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SUMMARY

The effects of ice formetions on the section 1ift, drag, and
pitching-moment coefficients of aen unswept NACA 65A004 sirfoil section
of 6-foot chord were studied. The megnitude of the aerodynamic penalties
was primerily a function of the shape and slze of the ice formation near
the leading edge of the alrfoll. The exact size and shape of the ice
formations were determined photographically and found to be complex
functions of the operating end icing conditions.

In general, icing of the airfoil at angles of attack less than 4°
ceused large increases in section drag coefficients (as much as 350
percent in 8 minutes of heavy glaze icing), reductions in section 1lift
coefficients (up to 13 percent), and changes in the pitching-moment
coefficient from diving toward climbing moments.

At angles of attack greater than 4° the aerodynamic characteristics
depended mainly on the ice type. The section drag coefficients generally
were reduced by the addition of rime ice (by as much as 45 percent in
8 minutes of ieing). In glaze icing, however, the drag increased st
these angles of attack. The section 1lift coefficlents were variably
affected by rime-ice formations; however, in glaze lcing, 1ift increases
at high angles of attack amounted to as much as 9 percent for an icing
time of 8 minutes. Pitching-moment-coefficient changes in lcing condi-
tions were somewhat erratic and depended on the icing condition.

Rotation of the iced airfoll to angles of attack other than that
at which icing occurred caused sufficiently large changes in the pitching-
moment coefficient that, in flight, rapid corrections in trim might be
required iIn order to avoid a hazardous situation.

INTRODUCTION

In evaluating the mission capebility of an all-weather aircraft it
is necessary 1o determine its performance in icing conditions. Information
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concerning the aerodynamic penalties assoclated with icing of alrframe
components is therefore required. Research has been conducted by the
NACA to determine the drag penalties associated with leing of several
airfoils of thickness ratios from 9 to 12 percent {refs. 1 to 3).
However, the only available data on 1lift and pitching-moment penalties
due to icing of an airfoil are for an NACA 001l airfoil section {ref. 3).
These published aerodynamic data are useful for estimating the performance
penalties in icing conditions for large transport and bomber aircraft,
but are not readily applicable to high- speed high-altitude interceptor
aireraft because such aircraft generally utilize a very thin airfoil
(thickness ratio of the order of 4 percent). These interceptor sircraft
cruise at altitudes at which little, if any, icing occurs. The icing
problem of these aircraft is confined primerily to climb and descent,™
which are generally of short duration because of the high rates of climb
and descent. The aircraft may occaslonally be requlred to loiter during
letdown at altitudes where icing can occur; however, because the over-all
icing hazard is much reduced for these alrcraft compared toc conventional
transport aircraft, the elimination of airframe icing protection equip-
ment eppears attractive. It is therefore necessary to determine the
aerodynamlic penalties caused by icing of thin airfoll sectlone in order
to assess the need for icing protection equlpment on lifting and control
surfaces of high-speed interceptor aircraft.

In order to provide such deta for use in interceptor-aircraft mis-
sion analyses, studies were made in the NACA Lewis icing tunnel of the
aerodynsmic penalties associated with icing of an unswept NACA 65A004
airfoll section of 6-foot chord. These studles included the effect of
icing on the eirfoil-section 1ift, drag, and pltching-moment coefficients.
In addition, photographs of the cross sections of the ice formations
causing the changes in the aerodynamic characteristics of the airfoil
were obtained. .

SYMBOLS
The followling symbols are used herein:
o corrected angle of attack, deg

CD corrected section drag coefficient

Cy, corrected section 1ift coefflclent

CM corrected section pitching-moment coefficient sbout gquarter-chord
point

pl local static pressure on alrfoll surface, Ib/sq ft

3447
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Py free-stresm static pressure, 1b/sq ft

9, dynamic pressure, 1b/sq £t

Subscript:
0 initial value before icing
Superscript:

! measured serodynamic values (uncorrected)

APPARATUS

The model consisted of an NACA 65A004 airfoil section of 6-Ffoot
chord. (Coordinates for this section are given in ref. 4). The model
was mounted vertically to span the 6-foot height of the Lewis icing
tunnel (fig. 1). The airfoil was equipped with a 42-inch-span removable
leading-edge section that provided for installation of a variety of
icing protection systems. For this study, however, the removable section
was constructed of wood and covered with a sheet of 0.010-inch-thick
neoprene to prevent abrasion of the surface. The leading-edge sectlon
extended to 27 percent of the chord. The remainder of the airfoll sec-
tion was constructed of stainless steel and was lnternally steam heated
to prevent the accumulation of frost due to tunnel-air supersaturation
and turbulence.

The airfoil was cantilevered from the tunnel balance frame by a
mounting plete attached to the bottom of the airfoil. The balance frame
was connected to a six-component force-balance system. Smell air gaps
were left between the mounting plate and the tunnel floor (approx. l/&
in.} and between the airfoil asnd the tunnel ceiling (approx. 1/16 in.)
to isolate the model from all but serodynemic loads. Three forces on
the airfoil (1ift, drag, and pitching moment) were recorded simultaneously
on tepe by an electrically controlled printing mechanism at each balance
scale.

The section drag of the model was also measured near the midspan
with two side-by-side wake rekes, one mounted from the flcor and one
from the celling (fig. 1). These rakes were located about 38 inches
behind the trailing edge of the airfoll. Each rake consisted of 80
electrically heasted total-pressure tubes and five static-pressure tubes.
The total-pressure tubes were spaced on l/4—inch centers. The static-~
pressure tubes were evenly distributed on 5-inch centers along the
span of the rakes either slightly above or below the total-pressure tubes.
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The support struts for the rakes were alr heated for icing prevention.
Airfoil pressure distribution was measured at the midspan by means of
pPlastic pressure belts. All pressure data were photographically re-
corded from multiple-tube menometers. For drag determination from the
wake rekes, the manometer-board tubes were menifolded to provide an
integrating-type mancmeter.

In order to obtain photographs of cross sections of the ice forma
tione, the ice on the airfoill after an icing run wes removed by a
steam-heated lce scraper except for a narrow band In a chordwise plane
normal to the surface. The camers was poslitioned near the airfoil
leading edge and directed spanwise, nearly parallel to the leading edge.

A black 1/4-inch-mesh wire grid was placed ageinst the ice to provide

a8 scale of measurement, and & white wire of the grid was elined to be

an extension of the airfoil chord line. Further detalls of this technigue
are described in reference 5.

Liquid~water content was measured by means of a pressure-type
icing-rate meter (ref. 6). Icing-cloud-droplet size as a function of
spray-nozzle pressure settings was determined from a previous calibra-
tion of droplet size obtalned with water droplets carryling dye in solu-
tion (ref. 7).

Following the conclusion of the 1ift, drag, and pitching-moment
studies, the trailing-edge reglon of the airfoll sectlon was removed at
the 82-percent-chord station and modified tc incorporate & simple hinged
flap. This flap was also steam heated. The flap was remotely controlled
and adjustsble for flap engles of £15° relative to the airfoil chord line.
A strain-geage mechanism was installed to measure the flap hinge moment
required to hold the flap at a specified angle. The hinge moment was
recorded by a potentiometer.

CONDLTIONS AND PROCEDURES

The nominal values for the renge of icing conditions studied herein

are:
Alrspeed, Xnots . « « ¢« ¢« ¢ « + ¢« o s e o 4 ¢ o+ s s » « « « 109 to 240
Reynolds number . . . c e e e e e e e . . ~7x10% to 15.5x10°
Geometrlc angle of attack, deg N O I o e ]
Total air temperature, °F . . . . « « + « ¢« ¢« « « « + . . 0, 10, and 25
Water content, g/cum . . G e e s e e e 4+ . .0.45 t0 2.0
Droplet diameter (volume median), microns e e e e e e e e+ 11 to 19
Flap angle, €€ +« + « + « o« s 2 « = ¢« o s » » + = » + « » « =15 t0o +15

The specific combinations of water content, droplet size, and alirspeed
used in the icing tests are listed in table I. In general, the airfoll
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wag allowed to collect ice for periods of 3 to 17 minutes and data were
recorded at about 1/2- to 2-minute intervals. Photographs were taken at
the end of an icing period to record the shape and size of the ice
formetion.

In addition, ice formations were allowed to build up on the alrfoil
at a specified angle of attack for a particular lcing time; the angle
was then chenged severel times with the spreys turned off and aerodynamic
date were recorded for the various positions. This procedure permitted
an evaluation of the gserodynamic changes that might occur for (1) an
aircraft letting down through an icing condition and then flaring out for
a landing approach, or (2) an aircraft climbing through an icing condi-
tion and then cruising st altitude whille retaining the ice formation ac-
creted during climb.

In the evaluation of the effect of leading-edge ice formetions on
hinge moments, the following procedure was used: The alrfoil was permit-
ted to ice for a specified icing period; the flap was then moved over its
range of £15° and the moments were recorded; these data were then compared
with similar measurements obitained in clear air with & clean leading edge.

The most convenient method of obtaining the deslred serodynamic data
for the studies presented herein was by means of the balance system.
However, a previous study (ref. 3) had shown that for certain operating
conditione airfoil end effects caused by the alr gaps between the model
and the tunnel could result in appreciable errors in the determinstion
of the alrfoil aerodynamic characteristics. Consequently, the section
l1ift and pitching-moment coefficients in clear air obtained from the
balance system were checked against values obtained from an integration
of the surface pressure distribution over the airfoil. Both normal and
chordwise components of the pressure distribution were considered in
these computations. The section dreg coefficlent in cleer air cobtained
from the balance system was checked with values cbtained from a momentum
survey in the wake of the airfoil and slso with values from an integra-
tion of the surface-pressure distribution.

A comparison of the 11ft and pitching-moment coefficients in clear
air calculated from surface-pressure distributions with those measured
with the balance system is shown in figure 2 for various geometric angles
of attack a'. The agreement between the two methods indicates that the
airfoll end effects were not significant with respect to 1lift and pitching
moment. Therefore, the 1ift and pitching-moment values obtained with
the balance system in icing conditions are belleved to be valid.

A comperison of sectlon drag coefficients in clear air obtained by
three methods is shown iIn figure 3 for geometric angles of attack from
0° to 12°. For angles of attack greater than sbout 4°, generally good
agreement is noted for the section dreg celculated from the pressure
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distribution and the balance system. However, at the higher engles of
attack the drag calculated from the wake survey becomes progressively
greater then that obtained by elther of the other two methods. The equa- v
tions developed for momentum losses in the weke (refs. 8 and 9) apparently
do not apply at the higher angles of attack, probably because the sirflow
separates from the upper surfece of the airfoll, as is discussed later in
this report. For angles of attack from 0° to 49, the section drag calcu-~
lated from the wake survey is less than that obtained from the balance
syetem, but from 0° to 2° is greater than that obtained from an integra-
tion of surface-pressure dlstribution. The high drag values measured with
the balance system are attributed In pert to the airfoil end effects

(ref. 3). The section drag values obtained from an integration of the
surface-pressure distributions are conslidered low because of problems
inherent in the computations and because skin friction is not included in
the pressure draeg celculations. Accordingly, in the angle-of-attack range
from 0° to 49, the wake-survey velues are considered to be the most valid.

BTV

Increases in sectlon drag coefficients due %o lce formations on the
airfoll were substantlally the same whether drag was measured with the
balence system or by the wake-survey method (see also ref. 3). It was
decided, therefore, that all initlal values of 1ift, drag, and pltching-
moment coefficients for the airfoil in clear alr as well as changes in
these coefficlients due to icing would be based on measurements from the
balance system, except for the initial drag values at geometric angles
of sttack of 4° and lower. These latter values would be obtained from
wake-survey measurements.

All initial velues of sectlon 1ift, drag, and pitching-moment coef-
ficients for the clean alrfoll are corrected for tunnel-wall interference Y
effects by use of equations given in reference 10. In general, compared
with the measured values for the clean airfoil, the corrected Lift was
approximately 16 percent less, the corrected dreg sbout 8 percent less, e
the corrected pitching moment up to 18 percent more negative at high
angles of attack, and the corrected angle of attack a maximum of about
12 percent greater.

Anslysis of the effect of tunnel-wall interference on changes in
the airfoil aerocdynamic characteristics caused by ice formations showed
negligible corrections. To obtain absolute values of the respective
coefficlents for the iced alrfoil, the corrected initial coeffliclents are
added to the uncorrected changes in coefficients caused by leing.

Except as noted, the data shown are in terms of changes in the aero-
dynemic characteristics of the alrfoll with duration in icing. In the
calculations of all aserodynamic coefficients the increase in planform area
caused by the ice formations (less than 3 percent) was neglected.
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RESULTS AND DISCUSSION
Aerodynemic Characteristics of Airfoil in Clear Air

Aerodynamic coefficients. - The airfoll-section 1ift, drag, and
pitching-moment coefficlents corrected for tunnel-wall effects are shown
as a function of angle of attack in clear air in figure 4. The slope of
the 1ift curve is linear up to an angle of attack of gbout 4°. Near this
engle a slight discontinuity in the 1i1ft curve is apparent, following which
the slope of the 1lift curve is slightly reduced from that measured at the
lower angles. The maximum 1ift coeffitient, 0.93, occurred near an angle
of attack of 11.5°. Beyond maximum 1ift there was not any sudden loss in
lift. The 1ift characteristice of the alrfoll at angles of attack greater
than 4° are affected by flow separation occurring near the leading edge on
the upper surface of the ailrfoll, as discussed In the appendix. The sec-
tion drag coefficient increased slowly from gbout 0.006 at zero angle of
attack to sbout 0.008 at 3°. For angles of attack greater than 39 the
section drag coefficient increased rapidly and reached a value of sbout
0.22 at an angle of attack of 12.5° (see appendix). The section pitching-
moment coefficient changed from zero to sbout -0.008 as the angle of
attack was increased from zero to 3°. The pltching-moment coefficient
then was nearly constant at a value of about -0.008 for angles of attack
from 3° to 7°. At angles of attack greater than 7° the pitching moments
progressively became more negative (to a value of -0.17 at an angle of
attack of 12.5°), thus constituting larger diving moments (steble flight
condition).

Pressure distribution. - The distribution of the pressure coefficient

P - Po '

d9
of dimensionless surface distance from the zero-chord point for variocus
geometric angles of attack up to 11°. Typical plots for several of these
pressure distributions sre shown in figure 5. The data shown in figure 5
indicate the presence of flow separation near the leading edge on the
upper surface of the airfoll for geometric angles of attack greater than
about 4°, as discussed in the appendix. This flow seperation is as-
sociated with the large drag coefflcients for these angles of attack
(£ig. 4).

over the alrfoil surface 1s tsbulated in table II as = function

The exlstence of this flow separation on the clean airfoil is of
special interest in evaluating the aerodynamic characteristics of an iced
airfoil. As discussed In the appendix, flow separation can be influenced
by the size, shape, and location of ice on an airfoll. This effect of ice
on flow separation helps to explain some of the changes In airfoll asero-
dynamic characteristics due to ice that are presented in the following
sections.
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Ice-Formation Characteristics

Typilcal photographs of ice formations observed on the leading-edge
region of the airfoll are shown in figures 6 to 8. These ice formations
fit into the general categories of glaze, intermediate, and rime ice.
The glaze-ice formations (fig. 6(a)) are characterized by bluff nearly
transparent ice caps that protrude from the surface normal to the local
airstream.

The glaze lce 1is further characterized by ‘the more positive ice
angles. The ice angle is defined in reference 5 as the angle between the
extended chord line and the ice edge first resched in going from the
upper to the lower surface of the airfoil. The ice angle 1s considered
positive if the ice edge is above the chord line and negative 1f the
lce edge 1s below the extended chord line. Glaze-ice formatlons generally
are produced by operating and icing conditiomns which result in relatively
high impingement rates and low heat-trensfer rates on the airfoil surface,
which thereby permlt the impinging droplets to run or flow along the
surface before they freeze. Rime icing is characterized by a more stream-
lined opaque ice formation that protrudes forward intoc the airstream
(fig. 6(b)). This type of ice formation is characterized by a small
positive or a negative ice angle (usually negative at higher angles of
attack). Rime-ice formations are generally produced by operating and
icing conditions which result in low impingement end high heat~transfer
rates, which cause the droplets to freeze at or near the point of impact.
Ice formations that have some characteristics of both rime and glaze
icing are herein arbitrarily categorized as intermediate ice (fig. 8(b)).

The change in shape of typlcal glaze- and rime-ice formations with
icing time for an angle of attack of 2.2° ig shown in Ffigure 6. (All
angles of attack mentioned hereinafter are corrected for tunnel-wall
effects.) For the glaze-ice formation (fig. 6(a)) the primary ice ac-
cumulation occurs very near the leading edge of the airfoil. Aft of the
primary ice cap & smaller broken ice formation is observed on the lower
surface of the airfoil. The ice cap neer the leading edge of the airfoil
becomes larger with icing time and after 14 minutes in iecing has assumed
a pronounced double-peak formation with a positive ice angle of about 43°.
The total projected frontal helght of this ice formation is about Z%
inches, or almost the same as the maximum airfoil thickness. The rime-
ice formations in figure 6(b) show that the general shape of the ice cap
does not change materlally with icing time. The ice formation grows
forward parallel to the local airstream and has a projected frontal height

of about l% inches after en icing time of 10 minutes.

Typical gleze-ice formations for angles of attack of 0° to 6.8° are
shown in figure 7(a). These photographs show that for a glaze-ice forma-
tion at zero angle of attack a symmetrical double-pesk ice formation 1s

RCHT
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formed near the leading edge of the airfoil and little or no ice is formed
on the airfoil aft of the primery formation. The large ice cap shields

the downstream surfaces of the airfoll from direct water-droplet impilngement.
At the 2.2° angle of attack the double-peak primary ice formation is alsc
evident; however, it is unsymmetrical, and there is a broken ice formation
on the lower surface. At the 4.4° angle of attack a true double-peak ice
formation is not evident at the leading edge, end there is an increased
quantity of ice on the lower surface. At an angle of attack of 6.6° an
almost uniformly thlck but broken ice formetion extends aft on the lower
surfece for about 6 percent of chord before gradually tapering off in
thickness as the limit of droplet impingement is approached. Impingement
characteristics for the 65A004 airfoll are contained in references 4 and

5. The broken ice formations, which resemble ice clumps in the photographs,
actually consisted of spanwise ice ridges. With Increasing angle of at-
tack less ice formed above the extended chord line on the upper surface

of the airfoil.

With rime icing (fig. 7(b)) the ice forms in the region of the
greatest local impingement rate and faces into the airstream. At angles
of attack greater than zero for this airfoll, rime ice forms an sero-~
dynemic "nose flap". This nose flap, especially at high asngles of attack,
adds camber to the airfoll and thereby tende to improve some of the aero-
dynamic characteristics of the iced airfoll compared to the clean airfoil,
as shown later.

The effect of rate of water caich on the ice formation near the
leading edge of the airfoil is shown in figure 8. With an increase in
water-catch rate, the ice formation grows faster, becomes more character-
istic of glaze iclng, and projects into the alrstream more normal than
parallel to the local flow field. The alteration of ice shape with water
content and drop size (both Pactors contributing to rate of water catch)
is graphically illustrated in figure 8 by the change in the ice angle.

As the water-catch rate increases, this angle becomes less negative and
then positive.

Variation of Aerodynamic Charsascteristics with
Tcing Time, Ice Shape, and Angle of Attack

The changes in section 1ift, drag, and pitching-moment coefficients
with lcing time obtained in this study are shown in figures 9 and 10
for various constant angles of attack. Alsc shown in these figures are
cross sections of the ice deposits on the leading-edge region of the
alrfoil. These sketches were traced from photographs of the ice taken
et the end of the runs (similar to those shown in figs. 6 to 8) and
depict the ice shaepes for only gbout the forward 7 percent of the airfoil.
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In general, enalysis of the aerodynemic date and the ice-formation
photographs showed that, in lcing conditions, changes in the aerodynsmic
characteristics of the airfoll were related to the size and shape of the .
ice formations. The ice size and the resulting changes in aerodynamic
coefficients generally increased progressively with lncreasing lcing
time. With ice classified as glaze, rime, or intermediate, the general
trends in the aerodynamic changes due to lce shown in figures 9 and 10
can be summerized as follows:

>
Coeffi- | Type of ice Predominant type of change in g
clent coefficient at airfoll angle
of attack of -
0° | 2.2°) 4.4°} 6.6°] 8.8°]10.6°]11.6°

Drag Glaze 8y + + + + nd nd

Intermediate + | nd |+ | o= T

Rime + + V/ - - nd -
Lift Glaze 0 ] ~ [N + + | nda | nd

N
Intermediste o] nd - w0 | + ~
™

Rime 0 - ~ 0 - nd | +
Pitching| Glaze o | + + el ] - | nd | nd
moment T PRe

(v) Intermediate 0 nd + | + | ONL - ¥+ .
N~
Rime 0 0] 0 o) + nd +
a+ Incresgse ~ variaeble
- decrease nd no data

0 negligible

bChanges in pitching-moment coefficients are changes in direction
rather than changes in magnitude; a change to a smaller negative
value is a positive increment and is consldered an increase.

The changes in aerodynamic coefficients caused by ice formations
are functions of the ice type and angle of attack. For example, the drag
coefficients always increased in glaze-icing conditions, whereas in rime-
icing conditions drag decreased at angles of attack above about 4°. As
expected, the intermediate ice type ceused drag changes intermediate
between those of rime and glaze icing. Consequently, zones of increasing
and decreasing drag coefficients due to ice can be visualized in the -
foregoing table, and are separated by a dotted line as an ald in inter-
preting the trends. The trends of the 1ift and pitching-moment changes
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due to ice are not as simple and consistent as are those of the drag coef-
ficients. With some exceptions however, the 1ift coefficients generally
increased because of icing at the higher angles of attack (above sbout 6°
wlth glaze icing and above about 10° with intermediate and rime icing).

At lower angles of attack 1ift generally decreased or changed negligibly
because of icing. Pitching-moment changes due to ice were always positive
increases or negligible, except between angles of attack of about 8° and
11° in glaze~ or intermediate-icing conditions, where the values decreased.

The addition of ice to the airfoil was usually detrimental to its
gerodynamic characteristics up to an angle of attack of sboutb 4°. Above
this angle, lce frequently lmproved the cheracteristies by reducing drag,
increasing 1ift, end sometimes decreasing the pitching moment (increasing
diving moment). Although these benefits did not gererally all occur
simultaneously, they did all occur at the 10.6° angle of attack with
intermediate icing.

The preceding aerodynamic effects and trends with respect to ice
formations on the 654004 airfoil section cannot easily be explained wlth
complete satisfactlon; however, the following factors account for most of
the observed effects. Below an angle of attack of about 4° good airflow
over the clean sairfoil exists, and the ice formations that build up in
all typee of lcing conditions have the primsry effects of adding roughness
and flow spoilers to the surface, which add to the drag and reduce the
1ift. Above an angle of attack of about 4°, flow separates from the upper
surface of the clean airfoil (see the appendix), resulting in large drag-
coefficlent increases and slight 11ft reductions. Rime-ice formations at
these higher angles of attack form at negative ice angles and often
resemble depressed nose flaps. Such “flaps" apparently assist airflow
over the nose and reduce the extent of flow separation; consequently,
the drag is reduced. Glaze-lce formations, even at these higher angles
of attack, still constitute flow spollers (with positive ice angles)
and cause drag increases. However, the l1ift also generally increases
with glaze ice on the asirfoll, probebly because of 1lift forees on the
ice (which in this case acts as a raised nose flap), and possibly because
the ice shape reduces the pressure bubble on the upper surface near the
leading edge. It is also possible that 1ift decreases in rime-icing
conditions are partiaslly attributable to the ice formations that resemble
depressed nose flaps. It is shown in reference 11 that & leading-edge
flap on a symmetrical NACA 65A008 swept airfoil can reduce both 1ift
and drag when depressed and can incresse both 1ift and drag when raised.
The complex trends in the 1ift end pitching-moment changes due to ice
shown in figures 9 and 10 are the results of factors such ss those described
above, and the net effects depend on the relatlve magnitudes of the fre-
quently opposing factors.

The magnitudes of serodynamic changes due to ice, given both as ab-
solute values and as percentage changes from the clean-airfoll coefficients,
are shown in figure 1l as a function of angle of attack for three repre-
sentative lcing conditions for periods of 1 and 8 minutes. The curves show
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that the sbsolute values of the aerodynamic coefficients generally change
more at the higher angles of attack, but the percentage changes are gen-
erally greater at the lower angles of attack, because of the lower values
of clean-airfoil coefficients (see fig. 4). In fact, for the examples
shown, the greatest percentage increases in drag occurred at the 2.2°
angle of attack. The largest percentage changes shown in figure 1l are
as follows: :

Coeffi-} Greatest changes Angle of| Type of ice
clent due to ice, percent] attack,
of clean-alrfoil deg
coefficients
Lift +8.7 6.6 Glaze
-7.8. 2.2 Glaze
Drag +350 2.2 Glaze
-45 6.6 Rime
Pitch +65 8.8 Glaze
-150 4.4 Intermediate

Herein, pitching-moment percentage changes are referenced to clean-airfoil
values, which are negative; therefore, a change of +65 percent represents
a change from a negative value to a more negative one (diving moment).

It can be seen that sizable percentage changes may occur in the asero-
dynemic coefficients beceuse of the addition of ice formations. Even
larger changes may be found in the data of figures 9 and 10. For exanmple,
in figure 10(a) at an air temperature of O° F a decrease of 0.028 in the
1ift coefficient due to ice represents a 1lift reduction below the clean-
airfoll value of 13 percent. The large percentage changes in pltching
moment can be considered negligible, however, because of the small values
for the clean airfoil.

Effect of Icing Variables on Aerodynamic Characteristics

The previous section demonstrates the important effects of ice shape
on the airfoil aerodynamic characteristics. Several icing variables
affect the shape of an ice formetion, for example, air temperature,
liguid-water content, droplet size, lcing time, alrspeed, angle of attack,
and airfoil impingement efficlenclies. An analysis of the Jjoint effects
of these variables on the ice shape, based on the data presented herein,
is given in reference 5. The analysis also includes an egquation that
correlates the general effect of these ilcing variables on the resultant
aerodynamic drag changes due to the lce. In the paragraphs that follow,
the effects of some of the icing varisbles on aerodynamic characterlstics
are illustrated merely by means of specific comparisons of data,
wherein only one (or a minimum nuwber) of the factors was varied.

5% 44
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Two examples of the effect of alr temperature on the aerodynamic
characteristics of the iced airfoll may be shown by comparing data from
figures 10(a) and (f). These data, listed in the following table, were
taken from the sguare symbols in both figures and were obtained at the
following conditions: liquid-water content, 1.45 grams per cublc meter;
alrspeed, 152 knots; angles of attack, 2.2° and 8.8°; air temperatures,
0° and 25° F; and icing time, 8 minutes.

Figure|Angle of| Alr Change in aerodynamic
attack, | temper-| coefficient due to ilcing
deg |ature, In og | Lift Pitching
moment
10(a) 2.2 o] 0.009| -0.028 0.008
10(sa) 2.2 25 .017{0 to -.008 .008
10(£) 8.8 o] -.045 &g .024
10(£) | Ps.s 25 |c.012| %.03 ®_.02

Meximum change during 8-mlnute icing period, -0.02.
Prce shedding during run.

CMaximum change during 8-minute icing period, 0.019.
OMeximum chenge during 8-minute icing period, 0.064.

Maximm change during 8-minute icing period, -0.032.

Increasing the air temperature from 0° to 25° F in both of these examples
changed the ice type from rime to glaze and increased the drag and 1lift
coefficients of the iced airfoil; the pitching-moment coefficients with
ice on the airfoil at the 8.8° angle of attack became more negative,
whereas at 2.2° no change occurred.

The initlal rate of water caitch, shown on figures 9 and 10; is a
calculated term thet includes the product of ligquid-water content, alrfoil
impingement efficiency, and airspeed. This term is indirectly affected
by droplet size and angle of atback, as these varisbles influence the
airfoil impingement efficiency. An example of the effect of varying the
initial rate of water catch on the aserodynamic characteristics of the
iced airfoil, obtained from figure 10(e), is given in the following teble.
In this comparison, the followlng conditions were constant: airspeed,

152 knots; air temperature, 10° F; angle of attack, 4.49 icing time,
6 minutes.
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Initial rate of | Type of lce|Change 1n merodynamic
water catch, coefficient due to ilce
1b/(min) (£t span)

Drag |Lift | Pitching
moment
0.045 Rime ~-0.003 0 0.002
092 Intermediate .014|-.0186 014
.127 Glaze .0221-.023 .002

Although these changes varied with icing time, the numbers quoted illus-
trate the general itrends in this example; specifically, increasing the
initial rate of water catch changed the ice from rime to glaze, increased
the dreg, decreased the 1if't, and varilably affected the pitching-moment
coefficients for the iced airfoll. Reference 5 shows that the initial
rate of water catch remains nearly constant with icing time in a rime-
lcing condition, but in glaze-icing conditions the rate of water catch
(determined by weight of ice collected) increased progressively with time
in icing.

The effect of airspeed on the aerodynamic characteristics 1n icing
is rather complex, and consequently, to quote specific examples might
be misleading. Furthermore, the icing tests at angles of attack greater
than 4.4° were conducted at only one airspeed. Therefore, the data of
figures 9 and 10(a) to (d) should be referréd to in estimating the air-
speed effect for any specific condition of interest.

Aerodynemic Characteristics of Iced Airfoil Involving
Changes in Angle of Attack

In flight, an aircraft may pass through an icing condition at one
attitude (angle of attack) and then continue the Flight in clear air at
another attitude. Data were obtained to simulate this flight procedure
and. are presented in figure 12. The data are shown in this figure by the
following: (1) a solid curve representing the clean-airfoil aerodynamic
characteristics, (2) open symbols representing the aerodynamic data ob-
tained when the airfoil was iced at a particular angle of attack and then
rotated to other angles, and (3) solid symbols representing the aerodynsmic
coefficients obtalned when the airfoll was lced at each of the various
angles of attack shown by the symbols (same icing condition as for item
(2)). These data are plotted as a function of angle of attack in figure
12. Data for item (3) were.obtained from figure 10.

Rotation of en iced airfoil to higher angles of attack resulted in
drag-coefficient. increases significantly greater than those obtained when
the airfoll was iced at the higher angles. . For example, when the airfoill

RETY
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was iced at the 2.2° angle of attack in glaze-icing conditions (open square
symbols in fig. 12(b)) and rotated to 8.8°, a section drag coefficient of
0.137 was obtained, compared with a value of 0.100 when the alrfoll was
iced at 8.8° (solid square symbol). These values compare with the clean-
airfoil drag coefficient of 0.112 at the 8. g° angle of attack. Rotation
of an iced airfoil to lower angles of attack could result In elther small
drag reductions or increases compered to the values obtained when the
airfoll was iced at the lower angles; however, the drag values in these
case? ¥?re still much larger than thHe clean-airfoil values (figs. 12(d)

and (e)).

Negative pitching-moment coefficients up to 12 times those obtained
with & clean alrfoll could be obtained by icing the airfoil at high angles
of attack and then rotating the iced airfoll to lower angles. With ice
formed at the 8. 8° angle of attack, for example, the pitching-moment co-
efficient for the iced airfoil at angles between 2° and 7° (fig. 12(f))
averaged sbout -0.10 compared %o the clean-airfoll value of about -0.008.
Conversely, when the alrfoll was iced at low angles of attack (O° and 2.2°)
and then rotated to higher angles, the piltching moment compared to that
for the clean airfoil generally became less negative, and frequently
positive values of pitching moment were attained (figs. 12(a) and (b)).

Following an icing encounter, if & maneuver required = rapid sequence
of angle-of-attack changes, considereble difficulty might be expected in
attempting to adjust the aircraft trim to cope with the changes in magnl—
tude and sense of the pitching moment.

Rotating an iced airfoll to other angles of attack resulted in 1lift
coefficients compareble to those obtained when the airfoil was iced at
these engles, and also comparable to those obtained for the clean airfoil.
However, at angles of attack near 11° and 12°, with rime ice on the airfoil
formed at low angles (figs. 12(a) and (b)), the 1ift coefficients of the
iced airfoll were greater than those for the clean airfoll, probably be-
cause of the flap effect of the ice, as discussed previously.

Effect of Airfoil Ice Formations
on Trailling-Edge Control-Surface Forces

Over & range of lcing conditions considered to be glaze, and with
angles of attack from 3.3° to 8.8°, flap angles up to £15° and an airspeed
of 152 knots, no significant effects on the control-surface hinge moments
due to lice formations on the leading-edge region of the airfoil were ob-
tained. The negligible change in control-surface hinge moment (and hence
stick force) due to the icing is attributed to the inherently poor alrflow
over the upper surface of the airfoil. Apparently the ice formations on
the leading-edge regions of the airfoil did not alter the airflow at the
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control-surface station sufficiently to affect the control effectiveness.
However, the control effectiveness for airfoils which normselly have good
upper-surface airflow might be more seriously affected by leading-edge
ice formations than the thin airfoll studied herein.

SUMMARY OF RESULTS

A study of the effect of ice formations on the 1lift, drag, and
pitching-moment characteristics of an unswept NACA 65A004 airfoil deter-
mined the following principal results:

1. The magnitude of the aerodynamic penalties wase primarily a func-
tion of the shape and size of the ice formation near the leading edge of
the airfoll. The size and shape of the ice formation in turn was a
complex function of such variables as water content, droplet size, alr
temperature, icing time, airfoil angle of attack, and airspeed. (Empirical
correlations among these variables, the ice shape, and aerodynamic drag
due to ice are given in TN 4151, based on the present data.)

2. In general, lcing of the airfoll et angles of attack less than

4° was detrimental to the aerodynamic characteristics. Icing caused
large increases in section drag coefficient (as much as 350 percent in

8 minutes of heavy glaze icing), reductions in section 1ift coefficilents
(up to 13 percent), and changes in the pitching-moment coefficient from
diving toward climbing moments.

3. At angles of attack greater than 4° the aerodynamic characteristics
of the alrfoll were at times either penalized or improved by ice forma-
tions on the airfoil, depending meinly on whether the ice was glaze or
rime in character. In rime-icing conditions the section drag coefficilent
was generally reduced by icing compared to that for the clean airfoil
(by as much as 45 percent in 8 minutes of icing). In glaze-icing condi-
tlons drag rises occurred at these higher angles of attack; however, the
1lift also lncreased, as much &8s 9 percent for an icing time of 8 minutes.
Pitching-moment coefficients in icing conditions were somewhet erratic and
depended on the lcing condition.

4. Drag reductions due to ice on this airfoll were possible because
at times the ice formations altered the aserodynamic shape sufficiently to
reduce the extent of upper-surface flow separation below the amount
present in clear air (beginning st an angle of attack near 4°). Lift in-
creases due to lce were partly attributed to reductions in extent of
flow separation and partly to lift forces on the ice itself, which at
times was analogous to & leading-edge flap.

62TV
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5. Rotation of the iced airfoil to angles of attack other than that
at which iecing occurred generally created aerodynamic effects different
from those that resulted when the airfoil was 1lced at these angles; such
rotation caused changes in the pitching-moment coefficient sufficiently
large to indicate that difficulty might be expected in trim adjustment
to avoid a hazardous flight situation in maneuvers requiring rapid changes
in airfoil eattitude with ice on the airfoil.

6. For the conditions investigated, no significant effects on
trailing-edge control-surface hinge moments were determined as a result
of ice formations on the leading-edge region of the airfoil.

Lewis Flight Propulsion Leboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, October 24, 1957
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APFENDIX - EFFECT OF FLOW SEPARATION ON AERODYNAMIC
CHARACTERISTICS OF AIRFOIL

The surface-pressure distribution over the airfoll is given in table II
and is shown for severel angles of attack in figure 5. These data show that
a pressure bubble assoclated with flow separation occurs on the upper sur-
face near the leading edge beginning at en angle of attack near 4° and ex-
tending to higher angles of attack. According to reference 12 the reglon
of separated flow 1s characterized by boundary-layer flow separation near
the leading edge followed by reattachment downstream on the alrfoll surface.
This flow separation 1s typlcal of thin low-drag airfoils af moderate and
high angles of attack. The pressure bubble 1s characterized, as shown in
figure 5, by & partlally collapsed negatlive pressure peak followed by a
region of approximately constant pressure (ref. 12). With increasing angle
of attack the pressure peek is progressively reduced and the region of
constant pressure is increased (fig. 5), which indicates greater regions
of separated flow over the upper surface of the airfoil.

The flow separation over the upper surface of the alrfoll resulted
in & slight discontinuity of the 1ift curve near the 4° angle of attack
(figs. 2 and 4). Beyond meximum 1ift there was no sudden redistribution
of the surface pressures, hence, no abrupt loss in 1ift. The separation
also resulted in an abrupt increase in drag near the 4° angle of attack.
With lnereasing angle of attack the larger reglons of separated flow also
produced increasingly negative pitching moments.

On a thin airfoll, flow separation near the leading edge can be
eliminated or its size and location altered by use of (1) increased
airfoil leading-edge radius, (2) camber, (3) leading-edge flaps, and
(4) flow disrupters, including protubersnces, serrations, and roughness.
Elimination or reduction of the pressure bubble will reduce the large
drag rise observed at high angles of attack and may also result in im-
provements in the 1lift coefficient.

An ice formation may affect flow separatlon on a thin airfoil in any
or all of the preceding ways. The effectiveness of the ice formation in
delaying or eliminating flow separation is a function of the shape, size,
and location of the ice. Consequently, the effect of ice on flow-separation
characteristics depends on operating and icing conditions and the icing
time. .

6C7¥
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TABLE I. - COMBINATIONS OF WATER CONTENT, DROPLET SIZE, AND

AIRSPEED USED IN ICING STUDIES

Water content,
g/cu m

Droplet dismeter
(volume median),
microns

Airspeed, knots

0.45

11.3

240

0.63

12.5

240

0.90

15.0

240

0.85

13.7

152

1.20

17.5

240

1.40

15.0

109

1.45

16.5

152

1.86

19.0

152

2.00

18.0

108

6E%Y
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TABILE II. - SURFACE-PRESSURE DISTRIBUTION

2l

Surface location, Surface-pressure coefficient, (;& - po)/ho
ratlo of surface
distance to chord Geometric angle of attack, a', deg
(a) 0 1 2 3 4 5 6 8 10 1
-0.95 ~0.014 | -0.034 | -0.038 | -0.040 | ~0.05) | -0.103 | ~0.097 | -0.182 | -0.447 | -0.513
-.80 -.026 -.054 -.083 -.086 -.096 -.128 -.158 -.265 | -.536 -.624
-.80 -.064 -.099 -.134 -.141 -.156 ~.191 -.2189 -.325 | -.588 -.710
-.70 -.109 -.143 -.186 -.201 -.223 -.257 -.289 ~.398 -.870 -.807
-.60 ~.135 -.166 -.231 -.249 -.274 -.316 -.354 -.480 -.763 -.893
-.50 -.141 -.192 -.249 -.278 -.309 -.368 -.412 -.582 -.892 | -1.02
-.40 -.170 -.224 -.297 -.332 -.376 —.434 -.482 -.738 | -2.086 -1.16
-.35 -.148 -.211 -.287 -.332 -.382 | -.451 -.514 -.850 | -1.16 -1.23
-.30 -.148 -.211 -.291 -.342 -.405 -~ 477 -.563 -.997 | -1.28 -1.29
-.25 -.116 -.192 -.279 -.339 - 4l4 -.507 -.6371 -1.17 -1.38 -1.34
-.20 -.116 -.211 -.298 -.367 ~.45% -.569 -.772 | -1.38 -1.45 -1.38
-.186 -.116 -.214 -.328 -.409 -.506 -.655 -.965 | -1.53 -1.53 -1.40
-.12 -.109 -.227 -.3557 —.457 -.573 -.796 | -1.27 -1.66 -1.60 -1.41
-.10 -.100 -.227 -.371 -.486 -.621 —.905 | -1.43 -1.68 -1.62 -1.42
-.08 -.084 -.227 -.390 -.524 -.694 | =1.09 -1.62 -1.89 -1.64 =1.43
-.08 -.087 -.240 —.433 -.591 -.825 | -1.38 -1.75 -1.67 -1.62 -1.41
-.05 -.084 -.259 -.468 -.649 -.933 | -1.54 -1.79 -1.66 -1.62 -1.40
-.04 -.103 -.291 -.539 -.744 | -1.08 =1.72 -1.80 -1.64 -1.61 -1.39
-.03 -.103 -.329 -.613 -.866 | -1.27 -1.89 -1.82 -1.65 ~1.61 -1.39
-.02 -.122 -.425 - 774 | -1.11 -1.61 -1.94 -1.84 -1.70 -1.66 -1.45
-.015 -.135 -.508 -.928 {-1,35 -1.88 -2.,02 -2.10 -1.99 -1.81 =1.48
-.010 ~.154 —o81l7 | m=——m— =1.70 -2.2% -2.63 | -2.91 -2.77 -2.28 -2.17
-.0075 -.138 -.693 | -1.37 -2.05 -2.71 -3.20 -%.22 -3.21 -2.73 ~2.81
-.0050 -.018 -.700 | ~1.47 -2.34 -3,10 ~3.47 -3.26 -3.35 -2.97 -3.06
-.0025 <145 -.882 | -2.43 -3.93 -5.21 -5.51 —-4.17 -4.00 -3.23 -3.36
o .984 .655 -.276 | -2.04 -3.67 —4 .54 -4£.09 -4.51 -3.81 -4.09
.0025 151 .738 .980 .955 752 546 4863 .191 .082 .016
.0050 -.177 374 <TAT 955 .994 .987 .958 .881 .835 .801
.010 -.218 .188 .498 .738 .860 .928 .965 .897 | 1.00 .995
.015 -.170 .150 411 .623 745 .832 .881 942 .969 .957
.02 ~.154 .118 347 .540 .659 . 750 .804 .878 907 903
.03 -.151 073 .262 431 541 .632 .688 772 .809 .812
.04 -.138 .054 .219 374 .475 .559 617 .701 742 .T42
.06 -.132 .022 .155 .291 379 454 .514 .599 .639 640
.08 -.135| 0O 115 .240 .519 .388 444 .520 .562 565
.10 -.135 -.006 0S4 201 274 3542 .589 466 .495 .500
.15 -.151 -.051 .03 .125 191 <247 .289 357 .381 .392
.20 -.161 -.070 -.007 .080 +134 .84 225 +286 .299 307
.25 -.170 -.088 -.031 048 .096 .138 174 .228 .232 231
35 -.158 -.098 -.052 .016 .054 .089 118 .153 150 .145
4S5 -.135 -.088 -.053 .003 032 .083 .084 108 .082 .081
.55 -.135 -.096 -.070 -.022 0086 .026 .039 .048 .010 .005
.65 -.118 -.088 -.070 -.026 -.006 .007 .013 010 -.046 -.059
<75 -.103 -.083 -.073 -.035 -.022 020 -.013 -.037 -.113 -.134
.85 -.051 -.042 -.034 ~.010 -.003 -.007 -.013 ~.051 -.155 -.188
.95 -.014 -.020 -.014 o -.088 o] -.006 -.008 -.210 -.268

aNegative sign in this column denotes upper
positive.sign, lower-surface location.

-surface location (measured from zero-chord point),
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Figure 1. - NACA 65A004 airfoill section installed in 6- by 9-foot test
section of icing tunnel. AR
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Figure 6. - Typlcal variation of ice shape with
time iIn icing. Angle of attack, 2.2%; alrspeed,
152 knots; water content, 1.45 grams per cubic
meter; droplet size, 16.5 mlcrons.
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Icing time, 10 min
(b) Rime ice; air temperature, o° F.

Figure 6. - Concluded. Typical variation of ice
shape with time in icing. Angle of attack, 2.2°;
airspeed, 152 knots; water content, 1.45 grams
per cubic meter; droplet size, 16.5 microms.
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(a) Glaze lce; air temperature, 25° F; water contemt, 1.45 grams per
cublc meter; droplet size, 16.5 microns.

Flgure 7. - Typical variation of ice ghape with angle of attack. Air-
speed, 152 knota.
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Angle of attack, 09; icing time, Angle of attack, 2.2°; icing time,
10 min ' 12 min

Angle of attack, 6.6°; lcing time,
13 min

C-46368

Angle of attack, 8.8°; icing time,
12 min

(b) Rime ice; air temperature, 10° F; water content, 0.95 gram per cubic
meter; droplet size, 13.7 microns.

Figure 7. - Concluded. Typilecal varlation of ice shape with angle of attack.
Alrgpeed, 152 knots. ' . .
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Figure 8. - Typical variation of ice shape with rate
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