used: mercury for high peeds, 
tetrabromoethane (p cine gravity, approximately 3) 
for medium speeds, and alcohol for low peeds. 

The N. . C. A. 4412 rectangular airfoil of 5-incl'l 
chord and 30-inch pan consi ts of a bra s center ection 
of I-inch span and duralumin end pieces. Fifty-four 
hole are arranged in two row , one-fourth inch apart, 
along the upper and the lower surface at the center of 
the bra ection. These holes were connected to the 
manometer by mall bras tubes led out through two 
large ducts in the lower smface of the dmalumin end 
piece of the model. The duct were clo eel by dur­
alumin covers shaped to the contour of the airfoil. The 
bra center section antI tbe duralumin end piece W6re 
bolted to ther and all joint were carefully made to 
preserve the contour and faime of the model. more 
detailed description of thi model is o-iven in reference 5. 

Mounted for te ts, the airfoil exten led through the 
tunnel wall and wa. upported in carefully fitted cellu­
loid end plate that pre erved the contour of the tunnel 
wall. The model was originally desio-ne 1 for te ts in the 
varia ble-clen ity wind tunnel where the upporting 
system i uch that the bending stre ses at the center of 
the model resulting from lift loads are small. For some 
of the te ts in the high- peed wind tunnel, it wa neces­
sary to provide auxiliary bracino- to upport the lift 
loads because of the inherent tructural wealme s of the 
model at the center ection. This bl'acing consisted of 
cable secured at the quarter-cbord point of the airfoil 
approximately 6 inches out from the center on either 
ide ancl fa tened to the tunnel wall. Tbese cable 

appear in some of the schlieren photographs as dark 
line extending outward from the airfoil approximately 
perpendicular to the lower uri'ace; they should not be 
confused with the compre sion hock. 

The operation of the apparatus was controlled from 
out ide because of the large rate of pre ure change 
within the tunnel hamber a the air peed was rapidly 
varied . The test procedure con i ted in ftr t increa ino­
the speed to the desired value by a motor-driven valve 
in the compre sed-air upply line; the spee 1 wa meas­
ured by an outside mercury manometer connected to 
calibrated static plates. The camera shutter, which 
was operated by an electromagnet, wa then opened and, 
at a ignal in'lmediately following, the electric circuit for 
the manometer light and the source light in the chlieren 
apparatus were clos d . By this procedure the pre sure 
record and the IIow photograph were simultaneou, ly 
obtained. 

Supplementary tests .- After the completion of the 
original program, some additional tests con isting of 
mea urement of total-pres ure 10 s behind the airfo il 
and f rce te ts of a 5-inch-chol'd dmalumin airfoil wero 
made. For tbe measw'ement of total-pI' ssure 10 s, 
the individual tube of a rake of impact tubes were 
connected to a manometer' and the pres ure listribu­
tion and the total-pressure loss were simultaneously 
mea ured. Owing to in ufficient manometer equip­
ment, these tests were incomplete and the pre SUl'e data 
include, except for one eries of tests, the measurement 
of pressure distribution and total-pressure 10 s for only 
the upper urface of the model. Furthermore, the 
schlieren apparatu had by this tinle been eli mantled 
so that no flow photographs were made. 

The rake of impact tubes wa made of ] 9 tubes 
and extended from the tunnel wall to a point three­
fourths inch pa t the quarte r-chord axi of the model. 
The forward end of the tubes were located one-half 
inch behind tbe trailing edge of the model. The loca­
tions of the tube are shown by the points on the plots 
(figs. 18 to 20). Becau e of the relatively la rge pacing 
of the tubes and the insufficient manometer equipment, 
total-pre nre los e for low speeds could not be accu­
rately obtained and the data as pre ented how only the 
10 that occmred at high peeds after a compression 
shock had formed. As previously noted, the e measure­
ment were made after the main program had been 
completed and are exploratory in nature. The results 
should therefore be considered mainly for qualitative 
purpo es . 

Tbe force te ts of a 5-inch-chord aJl-dural llmin airfoil 
were made in the manner described in reference 3. A 
complete description of this model is given in reference 
6. One important difference between the methods em­
ploye 1 for the pre sure-clistribution tests and the force 
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te ts was the manner in which the models were mounted. 
For the force te ts, the model was mounted on the bal­
fl,nce and extended aero the tunnel, pas ing through 
holes, which were of the same shape as but lightly 
larger than the model, cut in flexible brass end pia tes 
that preserved the contour of the tunnel walls. Thus, 
leakage of air occulTed around the model ends. Tbe 
pres ure-distribution model was te ted before tbe instal­
lation of the balance and was upported by tbe end 
plates; the consequent tight fit permitted no appreciable 
end leakage. 

The balance, except for improvements that permit a 
more accurate determination of the force, i imilar in 
principle to the one u ed in the 11-inch high-speed 
wind tunnel and the methods of operation are likewi e 
imilar to those employed in the operation of the 11-

inch tunnel (reference 3). 
Range of tests.- The peed range over whi h mea -

Ul'ements were made extended, in general, from one­
tenth the peed of ound to vaJues in exce of the 
critical peed. The corre ponding Reynold Number 
range was from approximately 350,000 to nearly 
2,000,000. Te t were made for only mall angle of 
attack becau e the primary purpose of tbe eJ..-Perimen t , 
to lisco vel' tbe nature of the flow phenom ena at the 
critical peed, could be accomplished at small angles of 
attack, and further, tbe extension of the test to bjgber 
angles of attack would add a con iderable amount of 
work without, it was felt, adding materially to the 
fundamental sigmficance of the re ult obtained. In 
the supplementary test, the force measurements were 
made for the speed range and the angle-of-attack range 
previou ly noted, but the pres ure-Ios mea urement 
were made only for speed in the critical region. 

RESULT 

The following symbol are used in this report: 
c, speed of sound. 

V, speed of the general air tream. 
u, local velo Tty of the air tream. 

Ul, local velo ity in front of the compression shock. 
U2, local velocity behind the compre sion shock. 
PI, density in front of the compression shock. 
P2, density behind the compre sion shock. 

NI, compressibility index, Vic. 
"1, I ecific-heat ratio; value taken, 1.4. 

pa, atmospheric pre sure. 
p, static pressure in the free stream. 

p I , local static pressure (a at airfoil smface). 
PI, airfoil mface pre sme in front of the compre sion 

shock. 
lh, airfoil urface pressure behind the compre lOn 

shock. 
P, pressme coefficient, (P,-p) lq (the ordinate of the 

pres ure-di tribu tion diagram). 

Po, pre sure coefficient for imcompre sible flow. 
Pc, critical-pre sure coefficient, that is, the pre sure co­

efficient corresponding to the local velocity of 
ound (0.52 Pa- p)/q. 

H, total pressure (or impact pre sure). Free- tl'eam 
value of H equals Pa for the 24-inch high-speed 
wind tunnel. 

HI, total pre ure in front of the compres ion hock. 
H~, total pre ure behind the com pre ion shock. 
ric, distance from lea ling eclO'e in percent of chord. 

The test data have been reduced to standard nOll­
dimensional form. The dynamic pre ure CJ. and the 
compre sibility index l!1 were determined by m asure­
ments of the pre ures at calibrated tutic-pres ure 
orifices in the tunnel wall . The e orifice were con­
nected to the photorecording manometer and, like the 
pressures acting on the urfaces of the airfoil , tbe 
orifice pre ures were determined by m asuring the 
deflections of the liquid in the manometer tube as 
hown on the photographic records. A detailed 

de crip tion of the method for computing q and M i 
given in reference 3. 

The pressure-distl'ibu tion data are pre en Led in 
figures 3 to 5. Figure 6 to are schli ren photo­
graph, each of which correspond to one of the pre sure­
di tribution diagram given in figmes 3 to 5. Plot of 
the airfoil characteristics (lift coeffici nt L, d.t:ag coeffi­
cient OD, and pitching-moment coefficient OmC/4) obtained 
from integrations of the pres ure eli tribu tion and the 
force-te t data arc pre ented in figures 9 to 11 in a 
form that illu trates the effect · of com pre ibility . 

orne of the more significant local efl'ects of compres i­
bility are shown in figures 12 to 14. Figure 15 i ill­
eluded to illu trate tbe effect that ,~ariation ill ReYll01cls 
Number may have on the local pressures. 

The magmtude of the energy losses in the flow that 
give ri e to the large drag increa es at hiO'h speeds i 
illu trated by figul'e 17. Figures 1 to 21 show the 
10 in total pre ure behind the compre ion hock that 
occurs at hiO'h peeds. In figure 22 a curve from which 
the critical speed may be estimated is given and com­
parisons with the te t da ta are included. 

PRECISIO 

Inaccmacie arising from variation of the dynamic 
pre sure, directional variation of the flow aero s the 
te t section , and static-pres ure gradien t are insignifi­
cant. The tunnel-wall effect, however, is important, 
particularly a related to the com pari on of the re uIts 
of force and pressure-di tribution te ts. In the pres­
sure-eli tribution tests, the tight juncture of the model 
and the tunnel ,yall permitted no appreciable end 
leakage and, furthermore, measurement were made 
only at the center section of the model; us a result, the 

----- - ----------- ---------------- - --- -- - - --~,.--J 
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da ta closely approximate those for two-dimensional 
flow, For the force tes ts, how vel', there was a small 
clearance where the model passed through the tunn el 
wall , which appear , from preliminary inves tigations, 
to necessita te an important correction for leakage a 
well as for tunnel-wall effec t. 

Other error are indicated by the scatter of the point 
on the curves, For the pre sure-distribution data, 
figures 3(f), 3(k), 4(c), and 4 (£) show that , for low 
peed , the acciden tal error is negligible; but, at speed 

approa hing and beyond the cri tical, the error is in­
creased owing to the flow unsteadiness cau ed by the 
compression shock . Integrations of the pressure-dis­
tribution diagram are subj ect to additional errors 
arising from variations in the fairing of the curves, 
particularly in the region where compression shock may 
occur, and the magnitude of these errors is included in 
the point sca tter in figure 9. 

Errors in the in tegra ted values of total-pre m e loss 
may be large owing to the small number of measure­
ments made in the wake of the wing and the corre pond­
ing uncertainty in the drawing of the curves. The e 
data, however, are intended to show qualitatively the 
magnitude of the loss and quantita tively the extent of 

tb e flow eli turbance a t the compressibility burble. 
W11 en the data are used for th e e purpose, the errors 
ar e insignificant. 

Balance calibra tion before and after the force tes t 
agreed very closely . In general, force-tes t results can 
be repeated to within 3 percen t. 

Further errors may ari e from variations in the static­
plate calibra tions and the effec t of a tmospheric hu­
midity, For these tes ts, however, there were no 
mea m abIe changes in the sta tic-plate calibrations, 
which were r epeated several times during the progress 
of the test. Humidity effects lmder certain conditions 
m ay be large because of the high expansion and the 
consequent lowering of temperature that ocem s a 
the air i accelerated to the high peed attained 
in the high- peed wind tunneL Preliminary tests, 
however , indicated a value of the relative humidity 
below which no mea urable effects occurred and most 
of the data were therefore taken for humidity condi­
tions corresponding to the region in whi ch no 
effects could be measured, A small amount of the 
data was taken a t conditions exceeding the indicated 
limit, but the errors are included in the catter of 
the tes t points. 
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30 40 50 60 70 80 90 /000 
Chord, percent 

(e) 1If=0. 49; test 24-20. 
(g) J[ = 0. 603; test 24- 12. 
(i) U =0.683; test 24-12. 

( k ) X01lf=0. 726; test 24-12. 
+01lf =0. 727; tes t 24-22. 

/0 cO 30 40 50 60 70 
Chord, percent 

([) XO.1f=0.534; test 24-12. 
+OM =0.533 ; test 24-20. 

(h) M =0.66; test 24- 12. 
(j) U =0.090; test 2H2. 
(I) 1Il=0.756; test 24-12. 

FIGURE 3.-Pre ' ure distribution for tbe N. A. C. A. 4412 ai rfoi l. a=-2°- on tinued . 

80 90 /00 

. ---- - - -.----- ---- -- ------- - ----- -- -----------~-



l 

EFFECT OF COMPRESSIBILITY ON PRESSURES AND FORCES ACTING ON AN AIRFOIL 

~ 
F r-f--f-. -I- f-

.4' 1I-+-+-1_1-i_____jc_� 

L~)4-~~4-4-+-+-+-+-+-+-+-1-i-----ji-----jc-l-4-- • (b) 4_--l--+-+-+-+--+-+-+-+-+-+-+-+-+-+-+-t--1 
1.21-1- t- t-f-- -1--+---f--+-4--r-+-~ 1-1- -I- - 1-- -f- -1-1--1-

-!.2~~~~~~~~~~~~~~~~~~~~~~+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-+-~ 

-.81-+--+-.-~ .. f-*--='_"t~-f-~-"'~~"--""+-;,-l---f--+-+-I--+--f--+-+-I--+--+-+-+-+--_--b:.-"X-X-~ 
t-I--// ~*___ 1-+--A~/-+-l--+-+-+-+-l"l--....---=C'~:l-+-+-I--+--j-+-+-I---1 
~JI;~·~-+-4 __ ~+-~-+-4 __ ~~· __ ~~--~.~~~~+-+~--+-~~l/n·/+-+-+-+--+-+-+-+-+--·r--~x~~I-+--f-~-+-4 

;4 ~'0>., r:::::r--.. '---~---. +". l-I-:r.J-l-r"""'-+r--..~-=-___ +r--.-+-+-+-~4--I-+-+-+--I-~~"-'tx"'-,.L-~l-
o ~, , t"-. 

.4 

.8 
L(c) ~- Cd) +-+--1-1--1---+--+-+-+-1--+-+--+-+-+-+-+-+--1 

1.2 

-!.Z 

-8 

-(f) -I-+-+-+-+--+-+-+-f-t-t---t-+-~f--t-t---t-I 

j 

.8J (7) +-+-I-I--I---+-+-I-I---++--+-I-I--+-+--+-H r (h) --l--+-+-+-+--J.-----jl--l--+--+-+--I--+-+-+-I-+--+­
i I 

~ ~ ~ ~ w m 00 ~ ~o m ~ 1.20 /0 30 40 50 60 70 80 
Chord, percent 

90 /00 

104360-39--2 

Chord, percent 

(a) M =0.141; test 24-26 
(e) XOM=0.299; test 2<1-25. 

+01"1=0.298; test 24-2l. 
(e) M =0.517; test 24-21. 
(g) M=0.659; test 24-12. 

(b) M=0.206; test 24-26 . 
(d) M=0. 427; test 24-21. 

(f) XOM=0. 590; test 24-12. 
+OM=0.589; test 24-21-

(11) M=0.717; test 24-12. 

FIGURE 4.-Pressure distribution for the N. A. C. A. 4412 airfoil. a=--OoI5'. 
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(g) 11 { = O. 735; tes t 24 12. 
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( 1)) ~IJ=O. 512; test 21- 2i. 

(d ) M=0.640; test 24-27. 
(f) ,If = O. 600; Il's t 24- 12. 
(h) ,1/ =0.7H2; lest 21 27 
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(a) .1[=0. GGS. 

(b) M=O.696. 

FIGURE 6.-Schlieren photographs of !low for the N. A. C. A. 4412 airfoil. a=-2° , 
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(c) M = O. ;26. 

(d) )11"=0756 .. 

FIGURE 6.-Scblieren pbotograpbs of flow for tbe T. A. C. A. 4412 airfoil. a= - 2°-Continued. 

--~- ------- ---- -~---.- --- - --- -- - - -- --.-- -- ---------. 
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~1 q:pC t 
'· .. .:.l';:;,s 

FIGURE 7.-Schlieren photograph of flow for the N. A. C. A. 4412 airfoil. «=-0°15'; M=0.717. 

DlSCUSSIO 

Examination of the pres ure-distribution diagrams 
and the flow photographs (fig . 3 to ) will give a general 
indication of the effect of compre ibility and an illu -
tration of the nature of the Dow changes that OCClli". 
At low speeds, the shape of tbe pre ure-di tribution 
diagram i in agreement with the re ults of previou 
low-sped tests. A the pee 1 are increa ed, however, 
the area of tIle diagram j increased a a result of th 
increa es in the value of the local pressure coefficient. 
Thi change contin lI CS withou t appreciable modifica­
tion of the general flo\\' pattern until speed in the field 
of flow eq L1al or exceed the locnl pee 1 of ound. ' iYhen 
Lilis co nci iLiolJ OCCLlrs, tllCre i a mnr!;: d cha/we in the 
Lype of now. 

T il e illlporLallL dlaracLeri 'Lie oJ Ll10 flow IIOW esLub­
lish ci i iJlu traLed by figure 5, 7, and A distul'b­
an o i fOl'm edas indicatod bythe hal'plin os lbatproject 
ouLward from the airfoil approximately perpendicularly 
Lo Lh e aidoil udace. olTelation oJ the photographs 
Hnd the pre sure-di tl'ibu tioll diagrams show that the 
location of the disturbance on the airJoil ud'ace 
corresponds to the location of the di continuity in the 
diagrams. 

The dotted line on the diagrams how the value of 
tb pre ure coefficient corre ponding to the attainment 

104360-30-.3 

of the local peed of sound. When values of the local 
pre sure coefficient rise above the value corresponding 
to the local speed of ound, examination of the diagrams 
and the flow photographs indicate that a compression 
shock i form ed which, with a further increase of peed, 
become more intense and moves back along the airfoil, 
ultimat ly reacbing the trniling edgc. Other data 
(reference 1) show' that, when tbe trailing edge is 
reache I, furtllel' increa es in peed add con iderable 
down tream lope to th eli turbance. 

Previous studies of compressibility effec.ts have been 
based on force-te t data; in order to correlate the e 
data '; ith tbe l'esults of th present investigation, 
force-test clatn hiwe been luc1ueled in flgUl' s 9 and 10. 
A strict compnriso n i · not possible becau e of previously 
eXl laincd diO'crellces in Lunnel-wall eHects fo r the force 
and LlIC pressure-eli tribution Lc Ls. Ch fl l1 ges dll Lo 
comp ressibility, llOwever, a re comparable and iL is 
appal' nt from examin a hon of the figme that the J'es LllLs 
of the force tests and the integrated data obtalneel from 
the pr ssure-di tribution te ts are in excellent agree­
ment l'eO"ardino- the efl'ects of compre ibility. As the 
peed is increa ed, tIle lift at first inc1'ea es, the increase 

becoming greater until finally a speed is reached at 
which there i a sudden 10 s of lift. The rate of increase 
of lift i approxiII!ately the same for both the pre ure­
distribution and the force-test re ult , and the critical 

- ------. 
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(a) M=0.690. 

(b) M =0.735. 

FIGURE .- Schlieren pbotographs of fl ow for the K. A. O. A. 4412 airfoi l. ",=1°52.5'. 
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FIGURE 10.-Lift oun'Os for the N. A. C. A. 4.412 airfoil at so\" ral \"aluos of tho campre ihility iuliex Jr. 
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peed Ior eq ualliIt coefficients i in approximate ao-ree­
men t. Examina tion of the Irao- data illu trates rela­
tively little cbange in drag until the critical peed is 
reached, when there is a rapid ri e in the dra?: coeffi-

IOl'ce-test data include the friction drag and some in­
duced drag due to tunnel-wall eft ct . 

ient. It hould be remembered, however, that the 
pre sure-di tribution 1'e ult give only the pre UTe drag 
for approximately two-dimensional flow, whereas the 

The ell'ect of compre ibili tyon the pitching-moment 
coefficient (fig. 9) are aloin good agreement. A the 
speed i increa eel, there is first a gradual in crea e in the 
diving moment until the cri tical speed is reached, when 
the moment undergoe large and rapid increa e . 

-- ~ -- ~---~--~--~- -- ------ ---
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Oorrelation of these data with the pressure-distribution 
diaaram and the flow photographs (figs. 3 to ) how 
that the critical peed i approximately the stream 

and the 10 in lift are therefore a ociated with the (low 
chfinge that occ urs when the comp ression hock is 
formed, 

.20 

I 
o Pressure-distribution tests 
+ Force tests J 

I / 
.18 

1 .1) / -./ Theoretlcol II I - curve s ope 
- 2 rr 

/ - 57.3 Vl - M ' 

'ti .14 / 
/ ..--+, 

/ 71 
~+ / i\ 

~~i 
\ 
\ 

..-' 

.12 

1- - -1 \ 
.2 . 4 .6 .8 

M 
1.0 

The elata , in geneml, !" how that two ty pcs of no\\' 
occur. The ftrst type i it (Jow simila r to the u ual lo\\,­
peed type but changing progre siycly and uniformly 

in uch a way as to gi I'e rise to il1Cl'efising pre U I"e 
coefficien t , which t.vpe oJ (lOI cxist for pecci up to the 
criLcal ; tha t i , a fl ow II'i tb peeds nowhere exceed ing 
t he local speed of ou nd . The econd t~-pe i it flo\\' 
with COl1lpre sion shock in which peeds both abo l'e nnd 
beloll' ound speed OCCUI". 

COMPRES I BILIT Y EFFECT TH E sunso. I e REGION 

Glauert and Aekcl'CL (refcrencc 7 ,1n<l ) hn ve 
sLudied, theoretica.lIy, t he en'ect of co mpl'cstiihiliLy in 
a potential (low anel, although their method of ana ly -iti 
clifl'ered, hoth a rri ved at the same rcsul t. Thcy found 
th at the lift fol' a giyen angle, 0 1' the lift-cu tTe slope, 
was increased by the amou nt 1/ 1 - ,\1 2. Thc t heorcL­
ical result is in agreemen t wi th these experiments, as 
shown in figure 11. Ordinarily, the agreement is not 

FI GU RE lJ.- Yariation or lirt,cLLl" I'C slope ror the 1\ . A . C. A. 4412 airroil with t he 
co mpressibility index ~\I . 

o good as hown by thi particular air!oil but the 
Lheoretical va riaLion doe, ill general, co rrelaLc Lite 
clin'erences in liit between high and low peeels provided, 
of course, that the critical specd is not exceeded. 

velocity for which tbe local speed of sound i attained at 
orne point over the airfoil surface. The rise in drag 
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Ackeret con ludecl Irom his anll1y i that the 10 al 
induced-pres me cl.ilierence , as well as the lift, would 
likewi e be incr a ed; a compari on of the theoretical 
re ult with the maximum n gative pre ure obtained 
on the smfa e of the ' airfoil i given in figures 12, 13, 
and 14. The location of the maximum negative­
pre sme coefficient, the variation of the critical-pres me 
coefficient, and the ratio of the maximum negative­
pres me coefficient to the critical-pre sure coefficient 
are also shown on the figures. The data show that 
theory underestimates the compressibility effect when 
the maximum negative pre sme occms near the lead­
ing edge and when the speed exceed fom-tenths the 
speed of ound. At _2° and - 0°15' angle of attack 
(figs. 12 and 13), the disagreement for the lower sm­
face is large. The location of the point of maximum 
negative pressure for these two conditions is less than 
5 percent of the chord from the leading edge, as i 
shown by the figmes. When the maximum negative 
pre sures occur back of approximately 20 percent of 
the chord, the theoretical variation is in good agree­
ment for speeds up to fom-tenths the speed of sound, 
but above this peed the theoretical and the experi­
mental results diverge. The practical significance of 
this di agreement is important in that it affects the 
accuracy of e timates of the critical peed; these esti­
mate will be di cu edlater. 

The probable reason for tIle discrepancy lie in the 
a sumptions and the approximation rna le in the de­
v lopment of the theory. The mo t irnpol'tnnt a WllP­
tion aJr cting the accuracy of the theory concerns the 
induced velocities, which are a lUlled to be negligibly 
mall; and, fmther, in order to obtain a usable result, 

the speed of ound is assumed constant throughout the 
flow field. The approximation for the speed of sound 
can, in fact, be shown to be equivalent to an assump­
tion of zero as the value of the induced velocity. 

Di agreement with the theory may tIm be expected 
when the induced velocitie ,a i u ual, depart con­
sider, bly from negligibly mall value . 

The development of a rigorous theory that would 
enable the computation of the actual pres mes appears 
improbable for practical use, but examination of theo­
retical results available (reference 5, 9, and 10) appears 
to indicate that, at lea t near the leading edge, the 
approximation 1/-J1-M 2 i not completely descriptive 
of the changes that may occur. It may be possible to 
arrive theoretically at a result that agrees with the 
experiment. The theoretical treatment i exceedingly 
complicll.ted and an accmate result, if present methods 
are used, can be arrived at only by a method of nc­
cessive approximations. The problem hould, never­
theless, be further examined theoretically. 

Apart from the discrepancies thus far discussed be­
tween the theory and the experiment, theory provides no 
lue regarding the limit within which the application 

of the theory may be expected to yield fair results. Any 
effect that Reynolds umber variations may have and 
Lhe upper limit of speed to which the theory is applica­
ble mu t of nece ity be determined from other somce . 

The effect of Reynolds Tumber on the maximum 
negative pre Ul'es obtained appears to be of no im­
portance within the range of the e experiments. Figure 
15 hows the results of te t made of the arne model at 
low peed in the variable-density wind tunnel for the 
Reynolds umbel' variation coyering the data herein 
pre ented (reference 11 ). The mea. ured maximum 
negative-pre Sllre coefficient Jot' the Llpp l' and the 
lower surfaces ll.re plotted aO'ainst lift coefficien t in 
figure 15. It i apparent from the low- peed re nIts 
(M= O.06 ) that the Reynolds umber effects are in­
significant. The marked progressive displacement of 
the cmves for the higher speeds then indicates that the 
pressure coefficients are far more seriously affected by 

I 
I 
I 
I 
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compressibility than by Reynolds umber within the 
range of these tests. It i important to note, therefore, 
that data taken at high R eynolds Jumbers obtained 
by increa ing the speed mu t be corrected for com~ 
pre sibility if they are to be applied at equal Reynolds 
Jmnber but at lower speeds. 
The upper limit of the speed range to which the 

theoretical allowance for compressibility effects may be 
applied with fair result can logically be as umed to be 
the speed at which the potential flow postulated by the 
theory fail as a result of the formation of a compres ion 
shock. In itself, however, the theory indicates no 
definite limit other than the speed of sound ; therefore 
other means for studying the condition mu t be u ed. 
Thi problem will be further discus ed in connection 
with the derivation of methods for estimating the 
critical speed. 

COMPRE IBILITY EFFECT IN THE S P ERCRITI CAL 
REGIO 

The phenomena in the supercritical region, that is, 
for peeds above that at which the compre sibiliLy 
burble occurs, are entirely unrelated to those ju t dis­
cussed. The discontinuities in the pressure-distribu tion 
diagrams and the corresponding schlieren photographs 
indicate that compression shock occurs when the maxi­
mum velocity over a portion of the airfoil exceeds the 
local speed of sound. With further increase in stream 
velocity, the 10c91 velocities over the forward portion 
of the airfoil continue to increase, greatly exceeding the 
local speed of sound ; the discontinuity, or compres ion 
hock, moves rearward along the airfoil, ultimately 

reaching the trailing edge. With further increa'e of 
the tream velocity, other tests (reference 1) have 
shown that the shock remains at or near the trailing 
edge but with considerable down tream slope, the slope 
increa ing with speed. The significant characteri tic 
of the flow in the upercritical region appear to be the 
existence of supersonic peed over a portion of the 
airfoil and, of COUl' e, the compre sion hock that occurs 
at the downstream boundary of the supersonic speed 
regIOn. 

The occurrence of the compre sion hock can be 
visualized from elementnry consider9.tions. It has 
been shown that the speed of sound i the normal rate 
of pressure propagation; therefore the high-pre ure 
low-speed fi ld existing at the real' of the airfoil can 
affect the How in the upersonic region only at the 
boundary. Within the upersonic field, the velocity 
and the pre sure at any point are thu uninfluenced by 
conditions in the low-speed high-pre ure region at the 
rear of the airfoil ; but ul timately the low-pressure air 
must be compressed to return to equilibrium with the 
air tream back of the model. Compl'e sion of the 
super onic air in mooth normal fa hion require , a 
nozzle studies have indicated, a contraction of the 
tream. The stream boundary formed by the airfoil, 

however , is the reverse, forming effectively an expan-

sion; and, in upersonic flow, this expansion leads to 
further increases in speed with still lower pressures. 
. s the low-pre ure air cannot pass off into the high­

pres nre region without setting up the obviou impos­
sibility of ten ion, some unu ual type of flow must 
OCClli'. 

Imagine, momentarily, that the low-pressure air of 
high kinetic energy meets the high-pres ure region and 
that equilibrium is established through interchange of 
the kinetic energy of the molecules of the low-pressure 
and the high-pres ure air. If the layer through which 
equilibrium was brough t about were infinitely thin, 
then the obviou impos ibility of regions of tension in 
the ail' is circumvented. In the energy interchange, 
the pre sure of the air of supersonic speed would be 
increased to values that would permit normal com­
pre ion over the rear part of the airfoil, and the e 
value would generally exceed the pressure COlTe­
spondino- to the local speed of ound . Following the 
layer or com pre sion shock, subsonic speeds would 
occur an i compre sion over the remaining portion of 
the airfoil would take place in the normal manner. 
Within the compression shock, however, a considerable 
amount of kinetic energy would be dis ipated in tIl e 
energy in terchange becau e of the internal friction, or 
viscosity, of the air. The energy dissipated by the 
internal friction, or vi. cosity, would be converted into 
heat, thereby becoming unavailable to the flow, and 
would appear in the flow a decreased total pressure or 
increa ed drag on the model. 

The movement of the shock front with increasing 
speed is not well tmderstood, but it i pos ible to 
reason why the hock front should move rearward witll 
increa ing peed. If the influence of any local prcs­
ure distill'bance is considered to be tran mit ted in a ll 

directions at the normal speed of sound, at any an l all 
time intervals a pre ure disturbance at the trailing 
edge will proceed from the trailing edge at the local 
peed 01 sound. The forward-moving portion of the 

di turbance, however, travels at a speed that decrea e 
because of the increasing local velocity of flow at 
points close to tIle airfoil surface. Finally, the for­
ward-moving portion of the disturbance is stopped at a 
point where its local velocity equals the local tl'eam 
,elocit ; a sharp front thus re ults as the continuolls 
distu rbance from the trailing edge piles up. In the 
hock front, however, the local speed of sound is in­

ere a eel over the normal tream value owing to the 
inten ity of the disturbance that has now been formed 
and becanse of the increased speed of ound resulting 
from the temperature or heat increase at the shock. 
The velo ity at the front thus exceeds the normal speed 
of ound in the stream. Ultimately, however, an equi­
librium is reached at some point on the airfoil where 
the super onic peed over the forward portion is equal 
to the local speed of propagation of the disturbance. 
At thi point, then, the transverse compression shock 
is stationary. Now, with inerea ing stream veloci ty, 
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the local velocities in front of the shock are increased 
nd the shock front therefore tends to be swept farther 

back to a new equilibrium position. The intensity of 
the shock tends to become somewhat more severe, as 
indicated by previous di cussion; but it appears from 
the experimental data that the increase in local speed 
of sound at the shock front is not so rapid as the in­
crease in the 10c31 velocity of flow over the forward 
portion of the airfoil with increase of tream velocity. 

f-f- ' I . ~hJor~ 
f-f- --Measured 1 -

x Free-sfream pressure ral/o. p/H I _ 

/.OW-\-~W-+--,-~' =I=4=A=F=Ft·~~f·-;q -:-::!-:-' 
M -O.I.91 

, 

o 20 40 60 80 100 
Airfoil chord, percent 

FIGURE I6.-Comparison of theoretical pressure after shoCk and pressure measure-
ments. . A. C. A. 4412 airfoil. a=lo52.5'. 

If this condition is assumed, then, the shock front mu t 
move to the rear with an increase in speed. 

Similar phenomena have been observed in nozzle 
operating with exce sive back pre sure (reference 12). 
Prandtl and other have examined the phenomena and 
find that con iderable energy is lost in the com pre sion 
shock. Briefly, the high-speed air at the compre sian 
shock loses a large amount of kinetic energy, only a 
part of which i recovered a pres ure; and the remain­
ing energy, becoming unavailable to the flow, appear 
as heat. From studie of the phenomena occurring in 
a nozzle, formulas for calculating the increase in pres­
sure due to the compression shock have been derived. 
These methods were fir t applied to an airfoil in refer­
ence 2. From the preSSUl'e formula of reference 2, 

P2=~[_2_(PJ)1~'Y -lJ+1 
Pl 'Y- 1 'Y+ 1 H 

Figure 16 has been prepared to compare the results of 
the calculated and the measured pressures behind the 
shock. The mea ured data are for the airfoil upper 
surface for an angle of attack of 10 52.5', and the data 
are plotted as ratios of the local absolute pres ure to 

the total pressure or the pressure at the stagnation 
point of the airfoil. 

Because the theory does not give a clear indication 
of the point at which the compression shock occurs, 
the theoretical curves of figure 16 were determined by 
assuming that hock may occur for any pressure in the 
upersonic-flow region of the airfoil and then computing 

the corresponding pre sure after the shock. The dif­
ference between the theoretical and the experimental 
curves at any point along the chord thus how the 
theoretical increment in pre sure if shock had occurred 
at that point on the airfoil. The location of the shock 
is shown by the experimental results and therefore, at 
this location, the mea ured and the theoretical pressure 
changes in the actual shock can be compared. It is 
apparent that the calculated pressure increa es far 
exceed the measured values. 

There are several rea ons for the di crepancy. 
Fundamentally, however, the theory of simple shock 
a sumes com pre sion in an infinitely thin layer from 
the pressure corre ponding to the maximum flow 
velocity in front of the hock to the final pressure after 
the shock. Actually, the compres ion doe not take 
place in thi manner. ome of the diagrams indicate 
that some small compression occurs smoothly, and 
probably without material energy loss, just before the 
shock; likewi e, behind the hock, a similar condition 
appears. Further, the shock does not occur in an 
infinitely thin layer. These effects would tend to 
lessen the inten ity of the hock by allowing less de­
celeration of the more rapidly moving molecules in the 
uper onic region. In the computation of tbe theo­

retical pre sure increments, the one-dimen ional-flow 
equations are used, which are based on the assumption 
that the flow passes t hrough the shock perpendicular 
to the wave front; the possibility of eparation and the 
effect that it may have on the direction of the flow arc 
not considered. eparation is extremely likely, be­
cause the shock is, in effect, a large adverse-pre sure 
gradient. Oon iderable further experimentation ap­
pears to be nece sary. 

The magnitude of the kinetic-energy 10 s in the 
shock for all the data has been computed from the 
pressme-di tribution data and the results are shown by 
the plotted points in figme 17. The absci sas have 
been taken a the ratio of the local pressure in front 
of the shock to the total pressure in front of the hock, 
rather than the compre sibility index of the air stream 
M, to permit better con-elation of all the data. Had 
the air stream M been cho en for the ab ci sas, the 
data for each angle of attack would have been displaced 
and no clear indication of the critical pressure at which 
the shock forms could have been obtained. The ordi­
nates, the kinetic-energy-loss coefficients, represent tbe 
difference between the kinetic-energy change in the 
shock and the work done by the air in overcoming the 
pressure difference at the shock divided by the kinetic 

I 

-- ----~-------~- -~-~ ------------- ----------------- --------~------' 



- - -----------------~- ------

EFFECT OF COMPRESSIBILITY 0 - PRESSURES AND FORCE ACTING 0 AN AIRFOIL 19 

energy in fron t of the hock. 'When no shock occurs, 
the value of the kinetic-energy-Io coefficient is zero. 

Briefl y, the formula i derived as follows: 

K E .L . I~{ Eioss=6.K E'Iiw;rk done) 
. 1'1 . 1'1 

where K E .L . is the kinetic-energy-loss coefficient and 
K . E.! is the kinetic energy in front of the shock. If it 
I S a umed 1,ha t 

nnd 
PIUI = P2~ 

J'2-J)1 = PIUI (UI - U 2) 

In the computation of the value of J(E .L. shown ill 
fi gure 17, the pre sme are t.aken from the pressure­
di tribution diaCTram of fi gm es 3 to 5. In general, 
the value of pz appear to be near the pre ure con-e-
ponding to t he local peed of sound in front of the hock . 

T he value of JJI and JJ2 taken for the calculation are 
indicated by the arrow on the pre ure-distribu tion 
diagram. 

The experim ntal data are consistent in regard to the 
amount of kinetic energy 10 t for any given pre ure 
ratio but the actual loss i approximately half the theo­
retical valu. The discrepancy ari e for exactly the 
ame r asons that the experimental and the theoretical 

pre ure incremen t in the shock fail to aCTree. Theo­
retically, it is assumed that the shock is an infmitely 
thin layer and that all the com pre ion occms within 
the layer. The pressure diagrams show that the eli -
turbed reCTion is rather wide and indicate that the actual 
discontinuity is preceded and followed by regions of 
iocrea ing pressure in which therc i probably no loss. 
Very little i actually known of the [low in the dis­
t urbed region but the exi tence of a reCTion of ad iabatic 
om pression immediately ahead of the hock, in particu­

ilt !", houid be further investiCTated to determine the 
po ibility of extending this region and thu of obtaining 
reduced slwck intensity or a lelayed compres ibility 
burble. 

The los in total pre sure cau ed by the hock on the 
upper surface of the airfoil i shown in figure 1 to 2l. 
]igure 1 to 20 show the di tribution of the 10 and 
the pre ure-di tribution diagram for the upper urface 
of the airfoil. 0 loss due to compres ion shock occms 
until the stream velo i ty exceeds the local speed of 
sound. For even small speed increments above the 
critical, however, there are large increa es in the tota1-
pressure 10 s. The extent of the shock in a direction 
perpendicular to the chord in extreme ca e (speeds at 
the trailing edge in excess of sound speed) is large and is 
approximately 130 percent of the chord. The shock 
thus extends about half the tunnel radius from the 
model. ear the model ends, therefore, there may be 

some tunnel-wall effect, that may tend to intensify the 
shock locally, This effect, however, hould not be of 
importance at the center section where the e mea ure­
ments were made. 

Integrated values of the total-pre sure loss iue to the 
compre ion hock are a mea ure of the drag increment 
experienced by the airfoiL The e valu es for all the 
angle of attack investiCTated are shown in figure 21 
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again t the pressme ratio PilEI and, though only quali­
tative as previously explained, the increase of the los!! 
with decrease of pressure ratio PI /I-! or increase of speed 
is consi tent with the increase that might be e~.'-pected 

from pre nre-di tribution and force-te t data. 
The th eoretical total-pre sure los appears to bc. 

omewhat Ie than the value mea ured and integrated, 
which indicates a seriou loss other than the direct hock 
los . Thi pos ibility is further iJlu trated by the pres­
sure change in the sho k, indicated by the total-pres­
ure measurements shown in figures] to 21. The e 

pre ure differences were obtained by as uming the total­
pressure loss in the shock to be repre ented by the maxi­
mum value of the ratio (I-! - Hz)/I-! outside the normal 
wake reCTion. From the theoretical relation, the cor­
responding value of the pressure in front of the shock 
wa determined and the corresponding pres ure b hind 
the shock was computed. The very large di agreemen t 
between the pressure changes thu shown and the 
measured values indicated by the pressure-di tribu tion 
diagrams can hardly be accounted for by any of the 
previou ly discus ed limitations of the theory. The 
results eem to indicate energy 10 se in addition to the 

--- - -- - - - -- - - - - - ~ - -
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FI GoRE 21.- lntegrated compression shock total-pressure loss for the 
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(b) M = 0. 500; test 24- 2,. 
(d) .1[=0.640; t es t 21-27. 

FIGURY. 20.-Pressure distribution and compression shock total-pressure loss for the X. A. C. A. 4412 airfoil. cx= 1<52.5'. 
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kinetic en ergy dissipated in the shock. Considerable 
further investigation appears neces ary before complete 
lmdel'standing of the compressibility -burble phenome­
non can be achieved. 

THE CRITI CAL SPEED 

It is apparent from the prececlinO' di cussion that the 
mo ' t important detrimental effect arising from com­
pressibility phenomena do not appeal' until the critical 
speed is reached. It is important to know the value of 
the critical speed for many applications, such as propel­
ler problems and future high- peed aircraft, particularly 
tho e designed to operate at altitudes where, owing to 
the low temperature, the peed of sound is low. The 
theory thu far developed is not explicit and the fir t 
work of consequence was the electric analogy used by 
G.1. T aylor (references 13 and 14) . From this method 
T aylor found that, when approximately the local speed 
of sound was attained, the theoretical potential flow 
failed. Further analytical examination (references 15 
and] 6) indicated that certain hypothetical flows could 
excee-d the speed of sound without compres ion shock 
but ly only a few percent. For engineering approxi­
mation, this work indicate that the critical speed can 
be taken as the value of the tran lational velocity at 
which the sum of translational and induced velocities 
equals the local speed of sound. 

This assumption is sub tantiated, in general, by the 
data reported h erein. The kinetic-energy-loss data, 
nearly all of the pressure-distribution data, and the 
total-pressure measurements indicate that the com­
pre sibility burble occur when the local speed of 
ound is reach ed or only slightly exceeded. U ing tIll 

assumption and the relation 

Po 
P -JI-M2 

where Po i the incompressible or low- peed local-pres­
sure coefficient, J acobs, by placing P equal to the value 
corresponding to the peed of SOUlld, devised a relation 
for the critical speed. (See reference 2.) The curve 
derived is given in figure 22. The abscis as are the 
low-speed or incompressible-flow values of the local­
pressure coefficients and the ordinates are the critical­
speed indices. A variation of this curve with abscissas 
equal to the thickness-chord ratios for elliptic cylinders 
is given in reference 17. For purposes of comparison, 
however, J acobs' original curve i given. Results from 
these and other experiments are hown as the plotted 
points. The points shown for the circular cylinder are 
based on Stanton's pressure-distribution experiments 
(reference 18) and potential-flow theory, and the 
critical speed i ba ed on low R eynolds Number experi­
ments in the ll-inch high- peed wind tunnel. 

All the experimental results indicate lower critical 
speeds than shown by the curve. The aU'foil data for 
conditions in which the maximum negative pressure 
OCClli' near the nose indicate lower critical speed than 
the other airfoil data. The rea on for the difference 

is the underestimation of the compre ibility effect by 
th e theoretical term 1/-J1- JYP, a detailed discus ion of 
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FIG UHE 22.- 0 riLicnl-speed ratio [or various \'alucs o[ the max imum induced Jlre~surc 
reduction [or eomprossible Uow. 

which h a pl'eviou ly been given . From the variation 
shown by the curve and the experimental points, how­
ever , reasonably accurate estimates of the critical speed 
may be obtained for flows appro:ximating two-dimen­
ional conditions. 

CON LUSIONS 

1. The physical nature of the flow change called the 
compressibility burble is shown. The large drag incre­
m ents occurring at high speeds are as ociated with the 
kinetic-energy losses caused by a compre sian shock 
and these los es appear in the flow as deCI'en. ed totflJ 
pressure. 

2. The theoretical information available is applicable 
only for speeds below the critical, that is, below the 
speed at which the compres ion shock forms; and, even 
in thi range, the theory appears greatly to under ti­
mate the compressibility effect for certain conditions. 

3. The data permit a reasonably accurate e tilnation 
of the critical speeds for approximately two-dimensional 
flov,rs. 

4. Further theoretical study and experiment are 
desirable to enable more accurate prediction of the 
critical speed for two-dilnensional flow and an extension 
of the present knowledge to three-dimensional condi­
tions. The fundamentals of the disturbed flow should 
be further investigated experimentally to determine 
completely the nature of the actual flow from which it 
may be pos ible to effect a delayed compressibility 
burble. 

L ANGLEY MEMORIAL AERONAUTICAL L ABORATORY, 

NATIONAL ADVISORY COMMITTEE FOR AERONAUTIOS, 

L ANGLEY FIELD, VA., J uly 6, 1938. 
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z 
Positive directions of axes and angles (forces and moments) are shown by arrows 

Axis Moment about axis Angle Velocities 

Designation Sym-
bol 

LongitudinaL ____ X 
LateraL ____ _____ y 
NormaL ___ __ ____ Z 

Absolute coefficients of moment 
L M 

0,= qbS Om= qcS 
(rolling) (pi tching) 

Force 
(parallel 
to axis) 
symbol 

X 
y 
Z 

Designation 

Rolling ___ __ 
Pitching ____ 
yawing ___ _ 

N 
On=qbS 
(yawing) 

Linear 
Sym- Positive D esigna- Sym- (compo- Angular bol 

L 
M 
N 

direction tion bol nent along 
axis) 

Y_ Z Roll ___ __ 

'" 
1,1 p 

Z_ X Pitch_' __ _ 0 v q 
X- Y yaw ____ _ ..p w l ' 

Angle of set of control surface (relative to neutral 
position), o. (Indicate surface by proper subscript, ) 

4. PROPELLER SYMBOLS 

D, 
p, 
p/D, 
V ', 
Vs, 

T, 

Q, 

Diameter 
Geometric pitch 
Pitch ratio 
Inflow velocity 
Slipstream velocity 

Thrust, absolute coefficient OT=~ pn-u -

Torque, absolute coefficient CQ = ~T'l5 
pn .If 

P, 

0., 
7], 

n, 

Power, absolute coefficient Cp = ~nr. 
pnlF 

5 j pV5 

Speed-power coefficient= -y Pn2 

Efficiency 
Revolutions per second, r.p,s. 

Effective helix angle=tan-{~i) 

5. NUMERIC~L RELATIONS 

1 bp.=76.04 kg-m/s=550 ft-Ib./sec. 
1 metric horsepower = 1.0132 bp. 
1 m.p.h.=0,4470 m.p .s. 
1 m.p.s.=2.2369 m.p.h. 

1 lb .=0.4536 kg. 
1 kg=2 .2046 lb . 
1 mi.=1,609.35 m=5,280 ft. 
1 m=3.2808 ft. 




