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AIR-FLOW BEHAVIOR OVER TEE WING OF AN XP-51 AIRPLANE AS
INDICATED BY WING-SURFACE TUFTS AT SUBCRITICAL
AND SUPERCRITICAL SPEEIS

By De E. Beeler
SUMMARTY

Results are presented in this report of the air-flow behavior
over the wing of an XP-51 airplene including photographs of tufts
attached to the wing surfeace and chordwise pressure distributions.
A comparison of tuft studies is made of ths flight results with

" those obtained from wind-tunnel tests.

The results indicate that steady flow is obtained over the
wing until the critical speed has been exceedsd by about 0.04 to
0.05 in Mach number. At higher Mach numbers the rlow is unsteady
and becomes very rough and turbulent over the rear 50 percent of
the chord after the limit maximum Pressure coefficient has been
r3ached. Observation of surface tufts alone without benefit of
Prevailing pressure distributions may indicate separated flow
before separation actually occurs. Comparisons made of the flight
and wind-tunnel data show a similar tuft behavior throughout the
Mach number range. ~

INTRODUCTION

In connection with the evaluation of aerodynamic data obtained

at supercritical Speeds, the Air Materiel Command, Army Air Forces,
requested informetion on the flow conditions over the wing of the
P-51 airplane as would be indicated by wool tufts attached to the
wing surface. ;

In addition to supplying substantiating aerodynamic data on
supercritical flow phenomens it was felt that tuft pictures might
assist in explaining speed limitations at the lift coefficients

necessary for high-altitude operations as well as provide additional
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data to assist in determining optimum wing loading and airfoil section
selection to be used on development airplanes. A similar investi-

. gatlon has been condvcted for tne wing of the P-47D ailrplane and the

results are presented in reference 1.

The data presented herein wers obteined during dives of the

A XP-51 airplane for a Mach number range of 0.55 to 0.78 and a

lift coefficient range of 0.10 to 0.90.
APPARATUS AND TESTS

The airplane used for the tests 1s shown in figure 1. The wing
used on the XP-51 airplane is similsr to that used on all production
models of the fighter and incorporates a North American modified
NACA bh-series airfoil section.

Wool tufts were attsched to the upper surface of the left wing
between the L6-inch station and the 150-inch station and chordwise
pressure distribution was obtained at the 52-inch station (A) and
the 1llh-inch station (B). (See rig. 2.) Tha area between thess
two stations is considered the test pansl and has a chord length
and maximum thickiiess of 91.0 inches and 0.153c, respectively,
at station (A) and 75.3 inches and 0.141lc, respectively, at
station (B).

Photographs of the wool tufis during the tests were made by a
35-millineter movie cemera operating at a speed of approximately
48 frames per second. Simultansous measurements of airspeed,
altitude, normal acceleration, and wing surface pressures were made
by standard NACA recording instruments . :

The flight tests covered a range of airplane 1ift coefficients
by making pull-ups from level flight at the lower Mach numbers and
by meking recoveries from dives at the higher Mach numbers. All
data were obtained at approximately 20,000 feet.

@

RESULTS

Photographs of the tuft behavior during flight for various
valuss of airplane lift coefficient at Mach numbera from .55 %0 078
arc presented in figures 3 and 4. The field of view is sufficient
to include both pressure measuring stations A and B and a considerable
portion of the 50 -percent chord line. The photograpns presented
in figure 3 are arranged to show the tuft behavior at several
Mach numbers for varicus airplane lift coefficients. Those presented
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in figure 4 are arrenged to show the tuft behavior at several lift
coefficients for various Mach numbers.

The. chordwise pressure distributions occurring at stations A
and B for an airplane lift coefficlent of 0.2 at various Mach numbers
are presented in flgure 5. More pressure points were availsble for
establishing the distributions at station B than were available at A
which may account for the greater irregularities shown =t B since
a more detailed fairing is possible. The critical pressure line
(local M = 1.0) for the prevailing free-stresm Mach numbor is
superimposed on the pressure diagrams.

The types of flow, indicated by motion pictures from which
figures 3 and 4 have been taken, have bean classified into
three general types:

(1) Steady flow - The tufts are, in gensral, directed toward
the rear and are motionless with the exception of very small
oscillations of the tuft ends.

(2) Unsteady flow -~ Tufts oscillating through a range of asbout
45° from the chord direction. ‘

(3) Break-away flow - Tufts oscillating wildly about in all
directions such as pointing forward, and being raised about 45° off
of the surface. It may be mentioned here that the interpretations
made of the tuft behavior in terms of existing flows in these tests
differ somewhat from those made in reference 1; however, since
Interpretation of flows by use of tuft studies alone are necessarily
qualitative, it is possible that differences in interpretation
nay exist.

Shown in figure 6 are boundarieg of limit Mach numbers as a
function of airplane lift coefficient. The boundaries have been
established for (1) conditions of steady, unsteady, and break-away
flow over the test panel (2) limit pressure coefficient and limit
gectlon norumal-force coefficient occurring at station B and (3) the
critical (local M = 1.0) at stations A and B. Limit pressure coeffi-
cient and limit normal-force coefficient as used hersin are defined
a8 the points at which the weximm pressurse coefficient and the
section normal-force coefficient cease to increase with an increase
in Mach number for a given airplane 1lift coefficient. The actual
Mach number and lift coefficient combinations used to establish the
boundaries of flow conditions were determined from observations of
the movie film showing the tuft behavior throughout the dive.during
each run. The results of the observations plotted in figure 6 may
be used in combination with the pPhotographs of figures 3 to 4 to
obtain a visual concept of the air-flow behavior. Also included in
figure 6 ars curves of airplane lift coefficient required for level
flight at altitudes of 20,000, 30,000, 40,000 end 50,000 feet for a
wing loading of 33 pounds per square foot.

=
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Figure 7 shows some comparisons obtained from the flight tuft
megsSurements with those obtained during a survey made in the
Ames 16-foot high-speed tinnel on thie upper surface of the wing of

a %-scale model of the P-51B.

DISCUSSION

It may be noted in figure 3 that at Mach numbers of 0.55 and.
and 0;65 for the lower lift coefficients the tufts indicate steady
flow over the test panel but at the higher lift coefficients
unsteady flow occurs over the flap. At a Mach number of 0.73
and & Cp of 0.20 the. tults at about 0.55¢ show a local state of
unsteady flow and a3 the lift coefficient is increased the tufts
from midchord location back to the trailing edge are unsteady.

At Mach numbers higher than 0. 73 unsteady and break-away flow aft
of 0.55¢ is indicated by the tufts for all lift coefficients tested.

It may be seen from Tigure 6 that steady flow is maintained
over the wing st Mach numbers less than 0.73 at a Cp of 0.10
and Mach numbers less than 0.68 at a Cp of 0.6, and that a
linear relationship exists between these two limits to establish
the boundary between sSteady and unsteady flow. It also may be
geen from the critical pressure lines for stations A and B in
figure 6 that the presence of unsteady flow occurs roughly
0.0k to 0.05 in Mach number after the criticel of the test panel
has been exceeded. At Mach numbers higher than 0.77 at a

of 0.10, or of Mach numbers higher than M = 0.72 at a
C; of 0.60 the flow becomes very rouch and turbulent, so much
80 that a sudden change from unsteady to break-away flow is
indicated by the motion pictures. The condition of unsteady flow
over the wing changes to break-away flow shortly after the limit
maximum pressure has been attained at station B. The limit section
normael-force coefficient at station B occurs about 0.03 in Mach
number. af ter break-away flow is observed.

The behavior of the tufts indicates that the actual criticals
can be exceeded somewhat before any change in flow pattern occurs
to produce changes of the aerodynamic forces. The first indication
of- flow disturbance is local, representing only a small portion of
the wing, but as the Mach number is increased further the disturbance
tekes place over 50 percent of the wing area.

The curves of airplane 1lift coefficient required for level
flight at various altlitudes included in figure € show that unsteady
and break-away flow will occur over the wing zbout 0.03 in Mach
number earlier at an altitude of 50,000 feet than at 20,000 feet.
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From the chordwise pressurse distributions presented in figure 5
it may be eseon that the test panel 1s operating at supercritical
speeds at Mach numbers above 0.65 for an airplane lift coefficient
of 0.20. Pressure pezks occur at 50 to 55 percent of the chord
which 1s the location at which unsteady flow was first obgerved
over the wing. It may be noted that the pressure éictributions
do not indicate separation of flow over the panel since a normal
Pressure recovery is shown to occur after the pesk pressure is
reached. An analysis of the air-flow behavior by observations of
surface tufts slone may erronously indicate early stages of
separated flow however, the additional information pertaining to
existlng pressure distributions shov that separation has not yet
occurred .

The comparison3 between the tuft surveys made in the Ames 16-foot
wind tunnel on a %ascale modsl snd the surveys made in flight show,

in general, a similar tuft behavior. However, the flight tests
showed unsteady flow over ths landing flap at low Mach nurbers

and hignh 1iTt coefficients wiaich was possibly due to the landing-flap
Junction. At a Mech number of 0.75 and at a Cp, of approximately

0.l both tests show the flow is tecoming unsteady behind the
50-percent chord point and at C;, of 0.3 both sets of data indicate

greater turbulence is present over the entire rear half of the wing.
A comparison of the flight photographs for M = 0.78 and
0. with the wind-tunnel photograpas for M = 0.79 and
’CL 0.Ch shows that both tests indicate break-away flow over the
‘rear of the wing starting at ebout 0.55c.

n
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CONCLUSIONS

It may be concluded from studies of the air-flow benavior over
the upper wing surface of a P-51 wing as indicated by surface tufts
that:

1. Steady flcw is maintained over the wing at a Mach number less
than 0.73 for a CL of 0.10 and a Mach number less than 0.68 for a

Cp, of 0:60; combinations of M and Cp higher then the linear
relation between these values produce unsteady flows over the rear
50 percent of the wing surface. Unsteady flows are first observed
roughly 0.04 to 0.05 in Mach number above the wing critical.
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2. Break-away flow first occurs after Mach numbers of O.77
and 0.72 at a Cp of 0.1 and ¢ .6, respectively, have been exceeded
and is obsorved shortly after the limit msximum pressure cceffi-
cient has been reached. Limit normal-force coefiicient oi' the
wing ssction occurs about 0.03 in Mach number after brenk-away flow
is first observed over the wing.

3. Observaticns of surface tufts alone without benefit of
prevailing pressure distributions may indicate separated flow before
separation actually occurs. '

4. Surveys made in the wind tunnel and during flight showed
good agreerment with the exception of the flows occurring over the
airplane landing flap. Tais discrepancy is probably due to the
break in the wing surface at the Tlap junction.

Langley Memcrial Aercnautical Laboratory
National Advisory Ccmumittee for Aeronautics
Langley Field, Va.

REFERENCE

1. Wood, Clotaire, and Zalovcik, John A.: Flight Investigation at
High Speeds of Flew Conditicns over an Airplane Wing as
Indicated by Surface Tufts. NACA CB No. L5E22, 1945.

-

B




Fig. 1

NACA RM No. L6103

T —

-4

s, o

P

-
-
3

o




Coubalo [e-X  dYf Jo Bl 1/8) o4y wo suoyoss
Outansosw - ounssoud  puo  swmod [y syt Jo  worwoo T i SN

SJOILNVNOY3V Y04 33LLINWOD
AYOSIAQY TVNOILVN

P e
- ¢ 2 SMOL f417 /
e SLIOYBYS : BlISSoA o i
]j/
™
m )
© |
—
o
= et
m " as/ | ‘J
< 4 &
2 J




e P R N R Y
o TR AR Gl

2

NACA RM No. L6103 Fig. 3a

Station B
N

: : ‘i' ! 1 ﬁ&"i-:' = Ll Y B
ion
Steady Flow A Steady Flow \
CL =02 CL S b

Unsteady Flow

Unsteady Flow
CL =0

C1,.5.0.8

NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS
> (e M= 055

Figure 3.- Photographs of tuft behavior on the upper
surface of the XP-51 wing at various airplane
lift coefficients.
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Figure 3.- Continued.

= 2 e S & 3 e
& r Fe \ ¥ o2 X 2




Steady Flow
CL = 0-3

Steady Flow
CL = 002

Unsteady Flow
CL 5 004

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

{ic )M =070
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Figure 3.- Continued.
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(e) M = 0.75

Figure 3.- Continued.
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Figure 3.- Concluded.
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Figure 4.- Photographs of tuft behavior on the upper
surface of the XP-51 wing at various Mach numbers.
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Figure 4.- Continued.
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. Figure 4.- Continued.
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Figure 4.- Concluded.
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