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NATIONAL ADVISORY OOMMITTEE FOR A3RONAUTICS 

ADVANCE REP03.T 

03SERVATIONS OF COMPRESSIBILITY PHEUOMZNA IJ:T FLIGHT 

Ey Richard V. Rhode and H. A. Pearson 

SUMMARY 

Several aspects of comp ress ibility phencmena were 
exa mined un d e r fli ght co ndition s on the XF2A-2 airplane, 
which was subjected to a series of dives and pull-outs 
a t speeds up to 550 miles per hour corresponding to Mach 
numbers up to 0.74. The results indicate that the prin­
cipal ef fe cts o f compressibility shown by wind-tunnel 
tests at su~ercritical v e locitie s are also manifes te d un­
der flight conditions. One apparent discrep a ncy appeared, 
in that the flight results di d n ot indic a te an increase 
in wing pitching-moment coeffici ent with increa s ing Mach 
number; this d iscr epancy , however, is attributed to the 
surface rou ~hness of the ai r p lane wing and is not be­
lieved t o be an essential con tradiction of wind-tun nel 
re sults. 

Al though no s e rious vibration or ether m ~ nifestations 

of the cn mp re ss ion shock we r e observed, the position of 
the sh o c k suddenly shifted slight amounts in a few cases 
and the p o ssibility of appr e c~able shifting or oscillation 
under som e conditions is not p re cluded. 

Experiences during the course of the tests indicated 
that con s id e r ab le danger exists at high speeds if airplanes 
are longitudinall y unsta b l e and also tha t careful atten­
tion mU3t be g iven to co mpr ess ibil ity effects on aerodynam­
ic a lly balanced contr o l surfaces to avoid sudd e n ov e rbal ­
ancing at high spe ed . 

I NTR ODU CT I OliT 

It . is 'a we ll- k nown fact that maximum airsp e eds e ttain­
able by certa in cl a sses of airplane have been increased 
to valu e s that wou ld , in the light of wind-tunn e l d a ta, be 
expected to g ive rise to the formation of the so-called 
"comp r eGs ion ~h ockll on the wings. Inasmuch as the e xact 
nature of thic co mp ression shock i s not clearly kno wn, 
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serious Questions of i mmediat ' mportance have been raised 
as to tl C behavior f an a irp e s1bjec ad to it , particu-
l arly in r ega rd to tho ?oss ibility that the shock may havo 
a v iol ent ly unsteady cha r a ct er ( as i nd icated in some wind­
tunn e l tests) wh ich would bB presumed to c ause severe , in g 
v i br at i~n a ni tearing of the skin or f a ilur e of riv e ts 
due to the r ap id shifting of a ma r ked discon t inuity be ­
tw ee n v ery hi bh a nd lcwcr pressures . Many other ~uest ions 
of a l ess se rious natur e , but of perhap8 g r eate r i mpo r­
tance, hav e also b 0en r a is ed fith r e spect to the forces on 
and the b r hav ior of aerodynamic f o r mQ at h i gh speed . Be­
CRU SO the wind tunn o ls have b oe n and will necessarily con­
tinu 0 to bo the primary sourC0 of date Rnd because the 
phenom ena of fl ow in the r OG i me of compressibility is 
still so imp erfe ctly understood, it is natural t hat these 
quest ions include that , of tho r e li abil it y o f wind-tunne l 
data when ap~l i ed to th e f r oe - ai r and to lar ge r- s cale 
condition s of flight . 

Becauso of tho Dx ist en c e of t hose i mpo rt ~nt questions , 
t est s dev i sed to p c r .. it study of cor1pressibility effe c ts 
in flight have been fo lt to b e necesGa~y . Such tests wa r e 
the r ofore initiated jointly by repre sen tativ e s of t~e 
Bure a u of Aeronautics , lavy ~8pa rtmen t, and of the Nat ional 
Advisory Co mm itte e fo r A ro nauti cs i n discussicns held at 
La n g l ey Fi e l d, Va ., cn So p t embe r 20 , 1939. 

The nature of th e t es ts was decided upon af t e r consid­
e r a tion of the r e la t i v e i op rt an ce of various poss i b l e ob­
jectives and of the practical difficult i es like ly to be 
en count e r od dlring th e tests . It Nas fina lly concluded 
tha t these first te s ts s auld be devised t o € i ve , even at 
the expense of a ccuracy , the m:st comprehensive pictu r e 
con s is tent wi~h safety an~ practica l expJd i ency of the be­
havi:r of an a c tua l airplane at h i gh sp eed r athe r than to 
co n c ent r ate on v e ry difficult, p robl ema tical , an d somsfhat 
a c adem ic objectives as , f or examp lo the ac c urate measu re ­
ment of pr ~fil e d r ag ro r quantit a tive co rupa risvn with wind­
tunnel r esults . , I n e ther w ~ r ds , the objective of the tests 
was to find in a g0 n o ral way ~hc the r or not the p rincipal 
featu res of c ~mpressibility pheno me n a as sho~n by wind ­
tunnel tests would be borne out un~er fli g ht c ond itions, 
part i cularly i n re ga rd to the unsteady charact e r of the 
compre ssion sho c k , Rnd tc obse rv e a ny peculiariti es in the 
behRvi~r sf the a ir plane at speeds nea r th e critical sp eed . 

Aft o r some delay i n obtaining a suitab l e a irplan e , 
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the tests 1 ere finally c onducted in a ccordance with the se 
obje c tives dur i ng May and June 1940. This pa?er wac orig­
inally i ss~e d as a me morandum report for th e Bureau ~f 
Aeronautics, Augusb 29 , 1940 . 

APPARATUS AND NETHOD 

Ai:u21ane .-. Th\.; airplane used in the test 6 \.,as the 
Brewster XF2~- 2 , ~h i c h was made available by the Bureau of 
Aeronautics . A pho t ograph of this airplane is shown in 
figure 1 . Th ~ ling surfaces of this airplane were scme­
what rou g h and irregul~r , with ex?osed rivet heads and 
waves in the skin. 

All easily re mov ed equipment not essential for the 
tests WaR taken out t o provide space and to compensate 
for the weight of recording instruments subsequently in­
stalled. The Curtis s electric propeller was provide~ 
with a feathering circuit in orde r that the airplane could 
be dived to maximum possible airspeed without overspeeding 
th e engine . This ins ta llation required the removal of the 
propeller cuffs, wh ich interfer ed ~ith the cowling at high 
pitch set t ings . 

As v ibratio n tests aLd flutter calculations, made un­
der the direc ~ ion of _r . T . Theodorsen of the Committee's 
staff , had indicated a possibility of wing flutter in the 
bending-ailero n mo de at an in~ic ated speed of about 450 
miles per hour, the ai l erons were mad e slightly noseheavy 
about the hinge line as a precautionary measure . This 
overbal an cing was accomplished by attaching thin (1/32 in.) 
narrow lead s heet s to the leadin g edges with fabric and 
d ope in a manner used by the Army Materiel Division at 
Wright F i eld. (Se e fig. 2.) The estimated flatter speed 
was thereby raised to nearly 600 miles per hour. Although 
there was no reason to anticipate flutter of the tail sur­
faces , the elevators and rudder s were nevertheless bal­
anced in substantially the same manner as a fUrther pre­
caution . 

With these changes and with the airplane otherwise 
ready and se rviced f o r the tes flights, the weight, in-
c l udin g pilot and parachute, was about 5450 pounds and 
the cent e r-of - gravity position was located at 23.3 inches 
back of station 0 , or at 28 percent of the ~ean aerody­
namic chord. As will later b e indicated, the airplane was 
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longitudinal l y unstable in this condition . The center of 
gravity was therefore eh ifted forward 2 . 2 inches to 25 
percent of the me an a erody namic chord by remnval of the 
tail hook a nd its support-ng structure and by shifting 
the instrument ba tte ries to more forward locations. I n 
this condition the airplane appeared t b e satisfactorily 
stable . 

In.. s t r u II!. e llti . - I n 1 in 0 \,r i t h the 0 b j e c t i v e s 0 f t 11 e t est , 
the instrumentation was nlannod to permi t the mo st accurate 
practi cab le dete r mi nat i on of the Mach number , the c ritical 
sp eed , and th e b e hav i cr of th o comprossion shock , as well 
as to parmit observati~n ~f s eve r al features of the behav­
ior of the airplane \.r i th the oc.c u rr e n c o of the shock. Th e 
instruments i n c lude d: 

1. Ai r speed r ecorder con ne ct ed tc swiveling pitot ­
static tube 

2 . A special :Ipressue - y l a tell airspeed record. e r d e -
signed for hig~ critical speed and elimina­
tion of time hq:>; 

3 . St em th c rmor f' ter 

4 . Th i rty-c ell reco rd in g manometer 

5 . T\ro-cell r e c ordi ng manometer 

6 . Stato3cope (sensitive altimete r ) 

7 . T ro - componer:t accelerometer (Z and X c",mponents) 

8 . Control - f orce recorder ( elevator and ai lero n s) 

9 . Control- p osition recorder (elevator) 

10 . T~o 35-millimeter motion- picture cameras 

11 . Vi1lro graph 

1 2 . Tachomete r 

13 . Timer 

14 . V-G recorder 

These instruments were mounted as shown in figure 3. 



r-----~----------~------------~------~---~~----------------------------- -

Sp ee d maasurdment .- Because 0f tho uncertainty in­
v ~ lv~d i n balancing the pitot-etatic tub? against lag 
effects for tLe unusual conditions of these t~sts and in 
the critical speed of t ~e pi tot tube , i t wao considAred 
a dvisable to design a special airspeed recorder that 
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would not be subjoct to lag or compressibility effects . 
rh e recorder desi gne d and built for this purpose, and 
c alled he rei n the "pressur e-plate recorder,l1 consisted es­
s e ntially of a fl at disk ,1t h sharp edge mounted normal 
to th e air stream on a ~haft restrained by spring dia­
phr a g~s to s~all longitud i nal motions. The air force on 
th is plate or dis~ was de t ermined by recording the shaft 
disp l acement r e la ~ive to the instrument frame by twc op­
pos itel y mounted r e c rding st rai n gages. Oalibration of 
the in str ume~t i n the NA CA 2~ - inch h i gh-speed wind tunnel 
provid~d meany for estab lishing the airspeed from the 
for c e measurement~ I n a~d i tion to the pressure-plate re­
corder, a swiveling p i tot -st a~ ic tube c ~ nnected to a 
standard NACA recorder was also used, and the recorder 
was mount e d in tha win g t o keep tha pressure lines shurt 
and thus to minimi38 the lag e rr ors. The pressure lines 
wore tal anced in tho usual fa: . 

Furt her airs ~ e8d ~eccrds were obtain8d tith the V-G 
r ec ord e r and by n! ntographing , with a motion-picture cam­
e ra, the ins t rum ent pan e l. The airspeed indicator and 
the V- G rec orde r ere both c onnected to the fixed pitot­
static tube . 

In ord er to pe rmi t corr e cti on of tee airspeed read­
ings for compre ss ibili ty and the eva l uation of true air­
s pe ed nd Mach number , i t ",as necessary to determine the 
static pressure, the t e mperature , and the air density at 
each i nsta n t during t he div~s. For this purpose, measure­
ments o f tem~erature an d pr3ssura altitude were made dur­
ing a succession of short , level-flight runs at several 
a ltitud e s during the cli mb pre c eding each dive. 1rcrn 
t hese surv eys it we s possible to compute relations between 
absolute altitude, pressure, and density up to the start­
i ng points of the s ev e r a l dives. At the starting point 
of each dive, the statoscope valve was closed and measure­
ments were taken of the t im e variation of tho pressure al­
tituda lost to th e ini t ial alt i tude at each instant. 1rom 
t hese mea s urements and from the previously made atmospher­
ic sou n dings , it was ~os sibl e ~o establish the temperature , 
pressure , and air density at any instant during the dives. 

As an i n cid e~ta l check on true airspeed, and in order 
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to mak e goo d tl e at nos pher ic soundin g wi t hout ~ e lying 

s lely on t he stat scope _eadi ng s , attemp t s wore made to 
es ab lis l t he pos i tion of the airplane in space at each 
in st ant th rough the use of doub l e photothecd olit e mea s ure­
mento from a long oase li ne . Thes e me asureme nts rore 
made thr ugh the co u rt esy of the Ooa s t Artill e ry Beard at 
Fo t Monroe , Va ., an d of t he Mitche ll Cam e r a Co r poratio~ 
of Pasadena , Cal if . Ow in g to the d i ffi cu lt c ond i ti ons of 
th e tests , those attem~ts were only part l y successful and 
no result s could be oot a i ed i n tho IGnge r div es . 

Q::>mDressi_ on~:r~.QQLo-b~§Z.va.ti()Il.£' .- As a mean s of d e t ect ­
i ng any lon g i ud inal sh ift ing of tho r eg ion of pressure 
dis co n t i ~u i ty ( compression sho c k) and of dete r mining the 
critica l speed for at l eas t on e wing se c t i on , pressure 
measurements we r e made along ppe r and lo ·e r su rfac e s of 
t h e section of t ho right win R loca ted at 103i inches from 
th e pl ane. of symmetry (fig. 3( a )) . Thi s section c nfo r ms 
clo se l y to a 23014 section; tho measu r ed p r of il e is s hown 
co mpa r e1 with a 23 01 5 soction in fi~ura 4. 

Each prossuro orific e was co nnected ty ru bber tuoing 
of ~ -i nch i nsido diameter , approximate l y 1 5 f eet long , 
to one side o f a manom oter all (fi g . 5) . Th e opposite 
side of each colI was c nne ct ed to a r es~ rvoir v e nted to 
an orific ~ i n the lifti ng tub e in wh ich , as shown by pre ­
liminary measurements, approximately true static pres ­
sure obtained . T~e ac t ual pres~ure i n the lifting t ube 
was , hogevG r, measured ~ith r ospect to the pressure at 
the static orifices of t' e swiveling pitot - static tube, 
and t he wing pressures relative to true static p r essu re 
c ould c onsequent l y be ill ro cl oBc l y appr oxima ted . 

In confor mi ty 1;{i th rind-t unnel pract i c o an d as a 
furthe r moans 0f detecti~g t he co mpres si on s hock , a tota l­
head tube was mounted 2 inches ab ove t ho wi ng , ~e ll oe ­
hind the stat i on of ma xi urn thickness adjacent to the 
pressu r e se ction . 1he tota l pressuro at this location 
was measured relat i v e to the total pressure at t he s~ivel­
in g p it ot - static tUD e . As measu r emonts illad e through a 
fairly lar ge range of an gle s of att ack i n l e v el fli ght­
show ed substantia l balance of tho ~ o ta l p r essures , it was 
e vid ent that the win g total-head tuoe lay outsi de the 
boundarv laye r and it was the ref ore presumod that any s ud ­
d on or l a r ge d if fer onces in pressuro appearing in the 
divGS could b o a t ri buted t o heat e n e rgy lc~ses i n the 
co mpression shoc. . Fo r the l ast dive , an a ddi t ional 
total - head t ub e as ins talled on the win g 4 inch e s abo ve 
the su r face . 

,. 
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In additi~n to the pressure distrioution and the 
total - head measu ro nen ts, photegr aphs cf the uppor surface 
of the wing wore made wi th a motion-picture camera syn­
c h roniz e d w~th tho other ins t ruments. This proceduro 
was follo we d on the c han c e that changes in skin-wrinkle 
pat tern r o sul t in g from shock phonomena might be observed 
and also in order to da te ct any changes in urofilo or 
surface irr egulari t i es that ~ould affect tho nature of tho 
f lo w. F o r this purpose a narrow longitudinal stripe was 
painted en the wing at t he tGPt s0ction and two triangula r 
ref e r e nc o mark e rs woro install od on the upper surface of 
the wing at tho mai~ spars . 

A vibrograph ias i mprovisod and installed naar thd 
ri gh t wing t i p for t ho s e tosts. This instr~mcnt was es­
sentially a l o~-fr eauency, spring-restrained pendulum, of 
'hi ch the movement rol t ive to th e wing tas recorded by a 
stylus n n a smokei disk driven by clc c k~ork . 

() t he r mea ~g!: a r. an t s .. - A t,,! c - com p 0 nOn t ace 0 1 (, r 0 ;10 t e :c 
was used t6 measure the nerma l and longitudinal components 
of acce1eration. The lo ngitudinal compcnent was used to 
permit an anproximate dete r mination of tho t~tal drag in 
the lat e r stages of the dives . Tha in strument board on 
which the accelerometer was mounted made an angle of 50 
with the thrust axi s and about I SO ¥ith the grwund when 
the airplane was in the nor ma l landing attitude. 

Measurecents of elevator control force and displace­
men t we re alsc made i n order to observe the longitudinal 
b ehavi~r c f the a irplan e , particularly in re gard to the 
c ontrol forc es r equi r ed to maintain balance in the dives 
an d to r e c over at d i fferent values of ilach nu~ber. The 
aileron con t rol forces we rd also ~easured , and large ai­
leron more~ents were observable by the 1ing camera. 

Th e rec crd i ng tachchetdf mentione~ ¥as intended pri­
marily as an instrument for measuring the propeller speed 
in connection with terminal velocity oalcu la tions . As 
previously indicated, however, the propeller was substan­
tially feathered du rin g the d iv es ~nd tho propellor speods 
were , except in the last di ve, below tho ninimum limit 
(500 r pm) of the t a ch ometer range. In this dive the en­
g ine r e volut ion speed temporaril y rea c hod values as high 
as 700 rpm. 
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FL I G:T P~ OGRA 

The f li ght p r o~ram as conduc ted i n th r ee phRses as 
follc..w s : 

1 . Prel L i nan' fli bh ts to' c heck i nst rume nt op e ra­
tion , · to c a li bra te ai rsp ee d i nstallations , t c l o cate 
su i table s t at ic prassur a reference po i n t s , to ch e c k the 
position of t he total - hend tu be r elative t o the boundary 
la ye r, and t o ob t a in p r ossure-dist ributi on data at low 
s poecl s. 

2 . P r a c t i ce d iv es fo r familiarization , to che c~ the 
bohnv i or of the a ir p l a n e at incr oasi ngly severe s pee ds 
and a c ce l e r ations , and to c a li b r ate the indicat i ng a cc el ­
e rometer agains t t he V- ' r e c orde r. 

3 . Contr a c t , or test , dives at th _ ee spe ed s to cbtain 
c o~p let e data throlgh a range o f Ma c h numbe r s and l i ft co­
e_f.i ci onts . 

Tho p r e li ~in~ r~ fl i ~hts ~ G r e made by NACA p i lots , and 
th e p ra cti c e and tost d i ves .wore pe r f or med by Mr. E . W. 
Burke of the Br e·, ster il. 0::'onautical Corpo r at i on . Dur in g 
the c ou r se of the p r a c ti e d iv es ~n d subsequent l y , however , 
a numbe r o f dives -rere made by ~!iessrs , LN . Gough and 
W. H . Mc~vo y of tho gACA to c he c k the lon g i tudina l stab il­
i t~ ~nd othe r cha r a cteri st ics of the a ir p l ane . 

As a matte r of r o c o d in co nnec tio n with c cntra ct re­
ql ir omonts , as ~ oll as to bring out the p otential l y se r-
iou s effuct af lon g i tud i n. l i nstability ~t ~igh speeds , 
t he V- G r e cords for tne s ix pra ctice d ives and the six 
c ontract div es co mp l eted a r e shOvn herGin.~s f i gures 6 a nd 7. 

In th e :i rs t f ivepr.:1.ctic e div e s (fi G. - 6) the c e nter 
of gr avity of the n ir p l anc: WIlS :lo t. the 28 - pe rc ont loc :>.. ti vn . 
I n h is condit i on the airplnne R ~,arently res pon ded satis ­
factorily , :lolthcugh the ~nstoq din ess noted in th e f - G 
r e c or d S 0 f the f ir s t f a u r d i v Q s "r asp. c au EO e a f i n c rea sin g 
c on c e rn i n vie\ of the fa c t that thLJ .q ir liRS s moot h in al l 
CR se s . Duri n g the ,ul l- out from pract ice dive 5 some ­
thing occur r ed th~t i s not 8nt irel y cle r DS the pilot 
"blackJd aut ll and 'IE'.::; L. o t ble lR te r t o r ecRll the ent i re 
s eque nc e of ev en ts . In Rny event , c on scious crntrol of 
tl c e levator was lost at sem e po i nt an d the a ir p l a n e as -

t", 
I 
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sumed a high angle of attack a t rath e r high spoed. The 
abnor~ality o f the v- G recor d for th is case is evident 
(fig. 6) . 
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After this experience sp e cific tests were devised to 
ch 6 ck the longitudinal stability, an d the results showed 
that the airplane was unstable . Repdat tests ~a de fol10w­
ing the chang a to the 2 5 - pe rcant center-of-gravit~ loca­
tion i ndi c ated that i n this condi t i cn an approciable mar­
g in of s tab ili ty waa present. No subsequent difficulty 
was experienced . 

The required ctntract d i ves ccnsiste~ of the follo~-

1. Vertical dive and pull - o~t wi th a nor ~a l accel­
eration of B. Og . I nd icated ai r speed not less ~han 300 
miles per hour and n ot core than 325 n i les per 1.our. 

2. Vertical dive and pull-out ·ith a norDal accel­
eration of 8 . 0g . In d icat ed ai rsp eed not less than 400 
miles per hour . 

3 . Vertical d iv e to te r o i nal velocity and pull-out 
with a no r ma l acceleration of 8.0g. Di ve to start at 
altitude not less th an 30,000 f eet Rnd to continue to an 
altitude not great e r than 12, 000 feet before starting 
pull-out; alternatively , d iv e to continu e 32 seconds be ­
fore starting pull-out . 

Th e s e dives were co c pl eted , alttough it was necessary 
to repe at the 3CO- n il e - pe r- hour dive twice and the ter~i­
nal d ive o n c e because of u nsatisfactory operation rf the 
recordin g ins t ruments . One attecpt to pcrforu the torni ­
nal d iv e was not co nplete d b y the pilot because of unsat ­
i sfactory ail e ron o,e ration that will be ~iscussed in de ­
t~il i n t he section on RESULTS . 

SYMEOLu 

g g r avitational unit o f acceleration (32.2 ft!sec) 

p ~ass density of air, slu gs per cu bic foot 

a vel ocity of sound, feet ne r second 

V airspeed, f eat p er second 
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M Ma ch numb e r (V i a) 

P p r essur e c oeff icie nt 

c n section norGa l -fo rc 0 coef f icient 

dra J co eff ici e n t of a irplane 

wei gh t 0: eirplane , p ound s 

q dyna mic pressure 

n nu 'o c r of g un i ts f a ccel e ra t ion 

S win g area , square fe e t 

FS stick f orce , p ounds 

SUDs c:::ipt G: 

cr cri t ical 

max maxi nun 

3.E SULTS 

TiDG ,Jli ,s t Q1'i,ll . - F i gc11' 8 s 9 to 12 show th e vari at io n 
~ ith ti me of a numb e r of r c co:::d od quantiti e s take n dur ­
i ng the s avo r a l d i v e s includin g (fig. 1 0) the attempt e d 
t e r ~ i na l dive that was not co ~u l e tad bec a use of ca l fun c­
tioning of the a il e r ons and (fi b . 11 ) t n e c omp l e ted t e r­
~inal dive mad e May 1 3 , 1 940 , ~or wh ic h the pre s sure­
distribution records er e unsatisfactory . Th o so figures 
a r e largely self-explanatory an d requ ire no co mnant at 
this po in t . Fi ~u r e 13 s h ow s se v ar a l g roup s of sinulta ­
neous photJgraph s t aken ~ith th e win g and coc kp i t c ame r as 
du ri ng the period of aileron Dalfunetionin g and will be 
discucsed ~ubse~uent l y i ~ r e l ation to the ti n e history of 
f igure 1 0 . 

~ res su r ~,~ a t a . - S 0 [ : e re " u 1 t S 0 f the p r e s su r e ::1 e a sur e -
Lents are shewn i n figures 14 t o 16. I n order to indioate 
nost clearly the va r ia ti ons with Mach number , i t fas ne c­
essary to ill ke co up a r is on s a t t he sa ~o values of no r ~al ­

for c e co e fficient . necals e it ias i mp ossible to choose 
co mp a r a b l e p oints di r e c t ly f r om t t e reco r ds and also be ­
cause of t~o dssi r abi li t · of eli Dinating a ccidenta l errors 

C- i 
I 
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fron the co mpa risons, th o rec c r ds were evaluated in the 
follow in g nan n e r: 
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For each dive an d pul l-out , the pressure distribution 
was p l otted fo r u nifo r ml y spaced tiDe int ervals . These 
p l o t s we re in te r ate d to deternine the values of section 
norna l-f ~ rce coefficient c n 8nd the pitching-~cment co ­
effi cient abou t the quarte r- cho r d Doint c mC /

4 
Values 

of the pres su~c co effic ie n t P at the several points of 
measurement along the test scction were then pl:tted 
aga inst c n . Be c ause of the var l aticn of p ~ith Mach 

nunbe r a t fixed values of cn ' the d.ata 'e re c.ivided into 
five g r o ps, ea c h group i ncl~ding values lyinb ~it~in a 
limited range cf 4a c h numbers . Tynical plots of this 
c h~ r a ct e r f or lower ori fi c e 5 and upper orifice 10 are 
shOrn i n figur o 1 5 , the ci r clos re presenting points lying 
between M values of 0 . 25 anQ 0 . 34, the invorted triang~e. 
values of 0 . 35 to 0 . 44 , et c., HS inclicatec. on the :igures. 

Fr om thes o plots main curves of P pgainst cn for 
the vari ous cla c h nnmbers 1·'ore establish8d and, finally, 
mean pressure - distribution cnrves 1ere der iv ed at differ­
en t valu es of . for (3,,, c11 of several values of cn ' 
Th o se d e rive d pI ts a r e p r esented in fi~ure 1 6 T~e Val­
ues of p itchinc - moment coe ff ici Ent note~ ther00n were 
obtaineJ by integrat i on of tho maan cur ves wit~ respect 
tJ the aerodynanic · c e nter for low-spoed flow. This aero ­
dynami c center ~3S estab lishad in t~e usual w~y from val-
ues of c and c n obt ained from the original pres-

J::. C / 4 
su r e p lot s . ~h~ data for the lOfor speed conditions are 
shown in f i gure 17 , 

I t wi ll have b ee n noted on fi~ure 15(b) that, 'ithin 
t h 0 ra n g e 0 f A a c ~1 n· m b e r s bet ·,oJ 0 e nO. E. 5 and O. 74, tho pre s -
sur 0 sat 0 r i fie e 1 0 c n t ilO un·o 0 r sur fa s e (, .. hie h \., a s 1 0 -

c ate d ne a r tho statioL of ma;inum t~ic~ncss) show extreme 
varistionR . Th is phenomenon a lso a~,eared at orifices 
8 and 9. Eecause it wa s not ,ra c ticab18 to subdivide the 
data in t o smaller ~roups than t~os0 ~iven - t~pt is, be­
cause no mean curves cOlld have be0n established - the 
mean pre s sure plots for t~e hiGhest range of il were made 
to sh ow the Fressure ext r emes ~ i th in that ran;e. 

The p r ess'ue pl c ts shown in figure 14 wer8 obtEdned 
du~ing tho prel i mi na r y fl i ghts undar lev el -fli ~ht condi­
tions . T~ e curves stcwn on t~ese plots are theoretical 
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curves based on the method of r e ference 1 . The vertical 
lines at each pressure st at ion repres e nt a maximum possi ­
ble (not proba~le) range Gf instrument errer and will be 
discl sBed subsequently in the se c tion on PRECISION . 

D r ag cae f f i Q.i~ n t . . - The d rag res u 1 t s are s 11 0 \om i n fig­
ure 18 . Tbes9 results ~dre o~tained by utilizing. the 
pr eper l ong i tudi nal ccmpo~ent of accele r ation (corrected 
for the ang le ~f instrume n t board) and the relation 

in wh ich W is the we ight , fo r this purpose taken 
pounds ; S the wing area of 209 square feet; and 
true dyn2mic pressure , tha t is, the measured value 
r~c ted f or co:pressibi l ity effect. 

as 5450 
q the 
cor-

nevat~.~.Q!l_t!:.Q.L.i.QJ'ce . - r:ihe increment of ele'lRtcr 
con trol f~rce has been plotted a Dainst accelerat ion in­
cre ment fo r the s~veral diVes in fi gure 19 . Tle si gnifi­
c ance of th is pl~t is discusse~ subsequently in this re­
port . 

PRECISI ON 

1'l e de€;ree of precision with 1]1-. ic h some of t he perti­
nant qua.titias if e~ e measu r ed ca~ b " e iv an as a fixed num~ 
ber , whereas for others, ge~a r al l y those depcndini upon 
pres~ure ~easurements, no fix 8d valu e can be g:ven . Those 
quantities b31ongin~ to the first group, fo r fh ich esti­
ma te s of accuracy ma~ be immedi a tely assigned, ara 

Normal acc e leration. %O . lg 

Lon gitud i nal. acce l eration, ~0 . 02g 

Incr0reents in elevator doflection, ±O.25° 

Abs olut e v&lues of elevator deflection, ~0 . 5° 

Elevator and aileron forces , ±A pounds 

The Rccur acy of t~a a ir density (and consequently ~f 
tha true airspeed) , air ~empe_ at ~ro, velocity of sound, 
and altitude d epe nd Ipo n the accuracy of the t e mperature-

;'-- 1 

1 

J 
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altitude surv e y madb by t h e pilot durin J the climb. Even 
if so mewhat l a rg e r err ors than ar a +hought to exist ere 
aas ign ed to the pilot1s indi v idual obsarvations, t~e fi~al 
erro rs in th e densi t y - altitude rel ations have been minim-

~ iz o d by an inte g r ation ~r~ccs s which gave, for each of the 
~ dives , curves of pressure and d ensity , as measured from 
~ the ini tia l alt i tude to the ground, against tho aosolute 

altitud e . If a 2° e rr or i n tomperature is allowed , the 
effect on the 0c~sity p and on tho velocity of sound a 
are small b ecause these quantities are nutermined by the 
abs olute tem~erat lr e . It i s e sti mated ~hat p is know n 
at any point in t~e dive to an accuracy of apuroximately 1 
pe rc ent ; whereas t h e error in the velocity of sound at any 
iOint is negli g ib le s ince i t ~e~enQs on the s~uare root of 
the absolut e temperatu r e . T~us, the accuracy ~ith whi ch 
the Ma ch number M i s g iven depends almost entirely upon 
th e accuracy ~ith wh ic h th e ~ rue airspeed is known . 

Whcn the various errors that o~te r into t~e determi ­
n at ion of t he tr ue a irs~ecd g ive n by t~e swiveling-head 
i nsta llat ion ~ r e cons i dered , it i s estimated that, at 
spe ed s in excess of 3 50 miles per hour , the e~ror is less 
than l i per c ent; ",he re as at the lower sDcEds (100 to 150 " 
miles po r hou r ) the error m~y be ae mu c h as ±2i p3rcent . 
Althou gh i t was thought ~hen t~e tests were devised that 
t he accuracy of the a i r spee d measurements given by the 
pres s lre plate might be -better than that of the swiveling 
head , r ecent t ests by Walchner (reference 2) heve indi­
cated that t~e us ua l Prandtl type head has a critical ve­
locity well ~bcve that reached in the dives. This fact , 
toget he~ ~ i th the fi c t tha t short balanced pressure lines 

e re used, probably gives a g rea ter accuracy to tne swiv ­
eling-head airspaed ffie ~ su remen ts for t~~ reason that reli­
ab le measur ements could not b e obtain9d witn the ?ress~re­
plate head at speeds b a lov 20e - mil~s per hour and also be ­
c ause it wa s necessa r y to introduce slight corrections 
fo r the ef~ect of the rosultRnt acceler a tion parallel to 
the directi on of the boom . ~hen these errors in ~irsp~ed 
are cons idere d , values of the Mach numoer at any point in 
t he d i ve c al be said to be accurate ~o ~ithin ±O.01. 

I f it c an be assumed that 5~~tic ,ressurB exIsts at 
t h e static open i ngs of the s~ivelinG haa~, +he error in 
t he a l t itude at ~ny i ns~an t is nc more than ±300 f ~ et. 

Th e absolute accu r a c y of th e individual pressure 
measure~ents vari ed accordin~ ~o tlle position of the ori­
fic e along the a irfo il. In gene r al, the better absolute 

L ____ _ J 
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acclrac y wa s obt a i ned wi th th e mar c s ens i t iv e ma nom e ter 
c el ls , wh ic h ~e r e loc a t ed t owa rd the r ea r of the ch ord, 
a lt h ou gh on a perc e n tago ba sis t he a ccur a cy in thi s r eg ion 
i s p o or be c a us e of th e r e l at iv e l y l ow p r es s u r e s . In a d­
di t ion , b e cau s e t h e se n s ~tivi t y of th e mano me t e r c e ll~ wa s 
n e c es sarily based u p on t he exp ect ed pr es su r es to b e mea s­
ur e d a t th e h i gh es t s peod , th e maxi mu m p ossibl e e rr ors a t 
the le w speeds as ~ndic ~ t e d b y fi gu re 14 a r B r e l at i e ly 
h i gh . F i e ll r e I 6 s 11 0 ,r s , howe v e r, t hat the p ro b a b 1 e e rr 0 r , 
a s i n dic ate d by the l e n g h 8 of the v e r ti c a l line s , d e ­
cr CBS8 S with a~ incr ea s e i n Ma ch numb er. Th e magnitud e 
o f t~9 a b s olute pro b ab l e error is obt a in ed fro m the se f i G­
u res by mul t iplyin g t he le n gt h of the l i ne s b i the va lu e 
of q that a pp li es for the Mach nu mb e r i n que stio n . 

S ~al l a ccid ent al e r i ors i n t he p r essure d istri bution 
c a : se d by f a iring a nd ot he r La ctor s r esu l t in onl y r e la­
t i ve ly smn ll c ha n ges in the i n t eg r Qtc d n or ma l- fo rc o. co e f­
fic i e n t but may ca nso 1 r ge r cha n geD in the p i t chin i -
m a ill 0 n t c 0 a f f i c i en t . I n fa c t , m 0 s t 0 f t 1 e p.o i n t s ea t t e _ 
(~ 0 . 006) s hown i n tho s c c t ion c n en d c m r e l at i ons 
( fi g . 17 ) can b e at tributed to tho s e i nac c u r a ci es . 

Con sid e r a tio n o f th o effect of the p r es su r e er r ors 
on th e dc t e r minat i on of the c r i t ic a l sp8e~ indicat e s tha t 
the cri ti ca l Ka c h nu mb er is a cc u r at 0 t o ab6u t %0 . 01. 

The a ccur a c y o f the to t a l dr ag moa su r eme~ ts ( f i g . 18) 
d epe nds up on the ~ ccur a cy of t h e lon g i t u d ina l a cc e l e r a ­
t i on anJ ai rs poe d measur omon t s . Si nc e the acc e l e ro me t e r 
r eadin g , 1 - n , '~ s ed i n th e r e l ation f or CD is a s ma ll 
qua:r. ti ty at t'le l o':e r speed s eF. rl ~T i n tho a, i ve s , th'c pe r­
c en t er ror is h i gh a t ~ ne be g i nn i ng o f t he di ve s but r ap ­
idly d e cr ea s e s a s t .o te r minal ve loci ty i s a:!)p ro a c hed . 
At t he h i gh e st Ma c h nu mbG rs t~ > err or in q b e comes of 
g r eate r i mp ort a nc e Qn d the mi n i mu m er ror, ~hi ch ' occ u rs 
at the h i gh Ma c ~ nu mbe r s , i s ahout %5 pe rc e nt . The a ccu­
r a c y o f the drag moasur OLc nts i s su~f ici ant , howeve r, to 
s h ow th e tr end of CD lith in c r easing va lu8 s of A . 

Th e da t a p r e s e nt e d make i t eviden t tha t the te st c on ­
'di i ons ~xtended woJ. -· b eyend the cr i t i ca l spe -:; d of t he 
t est se c t i on of the i'f1 ng ; it !!lay be in f 0r r ed fr om t h is 
ev i de nc e that ~a ny ot~e r e xpo s ed pa r ts , su c h as win g sB C-
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tions no a r th e r oo t, prope ll e r-bl ade roots, cowling, and 
crown of the cockpit enclosuro were even mor0 a dvanced 
b eyo nd their ow n critica l s p e e ds. The first Ques t ion of 
i nte rest , therefore, is whether the presumable Gxist e nce 

~ of a compre ssi on shock or shocks was manifested by any un-
~ u sua l b e havior o f the a irpl ane . 
~ 

Lndicati ons of cOIDl)ression snock.- Evid3ncos of the 
behavior of the airp l ane a nd of the compression shock 
~ere obt a in ed f ro m tho vibro ~ rams, the wing photographs, 
tho p r ess r e records, an~ th e r ecords frGm the total-head 
tubes . The v ibro g rams a re not given because they are dif-

' fi cult to descr ib e an d, a s they showed an absence of seri ­
ous vibr a tion, i t was conside red inadvisable to introduce 
theL . The recorfu showed th qt t h~ vibration existing was 
irr egul ~r and that the amplitudes did not exceed about 
one - sixteenth inch. Th e r e was no e vidence that the exist ­
in g vibra t ion cou ld b e att ri buted in any way to a com­
pression sho c k ; i n fact , tho v ibr ation records sh:wo d the 
s ame dharact or ~ e ll below and above the critical s~eed. 

The win g photographs li~ewise sbowed that any vibra­
tion ex:stin~ reust have been small, altho~gh the method 
used wou l d n~t allow evaluation of aoplitudes as small as 
those indicated by the vib ro gr~ms. The indica t ions of the 
vibrograms and photc g r 2ph s wo r e substantiated by the pi­
lot , who detec te d no vib r ation . 

A b ri ef study of the actual preesure records indi­
ca tes that zonee of steep pressure gradients did not os ­
cillate or s~ift back and forth ; that is, the few shifts 
obse rv ed wer0 .unidirectional. For example, after the ac­
c e l e r at icn peak in the p ull- out fro~ the faste s t dive, 
the pressure r at i o a t orifice 9 on the upper surface 
changed in the follsw in g manner : 

I 
T i me I 
( :: ~ : -G. :9 5 -0-~-:-5 -r-l-~-4-(-a-p-p-r-o-x-. ) 
L 37 . o ___ L_· 6_'9_0 __ "-__ ._2,_,3_-:..1_ .75 __ _ 

As the oth e r pressur es showed no great change, however, 
t he zone of steep p r essur e gr a dient in t r e region j f ori~ 

fic es 8 to 1 0 sh i fte d f or war d rather suddenly a short 
distan c e wi th s li ght reducti on of M and c n . With fur-
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the r r e d u cti on of h es e Qua n t i t i es du r ing t h e l a t e r s ta ge s 
of the pu ll - Ol t , t~e r ~ was n return to h i gher p r ussure 
at ori f i ce 9 . The Bu d den fo r \a r d s ~ i fts obse r v~d i n the 
pressu e r e cords d id n ot ffiani f est themse lv es in tho a c co l­
e r at i on r e c or ds or ot he r obse r vati ons and we ro th8 r ef ore 
of l i tt l e con s equ e nc e unde r t he cond i t io ns of these par­
ticu l a r tests . 

The total - p r essure r e c ords i nd icate that at sub criti ­
c a l speeds (300 mph div e , fig . 8 ) t~e r o was no appre ci ab l e 
1 08 s of p r essur e eve n u p to q it e h i gh value s of li f t.' 
I n the sup e r ~ r i ti c aIr e g i on , h 01: eve r (f i g s. 9 an d 1 2 ) , th e 
pressur e l osses a~pear to va r y p r i~a r ilv wit h the ac c e lor­
at i on or lift. The r e c or ds di sp l ayed no sudde n changes 
othe r than t h ose a sso ci ated ~ i th changes i n ang l e of at ­
t ack a:r: i s i n b f r om J ovement of the elava t or. 

From the fo r ego in g di s cuss i on i t seems that , alth ough 
the win b san do t h 0 r pa r t S 0 f the a i r p I a n e oJ e :' e .r e 11 i n t 0 
the su~e rcri t ic a l re g io n of f l ow ~ no se ri ous conseque n ces 
o f the comp r ession sh ~c ~ ve ro manifest . The possib ilit y 
of se r ious co ~s e ~uen c a s unde r oth' r circ -mstan c e s is no t , 
ho wev er , pre cl ud e d by t h i s r esu l t , p ar ticularl y i n vi ew o f 
the f or1:ra r d shi f ts of t' e s teep grad i ent no t ed . The s e 
sudden sh i ft~ , a l though sl i ht and un i d ir e c t i ona l i n t hes e 
test s , are neve rt he l ess an i ndi c ation of a cri t ic a l co mb i~ 

nat i on of -ach numbe r and li f t co t ff ic ien t fo r the pa r ti c­
ula r se c t i on an d s ~ r u c tur e tested , and i t there fo r e ap ­
pea r s that c c ndi t io ns L.ay be en c ountered i n wh ic h os cil­
l at in g oeha v io r of th e zone 0: ste e p pressu r e Gr ad i ent i s 
a po s s i o ilit y . 

Flrthe r cons i de r ation o f th i s p r ob l em on the oa sis 
of the poss i ble phvs ical natur e of the f l ow beyond t he 
criti cal spaed has led to the belief that the r etur n t o 
h i gh pressu r e 'a t the r ea r o~ the superson ic r eg i on of flow 
is a cc oc.p lished i n pa rt th r e-ugh conver .. ,en c e of tho stream 
tIDe s, s me oJhat as sho\. n i n f i gure .?O , and tha t th i s c on­
v e r gen c e i s a cco ~pan i ed by s epa r at i on at so me po i nt f or­
wa r d of the r ea r critica l po i nt . The existence of s epa­
r a i on fou l d a cc oun t f or many phenomena observed il the 
wi nd -t unne l a s wel l a s in the fl i ght tests . If c onve r g­
en c e and sepa r a ti on ac ~ual l y do i nf l uen c e the r etur n to 
su s on i c ve l oc i t i es , t he OCC lr r en c e of an i nstab ili ty can 
eas il y DB v i sua li zed becaus e on the ofta hand , the supe r­
son ic vol oci t i es ~au ld ten d to i ncreaso tOlar d t he r ea r 
oy v ir tu~ of the expa n s i n fo rc ed by the a ir fc il boun dary 
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and , on the other ~and , · se p aratio n wou l d tend to cause 
.conve r gen c e and reduct i on of veloci ty at some forward 
p oint . T he po~ition of the separation ucrint would t~are ­

fore b e rat he r i~deter minat G and wou ld depend rn a nu~-
~ b e r of factors includin g Mach numbe r, angle of attack, 
~ 

~ profi l e shape, and surfa c e r oughn ese or irregularities . 
~ In thes e teste t~e effe c t of the co ns iderable Qurface 

rou ghn ess may ver y likely have been to force separation 
with i n a li mited r eg i~ n , thu~ con tributing to a stable 
condition . 

(}en e .r a "J.. fea~ures.-Q.f~.1.rf.o i L-9Lara~teristics and re ­
lated Q, ues.tions .- Referonc tJ to the pressur~ distributions 
give n i n figures l~ and 16 indicates that the pressure 
ratios increase with ~Rch number as would be expected from 
wind- t unnel data (ref eren c e 3) . Although no ~uantitative 
study of t hes e rat io s h e s been made , i t is a~parcnt that 
b ey ond the critical speo d the p r essuie rati~s arc very 
great even a t lo w valuos of c n . T~is result is in qual ­
itative agreement wit h th6 results of t~e find-tunnel 
tests . 

Th e shapes of t he dia~rnms, however, are not entirely 
what mi gh t h~v a been oxpected fro D the, ind-tunnel results, 
in tllat t h e curve s ar c rat her ir regular and the pr onoun c e d 
uressuro ris o at the r oa r li mit of the supersonic region 
is ne v er v c r r f a r back on t he sec tion. The irregularity 
of the curves i s due p rincipall y to the existence of irreg­
ularities in the surface 0:: the -dng . A study of these 
irregulari t ies has in d icat ed defi nite coincidence between 
sudden chan ge s in surfa ce or prOfile of the ping and sud ­
den c hanges in slope of t he pressure d i agrams . The irreg­
ularity of · t he diagrams, t he refor e, has no fundan~ntal 
significanc e , althoug~ the ceusati e i rr egularit~r of the 
wing surface probably has c on si derable influence on the 
main featu r e s as we ll as on tbe detailed features of the 
~ressure diagra ms . 

Th e r e latively far for wa rd average position of the 
zene of pronounced pre s sure ris e is of considerable impor­
tan c e , ins~far as it has a dis t in ct bearing on the moment 
coefficient and on th e areas ov e r whi c h the high pres­
sures act . Wind - tunnel re s ults arc positive in their indi­
cations of a pronounced incr ea s e in pitching- moment coeffi ­
cient with i ncreasing ':ach nu obe r above tho cri tical speed . 
Slightly can b e red airfoi l s as wall as h i ghly cambered ai r­
fo i ls show this increas e . Th e N~CA 2209-34 airfOil, whi ch, 
o f th e seri o s of airfoils r ep ort ed in r eforonce 4, has a 
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mean c ambe r line most nearly l ike that of the 2301 4 ~ ec ­
tion of the tosts r ep or ted herein , sh~w s incr ements of 
momen t coefficient as high as 0 . 04 . The p i tching- ~on e nt 
co eff ic ients fro m the tests of this repo r t ( sun~ariz0d in 
t able I) do not show such an i nc r ease ; in fact, t~ey sh0 1 
no t r end at all f i th Mach number, tho values s catt er in g 
sli~htly about a me an v a lue of 0.025. 

The uali ta ti ve d isa g r eemen t betw en t he fl i gh t a nd 
wi nd -tunne l t es ts r egarding the p i t c h in g- mo me nt c oeff i­
ci e nt and th e po sition of t he zene of steep p r e ssure 
gradient is be liev ed to be a r esu l t of tho surface rou gh­
ness and irr egulari t ies f the full-sca l e win g , wh ich 
c a used flo w s0para ti n to occ u r at a fo r wa r d po int in c on ­
form i ty wi th i de as p r evious l y exp r essed as to the na tur e 
of the fl e w . High m Kent co effic i en ts mi ght , the refore, 
still b e cxpacte d en s~ooth wings in a ccordanc e with wi nd ­
t u nne l i nd icat i~ns . 

Al though the p r ofil e dra g of the 1'in g s e ction its e l f 
was not u easured , the ap~r ,xi. ate drag of the ent ir e a ir­
plane was det e r min ed at the highe r Mach numbe r s as p r ev i­
nusly d es cri bed . The re ~ u l ts shown in f i gur 0 18 a r e cle a r 
ev i de nc e of the ex is te nc e of the r~~idly inc reas in g dra g 
c oeff ici e nts tha t have boen i nd ic ated by 1ind- tunno l t est s. 

The s l ope of ~he win g l i ft cur ve was not measured be ­
c ause of the gre at d i ff i cu l t i ~ s th ~ t wou l d ha v e b ee n i n ­
volved in mea surin g a n g l e cf tta c k . Evidence of t ~ e 
qualitative behavior of the slope was obta i ndd , ho,eve r, 

. fro D the Leasur ements o f e l evat or control fo rc e in the 
pul l - outs ._ It can be shown that , fo r a ~a irl y stab l e . a ir­
pl a ne hav ing a constant ~ lop e of li ft curve , the r at io of 
control- fo rc e incre ~e nt to normal a ccel e r at i on i ncrement 
is c onstant, r ega rdl ess of spo e d , p rovi ded the stick fo rc e 
i s not anp l i ed i cpu l s iv e ly_ I n other wo r ds , the acce l e r­
ation i mposed si mply c orrespon s to tho ang l e of t ri m for 
the e l eva tor setting usod to pull ou t.. Since th0 lift on 
th e in g and the hinge mODe nt of the e l evator both var y as 
Va , a n d s inc e the c hange i n t ri n is a linoar ·function of 
elevato r set ti ng, the r at io o f a cc e l e ra tion i n cr ement to 
con t rol - fo rc e incr emen t romains co ns tant no catte r wha t 
the s peed or a cc e l e ra t i on . 

Th e principle sta~e d in the pre ceding pa r agraph c an 
be used i n c onjunc t i~n wit h the sti c k - fo rc e and acc e l e r a ­
tion coasurc me nts to c hock t _ G actua l behav i or of t he lift­
curv e slope , inasmu c h as t h e airplane co nf or me d to the re-
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qUirement of s tability an d the s tick forces were rather 
slowly applied. The essential data are shown in figure 
1 9 , in wh ich incr e~en ts o f acc e l e raticn aro plott2d 
aga inst incr eue nts of control forc e for the soveral pull~ 
outs. Ea c h na ir of v a lues for one pull - out establiohes a 
point o n a s~raight lin e through the origin, whic~ line 
r e pres ents the r e l at ion a ppropri ate to the lift sl~pe 

. c o rr espond in g to the sin,la va lu e of tho Mach nunber. The 
shaded wedge indicates the sp r ead or s catter for four 
pull_outs, 8ach hav in g ' a :ach nu~bc r of abou t 0.42 and it 
therefore furnishes a means of aupraising the reliability 
of ' t he res u lts as an indica t ion of the behavior of the 
lift - curv e slope with Aach nu~b e r. 

Fro n tne foregoing r e.f.lark s it F111 be appreciated 
that, i f the slope of the li ft curve changes ~uch with the 
Mach nu~be r, the -s lope of th a lines of ~g against tFs 
will increas o wit~ increase of l ift-curve slope and vice 
versa because, i n o rd e r to effect a g iven change in lift 
with a n i gh l ift slope, t~e e levat o-r deflection \-:ill not 
n ee d to be l arge to cause tbe required c~ange in trio a~d 
the h in ge m o ~e nts and con tr ol forc es will remain relative ­
ly s Dal1. ~xaDinat ion of fi gure 1 9 indicat es that the 
scatter of th e data fer a number of pull-outs at nearly 
the sa=e speed is sDal1 co mpa red to the spre~d of the re­
sults over the wh ol e r Ange of speads . The spe od or Mach 
nunb e r mu st, the re fo r e , have Qo netn ing to do with ~he re­
sults. On tho basis of th i s p re mise, steep slcpes of 6g 
against 6F s corresponding to ste ep lift-curve slopes 

would bo expec ted and .vice v e rsa. The data actu~lly show 
that t he slop e of the C lr Ve of 6g against 6Fs first 
increa se s as the Mach nunber incr eases frem 0 . 42 to 0.62 , 
th o n rapidl y de cr eases as the Each nu~ber increases to 
0.72 , and .finall y incr eases' r ap i d l y again as the Mach nUD­
ber continues to increas0 to 0 . 74 . This result is exa ct­
ly s i milar to wind-tunne l r esults , wh ich ' show (references 
4 'and 5) t~a~ the slope of the lift curve increases with 
Mach nU Db e r in the subcritical r ange,' decreases rapidly to 
low values beyond the critica l spe ed , and finally in­
cr oases sharply aga in . 

Aileron ins tab ili.ty . - Figure 10 indicates quite clear­
ly tha t , 22 sfrconds frO D the Rtart of the records, a se­
vere fl a p p in g of the sil~rcns occurred and continued 
through .nine le w- pe riod oscillations during the pull-cut 
wh ic h , o f cou rs e , was i nr e diate l y ~ade . Fro~ the pilot' s 
subsequent statenent it aFpeared that the ailerons , whi ch 
had previously (at th e lower speeds) been considered sat is-
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factory , suaden l y becane unstable or ae r odynani ca ll y ove r­
balan c e d, and the osc il latio~s resulted f r OD the p il ot ' s 
effo r t to return the stick to neutral followed by a sub ­
seauent ove r balan c e i n the op~os i te direct i on, and so 
fo;th . }j'igur e 13, ".:h ic h sh ow. sev eral g r oups of s i r.1u l ta ­
neous photogr aphs take n with the wing and co c kp i t caDs ras 
during the peri c d 01 a i leron flapping, bears out the p i­
l ot ' s stateDent qu i t e voll . 

The a ir spee d ·cur ve cou l d not be s h own on figu r e 10 
because of fai l u r e of t~e t i Di ng c i r cui t on the a ir speed 
r eco r der and BoDe othe r i nst r un onts . Howeve r, an est i­
nate of the true a i rspeed at the tine of the aile r on un- . 
balan c e was eas il y Dade on the basis of data obta i ned i n 
othe r d i ves , and the value i s knovn to have ba e n about 
500 !Ji l es per hou r. T'1 i.\:', va l u e is substantial l y g r eate r 
than any speed that had b een previously reached dur i ng 
tha tests . 

A study of. the r esu_ts led to the be l ie f that the 
trouble ~as probably 0aus e d by co~pross i b i lity effe c ts on 
the ai l e ron nos~s wh ich we r e aggravated by the sl i ght de­
f~rmation result i ng f r ol the i nstallation of the balan c e 
veigh ts . Figure 2 illust r ates , i n exaggerated forn , the 
nature of the defor:.1ation . The bulge ivas not actually 
nore than about one - s i xt e e nth inch from the ori g inal sur ­
face an d was rather smooth l y faired . It s eene d clear 
fro~ pressur e-dist ri but i on r 0sults obta i ned i n wi nd - tunne l 
tests ( r efe r e nce 3) that the projecting or bu l g i ng l owe r 
surfa c e of the a il e r on n~se would hare a fa irl y 1 01 c ri t­
ica l speed and that , c onseqtiently , the prossur~ r e du c t i on 
on the nose ,ou l d inc r o3 0 with speed at a fa r greate r 
r ate than the p r essure redu c tion at a ny po i nt to the r oa r 
of tho hinge . 

On th is bas i s , th0 ba l ance weights wore r o i nstalled 
aOove the nose i n such a vay that tho t l i ckness of the 
bu l ge on the lowe r surface was r~duc e d to the th ic kness of 
one l ayer of doped fab ri c . T1is c hange conpl~tG ly r eBe­
died the t r ouble . Th e exper i en c e th erefore shows iliat qua l­
i tat i ve knowledge of c o m~ r essibi l ity effects based on wi nd ­
tunne l data waG the de ci d i ng factcr in solv i ng th i s parti c­
ula r p r ob l eo ; it a l so i nd i cat e s th e necessity fo r ca r eful 
attention to the deta il s of aerGdyna~ic des i gn an d c on s t ru c­
tion of con tr ol surfa c es in tho li gh t of ccop ress i bili ty 
effe c ts . 
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CO£ICLUS ~ QN 

,I t Bay b 0 concluded f r o ~ the rosults of these tes ts 
tha t t he principal ef fects of co ~preEs ibilit y indicated 
by wirid - tunn ol r esults Rre a lso man ifest ea under flight 
conditions ; that is , the large ~r ag incr eas~ occurs in the 
suporcritical region . t he slope of the lift curve changes 
with Mach nunber in the sa me Qualitative ~anner as in the 
tunne l t es ts, and 0 xtr e~elY ,l~w p r essures exist over the 
airfo il su r f a c e in the r eg ions of supe rso n ic velocity. 
fo inc r oase of wing nsnent c0 0f ficicnt with Mach nu~bar 
wa s obseTvea , how dve r , and t h0 ~o gio n of steep p r essure 
gradient (comp r ession s ~ock) i AS neve r found to exist Du ch 
to the r oa r of th e st ae ion of ,:·.:ax i ::un thickness; t:-.is dis­
'crepancy !!lay pos sibl y b .a ~, x,l .t i ncd on the D'1s1s of t}-~G 
effect ,of suri~ca rou~hilas s on the 10ca~ion of th~ sepa ra­
tion point and th3 result does ~ot n0cesparily contradict 
tho ' wind - tunne l r0 9ults , which ~ero obtain ed on s~ooth 
ai.rfoils . 

Although no s~rious vibration or other sJrious Lan i­
fe s tations of the co up r oss io n sho c k were observed in th0s0 
tests . the position of the sho c k s udeen ly shii ed sligh t 
aDounts in sone caS GS and the possibility of s~rious 

shift i n g or o s cillation under .o t her conditions is ~ot p r e ­
c luded but rather indicat ed . 

Exp c rianccs cf tho tests indi cated that grave dange r 
exists a t high speeds if a irp l anes are lor.gitudinally un­
stable a nd a ls that c a r efu l at t enticn ~ust be g iven to 
co npressibili ty effects or. aerodynanically balanced c ~ ntrol 

s~rfaces to avoid s ud de n ~ver be l anc ing . In fact, these 
test .s were success fu lly ,co c pl et e d on l y because of the h i gh 
stren g th of the XF 2A -2 R"rplane ~nd be c ~ufe thn cagnitude 
of ai l ercn unbal an c e tha t sud er.l occu~rcd nt a sneed of 
500 n i les par ' hour was , by p~ r c chance, within the-pilo t1s 
strength. 

Langley Mon orial Aerona utical LAboratory, 
National Advis ory Co nc itt e~ for Aeronautics, 

Lan g ley Fi el~ . Va. 



r 

22 

REFEF.ENCE S . 

1 . Ga rrick , 1. E .: Det erL1 i n::ttion ( f tho Theor et i c a l 
Pressure Distribution fo r T fenty Airfoils, Rep . 
No . 4 65 , NACA , 1 933 . 

2 . Walchner,O .: The Effect of CO:1presS ib il ity on the 
Pre s sur e Re ading 0_ a P randtl Pitot Tub e t Sub­
s ari ic Flow Velocity . T . M. r . 91 7 , NACA , 1 939 . 

3 . Stac k , J cdn , L i ndse :,r , W. F . , and Litt el l, Robert · E . : 
The Co np r essib il it y Burble and the Effect of COB ­
press ibil i ty en Pr essu r es and Forces Act i n g on an 
Air f oil. Rep . 7 0 • 646 , NACA , 193 8 . 

4 • S t a c k , J c hn I and von Do e nh 0 f f , Alb e r t E .: T es t s 0 f 
16 Relatec Airfoils at High Sp e eds . Rep . No . 
49 2 , 2L';' CA , 1 934 . 

5 . Ferri , Antonic : I nvest i gat ions and Exp e riL ents i n th e 
Gu idoni a Supe rsonic Wind Tunnel. T . M. ilo . 901 , ' 
lif.liCA. , 1 939 . 

TA3LiJ I 

MOMENT COEFFIC I ENTS A3 0UT LO W- SPEED ER OD YNAM I C CENTER 

0 
. 1 
. 2 
. 3 
. 4 
. 5 
. 6 
. 8 

1 . 0 

-i 

M 0 . 5 I 
~,: 0 . 6 = I = 

- 0 . 021 - 0 . 030 
-. 0;>4 -. 030 
- . 02 4 -. 02 8 
-. 0 27 -. O:-~ 5 
- . 025 -. 022 
- . 028 -. 017 
-. 025 -- - ---

-. 028 
__ 4 . _ __ 

- .029 ---_ ._-

-----! --- ---.----

. __ I 
!~ (a~ · 7 I 

- 0 . 022 ( ~ O . 03 ~)l 
- , 027 ( -. 034) 
-. Ol~ ( .... 027) 
-. 020 
-. 025 
-. 015 

( - . 028) 
( -. 033 ) 
( -. 026 ) 

aparentL o t ic a l Val uod r e ~ e r t o pressure d i ag ra ms for max i ­
mum limit of pressures . (S ee fi g . 6 . ) 



NACA Fig. 1 

• 



.r 

NACA 
O"~/de h?yer .tr?.?nc. 
..t:.Hq' Mr~r rt?~/c..; 

.lb. 31,..11' /~ 
/11' /'1"'''' .474-/,/(; 
On9IHQ/ ,.tw"''''''-/e. 

CONTROL FORCE 

sr. . o 

I G CAMERA 

TAC HOMETER 

FI9"~~ 

;t ~ 6u~ c,v,s,cq'.f>)' /-¢ 

0tI'7 /D .... ~r 1.<C'(N-Mc4£. 

TH ERNOM ErE R 

207,! -------~ 
INSTRUMENT CA ME A 

ORDER 

Act:EL fROM ET.rR 

(b) S,de ele"Qtion. 

fICjur-e.3 ·-Ccnduded.lnstrument Ja~out. 



EA 0 

rOTA HEAD INSTALLATION 

LINE OF ORIFICES 

NeE POINT~ 

~1 

PlTOT-STATIC HEAD 

(0) Plan "jew 

"'t. ~4 ' 
173 

L-t;-( 1 

HANDLING TUBE 

ST).T IC REfERENCE PRE55URE 

I CONTROL-PD5ITION RECORDER 
/ 

/ 

TIMe-D ELAY SWIT~H 

! BATTER Y 

/ 
~UMENT CA MERA 

Figure 30. - llistrument layout. 

SWITCH 

t--..c:--- .. d ----------

~ 

J_!d 
157 ~ - ~ 

z 
p 
n 
l:> 

" \@ 

w 
I) 



.j-
I 

.-J 

NACA 

Onflce In 
hanelltn9 
tvPt! __ 

figs. 4,5 

Orifice location .n p4!rcent chord 

-------------

Profile 
- Mea-sured 
--- NAC,~ 23015 

Figure4. - Measured rl b profi Ie. 

l1onol7Jeter 
(Joe';/) 

Std/oseo 
C~// 

Alrsp 
ctfll 

5WIY~/ln9 
Ptrot tODt! 



::r 
I 

-.J 

NACA 

MP.H 

DIVE NO.1 
DATE: 4-2}-4o 

MP·H 

DIVE MO., 
DATE: 4-25-40 

MP.H 

DIVE NO. 5 
DATE: 4-25-40 

MPH 

DIVE NO.2 
DATE: 4-2,-40 

MPH 

DIVE MO. 4 
DATE: 4-25-40 

MPH 

DIVE NO. 6 
DATE: 4-27-40 

Fig. 6 

Figure 6.- V-G records of pract i ce dives in XF2A-2. 



r NAC A 

:r 
I 

-1 

6. 

-4 

MP.H 

8 c 
<::> .,., 
't 

300 II. P. H. 
DATE: 4-29-40 

300 M.P.H. DIVE 
DATE: 5-7-40 

<:> 
<::> 

" 

TERMINAL VELOCITY DIVE 
DATE: 5-13-40 

6. 

-4 

Fig. 

MPH 

~ c 
<::> 

" 

~ II.P.B. DIVE 
DATE: 4-29-40 

M .P .H 

400 II. P. H. 
DATE: 5-7-40 

MPH 

<:> 
<:> 

" 

TERMINAL VELOCITY DIVE 
DATE: 6-5-40 

Figure 7.- V-G records of cont ract dives in XFZA-2. 

7 



NACA fig- 8 - -, - f'? 

~ True, - r--. ...... 

""'" ~ \ ~ ~~ -- - j-.... 

Ic- - -- I- I ... ..-
b<~/ ",/ 1\\ ,\ Ai7(1,.'~ed r-- .-

1\ I- /~ 1116/;: , 
V //~ \ L~~e4 SWiY~hhJ'1JerIr/ 

. ...-! I'-I-,*C~I~ TSoS'VIa,,-. I() - V v"""'" 1\ ,~ ./" 'IHdicafed 

r----V- ./ 1\ Alhlz/(Ie. 

" 
. ./ 71-fllt:ltJ 1176"11: I-- 8 

~~ Ir~cordd 

1 

J 
~ 

-= -0 - ~ 

-?l'iMlrlln! elf'/. ~~ 
~ Lowe,. Mil he;' A 

~ E/el't?lir 4h1/e_ V"\ 
0 

;; --'-

~ / ~ 
l-

t ~ 
\r -------V 

It) 

A'" If " 
ftft «J 'El~yqtar~~e_i r.." r " .A 

V 
" ......,. '--

.... 

~ >--Ai/~ FDI"Ct!. 
I'-

~ 
f\....-v / /'L ~ 

"- y ~ 
\) 

~ --- --- --- --- --- ----- -~ ~- I,)' () ......,... 
i'-r...r- ,../ 

II " I 

/ -
/.tJhfi/Vdtnt?! 6cce-/ert!llicn 

.1 .1 .~ . .}-- --- -, II , _A' --- --... .;------ -- -- -- '\ -- _/ --I -- 0 
#OI'1'11Q/ t?cce/,mc" ~ II ~ ~;::vl1lS 11ASTr. ~ 

~~14' 1 \ 
\T v · .. ~ ........ ~ 

t'"""-
O ~~ \ -f 

""C - "--~ r:.:; \. ----v 
IJt)() 

,IPer recchea 
j.6 

~ - t-, 
of 

-~ 
~ 

71/) 
I., 

L--- 10- '- a. -10-

C 4 6 a 4 ~ ~ _ a 

~ 
A 

r~mf?~rqhe- - .;= 

~ -- -.;::.::. ....... 
~r I --- - ~ J..--

1---~--1--- -- I--- 20 

7l'Re~ SIC. 

flitt~-I1n-k7ti#" ~ lIH'4SV,..tI tmt? /hd/cql6d 'lU6111i1i-s dl/r/n~ ~ In~h clive 
mqq8 on ,Ala}' ~ II''''(/). ' L 



NACA 

/ ~ 

- '- 1:::' 
I:)~ 

0 
t::~ 
~~ - ~t 

""'- .... "" ~\) 
t::v \;) v 
'-II:) 

t.. 
f1 ~\) v~ 
~ § 

0 
~t:: 

Time, s~c 
F;ql./r~ 9-1/00(;1/;0/7 of meo.s(/r~d ond ;nt/lcaled qtlO/7ftti~.s 

dvrl/79 -tOO mph dlJ/e m ode 017 !fay 7,1940. 

~ 
-



NACA -- -- - Fig . IO - I ...... 

I 

-l 

...... 

21)( 4a 
.... 

...... 
.... v r--

" ./ t--

X 
v t-- t-

:3:::t r-P/lots olrspeed 122 
/V "-

1PI/ots olllmeTer. f--
.V 

V "-

2tl "- '8 V , 
/" " 

V ...... 

lot -- - - -- .- I ~'" ..., 

~ 
'GO 1\ 

/ t\. 

v '-' ""-

VV ~ i..--,...I 

"6 
It 

Be 10, 

lI\n "h 
p i 

" 1\ 

'0 

... J IUl,N .~ 
40 E/~vC1for- n A ,10 >--

" \, It~ 
, 

1 ~ , ~ I 1;+ ~ ".1 f\...I I, ,I ~ 
A ..J'-' - ~ 

~ ./V , 
: , " I : ," " 1'1 V I I , '" ~ ~ lJ'v --- , 
" 'Ij I 

I I I, I", I, I, , 'I 
I !: (Iv ... 

0 ~ - -- - , " I " ' " --- I I - -- -
~ - - v--- -, ' v " J .. ~ " : ' I III, 0 - U I I 11'1 

'--Aileron ' I I ,,!I 

I ~ '" 01 

~ 

~8 I 
'S. ~n 
~ l=-Lon9,ltvc/inq/ Clcce/e':.~ ~P/" 

L V1i I - .... , 
1- ... 

~4 
--- -,-'" .... f ~ '_I .. / --

_ ' - f-- - - ,... - - -
0 

/ oJ 

~ ltv"l 
~ #ormq/ QccelerQ1'7oh-'J ,r 'lr-' 1I\ ~ 
~O 

I ,,(\.,... JV\ f'... I 

~ 
r---~~V~ "I v \1 ~ 

10 15 20 2 5" 40 

Time) sec 

FI9vre 10- 147rlo/Jlt'N? of' mt!Jdsvr~d ond l/JcI/cq~o' f/VqhtJ/i't!S 

dvrln9 aftempted Term Inal dive. 

• 
~ 
u 
o 
Ji 



NACA 

A4---t-~ 
I'---- r--.. 

Vl. I I I 1_ I. -W /' Trv{! _Qlrspeed 
~ /' SWI/l'~/m9 h~ad-~ V 

~ 

~ 
Pn:ssvrt:! #O're-V ""-

/ 
/ 

"" a 
/ "" ?O' 

/' I~ -Altltudt:! 
I----- '" .~. '" '" r--

0 

E/~Yotor an9le--

" 0 
f\-.. v 

i-" 
/0 

80 r 
W'\ 

4 E/~/I't7ror \ 
Y v U'"' ~ 

~}J ;/--
~- , 

~ ~ -: -- , - -- -- -
Or---- -- ... --- --

-----V i'- AtI~ron 

8 
,- l.QI11ItlKlmt7! - -- f-- _ rl'l --

J- -~ -t~ - -- r ~1 '1 
\ / 

IVormal- ---.,. 
,r- ,JIj rNl. ~ rv I"v--I\ 

0 ~ !'-- ----... 

-- -..... 
'-1->- ...-- --v 

0 ..-
I-- ----- ..... ...---~ -0 

/6 )(/0-4 

V-v -- -- --
~ -' 

/2 P -.::' 

~ 
r-;:-.... -Temperon.re ---- --8 -- - - ... -

5 10 /§ 20 25 
TIme, c5ec. 

Fiqure /1- //or/olion Of meg-sured tJad Illd/coted 
qtltJl1t/fies dur;nq termll7o/ d/ye mode 
Noy /~ 1940. 

Fig. II 

I" I"-

1/ 

~. 

/ 

2 

8 

-f, 

0 

/ 

0 

/ 

1 

0 

" 
0 

on 



NACA 

.-.J 60 0 
+rl/~ 

~ 

I--
- .- -...... r-r-.... ~ ~ - -- -- -- " --'" -- . ...... -- \2, 'VV '- . 

1'- ' " ~ V V [\\ 8 

..... . .) K \/\ .... - .- I., 00 --- ---
V ..... . , ~ -f\-\~ ""' Alr'Jtteed 

. ~ ...... V ~ ~t--. \1\ p/ots /nstr. I., . 

Vlndlcoted~ 
,/' " ~ ~1.:--SWlvelmg neqq 1'0' 

, , Press{/r~ plote I--

./ 
I.::'" .- -- ',,~ 

/' Alt/rude ,,~ 
I 

.-
Pilot's msfr. ." 

100 
e-- " . Recorded ' _ 

/. 
, " '. r--... 

4 

" . ~, 
0 "- -- 8 

-
0 

lr f-Elevo/"or onq{e 
0 

.AI ./'-' 
v 

:.,.0 -- r--; t? c-'\. -
Totol) eod ~ fC , 

10 upper f:!_ C7V 
lower ~ 

,.... ,LA.. 
rN 

,.,, ' ( 
V" 1((( 1\ 

f/Jvotol::; 
\J~ V' " ~,. ." '" ~~~oh 

,,-r---
"'V\ / - - )." 

;IJ V n A' 
~' \~ -

0 ./'- - - -- "" 0 -v 

8 
A I i ---- .... lf~ 

7 
=Lonqlfudmql occelerolion -

4 
_ - _ - f-- - " - f--N'ormoloccelerotlon ~t\ 

0 I t-- Pilots /l7sfr.-f--..",r \: ~ ffecorded 

0 -- l/\ 1tI.~ -- ~I """ I 
f'< I .... 

" F I'" 
I-- -

80 0 

2C IxIO"1 -1-- - -
Tempero/"vre I-- I- ~ 

~ -- -- I....-~ ---
- p 0 

-- -- -f---
--~ ~ 12 I--

Tllne, sec 
0 4 8 /z /6 20 24 28 32 36 

hqvre 12-t/onalion Or measured and md/caled quanftlles 
dunnq terminal dwe made on June J: /940. 

Fig. 12. 



- NACA 

COCKPIT CAMERA 
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STICK NEUTRAL 
AILERON NEUT RAL 
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TIME:; 24.0 SEC. 
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STICK MOVING RIGHT 
AILERON MOV ING UP 

(e) 
STICK RIGHT 
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FORCE LEFT:; 24 LBS. 
TIME = 24.2 SEC. 

Fig. 13 

RIGHT WING CAMERA 

Figure 13.- Sequence of events showing aileron instability in 
attempted terminal velocity dive on 5-7-40. 
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