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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

TECHNICAL NOTE NO. 543 

THE CO llPRESS IBILITY BURBLE 

By John Stack 

Smn{ARY 

Simultaneous air- flow photo g raphs and pressure- dis­
tribution measurement s have been made of the N . A.C . A . 4412 
ai r fOi l at high speeds in order to determine the physical 
nature of the compressibility burble . T~e tests were con­
ducted in the 1 . A . C . A . 24- inch high- speed wind tunnel . 
The flow photographs were obtained by the schlieren metho d 
and the pressures were simultaneously measured for 54 sta­
tions on the 5-inch- chord wing by means of a mult i p le-tube 
photographic manometer . Pressure-measurement results and 
typical schlieren photographs are presented . 

The g eneral nature of the phenomenon called the IIcom­
pressibility burble ll is shown by these experiments . The 
sou r ceo f the inc rea sed d r ag i s the co Dp res s ion s hoc k t ha t 
occurs, the excess drag being due to the conversion of a 
considerable amount of the ai r-str eam kinetic energy into 
heat at the compression shock . 

DTTRODUCT I 0 ~ 

The first important effects of compressibility were 
encountered in aeronaut ical applications when propeller 
tip speeds were increased to values approach ing the veloc­
ity of sound. A marked decrease in propeller efficiency 
was noted and investigations were started to study the 
phenomenon . The earl i est investi gat ions were made on mod­
el propellers . These investigations were followed by tests 
of ai rfoils made partly to simplify expe rimental procedure 
so that the effects of compressibility could be more easi­
ly isolated and partly to develop sections more suitable 
for high- speed applications . The airfoil investigations 
indicated that a ma r ked change i n the type of flow occurred 
as the velocity of sound was approached; the lift decreased, 
the drag increased, and the center of p ressure mo v ed to the 
rear . Although these tests yielded much valuable informa-
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t ion fo r d es i g n prool em s , ver y l ittle information regard­
ing the chara ct e r of t h e a ir flow , pa r t icularly a t the 
compressioil i ty burole , wa s obtained. I t be came apparent 
from t he se experiments that a more fundame ntal inv est i ga­
t i o n was n ecessary to study t~e nature of th e co mp re ss i­
o ility burole . 

P re li n inary experiments lea di n g to tile development of 
a metho d of flow visual iza t ion were undertaken ea rl y in 
1934 an d t h e schlieren method wa s adopted . The flow a ro u nd 
the 1 . A ! C . A . 0012 a i rfo il mounted in the II- inch hi~h-
s p eed wind t u nnel was o b se r ved and it was es t ablished (s e e 
f i g . 3) tha t " the flow cha nge which occurred at the co mp r e s s ­
ioility burole was associated with the fo r ma tion of com­
p re ssi on s hoc~ s or re g ions of r~pid chang e of density in 
the flo w . Follo wing these obs e rvations , which we re shown 
a t the Ninth Annua l N. A . C . A . Eng in e ering Researc h Confer ­
ence in Ma y 19 34 , a ~ en e r a l i nvestigat ion of t he a ir - flow 
v ar i at ions over a wid e speed r an g e was outlined . This in­
vest i gat ion co nsists of f low pho tograp hs and pressure meas ­
urenent s ov e r the surfac e of a wi ng made simultaneously for 
s~v e r a l speeds extending f ro m a pproxima te l y 35 perce nt of 
the velocity of sound to va lu e s i n excess of the speed at 
wh ich th e co mpress ibility burble o c c HS . P art of this 
gene r a l inv est i g ation is r epo rt ed h erein and co nsist s of 
s i mult aneous flow P~1.oto g raphs a nd p re s s u :::-e - distr ibutio n 
measu reme nts of th e fl ow about an a i rfoi l for speeds in 
the cr itical re Gion, t hat is, f o r the s pe eds at which the 
fl ow breakdown or t h e co mp ressibility ou r ble occurs . 

Th e e x p eri me nts were conducted in the N. A . C.A . 24-
inch h i g h - sp e ed wind t u nnel. The airfoi l on which ob se r ­
v a tions were ma d e is a 5-inch- chord N. A . C. A . 4 4 12 a irfoil 
with 54 orifices at t h e cent er section. The pressures at 
each o rifice were s i mu lt a neo us ly mea sured by means of a 
p h oto recording multip l e - tube man ometer. 

APPARATUS AND METHODS 

The N . A.C . A . 24- inch hi g h - sp e ed wind tunnel is an in­
du ction- type tunnel that may be opera ted over a large 
speed r ange . Co mp ressed a ir from the var i a ble- dens i ty 
wind tunne l discha r g ed through an a ~nula r nozz l e lo c a ted 
downstream from the test section induces a flow of a ir 
from the a t mospher e th rough the test secti6 n . Velocities 
approach i n g the velocity of sound ma y be obtained at the .. 

... ,..J 
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test section . The tunnel ~s an outdoor ~ind tunnel and , 
except for certain modifi cations. arising from this source 
and from its size, the methods of operation are the same 
as for the II-inch high- speed wind tunnel (reference 1) . 
The essential air passage s are geome trically similar to 
those of the II- inch high- speed tunnel. A cross- sectional 
d i ag ram of the ' 24- inch high- speed tunnel is shown in fig ­
ure 1. 

The method of flow observation and photography is ·the 
schlieren, or striae, method devtsed by 'Toepler, whic~ is 
desc 'ribed in detail in reference 2 . A simplified diagram 
'of the apparatus is g i ven in figure 2 . Light from a source 
located at C, the principal focus of lens D, emerges 
from the lens D as a paralle l beam, passes through the 
converging lens Dt and is' brought to focus at .. 'E, tne 
principal focus of lens . 'D.t . At E a knife - ed.ge is locat ­
ed so as to cut off most of the light f~om the source C. 
The model A is pla ced in the paralle l beam between the 
lenses and an image is formed on the screen F. ~hon a ir 
passes over the model, its density, and ~herefore its opti­
cal index of refraction, changes. Thus, portions of the 
parallel beam of light a r e bent · and some of the rays that 
were previously. interrupted by the knife- edge now pass 
over the knife- edge at E to the screen ' or photographic 
plate F . The illumination on the screen then shows re­
gions of varying air density . 

The pressures over t~e a irfoil were Deasured by means 
of a multiple-tube photorecording manometer . The manometer 
contains 60 tubes ar r anged in a semicircle with a neon 
light parallel to the tubes located at the center of the 
sem i~ircle . Photo stat paper is drawn from a roll, located 
at tne ~ack of the manomete r, around the tubes and the ex­
po sed .lengths of paper are drawn up on ana ther r o 11 al s a 
located at the back of the manometer . .fechanism for auto­
matic ' remote control of the photostat paper and the light 
are contained within the manometer . 

The model, a 5-i nch- chord by 30 - inch-span r . A . C .A. 
44lZ rectangular wi ng, consists of a b~ass center section 
of I - inch span and duralumin end pieces . Fifty- four holes 
are ar r anged along the upper and lower surfaces at the cen-
,t e r of the 'brass center section . These holes are connect­
ed to the manometer by sDal1 brass tubes led out through 

· two large ducts cut i~ the lower surface of the duralumin 
end pieces of the mode l. The ducts are closed by duralu­
min covers shaped to the contour of the airfoi l. T~ e brass 



4 N,A . C . A. Technical Note Jo. 543 

Qenter section and t h e duralumin end pieces are bolted to ­
gether and all joints are carefully ma de to preserve the 
contour and fairness of the model . 

hlounted for tests, the airfoil exte n ded t hrough the 
tunn el walls a nd was supported in c a refull y fitted trans­
pa rent end p l a tes . The model was ori g ina ll y desig ned for 
tests in the v a riable- density wind t unnel where the sup­
p orting system is such that the bending stress e s a t th e 
center of the Dodel resulting from lift loads a re s ma ll . 
For the t ests in the h i gh - speed wind tunnel it wa s neces­
sa ry to p rovide auxiliary bracing to c a re for the lift 
lo a ds because of the inherent structura l weak ness of the 
a irfoil a t the center section . This bracing consisted of 
c a bles secured at the quarter- chord p oint of t h e a irfoils 
app roxima t ely 6 inches out from the center on either side 
a n d .fastened to t h e tun n el wall . These cables a ppear in 
snme of the schlieren photo g raphs a s th e da rk lines ex­
tending outward from the airfoil approximately perpendicu­
l a r to the lower surf a ce; they sho u ld not be confused with 
t~e s h ock waves. 

Th e lens e s of t he schlieren set-up we re mo u nt e d , as 
s hown by the s imp lifi e d di ag ram ( f i g . 2 ). The source 
light was a high- intensity spa rk discharge a nd the photo­
g r aphs were obtained wit h a standa rd 8- by l O-inch studio­
type camer a . The c a me ra wa s e quipp ed with a shutter but 
no lens and , bec a use of limitatio n s in sp ace wit h in th e 
t u n nel chamber, it wa s necessary to mou nt a mirror back of 
the knife- edg e of the schlieren a pparatu s to refle c t the 
li ght from its orig ina l path into t he c ame r a . Be ca use of 
t~ e l a rge cha nge of p r e ssure wit h t i me within the t unn el 
cha mber as t h e air s pe ed was inc rea se d f rom or decrea sed 
to zero , it was necessary to ins ta ll me thods of ope r a ting 
t h e tunnel and all th e appar a tus fro m t he outside . 

The test procedure consisted of fir s t increa sing the 
sp e ed, by mea ns of a motor-driven v a lve in the co mpressed­
a ir supp ly line, to the desired v a lue, wh i ch was measur e d 
by an outside mercury manometer c on nected to calibra ted 
static plates. Th e c a me ra s h utt er , wh ich wa s opern ted by 
an electromagnet , was then op ened a nd, a t a si g n a l i mmedi­
ately following , the light c i rcui t for t h e lna no meter and 
the source light in the schlieren a ppa r a tus were closed . 
By this procedure the p ressu r e r ec ord an d th e flow photo ­
g raph were simultaneo u sly ob t ained . Th e tun n el operator 
then quickly reduced th e air s peed to zero and closed the 
c amera shutter . Th e film tn th e c anera wa s chang e d. th e 

j 
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exposed.photostat paper in t~'1e manometer was rolled up, a 
n ew section was automa tically placed over the manometer 
tubes , ·and the procedur~ as previously outlined was repeat ­
ed for the next sp eed . 

Tests were made for each of t~ree ahgles of attack, 
- 2°. _ 0° 1 5 1 , and 1 0 52-t 1. for several speed.s in the criti­
c a l region. 

For dynamic pressure and the ratio of the local 

veloci~y to the local velocity of sound V/Vc' were deter­
nined ~y calibrated static- pressure orifices connected to 
two tubes in the photographic manometer and also to an out ­
side mercury manoneter, whic h was used to set the sp eed for 
the tests . A detailed discussion of the ncthod of teter­
mining the dynamic p ressure and the speed ~atio V/Vc' is 

g iven i n reference 1 . Th e ' pressures acting on the airfoil 
were determined by neasuring the deflections of the li qu i d 
in the nanomete r tubes ~s shown on the photorecord ; the or­
dinates for the pressure- distribution diagrans were coc- · 
puted by dividing t hese p ressu r e~ by ~ V2 as detercined 

2 
by the static - pres 'sure orifices in the' tunnel walls and the 
tunnel calibration . 

DISC-3SIO 

I nvestigations of the eff ects of ai r conpressibility 
on the characteristics of propellers and airfo ils have in­
dicated that a marked change in the type of air flow oc ­
curs as the air sp e ed approaches the velocity of sound . 
This flow change, or compressibility burble, is evidenced 
by' large detrimental changes in the characteristics of air­
foils . Previous tests (e . g . , references 1 and 3) have 
shown that the critical speed. that is. the .speed a~ which 
the compressibility burble occurs, decreases as the lift 
increas es . ~ecauge of the relationship b et~ee n the lift 
and the induced velocities over the surface of an ~irfoil. 
the dependence of this c ritic a l speed on lift is important 
in that it shows that the speed at: vhich the co m:9 ressibil ­
ity burble occurs ~s influenced b~ th~ induced velocities · 
in the field of flow . Analysis of the force - test and oth­
er data . (reference 1) i~dicated that the compress i bility 
burble occurs when the local veloci ty a t any point in the 
field of flow reaches the local v eloQity of sound . Funda­
menta l knowledge of the comp reis i bilitj burble, however , 
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cannot be obtained from force-test data alone; and , in or­
der to determine the nature of the phenomenon, it was nec­
essary t6 obtain air- flow observations and pressure- distri­
bution data . 

Preliminary flow observati ons made of the N~A . C . A. 

~012 airfoil in the II- inch high- speed wind tunnel defi­
nite ly showed the establishment of compression shocks in 
the flow about the airfoil when th e main stream velocity 
was considerably less than the velocity of'sound . ' The re­
sults of these observations correl ated with force tests 
(fig . 3 ) showed that the rise in drag occurs simultaneous­
ly with the establishment of the compression shocks . As 
't4e speed of flow is increas ed to values approaching the 
velocity of sound, a shock appears first near the leading 
eage of the airfoil and then moves aft with further in­
crease of speed, ultimately reaching the trailing ' edge . 
The abrupt increa~e in drag starts with the first appear­
anc e of the shock ' a nd continues as the shock moves aft 
along the airfoi l. The location of the shock on the 
N. A.C . A. 0012 airfo il when the s pee d is approximately 76 
percent of the velocit y of sound is shown by the sketch at 
the top of figure 3 . The photographs in the figure show 
the position and width of the discontinuity at slightly 
higher sp eed s. As the compress ion shock moves aft along 
the airfoil the front remains approximately perpendicular 
to the air-flow direction as s h own in the lower photograph. 
The uppe r photograph shows the shock at the trailing edge 
and the considerable downstream slope of the discontinuity 
indicat~s that supersonic velocities exist in the re g ion 
ahead of the shock 

The results of the uressure- distribution tests (figs. 
,4 , 5 , and 6 ) and the s imultaneous schlieren photographs, 
typical results of which are p res ented in figures 7, 8 , 9, 
and 10, provide the fundamental informa tion leading to a 
complete description of the phenomenon as well as corrobo ­
rate the preliminary observations and the earlier force 
tests . The dotted lines on the p ressure-d ~st ribution di­
agrams are drawn at ordinate values correspo nding to the 
local velocity of sound . It is apparent, then , from exam­
ination of the diag rams that local ve~ocities considerably 
in excess of the local velocity of sound. are atta ined over 
the foruard porti on of the ai rfoil. This re g ion of super­
son ic veloc itie s ends in the compressi on shock , which is 
evidenced on the pressure- distribution diagram by the dis~ 
continuity in the cu r ves and the relatively large and ab­
ru'pt increase of pressure . Comparison of the schlieren 
photographs and the press~re- distribution diagrams (e . g., 

F I 
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fig . 4 with figs . 7 and 8) shows that the location of the 
shock at the various sp e eds as det e rmined b y b o th ~ethods 
i s in a g reement . ~he width of the shock at the h i ghest 
speeds, as shown by the Fhoto g raphs, is relatively narrow, 
and it is likely tha t the entire increase in p r essure oc­
curs in this re g ion. At lower speeds (see figs . 4 and 8 , 
V/Vc = 0 . 66 8) the discont i nuity extends over a relatively 

wide area along the a ir fo il a nd seems to consist of a se­
ries o f le s s intense dis continuities. It is imp ortant to 
note that, when this c ondition exists, the resultant ve­
locities over tha t p ort ion of the a irf oil are v ery close 
to the velocity of s ound and that the corresponding ai~-
s t r e a m v el 0 c it Y i s the vel 0" cit y at '\v h i c h the c 0 mp res sib i 1-
ity burble st arts . 

The results of th e pressure- distribution investiga­
tion corrobora te t h e p rel i o ina ry flow observa tions as re­
gards the mov ement of t h e s h ock with cha nge of spe ed . A 
comp arison of fi gures 7 and 8 shows tha t t be s hock mov e s 
forward as th e s p eed is decreas e d a nd an ex~mina ti on of 
the pressure-distr i bu t ion diagram s for a ny a n g l e o f attack 
likewise shows the f orward move me n t of the region of dis­
continuity with decrea s e of s pe e d . This condition ex i sts 
irrespective of a n g le of a t tack . The s hock , however, may 
not occur t h e same dist a nce back of t he le a ding edge on 

. both u p per and lo we r s u rfaces beca use of differences in 
the pressure distribution for t he two surfaces . 

The decrease in the sp e ed at which th e comp ressibil­
ity burble occurs as the lift is increa sed is a l s o sub­
stantiated by the pressur e- distribution d a ta . When t h e 
an g le of a tt a ck is 1 0 52~ t , the compr es sibility burble is 
just starting at a s p eed ratio V/ Vc of 0 . 596 (fig . 6). 
The corresponding condition at _ 2 0 occurs for a speed ra­
tio of 0 . 668 (fig . 4 ). It is also app arent that the dis­
continuity on the lower surface shown by the results for 
an ang le of attack of _ 2 0 (figs. 4 , 7 , and 8) does not oc­
cur at the highest angle of attack except at the highest 
speed (fi g . 6 ). With further increase of ang l e of attack 
the discontinuity on the lower surface wil l entirely dis­
app ear . 

It is not the pu r p os e of this p reliminary rep o rt to 
g ive a detailed analys is of th e discontinuity but, in 
view of its import a nce in cert a in app lications, it is de­
si r able to consi d er b riefly the conditions leading to the 

· establ i shment of th e shock . As flow velocities appr oach 
the velocity of sound, th e sum of the main fl ow velocity 
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and the induced velo c ity near the surf a ce of the ai r foil 
exceeds the loca l velocity of sound . The e xis ten c e of 
th is supersonic - velocity r eg ion is shown by the pressure­
dist ributio n diag rams . Th e flow conditions are now qu i te 
unl i ke the con d i tions at low s~eeds because the velocity 
at wh ich pressu.res are propa ga ted is the velocity of sound . 
This fact is part icularly sign i ficant because pressures in 
the subsonic - velocity field existing a t the rear of the 
ai rfoil c annot be transmitted upstream to affect the p r es­
sure field corresponding to the supersonic veloc ities that 
ex ist over the forward p ortion of the airfoil. It is ap­
parent , t:l1en , that an unusual t- pe of flow r:lUst exist 
s inc e the ai r afte r pass ing throt gh the supersonic - velocity 
region must be retarded to subsonic velocities . The na­
ture of the observed disc ontinui ty wher~ this retardation 
takes p lace is illustrated by the schlieren photographs , 
an d the flow phe~omena a re desc rib ed by the pressure- dis­
tr ibuti on data . 

Similar discontinuities have been obs o rved in con­
v e r ging- d iv erging nozzles operating with excessive back 
pressure . A discussion of the p he nomenon in nozzles is 
g iv en in reference 4 and a theoretical analysis of the in­
fin i tely thin discontinu i ty or shock wave is g iven in 
reference~ . Prandtl has der iv ed a for.ula (reference 4 , 
p . 84 ) for t he increase of pressure at the shoc~ . Pres ­
sure increments comuuted f r om this formula (reference 6), 

-" 

h owever , g iv e v a l ues ~uch larger than the values obt a ined 
by he present expe rine nts and some doubt may therefo re 
e xist as to t he adequacy of t he analysis . Furthermore , 
th is ana lysis doe s not permit the p rediction of the loca­
tion o f the shock for any given speed . 

One siGn i f icant result of the analyses presented in 
references 4 and 5 , however, concerns the c hang e of state 
of t~e air or ga s passing through the d iscontinuity . It 
has b een shown (reference 4 ) that the air pa sses through 
the disco n tinuity ani underGoes an increase of entropy . 
The cause of the drag increase can t here by bo readily ex­
p lained . Low- pressure, hi Gh-kin e tic- ene r gy ai~ meets the 
discont i nu i ty whore t he~e is a sudde n decrease in kinetic 
ene r gy . Only p rt of this kine tic ener~y is recovered as 
a gain in p ressure ; the remainder is converted into hea t 
a nd is lost to the flow . This loss of kinetic energy to 
the flow appea rs as increased d r ag or, conversely, the ad­
ditional ene r gy required to p ro pe l an object at a speed 
above that at which the co mpressibility burble occurs, in 
excess of the energy requir ed if no cha~ge of flow oc ­
curred, is convert e d into h eat ener g y . 



N. A.C.A . Technical Note 30~ 543 9 

Some further experimental investigation may be re­
quired to enable the solution of certain quan titative as­
pects of the problem, not ab lY the computation of the pres ­
sure after the shock and the pred iction of ~he location 
of the wave on the surface for any g iven speed. 

CONCLUSIONS 

1. The gene r a l nature of the phe nomenpn called the . 
11 co mp res sib i 1 i t y bu r b 1 e 11 ha s bee n de t e r min e d • It ha s bee n 
established that as th e fre e-stream speed app ro·aches the 
velocity of sound the air in passing over the a irfoil sur­
face is accelerated to sp eeds in excess of the local ve­
locity of sound and, when this condition occurs, a com­
pression shock .is f ormed that involves a more or le~s 
sudden, rather than a gradual , retardation of the flow and 
a di ss i pation of energy _ 

2 . The source of the increased drag observed at the 
compressibility burble is the co mp ression shock and the 
excess drag is due to the conversion of a consideraple 
amount of the air-stream kinetic energy into heat at the 
c 0 mp res s i 'o n s 11 0 c k • 

3 . Al though the experiments disclose the general na­
ture of the compressibility burble, certain quantitative 
aspect s of the phenomenon require f1utl1er experimental in­
v e stigation and ana l ysis . 

Langley Memorial Aeronautical Laboratory , 
National Advisory Committee for Aeronautics , 

Langley F ield, Va ., September 23 , 1935 . 
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" 

Figure 1.- Diagr&mmetic cross section of the N.A.C.L. 24 inch 
high-speed wind tunnel. 

Fig. 1 
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Ji'i gur e 2.- Simplified diagr am showi ng t h e schli er e n method . 
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Figure 3.- Correlation of force tests and schlieren 
ooservations at the compressibility burble. 
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.A.C.A. Technica l No t e No . 543 Fig . 4 ( cone. ) 

-1 

o 

0 

1 

Ir~., 

>< 

" 
, 

I 
)( 

L 
'< 

I 

x-x-x_>< __ xo_
v 
"--->:--l(-=--x=--

" ...., ... r-----u ~\,.. .~ 

Fi gur e 4 . (concluded) 



N~A.C . A , 

Q 
q 

Technical Note Fig , 5 

vjvc = ,74 

- - - - - pi q for V Iv c = 1 

- 1 v/ve = . 687 

o o 

+1 

)( -><-" )( ,,- ><-

7~ 
/ 

rive = . 659 

a a 
x 

+ 

,--- -- - - - - - - -
l ' _x-X-X-X-X ___ x 

- x .... x-)(_x ~-- )( __ )(--.. 

p~ x-x_x_x_x_"'_,"---

0,1 ~-o ~ a c ~ 
" 

_ _ ..l.--__ L-_...I.-. _ _ --1 ___ __ ---1_~-----1-----1..-----..L-----'----..L-

10 20 30 40 50 6 70 80 90 100 
Chor d , perc en t 

Figure 5 , - Pr e ssur e distributi on on the N.A. C.A. 4412 air­
foil s ecti on. 
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Figure 9.- Schlieren floYT photograph. N.A.C.A. 4412 airfoil; a=-15 1
; V/ Vc = O.717. 
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Figure 10.- Schlieren flow photograph. N.A.C.A. 4412 airfoil; cx.=l 
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