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SUMMARY 

A br i ef review of the availabl e information relating to induced 
flow of a lift ing rotor is pr esented . The available mater i a l is s umma
ri zed in a table as to f light condition , type of information, source, 
and the re ference paper s in which the data can be found . Some r epresenta 
tive aspects of some of the reference material are discussed . 

INTRODUCTION 

A knowledge of the inflow distribution through and about a lifting 
rotor is required in almost all fields of helicopter analysis . Precise, 
detailed information on the subject is meager, however, because of the 
rather for midable difficulties involved in measuring or calculating rotor 
downwash accurately . Fortunately, a super ficial estimate of the inflow 
distribution has proven adequate for many types of heli copter analyses 
and a fair amount of general infor mat ion, both theoretical and experimen
tal, is available on the subject . In view of the stimulation of interest 
in rotor induced flow brought about by the current emphasis on loads, 
stability and control, and t he expanded use of multirotor configurat i ons, 
it is considered des irable to review s uch information. 

SYMBOLS 

thrust coeffici ent, T 

r radial distance to blade element, ft 

R blade radius, f t 

T rotor thrust , lb 

v induced inflow velocity at r otor, a lways positive, fps 

V true airspeed of helicopter along f light path, fps or mph 
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Z vertical distance from plane perpendicular to rotor shaft, positive 
upward, ft 

rotor angle of attack; angle between projection in plane of symmetry 
of axis of no feathering and line perpendicular to flight path, 
positive when axis is pointing rearward, radians 

€ downwash angle induced by rotor, radians 

tip-speed ratio, v cos a. 
nR 

p mass density of air, slugs/cu ft 

n rotor angular velocity, radians/sec 

Subscript: 

HOV hovering 

OUl'LINE OF INFORMATION 

The available material on rotor induced flow is summarized in table I 
as to flight condition, type of information, source, and the reference 
papers (see refs. 1 to 28) in which the data can be found. The flight 
conditions covered in the table are hovering, vertical ascent and descent, 
low-speed forward flight, and cruise and high-speed forward flight. A 
study of the information presented in the table shows that the inflow 
problem has been attacked theoretically, as well as by wind-tunnel tests 
on small- and large-scale models, by helicopter tower tests, and by flight 
tests on actual production helicopters. The experimental data consist 
of measurements of the magnitude and distribution of the rotor inflow) 
as well as flow-visualization data using smoke and balsa-dust techniques. 
It should be understood that both theory and experiment yield only time 
averages of the inflow at a particular spot in or about the rotor. 

DISCUSSION 

In this discussion, no attempt will be made to discuss in detail 
the available references listed in table I. I nstead, some representative 
results of a few of the references will be touched upon in order to 
illustrate the state of knowledge of the rotor inflow field . 
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Hovering 

The hovering condition has been rather well explored, both experi
mentally and theoretically. Flow- visualizat ion tests indicate that, 
above the rotor, the incoming a ir that is drawn toward the rotor has 
horizontal as well as vertical components and becomes part of a primarily 
vertical slipstream only after pas s ing through the rotor. If the rotor 
is operating outside of the gr ound- effect r egion, the s lipstream contracts 
and reaches its maxi mum velOCity well within l radius be low the r otor 
plane. In the outer f ew percent of the blade r adius (or "tip l oss" 
region), there is no well-defined slipstream above or below the r otor. 
Instead, there is a series of small vortice s starting at the blade tip 
and continui ng below the rotor that serve as a boundary between the 
slipstream beneath the rotor and the air outside of it. 

I n addit ion to flow-visualization studies, information exists as to 
the magnitude of the induced-velocity distribution across the rotor disk 
in hovering . The results of one such study (ref. 3) are shown in f i g 
ure l, which compares the induced velocity, as measured in f light, with 
that estimated by blade -element --momentum theory (ref . l). Except for 
the tip-loss region, the agreement is seen to be quite good. Actually, 
the good agreement as t o magnitude and distribution between theory and 
experiment should be r egarded as a fortunate occurrence wherein very 
simple concepts give reasonable overall answers to a probl em which in 
reality involves a complex f low state . Although similar data are lacking 
in vertical climb, it is expected that the theory should be as good as 
it is in hovering . 

Vert ical Ascent and Descent 

The available information regarding the vertical- flight r egion is 
summarized in figure 2, which shows the variation in rotor induced ve loc
ity with cli mb and descent ve locity, all velocities being made nondimen
sional by dividing by the induced veloci ty in hovering. The plot is thus 
independent of disk loading and a ir density. The solid parts of the curve 
show the regions of climb and descent velocity wherein momentum theory 
(refs. land 8) applies, which, as shown by the representative flow 
patterns sketched above the curve, are regions wherein a definite slip 
stream exists through the r otor . At intermediate rates of descent, simple 
momentum concepts become invalid in that a definite sli pstream ceases to 
exist because of the "canceling " effect of the downward induced velocity 
by the upward- coming flight velocity . I n this intermediate flight region, 
represented by the dashed curve , it is seen from the sketch that there 
is a recirculating flow through the rotor i n the form of huge vortex 
rings; hence, the name "vortex ring" region. At large rates of descent, 
corresponding to power -off fl i ght and beyond, the vortex rings are much 
smaller and are localized well above the disk . 
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The dashed curve shown for the vortex -ring state is a composite of 
flight and wind- tunnel measurements (refs . 6 and 9 to 14). The most 
important part of this region lies at the lower rates of descent between 
about 400 and 1)000 ft/min) where it can be seen that the slope of the 
curve is unstable; that is) the induced velocity increases at a faster 
rate than does the descent velocity. At fixed pitch) this results in a 
reduction in thrust with increased descent velocity . This type of insta
bility is a contributing factor toward the well- known troubles that 
pilots experience when attempting to maintain steady flight in this region 
(refs . 1 and 15). Tests (ref. 16) have also shown that helicopter tail 
rotors may also run into this region of instability when the helicopter 
is experiencing certain rates of yaw. 

Low-Speed Forward Flight 

Another flight regime in which rotor inflow is the source of vari 
ous troubles is the transition region in low- speed forward flight . I n 
this region) which extends from about 15 to 30 mph) helicopters typically 
experience an increase in rotor -blade stress and vibration . The mechanism 
which gives rise to some of these troubles is not very well understood) 
but presumably the troubles are due to the fact that the flow changes 
from a vertical slipstream in hovering to an essentially horizontal flow 
pattern in forward flight. Certain general aspects of the wake behavior 
in this speed range are known) however. For example) as the forward 
speed increases from hovering) the skew angle of the wake increases) the 
mean value of the induced velocity decreases) and the longitudinal asym
metry of the inflow velocity increases. 

The variation of skew angle of the wake with forward speed) as meas 
ured on the Langley helicopter test tower (unpublished) ) is shown in fig
ure 3 . As illustrated in the sketch) the skew angle is defined as the 
angular displacement of the wake from the vertical. I t was measured in 
the region of maximum wake velocity. The data are compared with theory) 
represented by the solid line in the figure, and it can be seen that the 
agreement is fairly good . 

The variation of the mean value of the induced velocity with for 
ward speed) also obtained on the Langley helicopter test tower (ref . 22)) 
is shown in figure 4. Here) too) both the induced and forward- flight 
velocities are expressed nondimensionally . The calculated variation) 
shown by the solid line) serves as a pretty good fairing for the data) 
except at the upper end of the speed range where the data themselves 
become questionable . This upper end of the curve corresponds to veloc 
ities of about 25 to 30 mph for normal disk loadings . 

Some idea of the increase in the asymmetry of the distribution of 
wake velocity with forward speed is shown in figure 5 . The curves repre 
sent unpublished test - tower measurements of wake velocity plotted against 

------- ----- ~------
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nondimensional bl ade radius in both the forward and r earward parts of 
the disk, obtai ned in the vertical plane of symmetry of the r otor and 
several feet be low the disk . The location of the horizontal survey plane 
of measurements is illustrated on the sketch . I t can be seen from the 
curves that the inflow velocities over the f r ont part of the d i sk are 
smaller than those over the rear of the disk, with the mean s lope 
increasing with forward speed . This variation in inflow velocity from 
front to rear of the disk has been qualitat ively known since the days 
of the early development of rotor theory by Glauert (ref . l 8) who showed 
that its effect on rotor perfor mance was nil. Years later, Seibel 
(ref . 23)) using wind- tunnel gyroplane data, made a quantitative evalua 
tion of the variat ion and showed how this variation, assumed to be linear, 
could cause the observed rise in the vibration level of a two-blade heli
copter rotor in this region . Theories are available (refs. 18 to 21) 
that can predict the appr oximate location and magnitude of the maximum 
dissymmetry that occurs in the transit ion region, but the agreement is 
not precise . 

Cruise and High-Speed Forward Flight 

At h i gher speeds) corresponding to t he speed for minimum power and 
beyond, the dissymmetry decreases, as does the magnitude and thus the 
importance of the induced veloci ty . Figure 6 (ref. 24) i llustrates the 
variation of the mean inflow angles with forward speed in this higher 
speed range . The solid curves represent f low angles as measured in 
f light by a yaw vane located on the tail cone of a helicopter fuse l age 
about 5/ 8 of a radius behind the center of rotation . As shown on the 
sketch, f low angles are r efer enced to the plane perpendicular to the 
rotor shaft . Meas urements vrere t aken at three power conditions and com
pared with simple momentum theory ( assuming uniform inflow), represented 
by the dashed curve . I t can be seen that the theory gives reasonable 
answers over most of the flight r ange and can be used, f or example , in 
designing a hori zontal tail surface for the helicopter so that it remains 
effective over a wide range of steady flight condit i ons . 

An insight to the induced- velocity variation across the rotor disk 
at several speeds above mi nimum power i s available from Bri tish flight 
tests (ref . 26) that used a smoke-visualizati on techni que. A s ample of 
the smoke - flow pictures obtained during the tests is shown in f igure 7. 
The plane of the str eamlines is approximately O.4R on the starboard side 
and the helicopter was flying at 53 mph . I t can be seen that at this 
speed there i s a s light upwash in front of the rotor and then an increas ing 
downwash toward the rear of the disk. The swirls that show up so c l early 
are due to the main- r otor-blade tips cutting through the streamlines at 
successive intervals . I nduced- velocity magnitudes obtained from photo
graphs such as these can be r egarded as only approximate, but the re sults 

• are still of interest . 
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An example of the results thus obtained is shown in figure 8, in 
which the nondimensional induced velocity, measured at three lateral 
stations on the disk, is plotted against nondimensional radius. Within 
the scatter of the data, it is seen that the velocity increases toward 
the rear in an approximately linear fashion over most of the disk. The 
calculated variati on (ref. 21) shown seems to represent fairly well the 
general idea as to what goes on in regard to the inflow. 

In connection with the design and behavior of tandem helicopters, 
a knowledge of the vertical distribution of downwash some distance behind 
a rotor is very desirable. An example of such a distribution is avail
able from wind-tunnel tests (ref. 28) and is shown in figure 9 . The 
downwash angle €, expressed in nondimensional for m by dividing by the 
downwash angle at the center line of the r otor CT/2~2 (as calculated 
by simple momentum theory), is shown as a function of vertical height 
Z/R above and below the rotor hub for an intermediate tip-speed ratio. 
The data were obtained at l~ radii behind the rotor center line at 

the three-quarter-radius position on the advancing and retreating sides 
of the disk. Calculated values (ref . 20) are represented by the dashed 
line and are seen to represent the shape of the measured distribution 
pretty well. 

The interesting point made by these plots is that, as might be 
expected, the vertical distribution of downwash is nonuniform, with the 
maximum occurring approximately on a line drawn through the rotor hub 
and parallel to the flight velocity . The nonuniformity of velocity has 
explained certain stability and control phenomena that have been observed 
wi th a tandem helicopter . The variation in downwash angle experienced 
by the rear rotor of a tandem helicopter, for example, causes changes in 
angle - of-attack stability and speed stability with power changes, as 
well as contributing to a nonlinearity in angle -of-attack stability . 
Although the data must be considered approxin~te, it is inter esting to 
note that, for the case shown, the maximum downwash angle reached is 
almost three times the value that would be calculated at the center of 
the rotor by simple momentum considerations . Unpublished information 
from a different series of wind-tunnel tests indicates that the maximum 
downwash angles measured in survey planes closer to the rotor disk (at 
the trailing edge of the disk, for example ) are about twice the value 
calculated for the center of the rotor . 

CONCLUDING REMARKS 

From this brief review of rotor - inflow information, it is quite 
clear that much work remains to be done, both theoretically and experi
mentally, before our understanding of rotor inflow can be said to be 

• 

, 
I 

-------~ 
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thorough. The problems are defined, but the answers are not quantita
tively pinned down in all cases . Enough is known about the subject, 
however, to be extremely useful in calculating and explaining various 
aspects of rotor behavior . 

Langley Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 

Langley Field, Va . , June 11, 1954 . 

-~----------- ~-~ 
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TABLE I 

S~Y OF ROTOR- INDUCED-FLOW INFORMATION 

Type of Source Reference Remarks information 

Hovering 

Theory Blade- element--momentum 1, 2 Magnitude and distribution 

M=asurements 
and smoke Flight tests ) Magnitude and distribution 
flow 

Measurements Test tower 2, 4, Magnitude and distribution unpublished 

Balsa dust and Small scale 
5, 6 Distribution smoke flow (single and coaxial) 

Applications Performance calculations 1, 7 Single and coaxial 

Vertical ascent and descent 

Theory Momentum 1, 8 Mean value 

Measurements 6, 9 , 10, 
and smoke Small and large scale 11, 12, 13 Magnitude and distribution 
flow 

Smoke flow Flight tests 14 Distribution 

Performance 1 
Applications 

Stability and control 15, 16, 17 

Low- speed forward flight 

Theory Vortex 18, 19, 
20, 21 

Test tower 4, 22, Magnitude and dis tribution 

Measurements 
unpublished and flow angles 

I ndirect 23 

Stability and control 17, 24 

Applications Vibrations 17, 23 

Performance 17 , 22, 25 

Cruise and high- speed forward flight 
. 

17, 18, 19, Theory Momentum and vortex 20, 21 

• 
Smoke flow Small- scale and 6, 26 Flow angles and 

flight tests a.istribution 

Large- scale wind tunnel 27, 28 Magnitude and distribution 
Measurements 

Flight tests 24 Flow angles 

Stability and control 24 
Applications 

I Performance 1 
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INDUCED-VELOCITY DISTRIBUTION IN HOVERING 
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SKEW-ANGLE MEASUREMENTS AT LOW FORWARD SPEEDS 
60 

50 

40 
SKEW 
ANGLE, 

DEG 
30 

20 

10 

0 
DO 

0 .2 

o DOWNWIND 
o UPWIND 

.4 

8 

WIND 
DIRECTION 

SKEW ANGLE 

.6 .8 
VjvHOV 

Figure 3 

1.0 

o 
CALC. 

o 0 

--------- ..... 

1.2 1.4 

INDUCED-VELOCITY MEASUREMENTS AT LOW FORWARD SPEEDS 

.2 

0 .2 .4 .6 .8 
V 

vHOV 

Figure 

1.0 

4 

o ROTOR A 
a ROTOR B 

1.2 1.4 1.6 

13 



14 

TEST - TOWER WAKE-VELOCITY SURVEY 
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V/VHOV 

SMOKE FLOW TESTS IN FORWARD FLIGHT 
V= 53 MPH 
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