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OBTAINED FROM HIGH-SPEED WIND-TUNNEL AWD FLIGHT TESTS

By James M, Nissen, Burnett L, Gadeberg, and
Willian T, Hamilton

"Editorial Note

"With full recognition of the hazards in-
volved, the senior author of this report, NACA
Test Filot James M. Hissen made a series of
dives with the P-513 airplane without propeller,
because the needed data could be obtained in no
other way. After three successful dives at suc-
cessively higher Mach numnbers, the towrope con-
necbtion broke at a low altitude and the towrope
wrapped around his airplane. @dith great skill
and courage Mr. Nissen stayed with the airplane
and made a forced landing in rough terrain with-
out damaging the elaborate research instrumenta-
tion. Although the airplane was washed out, Ir,
Nissen escaped with minor injuries.

J., C. Hunsaker
Chairman, NACA"

SUMMARY

In order to obtain a correlation of drag data from wind-
tunnel and flight tests at high Mach numrbers, a P-513 air-
Plane, with the propeller removed, was tested in flight at
Mach numbers up to 0,755, and the results were compared with
wind-tunnel tests of a 1/3-scale model of the airplane.

The test results show that the drag characteristics of
the P-51B airplane can be predicted with satisfactory acecu-
racy from tests in the 16-foot wind tunnel of the Ames Aero-
nautical Laboratory at both high and low Mach numbers. It is
considered that this result is not unique with this airplane,
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INTRODUCTION

Practically all the available data on the drag charac-
teristics of airvlanes at high speeds have been obtained
from wind-tunnel tesvs., The reliability of these data has
been guestioned because of the fact that (1) surveys have
indicated that the usual strut-support systems have a marked
influence on the flow at the position of the model, (2) the
calculated wall interference, always a somewhat dubious fac-
tor, increases rapidly with Mach number, and (3) the magni-
tude of the effects of Reynolds number at aigh speeds is un-
known, It was evident that a comparison of accurate flight
and wind-tunnel test data was needed to deterrine the relia-~
bility of the wind-tunnel test data.

Of the limited amount of flight data available from
high-speed dives, none were considered satisfactory for such
a comparison, For the most part, the measurements of air-
speed and altitude were not above suspicion. ETven for those
cases wherein this objection cou1ld not be raised, the probd-
able error introduced in attempting to correct fur the in-
fluence of the propulsion system in the determination of
drag made comparisons with high-speed wind-tunnel data for
rropellerless models of doubtful value.

The purpose of the investigation herein discussedl was
to obtain an accurate comparison of the drag ccefficients at
high Mach numbers as measured in flight and in the wind tun-
nel., In order to obtain flight data strictly comparable to
those obtained from a model of the P-E1B airplane in the
Ames 16-foot wind tunnel, the flight data were obtained in
dives of this airplane with propeller removed.

T

-
Y

FLIGET INVESTIGA

[

I

Description of the Airplane

The North American P~51B airpiane used for the flight
tests was a single-engine, low-wing, cantilever monoplane
with retractable landing gear and partial-span plain flaps.
Figure 1 is a three-view drawing of the airplane, and ths
photograph of figure 2 shows the airplane as instrumented
for the flight tests.
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L. The pertinent specifications of the airplane as tested
were as follows:

Airplane
Manufacturer . . . , ., . . . . , North American Aviation,
Inc,
Type . . « <« & . . . . . . . . .« W . 4 . . P-BIB-1-7j
Army number . . . . . L . 0 s e e e e e s 43-1211
Welght
Enpty e v e e e e 6 s e e e e e e s e e e 7500 1b
Normal gross . « . . . & v v v v v s e e e s 9200 1v
As flown for these tests . . . . . +« « « « « . 7335 1b
Wing loading
Normal gross . . s 4 e 4 4 s e e . 29,9 1b per sq ft

As flown for these tests . . . . . . . 31,4 1b per sq Tt
Center of gravity (as flown for these
tests) . . . . . . . . . . . . .. ., 25,3 percent M.Aa,OC.
‘ Wing
| - 5] =1 < S & AN ¢ 1 S o 4
: Area . . . . . . . . . . 4 o . . . . v 4w . . R33.,2 sq ft
| Root chord . . . . . . . . . . « v v & « v « . . 104 in.
Airfoil section . . . . . . . . . . . NAA-WACA low drag
Aspect ratio . . . . . . . . . . . . ¢ . . v .. . 5,815
Taper ratio . . e . O O I ¥ 3
Thickness ratio (measnred) '
Root., &« ¢« v v ¢ ¢ v v v v v v v e e e e e . .. 0,163
A < D N 0
Incidence
Root v v v v i s e e e e e e e e e e e e e . 1%00

Tip . « .+ . f e e e e e e e e e e e .. =003

. Dihedral (25- percent -chord line) . . . . . . . . 5°
Sweepback (measured along leading edge) . 3 °z5132"
Mean aerodynamic chord . , . . . . . , +« . . . . 79.6 in.

Location of mean aerodynamic
chord . . . . . . .. . .. . . Leading edge of M.4.C,
is 6,1 in. aft and 2.2
in, above the leading
edge of the wing root,
Horizontal tail surfaces
Stabilizer

Area . . . . . . . . . . . . . 27,98 sq ft (including
, fuselace)
Span . . ¢ s v e 4 4 e 4 4 e 4 e « 13 ft 2,12 in.
Incidence (for these tests) . . . . ., 1° (relative to
fuselage axis)

Zlevators (all metal for these tests)
Area . . . . « 4« . 4 .+ . . 13,05

qa ft (total)
- Span . . . ° ° . . . N . » . . . s N . l t

ft 2,12 in,

[N /]
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Vertical tail surfaces

Fin
Area . « . . v v 4 e e e 4 e e e e e s e s 9.61 sq It
Span . v 4 . e e s e e e e e e e e e e 57 1in,
Setting . . . . < . o+ . . e e s e s 102 left
Rudder
Area . . . . v v v 4 e 4 4 4 e e e 4 4 W . 10,41 sq ft
o - « 74,4 in,

The stabilizer incidence was set at 1° instead of the
normal 2° for the P-51B-1-NA airplane, in order to reduce
the elevator angle required for trim at high Mach numbers,
and a pair of metal~covered elevators was substituted for
the usual fabric-covered elevators,

In order to simulate as closely as possible the model
as tested in the wind ‘unnel, the propeller was removed. A
spinner was installed to preserve the smooth air flow over
the forward portion of the fuselage. The tow-release mecha-
nism was housed within the spinner and was fitted flush with
the spinner nose (fig. 3). The release mechanism was mechan-
ically operated by the pilot. A special hydraulic pump,
electric motor, and bvatteries were installed to activate the
landing flaps and gear. The carburetor air scoop was sealed
about 3 feet from the scoop lip, the bomdb racks were removed,
and the surface of the airplane sanded with fine sandpaper,
shellacked, and waxed,

Instrumentation

Standard NACA photographically recording instruments
were used to obtain airspeed, altitude, and normal and longi-
tudinal acceleration as a function of time. Two complete
and independent sets of instruments were installed for the
flight tests. Each system of instrumentation utilized, as
sources of static and total pressures, a freely swiveling
pitot-static head. These two pitot-static heads were
mounted on booms located beneath and extending approximately
0.8 of the local wing chord ahead of each wing tip. (cf.
figs. 1 and 2.) A service total-head tube of round section,
which was used in conjunction with fuselage static-pressure

orifices, was mounted beneath the right wing on the standard
airspeed mast.

The pressure lines from the pitot-static heads to the
recording instruments were made as short as possible to
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minimize lag, and the lines to the recording airspeed meters
were balanced so as to give equal flcw rates in the static-
and total-pressure tubes, ©Each pitct-static head consisted
of two static-pressure tubes and one total-head tube, which
permitted the use of independent sources of static pressure
for both the airspeed and altitude recorders, Ground tests
of a mock-up of the airspeed and altitude pressure lines in-
dicated that the lag in the system, at the maximum rates of
descent, caused an error in the recorded altitude of only
260 feet,

The recording instruments, as installed in the airplane,
could be read to =2 miles per hour for the airspeed, =250
feet for the altitude, £0.01lg for the longitudinal accelera-
tion, and 0.1z for the normal acceleration,

The recording accelerometer, from which the drag data
were deternmined, was mounted 4 feet aft and 1 foot above the
center of gravity of the airplane. The e¢Tfect of angular
accelerations of the airplane during the dives on the re-
cordings of the accelerometer was found to be negligibvle.

Calibration of the Pitot-Static Tubes

A correction for the position error of the pitot-static
tubes was determined by flying the airplane at a known con-
stant pressure altitude at various airspeeds, while records
were made of the airspeed and altitude, It was assumed that
the measurements of the total pressure were correct and that
the variation of recorded altitude with airspeed at the con-
stant pressure altitude resulted from the position of the
static tubes, Assuming the error in the measured static
pressure to be the complete error, the indicated airspeed
was corrected by the use of the standard formula

e o.2886 A
v1=1703L<__:_B+ 1> -1:,
29,92

where
Vi correct indicated airspeed, miles per hour

H free-stream total pressure, inches of mercury

iy free-stream static pressure, inches of mercury
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This correction 1is presented in figure 4 and was applied
to the airspeed calibration. Since the maximum error of al-
titude, as determined by this calibration, was smaller than
the least reading of the altimeter, no attempt was made to
correct the altimeter readings for position error. The ac-
curacy of the swiveling pitot-static head has been investi-
gated at Mach numbers up to 0,80 in the 16-foot wind tunnel,
and the results showed the effects of compressibility to be
negligible over the flight range investigated.

Tests

In order to determine the drag coefficient of the air-
plane at high Mach numbers in a configuration that would
lend itself to direct correlation with wind-tunnel tests,
the airplane (without propeller) was towed to high altitudes
by a Northrop P-61A airplane (fig, 5), where the pilot of
the P-51B airplane released the tow. The airplane was then
dived to high Mach numbers and at the completion of the dive
it was landed on the surface of a dry lake.

In order to obtain the high Mach numbers at a safe alti-
tude, the airplane was towed to as high an altitude as pos-
sible, which was approximately 28,000 feet pressure altitude
for the third flight in which a Mach number of 0,755 was ob-
tained.

During the dives the radiator-scoop flap was locked in
the flush position at all times.

Three dives were made successfully, each to successively
higher Mach numbers, but on the fourth attempt a forced land-
ing was necessitated soon after take-off due to an unex-
plained, premature release of the tow cable from the tow
Plane. The forced landing damaged the P-51B airplane beyond
repair, and hence terminated this set of tests.

Computation of the Drag Coefficient
The drag coefficient was computed from values of the

airspeed, altitude, longitudinal acceleration, and normal
acceleration by the use of the following equation:

W
CD = -LE [AZ sin a - AX cos a]

q
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where

CD airplane drag coefficient

W airplane weight, pounds
S wing area, square feet
q dynamic pressure, pounds per sguare foot

Ay algebraic sum of components, along airplane Z~axis, of
alrplane acceleration and acceleration due to gravity,
in terms of standard gravitational unit (32.2 ft/sec2).
Positive when directed upward as in normal level
flight.

Ay algebralc sum of components, along airplane X-axis, of
airplane acceleration and accelcration due to gravity,
in tcrms of standard gravitational unit (32,2 ft/scec?®).
Positive when directed forward as in a take-off.

a angle of attack of reference line of the accelerometer,
degrees

The angle of attack of the airplane for a given 1lift
coefficient was determined from measurements made of a P-51B
airplane in the Langley full=-scale wind tunnel., Xo effects
of compressibility on this determination were considered.

An attempt was made to determine the drag coefficient
of the airplane by the use of time histories of altitude and
airspeed and by use of the following ecuation:

o o WIS [dh/dt dv/gg}
D7 v g

where
dh/dt rate of change of true altitude, feet per second

dv/dt rate of change of true airspeed, feet per second
per second

g acceleration of gravity, 32.2 feet per second per
second

It was found, however, that the slightest inaccuracy in
the determination of the airspeed curve and its slope would
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produce absurd results., YNegative drag ccefficients could be
calculated by this method as well as excessively high drag
coefficients. Consequently, this method was discarded and
all fiight-drag results presented in this report have been
derived from accelerometer data.

Flight-Test Data

Dives were made to Mach numbers of 0,710, 0,730, and
0,755, Before each flight, the surface of the airplane was
carefully wiped clean to preserve as smooth a finish as pos~
sible during the dives. However, due tc¢ the short length of
the ociled strip on the lake bed, which was used for take-off
(about 2500 £t), the airplane gathered some dust on the lead-
ing edges 0f the wing and tail aud parts of the fuselage,
when the airplanes ran off the end of the oiled take-off
strip and onto the dusty surface of the lake bed.

Of the three flights made, the airplane had the most
dust on its surface during the first flight (flight 108),
the least during the sscond flight (flight 105}, and an in-
termediate amount during the last flight (flight 110)., The
dustiness of the windshield, the nose section, and the lead-
ing edges of the wing and radiator scoop after the first
dive may be estimated from figures 6, 7, and 8., (The crosses
have been made by wiping the surface free of dust with a
cloth., )

The results of the dive tests are presented in figures
9 to 12, which show 1ift coefficient and drag coefficient
plotted as a function of Mach number for the thrce dives,
and in figures 13, 14, and 15, which show the variation of
drag coefficient with 1ift coefficient of the airplane at
Mach numbers below that of drag divergence (the Mach number
at which the drag characteristics diverge from their low-
speed trend as the Mach number is further increased).

On figures 9, 10, and 11 faired curves have been drawn
through the test points as well as a curve following the
points, It is apparent that during all three of the flights,
the drag coefficient varied with the 1lift coefficient at
Mach numbers both above and below that of drag divergence.
The faired curves on these figures were drawn after consider-
ing the variations of figures 13, 14, and 15,

A comparison of the data of figures 9, 10, ard 11, as
shown in figure 12, indicates that the minimum drag of the
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airplane was affected by the presence of dust on the surface
of the airplane and that, as would be expected, the dustier
the surface, the higher the minimum drag of the airplane.

It is noteworthy that the Mach number of drag divergence and
the variation of drag coefficient with Mach number above the
Mach number of drag divergence are essentially unaffected by
the presence of dust on the airplane.

It is believed that the variation of drag coefficient
with 1ift coefficient at the low values of 1ift coefficient,
shown on figures 9, 10, and 11, may be due to a fore-and-aft
movement of the transition line of boundary-layer flow from
laminar to turbulent flow, Such a movement of the transi-
tion point on the wing of the P~51B airplane is possible; be-
cause 1ts airfoil section has a very small pressure gradient
at 1ift coefficients near its design value, and hence is
very critical to surface waviness, which might well vary
with the load on the wing,

Few data were available from the dives to show the var-
iation of drag coefficient with Reynolds number, but the
data that were available (below the Mach number of drag di-
vergence) seemed to indicate very little, if any. variation
at constant 1ift coefficients., This is not at all conclu-
sive, but it is interesting in the light of the results re-
ported in reference 1.

WIND-TUNNEL INVESTIGATION

Description of Apparatus

The model tests were conducted in the Ames 16-foot high-
speed wind tunnel. This wind tunnel is of the single-return,
closed-throat type and has a circular cross section through-
out its length, Two H-percent-thick front struts and a sin-
gle 7-percent-thick rear strut supported the model during
the tests. (See fig, 16,) All three struts were unshielded
and had the transitions of their respective boundary layers,
from laminar to turbulent flow, fixed at their lO-percent-
chord points. With the model mounted in the wind tunnel,
test Mach numbers as high as 0,825 were reached, The turbu-
lence level in the 16-foot wind tunnel is very low, approach-
ing closely that of wind tunnels designed especially to have
low turbulence, '
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The model as tested represented to 1/3-scale the P-513
airplane, even to details such as radiator-scoop~flap setting,
stabilizer angle, plugging ¢f the carburetor scoop, service
pitot-static head, radio mast, airspeed booms, temperature
boom, and antenna. Roughness in the form of number 60 car-
borundum dust was glued to the wing surface on a 3/16—inch—
wide strip at the locations of the leading edges of the
landing~gear doors and machine-gun-ammunition doors, and
around the base of the propeller spinner (fig. 17) to simu-
late discontinuities in the airplane's surface at these
points.

For part of the tests, in order to determine the effect
of the dust on the airplane, the forward portions of the
model were sprayved with lacauer and the surface left un-
smoothed. While the resulting surface (fiz., 18) was percep-
tibly rougher than the dusty airplane sarface, tests of the
model in the roughened condition, when compared with those
of the model in the smooth condition, gave an indication of
the effect of dust upon the drag coefficient of the airplane.
The heights of the grains on the modsl surface varied from
0.0005 to 0,0015 inch. The model tests were made with the
rudder, elevator, and ailerons, and their rezpective tabs,
undeflected, The cooling-air-outlet flar was in the fliush
position,

Test and Computational Procedure

Mach number and dynamic-pressure calibration of the
wind tunnel was obtained through a static-pressure (ps)

survey of the test section with the suprort struts in place
and the model removed, The total pressure was assumed equal
to the atmospheric pressure Py (this assumption has been
Justified by previous tests) and the Mach number was calcu-
lated on the basis of adizvatic flow in accordance with the
following equation:

0.286 1y
M= 2,221 r <Bé> - l] 2
L \Ps

-

The calibration was made with reference to the static pres-
sure measured at the tunnel wall ahead of the test section.
Previous tests have shown this reference pressure to be un-
affected by the presence of the model. Thas static—-pressure
survey was made with the muitiple-boom rake shown in figure
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19, In order to survey at four longitudinal stations in any
vertical plane, four sets of static-pressure orifices were
used on each of the 79-inch-long steel booms, The survey
wing upon which the booms were mounted was of 38~inch chord
and only 6 percent of its chord thick so as to minimize the
disturbance of this wing on the air flaw, The survey wing
was mounted downstream from the front struts in order that
the static-pressure survey would give data at the position
of the model wing. The static pressure was measured in
three horizontal planes: one 12 inches above the center
line, one on the center line, and one 12 inches below the
center line., Figure 20 shows the approximate variation of
Mach number in the plane of the P~51B model wing at two tun-
nel speeds. In evaluating the calibration, the Hdach number
was agsumed to be the averaze value over the projected area
of the model in the horizontal plane through the wing trun-
nions, Angularity of the flow was taken as the difference
in the angle of zero 1lift from tests of the model upright
and inverted. Tare drags of the support struts were meas-
ured with the model removed from the tunnel, Corrections
for constriction were applied to the Mach number and the
lift, drag, and tare coefficients accordiing to the methods
of reference 2 with the egingle excepticn that the power of
B, the compressibility faztcr, in the fusel.age dlockage
factor was changed from 4 (o 3, Tre cunnge in the effect of
compressibility on the blockage correciion is based on new,
and as yet, unpublished work on file at this Laboratory., The
corrections applied were as follows:

M

fi

My [1 + €,(1 + 0,202 Mo“)]
Co [1 - eg(2 - MOQDJ

i}

¢

where M, and OC, are Mach number and force coefficient,

respectively, based on the calibration with the model out of
the wind tunnel, The blockage factor due to the model is

¢c = (0.00433 + 0,0334 Cp) 1/8°

e -1 - Mo °

Corrections to the angle of attack and drag coefficients due
to the presence of the tunnel walls were made in the manner
of reference 3, These corrections were

where
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Ao

1.019 Cp, degrees

ACy

i

0.0178 Cp°

Wind-Tunnel-Tegt Results

The variation of drag coefficient with 1ift coefficient
and Mach number is presented in figures 21, 22, and 23, The
Reynolds number of the model tests, based on an average
chord of 2,169 feet, varied from 4,500,000 to 8,300,000,

The measurements 0f the forces on the model are believed to
be accurate to within one-~half of 1 percent, hence the data
are about as accurate as the corrections to the data allow,
The tunnel-wall and model-constriction corrections are neces-
sarily of a theoretical nature, but are in general small,
relative to the measured forces, amounting to less than 4
percent at 0,80 Mach number and low values of lift coeffi-
cient. (These corrections are much smaller at low Mach num-
bers.) An exact correction for strut interference or con-
striction is impossible because of the variation in the flow
velocity throughout the test section at high speeds, as in-
dicated in figure 20,

COMPARISON OF FLIGHT AND WIND-TUNKEL RE

«

ULTS

The data of figures 9, 10, 11, and 22 have been col-
lected in figures 23 and 24 to provide a direct comparison
between the flight and wind-tunnel results., The test points
shown in figure 24 are the drag coefficients determined from
the flight tests, and the unbroken line is the drag coeffi-
cient from the wind-tunnel tests selected at the 1lift coef-
ficient (including the pull-out) of the flight data at that
Particular Mach number. The principal differences between
the wind-tunnel model and the test airplane were the wing-
gun and landing-gear doors, protruding screw heads on the
lower surface of the wing, various joints in the fuselage,
and waves in the surface of the wing, as well as the dust
that collected on the surface of the airplane during take-
off, In connection with a discussion of the differences be-
tween the model and the airplane, it should be pointed out
that the two were similar in such details as the two air-
speed booms, service pitot mast, radio mast, high-frequency
antenna, and carburetor and cooling-air flows, The airplane
also was equipped with metal-covered elevators which more
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nearly simulated the surface of the solid aluminum-alloy
elevators on the model than did the original fadbric-covered
elevators.

The drag characteristics of the airplane determined
from the wind tunnel and from flight, excluding the results
obtained during the pull-outs from dives, are in good agree-
ment as may be seen iIn figure 24, The Mach numdber for drag
divergence and, in particular, the rate of increase of drag
above this Mach number as found from flight are well pre-
dicted from the wind-tunnel tests, although the values of
drag coefficients obtained in flight are slightly higher
than those obtained in the wind tunnel.

During the pull-outs, all of which occurred above the
Mach number of drag divergence, the flight-test data show
definitely higher drag coefficients which, presumadly, would
be due to the increased lift coefficient. The wind-tunnel-
test data at comparable 1ift coefficients and Mach numbers,
however, showed but negligibly higher values. The higher
values in flight may be due, in part, to the effects of an
increase in surface waviness of the wing accompanying the
greater air loads of the pull-out, or to a hysteresis effect
which causes the separation due to the shock to persist dur-
ing the pull-out. On the other hand, the flight Reynolds
numbers exceed those for the model tests, as seen in figure
25, particularly at the lower altitudes during the pull-out,
Hence, the higher drag coefficients during the pull-outs may
be an effect of Reynolds number,

Figure 23 shows the flight data, with dust on the air-
plane, to be between that of the wind-tunnel data for the
model in the smooth condition and in the roughened condition,
Although no direct measurements were made of the grain sizes
on the airplane, it was generally conceded by those who ob-
served both the model and the airplane that the model was
somewhat rougher in the roughened condition than the airplane
with the dust on its surface,

CONCLUSIONS

l. A comparison of the drag characteristics of a pro-
Pellerless P-51B airplane in flight with a similar 1/3-scale
model in the Ames 16-foot wind tunnel shows satisfactory

ggree?ent over the Mach number range investigated (0,30 to
.7558),
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2, During the pull-outs from dives, all of which oc-
curred above the Mach numbers of drag divergence, the air-
plane drag coefficients were higher than was indicated by
the wind-tunnel results for the corresponding 1lift coeffi-
cients., This result may be an effect of Reynolds number, an
effect of the increased wing-surface waviness occasioned
during the pull-outs, or a hysteresis effect which causes
the separation due to the shock to persist during the pull-
out.,

Ames Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Moffett Field, Calif.
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NACA ACR No. 4KO2 figs. 5,6

Figure 5.- The P-51B airplane being towed by the P-81A
airplane.

A-B5

533
9+28-44

Figure 6.- Dust on the windshield of the North American
P-51B-1-NA airplane after the first propeller-
off dive.




NACA ACR No. 4K023 Figs. 7,8

Figure 7.- Dust on the nose section of the North American
P-51B-1-NA airplane after the first propeller-

off dive.

Figure 8.- Dust on the leading edge of the wing and engine-
coolant-cooler scoop of the North American

P-51B-1-NA airplane.
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NACA ACR No. Figs. 16,19

Figure 16.- The 1/3-scale model of the P-51B airplane

mounted in the 16-foot wind tunnel.

Figure 19.- The 16-foot wind-tunnel static-pressure-survey
wing as used in tests of the 1/3-scale model
of the P-51B airplane.
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FIGURE /7.~ THREE -VIEW DEAWING OF THE & -
SCALE MODEL OF THE P-5/8 AIRPLANE.
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NACA ACR No. 4KO2 Fig. 18

Figure 18.- Surface roughness on wing

leading edge of the 1/3-
scale model of the P-51B airplane.
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