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FOR OPERATION UNDER ICING CONDITIONS
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SUMMARY

A preliminary investigation was made to determins
- whether some characteristic of the boundary layer could be
--used to provide satisfactory waraning of the incrsase in
the stalling speed of a wing caused by ice formations on -
the leading edge, The tests were conducted with a Isckheed
124 low-wing, twin-engiune, all-mstal transport airplane.
Wooden strips were usel to simulate the ice formations and
total-pressure surveys were taken near the trailing edge
behind the wooden strips as the airplane was stalled.
Most of the stalls were made in. level flight in the follow-
ing conditions: () cruiging, 80-percent rabted power;
(2) glide, power off, fTlaps retracted, landing gsar up;
and (3) gpvroach, power off, flaps fully deflected, land-
ing gear down. These flighte woere supplemenited by a few
stalls, in only the ernising condition, in which the air-
vlane was banked to produce normal accelerations ranging
from 1.2g to 1.68g. - : :

The most prouising characteristic of the flow near
the trailing edge that night be used as a warning of im-
pending stall was the decrease in total pressure at =a
given level above the wing surface to a value slightly
abeve free-stream static pressure ag the airplane gpeed
was reduced. ‘ : :

INTRODUCTION

The .development of stall-warning indicators has long
~been considered desirable because of the dangers asseciat-
ed with the unexpected stalling of an airplane and because
inherent warnings (such as tail buffeting) frequently are
not satisfaetory., The requirements for an entirely satis~
factory stall-warning indicator are very scvere. Adequate
and consistent warning should be orovided ‘with the airplane



in any condition of power or flap deflection, with the wing
loading changed because of variations in gross weight or
because of maneuvers, and with the local stalling speed of
any portion of the wing increased by ice formations on the
leading edge. Previous investigations by the NACA (reference
1) have produced a stall-warning device meeting all of the
listed requirements with the exception of providing warning
of increased local stalling speeds caused by ice formations.
The provision of warning for a wing on which ice has formed.
presents a double problem because the stalling speed of the
wing as a unit is increased an unknown amount and also be-
cause the sequence of sta;llmg of adjacent sections may be
altered.

The present test program for developing an indicator
to satlsfy the foregoing reaguirements consists of two
parts, The first part ie the determination of a basis
for stall warning at one section of the wing when that
section is made to stall prematurely by placing simulated
ice formations on the leading edge, Surveys were made on
the upper surface near the trailing edge to determine the
effect of the formations on the air flow over the wing
section as the airplane was stalled. The second part of
the test program consists of the extension of the surveys
to the rest of the wing in order that a serics of indi-
cators located spanwise can he used to show the sequence
of section stalling. P“011m1n“ry tests covering the first
part of this program have becn conducted by the NACA at
the Langley Momorial Aeronautical Laboratory and the re-
sults are reported herein,

APPARATUS

The airplane used for the investigation is a Lockheed
12A, twin-engine, low-wing monoplane shown in figure 1.
The wing details are shown in figure 2. The wing has a
span of 49.5 feet, split flaps lowering to a fully deflect.
ed position of 457, and ailcrons that droop 9.5° when the
flaps are fully extended,

Ice accretion on the wing was simulated by fastening
wooden strips with masking tape to the de-~icer attachment
strip on the upper surface at about 50 vercent semispan
from the planc of symmetry., (See fig. 2,) Two strips
were used - one of which was semicircular in cross section,
‘3 feet long, and 1/4 inch high and the other was triangular
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in cross section, 2 feet long, and 1/2 inch high.

The rake used in making the pressure surveys at the
trailing edge (see fig. 2) consisted of six tubes: one
static~pressure tuve and five total-pressure tubes. The
total-pressure tubes were spaced 1/2 inch, and the lowest
tube was 1/2 inch above the wing surface, The rake was
located 12 inches forward of the trailing edge and behind
the center of the wocden strip on the leading edge.

The static and total pressures measured with the rake
. were referred, respectively, to the free-stream static and
total pressure measured with an airspesd head mounted about
one chord length akead of the wing tip. (8ee fig. 1.) A
swiveling type of airspoed head that alines itself with

the local flow was used to keep to a minimum the variation
with speed of the static mressure nmeasured by the airspeed
head. The static-pressure orifices of the swiveling head
were calibrated by means of a suspended trailing alrspeed
head. (See fig. 3.)

Several tufts were distributed eover the wing to allow
the observer to correlate the progress of stall with the
measurement of pressures at the rake.

All pressurss were recorded by an NACA recording manom-
"eter and correlated by means of an NACA timer. TFor a few

of the tests, the normal acceleration at the center of grave
ity »f the airplane was recorded by an NACA recording ac-
celerometer,

PROCEDURE

Pressure records were taken as the airplane was grad-
nally astalled in the following conditions: (1) cruising,
80-percent rated power; (2) glide, power off, flaps re-
tracted, landing gear up; and (3) approach, power nff,
flaps fully deflescted, landing gesr down. The action of
the tufts was continuously observed, and the apvroximate
time at which more than one-~half the tufts behind the
wooden strip reversed their normal direction and then fluc-
tuated forward and rearward was taken as the sectimn stall,
At that time, the switch cmntrolling the manometer and
timer was momentarily opened to identify the section stall
candition on the pressure records,

Information concerning the effect of wing loading on



the pressures recorded at the rake was obtainsed during sev-
eral stalls made in a cruising condition as the airplans
was banked to incrcase thce normal acceleration.

RESULTS AND DISCUSSION

The data obtalned in these preliminary stall tests
have been analyzed by referring total pressures at the
rake to (1) free-stream total pressure, (2) static
_pressure at rake, (3) frce-stream static pressure, and
(4) static pressure from wing-tip swiveling head.

Total pressuyres at rake referred to free-stream total
pressure.— With no simulated ice on the leading edge, the
differences between the total pressures given by the three
lowest rake tubes and the free-sbtream total pressure did
not change sufficiently, as the airplane was stalled to
serve as a warning. The rest of the rake tctal-pressure
tubes, however, indlcated an nppreciable loss in total
pressure ss the section stalling speed was approached.

With the trisngular strip mounted on the leading
edge to simulate ice, however, the disturbance was so great
that a loss in total pressure equivalent to free-stream dy-
nanic pressure gq at an airplane speed of 90 miles per
hour, and equivalent to one-third free-stream dynamic pres-
sure at an airplane speed of 160 miles per hour, was reg-
istered by a rake total-pressure tube 2.5 inches above the
wing surface. Because of this large loss in total pres-
sure, the use of the difference between rake total pres-
sure and free-stream total pressure as a basis for stall
warning was not considered feasibdle.

‘ Total pressurcs at rake referred to static pressure
at_rake.= The local indicated velocities as determined
from the difference between the rake total pressures and
the rake static pressure were plotted agalnst the differ—
ence between the indicated airplane speed and the speed
corresponding to test-section stall. Figure 4 is repre-
sentative of these plots and shows the indicated veloclity
_at the rake total tube 1 inch above the wing surface for
the condition with the half-round strip on the leading
edge. The curves of this figure indicate a decrease in
the loecal velocity at a rate that would provide a good ba-
sis for a stall-warning indicator but possess an undesir-
able feature in the high velocities attained in the ap-
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proach condition. These high velocities were produced by
lowering the flaps, and their precence would require the
indicator setting to be a functicn of flap position. For
example, if the stall-warning device were set to operate
at a pressure corresponding to a local velocity of 45
miles per hour, reasorable warnings of 9,5 and 14 miles
per hour would bte obtainsd for the glide and cruising con-
ditions, respectively, but practically no warning would

be provided for the avproach condition. The indicator
would have to operatc at a local velocity of about 67 miles
per hour to provide a satisfactory warning for the flap-
deflected condition, This undcesirabdble feature of changes
in the indicator setting skould be avoided, if possible,
although a mechanical conncection betwecn the flap and the
warning device to change the pressure at which the warning
device would operate is conceivable.

Trotal pressures at rake referred to free-stream static
pressure.- The nossibility of including the flap-deflected
condition in a single indicator setting was presented when
the rake total pressurcs were referred to free-~stirean
static pressure and wore plotted against the difference be-
tween the airplane spsed and the smeed for test-section
stall, ¥Figure 5 shows this plot for the rake total-pressure
tube 1 inch above the wing surface for the two types of
strip used to simulate ice. This filigure shows that, by
gsetting an indicator %o operate when the difference between
the total pressure 1 iunch above the wing surface and the
free-stream static pressure drops to a value of 0.3 inch
of water, warning (ranging from 7 to 14.5 mph) would be
provided for all the test conditions. The indicated air-

" yplane speads for section stall in the cruising, glide, and

approach conditions were 86,5, 91.5, and 73.5 miles por
hour, respectively, with the halfwround simulated ice
strip and 93,5, 107, and 79 miles per hour, respectively,
with the triangular strio,

The two curves for each airpiane condition in figure
5(b) are the result of fluctuations in the total pressure
at .the rake, These fluctuations cculd probably be greatly
reduced by introducing damping in the tubes connecting
the rake total-pressure tubes to the manometcr; the warning
points in figure 5(b) have been sclected, thereforec, as
midway between the two curves for each airvlane condition,

¥o curves are presented for the condition of no ice
on the wing because the portion of the wing surface shown
as the shaded area B in figure 2 always stalled first



with power off and sometimes stalled first with power on.
Surveys have not yet been made in area B, but the indi-
cator located in that region would probadly be the first
to provide warning when no ice was present on the wings.

FPigure 5 indicates that the loss in total pressure at
the trailing edge of an airfolil referred to free~strean
static pressure may serve as a basis for warning of ap~
proaching stall. In any practical application, however,
the total pressure cannot be referred to free-stream static
pressurce. Furthermore, the magnitude of the ordinates in
figure 5 reveals that variations in the pressure used as
the reference source will have considerable cffect upon
~-the degree of warning providod. For example, if a warning
indicator werec sot, as shown in figure 5(a), to provide a
10-mile-per-hour warning in the c¢rulsing condition, a
change in the reference static source equal to 5 percent
of the free-strean dynanmlc pressure at cruising stall would
change the amount of warning provided by 2 miles per hour.

Total pressurcs at rake rcferrcd to static pressure
from wine-tinp swiveline head.- The effect of referring the
variation of total pressure at the rake to the static pres-
‘sure from the wing-tip swiveling head, which is a source
similar to that usually available in flight operations, is
shown in figure 6. The variations in the statlic pressure
from the swiveling head are shown in figure 3. The effcet
of these variations on the degrec of warning provided can
be detcrmined by a direct comparison of figures 5 and 6,
inasmuch as the indicator setting has been taken to be the
sane for all four figures.

n
e
b

Effect of wing loading.- The effect of wing loading
on the stall warniang provided for the cruising condition,
with the half-round wooden strip on the leading edge, is
shown in figure 7. The normal accecleration varied by
+0.1g for any one stall Dbecanse of the difficulties expe-
rienced in maintaining abdbsolute control of all flight fac~
tors, The lower curve indicates the airplane speeds at
which stall warning would be given with increasing normal
acceleration provided that the warning indicator were set
to operate when the difference between the total pressure
1 inch above the wing surface and free-stream static pres-
sure dropped to 0.3 inch of water. The upper curve shows
the airvlane speeds at which tést-section stall was obs
served for various values of normal acceleration, The de-
gree of warning can be seen to vary fron 10 miles per hour
with normal wing loading to 16 miles per hour with the wing
loading corresponding to a normal acceleration of 1.5z,
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Additional surveys.- Further investigations with the
indicator located farthsr outboard than in the previous
survey have confirmed the conclusion that, at points where
flow conditions are essentially the same as those at the
test section previonsly Aiscussed, the loss in total pres-
sure may serve as a basis for stall warning. Surveys at
the trailing edge in the slivstream, however, indicate that
the total pressure in the boundary layer is affected Dby
power to such an extent that the variation of loss in to-
tal pressure cannot be used as a basis for stall warning
in that region.

Limitations of total-pressure-loss type of indicator.-
Some uncertainty may exist in a practical application us-
ing the variation in toval pressure at the trailing edge
of the wing referred to sone source of constant pressure
as a eriterion for stall warning, inasnuch as the magni-
tude of this pressure variation may be so slight as to De
influenced by a nunber of factors affecting the measurement
of the reference pressure. One such factor is the loca-
tion of the sourcs of the reference pressure and another
is the change in $the physical characteristics of the instru-
nent neusurwng the reference pressure., An extremely desir-
able feature of the stall-warning indicator of reference 1
ig its abllity to mroduce a2 pressure va wriation of large
magnitude and, if this characteristic could, by further de-
velopnent, be incorporated in the total-pressure~loss type
of indicator, the device would be nmore practicable to use
than it is at the present tinme.

CONCLUSIONS

A preliminary flight investigation of the flow charac-
teristics near the trailing edge of a wing, as the airplane
was stalled with sinulated ice on the leading edge, indi-
cated the following conclusions:

1, The loss in tetal pressure at the trailing-edge
rake, when referred to free-stream total pressure, was to00
greatly influenced by the ice formabtions to serve as a bda-
sis for a warning of the approach of the stall,

2. The cbange in local velocity at the trailing
edpe waes sufficient and consistent enough to serve as
stall warning, but the effect of the deflected flaps on
the local velocity would require the indicator setting %o
be a function of flap position.



3. The difference between the total presgure at the
trailing edge and either the free-stream statle pressure
or the static pressure of the swiveling airspeed head
chan ged sufficiently to serve as a basis for stall warning
in all the conditions tested. The variation of toftal-
pressure loss, however, was too small to Justify the prac-
tical application of this loss as a basis for stall-
warning indication; further development would be desirable
to produce a large pressure change at the warning device
when the total pressure in the boundary layer reached the
critical value. '

4, Tor the cruising condition, the degree of section
stall warning varied with increasing wing loading from 10
. miles per hour with normal wing loading %to 16 miles per
hour with the wing loading corresponding to a normal accel-
eration of 1.5g produced by banking the airplane,

Langley Memerial Acronautical Laboratory,
National Advisory Commiittee for Aeronautics,
" Langley Fieid, Va.

REFERANCE

1., Thompson, F. L.: N,A,C.A, Stall-Warning Indicator.
T, N. No. 670, NACA, 1938, :
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Figure‘1;¥ lockheed 12A airplane used for stall-warning investigation. Swiveling air-

speed head installed one chord length ahead of leading edge at right wing
tip. .
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Indicated airplane speed above section stall, mph
(b) Triangular wooden strip.
Pigure 5,« Variation in total pressure 1 inch above wing surface and 12 inches

(a) Half-round wooden strip.
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