


i

1
1 Answering Questions About Helicopters 1
2 Progress In Helicopter Aerodynamics* 9
3 Hover Power 13
4 Hover Figure of Merit & Forward Flight Ratios 19
5 Ground Effect in Hover 25
6 Aerodynamic Environment at the Rotor Blade 29
7 Is The Rotor A Gyro? 37
8 The Rotor Wake 39
9 Vortex-Ring State 43
10 Downwash Patterns 49
11 Rotor Upwash 57
12 Blade Flapping and Feathering 63
13 Effects of Rotor Flapping 71
14 Blade Stall 79
15 The Search For A Stable Helicopter 83
16 Static Stability 87
17 Dynamic Stability 97
18 Maximum Load Factor 105
19 Forward Flight Performance 109
20 Vertical Climbs and Descents 117
21 Crosscoupling 123
22 Field-Of-View, Field-Of-Fire 127
23 Emergency Maneuvering 131
24 Flying Qualities 137
25 High Performance Takeoffs 143
26 Translational Lift and Transverse Flow 147
27 Low Speed Flight 151
28 Turns, Pullups and Pushovers 161
29 Sideslip And Bank 165
30 Maneuverability and Aerobatics 169
31 Flying in Steady Winds 179
32 Flight In Turbulent Air 183
33 Angle Limitations 185
34 Coping with a Power Failure 187
35 Low Speed Power Failures 193
36  Stretching the Glide 197
37 Autorotation And Low Load Factors 201
38 Instrument Flight 205
39 External Loads 209

Aircraft Technical Book Company 
http://www.ACTechbooks.com



 

ii

1
40  Blade Tracking 213
41 Tying The Helicopter Down 217
42  Accidents Waiting to Happen 219
43 Helicopter-Ship Operations 225
44 Preliminary Design 231
45 Axes Systems And Trim Considerations 235
46 Main Rotor Design 243
47 Tail Rotor Design 261
48 Airfoils For Rotor Blades 269
49 The Lead-Lag Hinge 285
50 Pitch-Link Loads 289
51 Considerations Of Blade/Hub Geometry 293
52 Blade Anhedral 297
53 Blade Strikes 301
54 Designing For Maneuverability 305
55 Designing For High Speed 311
56 Dynamic Inflow 315
57 Mysteries About Inflow And Power 319
58 Control Systems 323
59 Directional Stability & Autorotation Control Problems 329
60 Stability Augmentation Systems 333
61 Fly-By-Wire 337
62 Smart Control Systems 341
63 New Criteria for Flying Qualities 347
64 Parameter Identification 353
65 Computational Fluid Dynamics 357
66 Aerodynamic Modifications 361
67 Wind Tunnel Testing and Simulation 365
68 Horizontal and Vertical Stabilizers 375
69 Tail-Boom Strakes 383
70 Landing Gear Choices 387
71 Structural Loads and Component Lives 391
72 Designing Reliable Helicopter Structural 401
73 Airspeed Systems 407
74 Icing and Deicing 411
75 The Turbine Engine and the Helicopter 417
76 Modern Turboshaft Speed Governing 421
77 Engine Snow Protection 425
78 Helicopter Noise 429

Aircraft Technical Book Company 
http://www.ACTechbooks.com



iii

1
79 Helicopter Noise Research 433
80 Helicopter Vibration 437
81 Vibration Sources 443
82 Vibration Criteria 449
83 Higher Harmonic Control 453
84 Spiral Dives And Dutch Rolls 457
85 Crashworthiness And Escape 463
86 Tip-Driven Rotors 467
87 Which Do You Tilt: Wing Or Rotor? 473
88 Tandem Rotor Helicopters 479
89 Coaxials and Synchropters 483
90 Antitorque Schemes For Compound Helicopters 489
91 Stopping a Rotor in Flight 491
92 A New Look At The Autogyro 495
93 Attempts To Revive The Autogyro 499
94 Low Observables 505
95 Windmills 511
96 Helicopter Development: The First 50 Years 515
97 The Hughes XH-17 Flying Crane 523
98 The Lockheed Experience 531
99 Attack Helicopters* 549
100 The Mil Mi-28 Havoc 557
101 Evolution Of Sikorsky Tails 561
102 Which Way Should The Rotor Turn? 565
102  And Where Should The Pilot Sit? 565
103 One-Man Helicopters* 573
104 Convertiplanes 581

Aircraft Technical Book Company 
http://www.ACTechbooks.com



49

10 Downwash Patterns

If we could see air, we would all be a lot smarter. This is especially true
for the helicopter engineer who has to wonder about the mysterious
things that happen to his aircraft whether it be in the fields of
performance, flying qualities, loads, vibration, or noise. Some of these
mysterious happenings can be traced to the rotor wake and to the
presence in it of tip vortices.

They come and they go

Vortices are formed at the blade tips as the air tries to go from a high-
pressure region to a low-pressure region (bottom to top). This sets the
air to spinning, leaving long whirlpools where each blade tip has passed.
Airplane wing tips do the same thing.

Wing-tip vortices trailing behind an airplane tend to retain their energy
and their relative position for several minutes. Their primary mutual
interference on each other slowly forces them downward, corresponding
to the wake's induced velocity.

Smaller vortices or even vortex sheets are also generated wherever or
whenever lift changes, but they are never as influential as those generated
at the wing's tip or the rotor blade's tip. Since theoretically a vortex
cannot have an end, each blade-tip vortex must be accompanied by a
corresponding blade-root vortex. These have a less-direct—but still
significant—effect than tip vortices.

Rotors are different

Tip vortices from rotor blades are not as long lasting as those behind
wings. But because they "loiter in the neighborhood," they have more
effect. In hover, they generate the induced velocity and go down with it,
but stay close enough together to interact and entwine in knots.

This happens even during model tests in a quiet room where under the
best of conditions only three or four healthy vortices can be traced down
into the wake. As they mutually destroy each other, they induce local
fluctuations in the entire wake, even at the rotor disc itself.
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Additionally in many cases, the vortex shed by one blade stays near the
rotor's plane until the next blade comes along (Figure 10-1). When this
happens, that blade's aerodynamics will be affected.

Specifically, the local angle of attack will change depending on the
strength and proximity of the vortex. Since both positive and negative
changes are possible, a portion of the blade may find itself either being
stalled or producing less than normal lift, thus changing its aerodynamic
characteristics from what would be expected.

Observations indicate that this is a fluctuating phenomenon that seems
to affect only a part of the rotor at any one time, probably as a function
of the unevenness in the induced flow field at the rotor disc. As evidence
of this, rotor tests made on whirl towers produce time histories of thrust
and torque that vary in a random manner.

A nearly ideal test

One of the most carefully controlled whirl-tower tests that I know of was
done with a six-foot-diameter rotor at the NASA Ames Research Center.
Ray Piziali and Fort Felkner reported on that test.

As part of a study of rotor-wake recirculation effect, the rotor was tested
on an outside whirl tower nearly 30 feet above the ground. It was
installed upside-down so that its wake went up instead of down to
minimize the recirculation due to the ground. Testing was done at night
during periods of dead calm.

Even with all of these precautions, time histories of thrust and torque
varied randomly (Figure 10-2). The variation in these two parameters
was almost 1% from their mean over a time period of almost a minute,
and it is not clear that, even with this long time slice, the maximum
variations were captured.

Because of the randomness in thrust and torque, the Figure of Merit,
which represents hover efficiency, varied almost 1.5%. This magnitude is
often used to distinguish between a good rotor and a bad one, and so
depending on the instant the performance was recorded, this rotor could
have been either.

Is it any wonder that hover performance measured under less-ideal
circumstances on a whirl tower produces "scatter of the datter," as
illustrated for the Boeing YUH-61A rotor in Figure 10-3?

Calculating hover performance

Besides the difficulty in accurately measuring rotor performance, the
not-so-well-understood positioning of the tip vortices and their effect on
the induced flow field at the rotor disc also make it difficult to accurately
predict hover performance. Even if the flow were rock-steady, its
distribution would depend heavily on the actual location of the first
several tip-vortex spirals down in the wake.

Figure 10-1 Blade-Tip Vortex 
Interference Effect In Hover

Figure 10-2 Results Of Whirl 
Tower Hover Test
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Trying to calculate these positions has been the subject of much research
in the past 20 years. One approach is to use flow-visualization techniques
with model and full scale rotors to measure the radial contraction and
vertical position of the vortices as a function of thrust, twist, and number
of blades.

Then this knowledge is generalized into a method for generating a
"prescribed wake." This can be used to analytically produce the induced
flow field for performance calculations using the equation known as the
Biot-Savart Law.

A more-sophisticated method is that of the "free wake," in which the
effect of each vortex in forcing all the others into the final pattern is
accounted for theoretically without need of previous knowledge about
vortex spacing.

Despite all of the effort in this work since 1960, it has not noticeably
increased the accuracy of hover calculations for conventional rotors over
those calculations made with the old-fashioned empirical methods
developed at the beginning of the helicopter era. This is shown by the
correlation of both simple and sophisticated calculating methods with
Boeing whirl-tower data of a CH-47B rotor (Figure 10-4).

The main argument for the sophisticated methods is that they do a better
job with heavily loaded rotors, such as tail rotors, tiltrotors, and
unconventional rotors that have sudden changes in twist, taper, or sweep.

Forward flight, the difference

In hover, the mutual destruction of the tip vortices under the rotor disc
is important in that it produces a gusty inflow. That is not the case in
forward flight. Here the rotor quickly moves away from the vortices it
has produced so that their tangling behind in the "far wake" has little
effect on the induced flow at the rotor.

However, the fact that a blade passes close to healthy tip vortices that
were just laid down is important. It means that the blade sees local
changes of angle of attack regularly, instead of randomly as in hover.

In forward flight, the blade tip traces out a figure called a "cycloid" as the
result of both translation and rotation. Figure 10-5 shows the track of the
vortices laid down in still air and not distorted by their mutual
interference—an effect we will get to later.

The number of possible close encounters of a blade with a tip vortex
from another blade, or even one deposited by itself on a previous
revolution, depends on the number of blades and the ratio of forward
speed to tip speed or the "tip-speed ratio".

With data from a specially instrumented helicopter, the influence of
vortex proximity can be seen in the measured lift distribution. Figure 8-
6 shows this for a station 85% of the radius out toward the tip for one

Figure 10-3 Typical Whirl Tower 
Data Scatter For Boeing YUH-
61ARotor

Figure 10-4 Correlation Of 
Calculating Methods With Whirl 
Tower Test Data
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blade of a four-bladed Sikorsky H-34 (S-58) rotor at a tip-speed ratio of
0.2 (about 77 knots).

Also shown is the lift, calculated using a simple method that ignores the
presence of discrete tip vortices. It may be seen that for this case, there
are important variations on both the advancing and retreating sides. This
would be expected looking at the density of the vortices in these regions
(Figure 10-5a). In particular, on the advancing side there is a distinct
down-up characteristic. Figure 10-7 shows the relative positions of the
blade and the vortex that explains this.

Despite this wide variation in blade loading, the average is the same.
Most rotor aerodynamicists will accept that the simple method is
satisfactory for computing overall rotor performance, even though it
does not do a good job on the local distribution of airloads.

Changes at high speed

At higher speeds, the helicopter tends to outrun the vortices laid down
on the retreating side as illustrated by the vortex pattern for the tip-speed
ratio of 0.4 in Figure 10-5b. Thus the effect on the retreating side

diminishes, but not so much on the advancing side
where the density is still high.

In addition, another strange thing has been seen from
high-speed data. On the advancing side near the tip,
instead of the pulse being down-up, it is up-down. This
is explained by the fact that in high speed flight, rotors
carry a download on their advancing tips and leave a tip
vortex that rotates opposite to the normal one.

The influence of a vortex on a blade is most pronounced
where they lie nearly parallel to each other. Here the
entire blade is influenced at once, instead of being
subjected to the relatively local influence when it and the
vortex are more perpendicular to each other.

Whether they are parallel or perpendicular can be seen
by replotting Figure 10-5 in a different format. This
involves looking at the pattern as it would be seen by an
observer standing on the hub and sighting along blade
No. 1. Figure 10-8 shows the location on the blade that

would be directly above each of the tip vortices generated by blades of a
four-bladed rotor.

It may be seen that at about a 60° azimuth angle, which is on the
advancing side in the right-rear quadrant, there is a tendency for the
blade's outer portion to line up parallel with a series of vortices. Here the
interference is significant because a large part of the blade is affected
rather than just a local segment.

Figure 10-5 Vortex Trails In 
Forward Flight

Figure 10-6 Test And Calculated Blade Loading

Figure 10-7 Source Of Down-Up 
Pulse
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Wake distortions

Calculations that attempt to account for the effect of the
nearby tip vortices must also account for their actual
position at the time the blade passes. This is done with a
"free-wake" analysis that uses vortex theory in the form
of the Biot-Savart Law to calculate the wake's distortion
as influenced by all of the vortices in it.

A comparison of non-distorted and distorted wakes at a
fairly low forward speed is given in Figure 8-9. Doing the
free-wake analysis by computer takes too long to be used
routinely in the blade-load calculation, so various
schemes to specify a "prescribed wake" have been
developed using the results of a few free-wake
computations as guides.

Even with the most sophisticated of these procedures, those working in
the field are not satisfied with their ability to match test data. But perhaps
it is not too critical. The argument for developing advanced methods for
calculating blade loadings is that if these were known very accurately, the
designers could use the knowledge to either design lighter blades or
blades with longer fatigue lives.

In real life, however, it is not the loads in straight and level flight that
cause most of the fatigue damage, but loads during maneuvers when the
rotor is being used to pitch or roll the helicopter or to make it go up or
down. These loads would be relatively easy to estimate if you had a good
crystal ball to predict the pilot's control actions. Since we hear of few in-
flight blade failures, I conclude that the designers are doing OK even if
they do not exactly know what the vortex-caused loadings are.

Blade slap and rocky road

In most forward-flight conditions, the blades do not actually strike the
vortices. But when they do, this produces very large and rapid changes
in pressure just like you do in slapping a table with your hand instead of
pressing on it.

This is one source of the type of impulse noise commonly called "blade
slap" or, as noise experts call it, "blade-vortex interaction" (BVI). It is
most often heard when rolling into a turn or during low-power descents,
which give the blades the chance to pass through the vortices in the
wake.

Even if a helicopter has a smooth ride in other flight conditions, it will
probably be rough in at least one: the landing flare. This is because at
some point, the blades will actually strike tip vortices left, by previous
blade passages. Figure 10-10 shows how the relative positions of the
rotor and its wake change during the landing maneuver. Descending at
low power, the air is approaching the rotor from below and carrying the
wake up and above the tip-path plane.

Figure 10-8 Location Of Vortices For Blade No. 1

Figure 10-9 Undistorted And 
Free-Wake Distorted Vortex 
Patterns At Low Speed
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