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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECENICAL NOTE NO. 1083

STALLING OF HZLICOPTER BLADES

By HA Bl Gusbaiison and G 6. Myers tidri
SULLIARY

Theoretical studies have predicted that operation of
a helicopter rotor beyond certain combinations of thrust,
forward speed, and rotational speed might be prevented by
rapidly increasing stalling of the retreating blade. The
saile gtudies also indicate that the efficiency of the
rotor will inecrecase until these limits are reached or-
closely approached, so that it 1is desirable to design
helicopter rotors for operation close to the limits
imposed by blade stalling. Inasmmch as the theoretical
predictions of blade stalling involve numerous approxi-
mations and assumptions, an experimental investigation
was needed to determine whether, in actusal practice, the
stall did occur and spread as predicted and to establish
the amount of stalling that could be present without

A A

severe ‘vibration or control difficulties being introduced.

The results of sueh an investigation, conduchted on
& typical helicopter, are vresented herein. Photographic
obgsrvations of tufts on the rotor blades show thab for
the rotor studied, the stall did occur and spread roughly
in the manner predicted. CJorrelation of the tuft photo-
graphs with pilot's observations of vibration and control
characteristics show that the eiffects of stalling on
stick vibration and control are severe for this helicopter
when the calculated angle of attack at the tip of the
retreating blade exceeds the stalling angle of the aire-
foil section by approximately Lo,

Theoretical design charts, constructed ion the assumption
that tip angles of attack cannot be permitted to exceed
the stall by more than L0, show how blade stalling in
combination with compressibility effects may be expected
to hamper the designer in his efforts to develop high-
sSpeed helicopterss. These charts also indicate some of
the means by which stalling 1imits may be postponed and
the magnitude of the gains that might be achisved.
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Blade stalling is concluded to be an important
obstacle in the development of high-spced helicopters,
and the investigation of the various known methods of
delaying blade stall may make possible substantial specd
increases.

INTRODUCTION

As a lifting rotor movcs forward, the advancing
blades encounter progressively higher velocitics and the
retreating blades, progressively lower velocities. Thus,
in order to maintain its 1ift, the retreating blade must
operate at progressively higher angles of attack as for-
ward speed 1s increased. It follows that at some ratio
of forward speed to rotational speed the angles of attack
on the retreating blade wlll reach the stall.

Theoretical analyses presented in references 1 and 2
show that the best rotor efficiency in forward flight 1s
obtained by operating at tip speeds at which stalling
begins to become significant. The analysis of reference 3
has shown that, if this procedure is not followed, a
gsacrifice in hovering efficiency will result. Con=-
flicting with these considerations of efficiency are
practical considerations of safety and freedom from
vibration, inasmuch as designing the rotor for the con-
dition where stall becomes significant leaves no margin
for maneuvers or gusts, and the pilot, when encountering
these conditions, would find the effects of stall extremely
gerious. The net result 1s that blade stall is a highly
significant criterion of design and, in the final analysis,
determines the ultimate possibilities of the helicopter.

A pgreat deal of work has previously been done on
rotors operating in the autorotative condition. These
studies have indicated that stalling of the blades did
occur in flight roughly in the manner expected from
rotor theory; that is, in the case of the autogiro, the
stall was found to occur first inboard on the retreating
blade in the low-velocity region, then to spread outward,
and eventually to approach the higher velocities near
the tipe The stalled region should be quite different
for the helicopter than for the autogiro, owing to the
reversal of direction of inflow. An experimental study
was therefore made on a helicopter rotor for correlation
with the corresponding theory.
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SYMBOLS
gt
) tip=speed ratio (y;£9§—31>
(IR
v true airspeed, feet per second except where other-
wise noted
Q rotor angular velocity, radians per second
R rotor blade radius, feet
a angle of attack of rotor disk, degrees
/I
Cop thrust coefficient 2 2\
Kp( R)=mR )
i thrust, pounds
0 ailr density, slugs per cubie foot
Er bec
o} solidity <;49
TR
b muniber of blades
AR
- erade
Cg equivalent chord [ “=
fR 5
= Sl
J0
c bhade chord, feet
b radius to blade element, feet
@, angle of attack of blade :element, degrees
N blade azimuth angle measured from down-wind position
in direction of rotation
THIEORETICAL ANALYSIS
If the angle-of-attack distribution around the
rotor is CQlculut d for some representative 0ﬂndlti ns
of flight, it is possible to see where the stalled region
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is expected on the heliconter rotor and how large it mnay
becorie, Results of calculations for representative
flight conditions are shown in figure 1. The values of
airspeed and rotor speed used Lo identify the threc con-
ditions illustrated in figure 1 are somewhat approximate,
he values used in the calculations having been chosen
to correspond to specific flight data which will be dis-
cussed subsequently. The circles shown in the figure
represent plan views of the rotor disk, the direction of
flight and direction of rotation being as shown. The
dark region at the center represents tbe area swept by
the hub and blade shanks, The shaded crescents repre-
sent the region where the direction of flow over the
retreating blades 1is reversed., Wind-tunnel tests on
p“actical ~-construction sections of the blades used indi-
cate that the stalling angle is about 12°. Consequently,
the contour for an angle of attaclk of 1""1 been drawn
and is considered as the boundary of the otulled region.
All angles of attack inboard of this boundary are less
than 720 Angles outboerd are greater than 12° and this
region is 00401ue"ed stalied.

For the helicopter under consideration, it would be
expected on the basis of the calculations that stalling
would be just beginning to ocecur on the retreating bip

at a forward speed of 40 miles per hour and a rotor speed
of 205 rpom (fig. 1(a)}. Silmilarly, at a forward speed
of 70 miles per hour and a rotor speed of 225 rpm, an
increased region of stall is expected (fig. 1(b)) and,
at low rotor speed and a forward speed of 70 miles per
hour (fig. l(c)), an &ppreciable sHalled area would be
anticipated.

These calculations are based upon reference Iy, which
makes certain simplifying assumptions and takes no
account ol the effect of the stall itself on the blade
motion and thus the angle-of-attack distribution.

EXPERIMENT AL MITHOD

In order to obtain experimental data for the present
investigation, the type of eguipment described in refer-
ence 5 was uued. A 33-millimeter motion-picture camera
was mounted rigidly on the rotor hub and was pointed
along a blade equipped with tufts and markings., (See
fig., 2:) The tufts werd pieceg of wool yarn 3 inches Jong.
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In figure 3 typical photographs from the records taken
in flight are shown. 1In figure %(a) the blade is on
the advancing side. Note that all the tufts indicate
smooth flow along the blade. In figure 3(b), which was
taken on the retreating side, it can be seen that the
outer portion of the blade is definitely stalled, the
tufts streaming forward from their attachment points.
Similarly, the blade at the 0,75 radius is stalled, at the
0.6 radius is partly stalled, and .at the 0.l5 radius is
unstalled though the flow is heavily yawed. The blade
section was considered to be stalled when the tufts
indicated reversed or burbled flow over the rear %0 per-
eent ol the' choxrds.

RESULTS AND DISCUSSION

1ts obtained from analyzing the
photographs of the blades, such as figure %, are shown
in figure li.. The observed stall regions, represented by
the shaded areas, have been superimposed upon the theo-
retically established regions for the same conditions
shown in figure 1, It is seen that the stall does oeceur
and grow roughly in thie expecved manner.

Some of the resu

a
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Pilot reactions to the conditions are quite inter-
esting. The condition at a forward speed of 70 miles
per hour and low rotor speed (fig. l.(c)) where a large
amount of stalling is present represents the most extreme
condition that the pilot was able to maintain long enough
GemEke & record, For this helicopter, therefore, the
condition with this large stalled area (about 15 percent
of the disk area) appears to represent very nearly the
operational limit.

In the condition of moderate stall, the pilot
although uncomfortable was able (o control the helicopter
satigfectorily and to take records. No effects that would
be associlated with stalling were noted in the first mar-
ginal stall case. It would sesm then that, although the
effects of a small amount of stalling are tolerable,
operation with large amounts of stail is prohibitive.

From the preceding discussion staliling would be
expected to impose a real limit on the condition of opera-
tion that may be utilized. It is interesting to examine
thie possibility of correlating practical experience with
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rotor theory in this regard and also to exaaine the
influence of the design variables on the theoretical
stalling limits. A convenient plot for such examination
is shown in figure 5,

The angle of attack reached at the retreating tip
of the blade depends unon the three variables shown in
figure 5. It depends first upon the tip-sneed ratio i
that is, the ratio of forward speed to rotational speed.
It also depends upon the ratio of the thrust coefficient
to the solidity CT/b (which is a measure of the mean
blade 1ift coefficient) for, as the angles of attack all
around the disk increase, the angle of the ‘retreating tip
also increases. For a given helicopter, this quan=-
tity Cp/0 may be increased eitlier by increasing the
weight or by decreasing the rotational speed. ;It will alse
be increased by operation at high altitudes. For ef/ i~
cient operation this mean 1ift coefficient should be kept
reasonably high. #inally, the angle of attack at the
retreating tip depends upon the ratio of parasite drag
%6 Lilt: thet 4s, the degree to which the thrust vector
must tilt forward to overcome the drag of the fu selFT“ L
If a propeller is installed on the fuoe_hiu, 16,13
sible, in effect, to reduce the narasite drag wh;ch tne
rotor must. overcome. In fact, with increased propeller
power, negative values of parasite drag can be produced.

Then, although for positive values of parasite drag the

rotor is dragging the fuselage, for negative values the

propeller and fuselage are dragging the rotor and the

limiting condition is that of the autogiro, for which no

power is being applied to the rotor. Thus, increasing

the ratio of parasite drapg to lirt (fig. 5) is equivalent

to applying more anc more Dower to the rotor. Values of

the ratio of parasite drag to 1if E for present-day heli-

copters at cruising speeds are of the order of O.l.

Once the tip-speed ratio L 1s fixed, the angle of
attack at the retreating tip is detemﬂlneu for combina-
tions of the ratio of para"lte drag to lift and mean
blade 1lift coefficient., The line labeled f, = LS
figure 5 represents combinations of these quantities for
Whic tqo calculated angle of attacu at tiwe retreating tip
(& B 2raeyaE 129 Slﬂllarly, the line labeled o, = 16°
PeDPGSGDtS commbinations of parasite d?do and mean 1lift
coefri c1ent for which the retreating tip angle of attack
is 16°., Because the stall begins inboard in the auto-
rotation or near-autorotation conditions, the type of
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inboard limit adopted in reference 2 has been used for
conditions where this limit is more stringent than the
tip angle-of-attack limitation. The condltlon represented
by the short limit lines uouching the curwes labesled
"autorotation" in figure 5 is that the bT ade ‘angilel of
attack shown has been reached at )7q‘ azimuth at a radius
such that the tangential velocity is equal to four-tenths
the rotational tip speed. The 12° and 16° lines repre-
sent the range of angle of attack in which blade airfoils
would be expectod to.atall and have been Included in
previous theoretical papers as probable limiting condi-
tions of the validity of the theory.

The positions of the curves on figure 5 show, then,
that increasing either Cp/0, the raitio of parasite drag to
1lift, or p increases the angle of attack at the
retreating tip.

ips have be
ected data

ich extreme
orward speed of
205 rpm, which

Now that these theoractical rel
established, it is of interest to spoc
points on tbc pillots., | [Bhe eondibiien fo
stall was obssrved in flight was a a
70 miles per hour and a rotor spee

d of
corresponds to a tip-speed ratio p of approximately 0.25
This condition applies therefore to the plot of fig-

t
ure 5(b). For this condition the values of tlie ratio of
parasite drag to 1ift and Cp/O0 locate the point as
shown. ©Since this point represents the extreme .amount
of tip stall operationa 1ly tolerable, it would appear
that, for this rotor, the 16° tip angle-of-attack line
may be caken as the limit of practical conditions of
operation., If in a similar manner tiie point at which
stall was just beginning to occur iz plotted (for a for-
ward speed of [0 mph and a rctor rotational spesed of
205 rpm, giving a tip-speed ratio of approx. Q.15 and
locating the point on the plot of fige 5(a)), it is Tfound
that the coordinate values are such as to place the point
on f£ha. 12° angle- of-attack line., . This result indicates
again the agreement with theory shown earlisr for this
marginal stall case. It will be noted that, for the
helicopter tested, the operational limit occurred vhen
the calculated angle of attack at the tip of the retreating
blade exceeded th Suallvnc angle of the airfoll sectiocn
by approximately 4°. The 12° and 16° angle-of-attack
lines may be cons¢dered boundaries of tn“ee regions, the
Tty Pebreb nting conditions for which no “ball w1ll be
encountered, the second (hatched region in fig. 5) renre-

/

senting cond7u¢ona for which a moderate amount of stail




NACA TN No. 1083

is present, and the third gross-hatched region in fig. 5)
representing conditions for whichi stall is so severe as
to prohibit operation.

-

i jadion exalple, an attempt were made to fly this
R hoxl,anu hence &

helicopter at 100 miles pe

speed ratio of approximately 0.5%, and still use

rotor speed used in the first two cases, the operating
condition would be far beyond the 16° aﬂflG~OL—auuaCk
line that represents the maxcimum tolerable amount of
stall, This point is shown in figure 5(c).

The combinations of these variables which cqe designer
or 2

may use are limited by the necessity [ workinzg in the
D

operationally feasible rﬁg”on. 48 the tip-speed raetio is
increased, the region of possible operating uondlfions
grows' smaller and smaller until, finally, at some uivuer
tip-speed ratio, the area free from stall disappears

ewziwely The permissible blade loading Cm/c and,
hus, the load that gan be carried approaches zero. The
tip-speed ratio vhich may be attained is therefore
limited by stalling. I” large increases in the high
spesed of the heliconter are attempted, accompanying
*pﬂPVQSQQ in the rotational SpOOu musb, oif necessity, be
1&de 1n order to keep down the tip-speed ratio and avoid
s verd SL&]LLuﬁ Large increases in rotational speed,
however, lecad to compressibility losses at the blade
tips. Thc degree to vwhich low tip-specd ratios can be
maintained with easing Troerward speed is vhereforse
limited by compr bilitys Tip stall and compressi-
bility thus ulbimatelly limit the high speed of the
helicopter.

The higher the loadings that the de 1gner attempts
to maintain, the lower are the tip-speed ratios vhich
can be attained without severe stalling; and the lower
the permissible tip-speed ratios, the lower is the forward
speed at which compressibility troubles occur. High
loadings thus involve low limiting speeds and, conversely,

bﬁﬂh speeds necessitate low loadings. The high-speed heli-
copter must therefore be lightly loaded, which suggests

a large rotor of high solidity OCﬁﬁaL¢n” 8t high Eip

speeds , )

Pigure 5 also indicates a number of ways in rhick
the helicopter designer may postpone ti e uusl without
ineurring penalties Tin n”“-urwa“cc élsowhere: . Very
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significant gains are available if the stalling charac-
teristics of present-day rotor blades ars improved. Two
means are avallable for increasing the stalling angle:

(1) irregularities in the section that induce premature
stall should be avoided and (2) airfoil profiles having
higher stalling angles may be used insofar as is pos~
gible without producing drag increases at low angles and
without producing large pitching moments. Another possi-
bility from which only benefits accrue is cleaning up

the fuselage, since reducing the parasite drag has already
been shown to reduce the angle of attack in the region

of the stall,

&4 reductiarn in CT/O or in the.mean blade 1lift coeffi=-
clent is undesirable because or penalties incurred else-
where, for example, in hovering and cruising flight.

One way to avoid this problem, however, is by the use of
a& gear shift, The helicopter may be designed for high
Speed on the basis of compressibility and stall limits
(which factors call for use of a low mean 1lift coeffi-
cient) and a gear shift may be provided to permit reduc-
tion of the rotor rotational speed in hovering and in
low-speed operation. The mean 1ift coefficients may
thus be raised to efficient values for these conditions.

It may also be remarked that the introduction of
some twist in the blades slhiows ~romise of delaying the
stall, since it tends to distribute the 1lift more evenl
along the blades and to reduce the high loadings at the
wakisy-

CONCLUSIONS

On the basis of the limitegd experimental and theo-
retical treatments presented, the following conclusions

concerning the stalling of helicopter blades may be
drawns

1. Stall occurs and spreads roughly in the manner
predicted by helicopter theory.

2. Stalling imposes a practical limit on the condi-
tion of operation which may be utilized. For the heli-
copter tested, the operational limit occurred when the
angle of attack at the tip of the retreating blade exceeded
the stalling angle of the airfoil by approximately [;©,
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%2, The extent of the experimental data and the
degree of agreement shown are pelieved to be sufficlent
to indicate that theoretical stalling calculations cen
be used as 2 basis for helicopter rotor design.

li. Further correlation of data with theory and study
of the avenues open for vostponing the stall should be
extremely helpful in realizing the ultimate possibilities
of the helicopter.

Langley Memorial Aeronautical Laboratory
jational Advisory Committee for Aeronautics
Langley Field, Va., April 15, 1946
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Stalled area

/\ Direction

- of rotation

(@) V=40 mph;
rotor speed =205 rpm.
(nu=0.153; CT/G=O.IO9.)

(c)V=7Omph,
rotor speed =205 rpm.
(u=0.249; CT/G=O.|05.)
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(b) V=70 mph;
rotor speed =225 rpm.
(u=0.230; Cr/=0.091)
Figure 1.- Theoretical stall boundaries for representative helicopter conditions.

Weight, 2580 pounds; radius, 19 feet; parasite-drag area, 23 square feet;
stalling angle of attack, 12°. :




Eigure

©.- Camera installation on helicopter rotor hub.
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(a) \U = 7000 (b) \]f = 5100.

Figure 3.- Typical photographs taken in flight of tuftis on .a
helicopter rotor blade.
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Stalled area
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- Direction
of rotation
(@) V=40 mph; (c)V=70 mph;
rotor speed =205 rpm. rotor speed =205 rpm.
ot Theoretical
boundary
Direction / Experimental
of flight
g ‘\HHHU stalled area
(b) V=70 mph;
rotor speed=225rpm. NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS =
Figure 4,- Comparision between theoretical and experimental stalled areas. ;'
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Figure 5.- Theoretical stalling-angle plots.
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