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OBSERVATIONS OF COMPRESSIBILITY PHENOMENA IN FLIGHT

By Richard V. Rhode and H. A. Pearson
SUMMARY

Several aspects of compressibility phencmena were

examined under flight conditions on the XF24-2 airplane,
which was subjected to a series of dives and pull-outs

at

speeds up to 550 miles per hour corresponding to Mach

numbers up to 0.74. The results indicate that the prin-
cipal efrects of compressibility shown by wind-tunnel
tests at supercritical velocities are also manifested un-

de

r flight conditions. One apparent discrepancy appeared,

in that the flight results did not indicate an increase

in wing pitching-moment coefficient with increasing Mach

number; this discrepancy, however, is attribdbuted to the ‘
surface roughness of the airplane wing and is not be- |

L
re

of

eved to be an essential contradiction of wind-tunnel
sults.

Although no serious vibration or other manifestations
the compression shock were observed, the position of

the shock suddenly shifted slight amounts in a few cases
and the possibility of appreciable shifting or oscillation
under some conditions is not precluded.

Experiences during the course of the tests indicated

that considerable dangsr exists at high speeds if airplanes

ar
ti

e longitudinally unstable and also that careful atten-
on must be given to compressibility effects on asrodynam-

ically balanced control surfaces to avoid sudden overbal-

an

cing at high speed.

INTRODUCTION

It . is a well-known fact that maximum airspeeds attain-

able by certain classes of airplane have been increased

to

values that would, in the light of wind-tunnel data, be

expected to give rige to the formation of the so-called
"compression shock" on the wings, Inasmuch as the exact

nature of this compression shock is not clearly known,
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serious questions ofy immedila i mportance have been raised
as to the behavior an air%ﬂ.&o subjected to it, particu-
larly in regard to the possibility that the shock may have
a vielently unsteady character (as indicated in somée wind-
tunnel tests) which would be presumed to cause severe wing
vibration and tearing of the skin or failure of rivets

due to the rapid shifting of a marked discontinuity be-
tween very high and lower prcssurés. Many other questions
of a less serious nature, but of perhaps greater impor-
tance, have also bsen raised with respect to the foreces on
and the behavior of aerodynamic forms at high speed. Be-
cauce the wind tunncls have been and will necessarily con-
tinuc to be the primary source of data and because the
phenomona cf flow in the regime of compressibility is
still so imperfectly understood, 1t is natural that these
questions include that of the reliability of wind-tunnel
data when applied to the froe-air and to larger-scale
conditions of flight.

Becausc of the existence of these important questions,
ests devised to permit study of compressibility effects
in flight have been felt to be necessary. Such tests were
therefore initiatcd jointly by representatives of the
Bureau of Aeronautics, WNavy Department, and of the National
Advisory Committee for Aeronautics in discussions held at
Langley Field, Va., cn September 20, 1939.

ct

The nature of the tests was decided upon after consid-
eration of the relative importance of various possible ob-
jectives and of the practical difficulties 1idcedy’ t 0" b
encountercd during the tests, It was finally concluded
that these first tests should be devised to give, even at
the expense of accuracy, the mcst comprehensive picture
consistent with safety and practical expediency of the be-
havicr of an actual airplane at high speed rather than to
concentrate on very difficult, problematical, and somewhat
academic objectives as, for example the accurate measure-
ment of prefile drag for quantitative compariscn with wind-
tunnel results.. In cther werds, the objective of the tests
was to find in a gencral way whether or not the principal
features of compressibility phenomena as shown by wind-
tunnel tests would be borne owt under flight cgnditions,
particularly in regard t¢ the unsteady character of the
compression shoek, and te¢ observe any peculiarities in the
behavicr #f the airplane at speeds near the critical speed.

After some delay in obtaining a suitable airplane,

-l
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the tests were finally conducted in accordance with these
objectives during May and June 1940, This paper was orig-
inally issved as a memorandum report for the Bureau c¢f
Aeronautics, August 29, 1940.

APPARATUS AND METHOD

Airplane.- The airplane used in the tests was the
Brewster XF24-2, which was made available by the Bureau of
Aeronautics. A photograph of this airplane is shown in
figure 1. The wing surfaces of this airplane were scme-
what rough and irregular, with exposed rivet heads and
waves in the skin,

A1l easily removed squipment not essential for the
tests was taken out to provide space and to compensate
for the weight of recording instruments subseguently in-
stalled. The Curtiss electric propeliler was provided
with a feathering circuit in order that the airplane could
be dived to maximum possible airspeed without overspeeding
the engine, This installation required the removal of the
propeller cuffsg, which interfored with the ‘cowling at high
pitch settings.

As vitration tests and flutter calculations, made un-
der the direction of Dr, T. Theodorsen of the Committee's
staff, had indicated a possibility of wing flutter in the
bending-aileron mode at an indicated speed of about 450
miles per hour, the ailerons were made slightly noseheavy
about the hinge line as a precautionary measure. This
overbalancing was accomplished by attaching thin (1/32 in.)
narrow lead sheets to the leading edges with fabric and
dope in a manner used by the Army Materiel Division at
Wright Field. (See fig. 2.) The sstimated flutter 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 rudders were nevertheless bal-
anced in substantially the same manner as a further pre-
caution,

With these changes and with the airplane otherwise
ready and serviced for the test flights, the weight, in-
cluding pilot and parachute, was about 5450 pounds and
the center-of-gravity position was located at 23.3 inches
back of station O, or at 28 percent of the mean asrody-
nanic chord. As will later be indicated, the airplane was



longitudinally unstable in this condition. The center of
gravity was therefore chifted forward 2.2 inches to 25
percent of the mean aerodynamic chord by remnval of the
tail hook and its supporting structure and by shifting
the instrument batteries to more forward locations. In
this condition the airplane appeared to be gatisfactorily
stable. : '

Instruments.- In line with the objectives of the test,
the instrumentation was planned to permit the most accurate
practicable determination ¢f the Mach number, the eritical
speed, and the behavicr of the compression shoek, as well
as to permit observaticn =2f several features of the behav-
ior of the airplans with the occurrence of the shogks, The
instruments included:

1., @Airspeed recorder connected te swiveling pitot-
gtatic tube

2. & special "pressure-plate" airspeed recorder de-
signed for high critical speed and elimina-
tion of time lag

.3. Stem thermometer

4, Thirty-cell rccordiﬁg manometer

B WEwoseell recording manometer

6. Statoscope (sensitive altimeter)

7. Two-component accelerometer (Zz and X components)

&. Control-force recorder (elevator and ailerons)

9. Control-position recorder (elevator)

10, Two 35-millimeter motion—pictﬁre cameras

11. Vibrograph

12. Tachometer

ot e o Tismer

14, V-G reecordsr

[eN]

These instruments were mounted as shown in figure
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Speed measurement.- Because of the uncertainty in-
velved in balancing the pitot-static tube against lag
effects for the unusual conditions of these tests and in
the critical speed of tune pitot tube, it was considersd
advisable to design a special airspeed recorder that
would not be subject to lag or compressibility effects.
The recorder designed and built for this purpose, and
called herein the "pressure-plate recorder," consisted es-
sentially of a flat disk with sharp edge mounted normal
to the air stream c¢n a shaft restrained by spring dia-
phragms to small longitudinal motions. The air force on
this plate or disk was determined by recording ths shaft
displacement relative to the instrument frame by two op-
positely mounted recording strain gages. Calibration of
the instrument in the NACA 24-inch high-speed wind tunnel
provided means for establishing the airspeed from the
force measurement. In addition to the pressure-plate re-
corder, a swiveling pitot-static tube ccnnected to a
standard NACA recorder was also used, and the recorder
was mounted in the wing to keep the pressure lines short
and thus to minimize the lag errors. The pressure lines
wore Ttalanced in the usual way.

Further airsrveed reccrds were obtained with the V-G
recorder and by nhotographing, with a motion-picture cam-
era, the instrument panel, The airspeed indicator and
the V-G recorder were both connected to the fixed pitot-
static tube.

In order to permit correction of the airspeed read-
ings for compressibility and the evaluation of true air-
speed and Mach number, it was necessary to determine the
static pressure, the temperature, and the air density at
each iastant during the dives. For this purpose, measure-
ments of temperature and prassure altitude were made dur-
ing a succession of short, level-flight runs at several
altitudes during the climb preceding each dive. TFrom
thess surveys it was possibdble to compute relations between
absolute altitude, pressure, and density up to the start-
ing points of the several dives, At the starting point

- of each dive, the statoscope valve was closed and measure-

ments were taken of the time variation of the pressure al-
tituds lost to the initial altitude a%t each instant. TFrom
these measurements and from the previously made atmosgpher-
ic soundings, it was possible to establish the tesmperature,
pressure, and air density at any instant during the dives.

As an incidental check on true airspeed, and in order



to make good the atmospheric sounding without melying
solely on the statoscope readings, attempts wore made to
establish the position of the airplane in space at each
instant through the use of double photothecdolite measure-
ments from a long base line, These measurements were

made threugh the courtesy of the Coast Artillery Bcard at
Fort Monroe, Va., and of the Mitchell Camera Corporation
of Pasadena, Calif. Owing to the difficult conditions of
the tests, these attempts were only partly successful and
no results could be obtained in the lcnger dives.

ing any longitudinal shifting of the region of pressure
discontinuity (compression shock) and of determining the
critical speed for at least one wing section, pressure
measurements were made along upper and lower surfaces of
the section of the right wing located at 103% inches from
the plane of symmetry (fig. 3(a)). This section conforms
closely to a 23014 section; the measured profile is shown
compared with a 23015 section in figure 4.

Compression _shock observations.- Ag & means of detect-

Each prossure orifice was connected ty rubber tubing
(o %—inch inside diameter, approximately 15 fecet long,
to one side of a manomoter cell (fig. 5). The opposite
side of each ccll was connected to a reservoir vented to
an orifice in the lifting tube in which, as shown by pre-
liminary measurements, apprroximately true static pres-
sure obtainecd. The actual pressure in the lifting tube
was, however, measured with respect to the pressure at d
the static orifices of the swiveling pitot-static tube,
and the wing pressurecs relative to true static pressure
could consequently be more closely approximated.

In conformity with wind-tunnel practice and as a
further mecans of detecting tho compression shock, a total-
head tube was mounted 2 inches above the wing, well be-
hind the station of maximum thickness adjacent tc the
pressure section., The total pressure at this location
was measured relativc to the total pressure at the swivel-
ing pitot-static tube, As measurements made through a
fairly large range of angles of attack in level flight-
showed substantial balance of the total pressures, it was
evident that the wing total-head tube lay oubtside the
boundary layer and it was therefore presumcd that any sud-
den or large differcences in pressure appearing in the
dives cculd be attributed to heat energy lcsscs in the
compression shock. For the last dive, an additional
total-head tube was installed on the wing 4 inches above
the surface,
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In additivn to the pressure distribution and the
total-head measurements, photcgraphs c¢f the upper surface
of the wing wore madc with a motion-picture camera syn-
chronized with the other instruments. This procedure
was followed on the chance that changes in skin-wrinkle
pattern resulting from shock phenomena might be observed
and also in order to detect any changes in profile or
surfacc irregularities that would affect the nature of the
flow. TFor this purpose a narrow longitudinal stripe was
painted ¢n the wing at the test section and two triangular
reference markers werc installed on the upper surface of
the wing at the main spars.

A vibrograph was iumprovised and installed near the
right wing tip for these tests. This instrumcnt was os-
sentially a low-freaquency, spring-restrained pendulum, of
which the movement relative to the wing was recorded by a
stylus on a smoked disk driven by clockwork,

Other measurenents.- 4 tweo-componocnt accclerometer
was used to measure the ncrmal and longitudinal components
of acceleration. The longitudinal component was used to
permit an appreximate determinaticn of the tctal drag in
the later stages of the dives. The instrument board on
which the accelerometer was mounted made an angle of 5
with the thrust axis and about 18° with the greund when
the airplane was in the normal landing attitude.

Measurements of elevator control force and displace-
ment were alsec made in order to observe the longitudinal
behaviur of the airplane, particularly in regard to the
control forces required to maintain balance in the dives
and to recover at different values of Mach number. The
aileron control forces were also measured, and large ai-
leron movements were observable by the wing camera,

The reccrding tachometer mentioned was intended pri-
marily as an instrument for measuring the propeller speed
in ccnnection with terminal velocity calculations. 4s
previously indicated, however, the propeller was substan-
tially feathered during the dives and the propeller speeds
were, except in the last dive, below the minimum limit
(500 rpm) of the tachometer range. In this dive the en-
gine revolution speed tcmporarllv reached values as high
gs 700 rpm.




FLIGHT PROGRAM

The flight program was conducted in three phases as
followsa

1. Preliminary flights to check instrument opera-
tion, to calibrate airspeed installations, to locate
suitable static pressure reference points, to check the
position of the total-head tube relative to the boundary
layer, and to obtain pressure-distribution data at low

speeds.

o, Practice dives for familiarization, to check the
behavior of the airplane at incrcasingly severe speeds
and accelerations, and to calibrate the indicating accel-
erometer against the V-G recorder. ;

3 Contract, or test, dives at three speeds to cbtain

.
completo data through a range of Mach numbers and lift co-
effilciontys.

The preliminary flights were made by NACA pilots, and
the practice and test dives .were performed by Mr. Bg W,
Burke of the Brewster Aeronautical Corporation, During
the coursc of the practice dives and subsequently, hcowever,
a number of dives were made by Messrs. M. N, Gough and
W, E, Mchvoy of the NACA to check the longitudinal stabil-
1ty and othex characterigtics of the airplane.

As a matter of record in connection with ccntract re-
guirement s, as well .as teo bring out the potentiglly ‘ser-
ious effect of longltudinal instability at high speeds,
the V-G records .for the six practice dives and the six
contract dives completed arc shown herein as figures 6 and 7.

In the firgt five practice dives (fig, 6) the center
of gravity of the airplans was at the 28-percent location.
In this condition the airplane apparently responded satig-
factorily, although the unsteadiness ncted in the V-G
records of the firgt four dives was a cause . of dinecreasing
concern in view of the fact that the alr was smooth in all
cases. During the pull-out from practice dive 5 some- i
thing oeccurded -that ie¢ nob entlirely clear adsvthe pilot
"blacked out!" and was not able later to regall the entire
sequence of eventvs. .In any event, conscious centrol of
the elevator was lost at some point and the airplane as-

-
i
.
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sumed a high angle of attack at rather high speed. The
abnormality of the V-G record for this case 1s evident

tke, 6).

After this experience specific tests were devised %o
check the longitudinal stability, and the results showed
that the airplane was unstable. Repeat tests nade follow-
ing the change to the 25-percent center-of-gravity loca-
tion indicated tha% in this condition an appreciable mar-
gin of stability was present. Nc subsequent difficulty
was experienced.

The required ccntract dives consisted of the follow-
ing!

1. Vertiecal dive and pull-out with a normal accel-
eration of 8.0g. Indicated airspeed not less than 300
miles per hour and not more than 325 miles per hour,

2. Vertical dive and pull-out with a normal accel-~
eration of 8.0g. Indicated airspeed not less than 400
miles per hqur.

3. Vertical dive to terminal velocity and pull-out
with a normal acceleration of 8.0g. Dive to start at
altitude not less than 30,000 feet and to continue to an
altitude not greater than 12,000 feet before starting
pull-out; alternatively, dive to continue 32 gseconds be-
fore starting pull-out,.

These dives were conpleted, although it was necessary
to repeat the 300-nile-per-hour dive twice and the termi-
nal dive once because of unsatisfactory operation ef the
recording instruments. One attempt to perform the termi-
nal dive was not completed by the pilot because of unsat-
isfactory aileron operation that will be discussed in de-
tail in the section on RESULTS,

SYMEOLS
g gravitational unit of acceleration (32.2 ft/sec)
o rags density of air, slugs per egubic foob
a velocity of sound, feet mer second

v airspeed, feet ver sgecond




10

M Mach number (V/a)
P pressure coefficient
Cn section normal-force coefficient
GD drag coefficient of airplane
W welght of eirplane, poﬁnds
o] dynamic pressure
n nunber of g units of acceleration
5 wing area, square feet
Tq stick force, pourds
Subscripts:
cr critical
max maXxinun
RESULTS

G gures 8 to 12 show the variation

, es.- Fi

with time of a number of recorded quantities taken dur-
ing the several dives including (fig. 10) the attempted
terminal dive that was not comvleted because of nalfunc-
tioning of the ailerons and (fig. 11) the completed ter-
ninal dive made May 13, 1940, for which the pressure-
distribution records were unsatisfactory. Thesec figures
are largely self-explanatory and require no conment at
this point. TFigure 13 shows sevaeral groups of simulta-
neous photographs taken with the wing and ccckpit cameras
during the period of aileron nalfunctioning and will Dbe
discussed subseguently in relation to the time higtory of
fllourer RO

=
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=
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Pressure data.- Some results of the pressure neasure-
rents are shewn in figures 14 to 16. In order to indicate
most clearly the variations with Mach number, it was Dnec-
essary to make couparisons at the same values of normal-
fores coefficient. Because it was impossible to choose
comparable points directly from the records and also be-
causae of the desirability of elinminating accidental errors

e
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from the comparisons, the reccrds were evaluated in the
following manner:

For each dive and pull-out, the pressure distribution
was plotted for uniformly spaced time intervals. These
plots were integrated to determine the values of section
nornal-ferce coefficient ¢, and the pitching-moment co-

efficient about the quarter-chord voint °m,,, * Values
i /

of the pressure coefficient P at the several points of
measurement along the test section were then plotted
against e¢,. Because of the variaticm of P with Mach
nunber at fixed values of e.: ¥he data were divided into
five groups, each group inecluding values lying withia a
limited range cf Mach numbers. Typical plots of this
eharacter for-lower orifice 5 .and upper orifice 10 are
shown in figure 15, the circles representing points lying

between ¥ values of 0,25 and 0.34, the inverted triangle
valueg of 0.35 to 0,44, etec., as indieated on the figures,

From these plots mean curves of P against ¢, for
the various Mach numbers were established and, finally,
mean pressure-~distribution curves were derived at differ-
ent values of M for sach of several values of Cp -
These derived plots are presented in figure 16 The val-
ues of pitching-moment coefficient noted therecn were
obtained by integration of the mean curves with respect
to the aerodynamic center for low-speed flow. This aero-
dynamic center was established in the usual way from val-

i B S e T p and c¢, obtained from the original pres-
Do jg 1

sure plots. The data for ths lower speced conditions are

shown in figure 17.

It will have been noted on fizure 15(b) that, within
the range of Mach numbers between 0.€5 and 0,74, the pres-
sures at orifice 10 cn the upper surface {(which was lo-
cated near the station of maximum thickness) show extreme
variations, This phenomenon also appeared at orifices
8 and 9. Because it was not nracticable to subdivide the
data into smaller groups than thoss given - that is, be-
cause no mean curves could have been established ~ the
mean pressure plots for the highest range of M were made
to show the pressure extremes within that range.

The pressure plots shown in figure 14 were obtained
during the preliminary flights under level-flight condi-
tions. The curves shown on these plots are theoretical




curves based o6n the method of referemee 1. The vertical
lines at each pressure stetion represent a maximum possi-
ble (not probable) range of instrument errcr and will be
discussad subsequently in the section on PRECISION.

Drag coefficient.~ The drag results are shown in fig-
ure 18. These results were obtained by utilizing the
preper longltudinal cempornent of acceleration (corrected
for the angle of instrumentAboard) and the relation

Wkl e &)
o7 i e e e
¥ S

in whieh W is the welght, for this purpose taken as 5450
pounds; S the wing area of 209 square feet; and q the
true dynamic pressure, that is, the measured value cor-
racted for coupressibility effect.

Elevetcr control force.- The increment of elevatcr
control farce has heen plotted against acceleration in-
crement for the saveral dives in figure 19. The signifi-
cance of this plat is discussed subsequently in this re-
L ek v

The degrée of precision with which some of he perti-
nent quantities were measured can be given as a fixed num-
ber, whereas for others, generally those depending upon
pressure measuremsnts, no fixed value can be given, Those
guantities belonging to the first group, for which esti~
mates of accuracy mavy be immediately assigned, are

Yormal acceleration, x0.lg

Longitudinal acceleration, +0.02g

Increments in elevator deflection, iO.BSO

Absolute values of elevator deflection, £0.5°

Blevator and aileron forces, *4 pounds

The accuracy of the air density (and consequently of
the true airspeed), air temperature, velocity of sound,
and altitude depend upon the accuracy of the temperature-

LyHe]
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altitude survey made by the pilot during the climb. Even
if someswhat larger errors than are thought to exist are
assigned to the pilot's individual cbservations, the final
errors in the density-altitude relations have been minin-
ized by an integration precess which gave, for each of the
dives, curves of pressure and density, as measured from
the initial altitude to the ground, against the adsclute
altitude. If a 2° error in temperature is allowed, the
effect on the density p and on the velocity of sound &
are small because these guantities are determined by the
absolute temperature. It is estimated that p is known
at any point in the dive to an accuracy of approximately il
percent{ whereas the error in the velocity of sound at any
point is negligible since it depends on the square root of
the absolute temperature. Thus, the accuracy with which
the Mach number M 1is given depends almost entirely upon
the accuracy with which the ;rue airspeed is known.

When the various errors that enter into the determi-
nation of the true airspeed given by the swiveling-head
installation are considered, it is estimated that, at
speeds in excess of 350 miles per hour, the error is less
than 1% percent; whereas at the lower speeds (360 &6 160
miles vpor hour) the error may be as much as =24 parcent.
Although it was thought when the tests were devised that
the accuracy of the airspeed measurements given by the
pressure ‘plate might be-better than that of the swiveling
hesd, recent tests by Walchner (reference 2) have indi-
cated that the usual Prandtl type head ‘has a critical ve-
locity well abcve that reached in the dives. This fact,
together with the fact that short balanced pressure lines
were used, probably gives a greater accuracy to the swiv-
eling-head airspeed mensurements for the reason that reli-
able measurements could not be obtainsd witih the pressure-
plate head at speeds dzlow 20C miles per khour and also be-
cause it was necessary to introduce slight correcticns
for the effect of the resultant acceleration parallel to
the direction of the bocm. ‘When these errors in airspeed
are coansgidered, values of the Mach number at any point in
the dive can be said to be accurate to within =0,01,: ’

_ If it can bs assumed that static pressure exists at
the static openings of the swiveling head, the error in
the altitude at any instant is nc more than 300 feet.

The absolute accuracy of the individual pressure
measurements varied according to the position of the ori-

fice along the airfoil, " In general, the better absolute




accuracy was obtained with the more sensitive manometer
cells, which were located toward the rear of the chord,
although on a percontage basis the accuracy in this region
is poor because of the relatively low pressures. In ad-
dition, because the sensitivity of the manometer cells was
necessarily based upon the expected pressures to be meas-
ured at the nighest speed, the maximum possible errors at =
the low speeds as indicated by figure 14 are relatively gr
high, Figure 16 slhows, hcwever, that the probable error, 5
as indicated by the lengths of the vertical lines, de-

creases with an increase in Mach number. The magnitude

of the absolute probable error is obtained from these fig-

ures by multiplying the length of the lines by the value

of q that applies for the Mach number in question.

Small accidental errors in the pressure distribution
caused by fairing and other factors result in only rela-
tively small changes in the integrated normal-~force coef-
ficient but may cause larger changes in the pitching—
moment cosfficient. In fact, most of the point scatter
(£0.006) shown in the scetion ¢, eand cp relations
(fig. 17) can be attributed to these inaccuracies.

Consideration of the effect of the pressure errors
on the determination of the critical spesed indicates that
the critical Mach number is accuratc to about =0.01.

The acecuracy of the total drag measurements (fig. 18)
depends upon the accuracy of the longitudinal accelera-
tion and airspeed measurcments. Since the accelerometer
reading, 1 -~ n, -used in the relation for Op is a small
quantity at the lower speeds early in the dives, the per-
cent error is high at %tiae beginning of the dives but rap-
idly decreases as tho terminal velocity is approached.

At the highest Mach numbers the error in g Dbecomes of
greater importance and the minimum error, which ‘ocecurs

at the high Mach numbers, is ahout =5 percent. The accu-
racy of the drag meoasuroments is sufficient, however, to
show the trend of ©Op with increasing values of M,

DISCUSSION

The data presented make it evident that the tes
‘ditions extended weld beyond the critical spesd of th
test section of the wing; it may be infsrred from th

evidonce that many other exposed parts, such as wing sec-
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tions near the root, propeller-blade roots, cowling, and
crown of the cockpit enclesure were even more advanced
beyond their own critical speeds. The first question of
interest, therefore, is whether the presumable existence
of a compression sheck or shocks was manifested by any un-
usual behavior of the airplane.

Indications of commnressiaon shock.- BEvidences of the

" behavior of the airplanc and of the compression shock

were obtained from the vibrograms, the wing photographs,
the pressure records, and the records from the total-head
tubes. The vibrograms are not given because they are dif-

+ficult to describe and, as they showed an absence of seri-

ous vibration, it was considered inadvisable t0 introduece
thenm, The records showed that thé vibration existing was
irregular and that the amplitudes did not exceed about
one-sixteenth inch. Thsre was no evidence that the exist-
ing vibration could be attributed in any way te a com-
pression shock; in fact, the vibration records shcwed the
gsame character well below and above the critical speed.

The wing photographs likewise showed that any vibra-
tion exigting must have been small, although the method
used would not allow evaluation of amplitudes as small as
those indicated by the vibrograms. The indications of the
vibrograms .and photographs were substantiated by the pi-
lot, who detected no vibration,

A brief study of the actual preesure records indi-
cates that zones of steep pressure gradients did not os~

cillate or shift back and forth; that is, the few shifts

observed were unidirectional. For example, after the ac-
celeraticn peak in the pull-out from the fastest dive,
the pressure ratio at orifice 9 on the upper surface
changed in the following manner:

o 5

Lime :

{soc). M €a ’ P

36.5 0.695 0«25 1.4 (approx.)
37 0 .690 .23 PR

As the other pressures showed no great change, however,
the zone of steep pressure gradient in the region of ori-
fices 8 to 10 shifted forward rather suddenly a short

distance with slight reduction of M and ¢,. With fur-




ther reduction of these guantities during the later stages
of the pull-out, theré was no return to higher pressure

at orifice 9. The sudden forward shifts observed in the
pressure records did not manifest themselves in the accel-
eration records or other cbservations and were therefore
of little consequence under the conditicns of these par-
ticular tests.

The total-pressure records indicate that at suberiti-
cal speeds (300 mph dive, fig.. 8) there was no appreciable
loss of pressure even up to quite high values of 1ift,

In the gupercritical region, however (figs. 9 and 12), the
pressure losses appear to vary prircarily with the accelor-
ation or 1ift. The records displayed no sudden changes
other thaen those associated with changes in angle of at-
tack arising from movement of the elevator.

From the foresgoing discussion it seems that, although
the wings and other parts of the airplane were well into
the supercritical region of flow, no serious consequences
of the compression sheck were manifest. The possibility
of serious conseguences under other circumstances is not,
however, precluded by this result, particularly in view of
the forward shifts of the steep gradient noted, These
sudden shifts, although slight and unidirectional in these
tests, are nevertheless an indication of a critical combi-
nation of Mach number and 1ift coefficient for the partic-
ular section and structure tested, and it therefore ap-
pears that ccnditions may be encountered in which oscil-
lating behavior of the zcne of steep pressurs gradient is
2 pi0is bt

Further consideration of this problem on the basis
of the possible physical nature of the flow beyond the
critical speed has led to the belief that the return to
high pressure ‘at the rear of the supersonic region of flow
is accomplished in part through convergence of the stream
tubes, somewhat as cshown in figure 20, and that this con-
vergence 1§ accompanied by separation at some point for-
ward of the rear critical point. The existence of sepa-
ration would account for many phenomena observed in the
wind-tunnel as well as in the flight tests. If converg-
ence and separation actually do influence the return to
subsonic velocities, the occurrence of an instability can
easily be visualized because on the one hand, the super-
sonic velocities would tend to increase toward the rear
by virtue of the expansion forced by the airfcil dboundary
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and, on the other hand, separation would tend to cause
convergence and reduction of velocity at some forward
point. The position of the separation point would there-
fore bhe rather indeterminate and would depend en a num-
ber of factors including Mach number, angle of attack,
profile shape, and surface roughness or irregularities.
In these teste the effect of the considerable surface
roughness may very likely have been to force separation
within a limited regicn, thus contributing to a stable
condition.

General features of airfoil characteristics and re-
lated guestions.- Reference to the pressure distridutions
given in figures 14 and 16 indicates that the pressure
ratios increase with Mach number as would be expected from
wind-tunnel data (reference 3). Although no gquantitative
study of these ratios hes been made, it is apparent that
beyond the critical speed the pressure ratios are very
great even at low values of Cp This result is in qual-
itative agreement with the results of the wind-tunnel
tests.

The shapes of the diacrams, howsver, are not entirely
what might have been expected from the wind-tunnel results,

in that the curves are rather irregular and the pronounced

pressure rise at the rcar limit of the supersonic region
1s never very far back on the section. The irregularity
of the curves is due principally to the existence of irreg-
ularities in the surface of the wing. 4 study of these
irregularities has indicated definite ccincidence between
sudden changes in surface or profile of the wing and sud-
den changes in slope of the pressure diagrams. The irreg-
ularity of the diagrams, therefore, has no fundamental
significance, although the causative irregularity of the
wing surface probably has considerable influence on the
main features as well as on the detailed features of the
pressure diagrans.

The relatively far forward average position of the
gene of pronounced pressure rise is of considerable impor-
tance, Insofar as it has a distinet bearing on the moment
coefficient and on the areéas over which the high pres-
sures act, Wind-tunnel results are positive in their indi-
cations of a pronounced increase in pitching-moment coeffi-
cient with increasing Mach number above the critical speed,
Slightly cambered airfoils as well as highly canmbered air-
foils show this increase, The NACA 2209-34 airfoil, which,
of the serics of airfoils reported in reference 4, has a
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mean camber line most nearly like that of the 23014 sec-
tien of the tests reported hercin, shows increments of
mement coefficient as high as 0.04. The pitching-nonent

coofficients from the tests of this report (sunmmarized in
table I) do not show such an increase; in fact, they show
no trend at all with Mach number, the values scattering
glightly about a mean value of -0, 085,

The qualitative disagreencnt hetween the flight and
wind-tunnel tests regarding the pitching-moment coeffi-
cient and the position of the zone of steep pressure
gradient is believed to be a result of the surface rough-
ness and irregularities of the full-scale wing, which
cauced flow scparation to occur at a forward point in con-
formity with ideas previously expressed as to the nature
of the flew., High moment coefficients might, therefore,
st11l be expacted c¢n smooth wings in accordance with wind-
tunnel indicagtions,

Although the prcfile drag of the wing section itself
was not measured, the approximate drag of the entire air-
plane was determined at the higher Mach numbers as previ-
ously described. The results shown in figuro 18 .are clear
evidence of the existence of the rapidly increasing drag
coefficients that have been indicated by wind-tunnel tests.

The slope of the wing 1lift curve was not measured be-
cause of the great difficultiss that would have been in-
velved in measuring angle of attack. Evidence of tie
qualitative behavior of the slope was obtained, however,

. from the measurements of elevator control force in the

pall-outs, It can be shown that, for a fairly stable air-
plane having a constant slope of 1ift curve, the ratio of
control-force increment to normal acceleration increment
is constant, regardless of speed, provided the stick force
is not avpplied impulsively. In cther words, the acceler-
ation imposed sinmply corresponds to the angle of trim for
the elevator setting used to pull out. Since the 1ift on
the wing and the hinge woment of the elevator both vary as
V2, and since the change in trim 1s a lineay -function of
elevator setting, the ratio of acceleration increment to
control-force inerement remains constant no matter what
the speed or acceleration.

The principle stated in the preceding paragraph can
be used in conjunctien with the stick-force and accelera-
tion measurcments to chock the actual bshavior of the 1ift-
curve slope, inasmuch as the airplane conformed to the re-
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quirement of stability and the stick forces were rather
slowly applied. The essential data are shown in figure
19, in which increments of acceleration are plotted
against increments of control force for the several pull-
outs. ZBach pair of values for one pull-out establishes a
point on a straight line through the origin, which line
represents the relation appropriatc to the 1ift sl2pe

_corresvonding to the single value of the Mach number. The

shaded wedge indicates the spread or scatter for four
pull~outs, each having a Mach number of about 0.42 and it
therefore furnishes a means of appraising the reliability
of the results as an indication of the behavior of the
liftecurve slope with Mach nunber. :

Fron the foregoing remarks it will be appreciated
that, if the slope of the 1lift curve changes much with the
Mach number, the slope of the lines of Ag against AFS
will increase with increase of lift-curve slope and vice
versa because, in order to effect a given change in 1lift
with a high 1ift slope, the elevator deflection will not
need to be large to cause the required change in trim. and
the hinge moments and control forces will remain relative-
ly snall. Examination of figure 19 indicates that the
scatter of the data fer a number of pull-outs at nearly
the same. speed is small compared to the spread of the re-
sults over the whole range of spesds. The speed or Mach
nunber nust, therefore, have something to do with the re-
sults. On the basis of this premise, steep slopes of Ag
against OF; corresponding to stéep lift-curve slopes
would be expected and vice versa. The data actuwally show
that the slope of the curve of Ag against AFg; first
increases as the Mach number increases frem 0.42 to 0.62,
then rapidly decreases as the lach number increases to
0.72, and .finally increases rapidly again as the Mach nun-
ber continues to increase to 0.74. This result is exact-
ly similar to wind-tunnel results, which show (references

4 and 5) that the slope of the lift curve increases with

Mach number in the subcritical range, decreases rapidly to
low values beyond the critical speed, and finally in~ -
creéases sharply again.

Aileron instgbility.- Figure 10 indicates quite clear-

ly that, 22 secconds from the start of the records, a se-
vere flapping of the silercns occurred and continued

through nine lew-period oscillatiens during the pull-eut
. which, of course, was inmediately made, From the pilot's

subsequent statement it gppeared that the ailerons, which
had previously (at the lower spoeds) been considered satis-
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factory, suvddenly becane unstable or aerodynanically over-
balanced, and the oscillations resulted from the pilot's
effort to return the stick to neutral followed Dby a sub-
sequent overbalance in the opposite direcetion, and 8o
forth., Figure 13, vhich shows seVeral groups of sinulta-
neous photographs taken with the wing and cockpit caneras
during the pericd of ailercn flapping, bears out the pi-
lot's statement quite well.

The airspeed ‘curve could not be shown on figure 10
because of failure of the timing circuit on the airspeed
recorder and some other instrunents. However, an esti-
mate of the true airspeed at the tine of the aileron un-.
balance was easily nade on the basis of data obtained in
other dives, and the value is known to have been about
500 niles per hour, TAis value is substantially greater
than any speed that had been previously reached during
the tests.

A study of the results led to the belief that the
trouble was probably caused by compressibility effects on
the aileron noses which were aggravated by the slight de-
fermation resulting from the installation of the balance
weights. TFigure 2 illustrates, in exaggerated form, the
nature of the deformation. The bulge was not actually
nore than about one-sixteenth inch from the original sur-
face and was rather smoobthly faired. It seemed clecar
from pressure~distribution results obtained in wind-tunnel
tests (reference 3) that the projecting or bulging lower
surface of the aileron nsse would have a fairly low crit-
ical speed and that, consequently, the pressure reduction
on the nose would increase with speed at a far greater
rate than the pressure reducticn at any point to the rear
of the hinge. '

On this basis, the balance weights were reinstalled
above the nose .in suech a way that the thickness o0f the
bulge on the lower surface was reduced to the thickness of
one layer of doped fabrie. This change conpletely reme-
died the troudle, The experience therefore shows that qual-
itative knowledge of compressibility effocts based on wind-
tunnel data. wag the deciding facter in solving this partic-
ular problem; it also indicates the necessity for careful
attention to the details of aercdynanic design and construc-
tion of control surfaces in the light of cecmpressibillty
effects,
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COWCLUSIOQN

It may be concluded from the results of these tests
that the principal effects of compressibility indicated
by wind-tunnel results are also manifested under flight
conditions; that igs, the large drag increase occurs in the
supercritical region, the slope of the 1lift curve changes
with Mach number in the same gqualitative manner as in the
tunnel tests, and extremely low pressures exist over the
girfoil surface in the rcgions of superscnic velocity.

‘No incroase of wing mcment coefficient with Mach number

was observed, hewever, and the Tegion of steep pressure
gradient (compression shock) was never found to exigt much
to the rear of the station of maxinum thickness; this dis~
crepancy may possibly be expliined on the basis of the
effect of surface roughness on the location of the separa-
tion point and the result does hot necessarily contradict
the wind-~tunnel results, which were obtained on snmooth
airfoils.

Although no scrious vibration or other ssrious rani-
festations of the coupression shock werc observed in these
tests, the position of the shock suddenly shifted slight
anounts in sone cascs and the possibility of serious
shifting or oscillation under .other conditions is not pre~
cluded but rather indicated,

Experiences ¢f the tests indicated that grave danger
exists at high speeds if airplanes are longitudinally un-
stable and also that careful attenticn must be given to
conpressibility effects or aerocdynanically balanced control
gsurfaces t0o avoid sudden sverbalanging. In fact, these
tests were successfully conpleted only -because of the high
strength of the XF2A-2 airplane and because the magnitude
of ailercn unb lance that suddenly occurred at a speed of
500 niles per hour was, by pure chance, within the pilot's
strength,

Langley Memorial Aeronautical Laboratory,
National Advisory Conuittee for Aeronautics,
Langley Fieldld, Va.
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@Parenthetical values refer to pressure diagrams for maxi-
mum limit of pressures. (See fig. 16,)
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Figure 6.- V-G records of practice dives in XF2A-2.
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Figure 13.- Sequence of events showing aileron instability in
attempted terminal velocity dive on 5-7-40.
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