
Helicopter Aerodynamics Volume III  

Ray Prouty’s Vertiflite Magazine*  Columns  1990-

2013 

Eagle Eye Solutions, LLC

Copyright 2016 by Shawn Coyle

All rights reserved.

Copyright �  2016 by Shawn C. Coyle.

The text in this volume was originally published in Vertiflite magazine,  the American Helicopter 
Society. Some drawings are by David Webb.



CHAPTER 1 Induced Power

The Fixed Wing People Started it...
We Picked It Up
A Scientific Study
Not to Worry
An Example
To the Extreme

The Moral is:

An Alternative
Putting the Computer to Work
Case Studies
The Bottom Line:
Another  Approach
How about a rotor?

CHAPTER 2 The Reverse 
Flow Region

Putting the Computer to Work.
The Cutout Question

The Sikorsky S-76 twist

CHAPTER 3 A Windfall for 
Vertical Climb

A Simple Calculation?
OH, Those other Effects!
More Complication

CHAPTER 4 Trim and Control

Trimming the airplane
How about the Helicopter?

CHAPTER 5 The Lift-to-Drag 
Ratio

But we have it Harder

Hover Figure of 
Merit

CHAPTER 7 Who Carries the 
Load?

CHAPTER 8 Ideal Twist

Linear Twist
Ideal Twist

Two Reasons for Considering Ideal 
Twist

Our New Choice
The Possible Result

CHAPTER 9 Compressibility

CHAPTER 10 Another Look at 
the Advancing 
Blade Concept

Letting it all Hang Out
High Loads
High Drag
High vibration
High Weight
Control Problems
Poor performance

What about the X2?

CHAPTER 11 What Should We 
Call the X2?

CHAPTER 12 The Cost of High 
Speed

A Bit of History
A case study
The Hover Performance
What about Forward Speed?

And in conclusion



Balance

How do We Do This?
The R-22
An Aside
The Black Hawk

A Possible Modification
Another Aside
The X2

Empty Weight Considerations

CHAPTER 14 Evolution of a 
Compound 
Helicopter

Making Changes
The Wing and Propeller
Changing Rotor Thrust
Changing Tip Speed
The Bottom Line

CHAPTER 15 Sizing the Osprey

A New Requirement
Lesson Learned

CHAPTER 16 Canted Tail 
Rotors

How It All Began
Back to the Drawing Board
Which Side?
Couplings
Other benefits
Yes, but...
A New Trend ?

CHAPTER 17 Variable Speed 
Rotors

Hover
Loiter
Cruise
Maximum Speed

CHAPTER 18 Airfoil Choices

Laminar-Flow Airfoils
The Other Family
Application to Rotors

CHAPTER 19 A Look at Low 
Drag Hubs

The Bad News
The Good News

CHAPTER 20 Pylon Drag and 
Tail Shake 
Remedies

Question
In the Beginning
Also at Sikorsky

Something to Think About
Another Device

The Source of Chaos

CHAPTER 21 The Offset 
Flapping Hinge

Pros and Cons

CHAPTER 22 A Noise and 
Weight Trade-off 
Study

CHAPTER 23 Fly-By-Wire

What We have Today
Another feature
The next step
My Opinion
Reasons for My Opinion
Fly-by-wire Accidents



Igor s VS-300

How it is Now
The VS-300 was Different
Those Pilots
A Suggestion

CHAPTER 25 An Easy-to-Fly 
Helicopter

Testing the CL-475

CHAPTER 26 Hovering Over 
Rough Ground

A Simple Test
A Better Test

CHAPTER 27 Human Powered 
Helicopters

The Rules
First Guesses
The Da Vinci
The Next Attempt

CHAPTER 28 A Possible Tail 
Rotor Problem

CHAPTER 29 Can You Fly a 
Real Helicopter 
Like a Model?

Fuselage Passing Rate
Control sensitivity
So, You Want to Fly Upside Down

CHAPTER 30 An Attempt to 
Explain a 
Difference in 
Vibration

Twist
Mounting the Rotor

Lady Luck may Play a Part

CHAPTER 31 Wishful Thinking

What We Have Now
But How About Now?
Another Suggestion

CHAPTER 32 The Lock 
Number

Why the Difference ?
Getting the Moment of Inertia
What the Lock Number Effects

CHAPTER 33 The Cyclogyro

In the Beginning
A Difference
How it Works
Going Fast
A special Case
A Final Complication:

CHAPTER 34 The Nano 
Hummingbird

CHAPTER 35 The Other 
Sikorsky X-2

How it Started
The Three Winners
Sikorsky Problems
On Second Thought
Yes, But?
On Third Thought

CHAPTER 36 A Revived 
Configuration

A Long Time Ago
A Redesign



Too Noisy

CHAPTER 37 Jack Real, 
(1915-2005), His 
Two Helicopter 
Careers

Jack Real’s First Helicopter Career
Another Life
Jack Real’s Second Helicopter Career



1

Making Changes

14

CHAPTER 14 Evolution of a Compound 
Helicopter

With the recent demonstration of high speeds by the Sikorsky X2 and the Eurocopter X3, there is 
an anticipation that the next generation of rotary-wing aircraft will be faster than the ones we 
know today.

To illustrate some of the challenges involved, I have thought about how to make the conven-
tional example helicopter of my textbook into a compound helicopter, raising the top speed from 
185 to 285 knots at an altitude of 5000 feet at the engine’s 30-minute rating.

Making Changes

This would be done by adding a wing and a pusher propeller to make a configuration like the 
Lockheed Cheyenne of the 1960’s. (Making an advanced configuration from an existing design 
is the modern way. No new helicopter design has reached the production stage for many years.) I 
am going to retain the main and tail rotors of my conventional helicopter. Since the new one will 

FIGURE 1.
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undoubtedly have some low-speed mission segments, I will even keep the blade twist that 
helps hover performance.

When fully loaded, my conventional helicopter has a gross weight of 20,000 pounds and car-
ries 30 passengers at a cruise speed of 172 knots. As a high-speed compound helicopter at this 
same gross weight it would also carry passengers, ’but not so many. This is because of the 
increase in empty weight due to the addition of the wing, propeller, landing gear retraction 
mechanisms, bigger engines, and stronger drive systems. Another requirement that would add 
weight is stronger windshields and side windows to be able to survive with more than twice 
the dynamic pressure. The increased fuel to do a same mission at the higher cruise speed of 
270 knots would also reduce the payload.

Even with a decrease in the number of passengers, the fuselage would have about the same 
shape and basic drag, but drag would be reduced by retracting the landing gear and using a 
thin door-hinge main rotor hub as on the Cheyenne. The change to the landing gear should 
give a reduction of 6.5 square feet of equivalent flat plate area and the hub redesign an addi-
tional 2.5 square feet resulting in reducing the equivalent flat plate area from 19.3 square feet 
to 10.3.

The Wing and Propeller
My criterion for the wing is that it should be able to support the full gross weight at 160 knots 
at sea level at a lift coefficient of 1.0. This requires 117 square feet. With an aspect ratio of 10, 
the wing span is 34 feet, just over half the rotor diameter of 60 feet. Of course, the purpose of 
the wing is to relieve the lift requirement on the rotor while the propeller relieves it of the 
requirement to provide a forward propulsive force. Each of these reduces the possibility of 
retreating blade stall.

A propeller with a diameter of 10 feet should be adequate. It will be assumed for this study 
that for all speeds, its efficiency is 80%.

FIGURE 2. Lockheed Cheyenne
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Changing Rotor Thrust
At high tip speed ratios, the rotor is subject to retreating blade stall so it has to be unloaded. I pro-
pose to do this by reducing its collective pitch. For this early in the project, I have selected a 
reduction, starting at 100 knots, of a tenth of a degree per knot until the average pitch of the blade 
element at the 75% radius position is zero. In this condition, any change in rotor thrust is devel-
oped by a positive tip path plane angle of attack like an autogyro. At maximum speed, the rotor is 
calculated to be carrying about 20% of the gross weight with reasonable efficiency since it oper-
ates with a large amount of air.

Changing Tip Speed
Another goal is to avoid compressibility effects on the advancing blade tip. This is done by limit-
ing the Mach Number at the tip to 0.85 by reducing the tip speed from 650 feet per second to 470 
starting at about 180 knots. At 285 knots the tip speed ratio would be 1.02.

There would be a challenge in reducing the rotor RPM by 30%. We must find out from the 
Dynamic Engineers where the blade natural frequencies are to avoid dwelling on resonance 
points as we reduce rotor speed. Should the reduction be done with the engine governors as on 
the Osprey or with a gear shift as on the Bell X-3? Should the propeller be driven from the main 
rotor transmission or from a separate gear box with a variable gear ratio? These decisions are to 
be made later.

The Bottom Line

The calculations show that at 285 knots at 5000 ft, this aircraft needs engine power of 4000 
horsepower which despite the reduction in flat plate area, is higher than the 3400 needed in the 
conventional 185 knot helicopter. The power of these bigger engines would probably be just 
enough to compensate for the aerodynamic download of the wing in hover.

These are ’first day’ decisions just to get started. They would certainly be modified as the project 
develops.
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CHAPTER 15 Sizing the Osprey
One of the first parameters needed when starting out on new helicopter design is the disc loading. 
On conventional helicopters the procedure is fairly straight-foreward. The requirements would 
be known: including the payload, the mission, the maximum speed and the hover performance. 
Based on a knowledge of existing helicopters, the payload and mission can be used to estimate 
the gross weight and drag characteristics. The next step is to estimate how much power is needed 
to meet the high speed requirement. With the engine(s) that does this, what is the smallest rotor 
diameter that satisfies the hover performance? With the estimated gross weight, this sets the first 
estimate for disc loading to give a minimum-sized ’balanced’ design that just barely meets both 
the high speed and hover requirements.

For the balanced Black Hawk and Apache configurations with maximum speeds of about 150 
knots, the disc loading is about nine pounds per square foot, but for the CH-53E, with three big 
engines to make 170 knots, hover is no problem and so the resulting disc loading is higher, at 14.

A New Requirement
It would seem that the same procedure could have been used on the V-22 Osprey, but it wasn’t. A 
special requirement for this aircraft was that it had to be compatible with the small carriers that it 
would be operating from. A critical ’flight’ condition was taxiing the length of the flight deck 
without running into the island or falling overboard. Shipboard compatibility tests with conven-
tional helicopters were made and safety considerations resulted in the requirement that the rotor 
tips had to be at least fifteen feet from the island and the outboard wheel could be no closer than 
five feet from the outer edge of the deck.

For the smallest carrier that the Marines were considering as an Osprey operating base, this 
established a maximum rotor ’span’ of 85 feet. The fuselage width is established by the payload 

FIGURE 1.
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and the distance between the rotor tips is determined by the clearance from the fuselage in air-
plane flight. Thus the rotor diameters were limited to 38 feet. At a gross weight of 46,000 
pounds, the resulting disc loading is 20 pounds per square foot.

This is enough to generate hurricane-like velocities in the rotor wake with resulting problems 
when operating close to any ground softer than concrete.

Lesson Learned
This is just an example of how special requirements other than performance can influence the 
design. The Bell HSL anti-submarine tandem-rotor helicopter, unlike other tandems, had its 
two rotors at the same height so that it could be stowed in the limited ceiling height of the car-
rier’s on-board hanger. The result was high noise coming from blade-vortex interference even 
in normal hover and forward flight conditions.
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CHAPTER 16 Canted Tail Rotors
How It All Began
The first canted tail rotor appeared on the Sikorsky Black Hawk as a result of having to meet an 
Army requirement. When writing the specifications for the Utility Tactical Transport System 
(UTTAS) competition, a requirement was included that one of these helicopters must fit into an 
Air Force C-130 cargo airplane and two should fit into a C-141. The preliminary design process 
for the Black Hawk had been completed. The diameters of the main and tail rotors had been cho-
sen to give the performance required. That set the tail boom length and the length of the nose had 
been designed to put the center of gravity close to the rotor shaft. As a last check, two small card-
board planforms of the design were placed on the floor plan of the C-141’s cargo compartment, 
and they did not fit!

Back to the Drawing Board
The solution was to shorten the nose. This put the center of gravity well behind the main rotor 
mast. For airplanes, a center of gravity behind the center of lift can be a serious problem by lead-
ing to an aircraft that is longitudinally unstable. The situation is different for helicopters because 
of the way that rotor flapping is used to trim out the pitching moments about the center of grav-
ity. An aft C.G. does not cause instability. (For a discussion of this, see my column in the March 
1997 issue of Rotor and Wing, or Chapter 48 of my book, Helicopter Aerodynamics, Volumn II.)

So the aft C.G. on the Black Hawk is not a stability issue, but it is bad in that the nose-down flap-
ping to balance moments about the center of gravity produces high fatigue loads in the rotor hub. 
The Sikorsky solution was to cant the tail rotor by twenty degrees so that its upward force would 
produce a nose-down moment about the center of gravity opposite to the nose-up moment from 
the main rotor thrust. This reduced the flapping required for trim.

FIGURE 1. The Sikorsky Black Hawk
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Which Side?
American aerodynamicists would like to see the tail rotor mounted on the left side of the fin. 
In this ’pusher’ arrangement, it is sucking air past the fin instead of blowing on it as it would 
be if it were mounted on the right side of the fin as a ’tractor.’ As a tractor, the opposing fin 
force makes the tail rotor work harder to do the anti-torque job than as a pusher and the addi-
tional power required is significant. Despite this, Sikorsky chose to use the tractor position to 
assure more clearance with the tail boom if something went wrong.

Couplings

Another result of this design choice is a coupling that makes the helicopter pitch as a result of 
moving the rudder pedals. A push on the left pedal to start a left turn will increase tail rotor 
thrust, and its upward component will pitch the helicopter nose-down. Another coupling is due 
to the main rotor being ahead of the center of gravity. An increase in collective pitch will pro-
duce a nose-up pitching moment. These couplings are reduced by using a rather complicated 
and heavy mixing box in the control system.

Yet another coupling due to the canted tail rotor is produced by sideslip. In an inadvertent 
slideslip to the right, the tail rotor thrust will be reduced along with its vertical component. 
This will result in a nose-up pitching moment about the center of gravity. Sikorsky chose not 
to correct this with the rotor, but to use the stabilator instead. An accelerometer in its computer 
senses lateral acceleration and changes the incidence--positive in the case of an inadvertent 
right sideslip.

I once heard a Sikorsky engineer giving a paper on the Black Hawk control system and these 
complications that were introduced by the canted tail rotor. He concluded his verbal presenta-
tion by saying, ’We’ll never do that again.’ The response to that opinion these days is ’Well, 
all modern helicopters will be fly-by-wire.’

Sikorsky later used the canted tail rotor on the CH-53E which was also tail-heavy. A differ-
ence was that it had a canted fin so that the tail rotor could be mounted on the left side with 
plenty of clearance.

FIGURE 2. The Sikorsky CH-53E
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The Comanche also had a canted ducted fan, but the motivation for this aircraft was to decrease 
its radar signature.

Other benefits
The shortening of the nose on the Black Hawk saved a little structural weight and reduced the 
aerodynamic download in hover.

There is yet another significant effect on hover performance. This is the result of trigonometry 
functions. The thrust on the canted tail rotor must be higher than without cant by 1/cosine of the 
cant angle. For twenty degrees, this factor is 1.06. This accounts for a modest increase in 
required tail rotor power to do the anti-torque job. On the other hand, the vertical component of 
thrust is proportional to the sine of the cant angle, or 34%. This is the amount of tail rotor thrust 
that can be used to relieve the thrust and power requirements of the main rotor.

I have calculated the hover performance of my example helicopter at its design gross weight of 
20,000 pounds at sea level with and without a 20 degree cant angle. With the cant, the main rotor 
power required is 59 horsepower less than without cant, but the tail rotor power is 8 horsepower 
more. Since the power loading is 9 pounds per horsepower, I could have increased the payload of 
my design by about 450 pounds (two passengers) by using tail rotor cant.

Yes, but...
When I used my forward flight program on my example helicopter, I got another result. The 
power required was higher with the 20 degrees of tail rotor cant than without it. This is just 
another example of the designer’s dilemma: ’Whatever helps hover, hurts forward flight.’

Whereas in hover the tail rotor lift was beneficial by helping the main rotor hold the aircraft up, 
in forward flight, its effect on trimming the pitching moments about the center of gravity was not 
beneficial. This is because the lift of the tail rotor made a nose-down pitching moment which 
must be balanced by nose-up rotor flapping. But the attitude of the rotor with respect to the hori-

FIGURE 3. The Comanche
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zon is essentially the same, so the fuselage will fly more nose-down and thus have higher drag 
than without cant.

For my helicopter at 150 knots, the power difference is 540 horsepower. For a three hour mis-
sion, this requires an additional 750 pounds of fuel. Oh-oh! there goes my gain in payload.

A possible help for this situation is to carry more download on the horizontal stabilizer.

A New Trend ?
There are three other designs now using tail rotor cant. The Army is studying Future Multi-
Role Helicopters. This design uses a canted tail rotor to take advantage of the increase in 
hover performance.

The other two are Bell’s Model 525, and Eurocopter’s EC 175.

FIGURE 4. An Army Study for a Future Vertical Lift Helicopter

FIGURE 5. The Bell 525 The EC 175
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